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MN1, a novel player in human AML
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Abstract

The transcriptional coactivator MN1 has been identified as a gene overexpressed in certain types of
human acute myeloid leukemia. Upregulation is invariantly associated with inv(16) AML but is also
found in other AML subtypes. Overexpression of this gene is also associated with a worse prognosis
and a shorter survival in AML patients with a normal karyotype. In this short review | will discuss
the role of MN1 in myeloid leukemia.

MNL1 is a gene highly conserved among vertebrates

Although many genes are involved in human acute myeloid leukemia, few seem more efficient
in triggering malignant myeloid disease than the transcriptional coactivator MN1. The MN1
gene has been identified as the target of a sporadic balanced t(4;22) in a patient with
meningioma. Therefore the gene was thought to be a candidate for the meningioma tumor
suppressor gene on chromosome 22[1], although its relation to meningioma remains
unresolved. The encoded protein of 136 kDa is highly conserved among vertebrates but shows
no homologies to other proteins. Its sequence suggested a role in transcription[1], which was
confirmed by the observation that it activates transcription of the moloney sarcoma virus long
terminal repeat (MSV-LTR) in transient transcription assays and the protein comprises several
transactivating domains[2]. MN1 activates transcription of the MSV-LTR via the nuclear
receptor dimers RAR-RXR binding to direct repeat sequences (DR5) in the LTR; it interacts
with RAR-RXR most probably via the protein intermediates p300 and RAC3 (also known as
nuclear receptor coactivator 3, NCOA3)[3]. Like MN1, p300 and RAC3 are transcription
coactivators[4,5], and coexpression of MN1 with p300 or RAC3 synergistically activates the
transcriptional activity of RAR-RXR dimers in the presence of retinoic acid[3]. MN1’s co-
activation activity is not restricted to the RAR-RXR nuclear receptor, as MN1 expression
inhibits proliferation of an osteoblast cell line via coactivation of the vitamin D receptor[6].
Inhibition of growth of epithelial cell proliferation, is also associated with induction of MN1
expression[7,8]. MNL1 can also bind to a transcription factor, which recognizes the CACCCAC
sequence that together with MIN1 transactivates transcription of the IGFBP5 promoter[9], but
the identity of this transcription factor has not been determined yet.

MNL1 is the target of a recurrent chromosomal translocation in human AML

MNL1 is the target of the balanced chromosome translocation t(12;22)(p13;q12) associated with
human myeloid disease, including acute myeloid leukemia (AML), myelodysplasia (MDS),

and chronic myeloid leukemia (CML)[10]. The translocation encodes a fusion protein, MN1-
TEL, consisting of almost the entire MN1 open reading frame fused to the ETS transcription
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factor TEL (ETV6). We showed that MN1-TEL has weak transforming activity in NIH3T3
fibroblasts, in which this activity depends on DNA binding via TEL’s ETS domain and on the
presence of the N-terminal 500 amino acids (aa) of MN1[2]. By generating a conditional MN1-
TEL knock-in mouse, we showed that MN1-TEL is a hematopoietic oncogene. Its expression
in both the myeloid and lymphoid compartments in these mice resulted in T-cell lymphoma as
well as AML, depending on the nature of the cooperating mutations[11,12]. Overexpression
of MN1-TEL in mouse bone marrow (BM) cells also generated myeloid cell lines, an activity
dependent on MN1’s N-terminal 500 amino acids but not on the presence of an intact TEL
DNA binding domain[13].

The connection of MN1 with myeloid malignancy goes beyond MN1’s involvement in the t
(12;22): itis also overexpressed in inv(16) AML[14,15], a core binding factor (CBF) leukemia
in which the fusion protein CBFb-MYH11 is expressed[16]. In addition, MN1 is overexpressed
[15] in myeloid leukemia in which the immortalizing transcription factor EVIL1 is
overexpressed[17], an AML subtype with a poor prognosis[18] and in some adult AMLs
without karyotypic abnormalities[19]. In the latter case overexpression of MN1 was associated
with a worse prognosis and a shorter survival rate[19]. Together these data suggested that
upregulation of MN1 contributes to these malignancies.

MN1 overexpression induces myeloid malignancy in mice

To test this possibility we showed that mice receiving transplants of BM overexpressing MN1
rapidly developed a malignant myeloid disease that was readily transplantable to secondary
recipients[20]. The peripheral blood contained large numbers of granulocytes and granulocyte
progenitors and few blast-like cells, whereas the BM contained more than 20% blasts. Heuser
and coworkers[21] reported similar results. Combined these 2 reports suggested that MN1 is
a highly effective myeloid oncoprotein. Also, mice receiving transplants of BM of CBFb-
MYH11 knock-in chimeric mice overexpressing MN1 developed AML[20], whereas CBFb-
MYH11 knock-in chimeric mice do not[16]. Malignant cells of a primitive phenotype (cKit+)
in BM and peripheral blood expressed both MN1 and CBFb-MYH11 in the affected
transplanted mice. This suggests that in comparison with MNZ1-induced myeloid disease the
combination of the growth promoting MN1 protein with the differentiation inhibiting CBFb-
MYH11 changed the phenotype of the disease, although the latency was longer. This latter
might be caused by the growth inhibiting effect of CBFb-MYH11[22]. Analysis of MN1
expression in a group of 41 AML patients by Q-RT-PCR of all subtypes (FAB subtypes (MO-
MT7) suggested that in approximately 50% of patient samples MN1 expression is 2—3 fold higher
than in normal BM. But significant over expression was found in all inv16 patient samples and
in M1-AML patient samples[20].

MN1 expression in normal BM

Given the detrimental hyperproliferative effects of MN1 overexpression on myelopoiesis, it
was unknown which progenitors in normal BM express this gene. Quantitative-RT-PCR
analysis of Mn1 expression in sorted fractions representing the HSC, CMP, CLP, GMP, and
MEP of mouse BM showed that the gene is expressed at a low level in the HSC but not in the
CMP, CLP or MEP[20]. However, strong upregulation of Mn1 was found in the GMP,
suggesting a specific role for Mn1 in GMP-derived myelopoiesis. Although an Mn1 knockout
mouse has been generated[23], the authors noted defects in the development of membranous
bones of the cranial skeleton causing perinatal death, but they did not analyze the hematopoietic
system of Mn1 —/— mice. In collaboration with Dr. Zwarthoff we are currently addressing the
effects of loss of Mn1 expression on hematopoiesis. Because overexpression of MN1 induces
proliferation of myeloid cells[20], it is hardly a leap of faith to speculate that inactivation of
Mn1 may have the opposite effect. Increased proliferation of MN1 overexpressing cells could
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be a combination of the observed increased cell cycle traverse[20] and inhibition of
differentiation. Indication of the latter comes from data published by Heuser et al.[21]
suggesting that MN1 overexpression inhibits ATRA (all-trans retinoic acid) induced
differentiation of mouse myeloid cells. The combination of these 2 effects would keep GMP-
derived cells longer in a proliferation-competent state in which they also cycle faster than
normal GMP-derived cells.

Consequences of MN1 overexpression in human AML

As already mentioned, Heuser and coworkers[19] discovered that AML patients
overexpressing MN1 without karyotypic abnormalities had a worse prognosis and a shorter
survival rate. Our work strongly suggests that overexpression of MN1 in invl6 AML is
important for the growth of CBFb-MYH11 expressing cells. In addition, elderly patients with
AML (except those with M3-AML) who expressed low levels of MN1 and received ATRA
fared significantly better than those who did not receive ATRA or patients who expressed high
levels of MN1 and did or did not receive ATRA[21]. Together these data suggest a worsening
of disease phenotype when MNL1 is overexpressed, which would make this protein aworthwhile
therapeutic target for the treatment of AML.

How does MN1 work?

Several experiments have shown that MN1 functions as a transcriptional coactivator and
appears not to bind DNA directly[3,6,9]. Thus, its output is relayed via other transcription
factors, which may be contacted directly or indirectly. To date, only indirect interaction via
p300/CBP and RAC3 to RAR/RXR has been well documented[3] and might elicit inhibition
of differentiation of myeloid cells[21]. Given that MN1 can also regulate the activity of the
VDR][6] and the fact that this nuclear receptor plays a role in monocyte/macrophage
differentiation[24], it is possible that MN1 is also recruited to the VDR via p300/CBP in
myeloid cells, although experimental evidence for that is currently lacking. MN1’s binding to
p300/CBP makes it difficult to predict via which other transcription factor(s) MN1 relays its
cell proliferative effects as many transcription factors that regulate myeloid cell growth and
differentiation recruit p300/CBP including Aml1, Gatal, 2, and 3, cMyb, C/EBPa, and Pul
(reviewed in Blobel, 2000, 2002)[25,26]. The observation that MN1 can also mediate
transcriptional upregulation via CACCC-rich DNA sequences[9] is a clear indication that it
also targets other transcription factors than nuclear receptors. The possible interactions of MN1
with transcription factors via p300/CBP or not are depicted in Figure 1.

A proteomics approach involving isolation and identification of MN1-containing transcription
factor complexes in myeloid cells overexpressing MN1 might be one of the experimental
approaches that will shed light on the identity of the crucial transcription factor targets of MN1
in myeloid cells. Extensive array analysis of myeloid cells overexpressing MN1 compared with
wild type myeloid cells might be helpful in determining the crucial target genes involved in
the growth phenotype. Together with the analysis of the hematopoietic phenotype of Mn1
knockout mice, these studies should provide extensive insight into the effects of Mn1 on
myelopoiesis and into the mechanisms with which Mn1 promotes the proliferation of myeloid
progenitors. This knowledge might eventually be used to design specific inhibitors for MN1,
which should be beneficial for the treatment of leukemias that overexpress this protein.
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Figure 1.

Model for MN1 function in myeloid cells. A) Via p300/CBP MNL1 is recruited to, and regulates
the transcriptional activity of RAR/RXR and VDR/RXR heterodimers affecting the
differentiation of myeloid progenitors via up- (a), or downregulation (b) of target genes. MN1
can also be recruited to other transcription factors (X) that bind p300/CBP, again affecting
transcription of target genes. B) MN1 might also bind directly to transcription factors (Y),
affecting the transcription of target genes. The interaction with Y might also be indirect, i.e.

via another interacting protein than p300/CBP (not indicated).
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