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Resensitising proteasome inhibitor-
resistant myeloma with sphingosine
kinase 2 inhibition

Abstract

The introduction of the proteasome inhibitor bortezomib into treatment regimens for myeloma has led to substantial improvement
in patient survival. However, whilst bortezomib elicits initial responses in many myeloma patients, this haematological malignancy
remains incurable due to the development of acquired bortezomib resistance. With other patients presenting with disease that is
intrinsically bortezomib resistant, it is clear that new therapeutic approaches are desperately required to target bortezomib-resistant
myeloma. We have previously shown that targeting sphingolipid metabolism with the sphingosine kinase 2 (SK2) inhibitor K145 in
combination with bortezomib induces synergistic death of bortezomib-naive myeloma. In the current study, we have demonstrated that
targeting sphingolipid metabolism with K145 synergises with bortezomib and effectively resensitises bortezomib-resistant myeloma
to this proteasome inhibitor. Notably, these effects were dependent on enhanced activation of the unfolded protein response, and
were observed in numerous separate myeloma models that appear to have different mechanisms of bortezomib resistance, including
a new bortezomib-resistant myeloma model we describe which possesses a clinically relevant proteasome mutation. Furthermore,
K145 also displayed synergy with the next-generation proteasome inhibitor carfilzomib in bortezomib-resistant and carfilzomib-
resistant myeloma cells. Together, these findings indicate that targeting sphingolipid metabolism via SK2 inhibition may be effective
in combination with a broad spectrum of proteasome inhibitors in the proteasome inhibitor resistant setting, and is an approach worth
clinical exploration.
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Introduction

Myeloma is a haematological malignancy arising from plasma cells [1]. Itis
currently considered incurable, although median survival rates have improved
significantly over the last two decades due largely to the introduction of
bortezomib into treatment regimens [2]. Bortezomib is an inhibitor of
the 26S proteasome, with most potent inhibitory action against the B5
(chymotrypsin-like) subunit, encoded by the PSMB5 gene, although the
other proteasome subunits (81 and $2) are also inhibited to a lesser extent
[3]. While bortezomib causes myeloma cell death through a number of
mechanisms, including changes in the bone marrow microenvironment and
NF-«B modulation, its main mechanism of action is thought to be through
induction of endoplasmic reticulum (ER) stress and the unfolded protein
response (UPR)[4°5].

The ER is responsible for folding and processing over a third of all proteins
produced in the cell, including secreted proteins such as immunoglobulin,
which are produced in large quantities by most myeloma cells [5°6]. Key
to maintaining homeostasis within the ER is a process called ER-associated
degradation, which allows for the degradation of unfolded proteins by the
proteasome [7]. Inhibition of the proteasome by bortezomib leads to excessive
accumulation of unfolded proteins, causing ER stress, which in turn induces
the UPR [6]. The UPR is a complex signalling cascade which is activated by
three ER stress sensing transmembrane proteins located in the ER membrane;
inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER kinase (PERK)
and activating transcription factor 6 (ATF6)[8]. Their activation induces a
raft of cellular changes, including decreased protein translation, expansion of
the ER, and upregulation of proteins such as chaperones which modulate
protein folding, in an effort to restore ER homeostasis [6]. If, however,
homeostasis cannot be restored, the UPR switches to pro-apoptotic signalling,
inducing cell death [6'9]. Due to their high protein load, proteasome
inhibition in myeloma cells causes ER stress which cannot be resolved by the
homeostatic signalling of the UPR, and thus bortezomib induces myeloma
cell death [4].

Unfortunately, not all patients respond to bortezomib, and those that
do inevitably develop acquired bortezomib resistance [10]. The mechanisms
behind bortezomib resistance are diverse and still not fully understood,
with proteasome mutations and upregulation, heat shock protein induction,
autophagy activation, plasma cell de-differentiation, and changes to the
bone marrow microenvironment all potentially playing a role [10]. In order
to combat resistance, second generation proteasome inhibitors, such as
carfilzomib, have been developed [10]. However, whilst carfilzomib has been
shown to be effective in the bortezomib resistant setting, cross-resistance
between proteasome inhibitors has already been observed, suggesting new
therapeutic options are still required [11-13].

Sphingolipids are a family of bioactive lipids which act as both
key membrane components and important signalling molecules, with
modulation of sphingolipid metabolism of increasing interest as a potential
avenue for cancer therapy [14]. In particular, sphingosine kinases are
key targets, as they catalyse the formation of pro-survival sphingosine
1-phosphate (S1P) and decrease levels of pro-apoptotic ceramide and
sphingosine [15]. We have recently shown that inhibition of sphingosine
kinase 2 (SK2) induces myeloma cell death through activation of the UPR,
and that combining SK2 inhibition with bortezomib induces synergistic
cell death, at least in bortezomib-naive myeloma cells [16]. Here, we
examined the potential for SK2 inhibition to be employed in the bortezomib-
resistant setting. We found that mouse and human bortezomib-resistant
myeloma cells are also resistant to carfilzomib, and that SK2 inhibition
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synergises with both bortezomib and carfilzomib to induce cell death via UPR
activation, effectively resensitising these cells to proteasome inhibition. This
combinatorial approach reduced disease burden in a bortezomib-resistant
myeloma mouse model, supporting its further exploration as a treatment
option for bortezomib-resistant myeloma.

Methods
Cell culture

Drug-naive 5TGM1 (5TGM1.wt)[17] and RPMI-8226 (8226.wt) cells
were cultured as previously described [16]. Bortezomib-resistant STGM1
(5TGM1.BR) cells were generated by exposing 5STGM1.wt cells to increasing
doses of bortezomib (Selleck Chemicals, Houston, TX), until they could be
cultured in 20nM bortezomib. Bortezomib-resistant RPMI-8226 (8226.BR),
Kas6 (Kas6.BR) and ANBLG (ANBLG.BR) cells, and carfilzomib-resistant
RMPI-8226 (8226.CR) cells were generated previously in a similar manner
[11°18]. 5STGM1.BR cells were routinely cultured in media containing 20nM
bortezomib, 8226.BR, Kas6.BR and ANBLG6.BR in media containing 10nM
bortezomib, and 8226.CR cells in media containing 10nM carfilzomib
(Selleck Chemicals). Cells were removed from proteasome inhibitor for at
least 72h before use in experiments. All human cell lines were authenticated
by short tandem repeat DNA fingerprinting, tested for mycoplasma by PCR
analysis [19], and used within 3 months of resuscitation.

CRISPR knockout

A single-guide RNA targeting ERNI1, sequence 5-
GCAAAGGAAGTGTGCTGCCG-3', was cloned into pLent-U6-
sgRNA-SFFV-Cas9-2A-Puro (Applied Biological Materials, Richmond,
BC, Canada). Lentiviral particles were generated by transfecting HEK293T
cells with pLenti plasmid and packaging plasmids pLP1 (gag/pol), pLP2
(rev) and pVSVG (envelope) using Lipofectamine 2000 (ThermoFisher
Scientific, Waltham, MA). Virus was harvested 48h post transfection and
used to transduce LP1 human myeloma cells that had been treated with
4pg/mL polybrene. Transduced LP1 cells were puromycin selected, and then
single-cell sorted on a MoFlo Astrios Cell Sorter (Beckman Coulter Life
Sciences, Indianapolis, IN). LP1.IRE1XO cells were obtained from a single
clone, and IRE1 knockout validated by Western blotting.

Cell viability analysis

Cell viability was assessed by staining with propidium iodide and either
Annexin-V-FITC for RPMI-8226 cells or Annexin-V-APC for 5TGM1 cells,
with double-negative cells being counted as viable.

Western blotting

Cells were cultured in the given concentration of drug/s for 4h, and then
lysed in 10mM Tris/HCI buffer (pH 7.4) containing 137mM NaCl, 10%
Glycerol, 1% NP40, 10mM B-glycerophosphate, 2mM sodium vanadate,
2mM NaF 10mM sodium pyrophosphate, and cOmplete™ EDTA-free
protease inhibitor (Sigma-Aldrich). Lysates were subjected to SDS-PAGE
with pre-cast 4-20% TGX gels (ThermoFisher), proteins transferred to
nitrocellulose membranes, which were blocked for at least 1h at room
temperature in either 5% skim milk powder in 50mM Tris/HCI buffer (pH
7.4) containing 150mM NaCl and 1% Tween 20 if imaging on a LAS-4000
(GE Healthcare), or Li-Cor PBS Odyssey Blocking Buffer if imaging on an
Odyssey (Li-Cor, Lincoln, NE). Primary antibodies used were ATF4, XBP1,
PSMB5, PSMB6, PSMB7 (Cell Signaling Technology), and 8-actin (Sigma-
Aldrich). Secondary antibodies used were HRP-conjugated goat-anti-rabbit
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and HRP-conjugated goat-anti-mouse (ThermoFisher), and goat-anti-rabbit
IR and goat-anti-mouse IR 680RD (Li-Cor).

Proteasome activity assay

Proteasome activity was determined in cell lysates using the Abcam
proteasome activity kit according to the manufacturer’s instructions, with
350/460nm fluorescence filters. MG-132 was used as a control, and all
results were normalised to protein levels and maximal proteasome inhibition
observed with 500nM bortezomib.

RNA sequencing and analysis

RNA was extracted from (>80% viable) cells using a Qiagen RNeasy
extraction kit. Drug resistant cell lines were given a 7-day break from drug
exposure prior to sequencing. PolyA+ enriched RNAseq libraries from three
biological replicates for each cell line were multiplexed and sequenced on
the Illumina NextSeq 500 platform. Raw data, averaging 83 and 57 million
reads per sample for 5TGM1 and RPMI-8226 samples, respectively, were
analysed and quality checked using the FASTQC program (http://www.
bioinformatics.babraham.ac.uk/ projects/fastqc). Reads were mapped against
the mouse (mm10) and human (hgl9) reference genomes for 5TGM1 and
RPMI-8226 cells respectively using the STAR spliced alignment algorithm
[20] (version2.5.3a for 5TGM1 cells and version2.7.2c for RPMI-8226
cells with default parameters and —chimSeqmentMin 20, —quantMode
GeneCounts) returning an average unique alignment rate of 78% and 89%.
Differential expression analysis was evaluated from the TMM normalised
gene counts using R (version 3.2.3) and edgeR (version 3.3)[21] following
protocols as described [22] using a false discovery rate<0.01 and log,fold
change>1. Alignments were visualised and interrogated using the Integrative
Genomics Viewer v2.3.80[23]. Mutation detection was conducted by
amalgamating replicate RNAseq alignment files for each group and using the
resultant merged files as input for the freebayes variant detection algorithm
[24] (version 1.0.2 for 5TGM1 cells and version 1.2.0 for RPMI-8226 cells).
Gene-set enrichment analysis (GSEA v4.0.3) was used to look for coordinate
expression of differential expression analysis results to groups of genes in
the Molecular Signatures Database (MSigDB v7.1) C2 collection [25°26].
Genes were ranked for the GSEA analysis (GSEAPreranked) by calculating
the “directional” negative log FDR (sign of fold change * -logl0(FDR)). The
RNA sequencing data has been deposited in the Gene Expression Omnibus
database (accession number GSE144249).

Sphingolipidomics

5TGM1.BR cells (1 x 10%/ml) were cultured in standard media with
5% FBS with K145, or vehicle, for 6h. Cells were centrifuged, and cell
pellets analysed by LC-MS, as previously described [27], with sphingolipids
quantified relative to internal standards.

Animal studies

Seven-week-old female NOD/SCID/IL-2Ry =~ (NSG) mice were
injected with 2 x 10° 5TGMI1.BR cells via the tail vein, and disease was
allowed to establish for two weeks. Mice were then divided into four groups
of six mice; vehicle control, bortezomib alone, K145 (3-(2-amino-ethyl)-
5-[3-(4-butoxyl-phenyl)-propylidene]-thiazolidine-2,4-dione [28]; Medkoo,
Morrisville, NC) alone, or dual treatment with bortezomib and K145. Mice
were treated with 20mg/kg K145 or vehicle (2% DMSO, 20% PEG, 78%
saline) six days a week. This was the previously determined maximum
tolerated dose of K145°, but even with this the last two doses were reduced
to 15mg/kg to minimise weight loss. Mice were also treated with 0.5mg/kg
bortezomib or vehicle (0.5% DMSQO, 99.5% saline) three times a week. Both

treatments were administered i.p. over 17 days. Bioluminescence imaging
was performed after injection of 100uL of 30mg/mL luciferin using an
IVIS Lumina S5 on days 14 (day before first dose), 21, 28, and 32 (day
after last dose). The studies were approved by the SA Pathology/Central
Adelaide Local Health Network and University of South Australia Animal
Ethics Committees (approval #18/17).

Statistical analysis

Analysis of in vitro ECsy was determined using sigmoidal 4PL regression
in Prism 8.0.1, with other statistical differences assessed using an unpaired
student t-test. Analysis of i7 vitro synergy was conducted using CompuSyn to
generate a combination index, where synergy is indicated by a combination
index of <1. Average in vivo disease burden for each treatment group and
group comparisons after completion of allocated treatments were determined
using a multivariable linear regression model adjusting for differences in
baseline myeloma disease burden. The Kaplan-Meier method and log-rank
test were used to assess differences in the survival functions between groups. A
multivariate Cox proportional hazards regression model was then constructed
to estimate the risk of death based on treatment received, adjusting for
baseline myeloma disease burden. /n vivo statistical analyses were performed
using Stata version 14 (StataCorp, College Station, TX).

Results
Generation and characterisation of bortezomib-resistant myeloma cells

The 5TGM1 cell line is a murine myeloma cell line that can be introduced
in C57BL/KaLwRij mice to generate a syngeneic mouse model of myeloma
which recapitulates many facets of the human disease, making it a powerful
tool for studying myeloma [17°29]. Thus, we sought to adapt this model
in order to study bortezomib resistance. To do so, drug-naive 5TGM1
(5TGM1.wt) cells were exposed to increasing doses of bortezomib until they
could be cultured in 20nM bortezomib without any loss in viability. These
bortezomib-resistant cells were designated 5STGM1.BR, and demonstrated
an approximate 10-fold increase in resistance to bortezomib compared to
5STGM1.wt cells (Figure 1A).

To examine the mechanistic basis for the acquired bortezomib resistance
of the 5STGMI.BR cells, we conducted RNAseq comparing their gene
expression profile to that of 5TGMIl.wt cells. This analysis found 650
genes that were significantly differentially regulated between these cells
(Supplementary Table 1). Gene set enrichment analysis (GSEA) found a
number of altered gene sets in 5STGM1.BR cells compared to 5STGMI1.wt
cells (Supplementary Figure 1). Only a few of these reached a FDR<0.05,
however, and apart from a decrease in ‘programmed cell death’ genes and a
trend towards increased ‘repressed by BCL2’ genes, few identified pathways
revealed insights into the mechanisms driving bortezomib resistance in
5TGM1.BR cells.

Along with GSEA, mutational analysis was conducted on the RNAseq
data, which showed that the 5STGMI1.BR cells possess acquired, homozygous
mutations in seven genes (Supplementary Table 2). Notably, this included
a mutation in PSMB5, the 85 proteasomal subunit, which caused an
alanine to glycine substitution at residue 79. This PSMB5 mutation is
particularly notable given than an Ala—Thr mutation at the same site was
recently discovered clinically in a bortezomib-resistant myeloma patient,
and was found to convey myeloma cell resistance to bortezomib, as well
as next generation proteasome inhibitors such as carfilzomib [30]. Ala79
resides in the bortezomib-binding pocket of PSMB5 (Figure 1B), and
structural modelling of the effect of the glycine mutation is predicted to
reduce hydrophobic interactions between the pocket residues and bortezomib
(Supplementary Figure 2). Therefore, we assessed whether this mutation
altered proteasome function or sensitivity of the proteasome to inhibition
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Figure 1. Characterisation of bortezomib resistant 5STGM1 cells. A) Drug-naive 5TGM1 (5TGM1.wt) and bortezomib-resistant 5TGM1 (5TGM1.BR) cells
were cultured with increasing concentrations of bortezomib for 24h and then assessed for cell viability by flow cytometry using Annexin-V and PI staining.
Bortezomib has an ECsj of <10nM in 5TGM1.wt cells, and 72nM in 5TGM1.BR cells. Data shown represents mean & SD of three independent experiments.
B) Mutational analysis of RNAseq data found a highly penetrant G>C mutation in PSMB5 in 5TGM1.BR cells. This results in an Ala79— Gly substitution in
the bortezomib binding pocket of PSMBS5 (the proteasomal subunit 85). Effects of this mutation were analysed in silico with ICM-Pro (MolSoft, CA) using the
structure of PSMBS5 crystallised with bortezomib (pdb code: 51f3_K), and shown in ribbon view. C) Chymotrypsin-like activity of the proteasome was measured
by cleavage of the fluorescent substrate suc-LLVY-AMC by cell lysates from STGM1.wt and 5TGM1.BR cells. Activity is shown as pmol of suc-LLVY-AMC
cleaved/ g protein/min. Data shown represents mean & SD of three independent experiments. D) Levels of PSMB5, PSMB6 and PSMB7 in 5STGM1.wt
and 5STGM1.BR cells was assessed by Western blot. Numbers below the blots represent quantitation of mean £SD of three independent experiments in
Image Studio normalised to B-actin and then shown as fold increase over control. E) Proteasome activity measured as in (C) with increasing concentrations of
bortezomib. Activity shown as a percent of maximal inhibition normalised to control, and is the mean & SD of three independent experiments. * p < 0.05.
F) Venn diagram showing the overlap in genes up- or downregulated in the 5STGM1.BR and 8226.BR cell lines compared to the drug-naive cell counterparts.

by bortezomib. To do this, we measured the chymotrypsin-like activity of
the proteasome in cell lysates of 5STGM1.wt and 5TGMI1.BR cells. Basal
proteasome activity was similar in both cell types (Figure 1C), despite PSMB5
protein levels being substantially increased in 5STGM1.BR cells, as were other
proteasome subunits PSMBG6 and PSMB7 (Figure 1D). This suggests the
5TGM1.BR cells have increased levels of intact 20S proteasome complex
with each complex likely to have reduced chymotrypsin-like activity due to
the Ala79— Gly mutation in the PSMBS5 subunit. Strikingly, further analysis
showed the chymotrypsin-like activity of the proteasome in the 5TGM1.BR
cells was substantially less sensitive to inhibition by bortezomib (Figure 1E),
providing a clear mechanism to explain the resistance these cells display to
cell death induced by bortezomib.

To compare the resistance mechanisms of the 5TGM1.BR cells to other
experimental models of bortezomib resistance, we analysed human RPMI-

8226 myeloma cells previously made resistant to bortezomib [11], designated
8226.BR. RNAseq to compare expression profiles between 8226.BR and
drug-naive RPMI-8226 (8226.wt) cells was performed, with 2,528 genes
found to be differentially regulated between these cells (Supplementary
Figure 3A and Supplementary Table 3). Gene set enrichment analysis again
found a number of altered pathways (Supplementary Figure 3B,C), with
surprisingly little overlap between gene expression (Figure 1F) or the pathways
altered in 5TGMI1.BR and 8226.BR cells. Mutational analysis of the
8226.BR cells demonstrated that, unlike the STGM1.BR cells, the 8226.BR
cells do not possess PSMB5 mutations (Supplementary Table 4), which
is consistent with previous sequencing data, and findings that proteasome
activity remained sensitive to bortezomib in these cells [31]. Thus, it appears
that, consistent with the heterogenous nature of bortezomib resistance in the
clinic [10], the 5TGM1.BR and 8226.BR cells have different mechanisms
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mediating bortezomib resistance, making them good complimentary models
to examine potential new therapies to overcome this major clinical
problem.

The SK2 inhibitor K145 synergises with bortezomib to kill
bortezomib-resistant myeloma

Our previous studies in bortezomib-naive myeloma cells demonstrated
that the SK2 inhibitor K145 caused apoptotic cell death and induced
synergistic cell death in combination with bortezomib, both iz vitro and in
vivo[16]. To determine if this approach was also valid in the bortezomib-
resistant setting, we examined the effect of K145 on bortezomib-resistant
cells compared to their drug-naive counterparts. Exposure to K145 resulted
in death of all 5TGM1 and RPMI-8226 cells in a dose-dependent manner
(Figure 2A,C). Sphingolipidomic analysis confirmed K145 decreased cellular
S1P and increased sphingosine and ceramide expected from SK2 inhibition
(Supplementary Figure 4). 5TGMI1.BR cells showed a slightly decreased
sensitivity to K145, with the ECs, for K145 approximately double that of the
5TGM1.wt cells (Figure 2A), however this was a modest change compared
to the observed 10-fold change in the ECsy for bortezomib in these cells
(Figure 1A). Interestingly, this modest effect was not consistent between
different cell lines, with the 8226.BR cells slightly more sensitive to K145
than the 8226.wt cells (Figure 2C). A second, less potent but structurally
distinct SK2 inhibitor, ABC294640, also induced death at similar doses in
both drug-naive and bortezomib resistant 5STGM1 and RPMI-8226 cells
(Supplementary Figure 5A,B).

The combination of bortezomib with sub-cytotoxic concentrations of
K145 in both bortezomib-resistant cell lines resulted in robust synergistic
cell death, as indicated by the combination index (CI) scores of <1
(Figure 2B,D). This result was partially mimicked by a second, less
potent SK2 inhibitor ABC294640, which synergised when combined with
bortezomib in STGM1.BR, but not 8226.BR cells (Supplementary Figure
5C,D).

In order to confirm that this effect was broadly applicable in
the bortezomib-resistant setting, K145 alone and in combination with
bortezomib was examined in two additional bortezomib-resistant myeloma
cell lines, ANBLG.BR and Kas6.BR, both of which are significantly more
resistant to bortezomib than their bortezomib-naive counterparts [11°32].
Both of these bortezomib-resistant cell lines had a similar sensitivity to K145
compared to their bortezomib-naive counterparts (Figure 2E,G), and the
combination of K145 and bortezomib caused synergistic cell death in both
cases (Figure 2EH). Effectively, all bortezomib-resistant cells were partially
resensitised to bortezomib by the presence of K145. Furthermore, in addition
to these myeloma cell models of acquired bortezomib resistance, the effects
of K145 was also examined in KMS20 myeloma cells, which are known
to have inherent bortezomib-resistance [33]. K145 induced cell death, and
synergised with bortezomib in KMS20 cells (Figure 21,]), suggesting that the
synergy seen between K145 and bortezomib may be broadly applicable in the
bortezomib-resistant setting.

Bortezomib and K145 induce synergistic UPR activation in
bortezomib-resistant myeloma

Due to their high immunoglobulin production, myeloma cells are known
to have elevated basal levels of ER stress, and thus a basal activation of
the UPR [5]. Bortezomib elicits its anti-myeloma effects at least partially
through further induction of the UPR, resulting in myeloma cell apoptosis
[5°34]. Notably, sphingolipid metabolism is intimately linked to UPR
activation [35], and our previous studies have shown that K145 can also
induce significant increases in UPR activation, at least in bortezomib-naive

myeloma cells [16]. Thus, we examined UPR activation in bortezomib-
resistant myeloma cells in response to bortezomib, K145, or combinations
of the two. To do this, we examined two markers of UPR activation, X-
box binding protein 1s (XBP1s), generated in response to IRE1 activation,
and activating transcription factor 4 (ATF4), produced following activation
of PERK [36]. Both 5TGM1.BR and 8226.BR cells showed a drastically
reduced UPR in response to treatment with bortezomib compared to
their parental cell counterparts (Figure 3A,B). Notably, however, K145
caused effective upregulation of both the IREl and PERK arms of
the UPR in both bortezomib-resistant cell lines (Figure 3C,D). K145
had no effect on proteasome activity, nor bortezomib inhibition of the
proteasome in 5TGMI1.BR cells (Supplementary Figure 6). Together, this
suggests there are likely different modes of UPR activation induced by
K145 compared to bortezomib in the bortezomib-resistant myeloma cell
lines.

Next, we examined the effects of combining K145 with bortezomib on
UPR activation in bortezomib-resistant cells. 5STGM1.BR cells (Figure 3E)
and 8226.BR cells (Figure 3F) were treated with bortezomib and/or K145
at doses that induced minimal UPR activation alone. Strikingly, in both cell
lines, the combination of these low doses of bortezomib and K145 induced a
strong activation of both the IRE1 and PERK arms of the UPR (Figure 3E,F).
This is consistent with the notion that SK2 inhibition induces the UPR via
a different mechanism to bortezomib, and suggests that the synergistic cell
death seen in bortezomib-resistant cells treated with bortezomib and K145
may arise from synergistic UPR activation.

In order to examine the role UPR activation plays in K145-induced
myeloma cell death, we utilised CRISPR-Cas9 to knock out IREI in LP1
cells, generated cells termed LP1.IRE1¥C (Figure 3G). These LP1.IRE1¥C
cells were significantly more resistant to K145 compared to parental LP1
(LP1.wt) cells (Figure 3H), demonstrating that activation of the UPR sensor
IRE1 contributes to the myeloma cell death caused by K145. This supports
the hypothesis that the enhanced UPR activation seen in bortezomib-resistant
cells treated with the combination of K145 and bortezomib contributes to the
synergistic cell death caused by this combination.

K145 synergises with carfilzomib in both carfilzomib and
bortezomib-resistant myeloma

Along with bortezomib-resistant 8226.BR cells, we also examined
8226.CR cells, previously generated to be resistant to the second-generation
proteasome inhibitor carfilzomib [18]. We found 1,636 genes which were
differentially expressed in 8226.CR cells compared to 8226.wt cells by
RNAseq (Supplementary Figure 7A and Supplementary Table 5). As with
the 8226.BR cells, the 8226.CR cells do not possess mutations in PSMB5
(Supplementary Table 6). When comparing the differentially expressed genes
in 8226.BR cells and 8226.CR cells, 916 genes were found to be either
upregulated in both or downregulated in both compared to 8226.wt cells,
with only 26 of these genes also altered in 5STGM1.BR cells (Figure 4A and
Supplementary Table 7). This, along with the gene set enrichment analysis
of genes differentially regulated in 8226.CR cells compared to 8226.wt cells
(Supplementary Figure 7B,C), suggests that, while there is potentially a degree
of overlap, resistance mechanisms between the bortezomib-resistant and
carfilzomib-resistant cells are likely to be different. Indeed, this is supported
by the fact that, unlike bortezomib-resistant cells, the carfilzomib-resistant
cells did not show reduced UPR activation when treated with bortezomib,
carfilzomib or K145 (Figure 4B-D).

It has previously been noted that, whilst carfilzomib can be effective
in the bortezomib resistant setting, there is some cross-resistance between
proteasome inhibitors [11°13°37]. Cross resistance was also observed in the
cell lines we examined; both the 8226.CR and 8226.BR cells were more
resistant to carfilzomib than the 8226.wt cells (Figure 5A), and cross resistance
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Figure 2. K145 induces cell death and synergises with bortezomib in bortezomib-resistant myeloma cell lines. A) 5STGM1.wt and 5TGM1.BR cells were
cultured with increasing concentrations of K145 for 24h and cell viability was then assessed by flow cytometry using Annexin-V and P staining. B) 5TGM1.BR
cells were cultured with increasing concentrations of bortezomib with and without 8uM K145 for 24h and cell viability was then assessed by flow cytometry. C)
8226.wt and 8226.BR cells were cultured with increasing concentrations of K145 for 24h and cell viability was then assessed by flow cytometry. D) 8226.BR
cells were cultured with increasing concentrations of bortezomib with and without 4pM K145 for 24h and cell viability was then assessed by flow cytometry.
E) Kas6.wt and Kas6.BR cells were cultured with increasing concentrations of K145 for 48h and cell viability was then assessed by flow cytometry. F) Kas6.BR
cells were cultured with increasing concentrations of bortezomib with and without 7uM K145 for 48h and cell viability was then assessed by flow cytometry.
G) ANBL6.wt and ANBLG6.BR cells were cultured with increasing concentrations of K145 for 48h and cell viability was then assessed by flow cytometry. H)
ANBLG.BR cells were cultured with increasing concentrations of bortezomib with and without 4pM K145 for 48h and cell viability was then assessed by flow
cytometry. All data shown represents mean &= SD of three independent experiments. I) KMS20 cells were cultured with increasing concentrations of K145
for 48h and cell viability was then assessed by flow cytometry. Data shown is representative of 3 independent experiments. J) KMS20 cells were cultured with
increasing concentrations of bortezomib with and without 8uM K145 for 48h and cell viability was then assessed by flow cytometry. Data shown represents
mean % SD of three independent experiments. Combination index (CI) values were calculated using CompuSyn, where a CI of <1 indicates synergy.



Neoplasia Vol. 24, No. xxx 2022 Resensitising proteasome inhibitor-resistant myeloma with sphingosine kinase 2 inhibition

M.K. Bennettetal. 7

A

C

5TGM1.wt 5TGM1.BR 5TGM1wt | 5TGM1.BR
Bort (nM) 0 10 20 40 60 80 0 10 20 40 60 80 K145((qM) 0 5 10 15|0 5 10 15
XBP1S | e e e e S—— XBP1s [ S =
ATF4 | = S | ATF4 | - ]
B-actin | | B-actin I-————---—vl
8226.wt 8226.BR 8226.wt 8226.BR
Bort (nM) 0 10 20 40 60 80| 0O 10 20 40 60 80 K145(quM)0 5 10 15 20|0 5 10 15 20
LA EY [ ——— | xBP1s[ — —wm— — —|
ATF4 | - e | ATF4 ] - — — - — |
B-actin |- —— — : B-actin |- !
E 5TGM1.BR F 8226.BR
Bort (nM) 0 0 20 20 40 40 Bort(nM) 0 0 20 20 40 40
5uUM K145 - -+ -4 BUMK145 - * -+ -+
XBP1s o — —--.I XBP1s| — -.1__!J
ATF4 - - ATF4 -

B-actin [W=—— — —— ‘|

LP1wt LP1.IRE1KO

IRE1q | s

B-actin

Viability (%)

B-actin |-.-.-‘

Al

LP1.wt LP1.IRE1XO

3 Vehicle
W K145

Figure 3. Unfolded protein response activation in response to bortezomib or K145 treatment differs between drug-naive and bortezomib-resistant myeloma cell
lines, but the combination of bortezomib and K145 still causes synergistic UPR activation in bortezomib-resistant myeloma cells. 5TGM1.wt and 5TGM1.BR
cells (A), and 8226.wt and 8226.BR cells (B) were cultured with increasing concentrations of bortezomib for 4h, and then examined by Western blot for UPR
proteins XBP1s and ATF4. 5STGM1.wt and 5TGMI1.BR cells (C), and 8226.wt and 8226.BR cells (D) were cultured with increasing concentrations of K145
for 4h, and then examined by western blot for UPR proteins XBP1s and ATF4. STGM1.BR cells (E) and 8226.BR (F) were cultured with 0nM, 20nM or
40nM bortezomib, with and without 5uM K145 for 4h, and then examined by Western blot for UPR proteins XBP1s and ATF4. G) Wildtype LP1 cells
(LP1.wt) or LP1 cells with IRE1 knocked out (LP1.IRE1¥?) were examined by Western blot for IRE1 expression. Actin was used as a loading control. All
data shown representative of three independent experiments. H) LP1.wt and LP1.IRE1XO cells were cultured with vehicle or 10uM K145 for 48h, and cell
viability was then assessed by flow cytometry using Annexin-V and PI staining. Data shown is the mean &= SD of three independent experiments. ** p < 0.01.

was also seen in the 5STGMI1.BR cells (Figure 5B). However, sensitivity
to carfilzomib was significantly increased by the addition of sub-cytotoxic
doses of K145, both in bortezomib-resistant (Figure 5C,D) and carfilzomib-
resistant (Figure SE) myeloma cell lines.

Combination of bortezomib and K145 attenuates progression of
bortezomib-resistant myeloma in vivo

Since the combination of bortezomib and K145 in bortezomib-resistant
myeloma cells demonstrated synergism in vitro, we next examined these
effects in vivo. The STGMI1.BR cells were engrafted into the bone marrow
of mice via tail vein injection, and the disease was allowed to establish for
two weeks. Mice were randomised into groups with equal disease burden
(Supplementary Figure 8), then treated for 17 days with bortezomib alone,

K145 alone, or a combination of the two. Disease burden was followed by
bioluminescence imaging, and the mice monitored until they reached their
ethical end point.

Consistent with the bortezomib resistance of this model, bortezomib
alone showed little effect on the myeloma burden (Figure 6A,B), despite
having anti-myeloma effects in vivo at these doses when the 5TGM1.wt
cells were employed [16]. K145 alone also showed only minor effects
(Figure 6). The combination of both bortezomib and K145, however, resulted
in a modest but significant reduction in disease burden compared to the
control, bortezomib alone, and K145 alone (Figure 6B,D). Furthermore,
the combination of bortezomib and K145 also resulted in a modest but
significant survival advantage for mice in this aggressive model, whilst either
treatment alone had no effect (Figure 6C,D).
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Figure 4. Unfolded protein response activation in response to bortezomib
or K145 treatment is the same in wildtype and carfilzomib resistant myeloma
cell lines. A) Venn diagram showing the overlap in genes up or downregulated
in the STGM1.BR, 8226.BR, and 8226.CR cell lines compared to their
drug-naive counterparts from RNAseq analysis. B) 8226.wt, 8226.BR, and
8226.CR cells were cultured with carfilzomib for 4h, and then examined by
Western blot for UPR proteins ATF4 and XBP1s. 8226.wt and 8226.CR
cells were cultured with bortezomib (C) or K145 (D) for 4h, and then
examined by Western blot for UPR proteins ATF4 and XBP1s. Dotted lines
indicate where lanes from the same immunoblot have been spliced together
to aid interpretation. Actin was used as a loading control. Data shown are
representative of three independent experiments.

Discussion

Bortezomib resistance continues to present a major hurdle for the
treatment of myeloma [10]. Whilst the introduction of next generation
proteasome inhibitors such as carfilzomib have shown efficacy in the
bortezomib resistant setting, a level of cross-resistance has also been observed
[11-13]°37]. This was also seen in our study, with both bortezomib-resistant
cell lines demonstrating not only significant resistance to bortezomib, but
also carfilzomib. Furthermore, RNAseq and mutational analysis of the
5TGM1.BR cell line revealed that these cells possess a highly penetrant
mutation in PSMB5 which results in an amino acid substitution in the
bortezomib binding pocket of the 85 subunit of the proteasome. A mutation
at the same residue has recently been discovered in a bortezomib-resistant
patient, and analysis of this mutation revealed it conveyed resistance to
bortezomib and carfilzomib, as well as the newest FDA-approved proteasome
inhibitor ixazomib [30]. Whilst the PSMB5 mutation found in the

5TGM1.BR cells causes a smaller change in the bortezomib binding pocket
than that found in the patient, it is still enough to reduce sensitivity to
bortezomib inhibition, demonstrating that this STGM1.BR model represents
disease that is relevant to the clinic. Furthermore, the cross resistance to
carfilzomib seen in both bortezomib-resistant cell lines demonstrates how
new, non-proteasome targeting therapies are still required for the bortezomib-
resistant setting.

We have previously found that SK2 is a valid target in bortezomib-
naive myeloma, and that inhibition of SK2 by K145 is able to cause
synergistic cell death when combined with bortezomib via UPR activation
[16]. In this current study we demonstrated the significant finding that
this combination remains valid even in the clinically-relevant bortezomib-
resistant setting, and that synergistic cell death still appears to occur via
the UPR despite the fact that these cells show little UPR activation when
treated with bortezomib alone. This, combined with our findings that
K145 had no effect on proteasome activity, nor proteasome inhibition by
bortezomib suggested that SK2 inhibition activates the UPR via a different
mechanism. Although the UPR is classically activated by unfolded proteins,
changes in lipid composition are also known to activate the UPR. This
can occur indirectly, with changes to ER lipid composition resulting in
altered calcium levels or protein trafficking, which increases the unfolded
protein burden in the ER [35°38-41]. However, it has also been found that
changes in lipid composition, specifically increases in saturated lipids, of
which sphingolipids are a major class, are able to activate the ER stress sensors
IRE1 and PERK directly, independent of unfolded protein levels [35°42-44].
More recently it was found that IRE1 possesses an amphipathic helix that
mediates its activation in response to changes in lipid composition of the ER
membrane [45]. Several sphingolipid enzymes, including SK2, are known
to localise to the ER, the site of de novo sphingolipid synthesis, where their
activity, or inhibition, can influence the composition of the ER membrane
[46-48]. Furthermore, a recent study has found that the ER stress sensor
ATFG6 can be directly activated by increased levels of dihydroceramide and
dihydrosphingosine [49], two sphingolipids upstream of SK2 that are known
to be elevated in response to SK2 inhibition [50]. Indeed, our findings
with IRE1 knockout myeloma cells clearly show this arm of the UPR to
be critical for cell death induced by SK2 inhibition with K145. Thus,
K145-induced activation of the UPR through a mechanism independent
of unfolded proteins would explain why bortezomib-resistant myeloma cells
remain more sensitive to UPR activation induced by K145 compared to
bortezomib, where UPR activation is markedly attenuated. Furthermore,
the potential difference in UPR activation mechanisms likely explains why
the combination of K145 and bortezomib still results in a synergistic UPR
activation in the bortezomib-resistant setting.

Our findings of synergism between SK2 inhibition and bortezomib in
5TGMI1.BR cells makes mechanistic sense as these cells possess a clinically
relevant proteasome mutation that we found decreases the sensitivity of the
proteasome to inhibition by bortezomib. Notably, however, these findings
were replicated in multiple other bortezomib-resistant cell lines, including
several that do not possess proteasome mutations [31]. Indeed, the little
concordance in differentially regulated genes or pathways in these cell lines
indicate that they likely have different mechanisms of bortezomib resistance.
Despite this, K145 synergistically enhanced sensitivity to bortezomib in
all bortezomib-resistant myeloma cell lines examined. Furthermore, K145
also synergised with carfilzomib in both the bortezomib-resistant and the
carfilzomib-resistant setting, despite the fact that carfilzomib has a different
active moiety to bortezomib [3]. This suggests that SK2 inhibition may be
effective in combination with any proteasome inhibitor in the proteasome-
inhibitor resistant setting.

In summary, we have shown that the SK2 inhibitor K145 is effective
in resensitising proteasome-inhibitor resistant myeloma to bortezomib
or carfilzomib. This suggests that modulation of sphingolipid signalling
could assist in circumventing proteasome inhibitor resistance in myeloma.



Neoplasia Vol. 24, No. xxx 2022 Resensitising proteasome inhibitor-resistant myeloma with sphingosine kinase 2 inhibition

M.K. Bennettetal. 9

A
O 8226.wt
100 4 38226.BR
— 4 8226.CR
X 80
2 60
=
S 40
>
20
0+ T T T ]
0 20 40 60 80
Carfilzomib (nM)
c .
O Carfilzomib Alone
oo “MLER B Carfilzomib + K145

Viability (%)
3

40+
20-
04 ! li .
0 20 40 60
Carfilzomib (nM)
Cl: 0.644 0.433 0.337
_8226.CR O Carfilzomib Alone
— I Carfilzomib + K145
X 801
2 60
=
S 404
>
gl BN
0- T T T
0 20 40 60
Carfilzomib (nM)
Cl: 0.451 0.575 0.661

B
O 5TGM1.wt
100 # 5TGM1.BR
< 80
2 60
=
8 40
>
20
0+ T T T |
0 20 40 60 80
Carfilzomib (nM)
D .
[ Carfilzomib Alone
8226.BR . .
0 Bl Carfilzomib + K145
< 80
2 601
=
J 404
s
204
0_
0 20 40 60
Carfilzomib (nM)
Cl: 0.828 0.692 0.657

Figure 5. K145 induces cell death and synergises with carfilzomib in bortezomib-resistant and carfilzomib-resistant myeloma cell lines. 8226.wt, 8226.BR
and 8226.CR cells (A), and 5TGM1.wt and 5TGM1.BR (B) were cultured in increasing concentrations of carfilzomib for 24h, and then cell viability was
assessed by flow cytometry using Annexin-V and PI staining. Data shown represents mean =+ SD of three independent experiments. C) STGM1.BR cells were
cultured with increasing concentrations of carfilzomib with or without 8uM K145 for 24h and cell viability was then assessed by flow cytometry. D) 8226.BR
cells were cultured with increasing concentrations of carfilzomib with or without 4uM K145 for 24h and cell viability was then assessed by flow cytometry.
E) 8226.CR cells were cultured with increasing concentrations of carfilzomib with or without 6pM K145 for 24h and cell viability was then assessed by flow
cytometry. Data shown represents mean &= SD of three independent experiments. Combination index (CI) values were calculated using CompuSyn, where a

CI of <1 indicates synergy.

While K145 suffers from dose-limiting toxicity, these findings warrant
development of more potent and pharmacokinetically favourable modulators
of sphingolipid metabolism that could be therapeutic options in the future.
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flux, measured in photons/sec == SEM, of each treatment group after 28
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survival curves for each treatment group from the day of treatment starting.
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