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Figure 2. Shp2 CKO mice develop severe colitis. A: Body weight of 2-, 3-, or 4-week-old control (male, n=23, 26, and 27, respectively; female,
n=22, 24, and 22, respectively) or Shp2 CKO (male, n=17, 20, and 16, respectively; female, n=15, 15, and 13, respectively) mice is shown in the left
panel. Data are means = SE. *P<<0.05, ***P<<0.0001 (Welch'’s t test). N.S., not significant. Representative photographs of control and Shp2 CKO mice at
5 weeks of age are shown in the right panel. Scale bar, 1 cm. B: Disease activity index (DAI) for colitis in control (n=19) and Shp2 CKO (n=11) mice at
4 to 5 weeks of age. Bars indicate median scores. ***P<0.0001 (Wilcoxon rank-sum test). C: Survival rates of control (n=19) and Shp2 CKO (n=17)

mice.
doi:10.1371/journal.pone.0092904.g002

base to the farthest migrated BrdU-positive cells and was
measured with the use of Image] software (NIH).

Intestinal organoid culture

Intestinal organoid culture was performed as previously
described [5]. In brief, crypts were isolated from the small
intestine by incubation for 30 min in PBS containing 2 mM
EDTA. The isolated crypts were mixed with Matrigel (BD
Biosciences) and transferred to 48-well plates. After polymerization
of the Matrigel, advanced Dulbecco’s modified Eagle’s medium-—
F12 (Invitrogen), which was supplemented with penicillin-strepto-
mycin (100 U/ml) (Invitrogen), 10 mM HEPES (Invitrogen), 1x
GlutaMAX (Invitrogen), 1 x N2 (Invitrogen), 1 x B27 (Invitrogen),
1.25 mM  AN-acetylcysteine  (Sigma-Aldrich), epidermal growth
factor (500 ng/ml) (Peprotech, Rocky Hill, NJ), 10% R-spon-
dinl-Fc—conditioned medium, and Noggin (100 ng/ml) (Pepro-
tech), was overlaid on the gel in each well. The cultures were then
maintained in an incubator (37°C, 5% CO,). Images were
obtained with a microscope (Axiovert 200; Carl Zeiss, Oberko-
chen, Germany).
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Statistical analysis

Disease activity was compared between mouse genotypes with
the Wilcoxon rank-sum test. Other quantitative data are presented
as means * SE and were analyzed with Student’s ¢ test, the
Wilcoxon rank-sum test, or Welch’s ¢ test as appropriate. All
statistical analysis was performed with JMP software version 9.0
(SAS Institute, Cary, NC). A P value of <0.05 was considered
statistically significant.

Results

Generation of IEC-specific Shp2 CKO mice

To examine the impact of Shp2 ablation in IECs, we crossed
mice homozygous for a floxed Pipnll allele [15] with those
harboring a transgene for Cre recombinase under the control of
the villin gene promoter (villin-cre) [18]. The specificity and
efficiency of Pinll deletion in adult Pipnll™villin-cre (Shp2
CKO) mice were determined by PCR analysis of genomic DNA
isolated from the intestine as well as from other organs. Consistent
with the results of previous studies with the villin-¢ze transgene
[18], deleted Ppnil alleles were detected in the colon, ileum,
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Figure 3. Spontaneous development of marked inflammation
in the colon of Shp2 CKO mice. A: Hematoxylin-eosin staining of
paraffin-embedded sections of the cecum, mid-colon, and rectum from
control or Shp2 CKO mice at 3 weeks of age. Arrowheads and the
asterisk indicate inflammatory infiltrates and a crypt abscess, respec-
tively. B: Hematoxylin-eosin staining of the ileum from control and Shp2
CKO mice at 3 weeks of age. Arrowheads and the arrow indicate
inflammatory infiltrates and abnormal villus structure, respectively. All
data are representative of three separate experiments. Scale bars,
100 pm.

doi:10.1371/journal.pone.0092904.g003

jejunum, and duodenum of Shp2 CKO mice, but not in any other
organ (Fig. 1A). We also confirmed that the activity of B-
galactosidase was detected specifically in the entire epithelium of
the ileum and colon of R26R;villin-cre mice (Fig. S1). Immunoblot
analysis also showed that the abundance of Shp2 protein in
isolated IECs from the ileum or colon of Shp2 CKO mice was
greatly reduced compared with that for control mice, whereas it
was unaffected in other organs (Fig. 1B). These results thus
indicated that the villin-c7e transgene directs the efficient and
specific deletion of the Shp2 gene in IECs.

Shp2 CKO mice develop severe colitis

Shp2 CKO mice were born apparently healthy (data not
shown), and they were phenotypically indistinguishable from
control littermates at 2 weeks of age (Fig. 2A). However, both
male and female Shp2 CKO mice manifested a marked reduction
in body weight as well as growth retardation compared with
control littermates at 3 to 4 weeks of age (Fig. 2A). They also
manifested severe diarrhea. We evaluated disease activity for colitis
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on the basis of stool consistency, blood in the stool, and anorectal
prolapse in both Shp2 CKO and control mice at 4 to 5 weeks of
age. The disease activity index for Shp2 CKO mice was markedly
greater than that for control animals (Fig. 2B). Furthermore,
~80% of Shp2 CKO mice died by 10 weeks of age (Fig. 2C).

Histological examination of the colon from 3-week-old Shp2
CKO mice revealed pronounced inflammation in all regions from
the cecum to the rectum (Fig. 3A). Epithelial hyperplasia was
relatively prominent, and transmural inflammation with crypt
abscesses was occasionally observed. Inflammatory infiltrates were
also present in both the mucosa and submucosa. In contrast to the
colon, most regions of the small intestine of Shp2 CKO mice were
phenotypically indistinguishable from those of control mice,
although abnormal structures of villi and mild inflammatory
infiltrates were occasionally apparent. Together, these observa-
tions indicated that Shp2 ablation in IECs resulted in the
spontaneous development of marked inflammation in the intestine,
particularly in the colon.

Marked reduction in the numbers of absorptive
enterocytes and goblet cells in Shp2 CKO mice

We next examined the impact of IEC-specific Shp2 ablation on
the numbers of absorptive enterocytes, mucin-secreting goblet
cells, and antimicrobial peptide—producing Paneth cells in the
intestinal epithelium. The number of absorptive enterocytes,
which were identified on the basis of their morphology in tissue
sections stained with a mAb to B-catenin [8], was markedly
reduced in the ileum of Shp2 CKO mice at 3 to 4 weeks of age
compared with that for control mice (Fig. 4A). We were not able
to determine the precise number of absorptive enterocytes in the
colon of Shp2 CKO mice because of their severe colitis. In
addition, the number of mucin 2-positive goblet cells was also
reduced in the ileum as well as the colon of Shp2 CKO mice at 3
weeks of age (Fig. 4B). We were again unable to determine the
precise number of goblet cells in the colon of Shp2 CKO mice as a
result of their severe colitis. In contrast, the number of lysozyme-
positive Paneth cells was slightly increased in the ileum of Shp?2
CKO mice at 3 weeks of age (Fig. 4C). These results thus
suggested that Shp2 is important for regulation of the numbers of
absorptive enterocytes and goblet cells in the mouse intestine.

We next investigated whether Shp2 regulates the size of the
intestinal stem cell population, for which Olfim4 is a marker [24].
However, the number of Olfm4 mRINA-positive cells in crypts of
the ileum did not differ between Shp2 CKO and control mice at 3
to 4 weeks of age (Fig. 4D).

Impaired migration of IECs in the ileum of Shp2 CKO
mice

Given the role of Shp2 in promotion of cell growth or survival
[10], we next examined the incorporation of BrdU into IECs as
well as the turnover of BrdU-labeled IECs in Shp2 CKO mice at 3
to 4 weeks of age. At 2 h after BrdU injection, the number of
BrdU-positive IECs in crypts of the ileum (Fig. 5A) or colon
(Fig. 5B) from Shp2 CKO mice was similar to that for control
mice. At 2 days after BrdU injection, most BrdU-positive IECs in
the ileum of control mice had reached the middle region or top of
villi (Fig. 5C). In contrast, such migration of BrdU-positive IECs
along the crypt-villus axis was markedly delayed in Shp2 CKO
mice (Fig. 5C). These results thus suggested that Shp2 is
dispensable for the proliferation of IECs, in particular for that of
TA cells, in crypts of the ileum or colon, but that it is required for
migration of IECs along the crypt-villus axis in the ileum.
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Figure 4. Marked reduction in the numbers of absorptive enterocytes and goblet cells in Shp2 CKO mice. A: Frozen sections of the
ileum from control or Shp2 CKO mice at 3 to 4 weeks of age were immunostained with an antibody to f3-catenin (green) and also stained with DAPI
(blue). Representative images are shown in the left panel. Arrowheads indicate B-catenin-positive absorptive enterocytes. Scale bar, 100 pm. The
number of B-catenin-positive absorptive enterocytes per villus was determined for the ileum (right panel). Data are means = SE for 38 (control) or 32
(Shp2 CKO) villi from a total of three mice per group. ***P<<0.0001 (Welch’s t test). B: Frozen sections of the ileum and colon from control or Shp2
CKO mice at 3 weeks of age were immunostained with antibodies to mucin 2 (red) and to B-catenin (green). Representative images are shown in the
left panel. Scale bar, 100 pm. The number of mucin 2 (Muc2)-positive goblet cells per villus was determined for the ileum (right panel). Data are
means = SE for 100 (control) or 93 (Shp2 CKO) villi from a total of three mice per group. ***P<<0.0001 (Welch's t test). C: Frozen sections of the ileum
from control or Shp2 CKO mice at 3 weeks of age were subjected to immunostaining with antibodies to lysozyme (red) and to -catenin (green) as
well as to staining of nuclei with DAPI (blue). Representative images are shown in the left panel. Scale bar, 50 pm. The number of lysozyme-positive
Paneth cells per crypt was determined (right panel). Data are means =+ SE for 150 crypts from a total of three mice per group. **P<0.01 (Student’s t
test). D: Paraffin sections of the ileum from control or Shp2 CKO mice at 3 to 4 weeks of age were subjected to in situ hybridization analysis of Olfm4
mRNA. Representative images are shown in the left panel. Scale bar, 50 um. The number of Olfm4 mRNA-positive cells per crypt was determined
(right panel). Data are means = SE for 60 crypts from a total of two mice per group. N.S., not significant (Student’s t test).
doi:10.1371/journal.pone.0092904.g004

Absorptive enterocytes have a short life span (~5 days), being
released into the gut lumen after they have migrated to the tip of
villi. This elimination of IECs is thought to be triggered, at least in
part, by spontancous apoptosis [3]. To investigate whether the
marked reduction in the numbers of absorptive enterocytes and
goblet cells apparent in the intestine of Shp2 CKO mice might be
attributable to an increased frequency of apoptosis, we performed
immunostaining with antibodies to the cleaved form of caspase-3.
However, the number of cleaved caspase-3-positive IECs in the

Impaired development of intestinal organoids from Shp2

CKO mice

The effect of Shp2 ablation in IECs on the development of villus
structure from isolated crypts was investigated with the use of
intestinal crypt-villus organoids [5]. The development of intestinal
organoids from Shp2 CKO mice was found to be markedly
impaired compared with that for control mice (Fig. 6). One day
after seeding of isolated crypts, the morphology of the cultured
crypts from Shp2 CKO mice was indistinguishable from that for

ileum or colon of Shp2 CKO mice did not differ significantly from
that for control mice (Fig. S2).
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control mice. However, 7 days after seeding, most of the crypts
isolated from Shp2 CKO mice had failed to develop into intestinal
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Figure 5. Impaired migration of IECs along the crypt-villus axis in the ileum of Shp2 CKO mice. A: Frozen sections of the ileum from 3- to
4-week-old control or Shp2 CKO mice at 2 h after BrdU injection were immunostained with mAbs to BrdU (red) and to B-catenin (green).
Representative images are shown in the left panel. The number of BrdU-positive cells per crypt was determined (right panel). Data are means =+ SE for
54 (control) or 77 (Shp2 CKO) crypts from a total of three (control) or four (Shp2 CKO) mice per group. N.S., not significant (Student'’s t test). B: Frozen
sections of the colon from 3- to 4-week-old control or Shp2 CKO mice at 2 h after BrdU injection were immunostained as in A. The number of BrdU-
positive cells per crypt was determined. Quantitative data are means = SE for 54 (control) or 47 (Shp2 CKO) crypts from a total of three mice per
group. N.S., not significant (Wilcoxon rank-sum test). C: Frozen sections of the ileum from 3- to 4-week-old control or Shp2 CKO mice at 2 days after
BrdU injection were immunostained as in A. The distance from the crypt base to the farthest migrated BrdU-positive cells was measured. Quantitative
data are means * SE for 40 (control) or 48 (Shp2 CKO) villi from a total of three mice per group. ***P<<0.0001 (Student’s t test). All scale bars are

100 pm.
doi:10.1371/journal.pone.0092904.g005

organoids; they instead shrank or became cell debris. Quantitative
analysis revealed that, whereas 66.6%£9.9% of crypts from control
mice developed into intestinal organoids, only 21.1%6.2% of those
from Shp2 CKO mice did so. These results thus suggested that
Shp?2 is essential for efficient formation of intestinal organoids from
isolated crypts.

Expression of activated K-Ras in IECs protects Shp2 CKO
mice against colitis

Ras is an essential component of the signaling pathway by
which growth factors stimulate cell proliferation, and the PTP
activity of Shp2 is thought to regulate an upstream element
necessary for Ras activation [10,11]. The phenotypes of Shp2
CKO mice were thus likely to be attributable at least in part to

PLOS ONE | www.plosone.org

impairment of the activation of Ras in IECs. To examine this
notion, we crossed Shp2 CKO mice with LSL-Rras GI12D mice
[17], which harbor a gene for an activated form of K-Ras (K-
Ras®'?P), The crossing of Shp2 CKO (Pipnl ]ﬂ/ﬂ;vﬂlin-cre) mice
with LSL-Kras G12D mice results in removal of translational stop
elements by Cre-mediated recombination and consequent expres-
sion of the K-Ras®'?P gene under the control of its endogenous
regulatory elements in an IEC-specific manner. Shp2 CKO;LSL-
Kras G12D mice were born apparently healthy and phenotypically
indistinguishable from their Shp2 CKO littermates (data not
shown). Whereas Shp2 CKO mice were already sick at 4 weeks of
age (Fig. 2), Shp2 CKO;LSL-Kras G12D mice (male or female)
remained apparently healthy. Indeed, the body weight of Shp2
CKO;LSL-Kras G12D mice at 4 weeks of age was markedly greater
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Figure 6. Impaired development of intestinal organoids from
Shp2 CKO mice. Representative images of intestinal organoids
derived from the jejunum of control or Shp2 CKO mice at 1 and 7
days after plating are shown in the left panel. Scale bar, 100 pm. The
number of intestinal organoids with a crypt-villus structure at 7 days
after plating was determined as a percentage of those with a spherelike
morphology (diameter of >30 pm) at 1 day (right panel). Data are
means * SE for a total of 151 (control) or 128 (Shp2 CKO) organoids in
four independent experiments. **P<<0.01 (Student’s t test).
doi:10.1371/journal.pone.0092904.g006

than that of their Shp2 CKO littermates (Table 1), being similar
to that of control mice (Fig. 2A). In addition, none of the Shp2
CKO;LSL-Kras G12D mice examined manifested any sign of colitis
at or had died by 4.5 weeks of age (Table 1). Consistent with these
findings, histological analysis of the ileum or colon from Shp2
CKO;LSL-Kras G12D mice revealed no sign of inflammation
(Fig. 7A). These results thus suggested that expression of an active
form of K-Ras in IECs protected Shp2 CKO mice from the
development of colitis. We also found that the number of [-
catenin —positive absorptive enterocytes was increased and that of
Paneth cells was reduced in the ileum of Shp2 CKO;LSL-Kras
G12D mice compared with those for Shp2 CKO mice at 4.5 weeks
of age (Fig. 7B). In addition, we found that the number of mucin
2—positive goblet cells in the ileum or colon of Shp2 CKO;LSL-
Kras G12D mice at 4.5 weeks of age was markedly greater than that
for Shp2 CKO mice (Fig. 7C). The number of mucin 2—positive
goblet cells in the ileum of Shp2 CKO;LSL-Kras G12D mice (221
per villus) was similar to or even slightly greater than that apparent
in control mice (18 1 per villus) (Fig. 4B). Together, these findings
suggested that crossing of Shp2 CKO mice with LSL-Kras G12D
mice restores the phenotypes of the former animals to normal.

Discussion

We have here shown that mice lacking Shp2 specifically in IECs
develop severe colitis. The numbers of absorptive enterocytes and
goblet cells were markedly reduced in the small intestine and colon
of the mutant mice compared with those for control animals.
Moreover, the development of intestinal organoids from isolated
crypts of the Shp2 CKO mice was impaired. Shp2 is thought to be
indispensable for activation of the Ras-MAPK signaling pathway
and thereby for the promotion of cell proliferation and differen-
tiation [10,11,25]. Shp2 in the nucleus is also important for
activation of Wnt signaling [26], which is a key regulator of the
proliferation and differentiation of IECs [2]. However, the colitis
as well as the reduction in the number of absorptive enterocytes
and goblet cells in the ileum of Shp2 CKO mice were prevented
by expression of an activated form of K-Ras in IECs. Our present
results thus indicate that Shp2 in IECs is important for protection
against colitis as well as for homeostatic regulation of absorptive
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enterocytes and goblet cells, and that these functions of Shp2 are
mediated through activation of the Ras-MAPK signaling pathway.
The development of intestinal organoids essentially requires
epidermal growth factor, which promotes IEC growth by
activation of Ras-MAPK signalling, in the culture medium [5].
Thus, the impaired development of organoids from isolated crypts
of the Shp2 CKO mice is most likely attributable to the impaired
effect of epidermal growth factor on organoid development.
Moreover, such impaired development of organoids in the culture
system is well consistent with the IEC phenotype of Shp2 CKO
mice such as reduced numbers of absorptive enterocytes and
goblet cells, two major cell populations in IECs.

Shp2 is indispensable for embryogenesis at the early stages of
gastrulation and mesoderm patterning [14]. In addition, condi-
tional ablation of Shp2 in hematopoietic stem cells induces bone
marrow aplasia [27], suggesting that Shp2 is essential for
hematopoiesis from stem cells in the bone marrow. Given that
Cre recombinase is expressed throughout the presumptive
intestine of villin-¢cre mice by 14.5 days post coitum [18], ablation
of Shp2 in the embryonic intestinal epithelium likely occurs in our
Shp2 CKO mice. It is therefore of note that Shp2 CKO mice were
born apparently healthy and that the overall development and
morphology of the intestinal epithelium in these animals appeared
almost normal up to 2 to 3 weeks of age (data not shown). Indeed,
the population of Olfm4 mRNA-positive stem cells and BrdU
incorporation into TA cells in crypts were not significantly affected
in the small intestine of Shp2 CKO mice compared with control
mice. Unlike the hematopoietic cell system, the Shp2-Ras
signaling pathway thus does not appear to play a key role in the
homeostasis of stem cells or in TA cell proliferation in the
intestinal epithelium. In contrast, the Wnt signaling pathway is
thought to be required for maintenance of intestinal stem cells as
well as for the proliferation of IECs generated from these stem cells
[2]. Indeed, ablation of the transcription factor Tcf-4, which is
essential for operation of the Wnt signaling pathway in IECs, was
found to result in marked defects in the development of intestinal
villi, including the complete absence of the intestinal progenitor
compartment [28].

Our results indicate that the Shp2-Ras signaling pathway is
important for the development of mature IECs, in particular for
that of absorptive enterocytes and goblet cells. The number of
absorptive enterocytes in the small intestine was markedly reduced
in Shp2 CKO mice. In addition, the number of goblet cells was
also reduced in both the small intestine and colon of Shp2 CKO
mice. Consistent with this finding, activation of K-Ras in IECs was
previously shown to result in hyperplasia of the intestinal
epithelium (suggesting an increase of absorptive enterocytes) as
well as a marked increase in the number of goblet cells [29,30].
Indeed, the reduction in the numbers of absorptive enterocytes
and goblet cells in the ileum of Shp2 CKO mice was prevented by
expression of an activated form of K-Ras in IECs. Thus, the Shp2-
Ras signaling pathway is indeed important for the development of
absorptive enterocytes and goblet cells. In contrast, Shp2 CKO
mice manifested a significant increase in the number of Paneth
cells in crypts. Conversely, we also showed that such increased
number of Paneth cells was prevented by expression of an
activated form of K-Ras in IEGCs. It was also showed that
activation of K-Ras in IECs resulted in a marked reduction in the
number of Paneth cells [30]. Thus, the Shp2-Ras signaling likely
participates in negative regulation of the Paneth cell population.

The etiology of colitis in Shp2 CKO mice remains to be fully
characterized. Goblet cells in the intestinal epithelium are thought
to form a mucosal barrier by secreting mucus and thereby to
protect against the development of intestinal inflammation [31].
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Figure 7. Expression of activated K-Ras in IECs protects Shp2 CKO mice against colitis. A: Hematoxylin-eosin staining of the ileum and
colon from Shp2 CKO;LSL-Kras G12D mice at 4.5 weeks of age. Images are representative of those from three mice. Scale bar, 100 um. B: Frozen
sections of the ileum and colon from Shp2 CKO;LSL-Kras G12D (CKO/G12D) mice and their Shp2 CKO littermates at 4.5 weeks of age were
immunostained with antibodies to lysozyme (red) and to -catenin (green). Representative images are shown in the left panel. Scale bar, 100 um. The
middle panel shows the number of B-catenin —positive absorptive enterocytes per villus of the ileum. Data are means = SE for 14 (CKO/G12D) or 10
(CKO) villi from a total of three (CKO/G12D) or two (CKO) mice per group. *P<0.05 (Student’s t test). The right panel shows lysozyme-positive Paneth
cells per crypt of the ileum. Data are means = SE for 60 (CKO/G12D) or 43 (CKO) crypts from a total of three (CKO/G12D) or two (CKO) mice per group.
**¥p<0.0001 (Student’s t test). C: Frozen sections of the ileum and colon from Shp2 CKO;LSL-Kras G12D (CKO/G12D) mice and their Shp2 CKO
littermates at 4.5 weeks of age were immunostained with antibodies to mucin 2 (red) and to B-catenin (green). Representative images are shown in
the left panel. Scale bar, 100 pm. The number of mucin 2-positive goblet cells per villus of the ileum was determined (right panel). Data are means =
SE for 30 (CKO/G12D) or 21 (CKO) villi from a total of three (CKO/G12D) or two (CKO) mice per group. ***P<0.0001 (Welch’s t test).

doi:10.1371/journal.pone.0092904.g007

Table 1. Phenotypes of three Shp2 CKO;LSL-Kras G12D mice and three Shp2 CKO littermates at 4.5 weeks of age.

Genotype Sex Body weight (g) Disease activity index
CKO Male 5.8 Dead

CKO Male 7.5 6

CcKO Female 7.6 2

CKO/Kras G12D Male 9.2 0

CKO/Kras G12D Female 10.3 0

CKO/Kras G12D Female 11.8 0

doi:10.1371/journal.pone.0092904.t001
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Mucin 2 is the most abundant mucin produced by goblet cells, and
deletion or mutation of the mucin 2 gene in mice results in the
spontaneous development of colitis [32,33]. The development of
intestinal inflammation in Shp2 CKO mice is therefore most likely
attributable to the marked reduction in the number of goblet cells
in the intestine. Absorptive enterocytes are most abundant TECs
and they form a physiological barrier against the intestinal
microflora. We showed that the number of absorptive enterocytes
was markedly reduced in Shp2 CKO mice, suggesting that the
impairment of the physiological barrier provided by the intestinal
epithelium likely occurs in Shp2 CKO mice. During the course of
the present study, Coulombe et al. also showed that ablation of
Shp2 in IECs resulted in the spontancous development of colitis
[34]. They also showed that expression of tight junctional proteins
such as claudin was markedly reduced in the colon of their mutant
mice, resulting in an increase in intestinal permeability [34].
Collectively, a defect in the physical barrier provided by the
intestinal epithelium is likely a contributing factor to the
development of colitis in Shp2 CKO mice. The number of
Paneth cells was slightly increased in the ileum of Shp2 CKO
mice. Paneth cells produce antimicrobial peptide such as o- or -
defensin, which are thought to be important for preventing the
growth of pathogenic microbes [35,36]. Thus, the increase of
Paneth cells unlikely participates in the development of colitis in
Shp2 CKO mice. The prevention of epithelial cell death by
conditional ablation of caspase-8 in mouse IECs was also found to
induce intestinal inflammation [37], suggesting that proper
turnover of these cells is also important for homeostasis of
intestinal immunity. In the present study, we found that IEC-
specific ablation of Shp2 resulted in impaired migration of IECs
along the crypt-villus axis. A delayed turnover of IECs may thus
also contribute to intestinal inflammation in Shp2 CKO mice.

In summary, we have shown that Shp2 is necessary for
homeostasis of IECs, in particular for that of absorptive
enterocytes and goblet cells, as well as for protection against
colitis. These functions of Shp?2 are likely mediated by activation of
Ras. Further investigation will be required, however, to clarify the
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During persistent infection of HCV, the HCV core protein (HCV-JFH-1 strain of genotype 2a) is recruited
to lipid droplets (LDs) for viral assembly, but the mechanism of recruitment of the HCV core protein is
uncertain. Here, we demonstrated that one of the Ras-related small GTPases, Rab18, was required for
trafficking of the core protein around LDs. The knockdown of Rab18 reduced intracellular and
extracellular viral infectivity, but not intracellular viral replication in HCV-JFH-1-infected RSc cells (an
HuH-7-derived cell line). Exogenous expression of Rab18 increased extracellular viral infectivity almost
two-fold. Furthermore, Rab18 was co-localized with the core protein in HCV-JFH-1-infected RSc cells,
and the knockdown of Rab18 blocked recruitment of the HCV-JFH-1 core protein to LDs. These results
suggest that Rab18 has an important role in viral assembly through the trafficking of the core protein

© 2014 Elsevier Inc. All rights reserved.

Introduction

Hepatitis C virus (HCV) is an enveloped positive single-
stranded RNA virus belonging to the Flaviviridae family (Choo
et al, 1989). The HCV genome encodes a large polyprotein
precursor of approximately 3000 amino acid (aa) residues, which
is cleaved co- and post-translationally into at least ten proteins in
the following order: core, envelope 1 (E1), E2, p7, nonstructural
protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B (Kato, 2001).
Persistent HCV infection in the liver causes chronic hepatitis, and
then highly progresses to liver cirrhosis and hepatocellular carci-
noma (Ohkoshi et al., 1990). Therefore, the elimination of HCV RNA
by the anti-HCV reagents such as interferon is necessary to block
the progression of liver diseases such as liver cirrhosis and
hepatocellular carcinoma. To date, the HCV-JFH-1 strain (genotype
2a) has mainly been used to study the complete life cycle of HCV
worldwide. In HCV-JFH-1-infected human hepatoma HuH-7 cells,
viral replication intermediate, double-stranded RNA, is detected
adjacent to the membranes of the endoplasmic reticulum (ER)
(Targett-Adams et al.,, 2008). In addition, the HCV replication
complex is formed on a detergent-resistant membrane (Shi et al.,
2003). These results suggest that HCV RNA replication occurs on

* Corresponding author. Fax: +81 86 235 7392.
E-mail address: nkato@md.okayama-u.ac.jp (N. Kato).

http://dx.doi.org/10.1016j.virol.2014.05.017
0042-6822/© 2014 Elsevier Inc. All rights reserved.

lipid rafts and the membranous web at the cytosolic side of the ER.
Following viral replication, the HCV core protein matures through
the translation of a large polyprotein precursor from HCV RNA and
then the processing by signal peptide peptidase. The matured
HCV-JFH-1 core protein has been shown to be trafficked to lipid
droplets (LDs) for viral assembly (Miyanari et al., 2007).

LDs are important organelles for lipid metabolism. LDs are
covered by a phospholipid monolayer, and accumulate excessive
neutral lipids such as triglycerides. A proteomics analysis revealed
that a number of host factors are associated with LDs (Brasaemle
et al., 2004). These host factors are required for acquisition, storage,
lipolysis, transport and/or release of lipids, respectively. The first of
these LD-associated factors to be identified were members of the
PAT family of proteins, including perilipin (PLIN), ADRP (adipose
differentiation-related protein; also named adipophilin or PLIN2),
and TIP47 (also named PLIN3). PLIN is expressed only in adipocytes
and steroidogenic cells, whereas ADRP and TIP47 are expressed in
various cell types. ADRP and TIP47 have similar sequences and
three-dimensional structures (Hickenbottom et al., 2004), but their
intracellular distributions in HuH-7 cells are different (Ohsaki et al.,
2006). ADRP localizes exclusively to the surface of LDs in HuH-7
cells, whereas only some of total TIP47 localizes to the LD surface in
this cell line. During viral assembly, the core protein is trafficked to
ADRP on LDs (Counihan et al., 2011). ADRP is displaced from the
surface of LDs to the cytoplasm by the core protein, and then
subjected to degradation (Boulant et al., 2008). These displacements
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of ADRP also cause the redistribution of LDs around the nucleus
(Boulant et al, 2008). These observations imply that the core
protein may increase the probability of an interaction between
the sites of viral replication at the ER and viral assembly at the LDs.
However, the precise mechanism of intracellular trafficking of the
core protein to ADRP on LDs is still uncertain.

A family of Ras-related small GTPases plays an important role in
the membrane trafficking between organelles such as the ER, Golgi,
early/late endosomes, LDs, and so on (Hutagalung and Novick, 2011).
One of the Ras-related small GTPases, Rab18, is required for membrane
trafficking between the ER and Golgi (Dejgaard et al, 2008). On the
other hand, Rab18 is an LD-associated protein, and the ectopic
expression of Rab18 induces the close apposition of LDs to ER
membranes through the reduction of ADRP (Ozeki et al., 2005). These
observations imply that Rab18 may be required for membrane
trafficking through the redistribution of LDs around the ER. Recently,
Salloum et al. reported that Rab18 bound HCV-JFH-1 NS5A and may
have promoted the interaction between sites of viral replication and
LDs in HCV-Jc1-infected Huh7.5.1 cells (Salloum et al., 2013). However,
HCV-Jc1 is an intragenotypic recombinant encoding core to NS2 from
the HCV-J6 strain (genotype 2a) in the context of HCV-JFH-1, and does
not exist in nature. In addition, although HCV-Jc1 was shown to be
more robust in the release of viral particles than HCV-JFH-1, the HCV-
]6 core protein did not associate with LDs (Shavinskaya et al., 2007).
On the other hand, the HCV-JFH-1 core protein does associate with
LDs, and LD-associated core proteins recruit HCV NS protein from the
ER to LDs (Miyanari et al., 2007). These results imply that HCV-Jc1 may
release viral particles via an intracellular organelle distinct from the
LDs. Therefore, we hypothesized that Rab18 first trafficked the
HCV-JFH-1 core protein and subsequently NS5A to LD. To prove
this hypothesis, we examined the association of the HCV-JFH-1 core
protein with LDs and the levels of viral assembly in Rab18-
knockdown cells.

Here, we show that Rab18 is required for trafficking of the HCV-
JFH-1 core protein to LDs and the subsequent assembly of HCV.
Rab18 may be involved in the maturation of viral particles through
membrane trafficking of the HCV-JFH-1 core protein from the sites
of viral replication at the ER to viral assembly at the LDs in human
hepatocytes.

Results
RSc cells show higher viral productivity than Huh?7.5 cells

To date, human hepatoma HuH-7 cells have mainly been used
to study the complete life cycle of HCV in studies worldwide. One
of the sublines of HuH-7 cells, Huh7.5, is used in many laboratories
for its high susceptibility to infection with the HCV-JFH-1 strain
(genotype 2a). On the other hand, we have previously established
several types of HCV RNA-replicating cells (genotype 1b, O strain),
such as sO cells (Kato et al., 2003, sub-genomic HCV RNA), O cells
(Ikeda et al., 2005, genome-length HCV RNA), and OR6 cells (Ikeda
et al., 2006, genome-length HCV RNA-encoding renilla luciferase)
derived from HuH-7 cells, and their “cured” cells (sOc (Kato et al.,
2003), Oc (Ikeda et al., 2005), OR6¢ (Ikeda et al., 2006), respec-
tively) by the elimination of HCV RNA (Fig. 1A). The cured cell lines
have been reported to increase the permissiveness of HCV (Blight
et al.,, 2002). We also previously reported that Oc cells showed
higher permissiveness of HCV than sOc cells (Abe et al., 2007). RSc
cells are one of our cured cell lines derive from OR6c cells, and
have mainly been used to study the complete life cycle of HCV in
our laboratory (Ariumi et al, 2007, 2008; Kato et al., 2009).
However, we have no information on viral susceptibility of our
cured cell lines to HCV-JFH-1 infection. To identify which of
our cured cell lines would be most useful for the infection with

HCV-JFH-1, we first compared the amounts of LDs by two
methods, i.e., a confocal microscope and flow cytometry. The LDs
were stained with BODIPY493/503 and observed under a confocal
microscope. In our cured cells (sOc, Oc, OR6¢, and RSc cells), the
numbers rather than the sizes of LDs have increased compared to
HuH-7 cells (Fig. 1B). In addition, the mean fluorescence intensity
of BODIPY493/503-stained cells has increased by the enhance-
ments of the numbers of LDs (Fig. 1C). These qualitative and
quantitative analyses revealed that our cured cells (sOc, Oc, OR6c,
and RSc cells) formed higher levels of LDs than HuH-7 and Huh7.5
cells (Fig. 1B and C). Interestingly, irrespective of the quantitative
difference of LDs, the levels of viral replication at 72 h after the
viral inoculation of HCV-JFH-1 were comparable between each of
our cured cell lines and Huh7.5 cells, but not between each of the
cured cell lines and HuH-7 cells (Fig. 1D). Moreover, the time-
course analysis showed that the capacities of HCV RNA replication
were almost comparable between RSc and Huh7.5 cells (Fig. 1E).
These results suggest that the levels of HCV RNA replication do not
depend on the amount of LDs. Next, to compare the levels of viral
assembly and viral productivity between RSc and Huh7.5 cells, we
examined the infectivity of the cell lysates (intracellular infectiv-
ity) and the supernatants (extracellular infectivity) derived from
both lines of HCV-JFH-1-infected cells. The intracellular and
extracellular infectivities of HCV-JFH-1-infected RSc cells were
significantly higher than those of HCV-JFH-1-infected Huh7.5 cells
(Fig. 1F). These results suggest that RSc cells possess higher viral
productivity in response to infection with HCV-JFH-1 than
Huh7.5 cells.

Rab18 is required for viral production, but not viral RNA replication

As the first step of viral assembly, the HCV-JFH-1 core protein
displaces ADRP from the surface of LDs to the cytoplasm (Boulant
et al, 2008; Counihan et al.,, 2011). In the present study, we tried to
clarify how the core protein is trafficked to LDs by using RSc
and Huh7.5 cells. It has been reported that Rab18, one of the
Ras-related small GTPase family members, induces the close apposi-
tion of LDs to ER membranes through the reduction of ADRP (Ozeki et
al, 2005). Based on these previous findings, we hypothesized that
Rab18 is required for trafficking of the HCV-JFH-1 core protein to LDs.
To prove this hypothesis, we first examined the expression levels of
Rab18 in RSc and Huh7.5 cells. The expression levels of Rab18 were
almost comparable between RSc cells and Huh7.5 cells at both the
transcript (Fig. 2A) and protein levels (Fig. 2B). Two other members of
the Ras-related small GTPases, Rab5 and Rab7, were also present at
almost the same levels in RSc and Huh7.5 cells. We next examined the
effect of the knockdown of Rab18 against HCV replication in RSc cells.
The knockdown of Rab18 (Fig. 2C) had no effect on the RNA replication
step (Fig. 2D). Rab18-knockdown Huh7.5 cells and genome-length
HCV RNA-replicating O cells (Kato et al,, 2009) also showed similar
results (Fig. 2E and F, Supplemental Fig. S1A and B). However, we
found that the knockdown of Rab18 caused a significant decrease in
viral productivity in both RSc and Huh7.5 cells (Fig. 2G). In addition,
the knockdown of ADRP (Supplemental Fig. S2A) also decreased viral
productivity rather than HCV RNA replication (Supplemental Fig. S2B).
Furthermore, we demonstrated that the overexpression of Rab18
(Fig. 2H) recovered the viral productivity (Fig. 2I) rather than viral
RNA replication (Fig. 2]). From these results, we conclude that Rab18 is
required for viral production of HCV.

Rab18 is required for viral assembly through the trafficking of the
HCV-JFH-1 core protein to LDs

To clarify whether Rab18 is required for the viral assembly step,
we first examined the localization of Rab18 and the HCV core
protein in HCV-JFH-1-infected cells. The results revealed that Rab18
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