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DNA methylation is a stable and heritable epigenetic modification in the mammalian genome and is involved in regulating gene expression

to control cellular functions. The reversal of DNA methylation, or DNA demethylation, is mediated by the ten-eleven translocation (TET)

protein family of dioxygenases. Although it has been widely reported that aberrant DNA methylation and demethylation are associated with
developmental defects and cancer, how these epigenetic changes directly contribute to the subsequent alteration in gene expression or disease
progression remains unclear, largely owing to the lack of reliable tools to accurately add or remove DNA modifications in the genome at defined
temporal and spatial resolution. To overcome this hurdle, we designed a split-TET2 enzyme to enable temporal control of 5-methylcytosine
(5mC) oxidation and subsequent remodeling of epigenetic states in mammalian cells by simply adding chemicals. Here, we describe methods
for introducing a chemical-inducible epigenome remodeling tool (CiDER), based on an engineered split-TET2 enzyme, into mammalian cells and
quantifying the chemical inducible production of 5-hydroxymethylcytosine (5hmC) with immunostaining, flow cytometry or a dot-blot assay. 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.

Video Link

The video component of this article can be found at https://www.jove.com/video/56858/

Introduction

DNA methylation, mostly refers to the addition of a methyl group to the carbon 5 position of cytosine to form 5-methylcytosine (5mC), is catalyzed
by DNA methyl-transferases (DNMTs). 5mC acts as a major epigenetic mark in the mammalian genome that often signals for transcriptional
repression, X-chromosome inactivation and transposon silencing1. The reversal of DNA methylation is mediated by the Ten-elven translocation
(TET) protein family. TET enzymes belong to the iron (ll) and 2-oxoglutarate dependent dioxygenases which catalyze the successive oxidation
of 5mC to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC). TET-mediated 5mC oxidation imposes an
additional layer of 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 5hmC. 5hmC is not only an intermediate during TET-mediated
active DNA demethylation2’3'4, but also acts as a stable epigenetic mark®%78, Although DNA hydroxymethgylation is highly correlated with gene
expression and aberrant changes in DNA hydroxymethylation are associated with some human disorders '10’11, the causal relations between
epigenetic modifications on DNA and the phenotypes often remain challenging to be established, which can be partially ascribed to the lack of
reliable tool to accurately add or remove DNA modifications in the genome at defined temporal and spatial resolution.

Here we report the use of a chemical-inducible epigenome remodeling tool (CiDER) to overcome the hurdle facing studies of causal relationships
between DNA hydroxymethylation and gene transcription. The design is based on the assumption that the catalytic domain of TET2 (TET2CD)
can be split into two inactive fragments when expressed in mammalian cells and its enzymatic function can be restored by taking a chemically
inducible dimerization approach (Figure 1A). To establish a split-TET2CD system, we selected six sites in TET2CD, composed of a Cys-rich
region and a double-stranded B-helix (DSBH) fold, on the basis of a reported crystal structure of TET2-DNA complex that lacks a low complexity
region12. A synthetic gene encoding rapamycin-inducible dimerization module FK506 binding protein 12 (FKBP12) and FKBP rapamycin binding
domain (FRB) of the mammalian target of rapamycin14’15, along with a self-cleaving peptide T2A polypeptide sequencem'”, was individually
inserted into the selected split sites within TET2CD. The selection of TET2 as our engineering target is based on the following considerations.
First, somatic mutations in TET2 with concomitant reduction in DNA hydroxymethylation are frequently observed in human disorders including
myeloid disorders and cancerm, which provides useful information on sensitive sites to be avoided for insertion. Second, a large fraction

of the TET2 catalytic domain, particularly the low complexity region, is dispensable for the enzymatic function12, thus enabling us to craft a
minimized split-TET2 for inducible epigenetic modifications. After screening over 15 constructs, a construct that exhibited highest rapamycin-
inducible restoration of its enzymatic activity in the mammalian system was chosen and designated as CIiDER'®. We describe herein the use of
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mCherry-tagged CiDER to achieve inducible DNA hydroxymethylation and epigenetic remodeling with rapamycin, and present three methods for
validating CiDER-mediated 5hmC production in a model cellular system HEK293T.

1. Cell Culture, Plasmid Transfection and Chemical Induction

1. Culture an adherent cell line (e.g., the human embryonic kidney HEK293T cell) in Dulbecco's modified Eagle's medium (DMEM),
supplemented with 10% heat-inactivated fetal bovine serum, 100 U/mL penicillin and streptomycin at 37 °C with 5% CO,.
2. Transfect cells with the CiDER plasmid.

1.
2.
3.
4.
5.
6.
7

8.

At least 18 h before transfection, seed 0.3 x 10° cells in 2.5 mL of appropriate DMEM per well in a 6-well plate and incubate cells at 37
°C overnight to reach 60-80% confluency.

Pre-warm the transfection reagent to room temperature before use.

Place 250 pL of serum-free medium in a sterile tube.

NOTE: This amount is tailored for a 6-well plate with 80% confluency. If needed, proportionally adjust the medium amounts according
to the sizes of plates or cell numbers.

Add 2.5 pg of the plasmid encoding CIiDER® or the catalytic domain of TET2 (TET2CD as positive control)12'13 into the serum-free
medium and gently mix by pipetting.

Add 7.5 pL of transfection reagent to the diluted DNA mixture and gently mix by pipetting.

Incubate the mixture at room temperature for 20-30 min.

Change pre-warmed media and add the mixture drop-wise to the wells, and gently shake the cell culture plate to evenly distribute the
transfection reagent and DNA mixture.

Incubate cells and mixture overnight, and then replace the transfection reagent containing media with 2ml of fresh complete DMEM.

3. Chemical induction

1.
2.

Dilute 2 mM of rapamycin stock (dissolved in DMSO) to a concentration of 20 uM in appropriate complete medium.

Add 20 L of diluted rapamycin to transfected cells maintained in 2 mL medium to reach a final concentration of 200 nM.

NOTE: After incubation for 48 h, cells are ready for quantification of 5ShmC generation or any other downstream applications. If needed,
the induction efficiency can be monitored by taking out cells every 3 h for further 5hmC quantification as described below and shown in
Figure 1.

For better quantification of 5hmC induction efficiency, seed separate wells to monitor cells every 3 hours.

2. Quantification of Rapamycin-induced 5hmC Production by Immunostaining

1.  5hmC immunofluorescence staining
NOTE: Add sufficient amounts of the fixation solution, composed of 4% paraformaldehyde, 0.2% surfactant (such as Triton X-100) in PBS
with 3 N HCI, to cover all the cells in plate. For example, 500 pL of solution would be enough for a well in a 6-well plate. Perform all steps at
room temperature.

1.

arwN

o

7.

8.
9.
10.
11.
12.

To fix cells, add 4% paraformaldehyde in PBS to rapamycin-treated cells for 15 min at ambient temperature. For the control group, use
cells expressing mCherry-CiDER without rapamycin treatment. Do not agitate.

Caution: Paraformaldehyde is toxic. Wear appropriate protection.

Discard fixative solution. Incubate fixed cells with 0.2% surfactant in PBS for 30 min to permeabilize cell membrane.

Discard permeabilization solution. Add 3 N HCI to the permeabilized cells and incubate for 15 min to denature the DNA.

Discard HCI. Add 100 mM Tris-HCI buffer (pH 8.0) to the cells for 10 min for neutralization of pH.

Discard all the solution. Wash cells thoroughly with PBS for 3-5 times. Remove PBS thoroughly.

NOTE: Add sufficient amounts of PBS for every wash step. For example, 1 mL of PBS is enough for a 6-well plate.

Block cells by adding the blocking buffer comprising 1% BSA and 0.05% of surfactant (such as Tween 20) in PBS for 1 h with gentle
shaking.

Discard the blocking solution. Add the diluted 5hmC antibody (1:200) to the cells and incubate for 2 h at room temperature or overnight
at4 °C.

Wash the cells with PBS three times for 15 min.

Add a diluted fluorophore (FITC)-conjugated secondary antibody (1:200) to the cells and incubate for 1 h.

Wash the cells with PBS three times extensively to remove residual antibodies.

Add 250 ng/mL of 4',6-diamidino-2- phenylindole (DAPI) to stain the nucleus for 5 min. Remove the staining solution.

Mount the slide or glass-bottom culture dish with immunostained cells for confocal imaging. A representative result was shown in
Figure 1B.

2. Flow cytometry
NOTE: Use a 96-well round bottom plate for the following staining procedure. Usually, 150 L of reagents is sufficient for each well.

1.

2B

Resuspend transfected and rapamycin-induced cells in FACS buffer (PBS with 1% BSA, 2 mM EDTA). For the control group, use
CiDER-expressing cells without rapamycin treatment.

Fix and permeabilize the cells as described in Step 2.1.

Add 2 N HCI to the cells to denature the DNA for 10 min.

Discard HCI. Neutralize and block the cells as described in Step 2.1.

Add a diluted anti-5hmC antibody (1:200) to the cells and incubate for 1 h at room temperature or overnight at 4 °C.

Wash the cells with FACS buffer three times. Remove FACS buffer thoroughly.
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7. Add a diluted fluorophore (FITC)-conjugated secondary antibody (1:400) for fluorescence-activated cell sorting (FACS) analysis, and
incubate for 1 h at room temperature.

8. Wash the cells with FACS buffer three times.

9. Samples are ready for FACS analysis. A representative result was shown in Figure 1C-D.

3. Dot-blot Assay to Quantify 5hmC and 5-methylcytosine (5mC) Amounts

1. Isolate genomic DNA from transfected and rapamycin-induced cells using a commercial DNA extraction kit. For the control group, use
CiDER-transfected cells without rapamycin treatment.

2. Heat the vacuum oven to 80 °C and pre-soak nitrocellulose membrane in double-distilled H,O and then in 6x saline-sodium citrate (SSC)
buffer for 10 min.

3. Load 60 uL of equal amounts of DNA (total 2 ug in TE buffer) to a 96-well PCR plate. Add 30 pL of TE buffer (10 mM Tris-HCI, 1 mM EDTA,
pH 8.0) to the rest wells.

4. Make two-fold serial dilutions vertically on the 96-well plate by transferring 30 L of solution on row 1 to the same column position on row 2.
Mix again and transfer 30 pL of solution to the wells in the subsequent row till reaching the boundary. Remove the last 30 pL.

5. Add 20 pL of 1 M NaOH and 10 mM EDTA to each well, seal the plate and heat the mixture for 10 min at 95 °C to completely denature the
DNA duplex.

6. Immediately cool down the samples on ice and add 50 pL of ice-cold 2 M ammonium acetate (pH 7.0) and incubate on ice for 10 min.
NOTE: Steps 3.7-3.10 involves the use of vacuum.

7. Assemble the dot blot apparatus with pre-soaked membrane and remove residual buffer using full vacuum.

8. Wash the membrane by adding 200 uL of TE buffer to each well of the dot blot apparatus. Turn on vacuum to remove TE buffer.

9. Load the denatured DNA (prepared in previous steps 3.1-3.6) to each well of the dot blot apparatus. Turn on vacuum to remove solution.

10. Wash the membrane by adding 200 pL of 2x SSC and remove residual solutions completely using vacuum.

11. Disassemble the dot blot apparatus, take out the membrane and rinse the whole membrane with 20 mL of 2x SSC.

12. Air-dry the membrane for 20 min.

13. Bake the membrane at 80 °C under vacuum for 2 h.

14. Add the blocking solution (5% skim milk in TBST) to the membrane and incubate for 1 h at room temperature.

15. Discard the blocking solution. Add a diluted 5hmC (1:5,000) or 5mC (1:1,000) antibodies to the membrane and incubate overnight at 4 °C.

16. Wash the membrane with TBST three times for 10 min to remove residual antibodies. Remove TBST thoroughly.

17. Add an HRP-conjugated secondary antibody (1:10,000 for anti-rabbit HRP(5hmC) or 1:3,000 for anti-mouse HRP(5mC)) to the membrane
and incubate for 1 h at room temperature.

18. Wash the membrane with TBST three times for 10 min.

19. Add ECL western blotting substrate to the membrane for visualization of 5hmC signals using a chemiluminescence detector. A representative
result was shown in Figure 1E.

Representative Results

Chemical inducible 5mC-to-5hmC conversion can be validated by immunostaining at single-cell level, flow cytometry analysis on transfected
(mCherry-positive) cell populations, or a more quantitative dot-blot assay as illustrated in Figure 1. The catalytic domain of TET2, or TET2CD,
were used throughout the study as a positive control. See references 18-20 for further details regarding the genome-wide mapping of rapamycin-
induced changes in 5hmC and chromatin accessibility.
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Figure 1: CiDER-mediated inducible DNA hydroxymethylation in HEK293T cells. (A) Design of a chemical-inducible epigenome remodeling
(CIiDER) tool based on a split TET2 enzyme. (B) Representative immunostaining results in HEK293T cells expressing CiDER-mCherry before
(upper panel) and after (lower panel) rapamycin treatment (200 nM). Green, 5hmC, red, CiDER-mCherry, Blue, DAPI staining of nuclei. Scale bar
=10 pm. (C) Quantification of CiDER-mediated 5hmC production by flow cytometry analysis. HEK293T cells transfected with CIDER-mCherry
of TET2CD-mCherry (as positive control) were stained with an anti-5hmc primary antibody and an FITC-labeled secondary antibody. Only

TET2 (mCherry) and 5hmC (FITC) double-positive cells were gated and indicated. (D) Time course of chemical inducible production of 5ShmC

in HEK293T cells expressing CiDER following administration or withdrawal of rapamycin (200 nM). n = 5, data shown as mean + S.D. (E) Dot-
blot assay to quantify rapamycin-inducible changes in 5hmC levels in HEK293T cells. HEK293T cells were transfected with either a CiDER

or TET2CD construct. A synthetic oligonucleotide with a known amount of 5hmC was used as a positive control (top row). The loading control
visualized by ethylene blue staining of total amounts of input DNA was shown in the bottom panel. Please click here to view a larger version of
this figure.

Here we have illustrated the use of an engineered split-TET2 enzyme to achieve temporal control of DNA hydroxymethylation. Following the
discovery of TET family of 5-methycytosine dioxggenase, many studies have been performed to decipher the biological functions of TET proteins
and their major catalytic product 5hmC 234567891011 However, temporal and precise control over DNA modifications in the genome continues
to be a demanding challenge for the field. Our CiDER system is one of the few systems utilizing an engineered DNA modifying enzyme to fill

this technical gap. The protocol described herein is mostly tailored for model cellular systems, such as the human embryonic kidney (HEK) 293T
and the Hela cell lines. Rapamycin concentrations and treatment time may need to be adjusted to achieve optimal performance in different cell
types. To find out the best 5hmC induction time point, a time course experiment, as we described in section 1.3.3, is strongly recommended.
Immunofluorescence staining of 5hmC in transfected cells can be used as the most convenient readout. For a more quantitative analysis, a dot-
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blot assay is recommended but it may take more laborious procedures. For dot-blot assays, the amounts of input DNA must be optimized for
different cell types. A careful titration experiment using 2-fold serial dilution with varying DNA loading amounts is strongly recommended.

The CiDER system can be broadly used to dissect the correlation between DNA hydroxymethylation and phenotypic changes in different
biological systems. Listed below are exemplary downstream applications or questions that can be addressed with the CiDER system.

How will TET-mediated 5mC oxidation alter the DNA methylation landscape in various model cellular system? This can now be easily
addressed by comparing the DNA methylome and hydroxymethylome before and after rapamycin treatment. How will DNA hydroxymethylation
alter chromatin accessibility and histone modifications? A comparison of ATAC-seq and ChlP-Seq results in the same cell before and after
administration of rapamycin will tell the answer. Since TET proteins play a suppressive role in certain types of cancer, it will be interesting to test
how chemical inducible restoration of TET protein and 5hmC production will impinge on tumor growth. Given the role of TET/5hmC in stem cell
differentiation, it remains to be determined how temporally controlled 5hmC production at a defined transitionary stage will impact on lineage
specification of stem cells during development.

In its current configuration, the CiDER system can only be used to globally induce 5mc-to-5hmC conversion. Ideally, CiDER can be fused with a
catalytically-inactive Cas9 or its orthologues, which will enable loci-specific targeting and inducible DNA methylation editing in the genome. Such
precise chemical-inducible epigenome remodeling tool can be widely applied to unambiguously probe the epigenotype-phenotype relations in
mammals without altering the genetic code.
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