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ABSTRACT

Ovarian cancer is the second most common cause of gynecologic cancer death. Chemoresistance and
metastasis remain major challenges for current treatment. Previously, HAPSTR1 was shown to be a target gene
of a paclitaxel resistance-associated miRNA. However, the biological function and underlying molecular
mechanisms of HAPSTR1 in ovarian cancer progression remain unclear. Herein, we aimed to measure HAPSTR1
expression in ovarian cancer specimens and examine its correlations with clinical features and key functional
interactions with other genes and proteins. An immunohistochemistry assay showed that HAPSTR1 was
overexpressed in ovarian cancer tissues and was significantly associated with the FIGO stage and clinical
outcome. HAPSTR1 overexpression promoted proliferation, invasion and migration in cellular and mouse
models, whereas inhibition induced the opposite effects. In addition, HAPSTR1 stimulated the EMT pathway
and affected the expression of autophagy biomarkers. Mechanistically, we demonstrated that HAPSTR1 is
bound to LRPPRC and PSMD14 via immunoprecipitation. HAPSTR1 suppressed LRPPRC ubiquitination and
recruited PSMD14 to interact with LRPPRC. Moreover, LRPPRC knockdown reversed HAPSTR1-mediated
improvement in cellular proliferation, invasion, and migration. Our study is the first detailed and
comprehensive analysis of HAPSTR1 in cancer progression and offers an experimental basis for the clinical
treatment of ovarian carcinoma.

INTRODUCTION group reported miR-134 which was associated with

paclitaxel resistance in OV and its target genes [7, 8].
Ovarian cancer (OV) is the seventh most Among these targets, we are particularly interested
common cancer and the second most common in C160RF72. Although the effects of C160RF72
cause of gynecologic cancer death [1]. Owing to a on cancer cell proliferation and migration have been
lack of specific symptoms, only 15% of OVs are previously reported [9, 10], the underlying function
diagnosed at an early stage [2, 3]. Despite various and mechanism of action of C160RF72 in OV
attempts to improve the diagnosis and therapy of development remain unclear. C160RF72 regulates
patients with OV, chemoresistance and metastasis telomere integrity and p53 [11], A recent study
remain major challenges for current treatment [4]. identified C160RF72 as a HUWE1 substrate and
Hence, understanding the mechanisms underlying interacting protein that plays an important role in
the progression and metastasis of OV is critical to an integrated network of stress response pathways;
developing novel therapies [5]. C160RF72 was thus renamed HAPSTR1 (HUWE1-

Associated Protein modifying STress Responses) [9].
miRNAs are widely appreciated as pervasive HAPSTR1 is essential for HUWEL nuclear localization
regulators of chemoresistance and metastasis [6]. Our and nuclear substrate targeting [10]. Because HUWE1
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and miR-134 affect OV progression [12], we speculate
that HAPSTRL, as their biomedically relevant target,
may also play a functional role in OV.

Recent studies have illustrated the importance of
ubiquitination in regulating HAPSTRL1 protein activity
and stability [10]. Ubiquitination is a reversible post-
translational modification (PTM) process and can be
reversed by cleaving Ub from the substrate protein to
terminate the signal [13]. PSMD14 is a subunit of the
proteasome regulatory particle, where it acts as an
intrinsic deubiquitinase, removing polyubiquitin chains
from substrate proteins [14]. PSMD14 affects OV
progression and inhibits the ubiquitination of LRPPRC
and PKM2 [15, 16]. According to recent reports,
LRPPRC can affect proliferation, apoptosis, stemness,
and autophagy in ovarian cancer [16, 17]. However,
the relationship between HAPSTR1, PSMD14 and
LRPPRC still remains to be elucidated.

Thus, in this study, we aimed to measure HAPSTR1
expression in OV specimens, examine correlations
between its expression and clinical features, and
determine key functional interactions with other genes
and proteins for a mechanistic study.

RESULTS

HAPSTRL1 overexpression in OV is correlated with
worse clinical outcome

The real-time PCR assay of cohort 1 showed that
HAPSTR1 expression levels were higher in borderline
ovarian tumors and OV tissues than those in normal
ovaries (Figure 1A). Statistical analysis of IHC results
in cohort 2 also showed a stronger positive staining
signal of HAPSTR1 protein in OV samples than in
normal ovaries (Figure 1B). Statistical analysis of clinical
characteristics showed that in cohort 2, HAPSTR1
expression levels were significantly associated with
FIGO stage (Table 1 and Figure 1C). Kaplan—Meier
plot analysis indicated that HAPSTR1 expression
was significantly associated with short overall and
progression-free survival (Figure 1D). There is a
significant correlation between the expression level
of HAPSTR1 and race (Supplementary Table 1).
We also investigated the role of HAPSTR1 in the
OV tumor immune environment. The results from
the TIMER database showed a negative correlation
between HAPSTR1 expression and macrophage (R =
-0.14, p = 2.05e-03) /and neutrophil (R =-0.11, p =
1.63e-02) infiltration in OV (Figure 1F). We used
several GEO datasets from the TISCH database to
assess the relationship between HAPSTR1 expression
and immune cells. The results showed that fibroblasts,
mono-/macrocells, and malignant cells were closely

associated with HAPSTR1 expression level (Figure
1G). In OV_GSE158722, only four types of immune
cells, namely, CD8T, mono/macro, malignant, and
fibroblasts, were significantly enriched. Malignant cells
exhibited the highest HAPSTR1 expression levels, and
mono-/macrocells and fibroblasts also showed a certain
degree of enrichment (Figure 1H).

Functional enrichment analysis of HAPSTR1 and its
correlated molecules and experimental verification

We used LinkedOmics to investigate genes co-
expressed with HAPSTRL1 in patient data of OV from
TCGA (Supplementary Figure 1A, 1B). GO/KEGG
analyses of these positively and negatively related genes
indicated that HAPSTR1 plays an important role in the
mitochondrial inner membrane, mitochondrial protein
complex, respiratory chain, Wnt signaling pathway,
adherens junction, and focal adhesion with using
Gene Set Enrichment Analysis method (Figure 2A).
To examine potential HAPSTR1-interacting proteins,
we transfected SKOV3 cells with FLAG-HAPSTR1
plasmids and used anti-FLAG beads to carry out co-
immunoprecipitation (COIP) assays. Mass spectrometry
(MS) analysis was performed. To confirm the above-
mentioned functions of HAPSTR1 and its related genes,
the MS results were subjected to GO and KEGG
enrichment analyses (Figure 2B and Supplementary
Tables 2, 3). The results showed that HAPSTR1 and its
co-immunoprecipitated proteins were closely associated
with focal adhesion. Since focal adhesion is closely
related with epithelial-to-mesenchymal transition (EMT),
we inferred that HAPSTR1 may also stimulate the EMT
pathway. Additionally, mitochondrial function is often
associated with autophagy, suggesting that HAPSTR1
affects autophagy. To test our hypothesis, we examined
epithelial, mesenchymal, and autophagy markers,
including E-cadherin, N-cadherin, vimentin, Snail, P62,
Beclinl, and Atg5, using Western blot. HAPSTR1
knockdown caused a significant decline in P62, N-
cadherin, vimentin, and Snail expression levels and
increased levels of Beclinl, Atg5, and E-cadherin
(Figure 2C, 2D). Conversely, HAPSTR1 overexpression
resulted in the opposite observations (Figure 2C, 2D).
In A2780 cells, overexpression of HAPSTR1 leads to
downregulation of P53 and P21 expression levels.
(Supplementary Figure 2A). To enhance predictive
accuracy, we screened the HAPSTR1-binding proteins
identified in IP-MS based on the criterion of having two
or more unique peptides. Subsequently, we intersected
these results with the binding proteins obtained from
published databases (GSE204961) and the BIOGRID
website [18], resulting in the identification of 6 proteins
as common interacting proteins (Figure 2E). LRPPRC
has been reported to influence autophagy and to play a
crucial role in promoting proliferation, migration, and
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Figure 1. HAPSTR1 was overexpressed in ovarian cancer tissues and closely related to clinical outcome. (A) Clinical samples in
Cohort 1 were used to detect mRNA expression levels of HAPSTR1, including 18 normal ovarian tissues, 9 borderline ovarian tumors, and 40
primary ovarian cancer specimens. (B) An immunohistochemistry assay was used to detect protein expression levels of HAPSTR1 in Cohort 2,
including 47 epithelial ovarian cancer and 19 normal ovarian tissues. (C) IHC results of Cohort 2 showed HAPSTR1 expression was related to
FIGO stage. Original magnification, 200X, 400X. (D) Kaplan—Meier survival analysis of overall and progression-free survival in patients with
ovarian cancer. (E) The relationship between HAPSTR1 expression and infiltration levels in the TIMER database. (F-H) Results from the TISCH
database showed a relationship between HAPSTR1 expression levels and immune cells. Each experiment was repeated with three

independent replicates. *, p < 0.05; **, p <0.01; *** p < 0.001.
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Table 1. Relationships between HAPSTR1 expression and clinical
characteristics.

HAPSTR1 expression (IHC)

Characteristics Total (n) - p-value
Low High
n 44 23 21
Age (years) 0.460
>50 29 14 (31.8%) 15 (34.1%)
<50 15 9 (20.5%) 6 (13.6%)
FIGO Stage 0.035
", v 28 18 (40.9%) 10 (22.7%)
I, 16 5 (11.4%) 11 (25%)
Peritoneal metastasis 0.241
YES 29 17 (38.6%) 12 (27.3%)
NO 15 6 (13.6%) 9 (20.5%)
Lymph node metastasis 0.276
YES 14 9 (20.5%) 5 (11.4%)
NO 30 14 (31.8%) 16 (36.4%)
CA125 (0-35U/mL) 0.536
NO 32 18 (41.9%) 14 (32.6%)
YES 11 5 (11.6%) 6 (14%)
CA199 (0-37U/mL) 1.000
YES 35 20 (51.3%) 15 (38.5%)
NO 4 2 (5.1%) 2 (5.1%)
HE4 (<140pmol/L) 0.747
NO 27 14 (34.1%) 13 (31.7%)
YES 14 8 (19.5%) 6 (14.6%)
AFP (0-9ng/mL) 1.000
YES 30 17 (51.5%) 13 (39.4%)
NO 3 2 (6.1%) 1 (3%)
ROMA-BEFOR (>11.4%) 0.593
YES 33 18 (50%) 15 (41.7%)
NO 3 1(2.8%) 2 (5.6%)
ROMA-AFTER (>29.9%) 0.684
YES 29 16 (44.4%) 13 (36.1%)
NO 7 3(8.3%) 4 (11.1%)
CEA (0-5ng/mL) 1.000
YES 37 19 (46.3%) 18 (43.9%)
NO 4 2 (4.9%) 2 (4.9%)
CA-724 (0-6.9U/mL) 0.647
NO 19 9 (22%) 10 (24.4%)
YES 22 12 (29.3%) 10 (24.4%)
Menopause 0.437
YES 20 9 (22%) 11 (26.8%)
NO 21 12 (29.3%) 9 (22%)
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Figure 2. Functional enrichment analysis of HAPSTR1 and its correlated molecules and experimental verification. (A) GO/KEGG
analyses of genes positively and negatively correlated with HAPSTR1 in the LinkOmics database. (B) GO/KEGG analysis was used to annotate
the results of mass spectrometry (MS). (C, D) Western blotting demonstrated that HAPSTR1 stimulated the EMT pathway and suppressed
autophagy. (E) Intersection of data from Immunoprecipitation-Mass Spectrometry (IP-MS), GSE204961, and BIOGRID datasets. *, p < 0.05; **,

p <0.01; *** p < 0.001.
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invasion in ovarian cancer [16, 17]. Therefore, we
explored the relationship between HAPSTR1 and
LRPPRC in subsequent sections.

HAPSTR1 overexpression promotes proliferation,
migration, and invasion of OV cells

To further elucidate the biological functions of
HAPSTR1 in OV, the expression level of HAPSTR1
was validated in several types of ovarian cells, and
the cellular localization of HAPSTR1 was verified
(Figure 3A, 3B). HAPSTR1 was distributed in both
the nucleus and cytoplasm, which is consistent with
the results of a previous study [9]. The A2780 cell
line, which had the lowest HAPSTR1 expression level,
was selected for the overexpression experiments. We
transfected A2780 cells with the FLAG-HAPSTR1
plasmid (Figure 3C). The results of CCK-8 and
colony formation assays showed that the proliferative
ability of cells overexpressing HAPSTR1 was stronger
than that of NC cells (Figure 3D, 3E). Transwell
assays showed that the capacity for migration and
invasion substantially increased when HAPSTR1
was overexpressed (Figure 3F). The wound healing
assay suggested that HAPSTR1-overexpressing A2780
cells exhibited higher migration rates than did NC
cells (Figure 3G, 3H). Flow cytometry analysis
demonstrated no difference between the percentages of
apoptotic HAPSTR1-overexpressing and NC cells
(Figure 3I).

HAPSTR1 knockdown suppressed proliferation,
migration, and invasion in cellular model of OV

To further validate the biological function of HAPSTR1
in OV cells, HAPSTR1 was knocked down using
two independent siRNAs and verified in SKOV3
cells, which had the highest HAPSTR1 expression
(Figure 4A). HAPSTR1 knockdown remarkably
inhibited cell proliferation in the CCK-8 and colony
formation assays (Figure 4B, 4C). The migratory
and invasive capacities of cells were significantly
reduced following knockdown (Figure 4D). Moreover,
knockdown decreased the wound healing percentage
(Figure 4E, 4F). However, the rate of apoptosis did not
change significantly (Figure 4G, 4H). Thus, HAPSTR1
knockdown suppressed proliferation, invasion and
migration in vitro.

HAPSTR1 supports tumorigenicity in vivo

To further explore the biological function of
HAPSTR1 in mouse models, A2780 cells with
stable overexpression of HAPSTR1 were established,
and stable SKOV3 cells were transfected with
lentiviruses containing the si2-HAPSTR1 sequence.

The cells were subcutaneously transplanted to
determine the tumorigenicity of OV xenografts in 4-
week-old female BALB/c nude mice. The data showed
that the hosts of sh-HAPSTR1 cells had smaller
tumor volumes and weights than did mice in the
shNC group (Figure 5A-5C). Furthermore, HAPSTR1
knockdown markedly reduced LRPPRC and KI67
expression levels and increased Beclinl expression
levels compared to those in control tumors (Figure
5D-5H). Thus, HAPSTR1 knockdown decreased
proliferation and enhanced autophagy in OV tumors.
HAPSTR1 overexpression resulted in the opposite
results.

HAPSTR1 inhibits ubiquitination of LRPPRC and
recruits PSMD14 to interact with LRPPRC

Focal adhesion and cadherin-binding processes
are closely associated with cell migration and
invasion. Autophagy also indirectly affects cancer cell
metastasis. Therefore, we investigated the downstream
target candidates related to migration and invasion
in OV to elucidate the biological functions of
HAPSTR1. Additionally, we focused on the role and
interactions of LRPPRC. To validate the MS results,
immunofluorescence staining was performed to detect
the colocalization of HAPSTR1 with LRPPRC. The
results showed that co-localization mainly occurred
in the cytoplasm (Figure 6A). The gels in the co-
immunoprecipitation (COIP) assay were stained with
Coomassie Brilliant Blue (Figure 6B). Exogenous and
endogenous HAPSTR1 coimmunoprecipitated with
LRPPRC, confirming their interaction in SKOV3 cells.
Co-immunoprecipitation of LRPPRC with endogenous
HAPSTR1 was also performed in A2780 cells (Figure
6C). We speculated that HAPSTR1 was likely to alter
the LRPPRC stability because both are ubiquitination-
related enzyme substrates [9, 10, 16]. We observed
that HAPSTR1 overexpression under cycloheximide
treatment relieved LRPPRC degradation compared
to that in the control group (Figure 6D). To confirm
whether HAPSTRL1 affected LRPPRC expression, we
performed an LRPPRC ubiquitination experiment,
which showed that HAPSTR1 suppressed LRPPRC
ubiquitination (Figure 6E). Due to KEGG analysis
results showing that the interacting proteins of
HAPSTR1 are associated with the ubiquitin-mediated
proteolysis pathway, we searched for enzymes
reported to play a role in ovarian cancer and are
related to LRPPRC and the ubiquitin-proteasome
pathway in our IP-MS results [16]. Thus, PSMD14
was identified. We verified that HAPSTR1, LRPPRC,
and PSMD14 formed a ternary complex by COIP
(Figure 6F). In addition, we observed that more
PSMD14 co-immunoprecipitated with LRPPRC
when HAPSTR1 was overexpressed (Figure 6G). This
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Figure 3. HAPSTR1 overexpression enhanced proliferation, migration, and invasion of ovarian cancer cells. (A) Cellular
localization was visualized in an immunofluorescence staining assay with microscopic observation at 400x. (B) The mRNA expression level of
HAPSTR1 was detected using real-time PCR. (C) Efficiency of HAPSTR1 overexpression was examined using real-time PCR and Western
blotting assays. (D, E) Colony formation and CCK-8 assays were used to show improvements in proliferative capacity induced by HAPSTR1
overexpression. (F) The results of the transwell assay showed that HAPSTR1 overexpression enhanced migration and invasion. Original
magnification, 200x. (G, H) A wound healing assay was performed to demonstrate increased migration caused by HAPSTR1 overexpression.
() Flow cytometry was carried out to detect cell apoptosis rates. Each experiment was repeated with three independent replicates. *, p <
0.05; **, p <0.01; ***, p <0.001.
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Figure 6. HAPSTR1 inhibits ubiquitination of LRPPRC and recruits PSMD14 to interact with LRPPRC. (A) Immunofluorescence
staining was used to determine the common cellular localization of HAPSTR1 and LRPPRC. Original magnification: 400x. (B) The gels in the co-
immunoprecipitation (COIP) assay were stained with Coomassie Brilliant Blue. (C) A COIP assay was used to detect the interaction between
HAPSTR1 and LRPPRC in SKOV3 and A2780 cells. (D) HAPSTR promoted protein stability of LRPPRC under cycloheximide treatment.
(E) HAPSTR1 suppressed ubiquitination of LRPPRC. (F) COIP was carried out to detect interactions between LRPPRC and HAPSTR1 and

PSMD14 simultaneously. (G) HAPSTR1 recruited more PSMD14 for binding to LRPPRC.
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suggests that HAPSTR1 promotes the association
of LRPPRC with PSMD14. Knockdown of PSMD14
can inhibit the increase in LRPPRC expression
induced by HAPSTR1 overexpression (Supplementary
Figure 2B).

HAPSTR1 exerts its oncogenic functions in OV
through LRPPRC

Exploring the regulatory relationship between HAPSTR1
and LRPPRC, we found that HAPSTR1 overexpression
led to the upregulation of LRPPRC, whereas HAPSTR1
knockdown exerted the opposite effect (Figure 7A).
LRPPRC was suppressed following HAPSTR1 knock-
down. We detected the dual transfection efficiency of
HAPSTR1 and LRPPRC (Figure 7B). These results
demonstrate that LRPPRC overexpression alleviated the
suppression of proliferation, invasion, and migration
induced by silencing HAPSTR1 in SKOV3 cells
(Figure 7C-7E). Subsequently, LRPPRC was knocked
down while HAPSTR1 was overexpressed; LRPPRC
repression inhibited the proliferation, invasion, and
migration caused by HAPSTR1 overexpression in
A2780 cells (Figure 7F-71).

DISCUSSION

HAPSTR1 stimulates the proliferation and metastasis
of some cancer cell lines [9-11]. HAPSTR1 promotes
migration in a non-cell autonomous manner via
chemokine secretion [9]. In addition, RNA or DNA
sequencing of 15 cases of NTRK-rearranged uterine
sarcomas revealed that one case showed a fusion
of C160rf72 with NTRK1 [19]. Further, HAPSTR1/
C160RF72 was first identified as a target of miR-
134, which is associated with tumorigenesis and
paclitaxel resistance [8, 20]. In the present study, we
confirmed that the mRNA and protein expression
levels of HAPSTR1 increased in OV tissues and
were significantly related to FIGO stage. Additionally,
HAPSTR1 overexpression was correlated to poor
clinical outcomes. HAPSTR1 enhanced OV cell
proliferation, invasion and migration in a mouse
model and in vitro model. Furthermore, silencing
HAPSTR1 inhibited tumor growth, invasion and
migration in a mouse and in vitro model. In
conclusion, HAPSTR1 was demonstrated to play a
critical role in OV progression.

The results of GO/KEGG analysis of HAPSTR1 and
its related genes showed that they were closely related
to focal adhesion and cadherin-binding processes,
which are closely associated with EMT. Disruption
of focal adhesions is closely related to EMT,
resulting in improved cell migration capability [21-
23]. Downregulation of E-cadherin with concomitant

upregulation of N-cadherin is a canonical hallmark
of EMT in cancer [24-26]. Meanwhile, HAPSTR1
was also a critical molecule in the mitochondrial
inner membrane, protein complex, and respiratory
chain complex assembly. Mitophagy is activated by
inner membrane depolarization, which eliminates
dysfunctional mitochondria [27-30]. Thus, we believe
that HAPSTR1 affects EMT and autophagy pathways.
Our results suggest that HAPSTR1 overexpression
promotes EMT and inhibits autophagy markers at the
same time. Recent evidence has shown that autophagy
is indispensable for cells undergoing EMT to survive
migration and dissemination. Autophagy not only
orchestrates EMT markers in certain cancers [31], but
is also one of the prime mechanisms known to govern
EMT [32-35]. Thus, we speculated that HAPSTR1
may stimulate the EMT pathway, which is dependent
on autophagy.

Ubiquitination is an important reversible post-
translational modification (PTM) in eukaryotic cells
[36], and LRPPRC can be regulated by ubiquitination
and facilitate ubiquitination. SRA stem-loop-interacting
RNA-binding protein (SLIRP) stabilizes LRPPRC by
inhibiting ubiquitination and proteasomal degradation
[37]. LRPPRC is involved in the enhancement of ASS1
ubiquitination and degradation induced by the TRAF2
E3 ubiquitin ligase [38]. PSMD14 plays an important
role in several cancer types as a deubiquitinating
enzyme. PSMD14 overexpression is closely related to
HNSCC tumorigenesis and mechanically inhibits the
ubiquitination and degradation of E2F1 [39]. PSMD14
also enhances hepatocellular carcinoma growth and
metastasis by inhibiting GRB2 via deubiquitination
[40] and stabilizes LRPPRC via deubiquitination [16].
In the present study, we confirmed that HAPSTR1
interacts and colocalizes with LRPPRC in the
cytoplasm. HAPSTRL1 inhibited LRPPRC ubiquitination.
HAPSTR1 along with PSMD14 promoted LRPPRC
expression. HAPSTR1 overexpression stabilizes
LRPPRC through PSMD14. In a previous study,
HAPSTR1 was necessary for HUWEL nuclear substrate
targeting [10]. Our results showed that HAPSTR1 is
also required for PSMD14 substrate capture in the
cytoplasm. This indicates that the relationship between
HAPSTR1 and ubiquitin-related enzymes is diverse
and complex. We also showed that LRPPRC enhanced
proliferation, invasion, and migration in OV cells,
whereas LRPPRC overexpression rescued the tumor
inhibitory effect caused by HAPSTRL1 loss-of-function.
The results of our rescue experiments showed
that LRPPRC participates in HAPSTR1-mediated
proliferation invasion and migration. In addition,
LRPPRC overexpression enhanced protein expression
level of HAPSTR1 in turn. These results illustrate
that HAPSTR1 might be a downstream molecule of
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Figure 7. HAPSTR1 exerts its oncogenic functions in ovarian cancer through LRPPRC. (A) Protein expression levels of LRPPRC were
positively correlated with HAPSTR1 via Western blot. (B) Transfection efficiency of HAPSTR1 and LRPPRC were examined by Western blot.
(C—E) The colony formation and transwell assays showed that the suppression of proliferative capacity induced by HAPSTR1 knockdown could be
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LRPPRC that forms a positive feedback loop in an
autocrine manner. In conclusion, our findings provide
new insights into the involvement of HAPSTR1 in
ubiquitination and illustrate HAPSTR1 is a novel
and valuable target for OV treatment. Because of
the ability of LRPPRC to regulate post-translational
modification, activate transcription and modulate the
m6A modification [41, 42], the mechanisms behind the
positive feedback loop require further study. Besides,
the effects of PSMD14 and LRPPRC on HAPSTR1
ubiquitination also require further investigation. In
our report, HAPSTRL1 inhibits autophagy biomarkers,
which is inconsistent with the previous report [10]. A
possible explanation is HAPSTR1 plays different roles
in different cells.

In summary, our study showed that HAPSTR1
is overexpressed in OV tissues. This increase in
expression was related to early FIGO stage and
poor prognosis. Meanwhile, HAPSTRL1 activated the

| Vs ‘. _ Proliferation
4) -
SA% EMT .
.‘0‘:5 @ C.i|°_°
{8e

Invasion and Migration

Autophagy

Ovarian cancer cell
progression

EMT signaling pathway and affected autophagy
biomarkers. Functionally, HAPSTR1 promoted pro-
liferation, invasion and migration both in vivo
and in vitro. Mechanistically, HAPSTR1 bound to
LRPPRC and inhibited its ubiquitination. We also
observed a ternary complex comprising HAPSTRI,
PSMD14, and LRPPRC, in which HAPSTR1
recruits PSMD14 for interaction with LRPPRC.
This demonstrates that HAPSTR1 inhibits LRPPRC
degradation through ubiquitination by enhancing the
LRPPRC-PSMD14 interaction. Our rescue experiments
showed that LRPPRC is involved in HAPSTR1-
mediated proliferation, invasion and migration Figure
8. Thus, the mechanistic role of HAPSTR1 in OV
is reported for the first time, and our study also has
provided new insights into the mechanisms by which
LRPPRC influences the malignant progression of
ovarian cancer, highlighting LRPPRC as a significant
therapeutic target in the context of ovarian cancer
treatment.

LRPPRC

Figure 8. The schematic diagram of HAPSTR1’s role in promoting the malignant progression of ovarian cancer through
recruiting PSMD14 to suppress ubiquitination of LRPPRC. This figure was drawn with Figdraw (ID:00YSPcf40f).
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MATERIALS AND METHODS
Patients and specimen collection

Ovarian tissues for real-time PCR and immuno-
histochemistry (IHC) assays were obtained from
patients who underwent surgery at the Shengjing
Hospital of China Medical University from 2017 to
2022. No patients received preoperative chemotherapy
or radiation therapy. This study was approved by
the Research Ethics Committee of China Medical
University (2023PS182K).

Data sources and pre-processing

The gene expression profiles and related clinical
characteristics of 381 patients with OV were downloaded
from The Cancer Genome Atlas (TCGA). Data from
tumor tissue samples were further analyzed by log2
(FPKM+1) transformation. The association between
C160rf72 gene expression [ENSG00000182831.12] and
clinicopathological parameters was also analyzed by R
(4.2.1) ggplot2 [3.3.6], stats [4.2.1], car [3.1-0].

The mRNA expression profile of OV in the Kaplan-
Meier plotter (https://kmplot.com/analysis/) [43] was
used for survival analysis. The prognostic value of
HAPSTR1 mRNA levels was also analyzed. All OV
samples obtained from the Kaplan—Meier Plotter were
included. Parameters were set as follows: Cohort:
Ovarian cancer. Dataset: Combined ovarian cancer
datasets including GSE14764, GSE15622, GSE18520,

GSE19829, GSE23554, GSE26193, GSE26712,
GSE27651, GSE30161, GSE3149, GSE51373,
GSE63885, GSE65986, GSE9891 and TCGA.

Patient samples: All patients. Probeset: 225183 at.
Stratification parameters: Histology: [Only serous
histology types included]; Stages: [all stages included];
Treatments: [all treatment types controlled for];
Grades: [all tumor grades included]; TP53 mutation:
[Only mutated included].

The survival curves were compared between patient
groups with high versus low HAPSTR1 expression,
determined by auto select best cutoff. For the probe
used in this analysis (225183 _at), the cut-off value was
set at the expression level of 1962, with an expression
range of 788-3410 across the compiled ovarian cancer
patients. Statistical significance between the curves
was determined by the log-rank test, with p < 0.05
considered significant. Hazard ratios with 95%
confidence intervals were calculated using Cox
proportional hazard regression.

The LinkedOmics database (https://www.linkedomics.
org/login.php) [44] was used to obtain HAPSTR1

coexpression profiles with Pearson test. The HiSeq
RNA platform and TCGA_QV cohort were selected for
the analysis, and the results were visualized as volcano
plots and heat maps.

The Metascape (http://metascape.org) [45] online
database and R clusterProfiler package [46] were
employed for Gene Ontology (GO) function and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses of HAPSTR1 co-expressed genes
and interacted proteins with HAPSTR1. GO contains
biological processes (BPs), cell components (CCs), and
molecular functions (MFs), and the signaling pathways
were identified by considering both p-value and count
number.

TISCH (http://tisch.comp-genomics.org) [47], a tool
for single-cell transcriptome analysis in the Gene
Expression Omnibus (GEO), was used to explore the
relationship between HAPSTR1 and immune cells at
the single-cell level.

The TIMER database (http://timer.comp-genomics.org)
[48] was used to investigate the role of HAPSTRL1 in the
OV tumor immune environment.

Real-time PCR (RT-PCR)

Total RNA was extracted using SevenFast® Total
RNA Extraction Kits according to the manufacturer’s
instructions (SM132-01; Sevenbio). cDNA was
prepared using a PrimeScript RT Reagent Kit
according to the manufacturer’s protocol (RR047A;
Takara Bio, Kyoto, Japan). TB Green Premix Ex Taq
Il (Takara Bio) was used for RT-PCR. We used
primers synthesized by Sangon (Shanghai, China), and
the primer sequences were as follows:

B-ACTIN F’: GGGAAATCGTGCGTGACATTAAG,;
B-ACTIN R’: TGTGTTGGCGTACAGGTCTTTG;
HAPSTR1-F:
TGGACAATGGTGGAACTAGAAAGCG;
HAPSTR1-R: TCTGTTGCGTTTATGGGTTGGTGAG.

The relative expression of mMRNA was normalized to B-
ACTIN using the 2-AACT method.

Immunohistochemistry

IHC was performed using an immunohistochemistry
kit according to the manufacturer’s instructions (E-IR-
R211; Elabscience, Wuhan, China). The specimens
were scored according to the percentage of positively
stained cells (0 =negative; 1=1-10%; 2=11-50%;
3>50%) and intensity of staining (0=no staining;
1 =slight staining; 2 =moderate staining; 3 =strong
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staining). The final scores were obtained by multiplying
the percentage of positive cells by the staining intensity.
Specimens with scores 0-3 and 4-9 were assigned to
the low-and high-expression groups, respectively. Anti-
HAPSTR1 (1:100, OTI2B8; Origene, Rockville, MD,
USA), anti-LRPPRC (1:100, 21175-1-AP; Proteintech,
Rosemont, IL, USA), anti-Beclinl (1:100, WL02508;
Wanleibio, Shenyang, China), and anti-Ki-67 (1:500,
WL0280a; Wanleibio) antibodies were used.

Cell transfection

Two micrograms plasmid/25 nM siRNA and 6 pL
Lipo2000 Transfection Reagent (GLPBIO, Montclair,
CA, USA) were added to tubes containing 125 pL
serum-free medium, which were then incubated at
room temperature for 15 min. The mixed solution was
then added to a 6-well plate, and serum-free medium
was added for a final volume of 2 mL. After 4-6 h, the
transfection medium was replaced with the original
culture medium. Full-length cDNA encoding human
HAPSTR1 and LRPPRC were amplified by PCR and
verified by DNA sequencing. For HAPSTR1 over-
expression plasmid production (Flag-HAPSTR1-OE),
the sequence of HAPSTR1 (ID: NM_014117) was
cloned into the pPCDNA3.1-CMV-mcs-3flag-EFla-puro
vectors (blank vector, Flag-HAPSTR1-NC) (Hanbio,
Shanghai, China). For LRPPRC overexpression plasmid
production (LRPPRC-OE), the sequence of LRPPRC
(ID: NM_133259) was cloned into GV712-CMV
enhancer-MCS-SV40-puromycin with a HA-tag (blank
vector, LRPPRC-NC) (Genechem, Shanghai, China).

The small interfering RNA (siRNA) sequences targeting
HAPSTR1 (sil, si2) and the negative control (SiNC)
were procured from Ribobio (Guangzhou, China).
siRNA targeting LRPPRC (LRPPRC-SI) and the
negative control (siNC) were obtained from JTSbio
(Wuhan, China). Notably, PSMD14 siRNAs (siNC and
PSMD14-SI) were also sourced from JTShio.

Cell culture

A2780, SKOV3, HosePic, and CAOV3 cells were
cultured in RPMI 1640 (Sevenbio, Beijing, China)
with 10% fetal bovine serum (Procell, Wuhan, China)
and 1% penicillin/streptomycin (Procell). All cell lines
were incubated in a humidified incubator at 37° C
under 5% CO,. Cycloheximide was purchased from
GLPBIO. MG132 was purchased from Topscience
(Shanghai, China).

Transwell assay

Eight-micrometer pore chambers (Costar; Corning Inc.,
Corning, NY, USA) were used for the transwell assays.

Fifty thousand cells were plated on the upper transwell
chambers containing 200 pL serum-free medium.
Matrigel (1:10 dilution) (BD Biosciences, Franklin
Lakes, NJ, USA) was added to the upper transwell
chambers to detect invasion capability. Additionally,
600 pL RPMI 1640 with 10% FBS was added into the
bottom chambers. After culture for 24 h, the membranes
were fixed with methanol, stained with 1% crystal
violet, and photographed using an inverted microscope
(703,548, Nikon, Japan).

CCK-8 assay

The cell suspension (2000 cells/100 pL) was added
to 96-well plates. Ten microliters of CCK-8 reagent
(GLPBIO) were added at 24, 48, 72, and 96 h. After 2
hours of incubation at 37° C, cell density was measured
at 450 nm (1603301D, Bio Tek, USA).

Colony formation assay

One thousand cells per well were plated in 6-well
plates. After 10 d, the cells were fixed with 4%
paraformaldehyde and stained with crystal violet. The
number of visible colonies was counted to measure
colony formation ability.

Cell apoptosis assays

The rate of apoptosis was determined by flow cytometry
in the dark after staining with an annexin V-FITC
apoptosis analysis kit (Sungene Biotech Co., Tianjin,
China).

Wound healing assay

A 200 pL pipette tip was used to scratch straight lines.
Cells in the plates were cultured in RPMI 1640 medium
without serum for one day. The scratch widths were
recorded under a microscope at 0 and 48 h.

Western blotting

Total protein was extracted using a cell lysis buffer for
Western blotting and immunoprecipitation (Beyotime,
Shanghai, China) containing PMSF and a protease
inhibitor cocktail. Proteins (30 pg/well) were separated
using 10% SDS/PAGE and transferred onto PVDF
membranes (Millipore, Billerica, MA, USA). The
primary antibodies used in this study were against anti-
HAPSTRL1 (1:1000, OTI2B8; Origene), anti-HAPSTR1
(1:500, OTI2D1; Novusbio, Centennial, CO, USA),
anti-LRPPRC (1:5000, 21175-1-AP; Proteintech), anti-
B-actin  (1:1000, 20536-1-AP; Proteintech), anti-Ub
(1:1000, 10201-2-AP; Proteintech), anti-N-cadherin
(1:5000, 66219-1-1g; Proteintech), anti-Beclinl (1:2000,
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T55092; Abmart, Berkeley Heights, NJ, USA),
anti-P62/SQSTM1 (1:2000, T55546; Abmart), anti-
ATG5 (1:2000, T55766; Abmart), anti-vimentin (1:500,
WL01960; Wanleibio), anti-snail (1:500, WL01863;
Wanleibio), and anti-E-Cadherin (1:500, WL01482;
Wanleibio).

Co-immunoprecipitation (COIP) assay

Exogenous immunocoprecipitation: FLAG-tagged
HAPSTR1 overexpressing and negative control cells
were resuspended in cleavage solution including
cell lysis buffer for Western and IP (Beyotime),
Protease Inhibitor Cocktail (EDTA-Free, 100X in
DMSO) (Apexbio, Houston, TX, USA) and PSMF
(Beyotime). Cell lysis buffer for Western and IP
(Beyotime) includes 20mM Tris (pH 7.5), 150mM
NaCl, 1% Triton X-100, sodium pyrophosphate, p-
glycerophosphate, EDTA, Na3VO04, and leupeptin.
Samples were centrifuged at 12,000 rpm for 5 min at
4° C. Protein concentrations were determined by BCA
Protein assay (Beyotime). FLAG IP was performed
using Anti-Flag Magnetic Beads (Beyotime). The
beads were washed three times with TBS. Equal
concentrations of each sample (500 ul) were incubated
with magnetic beads (20 ul) overnight at 4° C. The
next day, beads were washed three times in lysis buffer
before elution. 100 ul 3X Flag Peptide solution was
added to the beads. The complexes were placed on the
rotary mixer at 4°C for 2h. The obtained supernatant
was boiled in the loading buffer for 10 min.

For each endogenous immunoprecipitation, 0.5 mL cell
cleavage solution was incubated with 4 pg primary
antibody or 1gG at 4° C overnight. The next day, 20 ul
Protein A+G magnetic beads (Beyotime) were added
to the complexes, which were then incubated at indoor
temperature on the rotary mixer for 1 h. The bead-
antibody—antigen complexes were washed three times
and boiled in the loading buffer for 10 min.

The retrieved proteins were separated by SDS-PAGE
gel, followed by Coomassie Brilliant Blue (Beyotime)
staining, and analyzed by mass spectrometry (Genechem,
Shanghai, China) on Q Exactive mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). In
our analysis, proteins identified exclusively in the
HAPSTR1 flag-OE group with at least one unique
peptide were considered as IP-MS detected proteins.

Immunofluorescence staining

Prepared cell samples were incubated with anti-
HAPSTR1 or anti-LRRPRC primary antibody at 4° C for
12 h and CoraLite594 — conjugated Goat Anti-Rabbit
IgG (H+L) (Proteintech) in the dark for 2 h. DAPI
(Solarbio, Beijing, China) was used to stain nuclei.

Antibodies against LRPPRC (1:100, Proteintech) and
Cl6orf72 (1:100, Proteintech) were used as primary
antibodies.

Animal experiments

The lentiviruses were generated by Hanbio (Shanghai,
China). Stably transfected cells were generated. Four-
week-old female athymic nude mice were obtained
from Huafukang (Beijing, China). The mice were
subcutaneously inoculated with a cell suspension (4 x
1076 cells per mouse) in the dorsal side to establish a
tumor-bearing mouse model.

Statistical analysis

All data were analyzed using SPSS 23.0 (IBM,
Armonk, NY, USA) and GraphPad Prism 8.0
(GraphPad Software, La Jolla, CA, USA). Paired
sample t-tests, unpaired sample t-tests, and ANOVA
tests were used for comparisons between groups.
All results are expressed as mean + SEM. p-values
< 0.05 were considered statistically significant.

Data availability statement

The original data in our study are available from the
corresponding author on reasonable request.
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Supplementary Figure 1. Co-expression analysis of HAPSTR1 in ovarian cancer patient data from TCGA using LinkedOmics.
(A) Volcano plot of genes co-expressed with HAPSTR1. (B) A heatmap of the top 50 genes significantly positively or negatively correlated with
HAPSTR1 from LinkOmics database analysis.
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Supplementary Figure 2. Effects of HAPSTR1 overexpression and PSMD14 knockdown on protein expression levels in ovarian
cancer cell models. (A) Western blot assay was employed to examine the influence of HAPSTR1 overexpression on the expression levels of
P53 and P21. (B) Western blot assay was utilized to assess the impact of PSMD14 knockdown on the regulation of LRPPRC expression by
HAPSTR1. (C, D) Immunofluorescence assay was conducted to verify the specificity of the primary antibody against HAPSTR1. (E, F)
Immunohistochemistry assay was performed to confirm the specificity of the primary antibody against HAPSTR1.
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Supplementary Tables

Please browse Full Text version to see the data of Supplementary Tables 2, 3.

Supplementary Table 1. Multivariate logistic regression analysis of HAPSTR1 with clinicopathological features in
ovarian cancer of TCGA dataset.

- Total OR (95% CI) P-value univariate OR (95% CI) P-value multivariate
Characteristics o . . LN . .
(N)  univariate analysis analysis multivariate analysis analysis
Age 378
>60 170 Reference
<=60 208 0.773(0.515-1.161) 0.215
Anatomic_neoplasm_su
bdivision 356
Bilateral 255 Reference
Right 46 1.462(0.777 - 2.753) 0.239
Left 55  1.085 (0.606 - 1.943) 0.784
Histologic_grade 368
G3+G4 325 Reference
G1+G2 43 1.143(0.604 - 2.162) 0.681
Race 367
White 328 Reference Reference
Black and yellow 39  2.481(1.215-5.065) 0.013 2.481 (1.215 - 5.065) 0.013
Stage 375
Stage I1+IV 352 Reference
Stage I+ 23 1.591(0.671-3.772) 0.291
VeNous_invasion 103
No 40 Reference
Yes 63  1.032(0.467 - 2.280) 0.937

Supplementary Table 2. The proteins which interacted with HAPSTR1 were identified by combining co-IP and
mass spectrometry (MS_flag-NC).

Supplementary Table 3. The proteins which interacted with HAPSTR1 were identified by combining co-IP and
mass spectrometry (MS_flag-OE).
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