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Activated MeK/eRK pathway 
Drives Widespread and Coordinated 
Overexpression of UHRF1 and 
DNMT1 in Cancer cells
Jialun Li, Ruiping Wang, Xueli Hu, Yingying Gao, Zhen Wang, Jiwen Li & Jiemin Wong

The UHRF1-DNMT1 axis plays a key role in DNA maintenance methylation in mammals. Accumulative 
studies demonstrate that UHRF1 is broadly overexpressed in cancers, which contributes to cancer cell 
proliferation and tumorigenesis. Interestingly, a proteasome-dependent downregulation of UHRF1 
has been observed in pluripotent ground state mouse embryonic stem cells (mESCs) cultured in the 
presence of two kinase (MEK1/MEK2 and GSK3β) inhibitors (termed 2i), raising the question whether 
UHRF1 is similarly regulated in cancer cells. Here we present evidence that while addition of 2i broadly 
downregulates UHRF1 and DNMT1 in various cancer cells, distinct underlying mechanisms are involved. 
In contrast to mESCs, 2i-induced downregulation of UHRF1 and DNMT1 in cancer cells cannot be 
rescued by proteasome inhibitor and occurs primarily at the level of transcription. Furthermore, 
downregulation of UHRF1 and DNMT1 by 2i is due to inhibition of MEK1/MEK2, but not GSK3β 
activity. Data mining reveals a marked co-expression of UHRF1 and DNMT1 in normal tissues as well 
as cancers. We provide evidence that multiple transcription factors including E2F1 and SP1 mediate 
the transcriptional activation of UHRF1 and DNMT1 by the activated MEK/ERK pathway. Together our 
study reveals distinct regulation of UHRF1/DNMT1 in mESCs and cancer cells and identifies activated 
MEK/ERK pathway as a driving force for coordinated and aberrant over-expression of UHRF1 and 
DNMT1 in cancers.

Epigenetic changes are increasingly considered as valuable targets for cancer therapies1. DNA methylation, cata-
lyzed by DNA methyltransferase enzymes (DNMTs), is one of the most consistent and best known epigenetic 
modifications in mammals2. Compared with normal cells, cancer cells often have global DNA hypomethylation 
and regional hypermethylation3. Although the exact mechanisms remain elusive, DNA methylation abnormal-
ities in cancer cells are intimately linked to aberrant expression and function of DNA methylation machinery. 
In mammalian cells DNA methylation is maintained by coordinated functions of DNMT1, DNMT3A and 
DNMT3B, among them DNMT1 plays a dominant role in genome-wide DNA methylation maintenance4. The 
maintenance methylation by DNMT1 requires an accessory factor UHRF1, also known as ICBP90 in human and 
NP95 in mouse, which is essential for targeting DNMT1 to DNA replication forks5,6.

Elevated expression of DNMTs, especially DNMT1, has been observed in various cancer tissues and cancer 
cell lines4,7–9. Multiple mechanisms, including inactivation of the pRB pathway, activation of E2F family transcrip-
tion factors10,11 and desregulation of p53, SP1 and SP312,13 can lead to elevated DNMT1 expression. In addition, 
down-regulation of regulatory microRNAs such as miR-148 and miR-15214,15 also contribute to aberrant DNMT1 
overexpression. Like DNMT1, UHRF1 overexpression has also been found in various cancers and associated with 
down-regulation of several tumor suppressor genes (TSG) including RB116, p16INK417,18, BRCA119, PPARG20 and 
KiSS121. In fact, multiple studies have identified UHRF1 overexpression as a powerful marker for cancer diagnosis 
and prognosis22. Aberrant UHRF1 expression in cancer cells has been reported to be regulated transcription-
ally by transcription factors such as E2F123,24, E2F825, SP126 and FOXM127, and post-transcriptionally by micro 
RNAs28–33. However, despite being functional in the same pathway and frequently overexpressed in cancers, it 
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is not known if the expression of UHRF1 and DNMT1 is coordinately regulated and, if does, by what signaling 
pathway(s).

Mouse embryonic stem cells (mESCs) cultured with serum and leukemia inhibitory factor (LIF) or serum-free 
media supplemented with two small molecule inhibitors (2i) for GSK3β and MEK1/2 exhibit distinct pluripo-
tency (primed vs naïve mESCs) and epigenetic patterns34. Numerous studies demonstrated that 2i mESCs is 
globally hypomethylated as compared to serum mESCs35–38. While active demethylation and impaired de novo 
DNA methylation have been previously implicated in the global demethylation during transition from primed to 
naïve mESCs in 2i medium, recent studies have identified impaired maintenance methylation, as a consequence 
of down-regulated UHRF1 protein, as the main cause39,40. In this regard, Ras/Raf/MEK/ERK signaling pathway 
is known to play a key role in transmission of proliferative signals from growth factors receptors or mitogens 
receptors. In many types of tumors, this signaling pathway is activated owing to mutations in KRAS, NRAS, and 
BRAF41,42. Activated ERK in turn phosphorylates many transcription factors and regulates their transcriptional 
activities43. The glycogen synthase kinase-3 (GSK-3), found initially associated with glycogen synthesis44,45, is a 
serine/threonine kinase that participates in regulation of diverse cellular activities. GSK-3 is overexpressed in 
various cancers including colorectal, hepatic, ovarian and pancreatic carcinoma46. The above findings in mESCs 
raise the question if MEK1/2 and/or GSK3β pathways regulate UHRF1 and consequently DNA methylation in 
cancer cells.

In this study, we have compared the effect of 2i on UHRF1 and DNMT1 expression in mESCs and human can-
cer cells. Unlike in mESCs, we found that 2i negatively regulates UHRF1 and DNMT1 at the level of transcription 
and does so through inhibition of MEK1/2. Furthermore, we provide evidence for widespread co-expression of 
UHRF1 and DNMT1 and activated MEK/ERK pathway as a driving force for frequent UHRF1/DNMT1 overex-
pression in cancers.

Results
2i downregulates UHRF1 and DNMT1 in both mESCs and HCT116 cells but through distinct 
mechanisms. Previous studies have shown that the 2i-induced transition of “primed” mESCs to “naïve” 
mESCs is associated with a substantial reduction of UHRF1 protein39,40. We compared the levels of UHRF1, 
DNMT1 and DNMT3A proteins in mouse E14 ES cells that were cultured in serum plus LIF with or without 
addition of 2i (1 μM MEK1/2 inhibitor PD0325901 and 3 μM GSK3β inhibitor CHIR99021) by western blotting. 
We observed a marked reduction of UHRF1 and moderate reduction of DNMT1 in 2i culture condition (Fig. 1a), 
in agreement with previous reports39,40. Furthermore, addition of MG132, a proteasome inhibitor, 6 hours before 
cell harvest could fully restore the level of UHRF1 in 2i medium to the level of UHRF1 in serum plus LIF medium 
(Fig. 1b). On the other hand, MG132 treatment only partially restored the level of DNMT1. Quantitative RT-PCR 
analysis showed insignificant difference between the levels of Uhrf1 and Dnmt1 mRNAs under two different 
culture conditions (Fig. 1c). Interestingly, although the level of DNMT3A proteins remained constant, a reduced 
level of Dnmt3a mRNA was observed in 2i condition (Fig. 1c), possibly due to increased expression of PRDM14, 
which act as a DNMT3A transcriptional repressor47. Thus, our data are consistent with previous reports that 
2i regulates UHRF1 primarily at the level of protein degradation and DNMT1 at both protein stability and 
transcription.

We next tested if 2i also regulates UHRF1 and DNMT1 in HCT116, a human colorectal carcinoma cell 
line. We found that, unlike E14 cells where addition of 2i did not affect cell proliferation, addition of 2i to cul-
ture medium inhibited HCT116 cell proliferation (Supplementary Fig. S1a) and increased the G0/G1 popula-
tion (Supplementary Fig. S1b). We treated HCT116 cells with 2i for 2 days and examined the levels of UHRF1, 
DNMT1 and DNMT3A proteins by western blotting analysis. Similar to that in E14 cells, 2i treatment substan-
tially decreased the levels of UHRF1 and DNMT1 proteins without affecting DNMT3A (Fig. 1d). However, 
addition of proteasome inhibitor MG132 could not rescue 2i-induced down-regulation of UHRF1 and DNMT1 
proteins (Fig. 1e), suggesting that 2i negatively regulated UHRF1 and DNMT1 in HCT116 cells, but the regula-
tion was not at the level of proteasome degradation. In support of this idea, quantitative RT-PCR analysis found 
that 2i treatment markedly reduced the mRNA levels of both UHRF1 and DNMT1, but not that of DNMT3A 
(Fig. 1f). Thus, while 2i-treatment down-regulated UHRF1 and DNMT1 primarily at the post-transcriptional 
level in mESCs, it negatively regulated UHRF1 and DNMT1 in HCT116 cells mainly at the level of transcription.

2i broadly regulates the transcription of both DNMT1 and UHRF1 in various cancer cells. As 
distinct mechanisms were observed for regulation of UHRF1 and DNMT1 by 2i in mESCs and HCT116 cells, 
we wondered if and how 2i regulates UHRF1 and DNMT1 in various cancer cells. Furthermore, we surmised 
whether downregulation of UHRF1/DNMT1 by 2i could be explored for targeting aberrant DNA methylation 
in cancer cells. We thus treated A549 (lung cancer cell line), HeLa (cervical cancer cell line) and KYSE70 (eso-
phageal cancer cell line) with 2i for 2 days and performed western blotting analysis for proteins and RT-PCR 
analysis for mRNA. Similarly, we carried out the same analyses using a panel of esophageal cancer cell lines. 
As shown in Fig. 2a, 2i treatment markedly down-regulated the levels of both UHRF1 and DNMT1 proteins in 
A549, HeLa and KYSE70 without affecting the level of DNMT3A proteins. Notably, 2i treatment also markedly 
down-regulated the levels of UHRF1 and DNMT1 proteins in all esophageal cancer cells (KYSE150, KYSE410, 
KYSE140, KYSE520, KYSE30, and KYSE450) with the only one exception of KYSE510, in which UHRF1 protein 
level was unchanged (Fig. 2b). Quantitative RT-PCR analysis revealed that 2i treatment induced a variable but 
significant reduction of UHRF1 transcripts in all above cancer cells with the exception of KYSE510 (Fig. 2c). 
Similarly, 2i treatment also induced a broad reduction of DNMT1 mRNA in most cancer cell lines, with exception 
of KYSE140 and KYSE450 (Fig. 2d). Also consistent with a less drastic reduction of DNMT1 vs UHRF1 in protein 
upon 2i treatment, 2i in general reduced DNMT1 mRNA less than that of UHRF1 (Fig. 2c,d). For DNMT3A, 2i 
treatment affected neither the levels of protein nor mRNA in majority of the cell lines, although a few of cancer 
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cells showed increased levels of transcription (Supplementary Fig. S2). Together these data provide evidence that 
2i broadly regulates UHRF1 and DNMT1 expression in various cancer cells, and does so primarily at the level of 
transcription. In support of this idea, we found that addition of MG132 could not rescued 2i-induced downregu-
lation of UHRF1 and DNMT1 in A549, HeLa and KYSE70 cells (data not shown).

However, we found the regulation of UHRF1 and DNMT1 in cancer cells by 2i is not universal. Under the 
same experimental conditions, we found that 2i treatment did not cause a significant reduction of UHRF1 
or DNMT1 proteins in LNCaP (prostate cancer), Bel7402, C33A and SiHa (cervical cancer) cells (Fig. 2e). 
Nevertheless, 2i treatment still caused a moderate to more severe reduction in transcription of UHRF1 in most 
of these cell lines (Fig. 2f), suggesting that additional mechanism(s) such as translation and protein stability may 
regulate the levels of UHRF1 proteins in these cell lines. Taken together, these data indicated that 2i can broadly 
but not universally suppress the transcription of DNMT1 and especially UHRF1 in various cancer cell lines.

The MEK/ERK pathway, but not the GSK3β pathway, regulates UHRF1 and DNMT1 transcrip-
tion in cancer cells. The 2i contains small molecular inhibitors CHIR99021 and PD0325901 that target 
GSK3β and MEK1/2, respectively. Having established that 2i broadly inhibits UHRF1 and DNMT1 expression in 
cancer cells, we next explored if GSK3β and/or MEK/ERK pathway were required for UHRF1/DNMT1 expres-
sion in cancer cells. We treated HCT116 cells separately or in combination with CHIR99021 and PD0325901 in 
the absence or presence of MG132. We found that similar to 2i treatment, PD0325901 alone reduced the levels of 
UHRF1 and DNMT1 proteins, and this reduction was not blocked by the proteasome inhibitor MG132 (Fig. 3a). 
In contrast, CHIR99021 treatment alone did not affect the protein levels of UHRF1 and DNMT1 (Fig. 3a). 
Furthermore, PD0325901 treatment caused an essentially equivalent reduction of UHRF1 and DNMT1 mRNAs 
as 2i, whereas CHIR99021 treatment alone had no effect (Fig. 3b). By western blotting analysis using an antibody 
reacting with Thr202/Tyr204 phosphorylated and active form of ERK1/2 (P-ERK1/2), the downstream target of 
MEK1/2, we confirmed PD0325901 and 2i effectively inhibited MEK1/2 activity (Fig. 3c). In contrast, neither 
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Figure 1. Comparison of 2i treatment on UHRF1 and DNMT1 expression in mESCs and HCT116 cells. (a) 
Western blotting analysis showing 2i down-regulated the levels of UHRF1 and DNMT1 proteins in mouse 
embryonic E14 cells. E14 cells were maintained in serum plus LIF with or without addition of 2i and subjected 
to western blotting analysis using antibodies as indicated. (b) Addition of MG132 blocked 2i-induced down-
regulation of UHRF1. E14 cells maintained in serum plus LIF or 2i medium were treated with MG132 for 
6 hours before harvested for western blotting analysis. (c) qRT-PCR analysis showing the 2i down-regulated 
the mRNA levels of DNMT3A, but not UHRF1 and DNMT1, in mouse embryonic E14 cells. E14 cells were 
maintained either in serum plus LIF or 2i medium and subjected to qRT-PCR analysis. (d) 2i also down-
regulated UHRF1 and DNMT1 but not DNMT3A in HCT116 cells. The HCT116 cells were treated with or 
without addition of 2i for 2 days before harvested for western blotting analysis. (e) Addition of MG132 could 
not block 2i-induced down-regulation of UHRF1 and DNMT1 in HCT116 cells. The HCT116 cells were treated 
with or without addition of 2i for 2 days and MG132 was added 12 hours before cells were harvested. Western 
blotting analysis was performed using antibodies as indicated. (f) qRT-PCR analysis showing 2i down-regulated 
the mRNA levels of UHRF1 and DNMT1, but not DNMT3A, in HCT116 cells. The HCT116 cells treated with 
or without addition of 2i for 2 days were subjected to qRT-PCR analysis.
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2i nor individual inhibitor significantly affected DNMT3A at the levels of both protein and transcription, sug-
gesting that the MEK/ERK pathway specifically regulates the expression of UHRF1 and DNMT1 at the level of 
transcription.

To further characterize the regulation of UHRF1 and DNMT1 by MEK/ERK pathway, we performed 
time-course experiments. HCT116 cells were treated without or with 2i, PD0325901 and CHIR99021 for 0, 6, 
12, 24, 36 and 48 hours, respectively. The subsequent western blotting analysis showed that both PD0325901 and 
2i induced a time-dependent decrease of UHRF1 and DNMT1 proteins, with reduction of UHRF1 observed at 
6 hours and peak at 36 hours and reduction of DNMT1 at 12 hours and peak around 36 hours (Fig. 3d). Again, 
CHIR99021 treatment did not affect the levels of UHRF1 and DNMT1 (Fig. 3d). Simultaneous RT-PCR analysis 
revealed that both PD0325901 and 2i induced a time-dependent progressive reduction of UHRF1 and DNMT1 
mRNAs, with reduction of UHRF1 mRNA observed from 6 hours and DNMT1 from 12 hours (Fig. 3e,f ). 
While CHIR99021 did not affect the level of DNMT1 mRNA throughout the experiments, it did moderately 
down-regulated the level of UHRF1 mRNA (Fig. 3e,f), although this effect on transcription did not appear 
to significantly affect the level of UHRF1 protein (Fig. 3d). Additional time-course experiments showed that 
PD0325901 markedly inhibited ERK1/2 phosphorylation ~ 1.5 hours (Supplementary Fig. S3a) after the addition 
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Figure 2. Addition of 2i broadly down-regulates UHRF1 and DNMT1 expression in various cancer cell lines. 
(a) Western blotting analysis showing addition of 2i down-regulated UHRF1 and DNMT1 proteins in A549, 
HeLa and KYSE70 cells. All the cells were cultured with or without addition of 2i for 2 days before harvested 
for western blotting analysis. (b) Western blotting analysis showing addition of 2i down-regulated UHRF1 and 
DNMT1 proteins in a panel of esophageal cells. (c,d) qRT-PCR analysis showing the effect of 2i on the levels of 
UHRF1 (c) or DNMT1 (d) mRNAs in various cancer cells. All the cells were cultured with or without addition 
of 2i for 2 days before harvested for qRT-PCR analysis. (e,f) Western blotting and qRT-PCR analysis showing 
the effect of 2i on the levels of UHRF1 and DNMT1 proteins (e) and mRNAs (f) in LNCaP, BEL7402, HepG2, 
C33A and SiHa cells. All the cells were cultured with or without addition of 2i for 2 days before harvested for 
western blotting and qRT-PCR analyses.
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of drug. We also found that MEK1/2 inhibitor PD0325901 did not affect the stability of UHRF1 and DNMT1 
mRNAs (Supplementary Fig. S3b and S3c). Furthermore, although both 2i and PD0325901 inhibited cell prolifer-
ation and increased G0/G1 population of cells, we found that the levels of UHRF1 and DNMT1 mRNAs were not 
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Figure 3. The MEK/ERK inhibitor PD0325901 is responsible for downregulation of UHRF1 and DNMT1 
expression at the level of transcription in HCT116 cells. (a,b) HCT116 cells were treated without or with 
PD0325901 or CHIR99021 individually or in combination for 2 days before harvested for analysis of the levels 
of proteins (a) and mRNAs (b). (c) Western blotting analysis showing that PD0325901 treatment completely 
blocked ERK1/2 phosphorylation in HCT116 cells. The cells were treated with or without PD0325901 for 
12 hours. (d–f) Time course experiments showing the kinetics of 2i, CHIR99021 and PD0325901 treatment 
on the down-regulation of UHRF1 and DNMT1 proteins (d), UHRF1 mRNA (e) and DNMT1 mRNA (f). 
Note that PD0325901 had the same effect as 2i. (g,h) Luciferase reporter assays showing the response of the 
UHRF1 and DNMT1 proximal promoters to MEK1/2 inhibitor PD0325901. The control PGL3-luc and PGL3-
luc containing either UHRF1 (g) or DNMT1 (h) proximal promoter were transfected into HCT116 cells and 
treated with or without 1 μM PD0325901 for 24 hours before harvested for standard luciferase assay. The effect 
of PD0325901 on ERK1/2 phosphorylation was confirmed by western blotting analysis.
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affected by cell cycle in HCT116 cells (Supplementary Fig. S3d and S3e). Given that reduced UHRF1 expression 
induced by both PD0325901 and 2i was observed within 6 hours treatment, we concluded that MEK/ERK path-
way is most likely to directly regulate UHRF1 transcription, although we could not exclude the possibility that the 
MEK/ERK pathway could also regulate DNMT1 transcription indirectly.

To test that inhibition of MEK directly affects UHRF1 and DNMT1 transcription, we cloned the DNA frag-
ments containing UHRF1 proximal promoter region (−295 bp to + 1113 bp) or DNMT1 proximal promoter 
region (−475 bp to + 1381 bp) into a promoter-less PGL3-basic luciferase reporter. Subsequent luciferase 
reporter assay in HCT116 cells showed that addition of PD0325901 inhibited transcriptional activity from the 
UHRF1 reporters (Fig. 3g) and the DNMT1 reporter (Fig. 3h), thus providing evidence for a direct transcrip-
tional activation of UHRF1 and DNMT1 genes by the MEK/ERK pathway.

The MEK/ERK pathway is generally required for elevated expression of UHRF1 and DNMT1 
in cancer cells. So far we have demonstrated that 2i has a broad effect on UHRF1 and DNMT1 expression 
in cancer cells and that the effect of 2i on UHRF1 and DNMT1 expression is due to specific inhibition of MEK/
ERK pathway. We next attempted to determine if the MEK/ERK pathway is broadly required for elevated expres-
sion of UHRF1 and DNMT1 in cancer. To this end, we treated A549, HeLa and KYSE70 cells with CHIR99021, 
PD0325901 or both respectively. Subsequent western blotting analysis revealed that, like 2i, PD0325901 but not 
CHIR99021 was sufficient to induce down-regulation of UHRF1 and DNMT1, but not DNMT3A in all three 
cell lines (Fig. 4a). Addition of MG132 rescued neither 2i- nor PD0325901-induced down-regulation of UHRF1 
and DNMT1 proteins (Fig. 4a). Furthermore, simultaneous RT-PCR analysis showed that PD0325901 inhibited 
UHRF1 and DNMT1 transcription to the similar extent as 2i (Fig. 4b). We also confirmed, as expected, that 
PD0325901 treatment drastically inhibited the level of P-ERK1/2 in these cells (Fig. 4c). Thus, the activated MEK/
ERK pathway is required for elevated expression of UHRF1 and DNMT1 in these cancer cell lines.

To test the role of MEK/ERK pathway in transcriptional activation of UHRF1 and DNMT1 further, we also 
treated 12 different cancer cell lines with PD0325901 for 48 hours. We found that for 7 esophageal cancer cell lines 
PD0325901 treatment down-regulated both UHRF1 and DNMT1 at the level of proteins (Fig. 4d) and mRNAs 
(Fig. 4e) in all lines except KYSE510, a result that is essentially identical to that of 2i on UHRF1 and DNMT1 
proteins (Fig. 2b) and mRNAs (Fig. 2c,d) in these cells. As expected, we found that PD0325901 treatment mark-
edly inhibited the level of phosphorylated ERK1/2 in all these cells without affecting the level of ERK1/2 proteins 
(Fig. 4d). Similar to the results of 2i treatment in Fig. 2e, PD0325901 treatment failed to significantly affect the 
levels of UHRF1 and DNMT1 proteins in LNCaP, Bel7402, HeLa, C33A and SiHa cells (Supplementary Fig. S4a). 
Interestingly, the LNCaP cells showed a undetectable level of P-ERK1/2, which could explain the lack of effect of 
2i and PD0325901 in this cell line (Supplementary Fig. S4a). Also similar to the results of 2i, PD0325901 treat-
ment did reduce the level of UHRF1 and DNMT1 transcription in Bel7402 cells (Supplementary Fig. S4b). Taken 
together, these data provide compelling evidence that 2i broadly inhibits UHRF1 and DNMT1 expression in 
cancer cells by inhibition of the MEK/ERK pathway, which is broadly required for elevated transcription of both 
UHRF1 and DNMT1 in various cancer cells.

To validate the specific effect of MEK/ERK pathway in regulation of UHRF1 and DNMT1, we made use 
of an ERK inhibitor SCH77298448. As expected, SCH772984 inhibited ERK1/2 activity in HCT116 cells in a 
dose-dependent manner (Fig. 5a). Like PD0325901, SCH772984 also induced down-regulation of UHRF1 and 
DNMT1 proteins and mRNAs (Fig. 5b,c) in HCT116 in a dose-dependent manner. Note that, like PD0325901, 
SCH772984-induced downregulation of UHRF1 and DNMT1 proteins was not rescued by MG132 (Fig. 5c). 
Similarly, we found that like PD0325901, SCH772984 also down-regulated UHRF1 and DNMT1 expression in 
A549 and KYSE70 cells (Fig. 5d–g). Thus, inhibition of either MEK1/2 or ERK1/2 down-regulated UHRF1 and 
DNMT1 expression in these cancer cells.

UHRF1 and DNMT1 are coordinately expressed in various tissues and cellsh. Our results this far 
showed that UHRF1 and DNMT1 are co-regulated at the level of transcription in various cancer cell lines via the 
MEK/ERK pathway. Given that both UHRF1 and DNMT1 are overexpressed in various cancers8,9,22, we hypoth-
esized that UHRF1 and DNMT1, as the dual components of DNA maintenance methylation machinery, could 
be regulated coordinately at the level of transcription. The COXPRESdb (http://coxpresdb.jp) allows analysis of 
co-expression relationships for genes based on RNA-seq and microarray49. Using this program we analyzed the 
expression correlation between UHRF1 and DNMT1 in different cancer cell lines (brain, pituitary, and prostate) 
and normal tissues (bone marrow) in Homo sapiens. As shown in Fig. 6a, UHRF1 have high expression correla-
tion with DNMT1 (r2 = 0.587). As a control, we also analyzed the co-expression between DNMT1 and DNMT3A, 
as a coordinated expression of DNMT1 and DNMT3A was reported previously7. However, compared to the high 
correlation of UHRF1 and DNMT1 expression, DNMT3A showed a much reduced correlation (r2 = 0.369) with 
UHRF1 (Fig. 6b), as well as with DNMT1 (r2 = 0.341) expression (Fig. 6c). A similar result was observed when 
co-expression among Uhrf1, Dnmt1 and Dnmt3a was analyzed in Mus musculus (Supplementary Fig. S5). Taken 
together, these data indicated that UHRF1 and DNMT1 are co-expressed in different tissues and cancers.

SEEK (search-based exploration of expression compendia; http://seek.princeton.edu/) also provides a means 
for analyzing gene co-expression50. We searched for the co-expressed genes for UHRF1 using this program and 
found that DNMT1 showed a high co-expression score with UHRF1 in cancer samples (3.20 in upper panel) 
and normal tissues (2.77 in lower panel) (Fig. 6d). Furthermore, a similar co-expression of UHRF1 and DNMT1 
could be found in ONCOMINE database by analyzing the Connolly cell line and the correlation score is 0.974. 
(Fig. 6e). These data support the idea that UHRF1 and DNMT1 are to large extent co-regulated at the level of 
transcription.
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The downstream transcription factors for activation of UHRF1/DNMT1 expression by the MEK/
ERK pathway. Since UHRF1 and DNMT1 are co-expressed in different tissues and cancer cells and they are 
regulated at the transcription level by the MEK/ERK pathway, we hypothesized that they are co-regulated by a 
set of common transcription factors. To this end, we analyzed the transcription factor binding sites within −5 
kb upstream and + 3 kb downstream of the transcription start site (TSS) of UHRF1 and DNMT1 genes using a 
software on QIAGEN website (http://www.sabiosciences.com/), which gives information on predicted binding 
sites for over 200 human transcription factors. This analysis revealed a series of common transcription factors 
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analysis of the levels of proteins by western blotting using antibodies as indicated. (b) A549, HeLa and KYSE70 
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shared by both UHRF1 and DNMT1 (Supplementary Fig. S6), among them 5 transcription factors AML1a51, 
E2F152, SP153, STAT354 and YY155,56 have been reported to be regulated by the MEK/ERK pathway (Fig. 7a,b). 
To test if these transcription factors indeed co-regulated both UHRF1 and DNMT1 transcription, we knocked 
down these transcription factors in HCT116 by corresponding specific siRNAs, and validated the knockdown 
efficiency by quantitative RT-PCR (Fig. 7c). We found that knockdown of each of the transcription factors led to 
reduced levels of UHRF1 and DNMT1 transcription, with more severe reduction of both UHRF1 and DNMT1 
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of PD0325901 or SCH772984 before cells were harvested for western blotting analysis for ERK1/2 and 
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observed when E2F1, SP1 or STAT3 were knocked down (Fig. 7d). To test if these transcription factors also con-
trol UHRF1 and DNMT1 expression in other cancer cells, we carried out the same experiments in A549 cells. We 
found that knockdown of these transcription factors (Supplementary Fig. S7a) in general also resulted in variable 
reduction of UHRF1 and DNMT1 expression (Supplementary Fig. S7b). In multiple experiments we found that 
knockdown of single transcription factor such as E2F1 or SP1 did not lead to more than 50% reduction of UHRF1 
or DNMT1, in supporting of the idea that the expression of UHRF1 and DNMT1 are likely regulated by a coordi-
nated function of multiple transcription factors. Our attempts to simultaneously knockdown these transcription 
factors were not successful due to reduced knockdown efficiency for individual factors (data not shown). Thus, 
while our data indicate that the transcription of both UHRF1 and DNMT1 could be regulated by a common set 
of transcription factors including AML1a, E2F1, SP1, STAT3, and YY1, it remains to be determined how these 
factors coordinately regulate UHRF1 and DNMT1 expression.

It has been shown that the MEK/ERK pathway enhances downstream transcription factor activity by enhanc-
ing their binding to specific regulatory DNA elements of target genes through phosphorylation of the transcrip-
tion factors57–59. We thus wished to address if the MEK/ERK pathway regulates transcription of both UHRF1 and 
DNMT1 through affecting the binding of MEK/ERK- regulated transcription factors to their promoter regions. 
As knockdown E2F1 and SP1 had a more severe effect on UHRF1 and DNMT1, we next focused on these two 
transcription factors to test if ERK1/2 indeed controls their ability to bind the regulatory regions of UHRF1 and 
DNMT1. According to the predicted E2F1 and SP1 binding sites within UHRF1 and DNMT1 genes, we designed 
chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR) assay to test the binding of transcription fac-
tors E2F1 and SP1 to two regions at the UHRF1 and DNMT1 promoters (Fig. 7a). HCT116 cells were treated 
with or without MEK/ERK inhibitor PD0325901 and subsequent ChIP-qPCR analysis demonstrated a significant 
reduction of E2F1 and SP1 associated with both regions at the UHRF1 promoter (Fig. 7e). For DNMT1 gene, 
ChIP-qPCR results revealed a substantial reduction of binding of E2F1 but not SP1 (Fig. 7f). As knockdown of 
SP1 significantly down-regulated transcription of DNMT1 in HCT116 cells (Fig. 7d), we suggested that SP1 may 
regulate DNMT1 expression by binding to the site(s) other than the one we analyzed.
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To test if E2F1 and SP1 directly activate UHRF1 and DNMT1 transcription, we carried out luciferase reporter 
assay. As shown in Fig. 7g,h, ectopic expression of E2F1 or SP1 markedly enhanced the luciferase activity from 
the UHRF1-luc reporter but not the control PGL3 reporter. Addition of PD0325901 inhibited transcriptional 
activation by E2F1 and SP1. Similar results were observed for the DNMT1-luc reporter. Thus, E2F1 and SP1 can 
activate UHRF1 and DNMT1 expression by binding to their proximal promoters and this activity is stimulated 
by the MEK/ERK pathway.

Taken together, we propose that the MEK/ERK pathway most likely controls UHRF1 and DNMT1 expression 
by enhancing the binding of downstream transcription factors such as E2F1 and SP1 to the regulatory regions of 
both UHRF1 and DNMT1.

Discussion
Given the profound effect of 2i culture condition on mESCs pluripotency, DNA methylation and UHRF1/
DNMT1 expression35–40,47, here we investigated if and how 2i regulates UHRF1/DNMT1 expression in cancer 
cells. We showed that 2i also regulates UHRF1/DNMT1 expression in cancer cells. But unlike the case in mESCs, 
2i regulates UHRF1/DNMT1 expression in cancer cells primarily at the level of transcription. We further demon-
strated that it is the MEK/ERK pathway that controls a coordinated transcription of UHRF1/DNMT1 in cancer 
cells.

While DNA hypomethylation phenotype in 2i cultured naïve mESCs were initially attributed to combinato-
rial effect of elevated expression of Tet family dioxygenases and impaired expression of de novo DNA methyl-
transferases35–38,47, recent studies identified impaired DNA maintenance, as a result of reduced UHRF1 protein 
stability, as the main cause of global demethylation in 2i cultured naive mESCs39,40. We found that 2i broadly 
down-regulated both UHRF1 and DNMT1, the axis of DNA maintenance methylation, but not de novo enzyme 
DNMT3A, in various cancer cells (Figs 1 and 2). However, we found that 2i down-regulated UHRF1 and DNMT1 
expression primarily at the level of transcription (Figs 1 and 2). Furthermore, while 2i promotes UHRF1 pro-
teasome degradation mediated by Pramel7 in mESCs40, we show here that the reduced UHRF1 and DNMT1 
expression is due to impaired transcription and inhibition of the MEK/ERK pathway (Figs 3–5). In this regard, 
accumulative studies have demonstrated a widespread overexpression of UHRF1 in various cancer cells22, but 
the underlying mechanism is not well understood. As the MEK/ERK pathway is widely activated, as a result of 
RAS or BRAF mutations and others60,61, in human cancer cells, our finding provides a reasonable explanation 
for widespread transcriptional overexpression of UHRF1 (DNMT1 as well) in various cancers. In addition, this 
finding also provides an explanation for observed co-expression of UHRF1 and DNMT1 in our study. Notably, 
our co-expression analysis by database mining provides clear evidence for a widespread co-expression of UHRF1 
and DNMT1 in normal tissues and numerous cancer cells (Fig. 6). In fact, by three different approaches, the 
co-expression score of UHRF1 and DNMT1 is higher than that of DNMT1 and DNMT3A, which was previously 
proposed to be coordinately co-expressed in order to maintain DNA methylation homeostasis in cancer cells7. 
As BRAF and RAS mutations, especially KRAS, broadly occur in cancers, it will be of interest to systematically 
analyze the relationship between UHRF1/DNMT1 expression and BRAF/RAS mutations. As the key essential 
components for DNA maintenance methylation, a coordinated expression of UHRF1 and DNMT1 would theo-
retically promote DNA methylation. However, although regional DNA hypermethylation can occur, cancer cells 
often exhibit a global DNA hypomethylation phenotype3. Thus, the regulation of DNA methylation homeostasis 
in cancers is likely complicated and influenced not only by the elevated expression of UHRF1/DNMT1 but also by 
other parameters such as the activity of UHRF1/DNMT1, expression and activity of de novo DNA methyltrans-
ferases and TET family proteins.

While long term 2i treatment induces global hypomethylation in mESCs35–38, we have not observed significant 
reduction of DNA methylation in cancer cells upon 2 day of 2i or longer treatment (data not shown). A pitfall 
in our study is that, while 2i treatment did not affect mESCs proliferation, it suppressed cancer cell proliferation 
(Supplementary Fig. S1 and data not shown). Similarly, we found that MEK1/2 inhibitor alone broadly suppressed 
cancer cell proliferation. This observation is consistent with numerous previous studies showing a key role for 
the activated RAS/RAF/MEK/ERK pathway in promoting cancer cell growth and proliferation42. This inhibitory 
effect on cancer cell proliferation could explain why we failed to detect a marked reduction of DNA methylation 
in 2i or PD0325901-treated cells (data not shown), as multiple rounds of DNA replication is likely required to 
observe accumulative effect of impaired DNA maintenance methylation. Alternatively, it is also possible that 
although 2i or PD0325901 treatment markedly down-regulated the levels of UHRF1 and DNMT1, it had yet 
to reach a low threshold level of UHRF1 and/or DNMT1 that is sufficient for maintaining DNA methylation in 
cells4.

We also provide evidence that multiple transcription factors are likely to mediate the transcriptional activation 
of UHRF1/DNMT1 by the MEK/ERK pathway and among the transcription factors are E2F1 and SP1. E2F1 and 
SP1 are regulated by the MEK/ERK pathway and have also been independently shown to regulate UHRF1 expres-
sion in previous studies10,12,24,26,62. We demonstrated that knockdown of E2F1 or SP1 down-regulated UHRF1 and 
DNMT1 expression and that treatment with ERK inhibitor PD0325901 impaired E2F1 and SP1 binding to the 
UHRF1 and DNMT1 promoters (Fig. 7 and Supplementary Fig. S7). It is noteworthy that throughout the study 
we generally observed a more severe effect of 2i or PD0325901 on expression of UHRF1 than DNMT1. Similarly, 
our ChIP-qPCR analysis also revealed a more severe effect of PD0325901 on binding of E2F1 and SP1 to the pro-
moter of UHRF1. These observations are likely functionally relevant, as UHRF1 in general is more frequently and 
highly overexpressed in cancers than DNMT1. Furthermore, as the levels of DNMT1 in general is not a limiting 
factor for DNA methylation4, it is formally possible that UHRF1 rather than DNMT1 is the hub for regulation of 
DNA maintenance methylation.
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Methods
Reagents and Antibodies. The reagents used in this study were as follows: MEK inhibitor PD0325901 
(S1036) and GSK-3 inhibitor CHIR99021 (S2924) were purchased from Selleckchem (Houston, TX), ERK1/2 
inhibitor SCH772984 (HY-50846) from MCE (Monmouth Junction, NJ), MG132 (M8699) from Sigma (St. Louis, 
MO) and Actinomycin D (HY-17559) from MCE(Monmouth Junction, NJ). The antibodies used in this study 
were as follows: Erk1/2 (4695), P-ERK1/2 (4370), E2F1 (3742) and SP1 (9389) from Cell Signaling Technology 
(Danvers, MA); DNMT1 (sc-20701) and DNMT3A (sc-20703) from Santa Cruz Biotechnology (Dallas, TX); 
UHRF1 (21402-1-AP) from Proteintech (Rosemont, IL); β-actin (M1210-2) from HUABIO (Cambridge, MA) 
and GAPDH (3B3) from Abmart (Berkeley Heights, NJ).

Cell Culture and Inhibitors Treatment. A549, LNCaP, KYSE30, KYSE70, KYSE140, KYSE150, KYSE410, 
KYSE450, KYSE510 and KYSE520 cells were cultured in 1640 medium (Gibco). HeLa, C33A, BEL7402, HepG2 
and HCT116 cells were cultured in DMEM medium (Gibco). The medium was supplemented with 10% fetal 
bovine serum (FBS, Gemini) and 1% penicillin/streptomycin (Invitrogen). E14 cells were cultured in DMEM 
supplemented with 15% fetal bovine serum (Gibco), 1000 U/mL leukaemia inhibitory factor (Millipore), 1% 
penicillin/streptomycin (Invitrogen), 1 × non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 
2 mM L-glutamine (Gibco) and 55 μM beta-mercaptoethanol (Sigma). The cultured cells were maintained at 
37 °C in a humidified incubator with 5% CO2. For inhibitors treatment, PD0325901 was in general used at a 
final concentration of 1 μM and CHIR99021 was 3 μM otherwise as indicated. For mRNA half-life measurement 
experiment, the cells were treated with Actinomycin D at a final concentration of 5 μg/mL. DMSO treatment was 
as a negative control.

Introduction of siRNAs into Cells. To knock down the indicated genes, siRNAs were transfected into 
cells twice within 24 hours using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 
The siRNA oligonucleotides were synthesized by GenePharma (Shanghai, China). siRNA sequences are listed 
below. 5′-AAGACAUCGGCAGAAACUA-3′ for human AML1a; 5′-GCUAUGAGACCUCACUGAAUC-3′ for 
human E2F1; 5′-GGAUGGUUCUGGUCAAAUACA-3′ for human SP1; 5′-CAACAUGUCAUUUGCUGAA-3′ 
for human STAT3; 5′-GGCAGAAUUUGCUAGAAUG-3′ for human YY1. The negative control (NC) siRNA 
sequence is 5′-UUCUCCGAACGUGUCACGUTT-3′.

Western Blotting Analysis. The cells were directed lysed by 1 × SDS buffer (62.5 mM Tris-HCl, pH 6.8; 
2% w/v SDS; 10% glycerol; 1% v/v beta-mercaptoethanol; 0.01% w/v bromophenol blue). Lysates were boiled at 
95 °C for 15 min and then subjected to separate on 8% SDS-PAGE. Proteins were transferred to the nitrocellulose 
membrane (GE Healthcare Life Science), and the membranes were blocked with 8% milk for 1 hour at room 
temperature. After overnight incubation at 4 °C with primary antibodies (ERK1/2 (dilution: 1:1000); P-ERK1/2 
(dilution: 1:1000); DNMT1 (dilution: 1:2000); DNMT3A (dilution: 1:3000); UHRF1 (dilution: 1:500);β-actin 
(dilution: 1:10000); GAPDH (dilution: 1:10000)), the membranes were washed three times with PBST buffer 
(0.1% Tween-20 in 1 × PBS), followed by incubation with Alexa Fluor® 680 goat anti-rabbit or Alexa Fluor® 790 
goat anti-mouse antibody (Jackson ImmunoResearch, dilution: 1:10000) for 1 hour at room temperature. The 
membranes were visualized by the Odyssey CLx Imaging System (LI-COR Bioscience).

Chromatin Immunoprecipitation and Quantitative PCR (ChIP-qPCR). The HCT116 cells with or with-
out inhibitor treatment were crosslinked with 1% formaldehyde for 15 min before neutralization with 0.125 M glycine. 
The cells were lysed by sonication in ChIP Lysis buffer (25 mM Tris-HCl pH 8.0, 0.1% SDS, 1 mM EDTA, 1 × pro-
tease inhibitor cocktail (MCE)), and soluble cell extracts were recovered after centrifugation at 12000 rpm and 4 °C 
for 20 min. The indicated antibodies (E2F1 or SP1) were added, followed by overnight incubation at 4 °C on a rotator. 
Chromatin-antibody complexes were isolated with 20 μL of Protein-A Sepharose beads (Santa Cruz) blocked by 
sperm DNA and bovine serum albumin. After extensive washing, protein/DNA complexes were eluted from the beads 
in Elution buffer (50 mM Tris-HCl pH 8.0, 1% SDS, 10 mM EDTA) at 65 °C. Immunoprecipitated DNA was purified 
by phenol/chloroform extraction, and analyzed by real time quantitative PCR. The data represent mean ± STD for 
repeats. The primers for the ChIP-qPCR are listed below. 5′-GTGCAGAAGGATGGAACGGA-3′ (forward) and 
5′-TCAAGGGCTCTCACAAACCC-3′ (reverse) for DNMT1-1; 5′-ACCAAGCTGGAGTCAAGAGC-3′ (forward) 
and 5′-GCTAGAAACTAGGCGGGGTG-3′ (reverse) for DNMT1-2; 5′-ACACATTGATTCCGGCCTTCT-3′ (for-
ward) and 5′-AAGTCCAAGTCCGTTCGCAG-3′ (reverse) for UHRF1-1; 5′-ACTTTGCAAAACTTTCCCGC-3′ 
(forward) and 5′-ACGATTCCCGAGGGTTAGGT-3′ (reverse) for UHRF1-2.

Total RNA Extraction and Quantitative RT-PCR. Total RNA was extracted from cells using RNAiso 
Plus Reagent (Takara) according to the manufacturer’s instructions. For RT–qPCR analysis, 1.5 μg total RNA were 
reverse-transcribed with TransScriptR One-Step gDNA Removal and cDNA Synthesis SuperMix (TransGen Biotech 
Co., Ltd). Gene expression levels were determined by qPCR with the CFX96 Real-Time System (Bio-Rad) using 
TransStart Green qPCR SuperMix (TransGen Biotech Co., Ltd) and normalized to 18 s RNA. The data represent 
mean ± STD for repeats. The primers for RT-PCR are listed below. 5′-GTAACCCGTTGAACCCCATT-3′ (forward) 
and 5′-CCATCCAATCGGTAGTAGCG-3′ (reverse) for 18 s RNA; 5′-CTGGTACGACGCGGAGAT-3′ (forward) 
and 5′-CGACAGTCGTTCAGAGAATCA-3′ (reverse) for human UHRF1; 5′-TGTGGCGTCTGTGAGGTG-3′ (for-
ward) and 5′-ATGCGATTCTTGTTCTGTTTCT-3′ (reverse) for human DNMT1; 5′-CACCGGCCATACGGTGG-3′ 
(forward) and 5′-GGTCTTTGGAGGCGAGAGTT-3′ (reverse) for human DNMT3A; 5′- CCACACCGTGAAC 
TCTCTGTC-3′ (forward) and 5′-GGCGCACATCATAATCGAAGA-3′ (reverse) for mouse UHRF1; 5′- 
CCGTGGCTACGAGGAGAAC-3′ (forward) and 5′- TTGGGTTTCCGTTTAGTGGGG-3′ (reverse) for mouse 
DNMT1. The primer sequences against mouse DNMT3A, and PRDM14 are described previously35.
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Luciferase Reporter Assay. To test if UHRF1 and DNMT1 proximal promoters were responsive to MEK 
inhibition and transcription factors E2F1 and SP1, the DNA fragment corresponding to −295bp to +1113 bp of 
the UHRF1 transcription start site (hg38, chr19:4,909,203-4,910,613) and the DNA fragment corresponding to 
−475bp to +1381 bp of the DNMT1 transcription start site (hg38, chr19: 10,195,554-10,193,696) were cloned 
into the PGL3-basic luciferase reporter. The resulting UHRF1-luc and DNMT-luc reporters were either trans-
fected alone and treated with or without PD0325901 as in Fig. 3g and h or cotransfected with or without E2F1 or 
SP1 expression plasmids and treated with or without PD0325901 as in Fig. 7g and h. The luciferase assays were 
performed using Luciferase Assay Kit (Promega, E1501) according to the manufacturer’s instructions.

Cell Viability Assay. Cell viability was measured by Cell Counting Kit-8 (CCK-8) (Biomike) according to 
manufacturer’s instructions. Cells were seeded in 96-well plates at 5 × 103 cells/well and grew overnight. After 
treated with the inhibitors for indicted hours, 20 μL of CCK-8 solution was added and incubated for 30 min 
at 37 °C. Absorbance at 450 nm was measured with spectra max 190 (Molecular Devices). The data represent 
mean ± STD for repeats.

Statistical analysis. All experiments were performed at least three independent times unless otherwise 
indicated. Statistical analysis and graphs were generated using Microsoft Excel. All statistical analyses were 
showed by bar graph or line graph with mean and standard deviation (STDEV.P).
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