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Oroxylin A (OA), a natural compound extracted from Scutellaria baicalensis, demonstrates
preventive potential against ultraviolet B (UVB)-induced non-melanoma skin cancer (NMSC),
the most prevalent cancer worldwide with increasing incidence. Utilizing SKH-1 hairless mice
exposed to UVB, this study showed that OA delayed NMSC onset and alleviated acute skin
damage. Mechanistic investigations revealed its dual action: inhibiting inflammation and en-
hancing nucleotide excision repair (NER) by stabilizing XPA, a crucial deoxyribonucleic acid
(DNA) repair protein. This stabilization occurred through OA’s interaction with glucose-regu-

Keywords:
Non-melanoma skin cancer

Oroxylin A lated protein 94 (GRP94), which disrupted murine double minute 2 (MDM2)-mediated XPA
)é:?,% ubiquitination and proteasomal degradation. By maintaining XPA levels, OA expedited photo-

MDM2 product clearance and diminished genomic instability, ultimately impeding NMSC develop-
ment. These findings suggest OA as a promising chemopreventive agent targeting the
GRP94/MDM2-XPA axis to counteract UVB-induced carcinogenesis.

1. Introduction

Skin cancer represents one of the most prevalent cancers
among Caucasians, constituting 4% to 5% of all diagnosed can-
cers. It can be broadly categorized into two types: non-melanoma
skin cancer (NMSC) and melanoma '. NMSCs primarily consist of
basal cell carcinoma (BCC) and squamous cell carcinoma (SCC) *.
BCC generally exhibits a low degree of malignancy, with limited
capacity for local invasion, tissue destruction, and recurrence. In
contrast, SCC demonstrates a higher propensity for metastasis,
with metastasis rates ranging from 0.1% to 9.9%, and accounts
for 75% of NMSC-related deaths . While several known risk
factors contribute to NMSC development, the cumulative effect of
ultraviolet radiation (UVR) remains the most significant etiologic-
al factor *. UVR not only directly induces deoxyribonucleic acid
(DNA) damage but also triggers an inflammatory state in the skin,
with chronic low-grade inflammation stimulating counteracting
immunosuppression *”’. Among all UV wavelengths, ultraviolet B
(UVB) presents the highest risk. It can be absorbed by DNA, dir-
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ang); 467161115@qq.com (R. Ma)
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ectly causing DNA damage and evoking skin inflammation,
thereby leading to NMSC formation .

Among various types of DNA damage, UVB directly induces
the formation of cyclobutane pyrimidine dimer (CPD) and 6-4-
photoproduct (6-4PP). Nucleotide excision repair (NER) is one of
the most fundamental and versatile DNA repair mechanisms, cap-
able of accurately identifying and repairing CPD and 6-4PP °. Due
to NER'’s inability to repair UV-induced lesions, xeroderma pig-
mentosum patients exhibit an elevated risk for UV-induced NM-
SC '°. XPA, the primary subunit of the NER system, comprises
three distinct domains: a central globular domain and dynamic-
ally disordered N- and C-terminal domains, which effectively re-
cognize DNA damage and subsequently recruit NER proteins to
the affected area ' '*. The observation that XPA patients display
the most severe phenotype among XP patients underscores the
crucial cellular role of XPA, prompting the current development
of several XPA inhibitors "*".

Oroxylin A (OA), a bioactive flavonoid extracted from Scutel-
laria baicalensis Georgi, has demonstrated notable anti-cancer
properties in previous studies. These properties include inhibit-
ing cancer cell proliferation, suppressing cancer cell metabolism,
inducing cancer cell apoptosis, inhibiting cancer cell invasion and
metastasis, and reversing cancer cell resistance to chemothera-
peutic agents '**'. In the present study, we examined the efficacy
of OA in inhibiting UVB-induced inflammation and NMSC. Our

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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findings reveal that OA binds to glucose-regulated protein 94
(GRP94), as demonstrated through pull-down assay, and inhibits
murine double minute 2 (MDM2)-mediated ubiquitin-pro-
teasomal degradation of XPA, thereby promoting the NER pro-
cess.

2. Materials and methods

2.1. Animals and UVB irradiation

SKH-1 hairless mice were utilized for UVB irradiation experi-
ments. The mice were subjected to sham, chronic UVB, or acute
UVB irradiation as described in a previous study **. OA (purity >
99%) and Biotin-OA (purity > 99%) were generously provided by
Prof. Zhiyu Li (China Pharmaceutical University, Nanjing, China).
For topical application, OA was diluted to 100 pmol-L™" with di-
methyl sulfoxide (DMSO) (Sigma Aldrich, St. Louis, USA, D2650)
and acetone (Nanjing Chemical Reagent, Nanjing, China, 67-64-
1), with a DMSO to acetone volume ratio of 1:1. The sham and
vehicle group mice received 0.2 mL solvent on their backs, while
the drug group mice received 0.2 mL OA solution 30 min prior to
irradiation “***. For oral administration, OA and arginine (MD
Bio. Inc, Z9001701, OA/arginine = 1:4, W/W) were dissolved in
saline with 10% PEG400 (V/V) (MedChemExpress, Monmouth
Junction, NJ, USA, HY-Y0873A) and administered daily via intra-
gastric route to each mouse. For chronic UVB irradiation and tu-
morigenesis studies, 24 mice were randomly allocated into three
groups. The UVB + vehicle group and UVB + OA group mice were
exposed to UVB irradiation every other day for 27 weeks, and tu-
mor formation was documented. The initial UVB dosage was 80
mJ-cm™ for the first week, followed by a weekly 10% increase un-
til reaching 100 mJ-cm™. For acute UVB treatment, 18 mice were
randomly divided into three groups. The UVB + vehicle group and
UVB + OA group mice received UVB irradiation (100 mJ-cm™) 3
times every other day, with skin samples collected 24 h after the
final UVB exposure. All animals were maintained under standard
specific-pathogen-free conditions. The animal studies were con-
ducted in accordance with protocols approved by the Animal
Welfare and Ethics Committee of China Pharmaceutical Uni-
versity (2021-03-026).

2.2. Cell culture

Human immortal keratinocyte line (HaCaT) cells were ob-
tained from the Cell Bank of Shanghai Institute of Biochemistry &
Cell Biology, Chinese Academy of Sciences (China). HEK 293T
cells were procured from the American Type Culture Collection
(USA). Both cell lines were cultured in Dulbecco’s modified Eagle
medium (DMEM) (Invitrogen, Carlsbad, CA, 11965092), supple-
mented with 10% fetal bovine serum (Gibco, Grand Island, USA,
A5256701) and 1% penicillin/streptomycin (Gibco, Grand Island,
USA, 15140122). The cells were maintained at 37 °C in a humidi-
fied incubator (Bio-Rad, Hercules, CA, USA, PowerPac HC High-
Current Power Supply) with 5% CO,.

2.3. Histological and immunohistochemical staining

Dorsal skin samples, fixed with paraformaldehyde, were em-
bedded in paraffin and stained using standard methods.
Haematoxylin-eosin (H&E) staining was employed to examine
skin morphology and tumor size. Immunohistochemistry was
used to quantify the levels of Ki67 (Abcam, Cambridge, MA, AB-
15580, 1:1000) and y-H2AX (Santa Cruz Biotechnology, CA, USA,
sc-517348, 1:200) in skin tissue. Images of these stained sec-
tions were captured randomly using an Olympus IX71 micro-
scope (Japan).
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2.4. Immunofluorescence staining

Immunofluorescence was employed to evaluate protein ex-
pression in skin tissue. Dorsal skins were fixed with 4% para-
formaldehyde for 15 min. Following a wash in 10% phosphate-
buffered saline (PBS), the slides were permeabilized with 0.2%
Triton X-100 (Sigma Aldrich, St. Louis, USA, 9036-19-5) in PBS
and subsequently blocked with 4% bovine serum albumin (Solar-
bio, Shanghai, China, A8020) for 1 h at room temperature. After
incubation with MPO (Santa Cruz Biotechnology, CA, USA, sc-
52707,1:200) and F4/80 (Santa Cruz Biotechnology, CA, USA, sc-
52664, 1:200) overnight at 4 °C, the slides were washed with
PBS and then incubated with Alexa Fluor 647s antibody (Bioss,
Woburn, USA, bs-0295G-AF647, 1:200). The cells were stained
with nuclear dye DAPI (Solarbio, Shanghai, China, C0080,
1 pug-mL™). All images were captured using a fluorescence micro-
scope, and representative images were presented.

2.5. Quantitative real time-PCR

Total ribonucleic acid (RNA) was extracted from HaCaT and
293T cells using an RNA extraction kit (Vazyme Biotech, Nanjing,
China, R401-01) following the manufacturer’s instructions. The
extracted RNA was then reverse transcribed into cDNA using HiS-
cript II Q RT SuperMix for qPCR (Vazyme Biotech, Nanjing, China,
R223-01). qPCR was performed using the Light Cycler 480 II real-
time PCR system (Roche, Germany) with ChamQ SYBR qPCR Mas-
ter Mix (Vazyme Biotech, Nanjing, China, Q331-02). The specific
primers utilized in this study are detailed in Supplementary Ta-
ble S1.

2.6. Plasmids construction

The XPA promoters were cloned from genomic DNA extrac-
ted from NHEK cells, utilizing publicly accessible sequence data.
A nested PCR approach was employed to successfully clone the
promoters. Subsequently, the PCR product underwent digestion
and was cloned into pGL3-basic vectors. DNA fragments encod-
ing GRP94-short hairpin RNA (shRNA) and XPA-shRNA were in-
serted into the pLKO.1 vector. The primers used in these proced-
ures are detailed in Supplementary Table S2. All constructed
plasmids were verified through sequencing to ensure accuracy.

2.7. Lentiviral infection

HEK 293T cells were cultured in fresh DMEM for 24 h prior
to transfection. The cells were then co-transfected with destina-
tion plasmids and packaging plasmids (psPAX2 and pMD2G) us-
ing Lipofectamine™ 2000 transfection reagent (Invitrogen, Carls-
bad, CA, 11668019). Culture media containing viral particles was
collected at 48 and 72 h post-transfection. HaCaT cells were sub-
sequently incubated with a 1:1 mixture of virus-containing me-
dia and culture media for 24 h, supplemented with 8 pg-mL™
polybrene (Sigma Aldrich, St. Louis, USA, TR-1003-G). This was
followed by a 10-day antibiotic selection period.

2.8. Western blot

Cells were lysed using cell lysates containing RIPA buffer
(Thermo Fisher Scientific, Waltham, MA, USA, 89901) and pro-
tease cocktail (Thermo Fisher Scientific, Waltham, MA, USA,
78429) for 30 min. After subjecting the protein lysate to polyac-
rylamide gel electrophoresis, the nitrocellulose membrane (Milli-
pore, USA, HATF00010) was probed with specific antibodies. Im-
ages were captured using the Bio-Rad system to identify the anti-
body binding position and intensity. The following primary anti-
bodies were utilized: GAPDH (Santa Cruz Biotechnology, CA, USA,
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sc-32233, 1:5000), y-H2AX (Santa Cruz Biotechnology, CA, USA,
sc-517348,1:1000), GRP94 (Proteintech, Manchester, UK, 14700-
1-AP, 1:1000) and XPA (HUABIO, Zhejiang, China, HA500133,
1:1000).

2.9. Immunoprecipitation (IP)

Cells underwent lysis in IP buffer [50 mmol-L™ tris-HCI, 150
mmol-L™" NaCl, 1 mmol-L™" EDTA, and 1% NP-40 (pH 7.4)] con-
taining protease inhibitor cocktail. The cell lysate was sub-
sequently sonicated, clarified, and incubated with antibodies
against XPA (1:100) overnight at 4 °C, followed by a 4-h incuba-
tion with Protein A/G Magnetic Beads (MedChemExpress, Mon-
mouth Junction, NJ, USA, HY-K0202) at 4 °C. The resulting im-
munocomplexes were then subjected to immunoblot analysis.

2.10. Slot blot

Slot blot assays for CPD and 6-4PP were conducted accord-
ing to previously established protocols *°. In summary, cells were
harvested at various time intervals following OA administration,
and DNA was extracted using the FastPure Cell/Tissue DNA Isola-
tion Mini Kit (Vazyme Biotech, Nanjing, China). DNA concentra-
tion was determined by measuring absorbance at 260 nm using a
NanoDrop 1000 spectrophotometer (NanoDrop products, Wilm-
ington, DE). Quantification of CPD and 6-4PP in DNA samples was
performed via slot blot analysis (Bio-Rad) utilizing CPD (COSMO
BIO Co., Koto-Ku, Tokyo, Japan, TDM-2) and 6-4PP (COSMO BIO
Co., Koto-Ku, Tokyo, Japan, TM-P-07) monoantibodies.

2.11. Dual-luciferase reporter assay

The luciferase assay involved transfecting pGL3 XPA long-
Luc, pGL3 XPA short-Luc plasmids, and pRL-TK (serving as a
transfection efficiency control) using Lipofectamine™ 2000 trans-
fection reagent. Luciferase activity was subsequently detected us-
ing a dual luciferase reporter assay kit (Vazyme Biotech, Nanjing,
China), following the manufacturer’s protocol. The luciferase
activity was quantified as the ratio of the firefly luciferase signal
to the renilla luciferase signal.

2.12. Silver staining

Cells were lysed to obtain protein samples, which were then
incubated with Biotin or Biotin-OA at 4 °C overnight to yield a
peptide mixture. The polypeptide mixtures were subsequently
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and the polypeptide bands were visualized
using silver staining. The differentially stained silver band was
then isolated for subsequent mass spectrometry analysis.

2.13. Mass spectrometry

Protein samples were separated using SDS-PAGE gels, and
gel pieces were excised and destained with 30% acetonitrile/100
mmol-L™" NH,HCO; until clarification. The gels were sub-
sequently dried in a vacuum centrifuge. In-gel proteins under-
went reduction with dithiothreitol (10 mmol-L™" dithiothreitol/
100 mmol-L™" NH,HCO,) for 30 min at 56 °C, followed by alkyla-
tion with iodoacetamide (200 mmol-L™" iodoacetamide/100
mmol-L™" NH,HCO;) in darkness at room temperature for 30 min.
The gel pieces were briefly rinsed with 100 mmol-L™" NH,HCO,
and acetonitrile, then digested overnight in 12.5 ng-uL™" trypsin
(Promega, Madison, WI, USA, V5111) in 25 mmol-L™" NH,HCO;.
Peptide extraction was performed thrice using 60% acetoni-
trile/0.1% trifluoroacetic acid. The extracts were pooled and
completely dried via vacuum centrifugation. Sample analysis was
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conducted on an EASY-nLC 1000 UHPLC system coupled to a Q
Exactive HF-X mass spectrometer (Thermo Fisher Scientific). The
mass spectrometer operated in positive ion mode. Mass spectro-
metry data acquisition employed a data-dependent top 10 meth-
od, dynamically selecting the most abundant precursor ions from
the survey scan (m/z 300-1800) for higher-energy collisional
dissociation fragmentation. The automatic gain control target
was set to 3 x 10°, with a maximum inject time of 10 ms. Dynam-
ic exclusion duration was 40.0 s. Survey scans were acquired at a
resolution of m/z 70 000 at 200, while a resolution for higher-en-
ergy collisional dissociation spectra was set to m/z 17 500 at 200,
with an isolation width of m/z 2. The normalized collision energy
was 30 eV, and the underfill ratio, specifying the minimum per-
centage of the target value likely to be reached at maximum fill
time, was defined as 0.1%. The instrument operated with peptide
recognition mode enabled. Raw files were searched against the
corresponding database using Mascot2.2 software.

2.14. Microscale thermophoresis (MST)

The binding studies between OA and GRP94 were conducted
using a Monolith NT.115 instrument (Nanotemper Technologies,
Munich, Germany), following the manufacturer’s prescribed pro-
tocols.

2.15. Molecular docking

The crystal structures of GRP94 (Protein Data Bank [PDB] ID:
SULS) were obtained from the PDB and prepared using the Pro-
tein Preparation Wizard in the Schrodinger suite. Small mo-
lecules were processed using the LigPrep module of Schrodinger.
The Glide module (extra precision [XP] mode) was employed for
molecular docking, chosen for its superior performance in self-
docking analysis. The top ten poses of each ligand underwent
minimization through a post-docking program, with the optimal
pose retained for subsequent analysis.

2.16. Statistical analysis

All data were presented as mean #* standard error of the
mean (SEM). Statistical analysis was conducted using unpaired t-
tests, one-way analysis of variance (ANOVA), and two-way AN-
OVA with Tukey’s test. Statistical significance was defined as P <
0.05.

3. Results

3.1. OA inhibits UVB-induced NMSC

Previous studies have demonstrated that UVB exposure in-
duces non-melanoma skin cancer in SKH-1 hairless mice **. The
process of UVB-induced skin carcinogenesis and the subsequent
intervention with oroxylin A in SKH-1 hairless mice are illus-
trated in Fig. 1A. As shown in Fig. 1B, compared to the sham
group, UVB irradiation resulted in dry skin, the appearance of nu-
merous papillary tumors on the dorsal side of the mice, and ulcer
formation in some of the tumors. Tumor formation in UVB-ex-
posed mice began around 15 weeks, whereas in oroxylin A-
treated mice, tumors did not appear until 21 weeks, and the num-
ber of tumors was only half that of the UVB-only group ( Figs. 1C
and 1D). Histological analysis revealed that the sham group mice
exhibited clear skin layers and complete structures, whereas UVB
irradiation promoted excessive keratinocyte proliferation. Mice
treated with OA maintained intact epidermal structure, clear lay-
ers, mild epidermal hyperplasia, minimal keratinization, and no
apparent atypical cells (Figs. 1E and 1F). Immunohistochemical
staining of Ki67 confirmed that UVB induced excessive keratino-
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Fig. 1 Oroxylin A inhibits UVB-induced non-melanoma skin cancer. The vehicle group and the oroxylin A group SKH-1 mice were irradiated with UVB three times a week.
The first irradiation dosage was 50 mJ-cm™, and each subsequent dosage was increased by 10% until the dosage was 100 mJ-cm ™. UVB irradiation was discontinued until 16
weeks, and routine feeding was continued until 32 weeks. All mice were sacrificed and dorsal skin samples were taken. (A) A schematic for chronic UVB irradiation. (B) Rep-
resentative photographs showing skin tumors induced by chronic UVB irradiation. (C) Percentage of tumor-free mice after chronic UVB irradiation. (D) Tumor numbers per
mouse after chronic UVB irradiation. (E) Representative photomicrographs of HE staining of skin sections. (F) Quantification of epidermal thickness in sham, vehicle group,
and oroxylin A group mice samples. (G) Representative immunohistochemical analysis of Ki67 in normal skin and tumor tissue. (H) Quantification of the Ki67 staining posit-
ive cell number as shown in G. Data are presented as mean * SEM (n = 6), P < 0.05, "P < 0.01, P < 0.001 vs Sham group or UVB + Vehical group. Differences are tested us-

ing two-way ANOVA.

cyte proliferation, while OA treatment mitigated this process
(Figs. 1G and 1H). Additionally, we verified the efficacy of OA
through intragastric administration. Results indicated that UVB
irradiation led to sunburn, cutaneous vascular dilatation, epi-
dermal thickening, and an increase in skin inflammatory cells.
These conditions improved after intragastric administration of
OA, particularly evident in Ki67-positive cells (Fig. S1). These
findings suggest that OA can delay the onset of UVB-induced NM-
SC in SKH-1 hairless mice.

3.2. OA alleviates acute skin sunburn caused by UVB

UVB exposure has been established to promote epidermal
hyperplasia and inflammatory cell infiltration ***’. This study in-
vestigated the potential of OA in mitigating UVB-induced inflam-
matory conditions in the skin. As illustrated in Figs. 2A and 2B,
UVB irradiation induced sunburn, characterized by an inflammat-
ory response with cutaneous vasodilatation and increased vascu-
lar permeability. Administration of OA attenuated UVB-induced
sunburn. Histological analysis revealed that, compared to UVB-ir-
radiated mice, the OA treatment group exhibited resistance to
UVB-induced epidermal hyperplasia and vascular leakage (Figs.
2C and 2D). Moreover, OA treatment reduced the number of Ki-
67 positive cells (Figs. 2E and 2F). To determine an appropriate
dosage of OA for the HaCaT cells in subsequent experiments, CCK-
8 assay and TUNEL staining were employed, and 50 pmol-L™" was
selected (Figs. 3A and 3B). Concurrently, UVB irradiation was
found to decrease the levels of inflammatory factors, including in-
terleukin-1p (IL-1p), IL-6, IL-8, CXC chemokine ligand 1 (CXCL1),
CXCL2, and CXCL9 (Fig. 3C). To assess the impact on the inflam-
matory microenvironment, an immunofluorescence assay was
utilized to detect F4/80 and MPO expression, which are markers
of macrophages and neutrophils respectively. As demonstrated in
Figs. 3D and 3E, F4/80 and MPO expressions in the dermis were
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downregulated to varying degrees following OA administration.
These findings indicate that OA inhibits UVB-induced vasodilata-
tion, inflammation, and epidermal hyperplasia.

3.3. OA facilitates UVB-induced NER through upregulating XPA

UVB-induced DNA damage is a critical factor contributing to
NMSC. This study investigated whether OA mitigated DNA dam-
age. Results demonstrated that OA treatment reduced y-H2AX
levels in both mice skin and HaCaT cells, as evidenced by immun-
ohistochemical staining (Figs. 4A and 4B) and Western blot ana-
lysis (Fig. 4C). A recent study indicated that OA could modulate
NER-related proteins, which are crucial in repairing UVB-in-
duced DNA damage *. Slot blot analysis was employed to exam-
ine the expression of DNA damage products 6-4PP and CPD. As il-
lustrated in Figs. 4D-4G, OA administration significantly en-
hanced the repair of CPD and 6-4PP compared to the control
group in HaCaT cells. Furthermore, as shown in Figs. 4H and 41,
immunofluorescence analysis of dorsal skin confirmed that OA
could accelerate the removal of CPD and 6-4PP.

To investigate the mechanism by which OA regulates NER,
we examined the expression of NER-related proteins. Western
blot results indicated that XPA was significantly upregulated after
OA treatment (Fig. 5A). OA also enhanced UVB-induced augment-
ation of XPA expression (Fig. 5B). As depicted in Fig. 5C, shXPA
HacCaT cells were constructed. Suppression of XPA delayed OA-in-
duced CPD and 6-4PP elimination, confirming that OA regulates
NER function via XPA (Figs. 5D-5G). Several studies have repor-
ted that NER can regulate inflammation ***'. As shown in Fig. 5H,
inflammation-associated cytokines and chemokines were detec-
ted, and results revealed that OA no longer downregulated UVB-
induced inflammation in HaCaT shXPA cells. These findings sug-
gest that OA might downregulate inflammation by regulating XPA
in the initial stage of tumor development. Subsequently, we ex-
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showing sunburn induced by acute UVB irradiation. (C) Representative photomicrographs of HE staining of skin sections. (D) Quantification of epidermal thickness in sham,
vehicle, and oroxylin A samples. (E) Representative immunohistochemical analysis of Ki67 in sham vehlcle and oroxylin A group samples. (F) Quantification of the Ki67

staining positive cell number as shown in E. Data are presented as mean + SEM (n = 6), P < 0.05, "P < 0.01,

are tested using two-way ANOVA.

plored OA’s role in the transcriptional activity of XPA using a luci-
ferase reporter assay by constructing plasmids containing short
or long XPA promoters (Fig. 51). However, no significant differ-
ences were observed between these two groups in HaCaT or
293T cells (Figs. 5] and Figs. 5K). Next, we investigated the effect
of OA on XPA messenger RNA (mRNA) stability. As shown in Fig.
5L, there were no differences between the control group and the
OA group over time, indicating that OA does not regulate XPA by
affecting the synthesis or degradation of its mRNA.

3.4. OA binds to GRP94

To elucidate the mechanism by which OA regulates XPA, cell
protein lysates were incubated with Biotin and Biotin-OA, re-
spectively, followed by electrophoresis and silver staining. The
differential band was subsequently excised for mass spectro-
metry analysis. As illustrated in Fig. 6A, compared to the negat-
ive control band, the MS analysis identified a significantly en-
riched protein, GRP94. Subsequently, GRP94 recombinant pro-
tein was constructed, and MST analysis was performed to evalu-
ate the dissociation kinetics of OA with GRP94. As shown in Fig.
6B, Biotin-OA exhibited binding affinity for GRP94, with a Ky
value of approximately 12.04 pmol-L™”, while the K, value
between GRP94 and OA was approximately 6.46 umol-L™". Mo-
lecular docking simulations were then employed to investigate
the binding between OA and the crystal structure of GRP94. The
prediction results indicated that OA might form carbon-hydro-
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P < 0.001 vs Sham group or UVB + Vehical group. Differences

gen bonds with GLY193 and PHE195 or hydrogen bonds with
SER169, GLN194, VAL197, GLY198, and PHE199 (Fig. 6C).
However, OA did not affect GRP94 mRNA levels (Fig. 6D), and
neither UVB irradiation nor OA altered the expression of GRP94
in HaCaT cells (Fig. 6E).

3.5. OA inhibits XPA degradation via the proteasome pathway

GRP94, the most abundant protein residing in the endoplas-
mic reticulum, is associated with oxidative stress, endoplasmic
reticulum calcium depletion, and the accumulation of misfolded
proteins *. To further investigate the role of GRP94 in OA-medi-
ated upregulation of XPA, we established a stable GRP94 knock-
down HacCaT cell line (Figs. 7A and 7B). Although OA does not af-
fect the mRNA and protein levels of GRP94, inhibition of GRP94
resulted in attenuation of OA-induced XPA expression (Fig. 7B).
Furthermore, as illustrated in Figs. 7C-7F, OA could no longer al-
ter the percentage of CPD and 6-4PP repair in HaCaT shGRP94
cells. Collectively, these findings demonstrate that OA upregu-
lates XPA through binding to GRP94.

A recent investigation indicated that OA may operate through
proteasome-mediated degradation *. To elucidate whether OA
could inhibit XPA degradation via the proteasome pathway, we
treated HaCaT shCon and shGRP94 cells with the protein synthes-
is inhibitor CHX. In a CHX pulse-chase assay, we observed that the
knockdown of GRP94 accelerated XPA degradation (Fig. 7G). Con-
sequently, our findings demonstrate that OA enhances the stabil-
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Fig. 3 Oroxylin A alleviates UVB-induced skin inflammation. (A) HaCaT cells were treated with varying doses of oroxylin A for different time points, and cell viability was
analyzed by CCK-8 assay. (B) TUNEL staining was utilized to exclude the effect of oroxylin A on cell apoptosis. (C) HaCaT cells were treated with 50 pmol-L™" oroxylin A and
exposed to UVB irradiation (5 mJ-cm™) or left untreated. The mRNA levels of IL-1f, IL-6, IL-8, CXCL-1, CXCL-2 and CXCL-9 were measured through RT-qPCR, with GAPDH
serving as an internal control. Immunofluorescence staining was used to detect the expressions of (D) F4/80 (red) and (E) MPO (red), with DAPI staining of nuclei (blue) for
cellular localization. Results are presented as fold changes relative to control, with data expressed as the mean + SEM (n = 3), P < 0.05, "P < 0.01, "P < 0.001 vs Sham group
or UVB group (n.s., not significant). Differences are tested using two-way ANOVA.

ity of XPA protein through the proteasome pathway, and this pro-
cess is dependent on GRP94.

MDM2, a critical negative regulator of p53, has been repor-
ted to interact with p53 and GRP94 to enhance MDM2-mediated

UVB + Vehicle

UVB + OA

p53 ubiquitination and degradation *. To investigate the role of
MDM2 in XPA regulation, the MDM2 inhibitor SP141 was em-
ployed. SP141 inhibited XPA degradation in a dose-dependent
manner, suggesting that MDM2 may regulate XPA degradation
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oroxylin A (50 pmol-L™") or DMSO for 24 h. Cells were collected for analysis at 0, 1, and 3 h after UVB irradiation. (G) Slot blot analysis of 6-4PP proteins. Representative im-
ages of (H) CPD and (I) 6-4PP immunofluorescence assay of mice dorsal skin in the presence or absence of 50 umol-L™" oroxylin A. Data are presented as mean + SEM (n = 6),
'P<0.05,"P<0.01,” P<0.001 (n.s. not significant). Differences are tested using two-way ANOVA.

(Fig. 7H). Both OA and SP141 significantly increased XPA expres-
sion individually, but no significant change in XPA expression was
observed when OA and SP141 were administered simultan-
eously (Fig. 71). Considering these findings, OA reduces MDM2-
mediated XPA ubiquitination and degradation via binding GRP94,
which affects NER and subsequently alters skin inflammation and
the development of NMSC.

4. Discussion

UVB radiation is a primary contributor to NMSC **. Beyond
directly causing DNA damage through skin penetration, UVB can
induce skin oxidative stress, inflammation, and deleterious im-
mune reactions, collectively promoting the initiation and pro-
gression of NMSC. The escalating incidence and risk of UVB-in-
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duced NMSC necessitate the development of novel therapeutic
agents %_0A, extracted from the root bark of Scutellaria baicalen-
sis Georgi, is a yellow needle-shaped crystal with the chemical
formula C;cH;,05. Research has demonstrated that OA exhibits a
broad spectrum of potent biological activities, including anti-tu-
mor, anti-inflammatory, and neuroprotective effects, with its anti-
tumor properties garnering significant research interest '*,
Studies indicate that pretreatment with OA significantly reduces
tumor incidence and diversity in a DMBA/TPA-induced mouse
skin tumor model. Furthermore, OA substantially inhibits TPA-in-
duced inflammatory responses by suppressing the expression of
the adapter protein SHCBP1 *. However, the potential of OA to
inhibit UVB-induced NMSC remains unexplored. Our findings sug-
gest that OA delays the onset of UVB-induced NMSC and mitig-
ates UVB-induced acute skin damage.
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The association between cancer and chronic inflammation
has been recognized since the 19" century *°. Inflammation
serves as the body’s immune defense mechanism against harmful
stimuli. Persistent inflammatory stimulation and immune cell ac-

tivation result in long-term repeated tissue destruction and re-
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generation, leading to chronic inflammation ***'. Several studies
have reported that OA demonstrates anti-inflammatory proper-
ties “*. NER plays a crucial role in regulating inflammation by
maintaining genomic stability, triggering the elimination of cells
with irreparable DNA damage, and engaging in cell-extrinsic on-
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Fig. 5 Oroxylin A reinforces nucleotide excision repair through upregulating XPA. (A) HaCaT cells were treated with oroxylin A as indicated dosages for 12 h, and Western
blot assay was used to evaluate the expression level of XPA, XPB, XPC, XPD, XPF, XPG, DDB2, GAPDH was used as a loading control. (B) Immunoblot analysis of XPA and GAP-
DH in HaCaT cells treated with or without oroxylin A at 0, 0.5, 1.5, 6, 12, and 24 h post-UVB (10 mJ-cm ™). (C) The efficiency of XPA knockdown was verified by Western blot
(XPA shRNA#1 and XPA shRNA#2). (D) Slot blot analysis of CPD proteins in HaCaT shCon and shXPA cells treated with Oroxylin A (50 umol-L™) or DMSO for 24 h. Cells were
collected for analysis at 0, 6, and 24 h after UVB irradiation. (E) Quantification of the Slot blot analysis of CPD proteins. (F) Slot blot analysis of 6-4PP proteins in HaCaT
shCon and shXPA cells treated with oroxylin A (50 umol-L™) or DMSO for 24 h. Cells were collected for analysis at 0, 1, and 3 h after UVB irradiation. (G) Slot blot analysis of
6-4PP proteins. (H) HaCaT shCon and shXPA cells were treated with 50 umol-L™" oroxylin A and irradiated with UVB (5 mJ-cm ™) or not, mRNA levels of IL-1f, IL-6, IL-8, CXCL-
1, CXCL-2, and CXCL-9 were measured through RT-qPCR. GAPDH as an internal control. (I) A schematic for luciferase reporter gene construction. (J) HaCaT cells and (K) 293T
cells were co-transfected with XPA short-Luc or XPA long-Luc with pRL-TK vectors (0.1 pg), respectively. After 24 h, cells were treated with 50 pmol-L™* oroxylin A for 6 h,
followed by luciferase reporter assay. (L) HaCaT cells were treated with oroxylin A and co-incubated with ACTD in a time-dependent manner, as indicated. The relative XPA
mRNA level was measured by qPCR and GAPDH as an internal control. P < 0.05, "P < 0.01, P < 0.001 (n.s. not significant). Differences are tested using two-way ANOVA.
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(n = 3). (E) The level of GRP94 in HaCaT cells treated with oroxylin A or not after UVB irradiation for indicated hours.

cosuppression via immunosurveillance ** **, which aligns with ditions *’. In the present study, OA promoted the stability of XPA
our findings. Furthermore, our results indicate that OA exerts its by inhibiting ubiquitin proteasomal degradation in keratinocytes.
anti-inflammatory effect through the regulation of NER, estab- In this process, MDM2 functions as a ubiquitin ligase. It has been
lishing a connection between UVB-induced acute inflammation reported that p53 is a GRP94 client protein, and GRP94 acts as a
and chronic UVB-induced NMSC. scaffolding protein to enhance MDM2 E3 ligase activity, thereby
The NER system plays a crucial role in protecting cells from increasing p53 ubiquitination and degradation *. Our results sug-
damage induced by exogenous and intracellularly produced DNA- gest that MDM2 might be the ubiquitinase of XPA. However, the
reactive molecules, particularly in regulating inflammation. The underlying mechanism requires further investigation and verific-
deficiency of XPA could enhance photobiologic reactions, includ- ation.
ing acute inflammation and immunosuppression ***’. Previous GRP94, also known as GP96, is encoded by the hsp90b1 gene
research has shown that OA could down-regulate the transcrip- and is an intrinsic protein of the endoplasmic reticulum **. GRP94
tion level of XPC in lung cancer cells under hypoxic conditions functions as a molecular chaperone, facilitating protein folding,
through HIF-1a but has no significant effect under normoxic con- transport, secretion, and degradation. It is a member of the heat
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Tumor 5{%} )

@ Oroxylin A

S
\\\\“\

—r

UVB @
\‘ MDM2 f
S
JOOD0N Cxea
DNA damage DNA repair
Endoplasmic
reticulum
Nucleus
Inflammation LIDYE

. Proteasome i

p— g

Fig. 8 Oroxylin A stabilizes XPA via binding GRP94 and inhibits XPA degradation through the MDM2-mediated proteasome pathway.

shock protein 90 (HSP90) family ***". However, our findings sug-
gest that OA does not affect GRP94 transcription or expression.
GRP94 possesses an atypical nucleotide binding pocket contain-
ing aromatic amino acids such as Phe199, which likely facilitate -
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stacking interactions °" *. Current GRP94 inhibitor development
strategies target Phe199, and several inhibitors have been de-
veloped based on anti-inflammatory effects ** °*. Our results
demonstrate that OA can form hydrogen bonds with Phe199.
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Consequently, we hypothesize that OA may influence the con-
formation of GRP94 by binding to its Phe199 site, a speculation
that warrants further investigation.

In conclusion, this study demonstrates that OA has the poten-
tial to delay the onset of UVB-induced NMSC and mitigate UVB-in-
duced acute skin damage (Fig. 8). The primary mechanism in-
volves OA’s role in facilitating NER by preserving XPA stability.
This is achieved through the disruption of GRP94 interactions
with MDM2, which subsequently inhibits MDM2-mediated XPA
ubiquitination and degradation. Consequently, OA emerges as a
promising chemoprotective agent against the development of
NMSC. This research presents OA as a potential candidate for the
prevention of NMSC, offering new possibilities in dermatological
oncology prevention.
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