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C A N C E R

Select EZH2 inhibitors enhance viral mimicry effects of 
DNMT inhibition through a mechanism involving 
NFAT:AP-1 signaling
Alison A. Chomiak1†, Rochelle L. Tiedemann1†, Yanqing Liu1, Xiangqian Kong2‡, Ying Cui2,  
Ashley K. Wiseman1, Kate E. Thurlow1, Evan M. Cornett3, Michael J. Topper2,  
Stephen B. Baylin2, Scott B. Rothbart1*

DNA methyltransferase inhibitor (DNMTi) efficacy in solid tumors is limited. Colon cancer cells exposed to DNMTi 
accumulate lysine-27 trimethylation on histone H3 (H3K27me3). We propose this Enhancer of Zeste Homolog 2 
(EZH2)–dependent repressive modification limits DNMTi efficacy. Here, we show that low-dose DNMTi treatment 
sensitizes colon cancer cells to select EZH2 inhibitors (EZH2is). Integrative epigenomic analysis reveals that 
DNMTi-induced H3K27me3 accumulates at genomic regions poised with EZH2. Notably, combined EZH2i and DN-
MTi alters the epigenomic landscape to transcriptionally up-regulate the calcium-induced nuclear factor of acti-
vated T cells (NFAT):activating protein 1 (AP-1) signaling pathway. Blocking this pathway limits transcriptional 
activating effects of these drugs, including transposable element and innate immune response gene expression 
involved in viral defense. Analysis of primary human colon cancer specimens reveals positive correlations be-
tween DNMTi-, innate immune response–, and calcium signaling–associated transcription profiles. Collectively, 
we show that compensatory EZH2 activity limits DNMTi efficacy in colon cancer and link NFAT:AP-1 signaling to 
epigenetic therapy–induced viral mimicry.

INTRODUCTION
Abnormal DNA methylation patterning and its associations with 
altered gene expression are an enabling hallmark of nearly all hu-
man cancers (1). This presents as global DNA hypomethylation 
coupled with focal DNA hypermethylation at CpG-rich promoters 
[i.e., CpG islands (CGIs)] that contributes to tumor suppressor gene 
(TSG) silencing (2–5). Hence, DNA methyltransferase inhibitors 
(DNMTis), including the nucleoside analogs 5-azacytidine (AZA) 
and 5-aza-2′-deoxycytidine (DAC; decitabine) are clinically ap-
plied as epigenetic therapies with the goal of reversing focal DNA 
methylation–mediated transcriptional silencing. DNMTis also acti-
vate a “viral mimicry” response triggered by derepression of endog-
enous retroviruses and other transposable elements (TEs) that 
stimulate double-stranded RNA (dsRNA)–and double-stranded 
DNA (dsDNA)–dependent expression of innate immune signaling 
pathways (6–8). These data suggest that DNMT inhibition might 
enhance the efficacy of immune checkpoint therapy, as has been 
demonstrated in preclinical models (9–11).

Colorectal cancer (CRC) is a leading cause of global cancer 
deaths (12) and has been well characterized for its abnormal DNA 
methylation patterns (13), yet therapeutic treatment with DNMTis 
in this and other solid tumor contexts has been limited (14–16). 
These drugs have short half-lives, and their activity depends on 
DNA replication. Moreover, high doses of DNMTis cause DNA 

damage and cytotoxicity (17, 18) and, therefore, are unlikely to im-
prove treatment efficacy in solid tumors. In contrast, repeated expo-
sure to low-dose DNMTis generates stronger and more sustained 
epigenetic effects (17, 19–23). However, the potential benefits of 
low-dose DNMTi therapy for solid tumors has not materialized in 
clinical trials (15, 16, 24).

EZH2, the histone methyltransferase subunit of Polycomb re-
pressive complex 2 (PRC2), catalyzes all three states of lysine-27 
methylation on histone H3 (H3K27me) (25). PRC2 activity is es-
sential in cell differentiation and development, where H3K27me3, a 
histone posttranslational modification (PTM) associated with facul-
tative heterochromatin and transcriptional repression, co-occurs at 
select promoters with H3K4me3, a histone PTM associated with 
active transcription (26, 27). This “bivalent” or “poised” chromatin 
state is most commonly found at unmethylated CGI promoters of 
repressed lineage commitment genes in stem cells, enabling rapid 
gene activation or continued repression depending on the cellular 
differentiation cues (26). In cancer, these developmentally impor-
tant bivalent genes are instead stably silenced through focal DNA 
hypermethylation (28–32). Targeting this pathologic DNA hyper-
methylation through genetic or chemical disruption of DNMTs re-
sults in a reemergence of the stem-like chromatin state associated 
with PRC2 activity that reinforces pathologic transcriptional silenc-
ing (28, 30, 31, 33).

We hypothesize that compensatory silencing through H3K27me3 
may explain the barrier to robust and complete clinical responses to 
DNMTi therapy in solid tumors. This hypothesis is supported by 
recent studies showing that DNA hypomethylation, induced ge-
netically or as a consequence of chemotherapeutic and metabolic 
perturbation, sensitizes cancer cells to EZH2 inhibition (34–36). 
Moreover, antineoplastic/therapeutic effects have also been shown 
for multiple cancer cell lines and tumor xenografts treated with 
DNMT and EZH2 inhibitors (EZH2is) (10, 37–40). However, most 
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clinical applications of EZH2is have focused on cancers addicted 
to PRC2 activity resulting from activating mutations in EZH2 or loss-
of-function mutations in the SWItch/Sucrose Non-Fermentable 
(SWI/SNF) chromatin remodeling complex (41–43). Thus, combin-
ing EZH2is with DNMTis presents an opportunity to expand the 
utility of these epigenetic agents for cancer therapy.

In this study, we sought to dissect the relationship between DNA 
methylation and PRC2 activity as repressive transcriptional regula-
tory mechanisms in CRC and to evaluate the molecular effects of 
blocking these two nodes of epigenetic signaling as a potential cancer 
management strategy. We show that CRC cells that are insensitive 
to single-agent EZH2 inhibition become sensitive as compensatory 
H3K27me3-mediated silencing emerges upon DNMTi treatment. 
Epigenomic and transcriptomic analyses indicate that the calcium–
calcineurin–nuclear factor of activated T cells (NFAT) signaling path-
way is at the nexus of where an epigenetic shift coincides with a 
transcriptional response. These insights into epigenetic cross-talk 
suggest a rational drug combination that could enhance the use of 
DNMTi therapies in solid tumors, while also directing EZH2is in 
previously unexplored clinical directions.

RESULTS
Select EZH2is synergize with DNMTis to reactivate an 
epigenetically silenced TSG
Although H3K27me3 accumulation following DNMTi treatment 
has been reported, the molecular mechanism and consequences of 
this epigenetic plasticity are unclear. We first considered whether 
targeting EZH2 augments the transcriptional activating effects of 
DAC by measuring endogenous SFRP1 expression in an engineered 
colon cancer cell line. SFRP1 is a TSG that is epigenetically silenced 
by promoter CGI hypermethylation in colon cancer and acquires 
EZH2-dependent H3K27me3 following DNA hypomethylation 
(fig. S1A) (33, 44). We inserted a NanoLuciferase (NLuc) cassette 
into exon 2 of the endogenous SFRP1 locus of HCT116 cells (Fig. 1A). 
An EZH2-dependent global increase in H3K27me3 following DAC 
treatment was also observed in this cell line (fig. S1B), while treat-
ment with either DAC or an EZH2i did not change expression of 
PRC2 subunits or DNA methylation–associated machinery (fig. S1C). 
Of note, this reporter cell line was engineered in an HCT116 
DNMT1 hypomorphic (MT1) cell line characterized by ~20% reduc-
tion in global DNA methylation to enhance the sensitivity to DNA 
hypomethylating agents (45). NLuc activity (a proxy for SFRP1 
expression) was readily detected following DNMT1 knockdown 
and in a DAC dose- and time-dependent manner coinciding with 
dose-dependent loss of DNA methylation in the promoter CGI 
(Fig. 1B and fig. S1D).

The appreciation that certain cancer types are driven by PRC2 
hyperactivity has resulted in the development of numerous EZH2is 
that are routinely used in the laboratory setting and in clinical trials 
(46, 47). We screened a panel of the most common of these S-adenosyl-​
l-methionine (SAM)–competitive small-molecule EZH2is (fig. S1E) 
(47, 48) for their ability to reactivate SFRP1. With an acute 72-hour 
treatment, tazemetostat (TAZ or EPZ6438), CPI-1205, and EPZ011989 
(a derivative of TAZ) induced SFRP1 expression and subsequent 
NLuc reporter activity over a broad range of concentrations, where-
as other EZH2is induced only marginal SFRP1 reactivation (Fig. 1C 
and fig.  S1F). When we combined these EZH2is with a fixed low 
dose of DAC (30 nM) that had limited single-agent activity in the 

NLuc assay (Fig. 1B), moderate global effects on DNA methylation 
loss (fig.  S1G), and limited effects on DNA damage by proxy of 
γH2AX staining (49, 50), we observed a 10-fold increase in SFRP1 
reactivation relative to single-agent EZH2i treatment, with TAZ and 
CPI-1205 again having the strongest synergistic effects. (Fig. 1D and 
fig. S1F).

As TAZ had the greatest combined effect with DAC and is the 
most clinically advanced EZH2i, with Food and Drug Administra-
tion approvals for epithelioid sarcoma and follicular lymphoma (42, 
43), we considered how it might augment the transcriptional acti-
vating effects of DNMT inhibition. We combined TAZ at a fixed 
dose with either DAC or the non-nucleoside DNMT1 inhibitor 
GSK3484862 over a range of concentrations that induce comparable 
dose-dependent loss of DNA methylation across the SFRP1 promot-
er in wild-type HCT116 (fig. S1H). TAZ amplified DNMTi-induced 
up-regulation of the SFRP1 NLuc reporter by more than fivefold 
(Fig.  1E). Notably, the maximum NLuc reporter assay signal pla-
teaued and remained elevated at high doses of GSK3484862, where-
as DAC with or without TAZ showed a bell curve of activity with a 
maximum NLuc signal at 300 nM (Fig. 1E). This difference could be 
related to the induction of toxicity by DAC at high doses, which is 
suggested, by comparison to GSK3484862, to be DNA hypomethyl-
ation independent. Pairwise TAZ and DAC dose-response titrations 
quantified by Bliss synergy scores of 33.00 and 131.984 at 3 and 
6 days after treatment, respectively, support a synergistic interaction 
(as defined by a Bliss score of >10) for these drugs as modulators of 
SFRP1 expression across broad dose ranges (Fig. 1F) (51). The selec-
tive ability for TAZ to synergize with DAC was further confirmed by 
quantitative reverse transcription polymerase chain reaction (qRT-
PCR) of SFRP1 expression in wild-type and MT1 HCT116 (fig. S1I). 
Collectively, these data show that select EZH2is synergize with 
DNMTis to stimulate expression of an epigenetically silenced TSG 
in colon cancer.

Single-agent EZH2i potency does not correlate 
with cytotoxicity
We assumed that the superior ability of TAZ and CPI-1205 to re-
activate SFRP1 was related to their enhanced potency as EZH2is. 
Western blot analysis of HCT116 cell lysates showed that both 
TAZ and CPI-1205 dose-dependently reduced global levels of 
H3K27me3 and did so at lower concentrations than four other 
EZH2is (Fig. 2A and fig. S2, A and B) despite similar in vitro half 
maximal inhibitory concentration (IC50) values for PRC2 inhibition 
(fig. S2C). Unexpectedly, potency was not associated with cellular 
toxicity. Dose-response cell viability assays showed that MT1 
(Fig. 2B) and wild-type HCT116 (fig. S2D) cells tolerated high con-
centrations of TAZ or CPI-1205 relative to GSK126, GSK503, GSK343, 
or UNC1999 (Fig. 2B and fig. S2D). These findings of toxicity de-
spite less potent EZH2 inhibition suggest off-target activity sepa-
rate from their ability to inhibit EZH2. In comparison, that TAZ 
and CPI-1205 are potent EZH2is with low toxicity is ideal for 
prolonged treatment regimens where the epigenetic effects of 
DNMTis require active cell replication and DNA synthesis over a 
prolonged course of treatment.

Combined DNMT and EZH2 inhibition reduces colon cancer 
cell proliferation
We next sought to determine whether DNMT inhibition could sen-
sitize colon cancer cells to EZH2 inhibition. We first compared the 
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potent but nontoxic TAZ to a less potent but more toxic EZH2i 
(GSK343) in combination with DAC. When exposed to drugs for 
7 days, DAC plus TAZ showed combined efficacy at reducing cell 
viability (fig.  S3A). Conversely, the strong single-agent toxicity of 
GSK343 reduced cell viability to such an extent, both acutely (3 days) 
and over time (7 days), that it prevented any therapeutic coopera-
tion with DAC (fig. S3A).

We extended this observation of an acute combination effect on 
cell viability in HCT116 to monitoring confluency as a measure of 
outgrowth over time following exposure to DAC, TAZ, or the com-
bination across five colon cancer cell lines representative of the ma-
jor genetic and epigenetic subtypes of this disease (52). Consistent 
with prior results (Fig. 2B and fig. S3A), single-agent TAZ showed 
limited antiproliferative effects (Fig. 3A), even at doses sufficient to 
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Fig. 1. Select EZH2is enhance the transcriptional activating effects of DNA hypomethylating agents. (A) Approach for generating an in-cell endogenous SFRP1-NLuc 
reporter assay in HCT116 cells with hypomorphic DNMT1. IRES, internal ribosomal entry site. (B) Reactivation of the silenced SFRP1 locus small interfering RNA (siRNA)–
mediated DNMT1 knockdown (left) or DAC treatment (right). Relative luminescence units (RLU) are shown as fold change (FC) over control at the first time point. siNTC, 
siRNA nontargeting control; Veh, vehicle. Data are representative of three biological replicates, and the means ± SD of technical triplicates from a single experiment is 
shown. Statistical significance calculated using two-way analysis of variance (ANOVA) (****P < 0.0001). ns, not significant. (C and D) NLuc reporter activity measurements 
following 72-hour treatment with the indicated EZH2is alone (C) or in combination (D) with a fixed concentration of DAC. RLU are normalized to relative fluorescence units 
(RFU) from CellTiter-Fluor cell viability assay to account for cell number. Data are representative of three biological replicates, and the means ± SD of technical triplicates 
from a single experiment is shown. Dashed black lines denote scaling difference between (C) and (D). (E) NLuc reporter activity measurements following 72-hour treat-
ment with the DNMTis DAC or GSK3484862 alone (dashed lines) or in combination with a fixed concentration of TAZ (solid lines). RLU are normalized to RFU from CellTiter-
Fluor cell viability assay. Data are representative of three biological replicates, and the means ± SD of technical triplicates from a single experiment is shown. (F) Surface 
plot and Bliss synergy score of DAC + TAZ dose-response curves derived from the SFRP1-NLuc reporter assay after 72-hour treatment. Data presented are representative 
results of two biological replicates. See also fig. S1.
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induce loss of H3K27me3 in these cell lines (fig. S3B) and that far 
exceeded the IC50 of TAZ for sensitive cell types (53–55). However, 
when combined with doses of DAC that showed limited to moder-
ate single-agent toxicity in culture and reflect the degree of DNA 
methylation loss achieved in clinical trials (fig. S1C) (14, 56), we 
observed similar inhibition of cell outgrowth across the colon can-
cer cell line panel. Although these drugs reduced DNA and histone 
methylation as early as 3 days at these doses (fig. S3, B and C), these 
combination effects were most pronounced following multiple 
low-dose treatments over a pretreatment period of up to 9 days, 
followed by outgrowth (Fig. 3A and fig. S3D). If single-agent expo-
sures were elevated to concentrations beyond the minimum for 
inducing epigenetic effects at 3 days (fig. S3, B and C), the com-
bined antiproliferative response could be observed after just a sin-
gle treatment (fig.  S3, A and E to G). However, the prolonged 
treatments at lower doses are more likely to reflect the positive ef-
fects observed from low-dose drug exposure over time that maxi-
mizes epigenetic effects in laboratory and clinical trial settings (17, 
20–23, 57).

Similar results were obtained when treating ex vivo small intes-
tine adenoma–derived tumoroids from ApcMin/+ mice (Fig.  3B). 
While tumoroids treated with single-agent TAZ or DAC showed 
nominal changes to morphology, tumoroids treated with combined 
TAZ and DAC were characterized by reduced size and notable al-
teration to the standard cyst-like, spherical morphology observed 
in vehicle-treated tumoroids (Fig. 3, B and C, and fig. S3H) (58). 
These results are consistent with growth measurements from ovar-
ian cancer and prostate cancer xenograft studies in mice exposed to 
combined inhibition of DNMT1 and EZH2 (10, 39). Collectively, 
these data show that TAZ and DAC have combined therapeutic 
efficacy in a temporal- and concentration-dependent manner, limit-
ing cell proliferation in multiple colon cancer cell lines and intes-
tinal tumoroid models that are insensitive to single-agent EZH2 
inhibition.

DNMT inhibition induces H3K27me3 accumulation at 
genomic regions poised with EZH2
The combined molecular and therapeutic efficacy of DNMT and 
EZH2 inhibition suggested that a PRC2 dependency emerges fol-
lowing hypomethylation of the genome. To test this hypothesis, we 
performed quantitative epigenomic analyses for DNA methylation 
and H3K27me3 in response to these drug treatments after 72 hours 
when global changes to these modifications can be observed (Fig. 2A 
and fig. S1, A and B). Doses chosen for each drug were in the range 
of synergy identified from Fig. 1. TAZ treatment had no effect on 
genome-wide DNA methylation patterns, and the combination of 
TAZ with a low dose of DAC (30 nM; DAC30) did not further de-
plete DNA methylation relative to DAC treatment alone (figs. S1G 
and S4, A and B). Drug-induced DNA hypomethylation occurred at 
the same CpG loci (fig. S4A) and to the same degree for both single-
agent DAC and combination treatments (fig.  S4B; average Δβ ≅ 
−0.14). Last, these conserved DNA hypomethylation events oc-
curred primarily across gene promoters and distal regulatory space 
defined as at least five contiguous Infinium MethylationEPIC array 
probes that fell either in intergenic or intronic regions (fig. S4C).

We then used our recently developed sans spike-in quantitative 
chromatin immunoprecipitation sequencing (ChIP-seq) method 
(siQ-ChIP) (59, 60) to quantify changes in H3K27me3 after drug 
treatment (fig. S4, D to G). TAZ treatment alone and in combination 
with DAC substantially reduced H3K27me3 levels across the ge-
nome (Fig. 4, A and B). We next built custom ChromHMM annota-
tions for HCT116 cells to query where H3K27me3 loss primarily 
occured in the genome after TAZ treatment (fig. S4, H and I). As 
expected, H3K27me3 loss for single-agent TAZ and combination 
treatments was most pronounced in Polycomb repressive regions 
(ReprPC1, ReprPC2, and EnhBiv) that had abundant H3K27me3 
signal in vehicle-treated cells (Fig. 4C, left). In addition to Chrom-
HMM annotations, we considered new genomic studies that place 
H3K27me3 at crucial transition regions of the genome. H3K27me3 
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is now appreciated to demarcate an intermediate “I” compartment 
of the genome that sits between the active “A” compartment and in-
active “B” compartment (61, 62). In addition, these I compartments 
are enriched for the transition between early and late replication 
timing (fig. S4J) (63). We used 16-phase Repli-Seq data for HCT116 
(64) to determine how H3K27me3 changes following treatment in 
the context of replication timing phases. Consistent with the notion 
that H3K27me3 is enriched at transitional regions, H3K27me3 de-
pletion was enriched for the phases of replication timing that denote 
a transition from early replication to late replication (Fig. 4D, left). 
Collectively, these data demonstrate that TAZ (with or without 
DAC) depletes H3K27me3 at genomic regions known to be regu-
lated by PRC2.

From prior work, we hypothesized that H3K27me3 would re-
place DNA methylation as a repressive epigenetic signal when ge-
nomes are hypomethylated (28, 30, 33, 65, 66). Consistent with this 
hypothesis, Western blot (fig. S1B) and siQ-ChIP (Fig. 4, A and B) 
analyses showed that H3K27me3 levels globally increased after 

DNMTi treatment in a dose-dependent manner. ChromHMM and 
Repli-Seq enrichment analyses demonstrated that increases in 
H3K27me3 occurred at Polycomb repressive–regulated regions 
(EnhBiv, ReprPC1, ReprPC2, and ReprPCWk) and intermediate 
replication timing phases, respectively (Fig.  4, C and D, right). 
While single-agent TAZ and combination treatments did not induce 
significant losses of H3K27me3 in “weak” Polycomb regions (ReprP-
CWk) (Fig.  4C, left), the increases in H3K27me3 following DAC 
treatment did occur in these regions (Fig. 4C, right).

The prevailing view in the field is that H3K27me3 and DNA 
methylation genomic distributions are mutually exclusive. However, 
experiments coupling H3K27me3 ChIP-seq with bisulfite sequenc-
ing of immunoprecipitated fragments identified genomic regions 
where these two epigenetic modifications co-occur and showed that 
this dual repression epigenetic signature is more prevalent in cancer 
cells (39, 67, 68). By global DNA methylation analysis on EPIC ar-
rays, low-dose DAC in single-agent and combination treatments ef-
fectively reduced DNA methylation levels by ~15% (figs. S1G and 
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Fig. 3. DAC and TAZ synergize to reduce colon cancer cell and tumoroid proliferation. (A) Confluency measurements of the indicated colon cancer cell lines. Cells 
were split and drugs were refreshed every 72 hours for the indicated number of days before plating (pretreatment) and were retreated and replated a final time at day 0 
of IncuCyte measurements. Data are representative of three biological replicates, and the means ± SEM (n = 12 images for HCT116, HCT15, and Colo205; n = 9 images for 
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Fig. 4. Increased levels of H3K27me3 are associated with DAC-induced DNA hypomethylation at genomic regions poised with EZH2. (A) Histograms of Log2(FC) 
in H3K27me3 efficiency relative to vehicle-treated samples. Combo is 1 μM TAZ plus 30 nM DAC. Log2(FC) is averaged across biological duplicates. Dashed lines indicate 
the threshold for H3K27me3 signal considered significantly different from vehicle (|Log2FC| ≥ 1). (B) Genomic coverage (in base pairs) of significantly altered regions of 
H3K27me3 efficiency (|Log2FC| ≥ 1) relative to vehicle. (C and D) Fold enrichment overlap analysis of lost (TAZ/combo) and gained [30 nM DAC (DAC30)/300 nM DAC 
(DAC300)] H3K27me3 efficiency regions relative to vehicle (|Log2FC| ≥ 1) in relation to (C) ChromHMM states and (D) replication timing (Repli-Seq) phases from HCT116. 
(E) Density scatterplots of average H3K27me3 efficiency (measured by siQ-ChIP-seq) versus average DNA methylation (measured by EM-seq of siQ-ChIP-seq fragments) 
for the indicated treatment conditions following 72-hour exposure in HCT116. Average values are plotted from biological duplicates across 100-bp bins. (F to H) Average 
profiles for (F) H3K27me3 efficiency, (G) DNA methylation, and (H) EZH2 occupancy at conserved genomic regions that show increased H3K27me3 levels following 30 nM 
DAC treatment (n = 3223 peaks). (I to K) Average profiles for (I) H3K27me3 efficiency, (J) DNA methylation, and (K) EZH2 occupancy at conserved bivalent enhancers 
(EnhBiv) that show increased H3K27me3 following 30 nM DAC treatment (n = 185 enhancer regions). (L) HOMER transcription factor (TF) motif enrichment analysis of 
EnhBiv regions that show increased H3K27me3 after 30 nM DAC treatment. %Targets: percentage of given regions with indicated motif; %BG: percentage of the queried 
representative background with indicated motif. See also fig. S4.
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S4B). As the EPIC array provides limited coverage of Polycomb re-
pressive genomic regions, we used a similar technique by coupling 
siQ-ChIP to enzymatic methyl (EM) sequencing (ChIP-EM-seq) to 
generate high-coverage maps of the quantitative distributions of 
DNA methylation and H3K27me3 in cells exposed to DAC, which 
allowed us to define the relationship between these epigenetic mod-
ifications on the same chromatin fragments (fig. S4, D to G). Consis-
tent with DAC-induced global accumulation of H3K27me3 (fig. S1B), 
ChIP-EM-seq showed DAC single-agent treatment effectively de-
creased DNA methylation while increasing H3K27me3 in a dose-
dependent manner (Fig.  4E). In addition, while H3K27me3 and 
DNA methylation do appear to largely anticorrelate with each other, 
many instances exist where these modifications do coexist in the 
genome (fig. S4G).

Next, we focused on those genomic regions that consistently 
gained H3K27me3 after low-dose DAC treatment and averaged 
H3K27me3 levels over the start and stop coordinates of these re-
gions (Fig. 4F and fig. S4K). Notably, these peaks started with low 
levels of H3K27me3 in vehicle-treated controls and significantly 
increased H3K27me3 in a dose-dependent manner after DAC 
treatment. These genomic regions seem to be primed for an “epi-
genetic switch,” replacing DNA methylation with H3K27me3 after 
DAC treatment (Fig.  4, F and G). ENCODE ChIP-seq data for 
HCT116 cells show that EZH2 is enriched across these regions 
(Fig.  4H and fig.  S4L), suggesting that PRC2 is “poised” for 
H3K27me3 deposition in these regions when the genome is hypo-
methylated by DAC treatment. Given the localization of hypo-
methylated differentially methylated regions (DMRs) at intronic, 
genic, and distal intergenic regions (fig. S4C), we further found that 
bivalent enhancers (regulatory elements marked by H3K4me1 and 
H3K27me3) follow the same epigenetic switch pattern (Fig.  4, I 
and J). These enhancers also appear to be poised with EZH2 to me-
diate H3K27me3 accumulation (Fig. 4K). Notably, HOMER motif 
analysis revealed a significant enrichment for activating protein 
1 (AP-1) (Jun/Fos) binding motifs at these bivalent enhancers 
(Fig. 4L). Collectively, our epigenomic analyses suggest that com-
bination treatment effectively reduces DNA methylation, blocks 
H3K27me3 deposition, and potentially opens up enhancers for AP-
1 transcription factors.

EZH2i enhances DNMTi-driven transcriptional responses 
after prolonged treatment
Substantial measurable alterations to the global epigenome were 
observed as early as 3 days after treatment (fig. S1, B and G), but anti-
proliferative effects of combined DNMT and EZH2 inhibition were 
most prominent with extended treatment (Fig. 3A). Therefore, we 
next analyzed the global transcriptional response to the DAC plus 
TAZ combination following both prolonged (6-day) and acute 
(3-day) treatments. Single-agent DAC and TAZ drug treatments up-
regulated hundreds of protein-coding (PC) genes on their own (Fig. 5, 
A to D). Combined DAC and TAZ treatments further enhanced the 
transcriptional up-regulation of these single agent–responsive 
genes (fig. S5, A to D) while stimulating more than 600 additional 
PC genes following both prolonged (Fig. 5, A and B) and acute treat-
ments (Fig. 5, C and D). Many of the up-regulated genes in the 
6-day treatment protocol were already expressed by day 3 (fig. S5E). 
Prolonged treatment revealed that TEs were also significantly up-
regulated with single-agent treatments and, to a much greater 
extent, with the combination (Fig. 5A). Notably, TE expression 

following acute exposure was unique to combination treatment and 
was increased nearly 10-fold after prolonged drug exposure 
(Fig.  5C), indicating that activation of TEs requires sustained, 
prolonged treatment with the DNMTi and EZH2i combination 
when DNMTis are used at a low dose. These data suggest that viral 
mimicry and an innate immune response can be induced with 
combined DAC and TAZ treatment and enhanced with prolonged 
drug exposure.

Consistent with previous studies of DNMT inhibition in colon, 
breast cancer (BRCA), and ovarian cancer, combination epigenetic 
therapy significantly up-regulated pathways involved in extracellu-
lar matrix organization (23, 69) and a viral mimicry-associated in-
nate immune response (6, 7, 23) (Fig.  5E and fig.  S5, F and G). 
Although up-regulation was the predominate direction of the tran-
scriptional response, gene set enrichment analysis (GSEA) revealed 
that MYC and its targets were consistently down-regulated with 
combination treatment (Fig. 5E and fig. S5H), a response previously 
reported with DNMTi and histone deacetylase (HDAC) inhibitor 
combination treatment (70, 71). Together, prolonged EZH2 inhibi-
tion with DNMT inhibition strongly enhanced the appreciated tran-
scriptional reprogramming effects of DNMT inhibition alone, 
including therapeutically actionable effects of innate immune path-
way activation and MYC pathway down-regulation.

Combined DNMTi and EZH2i up-regulate 
calcium-calcineurin-NFAT pathway transcriptional 
signatures and PRC2 target genes
As was observed at the prolonged treatment time point, GSEA of 
transcriptional signatures unique to acute combination treatment 
revealed induction of innate immune response pathways, extracel-
lular matrix organization, and known PRC2 target genes (Fig. 5F 
and fig. S5I). Notably, among the most significantly up-regulated 
pathways following acute combination treatment were gene sets as-
sociated with T cell activation and calcium signaling (Fig. 5, F and 
G). Converging on this observation and from motif analysis de-
scribed in Fig. 4, I to L, AP-1 (composed of JUN/FOS), myocyte 
enhancer factor 2 (MEF2), and NFAT target genes were among the 
most enriched gene sets up-regulated with acute combination 
treatment (Fig. 5H), and expression of these transcription factors 
was stimulated by the drug combination (Fig. 5I). Moreover, many 
NFAT target genes, genes associated with T cell receptor signal-
ing, and genes involved in calcium signaling were induced from a 
silenced state following acute combination treatment (Fig.  5J). 
Transcriptional up-regulation of IFI27 (interferon α-inducible 
protein-27; a downstream component of the viral mimicry path-
way and a combo-responsive gene) and genes in the calcium-
calcineurin-NFAT signaling pathway that respond to the drug 
combination in HCT116 cells were validated in several additional 
colon cell lines and three renal cell carcinoma cell lines (fig. S6, A 
and B), demonstrating conservation of this mechanism across a 
range of solid tumor types. Collectively, acute combination treat-
ment stimulated many of the transcriptional responses (i.e., TE ex-
pression and innate immune pathway activation) that become 
predominant after prolonged treatment. Acute combination treat-
ment also significantly up-regulated transcription of calcium sig-
naling, downstream calcium-associated transcription factors, and 
their targets, suggesting that changes to the chromatin environ-
ment mediated by the drug combination facilitate the activation of 
this pathway.
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Fig. 5. TAZ enhances transcriptional responses associated with DNMT inhibition. (A) Volcano plots for PC genes and TE expression from total RNA sequencing (RNA-
seq) of indicated treatments (DAC, 30 nM; TAZ, 1 μM) relative to vehicle in HCT116 following 6 days of treatment. Data points are plotted as averages from three biological 
replicates. PC and TE transcripts with significance threshold of log2(FC) ≥ 1.0 and false discovery rate (FDR) ≤ 0.01 are colored points. Black points do not meet threshold 
conditions. (B) Venn diagram of overlapping PC genes significantly up-regulated by treatments from (A). (C) Volcano plots for PC genes and TE expression from total RNA-
seq among indicated treatments relative to vehicle [DMSO/phosphate-buffered saline (PBS)] after 72 hours of treatment. Data points are plotted as averages from three 
biological replicates. (D) Venn diagram of overlapping PC genes significantly up-regulated treatments from (C). (E) GSEA summary for HALLMARK, REACTOME, Kyoto En-
cyclopedia of Genes and Genomes (KEGG), and BioCarta gene sets in combo treatment versus REST (vehicle/DAC/TAZ) after 6 days of treatment. Gene sets that meet a 
significance threshold of FDR ≤ 0.1 are colored. NES, normalized enrichment score; ECM, extracellular matrix. (F) GSEA summary as described in (E) following 72 hours of 
treatment. (G) GSEA summary of up-regulated BioCarta (B) and KEGG (K) gene sets that relate to calcium signaling. Gene ratio is the ratio of the core enrichment genes for 
the indicated gene set divided by the total number of genes present in the gene set. TCR, T cell receptor. (H) GSEA analysis of combo versus REST for transcription factor 
target (TFT) genes sets. ES, enrichment score. (I) Row z score heatmaps of significantly up-regulated transcription factors and T cell receptor–associated genes following 
combination inhibitor treatment for 72 hours. Cb, Combo. (J) MA plot for differentially expressed genes in combo following 72-hour treatment. Core enrichment genes 
identified from GSEA analysis are colored. See also figs. S5 and S6.
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Reduced DNA methylation and H3K27me3 at promoters 
associate with acute transcriptional responses to the 
drug combination
We next sought to define the relationship between chromatin modi-
fication changes and transcriptional responses after single-agent 
and combined treatments. To do this, we integrated siQ-ChIP 
(H3K27me3), EM-seq (DNA methylation), and available ENCODE 
data for EZH2, H3K4me3, and H3K27 acetylation (H3K27ac) oc-
cupancy across promoters of genes that were significantly up-
regulated following acute drug exposure (Fig.  5D and fig.  S5D). 
Genes up-regulated in response to DAC (Fig. 5D, all genes in red 
circle) had low levels of H3K27me3, H3K4me3, and H3K27ac, and 
high levels of DNA methylation across their Transcription Start 
Sites (TSSs) in vehicle-treated HCT116 cells (Fig. 6, A and B, and 
fig. S7A). H3K27me3 levels were marginally elevated in this gene set 
following DAC treatment, consistent with a lack of EZH2 associa-
tion (Fig. 6A and fig. S7A). Genes up-regulated in response to TAZ 
(Fig.  5D, all genes in green circle) had high levels of H3K27me3 
across their promoters and DNA hypomethylation at their TSSs 
(Fig. 6, A and B, and fig. S7A). Notably, TAZ-responsive genes ap-
pear to be in a poised bivalent state with both EZH2 and H3K4me3 
flanking the TSS. Unlike DAC-responsive genes, TAZ-responsive 
genes showed elevated H3K27me3 following DAC treatment, sug-
gesting that while these genes are primarily silenced by H3K27me3, 
DNA hypomethylation stimulates poised EZH2 to deposit addition-
al H3K27me3 to maintain a repressed state. The dynamics of epigen-
etic regulation were also evident across gene bodies of drug-induced 
up-regulated genes (fig. S7B).

We next focused on the epigenetic architecture surrounding pro-
moters of genes that exclusively responded to the combination treat-
ment (Fig.  5D, n  =  623 genes in purple circle). Unlike single 
agent–responsive genes, combination only–responsive genes did 
not demonstrate a clear overarching epigenetic regulatory mecha-
nism (fig. S7A). Rather, genes exclusively up-regulated by the com-
bination treatment could be further subdivided into three groups 
based on promoter architecture of histone PTMs associated with 
active transcription (Fig. 6, C and D, and fig. S7C). Approximately 
half of these genes were not marked by H3K27ac or H3K4me3. The 
remainder were marked by H3K4me3 alone or in combination with 
H3K27ac (Fig. 6, C and D, and fig. S7C).

The expression of DAC- and TAZ-responsive genes is associated 
with drug-induced losses of DNA methylation and H3K27me3, re-
spectively; this was also observed within the combination treatment–
responsive gene cluster lacking H3K4me3 and H3K27ac, where loss 
of both DNA methylation and H3K27me3 correlated with gene ex-
pression (Fig. 6E, left column). These genes were primarily found in 
Polycomb-regulated regions of the genome (EnhBiv, ReprPC1, and 
ReprPCWk) and in the transition regions from early to late replica-
tion timing (Fig. 6, F and G). Significantly, these genes were enriched 
not only for known Polycomb target genes in embryonic stem cells 
(Fig. 6H) but also for genes that contain AP-1 (Jun/Fos) and NFAT 
transcriptional factor binding motifs (Fig. 6I).

Similar to the TAZ-responsive gene cluster, the combination 
treatment cluster marked by H3K4me3 had bivalent promoter ar-
chitecture with H3K27me3 and EZH2 across the TSS (Fig. 6E, mid-
dle column). These bivalent genes were also found in regions of the 
genome known to be associated with Polycomb regulation (EnhBiv, 
ReprPC1, and ReprPC2) and the transition regions from early to 
late replication timing (Fig. 6, F and G). Consistent with a bivalent 

promoter architecture, this subgroup of genes was significantly en-
riched for known Polycomb target genes in embryonic stem cells 
(Fig. 6H) but did not demonstrate strong enrichment for transcrip-
tion factor binding sites in the promoter (Fig. 6I).

Last, the combination treatment cluster marked by H3K4me3 
and H3K27ac showed no significant changes in H3K27me3 (and 
had the lowest H3K27me3 signal among all combination only–
responsive genes) and the deepest depletion of DNA methylation at 
the TSS among all treatments, which are epigenetic signatures con-
sistent with active gene transcription (Fig. 6E, right column). Genes 
in this subcategory were already active in vehicle-treated HCT116 
cells, and they were further up-regulated by the combination treat-
ment (fig.  S7D), suggesting that up-regulation of these genes is a 
downstream effect of activation of other upstream genes and not 
dependent on changes in local epigenetic architecture induced by 
the drug combination. Consistent with this notion, these genes were 
not located in known Polycomb-regulated regions and, instead, 
were enriched for known active regions of the genome and earlier 
replication timing phases (Fig. 6, F and G). In addition, these genes 
were not enriched for known Polycomb targets (Fig. 6H); however, 
they did demonstrate enrichment for targets of AP-1 (Jun/Fos) and 
NFAT transcription factor binding motifs (Fig. 6I), suggesting that 
up-regulation of these genes is a downstream effect of calcium sig-
naling and associated transcription factor activation by the combi-
nation treatment.

Transcriptional activating effects of combined DNMTi and 
EZH2i require calcium-calcineurin-NFAT signaling
Our studies to this point show that combined DAC and TAZ treat-
ment up-regulates genes related to the calcium-calcineurin-NFAT 
signaling pathway (Fig. 5, F to J) and that genomic loci that undergo 
an epigenetic switch from DNA methylation to H3K27me3 when 
treated with DAC are enriched for AP-1 and NFAT binding motifs 
(Fig. 4, I to L). This is consistent with prior work in colon cancer cell 
lines showing that SFRP1 can be activated by treating cells with car-
diac glycosides that stimulate calcium signaling (72). When we 
treated HCT116 cells with various calcium signaling antagonists, 
the DAC and TAZ combination was no longer able to fully reacti-
vate SFRP1 (fig. S8A).

Cyclosporin A (CsA) was most effective at blocking SFRP1 ex-
pression and did so in a dose-dependent manner (Fig.  7A and 
fig. S8A). CsA inhibits calcineurin, a calcium/calmodulin-dependent 
serine/threonine kinase that promotes NFAT translocation to the 
nucleus by dephosphorylating a nuclear localization signal (73). The 
5 μM CsA treatment used here robustly blocked both SFRP1 expres-
sion (Fig. 7A) and, using an NFAT1 antibody whose specificity was 
verified by NFAT1 knockdown (fig.  S8B), NFAT accumulation in 
the nucleus (fig. S8C). Although CsA can induce G0-G1 cell cycle 
arrest (74), this concentration had no noticeable effects on the frac-
tion of HCT116 in each cell cycle phase (fig. S8D). It also did not 
prevent or interfere with the direct epigenetic activity of TAZ or DAC 
(Fig. 7, B and C, and fig. S8E). Collectively, these data suggested 
that combined DAC and TAZ treatment activates genes through 
the calcium-calcineurin-NFAT pathway.

To test this hypothesis, we next performed RNA sequencing 
(RNA-seq) on HCT116 acutely exposed to the DAC and TAZ combi-
nation in the presence of CsA. CsA treatment alone down-regulated 
the expression of a limited number of PC genes and TEs (233 and 838, 
respectively) (Fig. 7D, left), while also preventing the expression of 
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Fig. 6. DAC plus TAZ combination treatment promotes acute transcriptional responses by inducing loss of DNA methylation and H3K27me3 at promoters. 
(A) Integrative epigenomic analysis (rows) centered on the TSS of genes up-regulated by the indicated treatments (columns) in HCT116 following 72-hour treatment with 
30 nM DAC and 1 μM TAZ. Average profiles for H3K27me3 and DNA methylation (5mC) were determined from biological duplicate siQ-ChIP-seq and EM-seq measure-
ments, respectively. EZH2, H3K4me3, and H3K27ac profiles were determined from publicly available ENCODE data for HCT116. (B) Representative browser shots for a 
DAC-responsive locus (SLC1A2) and a TAZ-responsive locus (FAM189A2) demonstrating patterns observed in average profiles from (A). (C) Venn diagram of genes up-
regulated by combination treatment overlapped with genes that contain activating histone PTMs (H3K4me3/H3K27ac) in the promoter (±1000 bp centered on TSS). 
Combo only–responsive genes are subdivided by the presence/absence of active histone PTMs in their promoters. (D) Representative browser shots for the different 
subdivisions of promoter architecture of combo only–responsive genes derived from (A) and (C). (E) Integrative epigenomic analysis (rows) centered on the TSSs of genes 
up-regulated by the combination inhibitor treatment only (combo only) subdivided by promoter histone PTM status from (C). Profiles derived as in (A). (F and G) Fold 
enrichment overlap analysis of genes up-regulated by combo only subdivided by the promoter histone PTM status with (D) ChromHMM states and (E) replication timing 
(Repli-Seq) phases in HCT116. (H and I) Hypergeometric overlap analysis of combo-only up-regulated genes subdivided by promoter histone PTM status with (H) GSEA 
C2: chemical and genetic perturbations related to known studies of PRC2 regulation and (F) GSEA C3: TFT. Heatmaps represent the significance of the overlap and number 
of genes in overlap provided in parentheses. See also fig. S7.
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Fig. 7. The transcriptional activating effects of the DAC plus TAZ combination treatment require signaling through the calcium-calcineurin-NFAT pathway. 
(A) SFRP1-NLuc reporter activity measurements following treatments with or without CsA. RLU are normalized to RFU from CellTiter-Fluor viability assay. Data are repre-
sentative of three biological replicates, and the means ± SD of technical triplicates from a single experiment is shown. (B) High-resolution melt analysis of HCT116 cells 
treated with vehicle, DAC, TAZ, or combo in presence or absence of CsA. RPL30, unmethylated control gene; SFRP1, methylated CGI promoter. Data are representative of 
two biological replicates, and the means ± SD of technical duplicates from a single experiment is shown. (C) Western blot analysis for H3K27me3 from HCT116 treated 
with TAZ and/or DAC in presence of CsA. (D) Volcano plots for PC genes and TEs in HCT116 following treatment. Data points are plotted as averages from three biological 
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TOME gene sets between combination treatment without and with CsA. Comparative responses are classified as follows (circled in blue): (a) combo up-regulated, CsACb 
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GSEA analysis of combo versus REST for the indicated gene sets in (E). (G) MA plots for gene expression associated with the RAAS across the different treatments. 
(H) Heatmap of normalized counts for significantly differentially expressed (|Log2FC| ≥ 1.0) RAAS-associated genes. Color scale from (F) applies. All treatments for 72 hours 
[DAC, 30 nM in (D) to (H); TAZ, 1 μM; CsA, 5 μM]. See also fig. S8.
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many of the genes responsive to combination treatment (Figs. 4C, 
volcano plot on right, and 7D, right). Addition of CsA to the combi-
nation treatment blocked or attenuated many of the immune and 
calcium signaling responses [Fig. 7, E and F (a and b), and fig. S8F] 
observed following acute treatment (Fig. 5F), while maintaining up-
regulation of extracellular matrix associated pathways [Fig. 7, E and 
F (c)]. Consistent with calcineurin being a major target of CsA, 
genes involved in calcium signaling were not induced by the epigen-
etic drug combination when CsA was coadministered [Fig. 7F (b)]. 
In addition, CsA attenuated the expression of NFAT target genes 
induced by the DAC and TAZ combination [Fig. 7F (b)]. Further-
more, CsA attenuated the up-regulation of IFI27 and many of these 
calcium-calcineurin-NFAT genes that are induced by the epigenetic 
combination in renal and lung cancer cell lines, demonstrating con-
servation of this mechanism across several solid tumor types 
(fig. S8G).

The effect of CsA on TE induction by the epigenetic drug combi-
nation prompted us to consider whether calcium signaling pathway 
induction was needed for stimulating the expression of genes asso-
ciated with an innate immune response to viral infection. Moreover, 
we link another key set of genes associated with inflammation, those 
associated with the renin–angiotensin–aldosterone system (RAAS) 
pathway. RAAS, when abnormally overactive, produces a series of 
severe tissue inflammatory consequences (75). Both increases in in-
nate immune and RAAS genes were attenuated when calcium path-
way signaling was blocked with CsA [Fig. 7, F (a) to H]. Collectively, 
our data support that the combination of DAC and TAZ induces a 
significant innate immune response that is dependent on calcium-
calcineurin-NFAT signaling.

Transcriptional programs of calcium-calcineurin-NFAT 
pathway activation and the response to viral infection 
correlate in primary human colorectal adenocarcinomas
Last, we asked whether the link between transcriptional signatures 
of activated intracellular calcium signaling and an innate immune 
response was evident in biopsied human tumors. Before conducting 
this analysis, we identified a set of known innate immune response 
genes that consistently respond to low-dose AZA treatment across a 
panel of CRC cell lines and showed that these genes were responsive 
to combined DAC and TAZ treatment in HCT116 (Fig. 8A). Fur-
thermore, the drug-induced expression of this gene set was dependent 
on calcium signaling (Fig. 8B) (76). We then clustered TCGA-COAD/
READ (The Cancer Genome Atlas–colorectal adenocarcinoma/rectal 
adenocarcinoma) tumor samples based on this gene signature (77) 
and reproduced the separation of TCGA-COAD/READ samples into 
AZA immune gene set (AIM) “high” (high innate immune response) 
and AIM “low” (low innate immune response) clusters (Fig. 8C). 
COAD/READ samples that had an AIM high response also had 
high expression of core calcium signaling and RAAS gene sets 
(Fig. 8, D and E). The average calcium gene response, average innate 
immune response, and average RAAS response among individual 
samples were significantly correlated (Fig. 8, F to H). We performed 
a similar analysis using BRCA- and ovarian cancer–specific AIM 
gene sets (76) among TCGA-BRCA (fig.  S9, A to F) (77) and 
TCGA-OV (fig. S9, G to L) (78) samples, respectively, and found 
that calcium signaling gene expression, RAAS genes, and the in-
nate immune response were again highly correlated. Important 
to note is the lack of overlap among all queried gene sets (fig. S9, M 
to O). Collectively, these data show that the relationship between 

transcriptional programs of calcium-calcineurin-NFAT pathway ac-
tivation and the response to virus infection that we causally linked 
in cultured colon cancer cells are also significantly correlated in bi-
opsies of primary human tumors.

DISCUSSION
Therapeutic implications of combined DNMTi and 
EZH2i therapy
In this study, we show that compensatory accumulation of H3K27me3 
after DAC treatment occurs primarily at distal Polycomb-regulated 
regions, preventing full transcriptional activation by DNMTis. This 
H3K27me3 accumulation therefore represents a therapeutic vulnera-
bility in colon cancer cell lines that are normally insensitive to single-
agent EZH2 inhibition. The unmet potential of DNMT inhibition 
therapy in patients with solid tumors underscores the importance of 
our findings.

Previous studies have attempted to exploit the cross-talk between 
DNA methylation and histone PTMs to treat cancer (79). For ex-
ample, DNMTis have been combined with HDAC inhibitors as a 
way to increase chromatin accessibility and activate otherwise 
silenced TSGs (44, 80, 81). Combined DNMTi and HDAC inhibitor 
treatments have had mixed effects on clinical response rates and 
survival benefit compared to single-agent DNMTi treatment (82–85). 
HDAC inhibition was also associated with increased DNA dam-
age, and this could explain some resultant pharmacodynamic 
antagonism with DNMT inhibition in cancer cell lines and patients 
(17, 86–89).

Our study suggests that simultaneously targeting repressive ly-
sine methylation signaling at H3K27, particularly using the clinically 
applied EZH2i TAZ, represents a different approach to augmenting 
the transcriptional and therapeutic effects of DNMT inhibition. 
Recent studies have begun examining the combinatorial use of DNMTi 
and EZH2i, with reports of cooperative therapeutic benefit that in-
clude reduced xenografted tumor or cell line growth, antineoplastic 
action, increased T cell infiltration, resensitization to immuno-
modulatory drugs, reexpression of silenced TSGs, and activation of 
the viral mimicry response (10, 35, 37–40, 79). Consistent with these 
findings, perturbing DNA methylation, genetically or as a conse-
quence of chemotherapy and metabolic perturbation, renders can-
cer cells sensitive to EZH2 inhibition (34, 36). Our studies build 
from these reports, corroborating the combination antiproliferative 
effects of DNMT and EZH2 inhibition in colon cancer models while 
also providing in-depth analysis of the molecular effects of com-
bined DNMT and EZH2 inhibition on the epigenome and tran-
scriptome, the importance of which is discussed below. We also 
inform about the rational selection of epigenetic inhibitors used in 
clinical practice and provide rationale for expanding the use of 
EZH2is beyond tumor types that show a dependency on PRC2.

Immunomodulatory effects of combined DNMTi and 
EZH2i treatment
We and others found that TEs become activated after DNMT inhibi-
tion, which triggers a “viral mimicry response” mediated through 
dsRNA sensing and interferon signaling (6, 7). Here, we show that 
TAZ enhances the DAC-induced expression of TEs and innate im-
mune response pathways associated with viral mimicry. Activating 
antiviral response programs in tumors is associated with a better 
response to immunotherapy in preclinical models (9–11), and these 
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data suggest future directions for testing whether DAC and TAZ 
treatments might improve tumor response to immunomodulat-
ing agents.

Combined DAC and TAZ treatment also transcriptionally up-
regulated components of the calcium-calcineurin-NFAT signaling 
pathway in numerous colon cancer cell lines and other solid tumor 

cancer cell lines (Fig. 5, F to J, and figs. S6 and S8G), but it is still 
unclear how this influences oncogenesis or solid tumor response to 
treatment (72, 90, 91). The calcium-calcineurin-NFAT pathway is 
instead primarily associated with T cell activation (73, 92), and it is 
known that single-agent DNMTi or EZH2i therapy activates T cells 
and can improve immune modulation in cancer cells and in vivo 
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cancer therapy models (9, 11, 93–96). Our data are consistent with a 
model whereby combined DNMTi and EZH2i treatment stimulates 
the tumor cell–extrinsic immune microenvironment, either by in-
ducing viral mimicry or by activating the calcium-calcineurin-
NFAT pathway. This may be of particular relevance to microsatellite 
stable (MSS) colon cancer that responds poorly to immune check-
point inhibitors (97). The MSS cell lines COLO205 and CACO2 
showed both antineoplastic effects and transcriptional enrichment 
of calcium signaling following DAC and TAZ combination treat-
ment (Fig. 3A and fig. S6A). Future studies will consider whether 
the DAC and TAZ combination helps overcome immunotherapy 
resistance in MSS colon cancers.

Rational EZH2i selection
We were surprised to find that the two most potent EZH2is (TAZ 
and CPI-1205) were the least toxic of all EZH2is tested in this study. 
The disconnect between cell viability and potency for the other tox-
ic EZH2is suggests that these molecules have off-target activities. 
Recent studies have called for reevaluating the off-target effects of 
small molecules used experimentally and in clinical trials (including 
the EZH2i UNC1999 used in this study), suggesting that the mecha-
nism of action behind their efficacy and/or toxicity may stem from 
different interactions than predicted (98, 99).

Compounds such as TAZ and CPI-1205 that showed character-
istics of low toxicity coupled with high potency also synergized the 
best with DAC. The limited single-agent toxicity of select EZH2is 
may be key for maximizing combination effects with DNMTis that 
require DNA synthesis for drug action. Given the broad interest in 
EZH2 inhibition in both laboratory and clinical settings (46, 47), 
this study provides valuable insight as to how to rationally evaluate 
and assay these small molecules, including factors outside of cyto-
toxicity.

Relationship between epigenetic and 
transcriptional responses
The concept of an epigenetic switch in which the loss of one repres-
sive mark induces compensation by a different silencing mechanism 
is not new to this field (29, 30, 100, 101). In this study, we deter-
mined that an epigenetic switch between DNA methylation and 
H3K27me3 does not occur on a global scale but rather at specific 
Polycomb regulatory regions of the genome such as bivalent en-
hancers. Our study revealed a common theme for where the epigen-
etic switch occurs in which loss of DNA methylation at genomic 
regions with low basal levels of H3K27me3 induced increases in the 
repressive mark due to preexisting EZH2 occupancy. Notably, this 
reversion to PRC2-mediated repression following the removal of 
DNA methylation has been observed in normal developmental con-
texts where H3K27me3 helps maintain transposon repression after 
genome-wide induction of DNA methylation loss in mouse embry-
onic stem cells (102), adding evidence for the targetability of the 
interconversion of these two distinct silencing marks. Our combina-
tion treatment effectively blocked the epigenetic switch that occurs 
with single-agent DAC treatment, leading to accessibility of calcium 
signaling–associated transcription factor binding motifs (AP-1 and 
NFAT) for downstream regulation of transcriptional responses.

Early genome-wide studies reported anticorrelations between 
DNA methylation and H3K27me3 distributions leading to the 
paradigm that these marks are mutually exclusive (29, 101). How-
ever, we and others report that these marks can indeed coexist and 

silence gene transcription in a cooperative manner (39, 67, 68). In 
this study, we identified over 300 PC genes (including TSGs such as 
SFRP1) that were dually silenced by both DNA methylation and 
H3K27me3 at promoter regions in HCT116 cells. Single-agent treat-
ment with low-dose DAC or TAZ did not reactivate expression of 
these genes. Rather, the combination of DNMT and EZH2 inhibi-
tion was required to effectively remove both DNA methylation and 
H3K27me3, respectively, to permit expression of these genes. Our 
results are consistent with the observation that cancer cells are prone 
to coexistence of these modifications and that DNMTi and EZH2i 
combination treatment can effectively target genes that are dually 
modified for activation.

MATERIALS AND METHODS
Cell and tumoroid culture
Cell lines used in this study were from American Type Culture Col-
lection (ATCC) (HTB-37, HTB-47, CCL-222, CCL-225, CCL-227, 
CCL-247, CRL-1932, CRL-1933, CRL-5803, and CRM-CCL-185) 
and maintained in ATCC-recommended culture medium, includ-
ing McCoy’s (Gibco, 16600-082), RPMI 1640 (Gibco, 11875-093), 
Leibovitz’s L-15 (ATCC, 30-2008), or EMEM (ATCC, 30-2003) and 
A549 in RPMI 1640, all supplemented with 10 to 20% fetal bovine 
serum (MilliporeSigma, F0926) and 1% penicillin/streptomycin 
(Life Technologies, 15140-122) at 5% CO2 and 37°C.

Tumoroids were derived from an APCMin/+ mouse small intestine 
adenoma. After euthanasia with CO2, the small intestine was excised, 
opened longitudinally, and vigorously washed 3× in phosphate-
buffered saline (PBS). Adenomas were excised, minced, suspended in 
PBS, and centrifuged at 300g for 5 min. Pellets were resuspended in 
Dispase (STEMCELL Technologies, 07923) and incubated at 37°C 
for 10 min. Dissociated tissue was centrifuged again at 300g for 
5 min, washed in Dulbecco’s modified Eagle’s medium (DMEM) 
(Life Technologies, 11965092), passed through a 70-μm filter, and 
centrifuged again. Dissociated cells were washed once more with 
DMEM, centrifuged, and resuspended in a 50:50 mixture of Matrigel 
(Corning, 356231):modified organoid HITES medium. Modified or-
ganoid HITES medium comprises DMEM/F12 50/50 (Life Technol-
ogies, 11330032) supplemented with 1× GlutaMAX (Gibco, 
35050061), 1% penicillin/streptomycin (Life Technologies, 15140-
122), insulin-transferrin-selenium mix (Gibco Invitrogen, 41400-
045), 10% fetal bovine serum (MilliporeSigma, F0926) with 
hydrocortisone (1.6 ng/ml; Sigma-Aldrich, H0888), and murine 
epidermal growth factor (50 ng/ml; Thermo Fisher Scientific, 
PMG8041) added immediately before use. A total of 40 μl of this 
mixture was seeded into each well of a prewarmed 48-well plate, 
incubated for 10 min at 37°C to polymerize the Matrigel, and then 
covered with modified HITES medium. Once tumoroids formed, 
they were split using cold medium and gentle trituration and then 
replated within 50:50 Matrigel:modified HITES covered by modified 
HITES medium every 7 to 10 days.

Small interfering RNA transfection
ON-TARGETplus small interfering RNA (siRNA) SMARTpools 
(5 μl of 20 μM stock) targeting DNMT1, EZH1, EZH2, NFAT1, or 
Suppressor Of Zeste 12 (SUZ12) (Dharmacon, L-004605-00-0005, 
L-004217-00-0005, L-004218-00-0005, L-003606-00-0005, and 
L-006957-00-0010) and nontargeting control siRNA pools (Dharmacon, 
D-001810-10-05) were mixed with Lipofectamine RNAiMAX (5 μl; 
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Thermo Fisher Scientific, 13778075) in a total of 200 μl Opti-MEM 
(Life Technologies, 31985-062) and incubated for 20 min. McCoy’s 
medium, with or without DAC and supplemented with 10% fetal 
bovine serum but no antibiotics, was refreshed, and the siRNA/lipid mix 
was added dropwise for a final siRNA concentration of 50 nM. Cells 
were collected 48 hours (siNFAT1) or 72 hours (other siRNA) after 
transfection.

Drug treatments
TAZ (Selleck Chemicals, S7128, and Cayman Chemical, 16174), 
CPI-1205 (Selleck Chemicals, S8353), EPZ0011989 (Selleck Chemi-
cals, S7805), EPZ005687 (Cayman Chemical, 13966), GSK126 (Sell-
eck Chemicals, S7061, and Cayman Chemical, 15415), GSK343 
(Selleck Chemicals, S7164), GSK503 (Cayman Chemical, 18531), 
UNC1999 (Caymen Chemical, 14621), GSK3484862 (Chemietek, 
CT-CSKMI-714), CsA (Selleck Chemicals, S2286), LCK inhibitor 
(Cayman Chemical, 15135), and ionomycin (Cayman Chemical, 
11932) were dissolved in dimethyl sulfoxide (DMSO) and stored at 
−20°C. DAC (Sigma-Aldrich, A3656) was dissolved in DMSO:PBS 
at a ratio of 1:150 and stored at −80°C. Each drug or the percentage 
of vehicle equivalent was applied to attached cells or to tumoroids 
suspended in 50:50 Matrigel:modified HITES medium.

Proliferation assays
To measure cell viability, cells were plated in 96-well plates at a den-
sity of 4000 to 5000 or 500 to 700 cells per well (for a 3- or 7-day 
exposure to drugs, respectively), treated the following day, and as-
sayed with either CellTiter-Glo (Promega, G7570) or CellTiter-
Fluor (Promega, G6080) kits according to the manufacturer’s 
protocol. Measurements were taken using the Biottek Synergy 
Neo Microplate Reader. Background signal from medium-only 
wells was subtracted to obtain the final reported relative lumi-
nescence units (RLU; CellTiter-Glo) or relative fluorescence units 
(RFU; CellTiter-Fluor). IC50 values were generated using GraphPad 
Prism (RRID:SCR_002798).

To measure outgrowth of colon cancer cells after prolonged treat-
ments, cells were plated in a six-well dish, and drug was applied to 
adhered cells the following morning. After 72 hours, cells were col-
lected and replated directly in fresh medium and drugs for another 
72 hours, for a total of 3 to 6 days of “pretreatment” depending on the 
cell line. Following pretreatment, cells were plated into either 12-well 
(10,000 to 20,000 cells per well) or 96-well (500 to 700 cells per well) 
dishes and treated for a final time, which is represented as “day 0” 
following pretreatments on confluency graphs. From these samples, 
9 to 12 images were captured for each well at each time point and the 
percentage of confluency calculated using a Sartorius IncuCyte S3.

For prolonged treatment of tumoroids, media and drugs were 
refreshed every 3 to 4 days and tumoroids split in a 1:4 ratio (regard-
less of response to drug treatment) every 7 to 10 days. At 21 days, 
bright-field images from three wells per treatment were taken using 
the 4× objective of a Nikon Eclipse TS2R microscope. Tumoroids 
were categorized and counted on the basis of morphology catego-
ries, and the counter was blinded to the treatment.

SFRP1-NLuc reporter assay
The SFRP1-NLuc reporter cell line was created using CRISPR-Cas9 
to insert an NLuc cassette into exon 2 of an endogenous SFRP1 al-
lele. To measure NLuc activity in SFRP1-NLuc experiments, the 
CellTiter-Fluor assay was duplexed with the Nano-Glo Luciferase 

Assay System (Promega, N1110). For these experiments, cells were 
plated in 96-well plates as above for the cell viability assays, and me-
dia and drugs were refreshed after 72 hours for the 6-day synergy 
measurements. To duplex the assays, CellTiter-Fluor was used at a 
5× concentration preceding the Nano-Glo assay. NanoGlo reagent 
was applied according to the manufacturer’s protocol, and a Synergy 
Neo Microplate Reader was used to obtain RLU. After background 
subtraction from medium-only wells, RLU were normalized to 
CellTiter-Fluor RFU to account for cell viability. This normalization 
was also used as the input for the synergy score calculations. The 
expected drug combination responses were calculated on the basis 
of the Bliss independence model using SynergyFinder2.0 (51). These 
scores are the average excess response due to the drug interaction, 
and a score greater than 10 is considered likely synergistic (https://
synergyfinder.fimm.fi/synergy/synfin_docs/#datanal). Deviations 
between observed and expected responses with positive and nega-
tive values denote synergy and antagonism, respectively.

Immunofluorescence staining
HCT116 cells were grown on Lab-Tek chamber slides (Thermo 
Fisher Scientific, 154534) and treated for 72 hours with CsA preced-
ing a 1-hour ionomycin challenge. Slides were rinsed in PBS, fixed 
with 4% paraformaldehyde for 15 min, and rinsed again with 
PBS. Paraformaldehyde was neutralized, and cells were permeabi-
lized with permeabilization buffer (PBS, 0.3% Triton X-100, and 
200 mM glycine) for 20 min. Cells were incubated with blocking 
buffer [PBS, 2% bovine serum albumin (BSA), 0.1% Triton X-100, 
and 10% goat serum] for 30 min, followed by incubation with pri-
mary antibody against NFAT1 [1:100; Cell Signaling Technology, 
5861, RRID:AB_10834808; which was validated by Western blot of 
HCT116 lysates with siRNA-mediated NFAT1 knockdown (fig. S7B)] 
in antibody buffer (PBS, 0.1% BSA, and 0.1% Triton X-100) for 
60 min. Cells were washed twice with antibody buffer, incubated 
with secondary antibody (1:200; Thermo Fisher Scientific, A-11034, 
RRID:AB_2576217) for 30 min, and washed twice with antibody 
buffer. Slides were coverslipped with SlowFade Gold mounting 
medium (Thermo Fisher Scientific, S36936) and imaged using the 
40× objective of an Olympus BX51 microscope and the assistance of 
the VAI Optical Imaging Core (RRID:SCR_021968).

Flow cytometry
Cells treated with 5 μM CsA for 72 hours were collected by trypsin-
ization and centrifuged at 300g for 10 min. Cell pellets were resus-
pended in 0.5 ml of cold PBS, and 4.5 ml of cold 70% ethanol was 
added dropwise to cells while gently vortexing. Cells were fixed on 
ice for 2 hours, centrifuged at 500g for 10 min, washed in PBS, and 
centrifuged again. Cell pellets were resuspended in 500 μl of prop-
idium iodide staining solution [500 μl PBS, ribonuclease A (RNase 
A) (100 μg/ml), and propidium iodide (50 μg/ml)] and incubated at 
4°C for 2 hours. Flow cytometry and analysis were performed by the 
VAI Flow Cytometry Core (RRID:SCR_022685) using a CytoFLEX 
S Flow cytometer.

Western blotting
Cells were lysed on ice in cold CSK lysis buffer [10 mM Pipes (pH 7.0), 
300 mM sucrose, 100 mM NaCl, 3 mM MgCl2, 0.1% Triton X-100, 
universal nuclease, and protease inhibitor cocktail (Roche cOmplete 
Mini tablets, EDTA-free)] for 30 min and then centrifuged for 10 min 
at 10,000g to remove insoluble protein. Total protein in the 

https://synergyfinder.fimm.fi/synergy/synfin_docs/#datanal
https://synergyfinder.fimm.fi/synergy/synfin_docs/#datanal
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supernatant was quantified by Bradford assay (Bio-Rad 5000006), 
denatured in SDS loading buffer, and boiled for 10 min. Two to 
5 μg of protein was size-separated by SDS–polyacrylamide gel 
electrophoresis and transferred to a polyvinylidene difluoride 
membrane. Membranes were blocked for one hour at room tem-
perature (PBS, 0.1% Tween 20, and 5% BSA), washed in PBST 
(PBS and 0.1% Tween 20), and incubated with primary antibodies 
against β-actin (1:1000; Cell Signaling Technology, 4970, 
RRID:AB_2223172), EZH1 (1:1000; Cell Signaling Technology, 
42088, RRID:AB_2799212), EZH2 (1:1000; Cell Signaling Tech-
nology, 5246, RRID:AB_10694683), H3 (1:50,000; EpiCypher, 
13-0001). H3K27me3 (1:2000;  Cel l  Signaling Technology, 
9733, RRID:AB_2616029), NFAT1 (1:1500; Cell Signaling Technol-
ogy, 5861, RRID:AB_10834808), and SUZ12 (1:1000; Abcam, ab12073, 
RRID:AB_442939) in blocking buffer overnight at 4°C. The H3K-
27me3 antibody was chosen for its high specificity and selectivity 
among H3K27me3 antibodies profiled by our laboratory on his-
tone peptide arrays (103). Membranes were washed in PBST 
and incubated in horseradish peroxidase–conjugated secondary 
antibody (1:10,000; Sigma-Aldrich, GENA934, RRID:AB_2722659) 
for 1 hour at room temperature. Membranes were washed again in 
PBST, incubated in enhanced chemiluminesence, and imaged 
with film. ImageJ (RRID:SCR_003070) densitometry was used to 
quantify band intensity.

High-resolution melt assay for DNA methylation
DNA was isolated from treated cell pellets using a DNeasy Blood & 
Tissue Kit (QIAGEN, 69504) according to the manufacturer’s proto-
col. The EZ DNA Methylation Kit (Zymo, D5002) was used to 
bisulfite-convert 500 ng of DNA per sample according to the manu-
facturer’s protocol. Bisulfite-converted DNA was eluted in 10 μl of 
M-elution buffer from the kit and brought up to 54  μl total with 
deoxyribonuclease (DNase)–free water. Five microliters of the bisul-
fite converted DNA was combined with 10 μl of Precision Melt Su-
permix for high-resolution melt analysis (Bio-Rad, 1725112) and 
2 μl of forward and reverse primers (2 μM stock) and brought to 
20 μl with DNase-free water. A Bio-Rad CFX Opus93 real-time PCR 
system was used to amplify the DNA at a 60°C annealing tempera-
ture for 39 cycles and then perform a melt analysis from 65° to 95°C 
with 0.1°C/10-s increments. The melting temperature (Tm) at the 
maximum reported RFU value was reported for each amplicon. An 
amplicon from an unmethylated gene, RPL30, was used to control 
for bisulfite conversion (forward, 5′-TAATTTAGAAGAGATAGAG
AATAGGATAGGAATTTTAG-3′; reverse, 5′-ACCATCTTAACGA
CTACTATTAATAAATAAACTCCTAC-3′ primers; seven CpGs 
covered). Amplicons in the hypermethylated CGI promoter of 
SFRP1 (forward, 5′-AGGGGTATTTAGTTGTTGGTTTGTTG-3′; 
reverse, 5′-CTTCTACACCAAACCACCTCAATA-3′ primers; sev-
en CpGs covered) or a methylated chromosome 6 pericentromeric 
(Chr6PCH) locus (forward, 5′-GGGTTATTTCGTAGGAGGGAG
GTTGTTATAGTTTTG-3′; reverse, 5′-CCTCAATACGCCATTCT
CTACTCCCCAAAACC-3′ primers; six CpGs covered) were used 
to report on DNA methylation changes.

RNA isolation, cDNA synthesis, and qRT-PCR
TRIzol reagent (Invitrogen, 15596026) was added directly to ad-
hered cells, collected, and stored at −80°C. After thawing, total RNA 
was extracted following the manufacturer’s protocol, and RNA was 
resuspended in diethyl pyrocarbonate nuclease-free water. The 

High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems, 4368814) with the addition of RNase was used according to 
the manufacturer’s protocol to synthesize cDNA from 2 μg of 
RNA. Using the KAPA SYBR FAST qPCR Kit (Roche, 07959567001) 
according to the manufacturer’s protocol and run on the Bio-Rad 
CFX Opus93 Real-Time PCR System, qRT-PCR was performed on 
biological duplicates or triplicates (noted in figure legends) for each 
experiment and technical duplicates for each gene (Table  1) and 
sample from the biological replicates. Data were analyzed using 
2−ΔΔ(Ct) method (104) where the fold change was determined by 
normalizing to the RPL4 housekeeping gene and an untreated or 
vehicle-treated sample.

Chromatin immunoprecipitation
Cells exposed to drugs for 72 hours were fixed in buffer [1% formal-
dehyde, 50 mM Hepes-KOH (pH 7.6), 100 mM NaCl, 1 mM EDTA 
(pH 8.0), and 0.5 mM EGTA (pH 8.0)] for 10 min at room tempera-
ture with shaking and then quenched with 125 mM glycine for 
5 min at room temperature. Cells were scraped into cold PBS, 
washed 2× with cold PBS, flash-frozen in liquid N2, and stored at 
−80°C until use. Thawed pellets were lysed in LB1 [50 mM Hepes-
KOH (pH 7.6), 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% 
NP-40, 0.25% Triton X-100, and Roche protease inhibitor cock-
tail] for 20 min with rotation at 4°C and cleared by centrifugation 
at 300g for 5 min at 4°C. Supernatant with intact nuclei was set aside. 
Cell pellets were lysed again in 4× LB1 (LB1 with 2% NP-40 and 
1% Triton X-100) for 20 min. Intact nuclei from this and the saved 
supernatant were collected by centrifugation at 1700g for 5 min at 
4°C, resuspended and washed in LB2 [10 mM tris-HCl (pH 8.0), 
1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl, and protease cocktail 
inhibitor] for 10 min with rotation at 4°C, and collected again by 
centrifugation at 1700g for 5 min at 4°C. Nuclei were gently rinsed 2× 
with LB3 [10 mM tris-HCl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 
0.01% NP-40, and protease cocktail inhibitor] without disturbing the 
pellet. Nuclei were resuspended in 1 ml of LB3 and transferred to a 
1-ml milliTUBE (Covaris). Chromatin was sheared to a range of 300–
to 600–base pair (bp) fragments using a Covaris E220 evolution 
focused ultrasonicator with the following parameters: peak power 
(140.0), duty factor (5.0), cycles/burst (200), duration (600 s), and 
temperature (4°C). Sheared chromatin was quantified by Bradford 
assay, 450 μg of chromatin was brought to 500 μl in LB3, and 500 μl 
of ChIP cocktail mix [40 mM tris-HCl (pH 7.6), 150 mM NaCl, 
1 mM EDTA (pH 8.0), 1% Triton X-100, 0.5% NP-40, and protease 
inhibitor cocktail] was added. Prepared chromatin was precleared 
by incubation with 20 μl of prewashed Dynabeads Protein G mag-
netic beads (Invitrogen, 10004D) for 3 hours at 4°C with rotation. After 
bead removal, 10% input (100 μl) of precleared chromatin was removed 
and set aside. Precleared chromatin was immunoprecipitated with 
5 μl of H3K27me3 antibody (Cell Signaling Technology, 9733, 
RRID:AB_2616029) overnight at 4°C with constant rotation. Pro-
tein G magnetic beads [35 μl per immunoprecipitation (IP)] were 
blocked in buffer containing PBS, 0.5% BSA, and 20 μg Herring 
sperm DNA (Sigma-Aldrich, D7290) with rotation at 4°C overnight. 
Blocked beads were washed 3× with PBS and 0.5% BSA and 2× with 
WB1 [50 mM tris-HCl (pH 7.6), 150 mM NaCl, 5 mM EDTA (pH 8.0), 
0.5% NP-40, and 1% Triton X-100]. Immunochromatin complexes 
were incubated with blocked beads for 3 hours with rotation at 
4°C. Bead-immunochromatin complexes were then washed 3× for 5 min 
with rotation at 4°C with WB1, 3× with WB2 [50 mM tris-HCl 
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(pH 7.6), 500 mM NaCl, 5 mM EDTA (pH 8.0), 0.5% NP-40, and 
1% Triton X-100], 2× with WB1, and 1× with low-salt TE [10 mM 
tris-HCl (pH 8.0), 1 mM EDTA (pH 8.0), and 50 mM NaCl]. Beads 
were incubated in 50 μl of elution buffer [10 mM tris-HCl (pH 8.0), 
10 mM EDTA, 150 mM NaCl, 5 mM dithiothreitol, and 1% SDS] at 
65°C for 15 min in 50-μl volume to elute immunochromatin com-
plexes. The elution step was repeated, and eluates were combined. 
Eluents and input were incubated overnight at 65°C with constant 
shaking to reverse cross-links, followed by incubation at 37°C for 
1 hour with DNase-free RNase A and then at 37°C for 2 hours with 
10 μl of Proteinase K (20 mg/ml of stock). DNA was isolated with a 
1.5× ratio of KAPA Pure Beads (KAPA Biosystems, KK8000) to 
DNA volume.

siQ-ChIP library preparation and sequencing
Immunoprecipitated fragments and saved inputs were quantified 
with the Qubit dsDNA High Sensitivity Assay kit (Invitrogen, 
Q32851), and 10 ng of purified DNA for each IP and input sample 
were used for library preparation with the KAPA Hyper Prep Kit 
(Kapa Biosystems, KR0961). TAZ and combo treatments required 
two IPs per biological replicate to attain enough material for library 
preparation, and this doubling has been accounted for in the param-
eters for siQ-ChIP (59, 60) for these samples. Library preparation 
including fragment end-repair, A-tail extension, and adapter liga-
tion was conducted per the manufacturer’s instructions (KAPA Bio-
systems). Adapter-ligated fragments were amplified with 11 cycles 
following the recommended thermocycler program, and DNA was 
purified with two rounds of purification using KAPA Pure Beads 
(KK8000). Quality and quantity of the finished libraries were as-
sessed using a combination of the Agilent DNA High Sensitivity 
chip (Agilent Technologies Inc.), the QuantiFluor dsDNA System 
(Promega Corp., Madison, WI, USA), and the Kapa Illumina Li-
brary Quantification qPCR assays (KAPA Biosystems). Individually 

indexed libraries were pooled and 75-bp, paired-end sequencing 
was performed on an Illumina NextSeq 500 sequencer using a 150-
bp HO sequencing kit (v2) (Illumina Inc., San Diego, CA, USA), or 
50-bp, paired-end sequencing was performed on an Illumina Nova-
Seq6000 sequencer using an S2, 100-bp sequencing kit to a mini-
mum read depth of 50 M read pairs per IP library and 100 M read 
pairs per input library. Base calling was done by Illumina RTA3, and 
output of NextSeq Control Software (NCS) was demultiplexed and 
converted to FastQ format with Illumina Bcl2fastq (v1.9.0).

siQ-ChIP-seq processing and analysis
siQ-ChIP sequencing reads were 3′ trimmed and filtered for quality 
and adapter content using TrimGalore (v0.5.0), and quality was as-
sessed by FastQC (v0.11.8). Reads were aligned to human assembly 
hg38 with bowtie2 (v2.3.5, RRID:SCR_016368) and were dedupli-
cated using removeDups from samblaster (v.0.1.24) (105). Aligned 
BAM files were used for quality control analysis with deepTools 
(v3.2.0) “plotFingerprint” and “plotPCA” functions. Aligned SAM 
files were then processed for paired-end reads with high mapping 
quality (MAQ ≥ 20), correct pair orientation (Sam Flags = 99, 163), 
and fragment length as described for siQ-ChIP (https://github.com/
BradleyDickson/siQ-ChIP). Param.in files were prepared for each 
sample with all required parameters and measurements required for 
siQ-ChIP normalization. IP tracks (with H3K27me3 efficiency val-
ues) and comparative responses between drug treatments (relative 
to vehicle) were generated with execution of getsiq.sh (v: February 
2021) with the EXPlayout file [note: params.in and EXPlayout file 
are provided with the Gene Expression Omnibus (GEO) accession]. 
Each individual inhibitor-treated biological replicate was compared 
to each individual vehicle-treated biological replicate.

To determine the change in H3K27me3 distributions be-
tween inhibitor-treated samples and vehicle-treated samples, each 
inhibitor-treated biological replicate (e.g., DAC301) was individually 

Table 1. qRT-PCR genes and primers. 

Gene Forward (5′-3′) Reverse (5′-3′)

ATP2B2 AAGAACATCCTGGGCCATGC TGGAACATCTTCTCGCCAACA

CACNA1C TCAACAACGCCAACAACACC GGCACCTGTTGGAGCTGAG

ELMO1 TGAGACCTGCAACGACTTCC TCACCACCTGCATTACCTTGT

FOS TGACTGATACACTCCAAGCGG GGCAATCTCGGTCTGCAAAG

GCNT2 TGACATGGAAGACAGACACGG TCCACAGTAAGGGGGTAGGT

GRHL3 CTGAAGGGGCTGAGGAATGC GACGTGGTTGCTGTAATGCTG

IFI27 TCTGGCTCTGCCGTAGTTTT GAACTTGGTCAATCCGGAGA

JUN GTCCGAGAGCGGACCTTATG GGTGAGGAGGTCCGAGTTCT

KRT17 AAGGATGCCGAGGATTGGTT ACTGCAGCTCTATCTCCAAGG

LAT CGAGCTACGAGAACGAGGAA GCCTGGGTTGTGATAGTCGT

LCK AACAAACTCCTGGACATGGCA GCCCGAAGGTCACGATGAATA

NFATC1 AAAACTGACCGGGACCTGTG GAACGGGGCTGGTTATCCTC

NFATC2 AGAATGCCACGAGCCAAAGA AGCTAAGGTGTGTGTCTATCAGC

NOS1 CTCCTGGCTCAACCGGATAC TGCCAGAAGCTTCGGAAAGG

RPL4 ATCCAAAGAGCCCTTCGAGC CTGGCGAAGAATGGTGTTCC

SFRP1 CATGCAGTTCTTCGGCTTCT GATTTCAACTCGTTGTCACAGG

TMEM35A GCTCAGCAAGGATGCCTACA GGCACCAATGCTTTTTCGGA

https://github.com/BradleyDickson/siQ-ChIP
https://github.com/BradleyDickson/siQ-ChIP
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compared to the two vehicle-treated biological replicates (e.g., 
DAC301vsVeh1 and DAC301vsVeh2), and the average log2 fold 
change in response (area of peak in inhibitor treatment/area of peak 
in vehicle treatment) was calculated. Next, conserved peaks between 
inhibitor-treated biological duplicates were determined by calculat-
ing the proximity of replicate 1 peaks to replicate 2 peaks (e.g., 
DAC301 and DAC302) using the “closest” command from bedtools 
(v2.25.0). Peaks were considered conserved among biological repli-
cates if the peaks overlapped or were within 200 bp of each other. 
Last, the average log2 fold change in response was calculated for the 
peaks conserved between the two inhibitor-treated biological repli-
cates. Peaks were considered significant if the log2 fold change in 
response was ≥1.0 (increase in H3K27me3) or ≤−1.0 (decrease in 
H3K27me3).

ChromHMM (v1.23)
Custom ChromHMM (106) annotations for the HCT116 cell line were 
built with publicly available datasets (Table  2). For the H3K27me3 
ChIP-seq dataset, we used our vehicle-treated HCT116 H3K27me3 
ChIP-seq data generated in this study. The original raw fastq.gz files 
were downloaded, reprocessed, and aligned using the workflow de-
scribed under siQ-ChIP processing and analysis. All aligned BAM 
files were binarized using “BinarizeBam” and then fed into “Learn-
Model” to build a 15-state chromatin model. Chromatin states were 
assigned manually by considering the enrichment emissions for his-
tone PTMs (fig. S4H), coverage of the genome (fig. S4I), and prox-
imity to TSSs. Enrichment overlap analysis with siQ-ChIP peaks, 
Repli-Seq phases, and differently expressed genes was conducted 
with the “OverlapEnrichment” function using the genomic coordi-
nates for each dataset.

Repli-Seq data accession and analysis
Sixteen-phase Repli-Seq data (measuring replication timing from 
early to late replication) were downloaded (GEO: GSE137764) 
(63), and each phase of replication timing was separated into 
their own genomic coordinates (both bed and bigwig files) for use 
in integrative ChromHMM, siQ-ChIP-seq, and gene expression  
analysis.

EM-seq library preparation and sequencing
Libraries were prepared by the Van Andel Institute Genomics Core 
(RRID:SCR_022913) from an input of 41 to 51 ng of ChIP DNA 
(taken directly from DNA immunoprecipitated for siQ-ChIP-seq) 
using the NEBNext EM-seq Kit (New England Biolabs, E7120L). 
The denaturation method used was 0.1 N of sodium hydroxide, 
according to the protocol, and 8 cycles of PCR amplification were 

performed. Quality and quantity of the finished libraries were as-
sessed using a combination of the Agilent High Sensitivity DNA 
chip (Agilent Technologies Inc., 5067-4626) and QuantiFluor ds-
DNA System (Promega, E2670). Paired-end sequencing (150 bp) 
was performed on an Illumina NovaSeq6000 sequencer using an S4, 
300-bp sequencing kit (Illumina Inc., San Diego, CA, USA), with 
10% PhiX to a minimum read depth of 100 M read pairs per library. 
Base calling was done by Illumina RTA3, and output of NCS was 
demultiplexed and converted to FastQ format with Illumina Bcl-
2fastq (v1.9.0).

EM-seq processing and analysis
EM-seq reads were aligned to human genome build hg38, duplicate-
marked (samblaster, RRID:SCR_000468), and sorted (samtools, 
RRID:SCR_002105) using the “biscuitBlaster” pipeline from BISCUIT 
(v0.3.16) (https://huishenlab.github.io/biscuit/). Cytosine retention 
and callable single-nucleotide polymorphism mutations were 
computed with “biscuit pileup” and output into a VCF file. Cytosine 
β values and coverage were extracted with “biscuit vcf2bed” and CpG 
methylation status was merged with “biscuit mergecg.”

Quality control of the ChIP-EM-seq dataset was assessed several 
ways. First, principal components analysis [“plotPCA” deepTools 
(v3.2.0)] of both the siQ-ChIP and EM-seq libraries demonstrated 
that samples clustered based on their drug treatment (fig. S4D). To 
determine that EM-seq libraries truly were enriched for H3K27me3 
fragments, k-means clustering from deepTools (n = 4 clusters) was 
conducted to stratify PC genes around the TSS by the efficiency of 
H3K27me3 IP (fig. S4E, top). Next, we calculated the average CpG 
read coverage in the EM-seq libraries for each of the H3K27me3 
clusters and showed that the clusters with the highest H3K27me3 
level (C1 and C2) also have the highest average read coverage, indi-
cating that our approach effectively enriched for H3K27me3 in a 
quantitative manner and was sufficiently covered by EM-seq to in-
terrogate DNA methylation levels (fig. S4E, bottom). CpH dinucleo-
tides (control for EM conversion) showed less than 0.5% cytosine 
methylation indicating that we achieved >99% conversion efficiency 
on all EM-seq libraries (fig. S4F).

To assess the direct relationship between H3K27me3 and DNA 
methylation levels, we divided the genome into 100-bp bins, cal-
culated the average H3K27me3 efficiency between biological rep-
licates for each 100 bp bin, calculated z scores for each bin 
considering the H3K27me3 efficiency across all bins in the vehicle-
treated samples, and lastly subdivided the bins based on z score 
into different H3K27me3 categories (fig. S4G). CpG coordinates 
were intersected with the 100-bp H3K27me3 bin coordinates 
using “intersect” from bedtools (RRID:SCR_006646) (107) and 

Table 2. ENCODE and GEO accession numbers for public ChIP-seq datasets used. 

Histone PTM ENCODE accession (120) GEO accession

H3K4me1 ENCSR161MXP GSE95958

H3K4me3 ENCSR333OPW GSE96123

H3K9me3 N/A (Rothbart laboratory generated) GSM4668119, GSM4668118

H3K27ac ENCSR661KMA GSE96299

H3K36me3 ENCSR091QXP GSE95914

https://huishenlab.github.io/biscuit/
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calculated the average β value of the CpGs contained within each 
100-bp H3K27me3 bin.

For integrative analysis with ChromHMM, siQ-ChIP, and gene 
expression, cytosine retention and coverage values were combined, 
and a CpG was retained for downstream analysis if it was covered by 
≥8 sequencing reads. Bed files were constructed for each sample 
with the calculated β value for each CpG and converted to bigwigs 
using UCSC Browser Tools (v: March 2017).

Integrative genomic analysis
As described in the respective sections above, bigwig files were gen-
erated for each sample for genome-wide H3K27me3 efficiency (siQ-
ChIP-seq) and DNA methylation β values (EM-seq). Bed files with 
genomic coordinates for differential H3K27me3 peak analysis, 
ChromHMM chromatin–state annotations, and Repli-Seq phases 
were generated as described above. Integrated siQ-ChIP-seq and 
EM-seq analysis was conducted with deepTools (v3.2.0) (108) by 
constructing matrices with “computeMatrix” across queried ge-
nomic coordinates with the respective bigwig data and visualizing 
the summarized integration with “plotProfile” and “plotHeatmap.”

Bivalent enhancers that demonstrated an increase in H3K27me3 
efficiency following DAC treatment were identified by intersecting 
the peak coordinates with the ChromHMM EnhBiv coordinates 
using “intersect” from bedtools (107). Motif enrichment analysis 
was conducted on the intersected bivalent enhancer coordinates 
(∓10 kb) using “findMotifsGenome.pl -len 8,10,12” from HOMER 
(v4.11.1) (109).

Genomic DNA isolation
Genomic DNA was extracted using the DNeasy Blood & Tissue Kit 
(QIAGEN, 69504) following the standard protocol. Samples were then 
treated with RNase A (1 mg/ml) at 37°C for 30 min. DNA was re-
precipitated with 1/10 volume of 3 M sodium acetate (pH 4.8) and 
2.5 volumes of 100% ethanol and stored overnight at −20°C. Precipitated 
DNA was pelleted by centrifugation at 17,090g for 30 min at 4°C. The 
pelleted DNA was washed twice with 70% ethanol, allowed to dry for 
15 min, and resuspended in nuclease-free water.

Infinium MethylationEPIC BeadChip (EPIC array)
Genomic DNA was quantified with the Qubit dsDNA High Sensi-
tivity Assay kit (Invitrogen, Q32851), and 1.5 μg of genomic DNA 
was submitted to the VAI Genomics Core (RRID:SCR_022913) 
for quality control analysis, bisulfite conversion, and DNA methyla-
tion quantification using the Infinium MethylationEPIC BeadChIP 
(Illumina) processed on an Illumina iScan system following the manu-
facturer’s standard protocol (110, 111).

EPIC array data processing and analysis
All analyses were conducted in the R statistical software (v4.1.2) 
(R Core Team). Raw IDAT files for each sample were processed 
using the Bioconductor (RRID:SCR_006442) package SeSAMe 
(v1.8.12) for extraction of probe signal intensity values, normaliza-
tion of probe signal intensity values, and calculation of β values 
from the normalized probe signal intensity values (112–114). The β 
value is the measure of DNA methylation for each individual CpG 
probe, where a minimum value of 0 indicates a fully unmethylated 
CpG and a maximum value of 1 indicates a fully methylated CpG in 
the population. CpG probes with a detection P > 0.05 in any one sam-
ple were excluded from the analysis. DMRs were called using the 

Bioconductor package DMRcate (v3.13), and regions were consid-
ered differentially methylated if at least five contiguous CpGs dem-
onstrated a mean difference of 0.15 methylation change in the 
drug-treated cells compared to vehicle-treated HCT116 cells.

Construction and sequencing of directional total 
RNA-seq libraries
Libraries were prepared by the Van Andel Institute Genomics Core 
(RRID:SCR_022913) from 500 ng of total RNA using the KAPA 
RNA HyperPrep Kit (Kapa Biosystems, Wilmington, MA, USA). Ri-
bosomal RNA material was reduced using the QIAseq FastSelect–
rRNA HMR Kit (QIAGEN, Germantown, MD, USA). RNA was 
sheared to 300 to 400 bp. Before PCR amplification, cDNA fragments 
were ligated to IDT for Illumina TruSeq UD Indexed adapters (Illu-
mina Inc., San Diego CA, USA). Quality and quantity of the finished 
libraries were assessed using a combination of the Agilent DNA High 
Sensitivity chip (Agilent Technologies Inc.) and QuantiFluor dsDNA 
System (Promega Corp., Madison, WI, USA). Individually indexed 
libraries were pooled and 50 bp, paired-end sequencing was per-
formed on an Illumina NovaSeq6000 sequencer to an average depth 
of 50 M raw paired-reads per transcriptome. Base calling was done 
by Illumina RTA3, and output of NCS was demultiplexed and con-
verted to FastQ format with Illumina Bcl2fastq (v1.9.0).

RNA-seq processing and analysis
Raw 50-bp paired-end reads were trimmed with TrimGalore! (www.
bioinformat ics .babraham.ac .uk/projec ts/ t r im_galore/) 
(RRID:SCR_011847), followed by quality control analysis with 
FastQC. Trimmed reads were aligned to GRCh38.p12 and indexed to 
GENCODE v29 via STAR (v2.5.3a) aligner with flags “-twopassMode 
Basic\ -quantMode GeneCounts” for feature counting.

ReadsPerGene output count files were constructed into a raw 
read count matrix in R. Low-count genes were filtered (one count in 
at least one sample) before edgeR (v3.36.0) count normalization and 
differential expression analysis with “voomWithQualityWeights” 
and quasi-likelihood fit set to robust. Principal components analysis 
was calculated using “prcomp” in the R stats package on the normal-
ized expression matrix. Differential expression analysis was con-
ducted with “voomWithQualityWeights” and a quasi-likelihood fit 
set to robust. Each dataset was treated separately for differential ex-
pression analysis (i.e., day 3 acute treatment, day 6 prolonged treat-
ment, and CsA treatments), and all inhibitor treatments were 
compared to their respective vehicle samples. Genes were consid-
ered differentially expressed if |log2FC| ≥ 1 and false discovery rate 
(FDR) ≤ 0.01. Venn diagrams of overlapping genes were generated 
using BioVenn (115).

TE analysis
TE analysis of total RNA-seq datasets was conducted with SQuIRE 
(v0.9.9.92) (https://github.com/wyang17/SQuIRE) (116). TEs were 
aligned to hg38, counted, and analyzed for differential expression 
relative to the vehicle-treated samples using “Map,” “Count,” and 
“Call” commands, respectively. TEs were considered differentially 
expressed if |log2FC| ≥ 1 and adjusted P ≤ 0.01.

Gene set enrichment analysis
GSEA (v4.1.0) (117) was conducted across the following curated 
gene set databases: HALLMARK, c2.cgp, c2.cp.biocarta, c2.cp.kegg, 
c2.cp.reactome, and c3.tft.v2023.1. Phenotype comparisons were set 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://github.com/wyang17/SQuIRE
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to combo versus REST for all analysis with weighted enrichment 
statistic and Signal2Noise settings for ranking genes. Maximum 
and minimum sizes of a gene set were set to 2500 and 15 genes, 
respectively. Genes marked as a “core enrichment” gene were used 
for heatmap row z score analysis of normalized counts per million 
(CPM) values.

TCGA analysis
“Gene Expression Quantification” data for “Transcriptome Profil-
ing” of primary solid tumors were queried, downloaded, and pre-
pared using the Bioconductor package TCGAbiolinks (118) for the 
following datasets: COAD/READ (119), BRCA (77), and OV (78). 
Prepared gene counts were normalized by library size and overall 
transcription level with the Bioconductor package edgeR. For each 
cancer dataset, the respective AIM derived from Li et al. (76) was 
used for supervised clustering (clustering_method  =  “average”; 
clustering_distance = “correlation”) of the sample normalized gene 
counts using pheatmap. Samples were assigned into AIM high and 
low clusters based on the first column dendrogram branch. After 
AIM categories were assigned for each sample, supervised cluster-
ing of the core enrichment genes from the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) calcium signaling gene set (identified 
from GSEA analysis of day 3 acute treatment combo versus REST) 
was done using pheatmap (v1.0.12). For direct comparison of the 
AIM and calcium signaling gene sets, the average z score across the 
respective gene set was calculated for each sample and used for 
Pearson correlation analysis.

PRC2 inhibition in vitro assay
Reactions (10  μl) containing 150  nM PRC2 [comprising EZH2, 
SUZ12, Embryonic Ectoderm Development (EED), and RbAp46/48; 
Active Motif, 31887], 1 μM recombinant nucleosomes wrapped with 
187-bp DNA (EpiCypher, 16-2004), and 1 μCi of 3H-SAM (Perki-
nElmer) in KMT reaction buffer [50 mM tris (pH 8.8), 2 mM MgCl2, 
0.02% Triton X-100, and 1 mM dithiothreitol] with indicated amounts 
of EZH2is or an equivalent concentration of DMSO were incubated 
for 1 hour at room temperature. Reactions were stopped by the addition 
of trifluoracetic acid to a final concentration of 0.5%, neutralized by 
diluting with 150 μl of 50 mM NaHCO3, and transferred to streptavidin-
coated FlashPlates (PerkinElmer). Plates were incubated for 15 min, 
sealed, and counted in a MicroBeta2 liquid scintillation counter 
(PerkinElmer MicroBeta2) for 1 min per sample. Percent activity was 
calculated by comparing to DMSO control, and IC50 values were 
calculated using GraphPad Prism (RRID:SCR_002798).

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
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