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ARTICLE INFO ABSTRACT

Article history: Introduction: Cancer-associated fibroblasts (CAFs) are a critical component of the tumor microenviron-
Received 23 September 2024 ment, being implicated in enhancing tumor growth and fostering drug resistance. Nonetheless, the mech-
Accepted 3 December 2024 anisms underlying their function in prostate cancer (PCa) remain incompletely understood, which is
Available online 6 December 2024 essential for devising effective therapeutic strategies.

Objectives: The main objective of this study was to explore the mechanisms by which CAFs mediate PCa
growth and chemoresistance.

) Methods: We validated through data analysis and experimentation that CAFs significantly impact PCa cell
Cancer-associated fibroblasts . . R . . .
Chemosensitivity prollferat.l(?n and cher.noreswtance. Subsequently, we clondu.cted a co.mpr.ehfenswe prote(?mlc analysis of
Mitochondria the conditioned media from CAFs and PCa cells and identified angiopoietin-like protein 4 (ANGPTL4)
Prostate cancer as a key factor. We employed ELISA and multiplex immunofluorescence assays, all of which indicated that

ANGPTL4 was primarily secreted by CAFs.Next, we conducted metabolomics analysis, GST pull-down
assays, Co-IP, and other experiments to explore the specific molecular mechanisms of ANGPTL4 and its
precise effects on PCa cells. Through drug screening, we identified Quercetin 3-0-(6'-galactopyrano
syl)-B-D-galactopyranoside (QGGP) as an effective inhibitor of CAFs function. Finally, we thoroughly
assessed the therapeutic potential of QGGP both as a monotherapy and in combination with docetaxel
in PCa cells.
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Results: We discovered that the extracrine factor ANGPTL4 is primarily expressed in CAFs in PCa. When
ANGPTLA4 binds to IQ motif-containing GTPase-activating protein 1 (IQGAP1) on the PCa cell membrane, it
activates the Raf-MEK-ERK-PGC1a axis, promoting mitochondrial biogenesis and OXPHOS metabolism,
and thereby facilitating PCa growth and chemoresistance. Furthermore, virtual and functional screening
strategies identified QGGP as a specific inhibitor of IQGAP1 that promotes its degradation. Combined with
docetaxel treatment, QGGP can reverse the effects of CAFs and improve the responsiveness of PCa to

chemotherapy.

Conclusions: This study uncovers a paracrine mechanism of chemoresistance in PCa and proposes that
targeting the stroma could be a therapeutic choice.
© 2024 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Prostate cancer (PCa) stands as a widespread malignancy, rank-
ing second among the leading causes of cancer-related fatalities in
men [1]. While primary PCa initially responds well to androgen
deprivation therapy (ADT), the majority of patients eventually pro-
gress to a castration-resistant stage (CRPC) with a poor prognosis
[2]. A growing body of research indicates that the suppressive
tumor microenvironment (TME) plays a pivotal role in driving
the growth and drug resistance of various cancers, including the
development of chemoresistant PCa [3]. Multiple factors and
molecular events within the TME trigger signaling cascades in
tumor cells, thereby contributing to the regulation of non-cell-
autonomous drug resistance in cancer [4,5]. Therefore, gaining a
deeper insight into the survival mechanisms of PCa cells is essen-
tial for improving patient outcomes.

Cancer-associated fibroblasts (CAFs) play a pivotal role in shap-
ing the immunosuppressive microenvironment of PCa. The inter-
stitial pressure generated by CAFs promotes PCa [6-8]. Recent
studies have demonstrated the significance of metabolic repro-
gramming in the development, progression, and metastasis of
PCa. Therefore, CAFs and tumor metabolism have become the focus
of attention. Lactate secreted by CAFs can induce lipid metabolism
reprogramming, enhancing the invasive ability of PCa cells [9].
CAFs induce metabolic reprogramming, specifically involving glu-
tamine and cholesterol, in PCa cells. This reprogramming facilitates
the development of resistance to androgen receptor (AR) targeted
therapy in PCa [8,10]. Consequently, alterations in metabolism
and energy adaptation likely play crucial roles in the progression
and development of the PCa.

Mitochondria, the central hub of energy metabolism, are pivotal
in tumor progression due to their role in coordinating cellular
energy conversion processes like oxidative phosphorylation
(OXPHOS), and they serve as significant markers of cancer
[11,12]. Patients with PCa who exhibit severe mitochondrial phe-
notypes have shorter survival times [13]. Patients with PCa with
high OXPHOS levels are less responsive to chemotherapy [14,15].
It is important to note that different tumors exhibit considerable
metabolic heterogeneity. For example, patients with ovarian can-
cer with high OXPHOS levels are also less responsive to chemother-
apy [16]. Exploring the mechanism utilized by PCa cells to harness
metabolic pathways for tumor growth and survival, while simulta-
neously disrupting the crosstalk between tumors and stroma,
bears significant scientific importance. Hence, we sought to
explore the potential impact of CAFs on the progression of PCa
through their influence on mitochondrial metabolism adaptation.

In this study, we combined molecular, cellular, genetic, metabo-
lomic, and high-throughput virtual screening methods to reveal
that CAFs promote PCa growth and chemoresistance by enhancing
mitochondrial biogenesis and OXPHOS function, and proposed a
corresponding combination therapy strategy to improve the sensi-
tivity of PCa chemotherapy.
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Materials and methods
Cell culture

The human PCa cell lines, including 22RV1, C4-2, LNCAP, VCAP,
PC3, and DU145, were sourced from the CAS Center for Excellence
in Molecular Cell Science located in Shanghai, China. Both normal
fibroblasts (NFs) and CAFs were derived from PCa tumor tissues
and their adjacent non-tumor counterparts. These cells were culti-
vated in RPMI-1640 medium (GIBCO, C11875500BT), enriched
with 10% fetal bovine serum (FBS) (ExCell Bio, FSP500) and 1%
penicillin-streptomycin (GIBCO, 15140-122). To ensure the
absence of mycoplasma contamination, PCR analysis was
conducted.

Pca specimens and isolation of primary fibroblasts

Human PCa tissues, along with their corresponding normal
prostate tissues located at a minimum distance of 5 cm from the
tumor, were sourced from Sun Yat-sen Memorial Hospital, Sun
Yat-sen University (Guangzhou, China). The Ethics Committee of
Sun Yat-sen University’s Sun Yat-sen Memorial Hospital approved
the use of human specimens in this study. We obtained informed
consent from the patients or their guardians, and none of the indi-
viduals had received any prior therapy. The PCa specimens were
histopathologically diagnosed by two pathologists.

Fibroblasts were isolated using a previously described method
[17]. Briefly, both tumor and non-tumor tissues underwent minc-
ing and dissociation in RPMI-1640 medium enriched with 10%
FBS and 0.5% collagenase Type I (Worthington, LS004197) for a
duration of 2 h at 37 °C. The isolated fibroblasts were then culti-
vated in RPMI-1640 containing 10% FBS at 37 °C with 5% CO2 until
they exhibited adherence to the culture dish.

The isolated cells were verified as CAFs based on several crite-
ria: their spindle morphology, flow cytometric analysis revealing
positivity for EPCAM-, CD45-, CD31-, and PDGFRa, and western
blotting confirming increased expression of aSMA, FAP, Vimentin,
and PDGFRa [18]. Fibroblasts were passaged below 6. One of the
CAFs was transduced with the Ienti-SV40 lentivirus for
immortalization.

Conditioned media collection

On the first day, NFs, CAFs, or human PCa cell lines were seeded
into a 10 cm dish. The next day, cells underwent two washes with
phosphate-buffered saline (PBS) before being replenished with
serum-free media. On day three, conditioned media was gathered
and replaced with fresh serum-free media. This process was
repeated on day four. The collected conditioned media was then
pooled together and filtered through a 0.45 pm filter (JET BIOFIL,
FPE404030-1) to eliminate cellular debris. The resulting filtered
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conditioned media could be stored at 4 °C for up to 7 days or at
—80 °C for up to 3 months.

Enzyme-linked immunosorbent assay

The concentrations of ANGPTL4 were evaluated in conditioned
media from CAFs, NFs, and human PCa cell lines using human
ANGPTL4 ELISA kits (JIANG LAl JL15325-96T) following the manu-
facturer’s guidelines.

gRT-PCR

RNA extraction was performed using the RNA-Quick purifica-
tion kit (ESscience, RN001) according to the manufacturer’s guide-
lines. The extracted RNA was then diluted to below 500 ng/pLL with
DEPC-treated water. RT-PCR was carried out utilizing the qPCR
SYBR Green Master Mix (Vazyme, Q711) in combination with the
cDNA SuperMix kit (Vazyme, R333). The ABI Quanstudio DX
Real-Time PCR System was employed to determine the mRNA
expression levels of the target genes. For a comprehensive listing
of all primers utilized in this study, please refer to Supplementary
Table. S1.

Western blot

Cell lysates were prepared using RIPA Lysis Buffer (Beyotime,
PO013B) containing 1% protease inhibitor cocktail (Cwbiotech,
CW2200S) and 1% phosphatase inhibitor cocktail (Cwbiotech,
CW2383S). Protein concentration was assessed with a BCA Protein
Assay Kit (Beyotime, P0011) as per the manufacturer’s directions.
The proteins were subsequently mixed with 5x SDS-PAGE Protein
Sample Loading Buffer (Beyotime, P0286), boiled at 95 °C for
10 min, and stored at —80 °C until further experimentation was
required. Protein separation was achieved using cast gels
(EpiZyme, PG112) alongside a Full-range Rainbow protein marker
(Fisher Scientific, 26617), running the gels at 120v with a home-
made 1x running buffer. For protein transfer, a homemade 1x
transfer buffer and PVDF paper (Merck Millipore, ISEQ00010) were
utilized, activating the paper with 100% methanol and conducting
the transfer at 4 °C for 2 h at 250 mA. Following the transfer, the
membrane was blocked with 5% nonfat milk for 1 h at 37 °C prior
to the addition of the primary antibody. The membrane was incu-
bated overnight at 4 °C with the suitable primary antibody
(1:1000) diluted in TBST containing 5% BSA. After the incubation,
the membrane underwent three washes with TBST, each lasting
30 min. It was then incubated for 1 h at 37 °C with horseradish
peroxidase-linked goat anti-rabbit or anti-mouse IgG (1:3000).
Following three additional 30-minute washes with TBST, the
immunoblots were revealed using enhanced chemiluminescence.
The antibodies used for the immunoblot assays were ANGPTL4
(1:1000; Proteintech, 18374-1-AP), PGCla (1:1000; Proteintech,
66369-1-Ig), IQGAP1 (1:1000; Proteintech, 22167-1-AP), c-Raf
(1:1000, Cell Signaling, 53745S), ERK (1:1000, ABclonal, A4782),
P-ERK (1:1000; Proteintech, 28733-1-AP), MEK (1:1000; Protein-
tech, 11049-1-AP), NDUFBS8 (1:1000, Abclonal, A19732), UQCRC2
(1:1000, Abclonal, A4366), ATP5A1 (1:1000, Abclonal, A11217),
SDHB (1:1000, Abclonal, A1809), COX IV (1:1000, Abclonal,
A6564), o-Tublin (1:1000, Proteintech, 11224-1-AP), and GAPDH
(1:1000, Abclonal, A19056).

Targeted TCA-cycle metabolomics

For a period of 24 h, 22RV1 and LNCAP cells were exposed to
both control medium and CAF-CM. The cell culture medium was
aspirated and the cells were washed twice with 1 mL of ice-cold
0.9% PBS until the washings appeared colorless. The waste liquid
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was then discarded. Next, 1 mL of an ice-cold solution consisting
of methanol, acetonitrile, and water in a 4:4:2 ratio (pre-cooled
to —20 °C) was introduced. After ensuring even mixing, the cells
were scraped off using a cell scraper and carefully transferred into
a 1.5 mL EP tube. The resulting mixture was then vortexed at 37 °C
for a duration of 10 min. The sample was centrifuged at 15,000 xg
for 10 min at 4 °C. The obtained supernatant (800 pL) was placed
into a 1.5-mL EP tube and dried under vacuum at 4 °C. Prior to
analysis, the sample was redissolved in 100 pL of a 50% acetoni-
trile—water solution. It was then centrifuged at 15,000 rpm for
5 min at 4 °C, and 80-100 pL of the supernatant was carefully
transferred into a 2 mL mass spectrometer injection vial with an
inner insert tube. The GC-MS measurements were conducted by
the Bioinformatics and Omics Center at Sun Yat-sen Memorial
Hospital, Sun Yat-sen University.

Detection of citrate, malate, o-ketoglutarate(«-KG), succinate, and
ATP levels

The levels of citrate, malate, a-KG, succinate, and ATP were
measured using the Citrate Assay Kit (Sigma-Aldrich, MAK333),
Malate Assay Kit (Sigma-Aldrich, MAKO067), o-KG Assay Kit
(Sigma-Aldrich, MAKO054), Succinate Assay Kit (Sigma-Aldrich,
MAK335), and ATP Assay Kit (Beyotime, S0027), respectively.
Briefly, 2 x 10° PCa cells were subjected to treatment with control
medium and CAF-CM for a duration of 24 h, followed by lysis using
the corresponding detection buffer. Absorption, luminescence, and
fluorescence were measured using a Multifunctional microplate
detector (TECAN Spark10M) according to the manufacturer’s
guidelines.

Mitochondrial DNA/nuclear DNA (mtDNA / nDNA) determination

DNA extraction from the cells was performed utilizing the Stea-
dyPure Universal Genomic DNA Extraction Kit (Accurate Biology,
AG21009) in accordance with the manufacturer’s guidelines. The
extracted DNA was quantified and diluted to a concentration of
less than 500 ng/mL. Equal amounts of DNA were utilized as tem-
plates to ascertain the relative copy numbers of mitochondrial
DNA (cyclooxygenase-2, COX2) and nuclear DNA (Amyloid precur-
sor protein, APP) via quantitative PCR. The ABI QuantStudio
Sequence Detection System (Applied Biosystems) was employed
in this process, along with the specific primer combinations listed
in Supplementary Table. S1.

Oxygen consumption rate (OCR) measurement

OCR was determined using an Agilent Seahorse XFe96 Extracel-
lular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA).
22RV1 and LNCAP cells (5 x 10%) were seeded overnight on spe-
cialized Seahorse tissue culture plates. Before the experiment, cells
were washed and transferred to Seahorse assay medium contain-
ing 1 mM pyruvate, 2 mM glutamine, and 10 mM glucose. The cells
were incubated in a non-CO, incubator at 37 °C for 1 h. After mea-
suring the basal OCR level, the cell chamber received sequential
injections of 1.5 uM oligomycin, 1.0 uM FCCP, and 0.5 pM antimy-
cin/rotenone, following the XF Cell Mito Stress Test Kit protocol
(Agilent, 103015-100). The basal OCR levels were calculated based
on the area under the curve before oligomycin injection. OCR levels
were calculated by measuring the AUC between FCCP and antimy-
cin/rotenone injections.

siRNA transient transfection

To silence ANGPTL4, PGC1a, IQGAP1, and ERK, we performed
RNA interference using specific siRNAs, along with a negative



Z. Xiong, R.-L. Zhuang, S.-L. Yu et al.

control siRNA with no specific target. The siRNA oligonucleotides
were acquired from GenePharma (Suzhou, China). Cells were tran-
siently transfected with siRNA using Lipofectamine RNAiMAX
(Invitrogen, 13778075), and the regular culture medium was sub-
stituted after 24 h. The efficacy of gene silencing was assessed by
RT-PCR at 48 h post-transfection. For the target sequences of the
siRNAs used in these experiments, please consult Supplementary
Table. S2.

GST pulldown assay

The sequence of ANGPTL4 was cloned into a pGEX-6P-3 vector
carrying a GST tag. Additionally, various regions of IQGAP1 were
cloned into pGEX-4T-1 vectors to produce recombinant GST-
tagged IQGAP1 protein constructs. These constructs encompassed
specific amino acid ranges, namely IQGAP1-P1 (1-185), IQGAP1-
P2 (166-670), IQGAP1-P3 (671-730), IQGAP1-P4 (731-860),
IQGAP1-P5 (861-1250), and IQGAP1-P6 (1251-1657). The plas-
mids were transfected into E. coli and shaken at 37 °C for 10 h to
amplify the protein. Afterward, 0.5mM isopropyl B-D-
thiogalactoside (IPTG) (MedChemExpress, HY-15921) was added
to the bacterial solution, which was then shaken and cultured for
6h at 37 °C. The bacteria were collected, and the fusion protein
was prepared and purified using GST-tagged protein agarose beads
(L-2004; Biolinkedin) following the manufacturer’s instructions.
The GST-ANGPTL4 protein was purified and mixed with membrane
proteins from 22Rv1 or LNCAP. Likewise, the 6 GST-tagged IQGAP1
recombinant proteins were purified and mixed with CAFs proteins.
The mixture was incubated overnight at 4 °C. Following washing,
the proteins were separated via SDS-PAGE, stained with Coomassie
blue, and analyzed using western blotting. Differential protein
bands were then examined by mass spectrometry, which was per-
formed at the Bioinformatics and Omics Center of Sun Yat-sen
Memorial Hospital, Sun Yat-sen University.

Coimmunoprecipitation (Co-IP) assays

Cells were lysed on ice for 30 min using cell lysis buffer (APEx-
BIO, K1123). After centrifugation, the supernatant was quantified,
and equal protein amounts were incubated with the corresponding
antibody at 4 °C overnight. The lysate was then incubated with
protein A/G Magnetic Beads (Selleck, B23201) for 2 h at room tem-
perature, followed by two washes with IP lysate. Elution buffer was
added, and the beads were subsequently boiled at 95 °C for 10 min.
Lastly, western blot analysis was performed.

Immunofluorescence analysis

Cells were seeded at approximately 60% confluence onto a cover
glass (JET BIOFIL, BDD012035). Following a 24-hour incubation, the
cellular samples were then prepared for subsequent analysis. BOD-
IPY 493/503 (Proteintech, CM02294) was used to evaluate lipid
droplets, whereas MitoTracker Red CMXRos (Beyotime, C1049B)
was used to evaluate mitochondria, following the manufacturer’s
instructions. DAPI (Beyotime, C1006) or Hoechst (Beyotime,
C1028) was used to label the cell nuclei. Fluorescence images were
obtained using a ZEISS LSM710 laser scanning confocal microscope
equipped with ZEN 2.3 software.

Flow cytometric analysis

In summary, PCa cells were labeled with MitoTracker Red
CMXRos (Beyotime, C1049B) for 30 min at 37 °C. These cells were
then treated with various compounds or a control vehicle, with
DMSO serving as the drug vehicle at a final concentration not
exceeding 0.1%. Following treatment, the cells were collected,
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stained with annexin V and DAPI, and analyzed using flow cytom-
etry. A solution containing 1x annexin V binding buffer,
fluorochrome-conjugated annexin V, and DAPI was added to the
cells, which were incubated for 15 min at room temperature. All
cells were subsequently analyzed using the Beckman CtoFLEX S
system, and the data were processed with Beckman CtoFLEX S Soft-
ware and FlowJo software v10.

High-throughput virtual screening

To identify potential inhibitors of IQGAP1, we used Schrodinger
Maestro version 11.4 for structure-based High-throughput virtual
screening (HTVS), the 3D drawing software PyMol, and the three-
dimensional structure of human IQGA1 (AlphaFold ID:
AFP46940-F1) from the Uniprot database. We hydrogenated the
protein using the Protein Preparation Wizard module, followed
by energy optimization (OPLS2005 force field, RMSD of 0.30 A). A
grid file was generated for the processed protein utilizing a recep-
tor grid-generation module. The 2D formats of both the FDA-
Approved Drug Library, consisting of 2700 compounds, and the
MCE Bioactive Compound Library, comprising 16,600 compounds,
were subjected to hydrogenation and energy optimization through
the Schrodinger LigPrep Module. The resulting 3D structures were
then outputted for virtual screening purposes.

For virtual screening, we utilized the Virtual Screening Work-
flow module, while the Glide module was employed for molecular
docking. The receptor and ligand molecules were docked together
based on geometric and energy matching criteria. The initial
screening of 2,700 compounds in the FDA-Approved Drug Library
was conducted using the Standard Precision (SP) mode. The top
20% of the molecules were selected based on their scoring values.
The second round of screening was performed using the Extra Pre-
cision (XP) mode, which resulted in the ranking of small-molecule
compounds. Meanwhile, the molecules from the MCE Bioactive
Compound Library underwent screening using the HTVS mode
within the Glide module. From this initial screening, the top 15%
of molecules based on scoring values were chosen for further
screening using the SP mode. Following this, the same top 15% of
molecules were subjected to a third round of screening using the
XP mode, ultimately yielding the final ranking of the small-
molecule compounds. The top 200 compounds scored by both
the FDA-Approved Drug Library and the MCE Bioactive Compound
Library were manually reviewed for binding force between the tar-
get and the compound, as well as the compound structure. Among
the screened compounds, the three molecules with the highest
absolute docking scores were identified as candidates for subse-
quent experimental verification. These selected compounds are
enumerated in Supplementary Table. S3. A higher absolute docking
score predicts a stronger binding affinity between the molecule
and the target. For both 2D and 3D mapping, the binding modes
of the top-ranked drugs with IQGA1 were chosen for further
analysis.

Cellular thermal shift assay

The 22RV1 and LNCAP cells were suspended in PBS containing a
protease inhibitor cocktail and lysed by subjecting them to three
freeze-thaw cycles with liquid nitrogen. The resulting cell lysate
supernatant was centrifuged at 20,000 xg for 20 min to remove
cell debris. The supernatant lysate was then divided into two sub-
groups: one was mixed with QGGP (200 uM), and the other served
as the control group. After being mixed and incubated at 37 °C for
30 min, each group was divided equally into 8 PCR tubes. The tubes
were then heated for 3 min in a thermal cycler (Bio-Rad, T100) at a
specified temperature gradient of 50 to 85 °C to denature the
protein, followed by cooling at 37 °C for 3 min. Next, SDS loading
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buffer (Biosharp, BL502A) was added to the supernatant and inac-
tivated at 95 °C for 10 min. Subsequently, 20 pL was taken, for
western blotting with SDS-PAGE, and the cellular thermal shift
assay (CETSA) curve was analyzed using GraphPad Prism software.

Histology

The tissues were preserved in 10% formalin for an entire night,
following which they underwent the standard paraffin embedding
procedure. This involved dehydration in ethanol, embedding in
paraffin, and sectioning into 5 pum slices. These sections were then
stored at ambient temperature. Staining with hematoxylin and
eosin (HE) was carried out using the HE staining kit (Primary Biol-
ogy, BHO001) in accordance with the manufacturer’s guidelines.

For immunohistochemistry (IHC), the tissue sections under-
went deparaffinization and rehydration using xylene and graded
ethanol. Antigen retrieval was then performed by microwaving
or autoclaving the sections in 0.1% sodium citrate buffer (pH 6.0)
or Tris-EDTA (pH 8.0) for 20 min. Endogenous peroxidase activity
was quenched with 3% H202, and non-specific binding was
obstructed with a buffer containing 5% bovine serum albumin.
The sections were incubated with the corresponding primary anti-
bodies at 4 °C overnight. Following this, they were incubated with
biotinylated secondary antibodies at a 1:200 dilution for 30 min,
and subsequently with streptavidin-HRP at a 1:500 dilution for
another 30 min. Visualization of the bound peroxidase was
achieved by immersing the sections in a 3,3’-diaminobenzidine
(DAB) solution (Powerful Biology, BHO053) for 1 to 10 min.

For immunofluorescence staining, the tissue sections under-
went a series of preparation steps including deparaffinization,
rehydration, antigen retrieval, and blocking. The primary EPCAM
antibody was then added and allowed to incubate at 4 °C over-
night. This was followed by the addition of the corresponding
HRP-labeled secondary antibody and incubation at room tempera-
ture for 50 min. CY3-TSA was subsequently introduced and incu-
bated in the dark at 37 °C for 10 min.The sections were placed in
an EDTA repair solution (pH 8.0) within a repair box and subjected
to microwave treatment. Afterward, the aSMA primary antibody
was added and incubated at 4 °C overnight, followed by the addi-
tion of the corresponding HRP-labeled secondary antibody and
incubation at room temperature for 50 min. FITC-TSA was then
added and incubated in the dark at room temperature for an addi-
tional 10 min.Following microwave treatment, ANGPTL4 was
introduced and incubated overnight at 4 °C. The sections were then
exposed to a horseradish peroxidase-labeled secondary antibody
and incubated at 37 °C for 50 min, prior to the addition of
CY5-TSA and incubation at 37 °C for 10 min. The cell nuclei were
counterstained with DAPI and allowed to incubate at room tem-
perature for 10 min. Finally, fluorescent images were captured
using a scanner (3DHISTECH Ltd., Pannoramic MIDI) and analyzed
with CaseViewer software.

The following antibodies were used: Ki67 (1:500; Servicebio,
GB111141), Cleaved caspase3 (1:500; Servicebio, GB11532), Cas-
pase3 (1:500; Servicebio, GB11767C), aSMA (1:100; ABclonal,
A17910), EPCAM (1:100; Cell Signaling, 14452S), ANGPTL4
(1:200; ABclonal, A2011), CY3-TSA (Powerful biology, BH0059),
CY5-TSA (Powerful biology, BHO060), FITC-TSA (Powerful biology,
BH0061).

Blood biochemistry test

Whole blood was collected by removing the mouse eyeball and
left undisturbed at 37 °C for 2 h. The sample was then centrifuged
at 800 xg for 15 min at 4 °C. The supernatant was subsequently
collected and assayed for levels of AST, ALT, BUN, and CRE using
Rayto assay kits (R05602 for CRE, R02902 for BUN, R01702 for
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AST, and R01502 for ALT) in accordance with the provided operat-
ing instructions. The parameters were set using a fully automatic
biochemistry instrument (Rayto, Chemray240), and the results
were measured and exported automatically.

Tumor xenografts

A mixture of 2 x 10° 22RV1 cells, either alone or combined with
an equal number of CAFs, was prepared in a 100 pL solution con-
sisting of PBS and Matrigel (Corning, #354234) in a 1:1 ratio. This
mixture was then administered subcutaneously to 4-week-old
male nude BALB/c mice. Once the tumors reached approximately
100 mm? in size, the mice were randomly assigned to different
groups for treatment. To investigate the impact of CAFs on DTX
treatment, the mice were treated every three days with either a
control solution (composed of 10% DMSO, 40% PEG300, 5%
Tween80, and 45% ddH20, administered intraperitoneally), DTX
(5 mg/kg, intraperitoneally, from Selleck, S1148), QGGP (5 mg/kg,
intraperitoneally, from MedChemExpress, HY-N7024), or a combi-
nation of DTX and QGGP. Tumor size (calculated using the formula
V =ength x width? x 0.5) and body weight were assessed every
three days. On the 22nd day following the xenograft treatment,
the animals were euthanized, and their tumors were collected for
further analysis.

Bioinformatic analyses and data mining

Gene expression analysis in human PCa was conducted by
utilizing gene profiling data from both the TCGA database
(https://tcga-data.nci.nih.gov/tcga) and the GEO database, specifi-
cally employing the GSE193898 dataset (https://www.ncbi.nlm.
nih.gov/geo/). Tumor stroke scores were calculated using the
single-sample GSEA (ssGSEA) algorithm. The gene set used for
the tumor stroke score calculation has been previously described
[19]. Spearman correlation analysis was conducted using the TCGA
database on Home for Researchers (https://www.home-
for-researchers.com).

Statistical methods

To compare two groups, a two-tailed unpaired T test was
employed, whereas for comparisons involving three or more
groups, both one-way and two-way ANOVA tests followed by
Tukey’s multiple comparisons were utilized. All statistical analyses
were conducted using GraphPad Prism (version 8.0). The quanti-
fied values are presented as mean + SD, with statistical significance
set at P < 0.05, denoted as follows: ns for no significance, * for
P < 0.05, ** for P < 0.01, *** for P < 0.001, and **** for P < 0.0001.

Results
CAFs promote PCa growth

Among all stromal cells in the TME, CAFs are the most abundant
and are closely associated with cancer progression [20]. Then, we
used CAFs isolated from human PCa tissues in our previous study
[21], and collected conditional medium of CAFs (CAF-CM) for
experiments. The results, as shown through plate cloning, indicate
that CAF-CM significantly increased PCa cell proliferation (Fig. 1A).
CCK8 cell proliferation analysis results showed that compared with
the control group, CAF-CM significantly promoted the proliferation
of LNCAP and 22RV1 cells (Fig. 1B). To confirm the effect of CAF on
PCa in vivo, we subcutaneously co-transplanted CAFs with the PCa
cell line 22RV1 into immunocompromised Nu/Nu mice. The
growth rate of PCa in the CAFs group was significantly increased
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Fig. 1. CAFs promote PCa cell proliferation. A. Representative images and histogram analysis of colony formation assays betweenCAF-CM and control medium treated PCa
cells (n = 3). B. CCK8 assays showing the proliferation of 22RV1 cells and LNCAP cells after culture with or without CAF-CM for the indicated days (n = 3). C-E. Representative
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(Fig. 1C). At the end of the experiment, the tumors were removed
and weighed, and the tumor weight and tumor volume growth
showed similar trends (Fig. 1D, E). To confirm the role of CAFs,
we evaluated tumor sections using hematoxylin and eosin (HE)
and immunohistochemical staining. Both the control and CAFs
groups showed complete and compact tumor section structures,
with no observable nuclear abnormalities (Fig. 1F). The IHC results
indicated a significant increase in the proliferation marker Ki67 in
the CAFs group compared to the control group, while the apoptosis
marker Cleaved caspase 3 was significantly decreased in the CAFs
group relative to the control group (Fig. 1F). In summary, the
in vitro and in vivo experiments indicated that CAFs promote PCa
growth.

CAFs promote mitochondrial content in PCa cells

The Warburg effect, a metabolic shift from OXPHOS to aerobic
glycolysis, is a phenomenon observed in various tumor types
[22]. Although glycolysis increases, this does not necessarily pre-
clude mitochondrial activity, thus not indicating a loss of mito-
chondrial function [23]. Mitochondrial genome variations are
considered as potential biomarkers for the progression of various
types of tumors [24,25]. A study found that the expression of mito-
chondrial content marker mitochondrially encoded cytochrome c
oxidase Il (MTCO2) was significantly correlated with tumor stage,
Gleason grade, and lymph node metastasis in 11152 PCa speci-
mens [26]. In addition, according to Kelly et al., their profiling of
seven metabolic pathways in 404 patients with PCa revealed a sig-
nificant upregulation of the OXPHOS pathway [27]. Meanwhile,
recent studies have demonstrated that high-grade PCa exhibits a
greater dependency on OXPHOS, and this shift in respiratory phe-
notype is strongly associated with tumor survival rates [13]. Accu-
mulation of succinate, a metabolite of the mitochondrial TCA cycle,
can also increase the malignancy of PCa cells [28]. These studies

668

suggest that mitochondria play an important role in the progres-
sion of PCa.

To examine whether CAFs cause changes in mitochondrial
energy metabolism in PCa cells, we examined several key interme-
diates in the mitochondrial TCA cycle. In PCa cells stimulated by
CAF-CM, several key intermediates in the TCA cycle, such as citric
acid, malic acid, alpha-ketoglutaric acid (a-KG), and succinic acid,
were significantly increased (Fig. 2A, B). Furthermore, the genera-
tion of adenosine triphosphate (ATP) was notably elevated in PCa
cells that were treated with CAF-CM (Fig. 2C). To assess the func-
tional status of mitochondria in PCa cells promoted by CAFs, we
observed a notable elevation in the mitochondrial oxygen con-
sumption rate (OCR) upon stimulation of PCa cells with CAF-CM.
Both the basal and maximum respiratory volumes exhibited a sig-
nificant increase (Fig. 2D-I). This finding, combined with previous
reports indicating the importance of OXPHOS in PCa progression,
suggests that CAFs may rely on mitochondrial energy metabolism
as a key metabolic strategy for PCa cell survival.

To further delineate specific alterations in mitochondria, trans-
mission electron microscopy (TEM) was employed, revealing a
notable increase in mitochondrial count within PCa cells following
stimulation with CAF-CM (Fig. 2J), which is consistent with
enhanced mitochondrial metabolism in PCa cells. Flow cytometry
and immunofluorescence experiments using mitochondrial probes
also confirmed that CAFs increase mitochondrial content in PCa
cells (Fig. 2K, L, and Supplementary Fig. ST1A, B). The mitochondrial
content can be evaluated by determining the ratio of mitochondrial
DNA (mtDNA) to nuclear DNA (nDNA) within cells. The mtDNA/
nDNA ratio increased after CAF-CM stimulation of PCa cells (Sup-
plementary Fig. S1C). Changes in mitochondrial mass and increases
in ATP production through the electron transfer chain (ETC) occur
during OXPHOS. The western blot revealed that the protein levels
of the five respiratory complex subunits, NDUFB (I), SDHB (II),
UQCRC2 (III), COXIV (1V), and ATP5A (V), increased significantly
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Fig. 2. CAFs increase mitochondrial number and energy metabolism in PCa cells. A.B. Changes in mitochondrial TCA cycle intermediate metabolites citrate, malate,
succinate, and a-KG after CAF-CM stimulated 22RV1 (A) and LNCAP (B) cells for 12 h, 24 h, and 36 h (n = 3). C. Changes in OXPHOS product ATP after CAF-CM stimulated
22RV1 and LNCAP cells for 12 h, 24 h, and 36 h (n = 3). D-I. Mitochondrial OCR assay of control medium or CAF-CM treated 22RV1 and LNCAP cells. Oligo: Oligomycin, Rot/
AntiA: Rotenone/antimycin A. Maximal respiration and spare respiratory capacity were interpolated from the time-course plot (n = 4). J. Representative TEM images of
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in ETC after CAF-CM stimulation of PCa cells (Supplementary
Fig. S1D). The findings indicated that CAF-CM treatment elevated
the mitochondrial content in PCa cells and augmented the function
of OXPHOS.

CAFs upregulate PGC1o. expression and promote mitochondrial
biogenesis in PCa cells

Mitochondrial content is determined by the equilibrium
between mitochondrial biogenesis, selective degradation of mito-
chondria, as well as mitochondrial fission and fusion processes
[29]. However, following stimulation with CAF-CM, no significant
alterations were observed in the expression of key genes involved
in mitochondrial degradation, such as P62/SQSTM, PINK1, and NIX

Journal of Advanced Research 75 (2025) 663-678

(Supplementary Fig. S2A, B). Similarly, no notable changes were
detected in the expression of genes involved in the regulation of
mitochondrial fusion and fission by CAFs, specifically OPA1,
MEFN1, and DRP1 (Supplementary Fig. S2A, B). Interestingly, we
found that after CAF-CM stimulated PCa cells, the expression of
the mitochondrial germinal gene PGClo was significantly
increased (Fig. 3A). Western blot also detected that CAFs signifi-
cantly promoted PGCla protein expression (Fig. 3B). Literature
reports suggest that PGCla, a protein responsible for controlling
mitochondrial biogenesis, can influence changes in mitochondrial
quality [30]. Therefore, we hypothesized that CAFs may regulate
mitochondrial biogenesis through PGCla. Knocking down PGCla
in PCa cells inhibited the promoting effect of CAFs on mitochon-
drial content (Fig. 3C, D; Supplementary Fig. S2C, D). Similarly,
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Fig. 3. CAFs upregulated the expression of PGC1a and promoted mitochondrial biogenesis in PCa cells. A. RT-PCR experiment demonstrates the expression of PGCla in
PCa cells treated with CAF-CM or control medium for 12 h, 24 h, and 36 h (n = 3). B. Representative western blot images of the PGC1a proteins in 22RV1 and LNCAP cells after
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knocking down PGC1a in PCa cells also eliminated the role of CAFs
in promoting ATP production (Fig. 3E, F). In summary, CAFs upreg-
ulate PGC1a expression and promote mitochondrial biogenesis in
PCa cells.

CAFs act on PCa cells through paracrine ANGPTL4

To investigate the molecular regulatory mechanism of CAFs in
PCa, we conducted mass spectrometric (MS) analysis on the condi-
tioned medium of PCa cell lines (22RV1 and LNCAP), two pairs of
adjacent normal fibroblasts (NFs) and CAFs (Fig. 4A). We found that
10 proteins were exclusively detected in the conditioned media of
CAFs (Fig. 4A). Among these proteins, ANGPTL4 is closely associ-
ated with tumor metabolism [31,32]. Therefore, we hypothesize
that CAFs may regulate PCa through ANGPTL4. Using an enzyme-
linked immunosorbent assay (ELISA), we detected the expression
of ANGPTL4 in the conditioned media of 16 pairs of NFs and CAFs.
CAFs exhibited significantly higher levels of secreted ANGPTL4
compared to NFs (Fig. 4B). Further analysis of ANGPTL4 in the con-
ditioned media of CAFs, NFs, and PCa cell lines (22RV1, LNCAP,
VCAP, C4-2, DU145, and PC3) revealed that ANGPTL4 was mainly
derived from CAFs (Supplementary Fig. S3A). Although ANGPTL4
expression was not observed in NFs and prostate cancer cells by
mass spectrometry, this may be due to the relatively low selectiv-
ity and specificity of MS. To confirm our findings, we examined the
expression of ANGPTL4 in 30 paired clinical samples of prostate
cancer (PCa) and normal tissues. The results indicated that the
expression of ANGPTL4 was significantly elevated in the tumor
samples compared to the normal tissues (Fig. 4C). Furthermore,
multicolor immunofluorescence detection of PCa chips revealed
that ANGPTL4 was mainly expressed in CAFs (Fig. 4D). The expres-
sion of ANGPTL4 was found to be significantly higher in the stro-
mal tissues of prostate cancer (PCa) compared to both adjacent
and normal stromal tissues (Fig. 4E).

To further explore whether ANGPTL4 can mimic the role of CAFs
in PCa. Targeted TCA-cycle metabolomics testing revealed that the
recombinant protein ANGPTL4 promotes a significant increase in
TCA-cycle metabolites in PCa cells (Fig. 4F). To determine if
ANGPTL4 mimics the function of CAFs in promoting mitochondrial
biogenesis, relevant experiments were conducted. The results indi-
cate that ANGPTL4 increased the number of mitochondria (Supple-
mentary Fig. S3B, C) and significantly promoted an increase in the
proteins of the five respiratory complex subunits of ETC (Supple-
mentary Fig. S3D). The mitochondrial respiration experiments
further confirmed that the effect of ANGPTL4 on PCa cells is similar
to that of CAFs. Specifically, ANGPTL4 promoted mitochondrial
OCR and increased ATP production in PCa cells (Supplementary
Fig. S3E-]). The above results suggest that ANGPTL4 exhibits similar
functions to CAFs.

Through rescue experiments, we confirmed that CAFs mainly
exert their function in PCa by secreting ANGPTL4. Knocking down
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ANGPTL4 in CAFs using siRNA significantly reduced the expression
and secretion of ANGPTL4 from CAFs (Supplementary Fig. S4A, B).
The decrease in ANGPTL4 expression significantly inhibited the
promotion of mitochondrial content by CAFs in PCa cells (Supple-
mentary Fig. S4C, D). Furthermore, after inhibiting the expression
of ANGPTL4 in CAFs, the stimulatory effect of CAFs on mitochon-
drial OCR (Fig. 4G-L) and ATP production (Supplementary
Fig. S4E, F) in PCa cells was significantly inhibited.

To investigate whether the specific mechanism by which
ANGPTLA4 exerts its function is consistent with CAFs. A significant
correlation was found between ANGPTL4 and PGCla through
Spearman correlation analysis conducted on PCa data from the
The Cancer Genome Atlas (TCGA) database (Fig. 4M). Moreover,
we confirmed through RT-PCR and WB experiments that ANGPTL4
promotes the expression of PGCla (Fig. 4N, O). These findings
establish that ANGPTL4 plays a regulatory role in the expression
of PGCla in PCa. In summary, our study confirms that CAFs pro-
mote mitochondrial biogenesis and energy metabolism of PCa
through paracrine ANGPTL4.

ANGPTL4 binds to IQGAP1 on the PCa cell membrane and activates the
ERK pathway

To investigate the specific molecular mechanisms downstream
of ANGPTL4, we hypothesized that ANGPTL4 acts on the cell mem-
branes of tumor cells in its secreted form. To test this hypothesis,
we constructed a GST-ANGPTL4 plasmid and performed GST pull-
down experiments using the cell membrane proteins of 22RV1
and LNCAP cells (Fig. 5A). Mass spectrometry analysis revealed
proteins in differential bands, including ANGPTL4 (bait) and a sig-
nificant amount of bound IQ motif-containing GTPase-activating
protein 1 (IQGAP1) (Fig. 5A; Supplementary Fig. S5A). Therefore,
we additionally investigated the interaction between ANGPTL4
and IQGAP1. Molecular docking analysis revealed the formation
of eight hydrogen bonds between the IQGAP1 and ANGPTL4 pro-
teins, resulting in a binding energy of —247.33 kcal/mol, ensuring
the stable combination of the two proteins (Fig. 5B; Supplementary
Fig. S5B). The mutual binding between endogenous ANGPTL4 and
IQGAP1 in 22RV1 and LNCAP cells was confirmed by coimmuno-
precipitation (Co-IP) experiments (Fig. 5C). To identify the specific
domain of IQGAP1 that interacts with ANGPTL4, six distinct
GST-IQGAP1 recombinant proteins, each representing a different
functional segment of IQGAP1, were generated (Fig. 5D, E). GST
pulldown experiments revealed that the coiled-coil domain of
IQGAP1 specifically interacts with ANGPTL4 (Fig. 5E).

IQGAP1 serves as a crucial scaffolding protein that plays a key
role in the activation of the Raf-MEK-ERK signaling pathway and
is tightly linked to tumor progression [33,34]. Consistent with pre-
vious studies, IQGAP1 interactions with c-Raf, MEK, and ERK were
detected in 22RV1 and LNCAP cells, and ANGPTL4 significantly
enhanced IQGAP1 interactions with them (Fig. 5F). These data

<

Fig. 5. ANGPTL4 activates the Raf-MEK-ERK pathway by binding to IQGAP1 on the membrane of PCa cells to exert its function. A. 22RV1 and LNCAP cell membrane
lysates were subjected to a GST pulldown assay by GST-ANGPTL4 recombinant proteins. MP: membrane protein. B. 3D diagram of molecular docking analysis of the
ANGPTL4-IQGAP1 interaction. The green ribbon structure represents ANGPTL4 protein, and the blue ribbon structure represents IQGAP1 protein. The stick structures
represent interacting amino acid residues, and the yellow dashed line represents hydrogen bonding. C. Western blot detection of co-immunoprecipitated endogenous
ANGPTL4 and IQGAP1 proteins in PCa cells. D. Schematic structural representation of IQGAP1 and six GST-IQGAP1 domains. CC, coiled-coil domain. E. CAFs whole cell lysates
were subjected to GST pulldown experiments using GST or six recombinant GST-IQGAP1 proteins, and western blot analysis was performed for the ANGPTL4 protein. Red
arrows indicate proteins with expected molecular weights. F. Western blot analysis of input and Co-IP samples in PCa cells stimulated with control medium or recombinant
ANGPTLA4 for 24 h. G. IQGAP1, ERK, and PGC1a in PCa cells were knocked down by siRNA, and treated with recombinant ANGPTL4 (3 ug/ml). The indicated proteins were
determined using western blot. H-M. Mitochondrial OCR analysis of PCa cells when siRNA was used to knock down IQGAP1, ERK, and PGC1a, followed by treatment with
recombinant ANGPTLA4. ligo: Oligomycin, Rot/AntiA: Rotenone/antimycin A. Maximal respiration and spare respiratory capacity were interpolated from the time course plot

(n = 4). NC, negative control. (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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suggest that ANGPTL4 promotes PGCla expression by activating
the ERK pathway after binding to IQGAP1. By knocking down
IQGAP1, ERK2, and PGCla with siRNA, we observed a reduction
in the activation of their respective downstream mediators
(Fig. 5G; Supplementary Fig. 5C, D). The mitochondrial OCR of
PCa cells promoted by ANGPTL4 was significantly inhibited after
knocking down IQGAP1, ERK2, and PGC1a (Fig. 5SH-M). In addition,
after knocking down IQGAP1, ERK2 and PGCla in PCa cells, the
increase in ATP promoted by ANGPTL4 was also significantly inhib-
ited (Supplementary Fig. 5E, F).

Collectively, our findings imply that ANGPTL4 interacts with
IQGAP1 located on the cell membrane of PCa, triggering the activa-
tion of the cRAF-MEK-ERK-PGC1a signaling cascade. This process
subsequently mediates mitochondrial biogenesis and facilitates
the reprogramming of energy metabolism in PCa cells.

IQGAP1 inhibitor QGGP combined with DTX treatment improves the
effect of PCa chemotherapy

Paclitaxel and its semisynthetic analog docetaxel (DTX) are
commonly used as front-line chemotherapy agents for the treat-
ment of solid tumors. However, preclinical research has shown
that the activation of the Ras-Raf-MAPK signaling pathway can
contribute to the development of resistance against paclitaxel
[35-37]. Furthermore, it has been observed that variations in the
mitochondrial genome are linked to drug resistance in PCa, high-
lighting the significance of mitochondrial alterations in the devel-
opment of therapeutic resistance [38]. PCa undergoes a metabolic
shift from glycolysis to OXPHOS during the process of acquiring
chemoresistance [15], and inhibiting the mitochondrial OXPHOS
process significantly reduces the survival rate of drug-resistant
PCa cells [15,39]. We then investigated whether enhanced mito-
chondrial OXPHOS function affects the sensitivity of DTX. We con-
ducted a galactose sensitivity assay on PCa cells in the control
medium and CAF-CM. When glucose in the culture medium is
replaced by galactose (4.5 g/L), cells can only produce ATP through
mitochondrial OXPHOS. We found that PCa cells treated with CAF-
CM survive more in galactose medium, and PCa cells with
enhanced OXPHOS function have decreased sensitivity to DTX,
manifesting as decreased apoptosis (Supplementary Fig. S6A, B)
and increased cell viability (Supplementary Fig. S6C, D), confirming
that the enhanced mitochondrial OXPHOS inhibits the chemother-
apy sensitivity of PCa. These studies and experimental results sug-
gest that OXPHOS is also important for the development of
treatment resistance in PCa. In addition, studies have found that
CAFs also play an important role in the process of tumor [40]. Stud-
ies have indicated that CAF) can contribute to the development of
resistance against endocrine therapy in PCa [6,41]. However, the
precise mechanism by which CAFs may contribute to chemother-
apy resistance in PCa remains elusive at present. Given that CAFs
promote mitochondrial biogenesis through the Ras-Raf-ERK path-
way in PCa, we speculate that CAFs may be involved in the process
of chemoresistance in PCa.

<

Journal of Advanced Research 75 (2025) 663-678

Further analysis of TCGA dataset of PCa revealed a significant
increase in the tumor stromal score in drug-treated PCa (Supple-
mentary Fig. S7A). The tumor stromal score showed a positive cor-
relation with the Gleason score (Supplementary Fig. S7B). Patients
with higher tumor stromal scores had a worse prognosis after
receiving therapy (Supplementary Fig. S7C). However, there was
no correlation between prognosis and tumor stromal scores in
patients who did not receive therapy (Supplementary Fig. S7D).
The tumor stromal score of the PCa chemotherapy samples in
TCGA was significantly higher than in the untreated group (Supple-
mentary Fig. S7E). Analysis of paired data before and after
chemotherapy for PCa revealed a significant increase in the tumor
stroma score after chemotherapy (Supplementary Fig. S7F).
Furthermore, the survival ratio of PCa cells treated with DTX was
significantly increased after co-culture with CAF-CM (Supplemen-
tary Fig. S7G, H). Further observation of the apoptotic response
to DTX showed that co-culture with CAF-CM significantly reduced
the apoptotic ratio of 22RV1 and LNCAP cells after DTX treatment
(Supplementary Fig. S7I, ]J). These findings suggest that CAFs con-
tribute to chemotherapy resistance in PCa.

To address the clinical challenge of chemoresistance in PCa
caused by CAFs, we further explored the combination of targeting
the ANGPTL4-IQGAP1 axis in CAFs to improve the efficacy of
chemotherapy. Due to the absence of commercially available inhi-
bitors targeting IQGAP1, we performed a structure-based high-
throughput virtual screening (HTVS) on 19,300 compounds
sourced from the FDA and MCE activity libraries. This screening
process aimed to identify potential inhibitors of IQGAP1 (Fig. 6A).
The three compounds with the highest docking scores in the two
libraries were selected for further experimental verification
(Fig. 6A). The three compounds in the FDA libraries are Lodoxam-
ide, Diosmin and Benserazide respectively, and the three
compounds in the MCE activity libraries are Quercetin-3-O-B-D-g
lucose-7-0-B-D-gentiobiosiden  (QGGP), QGGP and 2"-O-
Galloylhyperin (OG) respectively (Supplementary Table. S3). QGGP
exhibited the strongest inhibitory effect on IQGAP1 protein expres-
sion (Fig. 6B). According to computer docking, QGGP could form
seven hydrogen bonds with IQGAP1. Five phenolic hydroxyl groups
could form five hydrogen bonds with ASP1488, LEU1290, TYR977,
THR1289, and THR1291. Furthermore, two hydroxyl groups on the
sugar ring could form two hydrogen bonds with ASN1387 (Fig. 6C;
Supplementary Fig. S8A). A Cellular Thermal Shift Assay (CETSA)
was performed to determine the direct interaction between QGGP
and IQGAP1 proteins. The results showed that QGGP caused signif-
icant changes in the thermal stability of IQGAP1 in 22RV1 and
LNCAP cells (Fig. 6D, E).

We found that ANGPTL4 secreted by CAFs significantly inhib-
ited the sensitivity of PCa cells to DTX (Fig. 6F, G). Although QGGP
alone had no significant effect on PCa cells, it significantly inhibited
the function of ANGPTL4 and enhanced the anti-tumor effect of
DTX on PCa cells (Fig. 6F, G). In vivo experiments have demon-
strated that the combination of QGGP and DTX effectively sup-
presses the role of CAFs in promoting chemoresistance in PCa,

Fig. 6. IQGAP1 inhibitor QGGP enhances the chemosensitivity of PCa. A. Workflow of HTVS for IQGAP1 inhibitor identification. B. Western blot analysis of IQGAP1
expression in PCa cells treated by the top three inhibitors showing the strongest binding ability in the FDA-Approved Drug Library and MCE Bioactive Compound Library for
24 h. C. The chemical structure and molecular docking model of the binding between QGGP and the human IQGAP1 protein. QGGP forms seven hydrogen bonds with IQGAP1:
the five phenolic hydroxyl groups can form five hydrogen bonds with ASP1488, LEU1290, TYR977, THR1289, and THR1291, and the two hydroxyl groups on the sugar ring can
form two hydrogen bonds with ASN1387. D. E. Cellular thermal shift assay was used to determine the effect of QGGP on IQGAP1 protein stability (n = 3). F. G. Apoptosis
analysis of PCa cells with indicated treatments. PCa cells were pretreated with QGGP (10 pM) or DMSO for 1 h, followed by control medium or recombinant ANGPTL4
(3 ug/ml). Apoptosis analyses were performed 24 h after DTX treatment (n = 3). H. The volume of tumors in the indicated groups, measured every 3 days (n = 3). L. J.
Representative images and sizes of subcutaneous tumors formed by human 22RV1 cells co-transplanted with or without CAFs into BALB/C-nude mice and treated with
control, DTX, QGGP, or combination (n = 3). K. The body weight in the indicated groups, measured every 3 days (n = 3). (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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and this combined treatment significantly hinders tumor growth
(Fig. 6H-]). The proliferation indicator Ki67 and the apoptosis indi-
cator cleaved caspase 3 showed the same trend (Supplementary
Fig. S8B). To evaluate the in vivo safety of QGGP combined with
DTX treatment, blood samples and major organs were collected
from the treated mice at the conclusion of the study. The HE stain-
ing results indicated that the mice exhibited no apparent organic
changes or inflammatory damage after receiving the combined
treatment (Supplementary Fig. S8C). Moreover, blood biochemical
analyses were conducted, encompassing liver function indicators
such as aspartate aminotransferase (AST) and alanine aminotrans-
ferase (ALT), as well as renal function markers including blood urea
nitrogen (BUN) and creatinine (CRE). The results revealed no statis-
tically significant differences among the groups (Supplementary
Fig. S8D). No significant weight loss was observed in either group
(Fig. 6K). These findings confirm that the combined treatment
had no significant toxic side effects on the liver, kidneys, or other
organs, and was safe for in vivo use.

Disscusion

PCa is resistant to current treatments due to the tumor’s
inherent heterogeneity and the immunosuppressive TME [6-9].
In PCa research, stromal CAFs play a crucial role in regulating the
TME and promoting tumor growth, metastasis, and treatment
resistance. Therefore, CAFs have become an important target for
cancer treatment [6,8,41-44]. Studies have also shown that CAFs
may affect key tumor characteristics, such as the regulation of
tumor metabolic reprogramming [8] and the promotion of PCa pro-
gression. The study confirms the correlation between CAFs, tumor
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metabolism, and drug resistance. It suggests that CAFs in the
microenvironment regulate tumor metabolism by secreting
ANGPTL4, which becomes a core driver of PCa chemotherapy
resistance.

Alterations in mitochondrial dynamics, biogenesis, and metabo-
lism are significant factors in the progression of various patho-
physiological conditions. For instance, mitochondrial fission can
promote the self-renewal of human PCa stem-like tumor cells
[45], and increased mitochondrial mass is associated with the pro-
gression of pancreatic cancer [46]. Furthermore, epigenetic modifi-
cations of mtRNA may serve as therapeutic targets against tumor
metastasis [47]. Simultaneously, PCa cells acquire functional mito-
chondria from CAFs through intercellular tunnels, promoting PCa
growth [48]. Studies have shown that PCa has a higher burden of
deleterious mitochondrial DNA (mtDNA) mutations, indicating a
greater reliance on mitochondrial oxidative metabolism and
increased succinate oxidation during tumor progression [13].
Large-scale cohort studies have found that mitochondrial content
and OXPHOS pathway in PCa are significantly related to clinical
progression [26,27]. Therefore, reprogramming of energy metabo-
lism and mitochondrial adaptation are believed to play a role in
PCa progression. Previous studies have primarily focused on cell-
autonomous mechanisms, neglecting he contribution of TME to
the adaptive changes in tumor metabolism.

This study identified ANGPTL4 as a potential therapeutic target
in the PCa microenvironment. ANGPTL4 belongs to the angiopoi-
etin family and is a multifunctional protein that plays a crucial role
in various metabolic and non-metabolic diseases [49]. It is widely
recognized for its involvement in amino acid and lipid metabolism
[50-52], inflammation, angiogenesis [53], and tumorigenesis [32].
Therefore, ANGPTL4 plays a central role in energy metabolism and
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tumor progression. During epithelial-mesenchymal transition
(EMT), ANGPTL4 provides metabolic flexibility to cancer cells,
ensuring sufficient cellular energy and conferring EMT-mediated
chemotherapy resistance [31]. Furthermore, ANGPTL4 expression
was significantly high in CAFs of breast and ovarian cancer
[54,55]. Although some studies suggest that ANGPTL4 may serve
as a clinical biomarker and therapeutic target for human PCa
[51], research on the specific source and mechanism of ANGPTL4
in human PCa remains limited. Our findings indicate that ANGPTL4
is primarily derived from CAFs in human PCa. Moreover, we also
found that IQGAP1 is a new receptor of ANGPTL4. IQGAP1 is a scaf-
folding protein that regulates the extracellular signal-regulated
kinase (RAS-ERK) pathway, it can assemble components of differ-
ent kinase layers into a continuous phosphorylation cascade [55].
At the same time, studies have shown that the activation of ERK
signaling pathway promotes the chemoresistance of PCa [33]. This
study found that ANGPTL4 secreted by CAFs combines with
IQGAP1 to activate the phosphorylated ERK pathway. This activa-
tion may promotes the expression of Ca(+)/cAMP-response ele-
ment binding protein (CREB), which promotes the expression of
PGCla [56]. PGC1a is a mitochondrial germinal gene that pro-
motes mitochondrial biogenesis [30]. Mitochondrial biogenesis
enhances OXPHOS function, leading to chemoresistance in PCa.
Through HTVS, we discovered that QGGP is a potential inhibitor
of IQGAP1. It directly interacts with the IQGAP1 protein to inhibit
its expression. The combined administration of QGGP and DTX
synergistically inhibited PCa growth and induced cell death. Thus,
the interaction between ANGPTL4 and IQGAP1 presents a potential
target for sensitization to chemotherapy for PCa. This provides a
theoretical basis for understanding the role of the stroma in the
development of PCa, and targeting the stroma may be a reliable
therapeutic option.

While our study offers preclinical insights in anticipation of the
human trial, it is acknowledged that certain limitations persist. A
potential concern is that using only the subcutaneous model as a
single animal model poses a challenge to the efficacy of our pro-
posed combination therapy model. Therefore, the treatment strat-
egy of QGGP combined with DTX still needs more model
validation. In addition, we have not yet addressed the specific rea-
sons for the upregulation of ANGPTL4 in CAFs, and clarifying this
mechanism may be more helpful in addressing chemotherapy
resistance in PCa. In the future, we will focus on research on this
scientific issue.

Conclusions

This study revealed a significant correlation between PCa
stroma and therapeutic resistance, especially chemoresistance.
This research demonstrated that ANGPTL4 is primarily expressed
in CAFs and that ANGPTL4 can bind to IQGAP1 on the PCa cell
membrane, activating the Raf-MEK-ERK-PGC1a pathway. This pro-
cess promotes mitochondrial biogenesis and OXPHOS function,
ultimately leading to growth and chemoresistance in PCa. Then
we found QGGP, a specific inhibitor of IQGAP1, through high-
throughput virtual screening combined with functional validation,
and QGGP significantly inhibited the role of CAFs (Fig. 7). These
findings support the design of future clinical trials of IQGAP1 inhi-
bitors combined with chemotherapy to treat patients with PCa,
considering the safety of combination therapy.
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