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Abstract

Multiple myeloma (MM) represents the malignant proliferation of terminally differentiated B
cells, which, in many cases, is associated with the maintenance of high levels of the oncoprotein c-
MY C. Overexpression of the histone methyltransferase MMSET (WHSC1/NSD2), due to t(4;14)
chromosomal translocation, promotes the proliferation of MM cells along with global changes in
chromatin; nevertheless, the precise mechanisms by which MMSET stimulates neoplasia remain
incompletely understood. We found that MMSET enhances the proliferation of MM cells by
stimulating the expression of c-MYC at the post-transcriptional level. A microRNA (miRNA)
profiling experiment in t(4;14) MM cells identified miR-126* as an MMSET-regulated miRNA
predicted to target c-MYC mRNA. We show that miR-126* specifically targets the 3’-untranslated
region (3’-UTR) of c-MYC, inhibiting its translation and leading to decreased c-MYC protein
levels. Moreover, the expression of this miRNA was sufficient to decrease the proliferation rate of
t(4;14) MM cells. Chromatin immunoprecipitation analysis showed that MMSET binds to the
miR-126* promoter along with the KAP1 corepressor and histone deacetylases, and is associated
with heterochromatic modifications, characterized by increased trimethylation of H3K9 and
decreased H3 acetylation, leading to miR-126> repression. Collectively, this study shows a novel
mechanism that leads to increased c-MYC levels and enhanced proliferation of t(4;14) MM, and
potentially other cancers with high MMSET expression.
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INTRODUCTION

Over the past decade, the molecular pathogenesis of multiple myeloma (MM) has become
clearer with the identification of recurrent chromosomal translocations in ~40% of the cases.
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These anomalies are due to aberrant switch recombination that leads to the overexpression
of a number of putative or known oncogenes such as MAF, MAFB and WHSCI/MMSET.1-2
More recently, whole genome sequencing in MM identified new recurrent point mutations in
genes encoding coagulation cascade proteins, histone-modifying enzymes and RNA
processing proteins.3 The underlying paradox of MM that may be explained by some of
these genetic anomalies is the continued proliferation and self-renewal of a highly
specialized cell. Normal plasma cell differentiation requires the BLIMP1/PRDM1
transcription factor, which stimulates proper differentiation of the postgerminal center B cell
and represses the expression of c-MYC, a master regulator of cell growth.# In contrast,
malignant plasma cells continue to express c-MYC and enter the cell cycle while maintaining
the specialized machinery required for production of high levels of immunoglobulin.

The MMSET gene is overexpressed in ~15% of MM cases because of the t(4;14)
chromosomal translocation, which links the MMSET gene to the immunoglobulin promoter/
enhancer. In most cases of t(4;14)-positive myeloma, the upregulation of MMSET is
accompanied by the overexpression of FGFR3. Activation of FGFR3-mediated signaling
would be expected to lead to activation of the mitogen-activated protein kinase cascade,
serum response factors and ETS family of transcription factors, and eventually, stimulation
of c-MYC transcription. However, in ~30% of cases of t(4;14)-associated myeloma, only
MMSET is overexpressed.>:6 Given this background, it is reasonable to hypothesize that
MMSET might also stimulate c-MYC expression. MMSET is a histone methyltransferase
(HMT) that, in vitro, can methylate both histone H3 and histone H4, and is associated with
transcriptional cofactors.”11 In t(4;14) MM cells, MMSET overexpression correlates with
elevated levels of H3K36 dimethylation (H3K36me2) and depressed levels of H3K27
trimethylation (H3K27me3) across the genome.11:12 These methylation patterns are
associated with altered chromatin structure, gene expression profiles and cell growth.
Nevertheless, the exact oncogenic mechanisms and genetic targets underlying MMSET
activity are not well understood.

In efforts to identify the mechanisms by which MMSET enhances cell growth, we found that
MMSET overexpression was associated with increased c-MYC protein, but not mMRNA
expression. This was related to the ability of MMSET to repress the expression of
miR-126*, a microRNA (miRNA) that targets c-MYC. MMSET-mediated repression of this
miRNA was associated with the recruitment of the KAP1 transcriptional corepressor, and a
repressive histone modification, trimethylation of lysine 9 on histone H3 (H3K9me3).
Collectively, these data point to a new mechanism by which c-MYC expression is elevated
in t(4;14) MM, and start to elucidate the oncogenic mechanisms of MMSET in this disease.

MATERIALS AND METHODS

Cell culture

MM cell lines including the t(4;14)-positive cell lines, KMS11, KMS28BM, KMS26, H929,
LP1, KMS34, OPM2, KMS18 and UTCMZ2, and the t(4;14)-negative cell lines, RPMI-8226,
KMS12, FR4, XG6, U266, L363 and MM.M1 (gift from Michael Kuehl, National Cancer
Institute, Bethesda, MD, USA), were cultured in RPMI-1640 supplemented with 10% fetal
bovine serum (FBS). The 293T cells (ATCC, Manassas, VA, USA) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS.

Loss- and gain-of-function systems

KMS11 cells were engineered to express an MMSET short hairpin RNA (shRNA) in a
doxycycline (dox)-inducible manner.11:13 To obtain a KAP1 knockdown system, KMS11
cells were infected with a retroviral construct generated by cloning complementarily
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annealed oligonucleotides encoding a KAP1 shRNA sequence, into pSiren-ZsGreen
(Clontech, Mountain View, CA, USA). The miR-126* expression vector was purchased
from System Biosciences (Mountain View, CA, USA), and a mutant version of the construct
was generated using the QuikChange Lightning Site-Directed Mutagenesis kit (Stratagene,
Santa Clara, CA, USA). The c-MYC expression vector was described previously.14 The
tagged MMSET and nuclear green fluorescent protein (GFP) constructs were prepared using
pNTAP vector (Stratagene) (see Supplementary Data). Primers can be found in
Supplementary Table 1.

Virus packaging and infections

Lentiviruses to overexpress miR-126* and the c-MYC 3'-untranslated region (UTR)
luciferase reporter were generated by transfection of 293T cells with the plasmids described
above, in addition to the packaging vectors psPAX2 and pMD2.G (Addgene, Cambridge,
MA, USA),1° using Fugene 6 (Roche, Indianapolis, IN, USA). For infection of KMS11
cells, 1 ml of viral supernatant was added to 1 million cells in 1 ml of media, along with 6
ug/ml polybrene (Millipore, Billerica, MA, USA). Retroviruses harboring the KAP1 shRNA
construct were produced as described above, and used to infect KMS11 cells in the presence
of 4 ug/ml polybrene.

Proliferation assays

A total of 4000 cells were seeded in 96-well plates and the viability was assayed using the
ATPlite luminescence assay system (PerkinElmer, Waltham, MA, USA). For miR-126*, the
assays were performed at day 9 after infection of KMS11 cells with empty vector, wild-type
or mutated miR-126*. For KAP1 knockdown, assays were performed at day 7 after infection
with a KAP1 shRNA or control.

Immunoblotting and immunoprecipitation

Total cell lysates were prepared from cells resuspended in 0.1% NP-40 lysis buffer
(Stratagene) supplemented with protease inhibitors (Roche), and subjected to three rounds of
freezing/thawing. Nuclear fractions and immunoprecipitation were performed using the
Nuclear Complex Co-IP Kit (Active Motif, Carlshbad, CA, USA). Proteins were separated
using NUPAGE Bis-Tris Gel (Invitrogen, Grand Island, NY, USA), blotted with appropriate
antibodies and detected using enhanced chemiluminescence (GE Healthcare, Piscataway,
NJ, USA). Antibodies are listed in Supplementary Data.

Real-time PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA), and
complementary DNA was generated using iScript (Bio-Rad, Hercules, CA, USA). Gene
amplification was performed on the Roche Lightcycler 480 using the Quantitect SYBR
Green PCR Mix (Qiagen). To determine miRNA expression levels, total RNA was isolated
using the miRNeasy Mini Kit (Qiagen). The miRCURY LNA Universal RT microRNA
PCR kit (Exiqon, Vedbaek, Denmark) was used for reverse transcription and miRNA
amplification. Expression was calculated using the 2ACT method. GAPDH and U6 ShRNA
were used as internal controls. Primers for miR-126* (cat. 204584) and U6 snRNA (cat.
203907) were purchased from Exigon. Other primer sequences are included in
Supplementary Table 1.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) was performed as described previously.1® Ten
million cells and 5 pg of each antibody (10 ul for H3-Ac) were utilized per ChlIP. The same
antibodies used for immunoblotting were utilized, as well as mouse IgG (ab18447; Abcam,
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Cambridge, MA, USA) and rabbit IgG (ab37415; Abcam) to serve as negative controls.
PCR was performed using primers complimentary to the transcriptional start site (TSS) of
miR-126/miR-126* or a region 10 kb upstream (see Supplementary Data).

Luciferase assays

For reporter assays, a c-MYC 3’-UTR vector was purchased from System Biosciences. A
mutant c-MYC 3’-UTR construct was made using the QuikChange Lightning Site-Directed
Mutagenesis kit (Stratagene). c-MYC 3’-UTR and miR-126* vectors were transduced into
293T cells using Fugene 6 (Roche). Briefly, 140 000 cells were transfected in 12-well plates
with the indicated plasmids totaling 200 ng of DNA, and assayed after 3 days using the
Luciferase Reporter Assay System (Promega, Madison, WI, USA) in a fluorescence plate
reader (FLUOstar Optima, BMG Labtech, Cary, NC, USA).

Antagonizing miR-126* in MMSET-depleted KMS11 cells

RESULTS

KMS11 cells harboring an inducible MMSET shRNA were grown in the presence of dox for
7 days. The MMSET-depleted cells were transfected twice, on days 1 and 3, with 40 nM
miR-126* inhibitor and control (Ambion, Grand Island, NY, USA), using HiPerFect

(Qiagen).

MMSET stimulates cell growth and enhances c-MYC protein expression in t(4;14)+ MM

cells

We previously reported that the t(4;14)-positive cell line KMS11 depends on its elevated
MMSET expression to maintain proliferation, which markedly decreases upon dox-
dependent shRNA-mediated MMSET knockdown! (Supplementary Figure 1A). Cessation
of MMSET knockdown by dox removal allowed the growth of KMS11 cells to resume
within 3 days (Supplementary Figure 1B). These results, in accordance with previous data,11
indicate that loss of MMSET expression primarily leads to growth arrest rather than
apoptosis.

The formation of plasma cells from memory B cells requires upregulation of the BLIMP1/
PRDML transcription factor that, in turn, represses c-MYC. MM is characterized by
continued high expression of c-MYC in the presence of elevated BLIMP1 levels.13
Considering the pivotal role of c-MYC in the proliferation of MM cells, we hypothesized
that it could mediate MMSET promaotion of cell growth. Therefore, we first determined
whether c-MYC expression was affected by MMSET. Depletion of MMSET in KMS11
cells was associated with decreased c-MYC protein levels (Figure 1a and Supplementary
Figure 2); however, no significant change in c-MYC mRNA expression was detected (Figure
1b), indicating that MMSET affected c-MYC at the post-transcriptional level. Accordingly,
overexpression of MMSET in the t(4;14)-negative RPMI-8226 cell line increased c-MYC at
protein (Figure 1c) but not mRNA level (Figure 1d). The mutant MMSET-Y1118A, a
protein defective for HMT activity,1 only mildly stimulated c-MYC protein expression,
suggesting that the HMT activity of MMSET is an important factor in its ability to affect c-
MYC. We next analyzed whether MMSET could affect the stability of c-MYC protein.
KMS11 cells were treated with cycloheximide to abolish new mRNA translation, and c-
MY C protein levels were determined by immunoblot at different time points after the
addition of the drug, in the presence or absence of MMSET (Figure 1¢). Although in the
absence of MMSET the basal level of c-MYC was several fold lower than in the presence of
MMSET, the kinetics of c-MYC degradation were similar to that observed in cells with high
MMSET levels (Figure 1f). The decrease in c-MYC protein levels in the absence of
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MMSET without change in its half-life suggested that MMSET did not affect the stability of
the protein, but rather promoted the translation of c-MYC mRNA.

MMSET represses miR-126* and leads to enhanced c-MYC protein levels in t(4;14)+ MM

cells

Among the several mechanisms that regulate mRNA translation, our study focused on the
possibility that MMSET controlled c-MYC translation through the regulation of miRNAs. A
miRNA microarray profiling experiment performed in the KMS11 loss-of-function system
identified multiple miRNAs whose expression changed at least two fold in response to
MMSET knockdown (Supplementary Figure 3A). Among the miRNAS repressed by
MMSET, miR-126* and miR-1267 were predicted to target c-MYC (www.microrna.org).
However, only miR-126* was validated as regulated in response to MMSET knockdown in
KMS11 cells (Figure 2a). The expression of miR-126, the other miRNA generated from the
same pre-miRNA, was modestly affected upon MMSET manipulation (Figure 2a). In a
complementary experiment, ectopic expression of wild-type MMSET in t(4;14)-negative
RPMI-8226 myeloma cells resulted in a 50% decrease in miR-126* levels. The mutant
MMSET-Y1118A vyielded a more modest 20% decrease in miR-126* expression (Figure
2b), in agreement with its less potent stimulation of c-MYC protein levels (Figure 1c). A
panel of MM cell lines was then analyzed to determine whether basal levels of MMSET in
these cells controlled miR-126* expression. Half of the t(4;14)-negative cell lines expressed
high levels of miR-126*, whereas most of the t(4;14)-positive cell lines showed very low
levels of the miRNA, consistent with the notion that MMSET could inhibit miR-126*
expression in these cells (Figure 2c).

To validate c-MYC as a real, and not only predicted, target of miR-126*, we evaluated its
ability to alter the expression of a luciferase reporter containing the 3’-UTR of c-MYC.
Transient transduction of 293T cells with the reporter construct along with a miR-126*
expression vector showed a 40% decrease in luciferase activity (Figure 2d). Two-nucleotide
mutations within the seed sequence of miR-126* or within the target sequence of the 3’-
UTR of c-MYC (Supplementary Figure 3B) abolished the repression of the luciferase
activity (Figures 2d and e), confirming the specificity of the interaction.

We next determined whether miR-126* targeting of the c-MYC 3’-UTR would affect its
translation, leading to decreased c-MY C protein levels. KMS11 cells were infected with a
lentiviral vector expressing wild-type or mutant miR-126*, and c-MY C protein levels were
detected by immunoblot. Only wild-type but not mutant miR-126* decreased c-MYC
protein levels (Figure 3a), in agreement with the results observed in the luciferase assays. To
further confirm the ability of miR-126* to target c-MYC and abolish its translation, an
antagomir specifically directed against miR-126* (miR-126* inhibitor) was transduced into
KMS11 cells engineered to express MMSET shRNA (Figure 3b). The loss of c-MYC
expression, associated with MMSET depletion and upregulation of miR-126*, was
completely restored by introduction of the antagomir (Figure 3c). This experiment not only
confirmed c-MYC as a target of miR-126*, but also indicated miR-126* as an important
mediator of MMSET regulation of c-MYC.

We next analyzed whether miR-126* expression could recapitulate the effect of MMSET
knockdown on cell growth. KMS11 cells infected with a lentiviral vector expressing wild-
type miR-126* showed a 40% growth inhibition when compared with cells harboring a
control vector, whereas the miR-126* mutant had no effect (Figure 3d). The effects of wild-
type or mutant miR-126* on proliferation paralleled the c-MYC protein levels previously
observed by immunoblot (Figure 3a). Finally, we determined whether enforced expression
of a miRNA-resistant form of c-MYC could rescue the decrease in proliferation detected
upon MMSET knockdown and miR-126* upregulation. KMS11 cells were infected with a
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retrovirus containing a conditional form of c-MYC (MYC-ER)!8 that becomes translocated
to the nucleus and activated upon treatment with 4-hydroxytamoxifen. c-MYC-ER is devoid
of 3-UTR of c-MYC and hence is unable to be affected by miR-126*. When MMSET levels
were high, the myeloma cells grew with a doubling time of ~2 days, and the induction of
exogenous c-MYC activity with 4-hydroxytamoxifen had no effect on cell growth (Figure
3e). In contrast, MMSET knockdown led to a cessation of cell growth that, upon induction of
MY C-ER, was partially restored to a doubling time of 4 days (Figure 3e). Collectively, these
data suggest that promotion of cell growth by MMSET is, at least, partially mediated by c-
MY C overexpression driven by miRNA repression.

The KAPL1 corepressor supports MMSET-mediated miR-126* repression

Although MMSET mediates methylation of H3K36, a histone modification associated with
gene activation, it is clear from gene expression profiling and the ability of MMSET to
interact with corepressors that the protein may also have a role in gene repression.” 81119 Tg
further investigate MMSET-mediated repression that could lead to the inactivation of
miR-126/126* locus, we identified MMSET partner proteins. For this purpose, MMSET
linked to an N-terminal streptavidin/calmodulin tag was expressed in 293 cells and affinity-
purified, and associated proteins were identified by mass spectrometry (Supplementary
Figure 4). A streptavidin/calmodulin-tagged nuclear GFP protein was purified in parallel as
a control, in order to identify nonspecific binding proteins. Duplicate experiments identified
19 candidate proteins that associated with MMSET but not with tagged GFP
(Supplementary Figure 4C). Among them, KAP1 (TRIM28), a previously identified
corepressor that interacts with KRAB zinc-finger transcriptional repressors and the H3K9
methyltransferase SETDB1,20 was selected for further analysis. The interaction between
MMSET and KAP1 was confirmed by co-immuno-precipitation in the t(4:14)-positive
KMS11 and KMS28 MM cell lines, with HDAC1/MMSET interaction serving as a positive
control”:19 (Figure 4a). MMSET was detected as a smaller species in KMS28 cells, because
of the linkage of the immunoglobulin locus to a more 3’ location of the MMSET gene,
which deletes part of the N-terminus of the protein.! We next determined whether KAP1
was critical for the ability of MMSET to repress miR-126* and promote c-MYC protein
levels. KMS11 cells transduced with an shRNA directed against KAP1 showed an almost
3.5-fold increase in miR-126* expression (Figure 4b), and a large decrease in c-MYC
protein levels (Figure 4c). This effect was accompanied by a modest decrease in cell
proliferation (Figure 4d) and no appreciable change in the level of MMSET (Figure 4c).
These results indicated that KAP1 is a key factor in the repression of miR-126* expression
and could mediate MMSET-dependent regulation of this miRNA.

To determine whether KAP1 and MMSET might have a direct role in the repression of
miR-126* expression, ChIP experiments were performed. In KMS11 cells, endogenous
MMSET binding was detected at sequences near the predicted TSS of pre-miR-126*, as
well as 10 kb upstream. shRNA-mediated knockdown of MMSET led to the loss of its
binding at these sites (Figure 5a). The presence of MMSET at the miR-126* promoter was
associated with the presence of H3K9me3, a mark enriched in inactive regions, which
decreased upon MMSET depletion (Figure 5b). KAP1 was reported to bind to chromatin
enriched in H3K9me3 sites?! and, accordingly, ChIP assays also showed that KAP1 was
bound at the TSS of pre-miR-126* enriched for H3K9me3 (Figure 5c). Moreover, MMSET
knockdown led to a complete loss of KAP1 enrichment at this locus (Figure 5c¢). In contrast,
histone H3 acetylation, a mark indicative of gene activation, increased at both sites of pre-
miR-126* upon MMSET knockdown (Figure 5d). H3K36 methylation, a modification
altered globally by MMSET and associated with transcriptional elongation, was relatively
low at both sites of premiR-126* and was unaffected by MMSET knockdown (data not
shown).
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In a complementary experiment, we performed the same ChlP assays in the t(4;14)-negative
RPMI-8226 cell line harboring GFP, wild-type MMSET or mutant MMSET-Y1118A. As
expected, the ectopic expression of wild-type and mutant MMSET in RPMI-8226 cells led
to its enrichment at both sites of pre-miR-126* (Supplementary Figure 5A). Although the
presence of wild-type MMSET was associated with increased H3K9me3 and decreased H3
acetylation, mutant MMSET led to little change of these modifications when compared with
the GFP control (Supplementary Figure 5B and C), correlating with the expression levels of
miR-126* previously detected by quantitative real-time PCR (qPCR). Collectively, these
data suggest that on certain loci such as that of miR-126/126*, MMSET can mediate
transcriptional repression. Moreover, these results indicate that both MMSET and KAP1
bind the miR-126* locus, and that the presence of KAP1 at the locus depends on MMSET
binding, suggesting that KAP1 may be recruited by MMSET and/or H3K9me3 to repress
miR-126*.

HDACs support MMSET-mediated repression of miR-126*

As histone deacetylases (HDACS) can interact with both MMSET?:8:19 and KAP120-22 to
repress transcription (Figure 4a), we investigated the importance of HDACs in miR-126*
and c-MYC expression in MM cells. ChIP assays in KMS11 cells detected the presence of
HDACL/2 on the miR-126* promoter (Supplementary Figure 6A), but this was unaffected
by changes in the level of MMSET (data not shown). Therefore, we used the HDAC
inhibitor trichostatin A (TSA) to determine if HDACs were required for miR-126*
repression and c-MYC expression. When KMS11 cells were treated with 0.5 pw TSA for 24
h, c-MYC expression dramatically decreased and miR-126* levels significantly increased
(Figures 6a and b). KMS11 cells transfected with a SiRNA directed against HDAC1 also
showed a decrease in c-MY C protein level (Supplementary Figure 6B). These results
suggested that HDACs are involved in the repression of miR-126*, allowing for elevated c-
MY C expression.

To further explore the implications of the interplay between MMSET and HDACs, we
treated KMS11 cells with different TSA concentrations before and after MMSET depletion.
Although treatment of cells with 0.2 pm TSA on its own did not significantly alter c-MYC
levels (Figure 6a), the combination of TSA treatment and ShRNA-mediated depletion of
MMSET strongly suppressed c-MY C expression (Figure 6¢). This result suggested a
collaboration between MMSET and HDAC:S in the regulation of c-MYC levels, potentially
through miR-126*. To gain more insight into the combined biological effect of MMSET and
HDACSs in MM cells, we next analyzed apoptosis, a process promoted by HDAC inhibitors.
Although low-dose TSA treatment or MMSET knockdown led to minimal apoptosis,
combining TSA with MMSET depletion led to marked increase in apoptosis as measured by
cleaved caspase-3 and PARPL1 (Figure 6d). This suggests that combining HDAC inhibitors,
already in clinical practice, with MMSET inhibitors, yet to be developed, may be a
promising therapeutic strategy in t(4;14)-associated MM. This combination would
potentially lead to an increase in the apoptosis of MM cells as well as to a reduced
proliferation originated by a decreased c-MY C expression.

DISCUSSION

Overexpression of c-MY C represents a convergent mechanism of oncogenesis in MM, and
is mediated in multiple ways. For example, overexpression of cyclin D1 or cyclin D3 by
fusion to the immunoglobulin promoter/enhancer drives cell cycle entry through activation
of the E2F transcription factor that promotes the expression of many genes, including c-
MYC.23 Overexpression of the fibroblast growth factor receptor and activating mutations in
RAS or B-RAF could induce c-MYC expression through the mitogen-activated protein
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kinase pathway. Another proposed mechanism for the continued high-level expression of c-
MYC is the presence of an aberrantly spliced isoform of BLIMP1 in myeloma cells, which is
unable to repress c-MYC transcription.2* IRF4, a key transcription factor in all myeloma
cells, induces c-MYC, which in turn promotes |RF4 expression in a positive feedback loop.13
The drive for continued c-MYC expression is also typified in its frequent rearrangement,
often to genes other than the immunoglobulin locus, particularly in late-stage MM and in
virtually all established MM cell lines.2 Deregulated c-MYC expression in MM also occurs
at the post-transcriptional level. The c-MY C gene contains an internal ribosome entry site in
its 5’-UTR, frequently mutated in MM, allowing for enhanced translation through the
actions of RNA-binding proteins.2® Furthermore, interleukin-6, a critical cytokine for
myeloma growth, also stimulates c-MYC translation.28 In this work, we describe a novel
mechanism to control the expression of c-MYC: the regulation of its translation by the HMT
MMSET.

Many miRNAs are downregulated during transformation and tumor progression,2’
suggesting they may act as tumor suppressors. The profile of mMiRNAs expressed in MM
differs from that of normal plasma cells,28 and each subtype of MM has a specific miRNA
signature,29-30 suggesting that deregulation of miRNA expression may have a relevant
biological role in this disease. In the present study, we show that aberrant repression of
miR-126* by MMSET leads to post-transcriptional enhancement of c-MY C expression,
suggesting that miR-126* is a tumor suppressor. c-MY C is regulated by several miRNAs
whose expression is suppressed in cancer. For example, the let-7 miRNA family, which
targets c-MYC, is expressed at low levels in lung cancers.3! c-MYC overexpression in
Burkitt’s lymphoma lacking rearrangement of the c-MYC gene was associated with
downregulation of let-7c and miR-34b.32 miR-196b, which also represses c-MYC, is
downregulated in acute lymphoblastic leukemia.23 Although none of the already described
miRNAs targeting c-MY C was detected as regulated by MMSET in our miRNA profiling
experiment, the possibility that some of these miRNAs collaborate with miR-126* to
regulate c-MYC expression cannot be ruled out. Moreover, although this work focused on
miRNA-mediated modulation of c-MYC mRNA translation as a mechanism by which
MMSET promotes high c-MYC protein levels, it is also possible that MMSET could
stimulate the translational machinery to increase the production of c-MYC and other key
oncoproteins.

miR-126 and miR-126* are embedded within the EGFL7 gene. Traditionally, it was
assumed that the passenger strand or miRNA* is rapidly degraded, whereas the guide strand
is incorporated into the RISC (RNA-induced silencing complex) complex. Recent evidence
indicates that miRNA* can also be functional and more abundant than previously thought.
In fact, the strand of the miRNA that accumulates in a cell may vary according to species,
cell type and developmental stage.1”-34 Both miR-126 and miR-126* can be found
associated with the RISC complex and have active roles in the control of gene expression. In
myeloma cells, upon MMSET knockdown, both miR-126 and miR-126* increased, but the
change in miR-126* was larger, suggesting that this miRNA was more readily incorporated
into the RISC complex and protected from degradation. miR-126/126* was found to play a
role in other cancers and hematopoiesis. For example, miR-126/126> is upregulated in core-
binding factor-associated leukemia3® and controls hematopoietic differentiation of
embryonic stem cells3 and zebrafish.3” A growth-suppressive function of miR-126 was
found in breast38 and lung3® cancers, through the inhibition of vascular endothelial growth
factor-mediated signaling. A possible oncogenic function of miR-126/126* was described in
gastric cancer through suppression of Sox2 expression.#? Here, we identify a new tumor-
suppressive action of miR-126* through inhibition of c-MY C expression.
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miRNAs may be silenced in cancer because of deletion of chromosome segments,*! aberrant
DNA hypermethylation and silencing of miRNA host gene transcription2 or by oncogenic
transcriptional regulators. For example, the AML1-ETO fusion protein assembles a
heterochromatin complex including DNA methyltransferase on the miR-223 promoter.43
Here, we show that an overexpressed HMT can repress a miRNA. The relevance of
miR-126* regulation by MMSET was highlighted by the fact that most MMSET-
overexpressing myeloma cell lines had undetectable levels of miR-126*. In some of the
t(4;14)-negative cell lines, however, the low levels of MMSET did not appear to be
sufficient to promote the expression of miR-126*, suggesting that other mechanisms may
repress this miRNA. For example, in acute myeloid leukemia, miR-126/126* expression
was associated with promoter DNA methylation status,*44® and in breast cancer cells
oncogenic Src repressed miR-126/126* expression.*6 Therefore, MMSET may be a major
but not the only influence on the expression of this important miRNA pair in MM.

MMSET overexpression was associated with heterochromatic modifications of the
miR-126* promoter, characterized by increased H3K9me3 and decreased histone H3
acetylation. This contrasts with the action of MMSET on many other loci, defined by
increased H3K36 methylation, decreased H3K27 methylation and gene activation.1147 On
the miR-126/126* promoter, increased MMSET binding was not associated with increased
H3K36 methylation. Why this and other regions of the genome (data not shown) are
protected from an otherwise global change in histone methylation remains to be understood.

Nevertheless, at the miR-126/126* promoter, repression in response to MMSET was
associated with KAP1, a critical cofactor of KRAB zinc-finger proteins.*8 KAP1 recruits the
NuRD-HDAC complex and the H3K9-specific HMT SETDBL to induce heterochromatin
formation.22 Genome-wide analysis of KAP1 binding showed that KAP1 target promoters
were enriched for H3K9me3.21 Consistent with this, we show that KAP1 and H3K9me3
were enriched at the miR-126* promoter in the presence of MMSET. KAPL1 recruitment to
this promoter may be triggered by the enrichment in H3K9me3; alternatively, KAP1 may be
attracted to the miR-126/126* locus by MMSET, as suggested by the direct interaction
between both factors observed. Previous studies showed that HDAC1 and/or 2, which are
components of the KAP-1-NuRD complex,22 can interact with MMSET and play a role in
its ability to repress transcription.”-19 Taken together, in t(4;14) MM cells, MMSET in
combination with KAP1 and HDAC:s inhibits miR-126* transcription through
heterochromatic histone modifications, helping to maintain high c-MYC protein levels and
cellular proliferation (Figure 7).

HDAC inhibitors decrease proliferation and induce apoptosis of cancer cells.4950 The
HDAC inhibitor vorinostat/SAHA (suberoylanilidehydroxamic acid) is approved for the
treatment of cutaneous T-cell lymphoma, and other HDAC inhibitors have entered clinical
trials in lymphomas, MM and acute myeloid leukemia.?1>2 HDAC inhibitors have been
combined with other antitumor agents to elucidate a minimal effective dose, to reduce side
effects, and to maximize treatment efficacy.>1:3 In this study, the combination of MMSET
depletion and an HDAC inhibitor markedly increased apoptosis in t(4;14)+ MM cells. This
may be because of global changes in the structure and function of the chromatin in response
to the loss of MMSET, 11 and stimulation of DNA damage, a known effect of HDAC
treatment,>* as well as effects on the expression of miR-126* and other genes at the
transcriptional and post-transcriptional level.>* These results suggest that combining
inhibitors of MMSET and HDAC function may represent a future therapeutic strategy for
t(4;14)-associated myeloma.
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Figure 1.
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MMSET stimulates c-MYC protein but not mRNA expression in MM cells. (a) MMSET
was depleted in t(4;14)-positive KMS11 cells using a dox-inducible shRNA. After nuclear
fractionation, MMSET and c-MYC protein levels were assayed by immunoblot with histone
H3 as a loading control. (b) Relative c-MYC mRNA levels of cells described in (a) were
measured by real-time PCR and normalized to GAPDH mRNA levels. Values are
represented relative to those observed in dox-negative cells (mean + s.d. from three
independent experiments). (c) The t(4;14)-negative RPMI-8226 myeloma cells were stably
transduced with a retrovirus harboring wild-type or HMT inactive point mutant (Y1118A)
MMSET, or a control retrovirus harboring GFP. After nuclear fractionation, MMSET and c-
MY C protein levels were assayed by immunoblot with histone H3 as a loading control. (d)
Relative c-MYC mRNA levels of cells described in (c) were measured by gPCR and
normalized to GAPDH mRNA level. Values are represented relative to those obtained in
cells transduced with the empty vector (mean = s.d. from three experiments). (€) KMS11
cells cultured in the absence or presence of dox were treated with 10 wg/ml cycloheximide
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for the indicated times and lysates were immunoblotted for MMSET and c-MYC. GAPDH
represents a loading control. (f) c-MYC protein levels obtained in () were quantified using
ImageJ software (NIH, Bethesda, MD, USA), and represented as relative to those obtained
at time 0.
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Figure2.

MMSET represses miR-126*, a miRNA that targets c-MYC 3’-UTR. (a) MMSET was
depleted in KMS11 cells using a dox-inducible shRNA for 7 days, and miR-126* and
miR-126 levels were measured by quantitative real-time PCR (gPCR). U6 snRNA was used
as a normalization control. Values are represented relative to that observed in dox-negative
cells (mean * s.d. from three independent experiments). (b) Relative miR-126* levels were
measured by gPCR in t(4;14)-negative RPMI-8226 cells transduced with GFP, wild-type or
mutant MMSET retroviruses. U6 snRNA was used as a normalization control. Values are
represented relative to that observed in cells harboring the empty vector (mean £ s.d. from
three independent experiments). (¢) Relative miR-126* levels were measured by gPCR in 9
t(4;14)-positive and 8 t(4;14)-negative MM cell lines. U6 snRNA was used as a
normalization control. The relative expression level of each cell line is calculated based on
the lowest expression value. The median value (*) of the positive and negative cell lines are
64 and 3733, respectively. (d) A luciferase reporter gene linked to the c-MYC 3’-UTR was
coexpressed in 293T cells with an expression vector for the wild-type or a mutant form of
miR-126%*. Luciferase activity is presented as percentage of the activity generated by the
reporter gene when coexpressed with an empty vector. (€) Wild-type miR-126* was
coexpressed in 293T cells with a luciferase reporter linked to the wild-type or a mutant c-
MYC 3-UTR. Luciferase activity is presented as percentage of the activity generated by the
reporter gene when coexpressed with an empty vector.
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Figure 3.

miR-126* decreases c-MYC protein levels and reduces the proliferation rate of MM cells.
(a) KMSL11 cells were stably transfected with an expression vector harboring wild-type or
mutant miR-126*, or an empty vector. MMSET and c-MYC expression levels were assayed
by immunoblot. Histone H4 represents a loading control. (b) KMS11 cells harboring an
inducible MMSET shRNA were cultured in the presence of dox (dox+) for 7 days, and
further grown for 6 days after transfection with a miR-126* inhibitor (126*-1H) or inhibitor
control. KMS11 cells harboring an inducible MMSET shRNA were grown in parallel in the
absence of dox (dox-). Relative miR-126* levels were determined by real-time PCR,
normalized to U6 snRNA and represented as relative to that observed in cells grown in the
absence of dox (mean + s.d. of three independent experiments). (c) Nuclear extracts from
cells described in (b) were subjected to immunoblot using an anti-MMSET or anti-c-MYC
antibody. Histone H3 represents a loading control. (d) Growth of KMS11 cells transduced
with wild-type or mutant miR-126*, or an empty vector, was determined by ATP production
after 9 days of growth. The viable cell mass is displayed relative to cells transduced with the
empty vector. (€) KMS11 cells harboring both an inducible MMSET shRNA and a c-MYC-
ER expression vector were cultured in the absence or presence of dox (D— or D+) for 7 days,
and further grown in the absence or presence of 200 nv 4-hydroxytamoxifen (OHT- or OHT
+) up to 4 days. Live cells were counted by Trypan blue exclusion at indicated times. Values
represent mean * s.d. from three experiments.
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Figure4.

KAP1 interacts with MMSET and mediates miR-126* repression. (a) KAP1 interacts with
MMSET. Nuclear extracts of KMS11 or KMS28 cells were subjected to
immunoprecipitation (IP) with anti-MMSET antibody and immunoblotted with anti-
MMSET, anti-KAP1 or anti-HDAC1 antibodies. 1gG antibody was used as a control. (b)
Relative miR-126* expression was determined by real-time PCR in KMS11 cells harboring
a control or a KAP1 shRNA. U6 snRNA was used as a normalization control. Values are
represented relative to that observed in cells transduced with the scramble shRNA (mean +
s.d. from three experiments). (¢) Nuclear extracts from cells described in (b) were
immunoblotted with the indicated antibodies. Histone H4 represents a loading control. (d)
KMS11 cells were transduced with a KAP1 or scrambled shRNA and after 7 days cell mass
was quantified by bioluminescent detection of cellular ATP. The viable cell mass is
displayed relatively to control cells harboring the scramble sShRNA.
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Figureb.

MMSET binding to the miR-126* promoter is associated with KAP1 presence and
chromatin modifications favoring gene repression. Chromatin from MMSET shRNA-
inducible KMS11 cells grown with or without dox for 7 days was immunoprecipitated with
anti-MMSET (a), anti-H3K9me3 (b), anti-KAP1 (c) or anti-acetyl histone H3 (d)
antibodies. Immunoglobulin G (IgG) antibody was used as a negative control. Precipitated
DNA was analyzed by real-time PCR using primers amplifying regions near the predicted
miR-126* TSS and 10 kb upstream (10 kb Up). Results are presented as percentage of total
input DNA precipitated. Values represent mean + s.d. from two experiments.
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Figure®6.

HDACSs promote miR-126* repression and collaborate with MMSET to mediate c-MYC
expression. (a) KMS11 cells were treated with the indicated concentrations of TSA for 24 h.
Nuclear extracts from these cells were immunoblotted for HDAC1, MMSET and c-MYC.
Histone H3 was used as a loading control. (b) KMS11 cells were treated with 0.5 uvm TSA or
dimethylsulfoxide (DMSO) for 24 h, and relative miR-126* expression was determined by
real-time PCR after normalization by U6 snRNA levels. Values are represent relative to that
observed in cells treated with DMSO (mean =+ s.d. from three experiments). (c) MMSET
shRNA-inducible KMS11 cells were grown in the presence or absence of dox for 7 days,
and further incubated with 0.2 puw TSA for 24 h. c-MYC protein levels were assayed by
immunoblot with histone H3 as a loading control. (d) KMS11 cells described in (c) were
treated with the indicated dose of TSA for 24 h. Parental KMS11 cells (wt) are presented as
a control. Total cell lysates were subjected to immunoblot using an anti-PARP1 or anti-
caspase-3 antibody. GAPDH represents a loading control.
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Figure7.
A model for MMSET regulation of miR-126* and c-MYC expression. MMSET, in

collaboration with KAP1 and HDAC proteins among others, binds the miR-126/126* locus,
promoting chromatin modifications that lead to gene repression. Decreased levels of
miR-126* release the 3’-UTR region of c-MYC mRNA, allowing for an increased
translation of the transcript. As a result, elevated c-MY C protein expression promotes the
proliferation of t(4;14) MM cells.
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