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ABSTRACT
Developmental transcription programs are epigenetically regulated by the
competing actions of polycomb and trithorax (TrxG) protein complexes, which repress
and activate genes, respectively. Ewing sarcoma is a developmental tumor that is
associated with widespread de-regulation of developmental transcription programs,
including HOX programs. Posterior HOXD genes are abnormally over-expressed by
Ewing sarcoma and HOXD13, in particular, contributes to the tumorigenic phenotype.
In MLL1 fusion-driven leukemia, aberrant activation of HOXA genes is epigenetically
mediated by the TrxG complex and HOXA gene expression and leukemogenesis are
critically dependent on the protein-protein interaction between the TrxG proteins
MLL1 and menin. Based on these data, we investigated whether posterior HOXD gene
activation and Ewing sarcoma tumorigenicity are similarly mediated by and dependent
on MLL1 and/or menin. Our findings demonstrate that Ewing sarcomas express high
levels of both MLL1 and menin and that continued expression of both proteins is
required for maintenance of tumorigenicity. In addition, exposure of Ewing sarcoma
cells to MI-503, an inhibitor of the MLL1-menin protein-protein interaction developed
for MLL1-fusion driven leukemia, leads to loss of tumorigenicity and down-regulated
expression of the posterior HOXD gene cluster. Together these data demonstrate an
essential role for MLL1 and menin in mediating tumor maintenance and posterior
HOXD gene activation in Ewing sarcoma. A critical dependency of these tumors on
the MLL1-menin interaction presents a potentially novel therapeutic target.

INTRODUCTION

development and tumorigenesis [2]. Alterations in the
expression, function and composition of these complexes
are common features of human malignancy. Deregulation
of developmental programs is particularly evident in
pediatric cancers, where the normal epigenetic processes
governing stem cell self-renewal and differentiation are
hijacked, promoting malignant transformation [3]. The
best-characterized targets of PcG and TrxG are the HOX
genes, transcription factors that are critical for normal
embryogenesis, development and tissue maintenance
[4–6]. Reciprocal epigenetic regulation of HOX genes by

Normal embryogenesis and tissue maintenance
are governed by the coordinated regulation of gene
expression in the proper time and space. This process
is directed by epigenetic modifications to chromatin
that are mediated in part by the large, multi-subunit
Polycomb (PcG) and Trithorax (TrxG) complexes [1].
PcG and TrxG proteins, which promote gene repression
and activation, respectively, are highly expressed in stem
cells and are key epigenetic mediators of both normal
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PcG and TrxG ensures that HOX genes are activated in
the proper spatiotemporal manner [7]. It is increasingly
evident that epigenetic deregulation of HOX genes is a
hallmark of several cancers, highlighting a critical role for
these developmental programs in oncogenesis [8–10].
Ewing sarcoma, an aggressive pediatric bone and
soft tissue tumor, is characterized by the presence of
EWS/ETS fusion oncogenes, most commonly EWS/FLI1,
that arise as a consequence of recurrent chromosomal
translocations [11]. The mechanisms by which EWS/
ETS fusions induce oncogenic transformation remain
to be fully elucidated but increasing evidence suggests
that deregulation of epigenetic processes lies at the heart
of Ewing sarcoma pathogenesis [12–17]. Although the
cellular ontogeny of Ewing sarcoma is unclear, current
evidence suggests that it arises via EWS/ETS-dependent
malignant transformation of a primitive mesenchymal stem
cell of mesoderm or neural crest origin [18, 19]. Consistent
with the stem-like phenotype of Ewing sarcomas, the
PcG proteins BMI-1 and EZH2 are highly expressed and
play well-established roles in tumor pathogenesis [12, 14,
19, 20]. However, we recently reported that despite high
levels of BMI-1 and EZH2, a large subset of PcG target
genes are paradoxically overexpressed in Ewing sarcoma
tumors [15]. Notably, posterior HOXD genes, particularly
HOXD13, are markedly overexpressed by Ewing sarcoma
cells and the promoters of these genes are enriched with the
TrxG-dependent H3K4me3 histone modification, consistent
with a transcriptionally active chromatin state [15, 21].
Post-translational mono-, di-, and trimethylation
of H3K4 are mediated by the KMT2 (MLL) family of
histone methyltransferases in the context of COMPASS(Complex of proteins associated with Set1)- and
COMPASS-like multi-protein chromatin remodeling
complexes [22]. Genome-wide trimethylation of H3K4
(H3K4me3) is largely mediated by KMT2F (SETD1A) and
KMT2G (SETD1B) - containing COMPASS complexes.
In contrast, H3K4me3 modifications at the promoters
of developmental transcription factors are dependent on
TrxG COMPASS-like complexes that contain KMT2A
(MLL1) and KMT2B (MLL4; Mll2 in mice) [22–24]. The
MLL family of histone methyltransferases is critical for
early embryonic patterning, skeletal development, and
hematopoiesis, and these functions are mediated in part
by MLL1-dependent activation of HOX genes [22, 25–27].
In addition to their critical role in normal development,
oncogenic roles for MLL are well-established, especially
in leukemia where MLL1 gene rearrangements and
fusion proteins cooperate with the wild-type MLL1 allele
to induce malignant transformation of hematopoietic
progenitors via deregulation of HOXA and other oncogenic
genes [9]. Importantly, the oncogenic function of MLL
fusion proteins in leukemia is critically dependent upon
their association with the scaffolding protein menin, a
partner protein of MLL1 and MLL4 (i.e. KMT2A and
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KMT2B) in the TrxG COMPASS-like complexes [28].
Menin is also involved in regulation of HOX expression
during normal development, hematopoiesis, and in several
cancers [10, 23, 26, 29–32]. For the current work, we
investigated whether Ewing sarcoma tumorigenicity and
HOX gene activation are critically dependent on MLL1
and menin. In addition, we have tested if exposure of
Ewing sarcoma cells to MI-503, a recently developed
inhibitor of the MLL-menin protein-protein interaction
[33, 34], impacts on tumorigenicity or posterior HOXD
gene expression. Our results provide novel insights into
tumor pathogenesis and identify a potential therapeutic
vulnerability in Ewing sarcoma.

RESULTS
MLL1 is highly expressed in Ewing sarcoma
tumors and cell lines
We and others have shown that the posterior
HOXD genes, HOXD9, HOXD10, HOXD11, and
HOXD13 are overexpressed by Ewing sarcoma
[15, 35] and that the promoters of these genes are devoid
of the repressive H3K27me3 mark and highly enriched
with the MLL-mediated H3K4me3 mark [15, 21]. We
therefore hypothesized that MLL may be an important
mediator of posterior HOXD gene expression and Ewing
sarcoma tumorigenicity. To address this question, we
first assessed expression of the six MLL family histone
methyltransferases in Ewing sarcoma cell lines using the
CCLE database [36]. Both MLL1 (KMT2A) and SETD1B
(KMT2G) are highly expressed by Ewing sarcoma cell
lines, with expression levels comparable to those of several
hematological malignancies known to be driven by MLL
rearrangements and/or amplification [9] (Figure 1A and
Supplementary Figure S1). Given the well-established role
for MLL1 in the deregulation of HOX genes in the context
of leukemia [9], we focused our studies on MLL1. qRTPCR analyses of Ewing sarcoma cell lines, bone marrowderived mesenchymal stem cells (hMSC), putative cells
of origin for Ewing sarcoma [18, 19, 37], and nontransformed MRC5 fibroblasts validated the CCLE data,
showing robust expression of MLL1 transcript and protein
in Ewing sarcoma cells (Figure 1B and 1C). Analysis of
published gene expression array data confirmed that MLL1
is also overexpressed by Ewing sarcoma tumors compared
to non-malignant tissues in vivo (Figure 1D). Moreover,
immunohistochemical analysis of tissue specimens
revealed robust expression of MLL1 in 100% of Ewing
sarcomas, while expression was detected in only 55%
of the control tissues and levels were significantly lower
than those expressed by tumors (Figure 1E and 1F). Thus,
MLL1 is robustly expressed by Ewing sarcoma cells and
tumors in vitro and in vivo, underscoring a potential role
for this proto-oncogene in Ewing sarcoma pathogenesis.
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Loss of MLL1 reduces Ewing sarcoma cell
proliferation and tumorigenicity

a period of 2–4 weeks. Knockdown of MLL1 markedly
reduced colony formation (Figure 2D), demonstrating
that MLL1 promotes Ewing sarcoma tumorigenicity
in vitro. Finally, we examined whether loss of MLL1
would reduce tumorigenicity in vivo. To this end, we
injected MLL1 knockdown and non-silencing control
cells into contralateral flanks of nude mice. The rate of
engraftment, tumor frequency and growth rate of engrafted
tumors were all substantially reduced in the context
of MLL1 knockdown (Figure 2E). Importantly, qRTPCR of explanted tumors showed that MLL1 expression
had been restored in the tumors that were derived from

To evaluate a functional role for MLL1 in Ewing
sarcoma, we knocked down its expression in 3 Ewing
sarcoma cell lines. Knockdown of MLL1 using 2
different lentiviral shRNA constructs (Figure 2A and 2B)
dramatically inhibited Ewing sarcoma cell expansion in
culture, with evidence of both induction of cell death and
reduced cell proliferation (Figure 2C). To investigate a
potential role for MLL1 in mediating tumorigenicity,
we plated equal numbers of viable cells in soft agar for

Figure 1: MLL1 is expressed by Ewing sarcoma. (A) CCLE data depicting MLL1 transcript expression. (B) RT-PCR and (C)

western blot depicting MLL1 transcript and protein expression in Ewing sarcoma cells, MRC5 fibroblasts and adult bone marrow-derived
mesenchymal stem cells (hMSC). (D) Expression array data for MLL1 in 32 Ewing sarcoma tumors compared to 33 samples from 11
normal adult tissues. ****p < .0001. (E) Representative immunohistochemical staining of Ewing sarcoma tumor, showing CD99 (top) and
MLL1 (middle). Thyroid (bottom) was negative for MLL1 expression. (F) Scoring of MLL staining in 42 Ewing sarcoma tumors and 22
normal tissue samples (liver, bladder, heart, fat, lung, spleen, pancreas, thymus, stomach, salivary gland, thyroid, uterus, kidney, prostate,
testes, tonsil, breast, skin). Normal tissues with high MLL1 expression (Allred score of 6 or greater) included heart, spleen, stomach,
pancreas, and salivary gland. ****p < .0001.
www.impactjournals.com/oncotarget
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expression of posterior HOXD genes 48 hours following
shRNA-mediated knockdown of MLL1 (Figure 3A).
Studies of altered expression were limited to evaluation
of transcript levels due to the lack of specific and
authenticated antibodies for HOXD protein expression.
Although levels of HOXD10 and HOXD11 changed in
some cells, HOXD13 was reproducibly downregulated
following acute MLL1 knockdown (Figure 3B). Notably,
among the posterior HOXD genes, HOXD13 is the most
reproducibly and specifically overexpressed by Ewing
sarcoma compared to other tumors and non-malignant
tissues (Supplementary Figure S2A and Refs [15, 35]). In

shMLL1 cells (Figure 2F). Thus, these data collectively
demonstrate that Ewing sarcoma cells are critically
dependent upon MLL1 for their continued proliferation,
survival and tumorigenicity.

HOXD13 is a downstream target of MLL1
Given the critical role for MLL1 in regulating
HOX gene expression during normal development and
in leukemia [8, 25, 26], we hypothesized that MLL1
contributes to overexpression of posterior HOXD
genes in Ewing sarcoma. To address this we measured

Figure 2: Knockdown of MLL1 in Ewing sarcoma cells reduces proliferation and tumorigenicity. qRT-PCR (A) and

western blot (B) showing MLL1 knockdown. (C) Brightfield images (left) and histograms (right) show reduced cell expansion after 6 days.
(D) Histograms (top) and representative images (bottom) showing reduced tumorigenicity with MLL1 knockdown. N = 3 experiments.
*p < .05, **p = .002, ****p < 0.0001. (E) Knockdown of MLL1 significantly reduced tumor growth rate in vivo. ****p = .0001. N = 5
mice. (F) qRT-PCR for MLL1 shows restoration of MLL1 expression in tumors derived from shMLL1 cells.
www.impactjournals.com/oncotarget
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The scaffolding protein menin has an oncogenic
function in Ewing sarcoma

addition, knockdown of HOXD13 (Supplementary Figure
S2B–S2E), and also of HOXD10 and HOXD11 [35], results
in loss of tumorigenicity, verifying the identity of posterior
HOXD genes as critical oncogenes in Ewing sarcoma.
Directed ChIP-PCR assays confirmed that the presence
of H3K4me3 at the HOXD13 promoter is associated with
binding of MLL1 (Figure 3C) [15, 21]. Whether MLL1 or
another KMT protein mediates the H3K4me3 modification
cannot be ascertained from these data. Nevertheless,
given that MLL1 directly activates HOX genes in
embryonic development, our data lend strong support for
the hypothesis that MLL1 also contributes to epigenetic
activation of HOXD13 in Ewing sarcoma. Thus, these data
together show that continued high level expression of both
MLL1 and HOXD13 are required for maintenance of the
oncogenic phenotype of Ewing sarcoma and that HOXD13
overexpression is associated with H3K4me3 and MLL1
binding at its promoter.

In MLL fusion-driven leukemia, both HOXA
activation and the oncogenic function of the fusion are
critically dependent upon the TrxG scaffolding protein
menin [28]. We therefore questioned whether menin
might also play an important role in Ewing sarcoma. To
test this, we first evaluated menin expression in Ewing
sarcoma cell lines and tumors. We again interrogated
publically available CCLE gene expression data [36], and
found menin (MEN1) expression to be robust in Ewing
sarcoma (Supplementary Figure S3A). Furthermore,
we found that menin transcript and protein are highly
expressed by Ewing sarcoma cell lines compared to
non-transformed cells (Supplementary Figure S3B
and S3C). Likewise, Affymetrix expression array data
showed significantly higher MEN1 expression in Ewing

Figure 3: HOXD13 is a target of MLL1. (A) qRT-PCR depicting MLL1 transcript levels. (B) qRT-PCR of posterior HOXD gene

expression in cells with MLL1 knockdown. Error bars depict mean ± SEM. *p < .05, **p < .01, ***p < .001, ****p < 0.0001. (C) Left:
Diagram of the HOXD13 promoter showing the location of primers used for qPCR. Right: MLL1 ChIP at the HOXD13 promoter. N = 2
experiments.
www.impactjournals.com/oncotarget
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sarcoma tumors compared to non-transformed tissues
(Supplementary Figure S3D).
To determine whether menin has a functional role
in Ewing sarcoma pathogenesis, we knocked down menin
transcript and protein expression in Ewing sarcoma
cell lines. Knockdown of menin (Figure 4A and 4B)
phenocopied MLL1 knockdown, inducing a pronounced
reduction in cell expansion in all cell lines (Figure 4C).
Colony formation in soft agar was similarly reduced
with menin knockdown (Figure 4D), underscoring its
importance in promoting tumorigenicity in vitro. Notably,
knockdown of menin was difficult to achieve, and a
substantial amount of protein remained after transduction
with lentiviral shRNA (Figure 4B). In spite of this, even
partial knockdown of menin was sufficient to yield a
robust and reproducible phenotype, underscoring the
exceptional dependence of Ewing sarcoma cells on menin
for their proliferation, survival and tumorigenicity. We
next examined whether menin, like MLL1, is critical
for the regulation of HOXD13. ChIP studies confirmed
binding of menin at the HOXD13 promoter in Ewing
sarcoma cells (Figure 4E). Knockdown of menin caused
a modest reduction in HOXD13 expression in 2 of 3 cell
lines, as well as downregulation of HOXD10 (Figure
4F and 4G). Taken together, these data collectively
demonstrate that, like MLL1, menin contributes to the
oncogenic Ewing sarcoma phenotype and to maintenance
of posterior HOXD gene expression.

MI-NC, a very weak inhibitor of the MLL-menin proteinprotein interaction [34], at the same doses had no effect on
proliferation or cell viability (Supplementary Figure S4B).
In addition, control adipose-derived human mesenchymal
stem cells were more resistant to MI-503 (IC50 = 6.3 μM,
Supplementary Figure S4C), suggesting that Ewing
sarcoma cells are differentially sensitive to inhibition
of the MLL-menin protein-protein interaction. To test
the effect of MI-503 on Ewing sarcoma tumorigenicity
in vitro, we pre-treated Ewing sarcoma cells with MI-503
for 6 days and then plated equal numbers of viable cells in
soft agar for 2–4 weeks in the absence of compound. MI503 pre-treatment led to a significant reduction in colony
formation in soft agar, demonstrating that MI-503 reduces
Ewing sarcoma cell tumorigenicity in vitro (Figure 5C).
Next, we sought to determine whether MI-503 would
block tumorigenicity in vivo. To address this question, we
injected equal numbers of viable A4573 cells pre-treated
with MI-503 or DMSO control into contralateral flanks of
nude mice. Cells pre-treated with vehicle formed tumors
with a median time to engraftment of 7.5 days. In contrast,
pre-treatment of cells with MI-503 delayed the median
time to tumor engraftment to 28 days (Figure 5D). Taken
together, these data demonstrate that Ewing sarcoma
cells are critically dependent on the MLL-menin proteinprotein interaction for their tumorigenicity.

MI-503 down-regulates posterior HOXD genes
and MLL1 and menin

Pharmacologic inhibition of the menin-MLL
protein-protein interaction inhibits Ewing
sarcoma growth and tumorigenicity

We next assessed whether, like MLL-fusion
driven leukemia, disruption of the MLL-menin
interaction inhibits expression of oncogenic HOX
programs in Ewing sarcoma cells. As shown, MI503 treatment was accompanied by robust and
reproducible down-regulation of the posterior HOXD
gene cluster as evidenced by reduced expression of
HOXD10, HOXD11 and HOXD13 following compound
exposure (Figure 6A). ChIP studies revealed that MI503 treatment caused an increase in total histone
H3 levels at the HOXD13 promoter, consistent with
chromatin compaction (Figure 6B). Moreover, this
increase in total H3 levels was accompanied by a
reduction in H3K4me3 enrichment, consistent with
epigenetic repression and decreased transcriptional
activity (Figure 6C). Importantly, MI-503 treatment
had no effect on global histone H3 levels (Figure
6D and 6E). Notably, our studies also revealed the
entirely unexpected finding that MI-503 induced
a profound loss of both MLL1 and menin protein
expression (Figure 6D). Loss of MLL1 and menin was
dose-dependent and occurred in as little as 24 hours
(Figure 6E and Supplementary Figure S5A). MI-503
treatment had no consistent effect on MLL1 and MEN1
transcript levels (Supplementary Figure S5B and
S5C), suggesting that the mechanism for regulation

Having established that MLL1 and menin have
critical oncogenic functions in Ewing sarcoma, we
hypothesized that they may represent a novel therapeutic
target. Small molecule inhibitors of the MLL-menin
protein-protein interaction have recently been developed
and have been shown to inhibit both oncogenic HOXA
gene expression as well as tumor propagation in MLL
fusion-driven leukemias [33]. Importantly, the inhibitors
have also shown preclinical efficacy in tumors that do
not harbor MLL fusions, including prostate cancer and
glioma [38, 39]. We therefore treated Ewing sarcoma cell
lines with the MLL-menin inhibitor, MI-503 [33]. MI-503
treatment resulted in robust and reproducible inhibition
of Ewing sarcoma viability (Figure 5A). Notably, the IC50
values for the compound were similar to those observed
in castration resistant prostate cancer cells, where MLL
and menin have been shown to possess tumorigenic
functions [39]. In addition, although Ewing sarcoma cells
continued to proliferate in the presence of the inhibitor,
their rate of proliferation was reduced in a dose-dependent
manner (Figure 5B). Moreover, higher doses of the
inhibitor induced cell death (Supplementary Figure S4A).
In contrast, treatment with an inactive control compound,
www.impactjournals.com/oncotarget
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Figure 4: Menin has an oncogenic function in Ewing sarcoma. qRT-PCR (A) and western blot (B) showing menin knockdown.

(C) Brightfield images (top) and histograms (bottom) show reduced cell growth with menin knockdown. (D) Histograms (left) and
representative images (right) of soft agar assays. (E) Menin ChIP at the HOXD13 promoter. N = 2 experiments. (F–G) qRT-PCR depicting
expression of menin (F) and posterior HOXD genes (G). *p < .05, **p < .01, ***p < .001, ****p < 0.0001. N = 3 experiments.
www.impactjournals.com/oncotarget
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DISCUSSION

is posttranscriptional. This finding of down-regulated
MLL and menin protein expression in response to MI503 appears to be unique to Ewing sarcoma since,
in both leukemia and prostate cancer cells, MI-503
blocks the MLL-menin protein-protein interaction,
without affecting their overall expression [33, 39].
Collectively, these data demonstrate that interrupting
the MLL-menin protein-protein interaction in Ewing
sarcoma results in loss of expression of MLL1, menin
and posterior HOXD genes, thereby inhibiting a critical
tumor-sustaining oncogenic program (Figure 6F).

Increasing evidence suggests that Ewing sarcoma is
driven by altered epigenetic regulation of transcriptional
programs downstream of the tumor-initiating EWS/
ETS fusions [12–16]. In this work we have uncovered
a previously unappreciated and essential oncogenic role
for the TrxG complex in Ewing sarcoma pathogenesis. In
particular, our findings demonstrate that the TrxG proteins
MLL1 and menin independently contribute to maintenance
of Ewing sarcoma cell survival and tumorigenicity. In

Figure 5: MI-503 inhibits Ewing sarcoma cell expansion and tumorigenicity. (A) IC50 curves and (B) trypan blue assay in MI-

503 treated cells. (C) Histograms (top) and representative images (bottom) of soft agar assays in cells pre-treated with MI-503 or vehicle.
N = 3 experiments. **p = .002, ****p < 0.0001. (D) Left: Spider plot depicting growth rates of individual tumors pre-treated with vehicle
(Black Circle) or 6 µM MI-503 (Grey Square). N = 8 mice. Right: Image of tumors extracted on day 28.
www.impactjournals.com/oncotarget
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Figure 6: MI-503 treatment of Ewing sarcoma leads to loss of posterior HOXD gene and MLL and menin protein
expression. (A) qRT-PCR data depicting reduced HOXD10, HOXD11, and HOXD13 expression with MI-503 treatment. *p < .05,

**p = .003. (B) Increased histone H3 at the HOXD13 promoter after MI-503 treatment. (C) Reduced H3K4me3 at the HOXD13 promoter
with MI-503 treatment. Control is a gene desert region telomeric to the posterior HOXD cluster. Error bars in all panels depict mean ± SEM.
(D). Western blot depicting MLL1 and menin protein expression after 6 day treatment with MI-503 or MI-NC. (E) Western blot showing
dose-dependent down-regulation of MLL1 and menin expression with MI-503 treatment. (F) Model of epigenetic activation of posterior
HOXD gene cluster in Ewing sarcoma that is disrupted by exposure of cells to MLL-menin interaction inhibitor.
www.impactjournals.com/oncotarget
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addition, pharmacologic studies with a small molecule
inhibitor of the MLL-menin protein-protein interaction
show that this interaction is essential for both maintenance
of tumorigenicity as well as maintenance of expression
of MLL1, menin and the oncogenic posterior HOXD
program. Thus, these studies highlight a potential
therapeutic opportunity for Ewing sarcoma that could
exploit ongoing TrxG-targeted strategies that are in
preclinical and early clinical development for the
treatment of MLL-driven leukemia [40].
Our findings add to a growing body of evidence
highlighting a tumorigenic role for MLL and menin in
solid tumors. Tumor suppressive roles for both MLL and
menin have been extensively characterized [22, 41–43].
It is increasingly evident, however, that MLL and
menin play a central oncogenic role in several cancers,
in part through deregulation of pathways that control
embryonic development [8, 10, 28, 44, 45]. During normal
development, TrxG and PcG proteins have antagonistic
roles in the regulation of developmental gene expression,
particularly HOX genes [7, 25]. We recently reported
that the posterior HOXD locus is highly enriched with
the MLL-mediated H3K4me3 mark and is nearly devoid
of the PcG-mediated H3K27me3 mark [15]. Consistent
with a gain of TrxG function in Ewing sarcoma, our
data demonstrate that MLL1 and menin contribute to
the persistent overexpression of posterior HOXD genes
in Ewing sarcoma and that this overexpression is highly
dependent on the MLL1-menin protein-protein interaction.
Thus, our results suggest that, similar to MLL fusiondriven leukemias [46] and glioblastoma [8], aberrant TrxGmediated activation of developmental HOX programs
plays a central role Ewing sarcoma pathogenesis.
HOXD10, HOXD11 and HOXD13 play essential
roles in maintaining the oncogenic phenotype of Ewing
sarcoma proliferation, invasion and metastasis (current
study and Ref. [35]). The current work sheds further light
on the molecular mechanisms that contribute to posterior
HOXD gene deregulation in this disease. Specifically, our
findings strongly implicate MLL1 and menin in mediating
epigenetic activation of the HOXD locus. It is interesting
to note, however, that despite marked inhibition of cell
proliferation and tumorigenicity, HOXD10, HOXD11, and
HOXD13 gene expression were only modestly reduced
when MLL1 or menin were knocked down individually.
In contrast, MI-503 treatment, which abolishes expression
of both MLL1 and menin, caused marked downregulation of the cluster. Thus, it is plausible that MLL1
and menin may each be necessary, but not sufficient,
for full activation of the posterior HOXD locus and that
disruption of the MLL1-menin interaction effectively
abrogates TrxG complex-dependent epigenetic activation
of posterior HOXD gene expression. It is important to
note, however, that in addition to partnering with MLL1,
menin has numerous other context-specific binding

www.impactjournals.com/oncotarget

partners that are responsible for mediating its highly
diverse and cell type-specific functions [47]. Moreover,
MI-503 targets a binding site on menin that is critical
not only for its interaction with MLL1 (KMT2A) but
also its interactions with MLL4 (KMT2B) and with
JUND [33, 47]. Thus, it is possible that the impact of
MI-503 on tumorigenicity is secondary to loss of menin
interactions with other partner proteins and/or to loss of
menin expression itself rather than to specific inhibition
of the MLL1-menin interaction. Our observation that
Ewing cells rapidly select against menin knockdown
supports this possibility, and we are now actively
investigating the additional molecular targets of menin in
Ewing sarcoma. Identification of the molecular targets of
menin, both alone and in the context of MLL1-containing
TrxG complexes, will yield important insight into the
independent and overlapping roles of menin and MLL1
in tumor pathogenesis.
During embryonic development the posterior HOXD
genes are coordinately activated in discrete spatiotemporal
contexts by several enhancer-like sequences that interact
in three-dimensional space [48]. We previously reported
that expression of EWS/FLI1 in differentiating stem
cells coordinately induces expression of HOXD10,
HOXD11 and HOXD13 along with neighboring transcripts
that are also under the control of the same enhancer
elements [15]. In the current work, we have shown that
pharmacologic inhibition of the MLL-menin interaction
leads to concomitant loss of expression of all posterior
HOXD genes, supporting the potential contribution of
developmental enhancers to gene regulation. Significantly,
recent epigenomic profiling studies showed that EWS/
FLI1 binds to gene enhancers and that binding at these
sites overlaps with binding of WDR5, another core
component of the TrxG complex [17]. Thus, we speculate
that TrxG-dependent activation of the posterior HOXD
locus might involve cooperation between EWS/FLI1,
MLL1 and/or menin, and WDR5 and that these proteins
together orchestrate enhancer activation and persistent
overexpression of the entire posterior HOXD cluster
in aggregate. Whether menin and/or MLL1 directly or
indirectly contribute to enhancer activation remains to be
determined and studies are currently ongoing to test this
hypothesis.
In summary, we have discovered that Ewing
sarcoma cells are exceptionally dependent upon MLL1
and menin for their oncogenic phenotype. In particular,
we have demonstrated that protein-protein interaction
between MLL1 and menin is required for continued
high-level expression of both MLL1 and menin proteins
and of oncogenic posterior HOXD genes. This critical
dependence of Ewing sarcoma on MLL-menin-mediated
activation of a developmental HOX program is highly
reminiscent of MLL-fusion positive leukemias and
presents a novel opportunity for therapeutic intervention.
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MATERIALS AND METHODS

In vitro proliferation and soft agar assays

Ethics statement

Cell proliferation was assessed using the real time
xCELLigence impedance- based system (ACEA Biosciences,
San Diego, CA) MTS assay or trypan blue exclusion.
Soft agar, trypan blue and MTS assays were performed as
outlined previously [12, 51]. See Supplementary Methods.

Investigation has been conducted in accordance with
the ethical standards and according to the Declaration of
Helsinki and according to national and international
guidelines and has been approved by the authors’
institutional review board.

Chemical synthesis of menin-MLL inhibitors
and treatments

Cell lines and stem cells

MI-503 and MI-NC were prepared using the
synthetic procedures reported previously [34]. Cells were
treated for 6 days with 3µM MI-503 or DMSO vehicle
for proliferation and ChIP assays. Fresh compound was
added on day 3 of treatment.

Ewing sarcoma cell lines were kindly provided by
Dr. Timothy Triche at Children’s Hospital Los Angeles
(CHLA) 2004; Dr. Heinrich Kovar (CCRI, St. Anna
Kinderkrebsforschung, Vienna, Austria) 2010; and the
Children’s Oncology Group (COG) cell bank (cogcell.
org), 2012. Identities were confirmed by short tandem
repeat (STR) profiling. Cell lines were cultured according
to COG- or ATCC-recommended protocols. Human
bone marrow-derived mesenchymal stem cells (hMSC)
were kindly provided by Dr. Paul Krebsbach (University
of Michigan; 2013) and cultured as outlined previously
[18]. All cell lines were routinely tested for mycoplasma
contamination using the e-MycoTM plus Mycoplasma PCR
Detection Kit (Bulldog Bio, Portsmouth, NH).

In vivo tumor xenograft studies

The University of Michigan Institutional
Review Board provided a waiver of informed consent
(HUM00067293) to obtain formalin-fixed, paraffinembedded tissue blocks of 61 Ewing Sarcoma cases (54
primary tumors and 7 metastatic) from the Department
of Pathology, University of Michigan Medical Center.
Tissue microarray and immunohistochemistry were
performed according to previous protocols [49] (See
Supplementary Methods). Expression of MLL was scored
semi-quantitatively using the Allred schema [50]: Intensity
(0–3) and proportion of immune-positive tumor cells (0,
none; 1, < 1%; 2, 1–10%; 3, 10–33%; 4, 33–66% and 5,
> 66%) were added to produce an Allred IHC score.

All animal studies were performed according to
approved protocols per review by the UM Institutional
Animal Care and Use Committee (PRO#00006703). For
MLL1 knockdown, A4573 cells were transduced with
shNS or shMLL#1 lentiviral constructs and used for
xenograft studies 48 hours post-transduction. For MI-503
studies, A4573 cells were pre-treated with 6µM MI-503
or DMSO control for 6 days. 250,000 viable cells were
then suspended in 50% (v:v) PBS:Matrigel® (Corning,
Tewksbury, MA) and injected into contralateral flanks of
female NCR nude mice, 8–10 weeks of age (Taconic Farm,
Inc., shNS or vehicle-treated cells on left flank, shMLL#1
or MI-503 pre-treated cells on right flank). For HOXD13
knockdown xenograft studies, 500,000 A673 cells
harboring doxycycline-inducible HOXD13 knockdown
(shHOXD13#1) or non-silencing control were suspended
in 50% (v:v) PBS:Matrigel® and injected sub-cutaneously
into female NOD-SCID mice, 8–10 weeks of age (Charles
River Breeding Labs). Mice were administered water
with 2 mg/ml doxycycline and 2% sucrose daily. For all
xenograft studies, tumor growth was monitored 2–3 times
weekly using digital calipers, and “engraftment” was
defined as the presence of a palpable tumor.

Gene expression data

Chromatin immunoprecipitation

Publically available gene expression data for Ewing
sarcoma cell lines were obtained from the Cancer Cell
Line Encyclopedia (CCLE) [36]. Expression array data for
primary Ewing sarcoma tumors (GSE68776) and normal
adult tissues (www.netaffx.com) were obtained from
previously published datasets [15].

Chromatin immunoprecipitation (ChIP) to assess
binding/enrichment of MLL, menin, H3K4me3 and total
histone H3 were performed using the Zymo-Spin ChIP kit
(Zymo Research Corp, Irvine, CA) and quantitative PCR
was performed as outlined previously [15]. The following
antibodies were used: Anti-menin (Bethyl A300–105A),
4 µg; anti-MLL (Millipore 05–765), 10µg, anti-H3K4me3
(Invitrogen 49–1005), 2 µg, anti-histone H3 (Cell
Signaling Technology 2650), 15 µg. Non-immune rabbit
or mouse IgG were used as negative controls. Primer
sequences for the HOXD13 promoter and negative control
region are detailed in Supplementary Table S2.

Tissue microarray and immunohistochemistry

Gene knockdown studies
Lentivirus production and lentiviral gene transfer
were conducted as previously described [18] (see
Supplementary Table S1).
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Western blot

GRANT SUPPORT

Western blot was performed according to established
protocols with the following primary antibodies: Antimenin 1:1000 (Bethyl A300–105A), Anti-MLLc 1:500
(Millipore 05–765), Anti-histone H3 1:1000 (Cell
Signaling Technology 2650) and Anti-GAPDH 1:1000
(Cell Signaling 14C10). Membranes were probed
with the appropriate secondary antibodies from LiCor
Biotechnology (Lincoln, NE) at 1:10,000 dilution and
imaged with a LiCor Odyssey infrared imager.

Support for this project was provided by the
following NIH/NCI grants: SARC Sarcoma SPORE 1U54CA168512, 1R01-CA134604 (ERL), 1R01-CA160467
(JG), UM Cancer Biology Training Grant 5T32CA009676.
Additional funding was provided by: Hyundai Hope on
Wheels Research Grant (to ERL), American Cancer
Society Research Scholar grant RSG-13-130-01-CDD
(to JG), Hartwell Foundation Postdoctoral Fellowship (to
LKS), and by the Russell G. Adderley Endowment.
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1. Chen T, Dent SY. Chromatin modifiers and remodellers:
regulators of cellular differentiation. Nature reviews
Genetics. 2014; 15:93–106.
2. Mills AA. Throwing the cancer switch: reciprocal roles of
polycomb and trithorax proteins. Nat Rev Cancer. 2010;
10:669–682.
3. Lawlor ER, Thiele CJ. Epigenetic changes in pediatric solid
tumors: promising new targets. Clin Cancer Res. 2012;
18:2768–2779.
4. Kachgal S, Mace KA, Boudreau NJ. The dual roles of
homeobox genes in vascularization and wound healing. Cell
Adh Migr. 2012; 6:457–470.
5. Hanson RD, Hess JL, Yu BD, Ernst P, van Lohuizen M,
Berns A, van der Lugt NM, Shashikant CS, Ruddle FH,
Seto M, Korsmeyer SJ. Mammalian Trithorax and
polycomb-group homologues are antagonistic regulators of
homeotic development. Proc Natl Acad Sci U S A. 1999;
96:14372–14377.
6. Wellik DM, Capecchi MR. Hox10 and Hox11 genes are
required to globally pattern the mammalian skeleton.
Science. 2003; 301:363–367.
7. Soshnikova N, Duboule D. Epigenetic temporal control of
mouse Hox genes in vivo. Science. 2009; 324:1320–1323.
8. Gallo M, Ho J, Coutinho FJ, Vanner R, Lee L, Head R,
Ling EK, Clarke ID, Dirks PB. A tumorigenic MLLhomeobox network in human glioblastoma stem cells.
Cancer research. 2013; 73:417–427.
9. Muntean AG, Hess JL. The pathogenesis of mixed-lineage
leukemia. Annu Rev Pathol. 2012; 7:283–301.
10. Xu B, Li SH, Zheng R, Gao SB, Ding LH, Yin ZY, Lin X,
Feng ZJ, Zhang S, Wang XM, Jin GH. Menin promotes
hepatocellular carcinogenesis and epigenetically upregulates Yap1 transcription. Proc Natl Acad Sci USA.
2013; 110:17480–17485.

ACKNOWLEDGMENTS
The authors would like to thank Jenny Tran, Jackie
Mann, and Hongzhi Miao, as well as other members of the
Lawlor and Grembecka/Cierpicki labs for intellectual input.
We would also like to acknowledge Dr. Tom Lannigan at
the UM Vector Core for shRNA advice. We gratefully
acknowledge the support of the COG Tumor Biorepository,
the CHLA Genome Core, Dr. Tim Triche for tumor array
data and cell lines, Dr. Pat Reynolds and the COG Cell
Bank for cell lines, the Russell Adderley Endowment, and
the University of Michigan's Cancer Center Support Grant
(P30 CA046592) for use of shared resources.

CONFLICTS OF INTEREST
The authors declare the following competing
financial interest(s): Drs. Grembecka and Cierpicki
receive research support from Kura Oncology. They are
also receiving compensation as members of the scientific
advisory board of Kura Oncology, and they have an equity
ownership in the company. Other coauthors declare that no
conflict of interest exists.

Authors contributions

11. Balamuth NJ, Womer RB. Ewing’s sarcoma. Lancet Oncol.
2010; 11:184–192.

LKS, ERL, JG, and TC planned experiments,
LKS, ERL, JG, TC, RP and DT analyzed data, RP and
DT performed immunohistochemical analysis of tumor
sections, JG, TC and DB provided MI-503 and MINC, LKS, NB, RV, MK, AH, CC, and BJ conducted
experiments, LKS and ERL wrote the manuscript.
www.impactjournals.com/oncotarget

12. Douglas D, Hsu JH, Hung L, Cooper A, Abdueva D, van
Doorninck J, Peng G, Shimada H, Triche TJ, Lawlor ER.
BMI-1 promotes ewing sarcoma tumorigenicity
independent of CDKN2A repression. Cancer research.
2008; 68:6507–6515.
469

Oncotarget

13. Sankar S, Bell R, Stephens B, Zhuo R, Sharma S,
Bearss DJ, Lessnick SL. Mechanism and relevance of EWS/
FLI-mediated transcriptional repression in Ewing sarcoma.
Oncogene. 2013; 32:5089–5100.

to a role for MLL1-mediated H3K4 methylation in the
regulation of transcriptional initiation by RNA polymerase
II. Mol Cell Biol. 2009; 29:6074–6085.
24. Hu D, Garruss AS, Gao X, Morgan MA, Cook M,
Smith ER, Shilatifard A. The Mll2 branch of the COMPASS
family regulates bivalent promoters in mouse embryonic
stem cells. Nat Struct Mol Biol. 2013; 20:1093–1097.

14. Richter GH, Plehm S, Fasan A, Rossler S, Unland R,
Bennani-Baiti IM, Hotfilder M, Lowel D, von Luettichau I,
Mossbrugger I, Quintanilla-Martinez L, Kovar H,
StaegeMS, et al. EZH2 is a mediator of EWS/FLI1 driven
tumor growth and metastasis blocking endothelial and
neuro-ectodermal differentiation. Proc Natl Acad Sci USA.
2009; 106:5324–5329.

25. Yu BD, Hess JL, Horning SE, Brown GA, Korsmeyer SJ.
Altered Hox expression and segmental identity in Mllmutant mice. Nature. 1995; 378:505–508.
26. Artinger EL, Mishra BP, Zaffuto KM, Li BE, Chung EK,
Moore AW, Chen Y, Cheng C, Ernst P. An MLL-dependent
network sustains hematopoiesis. Proc Natl Acad Sci U S A.
2013; 110:12000–12005.

15. Svoboda LK, Harris A, Bailey NJ, Schwentner R,
Tomazou E, von Levetzow C, Magnuson B, Ljungman M,
Kovar H, Lawlor ER. Overexpression of HOX genes is
prevalent in Ewing sarcoma and is associated with altered
epigenetic regulation of developmental transcription
programs. Epigenetics. 2014; 9:1613–1625.
16. Tomazou EM, Sheffield NC, Schmidl C, Schuster M,
Schonegger A, Datlinger P, Kubicek S, Bock C, Kovar H.
Epigenome mapping reveals distinct modes of gene
regulation and widespread enhancer reprogramming by
the oncogenic fusion protein EWS-FLI1. Cell Rep. 2015;
10:1082–1095.
17. Riggi N, Knoechel B, Gillespie SM, Rheinbay E, Boulay G,
Suva ML, Rossetti NE, Boonseng WE, Oksuz O, Cook EB,
Formey A, Patel A, Gymrek M, et al. EWS-FLI1 utilizes
divergent chromatin remodeling mechanisms to directly
activate or repress enhancer elements in Ewing sarcoma.
Cancer Cell. 2014; 26:668–681.
18. von Levetzow C, Jiang X, Gwye Y, von Levetzow G,
Hung L, Cooper A, Hsu JH, Lawlor ER. Modeling initiation
of Ewing sarcoma in human neural crest cells. PLoS One.
2011; 6:e19305.
19. Riggi N, Suva ML, Suva D, Cironi L, Provero P, Tercier S,
Joseph JM, Stehle JC, Baumer K, Kindler V, Stamenkovic I.
EWS-FLI-1 expression triggers a Ewing’s sarcoma
initiation program in primary human mesenchymal stem
cells. Cancer research. 2008; 68:2176–2185.

27. Glaser S, Schaft J, Lubitz S, Vintersten K, van der Hoeven F,
Tufteland KR, Aasland R, Anastassiadis K, Ang SL,
Stewart AF. Multiple epigenetic maintenance factors
implicated by the loss of Mll2 in mouse development.
Development. 2006; 133:1423–1432.
28. Yokoyama A, Somervaille TC, Smith KS, RozenblattRosen O, Meyerson M, Cleary ML. The menin tumor
suppressor protein is an essential oncogenic cofactor for
MLL-associated leukemogenesis. Cell. 2005; 123:207–218.
29. Hughes CM, Rozenblatt-Rosen O, Milne TA, Copeland TD,
Levine SS, Lee JC, Hayes DN, Shanmugam KS,
Bhattacharjee A, Biondi CA, Kay GF, Hayward NK,
Hess JL, et al. Menin associates with a trithorax family
histone methyltransferase complex and with the hoxc8
locus. Mol Cell. 2004; 13:587–597.
30. Chen YX, Yan J, Keeshan K, Tubbs AT, Wang H, Silva A,
Brown EJ, Hess JL, Pear WS, Hua X. The tumor suppressor
menin regulates hematopoiesis and myeloid transformation
by influencing Hox gene expression. Proc Natl Acad Sci
USA. 2006; 103:1018–1023.
31. Li BE, Gan T, Meyerson M, Rabbitts TH, Ernst P.
Distinct pathways regulated by menin and by MLL1 in
hematopoietic stem cells and developing B cells. Blood.
2013; 122:2039–2046.

20. Ryland KE, Svoboda LK, Vesely ED, McIntyre JC,
Zhang L, Martens JR, Lawlor ER. Polycomb-dependent
repression of the potassium channel-encoding gene KCNA5
promotes cancer cell survival under conditions of stress.
Oncogene. 2015; 34:4591–4600.

32. Agarwal SK, Jothi R. Genome-wide characterization of
menin-dependent H3K4me3 reveals a specific role for
menin in the regulation of genes implicated in MEN1-like
tumors. PLoS One. 2012; 7:e37952.

21. Patel M, Simon JM, Iglesia MD, Wu SB, McFadden AW,
Lieb JD, Davis IJ. Tumor-specific retargeting of an
oncogenic transcription factor chimera results in
dysregulation of chromatin and transcription. Genome Res.
2012; 22:259–270.

33. Borkin D, He S, Miao H, Kempinska K, Pollock J, Chase J,
Purohit T, Malik B, Zhao T, Wang J, Wen B, Zong H,
Jones M, et al. Pharmacologic Inhibition of the Menin-MLL
Interaction Blocks Progression of MLL Leukemia In Vivo.
Cancer Cell. 2015; 27:589–602.

22. Rao RC, Dou Y. Hijacked in cancer: the KMT2 (MLL)
family of methyltransferases. Nat Rev Cancer. 2015;
15:334–346.

34. Grembecka J, He S, Shi A, Purohit T, Muntean AG,
Sorenson RJ, Showalter HD, Murai MJ, Belcher AM,
Hartley T, Hess JL, Cierpicki T. Menin-MLL inhibitors
reverse oncogenic activity of MLL fusion proteins in
leukemia. Nat Chem Biol. 2012; 8:277–284.

23. Wang P, Lin C, Smith ER, Guo H, Sanderson BW, Wu M,
Gogol M, Alexander T, Seidel C, Wiedemann LM, Ge K,
Krumlauf R, Shilatifard A. Global analysis of H3K4
methylation defines MLL family member targets and points
www.impactjournals.com/oncotarget

35. von Heyking K, Roth, L, Ertl M, Schmidt O, CalzadaWack J, Neff F, Lawlor ER, Burdach S, Richter G. HS.
470

Oncotarget

The posterior HOXD locus: Its contribution to phenotype
and malignancy of Ewing sarcoma. Oncotarget. 2016; 7:
41767–41780. doi: 10.18632/oncotarget.9702.

1-relation to chromatin modifications and transcription
regulation. Nat Clin Pract Endocrinol Metab. 2006;
2:562–570.

36. Barretina J, Caponigro G, Stransky N, Venkatesan K,
Margolin AA, Kim S, Wilson CJ, Lehar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, et al. The Cancer
Cell Line Encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature. 2012; 483:603–607.

44. Ansari KI, Kasiri S, Mandal SS. Histone methylase MLL1
has critical roles in tumor growth and angiogenesis and its
knockdown suppresses tumor growth in vivo. Oncogene.
2013; 32:3359–3370.
45. Shin MH, He Y, Marrogi E, Piperdi S, Ren L, Khanna C,
Gorlick R, Liu C, Huang J. A RUNX2-Mediated Epigenetic
Regulation of the Survival of p53 Defective Cancer Cells.
PLoS genetics. 2016; 12:e1005884.

37. Miyagawa Y, Okita H, Nakaijima H, Horiuchi Y, Sato B,
Taguchi T, Toyoda M, Katagiri YU, Fujimoto J, Hata J,
Umezawa A, Kiyokawa N. Inducible expression of chimeric
EWS/ETS proteins confers Ewing’s family tumor-like
phenotypes to human mesenchymal progenitor cells. Mol
Cell Biol. 2008; 28:2125–2137.

46. Yokoyama A, Wang Z, Wysocka J, Sanyal M,
Aufiero DJ, Kitabayashi I, Herr W, Cleary ML. Leukemia
proto-oncoprotein MLL forms a SET1-like histone
methyltransferase complex with menin to regulate Hox
gene expression. Mol Cell Biol. 2004; 24:5639–5649.

38. Funato K, Major T, Lewis PW, Allis CD, Tabar V. Use of
human embryonic stem cells to model pediatric gliomas
with H3.3K27M histone mutation. Science. 2014;
346:1529–1533.

47. Matkar S, Thiel A, Hua X. Menin: a scaffold protein
that controls gene expression and cell signaling. Trends
Biochem Sci. 2013; 38:394–402.

39. Malik R, Khan AP, Asangani IA, Cieslik M, Prensner JR,
Wang X, Iyer MK, Jiang X, Borkin D, Escara-Wilke J,
Stender R, Wu YM, Niknafs YS, et al. Targeting the MLL
complex in castration-resistant prostate cancer. Nat Med.
2015; 21:344–352.

48. Montavon T, Soshnikova N, Mascrez B, Joye E, Thevenet L,
Splinter E, de Laat W, Spitz F, Duboule D. A regulatory
archipelago controls Hox genes transcription in digits. Cell.
2011; 147:1132–1145.

40. Bernt KM, Armstrong SA. Targeting epigenetic programs
in MLL-rearranged leukemias. Hematology / the Education
Program of the American Society of Hematology American
Society of Hematology Education Program. 2011;
2011:354–360.

49. Nocito A, Kononen J, Kallioniemi OP, Sauter G. Tissue
microarrays (TMAs) for high-throughput molecular
pathology research. International journal of cancer. 2001;
94:1–5.
50. Harvey JM, Clark GM, Osborne CK, Allred DC. Estrogen
receptor status by immunohistochemistry is superior to the
ligand-binding assay for predicting response to adjuvant
endocrine therapy in breast cancer. Journal of clinical
oncology. 1999; 17:1474–1481.

41. Milne TA, Hughes CM, Lloyd R, Yang Z, RozenblattRosen O, Dou Y, Schnepp RW, Krankel C, Livolsi VA,
Gibbs D, Hua X, Roeder RG, Meyerson M, et al. Menin
and MLL cooperatively regulate expression of cyclindependent kinase inhibitors. Proc Natl Acad Sci USA.
2005; 102:749–754.

51. Scannell CA, Pedersen EA, Mosher JT, Krook MA,
Nicholls LA, Wilky BA, Loeb DM, Lawlor ER. LGR5 is
Expressed by Ewing Sarcoma and Potentiates Wnt/betaCatenin Signaling. Front Oncol. 2013; 3:81.

42. Fang M, Xia F, Mahalingam M, Virbasius CM,
Wajapeyee N, Green MR. MEN1 is a melanoma tumor
suppressor that preserves genomic integrity by stimulating
transcription of genes that promote homologous
recombination-directed DNA repair. Mol Cell Biol. 2013;
33:2635–2647.
43. Dreijerink KM, Hoppener JW, Timmers HM, Lips CJ.
Mechanisms of disease: multiple endocrine neoplasia type

www.impactjournals.com/oncotarget

471

Oncotarget

