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Abstract. Background/Aim: De-differentiation is a key step
for the progression of cancer cells. This study investigated the
anti-tumor effect of kartogenin (KGN), which has the ability
to differentiate cells, on prostate cancer (PC) cells. Materials
and Methods: The effects of KGN on androgen receptor (AR)
nuclear localization, prostate-specific antigen (PSA)
expression, and Smad2 activation as well as the growth of PC
cell lines (LNCaP, 22Rv1 and PC-3) were analyzed. Results:
KGN significantly inhibited growth of AR-expressing LNCaP
and 22Rv1 cells but not of AR-lacking PC-3 cells. KGN
decreased AR nuclear localization and PSA expression, but
did not enhance the anti-tumor effect of bicalutamide in
LNCaP cells. KGN activated Smad2 both in the absence and
presence of TGF-β1. KGN also inhibited growth of docetaxelresistant PC cells, 22Rv1DR, and re-sensitized them to the
agent. Conclusion: KGN has a potential as a novel
therapeutic for PC patients after treatment failure.

This article is freely accessible online.

receptor inhibitors (SG-ARIs) have been recently approved
(1-3). Although SG-ARIs show improved outcomes in
patients with advanced hormone-sensitive prostate cancer
(HSPC) and CRPC, eventually, resistance to SG-ARIs
develops via several mechanisms. AR signaling axis is still
one of the major targets for SG-ARI-refractory PCs (4).
Apart from AR signaling, AR-independent mechanisms of
resistance to SG-ARIs, including TGF-β signaling pathway,
have also been reported (4). TGF-β has been observed to
inhibit the growth of normal cells, and to promote
progression and metastasis of cancer cells via enhancing
epithelial-mesenchymal transition (EMT), suggesting that
TGF-β signaling pathway could be a novel therapeutic target
for cancer (5-7).
Kartogenin (KGN), a small heterocyclic compound,
stimulates differentiation of human mesenchymal stem cells
(MSCs) to chondrocytes, therefore KGN has been considered
to be a candidate drug for tissue repairing or regeneration (811). Cai et al. showed that KGN regulates TGF-β/Smad
pathway via increasing phosphorylation of the Smad family
proteins and proposed its potential role in chondrogenesis (10).
Since Smad proteins are main regulators of TGF-β signaling,
it would be theoretically possible for KGN to inhibit growth of
cancer cells by inducing their differentiation (12). To date, no
report has been published on the role of KGN in cancer cell
growth. In the present study, we investigated the role of KGN
on PC cell growth and its underlying mechanisms.
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Cell lines. Human PC cell lines LNCaP and PC-3 were obtained
from the JCRB Cell Bank (Osaka, Japan), and 22Rv1 was purchased
from the European Collection of Authenticated Cell Cultures. Cells
were maintained in RPMI-1640 (Wako Pure Chemical Industries,

Recent advances in prostate cancer (PC) research have
provided several new treatment options for advanced and
castration-resistant prostate cancer (CRPC). Among them,
targeting the androgen receptor (AR) signaling axis is an
important strategy and the second-generation androgen
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Osaka Japan) containing penicillin, streptomycin and 10% fetal
bovine serum (Equitech-Bio, Kerrville, TX, USA).

Reagents. Kartogenin, bicalutamide and docetaxel purchased from
Selleck Chemicals (Houston, TX, USA) were dissolved in dimethyl
sulfoxide (DMSO). TGF-β1, purchased from PeproTech (Cranbury,
NJ, USA), was reconstituted at 0.1 mg/ml in 10 mM citric acid, pH
3.0 containing 0.1% BSA in accordance with the manufacturer’s
instructions.

Cell viability assay. Cells (LNCaP and 22Rv1: 3.0×103, PC-3:
1.0×103) were seeded into 96-well plates and cultured in complete
medium. Twenty-four hours after seeding, cells were treated with
KGN, TGF-β1, bicalutamide and/or docetaxel. WST-1 assay was
performed 72 h after treatment using WST-1 assay kit (Roche
Diagnostics, Mannheim, Germany).

Cell treatments and western blot analysis. Western blot analysis was
performed as described in previous reports (13, 14). Briefly, cells
(4.0×105) were seeded onto 6-well plates and cultured in complete
medium containing FBS. Twenty-four hours later, medium was
changed to serum-free medium with or without KGN. In specified
experiments, cells were also treated with TGF-β1. Whole cell lysates
were harvested and suspended in RIPA (radioimmunoprecipitation)
buffer containing protease inhibitor cocktail and phosphatase inhibitor
cocktail (Sigma Aldrich, St. Louis, MO, USA). The cell lysates were
subjected to SDS-PAGE followed by Western blotting. All primary
antibodies were purchased from Cell Signaling Technology (Danvers,
MA, USA). The immunoreactive proteins were detected using
horseradish peroxidase-conjugated anti-rabbit antibody (Cell
Signaling Technology) and ImmunoStar (FUJIFILM Wako Pure
Chemical, Osaka, Japan).

Cell treatment and extraction of nuclear and cytoplasmic proteins.
Cells (5.0×105) were seeded in 6-well plates and medium was
changed to serum free medium 24 h after seeding. After treatment
with KGN for 24 h, nuclear and cytoplasmic proteins were
separated using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (Thermo Scientific, Waltham, MA, USA). Extracted
proteins were subjected to western blotting.
Statistical analysis. Statistical analysis was performed by Student’s
t-test and one-way ANOVA followed by Turkey’s multiple
comparison test using Graph Pad Prism 7 version 7.03 (Graph Pad
Software, San Diego, CA, USA). Differences were considered
significant when p<0.05.

Results

KGN inhibited growth of 22Rv1 and LNCaP cells. In order
to investigate the anti-tumor effect of KGN in PC cells, cell
proliferation assay was performed. Treatment with KGN
significantly inhibited growth of LNCaP and 22Rv1 cells
but not of PC-3 cells (Figure 1A). LNCaP, 22Rv1 and PC-3
cells were used as models of HSPC with AR expression,
CRPC with AR expression and CRPC without AR
expression, respectively (Figure 1B). We also examined the
anti-tumor effect of KGN in the absence or presence of
bicalutamide, an AR inhibitor, in LNCaP and 22Rv1 cells.
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The effect of the combination of KGN and bicalutamide was
not significantly different compared to that of bicalutamide
alone (Figure 1C and D).

KGN inhibited nuclear localization of AR. KGN inhibited
growth of AR-expressing PC cells regardless of the
sensitivity to castration, which led us to hypothesize that
KGN might be involved in the AR signaling pathway. AR is
translocated to the nucleus following stimulation with
androgens (testosterone and dihydrotestosterone), resulting
in increased transcription of AR-regulated genes. Here, we
investigated whether KGN inhibits nuclear localization of
AR in AR-expressing LNCaP cells. The results showed that
KGN significantly inhibited AR nuclear localization in
LNCaP cells that were cultured in serum-free medium
(Figure 2A). We also investigated expression of PSA, one of
the AR target genes. As expected, PSA expression was
decreased by KGN treatment (Figure 2B).

KGN induced phosphorylation of Smad2. Since KGN was
reported to be involved in the activation of Smad signaling, we
examined whether Smad proteins were activated by KGN. As
shown in Figure 3, phosphorylation of Smad2 was significantly
increased by KGN treatment in LNCaP cells cultured in serumfree medium. The activation was transient and did not last
beyond 30 min. Although Smad3 was reported to be involved
in AR transactivation, Smad3 was not detectable (data not
shown). Akt, which is well known to be important for cell
growth, was not activated by KGN (Figure 3A).

TGF-β1-induced Smad2 phosphorylation was enhanced by
KGN pretreatment. Smad proteins are key molecules of TGFβ-induced intracellular signaling response. To confirm the
role of KGN in Smad2 activation, we investigated whether
pretreatment with KGN affects TGF-β1-induced Smad2
phosphorylation in LNCaP cells cultured in serum-free
condition. Twenty-four-hour pretreatment with KGN tended
to increase TGF-β1-induced phosphorylation of Smad2,
although not statistically significantly, suggesting that KGN
pretreatment enhanced the reactivity of Smad2 to TGF-β1
(Figure 4A and B). We also studied the anti-tumor effects of
TGF-β1 alone and in combination with KGN. TGF-β1
showed no effect on the growth of LNCaP cells both in the
absence and presence of KGN (Figure 4C). These results
suggested that Smad2 activation induced by KGN may be
stronger than that induced by 100 ng/ml of TGF-β1 and thus
the anti-tumor effect was detectable only when cells were
treated with KGN.
KGN inhibited growth of the docetaxel-resistant PC cell line
22Rv1DR. Advanced PC is treated with chemotherapeutic
agents, such as docetaxel (DTX). Lastly, we investigated the
anti-tumor effect of KGN in the docetaxel-resistant PC cell
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Figure 1. Kartogenin (KGN) inhibited prostate cancer (PC) cell growth. A: Anti-tumor effect of KGN in PC cell lines. Cells (22Rv1 and LNCaP;
3×103, PC-3; 1×103) were plated in 96-well plates. Twenty-four hours after seeding, 100 μM of KGN or vehicle (DMSO) were added. Cell viability
was measured 72 h after treatment by the WST-1 assay. Statistical analysis was performed using Student’s t-test (n=5). B: AR expression in PC cell
lines. AR expression in each PC cell line was evaluated by western blotting. Expression of β-actin was used as a loading control. C and D: Effect
of the combination of KGN and bicalutamide. LNCaP and 22Rv1 cells (3×103) were plated in 96-well plates. Twenty-four hours after seeding, KGN
(100 μM), bicalutamide (10 μM) or both was added and cell viability was measured 72 h after treatment by the WST-1 assay (left panel; LNCaP,
right panel; 22Rv1). Statistical analysis was performed using one-way ANOVA followed by Turkey’s multiple comparison test (n=5).

line 22Rv1DR, which was established previously in our
laboratory (14). As shown in Figure 5, DTX significantly
inhibited growth of 22Rv1 cells but not that of 22Rv1DR
cells. KGN significantly inhibited growth of 22Rv1DR cells
and the combination of KGN and DTX significantly inhibited
growth of 22Rv1DR cells compared to KGN or DTX alone.

Discussion

In this study, we demonstrated for the first time the antitumor effect of KGN in PC. SG-ARIs are now widely used
for either advanced HSPC or CRPC, but most PC treated
with these agents eventually acquire resistance (4). The

PARP inhibitors olaparib and rucaparib were approved for
the treatment of patients with metastatic CRPC prior to
treatment
with
SG-ARIs
and/or
taxane-based
chemotherapy, however, imaging-based progression-free
survival by SG-ARIs at 12 months was up to approximately
30% (15, 16). Therefore, it is an urgent need to discover
novel therapeutic agents based on different approaches.
Although earlier studies on several cancers suggested that
the TGF-β/Smads pathway could be a possible therapeutic
target, approved agents targeting this pathway are not
available yet (7). In the current study, we investigated the
anti-tumor effect of KGN that was reported to stimulate
Smad signaling in PC cells. We demonstrated that 100 μM
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Figure 2. Kartogenin (KGN) decreased androgen receptor (AR) nuclear localization and prostate specific antigen (PSA) expression. A: Nuclear
localization of AR in LNCaP cells. Nuclear and cytoplasmic proteins were separated from LNCaP cells that were cultured in serum-free medium
with or without KGN. Lamin A/C and GAPDH were used as nuclear and cytoplasmic markers, respectively. Data are representative of two
independent experiments. B: Expression of PSA in LNCaP cells. PSA expression was decreased 24 h after treatment with KGN (100 μM) in serumfree medium. β-actin was used as a loading control. Data are representative of two independent experiments.

Figure 3. Kartogenin (KGN) increased Smad2 phosphorylation. A: Phosphorylation of Smad2 and Akt was evaluated 15, 30 and 60 mins after treatment
with KGN (100 μM) in LNCaP cells that had been serum-starved overnight prior to treatment. Data are representative of three independent experiments.
B: Signal intensity was measured by ImageJ software and the ratio of phosphorylated Smad2 to Smad2 were calculated. Mean and SD are shown (n=3).

KGN inhibited growth of LNCaP and 22Rv1 cells. There is
a report showing that 100 μM of KGN does not have any
toxicity in human mesenchymal stem cells, chondrocytes,
osteoblasts, and synoviocytes. (8). Indeed, 0.1 μM to 10
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μM of KGN had neither toxic nor anti-tumor effect (data
not shown), hence we used KGN at 100 μM in the
subsequent experiments, as well as in the cell viability
assay.
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Figure 4. Pretreatment of kartogenin (KGN) enhanced TGF-β1-induced Smad2 phosphorylation. A: Phosphorylation of Smad2 by TGF-β1 (100
ng/ml) was evaluated in 24-h serum-starved LNCaP cells that were treated with or without 100 μM KGN. Data are representative of three
independent experiments. B: Signal intensity was measured by ImageJ software and the ratio of phosphorylated Smad2 to total Smad2 was
calculated. Mean and SD are shown (n=3). C: Effect of the combination of KGN and TGF-β1 on cell viability. LNCaP cell (3×103) were plated in
96-well plates. Twenty-four hours after seeding, TGF-β1 (100 ng/ml), KGN (100 μM) or both was added, and cell viability was measured 72 h after
treatment by WST-1 assay. Statistical analysis was performed using one-way ANOVA followed by Turkey’s multiple comparison test (n=5).

AR signaling is an essential target even in SG-ARIsresistant PC. The SG-AGIs enzalutamide, apalutamide and
darolutamide are potent AR antagonists, thereby inhibit AR
nuclear translocation. Since these agents bind to AR with
high affinity and block its interaction with androgens, novel
therapeutic targets in PC with resistance to these agents may
be located downstream of AR. Our data demonstrated that
the effect of the combination of KGN and bicalutamide on
cell growth was not significantly different than that of
bicalutamide alone, implying that KGN has weak or no AR
antagonistic activity. On the other hand, KGN decreased AR
nuclear localization and decreased PSA expression,
suggesting that KGN may somehow affect AR signaling
pathway.

A previous study demonstrated that TGF-β1-mediated
Smad2 activation induced EMT in PC. It was also reported that
phosphorylated Smad2 was increased in CRPC compared to
HSPC (17). Furthermore, clinical trials to examine the effect
of inhibiting the TGF-β pathway are now on-going for several
types of cancer (7). On the other hand, it has been shown that
TGF-β1 did not show any effect on the proliferation of LNCaP
cells but inhibited growth of PC-3 and DU-145 cells (18, 19).
It has been well documented that TGF-β has differential
biological effects in different cells and in different phases of
malignancy (6, 20). The dual roles of TGF-β, which initially
suppresses and then promotes cancer progression, may explain
our different results between LNCaP/22Rv1 and PC-3 cells.
Further research is needed to clarify the controversial results.
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Figure 5. Kartogenin (KGN) inhibited growth of 22Rv1DR cells. 22Rv1 and 22Rv1DR cells (3×103) were plated in 96-well plates. Twenty-four
hours after seeding, cells were treated with DTX (50 nM) alone or in combination with KGN (100 μM). Cell viability was determined 120 h after
treatment. Statistical analysis was performed using one-way ANOVA followed by Turkey’s multiple comparison test (n=5).

Elevated phosphorylation of Smad2/3 by KGN was shown
in cartilage stem/progenitor cells (11). We demonstrated that
phosphorylation of Smad2 by KGN was increased in LNCaP
cells, which is consistent with previous studies. In addition,
the combination of TGF-β1 and KGN led to enhanced
phosphorylation of Smad2, suggesting that KGN may
contributes to Smad2 activation. Chipuk et al. reported that
AR directly associates with and activates Smad3 but not
Smad2 (21). Although Smad3 has been demonstrated to be
involved in AR signaling in PC, there has been no report
showing a direct interaction of Smad2 with AR. Nevertheless,
we showed a possible role for KGN in inhibiting AR
signaling pathway, which was accompanied by Smad2
activation. The precise mechanisms underlying the interaction
between Smad2 and AR signaling and of the ant-tumor effect
mediated by KGN needed to be elucidated. KGN is also
efficacious on docetaxel-resistant PC cells as well as parental
cells. Notably, the combination of KGN with DTX
significantly reduced DTX-resistance in DOC-resistant CRPC
cells that recapitulate clinical features of highly advanced PC
patients with treatment failure.
In conclusion, KGN inhibited growth of CRPC and
chemo-resistant CRPC cells through AR nuclear localization
reduction and Smad2 activation. Our results suggest that
KGN could be a novel therapeutic agent targeting AR and/or
Smad2 signaling pathways for PC patients at all stages from
HSPC to chemo-resistant CRPC.
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