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ABSTRACT

Epithelial-Mesenchymal Transition (EMT) is a critical step in the progression
of cancer. Malignant melanoma, a cancer developed from pigmented melanocytes,
metastasizes through an EMT-like process. Ten-eleven translocation (TET) enzymes,
catalyzing the conversion of 5-methylcytosine (5mC) to 5-hydroxylmethylcytosine
(5-hmC), are down regulated in melanoma. However, their roles in the progression
and the EMT-like process of melanoma are not fully understood. Here we report that
DNA methylation induced silencing of TET2 and TET3 are responsible for the EMT-
like process and the metastasis of melanoma. TET2 and TET3 are down regulated
in the TGF-B1-induced EMT-like process, and the knocking down of TET2 or TET3
induced this EMT-like process. A DNA demethylating agent antagonized the TGF-$3-
induced suppression of TET2 and TET3. Furthermore, a ChIP analysis indicated that
enhanced recruitment of DNMT3A (DNA Methyltransferase 3A) is the mechanism by
which TGF-B induces the silencing of TET2 and TET3. Finally, the overexpression of
the TET2 C-terminal sequence partially rescues the TGF-B1-induced EMT-like process
in vitro and inhibits tumor growth and metastasis in vivo. Hence, our data suggest an
epigenetic circuitry that mediates the EMT activated by TGF-B. As an effector, DNMT3A
senses the TGF-B signal and silences TET2 and TET3 promoters to induce the EMT-like
process and metastasis in melanoma.

INTRODUCTION

Malignant melanoma is a cancer that develops
from pigmented melanocytes. Although it does not
originate from epithelial cells, the hallmarks of Epithelial-
Mesenchymal Transition (EMT) play critical roles in
its progression [1]. Two transcriptional signatures of
the melanoma cell lines were identified as respectively
proliferative and invasive cellular phenotypes [2].
Following the primary lesion formation by proliferative
cells, alternations of the micro-environmental conditions
give rise to cells with the invasive signature through
an EMT-like process. When these invasive cells reach
suitable distal sites, they can return to the proliferative
state. Through such a proliferative-invasive-proliferative
cycle, melanoma cells can metastasize repeatedly [1].

EMT is a developmental process that enables
epithelium originated cells to gain mesenchymal-like
properties, including loss of apical-basal polarity and cell-
cell adhesion, switch of cell surface markers and enhanced
migratory and invasive capacities [3]. The reprogramming
of gene expression during EMT is driven by ZEB (zinc
finger E-box binding), Snail and bHLH (basic helix-loop-
helix) family of transcription factors, which all inhibit
E-cadherin transcription [4].

Epigenetic regulators have been suggested to be
involved in the regulation of the EMT. For example,
the miR-200 family members, suppressors of EMT, are
silenced through DNA methylation [5]. AID (Activation-
induced cytidine deaminase), which is involved in DNA
demethylation, has been reported to be critical for the
EMT induced by inflammatory signals in mammary
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epithelial cells [6]. Additionally, the epigenetic silencing
of SOX9 (SRY-Box 9) is responsible for the invasiveness
of melanoma [7].

Transforming growth factor-p (TGF-), an effective
inducer of EMT, is frequently used for the activation of
EMT in a variety of epithelial cells [8]. It binds to the types
I and II receptor serine/threonine kinases and activates the
Smad complexes to regulate gene transcription [9]. The
disruption of Smad signaling in basal-like breast cancer
cells impairs the DNA methylation profile and activates
the expression of many silenced genes which accompanied
an MET (Mesenchymal-Epithelial Transition) property
[10, 11]. This suggests that through its involvement in
TGF-f signaling, the DNA methylation status plays a
critical role in the maintenance of the invasiveness of
tumors.

The DNA methylation profile of a cell is maintained
by both the DNA methylation and demethylation pathways.
DNA methylation occurs as the transfer of a methyl group
onto the cytosine of the CpG dinucleotides by DNA
methyltransferases [12]. DNA demethylation occurs either
passively or actively. Active DNA demethylation refers
to the process by which enzymes catalyze the removal
of a methyl group from 5-methylcytosine (SmC). One
pathway is the oxidation process in which TET (Ten-
eleven translocation) enzymes catalyze the conversion
of 5mC to 5-hydroxylmethylcytosine (5-hmC) [13].
The second pathway involves the deamination pathway
catalyzed by the AID/APO (Apo-lipoprotein B) complex
[14, 15]. Passive DNA demethylation occurs when DNA
methyltransferases are inhibited [13]. Because aberrant
DNA methylation is a prominent feature of cancer cells
[16], DNA methylation or demethylation pathways may
contribute to cancer progression. The progressive loss
of 5-hmC and the down regulation of TET proteins are
reported to be associated with the progression from benign
“nevus” to aggressive melanomas [17, 18]. Loss of 5-hmC
is therefore suggested as a marker to distinguish between
benign cells and malignant melanomas [19].

Given the increasing evidence that shows the
importance of the regulation of DNA methylation in
cancer progression, we hypothesized that TET proteins
play critical roles in the EMT-like process of melanoma.
We found decreased expression of TET2 and TET3 in
the TGF-Bl-induced EMT-like process, and shRNA-
mediated knockdown of TET2 or TET3 induced the EMT-
like process and up regulated the expression of several
critical EMT transcriptional regulators. Mechanistically,
TGF-B1 stimulated endogenous DNMT3A/3B expression,
while depletion of DNMT3A activated TET2 and TET3
expression. ChIP-PCR experiment further showed that the
recruitment of DNMT3A to TET2 and TET3 promoters
was enhanced by TGF-f treatment. Moreover, the
overexpression of the TET2 C-terminal domain partially
suppressed the TGF-B1-induced EMT-like process in vitro
and inhibited tumor growth and metastasis in vivo. Taken

together, our results indicate that TET2 and TET3 are
suppressors of the EMT-like process in melanoma and that
the silencing of these proteins by DNA methylation is one
mechanism by which TGF-f induces an EMT-like process.

RESULTS

TET2 and TET3 are down regulated in the
EMT-like process of melanoma cells

TGF-B is an effective inducer of EMT that
facilitates tumor metastasis [20]. A375 cells, derived
from human melanoma, typically exhibit a cobblestone-
like morphology with tight cell adhesions. The 3 days’
treatment of TGF-B1 endowed the cells with an
elongated fibroblast-like morphology and a scattered
distribution (Figure 1A). And the proliferation of the
cells was significantly inhibited (Figure 1B). A switch
from E-cadherin to N-cadherin is frequently used
as a marker of EMT [4], and, as expected, the down
regulation of E-cadherin (CDH1I) and the up regulation
of N-cadherin (CDH?2) occurred at both mRNA and
protein levels (Figure 1C and 1E). These data indicate
that TGF-B1 induces an EMT-like process. Intriguingly,
both TET2 and TET3, but not TET1, were significantly
decreased, as shown by quantitative real-time RT-PCR
and immunoblotting, respectively (Figure 1D and 1E).
Similar results were observed in M619 cells and SK-
MEL-28 cells (Supplementary Figure S1). In another
experiment, the down regulation of TET2 and TET3,
induced by TGF-B1 was rescued by LY9702161, a TGF-$
type I/II receptor small molecule inhibitor (Figure 1F).
Treatment of the metastatic melanoma cell line SK-
MEL-1, which expressed very low levels of TET2 and
TET3 (Supplementary Figure S2), with LY9702161,
elevated their expression levels (Figure 1F). TET proteins
are responsible for the generation of ShmC of the genome,
we assessed the ShmC levels of the cells, and found that
the treatment of TGF-B1 decreased the ShmC levels of the
cells (Figure 1G). These data indicate that TET2 and TET3
are potential suppressors of the EMT-like process.

Knockdown of TET2 or TET3 induces an
EMT-like process

The down regulation of TET2 and TET3 induced by
TGF-pB1 suggested their possible roles in the induction of
the EMT-like process. We proceed to establish stable A375
cell clones in which TET2 or TET3 was knocked down by
shRNAs. Morphologically, the cells that were transfected
with TET2 or TET3-targeted shRNAs exhibited prominent
mesenchymal-like phenotypes, including gain of a
fibroblast-like morphology and loss of the majority of cell-
cell contacts (Figure 2A). The knock down of TET2 or
TET3 induced a switch from E-cadherin to N-cadherin of
the cell surface proteins and activated Vimentin expression
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(Figure 2B, 2C and 2D). EMT master transcription
factors, including SNAIL1, SNAIL2, ZEB1, ZEB2, TWIST,
and /D4 were found to be transcriptionally up regulated
(Figure 2E). Moreover, the cells displayed higher motility
in a wound healing assay (Figure 2F) and faster migration
in a Boyden Chamber assay (Figure 2G). These results
suggest that the knockdown of TET2 or TET3 induces an
EMT-like process, which might promote the motility of
melanoma cells through the regulation of their intrinsic
metastatic capability.
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Methylation of CpG islands is involved in TGF-
p-induced down regulation of TET2 and TET3

The methylation on gene promoters usually leads
to gene silencing [13]. A screen of TET2 and TET3 gene
sequences led to the identification of CpG islands near
their transcription start sites. Therefore, we hypothesized
that TGF-B1 may suppress TET2 and TET3 expression
through the induction of DNA methylation of their
promoters. Methylation-specific qPCR analysis indicated
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Figure 1: Down regulation of TET2 and TET3 in the TGF-B1-induced EMT-like process in A375 cells. (A) Representative
morphologic changes of A375 cells cultured with or without TGF-B1 (5 ng/ml) for 3 days were shown on the left, Scale bar = 50 pm, the
percentage of spindle cells were shown on the right; (B) The effect of TGF-B1 on cell growth was evaluated by measuring the absorbance
of OD,,, after staining with MTT; (C) and (D) Real-time RT-PCR analysis of the relative expression levels of CDHI, CDH2 and TET1/2/3
mRNAs in A375 cells stimulated with 5 ng/ml TGF-B1 for the indicated times. The data are displayed as the fold change in the expression
levels in untreated cells; the levels were normalized to those of GAPDH, and the error bars represent the mean + SD of triplicate experiments
(Student’s t-test, *p < 0.05, **p < 0.01); (E) Expression of E-cadherin, N-cadherin and TET1/2/3 in A375 cells cultured with 5 ng/ml
TGF-1 for the indicated times was examined by immunoblotting. GAPDH was used to show that equal amounts of proteins were loaded
on the gel; (F) Immunoblotting analysis of endogenous TET2 and TET3 expression levels in A375 cells and SK-MEL-1 cells that were
treated with vehicle (0), the TGF-f type I receptor inhibitor LY9702161 or that were stimulated with TGF-B1 for 3 days, GAPDH was used
to show that equal amounts of proteins were loaded on the gel; (G) The ShmC levels of the genome of the cells treated with or without
TGF-p were detected by dot-blotting.
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Figure 2: Knock down of TET2 or TET3 induces an EMT-like Process. (A) Morphological changes in A375 cells induced by
the shRNA-mediated knock down of TET2 or TET3 were observed by optical microscopy and fluorescence microscopy, the cells that were
transfected with shRNAs carrying GFP-coding genes were selected by G418 for 2 weeks, and single clones were photographed and shown
on the left, Scale bar = 50 um, the percentage of spindle cells were shown on the right; (B), (C) and (D) E-cadherin (CDHI), N-cadherin
(CDH?2) and Vimentin (VIM) mRNA and protein expression levels in A375 cells transfected with shRNAs against TET2 or TET3 were
assessed by real-time RT-PCR (B) and immunoblotting (C)(D). For RT-qPCR, the relative expression levels of all genes were normalized to
GAPDH (Student’s t-test, *p < 0.05, **p <0.01), and for immunoblotting, GAPDH was used to show that equal amounts of proteins were
loaded on the gel; (E) The relative mRNA expression levels of EMT master transcription factors were detected by real-time RT-PCR and
were normalized to GAPDH (Student’s #-test, *p < 0.05, **p < 0.01); (F) For the wound healing assay, the cells were grown to confluence
in complete cell culture medium. At time 0, a 3-mm scrape wound was created across the diameter with a pipette tip followed by extensive
washes with medium to remove dead and floating cells. Cell migration was determined by measuring the distance between the cells on
either side of the scratch over 24 hrs and 48 hrs, which is shown on the right (¥**p < 0.01, compared with the control). Representative
wound closure was monitored by microscopy at x 100 magnification and is shown on the left; (G) For the Boyden Chamber Transwell
cell migration assay, 5 x 10° cells were seeded on top of the Boyden chambers. After 24 hrs, the cells on the bottom were stained with 1%
crystal violet and were observed by optical microscopy. The migrated cells were counted and representative images of the migrated cells
are shown on the right; the Y-axis represents the stained cell counts per field. The data represent three independent experiments. (Student’s
t-test, *p < 0.05, **p <0.01).
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that TGF-B1 treatment elevated the methylation level indicates that TET2 and TET3 are silenced through

of their promoters (Figure 3A). When 5-aza was used DNA methylation. Additionally, the switch from
to inhibit gene methylation, TGF-f induced the down E-cadherin to N-cadherin and the enhancement
regulation of both TET2 and TET3, which were largely of cell mobility induced by TGF-f1 were
inhibited at the mRNA and protein levels (Figure 3B significantly inhibited by 5-aza treatment (Figure 3E
and 3C). In the metastatic melanoma cell line, and 3F). These data suggest that the inactivation of
SK-MEL-1, 5-aza treatment up regulated TET2 TET2 and TET3 induced by TGF-B1 is associated with
and TET3 expression levels (Figure 3D), which the function of DNA methylation enzymes.
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Figure 3: 5-aza antagonizes the TGF-B1-induced suppression of TET2 and TET3 and the EMT-like process. (A) The
relative methylation levels of the TET2 and TET3 promoters after treatment with or without TGF-f31 were analyzed by methylation- and
non-methylation-specific qPCR. The Y-axis represents the relative methylation levels normalized by the non-methylation levels (Student’s
t test, ¥*p < 0.05); (B) (C) RT-qPCR (B) and immunoblotting (C) analysis of TET2 and TET3 mRNA and protein expression levels in A375
cells treated with or without TGF-B1 and 5-aza; for RT-qPCR, the relative expression levels of all genes were normalized to the GAPDH
level (Student’s ¢ test, *p < 0.05, **p < 0.01), while for immunoblotting, GAPDH was used to show that equal amounts of proteins were
loaded on the gel; (D) The expression levels of TET2 and TET3 in SK-MEL-1 cells treated with or without 5-aza were analyzed by
immunoblotting, and GAPDH was used to show that equal amounts of proteins were loaded on the gel; (E) The expression of E-cadherin
and N-cadherin in A375 cells treated with or without TGF-B1 or 5-aza were analyzed by immunoblotting, and GAPDH was used to show
that equal amounts of proteins were loaded on the gel; (F) Wound healing assay using A375 cells treated with or without TGF-B1 and 5-aza.
Representative images of migrated cells are shown on the left. The mean was derived from cell counts of 4 fields, and each experiment was
repeated 3 times (Student’s 7 test, *p < 0.05, **p < 0.01, compared with the control).
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TGF-p1 enhances the recruitment of DNMT3A
to TET2 and TET3 promoters

DNMT1 (DNA Methyltransferase 1) is a
maintenance methyltransferase that preserves the
methylation status of newly synthesized DNA during
cell cycles [21]. DNMT3A (DNA Methyltransferase 3A)
and DNMT3B (DNA Methyltransferase 3B) are de novo
DNA methyltransferases that catalyze DNA methylation at
unmethylated genomic sites [21]. After 3 days of treatment
with TGF-B1, the expression levels of DNMT3A and
DNMT3B were significantly up regulated, while DNMT1
was down regulated (Figure 4A and 4B). This suggested
that DNMT3A or DNMT3B might be repressors of
TET2 and TET3. Therefore, we used siRNAs to knock
down DNMT3A or DNMT3B in SK-MEL-1 cells, and
found that the expression levels of TET2 and TET3 were
up regulated upon knockdown of DNMT3A, but not

after knock down of DNMT3B (Figure 4C). Moreover,
the knockdown of DNMT3A significantly inhibited the
EMT-like process induced by TGF-B1, as shown by the
absence of morphological changes (Figure 4D). This result
indicates that DNMT?3A is responsible for the silencing of
TET2 and TET3.

We further analyzed whether DNMT3A physically
interacts with the promoters of TE72 and TET3. The
CpG island within the TET?2 promoter spans the first two
exons. It starts from 169 nt ahead of TSS (transcription
start site) and ends at 1365 nt downstream of TSS
(Figure 5A). ChIP-PCR showed that the treatment of the
cells with TGF-B1 enhanced the recruitment of DNMT3A
to the TET2 promoter (Figure 5B and 5C). The CpG
island near the TET3 TSS starts at —2592 and ends at =389
(Figure 5D). ChIP-PCR showed that TGF-f1 treatment
enhanced the recruitment of DNMT3A to TET3 TSS
and the CpG island but not the upstream sequence
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Figure4: DNMT3A mediates the TGF-$1-induced down regulation of TET2 and TET3. (A) RT-qPCR and (B) immunoblotting
analysis of DNMT1, DNMT3A and DNMT3B mRNA and protein levels in cells treated with or without TGF-B1 for the indicated times.
For RT-qPCR, the relative expression levels of all genes were normalized to the level of GAPDH (Student’s ¢ test, *p < 0.05, **p < 0.01),
while for immunoblotting, GAPDH was used to show that equal amounts of proteins were loaded on the gel; (C) The expression levels of
TET2 and TET3 upon siRNA-mediated knock down of DNMT3A or DNMT3B in SK-MEL-1 cells were detected by immunoblotting, and
GAPDH was used to show that equal amounts of proteins were loaded on the gel; (D) Representative morphology of A375 cells that were
transfected with siRNAs against Negative Control (NC) or DNMT3A and that were treated with or without TGF-B1 are shown on the left
(Left, Scale bar = 100 um). The percentage of spindle-shaped cells was determined by counting the cells in 4 fields and is shown on the
right (Student’s ¢ test, **p <0.01).
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(Figure 5E and 5F). These data indicate that TGF-B1
treatment activated the recruitment of DNMT3A to TET2
and TET3 promoters.

Overexpression of the TET2 C-terminal
sequence inhibits the TGF-B1-induced EMT-like

process

The results described above suggested that TET2 or
TET3 might be a suppressor of the EMT-like process. The
correlation between the expression levels of TET2/3 and
EMT marker genes in 6 cell lines was further examined,
and the results showed that the protein expression
levels of TET2 were positively correlated with that of
E-cadherin (Supplementary Figure S2). We also studied
human melanoma datasets from The Cancer Genome
Atlas (TCGA), and found that the TET proteins, especially
TET2 were downregulated, and the mesenchymal marker
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Vimentin and EMT master transcription factors like ZEB2,
SNAIL2 and TWISTI were up regulated (Supplementary
Figure S2C). Among the 474 samples, the expression
levels of TET2 and TET3 were negatively correlated with
Vimentin (data not shown).

To validate the functional role of TET2, the TET2
C-terminal sequence responsible for the catalytic process
was overexpressed in A375 cells. The overexpression
efficiency of TET2 was confirmed by real-time RT-PCR
and immunoblotting (Figure 6A and 6E). The results
showed that ectopic expression of the TET2 C-terminal
sequence up regulated the expression of CDHI, down
regulated the expression of VIMENTIN, decreased
expression of the master EMT regulators SNAIL2,
TWIST, IDI and ID4 (Figure 6B) and inhibited cell
migration and proliferation (Figure 6C, 6D). In response
to TGF-B1, cells carrying the empty vector displayed
mesenchymal morphology, whereas most of the cells that
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Figure 5: TGF-$1 enhances the recruitment of DNMT3A to the TET2 and TET3 promoters. (A) and (D) show the schematic
representation of the CpG islands near the TET2 and TET3 transcription start sites, respectively. The black lines indicate the CpG islands
and the white frames indicate the exons, the position of the primers is indicated with numbers above, while the relative distances to the
transcription start sites are marked below; (B), (C), (E) and (F) show the recruitment of DNMT3A to the TET2 and TET3 promoters with
or without TGF-B1 treatment, which was analyzed by ChIP-PCR (B) (E) and ChIP-qPCR (C) (F) (Student’s  test, *p < 0.05, **p < 0.01,

*#Ep <0.01).
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stably expressed the TET2 C-terminal domain retained an
epithelial morphology (Figure 6F). TET2 overexpression
also blunted TGF-B1 in inducing the down regulation
of E-cadherin and the up regulation of N-cadherin and
Vimentin (Figure 6E). Thus, our overexpression study
also showed that TET?2 is a suppressor of the EMT-like
process.

Overexpression of TET2 suppresses tumor
growth and metastasis in vivo

B16 cell is a murine tumor cell line with high
metastatic potential. It is frequently used in melanoma

models. The proliferation of B16 cell is insensitive to
TGF-B in culture (Figure 7A). We then established B16
cell lines that were stably transfected with pcDNA3.1-
TET2 C-terminal or empty vector, and found that the over
expression of the TET2 C-terminal domain decreased cell
proliferation in vitro (Figure 7B). We then established
xenograft models via subcutaneous injection of 5x10°
cells into the flanks of C57BL/6 mice to test the effects
of TET2 expression on tumor growth and survival of the
mice. Notably, the overexpression of TET2 significantly
reduced tumor formation as indicated by reduced tumor
volume and longer survival time of the mice (Figure 7C,
7D and 7E). In another experiment, 1 x 10°cells were
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violet and were observed by optical microscopy. Cell migration was determined by counting the number of stained cells; representative
images of the migrated cells are shown on the right. The Y-axis represents the number of cells per field. The data represent three independent
experiments (Student’s # test, *p < 0.05, **p < 0.01); (D) 1 x 103 cells were seeded into each well of 96-well plates, and cell growth was
evaluated by measuring the absorbance of OD,, after staining with MTT. (E) The expression levels of the indicated proteins in A375
cells that were transfected with empty vector or TET2 expression vector and that were treated with or without TGF-B1 were detected by
immunoblotting, and GAPDH was used to show that equal amounts of proteins were loaded on the gel; (F) Morphology of A375 cells
that were transfected with empty vector or with the TET2 expression vector and that were treated with or without TGF-B1 for 3 days.
Representative images of cell morphology are shown on the left (Scale bar =100 um), and the percentages of spindle-shaped cells were
derived from counts of 4 fields and are shown on the right; each experiment was repeated 3 times (Student’s ¢ test, ***p < 0.001).
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injected as in the previous experiment. The overexpression evidenced by the reduced number of tumor nodules in the

of the TET2 C-terminal sequence significantly delayed lungs at day 25 (Figure 71 and 7J).
the appearance of macroscopic tumors (Figure 7F) and Taken together, the above data show that the
decreased the tumor weights (Figure 7G and 7H) by overexpression of TET2 significantly inhibits the EMT-
35 days after injection. like process of melanoma cells in vitro and suppresses
To explore the potential role of TET2 in melanoma tumor growth and metastasis in vivo.
metastasis in vivo, 1 x 10° cells were intravenously
injected into C57BL/6 mice to generate a mouse model DISCUSSION
of pulmonary metastatic melanoma. We observed
that overexpression of the TET2 C-terminal sequence Malignant melanoma represents a cancer that
significantly decreased the metastatic potential as has continued to increase in incidence worldwide [22].
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Figure 7: Overexpression of TET2 suppresses tumor growth and metastasis in vivo. (A) The effect of TGF-p treatment on
B16 cell growth was evaluated by measuring the absorbance of OD,, after staining with MTT. (B) TET2 C-terminal overexpression cells
were transfected with the pcDNA3.1-TET2 C-terminal sequence or with pcDNA3.1 empty vector. The effect of TET2 overexpression
on cell proliferation was assessed by MTT; 5 x 10° cells were subcutaneously injected into the flanks of C57BL/6 mice (n = 5), and the
volumes of the tumors were measured since 16 days after injection. A significant difference was observed after day 20 (C), the volumes
of the tumors were evaluated as lengths x widths?/2, and a representative image of the mice at day 22 is shown (D), Survival time of the
mice is shown as the percentage of mice still alive at different times post injection (E); 1 x 106 B16 cells transfected with pcDNA3.1-TET2
or empty vector were injected into the flanks of C57BL/6 mice, and the time of forming visible tumors was recorded (F). All mice were
sacrificed and dissected 30 days after injection. The morphology of the tumors (G), the weights of the tumors (H) were shown; 2 x 10° cells
transfected with pcDNA3.1-TET2 or empty vector were intravenously inoculated into C57BL/6 mice (n =9), and the mice were sacrificed
on day 25 to evaluate the occurrence of metastasis by counting the number of tumor nodules in the lungs. The photograph of the lungs is
shown (I). The metastatic potential of the cells was assessed by counting the number of tumor nodules in the lungs (J). (Student’s ¢ test,
*p <0.05, ¥*p < 0.01, ***p < 0.001)
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Aberrant DNA methylation profiles have been reported in
many cancers [23, 24]. TGF-B1 induces global changes
in DNA methylation during EMT in ovarian cancer
cells [25, 26]. The TET protein family, which catalyzes
active DNA demethylation, has been reported to be lost
in melanoma [19]. Here, we found that TET2 and TET3
play critical roles in the EMT-like process that occurs in
melanoma. These two proteins are down regulated through
DNMT3A-mediated epigenetic silencing in the TGF-p1-
induced EMT-like process. The knock down of TET2
or TET3 induces this EMT-like process. In addition, the
overexpression of the TET2 C-terminal sequence partially
rescues the TGF-B1-induced EMT-like process in vitro and
inhibits tumor growth and metastasis in vivo. Hence, our
data suggest an epigenetic circuitry that mediates the EMT
activated by TGF-f (Figure 8). As an effector, DNMT3A
senses the TGF-P signal and modifies TET2 and TET3
promoters to induce the EMT-like process and metastasis
in melanoma.

The expression levels of TET genes are regulated
by several mechanisms. 7E7 genes are transcriptionally
regulated by Oct4 (Octamer-binding Transcription
Factor 4) in embryonic stem cells [27]. TET mRNAs are
targeted by miR-22 in breast cancer [28] and an extensive
network of microRNAs in malignant hematopoiesis [29].
The stability of TET proteins are regulated by caspases
[30] and calpains [31]. Here, our results indicate that
TET2 and TET3 are epigenetically silenced by DNMT3A-
catalyzed DNA methylation in the TGF-B1-induced EMT-
like process in melanoma.

EMT, a developmental program, is reactivated
during carcinogenesis [4]. For example, Thrombospondin
1 was reported to promote an aggressive phenotype
through inducing EMT in melanoma [32]. In addition
to transcriptional regulation induced by the classical
EMT transcription factors, dynamic epigenetic changes
also occur to regulate the expression of both epithelial
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TET2/3 .' ) Process
Snail -
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and mesenchymal genes [33]. TET proteins, which are
responsible for active DNA demethylation, are found
here to be critical regulators of the EMT-like process
in melanoma cells. As DNA methylation is usually
responsible for transcriptional repression, the down
regulation of TET proteins would in turn lead to the
hypermethylation of downstream genes, some of which
may release the expression of master EMT transcription
factors and thus activate the EMT-like process. In fact,
the overexpression of TET2 has been reported to induce
higher 5-hmC levels in genes that are associated with
cancer-related pathways, such as genes that code for focal
adhesion and adherens junction proteins [19]. It will be
interesting if, in the future, investigators dissect the signals
that mediate the involvement of TET2 and TET3 in the
regulation of the EMT-like process in melanoma.

According to the widely described “phenotype-
switching” model, the transition from proliferative
phenotype cells to invasive phenotype cells, which is
similar to the EMT, contributes to the progression of
melanoma [2]. In our experiments, overexpression of
TET2 C-terminal partially suppressed the in vivo EMT-like
process and the in vivo metastasis, yet it inhibited in vitro
cell proliferation and the in vitro melanoma growth. This
suggests that alternations of the TET proteins expression
levels could not fully bridge the “phenotype-switching”
theory and the EMT-like process.

TET1 was reported to be a suppressor of KRAS-
mediated transformation [34]. It also suppresses breast
cancer invasion via the activation of the tissue inhibitors
of metalloproteinases [35]. However, TET1 is up
regulated by hypoxia and functions as a co-activator in
the regulation of EMT and in gene expression as part
of the hypoxia-response program [36]. TET1 is also
frequently activated in mixed lineage leukemia (MLL)
[37]. Here, in the TGF-B1-induced EMT-like process in
melanoma, only TET2 and TET3 are down regulated.
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TET23 @0
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Figure 8: A model depicting the roles of epigenetic silencing of TET2 and TET3 in TGF-p-induced EMT-like process
in melanoma. TGF-p treatment enhanced the recruitment of DNMT3A to TET2 and TET3 promoters, and the silencing of them activated
EMT master transcription factors to promote the EMT-like process in melanoma.
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This indicates that the regulation of TET genes is likely
dependent on the tissue types or the different conditions
that induce EMT. Furthermore, the roles of TET proteins
in the regulation of cancer progression are probably
different in that TETI is primarily involved in tumor
initiation while TET2 and TET3 are primarily involved
in cancer metastasis.

In summary, our in vitro experiments showed
that TET2 and TET3 are suppressors of the EMT-like
process in melanoma and DNMT3A-mediated epigenetic
silencing is one mechanism by which TGF-f3 induces an
EMT-like process. Our in vivo experiment showed that the
overexpression of TET2 inhibits the growth and metastasis
of melanoma. Hence, these experiments emphasize that
the epigenetic silencing of TET2 and TET3 critically
contributes to the progression of melanoma and may
help provide additional pertinent information for cancer

diagnosis and treatment.

MATERIALS AND METHODS

Animals

C57BL/6 mice were purchased from the
Weitonglihua Company, Beijing, China, and were
maintained under specific pathogen-free conditions.
The mice were housed in the vivarium of the Institute
of Genetics and Developmental Biology, Chinese
Academy of Sciences. All procedures were approved
by the Institutional Animal Care and Use Committee of
the Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences. All animals were male
and were 8~10 weeks old. In all, 5 x 10°or 1 x 10°B16
cells in 100 pl of phosphate-buffered saline (PBS) were
subcutaneously injected into the flanks of the mice to
test tumor growth and survival of the mice. Additionally,
1 x 107 cells were intravenously injected into the mice to
generate a model of pulmonary metastatic melanoma. The
mice were sacrificed at the indicated time points, and the
tumors were excised and weighed.

Cell culture

A375, M619, SK-MEL-28, A875, B16 and SK-
MEL-1 cells were purchased from the Cell Center of the
Chinese Academy of Medical Sciences. A375, M619, A875
and B16 cells were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM), SK-MEL-28 cells were cultured in
RPMI 1640 medium, and SK-MEL-1 cells were cultured
in MEM medium. All media were supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin and 100 pg/
ml streptomycin. All cells were cultured in a humidified 5%
CO, incubator at 37°C. Stable cell lines were selected and
maintained in 500 mg/ml G418.

Antibodies and reagents

The goat anti-TET1 (SC-163443), rabbit anti-
TET3 (SC-139186), rabbit anti-DNMT3A (SC-20703),
and rabbit anti-GAPDH (SC-25778) antibodies were all
purchased from Santa Cruz Biotechnology (Santa Cruz,
USA). Mouse anti-TET2 (61389) was purchased from
Active Motif, while the mouse anti-E-cadherin (5296S)
and rabbit anti-N-cadherin (4061S) antibodies were
purchased from Cell Signaling Technology. Recombinant
mature human TGF-B1 was purchased from R&D Systems
(R&D Systems Inc., Minneapolis, MN, USA), and the
cells were treated at the concentration of 5 ng/ml in the
culture medium to induce EMT. The pan DNA methylation
inhibitor 5-aza (5'-aza-2'-deoxycytidine; Sigma-Aldrich,
Sweden, AB) was dissolved in 50% acetic acid and was
further diluted in serum-free medium before incubation
with the cells for the indicated time periods. The siRNA
antisense sequences were as follows: DNMT3A-AS
(5'-CAGGAGATGATGTCCAACCC-3") and DNMT3B-
AS (5'-CGTCGTGGCTCCAGTTACAA-3").

Plasmid construct

The human TET2 C-terminal sequence was
cloned and inserted into pcDNA 3.1 expression vector
using the following primers: 5-CTCTAGACTCGAG
CGATGGATTTCCCATCTTGCAGATG-3' (Xhol) and
5-CTTGGTACCGAGTATATATCTGTTGTAAGG-3’
(Kpnl).

Wound healing assay

The cells were grown to confluence in complete cell
culture medium. At time 0, a 3-mm scrape wound was
created across the diameter with a pipette tip, which was
followed by extensive washes with medium to remove
dead and floating cells. Cell migration was recorded
at the indicated time. Images were captured using an
inverted microscope equipped with a digital camera and
were later analyzed after determination of the distance
between the cells on either side of the scratch over time.
Wound closure was monitored by microscopy at x 100
magnification.

Boyden chamber cell migration assays

In all, 30,000 cells in serum-free media were
seeded into the Transwell inserts containing 8-pum
permeable pores and were allowed to migrate toward
10% FBS-containing medium. Then, 24 or 48 hours later,
the cells in the Transwell inserts were removed, and the
inserts were washed in PBS three times. The migrated
cells on the bottom of the insert were fixed in 2%
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glutaraldehyde solution followed by crystal violet (1%)
staining. After the inserts were washed three times with
PBS, the inserts were allowed to air dry, and images were
obtained using an inverted microscope. Four independent
fields were counted for each Transwell insert, and the
average number of cells per field is represented in the
graphs.

MTT assay

B16 cells at a density of 1 x 10° per well were seeded
into a 96-well plate in replicates of 6, and cell proliferation
was measured over the indicated time. Absorbance at
490 nm was read using a PerkinElmer EnSpire multimode
reader (PerkinElmer, Waltham, MA, USA).

Real-time PCR

Total RNA was isolated using TRIzol reagent
(Invitrogen, USA). First-strand cDNA synthesis was
performed using PrimeScript RT Master Mix (TaKaRa
Biotech, Dalian, China). The mRNA levels of genes of
interest were measured by real-time PCR using SYBR
Green Master Mix (TaKaRa Biotech, Dalian, China). The
total amount of mRNA was normalized to endogenous
GAPDH levels.

ChIP-PCR

Following TGF-B1 treatment, cell lysates were
prepared. Chromatin was sonicated to obtain fragmented
DNA (200-500 bp), which was then immune-precipitated
with control IgG or with anti-DNMT3A. Precipitated
DNA was measured by real-time PCR using SYBR Green
Master Mix.

Statistical analyses

The paired two-tailed Student’s t-test was used
for comparisons between the two groups. Statistical
significance was defined as *p < 0.05, **p < 0.01, and
***p < 0.001. Pearson correlation analysis was used to
evaluate the correlation between the expression levels of
different proteins.

Abbreviations

The abbreviations used are: TET, ten-eleven-
translocation 5-methylcytosine dioxygenases; EMT,
Epithelial-Mesenchymal ~ Transition; DNMT3A/B,
DNA Methyltransferase 3A/B; TGF-f, Transforming
Growth Factor-B; ZEB, zinc finger E-box binding
homeobox; bHLH, basic helix—loop—helix; ID, inhibitor
of differentiation.

ACKNOWLEDGMENTS

We thank Mingxin Wen for help with the
construction of the mouse model and the staff of the
vivarium of IGDB for their help.

CONFLICTS OF INTEREST

All the authors claim here that there is no potential
conflicts of interests.

FUNDINGS

This work was supported in partial by the grants
from the National Natural Science Foundation of
China (31272297), National Basic Research Program
of China (2014CB138505) and International Scientific
Cooperation Program of the Chinese Academy of Sciences
(153E11KYSB20130010).

Authors’ contributions

Fuxing Gong performed most experiments. Yu Guo,
Xiaogian Shi and Yiqgian Niu helped performing animal
experiments. Fuxing Gong, Jiawei Jin, Xiaojuan Zhang,
Limeng Zhang, Runting and Longxin Chen performed
data analysis and manuscript proofreading. Fuxing Gong
and Runlin Z. Ma conceived the project and wrote the

paper.
REFERENCES

1. Alonso SR, Tracey L, Ortiz P, Perez-Gomez B, Palacios J,
Pollan M, Linares J, Serrano S, Saez-Castillo Al,
Sanchez L, Pajares R, Sanchez-Aguilera A, Artiga MJ,
et al. A high-throughput study in melanoma identifies
epithelial-mesenchymal transition as a major determinant
of metastasis. Cancer Res. 2007; 67:3450-60. doi:
10.1158/0008-5472.CAN-06-3481.

2. Hoek KS, Schlegel NC, Brafford P, Sucker A, Ugurel
S, Kumar R, Weber BL, Nathanson KL, Phillips DJ,
Herlyn M, Schadendorf D, Dummer R. Metastatic potential
of melanomas defined by specific gene expression profiles
with no BRAF signature. Pigment Cell Res. 2006; 19:
290-302. doi: 10.1111/j.1600-0749.2006.00322..x.

3. Kalluri R, Weinberg RA. The basics of epithelial-
mesenchymal transition. J Clin Invest. 2009; 119:1420-8.
doi: 10.1172/JCI39104.

4. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-
mesenchymal transitions in development and disease. Cell.
2009; 139:871-90. doi: 10.1016/j.cell.2009.11.007.

5. Davalos V, Moutinho C, Villanueva A, Boque R, Silva P,
Carneiro F, Esteller M. Dynamic epigenetic regulation

www.impactjournals.com/oncotarget

326

Oncotarget



10.

11.

12.

13.

14.

15.

16.

17.

of the microRNA-200 family mediates epithelial and
mesenchymal transitions in human tumorigenesis.
Oncogene. 2012; 31:2062—74. doi: 10.1038/onc.2011.383.

Munoz DP, Lee EL, Takayama S, Coppe JP, Heo SJ,
Boffelli D, Di Noia JM, Martin DI. Activation-induced
cytidine deaminase (AID) is necessary for the epithelial-
mesenchymal transition in mammary epithelial cells. Proc
Natl Acad Sci U S A. 2013; 110:E2977-86. doi: 10.1073/
pnas.1301021110.

Cheng PF, Shakhova O, Widmer DS, Eichhoff OM,
Zingg D, Frommel SC, Belloni B, Raaijmakers MI,
Goldinger SM, Santoro R, Hemmi S, Sommer L,
Dummer R, et al. Methylation-dependent SOX9 expression
mediates invasion in human melanoma cells and is a
negative prognostic factor in advanced melanoma. Genome
Biol. 2015; 16:42. doi: 10.1186/s13059-015-0594-4.

Massague J. TGFbeta in Cancer. Cell. 2008; 134:215-30.
doi: 10.1016/j.cell.2008.07.001.

Massague J. How cells read TGF-beta signals. Nat Rev Mol
Cell Biol. 2000; 1:169-78. doi: 10.1038/35043051.

Dumont N, Wilson MB, Crawford YG, Reynolds PA,
Sigaroudinia M, Tlsty TD. Sustained induction of epithelial
to mesenchymal transition activates DNA methylation
of genes silenced in basal-like breast cancers. Proc Natl
Acad Sci U S A. 2008; 105:14867-72. doi: 10.1073/
pnas.0807146105.

Papageorgis P, Lambert AW, Ozturk S, Gao F,
Pan H, Manne U, Alekseyev YO, Thiagalingam A,
Abdolmaleky HM, Lenburg M, Thiagalingam S. Smad
signaling is required to maintain epigenetic silencing during
breast cancer progression. Cancer Res. 2010; 70:968-78.
doi: 10.1158/0008-5472.can-09-1872.

Bestor TH. The DNA methyltransferases of mammals. Hum
Mol Genet. 2000; 9:2395-402. doi:

Bhutani N, Burns DM, Blau HM. DNA demethylation
dynamics. Cell. 2011; 146:866-72. doi: 10.1016/j.
cell.2011.08.042.

Morgan HD, Dean W, Coker HA, Reik W, Petersen-
Mahrt SK. Activation-induced
deaminates 5-methylcytosine in DNA and is expressed
in pluripotent tissues: implications for epigenetic
reprogramming. J Biol Chem. 2004; 279:52353-60. doi:
10.1074/jbc.M407695200.

Cortellino S, Xu J, Sannai M, Moore R, Caretti E, Cigliano
A, Le Coz M, Devarajan K, Wessels A, Soprano D,
Abramowitz LK, Bartolomei MS, Rambow F, et al.
Thymine DNA glycosylase is essential for active DNA
demethylation by linked deamination-base excision repair.
Cell. 2011; 146:67-79. doi: 10.1016/j.cell.2011.06.020.

Baylin SB, Jones PA. A decade of exploring the cancer

cytidine deaminase

epigenome - biological and translational implications. Nat
Rev Cancer. 2011; 11:726-34. doi: 10.1038/nrc3130.

Larson AR, Dresser KA, Zhan Q, Lezcano C, Woda BA,
Yosufi B, Thompson JF, Scolyer RA, Mihm MC, Jr., Shi YG,

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Murphy GF, Lian CG. Loss of 5-hydroxymethylcytosine
correlates with increasing morphologic dysplasia in
melanocytic tumors. Mod Pathol. 2014; 27:936—44. doi:
10.1038/modpathol.2013.224.

Lee JJ, Granter SR, Laga AC, Saavedra AP, Zhan Q, Guo W,
Xu S, Murphy GF, Lian CG. 5-Hydroxymethylcytosine
expression in metastatic melanoma versus nodal nevus
in sentinel lymph node biopsies. Mod Pathol. 2015; 28:
218-29. doi: 10.1038/modpathol.2014.99.

Lian CG, Xu 'Y, Ceol C, Wu F, Larson A, Dresser K, Xu W,
Tan L, Hu'Y, Zhan Q, Lee CW, Hu D, Lian BQ, et al. Loss
of 5-hydroxymethylcytosine is an epigenetic hallmark
of melanoma. Cell. 2012; 150:1135-46. doi: 10.1016/j.
cell.2012.07.033.

Moustakas A, Heldin CH. Induction of epithelial-
mesenchymal transition by transforming growth factor
beta. Semin Cancer Biol. 2012; 22:446-54. doi: 10.1016/j.
semcancer.2012.04.002.

Cedar H, Bergman Y. Linking DNA methylation and histone
modification: patterns and paradigms. Nat Rev Genet. 2009;
10:295-304. doi: 10.1038/nrg2540.

Marks R. Epidemiology of melanoma. Clin Exp Dermatol.
2000; 25:459-63. doi:

Liu F, Zhou Y, Zhou D, Kan M, Niu X, Zhang Z, Zhang D,
Tao L, He L, Zhan L, Liu Y. Whole DNA methylome
profiling in lung cancer cells before and after epithelial-
to-mesenchymal transition. Diagn Pathol. 2014; 9:66. doi:
10.1186/1746-1596-9-66.

Rhee I, Bachman KE, Park BH, Jair KW, Yen RW,
Schuebel KE, Cui H, Feinberg AP, Lengauer C, Kinzler KW,
Baylin SB, Vogelstein B. DNMT1 and DNMT3b cooperate
to silence genes in human cancer cells. Nature. 2002;
416:552—6. doi: 10.1038/416552a.

Cardenas H, Vieth E, Lee J, Segar M, Liu Y, Nephew KP,
Matei D. TGF-beta induces global changes in DNA
methylation during the epithelial-to-mesenchymal transition
in ovarian cancer cells. Epigenetics. 2014; 9:1461-72. doi:
10.4161/15592294.2014.971608.

Carmona FJ, Davalos V, Vidal E, Gomez A, Heyn H,
Hashimoto Y, Vizoso M, Martinez-Cardus A, Sayols S,
Ferreira HJ, Sanchez-Mut JV, Moran S, Margeli M, et al.
A comprehensive DNA methylation profile of epithelial-to-
mesenchymal transition. Cancer Res. 2014; 74:5608—19.
doi: 10.1158/0008-5472.CAN-13-3659.

He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, Ding J, Jia Y,
Chen Z, Li L, Sun Y, Li X, Dai Q, et al. Tet-mediated
formation of 5-carboxylcytosine and its excision by TDG
in mammalian DNA. Science. 2011; 333:1303-7. doi:
10.1126/science.1210944.

Yamaguchi S, Shen L, Liu Y, Sendler D, Zhang Y. Role
of Tetl in erasure of genomic imprinting. Nature. 2013;
504:460—4. doi: 10.1038/nature12805.

Williams K, Christensen J, Pedersen MT, Johansen JV,

Cloos PA, Rappsilber J, Helin K. TET1 and

WWW

.impactjournals.com/oncotarget

327

Oncotarget



30.

31.

32.

33.

hydroxymethylcytosine in transcription and DNA
methylation fidelity. Nature. 2011; 473:343-8. doi: 10.1038/
nature10066.

Ko M, An J, Bandukwala HS, Chavez L, Aijo T, Pastor WA,
Segal MF, Li H, Koh KP, Lahdesmaki H, Hogan PG,
Aravind L, Rao A. Modulation of TET2 expression and
5-methylcytosine oxidation by the CXXC domain protein
IDAX. Nature. 2013; 497:122-6. doi: 10.1038/nature12052.

Tahiliani M, Koh KP, Shen Y, Pastor WA,
Bandukwala H, Brudno Y, Agarwal S, Iyer LM, Liu DR,
Aravind L, Rao A. Conversion of 5-methylcytosine to
5-hydroxymethylcytosine in mammalian DNA by MLL
partner TET1. Science. 2009; 324:930-5. doi: 10.1126/
science.1170116.

Jayachandran A, Anaka M, Prithviraj P, Hudson C,
McKeown SJ, Lo PH, Vella LJ, Goding CR, Cebon J,
Behren A. Thrombospondin 1 promotes an aggressive
phenotype through epithelial-to-mesenchymal transition
in human melanoma. Oncotarget. 2014; 5:5782-97. doi:
10.18632/oncotarget.2164.

McDonald OG, Wu H, Timp W, Doi A, Feinberg AP.
Genome-scale epigenetic reprogramming during epithelial-

34.

35.

36.

37.

to-mesenchymal transition. Nat Struct Mol Biol. 2011;
18:867—74. doi: 10.1038/nsmb.2084.

Wu BK, Brenner C. Suppression of TETI-dependent
DNA demethylation is essential for KRAS-mediated
transformation. Cell Rep. 2014; 9:1827—40. doi: 10.1016/j.
celrep.2014.10.063.

Hsu CH, Peng KL, Kang ML, Chen YR, Yang YC, Tsai CH,
Chu CS, Jeng YM, Chen YT, Lin FM, Huang HD, Lu YY,
Teng YC, et al. TET1 suppresses cancer invasion by
activating the tissue inhibitors of metalloproteinases. Cell
Rep. 2012; 2:568-79. doi: 10.1016/j.celrep.2012.08.030.

Tsai YP, Chen HF, Chen SY, Cheng WC, Wang HW,
Shen ZJ, Song C, Teng SC, He C, Wu KIJ. TET1 regulates
hypoxia-induced epithelial-mesenchymal transition by
acting as a co-activator. Genome Biol. 2014; 15:513. doi:
10.1186/s13059-014-0513-0.

Huang H, Jiang X, Li Z, Li Y, Song CX, He C, Sun M,
Chen P, Gurbuxani S, Wang J, Hong GM, Elkahloun AG,
Arnovitz S, et al. TET1 plays an essential oncogenic role
in MLL-rearranged leukemia. Proc Natl Acad Sci U S A.
2013; 110:11994-9. doi: 10.1073/pnas.1310656110.

www.impactjournals.com/oncotarget

328

Oncotarget



