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Ten-eleven translocation (TET) family enzymes (TET1, TET2, and TET3)
oxidize 5-methylcytosine (5mC) and generate 5-hydroxymethylcytosine
(5hmC) marks on the genome. Each TET protein also interacts with
specific binding partners and partly plays their role independent of
catalytic activity. Although the basic role of TET enzymes is well
established now, the molecular mechanism and specific contribution
of their catalytic and noncatalytic domains remain elusive. Here, by
combining in silico and biochemical screening strategy, we have
identified a small molecule compound, C35, as a first-in-class TET
inhibitor that specifically blocks their catalytic activities. Using this
inhibitor, we explored the enzymatic function of TET proteins
during somatic cell reprogramming. Interestingly, we found that
C35-mediated TET inactivation increased the efficiency of somatic
cell programming without affecting TET complexes. Using high-
throughput mRNA sequencing, we found that by targeting 5hmC
repressive marks in the promoter regions, C35-mediated TET
inhibition activates the transcription of the BMP-SMAD-ID signal-
ing pathway, which may be responsible for promoting somatic cell
reprogramming. These results suggest that C35 is an important
tool for inducing somatic cell reprogramming, as well as for
dissecting the other biological functions of TET enzymatic activ-
ities without affecting their other nonenzymatic roles.
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DNAmethylation at the 5′-position of cytosine (5-methylcytosine;
5mC) has emerged as one of the most common epigenetic

modifications in genomic DNA, which plays an essential role in
development, aging, and diseases (1–3). Recent studies have
shown that the ten-eleven translocations (TET) family of methyl
cytosine dioxygenases (TET1, TET2, and TET3) can oxidize 5mC
into various derivatives (4, 5). All three members of the TET
family share highly similar catalytic domains that bind DNA and
convert 5mC into 5-hydroxymethylcytosine (5hmC) in the pres-
ence of cofactors including 2-oxoglutarate and Fe(II) (4). Further
oxidation of 5hmC by TETs generates 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) (5, 6). Both 5fC and 5caC are rela-
tively unstable on the chromatin (5, 6) and can be recognized by
thymine-DNA glycosylase (TDG) that mediates the replacement
of 5fC and 5caC with unmodified cytosine for the completion of
the active demethylation process (5). Hence, unlike 5fC or 5caC,
5hmC is a stable epigenetic mark in chromatin, suggesting that at
least a portion of TET enzymes only catalyze the formation of
5hmC, but not 5fC or 5caC (7–9). However, the biological func-
tion of these stable 5hmC marks and their impacts on gene
transcription remain elusive.
Genetic evidence suggests that TET family members are func-

tionally redundant during embryonic development, and the loss of
any member of the TET family enzyme does not induce prenatal
lethality in mice. However, the combined loss of TET1 and TET2
suppresses hematopoietic stem cell differentiation (10). Knocking
out all three TET proteins arrests mouse embryogenesis at or
before implantation and impairs the differentiation of embryonic
stem cells, suggesting that TET enzymes may play a key role in
tissue-specific differentiation by controlling key genes’ expression

(11, 12). Therefore, TET proteins may also have a profound effect
on somatic cell reprogramming, which is a process equivalent to
the reversal of differentiation. Recent studies suggest that TET
enzymes regulate this process of reprogramming by expressing
a defined set of Yamanaka factors (Oct4, Sox2, Klf4, and Myc) in the
presence of TET proteins (13–15). However, the molecular mecha-
nism of TET enzymes in the context of somatic cell reprogramming
still remains elusive. For instance, TET1 deficiency has been shown
to promote somatic cell reprogramming in the presence of vitamin
C. In contrast, without vitamin C, TET1 alone can replace Oct4
and facilitate somatic cell reprogramming (16, 17). Moreover, it
has been reported that 5hmC may act as an independent epi-
genetic mark rather than just an intermediate during 5mC
demethylation in the context of somatic cell reprogramming (7).
Altogether, due to the redundant nature of TET enzymes and

lack of TET inhibitors, the molecular mechanism of TET en-
zymes in somatic cells reprogramming is understudied. In par-
ticular, without a specific inhibitor, it is difficult to distinguish the
enzymatic functions of TET enzymes from their nonenzymatic
roles. Here, we have identified compound 35 (C35) as a first-in-
class, highly potent, and cell-permeable TET inhibitor that rec-
ognizes the catalytic core of TET enzymes and interferes with
their enzymatic activities. Moreover, we found that C35 treatment
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clearly promotes somatic cell reprogramming. Mechanistic analyses
show that C35 treatment induced the expression of members of the
BMP-SMAD-ID axis that are known to play key roles in somatic
cell reprogramming.

Results
Identification of C35 as a TET Inhibitor In Vitro. To identify novel
TET inhibitors, a virtual ligand screening pipeline (Lvspipe) was
employed (18). We selected the TET2 catalytic domain (PDB:
4NM6) and performed a molecular modeling screening with the
National Cancer Institute compound library that contains the
structures of ∼265,000 compounds. Based on the docking score
for their virtual interaction and other chemical properties, we
selected 40 top hits for additional in vitro biochemical screening
(Fig. 1A). Purified catalytic domain of human TET2 was used for
the in vitro screening in the presence of cofactors including 2-
oxoglutarate (α-KG) and Fe(II). Using dot blotting assay with
anti-5hmC antibody, we analyzed the conversion of 5mC into
5hmC in the chemically synthesized DNA oligos. Among 40
different compounds, we found C35 to be the most potent in-
hibitor for recombinant TET2 in vitro (Fig. 1 B and C). In ad-
dition, two other compounds, C14 and C19, were also able to

suppress the enzymatic activity of TET2 during the screening;
however, their inhibitory effects were not as potent as that of C35.
Thus, C35 was selected for the subsequent studies. We have vali-
dated the structural identity and purity of C35 using high-performance
liquid chromatography–high-resolution mass spectrometry, 13C
NMR, and 1H NMR (SI Appendix, Figs. S1–S3), and next
performed a dose course experiment to examine the efficacy of
C35 using the in vitro assays, and found that half-maximal in-
hibitory concentration (IC50) of C35 against TET2 was 1.2 μM
(Fig. 1D). Moreover, we purified the catalytic domain of human
TET1 and TET3 and examined the inhibitory effect of C35, using
the same in vitro assays. We found that similar to TET2, C35 was
also able to suppress the catalytic activities of TET1 and TET3
with IC50 3.48 μM and 2.31 μM, respectively (SI Appendix, Fig. S4
A and B). Thus, these results suggest that C35 is a general TET
inhibitor that targets all members of the TET family.
Next, we examined the inhibition mechanism of C35. Our mo-

lecular modeling results indicate that C35 may partially occupy the
DNA substrate binding sites and block the catalytic cage of TET2
by repelling Fe(II). It also interacts with the residue close to the
catalytic core of TET2 and hinders at the entrance of DNA mol-
ecules to make them inaccessible for catalytic core (Fig. 1 E, Upper
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Fig. 1. Identification of C35 as a potent TET2 inhibitor. (A) Screening strategy. (B) Dot blotting by anti-5hmC antibody shows C35 as the most potent TET2
inhibitor. (C) The structure of C35. (D) In vitro dose–response curve of TET2 inhibition by C35. (E) In silico structural analysis of C35 binding. (F) CBB staining of
various TET2 mutants. (G) C35 does not suppress the enzymatic activity of T1259A in the in vitro assays. (H) Ligand-protein thermal shift analysis of C35 with
wild-type and T1259 mutant TET2 catalytic domain. (I) The binding affinity between wild-type TET2 catalytic domain and C35 was measured by isothermal
titration calorimetry. *P < 0.05; ns, nonsignificant P > 0.05.
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and SI Appendix, Fig. S4C). In this model, C35 forms a hydro-
gen bond with T1259 at a distance of 2.9 Å. It also forms other
hydrogen bonds with R1261, S1284, and H1904, but with distances
of more than 3 Å (Fig. 1 E, Lower and SI Appendix, Fig. S4D). To
validate the binding between C35 and TET2, we replaced these
residues with alanine, using site-directed mutagenesis and purified
mutant proteins (Fig. 1F). Here we found that all these mutations
abolished the enzymatic activity of TET2 except T1259A mutation,
which was still able to convert 5mC into 5hmC (Fig. 1G and SI
Appendix, Fig. S5). Of note, C35 was unable to suppress the en-
zymatic activity of T1259A mutant because this mutation is likely
to abolish the binding between TET2 and C35. To further confirm
this observation, we performed thermal shift assay and found that
C35 was able to increase the thermal stability of TET2, but not the
T1259A mutant, indicating that C35 specifically recognizes wild-
type TET2, but not the T1259A mutant (Fig. 1H). Moreover,
T1259 is well conserved in all three TET isoforms in human as well
as in higher eukaryotes (SI Appendix, Fig. S6). To further char-
acterize the binding between C35 and TET2, we performed iso-
thermal titration calorimetry and found the dissociation constant
(Kd) value of 0.602 μM−1 for binding of C35 with wild-type TET2.
In contrast, the T1259A mutation drastically disrupted the

interaction with C35, and the observed Kd value was more than
100 μM−1 (SI Appendix, Fig. S7).
We next analyzed whether C35 competes with α-KG for binding

to TET catalytic pocket, using the in vitro TET inhibition assay
with increasing concentrations of α-KG, and found that an in-
crease in α-KG concentration was not able to rescue the inhibitory
effect of C35 (SI Appendix, Fig. S8A). We further performed in
silico analysis of the TET2 (PDB: 4NM6) structure docked with
C35 in the presence of α-KG at multiple rotation positions, and
found that the binding pockets of C35 and α-KG are significantly
away from each other (SI Appendix, Fig. S8B) (19). Collectively,
these results indicate that C35 is a potent TET inhibitor that
specifically targets the catalytic core of TET enzymes without af-
fecting α-KG binding and interfering with their catalytic activities.

C35 Treatment Induces Genome-Wide Loss of 5hmC in both Human
and Mouse Cells. To analyze the inhibitory effect of C35 inside of
cells, we have analyzed the stability of C35 against the hydro-
lyzing enzymes, such as esterases. We incubated the C35 in the
presence of either serum-containing complete media or total
whole-cell lysate for 0, 6, and 12 h and then performed liquid
chromatography–mass spectrometry (LC-MS) to calculate the
area of the peak corresponding to C35. Here, we found that more
than half of the C35 is still stable even after 12 h of incubation (SI
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Fig. 2. C35 treatment reduces genome-wide 5hmC level in human and mouse cells. (A) Schematic sketch for conversion of 5hmC to CMS. (B) Anti-CMS dot blot
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Appendix, Figs. S9 and S10, respectively), indicating that it is sig-
nificantly stable both in serum-containing media as well in the
whole-cell lysate. We next analyzed the effect of C35 treatment
on the genome-wide 5hmC level. First, we used a recently de-
veloped method to examine 5hmC on genomic DNA by converting
5hmC into cytosine-5-methylenesulfonate (CMS), using bisulfite
treatment followed by dot blotting with anti-CMS antibody (Fig.
2A) (20). We first examined the HEK293T cells stably expressing
TET2 that were established in our previous study (21). With 5 μM
C35 treatment for 3 d, we harvested genomic DNA and found that
5hmC level was suppressed (Fig. 2B). In addition, we also
performed anti-5hmC immunofluorescence staining and found a
specific loss of 5hmC signal in the nuclei of 293T cells stably
expressing TET2 after C35 treatment (Fig. 2C). Catalytic pockets
of TET enzymes are well conserved between human and mouse;
therefore, we also examined the efficacy of C35 in mouse em-
bryonic fibroblasts (MEFs). Again, the basal level of 5hmC was
reduced in MEFs when cells were treated with 5 μM C35 (Fig.
2D). We next performed a time course assay of C35 treatment on
MEFs to analyze the 5hmC level. We found that the loss of 5hmC
gradually occurred during the treatment (Fig. 2E) as a result of
5hmC being converted from 5mC by TET enzymes; 5mC level is
mainly maintained by DMNT1 during DNA replication. Because
C35 blocks the writers of 5hmC, loss of 5hmC is aggravated during
each round of DNA replication. Thus, we observed a gradual loss
of 5hmC in a time course of C35 treatment. To further validate the
effect of C35 on genome-wide 5hmC distribution, we combined
two different approaches usually used for high-throughput 5hmC
analysis, including reduced representation bisulfite sequencing and
TET-assisted bisulfite sequencing. The reduced representation bi-
sulfite sequencing-TET-assisted bisulfite sequencing results show a
global loss of 5hmC throughout the genome in response to C35
treatment, including the proximal and distal promoter regions,
exons, and CpG islands in 293T-TET2 cells (Fig. 2F). Similar results
were also observed in MEFs treated with C35 (Fig. 2G). Taken
together, these results demonstrate that C35 is a cell membrane-
permeable TET inhibitor that reduces levels of TET-mediated
5hmC in both human and mouse cells.
To further establish the selectivity of C35 on TET enzymes, we

analyzed the effect of C35 on α-KG- and FE2+-dependent vari-
ous members of the Jumonji family of dioxygenases (including
JMJD2a, JMJD2b, JMJD2c, JMJD2d, JMJD3, UTX, JARID1a,
JARID1b, and JARID1c), as well as HIF1-prolyl hydroxylases
(including PHD1, PHD2, and PHD3), and did not find any sig-
nificant inhibitory effect on them (SI Appendix, Fig. S11). We
next analyzed for effect of C35 treatment on common cellular off
targets including G protein-coupled receptors, kinases, and Na+/K+

ion channels, and did not observe any significant changes in them
(SI Appendix, Fig. S12).

C35 Treatment Promotes Somatic Cell Reprogramming. Emerging
evidence suggests that TET enzymes play key roles in somatic
cell reprogramming (11, 16, 17). However, the underlying mo-
lecular mechanism remains elusive. Since C35 is a potent and
cell membrane permeable TET inhibitor, we used C35 to ex-
amine the molecular mechanism of TET enzymes in somatic cell
reprogramming. Fresh MEFs harboring a gfp gene driven by
endogenous oct4 gene promoter were allowed to express ca-
nonical Yamanaka factors including Oct4, Sox2, Klf4, and Myc
(OSKM) via retroviral infection. The cells were maintained in
embryonic stem cell culturing media in the presence (treated)
and absence (control group) of 5 μM C35. Induced pluripotent
stem cell (iPSC) colonies were observed within 3 wk of ectopic
expressing of OSKM. The iPSC colonies were first validated
based on GFP signals that were exclusively present in the iPSC
colonies (because of Oct4 expression), but not in the parental
MEFs (Fig. 3A). Interestingly, we found that C35 treatment
significantly increased the number of iPSC colonies compared

with the OSKM expression alone (Fig. 3B). To further validate the
cellular properties of iPSCs, we examined and found higher sur-
face expression of stage-specific embryonic antigen 1 (SSEA1) in
iPSCs than that in MEFs (Fig. 3C), which is a surrogate marker of
iPSCs (22). Moreover, an increased nanog expression, which is
observed during somatic cell reprogramming (22), was identified
using qPCR in the iPSCs in our assays (Fig. 3D). We also exam-
ined alkaline phosphatase 1 (AP1) activity in the cells, which is
another gold standard marker for iPSCs validation (22, 23). Again,
we confirmed that C35 treatment significantly enhanced the effi-
ciency of somatic cell reprogramming into iPSCs, as indicated by
an increase in the number of AP1-positive colonies (Fig. 3E).
Next, we asked whether C35 treatment-induced iPSC is me-

diated by TET inhibition. We expressed either wild-type TET2
catalytic domain or the T1259A mutant in the MEFs (Fig. 3 E
and F). In the reprogramming assays, we observed a slight de-
crease in the number of iPSCs colonies as compared with the empty
vector. More interestingly, since C35 treatment suppresses TET2
enzymatic activity, we found that it was still able to increase the
number of iPSC colonies in wild-type TET2 expressing MEFs.
However, since C35 cannot suppress the enzymatic activity of the
T1259Amutant (Fig. 1F), C35 was not able to increase in the number
of iPSC colonies when cells were expressing the T1259Amutant (Fig.
3F). Taken together, these results suggest that C35 treatment facili-
tates iPCS induction by suppressing TET enzyme activities.

C35 Treatment Up-Regulates the Transcription of BMP-SMAD-ID Axis.
To elucidate the mechanism by which TET inhibition facilitates
somatic cell reprogramming, we examined target genes of TET
enzymes by high-throughput mRNA sequencing. The mRNA was
isolated from MEFs that were treated with or without C35, and
was examined by Illlumina deep sequencing. A heat map based on
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fold change in mRNA level in mock versus C35 treatment indi-
cates changes of gene transcription (Fig. 4A). Among these genes,
many of them are known to be epigenetically regulated. To dissect
the effect of C35 treatment on specific molecular pathways, we
performed Gene Set Enrichment Analysis and found a significant
enrichment in the expression of specific members of the TGF-β
family, including Bmp4/6, Smad2/3/4, Id1/2, C-myc, and so on
(Fig. 4B). Next, we validated the results on individual genes using
qPCR, with mRNAs isolated from mock and C35-treated MEFs
(Fig. 4C and SI Appendix, Table S1). To exclude any off-target
effect of C35 treatment, we compared the gene expression in the
MEFs expressing either wild-type TET2 or the T1259A mutant.
Again, the expression of wild-type TET2 did not affect the ex-
pression of genes in the BMP-SMAD-ID pathway because of the
inhibitory effect of C35 treatment. However, since C35 does not
suppress the enzymatic activity of the T1259A mutant, it down-
regulated the expression of genes in the BMP-SMAD-ID path-
way (Fig. 4E). Taken together, these results suggest that TET
enzymes regulate the BMP-SMAD-ID pathway during somatic
cell programming.

Discussion
Many functions of TET enzymes are mainly a result of its catalytic
activity. However, some of the TET enzyme-mediated functions
are independent of enzymatic activities; rather, TET enzymes
physically interact with a number of functional partners and
regulate gene transcription (21, 24). Although knocking out TET
enzymes has demonstrated the significance of these enzymes in

epigenetic regulation, it cannot distinguish the enzymatic func-
tion of TET proteins versus their nonenzymatic functions. Thus,
the biological significance and specific contribution of enzymatic
and nonenzymatic activities of TET proteins remains elusive.
Here, we have identified C35 as a first-in-class TET inhibitor that
selectively targets TET catalytic activities, but does not abolish
the TET complex (SI Appendix, Fig. S14).
Although we used TET2 structure for screening, C35 is able to

suppress all three TET enzymes with similar IC50, indicating that C35
recognizes similar sites in the catalytic domains of TET enzymes.
In fact, based on the docking analysis and biochemistry validation,
we found that T1259 of TET2 mediated the interaction between
C35 and TET2. Moreover, this residue is conserved in all three TET
family members, as well as in other species (SI Appendix, Fig. S6),
which explains the ability of C35 to target all three TET proteins.
In the last decade, the roles of TET proteins in somatic cell

reprogramming have been extensively examined, and the litera-
ture suggests that TET enzymes may regulate this process both
negatively and positively during different circumstances. For
instance, it has been shown that TET1 is able to promote somatic
cell reprogramming by replacing Oct4, whereas in the presence
of vitamin C, loss of TET1 enhances somatic cell reprogramming
(16). However, such contradictions may be caused by different
functional partners of TET enzymes at different stages via the
nonenzymatic function of TET proteins. Using C35 treatment as
a unique tool to selectively inhibit TET catalytic activity, our
studies unequivocally show that the enzymatic activities of TET
proteins promote somatic cell differentiation, which is in agreement
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with a previous report that loss of TET enzymes suppresses tissue
differentiation in vivo (11, 16).
In our unbiased total mRNA sequencing study, we found that

TET enzymes suppress the expression of genes in the BMP-
SMAD-ID pathway, and our results indicate that C35 treatment
leads to the activation of these genes. Interestingly, earlier studies
from the Yamanaka group and others have shown that the BMP-
SMAD-ID axis is able to accelerate the process of somatic cell
reprogramming (25–27). Hence, our results align well with earlier
reports and indicate that the activation of BMP-SMAD-ID axis
may be the molecular basis for C35-induced somatic cell reprog-
ramming. Furthermore, the mechanism by which TET enzymes
regulate the BMD-SMAD-ID axis in the context of iPSC induction
is unclear. It has been shown that TET enzyme-mediated 5hmC at
the promoter regions may affect gene transcription. Moreover, our
results also add a layer of understanding by revealing TET en-
zymes as a key missing link between the BMP-SMAD-ID signaling
pathway and somatic cell reprogramming. In the mechanistic
analysis, we found that suppression of TET enzymes reduces 5hmC
at the promoter regions of the genes in the BMP-SMAD-ID sig-
naling pathway, suggesting that these genes are direct targets of
TET enzymes during somatic cell reprogramming.
In mammalian genomes, 5mC is a well-established and impor-

tant epigenetic mark on genomic DNA, which has been shown to
play important roles in imprinting, gene silencing, and chromatin
remodeling. In contrast, 5hmC is considered an intermediate of
oxidation of 5mC toward active DNA demethylation. However,
increasing lines of evidence strongly suggest that 5hmC acts as a
stable epigenetic mark and independently exhibits its own function
in the genome (8, 28, 29). Since 5hmC often colocalizes with 5mC,
it is likely to mediate similar function in suppression of gene
transcription. Here, using C35 as an instrumental tool, we found
that C35 treatment-induced expression of members in the BMP-
SMAD-ID pathway is associated with a decrease in 5hmC levels,
as well as MeCP2 recruitment in the respective promoter regions.
Since MeCP2 is known to repress the transcription and has also
emerged as an 5hmC reader, our observation strongly supports the
ability of 5hmC to act as stable repressive epigenetic mark in the
promoter region of various genes (8, 30). In this direction, we
found that C35 treatment decreases 5hmC levels from promoters

without affecting 5mC level, suggesting that 5hmC could be a
stable epigenetic mark (SI Appendix, Fig. S13 A and B). Since we
also found that loss of 5hmC associates with decreased MeCP2
and RNA polymerase II recruitment (SI Appendix, Fig. S13 C
and D), our results support 5hmC as a transcription suppressive
mark. Together, based on these preliminary results and other
relevant reports, we speculate that C35-mediated 5hmC sup-
pression may be responsible for transcriptional induction of
members of BMP-SMAD-ID pathways (9, 30).
Collectively, our studies reveal C35 as a potent and cell per-

meable small molecule inhibitor that effectively inhibits the TET-
mediated oxidation of 5mC into 5hmC without affecting the TET
complex. Our further analyses indicate that C35 is able to ac-
celerate the process of somatic cell reprogramming possibly by
transcriptionally activating members of the BMP-SMAD-ID
signaling pathway (SI Appendix, Fig. S15). To the best of our
knowledge, this is a first-in-class TET inhibitor, which can be
an instrumental tool to increase the efficiency of the highly
inefficient process of somatic cell reprogramming. Further-
more, it can also be a very useful chemical probe for examining
the role of TET enzymatic activities and the 5hmC mark on gene
expression during somatic cell reprogramming and other relevant
biological processes.

Materials and Methods
All the reagents, plasmids, primers, and antibodies used in this study are
cataloged in the SI Appendix. Routine methods for virtual screening, TET
activity assay, 5hmC sequencing, cell culture, transfection, protein purifica-
tion, thermal shift assay, isothermal titration calorimetry, LC-MS, induction
of iPSCs, induction and validation of iPSCs, high-throughput total mRNA
sequencing, hMeDIP, MeDIP, ChIP, RT-PCR, flow cytometry, and immuno-
precipitation are described in detail in the SI Appendix.

Data Availability. The data reported in this paper have been deposited in the
Gene ExpressionOmnibus (GEO) databasewith accession number GSE137282.
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