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The RUNX family of transcription factors, including RUNX1, RUNX2, and RUNXS, are key regulators of
development and can function as either tumor suppressors or oncogenes in cancer. Emerging evidence suggests
that the dysregulation of RUNX genes can promote genomic instability in both leukemia and solid cancers by
impairing DNA repair mechanisms. RUNX proteins control the cellular response to DNA damage by regulating the
p53, Fanconi anemia, and oxidative stress repair pathways through transcriptional or non-transcriptional

mechanisms.

RUNX1 RUNX2 RUNXS3 DNA leukemia

| 1. Introduction

The RUNX family of proteins comprising RUNX1, RUNX2, and RUNX3 are master regulators of development LI12],
As transcription factors, RUNX proteins bind to the consensus (Py)G(Py)GGT(Py) sequence on DNA through the
evolutionarily conserved 128-amino acid RUNT domain. CBF-beta (CBFp or core-binding factor B) is a critical
dimerization partner that allosterically enhances the DNA-binding activity of RUNX factors during transcription B!,
However, RUNX proteins also perform transcription-independent roles in cells; they have been shown to interact
with a growing list of central developmental regulators, epigenetic enzymes, and DNA repair factors in a cell and
context-dependent manner . Such combinatorial protein—protein interactions allow RUNX factors to function as

tunable regulators of cell growth, differentiation, and carcinogenesis [,

2. RUNX1 Leukemic Fusions in Hematopoietic Malighancies
and Genomic Instability

RUNX1 is recurrently involved in chromosomal translocations in hematological malignancies, with almost 70 such
chimeric fusions uncovered to date. The 1(8;21)(q22;922) karyotypic abnormality encoding RUNX1-RUNX1T1 (also
known as RUNX1-ETO or AML-ETO) and t(12;21)(p13;922) encoding ETV6-RUNXL1 (also known as TEL-AML1)
are among the most recurrent translocations in acute myeloid leukemia (AML) (10-20%) and B cell acute
lymphoblastic leukemia (B-ALL) (25%), respectively B, The t(3;21) (q26;G22) translocation involving RUNX1 and
MECOML1 (also known as EVI1) is frequently encountered in therapy-related myelodysplastic syndrome (MDS) and
AML and during the blast crisis (BC) phase of chronic myeloid leukemia (CML) [&. Inv16 (p13;q22), characterized
by the CBF-MYHL11 fusion, is a recurrent feature in AML (5—-7%), in which RUNX function is impaired due to the
inability of CBFB to heterodimerize with RUNX [ Such neomorphic RUNX1 translocations mostly promote

leukemogenesis by a novel gain-of-function or by dominantly inhibiting the function of the wild-type RUNX1 allele
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(20 |n the following section, researchers discuss evidence that RUNX1 leukemic fusions exacerbate genomic

instability.
2.1. RUNX1-ETO and Genomic Instability

AML driven by RUNX1-ETO or AML1-ETO is a very well-studied AML subtype 1. The RUNX1-ETO fusion gene
has a structure comprising of the RUNX1 DNA-binding domain in addition to four conserved domains of the ETO
protein, termed NHR1 to NHR4, that recruit transcriptional repressor complexes such as NCOR/HDAC/mSIN3a
(12 Since the RUNX1-ETO protein retains the DNA-binding domain of RUNX1 but lacks the carboxyl-terminal
transactivation domain, the fusion binds to several RUNX1 target genes but represses their expression [13][141[15](16]

and functions as a regulator of self-renewal and differentiation.

Notably, amongst the various RUNX1 leukemogenic fusions, the clearest mechanistic links between RUNX
dysfunction and a “mutator” phenotype exist for t8;21 AML (Figure 1) 7. However, RUNX1-ETO expression
requires additional co-operating mutations in KIT, FLT3, RAS, ASXL1, and ZBTB7A, -9q, or =Y for the complete
leukemic transformation of cells, and consistent with this idea, additional chromosomal aberrations are detected in
almost 70% of t(8;21)-positive AML 18],
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Figure 1. RUNX1 leukemic fusion proteins, DNA repair, and cancer. RUNX1-ETO attenuates the expression of

genes involved in base excision repair, DSB repair, and the HR/FA pathways. RUNX1-ETO overexpression also
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reduces the efficiency of oxidative stress repair and induces the accumulation of yH2AX marked DSBs. In mouse
models, RUNX1-ETO expression elevates mutation rates, while in human cancers, RUNX1-ETO expression
induces a ROS-associated mutation signature. The leukemogenic fusion protein ETV6-RUNX1 blocks the
expression of DNA repair genes and attenuates p53 signaling by increasing MDM2 expression. RUNX1-EVI1 was

shown to reduce the expression of genes involved in MMR and NER in a zebrafish model.

Several studies have convincingly shown that RUNX1-ETO drives the acquisition of such co-operating mutations
by downregulating the fidelity of DNA repair, thereby promoting a “mutator phenotype”. For instance, the
overexpression of RUNX1-ETO reduced the expression of 17 DNA repair genes that participate in several DNA
repair pathways, of which eight genes were involved in base excision repair (BER) (ADPRTL2, FEN1, OGG1,
MPG, LIG3, POLB, POLD2, and POLD3) 19, |n assays that directly measure DNA repair, RUNX1-ETO-expressing
cells were impaired in repairing oxidative lesions and had elevated levels of yH2AX, a marker of DNA double-
strand breaks (DSBs) 2. |n an independent study by Krejci et al., RUNX1-ETO expression reduced the
expression of genes from the ATM, ATR, and Fanconi anemia (FA) pathways of DNA repair 29, Interestingly, HLTF,
a protein that promotes replication fork reversal and limits multiple mechanisms of unrestrained DNA synthesis and
replication stress, was also identified as a target of RUNX1 and was downregulated by RUNX1-ETO [22l22]
Likewise, Esposito et al. reported the downregulation of multiple FA and homologous recombination (HR) genes,
including RAD51 and BRCA1/2, and the DSB sensor ATM, in RUNX-1 ETO-expressing leukemia 23,

In subsequent studies, to directly quantify the rate at which mutations are acquired, Forster et al. expressed
RUNX1-ETO in the non-transformed TK6 lymphoblastoid cell line, and mutations at the PIG-A reporter gene was
used as the read-out for genomic instability 24, Remarkably, RUNX1-ETO expression was sufficient to predispose
cells to elevated mutational acquisition both spontaneously and after exposure to genotoxic agents 24, Likewise, in
an in vivo model, RUNX1-ETO overexpression in a LacZ-plasmid (pUR288) expressing transgenic mouse resulted
in an approximately 2-fold higher mutation rate over controls’ 29, Independently, reactive oxygen species (ROS)
have also emerged as a major etiology driving mutational accumulation in pediatric AML driven by RUNX1-ETO.
Whole genome sequencing revealed that RUNX1-ETO-positive cases were associated with a higher prevalence of
the ROS-associated SBS18 mutational signature, specifically owing to a high frequency of C>A transversions in
this AML subtype. Additionally, it was shown that within RUNX1-ETO-fusion-positive AML cases, ROS-associated
processes were not only contributing to mutations but also pro-oncogenic effects 22126 Together, the above
studies highlight how the RUNX1-ETO oncoprotein exacerbates genomic instability through not one but multiple
mechanisms, thereby permitting preleukemic cancer cells to acquire secondary hits which promote malignant

progression.

2.2. ETV6-RUNX1 and Genomic Instability

The chimeric fusion protein ETV6-RUNXL is a hallmark of B-ALL in which the N-terminus of the ETV6 gene is
fused to almost the entire RUNXL1 protein, and this event is thought to convert RUNX1 from a transcriptional

activator to a repressor 24, The early co-operating processes involved in the pathogenesis of this fusion protein
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have been difficult to determine. However, recent lineage tracing studies in mice have shown that the ETV6-

RUNX1 clone is mostly preleukemic, and a second oncogenic hit appears essential for leukemic transformation 28],

A ETV6-RUNX1transgenic mouse model in which the fusion protein was expressed in precursor CD19+ B cells
was examined for evidence of DNA damage accumulation and genomic instability 22, Consistently, higher ROS
and DNA damage accumulation were evident in the ETV6-RUNX21overexpressing mice, supporting the concept of
higher mutability of the ETV6-RUNXlexpressing genome (Figure 1). Independently, microarray comparisons
between ETV6-RUNX1 knockdown and control ALL lines also revealed “DNA damage response” as a significant
term. In this research, a total of 777 genes were substantially altered upon ETV6-RUNX1knockdown, and these
comprised the DNA damage response genes (DRAM1, MDMZ2, CDKN1A, and PSD4) and genes regulated by p53,
such as DDIT4 B9, As further corroborating evidence, p53 signaling emerged as one of the central pathways
deregulated in ETV6-RUNX1 expressing B-ALL compared to the fusion-negative B-ALL counterparts. Specifically,
ETV6-RUNX1upregulated the transcription of MDM?2, the negative regulator of p53; consistently blocking MDM2
through the inhibitor, nutlin, caused a surge in apoptosis Bl. Thus, ETV6-RUNX1-dependent p53 signaling
impairment appears to be one of the driving forces underlying the development of a second oncogenic hit in this
class of leukemia. In future work, a transgenic mouse model for ETV6-RUNX1lgenerated in a p53-deficient

background can clarify the precise contribution of p53 to ETV6-RUNX1-driven leukemogenesis.

2.3. RUNX1-EVI1 and Genomic Instability

The expression of RUNX1-EVI1 is common in therapy-induced MDS and during the BC transformation of chronic
phase (CP) CML 3233l |n this fusion protein, the N-terminal RUNT domain of RUNX1 is fused to almost the entire
EVIL. In recent studies by Kellaway et al., RUNX1-EVI1 binding was shown to cause a redistribution of wild-type
RUNX1 binding, which interfered with both the RUNX1 and EVI1 transcriptional programs 34, While gene
expression changes in DNA damage response genes were not reported in this research, a microarray analysis
comparison of RUNX1-EVI1-driven transcriptional changes in a zebrafish model revealed the altered expression of
mismatch repair (MMR) and nucleotide excision repair (NER) genes 22! (Figure 1). Moreover, given that RUNX1-
EVI1 translocation is frequently retrieved after conventional chemotherapy, such as following hydroxyurea
treatment in CML, it is tempting to speculate that this fusion gene provides a competitive advantage in the
presence of DNA damage. Consistently, a proteomic analysis of the EVI1 protein-binding complexes unveiled EVI1
interaction with components of DNA repair and recombination 28, One can speculate that RUNX1-EVI1 might
create genomic instability in cancers by altering the interaction of EVI1 with DNA repair factors, although this model

requires validation through rigorous biochemical studies.

| 3. RUNX3 Defects in Human Cancers and Genomic Instability

Unlike RUNX1, which is frequently mutated in human cancer, the RUNX3 gene is often transcriptionally silenced in
cancer by CpG island DNA methylation or through EZH2-dependent H3K27me3 (histone H3 lysine 27
trimethylation) modification in the RUNX3 promoter B2, RUNX3 can also be inactivated by cytoplasmic mis-

localization and rarely through mutational inactivation (R122C mutation), as evident in gastric cancer 28139 DNA-
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damaging assaults such as smoking and ROS were shown to induce RUNX3 promoter hypermethylation 4341,
Recently, in a novel mechanism of RUNX3 inactivation, Lee et al. showed hypoxia-induced methylation of RUNX3
by the enzyme G9a, and the methylated RUNX3, in turn, was attenuated in transactivation (421431 |n this research,
RUNX3 protein methylation was correlated with increased proliferation and initiation of tumorigenesis. Interestingly,
Helicobacter pylori (H. pylori) infection itself has been shown to trigger RUNX3 inactivation through gradual step-
wise promoter hypermethylation and accompanying silencing of the gene. Since H. pylori infection downregulates
the expression of several DNA repair genes 24143 it can be speculated that some of these transcriptional changes
may be related to RUNX3 silencing, a model that needs to be experimentally tested in future work. Overall, based
on the above observations, it can be hypothesized that RUNX3 silencing upon DNA damage might relieve a key
anticancer barrier in epithelial tissues. Consistently, RUNX3 methylation was proposed as a ‘clock’ to determine the
rate of bladder cancer progression [48],

Intriguingly, RUNX3 functions as an oncogene in NKT cell lymphoma, osteosarcoma, and ovarian cancers, mainly
by increasing the transcription of MYC. By creating a transgenic mouse model, Douchi et al. showed that mutant
RUNX3 R122C protein promotes gastric hyperplasia, and the upregulation of MYC was noted B2, Thus, MYC
upregulation is a common theme that is emerging when the downstream consequences of oncogenic RUNX3
expression are being examined. Given that MYC activation is associated with DNA replication stress and DNA
damage 2, RUNX3 might activate DNA damage in these models through the transcriptional regulation of MYC
(Figure 2).
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Figure 2. RUNX3 and RUNXS3 dysregulation, DNA repair, and cancer. Lower RUNX3 transcript levels correlated
with higher copy number alterations (CNAS) in bladder, urothelial carcinoma, and lung adenocarcinoma and with
high mutation rate in esophageal carcinoma and liver hepatocellular carcinoma. In contrast, the higher levels of
RUNX3 correlated with reduced DNA repair gene expression in AML and with higher levels of MYC in ovarian
cancer and NKT cell lymphoma. While the expression of RUNX2 promoted the repair of UV-induced DNA damage
and induced greater chemoresistance to adriamycin, the relationship between RUNX2 levels and mutational

accumulation in the context of human malignancy remains unknown.

3.1. RUNX3 Inactivation and Genomic Instability

To examine how RUNX3 expression levels are related to genomic instability in human cancer, Tay et al. conducted
a comprehensive genome-wide analysis of TCGA (The Cancer Genome Atlas) datasets 8. Correlation coefficients
between RUNX3 transcript levels and copy number alterations (CNA) or mutation counts were computed for all
cancers. This analysis revealed that CNAs negatively correlated with RUNX3 expression most significantly in
bladder urothelial carcinoma (BLCA) (n = 404, p = 9.28 x 107%) and lung adenocarcinomas (LUAD) (n = 513, p =
8.78 x 1077) (Figure 2). On the other hand, mutation rate negatively correlated with RUNX3 expression most

significantly in esophageal carcinoma (ESCA) (n = 184, p = 4.3 x 107) and liver hepatocellular carcinoma (LIHC)
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(n = 366, p = 8.4 x 107°). It can be argued that RUNX3 suppresses genomic instability more often in cancers
having an etiological link to DNA damage, such as lung, bladder, and esophageal cancers which are predisposed
by smoking, alcohol, and interstrand crosslinking agents, respectively. It can be hypothesized that in such cancers,
lower RUNX3 probably lowers proapoptotic signaling by p53, allowing cells to survive in the presence of DNA

damage (see below, RUNX and p53 crosstalk).

3.2. RUNXS3 Activation and Genomic Instability

In contrast, RUNX3 was identified as a super-enhancer-associated oncogene in AML and was one of the most
highly expressed genes in this cancer type. As a transcription factor, RUNX3 is bound to the promoter of cell cycle-
related genes in both normal and AML cells. However, within AML cells, RUNX3 is also bound to the promoters of
DNA repair genes (CHEK1, RAD51C, RPA2, and DDB1), antiapoptotic genes (BCL2, BCL2L10, BCL2L12, and
MCL1), and genes implicated in leukemogenesis (MYC, CD93, KIT, IKZF2, FTO, and SOX4) 49 (Figure 2). In this
research, RUNX3 knockdown inhibited leukemic progression by inducing DNA damage and higher apoptosis.
Thus, as an oncogene, RUNX3 overexpression induces a higher resistance to DNA damage-induced apoptosis. It
can be inferred from the above studies that RUNX3 levels are critical in determining whether DNA damage signals
enter the apoptotic pathway via p53. The influence of RUNX proteins on p53 signaling strengths will be discussed

in the following sections.

| 4. RUNX2 Defects in Cancers and Genomic Instability

In contrast to RUNX1 and RUNX3, which may function as oncogenes or tumor suppressors, RUNX2 is mostly
overexpressed and oncogenic in human cancer. RUNX2 has promigratory effects on breast, prostate, and thyroid
cancer cells, osteosarcoma, and melanoma cells and has emerged as a key regulator of cancer metastasis.
RUNX2 overexpression increases the expression of genes involved in invasion and metastasis, such as MMP9,
MMP13, OPN, VEGF, and IL-8, epithelial-mesenchymal transition factors such as SNAI2, SMAD3, and SOX9, and
motility genes such as FAK/PTK2 and TNL1. RUNX2 also promotes metastasis by activating the AKT/PI3K, YAP-
TAZ, TGF[3, and WNT signaling pathways and angiogenesis, thereby driving positive feedback loops that advance

cancer progression 22,

RUNX2 Dysregulation and Genomic Instability

In one of the earliest studies on the relationship between RUNX proteins and DNA repair, primary RUNX2-null
osteoblasts were shown to accumulate spontaneous yH2AX foci, experience loss of telomere integrity, and have
delayed DNA damage response 1. Subsequently, RUNX2 was shown to form functional complexes with BAZ1B,
RUVBL2, and INTS3 and influences UV repair by complexing with H2AX and decreasing histone H3 lysine 9
acetylation levels 2. More recently, RUNX2 was shown to promote the phosphorylation of H2AX at 142, thus
favoring apoptosis instead of repair 3. In this research, RUNX2 recruitment to osteogenic target genes was
dependent on DNA damage and led to an enhancement in calcification during aging and chronic disease. In the

context of malignancy, overexpressed RUNX2 regulates chemosensitivity by attenuating the transcriptional activity
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and proapoptotic function of p73 after exposure to the chemotherapeutic adriamycin, supporting an oncogenic role

for RUNX2 in chemoresistance 24, However, it remains unknown if RUNX2 overexpression is causally relatedly to

genomic instability and mutational accumulation in human cancers.
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