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ABSTRACT

Background. Asa component of chromatin remodeling complex, chromatin accessi-
bility complex subunit 1 (CHRACI) is critical in transcription and DNA replication.
However, the significance of CHRACI in cancer progression has not been investigated
extensively. This research aimed to determine the function of CHRACI in breast and
cervical cancer and elucidate the molecular mechanism.

Methods. The Bio-ID method was used to identify the interactome of transcriptional
activator Yes-associated protein (YAP) and the binding between YAP and CHRAC1 was
verified by immunofluorescence. CCK8, colony formation and subcutaneous xenograft
assays were conducted to explore the function of CHRACI in cancer cell proliferation.
RNA-seq analysis and RT-PCR were used to analyze the transcription program change
after CHRACI ablation. The diagnostic value of CHRACI1 was analyzed by TCGA
database and further validated by immunohistochemistry staining.
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Results. In the current study, we found that the chromatin remodeler CHRAC1 was
a potential YAP interactor. CHRACI depletion suppressed breast and cervical cancer
cell proliferation and tumor growth. The potential mechanism may be that CHRAC1
interacts with YAP to facilitate oncogenic transcription of YAP target genes in Hippo
pathway, thereby promoting tumorigenesis. CHRAC1 was elevated in cervical and
breast cancer biopsies and the upregulation correlated with shorter survival, poor
pathological stages and metastasis of cancer patients. Moreover, CHRACI expression
was statistically associated with YAP in breast and cervical cancer biopsies.
Conclusions. These findings highlight that CHRACI contributes to cancer progression
through regulating the oncogenic transcription of YAP, which makes it a potential
therapeutic target for cancer treatment.
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INTRODUCTION

According to the latest WHO Cancer Survey report for 2020, there are about 10 million
cancer deaths and 19 million new cases worldwide (Sung et al., 2021). At present,
radiotherapy and chemotherapy have a certain killing effect on cancer cells, but the side
effects are relatively obvious (De Ruysscher et al., 2019; Johnston ¢ Beckman, 2019; Petit et
al., 2021; Wang et al., 2021b). With the spread of genetic testing and the development of
targeted drugs, targeted therapies can be applied to cancer patients whose driver genes are
mutated, amplified or rearranged (Wu et al., 2021; Yang et al., 2020). This has significantly
extended the survival time of cancer patients. However, over time, resistance to targeted
drugs greatly limits their efficacy and application (Aldea et al., 2021). Therefore, it is very
important to deeply explore the pathological process of cancer and develop new therapeutic
targets.

YAP is a crucial downstream transcriptional coactivator in Hippo signaling pathway
(Driskill ¢ Pan, 2021). YAP can bind to TEAD family protein to activate transcription of
downstream targets which are implicated in cell growth and differentiation (Ardestani,
Lupse & Maedler, 2018; Lim et al., 2014; Pan et al., 2018). Data from previous reports
suggest the vital function of YAP/TAZ in transcription regulation of cancer cells (Chang
et al., 2018; Cordenonsi ¢ Piccolo, 2018; Galli et al., 2015; Oh et al., 2014b; Skibinski et al.,
2014; Stein et al., 2015; Zanconato et al., 2015). Meanwhile, studies have also shown that the
disturbance of YAP signal probably is the main mechanism of drug resistance to diversified
targeting and chemotherapy, and the expression of PD-L1 and various cytokines mediated
by YAP is very important for tumor immune escape (Nguyen ¢ Yi, 2019). These studies
imply that YAP may be used as a potential target for cancer and supply an effective idea
for clinical treatment (Cunningham ¢ Hansen, 2022).

The ATP-dependent chromatin remodeling complexes play a crucial role in altering the
structure of chromatin and controlling the accessibility of transcription factors to DNA,
thereby facilitating the dynamic regulation of gene expression in the context of cancer
progression. As a chromatin remodeling factor, chromatin accessibility complex subunit
1 (CHRACI1) has been involved in transcription and DNA replication (Clapier et al.,
2017; Hasan & Ahuja, 2019). According to the result of a small interfering RNA screening,
CHRACI was identified as an oncogenic driver gene (Mahmood et al., 2014). In addition,
CHRACI1 expression level was increased in cisplatin resistant ovarian cancer cell lines and
lung cancer tumor tissues, and CHRACI disruption inhibited the migration and invasion
of cisplatin resistant ovarian cancer cells and H1299 lung cancer cells (Wang et al., 2021a;
Yang et al., 2021). Although previous studies have reported the significance of CHRACI in
the progression of several cancers, the mechanism has not been well studied and the role
of CHRACI in other cancers remains to be elucidated.

Although it has been well established that YAP activates transcription by recruiting the
transcription factor TEAD, whether chromatin remodeling complex is involved in this
process remained unclear. In the current research, we identified CHRACI as a potential
YAP interactor using the Bio-ID method and demonstrated that CHRACI regulated cell
proliferation through promoting the oncogenic transcription of YAP target oncogenes in
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breast and cervical cancer. Together, our findings reveal that CHRACI plays a crucial role
in enhancing YAP transcription activity and tumorigenesis, suggesting it may be a potential
target for cancer therapy.

MATERIAL AND METHODS

Cell line and transduction

HEK293T, MDA-MB-231 and Hela cells were purchased from Procell (Wuhan, China)
and cultured in DMEM (Gibco) with 10% FBS (Gibco). For CHRACI1 knockdown,
cancer cell was transduced with pLKO.1-puro (shNC) or pLKO.1-puro-shCHRAC1

(1# or 2#). Interfering sequences were: ShCHRAC1-1#: 5’-ACTCCACTGTCTCTAAGTAAA-
3’; shCHRAC1-2#: 5'-ACTCCACTGTCTCTAAGTAAA-3.

Western blotting and Co-immunoprecipitation (Co-IP) assay

Cells were lysed in Beyotine lysis buffer (Cat#: P1003) containing protease inhibitor and
phenylmethylsulfonyl fluoride (PMSF) at 4 °C for 20 min and centrifuged at 4 °C, 12000
rpm for 15 min. Then cell lysate was denatured by boiling with SDS sample buffer at
95 °C for 10 min and separated by 10% SDS-PAGE gel. After that, the membranes were
incubated with specific primary antibody (ABclonal rabbit CHRAC1: A14896, 1:500;
ABclonal rabbit CHRAC17: A6469, 1:1000) overnight at 4 °C, secondary antibody for 1 h
at room temperature and analyzed with electrogenerated chemiluminescence (ECL) system
(Cat#: WBKLS0500; Millipore, Burlington, MA, USA).

For Co-IP assays, cell lysates of 293T cells transfected with Flag-tagged CHARCland
HA-tagged YAP vectors were incubated with Agarose beads (Cat#: 16-266; Millipore,
Burlington, MA, USA) and Flag antibody (E005; ABclonal) or IgG control overnight
at 4 °C. The agarose beads/protein complex was washed 4 times with NP40 buffer and
denatured at 95 °C for 15 min with SDS sample buffer and then subjected SDS-PAGE.

Bio-ID

Bio-ID experiment was conducted with reference to previous method (Zhang et al., 2018a).
Briefly, cells that stably expressed YAP-BirA* were cultured in complete medium containing
50 uM of biotin for 24 h, then washed with pre-cooled 1 x PBS 6-8 times, lysed with 1ml
lysis buffer including protease inhibitor, and sonicated. The supernatant was obtained by
centrifugation (4 °C, 15,000 rpm, 10 min) and incubated with 50 1 Streptavidin-conjugated
beads (17511301; GE Healthcare, Chicago, IL, USA) overnight at 4 °C. After washing with
2% sodium dodecyl sulfate (SDS), 1% Triton X-100, 250 mM LiCl, 50 mM Tris buffer
and 50 mM NH,HCOj3 buffer, the beads were stored at —20 °C for mass spectrometry
or western blotting analysis. For western blotting detection, beads were denatured in 2X
loading buffer at 100 °C for 10 min. Then supernatants were subjected SDS-PAGE. After
blocking with 3% Bovine albumin (BSA) for 2 h at room temperature, the membranes were
incubated with HRP-conjugated Streptavidin for 1 h at room temperature. After washing 4
times with TBST, the membranes were analyzed with electrogenerated chemiluminescence
(ECL) system.
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Survival analysis of CHRAC1

The Gene Expression Profiling Interactive Analysis version 2 (GEPIA2) (http:/gepia2.
cancer-pku.cn/) was used to investigate the overall survival (OS) and dis-ease-free survival
(DFS) curves, as well as a survival map of CHRACI in The Cancer Genome Atlas (TCGA)
tumor types. The expression threshold was set at 50% for high CHRACI expression and
low CHRACI expression.

CCK-8, wound-healing and colony formation assays

Cell proliferation curves were measured by cell Counting Kit-8 (CCK-8) (BMU106-CN;
Abbkine, Wuhan, China). Cells were seeded in 96-well plate with 4,000 cells in each well
and cultured for 0, 24, 48, 72 and 96 h. Then the 450 nm absorbance was measured at each
time point by adding CCK-8 reagent. For wound-healing assay, cells were inoculated in
6-well plates with 70% confluence and cultured for 36 h. Cell monolayer was scratched
with the pipette tip to generate wound which was photographed every 12 h to monitor cell
migration. For colony formation, cells were inoculated in 6-well plate with 1,000 (Hela) or
4,000 (MDA-MB-231) cells each well. After 10 days, the clones were stained with 0.05%
crystal violet for imaging to monitor cell growth.

Real-time quantitative PCR (RT-qPCR)

RT-qPCR was used to verify the effect of CHRACI1 knockdown on YAP target genes

in MDA-MB-231 and Hela cells. In this study, shNC was used as a control group and
CHRACI shRNA (1# and 2#) was used as experimental group. Total RNA from cells was
extracted according to the instructions of Vazyme RNA extraction Kit (Cat#: RC112-01;
Vazyme, Beijing, China). RNA concentration and Purity were detected by Nanodrop
spectrophotometer and 1png RNA was applied to reverse transcription to synthesize
complementary DNA (cDNA) using Reverse Transcription Kit (Cat#: RK20429, ABclonal)
under the following conditions: 37 °C for 2 min, 55 °C for 15 min, 85 °C for 5 min.
The reverse-transcribed cDNA was diluted 5-fold and RT-qPCR was conducted with the
SYBR Green qPCR Mix reagent (Cat#: RK21203, ABclonal) on a Bio-Rad quantitative
PCR instrument under the following conditions: 95 °C for 3 min, followed by 40 cycles of
95 °C for 5 s, 60 °C for 30 s. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as reference gene. The method to calculate the relative expression was 2~44Ct, All
of the RT-qPCR reactions were performed in duplicates. RT-qPCR primers sequences are
available in supplementary materials.

Immunofluorescence (IF)

Cells were cultured for 36 h, fixed with 4% paraformaldehyde, and blocked with Image-iT
signal enhancer (Thermo: 136933). Thereafter, cells were incubated with primary antibody
(Santa Cruz mouse YAP: sc-101199, 1:200; ABclonal rabbit CHRACI1: A14896, 1:200)
overnight at 4 °C and secondary antibody for 1 h. For Ki67 staining, freshly dissected
tumor tissue was fixed and embedded in OCT reagent (Sakura) and cut to 4um sections.
Thereafter, sections were treated with citrate buffer for antigen retrieval and the following
steps are similar to cell immunofluorescence staining.
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RNA-seq

After the extraction of total RNA, the sequencing library was generated using the Prep
Kit V2 (Illumina, San Diego, CA, USA) for RNA Library according to the manufacturer’s
procedure. RNA-seq library was sequenced using the 75-nucleotide paired-end sequencing
protocol on a NextSeq sequencer (Illumina). The technical replicates are duplicates for each
sample and the RNAseq details are as follows: sequencing depth: 34.10939x; dispersions:
0.017797; effect 2; false positive rate: 0.05. The statistical power of this experimental
design, calculated in RNASeqPower is 0.98. For bioinformatics analysis: genes whose Fold
Change (padj <= 0.05) is less than or equal to -2 were defined as down-regulated genes
(CHRACI knockdown versus control cell). Heat-map for different cancer hallmarks was
created by TB-tools. The sequencing data have been deposited in the FigShare (DOLI:
10.6084/m9.figshare.23989101).

Mouse model

Five-week-old male and female BALB/c nude mice (60 single), there was a lack of mature
T lymphocytes, were purchased from Animal Center in Tongji Medical College, and
subsequently housed under specific-pathogen-free conditions (Temperature: 22 + 2 °C,
Relative humidity: 60 =+ 10%, 12 h light/dark cycle) at the Animal Center in Tongji
Medical College. All the mice were given an unrestricted access of sterile food and water.
Nine single male/female mice were randomly assigned to three separate groups (each
group: three singles (sample size is determined according to the results of the preliminary
experiment)): shNC group (control group) and CHRACI shRNA group (1# and 2#)
(experimental group). 5 x 10® MDA-MB-231 or Hela cells treated with shNC or CHRAC1
shRNA were injected into the dorsal side of each nude mice (MDA-MB-231 cell: female
mice; Hela cell: male mice). After about 2 weeks, tumor volume was monitored through
double blind trials with vernier caliper every other day, and the size was measured as

V = (L x W?) /2 (L: length, W: width). Tumors were removed, imaged and weighed
from mice with no significant weight change after 35 or 40 days. The tumor volume is
generally no larger than 2000 mm?. The use and research design of animals was approved
the Institutional Review Committee of Huazhong University of Science and Technology.
The approval number: 2022 JACUC Number: 3148.

Immunohistochemistry (IHC) staining

Tissue sections of 48 human breast cancer and 48 cervical cancer specimens were purchased
from Shanghai Wellbio Biotechnology company (Shanghai, China). Verbal informed
consent was obtained and cancer specimens in this research have been approved by the
Ethics Committee of of Huazhong University of Science and Technology and Shanghai
Zhuoli Biotechnology Co., LTD (approval number: ZL2019-9-L1L028, ZL2019-11-LL029).
IHC staining was applied to detect the expression levels of CHRACI and YAP in breast
and cervical cancer tissues. After deparaffinization and rehydration, antigen retrieval
was performed. Endogenous peroxidase was blocked with 10% goat serum 1 h. Next,
tissue microarrays were stained with primary antibodies (rabbit CHRAC1: Abclonal
A14896, 1:200; rabbit YAP: Cell Signaling Technology 14074, 1:200) overnight at 4 °C and
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secondary antibody for 1 h. After washing, color development was performed with DAB kit
(Maxim, DAB-0031) and the microarray was scanned with 3DHISTECHs Slide Converter.
The scanned images were opened with the Caseviewer software and enlarged to different
magnifications. Click the “take snapshot” button on the software to take a picture. The
images were saved in PNG format with 300 dpi resolution.

Statistical analysis

Statistical analysis was conducted with Prism 8 (GraphPad Software, La Jolla, CA, USA).
Two-way analysis of variance (ANOVA) was used in CCK-8 and tumor volume detection
assay. Student’s t-test (two-tailed) was performed to compare CHRACI1 expression,
wound-healing ability, colony formation ability, tumor weight and Ki67 staining. Linear
regression analysis was performed to investigate the correlation between CHRACI and
YAP in cancer tissues.

RESULTS
Interactome of YAP and CHRACH1 is a potential Bio-ID interactor of YAP

To clarify YAP oncogenic regulators, we identified the spatial proximity interactome of
YAP using the Bio-ID (proximity-dependent biotin identification) method (Fig. 1A).
HEK293T cells expressing YAP-BirA*-HA were cultured in medium supplemented with
or without biotin; much more biotinylated proteins were captured in total cell lysates
cultured with biotin (Figs. 1B and 1C). Following mass spectrometry, we identified 254
potential interactors of YAP (YAP Bio-ID interactor). The Gene Ontology (GO) analysis
on biological process for YAP Bio-ID interactors revealed a significant enrichment in
Hippo pathway, cell division, cell-cell adhesion, DNA repair, DNA replication, mRNA
processing and chromatin remodeling (Fig. 1D). In additional to numerous known YAP
interactors (AMOT, LATS1 and AMOTL1), CHRACI attracted our attention. As a member
of chromatin remodeling complex, CHRACI has been involved in transcription and DNA
replication. However, the significance of CHRACI in cancer development has not been
investigated extensively. Therefore, we focused on the study of CHRACI.

High expression of CHRAC1 predicts advanced pathological tumor
stages and poor survival

To explore the expression of CHRACI in cancer tissues, we analyzed the expression of
CHRACI in cancer tissues including breast and cervical. Immunohistochemistry (IHC)
result displayed that CHRAC1 was mainly expressed in the nucleus and the staining was
extremely weak in para-tumor tissues, while breast and cervical cancer biopsies showed
strong CHRACI signal (Figs. 2A and 2B).

To evaluate the potential clinical value of CHRACI1, we explored the correlation between
CHRACI expression and patient survival within different tumors in the TCGA dataset (Fig.
S1A). High CHRAC1 mRNA level was correlated with decreased overall and disease-free
survival in cases of CESC and other tumor types by using the Gene Expression Profiling
Interactive Analysis version 2 (GEPIA2) tool (Figs. 2C-2E, Figs. S1B-S1K). Additionally,
the CHRACI level was significantly associated with pathological stages of kidney renal
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Figure 1 Interactome of YAP and CHRACI is a potential Bio-ID interactor of YAP. (A) Flowchart of
Bio-ID approach. (B) Schematic illustration of YAP-BirA*-HA construct. (C) HEK293T cells stably ex-
pressing YAP-BirA*-HA construct were cultured with 50 WM/L biotin for 24 h. The biotinylated proteins
were captured by streptavidin-agarose beads and detected by HRP-conjugated streptavidin. (D) GO anal-
ysis on biological process for YAP Bio-ID interactors.

Full-size & DOI: 10.7717/peerj.16752/fig-1

clear cell carcinoma (KIRC), adrenocortical carcinoma (ACC) and PAAD patients (Fig.
S2). Moreover, in breast cancer specimens (n =48), CHRACI expression increased with
the progression of tumor stage (Figs. 2F and 2G). In cervical cancer specimens (n = 48),
patients with metastasis had elevated CHRACI1 protein expression compared to those
patients with primary tumors (Fig. 2H). Together, these data manifest that high CHRAC1
expression may predict advanced pathological tumor stages and poor survival in breast
and cervical cancer.

Downregulation of CHRAC1 inhibits tumor growth
To validate the effect of CHRACI1 on cancer progression, we silenced CHRACI (Fig. 3A)
in breast and cervical cancer cell lines (MDA-MB-231 and Hela). The downregulation of
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Figure 2 High expression of CHRACI predicts advanced pathological tumor stages and poor survival
in breast and cervical cancer. (A) Representative CHRACI1 IHC staining in breast and cervical cancer tu-

mor tissues and para-tumor tissues. Scale bar, 20 um and 5 pum. (B) Statistical analysis of CHRACI in-
tensity was shown in diagram. (C—E) Overall survival curves of patients with high or low expression of

CHRACI in CESC (C), KIRP (D) and LAML (E). Data were from TCGA database and were analyzed with
GEPIA2 tool. (F) Representative IHC staining of CHRACI in different tumor stages of breast cancer biop-
sies. Scale bar, 50 um and 5 pwm. (G) Quantification of CHRACI staining in Fig. 2F was demonstrated in
diagram. (H) Quantification of CHRACI staining in cervical cancer biopsies with metastasis was demon-

strated in the histogram. * P < 0.05, *** P < 0.001. Two-tailed student’s ¢-test.

Full-size Gl DOI: 10.7717/peerj.16752/fig-2

CHRACI have been confirmed by immunoblot, the result showed that the knock down
of CHRACT1 specifically inhibited the protein level of CHRACI but not another family
member CHRAC17 (Fig. S3A). CCK-8 assay displayed that CHRACI silencing suppressed
the activity of MDA-MB-231 and Hela cells (Fig. 3B). Wound-healing assay also indicated
that CHRAC1 down-regulation restrained cancer cell migration (Fig. 3C). In addition,

colony formation assay showed that cancer cells with ablated CHRAC1 demonstrated

significantly decreased colony size and number (Fig. 3D). To make the knockdown

data more compelling, we also investigated the effect of CHRACI over-expression on
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Figure 3 Downregulation of CHRACI inhibits tumor growth. (A) Silencing of CHRACI in MDA-MB-
231 and Hela cells detected by RT-qPCR. (B) CHRACI silencing restrains cell viability. (C) CHRACI si-
lencing restrains cell migration. The statistical analysis was demonstrated in histogram. (D) The effect of
CHRACI silencing on colony formation. The statistical analysis of clone numbers was demonstrated in
histogram. *** P < 0.001, ** P < 0.01, * P < 0.05. (E) Typical tumor images in mice inoculated with con-
trol and CHRAC I -silenced cancer cells. (F) CHRACI silencing reduces tumor volume. **** P < 0.0001,
two-way ANOVA. (G) CHRACI silencing reduces tumor weight. ** P < 0.01, Student’s ¢-test (two-
tailed). (H) Ki67 staining for proliferating cells in control and CHRACI silenced Hela xenografts. Quan-
tification of Ki67-positive cells was demonstrated in the histogram. *** P < 0.001, ** P < 0.01, Student’s

t-test (two-tailed).
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cancer cells. The results showed that CHRACI over-expression significantly promoted
cell migration and proliferation both in MDA-MB-231 and Hela cells (Figs. S3B-S3D).
Collectively, these data suggest that CHRACI silencing inhibits the proliferation of breast

and cervical cancer cells.

To verify the influence of CHRACI on tumorigenesis, we conducted a xenograft assay in

nude mouse. Downregulation of CHRACI in Hela cells could significantly reduce tumor
size, and tumor formation was not possible in MDA-MB-231 cells with CHRAC1 inhibition
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(Figs. 3E and 3F). The average weight of CHRACI-silenced Hela xenografts was about
one-third of the control group (Fig. 3G). To investigate the proliferation capacity of tumor
cells, we performed immunofluorescence staining of Ki67 for tissue sections. The ratio
of Ki67 positive cells was statistically reduced in CHRACI1-silenced tumors compared to
control tumors (Fig. 3H). Collectively, these data display that CHRACI silencing suppresses
tumor growth of breast and cervical cancer cells in nude mice.

Inhibition of CHRAC1 suppresses the oncogenic transcription of YAP
To illustrate the mechanism of CHRACI regulation on tumorigenesis, we performed RNA-
seq assay in CHRACI -silenced Hela cells. CHRACI ablation caused differential expression
of 2,595 genes, of which 1,300 genes were increased and 1,295 genes were decreased
(Fig. 4A). Gene ontology (GO) annotation of the 1,295 down-regulated genes indicated
that they were highly enriched for GO terms linked to transcription, cell proliferation,
cell apoptosis, cell migration and related signaling pathways (Fig. 45). A heatmap of
RNA-seq data clearly showed that knock-down of CHRACI suppressed the expression
of representative cancer hallmarks, such as DNA repair, G2M checkpoint and the P53
pathway (Fig. 4C). Additionally, Kyoto Encyclopedia of Genes and Genomes (KEGG)
annotation displayed that CHRACI silencing resulted in significant downregulation

(p < 0.01) of Hippo pathway-related genes (Fig. 4D). Then, we focused on the direct YAP
target oncogenes previously identified (Zanconato et al., 2018; Zanconato et al., 2015). Gene
set enrichment analysis (GSEA) displayed that YAP target gene signature was enriched in
control Hela cells but not in CHRACI silenced cells, suggesting that CHRAC1 might trigger
the oncogenic transcription program of YAP in Hela cells (Fig. 4E). Further, RT-qPCR
results confirmed that depletion of CHRACI1 reduced the mRNA level of three classical YAP
target genes (CTGF, CYR61, ANKRDI) (Fig. 4F). We also performed immunofluorescence
(IF) assay for CTGF in Hela and MDA-MB-231 cell lines to validate our finding at the
protein level. The results showed that knock down of CHRACI significantly decreased the
fluorescence intensity of CTGF both in Hela and MDA-MB-231 cells (Fig. 4G). Together,
these results demonstrate that CHRAC1 indeed influences the transcriptional activation of
YAP.

CHRACH1 interacts with YAP and is positively correlated with YAP in
breast and cervical cancer patients

According to the Bio-ID results, CHRACI1 may be a potential interactor of YAP. To validate
the interaction of CHRACI and YAP, we performed exogenous co-immunoprecipitation
(Co-IP) assay. The result showed that flag-tagged CHARC1 was able to specifically
precipitated HA-tagged YAP in 293T cells compared to the IgG control (Fig. 5A, left panel).
In addition, Co-IP detection was also conducted in CHRACI overexpressed MDA-MB-231
and Hela cells, and it was found that YAP could specifically co-purify CHRACI in both cells
(Fig. 5A, right panel). Furthermore, immunofluorescence assay displayed that CHRACI
co-localized with YAP both in MDA-MB-231 and Hela cells (Fig. 5B). Therefore, there
is indeed an interaction between YAP and CHRACI. Then, we investigated the clinical
correlation of CHRAC1 and YAP and found CHRACI1 was associated with YAP across
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Pan-cancer, including BRCA and CESC in TCGA database (Figs. 5C-5E). In addition,
both breast and cervical cancer biopsies with high CHRACI expression showed stronger
YAP staining (Fig. 5F). Consistent with this, there was significant correlation ( p < 0.0001)
between YAP and CHRACI in these cancer biopsies (Fig. 5F). Thus, CHRACI is elevated
in breast and cervical cancer and the upregulation correlates well with YAP.

In summary, our study found that depletion of CHRACI1 suppresses cancer cell
proliferation and tumor growth. The potential mechanism may be that CHRAC1 interacts
with YAP to enhance the transcription of YAP down-stream oncogenes to promote tumor
growth (Fig. 6). Moreover, CHRACI is frequently upregulated in diverse cancers and the
upregulation is statistically associated with YAP activation and poor prognosis in cancer
patients. These findings highlight CHRAC1 might be a promising candidate for cancer
diagnosis and therapy.
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Figure 5 CHRACI interacts with YAP and is positively correlated with YAP in breast and cervical can-
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DISCUSSION

CHRACI, a component of the chromatin remodeling complex, is associated with poor
prognosis of cancer patients (Poot et al., 2000). In addition, researches have reported
that abnormal expression of CHRACI is frequently associated with the occurrence
and progression of human cancer (Wang et al., 2021a; Yang et al., 2021). However, the
mechanism remains to be clarified and the function of CHRACI in various cancer types

has not been fully studied.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752

12/19


https://peerj.com
https://doi.org/10.7717/peerj.16752/fig-5
http://dx.doi.org/10.7717/peerj.16752

Peer

N
2™ Nucleus T,

< Chrac N

N\

—
uewoyd
Euuapowa:

D

\

CTGF

Cancer cell
Transcriptional CYR61 ! |
Proliferation
activation ANKRD1

Tl tc etc
\ EAD - €l -
/
/

i

N
< //

Figure 6 Mechanism of CHRACI1 promoting cancer cell proliferation. The potential mechanism may
be that CHRAC] interacts with YAP to enhance the transcriptional activation of YAP downstream target
genes, such as CTGF, CYR61 and ANKRD], and thus promotes the tumor growth.

Full-size & DOI: 10.7717/peerj.16752/fig-6

In this study, we identified CHRACI as a potential oncogene in multiple human tumors
via pan-cancer analyses and experimental verification. First of all, we discovered that
CHRACI was upregulated in a variety of cancer tissues compared to relevant normal
tissues. Meanwhile, CHRACI1 expression was statistically correlated with poor survival
and pathological stages in various tumor types. Collectively, these findings indicate that
elevated CHRAC1 may be a prognostic factor for cancer.

Next, we verified the oncogenic function of CHRACI through experiments. In in vitro
study, we discovered that knockdown of CHRACI restrained the growth of breast and
cervical cancer cells. However, there are some limitations to this research. For example,
it may make the knock down data compelling to investigate the effects of CHRAC1
overexpression on cell growth. In in vivo study, we demonstrated that CHRACI silencing
decreased tumor weight and tumor size in MDA-MB-231 and Hela xenograft mouse model.
However, whether CHRACI affects tumor metastasis needs further study. Additionally,
development of drugs that target CHRAC1 may advance the findings to clinical applications.

To clarify how CHRACI affects cancer development, we conducted RNA-seq assay
and found that the transcription program of control cells and CHRAC1 knockdown cells
was significantly different. The inhibition of CHRACI also affected the expression level
of many cancer hallmarks. Moreover, many known YAP target genes were significantly
downregulated in CHRACI knockdown groups. It has been well established that YAP
target genes served as oncogenes in many cancer types (Zanconato, Cordenonsi ¢ Piccolo,
20165 Zhang et al., 2018b). These indicate that CHRAC1 may promote tumor growth by
enhancing the oncogenic transcription of YAP. However, in addition to YAP, whether
CHRACI knockdown affects other transcription factors remains to be studied.

Base on the Bio-ID results, CHRACI1 was a potential interactor of YAP and the interaction
between these two proteins was verified by Co-IP and IF assays. In addition, numerous
known YAP interactors (AMOT, LATS1 and AMOTLI1) have been identified by Bio-ID
method, which confirms the feasibility of this approach. According to previous reports, YAP
is known to recruit transcription factors TEAD1-4, RNA polymerase, the mediator complex,
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and other factors to establish a transcription hub within the nucleus, facilitating oncogenic
transcription during cancer progression (Oh et al., 2014a; Stein et al., 2015; Zanconato et
al., 2015). Notably, there are robust interactions between these components and YAP.
Our findings demonstrate the presence of CHRACI in YAP complex, exhibiting strong
co-localization with YAP within the nucleus. Moreover, the loss of CHRAC1 impedes the
transcriptional activation of YAP. Consequently, we suggest that the interaction between
YAP and CHRACI1 plays a crucial role in recruiting CHRACI to YAP transcription hub,
thereby promoting the oncogenic transcription.

To further investigate the clinical significance of CHRAC1, we conducted IHC analysis
in human breast and cervical cancer biopsies. The expression of CHRACI in cancer
tissues was significantly higher than that in the para-cancer group. Moreover, YAP was
also highly expressed in breast and cervical cancer specimens with high expression of
CHRACI. Consistent with this, there was a statistical correlation between YAP and
CHRACI (p < 0.0001). Despite this, specimens from different cancer types are required
to verify the association between CHRACI1 and YAP. Therefore, the practical application
of CHRACI in cancer prediction and treatment needs further experimental and clinical
research.
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DFS disease-free survival

CESC Cervical squamous cell carcinoma and endocervical adenocarcinoma
BRCA Breast invasive carcinoma

KIRC Kidney renal clear cell carcinoma

ACC Adrenocortical carcinoma
ACKNOWLEDGEMENTS

Thanks to Professor Sun Shuguo for his guidance and discussion of the manuscript.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This study was supported by the National Natural Science Foundation of China (grant
numbers: #82273064, #81902853) and the Natural Science Foundation of Hubei Province
(grant numbers: 2022CFB202). The funders had no role in study design, data collection
and analysis, decision to publish, or preparation of the manuscript.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 14/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.16752

Peer

Grant Disclosures

The following grant information was disclosed by the authors:
National Natural Science Foundation of China: #82273064, #81902853.
Natural Science Foundation of Hubei Province: 2022CFB202.

Competing Interests

The authors declare there are no competing interests.

Author Contributions

Shasha Li conceived and designed the experiments, performed the experiments, analyzed
the data, prepared figures and/or tables, authored or reviewed drafts of the article, and
approved the final draft.

Lulu Wang performed the experiments, analyzed the data, prepared figures and/or
tables, authored or reviewed drafts of the article, and approved the final draft.

Jing Shi analyzed the data, authored or reviewed drafts of the article, and approved the
final draft.

Yi Chen performed the experiments, analyzed the data, prepared figures and/or tables,
and approved the final draft.

Ang Xiao performed the experiments, prepared figures and/or tables, and approved the
final draft.

Bingyue Huo performed the experiments, prepared figures and/or tables, and approved
the final draft.

Wenjing Tian performed the experiments, prepared figures and/or tables, and approved
the final draft.

Shilu Zhang performed the experiments, prepared figures and/or tables, and approved
the final draft.

Gang Yang analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.

Wensheng Gong analyzed the data, authored or reviewed drafts of the article, and
approved the final draft.

Huixia Zhang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, authored or reviewed drafts of the
article, and approved the final draft.

Human Ethics
The following information was supplied relating to ethical approvals (i.e., approving body

and any reference numbers):

Cancer specimens involved in this study were approved by the Ethics Committee of of

Huazhong University of Science and Technology and Shanghai Zhuoli Biotechnology Co.,
LTD (approval number: Z1.2019-9-L1028, Z1.2019-11-L1L029).

Animal Ethics
The following information was supplied relating to ethical approvals (i.e., approving body

and any reference numbers):

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 15/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.16752

Peer

The animal experiments have been approved by the Ethics Committee of Huazhong
University of Science and Technology (Approval number: 2022 IACUC Number: 3148).

DNA Deposition

The following information was supplied regarding the deposition of DNA sequences:
The RNA-seq data are available at FigShare: Li, Shasha (2023). Hela shCHRACI.

figshare. Online resource. https:/doi.org/10.6084/m9.figshare.23989101.v1 and at the

National Genomics Data Center: HRA004198.
https:/mgdc.cncb.ac.cn/gsa-humanbrowse/HRA004198

Data Availability
The following information was supplied regarding data availability:
The raw data and original immunoblots are available in the Supplemental Files.

Supplemental Information

Supplemental information for this article can be found online at http:/dx.doi.org/10.7717/
peerj.16752#supplemental-information.

REFERENCES

Aldea M, Andre F, Marabelle A, Dogan S, Barlesi F, Soria JC. 2021. Overcoming
resistance to tumor-targeted and immune-targeted therapies. Cancer Discovery
11:874-899 DOI 10.1158/2159-8290.CD-20-1638.

Ardestani A, Lupse B, Maedler K. 2018. Hippo signaling: key emerging pathway in
cellular and whole-body metabolism. Trends in Endocrinology and Metabolism
29:492-509 DOI 10.1016/j.tem.2018.04.006.

Chang L, Azzolin L, Di Biagio D, Zanconato F, Battilana G, Xiccato RL, Aragona M,
Giulitti S, Panciera T, Gandin A, Sigismondo G, Krijgsveld J, Fassan M, Brusatin
G, Cordenonsi M, Piccolo S. 2018. The SWI/SNF complex is a mechanoregulated
inhibitor of YAP and TAZ. Nature 563:265-269 DOI 10.1038/s41586-018-0658-1.

Clapier CR, Iwasa ], Cairns BR, Peterson CL. 2017. Mechanisms of action and regulation
of ATP-dependent chromatin-remodelling complexes. Nature Reviews Molecular Cell
Biology 18:407—422 DOI 10.1038/nrm.2017.26.

Cordenonsi M, Piccolo S. 2018. Transcriptional addiction in cancer cells is me-
diated by YAP/TAZ through BRDA4. Nature Medicine 24(10):1599-1610
DOI10.1038/s41591-018-0158-8.

Cunningham R, Hansen CG. 2022. The Hippo pathway in cancer: YAP/TAZ
and TEAD as therapeutic targets in cancer. Clinical Science 136:197-222
DOI10.1042/Cs20201474.

De Ruysscher D, Niedermann G, Burnet NG, Siva S, Lee AWM, Hegi-Johnson F. 2019.
Radiotherapy toxicity. Nature Reviews Disease Primers 5:13
DOI10.1038/s41572-019-0064-5.

Driskill JH, Pan D. 2021. The hippo pathway in liver homeostasis and patho-
physiology. Annual Review of Pathology: Mechanisms of Disease 16:299—-322
DOI 10.1146/annurev-pathol-030420-105050.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 16/19


https://peerj.com
https://doi.org/10.6084/m9.figshare.23989101.v1
https://ngdc.cncb.ac.cn/gsa-human/browse/HRA004198
http://dx.doi.org/10.7717/peerj.16752#supplemental-information
http://dx.doi.org/10.7717/peerj.16752#supplemental-information
http://dx.doi.org/10.7717/peerj.16752#supplemental-information
http://dx.doi.org/10.1158/2159-8290.CD-20-1638
http://dx.doi.org/10.1016/j.tem.2018.04.006
http://dx.doi.org/10.1038/s41586-018-0658-1
http://dx.doi.org/10.1038/nrm.2017.26
http://dx.doi.org/10.1038/s41591-018-0158-8
http://dx.doi.org/10.1042/Cs20201474
http://dx.doi.org/10.1038/s41572-019-0064-5
http://dx.doi.org/10.1146/annurev-pathol-030420-105050
http://dx.doi.org/10.7717/peerj.16752

Peer

Galli GG, Carrara M, Yuan WC, Valdes-Quezada C, Gurung B, Pepe-Mooney B,
Zhang TH, Geeven G, Gray NS, De Laat W, Calogero RA, Camargo FD. 2015. YAP
drives growth by controlling transcriptional pause release from dynamic enhancers.
Molecular Cell 60:328-337 DOI 10.1016/j.molcel.2015.09.001.

Hasan N, Ahuja N. 2019. The emerging roles of ATP-dependent chromatin remodeling
complexes in pancreatic cancer. Cancers 11(12):1859 DOI 10.3390/cancers11121859.

Johnston FM, Beckman M. 2019. Updates on management of gastric cancer. Current
Oncology Reports 21:67 DOT 10.1007/s11912-019-0820-4.

Lim B, Park JL, Kim H]J, Park YK, Kim JH, Sohn HA, Noh SM, Song KS, Kim WH,
Kim YS, Kim SY. 2014. Integrative genomics analysis reveals the multilevel dysreg-
ulation and oncogenic characteristics of TEAD4 in gastric cancer. Carcinogenesis
35:1020-1027 DOI 10.1093/carcin/bgt409.

Mahmood SF, Gruel N, Chapeaublanc E, Lescure A, Jones T, Reyal F, Vincent-Salomon
A, Raynal V, Pierron G, Perez F, Camonis J, Del Nery E, Delattre O, Radvanyi
F, Bernard-Pierrot I. 2014. A siRNA screen identifies RAD21, EIF3H, CHRAC1
and TANC?2 as driver genes within the 8q23, 8q24.3 and 17q23 amplicons in breast
cancer with effects on cell growth, survival and transformation. Carcinogenesis
35:670—682 DOI 10.1093/carcin/bgt351.

Nguyen CDK, Yi CL. 2019. YAP/TAZ Signaling and Resistance to Cancer Therapy.
Trends in Cancer 5:283-296 DOI 10.1016/j.trecan.2019.02.010.

Oh H, Slattery M, Ma L, White KP, Mann RS, Irvine KD. 2014a. Yorkie promotes
transcription by recruiting a histone methyltransferase complex. Cell Reports
8:449-459 DOI 10.1016/j.celrep.2014.06.017.

Oh H, Slattery M, Ma L], White KP, Mann RS, Irvine KD. 2014b. Yorkie promotes
transcription by recruiting a histone methyltransferase complex. Cell Reports
8:448-458 DOI 10.1016/j.celrep.2014.06.017.

Pan Y, Tong JHM, Lung RWM, Kang W, Kwan JSH, Chak WP, Tin KY, Chung LY,
WuF, Ng SSM, Mak TWC, Yu J, Lo KW, Chan AWH, To KF. 2018. RASAL?2
promotes tumor progression through LATS2/YAP1 axis of hippo signaling pathway
in colorectal cancer. Molecular Cancer 17:102 DOI 10.1186/s12943-018-0853-6.

Petit C, Lacas B, Pignon JP, Le QT, Gregoire V, Grau C, Hackshaw A, Zackrisson B,
Parmar MKB, Lee JW, Ghi MG, Sanguineti G, Temam S, Cheugoua-Zanetsie
M, O’Sullivan B, Posner MR, Vokes EE, Cruz Hernandez JJ, Szutkowski Z,
Lartigau E, Budach V, Suwinski R, Poulsen M, Kumar S, Ghosh Laskar S,
Mazeron JJ, Jeremic B, Simes J, Zhong LP, Overgaard J, Fortpied C, Torres-
Saavedra P, Bourhis J, Auperin A, Blanchard P, Mach NC, Groups MC. 2021.
Chemotherapy and radiotherapy in locally advanced head and neck cancer: an
individual patient data network meta-analysis. The Lancet Oncology 22:727-736
DOI 10.1016/S1470-2045(21)00076-0.

Poot RA, Dellaire G, Hulsmann BB, Grimaldi MA, Corona DFV, Becker PB, Bickmore
WA, Varga-Weisz PD. 2000. HuCHRAC, a human ISWI chromatin remodelling
complex contains hACF1 and two novel histone-fold proteins. The EMBO Journal
19:3377-3387 DOI 10.1093/emboj/19.13.3377.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 17119


https://peerj.com
http://dx.doi.org/10.1016/j.molcel.2015.09.001
http://dx.doi.org/10.3390/cancers11121859
http://dx.doi.org/10.1007/s11912-019-0820-4
http://dx.doi.org/10.1093/carcin/bgt409
http://dx.doi.org/10.1093/carcin/bgt351
http://dx.doi.org/10.1016/j.trecan.2019.02.010
http://dx.doi.org/10.1016/j.celrep.2014.06.017
http://dx.doi.org/10.1016/j.celrep.2014.06.017
http://dx.doi.org/10.1186/s12943-018-0853-6
http://dx.doi.org/10.1016/S1470-2045(21)00076-0
http://dx.doi.org/10.1093/emboj/19.13.3377
http://dx.doi.org/10.7717/peerj.16752

Peer

Skibinski A, Breindel JL, Prat A, Galvan P, Smith E, Rolfs A, Gupta PB, LaBaer J,
Kuperwasser C. 2014. The hippo transducer TAZ interacts with the SWI/SNF
complex to regulate breast epithelial lineage commitment. Cell Reports 6:1059—1072
DOI 10.1016/j.celrep.2014.02.038.

Stein C, Bardet AF, Roma G, Bergling S, Clay I, Ruchti A, Agarinis C, Schmelzle T,
Bouwmeester T, Schubeler D, Bauer A. 2015. YAP1 exerts its transcriptional
control via TEAD-mediated activation of enhancers. PLOS Genetics 11:¢1005465
DOI 10.1371/journal.pgen.1005465.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. 2021.
Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA: A Cancer Journal for Clinicians
71:209-249 DOI 10.3322/caac.21660.

Wang MW, Li SS, Guo WC, Wang LL, Huang JX, Zhuo JZ, Lai BT, Liao CQ, Ge TL, Nie
YX, Jin S, Wang MX, Zhang YGL, Liu YM, Li XW, Zhang HX. 2021a. CHRAC1
promotes human lung cancer growth through regulating YAP transcriptional
activity. Carcinogenesis 43:264-276 DOI 10.1093/carcin/bgab103.

Wang Y, Zhang L, Yang Y, Lu S, Chen H. 2021b. Progress of gastric cancer surgery in the
era of precision medicine. International Journal of Biological Sciences 17:1041-1049
DOI 10.7150/ijbs.56735.

WuF, YangJ, LiuJ, Wang Y, Mu ], Zeng Q, Deng S, Zhou H. 2021. Signaling pathways
in cancer-associated fibroblasts and targeted therapy for cancer. Signal Transduction
and Targeted Therapy 6:218 DOI 10.1038/s41392-021-00641-0.

Yang HB, Zhang XG, Zhu L, Yang Y, Yin XM. 2021. YY1-induced IncRNA PART1
enhanced resistance of ovarian cancer cells to cisplatin by regulating miR-512-
3p/CHRACI axis. DNA and Cell Biology 40:821-832 DOI 10.1089/dna.2021.0059.

Yang YM, Hong P, Xu WW, He QY, Li B. 2020. Advances in targeted therapy for
esophageal cancer. Signal Transduction and Targeted Therapy 5:229
DOI 10.1038/541392-020-00323-3.

Zanconato F, Battilana G, Forcato M, Filippi L, Azzolin L, Manfrin A, Quaranta E,

Di Biagio D, Sigismondo G, Guzzardo V, Lejeune P, Haendler B, Krijgsveld J,
Fassan M, Bicciato S, Cordenonsi M, Piccolo S. 2018. Transcriptional addiction in
cancer cells is mediated by YAP/TAZ through BRD4. Nature Medicine 24:1599-1610
DOI10.1038/541591-018-0158-8.

Zanconato F, Cordenonsi M, Piccolo S. 2016. YAP/TAZ at the roots of cancer. Cancer
Cell 29:783-803 DOI 10.1016/j.ccell.2016.05.005.

Zanconato F, Forcato M, Battilana G, Azzolin L, Quaranta E, Bodega B, Rosato A,
Bicciato S, Cordenonsi M, Piccolo S. 2015. Genome-wide association between
YAP/TAZ/TEAD and AP-1 at enhancers drives oncogenic growth. Nature Cell
Biology 17:1218-1227 DOI 10.1038/ncb3216.

Zhang H, Zhang C, Tang H, Gao S, Sun F, Yang Y, Zhou W, Hu Y, Ke C, Wu Y, Ding
Z, Guo L, Pei R, Chen X, Sy MS, Zhang B, Li C. 2018a. CD2-associated protein
contributes to Hepatitis C, virus propagation and steatosis by disrupting insulin
signaling. Hepatology 68:1710—1725 DOI 10.1002/hep.30073.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 18/19


https://peerj.com
http://dx.doi.org/10.1016/j.celrep.2014.02.038
http://dx.doi.org/10.1371/journal.pgen.1005465
http://dx.doi.org/10.3322/caac.21660
http://dx.doi.org/10.1093/carcin/bgab103
http://dx.doi.org/10.7150/ijbs.56735
http://dx.doi.org/10.1038/s41392-021-00641-0
http://dx.doi.org/10.1089/dna.2021.0059
http://dx.doi.org/10.1038/s41392-020-00323-3
http://dx.doi.org/10.1038/s41591-018-0158-8
http://dx.doi.org/10.1016/j.ccell.2016.05.005
http://dx.doi.org/10.1038/ncb3216
http://dx.doi.org/10.1002/hep.30073
http://dx.doi.org/10.7717/peerj.16752

Peer

Zhang X, Zhao H, LiY, Xia D, Yang L, Ma Y, Li H. 2018b. The role of YAP/-
TAZ activity in cancer metabolic reprogramming. Molecular Cancer 17:134
DOI10.1186/512943-018-0882-1.

Li et al. (2024), PeerJ, DOI 10.7717/peerj.16752 19/19


https://peerj.com
http://dx.doi.org/10.1186/s12943-018-0882-1
http://dx.doi.org/10.7717/peerj.16752

