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RBAPA48 facilitates the oral squamous cell
carcinoma process in an androgen
receptor-dependent and independent

manners
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Oral squamous cell carcinoma (OSCC) progresses from epithelial cell proliferation to malignancy.
Given the higher proportion of male patients compared to female patients, the androgen signaling
pathway is believed to play a significant role in promoting epithelial cell proliferation. However, the
underlying molecular mechanisms remain unclear. Here, we identified RBAP48 as a novel androgen
receptor (AR) co-activator in OSCC cells. Our results show that RBAP48 was highly expressed in
OSCC tumor tissues from patients with a poor prognosis. Further, RBAP48 knockdown decreased
genome-wide oncogene transcription. RBAP48 and AR interacted to activate CCND1 and RAB31
transcription, and upregulated RELA and CCNET mRNA expression through an AR-independent
pathway. Additionally, RBAP48 promoted OSCC cell proliferation and was involved in the cellular
response to drugs and external compounds in vitro, ultimately driving cancer progression. Our results
indicate that RBAP48 is a novel oncogene and a promising target for predicting and treating OSCC

progression.

Oral squamous cell carcinoma (OSCC) is a significant health concern with a
poor 5-year prognosis' . Global Cancer Statistics from 2020 have revealed
notable discrepancies in OSCC outcomes between male and female’. Owing
to an elevated overall risk, male patients exhibit markedly higher rates of
morbidity and mortality. This disparity is largely attributed to external
factors such as smoking and alcohol consumption™’. In South-Central Asia,
the high incidence of OSCC is linked to the widespread practice of betel nut
chewing’. Clinical research has also suggested that long-term use of alcohol
or tobacco triggers abnormal proliferation of oral epithelial cells, increasing
susceptibility to OSCC™. These external stimuli directly harm oral kerati-
nocytes and fibroblasts, causing DNA damage and the release of reactive
oxygen species (ROS)'*"". Furthermore, the complex interactions between
epithelial and mesenchymal cells amplify the pathogenic cascade. Oral
epithelial cells undergo a series of pathologic changes involving external
stimulation, fibrosis, proliferation, and carcinogenesis'*”’. Through a

multistep process that accumulates genetic and epigenetic alterations in
oncogenes, several signaling pathways are disrupted, affecting the cell cycle,
cell proliferation, and apoptosis regulation'*"". Thus, novel biomarkers are
needed to enhance our understanding of OSCC and identify new ther-
apeutic targets.

The androgen receptor (AR) is a critical ligand-dependent transcrip-
tion factor that specifically binds to androgens in vivo and activates
downstream gene transcription. AR contains several functional domains,
including a DNA-binding domain (DBD), a ligand-binding domain (LBD),
a ligand-independent activation function domain (AF-1), and a ligand-
dependent activation function domain (AF-2). Upon binding to androgen,
AR translocates to the nucleus, where it is recruited to the gene promoter
and enhancer regions containing specific androgen response elements
(AREs)'*". AR facilitates the recruitment of co-regulators, such as chro-
matin remodeling and histone-modifying proteins, to regulate the
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transcription of dihydrotestosterone (DHT)-related genes'®"’. Although the
precise role of AR in OSCC remains unclear, it is believed that AR signaling
pathways contribute to OSCC proliferation and metastasis. Moreover, AR
coregulators and signaling pathways may function differently in OSCC
compared to those in prostate and liver cancers . Therefore, further
exploration of the function of the AR and its coregulators in OSCC s crucial.

Retinoblastoma-associated protein 48 (RBAP48), also known as
retinoblastoma-binding protein 4 (RBBP4), is a highly conserved histone
chaperone found in several species””. RBAP48 features a WD40-repeat
structure that is speculated to act as a scaffold for protein-protein interac-
tions in multiprotein complexes’”’. As a histone chaperone, RBAP48
participates in chromatin assembly and remodeling, histone post-
translational modifications, and gene expression regulation”. Notably,
RBAP48 is a component of several transcription-related complexes,
including the nucleosome remodeling and deacetylase (NuRD), switch-
independent 3 A (Sin3A), and polycomb repressive 2 (PRC2) complex™ .
RBAP48 is also part of the nucleosome-remodeling factor (NURF) complex,
where it interacts with WRAD subunits”. Dysregulation of RBAP48
(RBBP4) has been linked to the etiology of several cancers, including liver,
breast, and gastric cancers™ . In two OSCC studies, RBAP48 has been
implicated in DNA repair and human papillomavirus (HPV) infection™”.
Despite such progress, the molecular mechanisms underlying the effects of
RBAP48 on OSCC remain poorly understood.

In this study, we found that RBAP48 was highly expressed in patients
with OSCC, based on both tumor tissue samples and data from The Cancer
Genome Atlas (TCGA). The prognosis of OSCC patients was positively
correlated with high RBAP48 expression. We identified RBAP48 as a novel
AR coactivator that upregulates AR-mediated gene transcription in OSCC
cells in the presence of DHT. In OSCC cells, RBAP48 interacts with the
WRAD subunits to enhance the transcription of AR target genes. Inter-
estingly, our results demonstrated that RBAP48 was also associated with SP-
1 to upregulate the transcription of its downstream target genes in the
absence of DHT. Furthermore, RBAP48 significantly enhanced the pro-
liferation and sensitivity of OSCC cells to external stimuli. In conclusion, our
data demonstrate that RBAP48 promotes OSCC progression through a
regulatory network involving both AR/DHT-dependent and independent
pathways. The expression of RBAP48 could serve as a robust biomarker for
the early diagnosis and classification of OSCC.

Results
RBAPA48 is highly expressed in OSCC patients
We obtained 14 pairs of fresh OSCC tissue (T) and non-cancerous oral
epithelial tissue (NC) to investigate the role of RBAP48 in OSCC. Western
blot analysis revealed that RBAP48 protein expression was elevated in most
OSCC tumor tissues (11/14, Fig. 1A). The mRNA levels of RBAP48 were
markedly higher in OSCC tissues than those in NC tissues (Fig. 1B). Fur-
thermore, there was a positive correlation between RBAP48 mRNA and
protein levels in both NC and tumor tissues, indicating an oncogenic role for
RBAP48 in OSCC (Supplementary Fig. 1A). The protein expression of
RBAP48 in patients was positively correlated with their pathological grades,
especially in the middle and late stages (Grade III/IV), indicating its potential
involvement in promoting and sustaining malignancies (Fig. 1C-D). Addi-
tionally, univariate analysis suggested that increased RBAP48 expression was
not associated with age, lymphatic metastasis, distant metastasis, tumor
location, tobacco or alcohol. However, it exhibited strong correlations with
sex, original tumor size, and clinical stage (Table 1). A cohort of 499 patients
with HNSC was obtained from TCGA database. We further analyzed the
correlation between RBAP48 and AR transcript levels with clinical variables
in the TCGA-HNSC cohort, the chi-square test indicated that RBAP48 is
associated with male gender and clinical stage in the TCGA-HNSC cohort
(Table 2), while AR is not associated with the three clinical variables ana-
lyzed (Table 3). Notably, patients with unclassified HNSCs and higher
RBAPA48 expression showed reduced survival rates (Fig. 1E).

Given the disproportionally larger number of male patients with
HNSC and the significant activation of the AR pathway in males, we

investigated the effect of AR expression on survival of patients with HNSC.
Statistical analysis, excluding sex variables, showed that patients with AR-
positive expression (ARP*™) had a poorer prognosis, suggesting a con-
tributory role of AR in HNSC (Fig. 1F). Among ARP™"* patients, those with
higher RBAP48 expression had worse survival outcomes, indicating that
ARP*"/RBAP48™" HNSC patients may exhibit increased malignancy
(Fig. 1G). Notably, RBAP48 mRNA expression positively correlated with
that of classical AR target genes, such as CCNDI and RAB31 (Supple-
mentary Fig. 1B-1C). RBAP48 did not affect the short-term survival of
patients with low AR expression (AR"¥") (Fig. 1H). However, high
RBAP48 expression significantly reduced the expected survival of AR™®™™
patients in advanced stages (beyond 900 days) (Fig. 1I). The multivariate
analysis results for overall survival (OS) using TCGA data were performed.
Significant risk factors were lymph node status (HR = 1.797, p = 0.001) and
distant metastasis (HR =16.399, p=0.013). Tumor size showed a trend
(HR = 1.446, p =0.089), while gender, AR, RBAP48, and stage were not
significant (Supplementary Fig. 1F). These data demonstrate that RBAP48 is
highly expressed in HNSC and OSCC, correlates with poor survival out-
comes, and underscores its multifaceted role in OSCC.

RBAP48 promotes AR-mediated transactivation

RBAP48 is a component of the PRC2 repressed-transcription complex*’™,
suggesting its potential involvement in inhibiting genes downstream of AR.
However, we found that RBAP48 actually increased AR-mediated trans-
activation. Specifically, RBAP48 increased AR-mediated transactivation
following DHT treatment of HEK-293 cells (Fig. 2A). Furthermore, DHT
treatment significantly enhanced RBAP48-induced transactivation via the
full-length AR (AR-FL) and AR-AF2 domains (Fig. 2B), indicating that
RBAP48 upregulates AR-mediated transcription in the presence of DHT. In
both the CAL-27 and SCC-9 cell lines, RBAP48 upregulated AR-mediated
transcription in the presence of DHT, but did not enhance AR-mediated
transcription in the absence of DHT (Fig. 2C, D). These data demonstrate
that RBAP48 promotes AR-induced transactivation.

RBAPA48 regulates genome-wide mRNA expression in

OSCC cells

To investigate the impact of RBAP48 on global mRNA expression in OSCC,
we used siRNA to decrease RBAP48 expression in CAL-27 and SCC-9 cells
(Supplementary Fig. 1G, H), followed by RNA-seq analysis of CAL-27 cells
(Fig. 2E). Under DHT treatment, RBAP48 depletion resulted in the
downregulation of 654 genes (489 + 165) and the upregulation of 704 genes
(546 4 158). In the absence of DHT, RBAP48 knockdown significantly
increased the mRNA expression of 1518 genes (1360 + 158) and decreased
the expression of 1748 genes (1583 + 165) (Fig. 2F). Analysis of tran-
scriptome regulation in the absence of DHT highlighted the substantial
impact of RBAP48 on AR/DHT-independent genes.

We further examined these significantly altered genes for their
potential involvement in signaling pathways. Genes regulated by RBAP48
were associated with processes such as cell cycle, cellular response to sti-
mulation, chemical responses, and DNA damage in the absence of DHT.
This indicated a strong association between RBAP48 and OSCC cell pro-
liferation, as well as their responses to external chemical stimuli (Fig. 3A, B).
In the presence of DHT, genes reduced by RBAP48 were mainly involved in
the cell cycle, AR signaling pathway, ATP metabolism, and cellular sensi-
tivity to chemicals (Fig. 3B-C). After DHT treatment, RBAP48 appeared to
exert a stronger influence on OSCC proliferation. Based on volcano plot
statistics, we filtered the genes implicated in these pathways with substantial
changes (Fig. 3D and Supplementary Fig. 2A). Crucial genes promoting
cancer progression, including CAL, CCNEI, and RELA, were regulated by
RBAP483, even in the absence of DHT treatment (Fig. 3E and Supplementary
Fig. 2B). We then performed a correlation analysis with a series of target
genes in the TCGA-HNSC data. The results showed that RBAP48 mRNA
positively correlated with the mRNAs of CCNDI, RAB31, RELA and
CCNEI in TCGA cohort (Supplementary Fig. 1B-E). Moreover, we
examined the protein expression of a subset of target genes in clinical OSCC
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Fig. 1 | RBAP48 is highly expressed in OSCC patients. A Western blotting
staining showed the expression of RBAP48 in 14 pairs of fresh OSCC tissues. The
relative expression (/B-actin) is shown numerically below each band. B qPCR
results showed the mRNA expression of RBAP48 in 14 pairs of patients. Student
t-test is used, and p < Ie-2**. C Immunohistochemical staining showed the
expression of RBAP48 in non-cancerous oral tissues (n = 4) and OSCC tissues of
different grades (n =90). D Immunohistochemical statistical results were

Patient number

obtained using the student t-test between groups. Grade I, (n = 6); Grade II,
(n=25); Grade 111, (n = 34); Grade IV, (n=25). p < Ie-4**** s indicates no
statistical significance. E-I HNSC Patient survival analysis showed the effect of
RBAP48 or AR expression on survival in different types of patients from the
TCGA database. (E) RBAP48 in all patients; (F) AR in all patients; (G) RBAP48
in AR-positive patients; (H) RBAP48 in AR-negative patients; and (I) RBAP48 in
AR-negative patients beyond 900 days.
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Table 1 | Relationship between RBAP48 and clinical
characteristics in OSCC samples

Table 3 | Correlation between TCGA-HNSC clinical variables
and AR expression

Cases RBAP48 RBAP48 p-value AR AR p-value
(n=90) low high positive negative
(n =35) (n = 55) (n=347) (n=152)
Age <55 26 12 14 Gender Male 259 107 0.3236
>55 64 23 41 0.3675 Female 88 45
Gender Male 66 20 46 Racist White 299 127 0.4469
Female 24 15 9 0.0056** Other 48 25
T T1/T2 42 27 15 Stage i 64 30 0.7339
T3+ 48 8 40 <0.00071**** i+ 283 122
N NO 26 12 14 AR was categorized as AR-positive or AR-negative by whether or not it was expressed (FPKM = 0).
Chi-square tests were used. All statistics indicate no significant correlation between AR expression
i o & Sl 0.7636 in TCGA-HNSC and clinical data.
M MO 63 22 41
M+ 27 13 14 0.2382
o Ui i = B Supplementary Fig. 4A-D). Together, these findings demonstrate that
stage RBAP48 plays a crucial role in the regulating a series of downstream genes to
ok
ey 66 20 46 0.0075 promote OSCC progression.
Location Tongue 25 8 17
other 65 27 38 0.4746 RBAP48 interacts with AR, SP1, and other transcription factors in
Tobacco  Yes 43 18 25 OSCC cells o . .
N " 17 ™ 0.5802 Next, we investigated the transcription factors that interact with RBAP48. In
(o] 5 . . .
the absence of DHT, RBAP48 primarily coregulated its downstream genes
Alcohol Yes 63 26 37 with SP1, RELA, MYCN, and other transcription factors (Fig. 5A). Notably,
No 27 9 18 0.4791 significant enrichment of regulatory activity was observed in the down-

The table presents the correlation between RBAP48 expression and clinical features in 90 cases of
OSCC. The method for calculating RBAP48 expression is detailed in the Materials and Methods
section. The associations between RBAP48 expression and individual clinical characteristics were
analyzed using the chi-square test, with **p < 0.01 and ****p < 0.0001 indicating statistical
significance.

Table 2 | Correlation between TCGA-HNSC clinical variables
and RBAP48 expression

RBAP48 RBAP48 p-value
high (n =251) low (n =248)
Gender Male 197 169
Female 54 79 0.009**
Racist White 216 210
Other 35 38 0.6631
Stage 7l 41 76
N+ 210 172 0.0002***

The median expression of RBAP48 (FPKM = 11.3) was categorized as high or low expression. Chi-
square tests were used, with **p < 0.01 and ****p < 0.0001 indicating statistical significance.

tissues and matched adjacent NC tissues using western blotting. The results
demonstrated that RBAP48 protein levels was positively correlated with the
protein levels of CCNDI, RAB31, and BAGI in OSCC samples (Supple-
mentary Fig. 2D-G). Overall, RBAP48 significantly upregulated the mRNA
expression of key oncogenes that promotes OSCC cell proliferation.
Following the RN A-seq analysis, we assessed the depletion efficiency of
different siRNAs against RBAP48 at the mRNA level in CAL-27 and SCC-9
cells, and RBAP48 mRNA expression was significantly reduced (Supple-
mentary Fig. 2C). In CAL-27 RBAP48 knockdown notably decreased the
mRNA expression of CCNDI, RAB31, BAGI, CAT, and several other
oncogenes following DHT treatment (Fig. 4A and Supplementary
Fig. 3A-3B). Similar results were obtained in SCC-9 cells, where RBAP48
positively upregulated the expression of these oncogenes (Fig. 4B and
Supplementary Fig. 3C, D). Additionally, silencing of RBAP48 led to a
significant reduction in the mRNA expression levels of ARF4, ATF5, BIN1,
and BSG without DHT treatment in both OSCC cell lines (Fig. 4C, D and

stream pathways of SP1 and RELA. These regulatory genes also showed
marked enrichment in KMT2D target genes, independent of DHT (Fig. 5B).
Given that KMT2D is an essential histone modifier of the WRAD sub-
complex, we hypothesized that RBAP48 participates in transactivation
mediated by the aforementioned transcription factors through its interac-
tion with WRAD and KMT2D. Surprisingly, the expected interactions
between the subcomplex members and SP1 or RELA were not detected by
protein interaction website in the presence of AR (Fig. 5C). Furthermore, the
genes regulated by RBAP48 were enriched in AR, VEGF, and AP1 following
DHT treatment (Supplementary Fig. 5A, B). Notably, ASH2L was identified
as a key protein capable of interacting with AR and SP-1 (Fig. 5C, D). These
findings suggest that ASH2L and RBAP48 play crucial roles in the protein
complex.

To elucidate the endogenous protein interactions in OSCC cells, we
performed endogenous co-immunoprecipitation assays. In both OSCC cell
lines, RBAP48 interacted with the AR in the presence of DHT (Fig. 5E and
Supplementary Fig. 5C). Remarkably, RBAP48 also interacted with the AR
in the absence of DHT, suggesting the potential influence of other proteins
on this phenomenon. Silencing RBAP48 in CAL-27 cells for co-
immunoprecipitation assays revealed a partial weakening of the interac-
tion between AR, WDR5, RBBP5, ASH2L, and DPY30, indicating that
RBAP48 may affect the interaction between AR and WRAD complex
subunits (Fig. 5F). Conversely, ASH2L knockdown did not significantly
affect the interaction between RBAP48 and the AR. These results suggest
that RBAP48 independently influences AR and WRAD interactions,
underscoring its crucial role in gene transactivation (Fig. 5G). To mimic AR
signal inactivation, siRNA was used to silence AR without DHT stimulation.
RBAP48 maintained its interaction with SP1 or RELA regardless of the
presence of the AR protein (Fig. 5H). These results suggest that AR was not
the dominant protein in the participation of RBAP48 in SP1/RELA-medi-
ated gene transcription, and RBAP48 could still interact with other tran-
scription factors to promote the transcription of downstream target genes in
the absence of AR signaling.

RBAP48 modulates the recruitment of WRAD subcomplexes to
gene promoter regions

Next, we investigated the molecular mechanisms underlying the effects of
RBAP48 on gene transcription with or without AR activation. In the
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significantly enriched pathway state in the non-treated DHT state, and (C) the
situation in the DHT treatment. D Volcanic dots represented significantly altered
genes with siRBAP48 up-regulated (red) or down-regulated (green) under non-
treated DHT conditions (p < le-2, FC > 2). E Genes that typically change in
enrichment pathways were shown using heatmaps.
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Fig. 4 | RBAP48 interacts with AR, SP1, and other transcription factors in
OSCC cells. A-B siRNA was used to reduce the expression of RBAP48, and the
significant changed genes were detected with qPCR assays in (A) CAL27 cells and
(B) SCC9 cells with DHT treatment. C, D qPCR assays detected the expression of

genes that changed significantly only in the absence of DHT in (C) CAL-27 cells and
(D) SCC-9 cells. All PCR statistics used the student ¢-test, and all experiments were
independently repeated at least three times. p < 5e-2%, p < 1e-2**, p < Je-3%**,

P < le-4**** ‘and ns represented non-significant.

context of classical AR-mediated gene transcription, we identified two
AREs in the promoter regions of CCNDI and RAB31 (Fig. 6A). A ChIP
assay was performed to detect protein recruitment and histone mod-
ification levels at the CCND1-ARE1 and ARE2 regions (Fig. 6C, D).
Silencing of RBAP48 led to reduced recruitment of AR and ASH2L in the

AREI region, while no such effect was observed in the ARE2 region,
concomitant with a decrease in H3K4me3 levels. Similar ChIP assays
were performed on the promoter region of RAB31. RBAP48 significantly
influenced AR and ASH2L recruitment and H3K4me3 modification in
both ARE1 and ARE2 (Fig. 6E, F). These data underscore the vital role of
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respectively. E co-IP assays indicated the endogenous interaction between RBAP48
and AR with DHT treated in CAL-27 cells. F In CAL-27 cells, co-IP assays with the
RBAP48 knockdown represented the AR and WRAD subcomplex interaction
changes. G The impact of ASH2L depletion on the interplay between RBAP38 and
AR protein in CAL-27 cells. H RBAP48 reduction on the interaction among the
transcription factors SP1/RELA with RBAP48 in CAL-27 cells.
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Fig. 6 | RBAP48 modulates the recruitment of WRAD subcomplexes to gene at the ARE site after RBAP48 depletion treated with DHT in CAL-27 cells. The total
promoter regions. A The pattern showed potential ARE sites in the promoter amount of DNA measured by qPCR represented relative enrichment (%input), and
regions of CCND1 and RAB31 genes. B The pattern showed the potential SP1 the student ¢-tests were used. IgG represented the positive control of antibodies.
binding sites (SPSs) in the promoter region of the RELA gene and the potential RELA G, H ChIP assays demonstrated the recruitment of RBAP48, AR and ASH2L, as well
binding sites (RSs) in the CCNE1 promoter. C-F The ChIP qPCR results revealed  as changes in H3K4me3 modification levels in the SPS regions of (G) RELA pro-
the recruitment of RBAP48, AR and ASH2L and the modification level of H3K4me3  moter and RS regions of (H) CCNE1 promoter.
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RBAP48 in modulating the WRAD/AR complex on AR cis-regulatory
elements of the target genes.

Interestingly, there are two SP1 binding sites (SPS) in the promoter
region of RELA, which functions without DHT. In addition, there were two
RELA protein-binding sites (RS) on the CCNE1 promoter, which were
significantly affected by RBAP48 in the absence of DHT in OSCC (Fig. 6B).
ChIP assays showed that silencing of RBAP48 decreased the recruitment of
SP1 and ASH2L and the modification level of H3K4me3 at the promoter
region (Fig. 6G). Similarly, diminished recruitment of RBAP48 near RS2 on
the CCNEI promoter was associated with decreased recruitment of RELA
and ASH2L proteins as well as decreased H3K4me3 modification levels
(Fig. 6H). These results indicate that RBAP48 plays an essential role in the
transcriptional activity of gene promoter regions. Notably, our analysis
revealed that RBAP48-regulated genes were enriched in both SP1 and
RELA, with over half of these genes regulated by both transcription factors.
Additionally, DNA motif analysis unveiled striking similarity at the 5’ end of
the DNA binding of SP1 and RELA, suggesting potential co-regulation of
their target genes by the two transcription factors (Supplementary Fig. 5D).

Further exploration identified shared recruitment sites for SP1 and
RELA in the promoter regions of RHOC and CSRPI. ChIP assay results
showed that SP1, RELA, and ASH2L recruitment was significantly reduced
upon RBAP48 silencing, accompanied by decreased histone H3K4me3
modification (Supplementary Fig. 5E, F). Notably, the facilitating role of
RBAP48 in SP1-mediated transcription prompted a re-evaluation of the
impact of SP1 and RBAP48 expression on the survival of AR-negative
patients. RBAP48"#"/SP1"¢" patients exhibited the poorer survival, indi-
cating a role for RBAP48 in promoting SP1-mediated transcription and
cancer progression in the absence of AR (Supplementary Fig. 6A). Addi-
tionally, a positive correlation was observed between RBAP48 and RELA
mRNA expression in AR-negative patients (Supplementary Fig. 6A). While
the above correlation in AR-positive patients has not been observed (Sup-
plementary Fig. 6B). All these results suggested that the relationship between
RBAP48 and SP1 expression levels could serve as a vital prognostic indicator
for OSCC.

RBAP48 promotes OSCC cell growth and resistance to external
stimulation

Finally, we explored the effects of RBAP48 on the biological functions of
OSCC cells. We established stable RBAP48 knockdown in CAL27 cells
using lentiviral vectors. In the xenograft tumorigenesis assay, RBAP48
knockdown significantly reduced the size of xenograft tumors (Fig. 7A, B).
Similarly, RBAP48 knockdown reduced the ectopic tumor growth rate and
final tumor weight (Fig. 7C, D). Subsequent qPCR assays showed that
RBAP48 knockdown notably decreased the mRNA expression of key
oncogenes including CCNDI1, RAB31, CCNEI1, and RELA (Fig. 7E). Notably,
RBAP48 knockdown did not significantly affect P21 expression but reduced
CCND1 expression in mouse tissues and OSCC cells, indicating a dominant
role of RBAP48 in cell proliferation rather than apoptosis or senescence
(Supplementary Fig. 6C, D). Similarly, we analyzed the expression of
RBAP48 and that of the classical cellular senescence genes in the RNA-seq
data. The results showed that TP53 and CDKNIA were affected by RBAP48
knockdown, while the majority of senescence-related genes were not
regulated by RBAP48 (Supplementary Fig. 6E). These results suggested that
cellular senescence might be not mainly influence by RBAP48.

We examined the effects of RBAP48 on biological functions at the
cellular level in vitro. In CAL-27 cells, the silencing RBAP48 significantly
reduced the size and number of clones in a DHT-independent manner
(Fig. 7F). Similarly, cell growth curve experiments showed that RBAP48
depletion significantly reduced cell growth in both DHT-free and DHT-
treated cells (Fig. 7G and H). Overexpression of RBAP48 increases the
proliferation rate in two OSCC cell lines (Supplementary Fig. 6F, G). We
then assessed the effects of RBAP48 on cellular tolerance to external stimuli.
Tumor cells often develop adaptive resistance to therapeutic drugs. In
OSCGC, the transition from fibrosis to keratinization can be induced by
excessive external stimulation'>***, with palbociclib, a common CDK4/6

inhibitor, significantly inhibited the growth rate of OSCC cells. Our data
showed that the ectopic expression of RBAP48 significantly increase the
proliferation of OSCC-derived cells in palbociclib treatment (Fig. 71I).
Treatment of CAL-27 cells with doxorubicin and cisplatin was used to
simulate the DNA damage repair state. Western blot results showed an
enhancement of y-H2AX expression induced by DNA damage was mark-
edly reduced by the ectopic expression of RBAP48 in CAL-27 cells. These
results suggest that RBAP48 may be involved in DNA damage repair pro-
cess, subsequently decreasing cellular sensitivity to drug treatments (Sup-
plementary Fig. 6H). In addition, exposure of OSCC cells to guvacoline as
simulation external stimulation resulted in fibrotic morphological changes
in CAL-27 cells (Supplementary Fig. 61). In cells of RBAP48 overexpression,
the genes RRAGA and WDR45, which positively regulate the cellular
response to external stimuli, were significantly downregulated. These results
suggest that RBAP48 may participate in regulation of cell response to per-
ceive external stimuli (Supplementary Fig. 61, J). The analysis of the
GSE173855 dataset for HNSC patients who received radiotherapy revealed a
significant positive correlation between RBAP48 expression in primary
tumors and the time to relapse, indicating that higher RBAP48 expression in
primary tumors is associated with a longer time to relapse (Supplementary
Fig. 7A). In contrast, RBAP48 expression in relapsed tumors does not
predict the time to relapse (Supplementary Fig. 7B). High RBAP48
expression in primary tumors is associated with higher expression levels of
numerous DNA damage repair genes but not in relapsed tumors (Supple-
mentary Fig. 7C, D). These findings suggest that RBAP48 may play a role in
DNA damage repair mechanisms in HNSC, but its predictive value for
relapse time is specific to primary tumors.

Collectively, these findings suggest that RBAP48 is involved in reg-
ulation of cell cycle processes and cell response to external stimuli to
influence OSCC progression.

Discussion

Recent studies have focused on WD-40 repeat-containing proteins, high-
lighting their importance in cancer processes and their potential as ther-
apeutic targets*>**. RBAP48, a member of this protein family, plays a unique
role in tumors. In this study, we reveal that RBAP48 acts as a key player in
OSCC development by acting as a transcriptional co-activator. We found
that RBAP48 was highly expressed in OSCC tissues, and it promoted cell
growth and the response of cells to external signals through various tran-
scription factors and signaling pathways. Mechanically, RBAP48 facilitated
gene transcription via both AR/DHT-dependent and independent path-
ways. This complex role suggests that RBAP48 is an important target for
diagnosing and treating OSCC (Fig. 7]).

RBAP48 and another protein, RBAP46, share a high level (92%) of
sequence similarity and often coexist in different chromatin-modifying
complexes”’. Although these two proteins are part of separate complexes,
these proteins likely have similar role as they are mutually exclusive in
these complexes™. Both RBAP48 and RBAP46 have been linked to sev-
eral types of cancer, making them potential targets for new cancer
treatments. For example, RBAP46 is upregulated in cancers such as lung,
kidney and, and breast cancers” . Similarly, RBAP48 is overexpressed
in liver cancer (hepatocellular carcinoma) and acute myeloid
leukemia®>”. In a brain cancer study, RBAP48 knockdown in human
glioblastoma cells sensitized them to temozolomide (TMZ) chemother-
apy by downregulating the activity of key DNA repair genes (e.g.,
RADS51), which is crucial for homologous recombination repair*. These
findings suggest that RBAP48 promotes cancer progression by affecting
DNA repair and the chromatin landscape. In agreement, our data
showed that RBAP48 significantly affected the cellular response to DNA
damage and external stimuli in OSCC cells. Our RNA-seq data showed
that RBAP48 knockdown significantly downregulated the expression of
key genes (e.g., CDKNIA, BAX, and CRIPI) involved in DNA repair
(Fig. 3). Thus, our study supports the idea that prolonged exposure to
harmful substances like alcohol, tobacco, betel nut affects DNA repair in
oral epithelial cells, which likely contribute to OSCC development.
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Fig. 7 | RBAP48 promotes OSCC cell growth and resistance to external stimu-
lation. A-B Typical illustration of ectopic tumorigenesis in mice and tumor size.
Tumor cells were completed by stably silencing RBAP48 CAL-27 cells with lentivirus.
C-D Comparison of tumor-bearing volume and final tumor-bearing weight in mice.
The student t-tests were used between two groups. E The mRNA expression of
RBAP48 and its regulated genes were detected by qPCR assay using RNA extracted
from tumor tissue as template. F Cell clone formation assay showed the effect of

AR Binding Sites

RBAP48 silencing on cell colony size and number. G-H Cell growth curve experiments
showed the effects of RBAP48 silencing on cell growth under DHT treatment and
DHT treatment, respectively. I Cell growth curve assay showed that overexpression of
RBAP48 reversed the growth inhibition effect of CDK4/6 inhibitor. J Schematic
representation of the key role of RBAP48 different transcription patterns jointly pro-
mote the biological function of OSCC cells biological function such as stimulation
response and cell growth in the absence of DHT treatment and DHT treatment.
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We also found that RBAP48 regulates the cellular response of oral
epithelial cells to external stimuli in both DHT-treated and untreated
conditions, with the regulated genes showing both commonalities and
specificity in these situations. Based on our RNA-seq results, RBAP48
was identified as a novel marker of DNA repair and the response of cells
to external stimuli in OSCC (Figs. 2-4). The processes of DNA repair and
response to external signals represent a long-term change in the cell
phenotype, progressing from fibrosis to hyperplasia and eventually to
cancer. RBAP48 appears to exert AR signaling in a way that promotes
cancer, particularly when AR activation is low. This observation may
offer a plausible explanation for the poor prognosis observed in patients
with OSCC with low AR levels but high RBAP48 expression (Fig. 1).
RBAP48 and AR did not emerge as significant predictors of overall
survival in the TCGA dataset (Supplementary Fig. 1F). This finding may
be attributed to several limitations. Firstly, the sample size and hetero-
geneity of the TCGA dataset may not be sufficient to detect subtle
associations. Secondly, measurement variability in RBAP48 and AR
levels could introduce noise, reducing the ability to identify significant
effects. Additionally, the complex biological roles of these proteins,
involving interactions with other pathways, may not be fully captured in
the TCGA data. Furthermore, unaccounted clinical factors could con-
found the relationship between RBAP48, AR, and survival. Lastly, the
analysis may lack the statistical power to detect significant associations
due to small effect sizes. Future studies with larger sample sizes and
comprehensive clinical data are needed to further investigate the pre-
dictive value of RBAP48 and AR (Supplementary Fig. 1F).

Additionally, RBAP48 interacts with certain transcription factors in
OSCC revealing intriguing insights. Our RNA-seq analysis showed that
transcription factors enriched in RBAP48 regulated genes involved in the
KMT2D pathway, which is important for regulating the cell cycle and
changes in cell phenotypes (Fig. 5)". KMT2D is a critical modification
enzyme in the WRAD subcomplex of the COMPASS complex. The way
RBAP48 regulates KMT2D target genes depends on whether cells are
treated with DHT. Under normal (non-DHT) conditions, RBAP48 works
with WRAD/KMT2D complex and interacts primarily with SP1 to regulate
target gene transcription. However, in DHT-treated cells, RBAP48 helps
control the activity of AR target genes (Fig. 5). These observation led us to
speculate that RBAP48 has a significant impact on the regulation of gene
activity.

Furthermore, RBAP48 acted as a scaffolding protein to facilitate
assembly among complex proteins, as well as the accessibility of histones to
RBAP48-chromatin binding sites. In agreement with previous studies™”,
we found that RBAP48 interacted directly with histone residues (Fig. 5).
This high-level regulation of the chromatin landscape is specific to OSCC,
and our findings suggest that RBAP48 could be targeted for new treatments.
Inhibiting the ability of RBAP48 recruit proteins to chromatin may offer as a
novel approach to treat OSCC.

In conclusion, our study shows that RBAP48 plays an important
role in the progression of OSCC by regulating gene activity through both
AR-dependent and independent pathways. Its role in DNA repair,
response to external stimuli, and chromatin regulation makes it a pro-
mising target for diagnosing and treating OSCC. Our study has several
limitations. First, due to the lack of specific classification for OSCC in
public datasets, further multicenter validation is required to determine
whether RBAP48 serves as a risk factor for cancer progression in HNSC
patient cohorts such as TCGA. Second, although TP53 and CDKNIA
were significantly regulated by RBAP48, their corresponding biological
phenotypes were not prominently observed. These findings will be fur-
ther clarified in future studies.

Materials and methods

Cell lines and cell culture

The oral squamous cell carcinoma cell lines were obtained from the ATCC
cell repository. Squamous-cell carcinoma epithelial cells (CAL-27 and SCC-
9 cells) were cultured in Dulbecco’s modified Eagle’s medium (DMEM,;

Thermo Fisher Scientific). At 37°C and 5% CO,, all cells were grown with
10% fetal bovine serum (FBS; Gibco), 50 units/mL penicillin, and 50 units/
mL streptomycin. 5a-Dihydrotestosterone (DHT; Sigma-Aldrich; D-073;
final concentration: 10”7M), Doxorubicin (Dox; MCE, HY-15142), Cisplatin
(Cis; MCE, HY-17394), Palbociclib (MCE; HY-50767; final concentration:
10°M) and Guvacine (MCE; HY-N2482; final concentration: 10°M) were
dissolved in DMSO or ethanol (EtOH; Aladdin). When it was necessary to
add a drug stimulus, all the cells were grown in DMEM without phenol red.
Culture equipment was purchased from Jet Bio-Filtration Co., Ltd.,
Guangzhou, China.

Plasmids and antibodies

Full-length RBAP48 was cloned into pcDNA3.1, containing FLAG tags,
which were digested with the dual enzymes EcoRI and NotI. The primers
used for PCR amplification were: F, TCAGAATTCGCCACCATGGA
TGGCCGACAAGGAAGC and R, GACTGACAGCGGCCGCCTAGG
ACCCTTGTCCTTCTGG. Our previous work characterized the plasmids
used in the luciferase experiments®. The antibodies used in this study were
as follows: anti-RBAP48 (Abcam; #ab79416), anti-Androgen receptor
(Proteintech; #22089-1-AP), anti-ASH2L (Abcam, #abl181117), anti-
WDR5 (Abcam, #ab56919), anti-RBBP5 (Abcam, #ab154755), anti-
DPY30 (Abcam, #ab126352), anti-SP1 (Abcam, #ab227383), anti-RELA
(Proteintech, #10745-1-AP), anti-H3K4me3 (Millipore; #04-745), anti-(-
actin (Proteintech, #20536-1-AP), anti-Rabbit/Mouse (ABclonal), anti-IgG
(Proteintech, #10238-1-AP), anti-FLAG (Proteintech, #20543-1-AP).

siRNA and lentivirus

Supplementary Table 1 lists the siRNA sequences against RBAP48, ASH2L,
and AR designed in this study. All siRNAs were transfected using the
transfection agent jet-PRIME (Polyplus). RBAP48 lentivirus was synthe-
sized using the same target sequence as siRBAP48. Lentiviruses were pur-
chased from the GeneChem Company, Shanghai, China and the
manufacturer’s recommendations were followed while transfecting the
system into the cells.

Luciferase reporter assays

HEK-293, CAL-27, and SCC-9 cells were co-transfected with AR or AR-
truncated mutants (20 ng), ARE-tk-Luc plasmids (200 ng), control Renilla
luciferase (pRL) plasmids (5 ng) and FLAG-tagged RBAP48 in the indicated
amounts. After co-transfection for 4 h, the cells were grown in a medium
containing 5% FBS stripped of hormones. After an additional day, the cells
were harvested for the luciferase reporter assay (Promega) after 12h of
androgen stimulation. The final relative activity was determined as the
luciferase fluorescence intensity normalized to the pRL fluorescence
intensity.

Western blotting and co-immunoprecipitation (co-IP) analysis
Western blotting was performed according to the standard procedures.
Whole-cell lysis was performed using an anti-IgG antibody for 2h.
Sepharose-condensed Protein G beads (GE Healthcare) were used to rotate
antibody-protein interactions. After rinsing thrice and boiling the lysate,
western blotting was performed.

RNA and quantitative real-time PCR (qPCR)

cDNAs were reverse transcribed using the PrimeScript RT-PCR kit after
total RNA was extracted using TRIzol (Takara). Real-time qPCR experi-
ments on a LightCycler 96 instrument (Roche) were performed using the
SYBR Premerase Taq kit (Roche). Supplementary Table 2 describes each
qPCR primer. The results of at least three different trials were analyzed using
Student’s ¢-tests.

Chromatin immunoprecipitation (ChiP) assays

Using established techniques from Nature Protocols, we performed ChIP
assays. RBAP48 expression was silenced by transfecting siRNA to block its
expression in CAL-27 cells. The cells were grown in DMEM without phenol.
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After reaching 80% confluence, the cells were exposed to 100 nM DHT or
comparable amounts of EtOH for 1 h. DNA was used as a gPCR template
after the experiments, and the primers used are listed in Supplementary
Table 3.

Cell growth and colony formation assays

Before being stained with trypan blue and counted using a hematocyt-
ometer, all OSCC cells were grown for a predetermined period. Approxi-
mately 500 cells per 35mm plate were used for cell drug-treatment
experiments, while 1000 cells per column were used for cell growth-line
experiments. Cells were subjected to a 14 day DHT or EtOH treatment
period to complete the colony formation experiment.

Xenograft tumor

Eight BALB/c nude male mice (6 weeks old) were obtained from Charles
River Laboratories, Beijing, China. The mice were subcutaneously inocu-
lated with OSCC cells. Before injections, 50 pL of medium and 50 pL of
Matrigel (BD Biosciences) mixture was added to about 5.0 million OSCC
cells in which RBAP48 was silenced (shRBAP48), and its negative control
(shCtrl). The tumor size was monitored for 49 days. The following formula
was used to calculate the tumor volume: V = (1/6) x (L x W)*2, where V
stands for volume (mm?), L for the greatest diameter (mm), and W for the
most minor diameter (mm). The Animal Ethics Committee of the China
Medical University approved and supervised the animal experiments
(KT20240575). We have complied with all relevant ethical regulations for
animal use. The maximal tumor did not exceed 15mm in any one
dimension.

Tissue samples and immunohistochemistry (IHC)

The Hospital of Stomatology, affiliated with China Medical University,
provided all OSCC samples and noncancerous tissues, and all patients
received curative care. Patients with OSCC underwent surgical opera-
tions and tumor sample collection before receiving any main treatments,
such as radiation, chemotherapy, or adjuvant therapies. General out-
patient procedures were performed to obtain noncancerous oral epi-
thelial tissues (noncancerous tissues). Gingival and localized epithelial
hyperplastic tissues were among the non-cancerous tissues evaluated in
this study. THC studies were conducted as previously explained®’. The
Human Research Ethics Committee of China Medical University
authorized the collection of tissue samples and all studies. For each
sample, informed permission was obtained from the Hospital of Sto-
matology at China Medical University provided clinical OSCC sections.
The Approval Number for Scientific Research Ethics is No.12. All ethical
regulations relevant to human research participants were followed.
Informed consent was obtained from the patients.

RNA-seq

CAL-27 cells were treated with 10nM DHT and EtOH for 24 h. Each
experiment was repeated thrice. Total RNA was extracted using an
RNeasy kit (Qiagen), and the RNA concentration was quantified. The
procedures for analyzing RNA-seq data were introduced in our previous
study”, and graphs were generated using GraphPad 8 and OriginLab.
The RNA-seq data were uploaded to the GEO database (accession
number GSE210765).

TCGA data analysis and survival analysis

Data of 499 patients with head and neck squamous cell carcinoma (HNSC)
were obtained from TCGA database for correlation analysis of mRNA or
protein expression. The data are presented in Supplementary Table 4. The
data included patient ID, age, grade (partial), survival status, elapsed time,
and gene expression. Gene expression data were provided in fragments per
kilobase of transcript per million mapped reads (FPKM) for all patients
include RBAP48, AR, SP1, and other genes. Survival analysis was performed
using GraphPad Prism 10 software. Overall survival was used as the clinical
endpoint in this study.

Statistical analysis and reproducibility

In this study, dichotomization was performed as follows: values lower than
the mean of the overall data was considered low expression of each gene, and
values higher than the mean were considered high expression. Statistical
analyses were performed using SPSS version 19.0 software. Continuous
variables are reported as mean * standard deviation (SD). Student’s two-
tailed f-test was used to determine the statistical significance between
groups. The Mann-Whitney U test was used to analyze clinical specimens.
All experiments were independently repeated at least three times. For gPCR
results from triplicate wells, PRISM GraphPad 8 was used for statistical
analysis. *P<0.05; **P<0.01; ***P<0.001; and ****P<0.0001 were
considered statistically significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The RNA-seq data were uploaded to the GEO database (accession number
GSE210765) and are available at the following URL: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE210765. The uncropped and unedited
blot images are shown in Supplementary Fig. 8. The TCGA data of Sup-
plementary Table 4 is contained within the Supplementary Data 1, and the
numerical source data can be found in the Supplementary Data 2. Sup-
porting data related to this work are available upon request.
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