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Abstract

Chromodomain Helicase DNA-binding protein 1-Like (CHD1L) is a chromatin remodeling enzyme increasingly
recognized as an oncogenic factor promoting tumor progression and metastatic potential by orchestrating
transcriptional programs that drive epithelial-mesenchymal transition (EMT), cytoskeletal remodeling, and

metastatic dissemination. In parallel, CHD1L has emerged as a master regulator of tumor cell survival by regulating
DNA damage response and repair and enforcing G1 cell cycle progression. Furthermore, CHD1L plays a key role in
immune evasion pathways by regulating signaling cascades and by suppressing both apoptotic and non-apoptotic
cell death. In particular, CHD1L is a key suppressor of PARthanatos, a caspase-independent mechanism triggered
by poly(ADP-ribose) (PAR) polymer fragmentation and apoptosis-inducing factor (AIF) activation. By regulating
SPOCK1, MDM2, and TCTP, CHD1L further supports survival under cellular stress. Its overexpression correlates with
metastasis, therapy resistance, and poor prognosis across many solid tumors. This review covers CHD1Ls structure,
oncogenic functions, and developmental origins, and highlights emerging therapeutic strategies that target CHD1L
as a druggable vulnerability in cancer.
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Background

The chromodomain helicase DNA-binding (CHD) family
of genes plays an integral role in DNA homeostasis. Due
to the complex packaging of chromatin, the nucleosomes
must be reorganized by chromatin remodelers to allow
other enzymes access to DNA, and members of the CHD
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family are major mediators of this process. Their ATP-
dependent activity enables other nuclear proteins to bind
DNA and perform critical genomic functions including
DNA maintenance, transcription, repair, and synthesis
[1].

Among the CHD proteins, CHD1L (chromodomain
helicase DNA binding protein 1-like) confers the great-
est selective growth advantage when overexpressed, as it
increases proliferation and survival capacity significantly
more than other members of the CHD family [2]. Origi-
nally named Amplified in Liver Cancer 1 (ALC1), CHDIL
is located on the 1q21 chromosomal region, which is the
most amplified region in hepatocellular carcinoma [3-5].
Since its discovery, CHD1L has been further identified as
a key biomarker and oncogenic protein in many cancers,
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including colorectal, breast, bladder, lung, and kidney
cancers, indicating its crucial role in cancer progression
[2, 6-8].

Cancer is the second leading cause of death worldwide
and imposes a substantial burden on healthcare systems
across both developed and developing nations [9, 10].
The lifetime probability of any individual being diagnosed
with malignant cancer is roughly 40%, and the 5-year
survival rate for all cancer patients is currently 69%. This
statistic represents a remarkable increase from a 49%
survival rate 50 years ago, owing to advances in early
screening and the development of targeted therapy [10].
Conventional cancer treatment includes surgical resec-
tion, chemotherapy, and radiation therapy, although
these come with risks of significant complications and
adverse effects [11]. However, targeted therapies aim to
inhibit oncogenic proteins or signaling pathways that
are aberrant in tumor cells, thereby limiting effects on
normal tissues [12]. Despite advances, many emerging
or approved targeted drug therapies continue to show
limited overall response rates, and multidrug resistance
(MDR) remains a persistent obstacle, underscoring the
need for novel therapeutic strategies [13]. CHD1L has
emerged as a promising molecular target to address this
therapeutic gap due to its widespread overexpression
and oncogenic activity across multiple types of cancer.
Furthermore, it functions as a master regulator of cancer
cell survival, promoting MDR to standard-of-care (SOC)
therapies, including chemotherapy and other targeted
agents.

The versatile function of CHDIL in cancer cell sur-
vival distinguishes this chromatin remodeler as both a
prognostic biomarker and a prime molecular target for
anticancer therapy. Experimental studies have shown
that knockdown of CHDIL in cancer cell lines reduces
tumor growth and increases sensitivity to both chemo-
therapy and targeted therapy [14—17]. These findings
have prompted the development of CHDI1L inhibitors as
potential therapeutics to treat cancer [18-20].

This review provides a comprehensive analysis of
CHDI1L, organized around its structural features, molec-
ular mechanisms, and roles in development and disease.
As a key regulator of chromatin remodeling, DNA repair,
and transcriptional control, CHD1L is essential for main-
taining cellular homeostasis. Its dysregulation has been
implicated in a wide range of conditions, including can-
cer, congenital disorders, neurological, cardiovascular,
and viral diseases. However, this review places a primary
focus on CHDI1L’ role in cancer, where its overexpres-
sion and biochemical activity drive tumor progression,
metastatic potential, therapeutic resistance, and poor
clinical outcomes. We conclude by highlighting emerging
therapeutic strategies targeting CHDI1L as a novel and
druggable oncogenic driver.
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Structural biology of CHD1L

Homology to CHD1

The CHDIL protein is a chromatin remodeling enzyme
whose structure reveals unique regulatory features distin-
guishing it from other CHD family members. The CHD
family exists under the umbrella of the SNF-2 (sucrose
non-fermentation 2) superfamily, a diverse group of ATP-
dependent chromatin remodeling enzymes, which regu-
late and remodel tightly packed chromatin [5, 21]. There
are two highly conserved signature motifs characteris-
tic of the CHD family: N-terminal tandem chromodo-
mains and a centrally located SNF2-like ATPase domain
(SNF2-N) [22, 23]. The CHD N-terminal chromodomain
directly binds methylated histones, while the ATPase
domain hydrolyzes ATP and utilizes this energy to trans-
locate histones along DNA [24-26]. In addition to their
SNF2-N domain, CHD1 and CHD2 subtypes also contain
a DNA binding domain located closer to the C-terminus,
which is a helicase superfamily domain (HELICc).

There are 9 subtypes of the CHD family, which are
numbered CHD1-9, and CHDIL is named as such
because of its high similarity to CHDI1, particularly
within the helicase domain [22, 27]. The sequence homol-
ogy between the SNF2-N domain of CHD1 and CHDI1L
is 45%, while the HELICc domains are 59% homologous
(Fig. 1A) [5]. However, CHDIL is distinct from its name-
sake counterpart due to the presence of a C-terminal
macrodomain and a lack of tandem chromodomains, as
shown in the comparative domain schematic in Fig. 1B.
Given that CHD proteins are specified by the presence of
tandem repeats, CHDIL is not technically a part of the
CHD family and instead is classified as a member of the
SNF2-like superfamily [28].

Although homologous, the respective domains of
CHD1 and CHDIL do not function identically. The
SNF2-N domain of CHDI1 contains the helicase-like
ATPase motor, which provides the force for nucleosome
movement along the DNA strand, while the DNA bind-
ing domain facilitates enzyme—DNA-nucleosome inter-
actions necessary for chromatin remodeling [29]. CHD1’s
double chromodomain works by recognizing sites of
lysine methylation on histone tails, and also functions
as an autoinhibitory domain, as it binds to and regu-
lates the activation of the ATPase motor [24, 30]. Mean-
while, CHD1L’s sequentially identified SNF2-N domain
and helicase superfamily C-terminal domain (HELICc)
approximately correspond to the structurally identified
N- and C-ATPase lobes, respectively, which collectively
constitute the catalytic region of the protein (Fig. 1B)
[5, 31, 32]. In lieu of a regulatory tandem chromodo-
main, CHD1Ls activity is regulated by the autoinhibitory
macrodomain.
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Fig. 1 CHDI1L structural homology to CHD1 and its autoinhibited state. (A) Linear domain architecture of CHD1, highlighting structural domains (colored
boxes), sequence-defined motifs (red text), and key amino acid residues. (B) Domain schematic of CHD1L (top) and surface models of the autoinhibited
(left) and active (right) conformations (bottom). Structural domains are color-coded: N-ATPase (yellow), C-ATPase (red), linker (gray), and macrodomain
(blue). Predicted intramolecular interactions are shown as colored dashed arrows. In the autoinhibited state, the macrodomain binds the C-ATPase lobe
(yellow oval), blocking the ATPase active site (black circle) and PAR binding site (white circle). PAR binding relieves this interaction, allowing ATPase domain
realignment and activation. Structures were generated using PDB: 7EPU (inactive) and AlphaFold (active) in Schrédinger Maestro

CHD1L domain architecture and autoinhibition 98 kDa. CHDI1L is composed of four structurally identi-
The CHDIL gene is located at the 1q21.1 chromosomal  fied domains: starting at the N-terminus, there are two
region and is 53,152 base pairs long [5]. The mRNA  ATPase domains designated the N-ATPase (residues
transcribed from this gene contains 2,890 base pairs 32-266) and C-ATPase (residues 275-599), a C-ter-
and codes for an 897 amino acid product with a mass of minal macrodomain (residues 717-897), and a linker
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Fig. 2 CHDI1L conformational activation and nucleosome engagement. (A) Ribbon representations of full-length CHD1L in the autoinhibited state (left)
and activated state (right), showing the release of the macrodomain’s basic patch from the acidic patch on the C-ATPase lobe following PAR binding.
This conformational change brings the N- and C-terminal ATPase lobes into closer proximity, enabling catalytic activity. Dashed boxes highlight close-
up views of the autoinhibitory interface in each state, with key interacting residues labeled. (B) Side view of nucleosome-bound cat-CHD1L, showing a
zoomed in view of its interaction with DNA, the H4 tail, and the linker region. The H4 tail and linker are shown as tubes, and colored circles indicate their
positions. (C) Top view of cat-CHD1L bound to the nucleosome, with zoomed-in view of the interaction between the CHD1L regulatory linker sequence
and the acidic patch formed by the H2A/H2B dimer. Structures shown in panels A-C were generated from PDB: 7EPU (panel A, left), AlphaFold (panel A,

right), and PDB: 7ENN (panels B-C) using Schrodinger software

region (residues 600-716) that connects the macrodo-
main to the C-ATPase lobe (Fig. 1B) [33, 34]. In addi-
tion to domain annotations, the CHDI1L protein crystal
and AlphaFold structures provide insight into the spatial
orientation of its functional domains, including the PAR
binding sites, auto-inhibited binding, and the ATPase
active site (Fig. 1B).

Structural transitions between autoinhibited and active
states

The two ATPase domains function together as an ATP-
binding helicase motor and can adopt an open or closed
conformation, corresponding to an inactive (Fig. 2A; left)
or active state (Fig. 2A; right), respectively [31]. In the
autoinhibited state, the macrodomain is pressed against
the C-ATPase lobe, holding both ATPase domains in
an open state and preventing catalytic activity. Arginine
residues 860 and 857 within the basic patch of the mac-
rodomain are responsible for this, as they participate in
electrostatic interactions with positively charged resi-
dues at the acidic patch on the C-ATPase lobe (Figs. 1B
and 2A). Following cellular cues leading to PAR binding,
the macrodomain releases the ATPase domains from an
autoinhibitory state, allowing CHDIL to carry out chro-
matin remodeling [32].

For example, after DNA damage occurs, poly(ADP-
ribose) polymerase 1 and 2 (PARP1/2) synthesize
poly(ADP-ribose) (PAR). PARP1/2-mediated synthe-
sis of PAR chains lead to PARylation of itself and other
proteins on chromatin and involved in the DNA damage
response (DDR) [35]. PAR chains on activated PARP1/2
recruit CHDIL to sites of DNA damage, where they bind
the CHD1L macrodomain at the P-loop and adjacent
motifs (Fig. 2A). Specifically, during autoinhibition, the
macrodomain residues Trp852 and Tyr874 interact with
Arg398/402 and Ser396 residues of the C-ATPase lobe,
respectively (Fig. 2A; left). However, these interactions
are interrupted by PAR binding, inducing a conforma-
tional change in the protein’s structure, most significantly
in residues 328-355 in the C-ATPase lobe and 604—639
in the linker region [31]. This change is indicative of
the macrodomain ceasing contact with the C-ATPase
domain to adopt a catalytically active state (Fig. 2A;
right), where the ATPase lobes are in closer proximity.
This conformational state facilitates chromatin remodel-
ing fueled by ATP hydrolysis at the active site located in

the N-ATPase lobe, which is catalytically competent only
when aligned with the C-ATPase lobe [33].

The C-ATPase acidic residues that are released by
the macrodomain—Glu332, Asp377, and Asp38l—are
critical for CHDIL activity, as they bind the H4 tail on
nucleosomes (Fig. 2B) [33]. The H4 tail has a basic patch
from residues 16-19, which engages with the acidic
pocket on the C-ATPase. Notably, Asp381 participates in
essential interactions for both autoinhibition and activa-
tion, as it forms electrostatic bonds with arginine in the
macrodomain during dormancy and also binds the H4
tail on the nucleosome to initiate chromatin remodeling
after activation (Fig. 2B; zoomed region).

Interestingly, this is not the only interaction required
for activation. The linker region of CHD1L also binds the
acidic patch on the nucleosome via an arginine anchor,
Arg611 [34]. A subsection of the linker region known as
the regulatory linker segment (RLS) consists of residues
604—624 and is a critical motif for CHD1L nucleosome
binding (Fig. 2C). Arg611 acts as a tether to the acidic
patch located on the entry side of the H2A/H2B dimer.
This arginine anchor on the RLS projects into a pocket
between alpha helices 1 and 2 of H2A (Fig. 2C; zoomed
region) [34]. The first crystal structure of CHDIL indi-
cated that Arg61l specifically interacts with Glu56 of
H2A and GIn44 of H2B [33]. Furthermore, this study
revealed that Arg614 is also a critical piece of the RLS,
as it participates in hydrogen bonds with Glu61, Asp90,
and Glu92 of H2A. The binding of the RLS to this acidic
pocket within the histone stabilizes the active conforma-
tion of CHD1L and prevents it from transitioning back to
its autoinhibited state [33, 36].

Structural insights from CHD 1L mutations and isoforms

Multiple lines of evidence, including site-directed muta-
genesis and transcript variant analysis, have revealed key
features of CHD1L’s regulatory mechanisms and chro-
matin remodeling function. Mutational studies have
confirmed critical residues involved in autoinhibition
and activation. For instance, mutations in macrodomain
residues Arg860 and Arg857 disrupt electrostatic inter-
actions with the C-ATPase lobe, resulting in constitu-
tive CHDI1L activity due to loss of autoinhibitory control
(Fig. 2A) [31]. These residues are also found mutated in
tumor samples, supporting their relevance to disease
pathogenesis [37]. Similarly, mutations in Trp852 lead to
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hyperactivation of CHDI1L independent of PAR binding
or PARP1/2 activity, underscoring its role in macrodo-
main-mediated inhibition [33].

Residues within the linker region, specifically Arg611
and Arg614, are also critical for CHDIL function.
Although these mutations do not affect ATPase activity,
they impair chromatin remodeling by disrupting inter-
actions between the RLS and the nucleosome acidic
patch (Fig. 2C) [33, 34]. These contacts are essential for
maintaining the active state of the enzyme. Additional
mutational studies have revealed residues that modu-
late chromatin remodeling without altering ATPase
activity. Arg260 and Arg319 mutants show a significant
suppression of nucleosome sliding associated with a
modest reduction in ATP hydrolysis [33]. Arg260 facili-
tates the interaction between the N- and C-ATPase
lobes, while Arg319 faces the DNA strand and may par-
ticipate in DNA engagement. Mutations at Arg260 also
reduce CHD1L’s thermal stability. In contrast, mutation
of Argd57 abolishes ATPase activity entirely, consistent
with its proposed role as an “arginine finger” in catalysis.

In addition to point mutations, CHD1L function may
be influenced by transcript diversity. At least six splice
variants have been identified, each altering the inclu-
sion of critical functional domains (Fig. 1B) [27]. The
canonical isoform encodes a 897-residue protein with
a complete ATPase motor and macrodomain. Variant 2
lacks residues 331-424, removing part of the C-ATPase
lobe. Variant 3 deletes the first 113 residues, affecting the
N-ATPase domain. Variants 4 and 5 have larger deletions
within the N-terminal region, missing residues 44-246
and 43-246, respectively. Variant 6 is a non-coding tran-
script. Although their biological roles remain unknown,
these isoforms may modulate DNA binding, ATPase
activity, or regulatory interactions by altering domain
structure and positioning. Together, structural mutations
and isoform diversity highlight the finely tuned architec-
ture of CHDI1L and its importance in regulating chroma-
tin remodeling and genome integrity.

CHD1L in development and cancer

Embryonic and neural development

CHDIL plays a critical role in early embryonic develop-
ment, where it orchestrates chromatin remodeling pro-
grams essential for cellular plasticity, pluripotency, and
tissue morphogenesis. These developmental functions
rely on CHDI1Ls chromatin remodeling, a mechanism
later exploited in cancer to drive transcriptional repro-
gramming and tumor progression. Prior to implantation,
the zygote requires temporary totipotency to accom-
plish the extensive development ahead, and complex
chromatin organization does not favor this state [38].
Thus, chromatin remodelers that increase DNA acces-
sibility are upregulated in the pre-implantation embryo
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[39]. CHDIL expression peaks late in the morula stage
of development and knockdown of CHDIL prior to the
blastocyst formation will lead to developmental arrest
(Fig. 3A). However, CHD1L expression was not necessary
for the survival and proliferation of cultured embryonic
stem cells.

The post translational modification of PARylation via
PARP1 is also a critical regulator of cell reprogramming
during development [40]. PARP1 induces stemness in
embryonic stem cells by mediating activation of pluri-
potency genes such as OCT4, SOX2, KLF4, and c-MYC
[41-43]. During this process, PARP1 recruits CHD1L to
these pluripotent loci, suggesting its nucleosome remod-
eling function is key for the activation of these genes
and cellular reprogramming towards a state of stemness
(Fig. 3B) [44].

During embryogenesis, CHD1L is expressed in many
growing organs, but mainly in the developing brain [45].
CHDIL has been associated with the expression of genes
involved in the development of the ectoderm, the out-
ermost layer that ultimately gives rise to the epidermis
and nervous system [46—48]. CHD1L upregulates PAX6,
in particular, a transcription factor critical to forebrain
development [46, 49]. As such, when CHD1L knockdown
occurs in human embryonic stem cells, neuroepithelial
differentiation is compromised, validating its role in neu-
ral organogenesis. CHD1L is also highly expressed in the
developing renal tract. Immunohistochemistry analysis
of embryonic kidney tissue showed that CHD1L is signif-
icantly upregulated in the early uretic bud and nephron
precursors during weeks 7—11 of embryonic develop-
ment [45]. These premature structures will eventually
become the collecting system, nephrons, glomerulus, and
distal tubule. Based on these studies, CHDI1L plays an
important role in gestational organogenesis of the kidney
and urinary tract, as well as the brain (Fig. 3C).

Expression in the male reproductive system
Adult CHDI1L expression is diminished in almost all tis-
sues compared to corresponding fetal samples. However,
the testes display the highest level of CHD1L expression
out of all adult organs [28, 45]. The first association of
CHDIL with the male reproduction system was made
in 2010, when CHDI1L was discovered to be abundantly
expressed during sperm development in the accessory
sex glands of Eirocheir sinensis, the Chinese mitten crab
[50]. The upregulation of this chromatin remodeler was
then observed in human testis through mRNA analysis,
before the trend was confirmed in mouse models [45, 51].
Recently, CHD1L has also been identified as a key regula-
tor of sperm production cycles in geese [52].
Immunostaining studies demonstrate that CHDI1L is
predominantly expressed in undifferentiated spermato-
gonia, stem cells that self-renew and mature into gametes
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through a process of spermatogenesis [51]. Upregulation
of CHDI1L is concurrent with the expression of OCT4,
SOX2, and NANOG, other pluripotency regulators in
spermatogonial stem cells (SSC) (Fig. 3B). These factors
are targets of the glial cell line-derived neurotrophic fac-
tor (GDNF) signaling, which is critical to the survival
and self-renewal of undifferentiated spermatogonia.

Moreover, these genes are downregulated during CHD1L
knockdown, suggesting that it acts as an important ele-
ment within the GDNF signaling pathway within germ
line stem cells [51].

It was later discovered that CHD1L regulates the stem-
ness of spermatogonial cells through the microRNA
(miRNA), miR-486, which is transcriptionally
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downregulated by CHD1L in SSCs [53]. miR-486 targets
matrix metalloproteinase 2 (MMP2) mRNA for degrada-
tion, downregulating its expression in developing sperm
cells. Because MMP2 activates pB-catenin signaling, this
knockdown in turn decreases expression of SSC stem-
ness genes such as the GDNF targets, while increasing
apoptosis and cell cycle arrest. This pathway appears to
modulate spermatogenesis, as miR-486 decreases stem-
ness and promotes differentiation of the SSCs.

Congenital abnormalities

CHDIL plays a critical role in embryonic develop-
ment and is essential for survival throughout gestation
(Fig. 3A). Complete knockout of CHDIL results in early
embryonic lethality, underscoring its fundamental role
in early development. In contrast, missense mutations
or structural variants in CHD1L have been identified in
patients with a range of congenital abnormalities, partic-
ularly those affecting the renal and reproductive systems
(Fig. 3C) [39, 44, 45].

CHDIL mutations have been recognized as a source
of congenital anomalies of the kidney and urinary tract
(CAKUT). Several different heterozygous missense
mutations have been identified in CAKUT patients,
resulting in variable phenotypes including renal dyspla-
sia, kidney malrotation, ureterovesical junction obstruc-
tion, and posterior urethral valves [54, 55]. Many of the
CHDIL mutations associated with kidney defects were
in or near the macrodomain and lead to decreased affin-
ity for PARylated PARP1, a critical regulator of stemness
during fetal development (Fig. 3B) [45]. CHD1L variants
have also been observed as causative to congenital defects
in the female reproductive tract, specifically Miillerian
duct abnormalities (MDA) [56]. Although quite rare,
CHDIL mutations are estimated to cause ~4% of MDA
cases, which may lead to infertility and spontaneous mis-
carriages. Although not well understood, CHD1Ls role
in cell migration has been proposed to mediate Miille-
rian duct formation, and a loss-of-function mutation may
contribute to congenital defects (Fig. 3C.).

Copy number variants in the 1q21.1 locus, which con-
tains the CHDIL gene, present even further reaching
consequences. Numerous low copy repeats located on
this locus may render this region vulnerable to microde-
letions or microduplications via nonallelic homologous
recombination [57]. The deletion of the 1q21.1 locus
can lead to stillbirths wherein fetuses present with skel-
etal malformations [58]. However, 1q21.1 deletions have
been reported as viable in some cases, although they are
associated with developmental delay, microcephaly, facial
abnormalities, seizures, oligohydramnios, and congeni-
tal heart anomalies [55]. Furthermore, duplications of
this region cause overlapping symptoms such as devel-
opmental delays, dysmorphic facial features, and cardiac
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malformation, but may also lead to macrocephaly [59].
Additionally, CHDIL has been explored as a candidate
gene for behavioral disorders such as ADHD (Attention
Deficit/Hyperactivity Disorder) and autism, with micro-
deletions and microduplications at this locus linked to
these conditions in children [60]. However, this chro-
mosomal region also harbors PRKAB2, a key component
of the AMP kinase complex, raising the possibility that
these neurodevelopmental traits may result from altera-
tions in PRKAB2, CHDIL, or their combined effects [61].
Consequently, the specific contribution of CHDIL to
these disorders remains uncertain.

CHD1L in cancer: expression and oncogenic function
Among all biological contexts in which CHD1L has been
studied, its role in cancer is by far the most extensively
characterized. CHDI1L contributes to many hallmarks
of cancer, including enhanced survival, evasion of pro-
grammed cell death, metastatic potential, evasion of the
immune response, and MDR. CHDIL is overexpressed in
a wide range of malignancies, and this overexpression is
strongly associated with tumor progression, metastatic
disease, and poor clinical outcomes for breast, ovarian,
bladder, lung, colorectal, and many other cancer indica-
tions [2, 4, 6, 8, 18, 62—67].

CHDIL has a variety of oncogenic functions that pro-
mote tumor progression, metastatic potential, cancer cell
survival, and resistance to treatment [28]. Clinical stud-
ies show that CHDIL is associated with more aggressive
cancers and poor prognosis across multiple cancer types.
This correlation has been extensively studied in gastro-
intestinal tumors but is also observed in other cancers
[67-69]. Studies of patient tumor samples report CHD1L
overexpression in breast, pancreatic, non-small cell lung,
and many other cancer indications [62, 64, 65, 67, 70]
(Table 1).

A recent pan-cancer analysis comparing CHDIL
expression in normal and tumor tissues suggests its
overexpression may approach 100% in several cancers,
including thyroid, colorectal, stomach, head and neck,
prostate, ovarian, and skin cancers [8] (Table 1). Despite
some variability in prevalence across studies, all find-
ings consistently link CHD1L overexpression with worse
clinical outcomes. Higher levels of CHD1L are associated
with increased tumor volume and grade, as well as lower
overall median survival time [6, 18, 70, 72]. However,
CHD1L’s oncogenic role is not solely driven by its expres-
sion level; many cancers, regardless of CHD1L expression
level, appear to rely on its biochemical activity to sustain
cancer cell survival and progression [18, 74—76].

CHDIL is also strongly associated with metastatic
disease. Expression levels are significantly increased in
metastatic lesions compared to primary tumors, and
CHDIL has been identified as an independent prognostic
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Table 1 CHDI1L overexpression levels across different cancer indications
CHD1L expression was determined by immunohistochemistry analysis from independent studies of patient sample pools or as
described from the Human Protein Atlas (HPA) [7, 8, 62, 63, 65-73]

CHD1L Overexpression in Cancer

Cancer Patient High Grade Tumor HPA Database
Indication Samples (n) Patient Samples (n) Samples [8] (n)
Nasopharyngeal [71] 66.0% (133) 66.0 (94) =
Pancreatic [70] 62.5% (112) 69.0% (29) 100% (11)
Colorectal [67] 61.6% (86) 100% (5) 100% (11)
Gastric [66] 58.7% (81) 58.0 % (352) 100% (10)
Brain [63] 53.1% (81) 61.0% (59) 83.3% (12)
Bladder [7] 52.9% (153) 60.2% (108) 100% (10)
Ovarian [73] 51.0% (102) 56.0 % (25) 100% (12)
Esophageal [62] 45.0% (191) 50% (18) =
Bile Duct [68] 45.0% (80) 80% (15) .
Non-small cell lung [65] 42.1% (233) 48.9% (47) 91.7% (12)
Breast [74] 49.1% (116) 58.8% (51) 100% (12)
Liver [69] 17% (181) 24.6% (61) 75% (12)
Thyroid = = 100% (4)
Testicular - = 100% (11)
Head & Neck = = 100% (4)
Prostate - - 100% (11)
Melanoma - - 100% (12)
Lymphoma - = 91.7% (12)
Endometrial - = 90.9% (11)
Cervical = = 83.3%

biomarker of metastatic potential [6, 66, 72]. Moreover,
knockdown of CHDIL dramatically reduces the abil-
ity of tumor cells to proliferate, migrate, and invade
neighboring tissues, all critical steps in the metastatic
process [64, 70, 77]. These findings demonstrate that
CHDIL plays a significant functional role in regulating

epithelial-mesenchymal transition (EMT) and metastatic
potential in cancer [4, 18, 20, 64, 65, 68, 78, 79].

Another significant contributing factor to CHDI1L’s
oncogenic potential is its role in therapy resistance. High
CHDIL levels promote MDR to chemotherapy and a
variety of other targeted therapies [2, 15-18, 74-76].
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Proposed mechanisms include the upregulation of drug
efflux pumps, inhibition of apoptosis, enhancement of
DNA repair capacity, modulation of metabolic path-
ways, and reinforcement of cell motility signaling path-
ways such as EMT [17, 18, 80, 81]. CHDI1L has also been
shown to suppress a non-apoptotic form of programmed
cell death known as PARthanatos [75, 76]. This sup-
pression contributes to therapy resistance by enabling
tumor cells to evade both apoptotic and non-apoptotic
cell death. Notably, knockdown or inhibition of CHD1L
consistently sensitizes tumor cells to chemotherapy and
other targeted therapies, even in previously resistant
models, positioning CHD1L as a compelling target to
overcome MDR in a multitude of cancers [2, 16-18, 75,
76]. This comprehensive body of evidence has sparked
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increasing interest in the development of therapeutic
strategies to target CHDI1L in cancer.

Molecular functions of oncogenic CHD1L

CHDIL regulates cellular homeostasis through dynamic
control of nucleosome architecture [82, 83]. Its recruit-
ment to chromatin is often regulated by PAR-mediated
signaling in the nucleus, linking its activity to genome
surveillance and repair [84, 85]. Beyond this canonical
role, CHDIL contributes to the transcriptional regula-
tion of genes involved in key cellular programs that guide
embryonic development and tissue organization, which
are programs frequently hijacked in human disease
(Fig. 4) [53, 76, 78, 86, 87]. CHD1L is not a classical tran-
scription factor; rather, it promotes transcription through
ATP-dependent chromatin remodeling at promoter and
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Fig. 4 CHDI1L Regulation of transcription, oncogenic signaling, and programmed cell death. CHD1L regulates gene expression through ATP-dependent
chromatin remodeling at key genomic loci, driving oncogenic programs across multiple signaling axes. In the nucleus, CHD1L activates transcription of
oncogenes that promote proliferation (Cyclin D1), survival (TCTP, MDM2), multidrug resistance (ABCB1), motility (ARHGEF9, Cdc42), and immune evasion
(c-MYC, c-JUN) by cooperating with transcriptional complexes such as TCF/LEF (red quadrant) and hypoxia-inducible pathways involving HIF-2a (green
quadrant). These programs converge on EMT, angiogenesis, therapy resistance, proliferation, and cancer cell survival. CHD1L also represses tumor sup-
pressor genes, including E-cadherin (orange quadrant), and interacts with ZKSCAN3 to modulate autophagy. It regulates cytoskeletal rearrangement,
metastatic potential, and apoptosis suppression via the SPOCK1-PI3K-AKT signaling axis, as well as invasion through ARHGEF9-Cdc42 signaling (yellow
quadrant). CHD1L-mediated transcription of MDM2 leads to ubiquitin-mediated degradation and inhibition of p53, suppressing apoptosis and cell cycle
arrest. Collectively, these activities promote immune evasion, therapy resistance, proliferation, cancer cell survival, and increased metastatic potential
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enhancer regions. By integrating environmental cues and
intracellular stress signals, CHD1L modulates chromatin
accessibility to regulate pathways essential for cellular
plasticity, lineage commitment, and survival under stress

[8].

Control of gene expression and signaling

One of the most well-characterized roles of CHDI1L-
mediated transcriptional regulation is its promotion of
epithelial-mesenchymal transition (EMT), a process by
which epithelial cells lose polarity and adhesion, adopt-
ing mesenchymal traits (Fig. 4) [88, 89]. This transition
is associated with increased cellular plasticity, altered
differentiation states, and enhanced resistance to envi-
ronmental and intracellular stress. EMT is often charac-
terized by altered expression of phenotypic biomarkers.
Common epithelial markers include E-cadherin, while
mesenchymal markers include vimentin, N-cadherin,
and slug (SNAI2) [90, 91]. In epithelial cells, E-cadherin
mediates cell-cell adhesion, whereas vimentin, an inter-
mediate filament protein, and slug, a transcription factor,
are hallmarks of the mesenchymal phenotype [91]. Fur-
thermore, aberrant EMT favoring quasi-mesenchymal
cell phenotypes is associated with both malignant disease
in cancer and in organ fibrosis [90, 92]. Upregulation of
CHDIL in cancer cells correlates with increased vimen-
tin and slug expression, along with decreased E-cadherin,
suggesting a shift toward EMT. Conversely, CHDI1L
knockdown upregulates E-cadherin and suppresses
vimentin and N-cadherin, indicating EMT reversal and
loss of cancer stem cell traits [18, 63]. Numerous litera-
ture reports demonstrate that CHD1L drives EMT-asso-
ciated transcriptional programs that promote epithelial
plasticity and contribute to disease progression [4, 18, 20,
27,28, 53, 63-65, 68, 72-74, 76,77, 93, 94].

In addition to its role in EMT, CHDIL regulates cyto-
skeletal remodeling, metabolic reprogramming, and
adaptation to microenvironmental stress, promoting
cell motility and invasion (Fig. 4). For example, CHD1L
upregulates expression of ARHGEF9, a guanine nucleo-
tide exchange factor for the Rho GTPase Cdc42, which
drives actin filament assembly and promotes cell motil-
ity [4]. CHDIL also directly regulates and increases
SPOCKI1 expression, a matricellular glycoprotein that
activates the PI3K/Akt/mTOR signaling pathway, sup-
pressing apoptosis and promoting metabolic activity via
downstream phosphorylation of Akt, ARK5, and mTOR
[64, 78, 81, 95]. This pathway induces matrix metallopro-
teinases (MMP-2 and MMP-9), which degrade basement
membranes and facilitate migration and invasion [96].
In mouse models, CHD1L knockdown or PI3K pathway
inhibition reduced metastasis, highlighting the role of
this axis in tumor progression [64]. CHD1L directly pro-
motes the expression of TCTP (translationally controlled

(2025) 44:167

Page 11 of 21

tumor protein), contributing to tumor cell growth and
enhanced survival [97]. CHDIL also regulates HIF-2a
transcription and downstream hypoxia-responsive
genes, including VEGFA, LOX, EPO, and NDNF (Fig. 4)
[2]. Through regulation of ARHGEF9, SPOCK1, and
hypoxia-responsive targets, CHD1L orchestrates a tran-
scriptional network that promotes cell motility, invasion,
adaptation to cellular stress, and survival.

One of the best-characterized pathways influenced
by CHDIL is the Wnt-responsive TCF/LEF transcrip-
tional complex, which regulates gene expression pro-
grams involved in EMT, stemness, and survival (Fig. 4)
[98, 99]. CHDIL physically associates with the TCF/LEF
complex and is enriched at Wnt-responsive elements
[18]. Its recruitment facilitates chromatin accessibil-
ity and transcriptional activation of canonical TCF/LEF
target genes such as c-MYC, Cyclin D1, and c-Jun [18,
99-101]. CHDIL also regulates ABCB1 expression, an
efflux pump that exports metabolic byproducts, environ-
mental toxins, lipophilic compounds, and drug therapies,
by enhancing transcription of c-Jun, a TCF/LEF target
gene. Increased c-Jun levels upregulate ABCB1, linking
CHDIL activity to gene programs involved in efflux and
stress adaptation. Diseased cells, such as in cancer, co-opt
this pathway via CHD1L-driven TCF/LEF transcription
to promote survival under therapeutic stress [17, 102,
103]. These findings demonstrate that CHDI1L is a key
regulator and component of TCF/LEF-driven target gene
activation in cancer by promoting chromatin accessibility
at target promoters, with context-dependent activity that
may differ in non-transformed cells.

Recent studies have shown that CHDIL expression
is positively correlated with the presence of myeloid-
derived suppressor cells (MDSCs), a cell population
known to promote immune evasion by suppressing
immune responses [8]. In line with this, the TCF/LEF
transcriptional program, where CHDIL plays a key
regulatory role, has been shown to inhibit immune sur-
veillance by excluding T cells from the tumor micro-
environment and inducing immune checkpoint gene
expression [99]. Accordingly, CHDIL functions at the
intersection of intrinsic transcriptional programs and
extrinsic immunosuppressive cues, especially in dis-
ease contexts where immune evasion contributes to
pathogenesis.

Collectively, the literature reports and evidence
described in this section establish CHD1L as a chroma-
tin remodeler with broad transcriptional influence. In the
context of disease, aberrant CHD1L promotes adaptabil-
ity, survival, and immune evasion under stress and thera-
peutic pressure, particularly in cancer.



Clune et al. Journal of Experimental & Clinical Cancer Research (2025) 44:167 Page 12 of 21

A

i
> 0’1
DNA Repair
Chromatin

Nucleosome sliding

Go phase TCF/LEF

(restmg)) : Transcription /
\
Checkpolm o "f;/;‘ - \

S Phase

W Gz cnedfpolnt —— °
@ s

PI3K/AKT
Signaling

Mitochondria

Fig. 5 (See legend on next page.)



Clune et al. Journal of Experimental & Clinical Cancer Research (2025) 44:167 Page 13 of 21

(See figure on previous page.)

Fig. 5 CHD1L regulation of DNA repair and cell cycle progression, and its role as a master regulator of PARthanatos programmed cell death. (A) Upon
DNA damage, CHD1L is recruited to sites of DNA lesions through its PAR-binding macrodomain following PARP1 activation. CHD1L promotes nucleo-
some sliding and chromatin relaxation, enabling PARP1 dissociation and the recruitment of downstream DNA repair factors to initiate the DDR. (B) CHD1L
promotes G,/S phase transition by transcriptionally upregulating TCTP, Cyclins D, E, and A, CDK2, CDK4, and CDK6, while repressing p27 and facilitating RB
phosphorylation. CHD1L also upregulates MDM2, which destabilizes p53, further promoting cell cycle progression. Green arrows indicate transcriptional
activation; red blunt arrows denote repression or inhibition. (C) CHD1L suppresses apoptosis by retaining Nur77 in the nucleus and upregulating SPOCK1,
which activates the PI3K/Akt pathway to block cytochrome c release from mitochondria. CHD1L also acts as a master regulator of PARthanatos by binding
nuclear PAR chains, protecting them from PARG-mediated degradation. This prevents PAR fragmentation and AIF translocation to mitochondria, thereby

blocking caspase-independent cell death

DNA damage response and repair

One of the most well-understood functions of CHD1L
is in the context of DDR and DNA repair [85]. CHDI1L
is rapidly recruited to DNA lesions through its macro
domain, which binds PAR chains synthesized by PARP1
upon sensing DNA damage [104]. PARP1 recognizes
both single- and double-strand DNA breaks induced
by genotoxic insults such as oxidative stress, UV radia-
tion, ionizing radiation, and DNA damaging agents
[105]. Using NAD* as a cofactor, PARP1 synthesizes PAR
chains at damage sites, which serve as recruitment sig-
nals for DNA repair factors with PAR-binding domains
[104]. CHDI1L is one such PAR-binding factor, activated
through PAR-dependent release of its autoinhibitory
macro domain (Fig. 2A) [32, 34, 36, 83, 84, 106]. Once
recruited, CHDI1L slides nucleosomes near the lesion
site, promoting chromatin relaxation and enhancing
access for downstream DNA repair complexes (Fig. 5A)
[82]. This activity has been shown to be essential for early
chromatin remodeling in DDR and is mediated through
CHD1Ls ATPase domain, whose function depends on
both PAR binding and chromatin engagement [82—84].
Accordingly, knockdown of CHD1L impairs DNA repair
efficiency and increases sensitivity to DNA-damaging
agents [107].

CHDIL is functionally linked to multiple repair path-
ways. In base excision repair (BER), which addresses sin-
gle-base lesions from oxidation, hydrolysis, or alkylation,
CHDIL knockdown leads to reduced repair efficiency
and increased DNA strand breaks [108]. In nucleo-
tide excision repair (NER), which resolves bulky lesions
like those caused by UV irradiation, CHDI1L contrib-
utes to global genome NER (GG-NER) due to its asso-
ciation with xeroderma pigmentosum linked genes XPC
and XPE, which coordinate repair of UV induced DNA
damage through the DNA damage recognition complex
(DDB2) [106]. Emerging evidence also implicates CHD1L
in double-strand break repair. While CHD1L is not a core
component of homologous recombination (HR) or non-
homologous end joining (NHE]), it’s chromatin remodel-
ing facilitates access of repair factors to DNA ends. This
role is thought to aid the resection and end-joining pro-
cesses required for both repair pathways, though further
investigation is warranted [85].

Regulation of cell cycle progression

Chromatin restructuring is essential for cellular replica-
tion, and therefore post-translational modifications of
histones are deeply intertwined with cell cycle control
[109]. As such, CHDI1Ls role in chromatin relaxation
predictably links its activity to mitotic regulation. Indeed,
CHDIL has been identified as a promoter of tumor cell
proliferation through its mediation of DNA synthesis and
G1/S transition [63, 68, 110].

Initiation and progression through cell cycle check-
points are strictly controlled by regulatory proteins,
specifically cyclin-dependent kinases (CDKs). Upregu-
lation of CHDIL leads to an increase in the expression
of Cyclins A, D1, and E, as well as CDK2 and CDK4
(Fig. 5B). Conversely, CHDIL downregulates retino-
blastoma protein (Rb) and p27 [63, 110]. Activation of
CDK4 by D-type cyclins drives the transition from G1 to
S phase via phosphorylation of Rb [111]. Rb is a tumor
suppressor protein that represses E2F transcription fac-
tor targets that would otherwise induce G1/S transition.
The inhibitory activity of Rb is neutralized upon phos-
phorylation by the Cyclin D/CDK4 complex, allowing the
expression of E2F targets and the subsequent progression
toward S phase [111]. Two of these G1/S transition genes
are Cyclins E and A, which bind to and activate CDK2
[112]. CDK2 is normally inhibited by tumor suppressors
p21 and p27, but once activated, it promotes degrada-
tion of both inhibitors and further phosphorylates Rb
[111, 113]. This activity initiates and drives S phase pro-
gression by targeting substrates involved in centrosome
duplication, histone biosynthesis, and DNA replication
[114, 115]. CHD1Ls downregulation of tumor suppres-
sors, along with the upregulation of Cyclins and CDKs
that promote G1/S transition, suggests that it drives the
cell cycle past this critical checkpoint (Fig. 5B). Like-
wise, knockdown or small molecule inhibition of CHD1L
arrests cells in the G1 phase, further validating its role in
this transition [63, 74].

Upregulation of CHDIL has also been associated
with modulation of p53 expression and signaling path-
ways. Several studies have found that CHDI1L levels are
inversely related to those of p53, a master tumor sup-
pressor [63, 110]. p53 levels are primarily regulated by
the mouse double minute two protein (MDM?2), which
induces p53 ubiquitination and targets it for proteasomal



Clune et al. Journal of Experimental & Clinical Cancer Research

degradation (Fig. 4) [116]. MDM2 appears to be a down-
stream target of CHDIL, as it is downregulated in
CHDI1L knockdown lines and upregulated in CHDI1L
overexpression lines [73]. Since p53 is an upstream
transcription factor for p21, a major G1/S regulator, the
link between CHD1L and MDM2 further explains why
CHDIL promotes G1/S phase transition (Fig. 5B) [117].
However, p53 also regulates the G2/M checkpoint, so
CHDI1L-mediated p53 suppression may facilitate cell
cycle progression through multiple phases.

CHDIL may also play a role in mediating mitotic
exit. It has been reported that CHDI1L induces expres-
sion of TCTP, which leads to degradation of Cdc25C
[97]. This results in increased Cdkl phosphorylation
and a corresponding decrease in its activity, ultimately
promoting mitotic exit (Figs. 4 and 5B). In hepatocellu-
lar carcinoma, CHD1L upregulation has been shown to
accelerate mitotic exit to the extent that it causes chro-
mosome mis-segregation and increases overall muta-
tional burden [97]. Taken together, these findings suggest
that CHDIL is a multifaceted regulator of the cell cycle,
acting at both early and late phases to promote division
and proliferation.

Role in programmed cell death
Among its diverse roles in development and disease, a
major function of CHD1L is that of a master regulator of
cell survival, promoting cellular repair and suppressing
multiple forms of programmed cell death. It modulates
checkpoint proteins involved in cell cycle progression
and immune signaling, governs DDR and repair path-
ways, and orchestrates transcriptional programs and
protein-protein interactions that favor survival over cell
death. This section highlights how CHDIL suppresses
both apoptotic and non-apoptotic death mechanisms
through interactions with key regulators (Fig. 5C).
Arguably the most well-characterized form of cell death
suppressed by CHD1L is apoptosis. CHD1L is a multifac-
eted anti-apoptotic factor that inhibits pro-apoptotic pro-
teins Nur77 and TP53, while activating the anti-apoptotic
factors SPOCK1, TCTP, and MDM2 (Figs. 4 and 5C) [28,
118]. Among these, the interaction between CHDI1L and
the orphan nuclear receptor Nur77 (NR4A1) is particu-
larly well-defined. Nur77 translocates from the nucleus to
the mitochondria in response to apoptotic stimuli, where
it binds Bcl-2 and induces a conformational change that
triggers cytochrome c release, Apaf-1 activation, and cas-
pase-mediated apoptosis (Fig. 5C) [119, 120]. CHD1L’s
C-terminal macrodomain binds Nur77 in the nucleus,
preventing this critical translocation step and thereby
suppressing the mitochondrial apoptotic cascade [118].
Functional experiments in hepatocellular carcinoma
cells demonstrate that CHDI1L overexpression blocks
Nur77 translocation, inhibits cytochrome c release, and
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prevents caspase-9 and caspase-3 activation. Conversely,
silencing CHDI1L restores Nur77-mediated apoptosis,
confirming that CHD1L serves as a key cellular safeguard
against apoptotic signaling.

CHDIL also suppresses apoptosis through modula-
tion of the MDM2-p53 axis. As the primary negative
regulator of p53, MDM2 binds to p53, blocks its tran-
scriptional activity, and targets it for proteasomal deg-
radation (Fig. 4) [121]. In breast cancer models, CHD1L
transcriptionally upregulates MDM2, as shown by cDNA
microarray analysis and confirmed via Western blot,
where CHDIL overexpression increased MDM?2 pro-
tein levels, and CHDI1L knockdown reduced them [73].
In vivo, CHDI1L overexpression in mouse tumors led to
increased MDM2 staining by immunohistochemistry,
while CHDIL silencing resulted in marked downregula-
tion of MDM2 expression. This upregulation of MDM2
destabilizes p53 and inhibits its ability to activate down-
stream pro-apoptotic targets. Thus, by promoting MDM?2
expression and suppressing TP53, CHDI1L enhances
tumor cell survival and proliferation while disabling key
apoptotic checkpoints, further supporting its role as a
central suppressor of programmed cell death in cancer.

CHDIL promotes tumor cell survival by upregulating
SPOCKI1 (see Control of Gene Expression and Signaling
above), a matricellular glycoprotein that blocks apopto-
sis through activation of the PI3K/Akt signaling pathway
(Fig. 4 C). CHD1L-driven SPOCKI1 expression enhances
Akt phosphorylation, which inhibits mitochondrial cyto-
chrome c release and suppresses downstream activation
of caspase-9 and caspase-3. In hepatocellular carcinoma
cells, knockdown of CHD1L induces apoptosis, as shown
by increased Annexin V staining, mitochondrial mem-
brane depolarization, and elevated levels of cleaved PARP
and caspase-3. This apoptotic phenotype is accompanied
by reduced SPOCK1 expression and is rescued by ecto-
pic SPOCKI1 overexpression, confirming that SPOCK1
mediates CHD1L-dependent survival. CHD1L-induced
SPOCKI expression also contributes to tumor progres-
sion, with elevated SPOCK1 levels correlating with
increased metastasis, advanced tumor stage, and poor
clinical outcomes for cancer patients [78].

One of the most striking recent discoveries is that
CHDIL suppresses PARthanatos (Fig. 5C) [76], a cas-
pase-independent form of programmed cell death first
reported in 2009 [122]. PARthanatos can be initiated by
oxidative stress, hyperactivated PARP1, or nuclear PAR
signaling that leads to PAR polymer hydrolysis and frag-
mentation. These PAR chains are normally degraded
PAR-glycohydrolase (PARG), releasing free PAR frag-
ments into the cytoplasm, where they bind apoptosis-
inducing factor (AIF) localized in the mitochondria.
PAR fragment binding triggers AIF release and trans-
location to the nucleus, where it induces massive DNA
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fragmentation and initiates PARthanatos [123, 124]. AIF
translocation to the nucleus is considered a well-estab-
lished biomarker of PARthanatos and is routinely used to
confirm pathway activation in both in vitro and in vivo
models [125].

CHDI1L directly binds PAR chains in the nucleus via its
macrodomain and shields them from PARG-mediated
hydrolysis, effectively blocking the upstream trigger of
AIF release and suppressing PARthanatos (Fig. 5C) [76].
This protective interaction prevents cytoplasmic PAR
accumulation, mitochondrial depolarization, and AIF
translocation to the nucleus. In breast and colorectal can-
cer models, pharmacological inhibition of CHD1L results
in the entrapment of CHD1L on chromatin, deprotection
of nuclear PAR chains, and robust induction of PARthan-
atos, as measured by AIF translocation to the nucleus
[76].

Together, these findings establish CHD1L as a central
suppressor of both apoptotic and non-apoptotic forms
of programmed cell death. By disabling key cell death
checkpoints—including Nur77 mitochondrial signaling,
the MDM2-TP53 axis, and PAR-mediated AIF activa-
tion—CHDI1L enables cancer cells to survive under con-
ditions of metabolic stress, immune surveillance, and
genotoxic therapy. The multifaceted survival advantages
conferred by CHDIL likely contribute to the aggressive
behavior and treatment resistance observed in many
cancers where CHDI1L is implicated. As such, CHD1L
has emerged as a master regulator of PARthanatos and a
gatekeeper of cancer cell viability under stress.

Therapeutic strategies targeting CHD1L

The role of CHDIL in tumor progression, cell survival,
metastasis, and MDR makes it an attractive molecu-
lar target for the next generation of cancer treatments.
Knockdown of CHDI1L dramatically reduces the aggres-
sion and growth of cancerous cells, while concurrently
sensitizing them to chemotherapy. This indicates the
strategy of CHDI1L suppression could be valid as either
a single agent therapy or combination therapy. Although
there are no FDA approved CHD1L-related treatments
on the market to date, there are several that have been
proposed or are currently in development that may well
drive forward the field of targeted cancer therapy [18].

Gene therapy and genome editing approaches

One proposed strategy to fight the malignant activity
conferred by CHDIL in cancer is to prevent its expres-
sion using gene therapy. Gene editing approaches such as
CRISPR/Cas9 have been explored to eliminate CHDI1L
expression, both in vitro and in vivo, revealing down-
stream signaling effects but have not yet been imple-
mented to treat patients in the clinic. Tumor cells with
CHDIL knockout display dramatically less aggressive
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metastatic behavior and are sensitized to PARP inhibi-
tors (PARPi) [14, 15, 126, 127]. Although CRISPR/Cas9
therapy has shown potential for personalized cancer
treatment in preliminary studies through the knockout of
oncogenes, challenges remain, including off-target activ-
ity and unintended genomic alterations [128].

Another method of gene silencing is RNA interfer-
ence, or RNAi, which utilizes one of two non-coding
RNA strands to knock down target genes, short hairpin
RNA (shRNA) or small interfering RNA (siRNA). shRNA
silencing is generally preferred over the siRNA approach
for long term gene silencing because shRNA is more sta-
ble and is capable of DNA integration, so it can generate
stable knockdown cell lines [129]. The shRNA method
involves transducing small hairpin RNA (shRNA) into
cancer cells using a lentiviral vector [77]. The shRNA
molecule corresponds with the mRNA strand for
CHDIL, and will target it for degradation by the endog-
enous RNA induced silencing complex (RISC) [129]. The
knockdown of CHD1L using shRNA suppressed prolifer-
ation, motility, invasion, and survival in several different
cancer lines [17, 77]. Although both RNAi strategies have
been utilized to study the cellular function of CHDI1L
in vitro, it has yet to be effectively validated as a form of
cancer treatment in humans. However, the use of CHD1L
genetic silencing in future cancer treatment has been
proposed as a potential therapeutic avenue [77].

Should RNAI be utilized in cancer treatment, an effec-
tive delivery method must be employed, as free RNA
particles are quickly degraded and may cause toxicity in
circulation [130]. The most popular RNAi delivery sys-
tems in use at the moment are lipid nanoparticles and
viral vectors [131]. The use of shRNA and siRNA gene
therapy against oncogenes has proven effective in animal
models, although the feasibility and safety of this method
is still unclear [132]. Nonetheless, if RNAi gene silencing
becomes a clinically valid therapeutic strategy in human
disease, CHD1L will be a strong target candidate for can-
cer treatment.

Small molecule inhibitors of CHD1L (CHD1Li)

An alternative to gene therapy for targeting CHDIL in
cancer is the use of small molecule inhibitors. The first
CHDIL inhibitors (CHD1Li) were identified in 2020
through high-throughput screening (HTS) of chemical
libraries against a truncated, catalytically active form of
CHDIL (cat-CHD1L) [18, 20]. These inhibitors demon-
strated the ability to suppress CHD1L-mediated TCF/
LEF transcriptional activity, reverse EMT, and reduce
cancer stem cell (CSC) stemness in colorectal cancer
models, mirroring the effects observed with CHDIL
knockdown. Unlike CHD1L knockdown, small molecule
CHD1Li potently induced programmed cell death, which
was initially thought to be via the induction of apoptosis
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but later shown to be PARthanatos [18, 75, 76]. Further-
more, Abbott et al., characterized CHDI1L as a required
component of TCF/LEF-transcription in colorectal can-
cer cells (Fig. 4) [18]. Notably, TCF/LEF-transcription is
known to be a master regulator of EMT and cancer stem
cell stemness [133], which is consistent with CHDI1Li
induced reversion of EMT and suppression of CSC stem-
ness. Medicinal chemistry optimization of these initial
leads led to the development of CHD1Li with improved
potency, drug-like properties, and oral bioavailability
[94]. These results continue to support CHDI1L as a via-
ble target for small molecule drug development.

From this medicinal chemistry campaign, OTI-611
emerged as the lead analog, demonstrating low micro-
molar to nanomolar cytotoxicity across multiple can-
cer cell lines and a favorable PK profile in mice [94].
While originally developed for CRC, OTI-611 has also
shown efficacy in breast cancer [76]. The comprehensive
mechanism of action (MOA) for OTI-611 and its ana-
logs has been elucidated and involves allosteric binding
to CHDI1L, inhibiting its ATPase activity and promot-
ing the entrapment of CHDI1L on chromatin [75]. Once
entrapped, CHD1L can no longer mediate chromatin
remodeling, leading to the suppression of malignant gene
expression, DDR, and cell cycle progression [74—76].

Entrapment of CHDI1L also interferes with its ability
to bind PAR chains in the nucleus, leaving them vulner-
able to hydrolysis by PARG. The resulting PAR fragments
translocate to the cytoplasm, where they bind to AIF,
triggering its release and subsequent translocation to the
nucleus, ultimately inducing PARthanatos (Fig. 5C) [75,
76]. Importantly, this MOA differs significantly from the
effects of CHD1L knockdown or knockout. While genetic
disruption produces viable tumor cells with impaired
function [10, 11, 91], pharmacological inhibition with
CHDI1Li OTI-611 and its analogs induces potent tumor
cell death, underscoring a critical distinction between
therapies that promote protein loss and traditional small
molecule inhibition. Albeit no CHD1L-targeting PROT-
ACs (Proteolysis-targeting chimeras) have been devel-
oped to date, such strategies would likely phenocopy
gene depletion rather than mimic the lethal mechanism
achieved by small molecule CHD1Li [134].

In addition to the CHD1Li identified through HTS and
optimized in this program, several other groups have
reported CHD1L-targeting compounds. Eisbach Bio has
developed EIS-12,656, a CHD1Li that binds to an allo-
steric pocket within the N-ATPase domain [135], differ-
ing from the binding mode of OTI-611 and its analogs
[20, 94]. Eisbach Bio’s CHD1Li, EIS-12,656, is currently
being evaluated in phase 1/2 clinical trials (ClinicalTri-
als.gov: NCT06525298). This open label trial will inves-
tigate the use of EIS-12,656 in advanced stages of cancer
with homologous recombination deficiencies such as
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BRCA1/2 mutations. Phase 1 involves administering
increasing doses of EIS-12,656 to assess the safety and
establish a tolerable dose for phase 2. In phase 2 patients
will receive a daily dose of the CHD1Li either alone or
in combination with PARPi or Trastuzumab deruxtecan,
both FDA approved cancer drugs. This trial aims to eval-
uate the tolerability and effectiveness of EIS-12,656 alone
or in combination with SOC therapies.

Separately, a study utilizing artificial intelligence—
driven virtual screening and molecular modeling identi-
fied a series of CHD1Li, from which three compounds,
C071-0684, K284-5877, and K284-5881, were priori-
tized [19]. Of these molecules, CO71-0684 was the most
potent, demonstrating inhibitory activity against the cat-
CHDIL enzyme. Modeling studies suggest that these
CHD1Li engage the N-ATPase lobe active site, classifying
them as competitive inhibitors. Notably, these inhibitors
also induced cytotoxicity in breast and colorectal cancer
cell lines.

CHD1Li combination therapies with chemotherapy and
targeted agents

Pharmacological inhibition of CHD1L has demonstrated
remarkable synergy with SOC chemotherapies. Notably,
CHDI1Li OTI-611 significantly enhances the cytotoxic
potency of prodrug irinotecan (SN-38, active metabo-
lite), 5-fluorouracil (5-FU), doxorubicin, oxaliplatin, and
etoposide in both colorectal and breast cancer mod-
els [74-76]. In colorectal cancer organoids, OTI-611
improved the potency of SN-38 by nearly 1000-fold and
5-FU by 500-fold in chemoresistant SW948 models [75].
This synergy translated in vivo, where combination ther-
apy with OTI-611 and irinotecan led to near-complete
tumor regression and nearly tripled survival compared to
irinotecan alone. Mechanistically, this synergy was linked
to OTI-611’s ability to entrap CHDI1L on chromatin,
which reprograms the cellular response to chemotherapy.
Instead of inducing their typical mechanisms of action
such as apoptosis or cell cycle arrest, chemotherapy com-
bined with OTI-611 triggered G1 arrest and PARthana-
tos. This shift was consistent across all chemotherapies
tested [74-76], and may explain OTI-611’s ability to
overcome MDR pathways commonly associated with
chemotherapy failure.

CHDI1Li also exhibit strong synergy with PARPi, par-
ticularly olaparib. In BRCA-mutant cancers, PARPi
induce synthetic lethality by trapping PARP1/2 at DNA
damage sites, disrupting the DDR, and leading to repli-
cation stress and apoptosis [127, 136]. However, CHD1L
has been shown to promote PARPi resistance in BRCA-
mutant cells, and CRISPR knockout of CHDI1L restores
PARPi sensitivity in vitro and in vivo [15]. Pharmacologi-
cal CHDI1L inhibition with OTI-611 similarly enhances
PARPi efficacy, promoting PARP1/2 trapping and
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PARthanatos in both BRCA-mutant and BRCA-wildtype
breast cancer models [74, 76]. Eisbach Bio’s CHD1Li EIS-
12,656 has also shown preclinical synergy with PARPi
[130]; however, it has not yet been reported to reprogram
the mechanism of PARPi-induced cell death as observed
with OTI-611. CHDI1Li may also improve responses to
other targeted therapies. He et al. recently demonstrated
that OTI-611 synergized with the tyrosine kinase inhibi-
tor sunitinib in renal cancer models in vitro and in vivo
[2]. These findings broaden the therapeutic scope of
CHDIL inhibition to include kinase inhibitors, further
underscoring the potential utility in combination therapy.

In summary, several groups are advancing CHDI1L-
targeting strategies into preclinical and clinical devel-
opment. CHD1L remains a compelling oncology target
due to its central role in tumor progression, metastasis,
cell survival, and MDR. While multiple CHD1Li have
demonstrated promising preclinical activity, mechanis-
tic studies of OTI-611 have provided the most detailed
evidence to date of CHD1L-dependent reprogramming
of tumor cell death. Among currently reported CHD1Li,
OTI-611 and its analogs are the only agents shown to
synergize with chemotherapy, PARPi, and other targeted
therapies that do not cause DNA damage, while shifting
tumor cell death pathways toward PARthanatos through
chromatin entrapment. These findings highlight the
potential of CHDI1L inhibition not only as a standalone
therapeutic strategy but also as a foundation for rational
drug combinations that overcome resistance mechanisms
in cancer.

Conclusion

CHDIL is a multifunctional chromatin remodeler with
essential roles in embryonic development, DNA repair,
transcriptional regulation, and cellular stress responses
[18, 39, 74]. Its activity is tightly regulated under normal
physiological conditions, but disruption of this regulation
has been implicated in a growing number of human dis-
eases. In addition to early embryonic lethality observed
in knockout models, rare missense mutations in CHD1L
have been linked to congenital anomalies affecting renal
and reproductive development [44, 45]. Moreover, its
involvement in chromatin remodeling and immune
signaling suggests possible roles in inflammatory and
stress-related disorders, though these areas remain
underexplored.

CHDI1Ls function in cancer is the most extensively
studied. Overexpression of CHDI1L is common across
a wide range of solid tumors and is strongly associ-
ated with tumor progression, metastatic potential, and
poor prognosis [4, 8, 67]. Mechanistically, CHD1L pro-
motes tumor growth through modulation of DNA dam-
age repair, activation of survival and cell cycle pathways,
regulation of EMT, and suppression of both apoptotic
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and non-apoptotic forms of cell death [18, 28, 76].
Importantly, its low expression in most normal tissues
and cancer-specific upregulation position CHDIL as an
attractive target for cancer drug development [75]. As
CHDI1Li advance in development, a new class of thera-
pies may emerge that can overcome MDR and restore
treatment sensitivity in aggressive, refractory cancers.
Continued exploration of CHDI1Ls roles across both
normal and disease states will not only advance the basic
understanding of chromatin dynamics but also drive the
next generation of targeted cancer therapies.
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