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Cytotoxicity of Guanine-Based Degradation 

Products Contributes to the Antiproliferative 

Activity of Guanine-rich Oligonucleotides 

Nan Zhang,ab Tao Bing,a Xiangjun Liu,a Cui Qi,a Luyao Shen,ab Linlin 
Wang,a and Dihua Shangguan*a  

Guanine-rich oligonucleotides (GROs) have attracted considerable attention as anticancer 

agents, because they exhibit cancer-selective antiproliferative activity and can form G-

quadruplex structures with higher nuclease resistance and cellular uptake. Recently, a GRO, 

AS1411 has reached phase II clinical trial for acute myeloid leukemia and renal cell carcinoma. 

The antiproliferative activity of GROs has been associated with various protein targets; 

however the real mechanisms of action remain unclear. In this study, we showed evidences that 

antiproliferative activity of GROs (including AS1411) is mainly contributed by the 

cytotoxicity of their guanine-based degradation products, such as monophosphate 

deoxyguanosine (dGMP), deoxyguanosine (dG) and guanine. The GROs with lower nuclease 

resistance exhibited higher antiproliferative activity. Among nucleotides, nucleosides and 

nucleobases, only guanine-based compounds showed highly concentration-dependent 

cytotoxicity. Our results suggest that it is necessary to reconsider the cancer-selective 

antiproliferative activity of GROs. Since guanine-based compounds are endogenous substances 

in living organisms, systematic studies of the cytotoxicity of these compounds will provide 

new information for the understanding of certain diseases and offer useful information for drug 

design. 

Introduction 

Exploration of oligonucleotides as therapeutic agents has 

attracted extensive efforts over the last two decades. Although 

many strategies, such as antisense oligonucleotides, small 

interfering RNA1, aptamers2-6, immunostimulatory CpG7 and 

molecular decoys8, have exhibited considerable therapeutic 

promise, the in vivo usefulness of oligonucleotide-based 

medicines is limited by their poor cellular 

internalization/trafficking9, 10 and their susceptibilities to 

degradation by various nucleases present in almost every 

biological fluid1. Recently, Guanine-rich oligonucleotides 

(GROs) have attracted considerable interest because they can 

form G-quadruplex structures, a characteristic secondary 

structure that is composed of planar arrangements of four G-

bases stabilized by eight Hoogsteen hydrogen bonds (known as 

G-quartet)
11

. Compared to other native oligonucleotides, G-

quadruplexes are found to have increased nuclease resistance 

and enhanced cellular uptake12-15. Many GROs have been 

reported to have rather distinct biological activities, such as 

anticoagulant16, antiviral17-19 and cancer-selective 

antiproliferative activity20-25. Recently, GRO libraries (random 

sequences) were also reported to have strong antiproliferative 

activity, which suggests that the antiproliferative activity may 

be a general feature of certain GROs 26.  

Different from the antisense oligonucleotides that hybridize 

to target nucleic acids, the activities of GROs are considered to 

arise from binding to protein targets12, 27, 28, thus, many 

mechanisms of antiproliferative activity of GROs have been 

proposed29-31. However, the real molecular basis of the 

antiproliferative activity of GROs remains unclear.  

An important achievement of the therapeutic 

oligonucleotides is AS1411, a GRO that has reached phase II 

clinical trial for acute myeloid leukemia and renal cell 

carcinoma32. AS1411 is a G-quadruplex-forming 

oligodeoxynucleotide, which has been found to exhibit 

antiproliferative activity in various cancer cell types and exhibit 

antitumor activity in several animal xenograft models without 

toxic effect12, 33, 34. The molecular target of AS1411 is 

considered to be nucleolin, a multifunctional protein 

overexpressed in cytoplasm and on cell surface of many tumor 

types, thus it has been widely used as a nucleolin-binding 
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aptamer in cancer-cell-specific drug delivery and cancer cell 

imaging35-38. The cellular uptake of AS1411 was previously 

considered to be mediated by surface nucleolin (as receptor), 

and then was also found to be mediated through 

micropinocytosis in some cell types. In the micropinocytosis 

pathway, nucleolin was not required for initial AS1411 uptake 

but was necessary for induced micropinocytosis 39. Although 

some mechanisms of action of AS1411 have been proposed, 

such as inhibition of NF-κB activation, S-phase cell cycle 

arrest, derepression of some PRMT5 target genes, and 

reduction of bcl-2 expression; and nucleolin has also been 

found to involve in these mechanisms30, 34, 40, 41, the exact role 

of nucleolin and the real mechanism of AS1411 are not 

completely understood.  

 In previous study, we found that intramolecular G-

quadruplex oligonucleotides with parallel structure have 

general binding activity to many cell lines. Some of these G-

quadruplexes exhibited antiproliferative activity independent of 

their cellular binding42. In our further study on the relationship 

of antiproliferative activity and G-quadruplex structures, we 

found that the antiproliferative activity of GROs might be 

contributed by the cytotoxicity of their guanine-based 

degradation products. In this paper, we show the evidences to 

support this presumption. 

Results  

Antiproliferative activity of GROs 

Our original experimental design was to investigate the 

relationship between antiproliferative activity and G-

quadruplex structures, thus we designed a group of GROs as 

CTG3HxG3HxG3HxG3A (Table 1), where Hx are loops of 

different length, H represents base A, C or T, and X represents 

the number of bases within the limit of 1-3. This kind of 

oligonucleotides is considered to form G-quadruplexes with 

different loops. G-quadruplexes with single-base loops usually 

adopt parallel structure and have high thermostability; as the 

loop length increases, G-quadruplexes prefer to adopt 

antiparallel structure, hybrid or mixed parallel/antiparallel 

structure with less thermostability43-45. We also synthesized two 

GROs with non-nucleotide loops: propyl loops (C3-loop) and 

triethylene glycol loops (S9-loop). AS1411 was also 

synthesized as the positive control. The Circular Dichroism 

spectra experiment confirmed that these oligonucleotides could 

fold into G-quadruplexes in phosphate buffered saline (PBS) 

(Fig. S1). Among them, the oligonucleotides with single-base 

loops and non-nucleotide loops (T-loop, C-loop, A-loop, H-

loop, C3-loop and S9-loop) exhibited strong characteristic 

signals of parallel G-quadruplexes, suggesting that the formed 

G-quadruplexes were highly stable43-45.  

Table 1. The sequences of oligonucleotides used in this work  

 
Oligo Seqenece (from 5’ to 3’) 

G- 
quadruplex 

T-loop CTGGGTGGGTGGGTGGGA 

C-loop CTGGGCGGGCGGGCGGGA 

A-loop CTGGGAGGGAGGGAGGGA 

H-loop CTGGGHGGGHGGGHGGGA 

TT-loop CTGGGTTGGGTTGGGTTGGGA 

CC-loop CTGGGCCGGGCCGGGCCGGGA 

AA-loop CTGGGAAGGGAAGGGAAGGGA 

HH-loop CTGGGHHGGGHHGGGHHGGGA 

TTT-loop CTGGGTTTGGGTTTGGGTTTGGGA 

HHH-loop CTGGGHHHGGGHHHGGGHHHGGGA 

AS1411 GGTGGTGGTGGTTGTGGTGGTGGTGG 

C3-loop CTGGGXGGGXGGGXGGGA, x= propyl 

S9-loop CTGGGYGGGYGGGYGGGA,Y= triethylene glycol 

non-G- 

quadruplex 

H-G4 CTGGGTTGGG 

C-control CTCCCTTCCCTTCCCTTCCCA 

G-control CTTTTGGTTTGGTTTGGTTTA 

 

The cell proliferation inhibition by these sequences was 

measured using Jurkat E6-1 cell line (human acute T cell 

leukemia) because G-quadruplexes do not bind this cell line42, 

which may eliminate the influence of different binding affinity 

to cells of different sequences. All the G-quadruplexes with 

two- or three-base loops showed strong antiproliferative effect 

on Jurkat E6-1 cells (>70% growth inhibition) at concentrations 

of 5 M and 10 M (Fig. 1A). However, among the G-

quadruplexes with single-base loops or non-nucleotide loops, 

only A-loop showed strong antiproliferative effect on Jurkat 

E6-1 at the same concentrations; and H-loop showed weak 

antiproliferative effect, i.e. 40% growth inhibition at 10 M. 

The positive control, AS1411 showed very strong 

antiproliferative effect at concentrations of 5 M and even 40% 

growth inhibition at 1 M. These results imply that stable G-

quadruplex structure might not be essential for the 

antiproliferative activity of GROs. Therefore we further tested 

the antiproliferative activity of three control oligonucleotides 

that cannot form intramolecular G-quadruplexes: H-G4 (3’ half 

of TT-loop), C-control (without G bases), and G-control (only 

three G2 tracts) (Table 1). C-control did not show strong 

antiproliferative effect even at concentrations of 20 M; H-G4 

and G-control exhibited strong antiproliferative effect at 

concentrations of 5 M (Fig. 1B), suggesting that G-base is 

necessary for the antiproliferative activity, but the G-

quadruplex structure is not necessary. The dose dependent 

effect of the oligonucleotides that showed antiproliferative 

effect was further measured (Fig. 1C) The IC50 values (the 

concentration that causes 50% growth inhibition) of these G-

quadruplex oligonucleotides were estimated in the range of 2.1-

3.2 M, and the IC50 value of AS1411 was 0.8 M, which is 

consistent with the previous reported 12. 
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Fig. 1 Antiproliferative activities of oligonucleotides on Jurkat E6-1 cells. (A) 

Antiproliferative activities of G-quadruplex oligonucleotides. (B) Antiproliferative 

activities of non-G-quadruplex oligonucleotides. (C) Dose-response 

antiproliferative effect of GROs. Cell viability was measured by CCK-8 assay after 

treating cells for 96 h. Bars represent mean±SEM, n=3. 

Nuclease resistance of GROs 

It has been reported that compact intramolecular G-

quadruplexes have high nuclease resistance13. Our previous 

studies have shown that a very close analog of T-loop has much 

stronger nuclease resistance than AS1411
42

; T-loop and C-loop 

have higher thermostability (melting temperature (Tm) > 80oC) 

than A-loop and TT-loop (Tm: 65 and 61oC)45. These results 

together with the above results imply that the degradation of 

GROs by nuclease may play an important role in their 

antiproliferative activity. Therefore we compared the nuclease 

resistance of these sequences in cell culture media (including 

10% fetal bovine serum (FBS)) by gel electrophoresis (Fig. 2). 

T-loop, C-loop exhibited strong nuclease resistance, the 

fluorescence of intact oligonucleotides was still visible after 96 

h, the half-life (T1/2) was estimated to be 96 and 52 h based on 

the decrease of fluorescence intensity of intact GROs. A-loop 

exhibited a medium level of nuclease resistance (T1/2, ~25 h);  

TT-loop and TTT-loop showed weaker nuclease resistance (T1/2, 

~12-15 h), almost no intact oligonucleotides were observed 

after 96 h. Among these tested GROs, AS1411 showed the 

weakest nuclease resistance (T1/2 ,~ 2 h), most of them were 

digested in 6 h. The smear bands of AS1411 at 6 and 12 h 

suggest the progressive degradation of AS1411 from 3’-end 

(5’-Fluorescein-label). Other GROs did not show smear bands 

and only showed a low band at the longer time points, which 

may due to the higher stability of these GROs that resulted in a 

very small amount of progressively degraded GROs or the 

degradation occurring at the FAM label46. Comparing the 

antiproliferative activity and nuclease resistance of these GROs, 

a negative correlation was found (Fig. S2), suggesting that the 

antiproliferative effects of GROs on Jurkat E6-1 cells may 

relate to their degradation products.  

 
Fig. 2 Nuclease resistance of GROs. (A) Denaturing-polyacrylamide gel (20%) 

electrophoresis assay of 5’-Fluorescein-labeled GROs (10 μM) after incubated in 

RPMI 1640 medium with 10% FBS at 37
o
C for different time, gels were exposed 

under UV light and photographed. (B) Degradation curves of GROs, data were 

extracted from A. 

Antiproliferative activity of guanine-based compounds 

In order to demonstrate above hypothesis, we tested the 

antiproliferative effect of nucleobases, nucleosides, 

deoxynucleosides, and deoxynucleoside triphosphate (dNTP) 

(Fig. 3 A-D). Among these compounds, only guanine-based 

compounds (guanine, guanosine, deoxyguanosine (dG) and 

dGTP) showed strong antiproliferative effect on Jurkat E6-1 

cells, the IC50 were estimated to be in the range of 14-18 µM, 

and other nucleobase-related compounds did not exhibit 

significant antiproliferative effect, which further suggest that 

the guanine-based degradation products may contribute to the 

antiproliferative effects of GROs.    

 
Fig. 3 Antiproliferative activities of nucleobases, nucleosides and deoxy-

ribonucleosides on Jurkat E6-1 cells. (A) nucleobases. (B) nucleosides. (C) deoxy-

ribonucleosides. (D) dNTP. Cell viability was measured by CCK-8 assay after 

treating cells for 96 h. Bars represent mean±SEM, n = 3. 

Effects of GROs, dA and dG on different cell lines 

The above antiproliferative effects were measured with Jurkat 

E6-1 cells. In order to demonstrate whether GROs and guanine-

base compounds have the similar effect to other cell lines, we 

tested the proliferative inhibition effect of TT-loop, AS1411, 

deoxyadenosine (dA) and dG on six different cancer cell lines 
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(A549, A549T, MCF-7, DU145, PC-3 and K562, see 

supplementary information about cell lines) (Fig. 4). dA did not 

show any significant effect on all the tested cell lines. TT-loop, 

AS1411 and dG showed parallel effects on all the tested cell 

lines, i.e. they did not show significant antiproliferative effect 

on A549 and MCF-7 cell lines and showed significant 

antiproliferative effect on other cell lines, which implies that 

the GROs and dG may have the same mechanism of action; in 

other words, the cell growth inhibition by GROs may not due to 

the whole oligonucleotides or G-quadruplex structures, and 

may due to the action of their degradation products, such as 

dGMP, dG and guanine. These results may also explain our 

previous finding that the growth inhibition effect of G-

quadruplexes was independent of their cellular binding42.  

Detection of guanine-based degradation products of GROs in 

serum  

The above hypothesis was based on the observation that 

guanine-based compounds and GROs have parallel 

antiproliferative activity. In order to confirm this hypothesis we 

further detected the guanine-based degradation products of 

AS1411 and TT-loop during the degradation process. AS1411 

(10 µM) and TT-loop (10 µM) were incubated in PBS 

containing 10% FBS at 37 oC for different times, then the 

guanine-based degradation products were analyzed by HPLC. 

Three guanine-based compounds, dGMP, dG and Guanine were 

detected in AS1411 reaction solution (Fig. 5A). High 

concentration of dGMP was observed at 6 h (44 µM), and 

gradually increase until 72 h (88 µM) and then decline at 96 h 

(63 µM). dG was observed to continuously increase from 6 h 

(0.3 µM) to 72 h (17 µM), and then maintained this level until 

96 h (16 µM). Guanine was observed to continuously increase 

from 24 h (9 µM) to 96 h (46 µM). These changes of guanine-

based compounds agreed with the degradation process of GROs, 

i.e. from deoxyoligonucleotide to dGMP to dG to Guanine. 

Approximatively 27-74% of AS1411 (totally containing 170 

µM guanine) were converted to guanine-based compounds 

from 6 to 48 h. These three compounds were also detected in 

TT-loop reaction solution from 6 to 96 h, but their 

concentrations were lower than that in AS1411 solution (Fig. 

5B), and approximatively 12-40% of TT-loop (totally 

containing 120 µM guanine) were converted to guanine-based 

compounds from 6 to 96 h, which may mainly due to its higher 

nuclease resistance than AS1411. This set of results confirms 

that guanine-based compounds were indeed generated in 10% 

FBS and arrived to a certain concentration that could inhibit 

cell growth. 

 
Fig. 4 Antiproliferative activities of dA, dG, TT-loop and AS1411 on different 

cancer cell lines. Cell viability was measured by CCK-8 assay after treating cells 

for 96 h. Bars represent mean±SEM, n = 3. The statistical significant differences 

between dA (100 µM) and dG (100 µM), TT-loop (10 µM) or AS1411 (10 µM) 

were calculated by IBM SPSS Statistic 20; *P < 0.05, ***P < 0.001 (t-test), NS, not 

significant. 

 
Fig. 5 HPLC analysis of guanine-based degradation products of AS1411 (A) and TT-loop (B) in 10 % serum. The peaks of dGMP, dG and guanine were confirmed by 

comparison with the standard compounds (Fig. S3); the peak after dG corresponding to a thymine–based degradation product (Fig. S4). 

Effects of GROs and dG on cell cycle and apoptotic profile 

Some GROs have been reported to induce apoptosis in tumor 

cells21, 47, 48 and induce the accumulation of cells in S phase and 

in sub-G1 phase20, 41, 47. In order to further compare the effects 

of guanine-based compounds and GROs on cell cycle and 

apoptotic profile, we performed Annexin V-fluorescein assay 

and cell cycle assay after treating cells with 10 M TT-loop, 
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de-TT-loop (TT-loop pretreated in 50% serum for 48 h), 

AS1411 or different concentrations of dG for different times.  

 
Fig. 6 Cell apoptosis and death induced by GROs and dG. (A) Jurkat E6-1 cells 

were treated with 10 μM TT-loop, de-TT-loop (pre-degraded in 50% FBS for 48 h), 

AS1411 or 100 μM dG for 12, 24, 48, 72 and 96 h. (B) Jurkat E6-1 cells were 

treated with 10, 20 and 30 μM dG for 6, 12, 24, 48, 72 and 96 h. Cells were 

double-stained by Annexin V-FITC and PI. Crossing gates divided the dot plots 

into four quadrants. Dots in lower right quadrants (Annexin V+ and PI-) indicate 

early apoptotic cells; dots in upper right quadrants (Annexin V+ and PI+) indicate 

late apoptotic cells or dead cells. The numbers indicate the percentage of cells in 

the corresponding quadrants. Ctr: cells without treatment. Result is single 

representative of three independent experiments. 

The apoptotic profiles of cells were measured by flow 

cytometry. Compared with the untreated cells (control), all the 

treatments were observed to induce apoptosis and death of 

Jurkat E6-1 cells, but different treatments showed different time 

dependent profiles (Fig. 6A). TT-loop treatment only induced 

apoptosis and death of a small fraction of cells from 72 h 

(~12%) to 96 h (~21%); the pre-degraded TT-loop (de-TT-loop) 

treatment induced notable apoptosis and death of cells from 48 

h (~12 %) to 96 h (~35 %); AS1411 treatment caused a larger 

population of apoptotic and dead cells (~22 %) in 48 h than de-

TT-loop treatment and caused death of most cells in 96 h 

(~90 %); 100 M dG (equal to 8.3 M TT-loop in guanine) 

treatment caused ~18 % cell apoptosis and death as early as 12 

h, caused 40-63 % cell apoptosis and death from 24 to 48 h and 

~80% cell apoptosis and death in 72 h. These results suggest 

that dG (100 M) had the strongest toxicity to Jurkat E6-1 cells. 

AS1411 (10 M) showed similar cytotoxicity with dG after 72 

h treatment, but the toxicity occurred slower than that of dG, 

which may due to the delayed release of guanine-based 

degradation products. TT-loop showed the weakest cytotoxicity 

because of its low degradation rate, which can be further 

confirmed by the faster and stronger cytotoxicity of de-TT-loop 

than TT-loop.  

 
Fig. 7 Cell cycle profiles analysis of Jurkat E6-1 cells treated by GROs and dG. (A) 

Cell-cycle phase distribution of cells treated with 10μM TT-loop, de-TT-loop, 

AS1411 or 100 μM dG at 6, 12, 24, 48 and 96 h.  (B) Cell-cycle phase distribution 

of cells treated with 10, 20 or 30 μM dG at 6, 12, 24, 48, 72 and 96 h. 

Quantification of S phase and sub-G1 phase was done by FlowJo (Treestar, San 

Caros, USA). Ctr: cells without treatment. Result is single representative of three 

independent experiments. 

Since the high concentration of dG caused strong 

cytotoxicity, we also measured the apoptotic profile of cells 

treated with lower concentrations of dG. 10 M dG did not 

cause notable apoptosis and death of Jurkat E6-1 cells even 

after 96 h. 20 and 30 M dG caused a small population of 

apoptosis and death cells (Fig. 6B), which was similar with that 

of TT-loop (10 M) and de-TT-loop (10 M). However, the 

microscopic observation of cell growth in the presence of dG 

showed that 10 M dG did not affect the cell growth even after 
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96 h, but 20 and 30 M dG greatly inhibited the cell growth 

(Fig. S5), which was consistent with the antiproliferative effect 

of dG (Fig. 2C). This set of results suggests that 20-30 M dG 

mainly inhibited the cell growth and only induced apoptosis 

and death of a small amount of cells. 

The results of cell cycle assay are shown in Fig. 7. Similar 

with previous reports 20, 41, 47, GROs or dG treatment also found 

to increase the cell population in S phase and in sub-G1 phase. 

Cell population in sub-G1 phase is indicative of apoptotic and 

dead cells. TT-loop treatment was found to cause increase of 

cells in S-phase and sub-G1 phase at 96 h; while de-TT-loop 

treatment caused significant increase of cell in S-phase from 24 

to 96 h and a larger population of cells in sub-G1 phase at 96 h 

than TT-loop treatment. AS1411 treatment caused appearance 

of cells in sub-G1 phase at 48 h, and caused 57% of cells in 

sub-G1 phase at 96 h, which was consistent with the 

observation by Xu and coauthors41. 100 μM dG treatment 

caused the appearance of the sub-G1 phase population as early 

as 12 h, and caused 44% cells in sub-G1 phase at 96 h. But 10 

M dG did not cause notable cell cycle change even after 96 h. 

20 and 30 M dG caused significant increase of cell in S-phase 

from 12 to 96 h. 30 M dG treatment also caused appearance of 

cells in sub-G1 phase from 24-96 h. This set of results agreed 

well with the apoptotic profiles (Fig. 6) and also suggests that 

GROs may have similar mechanism of action with dG.  

Discussion 

Based on the above results, we are confident that the 

antiproliferative activity of GROs is contributed by the 

cytotoxicity of their degradation products, i.e. dGMP, dG and 

guanine. This conclusion is drawn from the following three 

aspects: 

I) G-quadruplex oligonucleotides with very high 

thermostability and nuclease resistance (T-loop, C-loop, C3-

loop and S9-loop) show very weak antiproliferative effects. G-

quadruplex oligonucleotides with relatively lower 

thermostability and nuclease resistance (A-loop, TT-loop, CC-

loop, AA-loop, HH-loop, TTT-loop and HHH-loop) and GROs 

that cannot form intramolecular G-quadruplex (H-G4 and G-

control) showed significant antiproliferative activity. AS1411 

with the lowest nuclease resistance showed the highest 

antiproliferative activity. These results imply that the 

antiproliferative activity of GROs does not relate to the G-

quadruplex structures, but relates to their nuclease resistance.  

II) Oligonucleotides without guanine base did not show 

antiproliferative effects. Among nucleotides, nucleosides and 

nucleobases, only guanine-based compounds showed 

antiproliferative activity. After incubation of AS1411 or TT-

loop with 10% FBS, guanine-based compounds were detected, 

and their concentrations were enough to inhibit cell growth. 

TT-loop, AS1411 and dG showed parallel antiproliferative 

effects on seven cell lines. These results indicate that guanine-

based degradation products must have contributed to the 

antiproliferative effect of GROs.    

III) The cell cycle and apoptotic profiles assay showed that 

GROs exhibited delayed effects (apoptosis and death) 

compared with dG. The pre-degraded TT-loop (de-TT-loop) 

showed faster effects than TT-loop. AS1411 that had high 

degradation rate showed strong cytotoxicity similar with that of 

the high concentration of dG (100 μM). TT-loop that had lower 

degradation rate only induced a small population of apoptotic 

and dead cells, which was similar with that of the low 

concentration of dG (20 μM). These time-related and 

degradation rate-related effects confirm that the 

antiproliferative effect of GROs is contributed by their 

degradation products, not by GROs themselves. 

As endogenous molecules, nucleotides, nucleosides and 

nucleobases not only serve as substrates for nucleic acid 

biosynthesis but also participate in the energy metabolism and 

signal transduction. In addition to the wide range of biological 

activities under both physiological and pathological conditions, 

the cytotoxicity of guanine-based nucleotides and nucleosides 

to several cancer cell lines has been reported over the past three 

decades49-55. However, no much attention is given to the 

cytotoxicity of guanine-based nucleotides, nucleosides and 

guanine, which may because that their cytotoxicity is diverse 

and depends on specific cells. Besides, they are endogenous 

compounds, and their cytotoxicity usually observed at a higher 

concentration (> 50 M). Although some mechanisms of action 

of guanine-based compounds have been proposed49-55, the exact 

mechanism remains unclear. Our results showed that the 

cytotoxicity of guanine-based compounds was highly 

dependent on their concentration. Their IC50 values to Jurkat 

E6-1 cells were 14-18 M. At concentration less than 10 M, 

dG did not show any effects to Jurkat E6-1 cells. 20-30 M dG 

mainly inhibited cell growth and did not significantly induce 

cell apoptosis and death. High concentration of dG (100 M) 

exhibited strong cytotoxicity.  

Conversely the antiproliferative activity of GROs has 

attracted extensive attention in recent years. For the most part, 

GROs have been shown to form G-quadruplex structures20-25
. 

G-quadruplex-forming sequences have been reported highly 

prevalent in genome, as well as in particular RNA domains 56-59. 

Accumulating evidence suggests that G-quadruplexes play 

important roles in vivo in regulating gene expression and 

telomere stability11, 60. There is no doubt that the biological 

functions of G-quadruplexes need the participation of many G-

quadruplex-binding proteins in cells, although only few of them 

have been identified11, 12, 23, 24, 29, 59, 61. Therefore, the 

antiproliferative effect of extraneous GROs is considered to be 

resulted from their binding to G-quadruplex-binding proteins, 

thus causing disturbance to the expression and regulation of G-

quadruplexe related genes. If in this case, the GROs with good 

cellular uptake and nuclease resistance would have high 

antiproliferative activity.  

Reports concerning the cellular uptake of GROs are quite 

common, but systematic studies are few 12. In general, the 

GROs with higher nuclease resistance are found to have higher 

cellular uptake13, 42. However, the above results show that 

GROs with high nuclease resistance have low antiproliferative 
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activity. Although GROs with low nuclease resistance were 

also found in cells, many of the uptake studies are performed by 

measuring the fluorescence in cells after treated with dye-

labelled GROs39, 42, this method can’t really indicated that the 

fluorescence was from the intact GRO, degraded GRO, or the 

dye cleaved from GRO, especially for GROs with low nuclease 

resistance. Up to data, the mechanism of cellular uptake of 

synthetic GROs is rather poorly understood. Many researchers 

believe that receptor (e.g. cell surface nucleolin) mediated 

endocytosis is the predominant mechanism 12, 39, 62, but different 

mechanism such as micropinocytosis was also proposed39. In 

previous study, we have observed that the cellular uptake and 

antiproliferative activity of GROs is independent of their 

cellular binding42. All the contradictory results suggest that the 

antiproliferative activity of GROs may not be mainly 

contributed by the internalized GROs. 

Indeed, G-quadruplex oligonucleotides have the enhanced 

resistance to serum nuclease than other non-quadruplex 

oligonucleotides, which usually delay their degradation from 

several minutes to several hours, then they would be completely 

degraded in a longer time as shown in our results. Usually, the 

antiproliferative investigations are performed in 72-120 h after 

GRO treatment20, 26, 30, 41, 48, in this time period, the cytotoxicity 

of the degradation products can not be neglected. However, it is 

still possible that the enhanced biostability and cellular uptake 

may provide G-quadruplex oligonucleotides the chance to bind 

to their target proteins in cells and disturb the cell functions. 

Therefore we cannot completely exclude the possibility that 

some G-quadruplex oligonucleotides themselves contribute to 

their antiproliferative activity. But we believe that the toxicity 

of guanine-based degradation products largely contributes to 

the antiproliferative activity of GROs, especially to the 

nuclease sensitive oligonucleotides.   

AS1411 had reached phase II trial stage as anticancer reagent. 

It has been reported to display antiproliferative activity in 

almost 80 tumor cell lines, and the typical IC50 values are in the 

range of 1-10 M12, 34, 41 which correspond to 17-170 M dG. 

In the phase II clinical studies, it was administered at a high 

dosage (40 mg/kg/day) by continuous intravenous infusion12, 32. 

In addition, AS1411 does not cause rapid cytotoxicity, the 

inhibition of cell growth and induction of cell death usually 

occurs after prolonged exposure to AS1411 (2–4 days)12, 33 , 

this is why a continuous infusion of AS1411 for 4 or 7 days is 

chosen as the route of administration for clinical studies12, 32. 

Our results have shown that most of AS1411 were digested in 

cell culture medium in several hours and 27%-74% of them 

were converted to guanine-based compounds in 6-48 h in 10% 

FBS solution. Compared to dG, AS1411 showed a delayed 

cytototoxiciy. Therefore, It can be concluded that the biological 

activity of AS1411 mainly due to the action of its guanine-

based degradation products. 

Conclusions 

In summary, we provided solid evidences that the 

antiproliferative activity of GROs was mainly contributed by 

the cytotoxicity of their guanine-based degradation products. 

We also showed the highly dose-dependent cytotoxicity of 

guanine-based compounds. These results suggest that 

systematic studies of the cytotoxicity of guanine-based 

compounds and their mechanism of action will provide deep 

insights into the function of guanine-based compounds and 

offer useful information for drug design.  
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