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Abstract

Background
Prostate cancer (PCa) patients with bone metastases frequently exhibit abnormal calcium homeostasis.
However, the molecular mechanisms underlying bone metastasis mediated by activated calcium
transport signaling remain unclear. Our results showed that androgen deprivation therapy (ADT) of PCa
upregulates a calcium sensor transmembrane protein, the multiple C2 domains transmembrane protein 1
(MCTP1), which is upregulated by hypoxia-induced ZBTB46/FOXA2/HIF1A signaling and is associated
with SNAI1-driven neuroendocrine (NE) differentiation (NED) and epithelial-to-mesenchymal transition
(EMT) in PCa.

Methods
Hypoxia induced interactions between ZBTB46, HIF1A, and FOXA2 were con�rmed by
immunoprecipitation (IP)-Western Blot (WB). Correlation between MCTP1 and ZBTB46/FOXA2/HIF1A
complexes was analyzed by immunohistochemical (IHC) staining in consecutive tissue sections of PCa
tissue microarray (TMA) comprising primary PCa and small cell PCa (SCPC) samples. The regulatory
network between MCTP1 and the hypoxia-induced ZBTB46/FOXA2/HIF1A axis was investigated by
chromatin IP (ChIP)-Seq analysis, ChIP assay, and promoter reporter assays. The effect of MCTP1 on
SNAI1 expression driving NED and EMT in PCa was identi�ed in PCa cell lines using mimic hypoxia, ADT,
or long-term androgen receptor (AR) antagonist culture systems. Activation of the MCTP1-mediated
calcium-related pathway induces SNAI1-driven NED and aggressive progression of PCa under hypoxic
conditions was examined by Fluo-8 AM staining combined with �ow cytometry, migration, invasion, and
xenograft model validation.

Results
MCTP1 is highly expressed in advanced PCa tissues and is associated with ZBTB46/FOXA2/HIF1A
abundance. Upregulation of MCTP1 enhances SNAI1-mediated cell migration and EMT responses and is
associated with hypoxia-driven NED in PCa after ADT. Mechanistically, hypoxia enhances the MCTP1-
mediated calcium/AKT pathway to stabilize SNAI1 in PCa to promote EMT and NED by increasing the
SNAI1-driven expression of EMT and NE markers. MCTP1 knockdown abrogated hypoxia-enhanced EMT
and NED by reducing calcium/AKT pathway-driven SNAI1 expression.

Conclusions
Our study shows the molecular mechanism by which hypoxia-associated ZBTB46/FOXA2/HIF1A
transcription factor interaction upregulates the calcium sensor transmembrane protein MCTP1 in ADT-
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resistant PCa, and explores how MCTP1 promotes NED and EMT in PCa by upregulating SNAI1-driven
EMT and NE markers.

Background
Castration-resistant prostate cancer (PCa) (CRPC) is derived from androgen-sensitive PCa recurrence
after androgen deprivation therapy (ADT) [1]. Based on the molecular features of CRPC, the treatment
strategy consists of androgen receptor (AR) signaling blockers and non-speci�c chemotherapeutic drugs;
however, persistent inhibition of AR signaling changes disease progression to a neuroendocrine (NE)
phenotype known as NE PCa (NEPC) in 10–20% of CRPC cases [2–4]. These cases were identi�ed as
having more stem cell-like or AR-low features, which may express NE-speci�c markers such as
chromogranin A (CHGA), γ-enolase (ENO2), synaptophysin (SYP), and N-Myc (MYCN), instead of AR-
signaling-responsive genes (KLK3, TMPRSS2, and NKX3-1) [5, 6]. Complete loss of or lower AR signaling
in NEPC leads to decreased levels of serum prostate-speci�c antigen (PSA), which increases the di�culty
in early diagnosis [7, 8]. Prostate tumors that undergo NE differentiation (NED) are common in locally
advanced or metastatic PCa after ADT, characterized by an aggressive clinical course and poor prognosis
[9]. Genetic or molecular biomarkers are urgently needed to provide prognostic detection and strati�ed
therapy for NEPC patients.

Hypoxia can induce NED, which may be a response to PCa progression induced by ADT, chemotherapy,
and radiotherapy [10]. Hypoxia-inducible factor (HIF) is activated by hypoxia and regulates the expression
of downstream genes by acting as a primary transcription factor [11]. ADT-induced hypoxia decreases the
expression of AR and Notch signaling members Hey1 and Hes1, leading to a loss of androgen
dependency [12, 13]. Several co-regulators of HIFs have been identi�ed, such as ONECUT2/Smad3,
PHF8/KDM3A, and FOXA2, which mediate HIF genomic binding to drive NE plasticity [10, 14, 15]. FOXA2
is a critical transcription factor that responds to hypoxia and is involved in endoderm formation,
epithelial-to-mesenchymal transition (EMT), and NEPC development [16, 17]. Activated FOXA2 is a
pioneer factor that acts as an anchor point for early transcription factors to bind to unfolded chromatin
[18]. In PCa, FOXA2 is highly clinically speci�c as it promotes NED by reducing MASH1 [19] and
increasing the expression of neurogenetic factors (HES6, SOX9, and KDM3A) [20].

Bone metastases have been reported to be associated with activated calcium transport molecular factors
and signaling pathways [21]. However, the activated calcium transport signaling pathways involved in
NED progression remain unclear. Using chromatin immunoprecipitation (IP) (ChIP)-sequencing (Seq),
transcriptome analyses, and clinical sample validation, we identi�ed multiple C2 domains
transmembrane protein 1 (MCTP1) as a candidate biomarker of NEPC, as it may be upregulated by
hypoxia-associated ZBTB46/FOXA2/HIF1A signaling in PCa after ADT. MCTP1 is a transmembrane
protein with three C2 domains that strongly interacts with calcium ions [22]. Although the actual function
of MCTP1 remains unclear, cumulative studies suggest that MCTP1 may be involved in the development
of the neuronal system and modulation of synaptic function, including neurotransmitter release and
presynaptic homeostatic plasticity through calcium sensing [23–26]. There are few studies on MCTP1 in
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cancer progression, but it is known that MCTP1 may be involved in the development of drug resistance in
ovarian cancer according to microarray-based detection [27], and it has been shown to be upregulated in
breast cancer [28]. Here, we studied the role of MCTP1 in the relationship between hypoxia-induced EMT
and NED progression in PCa. Our results demonstrated the oncogenic role of MCTP1 in PCa and
estimated the effect of MCTP1 on the enhancement of EMT and NED by upregulating the calcium/AKT
pathway-driven SNAI1 expression.

Methods
Cells, Constructs, and Reagents

AR-positive PCa cell lines VCaP, LNCaP, C4-2, and 22Rv1 and AR-negative PCa cell line PC3 were obtained
from ATCC and cultured in RPMI-1640 medium (Thermo Fisher Scienti�c, 11875-085) with 5% fetal
bovine serum (FBS; EMD Millipore, TMS-013-BKR). NEPC-like LASCPC01 cells were obtained from ATCC
and cultured in RPMI-1640 medium composed of 10 nM hydrocortisone (Sigma-Aldrich, H0888), 1´
insulin/transferrin/selenite (Thermo Fisher Scienti�c, 41400-045), 200 nM β-estradiol (Sigma-Aldrich,
E2758), and 5% FBS. ADT-resistant C4-2-MDVR cells were derived from C4-2 cells cultured with 20 μM
enzalutamide (MDV3100; Selleckchem, S1250) for six months. All cells were tested for mycoplasma
contamination using a PCR Mycoplasma Detection Kit (Omicsbio, G238) within six months before use.
To mimic ADT, cells were cultured in 5% charcoal-stripped serum (CSS; Thermo Fisher, 12676-029)-
containing medium under standard culture conditions for 48 h. Short-term treatment with the AR
antagonist was performed with 20 μM MDV3100 for 48 h. The AR ligand was treated with 10 nM
dihydrotestosterone (DHT; Selleckchem, S4757) for 24 h. For hypoxic conditions, cells were cultured in a
hypoxic chamber (5% O2) or treated with 10 μM dimethyloxallyl glycine (DMOG; Selleckchem, S7483) for
24 h. Cells with a non-target control, ZBTB46-, MCTP1-, or SNAI1-knockdown (KD) were used for
luciferase (Luc), ZBTB46, MCTP1, or SNAI1 short hairpin (sh)RNA vectors (pKLO.1) obtained from RNAi
Core Laboratory (Academic Sinica, Taipei, Taiwan). Cells stably expressing ZBTB46, MCTP1, and SNAI1
were generated by transfecting each cDNA-encoded or empty vector (EV) (pcDNA3.1(+) or pCDH-CMV-
MCS-EF1-Puro, System Biosciences); 2×105 cells/six-well plate were transfected with 5 µg DNA and
selected with puromycin for 1 month. Mutants of different FOXA2 fragments were constructed in the
pcDNA3.1(+)/C-(K)-DYK (Flag) vector (GenScript) and transiently transfected into LNCaP cells. The
pGreenFire1-ISRE lentiviral vector (System Biosciences) was used to construct a human MCTP1
regulatory sequence containing ZBTB46, HIF1A, and FOXA2-response elements located on chromosome
5:94706192 (HRE1: -2550), 94706427 (HRE2: -2316), 94706707 (FRE1: -2037), 94707228 (FRE2: -1517),
94707384 (FRE3: -1362), 94707396 (FRE4: -1350), and 94707923 (ZRE1: -825) at GRCh38. Human CHGA,
SYP, and ENO2 regulatory sequence reporter plasmids containing E-boxes were respectively located on
chromosome 14:93387408 (CHGA/E box1: -2018), 93388321 (CHGA/E box2: -1106), 93388458 (CHGA/E
box3: -970), 93389496 (CHGA/E box4: +66), and 93389687 (CHGA/E box5: +256); chromosome
X:49052257 (SYP/E box1: -2013), 49052717 (SYP/E box2: -1554), 49053405 (SYP/E box3: -867), and
49054527 (SYP/E box4: +253); chromosome 12: 7022136 (ENO2/E box1: -774), 7022373 (ENO2/E box2:
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-538), and 7022492 (ENO2/E box3: -420) at GRCh37. Response element mutations were performed using
the Site-Directed Mutagenesis System Kit (Invitrogen, A13282). All the primers used for these constructs
are listed in Supplementary Table 1. All constructs were veri�ed using DNA sequence analysis.

Western Blot (WB) Analysis

Cells grown in six-well plates (106 cells/well) were lysed in 150 μl RIPA buffer (Thermo Fisher Scienti�c,
89900) containing a complete protease inhibitor cocktail (Roche, 11697498001) and phosphatase
inhibitors (Roche, 4906845001). Protein samples were quanti�ed using Bradford reagent (Bio-Rad,
5000006) and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).
After transferring to polyvinylidene di�uoride (PVDF) or nitrocellulose membranes (Thermo Fisher
Scienti�c), the blots were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich) in PBST. Primary
antibodies were incubated overnight at 4 °C, and secondary antibodies were incubated at room
temperature for 1 h, as listed in Supplementary Table 2. Protein bands were visualized using enhanced
chemiluminescence (ECL) plus WB detection reagents (Millipore, WBULS0100).

Reverse-Transcription (RT)-Quantitative Polymerase Chain Reaction (qPCR)

Total messenger (m)RNA was isolated using the RNeasy Midi Kit (Qiagen, 74004). For RT, 1 µg of total
RNA was used with the iScriptTM Complementary (c)DNA Synthesis Kit (Bio-Rad, 1708890). Ampli�cation
was performed using iTaq Universal SYBR Green Supermix (Bio-Rad, 1725120). For all primer pairs, the
thermocycler was run with an initial 95 °C incubation for 10 min, followed by 40 cycles at 95 °C for 15 s
and 60 °C for 1 min. All reactions were normalized to human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression and run in triplicate. All the primers used for qPCR are listed in Supplementary Table
3.

IP-WB Analysis

IP-WB assay was performed using the PierceTM classic magnetic IP/CO-IP kit (Thermo Fisher Scienti�c,
88804). For hypoxic treatment, 2×107 PC3 cells expressing ZBTB46-KD or a non-target control were
treated in 10-cm dishes with 10 μM DMOG in FBS-containing medium or incubated in a hypoxic chamber
(1% O2) for 24 h. For interactions between FOXA2/ZBTB46, LNCaP cells expressing DYK-tagged FOXA2-
mutants were treated with 10 μM DMOG (Selleckchem, S7483) for 24 h and lysed with IP buffer (0.025 M
Tris-HCl (pH 7.4), 0.15 M NaCl, 0.001 M EDTA, 1% NP40, 5% glycerol, and 1% protease inhibitor cocktail)
for 15 min on ice, followed by centrifugation at 13,000 ×g for 10 min at 4 °C. Subsequently, 500 µg of the
protein supernatant was incubated with 2 μg DYK antibody (GenScript, A00187S) overnight at 4 °C.
Protein A/G magnetic beads were then added and incubated for 1 h on a shaker at room temperature.
After washing the beads thrice with IP buffer, the immune complex was collected on ice and subjected to
WB analysis. The antibodies used for IP are listed in Supplementary Table 4.

Immunohistochemical (IHC) Staining
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Tissue microarray (TMA) sections containing ZBTB46, FOXA2, and HIF1A from 40 patients with primary
PCa were purchased from Super Bio Chips (CA4). Both of PCa TMA sections included 16 normal prostatic
samples, 36 adenocarcinomas with a Gleason score of ≤6, 45 adenocarcinomas with a Gleason score of
7, and 19 adenocarcinomas with a Gleason score of ≥8, and TMA sections included 13 cases of small
cell PCa (SCPC) to validate MCTP1, ZBTB46, and HIF1A were obtained from Duke University School of
Medicine (Durham, NC, USA). The use of TMA at Duke University School of Medicine was approved by
the Duke University School of Medicine Institutional Review Board (protocol ID: Pro00070193). The
antibodies used for IHC staining are listed in Supplementary Table 5. Unstained sections were
depara�nized using a Target Antigen Retrieval Solution (DAKO, S1699) was used, and the mixture was
autoclaved for 10 min for antigen retrieval. A 3% hydrogen peroxide solution was used to block
endogenous peroxidases. All sections were blocked with Cyto Q Background Buffer Reagent (Innovex
Biosciences, NB306). The primary antibody was diluted with Target Antigen Retrieval Solution (DAKO,
S1699) and incubated overnight at 4 °C. The secondary antibody was incubated at room temperature for
30 min, and bound peroxidase was detected using an ABC Peroxidase Kit (Vector Labs, PK-6100) and
DAB (DAKO, K3468). All IHC slides were counterstained with hematoxylin. For histomorphological
analysis of tissue sections, microscopic images were obtained at 200´ magni�cation using an Axioplan
microscope system (Zeiss).

ChIP Assay

The EZ Magna ChIP A kit (Sigma-Aldrich, 17-10086) was used to perform ChIP assays according to a
modi�ed protocol. In total, 107 parental C4-2, C4-2-MDVR, or C4-2 cells treated with 10 μM DMOG for 24 h
or PC3 cells expressing the non-target control (Luc), ZBTB46-KD or MCTP1-KD shRNA vector in 10-cm
dishes were cross-linked with 1% formaldehyde in culture medium at room temperature for 15 min. One
milliliter of 10´ glycine was added to terminate �xation, and the cells were washed twice with cold
phosphate-buffered saline (PBS) containing complete protease and phosphatase inhibitors (Roche,
11697498001 and 4906845001). The harvested cells were centrifuged at 104 rpm, and the cell pellet was
resuspended in 0.5 ml of cell lysis buffer containing 1× Protease Inhibitor Mix II and incubated on ice for
15 min. Nuclei were collected by centrifugation at 104 rpm at 4 °C for 10 min and resuspended in nuclear
lysis buffer. Chromatin was sonicated for 20 s using a micro-tip sonicator (Branson Soni�er 250) and
then cooled on ice for 1 min. The total sonication time for each sample was 5 min. This process
produced DNA fragments approximately 100–300 bp in size. The sheared chromatin was separated and
immunoprecipitated with immunoglobulin G (IgG) or a primary antibody at 4 °C overnight. The ChIP
antibodies and PCR primers used are listed in Supplementary Table 6. Predictions of transcription factor-
binding sites in the promoter region were obtained using Alibaba 2.1 program (gene-regulation.com).

Promoter Reporter Assay

Promoter function was analyzed using �uorescence-activated cell sorting (FACS), and relative median
�uorescent intensity (MFI) values of green �uorescence protein (GFP) were measured by FACS using
FACSDiva software (BD Biosciences), and results were normalized to the value of the vehicle. For the
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ZBTB46, FOXA2, and HIF1A-response element reporter assays, 12-well plates (5×104 cells/well) of C4-2
cells treated with 10 μM MDV3100, 10 μM DMOG, or vehicle control (dimethyl sulfoxide, DMSO) were
transiently transfected with 1 µg MCTP1 regulatory sequence reporter and 1 µg EV, ZBTB46, HIF1A, and
FOXA2 full-length cDNA vectors. For the E-boxes-containing CHGA, SYP, and ENO2 genes reporter assays,
PC3 cells expressing Luc, MCTP1-KD, or SNAI1-KD shRNA vector were treated with DMSO or 10 μM
DMOG for 24 h. Three independent experiments were performed in triplicates.

Proliferation Assay

LNCaP and C4-2 cells stably transfected with the EV or MCTP1 expression vector or PC3 cells stably
transfected with Luc or MCTP1-KD shRNA vector were seeded at a density of 2×103 cells/well in 96-well
plates and treated with 10 μM DMOG in FBS-containing medium for 24 h. The experiment was performed
with multiple wells at each time point and the average value was determined. Every day, the cells were
stained with 0.5% crystal violet for 15 min, rinsed with distilled water, and air dried. At the end of the
experiment, 100 μl of 50% ethanol containing 0.1 M sodium citrate was added to each well to dissolve the
crystal violet, and the absorbance was quanti�ed at an OD 550-nm wavelength on a microplate reader.

Invasion and Migration Assay

For invasion and migration assays, LNCaP and C4-2 cells stably transfected with the EV or MCTP1
expression vector or PC3 cells stably transfected with Luc or MCTP1-KD shRNA vector combined with 10
μM DMOG treatment for 24 h were resuspended at a concentration of 3×103 cells/ml in serum-free
medium. For the invasion assay, resuspended cells were diluted by adding 200 μl of 10-fold serum-free
medium to prepare Matrigel-coated Transwell Petri dishes (Corning, 354234). The top of the Matrigel was
inoculated with serum-free medium (2.5×105 cells/well). The lower chamber was �lled with 600 μl of
serum-containing medium. After 12 h, cells that had invaded the Matrigel-coated Transwell were �xed and
stained with 0.5% crystal violet for 15 min. A phase-contrast microscope (Olympus) was used to capture
a snapshot of the invading cells under the membrane and three replicates were counted each time. The
migration assay was performed using transwells without Matrigel, and the cells were �xed and stained,
as described for the invasion assay.

Tumorigenicity Assays in Mice

The protocol for the in vivo tumorigenicity assay was based on Guidelines for Care and Use of Laboratory
Animals from the Council of Agriculture, Executive Yuan, Taiwan and was approved by the Taipei Medical
University Institutional Animal Care and Use Committee (approval ID: LAC-2021-0481). Six-week-old
CAnN.Cg-Foxn1nu/CrlNarl mice were purchased from the National Laboratory Animal Center (NLAC,
Taipei, Taiwan). Mice were randomized into three groups and subcutaneously injected with 2×106

cells/site (suspended in 100 μL of a mixture of Matrigel matrix and culture medium) of PC3 cells stably
transfected with control Luc or MCTP1-KD shRNA vectors on the right side of the �ank under double-blind
conditions. The tumor diameter was monitored once a week, and mouse weight was monitored for 7
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weeks. The mice were euthanized by CO2 anesthetization, and the tumors were collected, weighed,
para�n-embedded, and sliced for subsequent IHC staining. The tumor diameter was converted into
volume according to the following formula [29]: ; where V, H, W, and L are the volume, height, width, and
length, respectively.

Measurement of Intracellular-free Calcium

PC3 cells were stably transfected with Luc or MCTP1-KD shRNA vector and treated with 10 μM DMOG in
calcium-free Hank’s balanced salt solution (HBSS; Invitrogen, 14170161) for 24 h. The cells were washed
with HBSS and pre-incubated with 5 μM Fluo 8-AM (Abcam, ab142773) at 37 °C for 60 min. After
washing, cells were cultured in calcium-free HBSS at 37 °C for 30 min. Fluorescence signals were
captured using a �uorescence microscope (Olympus IX73). The relative mean intensity of Fluo 8-AM was
measured by FACS (BD Biosciences) using FACSDiva software (BD Biosciences) and normalized to the
value of the vehicle. Three independent experiments were performed in triplicates.

Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Statistical calculations were
performed using GraphPad Prism V8.0 (GraphPad Software). Differences between individual groups were
determined using Student’s t-test or one-way analysis of variance (ANOVA), followed by Bonferroni’s post-
test for comparisons among three or more groups. Correlations between IHC staining results of relative
intensity of ZBTB46, FOXA2, and HIF1A was determined by correlation XY analyses using GraphPad
Prism. For tumor grade association analysis of IHC staining of the primary PCa TMA collected from Duke
University School of Medicine, p values were calculated using a Chi-squared test performed with SPSS
statistical software ver. 18.0 (IBM SPSS). A log-rank test was used for the survival curve analysis of 111
PCa patients (98 primary and 13 metastatic samples), and the hazard ratios of MCTP1 high
(n=56)/MCTP1 low (n=55) were determined for each group. The method for determining the cut-off
values was predetermined by half the number of patients.

Results
ZBTB46 upregulation is associated with HIF1A/FOXA2 signaling in PCa after ADT

We sought to determine the signaling pro�le that characterizes the progression of ADT-resistant PCa.
Total mRNA was prepared from androgen-dependent LNCaP cells cultured for six months with the AR
antagonist enzalutamide (MDV3100), and RNA-Seq analysis was used to determine the signaling
pathway upregulated after androgen deprivation. We found that the HIF1 signaling pathway was
signi�cantly upregulated in cells exhibiting ADT resistance (Supplementary Fig. 1A). Our previous report
showed that ZBTB46 was overexpressed in PCa cells after the development of ADT resistance [30-32]. To
evaluate whether the abundance of ZBTB46 was associated with HIF1A in PCa cells after ADT, we
veri�ed the expression of ZBTB46, HIF1A, and the HIF1A cofactor FOXA2 in AR-positive LNCaP cells in
response to ADT. We found that cells treated with CSS-containing medium (to mimic ADT) showed
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increased ZBTB46 expression, which was positively correlated with HIF1A and FOXA2, and negatively
correlated with the expression of androgen-responsive marker (NKX3-1) (Fig. 1A). Moreover, increased
ZBTB46 expression was associated with the upregulation of HIF1A and FOXA2 as well as hypoxia target
markers of FOXA2 (HES6, SOX9, and KDM3A) in CSS-treated LNCaP cells (Fig. 1B). However, CSS-treated
cells rescued with the AR ligand DHT showed a decrease in ZBTB46, HIF1A, FOXA2, HES6, SOX9, and
KDM3A and an increase in androgen-responsive markers (NKX3-1 and KLK3) (Fig. 1B). These results
suggest that inactivation of the AR pathway may be involved in ZBTB46 upregulation, which is
associated with hypoxia-induced HIF1A/FOXA2 signaling. Increased ZBTB46 expression was con�rmed
in MDV3100-resistant C4-2 cells, and was related to the upregulation of HIF1A, FOXA2, HES6, SOX9, and
KDM3A (Fig. 1C). Interestingly, ZBTB46 upregulation was observed in various PCa cell lines under
hypoxic conditions (Fig. 1D). Furthermore, a dose-dependent increase in ZBTB46 protein was correlated
with HIF1A and FOXA2 proteins in AR-negative PC3 cells treated with the hypoxia activator DMOG (Fig.
1E), and increased ZBTB46 expression was correlated with the induction of HIF1A and FOXA2 in AR-
positive C4-2 and LNCaP cells cultured in hypoxic incubators (Fig. 1F). In DMOG-treated PC3 and LNCaP
cells, elevated mRNA levels of ZBTB46 were correlated with the upregulation of HIF1A, FOXA2, HES6,
SOX9, and KDM3A (Fig. 1G, H). These results suggested that the increase in ZBTB46 expression in PCa
may be related to the activation of HIF1A/FOXA2 signaling under hypoxic conditions. To study the
relationship between ZBTB46 and FOXA2 or HIF1A in clinical tissue samples, we analyzed a PCa TMA
(Super Bio Chips, CA4) comprising of 40 cases of primary PCa. The IHC results showed a positive
correlation between ZBTB46 and FOXA2 or HIF1A in consecutive tissue sections of prostate tumor
samples (Fig. 1I, J). We analyzed the relationship between ZBTB46 and hypoxia pathways in The Cancer
Genome Atlas (TCGA) PCa dataset using gene set enrichment analysis (GSEA) and found that patients
with upregulated ZBTB46 were robustly associated with enhanced hypoxic response signatures (Fig. 1K).
In addition, we found that upregulation of ZBTB46 was positively correlated with the gene signature
response to hypoxic targets of HIF1A and FOXA2, as con�rmed by GSEA in TCGA PCa database
(Supplementary Fig. 1B), and high mean expression levels of ZBTB46 were signi�cantly positive
associated with HIF1A and FOXA2 in the Taylor PCa dataset (GSE21036; Supplementary Fig. 1C). These
results suggest that ADT may induce the accumulation of ZBTB46 and that the upregulation of ZBTB46
may be associated with hypoxia-associated HIF1A/FOXA2 signaling in PCa.

ZBTB46 interacts with the HIF1A/FOXA2 complex

To study whether ZBTB46 is a potential hypoxia-associated transcription factor that interacts with FOXA2
and HIF1A, we performed IP-WB through IP of ZBTB46 and immunoblotted ZBTB46, FOXA2, and HIF1A
proteins in PC3 cells under hypoxic conditions. Compared with the vehicle control, stable interactions
between ZBTB46 and FOXA2 or HIF1A proteins were observed in cells treated with DMOG or hypoxia
chamber (Fig. 2A). We also found an increased interaction between FOXA2 and ZBTB46 or HIF1A under
hypoxic conditions through IP of FOXA2 and immunoblotted of the same proteins (Fig. 2B), suggesting
that ZBTB46 physically interacts with the HIF1A/FOXA2 complex. Conversely, decreased interactions
among ZBTB46, FOXA2, and HIF1A were observed in ZBTB46-KD cells, even in DMOG-treated cells (Fig.
2C). In addition, increased expression of ZBTB46, FOXA2, HIF1A, and hypoxia target markers of FOXA2
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(HES6 and SOX9) was observed in PC3 cells treated with DMOG or hypoxia chamber, whereas decreased
expression of HES6 and SOX9 was observed in cells transfected with ZBTB46-KD, regardless of hypoxic
conditions (Fig. 2D, E). These observations suggested that ZBTB46 may regulate the expression of
hypoxia/FOXA2-responsive genes. To map the FOXA2 domains critical for its interaction with ZBTB46
under hypoxia, we constructed a series of FOXA2 protein mutants with DYK-tagged FLAG (Fig. 2F), which
further validated the interaction between ZBTB46 and FOXA2 under hypoxic conditions. AR-positive
LNCaP cells were co-transfected with wild-type (WT) ZBTB46 cDNA and DYK-tagged FOXA2 mutants and
treated with DMOG. The results showed that the full-length FOXA2 and FOXA2_361 mutant had increased
interactions with ZBTB46 in cells treated with DMOG compared to the FOXA2_252 or FOXA2_113
mutants (Fig. 2G). This suggests that domains 252-361 of FOXA2 are the core interacting domains that
bind ZBTB46 under hypoxic conditions. We also found upregulation of hypoxia/FOXA2 response markers
(HES6 and SOX9) in cells transfected with full-length FOXA2 or the FOXA2_361 mutant compared to
FOXA2_252 or FOXA2_113 mutants (Fig. 2H-I). Notably, increased HES6 and SOX9 expression was found
in full-length FOXA2 or the FOXA2_361 mutant transfected cells treated with hypoxic conditions (Fig. 2H,
I) or co-transfected with the ZBTB46 expression vector (Fig. 2J). These data suggest that ZBTB46 may be
a co-activator of the hypoxia-related FOXA2 transcription factor, which interacts with domains 252-361 of
FOXA2 and promotes hypoxia/FOXA2-related signaling in PCa cells.

MCTP1 is a candidate target of ZBTB46/FOXA2/HIF1A regulatory signaling

Next, we analyzed ZBTB46 and HIF1A expression with gene signatures that re�ect FOXA2-targeted
responsive genes in TCGA PCa dataset using GSEA to investigate the downstream targets of hypoxia-
related ZBTB46/FOXA2/HIF1A regulatory signaling. We found that tissues expressing high levels of
ZBTB46 and HIF1A were positively associated with gene signatures of upregulated FOXA2-targeted
responsiveness [33] (Supplementary Fig. 2A, B). MCTP1 was present at the top of the gene list of ranked
metric scores in both GSEAs, based on the signi�cance of the false discovery rate (FDR) and p value in
both assays (Supplementary Fig. 2A, B). To investigate whether MCTP1 stimulation might be upregulated
by hypoxia-related signaling in PCa, GSEA was validated against hypoxia-related gene signatures in
TCGA PCa dataset. The results showed that tissues expressing high levels of MCTP1 were positively
associated with genes activated in response to multiple hypoxia signaling pathways (Supplementary Fig.
2C). Mean expression correlation was con�rmed in TCGA PCa database, which showed that the mRNA
level of MCTP1 was positively correlated with HIF1A (Supplementary Fig. 2D). Although signi�cant
MCTP1 expression has been reported in neuronal systems [23, 24, 26, 34], little is known about the
regulatory mechanisms of MCTP1 gene expression. To examine whether ZBTB46 is associated with the
FOXA2/HIF1A complex and increases MCTP1 expression, we overexpressed full-length ZBTB46, FOXA2,
and HIF1A cDNA vectors in AR-positive LNCaP and C4-2 cells. The results showed that overexpression of
ZBTB46 caused partial increases in MCTP1 mRNA and protein levels, whereas co-transfection with
FOXA2 and HIF1A signi�cantly increased MCTP1 expression (Fig. 3A, B). We also found that co-
transfection with FOXA2 and HIF1A synergistically increased ZBTB46 expression (Fig. 3A, B), suggesting
a possible feedback loop for the upregulation of ZBTB46 by the FOXA2/HIF1A complex or MCTP1. To
study the regulatory network between MCTP1 and the hypoxia-FOXA2/HIF1A axis, we investigated the
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binding of HIF1A/B and FOXA2 to MCTP1 using ChIP-Seq analysis. We found a possible consensus
HIF1A/B and FOXA2 elements of the MCTP1 regulatory sequence located around chromosome
5:94600000-94650000, with potential nuclear HIF1A/B and FOXA2 binding (Supplementary Fig. 2E). We
searched for sequences resembling HIF1A/B and FOXA2 response elements (HRE and FRE) in the
putative MCTP1 regulatory sequence region, and identi�ed candidate response elements for nuclear
HIF1A/B and FOXA2 in the promoter region relative to the MCTP1 transcriptional start site (Fig. 3C).
Notably, we also found a ZBTB46 response element (ZRE) in the promoter region of MCTP1 (Fig. 3C). To
determine whether ZBTB46/FOXA2/HIF1A directly binds to MCTP1, we performed ChIP assays and used
qPCR to determine the amount of MCTP1 DNA precipitated by ZBTB46, FOXA2, and HIF1A antibodies in
the nuclear extracts of C4-2 cells in the presence of DMOG stimulation. We found that HIF1A, FOXA2, and
ZBTB46 binding at the HRE1, FRE1, FRE3, FRE4, and ZRE sites signi�cantly increased after the treatment
of cells with DMOG (Fig. 3D). Consistently, increased HIF1A, FOXA2, and ZBTB46 binding was found at
the same sites in MDV3100-resistant C4-2 cells compared to that in parental cells (Fig. 3E). In contrast,
ZBTB46-KD reduced binding signals of HIF1A, FOXA2, and ZBTB46 in PC3 cells compared to non-target
control shRNA (Fig. 3F), consistent with our hypothesis that ZBTB46 may be a core-bound transcription
factor that increases FOXA2/HIF1A-mediated transcriptional activation of MCTP1. In addition, we
performed reporter assays using DNA constructs containing single HRE, FRE, or ZRE mutations in MCTP1
regulatory sequence cloned into a GFP reporter plasmid (Fig. 3C). DMOG-treated C4-2 cells showed
signi�cantly increased reporter gene activity in the WT reporter relative to untreated cells, whereas
reduced reporter activity was observed in mutants at the HRE1, FRE1, FRE3, FRE4, and ZRE sites
compared to the WT reporter, regardless of whether the cells were treated with DMOG (Fig. 3G). Similarly,
increased WT reporter activity was detected in C4-2-MDVR cells, and the HRE1, FRE1, FRE3, FRE4, and
ZRE sites mutants reduced reporter activity (Fig. 3H). Furthermore, the HRE1, FRE1, FRE3, FRE4, and ZRE
sites mutants also disrupted the ability of HIF1A, FOXA2, and ZBTB46 cDNA vectors to induce reporter
activity compared to other sites in promoter assays (Fig. 3I). These data are consistent with the
mechanism by which ZBTB46, FOXA2, and HIF1A promote MCTP1 transcription via direct physical
interactions with the MCTP1 regulatory sequence.

MCTP1 is upregulated in high-grade PCa and NEPC tumors

To study the clinical relevance of MCTP1 and the ZBTB46/FOXA2/HIF1A complex, we analyzed 16
normal prostatic samples, 36 adenocarcinomas with a Gleason score of ≤6, 45 adenocarcinomas with a
Gleason score of 7, and 19 adenocarcinomas with a Gleason score of ≥8 from a PCa TMA collected from
the Duke University School of Medicine (Durham, NC, USA). IHC analyses showed that cytoplasmic
MCTP1, which is associated with nuclear ZBTB46, FOXA2, and HIF1A, was more abundant in high-grade
tumors (Fig. 4A, B). Mean expression correlations were analyzed in TCGA PCa database, which showed
that MCTP1 was positively correlated with ZBTB46 and FOXA2 (Fig. 4C). Moreover, patients whose
prostate tumors showed high MCTP1 mRNA expression levels exhibited high metastatic potential, as
validated in the Taylor PCa dataset (GSE21036; Fig. 4D). Furthermore, PCa patients with high MCTP1
mRNA expression exhibited shorter survival times (Fig. 4E), and these tumors were signi�cantly
associated with low prostate-speci�c antigen (PSA) levels in the Taylor clinical PCa dataset (Fig. 4F). We
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investigated the association of MCTP1 with NEPC reprogramming-related gene signatures, as validated
in TCGA PCa database by GSEA, and found that upregulation of MCTP1 was positively associated with
gene signatures in response to RB1 loss of function [35], p53 mutations [36], PCa progression (KEGG,
Tomlines [37], and Ouyang [38]), cell migration (Wu [39]), metastasis (Cromer [40] and Sung [41]), SCLC
progression (KEGG), and NEPC differentiation (Li [42] and Beltran [42]) (Fig. 4G). We also found that
increased MCTP1 expression was inversely associated with upregulation of androgen-responsive gene
signatures (Fig. 4H). IHC analysis con�rmed that MCTP1 was robustly increased in SCPC TMA collected
from the Duke University School of Medicine (Durham, NC, USA), and a correlation analysis revealed that
MCTP1 was signi�cantly abundant in ZBTB46, FOXA2, and HIF1A-positive SCPC samples (Fig. 4I, J).
These results support the association between ampli�cation of MCTP1 and ZBTB46/FOXA2/HIF1A
complex, and are related to the aggressiveness of PCa and NEPC differentiation.

Overexpression of MCTP1 is associated with ADT-induced NED of PCa

We veri�ed the expression of MCTP1 in various PCa cell lines and found that MCTP1 was upregulated in
AR-negative PC3 and NEPC-like LASCPC01 cells compared to that in AR-positive VCaP, LNCaP, C4-2, and
22Rv1 cells (Fig. 5A). Interestingly, various PCa cells treated with DMOG showed increased MCTP1
expression (Fig. 5B), and the induced protein levels of MCTP1 in AR-positive cells were associated with
increased HIF1A and NE marker (CHGA and ENO2) expression in AR-positive C4-2 and LNCaP cells under
hypoxic conditions (Fig. 5C). AR-negative PC3 cells treated with DMOG showed a dose-dependent
increase in MCTP1 expression, which was associated with an increase in HIF1A and NE marker
expression (Fig. 5D). We also found that MCTP1 overexpression in C4-2 and LNCaP cells increased
mRNA and protein levels of NE markers (Fig. 5E, F). However, MCTP1-KD exhibited a decrease in NE
marker levels in PC3 cells (Fig. 5G). Importantly, MCTP1-KD in PC3 cells abolished the DMOG-driven
increase in NE marker levels (Fig. 5H, I). As the incidence of NEPC frequently increases following
treatment with AR antagonists [43], we sought to determine the effect of ADT on MCTP1 expression. We
examined the mean expression values of MCTP1 in the mRNA expression pro�le of LNCaP cells cultured
for 11 months of androgen deprivation. Results showed that MCTP1 expression was signi�cantly
increased in cells after ADT (GDS3358; Supplementary Fig. 3A). We treated AR-positive LNCaP and C4-2
cells with MDV3100 for 1–5 months, and the results showed that MDV3100-treated cells exhibited a
dramatic induction of MCTP1 compared to parental cells (Supplementary Fig. 3B). Signi�cantly, LNCaP
and C4-2 cells treated with CSS-containing medium to mimic ADT showed increased MCTP1 and NE
markers, while the reduction in MCTP1 was associated with NE markers in cells in the presence of DHT
(Fig. 5J and Supplementary Fig. 3C, D). Importantly, increased MCTP1 expression was associated with
upregulated NE marker expression in ADT-treated cells, whereas MCTP1-KD abolished ADT-driven MCTP1
and NE marker expression (Fig. 5K, L). MCTP1 protein levels were validated in long-term MDV3100-
treated cells, and we found that increased MCTP1 expression correlated with NE markers induced in
MDV3100-resistant C4-2 cells (Fig. 5M, N). Conversely, decreased NE markers were found in MDV3100-
resistant C4-2 cells expressing MCTP1-KD (Fig. 5M, N). Moreover, tissues expressing high levels of
MCTP1 were positively associated with upregulated neurodevelopment gene signatures, as analyzed by
GSEA in TCGA PCa datasets, according to the signi�cant FDR and p value (Supplementary Fig. 3E).
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These data suggest that hypoxia-induced MCTP1 expression may be upregulated in cells undergoing
ADT resistance, and is associated with NED in PCa cells.

MCTP1 promotes cell migration and enhances SNAI1 expression

Although MCTP1 has been shown to be involved in regulating the endocytic cycle in CNS or neuronal cell
synapses [23, 24, 26, 34], the functional role of MCTP1 in NED progression of PCa remains unknown. We
sought to determine the role of MCTP1 in affecting the invasiveness of AR-positive LNCaP and C4-2 cells
and found that MCTP1-overexpressing cells exhibited enhanced cell migration and invasion (Fig. 6A, B).
We further examined the functional relevance of MCTP1-mediated cell proliferation in the same two cell
lines and found that cells with ectopic MCTP1 expression exhibited increased proliferation compared
with EV-bearing cells (Fig. 6C). Moreover, migration and invasiveness of AR-negative PC3 cells were
signi�cantly increased when cells were treated with DMOG, whereas these effects were decreased in
MCTP1-KD cells, regardless of DMOG treatment (Fig. 6D). Furthermore, the treatment of cells with DMOG
increased cell proliferation, whereas MCTP1-KD reduced the effects of DMOG-driven cell proliferation
(Fig. 6E). As therapy-induced NEPC is highly associated with EMT phenotypes [44], we examined
associations between MCTP1 levels and EMT-related gene signatures in TCGA PCa dataset using GSEA.
We found that high MCTP1 levels were positively associated with the upregulation of EMT-related gene
signatures (Supplementary Fig. 4A). Next, we analyzed the levels of EMT-associated transcription factors
in cells overexpressing MCTP1. Results showed that cells overexpressing MCTP1 exhibited signi�cantly
upregulated mRNA and protein levels of SNAI1 and a slight increase in TWIST1 compared with other
EMT-associated transcription factors (Fig. 6F and Supplementary Fig. 4B, C). Conversely, protein levels of
SNAI1 were signi�cantly reduced in PC3 cells expressing MCTP1-KD compared to other transcription
factors (Fig. 6G). We hypothesized that the stimulation of SNAI1 might be associated with hypoxia-
induced MCTP1 expression in PCa cells. The results showed that MCTP1 associated with SNAI1 was
increased in DMOG-treated PC3 cells compared to untreated cells; however, MCTP1-KD cells showed a
marked decrease in SNAI1 expression, even in cells treated with DMOG (Fig. 6H and Supplementary Fig.
4D). Next, we found that PC3 cells bearing MCTP1-KD subcutaneous tumors had signi�cantly reduced
tumor growth and weight compared with mice injected with non-target control PC3 cells (Fig. 6I-K).
Tumors were harvested and examined for MCTP1, SNAI1, NE, proliferation (KI67), and hypoxia (CA9)
markers by IHC. The results showed that tumors derived from PC3 cells with MCTP1-KD had reduced
SNAI1 expression compared with control tumors, which was associated with reductions in ENO2, KI67,
and CA9 (Fig. 6L, M). These data suggest that SNAI1 overexpression may be associated with MCTP1-
driven EMT and NED progression in PCa under hypoxia.

MCTP1 promotes the NED and EMT process in PCa cells by activation of the calcium-driven
PI3K/AKT/SNAI1 signaling

Recent studies have demonstrated that calcium-related signaling, such as the PI3K/AKT pathway,
regulates EMT during cancer progression [45]. Activation of the PI3K/AKT pathway downregulates GSK-
3β, thereby stabilizing SNAI1 and leading to SNAI1 entering the nucleus and promoting the expression of
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EMT-related factors [46]. However, high levels of intracellular calcium driven by MCTP1 promote EMT and
NED processes in PCa remain unknown. We explored the role of MCTP1 in regulating intracellular
calcium levels in PCa, affecting PI3K/AKT signaling, and its role in regulating SNAI1-driven EMT and NED
processes. IF staining using the green �uorescent calcium binding dye Fluo-8 AM showed that PC3 cells
expressed high levels of intracellular calcium under hypoxic conditions, whereas cells expressing MCTP1-
KD reduced intracellular calcium levels, regardless of DMOG treatment (Fig. 7A). Similarly, �ow cytometry
analysis showed that DMOG treatment increased the intensity of the �uorescence signal in PC3 cells;
however, the �uorescence signal was decreased in cells expressing MCTP1-KD (Fig. 7B). Notably, dose-
dependent DMOG treatment increased levels of MCTP1, AKT phosphorylation, and SNAI1 in C4-2 cells
(Fig. 7C). Conversely, cells expressing MCTP1-KD showed reduced levels of MCTP1, AKT
phosphorylation, and SNAI1, even in cells treated with DMOG (Fig. 7D). These data suggest that MCTP1
activation may be involved in PI3K/AKT signaling-mediated SNAI1 expression in PCa cells under hypoxia.
We focused on the SNAI1-mediated signaling component of gene regulation driven by MCTP1, through
which it regulates the expression of NEPC-associated gene. We searched for sequences resembling the
putative E-box in the CHGA, SYP, and ENO2 regulatory sequence regions. Interestingly, we identi�ed �ve,
four, and three putative E-boxes in the CHGA, SYP, and ENO2 regulatory sequences, respectively (Fig. 7E).
ChIP assays were performed by IP of nuclear SNAI1 using SNAI1 antibody from nuclear extracts of PC3
cells expressing control or MCTP1-KD, following treatment with DMOG. Signi�cantly, increased nuclear
SNAI1 binding at the putative E-box of the CHGA (E-boxes 2, 3, and 5), SYP (E-boxes 2 and 3), and ENO2
(E-boxes 2 and 3) genes was found in DMOG-treated PC3 cells, whereas the binding signals were
decreased in cells expressing MCTP1-KD, regardless of DMOG treatment (Fig. 7F-H). In addition, reporter
assays were performed using a DNA construct containing wild-type E-boxes from the CHGA, SYP, and
ENO2 regulatory sequences cloned into a GFP reporter plasmid (Fig. 7E). Induction of reporter activity
was observed in PC3 cells treated with DMOG; however, DMOG-treated cells expressing MCTP1-KD
showed signi�cantly decreased reporter activity of CHGA, SYP, and ENO2 relative to untreated cells (Fig.
7I). Similarly, we found that CHGA, SYP and ENO2 gene reporter activities were reduced in PC3 cells
expressing SNAI1-KD, regardless of DMOG treatment (Fig. 7J). We also found that the induction of SNAI1
was associated with increased mRNA levels of NE (CHGA, SYP, and ENO2) and EMT (CD44 and VIM)
markers in cells after SNAI1 cDNA overexpression (Supplementary Fig. 4E, F). Moreover, increases in
SNAI1, NE, and EMT markers were observed in cells treated with DMOG, and a signi�cant decrease was
found in cells transfected with SNAI1-KD (Fig. 7K). These data suggest that MCTP1 activation may be
involved in SNAI1-mediated NE and EMT marker expression in PCa cells under hypoxic conditions. In
summary, our study shows that ADT-induced ZBTB46/FOXA2/HIF1A-driven MCTP1 promotes EMT
properties associated with NED progression in PCa cells by upregulating MCTP1/SNAI1, mediated by the
calcium-related PI3K/AKT signaling pathway (Fig. 7L).

Discussion
In this study, we sought to understand the effects of MCTP1 on the progression of NED in ADT-resistant
PCa. MCTP1 is a calcium-sensing protein that contains three calcium-binding C2 domains [22]. Calcium
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sensing is known to promote cell proliferation in androgen-dependent or independent PCa [47, 48]. Our
results demonstrated that MCTP1 was the most abundant gene that was signi�cantly upregulated in
ZBTB46 and HIF1A-high tissues among the hypoxia target markers of FOXA2. We showed a direct
interaction between the FOXA2/HIF1A complex and the ADT-induced transcription factor ZBTB46, and
demonstrated that MCTP1 upregulation is mediated by the ZBTB46/FOXA2/HIF1A complex, providing
evidence for its role in MCTP1 in cellular function leading to androgen-independent PCa or NEPC
development. Our data support FOXA2 upregulation as an activator of HIF1A-driven NEPC differentiation
[16, 17]. A study on mouse neurons indicated that MCTP1 mediates transferrin uptake in presynaptic
axons, suggesting a crucial role for MCTP1 in neuronal development [26]. In addition, MCTP1 regulates
neurotransmitter release in Caenorhabditis elegans [23] and is involved in neuronal cell secretion of
peptide hormones [26]. Although MCTP1 has been implicated in various neuropsychiatric diseases and is
involved in drug resistance in ovarian and esophageal cancers [27, 49], we demonstrated that MCTP1 is
regulated by hypoxia-associated ZBTB46/FOXA2/HIF1A transcription factors, which mediate malignant
progression and contribute to SNAI1-driven NED and EMT in PCa.

FOXA2 was shown to interact with hypoxia-HIF1A signaling to promote NEPC progression [50], and our
results demonstrated that the HIF1A/FOXA2 complex interacts with ZBTB46 to upregulate MCTP1
expression in PCa cells after ADT. MCTP1 was strongly upregulated in cells subjected to either ADT or
hypoxia, whereas this stimulation was abolished in cells with ZBTB46-KD, suggesting that MCTP1 is
upregulated by ZBTB46 after AR signaling inhibition. ADT induces hypoxia in PCa cells by upregulating
HIF1A [51, 52]; however, the mechanisms underlying HIF1A upregulation due to loss of AR function after
ADT and further activation of NED remain unknown. Since our recent studies uncovered a potential
regulatory network in which ZBTB46 is upregulated in PCa following ADT [30–32], our current results link
the inhibition of AR signaling-driven NED to hypoxia signaling through ZBTB46/FOXA2/HIF1A complex
upregulation. We further demonstrated that ZBTB46 cooperates with HIF1A/FOXA2 to mediate MCTP1
expression, resulting in calcium-related signaling pathways that drive NED and EMT in ADT-resistant PCa.

MCTP1 may affect calcium ion channel transport, thereby mediating the interaction between tumor cells
and the tumor microenvironment [53, 54]. We observed an abundance of MCTP1 in patients with high-
grade PCa and NEPC. However, it remains unclear whether MCTP1 drives NED in PCa tumors by
activating calcium ion channel transport. Calcium sensing is also involved in neural differentiation [55].
MCTP1 is a calcium sensor that contains three calcium-binding C2 domains [56], is involved in
endocytosis, and regulates oxidative stress and reactive oxygen species (ROS) production in neuronal
cells [26]. Increased SNAI1 protein levels have been found to be involved in the upregulation of ion
channel transport in response to TGF-β signaling [57, 58] and correlated with the NEPC phenotype [59].
Our results showed that activation of MCTP1 may promote the PI3K/AKT signaling-driven stimulation of
SNAI1 to upregulate NE and EMT marker expression in PCa cells under hypoxic conditions. We studied
the molecular mechanism of the interaction between calcium-related signaling and androgen-
independent pathways and explored how MCTP1 promotes EMT and the development of NEPC by
activating SNAI1-driven NE and EMT marker upregulation.
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Our previous studies revealed a model for the ADT-induced ZBTB46 transcription factor driving NED [30–
32]. Here, we further discovered that upregulation of ZBTB46 might be linked to hypoxia, indicating that
ZBTB46 interacts with the hypoxia-HIF1A/FOXA2 pathway, leading to the activation of the calcium
sensor transmembrane protein MCTP1. Our study contributes to the knowledge of the oncogenic function
of MCTP1 in NEPC development and its upregulation by ZBTB46/FOXA2/HIF1A signaling. We observed
that upregulation of MCTP1 may promote NED in PCa cells and is involved in the increase in EMT and
cell motility. For clinical applications, our �ndings will help assess whether MCTP1 could be used as a
biomarker for the diagnosis of NEPC and as a therapeutic target. Conventional regimens for NEPC
include taxanes and platinum-based chemotherapeutic drugs, which frequently induce severe adverse
effects [60]. Therefore, MCTP1 inhibition may prevent malignant transformation or NEPC development in
PCa after ADT. We hypothesized that strategies targeting MCTP1 may be effective against androgen-
independent PCa by modulating EMT and NED responses, which in turn determine the aggressiveness of
PCa. The current lack of understanding of the mechanisms underlying NEPC development makes
treatment more di�cult. In addition to supporting the molecular basis of ADT-induced MCTP1 expression
leading to NED and aggressiveness of PCa, our study also provides a new possibility for the clinical
prognosis and treatment of NEPC.

Conclusions
We investigated the molecular mechanism by which the ADT-induced ZBTB46 transcription factor
interacts with hypoxia-associated FOXA2/HIF1A transcription factors to upregulate the calcium sensor
transmembrane protein MCTP1 in PCa undergoing ADT resistance and explored how MCTP1 promotes
EMT and the development of NEPC by activating calcium-related signaling to enhance SNAI1-driven NE
and EMT marker upregulation.
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Figure 1

ADT-induced ZBTB46 is associated with HIF1A/FOXA2 upregulation. A Western blotting to determine
ZBTB46, HIF1A, FOXA2, and NKX3-1 in LNCaP cells cultured in 10% CSS-containing medium for the
indicated days. B Relative mRNA levels of ZBTB46, HIF1A, FOXA2, HES6, SOX9, KDM3A, NKX3-1, and
KLK3 in LNCaP cells with 5 or 10 days of 10% CSS-containing medium treatment and further treated with
10 nM DHT for 24 h. * vs. -CSS; # vs. +CSS/10 days, by a two-way ANOVA. C Relative mRNA levels of
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ZBTB46, HIF1A, FOXA2, HES6, SOX9, KDM3A, NKX3-1, and KLK3 in parental C4-2 cells compared to C4-2-
MDVR cells. * vs. Parental C4-2, by a one-way ANOVA. D Relative mRNA levels of ZBTB46 in a panel of
PCa cell lines cultured in normoxia (21% O2) and hypoxia (1% O2) for 24 h. * vs. Normoxia, by a one-way
ANOVA. E ZBTB46, HIF1A, and FOXA2 protein levels in PC3 cells treated with various concentrations of
DMOG for 24 h. F ZBTB46, HIF1A, and FOXA2 protein levels in C4-2 and LNCaP cells cultured in normoxia
(21% O2) and hypoxia (1% O2) for 24 h. G and H Relative mRNA levels of ZBTB46, HIF1A, FOXA2, HES6,
SOX9, and KDM3A in PC3 (G) and LNCaP (H) cells treated with 10 μM DMOG for 24 h. * vs. -DMOG, by a
one-way ANOVA. Quanti�cation of mRNA is presented as the mean ± SEM from three biological
replicates. * p<0.05, ** p<0.01, *** p<0.001. I and J IHC staining (I) and relative intensities (J) of ZBTB46,
HIF1A, and FOXA2 of the CA4 PCa TMA. The signi�cance of the positive correlations among the
intensities of ZBTB46, FOXA2, and HIF1A was determined by two-tailed Pearson correlation XY analyses
using GraphPad Prism. R, correlation coe�cient, P, p (two-tailed) value. K GSEA of TCGA PCa database
showing the enrichment of ZBTB46 expression associated with upregulated expression of hypoxia-
responsive gene signatures. NES, normalized enrichment score; FDR, false discovery rate.
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Figure 2

ZBTB46 potentially interacts with the HIF1A and FOXA2 protein complex. A and B IP of ZBTB46 (A),
FOXA2 (B) or IgG, and WB of ZBTB46, FOXA2, and HIF1A proteins in PC3 cells cultured with 10 μM of
DMOG or in a hypoxic chamber for 24 h. C IP of ZBTB46 or IgG, and WB of ZBTB46, FOXA2, and HIF1A
proteins in PC3 cells harboring a non-target control (Luc) or ZBTB46-KD shRNA vector following cultured
with 10 μM of DMOG for 24 h. D and E Relative mRNA levels of ZBTB46, FOXA2, HIF1A, HES6, and SOX9
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in PC3 cells expressing Luc or ZBTB46-KD shRNA vector following treatment with 10 μM DMOG (D) or
cultured in hypoxia (1% O2) condition (E) for 24 h. * vs. -DMOG (D) or normoxia (E); # vs. shLuc, by a two-
way ANOVA. F Various truncation mutants of FOXA2 protein constructs. G IP of DYK for DYK-tagged
FOXA2 mutants, and WB of ZBTB46 or DYK for various FOXA2 mutants in LNCaP cells co-transfected
with full-length ZBTB46 and DYK-tagged FOXA2 mutants expression vector following cultured with 10
μM of DMOG for 24 h. H-J Relative mRNA levels of hypoxia-related gene (HES6 and SOX9) in LNCaP cells
transfected with an empty vector (EV), wild type (FOXA2_FL) or various mutants of the FOXA2 expression
vector following cultured in 10 μM DMOG (H) or hypoxia (1% O2) condition (I) for 24 h or co-transfected

with ZBTB46 cDNA vector (J). * vs. the EV; # vs. -DMOG (H), Nomaxia (I) or -ZBTB46 (J), by a two-way
ANOVA. Quanti�cation of mRNA is presented as the mean ± SEM from three biological replicates. *
p<0.05, ** p<0.01, *** p<0.001.
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Figure 3

ZBTB46/FOXA2/HIF1A complex transcriptionally drives MCTP1 after ADT. A and B mRNA levels of
MCTP1 in LNCaP and C4-2 cells (A) and protein levels of MCTP1, ZBTB46, FOXA2, and HIF1A in C4-2
cells (B) transiently transfected with an empty vector (EV), or ZBTB46, FOXA2, and HIF1A cDNA vector. *
vs. the EV, by a one-way ANOVA. Quanti�cation of mRNA is presented as the mean ± SEM from three
biological replicates. ** p<0.01, *** p<0.001. C Schematic of the predicted HIF1A-, FOXA2-, and ZBTB46-
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response elements (HRE, FRE, and ZRE) and various introduced binding site mutants in regulatory
sequence reporter constructs of human MCTP1 (GRCh38:5); and sequence diagram of wild-type (WT)
and mutant (M) HRE, FRE, and ZRE. D-F ChIP assay showing binding of ZBTB46, FOXA2, and HIF1A
compared to acetyl-H3 to the predicted HRE, FRE, and ZRE of the MCTP1 gene regulatory sequence in C4-
2 cells treated with 10 μM DMOG for 24 h (D) or in parental C4-2 or C4-2-MDVR cells (E) or in PC3 cells
following stable transfection with a non-target control (Luc) or the ZBTB46 shRNA vector (F). Sheared
chromatin from nuclear extracts was precipitated with antibodies against ZBTB46, FOXA2, HIF1A, and
acetyl-H3, and predictive primers (C, black arrows) were used to quantify the precipitated DNA by a qPCR.
Enrichment of each protein to each site is given as a percentage of the total input and then normalized to
IgG. * vs. -DMOG (D) or parental C4-2 cells (E) or shLuc (F); by a one-way ANOVA. G and H Relative MFI of
the GFP reporter gene containing WT and M from the MCTP1 regulatory sequence in C4-2 cells following
10 μM DMOG treatment for 24 h (G) or in parental C4-2 or C4-2-MDVR cells (H). * vs. -DMOG (G) or
parental C4-2 cells (H); # vs. WT, by a two-way ANOVA. I Relative MFI of the GFP reporter gene containing
WT and M from the MCTP1 regulatory sequence in C4-2 cells transiently transfected with the EV, ZBTB46,
FOXA2, or HIF1A cDNA vector. * vs. the EV; # vs. WT, by a two-way ANOVA. Quanti�cation of the ChIP
assay and relative MFI values are presented as the mean ± SEM from three biological replicates. * p<0.05,
** p<0.01, *** p<0.001.
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Figure 4

MCTP1 is upregulated in high-grade PCa and NEPC tumors. A IHC staining of MCTP1, ZBTB46, FOXA2,
and HIF1A in a primary PCa TMA collected from the Duke University School of Medicine (Durham, NC,
USA). Scale bars, 100 μm. B Statistical analysis of the percentage and intensity of MCTP1, ZBTB46,
FOXA2, and HIF1A. Intensities were semiquantitatively scored using the H-index as follows: negative,
weakly positive, moderately positive, and strongly positive. p values were calculated by a Chi-squared test
performed using SPSS statistical 18.0 software. p<0.001. C Pearson correlation coe�cient analysis of
mean mRNA expression of MCTP1 relative to ZBTB46 and FOXA2 in patients (n=414) from TCGA PCa
dataset. D Mean mRNA expression of MCTP1 in human normal (n=28), primary (n=98), and metastatic
(n=13) prostate samples from the GSE21035 PCa dataset. * vs. normal tissues. * p<0.05; one-way
ANOVA. E Kaplan-Meier analyses of MCTP1 levels in the GSE21035 PCa dataset. Signi�cance was
determined by a log-rank (Mantel Cox) test. p=0.0335; Hazard ratio (MCTP1 high/MCTP1 low) =3.27. F
Pearson correlation coe�cient analysis of mean MCTP1 levels relative to PSA serum levels in patients
(n=111) from the GSE21035 PCa dataset. G and H GSEA of TCGA PCa dataset showed that higher
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MCTP1 expression of prostate tissues was positively associated with malignant progression and NEPC-
responsive gene signatures (G) or negatively associated with androgen-responsive gene signatures (H).
NES, normalized enrichment score; FDR, false discovery rate. I and J IHC staining (I) and relative
intensities (J) of MCTP1, ZBTB46, HIF1A, and FOXA2 of the SCPC TMA collected from the Duke
University School of Medicine. The signi�cance of the positive correlation among the intensities of
MCTP1, ZBTB46, FOXA2, and HIF1A was determined by two-tailed Pearson correlation XY analyses in
GraphPad Prism. R, correlation coe�cient, P, p (two-tailed) value.
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Figure 5

MCTP1 stimulation is associated with NED and is upregulated in PCa after ADT. A Relative protein levels
of MCTP1 in a panel of PCa cell lines. B Relative mRNA levels of MCTP1 in various PCa cells following
10 μM DMOG treatment for 24 h. * vs. -DMOG; # vs. VCaP, by a two-way ANOVA. C MCTP1, HIF1A, CHGA,
and ENO2 protein levels in C4-2 and LNCaP cells cultured in normoxia (21% O2) and hypoxia (1% O2) for
24 h. D WB of MCTP1, HIF1A, CHGA, and ENO2 in PC3 cells treated with various concentrations of DMOG
for 24 h. E and F Relative mRNA (E) and protein (F) levels of MCTP1 and NE markers in C4-2 and LNCaP
cells following stable transfection with an empty vector (EV) or an MCTP1 cDNA vector. * vs. the EV, by a
one-way ANOVA. G Relative protein levels of MCTP1 and NE markers in PC3 cells following stable
transfection with non-target control (Luc) or an MCTP1 shRNA vector. H and I Relative mRNA (H) and
protein (I) levels of MCTP1 and NE markers in PC3 cells expressing Luc or an MCTP1 shRNA vector
following treatment with 10 μM DMOG for 24 h. * vs. -DMOG; # vs. shLuc, by a two-way ANOVA. J Relative
protein levels of MCTP1, ENO2, and CHGA in LNCaP and C4-2 cells following treatment with CSS-
containing medium for 5 and 10 days and 10 nM DHT for 24 h. K and L Relative mRNA (K) and protein
(L) levels of MCTP1 and NE markers in C4-2 cells expressing control or MCTP1-KD following treatment
with CSS-containing medium for 5 days. * vs. -CSS; # vs. shLuc, by a two-way ANOVA. M and N Relative
mRNA (M) and protein (N) levels of MCTP1 and NE markers in parental C4-2 cells compared to
MDV3100-resistant C4-2 cells following transfected with control or an MCTP1 shRNA vector. * vs.
parental C4-2; # vs. shLuc, by a two-way ANOVA. Quanti�cation of mRNA is presented as the mean ± SEM
from three biological replicates. * p<0.05, ** p<0.01, *** p<0.001.
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Figure 6

Hypoxia-induced MCTP1 promotes malignant cell progression. A-C Relative migration and invasion (A
and B) and proliferation (C) of LNCaP and C4-2 cells stably transfected with an empty vector (EV) or an
MCTP1 cDNA vector. n=5 per group. * vs. the EV, by a one-way ANOVA. D and E Relative migration and
invasion (D) and proliferation (E) of PC3 cells stably transfected with a non-target control (Luc) or an
MCTP1 shRNA vector following treatment with 10 μM DMOG for 24 h. n=5 per group. * vs. -DMOG; # vs.
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shLuc, by a two-way ANOVA. Quanti�cation of migration, invasion, and proliferation assays presented as
the mean ± SEM from three biological replicates. * p<0.05, ** p<0.01, *** p<0.001. F Protein levels of
MCTP1, SNAI1, SNAI2, and TWIST1 in LNCaP and C4-2 cells stably expressing an EV or MCTP1 cDNA
vector. G Protein levels of MCTP1, SNAI1, SNAI2, and TWIST1 in PC3 cells stably transfected with the Luc
or MCTP1 shRNA vector. H Protein levels of MCTP1, SNAI1, SNAI2, and TWIST1 in PC3 cells expressing
control or MCTP1-KD following treatment with 10 μM DMOG for 24 h. I-K Tumor growth analysis of mice
subcutaneously inoculated with PC3 cells harboring the Luc or MCTP1 shRNA vector. Tumor sizes were
monitored once a week (I), and images (J) and tumor weights (K) were obtained at the end of the
experiment. * vs. shLuc. * p<0.05, ** p<0.01, by a one-way ANOVA. L and M IHC staining (L) and
representative intensities (M) of MCTP1, SNAI1, ENO2, KI67, and CA9 in subcutaneous tumors from (J). *
vs. shLuc. Signi�cance was determined by a two-tailed Student’s t-test. * p<0.05, ** p<0.01.
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Figure 7

Hypoxia-induced MCTP1 stabilize SNAI1 and drives NED and EMT of PCa through a calcium-activated
AKT signaling. A Fluorescent imaging the calcium in PC3 cells expressing a non-target control (Luc) or
MCTP1 shRNA vector following treatment with 10 μM DMOG for 24 h in calcium-free Hank’s balanced
salt solution (HBSS) and were labeled with Fluo-8 AM and examined under a �uorescent microscope. B
Flow cytometry analysis of calcium in PC3 cells expressing Luc or MCTP1 shRNA vector following
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treatment with 10 μM DMOG for 24 h in calcium-free HBSS after labeled with Fluo-8 AM. C Protein levels
of MCTP1, phosphorylated-AKT, AKT, and SNAI1 in C4-2 cells treatment with 0, 1, 10, and 25 μM of DMOG
for 24 h. D Protein levels of MCTP1, phosphorylated-AKT, AKT, and SNAI1 in C4-2 cells stably transfected
Luc or MCTP1 shRNA vector following treatment with 10 μM DMOG for 24 h. E Schematic of the
predicted E-box in the regulatory sequence of the human CHGA, SYP, and ENO2 genes. F-H ChIP assay
showing binding of nuclear SNAI1 to predicted E-boxes of CHGA, SYP, and ENO2 genes regulatory
sequence in PC3 cells stably transfected Luc or MCTP1 shRNA vector following treatment with 10 μM
DMOG for 24 h. Sheared chromatin from nuclear extracts was precipitated with antibody against SNAI1,
and predictive primers for putative E-boxes (E) were used to quantify the precipitated DNA by a qPCR.
Enrichment of each protein to each site is given as a percentage of the total input and then normalized to
IgG. * vs. -DMOG; # vs. shLuc. Data from relative ChIP enrichment levels are the mean ± SEM of three
independent experiments. * p < 0.05, ** p < 0.01, and *** p < 0.001 by a two-way ANOVA. I and J Relative
MFI of the GFP reporter gene containing the CHGA, SYP, and ENO2 regulatory sequences in PC3 cells
stably transfected with Luc, MCTP1-KD (I) or SNAI1-KD (J) shRNA vector following treatment with 10 μM
DMOG for 24 h. n=3 per group. * vs. -DMOG; # vs. shLuc, by a two-way ANOVA. K Relative mRNA levels of
SNAI1, NE (CHGA, SYP, and ENO2), and EMT (CD44 and VIM) markers in PC3 cells expressing Luc or
SNAI1-KD shRNA vector following treatment with 10 μM DMOG for 24 h. * vs. -DMOG; # vs. shLuc, by a
two-way ANOVA. Quanti�cation of mRNA and relative MFI are presented as the mean ± SEM from three
biological replicates. * p<0.05, ** p<0.01, *** p<0.001. L Proposed model for ADT-mediated NED links with
the hypoxia-induced FOXA2/HIF1A/ZBTB46 pathway through upregulation of MCTP1 in PCa. The effect
of MCTP1 on the enhancement of the EMT and NEPC development through the upregulation of SNAI1-
driven EMT and NE markers by activating the calcium-activated AKT signaling.
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