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ABSTRACT

The RUNX2 transcription factor promotes breast cancer growth and metastasis
through interactions with a variety of cofactors that activate or repress target genes.
Using a direct drug discovery approach we identified CADD522 as a small molecule
that inhibits the DNA binding of the runt box domain protein, RUNX2. The current
study defines the effect of CADD522 on breast cancer growth and metastasis, and
addresses the mechanisms by which it exerts its anti-tumor activity.

CADD522 treatment resulted in significant growth inhibition, clonogenic survival,
tumorsphere formation, and invasion of breast cancer cells. CADD522 negatively
regulated transcription of RUNX2 target genes such as matrix metalloproteinase-13,
vascular endothelial growth factor and glucose transporter-1, but upregulated
RUNX2 expression by increasing RUNX2 stability. CADD522 reduced RUNX2-
mediated increases in glucose uptake and decreased the level of CBF-B and RUNX2
phosphorylation at the S451 residue. These results suggest several potential
mechanisms by which CADD522 exerts an inhibitory function on RUNX2-DNA binding;
interference with RUNX2 for the DNA binding pocket, inhibition of glucose uptake
leading to cell cycle arrest, down-regulation of CBF-f3, and reduction of S451-RUNX2
phosphorylation.

The administration of CADD522 into MMTV-PyMT mice resulted in significant
delay in tumor incidence and reduction in tumor burden. A significant decrease
of tumor volume was also observed in a CADD522-treated human triple-negative
breast cancer-patient derived xenograft model. CADD522 impaired the lung retention
and outgrowth of breast cancer cells in vivo with no apparent toxicity to the mice.
Therefore, by inhibiting RUNX2-DNA binding, CADD522 may represent a potential
antitumor drug.
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INTRODUCTION

Despite recent advances in treatment, breast cancer
(BC) still remains the second leading cause of cancer-
related deaths among women [1]. Luminal BC has the
highest rates of relapse, often localizes to the bone or
lung [2, 3] and accounts for 50% of all metastasis-related
BC deaths in spite of the primary tumor being highly
responsive to treatment [4]. Given their high rate of
relapse, it is clear that current treatment modalities are
insufficient to completely eradicate these heterogeneous
tumors. Triple-negative breast cancer (TNBC) accounts
for 15% ~ 20% of all breast cancer cases [5-7] and is
characterized by poor survival and a high probability
of early treatment relapse, especially distant metastasis
[8-10]. Because of no useful biomarkers and no targeted
therapeutic modalities for metastatic disease, treatment
options for patients with TNBC are limited to cytotoxic
chemotherapy. Thus, there is an urgent need to elucidate
novel targets for BC therapy to improve the poor prognosis
for patients.

The runt-related transcription factor-2 (RUNX2)
promotes BC progression and metastasis through
transcriptional activation of its target genes [11-13].
RUNX2 serves as a convergence node for different
signaling pathways [14]. For both luminal and triple-
negative BC, RUNX2 expression is associated with
poor clinical prognosis [15, 16]. RUNX2 interacts with
its specific DNA recognition site on gene promoters
through its Runt domain that consists of 128 amino
acids, highly conserved and exclusively found in the
RUNX proteins (RUNX1, 2, and 3). RUNX2 is a specific
transcription factor that mediates complex metabolic
events such as angiogenesis or glycolysis by promoting
glycolytic switching or by inhibiting mitochondrial
oxidative phosphorylation [17, 18]. RUNX2 decreases
PDH activity, but its knockdown increases oxygen
consumption rate (OCR) [17] by increasing the activity
of pyruvate dehydrogenase (PDH), a rate limiting step
for entry into the TCA cycle at the branch point for
pyruvate utilization. These data imply that targeting
RUNX2 might inhibit BC growth and/or progression by
reversing tumor cell dependence on glycolysis. RUNX1
plays fundamental roles in definitive hematopoiesis, and
genetic aberrations of RUNX1 gene are involved in the
pathogenesis of leukemia [19, 20]. Emerging evidence
suggests that RUNXI is relevant for BC promotion and
metastasis. Recent whole-genome and whole-exome
sequencing studies have revealed that RUNX1 mutations
are common in BC [21, 22], and in particular, some point
mutations in RUNX1 DNA-binding domain abolish its
DNA binding activity [21, 22], while RUNX2 mutations
are rare [23]. The expression of RUNX1 is associated with
BC progression [24], and correlates with poor prognosis
in TNBC patients [25]. RUNX3 silencing correlates with

progression of gastric cancer [26-29], and frequently
inactivated in BC [30, 31].

Recent advances in determination of three-
dimensional architecture and dynamics of transcription
factor complexes in cancer cells have promoted
development of new types of anticancer agents with
excellent potential for clinical applications [32, 33].
Transcription Therapy is an emerging approach that
reverses aberrant gene expression in cancer cells through
direct or indirect targeting of the transcriptional process
[34, 35]. This type of drug development could restore
homeostasis in cellular gene expression and inhibit tumor
progression. Due to redundancies in normal signaling
pathways [35], modulating the activity of transcription
factors might exhibit low toxicity with minimal side
effects as normal cells often tolerate loss of transcription
factor function with little consequence [35]. For example,
Nelson et al. identified drugs known to be well tolerated
in humans such as specific STAT3 inhibitors, including
nifuroxazide (antidiarrhea), pyrimethamine (antimalaria),
and pimozide (neurolepsis) by cell-based screens of
chemical library of drugs [36-38]. In addition, direct
inhibition of STAT3-DNA binding via RNA interference
or with oligodeoxynucleotide is progressing into clinical
trials with safer and more effective delivery systems [35].
Notchl-selective gamma-secretase inhibitors overcome
the gastrointestinal toxicity associated with pan-inhibition
of gamma-secretase activity [39]. Although challenges
remain in the development of therapeutic agents targeting
transcription at the single gene level, it is possible to
identify compounds that can alter expression of target
genes but have little effect on other transcriptionally co-
regulated genes [40].

Targeting RUNX2 can be a highly effective and useful
strategy for BC treatment: this approach may exhibit less side
effects than conventional chemotherapy and has the potential
for high therapeutic index because RUNX2 is normally not
expressed in differentiated bone or mature glandular tissues,
such as breast [17, 41] and prostate [42]. In spite of these
benefits, therapeutic agents are very rare. We have taken a
direct drug discovery approach using Computer-Assisted
Drug Design (CADD) [43, 44] to find novel compounds
that interact with RUNX2 and DNA by fitting into the
active Runt-DNA binding pocket [43, 44]. CADD522 was
one of the compounds identified as a potent inhibitor of
RUNX2-DNA binding [43, 44]. Using DNA-binding ELISA
(D-ELISA) with a RUNX2-specific antibody, we validated
that CADDS522 inhibited in vitro DNA binding activity
of RUNX2 at nanomolar concentrations (IC50 @ 10 nM)
[43, 44]. Interestingly, CADDS522 inhibited tumorsphere
formation of luminal BC cells expressing ectopic RUNX2
[16], supporting the therapeutic potential of CADDS522 as an
anticancer drug for BC therapy.

Herein, we report that CADDS522, a small molecule
inhibitor of RUNX2, downregulates RUNX2-mediated
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transcription of downstream target genes by inhibiting
RUNX2-DNA binding. /n vitro and in vivo studies reveal
that CADDS522 suppresses BC growth and metastasis.
Our observations suggest that CADDS522 has therapeutic
potential to restrict breast cancer progression.

RESULTS

CADDS22 suppresses in vitro BC cell growth and
survival

From our CADD screening [43, 44], CADDS522
was identified as a novel inhibitor of RUNX2-DNA
binding (Supplementary Figure 1A). To assess the relative
specificity of the CADDS522 compound for RUNX
family proteins, we performed D-ELISA with osteoblast
specific element 2 (OSE2) oligonucleotides from the
RUNX2-regulated Osteocalcin (OC) gene promoter and
specific RUNX1, RUNX2 or RUNX3 antibodies [43, 44].
CADDS522 inhibited the DNA binding activity of all
RUNX proteins, but most prominent inhibition was
observed for RUNX2-DNA binding (Supplementary
Figure 1B). MMP13 is a well-known RUNX2 target gene
[45, 46] that harbors a Runt binding site (AACCACA)
in the promoter at -160 bp from the start codon. We
performed D-ELISA with MMP13 oligonucleotides
designed from the promoter sequences near the Runt
binding site, and found that CADDS522 also inhibited
RUNX2 binding to the MMP13 oligonucleotides in a
dose-dependent manner (Supplementary Figure 1C).
Consistently, ChIP analysis showed increased enrichment
of RUNX2 on MMPI13 promoters in the MCF7-
RUNX2 cells compared to the MCF7-Empty control
(Supplementary Figure 1D). While CADD522 had no
effect on the RUNX2 occupancy in MCF7-Empty cells,
CADDS522 significantly inhibited RUNX2 enrichment
in the MCF7-RUNX2 cells (Supplementary Figure 1D).
These results indicate that CADD522 inhibits RUNX2-
DNA binding both in vitro and in vivo.

Targeting Runt-DNA binding may be selective for
BC cells as RUNX2 is not expressed in normal mammary
epithelial cells [17, 41], but it would be of a concern in
normal cells that express RUNX1 and/or RUNX3. To
determine the effect of CADDS522 on cell viability and
growth, we treated BC cells (MDA-MB-468, and MCF7)
as well as non-malignant cells (MCF10A untransformed
human mammary epithelial cells, [EC-6 undifferentiated
rat intestinal cells, and GES-1 human gastric mucosal
cells, and C2C12 murine myoblast cells) with CADD522
(0 ~ 100 uM) for 24 ~ 72 hrs. There was no significant
inhibition in cell viability over 24 hrs (data not shown),
while CADD522 displayed a dose- and time-dependent
cell growth inhibition over 72 hrs (Figure 1A & 1B).
However, the sensitivity of non-malignant cells to
CADDS522 was much lower than that of BC cell lines,

indicating that CADDS522 might not exhibit serious
cytotoxicity for normal cell growth.

When ectopic RUNX2-expressing MCF7 and T47D
cells were treated with CADD522 for 7 days, a dramatic
decrease in cell proliferation relative to vehicle controls
(Figure 1C) was observed. Next, we explored the growth
inhibitory effect of CADDS522 on other BC cell lines. As
shown in Supplementary Figure 2A, CADDS522 at 50 uM
for 72 hrs exerted mild but significant growth inhibition
(< 50%) in the majority of TNBC and luminal type BC
cells. Among them, MDA-MB-468 (MDA-468) cells
were most sensitive to CADDS522 (> 50%). Moreover,
CADDS522 at 50 uM within 72 hrs displayed no apoptotic
cell death or necrosis under microscopic observations, no
increase in the levels of cleaved caspase-3/7 expression
(data not shown), and no change in caspase-3/7 activity
compared to vehicle controls (Supplementary Figure 2B
& 2C). However, CADDS522 treatment increased cell
populations at the G1 phase with reduction at the S phase
(Figure 1D & Supplementary Figure 2D), indicating
that the anti-proliferative effect of CADDS522 might be
associated with cell cycle arrest.

The effect of CADD522 on long term cell survival
was further investigated in BC cells in the presence
or absence of CADD522 (50 uM) for 2 ~ 3 weeks. As
shown in Figure 2A, expression of RUNX2 in T47D cells
enhanced the growth of colonies (both size and number)
compared to Empty vector controls, but CADDS522
dramatically diminished the clonogenicity of both T47D-
Empty and T47D-RUNX2 cells. The suppression was
slightly greater in T47D-RUNX2 cells than in Empty
controls. The RUNX2-mediated increase in colony
formation was also suppressed by CADD522 in ectopic
RUNX2-expressing MCF7 cells (Supplementary Figure
3A). In addition, reduced clonogenicity was observed
in CADDS522-treated BC cells (11 out of 13 cells) that
showed less than 50% survival after CADDS522 treatment
(Figure 2B & Supplementary Figure 3A). In particular,
less than 10% cell survival was observed in six cell
lines (BT549, HCC70, MDA-468, MCF7, HCC361, and
BT474), indicating that the growth inhibitory effect of
CADDS522 was not restricted to specific BC cell type.
Microscopic images revealed that colonies in the CADD-
treated cells were sparse, disintegrated, and smaller
than in the vehicle controls that were compact and well-
integrated (Figure 2C & 2D). Moreover, CADDS522
strongly inhibited anchorage-independent cell growth of
BC cells (Figure 2E); colonies of the CADDS522-treated
MDA-MB-231 (MDA-231), MCF7 and MDA-468 cells
were highly disrupted, segregated and apoptotic, whereas
those of vehicle controls were compact, tight and healthy
(Figure 2F). The size of colonies was also much smaller
in the CADDS522-treated cells than in the control (<1/10 in
size). Similar results were observed for CADD522-treated
MCEF7-tet-off cells in which CADDS522 treatment resulted
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in reduced colony formation (Supplementary Figure 3B).
The colony number also was not significantly different in
the MCF7-tet-off (+Doxy) and MCF7-tet-off (-Doxy) cells
expressing ectopic RUNX2. Taken together, these results
indicate that CADDS522 has a strong inhibitory effect on
BC cell growth and survival

CADDS22 inhibits tumorsphere formation and
in vitro invasion of BC cells

Three-dimensional sphere cultures of tumor cells
from various cancer types including breast [47] and
pancreatic [48] cancers are enriched for cancer stem/
progenitor cell populations. RUNX2 was recently shown
to be upregulated in a subpopulation of MCF7 cells that
share molecular characteristics with a more invasive BC

MDA-468

phenotype, including genes associated with stem cell
renewal and enhanced tumorsphere-forming capacity
[13]. We reported that CADDS522 treatment resulted in
reduction of TGF-B-mediated increase of tumorsphere size
in MCF7-tet-off cells that express RUNX2 by removal of
Doxycycline (-Doxy) [16]. We now observe that even
without TGF-B, MCF7-tet-off (-Doxy) cells (Figure 3A,
Supplementary Figure 4E) as well as MDA-231 (Figure
3B, Supplementary Figure 4A & 4E), MDA-468 and
MCEF7 cells (Figure 3B, Supplementary Figure 4B, 4C
& 4E) formed tumorspheres over 7~10 days. However,
CADDS522 dramatically decreased the size as well as
the number of tumorspheres (Figure 3C). Tumorspheres
were severely disrupted a few days after CADDS522
treatment at the initial day of cell plating or even when
cells were treated with CADDS52 at day 4 (D4+) after
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Figure 1: CADDS22 suppresses in vitro BC cell growth. (A) Cell growth assay in non-tumorigenic (left) and BC cell lines
(middle). Cells were treated with CADD522 for 72 hrs, and cell growth was determined by crystal violet staining. Data presented as mean
+ SD. Experiments were done in triplicate and repeated twice. Expression of RUNX proteins in non-tumorigenic cells was determined by
western blot analysis (right). (B) Time-dependent decrease of MDA-231 and MCF7 cell growth by CADDS522. *, P<(.05 compared to
vehicle control at indicated time. (C) Time-dependent decrease of ectopic RUNX2-expressing MCF7 and T47D cells compared to Empty
controls. cell growth was calculated as percentage (%) absorbance at indicated time point relative to absorbance of cells at Day 0. *, P<0.05
compared to Empty controls treated with vehicle alone (0.1% DMSO). #, P<0.05 compared to RUNX2-exprssing cells with vehicle alone.
*and *, P<0.05 considered significant. (D) Cell population at each phase of the cell cycle was analyzed by flow cytometry. MDA-231 cells
accumulated at the G1 and G2/M phase whereas MCF7 and MDA-468 cells were at the G1 phase after CADD522 treatment.
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tight tumorspheres had already formed (Figure 3D).
Importantly, treatment with CADDS522 did not have a
significant influence on mammosphere formation of
the MCF10A non-malignant mammary epithelial cells
(Supplementary Figure 4D). These results suggest a
relatively selective effect of CADDS522 on BC cells.

To investigate if CADDS522 impairs the invasive
phenotype of the BC cells, we performed in vitro cell invasion
assays in 3D-culture using both 96-well basement membrane
extract (BME) cell invasion assay and xCELLigence
System (the cell-electrode impedance invasion assay). The
MCF7-tet-off (+Doxy) and -off (-Doxy) cells were plated
on BME-coated wells and incubated in the presence or

promoted by RUNX2 induced by removal of Doxycycline
(-Doxy), which was consistent with a previous report [46].
However, CADDS522 almost abrogated the invasiveness
of both MCF7-tet-off (+Doxy) and MCF7-tet-off (-Doxy)
cells (Figure 3E, left). Substantial inhibition of the invasive
behavior of MDA-231 cells by CADD522 was also observed
in the xCELLigence System that monitors cellular events in
real time (Figure 3F). The cell index of the untreated control
was 2.3675 + 0.1214 (mean + SD), and for the cells treated
with CADDS522 for 48 hrs 1.6636 + 0.1845 (P=0.0456),
respectively. Importantly, CADD522 had little effect on the
viability of MCF7-tet-off or MDA-231 cells over 24 hrs
(Figure 3E, right), indicating that CADD522 reduces BC cell

absence of CADDS522 for 24 hrs. Cellular invasion was invasiveness without cellular toxicity.
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Figure 2: CADDS22 diminishes clonogenic survival of BC cells. (A) T47D-Empty and T47D-RUNX2 cells were treated
with CADD522 for 14 days, and clonogenic assay was performed. Photos were taken from colonies in 6-well plate (upper) and under a
microscope at X40 magnification (middle), and colonies were counted (lower). *, P<0.05 compared to the T47D-Empty cells with vehicle
alone;®, P<0.05 compared to the T47D-RUNX2 with vehicle alone. -, Vehicle controls; +, CADD522-treated cells. (B) Clonogenic survival
assay was performed to determine cell survival of BC cell lines after CADDS522 treatment (50 uM) for 2 ~ 3 weeks. Colonies were counted
after crystal violet staining. MDA-468 and BT474 did not survive after CADDS522 treatment whereas mesenchymal TNBC (MDA-231
and Hs578t) were less sensitive to CADDS522 (survival > 50%). Data presented as mean + SD. Experiments were done in triplicate
and repeated twice. *, P<(.05 compared to control considered significant. (C) Colonies were photographed. The periods of CADD522
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& F) Anchorage-independent cell growth assays were performed with BC cell lines. Colonies were counted and photographed under a
microscope after 2 ~ 3 weeks of CADD522 treatment.
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CADDS22 inhibits RUNX2 transcriptional in a dramatic decrease of the promoter-luciferase (Luc)

activity activities of RUNX2 downstream target genes such as
MMP13 and VEGF (metastasis markers) (Figure 4A & 4B)
CADDS522 treatment of ectopic RUNX2-expressing and OC (osteogenesis marker) (Supplementary Figure 5A).
BC cells (T47D-RUNX2 and MCF7-RUNX2) resulted CADD522 had little effect on the activities of control
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Figure 3: CADDS22 inhibits tumorsphere formation and in vitro invasion of BC cells. (A-C) CADD522 was added at the
initial day of cell plating. Tumorspheres of MCF7-tet-off (-Doxy) cells were photographed for 18 days at X40 and X100 magnifications
(A), and counted at the final day at X40 magnification (C) Sphere No. Photos at day 14 and 18 are shown in Supplementary Figure 4E.
Tumorspheres of MDA-231, MDA-468 and MCF7 cells at day 7 (B) Spheres of MDA-231 and MCF7 cells were counted at day 18 with
X20 magnification. Spheres of vehicle-treated MDA-468 cells were counted at day 7 with X20 magnification as they became fragile and
disrupted 7 days after incubation. Tumorsphere photos of MDA-231, MCF7 and MDA-468 taken at other days are shown in Supplementary
Figure 4A - 4C, 4E. 231, MDA-231; 468, MDA-468. (C) Sphere number (No.) was counted from 9 fields per well (described in Materials
and Methods). Data presented as mean = SD. Experiments were done in triplicate and repeated three times. *, P<0.05 compared to +Doxy;
#, P<0.05 compared to -Doxy with vehicle treatment. Box, RUNX2 induction upon Doxy removal from MCF7-tet-off cells (-D). (D) To
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invasion. Data are presented as fluorescent intensity (Flu). (F) The average Cell Index (impedance-based signals) between control and
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negative control.
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cells that were stimulated without RUNX2 (T47D-Empty
and MCF7-Empty). The inhibition of the promoter-Luc
activities of MMP13 in T47D-RUNX2 cells was almost
completely blocked by CADDS522 at 2 uM, the lowest
concentration tested in this study (Figure 4A, left). In
particular, the MMP13 promoter-Luc activity of MCF7-
RUNZX2 cells was about 300-fold higher than pGL3-Luc
activity, which was 10-fold higher than MCF7-Empty
cells, but CADDS522 repressed about 50% of the MMP13
promoter-Luc activity of MCF7-RUNX2 cells (Figure 4A,
right). The p6xOSE2-Luc activity was mildly increased
in T47D-RUNX2 cells compared to T47D-Empty cells,
but the activity was slightly but significantly reduced
by CADDS522 (Supplementary Figure 5A, left). On the
contrary, RUNX2 expression in T47D was associated
with about 4-fold lower promoter-Luc activity of the
cyclin-dependent kinase inhibitor p21 (Cipl) compared
to Empty cells, but CADD522 reactivated the RUNX2-
repressed p21 promoter activity (Supplementary Figure
SA, right) [49]. These results indicate that CADD522
negatively regulates transcription of RUNX2 target genes.
To determine if CADDS522 could inhibit transcriptional
activities of other transcription factors that do not belong
to the RUNX family, we performed the gene reporter
analysis with COX-2 and NF-kb promoter constructs
without Runt binding sequences. The activity of the COX-
2 P2-274-Luc [50] showed 2-fold increase in MCF7-
RUNX2 cells compared to MCF7-Empty cells, which
might be through indirect action of RUNX2 (Figure 4C,
left), but the activity of pNF-kb-Luc Luc [51] did not show
significant increase (Figure 4C, right). Notably, CADD522
had no inhibitory effect on either COX-2 (P2-274)-Luc
or pNF-kb-Luc promoter activities, indicating specific
inhibition of Runt binding site-mediated transcription
by CADDS522. In addition, CADD522 did not attenuate
the MMP13 promoter activity in BT474 cells that do not
express RUNX2 (Supplementary Figure 5B), whereas it
decreased significantly the activity in MDA-231 cells that
express RUNX2, suggesting the potential specificity of
CADDS522 for RUNX2.

Consistent with these observations, CADD522
modulated the mRNA levels of RUNX2 responsive genes
such as Glut-1, LDHA, and Sirt6 that regulate glucose
metabolism [52], MMP-2, MMP-9, MMP13 and MT1-
MMP that regulate tumor invasion/metastasis, and BSP,
OPN and OC that regulate osteogenic differentiation. As
shown in Figure SA, CADDS522 repressed the mRNA
expression levels of MMP13, VEGF, and MMP9 that were
upregulated in the ectopic RUNX2-expressing MCF7 and
T47D cells. In MDA-231 cells, CADD522 reduced the
transcriptional levels of Glut-1 and LDHA but increased
the level of Sirt6 (Figure 5B), which was consistent with
our previous report that RUNX2 positively regulates Glut-
1 and LDHA but negatively regulates Sirt6 expression in
glucose metabolism [17]. We observed similar results in
MCF7 (Supplementary Figure 6A) and MDA-468 cells

(Supplementary Figure 6B). These combined results
suggest that CADDS522 exerts its inhibitory function
on the expression of RUNX2 target genes by inhibiting
RUNX2-DNA binding.

In our recent report, RUNX2 promoted glucose
metabolism during BC progression by increasing glucose
uptake and expression of genes regulating glycolytic
pathways such as Glut-1 [17]. To investigate if CADD522
modulates glycolytic phenotypes of BC cells, we examined
the levels of glucose and lactate in the cell culture medium.
Glucose levels significantly decreased in the medium
collected from MCF7-RUNX2 and T47D-RUNX2 cells
compared to those in Empty controls (i.e., increased
glucose consumption/uptake) (Figure 6A), whereas the
level was increased in Hs578t cells with RUNX2 KD
(55.5) (i.e.,, decreased glucose consumption/uptake)
(Figure 6C). Similar to RUNX2 KD, the glucose level
increased in the medium collected from ectopic RUNX2-
expressing MCF7 and T47D cells as well as MCF7 and
MDA-468 cells after CADDS522 treatment for 6 hrs
(Figure 6A & 6B) and 24 hrs (Supplementary Figure 6C).
Slight but insignificant inhibition of glucose consumption
after CADDS522 treatment was also observed in MDA-
231 cells (Figure 6B). In contrast, CADD522 significantly
reduced the lactate concentration (Figure 6D—6F).
Furthermore, we explored the effect of CADD522 on
Glut-1 and LDHA transcription by Q-RT-PCR analysis.
As reported [17], RUNX2 increased the mRNA level of
Glut-1 (up to 5-fold) and LDHA, which was significantly
inhibited by CADDS522 (Figure 6G). Downregulation of
Glut-1 and LDHA mRNA levels by CADD522 in BC cells
was shown in Figure 5B, Supplementary Figure 6A & 6B.
Diminished Glut-1 protein levels were also observed in
MDA-468 and MCF7 cells treated with CADD522 for
72 hrs (data not shown). Therefore, reduction of glucose
uptake by CADDS522 in BC cells may occur through
inhibition of Glut-1 expression to inhibit glycolysis.

CADDS22 upregulates RUNX2 levels through
increased RUNX2 stability

RUNX2 and RUNXI1 are known to be autoregulated
through negative feedback mechanisms targeting their
own promoters which stringently regulate expression
and function of target genes [53, 54]. mRNA expression
levels of RUNX1 and RUNX2 are inversely correlated
in skeletal [55] and BC development [56]. In addition,
loss of RUNX1 increases RUNX2 mRNA level in acute
myeloid leukemia cells [57], and depletion of RUNX2
increases RUNX1 mRNA expression in SaoS-2 and
MDA-231 cells [18]. Thus, RUNX1 and RUNX2 might
compensate for reciprocal loss during bone formation and
BC development in spite of their different structure and
specificity [58, 59]. To explore if a similar regulation could
be found in BC cells, we examined the RUNXI1 levels
from the sample sets prepared from the same batches
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of cDNAs and protein lysates in which we determined
RUNX2 levels. As shown in Figure 7A, both 55.5 cells
that stably express RUNX2 shRNA and BT549 cells
that were transfected with RUNX2 siRNA for RUNX2
knock-down (KD) exhibited increased RUNXI protein
expression compared to the non-targeting control (NTC)
(left), which was also observed at the transcriptional level
(right). Conversely, RUNX1 KD in the 55.5 cells resulted
in RUNX2 re-expression (middle), supporting a potential
compensatory mechanism between RUNX1 and RUNX?2
in BC. Consistently, the MCF7 and T47D cells that stably
express ectopic RUNX2 down-regulated RUNX1 levels
compared to the Empty controls (Figure 7B), which was
also observed in the RUNX1 mRNA levels (Figure 7C,
2" and 4% graphs), indicating RUNX1 and RUNX2 could
cross-regulate each other in BC cells [56].

Since CADDS22 inhibited the transcriptional
activation of RUNX2 downstream genes (Figure 4), we
speculated that CADD522 could alter RUNX1 and/or
RUNX2 levels. We treated T47D-RUNX2 and MCF7-
RUNX2 cells with CADDS522 (50 uM) for 72 hrs
and investigated RUNX2 expression by Western blot

analysis. Unexpectedly, however, CADDS522 further
enhanced both mRNA and protein expression of RUNX2
(Figure 7B & 7C). The increase of RUNX2 proteins by
CADDS522 was commonly observed in other BC cells
(Figure 7D). On the contrary, we did not observe further
inhibition of RUNXI1 protein and mRNA expression by
CADDS522 in T47D-RUNX2 (Figure 7B) and MCF7-
RUNX2 cells (data not shown). Consistently, RUNX1
protein levels were not altered by CADD522 in most BC
cells compared to vehicle controls (Figure 7D), indicating
no further cross-regulation by RUNX2 in the presence of
CADDS522. Therefore, the biological activity of inhibiting
RUNX2-DNA binding by CADD522 could be different
from RUNX2 KD.

Studies have suggested that the non-DNA-binding
subunit of mammalian core binding factor CBF-f stabilizes
the RUNX proteins in a conformation that is favorable for
DNA binding [60, 61], which facilitates RUNX-mediated
gene transcription. Therefore, CADD522 might regulate
CBF-B expression to inhibit transcriptional activity of
RUNX2. The protein level of CBF-f decreased in Hs578t
(55.5) and MDA-231 cells with RUNX2 KD compared to
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Figure 4: CADDS522 decreases RUNX2 transcriptional activity. (A & B) Ectopic RUNX2-expressing T47D and MCF7 cells with
their Empty controls were transfected with indicated luciferase plasmids and treated with CADDS522 for 48 hrs (described in Methods).
Relative Luc activity (Fold) was calculated from the ratio of target gene Luc activity to pGL3 activity after normalization of pRenilla
activity. Increasing concentrations of CADD522 are indicated for each set of data. Data presented as mean + SD. Experiments were done
in triplicate and repeated twice. P values are indicated and <0.05 were considered significant. (C) CADD522 does not inhibit the activity
of promoters that do not have Runt binding sequences. MCF7-RUNX2 and MCF7-Empty cells were transfected with COX-2 (P2-274)-Luc
and control plasmids (PXP2-Luc) (left). In separate experiments, cells were transfected with pNF-kb-Luc plasmids. After 6 hrs, cells were
treated with CADDS522 (0 ~ 50 mM) in the absence (1XPBS-0.1% BSA) or in the presence of TNF-a (20 ng/ml) for 24 hrs (right). n.s., not

significant. 0.1% DMSO was used as a vehicle control.
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the non-targeting controls, whereas the level did not change
in MDA-231 and BT474 cells with RUNX1 KD (Figure 8A).
In addition, ectopic RUNX2 in both T47D and MCEF7 cells
resulted in increased CBF-B expression, but CADD522
reduced the CBF-f level (Figure 8§B). In MDA-231, MDA-
468 and MCF7 cells, CBF-§ levels were increased by
CADDS522 after 6 hrs of treatment, but the levels decreased
after 24 hrs (Figure 8C). These results suggest that RUNX2,
but not RUNX1 might regulate CBF-f§ expression, which
might be modulated by CADDS522 in a BC cell type- and
time-dependent manner.

RUNX2 stability is regulated by post-translational
events such as ubiquitination, phosphorylation and
acetylation [62, 63]. When RUNX2 is not bound to DNA,
it is either targeted to sub-nuclear compartments [63] or
rapidly degraded [64]. To explore if CADD522 could alter
RUNX2 stability, we treated MDA-468 and MDA-231 cells
with Cycloheximide (CHX), a protein synthesis inhibitor, in
the presence or absence of CADDS522 (50 uM). We found
that CADD522 increased RUNX2 stability in both MDA-
468 and MDA-231 cells by delaying protein degradation
(Figure 8D). In contrast, the stability of RUNXI1 or of
CBF-p was not increased by CADD522 in the presence of
CHX (Figure 8D). Moreover, RUNX2 is normally degraded
by the ubiquitin-proteasome pathway. Therefore, we co-
treated MDA-468 and MCF7 cells with CADDS522 and the
proteasome inhibitor MG132 (10 uM) for 18 hrs. RUNX2
protein stability was increased by MG132 alone, which was
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consistent with previous findings [65], and further increased
in the presence of CADDS522 (Figure 8E, left). The increase
appeared additive for both MDA-468 and MCF7 cells. In
MDA-468 and MCF7 cells pre-treated with MG132 for
1 hr and then co-treated with or without CADD522 for
18 hrs, the RUNX2 level was clearly increased in MCF7
cells by CADDS522, and slightly increased in MDA-468
cells (Figure 8E, right), whereas CBF-f protein stability
was not altered by MG132. In addition, ubiquitin expression
was decreased by CADD522 in MDA-468 cells and MCF7
cells (data not shown). These results indicate that both
proteasome-dependent and -independent pathways might be
involved in the increase of RUNX2 stability by CADDS522.

Phosphorylation is an important post-translational
mechanism for regulation of RUNX2 stability and
activity. It has been shown that the alanine substitution
at the S451 residue (S451A) of RUNX2 reduces
phosphorylation, leading to decreased DNA binding
activity [66]. cdc2 (CDK1) is known to phosphorylate
RUNX2 on Ser-451 in vitro, but little is known about
the functional significance and regulation of the S451
phosphorylation of RUNX2 in BC. RUNX2 KD cells
(55.5) expressed higher level of S451 phosphorylation
compared to the non-targeting controls (Figure 8F),
but T47D-RUNX2 and MCF7-RUNX2 cells expressed
lower levels of the S451-p-RUNX2 compared to
the Empty controls, indicating that RUNX2 could
regulate its stability and activity through regulation
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Figure 5: CADDS22 inhibits transcription of RUNX2 responsive genes. (A) Q-RT-PCR analyses of MMP13, VEGF, and
MMP9 were performed in ectopic RUNX2-expressing T47D and MCF7 cells. Cells were treated CADD522 (50 uM) for 72 hrs. *, P<0.05
compared to Empty controls with vehicle alone (-); #, P<0.05 compared to RUNX2-expressing cells with vehicle control. (B) Q-RT-PCR
analyses of RUNX2 target genes in MDA-231 cells. Cells were treated with CADD522 (50 uM) for 6 hrs. Similar results were observed in
cells treated with CADD522 for 24 hrs (data not shown). *, P<0.05 compared to vehicle control (0.1% DMSO).

www.impactjournals.com/oncotarget

70924

Oncotarget



of phosphorylation at the S451 residue. In contrast, in
Empty controls, MDA-468 and MCF7 that express
relatively low levels of RUNX2, CADDS522 clearly
reduced the S451-p-RUNX2 levels, which might
contribute to the increased stability of RUNX2 protein.
However, little difference was observed in cells that
express high levels of RUNX2 (T47D-RUNX2,
MCF7-RUNX2 and MDA-231), implying that a
negative feedback mechanism suppressing further
S451 phosphorylation might be activated to balance
the higher levels of RUNX2 by CADDS522 or that
BC cells might have different biological response to
CADDS522, which might be related to cellular levels of
RUNX2. Furthermore, dynamic shuttling of RUNX2
between cytoplasmic and nuclear compartments could
be linked to its gene regulatory activity, promoting
post-translational modifications of RUNX2 and/or
interactions with co-factors. It is known that RUNX2

distribution and compartmentalization between the
cytoplasm and nucleus could be altered by Paclitaxel
treatment [67]. In our western blot analysis, however,
we did not observe that CADD522 blocked or attenuated
nuclear translocation of RUNX2 protein (Supplementary
Figure 7C). Taken together, in addition to its interference
with RUNX2-DNA binding, CADD522 might increase
RUNX2 stability and reduce phosphorylation and
CBF-p levels, which might be through direct or indirect
mechanisms.

CADDS22 suppresses ir vivo tumor growth and
metastasis

To assess the in vivo activity of CADD522, we used
the MMTV-PyMT transgenic model, in which the polyoma
middle-T oncogene is activated under control of the mouse
mammary tumor virus promoter (MMTV-PyMT) [68].
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Figure 6: CADDS522 alters glucose consumption and lactate production. The levels of glucose (A-C) and lactate (D-F) were
measured in the cell culture medium prepared from BC cells treated with or without CADD522 treatment for 6 hrs. (A & D) Ectopic
RUNX2-expressing MCF7 and T47D cells. (B & E) MDA-231, MDA-468 and MCF7 cells. (C & F) Hs578t cells with RUNX2 KD as
described in Materials and Methods. Data presented as mean + SD. Experiments were done in triplicate and repeated twice. *, P<0.05
compared to Empty controls with vehicle alone, to untreated control, or to NTC; # P<0.05 compared to RUNX2 expressing cells with
vehicle controls. P<0.05 considered significant. (G) Q-RT-PCR analysis for Glut-1 and LDHA mRNA expressions in ectopic RUNX2-
expressing T47D and MCF7 cells. Cells were treated CADD522 (50 uM) for 72 hrs.
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This model was suitable for our purpose since it mimics and weighed. The intraperitoneal (i.p.) administration of

human breast cancer from the stages of initial hyperplasia CADDS522 into the MMTV-PyMT mice (up to 20 mg/kg)
to ductal carcinoma in situ and invasive ductal carcinoma delayed tumor development and reduced tumor burden in
[69]. Conditional RUNX?2 deletion in the MMTV-PyMT transgenic MMTV-PyMT mice. We observed CADDS522
transgenic mouse model of BC has been shown to delay significantly delayed the onset of the tumors (Figure 9A).
tumor incidence and enhance overall survival [70]. We Statistical analysis by the two-sample Wilcoxon rank-
observed that MMTV-PyMT females developed palpable sum (Mann-Whitney) test revealed significance between
mammary gland tumors at approximately 5 ~ 6 weeks vehicle control group and each of the CADDS522-treated
of age, and high levels of RUNX2 were expressed in groups (p<0.05).
tumor tissues compared to normal mammary gland in CADDS522-treated MMTV-PyMT mice exhibited
age-matched control mice over 10 weeks of observation significant decrease in tumor incidence compared to
(Supplementary Figure 8A). RUNX2 expression also vehicle control animals. The incidence per mouse at the
increased with disease progression. We randomly assigned final day was 6.63 + 1.05 (mean + SEM) in vehicle-treated
45-day-old mice to control and CADDS522 treatment mice, 4.14 + 0.88 in 1 mg/Kg, 3.05 + 2.57 in 5 mg/Kg
groups. Tumor incidence was measured every 1 to 2 days, (P=0.037), and 2.57 = 0.72 in 20 mg/Kg CADD522-
and mice were observed for up to 90 days of age (total of treated group (P=0.008) (Figure 9B, left). The fraction (%)
45 days of CADDS522 treatment) at which time the mice of mice with over 6 tumors was 60 £+ 20% (mean + SEM) in
were sacrificed, tumor volume was calculated as described control group, but no mice in 20 mg/Kg CADDS522-treated
in the Materials and Methods, and tumors were excised group had over 6 tumors (P=0.05) (Figure 9B, right).
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Figure 7: CADD522 modulates RUNX2 expression. (A), Compensatory expression of RUNX1 and RUNX2. Left, Pa, parental
Hs578t cells; Neg, a negative clone of RUNX2 KD cells (54.5); NTC, a clone for non-targeting control; 55.5, a positive clone for RUNX2
KD. Clones were established under puromycin selection. BT549 cells transfected with RUNX2 or NTC siRNA for 48 hrs. B-actin was
used a loading control. Middle, 55.5 cells transfected RUNX1 or NTC siRNA for 48 hrs. Right,Q-RT-PCR analysis in NTC and 55.5 cells
to determine the levels of RUNX1 and RUNX2. Data presented as mean = SD. Experiments were done in triplicate and repeated twice.
*, P<0.05 compared to NTC was considered significant. (B) Left, MCF7-tet-off cells were treated with Doxycyclin (+D) for RUNX2
repression and removed (-D) for RUNX2 induction. MCF7-RUNX2 and MCF7-Empty cells were cloned and grown under G418 selection.
Right, T47D-Empty (E) and T47D-RUNX2 (RUNX2) cells were treated with CADDS522 (50 uM) for 72 hrs, and isolated protein lysates
were processed for western blot analysis with indicated antibodies. -, vehicle; +, CADD522. (C) Q-RT-PCR analysis in MCF7 and T47D
cells expressing ectopic RUNX2 and Empty controls. *, P<(0.05 compared to Empty controls with vehicle alone; #, P<0.05 compared to
RUNX2-expressing cells with vehicle alone.-, Vehicle controls; +, CADD522-treated cells. (D) BC cell lines were treated with CADD522
for indicated time periods, and RUNX2 and RUNX1 expression levels were determined by western blot analysis.
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Mice with less than 3 tumors were only 10% of the control
group, but increased to 40% and 55% of 5 mg/Kg and
20 mg/Kg CADDS522-treated groups, respectively. We
also found a reduction in the tumor weight (Figure 9C)
in CADDS522-treated mice. Representative tumors are
shown in Figure 9D. Since we observed that CADD522
had an inhibitory effect on in vitro BC cell growth, we
explored if CADDS22-driven inhibition of mammary

tumorigenesis would be due to an effect of CADD522
on cell proliferation. IHC analysis of Ki67 (proliferative
index) in tumor sections showed that staining of Ki67 was
much weaker in tumors from CADDS522-treated mice than
in control mice (Figure 9E, upper panel).

Patient-derived tumor xenografts (PDX) are powerful
pre-clinical models to recapitulate the diversity of human
tumors [71]. In a TNBC-PDX Br-001 model, RUNX2
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Figure 8: CADDS522 increases RUNX2 stability. (A-C) CBF-p expression was determined by western blot analysis. MDA-231 and
BT474 cells were transfected with RUNX1, RUNX2 or NTC siRNA for 48 hrs. CADD522 (50 uM) was treated for 72 hrs. Otherwise,
time periods for treatment are indicated in various BC cell lines. Pa, parental Hs578t cells; Neg, a negative clone of RUNX2 KD cells
(54.5); NTC, a clone for non-targeting control; 55.5, a positive clone for RUNX2 KD. (D) Changes in RUNX2, RUNX1 and CBF-f protein
stability under Cycloheximde (CHX, 25 pg/ml) and/or CADD522 (50 uM) treatment for 0, 2, 4 and 6 hrs. (E) MDA-468 and MCF7 cells
were pre-treated (Pre-T) with MG132 (10 uM) for 1 hr, and then incubated with or without CADDS522 in the presence of MG132 for further
18 hrs (left). In separate experiments, MDA-468 and MCF7 cells were pre-treated (Pre-T) with or without CADD522 for 6 hrs, and MG132
was added for further incubation for 18 hrs (right). (F) S451-p-RUNX2 levels were determined in MCF7 and T47D cells expressing ectopic
RUNX2 after CADD522 (50 pM) treatment for 72 hrs. MDA-231, MDA-468 and MCF7 cells were treated with CADD522 for 24 hrs or

72 hrs.
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Figure 9: CADDS22 suppresses in vivo BC cell growth and metastasis. (A) MMTV-PyMT female mice were injected with
CADDS22 for 45 days, and detection of first palpable tumors (tumor onset) was depicted in Scatter plot. Vehicle (10% DMSO in 90%
PBS) was injected in mice for 0 mg/kg CADD522. Data represent combined results from two separate experiments. The range of vehicle
control was 1 ~ 44, of 1 mg/kg CADDS522 was 15 ~ 45, of 5 mg/kg CADD522 was 1 ~ 45, and of 20 mg/kg CADD522 was 22 ~ 45. Mode/
Frequency of vehicle control was 39/9, of 1 mg/kg CADDS522 was 43/8, of 5 mg/kg CADDS522 was 43/11, and of 20 mg/kg CADDS522
was 40/9. *, P=0.0086; **, P=0.0051, ***, P=0.0007 (Mann-Whitney test). P<0.05 considered significant. Black lines, median values in
each group. (B), Left, Tumor incidence (tumor number per mouse) determined by palpation of all 10 mammary glands from day 1 to day
90 (described in Materials and Methods). Data presented as mean + SE. *, P=0.037; **, P=0.008 (Student’s t-test). Right, Fraction of mice
with tumors (%) at the final day. Note, no mice treated with 20 mg/Kg of CADDS522 had over 6 tumors. *, P=0.007; **, P=0.05 (Student’s
t-test). (C), Median tumor weight with min/max values depicted via Box/Whisker plot. Tumors were excised from control mice (n=13), 1
mg/Kg (n=15), 5 mg/Kg (n=20) and 20 mg/Kg CADD522-treated mice (n=17), and weighed after mice were sacrificed. *, P=0.0034; **,
P=0.0002, *** P=0.0005 (Mann-Whitney test). (D), Representative tumors excised from a mouse are shown. Scale bar, 2 cm. (E), Analysis
of Ki67- and RUNX2-positive proliferating cells within MMTV-PyMT mice. Shown are representative fields from 3 separate tumors per
group. 2" antibody alone was used as a negative control. Scale bar = 100 mm. (F), TNBC-PDX Br-001-bearing mice were treated with
CADDS522, and tumor volume (mean = SEM) was determined for 11 days. *, P=0.002; **, P=0.005 (Student’s t-test). (G), IHC analysis
of Br-001 tumors with Ki-67 and RUNX2 antibody. Scale bar = 100 mm. The lung retention of MCF7-tet-off-Luc (-Doxy) cells that
express ectopic RUNX2 (H) and 231-Luc cells (I) was monitored by BLI analysis. Vehicle or 10 mg/kg CADDS522 was administrated into
NSG mice. Data presented as mean = SE of PI (Photon Intensity) (Student’s ¢-test), and P<0.05 compared with control were considered
significant (left). Left, Representative images.

www.impactjournals.com/oncotarget 70928 Oncotarget



expression was positive during continuous passage from P1
to P3 (Supplementary Figure 8C), and a significant decrease
of tumor volume was observed in the CADD522-injected
Br-001-bearing athymic mice (10 mg/kg, i.p.) (Figure 9F). In
this PDX model, Ki-67 expression was markedly reduced in
mice injected with CADD522 (Figure 9G). In both MMT V-
PyMT mammary and PDX tumors, higher RUNX2 staining
was observed in most of the tumor sections from CADD522-
injected mice compared to vehicle control mice (Figure 9E &
9G, lower panel), but only negligible caspase-3 staining and
no necrosis were observed in the tumor sections from vehicle
control or CADD522-injected mice (data not shown), which
suggest that CADD522 might delay detectable tumor growth
in mice without inducing apoptosis.

Bioluminescence Imaging (BLI) analysis is useful
for sensitive in vivo tumor detection and quantification,
and permits earlier detection of tumor growth and
metastasis. To further examine the effects of CADDS522
on the metastasis of breast cancer, we performed BLI
analysis using BC cell lines stably expressing firefly
luciferase (MCF7-tet-off-Luc (-Doxy) and 231-Luc) after
intravenous delivery of cells into NSG mice. MCF7-tet-
off-Luc (-Doxy) cells express RUNX2 when the cells
are maintained without Doxycycline (Doxy) [16, 17].
CADDS522 had no influence on metastatic homing of
the MCF7-tet-off-Luc (-Doxy) cells to the mouse lungs
(Figure 9H, left) but significantly reduced the lung
retention of the cells (Figure 9H, right). As the MCF7-
tet-off-Luc (-Doxy) cells did not form stable tumors in
the lungs of NSG mice (data not shown), we injected
231-Luc cells in the tail vein of mice and repeated the
BLI analysis. Our results show that colonization and
outgrowth of the 231-Luc cells were significantly lower in
the CADDS522-treated groups than in the vehicle-treated
groups (Figure 91), indicating that CADD522 inhibits
experimental metastasis of BC cells in vivo. Doses of
CADDS522 up to 20 mg/kg in MMTV-PyMT mice
(Supplementary Figure 8B), and 10 mg/kg of CADDS522
in the nude (Supplementary Figure 8D) and NSG mice
(Supplementary Figure 8E) did not significantly decrease
body weight or influence the general health of animals.

DISCUSSION

Therapeutic potential of CADD522 for BC
in vitro and in vivo

The context-specific nature of many transcription
factor dependencies can lead to the identification of a
large number of therapeutic opportunities [72]. There
are many possible therapeutic targets in transcription
factor signaling but demonstrating therapeutic efficacy
has been a barrier to progress [35]. In this study, we have
tested CADDS522 as a small molecule compound that
inhibits RUNX2-DNA binding, transcriptional activity,
proliferation and tumorsphere formation of BC cells.

The CADDS22compound also delayed and/or inhibited
tumor formation in an aggressive spontaneous model
of mammary carcinoma and reduced tumor growth of a
RUNX2-expressing patient-derived xenograft (PDX),
supporting that CADD522 has therapeutic potential for
BC in vitro and in vivo.

The mechanism of tumor formation in MMTV-
PyMT transgenic mice has been well characterized and
reported to involve the activation of PI3K/Akt [73, 74],
Src [75] and Ras [76, 77] signaling pathways. Matrix
metalloprotease family members such as MMP2,
MMP3, and MMP13 are also known to be increased in
PyMT tumors [76, 78]. Interestingly, a large cassette
of these genes are directly or indirectly associated with
transcriptional regulators including RUNX2 [17, 79, 80].
Thus, it would not be surprising that tumor growth was
delayed in CADDS522-treated MMTV-PyMT mice. It
remains to be determined which previously identified
genes that function in tumor formation in MMTV-PyMT
mice might be influenced (or regulated) by CADDS522.
PyMT tumors initiate as Luminal B type (ER-positive/
PR-positive/HER2-positive) tumors but become ER-
negative with time [69]. ER is expressed by stroma at
early stage, and tumors at late stage show very dense
carcinoma cells with few stromal elements. Analysis of
H&E staining of tumor sections revealed that CADDS522
treatment in the MMTV-PyMT mice maintained tumors at
a well-differentiated stage of the MMTV-PyMT mammary
tumor, whereas vehicle treated tumors consisted mainly
of a solid sheet of tumor cells (Supplementary Figure 8F),
indicating that CADD522 might prevent BC progression
in the PyMT model of BC. In contrast, little difference in
morphology between control and CADDS522-treated PDX
tumors was observed even though CADD did reduce Ki67
staining. The difference could be because MMTV-PyMT
tumors initiate as glandular, ER-positive and progress to
ER-negative tumors, but the PDX tumor was a TNBC,
which was already poorly differentiated before treatment.
These results indicate that CADD522 could prevent early
tumor development and also inhibit growth of already
established tumor cells.

RUNX2 is an essential factor in BC growth and
metastasis [16, 66, 81-86], but it was reported that
no RUNX2 was expressed in cell lines derived from
‘luminal-like’ tumors [30]. Our western blot analyses
show that RUNX2 was clearly observed in luminal-type
MCF7 and T47D cells [16]. Therefore, in most BC cell
lines, the anti-cancer activity of CADD522 could be,
in part, through its targeting of RUNX2-DNA binding.
However, CADD522 may impact BC in multiple ways,
including off-target effects. The results of our western
blot analysis revealed that HER2-positive SKBr3 cells
express no RUNX family proteins. However, CADD522
treatment of SKBr3 cells for three weeks reduced cell
survival less than 50%, indicating potential off-target
effects of CADDS522. Substantial suppression of cell
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survival (< 5 %) in the presence of CADDS522 was also
observed in HER2-posive BT474 cells that express only
RUNXI1. We observed that the protein expression of
HER?2 and CBF-f in BT474 was diminished by CADD522
treatment (Supplementary Figure 7A), indicating that the
therapeutic potential of CADD522 could be through both
on-target (interference of Runt-DNA binding) and off-
target effects (disruption of HER2 signaling pathway).
In addition, recent findings of McDonald et al. that no
RUNX3 was detected in mammary epithelial populations
sorted by FACS with CD29 and CD24 surface markers
[41] indicate that potential toxicity driven by CADD522
could be minimal in BC patients. However, the potential
inhibition of RUNX3 by CADD522 could be toxic to
normal tissue of other organs in cancer patients. Our
results showed that CADD522 (0 ~ 100 uM for 72 hrs) did
not cause cytotoxicity or significant cell growth inhibition
of non-tumorigenic cell lines. In addition, CADD522 has
shown no apparent side effects to the mice in our studies.
These results suggest that CADDS522 might not be toxic
to normal cell growth. Furthermore, our recent report that
CADDS522 activates theHippo tumor suppressor pathway
in luminal breast cancer [16] suggests a compensatory
pathway to overcome the potential drawback of RUNX3
inhibition by CADD522.

Specificity of CADD522 for RUNX2

It would be most desirable to develop therapeutic
agents targeting transcription at the single gene level.
However, it is also arguable whether there is a real need
to develop single-gene targeted agents considering that
the growth and survival of cancer cells are often driven
by aberrant expression of a group of related genes that
are often co-regulated by common transcription factors
such as RUNX2 or p53 [40]. A previous report has shown
that all three RUNX proteins commonly bind to OSE2
of human OC promoter that include Runt binding sites
[87]. In the report, DNA binding activity determined by
the electromobility shift assay was found to be similar
among all RUNX proteins, but RUNX2 exhibited the
highest promoter activity for p6xOSE2-luc [87]. We
determined DNA-binding activity of RUNX proteins by
D-ELISA using nuclear extracts isolated from HBME-1
human bone marrow-derived endothelial cells, the
oligonucleotides containing sequences for the OSE2, and
specific antibodies to capture each DNA-bound RUNX
protein as reported [43, 44]. We observed that CADD522
exhibited the most prominent inhibition in RUNX2-DNA
binding among three RUNX proteins. Although unequal
expression levels of each RUNX protein and different
antibody specificity could prohibit accurate comparison
of the DNA binding activity among RUNX proteins, these
results suggest that CADDS522 might be relatively specific
for RUNX2. Although it is not clear how CADD522
is more specific for RUNX2 inhibition, it could be

speculated that different three-dimensional architecture
and dynamics in response to RUNX protein-cofactor
binding or altered efficacy in RUNX1- or RUNX3-DNA
binding relative to RUNX2 might influence CADD522
fit into the DNA-Runt binding pocket, which would
yield a distinctive DNA binding affinity among RUNX
proteins [23], and may have directly contributed to delay
of tumor growth. In addition, RUNX proteins control the
expression of different target genes to achieve tissue-
specific gene expression and phenotype (e.g., MMP13
for RUNX2, Platelet factor 4 for RUNX1 and Bcl-2 for
RUNX3) [88-90]. Therefore, future studies will reveal the
relative specificity of CADDS522 for RUNX proteins using
D-ELISA with DNA oligonucleotides including the Runt
binding site of RUNX1 or RUNX3 downstream targets
and by gene-specific promoter-reporter assays for RUNX1
and RUNX3 targets. D-ELISA and promoter-reporter
assays for other transcription factors (e.g., p53 or HIF-1a)
and their downstream targets will help further define
CADDS522 specificity for RUNX2.

In an effort to address the relative selectivity of
the CADDS522 in RUNX proteins, we examined mRNA
expression levels of RUNX1 or RUNX2 target genes in
MCF7 cells overexpressing RUNX1 (MCF7-RUNX1)
or RUNX2 (MCF7-RUNX2) by Q-RT-PCR analysis.
MMP13, VEGF, MMP9 and Glut-1 are known to be
downstream targets of RUNX2 [17, 42, 91, 92], whereas
transcriptional regulation of these genes by RUNX1 has
not been well documented (0~3 publications for RUNX1
and MMP13, MMP9, or Glut-1, and 20 publications for
RUNXI1 and VEGF in the NCBI-PubMed search results).
VEGF is reported to be repressed by RUNXI in acute
myeloid leukemia [93], whereas PF4 (platelet factor 4) is
upregulated by RUNXT1 in human erythroleukemia cells
[88]. MMP9 and VEGF are known to be downstream
targets of RUNX2 [45, 46] but little has been reported on
relevance of RUNX2 and PF4 or of RUNX1 and MMP9.
All these genes have the runt-domain binding element in
their promoters. Transcriptional levels of VEGF, Glut-1,
and MMP13 increased in both MCF7-RUNXI1 and
-RUNX2 cells, which were also inhibited by CADD522
treatment (Supplementary Figure 9). PF4 mRNA levels
increased in MCF7-RUNXI1, but not in MCF7-RUNX2
cells, and MMP?9 levels increased in MCF7-RUNX2 but
not in MCF7-RUNX1 cells. Interestingly, CADD522
suppressed the MMP9 level that was upregulated by
RUNX2, but not the PF4 level that was increased by
RUNXI. In addition, CADD522 further enhanced the
RUNX2 level in MCF7-RUNX2 cells, whereas CADD522
partially but significantly inhibited the RUNX1 level in
MCEF7-RUNXI1 cells. These results support the relative
CADDS522 selectivity for RUNX2.

Even though inhibition of RUNXI1-DNA binding
by CADDS522 was weaker than RUNX2-DNA binding
in D-ELISA, we do not exclude the possibility that the
in vitro and in vivo efficacy of CADD522 in BC models could

www.impactjournals.com/oncotarget

70930

Oncotarget



also involve inhibition of RUNX1-DNA binding. From our
results, RUNX1 was ubiquitously expressed in all of the BC
cell lines with the exception of SKBr3. Of note, Browne et al.
recently reported an association of RUNX1 with breast cancer
progression in MMTV-PyMT transgenic mice [24], and
some studies have shown that ablation of RUNX1 in other
epithelial cancers dramatically reduces tumor burden [94].
In addition, small-molecule inhibitors of the RUNX1-CBFf
interaction reduce tumor burden in murine leukemia models
[95, 96]. Therefore, even if CADD522 is not strictly specific
for RUNX2-DNA binding, the potential of CADD522 for BC
therapeutics is still significant; CADDS522 could be a strong
anticancer drug due to its potential inhibition of both RUNX1
and RUNX2-DNA binding.

RUNXI1 and RUNX2 exhibit different cellular
functions as a result of multivalent interactions with
diverse protein partners, but high similarities in the DNA
binding motifs and their DNA binding elements [97-99]
suggest that they might have functional similarities in BC.
Due to the cross-regulatory mechanism between RUNX1
and RUNX2, specific suppression of RUNX2 might
thus induce a reciprocal increase in RUNX1 in BC. Our
results show that CADD522 inhibited the transcriptional
activation of RUNX2 downstream genes by interfering
with RUNX2-DNA binding. As a consequence, CADD522
treatment could result in an increase of RUNX1 and/or
RUNX2 to compensate for the functional loss of RUNX2,
which is normally necessary to mediate BC growth,
survival or metastasis. We observed an increase of RUNX2
by CADDS522 in most BC cells, which was regulated via
translational and transcriptional regulatory mechanisms,
whereas CADDS522 had little influence on RUNXI1
expression, indicating that CADD522 could overcome a
potential drawback derived from specific RUNX2 knock-
down or knock-out. The DNA-unbound RUNX2 might
recruit other co-factors to its own promoter or interact
with other proteins to activate RUNX2 transcription and
translation to reduce cellular need for RUNX2, which is
functionally inactive in the presence of CADDS522. All
these results highlight the potential of CADD522 in future
BC therapeutics. More in-depth exploration is warranted
to fully elucidate the molecular mechanisms of CADD522
function in BC.

CADDS22 inhibition of RUNX2-DNA binding:
mechanistic consequences

A potential mechanism by which CADD522 could
exert an inhibitory effect on RUNX2-DNA binding might
be through its physical interference with the RUNX2
and DNA binding pocket. As proposed by Pregizer et al.,
RUNX2-mediated transcriptional control is restrained by
confining the access of RUNX2 to its genomic targets
[64]. The inverse expression of RUNX2 and OC during
osteoblast differentiation may be due to the minimal
occupancy of RUNX2 at the genomic locus of the OC

promoter even when RUNX2 protein amount was at
maximal level. Similarly, the occupancy of RUNX?2 at
the genomic loci of its target gene promoters might be
prevented by CADDS522, leading to loss of function as a
transcription factor. Nevertheless, it is not clear whether
CADDS522 directly interacts with RUNX2. The growth
of T47D and MCF7 cells was delayed under CADD522
treatment but the growth rate was similar to that of control
cells in fresh growth medium without CADD522 (data
not shown). These results indicate that CADD522 might
not irreversibly bind to DNA and/or RUNX2. CADD522
could interfere with RUNX2 binding to DNA through
simple insertion into the RUNX2-DNA binding pocket
without physical or chemical interactions. Whether or
not CADD522 interacts with and inhibits RUNX2-DNA
binding will be investigated with recombinant RUNX2
protein in a future study.

CADDS522 might play an inhibitory role for
RUNX2-DNA binding through inhibition of glucose
uptake (consumption) leading to cell cycle arrest at the G1
or G2/M phase. It has been shown that glucose stimulated
RUNX2 phosphorylation and activated DNA binding
in endothelial cells by promoting cell cycle progression
through both G2/M and G1 phases with entry into S-phase.
Starvation conditions (the absence of nutrients and growth
factors) delayed the cell cycle at the G1 phase or G2/M
phase, which resulted in no DNA binding [66, 82].
Our results show that BC cells treated with CADDS522
exerted significant inhibition in glucose consumption,
indicating that cells treated with CADDS522 might be
exposed to glucose deprived conditions that could delay
cell cycle progression and reduce RUNX2-DNA binding.
Moreover, RUNX2 levels might be regulated in multiple
phases of the cell cycle, which is also in a cell type-
dependent manner. It has been shown that RUNX2 was
reduced at the G1 phase in endothelial cells [66, 82],
but RUNX2 levels were found to be up-regulated with
quiescence (G0/G1) in MC3T3 osteoblastic cells [100].
Our results show that RUNX2 levels were increased, and
the cell cycle was arrested at G1 or G2/M by CADDS522
in BC cells. Therefore, targeting RUNX2-DNA binding
by CADDS522 in BC cells might disrupt the coordinately
regulated RUNX2 levels with the cell cycle machinery
by modulating RUNX2 mRNA transcription and protein
stability.

The inhibition of RUNX2-DNA binding by
CADDS522 could also be mediated through down-
regulation of CBF-B. Core binding factor (CBF) is a
heterodimer composed of one of three DNA-binding
RUNX proteins and CBF-B, the non-DNA-binding
partner. Recent studies showed that CBF-§ was required
for the malignant phenotype of prostate and ovarian
cancers [61, 101]. CBF-B is ubiquitously expressed across
different tissue types [102], but the genes encoding CBF-f3
are amplified in human granulocytic sarcoma [103],
suggesting that CBF-B can be oncogenic. Accordingly,
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CBF-p positively regulates genes involved in the malignant
phenotype, including VEGF and MMP9 [46, 84].
However, CBF-p is known to have dual roles as an
activator and a repressor of transcription in a cell type-
specific and promoter-dependent manner [104].

RUNX2 protein phosphorylation directly correlates
with its protein stabilization. Phosphorylation of
S451 (S472 in the murine RUNX2) resides within the
C-terminal transcription inhibition domain of RUNX?2
and hence it was suggested that its phosphorylation might
inhibit RUNX2 activity by ubiquitination and proteasomal
degradation of RUNX2 [105]. A report from Shen et al.
[106] that mutation of serine-472 to alanine decreased the
phosphorylation of RUNX2 protein, leading to increased
stability and transcriptional activity in osteogenic
progenitor C3H10T1/2 cells supports the presumption.
However, Qiao et al. [66] reported contradictory results
that in HBME-1, the alanine substitution at the S451
residue of RUNX2 exhibited reduced phosphorylation
as well as DNA binding activity relative to wild type
RUNX2. In addition, the RUNX2 Ser451 mutant was less
potent than wild type RUNX2 at stimulating anchorage-
independent growth of NIH3T3 fibroblast cells. From our
results, CADDS522 reduced the S451 phophorylation in BC
cells with low RUNX2 expression but did not change the
level in BC cells with high RUNX2 expression. Therefore,
the outcomes of S451 phosphorylation might be cell type-
dependent.

In summary, we report here that CADD522 plays a
suppressive role in BC cell growth and survival in various
BC cell lines and animal models of tumor growth and
metastasis. The suppressive effects of CADD522 on the
initiation and progression of BC might be primarily due
to its inhibitory effect on RUNX2-DNA binding, leading
to significant reduction in RUNX2-mediated target gene
transcription. CADD522 upregulates RUNX2 expression,
whereas it downregulates levels of CBF-f3 and S451-
RUNX2 phosphorylation, which might contribute to
increased RUNX2 stability. Results presented in this study
therefore suggest that CADDS522 could be a potential
therapeutic drug for BC patients. As CADDS522 decreases
Glut-1 expression and glucose consumption, combinatorial
treatments with glycolysis inhibitors and CADD522 may
be warranted to overcome drug resistance. Collectively,
it would be an innovative approach to include CADD522
in combination with standard therapy to improve disease
free survival.

MATERIALS AND METHODS

Cell culture, reagents and transfection

All breast cancer cell lines were obtained from
American Type Culture Collection. Cells were subjected

to routine cell line quality examinations (e.g., morphology,
Mycoplasma) every 6 months. The cells for experiments
were passaged for less than 6 months. Cell lines were
maintained in DMEM/F12 (50:50) (BT474 and MDA-
MB-468), RPMI1640 (HCC1937, HCC1428, BT549,
HCC70), McCoy-5A (SKBr3), and DMEM (the other
BC cancer cells) supplemented with 10% FBS, 100 U/mL
penicillin and 100 mg/mL streptomycin. Early passage
(<10) of IEC-6 undifferentiated rat intestinal crypts and
GES-1 immortalized human gastric mucosal cells were
provided by Dr. JY Wang (University of Maryland) and
Dr. D Kidane (University of Texas) respectively. IEC-6
and GES-1 were grown in DMEM supplemented with 5%
FBS, Insulin (1 pg/ml) and Gentamycin (5 pg/ml) and in
RPMI1640, respectively. HBME-1 human bone marrow-
derived endothelial cells and C2C12 murine myoblast
cells were grown in DMEM. MCF10A immortalized
human breast epithelial cells were grown in MCF10A-
specified media (DMEM/Ham’s F-12 supplemented with
100 ng/ml cholera toxin, 20 ng/ml epidermal growth factor
(EGF), 0.01 mg/ml insulin, 500 ng/ml hydrocortisone, and
5% chelex-treated horse serum). All of the growth factors
were purchased from Sigma (St. Louis, MO).
Establishment of MCF7-tet-off BC cells with
inducible RUNX2 expression was previously described
[17], and doxycycline was removed for 72 hrs to
achieve maximal RUNX2 protein levels. T47D-RUNX2
and MCF7-RUNX2 cells stably expressing ectopic
RUNX2 were cloned after T47D and MCF7 cells were
transfected with pCMV.Tag2-RUNX2 expression plasmid
(Stratagene) and selected under G418 (0.5 mg/ml).
T47D-Empty and MCF7-Empty were cloned in parallel.
Hs578t-non-targeting shRNA control (NTC) and -RUNX2
knockdown (KD) cells were cloned under puromycin
(2 pg/ml) selection as described [17]. Both MCF7 and
T47D cells express relatively low levels of endogenous
RUNX2 compared to Hs578t and MDA-MB-231 [16], and
MDA-MB-468 cells express moderate levels of RUNX2
compared to MDA-MB-231. CADDS522 was purchased
from ChemBridge Corporation (San Diego, CA).
Doxycycline, Cycloheximide and MG132 were purchased
from Sigma/Aldrich (St Louis, MO).
MDA-MB-231-Luc-Hyg (231-Luc) and MCEF7-
tet-off-Luc-Puro cells stably expressing firefly luciferase
(Luc) were cloned under hygromycin (250 pg/ml) and
puromycin (0.5 pg/ml) selection, respectively. The
bioluminescence intensities in 231-Luc and MCF7-tet-
off-Luc (-Doxy) were over 600 and 900-fold higher than
those in parental MDA-231 and MCF7-tet-off (-Doxy),
respectively (Supplementary Figure 8G), indicating that
the bioluminescence intensity of these cells was sufficient
for in vivo bioluminescence imaging analysis.
Small-Interfering RNA (siRNA) pool targeting
RUNXI1, RUNX2, and non-targeting control were
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purchased from Dharmacon, and transfected into cells
using RNAIMAX Reagent (Invitrogen). Western blot
analysis was performed 48 hrs after transfection.

DNA-binding enzyme-linked immunosorbent
assay (D-ELISA)

A microtiter plate-based D-ELISA was performed as
described [43, 44]. Briefly, nuclear proteins were isolated
from HBME-1 cells that express all three RUNX proteins
(Supplementary Figure 7A) and bound to double-stranded
DNA oligonucleotides of human osteocalcin [43, 44] and
MMP13 (Forward, 5’- TTC TAC CAC AAA CCA CAC
TCG TTC TAC CAC AAA CCA CAC TCG TTC TAC
CAC AAA CCA CAC TCG-Biotin -3’ and reverse, 5°-
CGA GTG TGG TTT GTG GTA GAA CGA GTG TGG
TTT GTG GTA GAA CGA GTG TGG TTT GTG GTA
GAA-Biotin -3”). Vehicle (0.05% DMSO) or CADDS522 at
different concentrations were incubated with the proteins
and DNA oligonucleotide mixture in Avidin-coated 96-
well plates. DNA-bound RUNX proteins were captured
with specific antibodies (Cell Signaling Technologies).
Primary and secondary antibody dilution was 1:500 and
1:10,000, respectively.

Chromatin immunoprecipitation (ChIP) assay

ChIP was performed using a kit (Cell Signaling
Technologies) as per manufacturer’s instructions. Briefly,
cells were crosslinked with 1% formaldehyde and 1.5
mmol/L  ethylene glycol bis[succinimidylsuccinate]
at room temperature. Crosslinked chromatin was
subsequently harvested, sheared, and precipitated with
RUNX2 antibody or nonspecific IgG control (Cell
Signaling Technologies). Precipitated DNA was treated
with proteinase K, purified and processed for PCR,
and amplified PCR products (99 bp) were visualized in
4% agarose gel. Fold enrichment of precipitated DNA
over input chromatin was determined in triplicate by
quantitative-PCR. PCR primers were designed to amplify
regions on the MMP13 proximal promoter region adjacent
to the TSS where the Runt binding element resides.
Forward, 5°- GGT TTT GAG ACC CTG CTG AA-3’
(-229 bp ~ -209 bp) and Reverse 5°’-CGT GGC GAC TTT
TTC TTT TC-3" (-150 bp ~ -131 bp).

Cell growth assay

Cells wereplated on 96-well (30,000 cells/well)
or 24-well plates (50,000 cells/well). After CADD522
(0 ~ 100 puM) addition, cells were incubated for
24 ~ 72 hrs. Cells were stained with crystal violet (0.5%
in Methanol:Acetic Acid=3:1) and washed with PBS.
Crystal violet was solubilized in DMSO and measured in
a microplate reader at 592 nm.

Cell cycle analysis

Cells (1 x 10° cells/ml) were starved in serum-free
medium for 24 hrs, and released in 10% serum-medium
with or without CADD522 (50 uM) for 16~24 hrs for cell
cycle transition. Cells were then fixed in 70% ethanol at
4°C for 1 hr, resuspended in 1 ml PBS containing 20 pg/ml
propidium iodide, 20 pg/ml RNase A, incubated for 30
min at room temperature, and analyzed with a Becton
Dickinson LSR-IT at the Flow Cytometry Core Laboratory
at the University of Maryland. Ten thousand events per
sample were collected and analyzed using the Cell-Quest
(BD Biosciences).

Caspase 3/7 assay

Cells were cultured in 96-well plates (30,000
cells/well). After CADD522 treatment for 24~72 hrs,
cellular apoptosis was analyzed using the Caspase-Glo
3/7 Assay kit (Promega) according to the manufacturer’s
instructions.

Clonogenic survival assay

Cells were plated on 6-well plates (200 ~ 500
cells/well). After CADD522 (50 pM) treatment, cells
were incubated for 2~3 weeks without changing media.
Colonies were fixed in Methanol-Acetic Acid solution
(3:1) and stained with crystal violet (0.5%). After washing,
colonies were photographed and counted.

Anchorage-independent cell growth assay

Cells (10,000) were mixed in 1 ml of 0.3% low-
melting agarose over a 0.6% agar bottom layer in normal
growth media. The medium (600 pl) with or without
CADDS522 (50 uM) on soft agar was changed three times
a week for 2~3 weeks. Images of MDA-231 and MCF7
were taken using Nikon Eclipse TE-2000S microscope
with Zen Pro image software, and of MDA-468 using
Olympus CKX41 microscope with Q-Capture Pro 7
image software at indicated magnifications under the
same exposure settings for corresponding vehicle and drug
treatments.

Tumorsphere assay

Single cell suspensions (100,000 cells/well)
wereplatedin 6-well ultra-low attachment plates (Corning)
with 5 ml of EGM-2 supplemented with bullet kit (Lonza)
and 2% FBS. CADDS522 (50 uM) was added at the day
of the plating or 4 days after plating. Tumorspheres were
continuously photographed for 18 days and counted at the
final day. Spheres were counted at 9 fields per well and
averaged from triplicate.
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Cell invasion assay

MCF7-tet-off cells were grown in the media
with (+Doxy) or without doxycycline (—-Dox) for 72
hours. Cells were then treated with CADD522 (50 pM)
for 24 hrs, and trypsinized and suspended in serum-
free media. Cells were re-plated in the top chamber
precoated with 0.1X BME (Cultrex), and growth
medium supplemented with 10% FBS was used as a
chemoattractant in the bottom chamber. CADD522
was added to both chambers and incubated for 16 hrs.
Cellular invasion was analyzed according to the 96 Well
BME Cell Invasion Assay protocol (Cultrex).

Cell-electrode impedance invasion assay
(xCELLigence System)

Real-time monitoring of cellular invasion was
examined using an electrical impedance assay with an
xCELLigence RTCA SP real-time cell-sensing device
(Roche Applied Science). Matrigel (20 pl of 0.5 mg/ml)
was pre-coated in the upper chamber of CIM plates and
polymerized for 4 h and MDA-231 cells (75,000) were
seeded onto wells containing growth medium with vehicle
(0.1% DMSO) or CADDS522 (50 uM). Impedance-
based signals were measured every 5 minutes for
48 hrs according to the manufacturer’s instructions. The
invasive activity is expressed as the cell index (mean +
SD) of duplicate wells. Three independent experiments
were performed. In parallel, MDA-231 cells were plated
onto wells with serum-free medium and the assay was
performed.

Luciferase-promoter reporter assays

Cells were plated in 96-well plates (30,000 cells/
well) and incubated overnight. Cells were co-transfected
with indicated luciferase-reporter plasmids (25 ng/well)
and pSV-Renilla-Luc (Promega) (15 ng/well) for 6 hrs and
CADDS522 (0 ~ 100 mM) was further treated for 18~48 hrs.
COX-2 (P2-274)-Luc (-170bp~+104bp) and control
plasmids (PXP2-Luc) were kindly provided byDr. Miguel
A. Iiiguez (Universidad Autonoma de Madrid, Spain),
and pNF-kb-Luc was from Dr. Hancai Dan (University
of Maryland). Luciferase assay was performed using the
Dual-Glo Luciferase Assay Systems as per manufacturer’s
recommendation (Promega).

Quantitative real time-RT-PCR (Q-RT-PCR)

Total RNA was extracted using TRIzol (Life
Technologies). One pg of total RNA was reverse
transcribed with oligo-(dT) primer using the SuperScript
first-strand synthesis system (Invitrogen) to synthesize
cDNA. One pl of each cDNA was used for real-time
RT-PCR wusing QuantiFast SYBR Green PCR Kit
(Promega). mRNA expression of gene of interest relative

to B-actin was calculated based on the threshold cycle
(C) as 22D(DCt) method. Primer sequences are listed in
Supplementary Table 1.

Western blot analysis

Whole cell lysates extracted in RIPA buffer
(Upstate) were separated on 4-12% gradient SDS-
PAGE and transferred to nitrocellulose membrane.
The blots were incubated with specific antibodies for
each protein overnight at 4°C. After antibody washing,
the blots were reacted with their respective secondary
antibody and detected with enhanced chemiluminescence
reagents (Millipore) according to the supplier’s protocol.
Antibodies for proteins were purchased as below. RUNXI,
RUNX?2, CBF-p, ubiquitin and caspase-3 (Cell Signaling
Technologies), S451-p-RUNX2 (Bioss Gentaur, Belgium),
RUNX3 and Glut-1 (Millipore, CA), B-actin and RUNX2
antibody for IHC (Sigma-Aldrich), and Ki-67 for IHC
(Bethyl Laboratories, Inc, TX).

Glucose consumption and lactate production

For measurement of glucose level, cells (100,000/
well) were plated in 24-well plates and incubated
overnight. Cells were treated with CADD522 (50 uM)
in phenol red-free growth medium and further incubated
for 6 hrs or 24 hrs. The culture medium was collected
and filtered through a 0.22 pm pore membrane. Glucose
level in the medium was measured using Amplex Red
Glucose/Glucose Oxidase Assay Kit (Invitrogen) as per
manufacturer’s instructions. For lactate level, cells were
treated with CADD522 for 24 hrs, and the medium was
washed and replaced with HEPES-buffered Krebs-Ringer
solution (Boston BioProducts) supplemented with 10
mM Glucose. Cells were incubated for 30 min, and the
medium was collected and filtered through a 0.22 pm
pore membrane. Lactate level in the medium was
measured using Lactate Assay Kit (Sigma-Aldrich) as
per manufacturer’s instructions. Cell growth assays using
crystal violet staining were performed to verify equal
number of cells and no significant difference was found in
24 hrs of CADDS522 treatment (data not shown).

In vivo animal studies and immunohistochemical
(IHC) analysis

Animal maintenance and experimental protocols
are in accordance with the guidelines of the University of
Maryland’s Institutional Animal Care and Use Committee.
Results from the maximum tolerated dose (MTD) test
performed prior to the in vivo study showed that doses of
CADDS522 up to 20 mg/kg mice for 2 weeks in athymic
nude mice had no detectable influence on body weight or
the general health of animals (data not shown).

For the MMTYV polyoma middle T antigen (PyMT)
mouse model, female mice were purchased from Jackson

www.impactjournals.com/oncotarget

Oncotarget



Laboratory. As mice developed first palpable mammary
tumors after 5 weeks of age, mice were randomly assigned
to 4 treatment groups at 6 weeks of age and received i.p.
injections of CADD522 (1, 5 and 20 mg/kg/group) or
equivalent volumes of vehicle (10% DMSO/90% PBS)
(200 pl) twice a week. Palpable tumors were monitored
every 1 to 2 days untll 12 weeks of age to determine tumor
incidence (number of tumors per mouse) and onset (the
age of palpable tumors). Tumor weight was quantified
at the final day after mice were euthanized and tumors
were excised. Tumor volume [(length x width?)/2] was
measured by caliper.

For the PDX models, Br-001 tumor fragments
derived from a patient with TNBC (University of Maryland,
Translational Core Facility) were inoculated subcutaneously
in female NOD scid gamma (NSG) mice (P1). After P1
tumors were grown, tumors were excised, fragmented and
inoculated to a new group of NSG mice (P2). After P2
tumors were grown, they were excised, fragmented, and
inoculated into nude mice (P3). When the size of the tumors
reached 200 ~ 250 mm?, mice were randomized into two
groups, and received Z.p. injection of vehicle or CADD522
(10 mg/kg) twice a week for 11 days.

To compare RUNX2 expression, protein lysates
of normal mammary gland and mammary tumor
samples were isolated from age-matched wild-type and
MMTV-PyMT transgenic mice, respectively. Tumor
tissues were dissected and processed for preparation
of FFPE sections. After hematoxylin and eosin (H&E)
staining was performed on each sample, IHC analysis
was performed with specific antibodies recognizing
RUNX2, Ki-67 (proliferation), caspase-3 (apoptosis),
and Vector ABC kit (avidin-biotin-HRP) was used for
detection.

For in vivo lung metastasis assay, MCF7-tet-off-Luc
cells were grown for 3 days in the absence of Doxycyclin
(-Doxy) and injected into the tail vein of the 8 week-old
female NSG mice (1 x 10°¢ cells/200 pl of PBS). After
inoculation, the mice were randomly assigned to vehicle
control and treatment groups. Vehicle (10% DMSO/90%
PBS) and CADD522 (10 mg/kg) were injected i.p. 2 hrs
after inoculation. The retention of the cells in thelung was
monitored by noninvasive bioluminescence imaging for
24 hrs. For luciferase detection, 150 mg/mL D-luciferin
(Caliper Life Sciences) in PBS was injected i.p. before
imaging. Photometric measurement of metastasis was
done by living Image software (Xenogen). In separate
groups of mice, 231-Luc cells (1 x 109200 ul of PBS)
were injected, and the metastasis burden in the lung was
quantified for 3weeks.

Statistical analysis

Results from cell culture assays were expressed
as the mean = SD from at least three independent

experiments. Comparisons of quantitative data between
two groups were analyzed using the two-tailed Student’s
t-test. For in vivo study, data were expressed as the mean
+ SE. Multiple comparisons were followed by Mann-
Whitney non parametrical tests. All statistical analyses
were conducted using STATA version 14 (STATA Inc.,
College Station, TX). P values less than 0.05 were
considered significant.

Abbreviations

BC, breast cancer; TNBC, triple-negative
breast cancer; RUNX2, runt-box domain protein-2;
transcription factor; OCR, oxygen consumption rate;
PDH, pyruvate dehydrogenase; CADD, Computer-
Assisted Drug Design; D-ELISA, DNA-binding ELISA;
OSE2, osteoblast-specific element 2; OC, osteocalcin;
CHX, cycloheximide; PDX, patient-derived xenograft;
CBF, core binding factor.

Author contributions

MSK and AP conceived the project, and prepared
and edited the manuscript. MSK designed and performed
the experiments and analyzed the data; RG performed
in vitro D-ELISA assays; RL and EYC performed in vivo
experiments.

ACKNOWLEDGMENTS

We thank Karen Underwood for Flow cytometric
analysis, and Brandon Cooper for Cell-Electrode
Impedance Invasion Assays. We also thank Dr. Miguel
A. Iniguez (Universidad Autéonoma de Madrid, Spain)
for the gift of COX-2 (P2-274)-Luc and control (PXP2-
Luc) plasmids, and Dr. Hancai Dan (University of
Maryland) for the gift of pNF-kb-Luc plasmid. We
also would like to thank Dr. JY Wang (University of
Maryland) for providing IEC-6 undifferentiated rat
intestinal crypts and Dr. D Kidane (University of Texas)
for sharing GES-1 immortalized human gastric mucosal
cells.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of
interest.

FUNDING

A VA Merit Review Award 101-BX002205A (AP)
and the Cigarette Restitution Funds (CRF) of the State
of Maryland (AP) from the University of Maryland
Greenebaum Comprehensive Cancer Center supported
this project.

www.impactjournals.com/oncotarget

70935

Oncotarget



REFERENCES

10.

11.

12.

13.

Siegel R, Naishadham D, Jemal A. Cancer statistics, 2013.
CA Cancer J Clin. 2013; 63: 11-30.

Eroles P, Bosch A, Perez-Fidalgo JA, Lluch A. Molecular
biology in breast cancer: intrinsic subtypes and signaling
pathways. Cancer Treat Rev. 2012; 38: 698-707.

Foley J, Nickerson NK, Nam S, Allen KT, Gilmore JL,
Nephew KP, Riese DJ 2nd. EGFR signaling in breast
cancer: bad to the bone. Semin Cell Dev Biol. 2010; 21:
951-960.

Ganapathy V, Banach-Petrosky W, Xie W, Kareddula A,
Nienhuis H, Miles G, Reiss M. Luminal breast cancer
metastasis is dependent on estrogen signaling. Clin Exp
Metastasis. 2012; 29: 493-509.

Onitilo AA, Engel JM, Greenlee RT, Mukesh BN. Breast
cancer subtypes based on ER/PR and Her2 expression:
comparison of clinicopathologic features and survival. Clin
Med Res. 2009; 7: 4-13.

Bauer KR, Brown M, Cress RD, Parise CA, Caggiano V.
Descriptive analysis of estrogen receptor (ER)-negative,
progesterone receptor (PR)-negative, and HER2-negative
invasive breast cancer, the so-called triple-negative
phenotype: a population-based study from the California
cancer Registry. Cancer. 2007; 109: 1721-1728.

Rakha EA, El-Sayed ME, Green AR, Lee AH, Robertson
JF, Ellis 10. Prognostic markers in triple-negative breast
cancer. Cancer. 2007; 109: 25-32.

Lin NU, Claus E, Sohl J, Razzak AR, Arnaout A, Winer EP.
Sites of distant recurrence and clinical outcomes in patients
with metastatic triple-negative breast cancer: high incidence
of central nervous system metastases. Cancer. 2008; 113:
2638-2645.

Hines SL, Vallow LA, Tan WW, McNeil RB, Perez EA, Jain
A. Clinical outcomes after a diagnosis of brain metastases
in patients with estrogen- and/or human epidermal growth
factor receptor 2-positive versus triple-negative breast
cancer. Ann Oncol. 2008; 19: 1561-1565.

Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK,
Sawka CA, Lickley LA, Rawlinson E, Sun P, Narod SA.
Triple-negative breast cancer: clinical features and patterns
of recurrence. Clin Cancer Res. 2007; 13: 4429-4434.

Das K, Leong DT, Gupta A, Shen L, Putti T, Stein GS, van
Wijnen AJ, Salto-Tellez M. Positive association between
nuclear Runx2 and oestrogen-progesterone receptor gene
expression characterises a biological subtype of breast
cancer. Eur J Cancer. 2009; 45: 2239-2248.

Onodera Y, Miki Y, Suzuki T, Takagi K, Akahira J, Sakyu
T, Watanabe M, Inoue S, Ishida T, Ohuchi N, Sasano H.
Runx2 in human breast carcinoma: its potential roles in
cancer progression. Cancer Sci. 2010; 101: 2670-2675.
Kim J, Villadsen R, Sorlie T, Fogh L, Gronlund SZ,
Fridriksdottir AJ, Kuhn I, Rank F, Wielenga VT, Solvang
H, Edwards PA, Borresen-Dale AL, Ronnov-Jessen L,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

et al. Tumor initiating but differentiated luminal-like
breast cancer cells are highly invasive in the absence of
basal-like activity. Proc Natl Acad Sci U S A. 2012; 109:
6124-6129.

Graf F, Mosch B, Koehler L, Bergmann R, Wuest F,
Pietzsch J. Cyclin-dependent kinase 4/6 (cdk4/6) inhibitors:
perspectives in cancer therapy and imaging. Mini Rev Med
Chem. 2010; 10: 527-539.

Yang L, Zheng LY, Tian Y, Zhang ZQ, Dong WL, Wang
XF, Zhang XY, Cao C. C6 ceramide dramatically enhances
docetaxel-induced growth inhibition and apoptosis in
cultured breast cancer cells: a mechanism study. Exp Cell
Res. 2015; 332: 47-59.

Brusgard JL, Choe M, Chumsri S, Renoud K, MacKerell
AD Jr, Sudol M, Passaniti A. RUNX2 and TAZ-dependent
signaling pathways regulate soluble E-Cadherin levels and
tumorsphere formation in breast cancer cells. Oncotarget.
2015;  6:  28132-28150.  https://doi.org/10.18632/
oncotarget.4654.

Choe M, Brusgard JL, Chumsri S, Bhandary L, Zhao XF,
Lu S, Goloubeva OG, Polster BM, Fiskum GM, Girnun
GD, Kim MS, Passaniti A. The RUNX2 transcription factor
negatively regulates SIRT6 expression to alter glucose
metabolism in breast cancer cells. J Cell Biochem. 2015;
116: 2210-2226.

van der Deen M, Akech J, Lapointe D, Gupta S, Young
DW, Montecino MA, Galindo M, Lian JB, Stein JL, Stein
GS, van Wijnen AJ. Genomic promoter occupancy of runt-
related transcription factor RUNX2 in Osteosarcoma cells
identifies genes involved in cell adhesion and motility. J
Biol Chem. 2012; 287: 4503-4517.

Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH,
Speck NA. Disruption of the Cbfa2 gene causes necrosis
and hemorrhaging in the central nervous system and blocks
definitive hematopoiesis. Proc Natl Acad Sci U S A. 1996;
93: 3444-3449.

Kurokawa M, Hirai H. Role of AMLI1/Runxl in the
pathogenesis of hematological malignancies. Cancer Sci.
2003; 94: 841-846.

Banerji S, Cibulskis K, Rangel-Escareno C, Brown KK,
Carter SL, Frederick AM, Lawrence MS, Sivachenko
AY, Sougnez C, Zou L, Cortes ML, Fernandez-Lopez
JC, Peng S, et al. Sequence analysis of mutations and
translocations across breast cancer subtypes. Nature.
2012; 486: 405-409.

Ellis MJ, Ding L, Shen D, Luo J, Suman VJ, Wallis JW, Van
Tine BA, Hoog J, Goiffon RJ, Goldstein TC, Ng S, Lin L,
Crowder R, et al. Whole-genome analysis informs breast cancer
response to aromatase inhibition. Nature. 2012; 486: 353-360.
Ito Y, Bae SC, Chuang LS. The RUNX family:
developmental regulators in cancer. Nat Rev Cancer. 2015;
15: 81-95.

Browne G, Taipaleenmaki H, Bishop NM, Madasu SC,
Shaw LM, van Wijnen AJ, Stein JL, Stein GS, Lian JB.

WWw

.impactjournals.com/oncotarget

70936

Oncotarget



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Runx1 is associated with breast cancer progression in
MMTV-PyMT transgenic mice and its depletion in vitro
inhibits migration and invasion. J Cell Physiol. 2015; 230:
2522-2532.

Ferrari N, Mohammed ZM, Nixon C, Mason SM, Mallon E,
McMillan DC, Morris JS, Cameron ER, Edwards J, Blyth
K. Expression of RUNXI1 correlates with poor patient
prognosis in triple negative breast cancer. PLoS One. 2014;
9:e100759.

Levanon D, Bettoun D, Harris-Cerruti C, Woolf E,
Negreanu V, Eilam R, Bernstein Y, Goldenberg D, Xiao C,
Fliegauf M, Kremer E, Otto F, Brenner O, et al. The Runx3
transcription factor regulates development and survival
of TrkC dorsal root ganglia neurons. EMBO J. 2002; 21:
3454-3463.

Inoue K, Ozaki S, Shiga T, Ito K, Masuda T, Okado N, Iseda
T, Kawaguchi S, Ogawa M, Bae SC, Yamashita N, Itohara
S, Kudo N, et al. Runx3 controls the axonal projection of
proprioceptive dorsal root ganglion neurons. Nat Neurosci.
2002; 5: 946-954.

Inoue K, Ozaki S, Ito K, Iseda T, Kawaguchi S, Ogawa M,
Bae SC, Yamashita N, Itohara S, Kudo N, Ito Y. Runx3 is
essential for the target-specific axon pathfinding of trkc-
expressing dorsal root ganglion neurons. Blood Cells Mol
Dis. 2003; 30: 157-160.

Li QL, Ito K, Sakakura C, Fukamachi H, Inoue KI, Chi XZ,
Lee KY, Nomura S, Lee CW, Han SB, Kim HM, Kim WJ,
Yamamoto H, et al. Causal relationship between the loss
of RUNX3 expression and gastric cancer. Cell. 2002; 109:
113-124.

Lau QC, Raja E, Salto-Tellez M, Liu Q, Ito K, Inoue M,
Putti TC, Loh M, Ko TK, Huang C, Bhalla KN, Zhu T, Ito Y,
et al. RUNX3 is frequently inactivated by dual mechanisms
of protein mislocalization and promoter hypermethylation
in breast cancer. Cancer Res. 2006; 66: 6512-6520.

Jiang Y, Tong D, Lou G, Zhang Y, Geng J. Expression of
RUNX3 gene, methylation status and clinicopathological
significance in breast cancer and breast cancer cell lines.
Pathobiology. 2008; 75: 244-251.

Berg T. Inhibition of transcription factors with small organic
molecules. Curr Opin Chem Biol. 2008; 12: 464-471.

Rodriguez-Martinez JA, Peterson-Kaufman KJ, Ansari AZ.
Small-molecule regulators that mimic transcription factors.
Biochim Biophys Acta. 2010; 1799: 768-774.

Pandolfi PP. Transcription therapy for cancer. Oncogene.
2001; 20: 3116-3127.

Yeh JE, Toniolo PA, Frank DA. Targeting transcription
factors: promising new strategies for cancer therapy. Curr
Opin Oncol. 2013; 25: 652-658.

Nelson EA, Sharma SV, Settleman J, Frank DA. A chemical
biology approach to developing STAT inhibitors: molecular

strategies for accelerating clinical translation. Oncotarget.
2011; 2: 518-524. https://doi.org/10.18632/oncotarget.296.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Nelson EA, Walker SR, Weisberg E, Bar-Natan M, Barrett
R, Gashin LB, Terrell S, Klitgaard JL, Santo L, Addorio
MR, Ebert BL, Griffin JD, Frank DA. The STATS inhibitor
pimozide decreases survival of chronic myelogenous
leukemia cells resistant to kinase inhibitors. Blood. 2011;
117: 3421-3429.

Nelson EA, Walker SR, Kepich A, Gashin LB, Hideshima
T, Ikeda H, Chauhan D, Anderson KC, Frank DA.
Nifuroxazide inhibits survival of multiple myeloma cells
by directly inhibiting STAT3. Blood. 2008; 112: 5095-5102.

Espinoza I, Miele L. Notch inhibitors for cancer treatment.
Pharmacol Ther. 2013; 139: 95-110.

Yan C, Higgins PJ. Drugging the undruggable: transcription
therapy for cancer. Biochim Biophys Acta. 2013; 1835:
76-85.

McDonald L, Ferrari N, Terry A, Bell M, Mohammed
ZM, Orange C, Jenkins A, Muller WJ, Gusterson BA, Neil
JC, Edwards J, Morris JS, Cameron ER, et al. RUNX2
correlates with subtype-specific breast cancer in a human
tissue microarray, and ectopic expression of Runx2 perturbs
differentiation in the mouse mammary gland. Dis Model
Mech. 2014; 7: 525-534.

Akech J, Wixted JJ, Bedard K, van der Deen M, Hussain S,
Guise TA, van Wijnen AJ, Stein JL, Languino LR, Altieri
DC, Pratap J, Keller E, Stein GS, et al. Runx2 association
with progression of prostate cancer in patients: mechanisms
mediating bone osteolysis and osteoblastic metastatic
lesions. Oncogene. 2010; 29: 811-821.

Underwood KF, D’Souza DR, Mochin-Peters M, Pierce AD,
Kommineni S, Choe M, Bennett J, Gnatt A, Habtemariam
B, MacKerell AD Jr, Passaniti A. Regulation of RUNX2
transcription factor-DNA interactions and cell proliferation
by vitamin D3 (cholecalciferol) prohormone activity. J
Bone Miner Res. 2012; 27: 913-925.

Underwood KF, Mochin MT, Brusgard JL, Choe M, Gnatt
A, Passaniti A. A quantitative assay to study protein:DNA
interactions, discover transcriptional regulators of gene
expression, and identify novel anti-tumor agents. J Vis Exp.
2013.

Javed A, Barnes GL, Pratap J, Antkowiak T, Gerstenfeld
LC, van Wijnen AJ, Stein JL, Lian JB, Stein GS. Impaired
trafficking of Runx2 (AML3/CBFAl)
transcription factors in breast cancer cells inhibits osteolysis
in vivo. Proc Natl Acad Sci U S A. 2005; 102: 1454-1459.
Pratap J, Javed A, Languino LR, van Wijnen AJ, Stein JL,
Stein GS, Lian JB. The Runx2 osteogenic transcription

intranuclear

factor regulates matrix metalloproteinase. 9 in bone
metastatic cancer cells and controls cell invasion. Mol Cell
Biol. 2005; 25: 8581-8591.

Klopp AH, Lacerda L, Gupta A, Debeb BG, Solley T, Li
L, Spaeth E, Xu W, Zhang X, Lewis MT, Reuben JM,
Krishnamurthy S, Ferrari M, et al. Mesenchymal stem cells
promote mammosphere formation and decrease E-cadherin

WWw

.impactjournals.com/oncotarget

70937

Oncotarget



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

in normal and malignant breast cells. PLoS One. 2010; 5:
¢12180.

Wang YJ, Bailey JM, Rovira M, Leach SD. Sphere-forming
assays for assessment of benign and malignant pancreatic
stem cells. Methods Mol Biol. 2013; 980: 281-290.

Sun L, Vitolo M, Qiao M, Anglin I, Passaniti A. Regulation
of TGFB1-mediated growth inhibition and apoptosis by
RUNX2 isoforms. Oncogene. 2004; 23: 4722-4734.

Diaz-Munoz MD, Osma-Garcia IC, Fresno M, Iniguez MA.
Involvement of PGE2 and the cAMP signalling pathway
in the up-regulation of COX-2 and mPGES-1 expression
in LPS-activated macrophages. Biochem J. 2012; 443:
451-461.

Gao Y, Gartenhaus RB, Lapidus RG, Hussain A, Zhang Y,
Wang X, Dan HC. Differential IKK/NF-kappaB activity
is mediated by TSC2 through mTORCI1 in PTEN-Null
prostate cancer and tuberous sclerosis complex tumor cells.
Mol Cancer Res. 2015; 13: 1602-1614.

Sebastian C, Zwaans BM, Silberman DM, Gymrek M,
Goren A, Zhong L, Ram O, Truelove J, Guimaraes AR,
Toiber D, Cosentino C, Greenson JK, MacDonald Al, et al.
The histone deacetylase SIRT6 is a tumor suppressor that
controls cancer metabolism. Cell. 2012; 151: 1185-1199.

Drissi H, Luc Q, Shakoori R, Chuva De Sousa Lopes S,
Choi JY, Terry A, Hu M, Jones S, Neil JC, Lian JB, Stein
JL, Van Wijnen AJ, Stein GS. Transcriptional autoregulation
of the bone related CBFA1/RUNX2 gene. J Cell Physiol.
2000; 184: 341-350.

Wong WE, Kurokawa M, Satake M, Kohu K. Down-
regulation of Runx1 expression by TCR signal involves
an autoregulatory mechanism and contributes to I1L-2
production. J Biol Chem. 2011; 286: 11110-11118.

Smith N, Dong Y, Lian JB, Pratap J, Kingsley PD, van
Wijnen AJ, Stein JL, Schwarz EM, O’Keefe RJ, Stein GS,
Drissi MH. Overlapping expression of Runx1(Cbfa2) and
Runx2(Cbfal) transcription factors supports cooperative
induction of skeletal development. J Cell Physiol. 2005;
203: 133-143.

Chimge NO, Frenkel B. The RUNX family in breast cancer:
relationships with estrogen signaling. Oncogene. 2013; 32:
2121-2130.

Goyama S, Schibler J, Cunningham L, Zhang Y, Rao
Y, Nishimoto N, Nakagawa M, Olsson A, Wunderlich
M, Link KA, Mizukawa B, Grimes HL, Kurokawa M,
et al. Transcription factor RUNX1 promotes survival of
acute myeloid leukemia cells. J Clin Invest. 2013; 123:
3876-3888.

Cohen MM Jr. Perspectives on RUNX genes: an update.
Am J Med Genet A. 2009; 149A: 2629-2646.

Terry A, Kilbey A, Vaillant F, Stewart M, Jenkins A,
Cameron E, Neil JC. Conservation and expression of an

alternative 3’ exon of Runx2 encoding a novel proline-rich
C-terminal domain. Gene. 2004; 336: 115-125.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Mendoza-Villanueva D, Deng W, Lopez-Camacho C,
Shore P. The Runx transcriptional co-activator, CBFbeta,
is essential for invasion of breast cancer cells. Mol Cancer.
2010; 9: 171.

Davis JN, Rogers D, Adams L, Yong T, Jung JS, Cheng
B, Fennell K, Borazanci E, Moustafa YW, Sun A, Shi R,
Glass J, Mathis JM, et al. Association of core-binding factor
beta with the malignant phenotype of prostate and ovarian
cancer cells. J Cell Physiol. 2010; 225: 875-887.

Bae SC, Lee YH. Phosphorylation, acetylation and
ubiquitination: the molecular basis of RUNX regulation.
Gene. 2006; 366: 58-66.

Jonason JH, Xiao G, Zhang M, Xing L, Chen D. Post-
translational regulation of Runx2 in bone and cartilage. J
Dent Res. 2009; 88: 693-703.

Pregizer S, Baniwal SK, Yan X, Borok Z, Frenkel B.
Progressive recruitment of Runx2 to genomic targets despite
decreasing expression during osteoblast differentiation. J
Cell Biochem. 2008; 105: 965-970.

San Martin [A, Varela N, Gaete M, Villegas K, Osorio M,
Tapia JC, Antonelli M, Mancilla EE, Pereira BP, Nathan
SS, Lian JB, Stein JL, Stein GS, et al. Impaired cell
cycle regulation of the osteoblast-related heterodimeric
transcription factor Runx2-Cbfbeta in osteosarcoma cells.
J Cell Physiol. 2009; 221: 560-571.

Qiao M, Shapiro P, Fosbrink M, Rus H, Kumar R, Passaniti
A. Cell cycle-dependent phosphorylation of the RUNX2
transcription factor by cdc2 regulates endothelial cell
proliferation. J Biol Chem. 2006; 281: 7118-7128.
Pockwinse SM, Rajgopal A, Young DW, Mujeeb KA,
Nickerson J, Javed A, Redick S, Lian JB, van Wijnen AJ,
Stein JL, Stein GS, Doxsey SJ. Microtubule-dependent
nuclear-cytoplasmic shuttling of Runx2. J Cell Physiol.
2006; 206: 354-362.

Guy CT, Cardiff RD, Muller WJ. Induction of mammary
tumors by expression of polyomavirus middle T oncogene:
a transgenic mouse model for metastatic disease. Mol Cell
Biol. 1992; 12: 954-961.

Lin EY, Jones JG, Li P, Zhu L, Whitney KD, Muller W1J,
Pollard JW. Progression to malignancy in the polyoma
middle T oncoprotein mouse breast cancer model provides
a reliable model for human diseases. Am J Pathol. 2003;
163:2113-2126.

Owens TW, Rogers RL, Best SA, Ledger A, Mooney AM,
Ferguson A, Shore P, Swarbrick A, Ormandy CJ, Simpson
PT, Carroll JS, Visvader JE, Naylor MJ. Runx2 is a novel
regulator of mammary epithelial cell fate in development
and breast cancer. Cancer Res. 2014; 74: 5277-5286.
Cassidy JW, Caldas C, Bruna A. Maintaining tumor
heterogeneity in patient-derived tumor xenografts. Cancer
Res. 2015; 75: 2963-2968.

Bhagwat AS, Vakoc CR. Targeting transcription factors in
cancer. Trends Cancer. 2015; 1: 53-65.

WWw

.impactjournals.com/oncotarget

70938

Oncotarget



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Webster MA, Hutchinson JN, Rauh MJ, Muthuswamy
SK, Anton M, Tortorice CG, Cardiff RD, Graham FL,
Hassell JA, Muller WJ. Requirement for both Shc and
phosphatidylinositol 3’ kinase signaling pathways in
polyomavirus middle T-mediated mammary tumorigenesis.
Mol Cell Biol. 1998; 18: 2344-2359.

Whitman M, Kaplan DR, Schaffhausen B, Cantley
L, Roberts TM. Association of phosphatidylinositol
kinase activity with polyoma middle-T competent for
transformation. Nature. 1985; 315: 239-242.

Webster MA, Cardiff RD, Muller WJ. Induction of
mammary epithelial hyperplasias and mammary tumors
in transgenic mice expressing a murine mammary tumor
virus/activated c-src fusion gene. Proc Natl Acad Sci U S
A. 1995; 92: 7849-7853.

Qiu TH, Chandramouli GV, Hunter KW, Alkharouf NW, Green
JE, Liu ET. Global expression profiling identifies signatures of
tumor virulence in MMTV-PyMT-transgenic mice: correlation
to human disease. Cancer Res. 2004; 64: 5973-5981.

Srinivas S, Schonthal A, Eckhart W. Polyomavirus middle-
sized tumor antigen modulates c-Jun phosphorylation and
transcriptional activity. Proc Natl Acad Sci U S A. 1994;
91: 10064-10068.

Pedersen TX, Pennington CJ, Almholt K, Christensen 1J,
Nielsen BS, Edwards DR, Romer J, Dano K, Johnsen M.
Extracellular protease mRNAs are predominantly expressed
in the stromal areas of microdissected mouse breast
carcinomas. Carcinogenesis. 2005; 26: 1233-1240.

Takai H, Mezawa M, Choe J, Nakayama Y, Ogata Y.
Osteogenic transcription factors and proto-oncogene
regulate bone sialoprotein gene transcription. J Oral Sci.
2013; 55:209-215.

Kanno T, Takahashi T, Tsujisawa T, Ariyoshi W, Nishihara
T. Mechanical stress-mediated Runx2 activation is
dependent on Ras/ERK1/2 MAPK signaling in osteoblasts.
J Cell Biochem. 2007; 101: 1266-1277.

D’Souza DR, Salib MM, Bennett J, Mochin-Peters M,
Asrani K, Goldblum SE, Renoud KJ, Shapiro P, Passaniti
A. Hyperglycemia regulates RUNX2 activation and cellular
wound healing through the aldose reductase polyol pathway.
J Biol Chem. 2009; 284: 17947-17955.

Pierce AD, Anglin IE, Vitolo MI, Mochin MT, Underwood
KF, Goldblum SE, Kommineni S, Passaniti A. Glucose-
activated RUNX2 phosphorylation promotes endothelial
cell proliferation and an angiogenic phenotype. J Cell
Biochem. 2012; 113: 218-292.

Franceschi RT, Xiao G. Regulation of the osteoblast-
specific transcription factor, Runx2: responsiveness to
multiple signal transduction pathways. J Cell Biochem.
2003; 88: 446-454.

Pratap J, Lian JB, Javed A, Barnes GL, van Wijnen AJ,
Stein JL, Stein GS. Regulatory roles of Runx2 in metastatic

tumor and cancer cell interactions with bone. Cancer
Metastasis Rev. 2006; 25: 589-600.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Javed A, Bae JS, Afzal F, Gutierrez S, Pratap J, Zaidi
SK, Lou Y, van Wijnen AJ, Stein JL, Stein GS, Lian JB.
Structural coupling of Smad and Runx?2 for execution of
the BMP2 osteogenic signal. J Biol Chem. 2008; 283:
8412-8422.

Barnes GL, Hebert KE, Kamal M, Javed A, Einhorn TA,
Lian JB, Stein GS, Gerstenfeld LC. Fidelity of Runx2
activity in breast cancer cells is required for the generation
of metastases-associated osteolytic disease. Cancer Res.
2004; 64: 4506-4513.

Kim HJ, Park HD, Kim JH, Cho JY, Choi JY, Kim JK,
Shin HI, Ryoo HM. Establishment and characterization of
a stable cell line to evaluate cellular Runx2 activity. J Cell
Biochem. 2004; 91: 1239-1247.

Aneja K, Jalagadugula G, Mao G, Singh A, Rao AK.
Mechanism of platelet factor 4 (PF4) deficiency with
RUNXI1 haplodeficiency: RUNX1 is a transcriptional
regulator of PF4. J Thromb Haemost. 2011; 9: 383-391.

Guo C, Ding J, Yao L, Sun L, Lin T, Song Y, Fan D. Tumor
suppressor gene Runx3 sensitizes gastric cancer cells to
chemotherapeutic drugs by downregulating Bel-2, MDR-1
and MRP-1. Int J Cancer. 2005; 116: 155-160.

Myers SJ, Dingledine R, Borges K. Genetic regulation
of glutamate receptor ion channels. Annu Rev Pharmacol
Toxicol. 1999; 39: 221-241.

Browne G, Nesbitt H, Ming L, Stein GS, Lian JB,
McKeown SR, Worthington J. Bicalutamide-induced
hypoxia potentiates RUNX2-mediated Bcl-2 expression
resulting in apoptosis resistance. Br J Cancer. 2012; 107:
1714-1721.

Lim M, Zhong C, Yang S, Bell AM, Cohen MB, Roy-
Burman P. Runx2 regulates survivin expression in prostate
cancer cells. Lab Invest. 2010; 90: 222-233.

Ter Elst A, Ma B, Scherpen FJ, de Jonge HJ, Douwes J,
Wierenga AT, Schuringa JJ, Kamps WA, de Bont ES.
Repression of vascular endothelial growth factor expression
by the runt-related transcription factor 1 in acute myeloid
leukemia. Cancer Res. 2011; 71: 2761-2771.

Scheitz CJ, Lee TS, McDermitt DJ, Tumbar T. Defining
a tissue stem cell-driven Runx1/Stat3 signalling axis in
epithelial cancer. Embo J. 2012; 31: 4124-4139.

Cunningham L, Finckbeiner S, Hyde RK, Southall N,
Marugan J, Yedavalli VR, Dehdashti SJ, Reinhold WC,
Alemu L, Zhao L, Yeh JR, Sood R, Pommier Y, et al.
Identification of benzodiazepine R05-3335 as an inhibitor of
CBF leukemia through quantitative high throughput screen
against RUNX1-CBFbeta interaction. Proc Natl Acad Sci U
S A.2012; 109: 14592-14597.

Illendula A, Pulikkan JA, Zong H, Grembecka J, Xue L,
Sen S, Zhou Y, Boulton A, Kuntimaddi A, Gao Y, Rajewski
RA, Guzman ML, Castilla LH, et al. Chemical biology. A
small-molecule inhibitor of the aberrant transcription factor
CBFbeta-SMMHC delays leukemia in mice. Science. 2015;
347:779-784.

WWw

.impactjournals.com/oncotarget

70939

Oncotarget



97.

98.

99.

100.

101.

Little GH, Noushmehr H, Baniwal SK, Berman BP, Coetzee
GA, Frenkel B. Genome-wide Runx2 occupancy in prostate
cancer cells suggests a role in regulating secretion. Nucleic
Acids Res. 2012; 40: 3538-3547.

Pencovich N, Jaschek R, Tanay A, Groner Y. Dynamic
combinatorial interactions of RUNXI1 and cooperating
partners regulates megakaryocytic differentiation in cell line
models. Blood. 2011; 117: el-14.

Bae SC, Ito Y. Regulation mechanisms for the heterodimeric
transcription factor, PEBP2/CBF. Histol Histopathol. 1999;
14: 1213-1221.

Galindo M, Pratap J, Young DW, Hovhannisyan H, Im HJ,
Choi JY, Lian JB, Stein JL, Stein GS, van Wijnen AJ. The
bone-specific expression of Runx?2 oscillates during the cell
cycle to support a G1-related antiproliferative function in
osteoblasts. J Biol Chem. 2005; 280: 20274-20285.

Greer AH, Yong T, Fennell K, Moustafa YW, Fowler M,
Galiano F, Ng SW, Berkowitz RS, Cardelli J, Meyers S,
Davis JN. Knockdown of core binding factorbeta alters

102.

103.

104.

105.

106.

sphingolipid metabolism. J Cell Physiol. 2013; 228:
2350-2364.

Adya N, Castilla LH, Liu PP. Function of CBFbeta/Bro
proteins. Semin Cell Dev Biol. 2000; 11: 361-368.

Schafer HS, Becker H, Schmitt-Graff A, Lubbert M.
Granulocytic sarcoma of Core-binding Factor (CBF) acute
myeloid leukemia mimicking pancreatic cancer. Leuk Res.
2008; 32: 1472-1475.

Blyth K, Cameron ER, Neil JC. The RUNX genes: gain
or loss of function in cancer. Nat Rev Cancer. 2005; 5:
376-387.

Wee HJ, Huang G, Shigesada K, Ito Y. Serine
phosphorylation of RUNX2 with novel potential functions
as negative regulatory mechanisms. EMBO Rep. 2002; 3:
967-974.

Shen R, Wang X, Drissi H, Liu F, O’Keefe RJ, Chen
D. Cyclin Dl-cdk4 induce runx2 ubiquitination and
degradation. J Biol Chem. 2006; 281: 16347-16353.

www.impactjournals.com/oncotarget

70940

Oncotarget



