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Abstract: Chemoresistance is a major therapeutic challenge to prostate cancer and its underlying molecular mecha-
nism is poorly understood. Previously, it has been suggested that bone morphogenetic protein (BMP) signaling is
down-regulated during the prostate cancer progression from the early androgen-sensitive stage to the metastatic
castration-resistant stage. However, no literature reports are available for BMP signaling in more advanced-che-
moresistant prostate cancer. In this study, we found the expression levels of the BMP type | receptor members,
Activin-like kinase-2 (ALK2) and Activin-like kinase-3 (ALK3), were significantly higher in the chemoresistant prostate
cancer cells than those in the chemosensitive prostate cancer cells. In addition, the phospho-Smad1/5/9 proteins,
the pivotal intracellular effectors of the BMP signaling, were notably elevated in the chemoresistant prostate cancer
cells over the chemosensitive prostate cancer cells, indicating that BMP signaling is highly activated in the chemo-
resistant prostate cancer cells. We also found that BMP signaling inhibition with either DMHZ1 or the knockdown
of ALK2/ALK3 sensitized chemoresistant prostate cancer cells to the chemotherapy drug docetaxel in a dose-de-
pendent manner. Our further study indicates that DMH1 suppressed the migration and invasion of chemoresistant
prostate cancer cells in vitro, and attenuated chemoresistant prostate tumor growth in the mouse xenograft model
in vivo. In addition, we showed that DMH1 disrupted the sphere formation in DU145-TxR and PC3-TxR cells, and
suppressed the expression of marker genes of the cancer stem cells (CSCs). In conclusion, our study demonstrates
that BMP signaling is associated with prostate cancer chemoresistance and BMP signaling inhibition effectively
overcomes the cancer chemoresistance potentially through the disruption of CSCs’ stemness.
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Introduction [5]. Currently, molecular mechanisms for pros-
tate cancer chemoresistance are poorly under-
Prostate cancer is the second most common stood and effective therapies are not available.
cancer and a leading cause of cancer death
among men worldwide [1]. In the early stage,
prostate cancer is generally androgen-depen-
dent and androgen-deprivation therapy (ADT)

can effectively inhibit the growth of prostate

BMP signaling is mediated through transmem-
brane serine/threonine kinases, BMP type |
and type |l receptors [6]. Extracellular BMP
ligands promote the formation of a heteromeric

cancer [2-4]. Nevertheless, prostate cancer
may eventually stop responding to ADT and
becomes androgen independent, also known
as castration-resistant prostate cancer (CRPC).
Docetaxel (Taxotere) is one of the main che-
motherapy drugs to treat metastatic CRPC.
However, patients treated with docetaxel gen-
erally develop chemoresistance, a major thera-
peutic problem for prostate cancer treatment

complex consisting of two type Il kinase recep-
tors and two type | kinase receptors. This com-
plex-ligand aggregate enables the BMP type I
receptors to phosphorylate the type | receptors,
resulting in further phosphorylation of the in-
tracellular Smad 1/5/9 (phospho-Smadi1/5/9)
proteins. The phospho-Smadl/5/9 proteins
then form a complex with Smad4 and translo-
cate into the nucleus to regulate the expression
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of transcriptional genes such as Id1, 1d2, and
Id3 [6]. During prostate cancer progression
from the early androgen-dependent stage to
the metastatic CRPC stage, the expression of
BMP2 and BMP4 ligands becomes lower or
absent, and BMP type | and type Il receptors
are frequently deregulated in metastatic pros-
tate cancer [7-11]. In addition, Smad4, a critical
downstream protein to transduce extracellular
BMP signals to the nucleus for target gene tran-
scription, is often lost in CRPC as well [12]. In
summary, the literature indicates that BMP sig-
naling is down-regulated from the early andro-
gen-sensitive stage to the metastatic CRPC
stage. However, to date, no studies have been
reported on the BMP signaling in the more
advanced- chemoresistant prostate cancer. In
this study, we examined the expression of the
four BMP type | receptors and BMP activation
in both the chemosensitive and chemoresis-
tant prostate cancer cells. In addition, we inves-
tigated the effects of DMH1, a BMP signaling
inhibitor specifically targeting BMP type | recep-
tor, on the chemoresistance of prostate cancer
cells as well as DMH1 efficacy for the chemore-
sistant prostate cancer in a mouse xenograft
model [13].

Materials and methods
Cell culture and reagents

The human CRPC prostate cancer cell lines
DU145 and PC-3 were obtained from American
Type Culture Collection (ATCC, Manassas, VA,
USA), and the docetaxel-resistant cell lines
(DU145-TxR and PC3-TxR) were a gift from
Professor Moses S. S. Chow (College of Phar-
macy, Western University of Health Sciences,
Pomona, CA, USA). They were cultured in RPMI
1640 supplemented with 10% FBS (Gibco) and
1% penicillin/streptomycin (GenClone®) in an
atmosphere of 5% CO, at 37°C. Docetaxel was
purchased from Sigma-Aldrich Co. (St Louis,
MO, USA) and docetaxel injection solution (20
mg/mL) used for in vivo study was purchased
from Covetrus (Portland, ME, USA). DMH1
(4-[6-[4-(1-Methylethoxy)phenyl]pyrazolo[1,5-a]
pyrimidin-3-yl]-quinoline) (CAS No.: 1206711-
16-1; Molecular weight: 380.44) was pur-
chased from Selleck Chemicals LLC (Houston,
TX, USA). Hydrogen Chloride (4 mol/L in 1,4-
dioxane) (Molecular weight: 36.46, CAS RN®:
7647-01-0) was purchase from TCL. 2-

4074

Hydroxypropyl-B-cyclodextrin (2-HP-3-CD, CAS
No.: 128446-35-5; Average molecular weight:
1,460) was purchased from Millipore Sigma.

Protonated DMH1 chloride for in vivo study

Commercial DMH1 was modified into protonat-
ed DMH1 chloride to improve the solubility of
DMH1 for the in vivo animal study. Briefly, the
DMH1 powder from Selleck Chemicals LLC was
first dissolved in dioxane under vortex, and
then 3-4 times of the HCI 1,4-dioxane solution
was added to the solution, which was vortexed
for a further 30 min. The solution was frozen
using liquid nitrogen and then lyophilized under
a high vacuum until the solid powder was
obtained, which was further incorporated into
2-HP-B-CD to form an inclusion complex. To col-
lect the hazardous HCI gas, a vacuum line was
installed with a liquid nitrogen cold trap to con-
dense the HCL gas and the 1,4-dioxane sol-
vent. A calcium carbonate trap was followed to
absorb the remaining HCI gas in the vacuum
line.

Cell viability assay

The cell viability was measured based on a
colorimetric MTT assay using CellTiter 96®
AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA). Briefly, cells were
seeded in a 96-well plate and incubated at
37°Cin a 5% CO, incubator overnight followed
by different treatments for 72 hrs. Then 20 yL
of CellTiter 96® AQueous One Solution Rea-
gent was added to each well of the 96-well
plate containing the samples in 100 uL of cell
culture medium for 1 hr. The absorbance was
read on a POLARstar spectrophotometer (BMG
Labtech, Cary, NC, USA) at 490 nm. The results
were expressed as the percentage of treated
cells compared to untreated control using the
equation: Viable% = Absorbance (Test) X100

’ Absorbance (Control) ’
All the readings were normalized to the control.
The control cell viability was designated as
100%. The experiments were performed in trip-
licate for each treatment group.

Cell scratch-wound assay

PC3, DU145, PC3-TxR and DU145-TxR cells
were seeded in 35 mm dishes and cultured to
confluence. The wounds were scratched by a
pipette tip in the center of the culture. The cells
were washed and treated with DMSO, docetax-
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el (1 nM), DMH1 (3 pM) or the combination of
docetaxel (1 nM) and DMH1 (3 uM), respec-
tively. Photographs were taken when wounds
were created and after 24-hrs’ incubation by
using phase-contrast microscopy. The dis-
tance of each scratch closure was quantita-
tively evaluated using software ImageJ. A mini-
mum of three randomly chosen areas were
measured. The distance of cell migration to the
wound area was calculated as following:
(DO - Dn)
DO
resents the initial scratch width, Dn represents
the width at 24 hrs.

Migration rate (%) = X100, where DO rep-

Modified Boyden chamber invasion assay

Cell invasion was assessed by 24-Multiwell
Insert chambers (8 um pore size, GenClone®)
according to the manufacturer’s instructions.
The cell culture inserts were coated with
Matrigel (BD Biosciences, San Jose, CA, USA).
The cells were seeded followed by 72-hrs’ incu-
bation with or without different treatments.

Cells that had not moved to the lower wells
were removed from the upper surface of the fil-
ters by scraping them with cotton swabs. The
cells that penetrated through the Matrigel and
were adherent to the bottom of the membrane
were fixed in 4% paraformaldehyde (PFA) for
10 min followed by staining in 0.2% crystal vio-
let for 5 min. Then the invasion cells were
counted under a microscope manually. Mean
values for three randomly selected fields were
obtained for each well. Experiments were per-
formed in duplicate, and the mean values were
presented.

Western blotting

Cells were lysed with RIPA buffer (Sigma-
Aldrich, St Louis, MO, USA) supplemented with
protein inhibitors (complete ULTRA Tablets,
Roche) and phosphatase inhibitors (PhosSTOP,
Sigma-Aldrich, St Louis, MO, USA). Samples
were denatured by incubating at 95°C for 5 min
in the sample buffer. After being separated by
SDS-PAGE gels, the proteins were transferred
to a PDVF membrane (Millipore, Burlington, MA,
USA). The membrane was blocked with Odyssey
Blocking solution (Li-Cor Biosciences, Lincoln,
NE, USA) for 1 hr at room temperature, followed
by primary antibody incubation at 4°C over-
night. Primary antibodies used were mouse
anti-beta actin (Cell Signaling Tech, Danvers,
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MA, USA), rabbit anti-p-Smad1/5/9 (#13820,
Cell Signaling Tech, Danvers, MA, USA), mouse
anti-Smad 1/5 (ab75273, Abcam, Waltham,
MA, USA), rabbit anti-ALK2 (SAB1306388,
Sigma-Aldrich, St Louis, MO, USA) and rabbit
anti-ALK3 (ab174815, Abcam, Waltham, MA,
USA). The proteins were detected by an Odys-
sey system (Li-Cor bioscience, Lincoln, NE,
USA) followed by the secondary antibodies
including IRDye 680-conjugated goat anti-rab-
bit 1gG (Li-Cor Bioscience, Lincoln, NE, USA)
and IRDye 800CWconjugated goat anti-mouse
IgG (Li-Cor Bioscience, Lincoln, NE, USA).

Real-time PCR

Total RNA was extracted using an RNeasy Mini
kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol. The first strand
cDNAs were synthesized using the High-cap-
acity cDNA Reverse Transcription kit (Thermo
Fisher Scientific, Waltham, MA) according to
the manufacturer’s instructions. Quantitative
real-time PCR was performed using Fast
Syber Green (2%x) Master Mix (Thermo Fisher
Scientific, Waltham, MA) in triplicate on Bio-
Rad CFX connected Real-Time PCR system.
The human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene was used as an inter-
nal control. The primer sets used in this study

are shown in Supplementary Table 1.

Transfection

For the knockdown experiments, DU145-TxR
and PC3-TxR cells were seeded in 96-well
plates in the growth medium RPMI1640/10%
FBS without antibiotics. The cells were trans-
fected with Fugene HD transfection reagent
(Promega, Madison, WI, USA) following the
manufacturer’s instructions using ALK2 Hu-
man siRNA oligo Duplex (SR300056, OriGene,
Rockville, MD, USA) or ALK3 human siRNA
oligo Duplex (SR300454, OriGene, Rockville,
MD, USA) at a concentration of 20 nM, res-
pectively. Negative control siRNA duplex
(SR30004, OriGene, Rockville, MD, USA) was
also used as the control.

Tumor xenograft and drug administration

The animal experimental protocol was approved
by the Western University of Health Sciences
Institutional Animal Care and Use Committees
(IACUC) which follows the Guide for the Care
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and Use of Laboratory Animals of the National
Institutes of Health. A total of 40 NSG mice
(NOD.Cg-Prkdcscid 112rgtm1Wjl/SzJ) from the
Jackson laboratory (#005557) were used in
this study. PC3-TXR cells were cultured in the
cell culture medium, harvested, resuspend-
ed in serum-free RPMI1640 and diluted by
Matrigel (BD Biosciences, San Jose, CA, USA)
and PBS (1:1). Approximately 1x10° cells
were then subcutaneously implanted into the
right flank region of mice. When the xeno-
graft tumors reached about 100 mm3 (tumor

volume = WM), where Width is the

tumor measurement at the widest point, and
Length is the tumor dimension at the longest
point), the mice were randomly divided into four
groups and treatment was started as the Day
0: a) the vehicle control group (saline i.v. injec-
tion/once per week, 12.5% HP-B-CD, i.p. injec-
tion/every other day), b) docetaxel treatment
group (20 mg/kg docetaxel i.v. injection/once
per week), ¢c) DMH1 treatment group (5 mg/kg
protonated DMH1 chloride dissolved in 12.5%
HP-B-CD i.p. injection/every other day), d)
docetaxel plus protonated DMH1 chloride (20
mg/kg docetaxel i.v. injection/once per week,
5 mg/kg protonated DMH1 chloride dissolved
in 12.5% HP-B-CD i.p. injection/every other
day). The docetaxel solution was administered
once a week for two weeks. Tumor volumes
were measured twice a week. The tumor tis-
sues were dissected and weighed at the end of
the study. Parts of the tumor tissues were fro-
zen at 80°C and the rests were fixed immedi-
ately in 10% neutral buffered formalin.

Immunofluorescence staining

The tumor tissue was fixed in 10% Neutral
buffered formalin and then placed into 30%
sucrose solutions at room temperature. The
tumor tissues were quickly frozen in OCT com-
pound (Fisher HealthCare) in liquid nitrogen.
The frozen OCT block was then sectioned (10
pm thick) using a cryostat (Leica, Model CM
1950, Germany). For the immunocytochemi-
stry staining, the slices were washed with PBS
three times and blocked with 5% normal goat
serum (Cell Signaling Tech, Danvers, MA, USA)
with 0.3% Triton X-100 in PBS for 1 hr at room
temperature. The slices were incubated over-
night with primary antibody Ki67 (#9449, Cell
Signaling Tech, Danvers, MA, USA) at 4°C in a
humidity chamber. In the next day, the slices
were washed three times with PBS, and then
incubated for 2 h at room temperature with flu-
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orescent secondary antibody Alexa Fluor® 488
conjugate (#4408, Cell signaling Tech, Danvers,
MA, USA). The slices were then washed three
times with PBS. Finally, the slices were cover-
slipped with Prolong® antifade reagent with
DAPI (#8961, Cell Signaling Tech, Danvers, MA,
USA). Immunofluorescence images were taken
with Zeiss LSM 880 confocal microscope. Data
and images were analyzed with Image J soft-
ware and analyzed via Student’s t-test. P<0.05
was considered statistically significant.

Sphere formation assay

Cells were plated at 1000 cells/mL on a low-
attached 6-well-plate for suspension culture.
Cells were grown in serum-free Prostate
Epithelial Cell Growth Basal Medium (Lonza
Walkersville, MD, USA) supplemented with 4
pg/mL insulin (Sigma-Aldrich, St Louis, MO,
USA), B27 (Thermo Fisher Scientific, Waltham,
MA, USA), 20 ng/mL basic fibroblast growth
factor (bFGF; Sigma-Aldrich), 20 ng/mL epider-
mal growth factor (EGF; Sigma-Aldrich, St
Louis, MO, USA) for 14 days. The sphere-form-
ing capacity was assessed by the number of
colonies and the sphere size larger than 50
um diameter was calculated. The Images were
taken using an EVOS FL microscope (Thermo
Fisher Scientific, Waltham, MA, USA).

Statistical analysis

All values are expressed as means + SEM
unless specified in the figures. The results of
different groups were compared using a one-
way analysis of variance (ANOVA), followed by
the post-hoc Bonferroni test for multiple com-
parisons. Comparison of the means between
two groups was conducted using Student’s
t-test with GraphPad Prism 8.3.1 (GraphPad,
San Diego, CA, USA), and the results were con-
sidered statistically significant if the p-value is
less than 0.05.

Results

ALK2 and ALK3 expression levels are en-
hanced in the chemoresistant prostate cancer
cells

The BMP type | receptor is indispensable for
BMP signaling regulation, and it consists of four
members (ALK1, ALK2, ALK3 and ALK®6), each
of which can mediate the BMP signaling. We
examined the mRNA expression of all four BMP
type | receptor members by RT-PCR in both
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Figure 1. BMP type | receptors ALK2 and ALK3 expression is highly upregulated in chemoresistant prostate cancer
cells. A and B. mRNA expression of all four BMP type | receptor members (ALK1, ALk2, ALK3 and ALK6) was exam-
ined by RT-PCT in both chemosensitive DU145 and PC3 cells and chemoresistant prostate cancer DU145-TxR and
PC3-TxR cells (n=3, **P<0.01, ***P<0.001). C. Western blotting result confirmed that ALK2 and ALK3 expression
levels were enhanced in DU145-TxR and PC3-TxR cells in comparison to DU145 and PC3 cells.

chemosensitive cell lines (DU145 and PC3) and
the chemoresistant cell lines (DU145-TxR and
PC3-TxR cells). The result indicates that ALK1
MRNA was not detectable in either the chemo-
sensitive or the chemoresistant cells whereas
MRNA expression levels of ALK2 and ALK3
were consistently increased in both chemore-
sistant DU145-TxR and PC3-TxR cells over the
chemosensitive DU145 and PC3 cells (Figure
1A and 1B). Interestingly, ALK6 mRNA expres-
sion remained unchanged in DU145 and
DU145-TxR cells but was downregulated in the
chemoresistant PC3-TxR cells in comparison to
the PC3 cells.

To confirm the ALK2 and ALK3 expression at
the protein level, we conducted Western Blot-
ting. The result demonstrates that protein
expressions of both ALK2 and ALK3 were dra-
matically enhanced in the chemoresistant
DU145-TxR and PC3TxR cells in comparison to
the chemosensitive DU145 and PC3 cells
(Figure 1C).

In chemoresistant cells, the BMP signaling
is highly activated which can be effectively
blocked by DMH1

We next examined the BMP signaling in both
the chemosensitive and the chemoresistant
prostate cancer cells by Western Blotting. The
result showed that phospho-Smadl/5/9 was
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barely detectable in the sensitive DU145 and
PC3 cells but was strongly enhanced in the
resistant DU145-TxR and PC3-TxR cells, indi-
cating that the BMP signaling is highly activat-
ed in the chemoresistant prostate cancer cells
(Figure 2A). Furthermore, we treated DU145-
TXR and PC3-TxR cells with BMP signaling in-
hibitor DMH1 at 3 yuM and 5 pM for overnight,
and DMH1 effectively blocked the Smad1/5/9
phosphorylation in resistant DU145-TxR and
PC3-TxR cells (Figure 2A). In consistence, the
RT-PCR demonstrated that DMH1 dramatically
down-regulated the mRNA expression of the
BMP signaling target genes: Id1, 1d2 and 1d3 in
DU145-TxR and PC3-TXR cells (Figure 2B).
Taken together, those results indicate that the
BMP signaling activation may be associated
with the prostate cancer chemoresistance, and
DMH1 effectively blocks the BMP signaling in
the chemoresistant prostate cancer cells.

BMP signaling inhibition sensitizes the chemo-
resistant prostate cancer cells to docetaxel

Next, we examined the effects of BMP signaling
inhibition by DMH1 on the sensitization of
the chemoresistant prostate cancer cells to
docetaxel. As expected, the resistant DU145-
TXR and PC3-TxR cells were significantly resis-
tant to docetaxel in contrast to the sensitive
DU145 and PC3 cells, and DMH1 in combina-
tion with docetaxel didn't show any synergistic

Am J Cancer Res 2023;13(9):4073-4086
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Figure 2. BMP signaling is activated in the chemoresistant prostate cancer cells and BMP inhibitor DMH1 effec-
tively block BMP signaling. A. Western Blotting shows that phosph-Smad1/5/9, the essential intracellular effectors
of BMP signaling, is highly up-regulated in DU145-TxR cells and PC3-TxR cells in contrast to that in DU145 or PC3
cells, and DMH1 treatment blocked phosph-Smad1/5/9. B. RT-PCR indicates that DMH1 effectively downregulated
the mRNA expression of the BMP signaling target genes, I1d1, Id2 and 1d3. All data are compared to non-treatment

group (n=3, *P<0.05, **P<0.01, ***P<0.001).

effect on the sensitive DU145 and PC3 cells
versus docetaxel treatment alone (Figure 3A
and 3B). In contrast, DMH1 significantly sensi-
tized the chemoresistant DU145-TxR and PC3-
TxR cells to docetaxel in a dose-dependent
manner, suggesting that the BMP signaling is
associated with prostate cancer chemoresis-
tance (Figure 3C and 3D).

To verify that the sensitization effect of DMH1
on chemoresistant prostate cancer cells is
through BMP signaling, we knocked down the
BMP type | receptors ALK2 and ALK3 individu-
ally and simultaneously by siRNAs in DU145-
TxR and PC3-TxR cells. As shown in Figure 4A,
the sensitization of DU145-TxR and PC3-TxR
cells to docetaxel was achieved by simultane-
ous knockdown of both ALK2 and ALK3, but
not individual knockdown of either ALK2 or
ALK3, suggesting that BMP signaling-mediated
by either ALK2 or ALK3 is implicated in pros-
tate cancer chemoresistance. In addition, the
RT-PCR result confirms that ALK2 and ALK3
were effectively knocked down in the DU145-
TxR and PC3-TxR cells (Figure 4B).
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DMH1 decreases the migration and invasion
of the chemoresistant prostate cancer cells

Since active migration and invasion are impor-
tant for the progression of cancer cells, we per-
formed in-vitro cell migration and invasion
assays in the chemoresistant prostate cancer
cells. The scratch-wound assay was conducted
to determine cell migration by creating wound
gaps in the cultured DU145-TxR and PC3-TxR
cells. The cells were treated with DMSO, 1 nM
docetaxel, 3 yM DMH1, and 1 nM docetaxel
combined with 3 yM DMHZ1 for 24 hrs respec-
tively, and the gap distances were then nor-
malized with the initially measured distances.
The result showed that 1 nM docetaxel did not
significantly change the cell migration in both
DU145-TxR and PC3-TXR cells where 3 uM
DMH1 alone statistically significantly slowed
down the migration by 26.7% for DU145-TxR
cells and 30.2% for PC3-TxT cells compared to
the DMSO control (Figure 5A). The docetaxel
combined with DMH1 treatment slowed down
the migration by approximately 89% in both
DU145-TxR cells and PC3-TXR cells in compari-
son to the DMSO controls.

Am J Cancer Res 2023;13(9):4073-4086
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Figure 3. BMP signaling inhibitor DMH1 sensitizes chemoresistant DU145-TxR and PC3-TxR cells to docetaxel in
dose-dependent manners. DMH1 has no effects on the sensitivity of DU145 and PC3 cells to docetaxel (A and
B), but it dramatically sensitizes the resistant DU145-TxR and PC3-TxR cells to docetaxel in dose-dependent man-
ners (C and D). The nonlinear regression was used to generate curves in the Prism software. Note: The X-axis is in
logarithmic scale. The cells were treated with vehicle DMSO, or DMH1 (0.5 pM, 3 uM and 5 pM) with combination
of docetaxel (0, 0.1, 0.33, 1, 3.3, 10, 33.3, 100 and 200 nM) for 72 h. The control cell viability (no docetaxel) was
designated as 100%, and the cell viabilities were normalized to the control cell viability without docetaxel treatment.

The cell invasion was measured by using a
modified Boyden chamber assay. Both DU145-
TxR cells and PC3-TxR cells were seeded on
Matrigel-coated chambers, followed by 72 hr-
incubation with DMSO, 1 nM docetaxel, 3 yM
DMH1, and 1 nM docetaxel combined with
3 UM DMH1, respectively. DMH1 treatment
alone dramatically reduced the cell invasion of
DU145-TxR cells and PC3-TxR cells through
Matrigel-coated membranes by approximately
47.6% and 68.5%, respectively, in comparison
to the control (Figure 5B). In addition, treat-
ment with the combination of docetaxel and
DMH1 decreased the cell invasion by 89.6% in
DU145-TxR cells and 89.1% in PC3-TxR cells
(Figure 5B). In summary, DMH1 alone or com-
bined with docetaxel dramatically decreased
the migration and invasion of the chemoresis-
tant prostate cancer cells.
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DMH1 attenuates chemoresistant prostate
tumor growth in the mouse xenograft model

We next assessed the effect of DMH1 on che-
moresistant prostate cancer growth in a mouse
xenograft model. One week after tumor im-
plantation, the animals with growing tumors of
proper sizes were divided into four groups treat-
ed by vehicle, docetaxel, DMH1, and docetaxel
combined with DMH1 (n=9 for each group)
respectively. The duration of the treatment was
16 days from the time of the first drug injection.
The result showed that the average tumor vol-
ume in the docetaxel treatment group was
slightly smaller (but not statistically significant)
than that in the vehicle control group (Figure
6A). Whereas the average tumor volumes in
the DMH1 treatment group and docetaxel
combined with DMH1 group were significantly
decreased on days 14, 18, 21 and 23 after
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Figure 4. Knockdown of both ALK2 and ALK3 by siRNAs significantly sensitizes the chemoresistant DU145-TxR
and PC3-TxR cells to docetaxel. A. siRNA knockdown of ALK2, ALK3 simultaneously sensitized the DU145-TxR and
PC3-TxR cells to docetaxel (DTX in Figure). B. RT-PCR confirmed that siRNAs significantly knocked down both ALK2
and ALK3 simultaneously in DU145-TxR and PC3-TxR cells. All data are compared to control group (n=3, **P<0.01,

*%%pP<0.001).

tumor implantation and decreased by 34.8%
and 57.6% in comparison to the vehicle control
group on day 23, respectively (Figure 6A). In
addition, the body weight losses of the mice in
all four groups were below the generally accept-
ed body-weight reduction (20% or more) [14]
(data not shown).

To further examine the effect of DMH1 on tu-
mor cell proliferation in vivo, the fixed tumor tis-
sue samples from each group were sliced and
subjected to immunostaining with human spe-
cific proliferation marker Ki-67. The confocal
images showed apparent decreases of Ki67
positive cells in the DMH1 group and DMH1/
Docetaxel group versus the vehicle group, with
a most significant decrease of Ki-67 positive
cells in the DMH1/Docetaxel group (Figure 6B).
The quantified data shows that human-specific
Ki-67 positive cells in the DMH1 group and the
DMH1/Docetaxel group were decreased by
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46.6% and 54.2%, respectively. In conclusion,
the mouse xenograft study indicates that DMH1
alone and in combination with docetaxel dra-
matically attenuated chemoresistant prostate
cancer cell proliferation in vivo.

DMH1 attenuates stem-like properties of che-
moresistant prostate cancer cells

The CSCs are thought to be essential for can-
cer initiation, metastasis, and chemoresis-
tance [15-17]. Therefore, we examined the
effects of DMH1 on the CSCs by the sphere-
formation assay, a method used for studying
the CSCs’ stemness [18]. In brief, the che-
moresistant DU-145-TxR and PC3-TxR cells
were plated on a low-attached 6-well-plate for
the suspension culture for 14 days, and the
sphere-forming capacity was assessed by the
number of colonies in size larger than 50 uym
diameter. The result shows that docetaxel treat-

Am J Cancer Res 2023;13(9):4073-4086



BMP inhibitor DMH1 overcomes prostate cancer chemoresistance

A Migration B Invasion
50-.
DU145-TxR 1504 DU145-TxR
32 40 T
e X 1004
& 30- i < 100
2 -
& 20- @ v
L) £ 80
i ‘o- LR L]
0 M 0 M
| | | I |
ctrl DTX DMH1 DTX/DMH1 Ctrl DTX DMH1 DMH1/DTX
%09 PC3-TxR 150+ PC3-TXR
32 40
8 ; 1] ae 100-1
¢ 30- <
e ®
¢ 20 ®
= g 501
: 10- "ew
0 T r-;:l 0 r . l-l
ctrl DTX DMH1 DTX/DMH1 Ctrl DTX DMH1 DMH1IDTX
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DU145-TxR and PC3-TxR cells were determined using the Cell Scratch-Wound Assay after 24-hour treatment. Cell
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Figure 7. DMH1 inhibits sphere formation and attenuates the expression of CSCs’ markers in chemoresistant pros-
tate cancer cells. A. Representative images for the sphere formation assay in chemoresistant DU145-TxR and PC3-
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ABCG2, OCT-4 and Nanog are statistically significantly down-regulated in resistant DU145-TxR and PC3-TxR cells

treated with 3 uM DMH1 (**P<0.01, ***P<0.001).

ment did not statistically significantly alter the
sphere number in DU145-TxR and PC3-TxR
cells. In contrast, 3 yM DMH1 treatment led to
40.6% and 40.3% of decreases in the sphere
numbers of DU145-TxR and of PC3-TxR cells,
respectively (Figure 7A and 7B). Furthermore,
we examined whether DMH1 alters the expres-
sion of CSCs’ markers in the DU-145-TxR and
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PC3-TxR cells. ABCB1, and ABCG2, Oct-4 and
Nanog are marker genes known for prostate
CSC [19-25], and the RT-PCR result demon-
strated that DMH1 could dramatically down-
regulate the expression of all the four stem cell
marker genes in DU-145-TXR and PC3-TxR
cells (Figure 7C-F). In addition, Western blot-
ting study indicates that DMH1 inhibits CSCs’
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marker ABCG2 expression in chemoresistant
prostate cancer cells (Supplementary Figure 1).
In summary, DMH1 treatment disrupted the
CSCs’ stemness in the chemoresistant pros-
tate cancer cells.

Discussion and conclusion

Cumulative studies have shown that altered
BMP signaling is implicated in multiple types
of cancer including hepatocellular carcinoma,
colorectal cancer, lung cancer, breast cancer
and prostate cancer [7, 12, 13, 26-31]. How-
ever, few studies on the role of the BMP signal-
ing in the cancer chemoresistance have been
reported. We found that the expressions of
ALK2 and ALK3 were enhanced and the BMP
signaling was highly activated in the chemore-
sistant prostate cancer cells in comparison to
the chemosensitive prostate cancer cells, sug-
gesting that BMP signaling activation may be
associated with prostate cancer chemoresis-
tance. This is consistent with the fact that
BMP inhibitor DMH1 or knockdown of both
ALK2 and ALK3 receptors dramatically sensi-
tized the chemoresistant prostate cancer cells
to docetaxel. In addition, DMH1 alone or in
combination with docetaxel effectively decre-
ased the migration and invasion of the chemo-
resistant prostate cancer cells in vitro, and sig-
nificantly attenuated tumor growth in the immu-
nodeficient NSG mice implanted with the che-
moresistant PC3-TxR cells in vivo, suggesting
that BMP inhibition by DMHZ1 could overcome
the chemoresistance of prostate cancer to
docetaxel. In consistence, the association of
the BMP signaling activation with the cancer
chemoresistance is supported by some reports.
For instance, in ovarian cancer, human carcino-
ma-associated mesenchymal stem cells acti-
vate the BMP and Hedgehog signaling path-
ways which increase the proliferation of CSCs
and enhance the chemoresistance of ovarian
cancer [32]. In addition, a very recent report
showed that BMP signaling activated by BMP4
increases the chemoresistance of breast can-
cer cells [33].

BMP signaling is known to regulate the CSCs’
self-renewal and the CSCs’ stemness is
accountable for the cancer chemoresistance
[15, 17, 34-36]. For instance, the hyperactiva-
tion of BMP signaling promotes CSCs’ prolifera-
tion in breast cancer and oral squamous cell
carcinoma [37, 38]. In consistence, our study
has demonstrated that DMH1 dramatically
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inhibited the sphere formation and down-regu-
lated the expression levels of CSCs’ markers
ABCB1, ABCG2, OCT-4 and Nanog in the che-
moresistant prostate cancer cells, suggesting
that DMH1 attenuated the CSCs’ stemness in
chemoresistant prostate cancer.

One limitation of this study is that no prostate
tissue samples from human patients with che-
moresistant prostate cancer have been investi-
gated, and it remains to be verified whether our
findings of BMP signaling in the docetaxel-
resistant cell lines faithfully recapitulate char-
acteristics of human prostate tissues of the
docetaxel-treated prostate cancer patients.
Nevertheless, the taxoid (docetaxel or pacli-
taxel)-resistant cancer cell lines have been
widely accepted as reliable and alternative in-
vitro models to study chemo-resistance in
many types of cancer including ovarian cancer,
breast cancer, lung cancer and prostate cancer
[15, 39-53]. Moreover, Domingo et al has con-
firmed that the docetaxel-resistant prostate
cancer cell lines used in our study display phe-
notypes similar to human prostate tissues of
the docetaxel-treated prostate cancer patients,
supporting docetaxel-resistant prostate cancer
cell lines as a reliable model for the prostate
cancer chemo-resistance [54].

In summary, our study indicates that the BMP
signaling is associated with the prostate can-
cer chemoresistance and targeting BMP signal-
ing with selective type | receptor inhibitors, like
DMH1, may represent a novel therapeutic strat-
egy to overcome the chemoresistance of pros-
tate cancer.
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Supplementary Table 1. The primer sets used in the study

Genes

Oligonucleotides

Human GAPDH

5-GGTGTGAACCATGAGAAGTATGA-3’ (forward)
5’-GTCCTTCCACGATACCAAAG-3’ (reverse)

Human ALK1 5’-CAACAGTCCAGAGAAGCCTAAA-3’ (forward)
5’-CTCACACTACCTCTACCCAGATA-3’ (reverse)
Human ALK2 5’-GTGACCAAGAGCCTGCATTA-3’ (forward)
5’-TTGGGCTTCTCATCTTCCATAC-3’ (reverse)
Human ALK3 5-AGTGGGTCTGGACTACCTTTA-3’ (forward)
5’-GCCCATCCATACTTCTCCATATC-3’ (reverse)
Human ALK6 5’-CCTATACACCACAGGGCTTTAC-3’ (forward)
5-CGAGGTCTGGTTTCTTGTCTT-3’ (reverse)
Human ABCG2 5’-GTGTGTCTGGAGGAGAAAGAAA-3’ (forward)
5’-GCTTGAGTCTAAGCCAGTTGTA-3’ (reverse)
Human ABCB1 5’-TGCTGGTTGCTGCTTACA-3’ (forward)
5’-GCCTATCTCCTGTCGCATTATAG-3’ (reverse)
Human ld1 5’-GCTGTTACTCACGCCTCAA-3’ (forward)
5’-CAACTGAAGGTCCCTGATGTAG-3’ (reverse)
Human Id2 5’-GCACGTCATCGACTACATCTT-3’ (forward)
5-AGGATGCTGATATCCGTGTTG-3’ (reverse)
Human 1d3 5’-CGACATGAACCACTGCTACTC-3’ (forward)
5’-GATGACGCGCTGTAGGATTT-3’ (reverse)
Human OCT4 5’-GAGAGGCAACCTGGAGAATTT-3’ (forward)

Human Nanog

5’-ACTCGGACCACATCCTTCT-3’ (reverse)
5’-ACCCAATCCTGGAACAATCAG-3’ (forward)
5-AGTCACTGGCAGGAGAATTTG-3’ (reverse)

Du145-TXR PC3-TXR
Ctrl DMH1 Citrl DMH1

AP — . [-actin

Supplementary Figure 1. Western blotting study indicates that DMH1 inhibits CSCs’ marker ABCG2 expression in
chemoresistant prostate cancer cells.



