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Inactivation of tumor suppressor genes (TSG) in normal cells provides a viability/growth advantage that
contributes cell-autonomously to cancer. More than a decade ago claims arose that the RUNX3 member of the
RUNX transcription factor family is a major TSG inactivated in gastric cancer, a postulate extended later to
other cancers. However, evidence that Runx3 is not expressed in normal gastric and other epithelia has
challenged the RUNX3-TSG paradigm. Here we critically re-appraise this paradigm in light of recent
high-throughput, quantitative genome-wide studies on thousands of human samples of various tumors and
new investigations of the role of Runx3 in mouse cancer models. Collectively, these studies unequivocally
demonstrate that RUNX3 is not a bona fide cell-autonomous TSG. Accordingly, RUNX3 is not recognized as a
TSG and is not included among the 2000 cancer genes listed in the “Cancer Gene Census” or “Network for Cancer
Genes” repositories. In contrast, RUNX3 does play important functions in immunity and inflammation and may
thereby indirectly influence epithelial tumor development.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Evidence for lack of Runx3 expression in various epithelia.

Organa Cells Detection
method

Reference

Stomach (mouse) Ep LacZ, IHC [12,17,23]
Ep RISH [12]
Ep IHC [22]
Chief-Troy+ SC Microarrayb [26]
Parietal Microarray [26]
Organoids from SC Microarray [26]

Stomach (human) Ep IHC [19]
Ep-microdissected IHC, RT-PCR [20]
Ep IHC [22]

Intestine (mouse) Ep IHC, LacZ [12,17,23]
Epcam+ qRT-PCR [17]
Crypt-Lgr5+ SC Microarray [21,25]
Crypt-Lgr5dim Microarray [25]
Crypt-progenitors Microarray [21]
Villi-enterocytes Microarray [21]

Lung (mouse) Ep IHC [23]
Epcam+ RNA-seqb [27]

Mammary gland (mouse) Epcam+ qRT-PCR [24]
Lin−CD24+CD29low, high qRT-PCR [30]

Skin (mouse) Keratinocytes IHC [6,18]
Hair follicle matrix Ep IHC [23]

a Runx3 is also absent in esophagus, nasal olfactory and salivary gland ducts epithelia
[23]. Ep, epithelium; IHC, immunohistochemistry; RISH, RNA in-situ hybridization; and SC,
stem cells.

b Runx3 expression levelswere obtained from the followingmicroarray and RNA-seq data
sets deposited in Gene Expression Omnibus (GEO) corresponding to the cited references:
GSE51398 [21], GSE33948 [25], GSE44060 [26], and GSE52583 [27]. In all these data sets
Runx3 expression was below background level.
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1. Introduction

RUNX3 is one of the three mammalian Runt-domain transcription
factors (TFs) (RUNX1, RUNX2 and RUNX3) encoded by the highly
conserved and structurally similar RUNX gene family. RUNX TFs are
key gene-expression regulators in several important developmental
processes including hematopoiesis, osteogenesis and neurogenesis [1].
Runx3 was originally cloned based on its similarity to Runx1 [2] and
subsequently localized on human and mouse chromosomes 1 and 4,
respectively [2,3]. Runx3−/− mice phenotypes reflect its expression
pattern and vitality to the proper function of several important organs.
These mice exhibit ataxia due to loss of TrkC proprioceptive neurons
in the dorsal root ganglia (DRG) [4], delayed chondrocyte maturation
during embryogenesis [5], altered hair shape [6], defective proliferation
and differentiation of activated cytotoxic CD8+ T cells [7–9], helper Th1
cells [10] and natural killer (NK) cells [11], spontaneous development of
colitis [12], lung inflammation associated with accumulation of
hyperactivated dendritic cells (DCs) [13] and lack of skin Langerhans
cells [13] and dendritic epithelial T cells [14].

More than a decade ago, it was claimed that RUNX3 functions as a
novel TSG whose inactivation plays a major role in gastric cancer (GC)
development [15]. This assertion was based on the following observa-
tions: i) high expression of Runx3 in normal mouse gastrointestinal
tract (GIT) epithelium; ii) gastric hyperplasia in Runx3−/− newborn
mice; iii) detection of a RUNX3 point mutation in a single GC patient;
iv) RUNX3 loss of heterozygosity (LOH) in 30% of GC patients;
v) RUNX3 promoter DNA hypermethylation in GC; and vi) reduced
RUNX3 mRNA in GC versus normal gastric tissue in 60% of GC patients
assayed by RNA in-situ hybridization (RISH).

In view of the importance of TSGs in cancer development, hundreds
of subsequent studies involving thousands of patients have attempted
to verify and extend the suggested RUNX3-TSG paradigm in GC and
other GIT cancers [16]. Many of these efforts (references included in
Table S1 of [17]) focused on the issue of RUNX3 promoter DNA hyper-
methylation in cancer, but have failed to ascertain whether RUNX3 is
indeed expressed in normal GIT epithelial cells and to determine the
quantitative relationship between RUNX3 hypermethylation and its
expression.

For a gene to qualify as a cell-autonomous TSG in a given cell type, it
has to be expressed in that cell type and its loss or inactivation should
prove advantageous for viability or growth, thus promoting the
malignancy. Compelling evidence from several laboratories [6,12,
17–30] (Table 1) and the human proteome atlas portal
(http:www.proteinatlas.org) demonstrating the lack of RUNX3 expres-
sion in normal GIT epithelium and other epithelial tissues has chal-
lenged the claim that RUNX3 is a TSG inactivated in GC or in other
cancers. The large body of data disproving the claim that RUNX3 is a
bonafide TSG and highlighting its functions in immunity and inflamma-
tion is the subject of this review. Thus, we show that chasing thewrong
gene for over a decade has been counter-productive to the quest for
genuine TSGs.

2. Cancer mutations and genome-wide association studies (GWAS)
do not support involvement of RUNX3 in GC or other cancers

One of the attempts to justify the claim that RUNX3 is a major TSG,
and as such is inactivated in cancer, was based on the discovery of a
RUNX3 point mutation in a single GC patient [15]. A later study of 124
bladder cancer patients identified 2 of them as carriers of monoallelic
RUNX3 mutations, one of which had 4 different mutations on the
same RUNX3 allele [31]. However, no RUNX3 mutations were detected
in a whole-exome sequencing study of 15 GC samples, which did
point out non-synonymous mutations in 661 genes, including frequent
mutations in the TSG TP53 and in several genes encoding chromatin-
remodeling proteins [32]. Interestingly, one of these mutated
chromatin-remodeling genes, ARID1A, resides on the same 1p36.11
chromosomal region as RUNX3 (Fig. 1). Recent whole-genome and
whole-exome DNA sequencing studies on 100 and 295 GC samples
[33,34] and on thousands of samples from other cancers [35–43] like-
wise did not find RUNX3 to be a significantly mutated cancer gene,
whereas ARID1A was, thus solidifying ARID1A role as a bona fide TSG.

A common feature in cancer-prone human pedigrees is the presence
of germ-line mutations in the same genes that are also frequently
mutated in sporadic cancers. Approximately 10% of GC cases have a
familial predisposition, half of which can be attributed to germ-line
mutations in different TSGs [48] (Table 2). Likewise, ~5–7% of breast
cancers are familial and are associated with germ-line mutations in
TSGs that predispose to breast and/or ovarian cancer development
[49] and germ-line mutations in different TSGs were found to predis-
pose to colorectal cancer [50] (Table 2). However, as shown in Table 2,
not a single germ-line RUNX3mutation was detected in GC-prone ped-
igrees [51], and RUNX3was also not found to be a cancer-predisposition
gene across different cancer types [40].

Association studies of the distribution of polymorphic markers in
control and disease populations can identify genomic susceptibility
loci to various diseases. One such association study analyzed the distri-
bution of ten RUNX3 single nucleotide polymorphisms (SNPs) in ~300
GC and control Chinese patients and reported that three RUNX3 SNPs
located in introns 1, 3 and 4, were associated with an increased risk
of GC [52]. However, another larger association study in which two
RUNX3 SNPs located in exon 1 and intron 3 were assessed in 583 GC
and 1637 control patients, revealed that the intron 3 SNP rs760805
was associated with Helicobacter pylori (H. pylori)-induced gastric atro-
phy but neither SNP was associated with late/tumorigenic stages of GC
[53]. Interestingly, while rs760805 (Fig. 2) was used in both studies [52,
53], it was found to be associated with increased risk for GC only in the
smaller population size study [52].

The SNP rs7551188 in RUNX3 intron 1 gave a strong association
signalwith CD in a Japanese population, but it did not reach the required
GWAS significant level [54]. Importantly, none of the three RUNX3 SNPs
nor any other SNP in the whole 1p36.11 chromosomal region for that
matter, was found to be a GC susceptibility locus in three GWAS on
Chinese and Japanese populations, which did identify several GC



Fig. 1. Focal recurrently deleted regions in cancer on human chromosome 1p36 region. Schematic representation of human chromosome 1 and the UCSCGenome Browser blown-upmap
of the 24.1 Mb-long 1p36.11 region indicating some of its 86 RefSeq genes. RUNX3 and ARID1A are marked in red. The colored bars below the genomic map mark the focal recurrently
deleted 1.15 Mb, 850 kb, 250 kb and 746 kb 1p36.11 segments in cancers, all including ARID1A but excluding RUNX3 [34,44–46]. The orange bar above the genomic map marks the
5.7 Mb 1p36.33-1.p36.23 segment recurrently deleted in multiple cancers, corresponding to the mouse 4.3 MB segment [47].
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susceptibility loci on other chromosomes [55–57] (Table 3). GWAS also
revealed many genomic loci associated with increased risk for breast
[58–62], colorectal [63–65], cervical [66], lung [67–69], ovarian [70]
and prostate [71,72] cancers, but no such association with increased
cancer risk was detected on chromosome 1p36 (Table 3).

Taken together, these results indicate that although some RUNX3
polymorphic markers may be associated with H. pylori-induced gastric
changes, possibly due to an altered RUNX3 function in the infiltrating
inflammatory immune cells, the absence of RUNX3mutations in cancer
and the lack of any association of RUNX3with increased cancer risk do
not support the RUNX3-TSG paradigm.
3. Genomic copy-number alterations in cancer do not typically
involve the RUNX3 locus

One of the hallmark features of cancer cells is the multitude of large
genomic copy-number amplifications and deletions, often of an entire
chromosomal arm. Such extensive genomic alterations involving hun-
dreds of genes make it extremely difficult to identify the key genes
within these regions that drive and/or contribute to cancer develop-
ment. It has been reported [15] that in fluorescent in-situ hybridization
Table 2
Germ-line mutations predisposing to cancer.

Cancer Genes mutated in familial cancera References

GC APC, BRCA1, BRCA2, CDH1, SMAD4, STK11, TP53 [48]
BC BRCA1, BRCA2, TP53, CDH1, PTEN, STK11, ATM, RAD51B

RAD51C, RAD51D and others
[49]

CRC APC, MLH, MSH2, MSH6, MYH, PMS2, PTEN, SMAD4, STK11 [50]

a No RUNX3 germ-line mutations were detected in familial GC [51] and RUNX3 is not a
frequent cancer mutated gene in sporadic GC [32] or other cancers [40].
(FISH) experiments, 14 out of 46 GC samples (30%) had a hemizygous
deletion of RUNX3, based on a lower than 1:1 ratio between RUNX3
and chromosome 1 centromere-specific FISH signals. However, the
finding that in all GC samples there were at least two RUNX3-specific
FISH signals per cell [19] indicates that there is no loss of RUNX3 in GC
but rather amplification of regions encompassing the chromosome 1
centromere [19]. Furthermore, two recent high-resolution comparative
genomic hybridization (CGH) studies of GC biopsies one involving 193
patients and the other 64 patients, revealed that the chromosome
1p36 region, which harbors RUNX3, was not frequently deleted in GC
[73,74]. The genomic regions that were recurrently deleted in GC
harbored various known TSGs, while the frequently amplified ones
housed known oncogenes [73] (Table 4). An earlier study on a smaller
cohort of 40 GC patients, likewise did notfind chromosome 1p36 region
to be a frequently deleted region in GC [75]. High-resolution analysis of
the landscape of somatic copy number alterations across more than
3000 cancer samples representing 26 cancer types including GC [45],
revealed many focal alterations with an average of ~40 focal amplifica-
tions and ~35 focal deletions per GC sample. Interestingly, while focal
deletions spanning RUNX3 were not detected, a 1.15 Mb region on
1p36.11 containing 24 genes, includingARID1A, was recurrently deleted
in multiple cancer types [45] (Fig. 1). Thus, the lack of convincing
evidence for frequent 1p36.11 focal genomic deletions encompassing
RUNX3 in cancer further puts into question the concept of RUNX3
serving as a TSG.
4. RUNX3 promoter hypermethylation is not a driver of GC or
other cancers

GC is associated with DNA hypermethylation of many genes [76],
especially in EBV-positive GC [34]. Because DNA methylation at



Fig. 2. Location of RUNX3 polymorphic markers associated with human immune-related diseases. UCSC Genome Browser map showing the positions of RUNX3 SNPs associated with
immune-related diseases in GIT and other tissues. AD, atopic dermatitis; AS, ankylosing spondylitis; CD, Crohn's disease; and UC, ulcerative colitis. References are given in the text.
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gene-promoter regions can silence the expression of active genes,
the finding of hypermethylation of the CpG-island adjacent to
RUNX3 P2 promoter in GC, interpreted as an indication for RUNX3
silencing, was suggested as another RUNX3 inactivation mechanism
supporting a TSG role for RUNX3 in GC [15]. In many subsequent
studies on RUNX3 hypermethylation in GC, summarized previously
by Subramaniam et al. [16], ~55% of GC samples were reported as
having RUNX3 P2 promoter hypermethylation, measured by the
bisulfite-modified methylation-specific PCR (MSP) method. Another
more recent MSP study on 123 GC and 111 healthy patients also
reported that 55% of the GC cases showed RUNX3 hypermethylation
[77]. Yet, MSP is not a quantitative technique, and a subsequent
analysis of GC samples using a quantitative method, a methyl-specific
DNA microarray, revealed that merely 23% of GC samples showed
RUNX3 P2 hypermethylation as compared to 46% with the conventional
MSP technique [78]. Moreover, several more recent studies employing
high-density DNA methylation microarrays of gastric, colorectal and
Table 3
Association of genomic loci with increased cancer risk.

Type of
study

Cancer associated loci References

Individual
SNPs

GC 1p36.11 (3 SNPs, RUNX3 introns 1, 3, 4)a [52]

GWAS
GC 1q22, 3q13.31, 5p13.1, 8q24.3, 10q23 [55–57]
BC 1p11.2, 2p24.1, 2q33, 2q35, 3p24, 4q31.22, 5p12, 5q11.2,

5p15.2, 6q25.1, 8q24.21, 8q24.1, 10q26.13, 11p15.5,
12p11, 12q24, 14q24.1, 16q12.1, 16q23.2, 17q23.2,
19q13.41, 21q21

[58–62]

CRC 2p22.1, 5p15.31, 5p15.33, 7q35, 8q23.3-24.11, 8q24.21,
10p14, 10q22.3, 10q25.2, 11q12.2, 11q23.1, 12p13.31,
12q24.21, 14q22.2, 15q13.3, 16q22.1, 17p13.3, 18q21.1,
19q13.1, 19q13.2, 20p12.3, 20q13.33

[63–65]

CC 4q12, 6p21.32, 17q12 [66]
LC 3q28, 5p15.33, 6p21.32, 6q22.2, 10q25.2, 17q24.3 [67–69]
OC 3q25, 8q21, 10p12, 17q12, 17q21 [70]
PC 1q21.3, 1q32.1, 2p25.1, 2q37.3, 3q13.2, 4q13.3, 5q35.2,

6p21.32, 6p21, 6q25.2, 7p15.3, 8p21.2, 10q24.32, 11q22.2,
12q24.21, 14q22.1, 14q24.1, 17p13.3, 17q21.32, 18q23,
19q13, 20p13, 20q13.33, 22q13, Xp22.2

[71,72]

a The RUNX3 intron-3 SNP, rs760805, was used in 2 studies [52,53] but association with
GC was found only in the smaller study [52]. RUNX3 was not identified as a cancer
predisposition gene across different cancer types [40]. BC, breast cancer; CRC, colorectal
cancer; CC, cervical cancer; LC, lung cancer; OC, ovarian cancer; and PC, prostate cancer.
breast cancer biopsies all gave the RUNX3 P2 methylation ratio a low
ranking among the DNA hypermethylated genes [79–84]. Therefore,
the low frequency of RUNX3 P2 hypermethylation and lowmethylation
ratio in GC patients indicate that the role of RUNX3 hypermethylation in
cancer has been greatly overrated.

Moreover, even though methylation at gene promoters can lead to
their silencing, hypermethylation in tumor versus healthy control
samples, both of which contain heterogeneous cell populations, is not
synonymous with gene silencing in the tumor cells. In fact, it has been
shown that most hypermethylated genes in cancer are already silent
in the normal tissue of origin of these cancers [85–87]. Therefore, a
parallel analysis of gene expression must be carried out alongside
the DNA methylation assay in order to establish the extent to which
methylation is associated with silencing in each of the samples.
However, in most of the studies summarized in [16], cancer samples
were analyzed either only for RUNX3 P2 methylation or only for
RUNX3 by IHC staining, precluding the ability to determine the extent
of RUNX3 methylation and to compare it with reduced expression in
each of the GC samples tested. In the study that analyzed both RUNX3
methylation and RUNX3 expression by IHC or RT-PCR [77], it
was shown that while 68% of the GC samples with no RUNX3methyl-
ation expressed RUNX3, 41% of those with RUNX3 methylation
also expressed RUNX3 [77]. These results suggest that there is no
good correlation between RUNX3 methylation and silencing of the
gene.

Since RT-PCR and IHC are not quantitative techniques, they cannot
accurately measure the level of RUNX3 expression at the RNA and
protein levels. However, recent genome-wide quantitative analyses of
both DNA methylation and gene expression in GC and other cancer
types revealed that RUNX3 was not listed among the genes that
displayed both DNA hypermethylation and reduced expression [33,
79–84]. Hence, RUNX3 P2 hypermethylation in cancer is not associated
with its silencing. Of note, RUNX3 P2 methylation in GC was found to
be mostly monoallelic [88], so even if methylation completely silenced
the expression of just one allele, the remaining allele could still be
functional and express RUNX3. As mentioned earlier, RUNX3 expression
is regulated by two promoters. Interestingly, it was shown recently that
the RUNX3 P1 promoter is heavily methylated in gastric epithelial cells
from H. pylori uninfected humans, which do not express RUNX3, but is
completely unmethylated in RUNX3-expressing immune cells [22]. It
is thus possible that RUNX3 P1 heavy methylation is responsible for
silencing its expression in normal gastric epithelium, providing an
explanation for the lack of association between RUNX3 P2 hypermethy-
lation in GC and its expression.



Table 4
Frequent genomic copy number alterations in GC.

Type of
study

Genes Chr. regions Reference

CGH
amplified

BLK, CDK6, CCND1, CCNE1, EGFR, ERBB2, FGFR2, FGF4, FGF19, GATA6, KLF5, KRAS, MET, MYC
and others

1q, 3q, 5p, 6p, 7pq, 8q, 12pq, 13q, 18pq, 19p, 20p, 21p [73,74]

CGH
deleteda

CDKN2A/B, CSMD1, FHIT, GMDS, PARK2, PDE4D, PTPRD, RB1, SMAD4, SMAD7, WWOX and
others

3p, 4pq, 5q, 6q, 8p, 9q, 11q, 14q, 16q, 17p, 18p, 18q, 19p,
21q, 22q

[73–75]

a Chromosomal region 1p36.1, in which RUNX3 resides, is not deleted frequently in GC [73–75].
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Lastly, analysis of the temporal relationship between accumulation
of promoter DNA hypermethylation in transformed human fibroblasts
grown in culture and its effect on gene expression has shown that
while ~1900 transcriptionally active genes were never methylated
and ~500 silent genes gradually accumulated DNA methylation with
increasing number of cell generations, only ~60 genes showed concom-
itant accumulation of DNA methylation and reduced expression [89].
DNAmethylation on the RUNX3 P2 promoter CpG-island also increased
gradually with the rise in cell generation number [89], with no conse-
quential effect on its expression. Similarly, proliferation history-
dependent DNA methylation events also underlie hematopoietic stem
cell (HSC) aging and often occur at Polycomb PRC-2 complex-silenced
target genes expressed in various other cell types, but not in HSC [90].
It is interesting to note that following H. pylori infection in mice, Runx3
P2 remains unmethylated in gastric tissue, even at the precancerous
gastric intestinalmetaplasia stage, but becomesmildly hypermethylated
in GC tissue from gp130F/F mice [22]. In addition, immortalization of
mouse gastric epithelial cells from gp130F/F mice by serial passage in
culture is associated with increased Runx3 P2methylation, and similarly
the low methylation ratio of RUNX3 P2 in primary human GC samples
(b15%) is strongly increased to ~90% in GC cell lines [22]. It can be
concluded that RUNX3 P2 methylation in GC is (1) significantly lower
than originally proposed; (2) does not correlate with RUNX3 expression
level; and (3) it is not an early driving event in the development of
gastric or other cancers. Thus, promoter hypermethylation in cancer
appears to be mostly a reflection of the proliferative history of the
tumor cells rather than the cause of early gene silencing that might
drive cancer progression.

5. The real TSGs in the 1p36 region

Large deletion events involving human chromosome1p36 occur in a
variety of cancers, includingvarious neural, epithelial andhematopoietic
malignancies, implicating the region as a possible location of one or
more TSGs [47]. The part of 1p36 region commonly deleted in these
cancers was narrowed down to a DNA segment spanning 4.3 Mb in
the syntenic mouse chromosome 4 region. This 4.3 Mb segment does
not include RUNX3 (Fig. 1). An extra copy of this segment was shown
to suppress proliferation and enhance apoptosis and senescence in
cultured cells, whereas a heterozygous deficiency of the segment
enhances proliferation and suppresses senescence [91], consistent
with the possibility that it harbors a TSG. Knocking down CHD5, but
not 10 other candidate genes located in this segment, reenacted the
outcome effect of deleting one copy of the 4.3Mb segment. Accordingly,
Chd5+/− mice spontaneously developed certain solid tumors and
lymphoma [91] but no GC or other GIT tumors were observed.

Large heterozygous deletions spanning chromosome regions
1p36-p34 were also frequently found in pancreatic cancer [44,92].
Interestingly, the recurrent deletion that occurred in 47% of pancre-
atic cancer patients spans 850 kb within chromosome 1p36.11 and
contains 25 genes, including ARID1A [44] but not RUNX3 (Fig. 1).
This region overlaps the 1.15 Mb segment on 1p36.11 containing
24 genes that is recurrently deleted in multiple cancer types [45],
which includes ARID1A but not RUNX3 (Fig. 1). Analysis of somatic
copy-number alterations in the framework of the Cancer Genome
Atlas (TCGA) project, involving nearly 5000 cancer patients across
11 cancer types, revealed an even smaller recurrently deleted
1p36.11 region, spanning only ~250 kb and harboring just 2 genes,
ARID1A and PIGV [46] (Fig. 1). Finally, a recent TCGA analysis of 295
GC patients detected another overlapping recurrent ~750 kb focally
deleted region in 1p36.11 that contains 20 genes including ARID1A
but excluding RUNX3 [34] (Fig. 1). Together, these findings strongly
suggest that while several known TSGs and TSG candidates are locat-
ed on human chromosome 1p36, including TNFRSF14, TP73, CHD5,
DNAJC11, CAMTA1, SDHB and ARID1A (Fig. 1), the real TSG on
1p36.11 is ARID1A, not RUNX3. This notion is supported by the
observation noted earlier that ARID1A is significantly mutated in
various cancer types [33–43].

6. Runx3-deficiency affects epithelial tumors in a non-cell
autonomous manner

6.1. GIT tumors

The GITwas the first organ in which RUNX3was argued to serve as a
TSG [15]. As indicated earlier, normal GIT epithelium does not express
RUNX3 (Table 1) precluding the possibility that it functions as a cell-
autonomous TSG in GIT epithelium. However, it has been shown that
loss of a TSG in stromal cells [93–95] or T cells [96] leads to epithelial
tumorigenesis. Therefore, the scenario in which Runx3 activity in GIT
leukocytesmight non-cell autonomously protect GIT epitheliumagainst
tumorigenesis is a possibility worth considering. Indeed, Runx3 is
expressed in GIT leukocytes [12,17], including TCRγδCD8αα (E. Woolf,
Ph.D. thesis, 2005) and TCRαβCD4+CD8αα [97,98] intraepithelial
lymphocytes, whose development requires Runx3 (E. Woolf, Ph.D.
thesis, 2005 and [97,98]) and whose proper function is important for
protecting the epithelium against pathogens and inflammation [99].
As noted above its absence in Runx3−/− mice is associated with
early-onset colonic inflammation, epithelial hyperplasia, enlarged
mesenteric lymph nodes and late-onset gastric hyperplasia [12]. More-
over, early-onset colitis also develops in Runx3fl/fl/Cd11c-Cre mice, in
which Runx3 is specifically deleted in DCs [100], and can be transferred
to immune-suppressed mice by fetal liver (FL) hematopoietic precur-
sors from Runx3−/− embryos [100,101]. However, although inflamma-
tion can support tumor formation [102,103] and H. pylori-induced
inflammation is a major contributing factor to GC [104], none of the
Runx3−/− mice showed an increased incidence of GIT tumors or any
other tumor [12,105]. Of note, while transferred Runx3−/− FL cells
induced colitis but not tumor growth in irradiated RAG2−/− mice
housed under pathogen-free conditions, colon and cecum tumors
were reported to developwhen thesemicewere housed under conven-
tional conditions [101]. These results suggest that loss of Runx3 function
in leukocytes can, under certain conditions, promote the development
of colonic tumors derived from Runx3 non-expressing epithelium,
presumably in a colitis-dependentmechanism influenced by the colonic
flora. These results are clearly inconsistent with the idea that Runx3
functions as a cell-autonomous TSG in GIT epithelium.

Another study of interest involving a carcinogen-induced GC model
in Balb/c mice, reported that while ~10% of WT and Runx3+/− mice
treatedwith N-methyl-N-nitrosourea (MNU) developed gastric tumors,
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a staggering 70% of MNU-treated Runx3−/− mice developed gastric
tumors [106]. As indicated earlier, normal gastric epithelial cells
do not express Runx3 [12,22,26] and it has been reported that MNU-
induced gastric tumors in mice are associated with chronic infiltration
of inflammatory cells and that inflammation promotes MNU-induced
gastric tumors [107]. Moreover, it has been shown that gastric cancer
development in mice transgenic for Wnt1, Ptgs2 and Ptges (Gan mice)
is dependent on TNFα and tumor formation could be rescued in
TNFα−/− mice by transfer of bone marrow-derived DCs from TNFα+/+

mice, which infiltrated the tumors [108]. As indicated above, H. pylori-
induced inflammation is a major contributing factor to GC [104]. Taken
together, it is highly unlikely that loss of Runx3 in gastric epithelium is
responsible for the reported higher incidence of MNU-induced gastric
tumors in Runx3−/− Balb/c mice and suggests that lack of leukocytic
Runx3 function may be responsible.

Nevertheless, this issue can be tested directly by specifically elimi-
nating Runx3 activity from GIT epithelium or inflammatory cells. GIT
epithelium-specific deletion of the TSG Klf4, using Villin-Cre transgenic
mice, was shown to induce gastric tumors and accelerate MNU-induced
gastric tumor development [109]. Similarly, Villin-Cre-mediated deletion
of both Fbw7 and Tp53, but not each of these TSGs alone, induced
development of adenocarcinoma in the small intestine, cecum and
colon [110]. It would thus be very interesting to see whether conditional
deletion of Runx3 specifically in GIT epithelium, or in inflammatory cells
(usingMX1-Cre, Lck-Cre or CD11c-Cre) recapitulates the high incidence of
MNU-induced gastric tumors reported to occur in Runx3−/− Balb/c mice
andwhether it also results in development of intestinal adenocarcinoma.

It is important to note that although Runx3−/− Balb/c mice survived
for more than a year without developing GIT tumors, peculiarly ~50% of
Runx3+/− mice were reported to develop late-onset (15 months) small
adenomas in the small intestine [105]. In contrast, while ~20% of
Runx3−/− ICR mice developed inflammation of the small intestine, no
intestinal adenomas were detected in Runx3+/− or Runx3−/− ICR mice
[12]. The reported formation of intestinal adenomas in Runx3+/− but
not in Runx3−/− Balb/c mice is even more puzzling, because none of
the Runx3−/− phenotypic features, including ataxia due to loss of TrkC
neurons in DRG [4], colitis [12], asthma-like lung inflammation [13]
and defective silencing of CD4 expression in CD8+ T cells [8,9], is
observed in Runx3+/− mice. These findings indicate that a sufficient
amount of Runx3 is present in Runx3+/−mice to maintain homeostasis.
It is thus unlikely that RUNX3 is a bona fide TSG, since loss of only one
TSG allele is generally not enough to induce tumors, and even in cases
where tumor development does occur following the loss of one TSG
allele (haploinsufficient TSG), the manifestation of the disease is less
severe than when both alleles are lost [111].

6.2. Mammary gland tumors

The mammary gland is yet another organ in which Runx3 was sug-
gested to act as a novel TSG [112]. It was proposed that Runx3 targets
estrogen receptors for degradation, promoting the argument that it is
the presumed reduced level of Runx3 in Runx3+/− Balb/c mice that is
responsible for the increased expression of estrogen receptors and
the spontaneous development of breast ductal carcinoma in ~20% of
15-months old female mice [112]. Strangely enough, no data was pro-
vided for the incidence of mammary tumors in aged Runx3−/− mice
[112]. The fact that Runx3 is not expressed in normal mammary gland
epithelium [24,30] makes it highly unlikely that the mammary tumors
reported to develop in aged Runx3+/− Balb/c mice reflect a cell-
autonomous loss of Runx3 in the mammary epithelium itself. Nonethe-
less, unequivocally demonstrating that the aged Runx3+/− Balb/c mice
mammary tumors are in fact the product of a cell-autonomous reduced
expression of Runx3 inmammary epithelium requires that such tumors
also develop following deletion of Runx3 specifically in that tissue. Itwill
therefore be interesting to determine whether conditional deletion of
Runx3 inmammary gland epithelial cells (usingWap-Cre) or in immune
cells will give rise to mammary adenocarcinoma in aged Balb/c mice.
Notwithstanding, it should be stressed that the lack of mammary
tumors or any other tumor in both Runx3+/− and Runx3−/− ICR mice,
makes a Runx3-TSG scenario highly unlikely [12].
6.3. Lung tumors

The third tissue inwhich Runx3was suggested to function as a TSG is
the lung. Itwas reported that Runx3−/− C57Bl/6mouse embryos exhibit
impaired lung development with alveolar epithelial hyperplasia, that
newborn mice die within 24 h due to breathing abnormalities, and
that 85% of 18-months old Runx3+/− mice develop lung adenomas,
compared to ~5% in WT mice [113]. Treatment with urethane induced
lung adenomas within 3 months in 85% of Runx3+/− mice, whereas
this outcome occurred only in ~15% of WT mice [113]. In contrast, no
lung adenomas were recorded in aged Runx3+/− or Runx3−/− ICR
mice. In a more recent study, it was reported that post-natal deletion
of Runx3 in lung tissue of Runx3fl/fl mice by intranasal administration
of Adeno-Cre (Ad-Cre) induced lung adenomas within 4 months and
accelerated adenocarcinoma development due to oncogenic K-Ras
activity in K-RasLSL-G12D/+/Runx3fl/fl mice [114]. However, because
genuine Runx3 is not actually expressed in normal mouse lung alveolar
or bronchiolar epithelium and in isolated lung Epcam+ cells [17,27], an
implied cell-autonomous loss of Runx3 in lung epithelium leading to the
reported development of lung adenomas is an unlikely scenario. Even
so, to unequivocally affirm that deletion of Runx3 specifically in lung
bronchiolar or alveolar epithelium can induce adenomas and accelerate
oncogenic K-Ras-induced adenocarcinoma would require conditional
targeting of Runx3 in lung epitheliumusingCC10-Cre or SPC-Cre deleting
strains, respectively. This approach is suggested because it has been
shown that activating oncogenic K-Ras in lung epithelium using either
of these deleting strains effectively induces lung adenocarcinomas
[115,116].

Since Runx3 is expressed in lung macrophages/DCs [13], the possi-
bility arises that intranasal Ad-Cre-mediated deletion of Runx3 in
these cells within lung airways and alveoli of Runx3fl/flmicemay induce
lung inflammation, thereby leading indirectly to epithelial hyperplasia
and, possibly also to adenoma. This putative scenario is compatible
with the reported rapid accumulation of myeloid cells in the lungs
following intranasal Ad-Cre [117], activation of K-Ras in lung macro-
phages of K-RasLSL-G12D/+ mice following intranasal Ad-Cre [118] and
accumulation of hyperactivated DCs and other inflammatory cells in
the lungs of Runx3−/− [13] and lung-activated K-Rasmice [115,118]. It
is also in line with the finding that lung adenomas formed in ~60% of
K-RasLSL-G12D/+/Mx1-Cre mice in which oncogenic K-Ras was induced
specifically in hematopoietic cells [119]. The development of lung
tumors in K-RasLSL-G12D/+/Ad-Cremice depends heavily on macrophage
influx into the lung [120]. These and other myeloid cells express and
secrete increased levels of inflammatory cytokines including IL-1, IL-6,
TNFα and insulin-like growth factor 1, which activate NF-κB and Stat3
in lung epithelial cells, leading to their enhanced proliferation [103,
121–123]. For example, deletion of Ikkβ, which is required for NF-κB
activation, in myeloid cells (LysM-Cre/Ikkβfl/fl), but not in bronchiolar
epithelial Clara cells (CC10-Cre/Ikkbfl/fl), impairs myeloid cell accumula-
tion, cytokine secretion in lungs of mice exposed to tobacco smoke and
the proliferation of lung adenoma cells in chemically-induced lung
tumors [123]. Together, these results strongly implicate Runx3 function
in lungmyeloid cells as an important regulator of lung inflammation, so
its loss may contribute indirectly to lung adenoma development. It will
be of great interest to determine whether deletion of Runx3 specifically
in myeloid cells using Cd11c-Cre/Runx3fl/fl and/or LysM-Cre/Runx3fl/fl,
recapitulates the development of lung adenomas and the accelerated
formation of K-Ras-induced lung adenocarcinomas, observed in
Runx3fl/fl and K-RasLSL-G12D/+/Runx3fl/fl mice, respectively, following
intranasal administration of Ad-Cre.
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6.4. Skin tumors

Studies on carcinogen-induced skin cancer in mice involving
treatment with the carcinogen 7, 12-dimethylbez(α)anthracene
(DMBA) followed by the tumor-promoting phorbol ester 12-O-tetra
decanoylphorbol-13-acetate (TPA) revealed that skin tumor formation
is inflammation-dependent (reviewed in [124]). For example, expres-
sion of Cxcr3 in T cells [125] and the receptor for advanced glycation
end-products RAGE [126] in immune cells, but not in keratinocytes,
was found to be required for sustaining TPA-induced infiltration of
inflammatory cells, epidermal hyperplasia and tumor promotion.
Analysis of the role of Runx3 has shown that while 100% of DMBA/TPA
WT ICR mice developed multiple skin papilloma tumors, the degree of
inflammation-associated epithelial hyperplasia and the frequency of
papilloma-bearing mice were strongly reduced in Runx3−/− mice [18].
Runx3−/− mice were also highly resistant to TPA-induced tumor
promotion in skin already pre-initiated by an oncogenic Ha-Ras [18].
The reduced susceptibility of Runx3-deficientmice to skin carcinogene-
sis was associated with a marked reduction in TPA-recruited skin
CD11b+ DCs and γδT cells and with an altered cytokine milieu in their
skin, which together generated an anti-tumor environment [18]. More-
over, mice in which Runx3 was specifically deleted in both DCs and T
cells (using Runx3fl/fl::CD11c-Cre::Lck-Cre mice), but not in keratinocytes
(using Runx3fl/fl::K14-Cre mice), fully simulate the resistance of Runx3−/−

mice to skin carcinogenesis [18]. These results indicate that Runx3−/−

mice protection against inflammation-dependent skin carcinogenesis
is due to loss of Runx3 activity in immune cells and not in keratinocytes
(Fig. 3). Hence, Runx3 function in immune cells is strongly implicated in
Fig. 3. Leukocytic Runx3 regulates the balance of cytokines and tumor promotion in the
TPA-treated inflamed skin microenvironment. Deletion of Runx3 in both dendritic and
T cells (bottom) but not in keratinocytes (top) inhibits TPA-mediated skin inflammation
and tumor promotion [18].
TPA-induced skin tumor promotion, inconsistent with Runx3 being a
cell-autonomous TSG in epithelium. Moreover, the observation that
RUNX3 is overexpressed in the nuclei of human skin basal cell carcino-
ma cells [127] suggests that its presence in epithelial cells does not
prevent carcinoma development. In fact, it raises the possibility that
RUNX3 overexpression and not its absence may promote human skin
cancer by a cell-autonomous mechanism.
7. Association of RUNX3with immune-related inflammatory
diseases and its possible implications to cancer development

Unlike the lack of convincing evidence for RUNX3direct participation
in human cancers, several studies have implicated RUNX3 in immune-
related diseases in GIT and other organs. Two studies associated
RUNX3 SNP rs2236851 with increased risk for ulcerative colitis (UC)
[128,129] and a GWAS of a Japanese population revealed a certain con-
nection between RUNX3 SNPs and an increased risk for two other GIT
diseases, celiac [130] and Crohn's disease (CD) [54], although the latter
did not reach GWAS significance level (Table 5 and Fig. 2). GWAS also
revealed an association of RUNX3 with ankylosing spondylitis [131]
and psoriasis [132] (Table 5 and Fig. 2). Other relevant examples include
the association of SNP rs10903122, located nearRUNX3, with both celiac
disease [130] and atopic dermatitis [133]; rs4649038 in RUNX3 intron 1
with psoriatic arthritis [134]; and rs11580498, located 13 kb down-
stream of RUNX3, with asthma in a Canadian population [135]
(Table 5 and Fig. 2). It is interesting to note that several SNPs in other
genes associated with immune-related diseases, including Lupus
erythematosus, psoriasis and rheumatoid arthritis, disrupt or alter
the canonical RUNX-binding sites within these susceptibility loci
[136–138].

As indicated earlier, Runx3-deficient mice spontaneously develop
early-onset colitis [12], which can be transferred to immune-suppressed
mice by FL hematopoietic precursors from Runx3−/− embryos [100,
101]. It is thus possible that certain GIT and other inflammatory diseases
are associated with particular RUNX3 SNPs, which might affect RUNX3
functions in leukocytes, such as CD8+ T cells, NK and DCs, all of which
display distinct phenotypes when Runx3 is absent [11,13,139,140].
Significantly, many of the genes reported to be associated with increased
risk for inflammatory GIT diseases, including celiac [141], Crohn's [142],
UC [143] and inflammatory bowel disease (IBD) [144], were identified
as Runx3 targets in CD8+ T, NK and/or DCs [11,139,140] (Table 6). The
Runx3 targets Ets1, Ube2e3 and Zmiz1 are also susceptibility genes for
psoriasis [132] (Table 6). Together, these results implicate RUNX3 itself
and many of its gene targets in immune and inflammatory cells as
protectors against a range of immune-related diseases in various organs,
including the GIT.

Several studies have underscored the role of various TSGs in inflam-
mation in the tumor microenvironment. For example, deletion of the
Table 5
Association studies implicating RUNX3 in human immune-related diseases.

Type of study Association with diseasea References

Selected SNPs H. pylori-induced GA [53]
Selected SNPs UC [128,129]
GWAS Celiacb [130]
GWAS CD [54] c

GWAS AS [131]
GWAS Psoriasis [132]
GWAS Asthma [135]

a AS, ankylosing spondylitis; CD, Crohn's disease; GA, gastric atrophy; andUC, ulcerative
colitis.

b The SNP rs10903122 near RUNX3 associatedwith celiac disease is also associatedwith
atopic dermatitis [133] and the SNP rs4649038 in RUNX3 intron-1 is associated with
psoriatic arthritis [134].

c The SNP rs7551188 in RUNX3 intron-1 gave a strong association signal with CD in a
Japanese population, but it did not reach the required GWAS significant level [54].



Table 6
Runx3 target genes in CD8+ T, NK and/or DC that are associated with human
immune-related diseases.

Disease Susceptibility genes that are Runx3-targets in CD8+ T, NK and/or DCa

Celiac Aldh2, Bach2, Ccr2, Ccr3, Ccr5, Ccrl2, Cd247, Cxcr6, Ctla4, Ets1, Fasl, Fli1,
Icos, Il18rap, Irf4, Itga4, Park7, Plek, Ptpn2, Ptprk, Rgs1, Sh2b3, Tlr8, Tnfrsf9,
Ube2e3, Xcr1, Zmiz1

Crohn's Bach2, Cd19, Cd244, Cpeb4, Crem, Fasl, Galc, Icoslg, Ifnar1, Ifngr2, Ikzf1,
Ikzf3, Il18rap, Il2ra, Irf1, Itln1, Jak2, Lat, Lta, Plcl1, Prdm1, Ptpn2, Ptpn22,
Rasgrp1, Ripk2, Sh2b1, Smad3, Spred1, Tnfsf8, Vamp3, Zfp36l1, Zmiz1

UC Calm3, Card11, Dap, Exoc3, Fcgr2a, Gmppb, Gna12, Icosl, Ifng, Ikzf3, Il1r2,
Il7r, Inpp5e, Itgal, Jak2, Pim3, Ormdl3, Prdm1, Ptger4, Serinc3, Smad3,
Tnfrsf9, Tnfsf8, Tnpo3

IBD Adcy3, Bre, Cd226, Crem, Crtc3, Dap, Dok3, Fcgr2a, Galc, Gpr18, Gpr183,
Icosl, Ifng, Ikzf1, Il18rap, Il2ra, Irf8, Jak2, Litaf, Loh12cr1, Lpxn, Nfil3,
Ormdl3, Osm, Ptger4, Rorc, Rps6kb1, Smad3, Socs1, Spred2, Spry4, Stat1,
Tnfrsf18, Tnfrsf4, Tnfrsf9, Tnfsf8, Traf3ip2, Tspan14, Zfp36l1

Psoriasis Ets1, Irf4, Rps6ka4, Ube2e3 and Zmiz1

a The lists of susceptibility genes for celiac, Crohn's, ulcerative colitis, IBD and psoriasis
[132,141–144]were intersectedwith the lists of Runx3-target genes in CD8+ T, NK and/or
DCs [11,139,140] and the common genes are indicated.
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TSG Smad4 in T cells, but not in epithelial cells, results in formation of
epithelial GIT tumors, possibly mediated by enhanced expression of
interleukins (IL) 5, 6 and 13 by Smad4-deficient T cells, which hyper-
activate Stat3 in epithelium [96]. Similarly, deletion of Tgfbr2 in stromal
fibroblasts increases expression of inflammatory mediators and cyto-
kines and the development of squamous cell carcinoma in the
forestomach [93,145]. Deletion of p53 in mesenchymal hepatic stellate
cells promotes Ccl4-induced liver cirrhosis and accelerates carcinogen-
induced liver epithelial tumorigenesis by secreting elevated levels
of factors that stimulate polarization of macrophages into a tumor-
promoting M2 state and their increased accumulation within the
tumor microenvironment [95]. Deletion of Sqstm1/p62 in the whole
organism, or specifically in stromal fibroblasts, causes IL-6 levels to
rise, induces inflammation and increases tumorigenesis of prostate
epithelial cancer [146]. Interestingly, Sqstm1/p62 is highly-expressed
in prostate cancer epithelial cells [146] and is required for their prolifer-
ation in vitro and in xenografts via themTORC1 pathway [147], indicat-
ing it is not an epithelium cell-autonomous TSG. Rather, the ensuing
inflammation and IL-6 production following Sqstm1/p62 deletion in
stromal fibroblasts circumvents the requirement of this gene for cancer
cell proliferation. It is thus tempting to speculate that loss of Runx3 in
immune cells, which results in colonic and lung inflammation in mice,
and the association of RUNX3 with several human inflammatory
diseases might, under certain conditions, also indirectly promote the
growth of epithelial cancer cells. But even if this scenario does indeed
occur, it is incompatible with the notion that RUNX3 serves as an
epithelium cell-autonomous TSG.

8. Conclusions and future directions

Cancer is a major cause of mortality worldwide, highlighting the
importance of studies aimed at identifying cancer-driving genes and
promising gene targets for potential new therapies. More than a decade
ago, RUNX3 was suggested to be a major TSG in GIT epithelium, thus
preventing the development of GC. Hundreds of following studies
involving thousands of GC and other cancer patients have invested
great effort in the attempt to verify and extend this RUNX3-TSG
paradigm. Yet, as outlined above, all have failed to validate the first
and foremost premise for a cell-autonomous TSG that it should be
expressed in the normal tissue from which the cancer has arisen. This
basic requirement concerning RUNX3 expression in normal GIT epithe-
lium has been revealed to be false.

A second elementary criterion for proving that cell-autonomous loss
of RUNX3 in the epithelium drives the formation of various epithelial
cancers is that tumors should develop following Runx3 targeting
specifically in the epithelium, but such evidence is yet to be presented.
Moreover, other premises inferring a RUNX3-TSG function, such as
cancer-associated RUNX3 inactivation by point mutations or focal loss
of the 1p36.11 region that harbors RUNX3, are not supported by a string
of genome-wide analyses, including ones carried out in the framework
of TCGA. No germ-line RUNX3 mutations have been found in cancer-
prone pedigrees, and GWAS have likewise failed to show any associa-
tion of RUNX3with increased cancer susceptibility. Finally, quantitative
analysis of RUNX3 P2 hypermethylation in cancer (the most studied
aspect of its putative TSG function) reveals that RUNX3 is not highly
methylated in cancer and that its methylation does not impact its
expression. Taken together, these findings do not support the paradigm
of RUNX3 being a cell-autonomous TSG in epithelial tissues. Accordingly,
RUNX3 is not mentioned in “Cancer Gene Census” repository (www.
sanger.ac.uk/genetics/CGP/Census/), which lists 522 established cancer
genes or in the “Network for Cancer Genes (NCG 4.0)” repository (ncg.
kcl.ac.uk/), which contains 2000 known and candidate cancer genes
based on 77 whole-genome or whole-exome sequencing screenings of
more than 3000 cancer patients and 23 cancer types. It is interesting
to note that unlike RUNX3, RUNX1 is expressed in normal epithelia
[17,23,24,30], RUNX1 mutations were associated with human breast
cancer [148,149] and epithelium-specific conditional deletion of Runx1
in mice induces the development of adenomas in the duodenum and
significantly enhances development of GIT tumors in the colon, cecum
and intestine in APCmin mice [150]. Accordingly, unlike RUNX3, RUNX1
is listed in the “Cancer Gene Census” and “Network for Cancer Genes
(NCG 4.0)” repositories as a cancer gene.

RUNX3 has important functions in innate and adaptive immune cell
types and has been associated with several immune-related diseases.
Since chronic inflammatory reactions/diseases can promote epithelial
cancer development by providing a tumor-promoting microenviron-
ment, it is possible that the ensuing inflammatory reactions requiring
RUNX3 (in TPA-treated skin) or those occurring in its absence (in lung
and GIT) might support epithelial tumor development in a non-cell
autonomous manner. In fact, loss of Runx3 in DCs induces colitis, and
transfer of Runx3−/− FL cells into irradiated RAG2−/− mice induces
colitis that can even lead to the rise of colonic tumors when mice are
housed under conventional conditions, but not under pathogen-free
conditions. Tumor-infiltrating leukocytes can also kill inflammation-
independent tumor cells, so loss of RUNX3 in immune cells might also
augment tumor growth by weakening immune-surveillance. On the
other hand, deletion of Runx3 in immune cells, but not in keratinocytes,
actually inhibits the growth of inflammation-dependent skin tumors in
a chemical carcinogenesis mousemodel, indicating that Runx3 function
in immune cells can also play an indirect role in tumor promotion.

The high frequency in tumors of TP53 and ARID1A mutations and of
deletions of regions harboring known TSGs, including ARID1A, which
resides on chromosome 1p36.11, make them and not RUNX3, the
relevant TSGs in cancer biology. The recurrent amplification of chromo-
somal regions harboring known oncogenes and activating mutations in
these genes, especially the RAS/RTK family, makes them and not RUNX3
the most promising targets for cancer therapy.
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