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Abstract

Recent studies with Helicobacter-infected mice have shown that bone marrow-derived cells can
repopulate the gastric epithelium and progress to cancer. However, it has not been established
which cellular subset can potentially contribute to the epithelium. The aim of this study was to
investigate the ability of bone marrow-derived mesenchymal stem cells (MSCs) that express
cytokeratin 19 (K19) to contribute to the gastric epithelium. MSCs cultures were established from
whole bone marrow and expression of K19 was detected in a minority (1 of 13) of clones by real-
time PCR and immunostaining. Transfection of a K19-green fluorescent protein (GFP) vector and
isolation of GFP-expressing colonies generated high K19-expressing MSC clones (K19GFPMSC).
Incubation of MSCs with gastric tissue extract markedly induced mRNA expression of gastric
phenotypic markers and was observed to a greater extent in KI9GFPMSCs compared with
parental MSCs and mock transfectants. Both K19GFPMSCs and GFP-labeled control MSCs gave
rise to gastric epithelial cells after injection into the murine stomach. In addition, after blastocyst
injections, KI9GFPMSCs gave rise to GFP-positive gastric epithelial cells in all 13 pups, whereas
only 3 of 10 offspring showed GFP-positive gastric epithelial cells after injection of GFP-labeled
control MSCs. Although K19 expression could not be detected in murine whole bone marrow, H.
felis infection increased K19-expressing MSCs in the circulation. Taken together, our results show
that bone marrow-derived MSCs can contribute to the gastric epithelium. The K19-positive MSC
fraction that is induced by chronic H. felis infection appears to be the important subset in this
process.
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There is considerable evidence that bone marrow-derived cells (BMDCs) show plasticity.
Studies in gender-mismatched human bone marrow transplant recipients have provided
evidence that BMDCs contribute to the epithelium of the liver,! lung,2:3 and gastrointestinal
tract.4—8 Furthermore, bone marrow transplant experiments in mice have shown that
engraftment of BMDCs in epithelial tissues supports maintenance of the epithelium and aids
in tissue healing.2:9~13 Work from our laboratory provided the first clear evidence of the
contribution of BMDCs to the development of cancer. In mice reconstituted with labeled
bone marrow, chronic Helicobacter felis (H. felis) infection induced repopulation of the
gastric epithelium with BMDCs and progression of these cells to intraepithelial cancer.14
BMDCs have also been detected in human epithelial neoplasias such as renal cell
carcinoma,® colon adenoma,1® and lung cancer6:17 in patients who have undergone a
previous bone marrow transplant.

In the majority of bone marrow transplant studies in mice and humans, whole bone marrow
cells or the enriched hematopoietic stem cell fraction were used to reconstitute the recipients'
bone marrow. However, in most cases, the infused donor cells were heterogeneous and it
remains uncertain which cellular subset within the graft actually contributed to the epithelial
lineage.8:18 In our previous study, the mesenchymal stem cell (MSC) fraction of bone
marrow was proposed to be a possible source of engrafted BMDCs because induction of
gastric epithelial phenotype markers after treatment with gastric tissue extract was detected
in this fraction, but not in the HSC fraction.1* Nevertheless, direct evidence that MSCs
contribute to the gastric epithelium has not been established.

MSCs constitute only a small fraction of the bone marrow9:20 and originally were
characterized as colony-forming fibroblast-like cells19:21:22 that adhered to plastic in culture
and possess the ability to differentiate into osteocytes, chondrocytes, adipocytes.20:23
Studies in humans and animals have also reported the in vitro differentiation of MSCs into
endodermal, ectodermal, and mesodermal tissues, such as pneumocytes?* and hepatocytes,2>
neural cells,26 and cardiomyocytes,2’ respectively. More recently, the pluripotency of MSCs
has been shown in vivo.28—30

In addition to their potential for differentiation into both mesodermal and endodermal
lineage, some multipotent MSC subsets have been shown to express endoderm-associated
genes such as cytokeratins and Sox 17.29:31:32 Cytokeratins are a family of intermediate
filaments that are expressed in epithelial cells and appear to be critical for the maintenance
of the cytoskeleton.33 Among the various cytokeratins, keratin 19 (K19) has been reported
to be expressed in the progenitor zone of the epidermis3* and the proliferative zone of the
gastrointestinal tract,3>=38 and is thought to be an early marker of epithelial cell lineage.3°
Transgenic studies in mice have shown that K19 is expressed in the neck/isthmus region of
the gastric glandular unit, the area where epithelial progenitors and committed precursor
cells are believed to reside.3> Importantly, BMDCs have been shown to consistently express
K19 upon recruitment and engraftment in the stomachs of H. felis-infected mice.14

In this study, we assessed the ability of bone marrow-derived MSCs to differentiate toward a
gastric epithelial cell lineage. We addressed the hypothesis that K19 expression could be
used to identify a subset of MSCs that possess the ability to contribute to gastric epithelial
cells. Our results suggest that K19-expressing MSCs are absent from the normal bone
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marrow but are induced by culture conditions in vitro, and in response to H. felis infection in
vivo. Thus, K19-expressing MSCs possess plasticity along a gastric epithelial lineage and
may potentially have a role in healing and repair of the gastric epithelium.

Materials and Methods

Mice

All mice studies and breeding were carried out under the approval of IACUC of Columbia
University. Ninety-eight mice were used in this study; 75 of them, including C57BL/6 wild
type (WT) mice (8-10 weeks old) and chicken S-actin-enhanced green fluorescent protein
(EGFP) transgenic mice (8-10 weeks old), were purchased from Jackson Laboratories (Bar
Harbor, ME, USA). Twenty-three study mice were chimeric mice derived from blastocyst
injection (Supplementary Table 1).

Isolation and Culture of MSCs

Bone marrow cells were collected by flushing femurs and tibias with Hank's balanced salt
solution (HBSS) and plated at a density of 106 cells/cm? in murine mesenchymal medium
with murine mesenchymal supplements (MesenCult, Stem Cell Technologies, Vancouver,
BC, Canada). MSC cultures were derived from five WT mice and five chicken g-actin

EGFP transgenic mice, and maintained individually. Non-adherent cells were removed after
24 h, and culture media were replaced every 5 days. The cells became confluent within 2-3
weeks at 37°C in humid air containing 5% CO,. Adherent cells were detached by 0.25%
trypsin and 0.02% ethylene diaminetetraacetic acid (EDTA) at 37°C for 2 min and
subsequently passaged in the ratio of 1:3 to achieve the required number. The cells of fifth to
tenth passage were used for the following protocols.

Colony-Forming Units: Fibroblast Assay

MSCs were plated at a density of 5 x 10° cells per cm? and maintained as described above.
At day 14, the medium was removed from the wells, washed twice with phosphate-buffered
saline (PBS) and fixed/stained with 3% Crystal violet in 100% methanol for 10 min at room
temperature. Cells were washed with PBS and colonies were then counted.

Differentiation Assays

To induce adipocyte differentiation, the subconfluent cells were cultured with MesenCult
Stem Cell Medium containing 5.0 4g/ml insulin, 50 «M indomethacin, 1 xM dexamethasone
and 0.5 uM 3-1sobutyl-1-methylxanthine. After 14 days, these cells were fixed with 4%
paraformaldehyde for 15 min, and stained with Qil Red-O.

To induce osteocyte differentiation, the subconfluent cells were cultured with MesenCult
Stem Cell Medium containing 1 nM dexamethasone, 20 mM f-glycerolphosphate, 50 uM -
ascorbic acid 2-phosphate sesquimagnesium salt, and 50 ng/ml .-thyroxine sodium
pentahydrate. After 14 days, these cells were fixed with 4% paraformaldehyde for 15 min,
and characterization was performed by Alizarin Red staining, which detects calcium
deposition.

Induction of Expression of Gastric Phenotype Markers In Vitro

A total of five stomachs from WT mice (three male and two female mice), aged 8-12 weeks,
were used for gastric tissue extract. For each experiment, gastric tissue extract from one
stomach was used. The paste from one stomach, made by mortar and pestle, was mixed with
10 ml of MesenCult Stem Cell Medium and incubated at 4°C for 24 h. The mixture was
centrifuged at 6000 r.p.m. for 20 min, and the supernatant was obtained and filtered using a
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0.2 um membrane filter. MSCs were cultured with medium containing gastric extract for 5
days at 37 °C in humid air containing 5% CO». Phenotype markers were detected by real
time-PCR (RT-PCR); all primer sequences can be found in Supplementary Table 2.

Establishment of K19GFP Vector and Stable Transfection

cDNAs encoding the mouse K19 promoter sequence and EGFP gene were cloned by PCR
from K19-8 Gal vector (Brembeck FH 2001) and pEGFP N1 vector (Clontech, Mountain
View, CA, USA), respectively. They were subcloned into a pcDNA3.1 plasmid (Invitrogen)
in which a neomycin selectable marker was encoded. After sequencing, the DNA plasmids
were transfected into MSCs with lipofectamine 2000 (Invitrogen) according to a standard
protocol (Lipofectamine 10 ul per vector DNA 4 ug). Then cells were cultured with
MesenCult Stem Cell Medium containing 150 mg/ml of G418. Colonies were chosen 7 days
after transfection and then cultured. GFP* clones were selected under fluorescence
microscopy and the expression of GFP was confirmed by flow cytometry. We used the
subclones within five passages after establishment for all experiments and confirmed the
expression of GFP and K19 in every passage by flow cytometry and RT-PCR, respectively.

Gastric Wall (‘Submucosal’) Injection of MSCs

Subconfluent MSCs were removed from the culture plates by treatment with 0.25% trypsin/
EDTA solution and the cells were then treated with MesenCult Stem Cell Medium to stop
the reaction. The cells were washed once with PBS and a cell suspension (10 000 000 cells
per 1 ml PBS) was prepared. Four-week-old WT mice were anesthetized with inhalation of
isoflurane, the center of the upper abdomen was opened by a 1 cm incision, and the stomach
was lifted outside the abdomen. About 10 ul of the cell suspension was injected into each of
several points of gastric wall by using a fine glass needle. The abdominal wall was closed by
a 5-0 polypropylene surgical suture. Gastric tissue sections were prepared from mice at 2
weeks after injection to detect GFP-positive cells.

Blastocyst Injection of MSCs

Blastocyst injections were performed in the Transgenic Core Facility of Columbia
University Medical School. Three and half day-old blastocysts were extracted from the uteri
of WT pregnant females, injected with 10-15 GFP-labeled MSCs and implanted in uteri of
Swiss Webster pseudopregnant females. Pups were euthanized at 8 weeks of age and
histological or PCR analyses were conducted on stomachs and other organs to detect GFP-
labeled cells.

Bone Marrow Transplantation and H. Felis Infection

Bone marrow transplantation and H. felis infection were carried out as previously described.
17 Briefly, 35 WT female recipient mice received lethal irradiation (950 cGy) from a Cs137
source and after 3 hours, donor whole bone marrow cells (5 million cells in 200 ul) were
infused via the tail vein. Whole bone marrow cells were prepared from chicken g-actin
EGFP transgenic donor mice, as described above. Five of the recipients did not receive
donor bone marrow cell infusion and served as additional controls. Fifteen of the study mice
(aged 3 months) received inoculation of H. felis by oral gavage, whereas the other 15
recipients remained uninfected. H. felis (ATCC 49179) was used for oral inoculation as
described previously.14 The organism was grown for 48 h at 37°C under microaerobic
conditions on 5% lysed horse blood agar. Bacteria were harvested and inoculated (at a titer
of 1019 organisms per ml) into brain heart infusion broth with 30% glycerol added. The
bacterial suspension was frozen at —70°C. Before use, aliquots were thawed, analyzed for
motility, and cultured for evidence of aerobic or anaerobic bacterial contamination. The
inocula (0.5 ml) were delivered by gastric intubation into each test mouse three times at 2-
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day intervals using a sterile oral catheter.>® After 1 year of infection, mice were euthanized
and both bone marrow and peripheral blood were extracted and used for MSC culture and
MRNA detection.

Results

Establishment of Bone Marrow-Derived MSC Cultures and Induction of Gastric Phenotype
Markers Following Treatment with Gastric Tissue Extract

We established MSC cultures from whole bone marrow of mice based on their ability to
adhere to plastic tissue culture dishes, as previously described.1%=23 Non-adherent cells were
removed, and the primary cultured MSCs became confluent within 2—3 weeks. They grew
exponentially for more than 15 passages without signs of senescence or differentiation. After
five passages, the pooled MSCs displayed the abilities of colony formation (Figure 1a) and
differentiation into both adipocyte and osteocyte lineages under previously defined
conditions (Figure 1b). Flow cytometric analysis of these primary MSC cultures revealed
that the majority of the cells expressed Scal (94.4%), but not CD45, c-kit, or FIk1 (Figure
1c).

As recent reports have suggested that a subpopulation of cultured MSCs exhibit
multipotency in association with expression of embryonic stem cell markers,2%:30 we
examined the expression of Nanog and Oct-3/4. Low levels of Nanog, but not Oct 3/4,
expression were detected in our cultured MSCs (Supplementary Figure S1). Following
treatment with gastric tissue extracts (see Materials and Methods), the cultured MSCs
altered their morphology from spindle-like fibroblastic to oblong or irregular appearance
under phase contrast microscopy (Figure 1d). In addition, treatment of MSCs with gastric
extract resulted in increased expression of gastric epithelial phenotypic markers, such as
K19, TFF2, MUC5AC, MUCS6, H/K-ATPase, and chromogranin A (Figure 1e). These
markers represent distinct epithelial cell lineages in the gastric glands (Supplementary
Figure S2), suggesting that MSCs may be able to differentiate into any or all lineages. There
was no difference in the induction of gastric phenotypic markers using gastric tissue extract
prepared from male or female mice (data not shown).

Identification and Isolation of Specific MSC Clones that Express Cytokeratin 19

We found that K19 was expressed at a low level in most cultured MSCs although a small
number of MSCs from select colonies retained high expression, as confirmed by
immunocytochemical staining (Figure 2a). Individual MSC colonies were isolated from
primary cultures, expanded, and then tested for K19 expression by RT-PCR. High levels of
K19 mRNA expression could be detected in approximately one out of 13 subclones derived
from a single mouse (Figure 2b). This implied that although K19 expression was present and
detectable in a small subset of MSCs, K19 cells could clonally expand and be enriched for
K19 expression. Most of these subclones, including the clone with the highest K19
expression, retained the ability to differentiate into osteoblast and adipocyte lineages under
appropriate culture conditions (Figure 2c).

To isolate the small number of MSC clones that express K19, primary cultured MSCs were
transfected with a K19-EGFP expression vector and stable clones were selected following
G418 treatment. Fluorescence microscopy revealed that 3 of 11 isolated clones from the
same parent MSCs were positive for GFP expression (Figure 3a) and these clones
(K19GFPMSC) were designated K19GFPMSC no. 3, no. 4, and no. 5. Flow cytometry
revealed that the percentage of GFP-positive cells was 10.0, 96.2, and 78.6% for
K19GFPMSC no. 3, no. 4, and no. 5, respectively (Figure 3b). Real-time PCR analysis
revealed 40- and 35-fold increases in K19 mRNA expression in KI9GFPMSC no. 4 and no.
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5, respectively, compared with the parent MSCs (Figure 3c). The average K19 mRNA
expression of KI9GFPMSC no. 3 was increased approximately 42-fold (Figure 3c) when
compared with the parental MSCs, and the average K19 expression in clone no. 3 did not
show a statistical difference from the other two clones despite the lower percentage of GFP*
cells. K19 mRNA expression in KI9GFPMSC no. 3 was primarily due to the high level of
K19 expression in the GFP™ fraction, with the GFP* cells having a 66-fold increase in
expression compared with 16-fold for the GFP™ cells (Figure 4d). Expression of K19 protein
in the three stable MSC clones was confirmed by immunofluorescent staining (Figure 3d).
Flow cytometric analysis revealed that expression of a variety of cell surface markers
(including Sca-1, CD45, c-kit, FIk1, and F4/80) in the K19GFPMSC clones were roughly
similar to that in the parent MSCs (Figure 3b, see also Figure 1c). Although all three
K19GFPMSC clones did not express Oct3/4 (Supplementary Figure S1), they did express
Nanog and retained the ability to differentiate into adipocyte and osteocyte lineages in
culture (Figure 3e).

Treatment with Gastric Tissue Extract Upregulates Expression of Gastric Phenotypic
Markers in K19-positive MSCs

Similar to what had been observed in the parental MSCs, after 5 days of treatment with
gastric tissue extract, KI9GFPMSCs altered their morphology from spindle-like to oblong
or irregular shape (Figure 4a). In addition, the KI9GFPMSC clones had significant increases
in MRNA expression of gastric phenotypic markers, with up to 60-, 300-, and 170-fold
increases in KI9GFPMSC clones no. 3, no. 4, and no. 5, respectively. In contrast, less than
10-fold increases were observed in the parental MSCs and mock transfectants (Figure 4b).
Although the induced gastric phenotype mRNA expression in K1I9GFPMSCs treated with
gastric tissue extract was much lower than that seen in gastric tissues, this observation was
reproducible in at least three separate experiments (Supplementary Figure S3). In contrast,
stimulation of MSCs with colonic or pancreatic tissue extract did not induce expression of
gastric phenotype markers, although the treatments modestly increased expression of genes
associated with their respective tissues (Supplementary Figure S4c).

Progenitor-like Characteristics of KI9GFP* MSCs

After twenty-eight days of culture, sorted GFP* cells from K19GFPMSC no. 3 gave rise to
both GFP* and GFP~ cells, whereas GFP~ cells never gave rise to GFP* cells under the
same conditions (Figure 4c). BrdU assays showed that GFP™ cells exhibit higher
proliferation rates than GFP~™ MSCs (eight samples each, unpaired Student's t-test P =
0.0029) (Figure 4f). RT-PCR revealed a higher basal level of K19 mRNA expression in
GFP* MSCs compared with GFP~ MSCs (Figure 4d). Following treatment with gastric
tissue extract, the K19-expressing GFP* fraction showed greater upregulation of gastric
phenotypic markers, such as TFF2 and H/K-ATPase, compared with the GFP™ fraction
(Figure 4e). Single cell sorting (Figure 4g) revealed that K19GFP no. 3 cells could divide
and generate colonies (Figure 4h). Fourteen days after plating, there were 5.3 + 2.5 and 13.6
+ 3.5 colonies (P = 0.029) from GFP™ and GFP™ cell fractions, respectively (n = 3). After
treatment with gastric tissue extract, the overall pattern of gastric phenotype marker
expression was similar between colonies from the single-sorted and pooled GFP* and GFP~
MSCs (Figure 4i). Accordingly, the difference between GFP* and GFP~ MSCs remained
significant in the analysis of colonies from single sorted clones. In addition, isolation of
single colonies from GFP* MSCs treated with gastric extract exhibited the same pattern of
gene expression when re-incubated with gastric extract (data not shown). Taken together,
these data show that 10% of K19GFPMSC no. 3 were GFP* and expressed the highest K19
levels and had a greater potential to upregulate certain gastric phenotypic markers without
specifying a particular differentiated gastric epithelial lineage. The results suggest that the
MSCs with higher K19 expression may represent a progenitor cell fraction.
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In Vivo Differentiation of K19-positive MSCs into Gastric Epithelial Cells

To test the differentiation ability of MSCs in adult animals, two hundred thousand (200 000)
cells from either KI9GFPMSC no. 4 or control MSCs obtained from the bone marrow of
chicken g-actin EGFP transgenic mice (GFPMSC), were injected directly into the stomach
wall of WT-mice (Supplementary Figure S5, see also Figure 1c). Twenty-four hours after
injection of control GFPMSC cells, GFP* cells were distributed in the mucosa, submucosa,
and subserosa of the stomach (Supplementary Figure S6). A similar pattern was observed
for the KI9GFPMSC cells. Two weeks after injection of KI9GFPMSC no. 4, GFP* cells
could be detected scattered throughout the gastric epithelium, with many showing
expression of the epithelial-specific marker, E-cadherin (Figure 5a). Stomach sections from
mice injected 2 weeks earlier with the control GFPMSCs had fewer total GFP cells, but
some were also positive for E-cadherin in the gastric epithelium (Figure 5b).

In females receiving an injection of male MSCs, we performed Y chromosome FISH to
detect any MSC-derived cells that did not express GFP due to silenced chicken g-actin/k19
promoter activity. However, we found a similar number of Y chromosome-positive cells
scattered throughout the epithelium, suggesting that this procedure offered little advantage
over GFP detection (data not shown). We also injected K19GFPMSC no. 4 and GFPMSC
into gastric walls of WT mice with long-term (12 months) H. felis infection to investigate
whether a chronic inflammatory environment wound enhances the engraftment of MSC.
However, there was no significant increase in the number of engrafted GFP-positive cells in
the gastric epithelium (data not shown).

To test the differentiation ability of these cells under embryonic conditions, we performed
blastocyst injections of GFP-labeled MSCs. Following blastocyst injection of control
GFPMSCs, the GFP DNA sequence was detected by PCR in tail DNA from 6 of 10
chimeric offspring (Supplementary Figure S7A), and analysis of gastric sections from 8-
week-old mice showed GFP* cells in the gastric epithelium in 3 of 10 animals
(Supplementary Figure S7B). Some of the GFP* gastric cells also stained E-cadherin
positive (Figure 5¢). In comparison, GFP™ cells could be detected in the gastric epithelium
of all 13 pups derived from blastocyst injections of KI9GFPMSC no. 4, (Supplementary
Figure S7C and S7D) with many GFP* E-cadherin™ cells distributed throughout the gastric
epithelium (Figure 5d). We confirmed the localization of GFP inside and E-cadherin on the
membrane of the same cells under confocal microscopy (Supplementary Figure S8). Anti-
GFP immunohistochemistry further confirmed engraftment of injected MSCs into the gastric
mucosa (Figure 5e). To track the differentiation of these engrafted MSCs, we performed
immunohistochemistry for H/K-ATPase, intrinsic factor, chromogranin A, MUC5AC and
MUCS, although we did not find any GFP* cells coexpressing these markers in any of the
sections (Figure 5f). The GFP detection rate, based on the number of animals positive for
GFP expression and the number of GFP™* cells per high-power field (HPF) (average of 10
HPFs), from both the gastric wall injection study and the blastocyst injection study, are
summarized in Figure 5g. Overall, it appeared that K1I9GFPMSCs had an engraftment rate
equal to or greater than that of pooled GFPMSCs. We performed flow-cytometric analysis
of bone marrow from chimera mice derived from blastocyst injections, and found a very
small number of GFP* cells in only a few mice. Gastric epithelial engraftment was seen in
mice both with and without bone marrow engraftment, indicating that blastocyst-injected
MSC's were capable of primarily engrafting into the foregut endoderm, rather than
engrafting into the adult gastric epithelium following initial engraftment in the bone marrow.
GFP* cells were also detected in stromal areas of the epidermis of these mice
(Supplementary Figure S9), indicating that KI9GFPMSCs retain the capacity to contribute
to stromal lineages.
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K19-positive MSCs in Peripheral Blood of Mice with Chronic H. felis Infection

We did not detect expression of K19 mRNA by RT-PCR in fresh bone marrow cells from
mice, regardless of whether they had chronic H. felis infection (not shown). However, K19
MRNA expression was detected in the mononuclear cell fraction of peripheral blood of mice
and was highly upregulated by chronic H. felis infection (Figure 6a). Because there are
currently no consensus markers to directly isolate MSCs from peripheral blood, the
mononuclear cell fraction of peripheral blood from mice with H. felis infection was seeded
onto plastic plates with MSC culture medium. Spindle-like fibroblastic cells proliferated
exponentially whereas many round-shaped cells did not grow and were lost from the culture
after passage (Figure 6b). We designated the spindle-like fibroblastic cells as peripheral
blood-derived MSCs (PBMSCs) because they showed adipocyte and osteoblast
differentiation under appropriate culture conditions (Figure 6c). PBMSCs were established
from 5 of 13 mice (38.5%) that were chronically H. felis-infected and from only 1 of 14
(7.1%) age-matched uninfected control mice. Most of the PBMSCs were GFP* when they
were established from mice that received bone marrow transplants from chicken g-actin
EGFP donor mice (Figure 6d), suggesting the bone marrow origin of these PBMSCs. In
addition, PBMSCs had increased expression of the gastric epithelial phenotypic markers,
TFF2 and H/K-ATPase, after treatment with gastric tissue extract in vitro (Figure 6e),
showing a similarity in phenotype with bone marrow-derived cultured MSCs. However,
there was no significant difference in the expression of K19 or other markers that were
tested.

Discussion

A number of studies have shown that mesenchymal stem cells possess unexpected plasticity
and are able to differentiate across germ layer boundaries to give rise to epithelial tissues.28~
30 previous reports by our group suggested MSCs as a possible candidate for the bone
marrow-derived progenitor cells that give rise to cytokeratin-positive metaplastic cells in the
gastric epithelium during chronic H. felis infection.1” In vitro studies indicated that MSCs,
but not HSCs, could acquire an epithelial morphology and upregulate the expression of
epithelial markers such as cytokeratin 19, when exposed to gastric extract.1” In this study,
we show that the K19-expressing MSC subclones possess all of the gastric differentiating
abilities of MSCs, and can give rise to gastric epithelial cells when injected into the adult
mouse stomach or early blastocysts. Finally, K19-expressing MSCs give rise to K19~
MSCs, and are mobilized into the circulation by chronic H. felis infection.

Bone marrow-derived MSCs have been isolated and characterized in the past based on their
fibroblast-like morphology, ability to proliferate in vitro, and potential to differentiate into
multiple lineages.*%=4°> Nevertheless, no clear consensus regarding the expression of specific
cell surface markers has emerged.40—42:46 To isolate MSCs in our studies, we cultured
whole bone marrow on plastic tissue culture plates with medium containing 10% serum and
passaged the adherent cells more than five times to eliminate contamination by
hematopoietic and endothelial fractions. We showed that our MSCs were CD457, FIk1™,
F4/80~ by flow cytometry. We confirmed their MSC phenotype by their ability to form
colonies in soft agar and differentiation to osteocytes and adipocytes. However, even
cultured and enriched MSCs remained morphologically heterogeneous,*® and colonies
derived from them were diverse in both appearance and differentiation potential.40:46-48

Cytokeratin 19 is a marker of early epithelial progenitors,3? particularly in the stomach3>—38
and we noted upregulation of K19 when pooled MSCs were exposed to gastric tissue
extract. We investigated K19 expression in individual MSC subclones and found that only a
minority of individual clones spontaneously expressed K19 under basal culture conditions.
Using a K19-GFP transfection approach, we selected K19-expressing clones and showed

Lab Invest. Author manuscript; available in PMC 2010 December 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Okumura et al.

Page 9

that they were generally equivalent to the parental MSCs in terms of their capacity to
differentiate into gastric epithelial cells when injected into adult mouse stomachs or early
blastocysts. In addition, K19-GFP* cells gave rise to GFP™ cells that possessed limited
potential of in vitro differentiation. This indicated that the K19* cells are the more primitive
fraction in the cell line.

Although the K19-GFPMSCs appeared to possess some degree of longevity and self-
renewal ability, in vivo studies with these passaged cells raise some question as to whether
these cells are progenitors rather than true stem cells. In all of the stomach sections in which
GFP positivity was detected, positive cells presented as single cells scattering throughout the
gastric epithelium. Neither GFP* clonal glands nor GFP* clusters were detected. This is
consistent with previous reports that bone marrow-derived cells are detected as single
differentiated epithelial cells in the uninjured gastrointestinal tract.8:10:30 |n addition, none
of the single, scattered GFP™* cells showed expression of H/K-ATPase, indicating limited
ability to differentiate into parietal cells, the most abundant type of differentiated cells in the
gastric epithelium. These GFP* gastric epithelial cells also did not express other markers of
differentiated gastric epithelial cells, such as intrinsic factor, chromogranin A, MUC5AC or
MUCES. A possible explanation for the lack of clonal glands is that MSCs do not engraft into
the stem cell niche under normal conditions. However, it is also likely that our MSCs
gradually lost their stemness or multipotentiality during culture. Our in vitro studies indicate
that even after exposure to gastric extract, they induce expression of multiple gastric genes
rather than a single, lineage-defining gene, consistent with a progenitor phenotype.
Multipotent mesenchymal stem cells have been reported to exist in the bone marrow,
29,30,32,49,50 and these cells show expression of ES cell marker genes, such as Oct3/4 and
Nanog.29:30 In this study, both the parental MSC cultures and the K19* MSC clones
expressed Nanog, but were negative for Oct3/4 and SSEA-1. This suggests that they are not
identical with the previously reported multipotent mesenchymal progenitor cells. Finally, it
is possible that the injected MSCs undergo cell fusion in vivo, and this could explain the
finding of single-scattered GFP™ cells in the stomach.>!

Although K19 mRNA expression was not detectable in the freshly isolated bone marrow
mononuclear cell fraction, it was detected in the peripheral blood of mice with chronic H.
felis infection. Studies examining K19 expression in both cultured bone marrow- and
peripheral circulation-derived MSCs suggest that removal of MSCs from their normal bone
marrow niche may in part trigger the upregulation of K19 and the epithelial progenitor
program. Furthermore, we were able to grow more MSC cultures from peripheral blood of
H. felis-infected mice than that from uninfected control mice. Donor-derived MSCs were
identified in the peripheral blood of mice having undergone both bone marrow
transplantation and chronic infection with H. felis. The presence of MSCs in the peripheral
blood,>2~54 and mobilization of these bone marrow-derived cells into the peripheral
circulation under chronic inflammatory states or injury has previously been described.55:%6
Given that no definitive cell surface markers are currently available to distinguish MSCs
from non-MSC cells in mice, we could not completely exclude the possibility that the
detected K19-expressing transcripts in peripheral blood are due to phagocytosed cell
fragments liberated from the injured gastric epithelium. Nevertheless, taken together, our
results suggest that the expression of K19 is induced in bone marrow-derived MSCs after
they are recruited into the circulation in response to chronic H. felis infection.

Our in vitro study with gastric tissue extracts suggests that K19 expression is induced in
MSCs when they are recruited into the gastric tissue environment. However, our finding of
K19-expressing MSCs in the peripheral circulation also suggests the possibility that MSCs
express K19 upon release from the bone marrow niche and/or after exposure to factors in the
blood. These cells may represent epithelial progenitor cells uncommitted to a specific
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epithelial lineage, possibly induced by systemic factors released from inflamed gastric
mucosa, whereas exposure to the gastric environment reinforces K19 expression and
represents cells committed to the gastric epithelial lineage. ldentification of MSC-specific
markers would be necessary to isolate these cells from peripheral blood and determine more
precisely their in vivo biology.

We treated cultured MSCs with whole gastric tissue extract based on earlier studies.14 There
are several possible morphogenetic signals that have been reported to participate in the
morphogenesis of gastrointestinal tract, including extracellular matrix interactions,®’ sonic
hedgehog,>8 transforming growth factor (TGF) £:°° fibroblast growth factors (FGFs),%0
epimorphin,1 hepatocyte growth factor (HGF),%2 and bone morphogenetic proteins.®3
Despite this work, no definitive combination of factors has been shown to successfully
induce gastric differentiation in MSCs in vitro. Further investigation of specific components
in the gastric extracts used in this study may provide important insights regarding gastric
differentiation.

In this study, we found that chicken S-actin eGFP MSCs (hemizygous, C57BL/6-Tg
(ACTB-EGFP) 10sb/J, JAX Stock number: 003291) expressed weak, primarily nuclear GFP
when engrafted as epithelial cells, whereas the GFP in the epithelial cells derived from
K19GFPMSC was quite robust. Chicken g-actin eGFP was previously reported to be poorly
expressed in the gastrointestinal tract,54:85 and can traffic back into the nucleus following
expression in the cytosol.56 Nevertheless, epithelial expression of GFP was supported by the
observation that GFP and E-cadherin were co-localized under confocal microscopy
(Supplementary Figure S7C-S7E).

In conclusion, we report that bone marrow-derived MSCs can contribute to the gastric
epithelium in vivo, and that the K19* MSC subset is most likely responsible for this process.
We also report K19* MSC mobilize to the peripheral blood in the setting of chronic H. felis
infection. Although further studies are necessary to determine whether these MSCs can
contribute to carcinogenesis, our data provides support for an MSC subset that could
potentially contribute to gastric epithelial regeneration and repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Establishment of bone marrow-derived MSC culture and induced expression of gastric
phenotype markers after treatment with gastric tissue extract. (a) Colony formation of
MSCs. 500 000 or 1 000 000 cells of MSC at passage 5-10 were seeded onto 6-well tissue
culture plate and colonies were visualized with crystal violet staining 14 days after plating.
(b) Adipocyte and osteocyte differentiation of MSCs. All established MSC cultures were
incubated with adipocyte or osteocyte differentiation medium for 14 days and cells were
stained with Oil red-O and Alizarin Red, respectively. (c) Expression of cell surface markers
(Scal, c-kit, CD45, Flk1, and F4/80) was analyzed by flow cytometry. Quadrant markers
were set according to the profile of corresponding control 1gG staining. Representative
examples of three experiments. (d) Morphology of MSCs 5 days after treatment with gastric
tissue extract. (e) Expression of gastric epithelial phenotype markers in MSCs after
treatment with gastric tissue extract. MSCs were incubated with gastric tissue extract (GL)
for 5 days and the mRNA expression of K19, TFF2, Muc5as, Muc6, H/K-ATPase, intrinsic
factor (IF), and chromogranin A (CGA) were detected by real-time PCR. Fold increase in
mRNA expression (light grey bar) was shown as compared with control cells, which were
incubated with culture medium without gastric tissue extract (dark grey bar) was calculated
(n=3).
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Figure 2.

Identification of specific MSC clones that express the epithelial cytokeratin, K19. (a) K19
expression was detected in MSC culture by immunofluorescence with a Texas Red-
conjugated anti-K19 antibody. Nuclei were stained with DAPI. Original magnification, x
400. (b) Expression level of K19 mRNA in each MSC clone was quantified by real-time
PCR. Fold increase in each clone is shown, as compared to the average expression level of
all clones. (n = 3 in each clone). (c) Alizarin Red and Oil red-O staining was performed to
detect osteoblast and adipocyte differentiation, respectively, in 15 (no. 1 to no. 15)
individual MSC clones isolated from the bone marrow of a single mouse, 14 days after
treatment with appropriate differentiation medium.

Lab Invest. Author manuscript; available in PMC 2010 December 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Okumura et al.

Page 16

CD45 cKit Flk1 F4/80
N A

k19GFP No3

k19GFP No4d

k19GFP No5

GFP
c d =
80 K19
S 50 GFP k19GFP No3 k19GFP No4 k19GFP No5
] No3 5 ; -, R PERh
v 8 a0 %g .
[ =
[ H -
£y % K19 5 & -
£ < 20 GFP "5 ¢
%I 10 Nod & P 2 g0y 3
w E 2s - dor = ﬁﬁ
0 L | §§ PO, Vo i
MSC kis- k19 GFP kis GFP ki3 GFP K19 [ i h T
parent mock No3 Nod No5 GFP Bﬁ A ' SR~ 3 o
cell No§ = g g oS
Figure 3.

Establishment of GFP-labeled MSC clones, that express K19. (a) GFP expression in MSC
clones established by transfection with a K19-EGFP gene construct. After selection with
G418 treatment, 3 of 11 isolated clones expressed GFP and were designated as K19GFP no.
3, no. 4, and no. 5. (b) Expression of GFP and cell surface markers (Scal, c-kit, CD45, FIk1,
and F4/80) in GFP-positive clones was analyzed by flow cytometry. Cells were stained with
PE-conjugated antibodies, and both antibody staining and endogenous GFP expression was
detected. Quadrant markers were set according to the profile of control 1gG staining in GFP-
negative parent cells. Representative examples of three experiments are shown. (c) Fold
increase in K19 mRNA expression level in mock transfectant, KI9GFP no. 3, no. 4, and no.
5 is shown, as compared with that of parent cells by RT-PCR (n = 3). (d) K19 protein
expression in GFP-positive clones was assessed by immunofluorescence staining with a
Texas Red conjugated anti-K19 antibody. Nuclei were stained with DAPI. Original
magnification, x 100. (e) Osteocyte and adipocyte differentiation 14 days after incubation
with appropriate culture condition in K19GFP no. 3, no. 4, and no. 5 were detected by
Alizarin Red and Oil red-O staining, respectively. Original magnification, x 40.
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Figure 4.

Induced expression of gastric phenotype markers in K19-positive MSC clones after
treatment with gastric tissue extract. (a) K19GFP MSC clone no. 3, no. 4, and no. 5 were
incubated with gastric tissue extract (GL) for 5 days. The morphology of K19GFP MSC
clones no. 3, no. 4, and no. 5 after treatment is shown. Original magnification, x 100. (b)
Expression of gastric epithelial phenotype markers, such as k19, TFF2, Muc5ac, Muc6, H/
K-ATPase, IF, and CGA in K19GFP MSC clones after treatment with GL assessed by real-
time PCR. Average data of three separate experiments is shown. (c) Sorted GFP* and GFP~
cells of K1I9GFPMSCNo3 were cultured separately, and the expression of GFP was assessed
after 1, 7, and 28 days of culture. GFP~ cells could not generate GFP* cells. Original
magnification, x 100. (d) Fold increase in K19 mRNA expression level in pooled K19GFP
No3, sorted GFP* and GFP~ fraction were compared with that of parent cells by real-time
PCR. (n = 3). (e) The expression of gastric epithelial phenotypic markers, such as K19,
TFF2, Mucbac, Muc6, H/K-ATPase, IF, and CGA in the sorted GFP* and GFP™ cells after
treatment with GL were assessed by real-time PCR. (f) BrdU assay using K19GFP MSC
clone no. 3 revealed a higher proliferation ability of GFP* MSCs over GFP~ MSCs (eight
samples each, unpaired Student's t-test P = 0.0029). (g) GFP* and GFP~ cells were isolated
by fluorescent cell sorting from K19GFP no. 3. (h) Colony-forming ability of single-sorted
GFP* and GFP~ cells isolated from K19GFP MSC clone no. 3. GFP™ cells could give rise to
both GFP* and GFP~ cells, whereas GFP~ cells could not generate GFP* cells. Original
magnification, x 100. (i) The expression of gastric epithelial phenotypic markers, such as
K19, TFF2, Mucbac, Muc6, H/K-ATPase, IF, and CGA in the colonies derived from single-
sorted GFP* and GFP™ cells after treatment with GL were assessed by RT-PCR.
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g Gastric Wall Injection Blastocyst Injection
GFP MSC K19 MSC GFP MSC K19 MSC
GFP detection (pups) 10/10 10/10 3/10 13/13
Ave. GFP(+) cells/ HPF | 10.2 +/-2.7 | 35.0+/-6.3 | 5.0+/-14 | 8.3+/-0.9
Figure 5.

Contribution of K19-positive MSCs to the gastric epithelium in vivo. (a) GFPMSCs (200
000 cells in 10 I of PBS) were injected into the gastric wall of C57BL/6 mice and gastric
tissue sections were prepared 2 weeks after injection. Sections were stained with an anti-E-
cadherin antibody and Texas Red-conjugated secondary antibody. Nuclei were stained with
DAPI. Original magnification, x 400. (b) K19GFP MSC no. 4 (200 000 cells in 10 xl of
PBS) were injected into the gastric wall of C57BL/6 mice and gastric tissue sections were
prepared 2 weeks after injection. Sections were stained with an anti-E-cadherin antibody and
Texas Red-conjugated secondary antibody. Original magnification, x 400. (c) GFPMSCs
were injected into 3.5 day-old mouse blastocysts to establish chimeric mice and gastric
tissue sections were prepared at 8 weeks of age. Sections were stained with an anti-E-
cadherin antibody in combination with Texas Red-conjugated secondary antibody. Nuclei
were stained with DAPI. Original magnification, x 400. (d) K19GFP MSC no. 4 was
injected into 3.5 day-old mouse blastocysts to establish chimeric mice and gastric tissue
sections were prepared at 8 weeks of age. Sections were stained with an anti-E-cadherin
antibody and Texas Red-conjugated secondary antibody. Nuclei were stained with DAPI.
Original magnification, x 400. (e) Immunohistochemistry with an anti-GFP antibody.
Representative stomach section of a mouse derived from blastocyst injection of GFPMSC is
shown. Original magnification, x 300. (f) Immunofluorescence of H/K-ATPase and GFP-
positive cells. Sections were stained with an anti H/K-ATPase antibody and Texas Red-
conjugated secondary antibody. Nuclei were stained with DAPI. A representative stomach
section of a mouse derived from blastocyst injection of GFPMSC is shown. Original
magnification, x 200. (g) GFP™* cell detection rate and GFP™ cells per high-power field
(HPF) in both gastric wall injection and blastocyst injection studies.
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Figure 6.

K19-positive MSCs in the peripheral blood of mice with chronic H. felis infection. (a)
Expression of K19 mRNA in freshly isolated mononuclear cell fraction in bone marrow
(BM) or peripheral blood (PB) of mice with or without H. felis-associated chronic gastritis.
(b) Attached cell fraction 14 days after seeding of peripheral blood from mice with chronic
H. felis infection. (c) Adipocyte and osteocyte differentiation of MSC clones established
from peripheral blood. PBMSCs were incubated with adipocyte or osteocyte differentiation
medium for 14 days and cells were stained with Qil red-O or Alizarin Red, respectively. (d)
GFP-positive cells in MSC culture established from peripheral blood of C57/BL6 mice that
received bone marrow transplantation from chicken g-actin EGFP donor mice and
subsequent chronic H. felis infection. (e) Expression of gastric epithelial phenotype markers
in peripheral blood-derived MSC clones after treatment with gastric tissue extract (GL).
Cells were incubated with gastric tissue extract for 5 days and the mRNA expression of
K19, TFF2, Mucbas, Muc6, H/K-ATPase, IF, and CGA were detected by real-time PCR.
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