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ABSTRACT
Crosstalk among mitogen-activated protein kinase (MAPK) and phosphatidyl inositol 30 kinase (PI3K) signaling pathways integrates
extracellular cues to regulatemammary epithelial cell growth, proliferation, differentiation, and survival. The runt-related transcription factor,
Runx2, is expressed in normal mammary epithelium and promotes differentiation, however, its function in regulation of the MAPK and PI3K
signaling crosstalk is not known. We determined the function of Runx2 expression in growth factor-mediated phosphorylation of Erk1/2 and
Akt, key downstream kinases in MAPK and PI3K pathway crosstalk in MCF-10Amammary epithelial cells. The Runx2-mediated alterations in
cell signaling and associated changes in phenotype were determined by real-time quantitative PCR, Western blotting, immunofluorescence,
andflow cytometry approaches. The results revealed that ectopic Runx2 expression differentially downregulates the growth factor (EGF vs. IGF
or insulin)-induced pErk1/2 and pAkt levels. Additionally, the ectopic Runx2 expression increases FOXO1 levels, cell cycle G1 stage and
promotes survival of MCF-10A cells. Furthermore, we demonstrate that Runx2 expression increases EGF-induced phosphorylation of
epidermal growth factor receptor (pEGFR) and relieves Mek/Erk-mediated negative regulation of pEGFR and pAkt levels. Altogether, our
results identify functions of Runx2 in MAPK and PI3K signaling crosstalk in MCF-10A cells that could be critical in understanding the
mammary epithelial cell growth and survival. J. Cell. Biochem. 115: 2208–2217, 2014. © 2014 Wiley Periodicals, Inc.
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The growth factor-induced cell signaling pathways in tissue
microenvironment are critical for regulation of normal growth,

motility, differentiation, and apoptosis of mammary epithelium
[Collins et al., 2005; Worster et al., 2012]. In response to growth
factors (EGF, IGF, or insulin) stimulation, receptor tyrosine kinases
(EGFR/IGF-1R/IR) activates signaling pathways including MAPK
(Mek/Erk) and PI3K (PI3K/Akt) to regulate gene expression [Lemmon
and Schlessinger, 2010; Aksamitiene et al., 2012]. Several studies in
mammary epithelial cells show critical biological functions of
growth factor-mediated Erk and Akt activation in driving mammary
gland morphogenesis and phenotypic effects [Debnath et al., 2003;
Grassian et al., 2011; Tarcic et al., 2012]. Furthermore, a dynamic
crosstalk between these two pathways, as indicated by pharmaco-
logical Erk inhibition potently inducing pAkt and pEGFR levels,
suggests integrating mechanisms in growth factor-induced cell
signaling response [Gopal et al., 2010; Ebi et al., 2011; Turke
et al., 2012]. The extent and duration of signaling is also affected by
combination of feedback regulatory and transcriptional mecha-
nisms, however, the integration of the master transcription factors in
cell signaling crosstalk remains unclear. In this study, we examined

the role of the runt-related transcription factor (Runx2) in growth
factor-induced MAPK and PI3K signaling crosstalk in non-
tumorigenic mammary epithelial MCF-10A cells.

The Runx2 is indispensable for normal bone development [Choi
et al., 2001] and expressed in normal mammary epithelium
[Shore, 2005]. The studies in animal models or three dimensional
mammary epithelial culture indicate regulatory function of Runx2 in
mammary epithelial cell differentiation [Shore, 2005; Ferrari
et al., 2013]. Recent studies in animal models showed that the
ectopic Runx2 expression in mammary epithelium restricts the
development of pubertal glands, compromises alveolar development
and causes age-related pre-cancerous alterations [McDonald
et al., 2014]. In three dimensional culture model, ectopic Runx2
expression disrupts acinar structures [Pratap et al., 2009]. In invasive
mammary epithelium, Runx2 is critical for activating PI3K/Akt
signaling [Tandon et al., 2014], however, its function in the Mek/Erk
and PI3K/Akt signaling crosstalk in normal mammary epithelium is
not known.

In this study, we determined the Runx2-dependent crosstalk of
EGFR and downstream Mek/Erk or PI3K/Akt signaling pathways.
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Our results show that ectopic Runx2 expression downregulates pErk
and pAkt levels in response to growth factor signaling in normal
mammary epithelial MCF-10A cells. Furthermore, Runx2 promotes
EGFR phosphorylation upon Mek inhibition in response to EGF
stimulation.

MATERIALS AND METHODS

CELL CULTURE, VECTORS AND ANTIBODIES
The non-tumorigenic immortalized human mammary epithelial
MCF-10A cell line (ER-, PR-, Her2þ, WT-p53) was cultured in
DMEM/F12media (Cellgro,Mediatech, Manassas, VA) supplemented
with 5% horse serum (Lonza, Walkersville, MD), insulin (10mg/ml)
(USP Inc., Rockville, MD), EGF (20 ng/ml) (BD Biosciences, Bedford,
MA), cholera toxin (100 ng/ml) (EMD Chemicals, Gibbstown, NJ)
and hydrocortisone (0.5mg/ml) (MPBiomedical, Santa Ana, CA), and
50U/ml penicillin and 50mg/ml streptomycin (pen-strep) (Cellgro,
Mediatech) at 37°C in humidified incubator with 5% CO2. The 3D
culture ofMCF-10A cells inMatrigel (BDBiosciences) was performed
as previously described [Debnath and Brugge, 2005]. For EGF, IGF,
and Insulin treatment, the cells were deprived of serum (final 0.25%
serum) and growth factors for 16 h. The cells were then treated with
EGF (100 ng/ml), IGF (100 ng/ml), and Insulin (1mg/ml) in serum-
deprived media for various time points (10min to 6 h). In experi-
ments requiring, Mek inhibitor PD184161 (Cayman Chemicals, Ann
Arbor, MI), PI3K inhibitor LY294002 (Cayman Chemical), EGFR
inhibitor Gefitinib (Cayman Chemicals), or IGF1R inhibitor OSI-906
(Selleck Chemicals, Houston, TX) treatment, the serum-deprived
cells were pretreatedwith inhibitors for 10min before treatment with
growth factors.

The overexpression studies of Runx2 were performed by trans-
ducing Runx2 via Adenovirus-mediated delivery of WT-Runx2 on
day 7 old acini structures [Pratap et al., 2009]. We selected day 7
acini structures based on previous reports of induction of pAkt
levels in acini and to circumvent Runx2-mediated growth effects
[Debnath et al., 2003; Pratap et al., 2009]. The Adenovirus
vectors for expressing Runx2 or control green fluorescent
protein, the lentivirus vectors expressing Runx2 or empty vector
control were generated similar to previously described [Pratap et al.,
2003, 2009].

The mouse monoclonal antibody for Runx2 was obtained from
MBL International Corporation, Woburn, MA. The antibodies for
pErk1/2, Erk1/2 (total), pAkt (Serine 473), Akt (total), pmTOR (Serine
2448 and 2481), mTOR (total), Rictor, Raptor, pEGFR (Y992), pEGFR
(Y1045), pEGFR (Y1068), EGFR, and FOXO1 were purchased from
Cell Signaling Technology, Danvers, MA. The antibodies for b-Actin
were purchased from Santa Cruz Biotechnology, Santa Cruz, CA.

WESTERN BLOTTING
The whole cell lysates were prepared by washing cells in cold PBS
and subsequently lysing in sample buffer containing Tris-Cl
(62.5mM, pH 6.8), SDS (2%w/v), DTT (50mM), glycerol (10%),
and bromophenol blue (0.01%w/v). The whole cell lysates were
loaded in SDS-Gel and transferred to PVDF membrane and blotting
was performed as previously described [Tandon et al., 2014]. The

phosphorylated and total proteins were probed on separate PVDF
membranes, while normalizing controls were probed on stripped
membranes. The data were quantified in Adobe Photoshop (San Jose,
CA) and ImageJ software (NIH, Bethesda, MD). The experiments were
repeated at least two to three times.

REAL-TIME PCR
The real time PCR with SYBR chemistry was performed as previously
described [Tandon et al., 2014]. The following human primer pairs
were used. Runx2: (F) TGC CTG CCT GGG GTC TGT A (R) CGG GCC
CTC CCT GAA CTC T; GAPDH: (F) ATG TTC GTC ATG GGT GTG AA
(R) TGT GGT CAT GAG TCC TTC CA; 28S: (F) GAA CTT TGA AGG
CCG AAG TG (R) ATC TGA ACC CGA CTC CCT TT; p19 (CDKN2D/
p19INK4d): (F) GTT TCT TCTGCGCCT CAGGCTGC (R) TCT CTGAGC
ACA GGC CGG GCA AG. The experiments were repeated at least two
to three times.

FLOW CYTOMETRY
The cell cycle analysis was performed in FACS Canto (BD
Biosciences) as previously described [Tandon et al., 2014]. The
gating and data analysis was performed in FlowJo software (Tree
Star, Ashland, OR). The Dean Jett Foxmodel was used to set gates for
G1, S, and G2 stage cells, while Sub-G1 was manually gated before
G1 population. The experiments were repeated at least two to three
times.

IMMUNOFLUORESCENCE
The immunofluorescence staining was preformed as previously
described [Tandon et al., 2014]. The fluorescently tagged antibody
(Alexa Fluor-594) and DAPI were obtained from BD Biosciences. The
Rush University Medical Center and University of Illinois core
facilities were utilized for imaging in immunofluorescence (Zeiss
Axioplan 2) or confocal microscope (Zeiss LSM 510).

RESULTS

ECTOPIC RUNX2 EXPRESSION INHIBITS BASAL AND EGF-INDUCED
pERK1/2 LEVELS IN MCF-10A CELLS
The activation of Erk1/2 in response to growth factor signaling is
critical for migration and survival of MCF-10A cells [Collins
et al., 2005; Tarcic et al., 2012]. To determine the function of
Runx2 in regulating growth factor-induced Erk1/2 phosphoryla-
tion, MCF-10A cells were deprived of serum and growth factors,
and then stimulated with epidermal growth factor (EGF), insulin-
like growth factor (IGF), or Insulin. As Runx2 is expressed at low
levels in MCF-10A cells [Tandon et al., 2014], we ectopically
increased Runx2 levels by Adenovirus-mediated Runx2 trans-
duction (Fig. 1A). The ectopic Runx2 expression significantly
reduced the total Erk1/2 levels (Figs. 1A and B). A robust induction
of pErk1/2 was observed in response to EGF (100 ng/ml) compared
to IGF (100 ng/ml) or insulin (1mg/ml) treatment in vector control
cells (Figs. 1C–E). The ectopic Runx2 expression reduced EGF-
induced pErk1/2 levels (Fig. 1C). As the extent of pErk1/2 induc-
tion by IGF or insulin was low compared to EGF treatment, we
further tested higher doses of IGF (500 ng/ml) or insulin (50mg/ml).
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Fig. 1. Ectopically expressed Runx2 blocks EGF-induced pErk1/2 levels. (A) The Western blotting of MCF-10A whole cell lysates show increased Runx2 and reduced Erk1/2
protein levels when transduced with Ad-Runx2 compared to Ad-GFP control. Theb-Actin expression is shown as internal loading control. (B) The Erk1/2 expression in Ad-GFP or
Ad-Runx2 cells was quantified from five independentWestern blots and normalized tob-Action expression (*P< 0.01, unpaired student t-test). (C–E) The Runx2 overexpressing
(Ad-Runx2) or control (Ad-GFP) cells were serum- and growth factor-deprived for 16 h and then stimulated with EGF (100 ng/ml) (C) or IGF1 (100 ng/ml) (D) or insulin (1mg/
ml) (E) for 1 h. The pErk1/2 and total Erk protein levels were examined in whole cell lysates by Western blotting. (F) The control (Ad-GFP) or Runx2 expressing (Ad-Runx2) cells
were stimulatedwith different doses of EGF or IGF (20–500 ng/ml) and insulin (2–50mg/ml). The pErk1/2 and total Erk levels were determined byWestern blotting. (G) TheMCF-
10A cells transduced with Ad-Runx2 or Ad-GFP were serum and growth factor-deprived and treated with EGF for 1 h. The fixed cells were analyzed for total Erk1/2 expression
(Alexa fluor-594/Red) by immunofluorescence. The Erk1/2 positive cells are stained red, while nuclei are stained blue with Dapi. (H) The control (Ad-GFP) or Runx2 expressing
(Ad-Runx2) cells were stimulated with EGF (100 ng/ml) for various time points (10min to 6 h) to determine pErk1/2 and total Erk levels by Western blotting.
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Higher doses of IGF or insulin increased the pAkt levels in Runx2-
expressing cells (data not shown), but pErk was not induced
(Fig. 1F). Additionally, pErk levels did not increase with higher
doses of EGF in Runx2 expressing cells. These results indicate that
pErk1/2 expression in MCF-10A cells is preferentially induced in
response to EGF stimulation and that this stimulation is potently
inhibited in Runx2 expressing cells as examined by Western
blotting and immunofluorescence studies (Figs. 1F and G). To
assess the kinetics of pErk1/2 levels with Runx2 overexpression,
cells were treated with EGF for 10min to 6 h. A robust induction
pErk1/2 levels was observed up to 1 h of EGF treatment in control
cells (Fig. 1H). The ectopic Runx2 expression associated with
reduced pErk1/2 and total levels with all time points examined.
These results suggest that Runx2 downregulates basal and EGF-
induced pErk levels in MCF-10A cells.

ECTOPIC RUNX2 EXPRESSION DIFFERENTIALLY INHIBITS AKT
PHOSPHORYLATION IN RESPONSE TO GROWTH FACTOR STIMULI
The growth factor stimulation also induces PI3K/Akt signaling in
addition to Mek/Erk pathway; therefore, we examined pAkt levels
upon ectopic Runx2 expression. In contrast to pErk1/2 induction
predominantly by EGF, pAkt could also be induced by IGF or insulin
in MCF-10A cells (Figs. 2A–C). However, the basal levels of pAkt in
growth factor-deprived MCF-10A cells were high due to Adenovi-
rus-mediated pAkt stimulation [Liu et al., 2005]. Nonetheless, the
ectopic Runx2 expression downregulated pAkt levels in basal
conditions and upon EGF, IGF, or insulin stimulation (Figs. 2A–C).
Interestingly, with EGF treatment, Runx2-mediated downregulation

of pAkt level was partial compared to IGF or insulin treatment. Next,
to confirm that the Runx2-mediated decline in pAkt is relevant in
mammary gland morphogenesis, we utilized the MCF-10A three-
dimensional (3D) cell culturemodel [Debnath and Brugge, 2005]. The
ectopic Runx2 expression at the beginning of MCF-10A culture
disrupts the mammary acinar structures [Pratap et al., 2009],
therefore preformed acinar structures were examined for pAkt levels
after treatment with control or Ad-Runx2. As indicated by pAkt
immunostaining, the ectopic Runx2 expression inhibited pAkt levels
(Fig. 2D). Additionally, proteins related to the stimulation of Akt
kinase activity (pmTOR, Rictor, Raptor, and PI3K) were reduced in
Runx2 expressing cells in both basal as well as EGF-stimulated
conditions (Fig. 2E). The levels of PTEN and PHLPP1 phosphatases
were not altered suggesting that the decline in pAkt was due to
reduced activity of kinases rather than increased phosphatase
activity. Taken together, ectopic Runx2 expression downregulates
pErk1/2 and pAkt levels in response to growth factor signaling in
MCF-10A cells. However, Runx2-mediated decline in pAkt was
partially rescued with EGF treatment compared to IGF or insulin
treatment suggesting that Runx2 differentially functions in crosstalk
of Mek/Erk and PI3K/Akt pathway.

ECTOPIC RUNX2 EXPRESSION INCREASES FOXO1 AND G1 PHASE IN
CELL CYCLE PROGRESSION
To determine the downstream events of Runx2-mediated inhibition
ofMek/Erk and PI3K/Akt signaling, we examined FOXO1 expression
levels. The FOXO1 is negatively regulated by growth factor-induced
survival signals, and bothMek/Erk and PI3K/Akt signaling pathways

Fig. 2. Ectopically expressed Runx2 blocks growth factor-induced pAkt levels. (A–C) The Runx2 (Ad-Runx2) or control GFP (Ad-GFP) expressing MCF-10A cells were deprived
of serum and growth factors, and then treated with EGF (100 ng/ml) (A) or IGF (100 ng/ml) (B) or insulin (1mg/ml) for 1 h and analyzed for the pAkt (serine 473) and total Akt
protein levels in whole cell lysates by Western blotting. The expression of b-Actin protein was utilized as loading control. (D) The acinar structures of MCF-10A cells in Matrigel
3D cultures were transduced with Ad-Runx2 or Ad-GFP, serum- and growth factor-deprived and treated with EGF for 1 h. Thefixed cells were analyzed in confocal microscope for
pAkt levels (Alexa fluor (AF-594)/Red) by immunofluorescence. The pAkt positive cells are indicated by white arrows, while nuclei are stained blue with Dapi. (E) The Runx2 (Ad-
Runx2) or GFP control expressing MCF-10A cells were deprived of serum and growth factors, and then treated with EGF (100 ng/ml) for 1 h. The expression levels of pmTOR
(Serine 2481), total mTOR, Rictor, Raptor, PI3K (p85), PHLPP1, and PTEN were determined by Western blotting in whole cell lysates.
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can phosphorylate and induce ubiquitin-mediated degradation of
FOXO1 [Asada et al., 2007; Fu et al., 2009; Tzivion et al., 2011].
Previous studies in several cell types have also shown that inhibition
of Akt and Erk1/2 signaling upregulates FOXO1 expression levels
[Roy et al., 2010; Tandon et al., 2014]. Therefore, we reasoned that
inhibition of pErk1/2 and pAkt by ectopic Runx2 expression should
prevent FOXO1 degradation upon growth factor stimulation. As
expected, FOXO1 protein expression levels robustly increased with
ectopic Runx2 expression in basal conditions and modestly changed
with growth factor stimulation (Figs. 3A–C). Additionally, the
FOXO1 target gene p19 expression increased with Runx2 expression

(Fig. 3D). Furthermore, we confirmed the increase in FOXO1 levels in
the MCF-10A 3D acinar structures transduced with Ad-Runx2
(Fig. 3E).

Since FOXO1 regulates cell cycle arrest and resistance to apoptosis
[Roy et al., 2010; Lv et al., 2013], we determined the alterations in cell
cycle progression upon ectopic Runx2 expression. Indeed, the
ectopic Runx2 expression increased G1 phase cells compared to
control virus treated cells (48% vs. 33%) cultured in normal growth
medium (Figs. 3F and G). This effect was pronounced (84% vs. 51%)
when the cells were cultured without serum or growth factors.
Additionally, ectopic Runx2 expressing cells were resistant to cell

Fig. 3. Runx2 alters FOXO1 expression and cell cycle inMCF-10A cells. (A–C) TheMCF-10A cells transiently overexpressing Runx2 (Ad-Runx2) or GFP control were serum- and
growth factor-deprived and then treated with EGF (100 ng/ml) (A) or IGF1 (100 ng/ml) or insulin (1mg/ml) for 1 h. The whole cell lysates were analyzed for FOXO1 expression
levels, while b-Actin was used as loading control in Western blotting. (D) The gene expression levels of p19 in stable WT-Runx2 overexpressing MCF-10A cells were determined
by real-time quantitative PCR. The expression level of 28Swas utilized as internal control. *P< 0.05 unpaired student t-test. (E) The day 7 acini structures ofMCF-10A cells in 3D
cultures were transduced with Ad vectors expressing GFP or WT-Runx2 and stimulated with EGF (100 ng/ml). The expression of FOXO1 (AF-594/Red) was analyzed by
immunofluorescence in confocal microscopy, while Dapi (blue) was used to stain the nuclei. (F) The MCF-10A cells overexpressing Runx2 (Ad-Runx2) were examined for
alterations in cell cycle progression by flow cytometry. The normal growth medium cultured or cells deprived of serum, growth factors, and glucose were collected and stained
with propidium iodide (PI). A histogram of representative cell cycle stages is shown. (G) A quantification of average (� standard deviation) sub-G1 and G1 stages is indicated for
PI stained cells, *P< 0.05 unpaired student t-test.
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death compared to control cells as indicated by decrease in sub-G1
population (3–4% vs. 16–18%) in serum- and glucose-deprived
conditions. These results, together with Runx2-mediated down-
regulation of pErk1/2 and pAkt levels, suggest that high Runx2
levels promote survival of mammary epithelial cells via G1 arrest
during serum and glucose deprivation.

A CROSSTALK BETWEEN MEK/ERK AND PI3K/AKT SIGNALING
PATHWAYS IN MCF-10A CELLS
Several reports indicate a crosstalk between Mek/Erk and PI3K/Akt
signaling and that abrogation of Mek/Erk activity by pharmaco-
logical inhibitors induces Akt activation [Gopal et al., 2010; Ebi
et al., 2011; Turke et al., 2012]. Additionally, in invasive MDA-MB-
231 mammary epithelial cells, we have reported that treatment with
Mek inhibitors U0126 or PD184161 upregulates pAkt levels [Tandon
et al., 2014]. In spite of Erk1/2 downregulation in Runx2
overexpressing MCF-10A cells (Fig. 1C); the pAkt levels were not
induced to the level of control cells upon EGF treatment (Fig. 2A).
These results could be due to the following reasons: (1) the
saturating/high levels of pAkt due to Adenovirus treatment in
control cells masked the pAkt induction by pErk inhibition; and (2)
the incomplete blockage of pErk1/2 by ectopic Runx2 compared to
complete abrogation using pharmacological inhibitor (PD184161),
suggesting that extent of Erk inhibition may be critical for robust
activation of pAkt levels. Therefore, to better understand the
combinatorial effect of Runx2 and pharmacological Erk inhibition

on pAkt levels, we evaluated pAkt levels upon Mek/Erk inhibition
with PD184161 in control or ectopic Runx2 expressing cells.
Interestingly, the blocking of pErk1/2 by PD184161 rescued Runx2-
mediated downregulation of pAkt basally (Fig. 4A) as well as in
response to EGF, IGF, or insulin treatment (Figs. 4B–D). In control
virus-treated cells, no further increase in pAkt levels was observed
with PD184161 treatment most likely due to Ad-mediated high pAkt
levels [Liu et al., 2005]. The inhibition of pAkt via PI3K inhibitor
LY294002 did not change pErk1/2 levels (Fig. 4B). Previously, we
have also shown that knockdown of Runx2 in MCF-10A cell
increases pAkt levels upon EGF stimulation [Tandon et al., 2014].
Together, these results indicate that Runx2 and Erk repress pAkt
levels in MCF-10A cells.

RUNX2 PROMOTES THE CROSSTALK BETWEEN MEK/ERK AND
PI3K/AKT VIA EGFR
Mek inhibition has been previously shown to increase EGFR
autophosphorylation [Li et al., 2008]. Consistent with this, since
Runx2 inhibited pErk1/2 predominantly in response to EGF
treatment (Fig. 1), we observed that ectopic Runx2 expression was
associated with an increase in phosphorylated EGFR levels upon EGF
stimulation (Fig. 5A). The EGF treatment decreased total EGFR levels
in control but not in Runx2 expressing cells. To further understand
the function of increased pEGFR with ectopic Runx2 expression, we
utilized pharmacological inhibitors to block the kinase activity of
EGFR (gefitinib) in addition to blocking Mek/Erk and PI3K/Akt. The

Fig. 4. A crosstalk between pErk1/2 and pAkt in MCF-10A cells. (A) The MCF-10A cells overexpressing Runx2 (Ad-Runx2) or GFP control were serum- and growth factor-
deprived, and treated with Mek inhibitor PD184161 (10mm) for 1 h. The expression level of pAkt (Serine 473) and total Akt proteins were determined in whole cell lysates by
Western blotting. The expression of b-Actin was utilized as loading control. (B–D). The MCF-10A cells overexpressing Runx2 (Ad-Runx2) or control (Ad-GFP) were deprived of
serum and growth factors and treated with EGF (100 ng/ml) (B), IGF (100 ng/ml) (C) or insulin (1mg/ml) (D) in the presence or absence or PD184161 or PI3K inhibitor LY294002
(10 um) as indicated for 1 h. The expression levels of pAkt (Serine 473) and pErk (threonine 202 and tyrosine 204) were determined by Western blotting.
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combination of ectopic Runx2 expression with PD184161 robustly
enhanced pEGFR compared to treatment alone (Fig. 5B). Further-
more, pErk1/2 levels were downregulated only by blocking EGFR
activity with gefitinib treatment (Fig. 5B). These results are

consistent with our findings described in Figures 1C–E indicating
that Erk1/2 is predominantly activated by EGF–EGFR pathway.

To clarify the role of Runx2 in Mek/Erk and PI3K/Akt crosstalk,
we inhibited Mek in combination with PI3K or EGFR inhibitors and

Fig. 5. Runx2-dependent EGFR phsophorylation promotes Mek/Erk and PI3K/Akt crosstalk. (A) The MCF-10A cells overexpressing Runx2 (Ad-Runx2) or control (Ad-GFP) were
deprived of serum and growth factors and treated with EGF (100ng/ml) for 1 h. The expression levels of pEGFR (tyrosine 1068) and total EGFR levels were determined by Western
blotting. The expression ofb-Actin was utilized as loading control. (B) TheMCF-10A cells overexpressing Runx2 (Ad-Runx2) or control (Ad-GFP) were deprived of serum and growth
factors and treated with EGF (100ng/ml) for 1 h in the presence or absence of PD184161, IGF1R inhibitor OSI-906 (10mM) or EGFR inhibitor gefitinib (10mM) as indicated in the
figure. The expression levels of pEGFR (tyrosine 1068), total EGFR, pErk1/2 (threonine 202 and tyrosine 204), and total Erk1/2were determined byWestern blotting. (C) TheMCF-10A
cells overexpressing Runx2 (Ad-Runx2) or control (Ad-GFP) were deprived of serum and growth factors and treated with EGF (100ng/ml) for 1 h in the presence or absence or
combinations of PD184161 (10mM), LY294002 (10mM), OSI-906 (10mM), or gefitinib (10mM) as indicated in the figure. The expression levels of pEGFR (tyrosine 998, 1045, and
1068), total EGFR, pErk1/2 (threonine 202 and tyrosine 204), total Erk1/2 and pAkt (Serine 473), total Akt and Runx2 were determined by Western blotting.
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utilized IGF-1R inhibitor OSI-906 to confirm the specificity of
pharmacological inhibition. The results indicated that the induction
of pAkt in Runx2 overexpressing cells treated with Mek inhibitor is
completely lost when combined with EGFR inhibition but not with
IGF-1R inhibition (Fig. 5C). The inhibition of pErk and pAkt with
their respective inhibitors was also confirmed. Taken together, these
results suggest that Runx2 enhances negative feedback regulation of
EGFR by Mek/Erk signaling.

DISCUSSION

The crosstalk betweenMek/Erk and PI3K/Akt pathways is critical for
stringent control of normal cell growth and survival [Aksamitiene
et al., 2012]. The positive and negative feedbackmechanisms of these
pathways determine the extent and duration of growth factor
stimulation. Evidence from previous genetic and pharmacologic
studies demonstrate that EGFR stimulation signals primarily via
MAPK pathway in MCF-10A mammary epithelial cells [Tarcic
et al., 2012]. Furthermore, this pathway is regulated by a negative
feedback mechanism where the activation of Mek/Erk leads to EGFR
phosphorylation at threonine 669 residue and inhibits auto-
phosphorylation at tyrosine residues [Li et al., 2008]. We show
that Runx2 plays a critical role in crosstalk between the Mek/Erk and
PI3K/Akt in EGFR pathway. Our results in MCF-10A cells with
ectopic expression of Runx2 in combination with pharmacologic
inhibition of EGFR/Erk/Akt signaling revealed that Runx2 relieves
Erk-mediated inhibition of EGFR and Akt pathway. The ectopically
expressed Runx2 inhibits both pErk and pAkt levels in MCF-10A
cells, however the extent of inhibition of pAkt is low in response to
EGF stimulation compared to IGF or insulin stimulation (Figs. 2A–C).
Furthermore, the ectopic Runx2 expression enhanced G1 phase cell
population and resistance to cell death in glucose- or serum-
deprivation-induced stress. Our results in MCF-10A cells are similar
to those observed in osteoblasts wherein forced expression of Runx2
inMC3T3 cells delays G1 cell cycle progression [Galindo et al., 2005].
Additionally, inMCF-10A cells, it is reported that the cell cycle arrest
in G1 can provide resistance from detachment-induced apoptosis
[Collins et al., 2005]. Taken together, we demonstrate that Runx2
functions in crosstalk of Mek/Erk and PI3K/Akt signaling in growth
factor-induced survival cell signaling.

The non-tumorigenic mammary epithelial cells express low
Runx2 levels compared to tumorigenic or invasive mammary
epithelial cells [Inman and Shore, 2003; Tandon et al., 2014]. In
osteoblastic cells, the Runx2 expression levels are regulated by
autoregulatory mechanism and HOX-related transcription factors
[Drissi et al., 2000], but the mechanisms for differential Runx2
expression in mammary epithelium and its regulation are currently
not entirely understood. Moreover, in addition to its expression
levels, the extent of Runx2 phosphorylation as shown in normal
osteoblast cells could also be important for EGFR/Erk pathway
signaling [Ge et al., 2009; Selvamurugan et al., 2009]. Previous
studies in normal (endothelial cells and osteoblasts) and cancer
(breast cancer and prostate cancer) cells further show an association
between Runx2 with PI3K or MAPK, where growth factor signaling
can modulate Runx2 phosphorylation and its binding to down-

stream target genes [Qiao et al., 2006; Pande et al., 2013]. Altogether
in context of these studies, our data suggests differential roles of
Runx2 in feedback regulatory loops of Mek/Erk and PI3K/Akt
signaling to generate context-dependent responses in growth factor
signaling.

In addition to Runx2, Runx1, and Runx3 are also expressed in
normal mammary gland with tightly regulated spatio-temporal
expression pattern [Jiang et al., 2008; Blyth et al., 2010; Chimge and
Frenkel, 2013]. The alterations in Runx1 and Runx2 disrupt normal
mammary acinar structures [Pratap et al., 2009; Wang et al., 2011).
Our study in non-tumorigenic MCF-10A cells show that ectopically
expressed Runx2 negatively regulates pErk and pAkt, and results in
reduced levels of mTOR, Rictor and Raptor proteins. The Mek/Erk
pathway positively regulates bone development through Runx2
[Ge et al., 2007; Ge et al., 2009]. The transgenic mouse lines
constitutively expressing Mek1 showed increased Runx2 phosphor-
ylation and transcriptional activity in calvarial osteoblasts. The
Erk1/2-dependent phosphorylation of Runx2 at serine 319 residue is
critical for osteoblast-specific gene expression and differentiation
[Franceschi et al., 2007]. In addition to Runx2, Erk1/2 regulates the
phosphorylation and transcriptional activity of Runx1 [Tanaka
et al., 1996]. The relative strengths of Erk1/2 and Akt pathway may
also be important for mammary morphogenesis as shown for
osteoblast proliferation or differentiation [Raucci et al., 2008].
Previously, in invasive mammary epithelial cell lines with Ras
mutations, we have shown that endogenous Runx2 is required to
maintain pAkt levels by regulating mTORC2 complex [Tandon
et al., 2014]. The mutations in Ras and constitutive Erk1/2 activation
could lead to downregulation of PI3K/Akt signaling [Fukazawa
et al., 2002; Hayashi et al., 2008]. Therefore, in such genomic
context, high endogenous Runx2 could promote PI3K/Akt signaling
via mTORC2 complex [Tandon et al., 2014]. Taken together, the
results from non-tumorigenic and invasive mammary epithelial cells
suggest cell-type dependent function of Runx2 at multiple
regulatory nodes and receptor levels in maintaining growth factor
signaling pathways.

Our present study in MCF-10A cells demonstrating that Runx2-
mediated regulation of Erk levels could be due to directly
suppressing total Erk levels and thereby affecting its phosphor-
ylation and downstream targets. One of the downstream events of
Erk activity is phosphorylation of EGFR protein at threonine 669
residue and further blocking its autophosphorylation [Li et al., 2008].
Consistent with this report, our results show that the Runx2-
mediated increase in EGFR phosphorylation could be due to relieving
negative feedback from Erk pathway. As only modest (30%) increase
in EGFR mRNA levels was observed in Runx2 expressing MCF-10A
cells (data not shown), suggesting a post-transcriptional regulatory
mechanism of EGFR level by Runx2/Erk axis in MCF-10A cells. In
addition to the role of Runx2 in EGFR signaling via Erk, negative
regulatory crosstalk between Runx2 and EGFR signaling has been
reported in differentiating osteoblast [Nakamura et al., 2010; Zhu
et al., 2011], and myoblasts [Yu et al., 2013]. The EGFR ligands
reduced the expression and transcriptional activity of Runx2 during
osteoblast differentiation [Nakamura et al., 2010; Zhu et al., 2011].
Furthermore, in osteogenic differentiation of C2C12 cells, Runx2 has
been shown to inhibit EGFR signaling [Yu et al., 2013]. Our results
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demonstrating that the upregulation of pAkt upon pharmacological
Mek/Erk inhibition could be completely reversed by EGFR but not
IGF-1R inhibition in Runx2 expression cells suggest that Runx2–
Erk–Akt pathway is dependent upon EGFR signaling. Further
mechanistic studies are required to identify direct target genes of
Runx2 in EGFR/Erk/Akt pathway. The preferential activation of Erk
signaling via EGF stimulation in MCF-10A cells is in accordance to
previously published reports [Tarcic et al., 2012]. The lack of pErk
stimulation via IGF in Runx2 expressing cells further indicate the
specificity of Runx2 function in EGFR-induced Mek/Erk and PI3K/
Akt crosstalk. The EGFR which is expressed in 18–35% breast
cancers [Foley et al., 2010] has also been shown to be regulated by
Erk via extracellular matrix [Grassian et al., 2011], EGFR ligands
[Roberts and Der, 2007] and threonine phosphorylation [Gan
et al., 2010] in multiple cell types. Altogether, our data on Runx2
function in regulating signaling crosstalk and cell survival highlight
the regulatory roles of Runx2 in growth factor-driven cellular
phenotype.
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