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Abstract

It is widely assumed that the addition of DNA methylation at CpG rich gene promoters silences
gene transcription. However, this conclusion is largely drawn from the observation that promoter
DNA methylation inversely correlates with gene expression. The effect of forced DNA
methylation on endogenous promoters has yet to be comprehensively assessed. Here, we
conducted artificial methylation of thousands of promoters in human cells using an artificial zinc
finger-DNMT3A fusion protein, enabling assessment of the effect of forced DNA methylation
upon transcription and histone modifications, and the durability of DNA methylation after the
removal of the fusion protein. We find that DNA methylation is frequently insufficient to
transcriptionally repress promoters. Furthermore, DNA methylation deposited at promoter
regions associated with H3K4me3 is rapidly erased after removal of the zinc finger-DNMT3A
fusion protein. Finally, we demonstrate that induced DNA methylation can exist simultaneously
on promoter nucleosomes that possess the active histone modification H3K4me3. These
findings suggest that promoter DNA methylation is not generally sufficient for transcriptional
inactivation, with implications for the emerging field of epigenome engineering.

Introduction
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The mammalian genome is almost entirely methylated at the 5th position of cytosine in the CpG
dinucleotide context (mCG) '. Small regions of the genome remain in a low- or un-methylated
state 2*, mostly associated with transcriptional enhancers, transcriptional start sites, and the
binding sites of sequence-specific DNA binding proteins. Most commonly, DNA methylation of
the promoter regions of genes inversely correlates with transcriptional activity 2*°2*%For
example,? ®. Treatment of cells with demethylating drugs, such as 5-azacytidine, an inhibitor of
DNA methyltransferases, causes global demethylation and activation of many silenced genes .
Furthermore, loss of DNA methyltransferase 1 (DNMT1) in mouse fibroblasts results in global
losses in DNA methylation and global increases in gene expression 8. These relationships have
led to the conclusion that DNA methylation of CpG island promoters or enhancer elements
results in gene silencing. However, these observations are correlative and challenging to
interpret because genome-wide demethylation could result in complex changes to chromatin
structure and gene expression throughout the genome. Furthermore, in early development,
transcription can occur from genes with methylated promoters *".

To more precisely address the relationship between DNA methylation and promoter activity,
targeted methods to methylate or demethylate specific loci in the genome have been devised.
The first attempts to induce targeted DNA methylation at endogenous loci used arrays of six
zinc finger (ZF) domains, engineered to recognize 18- base pair specific genomic sequences,
fused to the catalytic domain of the human DNA methyltransferase DNMT3A (ZF-DNMT3A) '%'°
or the bacterial methyltransferase M.Sssl . Because of the difficulty in synthesizing customized
ZF proteins and questions regarding their in vivo specificity '®, subsequent studies have utilized
transcription activator-like effectors (TALE) proteins or a catalytically inactive version of the
Cas9 protein (dCas9) fused to DNMT3A '*2*  Collectively, these customized DNA binding
proteins fused to artificial epigenetic modifiers, which are referred to as artificial epigenetic
modifiers, now allow the investigation into whether DNA methylation merely correlates with
transcriptional repression or if it is a causative epigenetic mark. Indeed, the results of such
experiments have demonstrated that DNA methylation deposited on promoters by engineered
DNA binding proteins can sometimes be sufficient to silence or reduce transcription. However, a
broader examination of the susceptibility of gene promoters to DNA methylation and the extent
to which DNA methylation can induce silencing of transcription has yet to be reported.

Unlike the maintenance of histone modifications, the heritability of mCG during DNA replication
has a reasonably well established mechanism. After DNA replication, a hemi-methylated CpG
dinucleotide is formed, with an unmethylated cytosine on the newly synthesized strand and a
methylated cytosine on the template strand. Hemi-methylated CpG dinucleotides can be rapidly
methylated, primarily by the maintenance DNA methyltransferase DNMT1 ?°. For this reason,
DNA methylation has been implicated in the long-term silencing of genes . For example, we
have shown that targeting a ZF-DNMT3A fusion protein to the promoter of the SOX2 gene
resulted in the silencing of SOX2 for at least 8 days after the withdrawal of the ZF-DNMT3A
fusion protein '°. In contrast, the same ZF fused to the Krupple-Associated Box (KRAB) domain,
which recruits repressive histone modifiers, induces transcriptional repression that is transient
and dependent on the continued presence of the ZF-KRAB fusion protein %’. However, not all
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promoters respond to enforced DNA methylation in the same way. It has been reported that a
ZF-DNMT3A fusion protein targeted to the VEGF-A promoter or a TALE-DNMT3A targeted to
the B2M promoter results in only transient silencing of the respective gene %2 Thus, the
context in which DNA methylation is sufficient to establish transcriptional repression and the
stability of induced DNA methylation has not been characterized throughout the genome .

We designed a set of experiments to gain a broad understanding of the effects on gene
expression and chromatin structure upon artificial epigenetic modifier-mediated DNA
methylation at regulatory regions throughout the genome. To accomplish this, we utilized a
human cancer cell line in which the programmable overexpression of an artificial ZF-DNMT3A
fusion protein results in widespread addition of DNA methylation at unmethylated regions
throughout the genome. Using a suite of genome-wide analyses to characterize these cells,
including whole genome bisulfite sequencing, ChIP-seq, TAB-seq and RNA-seq, we have
undertaken a broad assessment of the consequences of forced methylation at promoter regions
upon gene expression and chromatin state. We observe only a modest negative correlation
between the induction of DNA methylation and transcriptional repression and demonstrate that
forced DNA methylation is not sufficient to evict active chromatin marks from promoter regions.
In addition, induced DNA methylation is lost in the absence of the ZF-DNMT3A fusion protein,
indicating the activity of an efficient proofreading system to protect active promoters from DNA
methylation.

Results
ZF-DNMT3A methylates the SOX2 promoter and represses SOX2 transcription

To assess the effects of forced DNA methylation, we took advantage of a previously described
MCF-7 derived cell line that overexpress an artificial epigenetic modifier composed of 6 zinc
finger domains linked to the catalytic domain of human DNMT3A upon treatment with
doxycycline '°, herein referred to as ZF-DNMT3A (Fig. 1A). The ZF arrays were designed to
bind to a GC-rich 18 bp sequence in the SOX2 promoter, but was found to have widespread
off-target binding throughout the genome 8. We performed ChIP-seq of the HA-epitope-tagged
ZF-DNMT3A protein to determine its binding sites throughout the genome. As expected, we
observed a strong ChIP peak centered on the intended binding site in the SOX2 promoter (Fig.
1B).

To determine the changes in DNA methylation induced by the ZF-DNMT3A construct, we next
performed whole genome bisulfite sequencing (WGBS, by MethylC-seq) of MCF-7 cells using
cells harboring an integrated empty vector construct and grown in the presence of doxycycline
for 3 days (empty vector dox-induced) to establish baseline methylation levels, ZF-DNMT3A
cells induced with doxycycline for 3 days (ZF-DNMT3A dox-induced), and ZF-DNMT3A cells
induced with doxycycline for 3 days and subsequently grown in doxycycline-free media for 9
days (ZF-DNMT3A dox-withdrawn). We observed an increase in the level of mCG (difference
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between samples in the number of C base calls divided by the number of total base calls for all
cytosine positions in the CpG context in the defined region; AmMCG) of 0.34 at the SOX2
promoter region (defined as the region of unmethylated DNA in empty upstream and
downstream of the transcriptional start site of the SOX2 gene vector dox-induced cells;
chr3:181429226-181431783) in the ZF-DNMT3A dox-induced cells when compared to the
empty vector dox-induced cells. However, 53% of the induced methylation was lost in the
ZF-DNMT3A dox-withdrawn cells (Fig. 1B).

Finally, we measured steady state RNA levels by RNA-seq in empty vector dox-induced cells,
ZF-DNMT3A cells without doxycycline induction (ZF-DNMT3A no-dox), ZF-DNMT3A
dox-induced cells, and ZF-DNMT3A dox-withdrawn cells. The raw read data from the empty
vector dox-induced cells and ZF-DNMT3A no-dox cells were combined to create a data set
herein referred to as “no-ZF”. From this data it was observed that expression of ZF-DNMT3A
resulted in a 2.5 fold decrease in SOX2 mRNA levels in comparison to the no-ZF cells, and the
decrease in SOX2 mRNA levels was maintained after withdrawal of doxycycline for 9 days (Fig.
1B). Thus, ZF-DNMT3A methylates its target region and results in long-term repression of the
SOX2 gene. Interestingly, transcriptional repression is maintained in dox-withdrawn cells
despite the loss of over half of the induced methylation.

ZF-DNMT3A displays widespread off-target binding and methylation

Given the G/C-rich characteristics of the intended SOX2 promoter target binding site, the
propensity of ZF domains to bind sites with similar sequences to their intended target *° as well
as G/C rich sequences in general *°), and the prevalence of CpG-rich regulatory regions (e.g.
gene promoters and enhancers), the ZF-DNMT3A protein could potentially bind to and deposit
DNA methylation at many regions throughout the genome. Indeed, further analysis of the
ZF-DNMT3A ChlP-seq data identified 25,142 off-target binding sites throughout the genome
(FDR < 0.05). These off-target binding sites were found in gene promoters, active enhancers,
gene bodies, and intergenic regions (Fig. 1C, Supplemental Table S1).

The measured global methylation levels of the empty vector dox-induced and the ZF-DNMT3A
dox-induced cells in the CpH (H = A,T or C) sequence context was equal to the bisulfite
non-conversion rate of 0.5%, indicating that the fusion construct was not broadly altering CpH
methylation in the genome. In contrast, global methylation levels of the empty vector
dox-induced and the ZF-DNMT3A dox-induced cells in the CpG sequence context were 0.63
and 0.682 respectively, constituting a 0.052 increase in CpG methylation in the ZF-DNMT3A
dox-induced cells. Consequently, we focused further analyses on DNA methylation in the CpG
context.

Comparison of the empty vector dox-induced and ZF-DNMT3A dox-induced WGBS data
revealed 10,356 differentially methylated regions (DMRs) in the CpG dinucleotide context. 38%
of the identified DMRs overlapped with gene promoters (+/- 2 kb of a transcriptional start site),
and 27% were located in gene bodies, a small fraction (6%) of the DMRs were found in
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transcriptional enhancers (H3K4me1/H3K27ac modified chromatin), and 30% were in intergenic
regions not corresponding to enhancers (Fig. 1D, Supplementary Table S2). Notably, only 35%
of the DMRs intersected with the ZF-DNMT3A ChlP-seq peaks (Fig. 1F). While there was an
enrichment of ZF-DNMT3A ChlP-seq signal in the in a majority of DMRs, many DMRs showed
no detectable binding of ZF-DNMT3A (Fig. 1G), suggesting that ZF-DNMT3A may induce
off-target methylation in the absence of apparent strong and persistent binding by the protein or
that some changes in methylation occurred as a response of phenotypic changes in the cells.

While the boundaries of a DMR are normally defined by a genomic interval of induced
methylation, an alternative approach is to define the boundaries of a region of interest by an
unmethylated genomic interval flanked by methylated DNA in empty vector dox-induced cells,
such as the promoter region of a gene. This allows for the measurement of the induction DNA
methylation in ZF-DNMT3A dox-induced cells across an entire gene promoter as opposed to
just a portion of it as in the case of DMRs. To perform this analysis, we first identified 15,911
unmethylated regions (UMRs) in the empty vector dox-induced cells. UMRs are defined as
unmethylated regions that contain a high CpG dinucleotide density and at least 30 CpG
dinucleotides *'. As expected, most (77%) of the UMRs are found within 2 kb of an annotated
transcriptional start site and 82% overlapped with CpG islands (CGls, Fig. 1E, Supplementary
Table S3). These identified UMRs, along with the identified DMRs, were used to analyze the
effects of the widespread binding and induction of DNA methylation by ZF-DNMT3A.

ZF-DNMT3A broadly induces methylation at DMRs and UMRs

To gain more detailed insights into the nature and extent of DNA methylation induced by
ZF-DNMT3A, we compared the fraction of methylated CpG dinucleotides in each DMR in empty
vector dox-induced, ZF-DNMT3A dox-induced, and ZF-DNMT3A dox-withdrawn cells (Fig. 2A
and 2C). An increase in DNA methylation is observed in 99.9% of DMRs identified in the
ZF-DNMT3A dox-induced cells, with only 12 DMRs losing DNA methylation. To assess whether
the retention of DNA methylation correlated with the baseline level of methylation in the absence
of ZF-DNMT3A, we focused upon DMRs with low (< 0.1) and high (> 0.3) initial levels of
methylation in empty vector dox-induced cells. Upon doxycycline induction and subsequent
withdrawal in ZF-DNMT3A cells, 66% of DMRs that had low initial methylation level returned to
their baseline levels after doxycycline withdrawal (AmCG <0.1; Fig 2B and 2C). In contrast, only
8.2% of DMRs that had initial DNA methylation levels of greater than 0.3 in the empty vector
dox-induced sample were returned to their initial levels (AmCG <0.1) after doxycycline
withdrawal. This illustrates that DMRs with a higher initial DNA methylation level in the empty
vector dox-induced cells more frequently retained DNA methylation after the withdrawal of
ZF-DNMT3A.

In a similar fashion, we also assessed the ZF-DNMT3A induced DNA methylation in the UMRs
identified in empty vector dox-induced cells (Fig. 2D-F). As expected, nearly all UMRs have very
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low levels of DNA methylation in the empty vector dox-induced cells. Upon expression of
ZF-DNMT3A, 67.6% of UMRs exhibited a AmCG > 0.1. However, nearly all of these UMRs lost
the induced DNA methylation in the ZF-DNMT3A dox-withdrawn cells, suggesting that an
inherent property of UMRs leads to the loss of DNA methylation in the absence of ZF-DNMT3A.

Given the observation that UMRs lose DNA methylation in the absence of ZF-DNMT3A, and
that most UMRs are located in the promoters of genes, we wanted to assess the association of
DMRs with different active chromatin states, and in particular, to determine whether the
presence of H3K4me3 was associated with DMRs that were more prone to the loss of
methylation in the ZF-DNMT3A dox-withdrawn cells. We therefore performed ChIP-seq of
H3K4me3 in ZF-DNMT3A no-dox cells and ZF-DNMT3A dox-induced cells. As observed with
forced DNA methylation in UMRs, DMRs at sites enriched for H3K4me3 in ZF-DNMT3A
dox-induced cells are largely lost upon doxycycline withdrawal (Fig. 2G, top DMRs), whereas
DMRs not enriched for H3K4me3 (Fig. 2G, bottom DMRs) exhibit higher retention of DNA
methylation. Specifically, 78% of the top quartile of DMRs in dox-withdrawn cells sorted by
H3K4me3 signal returned to similar methylation levels (AmCG < 0.1 compared to the empty
vector dox-induced) in dox-withdrawn cells, whereas in the bottom quartile of H3K4me3 marked
DMRs,only 14% returned to AmCG < 0.1 in dox-withdrawn cells.

To determine whether putative enhancers were also associated with the loss of DNA
methylation, we ranked the DMRs not associated with H3K4me3 by the level of H3K4me1 that
they exhibited (Fig. 2H). The correlation between H3K4me1 and the loss of induced DNA
methylation is less pronounced than for H3K4me3. Specifically, 9.6% of DMRs in the highest
quartile of H3K4me1 binding returned to near baseline levels of DNA methylation (AmCG < 0.1
compared to empty vector dox-induced) in dox-withdrawn cells versus 3.2% in the bottom
quartile. Thus, we do not observe any evidence that the presence of H3K4me1 correlates with
loss of DNA methylation after removal of ZF-DNMT3A from the cells.

ZF-DNMT3A methylates DNA associated with active chromatin marks and transcription

Previous studies have reported that mC and H3K4me3 are, for the most part, mutually exclusive
epigenetic marks in CpG-rich regions *, and that H3K4me3 may protect against cytosine
methylation *. However, it is not known whether forced mC deposition is sufficient to induce the
loss of H3K4me3. Analysis of H3K4me3 ChlP-seq read density within +1 kb of all DMRs with a
AmCG > 0.2 between ZF-DNMT3A no-dox and dox-induced cells revealed only a very slight
decrease in H3K4me3 signal after induction of ZF-DNMT3A (Fig. 3A-B, Supplemental Fig. S1).
The two data sets were normalized by peak height in H3K4me3 peaks that had a AmCG < 0.2
between the no-dox and dox-induced cells (Fig. 3A, bottom). While DMRs only contain regions
that have at least a AmCG of >0.2 upon doxycycline induction, UMRs display a broad range of
induced methylation with many that are not methylated by ZF-DNMT3A. For this reason, we
looked at the correlation between H3K4me3 binding and DNA methylation in UMRs. However,
the decrease in H3K4me3 signal did not correlate with the level of induced methylation (Fig.
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3C), suggesting that DNA methylation has minimal, if any, effect on H3K4me3 modification in
the UMRs.

Because of the limited sensitivity of ChlP-seq and the possibility that there could be a
heterogeneous population of loci with methylated and unmethylated DNA molecules, we sought
to directly measure the level of DNA methylation in H3K4me3-modified chromatin using
ChIP-bisulfite-sequencing *%¢. For this analysis, UMRs were favored over DMRs in order to
incorporate DMR-adjacent unmethylated sequences which, in theory, could bind factors ejected
from DMRs. We identified 6,392 H3K4me3 ChIP-seq peaks from both ZF-DNMT3A dox-induced
cells and ZF-DNMT3A no-dox cells that overlapped with UMRs that had a AmCG > 0.2 across
the entire UMR region upon induction of ZF-DNMT3A. In DNA purified from K4me3 ChlIP upon
induction of ZF-DNMT3A, 21% of cytosines within these 6,392 peaks were methylated,
demonstrating that these bivalent modifications can exist simultaneously at the same site upon
forced methylation (Fig. 3D).

We also sought to determine if the initiated form of RNA polymerase Il (phospho-ser5) was able
to bind DNA methylated by ZF-DNMT3A. ChlP-bisulfite-sequencing "' was performed with an
anti-phospho-ser5 RNA polymerase Il antibody. Analysis of UMRSs that exhibited a AmCG > 0.2
between the ZF-DNMT3A no-dox and ZF-DNMT3A dox-induced cells and intersected with a
phospho-ser5 RNA polymerase |l ChlP-seq peak revealed that, similar to H3K4me3, there was
a small decrease in the median DNA methylation level from 0.29 in genomic DNA to 0.23 in the
phospho-ser5 ChIP-purified DNA. Importantly there was a clear direct association of initiated
RNA polymerase Il with ZF-DNMT3A methylated DNA (Fig. 3E). These data show that forced
DNA methylation is not sufficient to prevent the deposition of H3K4me3 or binding of
phospho-ser5 RNA polymerase |l to the methylated DNA.

ZF-DNMT3A induced methylation does not require DNA replication for its removal

A time course experiment was performed to gain insights into the durability of forced DNA
methylation after removal of ZF-DNMT3A. Cells were harvested every 24 hours during the
induction period and subsequent withdrawal of doxycycline, and HA-tagged ZF-DNMT3A
protein levels were quantitated over time by western blotting. Prior to doxycycline induction, a
band is visible at the molecular weight of ZF-DNMT3A, which could either be from leaky
expression of the ZF-DNMT3A construct or a non-specific protein (Fig. 4A). The level of any
potential leaky expression has minimal effect on methylation levels in DMRs, as observed by
comparing the methylation levels in DMRs between ZF-DNMT3A cells treated with and without
doxycycline (Supplemental Fig. S2A). In addition, PCA analysis of RNA-seq data from
empty-vector dox-induced, ZF-DNMT3A no-dox, and ZF-DNMT3A dox-induced cells also shows
that empty vector dox-induced and ZF-DNMT3A no-dox cells cluster more closely to each other
than to ZF-DNMT3A dox-induced cells (Supplemental Fig. S2B). ZF-DNMT3A protein is strongly
expressed 1 day after the addition of doxycycline and returns to undetectable/baseline levels 1
day after the doxycycline withdrawal (Fig. 4A).
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In order to measure the methylation dynamics of 7 representative gene promoters which, upon
dox induction, showed strong local increases in methylation, we performed targeted bisulfite
sequencing across daily timepoints through dox induction and withdrawal (Fig 4B, Supplemental
Fig. S3). All 7 promoters showed a robust increase in methylation under ZF-DNMT3a induction
and a return to near baseline methylation levels 5 days after the removal of doxycycline. Thus,
both WGBS (Fig. 2A,B) and targeted bisulfite sequencing analyses demonstrate that forced
DNA methylation by ZF-DNMT3A is at every site tested, not stably maintained in the absence of
the ZF-DNMT3A protein.

The loss of the induced DNA methylation following removal of doxycycline and ZF-DNMT3A
could be the result of passive loss of DNA methylation through the lack of its maintenance after
DNA replication, or the result of active removal of DNA methylation by a mechanism such as
TET dioxygenase-mediated demethylation *. To determine if loss of DNA methylation occurred
through an active or passive process, we grew ZF-DNMT3A cells in the presence of doxycycline
for 3 days, after which the media was changed to doxycycline-free media containing either
Lovastatin, RO-336 or thymidine at concentrations previously shown to inhibit the cell cycle of
MCF-7 cells (Lovastatin and thymidine) or HelLa cells (RO-336) %%, To assess the
effectiveness of Lovastatin, thymidine and RO-336 in the ZF-DNMT3A cell line, we treated
ZF-DNMT3A cells with each drug for 48 hours and determined the percentage of cells in the G1,
S and G2/M phases of the cell cycle by DNA staining with propidium iodide. Lovastatin
treatment resulted in an increase in the percentage of cells in G1 from 44.4% to 71.5%, while
RO-336 resulted in an increase from 24.2% to 57.1% of cells in G2/M. While thymidine caused
a decrease in the percentage of cells in S-phase, a clear shift within S-phase to cells near the
S-G2 transition as compared to the untreated cells was observed (Supplemental Fig. S4A,B).
However, these compounds had very little effect on the loss of DNA methylation (Fig. 4C,
Supplemental Fig S4C). For example, after 5 days of doxycycline withdrawal, 88-100% of the
DNA methylation at the 7 loci analyzed was lost in the cells treated with the three cell cycle
inhibitors, as compared to the untreated cells, indicating that the DNA methylation deposited by
ZF-DNMT3A is actively removed.

The most thoroughly documented mechanism to actively remove DNA methylation operates via
the TET family of dioxygenase proteins, which proceed through a 5-hydroxymethylcytosine
(hmC) intermediate*’. Therefore, we identified sites of hmC genome-wide by
Tet-Assisted-Bisulfite-sequencing (TAB-seq) “? in ZF-DNMT3A cells with and without
doxycycline induction. We observed a significant increase (p-value < 2.2 x 107, Wilcoxon
signed rank test) in hmC levels in the DMRs upon doxycycline induction of ZF-DNMT3A (Fig.
4D, Supplemental Fig. S1A). We also observed a significant enrichment (p-value < 2.2 x 107,
Wilcoxon signed rank test) in hmC in a 150 bp window centered at the DMRs compared to a
150 bp window 2.5 kb upstream of the DMR center in ZF-DNMT3A dox-induced cells and no
significant (p-value 0.29, Wilcoxon signed rank test) enrichment in the same regions in
ZF-DNMT3A no-dox cells (Fig. 4E). Taken together with the observation that the loss of
ZF-DNMT3A induced methylation does not require DNA replication, this strongly implicates the
TET proteins in the active removal of ZF-DNMT3A induced methylation.
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ZF-DNMT3A fails to repress the genes of many promoters that it methylates

Forced DNA methylation by artificial epigenetic modifiers fused to DNMT3A have previously
been shown to downregulate transcription and have been proposed as systems to silence
disease-associated genes '>'*'°.  However, the efficacy of such targeted DNA
methylation-induced silencing and the fraction of genes at which forced DNA methylation is
sufficient to induce silencing are unknown. We compared the increase in DNA methylation in
UMRs found within 2 kb of a transcriptional start site with the steady state mRNA levels in cells
expressing or not expressing ZF-DNMT3A. Of the 700 genes with associated UMRs that had a
AmMCG > 0.4 between the empty vector dox-induced and ZF-DNMT3A dox-induced cells, 80%
exhibited a decrease in mRNA levels. Conversely, of the 1,758 genes with associated UMRs
that had a AmCG < 0.1, only 37% had a decrease in mRNA levels, showing a clear relationship
between DNA methylation and repression of the associated gene (Fig. 5A, Supplementary
Table S4). However, of the repressed genes, the decreases in transcript abundance were
mostly small (<2-fold), and furthermore, of the 1,985 genes with an associated UMR with a
AmCG > 0.3, 420 showed either no decrease or a gain in mRNA abundance. (Fig. 5B-C,
Supplemental Fig. S5). We also did not observe any correlation between the ability of
ZF-DNMT3A to repress transcription with the expression level of the gene (Supplemental Fig.
S6A-B, upper panels), the number of CpG dinucleotides in the UMR (Supplemental Fig. S6A-B,
middle panels), or the CpG dinucleotide density in the UMR (Supplemental Fig. S6A-B, lower
panels). Overall, we observe a modest inverse correlation between the induction of DNA
methylation and RNA transcription, suggesting that DNA methylation on its own is frequently
insufficient to silence gene transcription.

Because ZF-DNMT3A does not induce 100% methylation throughout the UMRs, there exists the
possibility that there are two distinct populations of cells: one in which a promoter remains
unmethylated and the transcription of the associated gene is not repressed and another
population where the promoter of the gene is methylated and the gene is silenced. To address
this issue, we performed RNA-fluorescence in-situ hybridization (RNA-FISH) with probes to the
GAPDH and PSME1 mRNAs. These two genes were chosen for closer scrutiny because they
had UMRs that were strongly methylated by ZF-DNMT3A and showed no reduction in mRNA
levels upon ZF-DNMT3A expression (Fig. 5C). The cells were then sorted by FACS into high
and low subpopulations according to the expression of GAPDH or PSME1, as measured by the
RNA-FISH signal. Notably, in both cases the unsorted cells showed a normal distribution, as
opposed to two distinct subpopulations (Fig. 6A and 6D). FACS reanalysis of the sorted cells
(Fig. 6A and 6D), in addition to RT-qPCR (GAPDH) or RNA-seq (PSMET), confirmed that
RNA-FISH was effective for isolating subpopulations of cells exhibiting high and low levels of
the targeted mRNA (Fig. 6B and 6E). Analysis of DNA methylation levels in the promoter
regions by targeted bisulfite sequencing of the different sorted populations revealed that, for
both promoters, DNA methylation levels were very similar in low expressing and high expressing
cells (Fig 6C,F,G). The only exception to this was two adjacent cytosines in the PSME1
promoter region showing higher (AmCG > 0.2) methylation in the PSME1 low expressing cells
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(indicated with red arrowheads). Overall this data further supports the model whereby DNA
methylation in gene promoters often does not result in transcriptional repression.

To explore the possibility that there is a subpopulation of DNA molecules that are resistant to
methylation by ZF-DNMT3A we analyzed the distribution of methylation in single DNA
molecules. To this end, we analyzed the distribution of DNA methylation in WGBS reads from
ZF-DNMT3A dox-induced cells that contained >10 cytosines in the CpG context and aligned to
DMRs. We further sub-selected for reads aligned to regions that had aggregate methylation
levels of 0.4-0.6 (MCG/CG) in ZF-DNMT3A dox-induced cells and <0.1 (mCG/CG) in
empty-vector dox-induced cells. Of 16,159 reads analyzed from the ZF-DNMT3A dox-induced
cells, only 20% (3,224 reads) were unmethylated or had a low fraction of methylated cytosines
(mCG/CG < 0.15). In contrast, 80% of the reads (12,935 reads) from ZF-DNMT3A dox-induced
cells were modestly to completely methylated (mCG/CG 0.15-1), with most exhibiting a robust
gain of methylation (mCG/CG > 0.4 and < 0.8, Fig. 6H, red line). The genomic coordinates of
each read were used to calculate the aggregate methylation in ZF-DNMT3A dox-induced cells
of each read interval (Fig. 6H, blue line). While there is a broader distribution of methylation on
single DNA molecules than the average, this observation does not support the hypothesis that
there is a large population of DNA molecules that were not methylated by ZF-DNMT3A. Thus,
the inability of ZF-DNMT3A to induce transcriptional silencing at a large number of promoters is
due to the inability of DNA methylation on its own to induce transcriptional silencing.

Discussion

In recent years there have been substantial efforts to alter the epigenomic state of promoters in
order to stably silence their associated genes. Targeted approaches to alter DNA methylation,
which is commonly considered a stable epigenetic mark, are being explored for both research
and potential clinical applications '°. However, very little is known about the stability of a change
in DNA methylation state when it is artificially induced at a locus in the genome. In fact, reports
that look at the durability of artificially induced DNA methylation show different outcomes 622,
Several studies using ZF, TALE, or dCas9-based targeting of DNA methylation have reported
moderate transcriptional repression by artificially induced DNA methylation '214-16.1921-2343 'pt jt
remains far from clear whether DNA methylation alone can generally induce chromatin
compaction and transcriptional silencing of nearby genes. Thus, investigations are required to
broadly assess the stability of induced DNA methylation and its effects upon chromatin and
transcription.

In this study we performed a series of high-throughput genome-wide experiments to profile the
effects of forced DNA methylation on thousands of regions in the human genome. We observed
that after methylating the DNA at gene promoters, there is very little, if any, change in the
association of H3K4me3 with methylated DNA, showing that DNA methylation on its own is not
sufficient to reconfigure DNA into a stable heterochromatinized state. Furthermore, we observed
that DNA methylation is quickly lost at nearly all promoters in the absence of the artificial
methyltransferase.
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The classical model of how the DNA methylation landscape is broadly established and
maintained is that the genome is methylated in early development by the de novo DNA
methyltransferases (DNMT3A/B), and these patterns are maintained by the maintenance
methyltransferase DNMT1, which methylates hemi-methylated CpG sites after DNA replication.
The discovery of the TET proteins, which actively demethylate 5-methylcytosine through a
5-hydroxymethylcytosine intermediate, prompted the refinement of the classical model.
Nevertheless, it is not entirely clear how the CpG-rich regions associated with transcriptional
start sites establish and retain their unmethylated state in a genome that is almost entirely
methylated in the CpG context °*. It has been proposed that the de novo DNA
methyltransferases are excluded from these regions *#°. However, this cannot be the only
process, because aberrant methylation deposited in CpG islands would require a proofreading
mechanism to prevent the entire genome from drifting towards a fully methylated state.

Our observations that DNA methylation is actively removed from the promoters of genes and the
presence of increased levels of 5-hydroxymethylcytosine in areas forcibly methylated by
ZF-DNMT3A support a model whereby CpG islands are also protected from DNA methylation by
the surveillance of the TET proteins “°#’. This is in agreement with the observation that the
CxxC domains of the TET1 and TET3 proteins specifically bind to CpG dinucleotides with a
slight preference for the unmethylated state ***°. Another important observation is that while
induction of the ZF-DNMT3A protein resulted in large increases in DNA methylation, it never
resulted in full methylation of an entire promoter region. The broad distribution of methylation
states that we observed in individual reads suggests that while the ZF-DNMT3A protein is
methylating a locus, TET proteins could simultaneously be catalyzing its demethylation.

Another important aspect of this work is the lack of effective gene silencing by ZF-DNMT3A
induced DNA methylation, even at genes that accumulate high levels of DNA methylation in
their promoters. While DNA methylation is clearly an important epigenetic mark, there is very
little direct evidence that on its own it is sufficient to block transcription or force DNA into a
compacted, heterochromatinized state. It has been observed that DNA methylation follows
transcriptional repression during development, suggesting that it is a reinforcing mark *'.
Notably, Amabile et al. recently observed that a TALE-DNMT3A fusion protein targeting the
B2M gene had minimal effects upon transcription in transfected human cells ?. However, when
DNMT3A, DNMT3L and KRAB domain proteins fused to TALE DNA binding domains were
targeted simultaneously to the B2M gene, a durable and long lasting silencing of the gene was
achieved. The KRAB domain recruits several epigenetic repressors including histone modifying
proteins and the nucleosome remodelling complex NuRD %2, The requirement of the
combination of the KRAB domain and DNA methylation to stably repress transcription, taken
together with our observation that DNA methylation is actively removed when deposited on
promoters and the recognition that DNA methylation often follows gene silencing in
development, suggests that active chromatin is protected against DNA methylation in part by
the TET proteins, and that more extensive changes to multiple DNA and histone modifications
are required simultaneously to affect changes in chromatin structure and gene expression.
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Here we show that the methylation of thousands of promoters in the human genome had, at the
most, moderate effects on gene transcription and frequently resulted in no detectable repression
of gene expression. Furthermore, DNA methylation did not promote the loss of the active
histone mark H3K4me3 and methylation deposited by an artificial epigenetic modifier was
actively removed, most likely by the TET proteins. Our results not only support a model by which
the cell maintains the CpG-dense regions around transcription start sites in the unmethylated
state, but also highlights potential technical barriers to the remodelling of the epigenome using
artificial epigenetic modifiers.
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Materials and Methods

Cell culture

The MCF-7 ZF-DNMT3A and MCF-7 empty vector cell lines are previously described . Cells
were grown in MEM a nucleosides (Life Technologies) supplemented with 0.075% sodium
bicarbonate and 10% tetracycline-free fetal bovine serum (Clonetech). Doxycycline inductions
were performed by adding doxycycline to a final concentration of 100 ng/ml.

Propidium iodide staining

Ten centimeter cell culture dishes with cells at 30% confluency were grown for 48 hours with or
without cell cycle inhibitors and harvested by incubation in PBS with 5 mM EDTA and spinning
at 900 x g in a swinging bucket rotor. The cell pellet was loosened by vortexing and ice cold
70% ethanol was added dropwise while vortexing and then incubated on ice for 1 hours. The
cells were spun at 900 x g for 5 minutes in a swinging bucket rotor and washed twice by
resuspending in PBS and spinning at 900 x g for 5 minutes. Finally, the cells were resuspended
in 100 ul PBS and 5 ul 100 mg/ml RNase A and incubated for 5 minutes at room temperature.
100 ul of 100 ug/ml propidium iodide was added and the cells were analyzed on a FACScanto.
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Whole Genome Bisulfite Sequencing by MethylIC-seq

Genomic DNA was extracted from cells using the Qiagen Blood and Tissue Kit according to the
manufacturer's instructions. 1 ug of genomic DNA was spiked with 0.5% (w/w) of unmethylated
lambda phage DNA for the calculations of the non-conversion rate and sheared with a Covaris
S2 sonicator to an average length of 200 bp. The sheared DNA was end-repaired, A-tailed and
ligated to methylated Illlumina TruSeq adapters and subjected to 4 cycles of PCR amplification
using KAPA HiFi Uracil+ DNA polymerase (KAPA Biosystems). 100 bp single-end sequencing
was performed on an lllumina HiSeq 1500. Reads were mapped to the human genome (hg19)
with the Bowtie alignment algorithm ** with the following parameters: -e 1120 —O 20 -n 1 as
previously reported *.

TAB-seq

Genomic DNA was isolated as described for MethylC-seq. TAB-seq libraries were generated
using the 5hmC TAB-seq kit (WiseGene) according to the manufacturer’s instructions.
5-hydroxymethylated pUC19 DNA (WiseGene) was used to estimate the protection of 5hmC by
B-glucosyltransferase and unmethylated lambda phage DNA was used to estimate the bisulfite
conversion rate. Single-end 100bp sequencing was performed on a HiSeq1500. Reads were
mapped as described for MethylC-seq.

RNA-seq

RNA was extracted from cells using the Qiagen RNeasy kit. 330 ng of total RNA was used to
generate libraries using the lllumina TruSeq Stranded mRNA kit according to the manufacturer's
instruction, except one-third of all reaction volumes were used and the final amplification used
10 cycles of PCR. Reads were mapped to the human genome assembly hg19 and
transcriptome using TopHat2 *°. Uniquely mapped reads were assigned to genes with
HTseg-count and differentially expressed genes and fold-change of expression was called with
DESeq2 **. FPKM values were calculated with CuffDiff2 . For all analyses only genes with
greater than 20 uniquely mapped reads were used.

ChlP-seq

Chromatin immunoprecipitation followed by next-generation DNA sequencing (ChIP-seq) for the
HA-tag (for HA-tagged ZF-DNMT3A localization), as well as for the H3K4me3 histone
modification was performed as described in %°,

ChlIP-bisulfite-sequencing

Two 15 cm plates of cells were grown and doxycycline induced for three days. Cells were
washed two times with 10 ml of PBS and crosslinked for 5 minutes in 50 mM HEPES-KOH, pH
7.5, 100 mM NaCl, 1mM EDTA, 1% formaldehyde. The crosslinking reaction was quenched by
the addition of glycine to a final concentration of 125 mM and washed two times with phosphate
buffered saline (PBS). All subsequent solutions were supplemented with a protease inhibitor
cocktail from Sigma (Cat. # P8340). Cells were scraped off the plates with a rubber policeman in
10 ml of PBS and spun at 3,000 rpm for 5 minutes in a swinging bucket rotor. The cell pellets
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were resuspended in 10 ml of 50 mM HEPES-KOH, pH 7.9, 140 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% NP-40, 0.25% Triton X-100, incubated on ice for 10 minutes and centrifuged at
3,000 rpm for 10 minutes in a swinging bucket rotor. Cell pellets were washed two times by
adding gently adding 10 mM Tris-HCI, pH 8.1, 200 mM NaCl, 1 mM EDTA to the cell pellets
trying not to disturb the pellets and centrifuged at 3,000 rpm for 5 min. Finally the cell pellets
were resuspended in 0.1% SDS, 1 mM EDTA and transferred to a Covaris TC12x12 tube. The
chromatin was sheared with a Covaris S2 sonicator with the following settings: Time 12 min,
duty cycle 5%, intensity 4, cycles per burst 200, temperature 4°C, power mode frequency
sweeping. Triton X-100 and NaCl were added to a final concentration of 1% and 150 mM
respectively. The sheared chromatin was centrifuged at maximum speed in a microfuge for 15
minutes at 4°C and the supernatant was transferred to a new tube. 2 ul of anti-H3K4me3
(Diagenode, Cat. # C15410003) or 4 ul of anti-phospho-SerS5 RNA polymerase antibody (Active
Motif, Cat. # 39233) was added and incubated overnight at 4°C. 30 ul of Protein G Dynabeads
(Life Technologies) was added and incubated on a tube rotator for 90 minutes at 4°C. The
beads were washed two times with 20 mM HEPES-KOH, pH 7.9, 0.1% SDS, 150 mM NacCl, 1%
Triton X-100 2 mM EDTA, two times with 20 mM HEPES-KOH, pH 7.9, 0.1% SDS, 500 mM
NaCl, 1% Triton X-100 2 mM EDTA, one time with 100 mM Tris-HCI pH 7.5, 0.5 M LiCl, 1%
NP-40, 1% Sodium Deoxycholate and one time with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA. The
DNA was eluted twice by incubating for 30 minutes in 25 ul of 20 mM HEPES-KOH, pH 7.9, 1
mM EDTA, 0.5% SDS, 0.5 mg/ml Proteinase K. To the 50 ul of eluted DNA, 3 ul of 3M Sodium
Acetate, pH 5.3 and 0.5 ul 30 mg/ml RNase A was added and incubated overnight at 65°C in a
hybridization oven. 1.5 ul of 20 mg/ml proteinase K was added and incubated for 1 hour at 50°C
and the DNA was purified with a 2X volume of a homemade version of AMPure XP beads and
eluted in 20 ul Tris-HCI, pH 8.0, 0.1 mM EDTA. Libraries were made with the Accel-NGS
Methyl-Seq DNA Library Kit (Swift Biosciences) according to the manufacturer’s instructions.
Reads were aligned and methylation was called as it was described for MethylC-seq above
except after adapter trimming 10 nt were hard cropped off the 3’ end of the read.

RNA fluorescence-in-situ-hybridization and FACS sorting

Cells were labeled with fluorescent probes to the GAPDH gene or the PSME1 gene using the
PrimeFlow RNA kit (eBiosciences) according to the manufacturer's instructions. Cells were
sorted into high and low expression populations on a FACS Aria2 by the Harry Perkins Cell
Sorting Facility. The sorted cell populations were aliquoted into two tubes for RNA and DNA
extraction.

RNA isolation and quantitation from FACS-sorted cells

RNA was extracted using the Qiagen RNeasy FFPE kit according the manufacturer’s
instructions. Exon spanning primers were designed to the GAPDH gene and RPL13A gene as
an internal control. RNA was reverse transcribed with gene specific primers using SuperScriptl|
(Life Technologies) and gPCR was performed on an LC480 thermocycler using KAPA SYBR
FAST DNA gPCR Master Mix (Kapa Biosystems). For the PSME1 high and low expressing
population, the RNA was quantitated by RNA-seq. Ribosomal RNA was depleted from the
sample using the RiboCop rRNA Depletion Kit (Lexogen) and libraries were generated with the
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TruSeq Stranded mRNA Kit (lllumina). The libraries were sequenced on an lllumina HiSeq 1500
with single-end 100 bp sequencing. The reads were adapter and quality trimmed with cutadapt
%8 and transcripts per million were calculated using Kallisto *°.

Bisulfite-PCR amplicon sequencing

DNA was extracted from FACS sorted cells and bisulfite converted with the EZ DNA
Methylation-Direct Kit (Zymo Research). PCR amplicons to the GAPDH and PSME1 promoters
were designed with methprimer and genomic DNA was amplified with 40 cycles of PCR using
EpiMark Hot Start Tag DNA Polymerase (New England Biolabs). PCR reactions were pooled
and purified with a homemade version of AMPureXP beads. 1 ug of pooled PCR products in
14.5 ul were phosphorylated by adding 15 ul 2X Quick Ligase Buffer (New England Biolabs) and
0.5 ul T4 polynucleotide kinase (New England Biolabs) and incubating at 37°C for 30 minutes.
lllumina TruSeq adapters synthesized by IDT and annealed by heating to 99°C and slow cooling
to 20°C were ligated to the phosphorylated PCR products by adding 3.75 ul 10 uM annealed
TruSeq adapters, 10 ul 2X Quick Ligase Buffer (New England Biolabs) and 6 ul water. The
ligation reactions were incubated at 25°C for 20 minutes and stopped by adding 2 ul 0.5 M
EDTA. The DNA was purified by adding 20.8 ul (0.4 volumes) of homemade AMPure XP beads.
The libraries were subjected to single-end 300 bp sequencing on the lllumina MiSeq. The reads
were adapter trimmed with cutadapt and aligned to the human genome (hg19) with BS-Seeker2
% and bowtie2 °'. Methylation was called using bs-seeker2.

DNA methylation data analysis

DMRs between MCF-7 empty vector doxycycline induced cells and MCF-7 ZF-DNMT3A
doxycycline induced cells were called using the software package DSS ®. DSS was run on the
data with a low p-value cutoff to obtain the DMR boundaries with the following parameters:
smoothing=TRUE, smoothing.span=500, delta=0.1, p.threshold=0.05, minCG=4,
dis.merge=1000, minlen=100, pct.sig=0. To obtain a more stringent set of DMRs, DSS was run
a second time with the same parameters, except the p-value threshold was decreased to 0.005.
DMRs from the less stringent set that were also found in the more stringent set were used as
the final set of DMRs for subsequent analyses.

UMRs in MCF-7 empty vector doxycycline induced cells were called using the software package
methylSeekR ' with the FDR cutoff set to 5. To filter UMRs that were called in large
hypomethylated regions, UMRs that were within 40 kb were merged into single genomic
intervals. The resulting set of genomic intervals were filtered for regions that were larger than
20kb and had an average methylation of less than 30%. UMRs form the original set that did not
overlap with the UMRs from large unmethylated regions were used for further analyses.

Methylation levels in DMRs and UMRs were calculated by dividing the sum of C base calls in
the genomic interval by the sum of C + T base calls in the genomic interval, for all C bases in
the reference genome in the interval. Methylation heatmaps were made by dividing DMRs into
100 bp bins and calculating sum of C base calls in the genomic interval by the sum of C + T
base calls in each bin. The resulting matrix was plotted with MeV 5. Smooth scatter plots were
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made with the smooth.scatter R function. All other plots were made with ggplot2 in R. Replicate
methylomes were compared by selecting DMRs that had at least 20 base calls in all samples
and plotting the resulting heatmap with the R function p.heatmap using the default parameters.

UMRs were assigned to genes by calculating the distance of the UMRs to the nearest
transcriptional start site annotated by UCSC ® with the closestBed function of the BEDTools
software package ®°. UMRs that were fell within 2 kb of a transcriptional start site were assigned
to the respective gene.

ChlIP-seq and ChlIP-bisulfite-sequencing data analysis

For ChlP-seq reads were mapped with the bowtie software package and non-uniquely
mapped reads were discarded. For ChlP-bisulfite-seq reads were mapped and methylation was
called as described for MethylC-seq. Peaks were called using MACS1.4 . H3K4me3 peaks
from ZF-DNMT3A no-dox and ZF-DNMT3A dox-induced samples were combined and
overlapping peaks were merged to the outer boundaries of each peak. Heatmaps were
generated by dividing DMRs into bins of 50 bp and counting the reads in each bin. The resulting
matrices were plotted with MeV 3. ChlP-seq reads for H3K4me1 and H3K27ac in MCF-7 cells
were obtained from the GEO database (GSE38447) ¢,

53

Data access

DNA methylation, TAB-seq, ChiP-seq, and RNA-seq data for this publication can be accessed
at the Gene Expression Omnibus (GEQO) under the accession number (GSE102395) and viewed
in the following UCSsC genome browser session
(https://genome.ucsc.edu/cgi-bin/hgTracks?hgS_doOtherUser=submit&hgS_otherUserName=et
hanford&hgS_otherUserSessionName=FordEtAIBioRxiv2017).

Figure Legends

Figure 1. ZF-DNMT3A induces widespread DNA methylation. (A) Schematic representation
of the ZF-DNMT3A doxycycline inducible system. (B) Genome browser screenshot of the SOX2
locus. (C) Genomic distribution of identified ZF-DNMT3A binding sites. (D) Genomic distribution
of differentially methylated regions (DMRs) between empty vector dox-induced and ZF-DNMT3A
dox-induced cells. (E) Genomic distribution of unmethylated regions (UMRs) in empty vector
dox-induced cells. (F) Venn diagram showing the intersection of ZF-DNMT3A binding sites,
DMRs and UMRs. (G) Heatmap showing AmCG (left) and ZF-DNMT3A ChlIP signal in the
10,356 DMRs (right).

Figure 2. ZF589-DNMT3A induced DNA methylation is lost in the absence of the artificial
epigenetic modifier. Comparison of methylation levels in DMRs between (A) empty vector
dox-induced cells and ZF-DNMT3A dox-induced cells, and (B) between empty vector
dox-induced cells and ZF-DNMT3A dox-withdrawn cells. (C) Methylation levels of DMRs in
empty vector dox-induced, ZF-DNMT3A dox-induced and ZF-DNMT3A dox-withdrawn cells.
Comparison of methylation levels in UMRs between (D) empty vector dox-induced cells and
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ZF-DNMT3A dox-induced cells, and (E) between empty vector dox-induced cells and
ZF-DNMT3A dox-withdrawn cells. (F) Methylation levels of UMRs in empty vector dox-induced,
ZF-DNMT3A dox-induced and ZF-DNMT3A dox-withdrawn cells. (G) Heatmap of DMRs
showing DNA methylation, H3K4me3 read density, H3K4me1 read density and H3K27ac read
density ordered by H3K4me3 read density. (H) Heatmap of DMRs showing DNA methylation,
H3K4me3 read density, H3K4me1 read density and H3K27ac read density ordered by
H3K4me1 read density.

Figure 3. DNA methylated by ZF-DNMT3A is bound by H3K4me3 and phospho-ser5-RNA
polymerase Il. (A) Heat map showing H3K4me3 read density in DMRs with AmCG > 0.2 (top
panel) and AmMCG < 0.2 (bottom panel). (B) Scatter plot with trend line of normalized read
counts in DMRs with a AmCG > 0.2 from H3K4me3 ZF-DNMT3A no-dox ChlP-seq and
ZF-DNMT3A dox-induced ChlP-seq experiments. (C) Scatter plot comparing AmCG with the
change in normalized read counts from H3K4me3 ChlP-seq in ZF-DNMT3A no-dox and
ZF-DNMT3A dox-induced cells. (D) ChlP-bisulfite-sequencing in ZF-DNMT3A no-dox cells and
ZF-DNMT3A dox-induced cells with an anti-H3K4me3 antibody. (E) ChlIP-bisulfite-sequencing in
ZF-DNMT3A no-dox cells and ZF-DNMT3A dox-induced cells with an anti-phospho-ser5 RNA
polymerase Il antibody (right panel).

Figure 4. DNA methylation is lost in the absence of ZF-DNMT3A by an active process. (A)
Western blot showing the induction and loss of the ZF-DNMT3A protein upon doxycycline
induction and withdrawal. (B) DNA methylation levels in the DACH1 promoter region showing
the induction and loss of DNA methylation upon doxycycline induction and withdrawal. (C) The
effect of the cell cycle inhibitors Lovastatin, R0886 and thymidine on DNA methylation levels in
the DACH1 promoter region during doxycycline induction and withdrawal. (D) mC (left) and hmC
(right) levels in DMRs ordered by the change in fraction of hydroxymethylated CpG sites
between ZF-DNMT3A no-dox and ZF-DNMT3A dox-induced cells. (E) Heat map of hmC levels
+/- 2 kb of DMRs ordered by hmC density in ZF-DNMT3A dox-induced cells (left panel) or
ZF-DNMT3A no-dox cells (right panel).

Figure 5. Forced DNA methylation of gene promoters correlates with a minor reduction in
mRNA abundance. (A) Correlation between the change in DNA methylation levels in UMRs
and the change in mMRNA abundance of the associated gene upon induction of ZF-DNMT3A. (B)
Distribution of fold-change in mRNA levels in genes with an associated UMR with a AmCG >
0.3. (C) Genome browser screenshots of three genes with heavily methylated promoter regions
that have no reduction in mRNA abundance of the respective genes.

Figure 6. Cells sorted into high and low expressing subpopulations show similar levels of
DNA methylation. (A) Fluorescence distribution of cells stained with FISH probes targeting the
GAPDH mRNA before and after sorting by FACS. (B) RT-gPCR quantitation of GAPDH mRNA
after FACS sorting. (C) DNA methylation levels of single cytosines at the GAPDH promoter
region in the low (horizontal axis) and high (vertical axis) expressing GAPDH sorted cell
populations. (D) Fluorescence distribution of cells stained with FISH probes targeting the
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PSME1 mRNA before and after sorting by FACS. (E) RNA-seq quantitation of PSME1 mRNA
after FACS sorting. (F) Methylation levels of single cytosines at the PSME1 promoter region in
the low (horizontal axis) and high (vertical axis) expressing PSME1 sorted cell populations. (G)
Genome browser screenshots of the GAPDH (top) and PSMET (bottom) promoter regions
showing methylation levels in the low and high expressing GAPDH sorted cell populations. (H)
Per-read methylation levels of reads with ten or more cytosines in the CpG context that occur in
DMRs with an average fraction of methylated cytosines in the CpG context between 0.4 and 0.6
(blue line). Aggregate methylation levels from WGBS data of ZF-DNMT3A dox-induced cells for
read intervals (red line).

Supplementary Figure Legends
Supplemental Figure S1. (A) Genome browser screenshots of a representative locus showing
off-target DNA methylation by ZF-DNMT3A in the TMC6/TMC7 promoter regions.

Supplemental Figure S2. (A) Methylation levels in DMRs of biological replicates. (B) PCA plot
of biological replicate RNA-seq datasets.

Supplemental Figure S3. Kinetics of DNA methylation by ZF-DNMT3A expression and
withdrawal in the promoter region of six selected genes.

Supplemental Figure S4. Cell cycle inhibitors do not affect the kinetics of DNA
methylation by ZF-DNMT3A expression and withdrawal. (A) FACS analysis of cells stained
with propidium iodide with and without treatment with cell cycle inhibitors. (B) Cell cycle
distribution before and after drug treatment. (C) Shown are methylation levels during the time
course of doxycycline induction and withdrawal in the presence of the cell cycle inhibitors
Lovastatin (G1 block), thymidine (S-phase block), RO-336 (G2/M block) and untreated control.

Supplemental Figure S5. Genome browser screenshots showing DNA methylation levels and
RNA expression levels for genes with promoters that are methylated by ZF-DNMT3A but display
no decrease in steady state mMRNA levels upon expression of ZF-DNMT3A.

Supplemental Figure S6. (A) Repression of transcription by ZF-DNMT3A does not correlate
with expression level (top), number of CpG dinucleotides in UMR (middle) or CpG density in
UMR (bottom). (B) UMRs with a AmCG > 0.25 were divided into repressed and non-repressed
genes. Genes in the repressed and non-repressed categories were required to have a log2 fold
change of less than -1 or greater than -0.1 mRNA abundance between the no ZF and
ZF-DNMT3A dox-induced data sets respectively.
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