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Abstract

The chromatin remodeling factor chromodomain helicase DNA-binding protein 4 (CHDA4) is a
core component of the nucleosome remodeling and deacetylase (NURD) complex. Due to its
important role in DNA damage repair, CHD4 has been identified as a key determinant in cancer
progression, stem cell differentiation, and T cell and B cell development. Accumulating evidence
has revealed that CHD4 can function in NuRD dependent and independent manner in response to
DNA damage. Mutations of CHD4 have been shown to diminish its functions, which indicates that
interpretation of its mutations may provide tangible benefit for patients. The expression of CHD4
play a dual role in sensitizing cancer cells to chemotherapeutic agents, which provides new
insights into the contribution of CHDA4 to tumor biology and new therapeutic avenues.
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Introduction

Known as Mi2@, Chromodomain helicase DNA-binding 4 (CHD4), a highly conserved
protein (~250 kDa) in animals and plants [1], is one of members of the SNF2/RAD54
helicase family, which use the energy derived from ATP hydrolysis to remodel nucleosome
structure [2, 3]. It comprises a core ATPase/helicase domain flanked by two Plant
Homeodomain motifs (PHD fingers) that recognize modifications of histone tails, tandem
chromodomains, and carboxyl- terminal domains necessary for transcriptional repression.

The ATPase domain enables CHDA4 to use energy from ATP hydrolysis to remodel
nucleosomes along DNA [4]. In this context, CHD4 serves as a key component of the
nucleosome remodeling and deacetylase (NuRD) complex, which plays an important role in
regulation of chromatin structure, gene expression, and cell cycle progression during normal
development and tumorigenesis [5, 6]. In addition to CHD4, NuRD also contains a core of
two lysine deacetylase proteins, HDAC1 and HDAC?2, two chaperone proteins, RBBP4 and
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RBBP7, together with associated proteins [1, 7, 8]. It is important to point out that CHD4-
NuRD complex is recruited to sites by interaction with sequence-specific DNA binding
proteins, instead of recognizing specific DNA sequences [9-11]. After the interaction with
DNA binding protein, the local chromatin structures are modified through nucleosomes
remodeling, histone deacetylation, and promoter decommissioning [12-14]. Therefore,
CHD4-NuRD complex has been identified as an integral driver of transcription.

Although CHDA4 is defined as core NURD component, increasing evidence is accumulating
that CHD4 also play important NuRD-independent role in the DNA-damage response, cell
cycle progression, signal transduction, and overall genome maintenance [8, 15, 16]. An early
study shows that CHD4 associates with the CD4 enhancer independently of NuRD to
activate CD4 expression during T-cell development[15]. In the Ikaros-deleted thymocyte
system, CHD4 functions in a NuRD-independent manner to antagonize PRC2- mediated
transcriptional repression [17]. In addition, the PHD fingers of CHD4 enable it to directly
bind both un-methylated (H3K4) as well as K9-methylated (H3K9me3) N-terminal tails of
histone H3 [18, 19]. The dual properties of CHD4 that both regulate chromatin structure via
ATP hydrolysis and bind histone H3 indicate that it involves in different aspects of
chromatin accessibility.

Despite the increasing characterization of this transcriptional regulator, we still know little
about the function of CHD4 in cancer progression as a DNA-repair protein. Recent studies
suggest the roles CHD4 in both promoting and suppressing tumor growth [20-24]. For
instance, CHD4 expression level is positively correlated with the malignant progression of
non-small-cell lung cancer [25]. More recently, CHD4 expression was found to be positively
correlated with metastatic stage, tumor recurrence and survival status in triple-negative
breast cancer (TNBC) [21]. Interestingly, CHD4 is also implicated as a tumor suppressor in
some cancer types [22]. We previously reported that CHD4 depletion and CHD4 mutations
promote endometrial cancer stemness by activating TGF-beta signaling [23]. In this review,
we summarized the role of this transcriptional regulator in DNA repair and its potential roles
in the development of novel anti-cancer drugs.

The role of CHD4 in regulating DNA damage response

In response to DNA damage, cells initiate DNA-damage response (DDR) to prevent
tumorigenesis [26—28]. The activation of DDR involves in the recruitment of DDR proteins
to the damaged sites in an orchestrated manner. Increasing evidence has demonstrated that
CHD/4 plays an important role in genome integrity by regulating signaling and repair in
response to DNA damage [29-31]. However, it is not clear whether CHD4 functions as a
part of NuRD or independently of NuRD.

In response to DNA damage, CHD4 can be recruited to the sites of DNA damage by
different models. One model is NURD complex dependent, where CHD4-NuRD complex is
rapidly recruited to the sites of DNA damage through the association with Poly(ADP-ribose)
polymerase 1 (PARP1) [31-33]. In this model, CHD4 helps set up a transient repressive
chromatin structure at sites of DNA damage to facilitate DNA repair. Another model is
NuRD complex independent, where CHD4 is recruited to the sites of DNA damage by
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RING finger ubiquitin ligase 8 (RNF8), which promotes assembly of a subset of DNA repair
factors such as RNF168 and BRCAL at the sites of the DNA damage [16]. In addition,
CHD4 can be phosphorylated by the DNA damage response kinases ATM [34, 35] and ATR
[36], and in turn CHD4 can also regulate the Tip60- dependent phosphorylation of ATM [37]
in response to DNA damage.

However, what is currently unknown is that whether CHD4 functions to maintain genome
integrity prior to DNA damage, or it is required to repair damage upon DNA damage. For
instance, CHD4 was reported to modulate the expression of RAD51, an essential protein in
homologous recombination of DNA, by directly binding to the RAD51 promoter [30]. And
loss of CHD4, even without the DNA damage agents, caused DNA damage in glioblastoma
cells by decreasing the activity of RAD51 [30]. Interestingly, CHD4 was also shown to be
recruited to DNA damage sites in poly(ADP-ribosyl)ation-dependent manner during
chromatin remodeling in response to DNA damage induction [31]. Taken together, CHD4
appears to have a key role for DNA repair and cell survival through multiple mechanisms.

its mutations in cancer progression

Cancers with CHD4 mutations showed loss of CHD4 expression. Loss of CHD4 expression
was found in over 50% of gastric and colorectal cancers [38]. In endometrial cancer, CHD4
is one of the most frequently mutated tumor suppressor genes and typically sustains
missense mutations (instead of deletions) [39, 40]. Despite the highly frequent mutations of
CHD/4 detected, the functional significance of most CHD4 mutations is unknown. We
recently showed that two point mutations of CHD4 (R975H and R1162W) in ATPase
domain in endometrial cancer destabilized the CHD4 protein and consequently diminished
the function of CHDA4, which induces a cancer stem cell phenotype to promote cancer
progression [23]. Miki Yamada et al. reported that missense single nucleotide variation
p.D140E accelerated the development of cancer [41]. Therefore, interpretation of mutations
in CHD4 may provide tangible benefit for patients with cancer in the near term.

In addition to its role in cancer progression, CHD4 plays essential roles in stem cell
differentiation [14, 42, 43], embryonic development [44, 45], striated muscle identity [46],
and T cell [15] and B cell development [47, 48]. Through whole-exome sequencing and
web-based gene matching, five individual de novo mutations in CHD4 were identified to
cause an intellectual disability syndrome with distinctive dysmorphisms [49]. CHD4
depletion has been shown to sensitize cancer cells to some chemotherapeutic agents [23].
Therefore, these loss-of-function mutations show potential for therapeutic targeting.
Together, it is important to identify CHD4 mutations that induce sensitivity to
chemotherapeutic agents. A library of all clinically observed CHD4 mutations could be
generated by high- throughput cloning in order to identify loss-of-function mutations that
confer sensitivity to chemotherapeutic agents.

The role of CHD4 in chemotherapeutic response

CHD4 expression was found to be associated with metastatic stage, tumor recurrence and
survival status, and loss of CHD4 expression sensitizes cells to DNA-damaging agents [37,
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50, 51]. We previously demonstrated the importance of CHD4 in controlling HR repair to
maintain genome stability, and that deficiency in CHD4 impairs the recruitment of BRIT1
and sensitizes cells to poly (ADP-ribose) polymerase inhibitor treatment [51]. Subsequently,
an siRNA screen by Carolian D’Alesio et al. identified CHD4 as a therapeutic target in colon
cancer. In this study, CHD4 depletion was found to sensitize colon cancer cells to DNMT
inhibitors in reactivating hypermethylated genes [52]. Later, depletion of CHD4 in acute
myeloid leukemia blasts was found to sensitize cells both /n vitro and in vivoto genotoxic
agents daunorubicin and cytarabine [37]. More recently, CHD4 was found to mediate
epithelial-mesenchymal transition in TNBC cells, and silencing of CHD4 expression in these
cells increase drug sensitivity to cisplatin and PARP1 inhibitor [21].

Interestingly, CHD4 depletion in BRCA2 mutant cells promotes resistance to cisplatin by a
mechanism independent of HR but dependent on RAD18 [53]. Loss of CHD4 in BRCA2
mutant PEO1 cells showed enhanced survival against the DNA-damaging agents such as the
PARP inhibitor Olaparib, the double-strand break- inducing agent Zeocin, and the DNA
polymerase inhibitor aphidicolin [53]. These seemingly contradictory results reveal the
intricate mechanisms of CHD4 involved. To date, no therapeutic agents have been reported
to exhibit selectivity towards the expression of CHDA4.

Therefore, CHD4 may be serve as a potential target for the development of new anti-cancer
agents.

Conclusion and future directions

Recent progress in understanding the role of CHD4 in response to DNA damage, as
discussed above, suggests the importance of designing effective cancer therapeutic agents
that target CHD4. However, due to the crucial roles of CHD4 in both promoting and
suppressing tumor growth, more knowledge of the fundamental biology downstream of
CHD4 should be investigated. ldentifying the binding partners of CHD4 and the signaling
cascade its involved in will facilitate the generation of models revealing the biological
functions of the CHDA4 to cancer.

Loss-of-function mutations of CHD4 has been observed in some cancer types. Clinical
genome-sequencing projects should be conducted to provide insight into the prevalence of
CHD4 mutations in different cancer types and reveal patterns of these mutations. High-
throughput screens of compounds associated with CHD4 and its mutations may provide new
insights into the contribution of CHD4 aberrations to tumorigenesis and provide new
therapeutic avenues.

In addition, the expression of CHD4 plays a dual role in sensitizing cancer cells to
chemotherapeutic agents. This dual role mechanism is related to the role of CHD4 in DNA
damage repair. However, it is not clear whether or not CHD4 drives resistance and how it
does this. As CHD4 frequently associates with DDR proteins to regulate transcription, drugs
regulating the activity or the interactions of these proteins may be a more selective approach
to inhibiting undesirable CHD4 functions in cancer cells. Also post-translational
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modification of CHD4 can modulate its function, which offers potentially additional drug
targets for novel cancer therapies.

Acknowledgements

This work was supported by a grant from the NCI (RO1CA172490) to SYL.

Reference

1. Denslow SA and Wade PA, (2007) The human Mi-2/NuRD complex and gene regulation.
Oncogene,. 26(37): p. 5433-8. [PubMed: 17694084]

2. Seelig HP, et al., (1996). Two forms of the major antigenic protein of the dermatomyositis-specific
Mi-2 autoantigen. Arthritis Rheum,. 39(10): p. 1769-71. [PubMed: 8843877]

3. Eisen JA, Sweder KS, and Hanawalt PC, (1995). Evolution of the SNF2 family of proteins:
subfamilies with distinct sequences and functions. Nucleic Acids Res,. 23(14): p. 2715-23.
[PubMed: 7651832]

4. Wang HB and Zhang Y, (2001). Mi2,an auto-antigen for dermatomyositis, is an ATP-dependent
nucleosome remodeling factor. Nucleic acids research,. 29(12): p. 2517-2521. [PubMed: 11410659]

5. Basta J and Rauchman M, (2015). The nucleosome remodeling and deacetylase complex in
development and disease. Translational research : the journal of laboratory and clinical medicine,.
165(1): p. 36-47. [PubMed: 24880148]

6. Lai AY and Wade PA, (2011). Cancer biology and NuRD: a multifaceted chromatin remodelling
complex. Nature reviews. Cancer, 11(8): p. 588-596. [PubMed: 21734722]

7. O’Shaughnessy A and Hendrich B, (2013). CHD4 in the DNA- damage response and cell cycle
progression: not so NuRDy now. Biochemical Society Transactions,. 41: p. 777-782. [PubMed:
23697937]

8. Reynolds N, O’Shaughnessy A, and Hendrich B, (2013). Transcriptional repressors: multifaceted
regulators of gene expression. Development,. 140(3): p. 505-512. [PubMed: 23293282]

9. Fujita N, et al., (2004). MTA3 and the Mi-2/NuRD complex regulate cell fate during B lymphocyte
differentiation. Cell,. 119(1): p. 75-86. [PubMed: 15454082]

10. Arenzana TL, Schjerven H, and Smale ST, (2015). Regulation of gene expression dynamics during

developmental transitions by the Ikaros transcription factor. Genes Dev,. 29(17): p. 1801-16.
[PubMed: 26314708]

11. Zhang J, et al., Harnessing of the nucleosome-remodeling- deacetylase complex controls
lymphocyte development and prevents leukemogenesis. Nat Immunol, 2011 13(1): p. 86-94.
[PubMed: 22080921]

12. Liang Z, et al., A high-resolution map of transcriptional repression. eLife, 2017 6: p. e22767.
[PubMed: 28318487]

13. Bornelov S, et al., The Nucleosome Remodeling and Deacetylation Complex Modulates Chromatin
Structure at Sites of Active Transcription to Fine-Tune Gene Expression. Mol Cell, 2018 71(1): p.
56-72.e4. [PubMed: 30008319]

14. Yamada T, et al., Promoter decommissioning by the NuRD chromatin remodeling complex triggers
synaptic connectivity in the mammalian brain. Neuron, 2014 83(1): p. 122-34. [PubMed:
24991957]

15. Williams CJ, et al., The Chromatin Remodeler Mi-2p Is Required for CD4 Expression and T Cell
Development. Immunity, 2004 20(6): p. 719-733. [PubMed: 15189737]

16. Larsen DH, et al., The chromatin-remodeling factor CHD4 coordinates signaling and repair after
DNA damage. Journal of Cell Biology, 2010 190(5): p. 731-740. [PubMed: 20805324]

17. Zhang J, et al., (2011). Harnessing of the nucleosome- remodeling-deacetylase complex controls
lymphocyte development and prevents leukemogenesis. Nature immunology, 2011. 13(1): p. 86—
94.

J Cancer Res Cell Ther. Author manuscript; available in PMC 2020 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Page 6

Morra R, et al., (2012). Concerted action of the PHD, chromo and motor domains regulates the
human chromatin remodelling ATPase CHDA4. FEBS letters,. 586(16): p. 2513- 2521. [PubMed:
22749909]

Musselman CA, et al.,(2012). Bivalent recognition of nucleosomes by the tandem PHD fingers of
the CHD4 ATPase is required for CHD4-mediated repression. Proceedings of the National
Academy of Sciences,. 109(3): p. 787-792.

Xia L, etal., (2017). CHD4 Has Oncogenic Functions in Initiating and Maintaining Epigenetic
Suppression of Multiple Tumor Suppressor Genes. Cancer Cell,. 31(5): p. 653-668 e7. [PubMed:
28486105]

Luo CW, et al.,(2018). CHD4-mediated loss of E-cadherin determines metastatic ability in triple
negative breast cancer cells. Experimental Cell Research,. 363(1): p. 65-72. [PubMed: 29305962]
Zhao S, et al., (2013). Landscape of somatic single-nucleotide and copy-number mutations in
uterine serous carcinoma. Proc Natl Acad Sci U S A,. 110(8): p. 2916-21. [PubMed: 23359684]
Li Y, etal., (2018). CHD4 mutations promote endometrial cancer stemness by activating TGF-beta
signaling. Am J Cancer Res,. 8(5): p. 903-914. [PubMed: 29888111]

D’Alesio C, et al.,(2016). RNA.i screens identify CHD4 as an essential gene in breast cancer
growth. Oncotarget,. 7(49): p. 80901-80915. [PubMed: 27779108]

Xu N, etal., (2016). CHD4 is associated with poor prognosis of non- small cell lung cancer
patients through promoting tumor cell proliferation. European Respiratory Journal,. 48.
O’Connor MJ, (2015). Targeting the DNA Damage Response in Cancer. Mol Cell,. 60(4): p. 547—
60. [PubMed: 26590714]

Broustas CG and Lieberman HB, (2014). DNA damage response genes and the development of
cancer metastasis. Radiation research,. 181(2): p. 111-130. [PubMed: 24397478]

Giglia-Mari G, Zotter A, and Vermeulen W, DNA damage response. Cold Spring Harbor
perspectives in biology. 3(1): p. a000745-a000745. [PubMed: 20980439]

D’Alesio C, et al.,(2019). The chromodomain helicase CHD4 regulates ERBB2 signaling pathway
and autophagy in ERBB2(+) breast cancer cells. Biology Open,. 8(4).

McKenzie LD, et al., (2019). CHD4 regulates the DNA damage response and RAD51 expression
in glioblastoma. Scientific Reports,. 9.

Smith R, et al., (2018). CHD3 and CHD4 recruitment and chromatin remodeling activity at DNA
breaks is promoted by early poly(ADP-ribose)-dependent chromatin relaxation. Nucleic Acids
Research,. 46(12): p. 6087-6098. [PubMed: 29733391]

Polo SE, et al., (2010). Regulation of DNA-damage responses and cell-cycle progression by the
chromatin remodelling factor CHD4. Embo Journal,. 29(18): p. 3130- 3139. [PubMed: 20693977]
Chou DM, et al., (2010). A chromatin localization screen reveals poly (ADP ribose)-regulated
recruitment of the repressive polycomb and NuRD complexes to sites of DNA damage. Proc Natl
Acad Sci U S A,. 107(43): p. 18475-80. [PubMed: 20937877]

Urquhart AJ, et al., (2011). ATM mediated phosphorylation of CHD4 contributes to genome
maintenance. Genome Integr,. 2(1): p. 1. [PubMed: 21219611]

Polo SE, et al., (2010). Regulation of DNA-damage responses and cell-cycle progression by the
chromatin remodelling factor CHD4. The EMBO Journal,. 29(18): p. 3130-3139. [PubMed:
20693977]

Schmidt DR and Schreiber SL., (1999). Molecular association between ATR and two components
of the nucleosome remodeling and deacetylating complex, HDAC2 and CHD4. Biochemistry,.
38(44): p. 14711-7. [PubMed: 10545197]

Sperlazza J, et al., (2015). Depletion of the chromatin remodeler CHD4 sensitizes AML blasts to
genotoxic agents and reduces tumor formation. Blood,. 126(12): p. 1462-1472. [PubMed:
26265695]

Kim MS, et al., (2011). Genetic and expressional alterations of CHD genes in gastric and
colorectal cancers. Histopathology,. 58(5): p. 660-8. [PubMed: 21447119]

Kandoth C, et al.,(2013). Integrated genomic characterization of endometrial carcinoma. Nature,.
497(7447): p. 67-73. [PubMed: 23636398]

J Cancer Res Cell Ther. Author manuscript; available in PMC 2020 June 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Page 7

Le Gallo M, et al., (2012). Exome sequencing of serous endometrial tumors identifies recurrent
somatic mutations in chromatin-remodeling and ubiquitin ligase complex genes. Nat Genet,.
44(12): p. 1310-5. [PubMed: 23104009]

Yamada M, et al., (2015). Association of the Chromodomain Helicase DNA-Binding Protein 4
(CHD4) Missense Variation p.D140E with Cancer: Potential Interaction with Smoking. Genes
Chromosomes & Cancer,. 54(2): p. 122-128. [PubMed: 25407497]

Yoshida T, et al., (2008). The role of the chromatin remodeler Mi-2beta in hematopoietic stem cell
self-renewal and multilineage differentiation. Genes Dev,. 22(9): p. 1174-89. [PubMed: 18451107]

Scimone ML, Meisel J, and Reddien PW, (2010). The Mi-2- like Smed-CHD4 gene is required for
stem cell differentiation in the planarian Schmidtea mediterranea. Development,. 137(8): p. 1231-
1241. [PubMed: 20223763]

Denner DR and Rauchman M, (2013). Mi-2/NuRD is required in renal progenitor cells during
embryonic kidney development. Developmental biology,. 375(2): p. 105-116. [PubMed:
23201013]

Hirota A, et al., (2019). The nucleosome remodeling and deacetylase complex protein CHD4
regulates neural differentiation of mouse embryonic stem cells by down-regulating p53. Journal of
Biological Chemistry,. 294(1): p. 195-209. [PubMed: 30409903]

Gomez-Del Arco P, et al.,(2016). The Chromatin Remodeling Complex Chd4/NuRD Controls
Striated Muscle Identity and Metabolic Homeostasis. Cell Metab,. 23(5): p. 881-92. [PubMed:
27166947]

Yen WF, et al., (2019). Distinct Requirements of CHD4 during B Cell Development and Antibody
Response. Cell Reports,. 27(5): p. 1472—+. [PubMed: 31042474]

Arends T, et al., (2019). CHD4 is essential for transcriptional repression and lineage progression in
B lymphopoiesis. Proc Natl Acad Sci U S A,. 116(22): p. 10927-10936. [PubMed: 31085655]
Weiss K, et al., (2016). De Novo Mutations in CHD4, an ATP- Dependent Chromatin Remodeler
Gene, Cause an Intellectual Disability Syndrome with Distinctive Dysmorphisms. Am J Hum
Genet,. 99(4): p. 934-941. [PubMed: 27616479]

Smeenk G, et al., (2010). The NuRD chromatin—-remodeling complex regulates signaling and repair
of DNA damage. The Journal of Cell Biology,. 190(5): p. 741-749. [PubMed: 20805320]

Pan MR, et al., (2012). Chromodomain Helicase DNA-binding Protein 4 (CHD4) Regulates
Homologous Recombination DNA Repair, and Its Deficiency Sensitizes Cells to Poly(ADP-
ribose) Polymerase (PARP) Inhibitor Treatment. Journal of Biological Chemistry,. 287(9): p.
6764-6772. [PubMed: 22219182]

Okamoto Y, et al., (2014). An siRNA screen identifies CHD4 as a target for epigenetic therapy.
Cancer Research,. 74(19).

Guillemette S, et al., (2015). Resistance to therapy in BRCA2 mutant cells due to loss of the
nucleosome remodeling factor CHD4. Genes & Development,. 29(5): p. 489-494.

J Cancer Res Cell Ther. Author manuscript; available in PMC 2020 June 23.



	Abstract
	Introduction
	The role of CHD4 in regulating DNA damage response
	CHD4 and its mutations in cancer progression
	The role of CHD4 in chemotherapeutic response
	Conclusion and future directions
	References

