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The two major isoforms of the paired-related homeodomain transcription factor 1 (Prrx1), Prrx1a and Prrx1b, are
involved in pancreatic development, pancreatitis, and carcinogenesis, although the biological role that these iso-
forms serve in the systemic dissemination of pancreatic ductal adenocarcinoma (PDAC) has not been investigated.
An epithelial–mesenchymal transition (EMT) is believed to be important for primary tumor progression and dis-
semination, whereas a mesenchymal–epithelial transition (MET) appears crucial for metastatic colonization. Here,
we describe novel roles for both isoforms in themetastatic cascade using complementary in vitro and in vivomodels.
Prrx1b promotes invasion, tumor dedifferentiation, and EMT. In contrast, Prrx1a stimulates metastatic outgrowth
in the liver, tumor differentiation, andMET. We further demonstrate that the switch from Prrx1b to Prrx1a governs
EMTplasticity in bothmousemodels of PDAC and human PDAC. Last, we identify hepatocyte growth factor ( HGF)
as a novel transcriptional target of Prrx1b. Targeted therapy of HGF in combinationwith gemcitabine in a preclinical
model of PDAC reduces primary tumor volume and eliminates metastatic disease. Overall, we provide new insights
into the isoform-specific roles of Prrx1a and Prrx1b in primary PDAC formation, dissemination, and metastatic
colonization, allowing for novel therapeutic strategies targeting EMT plasticity.
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Pancreatic ductal adenocarcinoma (PDAC) remains one of
the most deadly malignancies and is estimated to become
the second leading cause of cancer-related deaths by 2020
(Cardin and Berlin 2013; Ma et al. 2013). The reasons for
this poor outcome are multifactorial and include late
detection and resistance to therapeutic modalities (Hezel
et al. 2006). Even patients who have undergone surgical
resection frequently present with recurrent systemic dis-
ease, and >80% will succumb within 5 years (Bilimoria
et al. 2007). This can be attributed in part to the recent
finding that hematogenous dissemination appears to be

an early event in PDAC progression (Rhim et al. 2012).
In particular, genetic lineage labeling revealed that select
cells within histological “preinvasive” pancreatic intrae-
pithelial neoplasias (PanINs) undergo an epithelial–mes-
enchymal transition (EMT) within the pancreas, enter
the bloodstream, and seed the liver in Pdx1-cre;LSL-
KrasG12D/+;p53fl/+;R26YFP (KPflCY) mice.
EMT is critical in organ development, wound healing,

tissue fibrosis, and cancer progression. In the context of
cancer progression, EMT is associated with tumor
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invasion and dissemination and is an apparent prerequi-
site for metastatic colonization. During EMT, epithelial
cells lose polarity and E-cadherin-mediated adhesion at
the adherens junctions. Subsequent to these morphologi-
cal and biochemical changes, cells acquire the motile and
invasive phenotype characteristic of mesenchymal cells.
These cells express the mesenchymal markers vimentin,
fibronectin, N-cadherin, twist, and snail, among others
(Thiery et al. 2009). Similar to embryonic development,
where EMT is plastic, a subset of tumor cells can revert
to an epithelial phenotype (a mesenchymal–epithelial
transition [MET]), which is theorized to be required for
seeding of distant organs and initiation of metastatic
growth (Brabletz 2012; Ocaña et al. 2012; Tsai et al.
2012). However, the molecular mechanisms by which
EMT and MET occur during cancer progression are still
unclear. Of note, MET has been described in organ devel-
opment and inducible pluripotent stem cell repro-
gramming (Li et al. 2010). Understanding the underlying
mechanisms of EMT and MET is crucial to developing
novel therapeutic approaches to target the metastatic cas-
cade, as metastasis is a common cause of death in PDAC
and other cancers. However, the molecular mechanisms
that govern the overarching framework of EMT plasticity
have yet to be elucidated.

We undertook a comprehensive and unbiased approach
to identify key transcription factors that act as molecular
drivers of pancreatic development, regeneration, and car-
cinogenesis, all of which are biological processes that re-
quire a high degree of cellular plasticity and involve
EMT (Reichert et al. 2013a). To that end, the most up-reg-
ulated transcription factor during ductal development,
induction of acinar–ductal metaplasia (ADM), and evolu-
tion of PanINs is the protein paired-related homeobox
transcription factor 1 (Prrx1) (Reichert et al. 2013a). Orig-
inating from the mesoderm, Prrx1 is critical in cell fate
decisions. Alternative splicing of Prrx1 results in two pre-
dominant isoforms, Prrx1a and Prrx1b, which differ at
their C terminus. Prrx1a harbors an OAR (otp, aristaless,
and rax) domain, in contrast to Prrx1b (Norris and Kern
2001). Both Prrx1 variants are identical from the N termi-
nus to amino acid 199, including the homeobox domain.
We found that Prrx1b annotates a subset of pancreatic
ductal cells in Prrx1creER-IRES-GFP mice and that
Prrx1+GFP+ cells have the capacity to self-renew and ex-
pand during chronic pancreatitis (Reichert et al. 2013a).
Furthermore, Prrx1a regulates pancreatic cell migration,
and Prrx1b regulates pancreatic cell invasion at the PanIN
stage (Reichert et al. 2013a). Interestingly, repression of
Prrx1 has been observed to be associated with metastatic
colonization of colon cancer cells (Ocaña et al. 2012).
However, the distinct roles of the Prrx1 isoforms were
not investigated in this context.

Here we define novel functional roles for Prrx1a and
Prrx1b in the regulation of EMTandMETduring pancreat-
ic carcinogenesis inmouse and human PDAC. Prrx1b pro-
motes EMT, tumor invasion, and tumor dedifferentiation,
whereas Prrx1a promotes the metastatic outgrowth of
large liver lesions along with MET and tumor differentia-
tion. The regulation of epithelial andmesenchymal states

throughPrrx1 isoform switching ismediated in part by up-
regulation of hepatocyte growth factor (Hgf) by Prrx1b.
Targeting HGF with a neutralizing antibody in concert
with gemcitabine reduces PDAC burden compared with
gemcitabine treatment alone in preclinical studies. Taken
together, Prrx1a andPrrx1b regulationprovides anewhier-
archical axis in which to view governance of EMT and
MET in primary andmetastatic pancreatic cancer and pro-
vides a new platform for translational therapeutics.

Results

Prrx1a and Prrx1b differentially regulate
MET and EMT

To study the role of Prrx1 isoforms (Supplemental Fig.
S1A) in EMT, we used a previously established three-di-
mensional (3D) organotypic culture system (Wescott
et al. 2009; Reichert et al. 2013a,b). Nontransformed pri-
mary mouse pancreatic ductal cells (wild-type PDCs)
form organized spheroid cysts in this in vitro system. Pan-
creatic cells isolated from Pdx1-cre;LSL-KrasG12D/+ (line
4313, referred to as KC throughout) or Pdx1-cre;LSL-
KrasG12D/+;p53R172H/+ mice (lines 4964 and 5143, referred
to as KPC1 and KPC2, respectively, throughout) display
an increasing lack of organization and appear spindle-
shaped, suggesting a shift toward a mesenchymal pheno-
type. In contrast, liver metastatic cancer cells derived
from the KPC1 and KPC2 tumors (termed KPC1Liv and
KPC2Liv2) form well-organized spheroid cysts (Supple-
mental Fig. S1B–D). In addition to investigating the ex-
pression of Cdh1 (E-cadherin) and EMT-related genes
(Supplemental Fig. S1E), we found that the balance be-
tween Prrx1a and Prrx1b shifts toward higher Prrx1a ex-
pression in metastatic cells, in contrast to higher Prrx1b
expression in primary tumor cells (Supplemental Fig.
S1F,G). Metastatic cells compared with paired primary
tumor cells therefore show an increase in Prrx1a/Prrx1b
ratios as well as a relative increase in spheroid cyst forma-
tion ability and epithelial characteristics.

When generating isoform-specific overexpressing KPC2
cell lines by transduction with control, Prrx1a (KPC2-
Prrx1a), or Prrx1b (KPC2-Prrx1b) lentiviral constructs
(Supplemental Fig. S1H), KPC2-Prrx1a cells form signifi-
cantly more symmetric cystic structures compared with
KPC2 control and KPC2-Prrx1b cells (Fig. 1A). This chan-
ge in morphology in the KPC2-Prrx1a cells is accompa-
nied by increased Cdh1 levels, whereas there are
diminished Cdh1 levels in KPC2-Prrx1b cells (Fig. 1B).
Consistent with this, using isoform-specific siRNAs (Sup-
plemental Fig. S1H), Prrx1a knockdown resulted in de-
creased E-CADHERIN expression in KPC2Liv2 cells,
whereas Prrx1b knockdown resulted in increased E-CAD-
HERIN in the same cells (Supplemental Fig. S1I) and their
parental KPC2 line (Fig. 1C). We next analyzed the inva-
sive capacity of isoform-specific overexpressing KPC1
and KPC2 cells in a modified Boyden chamber assay.
Functionally, Prrx1b promotes more invasion compared
with control cells, and, interestingly, Prrx1a reduces inva-
sion (KPC1, P < 0.005; KPC2, P < 0.0005) (Fig. 1D). Using
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isoform-specific siRNAs, the inverse relationship of
Prrx1a and Prrx1b with invasion was corroborated in
KPC1 cells (P < 0.005) (Fig. 1E).
In order for cancer cells to colonize at a distant organ af-

ter extravasation, cells may require self-renewal proper-
ties. We performed single-cell sphere formation assays
(Pastrana et al. 2011), which showed that metastatic cells
(KPC1Liv and KPC2Liv2) have a greater ability to form
spheres compared with the matched primary tumor cells
(KPC1 and KPC2) (Supplemental Fig. S1J). This pattern
was also true in soft agar assays. In both assays, Prrx1a pro-
motes an increased capacity for self-renewal and anchor-
age independent growth, whereas Prrx1b does not foster
these characteristics to the same extent in overexpression
(Fig. 1F,H) and knockdown (Fig. 1G; Supplemental Fig.
S1K) experiments. Taken together, these data suggest
that Prrx1a fosters an epithelial phenotype and decreases
invasiveness but enhances self-renewal. Conversely,
Prrx1b promotes EMT and invasion. The equilibrium be-
tween these two Prrx1 isoforms may therefore regulate
EMT–MET plasticity (Supplemental Fig. S1L).

PRRX1 isoforms are expressed differentially
in mPDAC and metastasis

To assess further the role of Prrx1 isoform switching in
cancer progression in vivo, we used a well-established ge-
netically engineered mouse model of pancreatic cancer;
namely, the KPflCY mouse (Rhim et al. 2012). The pres-
ence of the YFP lineage label allows us to track cancer
cells as they undergo EMT and give rise to metastasis, al-
beit with the understanding that kinetics of metastasis
differ between pancreatic cancer models depending on
the presence of a p53fl/+ or p53R172H/+ (Morton et al.
2010; Muller and Vousden 2013). Endogenous PRRX1A
and PRRX1B expression was assessed in mouse PDAC
(mPDAC) and liver metastases from KPflCY animals by
immunohistochemistry (IHC) using custom isoform-spe-
cific antibodies that were validated using peptide-block-
ing studies (Supplemental Fig. S2A,B). Interestingly, we
found that while both isoforms and E-CADHERIN are ex-
pressed in reactive ducts (Fig. 2A) and well-differentiated
mPDAC (Fig. 2B), PRRX1B is the predominant isoform
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detected in poorly differentiated tumors (Fig. 2C). We fo-
cused next on PRRX1A and PRRX1B expression in single
cancer cells that have delaminated from the primary tu-
mor (delaminated tumor cells). Interestingly, the percent-
age of delaminated tumor cells (YFP+) coexpressing
PRRX1B with N-CADHERIN is significantly higher com-
pared with PRRX1A, underscoring the observation that
PRRX1B is associated with EMT (Supplemental Fig.
S2C,D).

In addition, we analyzed the distribution of PRRX1A
and PRRX1B in small (<100 cells) or large (>100 cells)
liver metastases. Intriguingly, although PRRX1B is ex-
pressed highly in small metastases (Fig. 2D), it is absent
in large metastases (Fig. 2E,F). In contrast, PRRX1A
expression is increased in large metastases compared
with small metastases (Fig. 2D–F). In line with our in
vitro results, these data indicate that Prrx1a is asso-
ciated with MET and metastatic colonization, whereas
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astatic pancreatic cancer. (A) Reactive
ducts in primary mPDAC (referred to as
KPflCY tumors). (First panel) Hematoxylin
and eosin (H&E) staining. The boxed area
ismagnified in the right panel. (Second pan-
el) IHC staining for PRRX1A and PRRX1B
in serial sections is shown. PRRX1A is ex-
pressed in the cytoplasm (white arrow-
heads) and nucleus (black arrowheads).
PRRX1B expression is restricted to the nu-
cleus (black arrowheads). (Third and fourth
panels) Immunofluorescence (IF) staining
for PRRX1A/B (red), E-CADHERIN
(ECAD) (white), YFP (green), and DAPI
(blue). Boxed regions highlight regions
where PRRX1A is coexpressed with E-cad-
herin. PRRX1B-expressing cells in reactive
ducts are devoid of E-cadherin (white arrow-
heads). (B) IHC staining for PRRX1A and
PRRX1B in differentiated tumor areas. (C )
IHC staining for PRRX1A and PRRX1B in
poorly differentiated regions. (D, first panel)
H&E staining of a representative small liver
metastasis in a KPflCY mouse. (Second and
third panels) IHC staining for PRRX1A and
PRRX1B and IF staining for PRRX1A,
PRRX1B, E-CADHERIN, YFP, and DAPI
in the serial sections of small liver metasta-
ses. Arrowheads indicate PRRX1A+ or
PRRX1B+ cells (black orwhite). (E, first pan-
el) H&E staining of a representative large
liver metastasis. (Second panel) IHC for
PRRX1A and PRRX1B. Positive cells are in-
dicated by black arrowheads. (Third panel)
IF staining for PRRX1A, PRRX1B, E-CAD-
HERIN, YFP, and DAPI. PRRX1A and
PRRX1B expression in large liver metasta-
ses. (F ) Percentage of PRRX1A- or
PRRX1B-positive cells in small or large liver
metastatic foci. PRRX1A- or PRRX1B-posi-
tivecellswerecountedmanually. Small and
large metastatic foci were selected in a
blinded fashion and photographed. Small,
n = 6; large, n = 10. Total number of cancer
cells per focus or field: PRRX1A (small,
21.5 ± 3.4 cells per foci; large, 99.9 ± 13.3
cells per field) and PRRX1B (small, 20.5 ±
3.3 cells per foci; large, 100.0 ± 7.6 cells per
field; mean ± SEM). (∗) P < 0.0001, Welch’s
t-test. Bar, 50 μm.
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Prrx1b drives an EMT phenotype in poorly differentiated
PDAC.

Prrx1a and Prrx1b direct tumor differentiation
and hematogenous dissemination in mPDAC

We next sought to confirm the differential effects of Prrx1
isoforms on cancer cells in vivo. We performed orthotopic
transplantation experiments using lineage-labeled (YFP+)
cancer cell lines (Fig. 3A) derived from tumor-bearing
KPflCY mice (Supplemental Fig. S3A). KPflCY cells over-
expressing control, tet-on-Prrx1a, or tet-on-Prrx1b
(KPflCY control/KPflCY-Prrx1a/KPflCY-Prrx1b) (Supple-
mental Fig. S3B) were orthotopically injected, and tumor
differentiation status was analyzed 15 d after transplanta-
tion. Strikingly, KPflCY-Prrx1a tumors are well differenti-
ated and circumscribed. In addition, KPflCY-Prrx1a
tumors display abundant E-CADHERIN expression (Fig.
3B). Conversely, KPflCY-Prrx1b tumors are poorly differ-
entiated and invade into the surrounding pancreatic pa-
renchyma accompanied by E-CADHERIN loss at the
invasive front (Fig. 3B; Supplemental Fig. S3C). Next, we

analyzed tumor volume in the KPflCY control/KPflCY-
Prrx1a/KPflCY-Prrx1b cohorts. Both KPflCY-Prrx1a and
KPflCY-Prrx1b cells establish significantly larger tumors
than KPflCY control cells. Interestingly, KPflCY-Prrx1a
tumors exceed the volume of KPflCY-Prrx1b tumors
(Fig. 3C). To determine whether the larger tumor volume
is due to increased cancer cell proliferation, we performed
immunofluorescence (IF) staining for Ki-67 and YFP (Fig.
3D). Consistent with the differences in tumor volume,
Ki-67+/YFP+ cells are significantly more abundant in
KPflCY-Prrx1a tumors compared with KPflCY control
and KPflCY-Prrx1b tumors. However, there is no differ-
ence in the number of Ki-67+/YFP+ cells between KPflCY
control and KPflCY-Prrx1b tumors, which indicates that
Prrx1b might contribute to tumor growth independent
of proliferation.
We next examined YFP+ circulating tumor cells (CTCs)

in tumor-bearing mice. We recently reported that Prrx1b
expression is significantly increased in CTCs compared
with matched primary tumor cells in the KPflCY model
(Reichert et al. 2013a). Notably, although KPflCY-Prrx1a
cells form the largest tumors, the number of CTCs in
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the KPflCY-Prrx1a tumor cohort is significantly lower
than in the KPflCY control and KPflCY-Prrx1b tumor co-
horts (Fig. 3E). KPflCY-Prrx1b tumors release significantly
more cancer cells into the circulation than KPflCY-Prrx1a
tumors (Fig. 3E). These data suggest that the number of
CTCs does not correlate with the primary tumor volume
but instead with the invasive capacity of pancreatic can-
cer cells. Taken together, we are able to demonstrate
that Prrx1a promotes a well-differentiated tumor pheno-
type that is accompanied by fewer cells undergoing EMT
and disseminating into the circulation. Conversely,
Prrx1b promotes invasion, poorly differentiated tumors,
and increased dissemination into the circulation.

Prrx1a fosters metastatic outgrowth in vivo

Considering that Prrx1a promotes epithelial differentia-
tion and is highly expressed in large liver metastases, we
hypothesized that Prrx1a facilitates metastatic coloniza-
tion in vivo. In order to address this hypothesis, we de-
signed four distinct in vivo experiments. First, we

performed orthotopic transplantation of KPC2 control,
KPC2-Prrx1a, and KPC2-Prrx1b cells (Fig. 4A). As in the
KPflCY control/KPflCY-Prrx1a/KPflCY-Prrx1b experi-
ments, KPC2-Prrx1b tumors grow aggressively into the
host pancreatic parenchyma, whereas KPC2-Prrx1a tu-
mors are circumscribed (Supplemental Fig. S4A). We
next analyzed the frequency of liver metastasis. To distin-
guish metastatic seeding from metastatic outgrowth and
colonization, we categorized liver metastases into small
(<100 cells) and large (>100 cells). Interestingly, cells
from KPC2-Prrx1b tumors form significantly more small
metastases than KPC2 control and KPC2-Prrx1a tumors
(Fig. 4B,C).

Second, we used an in vivo liver metastasis assay in
which cells were injected directly into the portal vein of
mice, thereby bypassing invasion and intravasation at
the primary tumor site (Thalheimer et al. 2009). We in-
jected KPC2 control, KPC2-Prrx1a, and KPC2-Prrx1b can-
cer cells with a preset experimental timeline (Fig. 4D,E;
Supplemental Fig. S4B). The ability of KPC2-Prrx1a can-
cer cells to establish large liver metastases is significantly
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higher than that of KPC2-Prrx1b cells (Fig. 4F). Further-
more, the frequency of large metastases in the KPC2-
Prrx1a group is increased (Fig. 4G) and is associated with
more E-CADHERIN (Fig. 4E). Furthermore, KPC2-Prrx1a
cells show the highest proliferation index among all co-
horts in the metastases (Fig. 4E,H). In line with these re-
sults, siRNA-mediated Prrx1a knockdown dramatically
decreases proliferation of KPC2Liv2metastatic cells (Sup-
plemental Fig. S4C).
Third, we modulated Prrx1a and Prrx1b properties dur-

ing primary tumor formation and metastatic dissemina-
tion using our tet-inducible system. Using KPC2 control
cells, we determined primary tumor volume and frequen-
cy of liver metastases every 3 d after orthotopic transplan-
tation (Supplemental Fig. S4D). Based on these results and
in vitro experiments analyzing the responsiveness of
transgene expression upon doxycycline exposure or re-
moval (Supplemental Fig. S4E), we selected experimental
day 12 to administer (on) or remove (off) doxycycline. We
evaluated the dynamic relationship of Prrx1a and Prrx1b
to MET and EMT, respectively, in the following experi-
mental groups: Prrx1a off-to-off, Prrx1a off-to-on, Prrx1b
on-to-on, and Prrx1b on-to-off (Fig. 4I). Remarkably, the
frequency of liver metastases in Prrx1a mice exposed to
doxycycline from day 12 (Prrx1a off-to-on) was signifi-
cantly higher than in mice not exposed to doxycycline
(Prrx1a off-to-off). Additionally, Prrx1a off-to-onmice har-
bor more large liver metastases compared with Prrx1a off-
to-off (Fig. 4J–L). In contrast, the frequency of liver metas-
tases in the Prrx1b on-to-on mice was significantly lower
than in mice where doxycycline was removed by day 12
(Prrx1b on-to-off) (Fig. 4J,K), and these metastases also
became larger when Prrx1b expression was turned off
(Fig. 4L). These data suggest that Prrx1a directs metastatic
outgrowth after cancer cells have left the primary tumor
site, whereas Prrx1b regulates cancer cell dissemination.
Maintained Prrx1b expression appears to prevent meta-
static colonization.

Knockdown of both Prrx1 isoforms suppresses
hematogenous dissemination and metastasis

Since both Prrx1 isoforms critically regulate distinct steps
of the metastatic cascade, we investigated simultaneous
knockdown of Prrx1a and Prrx1b using a short hairpin tar-
geting both isoforms (shPrrx1a/b-GFP). We chose the
KPC2 cell line, since this line exhibits the highest Prrx1b
expression levels among all cell lines. After we confirmed
efficient Prrx1a/b knockdown (Supplemental Fig. S5A),
we analyzed morphological and transcriptional changes
in 3D culture. KPC2 cells with knockdown of both Prrx1a
and Prrx1b exhibited less mesenchymal characteristics
morphologically (Supplemental Fig. S5B) as well as on a
transcriptional level (Supplemental Fig. S5C). Functional-
ly, knockdown of both isoforms leads to decreased inva-
siveness (Supplemental Fig. S5D) and impaired self-
renewal capacity (Supplemental Fig. S5E).
To validate these results in vivo,we transplantedKPC2-

shPrrx1a/b-GFP cells orthotopically into immunocom-
promised mice (Fig. 5A). Analyzing primary tumor vol-

umes (Fig. 5B) and the number of CTCs (Fig. 5C)
revealed smaller volumes and significantly fewer CTCs
in the KPC2-shPrrx1a/b group compared with the KPC2-
shcontrol-GFP group. Additionally, the incidence of me-
tastases was decreased in KPC2-shPrrx1a/b-GFP mice
compared with control animals (Fig. 5D). Taken together,
these results suggest that the dynamic expression of
Prrx1a and Prrx1b cooperates at different steps during tu-
mor growth and metastatic dissemination.

Tumor differentiation is associated with specific Prrx1
isoforms in human PDAC

We showed that Prrx1 isoform expression determines the
differentiation status in endogenousandexogenousmouse
models of PDAC. We next analyzed the human tissue
specimens of 108 PDAC patients (Supplemental Fig.
S6A). Additionally, we obtained liver metastasis tissue
from PDAC patients (n = 12) (Supplemental Fig. S6B). Tis-
sue sectionswere subjected to PRRX1A and PRRX1B IHC.
IHC of primary human PDAC demonstrated PRRX1B
staining preferentially at the invasive front of the tumor
tissue, while PRRX1A expression was present throughout
(Supplemental Fig. S6C). All samples were categorized
into two groups (low and high) for PRRX1A and PRRX1B
by the degree of staining intensity (Supplemental Fig.
S6D). Consistent with the in vivo results in our mouse
models, PRRX1A intensity positively correlates with
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low-grade tumor differentiation. In contrast, PRRX1B ex-
pression is associated with an undifferentiated tumor
grade in human PDAC (Fig. 6A). In addition, PRRX1A ex-
pression negatively correlates with PRRX1B expression
in human PDAC samples (Fig. 6B). Furthermore, the
PRRX1A “high” group showed significantly larger tumors
than the PRRX1A “low” group, which is in line with our
mouse data (Fig. 6C).

Next, we compared PRRX1 isoform expression in pri-
mary tumors and liver metastases from PDAC patients.
PRRX1A expression is significantly increased in metasta-
ses compared with primary PDAC (Fig. 6D). Notably, we
observed a trend consistent with this finding in paired pri-
mary tumor and liver metastasis tissue obtained from the
same PDAC patient (n = 7) (Supplemental Fig. S6E). In
summary, these findings indicate that PRRX1A and
PRRX1B modulate tumor differentiation in human
PDAC. Furthermore, PRRX1A is associated with meta-
static colonization of the liver.

Prrx1b facilitates invasion by transcriptionally
regulating Hgf gene expression

We next identified genes regulated by Prrx1a and/or
Prrx1b. Although the two splice variants Prrx1a and

Prrx1b harbor the same homeobox domain, they display
remarkable functional differences. To identify down-
stream targets bound by Prrx1a or Prrx1b, we performed
chromatin immunoprecipitation (ChIP) followed by se-
quencing (ChIP-seq) using KPC1 cells transfected with
control or Flag-tagged Prrx1 isoforms. In line with their
different functional properties, we observed distinct
DNA-binding patterns for PRRX1A and PRRX1B. Indeed,
only 23 genes are bound by both isoforms (Fig. 7A). Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis revealed that PRRX1A binds to genes involved
in cancer, including pancreatic cancer. In contrast, genes
bound by PRRX1B show enrichment in focal adhesion as
well as ErbB and axon guidance signaling. Interestingly,
among the target genes of PRRX1B is Hgf, also known as
scatter factor, as well as c-Met (HGF receptor [HGFR]).
The Hgf–Met signaling axis is a key pathway regulating
EMTand invasive tumor growth (Comoglio andTrusolino
2002; Pennacchietti et al. 2003). Mouse Hgf (mHgf) gene
expression is up-regulated in KPflCY-Prrx1b cells, where-
as KPflCY-Prrx1a cells show no change (Fig. 7B). Loss-of-
function experiments were performed in KPC2 cancer
cells, since these cells express the highest levels of mHgf
among our cell lines (Supplemental Fig. S7A). As expect-
ed, mHgf is dramatically decreased in KPC2 cells upon
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Prrx1b knockdown by siRNA; however, it is unaffected by
Prrx1a knockdown (Fig. 7B). In order to address whether
the Prrx1b–Hgf axis regulates the invasive capabilities of
cancer cells, we treated KPC2-sicontrol, siPrrx1a, and
siPrrx1b cells with mouse recombinant HGF (mrHGF)
in Matrigel invasion assays. Interestingly, impaired inva-
siveness of KPC2 cells upon Prrx1b knockdown can be
rescued by mrHGF (Fig. 7C). Additionally, mrHGF treat-
ment of KPC2 cells leads to an up-regulation of EMT
genes, indicating that Prrx1b drives cellular invasion by
regulating an EMT program via Hgf (Supplemental Fig.
S7B). Additionally, PRRX1B and HGF are closely associat-
ed, especially at the invasive front of KPflCY tumors (Fig.
7D). Enzyme-linked immunosorbent assays (ELISAs) also
revealed that HGF secretion is induced by Prrx1b overex-
pression (Fig. 7E) and abrogated by shRNA-mediated
knockdown of Prrx1a/b (Fig. 7F). These results suggest
that Prrx1b transcriptionally regulates Hgf and thereby fa-
cilitates cell invasion andmesenchymal differentiation in
an autocrine fashion.

Neutralization of cancer cell-derived HGF reduces PDAC
growth and metastasis in vivo

To demonstrate the importance of cancer cell-derived, au-
tocrineHGF signaling, we obtained ficlatuzumab (former-
ly SCH900105 or AV-299; Aveo Pharmaceuticals, Inc.), a
neutralizing antibody against human HGF (hHGF). Ficla-
tuzumab has been shown to inhibit HGF signaling (Mittra

et al. 2013), and its tolerability has been tested in clinical
trials (Patnaik et al. 2010; Tan et al. 2011). Its efficacy in
pancreatic cancer was evaluated using the human pancre-
atic cancer cell line Panc1 in vitro. Panc1 cells were cho-
sen due to their high endogenous levels of hHGF.
Ficlatuzumab is able to abolish HGF-induced mesenchy-
mal morphology (Supplemental Fig. S8A) as well as
invasion using a Boyden chamber invasion assay (Supple-
mental Fig. S8B). Furthermore, hHGF neutralization by
ficlatuzumab decreases Prrx1b-mediated invasion (Sup-
plemental Fig. S8C). Given these in vitro findings, we de-
signed a preclinical trial to compare the efficacy of
ficlatuzumab, gemcitabine, or their combination in our
orthotopic transplantation model both early in the pro-
cess of tumor formation and later in the stage of metastat-
ic progression. The study design is depicted in Figure 8, A
and D. Transplanted mice were randomized into four
treatment groups: IgG (control), ficlatuzumab, gemcita-
bine, and the combination of gemcitabine and ficlatuzu-
mab. The absence of hHGF protein as well as high E-
CADHERIN expression levels in tumors from the ficlatu-
zumab group indicate sufficient drug delivery (Fig. 8B).
Strikingly, the primary tumor volumes in the ficlatuzu-
mab and combination therapy groups were significantly
smaller than in the IgG (control) group, and combination
therapy—when compared with gemcitabine alone—
exhibited a trend toward greater efficacy in reducing pri-
mary tumor volume (Fig. 8C). By extending the course of
the orthotopic transplantation preclinical trial (“late
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trial” outlined in Fig. 8D), we found that the combination
of gemcitabine and ficlatuzumab, but not either agent
alone, significantly reduced the number of mice with me-
tastasis (two of five vs. seven of seven) and the number of
individual livermetastatic lesions per animal (0.6 vs. 7.86)
in comparison with IgG control (Fig. 8E–G).

Together, these data demonstrate that Prrx1b drives
production of HGF in cancer cells. Targeting the Prrx1b–
Hgf axis may offer a new therapeutic approach in treating
primary andmetastatic pancreatic cancer, since anti-HGF
therapy results in the diminution of both primary tumor
volume and dissemination.

Discussion

The inability to detect PDACprior to the dissemination of
metastatic disease is one of the primary reasons PDAChas
5-year survival rates <5%. It is therefore critical to under-

stand the molecular mechanisms by which cancer cells
acquire the ability to leave the primary tumor site, survive
in circulation, extravasate, and eventually colonize dis-
tant sites. EMT andMETare thought to be crucial cellular
characteristics in the metastatic cascade (Thiery et al.
2009; Rhim et al. 2012; Giancotti 2013). Indeed, there ap-
pears to be an inverse correlation between local invasive-
ness and the ability of cancer cells to colonize distant
organs (Tsai et al. 2012), and recent work indicates that
there may even an inverse relationship between primary
tumor growth and metastatic ability (Whittle et al.
2015). In addition, metastatic lesions tend to be more dif-
ferentiated than their corresponding primary tumors (Bra-
bletz 2012). This observation was confirmed in our data
set comparing primary human PDAC and liver metasta-
ses. Moreover, PRRX1A is more abundant in human liver
metastases compared with primary tumors, and metasta-
ses derived from Prrx1a-overexpressing cancer cells dis-
play an epithelial phenotype, which is consistent with

0

50

100

150

200

250

300

mean ±± SEM 114 ±
23

31 ±
16

104 ±
38

48 ±
11

control Fic Gem Fic+Gem

e
mulov ro

muT

(/mm3)

p=0.010

ns ns

p=0.015

A

day0 15 18 25

IgG control

Ficlatuzumab

Gemcitabine

n=7

n=3

n=5

22 5114

Randomized
Panc1 Injection

Sacrifice
Treatment

Orthotopic transplantation (Early Trial)

n=3Ficlatuzumab + Gemcitabine

IgG control Ficlatuzumab
H&E H&E

hHGF hHGF

ECAD ECAD

C

B

Dox(+)

D

day0 78 85 96

IgG control

Ficlatuzumab

Gemcitabine

n=7

n=6

n=5

89 11070

Randomized
Panc1 Injection

Sacrifice
Treatment

Orthotopic transplantation (Late Trial)

n=5Ficlatuzumab + Gemcitabine

0

20

40

60

80

100

control Fic Gem Fic+Gem

fo ecnedic nI
sesat sate

m revi l

(%)
F

Fic

Fic+GemGem

control
E

p=0.018
p=0.097

*

*

*

0

5

10

15

20

25

control Fic Gem Fic+Gem

G

N
um

be
r o

f l
iv

er
m

et
as

ta
se

s/
m

ou
se

p=0.0058*
p=0.12

p=0.088

80 87 9992

Figure 8. Cancer cell-derived HGF is re-
quired for PDAC and initiation of metastasis
in vivo. (A) Experimental design of the ran-
domized trial using Panc1 cells in an ortho-
topic transplantation model (early trial).
Human IgG antibody (control), ficlatuzumab
(Fic), gemcitabine (Gem), and the combina-
tion ficlatuzumab with gemcitabine (Fic
+Gem) were administrated through intraperi-
toneal injection. (B) Representative histology
of pancreatic tumors of IgG control and ficla-
tuzumab groups. (Top panel) H&E. (Middle
panel) IHC for hHGF. (Bottom panel) IHC
for E-CADHERIN (ECAD). Black arrowheads
show positive staining for the indicated pro-
teins. (C ) Pancreatic tumor volumes are de-
picted for treatment groups in box plot
histograms. Each volume represents the
mean ± SEM. (D) Experimental design of the
randomized trial using Panc1 cells in an
orthotopic transplantation model (late trial).
(E) Representative H&E staining of liver me-
tastases from each treatment group. (F ) Fre-
quency of liver metastases in four treatment
groups. (G) Number of liver metastases per
mouse in four treatment groups. Eachnumber
presents the mean ± SEM. Bar, 100 μm.
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the detection of higher levels of “luminal differentiation
genes” in the context of metastatic breast cancer (Lawson
et al. 2015). In contrast, Prrx1b-overexpressing cells form
poorly differentiated tumors that are devoid of E-CAD-
HERIN. We show for the first time that these two Prrx1
isoforms orchestrate distinct steps during PDAC invasion
and dissemination (Fig. 9).
HGF promotes a multistep program in cancer progres-

sion, including proliferation,migration, invasion, andme-
tastasis. This process, mediated in an autocrine and/or
paracrine fashion, is often termed “invasive growth”
(Comoglio and Trusolino 2002). We reported recently
that Prrx1bmarkedly stimulates proliferation in both nor-
mal ductal and PanIN cells. Additionally, Prrx1b strongly
fosters PanIN cell invasion by initiating EMT (Reichert
et al. 2013a). Using genetic lineage labeling, we demon-
strated that EMT and hematogenous dissemination are
early events in pancreatic cancer progression (Rhim
et al. 2012). Indeed, Prrx1b is significantly up-regulated
in circulating pancreatic cells at the PanIN stage (Reichert
et al. 2013a). Here, we identifyHgf as a transcriptional tar-
get of PRRX1B as well as the functionally critical role that
the Prrx1b–Hgf axis plays in regulating the invasive
growth program during cancer progression. By inhibiting
autocrine Prrx1b–Hgf signaling using the humanized
HGF-neutralizing antibody ficlatuzumab in combination
with the nucleoside analog gemcitabine, we demonstrat-
ed significant disruption of liver metastasis. Corroborat-
ing this in vivo observation of the synergistic effects of
these two therapies are our in vitro data that demonstrate
the synergistic effects of the silencing of Prrx1bwith gem-
citabine treatment on cell viability in a metastatic PDAC
cell line (Supplemental Fig. S8D). Interestingly, ficlatuzu-
mab is in a phase II clinical trial in non-small cell lung
cancer in concert with an EGFR inhibitor, and our studies
highlight the importance of insights that can be gained
from coclinical (concurrent mouse–human) trials.
According to our results, Prrx1b contributes to primary

tumor growth and dissemination; however, Prrx1b is not
involved or might even be disadvantageous in metastatic
outgrowth. Indeed, Prrx1b is restricted to smallmetastatic
lesions and is not associated with proliferating cells,

whereas large metastases show decreased Prrx1b expres-
sion. In line with these results, Hgf is down-regulated in
metastatic PDAC cell lines compared with their primary
cancer counterparts (Supplemental Fig. S7A), a pattern
that has been observed previously (Shi et al. 2009). It has
been demonstrated that the EMT program can suppress
self-renewal capacities and the metastatic colonization
potential of cancer cells (Tsuji et al. 2008; Celià-Terrassa
et al. 2012); however, this relationship appears not to be
imperative in other contexts (Mani et al. 2008). Indeed,
our data suggest a complex interplay between EMT status
and acquisition of enhanced self-renewal properties in
pancreatic cancer.
Re-establishing epithelial integrity appears to be a re-

quirement for disseminating cancer cells to form overt
metastasis (Korpal et al. 2011). The epithelial phenotype
is associated with self-renewal and proliferation, two
properties that may be required to survive and expand in
the hostile environment of a distant organ. Importantly,
Prrx1a facilitates these properties in vitro and in vivo. Ad-
ditionally, cell-intrinsic and cell-extrinsic factors support
metastatic outgrowth (Gao et al. 2012; Wan et al. 2013).
Interestingly, one Prrx1a target gene identified by us is
Sonic hedgehog (Shh) (Fig. 7A). The maintenance of Shh
signaling is critical for aberrant proliferation and tumori-
genesis (Thayer et al. 2003) as well as the tumor stroma
(Olive et al. 2009). The role of Shh at a secondary tumor
site is poorly understood, but it is tempting to speculate
that Prrx1a regulates Shh to establish the metastatic
niche, a subject of future investigation.
Apart from illustrating the importance of these two

Prrx1 isoforms at different stages of tumor progression,
our data also indicate that Prrx1a and Prrx1b have a poten-
tial reciprocal relationship in regulating EMT plasticity.
We demonstrated that the two Prrx1 isoforms regulate
the phenotypic switch of cancer cells required for them
to undergo MET and complete the metastatic cascade.
However, it is curious that 30% of disseminating cancer
cells that acquire mesenchymal traits are Prrx1a-positive
(Supplemental Fig. S2D). In fact, we observed previously
that cancer cells in circulation comprise three subpopula-
tions: mesenchymal, epithelial, and intermediate CTCs.
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Figure 9. Model of the functional roles of Prrx1a
and Prrx1b in pancreatic cancer progression and
metastasis.
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Epithelial and mesenchymal genes are coexpressed in
intermediate CTCs (Rhim et al. 2012). Whether it is this
intermediate cell type that eventually colonizes the dis-
tant organ site is not clear and might be addressed using
spatio–temporal genetic mouse models of PDAC.

Collectively, we found that Prrx1a and Prrx1b fulfill
separate functions; however, both isoforms might syner-
gize at distinct steps of PDAC progression.We specifically
found that Prrx1b drives production of HGF in cancer
cells. Targeting the Prrx1b–Hgf axis may offer a new ther-
apeutic approach in treating primary and metastatic pan-
creatic cancer, since anti-HGF therapy results in the
diminution of both primary tumor volume and dissemina-
tion. We also reveal that strategies for treating either the
primary tumor or metastasis need to take into account
the EMT–MET continuum, allowing for new perspectives
and priorities in the development of targeted therapeutics.

Materials and methods

Human tissue samples

Primary and metastatic PDAC tissues were obtained from a total
of 113 pancreatic cancer patients who had undergone pancreatec-
tomy (n = 108) and/or partial hepatectomy (n = 12) in the Depart-
ment of General Surgery, Chiba University, Japan, between 2006
and 2013 (Supplemental Fig. S6). All tumors were graded as well-
differentiated, moderately differeentiated, or poorly differentiat-
ed PDAC. The Ethics Committee of this institute approved the
protocol, and written informed consent was obtained from each
patient before surgery.

Cell lines and culture conditions

Mouse primary pancreatic cells were cultured and maintained
as described previously (Norris and Kern 2001; Reichert et al.
2013a,b). Murine PanIN (4313/KC), PDAC (4964/KPC1 and
5143/KPC2), and paired metastases (4964Liv/KPC1Liv and
5143Liv2/KPC2Liv2) were provided by Dr. Sunil Hingorani. In
brief, 4313/KC cells were isolated from a mouse at a PanIN stage
(Pdx1-cre; LSL-KrasG12D/+). 4964/KPC1 and 5143/KPC2 cell lines
(Pdx1-cre; LSL-KrasG12D/+; p53R172H/+) were established from pri-
mary PDAC (Hingorani et al. 2005), whereas the 4964Liv/
KPC1Liv and 5143Liv2/KPC2Liv2 cell lines (Pdx1-cre;
LSL-KrasG12D/+; p53R172H/+) were isolated from paired liver me-
tastases arising in 4964/KPC1 and 5143/KPC2mice. KPflCY cells
were derived from a Pdx1-cre; LSL-KrasG12D/+; p53fl/+; R26YFP

mouse (cell line 7182Y) and were provided by Dr. Andrew
D. Rhim (University of Michigan). The human pancreatic cancer
cell line Panc1 was purchased from American Type Culture Col-
lection and maintained in Dulbecco’s modified Eagle medium
(DMEM) (Sigma Chemical Co.) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin/streptomycin. mrHGF
(10 ng/mL; R&D Systems, 2207-HG ) or 10ng/mL human recom-
binant HGF (R&D Systems, 294-HG) was used for HGF stimula-
tion assays.

3D pancreatic cell culture

3D pancreatic cell culture was performed as described previously
(Wescott et al. 2009; Reichert et al. 2013a,b). For RNA extraction
from 3D cultured cells, collagen-coated cells in four-well cham-
ber slides (ThermoFisher Scientific,Nunc 177437)were collected

and collagenase-digested for 20 min in a 37°C water bath. After
trypsinization, total RNA was extracted using the RNeasy mini-
kit (Qiagen) according to the manufacturer’s instructions.

Invasion assay

Invasion assays were performed as described previously (Reichert
et al. 2013a) and are described in detail in the Supplemental
Material.

Single-cell pancreatosphere assay

Single cells were sorted by FACS (FACSDiva flow cytometer and
software, BD Bioscience). For details, see the Supplemental
Material.

Colony formation assay

KPC1 or KPC2 cells were suspended in DMEM supplemented
with 10% FBS and 0.67% agarose and plated on a layer of 1.0%
agarose. The experiments were carried out in 24-well plates
with 1000 cells per well and were performed in quadruplicate at
least three times independently. Colonies were photographed
(Leica DMIRB inverted microscope) and quantified manually
2 wk after seeding.

Immunohistochemical and IF staining

IF staining was carried out as described previously (Reichert et al.
2013a). Single and double IHCwere performed using the ABC kit
(Vector Laboratories, Inc.) according to the manufacturer’s proto-
col. 3,3′ diaminobenzidine chromogen (Vector Laboratories) was
used for signal development of single and double staining. Blue al-
kaline phosphate substrate (Vector Laboratories) was used for
double staining. The histology of each human PDAC specimen
was examined by two independent investigators (S. Takano and
T. Nishida) and classified as follows: Low/high was determined
based on >30%staining (high) or <30%staining (low) for PRRX1A
and positive nuclear staining (high) or negative nuclear staining
(low) for PRRX1B in at least two high-power fields. For antibody
information and conditions as well as details of the peptide-
blocking study, see the Supplemental Material.

Quantitative RT–PCR

One microgram of RNAwas transcribed into cDNA (TaqMan re-
verse transcription reagents, Applied Biosystems) and assayed
through quantitative real-time PCR using Power SYBR master
mix (Applied Biosystems) on the StepOnePlus system (Applied
Biosystems). Primers are listed in Supplemental Table S1. P < 0.05
was statistically significant (Mann-Whitney-Wilcoxon test). Er-
ror bars represent the standard deviation (SD).

Western blotting

Western blottingwas performed as described previously (Reichert
et al. 2013a) and is described in detail in the Supplemental
Material.

ELISA

mHGF-secreted protein levels were measured in the supernatant
of cultured cells as well asmouse serum using themHGFDuoSet

Takano et al.

244 GENES & DEVELOPMENT



(R&D Systems, DY2207) according to the manufacturer’s
protocol.

RNAi transfection and vector constructs

RNAi transfection and lentiviral transduction were performed as
described previously (Reichert et al. 2013a). Lentiviral vectors
have been published previously (Reichert et al. 2013a,b).

ChIP-seq

The SimpleChIP enzymatic ChIP kit was used according the
manufacturer’s instructions (Cell Signaling Technology). ChIP
was performed in KPC1 cells expressing either control, Flag-
tagged Prrx1a, or Flag-tagged Prrx1b. In brief, DNA-binding pro-
teins were cross-linked covalently to their DNA substrates in liv-
ing cells by incubation in 1% formaldehyde. After washing with
PBS, theDNAwas fragmented, and the lysateswere subsequently
incubated with anti-Flag M2 antibody to precipitate DNA frag-
ments that bound either Prrx1a or Prrx1b. Library preparation
was performed using the ChIP-seq DNA sample preparation kit
(Illumina, Inc.). DNA 200 ± 25 base pairs (bp) was excised and pu-
rified. Adapter-modified purified DNA was enriched by PCR fol-
lowed by validation using an Agilent Technologies Bioanalyzer
(Agilent Technologies, Inc.). Sequencing was performed using
the Illumina HiSeq 2000.

Animals and experimental procedures

The Institutional Animal Care and Use Committee (IACUC) of
the University of Pennsylvania approved all animal studies (pro-
tocol no. 804209). Eight-week-old female Ncr nude mice were
purchased from Taconic. Orthotopic transplantation in the pan-
creas was performed as described previously (Mohammad et al.
1998). The subcapsular space of the pancreata of nude mice was
injected with 1 × 105 pancreatic cancer cells (KPC2 or KPflCY)
suspended in 25 µL ofDMEM/10%FBS. Intraportal vein injection
was performed as follows. After anesthesia and proper sterile
preparation of the abdomen, a small incision was made in the up-
per abdomen to allow mobilization of the duodenum to liberate
the portal vein. KPC2 cancer cells (3 × 105) suspended in 200 µL
of PBS with doxycycline were then injected into the portal vein
of mice using a 32-gauge needle. After removal of the needle, a
sterile narrow cotton swab was immediately placed at the injec-
tion site. Light compressionwasmaintained for 3min. The intes-
tine was then repositioned, and the ventral incision was closed
with 4-0 absorbable vicryl sutures using a running suture tech-
nique. The mice were sacrificed 14 d after the procedure to eval-
uate for the presence of liver metastases.
For histology, pancreata and livers were fixed in zinc formalin

overnight, transferred to 70% ethanol, and embedded in paraf-
fin. The presence of liver metastasis was quantified as follows.
Livers sections were collected and mounted onto glass slides
as soon as the maximal footprint was reached. Next, four addi-
tional sections, 300 µm apart from each other, were collected.
Liver sections were stained with hematoxylin and eosin (H&E)
and analyzed by microscopy. Metastatic foci were photo-
graphed, and the number of cells per focus was quantified
manually.

Analysis of CTCs

YFP+ or GFP+ cells in blood were detected as described previously
(Rhim et al. 2012).

Ficlatuzumab treatment

Panc1 cells (1 × 106) suspended in 50 µL of DMEM/10%FBS were
injected orthotopically into the tails of pancreata of 8-wk-old fe-
male nude mice. After tumor growth was confirmed by ultra-
sound, mice were randomized into four experimental groups:
IgG control group (IgG), ficlatuzumab group (Fic), gemcitabine
group (Gem), and combination therapy of gemcitabine and ficla-
tuzumab (Gem+Fic). Human IgG antibody (R&D Systems,
1-100-A), ficlatuzumab (AVEO Pharmaceuticals), and gemcita-
bine HCl (Eli Lilly and Company) were used. In the “early trial,”
at day 15,micewere injected intraperitoneallywith IgG antibody,
20 mg/kg ficlatuzumab, 100 mg/kg gemcitabine, or both ficlatu-
zumab and gemcitabine twice per week for 2 wk. In the “late tri-
al,” treatment was started at day 78 and proceeded twice weekly
for 4wk. Pancreata and liverswere harvested at day 51 in the “ear-
ly trial” and at day 110 in the “late trial.” The tumor volume was
measured using an electronic caliper and calculated using the fol-
lowing formula: π/6 × (L ×W ×W), where L is the tumor at its lon-
gest, and W is the tumor at its shortest (Kozono et al. 2013). The
incidence of liver metastases was evaluated as described above.

Statistical analysis

For all in vitro experiments, statistical analyses were performed
using the Mann-Whitney-Wilcoxon test except where noted oth-
erwise. For in vivo experiments, statistical analyses were con-
ducted using Welch’s t-test for comparison of positivity in
IHC/IF staining, tumor volume, and number of CTCs. Frequency
of metastases was analyzed using the χ2 test. For human tissue
data, Welch’s t-test was used to analyze primary tumor volumes
and comparison of IHC scores between primary and metastatic
PDAC. The χ2 test was used to evaluate the correlation between
the IHC scores and differentiation status of PDAC samples.
P < 0.05 was considered statistically significant. Values are ex-
pressed as mean ± SEM or SD.

Primer sequences

For primer sequences, see the Supplemental Material.
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