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impairs tumor cell survival and overcomes
drug resistance independently of p53 status
in multiple myeloma
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Abstract

Background: Multiple myeloma (MM) is a malignancy of plasma cells that largely remains incurable. The search for
new therapeutic targets is therefore essential. In addition to a wide panel of genetic mutations, epigenetic alterations
also appear as important players in the development of this cancer, thereby offering the possibility to reveal novel
approaches and targets for effective therapeutic intervention.

Results: Here, we show that a higher expression of the lysine methyltransferase SETD8, which is responsible for

the mono-methylation of histone H4 at lysine 20, is an adverse prognosis factor associated with a poor outcome in
two cohorts of newly diagnosed patients. Primary malignant plasma cells are particularly addicted to the activity of
this epigenetic enzyme. Indeed, the inhibition of SETD8 by the chemical compound UNC-0379 and the subsequent
decrease in histone H4 methylation at lysine 20 are highly toxic in MM cells compared to normal cells from the bone
marrow microenvironment. At the molecular level, RNA sequencing and functional studies revealed that SETD8 inhi-
bition induces a mature non-proliferating plasma cell signature and, as observed in other cancers, triggers an activa-
tion of the tumor suppressor p53, which together cause an impairment of myeloma cell proliferation and survival.
However, a deadly level of replicative stress was also observed in p53-deficient myeloma cells treated with UNC-0379,
indicating that the cytotoxicity associated with SETD8 inhibition is not necessarily dependent on p53 activation. Con-
sistent with this, UNC-0379 triggers a p53-independent nucleolar stress characterized by nucleolin delocalization and
reduction of nucleolar RNA synthesis. Finally, we showed that SETDS8 inhibition is strongly synergistic with melphalan
and may overcome resistance to this alkylating agent widely used in MM treatment.

Conclusions: Altogether, our data indicate that the up-regulation of the epigenetic enzyme SETD8 is associated
with a poor outcome and the deregulation of major signaling pathways in MM. Moreover, we provide evidences that
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myeloma cells are dependent on SETDS8 activity and its pharmacological inhibition synergizes with melphalan, which
could be beneficial to improve MM treatment in high-risk patients whatever their status for p53.

keywords: multiple myeloma, SETDS8, SET8, Histone methylation, p53

Introduction

Multiple Myeloma (MM) is a cancer of terminally differ-
entiated plasma cells [1] and is the second most common
hematological malignancy [2]. Over the past 15 years,
several advances in treatments have led to a significantly
higher survival of intensively treated patients [3]. Unfor-
tunately, despite the recent progress in MM treatments,
most patients will ultimately relapse and develop drug
resistance.

In addition to a wide panel of genetic mutations, recent
studies have pinpointed that epigenetic alterations,
including aberrant DNA and histone methylation, might
be also important players in MM development [4]. These
recent findings could illuminate new mechanisms central
to the genesis of MM and offer the possibility to reveal
novel approaches and targets for effective therapeutic
intervention. For example, the inhibition of the histone
H3K27 methyltransferase EZH2 has recently emerged
as a potential strategy for the treatment of myeloma [5].
Moreover, classic epigenetic modulating agents, such as
histone deacetylase and DNA methyltransferase inhibi-
tors, are already tested as monotherapy or in combina-
tion with conventional anti-MM agents [6, 7]. However,
the occurrence of important side effects and the appear-
ance of resistance to these drugs increase the need to
identify novel epigenetic targets in MM and evaluate
their pre-clinical perspective.

SETDS8 (also known as SETS8, PR-Set7, KMT5A) has
been identified as the epigenetic enzyme responsible
for the mono-methylation of histone H4 at lysine 20
(H4K20mel) [8]. SETD8 and H4K20mel are naturally
increased during mitosis and play a critical role in chro-
matin compaction, gene regulation and cell-cycle pro-
gression [8-10]. In addition, SETDS8 could induce the
methylation of non-histone proteins, such as the repli-
cation factor PCNA and the tumor suppressor p53 [11,
12]. While SETD8-mediated methylation of p53 inhib-
its apoptosis [12], PCNA methylation by SETD8 might
enhance the interaction with the Flap endonuclease FEN1
and promote cell proliferation [11]. Consistent with this,
the overexpression of SETD8 has been reported in many
different solid tumors [14-17] and pharmacological
inhibition of SETD8 is sufficient to activate the p53 pro-
apoptotic program in neuroblastoma cell lines [18]. This
has suggested that this enzyme could be an attractive tar-
get to rescue p53 functions in cancers displaying a low
incidence of TP53 genetic alterations, as it is the case at

early stages in MM [19]. However, the role of SETD8 and
its incidence in the development of MM or any hemato-
logical malignancies is not known.

Here, we provide evidence that malignant plasma cells
are addicted to SETDS8 expression, which is associated
with a poor outcome independently of changes in the
steady state level of histone H4K20mel. Although induc-
ing p53 canonical pathway, we show that the pharmaco-
logical inhibition of SETD8 by the chemical compound
UNC-0379 causes specific nucleolar alterations and
cytotoxic effects independently of p53 status. Finally, the
combination of UNC-0379 with the cytotoxic agent mel-
phalan strongly enhances DNA damage and overcomes
drug resistance, suggesting that targeting SETD8 activity
could be beneficial to improve MM treatment in high-
risk patients independently of their mutational status for
p53.

Materials and methods

Primary multiple myeloma cells

Patients’ MMCs were purified using anti-CD138 MACS
microbeads (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and their gene expression profile (GEP) obtained
using Affymetrix U133 plus 2.0 microarrays as described
[20-22]. We also used publicly available Affymetrix
GEP (Gene Expression Omnibus, accession number
GSE2658) of a cohort of 345 purified MMC from previ-
ously untreated patients from the University of Arkansas
for Medical Sciences (UAMS, Little Rock, AR), termed
in the following UAMS-TT2 cohort. These patients were
treated with total therapy 2 including high-dose mel-
phalan (HDM) and autologous stem cell transplantation
(ASCT) [23]. We also used Affymetrix data from total
therapy 3 cohort (UAMS-TT3; n=158; E-TABM-1138)
[24]. Mouse 5T33MMvv cells originated spontaneously
in aging C57BL/KaLwRij mice and have since been prop-
agated in vivo by intravenous transfer of diseased marrow
in young syngeneic mice as described [25, 26].

Treatment of primary MM cells

Bone marrow of patients with previously untreated MM
(n=8) at the university hospital of Montpellier was
obtained after patients’ written informed consent in
accordance with the Declaration of Helsinki and agree-
ment of the Montpellier University Hospital Centre for
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Biological Resources (DC-2008-417). Mononuclear cells
were treated with or without UNC-0379 (1 uM, 2.5 uM
or 5 uM) and MMC cytotoxicity was evaluated using
anti-CD138-phycoerythrin monoclonal antibody (Immu-
notech, Marseille, France) as described [27].

Apoptosis assays

Cells were cultured in 24-well, flat-bottomed micro-
titer plates at 10° cells per well in RPMI1640-10% FCS
or X-VIVO 20 culture media with or without IL-6 (3 ng/
mL) and appropriate concentration of chemical drugs.
After 4 days of culture, cells were washed twice in PBS
and apoptosis was assayed with PE-conjugated Annexin
V labeling (BD Biosciences) using a Fortessa flow cytom-
eter (BD) following manufacturer’s protocols.

Human myeloma cell lines (HMCLs)

XG human myeloma cell lines (HMCLs) were cultured in
the presence of recombinant IL-6 as previously described
[28]. XG7 Melphalan-resistant cell line was derived from
the sensitive parental XG7 cells [29]. JIN3 was kindly
provided by Dr Van Riet (Brussels, Belgium), JIM3 by
Dr MacLennan (Birmingham, UK) and MM1S by Dr S.
Rosen (Chicago, USA). AMO-1, LP1, L363, U266, OPM2,
and SKMM2 were purchased from DSMZ (Braunsweig,
Germany) and RPMI8226 from ATTC (Rockville, MD,
USA). HMCLs were authenticated according to their
short tandem repeat profiling and their gene expression
profiling using Affymetrix U133 plus 2.0 microarrays
deposited in the ArrayExpress public database under
accession numbers E-TABM-937 and E-TABM-1088 [28].

Establishment of shRNA expressing HMCLs

Control and p53 shRNA sequences were cloned in the
pLenti4-EZ-mIR plasmid as previously described [30].
SETDS8 and associated control shRNA sequences were
cloned into a puromycin retroviral vector RNAi Ready
pSiren as described [31]. Retroviral particles were pro-
duced in 293FT cells. Briefly, 293FT cell line was cultured
in Dulbecco’s modified Eagle’s medium and supple-
mented with 10% defined fetal bovine serum, 500 pg/mL
geneticin, 4 mM L-glutamine, and 1 mM MEM sodium
pyruvate. The day before transfection, cells were plated
into a 10 cm tissue culture plate to 90%-95% confluence.
9 ug of ViraPower packaging mix (Invitrogen) and 9 pg
of lentiviral plasmids were co-transfected into 293FT
cells using 36 pL Lipofectamine 2000 reagent (Invitro-
gen). Forty-eight hours later, culture supernatants were
collected, concentrated 100-fold by ultracentrifugation
(20,000 g; 4 h) and viral titers determined. Correspond-
ing HMCLs were transduced with virus and stable trans-
duced cells were obtained by adding zeocin (10 pg/mL)
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for pLenti4-EZ-mIR and puromycin (2.5 pg/mL) for pSI-
REN viral particles.

Growth assays and cell cycle analysis

Cells were cultured for 4 days in 96-well flat-bottom
microtiter plates in RPMI 1640 medium, 10% FCS, and
2 ng/ml IL-6 (control medium) in the presence of UNC-
0379. Cell growth was evaluated by quantifying intra-
cellular ATP amount with a Cell Titer Glo Luminescent
Assay (Promega, Madison, WI) using a Centro LB 960
luminometer (Berthold Technologies, Bad Wildbad,
Germany). For cell cycle analysis, cells were cultured
in 24-well flat-bottomed microtiter plates at 10° cells
per well in RPMI1640-10% FCS or X-VIVO 20 culture
media with or without IL-6 (3 ng/mL). The cell cycle
was assessed using DAPI staining (Sigma-Aldrich, Saint-
Louis, MO, USA) and cells in the S phase using incuba-
tion with bromodeoxyuridine (BrdU) for 1 h and labeling
with an anti-BrdU antibody (APC BrdU flow kit, BD Bio-
sciences, San Jose, CA, USA) according to the manufac-
turer’s instructions. Flow cytometry analysis was done
on a Fortessa flow cytometer (BD, Mountain View, CA,
USA).

RNA sequencing

HMCLs were cultured for 16 h with or without 5 uM of
UNC-0379, or infected with shControl or shRNA SETDS8
pSIREN vectors for 48 h. RNA samples were collected as
previously described. The RNA sequencing (RNA-seq)
library preparation was done with 150 ng of input RNA
using the [llumina TruSeq Stranded mRNA Library Prep
Kit. Paired-end RNA-seq were performed with Illumina
NextSeq sequencing instrument (Helixio, Clermont-
Ferrand, France). RNA-seq read pairs were mapped to
the reference human GRCh37 genome using the STAR
aligner [32]. All statistical analyses were performed with
the statistics software R (version 3.2.3; available from
https://www.r-project.org) and R packages developed by
BioConductor project (available from https://www.bioco
nductor.org/) [33]. The expression level of each gene was
summarized and normalized using DESeq2 R/Biocon-
ductor package [34]. Differential expression analysis was
performed using DESeq2 pipeline. p values were adjusted
to control the global FDR across all comparisons with the
default option of the DESeq2 package. Genes were con-
sidered differentially expressed if they had an adjusted p
value of 0.05 and a fold change of 1.5. Pathway enrich-
ment analyses were performed using online the curated
gene set collection on the Gene Set Enrichment Analy-
sis software (http://software.broadinstitute.org/gsea/
msigdb/index.jsp) [34, 35].
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Gene expression profiling and statistical analyses

Gene expression data were normalized with the MAS5
algorithm and analyses processed with GenomicS-
cape (http://www.genomicscape.com) [37] the R.2.10.1
and bioconductor version 2.5 programs [33]. Gene Set
Expression Analysis (GSEA) was used to identify genes
and pathways differentially expressed between popula-
tions. Univariate and multivariate analysis of genes prog-
nostic for patients’ survival was performed using the Cox
proportional hazard model. Difference in overall survival
between groups of patients was assayed with a log-rank
test and survival curves plotted using the Kaplan—Meier
method (Maxstat R package) [38].

53BP1 staining-immunofluorescence microscopy

After deposition on slides using a Cytospin centrifuge
(600 r.p.m. for 10 min), cells were fixed with 4% PFA, per-
meabilized with 0.5% Triton in PBS and saturated with 5%
bovine milk in PBS. The rabbit anti-53BP1 (Novus Bio-
logicals—Littleton, CO, USA—NB100304) antibody was
diluted 1/300 in 5% bovine milk in PBS, and deposited on
cytospins for 60 min at room temperature. Slides were
washed twice and anti-rabbit alexa 488-conjugated anti-
body (diluted 1/500 in 5% bovine milk in PBS) was added
for 60 min at room temperature. Slides were washed and
mounted with Vectashield and 1% DAPI. Images and
fluorescence were captured with a ZEISS Axio Imager
Z?2 microscope (X63 objective) (Oberkochen, Germany),
analyzed with Omero (omero.mri.cnrs.fr) server and
Image] software.

Nucleolar proteins staining-immunofluorescence
microscopy

After indicated treatments and deposition on slides as
described above, cells were fixed with 4% PFA for 10 min
at RT, permeabilized with 0.1% Triton in PBS-0.5% BSA
for 10 min, and saturated with PBS-1% BSA for 20 min.
Anti-nucleolin (ab22758, Abcam) and anti-fibrillarin
(ab5821, Abcam) antibodies were diluted 1/200 in satura-
tion buffer, and incubated for 90 min in a humid chamber
at room temperature. Slides were washed 3 times with
PBS-0.01% Tween-20 and anti-rabbit Alexa Texas Red-
conjugated antibody (diluted 1/500 in saturation buffer)
was added for 45 min in a humid chamber at room tem-
perature protected from light. Slides were washed 3 times
(5 min each) as previously, incubated with DAPI (20 pg/
mL in water) for 5 min protected from light, washed 3
times with water, air dried and mounted with ProLong
(Invitrogen). Images and fluorescence were captured
with a ZEISS Axio Imager Z1 microscope (X40 objec-
tive) (Oberkochen, Germany), and analyzed with Omero
(omero.mri.cnrs.fr) server. Quantification of cells with
nucleolin delocalization was visually performed.
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5-Ethynyl uridine (EU) staining-immunofluorescence
mycroscopy

Cells were treated with UNC-0379 3 uM or the vehicle
DMSO (0.0003%) for 24 h. EU (0.2 mM) was added dur-
ing the last 5 min of treatment. Cells were deposited on
slides as described above, fixed with 4% PFA for 10 min at
RT, permeabilized with 0.5% Triton in PBS-0.5% BSA for
10 min, saturated with PBS-1% BSA for 20 min and Click-
it reaction was performed. Briefly, for 10 slides, a mix of
438 pL PBS 1X+15 pL CuSO, (0.1 M)+2.5 uL Azide
AF555+50 pL Vitamine C (100 mM) was prepared by
adding the reagents in the mentioned order. Slides were
incubated in a humid chamber protected from light for
15 min at RT, washed 3 times with PBS-0.01% Tween-
20, and subsequently incubated with DAPI and mounted
as described above. Image acquisition was performed
with a ZEISS Axio Imager Z1 microscope (X40 objec-
tive) (Oberkochen, Germany), and analyzed with Omero
(omero.mri.cnrs.fr) server. Quantification of EU intensity
was performed with CellProfiler” “Human Cell” pipeline.

Immunoblot analysis

Cells washed with phosphate-buffered saline (PBS) were
lysed in SDS buffer and boiled at 94 °C for 5 min. After
measuring protein quantity by Bradford, equal amounts
of protein were resolved by SDS-PAGE, transferred
to a nitrocellulose membrane (Millipore) and probed
with one of the following antibodies: mouse anti-Chk1
(1:1000, abcam), rabbit anti-p21 (1:500, Cell signal-
ing), rabbit anti- p53 (1:1000, Cell Signaling), rabbit
anti-SETD8 (1:1000, Cell Signaling), mouse anti-p-actin
(1:20,000, Sigma), rabbit anti-H2A.X and anti-phospho-
H2A.X-Ser139 (1:1000, Cell signaling), rabbit anti-H4-
K20mel (1:1000 Cell Signaling), and rabbit anti-Histone
H4 (1:1000, Cell Signaling), rabbit anti-tubulin (1:1000,
Cell signaling). Membranes were then incubated with the
appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies. The immunoreactive bands were
detected by chemiluminescence (Pierce).

Drug combination study

The interaction between the drugs tested in vitro was
investigated with a concentration matrix test, in which
increasing concentration of each single drug were
assessed with all possible combinations of the other
drugs. For each combination, the percentage of expected
growing cells in the case of effect independence was cal-
culated according to the Bliss equation (Combes et al.,
2019; Greco et al., 1995):

fuC = fuA - fuB

where fuC is the expected fraction of cells unaffected by
the drug combination in the case of effect independence,
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and fuA and fuB are the fractions of cells unaffected by
treatment A and B, respectively. The difference between
the fraction of living cells in the cytotoxicity test and the
fuC value was considered as an estimation of the interac-
tion effect, with positive values indicating synergism and
negative values antagonism.

Synergy matrix was built with the R package
“SynergyFinder”.

In vitro plasma cell differentiation

Peripheral blood cells from healthy donors were pur-
chased from the French Blood Center (Toulouse,
France) and CD19+ CD27+ MBCs purified (>95%
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purity) using “MBC isolation kit” (Order no. 130-093-
546, Miltenyi) according to manufacturer’s instruc-
tions. Preplasmablasts (prePB), plasmablasts (PB)
and plasma cells (PC) were generated as reported [39,
40], by a 3-step in vitro protocol. At day 7 of differen-
tiation, when PB was the most abundant population in
the culture, UNC-0379 (at 1, 2.5 or 5 puM) or the vehi-
cle DMSO (=mock, at 0.0005%) were added, and cells
were incubated for the next 3 days during their dif-
ferentiation into PC. At the end of this treatment, all
cells were collected, visually counted with Trypan Blue
to asses viability, apoptosis was analyzed as described
above, and PCs (CD38 4+ CD138 + cells) were quantified
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by cytometry. Data are expressed as percentage of
CD38 4+ CD138 + cells compared to the mock sample
(100%).

Results

SETD8 up-regulation in myeloma is associated with a poor

outcome

In order to identify epigenetic factors potentially involved
in MM, we used public Affymetrix microarrays gene
expression data sets to identify which genes encoding
histone-modifying enzymes are differentially expressed
between normal bone marrow plasma cells (BMPCs,
n=22), purified primary MM cells from newly diagnosed
patients (MMCs, n=345) and human myeloma cell lines
(HMCLs, N=42)". As shown in Fig. 1a, significantly
higher levels of mRNAs encoding the histone H4K20
mono-methyltransferase SETD8 were found in HMCLs
compared to BMPCs and MMCs (Fig. 1a). Furthermore,
although we did not observe a statistical difference with
BMPCs, SETD8 mRNA levels appeared heterogeneous
in MMCs (Fig. 1a) ranging from 65 to 63,338 in Affym-
etrix signal. These contrasted SETD8 mRNA levels were
not restrained to a particular MM molecular sub-type
(Additional files 2 and 3: Figure S1A). Immunoblot analy-
sis with a specific SETD8 antibody showed that HMCLs
and some MMCs displayed higher SETDS8 protein lev-
els compared with normal plasma cells (PC) (Fig. 1b).
These higher SETD8 protein levels were independent of
the natural cell-cycle fluctuation of the enzyme [9], as
the levels of the mitotic marker histone H3-S10 phos-
phorylation were relatively similar in all tested samples
(Fig. 1b). SETD8 is known as the unique enzyme respon-
sible for the mono-methylation of histone H4 at lysine
20 (H4K20mel) [8]. Yet, levels of H4K20mel remained
roughly unchanged in HMCLs and MMCs display-
ing higher SETDS8 levels and similar levels of the G2/M
marker histone H3-S10 phosphorylation (Fig. 1b), indi-
cating that SETD8 up-regulation is not accompanied by
a significant increase in the steady state level of histone
H4K20mel in MM.

We next investigated the prognostic value of SETD8
up-regulation in two independent cohorts of previ-
ously untreated MM patients (UAMS-TT2 n=256 and
UAMS-TT3 n=158 cohorts), using Maxstat R algo-
rithm. High SETD8 mRNA levels were predictive of both
shorter event free survival and overall survival in the two
cohorts (Fig. 1c). Consistent with these results, SETD8
mRNA levels were significantly increased in patients
harboring Chrlq21 gain (Additional files 2 and 3: Figure
S1B) or presenting a high gene expression-based prolif-
eration index (GPI) (Additional files 2 and 3: Figure S1C),
molecular features being associated with a poor outcome
in MM patients. However, SETD8 expression did not
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correlate with MMC plasma cell labeling index (PCLI)
in a cohort of 101 newly diagnosed patients (Additional
files 2 and 3: Figure S1D), suggesting that SETDS8 up-reg-
ulation is likely not a hallmark of MMC proliferation sta-
tus. Gene set expression analysis (GSEA) of patients with
high SETD8 expression highlighted a significant enrich-
ment of genes involved in IRF4 targets, MYC-MAX tar-
gets, MAPK pathway and DNA repair (Additional files
2 and 3: Figure S2, p<0.001), suggesting that SETD8 up-
regulation correlates with changes in signaling pathways
involved in MM pathophysiology. Furthermore, SETD8
expression is significantly higher in MM cells from
relapsed patients compared to newly diagnosed patients,
underlining a potential role of SETDS8 in drug resistance
(Additional files 2 and 3: Figure S3). Altogether, these
data reveal that the epigenetic enzyme SETDS8 is overex-
pressed in myeloma and this up-regulation is associated
with a poor outcome and deregulation of major signaling
pathways in MM patients.

UNC-0379-mediated SETD8 inhibition leads to cell-cycle
defects and apoptosis in MMCs
To determine the biological significance of SETD8 up-
regulation in MM pathophysiology, the effects of the
small-molecule SETD8 inhibitor UNC-0379 were exam-
ined in eight different HMCLs representative of the
disease. UNC-0379 is a well-characterized substrate-
competitive inhibitor selective for SETD8 [15, 18, 42].
As shown in Fig. 2a, UNC-0379 treatment was sufficient
to inhibit the growth of all HMCLs in a dose dependent
manner with an average half maximal inhibitory con-
centration (ICj)) ranging from 1.25 to 6.3 uM (Fig. 2a).
To determine the molecular mechanisms of this HMCL
growth inhibition, the effects of UNC-0379 treatment
on SETD8 activity, cell proliferation and survival were
examined using immunoblot and flow cytometry assays
in XG7 and XG25 MM cell lines, which displayed simi-
lar IC;, values for UNC-0379. Analysis of whole cell
extracts after 24 h of treatment showed a strong decrease
in H4K20mel, thereby demonstrating the rapid and effi-
cient inhibition of SETDS8 activity (Additional files 2 and
3: Figure S4A). In the following hours, this SETDS8 inhi-
bition was associated with cell-cycle defects, as shown
in both cell lines by an accumulation in G1 phase and a
decrease in DNA replication (S) phase 48 h after treat-
ment (Fig. 2b and Additional files 2 and 3: Figure S4B). At
later time points, these cell cycle defects were followed by
the activation of apoptosis, as measured by the appear-
ance of 33% and 26% of annexin-V positive cells in XG7
and XG25 cell lines respectively (Fig. 2b and Additional
files 2 and 3: Figure S4C).

To demonstrate that SETD8 is indeed required for
growth and viability of malignant plasma cells, bone
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marrow (BM) cells isolated from two healthy donors and
from eight MM patients were cultured with recombinant
interleukin 6 in presence or not of UNC-0379. Four days
after treatment, the percentage of plasma cells was meas-
ured by flow cytometry after staining with anti-CD138
and anti-CD38 antibodies. As shown in Fig. 2¢, the via-
bility of normal mature plasma cells remained roughly
unaffected by UNC-0379 treatment except at the high-
est dose for one donor. In contrast, the median number
of malignant plasma cells in MM patient samples was
decreased in a dose-dependent manner with 50% and
63% of reduction with 2.5 pM and 5 pM of UNC-0379
respectively (p=0.001 and p<0.0001; N=8), whereas
non-tumoral CD138-negative BM cells displayed less
sensitivity, like normal plasma cells (Fig. 2d). Consist-
ent with a cytotoxicity of UNC-0379 preferentially in
malignant plasma cells, normal plasma cells generated
in vitro by differentiation of memory B cells remained
largely unaffected by SETDS8 inhibitor, even at high doses
(Additional files 2 and 3: figure S5). In the perspective
of potential preclinical studies with SETD8 inhibitors,
primary 5T33vv murine MM models [25] were also
treated with growing concentrations of UNC-0379 for
24 hours before cell viability analysis. As observed with
human primary MM cells, UNC-0379 treatment results
in a significant reduction of 5T33vv viability in a dose
dependent manner (Additional files 2 and 3: Figure S6).
Altogether, these results indicate that malignant plasma
cells are particularly addicted to SETD8 activity and that
UNC-0379 treatment is highly toxic to these tumor cells,
leading rapidly to their growth inhibition and death.

SETD8 inhibition impairs MM cell proliferation together
with activation of p53-target gene pathways

SETDS8 has been involved in all nuclear processes that
use DNA as a matrix, including a critical role in the reg-
ulation of gene expression [8]. In order to gain insights
into the mechanisms contributing to SETD8-mediated
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MM cell growth inhibition and death, we performed
transcriptome analysis in XG7 and XG25 HMCLs after
SETDS8 inhibition using RNA sequencing (Fig. 3a). To
identify gene expression alterations caused by SETDS8
inhibition in HMCLs, we isolated total RNAs 18 h after
UNC-0379 treatment or 48 h after shRNA-induced
SETD8 silencing, when H4K20mel decrease had not
yet triggered DNA replication defects [31, 43]. A com-
mon signature of 820 up-regulated genes and 360 down-
regulated genes was found in UNC-0379-treated and
SETD8-depleted cell lines compared to the untreated and
shRNA control cell lines (Fold change>2; FDR <0.05)
(Additional files 2 and 3: Figure S7A and Additional
file 1: Table 1). Gene Set Enrichment Analysis (GSEA)
identified, as the most down-regulated pathways, genes
involved in cell-cycle, stem cells, proliferating plasmab-
lasts and MM proliferating molecular subgroup together
with genes repressed upon loss of the histone H3K27
methyltransferase EZH2 (Figs. 3b and Additional files 2
and 3: Figure S7B). Conversely and consistent with the
presence of a functional p53 in XG7 and XG25 cell lines
[41], a significant positive enrichment was found for p53
target genes, including p21 and GADD45A genes, and
genes overexpressed in mature BMPCs versus plasmab-
lasts (Fig. 3b and Additional files 2 and 3: Figure S7C). A
positive enrichment for genes normally down-regulated
by c-MYC, EZH2, DNA methylation or histone deacety-
lases (HDAC) was also observed (Fig. 3b), which might
suggest some impairment of chromatin silencing path-
ways upon SETDS8 inhibition in MM cells. As shown in
Fig. 3c, immunoblot analysis of UNC-0379-treated XG7
HMCLs confirmed the increased levels of p53 and p21
proteins upon UNC-0379 treatment. However, we did
not observe a significant phosphorylation of the histone
variant H2A X (Fig. 3c), suggesting p53 activation in XG7
MM cells treated with UNC-0379 likely occurs in absence
or low level of DNA damage. Altogether, these data indi-
cate that the cytotoxic effects of SETD8 inhibition in

(See figure on next page.)

Fig. 2 SETDS8 inhibitor UNC-0379 is highly toxic to malignant plasma cells. a Graphical representation of HMCLs viability upon exposure to various
concentrations of UNC-0379. Color scale represents cell viability, from the highest (blue) to the lowest (red) values. The IC50 value of each tested
HMCL is indicated. Data are mean values & standard deviation (SD) of five experiments determined on sextuplet culture wells. b The first bar graph
results from the quantitation of cell cycle distribution of control (untreated) and UNC-0379-treated XG7 and XG25 HMCLs 48 h after treatment.
After short-pulse of BrdU incorporation, cell cycle was analyzed by FACS using DAPI and anti-BrdU antibody. Second bar graph represents the
results from the quantitation of apoptosis in control and UNC-0379-treated XG7 and XG25 HMCLs by flow cytometry with AnnexinV-PE staining at
96 h after UNC-0379 treatment. Data shown are mean values & SD of 4 separate experiments. Statistical analysis was done with a paired t test. (*)
indicates a significant difference compared to control cells using a Wilcoxon test for pairs (p <0.05). ¢ Percentage of normal mature plasma cells
(CD38+CD138+) from two different donors and quantified by FACS after in vitro treatment with increasing concentrations of UNC-0379 or the
vehicle DMSO at the highest concentration (MOCK) for 4 days. Samples were treated and analyzed in duplicates. d Percentage of in vitro cultivated
primary MM cells (CD138 4+ tumor cells) and bone marrow microenvironment (CD138- non-malignant cells) upon increasing concentrations of
UNC-0379 treatment for 4 days. Data shown are mean values of 8 patient samples. *Indicates a significant difference compared to control cells

using a Wilcoxon test for pairs (p < 0.05)
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Fig. 3 Gene expression changes in HMCLs upon genetic or pharmacological inhibition of SETD8. a Diagram of the experimental plan. b Molecular

signatures of UNC-0379 and shSETD8 downregulated (blue bar plot) and up-regulated (red bar plot) genes compared to control were investigated

using GSEA Database (all curated gene sets), and relevant pathways are presented (FDR g value < 0.05). ¢ Immunoblot analysis of indicated proteins
in total lysates from UNC-0379-treated or untreated XG7 HMCL. B-actin and H2A.X were used as loading controls

p53-proficient HMCLs are associated with activation of  The cytotoxicity of UNC-0379 treatment is not dependent

the p53 canonical pathway and a mature non-proliferat-  on p53 in malignant plasma cells

ing plasma cell transcriptional signature. Previous studies showed that UNC-0379-induced cell
death depends on the activation of p53 in neuroblastoma
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cancer models (NB), thereby rending p53-deficient NB
cells more resistant to SETD8 inhibition [41]. To deter-
mine whether the cytotoxic effects of the pharmacologi-
cal inhibition of SEDT8 mediated by UNC-0379 were
also dependent on p53 activation in MM cells, we com-
pared the UNC-0379 response in p53 wild-type HMCLs
(n=7) and p53-deficient HMCLs (n=5) [28, 41] that dis-
played similar SETD8 expression levels (Additional files 2
and 3: figure S8A). Of note, there was no significant cor-
relation between SETD8 and TP53 expression in HMCLs
(Additional files 2 and 3: Figure S8B). Although IC,
values for p53-deficient HMCLs following UNC-0379
treatment were more heterogeneous, we found no statis-
tical difference with the group of p53 wild-type HMCLs

(Fig. 4a). We also observed no statistical difference in the
ICy, values of UNC-0379 according to the expression
levels of p53 in HMCLs, whatever their mutational p53
status (Additional files 2 and 3: Figure S9). Altogether,
these results suggested that the absence of a functional
p53 did not alter significantly the sensitivity of malignant
plasma cells to the pharmacological inhibition of SETD8
activity. To verify this hypothesis, we examined by immu-
noblot and flow cytometry analysis the cytotoxic effects
of UNC-0379 treatment on p53-proficient XG7 HMCL
transduced with high-titer of lentivirus encoding either
a p53 shRNA or an irrelevant control shRNA. Both cell
lines showed relatively similar IC., values for UNC-0379
(3.7 uM in control shRNA and 4.8 pM in p53 shRNA
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expressing cells). Immunoblot analysis confirmed the
efficient p53 depletion in p53 shRNA XG7 HMCL com-
pared to control cells (Fig. 4b). Consistent with results
in Fig. 3c, UNC-0379 treatment led to an up-regulation
of p53 without detectable DNA damage in shRNA con-
trol XG7 cells (Fig. 4b). In contrast, higher levels of DNA
damage and replicative stress were observed in UNC-
0379-treated XG7 cells depleted for p53, as evidenced by
the increased levels of both phosphorylated histone vari-
ant H2A.X and checkpoint protein Chk1 (Fig. 4b) and by
an accumulation of cells in G2/M phase of the cell cycle
(Fig. 4c). Accordingly, an increase in DNA damage and
replicative stress was also observed in XG1 HMCL natu-
rally harboring a mutated inactive p53 (Additional files 2
and 3: Figure S10A). In XG1, as well as in XG7 inactive
for p53, this was followed by changes in cell cycle dis-
tribution (Additional files 2 and 3: Figure S10B) and the
appearance of a high percentage of apoptotic cells (Fig. 4c
and Additional files 2 and 3: Figure S10C). Thus, these
results indicated that UNC-0379-induced cytotoxicity in
MM cells is independent on p53 status and that a high
level of SETD8 likely protects MM cells from DNA dam-
age and excessive replicative stress.

UNC-0379 induces nucleolar stress independently of p53
activation

Nucleolar stress can lead to cell-cycle defects and apopto-
sis with and without p53 [44]. Since SETD8 interacts with
nucleolar proteins and has been involved in the regula-
tion of nucleoli structure and function [45, 46], we asked
whether the cytotoxicity of UNC-0379 treatment might
be related to nucleolar dysfunction independently of p53
activation in myeloma cells. To address this question,
we first examined, by immunofluorescence, the locali-
zation of nucleolar proteins fibrillarin and nucleolin in
control and p53-depleted XG7 cells untreated or treated
with 3 uM of UNC-0379 for 24 h. Whereas the steady-
state levels of nucleolar proteins and the localization of
fibrillarin remained largely unaltered in all experimental
conditions (Additional files 2 and 3: figure S11), a massive
delocalization of the nucleolin pool from nucleoli to the
nucleoplasm was observed in control and p53-depleted
XG7 cells upon UNC-0379 treatment (Fig. 5a). Nucleo-
lin is required for the transcription of ribosome DNA
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(rDNA) and alteration of its nucleolar transcriptional
function can lead to apoptosis in cancer cells [47]. There-
fore, to determine whether nucleolin delocalization upon
UNC-0379 is associated with defective nucleolar tran-
scription, cells were pulsed labeled with 5-Ethynyl Uri-
dine (EU) for 5 min and nascent RNAs incorporating EU
were detected in situ by click chemistry. Consistent with
nucleoli being the sites of the most active RNA synthesis,
short EU pulse labeling resulted in an intense granular
staining specifically in nucleoli of untreated control and
p53-depleted XG7 cells (Fig. 5b). Upon UNC-0379 treat-
ment, this intense nucleolar EU staining was almost abol-
ished in both control and p53 depleted cells, indicating a
strong decrease of rDNA transcription independently of
p53 activation. Taken together, these results show that,
prior to p53 activation, treatment with UNC-0379 leads
to specific nucleolar alterations characterized by massive
nucleolin delocalization and a strong decrease in nucleo-
lar RNA synthesis, thus providing an explanation for the
cytotoxic effects of this SETD8 inhibitory compound on
malignant plasma cells regardless of p53 status.

UNC-0379-mediated inhibition of SETD8 synergizes

with melphalan

The results presented above indicate that the pharmaco-
logical inhibition of SETD8 by UNC-0379 could consti-
tute a promising strategy to improve MM treatment by
genotoxic agents. To gain further insights into this pos-
sibility, we investigated whether SETDS inhibition could
enhance the cytotoxicity of melphalan and overcome
resistance to this alkylating agent widely used in MM
treatment. To this end, we first measured the viability
of XG7 and XG1 cells continuously treated for 4 days
with different concentrations of each compound alone
or in combination. The synergy score of each combina-
tion dose was then evaluated using the Bliss model. As
shown in Fig. 6a, b, we observed a significant synergism
of the combination compared to the individual treat-
ments in XG7 cell line and, to a lesser extent, in XG1 for
the highest melphalan doses (Fig. 6a, b). Importantly, the
higher sensitivity to melphalan was also observed in XG7
cells depleted for SETDS8 after lentiviral ShARNA expres-
sion (Additional files 2 and 3: figure S12A-C) and, con-
sistent with results in Fig. 4c, XG7 cells depleted for p53

(See figure on next page.)

Fig. 5 UNC-0379 treatment causes similar nucleolar alterations in wild-type and p53 depleted-myeloma cells. a Immunofluorescence microscopy
of nucleolin localization and DNA (DAPI staining) in XG7 cells depleted or not for p53 and treated with 3 uM of UNC-0379 or the vehicle DMSO
(mock) for 24 h. Scale bar: 10 um. Visual quantification of percentage of cells with nucleolin diffusion out of the nucleolus. A minimum of 300 cells
were quantified per condition. N= 3. Statistical significance between conditions was assessed using Student paired t test (*p value <0.05, **p

value <0.01, ns: not significative). b Analysis of RNA synthesis by 5 min 5-Ethynyl Uridine (EU) pulse-labeling in XG7 cells depleted or not for p53 and
treated with 3 uM of UNC-0379 or the vehicle DMSO (mock) for 24 h. Scale bar: 10 um. EU intensity was quantified using CellProfiler ‘Human cell”
pipeline. A minimum of 200 cells were quantified per condition. Graph shows the quantification of one representative experiment of 3
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displayed a similar sensitivity to the combination than
the shRNA-control XG7 cells (Additional files 2 and 3:
Figure S12D). These data demonstrate that the lethal syn-
ergy between UNC-0379 and melphalan is indeed related
to SETD8 inhibition and does not depend on p53 activa-
tion. As shown in Fig. 6¢, the lethality induced by the co-
treatment of melphalan and UNC-0379 was preceded by
high levels of DNA breaks, as measured by the significant
increase in the number of DNA damage-induced 53BP1
foci in combined versus single agent therapy, in both XG7
and XG1 cell lines. This was also observed in melphalan-
resistant XG7 clones [29] (Fig. 6d), which coincided with
higher levels of yH2AX signal upon melphalan/UNC-
0379 combination (Additional files 2 and 3: Figure S13).
At later time points, we observed a significant increase
in apoptotic cell death as measured by annexin V stain-
ing (Fig. 6e). Altogether, these results indicate that UNC-
0379-mediated SETD8 inhibition enhances the cytotoxic
effects of melphalan in MM cells in a p53 independent
manner. This demonstrates the potential therapeutic
interest to target SETD8-mediated lysine methylation in
MM regardless of p53 status (Fig. 7).

Discussion

This study unveils for the first time a role of the histone
H4K20 mono-methyltransferase SETD8 in MM patho-
physiology. We have shown that elevated levels of SETD8
are associated with a poor prognosis and correlate with
the deregulation of regulatory nodes involved in MM,
including IRF4, MYC/MAX, MAPK and DNA repair
pathways (Fig. 1 and Additional files 2 and 3: Figure S2).
Moreover, patients displaying higher SETD8 expression
are associated with specific molecular features, such as
increased copy of Chrlq2l or a high GPI index (Addi-
tional files 2 and 3: Figure S1). Consistent with this,
primary MM cells are particularly addicted to SETD8
activity and the recently developed small-molecule
inhibitor of SETD8, UNC-0379, demonstrated a higher
toxicity in MM cells compared to normal cells from the
bone marrow microenvironment and normal plasma

Page 13 0f 18

cells (Fig. 2). From a mechanistic point of view, our RNA-
seq results show that genetic or pharmacological inhibi-
tion of SETD8 in MM cell lines results in the activation
of a mature non-proliferating plasma cell signature and
of the p53 canonical pathway (Fig. 3). However, UNC-
0379-induced cytotoxicity does not necessarily require
p53 activation as p53 wild-type and deficient MM cells
display similar sensitivity to SETDS8 inhibition (Figs. 3
and 4). Indeed, we provide evidence that UNC-0379 is
an inhibitor of nucleolar RNA synthesis independently of
p53 activation (Fig. 5). Finally, we have shown that UNC-
0379 treatment leads to a significant lethal synergy with
the DNA-damaging agent melphalan and can overcome
the resistance associated with this cytotoxic drug in both
p53 wild-type and deficient MM cells (Fig. 6). Altogether,
these results provide evidence for SETD8 inhibition as
a potential novel therapeutic strategy in MM indepen-
dently from the mutational p53 status of these tumors
(Fig. 7).

An up-regulation of SETDS is not specific to MM, as it
has also been observed in different types of solid tumors
[11], such as papillary thyroid cancer [16], breast carci-
noma [14, 48], and childhood tumors of the nervous
system [15, 18]. However, the mechanisms that contrib-
ute to elevated levels of SETDS8 in cancer still remained
unclear. In neuroblastoma, a higher level of SETD8 could
be due in part to DNA copy-number gains at chr12q24,
the region that encompasses SETD8 encoding gene®.
Another non-exclusive mechanism is related to the
deregulation of oncogenic c-MYC pathway, since SETD8
encoding gene has been found as a transcriptional tar-
get of c-MYC [49] and functionally required to mediate
MYC-induced cell growth [15]. It is widely established
that c-MYC is a key regulator in MM with deregulations
related to translocations, gains and amplification, muta-
tions in RAS genes and MYC transcription or translation
activation [50]. Interestingly, while chr12q24 gains are
not present in myeloma, we identified here a significant
enrichment of c-MYC/MAX target genes in MM patients
characterized by high SETDS8 expression, thereby

(See figure on next page.)

Fig. 6 UNC-0379 treatment sensitizes HMCLs to Melphalan-induced DNA damage. a Dose-response matrix inhibition and landscape
representation for experimentally measured drug synergy in XG7 cells treated with increased concentration of the combination of melphalan

and SETD8 inhibitor (UNC-0379). Synergy scores are displayed using a continuous pseudo-color scale ranging from dark-green = antagonistic to
dark-red = synergistic b Landscape and 3-D matrix representation for experimentally measured drug synergy in XG1 cells. ¢ Number of 53BP1 foci
in XG7 and XG1 HMCLs, treated with melphalan (3 uM), UNC-0379 (3 uM) or the combination of the two drugs for 6 h or 24 h as indicated. Number
of foci per cell was quantified using ImagelJ software (mean number of cells counted: 300). Statistical significance between conditions was assessed
using Student paired t test (*p value < 0.05). d Measure of 53BP1 foci in melphalan-resistant XG7 cells treated with melphalan (15 uM), UNC-0379

(3 uM) or the combination of the two drugs for 24 h. Number of foci per cell was quantified using ImageJ software (mean number of cells counted:
300). Statistical significance between conditions was assessed using Student paired t test (*p value < 0.05). @ Measure of AnnexinV-positive cells

in the same drug concentrations as in D. AnnexinV-PE staining was analyzed by flow cytometry 96 h after drug treatment. Statistical significance
between conditions was assessed using Student paired t test (*p value <0.05)
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Fig. 7 SETD8 inhibition is of therapeutic interest in MM
independently of p53 status and could overcome melphalan
resistance. High SETD8 expression is associated with a poor outcome
in MM and represent a therapeutic target independently of p53
status. In p53 WT patients SETD8 inhibition results in MM cell
cytotoxicity mediated by p53 pathway activation. In p53 deficient
MM cells, SETD8 inhibition increases replicative stress in association
with MM cell death. Furthermore, SETD8 inhibition overcomes
melphalan resistance in MM

supporting a potential role of this oncogenic pathway
in SETD8 deregulation. Furthermore, SETD8 depletion
or inhibition results in up-regulation of genes repressed
upon ¢-MYC expression (Fig. 3c) suggesting that SETD8
might also participate in deregulation of ¢c-MYC func-
tions in MM.

A striking result of our study is that the up-regulation
of SETD8 in malignant plasma cells is not associated with
visible changes in the global levels of the histone H4K20
mono-methylation (H4K20mel), the primary target of
SETD8 [8], although we cannot rule out that some local
changes can occur at specific loci. This result is inde-
pendent from cell-cycle progression, since changes in
the levels of SETD8 do not correlate with cell prolifera-
tion (Fig. 1b and Additional files 2 and 3: Figure S2). One
hypothesis is that the overexpression of the H4K20mel-
specific demethylase PHF8, observed in many cancers
including hematopoietic malignancies [51, 52], could
attenuate the impact of SETD8 up-regulation on his-
tone H4K20 [53]. Nevertheless, H4K20mel is critical in
the maintenance of genome integrity [8] and its decrease
upon UNC-0379 treatment would most likely contribute
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to the cytotoxic effects of this SETD8 inhibitor in mye-
loma cells.

Recent studies have suggested that the role of SETD8
in cancer might also involve the methylation of other
substrates than histone H4. Thus, Takawa et al. pro-
posed that SEDT8 can methylate the proliferating cell
nuclear antigen PCNA and thus favor HeLa cell prolif-
eration [11]; but this result was never further confirmed
in other cell types. Additionally, SETD8 can induce the
mono-methylation of the tumor suppressor p53 at lysine
382 (p53K382mel), which attenuates its pro-apoptotic
and growth arrest functions [12, 18]. Hence, in neuro-
blastoma, inhibition of SETD8 by UNC-0379 leads to
cell death in a p53-dependent manner and p53K382mel
is important for this phenotype [18]. Our RNA-seq and
functional studies in MM cells show that the genetic or
pharmacological inhibition of SETD8 leads to the activa-
tion of p53 conventional pathways, which correlates with
an increased in p53 and p21 protein levels, and cell cycle
arrest followed by cell death. However, in contrast to
neuroblastoma [18], UNC-0379-induced cytotoxicity in
MM cells is not necessarily dependent on p53 activation
and, despite several attempts, we were unable to detect
p53K382mel. Since the appearance of nucleolar stress or
DNA damage is sufficient to activate p53 functions [54,
55] and occurs independently of p53 upon UNC-0379
(Figs. 4 and 5), we propose that the activation of p53
upon SETDS8 inhibition is mainly caused by these stress
signals rather than the potential loss of SETD8-induced
p53 methylation in MM cells. Since nucleolar dysfunc-
tion can lead to apoptosis without p53 [44], the induction
of these cellular stress prior to p53 activation provides an
explanation of the cell-growth inhibition and apoptotic
effects of UNC-0379 in p53-deficient cells. While the
appearance of DNA damage might be related to SETD8
functions in chromatin structure [50], the reasons of
nucleolar alterations upon UNC-0379-mediated SETD8
inhibition remain unclear. Future work will be necessary
to unravel the SETDS8 nucleolar functions, which could
be related to the apparent ability of SETD8 to interact
directly with ribosomal proteins or regulate their expres-
sion [45, 46]. Altogether, our findings are consistent with
a model in which UNC-0379-mediated cell death is trig-
gered by multiple cellular stress signals followed by p53
activation in p53-proficient MM cells and deadly cell-
cycle progression in absence of p53, thereby rending mul-
tiple myeloma sensitive to SEDT8 inhibition whatever
the status of p53.

In spite of effective therapeutic protocols developed
in MM, drug resistance remains a major concern. In
this regard, we report here that high SETD8 expression
is associated with a poor prognosis in patients treated
by high-dose of melphalan and autologous stem cell



Herviou et al. Clin Epigenet (2021) 13:174

transplantation (Fig. 1). SETD8 expression is also signifi-
cantly up-regulated in patients at relapse compared to
newly diagnosed patients (Additional files 2 and 3: Fig-
ure S3). In agreement with this, UNC-0379 treatment
potentiates the cytotoxicity of melphalan and overcomes
melphalan drug resistance in MM cells, underlining the
interest to target SETDS8 to improve the treatment of
MM patients.

Deletion of the short arm of chromosome 17 (del 17p)
is associated with a poor outcome in MM independently
of treatment regimen [56—60]. Interestingly, MM cell tox-
icity mediated by SETD8 inhibitor is mainly p53-inde-
pendent. The frequency of events targeting p53 (del
17p, TP53 mutation or double hits) increases during the
progression of MM and consecutive relapses underlin-
ing a selection of cells harboring TP53 abnormalities in
association with resistance to treatment. TP53 bi-allelic
events are also associated with a dramatic impact on
MM patients’ survival after relapse [61]. Therapies induc-
ing significant toxicity of p53 defective-MM cells are
needed. Our results demonstrate the therapeutic interest
of SETDS8 inhibitor to target p53 deficient MM cells by
increasing replicative stress and DNA breaks. Accord-
ingly, the use of this epigenetic drug in combination with
cytotoxic agents, such as melphalan, could be of clinical
interest, notably in newly diagnosed patients presenting
del17p and/or SETDS8 overexpression and eligible to high
dose melphalan and ASCT (Fig. 6). Thus, SETDS8 inhi-
bition appears of therapeutic interest to overcome drug
resistance and improve the treatment of MM patients at
relapse independently of the p53 status.

Conclusion

Our data reveal that the up-regulation of the histone
H4K20 mono-methyltransferase SETD8 is associated
with a poor prognosis and the deregulation of major
signaling pathways in multiple myeloma patients. The
inhibition of this enzyme leads to deadly cellular stress in
multiple myeloma cells and a lethal synergy was identi-
fied when SETDS inhibition is combined with melphalan
alkylating agent. Altogether, these results demonstrate
that SETDS is a novel epigenetic target in multiple mye-
loma and that its pharmacological inhibition could be
beneficial in high-risk MM patients whatever their p53
status.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-021-01160-z.

Additional file 1: Table 1 Genes regulated by SETD8 in p53wt
myeloma cell lines. Differential expression analysis was performed using
DESeq_? pipeline. p values were adjusted to control the global FDR across
all comparisons with the default option of the DESeq2 package. Genes
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were considered differentially expressed if they had an adjusted p value of
0.05 and a fold change of 1.5.

Additional file 2. Legends of supplementary Figures.

Additional file 3. Supplementary Figure S1: SETD8 expression status

in MM patients (A) Gene expression profiling of MMCs of the patients of
UAMS-TT2 cohort were used. PR: proliferation, LB: low bone disease, MS:
MMSET, HY: hyperdiploid, CD1: Cyclin D1-Cyclin D3, CD2: Cyclin D1-Cyclin
D3, MF: MAF, MY: myeloid. (B) SETD8 expression in 186 patients of the
UAMS-TT2 cohort showing Ch1g21 copy number aberration. (C) SETD8
expression in MMCs (patients at diagnosis) presenting low, medium or
high gene expression-based proliferation index (GPI). (D) Correlation
between SETD8 expression and malignant plasma cell labeling index.
Plasma cell labeling index was investigated using BrdU incorpora-

tion and flow cytometry in 101 patients at diagnosis. Supplementary
Figure S2: Gene Signature of MM patients with high SETD8 expression.
GSEA enrichment plots with the absolute enrichment p value and the
normalized enrichment score of the gene set. Supplementary Figure
S3: SETD8 is more expressed in patients at relapse compared to diagnosis.
Boxplot showing SETD8 expression in MM cells of patients at relapse
(n=47) compared to diagnosis (n=205). Supplementary Figure S4:
UNC-0379 inhibits SETD8 and affects MM cells survival and cell cycle. (A)
Immunoblot analysis of SETD8, Histone H4 and H4K20me1 protein levels
in XG7 and XG25 cells untreated or treated with 3 uM of UNC-0379 for 24
hours. (B) Quantitation of cell-cycle distribution of control (untreated) and
UNC-0379-treated XG7 and XG25 HMCLs 48 hours after treatment. After
short-pulse of BrdU incorporation, cell-cycle was analyzed by FACS using
DAPI and anti-BrdU antibody. (C) Quantitation of apoptosis in control

and UNC-0379-treated XG7 and XG25 HMCLs by flow cytometry with
AnnexinV-PE staining and 96h after UNC-0379 treatment. Data shown are
mean values £ SD of 4 separate experiments. Statistical analysis was done
with a paired t-test. (*) indicates a significant difference compared to con-
trol cells using a Wilcoxon test for pairs (P < 0.05). Supplementary Figure
S5: UNC-0379 treatment did not affect in vitro differentiation of human
memory B cells. In vitro differentiation of memory B cells into plasma cells
from 2 different donors. Cells were treated at Day 7 with UNC-0379 at the
indicated concentrations and analyzed at Day 10. (A) Total cell number
was visually quantified. Dead cells were visualized by trypan blue staining
and viability was calculated as the ratio of living cells vs total cells. Annexin
V+ cells were quantified by FACS. (B) Percentage of each population at
day 10 (MBC: memory B cells, PrePB: preplasmablasts, PB: plasmablasts,
PC: plasma cells). Mock is treated with the same percentage of DMSO as

5 UM sample. Supplementary Figure S6: UNC-0379 affects murine MM
cells viability. Measure of viability and apoptosis in primary murine 5T3vv
cellular models untreated (cnt) or treated with growing concentrations
(from 2.5 to 40 uM) of UNC0379 for 24 hours. Supplementary Figure S7:
UNC-0379 treatment deregulates gene expression in HMCLs. (A) Heatmap
of RNA-sequencing rlog expression data. Genes deregulated by UNC-0379
and shSETD8 in XG7 and XG25 HMCLs are represented. Expression scale
shows low expression levels in blue and high expression levels in red. (B)
Bar-plot representing the fold expression (UNC-0379 condition over con-
trol) of genes related to Fig 1B chart pathways. (C) Bar-plot representing
the fold expression (UNC-0379 condition over control) of genes related

to Fig 1B chart pathways. Supplementary Figure S8: SETDS8 expres-

sion correlation with p53 expression or status. (A) Comparison of SETD8
expression according to HMCLs TP53 status. (B) Correlation between

TP53 and SETD8 expression in HMCLs. TP53 and SETD8 expression was
obtained from Affymetrix microarrays data previously published. Sup-
plementary Figure S9: Correlation between TP53 expression and drug
response to UNC-0379 in HMCLs. IC50 was determined using CTG-based
growth assay, TP53 expression was obtained from Affymetrix microar-

rays data previously published. Supplementary Figure S10: UNC-0379
induces genomic instability in XG1 p53-mutant cell line. (A) Immunoblot
analysis of indicated proteins in total lysates from UNC-0379-treated (5uM)
or untreated XG1 HMCL. B-actin and H2A X were used as loading controls.
(B) Cell cycle of control and 48h UNC-0379-treated (5puM) XG1 HMCL was
analyzed by flow cytometry using DAPI, BrdU incorporation and labelling
with an anti-BrdU antibody. Results are representative of three independ-
ent experiments. * indicates a significant difference compared to control
cells using a Wilcoxon test for pairs (P < 0.05). (C) Apoptosis induction was
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investigated using AnnexinV-PE staining by flow cytometry. Supple-
mentary Figure S11: UNC-0379 did not alter the steady states levels of
nucleolar proteins and the nucleolar localization of fibrillarin. (A) immuno-
blot analysis of indicated proteins in shRNA control and p53-depleted XG7
cells treated with the vehicle DMSO or 3 uM of UNC-0379 for 24 hours.
Ponceau staining is used as loading control (B) immunofluorescence
microscopy of fibrillarin localization and DNA (DAPI staining) in XG7 cells
depleted or not for p53 at low and higher magnitude as indicated. Scale
bar: 10 uM. Supplementary Figure S12: The lethal synergy between
UNC-0379 and melphalan is caused by SETD8 inhibition but does not
depend on p53 activation. (A) immunoblot analysis of SETD8 and tubulin
protein levels in total lysates of XG7 cells expressing a doxycycline-induc-
ible shRNA targeting SETD8 mRNA and treated or not with doxycycline
(Tpg/ml) for 4 days. (B) The graph shows one representative from 3 inde-
pendent experiments. Cell proliferation analysis was performed by CTG, 4
days after co-treatment with Doxycycline (1ug/ml) to silence SETD8 and
various concentrations of melphalan as indicated. (C) IC50 values from

3 independent experiments performed as in (B). p-value = 0.0196. (D)
Measure by flow cytometry of apoptosis induction (AnnexinV-PE staining)
in XG7-shControl and XG7-shTP53 HMCLs after 96h of treatment with
Melphalan (5puM), UNC-0379-treated (3uM) or the combination of the
two drugs. Supplementary Figure S13: Immunoblot analysis of histone
H2AX and its phosphorylated form yH2A.X (marker of DNA damage) in
total lysates from melphalan-resistant XG7 HMCLs. Cells were treated with
melphalan (5puM), UNC-0379-treated (3uM) or the combination of the two
drugs for 24h. 3-actin was used as loading control.
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