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A major barrier to successful pancreatic cancer (PC)
treatment is the surrounding stroma, which secretes growth
factors/cytokines that promote PC progression. Wnt and
tenascin C (TnC) are key ligands secreted by stromal
pancreatic stellate cells (PSCs) that then act on PC cells in a
paracrine manner to activate the oncogenic B-catenin and
YAP/TAZ signaling pathways. Therefore, therapies targeting
oncogenic Wnt/TnC cross talk between PC cells and PSCs
constitute a promising new therapeutic approach for PC
treatment. The metastasis suppressor N-myc downstream-
regulated gene-1 (NDRG1) inhibits tumor progression and
metastasis in numerous cancers, including PC. We demon-
strate herein that targeting NDRG1 using the clinically trialed
anticancer agent di-2-pyridylketone-4-cyclohexyl-4-methyl-3-
thiosemicarbazone (DpC) inhibited Wnt/TnC-mediated in-
teractions between PC cells and the surrounding PSCs.
Mechanistically, NDRG1 and DpC markedly inhibit secretion
of Wnt3a and TnC by PSCs, while also attenuating Wnt/f-
catenin and YAP/TAZ activation and downstream signaling in
PC cells. This antioncogenic activity was mediated by direct
inhibition of B-catenin and YAP/TAZ nuclear localization and
by increasing the Wnt inhibitor, DKK1. Expression of NDRG1
also inhibited transforming growth factor (TGF)-p secretion
by PC cells, a key mechanism by which PC cells activate PSCs.
Using an in vivo orthotopic PC mouse model, we show DpC
downregulated B-catenin, TnC, and YAP/TAZ, while potently
increasing NDRG1 expression in PC tumors. We conclude
that NDRG1 and DpC inhibit Wnt/TnC-mediated in-
teractions between PC cells and PSCs. These results further
illuminate the antioncogenic mechanism of NDRG1 and the
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potential of targeting this metastasis suppressor to overcome
the oncogenic effects of the PC-PSC interaction.

Pancreatic cancer (PC) is one of the deadliest tumors and is
predicted to become the second leading cause of cancer
mortality in Western countries by 2030 (1). Sadly, there has
been little improvement in PC outcomes for 50 years, with a
5-year survival rate of 10% (1). PC treatment is challenged by
disease heterogeneity, late presentation, and pronounced drug
resistance (1). The development of innovative therapies is
critical, and this can only be achieved through an intensive
understanding of the cellular and molecular mechanisms
involved in the oncogenesis of this tumor.

PC is characterized by abundant stroma, including cancer-
associated fibroblasts, immune cells, endothelial cells, and
the extracellular matrix (2—4). Cancer-associated fibroblasts
are primarily responsible for the deposition of the extracellular
collagen and matrix, which leads to fibrous desmoplasia that
harbors tumor-promoting properties (5, 6). This desmoplastic
reaction mediates drug resistance, immune escape, tumor
progression, invasion, and metastasis of PC (7, 8). The major
precursors for cancer-associated fibroblasts in PC are the
pancreatic stellate cells (PSCs), which are activated by PC cells
and transform from a quiescent phenotype to an active myo-
fibroblast phenotype that produces a plethora of tumor-
promoting ligands and extracellular matrix proteins (3, 9, 10)
(Fig. 14).

One of the key stromal factors contributing to PC pro-
gression is the tenascin C (TnC) extracellular matrix glyco-
protein, which is secreted by activated PSCs and binds to its
receptor, AnxA2, on PC cells (Fig. 1A). This process promotes
a more mesenchymal, stem cell-like phenotype in PC cells, as
well as their proliferation, angiogenesis, and metastasis
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Figure 1. NDRG1 expression reduced TnC, YAP/TAZ, B-catenin, cyclin D1, and c-myc in PANC-1 cells. A, schematic of the oncogenic signaling pathways
involved in pancreatic cancer cell (PC) and pancreatic stellate cell (PSC) bidirectional oncogenic signaling. Activated PSCs induce -catenin and YAP/TAZ
signaling in PC cells. Activation of PSCs results in increased TnC secretion, which acts on PC cells to activate AnxA2 and promote PC proliferation and
metastasis. In addition, TnC downregulates DKKT promoter activity to decrease the expression of this Wnt antagonist. This leads to dissociation of the
cytoplasmic B-catenin destruction complex, enabling activation of both B-catenin and YAP/TAZ signaling. Once released from the destruction complex,
B-catenin and YAP/TAZ translocate to the nucleus inducing CCND1 and MYC expression, which promotes PC progression. PC cells activate PSCs by secreting
sonic hedgehog (SHH) (31-33) and transforming growth factor-f3 (TGF-) that promotes oncogenic activation of PSCs, enabling increased production of TnC
and ligands including Wnt-3A. These interactions are part of the oncogenic, bidirectional cross talk between PC and PSC cells. B, line drawings of the
structures of Dp44mT and DpC. C, Western blot analysis of PANC-1 pancreatic cancer cells examining the effect of NDRG1 overexpression versus the vector
control (VC) on the levels of NDRG1, TnC, AnxA2, YAP/TAZ, p-YAP, DKK1, B-catenin, p-B-catenin, cyclin D1, and c-myc after a 24 h incubation in the presence
or absence of PSC-conditioned medium (PSC CM). B-actin was used as a protein-loading control. Blots are representative of three independent experiments.
Densitometry results are mean + SD (n = 3 experiments). *p < 0.05; **p < 0.01; ***p < 0.001 denote statistical significance comparing NDRG1 over-
expression to the respective VC. #p < 0.05 comparing PSC CM treatment with the respective control medium-treated cells.
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(11-15). TnC is a major component of the cancer-specific
matrix, and its expression is linked to poor prognosis in
several cancers, including PC (14, 16). The oncogenic effects of
TnC have also been attributed to its ability to potently activate
oncogenic Wnt/B-catenin and YAP/TAZ signaling in PC cells
(15, 17-21) (Fig. 1A). The ability of TnC to activate these latter
signaling pathways was demonstrated to occur via the
TnC-mediated inhibition of DKK1, which is an inhibitor of
Wnt signaling (14, 22).

A major effector of Wnt signaling is -catenin, which can be
found bound to E-cadherin at the adherens junction or
sequestered in the cytoplasm by the destruction complex
(23-26). This complex facilitates [-catenin proteasomal
degradation and is composed of multiple proteins, including
adenomatous polyposis coli (APC), Axin, GSK3, and YAP/
TAZ (23-26) (Fig. 1A). Upon binding of Wnt ligands to li-
poprotein receptor-related protein 6 (LRP6) and frizzled, YAP/
TAZ is physically dislodged from the destruction complex,
leading to the release of f-catenin and its nuclear translocation
(27-29). Once in the nucleus, B-catenin binds to TCF/Lef
transcription factors to regulate the transcription of various
genes (e.g., CCND1, MYC) that promote PC proliferation and
progression (Fig. 14) (27, 28).

Upon its release from the destruction complex, YAP/TAZ
also accumulates in the nucleus, where it can promote onco-
genesis via binding to TEA domain transcription factor 1
(TEAD) to promote transcription of genes including CCNDI
and MYC (27-29) (Fig. 1A). Hence, in the presence of TnC
and Wnt ligands, both p-catenin and YAP/TAZ escape
degradation and accumulate in the nucleus to promote PC
progression (27, 28). Targeting the regulatory mechanisms that
mediate TnC, Wnt/B-catenin, and YAP/TAZ cross talk be-
tween PC cells and PSCs could be a potential therapeutic
approach to inhibit stromal-mediated PC proliferation and
metastasis (30).

Notably, PC cells themselves can activate PSCs by secreting
sonic hedgehog (SHH) (31-33) and transforming growth fac-
tor-p (TGF-B) (34) (Fig. 1A). Both SHH and TGF-f promote
the oncogenic activation of PSCs, enabling increased produc-
tion of extracellular matrix proteins, such as TnC and ligands
such as Wnt-3A (12, 13, 35). This mechanism forms the basis
of the oncogenic, bidirectional cross talk between PC cells and
PSCs. It is vital to disrupt such oncogenic intercellular
communication to overcome PC-mediated desmoplasia,
particularly the formation of a collagen and matrix “shell” that
protects tumors from chemotherapy and leads to cancer pro-
gression (36).

The metastasis suppressor, N-myc downstream-regulated
gene-1 (NDRG1), was demonstrated by multiple laboratories
to inhibit tumor growth, proliferation, angiogenesis, and
metastasis in numerous cancers, including PC (37-42). As part
of its mechanism of action, NDRG1 inhibits the epithelial to
mesenchymal transition of cancer cells by promoting p-cat-
enin expression at the plasma membrane (to facilitate adhe-
rens complex formation) and decreasing both the nuclear
expression and activation of B-catenin (43—47). Significantly,
NDRG1 expression can also decrease SHH production by PC
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cells, leading to decreased PSC activation (48). As such,
NDRG]1 is a promising therapeutic target for PC treatment.

The expression of NDRG1 can be potently upregulated by
a novel class of thiosemicarbazone anticancer agents, in-
cluding di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone
(Dp44mT; Fig. 1B), and di-2-pyridylketone-4-cyclohexyl-4-
methyl-3-thiosemicarbazone (DpC; Fig. 1B) (39, 46-56).
These agents are metal-binding ligands that demonstrate
marked antitumor and antimetastatic activity in vitro and
in vivo (39, 40, 46, 49-54). Both Dp44mT and DpC inhibit
multiple oncogenic signaling pathways through the upregula-
tion of NDRGI that is mediated via hypoxia-inducible factor-
la-dependent and -independent mechanisms (39-41, 45,
55-57). Dp44mT was also demonstrated to decrease the
expression of Wnt target genes, which was shown to occur via
[-catenin degradation (58). Further, Dp44mT and DpC induce
cytotoxicity through their ability to form redox-active com-
plexes when bound to iron or copper, leading to reactive oxygen
species (ROS) generation (51, 59, 60). In fact, the second-
generation compound, DpC, was shown to be highly potent
and selective against a pathologically relevant orthotopic PC
xenograft in vivo, being more effective than the standard
PC chemotherapeutic, Gemcitabine (Gem) (48). Of interest,
DpC entered a multicenter Phase I clinical trial (NCT02688101)
for the treatment of advanced and resistant cancers in 2016
(61), which has now been completed.

The current study mechanistically dissects the effect of
NDRG], as well as the NDRG1-inducing agents, Dp44mT and
DpC, on TnC-mediated Wnt/B-catenin and YAP/TAZ
signaling pathways in the cross talk between PC cells and PSCs
in vitro and in vivo. We demonstrate for the first time that
NDRG1 and DpC potently inhibit Wnt/B-catenin and YAP/
TAZ levels and their downstream signaling, while also atten-
uating TnC production in both PC cells and PSCs. These ef-
fects were accompanied by reduced PSC activation that could
be mediated by decreased TGEF-f synthesis by PC cells.
Importantly, using a clinically relevant in vivo orthotopic PC
mouse model, we further demonstrated that DpC down-
regulates TnC, P-catenin, and YAP/TAZ, while potently
increasing NDRG1 expression in PC tumors. These results
highlight the exciting potential of targeting NDRG1 to over-
come the oncogenic and prometastatic effects of the PC-
stroma interaction to result in an innovative therapy that
demonstrates a multifaceted mechanism of action.

Results

NDRGT1 overexpression inhibits PSC-mediated f-catenin
signaling in PC cells

As oncogenic effectors, both p-catenin and YAP/TAZ are
highly expressed in PC (62-68) and promote PC progression
in response to Wnt signaling (63, 69). Further, TnC relieves
the inhibitory effect of DKK1 on WNT signaling, enhancing its
activation (14). This response leads to the dissociation of
B-catenin from the destruction complex and the nuclear
translocation of both B-catenin and YAP/TAZ (Fig. 14) (27).
To mechanistically dissect how NDRG1 affects the expression
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of these molecules in PC, we examined the effect of NDRG1
expression on TnC, its receptor AnxA2, -catenin, YAP/TAZ
and their downstream targets, cyclin D1, and c-myc, as well as
the WNT inhibitor, DKK1. These studies using the human
PANC-1, MIAPaCa-2, and AsPC-1 PC cell types were per-
formed in the absence or presence of conditioned medium
from primary cultures of human PSCs (PSC CM).

The PANC-1 cells were stably transfected to overexpress
NDRG1 and compared with cells transfected with the empty
vector, i.e., vector control (VC) cells (Fig. 1C). Notably, incu-
bation of PANC-1 VC cells with PSC CM significantly
increased the expression of TnC, YAP/TAZ, B-catenin, cyclin
D1, and c-myc relative to these cells not treated with PSC CM
(Fig. 1C). These observations demonstrated the oncogenic
activity of PSC CM on PC cells. The overexpression of NDRG1
in PANC-1 cells significantly decreased TnC, YAP/TAZ,
[-catenin, cyclin D1, and c-myc levels in PANC-1 cells in the
absence and presence of PSC CM (Fig. 1C). Further, the
phosphorylation of YAP (S127) and B-catenin (S33/37/Thr41)
that inhibits their oncogenic activity (27, 28, 70-72), as well as
the levels of the WNT antagonist, DKK1 (14, 22), was signif-
icantly increased by NDRG1 overexpression in the absence
and presence of PSC CM (Fig. 1C). Notably, NDRG1 expres-
sion had no significant effect on AnxA?2 levels in these cells.

These studies above were further confirmed using another
PC cell type, namely MIAPaCa-2 PC cells stably transfected to
overexpress NDRG1, with this metastasis suppressor signifi-
cantly decreasing TnC, YAP/TAZ, B-catenin, cyclin D1, and
c-myc in the absence and presence of PSC-CM (Fig. S14). In
addition to the NDRG1 overexpression studies, the effect of
silencing NDRGI was also examined using the AsPC-1 cells.
Silencing NDRG1 in AsPC-1 PC cells using siNDRG1 led to a
marked and significant decrease of NDRGI1 expression
compared with the negative control siRNA (siControl;Fig. S1B).
This decrease in NDRG1 expression led to a significant in-
crease in YAP/TAZ, cyclin D1, and c-myc in the absence or
presence of PSC CM in AsPC-1 cells, with -catenin being
significantly increased in the absence of PSC CM only
(Fig. S1B). Notably, NDRGI silencing significantly decreased
DKK1 and the inhibitory phosphorylation of B-catenin, namely
p-B-catenin(SBS/SWThr“), in AsPC-1 cells, particularly in the
presence of PSC CM (Fig. S1B). On the other hand, the
inhibitory phosphorylation of p-YAPS?7) was significantly
reduced by NDRGI silencing only in the presence of PSC CM
(Fig. S1B). These studies demonstrated that silencing NDRG1
in AsPC-1 cells generally had the opposite effect to NDRG1
overexpression in PANC-1 (Fig. 1C) and MIAPaCa-2 cells
(Fig. S1A).

Collectively, these studies indicate that NDRG1 expression
inhibits the oncogenic effects of PSC CM on PC cells, leading
to inhibition of B-catenin and YAP/TAZ signaling.

NDRGT1 overexpression decreases both cytoplasmic and
nuclear levels of B-catenin and YAP/TAZ in PC cells

Nuclear translocation of f-catenin and YAP/TAZ is crucial
for their ability to promote PC proliferation and metastasis
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(Fig. 1A) (27). Considering that NDRG1 expression decreased
expression of P-catenin, YAP/TAZ, and their downstream
targets (Figs. 1C and S1A4), it was also important to assess the
cellular localization of these proteins in response to NDRG1
overexpression (Fig. 2, A and B). To examine the potential
effect of NDRGI1 expression on the intracellular localization
of B-catenin and YAP/TAZ, PANC-1 and MIAPaCa-2 cells
were stably transfected to overexpress NDRG1 and incubated
with or without PSC CM for 24 h (Fig. 2, A and B). The
cytoplasmic and nuclear proteins were then extracted and
assessed for NDRG1, B-catenin, and YAP/TAZ expression via
Western blot. NDRG1 was detected in both cytoplasmic and
nuclear fractions, with generally higher overall cytoplasmic
expression relative to nuclear levels in PANC-1 (Fig. 2A4) and
MIAPaCa-2 cells (Fig. 2B). Notably, incubation with PSC CM
did not significantly affect NDRG1 expression in either cell
type. Examining YAP/TAZ, its cytoplasmic levels were
significantly reduced by NDRG1 overexpression in both
PANC-1 and MIAPaCa-2 cells when compared with the
relevant VC cells, regardless of PSC CM. Notably, PSC CM
induced a significant increase in nuclear YAP/TAZ levels in
both PANC-1 and MIAPaCa-2 cells, with this effect being
significantly reduced upon NDRG1 overexpression (Fig. 2, A
and B).

Examining [B-catenin, NDRG1 overexpression again
decreased both cytoplasmic and nuclear B-catenin levels in
both PANC-1 cells compared with the relevant VC, although
this effect was more potent and significant in the presence of
PSC CM (Fig. 2A). A similar, but less pronounced effect of
NDRG1 overexpression on [-catenin expression was also
observed in MIAPaCa-2 cells, and even though PSC CM
induced a significant increase in nuclear B-catenin, this effect
was robustly inhibited by NDRG1 overexpression (Fig. 2B).
Overall, these findings indicate that NDRG1 expression in-
hibits the PSC CM-mediated nuclear accumulation of p-cat-
enin and YAP/TAZ.

NDRGT1 overexpression inhibits PC-mediated TnC and YAP/TAZ
expression in PSCs

Considering that the above studies focused on how PC cells
are affected by PSC CM, we next assessed the opposite
interaction by examining how PSCs are influenced by PC cells
(Fig. 2C). In particular, experiments examined whether
NDRGT1 levels in PC cells can influence their effect on PSC’s.
To achieve this, MIAPaCa-2 NDRG1 overexpressing cells and
their counterparts transfected with the VC were incubated
with serum-free medium for 24 h/37 °C, with the conditioned
medium (CM) then being collected. This CM was then incu-
bated with primary cultures of PSCs for 24 h/37 °C and
compared with serum-free medium not incubated with MIA-
PaCa-2 cells. The PSCs were then examined for the expression
of TnC, YAP/TAZ, p—YAP(Slm, [-catenin, cyclin D1, as well as
the marker of activated PSCs, a-smooth muscle actin (a-SMA)
(73) (Fig. 2C).

Incubating PSCs with CM from VC cells significantly
increased the expression of TnC, YAP/TAZ, cyclin D1, and a-
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Figure 2. NDRG1 attenuates PSC-mediated nuclear localization of YAP/TAZ and B-catenin in PC cells. NDRG1 expression in (A) PANC-1 cells and (B)
MIAPaCa-2 pancreatic cancer (PC) cells decreases both cytoplasmic and nuclear levels of 3-catenin and YAP/TAZ in the presence of pancreatic stellate cell-
conditioned medium (PSC CM). Western blot analysis of (A) PANC-1 and (B) MIAPaCa-2 pancreatic cancer cells examining the effect of NDRG1 over-
expression versus the vector control (VC) on cytoplasmic and nuclear levels of NDRG1, YAP/TAZ, and B-catenin after a 24 h incubation in the presence or
absence of PSC-conditioned medium (PSC CM). GAPDH and HDAC1 were loading controls for the cytoplasmic and nuclear extracts, respectively. Blots are
representative of three independent experiments. Densitometry results are mean + SD (n = 3). *p < 0.05; **p < 0.01 denote statistical significance
comparing NDRG1 overexpression with the respective VC. #p < 0.05 denotes statistical significance comparing PSC CM treatment with control medium
alone. C, Western blot analysis of PSCs incubated with either control medium or conditioned medium from MIAPaCa-2 cells (MIAPaCa-2 CM) overexpressing
NDRGT1 or the VC and then assessed for TnC, YAP/TAZ, p-YAP, 3-catenin, cyclin D1, or a-SMA expression. -actin was used as a protein-loading control. Blots
are representative of three independent experiments. Densitometry results are mean + SD (n = 3). *p < 0.05; **p < 0.01 denotes statistical significance
comparing NDRG1 CM-treated PSCs with the respective VC CM-treated PSCs. #p < 0.05; ##p < 0.01 denotes statistical significance comparing VC CM
treatment with the respective control. D and E, TGF-$3 secretion from PANC-1 (D) and MIAPaCa-2 (E) cells into the overlying medium was examined via ELISA
after a 24 or 48 h incubation. Results are mean * SD (n = 3). **p < 0.01; ***p < 0.001 denotes statistical significance comparing NDRG1 overexpressing to
the respective VC cells. ##p < 0.01; ###p < 0.001 denote statistical significance comparing the 24 to 48 h time point.
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SMA when compared with PSCs incubated with control me-
dium (Fig. 2C). This observation suggested that factors pro-
duced by MIAPaCa-2 cancer cells can promote TnC and YAP/
TAZ signaling in PSCs, as well as PSC activation, as demon-
strated previously (30, 74). However, when PSCs were incu-
bated with CM from NDRG1 overexpressing cells, these latter
effects were reversed, there being a significant decrease in
TnC, YAP/TAZ, B-catenin, cyclin D1, and a-SMA expression
relative to PSCs incubated with CM from VC cells (Fig. 2C).
While inhibitory p-YAP®'*”) levels were not significantly
altered by CM from VC cells, in contrast, CM from MIAPaCa-
2 cells overexpressing NDRG1 resulted in a significant increase
in p-YAP®'?”) in PSCs (Fig. 2C). This finding suggested that
NDRG1 overexpression in MIAPaCa-2 PC cells impairs their
ability to promote TnC, YAP/TAZ, and their downstream
signaling in PSCs, leading to decreased PSC activation.

To further explore this interesting latter result, we next
assessed the effect of NDRG1 expression on the ability of PC
cells to secrete TGF-f, as this cytokine plays a significant role
in facilitating PSC activation (34, 75-77). In fact, TGF-f
secreted by PC cells has been reported to promote the
myofibroblast cancer-associated fibroblast phenotype in
PSCs, with this being responsible for extracellular matrix
biogenesis and desmoplasia in the PC tumor microenviron-
ment (4, 78, 79). Overexpression of NDRG1 in PANC-1 and
MIAPaCa-2 cells led to a significant reduction in TGF-$
secretion by these cell types at both the 24 and 48 h time
points (Fig. 2, D and E). This observation indicates that
NDRG1 overexpression impairs the ability of these PC cells to
secrete TGF-P, which may then result in the decreased PSC
activation mediated by CM derived from NDRG1 over-
expressing MIAPaCa-2 cells (Fig. 2C).

NDRGT1 overexpression inhibits Wnt-3A-mediated activation of
YAP/TAZ and B-catenin in PC cells

As shown above, NDRG1 overexpression decreased [-
catenin and YAP/TAZ expression and its downstream
signaling in response to PSC CM in PC cells (Figs. 1C and 2, A
and B). PSCs secrete numerous growth factors that influence
PC progression, with Wnt-3A being a major cytokine
responsible for B-catenin and YAP/TAZ activation (4, 80).
Notably, Wnt-3A secreted by activated PSCs acts on cancer
cells to promote nuclear expression and the subsequent
oncogenic activity of B-catenin and YAP/TAZ (27, 81).
Hence, we next examined using confocal immunofluores-
cence microscopy how NDRG1 overexpression in PANC-1
and MIAPaCa-2 cells affected p-catenin and YAP/TAZ nu-
clear localization in response to an 8 h incubation with Wnt-
3A (20 ng/ml; Fig. 3).

In the absence of Wnt-3A (ie, (-) Wnt-3A), NDRG1
overexpression resulted in a significant decrease in B-catenin
and YAP/TAZ nuclear colocalization in both PANC-1
(Fig. 3Ai) and MIAPaCa-2 cells (Fig. 3Bi) versus the VC.
Further, the overall fluorescence intensity of both these pro-
teins was also significantly decreased in NDRGI1 over-
expressing cells in the absence of Wnt-3A (Fig. 3, Aii and Bii).

6 . Biol. Chem. (2022) 298(3) 101608

This finding indicated that the expression levels of B-catenin
and YAP/TAZ were attenuated by NDRG1, as demonstrated
by the Western blotting analysis in Figure 1C. Incubation of
both PANC-1 VC and MIAPaCa-2 VC cells with Wnt-3A (i.e.,
(+) Wnt-3A) markedly and significantly increased the nuclear
levels of B-catenin and YAP/TAZ relative to the VC without
Wnt-3A (Fig. 3, Ai and Bi), which is consistent with the ability
of Wnt-3A to activate these proteins (27, 81). However,
importantly, NDRG1 overexpression suppressed nuclear
translocation, leading to significantly decreased nuclear local-
ization of -catenin and YAP/TAZ in the presence of Wnt-3A
in both cell types versus the VC (Fig. 3, Ai and Bi). Incubation
of PANC-1 VC cells with Wnt-3A also significantly increased
the overall fluorescence intensity of p-catenin and YAP/TAZ
versus the VC incubated without Wnt-3A (Fig. 3Aii). In
contrast, examining MIAPaCa-2 VC cells, upon incubation
with Wnt3A, there was no significant effect on the overall
fluorescence intensity of B-catenin and YAP/TAZ relative to
the respective VC cells without Wnt3A (Fig. 3Bii). This effect
was probably because of the marked increase in nuclear levels
of these proteins, which was compensated by a corresponding
pronounced decrease in their cytosolic levels, resulting in no
significant overall alteration in fluorescence intensity.

Collectively, these results in Figures 1-3 demonstrate that
NDRG1 expression decreased the nuclear and cytoplasmic
levels of B-catenin and YAP/TAZ in response to PSC CM or
Wnt-3A in PANC-1 and MIAPaCa-2 PC cells. These data
indicate the potent ability of NDRG1 expression to inhibit the
WNT/B-catenin/YAP/TAZ bidirectional signaling axis at the
PC cell-PSC interface.

DpC and Dp44mT inhibit B-catenin and YAP/TAZ signaling in
PC cells

We demonstrate herein that NDRG1 can potently inhibit
PSC-mediated activation of oncogenic signaling in PC cells,
while also reducing PC-mediated activation of PSCs
(Figs. 1-3). These data suggest that NDRGL1 is an innovative
therapeutic target for PC treatment. To this end, we next
examined the novel iron-binding anticancer agents, Dp44mT
and DpC, which can potently upregulate NDRG1 expression
via hypoxia-inducible factor-la-dependent and -independent
mechanisms (39, 82). We examined the effect of DpC (5 pM)
and Dp44mT (5 uM) on B-catenin and YAP/TAZ signaling in
the absence or presence of PSC CM using PANC-1, MIAPaCa-
2, and AsPC-1 PC cells (Fig. 44, S2 and S3). These agents were
compared with the clinically used iron chelator, DFO
(100 uM), as it also binds iron in cancer cells and increases
NDRG]1 expression, but is not redox-active like Dp44mT and
DpC (83-85). The higher concentration of DFO used in these
studies was implemented because of its relatively high hy-
drophilicity and low membrane permeability, which leads to
lower iron chelation efficacy (86, 87). In addition, the activity
of Dp44mT and DpC was compared with the negative control
compound, Bp2mT (5 pM), which has been specifically
designed to have a similar chemical structure to Dp44mT and
DpC, but cannot bind metal ions or induce NDRG1 expression
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Figure 3. NDRG1 expression decreases Wnt-3A-mediated B-catenin and YAP/TAZ nuclear expression in PANC-1 and MIAPaCa-2 pancreatic cancer
cells. Confocal immunofluorescence microscopy images of (A) PANC-1 cells and (B) MIAPaCa-2 cells examining the effect of NDRG1 overexpression versus
the vector control (VC) on B-catenin (red) and YAP/TAZ (red) expression in the absence or presence of Wnt-3A (20 ng/ml/8 h). Nuclei were stained with DAPI
(blue). Images were analyzed with Imagel: (i) colocalization with DAPI; and (ii) fluorescence intensity for B-catenin and YAP/TAZ. Scale bar: 25 pm;
Magnification: 63x. Image J analysis utilized 16 to 51 cells over three experiments with results being presented as mean + SD (n = 3). *p < 0.05; **p < 0.01;
**¥p < 0.001 comparing NDRG1 overexpressing cells with the respective VC. #p < 0.05; ##p < 0.01 comparing incubation with Wnt-3A relative with cells
incubated with control medium alone.

SASBMB J. Biol. Chem. (2022) 298(3) 101608 7



Inhibiting pancreatic cancer desmoplasia

A PANC-1 PANC-1
PSC PSC
EE R Sl
ol Roll 1= e ol ol = £
£ =52 38§ £ 52382 ;%
gggninwm_ 383’°§'°0M—
=] (kDa) ] (kDa)
— 46 | — 40
NDRG1 |\-—-==— 4 DKK1 ’--.w 28
G | ot G R ou o |2 Batarin | o2

e |~ oo [ W

-— 70 .
YAPITAZ a1 CyClin D1 | S s s o 38
- ———————__ T 5 X . vu 65
p-YAP | i — - 65 cmycF-q- ]_

e —— pactin |

5 NDRG1 TnC AnxA2 YAPITAZ p-YAP©121)

£ iz : 3 ; 5 - E s mControl
28 l : ' ) tw, uBp2mT
> 0 I ' ' I
S : * x x x : * uDFO
§2'] : 5 it ! sail =iy mDpadmT
* g i i : : mDpC

e i i | : mGem

-3 S [ S5 B 5 R e

-B-catenin
DKK1 B-catenin p(sg_y;nn'hru) cyclin D1 c-myc

N

Relative
Density/B-actin
-

I O ) (e

B Cytoplasm
PANC-1 5 NDRG1 B-Catenin YAP/TAZ
é Igozirol_rz .
® mDp44m
o2
PSC . + - + 2%
cMm 8o
g g0 T B g [eseen [ T
s ° E S 3 E
2 oa s e E E § g mw
o o o (<3 [ Qo
§ 8 & & 6 o o o (ba Nucleus
= ——— e - 46 NDRG1 B-catenin YAP/TAZ
NDRG1 l 4“1 = m Control
) i * *
B-catenin | T — T —— |»92 o g mDp44mT,
2T 1
— === 70 =
YAPTAZ | i i - 5 §§
GAPDH |-—. f-’*s § 0
HDAC1 |

ELLLoLy || [ ]| [ [
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(88-90). The effects of these agents were also compared with
the currently used PC therapy, gemcitabine (Gem; 5 pM), in
the presence of PSC CM. The ligands DFO, Dp44mT, and
DpC significantly upregulated NDRG1 expression in the
presence of PSC CM in PANC-1 (Fig. 44), MIAPaCa-2
(Fig. S2), and AsPC-1 cells (Fig. S3), while Bp2mT and Gem
had no significant effect (Figs. 44, S2 and S3).

Examining PANC-1 cells, PSC CM added to the control
significantly upregulated the expression of TnC, YAP/TAZ,
cyclin D1, and c-myc relative to control medium without PSC
CM (Fig. 4A). This observation demonstrates the oncogenic
activity of PSC CM. Importantly, DpC, Dp44mT, and Gem
significantly suppressed the ability of PSC CM to upregulate
TnC, YAP/TAZ, cyclin D1, and c-myc versus the PSC CM-
treated control (Fig. 4A). These agents also significantly
decreased AnxA2 and (-catenin levels in the presence of PSC
CM relative to the PSC CM-treated control (Fig. 44). More-
over, Dp44mT, DpC, and Gem significantly increased the
levels of antioncogenic p-YAP®'?”) and p-B-catenin®**/3”/
Thral) i PSC CM-treated PANC-1 cells versus the PSC CM-
treated control (Fig. 4A4). Compared with the PSC CM-
treated control, DFO also significantly decreased the expres-
sion of TnC, AnxA2, cyclin D1, and c-myc, while significantly
increasing antioncogenic p-YAP®'*”) levels in the presence of
PSC CM in PANC-1 cells (Fig. 4A4).

Similar effects were also observed using MIAPaCa-2
(Fig. S2) and AsPC-1 (Fig. S3) cells, where relative to the
PSC CM-treated control, Dp44mT, DpC, and Gem signifi-
cantly decreased TnC, AnxA2, YAP/TAZ, B-catenin, cyclin
D1, and c-myc in the presence of PSC CM. Considering these
latter results, while Gem decreased c-myc expression in
MIAPaCa-2 cells (Fig. S2), this effect was not significantly (p >
0.05) different from the PSC CM-treated control. Relative to
the PSC CM-treated control, Dp44mT, DpC, and Gem, also
significantly increased the levels of antioncogenic p-YAP®'*”)
and p-B-catenin53*37/ T4 i MIAPaCa-2 and AsPC-1 cells
treated with PSC CM (Figs. S2 and S3). Notably, while the
WNT inhibitor, DKK1, was only significantly increased by
DpC in AsPC-1 cells (Fig. S3), Dp44mT, DpC, and Gem
significantly increased DKK1 in PANC-1 (Fig. 4A4) and
MIAPaCa-2 (Fig. S2) cells.

In summary, these data in Figure 4, Figs. S2 and S3, indicate
that DFO, Dp44mT, and DpC, but also the chemotherapeutic
agent, Gem, were able to effectively inhibit PSC CM-induced
B-catenin and YAP/TAZ signaling in all PC cells examined.
The mechanism of Dp44mT and DpC activity was due to their
ability to bind cellular metal ions, as the negative control
compound, 2-benzoylpyridine 2-methyl-3-thiosemicarbazone
(Bp2mT), which cannot bind metals (90, 91), had no signifi-
cant effect.

DpC and Dp44mT decrease PSC-mediated nuclear expression
of B-catenin and YAP/TAZ in PC cells

Considering that Dp44mT and DpC significantly decreased
the total protein levels of f-catenin and YAP/TAZ in all three
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PC cell types (Figs. 44, S2 and S3), we further investigated
their effects on the nuclear localization of these proteins.
Cytoplasmic and nuclear fractions of PANC-1 and AsPC-
1 cells were obtained following incubation with either DpC or
Dp44mT in the absence or presence of PSC CM for 24 h
(Figs. 4B and S4).

The expression of NDRG1 was significantly upregulated in
PANC-1 (Fig. 4B) and AsPC-1 cells (Fig. S4) upon incubation
with Dp44mT or DpC in the cytoplasmic and nuclear frac-
tions. In PANC-1 cells, PSC CM significantly increased
[-catenin expression in the nucleus and YAP/TAZ in both the
cytoplasm and nucleus compared with the control without
PSC CM (Fig. 4B). These stimulatory effects on B-catenin and
YAP/TAZ expression were significantly decreased by Dp44mT
and especially DpC in the presence of PSC CM (Fig. 4B).
Similarly, PSC CM also significantly increased cytoplasmic and
nuclear [-catenin and YAP/TAZ levels in AsPC-1 cells
compared with the control without PSC CM, with these effects
being significantly inhibited by Dp44mT or DpC (Fig. S4).

Overall, these results demonstrate the potent ability of
Dp44mT and DpC to upregulate NDRG1 and inhibit PSC-
mediated nuclear localization of pB-catenin and YAP/TAZ in
PC cells, which is vital for their oncogenic transcriptional
activation (27, 63, 64, 92, 93).

Dp44mT and DpC inhibit oncogenic signaling in PSCs

Following on from the potent antioncogenic effects of the
agents on the PC cell types above (Figs. 4 and S2-S4), we next
examined how Dp44mT and DpC affect YAP/TAZ and
[-catenin expression in PSCs (Fig. 5). This aspect was essential
to assess, as YAP/TAZ and [-catenin signaling are integrally
associated with oncogenic activation of PSCs, particularly due
to their bidirectional interaction with PC cells (94-96). We
also examined TnC expression, as PSCs are a major source of
this oncogenic extracellular matrix protein (12, 97), and also
the levels of a-SMA, as it is a marker of activated PSCs
(73, 98). Expression of a key antagonist of Wnt/B-catenin
signaling, namely DKK1 (99-101), was additionally assessed in
PSCs (Fig. 5A).

We initially investigated the effect of Bp2mT (negative
control; 5 puM), DFO (100 pM), Dp44mT (5 pM), or DpC
(5 uM) on PSCs by incubating them with these agents for 24 h.
Notably, these studies were performed in the absence or
presence of conditioned medium obtained from AsPC-1 can-
cer cells (AsPC-1 CM), as tumor cells promote PSC activation
(30, 48, 74). Incubation of control PSCs with AsPC-1 CM had
no significant effect on NDRG1 expression relative to when
control cells were incubated in the absence of AsPC-1 CM
(Fig. 5A). However, DFO, Dp44mT, and DpC potently and
significantly increased NDRG1 expression in PSCs in the
presence of AsPC-1 CM relative to the AsPC-1 CM-treated
control. The addition of AsPC-1 CM to the control signifi-
cantly increased the expression of TnC, YAP/TAZ, p-catenin,
and a-SMA, which is consistent with AsPC-1 CM activating
these oncogenic signaling pathways in PSCs (Fig. 5A).
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Figure 5. DpC and Dp44mT decrease pancreatic stellate cell (PSC) activation by conditioned medium from AsPC-1 pancreatic cancer cells (AsPC-1
CM) leading to decreased Wnt-3A and TnC secretion. A, Western blot of PSCs incubated for 24 h in control medium, AsPC-1 CM, or AsPC-1 CM together
with either Bp2mT (5 uM), DFO (100 pM), Dp44mT (5 uM), or DpC (5 uM). The blots were then assessed for NDRG1, TnC, YAP/TAZ, p-YAP, DKK1, B-catenin,
p-B-catenin and a-SMA expression. $-actin was used as a protein-loading control. Blots are representative of three independent experiments. Densitometry
results are mean + SD (n = 3). *p < 0.05; **p < 0.01 denote statistical significance comparing each treatment with the AsPC-1 CM-treated control. #p < 0.05,
##p < 0.01 denote statistical significance comparing the AsPC-1 CM-treated control with the untreated control. B and C, PSCs were incubated with control
medium or this medium containing Dp44mT or DpC (5 uM) for 24- or 48-h and assessed for secretion of (B) Wnt-3A or (C) TnC via ELISA. Results are mean +
SD (n = 3). *p < 0.05; **p < 0.01 comparing each treatment to the respective untreated control. ##p < 0.01 comparing the 24 to 48-h time points.
D, confocal immunofluorescence microscopy images of PSCs incubated for 24 h with control medium alone, AsPC-1 CM, or AsPC-1 CM together with either
Dp44mT or DpC (5 pM) and then assessed for TnC (red) expression. Nuclei were stained using DAPI (blue). Scale bar: 25 pm; Magnification: 63x. Images are
representative from three independent experiments. Image J analysis utilized 14 to 21 cells over three experiments with results being presented as mean +
SD (n = 3). ***p < 0.01 comparing each treatment with the AsPC-1 CM-treated control. ##p < 0.01 comparing the AsPC-1 CM-treated control with control
medium-treated cells.
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Incubation of PSCs with DFO, Dp44mT, or DpC was able to
markedly reverse this stimulatory activity of AsPC-1 CM,
significantly decreasing TnC, YAP/TAZ, p-catenin, and
a-SMA expression in PSCs relative to the control incubated
with AsPC-1 CM (Fig. 5A). In addition, incubation of PSCs
with DFO, DpC, or Dp44mT significantly increased the anti-
oncogenic effectors, p-YAP®'?”), DKK1, and p-p-catenin (533/
37/Thrdl) ' when compared with the control cells incubated with
AsPC-1 CM alone.

Overall, these studies demonstrated the potent ability of
Dp44mT and DpC to upregulate NDRGI1 and inhibit p-catenin
and YAP/TAZ signaling not only in PC cells (Figs. 4, S3 and
S4), but also the PSCs (Fig. 5A), where these proteins are
involved in PSC activation (102, 103).

To further dissect the mechanism of the antioncogenic ac-
tivity of Dp44mT and DpC, studies examined whether
Dp44mT and DpC affect the secretion of Wnt-3A and TnC
from PSCs using ELISA assays. As shown in Figure 5, B and C,
both Dp44mT and DpC significantly decreased Wnt-3A and
TnC secretion by PSCs after a 24- and 48-h incubation. This
decreased secretion of Wnt-3A and TnC was not due to any
alteration in the viability of PSCs. In fact, our studies using
these primary cultures of PSCs in vitro and in vivo demon-
strate that they are not sensitive to the antiproliferative activity
of these thiosemicarbazones (48). This resistance is probably
because Dp44mT and DpC demonstrate selective anticancer
activity against tumor cells versus mortal (nonmalignant) cell
types such as PSCs (50, 51, 90, 104). Examining cellular TnC
expression in PSCs by confocal immunofluorescence micro-
scopy further revealed that while AsPC-1 CM significantly
increased TnC levels in PSCs, this effect was markedly
inhibited in the presence of DpC (5 uM) and Dp44mT (5 pM),
which significantly decreased TnC expression in the presence
of AsPC-1 CM (Fig. 5D). Overall, these studies confirm the
potent ability of Dp44mT and DpC to attenuate the PC cell-
mediated oncogenic activation of PSCs.

DpC inhibits oncogenic cross talk between PC cells and PSCs in
three-dimensional spheroids

To mitigate the high attrition rate of new cancer therapies
reaching the clinics, improving preclinical models is an
important approach (105-107). In this regard, three-
dimensional tumor cell cultures in vitro are of interest, as
they have higher similarity to cancers in vivo and better
represent the tumor cell microenvironment than two-
dimensional monolayers (108—110). Therefore, we assessed
the effect of DpC on TnC/AnxA2, B-catenin, and YAP/TAZ
signaling in three-dimensional spheroids consisting of either
AsPC-1 cells alone or AsPC-1 cells directly cocultured with
PSCs in a 1:1 ratio (i.e., AsPC-1 + PSC spheroids; Fig. 64). The
spheroids were formed over 7 days, after which they were
treated for 24 h with either the vehicle control or DpC (5 uM)
(Fig. 6A). Spheroids composed of AsPC-1 + PSCs always grew
larger than those composed of AsPC-1 cells alone, demon-
strating their pathophysiological relevance (48). For both
AsPC-1 spheroids and AsPC-1 + PSC spheroids, DpC
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significantly increased NDRGI1 expression relative to the
control (Fig. 6B). Compared with untreated control AsPC-1
spheroids, the control AsPC-1 + PSC spheroids had signifi-
cantly higher expression of TnC and [-catenin, suggesting
increased oncogenic cross talk between these two cell types
(Fig. 6B).

Importantly, DpC significantly decreased the expression of
TnC, YAP/TAZ, B-catenin, and cyclin D1 in both AsPC-1 and
AsPC-1 + PSCs spheroids versus the relative controls (Fig. 6B).
This agent also significantly downregulated AnxA2 in AsPC-
1 + PSC spheroids and c-myc in AsPC-1 spheroids (Fig. 6B).
Furthermore, DpC also significantly upregulated levels of
antioncogenic p—YAP(5127), DKK1, and p-ﬁ—catenin(533/ 37/Thra1)
in AsPC-1 and AsPC-1 + PSCs spheroids versus the relative
controls (Fig. 6B). These results demonstrate that DpC inhibits
YAP/TAZ and B-catenin signaling in direct three-dimensional
cultures of AsPC-1 cells and cocultures of AsPC-1 + PSCs.
Additionally, these data using spheroids confirm our findings
implementing  two-dimensional  culture  with  thio-
semicarbazones using PSCs incubated with AsPC-1 CM
(Fig. 5) and multiple PC cell types incubated with PSC CM
(Figs. 4 and S2-54).

Apart from investigating cellular protein expression, we also
examined the overlying coculture medium for the secretion of
key mediators of PC-PSC cross talk from AsPC-1 and AsPC-
1 + PSC spheroids, including TGF-f, TnC, and Wnt-3A, us-
ing ELISA assays (Fig. 6C). The control AsPC-1 + PSC
cocultured spheroids had significantly greater levels of TGF-p,
TnC, and Wnt-3A in the overlying medium versus control
AsPC-1 spheroids after incubations of 2- or 24 h (Fig. 6C).
Notably, DpC significantly decreased the secretion of these
ligands by AsPC-1 and particularly the AsPC-1 + PSC spher-
oids following 2- or 24-h incubations (Fig. 6C). These data
further demonstrate the potential of DpC to inhibit oncogenic
cross talk between PC and PSCs that is important in the
pathogenesis and treatment resistance of PC (36).

DpC decreases the expression of TnC, B-catenin, and YAP/TAZ
in vivo

Considering the ability of DpC to decrease the expression of
TnC, B-catenin, and YAP/TAZ in vitro using two-dimensional
cultures and in three-dimensional spheroids described above,
we assessed its effect on these proteins in vivo (Fig. 7). In this
study, we utilized an established, pathologically relevant,
orthotopic model of PC that also incorporates human PSCs
(48, 111). A mixture of AsPC-1 PC cells and PSCs (1:1 ratio)
was directly injected into the tail of the pancreas of Balb
¢ nu/nu mice, as described previously (48). This ratio of PC
cells to PSCs was chosen based on earlier studies using the
same in vivo model, as it replicates early cancer development
and progression (111-113). One week following tumor im-
plantation that is required for the development of primary
tumors, mice were treated for 2 weeks with either the vehicle
control, DpC (10 mg/kg) or Gem (75 mg/kg). This treatment
with DpC significantly inhibited primary tumor growth by
approximately 40% relative to the control, prevented fusion of

J. Biol. Chem. (2022) 298(3) 101608 11



Inhibiting pancreatic cancer desmoplasia

A Pre-treatment Control (24 h) DpC (24 h)
Ar L
1 2 p
AsPC-1 ‘
— b
AsPC-1
+ PSC
B
AsPC-1 AsPC-1 +
PSC
S s
5 2 § 2 wmw
e le—— ) , ___NDRG nG AnxA2 YAPITAZ ~ p-YAP®1Z)
NDRG1 |:: . -  Control .

e | B B BN B[ 240

AnxAZ | e SN0 S S - 38
70

YAP/TAZ | "SESurSEst———
50 AsPC-1 | AsPC-1 | AsPC-1| AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1
75 +PSC +PSC +PSC +PSC +PSC

p-YAP W —— — 65

B-actin
-

Relative Density/

o

p-B-Catenin

DKK1| gy P I:gg _ 2 DKK1 B-Catenin (37T Cyclin D1 ' c-Myc
= 2 * Gl & i ElControI
B-catenin |—— L e— — I,gz @ : 'mDpC
@ £ 1
p-B-catenin : - |>92 % S 1 :
£d |
cyclin D1 |— — |—36 3 =n= : E
x :

* x
£ 3
c-myc S 65 2
yC [ il 57 AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1 | AsPC-1| AsPC-1 | AsPC-1 | AsPC-1 [ AsPC-1
+PSC +PSC +PSC +PSC +PSC

B-actin |- — -|—42

o TGF-B—-2h TnC-2h Wnt-3A-2h

400 1000 = ——
= u Control = Control H#H E = Control 3
?Em uDpC = g =DpC S =DpC ¥
2 E £
5 200 . s g 500 <
'8 Q -
2 £ =

0 - 0
ASPC-1 PSC+ASPC-1 AsPC-1 PSC+AsPC-1 AsPC-1 PSC+AsPC-1
TGF-B— 24 h InC-24h Wnt-3A—24 h

600 - 1500 500 —
£ m Control _ . gorétrol it g = Control #
5 400 {"OPC : € 1000 { 7P s  |=DbpC e
Q X =4 = i
- = < 250 - %
& 200 Q 500 o *
o g 2
=

0 - 0 - = ol
ASPC-1 PSC+ASPC-1 AsPC-1 PSC+AsPC-1 AsPC-1 PSC+AsPC-1

Figure 6. DpC inhibits B-catenin and YAP/TAZ signaling in three-dimensional spheroids composed of either AsPC-1 pancreatic cancer (PC) cells
alone or AsPC-1 PC cells and pancreatic stellate cells (PSCs). A, images of AsPC-1 and AsPC-1 + PSC spheroids taken at day 7 of coculture (pretreatment)
and following a 24 h incubation with the vehicle control or DpC. Images taken using ZEISS AxioCam MRm Observer Z.1 Microscope (scale bar = 20 pm,
5% magnification; Zeiss). B, Western blot of AsPC-1 or AsPC-1 + PSC spheroids incubated for 24 h with control medium or control medium-containing DpC
(5 pM). The blots were then assessed for NDRG1, TnC, AnxA2, YAP/TAZ, p-YAP, DKK1, B-catenin, p-B-catenin, cyclin D1, and c-myc expression. -actin was
used as a protein-loading control. Blots are representative of three independent experiments. C, AsPC-1 and AsPC-1 + PSC spheroids were incubated with
control medium or this medium containing DpC (5 uM) for 2- or 24-h, and this medium examined for TGF-3, TnC, or Wnt-3A secretion via ELISA. Results are
mean * SD (n = 3). *p < 0.05; **p < 0.01; **p < 0.001 comparing each treatment with the respective untreated control. #p < 0.05; ###p < 0.001 comparing
AsPC-1 + PSC spheroids with AsPC-1 spheroids.
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Figure 7. DpC treatment decreases the expression of TnC, B-catenin,
and YAP/TAZ in orthotopic pancreatic cancer (PC) tumors in nude mice.
Mice orthotopically implanted in the pancreas with a 1:1 mixture of AsPC-1-
luc PC cells and pancreatic stellate cells (PSCs) were treated with the vehicle
control, DpC (10 mg/kg, three times/week via oral gavage), or Gemcitabine
(Gem; 75 mg/kg, two times/week via intraperitoneal (i.p.) injection). Treat-
ments were administered for 2 weeks, followed by 1 week recovery. Primary
tumors were assessed for: NDRG1, TnC, B-catenin, and YAP/TAZ expression
via immunohistochemistry (IHC; scale bar = 50 um; 40x). Results are mean +
SEM (n = 7 mice; three images/specimen). *p < 0.05; ***p < 0.001
comparing each treatment with the respective vehicle control (Con). ###p <
0.001 comparing DpC with Gem.

the tumor and the spleen that was evident in the control and
Gem-treated samples, and also significantly suppressed
metastasis to the brain, lungs, liver, and kidney (48). Treatment
with DpC also markedly reduced the collagen content in tumor
sections, demonstrating its ability to inhibit desmoplasia (48).
The resultant primary tumor specimens from the current
investigation were then examined for the expression of TnC, -
catenin, and YAP/TAZ using immunohistochemistry (Fig. 7).

As demonstrated in Figure 7, DpC significantly upregulated
tumor NDRG1 expression in vivo, while Gem did not signifi-
cantly affect this metastasis suppressor versus the control.
Treatment with DpC significantly decreased TnC, B-catenin,
and YAP/TAZ expression in PC tumors in vivo relative to the
vehicle control (Fig. 7). Treatment with Gem also similarly
reduced the levels of these latter oncogenic signaling proteins
in vivo. However, of note, Gem was markedly and significantly
less effective at decreasing YAP/TAZ levels when compared
with DpC (Fig. 7). These results in vivo validate our in vitro
observations and demonstrate the potent inhibitory effect of
DpC on PC-PSC cross talk, which leads to decreased levels of
TnC, B-catenin, and YAP/TAZ in tumor cells.

Discussion

The major contributor to PC progression and resistance to
current chemotherapies is the bidirectional oncogenic

SASBMB

Inhibiting pancreatic cancer desmoplasia

signaling between PC cells and PSCs, which promotes des-
moplasia (48, 76). PC cells secrete ligands such as SHH and
TGE-p that then activate neighboring PSC cells and induce the
production of cytokines, growth factors, and ECM proteins
that promote PC growth and progression (Fig. 84; (5, 6)). We
recently identified that the metastasis suppressor NDRG1 and
NDRG1-inducing thiosemicarbazones (i.e. Dp44mT, DpC) can
potently reduce SHH production by PC cells and desensitize
them to ligands such as HGF and IGF-1 that are produced by
activated PSCs (48). DpC also inhibited PSC activation in vitro
and reduced desmoplasia in vivo (48). The current study
mechanistically dissected for the first time the effects of the
metastasis suppressor, NDRG1, and the NDRG1-inducing
thiosemicarbazones on more recently identified key media-
tors of cross talk between PC cells and PSCs, namely TGF-p,
TnC, Wnt/B-catenin, and YAP/TAZ (12, 97, 114-116). In
fact, TnC is highly elevated in invasive PC and produced
by activated PSCs (35, 117), leading to activation of
oncogenic Wnt/p-catenin and YAP/TAZ pathways (Fig. 14)
(14, 27, 118).

Following our discovery that NDRG1 inhibits SHH pro-
duction by PC cells, we hypothesized that NDRG1 may
attenuate PSC activation (48). In the current study, we present
direct evidence demonstrating the NDRG1-mediated inhibi-
tion of PSC activation, which was found to be mediated by
disrupting the interconnected TnC, YAP/TAZ, Wnt/p-cat-
enin, and TGF-P signaling cascades that play major roles in
PC-PSC cross talk (24, 117).

We demonstrate for the first time that NDRG1 reduced
TnC levels in both PC and PSC cells. TnC is mainly synthe-
sized by PSCs and influences PC progression by binding to
AnxA2 on PC cells (Fig. 84; (12, 35, 119, 120)). The expression
of TnC in PC cells was found to enhance cell viability and
migration (97). Hence, our studies in vitro and in vivo exam-
ining the ability of NDRG1 and NDRGI-inducing thio-
semicarbazones to decrease TnC expression in PC cells, as well
as TnC secreted by PSCs, suggest potent inhibition of TnC-
mediated oncogenic activity.

The expression of NDRG1 also potently reduced both YAP/
TAZ and P-catenin expression, nuclear localization, and
downstream signaling in PC cells (Fig. 8B). This was further
demonstrated by the increased inhibitory phosphorylations of
B-catenin (S33/37/Thr41) and YAP/TAZ (S127) via NDRG1,
which promotes their degradation (27, 28, 70-72). The Wnt
inhibitor, DKK1, was also markedly increased by NDRG1
expression in PC cells, which is likely due to the decreased
TnC levels, as this latter protein is an inhibitor of DKK1 (14)
(Fig. 8B). Importantly, these effects were observed both in the
absence and presence of PSC CM, which along with TnC also
contains other growth factors and ligands, such as Wnt, which
promote B-catenin and YAP/TAZ oncogenic signaling (27,
114). In fact, we demonstrate herein that NDRG1 expression
also effectively inhibited Wnt-3A-mediated nuclear localiza-
tion of both pB-catenin and YAP/TAZ (Fig. 8B). Hence, NDRG1
potently inhibited PSC-mediated Wnt/B-catenin and YAP/
TAZ signaling pathways in PC cells, further demonstrating the
ability of NDRGL to inhibit PC-PSC cross talk.
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Figure 8. Schematic of how DpC affects the oncogenic signaling pathways involved in pancreatic cancer cell (PC) and pancreatic stellate cell (PSC)
bidirectional oncogenic signaling. A, activated PSCs induce B-catenin and YAP/TAZ signaling in PC cells (see the Legend for Fig. 1A for a full description).
B, upon DpC treatment, NDRGT1 is upregulated in PC cells. This response inhibits B-catenin phosphorylation and prevents its entry into the nucleus, where it
would normally promote the expression of pro-proliferative proteins (e.g., cyclin D1, c-myc, etc.) and cytokines (e.g.,, TGF-B). NDRG1 also inhibits YAP/TAZ
entry into the nucleus to prevent its ability to induce proproliferative gene expression. The decreased production of TGF-$ by PC cells prevents their ability
to activate adjacent PSCs, which results in a quiescent state, leading to reduced production of TnC and Wnt-3A by these PSCs. This effect further inhibits
downstream B-catenin and YAP/TAZ signaling in PC cells, thereby disrupting cross talk between PC cells and PSCs.

These effects were accompanied by reduced production of NDRG1 impairs TGF-$ production by PC cells. We hypoth-
TGEF-p by PC cells overexpressing NDRG1. As TGF-p is a esized that the reduced TGF-B production by PC cells in
direct transcriptional target of the P-catenin pathway (121), response to NDRG1 was responsible for the attenuated acti-
inhibition of Wnt/p-catenin is a likely mechanism by which vation of surrounding PSCs. This proposition was confirmed
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herein by the reduced levels of PSC activation marker a-SMA
in PSC cells that were incubated with conditioned media from
NDRG1-overexpressing PC cells. Further, these “NDRG1
conditioned” PSCs also had reduced levels of YAP/TAZ and
[-catenin proteins, which further suggests their reduced acti-
vation, as these latter proteins are vital for PSC activation
(24, 116). The mechanism by which NDRG1 reduced TnC
production by PSCs can also be linked to its effects on TGF-,
as the ability of PSCs to produce TnC was found to be driven
by TGEF-B (35, 77).

TGE-P has been well established to promote PC-PSC cross
talk, with numerous studies demonstrating that PC-derived
TGF-B can promote activation of fibroblasts into cancer-
associated fibroblasts, with anti-TGF-p antibodies inhibiting
this effect (78, 122-124). TGF-p signaling also influences
other signaling pathways that promote PC-PSC cross talk,
including the SHH pathway. In fact, TGF-f can directly
promote GLI1 expression, a key facilitator of downstream
SHH signaling, in an SHH-independent manner (125). This
analysis provides further insights into the inhibitory effect of
NDRG1 on PC-PSC cross talk, which is likely mediated via
reduced production of both SHH (48) and TGF-f ligands by
PC cells.

We further demonstrated that DpC, which is well known to
induce NDRGL expression (39, 48, 53, 56, 89), was also able to:
(i) inhibit expression of TnC and its receptor, AnxA2, in PC
cells; (ii) decrease B-catenin and YAP/TAZ expression and
suppress their downstream signaling in PC cells; (iii) increase
the inhibitory phosphorylation of B-catenin and YAP/TAZ
at S33/37/Thr4l and S127, respectively; and (iv) inhibit
cancer-cell-mediated PSC activation and secretion of TnC and
Wnt-3A using three-dimensional spheroids consisting of
cocultured PC cells and PSCs (Fig. 8B). Notably, DpC also
inhibited TnC, B-catenin, and YAP/TAZ levels in vivo in a
pathologically relevant, orthotopic PC xenograft, being mark-
edly more potent at decreasing YAP/TAZ levels than the
current PC therapy, Gem.

The mechanisms by which DpC is able to exert these multi-
faceted effects are likely to occur through its effects on NDRG1,
as demonstrated previously (46, 56, 126). In fact, treatment with
DpC mirrored many of the effects induced by NDRGL1 alone.
Considering that DpC and NDRG1 reduced TGF-f production
by PC cells, this is likely to be responsible for the subsequent
reduction in PSC-derived TnC levels. The reduced levels of
PSC-derived Wnt3A in response to DpC may also be linked to
the reduced PC-derived SHH and PSC GLI1 expression, as
demonstrated in our recent study (48). In fact, the GLI tran-
scription factors, which are activated by SHH signaling, can
induce Wnt genes in cancer (127). The ability of DpC to inhibit
AnxA?2 was likely independent of NDRGI, as this metastasis
suppressor did not affect AnxA2 levels. Notably, recent studies
have demonstrated that AKT/mTOR signaling promotes
AnxA2 expression in pancreatic cancer cells (128). Our labo-
ratories have also recently demonstrated that DpC potently in-
hibits AKT activation in PC cells (48). Hence, we hypothesize
that the ability of DpC to inhibit AnxA2 may be mediated via its
inhibitory effects on AKT signaling.
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Overall, these results strongly support our recent findings
that DpC is a potent inhibitor of PC-PSC cross talk and des-
moplasia (48), demonstrating a novel unexplored mechanism
of action of this agent and its ability to inhibit TGF-f, TnC,
Wnt/B-catenin and YAP/TAZ signaling in PC. This
further highlights the potential of DpC as an innovative PC
therapy (39).

Current clinical trials of Wnt inhibitors have shown
promising outcomes in treating Wnt-dependent cancers,
including PC (129-132). However, there are still no clinically
available drugs that target Wnt/p-catenin signaling for PC
treatment. Further, TnC inhibition has also been explored in
PC, with the development of several humanized antibodies to
target tumor-specific expression of TnC (i.e, F16-SIP) (133).
However, while the antibody, F16-SIP, led to a dramatic
reduction of tumor volume when combined with chemo-
therapy in PC, the tumors later relapsed (134). Thus, more
effective and multifaceted inhibitors of TnC are required.

The current investigation demonstrates that the innovative
anticancer agent, DpC, inhibits PC-PSC cross talk in a multi-
faceted manner, including inhibition of SHH, HGF/c-MET,
IGF-1/IGFR, TGF-B, Wnt/B-catenin, TnC, and YAP/TAZ
signaling in PC and PSC cells. Hence, this thiosemicarbazone
provides a unique, multitargeted approach for treating
aggressive PC that remains highly intractable to standard
chemotherapies. This is important to consider, as traditional
strategies of anticancer drug design adopting a single molec-
ular target leads to selective pressure on tumor cells resulting
in drug resistance (135). Further, to date, all current thera-
peutic strategies have shown dismal activity against PC, with
the disease demonstrating an abysmal poor 5-year survival rate
of 10% (1).

In conclusion, we demonstrate that NDRG1 is a promising
molecular target that can potently inhibit the interactions
between PSCs and PC cells via its effects on the oncogenic
TGEF-B, TnC, Wnt/B-catenin, and YAP/TAZ signaling path-
ways. Uniquely, to comprehensively suppress these pathways,
not only do NDRG1 and the NDRG1-inducing agents decrease
the expression of oncogenic effectors (i.e., TnC, YAP/TAZ,
AnxA2, cyclin D1, and c-myc), but these also beneficially
enhance inhibitor activity (i.e., DKK, p-YAP(Su7), p-B-cat-
enin®33/37/Thr4l)y 4 negate the oncogenic potential of these
signaling networks. The current studies also reveal a novel
therapeutic approach using NDRG1-targeting agents such as
the clinically trialed agent, DpC (61), which demonstrate a
multifaceted mechanism of action by inhibiting multiple
oncogenic signaling pathways that could more effectively
inhibit PC progression and improve patient outcomes.

Experimental procedures
Ethics approval

Studies using primary cultures of human PSCs were
approved by the South Eastern Sydney Local Health District
Human Research Ethics Committee (13/023-HREC/13/
POWH/65). Animal studies were approved by the University
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of Sydney Animal Ethics Committee (#2018-1433). All studies
abide by Declaration of Helsinki principles.

Cell culture

Human AsPC-1, PANC-1, and MIAPaCa-2 PC cells were
purchased from the American Type Culture Collection and
maintained as described previously (39). AsPC-1 cells stably
transfected with a luciferase reporter construct (AsPC-1-Luc)
were purchased from the Japanese Collection of Research
Bioresources Cell Bank (JCRB; JCRB# 1454). All of these cell
types were authenticated based on viability, recovery, growth,
morphology, and cytogenetic analysis (i.e., antigen expression,
DNA profile, and isoenzymology) by the provider. PANC-1
and MIAPaCa-2 cells were stably transfected to overexpress
NDRGI1 and were compared with the relative VC-transfected
counterparts, as described previously (40, 47).

Approval to prepare human PSCs from human PC tumors
was obtained through the South Western Sydney Clinical
School, University of New South Wales (The South Eastern
Sydney Local Health District Human Research Ethics Com-
mittee [13/023 (HREC/13/POWH/65)]). These PSCs were
initially isolated by the outgrowth method from resected
pancreatic tissues obtained from three different patients with
PC (136). The purity of PSCs yield was assessed by
morphology and immunostaining for: (1) glial fibrillary acidic
protein (GFAP) that is a PSC selective marker; (2) a-smooth
muscle actin (a-SMA), which is a PSC activation marker; and
(3) the absence of staining for the cancer cell marker, cyto-
keratin, using established methods (137, 138). These primary
cultures of PSCs were maintained in Iscove’s Modified Dul-
becco’s Medium (IMDM) medium with 10% FCS.

Cell treatments

DFO (Sigma-Aldrich) was dissolved in medium to a final
concentration of 100 pM. The thiosemicarbazones, Dp44mT,
DpC, and the negative control compound, Bp2mT, were syn-
thesized and characterized using standard methods (50, 51, 90,
91, 104), dissolved in DMSO at a concentration of 10 mM,
then diluted in medium (final [DMSO]: <0.1%) to a concen-
tration of 5 uM. The cytotoxic agent, Gemcitabine (Gem; Eli
Lilly), was dissolved in medium and then used at 5 pM. All
agents were incubated with cells for 24 h/37 °C, unless indi-
cated otherwise. The Wnt ligand, Wnt-3A (20 ng/ml; R&D
Systems), was incubated with cells for 8 h/37 °C (27).

Protein extraction and Western analysis

Total protein was extracted and Western analysis was per-
formed via standard procedures using the antibodies outlined
in Table S1 (47).

ELISA assays

Cells were seeded at 500,000 cells/well on 6-well plates
overnight followed by treatment with either control medium
or this medium containing Dp44mT (5 puM) or DpC (5 pM)
for 2-, 24-, or 48-h/37 °C. The overlying cell conditioned
medium was then collected and analyzed for TnC, Wnt-3A,
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and TGF-f levels using the human TnC ELISA kit (Cat. #:
ab213831; Abcam Australia), human Wnt-3A ELISA kit (Cat.
#: MBS3802292; MyBioSource), and human TGF- ELISA kit
(Cat. #: BMS249-4; Thermo Fisher Scientific), respectively.

Gene silencing by small interfering RNA (siRNA)

The siRNA specific for NDRG1 (siNDRG1; Cat. #4392422;
Life Technologies) was compared with a negative control
siRNA (siControl; Life Technologies). The siRNA was tran-
siently transfected into AsPC-1 cells using Lipofectamine 2000
(Life Technologies) following the manufacturer’s instructions
and incubated for 72 h/37 °C.

Conditioned medium from PSCs and AsPC-1 cells

PSC CM was generated by culturing PSCs in serum-free
DMEM for 48 h/37 °C. Media was then collected and
concentrated using Centricon YM3 filters (Millipore). AsPC-1-
conditioned medium (AsPC-1 CM) and conditioned medium
from both MIAPaCa-2 VC or MIAPaCa-2 NDRGI1 over-
expressing cells (MIAPaCa-2 CM) were generated by culturing
these cells in RPMI 1640 (AsPC-1) or DMEM (MIAPaCa-2)
serum-free medium for 24 h/37 °C.

Cell culture and nuclear-cytoplasmic fractionation

The VC and NDRG1 overexpressing PC cells were incu-
bated with or without PSC CM for 24 h/37 °C. To assess the
effect of Dp44mT and DpC, PC cells were incubated with
Dp44mT (5 pM) or DpC (5 uM) in the presence or absence of
PSC CM for 24 h/37 °C. Then, nuclear-cytoplasmic fraction-
ation was conducted using the NE-PER Nuclear and Cyto-
plasmic Extraction kit (Thermo Fisher Scientific) according to
the manufacturer’s protocol.

Spheroids

AsPC-1 cells were seeded alone (20,000 cells/well) or in a
1:1 ratio with PSCs (20,000 cells/well) and cultured in RPMI
1640 media containing 10% FCS on 96-well plates precoated
with 1% agarose (dissolved in PBS) for 7 days/37 °C. Once
formed, spheroids were incubated with control medium or
this medium containing DpC (5 pM) for 24 h/37 °C, after
which protein extraction was performed, as described previ-
ously (47).

Immunofluorescence

Immunofluorescence was performed as described in (47)
using the antibodies described in Table S2. Images were
captured using ZEISS LSM 800 plus Airyscan Laser Confocal
Microscope (10 x ; Zeiss). Raw images were analyzed using
Image] software.

Animal studies

In vivo studies used a well-established, pathologically
relevant, orthotopic PC model that demonstrates primary
pancreatic tumor growth, metastasis, and desmoplasia (113)
to assess the effects of DpC on PC, as described previously
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(48). Briefly, a mixture of 1 x 10° AsPC-1-Luc and PSCs (all
derived from the same patient) was injected directly (1:1
ratio) into the tail of the pancreas of 8 to 10-week-old female
BALB/c-nu/nu mice. One week following injection, all mice
had tumors of similar size (48, 111) and were randomized
into three groups (n = 7/group): (i) control (either the vehicle
used to dissolve DpC (30% propylene glycol in 0.9% saline) or
the vehicle used to prepare Gem (PBS)); (ii) DpC (10 mg/kg,
3 times/week via oral gavage); and (iii) Gem (75 mg/kg, 2
times/week via intraperitoneal (i.p.) injection), based on
previous studies (48, 50, 111). Treatments were administered
for 2 weeks, followed by a 1 week recovery prior to eutha-
nasia. Tumor specimens were used to assess the effects of
DpC and Gem and WNT, TnC, B-catenin and YAP/TAZ
signaling.

Immunohistochemistry

Tumor sections were prepared and stained as described in
(48) using antibodies listed in Table S3. IHC staining was
quantified using Fiji Image] to give a mean DAB intensity
(139).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software). For comparison of two experimental
conditions, a two-tailed, unpaired Student’s ¢ test was per-
formed using at least three independent experiments.
For comparison of more than two datasets, a one-way
ANOVA was performed, and the Tukey test was used to
correct for multiple comparisons. Statistical significance was
set at p < 0.05. Data are presented as mean * SD or S.E.M,,
as specified.

Data availability

This study includes no data deposited in external
repositories.
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