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Loss of Runx3 function in leukocytes is associated
with spontaneously developed colitis and gastric

mucosal hyperplasia
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RUNX transcription factors are key regulators of lineage-specific
gene expression and might be involved in autoimmune diseases.
Runx3 plays a role during the development of sensory neurons and
T cells and regulates transforming growth factor g (TGF-p) signal-
ing in dendritic cells. Here, we report that at 4 weeks of age, Runx3
knockout (KO) mice spontaneously develop inflammatory bowel
disease (IBD) characterized by leukocyte infiltration, mucosal hy-
perplasia, formation of lymphoid clusters, and increased produc-
tion of IgA. Additionally, at a considerably older age (8 months),
the KO mice also develop progressive hyperplasia of the gastric
mucosa associated with disturbed epithelial differentiation and
cellular hyaline degeneration. Analysis of cytokines in the colonic
mucosa of Runx3 KO mice revealed a mixed T helper 1/T helper 2
response. By using immunohistochemistry and RNA in situ hybrid-
ization, Runx3 expression in the gastrointestinal tract is detected
in lymphoid and myeloid populations but not in the epithelium.
The data indicate that loss of leukocytic cell-autonomous function
of Runx3 results in IBD and gastric lesion in the KO mice. IBD in
humans is viewed as a complex genetic disorder. Several suscep-
tibility loci were identified on different human chromosomes
including the chromosomal region 1p36 where RUNX3 resides. It is
thus tempting to speculate that mutations in RUNX3 may consti-
tute an IBD risk factor in humans.

UNX3 belongs to the runt domain family of transcription

factors, which are key regulators of lineage-specific gene
expression and more recently were linked to human autoimmu-
nity (1). The RUNX genes arose early in evolution, and the three
mammalian members maintained extensive structural similari-
ties (2-5). RUNX3 is the smallest of the three mammalian genes
and could be considered the evolutionary founder of the mam-
malian RUNX family (3, 4, 6). In the developing mouse embryo,
Runx3 displays a distinct tissue-specific expression pattern. It is
expressed in hematopoietic organs, developing bones, peripheral
nervous system, and skin appendages (7). Comparative analysis
showed that when expressed during development, Runx3 is
confined to mesenchymal components in contrast to Runxl,
which is also expressed in epithelial components (7).

Studies in knockout (KO) mice have delineated several
cell-autonomous functions of Runx3. In neurogenesis, Runx3
is required for the development and survival of the dorsal root
ganglia (DRG) TrkC neurons (8, 9). Loss of Runx3 expression
in TrkC neurons results in severe limb ataxia (8, 9). In
thymopoiesis, Runx3 is expressed in immature double-negative
and in single-positive CD8* or CD4* thymocytes (10-12). In
the absence of Runx3, the silencing of CD4 during T cell
lineage decisions is impaired, as is the function of mature
peripheral CD8 T cells (10-12). Runx3 also is highly expressed
in dendritic cells (DC), where it functions as a component of
the transforming growth factor B (TGF-pB) signaling cascade
(13). Runx3 KO DC do not respond to TGF-p; their matura-
tion is accelerated and accompanied by an increased efficacy
to stimulate T cells. The abnormalities in Runx3 KO DC
function constitute a primary immune system defect associated
with spontaneous development of lung inflammation in the
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KO mice (13). At birth, Runx3 KO mice were also reported to
exhibit hyperplasia of the gastric epithelium attributed to a
lower sensitivity of the Runx3-deficient epithelial cells to
TGF-pB signals (14, 15).

The human idiopathic inflammatory bowel diseases (IBD) are
relatively common chronic relapsing inflammations of the gas-
trointestinal tract (GIT). The absence of simple Mendelian
inheritance suggests that inappropriate function of multiple gene
products contributes to the risk of developing IBD (16-18).
Several susceptibility loci for IBD were identified on different
human chromosomes, including the chromosomal region 1p36
where RUNX3 resides (16, 19, 20). Spontaneous colitis devel-
opment in various strains of KO and transgenic mice not only
further indicates that multiple gene loci are involved but also
highlights the role that dysregulated immune response plays in
the etiology of the disease (18, 21-23).

Here, we report that, starting at 4 weeks of age, Runx3 KO
mice spontaneously develop IBD characterized by leukocyte
infiltration, epithelial hyperplasia, formation of mucosal B cell
clusters, and increased production of IgA. Interestingly, in
addition to the early-onset colitis, the KO mice develop at a
much older age (>8 months) a progressive hyperplasia of the
glandular mucosa of the stomach. This lesion probably develops
secondary to the colitis. Because Runx3 is normally not ex-
pressed in the epithelium of the GIT but is highly expressed in
the resident leukocytic populations, we conclude that loss of
leukocytic cell-autonomous function of Runx3 causes IBD.

Materials and Methods

Pathology, Histopathology, Immunohistochemistry, and RNA in Situ
Hybridization. Analyses of KO (n = 70) and heterozygous plus
WT mice (n = 60) were carried out as described (8). Animal
experiments followed the Institutional Animal Care and Use
Committee guidelines of the Weizmann Institute. GIT was
examined in situ and after removal fixed in foto in 10% neutral-
buffered formalin or in Bouin’s solution. Representative samples
of the GIT were embedded in paraffin, trimmed at 4 wm, and
stained with hematoxylin/eosin (H&E). Where appropriate,
sections were stained with Masson’s trichrome, periodic acid/
Schiff, and Alcian blue. Immunohistochemistry (IHC) was per-
formed on paraffin sections by using the various antibodies listed
in Supporting Text, which is published as supporting information
on the PNAS web site. Radioactive in situ hybridization on
paraffin sections by using riboprobes labeled with 5'-[a-
[>S]thio]UTP was performed as described (24) by using the
murine Runx1 region spanning the 650-bp region between 1114
and 1765 in GenBank accession no. D13802 and a Runx3 probe

Abbreviations: DC, dendritic cells; DRG, dorsal root ganglia; GIT, gastrointestinal tract; IBD,
inflammatory bowel disease; IHC, immunohistochemistry; KO, knockout; RISH, RNA in situ
hybridization; SPF, specific pathogen-free; TGF, transforming growth factor; Th, T helper.
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spanning the 769-bp region between 1035 and 1804 in GenBank
accession no. AF155880.

Cytokine Expression. RN A was isolated from the colons of WT or
KO mice by using an EZ-RNA isolation kit (Biological Indus-
tries, Kibbutz Beit-Haemmek, Israel). cDNA was generated by
using SuperScript II RNaseH™ reverse transcriptase (Invitro-
gen), and PCR products were derived by using the sets of
oligonucleotides and PCR conditions detailed in Supporting
Text.

Results

Runx3 KO Mice Develop Chronic Colitis and Hyperplasia of the Gastric
Glandular Mucosa. Runx3 KO mice were maintained under spe-
cific pathogen-free (SPF) conditions. When crossed onto a
C57BL/6 or BALB/c background, homozygotes did not survive
postnatally. Homozygous Runx3 KO mice on outbred ICR or
MF1 background had congenital sensory ataxia, reduced
growth, and a high rate of mortality during the first 2 weeks of
life (8). Surviving KO mice lived to old age (24 months).
Between 1 and 8 weeks of age, KO mice developed spontaneous
eosinophilic airway inflammation (13). From postnatal day 3
onward, KO mice were invariably smaller than controls, often
weighing ~50% of WT littermates.

Postmortem examination showed that KO mice had minimal
fat stores and that their GIT contained little ingesta. The cecal
wall was frequently thickened, rigid, and opaque, and the colon
exhibited variable tubular thickening (Fig. 1 4 and B). Neither
perineal soiling by diarrhea or blood nor rectal prolapse was
seen in any of the mice. Mesenteric lymph nodes in the KO
mice often were enlarged (2- to 3-fold) and contained many
more cells, compared with WT (data not shown). Microscop-
ically, starting at ~4 weeks of age, all KO mice examined
(48/48) and none of the WT or heterozygotes had colitis,
characterized by multifocal and coalescing mixed mucosal and
submucosal infiltration of plasma cells, lymphocytes, histio-
cytes, and eosinophils (Fig. 1 C and D). Frequently, formation
of lymphocytic clusters was observed. Inflammatory cellular
infiltration was associated with mucosal hyperplasia (2- to
5-fold), crypt loss (Fig. 1 C and D), and increased mitotic
figures (Ki-67) (Fig. 1 G and H). In some cases, fibrosis of the
lamina propria also was evident (Fig. 1 E and F). Affected
segments were present in the cecum and ascending and
descending colon from the earliest stage. Maintenance of the
KO mice in a separate facility under conventional conditions
did not exacerbate the colitis. Inflammation of the small
intestine was seen in ~20% of the KO mice. Intestinal
neoplasia was not found in any of the KO mice.

The leukocytic infiltrate in the KO large intestine was char-
acterized by immunostaining with anti-CD45R and Pax5 (B
lymphocytes), anti-GFP (DC, by using Runx3~/~/CX;CR1*/GFP
mice (13), anti-CD3 (T lymphocytes), and anti-F4/80 (macro-
phages) (Fig. 2). An increase in T lymphocytes, macrophages,
and DC was seen throughout the inflamed KO mucosa (Fig. 24).
In the KO, a marked increase was observed in lymphocytic
clusters that contained predominantly B cells (Fig. 2). They also
contained scattered T cells and DC but were free of F4/80-
positive macrophages (Fig. 2B). The clusters’ B cells did not
express CD5 (data not shown) and thus were identified as the B-2
type. The majority of these clusters, which are scattered through-
out the large intestine, are unorganized tertiary lymphoid folli-
cles formed de novo (25, 26). The number of organized clusters
corresponding to isolated lymphoid follicles (26, 27) was also
increased in the KO. Outside the clusters, a substantial increase
in plasma cells and in production of IgA was observed in the KO
(Fig. 2). A substantial increase (2.5-fold) in IgA level was also
detected in the serum and fecal pellets of the KO mice (data not
shown).
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Fig. 1. Pathologic findings in the large intestines of Runx3 KO mice in
comparison with WT mice. (A and B) Gross specimens of the descending colon
and rectum show marked thickening of the intestinal wall and absence of fecal
pellets in the KO. (C and D) H&E-stained sections of the colon show severe
mucosal and submucosal thickening in KO due to mixed inflammatory cellular
infiltration with crypt hyperplasia and loss. (E and F) Masson'’s trichrome stain
demonstrates abnormal deposition of collagen (arrows in F), stained blue, in
the KO lamina propria. (G and H) Immunostaining with anti-Ki-67, which
directly monitors cell divisions, shows an increase in proliferating cells (stained
brown) in crypts of the KO cecum. (Magnification: C-F, X10; G and H, %X20.)

In addition to colitis, most (12/15) Runx3 KO mice older
than 8 months developed progressive hyperplasia of the gastric
glandular mucosa, which was not seen in any of the WT mice
(Fig. 3). The extent and region affected correlated with the age
of the mouse. The lesion began in the pyloric region and by 1
year of age involved the wall of the entire glandular stomach
(Fig. 3 A and B). Microscopically, hyperplastic mucosa exhib-
ited disturbed epithelial differentiation, pronounced elonga-
tion of the gastric pits and glands (up to 2 mm high) (Fig. 3 C
and D), and, in advanced cases, was completely devoid of
parietal and chief cells. Mitotic figures were numerous, and a
marked increase in Ki-67-expressing cells was noted (data not
shown). There was multifocal mucosal and submucosal inflam-
matory cellular infiltration comprising lymphocytes, plasma
cells, and eosinophils, but contrary to the colitis, it was usually
mild.

Within the hyperplastic mucosa, there was prominent hya-
line degeneration, whereby the cytoplasm of epithelial cells
expanded and became smooth and hypereosinophilic (28) (Fig.
3F). The hypereosinophilic material, which filled the entire
cytoplasm or formed discrete globular accumulations, was
identified as Ym?2 protein by IHC (Fig. 3E). Ym?2 is a member
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Fig.2. Characterization of leukocyte infiltrates in the inflamed Runx3 KO

colon. IHC on WT and KO colon sections (x4) (A) and on a KO B cell cluster
(X 10) (B) with anti-CD45R for detection of B cells, anti-IgA for detection of
IgA, anti-GFP for detection of DC(13), anti-CD3 for detection of T cells, and
anti-F4/80 for detection of macrophages. (Scale bars: A, 250 um; B, 50 um.)

of the chitinase family and is believed to act as stomach-
specific eosinophil chemotactic cytokine (29). In advanced
cases, the hyperplastic mucosa protruded into subjacent layers
up to, but not through, the serosa (Fig. 3G).

Dysplastic foci were occasionally recognized (Fig. 3H).
Nevertheless, apart from isolated cases with mucosal polyps,
gastric neoplasms were not observed in any of the KO mice
including those who lived to old age (>2 years). Taken
together, the gross and histological features of Runx3 KO
stomach lesion are consistent with adenomatous hyperplasia of
the glandular mucosa with mucous metaplasia, a well recog-
nized lesion of murine stomach, also referred to as prolifer-
ative gastritis (23, 30-32).

Expression of both T Helper (Th)1 and Th2 Cytokines Is Elevated in the
Colon of Runx3 KO Mice. Th lymphocytes differentiate into two
distinct subgroups, Thl and Th2. The functional differences
between the two subgroups are mediated by the activities of the
cytokines that they secrete. IBD is characterized by perturba-
tions of the normal balance between inflammatory and regula-
tory cytokines (18, 33).

Employing RT-PCR on colon mRNA, we compared the
changes in cytokine expression in young and old KO mice with
those of WT littermates. Expression of IFN-vy, the signature
cytokine of Thl cells, was markedly increased in the colon of
young and old KO mice (Fig. 4 and Fig. 6, which is published
as supporting information on the PNAS web site). The level of
two other proinflammatory cytokines of the Thl domain,
TNF-«a and IL-12, was also increased in the KO, as was the
expression of Tim-3, a surface marker of differentiated Thl
cells (34). Surprisingly, however, the level of IL-18, another
Thl-response cytokine, decreased (Figs. 4 and 6).

As for the Th2 cytokines, an increase of the Th2 signature
cytokine IL-4 was noted in the colon of young and old KO mice
(Figs. 4 and 6), but there was only a small change in the levels
of IL-5. Expression of the regulatory cytokines TGF-p and IL-10
was slightly increased in KO colon, compared with WT (Figs. 4
and 6). Together, the data indicate that the Runx3 KO colitis was
associated with an increase in Thl and to a lesser degree in Th2
responses in the colon of young and old KO mice, without
substantial changes in regulatory cytokines. This conclusion is
supported by the increase in the KO of two transcription factors,
T-bet and GATA-3 (Figs. 4 and 6), known to be required for
induction of Thl and Th2 differentiation, respectively (35-37).
It is tempting to speculate that Runx3 negatively regulates
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transcription of these two key regulators of the Thl/Th2
response.

Runx3 Is Highly Expressed in the GIT Lymphoid and Myeloid Cells. In
search for the cause of the colitis and gastric hyperplasia in the
Runx3 KO mice, we set out to identify the cells within the GIT
that normally express Runx3. Expression of Runx3 is readily
detected by RT-PCR on colon RNA (Fig. 4). IHC analysis of
Runx3 during embryonic and postnatal development of GIT in
WT mice is summarized in Fig. 5. Strong nuclear staining of
Runx3 is detected in the GIT resident lymphoid and myeloid
cells, either single or clustered in lymphoid follicles (Fig. 54). In
contrast, Runx3 is neither expressed in the epithelium of the
large and small intestine nor detected in the gastric epithelium
(Fig. 5 A and B). Cytoplasmic staining of Runx3 was not
observed.

We next assessed Runx3 expression in the GIT by using
RNA in situ hybridization (RISH), compared with its expres-
sion in DRG. RISH signals are readily detected in DRG but
not in gastric epithelium (Fig. 5B). IHC of the stomach and the
adjacent liver shows Runx3 staining only in lymphocytes (Fig.
5B). Interestingly, expression of Runxl, another member of
the Runx family, is detected in the DRG as well as in gastric
epithelium by both RISH and IHC. Runxl signals are high in
the forestomach and lower in the glandular region (Fig. 5B).
These Runx1l and Runx3 expression data are in good agree-
ment with the previously reported IHC and B-galactosidase
staining (7, 8) and with the nonradioactive RISH data pre-
sented in the digital atlas of gene expression patterns (see
www.genepaint.org).

Discussion

IBD is a chronic relapsing inflammation of the GIT. The
fundamental cause of human IBD is unknown, but the current
view is that it involves genetic predisposition, which causes a
dysregulated GIT immune response to environmental agents
(18). Here, we show that at an early age, 100% of Runx3 KO
mice spontaneously develop IBD characterized by leukocytic
infiltration, epithelial hyperplasia, and increased production of
IgA. In several genetically modified mouse models of IBD, the
host genetic background affects the susceptibility to GIT
inflammation (18). Runx3 deficiency, on the other hand,
results in 100% incidence of early-onset colitis when KO mice
are bred onto two outbred strains (ICR and MFI). However,
unlike the situation in several other mutant IBD mice (38-40),
an increased incidence of intestinal neoplasia was not observed
in Runx3 KO mice.

Although severe histological lesions were common in the IBD
of Runx3 KO mice, ulceration did not occur, and apart from a
probable contribution to poor growth, the clinical course of the
disease was indolent. Runx3 KO mice develop IBD even when
kept in clean facilities free of known murine viral and bacterial
pathogens. On the other hand, the disease was not aggravated
when KO mice were kept in a conventional facility. Interestingly,
in addition to the early-onset colitis, the KO mice develop at an
older age (>8 months) progressive hyperplasia of the glandular
mucosa of the stomach.

Microscopically, the Runx3 KO IBD is characterized by
mononuclear and eosinophilic infiltration, cecal and colonic
mucosal hyperplasia, formation of B cell clusters, and in-
creased production of IgA. De novo formed B cell clusters were
previously seen in cases of IBD and are common in autoim-
mune diseases (25, 41, 42). B cells clusters are also found in
IBD of several transgenic and KO mouse models (39, 43-46).
Blocking TGF- signaling in T cells by transgenic expression
of dominant-negative form of TGF-B receptor II (CD4-
dnTGF-B-RII transgenics) results in an autoimmune condi-
tion characterized by colitis, lung inflammation, Th1 and Th2
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Fig. 3.

Pathologic findings in the stomach of the Runx3 KO. (A and B) Gross specimens of hemisected stomachs show contraction and marked thickening of

the entire glandular portion in the KO (B), compared with WT (A). e, Esophagus; f, forestomach; g, glandular stomach; and p, pylorus. (C and D) H&E-stained
sections of the gastric wall in the fundic region. There is prominent mucosal hyperplasia and hyalinosis in the KO. tm, Tunica muscularis. (E) IHC with anti-YM1/2
protein demonstrates positive globular material within the cytoplasm of tall columnar epithelial cells. (F) High magnification of the area indicated in D by asquare
shows accumulation of eosinophilic rectangular crystalline material within the lumen of hyperplastic glands. (G) Cystic dilation and collapse of abnormal mucosa
into subjacent layers, or “mucosal herniation.” Asterisks denote the muscularis mucosa below, in which five dilated glands are seen, two of which are indicated
by h. The four glands on the left are above the tunica muscularis (tm). One gland reaches but does not invade the serosa (in the area between the two arrows).
Inset shows the epithelial lining of the cysts (area of Inset indicated by a square in the main photo). (H) A focus of mucosal dysplasia. In the gland at the center
of the field, there is cellular atypia in the form of loss of orderly stratification, nuclear crowding, and increased nuclear/cytoplasmic ratio. Relatively well
differentiated glands are seen at the bottom right and left-hand side of the field. (Magnification: Cand D, X 10; E, X40; F, X20; G, X2; Inset, X20; and H, x20.)

responses, and presence of autoimmune antibodies (47). The
similarities between the phenotypic features of these CD4-
dnTGF-B-RII transgenics and those of Runx3 KO mice are
particularly intriguing given that Runx3 functions as a com-
ponent in the TGF-B pathway (13, 14). Specifically, Runx3
mediates TGF-B signaling in DC, and when absent, KO DC
display accelerated maturation, overresponsiveness to innoc-
uous antigens, and increased potency to stimulate T cells (13).
Moreover, the KO mice develop spontaneous lung inflamma-
tion, as do the CD4-dnTGF-B-RII mice. Because abrogation
of TGF-B signaling leads to spontaneous activation of auto-
immune response and an exaggerated mucosal immune re-
sponse plays a role in IBD development, it is possible that
Runx3 KO DC are involved in the etiology of the colitis.
Mice that are deficient for the T cell receptor a (TCR-a)
develop spontaneous colitis with features resembling those of
Runx3 KO mice, including increased amounts of B cells and IgA
and enhanced expression of both Th1l and Th2 signature cyto-
kines IFN-y and IL-4, respectively (48). Of potential relevance
to these findings are the observations that Runx proteins are
involved in regulation of TCR-a and TCR- transcription (49,
50) and that Runx3 KO mice display abnormalities in T cell
development and function (10-12). Specifically, Runx3 is highly
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expressed in CD8* T cells comprising the majority of intraepi-
thelial lymphocytes, known to play a protective role against
intestinal inflammation (51).

In Runx3 KO, a marked increase occurs in the production of
colon and serum IgA. This in vivo increase of IgA in mice lacking
Runx3 was previously observed in the alveolar lavage of Runx3
KO mice (13). On the other hand, it was previously found that
in vitro Runx3 participates in TGF-B mediated Ig class switching
to IgA (13, 52). It thus appears that, in vivo, other cytokines/
pathways besides TGF-p play a role in regulating the switch to
IgA. Consistent with this occurrence, mice lacking the TGF-3
signal transducer Smad3 have a normal number of IgA-
producing plasma cells (53).

Runx3 KO mice older than ~8 months develop progressive
hyperplasia of the gastric glandular mucosa. The gastric and
intestinal lesions differ in the following aspects: (i) the colitis is
early-onset, whereas the gastric hyperplasia is late-onset; (ii) the
severity of the colitis is individual (severe cases were seen at early
ages, and moderate cases were seen in older mice), whereas the
gastric mucosal hyperplasia is progressive and its severity is
age-related; (iif) the incidence of the colitis is 100% vs. 80% of
the gastric lesion; and (iv) in the large intestine, the degree of
inflammatory cellular infiltration is commensurate with the

PNAS | November 9,2004 | vol.101 | no.45 | 16019

MEDICAL SCIENCES



SNAS

©
=

IFNY
IL12
IL18
TNFa
Tim-3
IL4
ILS

IL10
TGFp

T-bet EEEN
GATA-S e
Runx3 N

Reg |
actin BRI

TF[
WT KO WT KO

Fig. 4. Expression of Th1 and Th2 cytokines in inflamed Runx3 KO colon.
RT-PCR analysis of cytokines and transcription factors (TF), in colon RNA of
young (9.5 weeks) and adult (9 months) WT and KO mice. Reg, regulatory
cytokines. A detailed account of primers used for PCR is available in Support-
ing Text. Depicted are representative examples of several independent
repetitions.
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extent of mucosal hyperplasia, whereas in the stomach, inflam-
matory infiltration is usually modest and florid hyperplasia often
coexists with mild gastritis.

Given the absence of Runx3 expression in WT gastric mucosa,
we postulate that the late-onset gastric mucosal hyperplasia seen
in Runx3 KO mice is secondary to the colitis or represents an
independent autoimmune process (54). Compatible with this
thesis, gastric mucosal hyperplasia in association with colitis was
previously observed in other mutant mice (23, 55).

The gastric lesion in adult (8-month-old) Runx3 KO MF1 or
ICR mice described here completely differs from the stomach
lesion observed in newborn Runx3 KO C57BL/6 mice by Li et
al. (15). According to the report by Li et al. (15), gastric mucosa
of newborn Runx3 KO mice displays hyperplasia, attributed to
lack of Runx3 expression in the KO epithelium. Newborn Runx3
KO MF1 or ICR mice do not display gastric hyperplasia (56).
Moreover, no Runx3 expression was detected in epithelia of
various mouse strains (ICR, MF1, C57BL/6) by either IHC or by
B-galactosidase (LacZ) staining in Runx3*/L4Z embryos (7, 8,
56). In an attempt to further investigate the cause for this
discrepancy, we performed, in addition to the IHC, a RISH
analysis on stomach sections by using side-by-side Runx3 and
Runx1 probes. The results showed that, in contrast with Runxl1,
Runx3 was not readily detected in gastric mucosa or in the
epithelium of the large and small intestine. On the other hand,
Runx3 is highly expressed in the GIT lymphoid and myeloid cells.
We therefore conclude that Runx3 KO colitis and gastric lesion
result from the loss of a leukocyte cell-autonomous function of
Runx3. The high expression of Runx3 in GIT leukocytes should
be considered when expression levels in tissue samples are
assessed by using RT-PCR or Western blotting, particularly
when expression in gastric tumors is compared with the adjacent
control stomach tissue, which is frequently inflamed.

Development of IBD was found to be attenuated in some
mutant mice when kept in a SPF environment. Runx3 KO IBD

16020 | www.pnas.org/cgi/doi/10.1073/pnas.0407180101
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Fig. 5. Expression of Runx3 and Runx1 in GIT and DRG of WT mice. (A)
Expression of Runx3 in adult GIT (stomach, small intestine, and large intes-
tine). (B) Expression of Runx3 and Runx1 in embryonic day 16.5 embryos.
Shown are RISH analysis of DRG (Top) and stomach (Middle) and IHC analysis
of stomach (Bottom). F, forestomach; G, glandular stomach.

develops spontaneously in mice kept under SPF conditions.
Antigens produced by the normal GIT microflora have been
implicated in induction of the inflammatory process (57). Be-
cause these antigens are present in the body from birth and could
thus be considered as self-antigens, it was argued that sponta-
neously developed IBD could be viewed as an autoimmune
disease (18). Intriguingly, an autoimmune disease-associated
regulatory single nucleotide polymorphism (SNP) affecting the
RUNX binding site was recently found in three different auto-
immune diseases (58-60). Thus, the potential involvement of
RUNX family members in autoimmunity is an intriguing possi-
bility (1). Further analysis of the etiological similarities of Runx3
KO mice IBD and stomach lesion to autoimmune disorders,
including the presence of autoimmune antibodies, may prove
revealing.

In humans, similarities between the genesis of IBD and asthma
have been noted (61). The current understanding is that both
diseases are multifactorial and involve defects in multiple genes,
which could interact with one another in a complex manner (62,
63). Several susceptibility loci for IBD and asthma were identi-
fied on different human chromosomes, including the chromo-
somal region 1p36 where RUNX3 resides (19, 20, 64, 65).
However, a specific gene at 1p36 that predisposes humans to
asthma and/or IBD has not been identified. It is tempting to
speculate that RUNX3 deficiency, which in the mouse causes
phenotypes with hallmarks of human IBD (present report) and
asthma (13), constitutes a susceptibility factor for both asthma
and IBD in humans.
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