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Preface 

“If G-quadruplexes form so readily in vitro, Nature will have found a way of 

using them in vivo” 

Sir Aaron Klug 

 

The discovery and elucidation of G-quadruplexes (G4s) structures represent an 

extraordinary history marked by transformative insights. The folding of DNA and RNA 

nucleic acid sequences containing runs of guanines into G4s in vitro was the starting 

point for subsequent research into their significance. From elucidating their unique 

structural features to developing innovative techniques for their detection and 

characterization, each milestone has contributed to the understanding of these 

molecular structures.  Over the years, solid evidence of G4 formation in key regulatory 

regions of the human genome has been reported and has provided compelling support 

for employing the structural properties of G4 for regulating several biological processes 

in vivo. Nowadays, G4s are considered attractive targets and several efforts have been 

made to develop small compounds (G4 ligands) able to bind and stabilize these 

structures, providing an attractive anti-tumor strategy against several cancer types. 

Although no G4 ligand has yet been approved in the clinic, some compounds are in 

(pre)clinical evaluation. It is anticipated that in the near future the approval of a new 

drug-mediated by G4 interaction could be a new benchmark in G4 history. 

Considering lung cancer (LC) prevalence worldwide and its molecular heterogeneity, 

new therapeutic options are needed to enhance treatment sensitivity.  The prevalence of 

G4 in hard-to-treat tumors such as LC leads to the development of G4 ligands to harness 

G4-forming regions in LC-related genes.  

This thesis describes the work developed under the supervision of Dr. Carla Cruz and the 

co-supervision of Dr. Jean-Louis Mergny and it is the result of a collaborative effort of 

the Faculty of Sciences of the University of Beira Interior (FC-UBI), Healthy Sciences 

Research Centre (CICS-UBI, Portugal) and the Laboratoire d'Optique et Biosciences - 

Ecole Polytechnique / Institut Polytechnique de Paris (LOB, France).  The contents 

resulted from the work developed in the medicinal chemistry field and addressed the 

synthesis and evaluation of new G4 ligands as a potential LC therapeutic strategy. The 

thesis is subdivided into three main sections: the introduction and the aims section 

(Chapters 1-4), the experimental section (Chapters 5-8), and the conclusions and 

future perspectives section (Chapter 9). 



 x 

The first chapter presents a literature review of promising G4 ligands in cancer therapy 

and covers their characteristics, targeting challenges, structure-activity relationships, 

and clinical outcomes.  

The second chapter provides a literature review on the use of G4 ligands for stabilizing 

G4s in non-coding RNAs. This review discusses the biological role of G4s within non-

coding RNAs focusing on their interaction with small organic molecules for targeted 

stabilization. 

The third chapter describes the use of G4 ligands as potential modulators of cellular 

processes involved in the development and progression of LC. It provides insights into 

LC disease and a summary of recent advances in the development of G4 ligands capable 

of targeting LC-related genes. 

The fourth chapter establishes the specific aims of the thesis. 

The fifth chapter reports the synthesis of heterocyclic compounds featuring different 

aromatic scaffolds, describes their induced-stabilization effect towards different DNAs 

G4 and RNA G4, and discusses their cytotoxicity effects in LC cells.  

The sixth and seventh chapters outline the development of different series of 1,10-

phenanthroline-2,9-disubstituted derivatives. These chapters describe the synthetic 

routes employed and biophysical assays to study the ability of novel compounds to 

bind/stabilize G4s motifs within telomeric, oncogenes, and RNA sequences. 

Additionally, it reports the anti-tumor activity of these compounds in LC cells and 

provides insights from a structure-activity relationship analysis.  

The eighth chapter unveils the formation of a G4 structure within the human MIR150 

precursor sequence (pre-MIR150). The chapter also investigates the induced 

stabilization of this G4 structure by a commercial phenanthroline derivative and explores 

its interaction with nucleolin in LC cells.  

Lastly, the ninth chapter presents the concluding remarks of the thesis, as well as their 

impact and future perspectives in the context of G4 targeting by ligands namely 

concerning LC therapy. 
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Resumo 

Os G-quadruplexes (G4s) são estruturas secundárias não-canónicas de ácidos nucleícos 

que se podem formar em regiões ricas em guanina no genoma e transcriptoma humanos. 

Os G4s de DNA são encontrados em regiões regulatórias importantes, como no final dos 

telómeros e nas regiões promotoras de vários oncogenes. Estas estruturas estão 

envolvidas no controlo de inúmeros processos celulares, incluindo na replicação, 

transcrição, estabilidade do genoma, e regulação epigenética. Por outro lado, os G4s de 

RNA são encontrados em regiões não codificantes estando envolvidos em processos 

essenciais do metabolismo do RNA, incluindo na regulação do processamento de RNA e 

na tradução. Devido à sua relevância biológica e características estruturais, os G4s são 

considerados alvos terapêuticos relevantes. A formação e estabilização de estruturas de 

G4, no contexto oncológico, pode ser utilizada como estratégia anti-tumoral. Várias 

moléculas de baixo peso molecular com elevada especificidade para G4s de DNA e RNA 

(ligandos de G4) foram desenvolvidas e avaliadas quanto ao seu potencial terapêutico. 

Ao longo dos últimos anos, inúmeros ligandos de G4 evidenciaram atividade anti-

tumoral in vitro e/ou in vivo. Frequentemente, mas nem sempre, os ligandos de G4 

possuem um núcleo aromático planar que permite o empilhamento π-π com o quarteto 

de guanina, e grupo(s) básico(s) ou carregado(s) positivamente para interação com o 

grupo fosfato do ácido nucleico. Diferentes compostos com estas características 

químicas, como quinolinas, acridinas, naftalenodiimidas e fenantrolinas, demonstraram 

ter propriedades de ligação a G4s e atividade anti-tumoral. Estas moléculas orgânicas, 

ao interagirem com o G4, podem afetar o crescimento tumoral de diversas formas: 

através da inibição da telomerase ou interferindo na função telomérica; da modulação 

da expressão de oncogenes pela estabilização de G4s nos seus promotores; e da regulação 

da biogénese de microRNAs (miRNAs) pela estabilização de G4s em precursores de 

microRNAs (pre-miRNAs). 

O cancro do pulmão (CP) é a principal causa de morte relacionada com o cancro em todo 

o mundo e divide-se em dois principais subtipos: o cancro do pulmão de pequenas células 

e o cancro do pulmão de não-pequenas células (CPNPC). Embora as opções terapêuticas 

convencionais, tais como a cirurgia e quimio/radioterapia, demonstrem eficácia no 

estadio inicial da doença, a sua eficácia é limitada no CP avançado, fase na qual a maioria 

dos doentes são diagnosticados. Apesar de os inibidores de controlo imunológico serem 

reportados na literatura como fármacos clinicamente promissores, o elevado nível de 

heterogeneidade molecular no CP torna o seu tratamento difícil, sendo necessário o 

desenvolvimento de novas estratégias terapêuticas. A prevalência da formação de G4 em 
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importantes regiões regulatórias do CP, incluindo proto-oncogenes (por exemplo, MYC, 

BCL-2, KRAS, KIT e VEGF) e regiões teloméricas, torna-os alvos terapêuticos atrativos. 

À semelhança do que acontece noutros tipos de cancro, também no CP a estabilização 

induzida por ligandos de G4 promove alterações na manutenção dos telómeros e diminui 

os níveis de expressão de oncogenes. A investigação atual tem evidenciado esforços 

contínuos de forma a utilizar ligandos para induzir a estabilização de G4 no contexto do 

CP, tendo diferentes classes de ligandos apresentado atividade antiproliferativa in vitro  

e, em alguns casos, efeitos anti-tumorais in vivo. 

O objetivo desta tese foi desenvolver novos ligandos de G4 derivados de 1,10-

fenantrolina, capazes de ligar/estabilizar estruturas de G4 presentes em regiões 

regulatórias importantes no CP, atuando como agentes antitumorais. 

Neste trabalho, compostos heterocíclicos com núcleos derivados de fenilo, quinolina, 

naftaleno, acridina e fenantrolina foram avaliados relativamente ao seu efeito 

estabilizador de estruturas de G4 nos promotores de c-MYC, KRAS e VEGF no motivo 

telomérico humano e no G4 de RNA pre-MIR150. Um dos derivados de acridina 

avaliados foi o que apresentou a maior capacidade de estabilização nos diferentes G4s, 

seguindo-se de um derivado de fenantrolina. A maioria dos compostos demonstrou uma 

maior eficácia anti-tumoral em células de CP quando comparado com células não-

malignas. 

Posteriormente, uma nova classe de derivados de fenantrolina foi sintetizada. O seu 

potencial para ligação/estabilização de sequências formadoras de G4 foi avaliado através 

de ensaios de transferência de energia de ressonância de Förster (FRET), estudos de 

dicroísmo circular e de titulações de fluorescência. A atividade antitumoral in vitro  

destes compostos foi avaliada em linhas celulares de CP através do ensaio de MTT. 

Dezasseis derivados de 1,10-fenantrolina, contendo substituições nas posições 2 e 9 com 

cadeias laterais de amina ou amida, foram sintetizados por reações de condensação 

direta. Entre estes derivados, os com cadeias laterais metoxianilino e etanodiamínio 

demonstraram capacidade de estabilizar várias topologias de G4 derivadas de sequências 

teloméricas humanas, com preferência pela topologia híbrida da sequência F21T (ΔTm 

=7,2 – 12 °C, determinada por experiências de FRET). Os ligandos apresentaram ainda 

perfis citotóxicos promissores e exibiram maior eficácia em células de CP A549 

comparativamente a células H1299. Além disso, foram também sintetizados dez novos 

derivados de 1,10-fenantrolina-2,9-bistriazóis através de reações de cicloadição 

azida/alcino catalisadas por cobre. Através de avaliação biofísica, foram identificados 
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três ligandos promissores em sequências G4 de KRAS, promovendo o aumento na 

estabilização térmica (ΔTm =4,7 – 11,2 °C, determinada por experiências de FRET) e 

afinidades de ligação variando entre 10-6 e 10-9 M. A avaliação da atividade anti-tumoral 

revelou que o composto contendo um anel fenilo ligado à unidade de triazole exibiu um 

potente efeito inibitório no crescimento das células tumorais A549 e H1299 (IC50 = 14,6 

e 10,9 µM, respetivamente). Os resultados experimentais demonstraram que os 

compostos sintetizados têm potencial para se ligar/estabilizar diferentes sequências 

formadoras de G4, e que podem ser úteis na otimização posterior de ligandos. Além 

disso, este estudo forneceu informações importantes sobre a relação estrutura-atividade 

para esta classe de compostos, com o objetivo de maximizar a sua atividade. 

Por último, e até onde sabemos, identificámos, pela primeira vez, uma região formadora 

de G4 dentro do precursor humano do MIR150 (pre-MIR150). O G4 formado apresentou 

uma topologia paralela com potencial de interagir com a nucleolina (NCL), proteína 

sobreexpressa na superfície celular de células cancerígenas envolvida em vários 

processos celulares como a tumorigénese, angiogénese e vias de sinalização. A 

estabilidade térmica do G4 aumentou na presença do ligando comercial de fenantrolina 

PhenDC3, tendo sido observada a formação de um complexo ternário 

G4/PhenDC3/NCL. A estrutura G4 no pré-MIR150 reconheceu células de CP positivas 

para a NCL que pode ser potencialmente utilizada como sonda em biópsias líquidas. 

 

Palavras-chave  

G-quadruplex; ligandos de G-quadruplex; cancro do pulmão; derivados de fenantrolina; 

síntese química; técnicas biofísicas; atividade anti-tumoral  
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Resumo alargado 

As estruturas de G-quadruplex (G4s) são estruturas secundárias não-canónicas de ácidos 

nucleicos que se podem formar em regiões do genoma ou transcriptoma ricas em 

guanina. Estas estruturas são formadas pelo empilhamento planar de dois ou mais 

arranjos de quatro guaninas, unidas por ligações de hidrogénio de Hoogsteen (G-

quartetos). A estabilidade do empilhamento dos G-quartetos é favorecida pela presença 

de catiões metálicos, predominantemente catiões monovalentes como o sódio (K+) e 

potássio (Na+). Em termos de estereoquímica, os G4s podem ser classificados como 

unimoleculares ou intermoleculares, adotando topologias paralela, antiparalela ou 

hibrida. Esta classificação é determinada pela orientação das cadeias de DNA ou RNA, 

bem como do comprimento e composição do loop.  

Sequências capazes de formar G4s de DNA são maioritariamente encontradas em regiões 

teloméricas e promotores de oncogenes de células tumorais, enquanto os G4s de RNA 

são encontrados em regiões não codificantes. A prevalência destas estruturas em regiões 

importantes de regulação biológica tornou-as alvos terapêuticos atrativos. Neste 

contexto, a utilização de moléculas de baixo peso molecular (500Da) capazes de se 

ligarem ou estabilizarem G4s contribuiu para o desenvolvimento de novas estratégias 

terapêuticas e de diagnóstico. Ao longo dos anos, várias moléculas têm sido descritas 

como ligandos de G4, apresentando atividade anti-tumoral in vitro e/ou in vivo. 

Normalmente, os ligandos de G4 podem interagir com o G-quarteto por empilhamento 

π-π e interações electroestáticas. Considerando a grande área do G-quarteto, um ligando 

eficiente deve apresentar uma superfície heteroaromática planar e grupos básicos ou 

carregados positivamente capazes de interagir com os grupos fosfato dos ácidos 

nucleicos. Considerando estes requisitos, várias classes de compostos pertencentes a 

diferentes famílias químicas, incluindo acridinas, quindolinas, quinazolonas, 

quinolonas, naftalenodiimidas, perilenodiimidas e fenantrolinas têm vindo a ser 

desenvolvidos como ligandos de G4. Estas moléculas são capazes de alterar o 

crescimento tumoral através da: i) inibição da atividade da telomerase ou interferindo 

com a função dos telómeros; ii) modulação da expressão de oncogenes através da 

estabilização de G4s nos seus promotores; iii) regulação génica pós-tradução através de 

estabilização de G4 em regiões não transcritas de mRNA; iv) regulação por impedimento 

do desenrolamento da helicase ou v) indução de mutações.  

O cancro do pulmão (CP) é a principal causa de morte em todo o mundo, com uma 

estimativa de 1,8 milhões de mortes em 2021. Clinicamente, é classificado em dois 
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subtipos principais, o CP de pequenas células e CP de não-pequenas células, 

representando aproximadamente 15% e 85% de todos os casos, respetivamente. 

Histologicamente, o CPNPC é dividido em adenocarcinoma, carcinoma de células 

escamosas, carcinoma de células grandes e CPNPC sem especificação, que inclui o 

CPNPC que não possui as características dos outros tipos. O fumo do tabaco continua a 

ser o principal fator de risco para o desenvolvimento do CP, no entanto, outros fatores, 

como a poluição do ar, mutações genéticas e polimorfismo de nucleótido único, também 

estão associados ao CP. Embora a cirurgia e a quimio/radioterapia sejam eficazes numa 

fase inicial da doença, a sua eficácia é reduzia em estadios avançados de CP, onde a 

maioria dos casos são diagnosticados. O avanço da medicina de precisão, através da 

utilização de variações genéticas associadas ao CP, incluindo mutações em proto-

oncogenes como os membros de recetor do fator de crescimento epidérmico (EGFR), 

MYC e a família RAS têm melhorado significativamente os resultados do tratamento. 

Adicionalmente, a utilização de bloqueadores de pontos de controlo imunológico que 

visam o ligando de morte programada (PD-L1) ou a proteína de morte programada (PD-

1), tem mostrado resultados promissores e respostas duradouras no tratamento. Apesar 

destes avanços, a resistência aos medicamentos e o elevado grau de heterogeneidade dos 

tumores dificultam o tratamento, sendo necessária a implementação de novas estratégias 

terapêuticas.  

A prevalência de estruturas de G4 em regiões regulatórias importantes para o 

desenvolvimento do CP, incluindo proto-oncogenes (MYC, BCL-2, KRAS, KIT, EGFR, 

HIFα, VEGF e WNT) e regiões teloméricas, têm sido reportadas como sendo alvos 

terapêuticos promissores para o tratamento do CP. Como observado para outros tipos de 

cancro, a estabilização das estruturas de G4 induzida pelos ligandos promove alterações 

dos telómeros e reduz os níveis de expressão de oncogenes associados ao CP. Esforços 

têm sido realizados para compreender o efeito induzido pelos ligandos na estabilização 

de estruturas de G4 envolvidas na progressão e desenvolvimento do CP, sendo que 

diferentes ligandos de G4s, utilizados isoladamente ou em combinação, demonstraram 

atividade anti-proliferativa in vitro e, em alguns casos, efeitos anti-tumorais in vivo.  

Neste contexto, o principal objetivo desta tese de doutoramento consistiu no 

desenvolvimento de novos derivados de fenantrolina capazes de ligar e estabilizar 

diferentes sequências de G4 relacionadas com a progressão do CP, com o intuito de 

alcançar efeitos anti-tumorais. Adicionalmente, este trabalho teve como objetivo 

explorar o potencial de uma sequência de G4 de RNA para reconhecer e ligar à proteína 

nucleolina (NCL), sobreexpressa em células tumorais do CP.  
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Numa primeira fase, procedeu-se à avaliação de diferentes compostos contendo núcleos 

heteroaromáticos planares como oxazole, acridina, naftaleno e fenantrolina com o 

objetivo de explorar o seu efeito na estabilização de diversas estruturas de G4 presentes 

em oncogenes humanos (c-MYC, KRAS e VEGF), sequências teloméricas e G4 de RNA. 

Os derivados contendo os núcleos de naftaleno e fenantrolina foram sintetizados com 

rendimento que variam entre baixos e elevados. O efeito na estabilização das estruturas 

de G4 induzida pelos diferentes compostos foi avaliado por experiências de FRET. Os 

derivados de acridina demonstraram uma maior capacidade de estabilização em todas 

as sequências de G4 testadas, sendo que o derivado C8NH2 induzido uma estabilização 

mais acentuada na sequência telomérica humana com topologia híbrida F21T (ΔTm = 

+26.8 °C). O composto PhenCOOCH3 provou ser o derivado de fenantrolina com maior 

capacidade de estabilização de G4, induzindo maior estabilização térmica nas sequências 

FKrasT e F21T (ΔTm = +3,4 °C), demonstrando seletividade para células do CP, com valor 

de IC50 de 6,4 µM. 

Após o sucesso na avaliação dos diferentes compostos heteroaromáticos, e com o intuito 

de aumentar as suas propriedades de estabilização, procedeu-se à funcionalização do 

núcleo de 1,10-fenantrolina através da introdução de cadeias laterais de amina e amida 

nas posições 2 e 9. Desta forma, foi sintetizada e estruturalmente caraterizada uma 

biblioteca de dezasseis derivados 2,9-dissubstituidos de 1,10-fenantrolina. Os compostos 

foram obtidos com rendimentos moderados a bons. Entre os derivados sintetizados, 

aqueles que apresentam cadeias laterais de metoxianilino (2b) e etanodiamínio (3a e 

5b) demonstraram induzir estabilização térmica em todas as sequências teloméricas 

testadas (F21T, F21CTAT e F25CebT), com preferência para a topologia híbrida da 

sequência F21T (ΔTm = + 7.2 - 12 °C, determinada por experiências de FRET). Os 

derivados sintetizados demonstraram atividade antiproliferativa moderada em linhas 

celulares de CP (A549 e H1299), sendo mais eficazes na linha celular A549. O ligando 5b  

provou ser o derivado com maior atividade antitumoral, induzindo uma viabilidade 

celular de 24.5 % em células A549, sugerindo uma atividade mediada pela estabilização 

de G4. 

De forma a aumentar a diversidade química dos derivados de 1,10-fenantrolina, foram 

sintetizados e caracterizados dez novos derivados de 1,10-fenantrolina-2,9-bistriazóis. 

Estes derivados foram sintetizados por reação de cicloadição de azida/alcino catalisadas 

por cobre, com rendimentos moderados a bons. Embora os diferentes derivados não 

tenham demonstrado capacidade de induzir estabilização térmica nas sequências 

teloméricas testadas, demonstraram efeitos estabilizadores promissores em sequências 

de G4 presentes no KRAS. Três derivados contendo grupos terminais de N´N- 
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dimetilmetanamina (4a), N´N- dimetilmetanamínio (4b), e piperazínio (5b) provaram 

ter a capacidade de se ligar e estabilizar a estrutura de G4, com valores de ΔTm entre 4.7 

e 11.2 °C e valores de KD variando entre 10-6 a 10-9 M. Apesar da capacidade de 

estabilização de estruturas de G4 presentes no oncogene KRAS, os derivados sintetizados 

não demonstraram atividade antitumoral promissora, com exceção do derivado 2a, que 

apresentou um valor de IC50 de 14.6 e 10.9 µM em células A549 e H1299, respetivamente.  

Por último, e, pela primeira vez, a estrutura de G4 presente no precursor humano do 

MIR150 (pre-MIR150) foi identificada e estudada. Esta estrutura foi utilizada como 

molécula de reconhecimento da nucleolina (NCL) expressa na superfície celular de 

células de CP e nas células mononucleares do sangue periférico humano (PBMCs) de 

doentes diagnosticados com CP. Na presença de iões de K+ ou quando complexada com 

o ligando comercial PhenDC3, a estrutura de G4 apresentou uma topologia paralela. A 

interação G4/NCL ou G4-PhenDC3/NCL apresentou um valor de KD na ordem do 

nanomolar. Adicionalmente, e através da técnica de microscopia de confocal, foi 

observada maior co-localização do complexo G4/PhenDC3 com a NCL em células A549 

e PBMCs. Estes resultados indicam que o complexo G4/PhenDC3 tem potencial para ser 

utilizado como agente de reconhecimento da NCL. 

Os resultados obtidos durante esta tese de doutoramento permitiram obter informações 

importantes sobre a relação estrutura-atividade deste tipo de ligandos, que serão 

necessárias para otimizações posteriores. Alguns compostos sintetizados mostraram 

capacidade de se ligar e estabilizar diferentes estruturas de G4 envolvidas na progressão 

do CP, evidenciando, em alguns casos, atividade antitumoral promissora, destacando-se 

a necessidade de estudar o seu mecanismo de ação. Adicionalmente, este trabalho 

permitiu a caracterização de uma estrutura de G4 no pre-MIR150 com alta afinidade 

para a NCL, estabelecendo uma potencial aplicação para o diagnóstico do CP. 
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Abstract 

G-quadruplexes (G4s) are non-canonical four-stranded nucleic acid secondary 

structures that can form in guanine-rich regions in the human genome and 

transcriptome. DNAs G4s are found in critical regulatory regions of the human genome 

such as the end of telomers and the promoter regions of several oncogenes. These 

structures have been implicated in the control of key cellular events including 

replication, transcription, genome stability, and epigenetic regulation. On the other 

hand, RNAs G4 are found within non-coding regions and are implicated in crucial RNA 

metabolism events, including the regulation of RNA processing and translation. Due to 

their biological relevance and structural features, G4s are considered suitable 

therapeutic targets.  The prevalence of G4 folding in the cancer context and its 

stabilization can be used as an anti-tumor treatment strategy in different cancer types.  

Several synthetic small molecules with high specificity for G4s DNAs and RNAs relative 

to double-stranded DNA (G4 ligands) have been developed and evaluated for their 

therapeutic potential. Over the years, thousands of small molecules have been reported 

as G4 ligands with in vitro and/or in vivo anti-tumor activity. Often, but not always, G4 

ligands have a planar aromatic core for π-π stacking with G-quartet and a positively 

charged or basic group(s) to interact with the phosphate backbone of nucleic acid. 

Different scaffolds containing these chemical features, such as quindolines, acridines, 

naphthalene diimides, and phenanthrolines have proved to have G4 binding properties 

and anti-tumor activities. These small organic molecules interacting with G4s may affect 

cancer cell growth in different ways, including inhibition of telomerase or interference 

with telomere function, modulation of oncogenes expression by stabilizing G4 in their 

promoter and regulating microRNA biogenesis (miRNAs) by stabilizing G4 in microRNA 

precursors (pre-miRNAs). 

Lung cancer (LC) is the leading cause of cancer-related death worldwide and is divided 

into two major subtypes, small-cell lung cancer (SCLC), and non-small cell lung cancer 

(NSCLC). Although therapeutic options such as surgery and chemoradiotherapy prove 

efficacy in the early stage of the disease, their effectiveness is limited in advanced LC 

where most patients are diagnosed. Although immune checkpoint inhibitors have shown 

promising clinical outcomes, the high level of molecular heterogeneity in LC makes 

treatment difficult and new therapeutic strategies are needed. The prevalence of G4 

formation in important regulatory systems in LC including proto-oncogenes (e.g. MYC, 

BCL-2, KRAS, KIT, and VEGF) and telomere regions make then attractive targets. 

Similarly to other cancer types, G4 ligand-induced stabilization promotes changes in 
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telomere maintenance and decreases oncogene expression levels. Ongoing efforts have 

been made to harness G4 ligands for inducing G4 stabilization in the LC context. 

Different classes of G4s ligands may lead to in vitro antiproliferative activity and, in some 

cases, in vivo anti-tumor effects.  

Overall, this thesis aims to develop novel G4 ligands derivatived from 1,10-

phenanthroline, which can bind/stabilize G4 structures present in important regulatory 

regions in LC acting as anti-tumor agents.  

The chemical synthesis and screening of heterocyclic compounds featuring phenyl, 

quinoline, naphthalene, acridines, and phenanthroline scaffolds were assessed to explore 

their stabilization effect towards G4 structures in c-MYC, KRAS and VEGF promoters, 

human telomeric motif, and pre-MIR150 RNA G4. The acridine moiety exhibited the 

highest G4 stabilization, followed by phenanthroline. Additionally, most compounds 

proved greater anti-tumor efficacy in LC cells than in non-malignant cells.  

Subsequently, a novel class of phenanthroline derivatives was synthesized and 

structurally characterized. In addition, to assess their potential to bind/stabilize G4-

forming sequences, several biophysical techniques, including förster resonance energy 

transfer (FRET) melting assay, circular dichroism (CD) studies and fluorescence 

titrations were employed. The in vitro anti-tumor activity of these compounds has been 

evaluated against LC cell lines via MTT assay. 

Sixteen derivatives of 1,10-phenanthroline were synthesized, featuring substituents at 

positions 2 and 9 with either amine or amide side chains, by direct condensation 

reactions. Among these derivatives, those bearing methoxyaniline and ethane-

diaminium side chains have been shown to stabilize various G4 topologies derived from 

human telomere sequences. These included hybrid, parallel, and antiparallel G4 

structures, with a marked preference for the hybrid topology of the F21T sequence (ΔTm 

=7.2 – 12 °C, by FRET melting). Additionally, the ligands displayed promising cytotoxic 

profiles and exhibited greater efficacy against A549 than H1299 LC cells. Additionally, 

novel ten 1,10-phenanthroline-2,9-bistriazoles derivatives were synthesized via cooper 

catalyze azide/alkyne cycloaddition reactions. Through biophysical assessment, three 

promising G4 ligands against KRAS G4 sequences were identified, exhibiting increases 

in melting temperature (ΔTm =4.7 – 11.2 °C, by FRET melting) and binding affinities 

ranging between 10-6 and 10-9 M. Evaluation of anti-tumor activity revealed that the 

compound bearing a phenyl ring linked to the triazole moiety exhibited a potent 

inhibitory effect on A549 and H1299 cancer cell growth (IC50 = 14.6 and 10.9 µM, 
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respectively). Overall, the experimental results demonstrated that the synthesized 

compounds have the potential to bind/stabilize different G4-forming sequences and may 

serve as promising scaffolds for the development of G4 ligands. Additionally, this study 

provides invaluable insights into the structure-activity relationships for this class of 

compounds to maximize their activity.  

Finally, to the best of our knowledge, we have identified, for the first time, a G4-forming 

region within the human precursor of MIR150 (pre-MIR150). The G4-forming region 

folds into a parallel RNA G4 and has the potential to interact with nucleolin (NCL), which 

is a protein overexpressed on the cell surface of cancer cells involved in several cellular 

processes, including tumorigenesis, angiogenesis, and signaling pathways. The thermal 

stability of G4 increases in the presence of a commercial phenanthroline ligand 

(PhenDC3), and the formation of ternary complex G4/PhenDC3/NCL was observed. 

Moreover, the G4 structure in pre-MIR150 recognized NCL-positive LC cancer cells, and 

liquid biopsies when fluorescently labeled, can be used as a probe.  

 

Keywords 

G-quadruplex; G-quadruplex ligands; lung cancer; phenanthroline derivatives; chemical 

synthesis; biophysical techniques; anti-tumor activity. 
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CHCl3:MeOH, Δ, 3 h; (h) (1) NaBH4, MeOH, Δ, 3 h; (2) HCl(aq) 1 M; (i) ethylamine, 

1:1 (V/V) CHCl3:MeOH, Δ, 16 h. Yields are indicated below each compound number 
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Scheme 6.2. Synthesis of compounds 4a-d and 5a-b. Reaction conditions: (a) H2N-

NH2·H2O, EtOH, Δ, 3 h; (b) 2-hydroxy-1-naphthaldehyde, H2SO4, EtOH, Δ, overnight; 

(c) tert-butyl (2-aminoethyl)carbamate, 1:1 (V/V) CHCl3:MeOH, rt, 24 h; (d) 1:1 (V/V) 

TFA:DCM, rt, 1.5 h; (e) bis(2-aminoethyl)amine, 1:1 (V/V) CHCl3:MeOH, rt, 24 h; (f) 

1,2-bis(2-aminoethoxy)ethane, 1:1 (V/V) CHCl3:EtOH, rt, 96 h. Yields are indicated 

below each code. Compounds 4a and 5a were prepared as reported in the literature 

[35] ………………………………………………………………………………………….…………………..135 

 

Scheme 7.1. Synthesis of compounds 2a-8a and 3b-6b. Reaction conditions: (a) 

Phenylacetylene, sodium L-ascorbate, Cu(II)-TBTA complex (6 mol%), DIPEA, 

DCM:H2O, rt, 72 h; (b) tert-Butyl prop-2-yn-1-ylcarbamate (compound 9, see ESI), 

sodium L-ascorbate, Cu(II)-TBTA complex (6 mol%), DIPEA, DCM:H2O, rt, 24 h; (c) 

TFA, DCM, rt; (d) N,N-dimethylprop-2-yn-1-amine, sodium L-ascorbate, Cu(II)-

TBTA complex (15 mol%), DIPEA, DCM:H2O, rt, 96 h; (e) tert-Butyl 4-(prop-2-yn-1-

yl)piperazine-1-carboxylate, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), 

DIPEA, DCM:H2O, rt, 72 h; (f) 4-(Prop-2-yn-1-yl)morpholine, sodium L-ascorbate, 

Cu(II)-TBTA complex (15 mol%), DIPEA, DCM:H2O, rt, 96 h; (g) TFA, rt, 15 h; (h) 5-

Chloropent-1-yne, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), DIPEA, 

DCM:H2O, rt, 48 h; (i) 6-Chlorohex-1-yne, sodium L-ascorbate, Cu(II)-TBTA complex 

(15 mol%), DIPEA, DCM:H2O, rt, 72 h. Cu(II)-TBTA complex was prepared from a 5 

mM stock solution containing equimolar amounts of CuSO4·5H2O and tris[(1-benzyl-

1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in a (1:1, v/v) DMSO:H2O mixture …….163 
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ΔTm Change in melting temperature 

A2780 Ovarian carcinoma cell line  

A375 Melanoma cell line 

A431 Epidermoid carcinoma cell line 

A549 Non-small cell lung carcinoma cell line 
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AGS Gastric adenocarcinoma cell line 

ALT Alternative lengthening of telomeres 
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ATP Adenosine Triphosphate  
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BCL-2 B-cell Lymphoma-2 
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Boc tert-butyloxycarbonyl protecting group 
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H460 Lung carcinoma cell line 
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perspectives 
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Chapter overview 

This chapter provides an updated and comprehensive overview of the role of G4 ligands 

in cancer therapy. Additionally, it addresses the use of some G4 ligands that may lack the 

properties needed to reach (pre)clinical evaluation but still be useful as probes, as well 

as some methods to access G4 interactions. Over the years, several small molecule 

chemotypes, particularly heteroaromatic molecules, have been reported for their ability 

to bind and stabilize G4. The structural properties of heteroaromatic compounds 

contribute to their strong binding affinity for G4s structures. However, some challenges 

in G4 targeting are frequently reported and discussed within this chapter. The ability to 

modify functional groups and substitution patterns on heteroaromatic rings allows for 

the optimization of G4 ligands binding specificity, selectivity, and “drug-like” character. 

Throughout the chapter, promising heterocyclic-based G4 ligands with in vivo efficacy 

are presented and discussed.  Overall, the comparative insights and structure-activity 

relationship covered in this chapter emphasize the importance of developing G4 ligand-

based drugs for clinical therapeutic transformation, considering pharmacological issues, 

and insights from clinical trials.  

https://doi.org/10.1016/j.lfs.2024.122481
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G-quadruplex ligands in cancer therapy: 
Progress, challenges, and clinical perspectives 

 

Abstract 

Guanine-rich sequences can form G-quadruplexes (G4) in living cells, making these 

structures promising anticancer targets. Compounds able to recognize these structures 

have been investigated as potential anticancer drugs; however, no G4 binder has yet been 

approved in the clinic. Here, we describe G4 ligands structure-activity relationships, in 

vivo effects as well as clinical trials. Addressing G4 ligand characteristics, targeting 

challenges, and structure-activity relationships, this review provides insights into the 

development of potent and selective G4-targeting molecules for therapeutic applications. 

 

Keywords  

G-quadruplex ligand; ligand design; heterocycle compounds; structure-activity 

relationship; biological activity; drug-DNA interactions 

 

Introduction 

G-quadruplexes (G4s) are non-canonical four-stranded nucleic acid secondary 

structures formed by the stacking of two or more guanine quartets (G-quartets). Each G-

quartet is composed of four guanines arranged in a square co-planar configuration, 

connected by Hoogsteen hydrogen bonds (Figure 1.1) [1]. G4 formation is strongly 

dependent on metal cations (most often monovalent cations such as Na+ or K+), 

coordinated with the guanine carbonyl oxygen O6 atoms pointing towards the inner 

channel formed at the center of G-quartets [2]. G4s are highly polymorphic and can be 

formed intermolecularly or intramolecularly. These structures can adopt different 

conformations, including parallel, antiparallel, or hybrid topologies, depending on the 

relative strand orientation, number or quartets, length and composition of the loops, and 

additional elements such as capping base pairs or triads and flanking nucleotides 

(Figure 1.1) [1]. While DNA G4s exhibit greater topological diversity, RNA G4s 

predominantly adopt a so-called parallel conformation, in which all guanines adopt an 



 

 6 

anti-glycosidic bond angle and all four strands run in the same direction [3]. The 

characterization of G4 structures can be validated through the use of multiple 

spectroscopic and biophysical techniques, including NMR spectroscopy [4] X-ray 

crystallography [5], and circular dichroism (CD) [6].  

 

Figure 1.1. G4 structures. (A) Illustration of a G-quartet formed by four Hydrogen-bonded guanines and a 

central potassium ion (K+). (B) Different topologies of G4 structures [1]. 

Accumulating evidence for the formation of G4s in living cells [7–9] and their 

involvement in regulatory functions and diverse gene expression processes make these 

structures attractive targets for drug design [10]. In this sense, developing ligands 

capable of binding and stabilizing G4 structures may not only allow the characterization 

of these structures in vitro and in cells, but also contribute to the development of novel 

therapeutic and diagnostic strategies. Many of these ligands interact with G4s in a 

relatively indiscriminate manner, meaning that they recognize G4s of different 

topologies, proving their potential as multi-targeting agents. These molecules interacting 

with G4 may affect cancer cell growth in different ways: i) inhibition of telomerase or, in 

a broader sense, interference with telomere function [11]; ii) modulation of oncogene 

expression by stabilizing G4 in their promoters [12]; iii) post-translational gene 

regulation by targeting mRNA 5′-untranslated regions G4 [13]; iv) regulation by 

impediment of helicase unwinding [14] or v) induction of mutations [15]. G4 

polymorphism offers the possibility to design compounds able to recognize one topology, 

rather than simply aiming at differentiating duplex and G4 [16]. Some high resolution 

structures of G4s complexed with small molecules unveil that G4s can contain unique 

capping and loop structures that are specifically recognized by ligands, offering a 

structural basis for rational drug design [17]. Recent efforts in this direction are worth 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/potassium-ion
https://www.sciencedirect.com/science/article/pii/S0024320524000705?via%3Dihub#bb0005
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noting. For example, Granzhan and colleagues designed a library of several cationic 

bis(acylhydrazones) [18]. Most ligands exhibited consistent behavior when interacting 

with different G4-DNA targets, as shown by “a strong mutual correlation of ΔTm values 

obtained with different G4 structures”. There was one interesting outlier though, which, 

“in addition to anomalously high stabilization of all four G4-DNA, demonstrated a 

significant bias towards the antiparallel G4 22CTA.” Another attractive strategy to 

improve specificity among G4 would be to target a “double-G4”, i.e., a region capable of 

forming two juxtaposed G4s. A recent report illustrates the design of a “double ligand” 

susceptible to recognize these double G4s [19]. Previous studies also reported the use of 

berberine-bisquinolinium conjugates as selective, sensitive, and fluorescent sensors for 

human telomere double-G4 [20]. Moreover, new strategies to exploit more ligands 

targeting telomeric multimeric G4 were reported [21]. Innovative studies focus on 

unraveling the mechanistic details of interactions of small molecules to specifically bind 

a parallel topology. A novel G4 ligand, CD-34, was identified thanks to small molecule 

microarray screening to selectively target the parallel conformation of c-MYC G4 and 

exhibits smaller stabilization for BCL-2 and minimal for VEGF, KRAS, MYB, and HIF1α.  

CD-34 led to a downregulation of MYC expression levels with a weaker effect on other 

genes [22,23]. NMR experiments revealed that phenyl-ethenyl-quinoline (PEQ) ligand 

specifically binds to the major c-MYC G4 [24].  

Despite these efforts, few ligands have entered pre-clinical evaluation or early phases of 

clinical trials and none of them has progressed beyond phase II clinical trials so far. Some 

ligands, such as BRACO-19 (compound 1), RHPS4 (compound 3) quarfloxin (compound 

9), and APTO-253 (compound 16) were withdrawn due to lack of efficacy or toxicity 

issues (see below) [25–28]. However, CX-5461 (compound 10, see below) has achieved 

significant development for safety, tolerability and pharmacokinetics and remains in 

clinical evaluation [29] (Figure 1.2). Since no targeted therapy has received clinical 

approval in pancreatic ductal adenocarcinoma (PDAC) an important milestone was 

reached with the recent introduction of QN-302 (compound 14) in phase I clinical trial 

in patients with advanced or metastatic solid tumors such as PDAC, sarcomas, prostate 

cancer and gastrointestinal stromal tumors (NCT06086522) [30] (Figure 1.2).  
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Figure 1.2. Effects of G-quadruplex (G4) ligands. CX-5461(10) and QN-302 (14) ligands are in phase I 

clinical trials evaluation in patients with (A) solid tumors and BRCA1/2, PALB2, or homologous 

recombination deficiency mutation [85-89], and (B) solid tumors (metastatic, or advanced cancer), 

including pancreatic cancer [99-100]. CX-5461 entered phase Ib clinical trials and QN-302 recently entered 

phase I. 

We believe that comparative insights and structure-activity relationship (SAR) 

approaches can help the research community for the development of more potent, 

specific, and selective G4-targeting molecules. Thus, we focus on some promising 

heteroaromatic G4 binders, particularly the most active in vivo. We will start to 

emphasize some G4 ligand characteristics and frequent challenges in G4 targeting 

followed by an overview of some SAR approaches, and their significance in the 

development of G4 ligands for therapeutic purposes. 

 

G4 ligands as probes and/or drugs 

While a large number of organic small molecules recognizing G4 structures have been 

developed as drugs, some compounds may lack the properties needed to reach 

(pre)clinical phase. Yet, these molecules may still be useful as probes to track G4 

formation in vitro or in cells. The requirements of a perfect G4 probe may be significantly 

different from those needed to develop a G4-based drug. In the former case, the probe 

should have minimal cytotoxicity or be used as sub-cytotoxic doses. Ideally, these probes 

should not actively promote G4 formation but only bind to pre-existing targets (a few G4 

ligands have been reported to act as chaperones and should be avoided; see below). 

Based on their action mode small-molecule probes can be divided into several major 

classes [31]. The first is “light-up” probes which are molecules that exhibit fluorescence 

enhancement upon G4 binding. The second is “light-off” probes that exhibit a decrease 

in fluorescence upon G4 binding. The third class is “permanent probes”, in which 

molecules exhibit no alteration fluorescence upon G4 interaction. The fourth class would 

https://www.sciencedirect.com/topics/medicine-and-dentistry/clinical-trial
https://www.sciencedirect.com/topics/medicine-and-dentistry/inpatient
https://www.sciencedirect.com/topics/medicine-and-dentistry/solid-malignant-neoplasm
https://www.sciencedirect.com/topics/medicine-and-dentistry/homologous-recombination
https://www.sciencedirect.com/topics/medicine-and-dentistry/homologous-recombination
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/solid-malignant-neoplasm
https://www.sciencedirect.com/topics/medicine-and-dentistry/pancreas-cancer
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/clinical-trial
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encompass compounds having different emission maxima when free and bound to G4: 

binding to a quadruplex would lead to a change in fluorescence color. Finally, 

nonfluorescent compounds may also be useful, for example when radioactively labeled 

[32] or by acting as competitors for fluorescent compounds. Several promising probes 

have been developed which include molecules that can recognize both RNA and DNA 

structures, display a preference for a given G4 topology (often, but not always, parallel 

G4s), with the ultimate goal of recognizing a specific G4 in cells [33]. Optimized core-

extended naphthalene diimides (cex-NDI) may also be exploited as G4 light-up sensors. 

Interestingly, these cexNDI compounds were able to differentiate among various G4 

topologies, showing a preference for parallel G4 [34]. However, the quest for ideal probes 

remains challenging since their affinity and specificity is generally weaker than 

antibodies.  

In addition, we demonstrated that some, but not all, G4 ligands not only bind to and lock 

preformed G4 structures but also act as G4 chaperones and actively promote their 

formation by increasing their kinetics of association, as shown for a bisquinolinium 

pyridine dicarboxamide derivative [35]. G4 chaperones, while attractive as drugs, may 

pose problems as probes, as they would reveal G4 formation in sequences that would 

have remained unfolded - or differently folded - in the absence of the ligand. 

Unfortunately, this possibility is rarely investigated. 

 

Assessing G4-ligands interactions  

Although several classes of chemical compounds have played a crucial role in probing 

the biology of G4, many G4 ligands do not have “sufficient affinity or selectivity for 

interrogating G4 cellular functions with confidence” [36]. It is therefore important not 

to overlook an early and seemingly trivial analysis of the binding properties of 

candidates. The most appropriate parameter to compare ligands would be to determine 

dissociation constants for various nucleic acid structures at physiological temperature 

and under near-physiological conditions. Unfortunately, reliable dissociation constants 

(KD) values cannot always be determined, due to ligand self-stacking interactions, 

multiple binding sites and various stoichiometries of binding. In addition, this 

determination is somewhat time-consuming, and difficult to perform when comparing 

dozens of compounds or during high-throughput screening. For this reason, semi-

quantitative methods based on melting assays using changes in absorbance, Förster 

Resonance Energy Transfer (FRET), or ellipticity are often used. While the FRET melting 
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assay can easily be adapted to 96- or 384-well format, it only provides a crude estimate 

of binding strength at 37 °C. Marchand et al. [37] found that, in most cases, ligand-G4 

binding is entropically driven, and this can be due when ligand potency is deduced from 

melting techniques. It would therefore be advisable to design a screening strategy based 

on an isothermal assay as the one proposed by Lacroix et al [38]. This test, initially 

designed to identify compounds binding to the G4-prone 5’ end of the human telomerase 

RNA (hTR), can be easily adapted to any G4 forming sequence and changed into human 

telomere sequence. Additionally, the use of commercially available G4 ligands with 

negligible duplex activity such as pyridostatin (PDS) [39], carboxy-pyridostatin (cPDS) 

[40], BRACO-19 [41] and PhenDC3 [42] can be useful to study the G4-interactions. The 

employment of these pioneering G4 ligands can be important for the development of 

other G4-targeting small molecules; they may also be used as reference compounds when 

new molecules are tested. Unfortunately, none of these reference compounds is highly 

fluorescent, arguing for the need for novel attractive fluorescent derivatives. 

 

Main challenges in G4 targeting 

The design of effective G4 binders is dependent on the available high-resolution G4 

structure or G4-drug complexes (obtained by NMR [43], and/or X-ray crystallography 

[44]). Unfortunately, only a few have been completely characterized.  

The general binding feature of G4 ligands typically includes a heteroaromatic moiety. 

These ligands are commonly stacked on the outer surface of the quartet, forming 

additional hydrogen bonds or/and electrostatic interactions with substituents and/or the 

core within the grooves and loops. For example, charged amide links can improve rigidity 

within a molecule, and alkyl links can increase the flexibility of the ligand. Typical 

examples of terminal stacking (5′ and/or 3′) of G-quartet are a macrocyclic hexaoxazole 

and naphthalene diimides (NDI) [44,45]. Some cases of ligands like binuclear gold(III)-

complex (Auoxo6), Epiberberine (EPI), or a tripodal cationic fluorescent probe, NBTE, 

are examples of the 5′-end cap or loop binders [46–48]. These ligands are selective for 

G4 over duplex DNA and EPI also converts other telomeric G4 to the hybrid-2 G4 

topology. The probe NBTE also converts the antiparallel form of telomeric G4 into a 

hybrid one. More surprisingly, clear exceptions to these guidelines are either non-planar 

molecules such as steroid derivatives that selectively stabilize the G4 [49] or neutral or 

even negatively charged ligands such as N-Methyl Mesoporphyrin IX (NMM), which is 
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selective for G4 versus duplex DNA and tend to prefer parallel folds over antiparallel 

ones [50].  

Several efforts have been made to introduce chemical functionalities onto the 

lead/scaffold ligand to enhance G4 ligand selectivity and/or specificity, keeping in mind 

that these modifications should not compromise the drug-like properties of the ligand 

itself [51]. Most of G4 ligands failed in terms of “drug-likeness” properties [52] and/or 

exhibited little or no correlation between their in vitro activity and in vivo efficacy. For 

example, some G4s ligands pose aqueous solubility issues, which can be overcome by 

incorporating cationic or ionizable groups or ring heteroatoms. In addition, large planar 

aromatic ligands tend to self-aggregate, which may affect membrane permeability, 

cellular uptake, and chemical and enzymatic stability. Overall, most compounds do not 

abide to Lipinski’s rule [53]. Although Lipinski’s Rule of Five does not need to be 

“slavishly followed” [54], it cannot be completely ignored. Considerations about physico-

chemical properties underlying the Rule of Five such as molecular weight and logP, can 

help to avoid cellular uptake and membrane permeability problems [54]. Despite several 

ligands exhibiting promising properties in terms of G4 in vitro stabilization the in vivo 

efficacy has often been disappointing. One should also remember that specific G4 

interaction with proteins, epigenetic modifications in promoters, cell proliferation-

dependent transcriptional activity, presence of single nucleotide polymorphisms, and 

telomere protein composition may interfere with the ligand-G4 interaction. As 

mentioned before, several studies have been done to determine the specificity of ligands 

towards a specific G4 sequence and encouraging results have been obtained [23,24]. 

However, these observations are mostly supported by biophysical data. Considering that 

there are thousands of putative G4 sequences in cells, more cell-based assays to measure 

ligand binding affinity are needed. For instance, some ligands show reduced MYC 

protein expression levels. However, MYC protein levels can be controlled by several 

pathways, and the development of assays to determine G4-driven transcription is needed 

to avoid off-target effects. Transcriptome-wide studies of the effects of G4 ligands often 

reveal pleiotropic effects (as observed with the 20A compound, for example [55]) 

demonstrating that many genes are affected, either directly or indirectly. Establishing 

which genes are selectively affected would require short treatments coupled with nascent 

RNA analysis.  

Moreover, even if a fair number of G4 compounds reached the preclinical phase, only a 

few entered clinical trials. Interestingly, the phase I clinical trial results revealed 14 % 

rate of partial responses among CX5461 treated female patients with cancers exhibiting 

mutations in the BRCA1/2 or PALB2 genes [29]. Encouraged by the identification of 
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synthetic lethal interactions between CX-5461 and BRCA1/2 mediated by homologous 

recombination (HR) genetic interaction screens with CX-5461 and other G4-targeting 

were recently performed [56]. PDS and PhenDC3 reveal gene sensitivity and novel 

genetic interactions. This opens an opportunity to develop drug combination therapies 

for G4- targeting drugs, aiming to enhance clinical outcomes [56].  

Some evidence indicates that G4 binders are able to modulate innate immunity genes 

and autophagy in cancer cells at non-toxic doses. In a recent review, Capranico and 

colleagues proposed the use of G4 binders at low concentrations to boost antitumor 

immunity, in combination with standard therapeutics [57]. This scenario requires 

specific attention in the choice of appropriate immune proficient animal models.  

Additionally, accurate models such as 3D, organotypic cultures, and patient-derived 

xenografts will be valuable to obtain a more realistic demonstration of the therapeutic 

potential of G4 ligands [51]. To avoid problems related to off-target toxicity such as that 

induced by BRACO19 and AS1410 an initial toxicological assessment should be 

considered, namely in terms of hERG (human Ether-a-go-go Related Gene) inhibition. 

Efforts to develop G4 ligands that go beyond mere G4 binding, aiming to enhance their 

in vitro stability or increase their in vivo lifespan are needed. This requires a substantial 

investment in novel synthetic methodologies [58]. 

 

G4 ligands: targeting telomeres and telomerase: a case 

study? 

Historically, G4 ligands were designed to target human telomeric repeats [59]. 

Telomeres are the ends of linear chromosomes. In humans and all vertebrates, telomeric 

sequences are composed of the repetition of the hexanucleotide TTAGGG. This sequence 

is prone to G4 formation, and initial efforts in G4 ligand development were aimed at the 

design of indirect telomerase inhibitors, acting on the DNA substrate and locking it into 

an inactive conformation. Since then, it was found that quadruplexes were not always 

inhibitory and could recruit telomerase [60], and most G4 ligands behave as inhibitors 

of telomeric DNA amplification rather than telomerase extension [61]. G4 ligands cannot 

therefore be considered “simple” telomerase inhibitors, and their anti-telomerase 

activity has often been overestimated due to caveats in the classical TRAP assay. For 

example, while telomestatin has an IC50 in the low nM range in this test, its activity drops 
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by three orders of magnitude when using a direct method to measure telomerase activity 

[61]. In addition, several G4 ligands are active in telomerase-negative alternative 

lengthening of telomeres (ALT) cancer cells. This does not mean that G4 ligands do not 

act on telomeres, as they may inhibit DNA polymerases and helicases activity on 

telomeric substrates causing telomere uncapping by delocalization of proteins from 

telomeres. For this reason, a number of compounds are tested for their affinity for the 

human telomeric quadruplex composed of (GGGTTA) repeats, and this family of G-

sequences is by far the most studied G4 alone or for its interaction with G4 ligands. The 

extreme polymorphism of the telomeric quadruplex is both an asset and a nuisance: 

while it complicates structural analyses, it allows multiple conformations to coexist, 

offering different kinds of binding epitopes to the ligands tested. Given that the energetic 

difference between these conformers is relatively low, preference for a given 

conformation may be deduced by a possible shift towards a given topology. 

 

Promising heterocyclic-based G4 ligand classes 

A few classes of heterocyclic compounds have been synthesized with different aromatic 

cores, alkylation warheads, or hydrophilic spacers to improve solubility, binding or tissue 

penetration (Table 1.1). In the next sections, we present examples of these ligands. 

   Table 1.1. List of G4 ligands discussed in this chapter. 

Ligand Target G4 
Tumor 

type 
Effect Ref 

 
BRACO-19 (1) 

Telomere 
Uterine 
cancer 

Reduced hTERT 
expression 

In vivo tumor growth 
inhibition in early 

stage 

[41,63,64] 

AS1410 

Telomere 

Non-small 
cell lung 
cancer 

(in 
combinatio

n with 
cisplatin) 

- [66,67] 
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Table 1.1 (continued) 

Ligand Target G4 
Tumor 

type 
Effect Ref 

 
2 

c-MYC 
Cervical 
cancer 

Downregulation of c-
MYC transcription 

Cell-cycle arrest and 
apoptosis 

In vivo tumor growth 
inhibition 

[69] 

 
 

RHPS4 (3) 

Telomere 

Breast 
cancer 

Melanoma 
cancer 

Prostate 
cancer 

Lung 
cancer 

Colorectal 
cancer 

Telomerase inhibition 

Reduction in 
telomere length 

DNA damage 

In vivo tumor growth 
inhibition 

[70-74] 

 

 

 
4 

c-MYC 
Burkitt’s 

lymphoma 

Downregulation of c-
MYC transcription 

In vivo tumor growth 
inhibition 

[77] 

 
5 

c-MYC 
Lung 

cancer 

Downregulation of c-
MYC transcription 

In vivo tumor growth 
inhibition 

[78] 
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Table 1.1 (continued) 

Ligand Target G4 
Tumor 

type 
Effect Ref 

 
6 R=4-methylmorpholine 

7 R= 1-methyl-1H-imidazole 
8 R= 2-(methylamino)ethan-1-ol 

c-MYC 

Solid 
Tumors 

Lymphoma 

Downregulation of c-
MYC 

Topoisomerase I 
inhibition 

In vivo tumor growth 
inhibition 

[79] 

 
Quarfloxin (9) 

rDNA 

Carcinoid/
neuroendo

crine 
tumors 

Breast 
cancer 

Pancreatic 
cancer 

 

Disrupt rDNA 
G4/nucleolin 

interaction 

Inhibition of RNA 
Polymerase I 
transcription 

Cell apoptosis and 
DNA damage 

In vivo tumor growth 
inhibition 

 

[82,83] 

 
CX-5461(10) 

Multitarget 

BRCA1/2-
deficient 
tumors 

Pancreatic 
cancer 

Melanoma 

inhibition of RNA-
polymerase I 

Cell apoptosis and 
DNA damage 

In vivo tumor growth 
inhibition 

[85-89] 

 
11 

HSP90 

Telomere 

Pancreatic 
Cancer 

Decrease in 
telomerase activity 

Reduce HSP90 and 
hTERT protein 

expression levels 

In vivo tumor growth 
inhibition 

[93-94] 
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Table 1.1 (continued) 

Ligand Target G4 
Tumor 

type 
Effect Ref 

 
12 

Multitarget 
Pancreatic 

Cancer 

Reduces BCL-2 levels 

In vivo tumor growth 
inhibition 

[95-97] 

 
13 

Multitarget 
Pancreatic 

cancer 

Downregulation of 
multiple gene targets 

In vivo tumor growth 
inhibition 

Promotion in in vivo 
survival rate in the 

KPC model 

[98] 

 
14 

Telomere 
Pancreatic 

cancer 

Downregulation of 
multiple gene targets 

In vivo tumor growth 
inhibition/regression 

[99,100] 

 
15 

Multitarget - 

G4-unfolding 
inhibition by 

helicases 

In vitro and in vivo 
displace of the heme 

bound to G4 

[76-81] 

 
16 

Multitarget 

Myeloid 
leukemia 

Pulmonary 
Fibrosis 

Cell-cycle arrest and 
DNA damage 

Induction of the KLF4 
tumor suppressor 

[82,83] 
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Acridines  

The 3,6,9-trisubstituted acridine derivative 1, called BRACO-19, was developed by Neidle 

and colleagues in 2001, to bind human DNA G4, inhibiting telomerase in the elongation 

of single-stranded telomere overhang [62]. The binding affinity to human telomeric G4 

determined through Surface Plasmon Resonance (SPR) is high (KA = 1.6 × 107 M-1), and 

BRACO-19 showed potent telomerase inhibition with an IC50 of 0.06 μM in A2780 

human ovarian carcinoma cells, inducing senescence or selective cell death [63]. The in 

vitro activity of 1 was evaluated in human uterus carcinoma UXF1138L cells, which 

exhibit short telomeres; an IC50 of 2.5 μM was reported. Treatment at 1 μM for 24 h led 

to a dramatic decrease in human telomerase reverse transcriptase (hTERT) nuclear 

expression, but residual cytoplasmic hTERT staining was observed accompanied by 

atypical mitoses [41]. Intraperitoneal administration of compound 1 to early-stage 

UXF1138L xenograft models inhibits tumor growth, displaying single-agent antitumor 

activity efficacy, with complete regressions observed in some animals but not advanced-

stage xenografts. In contrast, oral administration regimen was found to be inactive [64]. 

The combination of 1 (at a nontoxic dose) with the anticancer drug Paclitaxel displayed 

a synergistic antitumor activity in A431 epidermal carcinoma [65] (Figure 1.3). Despite 

1 representing one the most potent cell-free inhibitors of human telomerase with high 

affinity for G4, some biopharmaceutical limitations became apparent. Its sub-optimal 

pharmacological profile (half-life of 1.1 h), limited bioavailability after an hour, lack of 

membrane permeability, and small therapeutic window hampered further development 

[25,64]. AS1410 (not to be confused with AS1411, a G-rich oligonucleotide) is derived 

from BRACO-19 with a difluorobenzylamino group at the 9-position [66]. AS1410 

showed increased hydrophobicity, improved binding affinity, and extended plasma half-

Table 1.1 (continued) 

Ligand Target G4 
Tumor 

type 
Effect Ref 

 
17 

BCL-2 

Breast 
cancer 

Lung 
Cancer 

Reduction of BCL-2 
mRNA level 

Cell apoptosis 

In vivo tumor growth 
inhibition 

[84] 
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life (2h) compared with BRACO-19 [67]. AS1410 also demonstrated synergy with 

cisplatin, leading to a significant reduction in tumor volume in an A549 lung cancer 

xenograft model when administered in combination [68] (Figure 1.3). However, it 

showed modest activity alone in the DU145 xenograft models and several other tumor 

types at a tolerated dose. Since the maximum tolerated doses for both AS1410 and 

BRACO-19 remain relatively low (2 mg/kg) the program was abandoned.  

 

Figure 1.3. Effects of G-quadruplex (G4) ligands administered as (A) standalone agents or (B) in 

combination with anti-cancer drugs. (A) BRACO-19 (1), AS1410, and RHPS4 (3) ligands can modulate the 

hTERT expression levels by stabilization of G4 in the 3′-overhang of chromosome ends. These ligands have 

pharmacological limitations and failed pre-clinical evacuation. (B) BRACO-19 and AS1410 showed 

synergistic in vivo antitumor effects with Paclitaxel [63,64] and Cisplatin [66,67], respectively. 

A series of disubstituted bisacridine derivatives was synthesized to bind both G4 and i-

motif (a different class of DNA quadruplexes formed by C-rich sequences) on the c-MYC 

gene [69]. The compounds containing a long alkyl amine linker stabilized both c-MYC 

G4 and i-motif. Compound 2 was the most potent c-MYC G4 stabilizer according to 

FRET-melting results (Fpy33T: ΔTm = +11 °C and Fpu22T: ΔTm = +9.9 °C at 1 μM (5 M 

equivalents)). Moreover, 2 inhibited cervical SiHa cell short-term proliferation with an 

IC50 value of 1.22 μM, induced cellular apoptosis, and led to cell-cycle arrest cells by 

suppressing c-MYC transcription (Figure 1.4). These effects were associated with the 

formation of G4s in the S phase of the cell cycle and the i-motifs found in the late G1 

phase. The derivative 2 also suppressed tumor growth in a SiHa cervical xenograft model, 

inducing a reduction in tumor weight of 41.6 % [69].  

https://www.sciencedirect.com/topics/medicine-and-dentistry/telomerase-reverse-transcriptase
https://www.sciencedirect.com/topics/medicine-and-dentistry/evacuation
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/paclitaxel
https://www.sciencedirect.com/topics/medicine-and-dentistry/cisplatin
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Figure 1.4. Examples of effects of G-quadruplex (G4) ligands in the promoter region of c-MYC promoter 

gene. (A) Compound 2 stabilizes c-MYC G4 and i-motif with in vivo activity in the cervical SiHa cancer 

model [69]. (B) Compound 4 downregulates c-MYC transcription by stabilizing the c-MYC G4 and 

disrupting the binding of the protein NM23-H2 to DNA. In a human Burkitt's lymphoma xenograft model 

presented in vivo activity [77]. (C) Compound 5 shows in vivo activity in lung cancer xenograft model, 

possibly caused by c-MYC downregulation [78]. (D) Quarfloxin (9) stabilizes c-MYC G4 [82-83]. disrupts 

the interaction with nucleolin, consequently inhibiting Pol I transcription, and triggering apoptotic cell death 

in cancer cell. Quarfloxin did not proceed past Phase II clinical trials in patients with 

carcinoid/neuroendocrine. (E) Compounds 6, 7 and 8 are human topoisomerase I inhibitors that induce 

DNA damage and may overcome drug resistance, possibly through binding to c-MYC G4 [79]. 

 

To increase π-π stacking, the tricycle system of the acridine was modified to a tetracyclic 

or pentacyclic system. Compound 3, better known as RHPS4, is a pentacyclic acridinium 

derivative that promotes G4 formation in the telomeric overhang. RHPS4 is a potent 

telomerase inhibitor (IC50 = 0.33 μM) and a DNA damage inducer [70]. 3 induces a 

https://www.sciencedirect.com/science/article/pii/S0024320524000705?via%3Dihub#bb0345
https://www.sciencedirect.com/topics/medicine-and-dentistry/burkitts-lymphoma
https://www.sciencedirect.com/topics/medicine-and-dentistry/xenograft
https://www.sciencedirect.com/science/article/pii/S0024320524000705?via%3Dihub#bb0385
https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-xenograft
https://www.sciencedirect.com/science/article/pii/S0024320524000705?via%3Dihub#bb0390
https://www.sciencedirect.com/topics/medicine-and-dentistry/quarfloxin
https://www.sciencedirect.com/topics/medicine-and-dentistry/nucleolin
https://www.sciencedirect.com/topics/medicine-and-dentistry/programmed-cell-death
https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-cell
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/quarfloxin
https://www.sciencedirect.com/topics/medicine-and-dentistry/clinical-trial
https://www.sciencedirect.com/topics/medicine-and-dentistry/inpatient
https://www.sciencedirect.com/topics/medicine-and-dentistry/topoisomerase-inhibitor
https://www.sciencedirect.com/science/article/pii/S0024320524000705?via%3Dihub#bb0395
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senescent-like growth arrest in MCF-7 cells (0.5-1 μM, 15 days) and a reduction in 

telomere length. This activity was observed at noncytotoxic drug concentrations that are 

suitable for extended drug administration [71]. Human breast tumor xenografts showed 

a correlation between telomere length and growth Inhibitory potency of this compound 

[71]. These results align with the disruption of the protective telomere capping status 

achieved through the stabilization of G4 structure by compound 3, leading to greater 

susceptibility of cells with shorter telomeres [71]. In addition, 3 induced a rapid and 

potent DNA damage response at telomeres, characterized by the phosphorylation of 

H2AX in human fibroblasts expressing hTERT and melanoma cells [72]. Different tumor 

xenografts were used to evaluate the antitumor effect of 3 [72]. Notably, CG5 breast 

xenografts displayed high sensitivity with marked inhibition (about 80 %) after 

treatments with compound 3, and this effect persisted for at least 30 days and 40 % were 

cured.  

The anticancer effects of 3 were linked to telomere dysfunction and were countered in 

tumors that overexpress TRF2 or POT1 [72]. The suppression of tumor growth was 

accompanied by a strong DNA damage response which resulted in telomere damage and 

apoptosis within the xenografted tumors. [72]. Despite its attributes as a telomere-

targeting agent and desirable pharmaceutical profile [73], RHPS4 has notable off-target 

cardiotoxicity effects in a guinea pig model [26]. This was related to a potent inhibition 

of the hERG (human Ether-a-go-go Related Gene) receptor. In addition, interaction with 

other targets involved in abnormal cardiac function as β2 adrenergic and muscarinic 

receptors was observed. Two RHPS4 acetylamine derivatives were developed and 

showed a reduction in hERG activity while maintaining the on-target features [26]. 

Additional developments resulted in structurally-related compounds. The most 

promising showed 40 % of hERG inhibition but retained strong interaction with the M2 

muscarinic receptor (99 % inhibition) [74]. Despite its promising antitumor activity, 

RHPS4 and related compounds did not advance to clinical trials because of these 

offtarget effects, highlighting the importance of initial pharmacological screening. 

Overall, whether tricyclic compounds or extended acridines such as 3 are optimal for 

selective recognition remains an open question: while a pentacyclic scaffold offers a 

larger stacking area with a terminal quartet, up to three lateral chains may be appended 

to a tricyclic core. Increasing the length of side chains on acridine derivatives and 

including terminal groups such as pyrrolidine and piperazine may result in a significant 

loss in affinity for the telomeric G4. These ligands may rather be designed to target the 

G-quartet and the duplex stem-loop of a promoter quadruplex, enabling stabilization of 

the stem-loop resulting in the downregulation of transcription and induction of cell 
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death. In addition, fusing these acridines to carbazoles or thiazole orange scaffolds may 

be appropriate for cellular investigations through fluorescence lifetime imaging 

microscopy. 

Quindolines  

SYUIQ-5 is an indoloquinoline ligand substituted at C-11 by a positively charged 

nitrogen atom, allowing π–π stacking and electrostatic interactions between the 

indoloquinoline moiety and the G4 [75,76]. Based on this scaffold a series of 

disubstituted quindolines derivatives were synthesized with the introduction of a second 

alkylamino side chain at the 7-, 8-, or 9-positions of the quindoline ring [77]. This allowed 

to add positive charges through methylation at the nitrogen atom at the end of the side 

chain. The best ligand was substituted by alkylamines side chains at 7-,11- positions, with 

ΔTm values ranging from +13.5 to +36.7 °C at 2 μM (10 M equivalents) to c-MYC G4 

determined by FRET-melting and a KD of 10-7 M, determined by microscale 

thermophoresis [77]. In Burkitt’s lymphoma cells, this disubstituted quindoline 

derivative 4 downregulated c-MYC transcription by stabilizing the c-MYC G4 and 

disrupting binding of the protein NM23-H2 to DNA, revealing itself as a promising 

anticancer agent. However, in a human Burkitt’s lymphoma xenograft model, this 

derivative presented in vivo activity with a reduction in tumor volume of only 27.4 % 

compared to the negative control [77] (Figure 1.4). 

To improve the selectivity/affinity of quindolines to G4s, a series of novel triazole-

containing benzofuroquinoline derivatives was developed using a 1,3-dipolar 

cycloaddition of a series of alkyne and azide building blocks [78]. The ΔTm values for c-

MYC G4 obtained by FRET melting experiments varied between +16 and + 22 °C at 2 μM  

(5 M equivalents); triazole functionalization enhanced the interaction between ligand 

and G4 [78]. The derivatives bearing long N-side chains evidenced better activity against 

c-MYC G4; they were able to downregulate c-MYC gene transcription and its expression 

in Raji cells. Compared to the used positive control, doxorubicin, the propylpyrrolidine-

based derivative 5 showed similar tumor growth inhibition rates (about 38 %) in lung 

cancer xenograft model, possibly caused by c-MYC downregulation [78] (Figure 1.4).  

Overall, the equilibria between the protonated/deprotonated forms of these quindoline 

species should be carefully considered to improve binding. Quindoline derivative 

compounds containing electrondonating amino substituents at the aromatic skeleton 

increase the in vivo activity mediated by G4 binding by enhancing the basicity of the 

pyridine nitrogen atom and its protonation at physiologic pH. One should keep in mind 
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that these modifications may reduce drug-like properties, increase molecular weight and 

cationic charge. 

Quinazolones and quinolones 

The indenoisoquinoline derivatives indotecan (6, NCT01051635), indimitecan (7, 

NCT01051635), and 8 (NCT03030417) progressed to phase I clinical trials at the 

National Cancer Institute for treatment of solid tumors and lymphomas. These 

compounds are human topoisomerase I inhibitors that induce DNA damage and may 

overcome drug resistance, possibly through binding to c-MYC G4 [79]. Structure−  

activity of c-MYC G4 binding by these derivatives showed strong KD values in the 

nanomolar range and moderate stabilization (ΔTm > 6 °C at 1.5 μM (10 M equivalents) 

by FRET-melting). These compounds cause both c-MYC downregulation and 

topoisomerase I inhibition, offering a dual approach to drug development [79] (Figure 

1.4). 

The fluoroquinolone derivative 9, also known as Quarfloxin, was the first G4 stabilizer 

to enter clinical trials (NCT00955786) [80]. This compound was rationally designed 

from norfloxacin and fluoroquinolone QQ5863 G4 ligand by optimization of the planar 

core and addition of presumable groove-binding arms to increase the selectivity for G4 

over duplex structures and eliminating a topoisomerase II poisoning effect [81]. 9  

exhibited in vivo antitumor activity against mice breast xenografts models. Daily 

treatment was well-tolerated, suppressing tumor growth. The treatment in MIA PaCa-2 

pancreatic xenografts resulted in significant tumor growth inhibition with minimal 

impact on animal body weight [82]. Quarfloxin (9) was initially recognized as a specific 

binder for the c-MYC G4. However, further studies revealed that the interaction between 

9 and G4 structures in ribosomal DNA (rDNA) quadruplexes disrupted the interaction 

with nucleolin, consequently inhibiting Pol I transcription, and triggering apoptotic cell 

death in cancer cells [82] (Fig. 4). Quarfloxin (9) showed robust evidence of biological 

activity in Phase II clinical trials (NCT00485966) and proved to be well tolerated with a 

satisfactory toxicity profile. However unusual pharmacokinetic properties suggest an 

extensive biodistribution profile. Quarfloxin accumulates in tissues derived from the 

neural crest at a significantly higher level than those observed in plasma. Due to 

bioavailability issues, quarfloxin did not progress to phase II clinical trial [27,83]. 

Another quarfloxin derivative, CX-5461 (10), was developed by the reduction of the 9 

heteroaromatic core and side arms size [84]. Theoretically, these structural 

modifications should increase the “drug-like” properties of the 10 but reduce the G4 

interaction properties. However, also this fluoroquinolone derivative proved to be a good 
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G4 stabilizer (c-MYC, ckit1, and h-Telo; ΔTm > 15 °C at 1 μM (5 M equivalents) by FRET-

melting). 10 induced G4-mediated DNA damage and an increase in in vivo G4 structures 

[84]. After oral administration (50 mg/kg), 10 showed in vivo antitumor activity in 

pancreatic xenograft models and melanoma (A375) with tumor growth inhibition of 69 

% on day 31 and 79 % on day 32, respectively [85]. The anticancer activity of 10 was also 

related to the inhibition of RNA-polymerase I [86] and further evaluated in a phase I 

clinical trial in advanced hematological malignancies showing modest activity [87] and 

good pharmacokinetics properties. Recent evidence suggests that the primary action 

mechanism is topoisomerase II poisoning in regions containing G4s [88,89]. In a phase 

I clinical trial (NCT02719977) CX-5461 exhibited synthetic lethality in homologous 

recombination deficient (HRD) models, establishing a clinical proof-of-concept for this 

Gquadruplex stabilizer [29]. A dose-limiting photosensitivity was noted. CX-5461 is now 

in a phase Ib study (NCT04890613) to determine a tolerable dose administered by IV 

infusion in patients with solid tumors and BRCA1/2, PALB2, or HRD mutation for future 

Phase II trials. Unfortunately, CX-5461 also causes extensive, nonselective and collateral 

mutagenesis in different cell lines, to “magnitudes that exceed known environmental 

carcinogens” [15]. This mutagenic effect could potentially contribute to future cancer 

risk. For an overview of CX-drugs, we refer readers to the recent review of L.H. Hurley 

[90].  

Our vision regarding the design of quinazolones and quinolones derivatives is that the 

incorporation of electron-withdrawing groups, such as halogens, can improve the G4 

binding properties. Conversely, the reduction of aromatic core and in amine side chains 

may decrease this activity. An equilibrium between the length of the amine side chains 

must be reached to improve bioavailability. 

Naphthalenediimides and perylenediimides 

Naphthalene diimides (NDIs) provide a prospect for improving both G4 binding 

selectivity and potency, using aromatic cores with various pendant groups, and 

controlling their affinity towards different G4- forming sequences [91,92].  

The Neidle group reported a tetra-substituted NDI derivative, compound 11 [93]. This 

derivative stabilized two putative G4 forming sequences in the HSP90 promoter 

(FHSP90aT: ΔTm = +34.9 °C; FHSP90bT: ΔTm = +31.0 °C at 0.5 μM (2.5 M equivalents)) 

[94] and human intramolecular telomeric G4 (F21T: ΔTm = +28.3 ◦C at 0.5 μM (2.5 M 

equivalents)) [93]. Moreover, the murine MIA-Pa-Ca2 xenograft model treated with 

BMSG-SH-3 showed a 50 % reduction in tumor volume after intraperitoneal 
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administration, and a 50 % decrease in telomerase activity, related with a 30 % reduction 

of HSP90 and hTERT protein expression levels [94]. 11 was quickly taken into cancer 

cell nuclei [95] and in vivo tests showed no significant off-target effects. Nevertheless, 

this compound was not considered a drug candidate molecule because of its high 

molecular weight, four positive charges (methyl-piperazine), and deviation from 

Lipinski’s rule [94]. To improve 11 pharmacological properties, the same group studied 

another series of tetra-substituted NDIs derivatives using a structure-based design [44]. 

The tetrasubstituted NDI ligand, 12 containing two side chains with N-methyl-

piperazine end groups and two side chains with morpholine end-groups emerged as a 

lead compound of this series. The N-methylpiperazine groups were changed to 

morpholine ones, and this did not affect binding to human telomeric G4 and stabilization 

of HSP90 promoter (FHSP90aT: ΔTm = +33.1 °C; FHSP90bT: ΔTm = +28.6 °C; F21T: 

ΔTm = +26.6 °C at 1 μM (5 M equivalents) by FRET melting) [96]. 12 stabilized several 

distinct intramolecular G4s structures, e.g., human telomeric, BCL-2 promoter (ΔTm = 

+26.4 °C) and two KRAS sequences (KRAS1: ΔTm = +22.5 °C and KRAS2 ΔTm = +19.8 

°C) [96]. It was found to be more potent than 11 against several pancreatic cell lines, with 

an IC50 value of 10 nM [96]. 12 also regulated BCL-2 expression at the translational level 

through the targeting of the G4-forming sequences in the BCL-2 promoter region and 

displayed in vivo anti-tumor activity in a MIA PaCa-2 xenograft model with an 80 % 

growth tumor decrease after intravenous administration and no tumor regrowth seen 

after >200 days post-treatment [97]. The crystal structure of compound 12 within an 

intramolecular human telomeric parallel G4 (PDB code 3UYH) showed that the 

morpholine groups substituted by N-methyl-piperazine did not promote the loss of 

intermolecular interactions with the grooves of the G4; indeed the morpholine ring 

favored the interactions with G4 grooves and watermediated G4 side-chain hydrogen-

bonding [96]. A new tri-substituted NDI termed 13 was designed containing two side 

chains ending in morpholino groups, and a third side chain terminating in a protonated 

pyrrolidino group. This compound has a reduced molecular weight and is also less basic 

than the protonated N-methyl-piperazine ring on 12: it was anticipated that this 

alteration would impact the overall polarity and pharmacological availability of the 

compound [98]. The decrease in side chains number and in cationic charge of the 13 led 

to a decreased stabilization of G4 compared to 12. Nevertheless, 13 downregulated more 

G4-containing genes and elevated the occurrence of double-strand break as a result of 

torsional strain on DNA and chromatin structure [98]. In combination with SAHA (HY-

10221) compound 13 increased the level of γ-H2AX protein in MIA PaCa-2 and PANC-1 

cells [98] and displayed potent antiproliferative effects against pancreatic cancer cell 

lines [98]. Treatment with 13 displayed in vivo antitumor activity MIA PaCa-2 xenograft 
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model and prolonged survival in the KPC mouse model with a superior profile than 

gemcitabine [98]. Transcriptome analysis indicated that the effectiveness and potency of 

13 stemmed from its capability to downregulate multiple gene targets that are 

dysregulated in pancreatic cancer cells, most containing G4 elements within their 

regulatory regions [98]. In brief, tetra-substituted NDI compounds, like 12, have one 

cationic acyclic side chain located within a G4 groove; each three side chains of 13 were 

designed to interact with a groove and the absence of a fourth substituent was offset by 

the tight fit of the three others. Neidle et al hypothesized that the introduction of a fourth 

substituent group, such as a pyrrolidine-phenyl ring closely linked to the NDI core, could 

enhance the affinity to G4s, giving the tetrasubstituted NDI, 14 [99]. The phenyl group 

is stacked on the terminal G-quartet, adopting a ruffled arrangement with the G-quartet, 

and the cationic tail of the phenyl residing is positioned within the fourth G4 groove, as 

observed in crystal structures [99]. 14 shows great affinity for hTERT G4 and HuTel21 

G4 with KD values of 4.9 and 28.4 nM, respectively, and 10 times stronger inhibitory 

effect on pancreatic cancer cells (GI50 ≈ 1.5 nM) and in vivo activity compared with 

previous NDI compounds [100]. The pharmacological properties of 14 demonstrated 

favorable bioavailability, in line with its in vivo efficacy in xenograft and genetic models 

for pancreatic cancer [99,100]. Transcriptome analysis revealed that 14 downregulated 

numerous cancer-related gene pathways, including Wnt/β-catenin signaling [100]. The 

development of NDI-based ligands as promising therapeutic agents is an example of the 

success of rational drug design for anticancer compounds mediated by G4 activity. The 

structure-activity relationship studies provided invaluable information for the 

optimization of these compounds, which were improved over the years. Among them, 

the most promising compounds for the treatment of pancreatic cancer were the NDI 13 

and 14 [100]. NDI 14 recently entered phase Ia clinical trial in patients with solid tumors 

(metastatic, or advanced cancer), including pancreatic cancer (NCT06086522). In our 

perspective, the preparation of tetrasubstituted NDI-core compounds is encouraged 

since, compared to disubstituted analogs, these derivatives generally showed greater in 

vivo activity. NDI-based scaffolds, especially when functionalized with N-

alkylmorpholine units, may exhibit enhanced anticancer properties. Therefore, N-

alkylmorpholine-bearing cex-NDI may be attractive in theranostic approaches by 

combining the morpholines anti-cancer features [44] with the increased fluorescence of 

cex-NDI compounds [101]. Finally, as illustrated by Zuffo et al [34], mitigating the 

affinity of a cex-NDI may result in an increased selectivity: reducing unspecific 

electrostatic interactions may be key to allow a good core selectivity. 

 



 

 26 

Phenanthrolines 

Phenanthroline-based ligands comprise an additional category known for their strong π-

π interactions with a G-quartet. De Cian et al described a 6,6’-disubstituted-2,2’-

bipyridine and 2,9-disubstituted1,10-phenanthroline ligand, 15, which is one of the most 

popular G4 ligands, thanks to its outstanding selectivity [102]. 15 exhibits a highaffinity 

binding to G4s with nanomolar (KD) affinity and can inhibit G4-unwinding by specialized 

helicases [102,103]. 15 displays a marked preference for G4s over duplex and single-

stranded DNAs and was previously shown to stack on the 5′-quartet of a parallel G4 

structure found in the human c-MYC promoter [104]. Very recently, an unexpected mode 

of interaction was revealed: 15 intercalated into the antiparallel chair-type G4 adopted 

by the human telomeric sequence. It layed between two G-quartets on one side and a 

dynamic yet fully formed Gquartet capped by a T-A-A triad on the other side. 15 inhibited 

FANCJ and DinG helicases unwinding of an unimolecular G4 substrate in a drug 

concentration-dependent manner [105]. Another report showed that 15 could also 

displace heme bound to G4s in vitro and in vivo, altering transcription in cultured human 

cells, upregulating genes and heme oxidase that support heme degradation and iron 

homeostasis [106]. After that, innumerous modifications in phenanthroline core have 

been explored in order to improve ligand potency, selectivity and functionality, as 

detailed by Verga and colleagues [25]. Compound 16, also called APTO-253, is a 

derivative of 2-indolyl imidazole [4,5-d] phenanthroline, that entered phase I clinical 

stage (NCT02267863) for treating acute myeloid leukemia [107]; however, its 

development was discontinued. Intracellularly, this molecule undergoes a 

transformation from a monomer into a ferrous complex [Fe(253)3] and both exhibit the 

ability to stabilize G4 structures found in telomeres, MYC, and KIT promoters but do not 

bind double-stranded DNA [107]. The effect of 16 on the expression of MYC and its 

downstream target genes, on cell-cycle arrest, DNA damage, and stress responses was 

proposed to result from an action on G4 DNA motifs [107]. Moreover, this compound 

represents a pioneering MYC inhibitor without inducing myelosuppression, rendering it 

particularly suitable for the treatment of acute myeloid leukemia patients with 

compromised bone marrow function [107]. It was recently found that 16 mediated 

anticancer efficacy by triggering the expression of the Krüppel-like factor 4 (KLF4) tumor 

suppressor and this ability was attributed to MYC inhibition [108]. Indeed, the 

administration of 16 in 2 different pulmonary fibrosis mouse models, was able to reverse 

the persistent fibrosis and idiopathic pulmonary fibrosis, which are the two most 

prevalent fibrotic lung diseases, with a poor prognosis and currently no available cure 

[108]. 17 is another phenanthroline derivative, which has a donor-acceptor neocuproine 
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conjugate and binds BCL-2 G4 in sub-micromolar affinity through a hybrid binding 

mode involving loop-stacking and groove interactions [109]. 17 reduced the mRNA level 

of BCL-2, inducing apoptosis of the cancer cells. The compound also demonstrated in 

vivo anti-tumor efficacy in mouse xenograft models of breast cancer and human lung 

carcinoma (A549), resulting in an average of tumor growth inhibition of 56 % and 64 %, 

respectively [109]. Overall, regarding the sub-class of phenanthroline compounds 

derived from PhenDC3, this scaffold can be considered as nearly-optimal in terms of G4 

recognition and selectivity [36]. Further modifications of these compounds may 

therefore rather be aimed at improving cellular/ tumor uptake, sub-cellular localization, 

and in vivo properties. In addition, the variety of derivatives with additional desirable 

functionalities (e.g., fluorescence, biotin, crosslinking) designed within this family 

should be inspiring for other series. 

 

Conclusion and perspectives 

This review provides an overview of a range of ligands that target G4s and discuss G4-

mediated in vivo effects and their limitations. Few G4 ligands with suitable 

pharmacokinetic properties have been discovered to date. This can be attributed to a lack 

of a systematic evaluation in vitro and in vivo, which represents one of the main 

bottlenecks for the translation of the lead ligands into the clinic. Moreover, the 

correlation between biophysical and biological/cellular/in vivo properties of G4 ligands 

is often relatively weak. In other words, the best ligands (in terms of affinity or selectivity 

in vitro) are seldom the most active compounds in cells, and some of the compounds 

which reached the clinic are relatively weak G4 ligands. A structure-based approach 

should contribute to optimize the scaffolds and confer topological preferences. For some 

series, further optimization may be futile (as discussed above for PhenDC3 derivatives) 

while a significant room for improvement exists for other families. Many questions need 

to be answered in order to improve the therapeutic outcome of G4 ligands. We strongly 

suggest carrying out a systematic and robust comparison of new compounds with 

commercially available benchmark G4 ligands, such as PhenDC3, PDS, PDC, 360 A, 

BRACO19, or RHPS4. Finally, G4 compounds are often assumed to act in the cytoplasm 

(for RNA targets) or in the nucleus (for both RNA and DNA targets). However, G4 ligands 

may target other compartments such as lysosomes and mitochondria. Recent findings 

suggest that G4 ligands from different chemical families have the potential to control the 

lysosomal pathway in different cell types (for a review, [110]). Depending on the cellular 

context or the compound, inhibiting or stimulating the lysosomal pathway in synergy 
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with a G4 ligand may impact cell fate decisions: both strategies could be of interest 

depending on the context and the specific disease. This example illustrates that one 

cannot limit the analysis of these molecules to nucleic acid targets and that other cellular 

components need to be considered as well. With these limitations and caveats in mind, 

some G4 binders available for clinical trials exhibit remarkable in vivo activity and, in 

some cases, a synergetic activity that can be combined with conventional anticancer 

therapies. We advocate a proper assessment of the cellular properties of these 

compounds to accelerate the development of G4- based therapies. 
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Chapter overview 

This chapter provides an overview of the use of different G4 ligands employed to bind 

and stabilize the G-quadruplex structures found in different classes of non-coding RNAs. 

Non-coding RNAs are a group of transcripts that do not translate into proteins but have 

important multiple biological regulatory functions. The prevalence and regulation in the 

stability of G-quadruplex structures within these RNA sequences, such as long non-

coding RNAS, pre-miRNAs emerged as a potential therapeutic strategy. G4 ligands can 

regulate the RNA G4 folding equilibrium and prevent important cellular events such as 

miRNA biogenesis and miRNA-mRNA interactions. Taken together, this chapter 

summarizes and discusses the prevalence of RNAs G4s within non-coding RNAs, 

focusing on the molecular mechanism underlying its function and highlighting the use 

of G4-stabilizing ligands to modulate its biological functions. 
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Ligands as Stabilizers of G-Quadruplexes in 

Non-Coding RNAs 

 

Abstract 

The non-coding RNAs (ncRNA) are RNA transcripts with different sizes, structures, and 

biological functions that do not encode functional proteins. RNA G4s (rG4s) have been 

found in small and long ncRNAs. The existence of an equilibrium between rG4 and 

stem−loop structures in ncRNAs and its effect on biological processes remains 

unexplored. For example, deviation from the stem−loop leads to deregulated mature 

miRNA levels, demonstrating that miRNA biogenesis can be modulated by ions or small 

molecules. In light of this, we report several examples of rG4s in certain types of ncRNAs, 

and the implications of G4 stabilization using small molecules, also known as G4 ligands, 

in the regulation of gene expression, miRNA biogenesis, and miRNA−mRNA 

interactions. Until now, different G4 ligand scaffolds have been synthesized for these 

targets. The regulatory role of the above-mentioned rG4s in ncRNAs can be used as novel 

therapeutic approaches for adjusting miRNA levels. 
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Introduction  

The ncRNAs are RNAs that are not translated into proteins and are divided into two main 

categories based on their size: small ncRNAs with size < 200 nt. (e.g., miRNA, piRNA, 

and sRNAs) and long ncRNAs with size ≥ 200 nt. (e.g., lincRNA and NAT) [1]. ncRNAs 

can fold into complex structures and interact with proteins, DNA, and other RNAs, 

modulating the activity of DNA targets and multiprotein complexes [2]. Thus, ncRNAs 

can be regulators of different diseases (cancer, cardiovascular and neurological 

disorders) and open new avenues to novel therapeutic approaches [3,4]. More recently, 

RNA G4s (rG4) were found in both types of ncRNAs, and their dysregulation has been 



 

 42 

proposed to impact disease [5]. rG4s are thermodynamically stable secondary structures 

in which the guanines, which are linked via Hoogsteen hydrogen bonds, engage the N1, 

N7, O6, and N2 atoms from each base (Figure 2.1) [6,7]. 

 
 

Figure 2.1.  Illustration of G-tetrad formation through Hoogsteen bonds and G-tetrads stacking. 
 
 

The stability of the negatively charged core of the G-quartet composed of O6 atoms, the 

coordination between the G-quartets, and the base-stacking interactions are governed 

by intercalated monovalent cations [7,8,9,10]. 

 

In case of cation absence, sequence folding towards G4 conformation is electronically 

unachievable, because of the negative regions of the G-quartets [10,11]. Moreover, G4’s 

folding and stability are directly correlated with the cation species, inherent properties, 

and the working concentration [12]. K+ and Na+ are the most common cations used for 

G4 enhancement, due to their biological role and amount in cells [13]. K+ has a large ionic 

radius, which makes it able to settle in between multiple G-quartet layers; comparatively, 

Na+ is a smaller cation capable of linking up within the core of individual G-quartets 

[11,14,15]. Further cations, such as Li+ and Mg2+, can behave as destabilizing or neutral 

ions in regard to G4 formation [11].  

 

Parallel G4 topology prevails in rG4s, wherein all strands participating in the G4 network 

follow the same direction (Figure 2.2A). Upon half the strands presenting a reverse 

orientation, G4 is defined as antiparallel. Once only one strand is in a contrary direction, 

the structure is classified as a hybrid G4 (Figure 2.2A) [16,17]. The 2’ hydroxyl group in 

rG4s generates extra interactions compared to DNA G4s, leading to a more stable, 

compact, and less hydrated profile in rG4s [18] (Figure 2.2B).  

 

In addition, the folding of rG4 can also be controlled by small-molecule ligands 

[11,14,15,19,20], suggesting that rG4 can be druggable, being used in vivo to modulate 

ncRNA biological functions. Usually, the ligands’ structure is planar chromophores, 
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which bind rG4 via π-π stacking to a terminal G-quartet, and is composed of one or more 

flexible substituents with a cationic charge that binds G4 grooves and loops, that is: (i) 

fused aromatic polycyclic systems (e.g., berberine, quarfloxin, PhenDC3, RHPS4, and 

BRACO-19), (ii) macrocycles (e.g., telomestatin, pyridostatin and carboxypyridostatin), 

and (iii) non-fused aromatic systems with flexible structural motifs. 

 

 

 
Figure 2.2. (A) Schematic representation of different G4 topologies (parallel, hybrid, and anti-parallel). 

(B) Conformations of G4s according to strands polarity when polarity differences are associated with an 

angle between the G-bases and the pentose, namely to the 2’ hydroxyl group. 
 

 
Biophysical studies highlighted several parameters influencing rG4 conformations, 

including the number of G-quartet stacks, the length/sequence composition of the loops, 

the occurrence of bulges, the availability/nature of the central ion, the sequence in 

flanking regions, and the ligands interaction/stabilization of the rG4s [12].  

Moreover, computational algorithms and next-generation sequencing (NGS), as well as 

the use of fluorescent light-up probes, have highlighted the location and biological 

functions of rG4s in untranslated regions (UTR) of mRNA sequences [21], and more 

recently in ncRNAs [22]. This was key to driving subsequent functional analyses that 

revealed the biological relevance of rG4s in the post-transcriptional control of gene 

expression impacting cellular processes. Although those computational predictions have 

been helpful in proposing the importance of G4s in the transcriptome, caution should be 

taken, since this could lead to false positives or negatives [23]. Therefore, the use of in 

vitro and in vivo approaches has been growing in the last few years to probe and validate 

the existence of those structures.  
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Balasubramanian and co-workers developed an approach called rG4-seq, which is a 

profiling method that couples rG4-mediated reverse transcriptase stalling with NGS 

[24]. Firstly, the technique was employed in vitro in RNA extracted from HeLa cells, and 

later in vivo in bacteria and plants. Later, Monchaud and co-workers developed an 

approach called G4RP-seq, which combines rG4-specific precipitation (G4RP) with 

sequencing, to identify rG4s in human cells [25] (Figure 2.3). The presence of rG4s in 

vivo was also proved by using the G4-specific antibody BG4 and some fluorescent 

lightup-probes, which allowed for the tracking of the folding/unfolding of G4s in living 

cells [26]. 

 

 
Figure 2.3. Illustration of G4RP method protocol for isolation of G4 targets from human cell extracts and 

the influence of the ligands in gene expression. Adapted from ref. [25]. Copyright (2018), with permission 

from Springer Nature. 

 
 

In those studies, it was observed that rG4s are significantly present in mRNAs (5′- and 

3′-UTRs, and introns of pre-mRNAs), as well as in many classes of long and short 

ncRNAs, which gained significant attention in the last few years due to its ability to 

control several crucial biological processes, such as transcription and gene expression. 

An interesting review of Richter and co-workers has recently described the biological 

relevance and therapeutic potential of G4 structures in the human noncoding 

transcriptome [5].  
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An increasing number of reports on the presence of rG4s in ncRNAs, such as microRNAs 

(miRNAs) and long ncRNAs, suggest that rG4 mediated the regulation of gene 

expression and the control of miRNA biogenesis, opening a wide range of possibilities 

for new therapeutic approaches [5].  

Herein we report recent findings suggesting that rG4s exist in the folded conformation 

of ncRNAs in living cells by using small molecules, termed rG4 small molecules ligands, 

which are able to modulate rG4 conformation (Table 2.1). Furthermore, we will explore 

its therapeutic potential to interfere with disease-associated ncRNAs.  

In the following sections, we detail the presence of rG4s in some types of ncRNAs and 

their implications in the biological context. 

 

rG4s in Telomere Long ncRNAs  

rG4s have been reported in telomere-associated long ncRNAs [27,28]. Telomeres are 

essential to protect chromosome ends and impose a finite lifespan on cells and tissues. 

Dysfunctional telomeres cause severe chromosome instability, thereby unleashing 

cascades of cellular reactions that are common hallmarks of cancer and premature aging 

[29]. Indeed, upon extensive shortening, critically short telomeres accumulate in cells 

and emanate an irreversible DNA damage signal, causing permanent growth arrest and, 

eventually, cell death. To gain unlimited replicative potential, 85–90% of human cancer 

cells reactivate the reverse transcriptase telomerase, which utilizes an associated RNA 

moiety to produce telomeric DNA [30,31]. The remaining 10–15% of human cancers 

elongate telomeres through homology-directed repair pathways collectively known as 

Alternative Lengthening of Telomeres (ALT) [32,33]. ALT can thus be considered a 

specialized DNA repair mechanism, assuring cell immortality. Several studies have been 

conducted to understand how telomeres execute their protective functions and how 

telomeric dysfunctions are mechanistically linked to pathological conditions. Indeed, the 

fact that hTERC forms rG4s structures at the 5′-terminal has several implications in 

telomerase activity and the function of cancer cells [28,32].  

Lacroix and co-workers reported that G4 formation interferes with P1 helix formation in 

hTERC, a critical structural element of telomerase activity. On the other hand, DHX36, 

an RNA helicase member of the DEXH box family, can bind and unwind hTERC rG4s in 

the presence of ATP, which enables the formation of the P1 helix structure necessary for 

telomerase function [27]. HnRNP F/H possesses three quasi-RNA recognition motifs 
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(qRRM) [34], which preferentially bind to poly(G)-rich sequences RNA and were 

reported to bind G4 sequences in the 5′ tract of hTERC to regulate telomerase activity 

and telomere length. However, whether other RNA binding proteins exist that can 

associate with the 5′-end region of hTERC to regulate telomerase function is still elusive 

[34].  

Another telomere-associated lncRNA is the telomeric repeat-containing RNA (TERRA), 

which was also reported to form rG4s and be involved in the regulation of telomerase 

activity and DNA telomere length [35]. TERRA RNA is localized to chromosome ends in 

the nucleus, suggesting a link between TERRA rG4s and telomere function [36]. Several 

biological functions have been associated with TERRA tandem repeats, namely, 

modulation of heterochromatin regulation, telomerase inhibition, telomere length 

regulation, and telomere protection. For instance, TERRA rG4s can interact with 

telomeric DNA G4s to form intermolecular hybrid G4 structures and suppress 

telomerase activity [35]. A study of Balasubramanian and co-workers showed that 

TERRA recruits TRF2, an important protein that regulates the association of TERRA and 

telomeric DNA [37]. Recently, a study developed by Lieberman and co-workers reported 

that the G4 structure of TERRA is a recognition element for the TRF2 GAR domain 

[37,38]. They reported that the interaction between TERRA and TRF2 GAR domain is of 

utmost importance to maintain telomere stability and regulation. In their study, they 

used the well-known G4 ligand N-methyl mesoporphyrin IX (NMM: represented in 

Figure 2.4) to disrupt the TERRA-TRF2 GAR complex [39]. Only NMM showed 

preferential binding to TERRA. The results showed the loss of TERRA, and the induction 

of γH2AX-associated telomeric DNA damage associated with decreased telomere length, 

and increased telomere aberrations (Figure 2.5) [39]. 
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Figure 2.4. Chemical structures of the G4 ligands presented in this review. Small molecules are divided 

according to their chemical families. Structures were designed with ChemDraw 20.0 ®—PerkinElmer. 
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Figure 2.5. Schematic representation of TERRA rG4 interaction with TRF2 GAR domain that is required 

for telomere stability and integrity. Treatment of human melanoma cells with N-methyl mesoporphyrin IX 

(NMM) leads to disruption of TERRA and the induction of γH2AX associated telomeric DNA damage. 

 

rG4s in pri-miRNAs 

miRNAs are produced by a highly coordinated series of enzymatic cleavages from pri-

miRNA to its mature form miRNA via its premature form (pre-miRNA) [40]. There are 

a few reports which have described G4s in pri-miRNAs compared to those found in pre-

miRNAs, which have paved the way to improving the knowledge on pri-miRNA 

processing and the outcome in the miRNA biogenesis pathway [5].  

Perreault et al. identified G4 located near the Drosha cleavage site in three distinct pri-

miRNAs (pri-mir200c, pri-mir451a, and pri-mir497) by Reverse Transcription Stalling 

(RTS) [41]. The G4 folding in pri-miRNAs was unstable, being detected by in vitro 

methods only in the presence of ligands cPDS and PhenDC3 (Figure 2.4). Nevertheless, 

the authors showed that mutations disrupting G4 folding had an impact on the 

processing of the pri-miRNAs, leading to low levels of miRNAs. These were explained by 

the dynamic shifts between G4 and hairpin folding, which influences the pri-miRNA 

processing [41]. Considering the tumor suppressor nature of the mentioned pri-miRNAs, 

this approach could be further explored to develop novel anticancer therapies. Moreover, 

Perreault et al. showed that binding small antisense oligonucleotides to the pri-miRNA 

can modulate mature miRNA levels [41]. Considering G4’s impact on pri-miRNA, a 

processing analysis of potassium ion dependence could be the best starting point when 

identifying and validating G4 formation in pri-miRNAs.  

A recent report by Ming Xu showed that G4 formation in vitro and cells prevented 

Drosha-DGCR8 binding and processing of the pri-miR, suppressing the biogenesis of the 

three miRs (miR-23b/27b/24-1) which (Figure 2.6A) are related to cardiac disease 

[42]. The formation of rG4 could negatively regulate the production of the miRNAs 

encoded by the cluster and, in the presence of tetrandrine, a significant reduction of all 
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three miRNAs occurs. Disruption of this intragenic G4 in these pri-miRs increased the 

production of all three miRs. Interestingly, tetrandrine also affects the expression levels 

of pre-miRNAs instead of pri-miRNAs, suggesting that its mechanism of action in 

miRNA biogenesis takes place during the generation of pre-miRNA from pri-miRNA [42] 

(Figure 2.6B). Conversely, the binding of ligand tetrandrine to G4 stabilized the 

structure and suppressed miRs production in human and rodent cardiomyocytes 

(Figure 2.5 and Figure 2.6) [42].  

However, to date, these ligands did not recognize just one G4; and for these reasons, 

finding molecules specific for G4 in the pri-miRNA structure may prove more difficult, 

but the field is underexplored, and thus applications such as microarrays or high-

throughput screening methods towards different rG4 structures may provide new 

insights for G4 in pri-miRNAs. 

 

Figure 2.6. Representation of the influence of G-rich sequence in normal (A) and reduced (B) levels of 

miR-23b, miR 27b, and miR-24-1. Adapted from ref. [42]. Copyright (2021), with permission from Oxford 

University Press. 
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rG4s in pre-miRNAs  

In the last few years, the presence of G4 structures in pre-miRNAs has been studied 

more, comparing their presence to those found in pri-miRNAs. In 2015, bioinformatics 

predictive tools, using a QGRS mapper [43], suggested the presence of at least one rG4 

motif in 16% of human pre-miRNA stem−loop regions [44]. Recently, Perreault and co-

workers, using a new approach, reported that only 2% of pre-miRNA contain a putative 

rG4 motif [22]. This analysis confirms a competition between G4, and the secondary 

structures recognized by Dicer identifying that rG4 overlapping the Dicer cleavage site in 

9% of the miRNAs. In this sense, several studies have reported the presence of the 

equilibrium between G4 and stem−loop in pre-miRNA and its effect in the biological 

process [22].  

Arachchilage et al. reported the presence of a very stable G4 structure in the human pre-

miR-92b [44]. The human miR-92b is a clinically important miRNA and is significantly 

upregulated in several human cancers [45-48]. The G4 structure of pre-miR-92b is very 

stable and has six G stretches, each containing three G4. Using several biochemical and 

biophysics approaches, the G4 motif in pre-miR-92b was proven in cytoplasmatic K+ 

concentrations (Figure 2.7). The presence of the rG4 structure exists in equilibrium 

with the canonical stem−loop structure, and this equilibrium regulates the maturation 

of pre-miR-92b [44]. In this sense, a rational design of locked nucleic acid (LNA) able to 

bind specifically the rG4 motif conformation of pre-miR-92b was carried out [49]. The 

LNA treatment demonstrated the importance of increasing PTEN levels in NSCLC 

through suppression by miR-92b maturation [49]. 

Cruz and co-workers used a labeled pre-miR-92b sequence as a molecular recognition 

probe of a microfluidic platform for the recognition of the nucleolin (NCL), an important 

biomarker, in biological samples. The G4 motif present in pre-miR-92b was used for the 

molecular detection of NCL. The additional stability of the rG4 structure was provided 

by ligand C8 (Figure 2.4) [50]. C8 is an acridine orange derivative [51] that has been 

reported as a promising G4 binder [52-55].  

Additionally, Pandey et al. used the pre-miR-let-7e to study the equilibrium between G4 

structure and stem−loop in RNA in a more biologically relevant environment [56]. Pre-

miR-let-7e contains a G2 with a total loop length of seven nucleotides, and the Dicer 

cleavage assay suggests a role for the G4 structure at physiologically relevant 

concentrations of Mg2+ and K+, leading to the reduction of miR-let-7e levels. To study the 

importance of the potassium-dependent G4 structure, cells were treated with TMPyP4, 
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leading to an increase in miRNA levels. It is probable that TMPyP4 promotes the 

disruption of G4 and shifts the equilibrium between G4 and the stem-loop [56].  

 

Figure 2.7. Representation of the ionic profiling to induce G4 formation by unwinding the stem−loop of 

pre-miR-92b Adapted from [44] copyright (2015), with permission from Elsevier. 

Balasubramanian and co-workers used a new approach to map the G4 formation in 

RNAs. This new method, called SHALiPE, couples selective 2′-hydroxyl acylation with a 

lithium ion-based primer extension, and recognizes the structural characteristics for rG4 

mapping. They used SHALiPE to prove the formation of an rG4 structure in pre-miR-

149. Additional biophysics studies support the SHALiPE and have proven that rG4 has a 

parallel topology with high thermal stabilization under physiological K+ conditions 

(Figure 2.8). The authors still used the G4 ligand and pyridostatin (PDS) (Figure 2.4), 

and the results provided strong evidence that pre-miR-149 can form G4 structure in the 

presence of K+ and PDS. The presence and stabilization of the G4 structure inhibits the 

Dicer processing activity in vitro and decreases the miR-149 production [57]. 

Additionally, Cruz and co-workers studied the thermal stabilization of the pre-miR-149 

G4 in the presence of two acridine orange derivatives, C8 and C8-NH2 (Figure 2.4) [58]. 

The results showed that the G4 structure can be stabilized by the C8 derivative with more 

effectiveness than C8-NH2. These results were anticipated by molecular dynamics in an 

in silico study [59]. Ghosh et al. used the porphyrin TMPyP4 (Figure 2.4) to destabilize 

the G4 structure formed from the pre-miR-149. Biophysics studies, such as CD, UV-

melting, ITC, and NMR showed that TMPyP4 binds strongly to G4 and unfolds it, and 
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upon addition of TMPyP4, the dynamic change occurs to the hairpin structure, 

enhancing the transcript levels of mature miR-149 in cells [60].  

 

 

Figure 2.8. Representation of SHALiPE method [57]. Copyright (2016), with permission from Wiley. 

Mihailescu and co-workers reported the presence of a parallel intramolecular G4 

structure with six G-tracts in pre-miR-1229. They used several biophysical techniques to 

show an equilibrium between the G4 structure and the canonical hairpin. G4 structure 

mature miR-1229 has been shown to directly control the expression of SORL1, one 

protein responsible for the processing and trafficking of β-amyloid proteins [61]. Whilst 

the G4 structure within pre-miR-1229 has not been stabilized by any ligand, it could 

potentially become a therapeutic target in Alzheimer’s disease, through ligands that are 

able to stabilize the G4 and consequently reduce the levels of mature miR-1229. 

Additionally, the G4 forming motif could be an important therapeutic target in other 

pathologies such as colorectal [62] and breast cancer [63].  

Similarly, miR-26a has been described in several physiological processes, is emerging as 

a therapeutic target for human diseases, and generally functions as a tumor suppressor 

[64,65]. Fu and co-workers identify a guanine-rich sequence in pre-miR-26a-1 that can 

fold into the metastable G4 structure containing 2-quartet in vitro and in vivo [66]. This 

sequence could regulate miR-26a function and expression levels. Using one helicase 

(DHX36), they are able to bind and unwind the G4, promoting miR-26a maturation. 

Moreover, the treatment of cancer cell lines with PDS and carboxy pyridostatin (cPDS) 
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(Figure 2.4) significantly decreases miR-26a levels, suggesting that G4 structure 

inhibits endogenous miR-26a [66].  

Recently, Cruz and co-workers reported the formation of G4 structure in the human pre-

miR-150 [67]. Circular dichroism studies indicated the formation of a parallel G4 in the 

presence of K+ and PhenDC3 (Figure 2.4). Biophysics studies have shown that the pre-

miR150 G4-forming sequence recognizes and interacts with the NCL protein. This 

sequence still shows co-localization with NCL in a lung cancer cell line and in peripheral 

blood mononuclear cells [67]. Considering that human miR-150 plays an important role 

in several cancer developments [68], the G4-forming region found in precursor pre-miR-

150 can be an attractive therapeutic target. 

 

rG4s in miRNAs  

rG4s play roles in every step of the miRNA biogenesis and function (Figure 2.9) [5]. 

Pri-mRNA rG4s regulate Drosha-mediated processing, pre-miRNAs rG4s inhibit 

DICER-mediated maturation, and miRNA rG4s abolish its loading onto RISC (Figure 

2.9) [69,70,71]. Understanding the mechanisms that control miRNA biogenesis may 

allow for the development of tools to modulate the expression of specific miRNAs, which 

is crucial for developing novel therapies for human disorders derived from the aberrant 

expression of miRNAs.  

Several studies have demonstrated the in vitro formation of rG4s in miRNAs and the 

competition with the RNA stem-loop conformation, which have crucial roles in post-

transcriptional regulation [27,70,71]. Indeed, these studies revealed the important role 

that rG4 structures have in impairing miRNA−mRNA interaction [72]. However, the 

current structural information and cellular roles of the rG4s in miRNAs remain elusive 

[73]. The latest release of miRBase (version 22) deposited 38.589 hairpin precursors and 

48.860 mature microRNAs from 271 organisms [74]. So far, by bioinformatics analysis, 

166 rG4-positive human miRNAs sequences (6%) using two different G4 prediction tools 

(G4-detection algorithm G4NN and the Quadparser-based (G2+N1–12)3G2) were 

identified [75]. In the last few years, the miRNA rG4 formation, and targeting by different 

G4 ligands, revealed a new possible mechanism for regulating microRNA functions with 

therapeutic potential.  

The first research relating the rG4 in miRNA and ligands was published in 2015 by Ming 

Xu and collaborators [76]. This study evaluated the formation of G4 in the genomic 

cluster near three distinct microRNAs, namely, miR-23b, miR-27b, and miR-24 (cluster 
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miR-23b-27b-24-1). The miR clusters can display tumor-suppressive or oncogenic roles 

depending on their context, as well as the individual members of the cluster that are able 

to adopt suppressor or oncogenic promoter behaviors according to the cancer type [77]. 

The authors found three potential G4 sequences capable of folding in antiparallel, and 

one in parallel conformations and tested six small molecules (tetrandrine, fangchinoline, 

palmatine, jatrorrhizine, berberine and cepharanthine; Figure 2.4) [76]. Surprisingly, 

some of the tested ligands (tetrandrine, fangchinoline, and cepharanthine) evidenced 

selective binding affinity to parallel rG4 instead of antiparallel conformations. This effect 

can be explained due to the unusual chemical structure (non-planar molecules) of these 

natural alkaloids, which allows for binding via locating on the groove formed by the loops 

[78].  

 

Figure 2.9. Biogenesis of miRNAs. Comparison of natural biogenesis versus interference of the rG4s in the 

biogenesis and function of miRNAs. 

Yuan et al. published a second study reporting the formation and folding of a stable 

parallel rG4 in miR-3620-5p in physiological conditions by using a set of biophysical 

techniques such as ESI-MS, CD, NMR, and SPR [73] (Figure 2.10). This miR is reported 

to be associated with different kinds of cancers, such as gastric cancer and metastasis 

[79]. Additionally, the same authors concluded that sanguinarine, a natural alkaloid used 

in traditional Chinese medicine, binds and stabilizes the rG4 in miR-3620-5p [73]. 

Furthermore, the study revealed that this interaction among rG4 and sanguinarine can 

block the base pairing between miR-3620-5p and its target sequence, proposing a 

mechanism to regulate miRNA function, affecting the miRNA−mRNA interactions 

through the miRNA rG4 formation and targeting by ligands [73]. 
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Figure 2.10. Representation of G4 formation in miR-3620-5p and the inhibition effect of sanguinarine on 

the base pair formation of miR-3620-5p with its target sequence. Adapted from ref. [73]. Copyright (2016), 

with permission from Elsevier. 

Later, the same research group also proved the formation of the rG4 miRNA-1587 

[80,81]. This miRNA is responsible for cell proliferation, migration, and tumorigenicity 

in glioma and breast cancer [82,83]. It is noteworthy that miR-1587 formed a dimeric G4 

through the 3′-to-3′ stacking of two monomeric G4 subunits with one NH4
+ sandwiched 

between the interfaces [80]. The dimeric rG4 was also adopted under molecular 

crowding conditions or in the presence of a jatrorrhizine ligand [80]. Another study 

conducted by Yuan and collaborators, which focused on miR-1587, showed that the 

formation of a secondary structure affects the ability of miR-1587 to bind the target 

mRNA sequence and, consequently, reduces its expression levels [81]. This conclusion 

shows the potential for therapeutic applications. Moreover, the pseudopalmatine ligand 

prevents interaction with the target gene via G4 stabilization and has the same effect on 

the suppression and modulation of gene expression. Contrarily, TMPyP4 revealed the 

disruption of rG4, promoting the binding of miR15-87 to its target, allowing for mRNA 

processing [81]. In addition, through bioinformatic analysis, the authors identified other 

miRNAs able to form rG4, namely, miR-197-5p, miR-765, miR-3620-5p, and miR-5196-

5p [81].  

Using the G4NN algorithm, specially developed to detect RNA G4s, Kwok and co-

workers identified up to 478 putative RNA G4 human miRNAs [76]. However, when they 

increased the stringency by using Quadparser, only 166 human miRNAs were positive 

for the presence of a putative rG4 structure. From those 166 human miRNAs, they 

selected four miRNAs (miR-149, miR-197, miR-432, and miR-765), taking into account 

the biological relevance, conservation, as well as confidence of G4 formation based on 

G4NN parameters. It is noteworthy that these miRNAs have been linked to several types 

of cancer. For instance, dysregulation of miRNA-149 has been implicated in cancer 
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migration and invasion [84]. Therefore, their study provides a strong basis for the 

involvement of RNA G4s in post-transcriptional regulation and paves the way for future 

investigations [75]. Moreover, they showed that the NMM ligand stabilizes in vitro rG4 

of these four miRNAs in a specific manner, modulating gene expression [75].  

Zhou et al. identified and characterized rG4 in miR-92a by ESI-MS and CD [85], which 

is associated with retinoblastoma, cervical and non-small cell lung cancers [86,87,88]. 

The study evidenced the formation of a parallel rG4 in distinct ionic conditions and 

adopted a dimeric structure in the presence of NH4
+. Moreover, the palmatine ligand has 

a high binding affinity and stabilization effect (increasing its thermal stability by 10 °C) 

on the dimeric rG4 in miR-92a [85].  

Recently, Vivekanandan et al. performed an analysis of G4 upstream of herpesvirus 

miRNAs, namely in Kaposi’s sarcoma-associated Herpesvirus miR-K12–1-9,11 cluster 

and Human Cytomegalovirus miR-US33 [89]. They also characterized a parallel rG4 in 

these miRNAs and showed that TMPyP4 and PDS interfered with rG4 stabilization 

modulating the promoter activities of KSHV miR-K12 and HCMV miR-US33.  

Other examples of miRNA rG4s have also been reported [75,69]. A list with the G4 

sequences in ncRNA nucleic acids discussed in this review, as well as their ligands, 

biological target, and effect of the G4 formation is highlighted in Table 2.1. Overall, 

these results proved the influence of rG4s in miRNA biogenesis and consequently in 

several important biological processes such as regulation of gene expression and 

transcription. 
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Table 2.1. List of G4 sequences in ncRNA nucleic acids discussed in this chapter. 

 
rG4 Forming 

Sequence (5′-3′) 
Ligands 

Biological 

Target 

Effect of G4 

Formation 
Refs. 

G
en

e 
C

lu
st

er
 

mir-23b 
GAGGGTGGGGGGTTGG

GGGTGG 

Tetrandrine 

 

Drosha-

DGCR8 

Decreased of 

pri-miR levels 
[42] mir-27b 

mir-24-1 

miR-K12–1-9 
GGGTGGGAGGAAGGAT

GTGGGGGTGGG 
TmPyP4, PDS 

promoter 

activity 

Transcriptional 

regulation of 

virus encode 

miRNA. 

[89] 

P
ri

-m
iR

N
A

 

Pri-mir200c 
GGUGGGCGGGCUGGGC

GGGGG 
cPDS, 

PhenDC3 

Drosha-

DGCR8 

 

Reverse 

Transcription 

Stalling 

[41] 
Pri-mir451a 

GGGCACUUGGGAAUGG

CAAGG 

Pri-mir497 GGAGGGGGUGGG 

P
re

-m
iR

N
A

 

pre-miR-92b GGGCGGGCGGGAGGG LNA, C8 

Dicer 

Decrease 

mature levels of 

miRNA 

[49,50] 

pre-miR-let-7e  TmPyP4 

Increase 

mature levels of 

miRNA 

[56] 

pre-miR-149 
GGGAGGGAGGGACGGG

GG 
PDS, C8  

Decrease 

mature levels of 

miRNA 

[57-58] 

pre-miR-1229 

GGGUAGGGUUUGGGG

GAG 

AGCGUGGGCUGGGGUU

CAGGG ACA 

 

Dicer 

 [61] 

pre-miR-26a-1 
GGAUAGGCUGUGCAGG

UCCCAAUGGG 
PDS, cPDS 

Decrease 

mature levels of 

miRNA 

[66] 

pre-miR-150 
GGCCUGGGGGACAGGG

ACCUGGG 
PhenDC3   [67] 

m
iR

N
A

 

miR-3620-5p 
GUGGGCUGGGCUGGGC

UGGGCC 
Sanguinarine 

Blocked the 

base pairing 

with target 

sequence 

Depression of 

miRNAs 

[73] 

miRNA-1587 
UUGGGCUGGGCUGGG

UUGGG 

Jatrorrhizine 

derivatives, 

pseudopalmati

ne 

[80,81] 

miRNA-149 
AGGGAGGGACGGGGGC

UGUGC 

NMM [75] 

miRNA-197 
CGGGUAGAGAGGGCAG

UGGGAGG 

miRNA-432 
UCUUGGAGUAGGUCAU

UGGGUGG 

miRNA-765 
UGGAGGAGAAGGAAGG

UGAUG 

miR-92a 
TAATGGGGTGGGGGCT

GGGAA 
Palmatine   [85] 

 

 



 

 58 

Conclusions  

The bioinformatics tools showed that most of the human transcriptome is composed of 

ncRNAs with the widespread occurrence of potential G4-forming sequences. The 

representative roles of ncRNAs rG4 on a myriad of biological processes in cells needs to 

continue to be verified to illustrate their utility in association with diseases. The potential 

for exploiting rG4 small molecules to control miRNA-regulated target gene expression 

based on high-order rG4 structures must be exploited in vitro and in vivo to modulate 

ncRNA biological functions.  

Overall, the developments described in this review showed that the research on ncRNA 

G4s needs to be protracted, and the transient nature of the rG4 structures at the cellular 

level, which are quite unstable, can be surpassed by the presence of small molecules. 

Indeed, multiple overlapping structures can exist within the same RNA molecule, and 

these structures may undergo equilibrium shifts as per the cellular requirement. In this 

context, the use of small molecules that selectively recognize G4s over other structures 

may prove effective. However, their regulatory role over ncRNA targets and the effect on 

resultant protein products remain to be elucidated. However, the research on rG4s is 

expanding, and new rG4 small molecules with new functions at the cellular level will be 

available, allowing the development of novel therapeutic approaches in pathological rG4 

ncRNAs-linked contexts.  
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Chapter overview 

This chapter presents a comprehensive review of advancements in G4 ligands as a 

therapeutic strategy for LC. Despite an extensive study of G4 ligands as anti-tumor 

agents in literature, to the best of our knowledge, there has been no comprehensive 

summary of their use as G4 modulators for lung cancer therapy. The present chapter 

furnishes an up-to-date overview of the significance of G4 as a valuable therapeutic target 

in LC treatment and outlines the G4 ligands that target the genes involved in its onset 

and progression. The synergistic effects between G4 ligands and other LC treatments 

were also explored. Additionally, a brief discussion about the use of G4 as a therapeutic 

agent in LC and some considerations regarding the rational design of G4 ligands are 

provided.  
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Harnessing G-quadruplex ligands for lung 

cancer treatment: A comprehensive overview 

 

Abstract 

Lung cancer (LC) remains a leading cause of mortality worldwide, and new therapeutic 

strategies are urgently needed. One such approach revolves around the utilization of 

four-stranded nucleic acid secondary structures, known as G-quadruplexes (G4), which 

are formed by G-rich sequences. Ligands that bind selectively to G4 structures present a 

promising strategy for regulating crucial cellular processes involved in the progression 

of LC, rendering them potent agents for lung cancer treatment. In this review, we offer a 

summary of recent advancements in the development of G4 ligands capable of targeting 

specific genes associated with the development and progression of lung cancer. 

 

Keywords 

lung cancer; G-quadruplex structures; G-quadruplex ligands; anticancer activity; drug 

discovery; synergistic effects 

 

Introduction 

Lung Cancer (LC) is the leading cause of cancer-related death, with an estimated 1.8 

million deaths in 2020 [1]. Clinically, LC is classified into two main subtypes, small cell 

lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), accounting for ~15% and 

~85% of all LC cases, respectively. They differ from each other depending on the origin, 

histological characteristics, genetic mutation profile, level of aggressiveness of the tumor 

and the effectiveness of responses to anti-tumor therapies. In the USA, NSCLC claims 

more lives each year than all other major cancers combined. It is further divided into 

histological subtypes: adenocarcinoma (ADC), squamous cell carcinoma (SCC), large cell 

carcinoma (LCC), and NSCLC-not otherwise specified (NOS), which includes NSCLCs 

that do not have the characteristics of the other types [2]. Tobacco smoke remains the 

major risk factor for LC development; however, other factors such as air pollution, 
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environmental exposure, mutations, and singlenucleotide polymorphisms, are known to 

be associated with LC [3]. Current LC therapeutic options (surgery, chemotherapy, 

radiotherapy, or immunotherapy) are chosen based on the cancer stage, and histologic 

and genetic characteristics of the tumor [4]. These treatments can be used alone or in 

combination [5] and an immunotherapy-based regimen alone or in combination with 

chemotherapy is often the preferred option for patients for whom the status of tumors 

can predict the benefit derived from immune checkpoint inhibitors [6]. Although surgery 

and chemoradiotherapy are effective during the early stage of the disease, they show 

limited efficacy in advanced LC, when most patients are diagnosed. 

In this field, the emergence of precision medicine has greatly enhanced treatment 

outcomes [7] Genetic variations associated with LC, more specifically in NSCLC, involve 

mutations in proto-oncogenes, such as the members of epidermal growth factor receptor 

(EGFR), MYC, and RAS families as well as PIK3CA, NKX2-1, ALK, RET MET, LKB1, 

BRAF, and ROS1 [8] To target specific oncogenic abnormalities, the US Food and Drug 

Administration (FDA) has approved numerous drugs, including gefitinib, crizotinib, 

entrectinib, selpercatinib, tepotinib, and villafinil. Additionally, immune checkpoint 

blockers, such as antibodies against cytotoxic T lymphocyte antigen-4 (CTLA-4) and 

monoclonal antibodies (mAbs) that target programmed death ligand1 (PD-L1) or 

programmed death (PD-1), have produced long lasting responses [9]. FDA-approved 

immune checkpoint inhibitors, such as ipilimumab, durvalumab, and nivolumab, are 

also available [10-12]. Despite these advances, drug resistance remains a challenging 

issue for LC patients [13]. A better understanding of the molecular profile of tumors and 

identification of target gene alterations could lead to the development of novel targets 

and new therapeutic strategies. 

Over the past few decades, G4 structures have emerged as attractive targets for cancer 

therapy [14] The evidence that G4 containing-genes are involved in hallmarks of cancer 

(sustaining proliferative signaling, evading growth suppressors, resisting cell death, 

enabling replicative immortality, inducing angiogenesis, activating invasion and 

metastasis, and modulating anti-tumor immunity [15] and the immune response [16,17]) 

makes these structures attractive targets for therapeutics, in particular in LC [18], 

because many of the oncogenes involved in LC are likely to be regulated by G4s. In this 

study, we provide examples of LC related G4s and an overview of the use of G4 ligands 

with in vitro or in vivo activity against these targets (Table 3.1). Several LC-related G4s 

are also found in a variety of cancers, making it challenging to predict their selectivity. 

The results achieved in this area, which could assist researchers in developing more 
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potent compounds against LC, can be applied either as standalone treatments or in 

combination with other anti-cancer agents. 

 

G-quadruplex as a therapeutic target  

G4 structures are non-canonical nucleic acid secondary structures formed by the 

stacking of two or more square arrangements of guanines (G-quartets) held together by 

Hoogsteen hydrogen bonds and formed in the presence of central metal cations (typically 

K+ or Na+) [19,20]. G4s can be intramolecular or intermolecular and can adopt different 

topologies, including parallel, antiparallel, or hybrid, arising from strand orientation, 

and variations in loop size, sequence, and length [21].  

Computational approaches have identified over 700 000 putative G4-forming sites in 

the human genome [22]. These structures are commonly present in specific regions of 

the genome, such as DNA replication origins, chromosome ends (telomeres), promoters, 

and gene transcriptional regulatory regions. This nonrandom distribution determines 

their roles in several biological processes, including DNA replication, telomere 

maintenance, transcription, homologous recombination (HR), and epigenetics [23]. G4s 

are associated with regulating the expression of several oncogenes and evidence 

demonstrates that alterations in G4 structure formation can modulate gene expression 

of, for example, MYC [24], Kit transmembrane tyrosine kinase receptor (KIT) [25], B cell 

lymphoma-2 (BCL-2) [26], KRAS [27], and vascular endothelial growth factor (VEGF) 

[28]. 

Over 3000 small molecules targeting G4 structure are currently described in the G4 

ligands database (https://www. g4ldb.com/) and new chemotypes are frequently 

reported [29].  

Several molecules that exhibit G4-binding properties reached clinical trials in patients 

with cancer. Well-known examples include CX-3543 (Quarfloxin), which reached Phase 

II clinical trials against carcinoid/neuroendocrine tumors and was shown to inhibit c-

MYC expression, and CX-5461, described as an inhibitor of RNA polymerase I 

transcription affecting ribosomal RNA genes (rRNA) in particular [30,31] Another 

interesting compound is APTO-253, a small molecule that inhibits c-MYC expression, 

stabilizes G4 DNA, and induces cell cycle arrest and apoptosis in acute myeloid leukemia 

cells [32]. Interestingly, treatment with these ligands leads to DNA damage. For instance, 
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APTO-253 treatment induced early DNA damage assessed by induction of cH2AX 

accumulation and cellular stress pathways [32]. Treatment with CX-3543 and CX-5461 

also results in increased levels of DNA damage, which, when combined with ionizing 

radiation and hydroxyurea, enhances their cytotoxic effect [33] Similar effects were 

observed for a well-known G4 ligand, pyridostatin (PDS), which induces DNA damage 

as shown by the formation of cH2AX foci [34]. Evidence suggested that DNA damage 

accumulation induced by CX-3543, CX-5461, and other G4 ligands is more effective in 

BRCA1/2-deficient cancer cells [34,35]. Capranico and colleagues [36] discovered that 

G4 ligands are capable of inducing DNA damage through a mechanism dependent on R-

loops. Altogether, these observations have important implications for the discovery of 

new G4-based anticancer agents.  

In addition, other FDA-approved compounds were later shown to recognize G4 

structures. Among them, prochlorperazine, promazine, and chlorpromazine, all FDA-

approved phenothiazine antipsychotic drugs, were shown to bind to G4s in vitro [37]. 

Indenoisoquinoline derivatives are human topoisomerase I inhibitors in clinical testing 

that bind to the c-MYC G4 [38]. Despite the clinical importance of these molecules, it 

remains to be determined whether their clinical effects are mediated, at least in part, by 

G4 stabilization. The rational design for new G4-interact small molecules comprises 

several criteria. These ligands exhibit variations in their specificity, binding mode, and 

cell permeability, but are characterized as molecules that can bind and stabilize G4 

structures with high affinity and selectivity over duplex nucleic acid sequences to avoid 

off-target toxicity. 

 

G-quadruplex as therapeutic agents in lung cancer 

Beyond the potential as a therapeutic target, the G4 structures formed by G-rich 

oligonucleotides (GRO) can act as therapeutic tools with clinical applicability. In a recent 

report Carvalho et al. classified G4 nucleic acids as “friends, as healing anticancer 

drugs” and “foes, within the harmful cancer cell” [39]. G4-forming oligonucleotide 

sequences aimed at cancer-related targets have been reported as therapeutic agents. In 

this field, aptamers containing G-rich sequences present additional advantages over 

unstructured sequences, such as chemical and thermodynamic stability, non-

immunogenicity, serum nuclease resistance, and enhance cellular uptake. Moreover, the 

structural stability of G4-motif and its negatively charged density enhanced electrostatic 

interactions with positively charged binding targets [40]. 
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One of the most studied aptamers is AS1411, which went into clinical trials and showed 

promising activity in acute myeloid leukemia and metastatic renal cell carcinoma [41]. 

AS1411 is a 26-mer G-rich DNA sequence targeting nucleolin that tends to form a 

polymorphic G4 structure. AS144 inhibits in vitro A549 cell proliferation (86%) after 5-

day treatment at 10 µM concentration [42]. AS1411 administration in human xenografts 

derived from A549 NSCLC cells resulted in delayed in tumor growth [43]. Moreover, the 

DTNs-AS1411 delivery system induced A549 cell apoptosis regulating BCL-2/Bax 

ration.[44] in vivo administration showed no acute biotoxicity during the first day post-

injection which can lead to a novel potential strategy for LC therapy [44].  

The aptamer T40214 and its analog T40231 are also able to form an intramolecular G4 

structure [45]. These aptamers strongly suppressed the growth of NSCLC tumors in vivo 

blocking p-STAT 3, and downstream the proteins BCL-2, BCL-xL, MCl-1, surviving, 

VEGF, Cyclin D1, and c-MYC [46]. 

 

Guidelines for G4 ligands rational design 

G4 are dynamic and highly polymorphic structures and drug design for G4-interact 

molecules should consider these structural features and should be guided by a rational 

process (Figure 3.1). Most G4 ligands have an aromatic core for π-π stacking with G-

quartet, a positively charged or basic group to interact with loops or grooves, and a steric 

bulk to avoid intercalation with duplex DNA [47]. However, some reported ligands do 

not obey these rules and show an interesting interaction profile. In this field, the 

resolution of G4 structures by high-resolution methods, such as NMR or X-ray 

crystallography which provides structural information about the G4 behavior can help 

the researchers to predict the G4-ligand binding mode against a specific G4 target [48]. 

This prediction can be made using molecular dynamic simulations, guiding efforts in the 

synthetic route or helping in the discovery of new chemotypes that can occur naturally. 

The initial in vitro screening against G4 targets is also fundamental to characterize 

ligand-G4 interaction and validate their specificity and selectivity. In this field, we 

strongly encourage the use of in vitro methods (well characterized in a recent overview 

[49]) to discover potential hits and compare their activity with well-known G4 ligands. 

The comparison of biophysical data on ligands-G4 interactions would be potentially 

interesting for SAR analysis. However, this analysis requires careful attention, and a fair 

comparison is not always possible. Usually, biophysical studies are collected using 

different experimental methods, on different quadruplex targets using different 
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experimental conditions which hamper a realistic comparison of these effects. Later 

analyses would require standardized protocols, which could be discussed in future 

“Guidelines” as the ones that have been proposed to study G4 in vitro [49]. In any case, 

these in vitro activities are often poorly correlated with in vivo efficacies. These 

discrepancies can occur due to the differences between the in vitro and in vivo behavior 

of G4 and the lack of “drug-like” properties commonly reported in G4 ligands. In general, 

incorporating chemical groups or implementing structural modifications to improve G4 

interactions often leads to a reduction in drug-like properties. Therefore, finding a 

balance between a molecule’s potency as a G4 ligand and its suitability as a drug-like 

compound requires careful consideration. Some informatics tools can help by predicting 

some properties such as solubility, lipophilicity, and pharmacokinetics. A computational 

tool for identifying multi-target-directed anticancer lead molecules against G4 DNA 

called G4-QuadScreen was recently reported [50], which predicts G4 selectivity, 

interaction, stabilization, and cytotoxicity in multiple experimental conditions and 

biological responses against different G4 targets. The validation parameters are 

confirmed by FRET melting, FID, and cell viability assays and are indicative of the good 

discriminatory for the four models, being a promising tool to accelerate G4 ligands 

design.  

 

Figure 3.1. Steps of rational G-quadruplex (G4) ligand design, from G4 target identification to the selection 

of a potential G4 lead ligand. Abbreviations: CD, circular dichroism; FID, fluorescent intercalator 

displacement; FRET-MC, fluorescence resonance energy transfer-melting competition; IDS, isothermal 

difference spectra; (Q)SAR, (quantitative) structure–activity relationship; NMR, nuclear magnetic 

resonance; TDS, thermal difference spectra. 
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Cancer-related genes in lung cancer and their interaction 

with small molecules  

c-MYC  

In LC, c-MYC transcription levels are frequently dysregulated and contribute to 

malignancy by regulating cancer cell growth and survival, by activating cycle-promoting 

proteins, increasing antiapoptotic protein levels, and regulating cellular metabolism [51]. 

High-level amplification in MYC has been identified in primary SCLC samples [52]. MYC 

dramatically accelerates tumorigenesis and metastases in Rb1/Trp53-null SCLC.41 

Given that the c-MYC protein has traditionally been deemed undruggable, finding 

approaches to inhibit c-MYC transcription could serve as significant tools in the fight 

against LC progression [54].  

The c-MYC promotor region contains a nuclease hypersensitivity element (NHE III1) 

that controls 90% of total c-MYC transcription levels. The NHE III1 element, located 

upstream of the P1 promoter of the c-MYC gene, contains a G-rich region that can adopt 

intramolecular G4 conformations (Figure 3.2) [55]. These G4 structures can act as c-

MYC transcriptional repressor elements and G4-interact molecules have been shown to 

suppress c-MYC transcription and expression [56]. 

Piperine, a natural alkaloid, presented a high affinity for c-myc G4 (KD1 = 2.5 nM; KD2 

= 1.1 mM; determined by fluorescence microscopy) compared with tel22, c-kit21 G4 

sequences, and double-strand DNA [57]. It showed a cytotoxic effect on various cancer 

cell lines (HeLa, PC3, HepG2, and MCF-7 cell lines) and its exposure to A549 cells 

resulted in apoptosis-mediated cell death [57]. PIP-2, a piperine analog, also showed 

significant selectivity (over bcl-2, tel22, c-kit21 G4, and duplex sequences) and affinity 

for c-myc G4 (KD = 2 nM; determined by fluorescence microscopy), downregulating the 

transcription and translation of c-MYC. PIP-2 exhibits the lowest IC50 for A549 cancer 

cells (IC50 = 6 mM) over other cancer cells (HeLa, DU, A431, and MCF-7), inducing cell 

apoptosis through its accumulation in the nucleus [58]. The benzoxaziones 1–3 display 

promising in vitro anticancer properties against cancer cells (SK-RC-42 and SGC7901). 

These compounds inhibit cell migration and display notable cytotoxicity (IC50 = 4.1, 7.3, 

and 5.4 µM, respectively) in A549 cells, with good selectivity compared with normal cells 

[59]. EMSA assays demonstrated that these compounds could bind the G4 in the c-myc 

gene promoter, downregulating c-MYC expression in a dose-dependent manner [60].  



 

 76 

 

Figure 3.2. Formation of G-quadruplex (G4) structures in the promoter region affecting gene transcription. 

(a) Gene transcription process in the absence of any G4 structures. (b, c) G4 ligands can enhance G4 

stability, and G4 formation proximal to the transcription start site (TSS) could inhibit the transcription 

process of (b) c-myc and (c) BCL-2. 

 Quindoline has been characterized as an appropriate scaffold for the development of G4 

ligands. In this field, quindolines containing different terminal groups on their side 

chains proved to be good c-myc G4 stabilizers [60]. Quindoline 7 increased the melting 

temperature (Tm) value of the FPu22T sequence [ΔTm = +16 C; determined by 

fluorescence resonance energy transfer (FRET) melting] with a KD value of 4.6 µM 

(determined by SPR) showing similar affinity to duplex DNA [60,61]. A series of novel 

derivatives containing a 1,4-triazole moiety were synthesized to improve their selectivity 

and stabilizer properties [60,61]. Among the synthesized ligands, derivative 5l exhibited 

higher binding with c-myc G4, with a KD value of 2.7 µM (determined by SPR) and weaker 

binding with other kinds of DNA structure. This compound was also more potent against 

A549 cells (IC50 = 0.3 µM) compared with 7 (IC50 = 2.1 µM), through the downregulation 

of c-myc transcription. Quindoline 5l inhibited tumor growth in a human lung cancer 

xenograft model (A549). Treatment with 5l (12 days at a dose of 6.3 mg/kg per day) or 7 

(7.5 mg/kg) led to in vivo antitumor effects (inhibition rates of 38.1 and 29.2%, 

respectively) [61]. 
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BCL-2  

BCL2 encodes a mitochondrial membrane protein that protects cells against apoptosis 

[62]. The BCL-2 protein family members can be classified as proapoptotic (BH123 and 

BH3-only protein subfamilies) and antiapoptotic (BCL-2, BCL-XL, MCL1, BCL-W, BCL-

B, and BCL-2A1) [63]. Elevated BCL-2 levels were reported in several cancers, and 

increased BCL-2 expression has been found in NSCLC [64]. This overexpression 

promotes tumor growth and contributes to chemotherapeutic resistance in xenograft 

models of NSCLC [65,66]. Several strategies aimed at inhibiting BCL-2 have been 

developed, including antisense nucleotides, peptides, and small molecules to disrupt 

protein-protein interactions [67]. BCL2 amplification and translation are the most 

common mechanisms that cause its overexpression [68]. The region upstream of the P1 

promoter (–59 to –19) of BCL-2 contains a GC-rich sequence that forms a stable G4, 

called Pu39 (Figure 2) [69]. In K+ solution Pu39 can adopt three distinct intramolecular 

G4 structures [70]. Immediately upstream of the BCL-2 P1 promoter, there is another 

28- mer G4-forming region, called P1G4, which can act as a transcriptional repressor, 

modulating BCL-2 transcription (Figure 3.2) [71]. Thus, a wide range of small 

molecules have been synthesized as BCL-2-targeting G4 ligands [72]. 

TGP18 is a 1,10-phenanthroline derivative that interacts specifically with BCL-2 G4 with 

high affinity (KD = 728 nM determined by fluorescence titrations) [73]. This derivative 

had an antiproliferative effect on MDA-MB-231 and A549 cells (IC50 = 4 and 6 µM, 

respectively) downregulating BCL-2 transcription and promoting cell cycle arrest and 

inducing apoptosis in A549 cells. The compound also demonstrated in vivo antitumor 

activity in xenograft models (A549) showing a dosedependent antitumor effect with the 

minimal dose (0.5 mg/kg) producing significant tumor growth inhibition compared with 

gemcitabine (100 mg/kg) [73]. Another 1,10-phenanthroline derivative (1), containing 

an imidazole ring stabilizes BCL-2 G4 (Ka = 0.9 µM-1; determined by electronic 

absorption) and displays in vitro antitumor activity against cancer cells (SMMC7721, 

SW620, and A549 cell lines), with a more potent antiproliferative effect in A549 cells 

(IC50 ~15 µM) [74]. This derivative has the potential to trigger apoptosis through a 

mitochondria-mediated pathway by binding to the BCL-2 G4 [74]. Methotrexate is an 

FDA-approved anti-cancer drug that inhibits dihydrofolate reductase activity. 

Interestingly, a recent study reported that methotrexate shows higher affinity and 

selectivity toward BCL-2 G4 (KD = 9 nM; determined by steady-state fluorescence 

titration) over other G4s and duplex DNA [75]. Methotrexate was cytotoxic in different 

cancer cell lines (A549, HeLa, PC3, and HepG2) with maximum toxicity for A549 cells 

(IC50 = 5 µM). It downregulated the transcript level of BCL2 and inhibited the 
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expression of BCL-2 in a dose-dependent manner [75]. A naphthalimide-benzotriazole 

3a displayed antiproliferative activity against cancer cells (A549, HT-29, PC-3, HL-60, 

MDAMB-231, and HepG2) and proved to be more effective against A549 cells (IC50 = 6.7 

µM). 3a interacts strongly and selectively with the G4 motif within the BCL-2 promoter 

region, downregulating the expression levels of BCL-2, promoting apoptosis and DNA 

damage, and inducing autophagy in A549 cells [76]. 

Telomere and human telomerase reverse transcriptase 

Human telomeric DNA comprises tandem repeats of the TTAGGG hexanucleotide 

located at the end of the chromosomes. Telomeres are essential to maintain 

chromosomal stability and cell proliferation. Telomerase activity plays a pivotal role in 

preserving telomere length homeostasis and can serve as a facilitator of tumorigenesis 

[77], because increased levels of human telomerase reverse transcriptase (hTERT) are 

found in ~90% of human cancers and are associated with unfavorable outcomes in solid 

tumors, including LC [77,78]. 

Significant research has focused on the development of G4-interact molecules as 

modulators of telomerase activity. This activity can occur in two ways, by inducing G4 

formation at the 3´-single-stranded overhang of telomeres or by directly targeting the G-

rich region of the hTERT promoter [79].  

Historically, the first strategy was to indirectly target telomerase activity by locking its 

telomeric substrate into a ‘locked’ inactive conformation [80, 81]. The initial idea was 

that, provided telomerase is inhibited over a long period, the telomeres would 

progressively shorten and ultimately reach a critical length, leading to proliferation 

arrest or cell death. Unfortunately, such inhibition would only be efficient after multiple 

divisions, making this strategy viable only for tumors with very short telomeres. 

Nevertheless, this inhibition might also have effects not mediated by progressive 

telomerase shortening. Two 6- fluoroisoquinoline derivatives, IQ1 and IQ2, showed 

telomerase inhibition activity by a selective interaction with human telomeric G4 

(hTELO) [82]. Both derivatives promoted an antiproliferative effect in cancer cell lines 

(A549, HeLa, and Jurkat E6.1) after 72 h, with more activity against A549 cells, with IQ1 

being more efficient than IQ2 (IC50 = 1.7 and 13 µM, respectively). The TRAP assay 

revealed that IQ1 is also more potent than IQ2 in inhibiting telomerase activity. Both 

derivatives arrest cancer cell growth at the G0/G1 phase, initiate mitochondrial 

depolarization, and activate caspases 3/7 to trigger cell apoptosis [82]. Compounds 12a-

c, of the series of 2-(1H-pyrazol-4-yl)-1H-imidazo [4,5-f] [1,10]phenanthrolines 
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derivatives, showed stabilization of the telomeric G4 with ΔTm values between +12 and 

+21 °C (determined by FRET melting) [83]. Derivative 12c showed an antiproliferative 

effect in A549 cells (IC50 = 1.5 µM) and strongly inhibited cell migration [83]. Based on 

that, the same group synthesized a novel series of 4,5-diazafluorene derivatives [84]. 

Between the derivatives, compound 14c, bearing a phenylpyrazole group, had the best 

antiproliferative activity against cancer cell lines (A549, AGS, HepG2, and MCF-7), 

especially A549 cells (IC50 = 1.1 µM), against which it showed a strong migration 

inhibitory activity. This activity can be related to the interaction with 26- nucleotide 

telomeric G4 (Ka = 0.7 µM-1; determined by SPR) and inhibition of telomerase activity 

[84]. 

Three derivatives of 1,4,5,8-naphthalenetetracarboxylic dimide (NDI) were synthesized 

and evaluated against two telomeric sequences [85]. Among them, BBZ-ARO, 

containing bisbenzimidazole side chains was the most potent derivative in terms of 

affinity toward h-telo 22-mer and h-telo 12-mer quadruplexes (Ka = 8.5 µM-1 and 6.6 µM-

1; determined by ITC). BBZ-ARO displayed telomerase inhibition of 50% at 4.6 µM and 

a toxic effect in A549 and HeLa cells, with preference for A549 cells (IC50 = 19.7 µM) after 

72 h of exposure [85]. Four naphthylamide– thiourea conjugates (3a–d) exhibited 

significant selectivity for telomeric G4 over duplexes with high affinity for hTELO G4 (Ka 

> 0.1 µM-1; determined by fluorescence titrations) [86]. These derivatives display 

preferential localization in the nuclei, inhibiting the growth of A549 cells (IC50 in the 3–

4 µM range) [86]. A series of 1,10-phenanthroline disubstituted at positions 2,9 showed 

inhibitory activity on several cancer cell lines, including in a panel of lung cancer cells 

[87]. The authors hypothesized that this activity is related to the ability of the compounds 

to stabilize telomeric G4 and possible inhibition of telomerase activity. Among these 

derivatives, compound 6b with two methyl residues on pyridine-3yl induced a higher 

stabilizing effect against the telomeric G4 sequence (ΔTm = 24 °C; determined by CD 

melting) [87]. It also displayed anticancer activity on various cancer cells with more 

efficacy against A549, HOP-62, NCI-H226, NCIH23, NCI-H322M, NCI-H460, and NCI-

H522 LC cell lines (GI50 between 0.2 and 2.3 µM). The triarylpyridine 20A, reported as 

a telomeric G4 binder [88], promotes senescence and apoptotic cell death in A549 lung 

cancer cells [89,90]. 20A treatment promoted global DNA damage but no specific 

telomeric damage [89]. Moreover, in combination with chloroquine (an inhibitor of 

lysosome functions), 20A collaboratively induced lysosomal membrane 

permeabilization and led to human lung A549 cancer cell death [91]. 

hTERT, encoding for the telomerase catalytic subunit, has been the focus of several 

studies with G4 ligands. The hTERT core promoter contains a G-rich sequence that 
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includes three Sp1 binding sites and folds into a compact stacked three-G4 conformation 

[92]. The effect of a platinum-derived G4-ligand, Pt-ctpy, in association with radiation, 

was studied on NSCLC (A549 and H1299), and glioblastoma cells [93]. Pt-ctpy 

treatment modified the expression of the telomere-related genes hTERT and TRF1. 

Other target genes (c-KIT, KRAS, VEGF, EGFR, HIFα, and WNT) 

Additional G4s have been identified in other potential regulatory regions within the 

promoters of cancer-related genes (Figure 3.3). These G4 are also considered potential 

targets in LC and can be targetable by specific G4 ligands.  

c-KIT, encoded by the c-kit proto-oncogene, is overexpressed in SCLC cells and nude 

mouse model xenografts [94]. G4s regions were identified in an NHE region of the c-KIT 

promoter and found to be involved in the regulation of c-KIT [95].  

K-RAS is a frequently mutated oncogene prevalent not only in pancreatic cancer, but also 

in lung carcinomas (25% of NSCLC) [96]. Several mutations in the coding sequence of 

K-RAS result in amino acid substitution and yield a protein with altered functionalities: 

mutant K-RAS is locked in the activated state, transmitting continuous signals for cell 

proliferation to the nucleus. Somatic activation of the K-RAS oncogene promotes early-

onset LC in mice [97]. The K-RAS proto-oncogene contains a nuclease hypersensitive 

element (NHE) with repetitive guanine residues in the promoter region. This region can 

adopt a quadruplex conformation, the topology of which has been solved [98]. Multiple 

transcription factors interact with the G4 structure formed in this region [99]. 

VEGF is commonly overexpressed in a variety of tumor types, including LC. It has an 

important role in sustaining the development and progression of LC [100]. Its expression 

is primarily regulated at the transcriptional level and can be induced during tumor 

hypoxia, hypoglycemia, loss of tumor suppressor genes, or activation of growth factor 

signaling cascades. Clinical studies have correlated increased VEGF mRNA and protein 

levels with tumor progression, leading to poorer prognosis and postoperative outcomes 

in NSCLC. The VEGF promoter contains a quadruplex-prone G-rich sequence near the 

transcription start site (TSS) [101] which is essential for basal or inducible VEGF 

transcription [28]. Its negative regulatory role in transcription has been demonstrated 

in vitro by the marked decrease in VEGF expression in the presence of quadruplex-

stabilizing agents [102].  

EGFR is a cell surface-receptor tyrosine kinase receptor that is frequently mutated and 

overexpressed in NSCLC [103]. For this reason, novel G4 ligands were developed as 
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alternative EGFR signaling inhibitors in LC therapy. A 30 nucleotide-long sequence 

located at position -272 in the EGFR promoter can adopt a G4 conformation, and G4 

ligands, such as naphthalene diimide derivatives, are efficient inducers of this 

conformation, leading to decreased gene expression [104]. The major G4 in the human 

EGFR oncogene promoter can be targeted by the well-known G4 ligand, PDS [105]. 

HIFa and other genes involved in gene activation are often overexpressed in cancer and 

have a high density of G4-forming motifs in their promoters [106,107]. 

The WNT signal transduction cascade regulates several cellular processes, such as cell 

proliferation, survival, migration, and development, by initiating a series of signaling 

cascades downstream. Its abnormal activation is an independent poor prognostic marker 

of NSCLC [108,109]. A G-rich sequence within the WNT1 promoter can adopt both 

hairpin and G4 structures that can be used to modulate gene regulation [110]. SJ26, a 

tetracyclic azafluorenone compound, showed a moderate stabilization profile against 

G4s. It inhibits the WNT1-mediated downstream signaling pathway and suppressed the 

migration activity of H1299, MCF-7, and Hep2B 2.17 cancer cells [111]. 

Several compounds have been tested for their activity against two or more of the targets 

listed above. Triazole (5b) and morpholine (3a and 3b) bisnaphthalimide-substituted 

derivatives proved to be multitarget G4 binders [112]. Compounds 3a, 3b, and 5b  

showed high affinity toward hTELO, c-MYC, and c-KIT G4 (Ka > 4.4 µM-1, determined by 

UV-Vis spectroscopy. These compounds inhibited the growth of A549 lung cancer cells 

(IC50 = 0.2-1 µM) with less cytotoxicity against non-cancerous MRC-5 cells [112]. Another 

multitarget compound is the indolonaphthyridine derivative 5 [113]. This compound 

stabilized the cMYC, BCL-2, HTS, and c-KIT1 G4s (ΔTm = 3.4-6.3 °C; determined by 

FRET melting) with a relative preference against c-KIT1 and selectivity over duplex DNA. 

The A549 cell viability after treatment with 20 µM of this compound for 48 h was 69% 

[113]. Despite the limited cytotoxicity of 5, this scaffold holds potential for further 

structural modifications and enhancement of its activities. Berberine and its derivative 

coptisine stabilize the KRAS quadruplex with two dominant binding modes [114]. These 

derivatives also showed thermal stabilization toward other G4 structures, such as c-MYC, 

VEGF, and two hybrid hTELO sequences, showing a preference for parallel c-MYC and 

VEGF. Moreover, berberine and coptisine significantly stall the Taq DNA polymerase 

synthesis of DNAs and lower KRAS mRNA levels, inhibiting the cell proliferation of 

H460 and A549 lung cancer cells [114]. 
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Synergistic effects 

Synergetic anticancer effects have previously been described with G4 ligands and 

antineoplastic treatments (see examples in Figure 3.3b). Neidle and colleagues [115] 

showed that a synergetic behavior on cell growth arrest was observed in lung 

adenocarcinoma cells with two unrelated G4 ligands, the trisubstituted acridine 

compound AS1410 and triazole-derivative CL1 in combination with cisplatin. AS1410 

showed only a moderate effect on tumor growth when administered alone but produced 

rapid and highly significant decreases in tumor volume when utilized in combination 

with cisplatin. Merle et al [93] reported that noncytotoxic concentrations of a G4 ligand 

(Pt-ctpy) showed a strong radiosensitizing effect on NSCLC cells. A seminal study [116] 

allowed the identification of G4 sensitizer genes, which behave as genetic vulnerabilities 

to G4 ligands when repressed, opening new therapeutic perspectives for G4 ligands in 

combinatorial treatments for patients underexpressing these proteins. At least two of 

these genes are overexpressed in NSCLC (WEE1 and USP1), both proteins being targeted 

by specific inhibitors (pimozide is a potent USP1-targeting drug, whereas 

MK1775/AZD1775 is a WEE1 kinase inhibitor that has been evaluated in the clinic). 

Loss of excision repair cross-complementation group 1 (ERCC1) is frequently found in 

LC [117] and is the most frequent DNA damage response (DDR) deficiency in NSCLC. 

XPF forms a heterodimer with ERCC1, and this structure-specific endonuclease has a 

crucial role in DNA damage excision, a ratelimiting step in nucleotide excision repair 

(NER). ERCC1 expression and cisplatin sensitivity are correlated: deficiencies in XPF 

and ERCC1 cause hypersensitivity to interstrand crosslinks. Interestingly, XPF is 

required for homologous recombination repair of double-strand breaks at DNA 

sequences forming G4s [118]. In line with this observation, XPF-deficient cells are 

exquisitely sensitive to G4 ligands, such as PDS, which are known to create replication 

stress [119] and alter the option of replication origins in human cells [120]. For a review 

on G4 and replication, we refer readers to that by Tracy M. Bryan [121]. 
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Figure 3.3. Examples of the effect of G-quadruplex (G4) ligands, either administered as standalone agents 

or in combination with anti-cancer treatments, on lung cancer (LC). (a) Mode of action of G4 ligands. G4 

ligands can modulate the transcription of certain pivotal genes implicated in the development and 

progression of LCs [24-28] and can target multiple genes, whereas others have a more limited target scope. 

G4 ligands can influence transcription, cell cycle, senescence, DNA damage response (DDR), and immune 

response. Some G4 ligands also have the ability to accumulate within the lysosome compartment, which can 

lead to lysosomal membrane permeabilization and cell death [91, 122-128]. As a result, some G4 ligands 

display anti-cancer effects (in red). (b) Synergistic anti-cancer effects of G4 ligands. The G4-ligand Pt-ctpy, 

hampers tumor cell proliferation, disrupts cell cycle, and triggers apoptotic cell death in human glioblastoma 

and LC cells [93]. Pt-ctpy synergistically enhanced the efficacy of ionizing radiation, leading to the 

elimination of cancer cells in vitro and also reduced tumor growth in an in vivo cancer model [93] The 20A 

promotes senescence in cancer cells through activation of both DDR and autophagy [91]. Disruption of either 

DDR or autophagy not only reduces senescence onset, but also directs cancer cells apoptosis, thus 

establishing DDR/autophagy as a pivotal link connecting senescence and apoptosis [76,89,90]. The 

combination of 20A (including its derivatives) and chloroquine (an inhibitor of lysosomal functions) results 

in a marked increase in lysosomal membrane permeabilization, accompanied by a substantial induction of 

cell death [91]. AS1410, manifests a modest impact on tumor growth when administered as a single agent, 

its potency significantly increased when utilized in combination with cisplatin [115]. ERCC1/XPF is required 

for homologous recombination (HR)-mediated repair at DNA sequences derived from common fragile sites 

and G4s. The DNA translocase FANCM has a significant role in preventing DSB formation. Deficiency in 

XPF and FANCM causes cell sensitivity to the pyridostatin (PDS) [119]. Depletion of XPF within cells 

lacking FANCM significantly hampers cell proliferation following PDS treatment, suggesting a synthetic 

lethal interplay between XPF and FANCM [118].  
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Lysosomes have essential roles in the degradation and recycling of intra- and 

extracellular material, which stem from the autophagy and endocytosis pathways, 

respectively. They regulate many biological processes, including nutrient sensing, 

cellular signal transduction to the nucleus, cell death pathways, and immunosurveillance 

[122]. A body of evidence suggests that lysosomes undergo many alterations during 

tumor transformation (alteration of volume, composition, and distribution of lysosomes) 

[123]. These changes appear to be important for tumor progression, especially favoring 

tumor invasion, angiogenesis, or drug resistance. Paradoxically, these alterations make 

cancer cells more vulnerable to the permeabilization of their membrane (lysosomal 

membrane permeability; LMP), ultimately driving cells towards death [124]. LMP has 

been proposed as a new strategy to combat cancer drug resistance, particularly the 

acquired resistance to cisplatin in NSCLC [125]. LMP-induced cell death occurs through 

both caspase-dependent and -independent mechanisms. This observation could have 

important implications for cancer, particularly for the treatment of tumors that are 

resistant to therapy because of failure of the apoptotic machinery. Of note, some 

anticancer agents (including DNA ligands) lose their efficacity as a result of their 

accumulation within the lysosome, which causes a reduction in their accessibility to their 

cellular targets [126]. Interestingly, lysosomes appear to be involved in the fate of G4 

ligands in lung cancer cells, given that Bierbach and colleagues [127] found a high degree 

of colocalization in lung adenocarcinoma cells of a platinum-acridine hybrid G4 ligand 

with LysoTracker, indicating accumulation of the hybrids in the lysosome but not in 

mitochondria. It was also shown that 20A, a G4 ligand from the triarylpyridine family, 

accumulates within lysosomes. Inhibiting lysosomal functions with chloroquine 

significantly amplified LMP and cell death induced by this ligand. This phenomenon was 

observed not only in human lung carcinoma A549, but also in two patient-derived 

xenograft cell lines from lung adenocarcinomas and HeLa cells [91]. Similar effects were 

observed among three other G4 ligands from the triarylpyridine family, reinforcing the 

notion that targeting lysosomes holds significant promise as a strategy to augment cancer 

cell death induced by this class of G4 ligands [91,128]. 

Macroautophagy (also referred to as autophagy) represents a principal lysosomal 

catabolic process that has a role in fostering tumor resistance [129]. Substantial evidence 

also indicates that targeting autophagy can render cancer cells, including lung cancer 

cells, more responsive to some G4 ligand treatments [76,89,130]. This implies the 

potential involvement of autophagy in conferring resistance to certain G4 ligands. A 

master transcription factor involved in the regulation of lysosome is TFEB, which 

belongs to the MIT/TFE family of transcription factors. TFEB drives the expression of 
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several genes associated with lysosomal biogenesis and function (including those 

involved in autophagy), which all are a part of the coordinated lysosomal expression and 

regulation (CLEAR) network [131,132]. Interestingly, TFEB contains multiple regions 

compatible with G4s formation both at the DNA and RNA levels [128]. This suggests a 

direct modulation of lysosome function through the regulation of TFEB transcription or 

mRNA fate by quadruplex formation. 

Altogether, these observations suggest that lung tumors can be targeted by G4 ligands, 

alone or in combination with other treatments. Recent evidence also indicates that G4 

ligands can target other cellular components and compartments, such as lysosomes (for 

a review, see [128]) and mitochondria (for a review, see [133]), opening new 

opportunities for synergistic effects. 

Table 3.1.  G4 ligands discussed in this chapter. 

Ligand G4 target Affinity Activity Ref. 

 

c-MYC 

KD1 = 2.5 nM 

KD2 = 1.1µM 

In vitro cytotoxicity 

A549 cells apoptosis 
[57] 

 

c-MYC KD = 2 nM 

Downregulation of c-

MYC 

In vitro cytotoxicity 

A549 cells apoptosis 

[58] 

 

c-MYC - 

Downregulation of c-

MYC 

In vitro cytotoxicity 

Inhibition of A549 cell 

migration 

[59] 

 

c-MYC KD = 2.7 nM 

In vivo antitumor 

growth inhibition 

(A549) 

[61] 
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Table 3.1. (continued) 

Ligand G4 target Affinity Activity Ref. 

 

c-MYC KD = 4.6 µM 

In vivo antitumor 

growth inhibition 

(A549) 

[60,61] 

 

BCL-2 KD = 728 nM 

Downregulation of BCl-

2 

Cell cycle arrest 

A549 Cell apoptosis 

In vitro and in vivo 

antitumor effect 

[73] 

 

BCL-2 Ka= 0.9 µM-1 

In vitro cytotoxicity on 

A549 cells 

Cell apoptosis 

[74] 

 

BCL-2 KD = 9 nM 

Downregulation of BCl-

2 

Decrease expression of 

bcl-2 protein 

In vitro cytotoxicity on 

A549 cells 

[75] 

 

BCL-2 - 

Downregulation of BCl-

2 

A549 cell apoptosis and 

autophagy induction 

DNA damage 

[76] 

 

hTELO - 

In vitro A549 

antiproliferative effect 

Telomerase activity 

inhibition 

Arrest cancer cell 

growth 

Mitochondrial 

depolarization 

Cell apoptosis 

[82] 
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Table 3.1. (continued) 

Ligand G4 target Affinity Activity Ref. 

 

hTELO - 

In vitro A549 

antiproliferative effect 

Inhibition of cell 

migration 

[83] 

 

hTELO Ka= 0.7 µM-1 

In vitro A549 

antiproliferative effect 

Inhibition of cell 

migration 

Telomerase activity 

inhibition 

[84] 

 

hTELO Ka = 6.6 µM-1 

Telomerase activity 

inhibition 

Cytotoxic effect on 

A549 cells 

[85] 

 

hTELO Ka > 0.1 µM-1 
A549 cell growth 

inhibition 
[86] 

 

hTELO - 
Antiproliferative effect 

in several LC cell lines 
[87] 

 

hTELO - 

A549 cell senescence 

and apoptosis 

DNA damage 

Lysosomal membrane 

permeabilization and 

A549 cell death (in 

combination with 

chloroquine) 

[88-91] 
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Table 3.1. (continued) 

Ligand G4 target Affinity Activity Ref. 

 

hTERT - 

Modified expression of 

hTERT and TRF1 

Radiosensibilization of 

A549 and H1299 cells 

[93] 

 

WNT1 - 

Inhibition of WNT1-

mediated signaling 

pathway 

Inhibition of H1299 

cells migration 

[111] 

 

Multitarget Ka > 4.4 µM-1 
Inhibition of A549 cell 

growth 
[112] 

 

Multitarget - 

Block Taq DNA 

polymerase synthesis 

Downregulation of 

KRAS mRNA 

Inhibition of H460 and 

A549 cells 

[114] 

AS1410 

hTELO - 

Cell senescence 

In vivo tumor growth 

inhibition 

(In combination with 

cis-platin) 

[115] 
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Table 3.1. (continued) 

Ligand G4 target Affinity Activity Ref. 

 

hTELO - 

Cell senescence 

Inhibition of A549 cells 

growth 

(In combination with 

cis-platin) 

115 

 

 

Concluding remarks 

In this review, we highlighted the importance of G4-forming sequences and their 

stabilization as a therapeutic approach for LC. Different ligands can stabilize G4s, leading 

to decreased proliferative activity of LC cells or, in some cases, decreased in vivo tumor 

growth. Unfortunately, even when showing interesting activity in cell culture, these 

ligands often exhibit limited efficacy in in vivo models. Therefore, one needs to better 

identify and characterize the targets of these ligands, which could result in uncovering 

novel strategies or synergies that enhance their efficacy in treating LC. Depending on the 

ligand, one can observe changes in telomere maintenance and/or alterations in gene 

expression. Supporting their potential as a therapeutic tool further experimental data 

confirmed that treatment with some G4 ligands leads to elevated levels of DNA damage, 

suggesting this as a therapeutic tool.  

Another interesting issue is the accumulation of G4 ligands in other cellular organelles, 

such as lysosomes and mitochondria. Some G4 ligands, such as BMVC, have been 

demonstrated to localize within mitochondria, eventually leading to cell death in H1299 

cells [134]. RHPS was observed to bind to mitochondrial DNA G4 at low doses, resulting 

in the acute inhibition of mitochondrial transcription elongation, ultimately leading to 

inhibition of the respiratory complex [135]. Despite these interesting results, their 

mechanisms of action remain poorly understood and further studies are required to 

identify target mitochondrial G4 and their impact on respiratory function. Most ligands 

reported here were targeted to a particular G4 structure; however, in most cases, these 

ligands can bind to other G4s, and it is difficult to predict their mode of action. The 

efficacy of ligands is not only related to their in vitro G4 stabilization ability, but also to 
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other issues, such as cellular uptake, release, their potential to be sequestrated into the 

lysosome, exposure time to cancer cells, and concentration used. At this point, 

comparing the effectiveness of ligands presents challenges because of variations in 

experimental conditions across studies. Some G4 ligands reported here demonstrated 

remarkable in vivo activity, and, in some instances, a synergetic effect was evident 

through the combination of a G4 ligand with drugs, as observed in the case of the G4 

ligand 20A and chloroquine. 
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Aims of the thesis 

Despite all efforts, LC remains the leading cause of worldwide cancer-related mortality. 

Late-stage diagnosis and difficult treatment in advanced stages remain difficult to 

overcome and novel therapeutic strategies are urgently needed. Among these, the use of 

small organic compounds to target G4 within LC-related genes offers a promising avenue 

for modulating cellular processes involved in LC progression.  

Therefore, the global aim of this doctoral thesis consisted in the development of novel 

phenanthroline-based derivatives capable of binding and stabilizing different G4 

sequences related to LC progression, aiming at potential anti-tumor effects. 

Furthermore, this work has the objective to explore the potential of one RNA G4 

sequence to recognize and bind to nucleolin. Based on the obtained findings, this project 

intends to furnish potential drug candidates to be used in LC treatment highlighting the 

structure-activity relationship of this class of compounds. 

To achieve this main goal, the present work is divided into the following specific 

objectives: 

• To evaluate different heteroaromatic scaffolds in terms of its G4s stabilizer 

properties and anti-tumor effects. 

• To synthesize novel 1,10-phenanthroline-based derivatives and to evaluate their 

potential to target G4 structures with specificity over duplex DNA. 

• To biophysically characterize those synthesized compounds in terms of their G4 

binding and/or stabilizer properties through FRET-melting, circular dichroism, 

and fluorescence techniques.   

• To evaluate in vitro the antiproliferative activity induced by compounds in LC 

cancer and healthy cell lines. 

• To characterize the formation of the G4 structure in the full-length human pre-

miRNA 150 sequence and to determine its affinity for NCL expressed in LC cells. 

The next section is divided into four chapters (5th to 8th chapter) and will present in detail 

all experimental procedures employed to achieve these aims, as well as the exposition 

and discussion of all results. 
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5th 

Chapter 
 

Screening of Scaffolds for the Design of G-

Quadruplex Ligands 

This work was published in: 

Figueiredo, J.‡; Peitinho, D.; Campello, M.P.C.; Oliveira, M.C.; Paulo, A.; Mergny, J-

L. and Cruz, C. (2022) Screening of scaffolds for the design of G-quadruplex ligands. 

Appl. Sci 12, 2170. DOI: 10.3390/app12042170 

Chapter overview 

The research for small organic molecules capable of interacting with G4 structures 

comprises conventional medicinal chemistry methodologies. These methodologies may 

include rational drug design of hit or lead molecules, which can involve the design of G4-

interactive small molecules based on G4 structure and structure-activity relationships 

studies. Additionally, optimization strategies are employed to enhance the potency, 

selectivity, and pharmacokinetic properties of the promising scaffolds to discover new 

lead candidates. This chapter describes the screening of several scaffolds featuring 

different planar heteroaromatic cores, such as oxazole, acridine, naphthalene, and 

phenanthroline moieties towards different G4 structures found within c-MYC, KRAS, 

and VEGF promoters, human telomeric F21T, and pre-MIR150 RNA G4. It describes the 

chemical synthesis of the naphthalene and phenanthroline scaffolds. The different 

scaffolds were screened using FRET-melting studies, a high-throughput method, to 

assess their G4-stabilizers properties. Moreover, their cytotoxic potential in LC and 

healthy cell lines was assessed, and their drug-like properties were predicted using in 

silico methods. This study aims to provide insights into G4-interacting scaffolds, leading 

to their further structural optimization.   
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Screening of Scaffolds for the Design of  

G-Quadruplex Ligands 

 

Abstract  

In the last decade, progress has been made in G-quadruplex (G4) ligands development, 

but for most compounds, the ligand binding mode is speculative or based on low 

resolution methods, with its discovery based on structure-based approaches. Herein, we 

report the synthesis of small (MW < 400 Da) heterocycle compounds, containing 

different aromatic scaffolds, such as phenyl, quinoline, naphthalene, phenanthroline and 

acridine moieties, in order to explore their stabilization effect towards different DNA 

G4s, such as those found in c-MYC, KRAS21 and VEGF promoters, 21G human telomeric 

motif and pre-MIR150. The fluorescence resonance energy transfer (FRET) melting 

assay indicates that the acridine moiety is the most active scaffold, followed by 

phenanthroline. The different scaffolds are promising in terms of drug-like properties 

and, in general, the IC50 values of the respective heterocycle compounds are lower in a 

cancer cell line, when compared with a normal cell line. The acridine derivative C5NH2 

has the most favorable cytotoxic profile in terms of cell selectivity. 

 

Keywords 

G-quadruplex; heterocycle compounds; scaffolds; drug-design 

 

Introduction 

The formation of G4 requires monovalent (Na+ and K+) or divalent/multivalent (e.g., 

Sr2+) cations, or small molecules, known as G4 ligands, which are chemical compounds 

that specifically bind and stabilize the structure of G4. Many efforts are being made to 

target G4s as a therapeutic approach, given their implication in carcinogenesis [1] or 

virology [2]. As such, G4s provide recognition sites for ligands, since different G4 

structures adopt specific conformations. These ligands generally have an aromatic 

surface, allowing π-π stacking interactions with a terminal G-quartet, one or more 

positive charge(s) or basic groups to selectively bind to the loops or grooves of the G4, 
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and a geometry/shape preventing intercalation into double-stranded DNA. Many G4 

ligands have characteristic cores that can be chemically modified, allowing the synthesis 

of various analogues whose therapeutic activity in cancer is being investigated. 

Disubstituted amidoanthraquinones were the first G4 ligands to be reported [3]. Later 

on, the cationic porphyrin TMPyP4 emerged as a potent telomerase inhibitor upon 

binding to telomeric G4s [4]. However, TMPyP4 also binds to duplex and triplex DNA 

[5,6]. Natural compounds, such as telomestatin, berberine and its derivatives, were 

considered potent telomerase inhibitors [7,8]. However, the structural complexity of 

telomestatin is a huge obstacle for its efficient large-scale synthesis and production as a 

drug. Pyridostatin, BRACO-19, naphthalene diimides and bisquinolinium compounds, 

such as PhenDC3, have been used to broadly promote G4 formation in high-throughput 

sequencing of G4 structures [9]. Some of these G4 ligands have entered clinical trials, 

namely the fluoroquinolones CX-3543 and CX-5461, that selectively bind and stabilize a 

broad spectrum of G4 structures, including those harboured in c-MYC, c-KIT, and 

telomeres [10]. These fluoroquinolones interact with a G4 found in ribosomal DNA and 

disrupt the binding between these G4s and protein complexes, thereby inhibiting 

ribosome biogenesis [11]. Other novel ligands were reported to be selective for a sub-

class of quadruplex structures, such as the diquinolinyl-pyridine ligands, that show a 

preference for the parallel conformation of telomeric, c-MYC and c-KIT G4s [12], or 

ToxaP, which prefers an antiparallel fold [13]. However, there is still a long way to go for 

the development of G4 ligands. Indeed, the multiplicity of potential targets, the variety 

of ligand binding sites and the differences in the ligand effects, in vitro and in vivo, make 

it difficult to unravel if the stabilization or destabilization of G4s promotes or inhibits 

gene expression. A major limitation for the clinical application of G4 ligands is related to 

their selectivity and potential side effects on normal cells. In this regard, it is important 

to screen different scaffolds and analyze the binding to G4s and the cellular effects on 

normal cells and cancer cells. In this context, we synthetized and tested some heterocycle 

compounds that will be able to act as a scaffold for G4 ligand/drug design. Different 

scaffolds, such as quinoline, phenyl, acridine and phenanthroline (Figure 5.1), were 

investigated to their capacity to stabilize different DNA and RNA G4 structures by the 

FRET melting assay [14]. Additionally, the in silico molecular properties were predicted 

and the cytotoxicity effects were also evaluated in a lung cancer cell line (A549) vs. 

normal cell (NHDF). 
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Figure 5.1. Chemical structures of the different scaffolds used in the study. 

 
 
 

Materials and Methods 

Chemical synthesis 

All reagents and solvents were used without additional purification, unless stated 

otherwise, and were obtained from commercial suppliers such as Sigma-Aldrich (St. 

Louis, MO, USA) and Across Organics (Geel, Belgium). Chemical reactions were followed 

by thin-layer chromatography (TLC) using Merck-Nagel (0.2 mm) plates which are 

visualized by UV detection. Melting points were measured for in vitro tested compounds 

and were recorded on a Büchi B-540 melting point apparatus and are uncorrected. 

 1H and 13C spectra were performed at 25 °C on a Bruker Avance III 400 MHz 

spectrometer with a TXI probe. The spectra were processed in the software MestReNova 
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12.0.0. (Mestrelab Research S.L., Santiago de Compostela, Spain) and are presented in 

the Appendix A (Figure A1).  

Synthesis of Phenyl and Quinoline derivatives 

The synthesis of 1,4-bis(oxazol-5-yl)benzene (Ter-1), 1,3-bis(oxazol-5-yl)benzene (ISO-

1) and 6-methyl-(2-oxazol-5-yl)quinoline (Quin-1) was performed as previously 

described [15]. 

Synthesis of Naphthalene derivatives 

The naphthalene derivatives ligands were prepared according to methods described 

previously, with slight modifications [16]. Briefly, to a solution of the desired polyamine 

(1.0 g, 9.6 mmol) in a mixture (40 mL) of absolute CH3CN:EtOH (v/v; 1.7:1) at room 

temperature, was added dropwise one solution of 1-naphthaldehyde (0.5 g, 3.2 mmol) in 

dried CH3CN (10 mL). The solution was stirred at room temperature over 2 h and the 

solvent was evaporated to dryness. The resulting residue was dissolved in dried EtOH 

(15 mL) and NaBH4 (1.1 g, 29.5 mmol) was added portion wise. The mixture was stirred 

at room temperature for 24 h. After that, the mixture was filtered, and the solvent was 

evaporated under reduced pressure. The residue obtained was extracted with chloroform 

(3 × 50 mL) and evaporated to dryness obtaining one oil which was dissolved in a mixture 

of MeOH:EtOH (v/v; 1:1) and precipitated with some drops of HCl 37% to give the 

different naphthalene derivatives: 

N1-(2-aminoethyl)-N2-(naphtalen-1-ylmethyl)etane-1,2-diamine (Napht-3) 

From diethylenetriamine (1.0 g, 9.6 mmol) and 1-naphtaldeyde (0.5 g, 3.2 mmol). Yield: 

79% (1.2 g, 4.9 mmol). White solid. mp 203 °C. 1H NMR (400 MHz, DMSO-d6) δ 9.99–

9.35 (m, 3H), 8.18 (t, J= 10.1 Hz, 1H), 7.98–7.93 (m, 1H), 7.72–7.46 (m, 2H), 4.67 (s, 

1H), 3.44 (s, 4H), 3.11 (s, 4H). 13C NMR (101 MHz, DMSO-d6) δ 133.7, 131.4, 130.2, 129.3, 

129.2, 128.3, 127.4, 126.9, 125.8, 124.2, 47.6, 44.4, 43.7, 43.2, 35.6. 

N1-(2-aminoethyl)-N2-(2-((2-((naphtalen-1-ylmethyl) amino) ethyl) amino) etyl) etane-

1,2-diamine (Napht-5) 

From tetraethylenepentamine (1.8 g, 9.6 mmol) and 1-naphtaldeyde (0.5 g, 3.2 mmol). 

Yield: 11% (0.2 g, 0.7mmol). White solid. mp 310 °C. 1H NMR (400 MHz, DMSO-d6) δ  

10.67–8.64 (m, 2H), 8.50–8.26 (m, 1H), 8.19–7.97 (m, 1H), 7.96–7.44 (m, 2H), 4.83 (d, 

J = 8.0 Hz, 1H), 4.19 (s, 1H), 1.32 (s, 1H). 13C NMR (101 MHz, DMSO-d6) 133.8, 131.4, 
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130.2, 129.3, 129.2, 128.3, 127.4, 126.9, 125.8, 124.2, 70.3, 47.7, 44.6, 44.0, 43.4, 36.0, 

31.8, 29.5, 29.2. 

Synthesis of Phenanthroline Derivatives 

2,9-Bis(oxazole-5-yl)-1,10-phenantroline (Phen-1)  

The synthesis was performed as previously described [15]. 

2,9-Dimethyl-1,10-phenanthroline-5,6-dione 

2,9-Dimethyl-1,10-phenanthroline (2.0 g, 9.6 mmol) was added into a solution of 60% 

H2SO4 (23 mL). To this solution, potassium bromate was added in batches (1.8 g, 11.0 

mmol) for 1 h and the mixture was stirred at room temperature for 20 h. After that, the 

solution was poured into water (200 mL) and carefully neutralized to pH 7 using a 

solution of sodium hydroxide 8 M [17]. The precipitate was filtered and washed with 

water giving a yellow solid with 70% yield (1.6 g, 6.7 mmol); mp 177 °C. 1H NMR (400 

MHz, DMSO-d6) δ (ppm) 8.26 (d, 2H, CH), 7.52 (d, 2H, CH) 2.68 (s, 6H, CH3); 13C NMR 

(101 MHz, DMSO-d6) 178.4, 164.7, 152.3, 136.6, 127.2, 125.2, 25.3. 

7,10-Dimethylpyrazino[2,3-f][1,10]phenanthroline (DPPZ) 

2,9-Dimethy-1,10-phenanthroline-5,6-dione (0.6 g, 2.5 mmol) was dissolved in dried 

EtOH (50 mL) and ethylenediamine was added (0.2 g, 2.9 mmol). The stirred solution 

was refluxed overnight. After cooling the solution was concentrated to half of the initial 

volume [18]. The brown solid which formed was filtered obtaining 60% of yield (0.4 g, 

1.5 mmol); mp 265–266 °C. 1H NMR (400 MHz, DMSO-d6): δ (ppm) 9.30 (d, J = 8.3 Hz, 

2H, CH), 9.10 (s, 1H), 7.80 (d, J = 8.3 Hz, 2H, CH), 2.85 (s, 6H, CH3) 13C NMR (101 MHz, 

DMSO-d6): δ (ppm) 161.4, 146.6, 145.4, 139.8, 133.2, 124.8, 124.7, 25.5 (CH3). 

2,9-Dicarbaldehyde-1,10-phenanthroline (PhenCOH) 

SeO2 (4.3 g, 38.4 mmol) was taken in dioxane (100 mL) at 60 °C. To this solution, a small 

increment of 2,9-dimethyl-1,10-phenanthroline (4.0 g, 19.2 mmol) dissolved in dioxane 

(35 mL) was added over 2 h and refluxed at 100 °C overnight. The mixture was filtered 

through celite in a hot condition and dioxane was removed under reduced pressure. The 

residue was purified by column chromatography using silica gel (0.060–0.200 mm, 60 

Å and MeOH:CHCl3 (v/v; 95:5) solvent mixture [19]. After complete separation, the 

solution was evaporated under vacuum conditions to give a pale yellow solid with a 50% 

yield (2.3 g, 9.7 mmol); 1H NMR (400 MHz, CDCl3-d6): δ (ppm) 10.57 (s, 2H, CHO), 8.52 
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(d, J = 8.2 Hz, 2H, CH), 8.39 (d, J = 8.1 Hz, 2H, CH), 8.06 (s, 2H, CH). 13C NMR (101 

MHz, CDCl3-d6) δ (ppm) 193.4 (COH), 152.7, 146.0, 138.0, 131.6, 129.1, 120.5. 

1,10-Phenanthroline-2,9-dicarboxylic Acid (PhenCOOH) 

2,9-Dicarbaldehyde-1,10-phenanthroline (0.6 g, 2.4 mmol) was added into HNO3 (2 mL; 

65 wt %). The mixture was refluxed over 6 h, and then the content was poured into cursed 

ice [19]. The solid was filtered to give a light-yellow final product with an 89% yield (0.6 

g, 2.2 mmol); 1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.74 (d, J = 8.3 Hz, 2H, CH), 8.42 

(d, J = 8.2 Hz, 2H, CH), 8.22 (s, 2H, CH). 13C NMR (101 MHz, DMSO-d6): δ (ppm) 166.7, 

148.7, 145.1, 138.7, 131.0, 129.0, 124.0, 40.6, 40.4, 40.2, 40.0, 39.7, 39.5, 39.3. 

2,9-Dicarbomethoxy-1,10-phenanthroline (Phen-COOCH3) 

1,10-Phenanthroline-2,9-dicarboxylic acid (0.6 g, 2.1 mmol) was suspended in MeOH 

(150 mL) and conc. H2SO4 (15 mL) was added to this solution. The reaction mixture was 

refluxed overnight [19]. After that, the mixture was poured into crushed ice and allowed 

to cool. The precipitate was filtered and was obtained as a light yellow product with a 

53% yield (0.3 g, 1.0 mmol); mp 184–186 °C. 1H NMR (400 MHz, CDCl3-d6): δ (ppm) 

8.75 (d, J = 8.3 Hz, 2H, CH), 8.43 (d, J = 8.2 Hz, 2H, CH), 8.23 (s, 2H, CH), 4.04 (s, 6H, 

OCH3). 13C NMR (101 MHz, CDCl3-d6): 166.0, 148.1, 145.5, 138.6, 131.0, 129.0, 124.2, 

53.2. 

Acridine Derivatives 

The synthesis and purification of 10-(5-aminopentyl)-3,6-

bis(dimethylamino)acridinium iodide (C5-NH2), and 10-(8-aminooctyl)-3,6-

bis(dimethylamino)acridinium iodide (C8-NH2) were performed as described [20]. 

Oligonucleotides and Ligands  

All the oligonucleotide sequences were obtaining from Eurofins Genomics (Munich, 

Germany) and Eurogentec (Seraing, Belgium) with HPLC-grade purification. The 

oligonucleotide sequences were double labelled with fluorescein (FAM) and 

tetramethylrhodamine (TAMRA) at the 5′ and 3′ ends, respectively. The following 

oligonucleotide sequences were used: c-MYC (5′-TGAGGGTGGGTAGGGTGGGTAA-3′), 

KRAS21 (5′-AGGGCGGTGTGGGAAGAGGGA-3′), 21G (5′-

GGGTTAGGGTTAGGGTTAGGG-3′), VEGF (5′-CGGGGCGGGCCGGGGGCGGGGT-3′)  

pre-MIR150 (5′-GGCCUGGGGGACAGGGACCUGGG-3′) and DNA duplex (5′-

TATAGCTATA-hexaethyleneglycol-TATAGCTATA-3′). Stock solutions were prepared 
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using Milli-Q water and stored at −20 °C. The oligonucleotide concentrations were 

measured at 260 nm with a UV–Vis spectrophotometer (Thermo Scientific™ Evolution 

220, Thermo Fisher Scientific, Waltham, MA, USA) using the molar extinction 

coefficients (ε) provided by the manufacturer. The annealing procedure for FmycT, 

FkrasT, F21T, FvegfT and FdxT consisted of heating to 95 °C for 10 min, followed by 

cooling in ice for 30 min and for Fpre-MIR150T consisted of heating to 95 °C for 10 min, 

followed by cooling in ice for more than 10 min. Stock solutions of the compounds were 

prepared as 10 or 5 mM solutions in dimethyl sulfoxide (DMSO) (Thermo Fisher 

Scientific, Waltham, MA, USA) and their subsequent dilution was done using Milli-Q 

water. 

In silico Simulations  

In silico studies were performed to estimate some molecular properties of the 

compounds to be tested in vitro. The structures of the different derivatives tested were 

drawn in ChemDraw 20.0 software (PerkinElmer, Waltham, MA, USA), and the SMILES 

notation was obtained for all tested compounds. Molecular weight (MW), n-

octanol:water partition coefficient (Log P), number of rotatable bonds (n-ROTB), 

number of hydrogen bond acceptors (n-ON acceptors) and number of hydrogen bond 

donors (n-OHNH donors) were calculated using pKCSM online software [21] and 

topological polar surface area (TPSA) was determined by Molinspiration property engine 

v2018.10 on the Molinspiration online server (www.molinspiration.com, accessed on 15 

February 2022). 

Förster Resonance Energy Transfer (FRET) Melting Assays 

FRET melting assays were performed in a CFX Connect™ Real-Time PCR Detection 

System (Bio-Rad, Hercules, CA, USA) equipped with a FAM filter using a 96-well plate. 

The labelled oligonucleotide sequences were annealed before the experiment as 

previously described, and the fluorescence intensity was recorded every 1 °C between 25 

and 95 °C with a temperature increment of 1 °C min−1. The excitation and detection 

wavelengths were 492 and 516 nm, respectively. The buffer used in the experiments was 

10 mM lithium cacodylate (pH 7.2) supplemented with the necessary amount of KCl and 

LiCl. The labelled oligonucleotide sequence was used at 0.2 μM and the ligands at 5 or 1 

µM final concentration. Each experimental condition was tested in duplicate on two 

separate assays. The melting temperature was determined from the normalized curves 

as the mid-transition T1/2 temperature (Appendix A, Figure A2). 

 

http://www.molinspiration.com/
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Cytotoxicity in Human Cell Lines 

Cell cultures 

Non-small human lung adenocarcinoma epithelial cell line (A549) and normal human 

dermal fibroblasts cell line (NHDF) were purchased at American Type Culture Collection 

(ATCC), cultured in 75 cm2 T-flasks and maintained in a humidified atmosphere at 37 °C 

and 5% CO2. A549 cells were grown with Ham’s-F12 medium supplemented with 10% 

fetal bovine serum (FBS) and 1% streptomycin-penicillin (SP) antibiotic and NHDF with 

RPMI medium supplemented with 10% FBS, 1% SP antibiotic, 2 mM L-glutamine, 10 

mM HEPES and 1 mM sodium pyruvate. 

MTT Assay 

The in vitro cell proliferation was determined using the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO, USA) assay. The 

A549 and NHDF cells were plated in 96-well culture plates with density of 1 × 104 

cells/mL in the appropriate culture medium. After 48 h of adherence cells were treated 

with the different compounds in the study for 72 h. At the end of incubation, the medium 

was removed and replaced with MTT solution and further incubated at 37 °C for 4 h. 

Then, the MTT solution was removed, and the resulting formazan crystals were dissolved 

with 100 µL of DMSO. The absorbance was measured at 570 nm using a microplate 

reader Bio-rad Xmark spectrophotometer (Bio-Rad, California, USA). The cytotoxicity 

was normalized control conditions (untreated cells). Each experiment was performed in 

quadruplicate in two independent experiments. 

 

Results and Discussion  

Chemistry 

Several small molecules have been reported in the literature as ligands/drugs for the 

targeting of G4 structures, including new chemotypes [22]. Among the several classes of 

ligands, synthetic heterocycles have proven to be a promising scaffold for the design of 

G4 binders and stabilizers, in particular, fused aromatic compounds. 

 

Herein, we describe the chemical synthesis, full characterization and in vitro evaluation 

of four different aromatic scaffolds containing oxazole, acridine, naphthalene and 

phenanthroline moieties. The naphthalene and phenanthroline derivatives were 
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synthesized as shown in Scheme 5.1 and Scheme 5.2, with low to high yields, i.e., 11–

89%, respectively (experimental section). All starting compounds were commercially 

obtained and most of these derivatives were easily obtained with a high degree of purity, 

as confirmed for NMR analysis. Naphthalene derivatives (Napht-3 and Napht-5) were 

synthetized by following a two-step route, previously reported by Clares et al. [16]. 

Firstly, a condensation between 1-naphtaldehyde and diethylenetriamine and 

tetraethylenepentamine, followed by in situ reduction in the formed imine with sodium 

borohydride, gave derivatives Napht-3 and Napht-5 with 79% and 11% yields, 

respectively (Scheme 5.1). The phenanthroline derivatives were synthetized using 

procedures already described (Scheme 5.2) [17-19]. The synthesis of 7,10-

dimethylpyrazino[2,3-f][1,10]phenanthroline (DPPZ) was done by initial oxidation of 

2,9-dimethyl-1,10-phenanthroline with potassium bromate in sulfuric acid solution, 

affording 2,9-dimethy-1,l0-phenanthroline-5,6-dione. After that, the dione reacted with 

ethylenediamine by condensation to give DPPZ with a yield of 60%. The 2,9-

dicarbomethoxy-1,10-phenanthroline (COOCH3) was synthetized from the oxidation of 

2,9-dimethyl-1,10-phenanthroline to the aldehyde, which was oxidized to a dicarboxylic 

acid derivative and converted to PhenCOOCH3 by Fisher esterification, in a yield of 53%. 

The phenyl (ISO-1 and Ter-1), quinoline (Quin-1) and acridine derivatives (C5NH2 and 

C8NH2) were synthesized as previously described [15,20].  

 

 

Scheme 5.1. Chemical synthesis of naphthalene derivatives. 
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Scheme 5.2. Chemical synthesis of phenanthroline derivatives. 

 

 

In silico Studies 

Taking into account that G4 ligands present poor drug-like properties, a computational 

study using Lipinski’s rule and Veber’s parameters was performed to predict in vitro 

permeation and oral absorption [23,24]. The in silico parameters are presented in Table 

5.1. All tested ligands presented MW (210.236–395.615), Log P (0.657–4.093), n-ON 

acceptors (3–6) and n-OHNH donors (0–5), in the range defined by Lipinski’s rule [23]. 

The n-ROTB between 2 and 13 and TPSA from 38.92 to 181.68, revealed that most of the 

tested scaffolds comply with Veber’s parameters (n-ROTB < 10 and TPSA < 10 Å2) [24]. 

None of the tested ligands violated Lipinski´s rule of five, indicating that they have 

favorable properties that achieve the criteria of drug-likeness. 
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Table 5.1. In silico molecular descriptors of in vitro evaluated compounds a. 

Ligand TPSA MW Log P n-ROTB 
n-ON 

acceptors 
n-OHNH 
donors 

Lipinski’s 
violationsb 

Ter-1 181.68 212.208 2.997 2 4 0 0 

ISO-1 52.06 212.208 2.997 2 4 0 0 

Quin-1 38.92 210.236 3.198 1 3 0 0 

Napht-3 50.08 243.354 1.48 7 3 3 0 

Napht-5 74.13 329.492 0.657 13 5 5 0 

Phen-1 77.85 314.304 4.093 2 6 0 0 

DPPZ 51.57 260.3 3.343 0 4 0 0 

PhenCOOCH3 78.39 296.282 2.356 2 6 0 0 

C8NH2 35.50 395.615 2.3372 10 3 1 0 

C5NH2 35.50 353.534 1.1669 7 3 1 0 

aTPSA, topological polar surface area(Å); molecular weight (g/mol); Log P, n-octanol:water partition 

coefficient; n-ROTB; number of rotatable bonds; n-ON acceptors, number of hydrogen bond acceptors; n-

OHNH donors, number of hydrogen bond donors.  

bLipinski rule of five: MW < 500 Da; Log P ≤5; n-OHNH acceptors ≤ 10; n-OHNH donors ≤5. A maximum 

of 1 violation is generally permitted. 

 

FRET Melting Studies 

The ability of the scaffolds to bind and stabilize G4 structures was evaluated by a high-

throughput FRET melting assay [25]. This method is commonly used for first screening 

of G4 binding and stabilization efficiency of a small molecule [19]. The scaffolds were 

tested against four G4 DNA sequences (c-MYC, KRAS21 and VEGF promoters, and 21G 

human telomeric repeats) one G4 RNA (pre-MIR150) [26] and a double-stranded DNA 

control. The ligands were screened at 5 µM, except acridine derivatives, which were 

tested at 1 µM. The melting temperatures are summarized in Table 5.2. 

Overall, FRET-melting data showed that screened scaffolds are poor G4 stabilizers, with 

the notable exception of two acridine precursors, C8NH2 and C5NH2. This evidence 

suggests that the alkylamino chain is also important for G4 binding and stabilization 

beyond the aromatic ring. C8NH2 proved to be the most effective binder for all G4 

sequences (ΔTm = 17.4 °C for FmycT, 26.8 °C for F21T, 7.2 °C for FkrasT, 4.5 °C for 

FvegfT, and 4.6 °C for Fpre-MIR150T at 1 µM concentration), followed by C5NH2 (ΔTm = 

16.3 °C for FmycT, 15.6 °C for F21T, 18.0 °C for FkrasT, 2.5 °C for FvegfT, and 0.9 °C for 

Fpre-MIR150T at 1 µM concentration). The FRET-melting studies corroborate the other 

series of acridine derivatives, in which the nature of the acridine scaffold and the 

alkylamide chain influence the G4 stabilization. Previous studies have shown that the 

acridine moiety interacts with the G4 surface by end stacking interactions and the 



 

 122 

alkylamide interacts by groove binding [27]. In addition, acridine derivatives have 

stronger G4 stabilizing efficiency on pre-miRNA structure [28]. 

 

Table 5.2. The thermal stabilization induced by different scaffolds measured by FRET-melting 

experiments. 

 ΔTm (°C) 

 Ligand FmycT F21T FkrasT FvegfT 
Fpre-

MIR150T 
FdxT 

5
µ

M
 

Ter-1 0.0 ± 0.2 0.0 ± 0.0 0.0 ± 1.9 0.0 ± 1.6 0.0 ± 0.5 0.0 ± 0.1 

ISO-1 0.0 ± 0.3 0.1 ± 0.0 0.0 ± 1.0 0.5 ± 1.2 0.0 ± 0.0 0.0 ± 0.3 

Quin-1 0.0 ± 1.0 0.2 ± 0.5 0.0 ± 0.9 0.0 ± 2.0 0.0 ± 0.2 0.0 ± 0.0 

Napht-3 0.0 ± 0.1 0.8 ± 0.3 2.0 ± 1.0 0.6 ± 2.1 0.0 ± 0.3 0.0 ± 0.4 

Napht-5 0.0 ± 0.2 0.8 ± 0.1 0.1 ± 1.0 0.0 ± 1.9 0.0 ± 0.3 0.0 ± 0.2 

Phen-1 0.0 ± 0.1 2.5 ± 0.1 0.3 ± 0.6 0.0 ± 2.0 0.0 ± 0.1 0.0 ± 0.2 

DPPZ 0.6 ± 0.3 0.4 ± 0.1 0.6 ± 0.2 0.0 ± 1.4 0.0 ± 0.1 0.0 ± 0.2 

PhenCOOCH3 0.6 ± 0.8 3.4 ± 0.2 3.4 ± 1.8 0.0 ± 2.0 0.0 ± 0.1 0.0 ± 0.3 

1µ
M

 C8NH2 17.4 ± 0.4 26.8 ± 0.3 7.2 ± 0.4 4.5 ± 0.5 4.6 ± 0.0 0.1 ± 0.1 

C5NH2 16.3 ± 0.2 15.6 ± 0.2 18.0 ±2.6 2.5 ± 0.9 0.9 ± 1.3 0.3 ± 0.2 

ΔTm represents the difference in melting temperature [ΔTm = Tm(G4 sequence + ligand) − Tm(G4 sequence)]. 

The buffer used was 10 mM lithium cacodylate, pH 7.2. The Tm values for the DNAs are 65.3 ± 0.1 °C [c-MYC 

promoter DNA in 10 mM KCl and 90 mM LiCl], 52.1 ± 0.2 °C [21G telomeric DNA in 10 mM KCl and 90 mM 

LiCl], 41.4 ± 2.1 °C [KRAS promoter DNA in 10 mM KCl and 90 mM LiCl], 66.9 ± 2.0 °C [VEGF promoter 

DNA in 1 mM KCl and 99 mM LiCl], for the RNA is 68.5 ± 0.2 °C [pre-MIR150 in 1 mM KCl and 99 mM LiCl] 

and 65.3 ± 0.0 °C [duplex DNA in 100 mM KCl]. All experiments were done in duplicate, and the values 

reported correspond to the average of two measurements with the estimated standard deviation.  

Negative ΔTm values are reported as zero. 

 

The phenyl and quinoline scaffolds displayed null stabilization of the DNA/RNA G4 

structures studied, when compared with phenanthroline derivatives. The 

phenanthroline analogue Phen-2, described previously, which has a π system extension, 

showed an increase in melting temperature of FmycT and F21T, when compared with its 

precursor, Phen-1. Compound Phen-1 exhibited a minimal increase in Tm of 2.5 °C to 

F21T and no stabilization of FmycT even at 5 µM, while the Phen-2 showed a moderate 

increase in Tm of 8.6 °C for F21T and 11.3 °C for FmycT at the same concentration [15]. 

The functionalization with ester group in the phenanthroline moiety, when compared 

with oxazole functionalization, improved the G4 binding capacity against F21T and 

FkrasT sequences. On the contrary, the introduction of an additional pyrazine ring in 

phenanthroline moiety reduced stabilization effect on all G4s. Compounds containing 

naphthalene scaffolds presented poor G4 stabilization, which was slightly better for 

FkrasT, in the case of derivatives containing a short polyamine chain linked directly to 
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the ring (Napht-3). All tested scaffolds exhibited negligible stabilization for FdxT (Table 

5.2). 

 

Cytotoxicity Assay 

The scaffold’s effect on cell viability was evaluated by an MTT assay, using A549 lung 

cancer and NHDF healthy cell lines. The results of IC50 are presented in Table 5.3. 

Overall, the scaffolds were found to be much more active on the cancer cell line. The 

acridine precursors showed a high potency against the A549 cell line, with IC50 values of 

1.3 µM (C8NH2) and 3.6 µM (C5NH2). Most relevantly, C5NH2 shows an IC50 of 17.8 µM 

in normal human fibroblasts, indicating a good selectivity for its cellular growth 

inhibitory activity in human cancer cells over human normal cells. The anticancer 

activity of C8NH2 is consistent with that previously reported for PC-3 (prostate 

adenocarcinoma) and PNT1A (normal human prostate cell line) [28]. These results can 

be correlated with the FRET-melting results, which may indicate that the cytotoxicity 

effect of the acridine ligands can be related to G4 binding ability. On the contrary, the 

phenanthroline scaffold containing a pyrazine ring (DPPZ) showed lower IC50 values in 

both cell lines (IC50 of 0.4 µM and 0.2 µM for cancer and normal cell line, respectively), 

suggesting lower cellular selectivity. Most probably, this effect is not mediated by G4 

binding, since DPPZ showed weak G4 stabilizer capacity in FRET-melting experiments. 

The phenanthroline derivative containing an oxazole ring (Phen-1) presented low and 

no-selective cytotoxicity effect in cancer (IC50 = 22.1 µM) and healthy (IC50 = 20.4 µM) 

cell lines. Conversely, the introduction of an ester group in the phenanthroline scaffold 

conferred potency against A549 cells (IC50 = 6.4 µM) and a weak inhibitory effect on 

healthy cells (IC50 = 37.0 µM). Therefore, PhenCOOCH3 can be a promising candidate 

for further cellular studies. Similarly, phenyl (Ter-1 and ISO-1) derivatives were shown 

to be promising anticancer candidates, particularly Ter-1, with a pronounced cytotoxicity 

effect in cancer cells (IC50 = 1.9 µM) and weak toxicity in healthy cells (IC50 = 34.0 µM). 

These results suggest that the 1,4 disubstituted phenyl ring confers higher anticancer 

activity, when compared with the 1,3 disubstituted congener (ISO-1; with an IC50 value 

of 9.8 and 32.0 µM for cancer and healthy cells lines, respectively). The Quinoline 

derivative also presents selectivity and cytotoxicity effects (IC50 = 9.0 µM) in cancer cells. 

Naphthalene scaffolds exhibited a low inhibitory effect on the cancer cell line, but Napht-

3 presented low IC50 on the fibroblast cell line (NHDF). This trend can be related with 

the size of the polyamine chain, since Napht-3 has a short polyamine chain and is more 

toxic in normal cells (IC50 = 5.3 µM) than the derivative containing the pentamine chain 
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(Napht-5; IC50 = 24.1 µM). For cancer cells, Napht-5 is more potent (IC50 = 12.5 µM) than 

Napht-3 (IC50 = 19.4 µM). 

Table 5.3. IC50 values induced by different scaffolds in A549 and NHDF cell lines. 

Ligand 
IC50 (µM) 

Selectivity factor 
A549 NHDF 

Ter-1 1.9 34.0 17.9 

ISO-1 9.8 32.0 3.3 

Quin-1 9.0 32.6 3.6 

Napht-3 19.4 5.3 0.3 

Napht-5 12.1 24.1 2.0 

Phen-1 22.0 20.7 0.9 

DPPZ 0.40 0.21 0.5 

PhenCOOCH3 6.4 37.0 5.8 

C8NH2 1.3 3.8 2.9 

C5NH2 3.6 17.8 4.9 

IC50 values were determined in two separate experiments independently with a 95% confidence interval. 

 

Conclusions 

Different scaffolds of phenyl, quinoline, naphthalene, phenanthroline and acridine types 

have been investigated for their G4 binding potential. Four of these scaffolds (Napht-3, 

Napht-5, DPPZ and PhenCOOCH3) were synthetized and screened for the first time 

against a G4 structure. Concerning their synthesis, the derivatives were obtained with 

moderate to good yields. The FRET-melting experiments showed that the acridine 

compounds are the most promising scaffolds and, most importantly, C8NH2 can 

discriminate among different G4 structures. Overall, the different molecules did not 

present a high pronounced toxic effect in normal cell lines, in contrast to cancers cells. 

Additionally, these scaffolds hit the drug-like criteria. This study could lead to the 

identification of G4-interactive molecules, deserving further optimization of their 

structures towards the development of drug candidates. 
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Synthesis and evaluation of 2,9-

disubstituted-1,10-phenanthroline 

derivatives as G-quadruplex binders 

This work was published in: 
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Synthesis and evaluation of 2,9-disubstituted-1,10-phenanthroline derivatives as G-

quadruplex binders. Bioorganic & Medicinal Chemistry 73, 116971. DOI: 

10.1016/j.bmc.2022.116971.   

Chapter overview 

After the successful screening of different scaffolds of G4 ligands, we move on to the 

structural modification of the 1,10-phenanthroline scaffold. Indeed, phenanthroline-

based derivatives have been characterized as potent and selective G4 ligands. Their 

structural flexibility allows for the introduction of several functional groups, 

substituents, and stereochemical modifications enabling the development of structurally 

diverse libraries. This chapter describes the chemical synthesis of a library of 2,9-

disubstituted-1,10-phenanthroline derivatives substituted with flexible amine and amide 

side chains at 2,9-positions.  The rationale behind this strategy derived from the potential 

enhancement of G4-binding properties through the introduction of amine side chains 

into the phenanthroline core, thereby increasing electrostatic interactions with the 

phosphate backbone of nucleic acids. The presence of these cationic chains also enhances 

the water solubility of the compounds. Biophysical techniques were employed to 

characterize G4-stabilizer properties of the ligands towards three different G4 topologies 

derived from the human telomeric sequence. Moreover, their antiproliferative activity 

was assessed in LC and healthy cell lines. The findings presented and discussed in this 

chapter allowed us to understand the G4-stabilizing properties and anti-tumor effects 

induced by these chemical structural modifications.  
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Synthesis and evaluation of 2,9-disubstituted-

1,10-phenanthroline derivatives as  

G-quadruplex binders 

 

Abstract 

G-quadruplex (G4) structures are non-canonical DNA/RNA secondary structures able to 

form within guanine rich nucleic acids sequences. They are present in several regions of 

the human genome including gene promoters, untranslated sequences, and telomeres. 

Due to their biological relevance G4 structures are considered important drug targets, in 

particular for anticancer therapies, leading to the development of G4 stabilizing small 

molecules. Telomeric regions have received special attention in this field since they can 

fold into several distinct intramolecular G-quadruplexes topologies. Herein, we report 

the synthesis of 2,9-disubstituted-1,10-phenanthroline derivatives and their ability to 

stabilize different intramolecular telomeric G4 sequences. We evaluated ligand-induced 

stabilization, selectivity and specificity of ligands using Förster Resonance Energy 

Transfer (FRET) melting experiments and circular dichroism (CD). In addition, we 

assessed the cytotoxicity of ligands against two cancer cell lines (A549 and H1299) and 

one healthy cell line (NHDF). 

 

Keywords 

2,9-disubstituted-1,10-phenanthroline derivatives; Biophysical evaluation; G-

quadruplex structures; In vitro studies. 

 

Introduction 

G-quadruplex (G4) are non-canonical DNA or RNA secondary structures formed by the 

stacking of two or more square arrangements of guanines (G-quartet) [1,2]. Each G-

quartet is formed by four guanine bases interacting by Hoogsteen hydrogen bonds and 

their formation depends on the presence of a central metal cation (most often 

monovalent cation, such as Na+ or K+) [3]. G4 structures can be classified in terms of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna
https://www.sciencedirect.com/topics/chemistry/rna
https://www.sciencedirect.com/topics/chemistry/secondary-structure
https://www.sciencedirect.com/topics/chemistry/guanine
https://www.sciencedirect.com/topics/chemistry/hydrogen-bond
https://www.sciencedirect.com/topics/medicine-and-dentistry/metal-ion
https://www.sciencedirect.com/topics/medicine-and-dentistry/monovalent-cation
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stoichiometry (uni-, bi-, tri- and tetramolecular) and exhibit a great variety of topologies, 

which are a consequence of the DNA/RNA strand orientation (parallel, antiparallel and 

hybrid), as well as variations in loop size, sequence and length, the presence of small 

molecules and annealing conditions [4-6]. 

G4-forming sequences are present in different species and are non-randomly distributed 

in the human genome within telomeres, oncogenic promoters and RNA 5′-untranslated 

regions (5′-UTR) [7,8]. Biologically, G4 structures can regulate key cellular processes 

such as telomere maintenance, transcription, translation, replication, and genomic 

instability, playing an important role in carcinogenesis and tumor development [9,10]. 

Due to their biological relevance, G4 are considered potential therapeutic targets, 

particularly in anticancer therapy [11]. In this sense, small molecules that can bind and 

stabilize G4 structures could be considered as anticancer agents [12]. Usually, G4 binders 

can interact via π-π stacking and electrostatic interactions with the G-quartet. To be 

efficient, they should have a heteroaromatic planar chromophore and one or more 

flexible substituents positively charged [13]. On the basis of these principles, several 

classes of small molecules belonging to different chemical families have been developed 

as selective G4 binding ligands which include fused heteroaromatic polycyclic 

compounds [14,15] such as acridines [16,17] quindolines [18,19] and 

naphthalenediimides [20,21]. Another important heteroaromatic scaffold that has 

attracted interest as a G4 binding ligand is 1,10-phenanthroline [22]. Phenanthroline-

based ligands present an extended aromatic surface that provides efficient π-π stacking 

interactions with a terminal G-quartet [23]. Based on that, phenanthroline derivatives 

have been reported as G4 stabilizing compounds both in the form of small organic 

molecules [24] or coordination complexes [25,26]. Several 1,10-phenanthroline 

derivatives have been studied, including those containing 4,7-diamino positively charged 

substituents bearing in side chains which confer appreciable G4 stabilizing properties 

and high water solubility but low selectivity over duplex DNA [27]. Novel tetrasubstituted 

phenanthrolines containing 4,7-diamino substituents and 2,9-carboxamide-linked 

quinolines were also investigated and have proven to be potent G4 binders with high 

selectivity [28]. Another notable group of compounds belonging to the 1,10-

phenanthroline class displays a 2,9-substitution pattern. Among them, bisquinolinium 

amides are the most potent and selective G4 binders, PhenDC3 being the most studied 

derivative [29]. Besides that, other 2,9-disubstituted derivatives including 

diaminobenzyl moieties have been developed as potent G4 binding ligands through the 

introduction of additional aromatic surfaces and amine side chains [30,31].  

Here, we describe the synthesis of new 1,10-phenanthroline derivatives 1a-e, 2a-d, 3a, 

4a-d and 5a-b, substituted at positions 2 and 9. All these derivatives were evaluated to 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stoichiometry
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-molecule
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-molecule
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/human-genome
https://www.sciencedirect.com/topics/medicine-and-dentistry/telomere
https://www.sciencedirect.com/topics/chemistry/oncogenic
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rna
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cellular-processes
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/telomere-homeostasis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genome-instability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/genome-instability
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/anticancer
https://www.sciencedirect.com/topics/chemistry/antineoplastic-agent
https://www.sciencedirect.com/topics/chemistry/electrostatic-interaction
https://www.sciencedirect.com/topics/chemistry/chromophore
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ligand-binding
https://www.sciencedirect.com/topics/chemistry/polycyclic-compound
https://www.sciencedirect.com/topics/chemistry/polycyclic-compound
https://www.sciencedirect.com/topics/medicine-and-dentistry/acridine-derivative
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/phenanthroline-derivative
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/double-stranded-dna
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/quinoline-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/ligand-binding
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position


 

 133 

determine ligand-induced stabilization and selectivity for various G4 sequences and 

topologies through FRET melting experiments. We further evaluated the interaction 

mode of the most potent derivatives by circular dichroism (CD) spectroscopy. Finally, we 

tested the antiproliferative activity against two different non-small lung cancer cell lines 

(A549 and H1299) and one non-malignant cell line (NHDF). 

 

Results and discussion  

Chemistry 

Considering the evidence that the extended planar aromatic surface of 1,10-

phenanthroline scaffolds confers promising properties for the efficient π-π stacking 

interactions between a G4 ligand and a G-quartet, we hypothesized that the di-

substitution at positions 2 and 9 with amine or amide chains could increase the affinity 

of the neutral phenanthroline core through the introduction of additional interactions 

with the negatively charged phosphate groups present in the loops and grooves of the 

G4. 

The 2,9-disubstituted-1,10-phenanthroline derivatives 1a-e, 2a-d and 3a were obtained 

from the 2,9-dicarbaldehyde-1,10-phenanthroline (1) previously synthetized by us [22]. 

The imines 1a-e were easily prepared by a direct condensation between the aldehyde 1 

and primary amines under reflux in chloroform and methanol mixtures (1:1, V/V) 

(Scheme 6.1). The ligand 1a was prepared with a yield of 62 % by condensation between 

aldehyde 1 and tert-butyl (2-aminoethyl)carbamate, which was synthesized as reported 

in the literature [32]. For the synthesis of the ligands 1b-e commercial primary amines 

were used; 4-methoxyaniline to prepare 1b, 2-aminoethanol for 1c, n-hexylamine for 1d, 

and ethylamine for 1e. These ligands were obtained with 66, 76, 84, and 74 % yields, 

respectively. The ligands 1c and 1e were synthesized according to procedures described 

in the literature, however, it should be noted that these compounds were not isolated by 

the authors [33,34].  After that, the compounds 1a-d were reduced to the corresponding 

amines 2a-d using sodium borohydride as reductive agent in refluxing methanol 

(Scheme 6.1). The compounds 2a-b were obtained in 11 and 71 % yields, respectively. 

The compounds 2c-d were obtained as hydrochloride salts with 19 and 12 % yields, 

respectively, using concentrated hydrochloric acid in methanol. Solubility issues of the 

hydrochloride salts resulted in low yields for these compounds. The compound 2c was 

obtained according to the procedure described in the literature for the non-protonated 

https://www.sciencedirect.com/topics/chemistry/fluorescence-resonance-energy-transfer
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/antiproliferative-activity
https://www.sciencedirect.com/topics/medicine-and-dentistry/lung-cancer-cell-line
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/position
https://www.sciencedirect.com/topics/medicine-and-dentistry/phenanthroline
https://www.sciencedirect.com/topics/chemistry/phosphate-group
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https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#f0010
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compound [33]. Additionally, the ligand 2a was converted into the trifluoroacetate salt 

with 91 % yield by treatment with trifluoroacetic acid in dichloromethane.  

 

 

Scheme 6.1. Synthesis of compounds 1a-e, 2a-d and 3a. Reaction conditions: (a) tert-butyl (2-

aminoethyl)carbamate, 1:1 (V/V) CHCl3:MeOH, Δ, 2 h; (b) NaBH4, MeOH, Δ, 2.5 h; (c) 1:1 (V/V) TFA:DCM, 

rt, 24 h; (d) 4-methoxyaniline, 1:1 (V/V) CHCl3:MeOH, Δ, 2.5 h; (e) 2-aminoethanol, 1:1 (V/V) 

CHCl3:MeOH, Δ, 2.5 h; (f) (1) NaBH4, MeOH, Δ, 2.5 h; (2) HCl(aq), MeOH; (g) n-hexylamine, 1:1 (V/V) 

CHCl3:MeOH, Δ, 3 h; (h) (1) NaBH4, MeOH, Δ, 3 h; (2) HCl(aq) 1 M; (i) ethylamine, 1:1 (V/V) CHCl3:MeOH, 

Δ, 16 h. Yields are indicated below each compound number. 

 

The same strategy was used for the synthesis of 2,9-disubstituted-1,10-phenanthroline 

derivatives 4a-d. These compounds were obtained by reacting 2,9-dicarbomethoxy-

1,10-phenanthroline (4) [22] and different amines (Scheme 6.2). The hydrazide 4a was 

obtained using hydrazine hydrate by reflux in ethanol and subsequently it was converted 

into the compound 5a by condensation with 2-hydroxy-1-naphthaldehyde according to 

https://www.sciencedirect.com/topics/medicine-and-dentistry/trifluoroacetic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/therapeutic-procedure
https://www.sciencedirect.com/topics/chemistry/trifluoroacetic-acid
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dichloromethane
https://www.sciencedirect.com/topics/medicine-and-dentistry/triphenyltetrazolium
https://www.sciencedirect.com/topics/chemistry/ethylamine
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#f0015
https://www.sciencedirect.com/topics/medicine-and-dentistry/hydrazide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hydrazine
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the procedures previously reported in the literature [35]. The amide 4b was obtained 

with 58 % yield by reaction of compound 4 with tert-butyl (2-aminoethyl)carbamate [32] 

in a chloroform and methanol mixture (1:1; V/V) at room temperature. After that, 4b 

was converted into the amide 5b by treatment with trifluoroacetic acid in 

dichloromethane at room temperature with 92 % yield. The macrocycles 4c-d were 

synthesized under the same reaction conditions utilized for the compound 4b using 

bis(2-aminoethyl)amine to prepare 4c and 1,2-bis(2-aminoethoxy)ethane for 4d. These 

compounds were obtained with 11 and 43 % yields, respectively. Full characterization 

data of all synthesized compounds are provided in the Appendix B (Figure B1-B51). 

 

 

 

Scheme 6.2. Synthesis of compounds 4a-d and 5a-b. Reaction conditions: (a) H2N-NH2·H2O, EtOH, Δ, 

3 h; (b) 2-hydroxy-1-naphthaldehyde, H2SO4, EtOH, Δ, overnight; (c) tert-butyl (2-aminoethyl)carbamate, 

1:1 (V/V) CHCl3:MeOH, rt, 24 h; (d) 1:1 (V/V) TFA:DCM, rt, 1.5 h; (e) bis(2-aminoethyl)amine, 1:1 (V/V) 

CHCl3:MeOH, rt, 24 h; (f) 1,2-bis(2-aminoethoxy)ethane, 1:1 (V/V) CHCl3:EtOH, rt, 96 h. Yields are 

indicated below each code. Compounds 4a and 5a were prepared as reported in the literature [35]. 

 

https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature
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FRET melting assay 

The ability of the synthetized phenanthroline derivatives 1a-e, 2a-d, 3a, 4a-d and 5a-b 

to bind and stabilize G4 structures was evaluated through high throughput FRET melting 

assay [36] using doubly labelled oligonucleotide sequences. To evaluate the specificity 

against a particular G4 sequence, the FRET melting experiments were carried out using 

G-rich oligonucleotides (Table B1) that are able to adopt various G4 topologies 

including antiparallel G4, F21CTAT, a mutant telomeric sequence derived from the DNA 

human telomeric sequence, and parallel G4s such as F25cebT, derived from the human 

minisatellite sequence. We also used F21T oligonucleotide, derived from the human 

telomere sequence that adopts a 3 + 1 hybrid-type topology in K+ conditions. Then, to 

elucidate the selectivity of ligands over double-stranded DNA, FRET melting 

experiments were performed using a duplex control sequence (FdxT). The ligand-

induced change in melting temperature of G4 (ΔTm) was calculated by the difference 

between the melting temperature (Tm) of G4 sequences in the presence and absence of 

each ligand. The ΔTm values are presented in  Table 6.1. The G4 ligand PhenDC3 was 

used as positive control. 

Table 6.1. Thermal stabilization for the compounds 1a-e, 2a-d, 3a, 4a-d and 5a-b, measured by FRET 

melting. 

 ΔTm (ºC)a at 5 µM ligand concentration 

Ligand F21T F21CTAT F25cebT FdxT 

1a 0.6 ± 0.1 NS 0.6 ± 0.6 NS 

1b 0.8 ± 0.4 NS 0.7 ± 0.3 NS 

1c 1.1 ± 0.2 NS 0.9 ± 0.5 NS 

1d 1.1 ± 0.1 NS 0.7 ± 0.2 NS 

1e 1.5 ± 0.4 NS 1.2 ± 0.5 NS 

2a 1.2 ± 0.3 NS 0.9 ± 0.2 NS 

2b 9.2 ± 1.6 4.1 ± 1.4 3.8 ± 0.3 NS 

2c 1.2 ± 0.3 NS 0.4 ± 0.5 NS 
2d 5.3 ± 0.5 NS NS NS 

3a 12.0 ± 0.4 5.2 ± 1.8 7.8 ± 1.0 NS 

4a 1.8 ± 0.4 NS 1.2 ± 0.3 NS 

4b 0.7 ± 0.1 NS 0.8 ± 0.5 NS 

4c 0.4 ± 0.6 NS 1.7 ± 0.2 NS 

4d 0.5 ± 0.4 NS 0.4 ± 0.4 NS 

5a 1.0 ± 0.8 NS 2.6 ± 0.2 NS 

5b 7.2 ± 0.5 2.9 ± 0.4 1.8 ± 0.4 NS 

PhenDC3 > 30.0 > 30.0 > 30.0 0.6 ± 0.1 
aΔTm values of F21T, F21CTAT, F25CebT and FdxT (0.2 μM) were performed in buffer containing 10 mM 

lithium cacodylate (pH 7.2), 10 mM KCl and 90 mM LiCl. Tm values for the DNAs are 53.4 ± 0.2 (F21T), 59.7 

± 0.2 (F21CTAT), 65.7 ± 0.2 (F25cebT) and 68.7 ± 0.0 (FdxT). 

Negative ΔTm values are reported as NS (no stabilization). 

Error margins correspond to SD of three replicates. 
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For the 2,9-disubstituted-1,10-phenanthroline derivatives 1a-e, 2a-d, 3a, 4a-d and 5a-

b, the ΔTm values ranged from 0.4 °C to 12.0 °C at 5 µM ligand concentration. As 

observed in Table 6.1, the ligands were found to be more selective for the hybrid G4 

topology of the F21T sequence and for the parallel topology of the F25cebT than for the 

antiparallel topology of the F21CTAT sequence. Ligands 2b, 3a and 5b stabilized all G4 

sequences. Among the tested compounds, ligand 3a is the best G4 stabilizer for all 

sequences with ΔTm values of 12.0, 5.2 and 7.8 °C for F21T, FCTAT and F25cebT, 

respectively, consistent with the highest number of positive charges. The ligand 5b also 

stabilizes the G4, in particular sequence F21T with ΔTm value of 7.2 °C. These results 

suggest that ligands with an ethane-diaminium on their 2,9-substituents exhibit better 

activity. These ligands (3a and 5b) are also more potent than the parent 1a, 2a and 4b 

with a terminal carbamate group. It is important to note that the stabilization values vary 

between ligands 3a and 5b, showing a greater enhancement of the thermal stability of 

G4 for the amine (3a) compared to amide (5b). These results suggest that electrostatic 

interactions between the positive charges of polyamine side chains and the negative 

charges of phosphate groups increase the thermal stabilization of the G4. 

Ligand 2b with methoxyaniline moieties in the lateral chains is also able to stabilize all 

G4 sequences, in particular F21T with ΔTm of 9.2 °C. These results suggest that the 

presence of an additional aromatic group could lead to improvement of G4 stabilization 

properties. Again, ligand 2b is significantly more potent than 1b, which indicates that 

amine groups improve the potential of G4 stabilization when compared with the imine 

groups (1b). Interestingly, ligand 2d with 2,9-substituents with hexan-aminium chains 

appears to stabilize selectively a hybrid‐type topology of F21T sequence with ΔTm of 

5.3 °C. The macrocycles 4c-d do not present significant G4 binder capacity, however 

ligand 4c shows residual G4 stabilization (ΔTm = 1.7 °C). Similar phenanthroline 

derivatives have been described in the literature, however 4c-d present lower G4 

stabilization properties than [16]phenN4 for the F21T sequence [37]. Finally, none of 

these ligands are able to stabilize the duplex sequence FdxT. 

Circular dichroism (CD) studies 

After the initial ligand screening by FRET melting assay, CD spectroscopy was employed 

to determine the conformation of the G4 in the presence of the most promising ligands 

(3a, 2b and 5b) in terms of thermal stabilization. CD spectra were acquired to 

characterize the conformations of pre-folded G4 sequence in presence of 5 M equivalents 

of each ligand (Figures. B51-B53) [38]. The unlabelled oligonucleotide sequences used 

were 22AG, 22CTA and 26ceb (Table B1). For the 22AG sequence, upon titration with 
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3a and 2b no significant changes in the CD spectra are observed, maintaining the typical 

antiparallel bands with a large positive band at 295 nm and a negative band at 265 nm. 

Conversely, upon titration of the ligand 5b, an increase of ellipticity around 260 nm at 3 

and 5 molar equivalents was observed, suggesting the formation of the hybrid topology 

[39]. Upon addition of 5 molar equivalents of each ligand to 22CTA and 26ceb sequences, 

no relevant changes were found in the ellipticity and topology. These results suggest an 

overall conservation of the G4 structures. 

After that, we also determined Tm of the G4 sequences by CD in presence of different 

concentrations of the ligands 2b, 3a and 5b (Table 6.2). The thermal denaturation was 

monitored at the wavelength of maximum CD ellipticity.  

 

Table 6.2. Thermal stabilization induced by 2b, 3a and 5b in the DNA sequences 22CTA, 26ceb and 22AG 

measured by CD melting experiments. 

  ΔTm (ºC)a 

Ligand 
Ligand concentration 
(molar equivalents) 

22AG 22CTA 26ceb 

2b 

0.5 0.5 0.9 1.1 

1.0 0.9 1.8 2.3 

3.0 1.5 2.6 5.9 

5.0 1.1 3.1 8.1 

3a 

0.5 0.7 0.6 0.9 

1.0 2.1 1.3 2.1 

3.0 3.4 1.9 5.4 

5.0 3.5 2.1 7.6 

5b 

0.5 0.5 0.4 3.4 

1.0 0.3 1.3 4.6 

3.0 2.5 2.9 9.7 

5.0 1.4 4.3 11.7 
a ΔTm represents difference in melting temperature [ΔTm = Tm (DNA sequence + ligand) − Tm (DNA)]. The 

Tm values for DNA alone are 66.0 ± 0.3°C (22AG), 62.0 ± 0.2°C (22CTA) and 78.1 ± 0.1 °C (26ceb). The 

experiments were performed in buffer containing 10 mM lithium cacodylate (pH 7.2) and 100 Mm KCl. 

 

Overall, the CD melting experiments showed a greater stabilization when compared with 

FRET melting experiments. These differences can be explained by several factors such 

as the use of the doubly labelled oligonucleotides sequences, the difference in 

oligonucleotide ligand concentrations and potassium concentrations in FRET melting 

experiments [30]. As observed in Table 6.2, the analyzed ligands showed a preference 

for parallel topology, namely for the 26ceb sequence, as evidenced by the highest thermal 

stabilization at 5 molar equivalents. The best ligand for this sequence was 5b followed by 

2b and 3a. The same stabilization tendency was verified for 2CTA antiparallel G4. 

Finally, for 22AG the ligand 3a proved to be the best stabilizer followed by 5b and 2b; 

the same stabilization tendency was verified for 22CTA antiparallel G4. In the specific 

case of the ligand 5b, the variation between 3 and 5 molar equivalents can be explained 

https://www.sciencedirect.com/topics/chemistry/titration
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#t0010
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/denaturation
https://www.sciencedirect.com/topics/medicine-and-dentistry/oligonucleotide
https://www.sciencedirect.com/topics/chemistry/oligonucleotide
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#t0010
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by a rearrangement of the secondary structure, as shown in CD spectra (Figures B53, 

B54 and B55), where a new band around 260 nm appears. 

Cellular studies  

The effect of the ligands on cell viability was evaluated against two human lung cancer 

cell lines (A549 and H1299) and human dermal fibroblasts (NHDF) by the MTT assay. 

For this, a screening was performed at 10 µM concentration of each ligand. The results 

of the cytotoxicity assays are presented in Figure 6.1 and Table B2. Overall, the 2,9-

disubstituted-1,10-phenanthroline derivatives synthetized display moderate cytotoxicity 

against cancer cell lines. The amides 4a-d and 5b were shown to be more cytotoxic 

against A549 cells than H1299 and less cytotoxic towards non-malignant cells. Ligand 

5a displayed more cytotoxicity for H1299 cell line than for A549, conversely to the ligand 

4a that presented more cytotoxicity for A549 than H1299 cells. This evidence indicates 

that the introduction of 2-hydroxynaphthyl groups confers selectivity for H1299 cells and 

does not increase the toxicity to non-malignant cells. Ligand 5b exhibits higher 

cytotoxicity towards A549 cancer cells (24.5 % of cell viability) and nearly no toxicity 

towards non-malignant cells (75.1 % cell viability). Interestingly, this ligand has been 

identified as one of the most potent G4 binder analyzed by FRET melting assay. This 

result can be related with a better cellular uptake for this compound or due to G4 

interaction. Ligand 5b, containing amide groups in lateral chains, also proved to be more 

potent against cancer cells than the parent ligand 3a that bears amine groups in the same 

positions. Ligands 3a and 2b, which were identified as the best G4 binders through the 

FRET melting analysis, do not have significant effects on the cell viability of both cancer 

and non-malignant cells. Conversely, the ligand 2b proved to be more toxic in non-

malignant than cancer cells. These results suggest that the cytotoxicity of these 

derivatives (2b and 3a) may not be related with their G4 binder ability. Ligand 2d 

displayed the highest cytotoxicity against both cancer cell lines with 27.4 and 42.9 % of 

cell viability for A549 and H1299, respectively. However, it also showed high toxicity 

towards non-malignant cells (22.4 %). This ligand also has moderate stabilization (ΔTm 

(5.3 °C)) towards G4 F21T. Additionally, it is more effective than its congener 1d, which 

can indicate that the presence of hexylaminium residues in lateral chains confers more 

toxicity to cancer cells than the hexylmethanimine group. Nonetheless, ligand 1d with 

hexylmethanimine fragments in lateral chains is less toxic in NHDF cells. None of the 

evaluated ligands presents higher cytotoxicity than gemcitabine, a commercial 

anticancer drug. 

https://www.sciencedirect.com/topics/chemistry/secondary-structure
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#s0195
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#s0195
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https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-cell-line
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https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#f0005
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https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/gemcitabine
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Figure 6.1. Relative cell viability of A549, H1299 and NHDF cells measured by the MTT assay after 48 h 

incubation with ligands at 10 µM concentration. Bars represent the mean ± SD of cell viability relative to 

control cells (no treatment). Error margins correspond to SD of three replicates. 

 

Conclusion 

In this report we described the synthesis of new 2,9-disubstituted-1,10-phenanthroline 

derivatives. All synthesized ligands showed selectivity towards G4 over duplex structure. 

The most promising ligands in terms of thermal stabilization were ligands 2b, 3a and 

5b. Compounds 3a and 5b display ethane-aminium substituents connected to the 

phenanthroline core through amine or amide groups whereas ligand 2b is equipped with 

a methoxyaniline moiety in the lateral chains. Upon ligand titration the CD spectra 

showed that the overall topology of the antiparallel 22CTA and parallel 26ceb sequences 

was maintained followed by an increase in ellipticity, indicating ligand association and 

stabilization of the preformed G4 structure. However, upon addition of 5 molar 

equivalents of ligand 5b some changes in the hybrid conformation of 22AG were 

observed. Overall, the ligands presented an adequate cytotoxic profile in cancer cell lines, 

being more effective against A549 than H1299 cells. The ligand 5b proved to be the best 

compound in terms of cytotoxicity against A549 cells. 

This study provides invaluable information about the structure–activity relationship for 

this kind of compounds in order to maximize their activity, however further 

https://www.sciencedirect.com/topics/chemistry/titration
https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-cell-line
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investigations are required to reveal the complete mechanism of action for these 

derivatives. 

 

Experimental section 

Chemistry 

General procedures and methods 

Commercial reagents were used as received without any purification. NMR spectra were 

recorded at 298 K on Varian MERCURY 300 MHz and Bruker AVANCE NEO 500 MHz 

spectrometers, employing CDCl3 or DMSO-d6 as solvents, with their residual signals 

being used to reference the spectra. High-resolution mass spectra were registered on an 

Agilent 6545 Q-TOF mass spectrometer coupled to a 1260 Infinity liquid 

chromatographer from the same brand; the ionisation source employed was electrospray 

in its positive mode. 

Synthesis of precursors 

 tert-Butyl (2-aminoethyl)carbamate 

The experimental procedure was adapted from that found in the literature [32]. Di-tert-

butyl dicarbonate (2.45 g, 11.2 mmol) was dissolved in dioxane (30 mL) and this solution 

added, drop by drop, to a solution of freshly distilled ethylenediamine (6 mL, 87.5 mmol, 

7.8 equiv.) in dioxane (30 mL) over a period of 2 h. The mixture was stirred for 20 h at 

room temperature. The solvent was removed by rotary evaporation and water (50 mL) 

was poured into the crude. The white precipitate formed (the bis-substituted product) 

was filtered off and the filtrate extracted with dichloromethane (3 × 50 mL). The organic 

phase was dried over anhydrous sodium sulphate, filtered and concentrated to dryness. 

The obtained residue was purified by column chromatography, using SiO2 as the 

stationary phase and a dichloromethane-methanol mixture (from 0 to 5 % of methanol) 

as the eluent. The fractions containing the desired product were combined and the 

solvent removed in a rotary evaporator, yielding a yellow oil which gradually solidified 

to give a white solid. Yield: 1.13 g, 63 %. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 6.78-

6.40 (m, 1H), 3.49 (s, 2H), 2.95-2.89 (m, 2H), 2.60-2.45 (m, 2H), 1.37 (s, 9H). 13C NMR 

{DEPT-135} (75 MHz, DMSO-d6): δ (ppm) = 155.7 (C=O), 77.5 (Cq), 42.5 (CH2), 41.0 

(CH2), 28.3 (CH3). HR-MS (+ESI): found m/z 161.1287 ([M+H]+), [C7H17N2O2]+ requires 

m/z 161.1285 (monoisotopic mass). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/copurification
https://www.sciencedirect.com/topics/chemistry/nmr-spectrum
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https://www.sciencedirect.com/topics/medicine-and-dentistry/ethylenediamine
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https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature
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Synthesis of imines and amines 

Compound 1a 

1,10-phenanthroline-2,9-dicarbaldehyde (0.18 g, 0.77 mmol), which was synthesised as 

reported in the literature [35], was dissolved in a 1:1 (V/V) chloroform:methanol mixture 

(15 mL) and tert-butyl (2-aminoethyl)carbamate (0.26 g, 1.63 mmol, 2.1 equiv.) was 

added as a solution in the same mixture of solvents (5 mL). The reaction mixture was 

heated to reflux with stirring until TLC revealed the total consumption of the dialdehyde 

(2 h). Solvents were removed by rotary evaporation and diethyl ether (15 mL) was added 

to the obtained foam. The resulting solution was sonicated, which led to the formation of 

a white precipitate; the content was left in the freezer overnight. The solid was isolated 

by vacuum filtration, washed with diethyl ether (5 mL) and dried in vacuo. Yield: 251 mg, 

62 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.89 (s, 2H), 8.44 (d, J = 8.4 Hz, 2H), 8.34 

(d, J = 8.4 Hz, 2H), 7.90 (s, 2H), 4.85 (sb, 2H), 3.89–3.86 (m, 4H), 3.67–3.40 (m, 4H), 

1.44 (s, 18H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 164.4 (imine CH), 155.9 

(C=O), 154.6 (ArC), 145.5 (ArC), 137.0 (ArCH), 129.8 (ArC), 127.5 (ArCH), 120.7 (ArCH), 

79.4 (Cq), 61.2 (CH2), 41.1 (CH2), 28.5 (CH3). HR-MS (+ESI): found m/z 521.2869 

([M + H]+), [C28H37N6O4]+ requires m/z 521.2871 (monoisotopic mass). 

Compound 2a 

Compound 1a (0.19 g, 0.36 mmol) was dissolved in anhydrous methanol (20 mL) and 

the resulting solution heated to reflux with stirring. Sodium borohydride (0.029 g, 

0.77 mmol, 2.1 equiv.) was added in portions and reaction progress monitored by TLC. 

Once the reaction was completed (2.5 h), the solvent was removed by rotary evaporation. 

The crude was dissolved in dichloromethane (25 mL) and this solution washed with water 

(3 × 25 mL). The organic phase was dried over anhydrous sodium sulphate, filtered and 

concentrated to dryness. The resulting foam was re-crystallised from a dichloromethane-

hexane mixture; the supernatant was poured into a round-bottomed flask and the solvent 

removed by rotary evaporation, and the pale yellow solid washed carefully with hexane 

and dried in vacuo. Yield: 21 mg, 11 % (this yield refers to the isolated solid. The 

compound is quite soluble in this mixture of solvents; the chemical yield is 94 %). 1H 

NMR (300 MHz, CDCl3): δ (ppm) = 8.22 (d, J = 8.2 Hz, 2H), 7.77 (s, 2H), 7.69 (d, J = 

8.2 Hz, 2H), 5.85-5.26 (m, 2H), 4.29 (s, 4H), 3.44-3.24 (m, 4H), 2.93 (t, J = 5.6 Hz, 4H), 

2.23 (s, 2H), 1.41 (s, 18H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 160.4 (ArC), 

156.4 (C=O), 145.4 (ArC), 136.8 (ArCH), 127.9 (ArC), 126.1 (ArCH), 122.4 (ArCH), 79.1 

https://www.sciencedirect.com/topics/medicine-and-dentistry/thin-layer-chromatography
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(Cq), 55.6 (CH2), 49.3 (CH2), 40.5 (CH2), 28.5 (CH3). HR-MS (+ESI): found m/z 

525.3183 ([M+H]+), [C28H41N6O4]+ requires m/z 525.3184 (monoisotopic mass). 

Compound 3a 

Compound 2a (0.065 g, 0.12 mmol) was dissolved in dichloromethane (3 mL) and 

trifluoroacetic acid (3 mL) was added. The reaction mixture was stirred at room 

temperature for 24 h. Both the solvent and the acid were evaporated under an air current, 

affording a brown oil that was dried in vacuo for 30 min. Subsequently, diethyl ether 

(30 mL) was added, and the content left in the freezer overnight. This was followed by 

sonication; a powdery solid was formed and the suspension was stirred at room 

temperature for 30 min. After that, the supernatant was disposed, and diethyl ether 

(30 mL) added again. This process was performed three times to remove the excess of 

trifluoroacetic acid. The brown solid was isolated by vacuum filtration, washed with 

diethyl ether (3 × 5 mL) and dried in vacuo. Finally, it was purified by re-crystallisation 

(diffusion of diethyl ether into a solution of the compound in methanol). 19F NMR of a 

mixture of the product and 2,2,2-trifluoroethanol (reference) allowed to determine the 

fluorine content of the sample and, therefore, the number of trifluoroacetic acid 

molecules per molecule of compound (4). Yield: 88 mg, 91 %. 1H NMR (300 MHz, 

DMSO‑d6): δ (ppm) = 10.10–6.70 (sb, 10H), 8.65 (d, J = 8.3 Hz, 2H), 8.10 (s, 2H), 7.93 

(d, J = 8.3 Hz, 2H), 4.78 (s, 4H), 3.51 (t, J = 6.4 Hz, 4H), 3.37 (t, J = 6.4 Hz, 4H). 13C NMR 

{DEPT-135} (75 MHz, DMSO‑d6): δ (ppm) = 159.1 (Cdouble bondO, q, 2J = 31 Hz), 152.7 

(ArC), 143.9 (ArC), 137.9 (ArCH), 128.2 (ArC), 126.9 (ArCH), 122.5 (ArCH), 116.9 (Cq, q, 

1J = 299 Hz), 51.1 (CH2), 44.4 (CH2), 35.5 (CH2). 19F NMR (300 MHz, DMSO‑d6): δ  

(ppm) = -73.8 (s). HR-MS (+ESI): found m/z 325.2141 ([M + H]+), [C18H25N6]+ requires 

m/z 325.2135 (monoisotopic mass). 

Compound 1b 

1,10-phenanthroline-2,9-dicarbaldehyde (0.10 g, 0.42 mmol) was dissolved in a 1:1 

(V/V) chloroform:methanol mixture (15 mL) and 4-methoxyaniline (0.11 g, 0.89 mmol, 

2.1 equiv.) was then added. The reaction mixture was heated to reflux with stirring until 

TLC revealed the total consumption of the dialdehyde (2.5 h). Solvents were removed by 

rotary evaporation and the product was re-crystallised from a dichloromethane-hexane 

mixture. The yellow solid was isolated by vacuum filtration, washed with diethyl ether 

(10 mL) and dried in vacuo. Yield: 125 mg, 66 %. 1H NMR (300 MHz, CDCl3): δ  

(ppm) = 9.18 (s, 2H), 8.66 (d, J = 8.4 Hz, 2H), 8.38 (d, J = 8.4 Hz, 2H), 7.91 (s, 2H), 7.48 

(d, J = 8.9 Hz, 4H), 7.00 (d, J = 8.9 Hz, 4H), 3.87 (s, 6H). 13C NMR {DEPT-135} (75 MHz, 

CDCl3): δ (ppm) = 159.2 (ArC), 158.4 (imine CH), 155.3 (ArC), 145.6 (ArC), 143.3 (ArC), 
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136.8 (ArCH), 129.6 (ArC), 127.3 (ArCH), 123.1 (ArCH), 120.7 (ArCH), 114.5 (ArCH), 55.5 

(CH3). HR-MS (+ESI): found m/z 447.1813 ([M + H]+), [C28H23N4O2]+ requires m/z 

447.1816 (monoisotopic mass). 

Compound 2b 

Compound 1b (0.12 g, 0.28 mmol) was dissolved in anhydrous methanol (10 mL) and 

the resulting solution heated to reflux with stirring. Subsequently, sodium borohydride 

(0.02 g, 0.55 mmol, 2 equiv.) was added in portions. A precipitate was formed and 

reaction progress was monitored by TLC. Once the reaction was completed (2.5 h), the 

mixture was cooled down to room temperature and the white solid isolated by vacuum 

filtration, washed with methanol (5 mL) and diethyl ether (5 mL) and dried in vacuo. 

Yield: 89 mg, 71 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.21 (d, J = 8.3 Hz, 2H), 7.77 

(s, 2H), 7.73 (d, J = 8.3 Hz, 2H), 6.81 (d, J = 9.0 Hz, 4H), 6.75 (d, J = 9.0 Hz, 4H), 4.84 

(s + sb, 6H), 3.75 (s, 6H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 159.8 (ArC), 

152.2 (ArC), 145.2 (ArC), 142.4 (ArC), 136.8 (ArCH), 127.9 (ArC), 126.0 (ArCH), 121.4 

(ArCH), 115.0 (ArCH), 114.4 (ArCH), 55.8 (CH3), 51.1 (CH2). HR-MS (+ESI): found m/z 

451.2135 ([M + H]+), [C28H27N4O2]+ requires m/z 451.2129 (monoisotopic mass). 

Compound 1c 

The procedure followed to synthesize this compound was adapted from that found in the 

literature (it should be noted that it was not isolated by the authors) [33]. 1,10-

phenanthroline-2,9-dicarbaldehyde (0.10 g, 0.42 mmol) was dissolved in a 1:1 (V/V) 

chloroform:methanol mixture (15 mL) and 2-aminoethanol (54 μL, 0.89 mmol, 2.1 

equiv.) was then added. The reaction mixture was heated to reflux for 2.5 h. Solvents 

were removed by rotary evaporation and the product was re-crystallised from a 

chloroform-diethyl ether mixture. The white solid was isolated by vacuum filtration, 

washed with diethyl ether (10 mL) and dried in vacuo. Yield: 104 mg, 76 %. 1H NMR 

(300 MHz, DMSO-d6): δ (ppm) = 8.70 (s, 2H), 8.57 (d, J = 8.4 Hz, 2H), 8.34 (d, 

J = 8.4 Hz, 2H), 8.10 (s, 2H), 4.72 (t, J = 5.4 Hz, 2H), 3.86–3.82 (m, 4H), 3.78–3.73 (m, 

4H). 13C NMR {DEPT-135} (75 MHz, DMSO-d6): δ (ppm) = 163.3 (imine CH), 154.2 

(ArC), 144.8 (ArC), 137.0 (ArCH), 129.3 (ArC), 127.4 (ArCH), 119.9 (ArCH), 63.2 (CH2), 

60.5 (CH2). HR-MS (+ESI): found m/z 345.1320 ([M + Na]+), [C18H18N4O2Na]+ requires 

m/z 345.1322 (monoisotopic mass). 
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Compound 2c 

The procedure followed to synthesise the non-protonated compound was adapted from 

that found in the literature [33]. Compound 1c (0.10 g, 0.32 mmol) was dissolved in 

anhydrous methanol (10 mL) and the resulting solution heated to reflux with stirring. 

Subsequently, sodium borohydride (0.024 g, 0.64 mmol, 2 equiv.) was added in portions 

and reaction progress was monitored by TLC. Once the reaction was completed (2.5 h), 

solvents were removed by rotary evaporation and dichloromethane (20 mL) was added 

to the crude. After its sonication, the mixture was kept in the freezer for an hour and then 

filtered. The filtrate was concentrated to dryness and the residue dissolved in methanol 

(5 mL). Addition of some drops of concentrated hydrochloric acid followed by partial 

evaporation of the solvent led to the formation of a pale pink precipitate that was isolated 

by vacuum filtration, washed with diethyl ether (5 mL) and dried in vacuo. Yield: 23 mg, 

19 %. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.85 (s, 4H), 8.76 (d, J = 8.3 Hz, 2H), 

8.17 (s, 2H), 8.07 (d, J = 8.3 Hz, 2H), 4.89–4.82 (sb + s, 10H), 3.87 (t, J = 5.3 Hz, 4H). 13C 

NMR {DEPT-135} (75 MHz, DMSO-d6): δ (ppm) = 152.5 (ArC), 140.6 (ArC), 139.8 

(ArCH), 128.6 (ArC), 127.1 (ArCH), 124.3 (ArCH), 56.5 (CH2), 49.6 (CH2), 49.5 (CH2). 

HR-MS (+ESI): found m/z 164.0946 ([M + 2H]2+), [C18H24N4O2]2+ requires m/z 

164.0944 (diisotopic mass). 

Compound 1d 

1,10-phenanthroline-2,9-dicarbaldehyde (0.10 g, 0.42 mmol) was dissolved in a 1:1 

(V/V) chloroform:methanol mixture (15 mL) and n-hexylamine (123 μL, 0.93 mmol, 2.2 

equiv.) was subsequently added. The reaction mixture was heated to reflux with stirring; 

after 3 h no signals of the dialdehyde were observed in the 1H NMR spectrum of an 

aliquot taken from the mixture, so solvents were removed by rotary evaporation and the 

pure product, a pale orange solid, dried in vacuo. Yield: 144 mg, 84 %. 1H NMR 

(300 MHz, CDCl3): δ (ppm) = 8.86 (s, 2H), 8.42 (d, J = 8.4 Hz, 2H), 8.31 (d, J = 8.4 Hz, 

2H), 7.86 (s, 2H), 3.77 (t, J = 6.8 Hz, 4H), 1.81–1.71 (m, 4H), 1.54–1.22 (m, 12H), 0.91–

0.87 (m, 6H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 162.7 (imine CH), 154.9 

(ArC), 145.4 (ArC), 136.7 (ArCH), 129.5 (ArC), 127.1 (ArCH), 120.3 (ArCH), 61.5 (CH2), 

31.6 (CH2), 30.7 (CH2), 27.1 (CH2), 22.6 (CH2), 14.0 (CH3). HR-MS (+ESI): found m/z 

425.2660 ([M + Na]+), [C26H34N4Na]+ requires m/z 425.2676 (monoisotopic mass). 
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Compound 2d 

Compound 1d (0.14 g, 0.36 mmol) was dissolved in anhydrous methanol (10 mL) and 

the resulting solution heated to reflux with stirring. Subsequently, sodium borohydride 

(0.027 g, 0.71 mmol, 2 equiv.) was added in portions and reaction progress monitored by 

TLC. Once the reaction was completed (3 h), solvents were removed by rotary 

evaporation. The crude was dissolved in dichloromethane (20 mL) and this solution 

washed with a 1 M HCl aqueous solution (1 × 20 mL). The organic phase was dried over 

anhydrous sodium sulphate, filtered and concentrated to dryness. The product was 

purified by column chromatography, using neutral Al2O3 as the stationary phase and a 

dichloromethane-methanol mixture (from 1 to 5 % of methanol) as the eluent. The 

fractions containing the desired product were combined and the solvent removed in a 

rotary evaporator. Dichloromethane (5 mL) was added and then, some drops of hexane, 

which drove to the formation of a white precipitate that was filtrated and dried in vacuo. 

Yield: 20 mg, 12 %. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.68 (s, 4H), 8.62 (d, 

J = 7.8 Hz, 2H), 8.09 (s, 2H), 7.91 (d, J = 7.8 Hz, 2H), 4.66 (s, 4H), 3.21–3.03 (m, 4H), 

1.93–1.73 (m, 4H), 1.48–1.20 (m, 12H), 0.96–0.79 (m, 6H). 13C NMR {DEPT-135} 

(75 MHz, DMSO-d6): the record of a reliable spectrum was not possible due to the low 

solubility of the compound in DMSO-d6. HR-MS (+ESI): found m/z 204.1623 

([M + 2H]2+), [C26H40N4]2+ requires m/z 204.1621 (diisotopic mass). 

Compound 1e 

The procedure followed to synthesise this compound was adapted from that found in the 

literature (it should be noted that it was not isolated by the authors) [34]. 1,10-

phenanthroline-2,9-dicarbaldehyde (0.10 g, 0.42 mmol) was dissolved in a 1:1 (V/V) 

chloroform:methanol mixture (15 mL) and a 2.0 M solution of ethylamine in 

tetrahydrofuran (423 μL, 0.85 mmol, 2 equiv.) was subsequently added. The reaction 

mixture was heated to reflux with stirring for 16 h. Solvents were removed by rotary 

evaporation; the crude was dissolved in dichloromethane (20 mL) and this solution 

washed with water (1 × 20 mL). The organic phase was dried over anhydrous sodium 

sulphate, filtered and concentrated to dryness, yielding a brown solid that was dried in 

vacuo. Yield: 91 mg, 74 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.71 (s, 2H), 8.20 (d, 

J = 8.3 Hz, 2H), 8.03 (d, J = 8.3 Hz, 2H), 7.53 (s, 2H), 3.63 (q, J = 7.2 Hz, 4H), 1.18 (t, 

J = 7.2 Hz, 6H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 162.4 (imine CH), 

154.9 (ArC), 145.3 (ArC), 136.8 (ArCH), 129.5 (ArC), 127.1 (ArCH), 120.3 (ArCH), 55.5 

(CH2), 16.0 (CH3). HR-MS (+ESI): no peak associated with the compound was found in 

the spectrum. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sodium-sulfate
https://www.sciencedirect.com/topics/medicine-and-dentistry/column-chromatography
https://www.sciencedirect.com/topics/medicine-and-dentistry/hexane
https://www.sciencedirect.com/topics/chemistry/tetrahydrofuran
https://www.sciencedirect.com/topics/chemistry/sodium-sulfate
https://www.sciencedirect.com/topics/chemistry/sodium-sulfate
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Synthesis of amides (including macrocycles) 

Compound 4a 

Dimethyl 1,10-phenanthroline-2,9-dicarboxylate and compound 4a were synthesized as 

reported in the literature [35]. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 10.77 (s, 2H), 

8.69 (dd, J = 8.3, 1.0 Hz, 2H), 8.40 (dd, J = 8.3, 1.0 Hz, 2H), 8.13 (d, J = 1.0 Hz), 5.02 

(sb,4H). HR-MS (+ESI): found m/z 297.1083 ([M + H]+), [C14H13N6O2]+ requires m/z 

297.1095 (monoisotopic mass). 

Compound 5a 

Compound 5a was synthesised as reported in the literature [35]. 1H NMR (300 MHz, 

DMSO-d6): δ (ppm) = 12.93 (s, 2H), 12.84 (s, 2H), 9.99 (s, 2H), 8.87 (d, J = 8.3 Hz, 2H), 

8.64 (d, J = 8.3 Hz, 2H), 8.29 (s, 2H), 8.13 (d, J = 8.6 Hz, 2H), 7.92 (d, J = 9.0 Hz, 2H), 

7.75 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 7.02 (t, J = 7.5 Hz, 2H), 6.57 (t, 

J = 7.7 Hz, 2H). HR-MS (+ESI): found m/z 605.1929 ([M + H]+), [C36H25N6O4]+ requires 

m/z 605.1932 (monoisotopic mass). 

Compound 4b  

Dimethyl-1,10-phenanthroline-2,9-dicarboxylate (0.10 g, 0.34 mmol) was dissolved in a 

1:1 (V/V) chloroform:methanol mixture (15 mL) and tert-butyl (2-aminoethyl)carbamate 

(0.54 g, 3.38 mmol, 10 equiv.) was added as a solution in the same mixture of solvents 

(5 mL). The reaction mixture was allowed to stir at room temperature for 24 h. Solvents 

were removed by rotary evaporation; the crude was dissolved in dichloromethane 

(50 mL) and this solution washed with water (3 × 50 mL). The organic phase was dried 

over anhydrous sodium sulphate, filtered and concentrated to dryness. The residue was 

purified by column chromatography, using SiO2 as the stationary phase and a hexane–

ethyl acetate mixture (from 1:1 to pure ethyl acetate) as the eluent. The fractions 

containing the desired product were combined and the solvent removed, yielding a solid 

that was re-crystallised from a dichloromethane-hexane mixture. The resulting white 

solid was filtrated, washed with hexane (5 mL) and dried in vacuo. Yield: 109 mg, 58 %. 

1H NMR (300 MHz, CDCl3): δ (ppm) = 9.36 (s, 2H), 8.58 (d, J = 8.3 Hz, 2H), 8.42 (d, 

J = 8.3 Hz, 2H), 7.91 (s, 2H), 5.28 (sb, 2H), 3.77–3.72 (m, 4H), 3.60 (sb, 4H), 1.23 (s, 18H). 

13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 165.5 (amide C=O), 157.1 (Boc C=O), 

149.9 (ArC), 144.3 (ArC), 137.6 (ArCH), 130.4 (ArC), 127.8 (ArCH), 121.5 (ArCH), 79.5 

(Cq), 41.1 (CH2), 40.0 (CH2), 28.3 (CH3). HR-MS (+ESI): foundm/z553.2781 ([M + H]+), 

[C28H37N6O6]+ requires m/z 553.2769 (monoisotopic mass). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/hexane
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Compound 5b 

Compound 4b (0.072 g, 0.13 mmol) was dissolved in dichloromethane (3 mL) and 

trifluoroacetic acid (3 mL) was added. The reaction mixture was stirred at room 

temperature for 1.5 h. Both the solvent and the acid were evaporated under an air 

current, affording a pale yellow oil that was dried in vacuo for 30 min. Subsequently, 

diethyl ether (25 mL) was added, and the content left in the freezer overnight. This was 

followed by sonication; a powdery solid was formed and the suspension was stirred at 

room temperature for 30 min. After that, the supernatant was disposed, and diethyl ether 

(25 mL) added again. This process was performed five times to remove the excess of 

trifluoroacetic acid. The white solid was isolated by vacuum filtration, washed with 

diethyl ether (3 × 5 mL) and dried in vacuo. 19F NMR of a mixture of the product and 

2,2,2-trifluoroethanol (reference) allowed to determine the fluorine content of the 

sample and, therefore, the number of trifluoroacetic acid molecules per molecule of 

compound (2). Yield: 70 mg, 92 %. 1H NMR (300 MHz, DMSO-d6): δ (ppm) = 9.52 (t, 

J = 5.8 Hz, 2H), 8.77 (d, J = 8.3 Hz, 2H), 8.50 (d, J = 8.3 Hz, 2H), 8.22 (s, 2H), 8.00 (sb, 

6H), 3.75 (q, J = 5.8 Hz, 4H), 3.18 (sb, 4H). 13C NMR {DEPT-135} (75 MHz, DMSO-d6): δ 

(ppm) = 164.8 (amide C=O), 158.7 (TFA C=O, q, 2J = 32 Hz), 149.4 (ArC), 143.7 (ArC), 

138.3 (ArCH), 130.4 (ArC), 128.0 (ArCH), 121.2 (ArCH), 38.9 (CH2), 37.2 (CH2). 19F NMR 

(300 MHz, DMSO-d6): δ (ppm) = -73.6 (s). HR-MS (+ESI): found m/z 177.0901 

([M + 2H]2+), [C18H22N6O2]2+ requires m/z 177.0897 (diisotopic mass). 

Compound 4c 

Dimethyl-1,10-phenanthroline-2,9-dicarboxylate (0.10 g, 0.34 mmol) was dissolved in a 

1:1 (V/V) chloroform:methanol mixture (10 mL) and bis(2-aminoethyl)amine (550 μL, 

5.09 mmol, 15 equiv.) was subsequently added. The reaction mixture was allowed to stir 

at room temperature for 24 h. Solvents were removed by rotary evaporation; the raw 

product was dissolved in chloroform (20 mL) and this solution washed with distilled 

water (1 × 20 mL). The organic phase was dried over anhydrous sodium sulphate, filtered 

and concentrated to dryness. Addition of methanol (5 mL) led to the formation of a white 

precipitate that was isolated by filtration, washed with diethyl ether (5 mL) and dried in 

vacuo. Yield: 13 mg, 11 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 10.48–10.26 (m, 2H), 

8.32 (d, J = 8.2 Hz, 2H), 8.27 (d, J = 8.2 Hz, 2H), 7.71 (s, 2H), 3.63 (q, J = 4.9 Hz, 4H), 

3.12–3.06 (m, 4H), 1.03 (p, J = 8.0 Hz, 1H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ  

(ppm) = 163.5 (C=O), 149.2 (ArC), 142.8 (ArC), 137.1 (ArCH), 129.1 (ArC), 126.9 (ArCH), 

120.1 (ArCH), 49.2 (CH2), 39.2 (CH2). HR-MS (+ESI): found m/z 336.1458 ([M + H]+), 

[C18H18N5O2]+ requires m/z 336.1455 (monoisotopic mass). 
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Compound 4d 

Dimethyl-1,10-phenanthroline-2,9-dicarboxylate (0.10 g, 0.34 mmol) was dissolved in a 

1:1 (V/V) chloroform:ethanol mixture (10 mL) and 1,2-bis(2-aminoethoxy)ethane 

(745 μL, 5.08 mmol, 15 equiv.) was subsequently added. The reaction mixture was 

allowed to stir at room temperature for 96 h. Solvents were removed by rotary 

evaporation and the resulting oil turned into a solid quickly. Methanol (5 mL) was added 

and the white precipitate was isolated by filtration, washed with diethyl ether (5 mL) and 

dried in vacuo. Yield: 55 mg, 43 %. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.97 (t, 

J = 5.2 Hz, 2H), 8.62 (d, J = 8.3 Hz, 2H), 8.43 (d, J = 8.3 Hz, 2H), 7.91 (s, 2H), 3.91–3.86 

(m, 4H), 3.78–3.75 (m, 8H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 164.3 

(C=O), 149.9 (ArC), 144.4 (ArC), 137.7 (ArCH), 130.6 (ArC), 127.8 (ArCH), 121.8 (ArCH), 

70.4 (CH2), 70.1 (CH2), 39.3 (CH2). HR-MS (+ESI): found m/z 381.1562 ([M + H]+), 

[C20H21N4O4]+ requires m/z 381.1557 (monoisotopic mass). 

In vitro evaluation 

Oligonucleotides sequences and ligands 

Oligonucleotide sequences were purchased from Eurogentec (Belgium) with HPLC-

grade purification and were used without further purification. Stock solutions were 

prepared in Milli-Q water at 100 µM concentration and stored at −20 °C. All sequences 

tested are shown in Table B1 (Appendix B). The annealing procedure for all nucleotide 

sequences were 95 °C for 5 min followed by slow cooling to room temperature in the 

corresponding buffer before measurements. Stock solutions of the compounds were 

prepared as 10 or 5 mM solutions in dimethyl sulfoxide (DMSO) (Thermo Fisher 

Scientific, USA). 

Förster Resonance Energy Transfer (FRET) melting experiments 

FRET melting assay was performed in 96-well plates using a CFXp6 qPCR equipment 

(Bio-Rad, California, USA). The oligonucleotides sequences were purchased dual labeled 

with fluorescein (FAM), a fluorescent donor, and tetramethyl rhodamine (TAMRA), a 

fluorescent acceptor, at the 5′ and 3′ ends, respectively, and are shown in Table B1. The 

oligonucleotides were annealed at 0.23 µM concentration in 10 mM lithium cacodylate 

(pH 7.2) supplemented with 10 mM KCl and 90 mM LiCl. The sequences and ligands 

were added in each well (final concentrations of 0.2 µM and 5 µM, respectively). The 

microplate was incubated at 25 °C and after that the FAM fluorescence (λ(exc) = 495 nm, 

λ(em) = 518 nm) was recorded every 0.5 °C between 25 and 95 °C with a temperature 

https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#s0195
https://www.sciencedirect.com/topics/chemistry/nucleotide-sequence
https://www.sciencedirect.com/topics/chemistry/nucleotide-sequence
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/real-time-polymerase-chain-reaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oligonucleotide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/fluorescein
https://www.sciencedirect.com/topics/medicine-and-dentistry/tetramethylrhodamine
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#s0195
https://www.sciencedirect.com/topics/medicine-and-dentistry/oligonucleotide
https://www.sciencedirect.com/topics/medicine-and-dentistry/cacodylic-acid
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increment of 0.5 °C min−1. Each assay was performed in triplicate. The melting 

temperature (Tm) was determined from the normalized curves as the mid-transition 

temperature and the stabilization induced by ligands (ΔTm) was calculated by the 

difference between Tm of oligonucleotide sequence alone and measured with the ligand. 

Circular dichroism spectroscopy 

CD spectra were recorded at 25 °C on a Jasco J-815 spectrometer (Jasco, USA), using a 

Peltier temperature controller (model CDF-426S/15). The oligonucleotide sequences 

used are shown in Table B1. For the titration experiments, the required volume of the 

ligand solution was added to 10 µM of pre-folded oligonucleotide sequence dissolved in 

10 mM lithium cacodylate (pH 7.2) supplemented with 100 mM KCl in the quartz cuvette 

(Hellma, Germany) of 1 mm path length. Each spectrum was acquired through 

wavelengths ranging from 220 to 320 nm, with a scan speed of 200 nm/min, 1 nm 

bandwidth, 1 s integration time over 3 averaged accumulations. 

For CD melting studies, the temperature was monitored by the Peltier system. The 

required amount of ligand (until 5 M equivalents) was added to the cuvette containing 

pre-folded oligonucleotide solution in 10 mM lithium cacodylate (pH 7.2) supplemented 

with 100 mM KCl. The denaturation process was analyzed by monitoring the wavelength 

of maximum ellipticity in 20–100 °C range with a 4 °C/min temperature gradient. Data 

were converted into fraction folded (θ) plots according to Equation (1), fitted to a 

Boltzmann distribution using OriginPro2021. 

Equation 1:    𝜃 =
𝐶𝐷−𝐶𝐷𝜆

𝑚𝑖𝑛

𝐶𝐷𝜆
𝑚𝑎𝑥−𝐶𝐷𝜆

𝑚𝑖𝑛 

The melting temperature (Tm) was determined from a two-state transition model where 

CD is the ellipticity at maximum of ellipticity at each temperature and CDmin and CDmax 

are the lowest and highest ellipticities, respectively. 

Cell cultures 

Non-small human lung cancer cell lines (A549 and H1299), and human dermal fibroblast 

cell line (NHDF) were obtained from American Type Culture Collection (ATCC). Cells 

were cultured in 75 cm2 T-flasks at 37 °C in a humidified atmosphere containing 5 % CO2. 

A549 cells were cultured in Ham’s F-12 medium (Sigma-Aldrich, St. Louis, MO, USA) 

supplemented with 10 % fetal bovine serum (FBS) and 1 % streptomycin-penicillin (SP) 

antibiotic, and H1299 and NHDF with RPMI medium (Sigma-Aldrich, St. Louis, MO, 

https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#s0195
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cacodylic-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/denaturation
https://www.sciencedirect.com/science/article/pii/S0968089622003649?via%3Dihub#e0005
https://www.sciencedirect.com/topics/medicine-and-dentistry/fibroblast-cell-line
https://www.sciencedirect.com/topics/medicine-and-dentistry/fibroblast-cell-line
https://www.sciencedirect.com/topics/medicine-and-dentistry/fetal-bovine-serum
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USA) supplemented with 10 % FBS, 1 % SP antibiotic, 2 mM L-glutamine, 10 mM HEPES 

and 1 mM sodium pyruvate. 

Cell viability assay 

The cell viability was determined using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) assay. Briefly, cells 

were seeded in 96-well culture plates at a density of 2 × 104 cells / mL. After 24 h of 

adherence the medium was removed, and cells were incubated with appropriate medium 

containing different ligands concentration. After 48 h of incubation the medium was 

replaced with MTT solution and incubated during 4 h at 37 °C. After that, the MTT 

solution was removed, and formazan crystal formed were dissolved in 100 µL of DMSO. 

The absorbance was measured at 570 nm in a microplate reader Biorad Xmark 

spectrophotometer (Bio-Rad, California, USA). Cells cultured in the absence of ligands 

(untreated cells) were used as control. Each experiment was done in triplicate in three 

independent experiments. The cytotoxicity was normalized to untreated cells.  
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7th 

Chapter 
 

Synthesis of 1,10-phenanthroline-2,9-

bistriazoles: Evaluation as G-quadruplex 

binders and anti-tumor activity 

This work was submitted for publication  

Figueiredo, J.; Carreira-Barral, I.; Quesada, R.; laranjo, M.; Mergny, J-L. and Cruz, 

C. (2024) Synthesis of 1,10-phenanthroline-2,9-bistriazoles: Evaluation as G-

quadruplex binders and anti-tumor activity. 

Chapter overview 

Following the development of 2,9-disubstituted-1,10-phenanthroline containing amine 

and amide side chains as G4 binders, we explore an alternative 2,9-substitutional 

pattern. This chapter describes the chemical synthesis of a novel library of 1,10-

phenanthroline-2,9-bistriazoles derivatives. The introduction of triazole groups can lead 

to the enhancement of the binding affinities through additional hydrogen bonding or π-

π interactions. In addition, we explore the structural diversity of the triazole-linked 

substituents, including aryl, alkyl, and protonable amino groups. The synthesized 

compounds were assessed for their stabilizing properties towards different G4 structures 

within promoters, telomeric regions, and RNA sequences. The antiproliferative activity 

of the compounds was evaluated against LC cell lines and non-malignant cells. The 

results obtained in this chapter provide valuable insights into the structure-activity 

relationship of this class of compounds regarding their G4 stabilizing properties and 

anti-tumor effects.  
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Synthesis of 1,10-phenanthroline-2,9-

bistriazoles: Evaluation as G-quadruplex 

binders and anti-tumor activity 

 

Abstract  

Novel 1,10-phenanthroline-2,9-bistriazoles derivatives has been synthesized by copper-

catalyzed azide/alkyne cycloaddition reactions and assessed for their ability to bind and 

stabilize G-quadruplex (G4) structures. Ten novel compounds were evaluated using 

Förster resonance energy transfer (FRET) melting, circular dichroism (CD), and 

fluorescence spectroscopy on several G4 sequences. Biophysical characterization led to 

the identification of compounds 4a, 4b, and 5b as good G4 ligands of KRAS G4 

sequences. The anticancer activity of all derivatives was also assessed, revealing weak 

effects. However, compound 2a exhibited a potent inhibitory effect on A549 and H1299 

cancer cell growth with low cytotoxicity towards non-malignant cells MRC-5 apparently 

not connected with its G4-binding ability; thus, the mechanism of anticancer activity of 

2a will be investigated in future studies.  

 

Keywords  

G-quadruplexes; G4 ligands; 1,10-Phenanthroline-2,9-bistriazoles; Biophysical studies; 

Lung cancer; Antiproliferative activity 

 

Introduction 

DNA and RNA nucleic acid sequences containing consecutive runs of guanines can form 

four-stranded noncanonical secondary structures called G-quadruplexes (G4s) [1]. G4s 

are formed by stacking two or more quartets of guanines (G-quartets), bound by 

Hoogsteen-type base-pair hydrogen bonds, and stabilized by a central spine of generally 

monovalent cations (typically K+ and Na+) [2]. These structures are dynamic and 

structurally diverse, displaying intramolecular (self-folded by a single strand of G-rich 

oligonucleotide) or intermolecular (resulting from the association of multiple G-rich 
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strands) conformations, and can adopt multiple topologies (parallel, anti-parallel, and 

hybrid) depending upon their sequence, strand orientation, loop size, annealing 

conditions, crowding, and the presence of small molecules [3]. 

G4s can be formed in vitro [4] and in cells [5] and G4-prone motifs are found in key 

genomic regulatory regions such as gene promoters, telomeres, and RNA 5′-untranslated 

regions (5′-UTR) [6]. G4 structures are shown to be involved in controlling processes at 

the DNA and RNA levels, such as DNA replication, telomere maintenance, gene 

transcription, translation, and genomic stability [7]. Moreover, immunostaining with 

quadruplex-specific antibody showed that cancer tissues seem to exhibit more G4s than 

non-malignant cells [8]. G4 levels showed to be notably increased in the single-stranded 

overhang DNA of telomeres [9], and nuclease-hypersensitive elements (NHE) of a 

number of proto-oncogenes promoters such as MYC, KIT, BCL-2, and KRAS, 

highlighting them as an attractive target for anticancer approach [10]. The in vivo  

dynamic of endogenous G4s, including folding, unfolding, and topological changes, 

depends on the environmental conditions. These dynamics can influence biological 

processes, and the use of small molecules to bind and stabilize G4s (G4 ligands) can 

modulate their activity [11]. Telomerase activity is upregulated in cancer cells to fight 

telomere erosion during cell division and allowing unlimited proliferation. Thus, G4 

ligands can prevent the unfolding of G4 telomeric DNA, inhibiting telomerase activity 

and/or altering telomere capping and halting tumor growth [12]. In addition, the 

overexpression of proto-oncogenes also leads to uncontrolled cancer cell proliferation, 

and G4 ligands can modulate oncogene expression by stabilizing G4 in their promoters. 

In this sense, the use of G4 ligands emerged as a promising anticancer therapeutic tool 

[13]. 

The possible roles of G4 formation as important regulatory systems in lung cancer (LC) 

have stimulated efforts to harness G4 ligands that would facilitate the stabilization of 

these structures, leading to in vitro and in vivo antiproliferative and anti-tumor effects 

[14].  

The literature reports a great variety of scaffolds such as quindolines [15], acridines [16], 

naphthalene diimides [17,18], and phenanthrolines [19] which have been synthesized 

and proved to have G4 binding properties. An often - but not always - shared property of 

G4 binders is a planar aromatic core that interacts with external G-quartets through π-π 

stacking. Additionally, cationic side chains are frequently introduced to interact with the 

phosphate backbone [20]. 
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Several studies have used 1,10-phenanthroline derivatives as G4 stabilizers of the 

telomeric DNA of several oncogenes exhibiting potential antiproliferative activity 

towards A549 LC cells [21]. The heteroaromatic core of the phenanthroline moiety 

defines a planar aromatic scaffold that provides an efficient π-π stacking with a terminal 

G-quartet and allows for diverse chemical modifications. Within its chemical space, 

bisquinolinium derivatives are the most efficient G4 stabilizers [22]. Among them, 

PhenDC3 (Figure 7.1), a phenanthroline dicarboxidiamide, became the benchmark G4 

stabilizing ligand, showing excellent affinity and selectivity towards G4 over duplex [23]. 

Based on these observations, the G4 binding properties of phenanthroline-based 

derivatives have been optimized in several ways. An interesting approach is the 

functionalization of PhenDC3 analogs with triazole-linked positively charged groups. 

Triazole-linked groups lead to more potent and selective G4 ligands and different 

scaffolds containing the triazole moiety have been reported [24-26]. Phenanthroline 

derivatives containing 2,9-bistriazoles were identified as potent and selective G4 ligands 

towards telomeric and c-KIT G4 DNA [27]. Recently, novel 1,10-phenanthroline 

compounds disubstituted at positions 2 and 9 with amide groups linked to triazole 

moieties showed to be G4 stabilizers and to induce moderate anticancer effects against 

colon cancer cells [28]. 

In a previous work, we synthesized and characterized several new 2,9-disubstituted-1,10-

phenanthroline derivatives containing imine, amine, or amide side chains that present 

an adequate cytotoxic profile against LC cell lines (Figure 7.1) [29]. Here we present the 

synthesis of novel 2,9-disubstituted-1,10-phenanthroline derivatives bearing 1,2,3-

triazole groups. We evaluated the ligand-induced stabilization against several telomeric 

and non-telomeric oligonucleotide sequences through several biophysical techniques, 

including Förster resonance energy transfer (FRET), circular dichroism (CD), and 

fluorescence titrations. The antiproliferative effect of the synthesized ligands towards 

two different human non-small LC cell lines (A549 and H1299) and one human non-

malignant cell line (MRC-5) was evaluated by the MTT assay. 
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Figure 7.1. Representation of the A) compound PhenC3 and B) 2,9-disubstituted-1,10-phenanthroline 

derivatives 1c’ and 2a’ previously synthesized [29]. 

 

Results and Discussion 

Chemistry 

Copper-catalyzed azide/alkyne cycloaddition reactions (CuAAC) represent versatile 

synthetic tools for the generation of molecular diversity. We envisaged the use of the 

diazido derivative 2,9-bis(azidomethyl)-1,10-phenanthroline 1 as starting material for 

the generation of a library of compounds bearing 2,9-bis(methylene-1,2,3-triazoles) with 

different substitutions. Both aryl and alkyl substituents were targeted, and protonable 

amino groups were included to further enhance the electrostatic interactions with the 

negatively charged phosphate groups of DNA structures. All compounds were prepared 

employing 1 and the appropriate alkyne. A suitable Cu(II) complex precursor to catalyze 

these reactions was prepared by mixing equimolar amounts of CuSO4·5H2O and tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in a (1:1, v/v) DMSO:H2O mixture. 

The use of this Cu(II)-TBTA complex prevented the coordination of the phenanthroline 

to the copper ions, which would have resulted in poor yields of complex mixtures when 

CuSO4 was employed as the copper source [27]. Treatment of some compounds with 

trifluoroacetic acid allowed deprotection and protonation of amino-substituted 

derivatives. These compounds were studied both as neutral compounds and 

trifluoroacetate salts (Scheme 7.1). 
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Scheme 7.1. Synthesis of compounds 2a-8a and 3b-6b. Reaction conditions: (a) Phenylacetylene, sodium 

L-ascorbate, Cu(II)-TBTA complex (6 mol%), DIPEA, DCM:H2O, rt, 72 h; (b) tert-Butyl prop-2-yn-1-

ylcarbamate (compound 9, see ESI), sodium L-ascorbate, Cu(II)-TBTA complex (6 mol%), DIPEA, 

DCM:H2O, rt, 24 h; (c) TFA, DCM, rt; (d) N,N-dimethylprop-2-yn-1-amine, sodium L-ascorbate, Cu(II)-

TBTA complex (15 mol%), DIPEA, DCM:H2O, rt, 96 h; (e) tert-Butyl 4-(prop-2-yn-1-yl)piperazine-1-

carboxylate, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), DIPEA, DCM:H2O, rt, 72 h; (f) 4-(Prop-

2-yn-1-yl)morpholine, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), DIPEA, DCM:H2O, rt, 96 h; 

(g) TFA, rt, 15 h; (h) 5-Chloropent-1-yne, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), DIPEA, 

DCM:H2O, rt, 48 h; (i) 6-Chlorohex-1-yne, sodium L-ascorbate, Cu(II)-TBTA complex (15 mol%), DIPEA, 

DCM:H2O, rt, 72 h. Cu(II)-TBTA complex was prepared from a 5 mM stock solution containing equimolar 

amounts of CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) in a (1:1, v/v) 

DMSO:H2O mixture. 

In vitro evaluation 

Characterization of phenanthroline derivatives G4 thermal stabilization 

Thermal stabilities of G-quadruplex structures in the presence and absence of ligands 

were initially assessed by FRET melting [30,31]. The labeled oligonucleotide sequences 

presented in Table S1 were employed in this assay, and ligand PhenDC3 was used as a 

reference. The variation in melting temperature (ΔTm) of G4 induced by ligands was 

calculated by the difference between the melting temperature (Tm) of G4 sequences in 

the presence and absence of each ligand. The new phenanthroline derivatives 2a-8a and 

3b-6b were evaluated towards several DNA G4-forming sequences capable of adopting 

parallel (FKRAST, F25CebT), antiparallel (F21CTAT), and hybrid (F21T) G4 

conformations, as well as a parallel RNA G4 sequence (FpreMIR150T). The selectivity of 

the ligands towards G4 was also tested against a double-stranded DNA hairpin sequence 

(FdxT). 
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None of the tested derivatives induced a significant stabilization of the parallel 

FpreMIR150T and the antiparallel F21CTAT quadruplexes. A poor stabilization was 

observed for the parallel F25CebT sequence where the most promising derivative, ligand 

5b, induced a ΔTm value of only ±2.1 °C at 5µM concentration (Table S2). Despite being 

modest, the ligand-induced stabilization was more evident for the hybrid F21T sequence. 

The most stabilizing derivatives were ligands 5b, 4b, and 4a, which induced ΔTm values 

of 4.9, 3.1, and 2.4 °C, respectively (Table C2). A similar trend was noted for previously 

synthesized 2,9-disubstituted-1,10-phenanthroline derivatives, which induced a higher 

thermal stabilization of the hybrid F21T than the FCebT and FCTAT sequences [29]. 

However, the derivatives previously synthesized exhibited a higher degree of 

stabilization at the same ligand concentration than the novel 1,10-phenanthroline-2,9-

bistriazoles. These results suggest that functionalizing with a triazole moiety does not 

lead to enhanced stabilization of these telomeric sequences.  

Interestingly, higher ΔTm values were observed on parallel KRAS G4 sequences. As 

shown in Figure 7.2 and Table C3 (Appendix C), 1,10-phenanthroline-2,9-bistriazoles  

2a-8a and 3b-6b induced ΔTm values ranging from 2.3 to 11.2 °C at 5 µM ligand 

concentration and 0.4 to 5.1 ºC at 2 µM ligand concentration. These findings indicate 

that ligand-induced stabilization occurs in a concentration-dependent manner. The 

synthesized ligands exhibited a preference for the FKRAS-21RT and FKRAS-22RTT 

sequences over the FKRAS-32RT sequence. However, the PhenDC3 ligand induced 

greater stabilization in all KRAS sequences. As observed for the telomeric F21T sequence, 

ligands 4a-b, and 5b exhibited the most stabilizing effect in all KRAS G4 sequences, 

inducing ΔTm values between 4.7 and 11.2 °C. Among them, 5b proved to be the most 

stabilizing derivative, inducing ΔTm values of 7.6, 10.6, and 11.2 °C for FKRAS-21RT, 

FKRAS-22RTT, and FKRAS-32RT sequences, respectively. These results suggest that the 

presence of piperazine groups (5b) could contribute to the enhancement of G4 

stabilization, as the replacement of these groups by morpholine ones (6b) diminishes G4 

stabilization. Similarly, carbamate protecting groups in 5a strongly decrease 

stabilization compared to congener 5b. These findings may be associated with a 

reduction in the positive charge of the ligand, consistent with the notion that electrostatic 

interactions between the ligands and the negatively charged phosphate groups of the 

oligonucleotide sequence increase G4 thermal stabilization. Also, compound 3a, 

containing carbamate end groups, showed lower stabilizing effects compared to 3b. A 

similar trend was observed for ligands 4a-b, where an increase in the positive charge of 

the ligand (4b) promoted enhanced stabilization of all KRAS G4 sequences. 

Interestingly, the increase in the positive charge of 6b compared with 6a did not 

significantly alter the stabilization profile. Additionally, ligand 8a, containing 
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chlorobutyl side chains, demonstrated similar stabilization to 7a with chloropropyl side 

chains. The introduction of a phenyl ring linked to the triazole moiety (2a) did not 

enhance the stabilization of the sequences.  

 

Figure 7.2. FRET-melting results. Ligand-induced changes in thermal stabilization (ΔTm, °C) of the KRAS 

sequences (0.2 µM) in the presence of I) 5 µM and II) 2 µM ligand concentration. PhenDC3 was used as a 

reference compound at 0.5 µM. The experiments were performed in triplicate in a buffer containing 10 mM 

lithium cacodylate (pH 7.2), 90 mM LiCl, and 10 mM KCl. 

Taken together, the initial screening conducted through FRET-melting experiments 

indicate that the ligands are more effective against KRAS G4 sequences, with ligands 4a-

b, and 5b emerging as hit compounds for thermal stabilization within this series of 1,10-

phenanthroline-2,9-bistriazoles. No stabilization effect was observed towards the 

hairpin duplex DNA sequence (Table C2). 

Circular dichroism (CD) studies 

CD experiments were performed to characterize the G4 conformation in the presence of 

the hit compounds (4a-b and 5b) identified in FRET-melting experiments. CD spectra 

were acquired using a pre-folded G4 sequence in the presence of increasing 

concentrations of each ligand (up to 25 molar equivalents). The unlabeled 

oligonucleotide sequences used were KRAS-21R, KRAS-22RT, and KRAS-32R (Table 

C1). In the presence of 100 mM KCl, all KRAS sequences displayed the characteristic 

signature of a typical parallel-G4 topology, evidenced by a positive band at 264 nm and 

a negative one around 240 nm (Figure C44). Upon addition of each ligand, no 

significant variations in the CD signal were observed, suggesting an overall conservation 

of G4 topology (Figure C44). 

https://www.sciencedirect.com/science/article/pii/S0968089622003649#s0195
https://www.sciencedirect.com/science/article/pii/S0968089622003649#s0195
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Additionally, CD-melting experiments were carried out to confirm further the KRAS G4-

stabilizing effect of 4a-b and 5b. The stabilization potential of these derivatives was 

observed following thermal denaturation, monitored at the wavelength of maximum CD 

ellipticity (Figure 7.3).  

 

Figure 7.3. CD-melting curves of I) KRAS-21R II) KRAS-22RT, and III) KRAS-32R G-quadruplex in the 

absence and presence of increasing molar equivalents of the ligands A) 4a, B) 4b, and C) 5b. The 

experiments were performed in a buffer containing 10 mM lithium cacodylate (pH 7.2) and 100 mM KCl. 

As commonly observed, the ligand-induced stabilization determined by CD differed from 

that obtained by FRET-melting studies, owing to differences in experimental conditions, 

presence or absence of fluorescent labels and exact oligonucleotide G4 sequences [32]. 

As depicted in Table 7.1, the assessed ligands maintained a slight preference for 

stabilizing the KRAS-21R and KRAS-22RT over the KRAS-32R sequence. Consistent 

with the structure-activity relationship (SAR) analyses of the FRET-melting assay, in the 

CD-melting experiments, ligand 5b, featuring piperazine end groups, displayed the 

highest stabilizing activity towards all KRAS G4 sequences, followed by 4b, and 4a at 

same molar concentration (Table C4). As observed in FRET-melting experiments, the 
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thermal stabilization induced by these ligands was shown to be dependent on the ligand 

concentration. None of the ligands exhibited significant stabilization at 1 molar 

equivalent (max. +2.5 °C) and the highest stabilization was obtained after adding 25 

molar equivalents of each ligand, evidencing a concentration dependent effect.  

Table 7.1. CD-melting results. Ligand-induced changes in thermal stabilization (ΔTm, °C) of the KRAS 

sequences (10 µM) in the presence of increasing ligand concentrations. 

  ΔTm (ºC)a 

Ligand 
Ligand 

concentration 
(molar equivalents) 

KRAS-21R KRAS-22RT KRAS-32R 

4a 

1 0.2 1.9 1.5 
5 3.4 4.0 2.3 
10 5.4 6.0 2.9 
25 9.9 11.0 4.3 

4b 

1 1.4 1.9 0.0 
5 4.9 4.9 0.8 
10 7.7 7.8 2.2 
25 12.9 12.6 4.9 

5b 

1 2.2 2.5 1.0 
5 8.1 7.4 3.4 
10 12.0 11.2 5.0 
25 18.6 18.4 9.5 

a ΔTm represents difference in melting temperature [ΔTm = Tm (DNA sequence + ligand) – Tm (DNA)]. The 

Tm values for DNA alone are 53.4 ± 0.7 °C (KRAS-21R), 54.3 ± 0.1 °C (KRAS-22RT), and 63.7 ± 0.9 °C 

(KRAS-32R). The experiments were performed in a buffer containing 10 mM lithium cacodylate (pH 7.2) 

and 100 mM KCl. 

Characterization of phenanthroline derivatives G4-binding affinity 

Spectrofluorimetric titration assays were conducted using double-labeled DNA 

sequences (FAM and TAMRA) (Table C1), to assess the affinity of phenanthrolines 4a-

4b, and 5b for the FKRAS-21RT and FKRAS-22RTT G4 sequences. These sequences 

were selected based on their demonstrated highest degree of thermal stabilization 

induced by the selected ligands in previous experiments. However, it is important to note 

that ligand-induced thermal stabilization does not provide insights into other types of 

interactions and may not be directly correlated with binding affinity [33] The ligands 

were added to a fixed pre-folded G4 sequence in 10 mM lithium cacodylate (pH 7.2) 

supplemented with 100 mM KCl (consistent with the buffer used in CD experiments). 

The emission spectra of oligonucleotide sequences, with an excitation wavelength of 495 

nm, exhibited a broad band centered at 517 nm. The fluorescence titration data was fitted 

to the Hill saturation binding mode (Equation 3, experimental section), giving an 

apparent dissociation constant (KD) and Hill constant (n) for the different ligands 

(Figure 7.4). After the addition of ligands, the fluorescence spectra showed fluorescence 

quenching (Figure C45), and n values indicate negative cooperativity (n < 1) (Table 

C5). The KD values of compounds 4a, 4b, and 5b for the FKRAS-21RT sequence were 
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5.4×10-7, 2.7×10-9, and 3.5×10-6, respectively. These results showed that the interaction 

between the tested phenanthroline derivatives and the FKRAS-21RT sequence is 

characterized by a medium to high affinity (KD values in the 10-6 – 10-9 M range). Among 

these compounds, ligand 4b exhibited the highest affinity for binding to this G4 

sequence, followed by 4a and 5b. For the FKRAS-22RTT sequence, the KD values for 

compounds 4a, 4b, and 5b were 7.5×10-7, 4.1×10-8, and 2.1×10-6, respectively. Ligands 

also displayed medium to high affinities (with KD values in the 10-6 - 10-8 M range) 

towards the FKRAS-22RTT sequence. Ligand 5b proved to have the lowest affinity for 

both sequences. These results suggest that the affinity of these ligands is not directly 

correlated to the thermal-induced stabilization, as the best G4 stabilizing agent (5b) is 

not the best G4 binder (4b). 

 

Figure 7.4. Saturation binding plots obtained by fluorescence titrations with compounds A) 4a, B) 4b, 

and C) 5b and fitted to the Hill saturation binding mode for I) KRAS-21RT and II) KRAS-22RTT. The 

experiments were performed in a buffer containing 10 mM lithium cacodylate (pH 7.2) and 100 mM KCl. 

 

Antiproliferative activity of phenanthroline derivatives in malignant and non-malignant 

cell lines 

The MTT assay was performed to investigate the anti-tumor activity of the newly 

synthesized ligands. Thus, all 1,10-phenanthroline-2,9-bistriazoles derivatives were 

tested on the human lung adenocarcinoma A549 and H1299 cells and lung non-
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malignant MRC-5 fibroblasts. Initially, the screening was performed at a 10 µM 

concentration of each ligand (Figure 7.5 and Table C6). Gemcitabine (GEM), a 

chemotherapeutic drug employed in LC treatment, was used as a positive control. 

Overall, the synthesized 1,10-phenanthroline-2,9-bistriazoles did not exhibit important 

antiproliferative effects on either cancer cell line and exerted no toxicity in non-

malignant cells. The most active compound against cancer cell lines was phenanthroline 

derivative 2a. This derivative, containing a phenyl ring linked to a triazole moiety, 

displayed higher cytotoxicity for the H1299 cell line than for A549 (metabolic activity of 

36.6 and 66.0%, respectively, at 10 µM concentration) and an IC50 value of 14.6 and 10.9 

µM for the A549 and H1299 cell lines, respectively (Table 7.2). Compound 2a also 

exhibited lower cytotoxicity towards non-malignant cells (metabolic activity of 70.3%). 

Its activity on H1299 cells was also more pronounced than that induced by PhenDC3, 

with IC50 values of 10.9 µM and 28.0 µM, respectively (Table 7.2). However, compound 

2a is less potent than PhenDC3 (IC50 = 1.4 µM) in A549 cells (Table 2). This compound 

(2a) exhibited efficacy comparable to the previously synthesized most potent derivatives 

imine 1c’ and amine 2a’ previously synthesized) against H1299 cells and less toxicity 

towards non-malignant cells (at 10 µM concentration) [29]. These findings suggest that 

substituting methylaminoethanol (imine 1c’) and tert-butyl(2-

(methylamino)ethyl)carbamate (amine 2a) by 4-phenyl-4,5-dihydro-1,2,3-triazole (2a) 

side chains maintains the anti-tumor efficacy against H1299 cells and improves 

selectivity for malignant cells over non-malignant one. Derivative 7a, featuring 

chloropropyl side chains, also demonstrated more cytotoxicity against H1299 cells 

(metabolic activity of 55.8%) compared to A549 cells (metabolic activity of 76.5%).  The 

increase in the length of the chlorine side chain in ligand 8a resulted in a lower 

antiproliferative activity in H1299 cells (metabolic activity of 86.1%). Despite being 

modest stabilizers, ligands 2a and 7a induced thermal stabilization of KRAS G4 

sequences by 2.8 to 3.7 °C and 2.7 to 4.1 °C, respectively (Table C3). These results 

suggest that their antiproliferative activity may not be linked to their interaction with G4, 

or through the stabilization of the tested G4 sequences. Likewise, the most effective 

derivatives in terms of G4 stabilization (4a, 4b, and 5b) did not exhibit significant anti-

tumoral activity in cancer cell lines, with cell metabolic activity no higher than 20% 

(Figure 7.5). Overall, the novel 1,10-phenanthroline-2,9-bistriazoles exhibit less 

efficacy against cancer cells but also induce less toxicity in non-malignant cells than the 

2,9-disubstituted-1,10-phenanthroline derivatives previously reported.29 However, the 

novel triazole-containing compound 2a emerges as a promising anti-tumor agent 

against A549 and H1299 cells, with a mechanism of action which needed to be 

subsequently clarified. 
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Figure 7.5. Relative metabolic activity of  A) A549, B) H1299, and C) MRC-5 cells measured by the MTT 

assay after 48 h incubation with ligands at 10 µM concentration. Bars represent the mean ± SD of cell 

viability relative to control cells (no treatment). Error margins correspond to the SD of three replicates. 

Statistical analysis was performed using One-way ANOVA using Dunnett's post-hoc statistical hypothesis to 

analyze the statistical significance of the ligands' treatments compared to the control; statistical differences 

to the control are represented by (*) p < 0.05; (**) p < 0.01; (***) p < 0.001. 

Table 7.2. IC50 values of ligand 2a, PhenDC3, and Gemcitabine in A549 and H1299 cell lines measured by 

MTT assay after 48 h incubation. The values were determined in three experiments independently with a 

95% confidence interval. 

 
Compound 

A549 H1299 
IC50 (µM) R2 IC50 (µM) R2 

Ligand 2a 14.6 0.92 10.9 0.82 

PhenDC3 1.4 0.98 28.0 0.94 

Gemcitabine 0.03 0.98 nda nda 

a not determined. 

 

In silico studies  

In silico experiments were carried out to predict Lipinski's rule and Veber's parameters 

[34,35]. These studies were conducted to gain predictive insights into the cellular activity 

of the synthesized ligands and are shown in Table 7.3. Four parameters are considered 

in Lipinski's rule of five, comprising an n-octanol:water partition coefficient (logP), not 

exceeding 5, a molecular weight (MW) lower than 500 Da, no more than 10 hydrogen 

bond acceptors (n-ON acceptors), and no more than 5 hydrogen bond donors (n-OHNH). 

This rule predicts the oral bioavailability of tested drug candidates [36]. Although 

compliance is not an essential requirement, certain physicochemical parameters such as 

MW and logP can help understand issues related to membrane permeability or cellular 

uptake [37]. These problems are frequently reported in G4 ligands, which commonly 

have poor "drug-like" properties [38]. The compounds with the most important 

antiproliferative activity (2a and 7a) did not exhibit more than one Lipinski's rule 

violation and a maximum of one violation is generally permitted [34]. However, the 

remaining derivatives, except ligands 4a and 8a, exhibited more than one violation to 

https://www.sciencedirect.com/topics/medicine-and-dentistry/h1299
https://www.sciencedirect.com/topics/chemistry/mtt-assay
https://www.sciencedirect.com/topics/chemistry/mtt-assay
https://www.sciencedirect.com/topics/medicine-and-dentistry/dihydrotachysterol
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the rule. Ligand 4a, which displayed G4 binding/stabilization properties, also exhibits a 

"drug-like" character. This evidence suggests that the G4 binding/stabilizing activity of 

this ligand against the tested G4 sequences is not sufficient to induce an antiproliferative 

effect. Ligands 4b and 5b exhibited two violations of the rule. This lack in the 

physicochemical properties of these ligands may be related to their low anti-tumor 

activity. Despite these results being predictive, they can help understand the outcome of 

the cell studies.  

Table 7.3. Calculated molecular properties for the tested ligandsa. 

 

Ligand TPSAb MW log P n-ROTBb 
n-ON 

acceptors 
n-OHNH 
donors 

Lipinski's 
violationsc 

2a 87.22 494.56 5.40 6 8 0 1 

3a 163.88 600.68 4.11 8 12 2 2 

3b 142.50 628.49 -1.86 6 12 2 2 

4a 93.70 456.56 2.19 8 10 0 0 

4b 96.09 684.60 -2.05 8 12 2 2 

5a 152.78 738.90 4.17 8 14 0 2 

5b 129.30 994.75 -6.82 8 16 4 2 

6a 112.16 540.63 1.73 8 12 0 2 

6b 114.56 768.68 -2.51 8 14 2 2 

7a 87.22 495.42 4.41 10 8 0 0 

8a 87.22 523.47 5.19 12 8 0 1 

aTPSA, topological polar surface area (Å); MW, molecular weight (g/mol); Log P, n-octanol:water partition 

coefficient; n-ROTB, number of rotatable bonds; n-ON acceptors, number of hydrogen bond acceptors; n-

OHNH donors, number of hydrogen bond donors. 
bVeber’s parameters: n-ROTB < 10 and TPSA < 10 Å2. 
c Lipinski's rule of five: MW < 500 Da; Log P ≤ 5; n-OHNH acceptors ≤ 10; n-OHNH donors ≤ 5. A maximum 

of 1 violation is generally permitted. 

 

Conclusion 

Ten 1,10-phenanthroline-2,9-bistriazoles derivatives were synthesized and investigated 

for their potential G4 binding/stabilizing properties. The compounds exhibited high 

thermal stabilization for the KRAS G4 sequences over telomeric, RNA G4 sequences, and 

duplex DNA. FRET melting assays and CD spectroscopy revealed that compounds 4a, 

4b, and 5b exhibit the best stabilizing properties against KRAS G4 sequences, ranging 

between 4.7 and 11.2 °C (according to FRET melting) or 4.3 and 18.6 °C (according to 

CD-melting). Moreover, these compounds demonstrated good binding affinities for G4 

with KD ranging from 10-6 and 10-9 M, as determined from fluorescence titrations. All 

derivatives were also evaluated for their in vitro anticancer activity against LC cell lines 

A549 and H1299, revealing weak antiproliferative activity. However, new triazole-
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containing compound 2a exhibited potent metabolic activity inhibition in both A549 and 

H1299 cancer cells, with IC50 values of 14.6 and 10.9 µM, respectively, therefore 

constituting a promising anti-tumor agent against LC. Further studies are required to 

better clarify the mechanism of action of this compound. Overall, the experimental 

results demonstrated that the synthesized compounds have potential as G4 

binding/stabilizing agents and may serve as promising scaffolds for the development of 

new G4 ligands. 

 

Experimental section 

Chemistry 

General procedures and methods 

Commercial reagents were used as received without any purification. NMR spectra were 

recorded at 298 K on a Varian MERCURY (300 MHz) or Bruker AVANCE NEO 4500 

(500 MHz) spectrometers, employing CDCl3 or DMSO-d6 as solvents, with their residual 

signals being used to reference the spectra. High-resolution mass spectra were registered 

on an Agilent 6545 Q-TOF mass spectrometer coupled to a 1260 Infinity liquid 

chromatographer from the same brand; the ionization source employed was electrospray 

in its positive mode. 

Precursors 

Compound 1 

 

2,9-bis(bromomethyl)-1,10-phenanthroline (500 mg, 1.36 mmol) was placed in a 50-mL 

round-bottomed flask and acetonitrile (25 mL) was added. The resulting suspension was 

stirred at room temperature and dichloromethane was added until achieving the 

complete dissolution of the starting material. Subsequently, sodium azide (444 mg, 6.83 

mmol, 5 equiv.) was added, observing the formation of a white precipitate (sodium 

bromide) shortly after. Stirring was kept for 5 hours, after which the solvents were 

removed by rotary evaporation. Dichloromethane (30 mL) was added and the resulting 

suspension washed with water (2 × 30 mL). The organic phase was dried over anhydrous 
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sodium sulfate, filtered and concentrated to dryness, affording a yellow oil that solidified 

under vacuum. Yield: 393 mg, 99%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.33 (d, J = 

8.3 Hz, 2H), 7.83 (s, 2H), 7.80 (d, J = 8.3 Hz, 2H), 4.97 (s, 4H). 13C NMR {DEPT-135} 

(75 MHz, CDCl3): δ (ppm) = 156.8 (ArC), 145.2 (ArC), 137.5 (ArCH), 128.3 (ArC), 126.5 

(ArCH), 121.4 (ArCH), 56.6 (CH2). HR-MS (+ESI): found m/z 291.1106 ([M+H]+), 

[C14H11N8]+ requires m/z 291.1101 (monoisotopic mass); found m/z 313.0927 ([M+Na])+, 

[C14H10N8Na]+ requires 313.0921 (monoisotopic mass). 

Compound 9 

 

The experimental procedure was adapted from that found in the literature [39]. Prop-2-

yn-1-amine (1.16 mL, 18.1 mmol) was dissolved in anhydrous tetrahydrofuran (15 mL) 

and di-tert-butyl dicarbonate (4.36 g, 20.0 mmol, 1.1 equiv.) was added in one portion. 

The reaction mixture was stirred at room temperature for 24 hours and concentrated in 

vacuo. The crude was dissolved in ethyl acetate (50 mL) and this solution washed with 

water (3 × 10 mL) and brine (10 mL). The organic phase was dried over anhydrous 

sodium sulfate, filtered and the solvent removed by rotary evaporation. The residue was 

purified by column chromatography, using SiO2 as stationary phase and a 9:1 hexane-

ethyl acetate mixture as eluent. The fractions containing the desired product were 

combined and the solvent was evaporated, yielding a yellow oil which solidified after 

remaining under vacuum for several hours. Yield: 2.30 g, 82%. 1H NMR (300 MHz, 

CDCl3): δ (ppm) = 4.83 (sb, 1H), 4.07-3.71 (m, 2H), 2.19 (t, J = 2.5 Hz, 1H), 1.42 (s, 9H). 

13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 155.4 (C=O), 80.2 (CH), 80.1 (Cq), 

71.3 (Cq), 30.5 (CH2), 28.4 (CH3). HR-MS (+ESI): found m/z 156.1017 ([M+H]+), 

[C8H14NO2]+ requires m/z 156.1019 (monoisotopic mass); ); found m/z 178.0841 

([M+Na])+, [C8H13NNaO2]+ requires m/z 178.0838 (monoisotopic mass). 

Triazole-containing compounds 

Compound 2a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and 

phenylacetylene (189 µL, 1.72 mmol, 5 equiv.) was added, followed by water (6.2 mL). 

Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), Cu(II)-TBTA 

complex (6 mol%, 4.134 mL of a 5 mM stock solution containing equimolar amounts of 
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CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in a DMSO:H2O (1:1, 

v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 equiv.) were added, 

in this order, to the reaction mixture. The mixture, which turned from yellow to orange 

upon the addition of the Cu(II) complex, was stirred vigorously at room temperature; 

reaction progress was monitored by TLC (SiO2, dichloromethane-methanol mixture with 

2% of methanol). Upon completion of the reaction (3 days), dichloromethane (25 mL) 

was added, and the organic phase was washed with water (25 mL) and brine (25 mL), 

dried over anhydrous sodium sulfate, filtered and concentrated to dryness. The raw 

product was purified by column chromatography, using SiO2 as stationary phase and a 

dichloromethane-methanol mixture (from 0 to 1% of methanol) as eluent. The fractions 

containing the desired product were combined and the solvent removed in a rotary 

evaporator. Methanol (15 mL) was added to the residue and the pale yellow non-

crystalline precipitate formed isolated by vacuum filtration, washed with diethyl ether 

(10 mL) and dried in vacuo. Yield: 84 mg, 49%. 1H NMR (300 MHz, DMSO-d6): δ (ppm) 

= 8.82 (s, 2H), 8.54 (d, J = 8.3 Hz, 2H), 8.02 (s, 2H), 7.91-7.87 (m, 4H), 7.56 (d, J = 8.3 

Hz, 2H), 7.48-7.42 (m, 4H), 7.36-7.30 (m, 2H), 6.12 (s, 4H). 13C NMR {DEPT-135} (75 

MHz, DMSO-d6): δ (ppm) = 155.4 (ArC), 146.8 (ArC), 144.5 (ArC), 137.9 (ArCH), 130.6 

(ArC), 128.9 (ArCH), 128.1 (ArC), 127.9 (ArCH), 126.7 (ArCH), 125.2 (ArCH), 122.4 

(ArCH), 121.6 (ArCH), 55.6 (CH2). HR-MS (+ESI): found m/z 495.2042 ([M+H]+), 

[C30H23N8]+ requires m/z 495.2040 (monoisotopic mass); ); found m/z 517.1863 

([M+Na])+, [C30H22N8Na]+ requires m/z 517.1860 (monoisotopic mass). 

Compound 3a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and 

compound 9 (118 mg, 0.76 mmol, 2.2 equiv.) was added, followed by water (6.2 mL). 

Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), Cu(II)-TBTA 

complex (6 mol%, 4.134 mL of a 5 mM stock solution containing equimolar amounts of 

CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in a DMSO:H2O (1:1, 

v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 equiv.) were added, 

in this order, to the reaction mixture. The mixture, which turned from yellow to orange 

upon the addition of the Cu(II) complex, was stirred vigorously at room temperature; 

reaction progress was monitored by TLC (SiO2, dichloromethane-methanol mixture with 

2% of methanol). Upon completion of the reaction (24 hours), dichloromethane (25 mL) 

was added and the organic phase was washed with water (25 mL) and brine (25 mL), 

dried over anhydrous sodium sulfate, filtered and concentrated to dryness. The raw 

product was purified by column chromatography, using SiO2 as stationary phase and a 
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dichloromethane-methanol mixture (from 0 to 4% of methanol) as eluent. The fractions 

containing the desired product were combined and the solvent removed in a rotary 

evaporator, yielding a white non-crystalline solid that was dried in vacuo. Yield: 129 mg, 

62%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.26 (d, J = 8.3 Hz, 2H), 7.83 (s, 2H), 7.79 

(s, 2H), 7.42 (d, J = 8.3 Hz, 2H), 6.10 (s, 4H), 5.20 (sb, 2H), 4.42 (d, J = 5.9 Hz, 4H), 1.39 

(s, 18H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 155.9 (ArC), 155.5 (C=O), 

146.4 (ArC), 145.3 (ArC), 138.0 (ArCH), 128.6 (ArC), 127.0 (ArCH), 122.9 (ArCH), 121.7 

(ArCH), 79.8 (Cq), 56.5 (CH2), 36.3 (CH2), 28.4 (CH3). HR-MS (+ESI): found m/z 

601.3004 ([M+H]+), [C30H37N10O4]+ requires m/z 601.2994 (monoisotopic mass); found 

m/z 623.2824 ([M+Na])+, [C30H36N10NaO4]+ requires m/z 623.2813 (monoisotopic 

mass). 

Compound 3b 

Compound 3a (226 mg, 0.38 mmol) was dissolved in dichloromethane (2.5 mL) and 

trifluoroacetic acid (2.5 mL) was added. The reaction mixture was stirred at room 

temperature for 24 hours. Both the solvent and the acid were evaporated under an air 

current, affording a brown oil that was dried in vacuo for 60 minutes. Subsequently, 

diethyl ether (30 mL) was added and the content left in the freezer overnight. This was 

followed by sonication; a powdery solid was formed and the suspension was stirred at 

room temperature for 60 minutes, after which the supernatant was disposed and diethyl 

ether (30 mL) was added again. This process was performed three times to remove the 

excess of trifluoroacetic acid. The beige solid was filtrated under vacuum, washed with 

diethyl ether (3 × 5 mL) and dried in vacuo. Finally, it was purified by re-crystallization 

(diffusion of diethyl ether into a solution of the compound in methanol). 19F NMR of a 

mixture of the product and 2,2,2-trifluoroethanol (reference) allowed to determine the 

fluorine content of the sample and, therefore, the number of trifluoroacetic anions per 

molecule of compound (2). Yield: 205 mg, 87%. 1H NMR (300 MHz, DMSO-d6): δ (ppm) 

= 8.56 (d, J = 8.3 Hz, 2H), 8.39 (s, 2H), 8.34 (sb, 6H), 8.03 (s, 2H), 7.51 (d, J = 8.3 Hz, 

2H), 6.14 (s, 4H), 4.21 (s, 4H). 13C NMR {DEPT-135} (75 MHz, DMSO-d6): δ (ppm) = 

158.5 (C=O, q, 2J = 31 Hz), 155.4 (ArC), 144.5 (ArC), 140.7 (ArC), 137.9 (ArCH), 128.1 

(ArC), 126.8 (ArCH), 125.4 (ArCH), 121.7 (ArCH), 117.2 (Cq, q, 1J = 299 Hz), 55.4 (CH2), 

34.0 (CH2). 19F NMR (282 MHz, DMSO-d6): δ (ppm) = -73.5 (s). HR-MS (+ESI): found 

m/z 201.1014 ([M+2H]2+), [C20H22N10]2+ requires m/z 201.1009 (diisotopic mass). 

Compound 4a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and N,N-
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dimethylprop-2-yn-1-amine (927 µL, 8.61 mmol, 25 equiv.) was added, followed by water 

(6.2 mL). Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), Cu(II)-

TBTA complex (15 mol%, 10.33 mL of a 5 mM stock solution containing equimolar 

amounts of CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in 

DMSO:H2O (1:1, v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 

equiv.) were added, in this order, to the reaction mixture. The mixture, which turned 

from yellow to orange upon the addition of the Cu(II) complex, was stirred vigorously at 

room temperature; reaction progress was monitored by 1H NMR spectroscopy. Upon 

completion of the reaction (4 days), dichloromethane (25 mL) was added to the reaction 

mixture, and the organic phase was washed with water (25 mL) and brine (25 mL), dried 

over anhydrous sodium sulfate, filtered and concentrated to dryness. The raw product 

was purified by column chromatography, using neutral Al2O3 as stationary phase and a 

dichloromethane-methanol mixture (from 0 to 1.2% of methanol) as eluent. The 

fractions containing the desired product were combined and the solvent removed in a 

rotary evaporator, yielding a pale yellow non-crystalline solid that was dried in vacuo. 

Yield: 19 mg, 12%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.26 (d, J = 8.3 Hz, 2H), 7.83 

(s, 2H), 7.73 (s, 2H), 7.40 (d, J = 8.3 Hz, 2H), 6.12 (s, 4H), 3.64 (s, 4H), 2.28 (s, 12H). 13C 

NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 155.8 (ArC), 146.2 (ArC), 145.3 (ArC), 

138.1 (ArCH), 128.7 (ArC), 127.0 (ArCH), 123.4 (ArCH), 121.6 (ArCH), 56.6 (CH2), 54.5 

(CH2), 45.3 (CH3). HR-MS (+ESI): found m/z 457.2582 ([M+H]+), [C24H29N10]+ requires 

m/z 457.2571 (monoisotopic mass); found m/z 479.2396 ([M+Na])+, [C24H28N10Na]+ 

requires m/z 479.2391 (monoisotopic mass). 

Compound 4b 

Compound 4a (16 mg, 0.04 mmol) was dissolved in a mixture of trifluoroacetic acid (4 

mL) and dichloromethane (1 mL), and the reaction mixture was stirred at room 

temperature for 5 hours. The acid and the solvent were evaporated under an air current, 

affording a yellow oil that was dried in vacuo for 30 minutes. Subsequently, diethyl ether 

(10 mL) was added and the content left in the freezer overnight. This was followed by 

sonication; a powdery solid was formed and the suspension was stirred at room 

temperature for 30 minutes, after which the supernatant was disposed and diethyl ether 

(30 mL) was added again. This process was performed five times to remove the excess of 

trifluoroacetic acid. Finally, the solvent was disposed and the yellow solid dried under 

vacuum. 19F NMR of a mixture of the product and 2,2,2-trifluoroethanol (reference) 

allowed to determine the fluorine content of the sample and, therefore, the number of 

trifluoroacetic anions per molecule of compound (2). Yield: 17 mg, 70%. 1H NMR (500 

MHz, DMSO-d6): δ (ppm) = 10.21 (sb, 2H), 8.55 (d, J = 8.3 Hz, 2H), 8.54 (s, 2H), 8.03 
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(s, 2H), 7.53 (d, J = 8.3 Hz, 2H), 6.15 (s, 4H), 4.48 (s, 4H), 2.80 (s, 12H). 13C NMR {DEPT-

135} (126 MHz, DMSO-d6): δ (ppm) = 158.0 (C=O, q, 2J = 34 Hz), 155.2 (ArC), 144.5 

(ArC), 137.9 (ArCH), 137.1 (ArC), 128.1 (ArC), 127.8 (ArCH), 126.8 (ArCH), 121.6 (ArCH), 

117.2 (Cq, q, 1J = 298 Hz), 55.4 (CH2), 50.5 (CH2), 41.8 (CH3). 19F NMR (471 MHz, DMSO-

d6): δ (ppm) = -73.5 (s). HR-MS (+ESI): found m/z 229.1322 ([M+2H]2+), [C24H30N10]2+ 

requires m/z 229.1322 (diisotopic mass). 

Compound 5a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and tert-

butyl 4-(prop-2-yn-1-yl)piperazine-1-carboxylate (773 mg, 3.44 mmol, 10 equiv.) was 

added, followed by water (6.2 mL). Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 

mmol, 2 equiv.), Cu(II)-TBTA complex (15 mol%, 10.33 mL of a 5 mM stock solution 

containing equimolar amounts of CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-

yl)methyl]amine in a DMSO:H2O (1:1, v/v) mixture) and N,N-diisopropylethylamine 

(300 µL, 1.72 mmol, 5 equiv.) were added, in this order, to the reaction mixture. The 

mixture, which turned from yellow to orange upon the addition of the Cu(II) complex, 

was stirred vigorously at room temperature; reaction progress was monitored by 1H 

NMR spectroscopy. Upon completion of the reaction (3 days), dichloromethane (25 mL) 

was added to the reaction mixture, and the organic phase was washed with water (25 mL) 

and brine (25 mL), dried over anhydrous sodium sulfate, filtered and concentrated to 

dryness. The crude was purified by column chromatography, using SiO2 as stationary 

phase and a dichloromethane-methanol mixture (from 0 to 12% of methanol) as eluent. 

The fractions containing the desired product were combined and the solvent removed in 

a rotary evaporator, yielding a pale yellow non-crystalline solid that was dried in vacuo. 

Yield: 105 mg, 41%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.28 (d, J = 8.3 Hz, 2H), 7.84 

(s, 2H), 7.73 (s, 2H), 7.43 (d, J = 8.3 Hz, 2H), 6.12 (s, 4H), 3.72 (s, 4H), 3.43-3.40 (m, 

8H), 2.49-2.46 (m, 8H), 1.43 (s, 18H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) 

= 155.7 (ArC), 154.7 (Boc C=O), 145.2 (ArC), 145.0 (ArC), 138.1 (ArCH), 128.7 (ArC), 

127.0 (ArCH), 123.6 (ArCH), 121.6 (ArCH), 79.7 (Cq), 56.6 (CH2), 53.4 (CH2), 52.7 (CH2), 

43.4 (CH2), 28.5 (CH3). HR-MS (+ESI): found m/z 739.4159 ([M+H]+), [C38H51N12O4]+ 

requires m/z 739.4151 (monoisotopic mass); found m/z 761.3978 ([M+Na])+, 

[C38H50N12NaO4]+ requires m/z 761.3970 (monoisotopic mass). 

Compound 5b 

Compound 5a (73 mg, 0.10 mmol) was dissolved in dichloromethane (4 mL) and 

trifluoroacetic acid (4 mL) was added. The reaction mixture was stirred at room 
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temperature for 3 days. Both the solvent and the acid were evaporated under an air 

current, affording a brown oil that was dried in vacuo for 60 minutes. Subsequently, 

diethyl ether (15 mL) was added and the content left in the freezer for 5 hours. This was 

followed by sonication; a powdery solid was formed and the suspension was stirred at 

room temperature for 60 minutes, after which the supernatant was disposed and diethyl 

ether (15 mL) was added again. This process was performed three times to remove the 

excess of trifluoroacetic acid. The resulting pale brown solid was purified by re-

crystallization (diffusion of diethyl ether into a solution of the compound in methanol). 

19F NMR of a mixture of the product and 2,2,2-trifluoroethanol (reference) allowed to 

determine the fluorine content of the sample and, therefore, the number of 

trifluoroacetic anions per molecule of compound (4). Yield: 77 mg, 78%. 1H NMR (300 

MHz, DMSO-d6): δ (ppm) = 8.70 (sb, 6H), 8.54 (d, J = 8.3 Hz, 2H), 8.34 (s, 2H), 8.03 (s, 

2H), 7.48 (d, J = 8.3 Hz, 2H), 6.08 (s, 4H), 3.88 (s, 4H), 3.19-3.07 (m, 8H), 2.84-2.74 

(m, 8H). 13C NMR {DEPT-135} (75 MHz, DMSO-d6): δ (ppm) = 158.8 (C=O), 155.5 (ArC), 

144.5 (ArC), 140.6 (ArC), 137.9 (ArCH), 128.1 (ArC), 126.8 (ArCH), 126.3 (ArCH), 121.6 

(ArCH), 55.4 (CH2), 51.1 (CH2), 48.3 (CH2), 42.0 (CH2). 19F NMR (282 MHz, DMSO-d6): 

δ (ppm) = -73.9 (s). HR-MS (+ESI): found m/z 539.3105 ([M+H]+), [C28H35N12]+ requires 

m/z 539.3102 (monoisotopic mass). 

Compound 6a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and 4-

(prop-2-yn-1-yl)morpholine (444 µL, 3.44 mmol, 10 equiv.) was added, followed by 

water (6.2 mL). Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), 

Cu(II)-TBTA complex (15 mol%, 10.33 mL of a 5 mM stock solution containing equimolar 

amounts of CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in a 

DMSO:H2O (1:1, v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 

equiv.) were added, in this order, to the reaction mixture. The mixture, which turned 

from yellow to orange upon the addition of the Cu(II) complex, was stirred vigorously at 

room temperature; reaction progress was monitored by 1H NMR spectroscopy. Upon 

completion of the reaction (4 days), dichloromethane (25 mL) was added to the reaction 

mixture, and the organic phase was washed with water (25 mL) and brine (25 mL), dried 

over anhydrous sodium sulfate, filtered and concentrated to dryness. The raw product 

was purified by column chromatography, using neutral Al2O3 as stationary phase and a 

dichloromethane-methanol mixture (from 0 to 1% of methanol) as eluent. The fractions 

containing the desired product were combined and the solvent removed in a rotary 

evaporator, yielding a pale yellow non-crystalline solid that was dried in vacuo. Yield: 27 
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mg, 14%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.28 (d, J = 8.3 Hz, 2H), 7.85 (s, 2H), 

7.71 (s, 2H), 7.43 (d, J = 8.3 Hz, 2H), 6.12 (s, 4H), 3.70-3.68 (m, 12H), 2.54-2.51 (m, 8H). 

13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 155.7 (ArC), 145.3 (ArC), 144.6 (ArC), 

138.2 (ArCH), 128.7 (ArC), 127.0 (ArCH), 123.9 (ArCH), 121.7 (ArCH), 66.8 (CH2), 56.6 

(CH2), 53.7 (CH2), 53.4 (CH2). HR-MS (+ESI): found m/z 541.2775 ([M+H]+), 

[C28H33N10O2]+ requires m/z 541.2782 (monoisotopic mass); found m/z 563.2598 

([M+Na])+, [C28H32N10NaO2]+ requires m/z 563.2602 (monoisotopic mass). 

Compound 6b 

Compound 6a (25 mg, 0.05 mmol) was dissolved in trifluoroacetic acid (4 mL) and the 

solution was stirred at room temperature for 15 hours. The acid was evaporated under 

an air current, affording a yellow oil that was dried in vacuo for 60 minutes. 

Subsequently, diethyl ether (10 mL) was added and the content left in the freezer for 2 

hours. This was followed by sonication; a powdery solid was formed and the suspension 

was stirred at room temperature for 60 minutes, after which the supernatant was 

disposed and diethyl ether (10 mL) was added again. This process was performed three 

times to remove the excess of trifluoroacetic acid. The resulting yellow solid was purified 

by re-crystallization (diffusion of diethyl ether into a solution of the compound in 

methanol). 19F NMR of a mixture of the product and 2,2,2-trifluoroethanol (reference) 

allowed to determine the fluorine content of the sample and, therefore, the number of 

trifluoroacetic anions per molecule of compound (2). Yield: 20 mg, 57%. 1H NMR (300 

MHz, DMSO-d6): δ (ppm) = 10.77 (sb, 2H), 8.56-8.53 (m, 4H), 8.03 (s, 2H), 7.54 (d, J = 

8.3 Hz, 2H), 6.14 (s, 4H), 4.50 (s, 4H), 3.80 (s, 8H), 3.25 (s, 8H). 13C NMR {DEPT-135} 

(75 MHz, DMSO-d6): δ (ppm) = 155.2 (ArC), 144.5 (ArC), 137.9 (ArCH), 136.9 (ArC), 

128.1 (ArC), 127.8 (ArCH), 126.8 (ArCH), 121.7 (ArCH), 63.5 (CH2), 55.5 (CH2), 50.9 

(CH2), 50.1 (CH2). 19F NMR (282 MHz, DMSO-d6): δ (ppm) = -73.7 (s). HR-MS (+ESI): 

found m/z 541.2791 ([M+H]+), [C28H33N10O2]+ requires m/z 541.2782 (monoisotopic 

mass). 

Compound 7a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and 5-

chloropent-1-yne (730 μL, 6.89 mmol, 20 equiv.) was added, followed by water (6.2 mL). 

Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), Cu(II)-TBTA 

complex (15 mol%, 10.33 mL of a 5 mM stock solution containing equimolar amounts of 

CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in a DMSO:H2O (1:1, 

v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 equiv.) were added, 
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in this order, to the reaction mixture. The mixture, which turned from yellow to orange 

upon the addition of the Cu(II) complex, was stirred vigorously at room temperature; 

reaction progress was monitored by means of 1H NMR spectroscopy. Upon completion 

of the reaction (2 days), dichloromethane (25 mL) was added to the reaction mixture, 

and the organic phase was washed with water (25 mL) and brine (25 mL), dried over 

anhydrous sodium sulfate, filtered and concentrated to dryness. The raw product was 

partially purified by column chromatography, using SiO2 as stationary phase and a 

dichloromethane-methanol mixture (from 0 to 2% of methanol) as eluent. The fractions 

containing the desired product were combined and the solvent removed in a rotary 

evaporator. The resulting solid was re-crystallized from a dichloromethane-diethyl ether 

mixture; crystals were carefully collected, washed with diethyl ether and dried in vacuo. 

The mother liquor was concentrated to dryness and ethyl acetate (10 mL) was added to 

the residue. After sonication, the white non-crystalline precipitate formed was isolated 

by vacuum filtration, washed with ethyl acetate (3 × 5 mL) and hexane (2 × 5 mL), and 

dried in vacuo. The purity of both fractions was confirmed by 1H NMR spectroscopy. 

Yield: 46 mg, 27%. 1H NMR (300 MHz, CDCl3): δ (ppm) = 8.25 (d, J = 8.3 Hz, 2H), 7.82 

(s, 2H), 7.58 (s, 2H), 7.39 (d, J = 8.3 Hz, 2H), 6.08 (s, 4H), 3.57 (t, J = 6.4 Hz, 4H), 2.90 

(t, J = 7.3 Hz, 4H), 2.17 (p, J = 6.8 Hz, 4H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ  

(ppm) = 155.8 (ArC), 147.3 (ArC), 145.3 (ArC), 138.1 (ArCH), 128.6 (ArC), 127.0 (ArCH), 

122.1 (ArCH), 121.6 (ArCH), 56.5 (CH2), 44.3 (CH2), 31.9 (CH2), 22.8 (CH2). HR-MS 

(+ESI): found m/z 495.1583 ([M+H]+), [C24H25Cl2N8]+ requires m/z 495.1574 

(monoisotopic mass); found m/z 517.1401 ([M+Na])+, [C24H24Cl2N8Na]+ requires m/z 

517.1393 (monoisotopic mass). 

Compound 8a 

The experimental procedure was adapted from that found in the literature [40]. 

Compound 1 (100 mg, 0.34 mmol) was dissolved in dichloromethane (6.9 mL) and 6-

chlorohex-1-yne (1.044 mL, 8.61 mmol, 25 equiv.) was added, followed by water (6.2 

mL). Subsequently, (+)-sodium L-ascorbate (136 mg, 0.69 mmol, 2 equiv.), Cu(II)-TBTA 

complex (15 mol%, 10.33 mL of a 5 mM stock solution containing equimolar amounts of 

CuSO4·5H2O and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine in a DMSO:H2O (1:1, 

v/v) mixture) and N,N-diisopropylethylamine (300 µL, 1.72 mmol, 5 equiv.) were added, 

in this order, to the reaction mixture. The mixture, which turned from yellow to orange 

upon the addition of the Cu(II) complex, was stirred vigorously at room temperature; 

reaction progress was monitored by 1H NMR spectroscopy. Upon completion of the 

reaction (3 days), dichloromethane (25 mL) was added to the reaction mixture, and the 

organic phase was washed with water (25 mL) and brine (25 mL), dried over anhydrous 
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sodium sulfate, filtered and concentrated to dryness. The raw product was partially 

purified by column chromatography, using Al2O3 as stationary phase and a 

dichloromethane-methanol mixture (from 0 to 1% of methanol) as eluent. The fractions 

containing the desired product were combined and the solvent removed in a rotary 

evaporator. Ethyl acetate (10 mL) was added to the residue and, after sonication, the 

white crystalline solid formed was isolated by vacuum filtration, washed with ethyl 

acetate (3 × 5 mL) and hexane (2 × 5 mL), and dried in vacuo. Yield: 38 mg, 21%. 1H 

NMR (300 MHz, CDCl3): δ (ppm) = 8.27 (d, J = 8.3 Hz, 2H), 7.84 (s, 2H), 7.52 (s, 2H), 

7.39 (d, J = 8.3 Hz, 2H), 6.11 (s, 4H), 3.58-3.54 (m, 4H), 2.81-2.77 (m, 4H), 1.88-1.83 (m, 

8H). 13C NMR {DEPT-135} (75 MHz, CDCl3): δ (ppm) = 155.8 (ArC), 148.4 (ArC), 145.1 

(ArC), 138.0 (ArCH), 128.5 (ArC), 126.9 (ArCH), 121.6 (ArCH), 121.5 (ArCH), 56.4 (CH2), 

44.7 (CH2), 32.0 (CH2), 26.6 (CH2), 25.0 (CH2). HR-MS (+ESI): found m/z 545.1718 

([M+Na]+), [C26H28Cl2N8Na]+ requires m/z 545.1706 (monoisotopic mass). 

In vitro evaluation 

Oligonucleotide sequences and ligands 

KRAS oligonucleotide sequences were purchased from Eurofins and telomeric, and RNA 

sequences from Eurogentec. All sequences were obtained as dried samples with HPLC-

grad purification. Stock solutions were prepared in Milli-Q water and stored at -20 °C. 

The oligonucleotide concentrations were determined at 260 nm in a UV-Vis 

spectrophotometer (Thermo Scientific™ Evolution 220) using the molar extinction 

coefficients (ε) provided by the manufacturer. All sequences are represented in Table S1. 

Samples were annealed in the corresponding buffer and kept at 95 °C for 5 minutes 

followed by slow cooling at room temperature before the experiments. Stock solutions of 

the compounds were prepared at 10 mM concentration in dimethyl sulfoxide (DMSO) 

(Thermo Fisher Scientific, USA). 

Förster Resonance energy transfer (FRET) melting experiments 

FRET-melting experiments were run on CFXp6 qPCR equipment (Bio-Rad, California, 

USA) in 96-well plates on the dual-label oligonucleotide sequences reported in Table S1. 

The oligonucleotides were annealed at 0.23 µM concentration in a buffer containing 

lithium cacodylate (10 mM, pH 7.2), KCl (10 mM), and LiCl (90 mM). The sequences 

were added to each well with a final concentration of 0.2 µM and ligands with 5 µM. The 

microplate was incubated at 25 °C and the measurements were performed at the FAM 

fluorescence (λexc = 495 nm, λem = 518 nm) and recorded every 0.5 °C between 25 and 95 

°C with a temperature increment of 0.5 °C/min. The melting temperature (Tm) was 
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determined from the normalized curves as the mid-transition temperature and the 

stabilization induced by ligands (ΔTm) was calculated by the difference between Tm of the 

oligonucleotide sequence alone and measured with the ligand. Data are presented as an 

average of three independent experiments. 

 

Circular dichroism (CD) spectroscopy 

CD experiments were run on Jasco J-815 spectrometer (Jasco, USA) with a Peltier 

temperature controller (model CDF-426S/15) using a quartz cell (Hellma, Germany) of 

1 mm path length. Each spectrum was acquired at 20 °C from 220 to 320 nm, with a scan 

speed of 200 nm/min, 1 nm bandwidth, 1 second integration time over 3 averaged 

accumulations. The oligonucleotide sequences used are shown in Table S1. For titration 

experiments, the required volume of the ligand solution was added to the pre-folded 

oligonucleotide sequence (10 µM) dissolved in a buffer containing lithium cacodylate (10 

mM, pH 7.2), KCl (10 mM) and LiCl (90 mM). 

For CD-melting experiments, temperature was monitored by the Peltier system. The 

required amount of ligand (until 25 molar equivalents) was added to the quartz cell 

containing the pre-folded oligonucleotide solution (10 µM) in lithium cacodylate (10 

mM, pH 7.2), KCl (10 mM) and LiCl (90 mM). The denaturation process was analyzed 

by monitoring the wavelength of maximum ellipticity in the 20-100 °C range with a 2 

°C/min temperature gradient. Data were converted into fraction folded (θ) plots 

according to Equation 7.1, fitted to a Boltzmann distribution using OriginPro 2021. 

 

𝜃 =
𝐶𝐷−𝐶𝐷𝜆

𝑚𝑖𝑛

𝐶𝐷𝜆
𝑚𝑎𝑥−𝐶𝐷𝜆

𝑚𝑖𝑛       (Equation 7.1) 

 

The melting temperature (Tm) was determined from a two-state transition model where 

CD is the ellipticity at maximum of ellipticity at each temperature and CDmin and CDmax 

are the lowest and highest ellipticities, respectively. 

Fluorescence binding studies 

Fluorescence titrations were conducted on a Horiba FluoroMax fluorometer (Kyoto, 

Japan), with a temperature control system using quartz suprasil cuvettes (Hellma, 

Germany) of 10 mm path length. For the experiments, the tested ligands (4a-b and 5b) 

were successively added to a pre-folded oligonucleotide solution (1 µM) dissolved in a 

buffer containing lithium cacodylate (10 mM, pH 7.2) and KCl (100 mM). After each 
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addition, the mixture was left for 5 min for equilibrium. Each spectrum was acquired at 

25 °C with an integration time of 0.5 s, an emission and excitation slit fixed at 1 nm and 

2 nm, respectively, and a step size of 1 nm, averaged over three scans. The oligonucleotide 

sequences labeled with FAM (Table S1) were excited at 495 nm and the emission spectra 

were recorded from 510 to 700 nm. 

Data were converted into a fraction of bound ligand (α) plots using Equation 7.2: 

𝛼 =  
𝐼− 𝐼𝜆

𝑓𝑟𝑒𝑒

𝐼𝜆
𝑏𝑜𝑢𝑛𝑑−𝐼𝜆

𝑓𝑟𝑒𝑒       (Equation 7.2) 

where I is the fluorescence intensity at maximum wavelength for each DNA:ligand ratio 

and Ifree  and Ibound are the fluorescence intensities of the free and fully bound ligand, 

respectively. Data points were then fitted into the Hill saturation binding model using 

OriginPro 2021 and KD values were determined from Equation 7.3: 

𝛼 =
[𝑙𝑖𝑔𝑎𝑛𝑑]𝑛

𝐾𝐷 +[𝑙𝑖𝑔𝑎𝑛𝑑]𝑛       (Equation 7.3) 

in which KD is the apparent equilibrium dissociation constant, [DNA] is the 

concentration of DNA and n is the Hill constant which defines the cooperativity of ligand 

binding. 

Cell cultures 

The human non-small cell lung cancer cell lines (A549 and H1299), and the human non-

malignant lung fibroblast cell line (MRC-5) were obtained from the American Type 

Culture Collection (ATCC) and cultured in 75 cm2 T-flasks at 37 °C in a humidified 

atmosphere containing 5% CO2. A549 cells were cultured in Ham's F-12 medium (Sigma-

Aldrich, St. Louis, MO, USA) supplemented with 10% fetal bovine serum (FBS) and 1% 

streptomycin-penicillin (SP) antibiotic, H1299 in RPMI medium (Sigma-Aldrich, St. 

Louis, MO, USA) supplemented with 10% FBS, 1% SP antibiotic, 2 mM l-glutamine, 

10 mM HEPES and 1 mM sodium pyruvate and MRC-5 in EMEM medium (Sigma-

Aldrich, St. Louis, MO, USA) supplemented with 10% FBS, 1% SP antibiotic and 1% of 

non-essential amino acids (Sigma-Aldrich, St. Louis, MO, USA). 

Metabolic activity assay 

Metabolic activity was studied using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) (Sigma-Aldrich, St. Louis, MO, USA) method. Briefly, 

2 × 104 cells/mL were incubated in 100 µL of an appropriate medium in 96-well culture 

https://www.sciencedirect.com/topics/medicine-and-dentistry/fibroblast-cell-line
https://www.sciencedirect.com/topics/medicine-and-dentistry/fetal-bovine-serum
https://www.sciencedirect.com/topics/chemistry/hepe
https://www.sciencedirect.com/topics/chemistry/sodium-pyruvate
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plates. After 24 h of incubation to allow cell attachment, the medium was removed, and 

cells were incubated with the appropriate medium containing different ligand 

concentrations. In initial screening assays, the cells were incubated with 10 µM of each 

ligand. The most active ligands were treated at concentrations ranging from 0.1 to 100 

µM to investigate the concentration effect. After 48 hours of incubation, the medium was 

replaced with MTT solution and incubated for 2 hours at 37 °C. Then, the MTT solution 

was removed, and the formazan crystals formed were dissolved in 100 µL of DMSO. 

Absorbance was measured at 570 nm using a microplate reader Biorad Xmark 

spectrophotometer (Bio-Rad, California, USA). Cells cultured without ligand 

concentration (untreated cells) were used as controls. Each experiment was measured in 

triplicate in three independent experiments. Cytotoxicity was normalized to untreated 

cells. The IC50 of ligands was calculated using GraphPad Prism 8.0 software. 

In silico experiments 

The structures of all ligands were drawn in ChemBioDraw 20.0 software and the SMILES 

notation was obtained for each molecule. Lipinski's rule was calculated using the online 

platform pkCSM [36]. The Molinspiration property engine version 2018.10 was used to 

calculate the Topological polar surface area (TPSA) (www.molinspiration.com). 
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Chapter overview 

Some G4 sequences have the potential to recognize, with high affinity, proteins 

overexpressed on the cancer cell surface such as the NCL. Therefore, this chapter aims 

to characterize the pre-MIR150 RNA G4 sequence and evaluate its potential for 

detecting/recognizing nucleolin expressed in LC and peripheral blood mononuclear cells 

of LC patients. As far as we know, we have identified and characterize for the first time 

the presence of G4 structure within human pre-MIR150. We explore its interaction with 

a well-known G4 ligand, PhenDC3, and determine the affinity of the complex 

G4/PhenDC3 to NCL.  
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Targeting nucleolin by RNA G-quadruplex-

forming motif  

 

Abstract 

A high level of nucleolin (NCL) expression is often associated with a poor prognosis of 

patients with lung cancer (LC), suggesting that NCL can be used as a possible biomarker. 

NCL has been shown to display a marked preference for the binding to G-quadruplexes 

(G4). Here, we investigate the formation of an RNA quadruplex structure in a sequence 

found in the human precursor pre-MIR150 with the potential to recognize NCL. Circular 

dichroism (CD) spectra of pre-MIR150 G4-forming sequence (designated by rG4) 

indicate the formation of a parallel quadruplex structure in KCl or when complexed with 

the well-known G4 ligand PhenDC3. The thermal stability of rG4 is very high, and further 

increases in the presence of PhenDC3. The binding affinities of rG4 to PhenDC3 and NCL 

RBD1,2 are similar with KD values in the nanomolar range. PAGE results suggest the 

formation of a ternary quadruplex-ligand-protein complex (rG4-PhenDC3-NCL 

RBD1,2), indicative that PhenDC3 does not prevent the binding of rG4 to NCL RBD1,2. 

Finally, rG4 can recognize NCL-positive cells and, when fluorescently labeled, can be 

used as a probe for this protein. ELISA experiments indicate altered NCL expression 

patterns in liquid biopsies of LC patients in a non-invasive manner, potentially helping 

the diagnosis, prognosis, and patient response to treatment. Hence, labeled rG4 could be 

used as a detection probe of LC in liquid biopsies. 

 

Keywords 

pre-MIR150 G-quadruplex forming sequence; Nucleolin; Molecular recognition; Lung 

Cancer; Liquid biopsies 

 

Introduction 

Lung Cancer (LC) is the most common cause of cancer death worldwide [1]. LC can be 

divided into small-cell lung cancer (SCLC) and non–small cell lung cancer (NSCLC), 
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which is the most common type of LC and the leading cause of cancer-related mortality 

[2]. Current treatments have relatively low response rates and significant toxicity [3], [4]. 

Therefore, identification of new targets and biomarkers are needed to improve the early 

diagnosis and treatment in LC [5]. 

NCL is the protein most often reported for its biological functions upon nucleic acid 

recognition and it is mainly present in the nucleolus, but it can be found also in 

nucleoplasm, cytoplasm and cell membranes [6]. Cell surface NCL has been described as 

overexpressed in cancer cells as well as a tumor angiogenic marker, including in LC [7]. 

NCL expression levels were shown to be increased in LC and can positively regulate the 

autonomous and highly mutagenic genetic element LINE1, promoting genomic 

instability and LC progression [8]. The phosphorylation of NCL was also reported as a 

key factor in proliferation and migration of LC cells and the increase of the NCL levels in 

LC tissues when compared to normal lung tissues is also significantly associated with 

pathologic state and T status [9, 10]. 

NCL has been described as an RNA binding protein, but may also recognize DNA 

structures [11]. Nucleic acid sequences able to form G4 structures have been reported as 

molecular recognition probes to detect NCL at the cell surface of LC cells [12]. In 

particular, RNA sequences able to form G4 have been reported as recognition molecular 

probes to detect NCL in cancer cells [13]. 

Recent data from multiple studies strongly support the potential of miRNA as potential 

biomarkers and therapeutic targets for LC [14, 15]. Altered miRNA expression is also 

associated with tumor progression and survival in LC cancer patients. Several LC miRNA 

signatures have been proposed to improve molecular staging and classification of LC 

[16], as in other cancer types: higher expression of MIR150 is found in many solid cancer 

types, such as gastric cancer, breast cancer and LC [17]. MIR150 promotes the 

proliferation of LC cells through negative regulation of the pro-apoptotic gene early 

growth response factor 2 (EGR2) and by targeting p53, respectively, suggesting its pro-

tumorigenic function [18]. We identify the guanine-rich motif which can form a G4 

structure in the human precursor MIR150 (pre-MIR150). The RNA sequence (5′-

GGCCUGGGGGACAGGGACCUGGG-3′) can form a stable G4, allowing recognition by 

specific molecules such as proteins or small ligands [19]. With respect to miRNA 

processing, NCL can interact with the microprocessor complex in the nucleus to promote 

the processing of miRNAs that contain GU-enriched sequences [20]. To date, studies of 

NCL in LC have focused on p53 translation through binding to both the 5′- and 3′-UTRs 

of p53 mRNA acting as a therapeutic strategy [21, 22]. The present study aimed to exploit 
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NCL detection/recognition by the pre-MIR150 G4-forming sequence (designated as 

“rG4”) [23]. To improve NCL detection by rG4, structural studies are required. Herein, 

we evaluate the formation and stabilization of pre-MIR150 G4-forming sequence and its 

interaction with NCL was characterized by CD spectroscopy, fluorescence resonance 

energy transfer (FRET) melting assay, fluorescence titrations and non-denaturing 

polyacrylamide gel electrophoresis. In parallel, we assessed the co-localization of NCL 

with rG4 in a LC cell line and in peripheral blood mononuclear cells (PBMCs) of LC 

patients by confocal microscopy. Also, NCL levels in liquid biopsies of LC patients were 

determined by an ELISA assay. 

 

Material and methods 

Oligonucleotides and ligand 

The longer nucleotide sequence (80 nucleotides) representative of the pre-MIR150 (5′-

CCAUGGCCCUGUCUCCCAACCCUUGUACCAGUGCUGGGCUCAGACCCUGGUACAG

GCCUGGGGGACAGGGACCUGGGGAC-3′) was synthesized by Eurofins Genomics 

(Germany) with HPLC-grade purification. The G-rich motif (5′-

GGCCUGGGGGACAGGGACCUGGG-3′) found in pre-MIR150 unlabelled and labelled 

(5′-FAM – GGCCUGGGGGACAGGGACCUGGG – TAMRA-3′) were purchased from 

Eurofins Genomics (Germany) with HPLC-grade purification. The labelled control 

duplex FdxT (5′-FAM-TATAGCTATA-hexaethyleneglycol-TATAGCTATA-TAMRA-3′)  

was purchased from Eurofins Genomics (Germany) with HPLC-grade purification. Stock 

solutions were prepared using nuclease-free water and stored at −20 °C until being used. 

The oligonucleotide concentrations were measured at 260 nm with a UV–Vis 

spectrophotometer (Thermo Scientific™ Evolution 220) using the molar extinction 

coefficients (ε) provided by the manufacturer. For all experiments, the oligonucleotide 

was annealed by heating to 95 °C for ten more min and cooling on ice for more 10 min. 

Recombinant NCL RBD1,2 (20.3 kDa) was purchased from NZYtech (Portugal/project 

number: S181101_1). 3,3′-[1,10-Phenanthroline-2,9-diylbis(carbonylimino)]bis[1-

methylquinolinium] 1,1,1-trifluoromethanesulfonate (PhenDC3) was obtained from 

Sigma-Aldrich (USA) with HPLC grade purification and purity ≥ 97%. Stock solutions of 

PhenDC3 were prepared as 10 mM solutions in DMSO (Thermo Fisher Scientific, USA) 

and its subsequent dilution was done using nuclease-free water. 

 



 

 194 

In silico analysis of pre-MIR150 G4-forming sequence 

To identify the G4-forming sequence, we have performed a bioinformatic analysis in pre-

MIR150. The pre-MIR150 sequence was obtained from miRBase version 22.1 [24]. The 

analysis was carried using GQRS-mapper [25]. The motif found in pre-MIR150 that 

forms the G4 structure matches this consensus. 

CD spectroscopy 

Circular dichroism spectra were acquired in a Jasco J-815 spectrometer (Jasco, USA), 

using a Peltier temperature controller (model CDF-426S/15). The longer nucleotide 

sequence (80 nucleotides) representative of the pre-MIR150 at 5 µM was dissolved in 0.5 

mM of lithium cacodylate (Sigma-Aldrich, USA), annealed as previously described and 

titrated with increase KCl concentrations (PanReac, Spain). The motif (5′-

GGCCUGGGGGACAGGGACCUGGG-3′) found in pre-MIR150 (rG4) at 10 µM was 

dissolved in 0.5 mM lithium cacodylate, annealed and titrated with KCl until 100 mM. 

For the titration experiments with PhenDC3, the required volume of PhenDC3 (until 1 M 

equivalent) was added directly to 10 µM of pre-folded rG4 solution dissolved in 0.5 mM 

lithium cacodylate and 100 mM KCl in the quartz cuvette (Hellma, Germany) of 1 mm 

path-length. Spectra were acquired through wavelengths ranging from 200 to 340 nm, 

with a scan speed of 100 nm/min, 1 nm bandwidth, 1 s integration time over 3 averaged 

accumulations. 

For CD melting experiments, rG4 solutions were prepared in 0.5 mM lithium cacodylate 

with increasing KCl concentrations (10 µM to 100 mM) in order to obtain a melting 

temperature around 50 °C. For ligand titration, the required amount of PhenDC3 

solution (until 1:1 molar ratio) was added to the cuvette containing pre-annealed rG4. 

The denaturation process was analyzed by monitoring the wavelength of maximum 

ellipticity (264 nm) through temperatures ranging from 20 to 100 °C (temperature set 

by the Peltier system) with a heating rate of 2 °C/min. Data were converted into folded 

fraction (θ) plots according to Equation (1), fitted to a Boltzmann distribution using 

OriginPro2016. 

𝜃 =
𝐶𝐷−𝐶𝐷𝜆

𝑚𝑖𝑛

𝐶𝐷𝜆
𝑚𝑎𝑥−𝐶𝐷𝜆

𝑚𝑖𝑛
            (1) 

The melting temperature (Tm) was determined from a two-state transition model where 

CD is the ellipticity at 264 nm at each temperature and CDmin and CDmax are the lowest 

and highest ellipticities, respectively. 
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Fluorescence titrations experiments 

Fluorescence titrations were performed on a FluoroMax4 spectrofluorimeter (Horiba, 

Japan) using high-precision quartz suprasil cuvettes with light paths of 10 × 4 mm 

(Hellma, Germany). For these experiments, rG4 at 1 µM was pre-annealed in 20 mM 

phosphate buffer with 100 mM of KCl (PanReac, Spain). The titration was performed by 

adding 2 M equivalents of PhenDC3 at 2 µM and NCL RBD1,2 until 4 M equivalents (4 

µM), followed by 10 min for equilibration. All spectra were acquired with an integration 

time of 0.5 s, an emission and excitation slit fixed at 2 nm and step size of 1 nm, averaged 

over three scans. The labeled rG4 was excited at 495 nm and the emission spectra were 

collected between 510 and 700 nm. The obtained fluorescence data were converted into 

a fraction of ligand-bound (α) plots according to Equation (2), where I is the fluorescence 

intensity at maximum wavelength of rG4 at each NCL:RNA ratio, and Ifree  and Ibound are 

the fluorescence intensities of the free and fully bound ligand, respectively. 

𝛼 =
𝐼−𝐼𝜆

𝑓𝑟𝑒𝑒

𝐼𝜆
𝑏𝑜𝑢𝑛𝑑−𝐼𝜆

𝑓𝑟𝑒𝑒         (2) 

Additionally, the data points were then fitted to a two-site binding model function, using 

the OriginPro 2016 software, and KD values were determined from the saturation binding 

model described in Equation (3), where α is the fraction of ligand-bound and [rG4] is the 

concentration of rG4: 

𝛼 =  
[ rG4 ]

𝐾𝐷1+[ rG4 ]
+

[ rG4 ]

𝐾𝐷2+[ rG4 ]
                  (3) 

Förster resonance energy transfer (FRET) melting assays 

FRET melting experiments were performed in a 96-well plate using a CFX Connect™ 

Real-Time PCR Detection System (Bio-Rad, USA). The rG4 was purchased labeled with 

fluorescein (FAM) and rhodamine (TAMRA) at the 5′ and 3′ ends, respectively. The 

labeled rG4 at 0.2 μM was dissolved and annealed in 10 mM lithium cacodylate pH 7.2 

(Sigma-Aldrich, USA) supplemented with 1 mM of KCl (PanReac, Spain) and 99 mM LiCl 

(Sigma-Aldrich, USA). The samples were prepared by aliquoting 15 μL of rG4 solution 

into each strip and 5 μL of PhenDC3 solution at 0.2 μM. Subsequently, samples were 

incubated for 30 min at room temperature. After an initial incubation at 25 °C for 5 min, 

the thermocycler was set to perform a stepwise increase of 1 °C every 1 min, from 25 °C 

to 95 °C, and measurements of FAM emission were acquired after each step. The 

excitation and emission were set to 495 and 518 nm, respectively. Each experimental 
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condition was tested in triplicate on at least two separate plates. The melting temperature 

was determined from normalized curves as the mid-transition T1/2 temperature. 

Non-denaturing polyacrylamide gel electrophoresis 

Non-denaturing polyacrylamide gel (20%) was prepared by diluting 40% acrylamide-

bisacrylamide (19:1, GRiSP Lda, Portugal) in water and adding 10 mM KCl (PanReac, 

Spain). TBE 1× (89 mM Tris-base, Fisher Scientific, USA, 89 mM boric acid, ChemLAB, 

Belgium and 1 mM EDTA, PanReac, Spain), 0.1% ammonium persulfate (LabChem, 

USA) and 0.1% tetramethylenediamine (Acros, USA). 

rG4 at 20 µM in 20 mM phosphate buffer with 100 mM of KCl was incubated at 2:1 

PhenDC3:rG4 ratio for complex formation. Different concentrations of NCL RBD1,2 

(0.002, 4, 12, 20, 50 and 60 µM) were incubated during 30 min with rG4 before 

electrophoresis. Before loading on the gel, the samples were mixed with 8 µL of 50% 

sucrose (Sigma-Aldrich, USA). Oligonucleotide markers were purchased from NZYTech 

(9, 15, 21, 30, 60 and 90 nucleotides) and loaded in parallel on the gel. Electrophoresis 

was performed in a vertical electrophoretic cell Mini-Protean II (Bio-Rad, USA) with a 

Biometra P25 power supply machine at 25 °C in TBE buffer (Sigma-Aldrich, USA). Gels 

were run at 150 V and 22 mA for 2 h. After electrophoresis, the gels were stained by 

Stains-All solution (Sigma-Aldrich, USA) overnight followed by discoloration in water 

under the light before visualization on GE Typhoon Trio Imager Scanner (GE Healthcare, 

USA). 

Confocal microscopy 

To understand the ability of the rG4 to bind NCL in vitro, the A549 lung cancer cell line 

(ref. 86012804-1VL, Sigma Aldrich, USA) and PBMCs isolated from LC patients were 

used in confocal microscopy studies. The PBMCs were seeded at a density of 1 × 106 

cell/well in treated µ-slide 8 well plates (IBIDI, Germany). The passage number of the 

A549 lung cancer cell line was 3 and the cells were seeded at a density of 105 cell/mL in 

treated µ-slide 8 well (IBIDI, Germany). Cells were grown at 37 °C in a 5% CO2 

humidified atmosphere. After 24 h, cells were treated with 1 µM of pre-annealed rG4, 

labeled with fluorescein (FAM) and rhodamine (TAMRA) at the 5′ and 3′, respectively, 

and with 2 µM of PhenDC3 for 1 h. Next, NCL antibody (PA3-16875, Invitrogen, USA; 

dilution of 1: 100) was added during 2 h followed by a secondary antibody (Alexa Fluor 

647®, A21244, InvitrogenTM, USA; dilution of 1: 1000) for 1 h. The nuclei of the cells were 

stained with the 1 µM nuclear probe Hoechst 33,342 (H3570, Invitrogen™ Thermo 

Fisher Scientific, Portugal) for 15 min. The probe was washed by rinsing with PBS 
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(Sigma-Aldrich, USA) three times and the cells were imaged using a Zeiss AxioObserver 

LSM 710 microscope (Zeiss, Germany). Images were processed with the ImageJ 

software. 

Peripheral blood mononuclear cells isolation 

The study included 31 patients previously diagnosed with LC in different stages with and 

without treatment. The control group included 32 healthy male and female volunteers 

under the age of 35 with no history of cancer disease. All tested subjects gave written 

informed consent. Approximately 10 mL of resh human blood samples were collected in 

ethylenediaminetetraacetic acid (EDTA)-coated tubes (Sigma-Aldrich, USA) following 

the protocol approved by the Ethical Committee of University Hospital Center Cova da 

Beira (study number 35/2019). The isolation of PBMCs was performed as follows. 

Briefly, the blood samples were centrifuged at 3000 rpm (Beckman Coulter Allegra X-

22R, SX4250 rotor) for 15 min, at room temperature. After centrifugation, the plasma 

fraction was removed and an equal volume of PBS (Sigma-Aldrich, USA) was added to 

the tube, followed by gentle mixing by inverting the tube several times. The mixture was 

then gently transferred into a 50 mL polypropylene tube containing an equal volume of 

Biocoll (VWR, Portugal) separating solution and centrifuged at 2200 rpm for 30 min at 

room temperature. The PBMCs (ring) formed in the interphase between Biocoll and 

blood fraction was aspirated using a plastic Pasteur pipette and transferred to a new 50 

mL polypropylene tube. Then, PBS was added to the 50 mL polypropylene tube and the 

mixture was centrifuged at 1800 rpm for 10 min at 4 °C. After discarding the supernatant, 

the pellet was resuspended in 10 mL of PBS and centrifuged again at 1500 rpm for 10 

min at 4 °C. The supernatant was discarded, the pellet resuspended in 10 mL of pre-

warmed RBC lysis solution and gently stirred for 10 min at 37 °C. The sample was then 

centrifuged at 1500 rpm for 10 min at room temperature. The resulting pellet was then 

washed two times with PBS by centrifugation at 1500 rpm for 10 min at room 

temperature. Finally, the PBMCs were resuspended in 1 mL of PBS containing 10% 

DMSO and stored at −80 °C until further use. 

Enzyme-linked immunosorbent assay (ELISA) 

ELISA was performed to quantify NCL protein in the PBMCs of both LC patients and 

control subjects. Prior to the assay, cell lysates from 1 × 106 human PBMC cells/sample 

were obtained by centrifugation at 13000 rpm for 5 min at 4 ˚C followed by resuspension 

in 20 μL of RIPA lysis buffer (25 mM Tris-HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1% 

sodium deoxycholate, 0.1% SDS; ref. 89900, Sigma Aldrich, USA) and incubation on ice 
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for 10 min. The NCL levels in the cell lysates were determined with a commercially 

available ELISA kit (ref. CSB-EL015535HU; CUSABIO, USA) according to the 

manufacturer’s protocol. The sensitivity of the assay for NCL was 7.81 pg/mL as per 

manufacturer’s product data-sheet. All samples and standards were tested in triplicate 

in four different plates. The plate was measured spectrophotometrically at a wavelength 

of 450 nm, with the correction wavelength set at 540 nm. The absorbance of the RIPA 

lysis buffer was subtracted to the readings of the test samples. The concentration of NCL 

in the samples was determined by comparing the absorbance of the samples to the 

standard curve. The standard curve was obtained by plotting NCL concentration on the 

x-axis versus absorbance on the y-axis and the data points fitted to a nonlinear 

regression. 

 

Results 

pre-MIR150 G4-forming sequence 

rG4 formation was investigated using the online QGRS Mapper tool 

(https://bioinformatics.ramapo.edu/QGRS/analyze.php). The predicted rG4 consists of 

4 guanylic acid (G) stretches, which are located 59–82 nucleotides (nt) from the 5′end 

(Figure 8.1).  

 

Figure 8.1. Secondary structure model for the human pre-MIR150 using in silico analysis. 
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CD spectroscopy 

CD spectroscopy was first performed using a longer nucleotide sequence (80 

nucleotides) representative of the pre-MIR150 to confirm G4 formation. The CD spectra 

presented in Figure 8.2 are typical for a parallel G4 topology, displaying a positive band 

at 264 nm and a negative band at 240 nm. 

 

Figure 8.2. CD titration of longer nucleotide sequence (80 nucleotides) representative of the pre-MIR150 

in 0.5 mM lithium cacodylate upon increasing KCl concentration from 10 µM to 100 mM. 

The G4-prone motif in pre-MIR150, identified by in silico analysis, was then assessed by 

CD spectroscopy to confirm G4 formation. This motif was designated as rG4 (or pre-

MIR150 G4-forming sequence). The CD spectra of the rG4 (Figure 8.3) indicate also 

the formation of a parallel quadruplex, whether it was annealed in 0.5 mM lithium 

cacodylate containing variable concentrations of KCl or complexed with 10 µM PhenDC3. 

Of note, the CD spectra remain nearly identical at 100 µM and 100 mM KCl, showing 

that minimal amounts of K+ are required to support G4 formation, suggesting a very 

stable RNA G4.  

The effect of salt concentration and PhenDC3 binding on the thermal stability of rG4 was 

determined by CD melting and presented in Figure 8.4. The Tm of rG4 in presence of 

10 µM and 100 mM of KCl is 54.2 °C and 66.3 °C, respectively. Upon addition of 1 

equivalent of PhenDC3, a clear increase in Tm value (ΔTm = 17.6 °C) was observed, 

indicating ligand stabilization of the G4 structure. 
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Figure 8.3. A) CD titration of rG4 in 0.5 mM lithium cacodylate with increasing concentrations of KCl from 

to 10 µM to 100 mM. B) CD titration spectra of rG4 in 0.5 mM lithium cacodylate containing 100 µM of KCl 

with increasing concentrations of PhenDC3 until 1 M equivalent. 

 

Figure 8.4.  A) CD melting curves of rG4 in 0.5 mM lithium cacodylate with increasing concentrations of 

KCl from 10 µM to 100 mM. B) CD melting curves of rG4 in 0.5 mM lithium cacodylate in the presence of 

increasing molar eq. of PhenDc3 until 1M equivalent. Data points were recorded at 264 nm. The Boltzman 

curve fitting of the data points is shown. 

Fluorescence titrations experiments 

Following CD characterization, fluorescence spectroscopy was used to determine the KD 

values of PhenDC3 for the pre-folded rG4. KD constants were determined from the 

variation of the fluorescence intensities. Fluorescence titration curves and KD values are 

presented in Figure 8.5.  
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Figure 8.5. A) Fluorescence emission spectra of rG4 at 1 μM with increasing concentration of NCL RBD1,2 

until 4 M equivalents; B) Fluorescence emission spectra of rG4-PhenDC3 (1:2) with increasing 

concentration of NCL RBD1,2 until 4 M equivalents. Spectra were acquired in 20 mM potassium phosphate 

buffer containing 100 mM KCL pH 6.9. 

For this experiment, fluorescence emission spectra were recorded using the rG4 

sequence labeled with 5′-FAM and 3′-TAMRA in 20 mM potassium phosphate buffer 

supplemented with 100 mM KCl. Upon addition of 2 equivalents of PhenDC3 and NCL 

RBD1,2, we observed an enhancement in the fluorescence emission. These data allowed 

calculating the fold increase in fluorescence units at NCL RBD1,2 saturation, which were 

2-fold and 5-fold increase in fluorescence units in the presence and absence of PhenDC3, 

respectively. The data were fitted by a non-linear regression analysis using a two-site 

bind equation (Equation (3)) to obtain the saturation binding plots. The analysis 

(Figure 8.5) revealed that NCL RBD1,2 binds to rG4 with KD1 = 0.07 ± 0.02 nM and KD2 

= 590 ± 130 nM and to rG4-PhenDC3 conjugate with roughly similar values (KD1 = 0.05 

± 0.01 nM and KD2 = 407 ± 48 nM). These results show that PhenDC3 does not affect the 

binding between rG4 and NCL RBD1,2. Similarly, the experiments were also performed 

with a duplex-forming FdxT: 5′-FAM-TATAGCTATA-hexaethyleneglycol-

TATAGCTATA-TAMRA-3′ labeled sequence. The linear relationship for the association 

of NCL with the duplex sequence, suggesting weak binding with association constant in 

the 10−4 nM range in the absence and presence of PhenDC3, respectively (data not 

shown). 

Evaluation of rG4-PhenDC3 complex stability by FRET-melting assay 

FRET melting of labeled rG4 with a fluorophore (5′-FAM) and a quencher (3′-TAMRA) 

was initially studied through fluorescence-monitored thermal denaturation 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nucleolin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/potassium-phosphate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/potassium-phosphate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/absence
https://www.sciencedirect.com/science/article/pii/S0006295221000149?via%3Dihub#e0015
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experiments. Interestingly, and in agreement with the CD measurements, rG4 forms a 

highly stable structure with a melting temperature of 69.1 °C in the presence of 1 mM 

KCl. This G4 becomes even more thermally stable in the presence of PhenDC3 (2 µM), 

as the Tm increases from 69.1 to at least 87.5 °C (ΔT1/2 ≥ 18.4 °C; the exact value being 

hard to determine as melting is only partial at the maximal temperature) (Figure 8.6). 

 

Figure 8.6. Normalized FRET melting curves of rG4 (1 mM of KCl and 99 mM LiCl) in the presence and 

absence of PhenDC3. 

Gel electrophoresis analysis 

Next, we used native polyacrylamide gel electrophoresis to characterize rG4 formation 

in the absence and presence of PhenDC3 and NCL RBD1,2 and to discriminate 

molecularity of rG4 and complexes present in solution. 

Appropriate reference oligonucleotides were used as a ladder for comparison. The rG4 

was diluted to 20 μM and annealed in 20 mM phosphate buffer with 100 mM of KCl, and 

complexes with PhenDC3 were prepared at 1:2 mM ratio. NCL RBD1,2 was added to each 

rG4-PhenDC3 sample at different concentrations (0.002, 4, 12, 20, 50 and 60 µM). The 

native 20% polyacrylamide gel is presented in Figure 8.7. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/oligonucleotide
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Figure 8.7. Native gel electrophoresis containing rG4 complexes formed between A) NCL RBD1,2 and B) 

PhenDC3-NCL RBD1,2. The samples were loaded on a non-denaturing 20% acrylamide gel supplemented 

with 10 mM KCl. Migration was performed at 20 °C. Oligothymidylates (15, 21, 30, 60 and 90 nucleotides) 

were used as markers. After electrophoresis, the gels were stained and visualized on GE Typhoon Trio Imager 

Scanner (GE Healthcare, USA). C) Percentage of rG4-NCL RBD1,2 complexes, formed in the presence of 

different concentrations of protein (0.002, 4, 12, 20, 50 and 60 µM). D) Percentage of rG4-PhenDC3-NCL 

RBD1,2 complexes, formed in the presence of PhenDC3 (40 μM) and different concentrations of NCL RBD1,2 

(0.002, 4, 12, 20, 50 and 60 µM). Three independent experiments were performed. Data are shown as mean 

with a standard error of the mean. A one-way analysis of variance (ANOVA) was performed to evaluate the 

significance of the differences between the complex formation values of PhenDC3 and between the NCL 

RBD1,2 concentrations (the asterisks indicate p < 0.0001). 

The lane 2 of Figure 8.7A displayed a single band which migrated at a position 

equivalent to 23 nucleotides, corresponding to rG4, compatible with a monomolecular 

structure. Now, focusing on the upper bands of lanes 4–8 of Figure 8.7A, we observe 

that rG4 got stuck up at the top of the well in these lanes, as shown by a darker region at 

the edge of the well. This suggests the formation of higher-order structures involving the 

RNA and the protein. We also observed a band that migrated close to 23 nucleotides, 

indicating the presence of free rG4, and its intensity decreased with increasing 

concentrations of NCL RBD1,2. Next, we checked the migration of rG4 in the presence of 

PhenDC3. The lane 3 of Figure 8.7B shows two bands with a marked difference in 

electrophoretic mobility indicative of a different structuring. This observation indicates 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/electrophoresis
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/nucleolin
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/polyacrylamide-gel


 

 204 

the formation of a rG4-PhenDC3 complex, in which the PhenDC3 stabilizes the rG4 

structure and appeared in the form of a higher-order complex which is consistent with 

the CD and FRET-melting data. Lanes 5–9 of Figure 8.7 showed a retarded band at the 

edge of the well, more pronounced with increasing concentrations of NCL RBD1,2, 

attributable to the formation of a ternary complex, involving rG4, PhenDC3 and NCL 

RBD1,2. The lower band intensity corresponding to the rG4 form of the oligonucleotide 

decreased when the concentration of NCL RBD1,2 increased. 

Confocal microscopy analysis 

To investigate the in vitro binding potential of the rG4 to NCL, lung cancer A549 cells 

were analyzed by confocal imaging (Figure 8.8).  

 

Figure 8.8. NCL immunofluorescence in A549 cell line (A) without rG4, (B) with rG4, labeled with 

fluorescein (5′-FAM, green) and rhodamine (3′-TAMRA, red) and (C) rG4 labeled conjugate with PhenDC3. 

The anti-NCL primary antibody was conjugated with an Alexa Fluor 647 secondary antibody (grey). Scale 

bar: 20 µm. 

The A549 cell line presents high levels of NCL expression [26]; if NCL acts as a receptor 

for rG4 on A549 cells, then we would expect the rG4 to be colocalized at the cell surface. 

For that purpose, the cells were incubated with annealed rG4 labeled with 5′-FAM and 

3′-TAMRA, and its localization in the cell line was analyzed through the intrinsic 

fluorescence of FAM. The primary anti-NCL antibody conjugated with the secondary 

antibody AlexaFluor 647® was used to localize cell surface NCL. As observed in Figure 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/antibody-conjugate
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8.8, NCL was located at the surface of the cancer cells. Moreover, a fluorescent signal 

was observed with the incubation of annealed rG4 and PhenDC3. Additionally, confocal 

microscopy indicated that rG4 and complex rG4-PhenDC3 colocalize with NCL, 

suggesting the ability of this rG4 to recognize and bind NCL on the surface of A549 cells, 

even if bound to the PhenDC3 G4 ligand. The results also confirmed the internalization 

of rG4 and its location in the cytoplasm.Relatively to the cells incubated with the rG4 

(without PhenDC3) low fluorescence was observed on the surface of the cells, suggesting 

that PhenDC3 is important for the rG4 stabilization and maintenance to improve the in 

vitro NCL recognition. 

Similar experiments were performed with PBMCs isolated from blood samples of LC 

patients. As previously observed with A549 cells, NCL was expressed at the surface of 

these cells as observed in Figure 8.9.  

 

Figure 8.9. NCL immunofluorescence in PBMCs from LC patient (A) without rG4, (B) with rG4, labeled 

with fluorescein (5′-FAM, green) and rhodamine (3′-TAMRA, red) and (C) rG4 labeled conjugate with 

PhenDC3. The anti-NCL primary antibody was conjugated with an Alexa Fluor 647 secondary antibody 

(grey). Scale bar: 20 µm. 

After incubation with rG4 and complex rG4-PhenDC3, the rG4 was able to colocalize 

with NCL, suggesting that it is able to recognize this protein in these cells. Moreover, for 

the cells incubated with the complex rG4-PhenDC3, the rG4 fluorescence was higher, 

suggesting that PhenDC3 is important for rG4 stabilization and improved NCL 

recognition. 
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NCL expression in LC biopsies by ELISA experiments 

To evaluate the expression levels of NCL in patients with LC and the potential correlation 

of different NCL expression levels with the histological group of LC patients, we 

conducted ELISA experiments using PBMCs isolated from blood samples of both LC 

patients and healthy subjects. When compared to tissue biopsies, liquid biopsies are 

attractive as these are less invasive, easier to obtain and with less pain and risk associated 

for the patient and allow stratification and monitoring of ongoing therapies. The blood 

samples were obtained from 31 LC patients (19 men and 12 women, mean age 60 years), 

who fall into the different histological categories of this disease, together with samples 

from 32 healthy subjects (18 men and 14 women, mean age 35 years), following CHUCB 

Ethics Committee recommendations. This study comprised 27 patients (87.1%) with 

NSCLC, the most common malignant tumors, and 4 patients (12.9%) with Small Cell 

Lung Cancer (SCLC). The results of the ELISA experiments are shown in Figure 8.10. 
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Figure 8.10. Scatter plot representation of ELISA values in LC patients (n = 31) compared to healthy 

controls (n = 32). Blue bars indicate the corresponding mean ± SD; P-value < 0.0001. 

The analysis of the scatter plot suggests that there is a significant increase in NCL 

expression in the PBMCs of LC patients (mean expression of 486 ± 297 pg/mL) when 

compared to healthy controls (mean expression of 100 ± 69 pg/mL) that is around 5-fold 

mean expression increase of NCL in the PBMCs of LC patients showing the potential of 

using NCL as a biomarker for diagnosis. The same LC patients were then divided into 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/enzyme-linked-immunosorbent-assay
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categories taking into account the LC histological type, namely adenocarcinoma, 

squamous cell carcinoma, large-cell undifferentiated carcinoma and SCLC. This was 

done as an attempt to determine whether there was any phenotypic variation in terms of 

NCL expression in PMBCs of different types of LC, which could be used as specific 

biomarker for a given LC type. The scatter plot showing the NCL levels by histological 

category is shown in Figure 8.11. 
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Figure 8.11. Scatter plot representation of ELISA values in the histological category of LC patients namely 

adenocarcinoma (n = 16), squamous cell carcinoma (n = 8), large-cell undifferentiated carcinoma (n = 3) 

and SCLC (n = 4). Blue bars indicate the corresponding mean ± SD. 

 

Discussion 

Previous studies have shown the presence of G4 structures in precursor pre-miRNA [27] 

and these structures can interact with specific proteins, acting as sensing probes. The G4 

structures presented in pre-miRNAs coexist in equilibrium with the stem-loop 

structures, however, the transition between a hairpin and G4 structures can be 

influenced by salt addition or small molecules [28-30]. 

The present study exploits the used of pre-MIR150 G4-forming sequence as a probe for 

detecting NCL, which is overexpressed in LC cells and contains RNA-binding domains 



 

 208 

that mediate the interaction with the G4 structures [11]. Using in silico analysis, we found 

a G-rich sequence in pre-MIR150 that can fold into G4. After that, CD spectroscopy 

confirmed G4 formation with a parallel topology. This motif of 23 nucleotides (rG4) was 

selected to study the NCL recognition. We demonstrated that G4 formation can be also 

mediated by the well-known G4 binder PhenDC3, which stabilizes rG4 by 17.6 °C 

(Figure 8.4B) and does not affect the parallel topology after ligand binding (Figure 

8.3B). These results were confirmed by FRET melting studies that indicated a significant 

G4 stabilization (ΔT1/2 = 18.4 °C) at a PhenDC3: rG4 ratio of 10: 1 (Figure 8.6). 

The assessment of binding characteristics of rG4 towards PhenDC3 and NCL RBD1,2 was 

determined by fluorescence titrations, and complex rG4-PhenDC3 formation with NCL 

RBD1,2 is consistent with a two-site binding model [31]. 

The binding constants obtained from fitting are in the nanomolar range and showed a 

slight increase in affinity for NCL RBD1,2 binding to the rG4-PhenDC3 complex 

comparing with free rG4, suggesting that PhenDC3 binding does not prevent NCL 

RBD1,2 recognition. 

Focusing on fluorescence emission spectra (Figure 8.5), we observed an increase in 

fluorescence, resulting from the interaction of rG4 with NCL RBD1,2 in the absence of 

PhenDC3. The highest fluorescences may be due to a conformational change of rG4 in 

order to recognize NCL RBD1,2 which leads to an increasing in the distance among 

fluorophores disrupting the FRET-phenomenon. To the contrary, in the presence of 

PhenDC3, a stabilization effect on G4 is observed, resulting in the maintenance of the 

secondary structure and, consequently, conservation of the fluorophores distance and 

low fluorescence emission. Overall and considering the KD values, it is verified that the 

rG4-PhenDC3 complex promotes the interaction with NCL RBD1,2. The experiments 

using a non-G4 sequence demonstrated that the binding of NCL is indeed G4-mediated 

as the binding constants were suggestive of weak binding. Indeed, NCL has been 

described before as a potent G4-binding protein [32]. 

The PAGE experiment presented in Figure 8.7 shows the molecularity of rG4, rG4-

PhenDC3 and rG4-PhenDC3-NCL RBD1,2 complexes, consistent with CD, FRET-

melting and fluorescence titrations. In addition, the rG4 and complexes formed 

additional bands suggesting that are stable under non-denaturing conditions. The upper 

band found in the gel corresponding to higher molecular weight is consistent with the 

complex rG4-PhenDC3-NCL RBD1,2 and its dependency on NCL RBD1,2 concentration 

appears to be more pronounced in the presence of PhenDC3. Indeed, the highest affinity 

of rG4 and stability towards NCL RBD1,2 was demonstrated in the presence of PhenDC3. 
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These evidences also suggest that PhenDC3 can be used to stabilize the G4 without 

affecting the binding to NCL RBD1,2 and improving its recognition through G4 structure. 

We showed by confocal microscopy that NCL is expressed at the surface of A549 cells 

and in PBMCs of LC patients. Additionally, annealed rG4 labeled with 5′-FAM and 3′-

TAMRA with PhenDC3 localize with NCL observed by the overlapping of 3′-TAMRA 

(green) and 5′-FAM (red) suggesting that the complex is still formed intracellularly 

(purple) (Figure 8.8, Figure 8.9). We conclude from these observations that rG4 can 

recognize NCL-positive cells and, when fluorescently labeled, can be used as a probe for 

the detection of this protein. 

ELISA experiments were performed using blood samples of both LC patients and healthy 

cancer-free volunteers to monitor NCL expression in biopsy liquids and ascertain the 

potential of using rG4 as a molecular recognition probe to detect NCL in biopsy liquids. 

NCL levels were already shown to be increased in NSCLC tissues when compared to 

normal lung tissues, and this overexpression was significantly associated with pathologic 

stage and T status [10]. However, to the best of our knowledge, NCL expression and its 

clinical relevance in liquid biopsies has been overlooked until now. The results of the 

ELISA experiments with 31 LC patients belonging to different histological groups 

presented in Figure 8.10 indicated an increase in the expression of NCL when 

compared to the healthy controls (around 5-fold mean expression increase). These 

preliminary results suggest that liquid biopsies may be used to detect altered NCL 

expression patterns in LC patients in a non-invasive manner. Indeed, many of these 

patients were diagnosed with advanced-stage disease, who could benefit from an easily 

detected and quantified circulating biomarker such as NCL expressed by PBMCs. This 

detection could be performed using labeled rG4 as we demonstrated previously. 

Regarding the NCL expression levels for the different histological categories of LC, the 

results suggest that there was no significant difference between the tested types of LC, 

namely adenocarcinoma, squamous cell carcinoma, large-cell undifferentiated 

carcinoma and SCLC (Figure 8.11), contrarily to what was observed in the tissue 

biopsies by Xu and collaborators [10]. Nevertheless, as already shown by Showe and 

collaborators, the PBMC-associated gene signatures (such as NCL increased expression 

as herein demonstrated) can help predict the outcome in LC patients independent of 

demographic data or TNM staging [33]. More importantly, this information may persist 

after tumor resection which could aid patient long-term follow-up. Our results show that 

NCL expression levels have the potential to be used in LC patients in a non-invasive 

manner, potentially helping the diagnosis. The results obtained also showed the potential 

used of rG4 as a molecular recognition probe to detect NCL. 
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Conclusions and future perspectives 

General conclusions 

Over the years, DNA and RNA G4s have emerged as promising drug targets due to their 

involvement in key biological processes. The use of G4 ligands to modulate G4 folding 

within biological systems has been explored as a potential therapeutic strategy, 

particularly in the context of cancer. The first section of this work provides an important 

overview of this field, highlighting promising G4 ligands in particular, heterocyclic-based 

compounds that act as anticancer agents by targeting G4 structures within telomeric 

regions, oncogenes promoters, and non-coding RNAs.  

Some classes of compounds containing different chemical moieties (acridines, 

quindolines, quinazolones, quinolones, naphthalenediimides, perylenediimides, and 

phenanthrolines) have demonstrated significant effects against cancer cell growth with 

remarkable in vitro and/or in vivo activity and some of them reached (pre)clinical 

evaluation. However, some issues such as lack of efficacy, poor pharmacokinetics, 

biodistribution problems, and off-target toxicity often compromise their development as 

G4-targeting drugs. To try to solve this problem, we advocate that the integration of 

approaches combining SAR with other techniques, such as high-throughput screening, 

or system biology which should help to better understand ligand behavior and design 

better ligands. 

Additionally, we reviewed the use of G4 ligands as stabilizing agents in non-coding RNAs, 

which have recently emerged as promising anticancer targets. The formation of G4 can 

control the regulation of RNA metabolism, including miRNA biogenesis. For instance, 

controlling the equilibrium between G4 and stem-loop in pre-miRNAs by G4 ligands has 

been suggested as a therapeutic approach in several human cancers. Moreover, the G4 

structures within these sequences demonstrate the potential to interact with NCL. 

LC is considered a hard-to-treat cancer due, in part, to its high level of molecular 

heterogeneity. Considering the late diagnosis and drug resistance the current therapeutic 

options are often disappointing. To overcome these issues a new therapeutic approach 

mediated by targeting G4 LC-related genes has emerged as a promising option. Several 

G4 ligands demonstrated remarkable activity against LC standalone or in combination 

with commercial drugs.  
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Thus, the main goal of this thesis was to develop novel G4 ligands based on a 

phenanthroline scaffold, more specifically, to study the influence of different 

substitutions at 2,9 positions of the 1,10-phenanthroline core as G4 ligands and to access 

their anti-tumor activity in LC cell lines. Additionally, we studied the formation of G4 

structure in the human pre-MIR150 and evaluated their ability to recognize NCL, which 

is overexpressed in LC cells and PBMCs derived from LC patients, offering a potential 

diagnostic tool.  

In the fifth chapter we investigated different scaffolds featuring five heteroaromatic 

cores (oxazole, naphthalene, acridine, and phenanthroline) for their G4 stabilizing 

potential. Compounds containing naphthalene (Napht-3 and Napht-5) and 

phenanthroline (DPPZ and PhenCOOCH3) cores were synthesized with low to high 

yields. All compounds obey Lipinski´s Rule of Five, suggesting favorable properties to 

achieve the drug-like criteria. Specifically, none of the compounds exhibited a molecular 

weight higher than 500 Da, and their log P values were smaller or equal to 5, indicating 

potential for cellular uptake and membrane permeability. Regarding G4 stabilizing 

properties assessed through FRET-melting experiments, acridine-containing 

compounds (C5NH2 and C8NH2) proved greater stabilization in all tested G4. Among 

them, C8NH2 featuring a longer flexible alkylamine chain, exhibited enhanced 

stabilization, notably in the hybrid F21T sequence (ΔTm = +26.8 °C). The compound 

PhenCOOCH3 emerged as the most effective stabilizer among phenanthroline-

containing compounds, inducing greater thermal stabilization in FKrasT and F21T 

sequences at 5 µM concentration (ΔTm = +3.4 °C). Acridine compounds exhibited potent 

activity against A549 cells, with IC50 values of 1.3 and 3.6 µM, respectively. PhenCOOCH3 

exhibited a good selectivity factor for LC cells, with an IC50 of 6.4 µM, suggesting a 

promising scaffold for further optimization.  

In the sixth chapter, efforts were made to enhance the G4 binder properties by 

functionalizing the 1,10-phenanthroline scaffold through the introduction of amine and 

amide side chains at 2,9 positions. A library of sixteen 2,9-disubstituted-1,10-

phenanthroline compounds was successfully synthesized with moderate to good yields. 

Based on the G4 stabilizer properties and antiproliferative activity of compounds, some 

SAR analysis was made. Among the synthesized ligands, three novel compounds induced 

thermal stabilization in all tested telomeric sequences (F21T, F21CTAT, and F25cebT). 

Two of these compounds feature ethane-aminium in lateral side chains (3a and 5b), 

while one features methoxyaniline moieties (2b). These findings reflect the evidence that 

the introduction of positive charges via polyamine side chains enhances electrostatic 

interactions with the negative charges of phosphate groups in oligonucleotides.  
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Additionally, the presence of an aromatic core in the lateral side chain may further 

improve G4 stabilizer properties. Based on cell viability, the compounds exhibited 

moderate cytotoxicity against LC cells. Notably, ligand 5b proved the best anti-tumor 

activity against A549 cells resulting in 24.5% cell viability, suggesting that their activity 

may be mediated by G4 interaction.  

To increase the chemical diversity of 1,10-phenanthroline derivatives, the seventh 

chapter describes the development of 2,9-disubstituted-1,10-phenanthroline 

compounds bearing 1,2,3-triazole groups. A library of ten novel derivatives was 

synthesized via CuAAC reactions with moderate to good yields. When tested as G4 

ligands, these compounds did not present better stabilizer activity of telomeric sequences 

than derivatives described in the previous chapter. However, promising stabilizer effects 

were found against KRAS G4 sequences. Three compounds were identified as promising 

G4 stabilizers and binding agents with ΔTm values ranging between 4.7 and 11.2 °C and 

KD from 10-6 and 10-9 M. These compounds bearing N´N- dimethylmethanamine (4a), 

N´N- dimethylmethanaminium (4b), and positive piperazine (5b), end groups. The 

antiproliferative activity of synthesized compounds did not appear to be mediated from 

its action as G4 stabilizers since the best G4 ligands did not exhibit a pronounced 

antiproliferative effect on LC cells and near toxicity in non-malignant cells. However, the 

novel triazole-containing compound 2a exhibited an IC50 of 14.6 and 10.9 µM in A549 

and H1299 cells, respectively. These findings might be related to the poor “drug-like” 

properties predicted for the majority of compounds.  

Finally, in the ninth chapter, the folding of a G4 structure within human pre-MIR150 

(5′-GGCCUGGGGGACAGGGACCUGGG-3′) was described for the first time and studied 

as a molecular recognition agent of NCL in LC cells and PBMCs derived from LC patients. 

In the presence of K+ or when complexed with PhenDC3, the sequence adopts a parallel 

G4, and upon the addition of PhenDC3, the melting temperature of the G4 structure 

substantially increases. Moreover, the KD of the interaction between G4/NCL or G4-

PhenDC3/NCL is in the nanomolar range. The PAGE assay suggests that the highest 

affinity and stability of the G4 towards NCL were in the presence of PhenDC3. 

Additionally, confocal microscopy indicated the highest co-localization of the complex 

G4/PhenDC3 with NCL expressed on the surface of A549 LC cells and PBMCs isolated 

from blood samples of LC patients. These findings allow us to conclude that the 

G4/PhenDC3 complex has the potential to be used as a recognition agent of NCL in these 

LC samples.   

Overall, the work developed in this thesis has not only introduced new perspectives but 

has also reaffirmed structural features of G4 ligands. Indeed, some structural 
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modifications introduced at the 1,10-phenanthroline core failed to enhance the G4 

stabilizing potential, and in some cases, as we argue in the first chapter “may be futile”. 

Besides that, it is essential to highlight the G4 stabilizing effect of derivatives 2a,3a, and 

5b (detailed in the 6th chapter) and the anti-tumor activity induced by compound 5b 

against LC cells. Additionally, the stabilization induced by compounds 4a,4b, and 5b 

(detailed in the 7th chapter) against KRAS G4 sequences deserves to be highlighted. 

Furthermore, and even without apparent G4-mediated activity, derivative 2a (also 

detailed in the 7th chapter) presented promising anti-tumor activity in LC cells. From the 

medicinal chemistry standpoint, this work also provides valuable SAR insights into these 

compounds, paving the opportunity for further investigations. Moreover, this work 

allows the elucidation of a G4 structure within pre-miR150 opening the opportunity for 

further studies and establishing the potential use as a diagnostic tool in the LC. 

 

Future Perspectives 

The G4s are promising targets for drug design against the development and progression 

of LC. The findings presented in this work provide insights into this field and stimulate 

reflections on future work presented herein: 

• Despite the important structural features and SAR elucidation described in 

the sixth and seventh chapters, the synthesized 2,9-disubstituted-1,10-

phenanthroline derivatives did not reach the stabilizing/binding ability 

reported for other phenanthroline-based compounds, highlighting the need 

for further optimization. 

 

• In order to investigate the discrimination among different DNA or RNA G4, 

it would be interesting to evaluate the binding/stabilizing potential of all  

compounds outlined in the sixth chapter in other biologically relevant LC-

related G4 sequences. 

 

• Regarding the biological effects of the tested compounds, these should be 

further studied, with particular attention to compound 5b described in the 

sixth chapter. Studies to explore their telomere targeting activity, such as in 

vitro TRAP or telomere uncapping assays to assess their inhibitory effects on 

human telomerase activity, should be employed. Additionally, experiments to 

investigate the effect of the ligand on different phases of cell cycle distribution 
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in A549 cells, for instance using FACS analysis, would provide valuable 

insights. 

 
 

• Considering the synergetic anti-tumor effects observed between some G4 

ligands and antineoplastic treatments, exploring the synergic activity of 

synthesized compounds with commercially available drugs such as 

gemcitabine or cisplatin would be of considerable interest.  

 

• Considering the possible role of MIR150 in the progression of LC, as 

described in the eighth chapter, the investigation of its precursor (pre-

MIR150) as a therapeutic target in LC should be further explored. 

Characterization of the G4 structure within pre-MIR150 presents an 

opportunity to explore its role in the biogenesis of MIR150. Studies aiming at 

confirming G4 folding in vivo, using techniques such as NMR and/or confocal 

microscopy, hold significant interest. Additionally, determining how 

stabilization induced by PhenDC3 on the pre-MIR G4 sequence affects 

MIR150 expression levels in A549 cells through Luciferase reporter assay 

would provide valuable insights. 

In addition, some outstanding questions in the field of targeting G4 nucleic acids should 

be addressed: 

• Affinity versus Selectivity: Is it possible to design a ligand for a specific 

sequence? Or G4 topology? If not, what other genes may be affected? Is the 

multi-targeting a real problem? Is it possible to find a trade-off between 

selectivity and affinity, as tight binders may recognize the most negatively 

charged nucleic acids? Which level of selectivity between G4 and duplex is 

necessary? Is selectivity absolutely necessary for a therapeutic effect? If not, 

what type of undesired unspecific effects can we expect?  

• G-quadruplex ligands in the clinic: Is it possible to improve the poor 

pharmacokinetics and target selectivity of the G4 ligands? Would decreasing 

the cationic character of G4-binding ligands improve cellular penetration? 

Do all G4 ligands stimulate autophagy in cancer cells? 

• G-quadruplex ligands against LC: Which LC cells or tumor type would 

be more sensitive to treatment with G4 ligands? Could mitochondrial DNA 

G4 be a future target in LC? Can the similarity between LC-related genes with 

other cancer types difficult the therapeutic efficacy?
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Supporting information for 5th chapter 
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Figure A1. 1HNMR and 13C NMR spectra of synthesized compounds. 
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Figure A2. Normalized FRET melting curves of (A) FmycT, (B) F21T, (C) FkrasT, (D) FvegfT, (E) Fpre-

MIR150T and (F) FdxT in the presence and absence of ligands. The buffer used was 10 mM lithium  

cacodylate, pH 7.2. FmycT, F21T and FkrasT was supplemented with 10 mM KCl and 90 mM LiCl, FvegfT 

and Fpre-MIR150T with 1 mM KCl and 99 mM LiCl and FdxT with 100 mM KCl. 
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Supporting information for 6th chapter 

1H, 13C, DEPT-135, NOESY and HR-MS spectra 

Tert-Butyl(2-aminoethyl)carbamate 

 

Figure B1. 1H NMR spectrum (300 MHz, DMSO-d6) for tert-butyl (2-aminoethyl)carbamate. 

 

 

Figure B2. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for tert-butyl (2-aminoethyl)carbamate. 
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Figure B3. HR-MS (+ESI) spectra for tert-butyl (2-aminoethyl)carbamate. 

 

 

 

 



 

 238 

Imines and amines 

Compound 1a 

 

 

Figure B4. 1H NMR spectrum (300 MHz, CDCl3) for compound 1a. 

 

 

Figure B5. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 1a. 
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Figure B6. HR-MS (+ESI) spectra for compound 1a. 
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Compound 2a 

 

 

Figure B7. 1H NMR spectrum (300 MHz, CDCl3) for compound 2a. 

 

 

Figure B8. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 2a. 
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Figure B9. HR-MS (+ESI) spectra for compound 2a. 
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Compound 3a 

 

 

Figure B10. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 3a. 

 

 

Figure B11. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 3a. 
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Figure B12. 19F NMR spectrum (300 MHz, DMSO-d6) for compound 3a. 

 

 

 

 

Figure B13. HR-MS (+ESI) spectra for compound 3a. 
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Compound 1b  

 

 

Figure B14. 1H NMR spectrum (300 MHz, CDCl3) for compound 1b. 

 

 

Figure B15. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 1b. 
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Figure B16. HR-MS (+ESI) spectra for compound 1b. 
 



 

 246 

 
Figure B17. NOESY spectrum (500 MHz, CDCl3) for compound 1b. 
 

 
 
Figure B18. Enlargement of the aromatic region of the NOESY spectrum (500 MHz, CDCl3) for compound 

1b, and correlation between the imine CH proton and the closest proton of the 4-methoxyphenyl ring. 
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Compound 2b 

 

 

Figure B19. 1H NMR spectrum (300 MHz, CDCl3) for compound 2b. 
 
 

 
 
Figure B20. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 2b. 
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Figure B21. HR-MS (+ESI) spectra for compound 2b. 
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Compound 1c  
 
 

 
Figure B22. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 1c. 

 
 

 
Figure B23. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 1c. 
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Figure B24. HR-MS (+ESI) spectra for compound 1c. 
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Compound 2c 
 
 

 
Figure B25. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 2c. 
 
 
 

 
Figure B26. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 2c. 
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Figure B27. HR-MS (+ESI) spectra for compound 2c. 
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Compound 1d  
 
 

 
Figure B28. 1H NMR spectrum (300 MHz, CDCl3) for compound 1d. 
 
 
 

 
Figure B29. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 1d. 
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Figure B30. HR-MS (+ESI) spectra for compound 1d. 
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Compound 2d  
 
 

 
Figure B31. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 2d. 

 
 

 
 

 
Figure B32. HR-MS (+ESI) spectra for compound 2d. 
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Compound 1e 
 
 

 
Figure B33. 1H NMR spectrum (300 MHz, CDCl3) for compound 1e. 

 
 
 

 
Figure B34. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 1e. 
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Amides (including macrocycles) 

Compound 4a 

 

 

Figure B35. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 4a. 
 
 
 

 
 

 
Figure B36. HR-MS (+ESI) spectra for compound 4a. 
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Compound 5a 
 
 

 
Figure B37. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 5a. 

 
 

 
 

 
Figure B38. HR-MS (+ESI) spectra for compound 5a. 
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Compound 4b  
 
 

 
Figure B39. 1H NMR spectrum (300 MHz, CDCl3) for compound 4b. 
 
 
 
 

 
Figure B40. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 4b. 
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Figure B41. HR-MS (+ESI) spectra for compound 4b. 
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Compound 5b  
 
 

 
Figure B42. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 5b. 
 
 
 

 
Figure B43. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 5b. 
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Figure B44. 19F NMR spectrum (300 MHz, DMSO-d6) for compound 5b. 
 
 
 

 
 

 

 
Figure B45. HR-MS (+ESI) spectra for compound 5b. 
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Compound 4c 
 
 

 
Figure B46. 1H NMR spectrum (300 MHz, CDCl3) for compound 4c. 

 
 
 

 
Figure B47. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 4c. 
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Figure B48. HR-MS (+ESI) spectra for compound 4c. 
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Compound 4d  
 
 

 
Figure B49. 1H NMR spectrum (300 MHz, CDCl3) for compound 4d. 
 
 
 
 

 
Figure B50. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 4d. 
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Figure B51. HR-MS (+ESI) spectra for compound 4d. 
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In vitro studies  

Oligonucleotide sequences  

Table B1. List of all sequences tested. 
 

Name Sequence (5’ => 3’) Topology 

F21T FAM-GGGTTAGGGTTAGGGTTAGGG-TAM Hybrid  

F21CTAT FAM-GGGCTAGGGCTAGGGCTAGGG-TAM Antiparallel 

F25CebT FAM-AGGGTGGGTGTAAGTGTGGGTGGGT-TAM Parallel 

FdxT FAM-TATAGCTAT-PEG-TATAGCTATA-TAM Duplex 

22AG AGGGTTAGGGTTAGGGTTAGGG Hybrid 

26Ceb AAGGGTGGGTGTAAGTGTGGGTGGGT Parallel 

22CTA AGGGCTAGGGCTAGGGCTAGGG Antiparallel 

 

FRET melting experiments 

FRET melting curves 

 

Figure B52. FRET melting curves of A) F21T, B) F21CTAT, C) F25cebT and D) FdxT in the absence and 
presence of molar equivalents of each ligand. 
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Circular dichroism experiments  
 

 
Figure B53. CD titration (A) and CD melting curves (B) for 22AG sequence in the presence of increasing 
molar equivalents of ligands 2b, 3a and 5b. 

 

 

 
Figure B54. CD titration (A) and CD melting curves (B) for 22CTA sequence in the presence of increasing 
molar equivalents of ligands 2b, 3a and 5b. 
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Figure B55. CD titration (A) and CD melting curves (B) for 26ceb sequence in the presence of increasing 

molar equivalents of ligands 2b, 3a and 5b. 

 
Cellular studies 
 
Table B2. Percentage of cell viability for the compounds 1a-e, 2a-d, 3a, 4a-d and 5a-b, measured by MTT 

assay. 

 Percentage (%) of cell viability at 10 µM ligand concentration 

Ligand A549 H1299 NHDF 

1a 46.7 ± 9.3 53.1 ± 13.0 39.5 ± 14.4 

1b 47.7 ± 6.1 48.3 ± 11.1 38.7 ± 6,9 

1c 44.3 ± 7.0 39.4 ± 4.2 32.1 ± 10.9 

1d 50.6 ± 3.7 57.2 ± 13.2 32.2 ± 11.2 

1e 53.4 ± 12.5 41.7 ± 8.2 44.9 ± 14.0 

2a 65.1 ± 2.1 34.4 ± 9.1 43.3 ± 13.3 

2b 62.1 ± 9.8 47.6 ± 8.1 40.3 ± 7.3 

2c 42.6 ± 3.9 43.4 ± 14.3 39.7 ± 9.1 

2d 27.4 ± 5.6 42.9 ± 12.3 22.4 ± 12.2 

3a 58.9 ± 7.6 59.1 ± 2.5 66.6 ± 8.8 

4a 35.1 ± 7.9 60.5 ± 8.2 72.6 ± 19.7 

4b 41.6 ± 6.6 68.2 ± 6.6 72.2 ± 4.0 

4c 44.2 ± 7.6 73.9 ± 11.7 62.5 ± 7.8 

4d 46.4 ± 4.4 84.8 ± 12.7 80.8 ± 31.8 

5a 79 ± 13.8 45.3 ± 5.7 64.8 ± 3.4 

5b 24.5 ± 2.2 70.7 ± 27.5 83.3 ± 10.7 

PhenDC3 38.0 ± 1.9 72.8 ± 18.7 78.1 ± 10.6 

Gemcitabine 19.4 ± 5.5 49.4 ± 10.9 38.7 ± 7.6 

Results are presented as mean ± SD. Error margins correspond to SD of three replicates. 
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Supporting information for 7th chapter 

1H, 13C, DEPT-135, NOESY and HR-MS spectra 

Compound 1 

 

Figure C1. 1H NMR spectrum (300 MHz, CDCl3) for compound 1. 

 

Figure C2. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 1. 
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Figure C3. HR-MS (+ESI) spectra for compound 1. 
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Compound 9 

 

 

Figure C4. 1H NMR spectrum (300 MHz, CDCl3) for compound 9. 

 

 
Figure C5. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 9. 
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Figure C6. HR-MS (+ESI) spectra for compound 9. 
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Compound 2a 

 

Figure C7. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 2a. 

 

 

Figure C8. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 2a. 
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Figure C9. HR-MS (+ESI) spectra for compound 2a. 
 

 

 

 



 

 278 

Compound 3a 

 

Figure C10. 1H NMR spectrum (300 MHz, CDCl3) for compound 3a. 

 

 

Figure C11. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 3a. 

 

 

 

 

 



 

 279 

 

 

 

Figure C12. HR-MS (+ESI) spectra for compound 3a. 
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Compound 3b 
 

 
Figure C13. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 3b. 

 

 
Figure C14. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 3b. 
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Figure C15. 19F NMR spectrum (282 MHz, DMSO-d6) for compound 3b. 
 

 

 

Figure C16. HR-MS (+ESI) spectra for compound 3b. 
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Compound 4a 

 

Figure C17. 1H NMR spectrum (300 MHz, CDCl3) for compound 4a. 
 
 

 
Figure C18. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 4a. 
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Figure C19. HR-MS (+ESI) spectra for compound 4a. 
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Compound 4b 

 

Figure C20. 1H NMR spectrum (500 MHz, DMSO-d6) for compound 4b. 
 
 

 
Figure C21. 13C and DEPT-135 NMR spectra (126 MHz, DMSO-d6) for compound 4b. 
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Figure C22. 19F NMR spectrum (471 MHz, DMSO-d6) for compound 4b. 

 

 

 

Figure C23. HR-MS (+ESI) spectra for compound 4b. 
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Compound 5a  
 
 

 
Figure C24. 1H NMR spectrum (300 MHz, CDCl3) for compound 5a. 
 

 

 
Figure C25. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 5a. 
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Figure C26. HR-MS (+ESI) spectra for compound 5a. 
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Compound 5b  

 

 

Figure C27. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 5b. 
 
 

 
Figure C28. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 5b. 
 

 

 

Diethyl ether

Diethyl ether
Diethyl ether
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Figure C29. 19F NMR spectrum (282 MHz, DMSO-d6) for compound 5b. 

 

 

 

Figure C30. HR-MS (+ESI) spectra for compound 5b. 
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Compound 6a  

 

Figure C31. 1H NMR spectrum (300 MHz, CDCl3) for compound 6a. 
 

 
Figure C32. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 6a. 
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Figure C33. HR-MS (+ESI) spectra for compound 6a. 
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Compound 6b  

 

 

Figure C34. 1H NMR spectrum (300 MHz, DMSO-d6) for compound 6b. 
 

 

 

Figure C35. 13C and DEPT-135 NMR spectra (75 MHz, DMSO-d6) for compound 6b. 
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Figure C36. 19F NMR spectrum (282 MHz, DMSO-d6) for compound 6b. 
 
 

 
 

 
Figure C37. HR-MS (+ESI) spectra for compound 6b. 
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Compound 7a  
 
 
 

 
 
Figure C38. 1H NMR spectrum (300 MHz, CDCl3) for compound 7a. 
 
 
 

 
Figure C39. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 7a. 
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Figure C40. HR-MS (+ESI) spectra for compound 7a. 
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Compound 8a  
 

 
Figure C41. 1H NMR spectrum (300 MHz, CDCl3) for compound 8a. 
 
 
 

 
Figure C42. 13C and DEPT-135 NMR spectra (75 MHz, CDCl3) for compound 8a. 
 

 

 



 

 297 

 

 

 

Figure C43. HR-MS (+ESI) spectra for compound 8a. 
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In vitro studies  

Oligonucleotide sequences  

Table C1. List of all oligonucleotide sequences tested. 

Name Sequence (5’ ➔ 3’) Topology 

F21T FAM-GGGTTAGGGTTAGGGTTAGGG-TAM Hybrid 

F21CTAT FAM-GGGCTAGGGCTAGGGCTAGGG-TAM Antiparallel 

F25CebT FAM-AGGGTGGGTGTAAGTGTGGGTGGGT-TAM Parallel 

FKRAS-21RT FAM-AGGGCGGTGTGGGAAGAGGGA-TAM Parallel 

FKRAS-22RTT FAM-AGGGCGGTGTGGGAATAGGGAA-TAM Parallel 

FKRAS-32RT FAM- AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG-TAM Parallel 

FpreMIR150T FAM-GGCCUGGGGGACAGGGACCUGGG-TAM Parallel 

FdxT FAM-TATAGCTATA-hexaethyleneglycol-TATAGCTATA-TAM Duplex 

22AG AGGGTTAGGGTTAGGGTTAGGG Hybrid 

26Ceb AAGGGTGGGTGTAAGTGTGGGTGGGT Parallel 

22CTA AGGGCTAGGGCTAGGGCTAGGG Antiparallel 

KRAS-21R AGGGCGGTGTGGGAAGAGGGA Parallel 

KRAS-22RT AGGGCGGTGTGGGAATAGGGAA Parallel 

KRAS-32R AGGGCGGTGTGGGAAGAGGGAAGAGGGGGAGG Parallel 

FpreMIR150 GGCCUGGGGGACAGGGACCUGGG Parallel 
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FRET-melting experiments  

Table C2. Thermal stabilization values (°C) of the G4 sequences induced by 5 µM of the synthesized 

compounds (2a-8a and 3b-6b), measured by FRET melting. 

 ΔTm (ºC)a 

Ligand F21T F21CTAT F25cebT FpreMIR150T FdxT 

2a 1.0 ± 0.2 NS 0.9 ± 0.2 NS NS 

3a 0.9 ±0.2 NS 0.9 ± 0.1 NS NS 

3b 2.3 ± 0.5 NS 1.1 ± 0.2 NS NS 

4a 2.4 ± 0.3 NS 1.0 ± 0.2 NS NS 

4b 3.1 ± 0.4 NS 1.2 ± 0.2 NS NS 

5a 0.9 ± 0.1 NS 0.8 ± 0.1 NS NS 

5b 4.9 ± 0.4 NS 2.1 ± 0.5 NS NS 

6a 1.1 ± 0.1 NS 1.4 ± 0.7 NS NS 

6b 1.4 ± 0.3 NS 0.9 ± 0.1 NS NS 

7a 1.0 ± 0.3 NS 0.8 ± 0.1 NS NS 

8a 0.8 ± 0.4 NS 1.1 ± 0.5 NS NS 

PhenDC3 >30 >30 >30 16.0 ± 1.8 NS 

Negative ΔTm values are reported as NS (no stabilization). 

Error margins correspond to SD of three independent experiments. 

a ΔTm values of  F21T, F21CTAT, F25CebT, FpreMIR150T, and FdxT (0.2 μM) were performed in buffer 

containing 10 mM lithium cacodylate (pH 7.2), 10 mM KCl and 90 mM LiCl. Tm values for the G4 sequences 

are 52.1 ± 0.2 (F21T), 57.5 ± 0.1 (F21CTAT), 67.2 ± 0.1 (F25cebT), 69.8 ± 0.4 (FpreMIR150T), and 68.7 ± 0.3 

(FdxT). 

 

Table C3. Thermal stabilization values (°C) of the G4 sequences induced by 5 and 2 µM of the synthesized 

compounds (2a-8a and 3b-6b), measured by FRET melting. 

 

 
ΔTm (ºC)a 

 5 µM ligand 2 µM ligand 

Ligand FKRAS-21RT FKRAS-22RTT FKRAS-32RT FKRAS-21RT FKRAS-22RTT FKRAS-32RT 

2a 3.7 ± 0.6 3.3 ± 0.7 2.8 ± 0.6 2.0 ± 1.2 1.4 ± 0.3 0.7 ± 0.3 

3a 2.3 ± 0.7 2.9 ± 0.2 3.0 ± 1.0 2.4 ± 1.0 1.0 ± 0.5 0.7 ± 0.5 

3b 6.8 ± 0.1 6.3 ± 0.3 4.0 ± 1.0 3.2 ± 1.3 2.5 ± 0.5 1.4 ± 0.5 

4a 7.0 ± 0.7 6.8 ± 0.4 4.7 ± 0.7 3.6 ± 1.1 2.9 ± 0.6 1.2 ± 0.7 

4b 9.5 ± 0.4 8.5 ± 0.7 5.6 ± 0.6 4.6 ± 1.4 3.3 ± 0.5 1.5 ± 0.5 

5a 3.3 ± 0.7 2.8 ± 0.5 2.8 ± 1.3 2.2 ± 0.3 2.0 ± 1.2 0.9 ± 0.4 

5b 11.2 ± 1.1 10.6 ± 0.4 7.6 ± 1.0 5.1 ± 1.2 4.5 ± 0.5 1.9 ± 0.3 

6a 4.1 ± 0.4 3.5 ± 1.1 2.7 ± 0.8 2.5 ± 0.5 2.1 ± 0.6 0.4 ± 0.3 

6b 3.9 ± 0.7 3.8 ± 0.3 3.1 ± 0.5 3.4 ± 2.3 2.2 ± 0.2 0.9 ± 0.4 

7a 4.1 ± 0.1 3.1 ± 0.9 2.7 ± 0.5 2.7± 1.2 1.9 ± 0.6 0.4 ± 0.4 

8a 3.7 ± 0.1 3.2 ± 0.2 2.8 ± 1.1 2.6 ± 0.3 2.2 ± 0.3 0.9 ± 0.3 

PhenDC3 >30 >30 >30 >30 >30 >30 

Negative ΔTm values are reported as NS (no stabilization). 

Error margins correspond to SD of three independent experiments. 

a ΔTm values of FKras21T, FKras22RTT, FKras32T (0.2 μM) were performed in buffer containing 10 mM 

lithium cacodylate (pH 7.2), 10 mM KCl and 90 mM LiCl. Tm values for the G4 sequences are 43.2 ± 0.8 

(FKras-21T), 43.3 ± 0.5 (FKras-22RT), 47.5 ± 0.6 (FKras-32T). 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cacodylic-acid
https://www.sciencedirect.com/topics/medicine-and-dentistry/cacodylic-acid
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Circular dichroism studies  

 

 

Figure C44. CD titration of I) KRAS-21R II) KRAS-22RT, and III) KRAS-32R G-quadruplex in the absence 

and presence of increasing molar equivalents of ligands A) 4a, B) 4b, and C) 5b. The experiments were 

performed in a buffer containing 10 mM lithium cacodylate (pH 7.2) and 100 mM KCl. 

 

Table C4. Thermal stabilization values (°C) of the G4 sequences induced by 25 molar equivalents of the 

synthesized compounds 4a-b and 5b, measured by FRET-melting and CD-melting experiments. 

 ΔTm (ºC) 

 FRET-melting CD-melting 

Ligand 
FKRAS-

21RT 
FKRAS-
22RTT 

FKRAS-
32RT 

KRAS-
21R 

KRAS-
22RT 

KRAS-
32R 

4a 7.0 6.8 4.7 9.9 11.0 4.3 

4b 9.5 8.5 5.6 12.9 12.6 4.9 

5b 11.2 10.6 7.6 18.6 18.4 9.5 
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Fluorimetric Titrations 

 

 

 

Figure C45. Fluorescence titration spectra of pre-folded I) FKRAS-21RT, and II) FKRAS-22RTT with 

increasing concentrations of ligands A) 4a, B) 4b, and C) 5b. The experiments were performed in a buffer 

containing 10 mM lithium cacodylate (pH 7.2) and 100 mM KCl.  

 

Table C5. Apparent dissociation constants (KD) and Hill coefficient (n) of pre-folded KRAS G4 sequences 

in the presence of ligands 4a-b and 5b obtained by fluorescence titrations. 

Ligand KD (M) n 

 FKRAS-21RT 

4a 5.4 × 10-7 0.3 

4b 2.7 × 10-9 0.1 

5b 3.5 × 10-6 0.1 

 FKRAS-22RTT 

4a 7.5 × 10-7 0.2 

4b 4.1 × 10-8 0.4 

5b 2.1 × 10-6 0.3 
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Cellular studies 

 

Table C6. Percentage of cell viability for compounds 2a-8a and 3b-6b, measured by MTT assay after 48h 

incubation. The values were determined in three independent experiments. 

 Percentage (%) of cell viability at 10 µM ligand concentration 

Ligand A549 H1299 MRC-5 

2a 66.0 ± 3.3 36.6 ± 6.3 70.3 ± 8.9 

3a 85.0 ± 7.2 92.6 ± 8.9 105 ± 3.8 

3b 93.5 ± 2.4 96.1 ± 9.5 101.2 ± 6.5 

4a 94.1 ± 7.3 100.8 ± 7.8 104. 6 ± 10.0 

4b 93.9 ± 9.7 90.3 ± 9.4 99.3 ± 8.8 

5a 76.5 ± 15.5 86.0 ± 8.9 94.0 ± 11.4 

5b 83.1 ± 8.7 84.3 ± 7.4 88.9 ± 7.1 

6a 91.0 ± 1.7 103.5 ± 4.7 100.9 ± 2.2 

6b 94.1 ± 3.8 98.2 ± 3.5 97.8 ± 7.9 

7a 76.5 ± 4.8 55.8 ± 2.9 92.3 ± 10.2 

8a 76.0 ± 9.2 86.1 ± 6.8 95.2 ± 10.3 

PhenDC3 21.9 ± 4.5 55.0 ± 0.3 78.1 ± 0.5 

Gemcitabine 17.8 ± 2.0 39.4 ± 4.6 58.2 ± 3.5 

Results are presented as mean ± SD. Error margins correspond to SD of three replicates. 
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