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PSMD9 promotes the malignant progression ==

of hepatocellular carcinoma by interacting with
c-Cbl to activate EGFR signaling and recycling
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Abstract

Background Mounting evidences shows that the ubiquitin—proteasome pathway plays a pivotal role in tumor pro-
gression. The expression of 26S proteasome non-ATPase regulatory subunit 9 (PSMD9) is correlated with recurrence
and radiotherapy resistance in several tumor types. However, the role and mechanism of PSMD9 in hepatocellular
carcinoma (HCC) progression remain largely unclear.

Methods PSMD9 was identified as a prognosis-related biomarker for HCC based on analysis of clinical characteris-
tics and RNA-seq data from The Cancer Genome Atlas (TCGA), Gene Expression Omnibus (GEO) and the JP Project
of the International Cancer Genome Consortium (ICGC-LIRI-JP). PSMD9 expression was analyzed in cancer tissues
and adjacent noncancerous tissues via immunohistochemistry and Western blotting. Multiple in vivo and in vitro
experimental techniques (such as CCK-8, colony formation, EdU, and Transwell assays; flow cytometry; Western blot-
ting; quantitative RT-PCR; Coimmunoprecipitation assay and immunofluorescence confocal imaging) were used

to assess the functions of PSMD9 in the pathogenesis of HCC.

Results We found that the expression of PSMD9 was upregulated and associated with a poor prognosis in HCC
patients. PSMD9 promoted HCC cell proliferation, migration, invasion and metastasis. Knockdown of PSMD9 signifi-
cantly inhibited HCC cell proliferation by inducing G1/S cell cycle arrest and apoptosis. Mechanistically, we demon-
strated that PSMD9 promoted HCC cell proliferation and metastasis via direct interaction with the E3 ubiquitin ligase
c-Cbl, suppresses EGFR ubiquitination, influenced EGFR endosomal trafficking and degradation and subsequently
activated ERK1/2 and Akt signaling. In addition, we showed that PSMD9 knockdown sensitized HCC cells to the tyros-
ine kinase inhibitor erlotinib in vitro and in vivo.

Conclusions Collectively, our results indicate that PSMD9 drives HCC progression and erlotinib resistance by sup-
pressing c-Cbl mediated EGFR ubiquitination and therefore can be a potential therapeutic target for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the fourth most com-
mon cause of cancer-related death and ranks sixth in
incidence among cancers worldwide. Surgical resection is
recognized as an effective treatment for early-stage HCC
[1]. Unfortunately, the prognosis of HCC remains poor
because of its propensity for metastatic progression and
poor response to pharmacological treatment. Therefore,
there is an unmet need for the identification of novel
diagnostic and therapeutic targets to improve the prog-
nosis of HCC.

The epidermal growth factor receptor (EGFR) is one
of four members of the EGFR/ErbB subfamily of recep-
tor tyrosine kinases (RTKs). EGFR plays a key role in
the development of various cancers [2]. Small molecule
inhibitors targeting EGFR have been applied to treat solid
tumors, such as lung cancer [3]. However, EGFR antibod-
ies and inhibitors have not achieved satisfactory clinical
results in HCC [4]. Thus, a better understanding of the
EGER signaling cascade in HCC is needed.

The ubiquitin—proteasome (Ub) system plays an
important role in oncogenesis, cancer development
and chemoresistance [5]. The 26S proteasome is com-
posed of a 20S core proteasome (CP) and a 19S regu-
latory particle (RP). It is the 19S regulator that links
the 20S CP to the Ub system. The 19S RP consists of at
least 18 different subunits and orchestrates all the steps
that lead to the degradation of ubiquitylated proteins
[6]. The proteasome degrades most cellular proteins in
a tightly controlled manner, and thereby, its dysregula-
tion is involved in multiple diseases, including cancer.
The proteasome has become an attractive target for
therapy in many cancers. Several proteasome inhibi-
tors have exhibited marked antitumor effects [7, 8].
Our previous study showed that Rpnl0/PSMD4 (a
19S regulator) promotes tumor progression by regu-
lating hypoxia-inducible factor lalpha through the
PTEN/Akt signaling pathway in HCC [9]. Rpnl0 may
be a novel therapeutic target in HCC. PSMD9 (Rpn4)
encodes a non-ATPase subunit of the 19S regula-
tor. Many studies have shown that PSMD9 plays an
important role in tumor progression. PSMD9 expres-
sion is correlated with recurrence after radiotherapy in
patients with cervical cancer [10]. PSMD9 expression
predicts the response to radiotherapy in breast cancer
patients [11]. PSMD9 is associated with radiotherapy
resistance and shorter survival in bone metastatic pros-
tate cancer patients [12]. PSMD9 is implicated in ribo-
somal protein shuttling to the nucleolus and subsequent
activation of p53 [13], which allows cells with PSMD9
to overcome the nucleolar stress induced by antican-
cer drugs and gain a survival advantage. However, the
involvement of PSMD9 in HCC progression remains
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unknown. Thus, we explored the role of PSMD9 in HCC
progression and the underlying molecular mechanism.
In this study, we revealed that PSMD9 drives HCC pro-
gression and erlotinib resistance by decreasing c-Cbl-
mediated EGFR ubiquitination.

Materials and methods

Cell lines and cell culture

Huh7 and Hep3B cells were obtained from Riken Cell
Bank (Tsukuba, Japan). HEK-293 T cell lines were pur-
chased from the American Type Culture Collection
(Manassas, VA, USA). The MHCC-LM3 and MHCC-
97H cell lines were obtained from the Liver Cancer Insti-
tute, Zhongshan Hospital of Fudan University (Shanghai,
China). The HCC-LY10 cell line was established in
our laboratory. The HCC cell lines used in this study
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) containing 10% heat-inactivated fetal
bovine serum (Gibco) and incubated at 37°C in a humidi-
fied atmosphere with 5% CO,. All of the cell lines were
authenticated and characterized by the suppliers. Cells
were used within 6 months of resuscitation. These cell
lines were mycoplasma-free and routinely authenticated
by quality examinations of morphology and growth
profile.

Lentivirus production and cell transduction

The PSMD9 lentiviral overexpression plasmid and
shRNA plasmid were supplied by the CCSB-Broad Len-
tiviral Expression Library and Human TRC shRNA
Library. The EGFR plasmid was maintained in our labo-
ratory [14]. The plasmid was sequenced from the 5" and
3’ ends to confirm its sequence. The target sequences are
listed in Supplementary Table 1.

Viral packaging was performed in HEK-293 T cells
after cotransfection of the PSMD9 overexpression or
shRNA plasmid with the packaging plasmid psPAX2 and
the envelope plasmid pMD2.G (Addgene) using Lipo-
fectamine 2000 (Invitrogen). The viruses were harvested
at 72 h after transfection, and the viral titers were deter-
mined. HCC cells were transduced with 1 x10° recombi-
nant lentivirus-transducing units in the presence of 6 pg/
ml polybrene (Sigma).

Quantitative real-time RT-PCR (qRT-PCR)

Total RNA extraction, reverse transcription, and qRT-
PCR analyses were performed as previously described
using an ABI Prism 7500 System (Applied Biosystems,
Carlsbad, CA, USA) with SYBR® Premix Ex Taq (Takara,
Dalian, China). The mRNA levels were normalized to
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those of the housekeeping gene GAPDH. Sequences of
primers are listed in Supplementary Table 2.

Western blotting

Proteins in whole cell lysates were separated by SDS-
polyacrylamide gel electrophoresis and transferred onto
PVDF membranes (Millipore). The membranes were
incubated overnight with primary antibodies at 4 °C and
then with secondary antibodies conjugated to horserad-
ish peroxidase (HRP) for 1 h at room temperature. The
immunoreactive blots were visualized using an enhanced
chemiluminescence reagent (Pierce, Rockford, IL, USA).
B-Actin was used as a loading control. Information of the
antibodies is listed in Supplementary Table 3.

Cell proliferation and colony formation assays

Cell proliferation was measured by the Cell Counting
Kit-8 (CCK-8) (Bimake, USA) according to the manu-
facturer’s instructions. A cell proliferation EAU image
Kit (Abbkine, Wuhan, China) was used for EAU staining
following the manufacturer’s protocols. The cells were
observed and photographed with a fluorescence micro-
scope after EAU staining. For colony formation assays,
1,000 cells were plated in each well of a 6-well plate and
incubated at 37 °C for 2 weeks. Colonies were fixed with
4% phosphate-buffered formalin (pH 7.4) and subjected
to Giemsa staining for 15 min. Three independent experi-
ments were performed for each assay.

Migration and invasion assays

Cells were seeded in the upper chamber of a transwell
(8-pum pore size) or in a Matrigel-coated transwell (BD
Biosciences, NJ) in serum free media. The lower cham-
ber contained DMEM supplemented with 10% fetal
bovine serum as a chemoattractant. After incubating
for 24 or 48 h, the nonmigrated or noninvaded cells
were gently removed from the upper chamber using
a cotton swab. The cells were fixed with formalin and
stained with Giemsa solution. The number of cells in
five randomly chosen fields of view was counted under
a microscope.

Flow cytometry analysis
For cell cycle analysis, cells were washed twice with
cold PBS, fixed in 70% cold ethanol and incubated
overnight. Before analysis, the cells were stained with
a solution containing 10 mg/ml RNAase and 400 mg/
ml propidium iodide (PI) and incubated for 30 min at
37 °C. Finally, the cells were analyzed by flow cytometry.
For the apoptosis assay, the cells were harvested,
washed, incubated with PE-conjugated Annexin V and
7-AAD, and incubated for 15 min at room temperature.
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The cells were analyzed by flow cytometry within 1 h.
The results are the representative of 3 independent
experiments with triplicate samples for each assay.

For the EGER internalization assay, cells were trypsi-
nized and collected after incubation with EGF at
the indicated time points. After washing twice with
cold PBS, nonpermeating cells were incubated with a
PE-conjugated anti-EGFR antibody (BioLegend) for
30 min. After washing, the cells were immediately sub-
jected to flow cytometry analysis (Flow]Jo 7.6.1).

In vivo growth and metastasis assays

To assess the in vivo growth and metastasis of HCC
cells, four- to six- week-old male BALB/C nude mice
used; HCC cells were orthotopically inoculated into
the left hepatic lobes of the mice with a microsyringe
through an 8-mm transverse incision in the upper
abdomen under anesthesia. A total of 2 x 10° cells sus-
pended in 40 pl of a mixture of serum-free DMEM/
Matrigel (1:1 volume) (BD Biosciences, MA) were
injected into each nude mouse. The mice were sacri-
ficed at six weeks and the tissues were harvested and
fixed with phosphate-buffered neutral formalin for at
least 72 h. Metastases were identified by analyzing lung
tissue sections followed by H&E staining.

For in vivo drug studies, six week old male BALB/C
nude mice were injected subcutaneously with
2x10° cells. When the tumors reached a volume of
approximately 100 mm? in size, the mice were rand-
omized into 4 groups. The mice were treated with erlo-
tinib (40 mg/kg, every 3 day) via oral gavage. The tumor
dimensions were measured with Vernier calipers every
3 days, and tumor volume was calculated as follows:
tumor volume = (length x width?)/2. On day 24, the mice
were sacrificed, and the tumors were excised and fixed
with 4% phosphate-buffered neutral formalin. All of the
experiments were approved by the Renji Hospital Insti-
tutional Animal Care (RT2022-122u) and Use Commit-
tee and performed in accordance with the Institutional
Guide for the Care and Use of Laboratory Animals.

Immunofluorescence analysis via confocal imaging

Briefly, cells were grown on Lab-Tek chamber slides
(Nunc), fixed with 4% paraformaldehyde in PBS for
30 min, and permeabilized with 0.1% Triton X-100 in PBS
for 5 min. The slides were incubated with primary antibod-
ies in blocking solution overnight at 4 °C in a humidified
chamber. Subsequently, the glass slides were washed three
times in PBS and incubated with Alexa Fluor 488-conju-
gated and Alexa Fluor 555-conjugated secondary anti-
bodies and 4, 6- diamidino-2-phenylindole (DAPI) in
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blocking solution for 30 min at 37 °C in a humidified
chamber. Images were obtained with a Leica TCS SP8 con-
focal microscope (Leica, Microsystems). Information of
the antibodies is listed in Supplementary Table S3.

Coimmunoprecipitation (Co-IP) assay

The cells were harvested in RIPA (Upstate, Biotechnology)
lysis buffer containing protease inhibitors for 40 min on ice
and centrifuged at 12,000 g for 10 min. Protein A/G aga-
rose beads were incubated with anti-PSMD9 or anti-CBL
antibody or negative control IgG overnight on an orbital
shaker at 4 °C. The immune complex was precipitated with
protein-A/G agarose, washed five times and analyzed by
western blotting.

Immunohistochemistry (IHC)

IHC assays were conducted as reported previously
[15]. A total of 106 HCC tissues were obtained from
Zhongshan Hospital of Fudan University. All samples
were obtained with informed consent. The study was
approved by the Ethics Committee of Renji Hospi-
tal, Shanghai Jiao Tong University School of Medicine
(KY2023-084-B). Briefly, the sections were deparaffi-
nized with xylene and rehydrated before being heated
to just below boiling temperature at a subboiling tem-
perature in sodium citrate buffer (pH 6.0) for 20 min
in a microwave oven for antigen retrieval. After being
washed with PBS three times, the samples were incu-
bated with 3% hydrogen peroxide for 10 min to block
endogenous peroxidase activity. The sections were then
incubated overnight with primary antibodies at 4 °C.
After being rinsed with PBS, the sections were incubated
with horseradish peroxidase (HRP)-conjugated second-
ary antibody at 37 °C for 30 min and then incubated
with diaminobenzidine solution. Finally, the nuclei were
counterstained with Mayer’s hematoxylin.

EGFR dimerization assay

Overnight serum-starved HCC cells were treated with
EGF (25 ng/ml) at 4 °C for 1 h and then incubated with the
3 mM crosslinker BS3 (Thermo Fisher Scientific) at 4 °C for
20 min. The reaction was terminated by incubation with
250 mM glycine in PBS for 5 min. Samples were subjected
to lysing and Western blotting.

Statistical analysis

All the data are presented as the means *standard devia-
tions (SDs). Unpaired t test was used to compare the means
between two groups, and one-way ANOVA was used to
compare the means among multiple groups. The Kaplan—
Meier method was used to plot survival curves, which were
compared by the log-rank test. p<0.05 was considered to
indicate statistical significance.
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Results

Elevated PSMD9 expression in HCC is closely associated
with increased tumor grade, metastasis and a poor
prognosis

We first analyzed the expression of PSMD9 in numer-
ous cancers using The Cancer Genome Atlas (TCGA)
data. We found that PSMD9 was highly expressed in a
variety of human tumors, including HCC (Supplemen-
tary Figure S1A, Fig. 1A). We further confirmed the dif-
ference in PSMD9 expression between adjacent cancer
tissue and cancer tissue by analyses of the Gene Expres-
sion Omnibus (GEO) and the JP Project from the Inter-
national Cancer Genome Consortium (ICGC-LIRI-JP)
(Fig. 1B-C). Moreover, PSMD9 protein levels were upreg-
ulated in HCC tissues compared with noncancerous tis-
sues according to the Western blotting results (Fig. 1D).
Furthermore, PSMD9 expression was upregulated in
patients with nodal metastasis patients compared with
patients without nodal metastasis in the TCGA cohorts
(Supplementary Figure S1B).

We next investigated the clinical significance of
PSMD9 in HCC patients. We found that the expres-
sion of PSMD9 was significantly correlated with the
malignancy grade and metastasis in HCC patients
in the TCGA and ICGC-LIRI-JP cohorts (Fig. 1E-F).
We next assessed the expression of PSMD9 in HCC
patients using IHC. The clinicopathological features of
the patients with HCC (106 patients) were shown in
Supplementary Table S4.We found that high PSMD9
expression positively correlated with high tumor grade
in HCC patients (Fig. 1G). According to the IHC results,
the patients were divided into two groups based on the
expression of PSMD?9 (Fig. 1H). We found that PSMD9
expression was positively associated with tumor size,
American Joint Committee on Cancer (AJCC) grade
and metastasis (Table 1). However, there was no cor-
relation between PSMD9 expression and other clinico-
pathological factors, including gender, age, cirrhosis
status, serum alpha-fetoprotein (AFP) level, HBV posi-
tivity status, portal vein tumor thrombus (PVTT) and
vessel carcinoma embolus (VCE) (Table 1). Kaplan-
Meier survival analysis revealed that high PSMD9
expression was associated with significantly shorter
overall survival (OS) time and disease-free survival
(DES) time than low PSMD9 expression according to
TCGA, ICGC and GEO data (Fig. 1I-J, Supplementary
Figure S1C). The results were also confirmed using our
cohort (Fig. 1K-L). Furthermore, univariate and mul-
tivariate Cox proportional hazard analyses suggested
that high PSMD9 expression was associated with worse
survival in HCC patients than low PSMD9 expression
in HCC patients (p < 0.05; Fig. 1M-N). In addition, high
expression of PSMD9 was associated with shorter OS



Su et al. J Exp Clin Cancer Res

(2024) 43:142

Page 5 of 17

A TCGA B GSE25097 GSE148355 GSE10143
40 P<0.001 510 P<0.0001 5 15 P<0.0001 5 14 P<0.01
sl 2 2 : 2
§ . 2 8 : 2 o 13
2 : g < ¢ g :
E 2 : 5 6 i ] O 129 s
5 3 D H 2 [=3 @ =
g £ a i a Q11" -
= 3 s, . = = £
4 7] s > 2 1o B
5 1 e o = o a
2 . 3 E o y = o o :
2 : 2 2 1 2 9 =
g g T K] k] k]
T g o £ 00 e 8
N T N T N T N T
Cc D E
s TCGA
ICGC
c P<0.001 AN 1T 2N 2T 3N 3T 4N_ 4T P<0.01 e
9 54 15 S 4
2 : PSMD9 — SR ——— %
8 H
s i - actin| E—— £ 53
54 2 practin| S1.0 T g
2 ; : ks 3
a 2 ~ = =
= 2 5N_5T 6N 6T 7N 7T 8N 8T & . g2
pr 2
& 3] & PSMDY - - - -] 505 1
e 5 ¥ ¢ % ﬁ
2 % H
£ H B-actin “ﬁ- - .
22 . T 0.0-— T 0
N T N T Normal Stage1 Slagez StageS Stage4
(n=50) (n=173) (n=87) (n=85) (n=5)
F G Grade | Grade Il H PSMD low expression
6 IcGC e 253 o
c rxx >
£
2 P
[ I —
g
H
3 - .
2 4 RE R
I Grade IIl Grade IV
2 3
k!
]
o
T T T T T
Normal Stage1 Stage2 Stage3 Stage4
(n=177) (n=33) (n=96) (n=59) (n=15)
I ToeA y 1cec K PSMD9 | PSMDO
= low - low
100 -~ 100 - 100 100,
PSMD low %L PSMDS low ‘\ PSMDS high D -~ PSMD high
80 ~ PSMD high L. ~ PSMD9 high k_“—‘—‘% - o R i
. «LL 0 . N=68 80 N N=68
-, = = —
< 60 | uN=182 S " " N=101 g — S -
8 L e £ @ 60 N=38 g @ 60 N=38 |
8 40 y 3 N=101 b & L. 8
2 = 40 40
P<0.0001 P=0.0149 P=0.0075 P=0.0081
0+ T T 1 1 T T T ) T T T T T . T T T T 7
0 50 100 150 0 20 40 60 80 0 20 40 60 80 100 0 50 100 150 200
Time (months) Time (months) Time (months) Time (months)
M N
Univariate HR (95% CI) Pvalue  Multivariate HR (95% CI) P value
Age Jr4 0.977 (0.481-1.985)  0.949 Tumorsize  fat 1.491 (0.547-4.065)  0.435
Gender 10— 0.184 (0.466-2.525)  0.851
Cirrhosis {4 1.051(0.4952231) o0.gog ~ AJCCorade e 1.159 (0.238-5.652)  0.855
HBV {r-e—i 1.390 (0.570-3.392)  0.469 AP et 1,024 (0515-7.194) 0,331
Tumor size { f—e—i 2.280 (1.111-4.676)  0.025%
AJCC grade —_— 9.519 (4.462-20.308)  0.000** PVTT P 0.320 (0.089-1.151)  0.081
AFP JH—e 2087 (0852-4.088) .12 VCE  fei 1.885 (0.630-5.646)  0.257
PVTT 0.193 (0.091-0.412)  0.000*
VCE &1 0.617 (0.262-1.439)  0.264 Metastasis ~ H—e—i 6.134 (1.451-25.921)  0.014"
i 9.278 (3.931-21.902)  0.000**
PSMD9 —f————-———————  8.835(1.117-69.907) 0.039*
PSMD9 {k——e—— 3.381(1.297-8.810)  0.008™
0 5 10 15 20 25 20 0 20 40 60 80

Fig. 1 PSMD9 upregulation is associated with a poor prognosis in HCC patients. A-C The expression of PSMD9 in HCC tissues was compared
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and the ICGC-LIRI-JP dataset (C). D The expression of PSMD9 in HCC tissues was compared with that in the corresponding noncancerous liver

tissues by Western blotting. E-F The expression of PSMD9 in noncancerous li
in the TCGA (E) and ICGC-LIRI-JP cohorts (F). G Immunohistochemical analysi

ver tissues and HCC tissues of different grades was analyzed
s of PSMD9 expression in HCC samples. Representative images are

shown. H Representative images of samples with high and low PSMD9 expression. I-J Overall survival analysis of HCC patients in the TCGA cohort
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times in patients with various types of tumors accord-
ing to TCGA data (Supplementary Figure S2). Taken
together, these findings indicate that high expression
of PSMD?9 is associated with a poor prognosis in HCC
patients and that PSMD9 might play an important role
in promoting the malignant progression of HCC.

PSMD9 promotes HCC cell proliferation

To verify the function of PSMD9 in HCC, we first exam-
ined the expression of PSMD9 in HCC cell lines. We
found that PSMD9 expression was high in HCC-LY10
and MHCC-LM3 cells and that PSMD9 expression was
low in Huh7 and Hep3B cells (Supplementary Figure
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Table 1 Correlation between PSMD9 levels in HCC patients and their clinicopathological characteristics

Clinicopathological features Number Low expression High expression p value

N (%) N (%)

Age
55 50 24(48.0) 26(52) 0.014*
>55 56 14(25.0) 42(75.0)

Gender
Male 82 31(37.8) 51(62.2) 0438
Female 24 7(29.2) 17(70.8)

Tumor size
<5cm 65 29(44.6) 36(55.4) 0.010**
>5cm 40 8(20.0) 32(80.0)

AJCC grade
-1 79 33(41.8) 46(58.2) 0.030*
-1V 27 5(18.5) 22(81.5)

Cirrhosis
Negative 32 10(31.2) 22(68.8) 0516
Positive 74 28(37.8) 46(62.2)

AFP (ng/mL)
<20 33 14(42.4) 19(57.6) 0.345
>20 70 23(32.9) 47(67.1)

HBV
Negative 17 4(23.5) 13(76.5) 0.248
Positive 89 34(38.2) 55(61.8)

Portal vein tumor thrombus (PVTT)
Negative 93 36(38.7) 57(61.3) 0.100
Positive 13 2(15.4) 11(84.6)

Vessel carcinoma embolus (VCE)
Negative 33 15(45.5) 18(54.5) 0.166
Positive 73 23(31.5) 50(68.5)

Metastasis
Negative 88 35(39.8) 53(60.2) 0.036*
Positive 17 2(11.8) 15(88.2)

S3). The HCC-LY10 and MHCC-LM3 cell lines were
subjected to PSMD9 knockdown via shRNA in subse-
quent experiments (Fig. 2A, supplementary Figure S4A).
Our results showed that PSMD9 knockdown inhibited
HCC cell proliferation and decreased the proportion
of EdU-positive cells (Fig. 2B-D, supplementary Figure
S4B). Conversely, exogenous expression of PSMD9 mark-
edly promoted cell growth and colony formation ability
(Fig. 2E-H, supplementary Figure S4C-D).

To further investigate the mechanism by which PSMD9
affects HCC proliferation, we determined the cell cycle
distributions of HCC-LY10 and HCC-LM3 cells by
flow cytometry. Our results showed that knockdown of
PSMD?9 increased the proportion of cells entering the G1
phase and decreased the proportion of cells entering the
S phase, indicating that knockdown of PSMD9 induces
cell cycle arrest at the G1 phase in HCC-LY10 and

HCC-LMS3 cells (Fig. 2I). We next detected the expression
of cell cycle regulators. The results showed that the levels
of CDK4, CDKS6, cyclin D1, p-Rb, E2F1 and PCNA were
drastically lower in PSMD9-knockdown cells than in con-
trol cells (Fig. 2J). Conversely, the expression of CDK4,
CDKS, cyclin D1, p-Rb, E2F1 and PCNA was increased in
PSMD9-overexpressing HCC cells(supplementary Figure
S4E). However, expression of p53 was not affected in the
PSMD9-knockdown and PSMD9-overexpressing HCC
cells (Fig. 2], supplementary Figure S4E). Furthermore,
we found that knockdown of PSMD9 induced apopto-
sis in HCC cells (Fig. 2K). Conversely, overexpression of
PSMD? inhibited apoptosis in HCC cells (supplementary
Figure S4F). Therefore, these results suggest that PSMD9
promotes the proliferation of HCC cells and inhibits their
apoptosis.
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Fig. 2 PSMD9 promotes HCC cell proliferation. A The expression levels of PSMD9 in PSMD9-knockdown HCC cells were determined by Western
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Next, we assessed the effect of PSMD9 on the tumo-
rigenicity of HCC cells in vivo by using an orthotopic
liver tumor model in nude mice. As shown in Fig. 2L,
MHCC-LM3 tumors derived from shPSMD9 group
cells weighed less than those derived from shNC group

cells. In contrast, compared with the control cells, Huh7
cells overexpressing PSMD9 promoted tumor growth,
as determined by the liver weight (Fig. 2M). Further-
more, the expression of Ki-67 was significantly increased
in HCC cells overexpressing PSMD9 (Fig. 2N). Taken
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together, these results provide strong evidence that
PSMD9 promotes the tumorigenesis.

PSMD9 promotes HCC cell migration, invasion

and metastasis

Cancer cell migration and invasion have been identi-
fied as key events in cancer development. Therefore, we
examined the effect of PSMD9 on HCC cell migration
and invasion. The results showed that the overexpres-
sion of PSMD9 promoted HCC cell migration and inva-
sion, whereas silencing PSMD?9 resulted in decreased cell
migration and invasion (Fig. 3A-B).

To further clarify the role of PSMD9 in HCC metasta-
sis in vivo, PSMD9-overexpressing cells were orthotopi-
cally inoculated into the left hepatic lobe of mice via a
microsyringe. Histological examination of lung and liver
tissues indicated that the number of intrahepatic and lung
metastasis nodules was significantly greater in the PSMD9
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overexpression group than in the control group (Fig. 3C).
Metastasis was confirmed by anti-human mitochondria
antibody staining, which is used to detect human cells in
xenograft models (Fig. 3D). Taken together, these findings
suggest that PSMD9 promotes HCC metastasis.

PSMD9 promotes EGFR expression through inhibition of its
ubiquitination

To explore the mechanism of PSMD9 in HCC, RNA
sequencing was performed in PSMD9-overexpressing
cells. Many differentially expressed genes (DEGs) were
identified in cells based on RNA-seq, and DEGs were
further subjected to Reactome enrichment analysis.
The results of Reactome functional enrichment analysis
showed that PSMD?9 can regulate EGFR signaling in HCC
cells (Fig. 4A). Therefore, we next detected the expres-
sion of EGFR in PSMD9-overexpressing and PSMD9-
knockdown HCC cells. Our results showed that the
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overexpression of PSMD9 increased the phosphorylation
of EGFR in HCC cells (Fig. 4B). In contrast, EGFR phos-
phorylation was inhibited in PSMD9-knockdown HCC
cells (Fig. 4C). EGEFR triggers several signal transduction
cascades, including those of Rafl-extracellular signal-
regulated kinase (ERK) and PI3K-Akt. Therefore, we
detected the expression of ERK1/2 and Akt in HCC cells.
Our results showed that overexpression of PSMD9 pro-
moted the phosphorylation of ERK1/2 and Akt in HCC
cells (Fig. 4B). Conversely, PSMD9 knockdown inhibited

the phosphorylation of ERK1/2 and Akt in HCC cells
(Fig. 4C). Furthermore, phosphorylated EGFR and its
downstream signaling molecule phosphorylated ERK1/2
were activated in murine xenografts from PSMD9-over-
expressing Huh7 cells (Fig. 4D). To determine whether
PSMD9 affects EGF-induced EGFR degradation, we
detected the expression of EGFR and its downstream
signaling proteins in PSMD9-knockdown HCC cells
treated with EGF. Our results showed that knocking
down PSMD?9 inhibited the phosphorylation of EGFR in
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HCC cells treated with EGE. Moreover, the activation of
ERK1/2 and Akt was also altered in PSMD9-knockdown
HCC cells treated with EGF (Fig. 4E-F). Therefore, these
results indicate that PSMD9 regulates EGER signaling in
HCC cells.

EGER is a cell surface protein that binds to epidermal
growth factor. Binding of the protein to a ligand induces
receptor dimerization and tyrosine autophosphorylation
and leads to cell proliferation [16]. Therefore, crosslink-
ing experiments were performed to examine the effects of
PSMD9 on EGER dimerization and EGF-induced dimeri-
zation of EGFR, and we found that forced expression of
PSMD9 increased EGFR dimerization and EGF-induced
EGFR dimerization. Conversely, PSMD9 knockdown
inhibited EGFR dimerization and EGF-induced EGFR
dimerization (Fig. 4G).

In addition, we found that PSMD9 did not affect the
expression of EGFR mRNA in HCC cells (Supplementary
Figure S5A). These results indicate that PSMD9 promotes
EGER expression through posttranscriptional regulation.
Next, PSMD9-overexpressing or control HCC cells were
treated with cycloheximide (50 pg/ml), which blocks de
novo protein synthesis. Our results showed that the rate
of EGFR protein degradation was significantly lower
in PSMD9-overexpressing cells than in control cells
(Fig. 5A). The half-life of the EGFR protein in the cells
was extended (from 3 to 8 h in Huh7 cells and from 6 to
12 h in Hep3B cells) as a consequence of PSMD9 over-
expression (Fig. 5A). These results suggest that the over-
expression of PSMD9 increases the stability of the EGFR
protein in HCC cells.

To investigate the involvement of the ubiquitin-protea-
some pathway in the proteolytic degradation of EGFR,
we applied the proteasomal inhibitor MG132 to PSMD9-
knockdown HCC cells. Our results showed that the
downregulation of EGFR caused by PSMD9 knockdown
was blocked by MG132 treatment (Fig. 5B). Further-
more, overexpression of PSMD9 significantly reduced
the ubiquitination of EGFR in an in vitro ubiquitination
assay (Fig. 5C). Therefore, these results indicated that
PSMD9 increases the stability of EGFR by reducing its
ubiquitination.

PSMD?9 interacts with c-Cbl and stabilizes EGFR

To determine whether E3 ubiquitin ligases are involved
in the regulation of EGFR ubiquitination by PSMD?9, we
next examined the expression of the ubiquitin ligases of
EGFR (STUBI, Parkin and c-Cbl) in PSMD9-overex-
pressing and PSMD9-knockdown HCC cells [17-19].
Our results showed that overexpression of PSMD9
inhibited the expression of ¢c-Cbl in HCC cells. Con-
versely, PSMD9 knockdown increased c-Cbl expres-
sion in HCC cells. However, the Pakin and STUBI1
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levels were not significantly influenced by PSMD9 in
HCC cells (Fig. 5D-E). Next, to investigate whether
PSMD?9 binds specifically to ¢-Cbl in HCC cells, we car-
ried out co-IP and found that PSMD9 interacts with
c-Cbl directly (Fig. 5F supplementary Figure S5B).
Furthermore, immunofluorescence staining revealed
that PSMD9 and c-Cbl were colocalized in HCC cells
(Fig. 5G). Taken together, these results indicate that
PSMD9 interacts with c-Cbl and inhibits its expres-
sion thus decreasing the level of EGFR ubiquitination to
increase EGFR stability in HCC cells.

PSMD9 influences EGFR endocytosis and degradation
EGER endocytosis and degradation are regulated by the
ubiquitination of EGFR [20]. Therefore, we first detected
the cell surface expression of EGFR in the PSMD9-over-
expressing HCC cells. We found that the overexpression
of PSMD9 promoted the cell surface expression of EGFR
(Fig. 6A). Knockdown of PSMD9 inhibited the expres-
sion of EGFR in HCC cells as determined by immuno-
fluorescence (Fig. 6B). Next, we detected the cell surface
expression of EGFR in the PSMD9-knockdown HCC
cells treated with EGF. The results showed that knock-
down of PSMD9 decreased the cell surface expression
of EGFR compared with that in control cells (Fig. 6C-D).
Furthermore, PSMD9 knockdown promoted the colo-
calization of EGFR with the lysosomal degradation mark-
ers EEA1 (a marker of the early endosomal stage) and
LAMP1 (a lysosomal marker) (Fig. 6E-F). Taken together,
these results indicate that PSMD?9 inhibits c-Cbl expres-
sion and subsequently decreases EGFR ubiquitination
and endocytosis from the cell membrane and suppresses
ERK1/2 and Akt activation, which contributes to HCC
progression.

PSMD9 promotes HCC cell proliferation, migration

and invasion through the EGFR pathway

To confirm the role of EGFR in PSMD9-mediated HCC
proliferation and invasion, we assessed the effect of
EGFR expression on the cell proliferation and inva-
sion of PSMD9-knockdown cells (Fig. 7A). The results
showed that the PSMD9 knockdown-induced sup-
pression of cell proliferation, migration and invasion
could be reversed by overexpressing EGFR in HCC cells
(Fig. 7B-G, supplementary Figure S6A-S6C). PSMD9
knockdown-induced apoptosis also was reversed by
overexpressing EGFR in HCC cells (Fig. 7E-F). In addi-
tion, the EGFR inhibitor erlotinib was used to treat
PSMD9-overexpressing HCC cells. Our results showed
that the PSMD9 overexpression-induced promotion
of cell proliferation, migration and invasion could be
attenuated by erlotinib in HCC cells (Fig. 7H-K, sup-
plementary Figure S6D-S6E). In addition, PSMD9
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overexpression-induced cell proliferation, migration, Knockdown of PSMD?9 sensitizes HCC cells to erlotinib

and invasion were reversed by EGFR shRNAs (Sup-
plementary Figure S7A-F). Therefore, these results sug-
gested that PSMD9 promotes cell proliferation and
invasion through the EGER pathway in HCC cells.

According to the results mentioned above, we asked
whether PSMD?9 can be regarded as a potential target for
HCC therapy. Erlotinib combined with sorafenib did not
improve survival in patients with advanced HCC [4].To
confirm whether the knockdown of PSMD9 enhances the
potential effect of erlotinib on HCC cells, HCC cells with
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Fig. 6 PSMD9 influences EGFR endosomal trafficking. A EGFR expression on the cell surface was assessed by flow cytometry. B The expression
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MHCC-LM3 cells was assessed by flow cytometry in the presence of EGF. D The expression of EGFR in the presence of EGF for the indicated time
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with EGF for the indicated time periods were subjected to an immunofluorescence assay. Antibodies against EGFR and LAMP1 were used. **p <0.01

PSMD9 knockdown were incubated with erlotinib. As
shown in Fig. 8, PSMD9 knockdown sensitized HCC cells
to erlotinib. Erlotinib treatment combined with PSMD9
knockdown had synergistic inhibitory effects on cell pro-
liferation, migration and invasion (Fig. 8A-E, supplemen-
tary Figure S8A-S8C). Knockdown of PSMD9 enhanced
erlotinib-induced cell apoptosis (Fig. 8D). Long-term
colony formation assays revealed that compared with

control cells, PSMD9-knockdown cells were sensitive to
erlotinib treatment (Fig. 8C, supplementary Figure S8B).
In addition, erlotinib treatment combined with PSMD9
knockdown synergistically inhibited the expression of
EGFR and the phosphorylation of ERK1/2 and Akt in
HCC cells (Fig. 8F). Therefore, these data indicate that
the loss of PSMD?9 sensitizes HCC cells to erlotinib. We
next evaluated the synergistic effect of this combination
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treatment in vivo. We found that PSMD9 knockdown
increased the sensitivity of HCC cells to erlotinib treat-
ment. PSMD9 knockdown combined with erlotinib
treatment reduced the overall tumor volume and mass
(Fig. 8G-]). In addition, the positive expression of Ki67
and EGFR was decreased significantly, as indicated by the
immunohistochemistry results (Fig. 8K).

Discussion

Several studies have reported that PSMD9 is correlated
with the development of many tumor types. For example,
low PSMD9 expression is associated with relative tumor
radiosensitivity in breast cancer [11]. PSMD9 expres-
sion is correlated with recurrence after radiotherapy in
patients with cervical cancer [10]. Although the role of
PSMD9 in many tumor types has been studied, there are



Su et al. J Exp Clin Cancer Res (2024) 43:142

Page 14 of 17

A B
MHCC-LM3 HCe-LY10 S
2.5 shNC+DMSO 34 - ShNC+DMSO 2 6 =
8,0 shPSMD9+DMSO 2 shPSMD9+DMSO o e ae = ShNC+DMSO
2“7 7|+ shNC+Erlotinib 2, |- shNC+Erlotinib . 3 e shPSMD9+DMSO
2 4.5 = shPSMDg+Erlotinib |: 2 2~ shPSMDY+Erlotinib, 4 g ShNC+Erlotinib
£ . 3 £ ax « shPSMD+Erlotinib
1.0 | g |: 5
2os =" g’
8 [=] a
5 5 o ﬁ
00— L S s —— £ 0 ; T
1 3 4 5 6(Days) 12 3 4 5 opay) 8 MHCC-LM3 ~ HCC-LY10
Cc D
+ ShNC+DMSO MHCC-LM3 HCC-LY10 + ShNC+DMSO
shPSMD9+DMSO N ___shPSMD9 shNC __shPSMD9 ShPSMD9+DMSO
ShNC+Erlotinib s 99)510.82 10.55 76| %2.9 ShNC+Erlotinib
L *shPSMDg+Eriotinib . 9 « shPSMD9+Erlotinib
2 250 B . - 2 20 e
5 al: Y e .
2 200 2| ¢ 327/%91.0 |7.61 &
2 R R 220 u
4 o 2 -
5 150 #3178 [ 1.31® 2 ]
E 2 J ¥ E o 2 ax
£ 100 — s g 32
3 B e k h £ 210
2 50 3 e 4 i ¢ & g
z 2 2 o <
§ “lss0_ | 7517798 | 154] Je72 |962|lessg
s 0 B R o e e e R T ] 0
S MHCC-LM3 HCC-LY10 - MHCC-LM3 HCC-LY10
Annexin-V-PE
E 250 F MHCC-LM3 HCC-LY10
@ ShNC+DMSO shNC
= ShPSMD9+DMSO shPSMD9
200 v - DMSO
. . ShNC+Erlotinib Erlotinib
& @ ShPSMDg+Erotinib p-EGFRM %)
2 150 =
o EGFR
2 = AKT
§ 100 P
IS L2 AKT
3
o
50— p-ERK1/2
Iﬁ H ERK1/2
0 & & PSMDO [ e - | | - -
Migration Invasion Mlgrauon Invaslon )
MHCC-LM3 HCC-LY10 [B-actin | CEESEEES—— | | S————
G H 1 J
MHCC-LM3-shNC 1.0 u 15001 shNC
u
MHCC-LM3-shPSMD9 shNC Sos xe "E’ ShPSMD9
& N . . shPSMD9 Z0s _I. < 1000~ ShNC+Erlotinib
Erlotinib(i.g.) Sacrifice 2 g = ShPSMD9+Erlotinib i
ShNC+ 204l 5 o
Erlotinib 5 2 500
E o2 5 |
ShPSMD9 20 E3- H
od 6d 9d 12d 15d 18d 21d 24d +Erlotinib ool — 3 F o
Subcutaneous ¢ NN 6 9 12 15 18 21 24(Days)
implantation S ¥ ¢ &
& & &
SO
S 5°
R
L K

shNC+Erlotinib  shPSMD9+Erlotinib
4 -

Fig. 8 Knockdown of PSMD9 sensitizes HCC cells to erlotinib. A-E PSMD9 knockdown or control cells were incubated with erlotinib. Cell
proliferation was detected by a CCK-8 assay (A), an EdU incorporation assay (B) and a colony formation assay (C). Apoptosis was detected

by flow cytometry (D). Migration and invasion were detected by transwell assays (E). The expression of p-EGFR, EGFR, p-Akt, Akt, p-ERK1/2,

ERK1/2 and PSMD9 was detected by western blotting (F). G-K In vivo xenograft tumorformation assays were performed using stably PSMD9
knockdown or control MHCC-LM3 cells (2 x 10°%) subcutaneously injected into the right posterior flanks of 6-week-old male BALB/C nude mice,
followed by treatment with vehicle or erlotinib (40 mg/kg/d) when the tumors reached a volume of approximately 100 mm? in size. Schematic

of the experimental design (G). On day 24, the mice were sacrificed, and the tumors were photographed (H). Tumor weights were measured

and plotted (I). Tumor growth was measured every 3 days (J). The expression of Ki67, PSMD9 and p-EGFR in xenograft tissues was evaluated by IHC
(K). L Model of the mechanisms of action of PSMD9 in HCC. PSMD9 interacts with c-Cbl, stabilizes EGFR, decreases EGFR ubiquitination, influences
EGFR endosomal trafficking and degradation and subsequently activates downstream signaling and promotes HCC progression. Bar=50 um.
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few reports about the role and molecular mechanism
of PSMD9 in HCC. In the present work, we found that
the expression of PSMD9 was significantly upregulated

in HCC tissues. Furthermore, the expression of PSMD9
was significantly correlated with the malignancy grade,
metastasis status and prognosis of HCC patient. We
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found that PSMD?9 overexpression promoted cell growth
and metastasis. Furthermore, PSMD9 knockdown sen-
sitized HCC cells to erlotinib. Therefore, PSMD9 may
be a therapeutic target or may be used to guide therapy.
At present, proteasome inhibitors are an important
class of drugs for the treatment of multiple myeloma
[21]. Numerous preclinical experiments have demon-
strated that combination treatment with proteasome
inhibitors can markedly increase the therapeutic effects
on cancer cells [22]. Highly selective specific proteasome
inhibitors are beneficial for the treatment of solid tumors.

The main function of the proteasome is to regulate cell
fate. Numerous studies have revealed that inhibition or
knockdown of proteasomal subunits causes cell death in
cancer cells. PSMD2 knockdown inhibits breast cancer
cell proliferation and arrests the cell cycle [23]. Silencing
PSMD4 regulates cell cycle arrest by modulating PTEN/
Akt signaling in HCC [9]. PSMD10 inhibition suppresses
autophagy and induces HCC cell sensitivity to drugs
[24]. In this study, our results revealed that cell cycle
arrest induced by PSMD9 knockdown is associated with
decreased expression of G1 phase related proteins, such
as cyclin D1 and CDK4/6. Apoptosis was also observed
in PSMD9-knockdown HCC cells. Activated EGFR/
ERK signaling has been tightly linked to the expression
of cyclin D1 [25]. We found that PSMD9 promotes EGFR
expression in HCC cells. Therefore, these data indi-
cate that PSMD9 plays an important role in HCC cell
proliferation.

The EGER signaling pathway has been shown to be
involved in the pathogenesis of several malignancies,
including HCC [26, 27]. EGFER is frequently mutated
and/or overexpressed in different types of human can-
cers and the molecular target of multiple cancer thera-
pies [28]. EGFR activation can accelerate intracellular
signaling cascades, leading to the activation of down-
stream effectors, such as the PI3K/Akt, MAPK, Ras/
Raf/Mek/Erk, JAK/STAT, and PLCy1/PKC pathways [2].
ERK1/2 and Akt are thought to be downstream effectors
of EGER signaling. Activated ERK1/2 translocates to the
nucleus to activate ternary complex factor (TCF) tran-
scription factors, which bind to the cyclin D1 promoter
to promote G1/S phase transition [29]. Activated Akt
is associated with HCC progression [9, 30]. Our results
revealed that PSMD9 promotes EGFR expression and
EGEFR dimerization, leading to the activation of ERK1/2
and Akt in HCC cells. Knockdown of PSMD?9 suppresses
EGF-induced phosphorylation of EGFR and dimeriza-
tion of EGFR and also suppresses ERK1/2 activation.
Activated EGFR undergoes internalization, degrada-
tion or recycling in the absence of ligand [31]. Ubiqui-
tin serves as a sorting signal during the endocytosis of
EGER [32]. Recruitment of the E3 ubiquitin ligase c-Cbl
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to activated EGFR is a key event leading to receptor
ubiquitylation. C-Cbl directly binds to Py1045 or indi-
rectly binds to the pY1068/pY1086 residues of EGFR via
the GRB2 adaptor protein [33]. Our previous research
also revealed that sorting nexin 5 interacts with EGFR
and influences endosomal trafficking and degrada-
tion of EGFR in HCC [14]. In this study, we found that
PSMD9 inhibits c-Cbl expression and subsequently sup-
presses EGFR ubiquitination and endocytosis from the
cell membrane. Furthermore, we found that the effect
of PSMD9 on HCC cell proliferation, migration and
invasion was reversed by the EGFR inhibitor erlotinib
and EGFR shRNA. Therefore, these data indicated that
PSMD9 promotes HCC cell proliferation and metastasis
through the EGFR-mediated signaling pathway.

First-generation drugs, including erlotinib and gefi-
tinib, are reversible inhibitors. Approximately 60% of
patients with acquired resistance to EGFR TKIs (erlo-
tinib, gefitinib, and afatinib) develop a new mutation
within the drug target. The EGFR T790M mutation is
as the most common mechanism of acquired resistance
[34, 35]. The proteasome has become an attractive target
for the treatment of many cancers. Several proteasome
inhibitors have displayed remarkable antitumor effects.
Many studies have shown that regulating the ubiquitin—
proteasome system has great potential as an approach for
overcoming drug resistance [36]. Therefore, knockdown
of PSMD9 or the discovery of PSMD?9 inhibitors can pro-
mote the ubiquitination-mediated degradation of EGFR
and Increase the sensitivity to EGFR TKIs.

In conclusion, our findings demonstrated that PSMD9
upregulation was associated with a poor prognosis in
HCC patients. PSMD9 promotes HCC cell proliferation
and metastasis via direct interaction with c-Cbl, subse-
quently decreasing EGFR ubiquitination and influencing
EGFR endosomal trafficking and degradation (Fig. 8K).
Our findings highlight the molecular mechanism of
PSMD?9 in HCC progression and provide valuable infor-
mation for cancer prognosis evaluation and treatment.
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