OPEN

Oncogene (2017) 36, 6884—6894

www.nature.com/onc

ORIGINAL ARTICLE

Runx3 plays a critical role in restriction-point and defense

against cellular transformation

X-Z Chi', J-W Lee’, Y-S Lee', IY Park? Y Ito® and S-C Bae'

The restriction (R)-point decision is fundamental to normal differentiation and the G;-S transition, and the decision-making
machinery is perturbed in nearly all cancer cells. The mechanisms underlying the cellular context—dependent R-point decision
remain poorly understood. We found that the R-point was dysregulated in Runx3™ mouse embryonic fibroblasts (MEFs), which
formed tumors in nude mice. Ectopic expression of Runx3 restored the R-point and abolished the tumorigenicity of Runx3™~MEFs
and K-Ras—activated Runx3~~MEFs (Runx3™";K-Ras®’*®"). During the R-point, Runx3 transiently formed a complex with pRb and
Brd2 and induced Cdkn1a (p21"ef/€P1/5di1. 531), a key regulator of the R-point transition. Cyclin D-CDK4/6 promoted dissociation of
the pRb—Runx3-Brd2 complex, thus turning off p21 expression. However, cells harboring oncogenic K-Ras maintained the pRb—
Runx3-Brd2 complex and p21 expression even after introduction of Cyclin D1. Thus, Runx3 plays a critical role in R-point regulation

and defense against cellular transformation.
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INTRODUCTION

The restriction (R)-point is a critical event in which a mammalian
cell makes the decision in response to mitogen stimulation. After
this decision, depending on its differentiation stage, the cell either
remains in early G,, retreats from the active cycle into Gg, or
advances into late G;."” The R-point transition is governed by the
R-point-associated proteins (R-proteins), which include c-Myc,
Cyclins, CDKs, p21, p27, E2F, and pRB,* with pRB serving as the
primary molecular regulator 2. In early and mid-G, phase, Cyclin
D-CDK4/6 phosphorylates pRB prior to the R-point gate. Although
p21 was originally identified as a CDK inhibitor,” subsequent
studies revealed that p21 family members activate Cyclin
D-CDK4/6 by stimulating the association of its component
proteins, whereas they inhibit Cyclin E-CDK2, Cyclin A-CDC2,
and Cyclin B-CDC2.%” Therefore, p21 promotes entry into the
R-point at early/mid-G; phase by activating Cyclin D-CDK4/6 but
prevents further progression through the R-point by inhibiting
Cyclin E-CDK2.*®

The postmitotic interval of G;, which lasts from mitosis to the
R-point, is remarkably constant (3—4 h) in all tested cell lines.>™'2
p21 is induced 1 h after mitogenic stimulation and reduced to
basal level 4 h after in mouse embryonic fibroblast cells (MEFs),'*
consistent with the idea that p27 plays critical roles in R-point
regulation. Moreover, p21 also has an important function in the G,
checkpoint."* Accumulating evidence indicates that deregulation
of the R-point is associated with the formation of most cancer
cells.* To date, however, it remains unclear how the R-point
decision is made in a cell context-dependent manner, as well as
how the R-point is disturbed in cancer cells.

MEFs are a classic model system for studying cell immortaliza-
tion and transformation; this model exhibits clear parallels to key
genetic alterations that occur during human tumorigenesis.'® In

general, the p53 pathway is inactivated during MEF immortaliza-
tion, but the immortalized MEFs are not tumorigenic, which
requires activation of oncogenes.”'® Although overexpression of
oncogenic Ras in primary MEFs induces senescence through the
p53 pathway,'”'® oncogenic K-Ras expressed at endogenous
levels in primary MEFs can overcome p53 pathway—mediated
defenses.'”?° However, the immortalized K-Ras activated MEFs are
not tumorigenic in immuno-compromised mice.'®?° Therefore, it
is likely that additional barriers exist against endogenous
oncogenic K-Ras—induced tumor development, although these
mechanisms remain to be elucidated.

Runx3, which plays pivotal roles in lineage determination and
functions as a tumor suppressor, is frequently inactivated in
multiple types of human tumors.?' Runx3 regulates the cell cycle
and apoptosis by inducing p27 and Arf in a context-dependent
manner, and deletion of Runx3 from mouse lungs results in
development of lung adenoma.*? These observations raise
questions regarding how Runx3 deletion induces cancer without
oncogene activation. In this study, we found that the R-point is
disturbed in Runx3™~ MEFs, which develop into tumors in nude
mice. Expression of Runx3 restored the R-point and abolished the
tumorigenicity of both Runx3™~ and K-Ras-activated Runx3~~
MEFs, demonstrating that Runx3 is an essential component of a
R-point—associated barrier to tumorigenesis. We also found that
the pRb—Runx3-Brd2 complex formed early after mitogenic
stimulation, and dissociated after CDK4/6 activation to allow
transient p27 induction. Together, our results indicate that cells
can monitor their own status via the pRb—Runx3-Brd2 complex,
allowing them to make context-dependent R-point decisions, and
further demonstrate that disruption of this monitoring system is
associated with tumorigenesis.
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RESULTS
Immortalized Runx3™~ MEFs are tumorigenic in nude mice
Floxed alleles of Runx3”*, Runx3™, Rx3"*;K-Ras**t"¢"2"/* and Rx3"";
K-Ras"-"2P"* MEFs were targeted by an adenovirus carrying Cre
recombinase (Ad-Cre) (Figure 1a). The targeted MEFs were named
Rx3"~, Rx3™", Rx3";K-Ras*, and Rx3”;K-Ras*, respectively.
Expression of WT and Runx3-targeted alleles was confirmed by
RT-PCR; the Runx3-targeted allele expresses a short Runx3 mRNA
lacking exon 4 (Figure 1b, Supplementary Figures STA and S1B).
MEFs were cultivated according to a 3T3 protocol; the growth
curves of Rx3**, Rx3*~, and two lines of Rx3™" (#1 and #2) MEFs
derived from independent embryos are shown in Figure 1c. All
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Rx3**, Rx3*~, and Rx3”"MEF lines entered into a characteristic
cell-cycle arrest known as senescence after passage 6 (Figure 1c).
Analysis of p53 status revealed that p53 was mutated during the
immortalization of MEFs of all three genotypes. In early passage
(p3) MEFs, p53 was phosphorylated and stabilized, in response to
the DNA-damaging agent doxorubicin (Doxo); however, in
immortalized MEFs, p53 was phosphorylated, but its level was
unchanged (Figure 1d).

Notably, both immortalized Rx3”~ #1 and #2 MEFs induced
rapidly growing tumors in nude mice (Figure Te, right rear),
whereas Rx3"~ MEFs failed to induce tumors (Figure Te, left rear).
The ERT inducible system is designed to trigger activation of
ectopically expressed genes upon treatment with inducer. To
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Figure 1.  Runx3™~ MEFs bearing p53 mutation develop into tumors in nude mice. (a) Targeting of Runx3™ and K-Ras**-®'?" alleles by Ad-Cre
in MEFs was verified by genomic PCR. PCR primers were described previously.?? (b) Expression of Runx3 mRNA. Total mRNA was obtained from
Rx3** (WT), Rx3*~ (Runx3”* treated with Ad-Cre), and Rx3™~ (Runx3”' treated with Ad-Cre) MEFs, and expression of Runx3 was measured by RT-
PCR using the primer pairs shown in Supplementary Figures 1A and B. Arrows indicate Runx3 mRNAs from WT alleles, and arrowheads indicate
those from exon 4-deleted alleles. (c) Growth curves of Rx3"*, Rx3™/~, and Rx3™~ MEFs cultivated according to a 3T3 protocol. The Y-axis
indicates the estimated number of accumulated cells. Rx3™"#1 and Rx3™~#2 MEFs were derived from two independent embryos. (d) IB analysis
of p53 and its phosphorylation at Ser-15 in immortalized or early passage (p3 = passage 3) MEFs, either not treated (—) or treated (+) with
1 uM doxorubicin (Doxo) for 6 h. (e) Immortalized Rx3"~ and Rx3™~ (#1 and #2) MEFs were injected into the left and right sides, respectively,
of the back of each nude mouse. The mice were photographed 36 days later, with tumors indicated by circles. (f) IB analysis of ERT-Runx3 (ERT-

Rx3) expression in Rx3™

ERT-Rx3 (#1 and #2) MEFs in the absence of inducer. Rx3™~ MEFs stably transfected with empty vector (Rx3™";Vec)

were used as negative controls. (g) Subcellular localization of ERT-Rx3 in the presence or absence of inducer (4-OHT = 4-hydroxy tamoxifen),
as determined by subcellular fractionation followed by IB. Very low levels of inducer-independent nuclear ERT-Rx3 are indicated by arrows.
(h) Rx3™";Vec (#1 and #2) and Rx3™7;ERT-Rx3 (#1 and #2) MEFs were injected into the left and right sides, respectively, of the back of each nude
mouse. The mice were photographed 36 days later, with tumors indicated by circles. The same mice were viewed from the left, middle and

right sides.
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Figure 2. Expression of Runx3 abolished the tumorigenicity of Rx3™"":K-Ras®"?®* MEFs. (a) Growth curves of Rx3" ~;K-Ras* (#1 and #2) and
Rx3™";K-Ras* (#1 and #2) MEFs, cultivated according to a 3T3 protocol. The Y-axis indicates the estimated number of accumulated cells.
(b) Rx3"~;K-Ras* (#1 and #2) and Rx3™/";K-Ras* (#1 and #2) MEFs were injected into the left and right sides, respectively, of the back of each
nude mouse, and photographs were taken 36 days later. () Hematoxylin-eosin staining of tumors generated by Rx3™~, Rx3™";K-Ras*, and
Rx3"~ ;K-Ras* MEFs. (d) Levels of ERT-Runx3 in the indicated MEFs, measured by IB. (e) Proliferation rates of MEFs of the indicated genotypes.
(f) Rx37";K-Ras*;Vec (#1 and #2) and Rx3™"";K-Ras*ERT-Rx3 (#1 and #2) MEFs were injected into the left and right sides, respectively, of the back
of each nude mouse. (g) RT-PCR analysis of Runx1, Runx2, and Runx3 mRNA levels in Rx3™*, Rx3"/~, Rx3™/";K-Ras* (#1 and #2), and Rx3" ™ ;K-Ras*
(#1 and #2) MEFs. Predicted sizes of the Runx3 cDNAs from wild-type Runx3 mRNA are indicated. The four Runx3 PCR products amplified from
Rx3™~ MEFs using two different primer pairs are indicated by circles. These PCR products were clearly present in Rx3"~, but not in Rx3"~;
K-Ras* (#1 and #2) MEFs. (h) Amplification of the CpG island region of Runx3 by unmethylated (UM) or methylated (M) DNA-specific PCR from
Rx3™*, Rx3*~, Rx3”";K-Ras*, and Rx3"™~;K-Ras* MEFs. Mw = molecular size markers.

determine whether Runx3 expression would abolish the Expression of Runx3 abolishes tumorigenicity of Rx3~";K-Ras®'??
tumorigenicity of Rx3™~ MEFs, Rx3” #1 and Rx3™ " #2 MEFs were MEFs

stably transfected with pCS4-ERT1-Runx3 plasmid or empty Subsequently, Rx3" ~;K-Ras* #1, #2 and Rx3™";K-Ras* #1, #2 MEFs,
vector, yielding the cell lines Rx3”;ERT-Rx3 (#1 and #2) and  derived from independent embryos, were immortalized using a
Rx3”"Vec (#1 and #2) (Figure 1f). Subcellular fractionation 3T3 protocol. Growth curves of these MEFs are shown in Figure 2a.
revealed that, in the absence of inducer, very low levels of ERT- Both Rx3™~;K-Ras* and Rx3™";K-Ras* MEFs continued to prolifer-
Runx3 protein were present in the nucleus, suggesting that the ate without replicative stress—induced crisis, as reported
ERT inducible system is slightly leaky in MEFs (Figure 1g).  previously.'”° Rx3™;K-Ras* MEFs proliferated more quickly than
However, when injected into nude mice, the Rx3™7;ERT-Rx3 #1 Rx3"~;K-Ras* MEFs until passage 20, suggesting that Runx3
and #2 MEF lines did not form any tumors in the absence of decreased the proliferation rate of the K-Ras—activated MEFs
inducer (Figure 1h). These results indicate that loss of Runx3 is a (Figure 2a). However, after passage 24, the proliferation rate of
critical molecular event in MEF tumorigenesis, and that a very low Rx3"~ ;K-Ras* MEFs increased and became equivalent to that of
level of inducer-independent leaky activation of ERT-Runx3 is Rx3™;K-Ras* MEFs (Figure 2a). These results suggested that Runx3
sufficient to abolish the tumorigenicity of Rx3”~ MEFs in a p53- was inactivated in Rx3"~;K-Ras* MEFs during immortalization (see
independent manner. below).
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Figure 3. Deletion of Runx3 disturbs R-point in MEFs. (a) Immortalized MEFs were synchronized by serum deprivation for 24 h, stimulated with
10% serum for the indicated times, and then cultured for additional periods of time under serum starvation conditions. Eighteen hours after
serum treatment, cells were harvested, and the proportion of S-phase cells was measured by FACS analysis. (b) Rx3**and Rx3™”~ MEFs (three
independent lines each) were synchronized by serum deprivation and treated with 10% serum for 2 h. RNA was extracted from the MEFs, and
the gene expression pattern was analyzed by mRNA sequencing. Expression 2 h after serum stimulation was quantified as the log, of the fold
change relative to the average of control reactions (i.e., before serum stimulation) of Rx3™*and Rx3™~ MEFs. Differential expression changes
were analyzed by plotting 1095(Eryz+2n/Erxz+on) @nd 1095(Erys-2n/Erxa-oh)- Erxa+ohs Erxa+2h, Erx3-2ns @Nd Egrxs-on are the average expression levels of
genes in Rx3™* or Rx3™~ MEFs 0 or 2 h after serum stimulation. Group A and group B indicate genes induced or suppressed by serum
stimulation, respectively. Gray and red spots indicate genes regulated in a Runx3-independent and Runx3-dependent manner, respectively
(FDR < 0.001, P < 0.05). (c) Runx3-dependent genes involved in major signaling pathways. (d) Expression levels of p27 and p27 before and 2 h
after serum stimulation in Rx3™*and Rx3™~ MEFs, obtained from RNA sequencing data. Relative expression levels of p21 and p27 at the
indicated times are depicted by the bar graph. (e) Rx3"* and Rx3”~ MEFs were synchronized by serum deprivation and treated with 10%
serum for the indicated times. The time course of p21 expression levels was determined by Northern blotting (NB). Gapdh mRNA was used as a
loading control. (f) Levels or phosphorylation status of early G;-associated proteins in similarly treated Rx3"* and Rx3”~ MEFs, measured by
IB. (g) Rx3™~ and Rx3™7;ERT-Rx3 MEFs were synchronized by serum deprivation and treated with 10% serum for the indicated times. The time
course of p21 expression levels was determined by Northern blotting.

Although immortalized Rx3"*;K-Ras* MEFs (only K-Ras"*-®'*Pallele
was targeted by Cre recombinase) failed to develop into tumors in
nude mice,'*?° both Rx3™;K-Ras* and Rx3” ;K-Ras* MEFs devel-
oped into tumors of similar size in nude mice (Figure 2b).
Microscopic analysis of these tumors revealed that the Rx3”,
Rx3"~ ;K-Ras*, and Rx3™";K-Ras* MEFs developed into the same type
of sarcoma, differing only in regard to the cell densities within the
tumors: specifically, the densities of Rx3"~;K-Ras* and Rx3™";K-Ras*
MEFs were higher than that of Rx3”~ MEFs (Figure 2¢).

To understand the tumor-suppressive effect of Runx3 against
oncogenic K-Ras, pCS4-ERT1-Runx3 plasmid or empty vector was
stably transfected into Rx3™7;K-Ras* #1 and #2 MEFs, yielding
Rx3™"";K-Ras*ERT-Rx3 (#1 and #2) and Rx3™'";K-Ras*Vec (#1 and #2)
MEFs (Figure 2d). Because Runx3 suppresses MEF proliferation, the
Rx3™/";K-Ras*:ERT-Rx3 MEFs proliferated at a lower rate than Rx3™";
K-Ras*Vec MEFs (Figure 2e). Notably, both lines of Rx3™";K-Ras*;
ERT-Rx3 MEFs failed to develop into tumors in nude mice in the
absence of inducer (Figure 2f). These results demonstrate that
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Runx3 plays a critical role in defenses against tumorigenesis, even
when K-Ras is activated.

Runx3 is selectively silenced in Rx3"~;K-Ras®'?® MEFs

In light of these results, why did the Rx3"~;K-Ras* MEFs, which
retain a WT Runx3 allele, become tumorigenic (Figure 2b)? To
address this question, we assessed Runx3 mRNA levels by RT-PCR
in various MEFs. In Rx3"~;K-Ras* MEFs, Runx3 mRNA was barely
detectable, in contrast to the Runx1 and Runx2 mRNAs, which
were readily detected (Figure 2g, Supplementary Figure S2A).
Since RUNX3 is frequently silenced by DNA methylation in various
types of cancers,?’ we measured CpG island methylation of the
Runx3 p2 promoter region. Methylation-specific PCR of the CpG
island of the Runx3 p2 promoter region revealed that Runx3 was
silenced by DNA methylation only in Rx3";K-Ras* MEFs
(Figure 2h, Supplementary Figure S2B). However, the targeted
allele of Runx3 in Rx3™";K-Ras* MEFs was not silenced (Figures 2g
and h), suggesting that Runx3 is not actively silenced by
oncogenic K-Ras; instead, Runx3-silenced cells are preferentially
selected during culture of K-Ras—activated cells. These results
suggest that Rx3"~;K-Ras* MEFs are equivalent to Rx3™";K-Ras*
MEFs in terms of loss of Runx3 activity, and further confirm the
critical role of Runx3 in defense against tumorigenesis.

The R-point is disturbed in Runx3 deleted MEFs

The concept of the R-point was established based on the
observation that cells remain in Go/G; if serum is removed before
the R-point, whereas serum removal no longer affects cell-cycle
progression if the cells have already passed through this point.® To
determine whether Runx3 plays a role in the R-point decision, we
measured the minimum serum exposure time required for
progression into S phase. For this purpose, we treated serum-
starved MEFs with 10% serum for a limited time, and then further
cultured them under serum-free conditions. FACS analysis 18 h
after initial serum treatment revealed that Rx3™~ MEFs required
only 1-2 h of exposure to serum, whereas Rx3*/* MEFs required at
least 4 h of exposure for entry into S phase (Figure 3a). This
abnormally short serum exposure time for S-phase entry of Rx3™~
MEFs is essentially the same as that of Rb”~ MEFs,>® indicating
that the R-point is disturbed in Rx3™~ MEFs. Notably, the R-point
was completely restored by leaky activation of ERT-Runx3
(Figure 3a, Rx3/;ERT-Rx3 #1 and #2). These results, along with
the critical role of R-point in tumorigenesis,' suggest that the
tumorigenicity of Rx3”~ MEFs is closely associated with the
disruption of the R-point.

To understand how Runx3 contributes to R-point commitment,
we performed mRNA sequencing (RNA-seq) to identify genes
differentially expressed at the R-point. For this purpose, Rx3™* and
Rx3”~ MEFs were synchronized by serum deprivation, and total
RNA was extracted from the MEFs before (0 h) and 2 h after serum
treatment. Analysis of gene expression patterns revealed that 989
and 1442 genes were induced and suppressed, respectively (|log,
(fold change)| >1), in Rx3"* MEFs 2 h after serum stimulation.
Detailed RNA-seq results are provided in the Excel file Rx3+;Rx3-.
xlsx (Supplementary dataset 1 of Supplementary information).
Two-dimensional plotting of the expression changes in response
to serum stimulation in Rx3™* MEFs and Rx3™~ MEFs revealed that
most of the differentially expressed genes were either induced
(group A in Figure 3b) or suppressed (group B in Figure 3b)
commonly in both strains of MEFs. However, expression changes
in 65 genes differed significantly (P < 0.05) between Rx3™* and
Rx3™/~ MEFs (red spots in Figure 3b), indicating that about 2.7% of
early Gy—associated genes were regulated in a Runx3-dependent
manner. The Runx3-dependent genes involved in major signaling
pathways are listed in Figures 3c, and a comparison of up-/
downregulation of the 65 genes in Rx3"* and Rx3™~ MEFs is
provided in Supplementary Figure S3.
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p21 (Cdknla) and p27 (Cdkn1b) play key roles in facilitating
R-point entry by activating Cyclin D—Cdk4/6. Our RNA-seq analysis
revealed that p27 was induced 8.3-fold 2 h after serum stimulation
in Rx3** MEFs, but not in Rx3™~ MEFs (Figure 3d). By contrast, p27
was suppressed 2 h after serum stimulation in both Rx3"* and
Rx3™~ MEFs (Figure 3d). Northern blotting (NB) analysis confirmed
that p21 expression was induced 1-2 h after serum stimulation in
Rx3** MEFs, but not in Rx3”~ MEFs (Figure 3e). However, the
expression patterns of p27, Cyclin D1, p-Erk1/2, and p-Akt, which
play roles in R-point entry, were not affected by the presence or
absence of Runx3 (Figure 3f). Consistent with the observation that
expression of ERT-Rx3 in Rx3™~ MEFs restored the R-point, ERT-Rx3
expression also restored serum-stimulated p27 induction
(Figure 3g). These results demonstrate that p27, a key regulator
of the R-point, is a target of Runx3.

RUNX3 and pRB form a complex in response to serum stimulation
and induce p21

Based on the finding that deletion of either Runx3 or Rb disturbed
the R-point in MEFs, we investigated the possibility that Runx3 and
pRb function together by forming a complex. Immunoprecipita-
tion (IP) with anti-Runx3 antibody followed by IB with an anti-pRB
antibody revealed that the Runx3—pRb interaction occurs 1 h after
serum stimulation in Rx3"* MEFs (Figure 4a). The Runx3—-pRb
interaction was maintained up until 2 h after stimulation, and
decreased after 4 h (Figure 4a). The Runx3—pRb interaction and
p21 induction were also observed 1-2 h after serum stimulation in
HEK293 human embryonic kidney cells (Figure 4b). Specific
interaction between RUNX3 and pRB was confirmed by IP with
IgG or Anti-RUNX3 antibody followed by IB with anti pRB antibody
in MEFs (Supplementary Figure S4A) and HEK293 cells
(Supplementary Figure S4B). Exogenously expressed Myc-tagged
RUNX3 (Myc-Rx3) and HA-tagged RB (HA-RB) also interacted
transiently at similar time points after serum stimulation in HEK293
cells (Figure 4c). Mapping analysis of the interacting domains
revealed that the A-pocket and B-pocket regions of pRB interact
with RUNX3 (Supplementary Figure S4C), and that both the Runt
domain and C-terminal region of RUNX3 interact with pRB
(Supplementary Figure S4D).

The RUNX3—pRB complex binds to and activates the p21 promoter
in response to serum stimulation

Because HEK293 cells and MEFs exhibited essentially identical
responses to serum stimulation with regard to the pRB-RUNX3
interaction and p27 induction, we used HEK293 cells to analyze
the role of the pRB-RUNX3 complex on p27 induction, as well as
the molecular mechanism underlying the association/dissociation
of the complex. Previously, we reported that the p27 promoter
contains three RUNX-binding sites that are critical for the RUNX3-
mediated transactivation of the promoter.?* In a p21 promoter—
reporter assay, RUNX3 alone increased reporter activity by about 5-
fold, whereas the transactivation activity of RB alone was very
weak (Figure 4d). However, co-expression of RUNX3 and RB
increased reporter activity up to 11-fold, suggesting that RUNX3
and pRB function synergistically on the p27 promoter (Figure 4d).
Similar experiments using a construct in which the Runt domain
(DNA-binding domain) of RUNX3 was deleted revealed that this
domain is required for functional cooperation between pRB and
RUNX3 (Figure 4d). Consistent with this, serum-stimulated
induction of p271 expression was abolished by siRNA-mediated
RB knockdown (Figure 4e). These results suggest that RUNX3 and
PRB function together to induce p271 expression.

The reporter assay also showed that co-expression of RB and
RUNX3 had no effect on a p21 reporter containing a mutated RUNX-
binding site (p271-mABC-Luc) (Figure 4d). Therefore, we performed
chromatin immunoprecipitation (ChIP) to ascertain whether the
RUNX3-pRB complex binds to the p27 promoter region. For this
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treated with 10% serum. The expression levels of endogenous pRB and RUNX3, and the interaction between the two endogenous proteins,
were measured by IP and IB with anti-RUNX3 antibody and anti-pRB antibody, respectively, at the indicated time points. (b) HEK293 cells were
serum-starved for 24 h and treated with 10% serum. The expression levels of endogenous pRB and RUNX3, and the interaction between the
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RUNX3-pRB interaction were measured by IP and IB, respectively. (d) Wild-type RUNX3 and RUNX3 deletion mutants were transfected into
HEK293 cells either with or without RB. 3-Gal was co-transfected as an internal control. The reporter activity of p27 promoter—-driven luciferase
was measured by luciferase assay. A schematic diagram of the RUNX3 deletion constructs is shown. Runt = Runt domain. (e) HEK293 cells were
treated with si-RB RNA or si-control RNA for 24 h, cultured under serum-free conditions for 24 h, and then treated with serum for the indicated
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the p21 promoter was measured by ChIP analysis at the indicated time points. One-thirtieth of the lysates were PCR amplified for input.
Knockdown of RUNX3 by specific siRNA was verified by IB.

purpose, HEK293 cells cultured under serum-free conditions for 24 h The RUNX3-pRB complex is dissociated by Cyclin D1-CDK4/6
were stimulated with serum. At various time points after serum The dissociation of RUNX3-pRB occurred 4h after serum
stimulation, IP with an anti-RUNX3 or anti-pRB antibody followed by stimulation. and Cycli : : .
L , yclin D1 was induced at the same time point
PCR amplification revealed that RUNX3 and pRB bound to the p21 (Figure 4b), suggesting that the RUNX—pRB complex forms before

promoter region 1-2 h after serum stimulation (Figure 4f). However, . . .
PRB—p21 promoter binding was markedly reduced after SIRNA- pRB is phosphorylated by CDK4/6. To confirm this observation, we

mediated knockdown of RUNX3 (Figure 4f). Knockdown of RUNX3 by ~ Mutated the nine N-terminal Ser/Thr residues (RB-M1-9), seven
si-RUNX3 was efficient (Figure 4f). These results suggest that pRB C-terminal Ser/Thr residues (RB-M10-16), or all Ser/Thr residues
binds to the p27 promoter by interacting with RUNX3, 1-2 h after (RB-1-16) within pRB to Ala residues (Supplementary Figure S5A).
serum stimulation. The expression levels of RBs mutated at Ser/Thr residues were
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(RB-M1-9, RB-M10-16, and RB-M1-16) (Supplementary Figure 5A) were transfected into HEK293 cells either with or without RUNX3. The reporter
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mediated p21 promoter (WT-p271-promoter-luciferase) activation was measured using a luciferase assay.

much lower than those of wild-type pRB (Figure 5a,
Supplementary Figure S5B). However, the RB-M10-16 mutant
interacted with RUNX3 more strongly than wild-type pRB
(Figure 5a), supporting the idea that RUNX3 preferentially interacts
with hypo-phosphorylated pRB. Consistent with this, the p271
promoter—reporter assay revealed that RUNX3 cooperated more
effectively with the mutated pRBs than wild-type pRB in activating
the p27 promoter (Figure 5b). These results demonstrate that
RUNX3 preferentially interacts with hypo-phosphorylated pRB and
induces p21 expression, and suggest that pRB phosphorylation
may inhibit the RUNX3—pRB interaction.

Because Cyclin D-CDK4/6 plays an essential role in pRB
phosphorylation at early G; phase, we examined the role of
Cyclin D-CDK4/6 in dissociation of RUNX3—pRB. To this end, we
treated HEK293 with a CDK4 inhibitor [1,4-Dimethoxy-9-thio(10H)-
acridone] and examined the RUNX3—pRB interaction by IP and IB.
The results revealed that inhibition of CDK4 prolonged the
RUNX3—-pRB interaction (Figure 5c). Similarly, increasing amounts
of Cyclin D1 inhibited the cooperative transactivation activity of
RUNX3 and pRB on the p27 promoter in a dose-dependent
manner (Figure 5d). This inhibition by Cyclin D1 was rescued by
treatment with a CDK4 inhibitor (Figure 5d). This result suggests
that Cyclin D1/CDK4-mediated pRB phosphorylation facilitates the
dissociation of the RUNX3—pRB complex.

pRB-RUNX3-BRD2 ternary complex forms early after serum
stimulation

Previously, we showed that RUNX3 forms a complex with BRD2
1-2 h after serum stimulation and plays a key role in surveillance
against oncogenic K-RAS.>? Hence, in this study we examined
whether pRB, RUNX3, and BRD2 form a ternary complex to induce
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p21. For this purpose, Myc-RUNX3 or Myc-RUNX3-KR-94-171 [which
does not interact with BRD2??] were co-expressed with Flag-BRD2
and HA-RB in HEK293 cells. Twenty-four hours after transfection,
the cells were serum-starved for 24 h, and then stimulated with
serum. IP and IB analysis revealed that both RUNX3 and RUNX3-
KR-94-171 interacted with pRB, 1-2 h after serum stimulation
(Figure 6a, RX3/pRB). pRB and BRD2 also interacted at the same
time points when RUNX3 was co-expressed (Figure 6a, pRB/BRD2).
However, when RUNX3-KR-94-171 was expressed in place of wild-
type RUNX3, pRB did not interact with BRD2, and p27 was not
induced. These results suggest that pRB interacts with BRD2
through RUNX3 (Figure 6a, pRB/BRD2) 1-2 h after serum stimula-
tion, and that the resultant pRB-RUNX3-BRD2 ternary complex
contributes to serum-stimulated early induction of p27.

Oncogenic K-RAS maintains the pRB-RUNX3-BRD2 complex

Analysis of the interactions of endogenous proteins revealed that,
like the exogenously expressed proteins, endogenous pRB,
RUNX3, and BRD2 also formed a ternary complex 1-2h after
serum stimulation (Figure 6b). Hence, we examined the effect of
oncogenic K-Ras on formation of the pRB—RUNX3-BRD2 complex.
Ectopic expression of K-Ras®'?” triggered interactions of endo-
genous pPRB, RUNX3, and BRD2 in the absence of serum
stimulation and maintained the resulting pRB-RUNX3-BRD2
complex for a longer period of time (Figure 6b). Consistent with
this, the induced level of p27 expression was also maintained
(Figure 6b). Similarly, expression of constitutively active MEKT
(MEK1-CA) as well as K-Ras®'?" increased pRB-RUNX3-BRD2
complex formation and p27 induction in a dose-dependent
manner (Figure 6c). However, Myc-RUNX3-KR-94-171, which
interacts with pRB but not BRD2, failed to induce p27 in response
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Mitogenic signals trigger the interaction between RUNX3 and pRB. (a) HEK293 cells were transfected with HA-RB, Flag-BRD2, and Myc-

RX3 (or Myc-RX3-KR-94-171). The cells were serum-starved for 24 h and treated with 10% serum, and then the interactions between pRB, BRD2,

and RUNX3 were measured by IP and IB at the indicated time points. (b) HEK293 cells transfected with either empty vector or Myc-K-Ras

G12vV

were serum-starved for 24 h and treated with 10% serum, and then the expression levels of endogenous pRB, RUNX3, and BRD2, as well as the
interactions between the three endogenous proteins, were measured by IP and IB at the indicated time points. (c) HEK293 cells were
transfected with HA-RB, Flag-BRD2, and Myc-RX3 (or Myc-RX3-KR-94-171) and Myc-K-Ras®’?(or MEK1-CA). Cells were serum-starved for 24 h, and
then treated with 10% serum for 8 h. Expression level of p21 and interactions between pRB, BRD2, and RUNX3 were measured by IP and IB.

to expression of K-Ras®’?" or MEK1-CA (Figure 6c). These results
suggest that a complex containing all three proteins (RUNX3, pRB,
and BRD2) is required for the induction of p27, and that
constitutive activation of the RAS-MEK1 pathway maintains the
pRB-RUNX3-BRD2 complex and p271 expression. The series of
molecular events involved in the association and dissociation of
the pRB-RUNX3-BRD2 complex at the R-point are summarized in
Figure 7.

DISCUSSION

Runx3 constitutes a R-point—associated barrier against
tumorigenesis

It is widely accepted that oncogene activation drives cellular
transformation, whereas the p53 pathway plays major roles in
preventing oncogene activation. However, in some types of
adenomas, oncogene activation and p53 pathway inactivation
occur after tumor initiation.> In humans, for example, K-Ras
activation is frequently found in lung adenocarcinomas, but rarely
in lung adenomas. By contrast, RUNX3 is silenced in most human
lung adenomas,?®> and deletion of Runx3 in mouse lung induces
lung adenomas.?® Therefore, Runx3 silencing is causally associated
with the development of lung adenomas in the absence of
oncogene activation. In this study, we demonstrated that the
R-point is disturbed in Rx3™~ MEFs (p53-mutated), which develop
into tumors in nude mice. Furthermore, we showed that

re-expression of Runx3 restored the R-point and abolished the
tumorigenicity of Rx3”~ MEFs. These observations suggest that
Runx3 constitutes a p53-independent barrier against tumorigen-
esis, and that this barrier is associated with the R-point. Although
the R-point is disrupted in nearly all cancer cells,'? the
mechanisms underlying R-point disruption remain poorly under-
stood. Our results suggest that inactivation of RUNX3, which is
frequently inactivated in multiple types of tumors,?' is associated
with the deregulation of the R-point in tumor cells.

K-Ras®’?P knock-in mice develop lung cancer,’**” and loss of
p53 does not have a significant impact on K-Ras—induced early
lung tumorigenesis.?® Moreover, p53 affects only adenocarcino-
mas, and has no effect on adenomas developed in K-Ras®'?°
knock-in mouse 1ung.?**° These results clearly demonstrate that
the p53 pathway does not defend against endogenous oncogenic
K-Ras>' In this study, we found that Runx3 expression eliminated
the tumorigenicity of Rx3”7;K-Ras* MEFs. These results provide
evidence for the existence of a Runx3-dependent barrier against
endogenous oncogenic K-Ras. It is worth emphasizing that K-RAS
is one of the most frequently mutated oncogenes in human
cancers, and no effective treatment for patients carrying K-RAS
mutations is currently available.>> RUNX3 is silenced in nearly all K-
RAS-activated mouse and human lung adenocarcinomas, mainly
by epigenetic alteration,?® and could therefore be reactivated, at
least in theory.33 Thus, our results provide a theoretical basis for
the development of a new therapeutic strategy against K-RAS—
activated tumors.
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RUNX3-BRD2 complex. Formation of the pRB-RUNX3-BRD2 com-
plex is triggered by the RAS-MEK pathway 1h after serum
stimulation. The complex binds to the p27 promoter through
RUNX-binding sites and induces p21 expression. Four hours after
stimulation, the RAS-MEK pathway activity is downregulated and
Cyclin D1 is induced. The induced Cyclin D1 forms a complex with
CDK4/6 with the help of the induced p21. Cyclin D1-CDK4/6
dissociates pRB by pRB phosphorylation, and Cyclin D1-HDAC4
dissociates BRD2 by RUNX3 deacetylation from RUNX3.2? As a result,
p21 expression is turned off. Subsequently, the decrease in p21
expression allows activation of Cyclin E-CDK2 activation, which
drives cells to pass through the R-point. However, oncogenic K-RAS
inhibits destruction of the pRB-RUNX3-BRD2 complex and prolongs
p21 expression, which inhibits further cell-cycle progression. This
series of molecular events may enable cell to distinguish normal
mitogenic signals from abnormal oncogenic K-RAS signals, and thus
make context-dependent R-point commitments.

Molecular crosstalk between differentiation and proliferation at
the R-point

The R-point decision plays an essential role in cell fate
determination. To achieve this goal in a context-dependent
manner, the R-point decision-making machinery must be able to
recognize the differentiation stage and integrity of the cell. The
results of this study reveal the mechanism by which a cell
recognizes its own status in regard to the R-point commitment.
Cells enter the R-point via Cyclin D-CDK4/6-mediated pRB
phosphorylation, and pass through the R-point via additional
pRB phosphorylation mediated by Cyclin E-CDK2. Because p21
activates Cyclin D-CDK4/6 but inhibits Cyclin E-CDK2, the up- and
downregulation of p27 expression must be involved in the control
of entry into and passage through the R-point. We found that the
pPRB-RUNX3-BRD2 complex is formed 1 hour after serum
stimulation, and that this complex induces p21 expression. When
Cyclin D1 is induced (4 h after stimulation), the pRB—RUNX3-BRD2
complex is dissociated by Cyclin D1-CDK4/6. Subsequently, p21
expression is turned off, and the cell passes through the R-point
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(Figure 7). Our results reveal that RUNX3 (a lineage-determining
transcription factor) and pRB (the primary regulatory of the
R-point) form a complex and cooperate in regulating p21 (the CDK
switch), demonstrating the existence of molecular crosstalk
between differentiation and proliferation at the time of the
R-point.

While RUNX3 is frequently inactivated in early stage cancers, a
distinct body of work has shown that RUNX3 expression is
acquired during the course of progression of some cancers. For
example, RUNX3 suppresses proliferation and promotes metas-
tasis in pancreatic ductal adenocarcinoma.* Therefore, RUNX3
appears to function as both a tumor suppressor and a tumor
promoter. Although it is unclear how RUNX3 performs opposite
roles during tumorigenesis, it is possible that disruption of the
R-point by deregulation of RUNX3 affects not only proliferation
but also metastasis, since the R-point governs both proliferation
and differentiation. Further study of the role of RUNX3 in R-point
commitment may lead a fuller understanding of how RUNX3 plays
dual roles in tumorigenesis.

Mammals have three RUNX family genes, RUNX1, RUNX2, and
RUNX3. Their functions are linked to major developmental events
and are intimately involved in tumorigenesis. RUNX1 and RUNX2
function as master regulators of hematopoiesis and osteogenesis,
respectively.?’*>*® RUNX2 forms a complex with pRB, and the
complex activates osteoblast-specific gene expression.3”®
Because the R-point decision is dependent on differentiation
stage, the pRB-RUNX2 complex might be associated with the
R-point. If so, then RUNX1, RUNX2, and possibly other master
regulators might also be involved in their own lineage-specific
R-point commitment.

BRD2 recruits the mediator complex, SWI/SNF chromatin-
remodeling complex, and RNA polymerase I, thereby contributes
to transcriptional control.>®> We previously reported that the
RUNX3-BRD2 complex is formed 1-3 h after mitogenic stimulation
and activates the p14ARF-p53 pathway.?? Because the time points
of RUNX3-BRD2 complex formation overlapped with the R-point,
we hypothesized that RUNX3 might be involved in the R-point. In
this paper, we provide evidence that the RUNX3-BRD2 complex
interacts with pRB and regulates the R-point. These observations
suggest that the pRB—RUNX3-BRD2 complex provides a core for
construction of a large complex that promotes the expression of
target genes associated with R-point commitment. Identification
of additional components of the pRB-RUNX3-BRD2 complex and
the target genes of the complex will improve our understanding
of the nature of R-point commitment.

Collectively, our results identify a series of molecular events that
regulate R-point commitment and provide insight into the
relationship between context-dependent R-point commitment
and defense against tumorigenesis.

EXPERIMENTAL PROCEDURES

Mice
Runx3™ mice were kindly provided by Dr. I. Taniuchi.
knock-in mice were obtained from Jackson Labs (Sacramento, CA, USA).
Adeno-Cre was purchased from Vector Biolabs (Philadelphia, PA, USA).
Folxed Runx3 in MEFs was disrupted by infecting cells with 50 MOI Adeno-
Cre. Animal studies were approved by the Institutional Animal Care
Committee of Chungbuk National University.

40 o pastsL-G12D

Cell culture, treatment, siRNA, and transfection

The HEK293 cell line was obtained from the Korean Research Institute of
Bioscience and Biotechnology (KRIBB, South Korea). MEFs of various
genotypes were obtained from mouse embryos at 15.5 days of gestation.
HEK293 and MEFs were maintained in Dulbecco’s modified Eagle’s
medium (Gibco BRL, Thermo Fisher Scientific Korea) supplemented with
10% fetal bovine serum (Gibco BRL). CDK4 inhibitor [1,4-Dimethoxy-9-thio
(10H)-acridone] was obtained from Calbiochem (CA, USA). Knockdown



analysis was performed by transfecting HEK293 cells with 50 nm siRNA (si-
RX3; 5-AACCUGAUGCCAUAGACUC-3' Bioneer, Korea, si-RB RNA; sc-29468,
Santa Cruz Biotechnology) using RNAi MAX (Invitrogen, Thermo Fisher
Scientific Korea). Full-length RUNX3 and its deletion and lysine mutants
were described previously.?? Transient transfection was carried out using
the Lipofectamine Plus reagent (Invitrogen).

Xenograft analysis

MEFs were suspended at 3 x 107 cells/ml in phosphate-buffered saline, and
0.2 ml of cell suspension was injected subcutaneously into each nude
mouse. Five mice (two month old males) were used for each analysis.

RNA-seq analysis

The isolated total RNA was processed for preparing mRNA sequencing
library using the lllumina TruSeq Stranded mRNA Sample Preparation kit
(Mlumina, CA, USA) according to the manufacturer's protocol. Quality and
size of libraries were assessed using Agilent 2100 bioanalyzer DNA kit
(Agilent, CA, USA). All libraries were quantified by qPCR using CFX96 Real
Time System (Biorad, CA, USA) and sequenced on the NextSeq500
sequencers (lllumina, CA, USA). Potentially existing sequencing adapters
and raw quality bases in the raw reads were trimmed by Cutadapt
software.”’ The cleaned high quality reads after trimming the low quality
bases and sequencing adapters were mapped to the human reference
genome hg19 of UCSC genome (https://genome.ucsc.edu) by STAR
software.** To quantify the mapped reads on the human reference
genome in to the gene expression values, Cufflinks software.** The
differentially expressed genes between the two selected biological
conditions were analyzed by Cuffdiff software in cufflinks package.”®

Antibodies

Anti-Runx3 antibody (Ab40278) and anti-p53 antibody (Ab26) were
obtained from Abcam (UK). Anti-phospho-p53 (#9284) was obtained from
Cell Signaling Technology. Anti-Lamin antibody (#SC-20682) was obtained
from Santa Cruz Biotechnology. Polyclonal anti-c-Myc-HRP (rabbit) (Sigma-
Aldrich) and epitope-tag antibodies against Myc (9E10; Santa Cruz
Biotechnology, Dallas, TX, USA), HA (12CA5; Roche Applied Science,
Mannheim, Germany), and Flag (M2; Sigma, St. Louis, MO, USA) were
purchased from the indicated vendors. Polyclonal anti-p27 and anti-p21
antibodies (rabbit) and monoclonal anti-cyclin D1 were purchased from
Santa Cruz Biotechnology. Anti-phospho Erk (Thr-202, Tyr-204), anti-MEK1,
and anti-phospho Akt (Ser-473) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-pRB was purchased from BD
Bioscience (CA, USA). Tubulin antibodies were obtained from Lab Frontier
(Seoul, Korea).

IP and IB

Transfected cell lysates (300 ug) were incubated with monoclonal
antibodies at 4 °C for 2 h or overnight, and then incubated with protein
G-Sepharose beads (Amersham Pharmacia Biotech, UK) for 1 hour. After
extensive washing, the immunoprecipitates were resolved on SDS-PAGE
gels and transferred to a polyvinylidene difluoride membrane (Millipore,
Billerica, MA, USA). The blot was visualized using LAS-3000 (Fujifilm, Japan)
after treatment with ECL solution (Amersham Pharmacia Biotech, UK).

ChlIP assays

ChIP assays were performed using a ChIP assay kit (Upstate cat # 17-295;
CA, USA). HEK293 cells were treated with control or RUNX3-specific siRNA
for 24 h. The cells were then cultured under serum starvation conditions
for 24 h, and then treated with 10% serum. Cells were harvested at the
indicated time points after serum stimulation. Chromatin was immuno-
precipitated with the indicated antibodies. The p27 promoter region was
amplified by PCR using the following primers: p21-5'(5-CACCAGACTT
CTCTGAGCCCCAG-3') and p21-3'(5'-GCACTGTTAGAATGAGCCCCCTTTC-3).

Methylation-specific PCR

Genomic DNA (5-10 ug) was treated with bisulfite, which converts
unmethylated cytosine to uracil, using the EZ DNA Methylation Kit (Zymo
Research, Irvine, CA, USA). The Runx3 promoter region was amplified by
PCR using the following primers: unmethylated DNA—specific PCR primers,
UnF5'-AGGTTTGGGGTATTAATTTT and UnR5'-CAACACATCCACCATCAA;
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methylated DNA-specific PCR primers, MeF 5'-AGGTTCGGGGTATTAATTTC
and MeR 5'-CAACACGTCCACCATCGA.
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