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Abstract

Hypoxia is a key concern during the treatment of non-small cell lung cancer (NSCLC), and hypoxia-inducible factor 1 alpha
(HIF-1or) has been associated with increased tumor resistance to therapeutic modalities such as cisplatin. Compensatory
activation of nucleotide excision repair (NER) pathway is the major mechanism that accounts for cisplatin resistance. In the
present study, we suggest a novel strategy to improve the treatment of NSCLC and overcome the hypoxia-induced cisplatin
resistance by cotreatment with Oroxylin A, one of the main bioactive flavonoids of Scutellariae radix. Based on the
preliminary screening, we found that xeroderma pigmentosum group C (XPC), an important DNA damage recognition
protein involved in NER, dramatically increased in hypoxic condition and contributed to hypoxia-induced cisplatin
resistance. Further data suggested that Oroxylin A significantly reversed the hypoxia-induced cisplatin resistance through
directly binding to HIF-1oo bHLH-PAS domain and blocking its binding to HRE3 transcription factor binding sites on XPC
promoter which is important to hypoxia-induced XPC transcription. Taken together, our findings not only demonstrate a
crucial role of XPC dependent NER in hypoxia-induced cisplatin resistance, but also suggest a previously unrecognized
tumor suppressive mechanism of Oroxylin A in NSCLC which through sensitization of cisplatin-mediated growth inhibition
and apoptosis under hypoxia.

Introduction

Lung cancer is the most commonly diagnosed and the
deadliest cancer worldwide [1]. As the most common type of
lung cancer, non-small cell lung cancer (NSCLC) accounts
for ~75% frequency of occurrence, compared to small cell
lung cancer (SCLC) with only 25%. Although several new
therapeutic strategies have been developed, cisplatin-based
therapy remains the golden standard treatment for late stage
non-small cell lung cancer [2]. Cisplatin (CDDP) is used
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The effectiveness of cisplatin-based NSCLC che-
motherapy, however, is still facing a great clinical challenge
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from the chemoresistance in the therapeutic strategies [4]. A
growing body of experimental evidence suggest that the
effects of cisplatin are markedly diminished under hypoxic
condition, a distinctive property of solid tumors [5-8]. To
adapt the hypoxic condition, cancer cells are known to
upregulate a protein called hypoxia inducible factor (HIF)
[9]. HIF-1 [10-12] and to a lesser extent HIF-2 [13], the
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oxygen-regulated HIF isoforms, have been associated with
chemotherapy failure. The expression of HIF-la is asso-
ciated with disease progression in NSCLC tissues, and is
expected as a potential therapeutic target for lung cancer
[14, 15]. However, in lung cancer, therapeutic inhibition of
HIF-2o0 may paradoxically promote tumor growth by
reducing expression of tumor suppressor genes [16]. It is
reported that moderate hypoxia can lead to replication stress
and activation of the DNA Damage Repair (DDR) pathway
proteins even in the absence of measurable DNA damage
[17, 18]. Previous research reported an increased number of
double-strand breaks (DSBs) in untreated as well as
etoposide-treated HIF-la-deficient murine embryonic
fibroblasts (MEFs) [19]. Despite strong similarities between
the two isoforms, HIF-2a fails to affect DDR due to its
phosphorylation at Thr-324, thereby abrogating Spl bind-
ing [20]. Therefore, hypoxia plays a critical role in DNA
damage repair.

Anti-cancer potency of cisplatin is due to formation of
platinum-DNA adducts, mainly between adjacent purines
generating intrastrand crosslinks (80-90%) or bases on
opposite strands giving rise to interstrand crosslinks (ICLs).
Cytotoxicity of these DNA lesions is considered to be
derived from impediment of transcription and replication,
which eventually causes cell cycle arrest or apoptosis [21].
Increased capacity of DNA damage repair, especially the
nucleotide excision repair (NER) [22], is proposed to be one
of the most crucial determinants [23, 24]. Cells deficient in
NER pathway are sensitive to the drug [25, 26]. Indeed,
according to various evidences, increased NER capacity has
been proposed as an important mechanism of CDDP
resistance [27-30]. Thus, the induction of DNA damage
repair by hypoxia could be an important mechanism leading
to cisplatin resistance. Here, we demonstrated an unex-
pected role for XPC in hypoxia-induced cisplatin resistance.
XPC is upregulated by HIF-la under hypoxic condition,
which leads to the failure of cisplatin treatment.

Oroxylin A, an effective component of a Chinese tradi-
tional medicinal plant Scutellaria baicalensis Georgi, has
various pharmacological activities, including anti-
inflammation [31], anti-cancer [32], antiviral and anti-
bacterial infections [33]. Previous studies have widely
reported that Oroxylin A could reverse drug resistance
[32, 34, 35]. Oroxylin A improves sensitivity of chronic
myelogenous leukemia cells to Imatinib treatment in bone
marrow microenvironment through regulating CXCL12/
CXCR7 pathway [34], reverses multidrug-resistant by G2/
M arrest and the underlying mechanism attributed to the
suppression of P-gp expression via Chk2/P53/NF-xB
pathway [36], and improves the sensitivity of HT-29 human
colon cancer cells to 5-FU through modulation of the COX-
2 pathway [37]. In our study, we investigated the efficacy of
co-treatment with cisplatin and Oroxylin A on inhibiting
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NSCLC development under hypoxic condition. Oroxylin A
enhanced the anticancer effect of cisplatin through sup-
pressing XPC transcription, which was promoted by HIF-1a
under hypoxia condition.

Results

Oroxylin A attenuates hypoxia-induced cisplatin
resistance

To verify the hypoxia-induced resistance in cisplatin-
induced cell death, H460 cells were treated with an
increasing dose of cisplatin under normoxic (20% O,) and
hypoxic (1% O,) condition respectively (Fig. 1a, b). Indeed,
IC50 of cisplatin in H460 cells under hypoxia was two-time
higher than normoxia (41.10puM vs 22.71 uM, respec-
tively). Furthermore, DMOG, which inhibits prolyl-4-
hydroxylase to stabilize HIF-la, was used to mimic
hypoxic condition. DMOG treatment also notably decreased
both the inhibition of cell growth and apoptosis induced by
cisplatin in H460 cells (Supplementary Fig. S1A, B).

To evaluate the potential reversal effect of Oroxylin A on
hypoxic-induced cisplatin resistance in H460 cells, proper
doses should be chosen primarily. We first assessed the
influence of Oroxylin A on cell viability of H460 cells. The
50uM dose of Oroxylin A was selected because of no
severe proliferation inhibition (Supplementary Fig. S1C,
D). Both flow cytometric and CCKS8 assays showed that
Oroxylin A reversed hypoxia-induced cisplatin resistance in
H460 cells (Fig. 1c, d). Then we analyzed the chemo-
sensitivity of other non-small cell lung cancer cells (A549,
95D, PC9, HCC827 and H1975 cells) to cisplatin with or
without Oroxylin A under hypoxic condition. All these cells
treated with Oroxylin A under hypoxic condition showed an
enhanced susceptibility towards cisplatin (Fig. le). The
reverse effect of Oroxylin A was further confirmed with
DMOG treatment (Fig. 1a). However, Oroxylin A at 50 uM
did not significantly alter the sensitivity of cisplatin in
A549/CDDP cell lines compared to their parental A549 cell
lines under normoxic condition (Supplementary Fig. S1E).
Taken together, Oroxylin A sensitizes cisplatin-induced cell
death in NSCLC cells under hypoxia.

Oroxylin A inhibits nucleotide excision repair
through downregulating XPC expression

To investigate whether nucleotide excision repair (NER) is
a crucial factor in hypoxia-mediated suppression in tumor
cells pre-treated with cisplatin, we tested the production of
Pt-DNA adducts pre-treated with cisplatin for 4 h (Supple-
mentary Fig. S2A). Hypoxia significantly increased Pt-
DNA adducts production than normoxia (Fig. 2a, b). In
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Fig. 1 Oroxylin A attenuates hypoxia-induced cisplatin resistance.
a H460 cells were treated with cisplatin under normoxic (20% O,) or
hypoxic (1% O,) condition for 36 h. The cell viability was analyzed by
CCK8 assay. [mean + S.D. (error bars), n = 3; *p <0.05; **p <0.01;
*#%p<0.001, compared with normoxia group, Student’s ¢ test].
b H460 cells were treated with cisplatin under normoxic or hypoxic
condition for 36 h. Apoptotic cells were detected by Annexin V and PI
staining. One representative experiment out of three is shown. ¢ H460
cells were treated with cisplatin in the presence or absence of 50 umol/
L Oroxylin A under normoxic or hypoxic condition for 36 h. The cell
viability was analyzed by CCKS8 assay. [mean + S.D. (error bars),
n=73; *p<0.05; **p<0.01; ***p<0.001, compared with normoxia
group; "p<0.05; #p<0.01; #p<0.001, compared with hypoxia
group, two-way analysis of variance]. d H460 cells were treated
with cisplatin in the presence or absence of 50 umol/L Oroxylin A
under hypoxic condition for 36 h. Apoptotic cells were detected by

addition, hypoxia increased XPC and other NER-associated
proteins expression levels in H460 cells (Fig. 2c and Sup-
plementary Fig. S2B). Most NER-associated proteins were
significantly increased in cisplatin-resistant NSCLC cell line
(A549/CDDP) as compared to the parental cell line (A549),
which led to more efficient DNA repair (Supplementary
Fig. S2C, D). TCGA data analysis showed that XPC

A549 95D PC9 HCC827H1975

Annexin V and PI staining. One representative experiment out of three
is shown. e A549 cells, 95D cells, PC9 cells, HCC827 cells, and
H1975 cells were treated with cisplatin in the presence or absence of
50 umol/L of Oroxylin A under normoxic or hypoxic condition for
36 h. The cell viability was analyzed by CCK8 assay. [mean + S.D.
(error bars), n = 3. *p <0.05; **p <0.01; ***p <0.001, compared with
normoxia group; #ps 0.05; ##p <0.01; ###pS0.00I, compared with
hypoxia group, two-way analysis of variance]. f A549 cells, 95D cells,
PC9 cells, HCC827 cells, and H1975 cells treated with cisplatin were
loaded with 0.5 mmol/L of DMOG in combination with or without
50 umol/L of Oroxylin A for 36 h. The cell viability was analyzed by
CCKS8 assay. [mean + S.D. (error bars), n = 3. *p <0.05; **p<0.01;
*#%p <0.001, compared with control group; #pSOAOS; ##pS0.0l;
##1<0.001, compared with DMOG group, two-way analysis of var-
iance]. The data shown are representative of three independent
experiments.

expression was lower in human non-small lung cancer
tumor tissues compared with the normal lung tissues
(Supplementary Fig. S2E). These results suggested that in
the initial step of tumor, downregulation of XPC may be
involved in promoting carcinogenesis via impairment of
DNA repair. Consistent with our findings, XPC expression
was found to be significantly associated with poor outcomes
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Fig. 2 Oroxylin A inhibits nucleotide excision repair through
downregulating XPC expression. a Representative slot blot analysis
of the levels of Pt-DNA adducts in H460 cells at 4, 12, 24 h after
cisplatin treatment under hypoxic or normoxic condition. b Quantifi-
cation of percentage (%) of Pt-DNA adducts repair from A. Data
represent the mean + S.D. of three independent experiments. *p <0.05,
compared with normoxia group, Student’s ¢ test. ¢ Representative
immunoblot analysis of NER-related proteins and GAPDH in H460
cells under hypoxic or normoxic condition. d Kaplan—-Meier analysis
and log-rank test for overall survival of LUSC patients treated cisplatin
according to XPC expression level. e Representative slot blot analysis
of the levels of Pt-DNA adducts in H460 cells. Cells were collected for
analysis at 4, 12 and 24 h after cisplatin treatment in the presence or
absence of 50 umol/L Oroxylin A under normoxic or hypoxic condi-
tion. f Quantification of percentage (%) of Pt-DNA adducts repair from
E. Data represent the mean + S.D. of three independent experiments.
*p<0.05, compared with normoxia group, #pS0,0S; ##pS0.0l,

of NSCLC patients treated with cisplatin, including
decreased overall survival, which indicates the role of XPC
in cisplatin resistance (Fig. 2d).

Subsequently, pre-treatment of Oroxylin A for 6h
inhibited Pt-DNA adducts repair and XPC expression in
hypoxic condition to a level similar to normoxic condition
(Fig. 2e-g). However, Oroxylin A did not affect the
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compared with hypoxia group, two-way analysis of variance.
g Representative immunoblot analysis of XPC, HIF-1a and GAPDH
in H460 cells in the presence or absence of 50 umol/L Oroxylin A
under normoxic or hypoxic condition. h Representative immunoblot
analysis of XPC and GAPDH in H460 cells stably transfected with
control shRNA or 2 independent shRNAs targeting XPC (XPC shRNA
#1 or XPC shRNA #2). i Real-time reverse transcriptase-PCR analysis
of XPC and GAPDH in H460 cells stably transfected with control
shRNA or 2 independent shRNAs targeting XPC (XPC shRNA #1 or
XPC shRNA #2). [mean + S.D. (error bars), n=3. ***p<0.001,
compared with shCON group, one-way analysis of variance]. j H460
cells stably transfected with shCON or shXPC were treated with cis-
platin in the presence or absence of 50 pmol/L Oroxylin A under
hypoxic condition for 36 h. The cell viability was analyzed by CCK8
assay. [mean = S.D. (error bars), n=3. **p<0.01; ***p<0.001,
compared with shCON group, two-way analysis of variance]. The data
shown are representative of three independent experiments.

expression of XPC in A549/CDDP cells (Supplementary
Fig. S2F). The cell growth inhibition and apoptosis induced
by cisplatin had no difference between normoxic and
hypoxic condition in XPC stably knockdown cells (Fig. 2h,
i, Supplementary Fig. S2G, H). The removal of Pt-DNA
adducts under hypoxic condition was significantly reduced
when knocking down XPC (Supplementary Fig. S2I).
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Fig. 3 Oroxylin A inhibits hypoxia-induced XPC transcription.
a Real-time reverse transcriptase-PCR analysis of XPC mRNA levels
in H460 cells in the presence or absence of 50 umol/L Oroxylin A
under normoxic or hypoxic condition. [mean + S.D. (error bars), n = 3.
###p < (0.001, compared with normoxia group, ##p <0.001, compared
with hypoxia group, two-way analysis of variance]. b Luciferase
reporter assay of the XPC promoter in H460 cells in the presence or
absence of 50 pmol/L Oroxylin A under normoxic or hypoxic condi-
tion. [mean + S.D. (error bars), n=3. **p<0.01, compared with
normoxia group, ##p <0.001, compared with hypoxia group, two-way
analysis of variance]. ¢ Representative immunoblot analysis of XPC
and GAPDH in H460 cells stably transfected with pLenti CON or

Oroxylin A had no effect on cisplatin-induced cell growth
inhibition of XPC stably knockdown H460 cells under
hypoxic condition (Fig. 2j). Taken together, Oroxylin A
inhibits hypoxic-induced cisplatin resistance through
downregulation of nucleotide excision repair-related
protein XPC.

Oroxylin A inhibits hypoxia-induced XPC
transcription

To determine the mechanism how Oroxylin A down-
regulates XPC, the mRNA level of XPC and the tran-
scriptional activity of the XPC promoter in H460 cells were
analyzed. Oroxylin A treatment decreased the XPC mRNA
level and the transcription activity of XPC under hypoxic
condition (Fig. 3a, b). Stable overexpression of XPC in
H460 cells (Fig. 3c, d) suppressed the cisplatin associated
inhibition of cell growth (Supplementary Fig. S3A) and
apoptosis (Supplementary Fig. S3B) and accelerated the
removal of Pt-DNA adducts (Supplementary Fig. S3C, D),
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of XPC and GAPDH in H460 cells stably transfected with pLenti CON
or pLenti XPC in the presence or absence of 50 pmol/L Oroxylin A.
The data shown are representative of three independent experiments.

+

while the treatment of Oroxylin A did not significantly
affect cisplatin-induced inhibition of H460 cells stably
transfected with pLenti XPC under hypoxia (Fig. 3e). It is
due to the fact that the expression of exogenous XPC was
driven by the constitutive CMV promoter, which could not
be affected by Oroxylin A (Fig. 3f). These data suggest that
Oroxylin A inhibits hypoxic-induced cisplatin resistance
through downregulation of XPC transcription.

Hypoxia promotes XPC transcription through
binding of HIF-1a to HRE3 site on XPC promoter

HIF-1a is a master regulator of cellular adaptation to
hypoxia [38], and DMOG, which inhibits prolyl-4-
hydroxylase to stabilize HIF-la, notably decreased the
inhibition of cell growth and apoptosis induced by cisplatin
(Supplementary Fig. S1A, B). We tested whether HIF-1a
plays a role in hypoxia-induced cisplatin resistance which
was mediated by enhanced NER activity in H460 cells.
Knockdown of HIF-1a in H460 cells (Fig. 4a, b) abolished
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the effect of hypoxia-induced NER (Supplementary
Fig. S4A, B). Furthermore, the protein and mRNA levels of
XPC were reduced (Fig. 4c, d). Hypoxia promoted the
transcription of XPC, which was inhibited by the knock-
down of HIF-1a (Fig. 4e). It suggests that hypoxia promotes
nucleotide excision repair and XPC transcription via acti-
vating HIF-1a.

Hypoxia response elements (HREs) are composite reg-
ulatory elements comprising the conserved HIF-binding site
with an (A/G) CGTG core sequence and highly variable
flanking sequences [39]. By analyzing JASPAR database,
we discovered three predicted binding sites of HIF-1a in the
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promoter region of XPC gene (Supplementary Fig. S4C). To
determine whether HRE elements are involved in hypoxia-
mediated upregulation of XPC transcription, we mutated the
putative HRE sites individually or in combination (Fig. 4f).
The mutation of HRE3 site but not HRE1 or HRE2 sites
reversed the upregulated XPC transcription induced by
hypoxia (Fig. 4g). Chromatin immunoprecipitation assay
(CHIP) was performed and the results suggested that the
representative HIF-1a specifically bound to the HRES3 site of
XPC promoter (Fig. 4h). These results indicate that hypoxia
promotes NER and XPC transcription through the binding of
HIF-1a to HRE3 site on XPC promoter.
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<« Fig. 4 Hypoxia promotes XPC transcription through HIF-la.

a Representative immunoblot analysis of HIF-la and GAPDH in
H460 cells stably transfected with control sShRNA or 5 independent
shRNAs targeting HIF-la (HIF-1a shRNA #1, HIF-1a shRNA #2,
HIF-1a shRNA #3, HIF-1a shRNA #4 and HIF-1a shRNA #5) under
hypoxic condition. b RT-PCR assay of HIF-1a and GAPDH in H460
cells stably transfected with control shRNA or 5 independent shRNAs
targeting HIF-la (HIF-1a shRNA #1, HIF-la shRNA #2, HIF-la
shRNA #3, HIF-1a shRNA #4 and HIF-1a shRNA #5) under hypoxic
condition. [mean + S.D. (error bars), n=3. *p <0.05; ***p <0.001,
compared with shCON group, one-way analysis of variance].
¢ Representative immunoblot analysis of XPC, HIF-1a and GAPDH in
H460 cells stably transfected with shCON or shHIF-Ia under nor-
moxic or hypoxic condition. d RT-PCR assay of XPC mRNA levels in
HA460 cells stably transfected with shCON or shHIF-la under nor-
moxic or hypoxic condition. [mean + S.D. (error bars), n = 3. ***p <
0.001, compared with shCON normoxia group, *p <0.01, compared
with shCON hypoxia group, two-way analysis of variance]. e Luci-
ferase reporter assay of the XPC promoter in H460 cells stably
transfected with ShCON or shHIF-1a. [mean + S.D. (error bars), n = 3.
*p <0.05, compared with shCON normoxia group, *p <0.05, com-
pared with shCON hypoxia group, two-way analysis of variance].
f Schematic representation of the HRE mutation sites of the XPC
promoter. Red nucleotides indicate mutations made in human XPC
promoter. g Luciferase reporter assay of the XPC promoter with an
intact XPC or mutation of three HRE sites in H460 cells under nor-
moxic or hypoxic condition for 36 h. [mean + S.D. (error bars), n = 3.
*##%p <(0.001, compared with normoxia group, Student’s ¢ test]. h
Chromatin immunoprecipitation assays of HIF-1a interaction with the
XPC promoter in H460 cells transfected with pCMV-FLAG-HIF-1a
under hypoxic condition for 36 h. After ChIP with anti-FLAG, the
results were tested by quantitative PCR amplifications. [mean + S.D.
(error bars), n = 3. **¥p <0.001, compared with IgG group, Student’s
t test]. The data shown are representative of three independent
experiments.

Oroxylin A inhibits the HIF-1a DNA binding property
through directly binding to the bHLH-PAS domain
of HIF-1a

HIF-1a is essential for hypoxia-induced XPC transcription.
However, our data suggested that Oroxylin A had no effect
on hypoxia-induced HIF-la expression and nuclear trans-
location (Figs. 2g and 5a, b). Chromatin immunoprecipita-
tion combined with quantitative polymerase chain reaction
(ChIP-gPCR) revealed that the treatment of Oroxylin A
abolished the binding of HIF-1a to HRE2/3 site on XPC
promoter (Fig. 5¢). To test whether Oroxylin A binds to
HIF-1a, H460 cell lysates were incubated with biotin-
Oroxylin A and Oroxylin A was pulled down by
streptavidin-coupled agarose beads (Supplementary Fig.
S5A). Western blot analysis identified HIF-1a in the pull-
down, indicating that HIF-la physically associates with
Oroxylin A (Fig. 5d, e and Supplementary S5D). To deter-
mine whether Oroxylin A interacts directly with HIF-1a,
GST tagged full length HIF-1a was expressed in bacteria
and purified (Fig. 5f and Supplementary Fig. S5B). Micro-
scale Thermophoresis (MST) experiment was performed,

and Oroxylin A showed binding activity to HIF-1a, yielding
a Kd value of ~39 uM (Fig. 5g). These data demonstrate that
Oroxylin A interacts directly with HIF-1a protein, which is
responsible for the activation of XPC transcription.

To define the domain of HIF-1a that interacts with Oroxylin
A, three truncations of HIF-loo were generated (Fig. 5f and
Supplementary Fig. S5C). We found that the bHLH-PAS motif
of HIF-1a showed binding activity to Oroxylin A, yielding a Kd
value of ~106 uM. But either no binding, or no statistically
significant binding, was detected when ODD domain or Inhi-
bitor domain was titrated with Oroxylin A (Fig. 5h). Together,
Oroxylin A interacts with the N-terminus of HIF-1a.

Oroxylin A enhances cisplatin efficacy in vivo

To determine the functional significance of Oroxylin A
mediated sensitization of cisplatin in NSCLC, a xenografted
tumor model derived from H460 cells was used (Fig. 6a).
The data showed that sequential administration of cisplatin
plus Oroxylin A tremendously reduced tumor growth com-
pared with cisplatin alone, while Oroxylin A used alone had
minor effects (Fig. 6b and Supplementary Fig. S6B).
Immunofluorescence analysis showed a strong colocaliza-
tion of XPC and HIF-1la in the tumor tissues especially in
the internal tumor tissue (Supplementary Fig. S6C) and
Oroxylin A obviously reduced XPC expression in hypoxic
tumor tissues (the central part of tumors and normoxic tumor
tissues referred to the outer part of tumors) (Supplementary
Fig. S6D). Moreover, the cisplatin plus Oroxylin A combi-
nation administration reduced cell proliferation (Ki67,
PCNA expression), affected cisplatin-induced DNA damage
and increased apoptosis by TUNEL test (Fig. 6d, e).

Since XPC is important to Oroxylin A mediated sensitization
of cisplatin, XPC stable knockdown H460 cells were generated
for xenografted tumor model (Fig. 6a and Supplementary Fig.
S6A). The similar results were obtained between cisplatin-treated
group and combination therapy group which suggested that
Oroxylin A sensitizes cisplatin cytotoxicity through regulation of
XPC (Fig. 6¢—e, and Supplementary Fig. S6B).

Overall, these data demonstrate that Oroxylin A
improves the efficacy of cisplatin in vitro and in vivo.

Discussion

During the past years, new therapeutic strategies have been
developed for NSCLC, such as anti-PD-1/PD-L1 agents and
AZD9291 which overcomes T790M-mediated resistance to
EGFR inhibitors. Though, cisplatin-based therapy still
remains the golden standard treatment of advanced non-
small cell lung cancer [2]. Anti-cancer potency of cisplatin
is due to formation of platinum-DNA adducts, which
eventually causes cell cycle arrest or apoptosis [21].
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Fig. 5 Oroxylin A inhibits the HIF-la DNA binding property
through directly binding to the bHLH-PAS domain of HIF-1a.
a Representative immunoblot analysis of HIF-la, HDAC1 and
GAPDH in cytosolic and nuclear fraction from H460 cells after
Oroxylin A treatment under hypoxic condition. b Representative
immunofluorescence assay of HIF-1a in H460 cells in the presence or
absence of 50 umol/L Oroxylin A under hypoxic condition. Scale bar,
100 um. ¢ Chromatin immunoprecipitation assays of HIF-1a interac-
tion with the XPC promoter in H460 cells transfected with pCMV-
FLAG-HIF-1a in the presence or absence of 50 umol/L Oroxylin A
under hypoxic condition for 36 h. After ChIP with anti-FLAG, the
results were tested by quantitative PCR amplifications. [mean + S.D.
(error bars), n=3. **%p<0.001, compared with IgG group, *p <
0.001, compared with pCMV-FLAG-HIF-1a group, two-way analysis
of variance]. d H460 cell lysates were incubated with Biotin or Bio-

Nucleotide excision repair, a versatile DNA repair pathway
that eliminates a wide variety of helix-distorting base
lesions such as platinum-DNA adducts, is proposed to be
one of the most crucial determinants for cisplatin resistance
[23, 24]. Hypoxia, which commonly exists in solid tumors,
leads to cancer cell chemoresistance including cisplatin
resistance via diverse mechanisms. Recent reports showed
that HIF-la-induced cisplatin resistance is mediated by
regulating nucleotide excision repair-related protein XPA
[40]. In the present study, the NER-related proteins were
screened and the data showed that XPA slightly increased
under hypoxia, while another NER-related protein XPC
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Oroxylin A at 1 mM with or without Oroxylin A at 10 mM overnight,
and were subjected to immunoprecipitation using streptavidin agarose
and western blot using indicated antibodies. The data shown are
representative of three independent experiments. e Protein levels of
HIF-1a were quantified using the ImageJ software. Biotin group was
used as control. Data represent the mean + S.D. of three independent
experiments. **p <0.01, compared with Biotin group, *p<0.01,
compared with Biotin-OA group, two-way analysis of variance. f
Schematic of HIF-1a protein and the truncations used in the present
study. g Representative microscale Thermophoresis binding analysis
of Oroxylin A to the GST-HIF-la. h Representative microscale
Thermophoresis binding analysis of Oroxylin A to the indicated GST-
HIF-1a truncations. The data shown are representative of three inde-
pendent experiments.

dramatically increased, which suggested that XPC may also
play an important role in hypoxia-induced cisplatin resis-
tance. Consistent with our hypothesis and other findings
[41], TCGA data analysis showed that lower XPC level was
associated with better OS in NSCLC patients treated with
cisplatin, indicating the role of XPC in cisplatin resistance.
HIF-1oe as an important transcription factor, which is
induced under hypoxia, was reported to prevent etoposide-
induced DNA damage in cancer cells. In the present study,
we firstly pinpointed that the binding of HIF-1a to HRE3
transcription site on XPC promoter activated XPC tran-
scription, which eventually reduced the accumulation of
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Fig. 6 Oroxylin A enhances A

cisplatin efficacy in vivo.
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cisplatin-induced DNA damage. Our findings reveal a pre-
viously unexpected role of XPC in hypoxia-induced cis-
platin resistance, elucidate a crucial role of HIF-1a in NER
and provide an important molecular mechanism linking
hypoxia and genomic integrity in cancer.

In different cancer cell lines, combination of different
drugs with Oroxylin A leads to significantly better antitumor
effects than single-drug treatments because of cumulative or
synergistic effects [32, 36, 37, 42, 43]. Here we demonstrated
that, compared to cisplatin alone, co-treatment with the fla-
vonoid Oroxylin A induced higher pro-apoptotic and anti-
proliferative activity in NSCLC cells. Our in vitro and in vivo
data indicated that co-treatment with Oroxylin A and cisplatin
significantly reduced NSCLC cell viability compared to cis-
platin alone under hypoxic condition (Figs. 1 and 6). Due to
the dose-dependent toxicity and drug resistance of
platinum-based compounds in clinic, the efficacy of

cisplatin in non-small cell lung cancer treatment is very
limited. Unfortunately, an increased drug dose often leads to
increased toxicity. In this study, the in vivo animal results
showed that the combination of Oroxylin A and cisplatin
significantly decreased H460 tumor volumes and tumor
weights compared to each drug treatment alone, which
suggested that Oroxylin A combined with platinum-based
compounds has potential therapeutic value in targeting non-
small cell lung cancer. Both in vitro and in vivo study
showed the low toxicity of Oroxylin A [44], indicating that
a lower dose of cisplatin combined with Oroxylin A could
be used in order to minimize the toxicity of cisplatin.
Oroxylin A inhibits HIF-1ovhedgehog pathway by promoting
the degradation of HIF-1a on glioma cells [35]. However, our
studies suggest that Oroxylin A did not affect the level of HIF-
la protein in NSCLC cells under hypoxia, whereas it markedly
restrained its binding to XPC promotor (Fig. 5). In the present
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Fig. 7 Schematic diagram of the effect of Oroxylin A on HIF-1a
mediated XPC transcription in non-small lung cancer. Under nor-
moxic condition, cisplatin generates intra-strand and inter-strand
crosslinks (ICLs) that activates DNA damage response (DDR) and,
subsequently, induces cell apoptosis. While under hypoxic condition,
HIF-1a increases XPC mRNA expression by directly binding to a

study, three truncations of HIF-1o were generated. In general,
the bHLH-PAS motifs are indispensable to form the heterodimer
of HIF-1oe and HIF-1f subunits and for their binding to the
HRE-DNA sequence on the target genes [45]. All HIF-1a
subunits have an oxygen-dependent degradation domain
(ODDD) overlapping N-TAD in their structures. This ODD
domain is important in mediating O, regulated stability [46]. An
inhibitor domain (ID) is located in the C-terminal of HIF-1a,
which could repress its transcriptional activity [47]. Oroxylin A
specifically bound to bHLH-PAS domain, in accordance with its
inhibition effect on HIF-1oe DNA binding ability. Although our
data clearly indicate the interaction between Oroxylin A and
HIF-1a bHLH-PAS motif in H460 cells, we cannot exclude the
possibility that Oroxylin A also affects the stability of HIF-1a in
other cell lines.

HIF-1a is considered to be a promising target for the
development of novel therapeutics against cancer metastasis
[48, 49]. In recent years, a number of small-molecule
inhibitors have been identified to reduce the expression of
HIF-1a or to induce HIF-1a degradation [SO-53]. However,
the expression of genes that promote cell death, such as
BNIP3 and NIX (BNIP3L), is also induced by hypoxia
through HIF-1a [54]. In this sense, HIF-1a plays dual roles
in the survival and death pathways of tumor cells [55].
Decreasing HIF-1a protein levels may affect the expression
of most genes induced by hypoxia. A functional dis-
crepancy of these targets of HIF-1a at the level of HIF-
la—DNA binding might have clinical relevance [55].
Therefore, Oroxylin A could be a potential drug that
interferes with the HIF-1a—DNA interaction.

In view of a clinical application, we are aware that
Oroxylin A has limitations in that it specifically increases
the efficacy of cisplatin on NSCLC cells under hypoxic

SPRINGER NATURE

hypoxia response element (HRE) in the XPC promoter region.
Increased XPC expression promotes NER dependent removal of Pt-
DNA adducts and attenuates cisplatin-induced apoptosis and growth
inhibition. Oroxylin A binds to HIF-1a bHLH motif and inhibits HIF-
la binding to the XPC promotor, thus downregulates XPC expression
and reverse hypoxia-induced cisplatin resistance.

condition, while has no significant effect on cisplatin-
resistance cell lines. Our results showed that overexpression
of most NER-related proteins and accelerated removal of
Pt-DNA adducts were observed in AS549/CDDP cells
(Supplementary Fig. S2C, D). The mechanisms of enhanced
NER capacity are complicated. It is reported that over-
expression of Rapl interacting factor 1 (RIF1) enhances the
NER activity by promoting the NER proteins in ovarian
cancer cells [56], and that autophagy positively regulates
NER through enhancing DNA damage recognition [57]. In
our study, Oroxylin A impaired NER through inhibiting
HIF-1a-induced XPC transcription, but did not play a role
in the other pathways that regulates NER.

In summary, our findings demonstrate that hypoxia
positively regulates cisplatin-DNA damage recognition by
nucleotide excision repair via stimulating HIF-1o-mediated
XPC transcription. Oroxylin A directly interacts with HIF-
lae bBHLH-PAS motif and suppresses XPC transcription
through inhibiting the binding of HIF-1a to the XPC pro-
moter (Fig. 7). Our findings provide an effective therapeutic
approach to enhance cisplatin-induced apoptosis in NSCLC
cells especially under hypoxic condition, providing theo-
retical evidence that Oroxylin A may be a promising anti-
cancer agent for further clinical development.

Materials and methods
Cell lines and reagents
Non-small cell lung cancer cells H460 cells, A549 cells,

95D cells, PC9 cells, HCC827 cells, and H1975 cells were
purchased from Cell Bank of Shanghai Institute of
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Biochemistry & Cell Biology, Chinese Academy of Sci-
ences (Shanghai, China). CDDP-resistant A549/CDDP cells
[58] were kindly provided by Dr. Feihong Chen (Southeast
University at Nanjing, China). Cells were cultured in RPMI-
1640 (Invitrogen, Carlsbad, CA, 31800-089) with 10% fetal
bovine serum (Biological Industries Israel Beit Haemek
Ltd., Kibbutz Beit Haemek, Israel, 04-001-1ACS), 100
units per mL penicillin and 100 ug per mL streptomycin
(Biological Industries Israel Beit Haemek Ltd., Kibbutz Beit
Haemek, Israel, 03-031-1B) at 37 °C with the CO, con-
centration 5%. To maintain drug resistance, A549/CDDP
cells were maintained in the presence of 2 uM cisplatin.
These above cell lines were authenticated by short tandem
repeats (STRs) DNA profiling. All cells were tested for
mycoplasma contamination before use with the Myco-Blue
Mycoplasma Detector (Vazyme Biotec, Nanjing, China,
D101-02) and were not contaminated by mycoplasma.
Oroxylin A (Oroxylin A purity>99%) and Biotin-Oroxylin
A were prepared at China Pharmaceutical University
(Nanjing, China). The compound was dissolved in dimethyl
sulfoxide (DMSO, Sigma—Aldrich, St. Louis, USA, D2650)
to a concentration of 100 mM and stored at —20 °C. Cis-
platin was purchased from Selleck Chemicals (Shanghai,
China, S1166) and dissolved in N,N-Dimethylformamide
(DMF, Selleck Chemicals, Shanghai, China, S6192) to
5 mM. Dimethyloxalylglycine (DMOG, Selleck Chemicals,
Shanghai, China, S7483) was dissolved in water to 0.1 M
and was diluted with RPMI-1640 to its final concentration.

DNA constructs

We cloned XPC from the pCMV vector to the pENTER
vector. pPENTER XPC were recombined into pLenti CMV
Dest vector using Gateway LR Clonase Enzyme Mix
(Invitrogen, Carlsbad, CA, 11791043) following the man-
ufacturer’s instructions. The XPC promoters were cloned
from genomic DNA purified from NHEK cells based on
publicly available sequence data. Nested PCR was neces-
sary to clone the promoters. The PCR product was digested
and cloned into pGL3-Basic vectors. We cloned
synthesized-FLAG to pCMV vector. The HIF-la protein
sequence was cloned from cDNA purified from 293T cells
based on publicly available sequence data. Nested PCR was
necessary to clone the protein sequence. The PCR product
was digested and cloned into pCMV Flag vector and the
pGEX-6P-1. We then cloned HIF-1oo bHLH/PAS domain,
ODD domain and Inhibitor domain into the pGEX-6P-1.
DNA fragment encoding HIF-1a-shRNA were cloned into
pLKO.1 vector. The primers are listed in Supplementary
Table S1. All constructs were confirmed by sequencing.

Real-time PCR analysis

Total RNA was extracted using RNAiso Plus (Vazyme
Biotech, Nanjing, China, R401-01). 1 ug of total RNA was
used to transcribe the first-strand cDNA with HiScript IT Q
RT SuperMix (Vazyme Biotech, Nanjing, China, R223-01).
Real-time PCR was completed on a LightCycler® 480
Instrument II (Roche, Basel, Switzerland). ChamQ SYBR
gPCR Master Mix was purchased from Vazyme Biotech
(Nanjing, China, Q331-02). Forward and reverse primers
for targeted mRNA were purchased from Sangon Biotech
(Shanghai, China). The threshold cycle number (CQ) for
each sample was determined in triplicate and normalized
against GAPDH as described previously [57]. Amplification
primers are listed in Supplementary Table S2.

Statistical analysis

Sample size was determined upon availability, and chosen
based on previous experience and previous studies. No
exclusion criteria were pre-established. Samples or animals
were randomly allocated among groups. Investigators were
not blinded to group allocation during data collection and
analyzes. No data were excluded. All statistical tests were
performed with SigmaPlot 14.0. Data shown were presented
by means + Standard Deviation (S.D.) from triplicate
experiments performed in a parallel manner unless other-
wise indicated. Statistical significance was performed using
an unpaired two-tailed Student’s ¢ test for two data sets
when the data met the normal distribution tested by F-test.
The variance between comparison groups was not similar.

Detailed descriptions of all methods are provided in
Supplementary Materials and Methods.
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