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Abstract. Cordycepin (3'-deoxyadenosine) is an inhibitor 
of poly(A) polymerase (PAP), an enzyme crucial to mRNA 
3'-end processing, which produces the shortening of poly(A) 
tails, leading to the destabilization of mRNAs. Cordycepin 
inhibits proliferation and induces apoptosis in tumor cells, 
indicating its antitumor activity. Defective 3'-end processing 
is associated with hypersensitivity to UV treatment. We 
investigated the effects of cordycepin on proliferation and 
apoptosis in MLH1‑deficient and MLH1-proficient HCT116 
colon tumor cells. MLH1 is a DNA mismatch repair (MMR) 
protein involved in the processing of damaged DNA. Cells 
with defective MMR show resistance to certain anticancer 
drugs. The results showed that MLH1-deficient HCT116 cells 
are 2-fold less sensitive to the cytostatic effect of cordycepin, 
as compared to MLH1-proficient cells. This reduced sensi-
tivity to cordycepin in MLH1-deficient cells was associated 
with reduced upregulation of the cell cycle inhibitor p21. 
MLH1-deficient cells also exhibited reduced susceptibility to 
apoptosis upon treatment with cordycepin, as demonstrated 
by the reduced PARP-1 cleavage. Our findings showed that 
MLH1-deficient HCT116 colon tumor cells are resistant to 
the cytostatic and cytotoxic effect of cordycepin, indicating a 
possible involvement of MMR in mRNA polyadenylation. The 
findings also suggest that cordycepin is not suitable to thera-
peutically encounter tumor cells lacking MLH1 expression.

Introduction

Polyadenylation of mRNA, also referred to as 3'-end mRNA 
processing, is crucial to mRNA stability and to the nuclear 
export of mRNA (1). The stabilization of the newly transcribed 
mRNA and the translation of mRNA into a protein are crucial 

steps in protein synthesis in all cells. mRNA polyadenylation 
is a regulated process carried out in a multiprotein-complex, 
wherein poly(A) polymerase (PAP) is the enzyme performing 
the addition of multiple adenosine-monophosphates (150 to 
250) to the mRNA, resulting in a poly(A) tail.

Cordycepin, the main constituent of the mycelia of 
Cordyceps militaris, is an adenosine analogue lacking the 
3'-OH-group normally present in adenosine. Cordycepin 
inhibits mRNA polyadenylation presumably by causing 
chain termination after it has been incorporated as cordy-
cepin‑triphosphate  (2). Cordycepin therefore leads to the 
shortening of the poly(A) tail length in a dose-dependent 
manner (3), confirming its PAP-inhibitor activity. Cordycepin 
has numerous biological activities, including inhibition of cell 
proliferation, activation of apoptosis, and inhibition of cell 
migration and invasiveness (4-8). Cordycepin has been shown 
to reduce tumor formation in mice (6) and has therefore been 
proposed as a cancer drug. In addition, PAP has been suggested 
as a potential therapeutic target (9) and its enzymatic activity 
has potential as an independent prognostic marker in primary 
breast cancer (10).

Polyadenylation has been proposed to be linked to the 
DNA damage response. The DNA damage-induced p53 
protein inhibited the function of the cleavage stimulation 
factor (CstF), a key factor in the cleavage step of the mRNA 
polyadenylation reaction, and thereby blocked mRNA poly-
adenylation (11). Furthermore, reduced CstF levels resulted in 
UV-hypersensitivity and defective DNA repair (12,13).

DNA mismatch repair (MMR) is a type of post-replicative, 
multiprotein repair machinery contributing to the mainte-
nance of genome integrity and to the apoptotic destruction of 
damaged cells. Defective MMR function is not only associ-
ated with a mutator phenotype, microsatellite instability and 
cancer predisposition, but is also one cause of tumor chemo-
resistance and thus is believed to contribute to chemotherapy 
failure (14,15). MMR-deficient tumor cells have been shown 
to be resistant to anticancer compounds including cisplatin, 
temozolomide, 6-thioguanine and certain anthracyclins (16). 
While certain compounds such as taxanes exhibit activity 
against MMR-deficient tumor cells, only a few compounds 
to which MMR-deficient cells are hypersensitive have been 
found. These compounds, however, failed to successfully 
advance into clinical trials.
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In the present study, we investigated whether HCT116 colon 
tumor cells lacking the expression of MLH1, a protein of the 
MMR multiprotein complex, are hypersensitive to cordycepin 
compared to those cells expressing the MLH1 protein.

Materials and methods

Cell lines and culture. A matched pair of cell lines, i.e., an 
MLH1‑deficient human colorectal adenocarcinoma cell line 
(designated HCT116+ch2) and its MLH1-proficient counter-
part (designated HCT116+ch3), was used. The cell lines were 
derived from the human colorectal adenocarcinoma cell line 
HCT116 containing a hemizygous mutation in MLH1, resulting 
in a truncated, non‑functional protein (American Type Culture 
Collection; ATCC CCL 247, Manassas, VA, USA). The 
HCT116+ch3 sub-line is complemented with chromosome 3 
carrying the wild-type gene for hMLH1 and is competent in 
MMR function. The HCT116+ch2 cell line, for reasons of 
chromosome balance, is complemented with chromosome 2 
and is MMR incompetent. It is generally acknowledged that 
the chromosome complementation does not spoil the effects 
of DNA MMR on drug sensitivity, although the extent of 
possible effects from the introduction of an extra chromosome 
has yet to be adequately clarified. The presence or absence 
of MLH1 protein in the respective cell lines was routinely 
checked by immunoblotting. The two cell lines were main-
tained in Iscove's modified Dulbecco's medium (Invitrogen, 
Basel, Switzerland) supplemented with 10% heat‑inactivated 
fetal bovine serum (Oxoid, Basel, Switzerland) and geneticin 
(400 µg/ml; Invitrogen) at 37˚C in an atmosphere with 10% 
CO2 and 95% humidity. Cordycepin (3'-deoxyadenosine) was 
purchased (Sigma, Buchs, Switzerland) and aliquots prepared 
in water were stored at -20˚C.

Drug sensitivity assay. The sensitivity of the two cell lines to 
cordycepin treatment was assessed by a clonogenic assay. In a 
typical setting, 500 cells in medium were plated onto 35 mm 
cell culture dishes, followed by the addition of cordycepin to 
the cultures on the following day. Drug treatment was either 
24  h or continuous (7  days). For the 24-h treatment, the 
cordycepin‑containing medium was replaced by drug‑free 
medium 24 h later, followed by further incubation for 6 days 
to allow colony formation. For continuous treatment, the 
cells were incubated for 7 days in the cordycepin-containing 
medium. Cells were then fixed with 25% acetic acid in ethanol 
and stained with Giemsa. Colonies of at least 50 cells were 
scored. Each experiment was carried out at least three times in 
triplicate cultures. The relative colony formation (percentage 
of clonogenic survival) was plotted against the drug concen-
trations, and the IC50 concentrations were calculated by linear 
extrapolation.

Cell lysates for immunoblot analysis. Protein expres-
sion in untreated or cordycepin-treated HCT116+ch2 and 
HCT116+ch3 colon tumor cells was assessed by immunoblot 
analysis (western blotting) using the respective cell lysates. 
The cell lysates were produced from cultures that were 
subconfluent at the time of analysis (avoiding undesired effects 
due to factors such as contact inhibition). Briefly, cells were 
grown to 70% confluence, treated with various concentra-

tions of cordycepin for various periods of time, and lysed for 
immunoblot analysis performed following standard protocols. 
The protein concentration of cell lysates was determined by 
the BCA Protein Assay kit (23227; Pierce, Perbio Science, 
Lausanne, Switzerland). Cell lysate protein (20 µg) was loaded 
and separated using SDS-PAGE, followed by blotting onto a 
polyvinylidene difluoride membrane (Amersham Biosciences, 
Otelfingen, Switzerland). Proteins were detected by the specific 
primary antibodies and the respective secondary, horseradish 
peroxidase-conjugated anti‑mouse (M15345; Transduction 
Laboratories, Lexington, KY, USA) or horseradish peroxi-
dase‑conjugated anti-rabbit (7074; Cell Signaling; BioConcept, 
Allschwil, Switzerland) antibodies. The primary antibodies 
used were: p21 (2946; Cell Signaling) and PARP-1 (9542; Cell 
Signaling, recognizing the 116 kDa full-length PARP-1 and the 
cleaved 89 kDa fragment). Rabbit anti-α/β-tubulin (2148; Cell 
Signaling) was used as a sample loading control. Complexes 
were visualized by enhanced chemiluminescence (Amersham 
Biosciences) and autoradiography.

Statistical analysis. The mean ± SD values were calculated 
(where appropriate). Statistical analysis was performed using 
the paired two-tailed Student's t-test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Loss of MLH1 correlates with resistance to cordycepin in 
the clonogenic assay. We determined whether the loss of 
MLH1 affects the clonogenic potential of HCT116 colon 
tumor cells treated with cordycepin. The clonogenic assay 
data demonstrated that MLH1-deficient HCT116+ch2 colon 
tumor cells were 1.9-fold less sensitive (p<0.01) compared to 
the MLH1-proficient HCT116+ch3 colon tumor cells to 24-h 
treatment with cordycepin (Fig. 1). The respective IC50 values 
(mean ± SD) were 137±7 µM (HCT116+ch2) vs. 73±5 µM 
(HCT116+ch3). Comparable results (data not shown) were 
found for the 7‑day treatment (2.0-fold; p<0.01). The respec-
tive IC50 values were 140±25 µM (HCT116+ch2) vs. 69±11 µM 
(HCT116+ch3). This indicates that loss of MLH1 correlates 
with resistance to cordycepin.

Loss of MLH1 associates with reduced upregulation of 
p21 expression. We determined whether the loss of MLH1 
in HCT116 colon tumor cells influences the expression of 
the endogenous cell cycle inhibitor p21. Immunoblot data 
demonstrated that a 72-h treatment with 100 µM cordycepin 
produced a marked upregulation of p21 in the MLH1-proficient 
HCT116+ch3 cells. By contrast, a respective upregulation was 
only observed with a cordycepin concentration as high as 
300 µM in the MLH1-deficient HCT116+ch2 cells (Fig. 2A). 
p21 was absent in the untreated controls. This result indicates 
that cordycepin-induced p21 upregulation is dependent on the 
presence of MLH1.

Loss of MLH1 associated with reduced apoptosis. We deter-
mined whether the loss of MLH1 affects the susceptibility of 
HCT116 colon tumor cells to cordycepin-induced apoptosis. 
Immunoblot data demonstrated that a 72-h cordycepin treat-
ment produced less PARP-1 cleavage (a measure of ongoing 
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apoptosis) in MLH1-deficient HCT116+ch2 cells as compared 
to MLH1-proficient HCT116+ch3 cells (Fig. 2B). A concentra-
tion of 300 µM cordycepin was sufficient to eliminate the level 
of the PARP-1 precursor in MLH1-proficient cells, whereas 
a respective elimination was not observed with 1,000 µM 
cordycepin in MLH1-deficient cells. The cleaved fragment 
of PARP-1 was hardly detectable. This inability to detect the 
cleaved fragment indicates that cordycepin‑induced apoptosis 
is dependent on the presence of MLH1.

Discussion

MLH1 protein is part of the DNA mismatch repair (MMR) 
multiprotein complex; this post-replicative repair machinery 
recognizes and corrects DNA biosynthetic errors occurring 
spontaneously during DNA synthesis, thereby increasing 
replication fidelity and ensuring the maintenance of genome 
integrity. MMR also processes DNA damage induced by 
specific chemotherapeutic drugs and activates cell cycle 
checkpoints and apoptosis. Defective MMR, due to mutations 
in the MMR genes themselves or due to hypermethylation 
of the MLH1 gene promoter, associates with a mutator 

phenotype, microsatellite instability, cancer predisposition 
and resistance to chemotherapeutically active drugs such as 
cisplatin and carboplatin (14,16). Defective MMR predomi-
nantly associates with hereditary non-polyposis colon cancer 
(HNPCC), also referred to as Lynch syndrome, and, to a lesser 
extent, with other types cancers including those of the breast 
and ovaries (15). An efficient treatment of MMR-deficient 
cancers may require drugs to which these cancers either retain 
sensitivity or are even hypersensitive.

The question addressed was whether MLH1-deficient 
HCT116 colon tumor cells are hypersensitive to cordy-
cepin, compared to their MLH1‑proficient counterpart. 
Our results demonstrated that this was not the case; instead 
the MLH1-deficient cells were significantly less sensitive to 
the cordycepin-induced proliferation inhibition and apop-
tosis activation compared to MLH1-proficient cells. Thus, 
MLH1-deficient cells are associated with resistance to the 
PAP-inhibitor cordycepin. We suggest a role for MMR function 
in mediating the cytostatic and cytotoxic effects of cordycepin 
and therefore in mRNA polyadenylation.

The observed cordycepin resistance to proliferation inhi-
bition in MLH1-deficient cells was the first key finding and 
it correlated with the delayed upregulation of p21 following 
cordycepin treatment, as compared to MLH1-proficient cells. 
p21 is an endogenous cell cycle progression inhibitor protein, 
which regulates cell cycle checkpoint activation and cell cycle 
progression attenuation, which is commonly upregulated in 
response to a variety of cellular stressors (17). It has been 
shown that the cordycepin-induced p21 upregulation and 
p21-dependent G2/M checkpoint activation requires the c-Jun 
N-terminal kinase 1 (18).

The observed apoptosis resistance in response to cordycepin 
treatment in MLH1-deficient cells was the second key finding 
and it was documented by the reduced rate of the proteolytic 
fragmentation of the PARP-1 full-length precursor (an event 

Figure 1. (A) Effect of a 24-h cordycepin treatment on the clonogenic sur-
vival of MLH1-deficient HCT116+ch2 (open squares) and MLH1‑proficient 
HCT116+ch3 (filled squares) colon tumor cells. Cells were treated with 
various concentrations of cordycepin (0, 50, 100, 150 and 200 µM) for 
24 h, followed by incubation in drug-free medium for 6 days and then 
by Giemsa staining. Data points are the mean ± SD of three independent 
experiments performed in triplicate cultures. P<0.05 was considered sta-
tistically significant. (B) Photographs of a representative clonogenic assay 
presenting colony formation as a function of cordycepin concentration. Top 
panel: MLH1‑deficient HCT116+ch2 cells; bottom panel: MLH1-proficient 
HCT116+ch3 cells.
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Figure 2. (A) Effect of a 72-h cordycepin treatment on the expression of p21  
and (B) on the proteolytic cleavage of the 116 kDa PARP-1 precursor into 
89-kDa fragments in MLH1-deficient HCT116+ch2 and MLH1-proficient 
HCT116+ch3 colon tumor cells as determined by immunoblot analysis. 
Cells were treated with various concentrations of cordycepin (0, 100, 300 
or 1000 µM) for 72 h, lysed, and prepared for immunoblot analysis. Tubulin 
is the sample loading control. HeLa cells treated with 0.8 mM hydrogen 
peroxide (H2O2) served as a positive control sample for apoptosis. Data are 
representative of two independent experiments.
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typical for ongoing apoptosis). Apoptosis (also referred to as 
programmed cell death) is important in the control of cell 
homeostasis in many organisms and is a crucial process in 
response to cellular stress (19,20). Cordycepin has been shown 
to activate reactive oxygen species-mediated caspase‑depen-
dent apoptosis (both intrinsic and extrinsic apoptosis) in 
cancer cells (21,22), but may also induce caspase‑independent 
apoptosis via direct RNA synthesis inhibition  (5) or via 
calcium-µ-calpain activation (23).

Notably, absent or delayed p21 upregulation associated 
with resistance to proliferation inhibition and apoptosis in 
MLH1-deficient cells has already been demonstrated for a 
variety of chemotherapeutic compounds including cisplatin, 
carboplatin and temozolomide (16). The present study there-
fore adds cordycepin to this group of compounds.

Our observations indicate that the cordycepin-induced 
effects on proliferation and apoptosis are dependent on the 
presence of MLH1 protein. This finding suggests that MLH1, 
a protein believed to transmit the presence of MMR-dependent 
DNA damage to checkpoint signaling and apoptosis activa-
tion (24-26), is functionally linked to mRNA polyadenylation. 
However, the nature of such a potential link is unknown. MLH1 
may serve either as a signal transmitter molecule or even as a 
detector molecule for the accumulated under-polyadenylated 
mRNAs. This function may then trigger proliferation attenu-
ation and cell death signaling via JNK and p21 upregulation 
in the presence of MLH1, while in its absence these cellular 
responses do not occur.

The hypothesis that DNA damage repair and the polyad-
enylation mechanisms are linked was raised by recent studies. 
These suggest that the cleavage stimulation factor (CstF), a 
protein crucial for functional mRNA polyadenylation, has a 
direct role in the DNA damage response. Reduced CstF levels 
are associated with decreased viability (hypersensitivity) to 
UV treatment and defects of DNA damage repair  (12,13). 
Furthermore, CstF complexes with DNA damage-induced p53 
protein, thereby inhibiting the function of CstF and finally 
blocking the mRNA 3' cleavage step of the polyadenylation 
reaction (11).

Taken together, the results demonstrate that MLH1 defi-
ciency correlates with cordycepin resistance in colon tumor 
cells. Since MLH1 is one component of the MMR complex 
and MLH1 deficiency is associated with defective MMR func-
tion, the results have shown that MMR may be involved in 
managing cell responses to cordycepin treatment. Thus, cordy-
cepin may be used in the treatment of MMR-deficient tumors.
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