
ORIGINAL RESEARCH
A Novel PAK1–Notch1 Axis Regulates Crypt Homeostasis in
Intestinal Inflammation

Adrian Frick,1 Vineeta Khare,1 Kristine Jimenez,1 Kyle Dammann,2 Michaela Lang,1

Anita Krnjic,1 Christina Gmainer,1 Maximilian Baumgartner,1 Ildiko Mesteri,3 and
Christoph Gasche1

1Division of Gastroenterology and Hepatology, Department of Internal Medicine III, Medical University of Vienna, Vienna,
Austria; 2Department of Surgery, Saint Luke’s University Hospital Bethlehem, Bethlehem, Pennsylvania; 3Institute of Pathology
Überlingen, Überlingen, Germany

PAK1
Proinflammatory cytokines
Oxidative stress (ROS)
Colitis and colitis-associated cancer

IL-10 KO IL-10/PAK1 DKO

ROSInflammation

PAK1

Inflammation ROS Inflammation ROS

Colon length
Hyperproliferation
Notch1 activation
Stemness
Differentiation
SUMMARY

We identified a novel p21-activated kinase-1 (PAK1)–
Notch1 axis, in which PAK1 deletion in the context of in-
testinal inflammation results in Notch pathway activation,
diminished differentiation, and increased crypt stemness.
This interplay of PAK1 and Notch1 is fundamental in gut
homeostasis.
BACKGROUND & AIMS: p21-activated kinase-1 (PAK1) belongs
to a family of serine-threonine kinases and contributes to cellular
pathways such as nuclear factor-kB (NF-kB), mitogen-activated
protein kinase (MAPK), phosphatidylinositol 3-kinase/protein
kinase B (PI3K/AKT), and Wingless-related integration site(Wnt)/
b-catenin, all of which are involved in intestinal homeostasis.
Overexpression of PAK1 is linked to inflammatory bowel disease
as well as colitis-associated cancer (CAC), and similarly was
observed in interleukin (IL)10 knockout (KO) mice, a model of
colitis and CAC. Here, we tested the effects of PAK1 deletion on
intestinal inflammation and carcinogenesis in IL10 KO mice.

METHODS: IL10/PAK1 double-knockout (DKO) mice were
generated anddevelopment of colitis andCACwas analyzed. Large
intestines were measured and prepared for histology or RNA
isolation. Swiss rolls were stained with H&E and periodic acid-
Schiff. Co-immunoprecipitation and immunofluorescence were
performed using intestinal organoids, SW480, and normal human
colon epithelial cells 1CT.

RESULTS: When compared with IL10 KO mice, DKOs showed
longer colons and prolonged crypts, despite having higher
inflammation and numbers of dysplasia. Crypt hyperproliferation
was associated with Notch1 activation and diminished crypt dif-
ferentiation, indicated by a reduction of goblet cells. Gene
expression analysis indicated up-regulation of the Notch1 target
hairy and enhancer of split-1 and the stem cell receptor leucin-
rich repeat-containing G-protein–coupled receptor 5 in DKO
mice. Interestingly, the stem cell marker olfactomedin-4 was
present in colonic tissue. Increased b-catenin messenger RNA and
cytoplasmic accumulation indicated aberrant Wnt signaling. Co-
localization and direct interaction of Notch1 and PAK1 was
found in colon epithelial cells. Notch1 activation abrogated this
effect whereas silencing of PAK1 led to Notch1 activation.

CONCLUSIONS: PAK1 contributes to the regulation of crypt ho-
meostasis under inflammatory conditions by controlling Notch1.
This identifies a novel PAK1–Notch1 axis in intestinal pathophysi-
ologyof inflammatoryboweldiseaseandCAC. (CellMolGastroenterol
Hepatol 2021;11:892–907; https://doi.org/10.1016/
j.jcmgh.2020.11.001)
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Cbowel disease (IBD) with its 2 main forms, ulcera-
tive colitis (UC) and Crohn’s disease, include food and
smoke-born environmental factors, changes in gut micro-
biota, disturbance of the epithelial barrier, intestinal im-
mune response, and genetic predisposition.1 Overt oxidative
stress is a consequence of chronic inflammation of the
gastrointestinal tract, with disturbances of cellular homeo-
stasis resulting in DNA damage as well as changes in dif-
ferentiation and proliferation.2,3 Such changes ultimately
can result in neoplastic transformation and further progress
to colitis-associated cancer (CAC).4 Since its generation in
the early 1990s, interleukin (IL)10 knockout (KO) mice have
served as murine model of chronic enterocolitis and CAC
development.5

Our laboratory showed that the p21-activated kinase-1
(PAK1) is overexpressed in IBD and CAC and is a target of
mesalamine, the mainstay treatment in mild to moderate
colitis.6 In a recent integrated multi-omics analysis, PAK
signaling was identified as a driver of colitis.7 PAK1 has
effects on cell adhesion, mitogen-activated protein kinase
(MAPK), Wingless-related integration site (Wnt)/b-catenin,
and nuclear factor-kB (NF-kB) signaling in human beings
and in mouse models of colitis and colorectal cancer (CRC),
as well as in various other cancers.8–12 Its multifaceted
activation through binding of the small Rho guanosine
triphosphatases Ras-related C3 botulinum toxin substrate
1/Cell division control protein 42 homolog (Rac1/
CDC42), growth factors, phosphoinositides/membranous
lipids, and adaptor proteins underlines its involvement in
cell motility and structural organization.13 Further ef-
fects on cell migration, proliferation, and survival are
attributed to its kinase activity and initiation of tran-
scription pathways.10 For instance, via phosphorylation
of Raf murine sarcoma viral oncogene homolog (RAF),
PAK1 enhances MAPK signaling as well as phosphatidy-
linositol 3-kinase/protein kinase B/mammalian target of
rapamycin (PI3K/AKT/mTOR) and Cellular myelocyto-
matosis oncogene (c-myc).11 Recent findings also have
suggested involvement of PAK1 in nuclear translocation
of b-catenin via phosphorylation.14,15

Intestinal development and homeostasis rely on highly
conserved pathways such as the Notch and Wnt pathway.
Notch signaling is implicated in the regulation of stem
cells, intestinal cell fate decision, and proliferation.16

Notch consists of an extracellular, a transmembranous,
and an intracellular domain (NICD), and is activated upon
binding of its transmembranous ligands such as delta-like
1/3/4 and Jagged1/2 (JAG1, JAG2), which are expressed
by neighboring cells. Binding results in cleavage of the
NICD by the presenilin-g-secretase complex, followed by
nuclear translocation of NICD where it binds to Recom-
bining binding protein suppressor of hairless (RBPJ),
resulting in transcriptional activation of hairy and
enhancer of split-1 (HES1),17 thereby initiating intestinal
differentiation into the absorptive cell type. In addition,
implications have been made that Notch signaling has an
important role in CRC and chronic inflammatory condi-
tions such as IBD.3,18–23
To better understand the role of PAK1 in colitis and
colitis-associated carcinogenesis we crossed PAK1-depleted
mice into the IL10 KO background. In these double-knockout
(DKO) mice, PAK1 deficiency resulted in significant changes
in crypt architecture, more severe inflammation, and, ulti-
mately, more dysplastic lesions.

Results
PAK1 Deficiency Abrogates Crypt Differentiation
in IL10 KO Mice

PAK1 is considered a central driver of colitis. Here, we
hypothesized that PAK1 deletion will ameliorate colitis and
tumorigenesis in IL10 KO mice. IL10 KO mice were crossed
with PAK1 KOmice to generate PAK1/IL10 DKOmice. Six- to
8-week-old mice received piroxicam (200 ppm) mixed into
their chow for 7 days to enhance and synchronize intestinal
inflammation. Totalweight gain of IL10KOandDKOmicewas
similar over the course of the experiment (Figure 1A). DKOs
showed higher average disease activity over time (P < .02)
and a trend toward higher mortality (Figure 1A and C).
Macroscopically, length measurement of the intestine
showed significantly longer colons in DKO compared with
IL10 KO mice (10.83 ± 0.57 vs 8.50 ± 0.46 cm; P ¼ .009)
(Figure 1B), a phenotype that is not present in PAK1 KO
mice.24 The length of the small intestine showed no differ-
ences (Figure 1C). Histologic analysis showed hyper-
proliferative colonic crypts with higher grades of
inflammation and more dysplastic lesions in DKO compared
with IL10 KO (Figure 1C and D). The crypts of DKO mice
showed reduced numbers of goblet cells (as indicated by
periodic acid–Schiff staining), reflecting a severe disturbance
of crypt differentiation (Figure 1D). To measure systemic
inflammation, cytokine multiplexing was used to measure
serum cytokines. IL6 was increased 10-fold in DKO mice,
whereas interferon-g, IL18, IL22, and IL17A showed no dif-
ference (Figure 1E). In addition, changes in gut microbiota
were indicative of a proinflammatory state (Figure 1G).25

A separate experiment was conducted to exclude any
effect of piroxicam on this phenotype. Six- to 8-week-old
mice were kept for 20 weeks and disease activity was
scored. Colonoscopy was performed after 12 weeks to
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evaluate inflammation and dysplastic progression. Colo-
noscopy showed more signs of inflammation and more
dysplastic lesions in DKO mice (Figure 1F). Without pirox-
icam, weight gain was lower in DKO compared with IL10 KO
mice (Figure 2A). The disease activity index (DAI) and
mortality were significantly higher in DKO compared with
IL10 KO mice (Figure 2A). The mice were sacrificed after 20
weeks and the DKO mice showed longer colons (10.2 ± 0.16
vs 8.7 ± 0.17 cm; P < .0001) despite histologically higher
grades of inflammation (1.77 ± 0.2 vs 0.4 ± 0.1; P < .0001)
and a higher number of dysplastic lesions (4.6 ± 0.96 vs 0.9
± 0.2; P ¼ .0001) (Figure 2B). Similarly, increased mucosal
thickness and goblet cell depletion was observed
(Figure 2C). Interestingly, PAK1 KO mice have a macro-
scopically and histologically normal-appearing colon and
small intestine and show no particular signs of hyper-
proliferation or dysregulation of differentiation.24

These data reject our hypothesis that PAK1 deletion
ameliorates colitis and carcinogenesis in IL10 KO mice, but
rather alters crypt differentiation with loss of protective
secretory cells, which results in inflammation and neoplastic
growth.

DKO Mice Show Notch1 Pathway Activation and
Increased Stemness

The earlier-described findings show that DKO mice have
hyperplastic colonic crypts with increased proliferation and
abrogated crypt differentiation into secretory cells. Such
changes are indicative of alterations in the Notch pathway.
DKO mouse colons showed nuclear accumulation of acti-
vated Notch1 (NICD) compared with IL10 KO mice
(Figure 3A). In addition, the downstream target of NICD,
HES1, the stem cell marker leucin-rich repeat-containing G-
protein–coupled receptor 5 (LGR5), and the Wnt/b-catenin
pathway, showed higher expression (Figure 3A). HES1
indicated enhanced nuclear staining in DKO compared with
IL10 KO mice, suggesting Notch-pathway activation. LGR5
showed expanded positive staining at the colonic crypt base
in DKO colons, showing expansion of the stem cell niche.
Interestingly, and likely not related to Notch activation and
LGR5 expansion, a loss in membranous and an increase in
cytoplasmic b-catenin also was observed in DKO mice
(Figure 3A). Furthermore, Ki67 staining showed vast
Figure 1. (See previous page). Exacerbated enterocolitis a
results in loss of goblet cells. (A) Weight curve, DAI, and survi
KO and DKO. DKO mice showed higher DAI and a trend toward
the experiment. (B) Length measurement of IL10 KO and DK
compared with IL10 KO mice. (C) Histologic analysis showed
dysplastic lesions (P < .01), and a thicker mucosal layer (P < .05
DAI over time indicated a significant increase in DKO compared
intestine of IL10 KO and DKO mice did not show significant differ
of IL10 KO and DKO colons and periodic acid–Schiff (PAS) stain
colon indicating an impaired differentiation. (E) Serum cytokines
significantly (P < .05) in the serum of DKO mice compared wi
ferences. (F) Exemplary colonoscopy pictures of 2 IL10 KO mic
hyperproliferative mucosa. DKO mice showed more signs of infl
DKO, n ¼ 8). (G) Nonmetric multidimensional scaling of stoo
compared with IL10 KO mice. Composition of the bacterial p
brionaceae family. Independent samples t test, *P < .05, **P <
expansion of the proliferative crypt zone. Hes1 as well as
Olfm4, but also Lgr5, b-catenin, and IL6, also showed
increased messenger RNA (mRNA) level while Notch1
mRNA itself remained unchanged. The opposing transcrip-
tion factor Atoh1 and differentiation marker Klf4 mRNA
levels were reduced (Figure 3B), reflecting Notch-pathway
activation, increased stemness, and inflammation. NICD
and its target olfactomedin-4 (OLFM4) also were increased
using immunoblotting from colonic tissue (Figure 3C), and
so was b-catenin. HES1 showed no difference in total levels.
Colonic OLFM4 expression was confirmed in colonic crypts
of DKO mice (Figure 3D). OLFM4, a secreted glycoprotein,
usually is not expressed in mouse colon, although it is
associated with colitis in human beings.26,27

Overall, these findings indicate the expansion of the
stem cell niche (LGR5) and absorptive enterocyte lineage
by activation of Notch1 paralleled by overexpression and
cytoplasmic accumulation of b-catenin resulting in
hyperproliferation and enlargement of colonic crypts
and colon length. To further verify the increase in stem-
ness, large-bowel organoids from IL10 KO and DKO
mice were used to analyze organoid proliferation. Large-
bowel organoids (LBOs) from DKO mice had a higher
proliferation rate and were larger in size (Figure 3E),
further supporting the in vivo phenotype.
PAK1 and Notch1 Are Associated in Intestinal
Epithelial Cells

The earlier-described findings imply direct interaction
between PAK1 and Notch1 in the intestinal epithelium. In
LBOs from wild-type (WT) mice, staining for PAK1 and
Notch1 indicated a co-localization in the basal membrane
region (Figure 4A). For further analysis we used SW480
cells and normal diploid human colon epithelial cells 1CT
(HCEC-1CT). Immunofluorescence in SW480 similarly
indicated cytoplasmic co-localization of Notch1 and PAK1,
while upon Notch-pathway activation using Jagged1, the
co-localization was lost and nuclear Notch1 signal
increased (Figure 4B). PAK1 small interfering RNA
(siRNA) resulted in a similar strong nuclear Notch1 signal
(Figure 4B) and led to an increase of activated Notch1
(Figure 4C)
nd colitis-associated tumorigenesis upon PAK1 deletion
val of IL10 KO and DKO mice. Weight gain was similar in IL10
higher mortality (80% vs 46.15%; P ¼ .054) over the course of
O colons, DKOs had significantly longer colons (P < .01)
significantly higher grades of inflammation (P < .05), more
) in DKO compared with IL10 KO mouse colons. The average
with IL10 KO mice (P < .05). Length measurement of the small
ence as observed in the DKO colon. (D) Exemplary H&E stains
ing. DKOs showed a reduction in goblet cells throughout the
of IL10 KO and DKO mice were analyzed. IL6 was increased
th IL10 KO mice. Other cytokines showed no significant dif-
e with macroscopically normal mucosa and 2 DKO mice with
ammation and dysplasia in the distal colon (IL10 KO, n ¼ 12;
l samples indicating different bacterial composition in DKO
hylum Proteobacteria showed an increase in the Desulfovi-
.01, and ***P < .001.



Figure 2. PAK1 deficiency results in exacerbated spontaneous enterocolitis and colitis-associated tumorigenesis with
concomitant reduction of goblet cells. (A) Weight curve, DAI, and survival curve of spontaneous CAC model. DKO mice had
significantly lower body weight (P < .05), higher DAI (P < .001), and higher mortality (P < .0041) compared with IL10 KO mice.
(B) Macroscopic and microscopic analysis of IL10 KO and DKO colons. DKO mice had significantly longer colons (P < .001),
higher grades of inflammation (P < .001), and longer crypts (P < .001). (C) Exemplary H&E stains of IL10 KO and DKO colons
and periodic acid–Schiff (PAS) staining. Independent samples t test, *P < .05; **P < .01; ***P < .001, ****P < .0001. DAI,
Disease activity index.
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Figure 3. PAK1 deficiency results in Notch1 activation and increased stemness in colonic crypts of IL10 KO mice. (A)
Immunohistochemistry (IHC) showed increased Notch1 pathway activation and expansion of the stem cell compartment,
marked by NICD, Hes1, Olfm4, and Lgr5. In addition, b-catenin showed a cytoplasmic accumulation in DKO compared with
IL10 KO. Ki67 indicated expansion of the proliferative zone at the crypt base of DKO mice. (B) mRNA analysis from IL10 KO
and DKO colons indicated an increase in the Notch1 downstream target Hes1, stem cell markers Lgr5 and Olfm4, and Wnt
target b-catenin, while Atoh1 and Klf4 were down-regulated. In addition, mRNA of the proinflammatory cytokine IL6 was highly
up-regulated in DKO. (C) Immunoblotting of protein extracts from IL10 KO and DKO colonic samples corroborated IHC
findings for NICD, LGR5, and b-catenin. (D) IHC for OLFM4 marking the stem cell zone at the base of the crypt in the small
intestine of IL10 and DKO mice. OLFM4-positive colon crypts were found in DKO mice while IL10 KO colonic crypts showed
no OLFM4 in any sample. (E) Proliferation assay indicating a higher rate of proliferation in DKO LBOs. Exemplary pictures of
LBOs from IL10 KO and DKO mice over the course of 3 days underlining hyperproliferative phenotype. Graph shows means þ
SD of 4 wells from 2 independent experiments. For statistical data, a 2-tailed Student t test or the Kruskal-Wallis ANOVA was
used. *P � .05; **P < .01; ***P < .001, ****P < .0001.
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We next conducted co-immunoprecipitation experiments,
evaluating a direct interaction between PAK1 and Notch1.
Upon Notch1 pull-down, we detected a direct association of
Notch1 with PAK1 both in SW480 and HCEC-1CT. This
interaction was lost upon Notch1 activation using Jagged1,
similar to the observation made in the immunofluorescence
assay. A previously reported association between b-catenin
and Notch1 also was confirmed in HCEC-1CT and SW480.28

An attenuation of this interaction also was seen after Jag-
ged1 treatment (Figure 4D).

To corroborate the in vitro findings of the PAK1–Notch1
interaction, we used intestinal tissue sections from WT and
PAK1 KO mice that were treated with azoxymethane
(AOM)/dextran sodium sulfate (DSS).24 Staining for PAK1
showed low expression in noninflamed mucosa, while
inflamed dysplastic lesions showed up-regulation of PAK1
(Figure 4E). In contrast to this, NICD was increased in PAK1
KO dysplasia compared with WT dysplastic lesions, indi-
cating the ability of PAK1 to control activation of Notch1
(Figure 4E). The noninflamed mucosa showed no differ-
ences in NICD expression between WT and PAK1 KO. These
results suggest the possibility of a PAK1/b-catenin/Notch1
complex, which is disrupted upon Notch activation, allowing
Notch to translocate to the nucleus.
Oxidative Stress Results in Notch Activation
IL10 KO mice are known to show the overt presence of

oxidative stress, resulting in colitis-induced DNA damage as
measured by phosphorylation of H2A histone family mem-
ber X (gH2AX).4,29 Staining for gH2AX showed even
more double-strand breaks in DKOs, which likely was a
consequence of exacerbated oxidative stress (Figure 5A).
P65/NF-kB was reduced in DKO, as was the canonical NF-kB
activation (Figure 5A).9

Stress kinases in IL10 KO and DKO were analyzed using
Western blot. DKO mice showed increased phosphorylated
c-Jun N-terminal kinase (JNK) dimers, a state that indicates
Stress-activated protein kinases (SAPK)/JNK activation.30

Phosphorylation of extracellular signal-regulated kinase1/
2 (ERK1/2) showed a reduction in DKO colons, an expected
result of the PAK1 KO (Figure 5B).11 After IL6 treatment,
DKO LBOs showed higher levels of NICD in an untreated
state and after IL6 treatment. In addition, in line with the
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findings in colon samples, activation of JNK and impeded
ERK signaling in DKO were detected as well (Figure 5C).

Altogether, our data indicate involvement of PAK1 to
maintain intestinal homeostasis under conditions of chronic
inflammation via a novel interaction between Notch1 and
PAK1. Absence of PAK1 results in increased Notch1 activa-
tion accompanied with hyperproliferation and loss of the
secretory crypt cells. This hyperproliferative state is asso-
ciated with increased DNA double-strand breaks and
neoplastic transformation. Thus, active PAK1 protects from
inflammation-driven colon carcinogenesis.
Discussion
Previous findings from our laboratory and other in-

vestigators have shown involvement of PAK1 in CRC as well
as in IBD.7,11,24 In this study, we sought to investigate the
role of PAK1 further in intestinal inflammation and colitis-
associated carcinogenesis using the IL10 KO mouse model.
Surprisingly, PAK1 loss in IL10 KO mice exacerbated colitis
and tumorigenesis and led to longer colons and crypts. This
is in contrast to our previous findings, in which PAK1 was
modulating tumor initiation, however, a specific hyper-
proliferative phenotype was not observed upon PAK1
deletion. A hallmark of the changes in our model was the
activation of Notch1, accompanied by a loss in differentiated
crypts and increased stemness. Here, we identified a novel
Notch1–PAK1 axis, showing a direct association and inter-
action between PAK1 and Notch1, essential in gut homeo-
stasis and immune response.

IL10 KO mice are a well-established model of colitis and
colitis-associated carcinogenesis. We previously showed
overexpression of PAK1 in neoplasia of IL10 KO mice and in
IBD and CAC.10,11 We expected less disease activity and
cancer upon PAK1 deletion in these mice, however, sur-
prisingly, we observed the opposite, marked by more
inflammation and dysplasia. Moreover, DKO mice showed a
paradox phenotype; albeit having generally higher grades of
inflammation, these mice also had longer and thicker
hyperproliferative colons. This observation was consistent
in the piroxicam-induced as well as in the spontaneous CAC
model. Our IL10 KO mice in general showed quite a low
grade of inflammation and dysplasia, a condition that
also depends on the microbial composition of the gut.31 We
Figure 4. (See previous page). PAK1 associates and co-loca
PAK1 (red) and Notch1 (green) in LBOs from WT mice showe
analysis of SW480 cells transiently transfected with siPAK1 or si
(100 ng/mL); and lower panel: siPAK1. In siCTRL SW480 cells, P
SW480 cells with Jagged1 (Jag1) led to dissociation of PAK1 an
SW480 resulted in similar observations, with nuclear translocatio
2-phenylindole (DAPI) (blue). Exemplary pictures of 2 independen
silencing of PAK1, showing up-regulation of activated Notch1.
using Notch1 or PAK1 as pull-down. Blotting for PAK1 and Notc
and b-catenin and Notch1. Associations were abrogated upon
and PAK1 in AOM/DSS-treated WT and PAK1 KO mice. In PAK
up-regulated in inflamed-dysplastic lesions of WT mice. Resu
pendent groups by the Kruskal-Wallis ANOVA. *P � .05; **P <
phosphate dehydrogenase; IP, immunoprecipitation; IRS, immu
small interfering Control; WCL, whole-cell lysate.
found a shift in the fecal microbiome, with an increased abun-
dance of bacteria belonging to the phylum Proteobacteria
and Desulfovibrionaceae family in our DKO mice. Increased
numbers of Proteobacteria also have been observed in stool
samples from human beings with sporadic adenocarcinomas.32

Desulfovibrionaceae can produce H2S, which has direct geno-
toxic properties and can induce hyperproliferation.33 However,
if changes in the microbiome are a cause or consequence of
carcinogenesis in our model needs to be determined with
further experiments. Alongside those changes, the colonic
crypts showed a loss of differentiation indicated by a loss
of goblet cells together with a marked increase in activated
Notch1 and its downstream targets such as HES1. This loss of
goblet cells was seen in different models investigating Notch
signaling, but also is relevant in UC.3,22,34–37 Moreover,
impaired mucus production owing to a lack of goblet cells
results in an impaired mucus layer and may explain the
increased inflammation of DKO mice.38

Notch signaling facilitates crypt cell proliferation and
amplifies the pool of progenitor cells,39,40 thereby regener-
ating the intestinal epithelium. In addition, it seems to have
tumor-suppressor functions, especially in the setting of
chronic inflammation and CAC. This is facilitated via various
effectors such as matrix metalloproteinase (MMP)9, p53,
reactive oxygen species (ROS) production via NADPH oxi-
dase 1 (NOX1), or regulation of apoptosis and cell-cycle
arrest.21,41–43 Interestingly, Notch inhibition at an early
stage of chemically induced colitis led to reduced colitis
severity.44 This underlines the necessity of tightly controlled
Notch signaling in the setting of rapid proliferation, as seen
in epithelial regeneration in the context of colitis and
concomitant cell fate decision. With regard to our model,
PAK1 might be the important regulator in a proin-
flammatory environment and increased oxidative stress.
PAK1 deletion had a synergistic effect on Notch1, resulting
in a Notch signaling disbalance, and thereby Notch loses its
protective role and is associated with more dysplasia.

In a similar fashion, Notch downstream target HES1
expresses a dichotomous role in which HES1 deficiency led
to dysbiosis and increased susceptibility to DSS colitis.45 On
the other hand, ectopic HES1 expression, as seen in UC
patients, is associated with goblet cell depletion.22 In line
with this, in DKO mice we saw an expansion of the prolif-
erative zone and the stem cell compartment (Ki67 and
lizes with Notch1. (A) Immunofluorescence with staining for
d co-localization in the cytoplasm. (B) Immunofluorescence
CTRL. Upper panel: siCTRL; middle panel: siCTRL þ Jagged1
AK1 and Notch1 co-localized in the cytoplasm. Treatment of
d Notch1 with increased nuclear Notch1. Silencing of PAK1 in
n of Notch1. Nuclei were counterstained with 40,6-diamidino-
t experiments. (C) Western blot of SW480 cells after transient
(D) Co-immunoprecipitation of SW480 and HCEC 1CT cells,
h1, respectively, indicated direct association of PAK1-Notch1,
treatment with Jagged1. (E) Immunohistochemistry of NICD
1 KO dysplastic lesions, NICD is highly up-regulated. PAK1 is
lts were analyzed for differences between the multiple inde-
.01; ***P < .001, ****P < .0001; GAPDH, glyceraldehyde-3-
ne-reactivity score; siPAK1, small interfering PAK1; siCTRL,
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LGR5), marked by increased nuclear expression of NICD and
HES1, alongside increased Hes1 and Olfm4 and down-
regulated Atoh1 and Klf4 mRNA levels. Klf4, usually a
marker of differentiated epithelial cells, was shown to be
associated with colonic inflammation because intestinal-
specific Klf4 knockout mice showed increased
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proliferation and were less sensitive to DSS-induced
inflammation. This effect was mediated via NF-kB, which
might also explain the hyperproliferation in our model,
despite the higher inflammatory burden.46 However, further
research is required to clearly characterize the proliferative
cells in DKO crypts.

The Wnt/b-catenin pathway is not only crucial for in-
testinal homeostasis, but also is a driver of tumorigenesis.
PAK1 directly interacts with and phosphorylates b-catenin,
resulting in its nuclear translocation.14,15 In our model, we
detected an increase in b-catenin mRNA and protein level
upon PAK1 deletion. Immunohistochemistry showed cyto-
plasmic accumulation of b-catenin. In line with absent
phosphorylation by PAK1, nuclei seemed to lack b-catenin in
DKO. In addition, cross-talk between the Notch and Wnt
pathway was shown at various signaling levels and intesti-
nal diseases, resulting in either repression or signal
enhancement of each other.28,47–50 Wnt inhibition by
transgenic Dickkopf1 expression was shown to disrupt
intestinal homeostasis, accompanied by a lack of nuclear b-
catenin and an absence of secretory cell lineages, but in
contrast to our findings, abrogated proliferation.51 Disrup-
tion of b-catenin signaling using Tcf7l2 KO mice results in
perinatal death and in loss of the proliferative compartment
of the intestine.52 How redundant Wnt ligands produced by
stromal stem cells can bypass the loss of nuclear b-catenin
in DKO mice remains elusive. The generation of cell-specific
KO models is needed to elucidate the role of stromal vs
epithelial PAK1 and b-catenin signaling.

Another interesting finding was the detection of OLFM4 in
colons of DKO mice, which usually is not expressed in the
murine large intestine. OLFM4 is not only a downstream target
of the Notch1 pathway, but is itself involved in negatively
controlling Wnt/b-catenin, NF-kB, and epithelial
renewal.16,26,53 This also might explain the observed down-
regulation of nuclear p65 observed in DKO colons. In IBD,
OLFM4 also might play an important role because it is over-
expressed in active IBD and triggered by IL22.27 However, in
our mice, we did not detect increased levels of IL22 but rather
IL6 as a general biomarker of systemic inflammation.

We thought of oxidative stress and the presence of ROS as
a trigger for Notch1 activation. IL10 KO mice show an overt
presence of oxidative stress, which might explain initial
Notch1 activation.4,54 One potential mechanism is the up-
regulation of Notch-activating MMPs such as Disintegrin
and metalloproteinase domain-containing protein 10
(ADAM10), owing to inflammation and increased ROS.55

Remarkably, it also was shown that other MMPs can work
as a substrate to activate Notch (ie, MMP7 was shown to
Figure 5. (See previous page). PAK1 deficiency exacerbates
and drives Notch1 activation. (A) Immunohistochemistry (IH
resulted in increased double-strand breaks. IHC of p65 indicat
attenuated NF-kB signaling. (B) Western blot of colon samples fr
abrogated, while blotting for pJNK showed increased dimerizatio
were treated with IL6 (10 ng/mL). Treatment resulted in activatio
impeded upon PAK1 loss. AKT, protein kinase B; gH2AX, ph
reactivity score; pERK, phosphorylated extracellular signal-re
kinase.
directly cleave Notch1, and in pancreatic acinar cells MMP7
was necessary to maintain Notch1 activation to induce
transdifferentiation).56,57 On the other hand, PAKs also are
known to induce various MMPs via JNK.58,59 IL6 itself is able
to induce epithelial regeneration via Transcriptional coac-
tivator YAP and Notch1 activation.60–63 Nevertheless, the
increase of IL6 and oxidative stress is a hallmark for CAC
initiation and progression because we also detected more
dysplastic lesions in DKO mice.61,64 We further examined
samples from WT and PAK1 KO mice from a previous study,
in which inflammation and consecutive CAC was triggered
using AOM/DSS. Surprisingly, the normal-appearing mucosa,
but especially the dysplastic lesions in PAK1 KO mice,
showed a strong up-regulation of nuclear NICD compared
with WT mice.

PAK1 might regulate Notch1 activation using the acti-
vated intracellular form for Notch1 feedback inhibition.
However, further research is needed regarding whether the
scaffolding or the kinase function of PAK1 is involved in
Notch-pathway activation. The direct association of PAK1
and Notch1 already has been shown, interestingly indicating
regulation of PAK1 activity via NICD.65 Furthermore,
Vadlamudi et al66 showed that phosphorylation of SMRT/
HDAC1 Associated Repressor Protein (SHARP) via
PAK1 resulted in repression of Notch target genes. In
addition, implications for PAKs inducing a stem cell
phenotype already have been made in renal cell carcinoma
and in vitro using CRC and pancreatic cancer cell lines.67–69

However, in our model, changes were prominent only in the
colons of DKO mice under inflammatory conditions,
whereas changes in the small intestine and its stem cell
niche were only scarce.

The main treatment for remission in UC is mesalamine.
We have shown that mesalamine reduces PAK1 over-
expression in a dose-dependent manner at both mRNA and
protein levels.6 However, mesalamine does not specifically
inhibit phospho-PAK1. A reduction in PAK also could affect
MAPK, NF-kB, and AKT signaling, contributing to IBD.
Another aspect of mesalamine efficacy is through activation
of Peroxisome proliferator-activated receptor gamma
(PPARg),70 and we previously have shown that PAK1 over-
expression down-regulates PPARg.9 Nevertheless, mesal-
amine also shows PAK1 independent activity such as
scavenging ROS.71 Overall, these lines of evidence suggest
that PAK1 overexpression and activation in inflammation and
CAC promote proinflammatory and oncogenic signaling such
as NF-kB, MAPK, AKT, andWnt b-catenin, and suppression of
PPARg. Mesalamine could interfere with all of these path-
ways in both a PAK1-dependent and independent manner.
oxidative stress–related DNA damage and stress kinases,
C) of gH2AX marking double-strand breaks. PAK1 deletion
ing NF-kB activation and corresponding IRS. PAK1 deletion
om IL10 KO and DKO mice. In DKO mice, pERK signaling was
n, indicating pJNK activation. (C) Western blot of LBOs, which
n of Notch1 and JNK in DKO, while ERK/AKT activation was
osphorylated H2A histone family member X; IRS, immune-
gulated kinase1/2; pJNK, phosphorylated c-Jun N-terminal
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Our findings suggest a novel PAK1–Notch1 axis. Under
homeostasis in the intestine, PAK1 seems to be associated
with Notch1 and b-catenin. We showed how activation of
Notch1 resulted in dissociation of PAK1 from Notch1.
Intestinal inflammation results in PAK1 overexpression,
thereby tightly controlling the release of Notch1 and b-
catenin upon activation and maintaining proper stem cell
proliferation and differentiation.15,65 Loss of PAK1 in this
setting leads to diminished differentiation and a
more stem cell–like intestinal phenotype as shown by
Notch1, OLFM4, LGR5, and Wnt/b-catenin activation,
and overexpression with an increase in tumorigenesis
(Figure 6).
Materials and Methods
Animal Experiments

C57BL/6 PAK1 KO mice were obtained from the Mutant
Mouse Regional Resource Center, University of North
Carolina, and bred at the Division of Laboratory Animal
Science and Genetics (Himberg, Austria) under specific
Figure 6. A novel PAK1–Notch1 axis in colonic inflammation
signaling at the crypt base are hallmarks of stem cell–assoc
associated directly with such signaling pathways. (B) In colitis
flammatory cytokines such as IL6, PAK1 is overexpressed. PAK
ERK, and NF-kB. Our data suggest a complex of PAK1, Notch1
in activation of Notch and an increased stemness marked by ste
extracellular signal-regulated kinase
pathogen-free conditions with C57BL/6 IL10 KO mice to
generate PAK1/IL10 DKO mice. At the age of 5 weeks, mice
were transferred to our animal facility (Institute of
Biomedical Research, Medical University of Vienna, Vienna,
Austria) and kept under 12-hour light/dark cycles with food
and water ad libitum. For experiments, mice (N ¼ 16)
received, after 1 week of adaptation, 200 ppm piroxicam in
their diet for 7 days to trigger and synchronize intestinal
inflammation. Mice were weighed on a daily to weekly basis,
and their health status was checked. If weight loss of more
than 20% or severe inflammation including rectal prolapse
occurred, mice were killed. All animal studies were in
accordance with the Austrian Animal Experiments Regula-
tion and approved by the animal experiment committee in
accordance with the institutional good scientific practice
guidelines (BMWFW-66.009/0268-WF/V/3b/2014). In a
second experiment, 6- to 8-week-old IL10 KO (N ¼ 43) and
DKO mice (N ¼ 38) were kept for 20 weeks. After 12 weeks,
inflammation and dysplasia number were assessed via co-
lonoscopy. The bowel preparation and colonoscopy was
performed as described elsewhere.24
. (A) In colonic crypt homeostasis Wnt/b-catenin and Notch
iated proliferation and consecutive differentiation. PAK1 is
, characterized by exacerbated oxidative stress and proin-
1 regulates downstream targets such as Wnt/b-catenin, AKT,
, and b-catenin. In our study, PAK1 deficiency in colitis results
m cell markers OLFM4 and LGR5. AKT, protein kinase B; ERK,
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Six- to 8-week-old male and female C57BL/6 PAK1
KO (N ¼ 48) or C57BL/6 WT (N ¼ 54) mice received
AOM treatment after a 2-week adaption phase on regular
chow. All mice received 1 intraperitoneal injection of 10
mg/kg AOM and 4 intermittent cycles of 1.7% DSS in
drinking water for 4 days, followed by 14 days of regular
water.24
Disease Activity and Histologic Analysis
Over the course of the experiment, the DAI was assessed

as previously described.72 The DAI consisted of body weight
loss (scores were as follows: 0, no weight loss; 1, 1%–5%
weight loss; 2, 6%–10% weight loss; 3, 11%–20% weight
loss; and 4, >20% weight loss), stool consistency (scores
were as follows: 0, normal; 2, loose stool; and 4, diarrhea),
and bloody feces (scores were as follows: 0, none; 2, occult
bleeding; and 4, gross bleeding). Intestines were dissected,
flushed with phosphate-buffered saline, and coiled up as a
Swiss roll followed by 10% formalin fixation or stored in
RNAlater (Thermo Fisher, Waltham, MA) for further down-
stream analysis. H&E-stained slides of paraffin-embedded
intestinal tissue sections were analyzed by an independent
pathologist, blinded for the genotype, scoring numbers of
dysplastic lesions, and grade of inflammation as previously
described.4
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue sections

were used for immunohistochemistry as described pre-
viously.4 The primary antibodies used are listed in
Supplementary Table 1. Briefly, slides were dried and
dewaxed with 2 cycles of xylol, followed by rehydration
and blocking of endogenous peroxidase. Antigen retrieval
was performed by boiling slides in citrate buffer followed
by overnight incubation with primary antibody. Staining
was performed using a biotinylated secondary antibody
with avidin–biotin–horseradish-peroxidase complex (Vec-
tastain, PK-6100, Vector Laboratories, Burlingame, CA)
and diaminobenzidine. Nuclei then were counterstained
using hematoxylin (5174; Merck, Darmstadt, Germany),
and slides were visualized and recorded on an Olympus
BX51 microscope (Olympus, Tokyo, Japan). Scoring of
immunohistochemistry was, if not stated otherwise, per-
formed as a ratio of positive cells or nuclei per crypt. At
least 8 crypts per high-power field were counted in at
least 4 high-power fields per sample slide in a 40�
magnification.
Intestinal Organoids
LBOs were obtained from 3 different IL10 KO and DKO

mice each, as described elsewhere.73 Briefly, after isolation,
organoids were pooled and cultured in 24-well plates in 50
mL Matrigel (BD Biosciences, Franklin Lakes, NJ) droplets
and covered in 50% conditioned medium with Wnt, R-
spondin1, and Noggin. Organoids were passaged every 2–4
days in a 1:3 ratio. Wnt-conditioned medium was obtained
from L-WRN cells (ATCC CRL-3276).74
Proliferation Assay
Organoids were split into single-cell suspensions using

gentle cell dissociation reagent (Stemcell Technologies,
Vancouver, Canada) and Trypsin EDTA (Gibco, Carlsbad,
CA). Cells were resuspended to a concentration of 20,000
cells/mL in 50% Matrigel/50% Complete 50% WRN me-
dium. A total of 10 mL of this solution was pipetted per well
of a 96-well plate. Each Matrigel droplet was covered with
100 mL Complete 50% WRN medium. At 24 (day 1), 48 (day
2), and 72 (day 3) hours later, wells were imaged on an
EVOS XL (Thermo Fisher Scientific, Waltham, MA) and 100
mL of CellTiter-Glo (Promega, Madison, WI) was added to
each well and pipetted repeatedly for homogenization. The
plate was placed on a shaker at room temperature for 25
minutes, after which luminescence was measured on a Plate
Chameleon V (Hidex, Turku, Finland). Medium was replaced
on day 2. Relative luminescence unit values were plotted.

Immunofluorescence
Immunofluorescence was performed on LBOs and

SW480 cells as described previously.9 Briefly, after fixation,
immunostaining was performed with primary antibodies
(Supplementary Table 1). Samples then were washed, dried,
mounted in medium containing 40,6-diamidino-2-
phenylindole (Vector Laboratories, Burlingame, CA), and
imaged on an Olympus BX51 microscope.

Immunoblotting and Co-immunoprecipitation
Protein isolation from colonic samples, LBOs, and whole-

cells lysates was performed as described elsewhere.73 Co-
immunoprecipitation experiments and immunoblotting
were conducted as described previously, if not stated
otherwise. Data presented are from 3 independent
experiments.9

Quantitative Real-Time Polymerase Chain
Reaction

RNA was isolated using the Aurum Total RNA Mini Kit
(Bio-Rad, Basel, Switzerland) and complementary DNA was
synthesized using the High-Capacity complementary DNA
Reverse Transcription Kit (Applied Biosystems, Waltham,
MA) according to the manufacturer’s protocol. Quantitative
reverse-transcription polymerase chain reaction was per-
formed in triplicate or duplicate on custom or predesigned
polymerase chain reaction arrays (Bio-Rad) (see
Supplementary Table 2 for targets) on an ABI Prism 7500
fast (Applied Biosystems). Data were normalized to endog-
enous control glyceraldehyde-3-phosphate dehydrogenase
and acidic ribosomal phosphoprotein P0 (36B4).

16S Ribosomal RNA Gene Amplicon Sequencing
DNA from stool was extracted using the standard

QIAamp DNA stool mini kit protocol (Qiagen, Hilden, Ger-
many) modified by an initial bead-beating step (Lysing
Matrix E; MP Biomedicals, Santa Ana, CA). Amplicon
sequencing of the V3V4 16S region was performed using an
established barcoding approach and Illumina MiSeq
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technology 10 (Illumina Inc, San Diego, CA). Reads were
processed using DADA211 and SINA12.

Cell Lines and Reagents
Primary HCEC-1CTs were a generous gift from Dr Jerry

W. Shay and were cultured as described previously.75 The
SW480 cell line was obtained from ATCC (Manassas, VA)
and cultured in Dulbecco’s modified Eagle medium (Gibco),
supplemented with 10% fetal bovine serum (Biochrom,
Cambridge, UK). Cell lines were maintained in culture with
regular passaging every 2–3 days. Cells were tested for
Mycoplasma every 6 months (Mycoplasma detection kit;
Lonza, Basel, Switzerland). The cytokine IL6 (Preprotech,
Rocky Hill, NJ) and the ligand Jagged1 (Abcam, Cambridge,
UK) were used.

RNA Interference and PAK1 Silencing
For silencing RNA (siRNA) experiments, SW480 cell

were plated at a density of 1 � 106 per well in a 6-well
plate. Transient transfection was performed through elec-
troporation with 100 nmol/L of small interfering PAK1
(siPAK1) on an Amaxa nucleofactor 2b (Lonza, Basel,
Switzerland). Oligonucleotides were purchased from Dhar-
macon (catalog number: D-003521-03; accession number:
NM_002576; target sequence: CAUCAAAUAUCACUAAGUC,
Lafayette, CO). Control siRNA-A (sc-37007, Santa Cruz
Biotechnology, Santa Cruz, TX) was prepared based on the
manufacturer’s instructions.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism

6.01 software (GraphPad Software, La Jolla, CA). Means of
normally distributed data were compared using an unpaired
Student t test; a nonparametric Mann–Whitney U test was
used for not normally distributed data. For the analysis of
sample similarity, modified Rhea scripts were used.76 Gener-
alized unique fraction metric (UniFrac) distances were visu-
alized using nonmetric multidimensional scaling. Cluster
significance was assessed using permutational multivariate
analysis of variance. Testing for significant differences in
diversity and bacterial abundances was performed using the
Kruskal–Wallis rank sum test. If P values were .05 or less they
were considered statistically significant.
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Supplementary Table 1. Antibodies

Target Name Supplier Catalog number

Actin Anti–b-actin antibody Santa Cruz Biotechnology, Santa
Cruz, TX

SC-47778

Anti-mouse IRDye 680CW donkey anti-mouse IgG LICOR (Lincoln, NE) 926-68072

Anti-rabbit IRDye 800CW goat anti-rabbit IgG LICOR 926-32211

Anti-rabbit IRDye 680CW goat anti-rabbit IgG LICOR 926-68073

CC3 Cleaved caspase 3 antibody Cell Signaling Technology
(Leiden, Netherlands)

9664

HES1 HES1 (D6P2U) rabbit monoclonal antibody Cell Signaling Technology 11988

Ki67 Ki-67 antibody Abcam (Cambridge, UK) ab15580

LGR5 Rabbit polyclonal to LGR5 Abcam ab219107

NICD Anti-activated Notchl Abcam ab8925

NOTCH1 Notch1 antibody (E4) Santa Cruz sc-373944

OLFM4 Olfm4 (D6Y5A) rabbit monoclonal antibody Cell Signaling Technology 39141

P65 NF-kB p65 (D14E12) XP rabbit monoclonal antibody #8242 Cell Signaling Technology 8242S

PAK1 Anti-PAK1 antibody Cell Signaling Technology 2602

p-AKT Phospho-AKT (Serine 473) rabbit Santa Cruz sc-101629

p-ERK1/2 Phospho-MAPK antibody phospho (Erk1/2) (mouse) Cell Signaling Technology 9106S

p-JNK Phospho-SAPK/JNK (Thr183/Tyr185) Cell Signaling Technology 4668S

p-P38 p-p38 (D-8) Santa Cruz sc-7973

Tubulin NF-kB p65 (D14E12) XP rabbit monoclonal antibody #8242 Abcam ab7291

b-catenin Purified Mouse Anti-b-Catenin Clone 14/Beta-Catenin BD Transduction Laboratories
(Franklin Lakes, NJ)

610153

g-H2AX Histone H2AXpSer139: rabbit polyclonal antibody Cell Signaling Technology 9718S

Supplementary Table 2. PCR targets (BioRad prime PCR,
Bio-Rad, Basel, Switzerland)

Atoh1

Jak1

Pparg

Bax

Lgr5

Stat3

Bcl2

Muc2

Yap1

Cdh1

Nfe2I2

Actb

Nfkb1

Gapdh

Ctnnb1

Nfkb1

Gapdh

Hes1

Notch1

Ikbkb

Nox1

II6

Olfm4
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