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ABSTRACT
Pancreatic ductal adenocarcinoma (PDAC) features a fibrotic tumor microenvironment that impedes drug delivery and signifi-

cantly limits the successful clinical application of nanomedicines. Targeting signaling in pancreatic stellate cells (PSCs), which

drive fibrosis via excessive secretion of extracellular matrix proteins such as collagen I, may be useful in overcoming this fibrotic

barrier. The AMPK-related kinases NUAK1/2 have recently gained interest as promoters of fibrosis, but whether they play a

profibrotic role in PSCs remains unknown. Here, patient PSCs are used to assess NUAK1/2 involvement in the PDAC fibrotic

barrier. Leveraging a 3D cell culture model of PDAC fibrosis, the effect of targeting NUAK1/2 on the permeability of macromo-

lecular dextrans of various sizes, as well as physiologically relevant macromolecules, albumin and IgG, and clinical nanomedi-

cines, Doxil and Abraxane, is investigated. NUAK1/2 inhibition is shown to diminish collagen I to enhance macromolecular

permeability, via a mechanism independent of established pathways involving transforming growth factor-β (TGFβ) and

yes-associated protein (YAP). Through isoform-specific knockdown, predominant NUAK2 involvement is demonstrated.

Mechanistically, actin stress fiber regulation by NUAK2 is shown to be important. Altogether, these results show in vitro that

NUAK2 promotes fibrotic signaling in PSCs and may be targeted to enhance macromolecular drug delivery in PDAC.

Abbreviations: αSMA, α-smooth muscle actin; AMPK, AMP-activated protein kinase; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; MLCK, myosin

light chain kinase; O/N, overnight; PBS, phosphate-buffered saline; PDAC, pancreatic ductal adenocarcinoma; PFA, paraformaldehyde; prPSC, primary pancreatic

stellate cell; PSC, pancreatic stellate cell; ROCK, Rho-associated kinase; RT, room temperature; RT-qPCR, reverse transcription-quantitative polymerase chain reaction;

SD, standard deviation; TGFβ, transforming growth factor-β; YAP, yes-associated protein.
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1 | Introduction

Pancreatic ductal adenocarcinomas (PDAC), which account for
around 95% of pancreatic cancers, feature a fibrotic tumor
microenvironment characterized by excessive deposition of
extracellular matrix proteins such as collagen I. Fibrosis is a
significant barrier to drug delivery, thus contributing to the
poor prognosis of PDAC patients, with a 5-year survival of
approximately 10% [1]. The fibrotic barrier is especially prob-
lematic for the delivery of macromolecular drugs, such as
albumin-based drug carriers, therapeutic IgG antibodies, and
nanomedicines. Therapeutic strategies to overcome the fibrotic
barrier are thus necessary for the successful clinical application
of macromolecular drugs and to improve patient outcome in
PDAC [2]. The failure of stromal ablation strategies that reduce
fibrotic tissue argues for the need for approaches that modulate
fibrotic signaling mechanisms to achieve a favorable stromal
phenotype [3]. However, the molecular and cellular mecha-
nisms underlying fibrotic barrier generation remain incom-
pletely understood.

Pancreatic stellate cells (PSC), which are resident fibroblastic
cells of the pancreas, drive the fibrotic process [4, 5]. Targeting
fibrotic signaling in PSCs thus may be effective in overcoming
the fibrotic barrier. Recently, NUAK1, a member of the AMP-
activated protein kinase (AMPK)-related kinase family of ser-
ine/threonine kinases [6, 7], has gained interest for promoting
renal, hepatic, and pulmonary fibrosis [8]. Interestingly, the
transforming growth factor-β (TGFβ) and yes-associated pro-
tein (YAP) signaling pathways, both of which promote fibrotic
barrier generation in PDAC [9, 10], have been reported to tran-
scriptionally regulate NUAK1 and its closely related isoform
NUAK2 [8, 11, 12]. In turn, NUAK1/2 kinases reciprocally
modulate TGFβ and YAP signaling pathway outputs [11, 12].
NUAK1/2 kinases thus seem well-positioned to play an integral
part in fibrotic signaling in PSCs, but this notion has not been
previously tested and the involvement of NUAK1/2 in the
PDAC fibrotic barrier remains unknown.

Here, we used PDAC patient-derived PSCs to investigate
whether NUAK1/2 kinases participate in fibrotic signaling.
To assess whether NUAK1/2 targeting enhances macromolec-
ular permeability, we leveraged a 3D cell culture model of
PDAC fibrosis that recapitulates the clinically observed, median
thickness of fibrotic tissue that an intravenous drug must pen-
etrate to reach tumor cells, 10–30 μm [9, 13, 14]. We assessed not
only macromolecular dextrans of different sizes, but also physi-
ologically and therapeutically relevant macromolecules, albu-
min and IgG, as well as clinical nanomedicines, Doxil and
Abraxane. We show that pharmacological targeting of
NUAK1/2 enhances macromolecular permeability by diminish-
ing collagen I expression in PSCs. Through isoform-specific
knockdowns, stronger contribution of NUAK2 over NUAK1
in regulating collagen I expression and macromolecular perme-
ability is demonstrated. Surprisingly, NUAK1/2 kinases are
shown to largely function independently of known pro-fibrotic
TGFβ and YAP signaling pathways in PSCs. Mechanistically,
we reveal the importance of actin stress fiber regulation by
NUAK2. Altogether, we demonstrate in vitro that NUAK2 par-
ticipates in fibrotic signaling in PSCs and may be targeted to
enhance macromolecular drug delivery through the fibrotic
barrier in PDAC.

2 | Results

2.1 | Pharmacological Inhibition of NUAK1/2
Kinases Enhances Macromolecular Permeability
of 3D-PDAC Fibrotic Tissues

To assess whether NUAK1/2 is involved in the PDAC fibrotic
barrier, we utilized a 3D cell culture model of PDAC fibrosis
(3D-PDAC fibrotic tissues), constructed by the cell accumula-
tion technique using PSCs derived from patients with PDAC
[13]. Immortalized PSCs were mainly used due to faster prolif-
eration compared to primary PSCs (prPSCs) and the require-
ment for large cell numbers in constructing the 3D tissues.
PrPSCs were, however, also used to confirm key results. The
3D-PDAC fibrotic tissue model recapitulates the median thick-
ness of fibrotic tissue observed in clinical PDAC specimens
[13, 14], and its use enables rapid and reproducible correlation
of the effect of perturbing particular signaling pathways on PSC
phenotype with the effect on macromolecular permeability of
fibrotic tissues [9, 15]. The 3D-PDAC fibrotic tissue model is
thus useful for identifying potential targets to overcome the
fibrotic barrier.

While the NUAK1/2 inhibitor WZ4003 [16] at 10 μM decreased
the growth of PSCs cultured in 2D on conventional plastic by
�50% (Figure 1A–D), neither 3D-PDAC fibrotic tissue thickness
nor cell viability was significantly reduced by any of the concen-
trations tested (Figure 1E–J). The relatively higher viability of
PSCs in 3D PDAC-fibrotic tissues against inhibitor treatment
compared to 3D culture is in line with our previous reports
[9, 15], likely resulting from altered microenvironmental cues
within the 3D experimental setup [17]. Importantly, 10 μM
WZ4003 enhanced the permeability of 3D-PDAC fibrotic tissues
to fluorescein isothiocyanate (FITC)-labeled dextrans with aver-
age molecular weights of 70 kDa (Figure 1K,L), 150 kDa
(Figure 1M,N), or 2000 kDa (Figure 1O,P). Permeation of phys-
iological macromolecules, albumin (Figure 1Q,R) and IgG
(Figure 1S,T), was also enhanced. These results altogether sug-
gest that NUAK1/2 inhibition enhances macromolecular per-
meability of 3D-PDAC fibrotic tissues. Consistent with the
results obtained with immortalized PSCs, 10 μM WZ4003 also
enhanced permeability of 3D-PDAC fibrotic tissues constructed
using prPSCs from two patients with PDAC (Figure S1A–J).
Because WZ4003 did not significantly decrease 3D-PDAC fib-
rotic tissue thickness or viability, its effect does not appear to
be exerted by reduction of stromal tissue content altogether
(i.e., stromal ablation).

Enhanced permeability to albumin and IgG by WZ4003 treat-
ment has broad therapeutic implications given their widespread
use as carriers and for active targeting, respectively [18]. To fur-
ther investigate this aspect, we tested whether the increase in
macromolecular permeability by WZ4003 enhances the thera-
peutic effect of two clinical nanomedicines, Doxil (liposomal
doxorubicin) and Abraxane (nab-paclitaxel). Doxil or Abraxane
was loaded onto 3D-PDAC fibrotic tissues pretreated with
WZ4003; then, the media beneath the culture inserts containing
the permeated nanomedicines were collected and used to treat
the PDAC cell-line MiaPaCa-2 to compare the effect on cell
growth (Figure 1U). As expected, the interposition of 3D-
PDAC fibrotic tissues acted as a fibrotic barrier and attenuated
the therapeutic effects of Doxil and Abraxane compared to
direct administration of these nanomedicines to MiaPaCa-2
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FIGURE 1 | Pharmacological inhibition of NUAK1/2 kinases enhances macromolecular permeability of 3D-PDAC fibrotic tissues. (A–D) Effect of

the NUAK1/2 inhibitor WZ4003 on the proliferation of pancreatic stellate cells (PSC). Representative crystal violet stains are shown in (A,C). In (B,D),

crystal violet was quantified after extraction with acetic acid via measurement of absorbance at 590 nm (A590), which is the absorbance maximum of

crystal violet. (E–J) Representative 3D-reconstructed images (E,H) and measured thickness (F,G) as well as viability (G,J) of WZ4003-treated 3D-PDAC

fibrotic tissues. n= 8 and n= 4 for thickness and viability measurements, respectively. Scale bars= 100 μm (horizontal) and 20 μm (vertical) in (E) and

(H). (K–P) Permeability of WZ4003-treated 3D-PDAC fibrotic tissues to fluorescein isothiocyanate (FITC)-labeled dextran with average molecular

weights of 70 kDa (K,L), 150 kDa (M,N), or 2000 kDa (O,P). (Q,R) Permeability of WZ4003-treated 3D-PDAC fibrotic tissues to FITC-labeled albumin.

(S,T) Permeability of WZ4003-treated 3D-PDAC fibrotic tissues to FITC-labeled IgG. (U) Schematic depiction of assay assessing therapeutic effect of

permeated clinical nanomedicines on PDAC cancer cells. (V–Y) Effect of Doxil (V,W) and Abraxane (X,Y) which permeated the 3D-PDAC fibrotic tissues

on MiaPaCa-2 proliferation was compared to direct administration of the respective nanomedicine (second column). Cell numbers are shown relative to

untreated MiaPaCa-2 cells (No trt; first column). Insets depict representative crystal violet stains. One-way analysis of variance (ANOVA) with post hoc

Dunnett’s multiple comparisons test was performed with 0 μM as the reference condition, and n.s., *, **, ***, and **** denote not significant, p < 0.05, p <
0.01, p < 0.001, and p < 0.0001, respectively.
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(Figure 1V–Y, second versus third column). The effect of inter-
posed 3D-PDAC fibrotic tissues was less pronounced for
Abraxane than Doxil, despite the larger nominal size of
Abraxane (�130 nm in diameter) compared to Doxil (�100 nm)
[19]. This may reflect the propensity of Abraxane to rapidly dis-
sociate into smaller albumin-bound paclitaxel complexes [19]
and/or its effect directly on fibrotic tissues [20]. Importantly, con-
sistent with improved macromolecular permeability by WZ4003,
pretreatment of 3D-PDAC fibrotic tissues with WZ4003 enhanced
therapeutic effect of Doxil and Abraxane (Figure 1V–Y, third ver-
sus fourth and fifth columns).

2.2 | NUAK1/2 Inhibition Diminishes
Myofibroblastic Differentiation of PSCs and
Improves Macromolecular Permeability through
Regulation of Collagen I Expression

PSCs become activated into αSMA-positive and collagen
I-producing myofibroblasts in the PDAC microenvironment
[4]. Motivated by a previous report showing regulation of myofi-
broblasts by NUAK1/2 [11], we wondered whether WZ4003
inhibits myofibroblastic differentiation of PSCs. Indeed, 10 μM
WZ4003 decreased expression of αSMA protein (Figure 2A–C)
and mRNA (Figure S2A,B). Collagen I expression in PSCs cul-
tured in 2D (Figure 2D–F) as well as in 3D-PDAC fibrotic tissues
(Figure 2G–I) was also diminished by 10 μM WZ4003. Similar
reductions in αSMA (Figure S1K–M) and collagen I (Figure
S1N–P) protein expression by 10 μM WZ4003 also were seen in
prPSCs. Of the genes encoding collagen I, a triple helix generally
consisting of two α1 chains encoded by COL1A1 and one α2
chain encoded by COL1A2 [23], 10 μM WZ4003 decreased
COL1A1mRNA (Figure S2C,D), but its effect on COL1A2mRNA
expression was comparatively weak (Figure S2E,F).

To assess whether decreased αSMA and/or collagen I is responsible
for enhanced macromolecular permeability by WZ4003, we con-
structed 3D-PDAC fibrotic tissues with PSCs treated either with
a control siRNA or an siRNA targeting the gene encoding αSMA,
ACTA2 (siACTA2), or siRNAs targeting COL1A1 (siCOL1A1),
COL1A2 (siCOL1A2), or a 1:1 mixture of siCOL1A1 and siCOL1A2
(siCOL1A1+ 2) (Figure S3A–F). None of the siRNA treatm-
ents consistently affected PSC growth in 2D (Figure 2J–M) or
diminished 3D-PDAC fibrotic tissue thickness (Figure 2N–Q).
Interestingly, despite successful knockdown of ACTA2 (Figure
S3A,B), permeability of 3D-PDAC fibrotic tissues to 2000 kDa
FITC-dextran was unaltered (Figure 2R,S). In contrast, knockdown
of collagen I genes enhanced permeability of 3D-PDAC fibrotic tis-
sues to 2000 kDa FITC-dextran (Figure 2T,U). These results suggest
that downregulation of collagen I, but not αSMA, contributes to
enhanced macromolecular permeability by WZ4003.

Notably, we found that siCOL1A1+ 2 downregulated ACTA2
expression (Figure S2G,H), while siACTA2 did not affect
COL1A1 or COL1A2 expression (Figure S2I–L). Consistently, at
the protein level, both siACTA2 and siCOL1A1+ 2 diminished
αSMA expression (Figure S2M–O), but only siCOL1A1+ 2 dimin-
ished collagen I expression by PSCs (Figure S2P–R). These results
altogether suggest that NUAK1/2 inhibition via WZ4003 down-
regulates collagen I expression to enhance macromolecular perme-
ability and diminish αSMA-positive myofibroblastic differentiation
of PSCs.

2.3 | NUAK2 Knockdown Enhances
Macromolecular Permeability of 3D-PDAC Fibrotic
Tissues

WZ4003 is reportedly highly specific to NUAK1/2 with little activity
even against closely related AMPK-related kinase family members.
However, it inhibits both NUAK isoforms, albeit with a relatively
lower IC50 value reported for NUAK1 (IC50= 20 nm) versus
NUAK2 (IC50= 100 nm) [16]. To further establish NUAK1/2
involvement and assess the relative contributions of the two iso-
forms in the fibrotic barrier, we performed isoform-specific knock-
down of NUAK1 andNUAK2 in PSCs (Figure S3G–J). Interestingly,
treatment with an siRNA targeting NUAK2 (siNUAK2), but not
siNUAK1, decreased collagen I expression in PSCs (Figure 3A–C).
Collagen I expression in prPSCs was also decreased by siNUAK2,
but not siNUAK1 (Figure S4A–C). Consistently, only siNUAK2
downregulated COL1A1 mRNA expression (Figure 3D,E). As with
WZ4003, the effect of siNUAK2 on COL1A2 mRNA expression
seemed somewhat weaker (Figure 3F,G).

Neither siNUAK1 nor siNUAK2 affected PSC growth in 2D
(Figure 3H,I) or diminished 3D-PDAC fibrotic tissue thickness
(Figure 3J,K). Nonetheless, siNUAK2 enhanced permeability
to 2000 kDa FITC-dextran, while siNUAK1 did not to a statisti-
cally significant extent (Figure 3L,M). These results suggest that
of the two isoforms, NUAK2 is more strongly involved in fibrotic
barrier generation.

2.4 | NUAK Kinases Function Independently of
YAP and TGFβ-SMAD2/3 Pathways in PSCs

Coordinated activity of the transcriptional regulator YAP and the
TGFβ pathway transcription factors SMAD2/3 is implicated in
organ fibrosis [8] andmore specifically the generation of the fibrotic
PDAC tumor microenvironment [10]. Interestingly, NUAK kinases
have been previously identified as transcriptional targets of YAP
signaling and demonstrated to regulate YAP activity [8, 12].
NUAK1/2 is also induced by TGFβ signaling and reciprocally reg-
ulates TGFβ-SMAD2/3 signaling pathway output [8, 11]. We thus
wondered whether the effects of targeting NUAK1/2 were related to
YAP and/or TGFβ-SMAD2/3 signaling.

To assess this, we treated PSCs with siRNAs against YAP
(encoded by YAP1; siYAP1), SMAD2 (siSMAD2), SMAD3
(siSMAD3), or a 1:1 mixture of siSMAD2 and siSMAD3
(siSMAD2+ 3) (Figure S3K–P). PSC growth in 2D was mildly
diminished by siYAP1 (Figure S5A,B). In contrast, siSMAD2,
siSMAD3, or siSMAD2+ 3 did not consistently affect PSC growth
(Figure S5C,D). None of the siRNAs affected 3D-PDAC fibrotic tis-
sue thickness consistently in the two PSC cell lines tested
(Figure S5E–H), but siYAP1, in line with our previous report [9],
and siSMAD2, but not siSMAD3, enhanced permeability of 3D-
PDAC fibrotic tissues to 2000 kDa FITC-dextran (Figure S5I–L).
Consistent with the notion that regulation of collagen I expression
by PSCs is important for macromolecular permeability, siYAP1,
siSMAD2, siSMAD3, and siSMAD2+ 3 all attenuated collagen I
expression (Figure S5M–T). Notably, siSMAD2more strongly atten-
uated collagen I expression than siSMAD3, consistent with its stron-
ger enhancement of macromolecular permeability (Figure S5Q–T).

Surprisingly, however, siYAP1, siSMAD2, siSMAD3, and
siSMAD2+ 3 all failed to decrease NUAK1 (Figure 4A–D) or
NUAK2 (Figure 4E–H) expression. This is in contrast to previous
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FIGURE 2 | NUAK1/2 inhibition diminishes collagen I expression to enhance macromolecular permeability of 3D-PDAC fibrotic tissues.

(A) Representative immunofluorescent staining for αSMA (red) in WZ4003-treated PSCs. Nuclei (blue) were stained with Hoechst 33342.

(B,C) Quantification of mean αSMA fluorescence per cell in WZ4003-treated PSCs per cell was quantified using CellProfiler [21] in WZ4003-treated

PSCs. Aggregated data for three independently performed experiments are shown in distinct colors as superplots [22]: small data points in the back-

ground demonstrate quantified values of individual cells, and large data points in the foreground show the per experimentmean, together with error bars

indicating standard deviation (SD) of the means. (D) Immunofluorescent staining for collagen I (green) and β-tubulin (red) in WZ4003-treated PSCs.

Nuclei (blue) were stained with Hoechst 33342. (E,F) Mean collagen I fluorescence per cell in WZ4003-treated PSCs. (G) Maximum intensity projection

images of WZ4003-treated 3D-PDAC fibrotic tissues immunofluorescently stained for collagen I. (H,I) Quantification of mean collagen I fluorescence of

WZ4003-treated 3D-PDAC fibrotic tissues. (J,K) Effect of siRNA targetingACTA2 (siACTA2) versus a control (ctrl) siRNA on PSC growth. (L,M) Effect of

siRNAs targeting COL1A1 (siCOL1A1), COL1A2 (siCOL1A2), or a 1:1 mixture of siCOL1A1 and siCOL1A2 (siCOL1A1+ 2) on PSC growth. (N–Q) Effect

of siACTA2 (N,O), siCOL1A1, siCOL1A2, or siCOL1A1+ 2 (P,Q) on 3D-PDAC fibrotic tissue thickness. (R–U) Permeability to 2000 kDa FITC-dextran of

3D-PDAC fibrotic tissues constructed from PSCs treated with siACTA2 (R,S), siCOL1A1, siCOL1A2, or siCOL1A1+ 2 (T,U) compared to ctrl siRNA.

One-way ANOVAwith post hoc Dunnett’s multiple comparison test was performed with 0 μM or ctrl siRNA as the reference condition, and n.s., *, **, ***,

and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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reports identifying NUAK1/2 as downstream transcriptional targets
and effectors of YAP [8, 24] and TGFβ/SMAD [8, 11] signaling
(Figure 4I) and suggests that YAP and SMAD2/3 are dispensable for
NUAK1/2 expression in PSCs. Given that NUAK1/2 has also been
reported to reciprocally regulate YAP [8, 24] and TGFβ/SMAD
[8, 11] signaling (Figure 4J), we wondered whether NUAK1/2
may function as upstream regulators instead. To this end, we ass-
essed the effect of WZ4003 on the expression of CTGF, a well-
established transcriptional target of YAP [25] and TGFβ/SMAD
[26, 27] (Figure 4K–N). However, WZ4003 did not affect CTGF
expression (Figure 4O,P), suggesting that YAP and TGFβ/SMAD
activity were not significantly altered. These results altogether sug-
gest that, in PSCs, NUAK1/2 largely functions independently of
YAP or SMAD2/3 activity, but converges upon the regulation of
collagen I expression to promote fibrotic barrier generation.

2.5 | Targeting of NUAK2 Diminishes Stress
Fibers in PSCs to Attenuate Collagen I Expression
in PSCs and Enhances Macromolecular
Permeability of 3D-PDAC Fibrotic Tissues

We next sought to elucidate the mechanisms by which NUAK2
targeting diminishes collagen I expression by PSCs and enhances
macromolecular permeability. NUAK2 is recruited to actin stress
fibers, where it physically interacts with and counteracts MYPT1,
the regulatory subunit of myosin regulatory light chain phospha-
tase, to inhibit stress fiber disassembly [28]. Indeed, phalloidin
staining of PSCs revealed a prominent diminution of actin stress
fibers by WZ4003 (Figure 5A–C), an effect also confirmed in
prPSCs (Figure S6A–C). Moreover, siNUAK2 decreased phalloi-
din staining of PSCs compared to control siRNA, in contrast to

FIGURE 3 | NUAK2 knockdown enhances macromolecular permeability of 3D-PDAC fibrotic tissues. (A) Immunofluorescent staining for collagen I

(green) and β-tubulin (red) in PSCs treated with siRNAs targeting NUAK1 (siNUAK1), NUAK2 (siNUAK2), or ctrl siRNA. Nuclei (blue) were stained with

Hoechst 33342. Scale bars= 100 μm. (B,C) Mean collagen I fluorescence per cell in PSCs upon knockdown of NUAK1 or NUAK2. (D–G) COL1A1 (D,E) or

COL1A2 (F,G) mRNA expression in PSCs treated with ctrl siRNA, siNUAK1, or siNUAK2. n= 3 biological replicates. (H,I) Effect of NUAK1 or NUAK2

knockdown on the proliferation of PSCs. (J–M) Thickness (J,K) and permeability to 2000 kDa FITC-dextran (L,M) of 3D-PDAC fibrotic tissues constructed

from PSCs treated with ctrl siRNA, siNUAK1, or siNUAK2. n= 8 thickness measurements. One-way ANOVAwith post hoc Dunnett’s multiple comparisons

test was performed with ctrl siRNA as the reference condition, and n.s., *, **, ***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,

respectively.
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siNUAK1 which demonstrated a comparatively weak effect
(Figure 5D–F). Phalloidin staining in prPSCs was also reduced
by siNUAK2, but not consistently by siNUAK1 (Figure S6D–F).

Motivated by a report of reductions in collagen I expression by dis-
assembly of the actin cytoskeleton in dermal fibroblasts [29], we
next sought to establish whether a similar mechanism operates
in PSCs and is responsible for the enhancement of macromolecular
permeability observed upon NUAK2 targeting. As myosin II and its
activation by myosin light chain kinase (MLCK) is indispensable
for stress fiber assembly andmaintenance [30], we used themyosin
II inhibitor blebbistatin and MLCK inhibitor ML-7 to induce stress
fiber disassembly. Indeed, phalloidin staining of blebbistatin-
or ML-7-treated PSCs and prPSCs confirmed a dose-dependent
diminution of actin stress fibers (Figures 5G–I, S7A–C and

S8A–F), accompanied by decreased collagen I expression
(Figures 5J–L, S7D–F, and S8D–F). Blebbistatin also diminished
collagen deposition in 3D-PDAC fibrotic tissues (Figure 5M–O).
Though both blebbistatin and ML-7 at 10 μM suppressed PSC
growth in 2D (Figures 5P,Q and S7G,H), 3D-PDAC fibrotic tissue
thickness was not decreased at any of the concentrations tested
(Figures 5R,S and S7I,J). Nonetheless, blebbistatin and ML-7
dose-dependently enhanced macromolecular permeability of 3D-
PDAC fibrotic tissues (Figures 5T,U and S7K,L). Similar enhance-
ment of macromolecular permeability by blebbistatin and ML-7
was also observed in 3D-PDAC fibrotic tissues constructed from
prPSCs (Figure S8G–P). These results together suggest that stress
fiber disassembly may contribute to the therapeutic effects of tar-
geting NUAK2.

FIGURE 4 | NUAK kinases function independently of YAP and TGFβ-SMAD2/3 pathways in PSCs. (A,B) NUAK1mRNA expression in PSCs treated

with an siRNA targeting YAP1 (siYAP). (C,D) NUAK1 mRNA expression in PSCs treated with an siRNA targeting SMAD2 (siSMAD2), SMAD3

(siSMAD3), or a 1:1 mixture of siSMAD2 and siSMAD3 (siSMAD2+ 3) versus ctrl siRNA. (E,F) NUAK2 mRNA expression upon siYAP1 treatment

of PSCs. (G,H) NUAK2 mRNA expression upon siSMAD2, siSMAD3, or siSMAD2+ 3 treatment of PSCs. (I,J) Schematic figure of the reported role

of NUAK1/2 as downstream effectors (I) or upstream regulators (J) of TGFβ-SMAD2/3 and YAP signaling. Red crosses indicate roles unobserved in our

data. (K–P) CTGFmRNA expression in PSCs upon siYAP1 (K,L) or siSMAD2, siSMAD3, and siSMAD2+ 3 treatment (M,N). (O,P) CTGFmRNA expres-

sion in WZ4003-treated PSCs. n= 3 biological replicates. Student’s unpaired t-test with Welch’s correction was performed in (A), (B), (E), (F), (K), and

(L). In all other graphs, one-way ANOVA with post hoc Dunnett’s multiple comparisons test was performed with ctrl siRNA or 0 μM as the reference

condition. In all graphs, n.s., *, **, and *** denote not significant, p < 0.05, p < 0.01, and p < 0.001, respectively.
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FIGURE 5 | Targeting of NUAK2 diminishes stress fibers to attenuate collagen I expression in PSCs and enhance macromolecular permeability of

3D-PDAC fibrotic tissues. (A) Staining of filamentous actin with phalloidin (green) in WZ4003-treated PSCs. Nuclei (blue) were stained with Hoechst

33342. (B,C) Mean phalloidin fluorescence per cell in WZ4003-treated PSCs. (D) Phalloidin (green) and Hoechst 33342 (blue) staining of PSCs treated

with ctrl siRNA, siNUAK1, or siNUAK2. (E,F) Mean phalloidin fluorescence per cell in PSCs treated with siNUAK1 or siNUAK2. (G) Phalloidin (green)

and Hoechst 33342 (blue) staining of PSCs treated with the myosin II inhibitor blebbistatin. (H,I) Mean phalloidin fluorescence per cell in blebbistatin-

treated PSCs. (J) Blebbistatin-treated PSCs were immunofluorescently stained for collagen I (green) and β-tubulin (red). Nuclei (blue) were stained with

Hoechst 33342. (K,L) Mean collagen I fluorescence per cell in blebbistatin-treated PSCs. (M) Maximum intensity projection images of blebbistatin-

treated 3D-PDAC fibrotic tissues immunofluorescently stained for collagen I. (N,O) Quantification of mean collagen I fluorescence of blebbistatin-

treated 3D-PDAC fibrotic tissues. (P,Q) Effect of blebbistatin on the proliferation of PSCs. (R–U) Thickness (R,S) and permeability to 2000 kDa

FITC-dextran (T,U) of blebbistatin-treated 3D-PDAC fibrotic tissues. n= 8 thickness measurements. Scale bars= 100 μm. One-way ANOVA with post

hoc Dunnett’s multiple comparisons test was performed with 0 μM or ctrl siRNA as the reference condition, and n.s., *, **, ***, and **** denote not

significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively.
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2.6 | Combined Targeting of NUAK2 and ROCK2
Further Enhances Macromolecular Permeability of
3D-PDAC Fibrotic Tissues Compared to Targeting
of Either Kinase Alone

NUAK2 was previously shown to regulate actin stress fibers inde-
pendently of the myosin regulatory light chain kinase Rho-
associated kinase (ROCK) in HeLa cells [28]. Since we recently
discovered ROCK2 involvement in the PDAC fibrotic barrier [9],
we wondered whether targeting both NUAK2 and ROCK2 in
PSCs would further enhance macromolecular permeability. As
expected, knockdown of NUAK2, ROCK2, or the combination
of both (Figure S3I,J,Q,R) attenuated phalloidin staining
(Figure 6A–C) and collagen I expression (Figure 6D–F) in
PSCs. Addition of siROCK2 did not further attenuate phalloidin
staining, but showed a trend toward further reduction of collagen
I more than siNUAK2 alone (Figure 6E,F).

Encouraged by the above results, we finally asked whether this
combination further enhances macromolecular permeability of
3D-PDAC fibrotic tissues compared to targeting NUAK2 or
ROCK2 alone. Although the co-administration of WZ4003 tog-
ether with the ROCK inhibitor fasudil at various concentrations
revealed that this combination was not globally synergistic, the
combination of both inhibitors at 10 μMmarkedly enhanced mac-
romolecular permeability (Figure 6G–J). The benefit of combined
targeting of NUAK2 with ROCK2 was further corroborated by
the finding that additional treatment with the ROCK2-
isoform-specific inhibitor KD025 results in higher macromolec-
ular permeability in 3D-PDAC fibrotic tissues constructed from
PSCs treated with siNUAK2 versus control siRNA (Figure 6K,L).

3 | Discussion

Using PDAC patient-derived primary and immortalized PSCs, we
assessed the involvement of the AMPK-related kinases NUAK1/2
to gain a deeper understanding of the mechanisms driving fibrotic
barrier generation in PDAC. We demonstrate that targeting NUAK2
enhances macromolecular drug delivery through 3D-PDAC fibrotic
tissues. Several previous studies have investigated the benefits of
NUAK inhibition in suppressing PDAC tumor cell proliferation
and therapeutic resistance [32–35], but this is the first to show its role
in the fibrotic barrier to the best of our knowledge. Mechanistically,
NUAK2 inhibition diminished collagen I expression by inducing
actin stress fiber disassembly in PSCs. 3D-PDAC fibrotic tissue thick-
ness and viability were however not significantly diminished, suggest-
ing that NUAK2 inhibition is not stroma ablative. Numerous NUAK
inhibitors have been developed with varying levels of potency and
specificity [7]. Unfortunately, in contrast to NUAK1-specific inhibi-
tors, such as HTH-01-015 with 1000-fold lower affinity to NUAK2,
NUAK2-specific inhibitors have yet to be reported [7, 36].

We initially focused on NUAK1/2 given their involvement in YAP
and TGFβ signaling [8, 11, 12], both pathways shown to be impor-
tant drivers of fibrosis in PDAC [9, 10]. However, we could not
confirm regulation of NUAK1/2 expression by YAP, SMAD2, or
SMAD3. We furthermore did not observe altered expression of
CTGF, a canonical transcriptional target of both YAP and TGFβ/
SMAD, upon NUAK1/2 knockdown in PSCs. Overall, this suggests
that NUAK1/2 largely functions independently of YAP or TGFβ/
SMAD pathways in PSCs. Although the mechanisms regulating

NUAK1/2 expression remain incompletely understood, the involve-
ment of transcription factors other than YAP or SMAD2/3, such as
nuclear factor kappa B [33], has recently also been reported.
Differential expression of the two NUAK isoforms across various
adult tissues [6] also suggests there may be cell type-specific differ-
ences in transcriptional regulation of NUAK1/2. A detailed inves-
tigation of the mechanisms regulating NUAK expression in PSCs is
thus warranted.

We recently reported that ROCK2 inhibition is effective in over-
coming the PDAC fibrotic barrier [9]. Herein, we found that inhi-
bition of NUAK2 and ROCK2 both converge upon stress fiber
disassembly to regulate collagen I expression in PSCs and that com-
bined targeting of NUAK2 and ROCK2 enhances macromolecular
permeability more than either targeted alone. Stress fiber dynamics
thus seem an important determinant of fibrotic PSC phenotype and
macromolecular permeability of fibrotic tissues. Interestingly,
while αSMA is known to be incorporated into stress fibers to direct
a contractile, myofibroblastic phenotype [37], ACTA2 knockdown
did not affect collagen I expression or macromolecular permeabil-
ity. Instead, our data indicate that diminished αSMA expression
upon NUAK2 targeting is a downstream consequence of reduced
collagen I. Detailed analyses of the signaling pathways governing
stress fibers may yield further information regarding the mecha-
nisms driving fibrotic barrier generation.

Importantly, the present study highlights the utility of 3D cell cul-
ture models in studying the fibrotic PDAC tumor microenviron-
ment. Commonly used cell-line-derived xenograft models of PDAC
often fail to show appreciable levels of fibrosis [38]. While geneti-
cally engineered mouse models and patient-derived xenografts
models of PDAC are often better at recapitulating fibrosis, they
are time-consuming and expensive and show great variability
[39]. In contrast, 3D cell culture models are relatively easy, cheap,
and highly reproducible and thus may complement in vivo studies
and expedite drug evaluation and delivery. Indeed, as demon-
strated in the present study, 3D cell culture models are potentially
useful in screening of drug combinations that effectively remodel
the fibrotic barrier across a range of concentrations, an assessment
otherwise difficult and costly if performed in vivo.

In summary, we demonstrated that NUAK2 signaling in PSCs pro-
motes the fibrotic barrier to macromolecular drug delivery in
PDAC through regulation of actin stress fibers. Our data advance
the understanding of the molecular and cellular mechanisms driv-
ing fibrotic barrier generation and provide the foundation for future
assessment in vivo of targeting NUAK2, and the potential for com-
bination with ROCK2 inhibition, to augment efficacy of macromo-
lecular drugs and to improve treatment outcomes in PDAC.

4 | Experimental Section

4.1 | Cell Culture and Reagents

Primary PSCs, prPSC #1 and prPSC #2, and the immortalized PSC
cell-lines, PSC #1 and PSC #2, were established under the approval
by the Ethics Committee of Tohoku University Graduate School of
Medicine (article#: 2023-1-730) and have previously been charac-
terized in 3D-PDAC fibrotic tissues [9, 13, 15]. Briefly, prPSCs were
established from patients who underwent surgery for pancreatic
cancer, and immortalization was performed by the retrovirus-
mediated gene transfer of simian virus 40 (SV40) T antigen and
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human telomerase reverse transcriptase (hTERT), as previously
described [40]. MiaPaCa-2 cells were obtained from American

Type Cell Collection (Manassas, VA, USA). PSCs were maintained

in Dulbecco’s modified Eagle medium (Gibco/Thermo Fisher

Scientific, Eugene, MA, USA) supplemented with 10% (v/v) fetal

bovine serum, 1×GlutaMAX (Gibco/Thermo Fisher Scientific),

50 U mL−1 penicillin, and 50 μg mL−1 streptomycin. MiaPaCa-2
cells were cultured in Dulbecco’s modified Eagle medium supple-
mented with 10% FBS, 50U mL−1 penicillin, and 50 μg mL−1

streptomycin.

Blebbistatin, fasudil, KD025, ML-7, and WZ4003 were all from
Selleck Chemicals (Houston, TX, USA) and prepared as dimethyl

FIGURE 6 | Combined targeting of NUAK2 and ROCK2 further enhances macromolecular permeability of 3D-PDAC fibrotic tissues compared to tar-

geting of either kinase alone. (A) Phalloidin (green) and Hoechst 33342 (blue; nuclei) staining of PSCs treated with siNUAK2, an siRNA targeting ROCK2

(siROCK2), or a 1:1 mixture of siNUAK2 and siROCK2 (siNUAK2+ROCK2). (B,C) Mean phalloidin fluorescence per cell in PSCs treated as in (A).

(D) Immunofluorescent staining for collagen I (green) and β-tubulin (red) in PSCs treated with siNUAK2, siROCK2, or siNUAK2+ROCK2. Nuclei (blue)
were stained with Hoechst 33342. (E,F) Mean collagen I fluorescence per cell in PSCs treated as in (D). (G,H) Heatmap showing permeability to 2000 kDa

FITC-dextran of 3D-PDAC fibrotic tissues treated with a combination ofWZ4003 and the ROCK inhibitor fasudil at various concentrations. Values indicate %

of total loaded. (I,J) Based on the data in (G) and (H), respectively, Bliss synergy scores and p-values were calculated using SynergyFinder Plus [31]. Higher

positive values (red) indicate strong synergy; negative values (green) indicate antagonism. p = 0.122 and p = 0.591 for PSC #1 and #2, respectively. (K,L)

Heatmap showing permeability to 2000 kDa FITC-dextran of 3D-PDAC fibrotic tissues constructed from PSCs treated with siNUAK2, then treated with the

ROCK2-specific inhibitor KD025. Scale bars= 100 μm. In all graphs, one-way ANOVA with post hoc Tukey’s multiple comparison test was performed. *, **,

***, and **** denote p < 0.05, p < 0.01, p < 0.001, and p < 0.0001, respectively; otherwise, differences were not statistically significant.
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sulfoxide (DMSO) solutions. Due to reported phototoxicity and
photoinactivation of blebbistatin [41], all experiments involving
blebbistatin were performed in the dark. Clinical nanomedicines
used in this study, Doxil and Abraxane, were from Janssen
Pharmaceutical K.K. (Tokyo, Japan) and Taiho Pharmaceutical
Co., Ltd. (Tokyo, Japan), respectively. Abraxane was prepared as a
5mgmL−1 solution in physiological saline (Otsuka Pharmaceutical
Co., Ltd., Tokyo, Japan) according to manufacturer instructions.

4.2 | Cell Proliferation Assay

PSCs or prPSCs were seeded onto 6-well plates (BD Falcon/
Corning, Corning, NY, USA; 1 × 105/well) or onto 24-well plates
(BD Falcon/Corning; 2 × 104/well) in quadruplicates. To assess
the effect of siRNAs on cell growth, cells were transfected with
the respective siRNA 24 h postcell seeding as described below.
The culture medium was replaced every day, together with phar-
macological inhibitors as necessary. Plates were fixed 72 h
postcell seeding with 4% (w/v) paraformaldehyde (PFA) in phos-
phate-buffered saline (PBS) for 5 min at room temperature (RT)
after being washed once briefly with PBS. Plates were then
washed once briefly with PBS and then stained with 0.5%
(w/v) aq. crystal violet (Tokyo Chemical Industry Co., Ltd.,
Tokyo, Japan) upon gentle rocking (20min, RT). After removing
the staining solution, plates were washed with water to remove
any residual stain, and then completely dried. Stained 6-well
plates were photographed using a handheld camera. Stained
24-well plates were quantified, as follows. To extract crystal vio-
let, equal amounts of 10% (v/v) aq. acetic acid were applied to
each well. After gently rocking the plates (20 min, RT) to com-
plete extraction, 100 μL/well was collected and applied onto
96-well plates (Nunc/Thermo Fisher Scientific, Roskilde,
Denmark). Absorbance (590 nm) was measured using TriStar2
LB942 (Berthold Technologies, Bad Wildbad, Germany).
Relative cell numbers were obtained by dividing each absorbance
value by the average of the control condition (0 μM condition for
experiments involving pharmacological inhibitors, and ctrl
siRNA for experiments involving siRNAs).

4.3 | Immunofluorescent Staining and Analysis

PSCs or prPSCs (2 × 104 cells) were seeded onto 15-mm glass-
bottom dishes (Matsunami Glass Ind., Osaka, Japan) coated with
collagen (Nitta Gelatin, Osaka, Japan; Cellmatrix Type I-C;
0.1mg mL−1, >30min at 37°C). For knockdown experiments, cells
were transfected with siRNAs prior to seeding onto glass-bottom
dishes, as follows. First, cells (1× 105 cells) were seeded onto 6-well
plates. Then, siRNAs (10 nM) were transfected using Lipofectamine
RNAiMAX (Invitrogen/Thermo Fisher Scientific, Carlsbad, CA,
USA) 24 h after cell seeding. The siRNAs used in this study were
predesigned (MISSION siRNA, Sigma–Aldrich) except for the con-
trol siRNA (ctrl siRNA; sense: GUACCGCACGUCAUUCGUAUC;
anti-sense: UACGAAUGACGUGCGGUACGU) and siSMAD2
(sense: GAGCUAUACUAGAUAGCCUCA; anti-sense: AGGCUA
UCUAGUAUAGCUCAU) which were obtained from Sigma
Genosys (Tokyo, Japan). For the predesigned siRNAs, the respec-
tive IDs supplied by the manufacturer are as follows: siACTA2
(SASI_Hs01_00097016), siCOL1A1 (SASI_Hs02_00301842),
siCOL1A2 (SASI_Hs02_00301848), siNUAK1 (SASI_Hs01_

00188391), siNUAK2 (SASI_Hs01_00091747), siROCK2 (SASI_
Hs01_00204251), siSMAD3 (SASI_Hs01_00208931), and siYAP1
(SASI_Hs01_00182402). Cells were harvested and seeded onto
glass-bottom dishes 24 h after transfection. The culture medium
was replaced daily. Pharmacological inhibitors were administered
at the time of medium change.

Samples were fixed with 4% (w/v) PFA/PBS (1min, RT) for immu-
nofluorescent staining 72 h after cell seeding. Cells were then per-
meabilized with 0.2% (v/v) Triton X-100/PBS (5min, RT) and
blocked with Blocking One (Nacalai Tesque, Kyoto, Japan;
1–2 h, RT). Cells were then incubated with primary antibodies
diluted in Blocking One (overnight [O/N], 4°C). The following pri-
mary antibodies were used in this study: β-tubulin (014-25041;
Wako Pure Chemicals, Osaka, Japan; mouse monoclonal, clone:
10G10, 1/500 dilution) and collagen I (ab138492; Abcam,
Cambridge, UK; rabbit monoclonal, clone: EPR7785, 1/1000 dilu-
tion). Following washing with PBS thrice, cells were incubated
with the respective Alexa Fluor-labeled secondary antibodies
(Molecular Probes/Thermo Fisher Scientific, Eugene, OR, USA;
O/N, 4°C; 1/200 dilution) diluted in Blocking One. Visualization
of stress fiber was performed by staining of filamentous actin with
Phalloidin-iFluor 488 reagent (ab176753; Abcam, 1/1000 dilution)
together with secondary antibody labeling. To stain α-smooth
muscle actin (αSMA), anti-actin, α-smooth muscle-Cy3 antibody
(C6198; Sigma–Aldrich; mouse monoclonal, clone: 1A4, 1/200 dilu-
tion) was used together with phalloidin, diluted in Blocking One.
Cells were finally stained with Hoechst 33342 (Thermo Fisher
Scientific, Waltham, MA, USA; 2 μg mL−1 in PBS; O/N, 4°C).
After washing with PBS twice, cells were observed under a
Keyence BZ-9000 or BZ-X810 fluorescence microscope (Osaka,
Japan). Images were analyzed using CellProfiler [21] to obtain
mean fluorescence intensity per cell.

4.4 | Generation of 3D-PDAC Fibrotic Tissues

3D-PDAC fibrotic tissues were constructed from PSCs and
prPSCs as reported previously [9, 13]. Cells after trypsinization
were incubated in Tris-buffered saline (pH 7.4) containing
0.04 mg mL−1 fibronectin (Sigma–Aldrich, St. Louis, MO, USA)
and 0.04 mg mL−1 gelatin (Wako Pure Chemicals) upon gentle
rocking (30 min, RT). Following brief centrifugation and resus-
pension in fresh culture media, PSCs (1 × 106 cells/insert) or
prPSCs (5 × 105 cells/insert) were seeded on translucent (high
pore density; 0.4 μm pores) cell culture inserts (BD Falcon/
Corning) for 24-well plates (BD Falcon/Corning), coated with
0.12 mg mL−1 fibronectin. We have previously established that
these cell seeding densities result in 3D-PDAC fibrotic tissues
with a thickness of approximately 15–20 μm, which is within
the clinically observed range of the distance that an intravenous
drug must penetrate to locate a tumor target within the fibrotic
human PDAC microenvironment [13]. Culture media were rep-
laced every 24 h. Pharmacological inhibitors were administered
to 3D-PDAC fibrotic tissues beginning from 24 h after cell seed-
ing at the time of medium change.

To generate 3D-PDAC fibrotic tissues from PSCs with specific
genes knocked down, siRNA transfections were performed prior
to 3D tissue generation. PSCs seeded onto 100-mm culture dishes
(BD Falcon/Corning) at a density of 6 × 105 cells/dish were trans-
fected with siRNAs 24 h postcell seeding as described above.
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PSCs were then harvested for generating 3D-PDAC fibrotic
tissues 24 h after siRNA transfection.

4.5 | Fluorescent Staining of 3D-PDAC Fibrotic
Tissues

After 3 days of culture, 3D-PDAC fibrotic tissues were fixed with
4% (w/v) PFA/PBS (5min, RT) after washing with PBS once.
Following fixation, 3D-PDAC fibrotic tissues were blocked with
Blocking One (1–2 h, RT) and incubated with anti-collagen I anti-
body (ab138492; Abcam) diluted in Blocking One (1/1000 dilution;
O/N, 4°C). Afterwashingwith PBS thrice, 3D-PDAC fibrotic tissues
were incubated with the respective Alexa Fluor-labeled secondary
antibodies diluted in Blocking One (1/200 dilution; O/N, 4°C).
Finally, 3D-PDAC fibrotic tissues were stained with Hoechst
33342 (2 μg mL−1 in PBS; O/N, 4°C). After washing with PBS
thrice, culture insert membranes were carefully excised using a
scalpel and mounted on coverslips using fluorescent mounting
medium (Dako/Agilent, Santa Clara, CA, USA). Samples were then
observed under a BZ-X810 fluorescence microscope. Collagen net-
work within the 3D-PDAC fibrotic tissues was visualized by obtain-
ing a Z-stack of 0.3 μm slices to acquire a maximum intensity
projection image using the BZ-H4A image analysis software
(Keyence), which was then used to quantify mean fluorescence
intensity in ImageJ (NIH, Bethesda, MD, USA).

4.6 | Thickness Measurements of 3D-PDAC
Fibrotic Tissues

The thickness of 3D-PDAC fibrotic tissues was determined as pre-
viously reported [9, 13]. 3D-PDAC fibrotic tissues were fixed 72 h
after 3D tissue generation with 4% (w/v) PFA/PBS (5min, RT) after
a brief wash once with PBS. After fixation, samples were washed
with PBS thrice and permeabilized with 0.2% (v/v) Triton X-100/
PBS (20min, RT). Samples were then stained with SYTOX Green
nucleic acid stain (Molecular Probes/Thermo Fisher Scientific;
0.2 μM; O/N, 4°C) to visualize cell nuclei. After washing with
PBS thrice, culture insert membranes were carefully excised using
a scalpel and mounted onto coverslips using fluorescent mounting
medium (Dako/Agilent, Santa Clara, CA, United States). Samples
were observed under a Keyence BZ-X810 fluorescence microscope,
and Z-stack images of 0.5 μmsliceswere obtained. Acquired images
were 3D-reconstituted, and the thickness was measured using the
BZ-H4A image analysis software (Keyence).

4.7 | Assessment of the Viability of 3D-PDAC
Fibrotic Tissues

The viability of 3D-PDAC fibrotic tissues was assessed in quadru-
plicates using the LDH cytotoxicity assay kit (Nacalai Tesque),
which is based on the reduction of tetrazolium salt to formazan
by lactate dehydrogenase (LDH) released from damaged cells.

Two days after 3D-PDAC fibrotic tissue generation, culture
media were replaced (0.5 mL inside the insert and 1mL in the
well). Positive controls were prepared by lysing nontreated sam-
ples (0.4 mL culture media+ 0.1 mL lysis solution inside the
insert). After 30 min, culture media supernatants (100 μL) were
collected from within the insert, applied onto 96-well plates
(Nunc/Thermo Fisher Scientific), then mixed with substrate

solution (100 μL). After incubating in the dark (20min, RT), stop
solution (50 μL) was added to terminate the reduction reaction.
Absorbance (490 nm) was measured using TriStar2 LB942.

Cell viability relative to nontreated samples by the following
formula: Relative cell viability = {1 – (absorbance of sample –

absorbance of non-treated samples)/(absorbance of lysed sam-
ples – absorbance of non-treated samples)} × 100 (%).

4.8 | Assessment of the Macromolecular
Permeability of 3D-PDAC Fibrotic Tissues

Macromolecular permeability of 3D-PDAC fibrotic tissues was
assessed as previously described [9]. Three days after 3D-PDAC
fibrotic tissue generation, culture media were replaced (0.45mL
inside the insert and 1mL in the well). Respective fluorescently
labeled macromolecules (50 μL; detailed below) were then gently
loaded onto the inserts. Inserts were carefully removed and dis-
carded after 24 h of incubation. Media within the wells were stored
in the dark until measurement. Samples (100 μL) were loaded onto
clear 0.5mL tubes (Greiner Bio-One, Kremsmünster, Austria) and
measured using a DeNovix DS-11 fluorometer (Wilmington, DE,
USA). Concentration of the macromolecule in the sample was
determined from a standard curve obtained using known concen-
trations of the macromolecule diluted in culture media. The per-
centage of macromolecules that permeated the 3D-PDAC fibrotic
tissues was calculated as C/C∞× 100, where C is the measured
sample concentration andC∞ is the theoretical concentration with-
out 3D tissues at equilibrium. Given the volumes of culture media
in the insert (total 0.5mL) and the well (1mL), C∞ equals C0/3,
where C0 is the initial concentration of the macromolecule loaded
onto the insert.

The macromolecules used in this study are as follows: FITC-
dextrans with an average molecular weight of 70 kDa,
150 kDa, or 2000 kDa, FITC-labeled bovine albumin, and
FITC-labeled human IgG (all from Sigma–Aldrich; 4 mg mL−1

in PBS). The hydrodynamic radii of FITC-dextran (70 kDa,
150 kDa, or 2000 kDa), FITC-albumin, and FITC-IgG are
reported to be�6, �8, �27, �3, and�5 nm, respectively [42, 43].

Whether WZ4003 synergized with fasudil in improving macro-
molecular permeability was assessed by treating 3D-PDAC fib-
rotic tissues with a combination of the two inhibitors each at a
concentration of 0, 1, 3, or 10 μM, resulting in a 4 × 4 concentra-
tion matrix. Synergy scores were calculated using SynergyFinder
Plus [31].

4.9 | Assessment of the Macromolecular Drug
Delivery Through 3D-PDAC Fibrotic Tissues

Macromolecular drug delivery through 3D-PDAC fibrotic tissues
was assessed as previously described [15]. Briefly, WZ4003 was
administered on day 1 and day 2 post 3D-PDAC fibrotic tissue
generation. After pretreatment for 48 h, culture media containing
WZ4003 were replaced as follows: 0.5 mLmedia with either Doxil
or Abraxane inside the insert and 1 mLmedia within the well. Of
note, Doxil and Abraxane were both used at 10 μg mL−1, which is
below the reported Cmax values in patients [44, 45] and does not
affect fibrotic tissue thickness [15]. The 3D-PDAC fibrotic tissues
were incubated for another 24 h, after which the inserts were
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carefully removed and discarded. Media within the wells were
collected and used to treat MiaPaCa-2 cells seeded onto 6-well
plates (1 × 105/well) or 24-well plates (2 × 104/well) for 48 h.
Untreated MiaPaCa-2 cells as well as MiaPaCa-2 cells directly
treated with Doxil or Abraxane at C∞ (i.e., 3.3 μg mL−1) were
included as negative and positive controls. MiaPaCa-2 cells were
then fixed and stained with crystal violet as described above.

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

PSCs (1× 105/well) were seeded onto 6-well plates. PSCs were trans-
fected with siRNAs 24 h after cell seeding, as described above.
FastGene RNA Basic Kit (Nippon Genetics Co., Ltd., Tokyo,
Japan) was used to isolate total RNA 48 h after siRNA transfection.
ReverTra Ace -α- (TOYOBO, Osaka, Japan) was used to reverse tran-
scribe total RNA (1 μg) to complementary DNA, according to the
manufacturer’s protocol. THUNDERBIRD SYBR qPCR mix
(TOYOBO) was used for RT-qPCR on the StepOne Plus real-time
PCR system (Applied Biosystems, Foster City, CA, USA). Primer
sequences are as follows (all primers obtained from Sigma
Genosys): ACTA2 (Forward: 5 0-CACCATCGGAAATGAAC
GTTT-3 0; Reverse: 5 0-GACTCCATCCCGATGAAGGA- 0), ACTB
(Forward: 5 0-TCACCCACACTGTGCCCATCTACGA-3 0; Reverse:
5 0-CAGCGGAACCGCTCATTGCCAATGG-3 0), CTGF (Forward:
5 0-ATTAGAGCCAACTGCCTGGTC-3 0; Reverse: 5 0-TGCAGCC
AGAAAGCTCAAAC-3 0), COL1A1 (Forward: 5 0-CCCTGGAAA
GAATGGAGATG-3 0; Reverse: 5 0-CCATCCAAACCACTGAAAC
C-3 0), COL1A2 (Forward: 5 0-TGCTGGCAAACATGGAAACC-3 0;
Reverse: 5 0-TTATCGCCACGAATGCCTTG-3 0), NUAK1 (Forward:
5 0-TTGCTGACTTTGGGCTTTCC-3 0; Reverse: 5 0-TGCTGATTTGC
CGAATGAGG-3 0), NUAK2 (Forward: 5 0-TGGTGGCCATCAAGT
CAATC-3 0; Reverse: 5 0-TCACGATCTTGCTGCTGTTC-3 0), ROCK2
(Forward: 5 0-TGACCTCAAACAGTCACAGC-3 0; Reverse: 5 0-TTT
GTGTAAGGCAGCGCTTC-3 0), SMAD2 (Forward: 5 0-AACCTTCC
ATGCATCACAGC-3 0; Reverse: 5 0-AATTGGGGCTCTGCACA
AAG-3 0), SMAD3 (Forward: 5 0-TTCAACAACCAGGAGTTCG
C-3 0; Reverse: 5 0-TTGTCAAGCCACTGCAAAGG-3 0), and YAP1
(Forward: 5 0-AAGCATGAGCAGCTACAGTG-3 0; Reverse: 5 0-ACA
TTTGTCCCAGGAATGGC-3 0). For all RT-qPCR experiments,
ACTBwas used as the internal control to normalize gene expression
across experimental conditions.

4.11 | Statistical Analysis

GraphPad Prism 10 (GraphPad Software, Inc., La Jolla, CA, USA)
was used for all statistical analyses. All statistical tests were two-
tailed, and details are provided in the respective figure legend.
Statistical significance was set at p < 0.05 for all analyses. All sam-
ples were included for analyses, and sample sizes are shown as indi-
vidual data points in the figure or otherwise detailed in the figure
legends. Graphs presenting quantified fluorescence intensities are
presented as SuperPlots [22], color-coded to represent the intercel-
lular variation observed in each experimental replicate. All quan-
titative data are shown as mean ± standard deviation (SD).
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section. Supporting Fig. S1: Pharmacological inhibition
of NUAK1/2 kinases in primary PSCs enhances macromolecular
permeability of 3D-PDAC fibrotic tissues through regulation of
collagen I expression. (A-D) Effect of WZ4003 on the proliferation
of primary PSCs (prPSCs). (E-H) Representative 3D-reconstructed images
(E,F) and measured thickness (G,H) of WZ4003-treated 3D-PDAC
fibrotic tissues. n = 8 thickness measurements. Scale bars = 100 μm (hor-
izontal) and 20 μm (vertical). (I,J) Permeability of WZ4003-treated 3D-
PDAC fibrotic tissues to 2000 kDa FITC-dextran. (K)
Immunofluorescent staining for αSMA (red) in WZ4003-treated
prPSCs. Nuclei (blue) were stained with Hoechst 33342. (L,M) Mean
αSMA fluorescence per cell in WZ4003-treated prPSCs. (N) WZ4003-
treated pr PSCs were immunofluorescently stained for collagen I (green)
and β-tubulin (red). Nuclei (blue) were stained with Hoechst 33342. (O,P)
Mean collagen I fluorescence per cell in WZ4003-treated prPSCs. In (K)
and (N), scale bars = 100 μm. One-way ANOVA with post hoc Dunnett’s
multiple comparisons test was performed with 0 μM as the reference con-
dition, and n.s., *, **, ***, and **** denote not significant, p < 0.05, p <
0.01, p < 0.001, and p < 0.0001, respectively. Supporting Fig. S2:
Diminution of collagen I in PSCs upon NUAK1/2 inhibition is
upstream of diminished αSMA expression. (A-F) Reverse-transcrip-
tion polymerase chain reaction (RT-qPCR) analysis of ACTA2 (A,B),
COL1A1 (C,D), and COL1A2 (E,F) mRNA expressions inWZ4003-treated
PSCs. (G,H) ACTA2 mRNA expression in PSCs treated with siCOL1A1,
siCOL1A2, or siCOL1A1+2. (I-L) COL1A1 (I,J) and COL1A2 (K,L)

mRNA expression in PSCs treated with siACTA2. (M)
Immunofluorescent staining for αSMA (red) in PSCs treated with
siACTA2 or siCOL1A1+2. Nuclei (blue) were stained with Hoechst
33342. (N,O) Mean αSMA fluorescence per cell in PSCs treated as in
(M). (P) Immunofluorescent staining for collagen I (green) and β-tubulin
(red) in PSCs treated with siACTA2 or siCOL1A1+2. Nuclei (blue) were
stained with Hoechst 33342. (Q,R) Mean collagen I fluorescence per cell
in PSCs treated as in (J). In all RT-qPCR data, n = 3 biological replicates.
Scale bars = 100 μm. In (I)-(L), Student’s un-paired t-test with Welch’s
correction was performed. In all other graphs, one-way ANOVAwith post
hoc Dunnett’s multiple comparisons test was performed with 0 μM or ctrl
siRNA as the reference condition. In all graphs, n.s., *, **, ***, and ****
denote not significant, p < 0.05, p < 0.01, p < 0.001, and p < 0.0001,
respectively. Supporting Fig. S3: RT-qPCR analysis of knockdown
efficiencies of the siRNAs used in this study. (A,B) ACTA2
mRNA expression in PSCs treated with siACTA2. (C-F) COL1A1 (C,
D) and COL1A2 (E,F) mRNA expressions in PSCs treated with
siCOL1A1, siCOL1A2, or siCOL1A1+2. (G,H) NUAK1mRNA expression
in PSCs treated with siNUAK1 or siNUAK2. (I,J) NUAK2 mRNA expres-
sion in PSCs treated with siNUAK1, siNUAK2, siROCK2, or
siNUAK2+ROCK2. (K,L) YAP1 mRNA expression in PSCs treated with
siYAP1. (M-P) SMAD2 (M,N) and SMAD3 (O,P) mRNA expressions in
PSCs treated with siSMAD2, siSMAD3, or a 1:1 mixture of siSMAD2 and
siSMAD3 (siSMAD2+3). (Q,R) ROCK2mRNA expression in PSCs treated
with siNUAK2, siROCK2, or siNUAK2+ROCK2. Student’s un-paired t-
test with Welch’s correction was performed in (A), (B), (K), and (L).
In all other graphs, one-way ANOVA with post hoc Dunnett’s multiple
comparisons test was performed with ctrl siRNA as the reference condi-
tion. In all graphs, n.s., *, **, ***, and **** denote not significant, p < 0.05,
p < 0.01, p < 0.001, and p < 0.0001, respectively. Supporting Fig. S4:
NUAK2 knockdown diminishes collagen I expression in prPSCs.
(A) Immunofluorescent staining for collagen I (green) and β-tubulin
(red) in prPSCs treated with siNUAK1 or siNUAK2. Nuclei (blue) were
stained with Hoechst 33342. Scale bars = 100 μm. (B,C) Mean collagen I
fluorescence per cell in prPSCs treated as in (A). One-way ANOVA with
post hoc Dunnett’s multiple comparisons test was performed with ctrl
siRNA as the reference condition, and n.s., **, and *** denote not signifi-
cant, p < 0.01, and p < 0.001, respectively. Supporting Fig. S5: Effect of
YAP1 or SMAD2/3 knockdown on collagen I expression in PSCs.
(A-D) Effect of siYAP1 (A,B), siSMAD2, siSMAD3, or siSMAD2+3 (C,
D) on PSC growth. (E-H) Effect of siYAP1 (E,F), siSMAD2, siSMAD3,
or siSMAD2+3 (G,H) on 3D-PDAC fibrotic tissue thickness. (I-L)
Permeability to 2000 kDa FITC-dextran of 3D-PDAC fibrotic tissues con-
structed from PSCs treated with siYAP1 (I,J), siSMAD2, siSMAD3, or
siSMAD2+3 (K,L). (M,N) Immunofluorescent staining for collagen I
(green) and β-tubulin (red) in PSCs treated with siYAP1. Nuclei (blue)
were stained with Hoechst 33342. (O,P) Mean collagen I fluorescence
per cell in PSCs treated as in (M,N). (Q,R) Immunofluorescent staining
for collagen I (green) and β-tubulin (red) in PSCs treated with siSMAD2,
siSMAD3, or siSMAD2+3. Nuclei (blue) were stained with Hoechst
33342. (S,T) Mean collagen I fluorescence per cell in PSCs treated as
in (Q,R). Scale bars = 100 μm. Student’s un-paired t-test with Welch’s
correction was performed in experiments involving siYAP. In all other
graphs, one-way ANOVA with post hoc Dunnett’s multiple comparisons
test was performed with ctrl siRNA as the reference condition. In all
graphs, n.s., *, **, ***, and **** denote not significant, p < 0.05, p <
0.01, p < 0.001, and p < 0.0001, respectively. Supporting Fig. S6:
Targeting of NUAK2 in prPSCs diminishes stress fibers. (A)
Staining of filamentous actin with phalloidin (green) in WZ4003-treated
prPSCs. Nuclei (blue) were stained with Hoechst 33342. (B,C) Mean phal-
loidin fluorescence per cell in WZ4003-treated prPSCs. (D) Phalloidin
(green) and Hoechst 33342 (blue) staining of prPSCs treated with ctrl
siRNA, siNUAK1, or siNUAK2. (E,F) Mean phalloidin fluorescence
per cell in prPSCs treated with siNUAK1 or siNUAK2. Scale bars =
100 μm. One-way ANOVA with post hoc Dunnett’s multiple comparisons
test was performed with 0 μM or ctrl siRNA as the reference condition,
and n.s., *, **, and *** denote not significant, p < 0.05, p < 0.01, and p <
0.001, respectively. Supporting Fig. S7: Induction of stress fiber dis-
assembly by ML-7 diminishes collagen I expression by PSCs to
enhance macromolecular permeability of 3D-PDAC fibrotic
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tissues. (A) PSCs treated with the myosin light chain kinase inhibitor
ML-7 were stained with phalloidin (green) and Hoechst 33342 (nuclei;
blue). (B,C) Mean phalloidin fluorescence per cell in ML-7-treated
PSCs. (D) Immunofluorescent staining for collagen I (green) and β-tubu-
lin (red) in ML-7-treated PSCs. Nuclei (blue) were stained with Hoechst
33342. (E,F) Mean collagen I fluorescence per cell in ML-7-treated PSCs.
(G,H) Effect of ML-7 on PSC growth. (I-L) Thickness (I,J) and perme-
ability to 2000 kDa FITC-dextran (K,L) of ML-7-treated 3D-PDAC
fibrotic tissues. n = 8 thickness measurements. Scale bars = 100 μm.
One-way ANOVA with post hoc Dunnett’s multiple comparisons test
was performed with 0 μM as the reference condition, and n.s., *, **,
***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and
p < 0.0001, respectively. Supporting Fig. S8: Disturbing actin stress
fibers in prPSCs diminishes collagen I expression to enhance mac-
romolecular permeability of 3D-PDAC fibrotic tissues. (A)
Phalloidin (green) and Hoechst 33342 (blue) staining of prPSCs treated
with 10 μM blebbistatin, 10 μM ML-7, or vehicle control (DMSO). (B,C)
Mean phalloidin fluorescence per cell in prPSCs treated as in (A). (D)
Immunofluorescent staining of collagen I (green) and β-tubulin (red)
in prPSCs treated with 10 μM blebbistatin or 10 μM ML-7. Nuclei (blue)
were stained with Hoechst 33342. (E,F) Mean collagen I fluorescence per
cell in prPSCs treated as in (D). (G,H) Effect of blebbistatin on the pro-
liferation of prPSCs. (I,J) Effect of ML-7 on the proliferation of prPSCs.
(K-N) Thickness (K,L) and permeability to 2000 kDa FITC-dextran (M,
N) of 3D-PDAC fibrotic tissues treated with 10 μM blebbistatin, 10 μM
ML-7, or DMSO. n = 8 thickness measurements. Scale bars = 100 μm.
One-way ANOVA with post hoc Dunnett’s multiple comparisons test
was performed with DMSO as the reference condition, and n.s., *, **,
***, and **** denote not significant, p < 0.05, p < 0.01, p < 0.001, and
p < 0.0001, respectively.
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