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Critical threshold levels of DNA methyltransferase 1
are required to maintain DNA methylation across
the genome in human cancer cells

Yi Cai,1,4 Hsing-Chen Tsai,2,3,4 Ray-Whay Chiu Yen,1 Yang W. Zhang,1

Xiangqian Kong,1 Wei Wang,1 Limin Xia,1 and Stephen B. Baylin1
1Department of Oncology, the Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, The Johns Hopkins University School
of Medicine, Baltimore, Maryland 21287, USA; 2Graduate Institute of Toxicology, National Taiwan University, Taipei, 10051,
Taiwan; 3Department of Internal Medicine, National Taiwan University Hospital, Taipei, 10002, Taiwan

Reversing DNA methylation abnormalities and associated gene silencing, through inhibiting DNA methyltransferases

(DNMTs) is an important potential cancer therapy paradigm. Maximizing this potential requires defining precisely how

these enzymes maintain genome-wide, cancer-specific DNAmethylation. To date, there is incomplete understanding of pre-

cisely how the three DNMTs, 1, 3A, and 3B, interact for maintaining DNA methylation abnormalities in cancer. By com-

bining genetic and shRNA depletion strategies, we define not only a dominant role for DNA methyltransferase 1

(DNMT1) but also distinct roles of 3A and 3B in genome-wide DNA methylation maintenance. Lowering DNMT1 below

a threshold level is required for maximal loss of DNAmethylation at all genomic regions, including gene body and enhancer

regions, and for maximally reversing abnormal promoter DNA hypermethylation and associated gene silencing to reex-

press key genes. It is difficult to reach this threshold with patient-tolerable doses of current DNMT inhibitors (DNMTIs).

We show that new approaches, like decreasing the DNMT targeting protein, UHRF1, can augment the DNA demethylation

capacities of existing DNA methylation inhibitors for fully realizing their therapeutic potential.

[Supplemental material is available for this article.]

There is a growing focus on the use of “epigenetic therapy” ap-
proaches in cancer (Baylin and Jones 2011; Azad et al. 2013) in-
cluding targeting the three enzymes that catalyze DNA
methylation, DNA methyltransferases (DNMTs) 1, 3A, and 3B to
reverse the DNA methylation abnormalities inherent to virtually
all cancer types (Baylin and Jones 2011; Shen and Laird 2013).
Optimally pursuing this requires a basic understanding of how
these proteins function to establish and especially maintain
DNAmethylation in cancer cells. To address themaintenance roles
for all three DNMTs in human cancer cells, one can take advantage
of expanding databases, gathered by ever deeper genome-wide
DNA methylation analyses of normal and tumor cells (Lister
et al. 2009; Varley et al. 2013; Roadmap Epigenomics Consortium
et al. 2015). Cancer of all types have widespread losses of DNA
methylation, some in large regional blocks (Baylin and Jones
2011; Berman et al. 2012; Hon et al. 2012), within which there
are simultaneous focal gains of methylation in normally nonme-
thylated CpG islands in gene promoters (Berman et al. 2012; Var-
ley et al. 2013). These latter can associate with abnormal gene
silencing of key tumor suppressor genes (Baylin and Jones 2011),
and both the gains and losses can involve other gene regulatory re-
gions, including gene bodies and enhancers (Blattler et al. 2014;
Yang et al. 2014) and chromatin insulator sequences (Flavahan
et al. 2016). By blocking DNMTs, the focal gains in cancer are po-
tentially reversed to allow reexpression of abnormally silenced
genes to reprogram cancer cells (Tsai and Baylin 2011; Easwaran

et al. 2014). For this purpose, two current inhibitors (DNMTIs),
5-azacytidine (5-AZA) and 2′-deoxy-5-azacytidine (DAC), have
been approved by FDA for use in a preleukemic syndrome, myelo-
dysplasia myelodysplastic syndrome (MDS) (Baylin and Jones
2011; Issa et al. 2015), and there are emerging signs for efficacy
in solid tumors also (Azad et al. 2013; Ahuja et al. 2014).

Themaintenance roles of the three biologically activeDNMTs
are somewhat different between normal embryonic stem cells
(ESC) from mice and humans (for summary, see Supplemental
Table S1; Chen et al. 2003; Li et al. 2015; Liao et al. 2015).
Genetic depletion of Dnmt1 in mouse ESC largely abolishes DNA
methylation, but cells survive as long asmaintained in an undiffer-
entiated state (Chen et al. 2003). Simultaneous genetic disruption
of de novo DNMTsDnmt3a and 3b in mouse ESC also leads to pro-
found losses of DNAmethylation, with cell passaging suggesting a
strong maintenance role for both enzymes (Chen et al. 2003; Li
et al. 2015). Yet, for human ESC, disrupting DNMT1 is lethal and
disrupting DNMT3A and 3B has a lesser impact for maintaining
DNA methylation (Liao et al. 2015). Results of disrupting DNMTs
in human colorectal cancer cells (CRC) has been both informative
and confusing (Supplemental Table S1; Rhee et al. 2000, 2002;
Chen et al. 2007) and initially challenged the classic view that
maintenance ofDNAmethylation inhuman cells is solely through
DNMT1. Thus,mostDNAmethylation remains intactwith genetic
disruption of DNMT1 (1KO cells) in HCT116 (CRC) cells (Rhee
et al. 2000). Simultaneously genetically disrupting DNMT3B in

4These authors contributed equally to this work.
Corresponding author: sbaylin@jhmi.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.208108.116.

© 2017 Cai et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date
(see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
nc/4.0/.

Research

27:533–544 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/17; www.genome.org Genome Research 533
www.genome.org

 Cold Spring Harbor Laboratory Press on June 10, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.208108.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.208108.116/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.208108.116/-/DC1
mailto:sbaylin@jhmi.edu
mailto:sbaylin@jhmi.edu
http://www.genome.org/cgi/doi/10.1101/gr.208108.116
http://www.genome.org/cgi/doi/10.1101/gr.208108.116
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/
http://www.cshlpress.com


this setting (HCT116 DKO cells), resulted in virtual depletion of
genomic DNA methylation, suggesting a strong maintenance role
for this enzyme (Rhee et al. 2002). However, subsequently, the
1KO cells actually were found to be severely hypomorphic for
DNMT1, containing ∼5%–15% levels of a truncated DNMT1 iso-
form that can apparently maintain the bulk of DNA methylation.
This raises questions of why the complete knockout of DNMT3B
in 1KOcells (HCT116DKO) removes virtually allDNAmethylation
(Rhee et al. 2002). Moreover, our attempts and those of others to
deplete DNMT1 in HCT116 and other
cancer cells suggested that key tumor
suppressor genes cannot be demethylat-
ed and/or reexpressed (Ting et al. 2004;
Chen et al. 2007), whereas others found
this is not the case (Robert et al. 2003).
Finally, the role of DNMT3A is important
to dissect because mutations in this pro-
tein are frequent in human leukemias
(Ley et al. 2010; Yan et al. 2011), but the
consequences for DNA methylation
maintenance are not fully clear.

To address the preceding questions,
wenowmatchgenetic and shRNAdisrup-
tion of DNMTs in cancer cells and map
the consequences for DNA methylation
and gene expression patterns. Finally,
wematch these resultswithwhat clinical-
ly relevant doses of DNMTIs can achieve
and, as a potential combinatorial cancer
treatment strategy, add to this the target-
ing of UHFR1, amajor protein for recruit-
ing DNMTs to DNA (Bostick et al. 2007;
Sharif et al. 2007; Rothbart et al. 2013).

Results

Role of DNMT1 threshold

in maintenance of DNA methylation

in cancer cells

In previous genetic knockout studies of
DNMT1 in human HCT116 CRC cells,
80% of DNA methylation is retained
(Rhee et al. 2000) through function of a
remaining truncated form of DNMT1
with 2%–6% residual DNMT activity
(Rhee et al. 2000; Egger et al. 2006;
Spada et al. 2007), including the cancer-
specific hypermethylation in promoters
of key tumor suppressor genes like
CDKN2A (Tinget al. 2004).Others report-
ed that DNMT1 depletion by anti-sense
RNA in HCT116 induced complete DNA
demethylation and reexpression of
CDKN2A (Robert et al. 2003). To further
explore DNMT1 maintenance of DNA
methylation, we first screened several
human CRC lines finding no correlation
of the widely different numbers of
cancer-specific hypermethylated genes
(Schuebel et al. 2007) with a wide range
of basal DNMT1 levels (Fig. 1A;

Supplemental Fig. S1A). The remaining truncated DNMT1 protein
in HCT116 DNMT1 hypomorph cells is about 15% or less of the
amount of wild-type DNMT1 in HCT116 parent cells (Fig. 1B).
Reducing levels of DNMT1, using effective shRNAs for 4–12 d,
(Fig. 1C, numbers 49 and 51) in HCT116 and other CRC, breast,
and lung cancer cells (Fig. 1D; Supplemental Fig. S1B), plus using
the same approach to further reduce levels of the truncated
DNMT1 protein in HCT116 1KO cells, resulted in a progressive, in-
cremental decline in overall DNA methylation relative to WT

Figure 1. Relationships of DNMT1 levels to themaintenance of DNAmethylation in colon cancer cells.
(A) Western blot analysis of DNMT1 in a panel of colorectal cancer cell lines: (ACTB) beta actin. (B)
Western blot analysis of DNMT1 and DNMT3B from HCT116 DNMT1 hypomorph cells (MT1hypo)
and compared to dilutions of extracts of wild-type HCT116 cells: (TUB) alpha tubulin; (DKO) HCT116
double knockout cells (carrying aDNMT1 hypomorph andDNMT3B knockout). (C) Western blot analysis
of DNMT1 in HCT116 cells subject to DNMT1 shRNA knockdowns: (NS) nonsilencing shRNA control. An
arrow denotes the DNMT1-specific band. (D) Genome-wide methylation profiles measured by Illumina
Infinium HumanMethylation450K array in HCT116 and RKO subjected to DNMT1 shRNA knockdown
(MT1sh51) for different lengths of time. The density plots include all probes on individual arrays for
each sample. The x-axis indicates β values: scores in the range between 0 and 1 indicating the level of
DNA methylation (lowest to highest = increasing DNA methylation). The y-axis indicates the probability
densities which describe the distribution of β values for all probes. (E) Western blot analysis of DNMTs in
MT1hypo and HCT116 cells subject to DNMT1 knockdowns with different shRNAs. (F ) DNAmethylation
analyses by Illumina Infinium HumanMethylation 450K array in HCT116 cells with decreasing DNMT1
levels shown in E. A whisker box plot of the resultant β values is shown (upper) with a heatmap of the
β values (lower). Note the step-wise reduction of DNMT1 that correlates with progressive demethylation.
The analysis includes methylated promoter CpGi (CpG island) probes with β values greater than or equal
to 0.75 in wild-type HCT116 cells.
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HCT116 cells (Fig. 1E,F).With the deepest reductionof the truncat-
ed DNMT1 in 1KO cells, extensive loss of DNA methylation oc-
curred in promoter, hypermethylated CpG islands, gene bodies,
and intergenic regions (Supplemental Fig. S1C), indicating thema-
jor role for DNMT1 in maintaining genomic DNA methylation.
Importantly, this very deep threshold for DNMT1 reduction is re-
quired to achieve, in HCT116 cells, DNA demethylation and reex-
pression of key tumor suppressor genes including CDKN2A. Thus,
for promoter CpG island sites with very high starting beta values of
0.75or greater for Infinium450probes, the frequencyof geneswith
increased expression jumps from 1% to 15% with beta value de-
creases of 0.4 or greater (Fig. 2A) as exemplified for hypermeth-
ylated genes in other human CRC cells (Fig. 2B,C). Examples
include the intestinal epithelium differentiating inducing tran-

scription factor GATA5, and the anti-WNT genes, SFRP1, and
SOX17 (Fig. 2A; Akiyama et al. 2003; Suzuki et al. 2004; Zhang
et al. 2008) and others (Supplemental Fig. S2A). Recently, we and
others found that DNMTIs produced demethylation and increased
transcription of endogenous retroviruses associated with up-regu-
lated expression of viral defense genes (Chiappinelli et al. 2015;
Roulois et al. 2015). These are involved in a pathway sensing cyto-
solic double-stranded RNA, and this drug effect has been termed
“viral mimicry” (Chiappinelli et al. 2015; Roulois et al. 2015).
Many of these viral defense genes show low basal expression in
DNMT1hypomorphcells, but are sharplyup-regulatedby reaching
a deeper, intermediate DNMT1 threshold in HCT116.MT1sh51.
d12 cells and also, but slightly less, with the deepest threshold
reached in MT1hypo.MT1sh51.d12 cells (Fig. 2D).

Figure 2. Effects ofDNMT1depletionongene expression in colon cancer cells. (A) Relationships of gene expression toDNAmethylation inHCT116 cells with
decreasing DNMT1 protein levels. The y-axis denotes changes in average β values for individual genes with respect to those in thewild-type HCT116 cells. Only
geneswith hypermethylated promoterCpG islands (β values≥0.75) inHCT116 cells are shown. The x-axis denotes log2 fold changes in gene expression relative
to the wild-type HCT116 cells. Numbers of demethylated and up-regulated genes are summarized in the lower table. Three known tumor suppressor genes—
SFRP1,GATA5 and SOX17—aremarked in the plot. (B) Western blot analysis of DNMT1 in colorectal cancer cell lines, DLD1, HT29, and RKO, followingDNMT1
knockdown using shRNAs of higher (sh51) and lower (sh49) efficiencies: (NS) nonsilencing shRNA control; (TUB) alpha tubulin. (C) Genome-wide gene
expression analyses of genes with promoter CpG island methylation in cell lines shown in B, subject to DNMT1 knockdowns. Genes with hypermethylated
promoter CpG islands (β values ≥0.75) in the parental lines are included in the analysis for each cell line. The x-axis denotes relative gene expression change
(log2 fold change of sh51 treatment/control) of the hypermethylated genes. The y-axis denotes log2 fold change of sh49 treatment/control of the hyper-
methylated genes. (D) Heatmap of log2 fold expression changes for viral defense genes (y-axis; see text for details of genes) in wild-type HCT116 or
MT1hypo cells treated with DNMT1 shRNA51 for 12 d. (E) Western blot analysis of CDKN2A and DNMT1 in HCT116 MT1hypo cells (upper) and RKO cells
(lower) at different time points following DNMT1 knockdown using shRNAs of higher (sh49) and lower (sh93) efficiencies: (NS) nonsilencing shRNA control.
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The threshold effect is especially dramatic for CDKN2A (also
known as p16), one of themost important tumor suppressor genes
frequently hypermethylated and silenced in cancer (Myöhänen
et al. 1998; Esteller et al. 2001). In HCT116 cells, this gene has
one unmethylated, expressed mutant allele producing no func-
tional protein and a fully methylated and silenced wild-type allele
(Myöhänen et al. 1998), whereas RKO cells have two hypermeth-
ylated, silenced alleles (Herman et al. 1995). In both cell types,
CDKN2A protein appears by day 7 when extremely low levels of
DNMT1 are achievedwith shRNA knockdown (Fig. 2E), then reach
a plateau from day 10 to day 14 before decreasing when DNMT1
protein rebounds on day 21 despite continued shRNA treatment
(Fig. 2E). These dynamics correlate well with bisulfite sequencing
of the CDKN2A promoter CpG island in RKO and HCT116
DNMT1 hypomorph cells showing decreases in DNA methylation
level by day 7, a nadir at day 14, and increases by day 21
(Supplemental Fig. S2B,C).

Role of DNMTs 3A and 3B in maintenance of DNA methylation

in CRC cells

Having firmly established a dominant role and threshold effects
for DNMT1 tomaintain DNAmethylation patterns in cancer cells,

what roles do DNMTs 3A and 3B play?We find their maintenance
role is minor but is operative at some specific sites. In previously
generated genetic knockouts of DNMT3B (3BgKO) (Rhee et al.
2002) and acutely generated CRISPR disruption of DNMT3A and
DNMT3B in HCT116 cells (Fig. 3A), overall loss of DNA methyla-
tion is dramatically less than in DKO or DNMT1 hypomorph
cells with DNMT1 shRNA knockdown (Fig. 3B). Only individual
CpG sites are affected in individual genes (Supplemental Fig.
S3A). Interestingly, hypomethylated sites can differ overall be-
tween 3A and 3B CRISPR KO cells (Fig. 3C); surprisingly, for the
two different 3A CRISPR knockout clones, there are as many, or
more, gains than losses in proximal promoter, gene body and
intergenic regions (Fig. 3D; Supplemental Figs. S3A,B, S4). In con-
trast, loss of 3B induces mostly DNA methylation losses at all of
these regions and losses fully dominate in the 3A/3B double
knockout cells (Fig. 3D), suggesting that DNMT3A may block sites
that DNMT3B could otherwise methylate. Although DNMT3A
and DNMT3B targets are overlapping since 35% of the probes de-
methylated in 3A KO cells are also demethylated in 3B KO cells,
there are distinct CpG sites for each (Fig. 3E). Finally >99% of ap-
proximately 4600 probes demethylated in either 3A KO cells or 3B
KO cells also get demethylated in MT1hypo.MT1sh51 cells (Fig.
3E). Thus, the maintenance of a subset of CpG sites requires

Figure 3. Effects of depleting DNMTs 3A and 3B onDNAmethylationmaintenance. (A)Western blot analysis of DNMTs in HCT116 cells subject to deple-
tion of DNMT3s using CRISPR (3AcKO, 3BcKO) or genetic knockout approach (3BgKO). DNMT3 double knockout cells are created by CRISPR knockout of
DNMT3A in 3BgKO cells (3BgKO.3AcKO). (B) Whisker box plots of DNAmethylation levels assayed by Infinium 450K array in HCT116 and the derivative cell
lines depleted of individual DNMTs (x-axis). All probes with β values greater than 0.75were included in the analyses. (C ) Hierarchical cluster analysis of DNA
methylation patterns in HCT116WT and DNMTmutant cells. Euclidean distancematrixes were used for the clustering based on complete linkage agglom-
erative algorithm. The top 10,000 most variable probes were included in the analysis. (D) Histograms of frequency distribution (y-axis) of differentially
methylated (Δβ≥ 0.2) Infinium 450K CpGi probes (x-axis) in DNMT3 knockout cells compared to the HCT116 parental cells. (E) Venn diagram of
Infinium 450K probes demethylated by DNMT1 shRNA knockdown (MT1hypo.MT1sh51), DNMT3A CRISPR knockout (common between
HCT116.3AcKO.1 and HCT116.3AcKO.2), and DNMT3B genetic knockout (HCT116.3BgKO). The analysis includes promoter probes with β values greater
than or equal to 0.75 in parental HCT116 cells and showing a decrease by more than 0.2 upon depletion of individual DNMTs.
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both DNMT1 and DNMT3s, since loss of any one of them will re-
sult in DNA hypomethylation. Similarly, in another human CRC
cell line SW480, again, DNMT3 deletions produce minor overall
gains and losses of methylation (Supplemental Fig. S5A–D).
However, for unknown reasons, unlike in HCT116 cells, both
gains and losses occur in single 3B KO and 3A/3B double KO cells
(Fig. 3D; Supplemental Fig. S5D). The ramifications for gene ex-
pression of disrupting 3A or 3B are also minimal, and both reduc-
tions and increases occur with little changes in DNA methylation
(Supplemental Fig. S3C). These latter changes may reflect that, as
for DNMT1, DNMTs 3A and 3B can affect gene expression
through scaffolding functions independent of their catalytic
sites (Bachman et al. 2001), and there may also be effects resulting
from secondary and tertiary changes induced in the DNMT3
knockouts.

One singularly defined function for DNMT3B concerns re-
ports that DNA methylation in gene body regions facilitates gene

expression for a small group of genes, and this activity is well
seen when DNMT3B is required for gene body remethylation after
DAC treatment (Yang et al. 2014; Baubec et al. 2015). However,
again, DNMT1 is the dominant protein for maintaining gene
body methylation, since only a few such sites are demethylated
by disruption of 3B alone (Fig. 4A,B), whereas shRNA knockdown
of DNMT1 in HCT116 DNMT1 hypomorph cells causes severe
gene body demethylation for genes with or without methylated
gene promoters (Fig. 4A,B; Supplemental Fig. S6A). Importantly,
in genes with high basal DNA methylation in both promoter
and gene body regions, promoter methylation plays a more dom-
inant role for transcriptional regulation, since genes with hyper-
methylated promoters have up- and not down-regulation. Also,
only a few genes with unmethylated promoters (Fig. 4C), includ-
ing thosemost highly expressed (Supplemental Fig. S6B), show de-
creased expression when gene body methylation is severely
reduced by DNMT1 depletion.

Figure 4. DNMT1 depletion disrupts gene body DNA methylation maintenance. (A) The top bars represent the percentages of gene body probes with
different basal DNA methylation values (β≥ 0.75) of intermediate (0.25 < β < 0.75) and low (β≤ 0.25) in genes with and without promoter CpG islands
(CpGi) in HCT116 cells. The pie charts represent promoter methylation profiles—high (average β≥ 0.75), intermediate (0.25 < β < 0.75), low (β≤ 0.25)
for genes with high gene bodymethylation. (B) Box andwhisker plots showingmethylation level decreases in HCT116 cells with the lowest DNMT1 thresh-
old (β values; y-axis) relative to wild-type HCT116 cells (x-axis designations). Changes in β values of promoter (upper) and gene body (lower) probes before
and after DNMT1 depletion are graphed for genes with (left) andwithout (right) promoter CpG islands, respectively. The analyses include four subgroups of
genes in HCT116: (M) methylated = average β≥ 0.75; (U) unmethylated = average β≤ 0.25. (C ) Numbers (percentages) of genes with expression changes
of twofold in HCT116 cells with the lowest DNMT1 threshold comparing to wild-type HCT116 cells. Genes are categorized based on their promoter and
gene body methylation status. (M) average β≥ 0.75; (U) average β≤ 0.25.
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Dissecting the molecular characteristics of HCT116 DKO cells

The deep reduction of DNA methylation in HCT116 DNMT1 mu-
tant cells is a passive loss not associated with any changes in
5-hydroxymethylcytosine (5-hmc) (Supplemental Fig. S7), a prod-
uct formed with active DNA demethylation. Since disruption of
DNMTs 3A, 3B, or both causesminimalmaintenancemethylation
changes, what then explains the severe loss of DNA methylation
when DNMT3B is deleted in the HCT116 DNMT1 hypomorph to
produce DKO cells? First, analysis of four of the eight original
DKO clones (Rhee et al. 2002) reveals that at the protein level,
DKO clones 2, 3, and 4, are virtually triple DNMT knockouts or
“TKO” cells. Thus, these have much lower DNMT1 protein levels
than even the DNMT1 hypomorph (1KO) cells (Supplemental
Fig. S8A) and also have virtual absence of DNMT3A (Supplemental
Fig. S8A). It is hypothesized this loss of DNMT3A results from the
fact that presence of DNA methylation is required for stability of
this protein (Sharma et al. 2011). The fourth clone, DKO8, as
shown previously (Rhee et al. 2002) has much higher DNA meth-
ylation than all the rest (Rhee et al. 2002) and, as found by others
(Egger et al. 2006; Sharma et al. 2011), a much higher level of the
truncated DNMT1 protein (Supplemental Fig. S8A,B). Importance
of truncated DNMT1 in these “TKO” cells is again illustrated for
the CDKN2A protein. As previously reported, CDKN2A is reex-
pressed in early passages of DKO2when its growth is starkly slower
than wild-type HCT116 cells, but is silenced again by passages 80
and beyond when these cells begin to grow much more rapidly
(Bachman et al. 2003). We now find these dynamics are fully ex-
plained by levels of truncated DNMT1 as its resilencing is accom-
panied by a marked increase in later passages of truncated
DNMT1 (Supplemental Fig. S8C). Moreover, if the DNMT1 levels
of late passage DKO cells are again reduced by DNMT1 shRNA
knockdown, levels of CDKN2A protein reappear proportional to
the degree of DNMT1 reduction (Supplemental Fig. S8D). Selected
other important genes are also down-regulated in late passageDKO
cells, although many are not (Fig. 2A).

When DNMT3A is completely disrupted with CRISPR tech-
nology in DNMT1 hypomorph cells, truncated DNMT1 levels re-
main the same (Supplemental Fig. S8F). In contrast, DNMT1
hypomorph cells with absent DNMT3B could not be obtained.
We hypothesize that the full DKO phenotype for clones 2, 3,
and 4 results from rare capture during selection for DNMT1 dele-
tion in the DNMT3B knockout cells, or the “TKO” cells defined
above. These have the very lowest levels of truncated DNMT1
and absence of DNMT3A. Only in these cells does simultaneous
disruption of 3B appear to play some role for DNA methylation
maintenance.

Maintenance of DNA methylation in enhancer sequences

In addition to the genomic regions queried above, DNA methyla-
tion may play regulatory roles for enhancer function (Ziller et al.
2013). Although these may be more complex than for promoters,
DNAmethylation is generally higher in inactive or poised enhanc-
ers and lower in active ones (Roadmap Epigenomics Consortium
et al. 2015). Enhancers in cancer cells can retain normal patterns
or acquire abnormal gains or losses of DNA methylation (Varley
et al. 2013) but the functional significance of these changes are
less well studied than those for proximal promoter sequences.
We matched DNA methylation at putative enhancer sequences
with expression of associated genes in HCT116 wild-type and
DKO cells (Blattler et al. 2014) with the histone mark, H3K4me1.
This lattermark is characteristically found alone as amark for inac-

tive and/or poised enhancers and H3K27ac—alone is more charac-
teristic of active enhancers (Creyghton et al. 2010; Roadmap
Epigenomics Consortium et al. 2015). For approximately 6600 of
these matches (Fig. 5A), most enhancer sequences, characterized
by either H3K4me1 alone or also having both above marks, have
high DNA methylation levels (Fig. 5B,C). In contrast, a group of
about 5500 enhancers (Fig. 5A) marked only by H3K27ac
(Creyghton et al. 2010) have dramatically lower DNAmethylation
levels (Fig. 5B,C). These have been noted to generally be active
enhancers (Creyghton et al. 2010) but have not been previously
associated with low DNA methylation. Moreover, these nonme-
thylated regions are distant from transcription start sites (TSS),
which often are H3K27ac-only marked regions (Supplemental
Fig. S9A,B), indicating they are putative distal enhancers. Impor-
tantly, for each aforementioned punitive enhancer, as in other ge-
nomic regions (Fig. 5D; Supplemental Fig. S9C), incremental
decreases in DNA methylation accompany incremental decreases
in DNMT1, with most methylation being severely disrupted in
HCT116 DNMT1 hypomorph cells treated with DNMT1 shRNAs
and in the DKO cells (Fig. 5D). Onlyminor changes occur with dis-
ruption of the other two DNMTs (Supplemental Fig. S9C).

Howdo cancer-specific gains in enhancers balancewith those
in promoter CpG islands for gene expression consequences? We
queried, for 617 genes in HCT116 cells, the DNA methylation sta-
tus of enhancer regions lying∼100 kb outside of proximal promot-
er regions that gain active H3K27ac marks in DKO cells (Blattler
et al. 2014) and split the associated genes into thosewith andwith-
out hypermethylation of their promoters (Fig. 5E). Although all of
these DNA methylated enhancer sequences equally lose DNA
methylation with decreasing DNMT1 levels and are predominant-
ly unmethylated inDNMT1 hypomorph cells treated withDNMT1
shRNAs (Fig. 5F), associated gene expression differs with the basal
status of methylation in CpG island and CpG poor promoters (Fig.
5G). Importantly, for CpG islandpromoters, thenumber of up-reg-
ulated genes significantly increases with both intermediate and
full methylation losses in the DNMT1 shRNA-treated cells (Fig.
5G). Also, the percentage of up-regulated genes within this sub-
group are significantly higher than for genes without methylated
promoters (Fig. 5G). In contrast, the percentage of up-regulated
genes does not increase significantly for non-CpG island genes
with methylated enhancers and promoters for intermediate or
full losses of DNA methylation (Fig. 5G). We interpret these find-
ings as suggesting that, in tumor cells, cancer-specific de novo
gene promoter CpG islandmethylationmay be dominant over en-
hancer methylation alone for maintaining abnormal transcrip-
tional repression of target genes.

Comparing levels of DNA methylation reduction by targeting

UHRF1 as a means to improve clinically relevant use of DNMTIs

A key translational question is how the previously mentioned de-
grees of DNA demethylation achieved with DNMT1 depletion
compares to that induced by DNMTIs currently used for cancer
management. All three DNMTs are blocked at their catalytic sites
by these drugs and also transiently degraded (Weisenberger et al.
2004). In the laboratory, high DNMTI doses can easily reverse
DNA methylation and reexpress many genes with abnormal pro-
moter CpG island DNA methylation (Schuebel et al. 2007).
However, such doses produce severe toxicities in the clinic (Issa
2005). Low, more clinically realistic doses can induce reprogram-
ming-like, anti-tumor effects in hematopoietic and solid tumor
cells, but the accompanying degrees of DNA demethylation are
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Figure 5. DNAmethylation profiles in gene enhancers. (A) InfiniumMethylation 450K (HM450) probes that overlap with putative enhancers marked by
either H3K27ac or H3K4me1. (B,C) DNA methylation levels of putative enhancers in HCT116 depicted in whisker box plots (B) and histograms (C). In B, β
values (y-axis) are matched to enhancer histone modification status as determined by ENCODE (encodeproject.org) (The ENCODE Project Consortium
2012) (x-axis). (D) DNAmethylation levels of poised enhancers (H3K4me1+ and H3K27ac−) in HCT116-derived clones with various DNMT1 protein levels.
The x-axis shows β values for wild-type HCT116 cells (range; first panel); the y-axis shows β values for DNMT1 knockdowns or knockouts and DKO cells. (E)
Flow chart for selection of putative enhancers stratified bymethylation analyses and that have been denoted by ENCODE to be poised in HCT116wild-type
cells and that became active in HCT116-DKO cells (Blattler et al. 2014). The putatively controlled genes for these enhancers (50 kb upstream or down-
stream) have been determined by informatics analyses outlined in the text. HM450 probes that are located within the poised enhancers and heavily meth-
ylated (β values ≥0.75) are included in the analyses. (F) Whisker box plots for methylation levels (y-axis) of poised enhancer probes (β values ≥0.75) in
HCT116 cells with different DNMT1 levels. Genes are grouped according to their promoter CpG islands andmethylation status. The yellow box represents
genes with methylated promoters (average β values ≥0.75), and the green box represents genes with unmethylated promoters (average β values ≤0.25).
(G) Percentage of genes (y-axis) with up-regulated (defined by being 1.4-fold or greater than basal values in wild-type HCT116 cells; dark blue portion of
bar) versus unchanged expression (light blue portion of bar) following the DNMT1 depletions outlined in F (shown at the tops of the panels). The analysis
included 617 genes defined in E. P-values, indicated by the bars in the panels, are calculated for Fisher’s exact test.
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low and likely very heterogeneously affect the total population of
hypermethylated alleles and their reexpression (Tsai et al. 2012;
Easwaran et al. 2014). This challenge for reversing cancer-specific
DNA hypermethylation with DNMTIs is seen for HCT116 cells
in a dose response of DAC for 48 h. DNA demethylation for hyper-
methylated promoter CpG island probes plateaus above 100 nM
(Fig. 6A; Supplemental Fig. S10A). Even a 1 µM dose, not achiev-
able in the clinic without severe toxicity, induces only ∼40%
decrease compared to >80% in HCT116 DNMT1 hypomorph
cells treated with DNMT1 shRNA (cf. Fig. 6A and Fig. 1F). Low
doses of AZA over much longer time periods, in several CRC lines,
cannot induce demethylation of hypermethylated promoter CpG
islands to the degree achieved with shRNA depletion of DNMT1
(Supplemental Fig. S10B–D).

The preceding data suggest that combinatorial approaches are
needed to achieve full reexpressionofDNAhypermethylated genes
in cancer cells. To date, these have mainly utilized low doses of
DNMTIs with inhibitors of repressive chromatin modifications,
mostly studied for histone deacetylase inhibitors (HDACIs)
(Suzuki et al. 2004; Schuebel et al. 2007; Kelly et al. 2010).
However, these approaches relieve transcriptional repressionwith-
out causing DNA demethylation (Cameron et al. 1999). One alter-
native means of reversing maintenance of cancer-specific DNA
hypermethylation might be to block the proteins that recruit
DNMTs to DNA, such as UHRF1 (Bostick et al. 2007; Sharif et al.
2007; Rothbart et al. 2013). Indeed, an initial timed, 60% UHRF1
shRNAknockdown inHCT116 cells gives an intermediate decrease
of methylation, and 90% UHRF1 knockdown in RKO cells yields a
further decrease (Fig. 6B,C) inCpG sites encompassing those hypo-
methylated by DNMT1 knockdown (Fig. 6D). Neither UHRF1
knockdown level reproduced the low DNAmethylation threshold
achieved inDNMT1 hypomorph cells treated withDNMT1 shRNA
or in DKO cells (cf. Fig. 6E and Figs. 2A, 3B). Similar knockdown
(90%) of UHRF1 in HCT116 to that in RKO cells (Supplemental
Fig. S11A) induces reexpression of multiple promoter hypermeth-
ylated genes in both cell lines (Fig. 6E). When reduction of
UHRF1 levels is pairedwith simultaneous low-doseDAC treatment,
there is a complex effect on promoter, hypermethylated genes that
arisesbecauseUHRF1 is likely required to covalently trapDNMT1at
sites where DAC has incorporated next to guanosines in the ge-
nome. Thus, with 60% versus 90% UHRF1 depletion in the
HCT116 cells, there is augmentation of low-dose DAC effects on
overall DNA methylation reduction only for the former (Fig. 6F,G;
Supplemental Figs. S11, S12), and reexpression of hypermethylated
genes generally is only augmented for DAC treatment by this 60%,
not 90% UHRF1 knockdown (Fig. 6F,G; Supplemental Fig. S11B–F).

Interestingly, low-dose DAC plus 60% UHRF1 knockdown al-
ters promoter methylation preferentially for genes involved in im-
mune attraction and thosewithCpG-poor promoters. Thus, five of
seven selected genes, marked in Supplemental Figure S11C,D,
which had little or no increased expression with either DAC or
UHRF1 knockdown alone have densely methylated, CpG island
promoters. Four are known tumor suppressors (SFRP1, SOX17,
GATA5, HOXB1), one (MMP13) has a CpG-poor promoter, and
the other two are both cancer testis antigen genes, one with a pro-
moterCpG island (PAGE2) and one (SSX1) without. These genes all
had increased reexpression only with combined DAC plus UHRF1
knockdown. In contrast, for seven promoter methylated genes for
which reexpression did not occur with DAC alone, each had reex-
pression to a high degree with the 60% UHRF1 knockdown alone,
and this was further augmented by the combination (cf. Fig. 6F,G
with Supplemental Fig. S12A,B for lack of augmentationwith 90%

UHRF1 knockdown). Six of these have CpG poor promoters and,
again four are linked to immune responses, with IFI27 and IFI44
being among the viral defense genes studied previously in Figure
2D; two, PASD1 and GAGE7, are X-linked cancer testis genes, the
former having a CpG-poor promoter and the latter being the
only one of the seven genes having a CpG island promoter (Kao
et al. 2014;Michael et al. 2015). The others are a cytoskeletal differ-
entiation gene KRT34, a tumor suppressor gene MT1G (Fu et al.
2013), and a novel cancer testis antigen gene family member
VCX2 (Taguchi et al. 2014). Thus, targeting UHRF1 for an interme-
diate level of inhibition in combination with low dose DNMTIs
might be best considered for the clinically important purpose of
up-regulating expression of viral defense genes and cancer testis
antigens to enhance tumor-associated immune cell attraction
(Chiappinelli et al. 2015; Roulois et al. 2015). In support of this,
when we examine the entire panel of viral defense genes initially
studied in Figure 2D, virtually all are minimally up-regulated by
low dose DAC alone, further by both the 60% (Fig. 6H) and 90%
(Supplemental Fig. S12C) UHRF1 knockdowns alone, but to the
greatest degree when DAC treatment was combined with the
60% UHRF1 reduction (Fig. 6H).

Discussion

Our data further support the dominant role of DNMT1 for main-
taining DNA methylation in human cancer cells. Thus, even
very small levels of a truncated hypomorphic DNMT1 protein in
HCT116 can sustain most DNA methylation (Egger et al. 2006;
Spada et al. 2007). Only breaching an extremely low DNMT1
threshold level yields robust demethylation of many genes, with
hypermethylated promoter CpG islands to give maximum gene
reexpression. As discussed, existing DNMTIs in the clinic cannot
achieve such severe DNMT1 reductions in patients without incur-
ring severe toxicity. Chronic low dosing may achieve this in sub-
sets of tumor cells and individual gene alleles. This may be a
major part of therapy efficacies in MDS/AML and also account
for detectable gene reexpression of hypermethylated genes by
PCR analyses (Daskalakis et al. 2002; Cechova et al. 2012).
However, this scenario is probably far from fully optimal in terms
of maximizing epigenetic therapy with DNMTIs, and decreasing
DNA methylation further will likely require combinatorial ap-
proaches to existing DNMTIs to block DNMT1 methylation activ-
ity, such as we now show for targeting UHRF1. Other options
might be to block DNMT1 interactions with other proteins recruit-
ing it to DNA such as PCNA.Most other approaches target DNMT1
interactions that interact with the potential scaffolding functions
of DNMT1 to recruit transcriptional corepressors, such as HDACs,
EZH2, EHMT2, and KDM1A (Rountree et al. 2000; Bachman et al.
2001; Qin et al. 2011) but these will not alter DNA methylation
levels per se.

The role of the other twoDNMTs, 3A and 3B, inmaintenance
of DNA methylation in CRC cells is more complex than for
DNMT1; what determines their targets is not clear, although
they overlap with DNMT1 for methylating CpG sites (Fig. 3E).
Also, our data and those of others (Sharma et al. 2011) show a pos-
itive correlation between DNA methylation levels and DNMT3A
stability. This complex interaction between DNMTs 3A and 3B
has translational relevance. It appears that 3Amay block the activ-
ity of 3B at some CpG sites and vice versa. Thus in SW480 and
HCT116 DNMT3 single KO cells, we see both losses and gains of
DNA methylation in all genomic sites queried. These dynamics
may be very relevant to mouseDNMT3 knockout studies in which
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Figure 6. UHRF1 inhibition augments the DNA demethylation effect of low-dose DAC. (A) Whisker box plots for methylation levels (y-axis) of promoter
probes in HCT116 cells treatedwith different concentrations of decitabine (DAC) for 48 h and in HCT116MT1hypo cells treatedwithDNMT1 shRNA (sh51)
for 12 d. The analysis includes methylated promoter CpGi probes (β values greater ≥0.75) in HCT116 cells. (B) Western blot analysis of UHRF1 and DNMT1
in HCT116 and RKO,with alpha tubulin as loading controls: (NS) nonsilencing shRNA control. (C) Genome-wide DNAmethylation profiles at days 4 and 14
following UHRF1 knockdown (β values between 0 and 1; x-axis) versus probability densities that describe the distribution of β values for all probes (y-axis).
(D) Venn diagram of Infinium 450K probes demethylated by DNMT1 and UHRF1 knockdowns. The analysis includes promoter probes with β values greater
than or equal to 0.75 in HCT116 and RKO cells and that show a decrease of more than 0.2 upon knockdown of DNMT1 or UHRF1. (E) Expression-meth-
ylation plots of HCT116 and RKO cells subject to UHRF1 shRNA knockdown (∼90% reduction of UHRF1). The y-axis denotes changes in average β values for
individual genes with respect to those in the parental HCT116 or RKO cells. Only geneswith hypermethylated promoter (β values≥0.75) are examined. The
x-axis denotes log2 fold changes in gene expression relative to the parental HCT116 or RKO cells. (F) Expression-methylation plots of HCT116 following
DAC treatment, 60% UHRF1 knockdown or a combination of both. (G) Quantitated gene expression changes of the seven representative genesmarked in F
in HCT116 cells following DAC treatment (yellow bars), UHRF1 knockdown (red bars), or a combination of both (purple bars). The y-axis denotes log2 fold
changes of gene expression relative to that in the untreated HCT116 cells. (H) Gene expression changes of immune-related, viral defense genes following
DAC treatment (yellow bars), UHRF1 knockdown (red bars), or a combination of both (purple bars).
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similar gains and losses have been observed (Challen et al. 2014).
This antagonism between DNMT3s also varies across cell lines,
because there is much more gain of DNA methylation in SW480
versus HCT116 3B KO cells; the reasons for these small but distinct
differences between these cell lines are not fully known. However,
these interactive dynamics may well help explain why it has been
difficult to chronicle the exact alterations in DNA methylation,
and consequences for therapy, which accompany the frequent
DNMT3A R882H mutation in AML (Russler-Germain et al. 2014).
This mutation is thought to be a dominant-negative one; thus,
both the gains and losses of DNAmethylation we see in our results
might be induced. Therefore, examining any one genomic region
alonemight lead to false overall conclusions. Ironically, the impor-
tant gains of DNAmethylation in cancer, such as those in promot-
er CpG islands, might not only be maintained in AML with 3A
mutations, but even show increases. Such gains indeed are seen
in mouse Dnmt3a knockout studies in hematopoietic lineages
(Challen et al. 2014).

Our data now also provide further understanding of why
DNMT3B deletionsmay helpDNMT1 disruption in chronically in-
ducing severe losses of DNA methylation in HCT116 DKO cells.
These cells were originally created by targeting DNMT1 in the
DNMT3B knockout cells by using the same DNMT1 targeting vec-
tor previously used to generate DNMT1 hypomorph cells (Rhee
et al. 2002). At the end of the day, this createsmultiple DKO clones
withmuch lower levels of DNMT1 protein than theDNMT1 hypo-
morph cells (Supplemental Fig. S8A). In the present studies, our at-
tempts to recapitulate the DKO phenotype with acute DNMT3B
CRISPR knockout in theDNMT1hypomorph cells were unsuccess-
ful because cells probably cannot survive this. We surmise that the
original chronic selection of DKO cells with the very low levels of
truncated DNMT1, below a threshold level for maintenance of
DNA methylation in DNMT1 hypomorph cells, has accentuated
the minor maintenance roles of DNMT3B. Also, our data empha-
size how HCT116 DKO clones 2–4 with the lowest levels of
DNMT1 andDNAmethylation are functionally TKO cells with vir-
tual absence of DNMT3A protein (Supplemental Fig. S8A,B), prob-
ably due to dependency for stability of this protein on its binding
to sites of existing DNA methylation (Sharma et al. 2011). We
hypothesize that DKO cells were then obtained as rare cells that,
during selection, adapted to progressive decreases in DNAmethyl-
ation but with very slow growth. Indeed, in the initial recombi-
nant approaches to creating HCT116 DKO cells, extensive
selection was required (Rhee et al. 2002) to obtains clones like
DKO 2, 3, and 4.

A final important set of observations emerging in our present
study concerns themaintenanceofDNAmethylation inenhancers
and the relative importance of this in juxtaposition to other DNA
methylation abnormalities such as promoter CpG islandhyperme-
thylation. Clearly in normal cells and cancer cells, enhancer se-
quences are key for control of gene expression patterns and
overall control of cell phenotypes (Grimmer and Farnham 2014;
Smith and Shilatifard 2014;Clermont et al. 2016). Abnormal losses
or gains of enhancer DNA methylation associate with cancer risk,
including for CRC (Akhtar-Zaidi et al. 2012), and features of tumor
progression and aggressiveness (Kron et al. 2014). Our current re-
sults indicate, however, that theremay be a complex balance in in-
dividual cancer types of abnormalities of DNA methylation in
enhancers linked to specific genes that have methylated promoter
CpG islands. Thus, in discrete regions such as we have studied,
whenabnormal gene silencing is present andDNAmethylation in-
volves both enhancers and their putative target gene promoters,

the maximal reexpression of these genes requires the demethyla-
tion of both genomic elements. Thus, in cancer cells, DNA hyper-
methylation in proximal promoter CpG islands and distal
enhancers may function independently or synergistically for tran-
scriptional repression; this suggests the importance of detailed
mapping of both promoter and enhancer DNA methylation pat-
terns to fully decipher this balance.

Methods

Cell lines and drug treatment

HCT116 WT and isogenic DNMT mutant cell lines were main-
tained in McCoy’s 5A medium. All other cancer cell lines were
obtained from ATCC andmaintained under recommended condi-
tions.Drug treatmentswere performed as described (Schuebel et al.
2007), and detailed protocols are described in the Supplemental
Methods.

Western blot and antibodies

Western blots were performed as described (Tsai et al. 2012).
Briefly, cells were lysed with 4% SDS, and the lysates were homog-
enized with QIAshredder columns (Qiagen) for 2 min at 14,000
rpm before being used in immunoblotting. Antibodies are de-
scribed in the Supplemental Methods.

shRNA knockdown and CRISPR knockout

All lentiviral shRNA clones were ordered from Sigma. For CRISPR
genome-editing, gRNAs were cloned into the lentiCRIPSR v2 vec-
tor (Addgene plasmid #52961) based on the protocol recommend-
ed byAddgene. The generation ofCRISPRknockout constructs and
the production of lentivirus were performed according to the pro-
tocol recommended by Addgene. shRNA and gRNA sequences
were shown in Supplemental Table S2.

Nucleic acid extraction and bisulfite sequencing

Nucleic acid extraction and bisulfite sequencingwere performed as
described elsewhere (Tsai et al. 2012). GenomicDNAwas extracted
withWizardGenomicDNApurification kit (Promega). Onemicro-
gram of genomic DNA was treated with sodium bisulfite with the
EZ DNA Methylation Kit (Zymo Research). A detailed protocol is
described in the Supplemental Methods.

Dot blot assay

Dot blots of 5-methylcytosine and 5-hydroxymethylcytosine were
performed according to the protocol recommended byDiagenode.
A detailed protocol is described in the Supplemental Methods.

Genome-wide methylation and gene expression analyses

Genome-wide DNA methylation is measured by Infinium
HumanMethylation450 (HM450) BeadChip array (Illumina)
according to the manufacturer’s instructions. Global gene expres-
sion profiles were analyzedwith Agilent Human 4×44K expression
arrays (Agilent Technologies). Analyses were performed as detailed
in the Supplemental Methods.

Data access

All genome-wide DNAmethylation and gene expression data gen-
erated in this study have been submitted to NCBI Gene Expression
Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under acces-
sion number GSE93136.
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