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SUMMARY

The existence of adult pancreatic progenitor cells
has been debated. While some favor the concept of
facultative progenitors involved in homeostasis and
repair, neither a location nor markers for such cells
have been defined. Using genetic lineage tracing,
we show that Doublecortin-like kinase-1 (Dclk1)
labels a rare population of long-lived, quiescent
pancreatic cells. In vitro, Dclk1+ cells proliferate
readily and sustain pancreatic organoid growth.
In vivo, Dclk1+ cells are necessary for pancreatic
regeneration following injury and chronic inflam-
mation. Accordingly, their loss has detrimental ef-
fects after cerulein-induced pancreatitis. Expression
of mutant Kras in Dclk1+ cells does not affect their
quiescence or longevity. However, experimental
pancreatitis converts Kras mutant Dclk1+ cells into
potent cancer-initiating cells. As a potential effector

of Kras, Dclk1 contributes functionally to the patho-
genesis of pancreatic cancer. Taken together, these
observations indicate that Dclk1 marks quiescent
pancreatic progenitors that are candidates for the
origin of pancreatic cancer.

INTRODUCTION

Studies to date have failed to provide strong evidence for the ex-

istence of stem cells in the pancreas. Nevertheless, the pancreas

displays a slow but steady cellular turnover and significant capac-

ity for regeneration following injury.Acinarcells showahighdegree

of plasticity, while less plasticity has been shown for centroacinar

and ductal cells, although acinar to ductal metaplasia (ADM) likely

requires reprogramming not only within the acinar compartment

but perhaps within ductal cells as well. It has not been determined

whether all acinar cells have the same ability to dedifferentiate or if

there is a specific subset with greater plasticity (Bailey et al., 2015;

Kongetal., 2011;Puri et al., 2015;Reichert etal., 2013;Yangerand
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Figure 1. Pancreatic Dclk1+ Cells Are Largely Quiescent

(A–D) Recombination in small (A) and large (B) ducts and terminal duct/centroacinar (C) and acinar (D) cells in Dclk1 mTmG mice 24 hr post-induction with

Tamoxifen (n > 5 mice). Arrows indicate recombined cells.

(E) Quantification of recombined cells by cellular compartment.

(F–H) Representative IF (green) for Dclk1 (F), pan-Cytokeratin (G), and Amylase (H) in Dclk1 tdTom mice. Arrows indicate recombined cells staining positive.

(I–L) Recombination in small (I) and large (J) ducts and terminal duct/centroacinar (K) and acinar (L) cells in Dclk1 mTmG mice 12 months post-induction with

Tamoxifen (n > 5 mice). Arrows indicate recombined cells.

(legend continued on next page)
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Stanger, 2011; Yanger et al., 2013; Ziv et al., 2013).While some in-

vestigators support the notion of committed progenitors, others

propose that during injury, acinar cells dedifferentiate to act as

facultative progenitor cells (Kong et al., 2011; Mills and Sansom,

2015). In theory, such facultative progenitors should demonstrate

considerable plasticity in response to stress (Valdez et al., 2015).

Another explanation for the regenerative capacities of the

pancreas could be the presence of quiescent or reserve progeni-

tors (Li and Clevers, 2010; Tian et al., 2011).

Numerous studies in mice have demonstrated a predominant

role for acinar cells in the development of pancreatic intraepithe-

lial neoplasia (PanINs) (De La O et al., 2008; Habbe et al., 2008;

Houbracken et al., 2011; Kopp et al., 2011; Maitra and Leach,

2012; Strobel et al., 2007; Zhu et al., 2007), but it is uncertain if

all acinar cells are equally competent in initiating pancreatic

tumorigenesis. The possibility that the pancreas harbors acinar

cells with a higher capacity to participate in transformation, for

example facultative progenitor cells, has not been thoroughly

examined, but it may have important implications for diagnosis

and prevention of pancreatic ductal adenocarcinoma (PDAC)

(Kong et al., 2011). Such a subpopulation of cells may not be

distinguishable based upon conventional morphology but would

require genetic lineage tracing.

Doublecortin-like kinase-1 (Dclk1) has been proposed as a

marker of pancreatic progenitors (May et al., 2010). Recent

studies suggest thatDclk1+cells are involved in thedevelopment

of a variety of gastrointestinal tumors. Using Dclk1 CreERT

knockin mice, it has been shown that Dclk1 identifies stem-like

cells within ApcMin/+ adenomas (Nakanishi et al., 2013). Colonic

Dclk1+ cells are long-lived and quiescent even in the setting of

oncogenic mutations, but they can be activated by injury to

initiate colorectal cancer (Westphalen et al., 2014). Rare Dclk1+

cells can be found in the healthy pancreas, primarily in the ductal

epithelium, and are markedly increased in ADM and murine

PanINs (mPanINs) (Delgiornoet al., 2014).Moreover,Dclk1+cells

in preinvasive lesions and pancreatic cancer cell lines display a

considerable amount of stemness (Bailey et al., 2014).

Thus, although earlier studies have suggested a role for Dclk1+

cells in PDAC development, their role in homeostasis, repair, and

initiation of PDAC has not been clearly established (Kopp and

Sander, 2014). Using genetic lineage tracing, we show that

Dclk1 labels a population of quiescent cells activated by pancre-

atic injury. Dclk1+ cells are largely resistant to an oncogenic Kras

mutation, but they act as potent cancer-initiating cells following

injury. Finally, Dclk1 gene function is involved in pancreatic

tumorigenesis, as Dclk1 is a potential Kras effector protein.

RESULTS

Dclk1 Labels Quiescent Cells in the Murine Pancreas
Dclk1 has been proposed to mark pancreatic progenitor cells

(May et al., 2010). To test this hypothesis, we performed lineage

tracing studies using Dclk1 BAC CreERT (Dclk1 CreERT) mice

(Westphalen et al., 2014) (Figure S1A and Table S1) crossed to

R26mTmG reportermice (Figures 1A–1Dand 1I–1L, Figure S2H).

In uninduced mice, uniform expression of membranous red fluo-

rescent protein indicated absence of Cre recombinase activity at

baseline (Figures S1C and S1D). Twenty-four hours post-induc-

tion with Tamoxifen, recombination was not confined to one

compartment but occurred in acinar, centroacinar, and duct cells

(Figures 1A–1D, Figure S1E). Immunofluorescence (IF) on Dclk1

R26-tdTomato (tdTom) mice showed uniform expression of

EpCam, which marks all pancreatic epithelial cells (Khan et al.,

2011), in Dclk1-TdTomato+ cells (Figures S1F and S1G). One

week after induction, flow cytometry revealed recombination in

0.1%–0.5% of pancreatic epithelial cells isolated from Dclk1

tdTommice (Figure S1H). Themajority ofDclk1-TdTomato+ cells

(82%)were located in the acinar compartment,whereas�15%of

recombination occurred in pancreatic ducts and terminal duct/

centroacinar cells. Of note, a fraction of 15% recombined duct

cells shows a slight enrichment of ductal cells compared to the

pancreasasawhole.Recombination in isletswas rare (Figure 1E).

To characterize the Dclk1+ lineage, we isolated recombined

cells from Dclk1 tdTom mice by flow cytometry and subjected

them to RNaseq analysis. Analysis by qPCR confirmed higher

levels of Dclk1 in tdTomato+ cells when compared to tdTomato�
cells (Figure S1I). Both fractions (tdTomato+ and tdTomato�
cells) contained a heterogeneous mix of acinar, ductal, and other

cell types. We analyzed our RNaseq results and compared them

to published results on pure pancreatic acinar (Krah et al., 2015)

and ductal (Ferreira et al., 2015) cells to identify the dominant cell

type in our fractions. We used average counts/million R 1 as a

criterion (Smyth et al., 2015) for gene expression and performed

Venn analysis. Both Dclk1+ and Dclk1� cells expressed 8%

more genes than are expressed in acinar cells, but not ductal

cells, compared to genes that are expressed in ductal cells, but

not acinar cells (p = 0.0003) (Table S1 andFiguresS1I–S1M), indi-

cating that bothpopulationswereprimarily acinar in composition.

Thus, while the Dclk1 lineage contains both acinar and ductal

cells, the acinar cells predominate as shown by gene expression

as well as morphology.

Pathway analysis of Dclk1-TdTomato+ versus Dclk1-

TdTomato� cells (see the Supplemental Information) revealed

a quiescent phenotype in Dclk1+ cells caused by significant

inactivation of genes involved in cell proliferation in the Ras (Bry-

ant et al., 2014), PI3K-AKT (Isenovi�c et al., 2009), and HIPPO (Liu

et al., 2012) pathways (Table S3). Specifically, Myc (Strom et al.,

2007), AFP (Liu et al., 2007), and FasL (Reinehr et al., 2008) were

downregulated in Dclk1-TdTomato+ cells (Table S4). Gene

ontology analysis (see the Supplemental Information) revealed

that Dab2ip (Min et al., 2015) and Fzd8 (Sugimura et al., 2012;

Wang et al., 2015), two genes negatively affecting cell-cycle pro-

gression, were upregulated inDclk1-TdTomato+ cells (Table S4).

Confirmatory qPCR revealed differential expression of all genes

tested with the exception of Fzd8 (p = 0.07) (Figures S1N–S1R).

To improve identification of recombined cells and allow stain-

ing using a green fluophore, we conducted IF staining on Dclk1

tdTom mice. Very few recombined ductal and centroacinar cells

(M) Traced acinar cluster 3 months post-Tamoxifen.

(N) Quantification of EpCam+/Dclk1+ cells in Dclk1 tdTom mice at baseline and 3 months after induction with Tamoxifen. Data are represented as mean ± SEM

(n = 4 mice).

(O–R) Recombination in the acinar (O and P) and ductal (Q and R) compartments in Dclk1-Cre mTmG mice at P7 (n = 3 mice).
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stained positive for Dclk1 (Figure 1F). Ductal Dclk1-TdTomato+

cells stained positive for Cytokeratin 19 (Figure 1G) while

Dclk1-TdTomato+ cells within the acinar compartment stained

positive for amylase (Figure 1H). Based on morphology and the

absence of Dclk1 and cytoplasmic acetylated-tubulin staining

(not shown), the vast majority of recombined cells did not qualify

as tuft cells. These findings of a discrepancy between Dclk1

gene expression (based on Cre recombination) and protein

expression are in line with previous reports showing a paucity

of Dclk1+ tuft cells in the healthy pancreas (Delgiorno et al.,

2014).

Recombined cells rarely stained positive for proliferation

markers such as Ki67 and Phospho-Histone H3, and long-term

lineage tracing revealed that most recombined cells persisted

as single cells over 12 months (Figures 1I–1L and Figure S2H).

Over longer periods of observation, we detected occasional

clusters of recombined acinar cells (Figure 1M), indicative of a

small degree of lineage tracing. Such clusters were rarely seen

in ducts (not shown). Flow cytometry of pancreata from Dclk1

tdTom mice 1 week and 3 months post-induction revealed a

small but significant expansion (�5-fold) of recombined epithe-

lial (Dclk1+/EpCam+) cells over 3 months (Figure 1N). Analysis

of the constitutive Dclk1 BAC Cre line (Figure S1B) on postnatal

day 7 (P7) revealed single acinar and ductal cells, arguing against

a major role of the Dclk1+ lineage in pancreatic development

(Figures 1O and 1P).

Dclk1+ Cells Display Increased Proliferation Potential
In Vitro
3D pancreatic spheroid cultures have been used to study the

characteristics of adult pancreatic stem cells (Huch et al., 2013;

Wang et al., 2013) aswell as ADM (Avila et al., 2012). Dclk1 tdTom

mice were treated with Tamoxifen and pancreatic primary cul-

tures were established as described (Wescott et al., 2009). In

these experiments, 10,000 cells were seeded in eachwell and re-

combined (tdTom+) cells were counted immediately after seed-

ing. Under these conditions, Dclk1-TdTomato+ cells readily

formed spheres (Figure 2A) and were roughly 70 times more effi-

cient in forming spheres than Dclk1-TdTomato� cells, indicating

a considerable degree of proliferative potential (Figure 2B).

To address whether Dclk1+ cells were necessary for spheroid

formation in vitro, we generated pancreatic spheres from Dclk1

CreERT;R26-DTA (Dclk1 DTA) mice, where Cre-recombination

causes diphtheria-toxin-A-dependent elimination of cells ex-

pressing Dclk1 (Buch et al., 2005). Although Dclk1+ cell were

present in only a minority of spheres, 4-OH Tamoxifen (Tam)

treatment 24 hr post-isolation led to a significant decrease

(23% reduction) in sphere formation (Figure 2C). Sphere size

did not differ between treated spheres and controls, arguing

against a toxic effect of Tam (Figure S3A).

To demonstrate that Dclk1-TdTomato+ cells not only initiate

but also sustain organoid growth, we conducted lineage tracing

of established organoids. Cells were isolated from Dclk1 tdTom

mice and spheres were cultured for 3 days prior to Tamoxifen in-

duction. Twelve hours post-induction, single TdTomato+ cells

were found in a subset of organoids (Figure 2D, Figures S3B–

S3D), but over time fluorescent microscopy and morphometric

analysis revealed clonal expansion of these single cells, paralle-

ling organoid growth (Figures 2D and 2E). After in vitro induction,

some organoids showed uniform expression of the tdTom re-

porter, arguing for an upregulation of Dclk1 mRNA expression

during organoid formation (Figures S3E and S3F). This is in line

with a significant upregulation of Dclk1 expression in the process

of acinar to ductal metaplasia (Bailey et al., 2014) and could thus

explain the reduction in organoid numbers observed after DTA-

mediated ablation of Dclk1+ cells. Accordingly, when spheres

generated from Dclk1 DTA mice were allowed to grow for 72 hr

before treatment with Tamoxifen (Figure 2F), we observed a sig-

nificant reduction in sphere numbers after 4 additional days in

culture (Figure 2G). Taken together, these data indicate that

Dclk1+ cells efficiently form pancreatic organoids and sustain

organoid growth.

Dclk1+ Cells Are Critically Involved in Pancreatic
Regeneration
Expansion of Dclk1+ tuft cells has been observed in response to

tissue damage (Saqui-Salces et al., 2011; Tu et al., 2008). In sec-

tions from human chronic pancreatitis patients and a mouse

model of chronic pancreatitis (Marrache et al., 2008), Dclk1+

tuft cells were significantly expanded (Figures S4A–S4D).

To test if the Dclk1+ lineage responds to injurious stress, Dclk1

mTmG mice were subjected to various forms of pancreatic

injury. Cerulein-induced pancreatitis led to a significant expan-

sion (2-fold) of recombined cells over the course of 2 weeks (Fig-

ure S4E, Figures 3A–3F). As Dclk1+ cells can be found in ductal

and acinar compartments, we analyzed the expansion in each

compartment by scoring GFP-labeled cells and classifying

them as single cells (Figures 3B and 3D, green line), doublets

(Figures 3B and 3D, red line), or clones of three ormore cells (Fig-

ures 3B and 3D, blue line). While there was a modest expansion

of ductal clones (2-fold; Figures 3C and 3D), we observed a

marked increase in clonal labeling within the acinar compart-

ment (�2% at day 0 versus �36% at day 7; Figures 3A and

3B). Control mice (Dclk1 mTmG) were induced with Tamoxifen,

but not treated with cerulein, and analyzed in parallel. Further-

more, to exclude the possibilities that the Dclk1 transcript was

upregulated through tissue injury or that we mistook a relative

survival advantage of Dclk1+ cells as an expansion of the line-

age, we treated Dclk1 mTmG mice with cerulein, waited for

24 hr, induced recombination with Tamoxifen, and analyzed

animals after an additional 12 hr. In these experiments, we

observed similar numbers of Dclk1+ cells to those in mice under

resting conditions (Figures S4F–S4H).

To investigate proliferation in Dclk1+ and Dclk1� cells, we

performed Ki67 staining on sections from Dclk1 mTmG mice

after cerulein treatment and scored Ki67+ cells in recombined

and non-recombined cells. Seven days after cerulein treatment,

Ki67+ acinar (Figure 3E) and ductal (Figure 3F) cells were signif-

icantly more frequent in the Dclk1+ compartment, arguing for a

proliferative advantage of the Dclk1+ lineage. Finally, specific

analysis of areas with ADM 72 hr after cerulein treatment re-

vealed that �20%–40% of ADMs were at least partly traced by

previously labeled Dclk1+ cells (Figures S4I and S4J).

Pancreatic duct ligation led to a 50% increase in lineage

tracing when compared to untreated controls (Figure 3H). Line-

age tracing was analyzed in the pancreas proximal to the duo-

denum so we could assess compensatory growth in the

pancreas not affected by pressure necrosis due to the suture.

444 Cell Stem Cell 18, 441–455, April 7, 2016



Next, we tested the effect of partial pancreatectomy. Two weeks

after surgery, we observed large areas of traced exocrine tissue

(Figure 3I). Morphometric analysis of the regenerating pancreas

revealed a 15-fold increase in tracing compared to the pancre-

atic explant that served as an internal control.

To test the importance of Dclk1+ cells in response to injury,

Dclk1 DTA and control animals were induced with Tamoxifen,

fasted, and then subjected to cerulein treatment. Control

animals recovered within 1 week from pancreatic injury while

Dclk1 DTA mice failed to regain body weight and appeared

sickly, leading to a significant mortality (40% in DTA mice

versus 0% in controls) (Figure 3J, Figure S4I). This inability

to recover was underscored by significantly increased hunch-

ing scores (Figure S4J) (Sevcik et al., 2006) and smaller

pancreata in Dclk1 DTA mice (30%–36% reduction in pancre-

atic weight/body weight ratio) (Figure 3K, Figure S4K).

Seven days after cerulein treatment, histology confirmed the

absence of pancreatic regeneration in Dclk1 DTA mice (Fig-

ure 3L), with significantly higher pancreatitis scores (Fig-

ure 3M), greater areas of metaplastic ducts (Figures S4L and

S4M), ongoing apoptotic cell death, and comparable numbers

of proliferating cells (Figures S4N and S4O). Thus, these

studies indicate that Dclk1+ cells are critically involved in

pancreatic regeneration.
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Figure 2. Dclk1+ Cells Display Increased Proliferation Potential In Vitro

(A) Representative photographs of single cells (Day 0) and resulting spheres (Day 3–7) isolated from Dclk1 tdTom mice.

(B) Sphere-forming ability of tdTomato+ (red) and tdTomato� (green) cells shown as spheres/cell plated (n = 4).

(C) Number of resulting spheres from Dclk1 DTAmice cultured in the absence (green) and presence (red) of Tamoxifen. Data are normalized to untreated controls

(n = 3).

(D) Consecutive photographs of the same sphere isolated after in vitro induction at day 3.

(E) Increase in sphere size (green) and traced pixels (blue) of the sphere depicted in (D).

(F) Experimental setup for the data depicted in (G).

(G) Number of resulting spheres from Dclk1 DTA mice after delayed treatment with Tamoxifen (red) and control mice (green) (n = 3). Data normalized to untreated

controls. All data are represented as mean ± SEM.
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Dclk1 Gene Expression Contributes to Pancreatic
Regeneration
To test whether the Dclk1 gene, which encodes for a serine/thre-

onine kinase, has a functional role in response to pancreatic

injury, we crossed Pdx1-Cre mice (Hingorani et al., 2003) with

Dclk1flox/flox mice (Koizumi et al., 2006) to generate mice lacking

both pancreatic Dclk1 alleles (DKO mice). DKO mice were born

at Mendelian ratio and showed no pathology under resting con-

ditions. We confirmed a significant reduction of Dclk1 expres-

sion in pancreata of DKOmice compared to controls (Figure 4A).

Functionally, cells isolated from DKO pancreata displayed a sig-

nificant reduction in sphere-forming capacity compared to con-

trols (Figure 4B). We confirmed this finding pharmacologically by

treating pancreatic organoid cultures with two molecules (XMD

8-92 and LRRK2-IN-1) targeting Dclk1 (Miduturu et al., 2011;

Weygant et al., 2014), which led to a reduction in resulting orga-

noids (Figures 4C and 4D).

To investigate the requirement for Dclk1 gene function in

response to pancreatic injury, we treated DKOmice with 7 hourly

injections of cerulein twice a week for 4 weeks. When compared

to controls (Pdx1-Cremice), DKOmice showedmore severe his-

tological signs of pancreatitis (Figures 4E and 4F) with lower

pancreatic/body weight ratio (Figure 4G), a blunted proliferative

response (Figures 4H and 4I), and a higher number of apoptotic

cells (Figure 4J). Taken together, our findings indicate that

expression of the Dclk1 gene is needed for optimal pancreatic

regeneration after cerulein treatment.

Dclk1+ Cells Efficiently Initiate Pancreatic
Tumorigenesis
Dclk1+ cells are expanded in a variety of preneoplastic condi-

tions, and they have been suggested to function as cancer

stem or initiating cells in the colon (Nakanishi et al., 2013;

Westphalen et al., 2014) and the pancreas (Bailey et al.,

2014). To test if pancreatic Dclk1+ cells indeed serve as can-

cer initiating cells, we crossed Dclk1 CreERT mice to LSL-

KrasG12D (Jackson et al., 2001) mice (Dclk1 Kras). Following

induction, early mPanINs were only infrequently observed after

several months (Figure 5A). When Dclk1 Kras mice were

crossed to mTmG reporter mice (Dclk1 Kras mTmG), there

was neither a significant expansion nor a significant loss of

the lineage (Figure 5B), suggesting that oncogenic Kras does

not cause a progressive loss of mutant cells as reported (Mor-

ton et al., 2010).

Cerulein treatment of Dclk1 Kras mice led to the rapid devel-

opment of multiple mPanINs (Figure 5C). Simultaneous lineage

tracing revealed uniform expression of GFP within the resulting

lesions, proving their descent from previously labeled Dclk1+

cells (Figure 5D). IF for Dclk1 (red) and GFP (green) on paraffin

sections from Dclk1 Kras mTmG mice demonstrated the ability

of the Dclk1+ lineage to give rise to Dclk1+ tuft cells present in

mPanINs (Bailey et al., 2014) (Figure 5E). This result suggests

that the expansion of Dclk1+ tuft cells observed in human and

murine pancreatitis is at least partly driven by Dclk1+ acinar cells

participating in ADM. Since colonic Dclk1+ cells can harbor

oncogenic mutations and remain dormant (Westphalen et al.,

2014), we induced Cre-recombination with Tamoxifen and

extended the duration between induction and injury for up to

6 months. Again, we observed the development of numerous

mPanINs. The area affected by mPanINs did not differ between

mice stressed 2 weeks after induction and mice in which injury

was delayed for up to 6 months (Figure 5F). Thus, pancreatic

Dclk1+ cells remain quiescent in the presence of an oncogenic

mutation but retain their ability to initiate pancreatic tumorigen-

esis at any point in time.

To estimate their degree of transformability, we used FACS

analysis to quantify the number of recombined cells in Dclk1+

tdTom and Mist1 CreERT tdTom mice. Here, Mist1 CreERT

mice were chosen as controls as they label the majority of

pancreatic acinar cells (Habbe et al., 2008). In these experi-

ments, we found Mist1 cells to be roughly 12 times more

frequent than Dclk1 cells (Figure S5A). After induction with

Tamoxifen, Dclk1 Kras and Mist1 Kras mice were treated with

cerulein. Two weeks after cerulein treatment, Mist1 Kras mice

showedmore mPanINs and a greater area covered by mPanINs,

probably reflective of the quiescent nature of Dclk1 cells and the

abundance of Mist1+ acinar cells. However, as early as 4 weeks

after injury, there was no difference in mPanIN numbers and area

covered between Dclk1 Kras and Mist1 Kras mice (Figures 5G

and 5H, Figures S5B and S5C). Based on these results, we

calculated the number of resulting mPanINs on the basis of the

baseline labeling in both lines. These calculations revealed that

Dclk1+ cells were between three to nine times more efficient in

mPanIN initiation when compared to Mist1+ cells (Figure 5I).

Figure 3. Dclk1+ Cells Are Critically Involved in Pancreatic Regeneration

(A) Fluorescent images of recombined acinar cells from Dclk1 mTmG control mice (left panel) and mice 1, 3, and 7 days after treatment with cerulein.

(B) Increase in acinar recombination depicted as singlets (green), doublets (red), and clones of three or more cells (blue) over the course of the study. Data are

normalized to untreated controls (n R 3 mice/condition).

(C) Fluorescent images of recombined ductal cells from Dclk1 mTmG control mice and mice 1, 3, and 7 days after treatment with cerulein.

(D) Increase in ductal recombination depicted as singlets (green), doublets (red), and clones of three or more cells (blue) over the course of the study. Data are

normalized to untreated controls (n R 3 mice/condition).

(E) Quantification of Ki67+ acinar cells in the Dclk1+ (green) and Dclk1� (red) lineage in the presence (+CR) and absence (�CR) of cerulein (nR 3mice/condition).

(F) Quantification of Ki67+ ductal cells in the Dclk1+ (green) and Dclk1� (red) lineage in the presence (+CR) and absence (�CR) of cerulein (nR 3mice/condition).

(G–I) Morphometric quantification of recombination and representative fluorescent images from Dclk1 mTmG mice after (G) cerulein treatment (n = 6 mice), (H)

pancreatic duct ligation (n = 4 mice), and (I) partial pancreatectomy (n = 4 mice).

(J) Survival curve of Dclk1DTA (red)mice inducedwith Tamoxifen and treatedwith cerulein (n = 8) and controlmice (Dclk1mTmG, blue) treatedwith cerulein (n = 8).

(K) Pancreatic weight/body weight ratio at time of euthanasia. Green, WTmice without cerulein (n = 6); red, DTAmice without cerulein and Tamoxifen (n = 7); blue,

DTA mice without cerulein, treated with Tamoxifen (n = 3); yellow, DTA mice treated with cerulein and Tamoxifen (n = 6). Data are represented as mean ± SEM.

(L) Representative H&E sections of pancreata from control and Dclk1 DTA mice at time of euthanasia.

(M) Pancreatitis score in Dclk1 DTA mice (red) and controls (green) 3 and 7 days after cerulein treatment (n R 3 mice/condition). All data are represented as

mean ± SEM.
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To test if sporadic, carcinogen-induced neoplastic lesions

can also arise from previously labeled Dclk1+ cells, we induced

Dclk1 mTmG mice with Tamoxifen and then implanted the

chemical carcinogen 7,12-Dimethylbenz(a)anthracene (DMBA)

into the pancreatic tail (Osvaldt et al., 2006). While DMBA-medi-

ated carcinogenesis induces poorly differentiated sarcomatoid

tumors, we concentrated on the metaplastic ductal lesions

also observed in this model. After 3 to 5 months, the majority
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Figure 4. Dclk1 Gene Expression Contributes to Pancreatic Regeneration

(A) Quantification of Dclk1 mRNA expression in Pdx1-Cre (Control: green) and Pdx1-Cre Dclk1flox/flox (Dclk1flox/flox: red) mice (n = 3/condition). Data are repre-

sented as mean ± SEM and are normalized to controls.

(B) Number of resulting spheres from Pdx1-Cre Dclk1flox/flox (DKO) mice (red) and control mice (green) (n = 4). Data are normalized to controls (Pdx1-Cre mice).

(C) Number of resulting spheres cultured in the absence (green) and the presence (yellow) of 500 nm or 1000 nm (red) XMD 8-92 (n = 3mice). Data are normalized

to untreated controls.

(D) Number of resulting spheres cultured in the absence (green) and the presence of 0.5 mm (yellow), 2.5 mm (red), 5 mm (blue), and 10 mm (violet) LRRK2-IN-1 (n = 3

mice). Data are normalized to untreated controls.

(E) Representative photographs of H&E staining in control mice (left) and DKO mice 3days post-chronic cerulein treatment (n R 4 mice).

(F) Pancreatitis score in DKO and controls after chronic cerulein treatment.

(G) Pancreatic weight/body weight ratio in DKO and controls.

(H) Representative photographs of Ki67 IHC in DKO and control mice.

(I) Quantification of Ki67 staining depicted in (H).

(J) Quantification of cleaved Caspase 3 staining. All data are represented as mean ± SEM.
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Figure 5. Dclk1+ Cells Efficiently Initiate Pancreatic Tumorigenesis

(A) Low-grade mPanIN in a Dclk1 CreERT x LSL KrasG12D mouse 3 months post-induction with Tamoxifen. Arrow indicates the lesion.

(B) Representative fluorescent image of a Dclk1 Kras mTmG mouse 6 months after induction with Tamoxifen.

(C) Histopathology of a Dclk1 Kras mouse 8 weeks post-treatment with cerulein.

(D) Tracing of mPanINs in Dclk1 Kras mTmG mice.

(E) IF for GFP (green) and Dclk1 (red) in a Dclk1 Kras mTmG mouse.

(F) Analysis of the area affected by mPanINs in Dclk1 Kras and control mice after a short delay (short: 2 weeks) and prolonged delay (long: 4–6 months) of

treatment with cerulein (Cer).

(G) Histopathology of a Dclk1 Kras (left) and a Mist1 Kras (right) mouse 8 weeks post-treatment with cerulein.

(legend continued on next page)
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of resulting ductal lesions were partly or fully lineage traced,

indicating that they were derived from previously labeled

Dclk1+ cells (Figures 5J–5L).

Dclk1 Expression Is Important for the Progression of
Early Neoplastic Lesions
In order to investigate the functional importance of Dclk1 expres-

sion in pancreatic tumorigenesis, we decided to target Dclk1

gene function in vitro and in vivo. First, we treated pancreatic

sphere cultures from Pdx1-Cre LSL Kras (KC) mice (Hingorani

et al., 2003) with increasing doses of the Dclk1 kinase inhibitors

XMD 8-92 or LRRK2-IN-1 and observed a significant decrease in

sphere numbers (Figures 6A and 6B). We then generated KC

Dclk1flox/flox (KC DKO) mice. While KrasG12D mutant spheres

typically grow in the absence of exogenous EGF, loss of Dclk1

in the absence of EGF led to a significant decrease in spheres

(H) Number of mPanINs in Dclk1 Kras (green) and Mist1 Kras (red) mice at indicated time points (n R 3 mice/time point).

(I) Number of mPanINs (Figure 5H) per cell labeled.

(J) Representative H&E section from a ductal lesion in Dclk1 mTmG mice induced with Tamoxifen followed by implantation of DMBA.

(K) Representative fluorescent image of a ductal lesion in Dclk1 mTmG mice induced with Tamoxifen followed by implantation of DMBA.

(L) Quantification of ductal lesions labeled in Dclk1 mTmG mice implanted with DMBA (n = 4). All data are represented as mean ± SEM.

A B

C D

E F

G H I

Figure 6. Dclk1 Is Important for the Pro-

gression of Early Neoplastic Lesions

(A) Resulting number of spheres isolated from KC

mice cultured in the absence (green) and the

presence of 250 nm (yellow), 500 nm (red), or

1,000 nm (blue) XMD 8-92, normalized to

untreated controls (n = 3 mice).

(B) Resulting number of spheres isolated from KC

mice in the absence (green) and the presence

of 0.5 mm (yellow), 2.5 mm (red), 5 mm (blue),

and 10 mm (violet) LRRK2-IN-1, normalized to

untreated controls (n = 3 mice).

(C) Resulting spheres isolated from KC mice

(green) and KC DKO mice (red). Data are normal-

ized to controls (n = 3).

(D) Resulting number of spheres isolated from KC

mice (green) and KC DKO mice (red) treated with

EGF. Data are normalized to controls (nR 3mice).

(E) H&E sections from KC and KC DKO mice at

32 weeks of age.

(F) Area covered (percentage of the area analyzed)

by unaffected pancreas, fibrosis, and mPanINs in

KC (green) and KC DKO mice at 32 weeks of age

(n = 4 mice).

(G) H&E sections from KC and KC DKO mice

16 weeks after treatment with cerulein.

(H) Analysis of normal and preneoplastic pancre-

atic tissue in KC and KC DKO mice (n = 5).

(I) Typical lesions in KC (left) and KC DKO mice

(right) 16 weeks after treatment with cerulein. All

data are represented as mean ± SEM.

when compared to spheres isolated

from KC mice (Figure 6C). Addition of

EGF to the culture medium, in an attempt

to rescue the proliferative defect, did not

restore the growth of KC DKO spheres,

suggesting a mechanism downstream

of receptor tyrosine kinases (Figure 6D).

To address the importance of Dclk1 function in early pancre-

atic tumorigenesis, KC DKO mice were followed for 8 months.

Histopathology revealed that Dclk1 deficiency caused a reduc-

tion in early preneoplastic lesions in KC DKO mice when

compared to KC mice. Furthermore, pancreata from KC DKO

mice had significantly more unaffected tissue when compared

to those of KC mice (Figures 6E and 6F, Table S4). IHC analysis

of the resulting mPanINs revealed absent Dclk1 and significantly

reduced acetylated-tubulin immunoreactivity (Figure S5D). To

accelerate tumorigenesis, we subjected KC and KC DKO mice

to cerulein treatment. Pancreata from KC mice showed more

severe histological changes compared to pancreata from KC

DKO mice, with greater inflammatory changes, larger mPanIN

area, and less remaining normal pancreatic tissue. Morphomet-

rics confirmed that KC DKO mice had more normal pancreatic

tissue and less mPanINs compared to KC mice (Figures 6G

450 Cell Stem Cell 18, 441–455, April 7, 2016



and 6H). Furthermore, careful analysis of the resulting lesions

revealed that KC mice displayed multiple mPanIN2 lesions,

while the most of the lesions in KC DKO mice were low grade

(Figure 6I, Table S5). These data indicate that Dclk1 deficiency

inhibits early neoplastic changes in the setting of mutant Kras.

As Dclk1+ cells appear in ADM and early mPanINs and decline

during mPanIN progression, these effects on early pancreatic

tumorigenesis are in line with those seen in previous studies

(Bailey et al., 2014).

Dclk1 Is a Potential Kras Effector Protein
Previous studies suggested an effect of Dclk1 on Kras signaling

(Sureban et al., 2013).We applied two computational methods to

detect whether Dclk1might be a potential Kras effector. The first,

PrePPI, is a database of predicted protein-protein interactions

derived from the integration of multiple evidence sources, such

as co-expression, phylogenetic profiles, and sequence orthol-

ogy (Zhang et al., 2012). PrePPI integrates 3D structure informa-

tion with non-structural clues and provides a structural model for

each interaction where it deems a direct physical interaction

likely. PrePPI contains predictions for over 1.3 million interac-

tions in the human proteome and provides estimated probabil-

ities for each. We searched the PrePPI database (https://

bhapp.c2b2.columbia.edu/PrePPI/) and found that the N-termi-

nal domain of Dclk1 has a probability of 0.57 to interact with

Kras. Moreover, there is strong evidence for a direct physical

interaction based on the PrePPI-inferred structural homology

between this domain and that of RaIGDS, whose interaction

with Kras has been determined crystallographically. A model

for this interaction appears in Figure S5A. Compared with a

background probability of about 1 in 200million for two randomly

chosen human proteins to physically interact, a probability of 0.5

is considered as a highly reliable prediction. Indeed, of 18 tested

interactions at this threshold, 15were experimentally validated in

previous studies (Zhang et al., 2012).

A

B C

D E F

Figure 7. Dclk1 Is a Potential Kras Effector

Protein

(A) IHC for pERK in mPanINs of KC and KC DKO

mice.

(B) Quantification of pERK staining in mPanINs of

KC and KC DKO mice (n = 5).

(C) Western blot for ERK and pERK in KC and KC

DKO mice (data of two independent experiments;

images cropped).

(D and E) Western blot for ERK and pERK in

MiaPaCa2 (D) and Panc1 (E) cells upon over-

expression of Dclk1 (data of two independent

experiments; images cropped).

(F) MTT assays of human pancreatic cancer cell

lines upon overexpression of Dclk1 (data of three

independent experiments). All data are repre-

sented as mean ± SEM.

The second, the DeMAND algorithm

(Woo et al., 2015), uses network-based

analysisofgeneexpressionprofiles topre-

dict whether specific perturbations, either

small-molecule or genetically induced,

may modulate the interaction of a protein

of interest (Dclk1 in this case) with its cognate binding partners

and transcriptional targets. In this case, we used the gene

expression of cells harboring an activating Kras mutation versus

those with wild-type Kras to model the perturbation of interest,

using protein-protein and protein-DNA interaction networks that

had been previously published (Lefebvre et al., 2010). When

comparing the expression of cells with activated versus wild-

type Kras, the interactions of Dclk1 with its signaling partners

were significantly dysregulated (p = 7.61e�20), making this pro-

tein the 97th most dysregulated out of 17,248 tested ones. Taken

together, these computational results support the hypothesis

that Kras may engage in a functionally relevant protein-protein

interaction with Dclk1 and that aberrant Kras activity may

contribute to Dclk1 dysregulation.

Accordingly, we tested the hypothesis that Dclk1 affects Kras-

driven tumorigenesis by direct interaction with Kras using

co-immunoprecipitation. In these experiments, MiaPaCa2 cells

were co-transfected with vectors expressing Dclk1 and either

wild-type or mutant Kras. Both Kras constructs carried a flag-

tag and the pulldown was conducted using agarose beads con-

jugated with anti-flag antibodies. These experiments revealed a

potential physical interaction between Dclk1 and mutant, and to

a lesser extent wild-type Kras (Figure S5B), thus providing a

possible explanation for the phenotype observed in KC DKO

mice.

To test if loss of Dclk1 affects Kras signaling, we stained KC

and KC DKO samples for phosphorylated ERK1/2 and counted

pERK+ cells in mPanINs. Compared to KC mice, loss of Dclk1

led to a significant reduction of pERK1/2+ cells within mPanINs

of KC DKO mice (Figures 7C and 7D). pERK levels were lower

in pancreata taken from KC DKO mice when compared to con-

trols (Figure 7E). Thus, loss of Dclk1 inhibits the ability of

mutant Kras to activate ERK signaling in the pancreas. Consis-

tent with this observation, overexpression of Dclk1 in two hu-

man pancreatic cancer cell lines led to increased pERK levels
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(Figures 7F and 7G) and promoted cellular proliferation (Fig-

ure 7H). Transfection efficiency in cells viable at 36 hrs post-

transfection was assessed based on an EGFP reporter in the

Dclk1 expression vector and ranged between 40%–60% (not

shown).

DISCUSSION

The possibility that acinar cells are heterogeneous in their gene

expression or plasticity has not been well addressed. Further,

the existence of dedicated or facultative pancreatic progenitor

cells remains unresolved, although a variety of markers and

cell types have been proposed (Kong et al., 2011; Stanger and

Hebrok, 2013; Yanger and Stanger, 2011). Using genetic lineage

tracing, we demonstrate the existence of a predominantly acinar

Dclk1+ cell type that is quiescent under resting conditions but

highly efficient in forming spheres in vitro. In previous studies,

Dclk1+ cells isolated from mPanINs or cancer cell lines showed

a high degree of stemness (Bailey et al., 2014), supporting our

observations in untransformed cells. The finding that untrans-

formed Dclk1+ cells are largely quiescent in vivo but act as

bona fide stem cells in organoids and premalignant lesions is

consistent with properties of quiescent progenitor cells (Li and

Clevers, 2010). As Dclk1+ cells are activated by pancreatic injury

to induce a regenerative and dedifferentiation program, it is not

surprising that 3D culture conditions lead to a similar activation

of quiescent Dclk1+ cells (Buczacki et al., 2013).

In vivo, Dclk1+ cells are increased in pancreatitis, and the

Dclk1+ lineage was critical for recovery. While Dclk1+ cells

comprise only a small proportion of pancreatic cells, their abla-

tion abrogated regeneration following cerulein-induced pancre-

atic injury. The concept of special subsets of acinar cells has

been proposed before (Kong et al., 2011). Bmi1+ cells were pro-

posed as one such subset, but these studies did not determine if

regeneration occurred from a pool of existing or newly generated

Bmi1+ cells (Sangiorgi and Capecchi, 2009). Here, we labeled

Dclk1+ cells prior to pancreatic injury and can thus conclude

that pancreatic regeneration occurred from preexisting Dclk1+

cells. Dclk1+ cells can be found in both the acinar and the ductal

compartment, but careful analysis of the expansion of Dclk1+

cells during pancreatic injury revealed that the regenerative

response occurred predominantly in the acinar compartment.

Ki67 staining revealed a proliferative advantage of the Dclk1+

lineage over Dclk1� cells, a phenotype that was more pro-

nounced in the acinar compartment. Taken together, the data

indicate the presence of a distinct subpopulation of Dclk1+

acinar cells that are specifically activated by pancreatic injury

and thus qualify as quiescent progenitor cells. Nevertheless,

we cannot exclude the possibility that the Dclk1+ population

within the ductal compartment has important functional proper-

ties that have been underestimated.

Due to its histological appearance, pancreatic cancer was for

years presumed to arise from the ductal epithelium (Murtaugh

and Leach, 2007). While many pancreatic lineages harbor the

ability to initiate PDAC under the right conditions (Gidekel Fried-

lander et al., 2009), recent studies suggest the origin of PDAC

within the acinar compartment (Maitra and Leach, 2012). When

targeted with a mutant Kras oncogene, acinar cells readily give

rise to PanINs and are 100-fold more susceptible to Kras trans-

formation than the ductal compartment (Kopp et al., 2012). How-

ever, given the large number of acinar cells, it is not clear if

cancer indeed arises to the same degree from all acinar cells,

or if there is a subset of acinar cells with a higher degree of trans-

formability (Ziv et al., 2013).

Dclk1 has been proposed as a marker for cancer stem cells

in PDAC (Bailey et al., 2014). While Kras mutant Dclk1+ cells re-

mained quiescent under resting conditions, the combination of

injury and Kras mutation was sufficient to induce pancreatic

tumorigenesis. Dclk1+ cells were significantly more efficient in

forming mPanINs than the majority of adult Mist1+ acinar cells.

This remarkable susceptibility of quiescent Dclk1+ cells to the

combination of an oncogenic hit and cellular stress can be

explained by their remarkable proliferative potential, demon-

strated in sphere cultures and during regeneration, a possible

prerequisite for PDAC development (Mills and Sansom, 2015;

Puri et al., 2015). While adult acinar cells are relatively resistant

to malignant transformation in the absence of a secondary hit

(Guerra et al., 2007), the longevity of such a mutant cell popu-

lation has not been addressed. In fact, Kras mutant cells are

progressively lost in some mouse models of pancreatic cancer

(Morton et al., 2010). Accordingly, our observations that quies-

cent cells in the adult pancreas may harbor Kras mutant cells

for extended periods could broaden our understanding

regarding the timing of initiation and rate of progression of

pancreatic cancer.

Previous studies suggested a functional role for Dclk1 expres-

sion in gastrointestinal cancer (Bailey et al., 2014;Weygant et al.,

2014). The PrePPI algorithm (Zhang et al., 2013) predicted a

physical interaction between Dclk1 and Kras, and our in vitro

data indicates a physical interaction between Dclk1 and Kras.

Furthermore, loss of Dclk1 affected Kras signaling and early

pancreatic tumorigenesis and overexpression of Dclk1 led to

an increase in pERK levels and proliferation. Given the appear-

ance of Dclk1+ tuft cells during the earliest steps of pancreatic

tumorigenesis (Delgiorno et al., 2014) and the exceptional role

of Kras in pancreatic cancer (Eser et al., 2014), our findings

shed new light on the role of Dclk1 expression and Dclk1+ cells

in PDAC. While it is difficult to inhibit Kras therapeutically (Zim-

mermann et al., 2013), Dclk1 is a potentially targetable kinase,

and preclinical studies exploiting Dclk1 as a therapeutic target

in cancer have yielded early promising results (Sureban et al.,

2013, 2015; Weygant et al., 2014).

In summary, Dclk1 labels a quiescent pancreatic progenitor

population activated by cellular stress. Lineage tracing results

demonstrate the ability of Dclk1+ cells to participate in pancre-

atic repair. Moreover, their absence has detrimental effects after

injury. Quiescent in the setting of oncogenic mutation, Dclk1+

cells can be activated by injury to act as a potent source of

mPanINs.Moreover, Dclk1+ cells displayed a significantly higher

degree of transformability than most acinar cells, possibly due

to the fact that Dclk1 is a potential interaction partner of Kras.

In view of their ability to harbor mutations over prolonged periods

of time, these long-lived progenitor cells could potentially serve

as an important origin of pancreatic cancer.

EXPERIMENTAL PROCEDURES

Additional information can be found in the Supplemental Information.
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Animal Studies

Studies were carried out in accordance with institutional guidelines. Dclk1

CreERT and Dclk1-CreGFP mice were crossed to Rosa26;LacZ (LacZ),

Rosa26;mTomato/mGFP (mTmG), Rosa26;tdTomato (tdTom), Rosa26;LSL-

DTA (DTA) and LSL-KrasG12D mice. For lineage tracing experiments, 6-week-

old mice were given 6 mg of Tamoxifen (Sigma) via oral gavage. To quantify

recombination in Dclk1-CreERT tdTomato and Mist1-CreERT tdTomato mice

through flow cytometry, animals received three doses of Tamoxifen (6 mg) to

ensure maximal recombination efficiency. Animals expressing LSL-KrasG12D

driven by Dclk1-CreERT or Mist1-CreERT received three doses of Tamoxifen

(6 mg) to ensure maximal recombination efficiency as well. Acute murine

pancreatitis was induced as described (Reichert et al., 2013). Control animals

were treated with Tamoxifen, did not receive cerulein, and were analyzed in

parallel. Treated animals were sacrificed 3 and 7 days after the last injection

of cerulein or at endpoint criteria. Chronic pancreatitis was induced with seven

hourly injections of cerulein twice weekly over the course of 4 consecutive

weeks. The hunching score was recorded at the end of the study.

Quantification of Recombination

In lineage tracing studies five random high-power fields were analyzed from

Dclk1 mTmG mice. For each field, one fluorescent picture was taken in both

the green and the blue channel to visualize recombination and DAPI+ nuclei,

respectively. Morphometric analysis was done using ImageJ. After adjusting

the image threshold, DAPI+ nuclei were counted automatically. After we

adjusted the color threshold, we measured the percentage of green (recom-

bined) pixels per field. To control for cellular density, we divided the number

of recombined pixels by the number of nuclei. To analyze the compartmental

expansion of the Dclk1+ lineage in Dclk1 mTmG mice after cerulein induced

pancreatitis, we randomly selected 80–100 recombined cells and grouped

them as single cells (1), doublets (2), and clones of three or more cells (> 3).

Data were normalized group-wise to untreated controls.
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