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Neurofibromatosis type 1 (NF1) is an autosomal dominant 
disorder. NF1 patients are predisposed to formation of several 
type solid tumors as well as to juvenile myelomonocytic 
leukemia. Loss of NF1 results in dysregulation of MAPK, PI3K 
and other signaling cascades, to promote cell proliferation 
and to inhibit cell apoptosis. The RUNX1 gene is associated 
with stem cell function in many tissues, and plays a key role 
in the fate of stem cells. Aberrant RUNX1 expression leads 
to context-dependent tumor development, in which RUNX1 
may serve as a tumor suppressor or an oncogene in specific 
tissue contexts. The co-occurrence of mutation of NF1 and 
RUNX1 is detected rarely in several cancers and signaling 
downstream of RAS-MAPK can alter RUNX1 function. 
Whether aberrant RUNX1 expression contributes to NF1-
related tumorigenesis is not fully understood. This review 
focuses on the role of RUNX1 in NF1-related tumors and 
blood disorders, and in sporadic cancers.
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INTRODUCTION

Neurofibromatosis type 1 (NF1) is a common inherited hu-

man disorder, with a frequency of 1:2,500-1:3,500 world-

wide (Boyd et al., 2009). NF1 encodes neurofibromin, a RAS 

GTPase-activating protein (RAS-GAP) which inactivates RAS-

GTP by accelerating the hydrolysis of RAS-GTP to RAS-GDP. 

In the absence of NF1, a series of signaling cascades including 

mitogen-activated protein kinase (MAPK), phosphoinositide 

3-kinase (PI3K) and other pathways are enhanced, resulting 

in the promotion of cell proliferation and inhibited apoptosis 

(Downward, 2003; Ratner and Miller, 2015). In NF1 patients, 

this can result in optic pathway glioma, glioblastoma, periph-

eral nerve neurofibromas, pheochromocytoma, aggressive 

nerve sarcoma (malignant peripheral nerve sheath tumor, 

MPNST), and/or juvenile myelomonocytic leukemia (JMML) 

(Ratner and Miller, 2015; Varan et al., 2016). Loss of NF1 is 

also common in sporadic tumor formation in glioma, breast 

cancer, lung cancer, and other cancers (Philpott et al., 2017).

	 The Runt-related transcription factor (RUNX) family of hu-

man and mouse genes includes RUNX1, RUNX2, and RUNX3 

in both human and mouse. These gene products share 

many structural similarities but play distinct biological roles. 

RUNX1 (also called AML1, CBFA2) is required for maturation 

of megakaryocytes and differentiation of T and B cells (Sood 

et al., 2017). RUNX2 is critical for skeletal morphogenesis 

(Komori, 2010). RUNX3 is important for neurogenesis of pro-

prioceptive neurons in the dorsal root ganglia (DRG) and for 

hematopoiesis (Levanon et al., 2002; Stifani and Ma, 2009). 

All three RUNX proteins bind to the core-binding factor beta 

(CBFB) via the same protein motif. CBFB lacks a DNA-bind-

ing domain, but binding to RUNX substantially increases the 
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CBFB RUNT domain DNA-binding affinity and protein stabil-

ity, thereby enhancing RUNX transcriptional activities (Bush-

weller, 2000; Huang et al., 2001). Abnormal RUNX expres-

sion promotes the development of cancer via transcriptional 

misregulation, DNA repair defects, and genomic instability 

(Ito et al., 2015). Because RUNX1 is a sequence-specific DNA 

binding transcription factor, whether it functions as an onco-

gene or a tumor suppressor is dependent on its gain or loss 

of function, and/or on its interaction with specific co-regu-

latory proteins. RUNX1 has been implicated as a tumor sup-

pressor in solid tumors including breast cancer, esophageal 

adenocarcinoma, colon cancer and possibly prostate cancer 

and as an oncogene in skin cancer, endometrial cancer, and 

epithelial cancer (Ito et al., 2015). RUNX2 has been impli-

cated in metastasis, including bone metastasis (Akech et al., 

2010). RUNX3 acts as a tumor suppressor in gastric cancer 

but functions as an oncogene in ovarian cancers (Ito et al., 

2015). RUNX1 can be phosphorylated by ERK signaling 

(downstream of NF1/RAS/MAPK) at S276/S293 or be meth-

ylated by PMRT at R206 and R210 (Imai et al., 2004; Zhao et 

al., 2008). Our recent study showed that elevated ERK phos-

phorylation caused by loss of Nf1 increases Runx1 expression 

and contributes to neurofibroma formation (Li et al., 2016). 

Both NF1 and RUNX1 are drivers of tumor formation in sever-

al cancers. They might also coordinately contribute to tumor 

formation in some tumors. This review focuses on the role 

of RUNX1 in NF1-related tumors and blood disorders, and in 

sporadic cancers.

RUNX1 IN NF1-RELATED SOLID TUMORS

Neurofibromas
One of the hallmarks of NF1 is that about 95% of NF1 pa-

tients develop dermal neurofibromas, a benign Schwann cell 

tumor. About half of patients develop plexiform neurofibro-

mas and about 10% of patients develop MPNSTs (Evans et 

al., 2011; Ratner and Miller, 2015; Varan et al., 2016). The 

molecular mechanisms of tumorigenesis and the molecules 

that drive neurofibroma formation are not fully understood. 

Schwann cells are the primary pathogenic cells in neurofibro-

mas (Chen et al., 2014). They are the only cells in neurofibro-

ma with biallelic NF1 mutation (Serra et al., 1997). Ablation 

of Nf1 using Nf1 homozygous (Nf1–/–) embryonic stem cells 

to make transgenic mice or ablation of Nf1 in the Schwann 

cell lineage using Krox20Cre or inducible PLPCre in mice leads 

to the development of plexiform neurofibromas (Chen et al., 

2014; Cichowski et al., 1999; Mayes et al., 2011; Zhu et al., 

2002). Loss of Nf1 in Schwann cells and Schwann cell precur-

sors at embryonic day 12.5 (E12.5) in mice leads to plexiform 

and dermal neurofibromas (Wu et al., 2008). Dermal and 

plexiform neurofibromas also develop in mice using HOXB7-

Cre or Prss56-Cre as a driver to ablate Nf1 in boundary cap 

cells (Chen et al., 2019; Radomska et al., 2019). Dermal 

neurofibromas develop from skin-derived precursors through 

loss of Nf1 (Le et al., 2009). Proliferation of Schwann cells 

that have lost most contact with nerve axons is a feature of 

neurofibroma formation (Zheng et al., 2008). These reports 

demonstrate that Schwann cell precursors and more mature 

Schwann cells can serve as cells of origin in neurofibromas.

	 RUNX1 is associated with stem cell function in many tissues 

and is a key regulator in the fate of stem cells, including he-

matopoietic stem cells, hairy follicle stem cells, mammary ep-

ithelial stem cells, mesenchymal stem cells, neural stem cells, 

and muscle stem cells (Deltcheva and Nimmo, 2017). RUNX1 

plays an important role during the development in both the 

central and peripheral nervous systems. In the central nervous 

system, Runx1 promotes adult mouse neurosphere cell pro-

liferation and neuronal differentiation (Logan et al., 2015). 

In the peripheral nervous system, Runx1 orchestrates gene 

expression changes during the differentiation and maturation 

of DRG neurons (Yoshikawa et al., 2013). Our recent studies 

show that Runx1 can also act as an oncogene to drive neu-

rofibroma formation upon loss of Nf1 (Li et al., 2016). Unlike 

the RUNX1 chromosomal translocations and mutations fre-

quently detected in other cancers, RUNX1 is overexpressed in 

human neurofibroma initiating cells, and in human plexiform 

neurofibromas, as well as in mouse Schwann cell precursors 

and mouse plexiform neurofibromas, at the mRNA and pro-

tein levels. Genetic or pharmacological inhibition of Runx1 

function decreased mouse neurofibroma sphere growth in 

vitro, a measure of tumor-forming potential[16]. Consistent 

with reports that Runx1 promotes proliferation and neuro-

nal differentiation in adult brain neurosphere culture, loss 

of Nf1 increased number of E12.5 Runx1+/FABP7+ Schwan 

cell precursors that can enable tumor formation (Li et al., 

2016). Dual genetic deletion of mouse Runx1 and Runx3 in 

Schwann cells and Schwann cell precursors significantly but 

incompletely delayed neurofibromagenesis and prolonged 

mouse survival. Elevated ERK signaling that is due to loss of 

Nf1 phosphorylates Runx1. This results in regulating periph-

eral myelin protein 22 (PMP22) expression in part by alterna-

tive promote usage, and inducing elevated levels of protein 

expression of PMP22, contributing to the effect on neuro-

fibromagenesis (Hall et al., 2019). Of note, other signaling 

pathways such as Wnt, Notch, or Trp53-p21 can directly 

or indirectly activate Runx1, and might also contribute to 

neurofibroma initiation and/or maintenance (Li et al., 2016) 

(Fig. 1).

Glioblastoma multiforme
The tumor suppressor gene NF1 is the third most prevalently 

mutated gene in human glioblastoma multiforme (GBM) in 

the general population. NF1 germline or somatic mutation is 

a driver of gliomagenesis (McLendon et al., 2008). In NF1 pa-

tients the risk of high grade glioma is 2- to 5-fold higher than 

in the general population (Spyris et al., 2019; Varan et al., 

2016). Recently, RUNX1 was suggested to be another poten-

tial driver of mesenchymal GBM (Cooper et al., 2012; Zhao 

et al., 2019) (Fig. 2). RUNX1 serves as a master regulator of 

gene expression in the U87 GBM cell line, which shows low 

NF1 expression (Way et al., 2017). Augmented expression 

of RUNX1 deregulates global gene expression in the U87 

GBM cell lines and inhibits tumor growth in mice (Bogoch et 

al., 2017). Teng et al. (2016) show that a histocompatibility 

leukocyte antigen (HLA) complex P5 (HCP5)-microRNA-139-

RUNX1 feedback loop plays a pivotal role in regulating the 

malignant behavior of U87 and U251 glioma cells. Howev-

er, elevated p38 MAPK signaling by IL-1β induced RUNX1 
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expression and increased the expression of the invasion- 

and angiogenic-related molecules that contribute to glioma 

metastasis and angiogenesis in U87 cells (Sangpairoj et al., 

2017). Co-mutation of NF1 and RUNX1 might be rare, be-

cause analysis of the cancer genome atlas (TCGA) GBM data 

identified only 1 patient with both NF1 and RUNX1 muta-

tions among 396 GBM patients with available mutation data 

(Kwangmin Choi, personal communication).

Breast cancer
Patients with NF1 shows increased risk of developing breast 

cancer (Howell et al., 2017; Suarez-Kelly et al., 2019) (Fig. 

2). A recent study shows that breast cancer was diagnosed 

in 32 of 404 NF1 patients (Uusitalo et al., 2017). Mutation of 

Nf1 can also drive breast cancer in a mouse model (Wallace 

et al., 2012). Recent studies show that RUNX1 is also a driver 

for breast cancer (Banerji et al., 2012). Whole genome and 

whole exome sequencing studies identified point mutations 

and deletions of RUNX1 in luminal and basal breast cancers 

(Banerji et al., 2012; Ellis et al., 2012; Hong et al., 2018; 

Rooney et al., 2017). RUNX1 is frequently mutated, as are 

other well‐known tumor suppressors and oncogenes (includ-

ing PTEN, CDH1, TP53, and PIK3CA) which have been exten-

sively investigated in breast cancer. However, in the publicly 

available data from TCGA, there was also a low prevalence 

of NF1 and RUNX1 co-mutation/deletion (Desmedt et al., 

2016). There were only 2 patients with both NF1 and RUNX1 

mutations among 1066 breast cancer patients with mutation 

data from TCGA (Kwangmin Choi, personal communication), 

suggesting that NF1 and RUNX1 mutation might mutually 

exclusive in breast cancer.

Lung cancer
NF1 is also a significantly mutated gene in lung adenocarci-

noma (Ding et al., 2008). NF1 is frequently mutated in a dis-

tinct molecular and clinical subtype of lung adenocarcinoma 

(Tlemsani et al., 2019). Contrary to its oncogenic function in 

neurofibroma, loss of RUNX1 is associated with aggressive 

lung adenocarcinomas (Ramsey et al., 2018), suggesting that 

RUNX1 serves as a tumor suppressor in lung cancer (Fig. 2). 

Low RUNX1 levels in lung adenocarcinomas were associat-

ed with worse overall survival. Loss of RUNX1 might drive 

lung adenocarcinoma aggression through deregulation of 

the E2F1 pathway (Ramsey et al., 2018). However, it is not 

known whether co-mutation/deletion of RUNX1 and NF1 will 

worsen the phenotype.

Other solid cancers
RUNX1 or NF1 mutation predisposes to development of 

many other cancer types (Fig. 2). NF1 is the fourth most prev-

alently mutated gene in ovarian carcinoma (Bell et al., 2011), 

in which RUNX1 serves as an oncogene, contributing to cell 

proliferation, migration and invasion (Keita et al., 2013). NF1 

mutations may be a critical progression gene in other cancers 

such as melanomas (Philpott et al., 2017). On very rare oc-

casions, co-mutation of RUNX1 and NF1 is reported in post-

transplant lymphoproliferative disorders patient exophytic 

tumor in the small bowel (Bogusz, 2017).

Fig. 1. Loss of NF1 activates RUNX1 to drive neurofibro

magenesis. Loss of NF1 elevates RAS-GTP to active downstream 

MEK/ERK signaling, which in turn phosphorylates RUNX1. 

Activated RUNX1 drives neurofibromagenesis by inhibiting 

PMP22, p53/p21 or other unknown gene(s)/pathway(s).

Fig. 2. NF1 and RUNX1 are both drivers of several solid tumor formation. NF1 serves as a tumor suppressor to contribute to breast 

cancer, lung cancer, glioblastoma multiform and several other tumor formation. RUNX1 functions as a tumor suppressor or an oncogene 

to drive tumorigenesis in the context of specific tissues. NF1 and RUNX1 co-mutations might contribute to tumorigenesis on rare events 

in some cancers.
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RUNX1 IN NF1-RELATED BLOOD DISEASE

Acute myeloid leukemia (AML)
Patients with NF1 mutation show a 200- to 500-fold in-

creased risk of JMML, a RAS pathway-driven myeloprolifer-

ative neoplasm (Chang et al., 2014). Patients with RUNX1 

mutation and/or deletion develop more aggressive AML. 

RUNX1 somatic point mutations are detected in approx-

imately 15% of adult and 3% of pediatric AML patients 

(Sood et al., 2017). Microdeletions are detected on chromo-

somes 17q11.2 and 21q22.12, where the NF1 and RUNX1 

genes are located in AML patients (Nakagawa et al., 2011). 

A report showed that NF1 is transcriptionally repressed by the 

t(8;21) fusion protein (RUNX1-ETO), suggesting that NF1 is 

a direct transcriptional target of RUNX1-ETO. Unlike in solid 

tumors, co-deletion of RUNX1 and NF1 has been proposed 

to contribute to the molecular pathogenesis of AML (Yang et 

al., 2005) (Fig. 3).

	 Several studies suggest that RAS and RUNX1 act in the 

same pathway to drive the development of AML. Loss of 

NF1 elevates RAS-MAPK signaling. RUNX1 mutations have a 

significant association with -7/7q- alteration, and frequently 

involve receptor tyrosine kinase (RTK)-RAS signaling pathway 

activation (Niimi et al., 2006). The elevated ERK signaling 

phosphorylates RUNX1 S276/S293 or affects arginine meth-

ylation of R206 and R210 to contribute to the development 

of AML (Imai et al., 2004) (Fig. 3) .

Myelodysplastic syndromes (MDS)
The initiation and evolution of MDS is driven by genomic 

events that disrupt multiple hematopoiesis related genes. 

The frequency of RUNX1 mutations in MDS patients is about 

10% (Bejar et al., 2011). Although RUNX1 mutations are 

suspected to play a pivotal role in the development of MDS, 

acquisition of additional genetic alterations is also necessary. 

Bejar et al. (2011) showed that patients with RUNX1 muta-

tions have more mutations of FLT3, N-RAS, PTPN11, or NF1 

genes, resulting in a significantly higher mutation frequency 

for RTK-RAS signaling pathways in RUNX-mutated MDS/AML 

patients compared to RUNX1 wild-type MDS/AML patients. 

A small subset of MDS arise due to deregulation of the RAS 

pathway, mainly due to NRAS/KRAS/NF1 mutations. In addi-

tion, MDS with RUNX1 point mutations is significantly related 

to hyper-activated RAS signaling pathway (Niimi et al., 2006) 

(Fig. 3). In a very rare case report, RUNX1 and NF1 co-muta-

tion was detected in a non-langerhans cell histiocytosis pa-

tient by whole exosome sequencing (Al Mugairi et al., 2019).

TARGETING RUNX1 OR NF1 FOR THERAPY

Targeting transcription factors, which have traditionally been 

considered untargetable, is becoming a realistic option with 

increased understanding of transcription factor biology and 

technological advances. The interaction between RUNX1 and 

CBF-B is critical for tumor formation. Therefore, targeting the 

RUNX1 and CBF-B interaction might be a novel therapeutic 

strategy for drug development. Increased expression of other 

RUNX family member may compensate for the antitumor 

effect elicited by a single RUNX gene silencing suggests that 

simultaneous attenuation of all RUNX family members might 

lead to much stronger antitumor effect than suppression of 

individual RUNX members. Morita et al. (2017) show that 

targeting RUNX clustering using pyrrole-imidazole polyamides 

bind to RUNX-binding consensus sites (5′-TGTGGT-3′ and 5′- 

TGCGGT-3′) is effective against AML and several poor prog-

nosis solid tumors in mice without notable adverse events. 

The RUNX1-CBF-B interaction inhibitor, Ro5-3335, preferen-

tially killed human CBF leukemia cell lines, rescued pre-leu-

kemic phenotype in a RUNX1-ETO transgenic zebrafish, and 

reduced leukemia burden in a mouse CBFB-MYH11 leukemia 

model (Cunningham et al., 2012). Ro5-3335 decreases neu-

rofibroma growth by inhibiting Schwann cell proliferation and 

inducing cell apoptosis (Hall et al., 2019). During Ro5-3335 

treatment, RUNX/CBFB binding sites are blocked and none of 

the RUNX family member can bind to CBFB to achieve their 

transcriptional activities.

	 Plexiform neurofibromas are benign Schwann cell tumors. 

There is no effective therapy and surgery remains the main-

stay of therapy. The MEK inhibitor, Selumetinib, has shown 

promising efficacy in unoperable plexiform neurofibromas 

in patients and plexiform neurofibromas in mice, but tumors 

regrow when drug treatment stops (Dombi et al., 2016; Jes-

sen et al., 2013; Jousma et al., 2015). In mice with Nf1-driv-

en JMML-like myeloproliferative neoplasm, MEK inhibition 

decreases cell proliferation but does not eradicate disease 

(Chang et al., 2013). New therapeutic strategies and targets 

independent of the MAPK pathway are needed for neurofi-

broma treatment. It will be interesting to test if modulation of 

the RUNX cluster using the  Pyrrole-Imidazole (PI) polyamide 

gene-switch technology, or other methods, exerts antitumor 

effects on plexiform neurofibromas. In any case, combinato-

rial therapies might provide better effects.

Fig. 3. Co-mutations of RUNX1 and NF1 contribute to blood 

malignancy. RUNX1 t(8;21) translocation (RUNX1-ETO) represses 

NF1 to develop AML. RUNX1 mutation or NF1/RAS-RUNX1 co-

mutation develop AML or MDS through clonal selection and cell 

proliferation.
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CONCLUSION AND FUTURE PERSPECTIVES

NF1 or RUNX1 mutations are detected in many tumors. NF1 

serves as a tumor suppressor while RUNX1 serves as a tumor 

suppressor or an oncogene in the context of various tissues. 

NF1 and RUNX1 co-mutations are detected in only rare 

cancers. Whether relevant NF1 and RUNX1 mutations are 

mutually exclusive needs to be further studied. The expanded 

application of next-generation sequencing to cancer patients 

is expected to identify more RUNX1 or NF1 germline/somatic 

mutations and other mutations that are known to be somati-

cally mutated in the same or other cancer types. Targeting the 

MAPK pathway has shown efficacy in NF1 neoplasms but the 

effects are limited because the MEK inhibitor cause cytostasis 

not cell death. MEK-independent therapeutic strategies are 

needed, and testing combinatorial therapies may be useful.

Disclosure
The authors have no potential conflicts of interest to disclose.

ACKNOWLEDGMENTS
This work was supported by NIH R01 NS097233 to J.W.

	 We thank Dr. Nancy Ratner for review of the manuscript. 

We thank Dr. Kwangmin Choi for help in TCGA data analysis.

ORCID
Youjin Na	 https://orcid.org/0000-0002-6657-7027

Gang Huang	 https://orcid.org/0000-0002-5457-5358

Jianqiang Wu	 https://orcid.org/0000-0002-4239-5659

REFERENCES

Akech, J., Wixted, J.J., Bedard, K., van der Deen, M., Hussain, S., Guise, T.A., 
van Wijnen, A.J., Stein, J.L., Languino, L.R., Altieri, D.C., et al. (2010). Runx2 
association with progression of prostate cancer in patients: mechanisms 
mediating bone osteolysis and osteoblastic metastatic lesions. Oncogene 
29, 811-821.

Al Mugairi, A., Al Turki, S., Salama, H., Al Ahmadi, K., Abuelgasim, K.A., and 
Damlaj, M. (2019). Isolated bone marrow non-langerhans cell histiocytosis 
preceding RUNX1-Mutated acute myeloid leukemia: case report and 
literature review. Am. J. Clin. Pathol. 151, 638-646.

Banerji, S., Cibulskis, K., Rangel-Escareno, C., Brown, K.K., Carter, S.L., 
Frederick, A.M., Lawrence, M.S., Sivachenko, A.Y., Sougnez, C., Zou, L., et al. 
(2012). Sequence analysis of mutations and translocations across breast 
cancer subtypes. Nature 486, 405-409.

Bejar, R., Stevenson, K., Abdel-Wahab, O., Galili, N., Nilsson, B., Garcia-
Manero, G., Kantarjian, H., Raza, A., Levine, R.L., Neuberg, D., et al. (2011). 
Clinical effect of point mutations in myelodysplastic syndromes. N. Engl. J. 
Med. 364, 2496-2506.

Bell, D., Berchuck, A., Birrer, M., Chien, J., Cramer, D.W., Dao, F., Dhir, R., 
DiSaia, P., Gabra, H., Glenn, P., et al. (2011). Integrated genomic analyses of 
ovarian carcinoma. Nature 474, 609-615.

Bogoch, Y., Friedlander-Malik, G., Lupu, L., Bondar, E., Zohar, N., Langier, S., 
Ram, Z., Nachmany, I., Klausner, J.M., and Pencovich, N. (2017). Augmented 
expression of RUNX1 deregulates the global gene expression of U87 
glioblastoma multiforme cells and inhibits tumor growth in mice. Tumour. 
Biol. 39, 1010428317698357.

Bogusz, A.M. (2017). EBV-negative Monomorphic B-Cell posttransplant 
lymphoproliferative disorder with marked morphologic pleomorphism 
and pathogenic mutations in ASXL1, BCOR, CDKN2A, NF1, and TP53. 
Case Rep. Hematol. 2017, 5083463.

Boyd, K.P., Korf, B.R., and Theos, A. (2009). Neurofibromatosis type 1. J. Am. 
Acad. Dermatol. 61, 1-14.

Bushweller, J.H. (2000). CBF--a biophysical perspective. Semin. Cell Dev. 
Biol. 11, 377-382.

Chang, T., Krisman, K., Theobald, E.H., Xu, J., Akutagawa, J., Lauchle, J.O., 
Kogan, S., Braun, B.S., and Shannon, K. (2013). Sustained MEK inhibition 
abrogates myeloproliferative disease in Nf1 mutant mice. J. Clin. Invest. 
123, 335-339.

Chang, T.Y., Dvorak, C.C., and Loh, M.L. (2014). Bedside to bench in 
juvenile myelomonocytic leukemia: insights into leukemogenesis from a 
rare pediatric leukemia. Blood 124, 2487-2497.

Chen, C., Liu, Y., Rappaport, A.R., Kitzing, T., Schultz, N., Zhao, Z., Shroff, 
A.S., Dickins, R.A., Vakoc, C.R., Bradner, J.E., et al. (2014). MLL3 is a 
haploinsufficient 7q tumor suppressor in acute myeloid leukemia. Cancer 
Cell 25, 652-665.

Chen, Z., Mo, J., Brosseau, J.-P., Shipman, T., Wang, Y., Liao, C.-P., Cooper, 
J. M., Allaway, R.J., Gosline, S.J.C., Guinney, J., et al. (2019). Spatiotemporal 
loss of NF1 in schwann cell lineage leads to different types of cutaneous 
neurofibroma susceptible to modification by the hippo pathway. Cancer 
Discov. 9, 114-129.

Cichowski, K., Shih, T.S., Schmitt, E., Santiago, S., Reilly, K., McLaughlin, M.E., 
Bronson, R.T., and Jacks, T. (1999). Mouse models of tumor development 
in neurofibromatosis type 1. Science 286, 2172-2176.

Cooper, L.A.D., Gutman, D.A., Chisolm, C., Appin, C., Kong, J., Rong, Y., 
Kurc, T., Van Meir, E.G., Saltz, J.H., Moreno, C.S., et al. (2012). The tumor 
microenvironment strongly impacts master transcriptional regulators and 
gene expression class of glioblastoma. Am. J. Path. 180, 2108-2119.

Cunningham, L., Finckbeiner, S., Hyde, R.K., Southall, N., Marugan, J., 
Yedavalli, V.R.K., Dehdashti, S.J., Reinhold, W.C., Alemu, L., Zhao, L., et al. 
(2012). Identification of benzodiazepine Ro5-3335 as an inhibitor of CBF 
leukemia through quantitative high throughput screen against RUNX1-
CBFbeta interaction. Proc. Natl. Acad. Sci. U. S. A. 109, 14592-14597.

Deltcheva, E. and Nimmo, R. (2017). RUNX transcription factors at the 
interface of stem cells and cancer. Biochem. J. 474, 1755-1768.

Desmedt, C., Zoppoli, G., Gundem, G., Pruneri, G., Larsimont, D., Fornili, 
M., Fumagalli, D., Brown, D., Rothe, F., Vincent, D., et al. (2016). Genomic 
characterization of primary invasive lobular breast cancer. J. Clin. Oncol. 
34, 1872-1881.

Ding, L., Getz, G., Wheeler, D.A., Mardis, E.R., McLellan, M.D., Cibulskis, K., 
Sougnez, C., Greulich, H., Muzny, D.M., Morgan, M.B., et al. (2008). Somatic 
mutations affect key pathways in lung adenocarcinoma. Nature 455, 
1069-1075.

Dombi, E., Baldwin, A., Marcus, L.J., Fisher, M.J., Weiss, B., Kim, A., 
Whitcomb, P., Martin, S., Aschbacher-Smith, L.E., Rizvi, T.A., et al. (2016). 
Activity of selumetinib in neurofibromatosis type 1-related plexiform 
neurofibromas. N. Engl. J. Med. 375, 2550-2560.

Downward, J. (2003). Targeting RAS signalling pathways in cancer therapy. 
Nat. Rev. Cancer 3, 11-22.

Ellis, M.J., Ding, L., Shen, D., Luo, J., Suman, V.J., Wallis, J.W., Van Tine, B.A., 
Hoog, J., Goiffon, R.J., Goldstein, T.C., et al. (2012). Whole-genome analysis 
informs breast cancer response to aromatase inhibition. Nature 486, 353-
360.

Evans, D.G.R., O'Hara, C., Wilding, A., Ingham, S.L., Howard, E., Dawson, J., 
Moran, A., Scott-Kitching, V., Holt, F., and Huson, S.M. (2011). Mortality in 
neurofibromatosis 1: in North West England: an assessment of actuarial 
survival in a region of the UK since 1989. Eur. J. Hum. Genet. 19, 1187-
1191.

Hall, A., Choi, K., Liu, W., Rose, J., Zhao, C., Yu, Y., Na, Y., Cai, Y., Coover, R.A., 
Lin, Y., et al. (2019). RUNX represses Pmp22 to drive neurofibromagenesis. 
Sci. Adv. 5, eaau8389.

Hong, D., Fritz, A.J., Finstad, K.H., Fitzgerald, M.P., Weinheimer, A., Viens, 



158  Mol. Cells 2020; 43(2): 153-159  

RUNX1 and NF1 in Tumors
Youjin Na et al.

A.L., Ramsey, J., Stein, J.L., Lian, J.B., and Stein, G.S. (2018). Suppression of 
breast cancer stem cells and tumor growth by the RUNX1 transcription 
factor. Mol. Cancer Res. 16, 1952-1964.

Howell, S.J., Hockenhull, K., Salih, Z., and Evans, D.G. (2017). Increased 
risk of breast cancer in neurofibromatosis type 1: current insights. Breast 
Cancer (Dove Med Press) 9, 531-536.

Huang, G., Shigesada, K., Ito, K., Wee, H.J., Yokomizo, T., and Ito, Y. (2001). 
Dimerization with PEBP2beta protects RUNX1/AML1 from ubiquitin-
proteasome-mediated degradation. EMBO J. 20, 723-733.

Imai, Y., Kurokawa, M., Yamaguchi, Y., Izutsu, K., Nitta, E., Mitani, K., Satake, 
M., Noda, T., Ito, Y., and Hirai, H. (2004). The corepressor mSin3A regulates 
phosphorylation-induced activation, intranuclear location, and stability of 
AML1. Mol. Cell. Bol. 24, 1033-1043.

Ito, Y., Bae, S.C., and Chuang, L.S. (2015). The RUNX family: developmental 
regulators in cancer. Nat. Rev. Cancer 15, 81-95.

Jessen, W.J., Miller, S.J., Jousma, E., Wu, J., Rizvi, T.A., Brundage, M.E., Eaves, 
D., Widemann, B., Kim, M.-O., Dombi, E., et al. (2013). MEK inhibition 
exhibits efficacy in human and mouse neurofibromatosis tumors. J. Clin. 
Invest. 123, 340-347.

Jousma, E., Rizvi, T.A., Wu, J., Janhofer, D., Dombi, E., Dunn, R.S., Kim, M.-
O., Masters, A.R., Jones, D.R., Cripe, T.P., and Ratner, N. (2015). Preclinical 
assessments of the MEK inhibitor PD-0325901 in a mouse model of 
Neurofibromatosis type 1. Pediatr. Blood Cancer 62, 1709-1716.

Keita, M., Bachvarova, M., Morin, C., Plante, M., Gregoire, J., Renaud, M.-
C., Sebastianelli, A., Trinh, X. B., and Bachvarov, D. (2013). The RUNX1 
transcription factor is expressed in serous epithelial ovarian carcinoma 
and contributes to cell proliferation, migration and invasion. Cell Cycle 12, 
972-986.

Komori, T. (2010). Regulation of bone development and extracellular 
matrix protein genes by RUNX2. Cell Tiss. Res. 339, 189-195.

Le, L.Q., Shipman, T., Burns, D.K., and Parada, L.F. (2009). Cell of origin and 
microenvironment contribution for NF1-associated dermal neurofibromas. 
Cell Stem Cell 4, 453-463.

Levanon, D., Bettoun, D., Harris-Cerruti, C., Woolf, E., Negreanu, V., Eilam, 
R., Bernstein, Y., Goldenberg, D., Xiao, C., Fliegauf, M., et al. (2002). The 
Runx3 transcription factor regulates development and survival of TrkC 
dorsal root ganglia neurons. EMBO J. 21, 3454-3463.

Li, H., Zhao, X., Yan, X., Jessen, W. J., Kim, M.O., Dombi, E., Liu, P.P., Huang, 
G., and Wu, J. (2016). Runx1 contributes to neurofibromatosis type 1 
neurofibroma formation. Oncogene 35, 1468-1474.

Logan, T.T., Rusnak, M., and Symes, A.J. (2015). Runx1 promotes 
proliferation and neuronal differentiation in adult mouse neurosphere 
cultures. Stem Cell Res. 15, 554-564.

Mayes, D.A., Rizvi, T.A., Cancelas, J.A., Kolasinski, N.T., Ciraolo, G.M., 
Stemmer-Rachamimov, A.O., and Ratner, N. (2011). Perinatal or adult Nf1 
inactivation using tamoxifen-inducible PlpCre each cause neurofibroma 
formation. Cancer Res. 71, 4675-4685.

McLendon, R., Friedman, A., Bigner, D., Van Meir, E.G., Brat, D.J., 
Mastrogianakis, G.M., Olson, J.J., Mikkelsen, T., Lehman, N., Aldape, K., 
et al. (2008). Comprehensive genomic characterization defines human 
glioblastoma genes and core pathways. Nature 455, 1061-1068.

Morita, K., Suzuki, K., Maeda, S., Matsuo, A., Mitsuda, Y., Tokushige, C., 
Kashiwazaki, G., Taniguchi, J., Maeda, R., Noura, M., et al. (2017). Genetic 
regulation of the RUNX transcription factor family has antitumor effects. J. 
Clin. Invest. 127, 2815-2828.

Nakagawa, M., Shimabe, M., Watanabe-Okochi, N., Arai, S., Yoshimi, 
A., Shinohara, A., Nishimoto, N., Kataoka, K., Sato, T., Kumano, K., et al. 
(2011). AML1/RUNX1 functions as a cytoplasmic attenuator of NF-kappaB 
signaling in the repression of myeloid tumors. Blood 118, 6626-6637.

Niimi, H., Harada, H., Harada, Y., Ding, Y., Imagawa, J., Inaba, T., Kyo, T., 
and Kimura, A. (2006). Hyperactivation of the RAS signaling pathway in 

myelodysplastic syndrome with AML1/RUNX1 point mutations. Leukemia 
20, 635-644.

Philpott, C., Tovell, H., Frayling, I.M., Cooper, D.N., and Upadhyaya, M. 
(2017). The NF1 somatic mutational landscape in sporadic human cancers. 
Hum. Genomics 11, 13.

Radomska, K.J., Coulpier, F., Gresset, A., Schmitt, A., Debbiche, A., Lemoine, 
S., Wolkenstein, P., Vallat, J.-M., Charnay, P., and Topilko, P. (2019). Cellular 
origin, tumor progression, and pathogenic mechanisms of cutaneous 
neurofibromas revealed by mice with Nf1 knockout in boundary cap cells. 
Cancer Discov. 9, 130-147.

Ramsey, J., Butnor, K., Peng, Z., Leclair, T., van der Velden, J., Stein, G., Lian, 
J., and Kinsey, C.M. (2018). Loss of RUNX1 is associated with aggressive 
lung adenocarcinomas. J. Cell. Physiol. 233, 3487-3497.

Ratner, N. and Miller, S.J. (2015). A RASopathy gene commonly mutated in 
cancer: the neurofibromatosis type 1 tumour suppressor. Nat. Rev. Cancer 
15, 290-301.

Rooney, N., Riggio, A.I., Mendoza-Villanueva, D., Shore, P., Cameron, E.R., 
and Blyth, K. (2017). Runx genes in breast cancer and the mammary 
lineage. Adv. Exp. Med. Biol. 962, 353-368.

Sangpairoj, K., Vivithanaporn, P., Apisawetakan, S., Chongthammakun, 
S., Sobhon, P., and Chaithirayanon, K. (2017). RUNX1 regulates 
migration, invasion, and angiogenesis via p38 MAPK pathway in human 
glioblastoma. Cell. Mol. Neurobiol. 37, 1243-1255.

Serra, E., Puig, S., Otero, D., Gaona, A., Kruyer, H., Ars, E., Estivill, X., and 
Lazaro, C. (1997). Confirmation of a double-hit model for the NF1 gene in 
benign neurofibromas. Am. J. Hum. Genet. 61, 512-519.

Sood, R., Kamikubo, Y., and Liu, P. (2017). Role of RUNX1 in hematological 
malignancies. Blood 129, 2070-2082.

Spyris, C.D., Castellino, R.C., Schniederjan, M.J., and Kadom, N. (2019). 
High-grade gliomas in children with neurofibromatosis type 1: literature 
review and illustrative cases. AJNR Am. J. Neuroradiol. 40, 366-369.

Stifani, S. and Ma, Q. (2009). 'Runxs and regulations' of sensory and 
motor neuron subtype differentiation: implications for hematopoietic 
development. Blood Cells Mol. Dis. 43, 20-26.

Suarez-Kelly, L.P., Yu, L., Kline, D., Schneider, E.B., Agnese, D.M., and Carson, 
W.E. (2019). Increased breast cancer risk in women with neurofibromatosis 
type 1: a meta-analysis and systematic review of the literature. Hered. 
Cancer Clin. Pract. 17, 12.

Teng, H., Wang, P., Xue, Y., Liu, X., Ma, J., Cai, H., Xi, Z., Li, Z., and Liu, Y. 
(2016). Role of HCP5-miR-139-RUNX1 feedback loop in regulating 
malignant behavior of glioma cells. Mol. Ther. 24, 1806-1822.

Tlemsani, C., Pecuchet, N., Gruber, A., Laurendeau, I., Danel, C., Riquet, 
M., Le Pimpec-Barthes, F., Fabre, E., Mansuet-Lupo, A., Damotte, D., et al. 
(2019). NF1 mutations identify molecular and clinical subtypes of lung 
adenocarcinomas. Cancer Med. 8, 4330-4337.

Uusitalo, E., Kallionpaa, R.A., Kurki, S., Rantanen, M., Pitkaniemi, J., 
Kronqvist, P., Harkonen, P., Huovinen, R., Carpen, O., Poyhonen, M., et al. 
(2017). Breast cancer in neurofibromatosis type 1: overrepresentation of 
unfavourable prognostic factors. Br. J. Cancer 116, 211-217.

Varan, A., Sen, H., Aydin, B., Yalcin, B., Kutluk, T., and Akyuz, C. (2016). 
Neurofibromatosis type 1 and malignancy in childhood. Clin. Genet. 89, 
341-345.

Wallace, M.D., Pfefferle, A.D., Shen, L., McNairn, A.J., Cerami, E.G., Fallon, 
B.L., Rinaldi, V.D., Southard, T.L., Perou, C.M., and Schimenti, J.C. (2012). 
Comparative oncogenomics implicates the neurofibromin 1 gene (NF1) 
as a breast cancer driver. Genetics 192, 385-396.

Way, G.P., Allaway, R.J., Bouley, S.J., Fadul, C.E., Sanchez, Y., and Greene, C.S. 
(2017). A machine learning classifier trained on cancer transcriptomes 
detects NF1 inactivation signal in glioblastoma. BMC Genomics 18, 127.

Wu, J., Williams, J.P., Rizvi, T.A., Kordich, J.J., Witte, D., Meijer, D., Stemmer-
Rachamimov, A.O., Cancelas, J.A., and Ratner, N. (2008). Plexiform and 



  Mol. Cells 2020; 43(2): 153-159  159

RUNX1 and NF1 in Tumors
Youjin Na et al.

dermal neurofibromas and pigmentation are caused by Nf1 loss in desert 
hedgehog-expressing cells. Cancer Cell 13, 105-116.

Yang, G., Khalaf, W., van de Locht, L., Jansen, J.H., Gao, M., Thompson, M.A., 
van der Reijden, B.A., Gutmann, D.H., Delwel, R., Clapp, D.W., et al. (2005). 
Transcriptional repression of the Neurofibromatosis-1 tumor suppressor 
by the t(8;21) fusion protein. Mol. Cell. Biol. 25, 5869-5879.

Yoshikawa, M., Murakami, Y., Senzaki, K., Masuda, T., Ozaki, S., Ito, Y., and 
Shiga, T. (2013). Coexpression of Runx1 and Runx3 in mechanoreceptive 
dorsal root ganglion neurons. Dev. Neurobiol. 73, 469-479.

Zhao, K., Cyui, X., Wang, Q., Fang, C., Tan, Y., Wang, Y., Yi, K., Yang, C., 
You, H., Shang, R., et al. (2019). RUNX1 contributes to the mesenchymal 
subtype of glioblastoma in a TGFβ pathway-dependent manner. Cell 

Death Dis. 10, 877.

Zhao, X., Jankovic, V., Gural, A., Huang, G., Pardanani, A., Menendez, 
S., Zhang, J., Dunne, R., Xiao, A., Erdjument-Bromage, H., et al. (2008). 
Methylation of RUNX1 by PRMT1 abrogates SIN3A binding and 
potentiates its transcriptional activity. Genes Dev. 22, 640-653.

Zheng, H., Chang, L., Patel, N., Yang, J., Lowe, L., Burns, D.K., and Zhu, Y. 
(2008). Induction of abnormal proliferation by nonmyelinating schwann 
cells triggers neurofibroma formation. Cancer Cell 13, 117-128.

Zhu, Y., Ghosh, P., Charnay, P., Burns, D., and Parada, L. (2002). Neuro
fibromas in NF1: Schwann cell origin and role of tumor environment. 
Science 296, 920-922.


