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CHD4 acts as a prognostic factor 
and drives radioresistance in HPV 
negative HNSCC
Fabian Geyer 1*, Maximilian Geyer 1, Ute Reuning 2, Sarah Klapproth 3, Klaus‑Dietrich Wolff 1 & 
Markus Nieberler 1

Despite great efforts in improving existing therapies, the outcome of patients with advanced 
radioresistant HPV‑negative head and neck squamous cell carcinoma (HNSCC) remains poor. The 
chromatin remodeler Chromodomain helicase DNA binding protein 4 (CHD4) is involved in different 
DNA‑repair mechanisms, but the role and potential in HNSCC has not been explored yet. In the 
present study, we evaluated the prognostic significance of CHD4 expression using in silico analysis 
of the pan‑cancer dataset. Furthermore, we established a monoclonal HNSCC CHD4 knockdown cell 
clone utilizing the CRISPR/Cas9 system. Effects of lower CHD4 expression on radiosensitivity after 
increasing doses of ionizing radiation were characterized using clonogenic assays and cell numbers. 
The in silico analysis revealed that high CHD4 expression is associated with significant poorer overall 
survival of HPV‑negative HNSCC patients. Additionally, the knockdown of CHD4 significantly 
increased the radiosensitivity of HNSCC cells. Therefore, CHD4 might be involved in promoting 
radioresistance in hard‑to‑treat HPV‑negative HNSCC entities. We conclude that CHD4 could serve 
as a prognostic factor in HPV‑negative HNSCC tumors and is a potential target protein overcoming 
radioresistance in HNSCC. Our results and the newly established cell clone laid the foundation to 
further characterize the underlying mechanisms and ultimately use CHD4 in HNSCC therapies.

Head and neck squamous cell carcinoma (HNSCC), including oral, pharyngeal, and laryngeal malignancies, are 
the sixth most common cancer type  worldwide1. Oral squamous cell carcinoma (OSCC) is the most frequent 
single entity of oral cancer, representing the largest group of head and neck  cancers2. Presently, the treatment 
options for HNSCC predominantly include surgical resection, chemotherapy, and radiotherapy, either in com-
bination or as a single  therapy3. Different carcinogenic factors are known to date in HNSCC patients, particu-
larly alcohol and tobacco. In recent years, infection with high risk human papilloma viruses (HPV) is gaining 
importance as the incidence of HPV-positive HNSCC has risen  substantially4,5. However, patients afflicted with 
HPV-positive tumors have better overall survival and show remarkably higher radiosensitivity compared to 
HPV-negative  tumors6,7. Despite great efforts in improving existing therapies, the 5-year overall survival rate of 
advanced HNSCC remains  low8,9. Therefore, the identification of new target proteins plays a huge role in cancer 
research to enhance the effectiveness of commonly known treatment options.

One of the lethal DNA damages taken advantage of in cancer therapy are DNA double-strand breaks (DSB) 
induced by ionizing radiation (IR)10. Genomic stability and cellular viability are dependent on functioning 
mechanisms to repair DSBs. Chromatin remodeling is an essential factor for initiating, propagating, and termi-
nating effective DNA  repair11.

Chromodomain helicase DNA binding protein 4 (CHD4, also known as Mi-2β), a highly conserved and 
adenosine triphosphate (ATP) dependent chromatin remodeling factor, is a core subunit of the nucleosome 
remodeling and deacetylase (NuRD)  complex12,13. CHD4 is linked to multiple important functions in cancer 
cells, such as cell cycle regulation, cell differentiation, and DNA  repair14–19. Through controlling homologous 
recombination repair to maintain genome stability and initiating the epigenetic suppression of different tumor 
suppressor genes, CHD4 is implied to have oncogenic  functions20. High expression levels of CHD4 are associ-
ated with poor prognosis in various cancer  types20–24 and was shown to correlate with radioresistance in patients 
afflicted with colorectal  cancer20. In response to oxidative stress or ionizing radiation, CHD4 is important in 
maintaining genome integrity by regulating signaling pathways and DNA damage  repair19,25,26. CHD4 is rapidly 
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recruited to sites of DSBs and DNA damage through different mechanisms. In association with Poly(ADP-
ribose)-Polymerase 1 (PARP1), CHD4 is relocated to DNA damage sites along with the NuRD complex creating 
a repressive chromatin structure to prevent the transcription of damaged  genes20,27. RING finger ubiquitin ligase 
8 (RNF8) also recruits CHD4 to damaged DNA structures independently from other NuRD subunits. This sup-
ports the assembly of additional DNA repair factors, such as BRCA1 and  RNF16819. In cases of DNA damage, 
ATM and ATR, acting as DNA damage response (DDR) kinases, phosphorylate CHD4, indicating its involvement 
in different mechanisms of cell survival and DNA  repair22,28,29. Lastly, Qi et al. demonstrated the collaboration 
between acetyltransferase p300 and CHD4 in facilitating DSB repair. Both may function cooperatively at DSB 
sites. Their transient knockdown impaired homologous recombination (HR) repair and suppressed the recruit-
ment of replication protein A (RPA), a key protein for HR. Ablation of these proteins sensitized cells to laser and 
the anti-cancer drug etoposide and decreased DSB  repair30. Similar effects have also been reported in different 
cancer  types22,31. However, the understanding of the roles of CHD4 in HNSCC cells remains elusive.

In this study, we aimed to evaluate the prognostic relevance of CHD4 in HNSCC patients and establish stable 
CHD4-knockdown HNSCC cells using the CRISPR/Cas9 gene editing system, to determine, if CHD4 could 
be identified as a possible target protein driving radioresistance, proliferation and colony formation ability in 
irradiated HNSCC cells.

Results
High CHD4 gene expression is associated with worse overall survival in HPV‑positive HNSCC
In order to investigate the role of CHD4 in patients with HNSCC, we systematically analyzed tumor tissue of 
HNSCC patients included in the Cancer Genome Atlas (TCGA) HNSCC cohort concerning CHD4 gene expres-
sion levels and HPV status. As the HPV infection status has great influence on radiosensitivity, pathogenesis and 
gene expression with a lower overall mutation rate in HPV-positive HNSCC, we separated the tumor samples into 
two  groups1,7. The CHD4 mRNA expression in HPV-negative and HPV-positive HNSCC samples were defined 
high and low based on the median z-score. In the HPV-negative cohort, patients with low CHD4 expression were 
defined with a z-score of ≤ 0.21 and with high CHD4 levels with a z-score of > 0.21. The Kaplan–Meier analysis 
in the HPV-negative HNSCC cohort revealed a significant (p = 0.0472) impact of high CHD4 expression on the 
overall survival probability of patients. The median overall survival (OAS) of this group was 35.47 months, while 
low CHD4-expressing samples showed a median OAS of 64.83 months (Fig. 1a). To explore, if a correlation exists 
between CHD4 expression and the HPV status of HNSCC patients, we analyzed the HPV-positive HNSCC 
cohort for OAS. Again, groups were selected based on the median CHD4 expression and the outcome of patients 
was analyzed using the Kaplan–Meier method. Patients with high CHD4 expression, defined as z-score > − 0.03, 
showed a median OAS of 69.64 months. Samples with low CHD4 expression, defined as a z-score ≤ − 0.03, showed 
a median OAS of 68.48 months (Fig. 1b). Therefore, CHD4 expression levels had no significant (p = 0.923) impact 
on the prognosis of patients in the HPV-positive HNSCC cohort. Taken together, these data suggest CHD4 as a 
potential prognostic factor for HPV-negative HNSCC patients.

Genomic knockdown of CHD4 in HN cells
For generating monoclonal HN CHD4 knockdown (KD) cells and further analyze the role of CHD4 in vitro, we 
optimized and adapted the CRISPR/Cas9 workflow to the here used HN cell line (Fig. 2a). Before conducting 
CRISPR/Cas9 editing, high CHD4 expression of the used HN cells was confirmed in comparison to the HNSCC 
cell line BHY (ACC 404) (Figure S2). Initially, three different guide sequences were tested and the best performing 

Figure 1.  Impact of CHD4 gene expression on overall survival of HPV negative and positive patients. (a, b) 
The association of high and low CHD4 expression levels on overall survival of HPV-negative (n = 397) and 
HPV-positive (n = 57) HNSCC patients, generated from the cBioPortal HNSCC TCGA PanCancer Atlas dataset. 
Groups were divided based on the median and presented using Kaplan–Meier method (log-rank test, p = 0.0472 
and p = 0.923).
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CRISPR RNA (crRNA) was chosen. Editing efficiency was highly dependent on the transfected amount of RNP 
complexes and cell confluency, resulting in up to 73% (mean 67.33%) insertion and deletion mutations (INDEL), 
as we reported  previously32. Given the high Indel%, a single crRNA approach with limiting dilution was pos-
sible. First DNA isolation of the individual clones was achievable after approximately 3 weeks to proceed with 
PCR and clone screening by Sanger sequencing. At first, the initial chromatograms of clones with overlapping 
reads downstream the crRNA binding site were considered putative KO or KD clones and were then further 
analyzed with the Synthego ICE or TIDE online tool. The resulting sequencing traces of the selected HN CHD4 
KD clone after ICE analysis are shown in Fig. 2b. The CRISPR-edited clones were aligned to a confirmed HN 
wild type (WT) sequence to determine CRISPR-induced INDELs. Aligned to the reference WT allele, INDEL 
quantification represents percentages of total reads of individual INDELs within HN CHD4 KD. Around the cut 
site, edited alleles in the CHD4 KD sequence are visible, compared to no INDELs in the WT sequence. Allele 1 
shows an unedited WT sequence representing 52% of total reads, whereas allele 2 presents a one base pair (bp) 
deletion upstream the cutting site and a one bp deletion downstream the cut site, representing 42% and 4% of 
total reads respectively (Fig. 2b). These data indicate a CHD4 KD clone with one WT allele and a knocked-out 
second allele with a frameshift mutation. For further investigation, the sequences around the suspected cut site 
were aligned manually (Fig. 2c). It was tested, which assumed insertions or deletions would result in identical 
base calls at determined positions (red boxes Fig. 2c) compared to the WT sequence. Again, it revealed one edited 
allele resulting in a frameshift mutation, and one WT allele.

After genomic analysis, Western blot analysis was performed to verify successful gene editing on the protein 
level and to investigate the impact of the genomic mutations on the CHD4 protein expression in the generated 
HN CHD4 KD cells (Fig. 3a). Densitometric analysis was performed and relative CHD4 expression levels were 
normalized to Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression levels. As expected, there is 
a significant (p < 0.0001) drop in CHD4 protein concentration in the HN CHD4 KD cells compared to the 
unedited HN WT control cells (Fig. 3b). Directly compared to HN WT, the edited cells show 51.91% (± 1.08%) 
of assembled CHD4 protein, supporting our sequencing results (Fig. 3c). Maintenance of knockdown efficiency 
in HN CHD4 KD cells was confirmed with continued cell passage (Figure S3).

In summary, we demonstrated a successful approach to CRISPR editing of the human CHD4 locus and 
validated the generation of stable human HN CHD4-KD cells.

Figure 2.  CRISPR/Cas9-mediated CHD4 knockdown in HN cells. (a) Complete workflow for the generation 
of HN CHD4 KD cells. (b) Sequencing traces of the target site after analysis of sequencing data with Synthego 
ICE online tool in the CHD4 locus of HN cells. Cas9 cut site is marked with the dotted line, crRNA binding 
site is shown in red. The charts represent percentages of reads of individual INDELs within the WT compared 
with CHD4 KD clones. The sequence reads were aligned to the WT reference allele and percentages of reads 
are shown for HN WT and HN CHD4 KD clones. CHD4 KD clones show INDELs around the cut site. (c) 
Chromatogram after Sanger sequencing and manual alignment with HN WT reference allele.
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Characterization of HN CHD4 subclones
After cell expansion to sufficient numbers, the Polymerase chain reaction (PCR) products of 30 individual single 
cell clones were analyzed by Sanger sequencing. Both alleles were checked for putative target mutations in the 
CHD4 sequence downstream the Cas9 cut site, especially frameshift mutations. We split the occurred mutations 
in different groups, as presented in Table 1. Frameshift mutations were defined as insertions or deletions in which 
the total number of nucleotides is not divisible by 3, non-frameshift mutations accordingly. Only 4 out of 30 cell 
clones showed the WT sequence of CHD4 with no mutations at all, underlining the adequate DNA cleavage of 
our CRISPR/Cas9 set-up (Table 1). The largest group represents cells with one unedited WT allele and one allele 
with frameshift mutation. Across all edited alleles of the 30 investigated cell clones, no large insertions or dele-
tions > 20 bp could be found. Interestingly, despite the high editing efficiency of our chosen guide sequence, no 
complete CHD4 knockout with according mutations in both alleles was observed. Therefore, CHD4 might be a 
crucial component for HN cell viability and expansion, especially in colonies arising from single cells.

Effects of irradiation on cell viability
48 h after irradiation, adherent HN cells were detached and viable cells counted upon trypan blue exclusion in 
order to analyze the influence of radiation treatment on proliferation of HN WT cells compared to CHD4 KD 
cells. No significant differences in absolute cell numbers were observed in the untreated control cells, indicating 
a similar basic proliferation rate in both cells (Fig. 4a). Cell irradiation led to a dose-dependent decrease in cell 
numbers of both cell variants. As shown in Fig. 4a, HN WT cells were more radioresistant across all applied 
radiation doses compared to the HN CHD4 KD cells, as indicated by a significantly higher absolute cell count. 
Figure 4b shows the absolute cell numbers of non-irradiated cells set to 100% and the radiation effects calculated 

Figure 3.  CHD4 protein expression in HN CHD4 KD cells. (a) Protein expression of CHD4 in HN WT and 
HN CHD4 KD cells as determined by Western blot analysis. GAPDH was used as control for equal loading 
and blotting efficiency. Protein samples of three different experiments were loaded onto one gel and blotted. 
The figure displays a cropped blot, the original blot is presented in Supplementary Figure S1. (b) Densitometric 
analysis of the relative CHD4 expression in % of GAPDH of HN WT cells in comparison to HN CHD4 KD cells 
(unpaired t-test, ****p < 0.0001). (c) CHD4 expression in % of HN CHD4 KD cells directly compared to HN WT 
cells. Bars represent mean ± SEM. N = 4.

Table 1.  Characterization of HN CHD4 subclones. All HN CHD4 subclones were analyzed using Sanger 
sequencing. The sequences were then further examined with TIDE and Synthego ICE for putative mutations. 
We divided the HN CHD4 subclones into different groups based on the analysis: Frameshift mutations defined 
as INDELs not divisible by three, non-frameshift mutations as INDELs divisible by three. Both alleles of each 
clone were analyzed. N = 30.

Allele 1/ allele 2 WT/WT WT/ frameshift WT/Non-frameshift Non-frameshift/ frameshift
Non-frameshift/non-
frameshift

Clone number
CHD4 #8
CHD4 #2.2
CHD4 #2.12
CHD4 #2.13

CHD4 #1
CHD4 #2
CHD4 #3
CHD4 #5
CHD4 #6
CHD4 #7
CHD4 #12
CHD4 #14
CHD4 #18
CHD4 #2.17
CHD4 #2.21

CHD4 #9
CHD4 #10
CHD4# 2.4
CHD4 #2.6
CHD4 #2.11

CHD4 #2
CHD4 #13
CHD4 #15
CHD4 #2.5
CHD4 #2.14
CHD4 #2.20
CHD4 #2.22

CHD4 #4
CHD4 #11
CHD4 #2.1

Total 4/30 11/30 5/30 7/30 3/30
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respectively. A significant difference between both cell types was also detected at doses of 2, 4, and 6 Gy, respec-
tively, when compared to untreated cells (Fig. 4b). Hence, while different CHD4 expression levels had limited 
effects on cell proliferation in untreated HN cells, lower CHD4 levels correlated with enhanced radiosensitivity.

Effects of irradiation on colony formation
In order to evaluate HN cell survival based on the ability of single cells to grow into colonies and also to further 
characterize the influence of CHD4 expression on radioresistance, colony formation assays were performed. The 
clonogenic ability decreased in all cells following radiation treatment with increasing doses as expected, when 
considering absolute colony numbers, as well as the calculated surviving fractions. However, no significant differ-
ence was observed in the untreated control cells (Fig. 5a, b). HN CHD4 KD cells showed higher radiosensitivity 
compared with HN WT cells. In particular at doses of 2 or 4 Gy, a significant difference was detectable. When 

Figure 4.  Influence of irradiation on numbers of viable cells. (a) The absolute cell numbers of non-irradiated 
HN WT and HN CHD4 KD and respective cell lines irradiated with 2, 4, and 6 Gy, were compared 48h after 
irradiation (unpaired t-test, **p = 0.0041, ***p = 0.0001, ****p < 0.0001). (b) Radiation effects on absolute 
cell numbers of each cell line were analyzed 48 h after radiation treatment and are depicted as percentage to 
the respective untreated control cells (100%) (unpaired t-test, ***p = 0.0009, ****p < 0.0001). Bars represent 
mean ± SEM. N = 5.

Figure 5.  Influence of irradiation on colony forming ability of HN cells. (a) The absolute number of colonies 
formed by untreated HN WT and HN CHD4 KD cells and respective cells irradiated with 2, 4 and 6 Gy, 
respectively, were counted and compared. Colonies were defined as cell clusters containing ≥ 50 cells (unpaired 
t-test, ****p < 0.0001, ***p = 0.0002). (b) Calculated surviving fraction of colonies after radiation treatment. HN 
WT compared to HN CHD4 KD colonies (unpaired t-test, ****p < 0.0001, ***p = 0.0002). (c) Radiation survival 
curves of HN WT (black) and HN CHD4 KD (red) cells. Survival data were fitted to linear-quadratic model. 
Bars represent mean ± SEM. Experiments were conducted in duplicates. N = 5.
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further approaching the lethal radiation dose of HN cells, a lower effect on clonogenic ability at 6 Gy could be 
seen (Fig. 5a, b). Lastly, a dose-dependent survival curve of both cell variants is presented (Fig. 5c). The survival 
curve was fitted to the linear-quadratic model of Y = exp( − 1*(A*X + B*X2)), where Y is the fraction of cells 
surviving radiation treatment, X the dose of radiation and A and B the linear and quadratic components of cell 
killing. In sum, the data derived from colony formation assays again suggests the positive impact of low CHD4 
expression levels on increased radiosensitivity of HN cells, while CHD4 had no influence on colony forming 
ability in untreated cells.

Discussion
Radiotherapy is a commonly known treatment regimen for HNSCC patients besides surgical resection and 
 chemotherapy3. However, as higher radiation doses generate more DNA damage, treatment efficacy is often 
accompanied with serious short- and long-term side effects on the surrounding healthy tissue and therefore 
has its limitations in escalating  dose33,34. Tumor cells frequently develop different strategies to evade targeted 
therapies, leading e.g. to radioresistance and, consequently, tumor progression with poor patient  outcome35. 
Identifying possible target proteins that drive resistance to radiation treatment is thought to clinically benefit 
cancer patients, especially in the vulnerable field of the head and neck. In this study, we aimed at evaluating the 
prognostic relevance of CHD4 in HNSCC, establishing stable CHD4 KD HNSCC cells utilizing the CRISPR/
Cas9 gene editing system and further evaluate the influence of different CHD4 expression levels on proliferation 
and colony forming ability of tumor cells exposed to increasing doses of IR.

In silico data analysis revealed the negative impact of high CHD4 gene expression on OAS of HPV-negative 
HNSCC patients. Additionally, we showed the successful CRISPR/Cas9-mediated gene editing of the human 
CHD4 locus in HPV negative HN cells and CHD4-KD led to increased radiosensitivity.

HNSCC, based on etiology, can be divided into two main subtypes: HPV-related (HPV-positive) and HPV-
unrelated (HPV-negative)36. While HPV-positive HNSCC usually tends to arise in younger patients and is more 
sensitive to treatment with better survival rates, in contrast, treatment of HPV-negative HNSCC is more challeng-
ing. At 3 years, overall survival rates are estimated at 82% in locally advanced HPV-positive HNSCC compared 
to 57% in locally advanced HPV-negative  HNSCC37,38. Additional preclinical and clinical data recommend a 
different therapeutic strategy of the two subtypes and consequently different HNSCC clinical trials are based 
on HPV infection status  recently39. As HPV alters gene expression and has a great influence on radiosensitivity, 
especially in hard-to-treat HPV-negative HNSCC, more effective and toxicity-acceptable treatment regimen 
are urgently  needed1,7.

Li et al. recently linked high CHD4 expression in OSCC to prognosis with reduced OAS in OSCC patients. 
However, as mentioned above, HPV-positive and -negative HNSCC tumor entities should be evaluated sepa-
rately. As our analysis shows, high CHD4 gene expression is of prognostic significance in HPV-negative HNSCC 
patients, but not in HPV-positive tumors. Therefore, we here propose CHD4 as a novel prognostic factor in 
HPV-negative HNSCC patients. Besides HNSCC, previous studies suggested CHD4 as a prognostic marker in 
papillary thyroid cancer and low CHD4 expression had a beneficial effect on OAS and lower disease recurrence 
rates in patients afflicted with colorectal  cancer24,40,41.

To evaluate the impact on radiosensitivity, we established a stable CHD4 KD clone. We showed the success-
ful CRISPR/Cas9-mediated gene editing of the human CHD4 locus in the HNSCC cell line HN. The CHD4 KD 
resulted in significantly reduced CHD4 protein expression. While gene editing using CRISPR/Cas9 remains 
hugely challenging in human primary cells due to their short replicative time span, the CRISPR system is suc-
cessfully utilized in a wide range of immortalized cells, especially cancer cell  lines42,43. However, despite high 
editing efficiencies and excessive screening of single cell clones, no complete CHD4 KO-clone was achieved.

Regarding the proliferation of untreated cells, we did not observe significant differences between the HN WT 
and CHD4 KD cells. However, complete KO of CHD4 seemed to prevent HN cell expansion. CHD4 is known to 
contribute to the control of cell cycle progression, especially needed in the stage of single cell expansion. Together 
with NuRD, CHD4 controls p53 deacetylation, hence being an important regulator of the  G1/S  transition44,45. The 
activity of p53 is restricted by CHD4/NuRD-mediated deacetylation, enabling the progression of cells through 
the  G1/S cell cycle boundary. In cases of CHD4 deficiency, p53 becomes hyperacetylated and hyperactive, which 
leads to upregulated p21 expression and ultimately  G1/S cell cycle  arrest44.

Additionally, it has been reported, that CHD4 and NuRD are required for cell growth in different cancer 
 cells20–22,31,46. However, the literature presents ambiguous data. As Heshmati et al. showed, CHD4 KD prevented 
the cell growth of HL-50 (promyelocytic leukemia), K526 (chronic myelogenous leukemia), and NB-4 (acute 
promyelocytic leukemia) cells to a similar degree. Loss of function of CHD4 caused cell cycle arrest in the  G0 
phase. In contrast, CHD4 was not required for cell growth of normal hematopoietic  cells17. Therefore, CHD4 
might be involved in more complicated mechanisms regulating cell growth in a cell type specific manner.

When we compared the cell numbers of HN WT and HN CHD4 KD cells 48 h after irradiation with the 
untreated cells, HN WT showed significantly higher numbers of vital cells at all applied radiation doses, indi-
cating that higher CHD4 expression endowed the cells with less radiosensitivity. Similar effects were observed 
when evaluating the colony forming ability of the two cell types. While there was no significant difference in 
the untreated group, CHD4 KD cells displayed significantly fewer colonies after radiation treatment, especially 
at irradiation doses of 2 and 4 Gy, respectively. Only at high doses of 6 Gy, no significant effect could be seen. It 
seems that the irradiation with 6 Gy is approaching the lethal dose for the used HN cells and the effects of differ-
ent CHD4 expression is disappearing when looking at the colony forming ability. Radiation induced cell damage 
is a complex mechanism, especially leading to necrosis at high  doses47,48. Different mechanisms may cooperate 
and therefore the actual significance of altered CHD4 expression may be lowered at higher doses. Taken together, 
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our data suggests CHD4 as a promising and prominent druggable protein that drives radioresistance in HNSCC, 
particularly at common dose fractions of 2 and 4 Gy.

DNA damage-induced cell death due to IR is the basis of successful cancer radiotherapy and the negative 
effect of irradiation was shown in different studies for  HNSCC49–51. However, patient outcome in HPV negative 
HNSCC remains  poor1,7. In recent years, CHD4 was found to be involved in DNA damage repair through differ-
ent mechanisms. Larsen et al. reported the reduced ability of cancer cells to form colonies in CHD4 KD human 
U2OS osteosarcoma and 293T embryonic kidney cells following ionizing radiation. Also, p21 accumulation with 
enhanced cell cycle delay as well as impaired assembly of DNA repair factor BRCA1 together with disruption of 
RNF8- and RNF168-mediated histone ubiquitylation pathways were observed. While CHD4 KD led to moder-
ate changes in cell cycle progression in unstressed cells, the siRNA induced CHD4 KD combined with IR had a 
more pronounced effect. Cells showed weaker proliferation together with S-phase delay and accumulation in  G2, 
a fraction ultimately arrested in  G2

19. Upon binding to poly(ADP-ribosyl)ated proteins (PARP), CHD4 has been 
shown to be recruited to PARP-dependent sites of DNA  damage27,44. The positive impact of PARP inhibitors on 
radiosensitivity and impaired DSB repair has been shown in HNSCC cells in 2D and 3D  models52,53. Addition-
ally, PARP inhibitors and CHD4 depletion may have a synergistic effect. As Pan et al. showed, CHD4 depletion 
in MCF10A cells reduced HR repair, sensitized cells to DSB inducing agents, and enhanced the effect of PARP 
 inhibitors54. Ultimately, Oyama et al. introduced the first-in-class SMARCA5/CHD4 inhibitor ED2-AD101 in 
ovarian cancer cells. A novel possible treatment approach was shown, as the inhibitor sensitized the cells to DNA 
damage inducing platinum  agents55.

Our findings highlight the therapeutic relevance of CHD4, particularly in radioresistant HPV-negative 
HNSCC. Targeting CHD4 may enhance the efficacy of low-dose radiotherapy, thereby reducing side effects or 
potentially overcoming radioresistance. Our newly established stable HN CHD4 KD cells will help to further 
characterize the role of CHD4 in HNSCC and investigate the underlying mechanisms. This research aims to 
develop novel therapeutic agents and introduce CHD4 inhibitors in radioresistant HNSCC.

Methods
TCGA data analysis
The Cancer Genome Atlas data were accessed via cBioPortal (https:// www. cbiop ortal. org). For our purpose, we 
used the Head and Neck Squamous Cell Carcinoma TCGA PanCancer Atlas dataset, which includes 523 tumor 
samples, to investigate the influence of different CHD4 mRNA gene expression levels on the overall survival 
probability of HPV-positive and HPV-negative HNSCC patients. Only patients with primary HNSCC tumors, 
available HPV status, and T-stage were included, reducing the total sample number to 454. The cohort was split 
into a HPV-negative (n = 397) and a HPV-positive (n = 57) group. Next, each group was queried regarding mRNA 
expression of CHD4. The mRNA expression levels in the samples were normalized relative to the mRNA contents 
in diploid tissue (RNA seq V2 RSEM). Lastly, the HPV positive and HPV negative cohorts were divided into two 
groups based on the median CHD4 expression.

Cell line and cell culture
HN cells (cat.-nr. ACC 417, DSMZ, Braunschweig, Germany), established from a lymph node metastasis of a 
60-year-old man with a moderately differentiated and HPV negative squamous cell carcinoma of the soft palate, 
were cultured in Dulbeccos Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis, Missouri, USA) sup-
plemented with 10% (v/v) fetal bovine serum (FBS) (Gibco, Carlsbad, California, USA). All cells were maintained 
at 37 °C in a humified incubator with 5% (v/v)  CO2. They were tested negative for mycoplasma contamination 
at periodic intervals and the growth medium was changed regularly.

CRISPR/Cas9 gene editing and single‑cell cloning
In a previous publication by us, we described the established workflow of CRISPR/Cas9-mediated knockdown of 
CHD4, utilizing lipofection of ribonucleoprotein complexes (RNP)32. Suitable custom guide sequences, targeting 
the human CHD4 locus on chromosome 12, were designed using the online tool CHOPCHOP (https:// chopc 
hop. cbu. uib. no)56 and ordered as crRNA from IDT™ (IDT, Coralville, Iowa, USA). The guide sequence used in 
this study was CHD4#2 (TCG AAC CCT CAC CAA CTA CA), genomic position Chr. 12 6601667. Additionally, a 
flanking primer-pair (fwd: GTT TCC TAG ACA CCT TAC TGCCC; rev: CTG ATG CCC CAG AAC TGC CTTTG) 
was designed and synthesized by Eurofins Genomics, Ebersberg, Germany. RNPs were assembled together with 
TrueCut™ Cas9 Protein v2 (cat.-nr. A36498, Invitrogen, Darmstadt, Germany). The cells were transfected with 
the formed RNPs by Lipofectamine™ CRISPRMAX™ Cas9 Transfection reagent (cat-.nr. CMAX00008, Invitrogen, 
Darmstadt, Germany) for 48 h. After transfection, single cell cloning was performed. The cells were detached 
and seeded at a density of 0.5 cells/well on a 96-well plate. After expansion, single cell clones were screened by 
Sanger sequencing and verified on the protein level by Western blot analysis.

Polymerase chain reaction
For the extraction of genomic DNA (gDNA) and PCR we used Phire Tissue Direct PCR Master Mix (cat.-nr. 
F170S, Thermo Fisher Scientific, Waltham, USA) according to the manufacturers´ protocol. The CHD4 alleles 
were amplified with a previously designed primer pair as mentioned above, receiving an amplicon length of 480 
bp. For detailed PCR settings, please refer to Geyer et al.32.

Western blot analysis
Protein expression of the genetically modified cell clones was determined by Western blot analysis. The cells 
were lysed using cOmplete™ Lysis-M (Roche, Basel, Switzerland) following the manufacturers´ protocol. The 
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protein concentration was determined photometrically utilizing Pierce™ Protein BCA Assay Kit (Thermo Fisher 
Scientific). Proteins were denatured at 95 °C and an equal amount of protein loaded into 10% Mini-PROTEAN® 
TGX™ gels (Bio-Rad Laboratories, Feldkirchen, Germany). After electrophoresis, the protein was blotted onto 
PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). Membranes were blocked 
with 5% (w/v) milk powder followed by overnight incubation with the primary antibodies. After washing, the 
membranes were incubated with the secondary antibody for 1 h. At last, the membranes were treated with Pierce™ 
ECL Substrate (Thermo Fisher Scientific). The signals were detected with Fusion SL Imager (Vilber Lourmat, 
Eberhardzell, Germany). The following primary antibodies were used: Anti-CHD4 (mouse) (cat.-nr. ab70469, 
RRID: AB_2229454, Abcam, Cambridge, United Kingdom) diluted 1:2800; Anti-GAPDH (mouse) (cat.-nr. 
ab374, RRID: AB_2107445, EMD Millipore, Burlington, Massachusetts, USA) diluted 1:700 served as loading 
control. As secondary antibody, horseradish peroxidase (HRP)-linked goat anti-mouse (cat.-nr. G-21040, RRID: 
AB_2536527, Thermo Fisher Scientific) diluted 1:10,000 was utilized. Densitometric analysis was done using 
Image Lab 6.1 (Bio-Rad Laboratories). All western blots were performed more than four times using independ-
ent protein lysate preparations to validate the reliability of the results.

Cell irradiation
Cells grown for 48 h on 6-well cell culture plates were placed inside the CIX2 (XStrahl, Suwanne, Georgia, 
USA) X-ray radiation cabinet (220 kV, 10 mA, 1.89 Gy/min) at room temperature, ensuring that all wells were 
located inside the 90% max. homogeneity field. Additionally, dosimetric controls were performed to guarantee 
a homogenous dose distribution. The cells were treated with radiation doses of 2, 4, and 6 Gy, respectively, or 
left untreated.

DNA purification and Sanger sequencing
We used Sanger sequencing for screening single cell clones. Prior to sequencing, PCR was done as described 
above. After amplification, PCR products were purified utilizing the QIaquick PCR Purification Kit (cat.-no. 
28104, QIAGEN, Hilden, Germany) according to the manufacturers` protocol. The DNA was eluted with nuclease 
free water. For detailed analysis, the DNA fragments were sent for Sanger sequencing to Eurofins Genomics. The 
forward primer (5`-GTT TCC TAG ACA CCT TAC TGCCC-3`) was used as the sequencing primer. The resulting 
chromatograms were examined using ICE Analysis (Synthego, Redwood City, California, USA) and  TIDE57.

Cell counting and colony formation assays
For quantification of viable cells, 50,000 cells/6-well were cultivated for 48 h prior to irradiation. Following the 
radiation treatment, the cells were washed with phosphate-buffered saline (PBS) and the growth medium was 
changed. After 2 days, the cells were detached and counted in a Neubauer hemocytometer.

Colony formation assay was performed as described  previously58. Irradiated cells were plated at 350 cells/6-
well and grown for 12 days. Cells were then fixed in 100% methanol for 20 min and stained with 0.05% (w/v) 
crystal violet (Sigma-Aldrich) for 10 min. Colonies were defined as cell clusters containing ≥ 50 cells and counted 
for subsequent calculation of the survival fraction as reported  previously58. All assays were performed in dupli-
cates and repeated in five independent experiments.

Statistical analysis
Statistical analysis was performed with GraphPad Prism 9 software (GraphPad, San Diego, California, USA). 
Data sets with two groups were analyzed using the unpaired t-test; data sets with three or more groups were 
analyzed using the one-way ANOVA and the post-hoc Tukey test. Overall survival (OAS) in the clinical data 
set was calculated using the Kaplan–Meier method. The survival distributions were compared utilizing the 
log-rank test. The time from diagnosis to death by any cause was defined as OAS. Quantitative data are given as 
mean ± standard error of the mean (SEM). Statistical significance was considered at p-values < 0.05.

Ethical approval and consent to participate
The human HNSCC cell line (HN cells, ACC 417) utilized in this research was obtained from DSMZ (Braun-
schweig, Germany), which is a commercially available cell line, and therefore, informed consent from patients 
is not applicable in this context and patient identifier and personal information have been removed from this 
product. Our study has been conducted in accordance with the ethical guidelines and regulations set forth by 
our institution.

Data availability
The data used and analyzed during the current study are available from the corresponding author upon reason-
able request.

Received: 27 November 2023; Accepted: 4 April 2024

References
 1. Johnson, D. E. et al. Head and neck squamous cell carcinoma. Nat. Rev. Dis. Prim. 6, 92. https:// doi. org/ 10. 1038/ s41572- 020- 

00224-3 (2020).
 2. Stewart, B. W., Greim, H., Shuker, D. & Kauppinen, T. Defence of IARC monographs. Lancet 361, 1300. https:// doi. org/ 10. 1016/ 

s0140- 6736(03) 13003-6 (2003).

https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1038/s41572-020-00224-3
https://doi.org/10.1016/s0140-6736(03)13003-6
https://doi.org/10.1016/s0140-6736(03)13003-6


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:8286  | https://doi.org/10.1038/s41598-024-58958-z

www.nature.com/scientificreports/

 3. Cramer, J. D., Burtness, B., Le, Q. T. & Ferris, R. L. The changing therapeutic landscape of head and neck cancer. Nat. Rev. Clin. 
Oncol. 16, 669–683. https:// doi. org/ 10. 1038/ s41571- 019- 0227-z (2019).

 4. LeHew, C. W. et al. The health system and policy implications of changing epidemiology for oral cavity and oropharyngeal cancers 
in the United States from 1995 to 2016. Epidemiol. Rev. 39, 132–147. https:// doi. org/ 10. 1093/ epirev/ mxw001 (2017).

 5. Weatherspoon, D. J., Chattopadhyay, A., Boroumand, S. & Garcia, I. Oral cavity and oropharyngeal cancer incidence trends and 
disparities in the United States: 2000–2010. Cancer Epidemiol. 39, 497–504. https:// doi. org/ 10. 1016/j. canep. 2015. 04. 007 (2015).

 6. Cillo, A. R. et al. Immune landscape of viral-and carcinogen-driven head and neck cancer. Immunity 52, 183-199.e189. https:// 
doi. org/ 10. 1016/j. immuni. 2019. 11. 014 (2020).

 7. Göttgens, E. L., Ostheimer, C., Span, P. N., Bussink, J. & Hammond, E. M. HPV, hypoxia and radiation response in head and neck 
cancer. Br. J. Radiol. 92, 20180047. https:// doi. org/ 10. 1259/ bjr. 20180 047 (2019).

 8. Pulte, D. & Brenner, H. Changes in survival in head and neck cancers in the late 20th and early 21st century: A period analysis. 
Oncologist 15, 994–1001. https:// doi. org/ 10. 1634/ theon colog ist. 2009- 0289 (2010).

 9. Choong, N. & Vokes, E. Expanding role of the medical oncologist in the management of head and neck cancer. CA Cancer J. Clin. 
58, 32–53. https:// doi. org/ 10. 3322/ ca. 2007. 0004 (2008).

 10. Khanna, K. K. & Jackson, S. P. DNA double-strand breaks: Signaling, repair and the cancer connection. Nat. Genet. 27, 247–254. 
https:// doi. org/ 10. 1038/ 85798 (2001).

 11. Misteli, T. & Soutoglou, E. The emerging role of nuclear architecture in DNA repair and genome maintenance. Nat. Rev. Mol. Cell 
Biol. 10, 243–254. https:// doi. org/ 10. 1038/ nrm26 51 (2009).

 12. Watson, A. A. et al. The PHD and chromo domains regulate the ATPase activity of the human chromatin remodeler CHD4. J. Mol. 
Biol. 422, 3–17. https:// doi. org/ 10. 1016/j. jmb. 2012. 04. 031 (2012).

 13. Denslow, S. A. & Wade, P. A. The human Mi-2/NuRD complex and gene regulation. Oncogene 26, 5433–5438. https:// doi. org/ 10. 
1038/ sj. onc. 12106 11 (2007).

 14. Zhang, J., Shih, D. J. H. & Lin, S. Y. The tale of CHD4 in DNA damage response and chemotherapeutic response. J. Cancer Res. 
Cell Ther. 3, 052 (2019).

 15. Smith, R., Sellou, H., Chapuis, C., Huet, S. & Timinszky, G. CHD3 and CHD4 recruitment and chromatin remodeling activity at 
DNA breaks is promoted by early poly(ADP-ribose)-dependent chromatin relaxation. Nucleic Acids Res. 46, 6087–6098. https:// 
doi. org/ 10. 1093/ nar/ gky334 (2018).

 16. Luo, C. W. et al. CHD4-mediated loss of E-cadherin determines metastatic ability in triple-negative breast cancer cells. Exp. Cell 
Res. 363, 65–72. https:// doi. org/ 10. 1016/j. yexcr. 2017. 12. 032 (2018).

 17. Heshmati, Y. et al. The chromatin-remodeling factor CHD4 is required for maintenance of childhood acute myeloid leukemia. 
Haematologica 103, 1169–1181. https:// doi. org/ 10. 3324/ haema tol. 2017. 183970 (2018).

 18. Mayes, K., Qiu, Z., Alhazmi, A. & Landry, J. W. ATP-dependent chromatin remodeling complexes as novel targets for cancer 
therapy. Adv. Cancer Res. 121, 183–233. https:// doi. org/ 10. 1016/ b978-0- 12- 800249- 0. 00005-6 (2014).

 19. Larsen, D. H. et al. The chromatin-remodeling factor CHD4 coordinates signaling and repair after DNA damage. J. Cell Biol. 190, 
731–740. https:// doi. org/ 10. 1083/ jcb. 20091 2135 (2010).

 20. Xia, L. et al. CHD4 has oncogenic functions in initiating and maintaining epigenetic suppression of multiple tumor suppressor 
genes. Cancer Cell 31, 653-668.e657. https:// doi. org/ 10. 1016/j. ccell. 2017. 04. 005 (2017).

 21. D’Alesio, C. et al. RNAi screens identify CHD4 as an essential gene in breast cancer growth. Oncotarget 7, 80901–80915. https:// 
doi. org/ 10. 18632/ oncot arget. 12646 (2016).

 22. Sperlazza, J. et al. Depletion of the chromatin remodeler CHD4 sensitizes AML blasts to genotoxic agents and reduces tumor 
formation. Blood 126, 1462–1472. https:// doi. org/ 10. 1182/ blood- 2015- 03- 631606 (2015).

 23. D’Alesio, C. et al. The chromodomain helicase CHD4 regulates ERBB2 signaling pathway and autophagy in ERBB2(+) breast cancer 
cells. Biol. Open https:// doi. org/ 10. 1242/ bio. 038323 (2019).

 24. Wang, H. C. et al. Over-expression of CHD4 is an independent biomarker of poor prognosis in patients with rectal cancers receiv-
ing concurrent chemoradiotherapy. Int. J. Mol. Sci. https:// doi. org/ 10. 3390/ ijms2 01740 87 (2019).

 25. Lai, A. Y. & Wade, P. A. Cancer biology and NuRD: A multifaceted chromatin remodelling complex. Nat. Rev. Cancer 11, 588–596. 
https:// doi. org/ 10. 1038/ nrc30 91 (2011).

 26. Smeenk, G. et al. The NuRD chromatin-remodeling complex regulates signaling and repair of DNA damage. J. Cell Biol. 190, 
741–749. https:// doi. org/ 10. 1083/ jcb. 20100 1048 (2010).

 27. Chou, D. M. et al. 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, 18475–18480. https:// doi. org/ 10. 1073/ pnas. 
10129 46107 (2010).

 28. Urquhart, A. J., Gatei, M., Richard, D. J. & Khanna, K. K. ATM mediated phosphorylation of CHD4 contributes to genome main-
tenance. Genome Integr. 2, 1. https:// doi. org/ 10. 1186/ 2041- 9414-2-1 (2011).

 29. Schmidt, D. R. & Schreiber, S. L. Molecular association between ATR and two components of the nucleosome remodeling and 
deacetylating complex, HDAC2 and CHD4. Biochemistry 38, 14711–14717. https:// doi. org/ 10. 1021/ bi991 614n (1999).

 30. Qi, W. et al. Acetyltransferase p300 collaborates with chromodomain helicase DNA-binding protein 4 (CHD4) to facilitate DNA 
double-strand break repair. Mutagenesis 31, 193–203. https:// doi. org/ 10. 1093/ mutage/ gev075 (2016).

 31. Guillemette, S. et al. Resistance to therapy in BRCA2 mutant cells due to loss of the nucleosome remodeling factor CHD4. Genes 
Dev. 29, 489–494. https:// doi. org/ 10. 1101/ gad. 256214. 114 (2015).

 32. Geyer, F., Geyer, M., Klapproth, S., Wolff, K. D. & Nieberler, M. Protocol for generating monoclonal CRISPR-Cas9-mediated 
knockout cell lines using RNPs and lipofection in HNSCC cells. STAR Protoc. 4, 102366. https:// doi. org/ 10. 1016/j. xpro. 2023. 
102366 (2023).

 33. Wicker, C. A., Petery, T., Dubey, P., Wise-Draper, T. M. & Takiar, V. Improving radiotherapy response in the treatment of head and 
neck cancer. Crit. Rev. Oncog. 27, 73–84. https:// doi. org/ 10. 1615/ CritR evOnc og. 20220 44635 (2022).

 34. Haubner, F., Ohmann, E., Pohl, F., Strutz, J. & Gassner, H. G. Wound healing after radiation therapy: Review of the literature. 
Radiat. Oncol. 7, 162. https:// doi. org/ 10. 1186/ 1748- 717x-7- 162 (2012).

 35. Ramos, P. & Bentires-Alj, M. Mechanism-based cancer therapy: Resistance to therapy, therapy for resistance. Oncogene 34, 3617–
3626. https:// doi. org/ 10. 1038/ onc. 2014. 314 (2015).

 36. Gillison, M. L., Chaturvedi, A. K., Anderson, W. F. & Fakhry, C. Epidemiology of human papillomavirus-positive head and neck 
squamous cell carcinoma. J. Clin. Oncol. 33, 3235–3242. https:// doi. org/ 10. 1200/ jco. 2015. 61. 6995 (2015).

 37. Ang, K. K. et al. Human papillomavirus and survival of patients with oropharyngeal cancer. N. Engl. J. Med. 363, 24–35. https:// 
doi. org/ 10. 1056/ NEJMo a0912 217 (2010).

 38. Wuerdemann, N. et al. Risk factors for overall survival outcome in surgically treated human papillomavirus-negative and positive 
patients with oropharyngeal cancer. Oncol. Res. Treat. 40, 320–327. https:// doi. org/ 10. 1159/ 00047 7097 (2017).

 39. Sun, Y., Wang, Z., Qiu, S. & Wang, R. Therapeutic strategies of different HPV status in head and neck squamous cell carcinoma. 
Int. J. Biol. Sci. 17, 1104–1118. https:// doi. org/ 10. 7150/ ijbs. 58077 (2021).

 40. Oskouie, A. A., Ahmadi, M. S. & Taherkhani, A. Identification of prognostic biomarkers in papillary thyroid cancer and developing 
non-invasive diagnostic models through integrated bioinformatics analysis. Microrna 11, 73–87. https:// doi. org/ 10. 2174/ 22115 
36611 66622 01241 15445 (2022).

https://doi.org/10.1038/s41571-019-0227-z
https://doi.org/10.1093/epirev/mxw001
https://doi.org/10.1016/j.canep.2015.04.007
https://doi.org/10.1016/j.immuni.2019.11.014
https://doi.org/10.1016/j.immuni.2019.11.014
https://doi.org/10.1259/bjr.20180047
https://doi.org/10.1634/theoncologist.2009-0289
https://doi.org/10.3322/ca.2007.0004
https://doi.org/10.1038/85798
https://doi.org/10.1038/nrm2651
https://doi.org/10.1016/j.jmb.2012.04.031
https://doi.org/10.1038/sj.onc.1210611
https://doi.org/10.1038/sj.onc.1210611
https://doi.org/10.1093/nar/gky334
https://doi.org/10.1093/nar/gky334
https://doi.org/10.1016/j.yexcr.2017.12.032
https://doi.org/10.3324/haematol.2017.183970
https://doi.org/10.1016/b978-0-12-800249-0.00005-6
https://doi.org/10.1083/jcb.200912135
https://doi.org/10.1016/j.ccell.2017.04.005
https://doi.org/10.18632/oncotarget.12646
https://doi.org/10.18632/oncotarget.12646
https://doi.org/10.1182/blood-2015-03-631606
https://doi.org/10.1242/bio.038323
https://doi.org/10.3390/ijms20174087
https://doi.org/10.1038/nrc3091
https://doi.org/10.1083/jcb.201001048
https://doi.org/10.1073/pnas.1012946107
https://doi.org/10.1073/pnas.1012946107
https://doi.org/10.1186/2041-9414-2-1
https://doi.org/10.1021/bi991614n
https://doi.org/10.1093/mutage/gev075
https://doi.org/10.1101/gad.256214.114
https://doi.org/10.1016/j.xpro.2023.102366
https://doi.org/10.1016/j.xpro.2023.102366
https://doi.org/10.1615/CritRevOncog.2022044635
https://doi.org/10.1186/1748-717x-7-162
https://doi.org/10.1038/onc.2014.314
https://doi.org/10.1200/jco.2015.61.6995
https://doi.org/10.1056/NEJMoa0912217
https://doi.org/10.1056/NEJMoa0912217
https://doi.org/10.1159/000477097
https://doi.org/10.7150/ijbs.58077
https://doi.org/10.2174/2211536611666220124115445
https://doi.org/10.2174/2211536611666220124115445


10

Vol:.(1234567890)

Scientific Reports |         (2024) 14:8286  | https://doi.org/10.1038/s41598-024-58958-z

www.nature.com/scientificreports/

 41. Wong, S. C. C. et al. Prognostic significance of Cytokeratin 20-positive lymph node vascular endothelial growth factor A mRNA 
and chromodomain helicase DNA binding protein 4 in pN0 colorectal cancer patients. Oncotarget 9, 6737–6751. https:// doi. org/ 
10. 18632/ oncot arget. 23424 (2018).

 42. Fagagna, F. A. et al. A DNA damage checkpoint response in telomere-initiated senescence. Nature 426, 194–198. https:// doi. org/ 
10. 1038/ natur e02118 (2003).

 43. Zhou, L. & Yao, S. Recent advances in therapeutic CRISPR-Cas9 genome editing: Mechanisms and applications. Mol. Biomed. 4, 
10. https:// doi. org/ 10. 1186/ s43556- 023- 00115-5 (2023).

 44. Polo, S. E., Kaidi, A., Baskcomb, L., Galanty, Y. & Jackson, S. P. Regulation of DNA-damage responses and cell-cycle progression 
by the chromatin remodelling factor CHD4. EMBO J. 29, 3130–3139. https:// doi. org/ 10. 1038/ emboj. 2010. 188 (2010).

 45. Luo, J., Su, F., Chen, D., Shiloh, A. & Gu, W. Deacetylation of p53 modulates its effect on cell growth and apoptosis. Nature 408, 
377–381. https:// doi. org/ 10. 1038/ 35042 612 (2000).

 46. Chudnovsky, Y. et al. ZFHX4 interacts with the NuRD core member CHD4 and regulates the glioblastoma tumor-initiating cell 
state. Cell Rep. 6, 313–324. https:// doi. org/ 10. 1016/j. celrep. 2013. 12. 032 (2014).

 47. Verheij, M. Clinical biomarkers and imaging for radiotherapy-induced cell death. Cancer Metastasis Rev. 27, 471–480. https:// doi. 
org/ 10. 1007/ s10555- 008- 9131-1 (2008).

 48. Hutchinson, M. N. D., Mierzwa, M. & D’Silva, N. J. Radiation resistance in head and neck squamous cell carcinoma: Dire need 
for an appropriate sensitizer. Oncogene 39, 3638–3649. https:// doi. org/ 10. 1038/ s41388- 020- 1250-3 (2020).

 49. Huang, S. M., Bock, J. M. & Harari, P. M. Epidermal growth factor receptor blockade with C225 modulates proliferation, apoptosis, 
and radiosensitivity in squamous cell carcinomas of the head and neck. Cancer Res. 59, 1935–1940 (1999).

 50. Aloy, M. T. et al. Protective role of Hsp27 protein against gamma radiation-induced apoptosis and radiosensitization effects of 
Hsp27 gene silencing in different human tumor cells. Int. J. Radiat. Oncol. Biol. Phys. 70, 543–553. https:// doi. org/ 10. 1016/j. ijrobp. 
2007. 08. 061 (2008).

 51. Lomax, M. E., Folkes, L. K. & O’Neill, P. Biological consequences of radiation-induced DNA damage: Relevance to radiotherapy. 
Clin. Oncol. (R. Coll. Radiol.) 25, 578–585. https:// doi. org/ 10. 1016/j. clon. 2013. 06. 007 (2013).

 52. Oetting, A. et al. Impaired DNA double-strand break repair and effective radiosensitization of HPV-negative HNSCC cell lines 
through combined inhibition of PARP and Wee1. Clin. Transl. Radiat. Oncol. 41, 100630. https:// doi. org/ 10. 1016/j. ctro. 2023. 
100630 (2023).

 53. Zhou, C., Fabbrizi, M. R., Hughes, J. R., Grundy, G. J. & Parsons, J. L. Effectiveness of PARP inhibition in enhancing the radiosen-
sitivity of 3D spheroids of head and neck squamous cell carcinoma. Front. Oncol. 12, 940377. https:// doi. org/ 10. 3389/ fonc. 2022. 
940377 (2022).

 54. Pan, M. R. et al. 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. J. Biol. Chem. 287, 6764–6772. https:// 
doi. org/ 10. 1074/ jbc. M111. 287037 (2012).

 55. Oyama, Y. et al. CHD4 regulates platinum sensitivity through MDR1 expression in ovarian cancer: A potential role of CHD4 
inhibition as a combination therapy with platinum agents. PLoS One 16, e0251079. https:// doi. org/ 10. 1371/ journ al. pone. 02510 
79 (2021).

 56. Labun, K. et al. CHOPCHOP v3: Expanding the CRISPR web toolbox beyond genome editing. Nucleic Acids Res. 47, W171-w174. 
https:// doi. org/ 10. 1093/ nar/ gkz365 (2019).

 57. Brinkman, E. K., Chen, T., Amendola, M. & van Steensel, B. Easy quantitative assessment of genome editing by sequence trace 
decomposition. Nucleic Acids Res. 42, e168. https:// doi. org/ 10. 1093/ nar/ gku936 (2014).

 58. Franken, N. A., Rodermond, H. M., Stap, J., Haveman, J. & van Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 1, 2315–2319. 
https:// doi. org/ 10. 1038/ nprot. 2006. 339 (2006).

Author contributions
F.G. contributed to designing, planning, conducting experiments, data analysis and writing the manuscript. S.K. 
and M.G. contributed to CRISPR/Cas9 design, trouble shooting and editing the manuscript. U.R. contributed to 
trouble shooting and editing the manuscript. K.D.W. acquired funding. M.N. contributed to overall supervision, 
acquired funding and edited the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. The work was supported by the teaching fund of 
the Department of Oral and Maxillofacial Surgery at Klinikum rechts der Isar, Munich.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 58958-z.

Correspondence and requests for materials should be addressed to F.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.18632/oncotarget.23424
https://doi.org/10.18632/oncotarget.23424
https://doi.org/10.1038/nature02118
https://doi.org/10.1038/nature02118
https://doi.org/10.1186/s43556-023-00115-5
https://doi.org/10.1038/emboj.2010.188
https://doi.org/10.1038/35042612
https://doi.org/10.1016/j.celrep.2013.12.032
https://doi.org/10.1007/s10555-008-9131-1
https://doi.org/10.1007/s10555-008-9131-1
https://doi.org/10.1038/s41388-020-1250-3
https://doi.org/10.1016/j.ijrobp.2007.08.061
https://doi.org/10.1016/j.ijrobp.2007.08.061
https://doi.org/10.1016/j.clon.2013.06.007
https://doi.org/10.1016/j.ctro.2023.100630
https://doi.org/10.1016/j.ctro.2023.100630
https://doi.org/10.3389/fonc.2022.940377
https://doi.org/10.3389/fonc.2022.940377
https://doi.org/10.1074/jbc.M111.287037
https://doi.org/10.1074/jbc.M111.287037
https://doi.org/10.1371/journal.pone.0251079
https://doi.org/10.1371/journal.pone.0251079
https://doi.org/10.1093/nar/gkz365
https://doi.org/10.1093/nar/gku936
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1038/s41598-024-58958-z
https://doi.org/10.1038/s41598-024-58958-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	CHD4 acts as a prognostic factor and drives radioresistance in HPV negative HNSCC
	Results
	High CHD4 gene expression is associated with worse overall survival in HPV-positive HNSCC
	Genomic knockdown of CHD4 in HN cells
	Characterization of HN CHD4 subclones
	Effects of irradiation on cell viability
	Effects of irradiation on colony formation

	Discussion
	Methods
	TCGA data analysis
	Cell line and cell culture
	CRISPRCas9 gene editing and single-cell cloning
	Polymerase chain reaction
	Western blot analysis
	Cell irradiation
	DNA purification and Sanger sequencing
	Cell counting and colony formation assays
	Statistical analysis
	Ethical approval and consent to participate

	References


