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KLF10 loss in the pancreas provokes activation of SDF-1
and induces distant metastases of pancreatic ductal
adenocarcinoma in the KrasG12D p53flox/flox model
C-C Weng1, JR Hawse2, M Subramaniam2, VHS Chang3, WCY Yu4, W-C Hung4,5, L-T Chen4,6,8 and K-H Cheng1,4,7,8

Krüppel-like transcription factor 10 (KLF10), also named as TIEG1, plays essential roles in mediating transforming growth factor beta
(TGFβ) signaling and has been shown to function as a tumor suppressor in multiple cancer types. However, its roles in mediating
cancer progression in vivo have yet to be fully characterized. Here, we have employed two well-characterized Pdx-1CreLSL-KrasG12D

and Pdx-1CreLSL-KrasG12Dp53L/L pancreatic cancer models to ablate KLF10 expression and determine the impact of KLF10 deletion
on tumor development and progression. We show that loss of KLF10 cooperates with KrasG12D leading to an invasive and widely
metastatic phenotype of pancreatic ductal adenocarcinoma (PDAC). Mechanistically, loss of KLF10 in PDAC is shown to increase
distant metastases and cancer stemness through activation of SDF-1/CXCR4 and AP-1 pathways. Furthermore, we demonstrate that
targeting the SDF-1/CXCR4 pathway in the context of KLF10 deletion substantially suppresses PDAC progression suggesting that
inhibition of this pathway represents a novel therapeutic strategy for PDAC treatment.
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INTRODUCTION
Pancreatic cancer is the deadliest malignancy of all gastrointest-
inal cancers, with a 5-year survival rate of only 7% and a median
survival of less than 6 months.1 More than 90% of these cancers
are pancreatic ductal adenocarcinomas (PDAC), an aggressive
malignancy with late presentation and resistance to conventional
and targeted therapies.2,3 In contrast to other major cancers,
decades of clinical trials with diverse novel and traditional agents
have failed to provide appreciable survival benefit. In the area of
targeted therapeutics, it was universally recognized that many
PDAC genetic lesions (that is, potential therapeutic targets) remain
to be discovered and characterized.4 Additionally, elucidation of
the biological roles of genes which are frequently mutated in
PDAC (KRAS, p16INK4a, p19ARF, P53 and SMAD4) in refined
animal models are lacking.5–7

Over the past decade, a series of transgenic and gene knockout
mouse models have been generated that develop pancreatic
cancers with features reflective of ductal adenocarcinoma in
humans. The most well-studied model has been the engineering
of a Cre-mediated activation of mutant KRAS allele (Lox-Stop-Lox-
KrasG12D, designated hereafter as LSL-KrasG12D) that, upon induc-
tion of expression with a Pdx1-Cre transgene during pancreatic
development, is expressed, eliciting progressive development of
pancreatic intraepithelial neoplasia-1 (PanIN-1), -2 and -3 lesions,
with sporadic progression to PDAC in older mice.8 If, however, a
Cre-conditional knockout of the tumor suppressor p53L/L is
overlaid, pancreatic carcinogenesis is fully penetrant and

extremely rapid, producing aggressive ductal adenocarcinomas
8–10 weeks after birth.9 This latter model, and second-generation
derivatives, collectively represents tumor phenotypes with striking
parallels to human PDAC.
Transforming growth factor (TGFβ1) signaling is potentiated or

inhibited by intersection with numerous pathways through
regulating Smad transcription activity, protein stability and
subcellular localization.10 TGFβ is a potent suppressor of epithelial
cell growth and survival, although these effects are highly
dependent on the cell context. In numerous epithelial cell lines
and in epithelial tissue in vivo, TGFβ exerts a growth inhibitory
program that involves modulation of expression of cell cycle
regulators and activation of apoptosis.11,12 The tumor suppressor
role of TGFβ signaling is underscored by the presence of
inactivating TGFβ receptor mutations in a number of
cancer.13–15 On the other hand, TGFβ can enhance the malignant
growth of some established epithelial tumors, promoting tumor
cell proliferation, migration and the epithelial-to-mesenchymal
transition (EMT)—a process by which advanced carcinomas
acquire a highly invasive and undifferentiated phenotype and
become metastatic.16,17 One of the tumor suppressors, Krüpple-
like factor 10 (KLF10), also known as TIEG1, was originally
identified as the product of a TGF-β inducible early-response
gene (TIEG) in osteoblastic cells using differential display PCR.18,19

KLF10 also has been shown to be induced by estrogen, TGF-βs,
bone morphogenetic protein (BMP), nerve growth factor and
epidermal growth factor (EGF), all with diversified functional roles
depending on cellular and environmental contexts.18,20–24 Further
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studies on TGF-β1’s regulation of KLF10 transcription have revealed
that increased intracellular levels of KLF10 mimic the anti-proliferative
and apoptotic effects of TGF-β1 on epithelial cells, suggesting that
KLF10 is an important factor for mediating TGF-β1 signaling.25–27

However, KLF10’s targets and the related downstream signal
transduction pathways remain largely unknown. We have recently
succeeded in generating animal models of PDAC that recapitulate the
human disease with great accuracy. Using these PDAC models, we
sought to elucidate the role of KLF10 in normal pancreas development
and its involvement in cancer progression and metastasis. We
demonstrate that concomitant KrasG12D expression and loss of
KLF10 results in rapid development of an invasive and malignant
PDAC. This phenotype is shown to be mediated by the SDF-1/CXCR4
pathway and inhibition of this pathway offers substantial therapeutic
benefit in these mouse models. SDF-1 (CXCL12) is a CXC-type
chemokine that binds to and signals through the seven transmem-
brane receptor CXCR4, which has been shown to be necessary for
bone marrow neutrophil mobilization.28 CXCL12 and CXCR4 knockout
mice both die in the perinatal period, and CXCL12/CXCR4 signaling
has been shown to be involved in organogenesis, autoimmunity,
infection and tumorigenesis.29,30 Notably, increased SDF-1 and CXCR4
expression have been reported in several types of cancer and is
frequently associated with increased distant metastasis and poor
prognosis.31 Collectively, our data demonstrate that inhibition of the
SDF-1/CXCR4 pathway represents a novel therapeutic approach for the
treatment of this deadly disease.

RESULTS
KLF10 is not required for normal pancreas development in mice
In the pancreas of wild-type mice, KLF10 was observed in islets and
periacinar fibroblast-like cells. Moderate or strong nuclear KLF10
expression levels were found during PanINs progression and PDAC
formation; however, reduced KLF10 staining intensity was observed
in the metastatic PDAC of Pdx-1CreLSL-KrasG12Dp53L/L (PKP) mice,
consistent with observations in human specimens (Figure 1a and
Supplementary Figure 1a).32 To gain insight into the functional roles
of KLF10 deficiency on the development of the pancreas, we
obtained a KLF10 flox/flox mouse developed by Drs. Hawse and
Subramaniam at Mayo Clinic, USA, in which the conditional KLF10
loxp/loxp allele was engineered to sustain Cre-mediated excision of
exons 1 and 2 (Figure 1b). We first crossed KLF10 flox/flox mice with
Pdx-1Cre transgenic mice to direct Cre recombinase expression to
the endodermal progenitor lineages of the pancreas (Pdx-1-positive
subpopulation). The Cre recombinase induced DNA rearrangement
of the KLF10 gene locus in the pancreas from Pdx-1Cre KLF10L/L

mice was determined by allele-specific PCR genotyping and by
detection of KLF10 protein expression on western blot and
immunohistochemistry (IHC) analysis (Figures 1a, c and d) to
confirm the deletion of KLF10 expression in the pancreas.
Pdx-1Cre KLF10L/Lmice (N=23) were born at the expected
Mendelian ratio, indicating that Pdx-1Cre-mediated inactivation of
KLF10 in the pancreas did not cause embryonic lethality.
Appearance of the pancreas, body weight and pancreas weight
did not reveal any differences between Pdx-1Cre KLF10L/Land wild-
type mice (Figure 1e and data not shown). Histological analysis of
pancreatic tissues of Pdx-1Cre KLF10L/L mice at early and late time
points showed normal exocrine granular and ductal structural
components and islet formation after verification that KLF10
expression was lost in the pancreas from Pdx-1Cre KLF10L/L

(Figures 1a and f). Amylase, insulin, glucagon and pancreatic ductal
markers, CK19 and DBA showed normal expression between the
two genotypes of mice and functional analysis for glucose tolerance
revealed no significant differences in the Pdx-1Cre KLF10L/L

compared to WT controls (Figures 1g and h). These data revealed
that KLF10 inactivation does not prominently affect pancreas

development or play any role in the induction of pancreatic
carcinogenesis.

KLF10 loss in the pancreas rapidly provokes mutant Kras-induced
PanIN to PDAC
An active Kras mutation (KrasG12D) was frequently found in
the majority of human PDAC during early carcinogenesis.33 The
conditional expression of KrasG12D in the pancreas results in the
development of focal PanIN lesions but no PDAC formation up to
25 weeks in Pdx-1Cre LSL-KrasG12D (PK) model.7,8 To study whether
KLF10 inactivation affects the progression and development of
mutant Kras-induced PanIN lesions in mice, we generated Pdx-
1Cre LSL-KrasG12DKLF10L/L(PKK) compound mice by crossing Pdx-
1Cre KLF10L/L mice with LSL-KrasG12D KLF10L/L mice. In the aging
mouse cohorts, PKK mice were killed when they developed fatigue
or wasting syndrome, mostly at 20–24 weeks of age. We observed
that half of the compound mice had progressed to invasive PDAC
formation compared to PK mice which only displayed early to
mid-stages of PanIN lesions in the pancreas (n= 27 mice/
genotype) (Figures 2a and bi–ii).
As indicated by Kaplan–Meier analysis, PKK mice exhibited a

shortened lifespan compared with PK mice (Po0.01) (Figure 2c). All
observed animals with malignant PDAC had metastasis to distant
sites, including mesenteric lymph nodes, stomach, liver, lung and
thymus, which were confirmed by examining hematoxylin and
eosin-stained sections, and representative metastases were shown
in Figures 2a and d. Histological examination of tumors revealed
well or moderately differentiated PDAC lesions that are reminiscent
of human PDAC and were positive for CK 19 and E-cadherin, but
negative for amylase and insulin by IHC staining (Figures 2e-i and
data not shown). Metaplastic ductal lesions of the pancreas in PKK
mice exhibited positive staining for Alcian blue, and further
characterization of the neoplastic stromal compartment revealed
marked induction of α-smooth muscle actin (SMA) expression in PKK
PDAC models compared with PK models (Figures 2e–ii). In this
setting, we also observed increased expression of Ki67 in the
neoplastic ductal lesions of PKK pancreas compared with PK and
wild-type controls (Figures 2e–iii and Supplementary Figure 1b).
Furthermore, increased expression of pathway components known
to be involved in PDAC development and progression, such as
TGFβ1, sonic hedgehog and epidermal growth factor receptor
(EGFR) were observed in the pancreatic ductal lesions of PKK mice as
compared with that of PK mice (Figures 2e–iii). In particular, sonic
hedgehog signaling has been shown to play important roles in
pancreatic development and malignancy.34 Collectively, these data
demonstrated that KLF10 loss in the setting of activated KrasG12D

results in rapid PDAC formation and metastatic disease.

Homozygous deletion of KLF10 accelerates development of
metastatic PDAC in PKP model
Mutations of tumor-suppressor p53 have been found in more than
50% of late stage human PDAC, and have been associated with
the progression of metastatic PDAC.33 We and Hingorani and
colleagues previously reported a well-characterized PDAC model
that faithfully mimics the human disease in which there is rapid
development of PDAC and metastatic disease in p53 homozygous
mutant animals on a mutant KrasG12D background.6,9 Thus, in the
next set of experiments, we aimed to elucidate the role of KLF10 in
promoting metastasis by crossing Pdx-1Cre KLF10L/Lp53L/L mice
with LSL-KrasG12DKLF10L/Lp53L/L mice to generate compound triple
mutant Pdx-1-Cre LSL-KrasG12DKLF10L/Lp53L/L (PKKP) mice. As
expected, all PKKP mice developed extensive invasive and
metastatic PDAC with high incidence of biliary obstruction and
hemorrhagic ascites as early as 7 weeks (n= 34 mice/genotyped)
with 100% penetrance (Figure 3a). The Kaplan–Meier curves of
overall survival of the four compound mouse cohorts, PKP; PKKP;
Pdx-1Cre LSL-KrasG12Dp53L/+(PKP+); Pdx-1-Cre LSL-KrasG12D KLF10L/L

KLF10 loss in the pancreas provokes activation of SDF-1
C-C Weng et al

5533

© 2017 Macmillan Publishers Limited, part of Springer Nature. Oncogene (2017) 5532 – 5543



p53L/+(PKKP+) are shown for comparison in Figure 3b.
A pronounced cooperative effect of KLF10 loss was noted with
PKKP+ mice showing significantly reduced survival compared to
PKP+ controls (Po0.01).
At autopsy, most PKKP tumors displayed a diagnostic feature of

well-differentiated PDAC with prominent nuclear atypia and
abundant mitoses, and these were further verified by a biliary
pancreatic pathologist (Figure 3c). Histologic examination of
invasion of adjacent organs and distant metastases to the
stomach, liver, lymph nodes, spleen, diaphragm, lung and thymus
is shown in Figures 3d and e. The distribution of metastatic
involvement in comparison between PKP and PKKP tumors is
summarized in Supplementary Table 1. For instance, murine PDAC
metastasized to the liver in 6 of 34 PKKP and 4 of 17 PKP mice
(P40.05). In 23 of 34 PKKP and 3 of 17 PKP mice, the tumor
metastasized to the lung (Po0.01), and in 20 of 34 PKKP and 4 of
17 PKP mice developed metastasis to the lymph nodes (Po0.05).
Of note, these findings are consistent with the pattern of
metastatic PDAC observed in humans. Furthermore, primary
tumors and metastatic PDAC lesions in distant organs were
collected and primary murine PDAC cell lines were isolated and
utilized for cellular and molecular studies.

Pathological and immunohistological analysis of PDAC lesions
derived from PKKP model
To further characterize signaling pathway changes occurring due
to loss of KLF10 expression in PKKP pancreata, we performed a set

of immunostaining experiments. First, an immunohistochemical
study verified that both primary PDAC tumors and distant PDAC
metastatic lesions in the PKKP mice stained strongly positive with
an epithelial marker (CK19) (Figures 4a and b). In addition,
conditional KLF10 deletion induced significant increases in the
levels of several proteins important for developmental pathways
such as Notch1 and Wnt1 expression in the PDAC from PKKP mice
as compared to that of PKP mice (Figure 4a). High TGFβ1 staining
levels were observed in both PKKP and PKP groups (Figure 4a).
Western blots provided confirmation of results in Figure 4a (see
Supplementary Figure 1c). Furthermore, the tumors from PKKP
mice showed focally strong immunostaining for EGFR, a key
upstream effector of p-Akt and pERK (p-p44/42) pathways
(Figure 4a). High power views of IHC images revealed significant
increase in nuclear p-Akt and p-p44/42 staining in PDAC from
PKKP mice as compared to that of PKP (Supplementary Figure 2a).
We also evaluated the vascularization of PDAC tissues with CD31,
LYVE-1 and VEGF-A staining which revealed high vascularization in
PDAC from PKKP mice (Supplementary Figure 2b). Additionally, at
distant metastatic sites, IHC analysis demonstrated that lung and
peritoneal metastases displayed higher intensity for CD44, Twist2
and c-Myc immunostaining (Figure 4b and data not shown). Of
note, β-catenin staining was mainly localized to the cytosol of
PDAC lesions of PKP mice, whereas the PDAC lesions of PKKP mice
exhibited stronger nuclear β-catenin staining, suggesting that
activation of the Wnt-β-catenin pathway might in part be
responsible for PDAC progression upon KLF10 loss

Figure 1. Depletion of KLF10 in the mouse pancreas does not perturb pancreatic development and function. (a) Immunohistochemical
detection of KLF10 protein in normal mouse pancreas (Pdx-1Cre), neoplastic lesions of PK, PKP+, PKP and Pdx-1Cre KLF10L/L mice. (b) Pdx-1Cre-
mediated deletion of KLF10 in the pancreas of Pdx1-Cre KLF10L/L mice. Structure of the KLF10 floxed allele: Loxp sites were inserted into the
introns surrounding exons 1 and 2. (c) Specific genotyping PCR analysis to detect KLF10 wild types and loxp alleles from the tail DNA of the
Pdx-1Cre KLF10wt, Pdx-1Cre KLF10L/+ and Pdx-1Cre KLF10L/Loffspring. Recombined allele; loxp-flanked allele (L); wild-type allele (+) of KLF10 gene;
M, 100 bp DNA marker. (d) Western blot analyses for detection of KLF10 protein expression in pancreatic lysates from Pdx-1Cre control,
Pdx1-Cre KLF10L/L mice. β-actin is shown as a loading control. (e) The gross appearance of pancreas isolated from Pdx1-Cre KLF10L/L mice is
shown. (f) H&E-stained histological sections of pancreatic tissue from Pdx1-Cre KLF10L/L and wild-type mice. Scale bar is 50 μm. (g) IHC and IF
staining demonstrating that conditional knockout of KLF10 in the mouse pancreas does not alter insulin, amylase, glucagon, cytokeratin 19
(CK19) and dolichos biflorus agglutinin (DBA) expression in the pancreas compared to wild-type controls. (h) No differences in blood glucose
levels were found when blood samples from overnight-fasted Pdx-1Cre KLF10L/L mice were compared to wild-type mice. Data are means± SE
obtained from six mice/group. H&E, hematoxylin and eosin; IF, immunofluorescence; IHC, immunohistochemical.

KLF10 loss in the pancreas provokes activation of SDF-1
C-C Weng et al

5534

Oncogene (2017) 5532 – 5543 © 2017 Macmillan Publishers Limited, part of Springer Nature.



(Supplementary Figure 2c). Moreover, histological analysis
revealed a decrease in T lymphocytes and macrophages in PDAC
lesions of KLF10 mutant mice (PKKP) compared with PKP PDAC
(Supplementary Figure 3).

Resistance to TGFβ-mediated growth inhibition and induction
of EMT to enhance cell migration and invasion in KLF10-null
PDAC cells
To characterize the effect of KLF10 loss on the growth, migration
and invasion of murine PDAC cells in vitro, we utilized established
primary murine PDAC cells derived from PKP and PKKP mice.
Examination with a phase-contrast microscope revealed morpho-
logical differences between cells derived from mice with different
genotypes. Specifically, loss of KLF10 expression in PDAC cells
resulted in a more spindle/fibroblast-like morphology compared
to cells derived from PKP mice which exhibited a more
cobblestone/epithelial like morphology (Figure 5a). Western blot
analysis confirmed deletion of KLF10 in PKKP PDAC cells as
compared to PKP PDAC cells expressing wild-type KLF10
(Figure 5b). In subsequent experiments, we next determined
whether KLF10 loss affects proliferation of PDAC cells in vitro and
found no significant difference between the two cell lines
(Figure 5c). However, our results indicated that KLF10 may be
involved in suppressing colony sphere formation (modulated
cancer stem cell activity) of PDAC cells as indicated by tumor
sphere formation assays (Po0.01, Figure 5d). Next, to evaluate the

effect of KLF10 loss on the migration of PDAC cells in vitro, scratch-
wound healing assays were performed in PKKP and PKP cells. Our
results revealed that KLF10-null PDAC cells exhibit significantly
increased rates of cell migration compared with KLF10-proficient
cells (Figure 5e). Similar effects were observed in transwell
invasion assays (Po0.01, Figure 5f). Taken together, our in vitro
results demonstrate that KLF10 loss enhances cell migration and
invasion of PDAC cells. Thus, our in vitro cell culture models
corroborate with our in vivo KLF10-null PDAC model in which
increased metastatic potential was observed.
Epithelial-to-mesenchymal transition is an important process by

which malignant tumor cells activate invasion and metastasis that
is required for cancer cell migration and invasion, and TGFβ1 and
WNT pathways are important in the regulation of EMT program.
Therefore, we next investigated whether KLF10 loss modulates
EMT in PDAC cells. We performed RT–qPCR and western blot
analyses to examine the expression pattern of EMT markers in
KLF10-deficient and -proficient PDAC cells. These included
mesenchymal markers such as vimentin, snail and SMA, and the
epithelial marker, E-cadherin. As shown in Figures 5g and h, the
results of our study indicated that KLF10 loss in PDAC cells
suppressed the mRNA and protein expression levels of E-cadherin,
and increased the levels of SMA and vimentin protein expression.
These results were also further verified by IHC staining to confirm
the related EMT marker expression levels in the PDAC of PKP and
PKKP mice (Figure 5i).

Figure 2. Concomitant KLF10 loss and activated KrasG12D to drive rapid malignant PDAC development in mice. (a) Gross anatomy images of
PDAC in a 20-week-old PKK mouse. Gross images of distant metastases sites; lung, thymus and stomach developed from widely metastatic
PDAC of PKK mice. (b) Histological analysis of pancreas from PKK and PK mice at different ages by H&E staining (i). Quantification of PanINs
grading and PDAC lesions in 8-week-old (ii) and 20-week-old (iii) PK and PKK mice. A minimum of six nonconsecutive H&E sections from each
mouse (three mice per genotype) were examined. Error bars are the means± s.e.m. *Po 0.05, **Po0.01, ***Po0.001. (c) Kaplan–Meier curve
showing significantly reduced survival time of PKK mice compared to PK mice. (d) H&E histological examination revealing a 20-week-old PKK
mouse with distant lung (i) and thymus (ii) metastasis. Scale bar is 50 μm. (e) Relative intensity of the expression levels of E-cadherin (E-cad)
and CK19 in pancreatic lesions of indicated genotypes as detected by IHC analysis (i). Alcian blue staining indicating mucin content and IHC
analysis for α-smooth muscle actin (SMA) in PDAC from the indicated genotypes of mice (ii), and immunostaining of pancreatic lesions from
mice of indicated genotypes with anti-Ki67, TGFβ1, shh and EGFR antibodies (iii). Scale bar is 100 μm. H&E, hematoxylin and eosin; IHC,
immunohostochemical; shh, sonic hedgehog.
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Additionally, we also determined whether loss of KLF10 resulted
in modulation of the TGFβ1 and Wnt signaling pathways by using
Wnt-responsive TOP-Flash and TGFβ1-responsive SBE4-luc repor-
ter assays. Our results indicated that inactivation of KLF10 induces
activation of TGFβ1 and Wnt-β-catenin signaling pathways
(Figures 5j and k). The increased expression levels of Wnt target
genes such as active-β-catenin (ABC), c-Myc, Survivin, Cyclin D1
and Twist2 were demonstrated by using RT–qPCR and western
blot analysis (Figures 5l and m). Meanwhile, we also examined
whether inactivation of KLF10 modulates the TGFβ1-mediated
growth inhibition in murine PDAC cells. Interestingly, we observed
that PKP PDAC cells were efficiently growth arrested by TGFβ1,
whereas the PKKP cells exhibited no growth inhibitory effects in
response to TGFβ1 (Figure 5n). Therefore, the inactivation of KLF10
in PDAC significantly blocked the TGFβ1-induced growth inhibi-
tion of PDAC cells in vitro. Taken together, these results revealed
that KLF10 can suppress the Wnt/β-catenin signaling pathway to
reduce in vitro cell migration effects that were further verified by
the use of human Panc-1 PDAC cells (Supplementary Figure 4).
Furthermore, our western blot and immunostaining experiments
also demonstrated that loss of KLF10 results in increased levels of
the pluripotent markers, Nanog and Sox2 protein expression in
PDAC, but not that of Oct4. Cancer stem cell markers, CD44, Nestin
and side population marker, ABCG2 have been reported to be
associated with metastatic phenotype of malignant PDAC. In the
present study, we also observed that KLF10 loss activates Wnt-
associated cancer stem cell markers, CD133, CD44, Nestin and
ABCG2 in PDAC. Thus these observations implicate that KLF10 loss

in our model system promotes cancer stem cell properties in
PDAC (Supplementary Figure 5).

Characterization of the gene expression profiles of PKKP PDAC
tumor cells
To find potential target genes affected by KLF10 loss in PDAC, we
compared the profiles of differentially expressed genes using
cDNA microarray analysis of our primary murine PDAC cell lines.
The cDNA microarray analysis consisted of three different pairs of
PDAC cell lines derived from PKP vs PKKP mice. Using the
Significance Analysis of Microarrays algorithm, we identified a
total of 362 transcripts (Fold Change filtering:⩾ 2FC) that were
significantly differentially expressed between the PKKP and PKP
cell lines (Figure 6a). The signatures of genes displaying a⩾ 2-fold
change in expression upon KLF10 loss was further deposited in
the Gene Expression Omnibus database and are listed in
Supplementary Table S2. The top 10 upregulated and down-
regulated genes in the PKKP cell compared to the PKP cells are
highlighted in Figure 6a. Specifically, the most induced genes
following loss of KLF10 expression include CXCL12 (35.4-fold
increase; P= 0.017), IRX2 (26.5-fold increase; P= 0.017), SORL1
(22.3-fold increase), HUNK (15.6-fold increase; P= 0.028), Eva1a
(13.7-fold increase; P= 0.01), Arhgap8 (12.8-fold increase;
P= 0.012), BMP7 (11.9-fold increase; P= 0.004), Serpina1d
(10.8-fold increase; P= 0.038), Hey1 (10.7-fold increase; P= 0.042)
and Pcsk9 (10-fold increase; P= 0.02).
As expected, the KLF10 transcript was the most downregulated

(−72-fold; P= 0.0001) in PKKP PDAC cells as compared to PKP cells.

Figure 3. KLF10 deletion promotes metastatic PDAC in cooperation with KrasG12D activation and P53 deficiency. (a) Gross anatomy indicating
the effects of metastatic PDAC from PKKP with obstructive jaundice and distant metastasis to the lung. (b) Kaplan–Meier survival curves
representing the life span of PK,PKP+, PKKP+, PKKP, PKP mice. (c) High magnification of tumor sections from PKKP mice indicating abnormal
anaphase cells (scale bar, 20 μm). (d) Macroscopic examination showing representative primary and metastatic PDAC tumor masses in
pancreas, stomach, lung, lymph node, thoracic diaphragm, liver, spleen and thymus peritoneal metastases. (e) H&E staining of pancreas,
stomach, lung, liver, lymph node and diaphragm indicating metastatic lesions from PKKP PDAC mice. Scale bar, 50 μm. H&E, hematoxylin
and eosin.
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To validate the microarray analysis results, we reanalyzed the
expression of randomly selected and various known tumorigenic-
and metastatic-related genes (CXCL12, IRX2, HUNK, BMP7, SOX17
and KLF10, and so on) by RT–qPCR analysis. All analyzed genes
confirmed the microarray data as they were significantly increased
or decreased in the PKKP cells relative to the PKP PDAC cells
(8-, 2.5-, 7-, 3-, 7- and 3.5-fold increase for CXCL12, IRX2, SORL1,
HUNK, EVA1a and BMP7, respectively; 8-, 4-, 3-, 4-, 7-, 8- and 3-fold
reduce for KLF10, AVIL, THBS4, HSD3B2, SOX17, GSPT2 and
KLHL30 respectively, Po0.01) (Figure 6b). Subsequently, the
protein levels of CXCL12/SDF-1, IRX2, HUNK and SORL1 in KLF10-
deficient PDAC cells were further confirmed by western blot
analysis (Figure 6c).
To understand the potential biological relevance of the

upregulated set of genes, we employed KEGG (Kyoto Encyclope-
dia of Genes and Genomes) pathway analysis to identify biologic
pathways that were altered in KLF10-depleted PDAC cells. Based
on KEGG pathway enrichment analysis, the most significant
pathway associated with differentially expressed genes affected
by KLF10 loss in PDAC cells was the TGFβ1 signaling pathway
(CXCL12, INHBA, PPP2CA, BMP7, THBS4). Moreover, we also
observed three highly significant networks of potentially interact-
ing upregulated genes affected by KLF10 deficiency in PDAC cells,
and they are as follows: Pancreatic Cancer Pathway (PLD1,
CDKN2A, RALA, BRCA2, AKT2, RAD51), WNT signaling pathway
(CHD8, SIAH1B, PPP2CA, FRAT2, CAMK2B, SOX17, TCF7L1, FZD6,
NFATC1) and cysteine and methionine metabolism pathway
(LDHA, AHCY, ENOPH1, DNMT3B, CBS). Based on these bioinfor-
matics results, we hypothesized that loss of KLF10 increases

CXCL12 (SDF-1) expression in PDAC, thereby enhancing the
activation of TGFβ1/Wnt signaling pathways, and further amplify-
ing cysteine and methionine metabolism pathways resulting in a
pro-metastatic phenotype.

KLF10 loss induces SDF-1 expression to promote in vitro cell
migration of PDAC
Currently, there are a number of reports in the literature
demonstrating involvement of SDF-1 in cancer migration and
invasion, including PDAC. To confirm the elevated levels of SDF-1
protein in response to KLF10 loss in PDAC, we further employed
the cytokine protein array to validate different chemokine
receptor or cytokines protein expression differences between
the tumor lysates from PKP and PKKP PDAC mice. As shown in
Figure 7a, the expression level of SDF-1 was appreciably increased
in the KLF10-deficient murine PDAC tumors (Po0.01). In addition,
the upregulation of the SDF-1/CXCR4 axis in KLF10-null PDAC was
further confirmed by using IHC validation of anti-mouse SDF-1 and
CXCR4 antibodies in murine PDAC (Figure 7b). Subsequently,
western blot analysis also confirmed the direct upregulation of
SDF-1 and CXCR4 protein expression and increasing activation of
their downstream transcription factors including c-Jun, c-Fos and
JunB in primary PDAC cell lines from PKKP PDAC model as
compared to PKP groups (Figure 7c). Furthermore, all metastatic
primary PDAC cells, isolated from a variety of distant metastatic
sites, such as liver, lymphoid node, peritoneal ascites and lung in
KLF10-null PDAC mice, displayed high levels of SDF-1 and
CXCR4 protein expression, indicating that the SDF-1/CXCR4 axis

Figure 4. IHC characterization of metastatic PDAC in PKKP mice. (a) Malignant PDAC lesions from PKKP and PKP mice were stained with anti-
CK19, Notch1, WNT1, TGFβ1, EGFR, p-Akt and anti-p44/42 antibodies. Note the increasingly intensive immunoreactivity of Notch1, WNT1,
TGFβ1 and EGFR, and strong nuclear expression of p-p44/42 and p-Akt in ductal epithelium of PDAC. Scale bar is 50 μm. (b) IHC analysis
indicating intensive staining for CK19, CD44 and Twist2 staining in PDAC from PKKP mice with associated hepatic, lymph node, diaphragm,
thymus and lung metastasis when compared with PDAC from PKP mice. Scale bar is 50 μm. IHC, immunohistochemical.
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may have a pivotal role in mediating PDAC metastasis in mice
(Supplementary Figure 6a).
Since SDF-1 is a secreted factor, we sought to determine the

effects of conditioned media isolated from PKKP PDAC cells on
PKP PDAC cells in wound healing. As shown in Figure 7d, the
conditioned media of PKKP enhanced cell migration in the wound
healing assays compared to that of PKP control media. In
compliance with the above data, enzyme-linked immunosorbent
assay analysis confirmed that there was a threefold increase in
SDF-1 protein in the conditioned medium from PKKP PDAC cells
compared with the PKP condition medium (*Po0.01; Figure 7e).
Furthermore, overexpression of SDF-1 augmented the migratory
ability of PKP PDAC cells but had no effect on their proliferation
rates (Figures 7f and g). Similarly, use of SDF-1 shRNA for stable
suppression of SDF-1 did not alter cell growth, but significantly
inhibited the migration of PKKP PDAC cells from our in vitro
scratch wound healing analysis (Supplementary Figure 6b).
Subsequently, immunoblot analysis demonstrated that overex-
pression of SDF-1 resulted in an increase in the phosphorylation
levels of p44/42, Akt and c-Jun in PKP PDAC cells (Figure 7h).
Taken together, these data suggest that upregulation of SDF-1
expression promotes cell migration without affecting proliferation
in PDAC cells.

The SDF-1/CXCR4 antagonist, Plerixafor, delays PDAC
development and metastasis in mice
Based on the above data, we hypothesized that the SDF-1/CXCR4
pathway is likely to be a metastasis-promoting pathway in PDAC.
Having observed an increase in SDF-1 expression in our primary
murine PDAC cells which influenced PDAC cell migratory
potential, we next assayed the efficacy of plerixafor
(AMD3100),35 a bicyclam molecule that antagonizes the binding
of SDF-1 to its cognate receptor CXCR4, on modulation of
proliferation and migration in PDAC cells (KLF10 proficient and
deficient). Following 5 days of treatment, we observed that PDAC
cell proliferation was suppressed by plerixafor in a dose-
dependent manner (0.05–20 uM) (Figure 8a). Flow cytometry
analysis revealed that plerixafor treatment for 48 h significantly
increased G1 phase cell cycle arrest and reduced the percentage
of cells in S phase as compared with control (Figure 8b). In
addition, non-adherent sphere assays showed that plerixafor
treatment significantly reduced the number and size of tumor
spheroids formed in murine PDAC cells indicating that the SDF-1/
CXCR4 axis may be involved in the maintenance of cancer
stemness properties of PDAC cells (Figure 8c). Next, we
determined the effects of plerixafor treatment on the migration
of PDAC cells, and we observed that plerixafor significantly

Figure 5. Loss of KLF10 modulates TGFβ1 and WNT pathways to promote EMT and cell motility in PDAC. (a) Representative morphology of
primary murine PDAC cell lines from PKKP and PKP mice by phase-contrast light microscopy. Scale bar is 100 μm. (b) Immunoblot analysis
confirmed that the loss of KLF10 protein expression in primary PKKP PDAC cell lines. (c) Cell viability assay indicating that KLF10 loss does not
significantly affect in vitro growth rate of PDAC cells. (d) Loss of KLF10 in PDAC cells facilitates anchorage independent growth and tumor
sphere formation in ‘sphere’-forming assays (i). Quantification of the number and size of tumor spheres in PKKP and PKP groups. Data are
expressed as Mean± s.e.m., N= 3, ** Po0.01 (ii). (e) Wound healing assays showed that the in vitro migration ability of PKP and PKKP PDAC
cells. The results showed that KLF10 loss enhances wound healing in PDAC cells. Scale bar, 100 μm. (f) Transwell invasion assays depicting the
invasive ability of PKP and PKKP PDAC cells. The bar graph showed that the ability of invasion was significantly increased in PKKP PDAC cells
as compared to PKP cells. (g) RT–qPCR analysis of EMT marker genes following the loss of KLF10 expression in PDAC. (h) Western blot analysis
showing EMT marker protein expression following the loss of KLF10 in PDAC cells. (i) IHC analysis showing the staining intensities of
E-cadherin, SMA and vimentin protein in PDAC lesions from mice of the indicated genotypes. (j) SBE4 luciferase activity assay revealed the
inactivation of KLF10 increases the activation of TGFβ1-SMAD signaling pathways in murine PDAC cells (Mean± s.e.m.; n= 3). (k) Reporter
assays were performed using TOP/FOP reporters in PKKP and PKP PDAC cells. (l) Analysis of the activation of Wnt signaling pathway by
western blot that revealed KLF10 loss increases the levels of active− β-catenin and c-myc proteins in PKKP as compared to PKP PDAC cells.
(m) RT–qPCR analysis of Wnt target gene expression in PKP and PKKP PDAC cells. (n) PKKP and Pdx-1Cre LSL-KrasG12D SMAD4L/L p53L/L (PKSP)
PDAC cells are resistant to TGF-β1-mediated growth inhibition as compared to PKP cells. *Po0.05. IHC, immunohistochemical.
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reduced the migration of murine PDAC cells in vitro (Figure 8d).
Furthermore, western blot analysis confirmed significant reduc-
tions in all of the SDF-1/CXCR4 axis effector proteins in response
to plerixafor treatment. Our data indicated decreased levels of
p-Akt and p-Jun in both genotypes of PDAC cell lines treated with
plerixafor as compared with those of phosphate-buffered saline
controls (Figure 8e). These results indicate that plerixafor
treatment has minor effects on PDAC cell proliferation but elicits
marked effects on cell migration.
Given these in vitro findings, we next evaluated the anti-tumor

effects of plerixafor on PDAC progression and metastasis in vivo.
Towards this goal, we employed our PKP+ and PKKP+ PDAC
models to evaluate the in vivo efficacy of plerixafor treatment with
regard to inhibition of tumor initiation and progression. In our
study design, groups of mice were treated with plerixafor or
phosphate-buffered saline through intraperitoneal injection start-
ing at 6 weeks of age, a time point at which only PanINs are
known to be present in these compound mutant mice. Mice were
randomized and dose twice a week (lasting for 4 weeks effects
with control solvent or 1 mg/kg plerixafor treatment). At the end
of treatment, mice from each experimental group were killed and
the tumors were collected for macro and pathohistological
examination. We observed a significant extension of tumor-free
survival in all mice treated with plerixafor and there was no sign of
any PDAC lesions in plerixafor-treated animals (Figure 8f). Of note,
body weight was not significantly different between vehicle and
plerixafor-treated groups. Necropsy analysis also did not indicate
significant side effects or toxicity associated with plerixafor
treatment based on histopathological and biochemical evaluation
of liver and kidney specimens (data not shown). Additionally,
plerixafor treatment of wild-type control animals had no effect on
pancreatic mass or histology (data not shown), indicating a
specific effect of plerixafor on PDAC development. IHC analysis
demonstrated that plerixafor treatment resulted in reduced levels

of Ki67 and p-c-Jun expression in pancreata of PDAC models
(Figure 8g and Supplementary Figure 7). These results indicate
that plerixafor exerts a significant anti-tumor effect against PDAC
development in vivo suggesting that sustained SDF-1 activity is
required for the development of premalignant lesions and their
progression to advanced PDAC in mice.

DISCUSSION
PDAC is one of the most deadly of all types of human
malignancies and the average life expectancy after diagnosis with
malignant PDAC disease is 3–6 months.36 Dissemination of
malignant cells from a primary tumor to the distal sites in the
body is the major causes of death in PDAC patients. However, the
molecular mechanisms governing the metastatic spread of tumor
cells remain largely unresolved. For instance, increased levels of
TGF-β1 have been detected during PDAC progression in vivo.
During early stages of tumor development, TGFβ1 functions to
inhibit cell cycle progression and suppress tumor growth.
However, in later stages, human tumor cells generally develop
resistance to TGFβ1-mediated growth inhibition. TGFβ1 ceases to
function in tumor suppression and adopts the converse role of
enhancing metastatic spread.37,38 The overall role of TGFβ1 in
stimulating distant metastasis appears highly complex and
remains incompletely resolved due to limited focus on this topic.
Although there has been significant progress in elucidating the
association between genetic alterations in the SMAD and TGFβ
receptor genes with PDAC, the nature of defects involving other
TGFβ1-induced downstream effectors have been elusive.38,39

KLF10 was originally discovered from human osteoblasts40,41

and has been shown to play important roles in mediating TGFβ
signaling.20 KLF10 is also known to play distinct roles in TGFβ1
signaling in CD4+ and CD8+ T-cell development and has been
implicated in macrophage differentiation and activation as well.42

Figure 6. cDNA microarray analysis of primary PDAC cells from PKKP and PKP mice. (a) Heat-map showing the gene profiling of primary PDAC
cells established from three independent of PKKP and PKP mice indicating genes were significantly increased (red), intermediate (black) or
decreased (green) expression levels. (b) RT–qPCR analysis confirmed the most significant genes regulated by KLF10 that showed changes in
the microarray analysis. Data represent the means± s.d. of triplicate samples. *Po0.05; **Po0.01, t-test. (c) Western blot analysis to verify
alterations in protein expression levels of CXCL12(SDF-1), SORL1, HUNK and IRX2 from tumor lysates of PKKP and PKP mice. β-actin served as a
loading control.
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KLF10 has also been demonstrated to elicit apoptotic responses
when overexpressed in pancreatic adenocarcinoma cell lines.43

Importantly, a recent report has stated that inactivation of KLF10
in advanced PDAC through epigenetic regulation is associated
with the presence of distant metastases in clinical pancreatic
cancer tissue specimens.32 In the current study, we demonstrated
that in the mouse pancreas, KLF10 was strongly expressed in islet
and periacinar fibroblast cells, but was not or was weakly
expressed in acinar and ductal cells. In our mutant KrasG12D PDAC
model, we observed that KLF10 protein was strongly expressed in
all neoplastic ductal cells (PanINs lesions), even in the high-grade
PanINs and in foci of microinvasive carcinoma. However, weak or
complete loss of KLF10 expression was observed in metastatic
PDAC. Similarly, Chang et al. observed that the protein level of
KLF10 decreased locally in advanced PDAC particularly at the
leading edges of PDAC and in metastasis.32 These data indicate
that inactivation of KLF10 may be a critical event in acquisition of
pro-metastatic characteristics in pancreatic cancer; however, the
molecular basis of a tumor suppressor role of KLF10 in inhibiting
advanced metastatic PDAC remains unclear.
In the present study, using a pancreas-specific knockout mouse

model, we selectively deleted KLF10 expression in the pancreatic
progenitor linage population. Our results indicated that KLF10 loss

alone does not affect mouse pancreas development or result in
initiation of neoplastic lesion formation in aged Pdx-1Cre KLF10L/L

animals. To further examine the functional consequence of KLF10
loss in PanINs formation, we crossed the Pdx-1Cre KLF10L/L mice
with mice harboring a conditionally expressed allele of mutant
KrasG12D. Our results unequivocally demonstrated that inactivation
of KLF10 cooperates with activated mutant KrasG12D to induce
rapid onset of advanced malignant PDAC. Hence, our study here
provides the first line of evidence linking a strong genetic
interaction between KrasG12D and KLF10 in the development of
PDAC. Since mice with combined conditional mutant KrasG12D

expression and KLF10 loss exhibit 50% penetrance of malignant
PDAC at 25weeks, we also examined the effect of KLF10 loss in the
setting of p53 deletion. Our PKKP mice display 100% penetrance
of metastatic PDAC implicating important roles of KLF10, in
combination with other genetic mutations, in facilitating distant
metastases.
Converging lines of evidence suggest that the canonical Wnt

signaling pathway, through nuclear translocation of β− catenin,
plays an important role in regulating EMT in different cancer
types.44,45 The EMT-like transition in cancer cells enhances tumor
invasion and distant metastases, and is associated with
chemoresistance.46 In the present study, we also identified

Figure 7. KLF10 loss induces SDF-1 upregulation resulting in increased c-Jun phosphorylation and enhanced cell migration of PDAC in vitro.
(a) Detection of mouse cytokine expression profile from the PDAC lysate of PKKP mice and one matched PKP control (i). Template alignment
of the mouse cytokines in the array represent (ii): POS, positive; NEG, negative; IL, interleukin; SDF-1, stromal cell-derived factor 1; BLC,
B-lymphocyte chemo-attractant; TAC, protachykinin; TCA-3, small inducible cytokine A1; TIMP, tissue inhibitors of metalloproteinase; LIX, LPS-
induced CXC chemokine; MCSF, macrophage colony stimulating factor; MCP-1, monocyte chemotactic protein 1; MIG, mitogen-inducible
gene; MIP-1, macrophage inflammatory protein 1. Quantitation of the intensity of SDF-1 protein expression in mouse cytokine arrays revealed
a sixfold increase in PDAC from PKKP mice compared to the PKP group. **Po0.01 (iii). (b) IHC staining verified that high expression of SDF-1
and CXCR4 proteins in PDAC from PKKP mice compared to the PKP group. (c) Immunoblotting analysis showing increased of SDF-1, CXCR4,
and activated c-Jun, c-Fos and JunB expression in PKKP PDAC cells as compared to PKP cells. (d) In vitro scratch assays demonstrating strong
promigratory effects for PKKP conditional medium (CM) compared to control PKP culture medium. Scale bar is 200 μm. (e) In vitro detection of
secreted SDF-1 protein measured by enzyme-linked immunosorbent assay, increased SDF-1 was observed in the conditional medium of PKKP
PDAC cells as compared to PKP group *Po0.05. (f) Proliferation assays indicating the effects of overexpression of SDF-1 on the growth rates of
PDAC cells in vitro. (g) In vitro scratch assay indicating the effects of overexpression of SDF-1 on the migratory ability of PKP PDAC cells. Scale
bar, 200 μm. (h) Western blot analysis confirming that overexpression of SDF-1 in PKP PDAC cells activates p-Akt, p-44/42 and c-jun proteins.
IHC, immunohistochemical.
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KLF10 as a novel player in modulating EMT through the TGFβ1/
Wnt pathways in PDAC. Additionally, in vivo inactivation of KLF10
was shown to result in activation of the Wnt/β-catenin pathway in
PDAC. In this context, our subsequent molecular studies
confirmed that loss of KLF10 increased the expression of
the mesenchymal markers, vimentin and SMA, and inhibited
E-cadherin expression in PDAC. Surprisingly, we did not observe
any significant changes in cell proliferation rates upon loss of
KLF10 in PDAC, but tumor sphere assays revealed that KLF10 loss
led to a robust increase in self-renewal capacity and stemness.
Thus, we hypothesize that inactivation of KLF10 in later stages of
PDAC further promotes malignant progression of PDAC possibly
by enriching cancer stemness. To fully understand the effects of
loss of KLF10 expression on the gene expression profiles in PDAC,
cDNA microarray analyses were performed in primary murine
PDAC cells. Our results further confirm an important role for KLF10
in modulating TGFβ1 and Wnt signaling pathways as well as EMT
and cancer stemness. The top differentially expressed genes,
which have been shown to influence cancer progression and the
metastatic processes, with coordinal KLF10 loss were CXCL12, Irx2,
Sorl1, BMP7, CCL9 and Sox17.

CXCL12, also named SDF-1, is an inflammatory chemokine and
neutrophil migration molecule.47 Accumulating evidence has
unveiled that SDF-1 selectively binds to the G-protein-coupled
receptor CXCR4 and activates a number of cellular responses such
as calcium mobilization, actin polymerization and chemotaxis in
migrating cells.48 Several prior reports simultaneously confirmed
that the presence of a positive relationship between SDF-1/CXCR4
axis and distant metastasis in several types of human
malignancy.48–50 For instance, primary tumor IHC analysis from
PDAC patients has revealed that high expression of SDF-1 is
associated with microvessel density which may play crucial roles
in the metastasis and progression of pancreatic cancer.51 In breast
cancer, CXCR4-positive tumor cells exhibit enhanced metastatic
properties in the setting of increased SDF-1 levels.52 Of relevance,
Tan et al have shown that SDF-1 induces LHSCC cell invasion
through paracrine-activated CXCR4, to stimulate ERK/c-Jun-
dependent upregulation of MMP-13.53 Additionally, the use of
AMD3100, a compound that targets the SDF-1/CXCR4 signaling
system, has been examined in clinical trials of patients with
lymphomas or multiple myelomas.54 Similarly, Nervi et al demon-
strated that treatment of leukemic mice with chemotherapy plus

Figure 8. Inhibition of SDF-1/CXCR4 signaling blocks PDAC formation in PKKP and PKP mice. (a) Cell proliferation rates were suppressed in
PKKP and PKP PDAC cells treated for 5 days with plerixafor inhibitor, as compared to untreated groups *Po0.05. (b) Representative
fluorescence-activated cell sorting profiles showing PKKP and PKP PDAC cells following plerixafor (5 μM) treatment compared with PBS control
groups. The percentages of cells in G1, S or G2/M phases of cell cycle are indicated next to each histogram. Mean± s.e.m.; n= 3. (c) Sphere
formation assays revealed plerixafor treatment effectively reduced the number and the size of tumor sphere formed in both PKKP and PKP
PDAC cells (i). Quantitation of tumor spheres on PKP and PKKP PDAC cells after plerixafor treatment as compared to PBS treatment. Mean± s.
e.m.; n= 3. **Po0.01. ***Po0.001 (ii). (d) In vitro wound healing assays showed the reduced wound closure abilities in PKKP followed by
plerixafor (50 nM) treatment, as compared with PKP groups (i). Scale bar is 200 μm. Quantitation of wound healing rates at indicated conditions
(ii). (e) Immunoblotting analysis indicating decreased p-c-Jun and p-Akt, protein levels in PKKP PDAC cells following 5 μM of plerixafor
treatment. (f) Macroscopic appearance and H&E histological analysis of pancreatic, lung and spleen lesions in PKP+ and PKKP+ mice treated
intraperitoneally with plerixafor or vehicle (PBS) for 15 weeks (i). Scale bar, 50 μm. Quantification of PanINs grading and PDAC lesions in PK+
and PKK+ mice with or without plerixafor treatment (ii). (g) IHC analysis indicating the reduction of staining intensity for Ki67 and p-c-Jun
proteins in the pancreatic lesions after plerixafor treatment as compared with PBS-treated control groups. (h) Proposed models depicting the
molecular mechanisms of action of KLF10 in TGFβ1-induced PDAC progression. SB431542, TGFβ1 pathway inhibitor; IWP-2 and FH535, Wnt
pathway inhibitor; Plerixafor, SDF-1/CXCR4 antagonist. H&E, hematoxylin and eosin; IHC, immunohistochemical; PBS, phosphate-bufferef
saline.
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AMD3100 eradicated drug-resistant leukemic blasts, markedly
decreased tumor burden and improved overall survival compared
with mice treated with chemotherapy alone.55 In line with its
potential role in various cancers, SDF-1 was identified as the most
upregulated gene in this study, suggesting that activation of this
gene could be highly involved in the invasion and metastasis of
KLF10-null PDAC cells.
An additional interesting finding in our study is that some of our

compound PKP and PKKP mice spontaneously develop gastric
carcinoma. Analysis of the stomach in moribund PKK mice showed
that 10 out of 25 animals developed squamous cell carcinoma and
adenocarcinoma mixed type gastric tumors that arose from the
antrum and corpus regions of the stomach (unpublished data).
The increase in the number of gastric carcinomas in the PKK mice
suggests that suppression of KLF10, in the context of KrasG12D

mutation in the Pdx-1-positive endodermal progenitor subpopula-
tion increases the risk of gastric tumorigenesis. Since TGFβ1
signaling is a critical pathway for gastrointestinal development in
mice, further research is necessary to determine the role of TGFβ1/
SMAD4/KLF10 in mediating the development of gastric neoplasia
in mice.
In conclusion, this study provides in vivo evidence that KLF10

functions as a tumor suppressor gene in PDAC. Our results using
novel PDAC animal models provide compelling evidence that
KLF10 acts to halt the progression of mouse PanINs and that
inactivation of KLF10 in the context of KrasG12D mutation and/or in
combination with a p53-null background strongly drive an
invasive and metastatic phenotype of PDAC with distant
metastases. Furthermore, our data identified that the upregulation
of SDF-1/CXCR4 signaling following KLF10 deletion is responsible
for promoting distant metastasis of PDAC through the activation
of TGFβ1/Wnt/beta-catenin and c-Jun/activator protein-1 (AP-1)
pathways (Figure 8h and Supplementary Figure 8). The c-Jun
proto-oncogene encodes the founding member of the AP-1
family, and c-Jun overexpression is common in human tumors that
contribute to increase tumor cell proliferation and invasiveness.56

Thus, the current studies demonstrate for the first time that
inactivation of KLF10 enhances activation of c-Jun to enhance
PDAC cell growth, invasion and cancer stem cell expansion.
Notably, in the present study, we also demonstrate that blockade
of the SDF-1/CXCR4 pathway with plerixafor, a specific CXCR4
antagonist, attenuates PDAC development and metastasis in vivo.
These results demonstrate that inhibition of the SDF-1/CXCR4-
mediated signaling pathway represents a novel therapeutic
strategy for the treatment of PDAC.

MATERIALS AND METHODS
Genetically modified mice and mouse genotyping
Pdx-1Cre, LSL-KrasG12D and p53Loxp/Loxp mice were obtained from the
Mouse Models of Human Cancers Consortium (MMHCC) under material
transfer agreements and were made available by Drs. Andrew M Lowy,
Tyler Jacks and Anton Berns respectively.9 KLF10Loxp/Loxp (KLF10L/L) mice
were generously provided by Drs. John Hawse and Malayannan
Subramaniam at the Mayo Clinic. All compound mutant mice were on a
mixed genetic 129Sv x C57BL/6 background, and detailed genotyping
protocols are available on request. All studies were approved by the
Animal Care Committee of the University of Kaohsiung Medical University
(animal permit number 100186). Mice were anesthetized by intraperitoneal
administration of 2.5% Avertin (0.38 ng/kg body wt. 2,2,2-tribromoethyl
alcohol), and followed by full necropsy, and tumor tissues were collected
for further analysis. Pancreatic tissue samples were fixed in 10% buffered
formalin overnight, washed with 1 × phosphate-buffered saline buffer, and
transferred to 70% ethanol before paraffin embedding, sectioning, and
hematoxylin and eosin staining.
The methods that describe glucose tolerance tests, primary murine

PDAC cell culture, human PDAC cell culture, RNA extraction, cDNA
microarray, bioinformatics, immunofluorescence, IHC, mouse cytokine
array, quantitative RT–qPCR, SDF-1 enzyme-linked immunosorbent assay,

shRNA knockdown, luciferase reporter, western blotting, cell proliferation,
wound healing, soft agar colony formation, plerixafor treatment, flow
cytometry and statistical analysis are included in the online supplementary
methods.

Accession codes
Microarray data are available in the Gene Expression Omnibus with
accession numbers GSE85521.
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