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ABSTRACT: The Ten-eleven translocation (TET) family
of S-methylcytosine (SmC) dioxygenases catalyze the
conversion of SmC into S-hydroxymethylcytosine (ShmC)
and further oxidized species to promote active DNA
demethylation. Here we engineered a split-TET2 enzyme
to enable temporal control of 5mC oxidation and
subsequent remodeling of epigenetic states in mammalian
cells. We further demonstrate the use of this chemically
inducible system to dissect the correlation between DNA
hydroxymethylation and chromatin accessibility in the
mammalian genome. This chemical-inducible epigenome
remodeling tool will find broad use in interrogating cellular
systems without altering the genetic code, as well as in
probing the epigenotype—phenotype relations in various
biological systems.

he addition of a methyl group to the carbon S position of

cytosine to form S-methylcytosine (SmC), a process
known as DNA methylation, is catalyzed by DNA methyl-
transferases (DNMTs). SmC acts as a major epigenetic mark in
the mammalian genome that often signals for transcriptional
repression, X-chromosome inactivation and transposon silenc-
ing." Tet-eleven translocation (TET) family of methylcytosine
dioxygenases, which catalyzes the successive oxidation of SmC
to S-hydroxymethylcytosine (ShmC), S-formylmethylcytosine
(5fC) and S-carboxymethylcytosine (ScaC), has added an
additional layer of previously underappreciated epigenetic
control over the mammalian genome.” " The discovery of
TET has sparked intense interest in the epigenetic field to
unveil the biological functions of TET proteins and their major
catalytic product ShmC. ShmC is regarded to serves as an
intermediate during TET-mediated active DNA demethyla-
tion,” " as well as a stable epigenetic mark.>~® Although it has
been widely observed that DNA hydroxymethylation is highly
correlated with gene expression and some human disorders,” "'
the causal relations between epigenetic modifications on DNA
and the phenotypes often remain challenging to be established,
largely owing to the lack of reliable tools to add or remove
accurately DNA modifications in the genome at defined
temporal and spatial resolution.
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To tackle this challenge, we set out to design a chemical-
inducible epigenome remodeling tool (CiDER; Scheme 1) to

Scheme 1. Design of a Chemical-Inducible Epigenome
Remodeling (CiDER) Tool Based on a Split TET2 Enzyme*
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modules are fused with two inactive fragments of a split TET2CD.
Upon the addition of rapamycin or AP1903, split TET2CD fragments
reassemble into a functional methylcytosine dioxygenase to catalyze
the conversion of SmC into ShmC and further oxidized species, thus
promoting DNA demethylation to remodel the epigenetic landscapes
in mammalian cells.

overcome the hurdle facing studies of causal relationships
between DNA hydroxymethylation and gene transcription. We
chose the catalytic domain of human TET2 (TET2CD, Figure
1), rather than TET1 or TET3, as our target for engineering a
split epigenomic modifier because of the following major
considerations. First, TET2 is among the most frequently
mutated genes in hematological malignancies. % Exome
sequencing in cancer patlents has revealed a large panel of
disease-associated mutations,'”'* thereby providing abundant
information with regard to sensitive spots to be avoided during
our selection of split sites. Second, the crystal structures of the
catalytic domain of TET2 (TET2CD) in complex with SmC or
ShmC have been recently determined,'*'* and thus enabled us
to prioritize the selection and validation of split sites in a more
rationalized manner. Third, the low complexity region (residues
1481—1843) of TET2CD can be replaced by a flexible GS
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Figure 1. An engineered split-TET2 enzyme for inducible DNA
hydroxymethylation in mammalian cells. (a) Domain architecture of
the catalytic domain of TET2 (TET2CD; aa 1129—2002) and
positions of selected split sites. DSBH, double stranded beta helix. (b)
Split sites mapped to the 3D structure of TET2CD (PDB entry:
4NMS6). A rapamycin-inducible heterodimerization module composed
of FKBP12 and FRB was inserted individually into the selected split
sites. (c) Screening and optimization of split- TET2CD constructs to
achieve chemical-inducible ShmC generation in HEK293T cells. The
construct with insertion of FKBP12-T2A-FRB at split site 3 and
deletion of the low complexity region (A1462—1839) stood out as the
best candidate (termed “CiDER”). AP1903-incucible homodimeriza-
tion of a mutant FKBP12 (F36 V) can also be engineered into this
position to restore the catalytic activity of split- TET2CD (Figure S2).
(d) Quantification of CiDER-mediated ShmC production by flow
cytometry. HEK293T cells transfected with mCherry (mCh)-tagged
CiDER or mCh-TET2CD (positive control) were immunostained
with an anti-ShmC primary antibody and an FITC-labeled secondary
antibody. (e) Time course of rapamycin (200 nM)-induced
production of ShmC in HEK293T cells expressing CiDER or
TET2CD (as positive control). Rapamycin was washed away 48 h
after incubation with cells. (f) Representative fluorescent images of
ShmC (green), CiDER-mCh (red), and nuclear staining with DAPI
(blue) in HEK293T cells before and after rapamycin (200 nM)
treatment. (g) Dot-blot assay to quantify rapamycin (200 nM)-
induced changes of ShmC levels in genomic DNA purified from
HEK293T cells expressing CiDER or TET2CD. A synthetic
oligonucleotide with a known amount of ShmC was used as a positive
control. The loading control was shown in the bottom panel by
methylene blue staining of total amounts of input DNA. See
Supporting Information (Figures $1,2) for more results and sequences.
n = S. Scale bar = 10 pm.

linker without significantly compromising its catalytic activity, "’
clearly speaking for the structural malleability of TET2 and the
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high flexibility to accommodate the insertion of foreign
polypeptide sequences. Omitting this large fragment of low
complexity region (~1.2 kb) further allows us to generate
constructs with minimized sizes. We therefore set out to test
the idea that TET2CD can be split into two inactive fragments
and that its enzymatic function can be restored by taking a
chemically inducible dimerization approach.

To develop a split-TET2CD system, we selected six sites in
TET2CD, composed of a Cys-rich region and a double-
stranded f-helix (DSBH) fold, on the basis of a crystal structure
of TET2-DNA complex that lacks a low complexity region'
(Figure 1lab). A synthetic gene encoding FK506 binding
protein 12 (FKBP12) and FKBP rapamycin bmdmg domain
(FRB) of the mammalian target of rapamycm, 1617 separated by
a self-cleaving T2A polypeptide sequence'®'” in the middle,
was individually inserted into the selected split sites within
TET2CD or TET2CD that lacks the low complexity region
(Figure Sla). We transfected each mCherry-tagged construct
into human embryonic kidney 293T (HEK293T) or HelLa
cells, both of which have extremely low basal ShmC levels.
Once expressed in HEK293T cells, the fusion protein was self-
cleaved into two fragments (Figure S1b). The two fragments
could reconstitute a functional enzyme in vitro, as reflected by
inducible production of ShmC after incubating the enriched
fragments with a synthetic SmC-containing dsDNA oligo in the
presence of rapamycin (Figure S1c). By using an antibody that
specifically recognizes ShmC, we compared the global ShmC
levels in transfected cells before and after rapamycin treatment
by flow cytometry (Figure lc,d). After screening over 15
constructs, we identified a split-TET2CD variant (designated as
CiDER for chemical-inducible epigenome remodeling tool; see
Supporting Information for the sequences) that exhibited
rapamycin-inducible restoration of enzymatic activity. We
found that almost no background activity of CiDER was
detected prior to the addition of rapamycin (Figure lc,d).
Following the addition of rapamycin, the total ShmC amount
was restored to a level comparable to cells expressing intact
TET2CD proteins (split site 3; Figure 1c,d).

We further monitored chemical-induced ShmC production at
different time points and noticed that the functional restoration
reached a maximum approximately 48 h after rapamycin
treatment. Notably, approximately 3 days after withdrawal of
rapamycin, the ShmC level returned to its basal level,
presumably owing to the constant dilution of ShmC after
multiple rounds of cell division (Figure le). By contrast, the
ShmC level in the control group expressing an intact TET2CD
remained largely unaltered under the same experimental
conditions. Next, we sought further confirmation of rapamy-
cin-inducible generation of ShmC by two additional methods:
immunostaining with an antibody against ShmC in individual
cells (Figures 1f and S1d) and a more quantitative dot-blot
assay that measures the total amounts of ShmC in the whole
cell population (Figure 1g). Both assays clearly demonstrated
that rapamycin elicited robust production of ShmC in CiDER-
expressing HEK293T cells with negligible background activity.

To examine systematically the CiDER-mediated changes in
the epigenetic landscapes between untreated and rapamycin-
treated mammalian cells (Figure 2a), we performed genome-
wide ShmC mapping in HEK293T cells by immunoprecipita-
tion (IP) of bisulfite-treated DNA with a highly specific
homemade antibody against cytosine-S-methylenesulfonate
(CMS).*>*" Compared with the untreated control group (0
h), we observed a large number (n = 13 125) of differentially
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Figure 2. CiDER-mediated chemical inducible remodeling of
epigenetic states to increase chromatin accessibility in mammalian
cells. (a) Schematic of the experimental setup O or 48 h after 200 nM
rapamycin treatment, genomic DNA samples from HEK293T cells
were subjected to genome-wide ShmC profiling and ATAC-seq to
monitor chromatin accessible regions in the genome. (b) Scatter plots
of differential ShmC peaks and ATAC peaks between 0 and 48 h
treatment groups. Red and blue dots represent significantly up- or
down-regulated ATAC/S5hmC peaks at 48 h, respectively. The gray
dots represent peaks without significant changes at 48 h. (c)
Normalized coverage of ATAC-seq signals (0 h and 48h; with
biological duplicates) were plotted 150 bp up- and downstream of the
centers of ShmC-peaks at 0 h (control). (d) Distribution of averaged
ShmC enrichment (2 upper panels) and ATAC-seq peak enrichment
(2 lower panels) at control ATAC/ShmC peaks regions in CiDER-
expressing HEK293T cells at time O (control) or 48 h following
rapamycin treatment. (e) Representative genome browser view of one
HMDR in the LINC00854 locus on chromosome 17 that showed
rapamycin-induced gain of ShmC and ATAC-seq peaks, which was
overlaid with traces representing DNase I hypersensitive sites,
transcriptional factor binding (TF ChIP) and H3K27Ac enrichment.

hydroxymethylated genomic regions (DHMRs) in cells treated
with rapamycin (48 h), with the majority (n = 11 808) showing
significant gain of ShmC (Figure 2b, Table S1).

Very recently, it has been shown that TET loss-of-function
with the resultant reduction of genomic ShmC is correlated
with reduced numbers of chromatin accessible regions, thus
suggesting a potential role of TET and/or ShmC in the
maintenance of chromatin accessibility in mammals.*** This
led us to hypothesize that ShmC-enriched regions might mark
more accessible chromatin regions. Because increased chroma-
tin accessibility is often indirectly indicated by a lower DAPI
staining of the nuclear euchromatin,®® we examined if the
intensity of ShmC staining is correlated with DAPI staining
levels in two types of cells, the mouse embryonic stem cells that
are rich in ShmC (Figure S3a) and rapamycin-treated
HEK293T cells that expressed chemical-inducible TET2CD
(Figure 2a and Figure S3b,c). In each individual cell, high S-
hmC areas in the same nucleus were generally correlated with
pronouncedly decreased nuclear staining by DAPI, and vice
versa. In both cell types, we observed a general inverse
relationship between intensities of ShmC and DAPI staining
(Figure S3), a clear indication of the involvement of ShmC in
the regulation of chromatin accessibility.
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The causal relationship between ShmC and chromatin
accessibility, nonetheless, remains unresolved, primarily owing
to the lack of tools to control temporally the hydroxymethy-
lation of SmC in living cells. To clarify this, we tested if CIDER-
mediated chemical-inducible deposition of ShmC in the
genome would cause changes in the chromatin architecture.
We unbiasedly profiled the genome-wide chromatin accessi-
bility by ATAC-seil (assay for transposase-accessible chromatin
using sequencing”’) before and after rapamycin treatment in
the same batch of cells (Figure S4; Table S1). We observed that
41 879 regions were more accessible in rapamycin-treated cells
compared to untreated cells (Figure 2b, right and Figure 2c).
By taking a genome-wide approach to compare the ShmC
enrichment and ATAC-Seq peaks, we observed a substantial
enrichment of ATAC-seq peaks within the ShmC enriched
regions (Figure 2c,d). In parallel, we performed the principal
component analysis (PCA) of ATAC-seq and ShmC enriched
regions. Both parameters (ATAC-Seq and ShmC peaks)
displayed similar distribution patterns on the plots before (0
h) and after (48 h) rapamycin treatment (Figure SS), clearly
indicating that CiDER-mediated chemical inducible generation
of ShmC was strongly correlated with the increase of chromatin
accessible regions. The observed overlapping enrichment of
ShmC in chromatin accessible regions (Figure 2c,d) further
imply that CiDER, with its enzymatic function restored by
rapamycin, could actively mark these chromatin regions with
ShmC to maintain their accessibility in mammalian cells. To
demonstrate this further, a genome browser view of one
DHMR located in the LINC00854 locus is shown in Figure 2e.
The distal region of LINC00854 contains moderate levels of
both ShmC and chromatin accessible regions prior to the
addition of rapamycin (0 h), and showed a substantial gain of
ShmC and ATAC-Seq peaks after rapamycin-induced restora-
tion of TET2 enzymatic activity (48 h). This region might also
function as distal-regulatory regions (e.g, enhancers) as it is
enriched with an enhancer mark (Histone H3 lysine 27
acetylation, H3K27ac) as well as DNase I hypersensitivity
regions identified from the ENCODE database. Taken
together, by controlling the formation of ShmC at real time
in living cells, we demonstrated that TET-mediated SmC
oxidation constitutes one important epigenetic regulatory
mechanism to modulate chromatin accessibility without altering
the genetic code.

To confer spatial control over the CiDER system, it is our
immediate future plan to fuse it with a catalytically inactive
Cas9 or its orthologues, which will enable loci-specific targeting
and precise control of SmC oxidation or DNA demethylation in
the genome. Ideally, the epigenome remodeling is a powerful
strategy for interrogating, perturbing and engineering cellular
system without altering the genetic code, and could thus serve
as a high entry point for reprogramming cell fate and disease
intervention.
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