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DNA methylation is a fundamental epigenetic mark that plays
a critical role in differentiation and is mediated by the actions of
DNA methyltransferases (DNMTs). TGF-�1 is one of the most
potent inducers of fibroblast differentiation, and although many
of its actions on fibroblasts are well described, the ability of
TGF-�1 to modulate DNA methylation in mesenchymal cells is
less clear. Here, we examine the ability of TGF-�1 to modulate
the expression of various DNMTs in primary lung fibroblasts
(CCL210). TGF-�1 increased the protein expression, but not
RNA levels, of both DNMT1 and DNMT3a. The increases in
DNMT1 and DNMT3a were dependent on TGF-�1 activation of
focal adhesion kinase and PI3K/Akt. Activation of mammalian
target of rapamycin complex 1 by Akt resulted in increased
protein translation of DNMT3a. In contrast, the increase in
DNMT1 by TGF-�1 was not dependent on new protein synthe-
sis and instead was due to decreased protein degradation.
TGF-�1 treatment led to the phosphorylation and inactivation
of glycogen synthase kinase-3�, which resulted in inhibition of
DNMT1 ubiquitination and proteosomal degradation. The
phosphorylation and inactivation of glycogen synthase kinase-
3� was dependent on mammalian target of rapamycin com-
plex 1. These results demonstrate that TGF-�1 increases
expression of DNMT1 and DNMT3a through different post-
transcriptional mechanisms. Because DNA methylation is
critical to many processes including development and differ-
entiation, for which TGF-�1 is known to be crucial, the ability
of TGF-�1 to increase expression of both DNMT1 and
DNMT3a demonstrates a novel means by which TGF-�1 may
regulate DNA methylation in these cells.

DNA methylation is a key epigenetic process involved in con-
trolling gene expression and cellular phenotype. Specific DNA
methylation patterns are established and maintained during
cell differentiation and are critical to normal development (1,
2). Because the establishment of DNA methylation is highly
coordinated, understanding how DNA methylation machinery
is regulated may provide insight into how DNA methylation
patterns are altered during development and disease.

DNA methyltransferases (DNMTs)2 are a family of enzymes
responsible for the addition of methyl groups to DNA. Mam-
mals possess three catalytically active DNMT isoforms:
DNMT1, DNMT3a, and DNMT3b, each with independent,
nonredundant functions (3). Deletion of any of these enzymes
in mice results in embryonic lethality (1, 4). Alterations in spe-
cific DNMT isoform expression and activity have been identi-
fied in cancer (5–7), aging (8), autoimmune disease (9, 10), and
fibrotic disorders (11–13) and have been associated with
changes in the global DNA methylation patterns of cells.
Expression of various DNMT isoforms has been demonstrated
to be regulated by both transcriptional and post-transcriptional
mechanisms (14, 15). Although DNMTs play an important role
in establishing and maintaining DNA methylation patterns,
how DNMT expression and activity are regulated is still incom-
pletely understood.

TGF-�1 is a soluble mediator with pleiotropic actions that
depend on cell type. TGF-�1 is one of the most well recognized
mediators of wound repair and fibrosis (16), on top of its rec-
ognized ability to modulate adaptive immunity (17) and tumor
growth (18). Acting in a paracrine or autocrine fashion,
TGF-�1 is one of the most potent activators of fibroblasts, stim-
ulating the increased production of extracellular matrix pro-
teins and differentiating fibroblasts into contractile-capable
myofibroblasts (16, 19). The changes in fibroblasts induced by
TGF-�1 are persistent and are believed to contribute to the
pathogenesis of many fibrotic disorders (16, 20, 21) in which
activated myofibroblasts are associated with the dysregulated
expression of a myriad of genes (22). Although TGF-�1 is well
recognized to induce gene expression changes through the
actions of several transcription factors (including the family of
Smad proteins) (23), the persistence of these gene expression
changes suggest that epigenetic changes may also be involved,
and the extent to which TGF-�1 alters epigenetic machinery in
fibroblasts is unclear. TGF-�1 has been reported to induce
global DNA methylomic changes in hepatocellular tumors (24)
and increase expression of multiple DNMT isoforms in pros-
tate cancer cells (25). TGF-�1 has recently been shown to
increase expression of DNMT1 in lung fibroblasts (26) but con-
versely inhibit DNMT1 and DNMT3a expression in cardiac
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TGF-�1 on DNA methylation machinery are context specific,
and the mechanism(s) by which TGF-�1 affects DNMT expres-
sion are not known.

We previously demonstrated that prostaglandin E2, a lipid
mediator that inhibits fibroblast activity and myofibroblast dif-
ferentiation, induces global DNA methylation changes in fibro-
blasts that are due, in part, to increased expression of DNMT3a
(28). Here, we investigate the effects of TGF-�1 on the expres-
sion of various DNMT isoforms in lung fibroblasts. We
observed that TGF-�1 increased the expression of both
DNMT1 and DNMT3a. Interestingly, the increase in expres-
sion of these isoforms occurred through different post-tran-
scriptional mechanisms, and we delineate the signaling path-
ways responsible for these changes.

Results

Treatment with TGF-�1 Increased Expression of DNMT1
and DNMT3a in Normal Lung Fibroblasts—To determine
whether TGF-�1 affects the expression of various DNMT iso-
forms, adult normal lung fibroblasts (CCL210 cells) were

treated with TGF-�1 (2 ng/ml) for varying time periods, and
expression of DNMT1 and DNMT3a were assayed by immu-
noblot. A dose of 2 ng/ml of TGF-�1 was chosen because we
previously showed that it was sufficient to induce myofibroblast
differentiation at the low end of the dose range. TGF-�1
increased the expression of both DNMT1 (Fig. 1A) and
DNMT3a (Fig. 1B). Expression of DNMT1 and DNMT3a
increased as early as 4 h and remained elevated for 48 h after
TGF-�1 treatment. The increase in DNMT1 and DNMT3a
expression by TGF-�1 was supported by immunofluorescence
microscopy (Fig. 1, C and D), which additionally demonstrate
that TGF-�1 treatment increased localization of both DNMT1
and DNMT3a to the cell nucleus.

The Increase in DNMT1 and DNMT3a by TGF-�1 Was
Dependent on focal adhesion kinase (FAK) and PI3K/Akt
Pathways—TGF-�1 is capable of activating both the canonical
Smad and non-Smad signaling pathways (29). Activation of
FAK is a downstream consequence common to both pathways
and has been shown to be important in TGF-�1-mediated
increase in fibroblast differentiation and matrix adherence

FIGURE 1. Treatment with TGF-�1 increased DNMT1 and DNMT3a protein expression. A and B, CCL210 cells were treated with 2 ng/ml of TGF-�1 for 4, 8,
24, and 48 h, and DNMT1 (A) and DNMT3a (B) protein expression was assayed by immunoblot. A representative immunoblot is shown with the mean fold
change in expression by densitometry, relative to no-TGF-�1 control, shown below (n � 4). The data are shown as means � S.E. * p � 0.05 relative to no-TGF-�1
treatment. C and D, cells were treated with or without TGF-�1 (2 ng/ml) for 8 h and immunostained for DNMT1 (C) and DNMT3a (D) with a TRITC-conjugated
secondary antibody. Nuclei were counterstained with DAPI.
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(29 –31). FAK has been shown to activate the PI3K/Akt path-
way (29, 32), which has also been demonstrated to be important
to fibroblast activation and differentiation. To determine
whether FAK and PI3K/Akt activation are required for the
increase in DNMT1 and DNMT3a by TGF-�1, cells were
treated with the FAK inhibitor PF62271 or the PI3K inhibitor
LY294002 in the presence or absence of TGF-�1, and expres-
sion of DNMT1 and DNMT3a was evaluated by immunoblot.
Inhibition of either FAK or PI3K abolished the ability of
TGF-�1 to increase both DNMT1 (Fig. 2A) and DNMT3a
(Fig. 2B).

TGF-�1 Increased DNMT3a Expression via New Protein
Synthesis—We next examined whether the increase in
DNMT3a expression by TGF-�1 was due to an increase in
DNMT3a mRNA. CCL210 cells were treated with TGF-�1
for 4, 8, 24, and 48 h. Levels of DNMT3a mRNA were unaf-
fected by TGF-�1 treatment at all of the time points assayed
(Fig. 3A). Because DNMT3a mRNA levels were unchanged
in the presence of TGF-�1, we sought to determine whether
the increase in DNMT3a protein was due to either an
increase in protein translation or decrease in DNMT3a
degradation. We first treated cells with the protein synthe-
sis inhibitor cycloheximide and examined expression of
DNMT3a protein over time. Levels of DNMT3a protein
decreased over time, becoming barely detectable after 16 h,
in the presence of cycloheximide (Fig. 3B). The cells were
then treated for 2, 4, 8, and16 h with cyclohexidime in the
presence or absence of TGF-�1. DNMT3a expression con-
tinued to decline with cycloheximide over time, even in the
presence of TGF-�1 treatment (Fig. 3C). Cycloheximide
inhibited the ability of TGF-�1 to increase expression of
DNMT3a, especially at the 8- and 16-h time points (Fig. 3D).
These data indicate that new protein synthesis is indeed nec-
essary for the increase in DNMT3a by TGF-�1.

TGF-�1 Increases DNMT3a via Activation of mTORC1—Akt
activates multiple downstream targets including mTOR, which
is best recognized for its role in stimulating protein translation
machinery and inducing protein synthesis (33, 34). Given that

the increase in DNMT3a by TGF-�1 is dependent on new pro-
tein synthesis, we sought to determine whether mTOR activa-
tion is required for the increase in DNMT3a by TGF-�1. mTOR
participates in two complexes: mTORC1 and mTORC2. Treat-
ment of fibroblasts with rapamycin, an mTORC1 inhibitor,
inhibited the increase in DNMT3a (Fig. 4A). Likewise, silencing
expression of Raptor, an adaptor molecule specific for
mTORC1, also inhibited the increase in DNMT3a by TGF-�1
(Fig. 4B). These data demonstrate that TGF-�1 signals through
the Akt/mTORC1 pathway to result in new protein synthesis of
DNMT3a.

TGF-�1 Increased DNMT1 Expression by Inhibiting DNMT1
Ubiquitination and Degradation—To determine whether an
increase in DNMT1 mRNA levels was responsible for the
increase in DNMT1 expression by TGF-�1, CCL210 cells were
treated with TGF-�1 for varying times, and levels of DNMT1
mRNA were assayed by RT-PCR. As with DNMT3a, we did not
observe a significant change in DNMT1 mRNA levels with
TGF-�1 treatment at any of the time points assayed (Fig. 5A).
To determine whether the increase in DNMT1 protein was
dependent on new protein synthesis, we treated cells with the
protein synthesis inhibitor cycloheximide. Treatment with
cycloheximide resulted in a rapid decrease in DNMT1 expres-
sion as early as 2 h after treatment, with levels continuing to
decline over time (Fig. 5B). We next treated cells with TGF-�1
in the presence or absence of cycloheximide for varying times.
In contrast to that observed with DNMT3a, the relative half-life
of DNMT1 in the presence of cycloheximide was markedly dif-
ferent when cells were treated with TGF-�1 (Fig. 5C). DNMT1
expression increased with TGF-�1 treatment, even in the pres-
ence of cycloheximide at both 8 and 16 h of treatment (Fig. 5C).
These data indicate that the increase in DNMT1 by TGF-�1
does not depend on an increase in either DNMT1 gene tran-
scription or protein synthesis.

DNMT1 undergoes ubiquitination prior to degradation (35,
36), and studies have shown that the increase in DNMT1 pro-
tein expression in cancers is a result of increased DNMT1 pro-
tein stability rather than abundance of mRNA (37, 38). To

FIGURE 2. The increase in DNMT1 and DNMT3a expression by TGF-�1 was inhibited by FAK and PI3K inhibitors. CCL210 cells were treated with 10 �M of
the FAK inhibitor PF62271 or 10 �M of the PI3K inhibitor LY294002 in the presence or absence of TGF-�1 (2 ng/ml) for 24 h, and expression of DNMT1 (A) and
DNMT3a (B) was assayed by immunoblot. The mean densitometric values relative to untreated control of four independent experiments are shown below a
representative immunoblot. *, p � 0.05. inh, inhibitor.
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determine whether TGF-�1 alters DNMT1 ubiquitination and
protein stability, lysates from fibroblasts treated with or with-
out TGF-�1 were immunoprecipitated for DNMT1 and immu-
noblotted for ubiquitin. Because DNMT1 expression was
observed to increase as early as 4 h after TGF-�1 treatment, we
examined DNMT1 ubiquitination at 4 and 8 h. TGF-�1-treated
cells exhibited less DNMT1 ubiquitination compared with con-
trol (Fig. 6A). In comparison, ubiquitination of DNMT3a was
unaffected by TGF-�1 (Fig. 6B). The cells were then treated
with MG-132, a proteosomal inhibitor, in the presence or
absence of TGF-�1. Expression of DNMT1 was increased in the
presence of MG-132, with no further increase in the presence of
TGF-�1 (Fig. 6C). These data demonstrate that TGF-�1 inhib-
its DNMT1 ubiquitination and that TGF-�1 was unable to
increase expression of DNMT1 any further than that achieved
by inhibiting proteosomal degradation alone.

TGF-�1 Inhibited DNMT1 Ubiquitination by Phosphoryl-
ating and Inactivating Glycogen Synthase Kinase (GSK)-3�—
Several proteins have been demonstrated to interact with
DNMT1 and regulate its ubiquitination (35, 36, 39, 40). In par-
ticular, the ubiquitin protein �-TrCP (ligase �-transducin

repeat protein) has been shown to ubiquitinate DNMT1
through increased GSK-3� activity (41). GSK-3� has been
shown to be inactivated by TGF-�1 through phosphorylation of
serine residue 9 (42). We first confirmed in CCL210 fibroblasts
that GSK-3� was phosphorylated after TGF-�1 treatment (Fig.
7A). This was inhibited in the presence of FAK and PI3K inhib-
itors, indicating that phosphorylation of GSK-3� occurs down-
stream of these signaling molecules. The cells were next trans-
fected with a plasmid that overexpressed a constitutively active
form of GSK-3�, in which serine 9 is mutated to adenine (S9A).
Cells transfected with GSK-3� S9A did not exhibit an increase
in DNMT1 expression with TGF-�1 treatment, as compared
with control plasmid (Fig. 7B). By comparison, DNMT3a
expression increased with TGF-�1 treatment even in the pres-
ence of GSK-3� S9A overexpression. Although TGF-�1 treat-
ment resulted in decreased DNMT1 ubiquitination of cells
treated with the control plasmid, TGF-�1 treatment did not
affect DNMT1 ubiquitination in cells treated with GSK-3� S9A
(Fig. 7C). These results indicate that TGF-�1 phosphorylates
and inactivates GSK-3�, resulting in decreased DNMT1 ubiq-
uitination and degradation.

FIGURE 3. The increase in DNMT3a by TGF-�1 was inhibited by the protein synthesis inhibitor cycloheximide (CHX). A, CCL210 cells were treated with
TGF-�1 (2 ng/ml) for 4, 8, 24, and 48 h, and DNMT3a mRNA levels were assayed by real time RT-PCR (n � 4). B, CCL210 cells were treated with CHX (15 �M) for
the indicated times, and DNMT3a protein was assayed by immunoblot. A representative immunoblot is shown, with the mean densitometric values of five
independent experiments shown below. *, p � 0.05 relative to the 2-h time point with no CHX. C, cells were treated for varying times with CHX (15 �M) � TGF-�1
(2 ng/ml), and expression of DNMT3a was compared relative to untreated cells at the 2-h time point (n � 3). *, p � 0.05. D, cells were treated for 8 or 16 h in the
presence or absence of CHX (15 �M) and TGF-�1 (2 ng/ml), and expression of DNMT3a was assayed by immunoblot. The mean densitometric values relative to
untreated control of seven independent experiments are shown below a representative immunoblot. *, p � 0.05. CHX, cycloheximide.
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mTORC1 Is Necessary for TGF-�1-mediated GSK-3� Phos-
phorylation and Increase in DNMT1—GSK-3� can be either
directly phosphorylated by Akt, or its phosphorylation can
occur downstream of mTORC1 signaling. Because mTORC1
was an important downstream signaling molecule for the
increase in DNMT3a by TGF-�1, we sought to determine
whether mTORC1 was also necessary for TGF-�1-mediated
increase in DNMT1. Phosphorylation of GSK-3� by TGF-�1
was completely inhibited by treatment with the mTORC1
inhibitor rapamycin (Fig. 8A). Cells treated with rapamycin did

not exhibit an increase in DNMT1 expression after TGF-�1
treatment (Fig. 8B). Likewise, silencing Raptor, an adaptor for
mTORC1, resulted in an inability for TGF-�1 to increase
DNMT1 expression (Fig. 8C). These data demonstrate that
mTORC1 is necessary for TGF-�1-mediated increase in both
DNMT3a and DNMT1.

Treatment with TGF-�1 Did Not Alter DNA Methylation of
Long Interspersed Nuclear Elements (LINE)-1—Previous stud-
ies have demonstrated that TGF-�1 treatment increases the
DNA methylation of THY1 in fibroblasts through the actions of
DNMT1 (26). Thy-1 is a cell surface glycoprotein that inhibits
myofibroblast differentiation and survival, and its hypermeth-
ylation by TGF-�1 leads to its decreased expression in differen-
tiated myofibroblasts. TGF-�1 has also been shown to increase
the expression of collagen type I by inducing DNA methylation
changes in cardiac fibroblasts (27). To determine whether
global DNA methylation levels were affected by TGF-�1 treat-
ment, we assayed the DNA methylation of the retrotransposon
LINE-1, which is frequently used to estimate global methyla-
tion (43). Bisulfite sequencing revealed no change in LINE-1
methylation after TGF-�1 treatment (Fig. 9).

Discussion

TGF-�1 plays a pivotal role during development and is one of
the most potent inducers of fibroblast differentiation (16).
Here, we demonstrate that TGF-�1 up-regulates the expres-
sion of DNMT1 and DNMT3a, two enzymes that critically
maintain and establish DNA methylation, by distinct post-tran-
scriptional mechanisms. Expression of DNMT3a was increased
by TGF-�1 via an increase in its protein synthesis and transla-
tion. By contrast, TGF-�1 increased DNMT1 expression by
inhibiting its ubiquitination and protein degradation. Although
the increase in both DNMT1 and DNMT3a expression by
TGF-�1 involved the activation of FAK, PI3K/Akt, and
mTORC1, different mechanisms downstream of mTORC1
were responsible for the up-regulation of these two DNMTs.
Activation of protein translational machinery by mTORC1 was
sufficient to increase expression of DNMT3a, whereas the
increase in DNMT1 expression by TGF-�1 was not dependent
on protein translation. Instead, TGF-�1 treatment resulted in
phosphorylation and inhibition of GSK-3�, which was associ-
ated with a decrease in DNMT1 ubiquitination and degrada-
tion (Fig 10). These data thus illustrate the various ways in
which expression of different DNMT isoforms are regulated
and provide insight into how TGF-�1, a potent mediator of
myofibroblast differentiation, may also modulate the DNA
methylation pattern of these cells.

DNMTs maintain and establish de novo DNA methylation
patterns, and regulation of their expression is tightly regulated
during cell differentiation and development (1–3). DNMT1 can
be regulated at the transcriptional level, where transcription
factors Sp1, SP3 (44), and E2F (45) are recognized to up-regu-
late expression of DNMT1. E2F is recognized to play a major
role in cell cycle and is responsible for the increased expression
of DNMT1 during DNA replication and cell proliferation (46).
There is emerging evidence, however, that post-translational
regulation of DNMT1 stability is also crucial in establishing
abundance of total DNMT1 protein (37, 38). Our studies

FIGURE 4. Inhibition of mTORC1 inhibited the ability of TGF-�1 to
increase DNMT3a. A, CCL210 cells were treated with TGF-�1 (2 ng/ml) in the
presence or absence of rapamycin (1 �M), an mTORC1 inhibitor, and DNMT3a
protein was assayed by immunoblot. The mean densitometric values of three
independent experiments are shown below a representative immunoblot. *,
p � 0.05. B, CCL210 cells were treated with either control siRNA or siRNA
targeting Raptor. The cells were then treated in the presence or absence of
TGF-�1 (2 ng/ml), and expression of DNMT3a and Raptor protein was assayed
by immunoblot. Mean densitometric values of DNMT3a protein from four
independent experiments are shown below a representative immunoblot. *,
p � 0.05.
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showed that the increase in DNMT1 by TGF-�1 is exclusively
driven by post-translational mechanisms. Several ubiquiti-
nases, such as the E3 ligase ubiquitin-like with plant homeodo-
main and ring finger domains 1 (UHRF1) (35) and �-TrCP (41),
have been shown to ubiquitinate DNMT1. Our data show that
DNMT1 ubiquitination is inhibited by TGF-�1 treatment.
TGF-�1 is recognized to inactivate GSK-3� through phosphor-
ylation (42), and previous studies have shown that GSK-3�
enhances DNMT1 ubiquitination through recruitment of
�-TrCP (41). Overexpression of a constitutively active form of
GSK-3� led to an increase in DNMT1 ubiquitination and atten-
uated the ability of TGF-�1 to increase DNMT1 expression,
confirming that the inactivation of GSK-3� by TGF-�1 was
indeed necessary for the increase in DNMT1 expression.

DNMT1 has been described to undergo other post-transla-
tional modifications, including acetylation (35), lysine methyl-
ation (39, 47), and phosphorylation (41, 48) that also affect its
stability. Direct interactions with other proteins including his-
tone deacetylases (49) and the deubiquitinase herpesvirus-as-
sociated ubiquitin-specific protease (HAUSP) (35) also affect
DNMT1 protein turnover. Whether TGF-�1 induces other

DNMT1 post-translational modifications or alters the expres-
sion of interacting proteins is not known. We showed that
PI3K/Akt signaling is necessary for the increase in DNMT1
expression by TGF-�1. Our data also demonstrate that treat-
ment with TGF-�1 enhanced DNMT1 (and DNMT3a) local-
ization to the cell nucleus. PI3K/Akt signaling has not only been
shown to affect DNMT1 stability (41, 48) but also can directly
phosphorylate DNMT1 at the nuclear localization signal (50),
and this may be a mechanism by which TGF-�1 increases
DNMT1 nuclear localization.

DNMT3a expression can be regulated at the transcriptional
level through the increase of transcription factors such as Sp1
and Sp3 (51), but we found that TGF-�1, like DNMT1,
increased DNMT3a expression in a post-transcriptional man-
ner. As with DNMT1, TGF-�1signaled through FAK, PI3K/
Akt, and mTORC1 to increase DNMT3a. mTORC1 is well rec-
ognized to increase total cellular protein synthesis and protein
translation machinery (33, 34), and activation of mTORC1 by
TGF-�1 was necessary to increase DNMT3a protein transla-
tion. Although the increase in DNMT1 by TGF-�1 was not
dependent on new protein synthesis, mTORC1 was, interest-

FIGURE 5. The increase in DNMT1 by TGF-�1 was not inhibited by the protein synthesis inhibitor CHX. A, CCL210 cells were treated with TGF-�1 (2 ng/ml)
for 4, 8, 24, and 48 h, and DNMT1 mRNA levels were assayed by real time RT-PCR (n � 4). B, CCL210 cells were treated with CHX (15 �M) for the indicated times,
and DNMT1 protein was assayed by immunoblot. A representative immunoblot is shown, with the mean densitometric values of four independent experi-
ments shown below. *, p � 0.05 relative to the 2-h time point with no CHX. C, cells were treated for varying times with CHX (15 �M) � TGF-�1 (2 ng/ml), and
expression of DNMT1 was compared relative to untreated cells at the 2-h time point (n � 5). *, p � 0.05. D, cells were treated for 8 or 16 h in the presence or
absence of CHX (15 �M) and TGF-�1 (2 ng/ml), and expression of DNMT1 was assayed by immunoblot. The mean densitometric values relative to untreated
control of three independent experiments are shown below a representative immunoblot. *, p � 0.05.
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ingly, also necessary in mediating the ability of TGF-�1 to
increase DNMT1. These results emphasize the pleiotropic
actions of mTORC1 in stimulating new protein translation and
also in modulating the stability and degradation of other pro-
teins. Although phosphorylation of GSK-3� can be a direct
consequence of Akt actions, our data indicate that mTORC1 is
necessary in this process and are consistent with studies that
have shown that mTORC1 can indirectly phosphorylate
GSK-3� through activation of S6 kinase 1 (52).

The three catalytically active mammalian DNMTs, DNMT1,
DNMT3a, and DNMT3b, all have distinct, nonredundant func-
tions, and increased expression of each results in different
effects on the overall global DNA methylation pattern (3, 14).
Global deletion of any one isoform results in embryonic lethal-

ity (1, 4). DNMT1 is classically described as the “maintenance”
methyltransferase, whereas DNMT3a and DNMT3b are
responsible for de novo DNA methylation, but increasing evi-
dence over the past several years has challenged this distinction
and subverted this simplistic model (53). We did not observe a
difference in LINE-1 methylation, which is often used to
approximate global methylation (43), after TGF-�1 treatment.
DNA methylation of LINE-1 and other retrotransposon ele-
ments, however, do not encapsulate the methylation changes
that might occur in other regions of the genome. We hypothe-
size that the increase in DNMT1 and DNMT3a by TGF-�1 may
result in methylation changes that are locus-specific. Whole
genome methylation studies would be required to identify these
sites of methylation change. Future studies would also be
needed to determine whether identified changes in methylation
are attributable to increases specific to either DNMT1 or
DNMT3a. At least one study showed that Thy-1, whose expres-
sion is lost during myofibroblast differentiation, becomes
hypermethylated in fibroblasts by TGF-�1 because of an
increase in DNMT1 (26). This study confirms that increased
DNMT1 expression by TGF-�1 leads to increased DNA meth-
ylation and decreased expression of at least one gene that is
critical to the function of fibroblasts and their differentiation to
myofibroblasts.

TGF-�1 is an important driver of fibroproliferative diseases,
and the activation and differentiation of fibroblasts into myofi-
broblasts by TGF-�1 is accompanied by a change in the expres-
sion of many genes (22). Although some of these gene expres-
sion changes are driven by transcription factors, many of these
changes persist beyond the half-life of these proteins, indicating
that epigenetic regulation may be responsible for some of these
changes. The finding that TGF-�1 increases expression of
DNMT1 and DNMT3a provides insight into how this may
occur. DNA methylation is often associated with suppression of
gene expression, and in microarray studies of fibroblasts, nearly
equal numbers of genes are down-regulated as they are up-reg-
ulated by TGF-�1 (22). In addition, these up-regulated genes
may also occur as a consequence of DNA methylation because
hypermethylation of gene bodies has been shown to increase
gene expression (54). Because TGF-�1 is one of the most potent
mediators of differentiation, the ability of TGF-�1 to affect
DNA methylation may indicate a broader role for DNA meth-
ylation in modulating myofibroblast differentiation. Of note,
prostaglandin E2 (PGE2), a potent anti-fibrotic mediator that
inhibits and reverses myofibroblast differentiation, was also
shown to induce global changes in DNA methylation (28).
TGF-�1 has been shown to down-regulate PGE2 synthesis (55–
57). Whether the methylation changes induced by PGE2 are
opposite to that of TGF-�1 is unknown. PGE2 was also shown
to increase expression of DNMT3a but not DNMT1, so DNA
methylation differences that occur between PGE2 and TGF-�1
may be a result of the actions of DNMT1 or other factors inde-
pendent of increases in DNMT3a.

DNA methylation changes have been identified in several
fibrotic disorders, including renal fibrosis (58) and idiopathic
pulmonary fibrosis (IPF) (12, 13). Fibroblasts, in particular,
have been demonstrated to exhibit gene-specific and global
DNA methylomic changes in IPF (11, 59) and are felt to con-

FIGURE 6. Treatment with a proteosomal inhibitor increased expression
of DNMT1, and TGF-�1 treatment decreased DNMT1 ubiquitination.
CCL210 cells were treated with TGF-�1 (2 ng/ml) for 4 or 8 h in the presence of
the proteosomal inhibitor MG-132 (10 �M). Cell lysates were immunoprecipi-
tated for DNMT1 or DNMT3a, resolved by SDS-PAGE, and probed with anti-
bodies against ubiquitin and DNMT1. A, representative blot of ubiquitiny-
lated DNMT1 is shown. Mean densitometry of ubiquitinylated DNMT1 from
three independent experiments assayed at the 8-h time point is shown
below. * p � 0.05. B, a representative blot of ubiquitinylated DNMT3a in cells
treated with or without TGF-�1 is shown. Relative mean densitometry � S.E.
from three independent experiments is indicated by the numbers below. C,
CCL210 cells were treated with MG-132 (10 �M) in the presence or absence of
TGF-�1 (2 ng/ml), and expression of DNMT1 was assayed by immunoblot. A
representative blot of two independent experiments is shown. i.p.,
immunoprecipitation.
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tribute to the profibrotic phenotype of these cells. How altera-
tions in DNA methylation arise in IPF and other fibrotic disor-
ders is unknown. IPF fibroblasts are noted to have increased
expression of DNMT1 and DNMT3a (11, 13), which in the
context of our findings, may be due to the increased levels of
TGF-�1 in fibrotic lung tissue. The ability of TGF-�1 to
increase DNMT1 and DNMT3a in fibroblasts provides a poten-
tial mechanism by which DNA methylation changes may arise
in these diseases.

TGF-�1 possesses pleiotropic activity, and how TGF-�1
affects the expression of DNMT isoforms in other cell types
varies. TGF-�1 is an important modulator of T cell differenti-
ation (17) and has been shown to antagonize DNMT1 accumu-
lation in T cells (60), where DNMT1 plays a critical role in T cell
development (61). In alveolar macrophages, we previously
showed that TGF-�1 increased the expression of DNMT1 by
inhibiting expression of microRNA-29b (62). microRNA-148b
and microRNA-152 have also been shown to inhibit DNMT1

FIGURE 7. TGF-�1 phosphorylated and inactivated GSK-3�, inhibiting DNMT1 ubiquitination. A, cells treated with 10 �M of the FAK inhibitor PF62271 or
10 �M of the PI3K inhibitor LY294002 in the presence or absence of TGF-�1 (2 ng/ml) were assayed by immunoblot for phosphorylation of GSK-3� at serine 9.
The mean densitometric values of phosphorylated GSK-3� from seven independent experiments are shown below a representative immunoblot. *, p � 0.05
relative to untreated control; #, p � 0.05 relative to TGF-�1 treatment without inhibitors. B, CCL210 cells transfected with either control plasmid (pcDNA 3.1) or
plasmid that overexpressed a constitutively active form of GSK-3� S9A were treated with or without TGF-�1 (2 ng/ml), and expression of DNMT1 and DNMT3a
was assayed by immunoblot. The mean densitometric values relative to untreated pcDNA 3.1 control from three independent experiments are shown below
the representative immunoblots. *, p � 0.05. C, cells transfected with either control or GSK-3� S9A plasmid were treated with MG-132 (1 �M) in the presence
or absence of TGF-�1 (2 ng/ml). Cell lysates were immunoprecipitated for DNMT1 and immunoblotted for ubiquitin and DNMT1 (n � 4). *, p � 0.05. i.p.,
immunoprecipitation; inh, inhibitor.

FIGURE 8. mTORC1 is necessary for GSK-3� phosphorylation and TGF-�1-mediated increase in DNMT1. A and B, CCL210 cells were treated with TGF-�1
(2 ng/ml) in the presence or absence of rapamycin (1 �M), phosphorylated GSK3� (P-GSK3�) (A), and DNMT1 protein (B) were assayed by immunoblot. The
mean densitometric values of three independent experiments are shown below a representative immunoblot. *, p � 0.05. C, CCL210 cells were treated with
either control siRNA or siRNA targeting Raptor. The cells were then treated in the presence or absence of TGF-�1 (2 ng/ml), and expression of DNMT1 and
Raptor protein were assayed by immunoblot. Mean densitometric values of DNMT1 protein from three independent experiments are shown below a repre-
sentative immunoblot. cont, control.
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expression (63). We did not observe a change in DNMT1
mRNA levels to suggest a role for miRs in the ability of TGF-�1
to increase DNMT1 expression in fibroblasts. Studies in liver
tumors and prostate cancer also demonstrate that TGF-�1
increases DNMT expression and global DNA methylation (24,
25). Expression of DNMT3b is low at baseline in lung fibro-
blasts, and further studies would be needed to determine
whether TGF-�1 also regulates DNMT3b expression in fibro-
blasts and other cell types. Our findings, together with these
other studies, demonstrate that the effects of TGF-�1 on
DNMT expression and DNA methylation vary depending on
cell and tissue type.

DNA methylation is often considered an important link that
explains how environmental exposure contributes to disease
(64), but the mechanisms by which the environment induces
DNA methylation changes are diverse and not well understood.
Exposure to air pollutants (65) and cigarette smoke (66) are
associated with changes in DNA methylation patterns and are
also associated with increased expression and activity of
TGF-�1 (67, 68). Identifying TGF-�1 as a mediator capable of
altering expression of DNMTs thus provides a possible indica-
tion of how environmental exposures induce DNA methylation
changes.

In conclusion, our study demonstrates that TGF-�1
increases expression of DNMT1 and DNMT3a through differ-
ent post-transcriptional mechanisms in lung fibroblasts. The
increase in both DNMT1 and DNMT3a by TGF-�1 occurs
through FAK, PI3K/Akt, and mTORC1 signaling. mTORC1
directly increases protein translation of DNMT3a, whereas
phosphorylation and inactivation of GSK-3� by mTORC1 was
necessary to prevent DNMT1 ubiquitination and degradation.
These findings demonstrate the diverse mechanisms by which
different DNMT isoforms can be regulated in a post-transcrip-
tional manner to establish and maintain DNA methylation in
development and disease.

Experimental Procedures

Cell Culture—Normal primary human lung fibroblasts
(CCL210) were cultured in DMEM (Thermo Fisher Scientific)
supplemented with 10% FBS and 1% penicillin/streptomycin.
Prior to treatment, the cells were plated at 0.25 � 106 cells/well
in 6-well plates overnight. Medium was subsequently removed,
and the cells were incubated between 24 and 48 h in serum-free
DMEM. The cells were then treated with the following reagents
for 24 h unless otherwise indicated: TGF-�1 (2 ng/ml; R&D
Systems, Minneapolis, MN), the protein synthesis inhibitor
cycloheximide (15 �M; EMD Millipore, Billerica, MA), the FAK
inhibitor PF62271 (10 �M; Tocris, Minneapolis, MN), the PI3K
inhibitor LY294002 (10 �M; Cell Signaling, Danvers, MA), the
mTOR inhibitor rapamycin (1 �M; Enzo, Farmingdale, NY),
and the proteosomal inhibitor MG-132 (10 �M; Cayman Chem-
icals, Ann Arbor, MI). All inhibitors except for MG-132 were
added 30 min prior to the addition of TGF-�1. MG-132 was
added 1 h prior to the addition of TGF-�1. For siRNA experi-
ments, the cells were treated with 50 nM of either control siRNA
or siRNA against Raptor (GE Dharmacon, Lafayette, CO) using
RNAiMAX (Thermo Fisher Scientific) for 24 h in OptiMEM
(Thermo Fisher Scientific) and then incubated in serum-free
DMEM for another 24 h prior to the addition of TGF-�1 for
24 h.

In some experiments, the cells were transfected with either
pcDNA3.1 control plasmid or PCIneo plasmid expressing con-
stitutively active GSK-3� in which serine 9 is mutated to ade-
nine (S9A). GSK-3� S9A was a gift from Scott Friedman (69)
(Addgene plasmid 49492). Following transfection, the cells
were incubated in OptiMEM for 24 h and then in serum-free
DMEM for another 24 h. For immunoprecipitation experi-
ments, cells were pretreated with MG-132 (10 �M) for 1 h
before the addition of TGF-�1 for 24 h.

FIGURE 9. Effect of TGF-�1 treatment on LINE-1. CCL210 cells were treated
with or without TGF-�1 (2 ng/ml) for 24 h, and the DNA methylation level of
LINE-1 was assayed by bisulfite pyrosequencing. The percentage of methyla-
tion refers to the degree of methylation identified at each CpG site (n � 6).

FIGURE 10. Schematic diagram of the signaling pathway by which TGF-�1
increases DNMT1 and DNMT3a. TGF-�1 signals through FAK, PI3K/Akt, and
mTORC1 to increase protein translation of DNMT3a. Through the same sig-
naling pathway, TGF-�1 phosphorylates and inactivates GSK-3�, which
results in decreased DNMT1 ubiquitination and degradation. This results in an
overall increase in DNMT1 expression.
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Immunoprecipitation and Immunoblotting—Protein lysates
were collected in lysis buffer (PBS containing 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS) supplemented with pro-
tease inhibitor (Roche) and phosphatase inhibitor I and II
(EMD Millipore) cocktails. For immunoprecipitation, the cell
lysates were sonicated and centrifuged for 10 min at 14,000 � g,
and the supernatants were normalized by total protein concen-
tration. Lysates were incubated with monoclonal mouse anti-
body against DNMT1 (1:80; antibody 13537; Abcam, Cam-
bridge, MA) or with monoclonal rabbit antibody against
DNMT3a (1:50; antibody 3598; Cell Signaling) overnight at 4 ºC
before pulldown with protein G or A magnetic beads (Cell Sig-
naling). Magnetic beads were washed three times with lysis
buffer before elution in SDS buffer. For nonimmunoprecipita-
tion immunoblotting, the lysates were normalized by total pro-
tein concentration. All samples were resolved by SDS-PAGE
and transferred to nitrocellulose membranes. Membranes were
immunoblotted using the following antibodies (all monoclonal
mouse unless otherwise stated): DNMT1 (1:1000, ab13537
Abcam), DNMT3a (1:1000, ab13888 Abcam), GSK-3� phos-
phorylated at Ser9 (1:500, monoclonal rabbit, ab75814; Abcam),
ubiquitin (1:1000 MA1-10035; Thermo Scientific) or �-tubulin
(1:1000; Sigma). Membranes were then incubated with the
appropriate horseradish-peroxide-conjugated secondary anti-
body (Cell Signaling) and visualized with enhanced chemilumi-
nescence reagent (GE Healthcare). For all protein bands, den-
sitometry was analyzed by ImageJ Software (National Institutes
of Health) and normalized to �-tubulin.

Immunofluorescence Staining—25,000 cells/well were plated
on four-chamber glass slides, serum-starved for 24 h, and then
treated for 8 h with TGF-�1 (2 ng/ml). The slides were washed
and fixed with 4% paraformaldehyde for 30 min. The slides
were blocked for 1 h in 3% BSA in PBS with 0.5% Triton X-100
and incubated overnight at 4 ºC with antibody against DNMT1
(1:50, IMG-261A; Imgenex, San Diego, CA) or DNMT3a (1:50,
ab13888; Abcam). The slides were then washed and incubated
with mouse secondary antibody (1:200) conjugated to TRITC
and mounted with fluorescent mounting medium containing
DAPI. The cells were visualized under fluorescent microscopy.

Real Time RT-PCR—RNA was isolated from cell using TRI-
zol, and quantitative mRNA levels were assayed by real time
RT-PCR using the StepOnePlus real time PCR system (Applied
Biosystems, South San Francisco, CA). Primers for human
DNMT1, DNMT3a, and DNMT3b were obtained from
Applied Biosystems, and primers for �-actin were used as pre-
viously reported (70).

LINE-1 Methylation—Genomic DNA was isolated from 1 �
106 cells treated with or without TGF-�1 (2 ng/ml) for 24 h
using the DNeasy kit (Qiagen). 1 �g of genomic DNA was sub-
ject to bisulfite conversion using the EZ DNA methylation kit
from Zymo Research (Irvine, CA). Biotin-labeled primers (Qia-
gen) were used to PCR amplify LINE-1. Amplicons were iso-
lated using Sepharose beads and sequenced on the Pyromark
Q24 pyrosequencer (Qiagen).

Statistical Analysis—The data were analyzed on GraphPad
Prism 6.0 (GraphPad Prism Software, San Diego, CA) using
analysis of variance or Student’s t test, as appropriate, with p �

0.05 defined as statistically significant. All data are shown as
means � S.E.

Author Contributions—S. K. H. conceived and coordinated the
study and wrote the paper. All authors designed, performed, and
analyzed the experiments. All authors reviewed the results and
approved the final version of the manuscript.
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