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SUMMARY

Phenotypic screening of existing drugs is a good strategy to discover new drugs. Herein, 33 psychotherapeu-
tic drugs in our drug library were screened by phenotypic screening and penfluridol (PFD) was found to
exhibit excellent anti-endometrial cancer (EC) activity both in vitro and in vivo. Furthermore, the molecular
target of PFD was identified as septin7, a tumor suppressor in EC. In septin7-deficient EC cells and xenograft
mouse models, PFD exhibited weaker anti-cancer properties, indicating that septin7 was essential for the
tumor inhibitory activity. Notably, PFD could induce cell apoptosis by regulating the septin7-Orai/IP3R-
Ca?*-PIK3CA pathway. In addition, PFD attenuates the interaction of septin7-tubulin, thereby inhibiting
microtubule polymerization. In summary, this study revealed a target and mechanistic insights into EC ther-

apeutic strategies and identified a potential candidate agent for the treatment of EC.

INTRODUCTION

Endometrial cancer (EC), often referred to as uterine corpus can-
cer, is the most commonly diagnosed gynecological cancer in
developed countries.’*> The American Cancer Society predicted
diagnoses of ~66,500 new EC cases and 12,900 EC-related
deaths in the United States in 2023.° The lifetime risk of EC is
~3%, with a median age at diagnosis of 61 years.* Currently,
the mainstay of treatment for EC is surgery, supplemented
chemotherapy, and radiotherapy. The standard first-line drug
for therapy is a combination of carboplatin and paclitaxel, with
a progression-free survival of 13 months.® However, the side ef-
fects of chemotherapy are typically severe, the tolerability of
which is of concern as two-thirds of the patients demonstrated
a grade 3-4 treatment-related toxicity.° Hormone therapy had
fewer side effects than chemotherapy, which is suitable for
young patients who need to preserve reproductive function in
the early stage and with advanced, recurrent, or inoperable
EC.” But it faces the challenge of inducing drug resistance and
is ineffective for the treatment of type Il EC. Due to the hectic
pace of life observed in recent years, the age of onset of EC

has lowered, about 5%-14% of EC patients younger than
40 years old,® which coupled with the increasingly common phe-
nomenon of marriage and conceiving at a late age, has led to an
increase in the demand for conservative treatment of EC. Addi-
tionally, patients with advanced and recurrent EC account for
10%-20% of the total EC cases,” among which the 5-year sur-
vival rate of patients with advanced EC is only 30%-40% and
that of patients with recurrent EC is 42%-65%.'° Moreover,
the response of these patients to continuous chemotherapy
was only 20%, and the side effects seriously affected their
quality of life. Therefore, for young patients with a requirement
for the preservation of reproductive function, as well as those
with advanced, recurrent, or inoperable EC, there is an urgent
requirement for the development of conservative treatment
drugs with a good response and fewer side effects to improve
the survival rate and quality of life of such patients.
Repurposing existing drugs is a good strategy to discover new
candidate drugs given their shorter duration of development,
low-cost, high efficiency, and reduced risk of failure."" There
are usually two approaches to repurposing existing drugs, target
screening and phenotypic screening, and the latter is superior to
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discover candidate drugs for complex diseases with multi path-
ogenic pathways participation, such as tumor and neurodegen-
erative diseases, because single target drugs based on target
screening are easily compensated by other pathways in complex
diseases. In a previous study, through the phenotypic screening
of 20 clinically approved tricyclic antipsychotic drugs available in
our drug library, chlorpromazine (CPZ) and perphenazine (PPZ)
were identified to demonstrate a good anti-EC activity by inhib-
iting the phosphorylation of PI3K/AKT."?'® Since both of them
belong to phenothiazine structural type, to further expand the di-
versity in the structural types of anti-EC agents, 33 non-tricyclic
psychotherapeutic drugs including antipsychotics and antide-
pressants available in our drug library were screened. Of these,
penfluridol (PFD) was found to exhibit excellent anti-EC activity
where the ICsq values for ISK and KLE cell proliferation were
3.48 uM and 3.14 uM, respectively.

PFD is along-acting antipsychotic drug targeting D, dopamine
receptor (DRD2) and calcium channel approved by the FDA
in the 1960s, which belongs to the diphenylbutylpiperidine anti-
psychotics. Recently, PFD has been shown to exhibit good
anti-cancer activities in melanoma, breast cancer, colon cancer,
esophageal cancer, etc.'*”"” For example, PFD suppressed
esophageal cancer by targeting PFKL to activate AMPK/
FOX03a/BIM signaling pathway.'® PFD could inhibit the migra-
tion and invasion of breast cancer cells by down-regulating the
expression of integrin By, o, o5, and, B; in a dose-dependent
manner.'” Although PFD inhibited the growth of a variety of tu-
mors,'?~" the mechanism underlying its activity and the identifi-
cation of its target in EC have not yet been investigated.

Activity-based protein profiling (ABPP) is a chemical proteo-
mic technique that applies activity-based probes derived from
bioactive compounds to identify the potential target proteins in
biological systems. It has been widely applied in drug discovery,
especially to identify targets of small therapeutic molecules
based on phenotypic screening, and has proved to be an effi-
cient method to identify the underlying cellular targets that are
responsible for the manifestation of the phenotypic effects.'®
By using ABPP coupled with mass spectrometry-based prote-
omics, septin7 was discovered as a potential direct target for
the inhibition of proliferation and induction of apoptosis in EC
cells by PFD. Septin7 is an important member of the septin family
of proteins in turn belonging to the GTPase superfamily; is recog-
nized as the fourth component of the cytoskeleton.'® Septins are
involved in various cellular processes, including exocytosis,
leukemogenesis, carcinogenesis, and nvs,'urodegeneration,20
and demonstrated roles in a variety of biological activities and
physiological functions, such as the development of cancer,
cell proliferation, and cytokinesis. Present studies on the role
of septin7 in cancer have been rare, with only a few reports
describing its functions in glioma,?'** thyroid papillary carci-
noma,”* hepatocellular carcinoma (HCC),?® and breast cancer.”’
Septin7 functions as a tumor suppressor in glioma and thyroid
papillary carcinoma. The expression of septin7 in brain tumors
was much lower than that in normal tissues, and its overexpres-
sion inhibits the growth of glioma cells.®'** However, septin7
acts as an oncogene in HCC and breast cancer. MiR-127 sup-
pressed the expression of septin7 and inhibited the growth of
HCC cells.?® Compared to normal cells, the levels of septin2
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and 7 were significantly enhanced in breast cancer cell lines;
the down-regulation of their expression could inhibit the prolifer-
ation, migration, and invasion of breast cancer cells.?” These
antithetical effects of septin7 in different types of cancer may
be related to its subcellular localization and post-translational
modification.?°

In this study, 33 psychotherapeutic drugs available in our drug
library were screened and PFD exhibited excellent anti-EC activ-
ity in vitro and in vivo. Based on ABPP coupled with proteomics,
the molecular target of PFD was revealed as septin7, which plays
different roles in different tumors. However, the physiologic func-
tion of septin7 in EC is unclear and there is no small molecule li-
gands reported for septin7. Further, the role of septin7 in EC was
explored either by its knockdown or overexpression in both cells
and xenograft mice, and a target for PFD was identified through a
series of functional assays. Moreover, RNA-seq analysis and
western blotting revealed that PFD inhibited the growth of EC
cells by regulating septin7-Orai/IP3R-Ca?*-PIK3CA pathway.

RESULTS

Discovery of antipsychotic drug PFD exhibiting

excellent anti-EC activities in vitro and in vivo

To discover the anti-EC agents with new structural types, the
phenotypic screening of 33 non-tricyclic psychotherapeutic
drugs available in the drug library constituted by our group was
conducted. Through the use of a cell counting kit-8 (CCK-8)
assay, the inhibitory rates were obtained to evaluate the effects
of small molecule compounds at 40 uM in ISK cells (Figure 1A;
Table S1). Among them, PFD demonstrated the best inhibition
rate of 100.3% at 40 pM. To verify the anti-EC property of
PFD, the ICsq values of PFD in ISK and KLE cells at 24 h, 48 h,
and 72 h were measured. The results obtained demonstrated
that PFD impaired EC cells (ISK and KLE cells) proliferation in a
dose- and time-dependent manner with IC5q values of 5.34 uM
and 5.38 uM at 24 h, 3.48 pM and 3.14 uM at 48 h, 2.77 uM
and 2.88 uM at 72 h, respectively (Figures 1B; Table S2). In addi-
tion, PFD significantly impaired the migration and colony-form-
ing abilities of EC cells (Figures 1C and 1D). Annexin V-FITC/PI
staining of PFD-treated EC cells demonstrated that PFD could
enhance their apoptosis in a dose-dependent manner (Fig-
ure 1E). Thus, the tumor inhibitory activity of PFD could be attrib-
uted to the induction of apoptosis.

Next, nude mouse xenograft models were established to
determine the effects of PFD in vivo. KLE cells were subcutane-
ously injected into the right armpits of nude mice to obtain the tu-
mor xenograft model mice, the tumor tissue of which was in turn
subcutaneously implanted into the right armpits of new nude
mice to acquire a sufficient number of xenograft model mice.
The model mice were then treated with PFD (2 or 5 mg/kg),
cisplatin (DDP, 2 mg/kg), and vehicle (normal saline solution)
through intraperitoneal injection for 14 consecutive days and
the body weight of each mouse in each group was monitored
daily. All the PFD-treated groups revealed a significant attenua-
tion in tumor volume and weight after 14 days when compared
with the vehicle group, but the body weight did not change signif-
icantly (Figures 1F-1l1). PFD exhibited a satisfactorily good activ-
ity of tumor growth inhibition at 2 mg/kg with tumor volume
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Figure 1. PFD significantly inhibits the prolif-
eration and growth of EC cells in vitro and
in vivo

(A) Proliferation inhibition of 33 non-tricyclic psy-
chotherapeutic drugs at 40 uM in ISK cells.

(B) Structure of Penfluridol (PFD) and its IC5q values
at 48 h in ISK and KLE cells.

(C) The migration ability of EC cells was impaired by
PFD. Data are presented as mean + SD (n = 3) and
comparisons were made using one-way ANOVA.
***p < 0.001.

(D) The colony-forming ability of EC cells was
impaired by PFD. Data are presented as mean + SD
(n = 3) and comparisons were made using one-way
ANOVA. **p < 0.01, ***p < 0.001.

(E) PFD could enhance EC cells apoptosis. Data are
presented as mean + SD (n = 3) and comparisons
were made using one-way ANOVA. *p < 0.01,
**p < 0.001.

(F) Body weight of mice from each group during the
whole observation period. Data are presented as
mean + SEM (n = 5) and comparisons were made
using one-way ANOVA. **p < 0.01.

(G) The images of tumors from mice at 14 days after
initiation of treatment.

(H and I) Tumor weight and tumor volume of mice
from each group. Data are presented as mean +
SEM (n = 5) and comparisons were made using one-
way ANOVA. **p < 0.001.
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growth inhibition (TGly) of 78.2% and tumor weight growth inhi-
bition (TGly) of 70.5%. The efficacy was comparable to that of
2 mg/kg cisplatin, the first-line drug used for the systemic treat-
ment of EC, but cisplatin demonstrated obvious side effects of
loss in body weight. Moreover, PFD is a butylbenzene-based
antipsychotic with long-acting effects and is absorbed through
the gastrointestinal tract after oral administration with peak
blood concentrations reached within 24-72 h. In mice, its oral
LDso is 87 mg/kg,?® with the primary toxic effects being myocar-
dial damage, interference with intracardiac conduction, severe
arrhythmia, and chest discomfort. In the mouse efficacy study,
2 mg/kg and 5 mg/kg PFD significantly inhibited the growth of
EC tumors, indicating a good safety profile. Further, safety was
evaluated by HE staining of the main organs of the mice and
blood-based biochemical tests. The tissue sections of the
main organs such as the heart, liver, spleen, and kidneys of
mice treated with 2 or 5 mg/kg PFD showed no conspicuous
pathological changes (Figure S1). In addition, there were no dif-
ferences in the levels of alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), creatinine (CREA), and urea be-
tween the treated and the vehicle mice, indicating that PFD did
not impair the proper functioning of the liver and kidneys
(Table S6). In summary, all of the results obtained in this study re-
vealed that the antipsychotic drug PFD was a potential anti-EC
agent with good safety and efficacy.

ABPP identified septin7 as a potential target of PFD in
EC cells

To explore the molecular target of PFD affecting the EC progres-
sion, ABPP experiment was performed in EC cell lysate®® (Fig-
ure 2A). First, a PFD activity-based probe BP containing a diazir-
ine photo-cross-linking group and a ‘clickable’ handle consisting
of an alkynyl group was designed and synthesized (Supporting
Information). Then the anti-proliferative activity of BP was tested
in ISK cells, and the results indicated that BP maintained the ac-
tivity of PFD (BP: ICs0 = 7.12 + 0.58 uM vs. PFD: ICsg = 3.47 =
0.02 uM, Figure 2B). The overall scheme of the ABPP experiment
was shown in Figure 2A. Briefly, cell lysates were incubated with
different concentrations of BP and the competition group con-
sisting of 10xPFD and BP, then reacted with TAMRA-N; (Tetra-
methylrhodamine-N3) under a CuAAC-mediated click reaction
and separated by SDS-PAGE. Subsequent in-gel fluorescence
scanning demonstrated that the BP probe could label different
cellular targets and the labeled proteins at 35-60 kDa were
dose-dependent (Figure 2C), suggesting that they might be
probe-targeted proteins instead of those with abundant non-
specific labeling. To enrich the potential cellular targets of
PFD, pull-down experiment was conducted. Samples were con-
jugated with biotin-N3 instead of TAMRA-N3, then enriched
by streptavidin miniprep columns and separated using SDS-
PAGE. Silver staining revealed that proteins with an MW of
~50 kDa were enriched in the BP-treated group, but decreased
in the PFD competitive group (Figure 2D). LC-MS/MS analysis
revealed a lot of possible binding proteins (Table S4), from which
potential targets were filtered by comparing the differences in
the proteins identified in probe samples but reduced in the
competition group and absent in the control (DMSO group).
Among the top ten proteins (Table S5), septin7, as a fourth class
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of cytoskeletal protein, plays an important role in many cellular
physiological functions, such as cytokinesis, cell polarity forma-
tion, intracellular material transport, apoptosis, cell migration,
and DNA repair'® and is closely related to the progression of
various malignant tumors such as glioma,®’ liver cancer®® and
breast cancer.?” Moreover, researches indicated septin7-Akt-
NF-kB pathway influenced the glioma progress®®>' and septin7
acted as an upstream regulator of Akt, which is closely associ-
ated with our previously validated PIK3CA-AKT pathway. In
addition, the expression of SEPT7 was significantly reduced in
EC according to the TCGA database (Figure 2E). These findings
suggest that septin7 could be a possible target for molecules
that influence EC progression. Thus, septin7 was prioritized for
further analysis as a prospective molecular target of PFD.

Validation of PFD binding to septin7

The target of PFD was verified by different experiments. In the in-
gel fluorescence experiments, BP was successfully labeled with
recombinant septin7 in a dose-dependent manner and PFD
could compete its binding septin7, indicating that BP and PFD
possessed excellent sensitivity toward septin7 (Figure 2F). Ther-
mal shift assay indicated that PFD decreased the thermal stabil-
ity of septin7 in cell lysates in a temperature-dependent manner
compared with the DMSO treated control (Figures 2G and 2H),
suggesting the possibility of direct binding between septin7
and PFD. Furthermore, the microscale thermophoresis (MST)
assay was conducted to measure the binding capacity of PFD
with septin7 with an obtained Ky value of 0.98 uM (Figure 2I).
The human septin family is composed of 13 subtypes, which
are categorized into four main groups based on sequence simi-
larity and functional properties: septin2 group (septini, septin2,
septind, septin5), septin 3 group (septin3, septin9, septin12),
septin 6 group (septinB, septin8, septin10, septin11, septin14)
and septin 7 group (septin7).'® Therefore, the binding of PFD
to representative septins of other three group (septin2, septin3
and septin6) were also tested. PFD did not bind to septin3
(Kq > 1000uM), and showed weaker binding affinity for septin2
and septin6 (Kq values were 54.75 uM and 43.09 uM, respec-
tively) than that of septin7, indicating that PFD has a selectivity
for binding septin7 (Figure S2). Molecular docking indicated
that PFD bound to septin7 through H-bond interaction with the
Glu58, Ser59’ [the “’ indicates that the residue was located in
the second strand in the dimer], and Ser168 (Figure 2J). In addi-
tion, molecular dynamics (MD) simulation also suggested
H-bonds formation of PFD with septin7 at Glu58 (Figures 2K
and 2L; Figure S3). PFD showed extremely weak binding affinity
with mutant septin7 (altering Glu58, Ser59 and Ser168 to Ala),
whose Kgq > 1000 uM (Figure 2l). These results indicated that
PFD could bind to its potential anti-EC molecular target septin7.

PFD suppressed the Orai/IP3R-Ca2*-PIK3CA-AKT
signaling pathway in EC cells

To explore the anti-EC mechanism of PFD, transcriptome anal-
ysis using RNA-seq was performed. A total of 3344 differentially
expressed genes (DEGs) including 1027 up-regulated and 2317
down-regulated genes were identified in EC cells treated with
5 uM PFD compared to DMSO (adjusted p < 0.05). Then Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment
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analysis was performed to explore the functional roles of the
DEGs, revealing that 20 signaling pathways were significantly
affected by PFD (adjusted p < 0.01) with the top ranking
functional cluster being the TNF signaling pathway (adjusted
p =7.6 x 107°, Figure 3A). Heatmap analysis of 33 genes asso-
ciated with the TNF signaling pathway (Table S3) revealed
that PFD significantly down-regulated the expression of PIK3CA
(Figure 3B), the mutations and amplifications in which were
commonly identified in patients with EC metastases and a
poor prognosis.®***> PIK3CA (phosphatidylinositol-4,5-bisphos-
phate 3-kinase catalytic subunit alpha), encoding the catalytic
subunit p110a of the PI3K,** was identified to be the significant
gene with the second highest frequency of mutations after PTEN
in primary EC lesions.*® Subsequently, gqRT-PCR was conduct-
ed to detect the expression levels of total PI3K and PIK3CA.
The levels of both significantly decreased in EC cells treated
with 5 uM PFD with that of PIK3CA relatively lower than that of
total PI3K (Figure 3C), indicating that PFD may selectively influ-
ence PIK3CA. In addition, western blot analysis revealed that
PFD could down-regulate the expression of PIK3CA and its
downstream components, AKT phosphorylation, and up-regu-
lated the pro-apoptotic protein cleaved caspase-3 in EC cells
(Figures 3D and S4A-S4D). Researches suggested that intra-
cellular Ca®* is an important upstream regulator of PI3K/AKT
signaling pathway.*® Orai, the classical calcium channel located
in the cellmembrane, and IP3R located in the endoplasmic retic-
ulum (ER) could affect the intracellular Ca®*.*>” Thus, Orai and
IP3R may be essential for PIK3CA exerting its biological func-
tions. It has been reported that septin7 could regulate the
expression of Orai protein.®® A possible mechanism hypothesis
was proposed that PFD may exhibit its anti-EC activities by tar-
geting septin7 to down-regulate Orai, IP3R, intracellular Ca®*
and PIK3CA. Thus, whether PFD could influence the expression
of Orai and IP3R was investigated. As shown in Figures 3E, S4E,
and S4F, PFD reduced the expression of Orai and IP3R in EC
cells. In addition, PFD significantly decreased intracellular
Ca2*(Figure 3F). These experimental evidences suggested that
PFD decreased PIK3CA via Orai/IP3R and Ca?* suppression
and then induced EC cells apoptosis. In summary, PFD could
inhibit the Orai/IP3R-Ca?*-PIK3CA-AKT pathway in EC cells.

iScience

PFD attenuates the interaction of septin7-tubulin,
resulting in microtubule polymerization and cell-cycle
arrest at the G1 phase

Furthermore, as binding proteins of microtubules, septins play
an important role in their assembly, monomer, and multimer
dynamics, and post-translational modification.’® For example,
the knockdown of SEPT7 in HelLa cells led to an increase in
the acetylation of the microtubules thus enhancing their stabil-
ity.>> To explore the possibility of the interaction of septin7
with tubulin and whether PFD affected their interaction, EC
cells were co-transfected with a gene encoding Flag-septin7
and Myc-tubulin (B-tubulin, after which all are denoted by
tubulin). The two proteins were co-immunoprecipitated (Co-
IP) from the transfected cells in reciprocal experiments and
PFD reduced the amount of protein produced by Co-IP, sug-
gesting the interaction of septin7 with tubulin that could be in-
hibited by PFD (Figures 4A and 4B; Figures S7A and S7B). In
addition, to further explore the effects of PFD on microtubules,
immunofluorescence experiments were conducted in EC cells
treated with DMSO and varying concentrations of PFD for 24
h, and the microtubule polymerization agonist paclitaxel
(PTX), and the microtubule polymerization inhibitor colchicine
(COL) as positive controls. PFD inhibited the polymerization
of microtubules in EC cells in a dose-dependent manner, as
did COL but unlike PTX (Figures 4C and 4D), suggests that
PFD is an inhibitor of microtubule polymerization. More impor-
tantly, flow cytometry revealed that PFD induced the arrest of
the cell cycle at the G1 phase (Figure 4E), further illustrating
the effects of PFD on microtubules. Given that PFD did not
alter septin7 expression (Figure S5) and septins form oligo-
meric complexes composed of different septin subgroup
members and could assemble into higher-order structures
involved in various biological processes, the influence of PFD
on septin7 oligomerization were examined. Results in Figure S6
revealed that PFD promotes the oligomerization of septin7,
thereby enhancing its activation. In short, PFD could affect
the interaction of septin7-tubulin, inhibit the microtubule poly-
merization and promote septin7 oligomerization, thereby
arresting the EC cell cycle in the G1 phase and inhibiting the
EC cell growth.

Figure 2. Target identification by probe BP and validation using different assays
(A) Outline of the ABPP strategy for the target identification of small molecule probes in the cell lysates. After probes binding to their protein targets, a click
reaction was performed to ligate a fluorophore or enrichment tag, such as biotin, to the probe. Enriched proteins were subsequently analyzed using SDS-PAGE or

mass spectrometry.

(B) Structures of ABPP probes BP and their anti-proliferation on ISK cells according to CCK-8 assay (n = 3).
(C) BP dose-dependent labeling proteins (n = 3). Left: In gel fluorescence (FL). Right: Coomassie brilliant blue staining (CBB). M: marker.

(D) Silver staining of probes BP with or without competitor PFD (10x). Probe labeled proteins were labeled with biotin and enriched by streptavidin columns,
separated by SDS-PAGE (n = 3). M: marker.

(E) The expression of SEPT7 in EC is significantly reduced. UALCAN (https://ualcan.path.uab.edu/) was employed to analyze the expressions of SEPT7 in EC.
(F) Labeling of recombinant septin7 with different concentrations of BP. Left: In gel fluorescence (FL). Right: Coomassie brilliant blue staining (CBB). Data are
representative of at least three independent experiments. M: marker.

(G and H) Cellular thermal shift binding assay of PFD with septin7 in ISK cells. Data are representative of at least three independent experiments. Data are
presented as mean + SD (n = 3) and comparisons were made using t test. “*p < 0.01, **p < 0.001.

(I) MST analysis of the binding affinity between PFD and human recombinant septin7 protein (WT and mutant). The measured K4 value has been shown.

(J) Computational docking between PFD and septin7. PFD forms conventional H-bond with septin7 at Glu58, Ser59’ and Ser168. The “’” indicates that the residue
is located in the second strand in the dimer.

(K) The result of superposition of molecular dynamics (MD) simulation stable structure and the crystal structure of septin7. The crystal structure is shown in
grayish-white, and the MD stable structure is shown in in light green.

(L) The 3D binding mode of septin7 with PFD from MD simulation. PFD forms conventional H-bond with septin7 at Glu58.
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Septin7 functions as a tumor suppressor in EC

To investigate the biological functions of septin7 in EC, septin7
overexpressing or knockdown ISK and KLE cell lines were
generated (Figures 5A and 5B; Figures S8A and S8B). Septin7
overexpression significantly suppressed the proliferation of EC
cells while septin7 knockdown promoted their proliferation
(Figures 5C and 5D). Similarly, septin7 overexpression signifi-
cantly inhibited the colony formation of EC cells, while septin7
knockdown achieved the opposite effects (Figures 5E and 5F).
In addition, in contrary to septin7 knockdown, septin7 overex-
pression down-regulated the Orai, IP3R, Ca?* and PIK3CA

EC cells (sh-CON), whereas sh-septin7

weakened this effect on cell viability, indi-
cating the necessity of septin7 for PFD’s anti-EC activity (Fig-
ure 6B). However, cisplatin (DDP) significantly inhibited cell pro-
liferation in septin7 knockdown or overexpression of EC cells
(Figures S10A and S10B). Cell cycle analysis consistently ex-
hibited a disappeared suppression of the G1 phase after treat-
ment with PFD in sh-septin7 (Figures 6C and 6D). The ability of
PFD to inhibit microtubule polymerization was also investigated
in septin7 knockdown EC cells. As shown in Figure 6E, septin7
knockdown promoted microtubule polymerization (sh-CON vs.
sh-Septin7). PFD inhibited microtubule polymerization (sh-
CON), but this effect was reduced when septin7 was knocked
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Figure 4. PFD attenuates the interaction between septin7 and tubulin, resulting in microtubule polymerization and cell-cycle arrest at the G1
phase

(A and B) Tubulin or septin7 was immunoprecipitated and then revealed by Western blotting with an antibody against septin7 or tubulin. The input of tubulin and
septin7 was shown at the bottom of each panel and quantitative statistics is also presented in Figures S7A and S7B. Data are representative of at least three
independent experiments.

(C and D) Immunofluorescence images of EC cells treated with DMSO, different concentrations of PFD, paclitaxel (PTX) and colchicine (COL) for 24 h. The nuclei
and microtubules have been labeled with DAPI, tubulin antibody. Data are representative of at least three independent experiments. Scale bar: 10 pm.

(E) The effects of PFD on the cell cycle of ISK and KLE cells by flow cytometry analysis. Data are presented as mean + SD (n = 3) and comparisons were using one-
way ANOVA. *p < 0.05, **p < 0.01, **p < 0.001.
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down (sh-septin7). What is more, PFD suppressed Orai, IP3R,
and PIK3CA expression in EC cells, while this effect of PFD
was diminished in septin7 mutant EC cells (Figure 6F;
Figures S11A-S11F). Additionally, PFD inhibited their expression
in control cells (sh-CON), while this inhibition was weakened in
sh-Septin7 cells (Figure 6G; Figures S11G-S11L). Similarly, the
intracellular Ca%* determination assay showed that a disap-
peared suppression of the intracellular Ca®* after PFD treatment
with sh-septin7 (Figure 6H). These results above indicated the
regulations of cell cycle, microtubule polymerization, Orai/
IP3R/PIK3CA expression and intracellular Ca* by PFD were de-
pended on septin7 in EC cells. The role of septin7 in EC tumori-
genesis and whether the anti-tumor activity of PFD depended on
itin vivo were also investigated. Septin7-deficient KLE cells were
subcutaneously injected into the right armpits of nude mice. As
shown in Figures 61-6L, the septin7-deficient mice showed
increased tumor volume and tumor weight compared with the
vector control sh-CON, and the effects of PFD in the septin7-
deficient mice were not significantly reduced (sh-septin7 vs.
sh-septin7 + PFD). Collectively, these data validated that
PFD’s tumor progression suppression in EC depending on
septin?.

DISCUSSION

Endometrial cancer is the most commonly diagnosed gyneco-
logical cancer in developed countries. There is an urgent need
to develop conservative treatment drugs with good therapeutic
effect and few adverse effects to improve the survival rate and
quality of life of patients with a requirement for the preservation
of reproductive function, as well as those with advanced, recur-
rent, or inoperable EC. Drug repositioning is an effective strat-
egy for discovery of innovative drugs. It has been shown that
antipsychotics had great potential for anti-cancer.’® Pheno-
type-based drug discovery is a traditional method for new
drug screening, which directly observed the efficacy of drugs
on pathological models or humans without relying on the
target.'® In this study, we found PFD had significant effects
in vitro and in vivo through phenotypic screening. Further, mo-
lecular target of PFD was identified as septin7 by ABPP tech-
niques. Moreover, two pathways of PFD were revealed to be
involved in its anti-EC activity. One pathway was that PFD

iScience

could induce cell apoptosis by regulating septin7-Orai/IP3R-
Ca?*-PIK3CA pathway. Another pathway was that PFD could
impede the interaction of septin7 with tubulin, thereby inhibiting
the polymerization of microtubules and arresting the cell cycle
in G1 phase.

Septins were first identified in 1971 in budding yeast (Saccha-
romyces cerevisiae) and were proven to be essential for the regu-
lation of the cell division cycle in yeast.”’ As a fourth class of
cytoskeletal proteins, they play an important role in several
cellular physiological functions, such as cytokinesis, DNA repair,
apoptosis, etc. Septin7 is an important member of the septins
family, which belongs to the GTPase superfamily, and is a
GTP-binding protein widely expressed in cells.'® However, its
role in human tumors including EC remains to be elucidated,
as no small molecular ligand for septin7 has been reported so
far. In this study, we identified PFD as a small molecule ligand
of septin7 based on ABPP techniques and a series of data
including MST, thermal shift assay, and pure protein in-gel fluo-
rescence assay supported the direct binding of PFD to septin7.
In addition, through molecular docking and molecular dynamics
simulation, we found that PFD bound to septin7 through H-bond
interaction with the Glu58, Ser59’, and Ser168. This was
confirmed by the extremely weak affinity (Kqy > 1000 puM) of
PFD to mutant septin7. More importantly, a series of functional
data obtained demonstrated that septin7 overexpression sup-
pressed the growth of EC cells by inhibiting the Orai/IP3R-
Ca?*-PIK3CA-AKT pathway. The anti-cancer bioactivity of PFD
was reduced or disappeared in septin7-deficient EC cells and
xenograft mice, suggesting PFD’s anti-EC activity depending
on septin7. These findings provide initial evidence suggesting
that septin7 is a tumor suppressor in EC and may serve as a po-
tential therapeutic target.

PIK3CA, located on chromosome 30g26.32 encodes the cata-
lytic subunit p110a of PI3K, which plays an important role in
the PIBK/AKT pathway and regulates important cellular func-
tions such as cell proliferation, metabolism, angiogenesis, and
apoptosis.*” It is an oncogene and is involved in the progression
of many tumors, including EC. lts abnormal activation and
amplified expression play a critical role in the initiation and pro-
gression of cancerous tumors.***>*® Unlike most PIK3CA mu-
tations that occur in the regions encoding the helical and kinase
domains, those in EC are distributed throughout the entire

Figure 5. Septin7 functions as a tumor suppressor that inhibits the Orai/IP3R-Ca®*-PIK3CA-AKT pathway in EC

(A and B) Septin7 protein level with septin7 overexpression (A) or septin7 knockdown (B) lentivirus plasmid infection in ISK or KLE cells was analyzed by western
blot.

(C) CCK-8 assays showing the effect of overexpression of septin7 in ISK and KLE cells proliferation (OD450). Data are presented as mean + SD (n = 3) and
comparisons were made using t test. *p < 0.05, **p < 0.01, **p < 0.001.

(D) CCK-8 assays showing the effect of knockdown of septin7 in ISK and KLE cells proliferation (OD450). Data are presented as mean + SD (n = 3) and com-
parisons were made using t test. *p < 0.01, *”p < 0.001.

(E) Cell colony formation assays showing the effect of overexpression or knockdown of septin7 in ISK proliferation. Data are presented as mean + SD (n = 3) and
comparisons were made using t test. p < 0.01, *p < 0.001.

(F) Cell colony formation assays showing the effect of overexpression or knockdown of septin7 in KLE proliferation. Data are presented as mean + SD (n = 3) and
comparisons were made using t test. *p < 0.01, *”p < 0.001.

(G and H) The protein expression of Orai, IP3R, PIK3CA, p-AKT was decreased, and cleaved caspase-3 was increased after treatment with septin7 over-
expression or knockdown in ISK and KLE cells. And the quantitative statistics is also presented in Figures SOA-S9L. Data are representative of at least three
independent experiments.

(I) Intracellular Ca®* measurements were performed to determine the levels of intracellular Ca®* in septin7 overexpression ISK and KLE cells. Data are presented
as mean + SD (n = 4) and comparisons were made using t-test. n.s, not significant; *o < 0.05, **p < 0.01.

10  iScience 28, 111640, January 17, 2025



iScience

A ISK B ISK C ISK
© Control PFD © Control PFD
1201 * i 150~ 60- © Control PFD
— = =
giioq ¢ R
z 1001 [1 z
= =
3 907 2
> 80 =
8 701 8
60- =
NC OE sh-CON sh-Septin7 sh-CON sh-Septin7
KLE KLE D KLE
o Control PFD O Control PFD
150 1501 60+ © Control PFD
*%
9 9 Li n.s &
>.1007 1007 Py
8 = «
] 8 5
> 50 > 507 =
° ® o
o (¢}
0~ = :
NC OE sh-CON sh-Septin7 sh-CON sh-Septin7
sh-CON+PFD sh-Septin7 sh-Septin7+PFD
sh-CON+PFD sh-Septin7 sh-Septin7+PFD

F ISK
Q
QQQ& \SQ s
& S
s&E & L& &L
q° & Q\”(\c?“ Q\(\Q\\o IPSR‘ [ |p3R[—_-—]
S F o Kpa S F ko o 150 H50

o 9 9 a
IP3R — i g— —— 150 1P3R {—_—- L150

Orai ‘ - ”-}»100 Orai l —— - = ‘»100

GAF’DH‘ —-— ——— L37 GAPDHI - ——— !,37

PIKICA| == 0 8 | ) picscn| == = == = |1

PIK3CA‘ — o - — ‘750 PIK3CA[ - - ‘,50

Orai ‘— —--|»50 Orai l—_--|»50

GAPDH‘ s o= L GAPDH[ — — — ‘
- - 37 37 GAPDH | i wiie i o | GAPDH‘ —_——— e — L37

H Control PFD Control PFD | . —-~sh-CON
- ¥ ns id s i &£ 2000 _._sh-CON +PFD
'E * 7 ‘% o “EJ -=-sh-Septin7
8 : 5 5 1500 ——sh-Septin7 + PFD I
k= I € [ n.s
5 10 T = 12 " z :| j|*
& ] g 1000+
g g 2
g 05 g 1.0 % 500 S
R.m et.m °
o o ] ) — . ;
0.0 T T 9 T T 0 5 10 15
sh-CON sh-Septin7 sh-CON sh-Septin7 Days
J L
@ 20 * ns
£ 2000
shcoN @ © § Q@ § ¢ 0 o ® @1 . I
150 B
ShCON+PFD @ ® © © & @ & » S 500 S
o
5 1000 =10
sh-Septin7 @& €98 ¢obe £ 5
o8 R08es 50°
sh-Septin? +PFD = =5
g, 0

¢ CellP’ress

OPEN ACCESS

Figure 6. PFD exhibited its activity through
septin7 in EC cells and xenograft mice

(A) Cells proliferation assay to determine the effect
of PFD (4 puM) on proliferation in septin7 over-
expression ISK and KLE cells. Data are presented
as mean + SD (n = 3) and comparisons were made
using t test. "o < 0.05, *p < 0.01; *p < 0.001.

(B) Cells proliferation assay to determine the effect
of PFD (4 uM) on proliferation in septin7 knockdown
ISK and KLE cells. Data are presented as mean +
SD (n = 3) and comparisons were made using t test.
n.s, no significance; *p < 0.05, *p < 0.01.

(C and D) Cell cycle assay to determine the effect of
PFD (4 uM) on cell cycle in septin7 knockdown ISK
and KLE cells. Data are presented as mean + SD
(n = 3) and comparisons were made using t test.
n.s, no significance; *p < 0.05, **p < 0.001.

(E) The effect of PFD on microtubule polymerization
in septin7 knockdown or overexpression EC cells.
Scale bar: 15 pm.

(F) The protein expression of Orai, IP3R and
PIK3CA after PFD treatment in septin7 mutant ISK
and KLE cells. And the quantitative statistics is also
presented in Figures S11A-S11F. Data are repre-
sentative of at least three independent experi-
ments.

(G) The protein expression of Orai, IP3R and
PIK3CA after PFD treatment in septin7 knockdown
ISK and KLE cells. And the quantitative statistics
is also presented in Figures S11G-S11L. Data
are representative of at least three independent
experiments.

(H) Intracellular Ca®* measurements to determine
the effect of PFD (4 uM) on intracellular Ca®* in
septin7 knockdown ISK and KLE cells. Data are
presented as mean + SD (n = 3) and comparisons
were made using t-test. n.s, no significance;
*p < 0.05, *p < 0.01.

() Relative tumor growth curves showing that
the anti-tumor effects of PFD (5 mg/kg) were
decreased with the septin7 knockdown; n = 8. Data
are presented as mean + SEM (n = 8) and com-
parisons were made using t-test. n.s, no signifi-
cance; "p < 0.05, **p < 0.001.

(J) The images of tumors from mice at 14 days after
initiation of treatment.

(K and L) Tumor weight and relative tumor volume
of mice from each group. Data are presented as
mean + SEM (n = 8) and comparisons were made
using t-test. n.s, no significance; *p < 0.05,
*p < 0.01, **p < 0.001.
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gene.' As an upstream regulator of PIK3CA, Ca®* plays an
important role in regulating the biological function of PIK3CA.*°
This study showed that PFD could inhibit EC cell growth by
regulating the Orai/IP3R-Ca?*-PIK3CA-AKT pathway. These
findings not only unraveled the mechanism of PFD action but
also identified it as an anti-cancer agent regulating the Orai/
IP3R-Ca2*-PIK3CA-AKT axis. Septins are an important class
of microtubule-binding proteins,*® play an important role in
microtubule assembly, monomer, and multimer dynamics, and
also exhibited type-specific differences in their effects. For
example, impeding the expression of SEPT7 in Hela cells
increased the stability of microtubules,®® while a knockdown
of the SEPT9 in human breast epithelial cells led to a significant
reduction in the levels of polymerized microtubules.***° In this
study, exogenous Co-IP showed that septin7 directly interacted
with tubulin and that PFD could inhibit this interaction. More
importantly, PFD could inhibit microtubule polymerization and
arrest the cell cycle in the G1 phase, thereby acting as an anti-
EC agent. These findings provide insight into the regulation of
tubulin homeostasis by septin7. Moreover, since septin7 has
been suggested as neuroblastoma therapeutic target,*® it will
be very interesting to test whether PFD inhibits neuroblastoma.
Additionally, research has demonstrated that PFD exerts anti-
esophageal cancer effects by targeting PFKL. In breast cancer,
PFD inhibits tumor growth by suppressing the integrin pathway,
and so on.”*"” These findings suggest that PFD possesses
broad-spectrum antitumor properties. In summary, our study
demonstrates that PFD targeting septin7 to inhibit Orai/IP3R-
Ca?*-PIK3CA-AKT signaling pathway and microtubule polymer-
ization opens a promising avenue for alleviation of EC and
possibly even neuroblastoma. What's more, in the era of
personalized medicine, the introduction of molecular/genomic
analysis will help to formulate the most appropriate treatment
regimen. On the basis of the outcomes of the Cancer Genome
Atlas, and the ProMisE (Proactive Molecular Risk Classifier for
EC), tumors are divided into four subgroups according to the
presence of polymerase epsilon (POLE) exonuclease domain
mutations (EDMs), and protein 53 (p53) immunohistochemistry
and mismatch repair (MMR) proteins, creating four different
subgroups: POLEmut, p53 wild type (low copy number-CNL-
or nonspecific molecular profile-NSMP), p53 null/missense mu-
tations (high copy number) and mismatch repair deficient
(MMRJ). In advanced or metastatic cases, molecular signatures
provide critical information for determining the most appropriate
treatment. For instance, patients with hypermutation (POLE)
and hypermutation (MSI-H) signatures may respond well to im-
mune checkpoint inhibitors, while dostarlimab monotherapy is
beneficial for patients with MMRd/MSI-H endometrial can-
cer.*”*8 In summary, this molecular classification optimizes
the clinical management of EC by defining distinct risk classes.
It is anticipated that molecular classification will become the
standard approach for the treatment of gynecological tumors,
particularly endometrial cancer, thereby avoiding unnecessary
treatment for patients with favorable molecular profiles. In
this study, we found that PFD can inhibit the growth of type Il
EC tumors (where p53 mutations exceed 90%). Therefore,
PFD may be a personalized treatment option for patients with
p53mutations.
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Limitations of the study

Septin7 plays important roles in many cellular biological func-
tions and is closely related to various human diseases, such
as malignant tumors, Alzheimer’s disease, schizophrenia and
male infertility, indicating it is a potential therapeutic target in hu-
man disease, but there are still lack of molecular agents targeting
septin7 at present.

In this study, PFD, a drug clinically used to treat schizophrenia,
was found to inhibit EC tumor growth in vitro and in vivo by
phenotypic screening. Furthermore, by ABPP technology
coupled with proteomics, septin7 was identified as the direct
target required for the anti-EC activity of PFD. Mechanistically,
the direct binding of PFD to septin7 not only suppressed the
EC progression by inhibiting the Orai/IP3R-CaZ*-PIK3CA
signaling pathway, but also influenced septin7-tubulin interac-
tion in turn affecting the microtubule assembly. This provides a
preclinical rationale for the development of PFD as a potential
drug for the treatment of EC. However, KLE cells are an innate
progestin-resistant cell line. In the future, we need to construct
acquired progestin-resistant EC cells and further verify the effi-
cacy of PFD in vitro and in vivo.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

septin7 Abcam Cat#ab17522; RRID: AB_2876836

PIK3CA Cell Signaling Technology Cat#4249S; RRID: AB_2165248

Orai ABclonal Cat#A7412; RRID: AB_2767942

IP3R Abways Cat# Q14643; RRID: AB_3086675

AKT Cell Signaling Technology Cat#4691S; RRID: AB_915783

Caspase-3 Cell Signaling Technology Cat#14420T; RRID: AB_2798429

cleaved-caspase-3

Tubulin

B-actin

Secondary antibodies HRP-linked anti-rabbit IgG antibody
HRP-linked anti-mouse IgG antibody

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor™ Plus 555

FLAG Tag Antibody (magnetic bead conjugate)
Myc-Tag Antibody (magnetic bead conjugate)
control IgG (magnetic bead conjugate)

Cell Signaling Technology
Proteintech

Yeasen

Cell Signaling Technology
Cell Signaling Technology
Thermo Fisher Scientific

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#9664; RRID: AB_2070042
Cat#66301-1-Ig; RRID: AB_11042766
Cat#30103ES; RRID: AB_2923152
Cat#7074; RRID: AB_2099233
Cat#7076S; RRID: AB_330924
Cat#A32727; RRID: AB_2633276

Cat#82103S; RRID:AB_3073821
Cat#91856S; RRID: AB_3073821
Cat#8726S; RRID: AB_10828938

Chemicals, peptides, and recombinant proteins

Polybrene Sigma-Aldrich Cat# 107689
Puromycin Thermo Fisher Scientific Cat# A1113803
RIPA lysate Yeasen Cat#20114ES60
PMSF Yeasen Cat#20104ES03
septin7 protein Abcam Cat#ab158072
cocktail protease inhibitors Abcam Cat#ab158072
DAPI Coolabor Cat# SL1086
CCK-8 Beyotime Cat# C1002
Crystal Violet Staining Solution TargetMol Cat#C0005
TRIzol reagent Beyotime Cat# C1021
Critical commercial assays

BCA Protein Quantification Kit Yeasen Cat#20201ES76
Annexin V-FITC Apoptosis Detection Kit Elabscience Cat#E-CK-A211
Cell Cycle and Apoptosis Analysis Kit Beyotime Cat#C1052
Total RNA Kit Il Omega Cat#R6934-01
Hifair 1l 1st Strand cDNA Synthesis SuperMix Yeasen Cat# 11123ES60
Hieff gPCR SYBR® Green Master Mix Yeasen Cat#11201ES08
Capturem Streptavidin Miniprep Columns Kit Takara Cat#635733
Fast Silver Stain Kit Beyotime Cat#P0017S
Fluo-4 a.m. (Calcium ion fluorescent probe, 2mM) Beyotime Cat#S1060
Deposited data

RNA-Seq data This paper GSE236228
Experimental models: Cell lines

ISK ATCC HTB-113

KLE ATCC CRL-1622

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mouse: BALB/c nude Shanghai SLAC Laboratory https://www.bioon.com.cn/company/
Animal Co., Ltd index/c42d1349852

Oligonucleotides

shRNA targeting sequences (see Table S7) This paper N/A

Primers for RT-gPCR (see Table S8) This paper N/A

Software and algorithms

GraphPad Prism version 8.0 GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Imaged Imaged software https://imagej.net/ij/download.html

FlowdJo v10.8.1 FlowdJo software https://www.flowjo.com/solutions/flowjo

Real-time PCR Bio-Rad CFX384

CytExpert2.4 Beckman Coulter Life Sciences https://www.beckman.ae/flowcytometry/

instruments/cytoflex/software

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

5-6-week-old female BALB/c nude mice were procured from a commercial supplier (Shanghai SLAC Laboratory Animal Co., Ltd).
Animals were housed in individually ventilated cages and kept under controlled environmental conditions (12 h-light-dark cycle,
23 + 1°C with 30-50% relative humidity). Mice were provided with standard rodent chow and ultra-pure water. All mice were healthy
during the experiment. In the study of xenograft tumors in animals, when the average tumor volume reached 80-150 mm?, the nude
mice were randomly divided into different groups. All the animal experiments were approved by the committee on the ethics of animal
experiments of shanghai jiao tong university, China.

Cell lines

The human endometrial cancer cell line ISK and KLE (obtained from Shanghai Fuheng Biotechnology Co., Ltd, China, ATCC: HTB-
113, CRL-1622, respectively) was grown in complete DMEM/F12 medium (DMEM/F12 supplemented with 10% fetal serum). The ISK
cell was derived from a 39-year-old woman with differentiated endometrial adenocarcinoma (source: ATCC). The KLE is a cell line
that was isolated from the endometrium of a White, 64-day-old, female patient with adenocarcinoma (source: ATCC). All cell lines
were profiled, authenticated, and Mycoplasma-tested in the Cell Line Core Facility at Shanghai-Biowing Biotechnology Co. LTD
in 2023.

METHOD DETAILS

Cell culture
ISK and KLE cell lines were cultured in DMEM/F12 (Biosharp). All media were supplemented with 10% FBS (Bio-Channel), 1% peni-
cillin-streptomycin (Yeasen). Cells were cultured at 37°C in an incubator containing 5% CO..

Cell proliferation assay

Cells were seeded in 96-well culture plates at a confluence of 70%-80% per well, which equated to approximately 5000 cells per well.
Next day, the cells were treated with 200 pL of fresh culture medium containing varying concentrations of test compounds. After 48 h
of incubation, the culture medium was removed, and 100 pL of serum-free medium containing 10% CCK-8 (TargetMol) was added to
each well, followed by incubation in the incubator for 1-2 h. Then, the absorbance at 450 nm was measured in a microplate reader
(Synergy H1, Biotek). The resultant data were analyzed using GraphPad Prism, and the IC5q values of drugs was calculated using
nonlinear regression (curve fitting) to automatically fit the dose-response curve.

Colony formation assay

The cells were digested and inoculated into 6-well plates with a density of 1000-2000 cells per well. After overnight culture, 2 mL
medium containing different concentrations of drug was added. Cultures were grown for 12 days and the medium was changed every
2 days. After the cell clones are visible in the 6-well plates, rinsed with PBS, and then fixed with methanol at —20°C then stained with
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0.1% Crystal Violet Staining Solution (Beyotime) for 30 min, and finally counted for analysis with gel imager (4600SF, Tanon). The
Imaged software counted manually and counted the number of clones formed in each well.

Cell apoptosis assay

Cells were seeded into 24-well plates at a density of 4x10% cells per well, incubated overnight in an incubator to allow adherence,
and then various concentrations of drugs were added. After 48 h, cell apoptosis was detected by flow cytometry using an annexin
V-FITC apoptosis detection kit (Elabscience) according to the manufacturer’s instructions. Apoptosis was analyzed using
CytExpert 2.0.

Cell migration assay

The cells were digested and added to the upper chambers at a density of about 1x10° cells per well. 600 uL of medium (containing
20% FBS) was added below the chamber, and 150 uL of serum-free medium containing the corresponding concentration of drug
was added to the upper chamber. After 24 h, the migrated cells were counted. Five fields were randomly selected under the micro-
scope and photographed (200 times). Imaged software was used to manually count the number of cells in each field.

Cell cycle assay

Cells were grown to the 70%-80% confluency in 6-well plates and synchronized by culturing in serum-free medium for 12 h,
following by 24 h treatment of different concentrations of drugs. Subsequently, cells were trypsinized and fixed in ice-cold
70% ethanol for overnight at 4°C. Cells were then centrifugated and the pellet was resuspended in PBS, stained using cell cycle
staining solution according to the protocol provided by the cell cycle and apoptosis analysis kit (Beyotime). Cell cycle analysis was
performed using a flow cytometer (CytoFLEX LX, Beckman Coulter, CA, USA). The analysis of the obtained data was carried out
using FlowJo.

Transcriptome analysis by RNA-seq

When adherent cells reached a density of 30%-40%, drugs were added and incubated. After 48 h, the cells were rinsed with PBS and
then digested with trypsin, and the cell precipitate obtained by centrifugation was washed twice with PBS and transferredtoa 1.5 mL
centrifuge tube. Cells were lysed by adding 1 mL TRIzol reagent (Beyotime) to each tube, snap-frozen in liquid nitrogen, and then
transferred to —80°C for storage. More detailed protocols were assisted by Shanghai Majorbio Bio-Pharm Technology Co., Ltd.
(China).

RT-qPCR
Cells were grown to 80%—-90% confluency in 6-well plates as described above. Different concentrations of PFD in fresh medium (the
total volume was 1.5 mL, DMSO <0.01%) were added to the wells and incubated for 48 h. Total RNA was extracted using a total RNA
kit Il (Omega). Reverse transcription was performed using Hifair Il 1st Strand cDNA Synthesis SuperMix (Yeasen) according to the
manufacturer’s instructions. Quantitative PCR was performed using Hieff gPCR SYBR Green Master Mix (Yeasen) on a quantitative
PCR system (CFX96 Touch, Bio-Rad). gPCR Primers used to perform qPCR are listed below:

for GAPDH, Forward 5-GCAAGTTCAACGGCACAG-3/,

Reverse 5'-CTCAACAGTATAAAGAGC-3';

for PI3K, Forword 5'-TGCTATGCCTGCTCTGTAGTGGT-3/,

Reverse 5'-GTGTGACATTGAGGGAGTCGTTG-3';

for PIK3CA, Forward 5'-AGGATGCCCAACTTGATGCTGATG-3/,

Reverse 5'-CCGTTCATATAGGGTGTCGCTGT-3".

Western blot analysis

When cells were grown to 70%-90% confluence density, Cells treated with drugs were lysed in 1x SDS loading buffer. Cell lysates
were separated by SDS-PAGE and transferred to nitrocellulose membrane (Bio-Rad). After blocked with 5% fat-free dry milk in Tris-
buffered saline Tween 20, the membranes incubated with the corresponding primary antibodies. Primary antibodies against septin7
(Abcam), Orai (ABclonal), IP3R (Abways), PIK3CA (Cell Signaling Technology), AKT (Cell Signaling Technology), p-AKT (Cell Signaling
Technology), caspase-3 (Cell Signaling Technology), cleaved-caspase-3 (Cell Signaling Technology), Tubulin (Proteintech), B-actin
(Yeasen), GAPDH (Proteintech). Secondary antibodies HRP-linked anti-rabbit IgG antibody (Cell Signaling Technology) and HRP-
linked anti-mouse IgG antibody (Cell Signaling Technology) were further used. Finally, proteins were visualized with the ECL System
from Tanon (4600SF).

In-gel fluorescence analysis

ISK cells were washed with 1xPBS, rapidly lysed by adding weak RIPA lysate (Yeasen) containing 1 mM PMSF (Yeasen). The pre-
cipitate was discarded by centrifugation at 13,000 rpm for 15 min at 4°C. The cell lysate supernatant was collected for quantification
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by BCA Protein Quantification Kit (Yeasen). Different concentrations of BP and competition group (7 BP uM + PFD 70 pM) was added
to the same amount of lysate and further incubated for 2 h at room temperature and photocross-linking was then performed. Sub-
sequently, a freshly premixed click chemistry reaction cocktail was added to the protein solution, so that the molar ratio of probe,
TAMRA-N3, TBTA, TCEP, CuSO,4 was 1:2:5:50:50. After 2 h of incubation, the proteins were directly mixed with loading buffer
(5%) at a volume ratio of 4:1 and denatured for 5 min at 95°C in a metal bath. 20 pg of protein was sampled per lane on SDS-
PAGE and subsequently visualized by in-gel fluorescence scanning (Typhoon FLA 9500).

For recombinant protein labeling, different concentrations of probes were incubated with purified septin7 protein at different final
concentrations in PBS buffer for 1 h at 37°C. The subsequent labeling process is similar to that described above for the total prote-
ome of cells. Purified septin7 protein was purchased from Abcam.

Pull down/LC-MS/MS

To identify the potential targets of BP, pull-down experiments were carried out, accompanied by western blot and LC-MS/MS anal-
ysis. ISK cells were grown in 10 cm dishes to 90% confluency and lysed. Then the protein solution in the lysate was incubated with
different concentrations of BP and photocross-linking was performed. Subsequently, a freshly premixed click chemistry reaction
cocktail was added to the protein solution, so that the molar ratio of probe, biotin-N3, TBTA, TCEP and CuSO,4 was 1:2:5:50:50. After
2 h of incubation. Pull down experiments were performed using the Capturem Streptavidin Miniprep Columns Kit (Takara) according
to the standardized procedure in the manufacturer’s instructions. The columns were washed three times with PBS to remove un-
bound proteins, the streptavidin-bound proteins were eluted with a buffer containing 0.1 mol/L glycine (pH 2.5), neutralized in a buffer
containing 1 mol/L Tris (pH 8.5), separated by SDS-PAGE, and visualized by silver staining. The specific process of silver staining was
according to the instructions of Fast Silver Stain Kit (Beyotime). After silver staining, the enriched protein bands were excised and
analyzed by LC-MS/MS by Luming Biological Testing Company.

Molecular docking

The septin7 dimer structure (PDB ID: 7M6J) was pocked by sitemap in Schrodinger software, and the highest ranked pocket was
located on the dimer interface. The Induced Fit Docking module in Glide was used to perform molecular docking on the PFD to obtain
the complex structure.

Molecular dynamics simulation

The Amber molecular dynamics simulation system was constructed, the protein force field was ff14SB, and the small molecule force
field was gaff. The final simulation system contained 85632 atoms with A size of 77 x 88 x 152 A3, After the construction of the simu-
lation system, Amber22 was used for molecular dynamics simulation, and the total time was 80 ns. The simulation temperature was
303.15 k, the pressure was 1.0 atm, and the integration step was 2 fs. The PME method was used for the long-range electrostatic
potential, and the 9 A cutoff distance was used for the short-range van der Waals force.

Thermal shift assay

ISK cells were grown to 80%-90% confluency in 6-well plates as described above and lysed in RIPA lysis buffer supplemented with
1 mmol/L PMSF. Cell lysates were collected and centrifuged at 13,000 rpm for 15 min at 4°C. The supernatant protein solution was
taken and divided equally into two tubes to which DMSO and 7 uM PFD were added. After 2 h of reaction at room temperature, each
group was divided into 12 tubes and heated for 5 min at 40°C, 41.4°C, 43.3°C, 46.3°C, 49.8°C, 53.3°C, 56.4°C, 60.5°C, 64.0°C,
66.8°C, 68.8°C, 70°C, respectively, using PCR instrument CETSA program. Proteins were mixed with loading buffer (5x) at a volume
ratio of 4:1, denatured in a metal bath at 95°C for 5 min, and the proteins were subjected to western blot analysis.

Microscale thermophoresis assay

To evaluate the binding affinity of PFD and septin7 (WT and mutant), septin2, septin3 and septin6, an MST assay was conducted by
Monolith NT. Automated (NanoTemper Technologies). The recombinant protein was labeled with the His-Tag Labeling Kit RED-tris-
NTA 2nd Generation (MO-1018, Nano Temper) according to the manufacturer’s instructions. The final labeled recombinant protein
concentration was 50 nM, which was mixed with different concentrations of PFD by multiple pipetting. All samples were diluted in
1xPBST and contained the same amount of DMSO. MST analysis was performed using the Monolith NT. Automated (Nano Temper
Technologies), and K4 was measured in MO. Control software.

Measurements of intracellular Ca®*

The intracellular calcium ion levels of EC cells were measured with the diluted Fluo-4 a.m. ester stock solution (Beyotime, Cat#S1060)
(10 uM with HBSS). After adhesion, the culture medium was removed, and the cells were rinsed with HBSS for three times. The Fluo-4
a.m. ester solution and 5 uM PFD was added (80 pL per well) and incubated with EC cells for 30 min at 37°C. Then, after removing the
Fluo-4 a.m. ester solution, the cells were rinsed by HBSS for three times and 100 pL of 10mM CaCl, was added. the fluorescence
intensity was measured with microplate reader (Synergy H1, Biotek) at the excitation wavelength of 488 nm.
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Cell transfection

Genomeditech (Shanghai, China) assisted the construction of recombinant adenovirus vector systems of tubulin over-expression,
septin? knockdown and over-expression. ISK or KLE cells were inoculated with 1x10° cells in 12-well plates. After adherence,
cells were transfected by adding the recombinant adenovirus to the culture at a multiplicity of infection (MOI) for 20 h. On the fifth
day, cells were screened with appropriate antibiotics. Then the cells were maintained by DMEM/F-12 + 10% FBS +1% penicillin-
streptomycin +0.5 pg/mL puromycin or 30 pg/mL blasticidin complete culture medium. The recombinant adenovirus containing sep-
tin7 short hairpin RNA (shRNAs) or negative control shRNA (sh-CON) was packaged using PGMLV-SB3 RNAi vector. The shRNAs for
septin7 were 5'-GCCTGTTATCGACTACATTGA-3'(shRNA-1),

5-GCTGTGGTAGGTAGTAATACT-3'(shRNA-2),

5-GGGAAGCTCAACAACGTATTT-3'(shRNA-3),

5'-GCAGCTGACTAAGAGCCCTCT-3' (shRNA-4).

The shRNA for negative control was 5- TTCTCCGAACGTGTCACGT-3'(sh-CON). Septin7 over-expression was packaged with
PGMLV-CMV-MCS-3xFlag-PGK-Puro vector. Septin7 primer: Forward: 5'-CGCGAATTCGAAGTATACCTCG-3', Reverse:5'-GTC
ATGGTCTTTGTAGTCGGATCC -3'. B-tubulin over-expression was packaged with PGMLV-CMV-MCS-EF1-ZsGreen1-T2A-
Blasticidin vector. B-tubulin primer: Forward: 5'- GCGAATTCGAAGTATACCTCGAGGCCACCATGCGTG-3', Reverse:5'-CGATCG
CAGATCCTTGGATCCTCACAGATCCTCTTCAGAGATGAGTTTCTGCTCG-3'. Zoonbio Biotechnology Co Ltd assisted the construc-
tion of Septin7 mutant plasmids. Septin7 mutant plasmids were transfected into cells with PEI (Proteintech, Cat#PR40001) were
transfected into cells according to the manufacturer’s instructions.

Co-immunoprecipitation

Co-immunoprecipitation (Co-IP) were performed as previously described.*® Flag-septin7 and Myc-B-tubulin were successfully trans-
fected into ISK cells according to the above cell transfection methods. When cells had grown to a confluence density of 70-80%, the
fresh medium containing 4 uM PFD was added. After 48h, Cells were lysed in RIPA lysis buffer supplemented with 1 mmol/L PMSF
and centrifuged at 12,000 rpm for 15 min in 4°C. 60 pL of the supernatant was removed as input. The remaining half of the lysate was
mixed with 5 uL of FLAG Tag Antibody (magnetic bead conjugate) (Cell Signaling Technology) or Myc-Tag Antibody (magnetic bead
conjugate) (Cell Signaling Technology, Cat#91856S), and the other half was mixed with 5 uL of control IgG (magnetic bead conjugate)
(Cell Signaling Technology). After overnight incubation, the precipitates were washed five times with lysis lysate and subjected to
western blot analysis.

Immunofluorescence

The immunofluorescence was performed as described previously.®' Cells were fixed with 4% paraformaldehyde for 30 min and was
blocked and permeable with the PBS solution containing 1% BSA and 0.3% Triton X-100 at 37°C for 1 h. The cells were incubated
with the primary antibody against B-tubulin (Proteintech) overnight at 4°C, and then the Goat anti-Mouse IgG (H + L) Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor Plus 555 (Thermo Fisher Scientific) was added incubation for 1.5 h at room temperature.
After DAPI counterstaining, the images were collected Ti-S microscope (Nikon).

Mouse tumor xenograft studies

Female nude mice (6-8 weeks old) were purchased from Shanghai Slac Laboratory Animal CO. LTD. KLE cells (5 x 10”/mice) were
subcutaneously injected into nude mice. The nude mice were killed when the tumor grew to 800-1000 mm?, and then the tumor tissue
was cut into evenly sized tumor tissue blocks, which were surgically transplanted into the right subcutaneous axilla of new 6-8 weeks
old nude mice (the mice were anesthetized with isoflurane). For septin7-deficient KLE xenograft models, septin7-deficient KLE cells
(5 x 107/mice) were subcutaneously injected into nude mice. When the average tumor volume reached 80-150 mm?, the nude mice
were randomly divided into 5 groups. Each group of mice were intraperitoneally injected with vehicle (normal saline), 2 mg/kg cisplatin
(DDP), 2 mg/kg PFD and 5 mg/kg PFD every day and weighed the nude mice the next day. After 14 days of continuous administration,
the nude mice were sacrificed for cervical dislocation. The tumors were removed and photographed; its volume was calculated with
the formula V = 1/2 (length x width?). Then, major organs such as heart, liver, spleen and kidney of nude mice were taken for HE
staining to observe pathological changes caused by toxicity. Whole blood serum was collected to detect blood biochemical indexes
to evaluate hepatorenal toxicity after drugs administration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism software, version 8.4 (GraphPad, San Diego, CA, USA). In animal exper-
iments, data are presented as mean =+ standard error of mean (SEM), and other data are presented as mean + standard deviation
(SD). In animal experiments, n represents the number of animals, and in other experiments, n represents the number of repeated ex-
periments. For the cell migration assay, colony formation assay, cell apoptosis assay, Ca®* measurements, and cell cycle assay
(Figures 1C-1E, 3F, and 4E), statistical significance was determined using a one-way ANOVA. Mouse tumor xenograft studies
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(Figures 1F, 1H, and 1l), statistical significance was also determined using a one-way ANOVA. For Cellular thermal shift binding assay
(Figure 2H), relative mRNA expression of PIK3CA and PI3K (Figure 3C), statistical significance was assessed using t-test. The effect
of overexpression or knockdown of septin7 in ISK and KLE cells, including CCK-8 assays (Figures 5C and 5D), cell colony formation
assay (Figures 5E and 5F), Intracellular Ca®* measurements (Figure 51), and the effect of PFD on proliferation and cell cycle in septin7
overexpression or knockdown ISK and KLE cells (Figures 6A-6D), statistical significance was assessed using t-test. The effect of
PFD on Intracellular Ca®* in septin7 knockdown ISK and KLE cells (Figure 6H), statistical significance was also assessed using
t-test. The anti-tumor effects of PFD with the septin7 knockdown (Figures 61, 6K, and 6L), statistical significance was assessed using
t-test. p < 0.05 was used as the test standard, ns, no significance, *p < 0.05, *p < 0.01, **p < 0.001.
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