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ABSTRACT Transcription of the human papillomavirus (HPV) oncogenes, E6 and E7, 
is regulated by the long control region (LCR) of the viral genome. Although various 
transcription factors have been reported to bind to the LCR, little is known about the 
transcriptional cofactors that modulate HPV oncogene expression in association with 
these transcription factors. Here, we performed in vitro DNA-pulldown purification of 
nuclear proteins in cervical cancer cells, followed by proteomic analyses to identify 
transcriptional cofactors that bind to the HPV16 LCR via the transcription factor TEAD1. 
We detected the proinflammatory cytokine S100A9 that localized to the nucleus of 
cervical cancer cells and associated with the LCR via direct interaction with TEAD1. 
Nuclear S100A9 levels and its association with the LCR were increased in cervical 
cancer cells by treatment with a proinflammatory phorbol ester. Knockdown of S100A9 
decreased HPV oncogene expression and reduced the growth of cervical cancer cells 
and their susceptibility to cisplatin, whereas forced nuclear expression of S100A9 using 
nuclear localization signals exerted opposite effects. Thus, we conclude that nuclear 
S100A9 binds to the HPV LCR via TEAD1 and enhances viral oncogene expression by 
acting as a transcriptional coactivator.

IMPORTANCE Human papillomavirus (HPV) infection is the primary cause of cervical 
cancer, and the viral oncogenes E6 and E7 play crucial roles in carcinogenesis. Although 
cervical inflammation contributes to the development of cervical cancer, the molecular 
mechanisms underlying the role of these inflammatory responses in HPV carcinogenesis 
are not fully understood. Our study shows that S100A9, a proinflammatory cytokine, is 
induced in the nucleus of cervical cancer cells by inflammatory stimuli, and it enhances 
HPV oncogene expression by acting as a transcriptional coactivator of TEAD1. These 
findings provide new molecular insights into the relationship between inflammation and 
viral carcinogenesis.

KEYWORDS HPV, viral oncogenes, TEAD1, S100A9, transcriptional coactivator, 
proinflammatory cytokine

H uman papillomaviruses (HPVs) are a family of small viruses with a circular double-
stranded DNA genome of approximately 8,000 bp (1, 2). HPV infects basal cells of 

stratified epithelia and undergoes replication along with the differentiation of infected 
cells (1). More than 200 HPV genotypes have been identified, including the high-risk 
types HPV16 and HPV18, which cause cervical, vulvar, vaginal, anal, penile, and orophar­
yngeal cancers (1). The genomes of the high-risk types often get integrated into host 
chromosomes during persistent infection, resulting in aberrant expression of the viral 
oncoproteins, E6 and E7, which inactivate p53 and Rb, respectively, thereby inhibiting 
apoptosis and promoting cell cycle progression (1, 2). Constantly elevated E6 and E7 
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levels immortalize and transform cervical epithelial cells, leading to the development 
of invasive cervical cancer. Although persistent infection with high-risk HPVs is the 
primary cause of cervical carcinogenesis, inflammation induced by genital infection with 
HPV or other pathogenic viruses, bacteria, and fungi contributes to the development of 
HPV-induced cervical cancer (3–7).

Expression of the viral early genes for E6 and E7 is regulated by a non-coding region 
of approximately 750 bp, called the long control region (LCR), located upstream of 
the E6 gene (8, 9). The central part of the LCR contains enhancer elements that drive 
the transcription of early genes from the early promoter (P97 for HPV16 and P105 for 
HPV18) in an epithelial cell-specific manner (8–10). Various transcription factors (TFs) 
bind to and activate these enhancer elements, including AP-1, NFI, and TEAD1 (8–14). 
The LCR is often retained in chromosomally integrated HPV genomes and regulates viral 
oncogene expression (15). Thus, it is important to elucidate the regulatory mechanisms 
of LCR-driven transcription to gain insights into the molecular basis of HPV carcinogene­
sis.

Eukaryotic transcriptional complexes are composed of multiple proteins, including 
TFs and cofactors that regulate gene expression by binding to TFs. We previously 
identified 11 TEAD1-binding sites in the HPV16 LCR enhancer region and showed that 
the transcriptional cofactor VGLL1 binds to the HPV LCR via TEAD1 (16). Depletion of 
VGLL1 and/or TEAD1 decreased viral oncogene expression, whereas overexpression of 
VGLL1 or TEAD1 alone was insufficient to enhance transcription (14, 16). VGLL1 and 
TEAD1 have no transcriptional activity of their own (17, 18), suggesting the existence of 
additional cofactors that regulate HPV gene expression via TEAD1.

S100A9 is a small (14 kDa) multifunctional protein secreted by myeloid and epithe­
lial cells, including keratinocytes (19–21). S100A9 forms a heterodimer with S100A8 
and acts as a proinflammatory cytokine through toll-like receptor 4 (TLR4) and the 
receptor for advanced glycation end products, which, in turn, activates the NF-κB and 
AP-1 pathways (19–23). S100A9 regulates leukocyte chemotaxis and tissue infiltration 
in mice and exerts antimicrobial effects by sequestering zinc and manganese required 
for bacterial growth (21, 22, 24). Moreover, S100A9 has intracellular functions in the 
cytoplasm, functioning as a calcium sensor and regulating cytoskeleton rearrangement, 
arachidonic acid metabolism, and resistance to bacterial invasion (20, 21), thus playing 
a protective role in the innate immune response. Recent studies have reported that 
S100A9 nuclear localized where it regulates cellular gene transcription in association 
with genomic regulatory regions (25–27). Furthermore, S100A9 expression is elevated 
during various biological processes, such as inflammation, infection, wound healing, cell 
differentiation, and carcinogenesis (19–21).

In this study, we aimed to identify the transcriptional cofactors that regulate HPV 
oncogene expression via TEAD1. We performed in vitro DNA-pulldown followed by 
proteomic analyses to detect protein complexes on the HPV16 LCR. We observed that 
nuclear S100A9 transactivates HPV oncogene expression via TEAD1, contrary to its 
protective role in microbial infections.

RESULTS

Identification of TEAD1-interacting cofactors that bind to the HPV16 LCR

To identify transcriptional cofactors bound to the LCR via TEAD1, we performed in 
vitro DNA-pulldown assays followed by data-independent acquisition mass spectrome­
try (DIA-MS), which enables qualitative and quantitative proteomic analyses (28). We 
prepared a biotinylated DNA probe spanning nucleotides 7,623–7,760 of the HPV16 
genome (wild-type [WT] LCR probe), harboring five previously identified TEAD1-binding 
sites (T7–T11) (14, 16) (Fig. 1A). We also prepared an LCR probe with mutations in the 
TEAD1-binding sites (Mut LCR probe) to distinguish TEAD1-interacting cofactors from 
other proteins that bind to the LCR independently of TEAD1 (Fig. 1A). We incubated the 
WT and Mut LCR probes with nuclear extracts from CaSki cells, a cervical cancer cell 
line with integrated HPV16 genomes (Fig. 1B). After affinity purification with streptavidin 
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FIG 1 Identification of TEAD1-interacting cofactors that bind to the HPV16 LCR. (A) Nucleotide 

sequences of the WT and Mut LCR probes. Previously identified TEAD-binding sequences (T7–T11) 

(14, 16) are indicated in blue, and the nucleotide sequences of the Mut LCR probe are denoted in 

red. The binding motifs for NFI and AP-1 are underlined. (B) A schematic workflow for the identifica-

tion of TEAD1-interacting cofactors. Biotinylated WT or Mut LCR probes coupled to Dynabeads/M-280 

streptavidin were incubated with the nuclear extract of CaSki cells. Bound proteins were affinity purified 

and analyzed by data-independent acquisition mass spectrometry analyses. (C) The quantitative values 

of the identified proteins bound to the WT and Mut LCR probes are plotted on the x- and y-axes, 

respectively. The TEAD family of transcription factors is indicated in blue, and known TEAD-interacting 

cofactors are indicated in green. The S100A9 protein is indicated in red, and the NFI and AP-1 transcrip­

tion factors are indicated in black. Other proteins are indicated by gray dots.
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beads, we analyzed the bound proteins by DIA-MS and identified more than 1,000 
proteins, including TEAD1, that preferentially bound to the WT LCR probe (Fig. 1C). As 
expected, TEAD3 and TEAD4 were also identified, but our previous study has shown that 
these TEADs are not primarily involved in HPV16 gene expression (16). We listed up a 
total of 39 proteins, including TEAD1, with a fivefold or greater reduced binding to the 
Mut LCR probe compared with that of the WT probe (Table 1). Notably, these 39 proteins 
included the well-known TEAD1-interacting cofactors YAP and VGLL1, indicating that this 
strategy is successful in the identification of proteins that bind to the LCR via TEAD1. 
Although four TEAD1-binding sequences (T7, T9, T10, and T11) partially overlapped with 
the binding motifs for NFI and AP-1 (Fig. 1A), the Mut LCR probe retained the binding 
sequences for these TFs, preserving their binding to the LCR (Fig. 1C). We detected about 
60-fold reduced binding of S100A9 to the Mut LCR probe and investigated it further 
because it was recently reported to be involved in cellular gene transcription (25–27).

Nuclear expression of S100A9 in cervical cancer cells

The nuclear functions of S100A9 have been reported in keratinocytes (25), myeloid cells 
(26), and breast epithelial cells (27) but not in cervical cancer cells. We first confirmed 
nuclear localization of S100A9 in cervical cancer cell lines using immunofluorescence 
staining. We detected S100A9 in the cytoplasm and punctate nuclear staining in CaSki 
cells (Fig. 2A) and HeLa cells (an HPV18-positive cervical cancer cell line) (Fig. 2B) 
by confocal immunofluorescence microscopy. Furthermore, the Human Protein Atlas 
database (29) showed S100A9 in the nuclei of malignant cells from cervical cancer tissues 
(https://www.proteinatlas.org/ENSG00000163220-S100A9/pathology/cervical+cancer).

S100A9 expression is induced by a proinflammatory phorbol ester, 12-O-tetradeca­
noylphorbol-13-acetate (TPA), in keratinocytes (25). We confirmed whether TPA induces 
the expression of S100A9 in cervical cancer cells. We treated serum-starved CaSki cells 
with TPA or dimethyl sulfoxide (DMSO) for 4 h and determined S100A9 levels by cell 
fraction and immunoblotting. We observed increased S100A9 levels in both the cyto­
plasm and the nucleus after TPA treatment (Fig. 2C). S100A9 was detected in the 
insoluble nuclear fraction, along with histone H3, as reported for mouse keratinocytes 
(25). The inflammatory TF c-Fos was also upregulated in TPA-treated cells, confirming 
that TPA induced inflammatory responses. Thus, S100A9 is present in the nuclei of 
cervical cancer cells, and its expression is induced by inflammatory stimuli.

S100A9 associates with the HPV LCRs via direct binding to TEAD1

To determine whether S100A9 binds directly or indirectly to the LCR, we performed in 
vitro DNA-pulldown assays with hemagglutinin (HA)-tagged S100A9 (S100A9-HA) and 
FLAG-tagged TEAD1 (FLAG-TEAD1) that were purified from HEK293FT cells transfected 
with expression plasmids for S100A9-HA (pCMV-A9) and FLAG-TEAD1 (pCMV-FLAG-
TEAD1), respectively (Fig. 3A). We did not detect direct binding between S100A9-HA and 
the WT LCR probe (Fig. 3B), whereas FLAG-TEAD1 clearly showed binding to it (Fig. 3C). 
However, when mixed with FLAG-TEAD1, S100A9-HA was found to bind to the WT LCR 
probe but not to the Mut LCR probe (Fig. 3D). These results suggest that S100A9 
indirectly binds to the LCR via TEAD1.

To evaluate whether S100A9 interacts with TEAD1 in cells, we performed co-immuno­
precipitation (Co-IP) experiments using nuclear extracts from CaSki cells and found that 
endogenous TEAD1 co-precipitated with S100A9 by anti-S100A9 antibodies (Fig. 3E). 
S100A9 also co-precipitated TEAD4, but the efficiency of the interaction was lower than 
that with TEAD1, consistent with our previous finding that TEAD4 knockdown in CaSki 
cells had little effect on HPV16 gene expression (16). Notably, one of the TEAD1-
interacting cofactors, VGLL1, which is required for HPV gene expression (16), was also co-
precipitated, suggesting that S100A9 forms a complex with VGLL1/TEAD1. In contrast, 
nuclear-abundant Ku70 was not co-precipitated, indicating the specificity of the 
interaction between S100A9 and TEAD1. S100A9 interacted with TEAD1 in nuclear 
extracts from HaCaT cells (HPV-negative, immortalized human skin keratinocytes) and 
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HCK1T cells (HPV-negative, immortalized human cervical keratinocytes) (30), with lower 
efficiency than in CaSki cells (Fig. 3F and G), suggesting that the S100A9/TEAD1 interac­
tion is enhanced in HPV-positive cancer cells. Therefore, endogenous S100A9 interacts 
with TEAD1 in both HPV-positive and HPV-negative cells.

FIG 2 Nuclear expression of S100A9 in cervical cancer cells. (A and B) Immunofluorescence staining 

of S100A9 (red) in CaSki (A) and HeLa (B) cells. Cells were fixed and incubated with an anti-S100A9 

monoclonal antibody, followed by an incubation with Alexa Fluor 546-conjugated secondary antibody 

(upper panels) or with the secondary antibody alone (lower panels). The nuclei were stained with DAPI 

(blue), and the cells were examined with a confocal microscope. (C) Cytoplasmic (Cp), soluble nuclear 

(SN), and insoluble nuclear (IN) fractions of CaSki cells treated with 200 ng/mL of 12-O-tetradecanoyl­

phorbol-13-acetate (TPA) or dimethyl sulfoxide (DMSO) alone for 4 h after serum starvation were analyzed 

by immunoblotting with anti-S100A9, anti-c-Fos, and anti-TEAD1 antibodies, respectively. α-Tubulin and 

histone H3 (H3) were used as markers for the cytoplasmic and insoluble nuclear fractions, respectively.
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FIG 3 S100A9 associates with the HPV LCR via direct binding to TEAD1. (A) Sypro Ruby-stained polyacrylamide gel of purified proteins from HEK293 cells 

transfected with the expression plasmid for S100A9-HA or FLAG-TEAD1 (arrowhead). (B–D) The WT or Mut LCR probes were coupled to Dynabeads/M-280 

streptavidin and incubated with the purified recombinant S100A9-HA (B), FLAG-TEAD1 (C), or the mixture of both proteins (D). Twenty percent of the input 

volume (Input), the unbound fraction (Unbound), and the total precipitated fraction (Bound) were analyzed by immunoblotting with anti-HA (B, D) or anti-FLAG 

(C, D) antibodies. (E-G) The nuclear extract isolated from CaSki (E), HaCaT (F), or HCK1T (G) cells was incubated with normal rabbit IgG or anti-S100A9 antibodies. 

One percent of the input volume (Input) and the total precipitated fractions (IP) were analyzed by immunoblotting with anti-TEAD1, anti-TEAD4, anti-VGLL1, 

(Continued on next page)
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We then tested whether S100A9 directly binds to TEAD1 by performing Co-IP 
experiments using in vitro-translated proteins. We found that anti-TEAD1 antibodies co-
precipitated S100A9-HA, and reciprocally, anti-S100A9 antibodies co-precipitated FLAG-
TEAD1 (Fig. 3H). Anti-TEAD1 antibodies failed to recover S100A9-HA when FLAG-TEAD1 
was excluded (Fig. 3I). We used an in vitro translation system with minimal Escherichia coli 
proteins (31), suggesting that S100A9 directly binds to TEAD1. The efficiency of co-
precipitation of in vitro-translated FLAG-TEAD1 with S100A9-HA was lower than that of 
endogenous TEAD1 with S100A9 (Fig. 3E), suggesting that post-translational modifica-
tions of S100A9 and TEAD1 and/or association with other nuclear protein(s) may 
enhance the interaction. Taken together, these results demonstrate that S100A9 
associates with the HPV LCR via a direct interaction with TEAD1.

We performed chromatin immunoprecipitation (ChIP) to determine whether nuclear 
S100A9 is associated with the LCR in cervical cancer cells. We utilized a two-step 
cross-linking method to detect indirect associations of transcriptional cofactors with 
DNA (see Materials and Methods). We found that S100A9 bound to the HPV16 LCR 
in CaSki cells (Fig. 3J) and the HPV18 LCR in HeLa cells (Fig. 3K). The complement 
component 3 (C3) gene, known to be associated with S100A9 in keratinocytes (25), 
was also bound by S100A9 in cervical cancer cells. In contrast, S100A9 binding to the 
promoter region of the APOBEC3B gene, which is regulated by TEADs (32), was not 
statistically significant, suggesting that not all TEAD-regulated genes are associated with 
S100A9. Next, we examined whether TPA treatment enhances S100A9 association with 
the LCR. We found that serum starvation reduced the association of S100A9 with the 
LCR compared to that in cells cultured in medium containing 10% fetal bovine serum 
(FBS) (compare Fig. 3J with 3L) and that TPA treatment restored this association (Fig. 3L). 
Thus, endogenous S100A9 is associated with the HPV LCR in cervical cancer cells, and 
inflammatory stimuli enhance the association.

S100A9 contributes to HPV oncogene expression

To examine whether S100A9 plays a role in HPV early gene expression, we transfected 
siRNA against S100A9 (siS100A9) into CaSki or HeLa cells, and quantified the levels of E6*I 
mRNA, a spliced isoform of the E6 transcripts expressed from the viral early promoter 
(33), by reverse transcriptase quantitative PCR (RT-qPCR). We observed a significant 
reduction in E6*I mRNA levels after S100A9 knockdown in both cell lines (Fig. 4A and 
B), with greater reduction in CaSki cells compared to that in HeLa cells, which correlated 
with the levels of S100A9 bound to the LCR (Fig. 3J and K). As we have previously 
reported (16), transfection of siRNA against TEAD1 (siTEAD1) into these cells significantly 
reduced E6*I mRNA levels (Fig. 4A and B). Combined knockdown of S100A9 and TEAD1 
did not further decrease E6*I mRNA levels compared to that by individual S100A9 or 
TEAD1 knockdown (Fig. 4A and B), suggesting that S100A9 and TEAD1 act together to 
regulate HPV oncogene expression. S100A9 also enhanced HPV oncogene expression 
in non-tumor cells; S100A9 knockdown in W12 cells (HPV16-positive, human cervical 

FIG 3 (Continued)

anti-S100A9, and anti-Ku70 antibodies. (H) The mixture of the in vitro-translated S100A9-HA and FLAG-TEAD1 proteins was incubated with normal rabbit IgG, 

anti-TEAD1, or anti-S100A9 antibodies. Two percent of the input volume (Input) and the total precipitated fractions (IP) were analyzed by immunoblotting with 

anti-HA and anti-TEAD1 antibodies. (I) The in vitro-translated S100A9-HA protein alone or together with the FLAG-TEAD1 protein was incubated with anti-TEAD1 

antibodies. Two percent of the input volume (Input) and the total precipitated fractions (anti-TEAD1 IP) were analyzed by immunoblotting with anti-HA and 

anti-FLAG antibodies. The asterisk indicates the heavy chains of the anti-TEAD1 antibodies used for immunoprecipitation. (J–L) Cross-linked chromatin prepared 

from CaSki (J), HeLa (K), or serum-starved CaSki cells treated with TPA or DMSO alone (L) was immunoprecipitated using anti-S100A9 antibodies or normal rabbit 

IgG, and the recovered DNA was quantified using real-time PCR with primers for the HPV16 (J, L) and HPV18 (K) LCRs. The promoter regions of the complement 

component 3 (C3) and APOBEC3B genes were amplified as positive and negative controls, respectively. The levels of S100A9 binding to the HPV16 or HPV18 

LCR are shown as fold enrichment of the LCR DNA with anti-S100A9 antibodies relative to that with normal IgG. The data are averages from three experiments 

performed using independent chromatin preparations, with the error bars representing standard deviations. NS, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.005 

(Student’s t test).
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keratinocytes derived from low-grade cervical intraepithelial neoplasia) reduced the level 
of HPV16 E6*I mRNA (Fig. 4C). We also tested siRNA knockdown against S100A8, which 
can form a heterodimer with S100A9 and was shown to bind to the LCR (Table 1), but 
S100A8 knockdown did not significantly affect E6*I mRNA levels in CaSki and HeLa cells 
(data not shown).

We further verified the effect of S100A9 knockdown on viral oncogene expression by 
assessing protein levels of E7 and p53 (a surrogate marker for E6 expression). As expec­
ted, knockdown of S100A9 or TEAD1 efficiently depleted individual target proteins. Upon 
S100A9 and/or TEAD1 knockdown, we observed reduced E7 levels in CaSki, HeLa, and 

TABLE 1 Proteins with a fivefold or greater reduced binding to the Mut LCR probe compared with that of the WT probe

UniProt accession number Protein name Gene name WT LCR probea Mut LCR probea Fold decrease (WT/Mut)

Q99594 Transcriptional enhancer factor TEF-5 TEAD3 4.1.E+07 1.7.E+05 240.3

Q15561 Transcriptional enhancer factor TEF-3 TEAD4 3.8.E+06 1.7.E+04 223.8

P07477 Trypsin-1 PRSS1 5.3.E+07 4.7.E+05 112.8

P05089 Arginase-1 ARG1 1.1.E+06 1.3.E+04 83.9

P06702 Protein S100A9 S100A9 2.1.E+06 3.7.E+04 57.9

P28347 Transcriptional enhancer factor TEF-1 TEAD1 7.0.E+07 1.3.E+06 55.7

P05109 Protein S100A8 S100A8 3.4.E+06 7.1.E+04 48.4

P20930 Filaggrin FLG 1.4.E+06 3.4.E+04 42.0

P81605 Dermcidin DCD 4.2.E+07 1.0.E+06 40.9

P02538 Keratin, type II cytoskeletal 6A KRT6A 4.0.E+07 1.1.E+06 37.5

Q96P63 Serpin B12 SERPINB12 7.2.E+05 2.4.E+04 29.5

Q13835 Plakophilin-1 PKP1 6.2.E+05 2.4.E+04 25.9

Q5D862 Filaggrin-2 FLG2 2.6.E+06 1.0.E+05 25.5

Q9NUP9 Protein lin-7 homolog C LIN7C 1.8.E+06 7.3.E+04 24.6

P02533 Keratin, type I cytoskeletal 14 KRT14 3.5.E+07 1.8.E+06 20.1

Q02413 Desmoglein-1 DSG1 5.6.E+06 3.0.E+05 18.7

P46937 Transcriptional coactivator YAP1 YAP1 1.8.E+07 1.0.E+06 17.1

Q5T749 Keratinocyte proline-rich protein KPRP 1.2.E+07 8.3.E+05 15.0

Q8IY63 Angiomotin-like protein 1 AMOTL1 5.2.E+07 3.5.E+06 14.8

Q9UIF9 Bromodomain adjacent to zinc finger domain 

protein 2A

BAZ2A 7.6.E+06 6.7.E+05 11.4

Q86YZ3 Hornerin HRNR 1.1.E+07 9.3.E+05 11.3

P31944 Caspase-14 CASP14 9.5.E+05 8.9.E+04 10.7

P13645 Keratin, type I cytoskeletal 10 KRT10 8.3.E+08 7.9.E+07 10.4

Q8NI35 InaD-like protein PATJ 1.8.E+06 1.9.E+05 9.8

Q96BR9 Zinc finger and BTB domain-containing protein 

8A

ZBTB8A 4.9.E+06 5.2.E+05 9.4

P04264 Keratin, type II cytoskeletal 1 KRT1 2.8.E+09 3.0.E+08 9.4

P08779 Keratin, type I cytoskeletal 16 KRT16 1.3.E+07 1.4.E+06 9.3

P35527 Keratin, type I cytoskeletal 9 KRT9 1.3.E+09 1.5.E+08 8.8

P62633 Cellular nucleic acid-binding protein CNBP 2.0.E+07 2.8.E+06 7.2

Q53EQ6 Tigger transposable element-derived protein 5 TIGD5 3.7.E+07 5.3.E+06 7.0

O00425 Insulin-like growth factor 2 mRNA-binding 

protein 3

IGF2BP3 2.4.E+05 3.6.E+04 6.7

Q9NTW7 Zinc finger protein 64 ZFP64 1.7.E+06 2.5.E+05 6.6

Q8N3R9 MAGUK p55 subfamily member 5 MPP5 1.3.E+06 2.0.E+05 6.5

Q9UJQ4 Sal-like protein 4 SALL4 1.5.E+07 2.4.E+06 6.0

Q13867 Bleomycin hydrolase BLMH 4.8.E+05 8.1.E+04 5.9

Q9BUH6 Protein PAXX PAXX 5.8.E+07 1.0.E+07 5.8

Q99990 Transcription cofactor vestigial-like protein 1 VGLL1 2.5.E+07 4.4.E+06 5.6

P35908 Keratin, type II cytoskeletal 2 epidermal KRT2 2.5.E+08 4.5.E+07 5.6

Q8N1N4 Keratin, type II cytoskeletal 78 KRT78 1.9.E+06 3.6.E+05 5.2
aquantitative values of binding.
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FIG 4 S100A9 contributes to HPV oncogene expression. (A–F) CaSki (A, D), HeLa (B, E), and W12 cells (C, F) were transfected with the indicated siRNAs. 

Two days after transfection, the levels of HPV16 E6*I (A, C) and HPV18 E6*I mRNAs (B) were quantified using RT-qPCR and normalized to the levels of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. HPV16 E7 (D, F) and HPV18 E7 (E) proteins were detected by immunoblotting with the anti-HPV16 

and anti-HPV18 E7 antibodies, respectively. p53 protein, which is degraded by E6, was detected using anti-p53 antibodies. The effects of the siRNA were verified 

by immunoblotting with anti-S100A9 and anti-TEAD1 antibodies. For HeLa and W12 cells, endogenous S100A9 was enriched by immunoprecipitation prior to 

immunoblotting. GAPDH was used as a loading control. (G) HaCaT cells were transfected with indicated siRNAs, and the effects of the siRNA were verified by 

immunoblotting with anti-S100A9 antibodies. (H) HaCaT cells were transfected with indicated siRNAs. Six hours later, the cells were transfected with the firefly 

reporter plasmid (pGL3-P97), together with the Renilla luciferase plasmid. Two days after transfection, the firefly luciferase activity was measured and normalized 

to the Renilla luciferase activity after background subtraction. The data are averages from three independent experiments, with error bars representing standard 

deviations. *, P < 0.05; **, P < 0.01; ***, P < 0.005 (Student’s t test).
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W12 cells (Fig. 4D through F), consistent with the mRNA levels in RT-qPCR (Fig. 4A 
through C). Moreover, we detected increased p53 levels in S100A9-knockdown cells, 
reflecting reduced E6 levels. Co-transfection of cells with siS100A9 and siTEAD1 did not 
increase p53 levels because TEAD1 is required for p53 expression (34, 35). Thus, S100A9 
knockdown reduces not only mRNA but also protein levels of E6 and E7. We also 
confirmed that S100A9 knockdown decreased luciferase reporter gene expression driven 
by the viral P97 promoter (pGL3-P97) in HaCaT cells (Fig. 4G and H). These results indicate 
that S100A9 enhances HPV oncogene expression via TEAD1 by transactivating the P97 
promoter.

Nuclear S100A9 activates HPV oncogene expression

We examined the effects of ectopic S100A9 on HPV oncogene expression by transducing 
CaSki cells with a retroviral vector encoding S100A9-HA, followed by pooling drug-
resistant cells after puromycin selection (CaSki/A9). Immunoblotting analysis detected 
ectopically expressed S100A9-HA in the cytoplasm but not in the nucleus (Fig. 5A). We 
observed a modest but significant upregulation in E6*I mRNA levels in CaSki/A9 cells 
compared to those upon transduction with an empty vector (CaSki/MXs) (Fig. 5B). The 
increased and decreased protein levels of E7 and p53, respectively, were confirmed 
by immunoblotting (Fig. 5C). We speculated that very low and undetectable levels 
of S100A9-HA could be present in the nucleus, capable of inducing E6 and E7 gene 
expression.

We further investigated the nuclear functions of S100A9 by fusing nuclear localization 
signal (NLS) sequences to S100A9-HA (NS100A9-HA) and transducing CaSki cells (CaSki/
NA9). We detected both cytoplasmic- and nuclear-localized NS100A9-HA in CaSki/NA9 
cells (Fig. 5A). Furthermore, we observed greatly increased E6*I mRNA levels in CaSki/NA9 
cells (Fig. 5B), with increased E7 and reduced p53 protein levels (Fig. 5C). Ectopic S100A9-
HA or NS100A9-HA did not affect TEAD1 levels (Fig. 5A), suggesting that S100A9 is a rate-
limiting factor for TEAD1-mediated transcriptional activation.

Next, we examined the effects of ectopic S100A9 on HPV early promoter activity 
using the luciferase reporter assay. We co-transfected CaSki cells with pGL3-P97 together 
with pCMV-A9 or an expression plasmid for NS100A9-HA (pCMV-NA9), followed by 
luciferase activity measurement 2 days after transfection. We found that NS100A9-HA, 
but not S100A9-HA, significantly activated the P97 promoter (Fig. 5D). Immunoblot 
analysis revealed S100A9-HA to be exclusively cytoplasmic and NS100A9-HA to be both 
cytoplasmic and nuclear localized (Fig. 5E). Thus, overexpression of S100A9 alone is 
sufficient to enhance transcription of HPV oncogenes, with its nuclear localization as a 
prerequisite for efficient activation.

S100A9 promotes cervical cancer cell growth and reduces their susceptibility 
to cisplatin

Lastly, we examined whether S100A9 contributes to the growth of cervical cancer cells 
and their sensitivity to chemotherapy drugs. We transduced CaSki cells with a lentiviral 
vector expressing short hairpin RNA (shRNA) targeting S100A9 (shS100A9). CaSki cells 
stably expressing shS100A9 (CaSki/shS100A9) showed reduced levels of E6*I mRNA 
along with S100A9 mRNA reduction compared to CaSki cells transduced with an empty 
vector (CaSki/LKO) (Fig. 6A). We found that CaSki/shS100A9 showed reduced cell growth 
compared to the control cells (Fig. 6B). Furthermore, CaSki/shS100A9 exhibited increased 
susceptibility to cisplatin, a chemotherapeutic drug for cervical cancer (Fig. 6C). These 
results are consistent with previous observations that knockdown of S100A9 inhibits 
proliferation of SiHa cells (an HPV16-positive, cervical cancer cell line) and increases their 
sensitivity to cisplatin (36, 37).

We further examined whether CaSki/NA9 cells displayed enhanced proliferation and 
reduced sensitivity to cisplatin. We observed increased proliferation of CaSki/NA9 cells 
compared to that of the control cells (Fig. 6D). Furthermore, cisplatin treatment revealed 
significantly increased viability of CaSki/NA9 cells compared to that of the control cells 
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FIG 5 Nuclear S100A9 activates HPV oncogene expression. (A) Cytoplasmic (C) and nuclear (N) fractions of CaSki cells 

stably expressing S100A9-HA (CaSki/A9), NS100A9-HA (CaSki/NA9), or selection marker alone (CaSki/MXs) were analyzed 

for expression of S100A9-HA or NS100A9-HA and TEAD1 by immunoblotting with anti-HA and anti-TEAD1 antibodies, 

respectively. α-Tubulin and lamin B1 were used as cytoplasmic and nuclear markers, respectively. (B) The levels of HPV16 E6*I 

mRNA in CaSki/MXs, CaSki/A9, or CaSki/NA9 were determined by RT-qPCR with normalization to the level of glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) mRNA. (C) CaSki/MXs, CaSki/A9, or CaSki/NA9 cells were analyzed by immunoblotting 

using anti-HPV16 E7 and anti-p53 antibodies. α-Tubulin was used as a loading control. (D) CaSki cells were transfected with 

the indicated expression plasmids, together with the HPV16 LCR reporter plasmid (pGL3-P97) and the Renilla luciferase 

plasmid. Two days after transfection, the firefly luciferase activity was measured with normalization to the Renilla luciferase 

activity. The levels of luciferase activity are presented as fold increase compared with that obtained from cells transfected with 

pGL3-P97 with the empty vector (pCMV). (E) Cytoplasmic (C) and nuclear (N) fractions of CaSki cells transiently transfected 

with the expression vector for S100A9-HA (pCMV-A9), NS100A9-HA (pCMV-NA9), or the empty vector (pCMV) were analyzed 

for expression of S100A9-HA or NS100A9-HA by immunoblotting with anti-HA antibodies. α-Tubulin and lamin B1 were used 

as cytoplasmic and nuclear markers, respectively. The data are averages from three independent experiments, with error bars 

representing standard deviations. NS, P > 0.05; **, P < 0.005; ***, P < 0.001 (Student’s t test).
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FIG 6 S100A9 promotes cervical cancer cell growth and reduces their sensitivity to cisplatin. (A) CaSki cells stably expressing short hairpin RNA against S100A9 

(CaSki/shS100A9) or selection marker alone (CaSki/LKO) were analyzed for expression of HPV16 E6*I and S100A9 mRNAs by RT-qPCR with normalization to 

the level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. The RT-qPCR data are averages from three independent experiments, with error bars 

representing standard deviations. (B) CaSki/shS100A9 or CaSki/LKO cells were examined for cell viability using the Cell Counting Kit-8 (Dojindo) on the indicated 

days. (C) CaSki/shS100A9 or CaSki/LKO cells were incubated in the culture medium containing the indicated concentrations of cisplatin for 24 h. Cell viability was 

measured and presented as a percentage of cell viability of cells incubated with DMSO alone (0 µM). (D) CaSki cells stably expressing NS100A9-HA (CaSki/NA9) or 

selection marker alone (CaSki/MXs) were examined for cell viability as described above. (E) CaSki/NA9 or CaSki/MXs cells were incubated in the culture medium 

containing the indicated concentration of cisplatin for 48 h. The cell viability data are the average of relative optical density (OD) values (450 nm) obtained 

from three wells of a 96-well plate, with error bars representing standard deviations. Representative results are shown from three independent experiments with 

similar results. NS, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.005 (Student’s t test).
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(Fig. 6E). Thus, nuclear S100A9 promotes the growth of cervical cancer cells and decrea­
ses their susceptibility to cisplatin, presumably contributing to a malignant phenotype of 
cancer cells.

DISCUSSION

Cervical inflammation caused by genital infection with HPV or other pathogenic viruses, 
bacteria, and fungi contributes to the development of HPV-induced cervical cancer (3–7). 
However, the molecular mechanisms underlying the relationship between inflammation 
and cervical carcinogenesis are not fully understood. In this study, we demonstrated 
that the nuclear proinflammatory cytokine S100A9 activates the transcription of HPV 
oncogenes via TEAD1. S100A9 is induced by inflammatory stimuli in epithelial cells (19, 
21) where HPV gene expression occurs. Our data highlight S100A9 as an important host 
factor that directly links inflammation to viral carcinogenesis. These results also suggest 
an ambivalent role for S100A9 in microbial infection as an extracellular and cytoplasmic 
S100A9 protects against pathogen infections, whereas nuclear S100A9 promotes viral 
gene expression.

S100A9 is encoded in the epidermal differentiation complex locus on chromosome 
1q21, where many genes involved in epidermal differentiation and cornification are 
clustered (38). This implies that S100A9 functions primarily in epidermal development, 
differentiation, and homeostasis. In keratinocytes, S100A9 expression is induced by other 
proinflammatory cytokines, including interleukin (IL)−1, IL-17, IL-22, and tumor necrosis 
factor α (39–42). Bacterial flagellin also upregulates S100A9 expression via TLR5 (43), 
and S100A9 is upregulated during epithelial wound healing and keratinocyte differ-
entiation (19, 44). Thus, various exogenous stimuli, including inflammation, infection, 
wound healing, and cell differentiation, may enhance HPV oncogene expression via 
S100A9. On the other hand, our preliminary experiments showed that introduction of 
the HPV16 genome into primary human keratinocytes did not increase S100A9 mRNA 
levels (data not shown), suggesting that the virus does not autonomously enhance its 
gene expression through S100A9.

In contrast to its extracellular and cytoplasmic functions, nuclear functions of S100A9 
are poorly understood. In myeloid cells, S100A9 induces miRNA expression in association 
with STAT3 and C/EBPβ during sepsis (26), and in mouse keratinocytes, S100A9 regulates 
C3 gene expression by associating with its promoter region (25). Song and Struhl 
(27) recently reported that S100A9 induces cellular oncogene expression during breast 
epithelial cell transformation by binding to promoters and enhancers. They also showed 
that S100A9 forms complexes with AP-1, STAT3, and C/EBPβ and that the binding motifs 
for these TFs are enriched in S100A9-associated genomic regions. Intriguingly, these TFs 
are also involved in HPV gene expression (8, 9, 45–47), suggesting that the transcriptional 
machinery for viral oncogenes shares common molecular bases with cellular oncogenes. 
As the TEAD family of TFs interacts with AP-1 and STAT3 (48–51), a large multivalent 
complex of S100A9, TEAD1, AP-1, STAT3, and C/EBPβ may be recruited to the LCR to 
induce HPV transcription.

The molecular mechanisms by which S100A9 activates viral transcription remain 
unclear. Ectopic expression of S100A9 alone was sufficient to enhance HPV oncogene 
expression. Moreover, S100A9 reportedly activated transcription from the Saccharomyces 
cerevisiae GAL4 upstream activator sequence when fused to the GAL4 DNA-binding 
domain (27). These observations suggest that S100A9 possesses transactivation activity 
and acts as a transcriptional coactivator. Since S100A9 interacts with multiple TFs and 
chromatin components, such as histones (25–27), it could facilitate the assembly of 
TFs on the LCR and activate transcription epigenetically. Interestingly, S100A9 contains 
an intrinsically disordered region in its C-terminal tail (20), with the potential to cause 
liquid-liquid phase separation (52), raising the possibility that S100A9 binding to the LCR 
drives phase separation to generate transcription factories. Our observation that nuclear 
S100A9 is enriched in the insoluble fraction supports this hypothesis. Further studies are 
required to elucidate the precise role of S100A9 in activating HPV transcription.
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We previously showed that VGLL1 associates with the LCR via TEAD1 and induces HPV 
gene expression (16). Our Co-IP experiments demonstrated that anti-S100A9 antibodies 
co-precipitated not only TEAD1 but also VGLL1, suggesting that S100A9 and VGLL1 can 
simultaneously bind to TEAD1 to regulate transcription. Although TEAD1 is ubiquitously 
expressed in a variety of tissues (17), S100A9 and VGLL1 display tissue-specific expres­
sion, and epithelial cells are one of the few cell types to express both S100A9 and 
VGLL1 (19, 53, 54). Thus, these cofactors may play crucial roles in determining the tissue 
specificity of HPV gene expression in collaboration with ubiquitous TFs, such as TEAD1.

The expression of S100A9 is upregulated in various types of tumors of epithelial 
origin, including cervical cancer (55–59). Since S100A9 is not expressed in undifferenti-
ated primary keratinocytes (40, 43, 60), it may be a novel therapeutic target for cervical 
cancer and precancer. Indeed, we and others have demonstrated that shRNA-mediated 
knockdown of S100A9 inhibits growth of cervical cancer cells and sensitizes them to 
cisplatin (36, 37). We showed that S100A9 directly binds to TEAD1; thus, selective 
inhibitors that disrupt the S100A9/TEAD1 interaction may be useful for suppressing 
HPV oncogene expression, warranting further investigation into the three-dimensional 
structure of the S100A9/TEAD1 complex. Furthermore, immunohistochemical detection 
of nuclear S100A9 may be a useful prognostic biomarker for progression from cervical 
precancer to invasive cancer.

MATERIALS AND METHODS

Cell culture

CaSki, HeLa, HaCaT, and HEK293FT (Thermo Fisher Scientific, Waltham, MA, USA) cells 
were cultured in Dulbecco’s modified minimal essential medium (DMEM) supplemen­
ted with 10% FBS. W12 (clone 20863) and HCK1T cells were cultured in keratinocyte 
serum-free medium (Thermo Fisher Scientific) supplemented with 30 µg/mL bovine 
pituitary extract and 1 ng/mL human recombinant epidermal growth factor.

Plasmids

The expression plasmid for S100A9-HA (pCMV-A9) was constructed by amplifying S100A9 
cDNA from CaSki cell cDNA by PCR using the forward primer 5′-GCG GCC GCC ACC ATG 
ACT TGC AAA ATG TCG CA-3′ and reverse primer 5′-GGC GGC CGC CTA GGC GTA GTC 
GGG GAC GTC GTA GGG GTA ACT TCC ACC TCC ACC TCC GGG GGT GCC CTC CCC GAG 
GC-3′ (the HA tag sequence is underlined), followed by cloning into pCMV, which was 
created by removing the β-galactosidase gene from pCMV-β (TaKaRa Bio, Shiga, Japan). 
To produce pCMV-NA9, which encodes S100A9 fused to NLSs, a coding sequence for the 
3 × NLS (PKKKRKVD) was inserted into both the 5′ and 3′ ends of S100A9 of pCMV-A9. The 
expression plasmid for FLAG-TEAD1 (pCMV-FLAG-TEAD1) was generated by inserting the 
coding sequence for the FLAG tag into the 5′ end of the TEAD1 gene of pCMV-TEAD1 
(32).

DNA-pulldown assay

Nuclei were isolated from CaSki cells using a nuclear extraction kit (Abcam, Cambridge, 
UK), suspended in buffer A (20 mM Tris-HCl [pH 8.0], 420 mM NaCl, 0.1% NP-40,10% 
glycerol, cOmplete protease inhibitor [Merck, Darmstadt, Germany], and PhosSTOP 
[Merck]), and incubated on ice for 1 h. The nuclear suspension was diluted with buffer 
B (20 mM Tris-HCl [pH 8.0], 0.1% NP-40, 10% glycerol, 0.1% bovine serum albumin, 
1 mM DTT, cOmplete protease inhibitor [Merck], and PhosSTOP [Merck]) to a final 
NaCl concentration of 100 mM. After centrifugation, the supernatant containing soluble 
nuclear extracts was used for DNA-pulldown assays. Biotinylated DNA probes were 
prepared by PCR using pGL3-P97 (16) as the WT LCR probe and pGL3-P97/PTm (16) 
as the Mut LCR probe template. The following primers were used: WT forward, 5′-biotin-
GCA ACT ACT GAA TCA CTA TG-3′, Mut forward, 5′-biotin-GCA ACT ACT GAA TCA CGA 
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CG-3′, and WT/Mut reverse, 5′-AGT TTA AAC CTT ATG CCA AA-3′. Biotinylated WT or 
Mut LCR probes were coupled to Dynabeads/M-280 streptavidin (Dynal Biotech, Oslo, 
Norway) as previously described (32). The nuclear extract was then incubated with 
DNA-coupled magnetic beads and poly(dI-dC) at 4°C for 2 h. The beads were washed 
three times with buffer C (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.1% NP-40, 10% 
glycerol, and 1 mM DTT), once with 50 mM Tris-HCl (pH 8.0), and subjected to nano-liq­
uid chromatography coupled with tandem MS.

S100A9-HA and FLAG-TEAD1 were expressed in HEK293FT cells transfected with 
either pCMV-A9 or pCMV-FLAG-TEAD1. S100A9-HA and FLAG-TEAD1 were then purified 
using an HA-tagged protein purification kit (MBL, Tokyo, Japan) and a DDDDK-tagged 
protein purification kit (MBL), respectively, according to the manufacturer’s instructions. 
Purified S100A9-HA and/or FLAG-TEAD1 were incubated with the WT or Mut LCR probe 
conjugated to beads in buffer C containing protease inhibitors. After washing the beads, 
the bound proteins were eluted by boiling the beads in sodium dodecyl sulfate (SDS) 
sample buffer, followed by protein analysis by immunoblotting.

DIA-MS analysis

DIA-MS analyses were performed by Kazusa Genome Technologies (Chiba, Japan). Briefly, 
the proteins bound to the beads were digested with trypsin, reduced with DTT, and 
alkylated with iodoacetamide. The peptides were dried after acidification with 5% 
trifluoroacetic acid and dissolved in 3% acetonitrile and 0.1% formic acid. MS data 
were obtained using an UltiMate 3000 RSLC nanoLC system (Thermo Fisher Scientific) 
and analyzed using Scaffold DIA (Proteome Software, Portland, OR, USA). The protein 
identification threshold was a peptide or protein false discovery rate below 1%.

Immunofluorescence microscopy

CaSki and HeLa cells were fixed with 4% paraformaldehyde in phosphate-buffered 
saline (PBS) and permeabilized with 0.2% Triton X-100 in PBS. After blocking with 
PBS containing 5% goat serum, the cells were incubated with anti-S100A9 antibodies 
(11145-R018, Sino Biological, Beijing, China), followed by incubation with Alexa Fluor 
546-conjugated anti-rabbit IgG antibodies (Thermo Fisher Scientific). The cells were 
mounted using ProLong Gold antifade mounting medium with DAPI (Thermo Fisher 
Scientific) and examined under a confocal microscope (FluoView1000, OLYMPUS, Tokyo, 
Japan).

TPA treatment

TPA was purchased from FUJIFILM Wako Pure Chemical (Osaka, Japan) and was dissolved 
in DMSO. CaSki cells were cultured for 24 h in DMEM supplemented with 0.5% FBS before 
TPA treatment. TPA was added to the culture medium for 4 h at a final concentration of 
200 ng/mL.

Cell fractionation

Cells were divided into cytoplasmic protein fractions and nuclear pellets using a nuclear 
extraction kit (Abcam). The nuclear pellet was dissolved in buffer D (50 mM Tris-HCl 
[pH 6.8], 100 mM NaCl, 8 M urea, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, and 
bromophenol blue) to obtain a nuclear protein fraction. To obtain soluble and insoluble 
nuclear protein fractions, the nuclear pellet was suspended in buffer E (50 mM Tris-HCl 
[pH 8.0], 420 mM NaCl, 1 mM MgCl2, 0.1% NP-40,10% glycerol, cOmplete protease 
inhibitor [Merck], and PhosSTOP [Merck]) and incubated on ice for 1 h. After centrifuga­
tion, the supernatant was collected as the soluble nuclear protein fraction, and the pellet 
was dissolved in buffer D as the insoluble nuclear protein fraction.
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Immunoblotting

Immunoblotting was performed as previously described (32). The primary antibodies 
used were as follows: anti-HA tag (12013819001; Merck), anti-TEAD1 (610922; BD 
Transduction Laboratories, San Diego, CA, USA), anti-TEAD4 (sc-101184; Santa Cruz 
Biotechnology, Dallas, TX, USA), anti-VGLL1 (a mixture of clones HPA042403 and 
HPA064616; Merck), anti-S100A9 (26992–1-AP; Proteintech, Rosemont, IL, USA), anti-Ku70 
(GTX101820; GeneTex, Irvine, CA, USA), anti-HPV16 E7 (a mixture of #28–0006 [Thermo 
Fisher Scientific] and sc-6981 [Santa Cruz Biotechnology]), anti-HPV18 E7 (ab100953; 
Abcam, Cambridge, UK), anti-p53 (sc-126; Santa Cruz Biotechnology), anti-glyceralde­
hyde-3-phosphate dehydrogenase (GAPDH; 015–25473; FUJIFILM Wako Pure Chemical), 
anti-α-Tubulin (sc-32293; Santa Cruz Biotechnology), anti-Lamin B1 (sc-6216; Santa Cruz 
Biotechnology), and anti-c-Fos (sc-52; Santa Cruz Biotechnology) antibodies. For HeLa, 
W12, and HaCat cells, endogenous S100A9 was enriched by immunoprecipitation prior 
to immunoblotting.

Co-IP experiment

Nuclei were isolated from CaSki cells as described above, suspended in buffer E, and 
incubated on ice for 1 h. The nuclear suspension was diluted with buffer F (50 mM 
Tris-HCl [pH 8.0], 1 mM MgCl2, 0.1% NP-40, 10% glycerol, cOmplete protease inhibitor 
[Merck], and PhosSTOP [Merck]) to a final concentration of 100 mM NaCl and incubated 
with benzonase (50 U/mL; Merck) for 1.5 h at room temperature. After centrifugation, 
the supernatant was incubated with antibodies at 4°C overnight. The lysate was further 
incubated with 5 µL of Sera-Mag SpeedBeads Protein A/G Magnetic Particles (Cytiva, 
Marlborough, MA, USA) at 4°C for 2 h. The beads were washed three times with buffer G 
(50 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.1% NP-40, and 10% glycerol), and the bound 
proteins were eluted in SDS sample buffer. The recovered proteins were analyzed by 
immunoblotting.

When Co-IP experiments were performed with in vitro-translated proteins, proteins 
were synthesized using PUREFrex 2.0 (GeneFrontier, Chiba, Japan), according to the 
manufacturer’s instructions. Briefly, DNA fragments encoding S100A9-HA or FLAG-TEAD1 
were obtained by PCR from pCMV-A9 or pCMV-FLAG-TEAD1, respectively, and incubated 
with in vitro translation solutions at 37°C for 6 h. The reaction mixture was diluted 
with an equal volume of H2O, and after centrifugation, the supernatant containing 
soluble proteins was used for the Co-IP experiments. The proteins were incubated with 
antibodies in buffer G containing benzonase (50 U/mL, Merck) at 4°C for 1 h, and 
bound proteins were recovered and analyzed as described above. Antibodies used for 
immunoprecipitation were anti-TEAD1 (P28347; Cusabio, Houston, TX, USA), anti-S100A9 
(11145-R018; Sino Biological), and normal rabbit IgG (sc-2027; Santa Cruz Biotechnology) 
antibodies.

ChIP assay

CaSki and HeLa cells were fixed with ChIP Cross-link Gold (Diagenode, Liege, Belgium) 
to cross-link protein-protein interactions, followed by fixation with formaldehyde for 
DNA-protein cross-linking. ChIP assays were performed using SimpleChIP Plus enzy­
matic chromatin immunoprecipitation kits (Cell Signaling Technology, Beverly, MA, 
USA), according to the manufacturer’s instructions, with the exception that Sera-Mag 
SpeedBeads Protein A/G Magnetic Particles (Cytiva, Marlborough, MA, USA) were 
used to capture antibodies. The antibodies used for immunoprecipitation were anti-
S100A9 (GTX129575; GeneTex) and normal rabbit IgG (2729S; Cell Signaling Technology) 
antibodies. Precipitated HPV16 or HPV18 LCR DNA fragments and the promoter region 
of the C3 and APOBEC3B genes were quantified using real-time PCR. The nucleotide 
sequences of the primers for the HPV16 and HPV18 LCRs and the APOBEC3B gene were 
described previously (16, 32). The following primers were used for the C3 gene: forward, 
5′- GGT TGT CAA ACC ACA GTG CC -3′and reverse, 5′- TCT CCC AAT TGC CCC ATT CC -3′.

Full-Length Text Journal of Virology

August  Volume 97  Issue 8 10.1128/jvi.00815-23 16

https://doi.org/10.1128/jvi.00815-23


siRNA transfection

Cells were transfected with siRNA using the Lipofectamine RNAiMAX transfection 
reagent (Thermo Fisher Scientific). The following siRNAs were purchased from Hori­
zon Discovery (Cambridge, UK): non-targeting control (catalog number: D-001206–13), 
S100A9 (catalog number: M-011384–02), and TEAD1 (catalog number: L-012603–00).

RT-qPCR

The levels of HPV16 E6*I and HPV18 E6*I mRNAs were determined by RT-qPCR, as 
previously described (16). The amount of cDNA of the target genes was normalized 
to the amount of concurrently amplified GAPDH mRNA. The nucleotide sequences of the 
primers were described previously (16, 61).

Luciferase reporter assay

Cells were transfected with pGL3-P97 (16), either alone or in combination with expres­
sion plasmids, together with phRG-TK (Promega, Madison, WI, USA), which express 
Renilla luciferase. When cells were co-transfected with siRNAs and plasmid DNAs, they 
were transfected with siRNA 6 h before plasmid transfection. Firefly and Renilla luciferase 
activities were measured 2 days post-transfection using a Dual-Glo luciferase assay 
system (Promega) on an Arvo MX luminescence counter (PerkinElmer, Waltham, MA, 
USA). The firefly luciferase activity was normalized to the Renilla luciferase activity after 
subtraction of the background activity from untransfected cells.

Lentiviral and retroviral transduction

CaSki cells stably expressing shS100A9 were produced by transduction with lentiviral 
vectors, as previously described (16). The vector plasmid encoding shS100A9 was 
purchased from Merck (TRCN0000425882). CaSki cells stably expressing S100A9-HA 
or NS100A9-HA were produced by transduction with retroviral vectors, as previously 
described (32). The transduced cells were selected by treatment with 2 µg/mL puromy­
cin, and the surviving cells were pooled and used for downstream experiments.

Cell viability assay

Cells were seeded at 1 × 103 cells/well in 96-well plates. Viable cells were counted using 
a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) at the indicated time points. Cisplatin 
sensitivity was determined by plating cells (2 × 103 cells/well) in a 96-well plate followed 
by incubation in culture medium containing cisplatin (Adipogen, San Diego, CA, USA) or 
DMSO alone for 24 or 48 h and cell viability measurement.
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