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RUNX3 inactivates oncogenic MYC through
disruption of MYC/MAX complex and subsequent
recruitment of GSK3p-FBXW?7 cascade

Vincent Oei® 22, Linda Shyue Huey Chuang® ', Junichi Matsuo® ', Supriya Srivastava3, Ming Teh* &
Yoshiaki Ito® "™

MYC is one of the most commonly dysregulated proto-oncogenes in cancer. MYC promotes
cancer initiation and maintenance by regulating multiple biological processes, such as pro-
liferation and stem cell function. Here, we show that developmental regulator RUNX3 targets
MYC protein for rapid degradation through the glycogen synthase kinase-3 beta-F-box/WD
repeat-containing protein 7 (GSK3B-FBXW?7) proteolytic pathway. The evolutionarily con-
served Runt domain of RUNX3 interacts directly with the basic helix-loop-helix leucine zipper
of MYC, resulting in the disruption of MYC/MAX and MYC/MIZ-1 interactions, enhanced
GSK3p-mediated phosphorylation of MYC protein at threonine-58 and its subsequent
degradation via the ubiquitin-proteasomal pathway. We therefore uncover a previously
unknown mode of MYC destabilization by RUNX3 and provide an explanation as to why
RUNX3 inhibits early-stage cancer development in gastrointestinal and lung mouse cancer
models.
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scriptional programs that are critical for stem cell function,

somatic cell proliferation and differentiation in normal
1

The proto-oncogene MYC regulates a broad array of tran-

tissues!. The prevalence of deregulated MYC expression in
diverse cancer types suggests that heightened MYC activity con-
tributes to the pathogenesis of most, if not all, cancers>~4. MYC
has been shown to play pivotal roles in cancer initiation and its
maintenance’. MYC is one of the four transcription factors (also
known as Yamanaka factors) that can reprogram somatic cells to
pluripotency®. Indeed, MYC was linked to the activation of an
embryonic stem cell-like program in differentiated adult epithelial
cells and thus, implicated in tumor initiation and the self-renewal
capability of cancer stem cells’. Mechanistic links between MYC
and oncogenic signaling pathways are pivotal to its oncogenic
drive®. MYC was the earliest identified cooperating partner of
RAS during tumorigenic conversion’. Moreover, MYC was
identified as a target of the APC pathway - its promoter is
strongly induced by Wnt effectors TCF4/B-catenin!?. Myc dele-
tion rescued Apc deletion in the adult mouse small intestine,
thereby highlighting the importance of Myc for the activation of
oncogenic Wnt signaling during early neoplasiall.

The role of MYC in cancer maintenance is best exemplified by
the fact that inhibition of MYC led to rapid tumor regression in
multiple solid tumor types’*. MYC promotes cancer cell pro-
liferation through its ability to regulate genes involved in fun-
damental growth processes such as cell cycle progression,
ribosomal biogenesis, and metabolism!2. More recently, persis-
tent MYC activity was reported to drive cell extrinsic changes in
host immunity and tumor microenvironment for the main-
tenance of pancreatic adenocarcinoma phenotypel3. MYC
addiction is therefore a cancer vulnerability that can be ther-
apeutically exploited through targeting its activity!4.

Perhaps the most effective and tumor-specific mode of MYC
inhibition is to directly target the transcriptional properties of the
MYC protein'%. The MYC protein N-terminus region harbors a
transcription regulatory domain, which effects transcriptional
activation and repression. The C-terminus of MYC contains basic
helix-loop-helix leucine zipper (bHLH-LZ) domain, which het-
erodimerizes with MYC-associated protein X (also known as
MAX) to bind the DNA sequence 5'-CACGTG-3' (also known as
the E-box)%15-17. MYC/MAX heterodimerization is necessary for
MYC-driven tumorigenesis'®!1®. Disruption of the MYC/MAX
complex using Omomyc, a MYC mutant peptide that interferes
with the MYC dimerization domain, resulted in rapid regres-
sion of Ras-induced lung adenocarcinoma?’. Interestingly,
Omomyc treatment also led to a reduction in MYC protein
levels through ubiquitination and degradation?!. The develop-
ment of small molecule inhibitors that disrupt MYC/MAX
heterodimerization further emphasized the importance of pro-
moting MYC degradation to suppress tumor growth and
enhance immunotherapy?2-23,

The RUNX family of developmental transcription factors,
comprising RUNXI, 2 and 3, has been strongly implicated in
tumorigenesis>42°. The prototype RUNX protein is characterized
by the evolutionarily conserved Runt domain, which enables
heterodimerization with obligate partner CBFp and subsequent
stable binding to DNA26-28. The RUNX3 gene is frequently
hypermethylated and epigenetically silenced in diverse solid
tumors, suggesting that it plays pivotal roles in tumor
suppression%, We found that the adenoma-prone intestines of
Runx3 deficient mice exhibited elevated Myc expression and
attributed it to the ability of RUNX3 to attenuate oncogenic Wnt
signaling?®. Moreover, Runx3 inactivation was crucial for the
progression of adenoma to adenocarcinoma during K-ras-
induced lung adenocarcinoma development3. We had earlier
identified the point mutation R122C in RUNX3 in human gastric

cancer3l. More recently, we reported that the RUNX3RI22C
knock-in mice exhibited a precancerous phenotype, characterized
by a massive increase in rapidly proliferating isthmus stem/pro-
genitor cells and reduced differentiated cell populations, in the
stomach corpus tissue32. Transcriptomic analyses revealed the
strong enrichment of the MYC target gene signature in the corpus
epithelial cells of RUNX3R122C/R122C mice compared with its wild-
type counterpart32. Interestingly, RUNX3 was found to promote
the degradation of closely related MYC paralog MYCN in
neuroblastoma33,

In this study, we continued our investigations into the mole-
cular mechanisms underlying the RUNX3-MYC relationship. We
examined whether RUNX3 serves as a safeguard against MYC-
driven proliferation during malignant progression. The pre-
valence of RUNX3 hypermethylation in cancer and the potential
for pharmacological reversion suggest that reactivating the
silenced RUNX3 may be a first-line treatment for MYC addiction
in such cancers.

Results

RUNX3 inhibits the MYC pathway. To explore the major roles
of RUNX3 in cancer, we generated stably transduced doxycycline
(Dox)-inducible Tet-On expression of RUNX3 in the cervical
cancer cell line HeLa (henceforth designated as HeLa-RUNX3)
and performed transcriptomic profiling of HeLa-RUNX3 in the
presence or absence of doxycycline. RNA sequencing (RNAseq)
followed by Ingenuity Pathway Analysis (IPA) indicated down-
regulation of proliferation-related processes and upregulation of
wound healing and metastasis signaling (Fig. 1a). Our findings
agree with the seminal work that RUNX3 inhibited proliferation,
while promoting a metastatic program in pancreatic cancer**. In
support of its anti-proliferation function, upstream regulators
predicted to be activated (indicated as orange) by RUNX3
included TP53, CDKNI1A, CDKN2A, RB, and SMAD3/4, while
those predicted to be repressed by RUNX3 included proliferation-
associated E2F1, MYC, CCND1, FOXM]1, and estrogen receptor a
(Supplementary Fig. la, left panel). Moreover, RUNX3 activity
was predicted to repress multiple tumor types (Supplementary
Fig. 1b, left). Gene set enrichment analysis (GSEA) revealed
strong downregulation of proliferation-associated programs such
as HALLMARK_E2F_TARGETS, HALLMARK_G2M_CHECK-
POINT, and HALLMARK_MYC_TARGETS_V1 following the
induction of RUNX3 with Dox (Fig. 1b). These findings agreed
with our earlier flow cytometry analysis showing that RUNX3
induction in HeLa-RUNX3 cells strongly inhibited G1-S phase
transition®>. Conversely, RUNX3 induction was associated with
upregulation of the p53 pathway in HeLa cells (Fig. 1b), in line
with earlier findings that RUNX3 cooperated with p53 during
DNA damage?®.

Western blot analysis of the HeLa-RUNX3 cells revealed
dramatic reductions of MYC and E2F1 proteins after Dox-
induction of RUNX3 (Fig. 1c). This effect was not observed when
RUNX3 mutant R122C was induced. RUNX3 induction was also
associated with increases in p53 and cell cycle/CDK inhibitor
CDKNI1A (also known as pZIWAF/CIP 1y protein levels (Fig. 1c).
While R122C induction was also associated with an increase in the
p53 protein level, CDKNI1A protein level was unaffected (Fig. 1c).
To assess the influence of p53 on RUNX3-mediated changes in
proliferation-associated proteins, we generated the stably trans-
duced Dox-inducible Tet-On expression of RUNX3 in the
p53-mutated gastric cancer MKN28 cell line (henceforth,
MKN28-RUNX3). RNAseq of MKN28-RUNX3, followed by IPA
and GSEA, indicated similar pathway enrichment profiles for
RUNX3 induction, when compared to HeLa-RUNX3 (Supple-
mentary Fig. 1la—c). Dox-induction of RUNX3 in MKN28-RUNX3
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resulted in strong reduction of MYC and E2F1 proteins, unlike the
R122C mutant (Fig. 1d). Since siRNA-mediated knockdown of
MYC and E2F1I resulted in strong and moderate growth inhibition
in HeLa-RUNX3, respectively (Supplementary Fig. 1d, bottom
panel), we chose the RUNX3-MYC relationship for further studies.
Of note, MYC mRNA level in HeLa-RUNX3 was not significantly
altered following RUNX3 induction (Supplementary Fig. le).
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Time course Dox treatment in HeLa-RUNX3 revealed that
RUNX3 induction is followed by rapidly decreasing MYC protein
levels, with minimal MYC protein amount by 9h after Dox
addition (Fig. le). The induction of p53 and CDKNI1A proteins
were observed at 12h and 24 h after Dox addition. Immuno-
fluorescence staining showed that RUNX3 overexpression
corresponded with strong depletion of nuclear MYC proteins
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Fig. 1 RUNX3 inhibits the MYC tumorigenic pathway. a Canonical pathway analysis (using Ingenuity Pathway Analysis by QIAGEN) of RNA-sequencing
(RNAseq) data of HeLa-RUNX3 treated with 500 ng/ml Dox for 48 h or untreated (mock) in triplicates. Differentially expressed genes (DEGs) were
filtered using adjusted p value of <0.01 and log, fold change of £0.4. Orange and blue bars represent activated and inactivated pathways respectively.
b Gene set enrichment analysis (GSEA) of RNAseq from (). ¢ Immunoblot of lysates (40 pg) from Hela-FLAG, HelLa-RUNX3, HelLa-R122C treated with
500 ng/ml doxycycline for 48 h. RUNX3 was detected by anti-FLAG antibody. a-tubulin is the loading control. The data is representative of three
independent experiments. d Immunoblot of lysates (40 pg) from MKN28-FLAG, MKN28-RUNX3, MKN28-R122C treated with 10 ng/ml doxycycline for
48 h. The data is representative of three independent experiments. @ Immunoblot of HeLa-RUNX3 treated with 500 ng/ml Dox for the indicated
timepoints. The data is representative of two independent experiments. f Representative immunofluorescence staining of cells treated with 500 ng/ml Dox
for 24 h. Anti-FLAG and anti-MYC antibodies were used to detect RUNX3 (red) and MYC (green) respectively. DNA was counterstained by DAPI. Scale
bar, 10 um. The data is representative of three independent experiments. g Immunoblot of lysates (40 pg) from HGC27 and MKN45 cells treated with
control siRNA (siC) and siRNA targeting RUNX3 (siRUNX3). The data is representative of four independent experiments. h Proliferation assay of Hela-
FLAG, Hela-RUNX3, Hela-R122C treated with 500 ng/ml Dox. Cells were manually counted every 24 h up to 120 h (n=3). Data is presented as
mean * standard deviation. Asterisks indicate significant differences between groups at 120 h time point, *p < 0.05, ****p < 0.0001. Data is representative
of three independent experiments. i MKN28-FLAG and MKN28-RUNX3 cells were injected into NOD scid gamma (NSG) mice at the left and right flanks

respectively. Mice were fed with Dox-embedded food pellets. Tumor xenografts - when one graft site reached 1.5 cm diameter - were harvested for

immunoblot (70 ug of lysate). Experiment is performed once with 4 mice.

(Fig. 1f). By contrast, induction of the RUNX3 mutant R122C did
not affect nuclear MYC protein levels (Fig. 1f). Overexpression of
RUNX3 in an array of gastric cancer cell lines resulted in the
reduction of MYC proteins in all tested cell lines (Supplementary
Fig. 1f). Accordingly, siRNA-mediated depletion of endogenous
RUNX3 in HGC27 and MKN45 cell lines resulted in upregulation
of the MYC protein (Fig. 1g). Moreover, knockdown of RUNX3
resulted in negligible decrease in MYC mRNA and strong growth
stimulation in HGC27 cells (Supplementary Fig. 2a, b). Together,
the results suggest that RUNX3 targets MYC protein directly to
suppress proliferation. Indeed, cell proliferation, NOD SCID
gamma (NSG) mice tumorigenesis and tumoroid formation
assays showed that overexpression of RUNX3, accompanied by
reduction of MYC, is strongly associated with inhibition of
proliferation and tumorigenic growth in HeLa and MKN28 cell
lines (Fig. 1h, i and Supplementary Fig. 2c-i). The RUNX3-
R122C mutant, which was not associated with reduced MYC
protein levels, was impaired in anti-tumorigenic activities, when
compared to wild-type RUNX3 (Fig. 1h and Supplementary
Fig. 2¢-f, i).

RUNX3 promotes MYC degradation via the GSK3p3-FBXW7
pathway. RNAseq of HeLa-RUNX3 revealed negligible change in
MYC mRNA abundance, suggesting that RUNX3 directly affects
MYC protein stability. RUNX3-associated reduction of MYC
protein level was abolished by the proteasome inhibitor Z-Leu-
Leu-Leu-al (MG132; Fig. 2a), indicating that RUNX3 promotes
ubiquitin-mediated proteasomal degradation of MYC. To assess
the half-life of MYC in the presence of RUNX3, we performed
cycloheximide chase experiments on HeLa-RUNX3 and MKN28-
RUNX3 in the presence and absence of Dox (Fig. 2b). Dox-
induction of RUNX3 in HeLa-RUNX3 and MKN28-RUNX3
reduced the half-life of MYC from 30 to 20 min and 32 to 23 min
respectively (Fig. 2b, c).

The main mechanism of MYC proteasomal degradation is well
characterized - extracellular signal-regulated kinases (ERKs) and
cyclin-dependent kinases (CDKs) phosphorylate MYC at Serine
62 (S62); S62 phosphorylation leads to glycogen synthase kinase-3
beta (GSK3p) mediated phosphorylation of Threonine 58 (T58);
prolyl isomerase PIN1 facilitates protein phosphatase 2A (PP2A)
in the dephosphorylation of phospho-S62; phosphorylation of
MYC at T58 results in MYC ubiquitination by E3 ligase complex
SKP1-CULI- F-box/WD repeat-containing protein 7 (SCFFbxw7)
and subsequent degradation by 26S proteasome®37. To under-
stand the relationship of RUNX3 with the components of the
MYC degradation pathway, we performed siRNA-mediated
knockdown of GSK3B, FBXW?7 (a component of E3 ubiquitin

ligase SCFFPx"7), PIN1 as well as the obligate partner of RUNX3
CBFp in HeLa-RUNX3 and MKN28-RUNX3 (Fig. 2d and
Supplementary Fig. 3a). Surprisingly, depletion of CBFp partially
diminished RUNX3-mediated MYC degradation (Fig. 2d and
Supplementary Fig. 3a). CBFp may therefore enhance the action
of RUNX3 on MYC. Knockdown of GSK3(B, FBXW7 and
PIN1 strongly reduced the ability of RUNX3 to mediate MYC
degradation, indicating that RUNX3 functions in the main MYC
degradation pathway, possibly by influencing MYC phosphoryla-
tion (Fig. 2d and Supplementary Fig. 3a).

We next generated MYC phosphorylation mutants, namely the
non-phosphorylatable T58A and S62A, by site directed mutagen-
esis. The mutants were overexpressed in the HeLa-RUNX3 and
MKN28-RUNX3 cell lines and assessed for their stability
following Dox treatment in cycloheximide chase experiments
(Fig. 2e). While the wild-type MYC protein was rapidly depleted
upon Dox-induction of RUNX3, the levels of both T58A and
S62A MYC mutant proteins were unchanged (Fig. 2e and
Supplementary Fig. 3b). This observation supports the notion
that RUNX3 promotes GSK3B-FBXW7-mediated degradation of
MYC by modulating MYC phosphorylation.

RUNX3 directly interacts with MYC through the evolutionarily
conserved Runt domain. To understand how RUNX3 promotes
MYC degradation, we next investigated the interaction between
RUNX3 and MYC. FLAG-tagged RUNX3 and HA-tagged MYC
were exogenously expressed in HEK293T cells. FLAG-tagged
RUNX3 and bound proteins were immunoprecipitated using
FLAG affinity beads. Western blot analysis revealed strong co-
purification of MYC with RUNX3 (Fig. 3a). Interestingly, the
RUNX3 R122C mutant did not interact with MYC (Fig. 3b), in
line with its inability to promote MYC degradation (Fig. 1c, d).
Importantly, MYC co-precipitated with RUNX3 from HGC27 cell
lysates at endogenous protein levels (Supplementary Fig. 4a).
Proximity ligation assay using MYC- and RUNX3-specific anti-
bodies revealed focal formation, which indicated that endogenous
interaction of both proteins mainly occurred in the nucleus of the
HGC27 cell line (Fig. 3c). To map the domains of MYC that
interact with RUNX3, a series of MYC truncation constructs
(Fig. 3d) were co-expressed with full-length RUNX3. Immuno-
precipitation showed that MYC bound to RUNX3 at two
regions — the N-terminal amino acids (aa) 1-171, encompassing
the transcription regulatory domain, and aa 357-439, which
contains the bHLH-LZ domain (Fig. 3d, e). Of note, ARF, a
downstream transcriptional target of MYC, RUNX1 and 330-38.39,
also bound MYC protein via the transcription regulatory and
bHLH-LZ domains*’. Next, immunoprecipitation using RUNX3
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Fig. 2 RUNX3 promotes MYC protein degradation via the GSK33-FBXW?7 pathway. a HeLa-RUNX3 and MKN28-RUNX3 were treated with 500 ng/ml
and 20 ng/ml Dox, respectively. 18 h after Dox addition, 10 uM MG132 was added where indicated for 6 h. Immunoblot was performed on 40 g lysate.
RUNX3 was detected by anti-FLAG antibody. a-tubulin is the loading control. The data is representative of 3 independent experiments. b HeLa-RUNX3 and
MKN28-RUNX3 were treated with 500 ng/ml and 20 ng/ml Dox, respectively. 12 h after Dox addition, cycloheximide (CHX) was added at 50 ug/ml and
100 pg/ml for HeLa-RUNX3 and for MKN28-RUNXS3, respectively. Immunoblot was performed on 40 ug lysate. The data is representative of three
independent experiments. ¢ Densitometric quantification of band intensity from b using ImageJ software. Lines are fitted by linear regression using
GraphPad Prism. d HeLa-RUNX3 was transfected with control siRNA (siC), and siRNA targeting CBFp (siCBFf), GSK3p (siGSK3p), PIN1 (siPIN1), and
FBXW?7 (siFBXW?7). After 12 h, 500 ng/ml Dox was added where indicated. Cells were harvested 48 h after Dox addition for immunoblot. The data is
representative of three independent experiments. e Cells were transfected with 2x HA-tagged MYC, 2x HA-tagged-T58A MYC, and 2x HA-tagged-S62A-
MYC for 24 h. Immediately following transfection, Dox was added. Dox and CHX treatments were as described in b. The data is representative of two
independent experiments.
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truncation constructs with full-length MYC showed that RUNX3
N-terminus domain aa 1-187, which contains the DNA-binding
Runt domain, bound to MYC (Fig. 3f and Supplementary
Fig. 4b). A GST pulldown assay using purified recombinant GST-
Runt fusion protein and recombinant full-length MYC protein
further showed that RUNX3 bound directly to MYC (Fig. 3g).
Since the Runt domain is highly conserved among human RUNX

paralogs, we checked whether RUNX1 and RUNX2 interacted
with MYC. Full-length RUNX1, 2 and 3 were individually co-
expressed with MYC in HEK293T cells. Immunoprecipitation
revealed that RUNXI and 2 also bound MYC (Supplementary
Fig. 4c), indicating that MYC binding is a conserved feature of
human RUNX family members. Transfection of RUNX3 (aa
1-187) into HGC27 cells resulted in strong depletion of MYC
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Fig. 3 RUNX3 directly interacts with MYC through the evolutionarily conserved Runt domain. a, b Immunoblot of HEK293T cells transfected with the
indicated plasmids. pcFLAG and pcHA denote pcDNA-FLAG and pcDNA-HA empty vector controls, respectively. Input is 5% of amount used in IP. The
data is representative of four independent experiments. ¢ Proximity ligation assay (PLA) of HGC27 cells using anti-MYC and anti-RUNX3 antibodies. Green
signals represent MYC and RUNX3 proteins in close proximity. DAPI (blue) indicates nucleus. Scale bar, 10 um. The data is representative of three
independent experiments. d Schematic diagram of the structural motifs of MYC protein and the MYC truncation constructs used. MB MYC boxes, PEST
peptide sequence enriched with E, P, S, and T amino acids, NLS nuclear localization signal, bHLH basic helix loop helix, LZ leucine zipper. e IP of
HEK293T cells transfected with FLAG-tagged RUNX3 and HA-tagged MYC constructs. Anti-FLAG and anti-HA antibodies were used for the immunoblot.
FL denotes full-length. The data is representative of 3 independent experiments. f IP of HEK293T cells transfected with MYC and FLAG-tagged RUNX3
truncations. The data is representative of three independent experiments. g GST pulldown using purified recombinant proteins GST-tagged RUNX3 aa
49-187 (denoted as GST-Runt) and MYC. GST is the negative control. The input proteins are shown by Coomassie blue staining. The data is representative

of two independent experiments.

protein, suggesting that the Runt domain alone is necessary and
sufficient for MYC degradation (Supplementary Fig. 4d).

RUNX3 interacts with GSK3f and FBXW7 to promote
ubiquitin-proteasomal degradation of MYC. We had earlier
shown that mutations T58A and S62A in MYC resulted in
abolishment of RUNX3’s ability to destabilize MYC protein.
Using MG132 to inhibit proteasomal degradation of MYC, we
observed that T58 phosphorylation of MYC was increased 2-fold
in Dox-treated HeLa-RUNX3 and 1.4-fold in Dox-treated
MKN28-RUNX3, when compared to non-Dox-treated cells
(Fig. 4a). Yet, RUNX3 bound to MYC mutants T58A, T58D,
S62A and S62D with similar affinities to wild-type MYC (Sup-
plementary Fig. 4e), suggesting that the phosphorylation status of
T58 and S62 did not affect RUNX3 interaction with MYC. Since
GSK3p phosphorylates S62-phosphorylated MYC at T58, we next
ascertained the relationship of RUNX3 with GSK3p. Immuno-
precipitation studies in HEK293T cells showed that the
N-terminus of RUNX3 (aa 1-187) bound to GSK3p (Fig. 4b).
Furthermore, interaction of endogenous RUNX3 and endogenous
GSK3p in HGC27 cells were observed by proximity ligation assay
and co-immunoprecipitation (Fig. 4c, d). In vitro kinase assays
using a combination of recombinant GSK3p, its MYC substrate
phosphomimetic S62D and negative control S62A, and full-length
RUNX3 or RUNX3 (aa 1-187) showed that RUNX3 and RUNX3
(aa 1-187) enhanced the ability of GSK3p to phosphorylate MYC
(S62D) at T58 by 2.16 and 3.70 times respectively (Fig. 4e).
Moreover, GSK3B-mediated phosphorylation of T58 was further
accentuated by 1.6-fold when CBFp was included (Fig. 4f). It
would seem that the Runt domain, in complex with CBFp, tethers
MYC to GSK3B for effective phosphorylation. Indeed, co-
immunoprecipitation assays revealed that the MYC-CBFp inter-
action is enhanced by RUNX3 overexpression (Fig. 4g).

The crystal structure of RUNX1 Runt domain/CBFp complex
bound to DNA has been reported?®28. The crystal structures of
MYC:MAX bHLH-LZ complex bound to DNA and in its absence
have also been reported*!-43, Moreover, MYC has been shown to
interact with CBFB*. We therefore used the computational
docking tool ClusPro server (https://cluspro.org) to generate a
feasible interpretation of our Runt-CBFP-bHLH-LZ interaction
studies. We show here one of the top 2 predicted low energy
docking three-dimensional structures for the ternary complex
containing the Runt domain, CBFf and the bHLH LZ domain of
MYC (Fig. 4h).

We observe that FBXW7 interacts with RUNX3 but were unable
to pinpoint the interface; both the N-terminus and C-terminus
regions of RUNX3 bound to FBXW?7 (Fig. 5a). Interaction of
endogenous RUNX3 and FBXW?7 were observed by proximity
ligation and co-immunoprecipitation assays (Fig. 5b, c). To
ascertain whether RUNX3 promotes ubiquitination, we performed
an in vivo ubiquitination assay. HEK293T cells were co-transfected
with indicated combinations of RUNX3, HA-tagged ubiquitin.

Since K48-linked polyubiquitination is a signal for proteasome
degradation, we included the ubiquitin K48 construct (i.e. ubiquitin
with only lysine-48, other lysines mutated to arginines), which
allows only ubiquitin conjugation via K48 linkage. Western blot
analysis with anti-HA antibody revealed increased amounts of
ubiquitinated products (ranging from 37 to 250 kD) when RUNX3
was introduced (Fig. 5d). Moreover, the K48-linked ubiquitinated
proteins were substantially increased in the presence of RUNX3,
suggesting that RUNX3 promoted the formation of ubiquitinated
products, which were targeted for proteasomal degradation
(Fig. 5d). Next, we co-expressed FLAG-MYC, RUNX3 with various
combinations of HA-tagged mutant ubiquitin K48R (K48 mutated
to R), K63 (ubiquitin with only K63) and K33 (ubiquitin with only
K33) (Fig. 5e, see input). The lysates were boiled in 1% SDS and
diluted in 0.1% SDS before immunoprecipitation to ensure that the
FLAG-affinity pulldown consisted mainly of MYC. While the
presence of RUNX3 increased K48-ubiquitination of MYC,
RUNX3 was unable to promote K63- and K33-ubiquitination of
MYC. Accordingly, the K48R ubiquitin mutant abolished the
ability of RUNX3 to promote MYC ubiquitination (Fig. 5e, see IP).

Taken together, our data indicate the scenario where CDK/ERK
phosphorylation of MYC at S62 promotes RUNX3-GSK3p
cooperation in the phosphorylation of MYC at T58 (Fig. 5f).
Following subsequent actions by PIN1 and PP2A-B56a, RUNX3
facilitates FBXW?7-mediated ubiquitination of MYC, which results
in its proteasomal degradation (Fig. 5f). Intriguingly, PIN1 has
previously been shown to interact and mediate ubiquitin-
degradation of RUNX3. It is unclear how this interaction affects
the RUNX3-MYC relationship. Nevertheless, the multiple interac-
tions of RUNX3 with components of the MYC-degradation
pathway indicate the multi-level regulation of MYC activity by
RUNX3.

RUNX3 and Omomyc compete for binding to the bHLH-LZ
domain of MYC. The ability of RUNX3 to bind to the bHLH-LZ
domain of MYC is reminiscent of the MYC/Omomyc interaction.
Interestingly, similar to the Omomyc/MYC interaction, RUNX3
bound to Omomyc (Fig. 6a, b). Moreover, the Runt domain of
RUNX3 is responsible for interaction with Omomyc (Fig. 6¢). We
therefore compared the interactions of RUNX3 and Omomyc
with MYC. HA-tagged MYC, FLAG-tagged Omomyc and
RUNX3 were co-transfected into HEK293T cells at various
combinations. Increasing MYC concentration, resulted in
increase in MYC/Omomyc complex and a corresponding
decrease in RUNX3/Omomyc complex formation, suggesting that
RUNX3 and MYC bound to the 90 amino acid Omomyc in a
mutually exclusive manner (Fig. 6d).

The bHLH-LZ domain is responsible for MYC heterodimeriza-
tion with MAX and ZBTB17 (also known as MIZ-1)4647,
Moreover, Omomyc is known to disrupt the MYC/MAX complex,
but not the MYC/MIZ-1 complex2%48, We therefore examined the
effects of RUNX3 on the MYC/MAX complex and the MYC/MIZ-
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1 complex. RUNX3, MAX, MIZ-1 and FLAG-tagged MYC were
introduced into HEK293T cells at the indicated combinations for
co-immunoprecipitation assays. FLAG affinity pull-down of MYC
revealed that RUNX3 disrupted the MYC/MAX complex and the
MYC/MIZ-1 complex in a concentration-dependent manner
(Fig. 6e, f). At the highest concentration of RUNX3 tested, total
MAX and MIZ-1 protein levels remained constant while MYC
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degradation becomes apparent, which suggests that RUNX3 first
disrupts MYC/MAX and MYC/MIZ-1 interactions, before desta-
bilizing MYC (Fig. 6e, f). We next investigated the interaction of
RUNX3 with MAX and MIZ-1. RUNX3, MYC (bHLH-LZ), MAX
and MIZ-1 were introduced into HEK293T cells at the indicated
combinations. As expected, MAX co-precipitated with Omomyc
and MYC; RUNX3, however, failed to bind MAX (Supplementary
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Fig. 4 RUNX3 interacts with GSK3p to promote GSK3f-mediated phosphorylation at Threonine 58. a Immunoblot of HeLa-RUNX3 and MKN28-RUNX3
cells treated with Dox and/or MG132 (as indicated). a-tubulin is the loading control. Relative MYC phosphorylation at T58 and S62 were calculated by the
densitometric values of pT58 and pS62 versus total MYC. The data is representative of two independent experiments. b Immunoprecipitation (IP) of
HEK293T transfected with FLAG-tagged RUNX3 constructs and GSK3p expression vector. FL denotes full-length. Immunoblot was performed using anti-
FLAG and anti-GSK3p antibodies. Asterisk indicates FLAG antibody band. Input is 5% of amount used in IP. The data is representative of three independent
experiments. ¢ Proximity ligation assay (PLA) of HGC27 cells using anti-RUNX3 and anti-GSK3p antibodies (Ab). Green signals represent endogenous
RUNX3 and GSK3p proteins in close proximity. DAPI (blue) indicates nucleus. Scale bar, 10 um. The data is representative of three independent
experiments. d Co-immunoprecipitation of endogenous proteins from HGC27 cell lysate. Anti-RUNX3 antibody is used for precipitation. IgG is the control.
Arrowhead indicates GSK3f protein that is co-precipitated with RUNX3. Asterisk indicates antibody band. The data is representative of three independent
experiments. e, f In vitro GSK3p kinase assay was performed by adding recombinant GSK3p to in vitro translated proteins from the indicated plasmids.
pcFLAG denotes FLAG empty vector (negative control). Samples are subjected to HA affinity IP before SDS-PAGE and immunoblot. Relative MYC
phosphorylation at T58 was determined by the densitometric values of pT58 compared to total MYC. The data is representative of two independent
experiments. g IP and immunoblot of HEK293T cells transfected with the indicated plasmids. The data is representative of two independent experiments.

h ClusPro server prediction of the three-dimensional structure for complex containing Runt domain/CBFf and the bHLH LZ domain of MYC.

Fig. 5a). Conversely, RUNX3 interacted with MIZ-1 via the Runt
domain (Supplementary Fig. 5b). Co-immunoprecipitation showed
interaction of endogenous RUNX3 and MIZ-1 in HGC27 cells
(Supplementary Fig. 5c). Proximity ligation assay revealed
endogenous RUNX3/MIZ-1 complex in the nuclei of HGC27 cells
(Supplementary Fig. 5d). The absence of RUNX3/MAX complex in
the proximity ligation assay confirmed that RUNX3 and MAX do
not interact (Supplementary Fig. 5d). Similar to Omomyc
overexpression, RUNX3 overexpression in HGC27 and MKN45
cell lines, led to reduced MYC protein levels, which could be
rescued by proteasome inhibitor MG132 (Fig. 6g, h). It would seem
that RUNX3 inhibits MYC-dependent transactivation by (1)
disrupting MYC heterodimerization with MAX and MIZ-1 and
(2) promoting its degradation.

Omomyc was previously shown to exert a strong dominant
negative effect on MYC promoting Ras-induced lung adenocarci-
noma development?’, Runx3 knockout mouse models showed
RUNX3 to be a critical barrier for adenoma to adenocarcinoma
progression in the intestine and lung?%30. Although our earlier
interpretations were that RUNX3 attenuates Wnt signaling and
induces p53 to restrain oncogenic Ras signaling, the data
presented here suggest that RUNX3 mimics part of Omomyc’s
activities, including disruption of MYC dimerization domain and
enhancement of MYC degradation, to impede MYC’s oncogenic
drive in the lung and intestine. The fact that RUNX3 has the
ability to regulate MYC at two different levels — through
attenuation of Wnt signaling and MYC protein destabilization -
may explain why RUNX3 functions as a potent tumor suppressor
in the intestine and lung.

We compared RUNX3 and MYC protein levels in human gastric
tumor tissue arrays by immunohistochemistry (IHC) (Supplemen-
tary Fig. 6). The lymphocytes, which are known for strong
expression of RUNX3 relative to epithelial cells*>>0, showed strong
nuclear RUNX3 staining, and thus served as internal positive
controls (Supplementary Fig. 6a, d, see lymphoid aggregates).
As expected, the tumor cells typically showed weak or no
RUNX3 protein staining. The rare tumor cell that exhibited
moderate nuclear RUNX3 expression coincided with very weak
or no discernible MYC protein expression (Supplementary
Fig. 6b, e). Conversely, tumor cells that showed high nuclear
MYC expression stained poorly for RUNX3 (Supplementary
Fig. 6¢, f). Within a tumor core (Supplementary Figs. 6 and 7),
where cells showed a range of RUNX3 and MYC expression
levels, the inverse correlation of RUNX3 and MYC expression
was clearly evident. Although we were unable to achieve
statistical significance due to the low frequency of RUNX3-
expressing tumors, our findings indicate a trend of inverse
correlation between RUNX3 and MYC protein levels in gastric
tumor (Supplementary Fig. 7).

Discussion

Runx and Myc genes have been identified in one of the closest
unicellular ancestors of Metazoa, Capsaspora owczarzaki®l. The
distribution of Myc and Runx binding motifs in the Capsaspora
genomic landscape suggest that both proteins belong to an
ancient transcription factor network with regulatory interactions
in proliferation®?. In addition, Capsaspora Myc was inferred to
regulate ribosomal biogenesis, similar to its function in
animals®>°3. Although ribosomal biogenesis does not seem to be
downstream of Capsaspora Runx>2, mammalian Runx proteins
were reported to repress ribosomal RNA synthesis®»>>. Runx
proteins remain associated with condensed chromosomes during
mitosis and are proposed - through lineage-specific regulation of
ribosomal biogenesis - to serve as an epigenetic link between cell
fate and proliferation®#>°. The functional overlaps of RUNX and
MYC suggest that an ancient MYC-RUNX relationship in pro-
liferation was further expanded to include ribosomal biogenesis in
the advent of the multicellular Metazoa.

In mammals, MYC is profoundly involved in the transcrip-
tional regulation of key cell growth programs such as cell cycle
progression, metabolism, mitochondrial and ribosomal
biogenesis!2. In stem cells, MYC regulates self-renewal and pro-
liferation and has been shown to inhibit terminal differentiation
in various cell types!. A recent paper showed that acute Myc
activation in indolent pancreatic intraepithelial neoplasm epi-
thelial cells induced changes in stromal and immune-cell types,
thereby promoting pancreatic adenocarcinoma development!3.
While these properties earned MYC the epithet of principal
orchestrator of tumor growth, they also render MYC addiction in
various cancers. Indeed, targeting the transcriptional activity of
MYC strongly inhibits tumor growth!*. Omomyc, one of the
most effective  MYC inhibitors, strongly promotes tumor
regression23. Small molecule inhibitors (eg. MYCi361) that dis-
rupt MYC/MAX heterodimerization were shown to enhance
proteasome-mediated MYC degradation by promoting MYC
phosphorylation at threonine-5822.

It is interesting that RUNX3 partially mimics the MYC-
destabilizing effects of Omomyc. Moreover, similar to MYCi361,
RUNX3 also promotes MYC phosphorylation at T58 and accel-
erates MYC degradation. A wealth of evidence shows that
RUNX3 exerts strong growth inhibition in epithelial cells.
Moreover, Runx3 deficiency is associated with elevated stem cell
population and impaired terminal differentiation in epithelial
cells326, Another interesting aspect of RUNX3 function is its role
in lineage-specific differentiation of innate lymphoid cells®”>8. It
would seem that MYC and RUNX3 converge on similar cellular
programs to serve opposite roles. RUNX3 might arguably be
evolution’s answer to aberrant MYC activity — nature’s very own
Omomyc. In view that the MYC/MAX/MIZ-1 complex
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suppresses the transcription of growth inhibitor CDKN1A>%:60,
the additional ability of RUNX3 to disrupt the MYC/MIZ-1
interaction gives RUNX3 an advantage over Omomyc. Both
RUNX3 and MIZ-1 genes reside within chromosome 1p36, a
region which is frequently deleted in cancer and which has been
postulated to contain several tumor suppressors that work
together®1:62, Moreover, RUNX3 cooperates with the TGFp
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pathway to upregulate CDKNIA transcription®. The functional
significance of the RUNX3/MIZ-1 complex in CDKNIA regula-
tion, while unclear, is an intriguing avenue for further studies.
The fact that RUNX3 is frequently hypermethylated in cancer begs
the question: will reactivation of the silenced RUNX3 to stem aber-
rant MYC activity? An obvious caveat is that the frequent mutation
of FBXW7 in cancer® might derail RUNX3’s ability to promote
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Fig. 5 RUNX3 enhances FBXW7-mediated ubiquitin-proteasomal degradation of MYC. a Immunoprecipitation (IP) of HEK293T cells transfected with
plasmids encoding FBXW7 and FLAG-tagged RUNX3 constructs. Input is 5% of amount used in IP. Asterisk indicates antibody bands. The data is
representative of three independent experiments. b Co-immunoprecipitation of endogenous RUNX3 and FBXW?7 from HGC27 cell lysate. Anti-RUNX3
antibody is used for precipitation. IgG is the control. The data is representative of three independent experiments. ¢ Proximity ligation assay (PLA) of
HGC27 cells using anti-RUNX3 and anti-FBXW?7 antibodies (Ab). Green signals represent endogenous RUNX3 and FBXW?7 proteins in close proximity.
DAPI (blue) indicates nucleus. Scale bar, 10 um. The data is representative of two independent experiments. d Ubiquitination levels were assessed in
HEK293T cells transfected with indicated combinations of RUNX3, HA-tagged wild-type ubiquitin (HA-Ubi WT), and its K48 mutant counterpart (HA-Ubi-
K48) constructs. Immunoblot was performed with anti-HA, anti-RUNX3 and anti-a-tubulin antibodies. The data is representative of two independent
experiments. e IP of HEK293T cells co-transfected with FLAG-MYC and various ubiquitin constructs. For immunoblot of input (5% of lysate used for IP),
long and short expo denote long and short exposure during chemiluminescence. For IP using FLAG affinity beads, Empty refers to the empty vector control
added when RUNX3 is not overexpressed. IB denotes immunoblot. The data is representative of two independent experiments. f Proposed model of how

RUNX3 regulates MYC proteasomal degradation. Created with BioRender.com.

MYC protein degradation. Moreover, one of the MYC hotspot
mutations is T58A (http://cancer.sanger.ac.uk)®>-67. These mutations
raise yet another question: what lies downstream of a stable RUNX3/
MYC complex? Further in-depth studies of the RUNX3-MYC rela-
tionship will improve our understanding of the interplay between
RUNX family members and MYC in cancer biology.

RUNX3 was earlier shown to promote ubiquitination of
MYCN in neuroblastoma and the Hedgehog pathway oncogenic
transcription factor GLI1 in colorectal cancer cells®368, RUNX3
was also reported to reduce the stability of the estrogen receptor a
protein in breast cancer cells, although the mechanism remains
unclear®®. Taken together, our data suggest that aside from its
well-established role as a transcription factor, RUNX3 plays an
additional role - not less prominent than its canonical one - in
inhibiting oncogenic transcription factor function. Earlier, we
showed that RUNX3 interferes with the DNA binding domains of
TCF4 and TEAD42%70, Here, we show that not only did RUNX3
interfere with MYC/MAX function, it also promotes MYC
degradation. The fact that the RUNX3-targeted proteins identi-
fied so far are transcription factors involved in oncogenic path-
ways tellingly illustrates RUNX3’s tumor suppressor role.
Conceivably, the ability of one transcription factor to destabilize
another is an efficient way to rapidly effect transcriptional change.

Methods

Cell lines, transfection, and siRNA knockdown. The Hela-Tet-On cell line was
purchased from Clontech. The MKN28 Tet-On cell line was generated by trans-
fection of pRetroX-Tet-On Advanced Vector (Clontech) into MKN28 and sub-
sequent selection with G418 (1000 pg/ml). RUNX3 and its mutant counterpart
R122C were cloned into pRetroX-Tight-puro-3xFLAG to generate Dox-inducible
RUNX3 expression constructs>®. The constructs were then transfected into the Tet-
On cell lines and selected with 0.5 ug/ml puromycin. Expression of RUNX3 and
R122C mutant were induced by 0.5 pg/ml doxycycline (Sigma). HGC27, MKN28,
and AGS cell lines were maintained in RPMI-1640 media supplemented with 10%
fetal bovine serum (FBS). HEK293T and MKN45 were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS. HeLa- and MKN28-Dox-
inducible cell lines were cultured in DMEM and RPMI-1640 supplemented with
10% tetracycline-free FBS respectively. Penicillin/streptomycin (100 U/ml) was
added to all cell culture media. Cells were cultured at 37 °C in a humidified 5% CO,
incubator. All cell lines were authenticated before usage and checked for myco-
plasma contamination every 3 months using LookOut® Mycoplasma gPCR
Detection Kit (Sigma Aldrich). Plasmids were transfected using TransIT®-LT1
Transfection Reagent (Mirus), siRNA transfection was performed at a concentra-
tion of 35 nM using jetPRIME® transfection reagent (Polyplus) for 48 h, according
to manufacturer protocol. To study if RUNX3 induce MYC degradation, cells were
treated with 10 uM MG132 (Sigma) for 6 h before the lysates were collected and
analyzed by immunoblot. Cells were pre-treated with doxycycline where indicated.

Antibodies and reagents. Details on antibodies, reagents, software/algorithms are
provided in Supplementary Table 1.

Immunoblot. Cells were lysed with RIPA buffer supplemented with protease and
phosphatase inhibitor. Extracted proteins were quantified using Pierce BCA assay
kit (ThermoFisher Scientific). In all, 40 g of total protein from each sample were
subjected to SDS polyacrylamide gel electrophoresis (PAGE) and electrophoretic
transfer to 0.2 um polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using

the Mini Trans-Blot cell (Bio-Rad) at 30 V, 100 mA, 4 °C overnight. The transfer
buffer comprises 25 mM Tris, pH 8.3, 192 mM glycine, with 0.03% SDS. The
membrane was subsequently blocked in 5% skimmed milk (Nacalai) for total
protein immunoblot or 5% BSA (Sigma) for phospho-protein immunoblot. Blots
were then incubated with primary antibodies (1:200 for Santa Cruz antibodies and
1:1000 for other antibodies) in appropriate blocking solution at 4 °C overnight,
followed by 1h incubation with horseradish peroxidase conjugated secondary
antibody (1:5000) at room temperature. After copious washes with PBS-T (PBS
supplemented with 0.1% Tween 20), antibody detection was performed using
Radiance plus chemiluminescent substrate (azurebiosystems) and visualized by
ChemiDoc MP system (Bio-Rad).

Immunoprecipitation. HEK293T cells (1.5 x 10%) were seeded on 10-cm dishes
and transfected with indicated plasmids on the next day. At 24 h post-transfection,
cells were collected and lysed using IP lysis buffer [50 mM Tris pH 8.0, 0.3 M NaCl,
0.5mM EDTA, 5% glycerol, 0.5% NP40, supplemented with 1 mM DTT, PMSF,
Benzonase® Nuclease (Merck Millipore), cOmplete™ protease inhibitor cocktail
(Roche) and 1x Halt™ phosphatase inhibitor (ThermoScientific)]. Protein con-
centration were then quantified using Bradford reagent (Bio-Rad) 20 ug of the
extracted protein were used for input lane. 400 ug of proteins were then incubated
in incubation buffer [25 mM Tris pH 8.0, 0.15 M NaCl, 0.25 mM EDTA, 2.5%
glycerol, 0.25% NP40, 1 mM DTT, supplemented with the above protease and
phosphatase inhibitors] and subjected to immunoprecipitation for 90 min with
EZview ™ Red anti-HA affinity gel (SigmaAldrich) for HA-tag pull down or Flag
M2 monoclonal antibody affinity gel for Flag pulldown. The affinity gels were then
washed several times with wash buffer [25 mM Tris pH 8.0, 0.15 M NaCl, 0.25 mM
EDTA, 2.5% glycerol, 0.25% NP40, and 1 mM DTT] and bound proteins were
eluted by boiling in Laemmli buffer. Bound proteins were then analyzed by SDS-
PAGE and western blot analysis. For immunoprecipitation of endogenous proteins,
HGC27 cells were lysed in IP lysis buffer. 1 mg of whole-cell lysate was incubated in
incubation buffer with anti-RUNX3 (1:200) (Cell Signaling Technology, D9K6L)
antibody or mouse normal IgG (1:100) (Santa Cruz sc-2025) overnight at 4 °C,
followed by addition of Dynabeads™ Protein G (Thermo Fisher Scientific) for 3 h at
4°C. The beads were copiously washed and subjected to western blot analysis.

Ubiquitination assay. HEK293T cells were transfected with the indicated plasmids
and HA-tagged ubiquitin construct (2 pg each) for 24 h. Cells were then harvested and
lysed by RIPA buffer for immunoblot with HA antibody to assess the level of total
protein ubiquitination. To specifically assess MYC ubiquitination levels, the cells were
co-transfected with FLAG-MYC and HA-ubiquitin plasmids. The cell lysates were
boiled in lysis buffer with 1% SDS for 30 min. The lysates were then diluted to 0.1%
SDS and subjected to FLAG affinity purification. The FLAG-MYC immunoprecipitates
were resolved by SDS-PAGE and the covalent attachment of ubiquitin to FLAG-MYC
determined by immunoblot using anti-HA antibodies (1:1000).

Proliferation assay. Cells were plated (4 x 10> cells per well) onto 96-well flat-
bottom plates in triplicates. Cells were trypsinized, and counted each day using
hemocytometer. Drug treatments or siRNA transfection were performed as indi-
cated. Assays were performed independently at least three times. Statistical analysis
was performed with Student’s ¢ test (two-tailed).

Immunofluorescence staining. Cells were seeded onto sterile glass coverslips placed
in six-well-plates overnight. Doxycycline was added where indicated for 24 h. Cells
were fixed with 4% paraformaldehyde for 30 min at room temperature, permeabilized
with 0.25% Triton X-100 for 30 min and blocked with 3% BSA for 60 min at room
temperature. The samples were then incubated with primary antibodies (1:400) at 4 °C
overnight. Excess antibodies were removed by copious PBS washes. The samples were
then incubated with Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488,
555 and 546 (1:400) (Invitrogen) at room temperature for 60 min. Following PBS
washes, the cells were stained with DAPI (4',6-diamidino-2-phenylindole) as a
counterstain for nuclei, before being mounted with ProLong™ Diamond Antifade
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mountant (Invitrogen) onto glass slides. Samples were visualized with Zeiss LSM880
Airy Scan confocal microscope and analyzed with Zeiss Zen (Blue) imaging software.
For EdU staining, Click-iT EdU Cell Proliferation Kit for Imaging (Invitrogen) was
used according to manufacturer’s instructions.

Proximity ligation assay. Proximity ligation assay (PLA) was performed using
Duolink™ In Situ Probe Anti-Mouse PLUS, Anti-Rabbit MINUS, Wash Buffers
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(Fluorescence), Reagents Green, and Mounting medium with DAPI, according to
manufacturer’s instructions (Sigma-Aldrich). Primary antibodies combinations
used were anti-RUNX3 rabbit (1:400) (Cell Signaling Technology, D6E2) and anti-
MYC mouse (1:400) (OriGene, OTI3F2) monoclonal antibodies; anti-RUNX3
(1:400) (Cell Signaling Technology, D9K6L) and anti-MYC (1:400) (Cell Signaling
Technology, D84C12); anti-RUNX3 (1:400) (Cell Signaling Technology, D9K6L)
and anti-GSK3B (1:400) (Cell Signaling Technology, D5C5Z); anti-RUNX3 (1:400)
(Cell Signaling Technology, D9K6L) and FBXW?7 (1:400) (Proteintech, 55290-1-
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Fig. 6 RUNX3 and Omomyc compete for binding to the bHLH-LZ domain of MYC. a Immunoprecipitation (IP) of lysates from HEK293T cells transfected
with the indicated plasmid combinations. The data is representative of two independent experiments. b IP of lysates from HEK293T cells transfected with
indicated plasmid combinations. Untagged RUNX3 was detected by anti-RUNX3 antibodies. The data is representative of two independent experiments.
c IP of lysates from HEK293T cells transfected with the indicated plasmids. GFP-Runt refers to GFP-tagged RUNX3 aa 1-187. The data is representative of
two independent experiments. d IP of lysates from HEK293T cells transfected with indicated plasmids for 24 h. + and ++++ represent 1ug and 4 ug DNA
respectively. The data is representative of two independent experiments. e, f IP of lysates from HEK293T cells transfected with the indicated plasmids for
24 h. +, +++, +++++ represent Tug, 4 pg, and 7 ug DNA respectively. The data is representative of two independent experiments. g Immunoblot of cells
transfected with pcFLAG (empty vector control) or FLAG-Omomyc for 42 h, followed by addition of MG132 for another 6 h. The data is representative of
two independent experiments. h Immunoblot of cells transfected with pcFLAG (empty vector control) or FLAG-RUNX3 for 42 h, followed by addition of
MG132 for another 6 h. The data is representative of two independent experiments.

AP); anti-RUNX3 (1:400) (Cell Signaling Technology, D9K6L), and MAX (1:400)
(abcam, ab199489); RUNX3 (1:400) (Cell Signaling Technology, D9K6L) and MIZ-
1 (1:400) (Cell Signaling Technology, D7E8B). The signals were visualized with
Zeiss LSM880 confocal microscope and analyzed with Zeiss Zen (Blue) imaging
software.

RNA sequencing. HeLa-RUNX3 and MKN28-RUNX3 were treated with 500 ng/
ml Doxycycline for 48 h. Untreated HeLa-RUNX3 and MKN28-RUNX3 served as
control (mock). Total RNA was extracted using RNeasy mini kit with DNase
treatment (QIAGEN) and diluted in RNAse-free water. Quality control of RNA
was performed by Agilent Bioanalyzer 2100 (Agilent Technologies). RNA samples
were sent to BGI Genomics for preparation of transcriptome library and sequen-
cing by the DNBseq™ next generation platform. Clean reads were mapped to the
human reference genome hgl9 using HISAT2. Data analysis was performed by the
online automated platform CSI NGS Portal’!. Analysis of differential gene
expression was done with DESeq2 and Broad Institute Gene Set Enrichment
Analysis (GSEA) tool with the Molecular Signature Database v6.072.

RNA isolation and real-time quantitative PCR. Cells were harvested and
homogenized using QIAshredder (QIAGEN). Total RNA was isolated using
RNeasy mini kit with DNase treatment (QIAGEN). cDNA synthesis was per-
formed using High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Quantitative PCR (qQPCR) was conducted using iTaq™ Universal SYBR®
Green Supermix (Biorad) on QuantStudio™ 3 Real-Time PCR System (Applied
Biosystems). Gene expression was normalized to the GAPDH mRNA levels.

Generation of RUNX3 and MYC point mutations and truncations. All point
mutations and short truncations were generated using KAPA HiFi PCR Kit (KAPA
Biosystems) using primers containing the desired mutations. The PCR product was
digested with Dpnl (NEB) for 3 h before transformation into competent STBL3
bacteria cells. After transformation, the bacteria were selected with 100 pg/ml
ampicillin. Plasmids with mutated sequences were confirmed by DNA sequencing
(1%t BASE, Singapore). Other truncation constructs were generated by PCR-cloning
using oligonucleotides (see Resources Table, primers designated with T4).

GST pull-down assay. pGEX4T-1 plasmids containing glutathione-S-transferase
(GST) and GST-tagged Runt domain (RUNX3 aa 49-187) were expressed and
purified from E. coli Rosetta™ DE3 cells after induction with 0.1 mM IPTG for 3 h
at 37 °C. The GST proteins were purified by glutathione (GSH) Sepharose 4B beads
(GE Healthcare). For the pulldown assay, GST proteins bound to GSH beads were
incubated with 5 pg of recombinant MYC (RayBiotech). After copious washes, the
precipitated proteins were resolved by SDS-PAGE and analyzed by immunoblot
using anti-MYC (1:1000) and anti-GST (1:200) antibodies.

Analysis of MYC protein half-life by cycloheximide treatment. HelLa Tet-On
and MKN28 Tet-On cell lines were treated with 500 ng/ml and 20 ng/ml dox-
ycycline, respectively, for 12 h before addition of 50 pg/ml cycloheximide (Sigma-
Aldrich). Cells were harvested at every 15 min interval, lysed and analyzed by
immunoblotting. Plasmid transfections were performed 24 h before cycloheximide-
treatment where indicated. The densitometry of protein band intensity was per-
formed using Image] software.

In vitro protein kinase reaction. FLAG empty vector control, FLAG-tagged-
RUNX3 and FLAG-tagged RUNX3 truncation (aa 1-187) as well as HA-tagged
wild-type MYC and mutant counterparts S62A and S62D were in vitro translated
using TNT® T7 Quick Coupled Transcription/Translation system (Promega) using
1 ug of the respective plasmid DNA. After incubation for 90 min at 30 °C, the
samples were treated with 10 units DNase I (Roche) for 30 min at room tem-
perature. Kinase reaction was performed by incubating the in vitro translated
proteins with 1x PK buffer (NEB), 5mM ATP and 2 pl recombinant human GSK3
beta protein (Active) (Abcam) at 30 °C for 30 min. 2 pl recombinant CBFp protein
(Abcam) was added where indicated. The samples were subjected to

immunoprecipitation using EZview ™ Red anti-HA affinity gel (Sigma Aldrich)
before SDS-PAGE and western blot analysis.

Tumoroid formation assays. HeLa-RUNX3 (2000 cells) were trypsinized and
resuspended in 120 ul matrigel (Discovery Labware) and seeded in 24 well-plates (6
replicates/sample). Dox (500 ng/ml) is added where indicated during resuspension.
After 30 min incubation in 37 °C CO, incubator, 600 pl culture media (supple-
mented with Dox 500 ng/ml where indicated) was added. Media was changed every
3 days. Photographic images of tumoroids were acquired at day 6.

Assessment of cell growth in suspension with no cell attachment. HeLa-FLAG,
-RUNX3, and -R122C cells were seeded at 3000 cells / 200 ul media per well on
Nunclon™ Sphera™ 96-well low attachment plates (ThermoScientific). Media were
replenished once every 3 days. Dox (500 ng/ml) was added where indicated. Cells
were photographed on Day 7 after seeding.

Tumorigenesis assay in NOD scid gamma mice. MKN-28 control and MKN28-
RUNX3 Dox-inducible cells (2.5 x 10° cells per injection) were resuspended in
40 pL of Matrigel and subcutaneously injected into 8 to 10-week-old male NOD
scid gamma (NSG) mice (The Jackson Laboratory) at the left and right flanks
respectively. Subcutaneous implantations were performed under general anesthesia
using isoflurane (Baxter). Mice were fed with doxycycline-embedded food pellets
(Envigo) for the entire duration of the experiment. At the end of the experiments
(12 weeks after cell injection), the recipient mice were sacrificed, and tumor
xenografts harvested. Proteins were extracted from the tumor xenografts and used
for Western blot analysis. All animal work was performed according to the
experimental protocol approved by the Institutional Animal Care and Use Com-
mittee and the Office of Safety, Health, and Environment at the National Uni-
versity of Singapore (NUS).

ClusPro. The simulation of molecular docking was performed on the ClusPro
protein-protein docking web server (https://cluspro.bu.edu)’3-7>. For molecular
docking, the inputs were taken from the Runt domain from AML1 and CBFB
complex (AML1/CBFbeta) complex; (PDB ID: 1E50) and MYC LZ domain (MYC/
MAX LZ domain; PDB ID: 1A93)2843, The predicted molecular complex (Fig. 4h)
was one of the top three conformations with lowest docking energy structure
(ClusPro score: -646.2) ranked by ClusPro.

Immunohistochemistry of tissue microarray. Commercial tissue-microarray
(TMAs) for human gastric cancer ST1001 and ST1001a were purchased from
US Biomax, Rockville, Maryland. Formalin-fixed paraffin-embedded (FFPE)
gastric cancer tissue specimens were used to construct the TMAs with cores of
1 mm diameter. Consecutive sections of 5 uM thickness were used to compare
RUNX3 and MYC expression across stomach cancer tissue cores. For both
ST1001 and ST1001a, cores with insufficient tissues were excluded from the
final analysis.

Briefly, sections were deparaffinized and rehydrated followed by antigen
retrieval either in pH 9.0 EDTA buffer (RUNX3) or pH 7.8 Tris EDTA buffer
(MYC). Endogenous peroxides were then blocked followed by incubation with
monoclonal primary antibodies RUNX3 (Clone D6E2, Cell Signaling, ready to
use) and c-Myc (Clone Y69, Master Diagnostics, ready to use) according to the
optimized protocol. Antibodies were then localized using the standard protocols;
for RUNX3, Leica Bond DAB Detection kit and Leica Bond III Autostainer were
used. For MYC, Ventana Ultra Optiview DAB detection Kit and Ventana Ultra
Autostainer were used. Negative controls were performed simultaneously
without the incubation with the primary antibody and other procedures were
unchanged. Appropriate positive controls were immunostained in each batch
of THC.

For both RUNX3 and MYC, nuclear staining was considered positive. Semi-
quantitative assessment was performed and H-score was calculated for all the
TMA cores. Intensity was graded as mild (+1), moderate (4-2), and strong (43)
while antibody expression was quantified as percentage of positive cells in the
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gastric tumor areas. Thereafter, H-score was calculated which was intensity
times percentage positive tumor cells. The H-score ranged from 0-300.

Statistics and reproducibility. The number of replicates and times the experiments
were performed are stated in the figure legends. Experiments were repeated and
reproduced independently as described in the figure legends. GraphPad Prism (ver-
sion 9.3.1) was used to perform statistical analysis and plot data. Data is presented as
mean * standard deviation, error bars represented standard deviations. Parametric
Student’s ¢ test (two-tailed) was used to examine the significance between two groups.
p values less than 0.05 were considered statistically significant. (NS, not significant for
p>0.05 *p<0.05, **p <0.01, ***p <0.001, ****p <0.0001).

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Supplementary Figs. 8-32 contain uncropped and unedited blot/gel images with size
markers. The RNAseq data is available as Excel files in Supplementary Data 1 (HeLa-
RUNX3) and 2 (MKN28-RUNX3), and at NCBI Gene Expression Omnibus (GEO)
under the accession number GSE233777. The source data for the graphs presented here
are available as an Excel file in Supplementary Data 3. Plasmids generated in this study
have been deposited in Addgene with ID numbers ranging from # 203424-203440 (see
Supplementary Table 1). Further information and requests for resources and reagents
should be directed to the corresponding author, Yoshiaki Ito (yoshi_ito@nus.edu.sg).
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