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ABSTRACT
◥

Cancer is a complex disease and cancer cells typically harbor
multiple genetic and epigenetic alterations. Large-scale sequenc-
ing of patient-derived cancer samples has identified several
druggable driver oncogenes. Many of these oncogenes can be
pharmacologically targeted to provide effective therapies for
breast cancer, leukemia, lung cancer, melanoma, lymphoma, and
other cancer types. Initial responses to these agents can be robust
in many cancer types and some patients with cancer experience
sustained tumor inhibition. However, resistance to these targeted
therapeutics frequently emerges, either from intrinsic or acquired

mechanisms, posing a major clinical hurdle for effective treat-
ment. Several resistance mechanisms, both cell autonomous and
cell nonautonomous, have been identified in different cancer
types. Here we describe how alterations of the transcriptome,
transcription factors, DNA, and chromatin regulatory proteins
confer resistance to targeted therapeutic agents. We also elabo-
rate on how these studies have identified underlying epigenetic
factors that drive drug resistance and oncogenic pathways, with
direct implications for the prevention and treatment of drug-
resistant cancer.

Introduction
It is estimated that more than 19 million men and women world-

wide were diagnosed with cancer last year, leading to over 9.6 million
cancer-related deaths (1). Anticancer therapies have advanced con-
siderably in the last two decades, with targeted therapeutic agents often
replacing chemotherapy as first-line therapy for most cancers with
oncogenic alterations for which clinical-grade pharmacologic inhibi-
tors have been developed (2, 3). These targeted therapeutic agents
provide more clinical benefits than chemotherapy for some patients
with cancer, offering reduced therapy-related side effects, increased
survival, and even long-term cure in some cases.

However, many patients with cancer do not respond to targeted
therapeutics, due to either intrinsic drug resistance or the development
of acquired resistance after treatment (4–6). Drug resistance renders
targeted therapeutic agents ineffective and leads to disease progression.
Consequently, drug-resistant tumors are a major clinical challenge in
modern oncology practice, and there is dire need for new therapeutic
agents to treat these cancers. Several mechanisms of targeted therapy
resistance development have been identified, and notably, many of
these discoveries have resulted in development of new drugs that target
resistance mechanisms and their translation into the clinic (7–10).
These “bench-to-bedside” translational successes have provided hope
to patients with drug-resistant tumors. Furthermore, ongoing efforts

to identify additional resistancemechanismswill likely prove useful for
the development of additional treatments for drug-resistant cancer by
uncovering novel mechanisms and driver proteins that activate drug
resistance pathways (Fig. 1A; refs. 11–15).

Epigenetic alterations refer to heritable changes that can modulate
gene transcription without causing change in DNA sequence. The
most common examples of epigenetic alterations areDNA and histone
protein modifications, which affect transcription factor binding and
function, leading to transcriptomic changes. Epigenetic alterations in
DNA and histone proteins are important for cancer initiation and
progression (16–18), and they can also drive resistance to targeted
therapies (19–22). In this review, we provide an overview of the
epigenetic mechanisms associated with cancer–drug resistance and
discuss the implications of these findings for treatment of drug-
resistant tumors (Supplementary Table S1). For the purpose of this
review, we will consider nongenetic alterations of DNA and histone
proteins, as well as their impact on transcription factor function and
the cancer cell transcriptome, as epigenetic changes. The role of
noncoding (nc)RNAs in cancer drug resistance has been previously
reviewed by others (23, 24) and will not be discussed.

Altered Transcriptional Profiles of
Cancer Cells Resistant to Targeted
Therapeutic Agents

Cancer types and subtypes can be classified with great certainty
using mRNA expression profiles (25–29). Similarly, mRNA profiling
approaches have been instrumental for distinguishing drug-sensitive
and drug-resistant cancer cells, as well as for facilitating identification
of potential therapeutic targets (30–32). As an example, one study
performed differential mRNA expression analysis of the EGFR-
mutant lung adenocarcinoma (LUAD) cell line PC9 (PC9GR) that
is resistant to EGFR inhibitor (gefitinib) and identified 865 mRNAs
with altered expression (396 upregulated, 469 downregulated) in
gefitinib-resistant PC9GR cells compared with parental PC9 cells (33).
Using the Cancer Cell Line Encyclopedia and Cancer Therapeutics
Response Portal, the authors identified 17 drugs whose responses were
associated with four or more of these upregulated genes. Of these
drugs, they tested four—dasatinib, KPT-185, trametinib, and
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pluripotin—and found that KPT-185 most potently inhibited growth
of PC9GR cells.

KPT-185 is an inhibitor of Exportin 1 (XPO1), a protein that
mediates nuclear export of proteins and RNAs (34, 35), and has
documented anticancer activity in leukemia (36) and lung cancer (37).
KPT-185 was shown to inhibit PC9GR cells as effectively as PC9
parental cells (33), providing an excellent example of transcriptional

profiling as an approach for identifying new therapeutics to treat
drug-resistant cancers. However, in this study, it was not clear why no
differences in KPT-185 sensitivity were observed in gefitinib-sensitive
and gefitinib-resistant cells. A likely possibility is that the growth-
suppressive effect of KPT-185 results from its ability to target essential
cellular functions (e.g., protein and RNA transport), although the pre-
cise KPT-185 mechanism-of-action was not identified. Therefore, the
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Figure 1.

Epigenetic mechanisms and regula-
tors that drive resistance to targeted
cancer therapeutics. A, Therapeutic
agents can activate cell autonomous
and/or cell nonautonomous mechan-
isms to confer drug resistance in
cancer. This may involve acquisition
of novel mutations, enrichment of
drug-tolerant persister cells, and
microenvironment-mediated drug
resistance. B, The illustration depicts
transcription factors, DNA modifiers,
and chromatin regulators that con-
tribute to resistance against targeted
cancer therapies.
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toxicity profiles and off-target effects of XPO1 inhibitors should be
carefully assessed before they can be considered as possible therapeutics.

Bulk RNA-sequencing (RNA-seq), although useful for identifying
important transcriptional features of drug-resistant tumors, fails to
capture heterogeneous drug-resistant cell populations and their rel-
ative abundance. However, these limitations are overcome through use
of single-cell (sc)RNA-seq, which can deconvolute the heterogeneous
nature and complex evolution of drug resistance (38–43). An excellent
example of using scRNA-seq to better understand the response to
therapeutic agents is a study by Xue and colleagues that identified a
rapid, nonuniform adaptation to conformation-specific KRAS(G12C)
inhibition (44). The authors assessed adaptation of KRAS(G12C)-
mutant lung cancer cells to the conformation-specific KRAS(G12C)
inhibitor ARS1620, which binds the inactive non–GTP-bound form of
KRAS(G12C), but not the GTP-bound form. Results showed that
KRAS(G12C)-mutant cells undergo two alternative fates after G12C
inhibitor treatment. The first subset of cells shows attenuated growth
and inhibited expression of the KRAS(G12C) target gene signature.
Conversely, the second subset of cells displays restored proliferation
after transient growth inhibition and higher expression of the KRAS
(G12C) target gene signature, indicating restoration of the KRAS
(G12C) signaling pathway.

Combining the results of scRNA-seq with a CRISPR-based screen,
the authors identified heparin-binding EGF-like growth factor (HB-
EGF) and Aurora kinase A (AURKA) as mediators of G12C inhibitor
drug resistance. Nonuniform drug resistance adaptation occurs, in
part, due to newly synthesized KRAS(G12C) that rapidly binds GTP
and becomes insensitive to ARS1620. This also promotes cell prolif-
eration in response to signaling upstream of KRAS, in which receptor
tyrosine kinases (RTK), such as EGFR, facilitate nucleotide exchange.
AURKA further promotes adaptive reactivation of KRAS–GTP and
CRAF–MEK–ERK signaling, which also allows cells to overcome the
effect of G12C inhibitor. Notably, consistent with the role of these
proteins in ARS1620 adaptation, EGFR and AURKA inhibitors
enhance therapeutic response to ARS1620. These findings highlight
the importance of profiling at the single-cell transcriptome level to
identify adaptive drug responses, as these data can lead to development
of combination therapies for preventing drug resistance and extending
duration of therapeutic efficacy. Future studies in other cancer types
treatedwithARS1620, such as KRAS(G12C)-mutant pancreatic ductal
adenocarcinoma (PDAC) cells, will reveal if the same or different
mechanisms of drug resistance operate in these cancers. Similarly, use
of other mutant KRAS inhibitors, such as AMG510, and JDQ443, may
uncover distinct inhibitor-specific effects.

Role of Transcription Factors in
Targeted Therapy Resistance

The above studies demonstrate that drug-resistant cancer cell
transcriptomes are distinct from those of drug-sensitive cancer cells.
It can be further rationalized that changes in mRNA abundance in
drug-resistant cells are driven, at least in part, by transcription factors,
and this is supported by several published studies (45–50). In one
example, Ninad and colleagues identified novel transcription factors
that regulate glucocorticoid resistance in acute lymphoblastic leukemia
(ALL) using two clones, CEM-C1 (dexamethasone-resistant) and
CEM-C7 (dexamethasone-sensitive), derived from a 3-year-old ALL
patient (48). Here, the authors analyzed the CEM-C1 and CEM-C7
clones using transposase-accessible chromatin-sequencing (ATAC-
seq) and RNA-seq to simultaneously profile their chromatin states and
mRNA expression patterns, respectively. DNA sequence recognition

motifs for three transcription factor families—RUNX, ETS, and
E-protein—were present in more accessible peaks in dexametha-
sone-sensitive ALL cells. RNA-seq was then used to identify three
transcription factors that bind these motifs in dexamethasone-
sensitive ALL cells: RUNX2, ETV5, and TCF4, indicating reduced
binding for these transcription factors in dexamethasone-resistant
ALL cells. Although this finding is intriguing, further studies are
required to establish whether RUNX2, ETV5, and/or TCF4 inhibition
can promote glucocorticoid resistance. Another limitation of this
study is the use of single patient-derived clones; consequently, further
validation in clones derived from multiple patients is needed. None-
theless, similar studies can be conducted in other cancer types and for
other drugs to identify key transcription factors involved in conferring
drug resistance to cancer therapeutics.

One cancer for which targeted therapeutic agents have provided
significant benefits to patients is breast cancer (51). In particular, as
estrogen receptor (ER)a drives growth in two-thirds of all breast
cancers, endocrine therapy can be effectively used to treat this breast
cancer subtype (52). However, approximately 50% of ERþ breast
cancers do not respond or becomes resistant to endocrine thera-
py (52, 53). One previous study investigated this phenomenon and
uncovered an important role for activating transcription factor 2
(ATF2), a member of the leucine zipper family of DNA-binding
proteins, in endocrine therapy (tamoxifen) resistance in breast can-
cer (49). Knockdown of ATF2 using small-interfering (si)RNA in
tamoxifen-resistant ERþ breast cancer cells was found to inhibit their
growth. Intriguingly, however, significant growth inhibition was only
noted in tamoxifen-resistant ERþ breast cancer cells, although similar
ATF2 protein levels were detected in tamoxifen-sensitive and tamox-
ifen-resistant cells. Gene expression profiling revealed the emergence
of an alternative hormone-independent mechanism in tamoxifen-
resistant ERþ breast cancer cells, as shown by decreased estrogen
receptor 1 (ESR1) levels and reduced ER-regulatory gene enrichment
(Fig. 1B; ref. 49). These tamoxifen-resistant cells shift to an ATF2-
enriched network and TGFb signaling pathway. Notably, however,
ATF2 knockdown in tamoxifen-resistant cells reducesMYC transcrip-
tion factor activity and restores gene expression signatures associated
with ER signaling, which partially explains the reappearance of tamox-
ifen sensitivity in response to ATF2 inhibition. This study provides an
example of transcription factor functional modulation that occurs
independently of changes in expression levels and drives drug resis-
tance by reprogramming transcription in drug-resistant cells. Impor-
tantly, an interesting paradigm to emerge from this study is that drug-
resistant cells can “rewire” themselves to rely on alternative survival
pathways and thereby acquire autonomy from pathways they were
dependent upon before becoming resistant. Further studies are needed,
however, to elucidate how ATF2 acquires the ability to differentially
regulate transcription in tamoxifen-resistant and tamoxifen-sensitive
cells.

Another key study characterized the role of the Forkhead Box A1
(FOXA1) transcription factor in regulating response to aromatase
inhibitors in breast cancer cells (50). These inhibitors block the enzyme
aromatase, which converts androgen to estrogen (54), and are therefore
beneficial for treating patientswith ERþ breast cancer (50, 55).However,
resistance to aromatase inhibitors is commonly observed (50, 55). In one
study, analysis of about 5,000 breast cancer samples froma clinically and
genomically curated cohort of patients, combined with a series of breast
cancer models, revealed that mutations in FOXA1 promote aromatase
inhibitor resistance (50). In particular, the authors identified several
hotspot mutations in the Wing2 region of FOXA1, as well as the breast
cancer–specific mutation SY242CS, with evidence for two distinct

Epigenetic Regulation of Drug Resistance

AACRJournals.org Cancer Res; 81(22) November 15, 2021 5591

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/22/5589/3087863/5589.pdf by guest on 19 M

ay 2023



mechanisms of resistance in the Wing2 and SY242CS FOXA1 mutants
(Fig. 1B; ref. 50). Notably, Wing2 mutants were found to be more
responsive (hypermorphic) to estrogen stimulation, as shown by
enhanced mutant binding to ER-responsive loci and increased ER-
driven transcription. However, changes in chromatin accessibility were
not observed with Wing2 mutations. In contrast, the FOXA1 SY242CS
mutation results in a conformational change that promotes neomorphic
function. That is, this mutant can open distinct chromatin regions and
activate transcription of alternative genes not normally regulated by
wild-type FOXA1. Overall, this study demonstrates that transcription
factor mutations can alter their function, impacting both chromatin
accessibility and the transcriptome in cancer cells, and leading to drug
resistance. These findings highlight the importance of considering the
potential for transcription factor mutations to alter chromatin accessi-
bility, either directly or possibly indirectly, by affecting function of
interactingproteins. Future studieswill be critical for resolving this issue.
Similarly, studies in other cancer types harboring FOXA1 muta-
tions (56), such as prostate cancer, can determine whether similar
mutations cause resistance in these cells in response to other targeted
therapies.

In addition to cell-intrinsic mechanisms, cell-extrinsic mechanisms
may also be involved in cancer drug resistance development (57–59).
For example, one study reported that interaction between cancer stem
cells (CSC) and tumor-associated macrophages (TAM) promotes
resistance to androgen deprivation therapy (ADT) in prostate can-
cer (60). Here, the authors found that autophagy-related gene 7
(ATG7), which facilitates transcription of octamer-binding transcrip-
tion factor 4 (OCT4) in a b-catenin-dependent manner, stimulates
cells with CSC characteristics. These CSCs educate monocytes/macro-
phages toward TAMs, and in turn, CSC-educated TAMs enhance the
stem-like properties of CSCs, as well as prostate cancer progression
and ADT resistance by activating IL6/STAT3. Interestingly, combined
suppression of ATG7/OCT4 and IL6/STAT3 restored ADT sensitivity
in a prostate cancer model. Overall, this study highlights the impor-
tance of cell-extrinsic factors, such as the tumor microenvironment, in
promoting drug resistance and established the role of transcription
factors OCT4 and STAT3 in this process. In addition, these findings
suggest that drug-resistant tumors can be treated by disrupting
transcription networks in the tumor microenvironment. In future
studies, it will be important to evaluate cancer cell–microenvironment
interactions in the context of other immune and nonimmune cell
types, such as tumor-associated T cells and fibroblasts, to identify
similar transcriptional networks.

Role of DNA Modification Regulatory
Proteins in Targeted Therapy
Resistance

DNA modifications can affect the ability of transcription factors to
bind DNA, thereby either activating or repressing mRNA expression.
Consequently, DNA modification regulatory proteins, including DNA
methyltransferases (e.g.,DNMT1,DNMT3A, andDNMT3B) andDNA
demethylases (e.g., TET1, TET2, andTET3), likely contribute to targeted
therapy resistance. In addition, other enzymes, such as IDH1 and IDH2,
can indirectly affect DNA methylation levels by regulating activity of
DNA modification enzymes, such as the TET proteins (61–63).

The relationship between global DNA methylation changes and
EGFR-tyrosine kinase inhibitor (TKI) response rate is illustrated in a
study of 79 tumor samples from patients with advanced LUAD, before
and after EGFR-TKI treatment (64). The authors identified 216 CpG
sites that were differentially methylated in EGFR-TKI responders and

nonresponders. Most probes (203/216) displayed higher DNA meth-
ylation in poor responders than in patients with a favorable response,
indicating that, in general, DNA hypermethylation correlates with
poor EGFR-TKI response. Further analysis of publicly available DNA
methylation and RNA-seq data for LUAD identified 37 sites as
potential transcriptionally repressed sites, with eight of these sites
annotated to five transcription factors (IKZF1, HOXB9, SP8, LASS4,
and VAX2). However, only HOXB9 methylation was significantly
associated with patients experiencing cancer progression after EGFR-
TKI treatment (Fig. 1B). Although interesting, this study lacked
validation to establish whether HOXB9 is a driver, or just a marker,
of EGFR-TKI resistance. Thus, future studies addressing this question
will reveal the true impact of HOXB9 epigenetic silencing in driving
EGFR-TKI resistance.

Similarly, another study identified a role for TET1 in EGFR-TKI
response (65). TET1 is a methyl-cytosine dioxygenase that demethy-
lates methylated-cytosine to promote gene re-activation (66). This
protein was repressed by EGFR in LUAD cells, and knockdown of
TET1 causes resistance to the EGFR-TKI gefitinib (65). In addition,
analysis of tumors derived from EGFR inhibitor-sensitive and -resis-
tant EGFR-driven mouse models revealed that tumors resistant to the
EGFR-TKI erlotinib had lower 5-hydroxymethylcytosine (5hmC)
levels. Furthermore, patient-derived EGFR-TKI-resistant samples dis-
played lower TET1 expression than EGFR-TKI–sensitive samples.
However, although this study identified several TET1 targets, none
of the candidate genes were confirmed as mediators of TET1 function.
Therefore, future studies are needed to address this important ques-
tion. Nonetheless, this study provides key evidence for the role of
TET1, and potentially TET1-regulated DNA methylation levels, in
EGFR-TKI resistance.

A third study reported that resistance to multiple PARP inhibitors
emerges when TET2 expression is decreased in BRAC2-deficient
cells (67). Like TET1, TET2 is a member of the TET family of
methyl-cytosine dioxygenases. TET2 affects stability of replication
forks by modulating 5hmC levels, and loss of TET2 stabilized stalled
replication forks in BRCA2-deficient cells, leading to PARP resis-
tance (67). Although the authors did not rule out the possibility that
this effect is due to TET20s ability to regulate transcription, they noted
the mechanism is likely driven by a non-transcription-related func-
tion, as no significant changes in expression of key regulators of
replication fork integrity were observed. This study therefore indicates
that DNA modification regulatory proteins may play roles in therapy
resistance that are independent of their gene expression regulation
activity. Thus, in future studies involving TET proteins, it will be
important to assess whether the observed phenotypes are driven
through their canonical function (e.g., transcriptional regulation) or
via noncanonical activities, such as in the study described above.

Overall, the studies in this section collectively demonstrate that
changes in DNA methylation can determine the response and resis-
tance to targeted therapeutic agents in cancer. Thus, proteins and
pathways that modulate DNA methylation may represent attractive
therapeutic targets for some resistance cancers.

Role of Chromatin Regulators and
Chromatin State Deregulation in
Driving Resistance to Targeted
Therapeutic Agents

Proteins that regulate chromatin are classified by their activity as
either writers (e.g., histone acetyl transferases), erasers (e.g., histone
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deacetylases), or readers (e.g., bromodomain proteins; 68–70), and
these are known to be important for conferring drug resistance
(71–73). One example of chromatin regulator-driven drug resistance
was documented in the context of EGFR-TKI–resistant LUAD and
other cancers (71). This study discovered a reversible drug-tolerant
chromatin state that is dependent on IGF1R signaling and lysine
demethylase 5A (KDM5A) and could be depleted after treatment
with HDAC inhibitors (Fig. 1B; ref. 71). This finding is consistent
with the observation of increased histone 3 lysine 14 acetylation
(H3K14ac) in drug-tolerant cells. The authors further showed that
the effect of HDAC inhibitor (Tricostatin A) is partly due to its
ability to induce DNA damage–related caspase-independent apo-
ptosis. In addition, this phenomenon could be generalized to other
drugs, including BRAF inhibitor (AZ628) and the chemotherapeutic
agent cisplatin. These findings indicate that drug tolerance is often
an intermediate state, the disruption of which may prevent emer-
gence of resistance to a variety of anticancer agents. However, it is
important to note that some of inhibitors tested, such as Tricostatin
A, are broad-spectrum HDAC inhibitors. Therefore, it is not clear if
one or more HDACs are involved in this process. Future studies will
be needed to reveal the precise contributions of specific HDACs in
development of drug-tolerant cells.

In another example, the BORIS protein, a paralog of CCCTC-
binding factor (CTCF), was found to promote chromatin regulatory
interactions in anaplastic lymphoma kinase (ALK) inhibitor–resistant
neuroblastoma cells (Fig. 1B; ref. 72). This study showed that con-
tinuous treatment with TAE684 and other ALK inhibitors causes
MYC-amplified ALKþ cells to overexpress BORIS and lose MYC
expression due to epigenetic silencing. Survival in these cells also
became independent of MYC and dependent upon BORIS. Notably,
ectopic BORIS expression was not sufficient to induce ALK inhibitor
resistance; this was only achieved by combined MYC inhibition and
ectopic BORIS expression during treatment with ALK inhibitor. In
drug-resistant cells, BORIS facilitated new long-range interactions by
promoting chromatin looping, and in most cases, these interactions
match BORIS occupancy sites. Analysis of the super-enhancer land-
scape revealed enrichment of super-enhancers unique to resistant cells
at BORIS-positive regulatory loops. These super-enhancer-associated
genes were also enriched in a chromatin state that switched from a
closed to neutral to active configuration in drug-resistant cells,
explaining their higher expression. Thus, this study showed that cancer
cells can acquire an alternative chromatin–transcription state in
response to drug treatment that allows their survival. These findings
also highlight the importance of identifying factors that mediate such
states, to uncover new dependencies in drug-resistant tumors, not
responsive to available therapies. Once again, similar to the ATF2
study described above (49), this study reveals how drug-resistant cells
become dependent upon alternative oncogenic pathways. Interesting-
ly, the authors also showed that BORIS is upregulated in lapatinib-
resistant breast cancer and cisplatin-resistant ovarian cancer. Thus,
future functional studies are required to determine whether a mech-
anism similar to that shown for neuroblastoma/ALK inhibitors also
operates in the context of other cancers and therapeutic agents.

Some chromatin modifiers play unexpected noncanonical roles in
cancer drug resistance. One report evaluated 95 known and putative
human methyltransferases using a short-hairpin (sh)RNA-based
screen in the MIAPaCa2 PDAC cell line treated with MEK inhibitor
trametinib (73). This screen identified the putative methyltransferase
set domain-containing 5 (SETD5) as the most potent sensitizer to
trametinib treatment (Fig. 1B). Notably, the authors found that
SETD5 does not display histone H3 lysine 36 methyltransferase

activity, but rather, functions as part of the Nuclear Receptor Core-
pressor 1 (NCoR1) complex in combination with G9a (also known as
EHMT2) and HDAC3. In this context, SETD5 promoted transcrip-
tional repression via methylation and deacetylation of histone H3. In
addition, although HDAC3 typically deacetylates a broad spectrum of
histone acetyl-lysine substrates, its catalytic activity was limited only to
acetylated histone H3 lysine 9 and lysine 27 when complexed with
SETD5. Consistent with a role for SETD5 in pancreatic cancer cell
resistance, treating MEK inhibitor–resistant PDAC cells with a triple
combination of G9a inhibitor UNC0638, HDAC3 inhibitor RGFP966,
and MEK inhibitor trametinib strongly inhibited tumor growth and
significantly increased survival in mouse models of PDAC tumor
growth. Thus, this study identified a new role for SETD5 in MEK
inhibitor resistance in PDAC cells and demonstrates that chromatin
modifier proteins can acquire newmolecular functions via interactions
with other proteins. Because, in most cases, MEK-targeted therapies
have been shown to induce mutations in MEK kinase or its down-
stream effector ERK (74), it would be interesting to determine whether
PDAC cells lacking SETD5 acquire these mutations at some point.
This will also provide improved therapeutic modalities for treating
PDAC, for example, by combining G9A and HDAC3 inhibitors with
ERK inhibitors, if MEK kinases acquire constitutively active
mutations.

Overall, these studies demonstrate that chromatin regulatory pro-
teins play a complex and important role in conferring resistance to a
variety of targeted cancer therapies. Therefore, these proteins represent
attractive new targets for drug-resistant tumor treatment.

Conclusions and Future Directions
Drug resistance to targeted therapies has become inevitable for

many patients (7–15), necessitating development of contingency plans
for treating drug-resistant tumors. To this end, an improved under-
standing of the epigenetic drivers of drug resistance can provide new
therapeutic approaches. In this review, we present several examples
that document how targeting such epigenetic regulators in cancer cells
or tumor microenvironments can facilitate development of new
treatments for drug-resistant tumors.

One unifying theme that emerges from the studies described above
is that, in response to drug treatment, cancer cells can evolve inde-
pendence from the oncogenic pathway they originally relied upon.
Consequently, they acquire new dependencies, such as for tamoxifen-
resistant ERþ breast cancer with ATF2 (49) and ALK inhibitor-
resistant neuroblastoma with BORIS (72). Importantly, these new
driver proteins can then be targeted for treating drug-resistant tumors.
However, almost all studies described in this review are in early
preclinical validation stages or have only been validated with clinical
samples. Therefore, to determine the true translational impact of these
findings, clinical trials with candidate therapeutic agents that block key
epigenetic driver targets are needed. For example, a clinical trial
assessing combined administration of G9A, HDAC3, and MEK inhi-
bitors will reveal whether such an approach can benefit patients with
KRAS-mutant PDAC.

A few previous clinical trials have reported the successful use of
therapeutic agents that block epigenetic targets for treating previously
untreated cancers, either alone or in combination with other anti-
cancer agents (75, 76). These results provide hope that similar epige-
netic-targeting therapeutic agents will show efficacy for treating drug-
resistant tumors. Consistent with this possibility, one study assessed
the use of EZH2 inhibitor tazemetostat for treating patients with
relapsed or refractory follicular lymphoma (77). Here, it was found
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that tazemetostat monotherapy lead to clinically meaningful and
durable responses in this cohort of pretreated patients and therefore
shows promise for treating drug-resistant tumors (77).

It is also important to remember that drug resistance is a dynamic
state, which continually evolves under various selective pressures,
making cancer treatment, inmany ways, a “moving target.” Therefore,
drug-resistant tumors must be continuously evaluated to determine
the best therapeutic interventions at any given stage of evolution. A
worthy step in this direction is the TRACERx project, which integrates
several technologies to study evolution of different cancer types under
therapeutic intervention (78–81). These studies are expected to lay the
foundation for providing long-term care for patients with cancer, even
when first-line therapies fail, and drug resistance emerge. Taken
together, the studies described in this review suggest that, although
resistance to targeted therapies remains a challenge to modern oncol-
ogy, deeper understanding of drug-resistant tumors and the epigenetic

drivers of therapy resistance have the potential to identify new
therapeutic opportunities for treating drug-resistant tumors in the
near future.
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