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Introduction

5-fluorouracil (5-FU) is the principal chemotherapeutic agent 
used to treat patients with advanced colorectal cancer. In par-
ticular, 5-FU-based chemotherapy improves survival in patients 
with stage III colon cancer,1-3 and in patients with stage II and 
III rectal cancer.4 Although 5-FU based chemotherapy is the 
gold standard for advanced stage colorectal cancer patients, 
individual patient tumor response rate for 5-FU treatment is 
low (20–30%) but it does have an impact on survival.5,6 There 
is no current methodology to decide which advanced colorectal 
cancer patient will have a tumor response to 5-FU treatment. 
However, loss of DNA mismatch repair (MMR) within the 
patient’s tumor is associated with no survival benefit from 5-FU 
treatment.7,8

Functional MMR requires hMutSα (a heterodimer of 
hMSH2 and hMSH6) and hMutSβ (a heterodimer of hMSH2 
and hMSH3) to recognize and bind mispairs and/or insertion/
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deletion loops (IDLs) that occur at microsatellite sequences. 
hMutLα (a heterodimer of hMLH1 and hPMS2) joins the 
hMutS complexes to help coordinate DNA excision and repair 
of the mispair or IDL.9-11 Defects in the MMR genes hMSH2, 
hMLH1, hMSH6 or hPMS2 cause Lynch syndrome and epigene-
tic inactivation of hMLH1 by promoter hypermethylation occurs 
in 15–20% of sporadic colorectal tumors with microsatellite 
instability (MSI).12-17

Retrospective and prospective studies of patients with colorec-
tal cancer indicate that those with intact MMR in their tumors 
have improved survival with 5-FU treatment, whereas patients 
whose tumors lost MMR do not have improved survival.7,8,18 In 
vitro studies revealed that human colorectal cell lines with intact 
MMR were selectively killed with 5-FU treatment whereas MSI 
cells were resistant to 5-FU treatment.19 Additionally, biochemi-
cal studies demonstrated that hMutSα directly recognizes and 
binds 5-FU that is incorporated into DNA with a greater affin-
ity compared to its natural substrate, a base mispair and such 
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recognition was lost with MMR deficiency.20,21 These observa-
tions suggest that MMR, at least in part, mediates the cytotoxic-
ity of 5-FU in addition to its known roles affecting RNA.20

It is not clear how the MMR system recognizes 5-FU incor-
porated into DNA, although the human MMR system can rec-
ognize certain DNA adducts such as 6-thioguanine (6-TG) and 
O6-methylguanine (O6-MeG) caused by alkylation damage.22,23 
The downstream signaling pathways triggered by MMR recogni-
tion of modified DNA have been partially elucidated for some 
chemotherapeutic agents. For example, incorporation or forma-
tion of O6-MeG into DNA induces DNA mispairing and distorts 
the DNA double helix that is easily detected by the MMR sys-
tem.22-24 Introduction of O6-MeG into DNA results in a G

2
/M 

cell cycle arrest and apoptosis that are dependent on an intact 
MMR system and involve the ATM and Rad3-related (ATR) sig-
naling pathway as well as mitochondrial signaling that activates 
both caspase-dependent and caspase-independent pathways.25-27 
However, the signaling pathways triggered by MMR in response 
to 5-FU-modified DNA have not been elucidated.

We aimed to elucidate key signaling pathways upon MMR 
recognition of 5-FU that result in slowing of the cell cycle and 
cell death. In this study, we utilized a whole human genomic 
cDNA microarray analysis to examine relative signaling responses 
induced in MMR-proficient colorectal cancer cells in response to 
5-FU. We verified microarray observations with protein expres-
sion of each gene affected by 5-FU and performed cell cycle anal-
ysis. Our data indicate that 5-FU induces a G

1
/S cell cycle arrest 

by regulating cyclin E and cdc25C expression in MMR-proficient 
cells and MMR recognition of 5-FU in DNA modulates cyclin E 
to affect the cell cycle. Furthermore, we demonstrate that 5-FU 
reduces expression of histone H3 and its various modifications 
(acetyl-, methyl- and phospho-histone H3) and the decreased 
histone H3 expression after 5-FU treatment is dependent upon 
the presence of hMLH1.

Results

Effect of 5-FU on gene expression in MMR-proficient cells. 
Whole human genome cDNA microarrays were used to examine 
relative signaling responses induced in MMR-proficient SW480 
cells after treatment with DMSO control or 5 μM 5-FU for 24 
hours. Signaling cascade analysis showed that 43 pathways were 
differentially affected by 5-FU treatment (p < 0.05) compared 
with control treatment. The major signaling pathways affected by 
5-FU treatment include: mitotic roles of polo-like kinase (PLK), 
cyclin and cell cycle regulation involving G

1
-S phase transition, 

cell cycle, activation of Src, mitogen-activated protein kinase 
(MAPK) signaling, p53 signaling and base excision repair (Table 
1). Among signaling pathways after 5-FU treatment, 4 genes 
[cyclin E1, cycline E2, p21 and E2F transcription factor (TF) 
2] were upregulated (≥1.4-fold) and 9 genes [polo-like kinase-1 
(plk-1), CDC20, cyclin B1 and cyclin B2, budding uninhibited 
by benzimidazoles 1 homolog (BUB 1), cell division cycle 25C 
(cdc25C), histone H2A, histone H2B and histone H3] were 
downregulated (≤-1.4 fold) compared to control treatment. The 
modest but significant changes in expression of genes involved 

Table 1. Signaling pathways affected by 5-FU treatment in 
MMR-proficient SW480 cells

Pathway 
(p-value)

Gene name
GeneBank 

accession no.
Fold 

change

Mitotic roles of 
polo-like kinase 

(p = 0.00002)

Polo-like kinase1 NM_005030.3 -1.53

CDC20 (cell division 
cycle 20 homolog, 

S. cerevisiae)
NM_001255.1 -1.42

Cyclin B2 NM_004701.2 -1.45

Cyclin B1 NM_031966.2 -1.94

Cyclins and cell 
cycle regulation 

(p = 0.0002)

Cyclin E2 NM_057749.1 1.77

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

E2F transcription 
factor 2

NM_004091.2 1.53

Cyclin B2 NM_004701.2 -1.45

Cyclin E1 NM_001238.1 1.53

Cyclin B1 NM_031966.2 -1.94

Cell cycle 
(p = 0.0003)

BUB1 (budding 
uninhibited by 

benzimidazoles 1 
homolog, yeast)

NM_004336.2 -1.49

Polo-like kinase1 NM_005030.3 -1.53

Cyclin E2 NM_057749.1 1.77

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

CDC20 (cell division 
cycle 20 homolog, 

S. cerevisiae)
NM_001255.1 -1.42

Cyclin B2 NM_004701.2 -1.45

Cyclin E1 NM_001238.1 1.53

Cyclin B1 NM_031966.2 -1.94

Activation of Src 
by protein-tyrosine 
phosphatase alpha 

(p = 0.0006)

Cell division cycle 
25C

NM_001790.2 -1.40

Cyclin B1 NM_031966.2 -1.94

UVB-induced MAPK 
signaling 

(p = 0.0010)
Histone 1, H3e NM_003532.2 -1.41

p53 signaling 
pathway 

(p = 0.0024)

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

Cyclin E1 NM_001238.1 1.53

Base excision repair 
pathway 

(p = 0.0036)

Uracil-DNA 
glycosylase 2

NM_021147.2 1.29

Major signaling cascades affected by 5-FU were listed by p-value (ones 
with lower p-values were placed higher, p < 0.05) compared to DMSO-
treated cells. In each signaling cascade, affected genes were listed 
according to their expression changes between DMSO and 5-FU as well 
as a consistency between two replicates. Fold change was calculated 
by dividing signaling intensity of 5-FU treatment by one of DMSO treat-
ment in 2 separate experiments and averaging them. Genes with ≥1.4 
or ≤-1.4 fold changes were listed except uracil-DNA glycosylase 2 which 
showed 1.29 fold change.

(continued on p. 3).
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5-FU induces a G
1
/S phase arrest after 24 hours in MMR-

proficient cells. By microarray analysis, we observed that G
1
-S 

phase transition and G
1
/S check point pathways were signifi-

cantly affected by 5-FU (p < 0.05) and genes involved in those 
pathways (cyclin E1 and E2, p21 and E2F) were upregulated 
(Table 1). Cell cycle analysis confirmed those observations 
(Fig. 1A). 5-FU-treated cells showed a higher proportion of 
cells in the G

1
/S phase (96% vs. 78%) in SW480 cells com-

pared to DMSO-treated cells (Fig. 1B), indicating that 5-FU 
induces the G

1
/S phase arrest in the MMR-proficient cells. 

In contrast, MNU arrested the cell cycle at the G
2
/M phase 

(54% vs. 22%) compared to DMSO as observed in previous 
studies.23,29,30

Validation of genes affected by 5-FU and influence by com-
petency in MMR function. Protein expression was determined 
by western blotting to verify the expression of genes affected 
by 5-FU in the microarray analysis. Specifically, to investigate 
the role of MMR proteins in signaling pathways affected by 
5-FU, cells with different MMR backgrounds (SW480: MMR-
proficient, HCT116 + ch3: hMLH1- restored but hMSH3-/- and 
HCT116: hMLH1-/-) were used. As shown in gene expression 
analysis (Table 1), 5-FU greatly affected expression of pro-
teins that are involved in cell cycle regulation. 5-FU treatment 
induced increased cyclin E (Fig. 2A) and slightly decreased 
cdc25C protein expression (Fig. 2B) in SW480 cells, congru-
ent with G

1
/S arrest by cell cycle analysis after 5-FU treatment. 

Increased cyclin E and decreased cdc25C expression by 5-FU 
were also observed in HCT116 + ch3 and HCT116 cells regard-
less of MMR genetic backgrounds (Fig. 2A and B). However, 
in Figure 2A when comparing each DMSO controls, MMR-
proficient cells had a lower baseline expression and showed 
a much greater increase in cyclin E expression than MMR-
deficient cells after 5-FU treatment. This observation suggests 
that one or more of the MMR proteins may partially contrib-
ute to the reduced baseline and subsequent increase in cyclin 
E expression in response to 5-FU. Cyclin B1 transcript levels 
were decreased in SW480 cells in response to 5-FU (Table 1), 
but cyclin B1 protein expression was increased after 5-FU treat-
ment in all 3 cell lines (Suppl. Fig. S1A). 5-FU-treated SW480 
cells did not show any difference in protein expression for plk-1, 
p21 and E2F-TF-2 compared to DMSO treated cells and BUB 
1 expression was not detectable (data not shown). On the other 
hand, we observed decreased histone H3 protein expression by 
5-FU in SW480 cells (Fig. 2C) as observed in the microarray 
analysis (Table 1). Interestingly, 5-FU treatment also decreased 
histone H3 expression in hMSH3-/- cells but did not decrease 
histone H3 expression in hMLH1-/- cells (Fig. 2C). These obser-
vations suggest that decreased histone H3 expression by 5-FU 
may be dependent on hMLH1. However, this observation did 
not extend to histone H2A and H2B protein expression after 
5-FU treatment in any cell line (Suppl. Fig. S1B and C), despite 
their decreases in the microarray analysis (Table 1).

Histone H3 and cyclin E expression are regulated by 5-FU 
in a MMR-dependent manner. To specifically answer whether 
decreased histone H3 or increased cyclin E expression after 5-FU 
treatment (Fig. 2A and C) is dependent on MMR, siRNAs for 

in these pathways may be due to the short treatment (24 hr) and 
low pharmacological dose (5 μM) of 5-FU, the mean steady state 
plasma concentration of colorectal cancer patients after 5-FU 
infusion.28

Table 1. Signaling pathways affected by 5-FU treatment in 
MMR-proficient SW480 cells

G1-S phase 
transition 

(p = 0.0041)

Cyclin E2 NM_057749.1 1.77

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

E2F transcription 
factor 2

NM_004091.2 1.53

Cyclin E1 NM_001238.1 1.53

Cell cycle: G1/S 
check point 
(p = 0.0191)

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

Cyclin E1 NM_001238.1 1.53

Cell cycle: G2/M 
check point 
(p = 0.0206)

Polo-like kinase1 NM_005030.3 -1.53

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

Cell division cycle 
25C

NM_001790.2 -1.40

Cyclin B1 NM_031966.2 -1.94

Influence of Ras 
and Rho proteins 

on G1 to S transition 
(p = 0.0276)

Cyclin-dependent 
kinase inhibitor 1A 

(p21, Cip1)
NM_078467.1 1.40

Cyclin E1 NM_001238.1 1.53

Cdc25 and chk1 
regulatory pathway 
in response to DNA 

damage 
(p = 0.0332)

Cell division cycle 
25C

NM_001790.2 -1.40

Cell division cycle 
25A

NM_001789.2 1.35

MAPK signaling 
(p = 0.0348)

Histone 1, H2ac NM_003512.3 -2.06

Histone 2, H2be NM_003528.2 -1.71

Histone 1, H2bj NM_021058.3 -2.38

Histone 1, H2bg NM_003518.3 -1.48

H2B histone family, 
member S

NM_017445.1 -1.68

Histone 1, H2bd NM_138720.1 -1.44

Histone 1, H2be NM_003523.2 -1.89

DNA damage 
induced 14-3-

3sigma signaling 
(p = 0.0389)

Cyclin E2 NM_057749.1 1.77

Cyclin B2 NM_004701.2 -1.45

Cyclin E1 NM_001238.1 1.53

Cyclin B1 NM_031966.2 -1.94

Major signaling cascades affected by 5-FU were listed by p-value (ones 
with lower p-values were placed higher, p < 0.05) compared to DMSO-
treated cells. In each signaling cascade, affected genes were listed 
according to their expression changes between DMSO and 5-FU as well 
as a consistency between two replicates. Fold change was calculated 
by dividing signaling intensity of 5-FU treatment by one of DMSO treat-
ment in 2 separate experiments and averaging them. Genes with ≥1.4 
or ≤-1.4 fold changes were listed except uracil-DNA glycosylase 2 which 
showed 1.29 fold change.

(continued from p. 2).



1150	 Cancer Biology & Therapy	 Volume 10 Issue 11

hMLH1 and hMSH2 (essential components of 
hMutS and hMutL-α complexes in the MMR 
system, respectively) were transfected into 
MMR-proficient cells. In SW480 cells, both 
hMLH1 and hMSH2 siRNAs significantly 
decreased hMLH1 and hMSH2 expression 
(Fig. 3A). As suggested in Figure 2C, knock-
down of hMLH1 restored histone H3 expres-
sion in response to 5-FU (Fig. 3B). However, 
knockdown of hMSH2 did not restore histone 
H3 expression decreased by 5-FU (Fig. 3B). 
This observation indicates that histone H3 
expression is regulated by 5-FU in an hMLH1-
dependent manner. Additionally, we found that 
the increased cyclin E expression after 5-FU 
treatment was partially hMLH1-dependent as 
knockdown of hMLH1 lowered but did not 
completely reduce cyclin E expression to control 

Figure 1. Cell cycle analysis of MMR-proficient SW480 cells after treatment with DMSO, 5-FU and MNU. Cells were treated with DMSO, 5 μM of 5-FU or 
1 mM of MNU for 24 hr and harvested for cell cycle analysis by flow cytometry (A). Note that 5-FU induces a G1/S cell phase arrest compared to MNU, 
which causes a G2/M phase arrest (B).

Figure 2. Effect of 5-FU on protein expression of 
cyclin E, cdc25C and histone H3 in colorectal cancer 
cells with different MMR deficiencies. Significantly-
affected genes by 5-FU in the microarray analysis 
were verified by protein expression after 5-FU 
treatment in MMR-proficient SW480 cells, hMSH3-
deficient HCT116 + chr 3 cells and hMLH1-deficient 
HCT116 cells. Compared to each counterpart DMSO 
treatment: (A) 5-FU treatment showed increased cy-
clin E expression in all cell lines with different MMR 
deficiencies, (B) 5-FU treatment showed slightly 
decreased cdc25C expression in all cell lines and (C) 
5-FU treatment decreased histone H3 expression in 
MMR-proficient and hMSH3-deficient cells but it did 
not decrease histone H3 expression in hMLH1-defi-
cient cells, which suggests that decreased histone 
H3 expression by 5-FU may be dependent on hMLH1.
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in Figure 5B, baseline acetyl-histone H3 expression were highest 
at lys 18 and lys 9 in DMSO-treated SW480 and HT29 cells, 
respectively. 5-FU treatment decreased expression by more than 
50% of acetyl-histone H3 at all sites in SW480 cells. In HT29 
cells, 5-FU treatment significantly decreased acetyl-histone H3 
level at lys 9 but it did not alter acetyl-histone H3 levels at lys 18 
compared to controls. Expression of acetyl-histone H3 at lys 23 
was not detectable in HT29 cells.

Dimethyl-histone H3 expression levels were higher at lys 4, 
9 and 79 in DMSO-treated SW480 compared to lys 27 and 36, 
whereas dimethyl-histone H3 expression was significantly higher 
at lys 4 than other sites in DMSO-treated HT29 cells (Fig. 5C). 
Expression of dimethyl-histone H3 at lys 79 was not detectable 
in HT29 cells. 5-FU significantly decreased dimethyl histone 
H3 expression levels at all sites compared to DMSO-treatment in 
both cell lines (Fig. 5C).

In both SW480 and HT29 cells, strong expression of phos-
pho-histone H3 at ser 10 was observed with DMSO treatment 
but a dramatic decrease in its expression was observed with 5-FU 
treatment (Fig. 5D). Decreased phospho-histone H3 expression 

levels (Fig. 3C). However, decreased cdc25C 
expression by 5-FU was not dependent on 
either hMLH1 or hMSH2 (Fig. 3D).

We performed the same siRNA experi-
ments in another MMR-proficient cell line 
HT29 (Fig. 4A). As demonstrated in SW480 
cells, decreased histone H3, increased cyclin 
E and decreased cdc25C protein expres-
sion were also observed in HT29 cells after 
5-FU treatment (Fig. 4B–D). Different from 
SW480 cells, knockdown of hMLH1 partially 
restored histone H3 expression in response to 
5-FU in HT29 cells (Fig. 4B). However, as 
observed in SW480 cells (Fig. 3B), knock-
down of hMSH2 did not restore histone H3 
expression in response to 5-FU (Fig. 4B). 
These observations suggest that decreased 
histone H3 expression by 5-FU in HT29 cells 
is partially dependent on hMLH1. Cyclin E 
expression in response to 5-FU was reduced 
by knockdown of hMLH1 as well as hMSH2 
in HT29 cells although its reduction did not 
reach cyclin E levels for control, indicating 
that cyclin E expression in response to 5-FU 
may be partially regulated by both hMLH1 
and hMSH2 in HT29 cells (Fig. 4C). As 
observed in SW480 cells, decreased cdc25C 
expression by 5-FU was not dependent on 
either hMLH1 or hMSH2 in HT29 cells (Fig. 
4D).

5-FU treatment decreases histone H3 
modifications. Decreased transcript levels 
of histone H2A, H2B and H3 by 5-FU were 
observed in the microarray analysis (Table 1) 
but only histone H3 protein expression was 
affected by 5-FU in MMR-proficient SW480 
cells (Fig. 2C). The decreased histone H3 expression in response 
to 5-FU was dependent on hMLH1, not hMSH2 (Fig. 3). To fur-
ther dissect the decreased histone H3 expression, we examined 
the effect of 5-FU on histone H3 modifications such as acetyla-
tion, methylation and phosphorylation. 5-FU treatment greatly 
decreased expression of acetyl-histone H3 (at lys 9), pan-methyl-
histone H3 (at lys 9) and phospho-histone H3 (at ser 10) in the 
three colon cancer cell lines with different MMR genetic back-
grounds when compared to each counterpart controls (Fig. 5A). 
These observations suggest that these specific histone H3 modi-
fications are not dependent on MMR. These observations were 
confirmed by siRNA experiments in MMR-proficient cells, as 
knockdown of hMLH1 or hMSH2 did not restore these decreased 
histone H3 modifications by 5-FU (Suppl. Fig. S2).

Profile of histone H3 modification by 5-FU treatment. 
We further examined other potential modifications of histone 
H3 by 5-FU in MMR-proficient cell lines. We determined the 
expression of acetyl histone H3 at lys 9, 18 and 23, dimethy-
histone H3 at lys 4, 9, 27, 36 and 79 and phospho-histone H3 at 
thr 3 and 11 and ser 10 and 28 after 5-FU treatment. As shown 

Figure 3. Expression of histone H3, cyclin E and cdc25C in SW480 cells after MMR recognition 
of 5-FU. (A) Effectiveness of siRNA knockdown of hMLH1 or hMSH2 proteins. (B) Histone H3 
expression and knockdown of hMLH1 or hMSH2. Note the decrease in histone H3 expression 
with 5-FU treatment and its preservation with knockdown of hMLH1 but not with knockdown 
of hMSH2. (C) Cyclin E expression and knockdown of hMLH1 or hMSH2. Note the increase in cy-
clin E expression with 5-FU treatment and its partial reduction with knockdown of hMLH1 but 
not with knockdown of hMSH2. (D) Cdc25C expression and knockdown of hMLH1 or hMSH2. 
Decreased cdc25C expression with 5-FU treatment was not restored by knockdown of either 
hMLH1 or hMSH2.
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response to 5-FU that result in cell cycle arrest and 
cell death. A number of studies have performed DNA 
microarray analysis in colorectal cancer cells to exam-
ine signaling cascades affected by 5-FU using different 
doses and treatment times of 5-FU in attempt to iden-
tify markers capable of predicting 5-FU response.31-36 
Despite this, the downstream molecular events under-
lying cytotoxic effects of 5-FU remain poorly char-
acterized. In particular, no study has been performed 
to identify the signaling pathways regulated by MMR 
protein in response to 5-FU although several studies 
verify the notion that the MMR system triggers cyto-
toxicity upon 5-FU recognition.7,8,18-21,32,37-39

Our gene expression profiling data revealed that 
5-FU treatment significantly affected signaling path-
ways involved in cell cycle regulation compared to 
control (Table 1). Specifically, we observed that genes 
involved in signaling pathways regulating G

1
/S phase 

transition and checkpoint were upregulated (cyclin 
E1, cycline E2, p21 and E2F TF-2) whereas genes 
associated with signaling pathway regulating G

2
/M 

phase transition and checkpoint were downregulated 
(plk-1, CDC20, cyclin B1 and cyclin B2, BUB 1 and 
cdc25C). Additionally, microarray analysis revealed 
that chromosome, nucleosome, replication fork, 
microtubule cytoskeleton and chromatin were signifi-
cantly affected cell components by 5-FU (p < 0.001), 
supporting evidence that a major signaling pathway 
affected after 5-FU treatment is cell cycle regula-
tion. Furthermore, cell cycle analysis revealed a G

1
/S 

arrest in MMR-proficient cells in response to 5-FU 
(Fig. 1), confirming the results of microarray analy-
sis. The G

1
/S arrest by 5-FU has been reported in sev-

eral studies,40-43 and is distinguished from other DNA 
adducts such as 6-TG and O6-MeG which have shown 
to induce a G

2
/M phase arrest in MMR-proficient 

cells.22,23 Interestingly, MAPK signaling pathway was 
also significantly affected by 5-FU treatment (p < 0.05) 
although only histone genes such as histone H2A, his-
tone H2B and histone H3 showed meaningful and sig-
nificant fold changes (≤-1.4 fold, p < 0.05) by 5-FU 
treatment in the pathway (Table 1). Decreased histone 
H2A, histone H2B and histone H3 mRNA levels were 

also observed in mammalian cells in response to DNA dam-
ages via ionizing radiation, which was reported through the G

1
 

checkpoint pathway.44

We observed relatively small fold changes (within ~±2 fold) 
in transcriptional levels of genes affected by 5-FU in microarray 
analysis (Table 1), and confirmed protein expression changes by 
5-FU in some genes, such as cyclin E (increased) and cdc25C 
(decreased) and histone H3 (decreased), whereas most genes 
revealing transcriptional changes by 5-FU, such as plk-1, E2F 
TF-2, p21, histone H2A and histone H2B did not show their 
protein expression changes (Figs. 2 and S1). This may be caused 
by our treating the cells with a relatively low concentration (5 
μM) of 5-FU for a short time (24 hr).

at thr 3 and 11 by 5-FU were also observed in both cell lines, 
although their expression levels with DMSO treatment were sig-
nificantly lower than ones at ser 10 (Fig. 5D). Phospho-histone 
H3 expression at ser 28 was not detectable in either cell lines (data 
not shown). These observations demonstrate that 5-FU inhibits 
certain histone H3 modifications that likely causes a decrease in 
its steady-state expression.

Discussion

In this study, we used a whole human genomic cDNA micro-
array expression profiling with MMR-proficient cells to iden-
tify specific signaling pathways triggered by MMR proteins in 

Figure 4. Expression of histone H3, cyclin E and cdc25C in HT29 cells after MMR 
recognition of 5-FU. (A) Effectiveness of siRNA knockdown of hMLH1 or hMSH2 
proteins. (B) Histone H3 expression and knockdown of hMLH1 or hMSH2. Note the 
decrease in histone H3 expression with 5-FU treatment and its partial restoration 
with knockdown of hMLH1 but not with knockdown of hMSH2. (C) Cyclin E expres-
sion and knockdown of hMLH1 or hMSH2. Note the increase in cyclin E expression 
with 5-FU treatment and its partial reduction with knockdown of hMLH1 or hMSH2. 
(D) cdc25C expression and knockdown of hMLH1 or hMSH2. Knockdown of either 
hMLH1 or hMSH2 did not restore decreased cdc25C expression by 5-FU.
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H3 at 3 to 5 different amino acid sites (Fig. 5) in MMR-proficient 
cells compared to control treatment. 5-FU treatment decreased at 
least 50% of expression of all detectable histone H3 modifications 
in both SW480 and HT29 cells except the expression of acetyl-
histone H3 at lys 18 in HT29 cells which was not changed by 5-FU 
treatment (Fig. 5). These data demonstrated that levels of histone 
H3 modifications are different among cell lines and sites of histone 
H3 (in control treatment), and 5-FU treatment inhibits acetyla-
tion, metylation and phosphorylation of histone H3.

Since both histone H3 and cyclin E are regulated once DNA 
MMR recognizes 5-FU in DNA, we speculate why these are 
affected. As mentioned, 5-FU in MMR-proficient cells cause a 

To determine the role of MMR proteins in 
expression changes of cyclin E, histone H3 and 
cdc25C in response to 5-FU, we took 2 differ-
ent approaches: one was to use colcorectal can-
cer cell lines with different MMR deficiencies 
(MMR-proficient, hMSH3-/- and hMLH1-/-) 
and the other was knockdown the major MMR 
proteins, hMLH1 and hMSH2 using specific 
siRNA in MMR-proficient cells. Through these 
approaches, we demonstrated that increased 
cyclin E expression by 5-FU is partially depen-
dent on hMLH1 but decreased cdc25C expression 
by 5-FU is not dependent on either hMLH1 or 
hMSH2 (Figs. 3 and 4). The dramatic decrease 
in histone H3 expression after 5-FU treatment 
was also dependent on hMLH1 (but not hMSH2) 
expression (Figs. 3 and 4). We initially specu-
lated and investigated that there could be a direct 
interaction between hMLH1 and histone H3 to 
trigger histone H3 degradation. We individually 
pulled-down hMLH1 and histone H3 and then 
immunoblotted with histone H3 or hMLH1 
antibodies after treating SW480 and HT29 cells 
with DMSO or 5-FU, but we did not observe a 
direct interaction between hMLH1 and histone 
H3 (data not shown). Thus, although it is clear 
that MMR recognition of 5-FU in DNA depends 
on hMLH1, the trigger for histone H3 destruc-
tion after this recognition is not clear and further 
study is necessary to elucidate how it occurs.

In attempt to characterize potential his-
tone H3 modification after MMR recognition 
of 5-FU in DNA to clue in on regulators that 
hMLH1 may signal through, we profiled sev-
eral histone H3 modifications. Histones undergo 
post-translational modifications which alter their 
interaction with DNA and nuclear proteins.45,46 
The modifications such as acetylation, methyla-
tion and phosphorylation occur at the tails of core 
histones and histone modifications are known to 
act in diverse biological processes including gene 
regulation, DNA repair and mitosis.45 Biological 
roles of each modification of histones at different 
sites are varied in the context. It has been reported 
that acetylation of histone H3 at lys 9 is involved in activation of 
gene expression, methylation of histone H3 at lys 9 is associated 
with gene silencing and phosphorylation of histone H3 at ser 10 
is involved in condensation of chromosomes as well as activation 
of gene expression.47 Dramatic reduction in expression of histone 
H3 modifications by 5-FU treatment was observed regardless of 
status of MMR deficiency (Fig. 5) and knockdowns of hMLH1 
and hMSH2 proteins did not restore their expressions (Suppl. 
Fig. S2), indicating that effect of 5-FU on histone H3 modifica-
tions are not dependent on MMR proteins.

We also determined the effect of 5-FU treatment on expression 
of acetyl histone H3, di-methyl histone H3 and phospho-histone 

Figure 5A and B. Effect of 5-FU treatment on histone H3 modifications. (A) Decreased 
histone H3 modifications by 5-FU in cells are not MMR dependent. Expression of acetyl-
histone H3 at lys 9, pan-methyl-histone H3 expression at lys 9 and phospho-histone H3 
at ser 10 after 5-FU treatment were greatly decreased compared to each DMSO control 
regardless of status of MMR deficiency. SW480, HCT116 + chr 3 and HCT116 cells were 
used as MMR-proficient, hMSH3-/- and hMLH1-/- cells, respectively. (B–D) 5-FU treatment in-
hibits several histone H3 modifications at various sites in MMR-proficient cells. Expression 
of acetyl histone H3 at lys 9, 18 and 23 (B), expression of dimethy-histone H3 at lys 4, 9, 27, 
36 and 79 (C) and expression of phospho-histone H3 at thr 3 and 11 and ser 10 (D) were 
determined in SW480 and HT29 cells. Note that 5-FU significantly decreased expression 
of histone H3 modifications at different sites in both cell lines compared to DMSO except 
acetyl-histone H3 expression at lys 18 in HT29 cells.
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complete repair. We speculate that the destruction of histone 
H3 allows access to DNA by the repair machinery to attempt 
repair during G

1
/S phase.

In summary, we demonstrate that 5-FU induces a G
1
/S 

cell cycle arrest by regulating cyclin E and cdc25C expression 
and MMR recognition of 5-FU in DNA may regulate cyclin 
E to affect the cell cycle. Furthermore, MMR recognition of 
5-FU reduces histone H3 level that could be related to DNA 
access by repair proteins and/or triggering cell death. MMR 
handling of 5-FU in DNA may trigger downstream events 
that contribute to colorectal cancer patient survival.

Materials and Methods

Reagents. 5-FU and N-methyl-N-nitrosourea (MNU) were 
obtained from Sigma (St. Louis, MO) and dissolved in 
DMSO (Sigma) at a stock concentration of 1 and 200 mM, 
respectively and stored at -20°C. Five μM of 5-FU or 1 mM 
of MNU diluted in growth medium were treated to cells for 
24 hour in all the experiments performed in this study.

Cell lines and cultures. The human colorectal cancer cell 
lines SW480, HT29 (both MMR-proficient) and HCT116 
(hMLH1-/- and hMSH3-/-) cells were obtained from American 
Type Culture Collection (Rockville, MD) and maintained 
in either Iscove’s modified Dulbeeco’s medium (IMDM, 
Invitrogen, Carlsbad, CA, for SW480 and HCT116 cells) or 
Dulbeeco’s modified Eagle’s medium (DMEM, Invtrogen, for 
HT29 cells) with 10% fetal bovine serum (FBS) and penicil-
lin (100 U/ml)/streptomycin (100 μg/ml) (P/S, Invitrogen) 
as supplements. The HCT116 cell line containing trans-
ferred chromosome 3 (HCT116 + chr3, hMLH-restored but 
hMSH3-/-) was developed as previously described48 and main-
tained in IMDM containing 10% FBS, P/S and 400 μg/ml 
of G418 sulfate (CellGro, Manassas, VA).

Microarray analysis. 1.5 x 106 MMR-proficient SW480 
cells were plated in 6 cm cell culture dishes. On the follow-
ing day, cells were treated with DMSO control or 5 μM 
5-FU for 24 hr. Total RNA were isolated from 2 independent 
experiments using Qiagen RNeasy Plus Mini Kit (Qiagen, 
Valencia, CA), following the manufacturer’s instructions. 
Isolated total RNA was sent to the UCSD BioMedical 
Genomics Microarray (BIOGEM) Facility (San Diego, CA) 
for microarray analysis. cDNA synthesis, labeling and hybrid-
ization for Illumina Bead Whole Human Genomic cDNA 
Microarray (Illumina, San Diego, CA) were performed by 
BIOGEM according to their protocols. Detailed protocols 
are available at http://www.micrarrays.ucsd.edu/illumina/. 
Microarray data analysis was done using the Potkan soft-
ware program. The analysis was performed by grouping gene 

expression according to signaling pathways, molecular function, 
biological process and cell components and comparing DMSO-
treated cells with 5-FU treated cells (p < 0.05).

Cell cycle analysis. Cell cycle analysis was performed by flow 
cytometric measurement of the DNA content using Propidium 
Iodide (PI) (Sigma). Briefly, cells were trypsinized at 24 hr after 
DMSO or 5-FU treatment, washed with Phosphate Buffered 

G
1
/S cell cycle arrest, as compared to a G

2
/M cell cycle arrest 

seen with O6-MeG adducts. Unlike the G
2
 phase where nucleo-

somes are not assembled and DNA has been recently replicated, 
the G

1
 phase maintains nucleosome structures. Upon recognition 

of 5-FU in DNA, the DNA MMR system would trigger a G
1
 cell 

cycle arrest, but in order to allow repair to ensue, nucleosome 
structures would have to be locally disrupted, for example, to 

Figure 5C and D. Effect of 5-FU treatment on histone H3 modifications. 
(A) Decreased histone H3 modifications by 5-FU in cells are not MMR 
dependent. Expression of acetyl-histone H3 at lys 9, pan-methyl-histone 
H3 expression at lys 9 and phospho-histone H3 at ser 10 after 5-FU treat-
ment were greatly decreased compared to each DMSO control regardless 
of status of MMR deficiency. SW480, HCT116 + chr 3 and HCT116 cells were 
used as MMR-proficient, hMSH3-/- and hMLH1-/- cells, respectively. (B–D) 
5-FU treatment inhibits several histone H3 modifications at various sites in 
MMR-proficient cells. Expression of acetyl histone H3 at lys 9, 18 and 23 (B), 
expression of dimethy-histone H3 at lys 4, 9, 27, 36 and 79 (C) and expres-
sion of phospho-histone H3 at thr 3 and 11 and ser 10 (D) were determined 
in SW480 and HT29 cells. Note that 5-FU significantly decreased expression 
of histone H3 modifications at different sites in both cell lines compared to 
DMSO except acetyl-histone H3 expression at lys 18 in HT29 cells.
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resuspended in 4x gel loading buffer, boiled for 5 min and sepa-
rated by SDS-PAGE. Immunodetection was done using primary 
antibodies: cyclin B1 (D-11), cyclin E (HE12) and GAPDH 
(Santa Cruz Biotechnology, Santa Cruz, CA), α-tubulin (Sigma) 
and cdc25C (5H9), histone H2A, histone H2B and histone 
H3, acetyl-histone H3 antibody sampler kit, methyl-histone H3 
antibody sampler kit and phospho-histone H3 antibody sampler 
kit (Cell Signaling Technology, Denvers, MA) and horseradish 
peroxidase-conjugated secondary rabbit or mouse antibodies 
(Santa Cruz Biotechnology). The signal was detected by X-ray 
film or Fujifilm LAS-4000 luminescent image analyzer (Fujifilm, 
Tokyo, Japan) using a chemiluminescent solution.
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Saline (PBS) and centrifuged at 250x g for 10 min. The cells were 
resuspended at a density of 2 x 106 cells in 1 ml ice-cold PBS. The 
cells were gently vortexed, slowly added to 9 ml of 70% ethanol 
and stored at -20°C overnight. On the next day, cells were pel-
leted by centrifugation, washed with cold PBS and centrifuged at 
200x g for 10 min at 4°C. Cell pellets were resuspended in 300 
μl of staining solution containing 20 μg/ml PI (Sigma), 0.1% 
(v/v) Triton X-100 (Sigma) and 0.2 mg/ml DNAse-free RNAse 
A (Sigma) and incubated for 30 min at 20°C and then placed 
on ice. Subsequently, samples were analyzed for DNA content 
by FACS ARIA (Becton Dickinson Immunocytometry Systems 
(BDIS), San Jose, CA). Analysis of cell cycle data was made with 
Multicycle Softweare Autofit Version 2.5 (Phoenix Flow Systems, 
San Diego, CA).

Small interfering RNA (siRNA) transfections. Silencer human 
MLH1 and MSH2 siRNAs were purchased from Ambion (Austin, 
TX). siRNA transfection were performed using Lipofectamine 
2000 (Invitrogen) according to the manufacturer’s protocols. At 
48 hr after transfection, the cells were treated with DMSO or 
5-FU for 24 hr and then lysed for western blot analysis.

Western blotting. Cells were washed with cold PBS and 
lysed with Radio Immuno Precipitation Assay (RIPA) buffer 
[1% (w/w) Nonidet P-40, 1% (w/v) sodium deoxycholate, 0.1% 
(w/v) SDS, 0.15 M NaCl, 0.01 M sodium phosphate, pH 7.2, 
2 mM EDTA and 50 mM sodium fluoride] containing inhibi-
tors (2 mM DTT, 1 mM PMSF, 10 μg/ml aprotinin, 2 μg/ml 
leupeptin and 0.2 mM Na-orthovandate) on ice. Lysed cells 
were centrifuged at 12,000x g for 15 min at 4°C and superna-
tants were collected as whole cell lysates. The protein content 
in each lysate was determined by Lowry assay. Cell lysates were 
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