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ABSTRACT

Activation of genes promoting aerobic glycolysis and suppression of mitochondrial oxidative phosphorylation is one of the hallmarks of
cancer. The RUNX2 transcription factor mediates breast cancer (BC) metastasis to bone and is regulated by glucose availability. But, the
mechanisms by which it regulates glucose metabolism and promotes an oncogenic phenotype are not known. RUNX2 expression in luminal BC
cells correlated with lower estrogen receptor-a (ERa) levels, anchorage-independent growth, expression of glycolytic genes, increased glucose
uptake, and sensitivity to glucose starvation, but not to inhibitors of oxidative phosphorylation. Conversely, RUNX2 knockdown in triple-
negative BC cells inhibited mammosphere formation and glucose dependence. RUNX2 knockdown resulted in lower LDHA, HK2, and GLUT1
glycolytic gene expression, but upregulation of pyruvate dehydrogenase-A1 (PDHA1) mRNA and enzymatic activity, which was consistent
with lower glycolytic potential. The NAD-dependent histone deacetylase, SIRT6, a known tumor suppressor, was a critical regulator of these
RUNX2-mediated metabolic changes. RUNX2 expression resulted in elevated pAkt, HK2, and PDHK1 glycolytic protein levels that were
reduced by ectopic expression of SIRT6. RUNX2 also repressed mitochondrial oxygen consumption rates (OCR), a measure of oxidative
phosphorylation (respiration). Overexpression of SIRT6 increased respiration in RUNX2-positive cells, but knockdown of SIRT6 in cells
expressing low RUNX2 decreased respiration. RUNX2 repressed SIRT6 expression at both the transcriptional and post-translational levels and
endogenous SIRT6 expression was lower in malignant BC tissues or cell lines that expressed high levels of RUNX2. These results support a
hypothesis whereby RUNX2-mediated repression of the SIRT6 tumor suppressor regulates metabolic pathways that promote BC progression. J.

Cell. Biochem. 116: 2210-2226, 2015. © 2015 Wiley Periodicals, Inc.
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B reast cancer (BC) progression is the result of a complex
interplay of tumor cell mutational and microenvironmental
events that promote tumor heterogeneity and metastasis [Berman
et al., 2010]. Specific transcription factors regulate the tumor’s
response to oxygen or nutritional requirements and mediate
complex metabolic events such as angiogenesis or glycolysis
[Herman and Kahn, 2006; Semenza, 2009] by reducing the
expression of genes that inhibit mitochondrial respiration or
promoting glycolytic switching [Vander Heiden et al., 2009].
SIRT6 is a mammalian NAD"-dependent histone deacetylase that
functions in cellular stress resistance, genomic stability, and aging
and is a tumor suppressor that controls cancer metabolism
[Sebastian et al., 2012]. Sirt6-deficient mice exhibit profound
phenotypes including osteoporosis, loss of subcutaneous fat, and
severe metabolic hypoglycemia causing death after one month of
age [Zhong et al., 2010]. SIRT6 prevents these defects by acting as a
negative regulator of Hifla and deacetylating histone H3K9 on
Hifla target glycolytic genes [Zhong et al., 2010]. SIRT6 also affects
the balance of glycolysis and oxidative phosphorylation by acting as
a transcriptional repressor to inhibit expression of pyruvate
dehydrogenase kinase-1 (PDHK1), which phosphorylates pyruvate
dehydrogenase (PDH) and inhibits its activity [Zhong et al., 2010].
PDH is the rate-limiting step in conversion of pyruvate to acetyl-
CoA, which enters the tricarboxylic acid (TCA) cycle and increases
oxygen consumption and ATP production in the mitochondria.
Since SIRT6 represses PDHK1 expression, activation of mitochon-
drial oxygen utilization through PDH increases. SIRT6 also exhibits
non-transcriptional functions, which include a role in DNA repair
through its ADP ribosylation activity and protein processing through
the proteasome pathway in response to cell stress [Mao et al., 2011].

The RUNX2 gene is a regulator of mammary gland differentiation
[Ferrari et al., 2013] and plays a role in metastatic cancer development
[Pratap et al., 2006; Martin et al., 2011]. RUNX2 is a DNA-binding
transcription factor that can regulate cell transformation [Vitolo et al.,
2007], epithelial-mesenchymal transition and tumor suppressor

activity [Chimge et al., 2011], and osteolytic metastases in mouse
models of breast cancer [Barnes et al., 2004; Pratap et al., 2006]. It also
regulates the expression of genes associated with tumor growth,
migration, and invasion and is associated with ERa expression [Das
et al., 2009]. Some studies have found a negative correlation between
RUNX2 expression and ERa status in BC specimens [Onodera et al.,
2010]. A subset of cancers expressing both RUNX2 and ERa exhibit
opposing effects on cell proliferation [Chimge et al., 2012]. However,
the mechanisms through which RUNX2 might promote dediffer-
entiation and BC progression are not completely clear. Transcription
factors respond to environmental nutrients to mediate cellular survival
and adaptation [Sellick and Reece, 2005]. We have found that glucose
metabolism regulates RUNX2 DNA-binding and transcriptional
activity through phosphorylation of a specific cyclin-dependent
kinase-1 phosphorylation site on RUNX2 [D’Souza et al., 2009; Pierce
et al., 2012]. Since many genes that are the target of glucose
metabolism also regulate glucose utilization [Lee and Karsenty, 2008],
we examined whether RUNX2 might regulate cellular metabolism and
alter the energy balance in BC cells. To test this hypothesis, an
inducible RUNX2 breast cancer model in luminal BC cells that do not
express RUNX2 and an shRNA-targeted RUNX2 knockdown model in
RUNX2-positive, triple-negative BC cells were used. RUNX2 increased
glucose uptake and utilization by lowering the levels of SIRT6 protein
at both the transcriptional and post-translational levels. While SIRT6
increased mitochondrial oxygen consumption (oxidative phosphor-
ylation), RUNX2 repressed the expression of SIRT6 and reduced
oxygen consumption. These results reveal new mechanisms through
which RUNX2 promotes BC progression: regulation of the SIRT6
tumor suppressor and cellular metabolism.

CELL CULTURE AND CLONAL SELECTION
Derivation of BC cell lines with inducible RUNX2 expression (ER+
MCF7) using the BD™ Tet-Off System was described [Underwood
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et al., 2012]. RUNX2-MCF7 cells are ER+ and express wild type p53,
PTEN, c-myc, and ras, but do not express p16. MCF7 cells containing
tTA (Tetracycline-controlled transactivator) regulatory vector (G418
resistant) were purchased from Clontech (Takara Bio, Mountain
View, CA), infected with retroviral vectors expressing RUNX2, and
selected with 200 pg/ml hygromycin B. Cells were frozen within
three passages and maintained in DMEM containing 10% FBS and
the antibiotics G418 (100 pg/ml), hygromycin B (200 pwg/ml), and
doxycycline (2 pg/ml) to repress RUNX2 expression. Cells were sub-
cloned and grown under similar conditions in the presence or
absence of doxycycline for 72 h to induce RUNX2 expression.
RUNX2 + Hs578t cells are ER-negative, express wild type PTEN,
overexpress c-myc, and contain mutant p53 and ras. RUNX2 +
Hs578t cells were obtained from ATCC (Manassas, VA) and RUNX2
knockdown clones were selected after lentiviral sShRNA infection as
recommended by the manufacturer (Sigma-Aldrich, St Louis, MO;
Mission in vivo shRNA system). Briefly, Hs578t parental cells were
infected with lentiviral shRNA expressing viruses targeting five
different regions of the RUNX2 coding sequence (Sigma-Aldrich),
selected, and frozen within three passages. Cells were maintained in
media containing DMEM + 10% FBS with 1 p.g/ml puromycin. Low-
RUNX2 expressing, glucose deprivation-resistant clones of Hs578t
cells (Hs578t.LG) were generated by replacing culture media with
low-glucose (0.5 mM) + 5%FBS for 4 days. Standard culture media
was added back to the surviving cells. After 10 days, expanded cells
were characterized for RUNX2 expression. SIRT6 overexpressing
cells were prepared after transfection of parental Hs578t tumor cells
with a Flag-tag SIRT6 cDNA expression plasmid (Genecopoeia, Inc.,
Rockville, MD) and brief selection with G418 (1 week). SIRT6 protein
expression was confirmed by Western blot. For measurement of
SIRT6 expression, cells were either starved in the absence of glucose
for the indicated time or different concentrations of glucose were
added. Treatments with pyruvate (0, 0.1mM, 1mM) or cyclo-
heximide (10 pg/ml) were performed in 5% or 2% FBS, respectively.
The proteasome inhibitor MG132 (20 pM; Sigma-Aldrich) was used
to treat MCF7 cells cultured in the absence (RUNX2+) or presence
(RUNX2—) of doxycycline (2 wg/ml) after 24 h of glucose starvation.

CO-IMMUNOPRECIPITATION (CO-1P) AND WESTERN BLOTS

MCF7 cells cultured in the presence or absence of 2 pg/ml
doxycycline were processed for nuclear extract isolation with
NucBuster EMD Millipore, Billerica, MA Briefly, cell extracts were
pre-cleared with Protein G-Sepharose GE Healthcare Life Sciences,
Piscataway, NJ (GE Healthcare) for 1h at 4°C and the supernatant
was incubated with anti-RUNX2 antibody (MBL) overnight. Protein-
G-Sepharose was added for 1 h and the precipitated complexes were
washed with 50 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton X-100, 0.5% NP-40. Proteins were eluted from the
beads using 0.1 M Glycine buffer (pH 2.5), treated with 1X SDS
loading buffer containing B-mercapto-ethanol, and heated at 97°C
for 10min. Samples were resolved on a 4-12% Bis-Tris poly-
acrylamide gel (Invitrogen) and transferred to PVDF membranes
(EMD Millipore, Billerica, MA). Immunoblots were probed with anti-
SIRT6 (polyclonal rabbit; Cell Signaling) or anti-FLAG (CY Lin,
Georgetown University) antibodies followed by development with
enhanced chemiluminescence, ECL (Millipore). Anti-mouse IgG was

used as a control antibody. For Western blots, cells were washed with
PBS and cytoplasmic and nuclear lysates were obtained using
NucBuster (Novagen/EMD4 Biosciences) [Pierce et al., 2012]. Lysates
were fractionated by SDS-PAGE with 4-12% gradient gels
purchased from Invitrogen. Western analysis was carried out using
antibodies recognizing specific peptides or proteins: Flag (CY Lin,
Georgetown University), RUNX2 (MBL International Corp., Woburn,
MA), GLUT1 Abcam, Cambridge, MA SIRT6 (Cell Signaling), pAkt
(Cell Signaling), ERa Santa Cruz Biotechnology, Dallas, TX Hifla
(Santa Cruz), Ubiquitin (Santa Cruz), and B-actin (Sigma-Aldrich).
ERa protein levels were quantified by scanning gels (n = 3) using the
generic gray y-2.2 profiler in the Apple ColorSync Utility (version
4.6.2) program or NIH Image-J, as indicated. MCF7 cells grown in the
presence or absence of doxycycline were starved (no glucose) for
24 h. Five millimolar glucose was then added for 4h and protein
levels of GLUT1 and pAkt were analyzed using cytoplasmic extracts.
For SIRT6 expression, cells were starved in the absence of glucose for
16 h followed by glucose treatment at the indicated concentrations
(0.5-25 mM). Cells were also treated with pyruvate (0, 0.1 mM, 1 mM)
and SIRT6 levels were measured by Western blot.

MEASUREMENT OF GLUCOSE UPTAKE

For the assessment of glucose uptake values, MCF7 cells cultured in
the presence (RUNX2—) or absence (RUNX2+) of doxycycline were
plated and grown in DMEM containing 10% FBS for 24 h. Cells were
then glucose starved for 24 h followed by incubation with 100 M of
2-NBDG (fluorescently labeled D-glucose analog 2-[N-(7-nitrobenz-
2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose) for 30 min as
recommended by the manufacturer (Invitrogen/Life Technologies
Corporation, Grand Island, NY). Cells were harvested and fluo-
rescence intensity was measured by FACS analysis using excitation/
emission maxima of 465/540nm and fluorescein optical filters.
Results were expressed as relative fluorescence intensity.

CELL VIABILITY AND PROLIFERATION ASSAYS

MCF7 cells were plated on 24-well plates (2,50,000 cells/well) for 24 h
to allow recovery from trypsinization and treated with either 2-deoxy-
glucose (2-DG) (2 mM) to inhibit glycolysis or oligomycin (2.5 M) or
rotenone (0.2 wM) to inhibit oxidative phosphorylation (ox/phos) for 2
days. For 2-DG treatment, the cell media contained 5% serum + 2 mM
glucose. For oligomycin and rotenone treatment, 5% serum + 5 mM
glucose was used. Hs578t parental and Hs578t/55.5 RUNX2 knock-
down cells were plated and treated with different glucose concen-
trations (25, 5, 0.5 mM). Cell growth was monitored with the crystal
violet assay as previously described [Pierce et al., 2012]. In brief, after
the indicated time, media and dead cells were removed and attached
cells were fixed in 10% formalin, washed with water, and stained with
crystal violet (0.5% in 25% methanol; Sigma-Aldrich C3886). After
three washes with PBS, crystal violet was solubilized in a 0.1 M citric
acid/50% ethanol solution (Sigma-Aldrich C7254) and the absorbance
was measured in a 96-well plate reader at 540 nm.

ANCHORAGE-INDEPENDENT GROWTH

MCF7 cells were tested for clonogenic growth in soft agar as
described [Qiao et al., 2006; Vitolo et al., 2007]. Briefly, 40,000 cells
for each well of a 6-well plate were mixed with 0.33% soft agar in
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DMEM containing 10% fetal bovine serum and added to a base layer
of 0.5% soft agar in media containing 10% fetal bovine serum.
Colonies were photographed after 14 days at 37°C. Hs578t cells were
tested for clonogenic growth (mammosphere formation) in suspen-
sion cultures [Charafe-Jauffret et al., 2009]. Briefly, 6 x 10* cells
were cultured in 6-well ultra-low adhesion plates (Costar 3471) in
DMEM media supplemented with 1%FBS, 5mM glucose, bovine
pituitary extract (10ng/ml), heparin (4 ug/ml), and gentamycin
(20 pg/ml) in the presence (2 ng/ml) or absence of TGFB (inducer of
the mesenchymal phenotype). Mammosphere volume (mean =+ SD)
was calculated from the formula for an ellipsoid (width? x length)/2)
from duplicate wells and n=4-9 fields per treatment; spheres
>60 um’ were used for statistical comparison of control versus
treatment groups. Significance was determined using Student’s -
test or Tukey's post-hoc adjustment for 2-by-2 comparisons
following ANOVA with P < 0.05 indicating significant differences.

REAL-TIME QUANTITATIVE RT-PCR

Total RNA was extracted using TRIzol (Life Technologies). cDNA was
synthesized using 1 pg of total RNA that was reverse transcribed
with oligo-(dT) primer using the SuperScript first-strand synthesis
system (Invitrogen). Q-PCR was performed using gene-specific
primers. PCR primers used to examine expression of each gene are
listed as forward (F) or reverse (R) primers. hHK2: F-GAGCCAC-
CACTCACCCTACT, R-ACCCAAAGCACACGGAAGTT; hLDHAI:
F-CAGCCC GAACTGCAAGTTGCTTAT, RTCAGGTAACGG
AATCGGGCTGAAT; hSIRT6: F-AAGTTCGACACCACCTTTGAGAGC,
R-ACGTACTGCGTCTTACACT TGGCA; hGLUT1: F-AAGGTGATC-
GAGGAGTTCTACA, R-ATGCCCCCAACAGAAAAGATG; hPDHAT1:
F-ATGCAGACTGTACGCCGAATG, R-
GGGTGAAAGTAAAGCCGTGAG.

CHROMATIN IMMUNEPRECIPITATION (CHIP)

The 5’ flanking genomic region of the Sirt6 gene precedes the Sirt6
open reading frame and contains a TATA- and CCAAT-box less
promoter, a 300bp CpG island, and GATA-x and RUNX/AML
transcription factor binding sites [Mahlknecht et al., 2006]. ChIP
assays were performed as described [Pierce et al., 2012]. Hs578t cells
grown in either full media (FM; 25 mM glucose) or low glucose
starvation media (5 mM glucose) were cross-linked with 1% form-
aldehyde for 10 min at 37°C. After two washes with cold PBS, cells
were collected and lysed with warm SDS lysis buffer (1% SDS, 10 mM
EDTA pH 8, 50 mM Tris-HCl pH 8) containing protease inhibitors
followed by sonication (five pulses of 10 min, 30s; Branson Sonifier).
The DNA fragmentation was confirmed by agarose gel electro-
phoresis. After centrifugation for 10 min at 13,000rpm at 4°C,
supernatants were diluted 1/10 in dilution buffer (0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, 167 mM NaCl) followed by pre-clearing
with magnetic beads (Dynabeads, Invitrogen). RUNX2-specific anti-
body (MBL International Corp., Catalog #D130-3) or IgG non-specific
control was added overnight at 4°C on a rotation platform. Magnetic
beads were added and the mixture incubated for 1h at 4°C with
rotation. Beads were collected and washed sequentially for 20 min
each with high salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA,
and 20 mM Tris-HCl pH 8.1, 500 mM NaCl), low salt buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, and 20 mM Tris-HCI pH 8.1, 150 mM

NaCl), LiCl wash buffer (0.25M LiCl, 1% IGEPAL-CA630, 1%
deoxycholate, 1 mM EDTA, and 10mM Tris-HCl pH 8.1), and TE
buffer (10 mM Tris-HCL, 1 mM EDTA). The beads were then eluted
with elution buffer (1% SDS, 0.1 M NaHCO;) and 5 M NaCl was added
and the mixture incubated for 6 h at 65°C to reverse the cross-links.
DNA was recovered using the PCI (phenol/chloroform/isoamyl
alcohol) extraction method and real-time PCR was performed for
analysis. RUNX/AML site a: Forward 5-CATCCCCTCCTCCAG-
GAAGCCCT-3’; Reverse 5-AATGGGGC TGGTGGCCTGGAGGA-3'.
RUNX/AML sites a and b: Forward 5-CATCCCCTCCTCCAG-
GAAGCCCT-3’; Reverse 5-TTGCCCAGGCTGGAGTGCAGTGG-3'.

LUCIFERASE PROMOTER REPORTER ASSAYS

The Secrete Pair Luminescence Assay Kit and the human promoter
reporter clone for SIRT6 (HPRM16920 Target Gene Accession
NM_016539) from Genecopoeia were used to measure SIRT6
promoter activity in response to RUNX2 and SIRT6. This method
utilizes the SIRT6 Gaussian luciferase promoter reporter clone
(pEZX—PGO4—GLuc—ONTM), which contains two consensus Runx
binding sites 952 bp and 589 bp upstream of the ATG start site. This
promoter drives expression of the GLuc gene and a CMV promoter
controls expression of the secreted alkaline phosphatase (SEAP)
gene. The manufacturer’s recommendations were used to transfect
the Flag.tag RUNX2 and SIRT6 expression plasmids (Genecopoeia,
Inc.,) into Hs578t, Hs578t.55.5, or HEK293 cells using Lipofect-
amine-2000 reagent (Life Technologies Inc.,). After transfection,
cells were incubated in low glucose (5 mM) for either 24 h (Hs578t
cells) or 6h (HEK293 cells) prior to collection and analysis of
conditioned media containing luciferase and alkaline phosphatase.

SMALL-INTERFERING (SI)RNA TARGETING SIRT6

SIRT6 knockdown was performed in Hs578t/55.5 cells (low RUNX2
expression) using the Trilencer-27 Human siRNA oligonucleotides
(Origene, Inc., Rockville, MD) containing a Universal Scrambled
Negative Control siRNA Duplex and three unique 27mer siRNA
duplexes (Catalog No. SR309840): siRNA A: rCrG rArGrGrArUr-
GrUrCrGrGrUrGrArArUrUrArCrGrCrGGC; siRNA B: rCrGrGrArA
rGrCrGrGrCrCrUrCrA rArCrArArGrGrGrArAAC; siRNA C: rArGrCr
GrGrArArGrGrUrGrUrGrGrG rArArCrUrGrGrCrGAG.

MITOCHONDRIAL OXYGEN CONSUMPTION

Respiration was measured in live cells in a physiologically intact
system [Clerc and Polster, 2012] using the Seahorse XF24 system
(Seahorse Bioscience, North Billerica, MA), which allows for
simultaneous measurement of OCR (0,-consumption rate), a result
of oxidative phosphorylation, and ECAR (extracellular acidification
rate), largely due to glycolytic lactic acid production [Dranka et al.,
2010]. Established protocols were employed to assess oxygen
consumption in response to glucose or pyruvate [Dranka et al.,
2010]. Cells were pretreated with glucose-free media. Basal OCR was
measured, followed by sequential oligomycin to inhibit ATP
synthase (2.5nM), Trifluoromethoxy carbonylcyanide phenylhy-
drazone to uncouple oxidative phosphorylation by dissipating the
electrochemical gradient or membrane potential that drives ATP
synthesis (FCCP; 0.4-0.75 pM), pyruvate as carbon source (10 mM)
or antimycin-A to inhibit complex III (1 wM) as in protocol 2. The
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difference between basal OCR and oligomycin-insensitive OCR
estimates the amount of O, consumption that is linked to ATP
synthesis.

PDH ENZYMATIC ACTIVITY ASSAY

The Pyruvate dehydrogenase (PDH) Enzyme Activity Microplate
Assay Kit from Abcam (ab109902) was used to measure cellular PDH
activity in MCF7 TetOFF or Hs578t/55.5 RUNX2 knockdown
(RUNX2-) compared with Hs578t/54.4 control knockdown
(RUNX2+) cells. Briefly, the PDH enzyme is detected in the wells
of a 96-well microplate using a specific antibody already bound to
the plate and activity is determined from the reduction of NAD+ to
NADH, which is coupled to the reduction of a reporter dye. The
colored reaction product is detected by measuring the Absorbance at
450 nm. Relative activity is expressed as a change in optical density
per minute per mg of protein (AOD450/min/mg).

TISSUE MICROARRAYS (TMA) AND STATISTICAL ANALYSES

Invasive ductal carcinoma (IDC) samples from the University of
Maryland Greenebaum Cancer Center were obtained under IRB
approval and processed for histological analysis using a standard
protocol with HE&E staining. Specific antibodies recognizing
RUNX2 or GLUT1 (1:200 dilution) were used to analyze serial
sections (5 pm) for protein expression. To confirm the specificity of
each antibody, specimens were also stained with secondary
antibody alone and tissues not expressing RUNX2 or GLUT1
were used as negative controls. SIRT6 expression was detected
using previously published ITHC protocols [Sebastian et al., 2012]
using antibody LS-B5589 from Lifespan Biosciences at 1:200
dilution. The Biomax BR1503 and BR483b breast cancer tissue
arrays (http://www.biomax.us/tissue-arrays/Breast/), which in-
cluded TNM staging, pathology grade, and ER/PR/Her-2/P53 THC
results from 150 breast carcinoma tissue microarray cores were
evaluated by two independent pathologists (XFZ and SL). Each
core was 1 mm in diameter with a thickness of 5 pm. Immunos-
taining for cytokeratin (CK) confirmed the epithelial origin of the
tumors. To estimate whether RUNX2, ER, or GLUT1 were elevated
in BC patient TMA, tumor specimens were dichotomized (RUNX2
high vs. low staining). A Fisher’s exact test with a 0.05 two-sided
significance level was used, which exhibited above 90% power to
detect the difference between a proportion of tissues with high
RUNX2 level of 0.78 and a proportion of 0.27 in ERa-positive
tissue, when the number of samples were 18 and 37, respectively.
A zero-inflated Poisson model was used to analyze the BR1503
data. Results for the overall test of differences in marker
expression were expressed as boxplots displaying the distribution
of each protein (GLUT1 cytoplasmic, GLUT1 membrane, RUNX2
cytosol, RUNX2 nuclear) across five groups (Normal, fibroade-
noma/ductal carcinoma in situ (FA/DCIS), Stage II, Stage II/III, and
stage IV). The Spearman correlation coefficient was used to
estimate relationships in each group of patients. Quantitation of
SIRT6 and RUNX2 in the Biomax BR483b TMAs used a previously
published method, with some modifications [Sebastian et al.,
2012]. In brief, two independent scorers assigned a weighted score
to the staining, which was categorized as negative (0), weak (1),
moderate (2), or strong (3). Each of these scores was calculated

using the following formula: SIRT6 Labeling Index=0 x %
negative cells+ 1 x % weakly stained cells 4+ 2 x % moderately
stained cells 4 3 x % strongly stained cells. If both observers could
not evaluate the tissue section (because of poor fixation, lack of
glandular material, or low tumor content) it was eliminated from
consideration. The Labeling Index was plotted across different
categories of tumor specimens, with the number of specimens in
each category indicated in parentheses: Normal (7); NAT (1); Stage
I (1); Stage II (22); Stage II (15); Stage IV (1). NAT =normal
adjacent tumor. Diagnoses included invasive ductal carcinomas
(35), mucinous carcinoma (3), invasive papillary carcinoma (1),
mixed invasive ductal and lobular carcinoma (1). Because of
insufficient Stage I or IV specimens, the mean and SD were
calculated for Normal/NAT/Stage I; Stage II; Stage II[/IV. P values
relative to normal are indicated in the Figure legend.

For all other analyses, results from culture assays were calculated
from at least three replicate samples and expressed as the mean
(£SD). To determine statistical significance, comparison of measure-
ments relative to control used the Student’s ¢-test. For comparison of
multiple measurements, Tukey’s post-hoc adjustment for 2-by-2
comparisons following ANOVA was used for data analysis. P-
values < 0.05 were considered significant.

RUNX2, METABOLIC BC FUNCTION, AND ONCOGENIC POTENTIAL
The luminal subtype and ERa+ BC cell line MCF7 (RUNX2—) [Lau
et al., 2006; Neve et al., 2006; Blick et al., 2008], was engineered to
express RUNX2 in the absence of doxycycline (tet.OFF) [Underwood
et al., 2012]. Stable clones expressing RUNX2 were isolated
(Supplementary Figure S1A). Three different RUNX2-negative
clonal variants expressed higher levels of ERa than cells expressing
RUNX2 (P < 0.018). RUNX 2+ MCF7 cells exhibited increased GLUT1
expression and pAkt activation (Fig. 1A) relative to RUNX2- cells.
Twofold higher glucose uptake was also observed in RUNX2+ cells
(Fig. 1B; P < 0.05), which were more sensitive to glucose deprivation
or starvation induced by the non-metabolic glucose analog 2-
deoxyglucose (2DG) (Fig. 1C), but resistant to mitochondrial
inhibitors (Fig. 1D). Changes in glucose dependence and/or
mitochondrial drug sensitivity in RUNX2+ cells might be related
to altered glucose metabolism associated with an oncogenic
phenotype and a growth advantage [Vander Heiden et al., 2009].
MCF?7 cells expressing RUNX2 formed fourfold larger colonies than
parental or RUNX2- cells when cultured in soft agar (Fig. 1E,F;
P < 0.005), consistent with a growth advantage under anchorage-
independent conditions.

Conversely, endogenous RUNX2 levels were reduced by 90% in
a triple negative BC cell line (Hs578t/53.5) or >99% in Hs578t/55.5
selected cells after stable knockdown with two independent
lentiviral vectors expressing shRNA targeting RUNX2 (Suppl
Fig. S1B). Control knockdown (Hs578t/54.5) cells expressed levels
of RUNX2 that were equivalent to parental Hs578t cells. Glucose
restriction reduced the growth of Hs578t parental cells, but RUNX2
knockdown cells were resistant to low glucose conditions (5 mM or
0.5 mM glucose) relative to parental cells (Fig. 2A). Hs578t parental
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were taken after 14 days and relative colony diameter measured (mm scale of magnified photos). Quantitation of mean colony diameter - SEM was determined with NIH Image-J
software from n=9-10 data points each ('P< 0.005 relative to parental cells). Inset shows Western blot with Flag.tag antibody. RUNX2 = 60 kDa.

and RUNX2 knockdown clones (53.5 and 55.5) were cultured in
low-adhesive tissue culture plates (in suspension) under anchor-
age-independent conditions that have been used to reveal the
tumor initiating, stem-like phenotype of tumor cells [Dimri et al.,
2005]. As was observed for MCF7 cells, high RUNX2 expression
was associated with the formation of 2-3-fold higher numbers of
large (>60 wm®) tumorspheres (Fig. 2B), which were denser than
those formed by cells with low RUNX2 expression (Fig. 2C).

Although 55.3 exhibited some residual RUNX2 expression, they
appeared to form the fewest tumorspheres, but this trend was not
significant in the presence of TGFB (P > 0.05). MCF7 cells grew at
similar rates as adherent cells in media containing 25 mM glucose
and 10% FBS regardless of RUNX2 expression. Adherent Hs578t
parental cells grew at a faster rate after day 2 relative to RUNX2
knockdown cells, which grew at a slower rate as they approached
confluence (Suppl Fig. S1C,D).
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Fig. 2. RUNX2 regulates glucose dependence and triple negative BC
anchorage-independent growth. (A) Cell growth in response to glucose
availability was determined using Hs578t Parental (RUNX2+) and Hs578t/55.5
(RUNX2 knockdown) cells after 3 days in culture. Culture media contained 10%
FBS plus high glucose (25 mM) or low glucose (5 mM, 0.5 mM). Cell growth was
assessed by crystal violet assay. 'Signiﬁcant reduction in cell growth compared
to 25 mM glucose from triplicate samples (P < 0.05). NS, not significant. (B)
Triple negative Hs578t cells and the RUNX2 knockdown clones (53.5; 55.5)
were harvested from attached cultures and incubated for 6 days in low-
adhesion tissue culture plates. The number of spheres greater than 60 um®
from duplicate wells and n=4-9 fields are reported for each cell line.
"P<0.05. (C) Photos show representative tumorspheres from TGFB-treated
cultures.

GLYCOLYTIC GENE EXPRESSION AND ACTIVITY IN RESPONSE TO
RUNX2

Tumor cell dependence on glycolysis is associated with reduced
mitochondrial ox/phos [Vander Heiden et al., 2009] and lower SIRT6
levels [Zhong et al., 2010]. Levels of the pro-glycolytic genes PDHK1,
LDHA, and HK2 were significantly elevated upon RUNX2 induction
in MCF7 cells (Fig. 3A; "P < 0.05). The levels of GLUT1 and HK2 (but
not LDHA) were significantly higher in RUNX2 + Hs578t parental
cells relative to Hs578t/55.5 knockdown cells (Fig. 3B; P < 0.05)
while the levels of PDHA 1, which is essential for pyruvate utilization
and generation of acetyl-CoA for mitochondrial ox/phos, were
significantly higher in RUNX2 knockdown cells relative to parental
cells cultured in low glucose (S) media (Fig. 3B; P < 0.05). In further
analysis of GLUT1 and PDHA1 expression, MCF7 cells with inducible
RUNX2 expression showed relatively higher levels of GLUT1 mRNA
than un-induced cells, as did RUNX2 + Hs578t/54.5 control knock-
down cells compared to Hs578t//55.5 knockdown cells (Fig. 3C). The
relative levels of mRNA expression for PDHA1 in MCF7 cells did not
change with RUNX2 expression under any growth conditions (Fig.
3C). However, RUNX2 expression was associated with about
threefold lower PDH enzymatic activity in MCF7 cells compared
to RUNX2- cells (Fig. 3D). PDH activity in Hs578t RUNX2
knockdown cells (55.5) was increased about 1.7-fold compared
with RUNX2 control knockdown (54.5) cells (Fig. 3D), consistent
with higher PDHA1 mRNA (Fig. 3B).

RUNX2-REGULATED METABOLIC RESPONSE AND SIRT6
EXPRESSION

SIRT6 controls glucose homeostasis, is responsive to nutrient
conditions [Kanfi et al., 2008], and negatively regulates the energy
and anabolic needs of tumor cells [Sebastian et al.,, 2012]. To
determine whether SIRT6 might be responsible for changes in
metabolic response after RUNX2 expression, MCF7 were grown in
the absence of glucose and Hs578t were grown in low (5mM)
glucose. RUNX2-positive MCF7 cells that were glucose starved for
24 h expressed lower levels of SIRT6, relative to RUNX2 negative
cells (Fig. 4A). The level of SIRT6 in RUNX2 knockdown Hs578t
(clones 53.5, 55.5) relative to parental cells was higher over the first
8 h of starvation and declined only after 16 h starvation (Fig. 4B;
P < 0.04 for 53.5 cells; P < 0.01 for 55.5 cells). Similarly, like Hs578t
parental cells, control knockdown cells (Hs578t/54.5 RUNX2 +
clone) expressed lower SIRT6 after glucose starvation than RUNX2
knockdown (Hs578t/55.5) cells (Supplementary Figure S2A). To
determine whether the higher levels of SIRT6 in RUNX2 knockdown
cells were independent of glycolysis, Hs578t/55.5 cells were treated
with pyruvate (in the absence of glucose). Levels of SIRT6 increased
with pyruvate treatment and were higher in RUNX2 knockdown cells
(Hs578t/55.5) relative to parental cells (P < 0.007) (Fig. 4C). Levels of
the glycolytic activators pAkt, HK2, and PDHK1 were also lower in
RUNX2 knockdown cells relative to parental cells (Fig. 4D; lanes
3,4). Overexpression of SIRT6 in Hs578t parental cells (Hs578t/
SIRT6; Suppl Fig. S2B) significantly reduced active pAkt and
expression of HK2 and PDHK1 compared with Hs578t parental cells
(Fig. 4D; lanes 5,6) consistent with a role for SIRT6 in negatively
regulating a RUNX2-mediated glycolytic phenotype. Hs578t
parental cells were then cultured in 0.5 mM glucose for 4 days,
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Fig. 3.

Expression of glycolytic or mitochondrial oxidative phosphorylation genes and PDH activity in response to RUNX2. (A) MCF7 (RUNX2— or RUNX2+) or (B) Hs578t

(RUNX2+) or shRNA RUNX2 knockdown (RUNX2—) cells were cultured in either full media (FM; 25 mM glucose) or low glucose starvation media (S; 5 mM glucose) for 4 h. Levels
of mRNA were determined by q-RTPCR with specific primers to detect pyruvate dehydrogenase kinase-1 (PDHK1), lactate dehydrogenase isoform A1 (LDHA1), hexokinase-2
(HK2), glucose transporter-1 (GLUT1), or pyruvate dehydrogenase isoform A1 (PDHA1). (C) GLUT1 or PDHA1 expression was measured by g-RTPCR in MCF7 cells expressing
RUNX2 or control cells (RUNX2-). GLUT1 expression in Hs578t cells (55.5 knockdown compared with 54.5 control knockdown; Suppl Fig. S1B; Fig S3) is shown for comparison.
Significant differences are indicated (P< 0.05). (D) PDH enzymatic activity was determined in MCF7 TetOFF cells or Hs578t/55.5 (shRNA knockdown; RUNX2-) and Hs578t/
54.5 (control knockdown; RUNX2+) cells using an antibody-specific microtiter plate assay and expressed as the change in Absorbance at 450 nm per minute per mg protein
(AOD,50/min/mg). Significant differences for MCF7 cells and between control knockdown (Hs578t/54.5 cells; Suppl Fig. S1B) and shRNA RUNX2 knockdown cells (Hs578t/55.5;

Suppl Fig. S1B) are indicated (P< 0.05).
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0.5 mM glucose in media containing 5% serum for 24 h. Cells were harvested, nuclear extracts were prepared, and SIRT6 and RUNX2 levels were analyzed by immunoblotting. Data

were normalized to B-Actin as a loading control. (B) Glucose starvation time course. Hs578t cells were cultured in full media (25 mM glucose) and 10% FBS for 24 h and media
was replaced with 0.5 mM glucose for 0, 4, 8, or 16 h. Significant differences between RUNX2 knockdown cells and parental cells were noted (P < 0.04 for 53.5 cells; P < 0.01
for 55.5 cells) over the first 8 h. (C) Glycolysis bypass with pyruvate. Hs578t cells were cultured for 24 h and the media was replaced with conditioned media containing pyruvate
(0, 0.1, 1 mM) +10% FBS for 4 h. Full media (FM) = 25 mM glucose. SIRT6 levels were detected by Western blot. All samples were nuclear extracts. SIRT6 protein expression (0-
1 mM pyruvate) normalized to actin (arbitrary units) = 49.6 & 5.5 (parental) and 85.6 + 2.1 (Cl. 55.5 cells); P < 0.007, t-test. (D) Expression of pAkt, total Akt, HK2, and PDHK1
in RUNX2+ (Hs578t), RUNX2 knockdown (Hs578t/55.5), or RUNX2+ cells overexpressing SIRT6 (Hs578t/Sirt6). Cells were cultured in full media (FM, 25 mM glucose) or low
glucose starvation media (S, 5 mM glucose) for 24 h. Protein expression normalized to actin (NIH Image-J) from scanned blots is indicated under each lane relative to Hs578t in

FM.

which resulted in greater than 90% cell death. Surviving cells were
rescued with full culture media (25 mM glucose). Three low glucose
(LG)-surviving clones (LG1, LG2, LG3) expressed lower endogenous
RUNX2 (P < 0.01) and slightly lower levels of GLUT1 (P < 0.06) than
parental cells, consistent with a reduced glycolytic requirement in
low RUNX2 expressing cells (Suppl Fig. S2C). Hs578t.LG2 cells also
maintained higher SIRT6 levels than parental cells when cultured in
low glucose (Suppl Fig. S2D), confirming the inverse relationship
between RUNX2 and SIRT6 levels observed in RUNX2 inducible
MCF7 and Hs578t RUNX2 knockdown cells.

RUNX2 INHIBITS MITOCHONDRIAL RESPIRATION THROUGH SIRT6
REPRESSION

High PDHK1 (Fig. 3A; Fig. 4D) and low PDHA1 expression (Fig. 3B)
or activity (Fig. 3D) in RUNX2+ cells may indicate that these cells
cannot utilize pyruvate for ox/phos very efficiently. Measurement of
mitochondrial respiration (OCR) in real time in live cells showed that
RUNX2 knockdown Hs578t/55.5 cells exhibited 60% higher basal

OCR (t=0) than parental cells (Fig. 5A). However, extracellular
acidification rates (ECAR) were not significantly affected by RUNX2
expression in Hs578t cells (Fig. 5A,B) nor were OCR responses in
MCF7 cells (Supplementary Fig. S3A). To test whether maximal
electron flux through the electron transport chain was altered by
RUNX2 expression in Hs578t cells, FCCP was used to uncouple
electron transport from ox/phos and allow the maximum amount of
oxygen consumption. With FCCP treatment, Hs578t/55.5 cells
showed threefold higher maximal OCR relative to parental cells (Fig.
5C). When pyruvate was added as a mitochondrial substrate to
ensure that substrate availability was not limiting, Hs578t parental
cells exhibited about 40% increased OCR from their basal level
whereas RUNX2 knockdown cells exhibited a dramatic increase in
OCR (fourfold higher than parental cells), consistent with pyruvate
utilization through PDH and the mitochondrial TCA cycle rather
than through LDH. These observations are consistent with the higher
SIRT6 levels observed after pyruvate treatment in RUNX2 knock-
down cells (Fig. 5C) and with a preference for oxidative
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Fig. 5. RUNX2 and SIRT6 regulate mitochondrial oxygen consumption rates (OCR). (A) Basal OCR and ECAR were measured at t=0 (in 5mM glucose) using Hs578t
Parental (RUNX2+) and Hs578t/55.5 RUNX2 knockdown cells. Results are mean + SD from n= 11 separate wells for each cell type (P< 0.05 relative to Hs578t P). (B)
Measurement of changes in ECAR (mpH/min) in Hs578tP (RUNX2+) and Hs578t/55.5 (RUNX2-) cells in real-time. FCCP=0.75 pM; Pyruvate = 10 mM; Antimycin
A =1 pM. Mean + SD from n = 2-3 wells/cell. (C) OCR in Hs578tP parental (RUNX2-+) and Hs578t/55.5 knockdown cells were measured in real-time. FCCP =0.75 pM;
Pyruvate = 10 mM; Antimycin =1 pM. Mean £SD from n=2-3 wells/cell type. The increase in OCR in shRNA treated cells (55.5) compared to Hs578tP cells was
significant (P<0.05 from 0-60 min). (D) OCR were measured in Hs578tP or Hs578t SIRT6 (Suppl Fig. S2B) overexpressing cells in real-time. FCCP=0.75 pM;
Pyruvate = 10 mM; Antimycin A=1 uM. Mean = SD from n=2-3 wells/cell type. (E) OCR were measured in RUNX2 knockdown Hs578t/55.5 cells (SiRNA CTRL; low
RUNX2) or Hs578t/55.5 cells in which SIRT6 levels were also reduced (siRNA SIRT6) using siRNA C (Suppl Fig. S3C). FCCP = 1.0 uM; Pyruvate = 10 mM; Antimycin
A =1 pM. Mean =+ range from n =2 wells/cell type. Significant differences in OCR in SIRT6 knockdown compared to control cells in response to pyruvate added after FCCP
were noted (P< 0.05 from 30 to 60 min).
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phosphorylation in cells expressing low RUNX2. Non-mitochondrial
oxygen consumption after antimycin A treatment (inhibitor of
complex ITT) was low in both cell lines. When the FCCP concentration
was titrated to depolarize the mitochondrial membrane, both Hs578t
parental or control knockdown (54.5) cells (expressing equivalent
levels of RUNX2) exhibited relatively similar OCR (Suppl Fig. S3B),
although their response to pyruvate was still much less pronounced
when compared with Hs578t RUNX2 knockdown cells (Fig. 5C).

SIRT6 is known to repress glycolysis and promote mitochondrial
respiration [Zhong et al., 2010]. To determine whether RUNX2 was
repressing OCR through lower SIRT6 protein levels, Hs578t parental
cells (expressing high RUNX2, but low SIRT6) were transfected with
a cDNA vector encoding SIRT6 (Suppl Fig. S2B). SIRT6-transfected
cells exhibited higher OCR than vector controls, especially after the
addition of pyruvate (Fig. 5D). Therefore, the ability of RUNX2 to
repress mitochondrial oxygen consumption can be partially reversed
by overexpression of SIRT6. To determine if RUNX2 knockdown
cells exhibited higher OCR than RUNX2+ cells because of higher
SIRT6 levels, SIRT6 knockdown in Hs578t/55.5 cells was tested with
three different siRNA oligonucleotides (siRNA A, siRNA B, siRNA C)
(Suppl Fig. S3C). siRNA C treatment resulted in about a 10-fold
reduction in SIRT6 levels compared to control. Although RUNX2
levels in Hs578t/55.5 cells were low, overexposure of the Western
blot showed that RUNX2 levels did not increase with siRNA C
treatment but instead were reduced by threefold (Suppl Fig. S3D).
siRNA C-mediated knockdown of SIRT6 in Hs578t/55.5 cells resulted
in reduced OCR relative to siRNA control (Fig. 5E) suggesting that
SIRT6 mediated the increased OCR in RUNX2 knockdown cells.

Since the hypoxia-inducible transcription factor, Hifla, is a
master regulator of glycolysis [Semenza, 2009] and is negatively
regulated by the NAD-dependent sirtuin, SIRT6 [Zhong et al., 2010],
Hifla expression was examined in RUNX2+ or RUNX2— MCF7
cells. Hifla was not detectable in Hs578t cells. Hifla levels were
higher in RUNX2+ (relative to RUNX2—) cells after starvation (t =0)
and increased modestly after glucose treatment (Supplementary Fig.
S4A). Conversely, SIRT6 levels were low in RUNX2+ cells that had
been starved and the relatively higher SIRT6 levels in RUNX2— cells
declined with glucose treatment. The general SIRT inhibitor sirtinol
reduced SIRT6 levels even further at 8h in RUNX2— cells while
having modest effects on Hif 1. In cells exposed to hypoxia (1% 0,),
Hifla levels increased within 4 h in RUNX2— and RUNX2+ cells, but
declined by 24 h (Suppl Fig. S4B). Hypoxia-inducible levels of Hif1a
remained higher in RUNX2+ (relative to RUNX2—) cells even after
24 h. Combined, these data suggest that BC cells expressing RUNX2
upregulate expression of glycolytic genes and the glycolytic factor
Hifla while downregulating SIRT6 levels and mitochondrial
pyruvate utilization for respiratory activity.

POST-TRANSLATIONAL AND TRANSCRIPTIONAL REGULATION OF
SIRT6 BY RUNX2

RUNX2 and SIRT6 are regulated through post-transcriptional
mechanisms involving nutrient availability, cell cycle kinases, and
proteasomal degradation [Zhao et al., 2003; Kanfi et al., 2008;
D’Souza et al., 2009; Pierce et al., 2012]. SIRT6 associated with
RUNX2 in unstarved MCF7 cells after immunoprecipitation (Fig. 6A)
and reciprocal co-IP confirmed these results (Fig. 6B). Proteasome

inhibition with MG132 increased the levels of SIRT6 in Hs578t or
55.5 cells (Fig. 6C), but SIRT6 protein stability appeared to be similar
in both cells after treatment with the protein synthesis inhibitor
cycloheximide (CHX), suggesting that post-translational events
might regulate SIRT6 regardless of RUNX2 expression (Fig. 6D).
Overexpression of SIRT6 in HEK293T cells resulted in high levels of
Ubiquitin/SIRT6 only when RUNX2 was co-expressed in the same
cells (Supplementary Fig. S5A). This was confirmed in Hs578t cells
for endogenous SIRT6 and RUNX2 (Fig. 6E). Ubiquitin/SIRT6
complexes were not detectable in RUNX2 knockdown Hs578t cells
(Hs578t/55.5), even in the presence of MG 132, consistent with higher
levels of SIRT6 protein in the immuneprecipitates (Fig. 6E),
suggesting that SIRT6 levels depend on RUNX2 expression and
proteasomal processing. SIRT6 expression is also regulated at the
transcriptional level [Zhong et al., 2010]. In MCF7 cells, expression
of RUNX2 was associated with lower SIRT6 protein levels (Fig. 4;
Supplementary Fig. S4A) and SIRT6 mRNA levels (Fig. 7A). SIRT6
mRNA expression in Hs578t parental and RUNX2 knockdown cells
was measured in full media (FM; 25 mM glucose) or in low glucose
starvation media (S; 5 mM). Culture in low glucose (S) resulted in
dramatic (>900%) inhibition of SIRT6 expression in Hs578t parental
cells (Fig. 7B). However, after RUNX2 knockdown (Hs578t/55.5) only
a 50% decrease in SIRT6 mRNA levels was observed. RUNX2 is a
known transcriptional repressor when associated with histone
deacetylases [Schroeder et al., 2005] and the human SIRT6 promoter
contains two consensus RUNX-binding sites (Fig. 7C) [Mahlknecht
et al., 2006]. Using ChIP analysis, RUNX2 associated with the SIRT6
promoter sites “a and b” in cells cultured in FM (Fig. 7D). This
association increased in low glucose (S) cultured cells, consistent
with the repression of SIRT6 mRNA levels in RUNX2+ cells under
starvation (S) conditions (Fig. 7B). Results were confirmed
quantitatively by qRTPCR (Fig. 7E), which showed a 20-fold higher
association of RUNX2 with “sites a and b” in FM (relative to IgG
control) and a 90-fold increase in low glucose (S). RUNX2 showed
negligible association with SIRT6 promoter “site a” alone and the
ability to design primers to amplify only site “b” was limited because
of the sequences and close proximity of these RUNX/AML sites.
Therefore, we conclude that RUNX2 appears to associate with one or
both of the RUNX/AML sites on the SIRT6 promoter. Consistent with
these observations, SIRT6 promoter-luciferase activity in RUNX2
knockdown Hs578t.55.5 cells was 2.7-fold higher relative to
RUNX2 + Hs578t (Parental) cells (Fig. 7F). RUNX2 also repressed
SIRT6 promoter-luciferase activity about twofold in HEK293 cells
transfected with RUNX2 and SIRT6 but not with RUNX2 alone
(Suppl Fig. S5B). These combined results suggest that RUNX2
association with the SIRT6 promoter results in active repression of
SIRTé.

RUNX2/SIRT6 EXPRESSION AND METABOLIC POTENTIAL IN HUMAN
BC

Expression of RUNX2 in a limited group of invasive ductal
carcinoma (IDC) lesions from BC patients at the University of
Maryland Greenebaum Cancer Center was determined by IHC.
RUNX2 expression was inversely correlated with ER*/PR" status
(Supplementary Figure S6) and directly correlated with proliferative
index (Ki67) and standard uptake values (SUV; estimated from FDG-
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nuclear extracts. Cells were cultured in 25 mM glucose and 5% FBS as in Figure 3A, with doxycycline to repress RUNX2 expression or in the absence of doxycycline to induce
RUNX2. Three separate determinations are shown. (B) MCF7 cells expressing Flag.RUNX2 and endogenous SIRT6 were cultured as in Figure 5A. Nuclear extracts were used for
reciprocal co-IP. (C) Parental Hs578t or RUNX2 knockdown (Hs578t/55.5) cells were grown in media containing the proteasomal inhibitor MG132 (20 M) for 16 h. Expression
of SIRT6 and RUNX2 were normalized to B-actin as indicated (NIH Image-J). (D) Translational inhibitor (cycloheximide, CHX) was used to determine whether RUNX2 regulated
SIRT6 protein stability under starvation (0.5 mM glucose) conditions. Hs578t parental and Hs578t/55.5 cells were plated and grown in DMEM (25 mM glucose) + 10% FBS. After
24 h, media was replaced with 5% FBS containing 0.5 mM glucose and cells were treated with CHX (10 pg/ml) for 0, 2, 4, or 6 h. Nuclear extracts were analyzed for SIRT6
expression and normalized to B-actin as indicated. (E) Hs578t cells expressing endogenous RUNX2 or cells in which RUNX2 had been reduced by shRNA (Hs578t/55.5) were

treated with MG132 for 4 h prior to IP with SIRT6 antibody.

PET scans), indicative of increased glucose metabolism. The glucose
transporter, GLUT1, was expressed in proliferative, ERa-negative
and RUNX2+ tumors. ERa is a marker of differentiated mammary
epithelia that is lost during the epithelial-mesenchymal transition
(EMT) [Guttilla et al., 2012a,b]. ERa expression has been reported to
inversely correlate with RUNX2 expression [Onodera et al., 2010;
Chimge et al., 2012]. RUNX2 and GLUT1 expression were therefore
examined in an independent commercially available tumor micro-
array (TMA), which included normal tissue, FA/DCIS (stage I), stage
I, stage II/III, and stage III cancers. These tumors were validated for
ERa, Ki67, and p53 status. GLUT1 was used as a marker of glycolysis
and ERa as a marker of the differentiated phenotype. Two blinded
and independent clinical anatomic pathologists assessed IHC
staining. Normal glandular tissue (HE&E) exhibited low RUNX2
and high GLUT1 staining while stage Il cancers were poorly

differentiated (H&E) with high RUNX2 and GLUT1 staining
(Supplementary Figure S7A). Cytoplasmic GLUT1 (Glut1iC) was
detected in normal, stage II/III, and stage III tumors (Suppl Fig. S7B).
Plasma membrane-bound GLUT1 (Glut1M) was not found in normal
tissue, but increased with tumor grade. RUNX2 was not expressed in
normal tissue, but cytoplasmic RUNX2 (RUNX2C) increased with
tumor grade (80% of stage II tumors expressed RUNX2) and was
found in the nucleus of 68% of stage III tumors (RUNX2N).
Cytoplasmic GLUT1 expression was different across all groups
(P < 0.0001) as was plasma membrane bound GLUT1 (P < 0.008) and
total RUNX2 (P < 0.0001) (Suppl Fig. S7B). There was also a negative
correlation (r= —0.48) between total RUNX2 and ERa both in
normal tissue (high ER; low RUNX2) and in stage III tumors (low ER;
high RUNX2) (Suppl Fig. S7C). ERa expression was high (40-80% of
all tissues were positive) at all stages except stage III (12% positive).
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Hs578t BC cells or after RUNX2 knockdown (Hs578t/55.5) was measured either in full media (FM; 25 mM glucose) or low glucose starvation media (S; 5 mM glucose) for 4 h.
Levels of mRNA in RUNX2-+ (Parental, Hs578t P) or RUNX2 knockdown (Hs578t/55.5) cells were determined by g-RTPCR. Significant differences are indicated (P < 0.05). (C)
Location of putative RUNX-binding (RUNX/AML a; RUNX/AML b) sites in the human SIRT6 promoter [Mahlknecht et al., 2006]. (D) Chromatin immunoprecipitation (ChIP) assays
were performed with Hs578t cells. Protein-DNA complexes from Hs578t cells cultured in full media (FM) or low glucose starvation media (S; 5mM Glucose) for 4 h were
immunoprecipitated with RUNX2-specific (MBL) antibody. Agarose gels were used to visualize PCR products specific for sites "a + b." H,0 lane = no DNA template; input = prior
to immunoprecipitation; IlgG = non-specific, isotype-matched IgG control; FM = full media (25 mM glucose) + RUNX2 Ab; S = low glucose starvation (5 mM) + RUNX2 Ab. (E)
ChlIP analysis using quantitative PCR was performed after immunoprecipitation of protein/DNA complexes with non-specific IgG or RUNX2-specific antibody in cells cultured in
full media (FM) or low glucose starvation (S) for 4 h. Specific PCR primers were used to amplify sites “a + b."” Significant differences between FM and S media are indicated
('P< 0.05; ANOVA). (F) SIRT6 promoter-luciferase (prom.luc) activity was determined with the dual Gaussian luciferase (GLuc) normalized to secreted alkaline phosphatase
(SEAP) in Hs578t (Parental) or RUNX2 knockdown (55.5) cells transfected with or without the SIRT6.prom.Luc vector. After transfection, cells were incubated in low glucose
(5mM) for 24 h prior to collection of conditioned media. Significant differences in SIRT6 promoter activity are indicated (P< 0.05; ANOVA).

RUNX2 expression was high (40-80% of all tissues were positive) at
all stages, except normal tissue (12.5% positive). Generally, RUNX2
and ERa were co-expressed at all tumor stages, except stage IIL.
Interestingly, there was a possible negative correlation between
RUNX2 (low) and cytosolic GLUT1 (high) in normal tissues
(r=-—0.75). However, there was a possible positive correlation
between RUNX2 and membrane-bound GLUT1 in stage III cancers
(r=0.42). Examination of serial-sectioned primary breast tumor
specimens from a similar tumor microarray (Fig. 8A,B) showed that
the incidence of SIRT6 expression was high in normal tissue (mean
labeling index = 88) while stage II (mean labeling index = 12.2) or III
(mean labeling index = 9.2) malignant tissue exhibited lower SIRT6

expression (P < 0.05). The incidence of RUNX2 in normal tissue
(mean labeling index = 8.6) was significantly lower than stage II
(mean labeling index=51.9) or stage IIl (mean labeling index
=61.3) tumors, thus supporting an inverse relationship between
RUNX2 and SIRT6 expression in human BC.

Metabolic adaptations during cancer progression allow tumor cells
to use oxygen and nutrients from the microenvironment [Fukumura
and Jain, 2007; Semenza, 2009] to generate energy, support the
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biosynthetic burdens of proliferation, adapt to hypoxia and
oxidative stress, and support tumor growth [Cairns et al., 2011].
Glycolysis is a major driver of tumorigenicity, but the mechanisms
through which tumor cells suppress mitochondrial oxidative
phosphorylation are not completely understood [Vander Heiden
et al., 2009]. RUNX2-expressing BC cells metabolized glucose and
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were dependent on glucose for survival. The results extend our
earlier findings that glucose can activate RUNX2 DNA-binding
[D’Souza et al., 2009; Pierce et al., 2012] and show that RUNX2 can
regulate BC metabolic activity. Further, RUNX2 may promote BC
progression in some cells by suppressing SIRT6-mediated mito-
chondrial respiration. RUNX2 inhibited SIRT6 mRNA expression,
interacted with the SIRT6 promoter, repressed SIRT6 promoter
activity, and was associated with lower levels of SIRT6 protein. These
results reveal a novel mechanism through which RUNX2 regulates
cellular metabolism and promotes tumor progression in BC cells in
part by altering glycolytic gene expression or mitochondrial
respiration (Fig. 8C).

RUNX2 has been shown to exhibit tumor suppressor properties by
antagonizing ERa oncogenic activity [Chimge et al., 2012].
However, RUNX2 can also increase growth in soft agar of NIH323
fibroblasts, an oncogenic function [Qiao et al., 2006; Vitolo et al.,
2007]. Current results show that RUNX2 increased anchorage-
independent growth in soft agar (Fig. 1) and mammosphere
formation (Fig. 2), a cancer stem cell phenotype [Kim et al., 2012]
and an indicator of oncogenic potential [Dimri et al., 2005]. Triple
negative Hs578t are part of the NCI60 panel of cell lines that express
putative tumor stem cell markers [Stuelten et al., 2010], oncogenic
(mutant) p53, mutant ras, and c-myc, but lack p16 [Ikediobi et al.,
2006]. Others have reported that Hs578t cells also express high levels
of RUNX2 protein [Lau et al., 2006], but do not grow well in vivo in
mice or as anchorage-independent colonies in soft agar [Hughes
et al., 2008]. However, we found that these cells grow readily as
mammospheres in suspension, which might reflect their claudin-low
phenotype, expression of EMT markers, and stem-like characteristics
[Prat et al., 2010]. RUNX2 is known to cooperate with TGFB through
RUNX/Smad transcriptional regulation of target genes [Pratap et al.,
2006]. TGFB displays a dual role in breast cancer, inhibiting growth
at early stages while increasing growth in late stages of tumor
progression [Massague, 2008]. Although the addition of TGFB did
not augment metabolic gene expression in these cells, it is possible
that constitutive Smad activation may still cooperate with RUNX2 to

Fig. 8. RUNX2 and SIRT6 expression in human BC: TMA analysis. (A) IHC for
SIRT6 and RUNX2 from normal human mammary glands or adjacent normal
tissue and stage Il and Ill breast cancers. Some stromal elements stained with
SIRT6 antibody in stage Il cancers. Controls using secondary antibody alone
(2nd Ab; HEE stain) and negative tissue stained with either RUNX2 or SIRT6
antibody are shown. Scale bar = 100 wm. (B) RUNX2 or SIRT6 Labeling Index
for samples from panel A was calculated as described from IHC of human BC
tumor microarrays (TMA) across three groups of tumors: Normal/NAT/Stage |
(n=5); Stage Il (n=18); Stage IlI/IV (n = 13). Shown are the mean + SD for
each stage; 'P< 0.005 or ~ P< 0.05 compared to normal tissue. (C) Model for
RUNX2 regulation of breast cancer glucose metabolism. When RUNX2 is
expressed, SIRT6 levels decline, which in turn maintains high active PDHK1 to
inhibit PDH. Low PDH activity results in reduced conversion of pyruvate to
acetyl CoA (low OCR and mitochondrial respiration). Conversely, when RUNX2
levels are low, SIRT6 levels are high and so PDHK1 expression is repressed. This
results in active PDH (TCA cycle and ETC), consistent with higher OCR. SIRT6
may restrict growth by also reducing histone, acetylation, and protein
synthesis. (PPP, pentose-phosphate pathway; LDH, lactate dehydrogenase;
PDH, pyruvate dehydrogenase; PDHK1, pyruvate dehydrogenase kinase-1; TCA,
tricarboxylic acid; ETC, electron transport chain).
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alter BC metabolism. Our results are consistent with reciprocal
effects of RUNX2 and ER [Chimge et al., 2012] and with a role for
RUNX2 in promoting a BC cell oncogenic phenotype. Luminal breast
cancers are heterogeneous [Berman et al., 2010; Eroles et al., 2012]
and a subpopulation of MCF7 cells was found to exhibit stem cell
properties and express RUNX2 [Kim et al., 2012]. BC cells that gain
RUNX2 expression may acquire a survival advantage mediated by
GLUT1 expression, glucose uptake, and glucose utilization. Our
results are consistent with the hypothesis that RUNX2 supports a
glycolytic phenotype in cells with Hif1e, but low SIRT6 expression.
Other studies have found that SIRT6-deficient cells express higher
Hifla, with increased glycolysis and diminished mitochondrial
respiration [Zhong et al., 2010]. RUNX2 interacts with Hif1a through
the RUNX DNA-binding domain, leading to stabilization of Hifla
protein [Kwon et al., 2011], as observed in RUNX2 expressing MCF7
cells (Suppl Fig. S4). Extended starvation leads to reduction in Hif1a
levels perhaps because of depletion of metabolic intermediates (such
as succinate and fumarate) that normally inhibit prolyl hydroxylases
to maintain higher levels of Hifla. It is also possible that RUNX2/
Hifla cooperation could regulate metabolic reprogramming through
PI3K/Erk or PI3K/Akt-mediated RUNX2 phosphorylation [Qiao et al.,
2004; Ge et al., 2009; Pande et al., 2013].

RUNX2 expression was associated with elevated PDHK1, HK2,
GLUT1, and lower PDHA1, which are known to promote glycolysis.
Higher PDHAT1 levels and activity in RUNX2 knockdown cells
(relative to RUNX2+ cells) are indicative of the potential to divert
glucose towards mitochondrial oxidative phosphorylation. SIRT6
and RUNX2 play important roles in several common biological
processes: metabolism, senescence, aging, bone formation, and
insulin secretion. But, so far, no link between these transcriptional
regulators has been reported. The association of RUNX2 and SIRT6
may contribute to ubiquitination and proteasomal degradation of
SIRT6 (Fig. 6; Suppl Fig. S5). In addition, when cultured in low
glucose, SIRT6 mRNA expression was low in RUNX2+ cells but was
higher in RUNX2 knockdown cells (Fig. 7). RUNX2 associated with
the SIRT6 promoter (Fig. 7) and RUNX2+ cells, which express low
SIRT6, exhibited lower SIRT6 promoter-luciferase activity than
RUNX2 knockdown cells, which express higher SIRT6. The ability of
RUNX2 to repress SIRT6 promoter activity in parental cells that
express low SIRT6 may be due to the presence of sufficient
endogenous SIRT6 cofactor that cooperates with RUNX2. However,
it is possible that other co-repressors (such as HDACS6) that are
known to interact with RUNX2 could also cooperate with RUNX2 to
inhibit SIRT6 expression. The data suggest that RUNX2 can be
actively recruited to SIRT6 promoter sites and that it may be a
regulatory factor to repress SIRT6 gene expression in BC cells.
RUNX2 expression may not only promote a glycolytic phenotype,
but may also suppress mitochondrial respiration (Fig. 5). Knockdown
of endogenous SIRT6 in Hs578t/55.5 cells (low RUNX2) inhibited
mitochondrial respiration (Fig. 5E) without elevating RUNX2 (Suppl
Fig. S3), suggesting that the increased OCR observed upon lowering
RUNX2 levels was dependent on SIRT6. Similarly, MEFs from SIRT6
KO mice, which exhibit defects in bone formation and a lethal
hypoglycemia [Mostoslavsky et al., 2006], exhibit reduced OCR
relative to wild type MEFs. In these cells, SIRT6 promoted glucose
utilization through mitochondrial oxidative phosphorylation

[Zhong et al., 2010]. Our results reveal for the first time that the
changes in metabolism in response to RUNX2 involve inhibition of
oxygen utilization because of SIRT6 repression. However, it is
possible that RUNX2 may regulate other mitochondrial factors that
control oxygen consumption.

Glucose uptake as measured by '®F-2DG PET scans has been
used clinically for many years to diagnose primary tumors and
metastatic lesions [Wu and Gambhir, 2003]. Our data reveal that in
tumors with high GLUT1 expression, membrane-bound GLUT1
increased with tumor grade and was associated with RUNX2
expression, which is consistent with higher glucose uptake values
and a glycolytic phenotype in poorly differentiated tumors [Cairns
et al.,, 2011; Zhang et al., 2011]. Expression of RUNX2 in cancer
tissues was observed in the cytoplasm and nucleus (Suppl Fig. S7).
Previous work reported RUNX2 cytoplasmic staining in epithelial
and stromal cells of prostate tumors [Yun et al., 2012] where
nuclear staining correlated with metastatic disease. RUNX2
expression was also observed in the cytoplasm of cells in culture
[Kim et al., 2003; Deepak et al., 2011] and taxol treatment led to the
accumulation of RUNX2 in the cytosol because of failure to
translocate to the nucleus after synthesis [Pockwinse et al., 2006].
Low SIRT6 but high RUNX2 staining was observed in late stage ILIII
BC tissue with high Ki67 (proliferative index) but low ERa
expression (Fig. 8), which is consistent with a tumor suppressor role
for SIRT6 in BC progression. A recent study has also shown that
SIRT6 acts as a tumor suppressor in gastro-intestinal cancers
[Sebastian et al., 2012]. In summary, RUNX2 appears to attenuate
SIRT6 expression, which is a critical regulator of glucose homeo-
stasis, especially under glucose restrictive conditions that are
common in the tumor microenvironment.
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