The Journal of Clinical Investigation

RESEARCH ARTICLE

RUNX2 regulates leukemic cell metabolism and
chemotaxis in high-risk T cell acute lymphoblastic

leukemia
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T cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy with inferior outcome compared with that of B cell

Introduction

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive
hematologic malignancy that occurs predominantly in children,
adolescents, and young adults. It is currently treated by multia-
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ALL. Here, we show that Runt-related transcription factor 2 (RUNX2) was upregulated in high-risk T-ALL with KMT2A
rearrangements (KMT2A-R) or an immature immunophenotype. In KMT2A-R cells, we identified RUNX2 as a direct target of
the KMT2A chimeras, where it reciprocally bound the KMT2A promoter, establishing a regulatory feed-forward mechanism.
Notably, RUNX2 was required for survival of immature and KMT2A-R T-ALL cells in vitro and in vivo. We report direct
transcriptional regulation of CXCR4 signaling by RUNX2, thereby promoting chemotaxis, adhesion, and homing to medullary
and extramedullary sites. RUNX2 enabled these energy-demanding processes by increasing metabolic activity in T-ALL cells
through positive regulation of both glycolysis and oxidative phosphorylation. Concurrently, RUNX2 upregulation increased
mitochondrial dynamics and biogenesis in T-ALL cells. Finally, as a proof of concept, we demonstrate that immature and
KMT2A-R T-ALL cells were vulnerable to pharmacological targeting of the interaction between RUNX2 and its cofactor CBFp.
In conclusion, we show that RUNX2 acts as a dependency factor in high-risk subtypes of human T-ALL through concomitant
regulation of tumor metabolism and leukemic cell migration.

gent high-dose chemotherapy that is often associated with acute
and chronic life-threatening and debilitating toxicities (1, 2).
T-ALL can be classified by unique gene expression signatures
corresponding to different stages of T cell developmental arrest
and showing aberrant regulation of specific transcription factor
oncogenes, including LMO2/LYL1, HOXA, TLX1, TLX3, NKX2.1,
NKX2.2, TAL1, TAL2, or LMOI1/2 (3-8). A high-risk subtype of
T-ALL derived from cells at the early T cell precursor (ETP) dif-
ferentiation stage significantly overlaps with LYLI-positive T-ALL
(4) and MEF2C-dysregulated immature T-ALL (5, 9). These
immature T cell leukemias show a transcriptional program related
to hematopoietic stem cells and myeloid progenitors (5) and are
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associated with a poor prognosis, with reduced overall survival
(10-12). Deregulated HOXA gene expression is a hallmark of
KMT2A-rearranged (KMT2A-R) T cell leukemia (6, 13, 14). Chro-
mosomal rearrangements involving the KMT2A (MLL) gene are
considered a poor prognostic factor in all leukemia subtypes (15),
including T-ALL (16, 17). Other genetic alterations that result in
HOXA overexpression in T-ALL include the PICALM-AF10 and
SET-NUP214 fusion genes (16).

The RUNX family of heterodimeric transcription factors con-
sists of 3 members, Runt-related transcription factor 1 (RUNX1),
RUNZX2, and RUNX3, which have crucial roles in the regulation
of normal development and tumorigenesis (18, 19). All 3 RUNX
family members share an evolutionarily conserved Runt domain,
which is required for binding with both DNA and the non-DNA-
binding protein CBFp. Interaction of RUNX-CBFp increases
DNA-binding affinity of the heterodimeric complex and is crucial
for its transactivation function (20). While RUNX1 is predomi-
nantly expressed in the hematopoietic lineage and plays a crucial
role in embryonic and adult hematopoiesis (21, 22), RUNX2 has
been mainly characterized as a pivotal regulator for osteoblast and
chondrocyte differentiation and bone development (23-26).

Few studies have investigated the role of RUNX2 in normal
hematopoiesis and T cell development. Runx2 is highly expressed
in the hematopoietic stem cell and progenitor compartment of the
BM in mice, and its upregulation leads to repression of myeloid
differentiation (27). Another study in mice found that Runx2 is
mainly expressed in the CD4/CD8 double-negative T cell popula-
tion and that its enforced expression perturbs T cell development
at the B-selection stage (28).

To date, mainly oncogenic roles have been described for
RUNX2 in tumor development. Amplification of RUNX2 has been
implicated in osteosarcoma development and chemoresistance
(29-31). High RUNX2 expression levels have also been reported
in breast and prostate cancer, most prominently in the context of
bone metastasis (32, 33). In hematologic malignancies, mouse
models demonstrated that Runx2 cooperates with Cbf3-SMMHC
to induce AML (27). Furthermore, Runx2 was identified as a ret-
roviral insertion site in retrovirus-induced hematopoietic tumors
(34), and its oncogenic potential was further established in CD2-
Runx2 transgenic mice (35). CD2-Runx2 transgenic mice are prone
to T cell lymphoma development where RUNX2 collaborates with
MYC to overcome apoptosis and growth arrest (36). In blastic plas-
macytoid dendritic cell neoplasm, RUNX2 is also highly expressed
and collaborates with MYC to promote tumor growth (37).

Given the roles of RUNX2 in tumor development and metas-
tasis, we investigated its roles in the pathobiology of T-ALL. We
found that increased RUNX2 levels are largely restricted to imma-
ture and KMT2A-R T-ALL and that RUNX2 acts as a dependency
factor in these high-risk T-ALL subtypes. RUNX2 is required for
T-ALL survival, and its aberrant expression enhances disease pro-
gression and dissemination to extramedullary sites. Functionally,
RUNX2 induces CXCR4-mediated T-ALL cell migration and
increases leukemic cell metabolism by positive regulation of both
glycolysis and mitochondrial oxidative phosphorylation. Conse-
quently, immature and KMT2A-R T-ALL are vulnerable to phar-
macological targeting of the RUNX-CBFp interaction.
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Results

RUNX2 is highly expressed in immature and KMT2A-rearranged
T-ALL. First, we evaluated RUNX2 expression in different molec-
ular subtypes of T-ALL. We analyzed RUNX2 expression in RNA-
Seq data sets of human T-ALL classified into subgroups with
deregulation of the following genes: TALI (n = 87), TAL2 (n = 8),
LMO1/2 (n = 10), TLXI (n = 26), TLX3 (n = 46), NKX2 (n = 14),
HOXA (n=33), and LYLI (n = 18) (Figure 1A and ref. 8). RUNX2
displayed significantly (P < 0.05) higher expression levels in
HOXA and LYLI subtypes compared with other T-ALL subtypes.
While ETP or immature T-ALL commonly show LYLI deregu-
lation, chromosomal alterations involving the KMT2A gene are
hallmarks of HOXA-deregulated leukemia. Within the HOXA
group, RUNX2 expression was markedly upregulated in samples
harboring KMT2A-R compared with the remaining cases (Figure
1B). In addition, patients with ETP (8) showed significantly higher
levels of RUNX2 mRNA compared with near-ETP and non-ETP
subgroups (Figure 1C). We validated our findings in 2 independent
microarray data sets (16, 38) and confirmed increased expression
of RUNX2 in samples with KMT2A-R (Supplemental Figure 1A;
supplemental material available online with this article; https://
doi.org/10.1172/JCI141566DS1). Similarly, samples defined as
ETP-ALL by flow cytometry or as immature by gene-expression
profiling also exhibited higher levels of RUNX2 mRNA (Supple-
mental Figure 1, B and C).

Next, we analyzed RUNX2 expression in human T-ALL cell
lines, including the KMT2A-FOXO4 rearranged T-ALL cell line
KARPAS-45, the immature/ETP phenotype T-ALL cell lines
LOUCY and PER-117, and a panel of 6 other T-ALL cell lines.
Quantitative reverse-transcriptase PCR (qQRT-PCR) and Western
blot confirmed that KARPAS-45, PER-117, and LOUCY showed
the highest levels of RUNX2 expression across the tested cell lines
(Figure 1, D and E).

To further validate our findings, we quantified RUNX2 mRNA
levels in primary T-ALL patient samples obtained from the Chil-
dren’s Oncology Group study AALL0434 (2) and the University of
New Mexico (n = 25) or Ghent University Hospital (z = 11). T-ALL
samples with an immature (pro-T or pre-T) phenotype showed the
highest levels of RUNX2 mRNA along with 1 sample with a cor-
tical immunophenotype and a KMT2A-MLLT] translocation (Fig-
ure 1F). We also confirmed that samples from T-ALL KMT2A-R
patients expressed higher levels of RUNX2 mRNA and protein
compared with samples without such lesions (Figure 1, G and H).
In addition, we performed RUNX2 protein quantification using
immunostaining flow cytometry on a panel of 14 patient-derived
xenograft (PDX) samples. As expected, immature and KMT2A-R
samples presented with the highest protein levels of RUNX2 (Fig-
ure 1I). Collectively, these results indicate that RUNX2 is upregu-
lated in ETP/LYL1*/immature and KMT2A-R T-ALL.

Runx2 ablation does not largely affect normal hematopoiesis
or T cell development. Since the gene expression signatures of
molecular T-ALL subgroups are closely related to those of nor-
mal thymocytes at distinct stages of T cell development (4,
10), we analyzed to determine whether the elevated RUNX2
levels in immature T-ALL cells are also reflected in immature
normal T cells. Analysis of different T cell subsets showed that
RUNX2 mRNA levels were highest in CD34" T cells and steeply
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Figure 2. RUNX2 is highly expressed in ETPs, but has no major impact on phenotypic markers of normal hematopoiesis or T cell development. RUNX2
expression in human (A) and mouse (B) T cell subsets. (C) gRT-PCR for Runx2 expression in cKit-enriched and cKit-negative mouse thymocytes. Rel.,
relative. (D and E) Peripheral blood cell counts measured in Runx2VaviCre** (Ctrl), Runx2f/*VaviCre'?* (Hez), and Runx2™VaviCre'* (KO) mice (7-10
weeks). (F) Total cell number extracted from thymuses. (G-J) Percentages of T cell subsets measured by flow cytometry. (G) DP, double-negative T cells, (H)
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comparison test. ***P < 0.0005.
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decreased toward the CD4*CD8* double-positive stage (Figure
2A). In mouse T cell subsets, Runx2 expression was highest in
ETP cells and gradually decreased over the different maturation
stages (Figure 2B), corresponding with findings in a previous
study (28). qRT-PCRin cKit-enriched thymocytes confirmed ele-
vated Runx2 expression levels compared with those in mature,
cKit-negative fraction (Figure 2C).

To explore whether Runx2 is crucial for normal hematopoie-
sis and T cell development, we established a Vav-iCre-Runx2 KO
mouse model (Supplemental Figure 2, A and B, and ref. 39). Both
mice harboring homozygous deletion of Runx2 in the hematopoi-
etic system (Runx2Vav-iCre®®*) and heterozygous mice (Runx-
2*Vav-iCre'*) were viable, fertile, and phenotypically normal
(not shown). To examine the effects of RUNX2 on steady-state
hematopoiesis, peripheral blood counts were performed on a panel
of control (Runx2"Vav-iCre*"), heterozygous, and homozygous
Runx2 KO mice of 6 to 10 weeks of age. No significant differences
were observed in WBC, lymphocyte, neutrophil, RBC, hemoglo-
bin or platelet counts (Figure 2, D and E, and Supplemental Fig-
ure 2, C-F). A comparison of thymocyte number and T cell popu-
lations at different stages of maturation did not show significant
differences (Figure 2, F-J, and Supplemental Figure 2, G-L). While
Runx2 upregulation in ETPs may suggest its role during early T
cell development, no effect could be identified upon Runx2 dele-
tion on the main T cell subsets or major hematopoietic processes.
Further studies are warranted to determine the roles of RUNX2 in
hematopoietic stem and progenitor cells.

RUNX2 is required for the survival of immature and KMT2A-
rearvanged T-ALL. With evidence that RUNX2 is upregulated in
high-risk leukemias, we investigated its role in growth and survival
on KMT2A-R and immature T-ALL cells. We performed shRNA-
mediated knockdown of RUNX2 in the KMT2A-R cell line KARPAS-
45 and the immature/ETP-phenotype cell line LOUCY (Supple-
mental Figure 3, A and B). We found that reduced levels of RUNX2
impaired the proliferation and survival of both cell lines (Figure 3A).

Inactivation of RUNX2 expression in KARPAS-45 and LOUCY
increased the number of early apoptotic cells and delayed cell
cycle progression in S and G,/M phases while increasing that in
G,/G, (Figure 3, B and C, and Supplemental Figure 3C). Function-
ally, RUNX2 silencing reduced the activation of prosurvival AKT
and ERK1/2 pathways (Figure 3D). While RUNX2 depletion had
no effect on p53 and BCL2, we found a significant decrease in the
levels of active B-catenin and survivin, which are known down-
stream targets of AKT signaling (40-42) (Figure 3D). Next, we
silenced RUNX2 in 2 primary KMT2A-R samples and confirmed
that RUNX2 depletion reduced phosphorylated AKT and ERK1/2,
active B-catenin, and survivin (Figure 3D). To explore the func-
tional link between KMT2A-R and RUNX2, we knocked down
RUNX2 in MOHITO and Ba/F3 cells transduced with KMT2A-
MLLTI or KMT2A-MLLT4 (Figure 3D and Supplemental Figure
3, D-F). Forced expression of KMT2A-R led to activation of AKT
and ERK1/2 pathways and induced upregulation of p-catenin and
survivin. As expected, RUNX2 depletion reduced levels of the
tested proteins, suggesting its role in mediating survival signaling
in KMT2A-R cells. We next confirmed that apoptotic cell death
in RUNX2-depleted cells was associated with cleaved caspase-3,
-7, and -9 (Figure 3D and Supplemental Figure 3F). In our ChIP-
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Seq data (described in the next paragraph), we identified RUNX2
binding at the CTNNBI and BIRC5 promoters (Figure 3E) and at
an enhancer region upstream of CTNNBI. Combined with the
observation that RUNX2 silencing in KARPAS-45 and LOUCY
cells significantly reduced CTNNBI and BIRC5 mRNA levels, this
suggests a direct regulatory role by RUNX2 (Supplemental Figure
3G). Importantly, overexpression of active B-catenin or survivin
partially rescued LOUCY cells from RUNX2 depletion-induced
cell death (Figure 3, F-1, and Supplemental Figure 3, H and I). Col-
lectively, these results indicate that RUNX2 regulates cell survival
in ETP/immature and KMT2A-R leukemic cells in vitro.

We next investigated to determine whether RUNX2 regulates
T-ALL engraftment and disease progression in vivo. Immunodefi-
cient NOD.Cg-Prkdc]12rg™™ /Sz] (NSG) mice were transplanted
with LOUCY cells transduced with scrambled and RUNX2-specific
shRNAs. We observed prolonged survival of animals inoculated
with RUNX2-depleted cells compared with control mice (Figure
3]). In addition, postnecropsy analyses of the animals sacrificed
41 days after injection revealed decreased levels of leukemic cells
infiltrating the BM, spleen, and meninges (Figure 3K). We also
tested to determine whether KMT2A-R leukemia is dependent on
RUNX2 in vivo. KMT2A-MLLT1 PDX cells were transduced with
RUNX2 shRNA containing a GFP selection marker and injected
into recipient NSG mice. While leukemia engraftment was evident
in control mice, GFP-positive cells were absent or significantly
reduced in the peripheral blood, BM, and spleen (Figure 3L) in
animals inoculated with RUNX2-depleted cells. Together, these
results suggest that RUNX2 is a dependency factor for survival of
immature and KMT2A-R T-ALL.

RUNX2 directly regulates an oncogenic transcription signature
in immature and KMT2A-rearranged T-ALL, and its expression is
regulated by KMT2A fusion proteins. To identify the genes that
are directly regulated by RUNX2 in T-ALL, we performed ChIP-
Seq on KMT2A-R KARPAS-45 and immature/ETP PER-117 cells.
MACS?2 peak calling resulted in 42,948 and 21,027 peaks, respec-
tively. Motif analyses revealed that the canonical RUNX-binding
motif was most significantly enriched in both cell lines (Figure 4,
A and B, and Supplemental Table 1). Other highly enriched motifs
in the RUNX2-bound regions included the ETS motif in KARPAS-
45 and the ETS and GATA motifs in PER-117 (Figure 4, A and B),
suggesting that RUNX2 acts in concert with other hematopoietic
transcriptional regulators, as previously reported for RUNX1 in
the context of hematopoietic development and T-ALL (43, 44).
Furthermore, public ChIP data sets showed that RUNX2-bound
regions in KARPAS-45 overlap with binding sites occupied by
RUNX1and ETS1in JURKAT cells. Similarly, RUNX2-binding sites
in PER-117 coincided with RUNX1, ETS1, and GATA3 occupancy
in JURKAT (Supplemental Figure 4, A and B). On a genome-wide
level, binding of RUNX2 in KARPAS-45 and PER-117 was mainly
found in promoter or first intron regions, while approximately 17%
of RUNX2 occupancy was intergenic (Figure 4, C and D).

To further elucidate the transcriptional program regulated by
RUNX2, we performed RNA-Seq upon shRNA-mediated RUNX2
knockdown in KARPAS-45. We found 169 genes significantly (P, .
< 0.05) downregulated and 372 genes upregulated 48 hours upon
knockdown, while 768 and 1099 genes were down- and upregu-
lated after 72 hours, respectively. This further supports the notion
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Figure 3. RUNX2 regulates T-ALL survival. (A) Cell growth of LOUCY and
KARPAS-45 cells transduced with RUNX2 shRNAs (shRUNX2 B, shRUNX2
() and scrambled control (shNC). Data are shown as mean + SD for 1 of

3 independent experiments performed in triplicate. (B) Flow cytometry
cell-cycle analysis using propidium iodide staining (48 hours). (C) Apoptotic
cell death in T-ALL cells stained with annexin V/7-AAD (96 hours). (B and
C) Data are representative of 1of 3 independent experiments. (D) Human
LOUCY and KARPAS-45 cells, murine MOHITO cells expressing control
plasmid (CON), KMT2A-R (KMT2A-MLLT1, KMT2A-MLLT4), and primary
T-ALL cells (PASSPP, 18-169) were transduced with RUNX2 shRNAs and
scrambled control. Western blot analysis of the indicated proteins. (E)
RUNX2 and H3K27ac ChIP-Seq at the CTNNBT (B-catenin) and BIRC5 (sur-
vivin) loci in KARPAS-45. Forced expression of (F) active B-catenin and (G)
survivin in LOUCY with or without shRNA-mediated RUNX2 depletion. (H
and I) Annexin V/7-ADD staining in LOUCY (96 hours). Data are shown as
mean + SD for 3 independent experiments. AnV, annexin V. (J) Kaplan-Mei-
er survival curve analyses of NSG mice (n = 10/group) transplanted with
10° LOUCY cells expressing shRUNX2 B, shRUNX2 C, or scrambled control
(median log-rank Mantel-Cox test). (K) Flow cytometric quantification of
human CD45* cells in mice (n = 4/group) euthanized 41 days after inocu-
lation with 10° transduced LOUCY cells. (L) The levels of GFP* cells were
determined in blood (day 30), BM, and spleen (day 100) in animals injected
with PDX samples harboring KMT2A-MLLT-1. (A) Repeated measure ANO-
VA with Tukey’s multiple comparisons test; (H, I, K, and L) 1-way ANOVA
with Tukey’s multiple comparison test. ***P < 0.0005; ****P < 0.0001. (D,
F, and G) Representative blots from at least 2 separate experiments.

that RUNX2 not only acts as a transcriptional activator, but also as
arepressor. Functionally, genes downregulated by RUNX2 knock-
down showed enrichment for gene sets related to the cell cycle,
DNA damage, and metabolism (Supplemental Table 2). Notably,
CXCR4 was one of the most highly expressed genes that was sig-
nificantly downregulated. MYC and CDK4 were also downregulat-
ed, while DICERI was upregulated, among others (Figure 4E and
Supplemental Table 2). Integration of ChIP and RNA-Seq data in
KARPAS-45 showed an increase in differentially regulated genes
when RUNX2 was bound on the promoter (Supplemental Figure
4C and Supplemental Table 3).

To analyze the functional significance of RUNX2 binding,
we used the Genomic Regions Enrichment of Annotations Tool
(GREAT) (45) to associate genes to RUNX2-bound regions followed
by enrichment analysis (Supplemental Table 1). Both KARPAS-45
and PER-117 showed enrichment for T cell signaling and prolifer-
ation upon analysis of Gene Ontology (GO) biological processes.
Cell-adhesion genes were also enriched in KARPAS-45 (Figure
4F), while histone-modification genes were enriched in PER-117
(Figure 4G). CXCR4 signaling was the only MSigDB pathway in
KARPAS-45 for which enrichment was found (Supplemental Fig-
ure 4D). Enrichment of T cell leukemia was found upon analysis of
disease ontology in PER-117 and revealed that RUNX2 is bound on
regulatory regions of archetypical leukemia driver genes, such as
NOTCHI1, MYB, and LMO2 (Supplemental Table 1), and also on the
distal MYC enhancer N-Me (ref. 46 and Supplemental Figure 4E).
Importantly, in KARPAS-45, MSigDB perturbations showed that
RUNX2-regulated genes were enriched for KMT2A-R signature
genes (Figure 4H). Furthermore, there was clear binding of RUNX2
on the KMT2A promoter in KARPAS-45 (Figure 4I). We next sought
to determine whether, in addition to coregulation of the KMT2A-R
gene expression signature, RUNX2 might be directly involved in
driving expression of the KMT2A fusion protein itself, establish-
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ing a regulatory feed-forward loop. To test this hypothesis, we per-
formed ChiP-qPCR on KARPAS-45 and 2 primary KMT2A-R T-ALL
samples. Significant enrichment for KMT2A and RUNX2 promoter
regions was found in RUNX2 and N-terminal KMT2A (KMT2AY)
immunoprecipitates, respectively (Figure 4]). Furthermore, a
luciferase reporter assay using the KMT2A promoter showed that
RUNX2 silencing significantly decreased KM T2A promoter activity
(Figure 4K). Comparatively, loss of the RUNX2-binding site abro-
gated KMT2A promoter activity, suggesting that RUNX2 is a core
controller of the KMT2A promoter. Moreover, shRNA-mediated
inactivation of RUNX2 resulted in decreased levels of KMT2AN in
primary KMT2A-R T-ALL samples (Figure 4L).

Others have previously reported RUNX2 upregulation in
KMT2A-R leukemia originating from B lymphoid or myeloid lin-
eages (47, 48). Using published microarray data sets, we confirmed
elevated RUNX2 expression levels in both precursor B cell acute
lymphoblastic leukemia (49) and acute myeloid leukemia with
KMT2A-R (ref. 50 and Supplemental Figure 4, F and G). To inves-
tigate whether RUNX2 is directly upregulated by KMT2A fusion
proteins, we transduced murine MOHITO and Ba/F3 cells with
KMT2A-MLLT4 and KMT2A-MLLT1 fusions that are prevalent in
KMT2A-R T-ALL (8, 16). The expression of KMT2A-R resulted in
elevated RUNX2 mRNA and protein (Supplemental Figure 4H).
We next created KMT2A-MLLTI-driven leukemic cells by trans-
duction of mouse BM progenitors, followed by serial replating.
Differential gene-expression analysis of KMT2A-MLLTI-trans-
formed cells versus the progenitor cells revealed a highly specific
KMT2A expression signature characterized by increased expres-
sion of the Hoxa cluster genes and MeisI (Supplemental Figure 41
and refs. 3, 13, 51). We observed significant upregulation of Runx2
in the transformed cells, and its expression gradually increased
with each replating step (Figure 4, M and N). Public ChIP-Seq data
analyses further confirmed binding of KMT2A fusion proteins on
the RUNX2 promoter in human (52) and mouse (ref. 53 and Sup-
plemental Figure 4]). Interestingly, cross-comparison of several
ChIP-Seq data sets revealed that RUNX2 belongs to a small core
set of genes that are directly bound by the 3 most common KMT2A
fusion proteins (KMT2A-AFF1, KMT2A-MLLT3, KMT2A-MLLT1;
Supplemental Figure 4K and refs. 53-55). Collectively, these
results suggest functional crosstalk between RUNX2 and KMT2A
chimeras and that RUNX2 is a critical mediator of the KMT2A-R-
driven oncogenic program.

RUNX2 promotes T-ALL cell migration and adhesion in vitro.
Since our ChIP-Seq and RNA-Seq data pointed to a role of RUNX2
in CXCR4 signaling, we further examined the effects of forced
expression of RUNX2 using PF382 and CCRF-CEM cell lines,
which had lower and/or undetectable RUNX2-expression lev-
els (Figure 1, D and E). While RUNX2 upregulation did not alter
cell growth, cell cycle, or apoptosis (Figure 5A and Supplemental
Figure 5, A-C), it increased the expression of the CXCR4 recep-
tor (Figure 5B and Supplemental Figure 5D) and enhanced T-ALL
cell migration to the CXCL12 chemokine (Figure 5, C and D).
Our ChIP-Seq confirmed RUNX2 binding on the promoter and
enhancer of the CXCR4 gene (Figure 5E). RUNX2 upregulation
increased the expression of critical regulators of cell contractil-
ity and motility, such as vinculin, paxillin, focal adhesion kinase
(FAK), and ezrin-radixin-moiesin (ERM) (Figure 5F). Addi-
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Figure 4. RUNX2 genome-wide binding profiles reveal a regulatory feed-
back loop with KMT2A fusion proteins. (A and B) Most highly enriched
binding motifs according to HOMER upon RUNX2 ChIP-Seq in KARPAS-45
(KMT2A-R) and PER-117 (ETP). (C and D) Distribution of RUNX2 binding
over different genomic regions in KARPAS-45 and PER-117. (E) MA plot
showing differentially regulated genes (P, < 0.05) in KARPAS-45, 72
hours after shRNA-mediated RUNX2 silencing vs. control in 5 biological
replicates. (F-H) Top 10 enrichments of RUNX2-binding peaks based on
functional annotation provided by GREAT (3.0.0). (I) RUNX2 and H3K27ac
binding profile on the KMT2A gene region in KARPAS-45. (J) ChiP-gPCR on
KARPAS-45 cells and 2 KMT2A-R primary T-ALL patient samples. Enrich-
ment of RUNX2 on KMT2A promoter (left); enrichment of N-terminus

of KMT2A (KMT2AN) on RUNX2 promoter (right). (K) Luciferase reporter
assay for KMT2A on HEK293 cells transduced with RUNX2 shRNA. The
RUNX2 binding site is indicated as X (-359 to -368 bp upstream of KMT2A
coding starting site). (L) Silencing of RUNXZ leads to decreased levels of
KMT2AN in primary T-ALL samples. (M) Runx2 expression in KMT2A-MLLT1
transformed cells compared with lineage-depleted mouse progenitor cells.
(N) Gradually increased expression of Runx2 measured by gRT-PCR during
KMT2A-MLLT1 driven transformation over different replatings. (J) Unpaired
2-tailed t test with Holm-Sidak correction for multiple comparisons; (M)
unpaired 2-tailed t test. *P < 0.05; ***P < 0.0005; ****P < 0.0001.

tionally, RUNX2 enhanced the expression of proteins linked to
epithelial-mesenchymal transition (EMT), further supporting its
role in promoting T-ALL cell migration and adhesion (Figure 5F).
KMT2A-R leukemias commonly express EMT genes (14, 56). We
found that KMT2A-MLLT1 and KMT2A-MLLT4 induce the expres-
sion of EMT regulators (Snail, ZEB1, and vimentin) in MOHITO
and Ba/F3 cells; this was reduced by RUNX2 depletion (Figure 5F
and Supplemental Figure 5E). shRNA-mediated RUNX2 knock-
down in LOUCY, KARPAS-45, and 2 primary T-ALL samples har-
boring KMT2A-R further supported the role of RUNX2 in positive
regulation of EMT genes (Figure 5F and Supplemental Figure 5E).
CXCR4-CXCL12 signaling mediates integrin activation, leading
to an increased adhesion of leukemic cells to extracellular matrix,
including fibronectin (57). RUNX2 upregulation enhanced the
adhesion of T-ALL cells to fibronectin and increased the expres-
sion of VLA-4 in the tested cells (Figure 5, G and H). Collectively,
these results suggest that RUNX2 positively regulates T-ALL cell
chemotaxis, migration, and adhesion.

RUNX2 exacerbates T-ALL progression and extramedullary infil-
tration. Given that RUNX2 enhanced leukemic cell migration and
adhesion in vitro, we subsequently performed in vivo experiments
to study the effects of RUNX2 upregulation on T-ALL progres-
sion and medullary/extramedullary infiltration. Strikingly, forced
expression of RUNX2 accelerated disease progression in mice
engrafted with PF382 RUNX2 overexpressing (RUNX2 OE) cells
compared with control animals (Figure 5I), with median survival
decreasing in the RUNX2 OE group by 38% (P < 0.0001). Tissue
analysis of RUNX2 OE mice sacrificed 34 days after intrafemoral
transplantation revealed profound evidence of disease dissemina-
tion in the BM and extramedullary infiltration of the liver, spleen,
and meninges relative to mice in the control group (Figure 5, ] and
K, and Supplemental Figure 5, F and G).

Given the role of CXCR4/CXCL12 in T-ALL homing and
maintenance (58-60), we studied how RUNX2 contributes to
homing of T-ALL cells in the BM using a noncompetitive and com-
petitive approach. Total BM was collected 24 hours after injection
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of NSG mice with RUNX2 OE and negative control cells. In both
experiments, a significantly higher number of RUNX2 OE cells
were recovered from the femurs compared with negative con-
trol cells (Figure 5L). Together, these results suggest that RUNX2
potentiates BM homing of T-ALL cells and disease progression.

To further characterize how RUNX2 exacerbates disease pro-
gression in vivo, we evaluated the levels of human and mouse cyto-
kines in blood serum of engrafted NSG mice. Mice injected with
RUNX2 OE cells presented with higher levels of human TNF-a
and IL-10 in blood serum compared with controls 28 days after
inoculation (Figure 5M). Additionally, mouse cytokine profiling
revealed elevated levels of several chemokines, such as CXCL10,
CCL2, CCL4, and CCLS5, as well as IL-6 cytokine, while the levels
of IL-1a were decreased (Supplemental Figure 5H). While these
observations may suggest a role of RUNX2 in regulating cytokine
signaling and host immune response, further studies are neces-
sary to elucidate the mechanism underlying RUNX2 contribution
to T-ALL engraftment and dissemination.

RUNX2 increases metabolic activity of T-ALL cells. Given that
cell migration is an energy-demanding process, we subsequently
studied the effects of RUNX2 on T-ALL metabolism. We first
assessed how RUNX2 regulates glycolysis, a common alternative
energy source in leukemia. Forced expression of RUNX2 resulted
inincreased extracellular acidification rate (ECAR), glycolytic flux,
glucose uptake, and expression of the glucose transporter GLUT1
(Figure 6, A and B, and Supplemental Figure 6, A-C). Treatment
of transduced T-ALL cell lines with a glucose analog, 2-deoxy-D-
glucose (2DG), reduced T-ALL cell migration to CXCL12 (Figure
6C). Furthermore, we found that KMT2A-R increased glycolytic
capacity, glucose uptake, and GLUT1 levels in MOHITO and Ba/
F3 cells and that RUNX2 depletion reduced these processes in
MOHITO, Ba/F3, and LOUCY cells (Figure 6, D and E, and Sup-
plemental Figure 6, D-K). These results suggest that RUNX2 regu-
lates glycolytic metabolism in KMT2A-R and immature leukemias.
Strikingly, CCRF-CEM and PF382 cells overexpressing RUNX2
exhibited a higher oxygen consumption rate (OCR) and increased
ATP production relative to control cells (Figure 6, F and G, and
Supplemental Figure 6, L and M). The significant increase in both
glycolytic and oxidative metabolism corresponded to increased
OCR/ECAR ratios (Figure 6H), suggesting that RUNX2 enhances
the metabolic activity of T-ALL cells. Similarly, an increase in
OCR and ATP production was observed in MOHITO and Ba/F3
cells expressing KMT2A-R. Mitochondrial respiration was signifi-
cantly reduced after genetic inactivation of RUNX2 expression
in MOHITO and Ba/F3 with KMT2A-R or LOUCY cells (Figure
61 and Supplemental Figure 6, N-P). Expression of KMT2A-R in
MOHITO and Ba/F3 cells increased OCR/ECAR ratios, suggest-
ing an increase in metabolic potential. RUNX2 depletion reduced
the OCR/ECAR ratios in LOUCY and KMT2A-R MOHITO and
KMT2A-R Ba/F3 cells, suggesting its role in regulation of cell
metabolism in immature and KMT2A-R leukemias (Figure 6] and
Supplemental Figure 6, Q and R). RNA-Seq analyses showed that
the metabolism-related genes LDHA, CHCHD2, and PGKI were
highly expressed in KARPAS-45 and downregulated upon RUNX2
silencing (Figure 4 and Supplemental Table 2). RUNX2 bind-
ing on the promoter regions of LDHA, CHCHD2, and PGKI and
on an upstream enhancer of LDHA further suggested that these
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Figure 5. RUNX2 upregulation promotes T-ALL cell migration and leu-
kemia progression. (A) Growth of CCRF-CEM and PF382 cells transduced
with RUNX2-expressing (RUNX2 OE) or negative control (NC) plasmids.
Data are shown as mean + SD, 1 of 3 independent experiments performed
in triplicate, repeated measure ANOVA with Tukey’s multiple compar-
isons test. (B) CXCR4 levels; representative histograms (left); median
fluorescent intensity (MFI) + SD, 3 independent experiments (right).
Leukemic cell migration (6 hours) through (C) 3 um porous membrane or
(D) HUVEC monolayer + CXCL12 (50 ng/ul). Data are shown as mean +
SEM, 3 separate experiments performed in duplicate. Two-way ANOVA
with Tukey’s multiple comparison correction. (E) RUNX2 and H3K27ac
binding at the CXCR4 locus in KARPAS-45. (F) CCRF-CEM and PF382
transduced with RUNX2 OE or negative control; MOHITO cells expressing
KMT2A-R (KMT2A-MLLT1, KMT2A-MLLT4) or negative control and primary
T-ALL cells (PASSPP, 18-169) transduced with shRUNX2 B, shRUNX2 C,
and scrambled control. Immunoblotting with indicated antibodies (n =

2). (G) Adhesion to fibronectin (2 hours). Data are shown as mean # SD, 3
independent experiments performed in duplicate. (H) VLA-4 levels; repre-
sentative histograms (left); MFI + SD, 3 separate experiments (right). (1)
Kaplan-Meier plot of NSG mice (n = 10/group) injected i.v. with 10° PF382
cells (log-rank test). (J) Human CD45* cells (day 34) and (K) biolumines-
cence imaging (NSG mice, n = 7/group) after interfemoral implantation of
PF382 cells (3 x 10°). (L) BM homing of leukemic cells (24 hours); NSG mice
(n = 5/group) received i.v. PF382 RUNX2 OE and negative control cells (107;
noncompetitive) or the mixture of fluorescently labeled PF382 RUNX2

OE (DsRed) and negative control (AmCyan) cells (1:1; 107; competitive).
Unpaired and paired 2-tailed t tests, respectively. (M) Human cytokines

in blood serum of NSG mice inoculated with 10° PF382 cells (day 28). (B,
G, H, ], and M) Unpaired t test with Holm-Sidak multiple comparisons
correction. **P < 0.005; ***P < 0.0005; ****P < 0.0001.

genes are direct transcriptional targets for RUNX2 (Figure 6K).
RUNZX2 overexpression in PF382 and CCRF-CEM cells resulted in
increased expression of LDHA, CHCHD2, and PGKI transcript and
protein levels (Figure 6L and Supplemental Figure 6S). Conversely,
RUNX2 inactivation in T-ALL cell lines and primary samples mark-
edly reduced mRNA and protein levels of the tested metabolic reg-
ulators (Figure 6L and Supplemental Figure 6, T-V). Collectively,
our results indicate that RUNX2 plays a role in the regulation of
glycolytic and mitochondrial metabolism in T-ALL cells.

RUNX2 regulates mitochondrial dynamics and biogenesis. With
evidence that RUNX2 regulates oxidative and glycolytic metab-
olism in T-ALL cells, we sought to understand its effect on mito-
chondrial dynamics. RUNX2 upregulation increased mitochon-
drial membrane potential and reduced ROS levels in the cell lines
tested (Figure 7, A and B). Consistently, expression of KMT2A-R
in MOHITO and Ba/F3 cells enhanced mitochondrial membrane
potential and lowered ROS levels, and that effect was abrogated
in RUNX2-depleted LOUCY cells (Figure 7, C and D, and Supple-
mental Figure 7, A-D). On a protein level, RUNX2 positively reg-
ulated mitochondrial fusion (OPA1, mitofusin 1, and mitofusin 2)
and fission (P-Drp1, FIS1, and MFF) as well as proteins associated
with mitochondrial biogenesis (PGCla, NRF-1, TOMM20; Figure
7E). RUNX2 induced the activation of AMPK, which is known to
regulate mitochondrial dynamics and biogenesis, and induced
phosphorylation of major upstream kinases of AMPK, LKB1, and
CAMKK?2 (Figure 7F and ref. 61). The expression of mitochondrial
dynamics and biogenesis mediators and AMPK pathway activa-
tion were also increased in MOHITO and Ba/F3 cells expressing
KMT2A-R (Figure 7, E and F, and Supplemental Figure 7, E and
F). Conversely, depletion of RUNX2 in LOUCY, KARPAS-45, and
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MOHITO or Ba/F3 with KMT2A-R decreased levels of the tested
proteins and AMPK activation (Figure 7, E and F, and Supplemental
Figure 7, E and F). Furthermore, inhibition of mitochondrial fission
or AMPK activation by treatment with Mdivi-1, a Drp1 inhibitor, or
dorsomorphin, an AMPK inhibitor, reduced the ability of T-ALL
cells to migrate to CXCL12, suggesting a role for RUNX2 in mito-
chondrial homeostasis and biogenesis in facilitating T-ALL chemo-
taxis (Figure 7, G and H). Together, these results show that RUNX2
positively regulates mitochondrial dynamics and biogenesis.
Immature T-ALL and KMT2A rearranged leukemias arve vulner-
able to pharmacological targeting of the RUNX-CBFJ interaction.
It has been suggested that RUNX proteins can exert redundant
functions in leukemia (62). We found that Runx2-deficient BM
progenitors transformed by KMT2A-MLLTI1 showed significantly
upregulated RunxlI levels compared with Runx2 WT cells (Figure
8A). Although oncogenic transformation by KMT2A-R still occurs
in Runx2-deficient cells, typical KMT2A target genes, such as
HoxalO, Hoxall, and Hoxb13, showed reduced expression in Runx2-
deficient KMT2A-R cells (Figure 8, B-D). Given that Runx2 knock-
down results in compensatory upregulation of Runx1 and the onco-
genic role of RunxI in T-ALL (63) and KMT2A-AFF]I rearranged
B-ALL (64), we reasoned that pan-RUNX inhibition might be a
valid therapeutic targeting strategy for KMT2A-R and immature
T-ALL. Interestingly, a series of small molecules that inhibit RUNX-
CBF binding have been recently developed (65) and were shown
to be efficacious against RUNX1-driven T-ALL (63). We tested the
effect of the inhibitor AI-10-104 on leukemic cell survival in a pan-
el of T-ALL cell lines and found that the cell lines KARPAS-45 and
PER-117 were equally sensitive to this compound, as previously
reported for other RUNX1-dependent T-ALL cell lines (ref. 63 and
Figure 8E). RNA-Seq was performed on KARPAS-45 cells treated
with 20 uM AI-10-104 for 24 hours and compared with controls.
Interestingly, gene sets related to mitochondrial membrane and
metabolism were highly enriched in genes that were significantly
downregulated by AI-10-104 treatment (Figure 8F and Supplemen-
tal Table 4), further supporting our findings that RUNX2 controls
mitochondrial metabolism and dynamics in T-ALL. Using the most
significantly down- and upregulated genes by AI-10-104 treatment
as gene sets, we performed gene set enrichment analysis on the
expression data of our RUNX2 shRNA knockdown experiment (Sup-
plemental Figure 8). Highly specific enrichment of these sets in both
the down- and upregulated genes upon shRNA knockdown suggests
that AI-10-104 acts as a RUNX2 inhibitor in KARPAS-45. Finally, we
examined the ex vivo sensitivity of PDX BM and spleen cells from
2 patients with KMT2A-MLLT1 or KMT2A-MLLT4 rearrangement
toward AI-10-104 (Figure 8, G and H). These cells displayed IC,
values between 1.8 and 4.5 uM, which is within the same range as
previously reported for primary T-ALL patient samples (63).

Discussion

Despite the emerging understanding of the role of RUNX2 in the
aggressiveness and metastasis of solid tumors (30-33, 66-68),
the molecular mechanisms underlying its oncogenic potential in
leukemia remain largely unexplored. In this study, we identified
RUNX2 as a critical regulator of cell growth and survival in high-
risk T-ALL (10, 16) through regulation of tumor metabolism and
leukemic cell migration.
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Figure 6. RUNX2 potentiates glycolytic and oxidative metabolism in
T-ALL cells. (A) CCRF-CEM and PF382 cells were transduced with RUNX2
expressing (RUNX2 OE) and negative control plasmids. ECAR in glucose
stress assay tested on the Seahorse XF24 Bioanalyzer. (B) Representative
histograms for GLUT1 levels (top); MFI + SD, 3 separate experiments (bot-
tom). (C) Migration of T-ALL cells pretreated with glucose inhibitor (2DG, 1
mM; 16 hours) + CXCL12 (50 ng/ul; 6 hours, 3 um porous membrane). Data
are represented as mean + SD, 3 independent experiments performed in
duplicate. (D) ECAR quantification and (E) GLUT1 levels in MOHITO-nega-
tive control cells, MOHITO-expressing KMT2A-R (KMT2A-MLLT4, KMT2A-
MLLTT) and transduced with RUNX2 shRNAs (shRUNX2 B, shRUNX2 C) or
scrambled control. Representative histograms for GLUT1 expression (left);
MFI + SD, 3 independent experiments (right). OCR upon RUNX2 forced
expression in (F) CCRF-CEM and (G) PF382 cells analyzed using Mito Stress
assay on the Seahorse XF24 Bioanalyzer. (H) Plot representing OCR/ECAR
ratios in RUNX2 OE vs. control cells. (I) OCR and (J) ratio of OCR/ECAR for
MOHITO control cells and MOHITO cells with or without KMT2A-R followed
by shRNA-mediated RUNX2 silencing. (K) RUNX2 and H3K27ac binding on
the LDHA, PGK1, and CHCHDZ2 gene regions in KARPAS-45. (L) Western blot
analysis using indicated antibodies. Representative blots from at least

2 independent experiments. (A, D, and F-)) Data from 1 (mean + SD) of 2
independent experiments performed in triplicate. (A, B, F, and G) Unpaired
2-tailed t test with Holm-Sidak correction for multiple comparisons; (C,

D, and I) 2-way ANOVA with Tukey's multiple comparison test; (E) 1-way
ANOVA with Tukey’s multiple comparison test. *P < 0.05; **P < 0.005;
***P < 0.0005; ****P < 0.0001.

Our combined ChIP-Seq and RNA-Seq experiments identi-
fied RUNX2 as a transcription factor that directly and indirectly
activates and represses a broad repertoire of genes in high-risk
T-ALL with KMT2A-R or an immature/ETP immunophenotype.
RUNX2-binding sites overlap with those of other hematopoietic
transcriptional regulators, such as RUNX1, ETS1, and GATA3, sug-
gesting interaction or possible redundant functions. For instance,
similarly to observations for RUNX1 and RUNX3 (63), we found
clear RUNX2 binding on the distal MYC enhancer N-Me (46) in
KARPAS-45 and PER-117, coinciding with MYC downregulation
upon RUNX2 depletion (Figure 4, Supplemental Figure 4, and Sup-
plemental Table 1). Furthermore, enrichment analysis revealed
that RUNX2 orchestrates important programs, such as cell cycle,
metabolism, and T cell signaling, explaining its prosurvival role in
T-ALL (Supplemental Tables 1 and 2). Furthermore, in KMT2A-R
cells, we described RUNX2 binding and transcriptional regulation
on the KMT2A promoter and, reciprocally, binding and regula-
tion of the KMT2A fusion protein on RUNX2 (Figure 4). Together,
these data provide compelling evidence for RUNX2 establishing a
positive regulatory feed-forward loop with the KMT2A-fusion pro-
tein, thus supporting and reinforcing the KMT2A-R transcription-
al signature. Consistently, we and others have identified RUNX2
within the most upregulated genes in KMT2A-R acute leukemias
(14, 48, 49). Integrative ChIP-Seq analyses demonstrated that
RUNX2 belongs to a small set of genes directly bound by the 3 most
common KMT?2A fusion proteins (Supplemental Figure 4 and refs.
53-55). Further studies are warranted to define whether and how
these genes contribute to the KMT2A-R oncogenic program.

Strikingly, we found that T-ALL cell survival depends on
RUNX2 (Figure 3), while it did not seem critically required for nor-
mal hematopoiesis and T cell development (Figure 2). In T-ALL,
RUNX2 inactivation leads to caspase-dependent apoptosis and
delays disease progression in vivo. These findings are in line with
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previous reports highlighting the roles of RUNX2 in the develop-
ment and survival of other hematological malignancies (27, 36,
37), in which RUNX2 cooperates with CBFf and MYC in tumor
development. Previous studies have linked RUNX2 to progression
and bone metastasis in breast and colorectal cancer via AKT and
ERK signaling pathways (69-71) or through a mechanism involv-
ing AKT/B-catenin/survivin in multiple myeloma (42). Our data
demonstrate that KMT2A-R-induced AKT/B-catenin/survivin is
positively regulated by RUNX2. Mechanistically, we showed that
RUNX2 regulates leukemic cell survival through direct transcrip-
tional regulation of survivin and p-catenin. While B-catenin and
survivin are both downstream targets of AKT signaling (40, 41),
there is evidence that survivin is upregulated by active B-catenin
(72). Importantly, p-catenin is required for leukemia initiation,
survival, and proliferation of T-ALL (73-75) and KMT2A-R AML
(76-79). Thus, we postulate that AKT/p-catenin/survivin signaling
serves as a functional regulator of RUNX2-mediated T-ALL cell
survival. Targeting this pathway could be considered for therapeu-
tic intervention in high-risk T-ALL (78-80).

Previous studies document the importance of CXCR4-
CXCL12 signaling in T-ALL cell migration, homing, leukemia
development, and dissemination to the CNS (58-60). Our data
revealed that CXCR4 is a direct transcriptional target for RUNX2
in T-ALL cells (Figure 5 and Supplemental Figure 4) and that its
upregulation potentiates migration of T-ALL cells to CXCL12.
Besides chemotaxis, CXCL12-CXCR4 signaling activates integrin
receptors, which are essential for adhesion and transendothelial
migration of lymphoblasts (57). Correspondingly, RUNX2 upregu-
lation increases the levels of VLA-4 integrin and enhances T-ALL
cell adhesion to fibronectin. Moreover, we show that RUNX2
induces critical mediators of focal adhesions, cell motility, and
contractility, further supporting its role in promoting T-ALL
migration (81-83). Collectively, we identify a mechanistic link
between RUNX2 and reinforced CXCR4 signaling.

We showed that overexpression of RUNX2 exacerbates
T-ALL progression, consistent with enhanced leukemia cell
homing and infiltration of the BM and extramedullary sites,
such as the meninges or liver (Figure 5). Importantly, these
observations link RUNX2 upregulation with T-ALL progression
and invasiveness. Consistently, aberrant RUNX2 expression has
been associated with metastasis and disease progression in sev-
eral solid tumors and hematological malignancies (27, 30-33,
36, 37, 66-68). Furthermore, studies by Stavropoulou et al. (56)
elegantly showed that KMT2A-MLLT3 expression causes highly
penetrant AML-expressing EMT genes, which we also found
enriched in primary KMT2A-R T-ALL (14). In this study, we
show that RUNX2 positively regulates critical EMT regulators,
such as ZEBI, Snail, and vimentin (Figure 5). Given the roles of
ZEB1 and other EMT proteins in progression of KMT2A-R AML
and other tumors (56, 84), we hypothesize that enhanced T-ALL
dissemination may be associated with RUNX2-mediated regu-
lation of EMT. Notably, B-catenin and CXCR4, downstream tar-
gets of RUNX2 in our studies, are known to enhance EMT-like
phenotype acquisition in invasive cancer cells (85, 86). There-
fore, a possible role of RUNX2 in mediating acquisition of EMT
gene signature through the modulation of B-catenin and CXCR4
cannot be excluded.
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Figure 7. RUNX2 positively regulates mitochondrial dynamics and
biogenesis. (A) Mitochondria membrane potential (MitoTracker Red
CMXRos) and (B) ROS levels (CellROS Deep Red) were tested by flow
cytometry in CCRF-CEM and PF382 cells transduced with RUNX2-
expressing (RUNX2 OE) and negative control plasmids. Representative
histograms (left); MFI + SD, 3 separate experiments (right). (C) Mitochon-
drial membrane potential and (D) ROS production in MOHITO negative
control cells and MOHITO-expressing KMT2A-R (KMT2A-MLLT4, KMT2A-
MLLTT) and transduced with RUNX2 shRNAs (shRUNX2 B and shRUNX2
C) or scrambled control. Representative histograms and MFI + SD, 3 inde-
pendent experiments. (E and F) CCRF-CEM and PF382 cells with forced
RUNX2 expression; MOHITO cells expressing control plasmid, KMT2A-R
(KMT2A-MLLT1, KMT2A-MLLT4), and primary T-ALL cells (PASSPP,
18-169) were transduced with RUNX2 shRNAs and scrambled control.
Representative Western blot for the expression of specified proteins

(n =2). (G and H) Migration of CCRF-CEM and PF382 cells upon RUNX2
overexpression. Cells were pretreated with (G) a mitochondrial fission
inhibitor, Mdivi-1 (1 uM, 16 hours), or (H) AMPK pathway inhibitor, dorso-
morphin (1 uM, 16 hours), followed by migration through the 3 um porous
membrane in serum-free medium + CXCL12 (50 ng/ul; 6 hours). Data are
shown as mean + SD, 3 separate experiments performed in duplicate. (A
and B) Unpaired 2-tailed t test with Holm-Sidak correction for multiple
comparisons; (C and D) 1-way ANOVA with Tukey's multiple comparison
test; (G and H) 2-way ANOVA with Tukey’s multiple comparison test. **P
< 0.005; ***P < 0.0005; ****P < 0.0001.

In addition, we found increased levels of human TNF-a and
IL-10 in serum of animals engrafted with RUNX2 OE cells. While
TNF-a has been associated with leukemia initiation and progression
(87), IL-10 is known to suppress antitumor immunity (88). Whether
IL-10 and TNF-o. modulate host immune response to facilitate T-ALL
cell engraftment and proliferation remains unknown.

Most intriguingly, we found that RUNX2 significantly induces
both glycolytic and oxidative metabolism corresponding to
increased metabolic potential of T-ALL cells (Figure 6). This
strongly suggests that RUNX2 enhances metabolic activity
in T-ALL, a phenomenon seen in metastatic breast cancer, as
opposed to the Warburg effect promoting glycolysis (89). Since
RUNX2 exacerbates disease progression and extramedullary infil-
tration, we speculate that RUNX2-mediated interplay between
glycolysis and mitochondrial respiration may define leukemic cell
promigratory and invasive capability to target distinct organs and
tissues. Further studies will determine whether and how metabolic
reprogramming may affect leukemia site-specific infiltration and
progression. As our results suggest, one such mechanism could be
the direct transcriptional activation of metabolic regulators, such
as PGK1, LDHA, and CHCHD2 by RUNX2.

T-ALL cells exhibit chronic metabolic stress and can adopt
aerobic glycolysis for cell survival and disease progression (90,
91). However, AMPK activation can restrain aerobic glycolysis
and promote oxidative phosphorylation to mitigate metabolic
stress (90, 92). We found that RUNX2 induces AMPK activation
in T-ALL (Figure 7), suggesting that oncogenic signaling in imma-
ture or KMT2A-R T-ALL may imbalance cell metabolism, leading
to metabolic stress and RUNX2-mediated AMPK activation. An
increase in mitochondrial membrane potential and reduced ROS
levels in RUNX2 OE cells further suggest enhanced mitochon-
drial activity that leukemic cells might employ to meet metabolic
demands related to proliferation, migration, or viability. Inter-
estingly, AMPK is necessary to maintain leukemia-initiating cell
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survival by promoting GLUTI expression in KMT2A-MLLT3 AML
(93). In our studies, RUNX2 increased GLUT1 levels together with
glucose uptake and glycolysis (Figure 6). Importantly, GLUTI
was identified as a direct transcriptional target of RUNX2 in dif-
ferentiating osteoblasts (94). Therefore, this study identifies an
important link between RUNX2 and AMPK in regulating balance
between oxidative phosphorylation and glycolysis in T-ALL.

We demonstrated that RUNX2 modulates mitochondrial
dynamics and biogenesis and that disruption of mitochondrial
activity or AMPK signaling inhibits CXCR4-mediated T-ALL
migration (Figure 7). Corresponding with previous studies indi-
cating pivotal roles of mitochondrial fusion and fission in the
regulation of cancer cell migration and invasiveness (95), our
results raise the possibility that RUNX2 supports energy demands
during cell migration by increasing mitochondrial bioenergetics
and dynamics. For instance, Drpl, a master regulator of mito-
chondrial fission, is activated by RUNX2 and its pharmacological
inhibition reduces T-ALL migration. Activation of Drpl during
RUNX2-induced chemotaxis indeed fits its essential role in T cell
extravasation and homing into secondary lymphoid organs (96).
Other studies showed that AMPK signaling induces downstream
mediators of Drpl, MFF, or FIS1 in response to energy stress to
support leukemic stem cell survival (97-99). Furthermore, mito-
chondrial fusion proteins are also upregulated by RUNX2 in our
studies, and their aberrant expression was linked to metabolic
reprograming in tumor metastasis (95, 100). Strikingly, we found
that RUNX2 induces PGCla, a central regulator of mitochondrial
biogenesis and metabolism (101). Because AMPK induces mito-
chondrial biogenesis via PGCla in response to energy deprivation,
this suggests a potential mechanism by which RUNX2-mediated
metabolic stress induces AMPK-mediated upregulation of mito-
chondrial biogenesis. Our work identifies RUNX2 as a regulator
of mitochondrial dynamics and biogenesis and suggests that tar-
geting mitochondrial structures can be considered as an attractive
strategy in eradicating leukemic cells.

As a proof of principle, we investigated the effect of pharma-
cological RUNX inhibition in T-ALL with elevated RUNX2. Oth-
ers have already reported functional redundancy among RUNX
proteins in myeloid KMT2A-R leukemia (62) and an oncogenic
role for RUNX1 (62, 64) in KMT2A-R leukemia and in T-ALL (63).
Our ChIP-Seq data showed RUNX2 binding and the presence of
multiple RUNX consensus motifs at the promoters of RUNXI,
RUNX2, and RUNX3 (Supplemental Table 4). Additionally, we
observed Runxl upregulation in Runx2-deficient KMT2A-MLLT1
transformed mouse BM progenitor cells. Therefore, we argued
that allosteric inhibition of the RUNX-CBFp interaction using the
small molecule AI-10-104 (65) would be the most appropriate
therapeutic strategy. We found that T-ALL cell lines and KMT2A-R
patient-derived samples were equally sensitive to this compound,
as previously reported for RUNX1-dependent T-ALL (Figure 8 and
ref. 63). Importantly, gene set enrichment analysis confirmed that
the gene-expression signatures of RUNX2-depleted and AI-10-
104-treated KARPAS-45 cells were highly similar. Interestingly,
mitochondrial genes, such as MFNI1 and UCP2, were downreg-
ulated along with many components of the electron transport
chain (e.g., CYCI). In contrast, metallothionein genes were highly
upregulated (Figure 8 and Supplemental Table 4). These data fur-
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ther support our findings that RUNX2 mediates mitochondrial
metabolism and dynamics and that RUNX2 targeting leads to
metabolic stress in KMT2A-R and immature T-ALL. While further
improvements in potency and stability of the tested inhibitors are
needed to allow their efficacious use in vivo (102), our results fur-
ther advocate the RUNX-CBFp interaction as a promising, drugga-
ble target in leukemia.

In summary, we show that RUNX2 is aberrantly expressed in a
subset of high-risk T-ALL patients and is required for T-ALL survival.
These studies establish RUNX2 as a dependency factor in high-risk
T-ALL and implicate RUNX2 upregulation as a critical mediator
of disease progression. We uncover a potentially novel function of
RUNX2 in regulating leukemic cell metabolism and mitochondrial
dynamics. In addition, we identify RUNX2 and its downstream tar-
gets for therapeutic intervention in immature and KMT2A-R T-ALL.

Methods.
For further information, see Supplemental Methods.

Data availability. All original microarray data were deposited in
the NCBI’s Gene Expression Omnibus database (GEO GSE151823).

Statistics. The statistical analyses were performed using
GraphPad Prism 9. Results were considered statistically signifi-
cant at P < 0.05. The appropriate statistical tests are specified in
the figure legends.

Study approval. Samples were obtained from patients
enrolled in COG T-ALL study AALL0434 (16) at the University of
New Mexico (IRB approval nos. 16-246 and 03-183) or at Ghent
University Hospital (ethical committee approval no. 15/87). All
patients or their parents or guardians provided written, informed
consent in accordance with the Declaration of Helsinki and
local institutional guidelines. The ethical committees on animal
welfare at the University of New Mexico (19-30020-HSC) and
Ghent University Hospital approved all animal experiments.
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