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Abstract
Genetic diseases associated with defects in primary cilia are classified as ciliopathies. Pancreatic lesions and ductal cysts are
found in patients with ciliopathic polycystic kidney diseases suggesting a close connection between pancreatic defects and
primary cilia. Here we investigate the role of two genes whose deletion is known to cause primary cilium defects, namely
Hnf6 and Lkb1, in pancreatic ductal homeostasis. We find that mice with postnatal duct-specific deletion of Hnf6 or Lkb1
show duct dilations. Cells lining dilated ducts present shorter cilia with swollen tips, suggesting defective intraciliary trans-
port. This is associated with signs of chronic pancreatitis, namely acinar-to-ductal metaplasia, acinar proliferation and
apoptosis, presence of inflammatory infiltrates, fibrosis and lipomatosis. Our data reveal a tight association between ductal
ciliary defects and pancreatitis with perturbed acinar homeostasis and differentiation. Such injuries can account for the in-
creased risk to develop pancreatic cancer in Peutz-Jeghers patients who carry LKB1 loss-of-function mutations.

Introduction
Cilia are evolutionarily conserved, antenna-like organelles that
protrude from the cells into the extracellular environment and
transduce signals from extracellular stimuli to the recipient
cells. Over the last decade accumulating evidences have shown
the biological importance of the primary cilium. Disruption of
cilium structure or function is responsible for an increasing
number of disorders categorized as ciliopathies (1,2). These dis-
eases have shed light on the role of cilia as sensors and signal-
ling hubs (3–6).

Like in other organs, ciliary defects are associated with dys-
functions of the pancreas. In this organ, exocrine functions are
exerted by the acinar cells, which secrete digestive enzymes,

and by the ductal cells lining the ducts, which transport and
modify acinar secretions to the duodenum. Within the pan-
creas, ductal and islet cells are ciliated whereas acinar cells are
not. A link between ciliary defects and pancreatic abnormalities
was initially suggested by the observation that patients with au-
tosomal dominant polycystic kidney disease (ADPKD; OMIM en-
try #173900), a ciliopathy, have pancreatic cysts and develop
chronic pancreatitis (7,8). Subsequently mouse models revealed
that deletion of ciliary genes leads to cystic ducts, acinar-to-
ductal metaplasia, acinar apoptosis, and lipomatosis (9–11).

In the studies listed above, disruption of the ciliary genes,
cyst formation and ciliary defects were initiated during the
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foetal period. In addition, this disruption abolished gene func-
tions in all pancreatic cell types, leaving open the question of
the cell type whose defect is causing the diseases. Since cilia are
found in duct cells and not acinar cells, specific ductal ablation
of genes involved in ciliary function is essential to fully under-
stand the role of cilia in the pancreas (11).

Transcription factor Hepatocyte Nuclear Factor 6 (Hnf6/
Onecut1) is involved in key aspects of pancreas development
(12–14), including in pancreatic duct development: constitutive
inactivation of Hnf6 leads to pancreatic cyst formation charac-
terized by the absence of primary cilia during embryogenesis
(15). Likewise, the tumour suppressor Liver Kinase B1/Serine/
Threonine Kinase 11 (Lkb1/Stk11) has also been involved in the
development of pancreatic cysts (16). No link has currently been
established between the pancreatic deletion of Lkb1, the pres-
ence of these cysts and ciliary defects. However, such a link can
be hypothesised since Lkb1 is present in the primary cilium (17)
and Lkb1 loss results in ciliary defects (18).

To investigate the role of Hnf6 and Lkb1 in ductal cells and
their relation with primary cilia, we postnatally inactivated the
two genes specifically in pancreatic ductal cells. Hnf6- and
Lkb1-deficient mice displayed very similar phenotypes charac-
terized by enlarged ducts, acinar apoptosis, acinar-to-ductal
metaplasia, and lipomatosis. Importantly, both Hnf6- and Lkb1-
deleted mice showed reduced length and swelling of primary
cilia found in the dilated ducts, indicative of perturbed ciliary
function. Our data underscore the tight association between cil-
iary defect and pancreatitis, suggesting that perturbed homeo-
stasis and ciliary function of the ductal cells can cause
pancreatitis with perturbed differentiation of acinar cells.

Results
Postnatal ductal deletion of Hnf6 or Lkb1 induces
lipomatosis

To study the phenotypic consequences of postnatal Hnf6 loss in
ductal cells, we generated mice that harbour floxed (19) and
knock-out (12) Hnf6 alleles and carry a Sox9-CreER (20) trans-
gene which allows tamoxifen-dependent and duct-specific re-
combination of target genes (Sox9CreER/Hnf6f/- mice). Nursing
mothers were treated by intraperitoneal injections and gavage
with tamoxifen to induce Hnf6 deletion in their offspring at
postnatal days 2 to 10 by transfer of tamoxifen via milk (Fig. 1A).
Hnf6 deletion was observed in about 75% of the ductal cells
(Supplementary Material, Fig. S1).

Three weeks after birth, examination of Sox9CreER/Hnf6f/-

pancreata revealed slight pancreatic abnormalities. Ductal lu-
mens were dilated and a few infiltrating adipocytes were ob-
served near dilated ducts (Fig. 1B). At this stage, acinar cell
morphology appeared unaffected (Fig. 1B). With age, an increas-
ing number of adipocytes were detected in the Sox9CreER/
Hnf6f/- pancreata. This culminated in 6-month old animals with
a subset of acinar lobules being entirely replaced by adipocytes
(Fig. 1B).

Concomitantly, we characterized the pancreatic phenotype
of mice with ductal deletion of Lkb1 (21) (Sox9CreER/Lkb1f/f

mice). Lkb1 deletion was achieved postnatally (Fig. 1A), as de-
scribed for Hnf6 inactivation. The lack of Lkb1 antibody suitable
for detection of Lkb1 on PFA-fixed paraffin sections precluded to
determine the efficiency with which Lkb1 was deleted in
Sox9CreER/Lkb1f/f ducts. However the pancreatic phenotype ex-
hibited by Sox9CreER/Lkb1f/f mice (see below) suggests that this
deletion was efficient. Lipomatosis was detected like in

Sox9CreER/Hnf6f/- pancreas. The phenotypic consequences of
Lkb1 deletion were delayed as compared to those in the absence
of Hnf6, since the effects of Lkb1 loss started to appear beyond 3
weeks of age (Fig. 1B and C). Despite extensive replacement of
acinar cells by adipocytes in both mouse models, no body wast-
ing was observed, suggesting that the remaining acini were suf-
ficient to ensure homeostasis (data not shown).

The origin of adipocytes infiltrating the pancreas was
addressed by lineage tracing. Since previous studies showed
that acinar cells can transdifferentiate into adipocytes (22,23),
we labelled and traced the acinar cells in Sox9CreER/Hnf6f/-

pancreas using a doxycycline-controlled transgenic system
(Supplementary Material, Fig. S2). The latter consists of an elas-
tase promoter-driven tetracycline transactivator (tTA) expressed
in acinar cells (24), which in the absence of doxycycline, binds to
a TetO element located upstream of a flippase (FlpO)-coding
gene. FlpO then recombines FlpO recognition target (FRT) sites
flanking a stop cassette (FSF) located upstream of an YFP gene in-
serted in the Rosa locus (25) (Rosa FSF YFP mice), leading to YFP
expression in the acinar cells (Supplementary Material, Fig. S2A).
Tracing efficiency determined by YFP labelling revealed that 10%
of the acinar cells were traced using this system.

In control and in Sox9CreER/Hnf6f/- mice, adipocytes marked
by Fabp4 were found at the periphery of the pancreas or in the
fat pads surrounding the ovary but none of these cells were
YFP-positive (data not shown). In contrast, a few adipocytes
were positive for YFP in the fatty infiltrate between or in the
pancreatic lobules of Sox9CreER/Hnf6f/- mice (Supplementary
Material, Fig. S2B). Taking into account that 10% of the acinar
cells were YFP-labelled, quantification indicated that about 2%
of these adipocytes derived from acinar cells in these mice.
Expression of b-catenin and its target c-Myc was reduced in
Sox9CreER/Hnf6f/- acinar cells, suggesting that defective expres-
sion of these genes contributes to acinar-to-adipocyte transdif-
ferentiation, as observed by others in Myc-deficient acinar cells
(22) (Supplementary Material, Fig. S2C). Of note, no ductal cell
was detected positive for YFP using this acinar lineage tracing
(data not shown). Finally, genetic lineage tracing of the ductal
cells in Sox9CreER/Hnf6f/-/Rosa LSL YFP (26) pancreas did not
provide evidence for duct-to-adipocyte transdifferentiation
(Supplementary Material, Fig. S2D).

Together our results indicate that ductal deletion of Hnf6
and Lkb1 induces similar phenotypes, albeit with different tim-
ing of events. Extensive lipomatosis develops, resulting for a mi-
nor part from acinar-to-adipocyte transdifferentiation.

Fibrosis and inflammation are detected in Sox9CreER/
Hnf6f/- and Sox9CreER/Lkb1f/f pancreata

Masson’s trichrome staining showed periductal fibrosis in mice
with ductal deletion of Hnf6 and Lkb1 (Fig. 2A). Fibrotic regions
were positively stained for the intermediate filament protein
vimentin, a marker frequently up-regulated in pancreatitis
(Fig. 2B). In control pancreata, vimentin expression was only ob-
served around large pancreatic vessels and ducts (Fig. 2B).

As fibrosis and inflammation are often associated during
pancreatitis, we also looked for the presence of inflammatory
infiltrates and detected the presence of macrophages through-
out pancreata of Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f mice
(Fig. 2C). Macrophages were absent from control pancreata
(Fig. 2C).

We concluded that inactivation of Hnf6 and Lkb1 leads to
lipomatosis associated with chronic pancreatitis.
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Pancreatic ducts are dilated in Sox9CreER/Hnf6f/- and
Sox9CreER/Lkb1f/f pancreata

Dilated pancreatic ducts were frequently observed in the fibrotic
parts of Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata (Fig.
3A and B). Sox9 labelling and quantification of the duct area re-
vealed that the average duct surface exhibited an 8- and 5-fold
increase in Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f ducts, re-
spectively, as compared to controls (Fig. 3A). No significant in-
crease in ductal cell proliferation was observed in 3- and 6-week
old pancreata in the absence of Hnf6 or in 3-week old pancreata
in the absence of Lkb1 (data not shown and Fig. 3B). In contrast,
hyperplastic areas of Sox9CreER/Lkb1f/f pancreata, showed in-
creased ductal proliferation (Fig. 3B). This suggests that in these
animals, increased ductal proliferation causes ductal dilatation.

Ductal deletion of Hnf6 or Lkb1 causes acinar-to-ductal
metaplasia, proliferation, and apoptosis

Pancreatic inflammation and fibrosis are often associated with
acinar-to-ductal metaplasia (ADM), a process characterized by a
down-regulation of acinar genes and up-regulation of ductal
genes in the metaplastic acinar cells (27). Immunofluorescent
labelling for the acinar markers Mist1, Ptf1a and amylase
showed decreased or lack of expression in a subset of acinar
cells of the Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata
(Fig. 4A and B).

Consistent with ADM, the transcription factors Hnf6 and
Sox9 showed ectopic expression in metaplastic acinar cells, and
were detected exclusively in ductal cells in control mice (Fig. 4C
and D). Likewise, we also detected induction of ErbB2, a member

Figure 1. Histological analysis shows similar fatty infiltration in Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f. (A) Schedule of Hnf6 and Lkb1 deletion. Nursing mothers

were injected with tamoxifen by intraperitoneal injections and gavage at postnatal days (P) 2, 6 and 10. (B) Hematoxylin and eosin (H&E) staining of pancreatic tissues

from control (Ctrl) and mutant mice. Three-week old Sox9CreER/Hnf6f/- mice show only few adipocytes with dilated ducts. At 6 weeks and 6 months, a large part of the

acinar tissue is replaced by adipocytes. (C) Three-week old Sox9CreER/Lkb1f/f mice show no phenotype, while at 3 months of age, dilated ducts and adipocytes are

found in the pancreatic tissue. Scale Bar¼1 mm.
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of the Epidermal Growth Factor Receptor (EGFR) pathway
known to be induced in metaplastic cells (28,29) (Fig. 5E).

Proliferation of acinar cells in mutant pancreas was assessed
by immunolabeling of Ki67. In Sox9CreER/Hnf6f/- pancreata, sig-
nificantly increased proliferation was detected starting at
6-weeks of age (Fig. 5A). Average proliferation was increased 3-
fold in Sox9CreER/Lkb1f/f pancreata at 3 months. However, due
to high variability between metaplastic areas in Lkb1-deficient
pancreata, the latter results were not statistically significant
(Fig. 5C). Metaplastic areas in mutant Sox9CreER/Hnf6f/- and
Sox9CreER/Lkb1f/f pancreata also showed increased numbers of
apoptotic acinar cells, as detected by TUNEL staining (Fig. 5B
and D).

Together, these data suggest that ductal deletion of Hnf6 or
Lkb1 induces pancreatitis associated with acinar-to-ductal
metaplasia, apoptosis and proliferation of acinar cells.

Defective cilia are found in Hnf6- and Lkb1-deficient
ductal cells

Similarities between mice lacking Hnf6 or Lkb1 in their pancre-
atic ductal cells suggest that both phenotypes depend on over-
lapping mechanisms. Since deletion of these genes in
embryonic cells results in loss of primary cilia (15,18), we ana-
lysed cilia in pancreatic ducts cells of the mutant mice. We used
antibodies against acetylated tubulin, a component of the cil-
ium axoneme, and against Arl13b, a small GTPase that localizes

to cilia and regulates ciliary length and signalling (30). Cilia
were present in both control and mutant mice but were reduced
in length by 2.5-fold in Sox9CreER/Hnf6f/- and by 1.6-fold in
Sox9CreER/Lkb1f/f ductal cells (Fig. 6A and C). Swelling of the cil-
iary tip was also detected (Fig. 6A and B), and this was con-
firmed by Z-stacking analysis (Supplementary Material, Fig. S3).

Previous reports have shown that ciliary defects, duct dilata-
tion and apical cell polarity defects are sometimes associated
(15,31). However, we found no evidence for abnormal apical po-
larity of the mutant ductal cells since ezrin and Mucin1A were
normally located at the apical pole of the ductal cells
(Supplementary Material, Fig. S4A and B). Therefore, the ab-
sence of Hnf6 or Lkb1 affects specifically the primary cilium and
is not the result of global apico-basal perturbation.

Taken together, these data indicate that Hnf6 or Lkb1 dele-
tion in pancreatic ductal cells results in ciliary defects.

Discussion
Over the last years a growing number of ciliopathies have been
discovered. However, little is known about the role of primary
cilia in the pancreas. Development of ductal pancreatic cysts
and pancreatitis in ciliopathies like polycystic kidney diseases
suggested a role of ciliary dysfunction in pancreatic disease.
Pancreatic deletion of the genes coding for Kinesin Family
Member 3a (Kif3a) and Intraflagellar Transport 88 (Ift88), which
are required for cilium formation and maintenance, further
supported this hypothesis (9–11). However these studies were

Figure 2. Phenotypic analysis of Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata. (A) Masson’s trichrome staining (blue-green) reveals significant increase in colla-

gen deposition in periductal regions in Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreas. Scale bar¼200 lm. (B) Staining for the intermediate filament vimentin con-

firms the presence of fibrosis in Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata. Scale bar¼500 lm. (C) F4/80 staining shows the presence of macrophages in

Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f mice. Scale bar¼200 lm, inset¼50 lm.
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conducted with mouse strains expressing Cre recombinase in
the pancreatic progenitors. This prevented to draw conclusions
about the cell type whose defects cause the pancreatic anoma-
lies. In this paper, we show that duct-specific deletion of Hnf6
or Lkb1, two genes with functions previously linked to the cilia,
leads to ciliary defects, lipomatosis, and pancreatitis.
Considering the phenotypic similarities between mouse models
deficient in Hnf6, Lkb1, Kif3a, and Ift88 (9–11) our data strongly
suggest that ciliary defects contribute to pancreatitis and
lipomatosis.

Hnf6 is required for duct morphogenesis in the developing
pancreas. Constitutive deletion of Hnf6 leads to cystic ducts and
defects in assembly of primary cilia (15). Interestingly, no sign
of ADM and pancreatitis is observed in the Hnf6 KO mice (12).
Unlike in Sox9CreER/Hnf6f/- mice, Hnf6 cannot be induced in ac-
ini of constitutive Hnf6 KO mice. Since induction of Hnf6 in acini
is necessary for ADM, constitutive Hnf6 KO mice cannot develop

ADM (27). In contrast ductal deletion of Hnf6 is associated with
acinar expression of this factor, thereby allowing ADM.

Lkb1 is found in primary cilia (32) and its loss in cultured fi-
broblasts results in disassembly of the cilium (18). In the pan-
creas, Lkb1 deletion at the embryonic stages leads to
pancreatitis and cystic neoplasms (16). This observation is con-
sistent with a strongly increased risk of pancreatic cancer in
Peutz-Jeghers patients (PJ; OMIM entry #175200) who carry
germline inactivating mutations of LKB1 (33). The present work
is to our knowledge the first showing ciliary defects resulting
from Lkb1 inactivation in an animal model. We suggest that
pancreatic cancer risk in PJ patients and ciliary defects are
linked. Whether ciliary defects directly promote cancerogenesis,
or whether the cancer indirectly results from chronic pancreati-
tis remains to be determined. Interestingly, three genes with cil-
iary functions, ExoC4, Ift80, and Dock1, were identified as
potentially involved in familial pancreatic cancer (34,35).

Figure 3. Pancreatic ducts are dilated in Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata. (A) Amylase and Sox9 labelling shows that ductal inactivation of Hnf6 sig-

nificantly increases the surface of the pancreatic ducts by 8.3-fold (29.9 6 9.4 vs 249.2 6 22.7, *P< 0.05. Control, n¼3, Hnf6-deficient pancreas, n¼3). An identical pheno-

type is observed in Lkb1-deficient ducts with an increase of 4.0-fold (36.4 6 4.9 vs 146.4 6 22.3, *P< 0.05. Control, n¼3, Lkb1-deficient pancreas, n¼3). Scale bar¼20 lm

(B) Proliferation index of ductal cells, calculated as the percentage of Sox9- Hnf1b-positive cells that are Ki67-positive cells, was determined in control (Ctrl),

Sox9CreER/Hnf6f/- and Sox9CreER/Lkb1f/f pancreata. No significant difference is found between control and Hnf6-deficient pancreata at 6 weeks after birth (control,

n¼4; Hnf6-deficient pancreas, n¼5). Three months after birth, Lkb1-deficient ductal cells show a 5.6-fold increased proliferation (1.0 6 0.3 vs 5.8 6 1.3, *P< 0.05), as

compared to control mice (control, n¼3, Lkb1-deficient pancreas, n¼3). Values are means 6 SEM.
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Moreover, ADPKD patients sometimes develop intraductal pap-
illary mucinous tumour (36), a neoplasm arising from pancre-
atic ductal cells.

Duct dilations in our mouse models may result from duct ob-
struction and such obstruction may cause pancreatitis. We do
not favour this hypothesis. First, duct obstruction is expected to
generate an acute response, while our phenotypes develop
slowly and gradually increase over several weeks. Second, duct
obstruction in mice, as seen after pancreatic duct ligation, gen-
erates a massive inflammatory response with little or no lipo-
matosis (27). Instead, discrete inflammatory infiltrates and very
significant lipomatosis are monitored in the absence of ductal
expression of Lkb1 or Hnf6.

More extensive duct dilatation is seen in the Hnf6-
deficient duct cells, compared to the Lkb1-deficient cells. In

contrast, ductal cell proliferation is significantly increased in
Sox9CreER/Lkb1f/- mice whereas no significant increase is ob-
served in Sox9CreER/Hnf6f/- mice. This could indicate that the
increased ductal proliferation is not the driving force of the
duct dilations seen in our models. The issue of increased cell
proliferation in duct dilation is debated in the literature and
in this context, a role for the planar cell polarity pathway has
been suggested (37). Thus, this pathway could be more per-
turbed in Sox9CreER/Hnf6f/- mice, explaining that duct dila-
tion is more important in this model, in comparison to the
Lkb1-deficient model. More experiments will be required to
clarify this point.

Unlike in Kif3a-deficient pancreata (11), Hnf6- and Lkb1-
deficient duct cells are not devoid of cilia but show short cilia
with a swollen tip: ciliary proteins, like acetylated tubulin and

Figure 4. Ductal deletion of Hnf6 or Lkb1 leads to acinar-to-ductal metaplasia. (A,B) Immunofluorescence detection of the acinar markers Mist1, Ptf1a, and amylase.

Dashed lines surround metaplastic acini of mutant mice in which examples of acinar nuclei that lost Ptf1a expression are shown by arrows. (C) Immunofluorescence

labelling of the ductal transcription factor Sox9 reveals extensive staining in acinar cells of Sox9CreER/Hnf6f/- or Lkb1f/f mice compared to control mice in which Sox9

expression is restricted to ductal cells. (D) Expression of Hnf6 is high in ducts and absent in acinar cells in control pancreas. In Sox9CreER/Hnf6f/- or Lkb1f/f pancreas, ex-

pression of Hnf6 is increased in metaplastic acinar cells. (E) The EGFR signalling pathway member ErbB2 is ectopically induced in acinar cells of Sox9CreER/Hnf6f/- pan-

creata compared to control tissue. Yellow dashed lines surround ducts of control mice labelled by ErbB2. White dashed lines surround metaplastic acini of mutant

mice in which ErbB2 expression is seen. Scale bar¼50 lm (panels A, C and D) and 20 lm (panels B and E).
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Arl13b, accumulated at the ciliary tips. Similar ciliary morphol-
ogy is found when expression of retrograde IFT proteins, such
as Dync2h1, Rp2, Ift122, and a subset of Bardet-Biedl syndrome
proteins (38–40), is affected. This suggests that in the absence of
Hnf6 or Lkb1, retrograde IFT is defective with accumulation of
proteins at the apex of the cilium.

In conclusion, our results support a model in which per-
turbed ductal homeostasis resulting from ciliary defects leads
to lipomatosis and acinar injuries. Therefore, we suggest that a
ciliopathy may be a cause of idiopathic pancreatitis and eventu-
ally contribute to cancerogenesis.

Materials and Methods
Mice

All animal experiments were performed with the approval of
the animal welfare committee of the University of Louvain
Medical School. Mice received humane care according to the cri-
teria listed by the National Academy of Sciences. All strains
were maintained in an enriched CD1 background.

Hnf6þ/-, Hnf6f/f, Lkb1f/f, Sox9-CreER, Rosa LSL YFP, Elastase-
tTA, Rosa FSF YFP mice have been described (12,19–21,24–26).
The Tg.TetO-FlpO mice express the codon optimized version of
the Flp recombinase (41) under the control of the tetO-operator
and minimal CMV promoter (to be published in details else-
where). Control mice refer to Sox9CreER/Hnf6f/þ, Hnf6þ/-,
Hnf6f/-, Sox9CreER/Lkb1f/þ, or Lkb1f/þmice, as no pancreatic
phenotype was observed in these different genotypes.

Tamoxifen treatment

Nursing mothers were treated with an intraperitoneal injection
of 100 lL tamoxifen (Sigma-Aldrich, Saint-Louis, Missouri, USA)
dissolved in corn oil (Sigma) at a concentration of 30 mg/ml
combined with the gavage of another 100 lL on days 2, 6 and 10
after birth.

Immunohistochemistry and immunofluorescence

Pancreata were fixed for 6 hours in 4% paraformaldehyde at
4 �C prior to paraffin embedding. Serial sections (7 lm) were

Figure 5. Acinar proliferation and apoptosis are increased in mutant pancreata. (A) Proliferation indexes of acinar cells are given as the percentage of Ptf1a-positive

cells expressing Ki67 (6-week old animals, control, n¼5, Hnf6 mutant, n¼3). At 6 weeks, proliferation is significantly increased by 2.5-fold (2.7 6 0.3 vs 7.0 6 0.4,

*P< 0.05). (B) Quantification of apoptotic cells is measured as the number of cells positive for TUNEL staining per pancreas field (control, n¼3, Hnf6 mutant, n¼3).

TUNEL staining shows increased apoptosis in mutant mice at 6 weeks by 10.8-fold (0.1 6 0.03 vs 1.4 6 0.2, *P< 0.05). (C) Sox9CreER/Lkb1f/f mice show an increased

though not statistically significant proliferation of acinar cells (control, n¼3, Lkb1, n¼3). (D) TUNEL staining shows increased apoptosis in mutant mice at 3 months by

26.4-fold (0.02 6 0.02 vs 0.6 6 0.08, *P<0.05. Control, n¼3, Lkb1 mutant, n¼3). Values are means 6 sem.
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analysed. Immunofluorescence protocol was performed as in
Prévot et al. (42). Primary antibodies are listed in
Supplementary Material, Table S1. The anti-amylase antibody
batch used to analyse sections from Sox9CreER/Hnf6f/- mice
differs from the one used for analysis of Sox9Cre/Lkb1f/f sec-
tions, resulting in slightly different staining results. Masson’s
trichrome staining was achieved by deparaffinising and rehyd-
rating the tissue, then placing the sections in Hematoxylin so-
lution for 1 min. Slides were rinsed and placed into fuchsine-
xylidine-ponceau stain for 5 min. After additional rinsing,
slides were placed into 1% phosphomolybdic acid solution for
5 min and then transferred into 1% light green solution for
3 min. Slides were then rinsed with acidified water and dehy-
drated through a series of anhydrous alcohol before mounting.
Fluorescence labelling was visualized and photographed with a
Cell Observer Spinning Disk confocal microscope (Zeiss,
Zaventem, Belgium). A Mirax imaging system (Zeiss) was used
after histological staining.

Rabbit anti-Sox9 antibodies were raised against a peptide lo-
cated between amino acids 470 and 520 of the human Sox9 pro-
tein. No cross-reactivity with Sox10 was found.

Pictures from immunolabeling or immunostaining experi-
ments shown in the figures reflected a phenotype that was
found in all mice of the genotype considered (n� 3 for each
picture).

Hyperplastic area quantification

Following immunolabelling for Sox9 and Amylase, 12 non-
overlapping, representative tissue fields at 25X magnification
were randomly chosen to measure ductal area. For transgenic
mice, only hyperplasic areas were used for quantification. Only
ducts composed of more than three cells were taken into ac-
count. Axiovision software was used to measure the internal
area of ducts.

Quantification of acinar cell and adipocyte area

To quantify the percentage of YFP-positive acinar cells labelled
in elt-TA/Flippase/RosaFSF-YFP mice, three pancreatic sections
were randomly chosen in different regions of the same pan-
creas. In these sections, after immunolabeling with YFP and
amylase antibodies, we determined using the AxioVision SE64
Rel. 4.9.1 SP1 software (Zeiss) the YFP-positive acinar cell area
(A) and the total area occupied by the acinar cells identified on
the basis of the background labelling (B). The percentage of YFP-
positive acini corresponded to 100� A

B.
A similar method was used to determine the percentage of

acinar cell-derived adipocytes. In this case, after immunolabel-
ling with YFP and FABP4 antibodies, we quantified the total area
of the intra-pancreatic adipocytes (C), and the area occupied by

Figure 6. Primary cilia are shorter and show a swollen tip in mutant ductal cells. (A) Cilium axoneme was visualized using an antibody against acetylated tubulin.

Centrioles located at the basal bodies were labelled by pericentrin. DAPI labels the ductal cell nuclei. Insets reveal the swelling of the ciliary tip in Hnf6- and Lkb1-defi-

cient cells. (B) Labelling by Arl13b confirms cilium swelling in the mutant cells (insets). Scale bar¼ 10 lm. (C) Cilium length is reduced in both mutant pancreata. Hnf6

mutant cells show a decrease in the cilium length by 2.5-fold (2.6 6 0.3 vs 1.2 6 0.04, control, n¼3, Hnf6, n¼3) whereas a 1.6-fold decrease (1.9 6 0.02 vs 1.26 0.1, control,

n¼3; Hnf6, n¼3) is observed in Lkb1 mutant cells. *P< 0,05. Values are means 6 sem.
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the YFP-positive intra-pancreatic adipocytes (D). The percent-
age of acinar cell-derived adipocytes corresponded to
100� ðD�BÞ

ðC�AÞ.

Proliferation and apoptosis

Proliferation of duct and acinar cells was determined by immu-
nolabeling with Ki67 and Sox9, Hnf1b or Pft1a antibodies.
Positive cells were scored from 7 non-overlapping fields at 25X
magnification. The percentage of Ki67 positive cells was calcu-
lated by dividing the number of cells expressing Ki67 by the to-
tal number of cells expressing Sox9 and Hnf1b or Ptf1a. For
ductal proliferation, hyperplastic areas from transgenic mice
were used for counting. The level of apoptosis was determined
using the transferase-mediated dUTP nick end-labelling
(TUNEL, Roche Diagnostics Co.) assay according to the manufac-
turer’s protocol. Apoptosis was quantified by counting the num-
ber of labelled nuclei per mouse (5 fields for each mouse). The
percentage of TUNEL-positive cells was calculated by dividing
the number of acinar cells positive expressing TUNEL staining
by the total number of Ptf1a-positive acinar cells. Hyperplastic
and metaplastic area were used for counting. All countings
were performed with Adobe Photoshop CS5.

Quantification of cilia length

Immunofluorescent images of cilia stained for acetylated tubu-
lin were taken using a Cell Observer Spinning Disk confocal mi-
croscope at 100X magnification (Zeiss, Zaventem, Belgium).
Approximately 50 cilia were measured for each mouse (n¼ 3 for
each condition). Data analysis was performed with Axiovision
software.

Statistical Analysis
Statistical significance was determined using the non-
parametric Mann-Whitney’s U-test. Differences were consid-
ered significant for P< 0.05. Statistical analyses were carried out
with GraphPad Prism 5.0 (GraphPad Software, Inc, La Jolla, CA,
USA).

Supplementary Material
Supplementary Material is available at HMG online.
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