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Pancreatic ductal adenocarcinoma (PDAC) is an aggressive malignancy characterized by extensive
local invasion and systemic spread. In this study, we employed a three-dimensional organoid
model of human pancreatic cancer to characterize the molecular alterations critical for invasion.
Time lapse microscopy was used to observe invasion in organoids from 25 surgically resected
human PDAC samples in collagen I. Subsequent lentiviral modification and small molecule
inhibitors were used to investigate the molecular programs underlying invasion in PDAC
organoids. When cultured in collagen I, PDAC organoids exhibited two distinct, morphologically
defined invasive phenotypes, mesenchymal and collective. Each individual PDAC gave rise to
organoids with a predominant phenotype, and PDAC that generated organoids with predominantly
mesenchymal invasion showed a worse prognosis. Collective invasion predominated in organoids
from cancers with somatic mutations in the driver gene SMAD4 (or its signaling partner
TGFBR2). Re-expression of SMAD4 abrogated the collective invasion phenotype in SMADA4-
mutant PDAC organoids, indicating that SMADA4 loss is required for collective invasion in PDAC
organoids. Surprisingly, invasion in passaged SMAD4-mutant PDAC organoids required
exogenous TGFp, suggesting that invasion in SMAD4-mutant organoids is mediated through non-
canonical TGFp signaling. The Rho-like GTPases RAC1 and CDC42 acted as potential mediators
of TGF-stimulated invasion in SMAD4-mutant PDAC organoids, as inhibition of these GTPases
suppressed collective invasion in our model. These data suggest that PDAC utilizes different
invasion programs depending on SMADA4 status, with collective invasion uniquely present in
PDAC with SMAD4 loss.

Statement of Significance—Organoid models of PDAC highlight the importance of SMAD4
loss in invasion, demonstrating that invasion programs in SMAD4-mutant and SMAD4-wildtype
tumors are different in both morphology and molecular mechanism.

Introduction

Pancreatic cancer, or pancreatic ductal adenocarcinoma (PDAC), is one of the most
aggressive human malignancies with a five-year survival of only 8%, and it is predicted to
soon be the second leading cause of cancer death in the United States (1, 2). Pancreatic
cancer characteristically invades into adjacent organs, into blood vessels and around nerves,
and ultimately disseminates throughout the body. Considering the critical importance of
invasion in the morbidity and mortality of pancreatic cancer patients, relatively little is
known about the specific molecular alterations that initiate and promote this behavior.

Recent comprehensive sequencing studies have characterized the genetic landscape of
PDAC, the most common type of pancreatic cancer and the cause of the majority of patient
suffering due to this disease (3—-8). This landscape is dominated by four critical driver genes
that are altered in the majority of pancreatic cancers, the oncogene KRAS and the tumor
suppressor genes CDKNZA, TP53, and SMAD4. Analyses of non-invasive precancerous
lesions have revealed the timing of these key genetic alterations in pancreatic tumorigenesis.
Mutations in SMAD4, which occur in approximately half of PDACs, are the latest occurring
of the major driver genes, and recent studies suggest SMAD4 mutations may be limited to
invasive cancers and absent from precancerous lesions (9). These genetic data implicate
inactivating SMAD4 mutations as a potential driver of invasion in PDAC. SMAD4 encodes
a protein that is a critical component of the canonical transforming growth factor beta
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(TGFB) signaling pathway (10). However, in addition to the SMADA4-dependent canonical
pathway, multiple SMAD4-independent non-canonical pathways have also been described to
respond to TGFp activation, including ERK/MAP kinase signaling, PI3K/AKT signaling,
and Rho-like GTPases (11). The determinants of the outcome of TGFf stimulation via these
complex and multifunctional pathways is currently a subject of active investigation, and it is
clear that the outcome of TGFP pathway activation is cell-type and likely context specific.

In vitro assays that interrogate invasion are critical for the empirical investigation of its
underlying molecular basis. Although these two-dimensional models have provided a critical
foundation (12), three-dimensional studies of invasion provide important advances, as they
more closely recapitulate the environment /n vivo (13). One such three-dimensional model is
the use of organoids derived from fresh human tumors grown in extracellular matrix gels.
Analyses of breast cancer organoids demonstrated that multiple different invasive
phenotypes can occur and defined the molecular phenotype of a cellular subpopulation
critical for invasion in breast cancer organoids (14, 15). Although an organoid model of
murine and human pancreatic cancer has been reported and used for valuable studies of
tumor pharmacotyping (16-18), this model has not yet been used to investigate the
molecular and cellular determinants of invasion in PDAC.

In the present study, we employ an organoid model of fresh human PDAC in order to
observe and empirically investigate invasion. We identify inactivation of SMAD4 as a driver
of the collective invasion phenotype in our organoid model, and we highlight non-canonical
TGFp signaling as a likely pathway mediating this phenotype.

Materials and Methods

Organoids were isolated from 48 primary human PDAC samples acquired from surgical
resection specimens at The Johns Hopkins Hospital — these included 25 PDAC samples
(PCO1-PCO25) for immediate invasion analysis and 23 PDAC samples (PC026-PC048) for
additional analyses, including immunofluorescence, lentiviral transduction, and
pharmacological manipulation. This study was approved by the Institutional Review Board
of The Johns Hopkins Hospital, and written informed consent was obtained from patients
prior to sample acquisition. Organoids from 25 patients were isolated from fresh primary
tumor samples as previously described (14). Briefly, PDAC tissue was digested and filtered;
organoids were isolated by differential centrifugation. PDAC organoids were embedded into
collagen I gels for time lapse imaging using a Nikon Eclipse Ti inverted microscope, with
images collected at 30 minute intervals for 3—7 days. Immunofluorescence assays were used
to assess expression of CK (1:100, #4545, Cell signaling Technologies), VIM (1:100, #5741,
Cell signaling Technologies), SOX9 (1:100, #D8G8H, Cell signaling Technologies), Nkx6.1
(1:100, BDB563022, Fisher scientific), and GATA4 (1:100 #560327, BD Biosciences) in a
subset of these organoids using established protocols with secondary antibodies coupled to
Alexa Flour 488, 568 or 647 (1:1000, (A11001, A10042, A21235, Invitrogen). Primary
PDAC tissue from these cases was analyzed by immunohistochemistry for SMAD4 (clone
RBT-SMADA4, predilute; Bio SB), ECAD (clone EP700Y, predilute; Cell Marque), VIM
(clone V9, predilute; Roche), P40 (clone BC28, 1:100; Biocare), and GATA6 (R&D Cat.
Number AF1700,1:1000) using established protocols. We also isolated genomic DNA from
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the primary PDACs in our cohort for targeted sequencing of 11 PDAC driver genes using lon
AmpliSeq library preparation with a previously described primer panel (19), followed by
sequencing on an lon Torrent PGM.

For re-expression of SMADA4, the SMADA4 coding sequence was subcloned into
pCW57.GFP-P2A-MCS for doxycycline-inducible expression, and lentivirus was produced
from HEK-293T cells using the pLKO.1 lentiviral vector protocol. For lentiviral
transduction, organoids from 3 patients were passaged in Matrigel and then digested into
single cells, transduced, and re-established in Matrigel, followed by puromycin selection
three days after transduction. To characterize the invasion of modified organoids, the
organoids were transferred from Matrigel to collagen | and treated with doxycycline
(5mg/L) for 3 days to induce the expression of SMAD4 followed by TGFB1 treatment
(5ng/mL) for an additional 3 days. Then, 30 organoids from each group were observed for
3-5 days by time-lapse microscopy, and the number of invasive organoids was quantified.
Invasive organoids were divided into two groups based on the extent of their invasive
protrusions into the surrounding collagen | gel: moderately invasive organoids (invasive
protrusions 20-50 um) and extensively invasive organoids (invasive protrusions >50 um).
Organoids with no protrusions or protrusions less than 20um were considered non-invasive.
Protein expression in the treated organoids was assessed by immunofluorescence (CK, VIM
— see details above) and Western blot (SMADA4 [1:50, #sc-7966, Santa Cruz], ECAD
[1:1000, #3195, Cell Signaling Technologies], VIM [1:1000, #D21H3, Cell Signaling
Technologies], total SMAD2 [1:500, #5339S, Cell Signaling Technologies], p-SMAD2
[1:500, #3108S, Cell signaling Technologies]) using established protocols. Secondary
antibodies for Western blot included anti-Mouse 1gG-HRP (1:10000, #NA931V, GE
Healthcare) and anti-Rabbit 1gG-HRP (1:10000, #NA934V, GE Healthcare). Proliferation
and apoptosis of modified organoids were assessed by CellTiter-Glo® 3D Cell Viability
Assay (Promega) and CellTiter-Glo® caspase 3/7 Assay (Promega) according to
manufacturer’s instructions. We also treated passaged unmodified organoids of both
SMAD4 genotypes with TGFB1 (5ng/mL) and inhibitors of RAC1 (20uM, #553508,
Calbiochem), CDC42 (50uM, #500503, Calbiochem), and ROCKZ1 (which inhibits signaling
downstream of RHOA) (25uM, #688002, Calbiochem). After transfer from Matrigel to
collagen I and treatment with TGFR1 +/- inhibitors, 30 organoids of each group were
observed by time-lapse microscopy for approximately 3 days to assess invasion. We
analyzed activity of RAC1 and CDC42 by GTPase pull-down assay (Thermo Scientific)
following TGFB1 and inhibitor treatment.

Additional details are provided in the Supplementary Methods.

Organoids with ductal phenotype were cultured from human PDAC specimens.

In order to explore the molecular mechanisms of PDAC invasion, we derived and cultured
organoids from 25 resected human PDAC specimens. All 25 patients in this study had a
histologically confirmed diagnosis of PDAC — clinical characteristics are provided in
Supplementary Table 1. Organoids were derived from PDAC tissue samples from each case
within 2 hours of surgical resection and embedded into collagen | gels. We first sought to
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confirm the neoplastic origin of our isolated organoids. We immediately fixed and stained
embedded organoids from three PDACs with fluorescent-labeled antibodies recognizing
cytokeratin (CK), an epithelial marker, and SOX9, a marker of ductal differentiation in the
pancreas. In this assay, 44% of PDAC organoids expressed CK, and 100% expressed SOX9
(Figure 1A, Supplementary Figure 1, Supplementary Table 2). We also fixed and stained
organoids from normal pancreatic duct using the same CK and SOX9 immunofluorescence
assay, which demonstrated consistent CK and SOX9 expression (Supplementary Figure 2).
Confocal microscopy of cytokeratin and SOX9 immunofluorescence in PDAC and normal
ductal organoids confirmed that the cells within both types of organoids had nuclear SOX9
expression, consistent with pancreatic ductal differentiation (Supplementary Figures 1 and
2). In order to compare this expression pattern with normal and malignant pancreatic tissue,
we performed immunofluorescence analysis of CK and SOX9 on one section of normal
pancreas (including normal pancreatic duct) and sections from five primary PDACs. In
tissue from the normal pancreas, neither acinar cells nor stromal cells expressed SOX9, and
SOX9 was strongly expressed in normal ductal epithelial cells (Figure 1B). In all five PDAC
tissue sections, SOX9 was expressed in PDAC cells but not in the stromal cells (Figure 1C).
We also stained organoids from three PDAC patients with GATA4 (an acinar cell marker)
and NKX6.1 (an islet cell marker) - no analyzed organoids expressed GATA4 or NKX6.1.
Taken together, these results demonstrate that our isolated organoids were derived from
PDAC cells.

For 23 PDAC samples in our cohort, selected organoids were fixed and stained with
antibodies targeting CK and VIM immediately after embedding into collagen 1. As shown in
Figure 1D, three expression patterns in the organoid samples were identified: (1) CK+/VIM-
organoids, in which >90% of cells expressed CK; (2) CK-/VIM+, in which >90% of cells
expressed vimentin; (3) CK+/VIM+. For each PDAC sample, the number of organoids with
each of these three expression patterns was counted (Table 1). Intriguingly, the proportions
of organoids with these patterns varied widely across the cohort (4.5%-100% for CK+/
VIM-, 0%-82% for CK-/VIM+, 0-73% for CK+/VIM+).

PDAC organoids exhibit two distinct patterns of invasion into collagen I.

In order to investigate the invasion patterns of the organoids derived from the 25 PDACs in
our cohort, organoids from each sample were cultured in collagen I gels and observed by
time-lapse microscopy. We noted multiple patterns of invasion, as has been previously
described in breast cancer organoids (14). In some organoids, single cells with an elongated
spindle morphology disseminated into the surrounding collagen matrix (Figure 1E,
Supplementary Videos 1-2). In addition, single cells also disseminated from the organoids
with an amoeboid morphology, in which rounded cells appeared to roll or squeeze through
the collagen | matrix (Supplementary Video 3). Intriguingly, cells with these mesenchymal
and amoeboid morphologies often disseminated from the same organoids and thus we
grouped them together as “mesenchymal invasion” in subsequent analyses. In addition to
these single-cell invasion morphologies, we also identified some organoids in which cells
invaded into the collagen matrix as cohesive multicellular units, which has previously been
described as “collective invasion” (Figure 1F, Supplementary Video 4) (14). The number of
organoids with mesenchymal and collective invasion patterns were quantified for each
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PDAC in our cohort by review of the time-lapse videos (Table 1). Organoids from each
tumor exhibited a predominant invasive phenotype, with 8 tumors generating organoids with
predominantly collective invasion and 17 tumors generating organoids with predominantly
mesenchymal invasion. Pearson correlation analysis revealed PDACs with a large proportion
of organoids expressing VIM (including CK-/VIM+ and CK+/VIM+) also had a large
proportion of organoids with mesenchymal invasion (p<0.001) (Figure 1I). We also
performed immunofluorescence analysis of CK and VIM expression in the organoids after
48 hours cultured in Collagen I (n=4). As shown in Figure 1G and 1H, we identified
invasion in both CK+/VIM- organoids and CK-/VIM+, indicating that both expression
phenotypes undergo invasion in our model. Moreover, when we assessed CK and VIM
expression in organoids from one PDAC after culture in collagen for 10 days, we saw
expression of vimentin was more prevalent in organoids with mesenchymal invasion
compared to organoids with collective invasion from the same tumor (Supplementary Figure
3). We also confirmed the neoplastic origin of both collective and mesenchymal organoids
using KRAS pyrosequencing. In organoids derived from four primary PDACs with KRAS
codon 12 hotspot mutations (including PCO46 with collective invasion and PCO44, PCO47,
and PC0O48 with mesenchymal invasion), high frequency mutations were identified in all
unpassaged organoid samples, indicating a neoplastic cellularity of 80-100%. A fifth PDAC
(PCO45) was assessed but excluded from this analysis due to wildtype KRAS in both
organoids and primary tumor tissue. In keeping with previous reports, we also found that
PDAC organoids cultured in Matrigel were less invasive than those from the same patient
cultured in collagen I (Supplementary Figure 4) (14).

Invasion pattern of PDAC organoids is associated with clinical outcome and protein
expression in the primary tumor.

We next sought to determine whether the invasion pattern observed in our organoid model
was correlated with clinical or pathological features of the resected tumors. Importantly, we
found that the patterns of invasion did not differ based on neoadjuvant therapy (Figure 2A,
p=0.69, t test). There was also no significant difference in grade of differentiation between
PDACs giving rise to organoids with predominantly mesenchymal or collective invasion.
Specifically, poorly differentiated PDACs accounted for 50% of the PDACs with
predominantly mesenchymal invasion and 58% of the PDACs with predominantly collective
invasion (p=1.00, chi-square test). In addition, it is important to note that a sizable
proportion of PDACs giving rise to mesenchymal organoids were moderately differentiated
primary tumors. To analyze primary tumor morphology in depth, histological sections of
each primary PDAC were reviewed by a pancreatic pathologist, who estimated the
percentage of the tumor area with glandular differentiation (representative images in Figure
2B). We found that all of the tumors analyzed, even those diagnosed as poorly differentiated,
had a significant component with glandular morphology (i.e. groups of malignant cells
adherent to each other and organized around a lumen). In 24 of 25 primary PDACSs in our
cohort, the majority of tumor cells had a glandular architecture (Table 2). The percent of the
primary tumor with glandular differentiation was comparable between the PDACs that gave
rise to mesenchymal and collective organoids (mean of approximately 80% in both groups)
(Table 2). There were no statistically significant differences in other pathological features of
the primary tumor between the two groups — tumor size, lymph node metastasis,
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lymphovascular invasion, perineural invasion, and invasion of nearby structures (duodenum,
common bile duct) were similar between the two groups. Still, as shown in Figure 2D, we
observed a striking association between organoid invasion pattern and recurrence/death. The
mesenchymal pattern conferred a poorer outcome (log-rank test, p<0.0001) and was
associated with a significantly higher risk of recurrence/death after adjusting for potential
clinical and pathological covariates in a multivariate analysis (HR=15.277; 95%ClI: 2.000-
116.689; p=0.009).

Considering the prominent expression of VIM in a subset of our PDAC organoids, we next
analyzed VIM expression in primary PDAC tissue from each patient (Table 2). We identified
VIM expression in only 4 of 25 primary PDACs, and in all but one tumor VIM expression
was focal, involving only 10% of primary tumor cells (Figure 2C). The primary PDACs that
expressed VIM all gave rise to predominantly mesenchymal organoids which expressed also
VIM, demonstrating that at least in some cases the mesenchymal phenotype is present in the
primary tumor at the level of protein expression. In addition, we analyzed expression of E-
cadherin (ECAD) in each primary PDAC (Table 2). We identified focal loss of membranous
ECAD expression in 6 of 25 primary PDACSs, in each case involving <20% of tumor cells
(Figure 2C). Most of the cases with focal ECAD loss did not express VIM, suggesting that
these two potential markers of mesenchymal phenotype vary independently, and the PDACs
with ECAD loss gave rise to organoids with predominantly mesenchymal invasion in all but
one case. However, the differences in vimentin expression and ECAD loss between primary
PDAC:s giving rise to predominantly mesenchymal versus collective organoids were not
statistically significant (p=0.27 for VIM p=0.62 for ECAD, Fishers exact test). In addition,
the majority of tumors generating predominantly mesenchymal organoids had no VIM
expression or ECAD loss in the primary PDAC. The striking difference in clinical outcome
in the mesenchymal invasion group suggests that our organoid model is capturing clinically
relevant biological differences that are not evident through morphological analysis of the
primary tumor alone. When ECAD and VIM expression in the primary tumor were added to
the multivariate analysis, the impact of mesenchymal invasion on outcome remained
statistically significant (HR=3.34; 95%ClI: 1.21-9.28; p=0.02).

We next considered our primary tumors in light of the recently described transcriptional
subtypes of PDAC into classical and basal/quasi-mesenchymal/squamous subtypes (20, 21).
We analyzed the primary PDAC samples using immunohistochemistry for two markers
previously correlated with transcriptional subtype: GATA6, which has been previously
shown to have high expression in classical PDACs, and P40, a marker of squamous
differentiation (Table 2) (21, 22). Ten PDACs focally expressed P40, including two with
predominantly collective invasion and eight with predominantly mesenchymal invasion
(Figure 2C). All PDACs showed some expression of GATABG, but all of the PDACs with low
GATAG expression gave rise to predominantly mesenchymal organoids (Figure 2C). Taken
together, these data show that P40 expression and loss of GATAG are both enriched in
primary PDACs giving rise to organoids with predominantly mesenchymal invasion, though
neither marker had a statistically significant difference between primary PDACs giving rise
to predominantly mesenchymal versus collective organoids (p=0.40 for P40 and p=0.14 for
GATAG, Fishers exact test). Intriguingly, these markers seem to vary independently of
ECAD loss and VIM expression, highlighting multiple distinct primary tumor features that
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can suggest the mesenchymal phenotype which is more clearly evident in our organoid
model. Finally, we developed a score with 1 point for each primary tumor mesenchymal
feature (VIM expression, ECAD loss, P40 expression, low GATAG expression) - the scores
for primary PDACs giving rise to mesenchymal organoids were significantly higher than for
those giving rise to collective organoids (mean 1.3 vs 0.4, p=0.020, Mann-Whitney U test).

Somatic mutations in SMAD4 or TGFBR2 are identified in PDACs with collective invasion.

We next assessed the possible correlation of invasive phenotype in our organoid model with
somatic mutations in PDAC driver genes using deep targeted next generation sequencing
(Supplementary Table 3). As expected, KRAS was the most commonly mutated gene in our
PDAC cohort, with somatic mutations in 22 of 24 tumors. Somatic mutations in 7P53were
identified in 14 of 24 PDACs, and CDKNZA was altered in 6 PDACs (Supplementary Table
4). Mutations in SMAD4, including both point mutations and deletions, were identified in 9
PDACs, and a single PDAC had a mutation in its signaling partner 7GFBRZ2 (Supplementary
Table 4). In addition, to analyze the SMAD4 mutation status of one PDAC sample which
failed sequencing, we performed immunochistochemistry for SMADA4 protein expression on
an FFPE section, demonstrating retained expression of SMAD4 indicative of wild-type
status (23). Considering all PDACs in our cohort, all (8 of 8) PDACs which gave rise to
organoids with predominantly collective invasion had somatic mutations in SMAD4 or the
closely related gene 7TGFBRZ, while only 2 of 17 PDACs which gave rise to organoids with
predominantly mesenchymal invasion had SMAD4 mutations (Figure 2E, p<0.0001, t test;
Table 1). No other mutated genes were associated with the invasive phenotype in our
organoid model. As expected due to the correlation of SMAD4 mutation with collective
invasion, lack of SMAD4 mutation was associated with a significantly poorer outcome, and
the risk of poorer outcome persisted in multivariate analysis (HR=35.72; 95%Cl: 3.29-
387.33; p=0.003; Supplementary Figure 5).

Because characterization of deletions as heterozygous or homozygous in impure primary
tumor samples can be difficult, we also assessed SMADA4 expression by
immunohistochemistry, as loss of SMAD4 expression this assay has been previously shown
to correlate closely with SMAD4 mutation (Table 1) (23). In the 2 cases with intact SMAD4
expression and predominantly collective invasion, we see clear explanations for these results
— a missense SMAD4 mutation (which likely does not affect expression) and a mutation in
TGFBRZin the setting of wildtype SMADA4. In the 2 cases with SMAD4 deletions identified
by sequencing but predominantly mesenchymal invasion, we see loss of SMAD4 expression
by immunohistochemistry, consistent with homozygous deletion. Of note, we also see
multiple primary tumors with loss of SMAD4 expression but predominantly mesenchymal
invasion and no identification of SMAD4 mutation by sequencing, highlighting that this
immunohistochemical assay is a less reliable correlate of organoid invasive phenotype than
SMAD4 mutation at the DNA level.

The two PDACs with SMAD4 deletion but mesenchymal invasion are intriguingly outliers
that might provide some insights into the link between these two features. With respect to
clinical and pathological features, they did not stand out from the rest of the cohort. The
primary tumors from both outlier cases showed focal P40 expression, and one had focal
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ECAD loss, suggesting some mesenchymal features in the primary tumors that are
recapitulated in the organoid model.

Re-expression of SMAD4 can alter the invasion pattern of SMAD4-mutant PDAC organoids.

The previous results show a striking correlation between SMAD4 mutation and collective
invasion in our PDAC organoid model. We next tested for a causal role of SMAD4 mutation
in the promaotion of collective invasion by re-expressing SMAD4 in SMAD4-mutant
organoids and analyzing the invasive phenotype. In order to perform lentiviral transduction
of our primary PDAC organoids, we cultured SMAD4-mutant PDAC organoids from three
patients in Matrigel. After multiple passages in Matrigel with an enriched organoid media,
the PDAC organoids grew as cohesive cystic structures, which is consistent with previous
results (Figure 3A) (24). Consistent with previous studies in breast cancer, we did not
observe any invasion into the Matrigel in these experiments (14). To investigate the role of
SMADA4 in pancreatic cancer invasion, we used a tet-on inducible SMAD4 coding sequence;
lentiviral transduction and puromycin selection did not change the morphology of the
organoids in Matrigel (Figure 3B). To characterize the invasion of modified organoids, the
organoids were transferred to collagen I, treated with doxycycline (to induce the expression
of SMAD4) followed by TGFB1, and observed by time-lapse microscopy. As shown in
Figure 3C and 3D, most organoids were non-invasive in the group not treated with
doxycycline or TGFB1 (Supplementary Video 5). In the group treated with doxycycline to
re-express SMAD4 without TGFB1 (Dox+ TGFR1-), the majority of organoids were still
non-invasive (Supplementary Video 6). This result suggests that passaged organoids are
minimally invasive without TGFB1 stimulation, even after re-expression of SMAD4. When
treated with TGFB1 alone (Dox- TGF@1+), more than 70% organoids invaded into the
collagen I, almost exclusively with the collective invasion pattern (Supplementary Video 7).
In the group treated with both doxycycline to re-express SMAD4 and TGFp (Dox+
TGFB1+), all of the organoids were extensively invasive with a mesenchymal pattern (Figure
3D, Supplementary Video 8).

In order to better characterize the epithelial vs mesenchymal phenotype of the modified
organoids, we performed immunofluorescence analysis for CK and VIM. As shown in
Figure 3E, Dox- TGFB-, Dox+ TGFp-, and Dox- TGFp+ organoids expressed the epithelial
marker CK and did not express the mesenchymal marker VIM. However, when treated with
both Dox and TGFB1 (Dox+ TGFB+), the organoids lost CK expression and gained VIM
expression, indicating that TGFB1 stimulation and intact SMADA4 expression are required
for the acquisition of mesenchymal features. The expression of key mesenchymal and
canonical TGFp pathway proteins was also measured by Western blot. As shown in Figure
3F, doxycycline treatment alone (Dox+ TGFp-) significantly increased the expression of
SMAD4 in modified organoids. However, the total expression of E-cadherin, VIM, and
SMAD?2 were not altered by the re-expression of SMADA4, nor was the phosphorylation of
SMAD2. When the organoids were treated with TGFB1 only (Dox- TGFp+),
phosphorylation of SMAD?2 increased, but the total expression of E-cadherin, VIM, and
SMAD?2 were not altered. After treatment with both doxycycline (to restore SMAD4
expression) and TGFB1 (Dox+ TGFR+), phosphorylation of SMAD?2 increased, while E-
cadherin expression decreased and VIM expression increased dramatically. These data
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indicate that both SMADA4 expression and TGFB1 stimulation are required for mesenchymal
invasion in PDAC organoids, implicating canonical TGF signaling in this process. These
data further suggest that the elimination of canonical TGFp signaling by SMAD4
inactivation blocks mesenchymal invasion and enables collective invasion in response to
TGFB1. The requirement for TGFR1 stimulation for invasion in SMAD4-mutant organoids
raises the possibility that non-canonical TGF signaling may be a critical and specific
mediator of collective invasion.

In these experiments, we used previously described media for expansion and passage of our
PDAC organoids in Matrigel prior to lentiviral transduction (16). This media contains the
TGFB inhibitors A83-01 and mNoggin, which could influence the TGFp dependence we
observed for invasion of SMAD4-mutant organoids. Thus, we next sought to test whether
the dependence on exogenous TGFB stimulation for invasion was the result of culture with
these TGFp inhibitors or a feature of passaged organoids independent of TGFp inhibition.
For six primary PDAC samples, we isolated organoids for culture in two distinct media,
culturing half of the organoids in the previously described media and half in this media
without A83-01 or mNoggin. SMAD4 status was assessed by immunohistochemistry of the
primary tumor tissue. Two cases (PCO29 and PCO33) showed loss of SMAD4 expression
indicative of mutation, while three cases (PC0O32, PCO34, and PCO38) showed retained
SMADA4 expression indicative of wildtype SMAD4. The final PDAC (PCO35) showed a
mixed pattern, with focal SMAD4 loss. For the organoids derived from SMAD4-mutant
PDACs, TGFp stimulation resulted in a comparable increase in invasion in organoids
cultured with both types of media (Supplementary Figure 6). Intriguingly, we saw little if
any enhanced invasion after TGFp treatment in the organoids derived from SMAD4-
wildtype or mixed PDACs established in either media, suggesting that SMAD4 genotype
influences the TGFB-dependence of organoid invasion. Thus, the requirement for exogenous
TGFp stimulation after SMAD4-mutant organoid passaging is not a result of pathway
inhibitors but rather a phenotypic shift with passaging in culture. In addition, the enhanced
invasion in response to TGFP1 treatment is a specific feature of SMAD4-mutant PDACs that
is not shared by SMAD4-wildtype organoids.

Previous studies have demonstrated that in addition to its effects on cell phenotype, TGFf
can also induce apoptosis and cell cycle arrest (25). We next assessed whether these actions
of TGFp signaling are dependent on SMAD4 in our system. The proliferation and apoptosis
of the modified organoids in collagen | (+/- doxycycline and TGFB1) were assessed each
day after TGFB1 treatment. As shown in Figure 3G and 3H, the proliferation of Dox+
TGFB1+ organoids of was significantly lower than that of Dox- TGF-p1+ organoids. In
addition, the Dox+ TGFB1+ group had a significantly higher rate of apoptosis than the Dox-
TGFp1+ organoids. These results indicate that SMADA4 expression in the presence of
TGFB1 inhibits proliferation and induces apoptosis.

RAC1 and CDCA42 activation is required for TGFB1-induced collective invasion.

The dependence of collective invasion on TGFB1 stimulation in our SMAD4-mutant
organoids raises the possibility that this process is mediated by non-canonical TGFp
signaling. Multiple downstream pathways have been proposed in non-canonical TGFB
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signaling, including MAPK, PI3K, and Rho-like GTPases (11). Interestingly, members of
the Rho family of small Rho GTPases (including RAC1, RHOA, and CDC42) have been
recognized as regulators of cell migration through their actions on actin polymerization,
actomyaosin contractility, and microtubules (26, 27). As such, we hypothesized that these
GTPases might be activated by non-canonical TGFp signaling, leading to collective invasion
in SMAD4-mutant organoids. In unmodified SMAD4-mutant organoids that were passaged
in Matrigel and then transferred to collagen I, we found that collective invasion was
significantly induced when the organoids were treated with TGFp1 (Figure 4A). To
investigate the role of RAC1, RHOA, and CDC42 in TGFp1-induced collective invasion,
SMAD4-mutant organoids from one patient were treated with TGFp1 and inhibitors of
RAC1, CDC42, and ROCK1 (which inhibits signaling downstream of RHOA). As shown in
Figure 4A, treatment with either RACL1 inhibitor or CDC42 inhibitor abrogated TGFp1-
induced collective invasion. In contrast, treatment with a ROCKZ1 inhibitor (which inhibits
signaling downstream of RHOA\) led to drastic alterations in organoid morphology, with
many bubble-like structures and cell protrusions. Invasion decreased with increasing
concentrations of RAC1 and CDC42 inhibitors (Figures 4B and 4C). RAC1 and CDC42
GST pull down assays demonstrated that TGFp1 treatment led to increased active RAC1 and
CDC42 in these SMAD4-mutant organoids, and the specific inhibitors utilized could repress
the activity of RAC1 and CDC42 (Figure 4D). These results suggest that RAC1 and CDC42
are activated by TGFB1 and are required for the induction of collective invasion in SMAD4-
mutant organoids.

We then sought to determine the effect of RAC1 and CDC42 inhibition on TGFp-stimulated
invasion in additional PDAC organoids of both SMAD4 genotypes, as assessed by
immunohistochemistry. We cultured unmodified low-passage SMAD4-mutant and SMAD4-
wildtype organoids in collagen I and treated with TGFB1 +/— RAC1 or CDC42 inhibitors,
followed by quantification of invasion by time lapse microscopy for 2-3 days. In two
SMAD4-mutant PDACs (PC0O29, PCO37), we saw collective invasion in response to TGFB1
treatment which was abrogated by RAC1 and CDCA42 inhibition (Figure 4E and 4G). These
results are in keeping with the results of the initial SMAD4-mutant PDAC tested above. In
three SMAD4-wildtype PDACs (PCO32, PC0O38, PCO40), the organoids invaded with a
mesenchymal pattern with little or no enhancement of invasion with TGFB1 treatment and
minimal change in invasion after treatment with RAC1 and CDC42 inhibitors (Figure 4E
and 4F). The final assessed case (PCO36) showed an unexpected pattern, with striking
collective invasion that was enhanced by TGFB1 treatment but not decreased by RAC1 and
CDC42 inhibition (Figure 4E and 4G). The primary tumor retained SMAD4 expression by
immunohistochemistry, suggestive of wildtype status. Due to the unexpected collective
invasion pattern in these organoids, we performed targeted sequencing of unpassaged
organoids from this tumor, which revealed mutations in KRAS (p.G12V), CDKNZA
(p.R80X), and 7P53(p.L308fs), but no mutations in SMAD4 or TGFBRZ. Importantly, the
KRAS mutant allele frequency in this sample was high (~45%), confirming the purity of the
malignant cells in our organoid cultures. These results confirm the importance of non-
canonical TGFp signaling via RAC1 and CDC42 for collective invasion in SMAD4-mutant
organoids. In addition, the lack of invasion in response to TGFp1 in most SMAD4-wildtype
organoids raises the possibility of a TGFp-independent invasion mechanism in the setting of
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wildtype SMAD4. Intriguingly, these results are in contrast to the marked increase in
mesenchymal invasion in SMAD4-mutant organoids after re-introduction of SMAD4,
suggesting that TGFp signaling is altered by other molecular mechanisms in PDACs that are
natively SMAD4 wildtype. We also identify a SMAD4-wildtype PDAC with collective
invasion that is enhanced by TGFp1 treatment but not dependent on RAC1 and CDC42,
suggesting an alternative as-yet-unidentified molecular mechanism allowing collective
invasion that is not dependent on these GTPases in a small subset of SMAD4-wildtype
PDACs.

Finally, we examined the effect of these GTPase inhibitors on actin polymerization in
SMAD4-mutant PDACs. SMAD4-mutant organoids were stained with Alexa 488 labeled
Phalloidin after they were treated with TGFB1 and RAC1 and CDC42 inhibitors. As shown
in Figure 4H, there were few large F-actin fibers evident in untreated organoids. After
treatment with TGFB1, we observed enrichment of F-actin specifically in the invading cells
(Figure 4H). The invasion and actin polymerization were abrogated in the organoids treated
with TGFB1 and RAC1 or CDC42 inhibitor. Taken together, these data show that RAC1 and
CDC42 activation is required for TGFp1-induced collective invasion in SMAD4-mutant
PDAC organoids, highlighting this aspect of non-canonical TGF signaling as specifically
important in PDACs with this genotype.

Discussion

Taken together, our results suggest that SMAD4 inactivation enables a collective invasion
program in PDAC organoids, while organoids with wild-type SMAD4 invade with a
mesenchymal phenotype. SMAD4 encodes a critical component of the TGFp signaling
pathway (10). Previous work has highlighted the importance of TGFp signaling in the
acquisition of mesenchymal features in epithelial cancers (epithelial-to-mesenchymal
transition or EMT), and previous analyses of murine pancreatic cancers have demonstrated
abrogation of the mesenchymal phenotype with SMAD4 inactivation (28). Previous studies
also suggest that in addition to stimulating EMT, TGFp signaling can decrease proliferation
and induce apoptosis in pancreatic cancer cells (28, 29). Our results are consistent with these
previous studies, in that restoration of SMADA4 expression in our pancreatic cancer
organoids resulted in decreased proliferation, increased apoptosis, and a switch to
mesenchymal invasion upon TGFB stimulation. However, an important caveat of our
SMADA re-expression experiments is that expression was not under the control of the native
promoter, and thus SMADA4 is likely expressed at non-physiological levels in this system.
Still, our data suggest that in addition to abrogating the TGFB-stimulated phenotypes
proliferation arrest and apoptosis, loss of SMADA4 also activates a novel collective invasion
strategy that is dependent on TGFp stimulation. These observations suggest that SMAD4
inactivation provides multiple advantages to enable cancer cell survival in addition to
promoting a unique invasion program. They also suggest that rather than being a universal
feature of cancer cell invasion, the presence of EMT may be genotype-specific.

After passaging in culture, we found that some PDAC organoids required stimulation with
exogenous TGFp1 to invade into collagen | gels. Surprisingly, this requirement for TGFp1
occurred uniquely in SMAD4-mutant organoids, while most SMAD4-wildtype organoids
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did not increase their invasion in response to TGFB1 in the conditions used in this study. In
addition to the SMAD4-dependent canonical pathway, multiple SMAD4-independent non-
canonical pathways have also been described to respond to TGFp activation, including
ERK/MAP kinase signaling, PI3K/AKT signaling, and Rho-like GTPases (11). Because
SMADA4 inactivation abrogates canonical TGF signaling, we hypothesized that non-
canonical TGF signaling plays a role in invasion in SMAD4-mutant organoids. We show
that TGFB1 treatment of SMAD4-mutant organoids results in activation of the Rho-like
GTPases RAC1 and CDC42, and inhibition of these GTPases leads to decreased invasion in
SMAD4-mutant organoids. These results are consistent with the previously characterized
role of these GTPases in migration in multiple cell types, though the link between SMAD4
loss, TGFP signaling and RAC1/CDCA42 in cancer cell invasion has not been previously
reported (30). In addition, we found that inhibition of RAC1 and CDC42 did not decrease
invasion in SMAD4-wildtype organoids. Thus, non-canonical TGFp signaling via RAC1
and CDCA42 is critical for invasion in SMAD4-mutant PDACs, but SMAD4-wildtype PDACs
do not rely on this pathway and instead likely employ a TGFp-independent invasion
mechanism. This highlights unique molecular programs underlying invasion based on
SMADA4 genotype, suggesting that distinct strategies may be required to inhibit invasion
(and thus metastasis) in these two types of PDAC. SMAD4 mutation status may become a
key biomarker as therapies targeting these specific invasion programs are developed.
However, our identification of an outlier SMAD4-wildtype case, in which TGFp stimulates
collective invasion that is not dependent on RAC1/CDC42, highlights that other molecular
mechanisms likely influence invasion in a small subset of PDACs.

Our analyses revealed striking differences in the organoid invasive phenotype between
PDACs from different patients, with SMAD4 genotype as a critical determinant. However,
while the organoid morphology was markedly different, the morphology of the tumors on
standard hematoxylin-and-eosin (H&E) stained histological sections was similar. The
PDACs with mesenchymal invasion were not significantly enriched for poorly differentiated
tumors, and the vast majority of the tumors also had sizable components with glandular
differentiation. In keeping with previous studies, we found that VIM was not highly
expressed in the primary tumors, and loss of membranous ECAD expression was not
common in primary PDAC cells and was focal when it did occur (31, 32). However, of the 8
primary PDACs that had either focal ECAD loss or focal VIM expression, 7 resulted in
organoids with predominantly mesenchymal invasion. In addition, focal expression of P40
and loss of GATAG6 were also more frequent in primary tumors giving rise to predominantly
mesenchymal organoids. In keeping with this, a score describing mesenchymal features was
significantly higher in primary PDACs giving rise to mesenchymal organoids compared to
those giving rise to collective organoids. This suggests that mesenchymal features may be
identified by immunohistochemistry in some primary tumors that give rise to
mesenchymally invading organoids, highlighting that the phenotypes in organoid culture are
likely capturing relevant /in vivotumor features. However, it is also important to note that
four PDACs (~25%) that generated mesenchymally invading organoids did not exhibit these
expression features in the primary tumor. One possible explanation is that the tissue samples
used to derive organoids contained more poorly differentiated or mesenchymal tumor cells
than the tissue samples submitted for histological examination. However, such random
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sampling differences are unlikely to explain the consistent pattern of enhanced mesenchymal
phenotype in the organoid model. Another possible explanation is that the process of
organoid derivation and culture selects for a population with a mesenchymal phenotype
when present in the harvested tumor sample. Alternatively, it is also possible that there are
factors in the /n vivo microenvironment that constrain mesenchymal features, and our
organoid culture conditions remove these constraints, allowing the emergence of the cell-
intrinsic invasive phenotype. Relatedly, it is possible that the mesenchymal program is a
dynamic process that is difficult to reliably identify on a single static biopsy and thus
organoid culture is a more sensitive assay for this phenotype. Importantly, the strong
correlation of invasive phenotype with molecular features of the primary tumor suggests that
we are observing a true difference in tumor cell behavior.

Our study also demonstrated a correlation of invasive phenotype with clinical features, with
PDACs giving rise to organoids with predominantly mesenchymal invasion having a
significantly increased risk of death. This observation is in line with recent efforts to develop
a molecular classification for PDAC. Multiple studies have categorized PDACs using gene
expression signatures, and although some classifications differ, a shared theme is the
distinction between a group with a classical/progenitor signature and a group with
mesenchymal/basal features (8, 20, 21). In multiple studies, PDACs with a mesenchymal
gene expression phenotype also displayed a worse clinical outcome (8, 20, 21). A recent
comprehensive study by The Cancer Genome Atlas (TCGA) confirmed the equivalence of
these expression groups across studies (33). Analysis of the TCGA data demonstrates that
SMAD4 mutations were enriched in the classical/progenitor group, while the majority of
PDACs in the mesenchymal/basal group were SMAD4 wild-type. The enrichment of
SMAD4 mutations in PDACs of the classical gene expression subtype was also recently
confirmed in an large independent cohort analyzed by parallel genomic and transcriptomic
profiling (34). These studies support the conclusion suggested by our organoid model:
SMAD4 mutations disrupt the acquisition of mesenchymal features, resulting in more
classical epithelial behavior. Still, comprehensive molecular profiling of primary PDACs and
correlation with invasive phenotype in organoids from the same tumors represents an
important future direction. In addition, these results highlight a discrepancy in the field:
SMAD4 mutations are enriched in PDACs with a classical gene expression phenotype and
collective invasion, both of which are expected to have improved outcomes. In contrast,
previous studies have shown an association of SMAD4 mutation with worse prognosis in
resected PDAC samples (35-39). There are several possible explanations for this
discrepancy. In one study, sequencing analysis was performed on cell lines and xenografts,
which may not be representative of all resected PDACs (35). In addition, multiple studies
define SMAD4 status by immunohistochemistry, which in our cohort was less tightly
correlated with organoid invasive phenotype than mutation identified by DNA sequencing
(36-40). Finally, changes in clinical practice in the years since initial studies were
performed, including changes in timing and composition of chemotherapy, may impact the
correlation of SMAD4 mutation and survival, as could other clinical differences between
analyzed cohorts, such as stage of disease — one of the key studies focused on end stage
disease at autopsy, while ours focused on surgically resectable tumors (37). It is likely that
invasive phenotype is one of several factors driving outcome, and analyses in larger cohorts
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incorporating SMAD4 mutation status, organoid invasive phenotype, and other clinical,
pathological, and molecular features will be necessary to more conclusively determine the
clinical impact of our results.

Another important observation from these studies is the striking change in organoid invasive
phenotype after passaging. Our initial time lapse experiments revealed that the majority of
freshly derived organoids will invade when cultured in collagen I. However, lentiviral
transduction required passage of the organoids in Matrigel, and following passaging and
transduction, the organoids from three separate SMAD4-mutant PDACs no longer invaded
when transferred back into collagen I. Treatment with TGFB1 restored the ability of the
passaged organoids to invade into collagen 1. Overall, these results highlight the critical role
of this pathway in invasion in SMAD4-mutant PDACs. In addition, they emphasize the
importance of observing at least some organoid phenotypes as soon as possible after
derivation, as the process of expansion in culture likely alters the organoids at the molecular
level.

Although our experiments were performed entirely in the /n vitro organoid system, they
provide complementary data to several recently published studies in murine models.
Assessing our data in the context of these studies also has implications for the role of
epithelial-to-mesenchymal transition (EMT) in pancreatic cancer invasion. In the genetically
engineered KPC murine model, Aiello ef a/ describe two different EMT phenotypes
distinguished by distinct gene expression, as well as several other phenotypic differences,
including different invasive morphologies in a spheroid model, that are comparable to our
collective and mesenchymal invasion (41). Both this study and ours suggest that EMT is not
an all-or-none phenomenon, and different tumors may adopt different features of this
process, potentially in a reproducible pattern that is based on molecular alterations. In a
complementary study, Zheng et a/suggest that EMT may not be required for metastasis in
the KPC model, as mice with deletion of key EMT mediators Snail and Twist develop
primary tumors and metastases as KPC mice (42). This finding is consistent with our data, in
that some PDACs in our study lacked any evidence of mesenchymal features in the primary
tumor and organoid model, though the completeness of the suppression of EMT programs in
the murine models has been called into question (43). Also using a genetically engineered
mouse model, Whittle et a/explore the role of SMAD4 loss more directly in invasion. The
authors find mice with homozygous disruption of SMAD4 in the KPC background had
enhanced metastatic capability and are resistant to EMT in response to TGFp. Consistent
with our organoid results, this study highlights SMAD4 as a critical regulator of PDAC
invasion in the murine model and suggests that PDACs with SMAD4 loss lack features of
EMT (29). In addition, David et a/and Huang et a/ explore EMT and apoptosis in response
to TGFB in murine and human samples, with results that are consistent with our findings,
particularly that treatment with TGFp results in both mesenchymal features and enhanced
apoptosis in PDACs with restored SMAD4 expression (28, 44). Overall, these convergent
findings in complementary model systems provide strong support for the existence of
multiple invasive phenotypes in PDAC and for the importance of SMAD4 alteration in
mediating these phenotypes. Future studies could more directly assess the behavior of
modified human organoids in murine models.
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Through observation and interrogation of an organoid model of human pancreatic cancer, we
show that SMAD4 inactivation enables collective invasion that is stimulated by TGFp via
non-canonical signaling through RAC1 and CDC42. These results raise the possibility of
unigue molecular programs underlying invasion in PDACs based on SMAD4 genotype, and
as such treatments that target these invasive programs will likely need to be genotype-
specific. Future studies will investigate the potential of GTPase inhibition as a strategy to
inhibit PDAC invasion and determine the molecular program that underlies mesenchymal
invasion in SMAD4-wildtype PDAC organoids. Such studies will expand the possibility of
personalized therapy for pancreatic cancer that targets the specific molecular programs of
invasion in each patient’s tumor.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of cytokeratin, vimentin, and SOX9 in human PDAC organoids and
pancreatic tissue.
(A) Immunofluorescence co-staining of PDAC organoids for cytokeratin (green) and SOX9

(red) reveals that even cytokeratin-negative organoids express SOX9. Scale bars, 25 um.
Images show two representative organoids (rows). (B-C) Immunofluorescence co-staining of
normal pancreas and PDAC tissue with cytokeratin (green) and SOX9 (red). Scale bars, 50
um. (B) Representative normal pancreas sample shows SOX9 staining limited to ductal
epithelium. (C) Representative PDAC sample shows SOX9 localization in malignant cells,
but the stroma remains negative. (D) Immunofluorescence co-staining of PDAC organoids
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for cytokeratin (green) and vimentin (red) demonstrates variable expression patterns,
including organoids expressing each marker alone, as well as organoids expressing both
cytokeratin and vimentin. Scale bars, 25 um. (E-F) PDAC organoids invade with different
phenotypes in collagen | gels: (E) mesenchymal invasion (F) collective invasion. (G-H)
Immunofluorescence co-staining of PDAC organoids for cytokeratin (green) and vimentin
(red) after 48 hours in culture in collagen | gels shows that organoids with mesenchymal
invasion express vimentin, while those with collective invasion express cytokeratin. (1)
Correlation of vimentin expression and mesenchymal invasion in PDAC organoids cultured
in collagen I gel.
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Figure 2. Pattern of invasion is associated with clinical outcome and SMAD4 mutation.
(A) There was no difference in pattern of invasion or VIM expression between patients who

did or did not receive neoadjuvant chemotherapy prior to surgical resection. (B)
Representative images of primary tumor morphology (H&E) showing predominantly
glandular architecture: PCO18 (left) had predominantly collective invasion in our organoid
model, while PCO5 (right) had predominantly mesenchymal invasion. (C) Multiple features
of mesenchymal differentiation can be identified by immunohistochemistry in primary
PDAC:s that give rise to mesenchymally invading organoids, including VIM expression (far
left), ECAD loss (middle left), P40 expression (middle right), and GATAG loss (far right).
(D) Kaplan-Meier analysis of 25 resected PDAC patients shows increased risk of death
associated with mesenchymal invasion (green) compared to collective invasion (blue) in our
organoid culture model (HR=15.277; 95%CIl: 2.000-116.689; p=0.009). (F) Collective
invasion and lack of VIM expression in our organoid model were strongly associated with
mutation in SMAD4 or TGFBRZ2 (p<0.001 and p=0.0011, t test).
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Figure 3. Re-expression of SMADA4 |eads to mesenchymal invasion in presence of TGFp.
(A-B) Representative images showing morphology of unmodified (A) and lentivirally

transduced (B) SMAD4-mutant PDAC organoids cultured in Matrigel. (C) Representative
images of modified SMAD4-mutant PDAC organoids after treatment with doxycycline
(Dox) and/or TGFp and culture in collagen I. (D) Extent of invasion of modified SMAD4-
mutant PDAC organoids after treatment with doxycycline (Dox) and/or TGF while cultured
in collagen I. PCO26, PCO27, and PCO28 represent the organoids derived from 3
independent SMAD4-mutant PDACs. (E) Immunofluorescence co-staining of modified
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SMAD4-mutant PDAC organoids after treatment with doxycycline (Dox) and/or TGFp
while cultured in collagen I: cytokeratin (purple) and vimentin (red). (F) Expression of
epithelial and mesenchymal markers in modified SMAD4-mutant PDAC organoids after
treatment with doxycycline (Dox) and/or TGF as assayed by Western blot. (G-H) Effect of
doxycycline (Dox) and/or TGFB treatment on proliferation and apoptosis in modified
SMAD4-mutant PDAC organoids: (G) proliferation as assessed by Celltiter assay. (H)
apoptosis as assessed by caspase 3/7 activity. PCO26, PCO27, and PCO28 represent the
organoids derived from 3 independent SMAD4-mutant PDACs.
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Figure4. RAC1 and CDC42 activation isrequired for TGFp-induced collectiveinvasion in
SMADA4-mutant PDAC organoids.

(A) Representative images of organoids from a SMAD4-mutant PDAC cultured in collagen |
and treated with TGFp and/or RAC1, ROCK1, or CDC42 inhibitors. (B-C) Relative invasion
of organoids from a SMAD4-mutant PDAC treated with different doses of RAC1 inhibitor
(B) or CDCA42 inhibitor (C). (D) Inhibition of RAC1 and CDC42 in PDAC organoids was
confirmed by active GTPase pulldown followed by Western blot. (E) Representative images
of organoids from additional SMAD4-wildtype (top) and SMAD4-mutant (bottom) PDACs
cultured in collagen | and treated with TGFB and/or RAC1 or CDC42 inhibitors. We
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identified a single SMAD4-wildtype PDAC (PCO36) with collective invasion in our
organoid model (middle panels). Only SMAD4-mutant organoids decreased invasion after
treatment with RAC1 or CDCA42 inhibitors. (F) Impact of TGFp and/or RAC1 or CDC42
inhibition on invasion in organoids with mesenchymal invasion. PDAC organoids with
mesenchymal invasion (all SMAD4-wildtype) had little to no decrease in invasion after
RAC1/CDCA42 inhibition. (G) Impact of TGFp and/or RAC1 or CDC42 inhibition on
invasion in organoids with collective invasion. All organoids with collective invasion showed
increased invasion after TGFp treatment, but only those with SMAD4 mutations had
decreased invasion after RAC1/CDC42 inhibition. *PCO36 is SMAD4-wildtype, while
PCO29 and PCO37 are SMAD4-mutant. (H) Phalloidin labeling of F-actin in PDAC
organoids in collagen | gels after treatment with TGFp and/or RAC1 or CDC42 inhibitors.
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