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Abstract

Approximately 15% of patients with multiple myeloma (MM) harbour the t(4;14) chromosomal
translocation, leading to the overexpression of the histone methyltransferase NSD2. Patients with
this translocation display increased tumour dissemination, accelerated disease progression and
rapid relapse. Using publicly available gene expression profile data from NSD2M9" (n=135) and
NSD2/ow (n=878) MM patients, we identified 39 epithelial-mesenchymal transition (EMT)-
associated genes which are overexpressed in NSD2M9" MM plasma cells. In addition, our analyses
identified Twist-1 as a key transcription factor upregulated in NSD2M9" MM patients and t(4;14)-
positive cell lines. Overexpression and knockdown studies confirmed that Twist-1 is involved in
driving the expression of EMT-associated genes in the human MM cell line KMS11 and promoted
the migration of myeloma cell lines /n vitro. Notably, Twist-1 overexpression in the mouse MM
cell line 5TGML significantly increased tumour dissemination in an intratibial tumour model.
These findings demonstrate that Twist-1, downstream of NSD2, contributes to the induction of an
EMT-like signature in t(4;14)-positive MM and enhances the dissemination of MM plasma cells /n
vivo, which may, in part, explain the aggressive disease features associated with t(4;14)-positive
MM.
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1. Introduction

Multiple myeloma (MM) is a haematological malignancy characterised by proliferation of
clonal plasma cells (PCs) within the bone marrow (BM) [1]. While PC malignancies may
present as a solitary plasmacytoma, without evidence of dissemination, symptomatic MM is
characterised by multiple tumours throughout the skeleton, suggesting that the dissemination
of MM PCs is a key component of myeloma disease progression. Similar to the metastatic
process which results in the dissemination of epithelial cancer cells, it is thought that MM
PCs exit the BM, circulate via the peripheral blood and home to and establish at distant BM
sites [2-4].

The reciprocal chromosomal translocation t(4;14) is present in approximately 15% of MM
patients [5-7] and is associated with poor prognosis and high risk of relapse [8, 9]. The
t(4;14) translocation occurs between the immunoglobulin heavy chain locus at 14932 and
breakpoints between the FGFR3and NSDZ2 genes at 4p16, leading to the simultaneous
upregulation of FGFR3and NSDZ2. NSD2 (also known as WHSC1 or MMSET), is a histone
methyltransferase that is specific for dimethylation of histone H3 lysine tail residue 36
(H3K36me2) [10, 11]. Overexpression of NSD2 results in an increase in the gene activation
mark H3K36me2 and a decrease in the repressive mark H3K27me3 across the genome,
leading to changes in the chromatin structure allowing it to be more accessible to active
transcription [12, 13]. Notably, while FGFR3 expression is lost in approximately 25% of
t(4;14)-positive patients, the poor prognosis associated with the t(4;14) translocation is
independent of FGFR3 expression [8], suggesting that NSD2 is the key oncogenic factor in
this subgroup of MM patients. t(4;14)-positive MM is associated with acquisition of a
migratory phenotype, as evidenced by an increased incidence of elevated circulating tumour
cells and extramedullary dissemination [14-19]. Elevated NSD2 expression is also observed
in aggressive, metastatic solid tumours such as neuroblastoma, hepatocellular carcinoma and
ovarian carcinoma [20]. Furthermore, NSD2 has been identified as a novel driver of
epithelial to mesenchymal transition (EMT) in prostate cancer, at least in part via
upregulation of the transcription factor Twist-1 [21]. Interestingly, elevated expression of
mesenchymal markers N-cadherin and vimentin have been reported in t(4;14)-positive MM
patients [22, 23]. However, whether NSD2 activates an more extensive EMT-like programme
in t(4;14)-positive MM, leading to increased tumour cell dissemination, remains to be
determined.

In this study, we utilised previously published microarray datasets from newly diagnosed
MM patients and human MM cell lines to investigate whether NSD2 promotes the
acquisition of an EMT-like gene signature in t(4;14)-positive MM, which may facilitate
increased MM PC dissemination in this patient cohort. These analyses identified Twist-1 as
a key transcription factor that was upregulated by NSD2 and was associated with an EMT-
like gene expression signature in t(4;14)-positive MM PCs. Moreover, we investigated the
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functional role of Twist-1 in MM pathogenesis /7 vitroand in the 5TGM1/KaLwRij model
of myeloma [24-26] in vive.

2. Materials and Methods

2.1 Publicly available microarray data

For analysis of gene expression in CD138-purified BM PCs from newly-diagnosed MM
patients, CEL files from 4 independent Affymetrix Human Genome U133 Plus 2.0 cDNA
microarray datasets [GSE19784 (/7= 328 patients) [27], GSE26863 (n7 = 304) [28], E-
MTAB-363 (/7= 155) [29], E-MTAB-317 (7= 226) [30] and GSE16558 (/7= 60) [31]] were
downloaded from NCBI Gene Expression Omnibus (GEO) and ArrayExpress. CEL files
were normalised using RMA, as previously described [32, 33]. As shown in Supp. Fig. 1, the
distribution of NSDZ2expression and FGFR3 expression was used to divide patients in each
dataset into NSD2!°" and NSD2M9" subgroups. An additional dataset (GSE16558), which
included both gene expression and FISH analysis from an independent cohort of MM
patients [31], was used to confirm that the NSD2M8h cohort included all t(4;14) patients, as
identified by FISH (Supp. Fig. 1E). For GSE19784, GSE26863, E-MTAB-363 and E-
MTAB-317, linear models for microarray data analysis (LIMMA; [34]) was used to compare
gene expression in the NSD2M9" and NSD2!°" groups and the adjusted p-values from the
four individual microarrays were combined using Fisher’s method [35]. Gene set enrichment
analysis (GSEA) was performed [36] transcriptional regulators were identified by cross-
referencing with the databases of Messina, ef a/(2004) and Moreland, et a/(2009). Gene
expression levels (counts) in a panel of 66 human MM cell lines was assessed using publicly
available RNA-Seq data downloaded from www.keatslab.org [39].

2.2 Stable overexpression and transient knock down of NSD2 or Twist-1in MM cell lines

KMS11 cells in which the translocated NSDZallele has been knocked out (KMS11-TKO
cells [40]), or RPMI-8226 cells, were retrovirally transduced with RetroX-IRES-NSD2-
DsRedExpress or the empty vector (EV) [21]. 5TGML1 cells overexpressing murine Twist-1
were generated by lentiviral transduction of 5TGM1-luc [26, 33] cells with pLEGO-iT2-
mTWIST1 [41], generated as described in Supplementary Methods. The WL2 cell line
overexpressing Twist-1 was generated by retroviral transduction with pRUF-IRES-GFP
harbouring full-length cDNA encoding human 7TWIST1 [42].

For Twist-1 knockdown, KMS11 cells were transfected with 50 nM Silencer Select sSiRNA
targeting human 7W/ST1 (s14523, Thermo Fisher Scientific, Waltham, MA, USA) or
Silencer Select Negative Control siRNA (4390863, Thermo Fisher Scientific) using
Lipofectamine RNAIMAX (Thermo Fisher Scientific).

2.3 Microarray analysis

Gene expression in KMS11-TKO-EV and KMS11-TKO-NSD?2 cells, by Illumina Sentrix
Human-6 v3 Expression BeadChip microarrays, has previously been described (NCBI GEO
accession GSE24726) [12].
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2.4 cDNA preparation and real-time PCR

Total RNA was isolated using TRIzol (Life Technologies, Mulgrave, Australia) and cDNA
was synthesized using Superscript 111 (Life Technologies). Quantitative real-time PCR (qRT-
PCR) were performed using RT2 SYBR Green gPCR Mastermix (Qiagen, Chadstone,
Australia) using a CFX Connect real-time thermal cycler (Bio-Rad, Hercules, USA).
Primers used are detailed in the Supplementary Methods.

2.5 Western blotting

Nuclear lysates were isolated using a Nuclear Complex Co-IP kit (Active Motif, Carlsbad,
USA). Whole cell lysates were prepared in reducing lysis buffer, as described previously
[43]. Protein lysates (30 pg/lane) were resolved using 10% or 12% SDS-polyacrylamide
gels, transferred to PVDF and Western blotting was performed as previously described
previously [43], using antibodies detailed in the Supplementary Methods.

2.6 Migration assays

Trans-endothelial or trans-well migration assays were performed using 8-um polycarbonate
membrane trans-wells (Corning, Corning, USA) in 24-well plates, towards 20% FCS
(5TGM1) or 10% FCS (KMS11 or WL2) as previously described [44].

2.7 Cell proliferation assays

For BrdU assays, cells were seeded at 1x106 cells/mL and cell proliferation was assessed by
using a BrdU Cell Proliferation ELISA kit (Merck) as previously described [32]. For WST-1
assays, cells were “ded at 1x10° cells/mL and relative cell number/well was quantitated
using WST-1 reagent (Merck). Where indicated, cells were treated with bortezomib (in
0.01% DMSO [final concentration]; Selleck Chemicals, Houston, USA) or dexamethasone
(in 0.13% saline [final concentration]; Mayne Pharma, Mulgrave, Australia), or vehicle
alone, for 72 hrs, prior to conducting the WST-1 assay.

2.8 C57Bl/KaLwRij murine model of MM

All procedures were performed with the approval of the SAHMRI and University of
Adelaide (Adelaide, Australia) animal ethics committees. For the systemic MM model, 6-8-
week-old C57BL/KalwRij mice were injected via the tail vein with 5x10° 5TGM1-EV or
5TGM1-TWIST1 cells and tumour development was monitored using bioluminescence
imaging, as previously described [44]. For the intratibial MM model, 5-6-week-old mice
were injected intratibially with 1x10° 5TGM1-EV or 5TGM1-TWIST1 cells. After 3.5
weeks, BM was collected from the tibia of the injected leg, and from the tibia and femur of
the contralateral leg, by flushing with PBS containing 2% FCS and 2 mM EDTA (PFE). Red
blood cells were lysed by incubation for 10 minutes at room temperature with red blood cell
lysis solution (155 mM NH4CI, 10 mM KHCOg3, and 1 mM EDTA). GFP-positive tumour
cells were analysed on a FACSCanto Il flow cytometer (BD, Franklin Lakes, USA), and
assessed as a percentage of the total number of viable mononuclear cells.
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3. Results

3.1 Identification of an epithelial to mesenchymal-like gene expression signature in
NSD2high MM patients

To identify genes that were differentially expressed in t(4;14)-positive MM compared with
non-t(4;14) MM, we interrogated four independent cDNA microarray datasets examining the
gene expression in CD138-selected BM PCs from newly diagnosed MM patients. MM
patients in each dataset were classified as NSD2"9" (135 of 1013 patients; 13.3%) or
NSD2!oW (878 of 1013 patients; 86.7%), using specific cut-offs for NSD2, as shown in Supp.
Fig. 1. Genes that were consistently and significantly up or down regulated in NSD2"igh
patients compared with NSD2!°W patients across all 4 datasets were included in subsequent
analyses. A total of 1958 protein coding genes were significantly upregulated (Fisher’s
combined p-value < 0.05) and 1840 genes were significantly downregulated (Fisher’s
combined p-value < 0.05) in the NSD2M9" patient group, when compared with the NSD2!ow
patient group across the four datasets (Supp. Table I). Consistent with previous studies [22,
45, 46], GSEA revealed that upregulated genes in NSD2Mi9" patients were predominantly
associated with proliferation-related genesets (Figure 1A). Notably, GSEA also identified an
enrichment for genes in the Epithelial Mesenchymal Transition (EMT) gene set (39 genes;
FDR g-value: 3.47 x 1071%) (Figure 1A-B).

Canonical EMT markers that were upregulated in the NSD2"9" group included the
mesenchymal markers CDHZ2 (N-cadherin; mean log, fold-change: 1.05-fold; range: 0.59-
1.54; Fisher’s combined p-value: 3x1075) and V/M (vimentin; mean log, fold-change: 0.68-
fold; range: 0.54-0.87; Fisher’s combined p-value: 2x10~°) (Supp. Table 1). Other EMT-
associated genes upregulated in NSD29" patients include those associated with cell
adhesion (APLPI, ITGB1, NTM, PVR, SGCB), extracellular matrix (CTHRC1, COL5A2,
FBNZ, FBLNZ, LGALS1, LAMCI, PLOD2), migration (SERPINEZ, FLNA, GPC1,
PLAUR, SCG2, SLIT2) and cytoskeletal organisation (W/PF1, FLNA, PFN2) (Figure 1B;
Supp. Table I). While EMT in epithelial cancers is generally associated with gain of
mesenchymal markers accompanied with loss of expression of epithelial markers, epithelial
genes were generally not expressed in CD138-positive BM PCs from MM patients,
regardless of NSDZ2 expression, consistent with the haematopoietic origin of these cells. For
example, the mean relative expression of the canonical epithelial marker CDH1 (E-cadherin)
was generally low across all four datasets (CDHI expression: 4.61, 95% ClI: 4.56-4.66) and
was not significantly different between NSD2M3h and NSD2!°W MM patients (Supp. Table

).

In order to further investigate the EMT-like gene expression signature associated with the
t(4;14) translocation, we assessed the gene expression profile of the t(4;14)-positive human
MM cell line KMS11 following NSD2 overexpression. Microarray analysis was conducted
on KMS11 cells in which the translocated NSD2 gene has been knocked out (KMS11-TKO-
EV control cell line) and KMS11-TKO cells in which NSD2 was overexpressed (KMS11-
TKO-NSD2 cell line), as described previously [12]. This analysis identified 28 genes in the
hallmark EMT geneset [36] that were significantly upregulated in KMS11-TKO-NSD?2 cells
(Figure 1C; Supp. Table I1), including 13 genes that were also upregulated in NSD2M3" MM
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patients (Figure 1D). Taken together, these data suggest that NSD2 upregulation in MM PCs
is associated with a gene expression signature that is similar to that of cells that have
undergone EMT.

3.2 The transcription factor Twist-1 is upregulated by NSD2 in MM

In order to investigate the potential mechanism whereby NSD2 promotes the expression of
an EMT-like gene expression signature in t(4;14)-positive MM, we initially identified
transcription factors that were commonly upregulated in NSD2"9" MM patients and
following NSD2 overexpression in KMS11-TKO cells. This identified 28 transcription
factors that are commonly associated with NSD2 expression in MM (Supp. Table I11). The
most significantly upregulated transcription factor in NSD2M9" MM patients was 7W/ST1
(Fisher’s combined p-value: 2.5x107%6; mean log, fold-change: 0.79; Supp. Table I11; Fig.
2A-B) which has previously been implicated in driving EMT in epithelial cancers and has
been shown to be regulated by NSD2 in prostate cancer [21]. In line with the MM patient
microarray data, 7W/ST1 expression was expressed in over 80% of t(4;14)-positive cell
lines, as assessed by RNA-Seq and qRT-PCR, while 7W/ST1 expression was undetectable
in the majority of non-t(4;14) cell lines (Fig. 2C-D). To validate the NSD2-mediated
TWIST1 upregulation observed in KMS11-TKO cells, we overexpressed NSD2 in the non-
t(4;14) myeloma cell line RPMI-8226 (Fig. 2E-F). Overexpression of NSD2 in RPMI-8226
cells resulted in a 1.7-fold increase in 7TW/ST1 mRNA levels (Fig. 2G), supporting the role
for NSD2 in regulating Twist-1 expression in MM.

3.3 Twist-1 knockdown downregulates the expression of EMT-associated genes and
inhibits migration in vitro

In order to investigate the potential role of Twist-1 in the regulation of EMT-associated
genes in t(4;14)-positive MM PCs, we used siRNA to transiently knockdown Twist-1 in
KMS11 cells (Fig. 3A-B) and assessed the expression of 4 EMT-associated genes by gRT-
PCR. Knockdown of Twist-1 significantly downregulated the expression of EMT-associated
genes CDHZ, SERPINEZ and PLODZ2 (Fig. 3C), consistent with a potential role for Twist-1
in driving the expression of an EMT-like gene expression signature in these cells. In
contrast, expression of V/M, which was not upregulated by NSD2 overexpression in
KMS11-TKO cells (data not shown), was not modulated by Twist-1 knockdown in KMS11
cells (Fig. 3C). As Twist-1 has been implicated in mediating NSD2-driven invasiveness in
epithelial cancers [21], we also investigated the effect of Twist-1 knockdown on the
migratory capacity of KMS11 cells /n vitro. Knockdown of Twist-1 significantly reduced
trans-well migration of KMS11 cells by 30% (Fig. 3D), while having no effect on cell
proliferation (Fig. 3E), supporting the potential role for Twist-1 regulation of genes involved
in migration and invasion.

3.4 Twist-1 overexpression increases MM tumour dissemination in vivo

To examine the consequences of increased Twist-1 expression in MM pathogenesis, we
overexpressed mouse Twist-1 in a luciferase-tagged 5TGM1 mouse MM cell line. While
endogenous Twist-1 expression was undetectable in 5TGM1-EV control cells, the level of
Twist-1 expression in 5TGM1-TWIST1 cells was comparable with that observed in murine
fibroblastic NIH-3T3 cells (Fig. 4A-B).
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Consistent with the inhibition of migration observed with Twist-1 siRNA knockdown in
KMS11 cells, Twist-1 overexpression significantly increased the trans-endothelial migration
of 5TGML1 cells by 39% (Fig. 4C), while having no effect on their proliferation, as assessed
by WST-1 assay (Fig. 4D) or BrdU incorporation (Fig. 4E). Similarly, Twist-1
overexpression increased trans-endothelial migration, but not proliferation, of the non-
t(4;14) human transformed B-cell line WL2 (Supp. Fig. 3).

Twist-1 expression has been previously implicated in drug resistance in human epithelial
cancer cell lines [47-49]. In order to investigate whether Twist-1 may play a role in
resistance to anti-myeloma therapies in MM, we treated 5TGM1-TWIST1 and WL2-
TWIST1 cells, or empty vector controls, with bortezomib or dexamethasone and assessed
cell numbers using WST-1 assay. As shown in Supp. Fig. 4, Twist-1 overexpression had no
effect on response to bortezomib or dexamethasone in these lines.

To investigate the role of Twist-1 expression in MM cell disease progression /7 vivo, the
5TGM1-EV or 5TGM1-TWIST1 cells were injected intravenously into C57BL/KaLwRij
mice (n = 8-10 mice/group) and tumour development was monitored over 4 weeks by /in
vivo bioluminescence imaging. Tumour burden in 5TGM1-TWIST1-bearing mice was 73%
higher than that of 5TGM1-EV-bearing mice after 4 weeks (P = 0.042, two-way ANOVA
with Sidak’s multiple comparisons test; Fig. 4F—-G). In order to determine whether this
increase in tumour burden was due to an effect of Twist-1 on tumour growth or resulted from
increased tumour cell BM homing and/or dissemination, we then injected 5TGM1-EV or
5TGM1-TWIST1 cells directly into the tibia and, after 3.5 weeks, analysed 5TGM1 cell
numbers in the injected tibia and contralateral tibia and femur, using flow cytometry (Fig.
4H-1). Primary tumour burden in the injected tibia was not significantly different between
mice bearing 5TGM1-TWIST1 and 5TGM1-EV tumours, suggesting that Twist-1
overexpression does not affect tumour growth /n vivo (Fig. 4H). However, 5TGM1-
TWIST1-bearing mice exhibited a significant increase in the number of cells that had
spontaneously disseminated to the contralateral limb (Fig. 41), when compared with that
observed in 5TGM1-EV-bearing mice. These data demonstrate that Twist-1 overexpression
increases the dissemination of 5TGM1 cells /n vivo, suggesting that Twist-1 may be
responsible, at least in part, for increased tumour cell dissemination in t(4;14)-positive MM.

4. Discussion

One of the defining features of t(4;14)-positive MM is an increased propensity for
dissemination, with an increased incidence of high numbers of tumour cells in the peripheral
circulation and of dissemination to soft tissues [14—-19]. The process of tumour cell
dissemination requires migration from the BM into the vasculature and subsequent trans-
endothelial migration and homing to a secondary site. These steps require adhesive
interactions with other non-tumour cells and extracellular matrix protein, increased
migratory capacity and an ability to degrade extracellular matrix and other proteins. In order
to investigate the potential mechanisms whereby NSD2 may increase migration and
dissemination in t(4;14)-positive MM, we conducted /n silico analysis of transcriptomic data
from primary MM cells and the human MM cell line KMS11 in which NDS2 was
overexpressed. These studies revealed that NSD2 expression is associated with the
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upregulation of genes that are commonly elevated in cells that have undergone EMT. These
included genes that are involved in key processes required for dissemination, such as cell
adhesion (CDHZ, ITGBI), extracellular matrix remodelling (CTHRCZ, PLOD2), migration
(SERPINEZ, GPC1, SLIT2) and cytoskeletal organisation (PFN2), suggesting potential
candidates that may mediate the enhanced migration associated with NSD2 upregulation in
t(4;14)-positive MM.

While an extensive EMT-like gene expression signature has not previously been described in
MM, expression of some EMT-associated genes have been found to be induced under certain
conditions in MM cells. For example, interleukin-17 [50] and heparanase [51] have been
suggested to increase vimentin expression in human MM cell lines /n vitro. In addition,
hypoxia and interleukin-17 have both been suggested to decrease E-cadherin expression in
human MM cells lines MM.1S and NCI-H929 [50, 52]. A key EMT-associated gene that
was upregulated in NSD2M9h patients is CDH2 (N-cadherin), a critical driver of
dissemination in solid tumours [53]. This is consistent with previous studies which have
demonstrated that CDHZ2 s regulated by NSD2 in prostate cancer [21] and in human MM
cell lines [40]. Notably, studies from our group [44] and others [23] have demonstrated that
N-cadherin plays an important role in the adhesion of MM PC to endothelial cells, thereby
increasing homing of MM PCs to the BM. These studies suggest a direct role for N-cadherin
in the increased dissemination of NSD2-positive MM PCs. Other genes that are upregulated
in t(4;14)-positive MM have also been shown to increase migration and invasion of tumour
cells /n vitroand in vivo. Expression of the serine protease inhibitor SerpinE2 has been
associated with the incidence of metastases in patients with gastric cancer [54] and
endometrial cancer [55]. Furthermore, knockdown of SERPINEZ expression has been shown
to decrease migration and invasion in endometrial, gastric cancer or melanoma cells lines /in
vitro [54-56] and to decrease invasion in a pancreatic tumour cell model /n vivo [57].
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 (PLODZ) is an enzyme that is involved
in collagen matrix synthesis. Overexpression and knockdown studies suggest that PLOD2
plays a role in cancer cell migration and invasion in solid cancer cell lines /in vitro [58-60].
In addition, knockdown of PLOD?2 decreased local invasion and lung and lymph node
metastasis in mouse models of breast cancer [61] and sarcoma [59]. Further investigation is
required to confirm whether upregulation of these, and other, EMT-associated genes could
contribute to the increased dissemination associated with t(4;14)-positive MM.

In order to investigate how NSD2 may regulate an EMT-like signature in MM patients, we
examined the differential expression of transcriptional regulators in NSD2M39" MM patients
and in KMS11-TKO-NSD2 cells. Notably, the most significantly differentially expressed
transcription factor in NSD29h MM patients that was also modulated by NSD2 in KMS11-
TKO cells was Twist-1, a basic helix-loop-helix transcription factor which is a well-
established driver of EMT in epithelial cancers [48, 62]. Previous gene expression profiling
studies have suggested that t(4;14)-positive human MM cell lines have increased expression
of TWIST1[21, 63, 64]. Furthermore, Twist-1 has been shown to regulate the expression of
occludin, E-cadherin and vimentin downstream of NSD2 in immortalised prostatic epithelial
cell lines [21]. Consistent with the known role of Twist-1 as an inducer of EMT in epithelial
cancer cells [65], we found that knockdown of Twist-1 in KMS11 cells decreased the
expression of EMT-associated genes CDHZ, SERPINEZ and PLODZ, suggesting that
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Twist-1 contributes to driving an EMT-like gene expression signature in t(4;14)-positive
MM.

Given the association between NSD2 and Twist-1 expression, we postulated that
upregulation of Twist-1 by NSD2 in t(4;14)-positive MM may, in part, contribute to the poor
prognosis of this MM sub-group. While Twist-1 has previously been shown to play a role in
self-renewal in haematopoietic and leukaemic stem cells [66-68], we found Twist-1
overexpression or knockdown in MM cell lines had no effect on cell proliferation in vitro.
Furthermore, Twist-1 overexpression in the murine MM cell line 5TGML1 did not affect
primary tumour burden following direct intratibial tumour injection in C57BL/KaLwRij
mice, suggesting that Twist-1 does not play a role in 5TGM1 tumour growth /n vivo. In
contrast, the spontaneous dissemination of the 5TGML1 cells from the injected tibia to the
BM of the contralateral tibia was significantly increased by Twist-1 overexpression.
Furthermore, when 5TGML cells were injected via the tail vein, Twist-1 overexpression was
associated with a significant increase in subsequent BM tumour burden, suggesting that
Twist-1 overexpression may increase BM homing of circulating MM PCs. In support of this,
we found that knockdown of Twist-1 in KMS11 cells decreased cell migration, while
overexpression in WL2 or 5TGML1 cell lines increased cell migration /n vitro. The role of
Twist-1 in MM invasion and dissemination shown here is in agreement with a previous study
that showed nuclear-localised Twist-1 expression was higher in paraskeletal MM tumours
when compared with BM-localised MM PCs in newly diagnosed MM patients, suggesting a
potential role for Twist-1 in local invasion [69]. Furthermore, our results are consistent with
previous studies which showed that overexpression of Twist-1 promotes metastasis in breast
cancer [62, 70, 71], gastric carcinoma [72], glioma [73, 74], oral squamous cell carcinoma
[75] and pancreatic cancer [76]. Additionally, knockdown of Twist-1 has previously been
shown to counteract the pro-migration and invasion effects of NSD2 expression in prostatic
epithelial cells [21], supporting the role of Twist-1 as a mediator of the promigratory effects
of NSD2 in cancer. Twist-1 expression has also been associated with migration and
dissemination in haematological malignancies. Twist-1 expression has been suggested to
play a role in the pathogenesis of haematological cancers including lymphoma [77-80],
chronic myeloid leukaemia (CML) [66] and acute myeloid leukaemia (AML) [81]. Notably,
shRNA-mediated Twist-1 knockdown has been shown to decrease the homing, establishment
and/or growth of AML cells in the brain and BM following intravenous injection in a mouse
model of AML [81]. Twist-1 knockdown has also been shown to decrease the invasion of
ALK-positive paediatric anaplastic large cell lymphoma (ALCL) cells /n vitro[78].

Here, we describe, for the first time, a critical role for NSD2 in driving an EMT-like gene
expression signature in t(4;14)-positive MM. In conjunction with the previously described
association between NSD2 and EMT in prostate cancer [21], these studies suggest that an
EMT-like gene expression signature may be a common feature of cancers characterised by
high expression of NSD2. The identification of an EMT-like gene expression signature in the
t(4;14)-positive subset of MM patients increases our understanding of how this translocation
leads to a poor prognostic outcome. Furthermore, our studies have identified a role for
Twist-1 in promoting MM tumour dissemination downstream of NSD2, by increasing MM
PC migration. Thus, Twist-1-mediated MM PC dissemination may, in part, explain the
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aggressive disease progression of t(4;14)-positive MM, and adds to the current
understanding of the role of Twist-1 in haematological malignancies.
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Figure 1. Identification of an EM T-like gene expression signature in t(4;14)-positive MM.
In silico analyses of gene expression in CD138" BM MM PCs from NSD2Mi9h and NSD2low

MM patients in publicly available microarray datasets (GSE19784 [NSD2!oW, n = 288;
NSD2Mgh n = 40], GSE26863 [NSD2!W, n = 270; NSD2M9, n = 34], E-MTAB-317
[NSD2'oW, n = 192; NSD2M9", n = 34], E-MTAB-363 [NSD2!°W, n = 128; NSD2"9", n =
27]). Gene set enrichment analysis (GSEA) for MSigDB Hallmark gene sets was performed
on genes that were significantly upregulated (Fishers’” combined p-value < 0.05) across the
four datasets demonstrated enrichment for EMT-associated genes. The 20 most significantly
enriched gene sets are shown (A). Heat map shows the average z-score for NSD2Mi9" and
NSD2!°W patients for the 39 significantly upregulated genes in the MSigDB Hallmark EMT
gene set (B). Venn diagram shows the overlap between the upregulated genes in MM PC
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from NSD2high MM patients, genes that were significantly upregulated by NSD2
overexpression in KMS11-TKO cells and the 200 genes in the MSigDB Hallmark EMT
gene set (C). Expression of the 13 EMT-associated genes that were significantly upregulated
by NSD2 overexpression in KMS11-TKO cells (TKO-NSD2) and in NSD2M9h MM patients
is shown for control (TKO-EV) and TKO-NSD2 cells. Graphs depict mean + SEM; * p <
0.05 (LIMMA) (D).
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Figure 2. TWIST1 expression isupregulated by NSD2 in MM.
TWISTI expression, as determined by microarray, was assessed in CD138-selected BM PCs

from NSDZW and NSDZ2M9" MM patients (A). Upregulation of 7W/ST1 expression with
NSD2 overexpression is shown in KMS11-TKO-NSD?2 cells compared with control cells
(KMS11-TKO-EV), as assessed by microarray (B). Expression of 7TW/ST1 in t(4;14)-
positive and non-t(4;14) MM cell lines was assessed in a publicly available RNAseq dataset
(C) and by gRT-PCR in a panel of human B-cell and MM cell lines (D). The non-t(4;14)
MM cell line RPMI-8226 was retrovirally transduced to constitutively overexpress NSD2
and NVSDZ2 expression, normalised to GAPDH, was assessed by gRT-PCR (E). Upregulation
of NSD2 protein in RPMI-8226-NSD2 cells, relative to RPMI-8226-EV cells, was
confirmed by Western blotting on nuclear lysates, run on 10% SDS-PAGE gels, using
histone H3 as a loading control. Numerical values indicate NSD2 protein levels relative to
histone H3 protein levels (F). Relative 7W/ST1 mRNA expression, normalised to GAPDH,
was measured by gRT-PCR in RPMI-8226-EV and RPMI-8226-NSD2 cell lines (G). Graphs
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depict the median and interquartile ranges (GSE19784 [NSDA%W n = 288; NSD2h n =
40], GSE26863 [NSDAW, n = 270; NSDA9N n = 34], E-MTAB-317 [NSD2W, n = 192;
NSDZ29h n = 34], E-MTAB-363 [NSDAW, n = 128; NSDA9N n = 27], A; t(4;14), n = 18;
non-t(4;14), n = 48; C) or mean + SEM of three independent biological replicates (B, D, E,
G). * p<0.05 (LIMMA [A, C] or unpaired t-test [B, E, G]).
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Figure 3. Twist-1 knockdown downregulates EM T-associated gene expression and inhibits cell
migration in KM S11 cells.

TWISTI expression was knocked down in t(4;14)-positive KMS11 cells by transfection with
TWIST1siRNASs (SiTWIST1) or negative control siRNA (SINEG). Knockdown of Twist-1
was confirmed by gRT-PCR, normalised to GAPDH (A) and by Western blot on whole cell
lysates, resolved on 12% SDS-PAGE gels, using anti-Twist-1 and HSP90 antibodies (B).
Numerical values indicate Twist-1 protein levels relative to HSP90 protein levels.
Expression of EMT-associated genes CDHZ2, SERPINEZ, PLODZ2 and VIM was assessed in
SiTWISTL or siNEG KMS11 cells by gRT-PCR, normalised to GAPDH (C). Trans-well
migration of KMS11 cells following Twist-1 siRNA knockdown was assessed in a trans-well
assay in response to an FCS gradient, expressed relative to siNEG controls (D). Proliferation
of KMS11 cells following Twist-1 siRNA knockdown was assessed using the BrdU assay,
expressed relative to the siNEG control (E). Graphs depict mean + SEM of three (A, C, E)
or four (D) independent experiments. *P < 0.05, unpaired t-test.
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Figure 4. Twist-1 overexpression in the murine MM cell line 5STGM 1 increases cell migration in
vitro and tumour dissemination in vivo.

5TGML cells were lentivirally transduced with a 7wistI expression vector or empty vector
(EV) control and 7wist1 expression, normalised to ActB was assessed by qRT-PCR (A).
Overexpression of Twist-1 protein in 5TGM1-TWIST1 cells was validated by Western blot
on nuclear protein extracts of 5TGM1-EV, 5TGM1-TWIST1 and positive control NIH-3T3
cells, resolved on 12% SDS-PAGE gels and immunoblotted with anti-Twist-1 and anti-
histone H3 antibodies. Numerical values indicate Twist-1 protein levels relative to histone
H3 protein levels (B). Trans-endothelial migration of 5TGM1-Twistl and 5TGM1-EV
controls cells (1x10° cells/well) in response to FCS gradient was assessed in a trans-well
assay (C). Proliferation of 5TGM1-Twistl and 5TGM1-EV controls cells was assessed by
WST-1, normalised to day 0 (D), or by BrdU assay, normalised to EV controls (E). C57BL/
KalwRij mice were intravenously injected with 5x10° 5TGM1-EV or 5TGM1-TWIST1
cells. Total body tumour burden was assessed using bioluminescence imaging at 2, 3 and 4
weeks (F). Bioluminescence images of a representative mouse from each group at week 4
are shown (G). The left tibiae of C57BL/KalwRij mice were injected with either 1x10°
5TGM1-EV or 1x10° 5TGM1-TWIST1 cells. After 3.5 weeks, tumour burden in the
injected tibia (H) and in the contralateral tibia and femur (1) was assessed by detection of
GFP+ tumour cells by flow cytometry, shown as a percentage of total mononuclear cells.
Graphs depict mean £ SEM of three (A, D-E) or five (C) independent experiments, mean +
SEM of 8-10 mice/group (F) or median and interquartile range of 7-11 mice/group (H, 1). *
p < 0.05, unpaired t-test (A, C), two-way ANOVA with Sidak’s multiple comparison test (F)
or Mann-Whitney test (H, I).
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