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Novel nucleoside derivatives were developed using the strategy of 

“terminal N, N-dimethylation” to impart tertiary amines to a 1,2,4-

triazole nucleoside. The obtained lead compounds displayed 

significantly improved anticancer activity with dual mechanisms of 

cell death via apoptosis and autophagy, offering a fresh 

perspective to searching for new anticancer candidates. 

Nucleoside drugs are synthetic mimics of natural nucleosides 

and are an important class of drugs.
1
 Because of their 

structural resemblance to natural nucleosides, nucleoside 

drugs exhibit various pharmacological activities via 

antimetabolite activity, by inhibiting nucleic acid synthesis 

and/or by interfering with biological events involving 

nucleosides or nucleotides.
2, 3

 The Food and Drug 

Administration (FDA) has approved more than 20 antiviral and 

anticancer nucleoside drugs, including ribavirin and acyclovir 

etc (Fig. 1).
2, 3

 Currently, clinical trials are underway as an 

emergency to evaluate remdesivir, a prodrug of a nucleoside 

analogue, as a treatment for COVID-19, for which there’s no 

effective treatment.
4
   

The search for nucleoside analogues as drug candidates has 

long been an active area of research. Usually these nucleoside 

candidates carry either modified nucleobases or altered sugar 

moiety or a combination of both. It is worth noting that 

nucleoside analogues bearing unnatural nucleobases often 

have improved stability and biological activity with unique 

modes of action; ribavirin is considered a canonical example of 

this. Ribavirin is the first antiviral nucleoside drug to have a  

 

Fig. 1 Chemical structures of the nucleoside drugs ribavirin and acyclovir, the 

arylethynyltriazole nucleoside WMH-116, and the amine-containing triazole 

nucleoside derivatives I studied in this work. 

 

1,2,4-triazole ring as the unnatural nucleobase,
5
 and has 

immunomodulatory activity in addition to its antimetabolite 

activity.
6, 7

 In the quest to find novel triazole nucleoside 

derivatives with anticancer and antiviral properties, we have 

identified arylethynyltriazole nucleosides, which have 

interesting biological activity and novel mechanisms of action, 

such as inhibition of heat shock factor 1 (HSF1) and heat shock 

proteins (HSPs).
8, 9

 Of these, WMH-116 is one of the most 

potent analogues (Fig. 1). However, aryltriazole nucleoside 

analogues often have poor water solubility and hence limited 

bioavailability, which severely impedes their further clinical 

translation. Efforts are therefore required to overcome the 

solubility limitations via further modifications to improve the 

physicochemical properties, as well as the biological activity, of 

nucleoside analogues. 

Nitrogen-containing groups, such as amines or various 

nitrogen heterocycles, are frequently encountered structural 

motifs among pharmacologically active scaffolds in medicinal 

chemistry. In addition, N-methylation is considered a precious 

tool to introduce conformational rigidity, lipophilicity, and 

ionization properties, impacting the bioavailability of active 

molecules.
10, 11

 Moreover, N-methylation can contribute to the 

strongly increased biological activity of amine compounds 



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

associated with so-called “terminal dimethylation”.
12, 13

 On the 

basis of these considerations, we wanted to introduce a 

methylated amine motif to WMH-116, with a view to 

improving its physicochemical properties and biological activity. 

Considering the structural features of parent compound, we 

reasoned that introducing a methylated amine motif to the 

hydroxyl group in the acyclic sugar chain was the most 

effective means of constructing amine-containing triazole 

nucleosides, herein termed I (Fig. 1). Indeed, all the 

synthesized compounds I had significantly enhanced 

anticancer activity. More importantly, this structural 

modification imparted a new mechanism of inducing cell death, 

namely, autophagy-induced cell death, which contributed 

favourably to the anticancer activity. Here, we report our 

results of this study. 

We started the synthesis of the nucleoside analogue I with 

WMH-116, which was first transformed to the tolylsulfonyl 

analogue I-2. The subsequent conversion of I-2 to Ia using 

dimethylamine in refluxing EtOH
14

 (Table 1) was problematic 

and resulted in low yields (data not shown). This is because the 

product Ia was obtained in the form of toluenesulfonate salt, 

and its removal using 5% NaOH and repeated extraction was 

not efficient, leading to significant product loss and hence low 

yield. To circumvent this problem, we transformed I-2 to the 

bromide I-1, which was then treated with various secondary 

amines including heterocycles to afford Ia–If in good to 

excellent yields (Table 1). It is to note that unlike WMH-116, 

the solubility of I was pH dependent. This is in line with the 

protonation feature of the tertiary amine functionality, which 

is largely in its protonated form at pH < 7.0, thereby improving 

solubility in water. 

With the synthesized compounds Ia–If in hand, we next 

evaluated their anticancer activity in various cancer cells by 

assessing cell proliferation using an MTT assay. As shown in 

Table 1, all the derivatives Ia-If had superior antiproliferative 

activity compared to WMH-116 and to the reference triazole 

nucleoside drug ribavirin. Among them, Ia and Ib, two 

compounds that had dimethylamino and diethylamino 

terminals, respectively, showed similar activity in most tested 

cancer cells. The compounds modified by the N-heterocyclic 

substitutes pyrrolidine, piperidine, and piperazine (Ic–Ie) 

exhibited further improved antiproliferative activity in Panc-1 

and SKOV3 cells compared to Ia and Ib. It is noteworthy that 

compound If, which had an additional alkyl tertiary amine 

incorporated into the piperazine ring, elicited the most potent 

activity. Interestingly, this finding corroborates those obtained 

from our previous studies that a trifluoperazine analogue 

having additional piperazine and alkyl tertiary amine had a 

dramatic increase in anticancer activity.
15

 Together, this study 

alongside our previous work
15

 support the strategy of 

“terminal N, N-dimethylation” for lead optimization. 

Since WMH-116 exercises its anticancer activity via targeting 

the heat shock response pathway
9
, we therefore asked 

whether the compounds Ia–If, analogues of WMH-116, also 

maintained a similar mode of action. We selected two 

representative compounds, Ia and If, which bear simple 

dimethylamino and N-heterocyclic amino functionalities, 

Table 1 Synthesis of triazole nucleosides I and their 

antiproliferative activity on cancer cells. 

 

Compound 
Yield 

% 
IC50 (μM)a 

Panc-1 HepG2 PC-3 SKOV3 HeLa 

Ia 96 9.7 7.5 8.8 16 15 

Ib 84 7.3 15 6.1 12 6.8 

Ic 89 5.8 6.8 7.7 6.7 9.4 

Id 91 6.4 6.0 6.1 7.1 6.8 

Ie 88 6.2 7.6 7.7 7.3 10 

If 85 3.1 3.6 3.4 5.7 2.9 

WMH-116 - 20 31 30 >50 >50 

Ribavirin - >50 >50 >50 >50 >50 
aIC50 represents the concentration of a compound that is required for 50% 

inhibition of cell growth. 

 

respectively, to examine their effects on HSF1, the primary 

transcription factor of stress-inducible HSPs.
16

 As shown in 

Figure 2, the expression of HSF1 at a protein level was 

attenuated in a dose-dependent manner upon treatment with 

both compounds, with almost complete attenuation at higher 

concentrations. This was also the case for HSP27 and HSP90α, 

two stress-inducible proteins that are controlled by HSF1 and 

that also play key roles in the heat shock response pathway, in 

particular by promoting cancer cell proliferation and drug 

resistance.
17

 It should be noted that HSPs function as 

 

Fig. 2 Compounds Ia and If downregulated proteins involved in the 

heat shock response pathway. Ia and If strongly inhibited the 
expression of HSF1, the downstream heat shock proteins HSP27 and 
HSP90α, and their client oncoprotein eIF4E in pancreatic cancer Panc-1 

cells in a dose-dependent manner. 
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molecular chaperones to stabilize their client proteins, and so 

inhibition of HSPs will result in the degradation of their client 

proteins. We therefore also assessed eukaryotic translation 

initiation factor 4E (eIF4E), the client protein of HSP27.18 As 

Figure 2 illustrates, both Ia and If effectively reduced the 

expression of eIF4E. Therefore, like WMH-116, Ia and If were 

able to suppress the expression of HSPs and their client 

protein, which contributed to their anticancer activity. 

Both HSF1 and its downstream HSPs act in diverse cellular 

processes and molecular mechanisms, including apoptosis, the 

physiologically important method of programmed cell death.
19

 

To investigate whether this new family of triazole nucleosides 

could promote cancer cells toward apoptosis, we treated 

pancreatic cancer Panc-1 cells with the most potent lead If; 

staining with annexin V-FITC and propidium iodide (PI) 

followed by cytometric analysis determined the percentage of 

apoptotic cells. The increase in apoptotic cells highlighted that 

If suppressed cell growth via apoptosis (Fig. 3A). Its ability to 

induce apoptosis was further assessed by detecting the 

expression of biomarkers involved in apoptosis, such as the 

cleavage products of PARP (poly ADP-ribose polymerase) and 

BCL-2. PARP is a family of proteins involved in different cellular 

processes and its cleavage serves as a marker of cells 

undergoing apoptosis,
20

 while BCL-2 plays a crucial role in 

regulating cell death by inhibiting apoptosis.
21

 Indeed, If 

increased the level of cleaved PARP, and at the same time, 

suppressed BCL-2 expression (Fig. 3B), confirming the ability of 

If to promote apoptosis. 

We were also curious whether If initiated other pathways 

besides apoptosis to cause cell death. Autophagy is an 

evolutionarily conserved catabolic process in which cellular 

materials are delivered to lysosomes for degradation. 

Furthermore, autophagy not only plays a crucial role in cell 

survival but also acts as a specific mechanism of cell death.
22

 

Several studies have revealed a relationship between HSPs and 

autophagy. For example, HSP90 increases chemoresistance via 

regulating autophagy, and autophagy also influences HSP90-

mediated antiapoptotic effects.
23

 Moreover, several 

nucleoside analogues could cause autophagy-induced cell 

death; for example, the 1,2,3-triazolyl nucleoside derivatives 

developed by Benhida et al. suppressed tumor cell growth via 

both apoptosis and autophagy.
24, 25

 We therefore investigated 

whether If could induce cell death via autophagy. As the 

microtubule-associated protein-1 light chain 3B (LC3B) is 

required for formation of autophagosomes,
26

 an increase in  

 

Fig. 3 Compounds If induced apoptosis in pancreatic cancer Panc-1 
cells. (A) Flow cytometry quantified cells undergoing apoptosis 

(annexin V-positive cells) and necrosis (PI-positive cells). Untreated 
Panc-1 cells were used as the reference control. (B) If efficiently led to 
the cleavage of PARP and downregulation of BCL-2. 

LC3B lipidation and cleavage are considered hallmarks of 

autophagy induction. We then verified the expression of LC3B 

in Panc-1 cells using western blotting and immunofluorescent 

assays. As shown in Figure 4A, If caused a remarkable increase 

in autophagic activity, which is drastically different from 

WMH-116. In addition, immunofluorescent staining of LC3B 

was performed to visually detect cellular changes during 

autophagic activity. Incubation of If with Panc-1 cells led to a 

considerable increase in autophagic punctate dots (Fig. 4B), 

indicating autophagosome formation. To further examine 

whether If induced autophagy or behaved as autophagy 

inhibitors like cholorquine, we combined If with chloroquine to 

treat Panc-1 cells. Figure 4C demonstrated that co-treatment 

with chloroquine and If increased considerably the conversion 

to LC3B-I to LC3B-II, suggesting that If effectively induced 

autophagy.  

As autophagy may exhibit opposing, context-dependent 

roles in cancer, it was important to determine whether the 

autophagy induced by If plays a pro-survival role or activates 

the death cascade. Interestingly, when autophagy was 

inhibited by chloroquine, the proliferation of cells treated by If 

recovered (Fig. 4D), suggesting that the antiproliferative 

activity of If can be partially ascribed to its ability to induce 

autophagic cell death in addition to apoptosis. 

After confirming the anticancer activity and mode of action 

in vitro, we next assessed the antitumor effects of If in nude 

mice bearing Panc-1-xenografted tumors (Fig. 5). Mice with 

mean tumor volumes of 100 mm
3
 were randomly selected for 

treatment with If versus treatment with PBS buffer as control. 

Upon intraperitoneal (ip) injections for 4 consecutive weeks, If 

significantly reduced the Panc-1 tumor volume by 70% 

compared to the PBS group (Fig. 5A). In addition, cancer cell 

proliferation was considerably reduced in tumor tissues, as 

 

Fig. 4 Compound If activated autophagy-induced cell death in 

pancreatic cancer Panc-1 cells. (A) Western blotting analysis of LC3B-I 
conversion to LC3B-II in Panc-1 cells. Panc-1 cells were treated with 
various concentrations of WMH-116 and If, following which whole-cell 

lysates were analyzed for LC3B expression, with β-actin as the 
reference. (B) Immunofluorescence analysis of LC3B localization in 
Panc-1 cells treated with If, showing the appearance of a punctate 

staining pattern. Bright green spots: LC3B; blue: Hoechst 33342. (C) 
Panc-1 cells were treated with If with or without the autophagy 
inhibitor chloroquine to determine levels of autophagic flux. (D) The 

proliferation of Panc-1 cells recovered following the co-treatment with 
chloroquine (CQ) and If, indicating that If may exhibit antiproliferative 
activity via induction of autophagy. 
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Fig. 5 Effect of If treatment on Panc-1 tumor growth in vivo. (A) If inhibited 

tumor growth. If was injected intraperitoneally (20 mg/kg) for 4 weeks. The 
tumor volumes were measured twice a week. **p<0.01 vs control (Student’s 
t test). All results are expressed as the mean ± S.E (n = 5). Data points are 

the means of analysis; bars indicate standard errors. (B) In vivo tumor cell 
proliferation was measured by immunohistochemistry staining for Ki67; 
tumor cell apoptosis was detected by the TUNEL assay. 

 

revealed by immunohistochemical analysis of Ki-67, a cell 

proliferation marker. Also, much fewer Ki-67-positive cells 

were detected in the If-treated group compared to the PBS-

treated group, highlighting the effective antitumor activity of If 

(Fig. 5B). Meanwhile, TUNEL-positive cells were significantly 

increased in tumor tissues from If-treated mice, indicating the 

induction of apoptosis by If in vivo. Finally, no adverse effects 

occurred in the treated group indicating by their constant body 

weight and normal behaviour (Fig. S1A). Moreover, 

pathological examination of the major organs of the mice 

treated with If using H&E staining did not reveal any notable 

histopathological changes (Fig. S1B), further confirming that If 

did not cause any acute toxicity in the mouse model. 

In summary, we have developed novel triazole nucleoside 

analogues Ia–If bearing amine functionalities at the sugar 

scaffold. Compared to their parent compound WMH-116, the 

various tertiary amine functionalities greatly improved their 

anticancer activity, with If being the most potent lead 

compound. Remarkably, If was able to induce autophagic cell 

death in addition to inducing apoptosis and inhibiting heat 

shock response pathways. Therefore, they constitute 

promising lead compounds with anticancer activity via dual 

mechanisms of inducing cell death. Importantly, the concept 

and strategy of introducing tertiary amine functionalities 

provide a new perspective in the search for novel and potent 

anticancer candidates to advance our drug discovery program. 
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