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To the Editor:

Targeted therapies like proteasome inhibitors (PIs), immunomodulatory drugs (IMiDs), and/or
anti-CD38 antibody have significantly improved the prognosis of patients with multiple myeloma
(MM) [1,2]. However, the prognoses with high-risk chromosome abnormalities (CAs), such as
t(4;14), t1(14;16), del(17p), and gain/amplification of 1q (designated as 1g+), remain poor [3]. The
anti-CD38 antibody, isatuximab, can significantly prolong the progression-free survival of
relapsed and refractory MM (RRMM) patients carrying 1g+ [4]. However, daratumumab, another
anti-CD38 antibody, has been largely ineffective [5]. While both antibodies confer
antibody-dependent immune effector cell-mediated cytotoxicity, isatuximab can directly induce the
death of MM cells even in the absent of immune effector cells [6]. This led us to hypothesize that
direct cell death may provide clinical benefit to MM patients with 1g+.

A previous study has shown that the transcription factor PBX1, which is in the 123 region, is
strongly associated with poor prognosis of MM patients with 1g+. PBX1 is overexpressed in 19+
MM cells and confers drug resistance by transactivating the downstream target genes including
E2F1L/E2F2, FOXM1, and NEK2 [7]. Of these, we found significant upregulation of these factors
in 1g+ MM cells, and that high expression levels of FOXM1, E2F2, or MCL1 were associated
with worse prognosis in 1g+ MM patients after total therapy 2 and 3 (TT2/3) (Supplementary
Fig.S1A). In addition, FOXM1 was essentially found to be expressed only in the 1g+ MM cell

lines compared to the cells with a normal copy number of 1q (designated as 1™

throughout the
manuscript). In contrast, E2F2 showed a variable expression pattern among the 1g+ MM cell lines,
while MCL1 was expressed in all cell lines regardless of 1q copy number (Fig.1A, and
Supplementary Fig.S1B). Furthermore, both genetic knockdown and pharmacological inhibition of

FOXM1 significantly inhibited the growth of 1g+ MM cell lines but did not have any impact on
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the 1g™™ cell lines (Supplementary Fig.S1C). These results suggest an indispensable role of
FOXM1 in the growth and survival of 1g+ MM cells.

There is evidence that isatuximab can directly induce death of CD38-overexpressing MM
cells."*** To this end, we overexpressed the CD38 gene in the KMM.1 and KM S28-BM sublines
that respectively harbor 6 copies of 1q (1q amp) and 3 copies of 1q (1q gain) with t(4;14). As
expected, isatuximab significantly inhibited the growth of both sublines even in cells with high
risk CAs, aong with marked incorporation of isatuximab into MM cells. However, other
antibodies, Elo-m and Dara-m, did not have any impact on the sublines (Fig.1B). We also
determined the effect of these antibodies on the expression of FOXM1, E2F2, and MCLL1 in the
two sublines. Of these, we found that isatuximab downregulated FOXM1 protein expression in
both sublines (Fig.1B and Supplementary Fig.S1D). Consistent with these results, isatuximab
downregulated FOXM1 in primary MM cells derived from patients with 1g+, but not in the

omé cells (Supplementary Fig.1E). Informed consent was obtained in accordance with the

1q
Declaration of Helsinki, and the protocol was approved by the Institutional Review Board of Jichi
Medical University. On the other hand, no significant changes were detected in the expression of
E2F2 and MCLL1 in ether subline (Fig.1B and Supplementary Fig.S1D). In addition, Elo-m and
Dara-m had no significant effect in their expression levels (Fig.1B). A previous study had shown
that the uptake of large amount of monoclonal antibodies into the cells led to the enlargement and
degradation of lysosomes, and the subsequent degradation of intracellular proteins by lysosomal
proteases like cathepsins triggered non-apoptotic lysosomal cell death (LCD). In addition,
concanamycin A (Con-A), an inhibitor of vacuolar ATPases, suppressed LCD by blocking

antibody-induced lysosomal enlargement and degradation [8]. Consistent with the results, we

found that Con-A mitigated isatuximab-induced growth inhibition, which coincided with restored
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FOXM1 expression (Fig.1C). These results suggest that FOXM1 protein is likely degraded by the
lysosomal proteases. In contrast, daratumumab was not sufficiently incorporated into the MM cells
to induce FOXM1 protein degradation by lysosomal proteases (Fig.1B).

To further validate the mechanism underlying isatuximab-induced growth inhibition, we
established two FOXM1-overexpressing MM cell lines. As expected, forced expression of
FOXM1 significantly mitigated the inhibitory effects of isatuximab in both sublines. In contrast,
FOXM1 knockdown augmented isatuximab-induced growth inhibition (Supplementary Fig.S1F).
Given that reactive oxygen species (ROS) mediate antibody-induced direct cell death [9], and
FOXM1 inhibitor can trigger ROS production in cancer cells [10,11], we also measured the
intracellular  ROS levels. Consistent with the results, the FOXM1 inhibitor thiostrepton
significantly inhibited the growth of MM cells by enhancing ROS production (Supplementary
Fig.S1G). In addition, forced expression of FOXM1 significantly suppressed ROS production
(Fig.1D). These results suggest that isatuximab downregulates the FOXM1 protein by lysosomal
protease-mediated degradation, resulting in direct cell death through ROS production in 1g+ MM
cells.

Recent clinical trials have shown that isatuximab in combination with pomalidomide (Poma) or
carfilzomib (CFZ) prolonged the survival of RRMM patients with 1g+ [4]. Previous studies
revealed that both Poma and CFZ can induce caspase-dependent apoptosis and trigger ROS
production in MM cells [12,13]. In addition, several anti-cancer drugs exert their cytotoxic effects
via caspase-dependent degradation of transcriptional regulators like Spl or histone deacetylases
(HDACSs) [14,15]. In line with these studies, we found that Poma and CFZ additively enhanced
isatuximab-induced cell death and increased ROS production by promoting downregulation of

FOXM1 protein (Fig.2A and Supplementary Fig.S1H). Since treatment with Poma and CFZ, and
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not isatuximab, activated caspase-3, caspase-8, and PARP (Fig.2A), we surmise that FOXM1
downregulation may be caused by caspase-dependent degradation. On the other hand,
isatuximab-induced cell death is independent of caspases. Taken together, Poma and CFZ
additively enhanced isatuximab-induced cell death by enhancing FOXM1 downregulation and
ROS production.

To identify the downstream targets of FOXM1 in situ, we analyzed its binding sites in the
genome of KMM.1 cells using chromatin immunoprecipitation with high-throughput DNA
sequencing (ChiP-seq). As shown in Supplemenatry Fig.S2A, over 70% of the peaks
corresponding to FOXM 1 binding sites located in the vicinity of transcription start sites (TSSs).
FOXM1 bound to the TSSs of genes closely related to MM progression including several genes,
such as NEK2, RGS5, UBE2T, ANP32E, and FAM72A localized at 1q region. In addition, we
found co-occupancy with the H3K27-acetylated regions in the regulatory regions in the 1g+ MM
cells but not in the 1g™™ cells (Fig.2B and Supplementary Fig.S2B). Although all target genes
were upregulated in the 1g+ MM cells, the expression levels of NEK2, UBE2T, and FAM72A
showed a significant positive correlation to that of FOXM1 and the overexpression was
significantly associated with worse survival of 1g+ MM patients following TT2/3 (Supplementary
Fig.S2C). Likewise, both NEK2 and UBE2T were significantly upregulated in the 1g+ MM cell
lines compared to the 1q™™ cells (Fig.2C). Next, we found that both genetic knockdown and
pharmacological inhibition of FOXM1 significantly downregulated NEK2 and UBE2T proteins
and mRNAs (Supplementary Fig.S3A and S3B). Furthermore, forced expression of NEK2 and
UBE2T sdignificantly mitigated the thiostrepton-induced growth inhibition (Supplementary
Fig.S3C and S3D). These results suggest that NEK2 and UBE2T are the critical downstream

targets of FOXM1in 1g+ MM cells.
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We next screened for the global isatuximab-mediated transcriptomic changes in KMM.1-38
cells and found that isatuximab reduced the expression of severa genes including NEK2 and
UBE2T (Fig.3A). As anticipated, isatuximab significantly downregulated NEK2 and UBE2T
proteins and mMRNAS in a dose-dependent manner, which correlated with the cytotoxic effects
(Fig.3B). In addition, isatuximab also downregulated NEK2 and UBE2T in primary MM cells
derived from patients with 1g+ (Supplementary Fig.S3E). Consistent with the above findings,
overexpression of NEK2 and UBE2T partially mitigated the inhibitory effects of isatuximab
(Fig.3C). These results suggest that isatuximab induces direct death in 1g+ MM cells via
downregulation of the FOXM1/NEK2/UBE2T axis.

In conclusion, we have shown that isatuximab exerts direct cell death to 1g+ MM cells by
downregulating the FOXM1 protein, followed by ROS production and the inactivation of NEK2
and UBE2T genes. Poma and CFZ additively enhanced the cytotoxicity in combination with
isatuximab by promoting FOXM1 downregulation and ROS production. However, this study has
severa limitations. First, we could not obtain sufficient number of cells from MM patients to
reproduce al data using primary MM cells. Second, we could not confirm that Dara-m and Elo-m
are identical to the commercial Dara and Elo. Nevertheless, our findings suggest that isatuximab
exerts direct cell death to 1g+ MM célls by targeting the FOXML/NEK2/UBE2T axis and provide
a rationae for isatuximab-based therapy for the treatment of 1g+ MM patients from basic

standpoints for the first time.
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Figure L egends

Fig.1l. Isatuximab downregulates FOXM1 protein and induces ROS-mediated direct cell
death in 1g+ MM cells.

[A] Whole cell lysates were prepared from 1g+ and 19™™ MM cell lines and subjected to
immunoblot for FOXM1, E2F2, and MCL1 using GAPDH as the loading control. Immunablotting
was carried out according to a standard method using the following antibodies: anti-FOXM1
(#20459), anti-MCL 1 (#4572) (Cell Signaling Technology [CST], MA, USA); anti-E2F2 (sc-9967),
and anti-GAPDH (Santa Cruz Biotechnology, CA, USA). The copy number of chromosome 1q
was detected by fluorescence in situ hybridization (FISH) using the CKS1B FISH probe; 1q gain
was defined as having 3 copies of CKS1B, and 1q amp was defined as having >4 copies of CKS1B.
MM cell lines KMS12BM, JIN3, and SKMM1 with 2 copies of chromosome 1q (normal), KM S26,
KMS28-BM, KMS-28PE (K28PE), KMS34, KMS11, RPMI18226, MM1.S, KMS21, NCI-H929,
and MOLPS8 with 3 copies of chromosome 1q (1q gain), and KMM.1, KHM1B (KHM), Deltad7
(Del47), and KMS20 with 4< copies of chromosome 1q (1q amp) were procured from Health
Science Research Resources Bank. In addition, KMS12BM, SKMM1, and MOLPS8 harbor t(11;14).
KMS26, KMS28-BM, KMS28-PE, KMS34, KMS11, and NCI-H929 harbor t(4;14). The FISH
analyses were outsourced to SRL Inc. (Tokyo, Japan). [B] CD38-overexpressing KMM.1 and
KM S28-BM sublines were established (denoted as KMM.1-38 and KM S28BM-38 respectively),
and cultured in the presence of 5 pg/mL human immunoglobulin (hlgG), elotuzumab-mimic
(Elo-m), daratumumab-mimic (Dara-m), and isatuximab (Isa) for 24 h. We used the lentiviral
vector CSII-CMV-MCS-IRES-VENUS (provided by Dr. Hiroyuki Miyoshi, RIKEN BioResource
Center, Ibaraki, Japan) containing the coding regions of CD38 cDNA. Upper panel: Cytospin

specimens were prepared and stained with FITC conjugated anti-higG antibody (green). Nuclei

10
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were counterstained with DAPI (blue). Only merged images are shown. Middle panel: Cell
proliferation was assessed by the MTT reduction assay using the Cell Counting Kit (Wako
Biochemicals, Osaka, Japan). Data is shown relative to that of the corresponding higG controls.
Data are the means = S.D. (bars) of multiple independent experiments (n = 3); *P <0.05 compared
to the corresponding higG control was determined by oneway ANOVA with
Student-Newman-K euls multiple comparison test. The KaleidaGraph software (Synergy Software,
Reading, PA, USA) was used for all statistical analyses. P values less than 0.05 were considered
significant. Lower panel: Immunoblot showing the expression of FOXM1, E2F2, MCL1, and
GAPDH (loading contral). [C] KMM.1-38 and KM S28BM-38 cells were cultured in the presence
of Isa at the indicated concentrations with or without 1nM concanamycin A (Con-A) for 24 h.
Upper panel: Cell proliferation was assessed by the MTT reduction assay and the data is shown
relative to that of the corresponding untreated controls. Data are the means + S.D. (bars) of
multiple independent experiments (n = 3); P values were determined by one-way ANOVA with a
Student-Newman-Keuls multiple comparison test. Lower panel: Immunoblot showing the
expression of FOXM1 and GAPDH (loading control). [D] KMM.1-38 and KM S28BM-38 cells
were transduced with FOXM 1-expressing (FOX) or empty (mock) lentivira vector, and the stable
transformants were cultured with different concentrations of isatuximab (Isa) for 24 h. We used the
lentiviral vector CSII-CMV-MCS-IRES-VENUS containing the coding regions of FOXM1 cDNA
for gain-of-function experiments. Left panel: Cell proliferation was assessed by the MTT reduction
assay and the data is shown relative to that of the corresponding untreated controls. Data are the
means of multiple independent experiments (n > 3). S.D. was less than 10% and thus omitted; *P
< 0.05 by one-way ANOVA with Student-Newman-Keuls multiple comparison test. Right panel:

The transformants were cultured with or without 5 pg/mL isatuximab for 24 h. Upper right panel:

11



KIKUCHI et al.

Immunoblot showing the expression of FOXM1 and GAPDH (loading control) in the indicated
groups. Lower right panel: ROS levels were assessed using the ROS assay kit (DOJINDO, Tokyo,
Japan) and the data is shown relative to that of the untreated controls. Data are the means = S.D.
(bars) of multiple independent experiments (n = 3); P values were determined by one-way

ANOVA with Student-Newman-Keuls multiple comparison test.

Fig.2. Combined effects of isatuximab with pomalidomide or carfilzomib and global analysis
of FOXM1 binding in the genome of 1g+ MM cdlls.

[A] KMM.1-38 and KM S28BM-38 cells were treated with vehicle (None), 2.5 pg/ml Isa, 2 uM
pomalidomide (Poma), 2 nM carfilzomib (CFZ), or their combinations (Isa+Poma or Isa+CFZ) for
24 h. Upper panel: Cell proliferation was assessed by the MTT reduction assay and the data is
shown relative to that of the corresponding untreated controls (None). Data are the means + S.D.
(bars) of multiple independent experiments (n = 3); P values were determined by one-way
ANOVA with Student-Newman-Keuls multiple comparison test. Middle panel: Immunaoblot
showing the expression of FOXM1, cleaved caspase-3 (c-casp.3), cleaved caspase-8 (c-casp.8),
and cleaved PARP (c-PARP) and GAPDH (loading control) in the indicated groups.
Immunoblotting was carried out according to a standard method using the following antibodies:
anti-cleaved caspase-3 (#9661), anti-cleaved caspase-8 (#9496), and anti-cleaved PARP (#9541)
(Cell Signaling Technology). Lower panel: ROS levels were assessed using the ROS assay kit and
the data is shown relative to that of the corresponding untreated controls (None). Data are the
means = S.D. (bars) of multiple independent experiments (n = 3); P values were determined by
one-way ANOVA with Student-Newman-Keuls multiple comparison test. [B] KMM.1 cells were
fixed in 1% formaldehyde at room temperature for 10 min and chromatin fractions were isolated

by enzymatic shearing. Chromatin immunoprecipitation sequencing (ChlP-seq) was outsourced to
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Active Motif (Carlsbad, CA, USA), and the data and protocols have been deposited in a
MINSEQE-compliant GEO database under accession number GSE279782. We used an antibody
against FOXM1 (#20459, CST) validated by Active Matif. Left panel: The peak values of FOXM1
binding sites in the selected genes in KMM.1 cels. Right panel: Heat map of the
FOXM1/H3K27ac binding a the promoter/enhancer regions of representative genes based on
ChlIP-seq data. The ChlP-seq data of the following cell types was used: MM.1S (SRX20095564),
KMS28BM (SRX7798959), KMS12BM (SRX7798957), and normal plasma cells isolated from
healthy volunteers (NPCs) (SRX7798977). [C] Immunoblot showing the expression of NEK2,
UBE2T, ANP32E, and GAPDH (loading control) in the 1g+ and 1g™™ MM cell lines.
Immunoblotting was carried out according to a standard method using the following antibodies:
anti-NEK2 (#14233), anti-UBE2T (#10105) (Proteintech Inc, IL, USA), and anti-ANP32E

(#AP20559) (Abcepta, CA, USA).

Fig.3. Isatuximab downregulates the expression of NEK2 and UBEZ2T, both of which were
critical downstream targets of FOXM 1.

[A] KMM.1-38 cells were cultured with 5 pg/mL isatuximab (KMM.1-38+Isa) or isotype matched
higG (KMM.1-38+1gG) for 24 h, and the RNA fractions were isolated. Microarray analysis was
performed for 32,078 genes including microRNAs. Red lines correspond to 2-fold changes (P <
0.05 with a false discovery rate [FDR] threshold of 0.05). Several genes located in chromosome 1q
region are annotated. [B] KMM.1-38 and KMS28BM-38 cells were treated with different
concentrations of isatuximab for 24 h. Upper panel: Cell proliferation was assessed by the MTT
reduction assay and the data is shown relative to that of the corresponding untreated controls. Data
are the means £ S.D. (bars) of multiple independent experiments (n = 3). *P < 0.05 by one-way

ANOVA with Student-Newman-Keuls multiple comparison test. Middle panel: Total cellular RNA

13
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was isolated from 1-10 x 10 cells using an RNeasy Kit (Qiagen, CA, USA), reverse-transcribed
into complementary DNA using ReverTra Ace and oligo(dT) primers (Toyobo, Tokyo, Japan), and
subjected to real-time quantitative RT-PCR (QPCR) using the specific primers. The expression
levels of candidate FOXM1-target genes (NEK2, UBE2T, and ANP32E) were quantified by the
27" method using GAPDH as the reference and shown as fold changes against untreated control
set at 1.0. The means £ S.D. (bars) are of multiple independent experiments (n = 3). *P < 0.05 by
one-way ANOVA with a Student-Newman-Keuls multiple comparison test. We used TagMan Fast
Universal PCR Master Mix and Expression Assays (Hs06629033 for NEK2, Hs00928040 for
UBE2T, Hs05029891 for ANP32E, and Hs01922876 for GAPDH (Thermo Fisher Scientific, MA,
USA). Lower panel: Immunoblot showing expression of FOXM1, NEK2, UBE2T, ANP32E, and
GAPDH proteins (loading contral) in the indicated groups. [C] KMM.1-38 and KM S28BM-38
cells were transduced with either an empty lentiviral vector (mock), NEK2-overexpressing vector
(NEK?2), or UBE2T-overexpressing vector (UBE) and the stable transformants were treated with
different concentrations of isatuximab for 24 h. We wused the lentiviral vector
CSII-CMV-MCS-IRES-VENUS containing the coding regions of NEK2 and UBE2T cDNA for
gain-of-function experiments. Cell proliferation was assessed by the MTT reduction assay and the
data is shown relative to that of the corresponding untreated controls. Data are the means of

multiple experiments (n > 3); S.D. was less than 10% and thus omitted. *P < 0.05 by one-way

ANOVA with Student-Newman-K euls multiple comparison test.
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Supplementary Fig.S1. [A] Upper panels: The expression levels of FOXM1, E2F1, E2F2, and
MCLI in MM cells with aberrant copy numbers of 1q. Lower panels: The prognostic significance
of FOXMI1, E2F2, E2F2, and MCLI in the 1g+ MM patients. Kaplan-Meier curves showing the
survival of MM patients with high (red) and low (blue) expression of each gene after total therapy
2 and 3 (TT2/3). P values were determined by the log-rank test. The GenomicScape tool
(www.genomicscape.com) was used for the analysis. [B] Total RNAs were prepared from 1q+ MM

cell lines (red) and 1q"™# MM cell lines (blue) and subjected to QPCR for FOXMI and MCLI.

Data were quantified by the 224t method using GAPDH as the reference and are shown as fold
changes against the value of MM.1S set at 1.0. We used TagMan Fast Universal PCR Master Mix
and Expression Assays (Hs01073586 for FOXM1, Hs06626047 for MCLI, and Hs01922876 for
GAPDH (Thermo Fisher Scientific, MA, USA). [C] Left panel: KMM.1, KMS28BM, MM.18S, and
KMS26 cells were treated with different concentrations of thiostreptone for 24 h. Cell proliferation
was assessed by the MTT reduction assay and the data is shown relative to that of the corresponding
untreated controls. Data are the means of multiple experiments (n > 3); S.D. was less than 10% and
thus omitted. Right panel: The MM cell lines were transfected with shRNA targeting FOXM1
(shFOXM1#1 and #2) or scrambled sequences (shcontrol) to 1q gain positive-KMM.1, KMS28-BM,
or MM.1S cells (1g+), and 1q normal-KMSI12BM, JIN3, or SK-MMI1 cells (1g"™). Cell
proliferation was assessed by the MTT reduction assay and the data is shown relative to that of the
corresponding sh-controls. Bars indicate the means of three MM cell lines. P-values were calculated
by one-way ANOVA using a Student—Newman-Keuls multiple comparison test. The lentiviral short-
hairpin RNA/short-interfering RNA (shRNA/siRNA) expression vector pLL3.7 was used for
knockdown experiments. The siRNA sequences are as follows: #1; gaccactttccctacttta, #2;
aagaagaaatcctggttaa. [D] KMM.1-38 and KMS28BM-38 cells were cultured in the absence or
presence of 5 pg/mL human immunoglobulin (hIgG), elotuzumab-mimic (Elo-m), daratumumab-
mimic (Dara-m), and isatuximab (Isa) for 24 h. Graphs show the expression levels of FOXM and
MCLI mRNAs relative to control IgG (values set at 1.0). The means + S.D. (bars) of three
independent experiments are shown. [E] CD138-positive cells were isolated from the bone marrow
of MM patients and treated with 5 pg/ml hlgG or isatuximab (Isa) for 24 h. Cytospin specimens
were prepared and stained with anti-FOXMI antibody (green), and PE-conjugated anti-CD38
antibody (Red; BioLegend, CA, USA), followed by FITC-conjugated anti-rabbit IgG (Thermo
Fisher Scientific). Nuclei were counterstained with DAPI (blue). Only merged images are shown.
The copy number of chromosome 1q was detected by fluorescence in situ hybridization (FISH)

using the CKS1B FISH probe; 1q gain was defined as having 3 copies of CKS1B, and 1q amp was
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defined as having >4 copies of CKS1B. Patient #1 and #2 with >4 copies of chromosome 1q (1q+),
and #3 and #4 with 2 copies of chromosome 1q (1q"™). The FISH analyses were outsourced to
SRL Inc. [F] KMM.1-38 and KMS28BM-38 cells were transduced with shFOXM1(#1) or shcontrol
lentiviral vector and cultured with different concentrations of isatuximab (Isa) for 24 h. Cell
proliferation was assessed by the MTT reduction assay and the data is shown relative to that of the
corresponding untreated cells. Data are the means of multiple independent experiments (n > 3). S.D.
was less than 10% and thus omitted; *P < 0.05 by one-way ANOVA with Student-Newman-Keuls
multiple comparison test. [G] KMM.1 and KMS28-BM cells were treated with different
concentrations of the FOXM1 inhibitor thiostreptone (Thio) for 24 h. Cell proliferation was assessed
by the MTT reduction assay and the data is shown relative to that of the corresponding untreated
controls (blue bars). ROS levels were assessed using the ROS assay kit and the data is shown relative
to that of the untreated controls (orange bars). Data are the means + S.D. (bars) of multiple
independent experiments (n = 3); *P < 0.05 by one-way ANOVA with Student-Newman-Keuls
multiple comparison test. [H] KMM.1-38 and KMS28BM-38 cells were treated with vehicle alone
(None), 2.5 pg/ml isatuximab (Isa), 2 uM pomalidomide (Poma), 2 nM carfilzomib (CFZ), or their
combinations (Isat+tPoma or Isa+CFZ) for 24 h. The graphs show the expression levels of FOXM1
and MCLI in the indicated groups. Data were quantified by the 224t method using GAPDH as the
reference and are shown as fold changes against untreated control. The means + S.D. (bars) of

multiple independent experiments (n = 3) are shown.
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Supplementary Fig.S2. [A] Left panel: Average plot of FOXMI1 ChIP-seq reads over all
transcription start sites (TSSs) £ 5,000 bp. Right panel: Pie chart showing gene section breakdown.
[B] Visualization of the binding of FOXMI1 and acetylated histone H3K27 (H3K27ac) on
chromosome 1q region on the ChIP-Atlas platform. The ChIP-seq data of the following cell types
was used: MM.1S (SRX20095564), KMS28BM (SRX7798959), KMS12BM (SRX7798957), and
normal plasma cells isolated from healthy volunteers (NPCs) (SRX7798977). [C] Upper panel: The
expression of possible target genes of FOXM1 (NEK2, RGSS, UBE2T, AN32E, and FAM72A4) in
MM cells with aberrant copy numbers of 1q. Middle panel: Correlation between the expression of
FOXMI-target genes (y-axis) and the indicated genes (x-axis). Lower panel: The Kaplan-Meier
curves indicate the survival of 1qg+ MM patients with high (red) and low (blue) expression of
FOXM1-target genes after TT2/3. P values were determined by a log-rank test. The GenomicScape

tool (www.genomicscape.com) was used for the analyses.
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Supplementary Fig.S3.

[A] KMM.1, KMS28BM, and MM.1S cells were treated with different concentrations of
thiostreptone (Thio) for 24 h. Upper panel: QPCR results showing the expression levels of candidate
FOXM1-target genes (NEK2, UBE2T, and ANP32E). Data were quantified by the 222t method
using GAPDH as the reference and are shown as fold changes against untreated control. Data are
the means + S.D. (bars) of multiple independent experiments (n = 3). *P < 0.05 by one-way ANOVA
with a Student-Newman-Keuls multiple comparison test. Lower panel: Immunoblot showing the
expression of NEK2, UBE2T, ANP32E, and GAPDH (loading control) in the indicated groups. [B]
KMM.1, KMS28BM, and MM. 1S cells were transduced with sitFOXM1#1 and #2 or shcontrol. The
expression levels of candidate FOXM 1-target genes (VEK2, UBE2T, and ANP32E) are shown. Data
were quantified by the 2722t method using GAPDH as the reference and are shown as the fold
changes against the values of shcontrol. Data are the means + S.D. (bars) of multiple independent
experiments (n = 3). *P <0.05 by one-way ANOVA with Student-Newman-Keuls multiple
comparison test. [C] KMM.1, KMS28BM, and MM.1S cells were transduced with either an empty
lentiviral vector (mock) or NEK2-overexpressing vector (NEK2). Upper panel: Immunoblot
showing expression of NEK2 and GAPDH (loading control) in the stable transformants. Lower
panel: Each transformant was treated with different concentrations of thiostrepton at 24 h. Cell
proliferation was assessed by the MTT reduction assay and the data is shown relative to that of the
corresponding untreated controls. Data are the means of multiple experiments (n > 3); S.D. was less
than 10% and thus omitted. *P < 0.05 by one-way ANOVA with Student-Newman-Keuls multiple
comparison test. [D] KMM.1, KMS28BM, and MM.1S cells were transduced with either an empty
lentiviral vector (mock) or UBE2T-overexpressing vector (UBE). Upper panel: Immunoblot
showing expression of UBE2T (UBE) and GAPDH (loading control) in the stable transformants.
Lower panel: Each transformant was treated with different concentrations of thiostrepton at 24 h.
Cell proliferation was assessed by the MTT reduction assay and the data is shown relative to that of
the corresponding untreated controls. Data are the means of multiple experiments (n > 3); S.D. was
less than 10% and thus omitted. *P < 0.05 by one-way ANOVA with Student-Newman-Keuls
multiple comparison test. [E] CD138-positive cells were isolated from the bone marrow of MM
patients with 1q+ (patient #1 and #2) and treated with 5 pg/ml hIgG or isatuximab (Isa) for 24 h.
Cytospin specimens were prepared and stained with anti-NEK2 antibody or anti-UBE2T antibody
(green), and PE-conjugated anti-CD38 antibody (Red), followed by FITC-conjugated anti-rabbit

IgG. Nuclei were counterstained with DAPI (blue). Only merged images are shown.



