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ORIGINAL ARTICLE

Role of Runx2 in IGF-1Rp/Akt- and AMPK/Erk-dependent
growth, survival and sensitivity towards metformin in breast
cancer bone metastasis

M Tandon, Z Chen, AH Othman and J Pratap

The mechanisms underlying reprogramming of growth factor signaling and metabolic pathways during bone metastasis

of breast cancer are not clear. The Runt-related transcription factor (Runx2) regulates cell signaling during mammary epithelial
morphogenesis and promotes invasion; therefore, we investigated its role in cell growth and metabolic signaling in bone-seeking
breast cancer cells. We performed systemic inoculation of control or Runx2 knockdown invasive MDA-MB-231 cells in NOD/SCID
mice, and compared parental and bone-derived variants for phenotypic and molecular alterations. The Runx2 knockdown showed
early (0-2 weeks) inhibition of metastatic spread but late (4-6 weeks) outgrowth, suggesting Runx2-dependent bi-phasic response
and reprogramming of metastatic cells. The late-stage tumor outgrowth of bone-derived Runx2 knockdown cells was associated
with increased insulin-like growth factor- 1RB (IGF-1Rp) levels. Interestingly, glucose uptake and glycolysis were reduced in the
bone-derived Runx2 knockdown cells that could be further reduced by extracellular-regulated protein kinase (Erk1/2) inhibition.
Furthermore, the Runx2 knockdown cells displayed activation of AMP-activated protein kinase (AMPKa), the sensor of cellular
metabolism. Importantly, the Runx2 knockdown in bone-derived cells resulted in increased sensitivity to both Erk1/2 inhibition
and AMPKa activation by PD184161 and metformin, respectively, despite increased IGF-1Rf and AMPKa levels. Our results reveal
that Runx2 promotes metastatic spread of mammary tumor cells. The growth of late-stage tumor cells can be targeted by Runx2

knockdown in combination with Mek-Erk1/2 inhibition and metformin treatment.
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INTRODUCTION
Bone metastasis is associated with ~70% mortality in the
advanced stages of breast cancer patients and reduction
in quality of life."? During metastasis, the invasive breast cancer
cells survive in the bone microenvironment due to pre-existing or
acquired changes in cell signaling and metabolic pathways;*>”’
however, underlying regulatory mechanisms are still unknown.

The Runt-related transcription factor (Runx2), a critical factor for
bone development,? is also aberrantly expressed in cancer cells
compared with normal mammary epithelial cells® where it
regulates B-casein,'® osteopontin,'’ sialoprotein,’? calcitonin and
RANKL." Ectopic expression of Runx2 disrupts mammary acini
formation in the three-dimensional (3D) culture model and Runx2
transgenic mice display alveolar hyperplasia, ductal carcinoma
in situ and age-dependent preneoplastic changes.'*'® In breast
cancer patient specimens, Runx2 expression levels correlated
to triple negative tumor status and poor clinical outcome.''®
Intriguingly, Runx2 suppresses proliferation of osteoblasts, and
functions in both tumor suppressor-related and oncogene-related
properties of breast and osteosarcoma cells.'”~"® These studies
suggest context-dependent functions of Runx2 in cancer progres-
sion. However, the role of Runx2 in initial colonization and growth
of tumor cells during bone metastasis is still unclear.

The bone microenvironment is conducive for tumor survival
because it harbors several growth factors,? including insulin-like
growth factors (IGFs). IGF-1, a potent mitogen, activates IGF-1R(

receptor tyrosine kinase during bone metastasis.?’ The activation
of IGF-1RB triggers downstream signaling including the PI3K/Akt
pathway, a critical driver of tumor growth.”? The IGF-1RB levels are
increased in breast cancer metastasis and disruption of IGF-1/IGF-1R
signaling inhibited tumorigenesis in preclinical models.?>™?> In
addition to increased growth factor signaling, the tumor cells
undergo metabolic reprogramming by altering glucose uptake or
glycolysis.>® Our previous studies and other reports demonstrated
regulatory roles of Runx2 in growth factor signaling,?” tumor cell
migration®®?° and survival during glucose deprivation.” However,
Runx2-dependent crosstalk between growth factor and metabolic
signaling pathway in bone metastasis is still unclear. Here we
demonstrate Runx2-mediated IGF-1RB-pAkt and AMPK-Erk1/2
(extracellular-regulated protein kinase) signaling crosstalk in survival
of bone-derived breast cancer cells. Importantly, Runx2 knockdown
sensitizes these cells for Mek-Erk1/2 inhibition and metformin
treatment.

RESULTS

Runx2 knockdown inhibits early metastatic spread but promotes
late-stage tumor regrowth in bone

To determine the role of Runx2 in mammary tumor metastasis, we
stably knockdown Runx2 in high endogenous Runx2 expressing
invasive MDA-MB-231 cells.® We observed up to 80% Runx2
suppression (Supplementary Figures STA and B) and consistent
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with the previous results,”?®3° the Runx2 knockdown resulted

in delay in wound healing response indicating a positive role
of Runx2 in cell migration (Supplementary Figure S1C). Next,
we systemically inoculated luciferase-expressing control or Runx2
knockdown cells in NOD/SCID mice via intra-cardiac route and
quantified the metastatic outgrowth by bioluminescence imaging
(Figure 1a). The Runx2 knockdown cells showed an early decline
(week 1, 45%, P<0.05 and week 2, 36%, P<0.1) in overall
metastatic outgrowth compared with the control cells (Figure 1b).
However, at later time (weeks 4-6), the Runx2 knockdown cells
showed significantly upregulated (week 4, 75%, P < 0.05; week 5,
60%, P<0.05 and week 6, 36%, P<0.1) overall metastatic
outgrowth (Figure 1b). No significant differences were noted
at week 3, suggesting a shift in growth rate of Runx2 knockdown
cells. These results could not be accounted due to differences in
the luciferase expression among these cells (Supplementary
Figure S1D). Although tumor growth was observed in multiple
sites including brain, liver and kidney, we stratified the overall
bioluminescence signal to lungs and bones, the most common
sites of breast cancer metastasis (Supplementary Figure S1E).
The bone metastasis incidences were nearly doubled and tumor
growth in bone was observed in the Runx2 knockdown group at
later time point (Supplementary Figures S1F and G). For lung
metastasis, Runx2 knockdown showed 40% reduced incidences
with a modest twofold increase in tumor growth. To determine
the tumor growth associated bone loss, we performed X-ray
and microcomputed tomography (uCT) analysis on long bones
(femur and tibia). These analyses revealed that late-stage regrowth
of Runx2 knockdown cells are associated with osteolytic lesions
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in proximal tibia and cortical bone loss (Figure 1c and
Supplementary Figure S1H). To quantify the bone loss, we
performed 3D rendering of the trabeculae distal to the growth
plate in proximal tibia by uCT. This analysis indicated that
trabecular bone volume fraction and connectivity was significantly
reduced in the Runx2 knockdown group compared with controls
(Figure 1d and Supplementary Figure S1l). Taken together, these
results suggest a bi-phasic role of Runx2 during tumor metastasis,
wherein Runx2 loss delays tumor cell migration, metastasis at early
(1-2 weeks) stages, while it enhances tumor growth in bone and
osteolysis at later stages (4-6 weeks).

Bone-derived Runx2 knockdown cells show increased IGF-1Rf3
expression levels

To understand the role of Runx2 in late-stage metastatic
outgrowth in bones, we investigated the growth factor receptor
signaling. To achieve this, we isolated these tumor cells from mice
6 weeks post-injection, and compared tumor-derived and parental
cells to determine alterations in growth factor receptor signaling.
The IGF-1RB expression levels were significantly upregulated
in bone-derived Runx2 knockdown cells compared with matched
bone-derived control cells (Figure 2a, right). In contrast, the
epidermal growth factor receptor levels were reduced (20-50%)
in lung or bone-derived cells (Supplementary Figure S2A).
Furthermore, IGF-1RB levels were similar in parental population
or lung-derived Runx2 knockdown cells, suggesting that increased
IGF-1Rp levels could specifically facilitate late-stage tumor growth
in bone due to loss of Runx2. To determine the activity of IGF-1Rf
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Figure 1. A Runx2-dependent metastatic outgrowth of MDA-MB-231 cells in NOD/SCID mice. (a) The control or Runx2 knockdown MDA-MB-231
cells were inoculated i/c into NOD/SCID mice (n=10 per group) and overall metastatic outgrowth was monitored by bioluminescence imaging.
The blue-red pseudocolor for radiance indicates the presence of luciferase-expressing cells in three representative mice at early (week 1) and late
(week 4) time points. (b) The overall tumor outgrowth in mice was quantified by drawing regions of interest as indicated in the Materials and
methods section. The experiments were repeated twice and the average of three independent experiments (n=14-24) is shown. (c) The
designated mice, inoculated with control or Runx2 knockdown MDA-MB-231 cells, showing bioluminescent signal in long bones were killed and
the preserved bones were examined for osteolytic lesions by uCT. The arrow indicates the presence of osteolytic lesions; scale bar is Tmm. (d) The
osteolysis was quantified by generating 3D trabecular architecture distal to the growth plate (Supplementary Figure S1l). The bone volume
fractions and trabecular connectivity were estimated in mice bearing control or Runx2 knockdown cells in the proximal tibia and shown relative
to the normal bone (bioluminescent signal negative). *P <0.05, *P<0.1 in unpaired Student's t-test.
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Figure 2. Runx2 knockdown increases IGF-1Rf expression and PI3K/Akt signaling in bone-derived MDA-MB-231 cells. (a) The mice harboring

control or Runx2 knockdown MDA-MB-231 tumors in bone were killed and cells were collected, cultured and enriched as indicated
in Materials and methods section. The whole-cell lysates from parental (preinoculated) and bone-derived control or Runx2 knockdown cells
were examined for IGF-1Rp expression by western blotting. The p-actin expression was utilized as an internal control to normalize expression
levels. The quantification of the IGF-1Rp expression level from at least three independent experiments is shown in the lower panel. * indicates
P-value <0.05 in unpaired Studen'st t-test. (b, ¢) The parental (b) or bone-derived (c) control or Runx2 knockdown cells were deprived of
serum for 16 h and then stimulated with IGF-1 as indicated. The expression levels of total, pIGF-1Rf and pAkt were examined with p-actin as
an internal control. (d) The pIGF-1Rp localization in bone-derived control or Runx2 knockdown MDA-MB-231 cells was determined by
immunofluorescence. The red signal (Alexa Fluor 594) indicates pIGF-1RB, and the while blue signal from 4/, 6-diamidino-2-phenylindole
(DAPI) shows nucleus; scale bar is 20 pm. (e, f) The bone-derived control or Runx2 knockdown cells were serum-deprived and stimulated with
IGF-1 in the presence or absence of selective IGF-1Rp inhibitor OSI-906, PI3K inhibitor LY294002 and Mek inhibitor PD184161 for 1 h.
The pIGF-1Rp and pAkt expression levels were determined by western blotting, while B-actin expression was utilized as a loading control.
(g) The bone-derived control cells were reinfected with Runx2 shRNA lentivirus vectors and Runx2 knockdown was confirmed (upper panel).
The IGF-1-treated cells were examined for pIGF-1Rp and total IGF-1Rf expression levels, while -actin was utilized as an internal control.

signaling pathway, the serum-deprived cells were stimulated with
IGF-1. The basal levels of IGF-1RpB phosphorylation (pIGF-1Rf) in
serum-deprived conditions were either undetectable or present in
low levels and were reduced in bone-derived Runx2 knockdown
cells. As expected, the IGF-1 stimulation for 1 h showed potent
and dose-dependent induction of pIGF-1RB and downstream
pAkt in both parental and bone-derived Runx2 knockdown or
control cells (Figures 2b and ¢, upper panels). Importantly, the
bone-derived Runx2 knockdown cells showed prolonged (>6 h)
PIGF-1RB and pAkt levels upon IGF-1 stimulation compared with
control or parental cells (Figures 2b and ¢, lower panels). We
observed variation in total IGF-1Rp levels upon IGF-1 treatment at
various time points examined that could be related to receptor
internalization and turnover.3' However, the bone-derived Runx2
knockdown cells displayed higher total IGF-1R( levels compared
with control cells at every time point examined. Consistent with
membrane localization,”? we also observed that plGF-1Rp was
predominantly localized at cell boundaries (Figure 2d). Next,
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to determine if the increase in pAkt levels are dependent upon
IGF-1-mediated pIGF-1RB expression levels or crosstalk with the
Mek-Erk1/2 pathway,?” we utilized OSI-906 (Linsitinib), LY294002
and PD184161, selective inhibitors of pIGF-1Rf3, PI3K/Akt and
Mek-Erk1/2 signaling, respectively. Indeed, the IGF-1-mediated
induction of pIGF-1RB and pAkt levels in bone-derived Runx2
knockdown cells was completely abrogated by OSI-906 treatment
confirming that pAkt induction is dependent upon IGF-1-
mediated pIGF-1Rp (Figure 2e). Additionally, LY294002 treatment
reduced pAkt levels suggesting that PI3K activity is required for
IGF-1RB-induced pAkt, while PD184161 treatment increased pAkt
levels (Figure 2f). Finally, to validate that bone microenvironment
enhanced IGF-1R{ levels and downstream signaling upon Runx2
depletion, we examined IGF-1Rf levels in non-bone-derived and
bone-derived cancer cell lines. The Runx2 knockdown in bone-
derived control MDA-MB-231 cells (Figure 2g) and prostate cancer
PC3 cell line, but not in breast carcinoma-derived Hs578t cells
(Supplementary Figure S2B) showed increased pIGF-1Rp levels

© 2016 Macmillan Publishers Limited, part of Springer Nature.



upon IGF-1 treatment at various time points. The reinoculation of
Runx2 knockdown cells in ex vivo bone co-cultures
(Supplementary Figure S3A) showed further increased plGF-1R(
levels compared with bone-derived cells (Figure 3a). Interestingly,
the IGF-1RB mRNA levels were not altered significantly with
Runx2 knockdown (Supplementary Figure S3B). Furthermore, the
Runx2 knockdown in bone-derived MDA-MB-231 cells was
not affected by IGF-1 or inhibitor treatments (Supplementary
Figure S3C). Altogether, these results show that the late-stage
metastatic outgrowth of Runx2 knockdown cells in bone is
associated with increased IGF-1Rp signaling.

Bone-derived Runx2 knockdown cells show reduced Erk1/2 levels
and altered expression of IGF-1Rf pathway genes
Previously, we and others have demonstrated that crosstalk
between Mek-Erk1/2 and PI3K-Akt pathways upregulates growth
factor receptor levels in mammary epithelial cells.*’3? Further-
more, consistent with our previous findings,” our results show
increased pAkt levels upon Mek inhibitor PD184161 treatment
(Figure 2f). Therefore, we determined endogenous Erk1/2 levels
and downstream target genes of IGF-1RB/Akt signaling. The total
and pErk1/2 levels were reduced in bone-derived Runx2 knock-
down cells (Figures 3a and b). Next, to determine whether altered
a MDA-MB-231 (Bone-derived)
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pErk1/2 and IGF-1RB levels are due to clonal selection, we
examined single-cell-derived colonies isolated from both parental
and bone-derived MDA-MB-231 populations. These colonies
showed varying expression levels of pErk1/2, pIGF-1Rf and total
IGF-1RB (Figure 3c). The quantification of the expression level of
these proteins in six clones revealed reduced pIGF-1Rp and total
IGF-1RB levels in Runx2 knockdown parental cells compared with
control (Figure 3d). Importantly, colonies from Runx2 knockdown
bone-derived cells displayed variable and reduced pErk1/2 but
increased pIGF-1Rp levels compared with control cells (Figures 3c,
lower panel and d). These results suggest that the increase in
pIGF-1RB/pAkt signaling in bone-derived cells is not due to
selection of a clonal population in bone.

To determine the expression levels of downstream target genes
of the IGF-1RB pathway, we analyzed pathway-related genes in a
PCR array and compared bone-derived Runx2 knockdown cells
with control and parental cells. We identified eight genes showing
> 2-fold upregulation including c-Fos that showed a sevenfold
increase (Figure 3e). We validated the array data by utilizing
alternate primer sets in reverse transcriptase-PCR and western
blot analysis (Figures 3f and g). The induction of c-Fos is consistent
with the IGF-1/IGF-1RB-responsive differential gene expression
changes that facilitate cancer progression.>® Additionally, expres-
sion of other PI3K/Akt signaling target genes such as apoptosis
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Figure 3. Runx2 knockdown-mediated increase in IGF-1Rp expression in bone-derived MDA-MB-231 cells is not due to clonal selection. (a) The

bone-derived control or Runx2 knockdown MDA-MB-231 cells were co-

cultured ex vivo in bone (Supplementary Figure S3) as indicated in

Materials and methods section. The whole-cell lysates from serum-deprived and IGF-1-treated cells were prepared and examined for pIGF-1Rp,
total IGF-1R, pAkt, pErk1/2 and total Erk1/2 protein expression levels by western blotting. (b) The pErk1/2 localization in bone-derived control
and Runx2 knockdown cells was analyzed by immunofluorescence staining of fixed cells. The red color (AF-594) indicates predominant

cytoplasmic localization of pErk1/2, and the while blue (DAPI) indicates n
isolated from parental and bone-derived control or Runx2 knockdown ce

ucleus, scale bar is 20 pm. (c) The single-cell clonal populations were
lIs. The whole-cell lysates from serum-deprived and IGF-1-stimulated

control or Runx2 knockdown clonal populations (hnumbered on top) were prepared. The IGF-1Rp, pErk1/2 and Runx2 expression levels were

determined by western blotting, while B-actin expression was utilized as

a loading control. (d) The quantifications of pIGF-1Rp, total IGF-1Rg,

pErk1/2 and Runx2 levels from six clonal populations relative to p-actin levels is shown. (e) The expression levels of a panel of IGF-1 signaling
target genes in the PCR array were analyzed in parental or bone-derived control and Runx2 knockdown cells by real-time PCR. The normalized

MRNA expression levels of selected genes with over twofold change are
levels of c-Fos and c-Jun were validated by reverse transcriptase-PCR util
western blotting.
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izing alternate primers, while protein expression was determined by
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inhibitor Bcl2/T and genes linked to fatty acid and cholesterol
metabolism (ACACA, FASN, LDLR, SREBF1) was reduced in bone-
derived Runx2 knockdown. Taken together, our results show that
increased pIGF-1RB/pAkt signaling and altered expression of
IGF-1RB responsive genes in Runx2 knockdown cells are
associated with Erk1/2 downregulation.

Increased IGF-1R( and reduced Erk1/2 expression levels in bone-
derived Runx2 knockdown cells are due to loss of 3-Arrestin-1/2
expression

To understand how IGF-1RB and Erk1/2 expression levels are
coupled to loss of Runx2 in bone-derived cells, we examined the
levels of B-Arrestins, downstream adapter proteins that promote
IGF-1R@ internalization and ubiquitination.>* The B-Arrestin-1/2
gene expression was reduced by fivefold and nearly 50-75%
reduction in protein expression was observed in bone-derived

Runx2 knockdown cells compared with control and parental
cells (Figures 4a—c). The decline in B-Arrestin-1/2 was not affected
by stimulating or inhibiting IGF-1RB or Erk1/2 signaling
(Figure 4d). Therefore, to determine whether Runx2 regulates
B-Arrestin-1/2 expression, a [-Arrestin-1 promoter fragment
(+250 bp) containing putative Runx-binding sequences was cloned
upstream of luciferase reporter (Supplementary Figure S4). The
overexpression of WT-Runx2 in MDA-MB-231 or Hela cells showed
nearly twofold increase in luciferase reporter activity (Figures 4e
and f). The Hela cells were included in this analysis because these
cells lack endogenous Runx2.3® Since P-Arrestin-1/2 expression
was substantially reduced only in bone-derived Runx2 knock-
down cells but not in parental cells, we tested a possibility
of epigenetic regulation of B-Arrestin-1/2 in bone-derived cells.
First, we examined the global histone acetylation levels and found
that acetylation of Histone H3 (lysine 9) was reduced by 30% in
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Figure 4. Runx2 knockdown increases IGF-1Rf expression by downregulating p-Arrestin expression in bone-derived MDA-MB-231 cells.
(@) The B-Arrestin-1/2 gene expression in indicated parental or bone-derived MDA-MB-231 cells was determined by reverse transcriptase-PCR.
The data were normalized by 28S as an internal control and relative AACt quantifications are shown. (b, ¢) The whole-cell lysates from parental or
bone-derived, control and Runx2 knockdown MDA-MB-231 cells were prepared. The p-Arrestin-1/2 expression was determined by western
blotting, while p-actin expression was utilized as an internal loading control. The average expression levels (n=4) are shown, * indicates P <0.05.
(d) The bone-derived control or Runx2 knockdown cells were serum deprived for 16 h and then stimulated with IGF-1 in the presence or absence
of OSI-906 and U-0126. The expression levels of B-Arrestin-1/2 and Erk1/2 were determined by western blotting. The quantifications relative to the
B-actin expression level are shown below respective lanes. (e, f) The p-Arrestin promoter sequence bearing putative Runx-binding sites was
cloned upstream of Firefly luciferase gene (Supplementary Figure S4) and transfected in MDA-MB-231 cells (e) or Hela cells (f) expressing WT-
Runx2 along with Renilla luciferase-expressing vector as an internal transfection control. An empty vector was utilized as control for WT-Runx2
expression, while Runx-binding sites were mutated to detect nonspecific promoter activity. The p-Arrestin promoter activity due to WT-Runx2
expression was determined in dual luciferase assays. (g) The whole-cell lysates from parental or bone-derived control and Runx2 knockdown cells
were analyzed for total or acetylated histone H3 levels by western blotting. The p-actin expression level was utilized as an internal control and
normalized quantifications are shown below respective lanes. (h) The bone-derived control or Runx2 knockdown cells were treated with TSA
(62.5 nm) for 48 h and mRNA was isolated. The B-Arrestin-1/2 gene expression normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was determined by real-time PCR analysis. (i, j) The bone-derived control or Runx2 knockdown cells were treated with various doses of
TSA from 62.5 nm (1) or 125-500 nm (J) for 48 h. The whole-cell lysates were analyzed for IGF-1Rp and H3 histone acetylation, while -actin served
as an internal control. (k) The bone-derived control or Runx2 knockdown MDA-MB-231 cells were transfected with pcDNA3.1 -Arrestin-1 plasmid,
while empty pcDNA3.1 plasmid was used as mock transfection. The IGF-1Rp and Erk1/2 levels were determined by western blotting. The f-actin
normalized quantification is shown below respective lanes. Abbreviation: TSA, Trichostatin A.
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bone-derived Runx2 knockdown cells (Figure 4g). Second, we
tested whether treatment of bone-derived cells with Trichostatin A,
a selective inhibitor of histone deacetylases and activator of histone
H3 acetylation, rescues the B-Arrestin-1/2 gene expression. Indeed,
the Trichostatin A treatment in bone-derived Runx2 knockdown
cells elevated the B-Arrestin-1/2 gene expression level comparable
to control cells (Figure 4h). Furthermore, the Trichostatin A
treatment reduced total IGF-1RB levels in bone-derived Runx2
knockdown cells to the level of control cells (Figures 4i and j).
Altogether, these results suggest that combination of decreased
acetylation and loss of Runx2 reduces (3-Arrestin-1/2 expression and
increases IGF-1R protein levels. Finally, to genetically validate these
results, we overexpressed rat S-Arrestin-1 in bone-derived MDA-
MB-231 cells. The B-Arrestin-1 overexpression reduced IGF-1Rp and
increased Erk1/2 levels (Figure 4k). These results confirm that Runx2
inhibits IGF-1Rp levels and increases Erk1/2 expression by regulat-
ing B-Arrestin-1/2.

Runx2 knockdown increases sensitivity towards pharmacologic
Erk1/2 inhibition

The altered levels of pIGF-1RB and pErk1/2 proteins in bone-
derived Runx2 knockdown cells led to the hypothesis that these
cells may be susceptible to targeting kinase activity. Therefore, we
treated these cells with pharmacologic inhibitors and examined
cell viability. The PD184161 treatment, but not OSI-906 or
LY294002, showed loss of cell viability in MTT assays in both
parental and bone-derived cells and was independent of Runx2
levels (Figure 5a, left and center panel). Since Runx2 knockdown
reduced pErk1/2 levels (Figures 3a-d), we next tested sensitivity of
these cells to lower doses of PD184161. The PD184161 treatment
in bone-derived Runx2 knockdown cells showed more
than twofold reduction in MTT absorbance after 48 h, while
the hemocytometer cell counts were minimally reduced or
unchanged compared with control cells (Figure 5a, right panel
and Supplementary Figure S5A). These results suggested that
metabolism could be altered in Runx2 knockdown cells since MTT
is based on bio-reduction of tetrazolium compound and reflects
the r3a6te of glycolytic NADH production in metabolically active
cells.

Since MDA-MB-231 cells are predominantly glycolytic, we
next tested Runx2-dependent changes in metabolism by measur-
ing glucose uptake and glycolytic capacity. The Runx2 knockdown
cells revealed lower glucose uptake in both parental and bone-
derived cells compared with controls (Figure 5b). Although,
glycolysis, as indicated by the extracellular acidification rate, was
reduced in bone-derived cells, no Runx2-dependent changes were
observed (Figure 5c¢, left). However, treating bone-derived Runx2
knockdown cells with PD184161 resulted in significant reduction
of extracellular acidification rate (Figure 5¢, right). Next, we
determined phenotypic changes after long-term pharmacologic
IGF-1RB and Erk1/2 inhibition. The bone-derived Runx2 knock-
down cells treated with OSI-906 showed reduced colony size
compared with vehicle-treated controls (Figure 5d), while treat-
ment with PD184161 resulted in no colony formation or
anchorage-independent cell growth (Figure 5e). Taken together,
these results suggest that long-term pharmacologic IGF-1RB
inhibition can reduce cell growth but not survival and that can
be effectively targeted by inhibition of the Mek-Erk1/2 pathway.

37,38

Runx2 knockdown potentiates metformin-induced energy
metabolism and inhibition of cell viability

To understand how Runx2 knockdown cells survive in bone
microenvironment despite reduced glucose uptake and glyco-
lysis, we examined adaptive modifications in regulation of
energy metabolism. The AMP-activated protein kinase (AMPKa)
is a ubiquitous regulator of energy homeostasis and its
phosphorylation is triggered by glucose stress or hypoxia in
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tumor microenvironment.?® The basal levels of pAMPKa were
higher (2.8-fold) in bone-derived Runx2 knockdown cells
compared with control (Figures 6a and b), suggesting that
these cells are responding to metabolic stress. The increase in
PAMPKa levels persisted in the presence of IGF-1 or insulin
treatment (Figure 6¢), while the total AMPKa protein levels were
not significantly altered with Runx2 knockdown (Supplementary
Figure S5B). It has been suggested that the extent and duration
of AMPKa activation could induce growth arrest or cell death.*°
Therefore, to examine whether further increase in pAMPKa levels
promote cell death, we treated these cells with metformin.
Previous studies have shown potent antiproliferative effects of
metformin via AMPKa activation and Erk1/2 inhibition in triple
negative cell lines.*’™** We reasoned that Runx2 knockdown in
bone-derived cells showing high pAMPKa and low Erk1/2 should
potentiate the metabolic and growth inhibitory effects of
metformin. The metformin treatment in bone-derived MDA-
MB-231 cells resulted in further increase in pAMPKa levels and
decrease in Erk1/2 levels in Runx2 knockdown cells (Figures 6d-f
and Supplementary Figures S5C and D). Notably, Runx2
knockdown in bone-derived cells showed reduced p-p70S6K in
basal and metformin-treated conditions compared with control
cells. The selective AMPK inhibitor Compound C** mitigated
PAMPKa activation and p-p70S6K reduction. Furthermore,
metformin treatment reduced the IGF-1RB levels in bone-
derived Runx2 knockdown cells in dose- and time-dependent
manner (Figure 6g) coupled with significant cellular rounding,
cytoskeletal condensation and reduced cell growth (Figure 6h).
Consistently, the increase in p-p70S6K has been shown to
decrease cell circularity and promote adhesion.** At various
doses (0.2-5 mm), metformin treatment did not show Runx2-
dependent effect on cell proliferation (Supplementary Figure
S5A); however, significantly reduced metabolism was observed
in bone-derived Runx2 knockdown cells (Figure 6i) as deter-
mined by MTT assays. The reduction in 3-Arrestin-1/2 levels was
not affected by metformin treatment in these cells (Figures 6e
and f). Therefore, the decline p-p70S6K and increase in pAMPKa
suggest that Runx2 knockdown induces stress response in
metastatic cells. Altogether, our results in bone-derived MDA-
MB-231 cells indicate that loss of Runx2 potentiates the effect of
AMPKa activation or Mek-Erk1/2 inhibition in regulating tumor
cell metabolism and growth.

DISCUSSION

We identified a novel regulatory function of Runx2 that integrate
IGF-1RB/Akt and AMPKa/Erk signaling crosstalk in growth
of bone-derived metastatic breast cancer cells (Figure 7). The
bone microenvironment provides enriched growth factor
environment;***” however, the signaling response of metastatic
cancer cells to these conditions in bone is still unclear. Here, we
characterized bone-derived MDA-MB-231 cells after systemic
inoculation of parental population. We found that Runx2 loss
delays early metastatic spread of these cells. The late-stage growth
of Runx2 knockdown cells is associated with activation of IGF-1R3
and AMPKa signaling. Importantly, Runx2 loss sensitizes bone-
derived MDA-MB-231 cells to Mek-Erk1/2 inhibition and metfor-
min treatment. Our results highlight Runx2 as a potential
therapeutic target in combination with metformin or Mek-Erk1/2
inhibitors for bone metastasis.

The ligand IGF-1 from bone matrix binds and activates IGF-1Rp
to promote tumor cell survival and growth.***° Qur results show
that the total IGF-1R( level increases due to reduced p-Arrestin-
1/2 in Runx2 knockdown bone-derived MDA-MB-231 cells, and
prolongs IGF-1RB/Akt signaling upon IGF-1 stimulation compared
with parental cells (Figure 2). Previously, we showed that Runx2
loss in parental MDA-MB-231 cells reduces mTORC2 and diminishes
epidermal growth factor-dependent Akt activation.’ Since Akt
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Figure 5. Runx2 knockdown enhances sensitivity towards pharmacologic Mek-Erk1/2 inhibition in bone-derived MDA-MB-231 cells. (a) The
parental or bone-derived control and Runx2 knockdown MDA-MB-231 cells were seeded in a 96-well dish (10 000 cells per well) containing
normal growth media with 10% fetal bovine serum (FBS) in the absence (vehicle, dimethyl sulfoxide) or presence of OSI-906, LY294002 and
PD184161 as indicated. The MTT assay was performed after 24 or 48 h and the absorbance was recorded. * indicates P <0.05 in unpaired
Student's t-test. (b) The glucose uptake in parental or bone-derived Runx2 knockdown or control MDA-MB-231 cells was determined using
glucose analog 2-deoxyglucose (2-DG) in a colorimetric assay. (c) The glycolysis in parental or bone-derived Runx2 knockdown or control
MDA-MB-231 cells was determined in real time by inducing acute metabolic stress. The extracellular acidification rate was determined after
sequential administration of glucose, oligomycin and 2-DG in a Seahorse extracellular flux analyzer. (d, e) The bone-derived control or Runx2
knockdown cell were seeded for in vitro anchorage-dependent (100 cell/well in a six-well culture plate in triplicates) (d) or anchorage-
independent soft agar colony formation assays (100 cells/well in a six-well culture plate) (e). After 14 days, the colonies were stained with
crystal violet and photographed (d) or unstained colonies were imaged in a brightfield microscope at x 40 magnification (e). The experiments
were repeated twice; scale bar is 20 pm.

is one of the central node of multiple growth factor signaling and IGF-1R signaling, the bone-derived Runx2 knockdown cells were
glucose metabolism,>° our results suggest that Runx2 levels are sensitive for pharmacologic Mek inhibition, and thus indicating
important to balance growth factor signaling depending upon their dependency on Mek-Erk1/2 pathway for survival. Taken

microenvironment and metabolic status of cancer cells. together, our results suggest that tumors with high IGF-1R
The clinical trials targeting IGF-1R have not achieved desired signaling may be effectively targeted by the Mek-Erk1/2 pathway

outcome,®’ presumably due to lack of patient stratification or inhibitors.

resistance to small molecules. We show that blocking the activity The Runx2-mediated regulation of target genes depends on its

of Mek-Erk1/2, but not IGF-1RB, inhibits survival of high IGF-1Rp- co-regulatory complex.>> We show that the Runx2-B-Arrestin-1/2
expressing Runx2 knockdown bone-derived MDA-MB-231 cells axis operates in bone derived but not in parental MDA-MB-231
(Figures 5d and e). Our results demonstrate that despite increased cells. The differential regulation of B-Arrestin-1/2 could be due
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Figure 6. Runx2 knockdown increases sensitivity towards metformin treatment and inhibition of cell viability. (a, b) The parental and bone-
derived Runx2 knockdown MDA-MB-231 cells were serum deprived and pAMPK expression levels were determined by western blotting
(a). The p-actin expression levels were utilized as an internal control. The normalized expression levels are indicated below each lane and
average quantification is shown (n=4) (b). (c) The ex vivo bone-derived cells were treated with IGF-1 or insulin and pAMPK expression levels
were determined by western blotting. (d) The bone-derived control or Runx2 knockdown cells were treated with metformin in the presence
or absence of Compound C as indicated. The expression levels of pAMPK, total AMPK, p-p70S6k and total p70S6K were determined by
western blotting on whole-cell lysates. (e-g) The bone-derived control or Runx2 knockdown cells were treated with metformin as indicated.
The expression levels of pErk1/2, total Erk1/2, p-Arrestin-1/2 and total IGF-1Rf were determined by western blotting. The p-actin normalized
expression levels are shown below each lane. (h) The parental or bone-derived control or Runx2 knockdown MDA-MB-231 cells were cultured
in the presence or absence of metformin for 24 h. The increase in cell rounding in bone-derived Runx2 knockdown cells was captured
by brighfield microscopy. The cells were fixed and stained with phalloidin (red: actin cytoskeleton) and DAPI (blue: nucleus); scale bar is 20 pm.
(i) The parental or bone-derived control and Runx2 knockdown MDA-MB-231 cells were seeded in a 96-well dish (10 000 cells per well)
containing normal growth media with 10% FBS in the absence or presence of metformin as indicated. The MTT assay was performed after
24 h and the absorbance was recorded. * indicated P <0.05 in unpaired Student's t-test.

to altered Runx2 co-regulatory complex®® via post-translational reports suggest context-dependent roles of Runx2 via post-
modifications of Runx2>*® or epigenetic regulation of B-Arrestin translational modifications during metastasis.
promoter. In addition to Runx2, glucocorticoids have been shown Runx2 functions at various stages of tumor progression as

to differentially regulate B-Arrestin-1/2 gene expression.>® highlighted by several xenograft or genetic mouse models. The
The decline in acetylated histone H3 in bone-derived Runx2 Runx2 overexpressing transgenic mice showed age-related pre-

knockdown cells indicated epigenetic change that could alter neoplastic changes in mammary epithelium.'> Direct tibial
-Arrestin regulation. These epigenetic changes could be due inoculation of MDA-MB-231 cells with Runx2 knockdown (2 weeks)
to context-dependent activity of histone deacetylases and Runx2. or miRNAs targeting Runx2 (4 weeks) showed reduced tumor
Previous reports indicate that Runx2 not only physically interacts growth and osteolysis.?®® The ectopic Runx2 expression in bone
with epigenetic regulators such as (HDAC-1, HDAC-6, p300)>”~" metastatic prostate cancer PC3 cells increased tumor growth

but can also regulate transcription of methyl transferases when examined for 2 weeks.®> Consistent with these studies,
(e.g., Ezh2),%? thereby altering histone modification. The treatment systemic inoculation of Runx2 knockdown cells showed delayed
with Trichostatin A, an inhibitor of histone deacetylase activity, metastatic tumor growth at early time points (2 weeks) in our
in bone-derived Runx2 knockdown cells restored the loss study. The reduction in tumor growth in the Runx2 knockdown
of B-Arrestin-1/2 expression (Figure 4h). Furthermore, Runx2 group was compensated at later time points as these cells
activity is affected by post-translational modifications such as displayed regrowth in bone due to increased IGF-1Rp. The results
phosphorylation on serine and threonine residues, acetylation and from these in vivo studies suggest that the route of cell injections,
sumoylation as shown in osteoblastic lineage cells,*>®*%* prostate ~ gene delivery method, tumor growth in visceral organs and bones,
cancer cell lines and patient samples.®> Taken together, these and the time required to reach the critical tumor size for osteolysis
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Figure 7. A schematic representation of Runx2 function in late-stage
tumor growth in breast cancer bone metastasis. In bone-derived
MDA-MB-231 cells, the IGF-mediated IGF-1Rf phosphorylation
triggers downstream PI3K/Akt activation to regulate cell growth.
Runx2 inhibits IGF-1Rf via p-Arrestin-1/2, but promotes pErk1/2
levels to regulate metabolism and cell survival. Runx2 also promotes
glucose uptake and inhibits AMPK activation. Targeting Runx2-
mediated IGF-1RB/Akt and AMPK/Erk crosstalk by metformin
treatment reduces cell viability. The dotted lines represent possible
indirect effect of Runx2.

may contribute to Runx2 response in tumor growth. Furthermore,
these results highlight stage-specific adaptation of metastatic
cancer cells in bone microenvironment via activation of IGF-1Rf3
and AMPK} signaling. The adaptation of cancer cells in metastatic
microenvironment can be affected by the extent of AMPKa
activation.*® The increase in basal pAMPKa with Runx2 knock-
down (Figures 6a—c) could allow bone-seeking cells to cope with
stress and increase survival, as also seen in other cancer types
during nutrient-deprivation conditions.”® However, further
increase in magnitude and duration of AMPKa activation by
metformin could inhibit cell proliferation, cell cycle and
survival.*2436%79  Consistent with these results, we observed
reduced viability of Runx2 knockdown cells with metformin
treatment. Metformin indirectly promotes pAMPK by inhibiting
complex | of the electron transport chain and increases AMP levels
relative to ATP.”"”2 The increased pAMPKa levels in bone-derived
Runx2 knockdown cells (Figures 6a—c) suggest altered AMP/ADP
levels relative to ATP due to reduced glucose uptake (Figure 5b).
The gene expression of LKB1, a serine/threonine kinase of AMPKa
73 and total AMPKa protein levels did not change significantly in
Runx2 knockdown cells (data not shown and Supplementary
Figure S5B) further support the indirect role of Runx2 on pAMPKa
regulation. Importantly, our results demonstrating metformin-
mediated potent reduction in IGF-1RB and Erk1/2 levels in
bone-derived Runx2 knockdown cells indicate antitumor growth
effects of metformin. Taken together, our results support targeting
growth factor and metabolic signaling crosstalk using combina-
torial approaches and repositioning of metformin for breast
cancer bone metastasis.

MATERIALS AND METHODS

Cell lines, vectors and chemicals

The sources are listed in the supplementary section (Supplementary Table ST1).
The MDA-MB-231, Hs578t and PC3 cells were cultured in minimum essential
medium supplemented with 10% fetal bovine serum and 1% penicillin—
streptomycin. For IGF-1 treatment, the cells were first serum deprived (0.25%)
for 16 h. In experiments requiring, IGF-1RB inhibitor OSI-906/Linsitinib, PI3K
inhibitor LY294002, Mek inhibitor UO126 or PD184161 treatment, the serum-
deprived cells were pretreated with inhibitors for 10 min. The metformin was
treated in serum- and glucose-deprived (100 mg/l) media.

The cell lines stably expressing Runx2 shRNA (Runx2-RNAi), WT-Runx2,
firefly luciferase (Luc) and green fluorescent protein were generated
utilizing lentivirus vectors." The rat pcDNA3.1-B-Arrestin-1 expression
plasmid was obtained from Addgene (Cambridge, MA, USA)’* and trans-
fected with lipofectamine LTX reagent, while pcDNA3 served as a vector
control.
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Bioluminescence imaging

All protocols were approved by RUSH University Medical Center Animal
Care and Use committee. The six-week-old female NOD/SCID mice were
obtained from Jackson Laboratories (Bar Harbor, ME, USA). MDA-MB-231
cells (10°/100 pl) were inoculated intracardiacally into isoflurane anesthe-
tized mice (10/group).”>’® The mice were excluded from the study based
on any sign of distress or infection. The tumor growth was weekly
monitored by bioluminescence imaging (IVIS/Lumina; PerkinElmer,
Waltham, MA, USA). The anesthetized mice were intraperitoneally
inoculated with p-luciferin (3 mg/20 g) and the luminescent image was
acquired. The region of interest was analyzed in a blinded manner using
Living Image 4.1 software (PerkinElmer). To confirm the tumor location,
mice were killed after 6 weeks, and organs were dissected and bioimaged.
The experiments were repeated twice.

Radiography and pCT

The dorso-ventral radiographs were obtained using MX-20; Faxitron X-ray
machine (Lincolnshire, IL, USA) at 20kV for 10s. The designated bones
(tibia and femur) were preserved in 10% formalin and stored in phosphate-
buffered saline for uCT and histomorphometry. The pCT evaluation
was performed in a blinded manner at Rush University’s Histology Core
Services.”” The trabecular bone architecture parameters (bone volume
fraction and trabecular connectivity) were obtained from the proximal tibia
growth plate region.

Isolation of tumor cells

The tibia, femur and vertebrae were obtained from mice displaying
osteolytic lesions. The cells were aseptically aspirated from bone marrow
using a 28G needle. The vertebrae and lung were sliced, and incubated in
collagenase and hyaloronidase containing growth media for 2 h. The cells
were subsequently washed with phosphate-buffered saline, centrifuged
and seeded. The fluorescence-activated cell sorting (green fluorescent
protein) was performed at University of lllinois at Chicago. The single-cell
colonies were isolated from 10° cells by performing serial 10-fold dilution.
A 100 ul suspension of single cells was seeded on a 96-well plate and
expanded.

Ex vivo tumor-bone co-culture

The tibia and femur were aseptically dissected and the proximal end
was excised to reveal marrow cavity. The control or Runx2 knockdown
MDA-MB-231 cells (2 x 10%/10 pl) in serum-free media were inoculated into
marrow using a 29'/%G needle. The bones with tumor cells were incubated
for 2 weeks and bioimaged.

Western blotting and immunofluorescence

The western blot and immunofluorescence analysis were performed
as previously described.”?” The antibodies are listed in Supplementary
Table ST1.

Real-time PCR

The real-time PCR analysis was performed as previously described.’
The primers (IDT, Coralville, IA, USA) are listed in Supplementary Table ST1.
A human insulin pathway responsive PCR array was obtained from SA
Biosciences (Qiagen, Valencia, CA, USA).

Luciferase assay

The TF search database was used to identify Runx-binding sites on
B-Arrestin-1 promoter.”® The WT or mutant B-Arrestin-1 promoters
(+1-250 bp) were cloned in pcDNA3.1. The Runx2-binding consensus
sequences, CA”® were replaced by ‘T or ‘G’ in the mutant promoter
(Supplementary Figure S4). The firefly and renilla luciferase plasmids were
transfected using lipofectamine LTX and dual luciferase reporter assay
(Promega, Madison, WI, USA) was performed.

Cell viability assay

The cell viability was determined by MTT assay (Promega) as previously
described.’
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In vitro clonogenic and soft agar assay

The clonogenic assays were performed by seeding 500 cells in a 100 mm
dish for 12 days and colonies were stained with crystal violet (0.5 in 25%
methanol). For soft agar assay, 5000 cells were plated in 0.35% agarose
in growth media on top of solidified agarose (0.5%). The growth media was
replaced every 3 days for 3 weeks.

Glucose uptake and glycolysis

The colorimetric glucose uptake assay was performed according to the
manufacturer's guidelines (Sigma, St Louis, MO, USA). The glycolysis was
determined as the extracellular acidification rate in response to glucose
treatment in an XF-24 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, MA, USA). The MDA-MB-231 cells (4 x 10%) were seeded in
96-well plates and serum-deprived overnight. The cells were rinsed with
phosphate-buffered saline and incubated in glucose-free XF-assay
medium. Subsequently, the cells were sequentially treated with glucose
(10 mm), oligomycin (10 pm) and 2-DG (10 mm) in the analyzer and
extracellular acidification rate values were recorded.

Statistical analysis

The data were analyzed by unpaired Student's t-test. P<0.05 and P<0.1
were considered as significant or marginally significant, respectively.
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