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Abstract

We generated eight multiple myeloma (MM) cell lines resistant to bortezomib (BTZ); five
acquired PSMB5 mutations. In 1,500 patients such mutations were rare clinically. To better
understand disruption of proteasomes on MM viability and drug sensitivity, we systematically
deleted the major proteasome catalytic subunits. MM cells without PSMB5 were viable. Drug
resistant, PSMB5 mutated, cell lines were re-sensitized to BTZ by PSMB5 deletion, implying
PSMB5 mutation is activating in its drug resistance function. In contrast, PSMB6 knockout was
lethal to MM cell lines. Depleting PSMB6 prevented splicing of the major catalytic subunits
PSMB5, PSMB7, PSMB8 and PSMB10, however PSMB6 engineered without splicing function or
catalytic activity, also restored viability, inferring the contribution of PSMB6 to proteasome
structure to be more important than functional activity. Supporting this, BTZ sensitivity was
restored in drug resistant MM cell lines by low level expression of mutated PSMB6 lacking
splicing function. Loss of PSMB8 and PSMB9 was neither lethal nor restored BTZ sensitivity.
Significant co-dependency of PSMB5, PSMB6 and PSMB7 expression was observed. We
demonstrated elevated levels of PSMB6 and 7 but not 8 and 9 in some, but not all, serial patient
samples exposed to proteasome inhibitors. In summary, we show PSMB6 and PSMB?7 but not
PSMBS5 to be essential for MM cell survival, this dependency is structural and that up-regulation
or activating mutation of PSMB5, 6 and 7 confers proteasome inhibitor resistance while depletion
confers sensitivity. These findings support modulation of PSMB5, PSMB6 or PSMB?7 expression
as a new therapeutic strategy.
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Introduction

Multiple myeloma (MM) is a plasma cell malignancy characterized by the accumulation of
plasma cells in the bone marrow (1). Treatment outcomes have improved significantly
following the introduction of the proteasome inhibitors (PI), bortezomib (BTZ), carfilzomib
and ixazomib, into routine clinical practice (2-7). Pls used in combination with other
compounds, such as immunomodulatory drugs (IMiDs) and steroids achieve an initial
response in 90-100% of patients (8-10). Despite the initial response, almost all patients
eventually relapse and become refractory to multiple anti-MM therapies, including Pls (11).

The proteasome complex 26S consists of the 20S proteolytic core and one or two 19S
regulatory complexes, which function as ubiquitin receptors to recognize substrates,
deubiquitinate enzymes and facilitate substrate unfolding and translocation into the 20S
proteasome. The 20S core has three  subunits that catalyze peptide hydrolysis, PSMB5
(B5), PSMB6 (B1) and PSMBY7 (B2), with a chymotrypsin, caspase and trypsin-like activity,
respectively (12). Upon exposure to interferon-y these three subunits are replaced by their
corresponding homologous, the immunoproteasome subunits PSMB8 (B5i), PSMB9 (B1i)
and PSMB10 (B2i), respectively (13). These three constitutive catalytic p-subunits as well
their immuno counterpart are expressed as a proprotein, whose catalytic functions are
protected by a propeptide. These subunits are activated upon removing their propeptide by
autocatalytic processing (14). Bortezomib directly inhibits the functional activity of PSMB5,
PSMB6, PSMB8 and PSMB9 (15). It has long been believed that PSMBS5, and not PSMB6
and PSMB?7, plays an important role in cell viability, since a PSMB5 p.Thr1Ala mutation is
lethal in yeast (16-19). However, subsequent publications demonstrated that significant
inhibition of protein degradation can only be achieved when both, PSMBS5 and either
PSMB6 or PSMBY sites are inhibited (20,21). Furthermore, proteasome inhibitor
cytotoxicity does not correlate with inhibition of chymotrypsin-like sites alone, and the co-
inhibition of either PSMBG6 or PSMBY7 sites are required for PSMB5-specific inhibitors to
achieve maximum cytotoxicity (22).

Recently we employed CRISPR targeting of 19,052 human genes to identify unbiased
targets that contribute to BTZ resistance(23). Of 20 targets conferring drug resistance, the
proteasome regulatory subunit PSMC6 was the only validated gene to reproducibly confer
BTZ resistance in our experimental model. We confirmed that inhibition of the
chymotrypsin-like proteasome activity by BTZ was significantly reduced in cells lacking
PSMC6. We investigated other members of the PSMC group individually (PSMC1 to 5) and
found that deficiency in each of those subunits also imparts bortezomib resistance.

More recently, we have demonstrated an increased incidence of acquired proteasomal
subunit mutations in relapsed MM compared to newly diagnosed disease, underpinning a
potential role of point mutations in the clonal evolution of MM, including mutations in 19S
proteasome subunits in 4% of patients (N=895, IA10 release of the CoMMpass study;
https://themmrf.org).

Furthermore, we functionally characterized four somatic PSMB5 mutations (three of them
affecting the PI-binding pocket) in primary MM cells identified in a patient under prolonged
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proteasome inhibition (24). Nevertheless, PSMB5 mutations are very uncommon even in
relapsed MM. Since subunit mutations appears to explain only a fraction of proteasome
inhibitor resistance seen in patients, we were interested in further exploring the role of
proteasome subunit mutation and its role in BTZ sensitivity and resistance.

Materials and Methods

Cell lines

Eight human multiple myeloma cell lines expressing Cas9 were used in this study:
RPMI-8226, FR4, U266 and JIN3(23), KMS12PE, XG-1, MM1.S and OCI-MY5, which
were obtained from Dr. Leif Bergsagel’s lab (Mayo Clinic, Scottsdale, AZ) from 2014 to
2016. An initial genetic analysis of these lines (copy number variation analysis) established
a baseline, identifying fingerprint (developed by Dr. Leif Bergsagel and Dr. Jonathan Keats,
Translational Genomics Research Institute, Phoenix, AZ). The identity of cell lines was
confirmed using copy number variation analysis each time samples are removed from liquid
nitrogen storage for propagation. All cell lines taken from liquid nitrogen were thawed and
maintained in RPM11640 media, supplemented with 5% of sterile FCS and antibiotics. All
cell lines were maintained for 4 to 8 weeks (less than 20 passages) before starting
experiment and they were tested negative for mycoplasma at the beginning and during the
experiments (using Mycoplasma Detection Kit from Lonza). BTZ resistance was developed
by a stepwise increase in BTZ concentration.

Targeted sequencing

We performed DNA targeted sequencing in 8 multiple myeloma cell lines using
semiconductor-sequencing technology (lonTorrent PGM) as per manufacturer’s protocol
(25). All coding regions of the proteasome subunits were amplified in 200bp amplicons by
multiplex PCR using customized oligos (lon Ampliseq designer). Libraries were templated
and enriched using lonOneTouch2 and lonOneTouch ES automated systems, respectively.
Samples were sequenced using the 318™ chip (ThermoFisher). Raw data was aligned and
indexed in BAM and BAI files using the lonTorrent suite. Variants were called using
lonTorrent Somatic VariantCaller and low stringency settings (ThermoFisher). VCF files
were annotated using a standalone application developed by the Mayo Clinic Bioinformatics
Program called BioR (Biological Annotation Data Repository)(26). Somatic variants with a
Mapping Quality <20, read depth <10X, or found in <1% of reads were removed. To remove
germline mutations, common variants were eliminated based on the minor allele frequencies
(>0.01%) available in one of the following germline variant databases: 1000 Genomes
Project, EXAC and ESP6500, unless present in known CLL/MBL mutation hotspots or in
COSMIC. Finally, variants of significant interest were visually inspected using Integrative
Genomics Viewer (IGV)(27).

SgRNAs construction, lenti-vector packaging and infection

All SQRNAs were synthesized by IDT technology (Coralville, lowa USA 52241). SgRNAs
were cloned into lenti-vector pPCDHPuroCr, as described before (23). SQRNA sequences are
shown in supplemental Data. Packaging plasmids psPAX2 (Addgene plsmid # 12260) and
pMD2.G (Addgene plasmid # 12259) were gifts from Dr. Didier Trono. A modified
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Graham’s calcium-phosphate method was used for packaging lentiviral vectors (28,29).
Briefly, 293T cells were split into 200mm tissue culture dishes (15 ml total volume medium,
no more than 70% confluent before transformation). Transformation was performed 24
hours later. The 2ml calcium phosphate-DNA co-precipitation solution was made with 100
ul 2.5M CaCl2 and plasmid DNA (18.34 ug for pSPAX2, 7.34 ug for pMD2.G and 24.34 ug
for lenti vector), diluted with 1/10 TE, pH 8.0 to the final total volume of 1 ml. Next, one
volume of 2xCa/DNA solution was added to one volume of 2x HEPES. After 1 minute, 1.5
ml of the mixed solution was added to the cell culture medium. The next morning the
medium was changed with 12 ml fresh DMEM medium and 10% FBS. The viruses were
harvested 20 hours after medium change. For infection of MM cell lines, one million cells
were added into 6-well plates with 6 ul polybrene (5 mg/ml), 1.5 ml lenti virus and fresh
medium to the total volume of 3 ml. Four hours later, 3 ml of fresh medium was added. Next
morning the RPMI medium was changed.

Construction of the PSMB5 and PSMB6 mutants

The wild type PSMB5 was engineered to have a synonymous mutation in the SQRNA
targeted region (protospacer adjacent motif sequence CCA was mutated to TCA, which is
required for SQRNA PSMB5CrA CAAGTCCGAAAAACCCGCGC targeting); Two
additional mutationsin PSMB% were introduced (PSMBM1 and PSMB5M2). The PSMB5
mutation 1 has G-1A, T1A, K32A and K33A mutations, resulting in no self-splicing
function or catalytic activity; the PSMB5M2 mutation was similar to mutation 1 but with no
propeptide, resulting in no catalytic activity. We also constructed a lenti-vector expressing
wild type PSMB6 in which the protospacer adjacent motif sequence TGG was mutated to
AGG (CCCGGAGCCTCCAATGGCAA) such that PSMB6 SgRNA 10 cannot target it. In
addition, two versions of mutated PSMB6 (M1 and M2) were constructed. The PSMB6 M1
has a -1G and 1T, which were mutated to —1A and 1A, and a 33K, mutated to 33A. These
mutations were directly synthesized by IDT (Coralville, IOWA 52241 USA) and cloned into
a lentivector.

Western blot

We used a standard a Western Blot technique. Equal amounts of protein were subjected to
SDS-PAGE gels followed by transfer to PVDF membranes. Membranes were probed with
primary antibodies overnight and then washed and incubated with horseradish peroxidase-
conjugated secondary antibodies. Detection was performed by the enhanced chemical
luminescence method. When probing for multiple targets or validating equal amount of
protein load, stripping and re-probing a single membrane were conducted. In the case of
protein reprobed was absent, the same samples were usually re-run to validate the result. HA
antibody (Cat. No. MMS-101P Clone 16B12) was from Covance (Emeryville California
USA 94608). Antibodies against proteasome subunits PSMB5 (Cat. BML-PW8895),
PSMB6 (Cat. BML-PW8140), PSMB7 (Cat. BML-PW8145), PSMB8 (Cat. BML-PW8840),
PSMB9 (Cat. BML-PW8150), PSMB10 (Cat. BML-PW8350) and PSMAL (a.6) (Cat. BML-
PW8100) were purchased from ENZO life science (Farmingdale, NY 11735 USA). PSMB2
(p4) was purchased from Proteintech (Rosemont, 1L 60018, USA).
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Cellular viability of the MM cell lines was determined by the MTT assay (Sigma-Aldrich,
3050 Spruce St.St. Louis, MO 63103) following the manufacturer’s instructions. Briefly,
Seed cells at a concentration of 2 x 104 cells/ well in 90 pl culture medium and 10 ul
medium with drug was added. Incubate cell cultures for 72 h at +37°C and 5% CO,. After
the incubation period, add 10 pl of the MTT labeling reagent (final concentration 0.5 mg/ml)
to each well. Incubate the microplate for 4 h in a humidified atmosphere (37°C, 5% CO).
Add 100 pl of the Solubilization solution into each well. Allow the plate to stand overnight
in the incubator in a humidified atmosphere (37°C, 5% CO5). Check for complete
solubilization of the purple formazan crystals and measure the absorbance of the samples
using a microplate (ELISA) reader. The wavelength to measure absorbance of the formazan
product is 550 nm by the ELISA reader. The reference wavelength is 650 nm. All MTT
assay results were the average of triplicate wells on 96 well plates. STDEV was calculated
by Excel. IC50 was calculated by PRISM software.

MRNA sequencing (MRNA-seq)

Results

MM bone marrow CD138+ cells were harvested and total RNA was prepared using RNeasy
plus using the protocols of the manufacturer (Qiagen, Valencia). mRNA-seq experiments
were performed and analyzed as described previously(30) at the medical genome facility in
Mayo Clinic, Rochester. RNAseq data was processed using Mayo RNA-Seq Bioinformatics
workflow MAP-RSeq(31), including read alignment against human hg19 genome build (by
TopHat v2.0.12) and read count quantification for genes (by featureCount v1.4.4). We
analyzed differential expression of PSMB5, PSMB6, PSMB7, PSMB8, PSMB9 and
PSMB10 between pre- and post BTZ treatment samples. Patient bone marrow samples were
obtained by written informed consent from the patients, that the studies were conducted in
accordance with Declaration of Helsinki and that the studies were approved by Mayo Clinic
Institutional Review Board.

Generation and sequencing of BTZ resistant cell lines

Eight MM cell lines (RPMI-8226, FR4, KMS11, XG-1, MM1S, U266, JJN3 and OCI-MY5)
sensitive to BTZ (IC50 < 5 nM) were selected for relative clonal resistance through stepwise
increases of BTZ concentration (post treatment 1C50 ranging from 13 to 38 nM) (Fig. 1A).
We defined BTZ resistance in cell lines as an 1C50 of resistant cells more than five times
higher than the parental cells. We screened all 49 proteasome subunits (Sup. Table 1) in
these isogenic cell line pairs by targeted sequencing, and found PSMB5 mutations in five of
the eight lines (RPMI-8226R, KMS11R, FR4R, XG-1R and MM1.SR) (Fig. 1A).
Specifically, a p.Met104Val mutation was found in four cell lines (RPMI-8226R, FR4R,
KMS11R and XG-1R), and a p.Thr80Ala in MM1.S. XG-1R also acquired a mutation in
PSMD9 (p.Glu54Lys), a proteasome 19S subunit. No mutations were found in the remaining
3 BTZ resistant cell lines, but in two of them (U266 and JJN3) exhibited higher protein
expression levels of PSMB5 and PSMB6 when compared to parental, drug sensitive, cell
lines (Sup. Fig.1). Therefore, we identified a potential resistance mechanism secondary to
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proteasome subunit mutation or increased proteasome subunit expression in seven out of
eight BTZ resistant cell lines.

PSMB5 depleted cells are viable and confer Bortezomib sensitivity

Since PSMB5 mutations were present in five of eight BTZ resistant cell lines, but rare in
primary patients (see introduction above) we began a deeper analysis by CRISPR depleting
PSMBS5 in the RPMI-8226R cell line (Fig. 1B top) using SQRNAS (Sup. Fig.2). Three
subclones (clone 1.1, 1.2 and 1.3) had no detectable PSMB5 expression, both in denaturing
and native gels (Sup. Fig.2). No significant effect on cell growth was observed in cells
without PSMB5 (Fig. 1B middle). Depleting PSMB5 did however restore BTZ sensitivity
comparable to the parental cell line (Fig.1B bottom of figure). Next, we introduced a new
mutation (p.Alal08Thr)(32-35) deliberately restoring BTZ resistance (Fig. 1C) and
confirming that each of two different identified PSMB5 mutations conferred proteasome
inhibitor resistance. The six most efficient SJRNAs targeting PSMB5 (Sup.Fig.3) were used
for further confirmatory studies in a second PSMB5 mutant, BTX resistant, cell line,
KMS11R, which also remained viable after PSMB5 knock out. Five of the SgRNAs
significantly restored KMS11R sensitivity to BTZ (Sup. Fig.4). PSMB5 was also
successfully depleted in two BTZ sensitive cell lines RPMI-8226 (clone 11.2, 11.4, and 11.8
seen in Sup.Fig.2) and OCI-MY5 cells (Sup.Fig.5). Surprisingly then, and in contrast to
published literature in yeast, removal of PSMBS5 did not reduce viability in four different
MM cell lines, including BTZ resistant and sensitive MM cell lines. Our /n vitro data thus
confirm that PSMB5 mutations confer BTZ resistance, that complete loss in PSMB5
expression is both tolerated and restores BTZ sensitivity and infer that induced PSMB5
mutations are a gain of function or confer stability of expression.

Absence of PSMB6 is lethal in MM

After confirming that PSMB5 knock out was not lethal in MM cell lines (while the mutation
is lethal in yeast) we explored the role of other proteasome subunits on viability and drug
sensitivity. After infection and western blot screening of RPMI-8226, six of 24 guides RNAs
targeting PSMBG6 were selected (Sup.Fig.6). All six SQRNAs efficiently depleted PSMB6
(Fig. 2A) and in contrast to PSMBS5, all of them had a lethal effect (Fig. 2B). While still
viable we then examined the expression of PSMB5, PSMB7, PSMB8, PSMB9 and PSMB10
in the PSMB6 deficient cells, and show that expression and splicing of each of these
proteins, with the exception of PSMB9, was significantly inhibited (Fig. 2A). To exclude
off-target CRISPR effects, we infected RPMI-8226R cells with a lentivirus expressing either
the guide RNA resistant WT PSMB6, two functionally deficient PSMB6 mutants (M1 and
M2) (Fig. 2C) or empty vector (control). After the establishment of stable cell lines
expressing guide resistant PSMB6 WT, M1 and M2, or empty vector we reinfected these
stable cell lines with SGRNA targeting PSMBS, and in this instance successfully rescued the
lethal phenotype (Fig. 2D). Restoration of cell viability correlated with PSMB6 expression,
including the mutated PSMB6 M1 and M2 lacking critical catalytic or splicing function
(Fig. 2E). This experiment was repeated in a second BTZ resistant cell line, KMS11R, and a
similar toxicity of PSMB6 knock out was observed (Sup. Fig.7). To exclude mutation in
PSMBS5 as a confounding factor the toxicity of PSMB6 knock out was also confirmed in a
BTZ sensitive, unmutated OCI-MY5 cell line (Sup. Fig.8).These results demonstrate the
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importance of PSMBS6, highlighting that these human MM cell lines depend on PSMB6
structurally, rather than functionally.

Sensitivity to BTZ is restored by functionally deficient PSMB6 expression

In an attempt to develop MM cell lines that survive after PSMBG6 deletion, we chose BTZ
resistant KMS11R, which has a PSMB5 mutation (p.Met104Val). We selected two SgRNAS
(Cr10 and Cr15) out of six SQRNASs targeting PSMB6 for further cloning (Fig. 3A) and
identified two viable clones (10.3 and 15.2), which expressed significantly lower PSMB6
than the control cells, but sufficient to maintain cell viability. A PSMB6 loss of splicing
function was observed in clone 10.3 (Fig. 3B). Sequencing data revealed that clone 10.3 had
acquired an in-frame deletion with amino acid change in PSMBS, leading to the replacement
of amino acids (160Ala and 161lle) by 160Val (Fig. 3C). Furthermore, clone 15.2 had a
deletion of PSMB6 181Met (Fig. 3C). The amino deletion and low expression of PSMB6
resulted in no significant decline in cell growth potential for clone 15.2, while clone 10.3
had a slower growth rate (Fig. 3D). However, both “PSMB6 low” clones exhibited restored
sensitivity to BTZ (Fig. 3E). This demonstrates that a PSMB5 mutation causing BTZ
resistance is dependent on the natural expression of PSMB6 and that deletion of certain
amino acids resulting in lowering of PSMB6 levels can reverse resistance. This also
highlights that PSMB6 amino acids 160Ala and 161lle play an important role for
appropriate splicing.

Stability of the PSMB5 and PSMB6 proteasome subunits is co-dependent

Since MM cell lines survive without PSMBS5, this raised the question of which proteasome
subunit compensates for the loss of PSMB5. Consequently, we checked the expression of
five other proteasome catalytic subunits (PSMB6, PSMB7, PSMB8, PSMB9 and PSMB10)
and one non-catalytic subunit (PSMB2 as a control) on MM cell lines lacking PSMBS5 (Fig.
4A). After PSMB5 deletion, PSMB6 and PSMB?7 expression levels were significantly lower
than in control cells. No significant change in PSMB8 and PSMB9 expression was observed
in different RPMI-8226 cell subclones, even though PSMB8 was expected to significantly
compensate for the loss of PSMB5, since PSMB8 replaces PSMB5 upon stimulation by
interferon y. PSMB9 was the only protein with a significant influence in maturation
(significant pro-PSMB9 band was observed) by removing pro sequence following PSMB5
deletion. PSMB10 was expressed at higher levels than the control cells.

We ran a native gel to check 20S proteasome protein expression levels (Fig. 4B). PSMB10
was the only protein expressed at higher levels than the control cells. Expression of both
PSMB6 and PSMB7 was lower, while there was no significant change in PSMAL expression
(one of the a subunits used as a control).

The dependence of PSMB6 and PSMB7 expression on PSMB5 prompted us to query the
corollary: is the dependence of PSMB5 and PSMB7 expression based on PSMB6 presence.
The same two clones (10.3 and 15.2) from Fig. 3B expressing a lower level of mutated
PSMB6 were employed. We detected expression of PSMB5 and PSMB?7 in these two clones
but at significantly lower expression than the control cells, with significant amounts of the
proprotein of PSMB5 and PSMB7 appearing, indicating that splicing of these two proteins
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was also significantly inhibited (Fig.4C). Here, we therefore demonstrate that expression of
PSMB5 and PSMB6 is co-dependent and that expression of PSMB?7 is highly dependent on
both PSMB5 and PSMB6.

Stability of PSMB5 and PSMB6 does not require normal functional activity

Next, we addressed if this mutual dependence is based on the proteasome’s catalytic
function or structure. We constructed lenti-vectors expressing PSMB5 WT, M1 and M2 (Fig.
5A). We selected two subclones from SQRNA, PSMBS5 depleted, RPMI-8226 and re-
infected with guide resistant PSMB5 WT, M1 and M2. Unsurprisingly, re-expression of wild
type PSMB?5 restored the expression of PSMB6, PSMB7, PSMB8, PSMB9 and PSMB10 to
the parental cell level (Fig. 5B). PSMB5 M1 was expressed as an un-spliced form, as
expected (Fig. 5B). However, the un-spliced PSMB5 M1 was still able to restore PSMB6,
PSMB7 and PSMB8 expression to parental cell levels. PSMB9 levels were partially
restored, although remaining lower than the control and in its un-spliced form (Fig. 5B).
Expression levels of PSMB5 M2 (without propeptide and lacking catalytic function) were
lower than the WT and M1, and the PSMBS5 deletion phenotype was not rescued (Fig. 5B).
Native gel detection indicated that only a low level of PSMB5 was incorporated into 20S
proteasome (Fig. 5C). This result shows that propeptide of PSMBS5 is important for
expression and incorporation into 20S proteasome. We repeated this experiment infecting
KMS11R cells with WT PSMB6 and functionally deficient mutants. In this case, all PSMB6
variants restored the expression of PSMB5 to parental cell levels and partial rescue was seen
for PSMB7 (Fig. 5D). We found that RPMI-8226 cells lacking PSMB5 had relatively higher
ubiquitinated protein accumulation, but no significant difference was seen between
RPMI-8226 cells without PSMBS5 and the cells rescued by PSMB5 WT, M1 and M2 (Fig.
5E), which indicate that it is no significant influence to the function of human 20S
proteasome without PSMBS5. These results indicate that PSMB5 and PSMB6 expression is
co- dependent but does not require catalytic or splicing functionally of the protein.

PSMB7 depletion is lethal to MM cell lines

Since PSMB?7 expression is highly dependent on the expression of PSMB5 and PSMB6, we
proposed that expression of PSMB5 and PSMB6 would also be highly dependent on
PSMB?7. Nine of 12 PSMB7 SgRNAs (Sup. Table 2) were significantly toxic to the
RPMI-8226R cell line (Fig. 6A), and with one exception correlated to the corresponding
PSMBY7 knock out efficiency (Fig. 6B). As expected, expression of both PSMB5 and
especially PSMB6 were reduced significantly following PSMB7 depletion (Fig. 6C).
PSMBS8 was the only protein among the immunoproteasome subunits with a significant
reduction in its expression. Unlike the PSMB6 knock out, constitutive and
immunoproteasome subunit splicing was not influenced after PSMB7 knockout.

Increased expression levels of PSMB5, 6 and 7 in patients after BTZ treatment

Recently we finished RNA sequencing for 450 MM patients (unpublished data). Among
these, ten patients with paired samples were collected before and after multiple rounds of
chemotherapy treatment (Sup.data). Eight of these had received proteasome inhibitors.
MRNA sequencing results indicated that two (patient one ID: 6496153 and patient two ID:
5493955) of the eight patients has notable and significant increased expression levels of
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PSMBS5, 6 and 7, but not PSMBS8, 9 and 10 (Fig. 7). PSMB5, 6 and 7 from one patient
increased 1.5, 2.0 and 2.0 fold correspondingly in late stage disease compared to pre-
treatment. PSMBS5, 6 and 7 from patient two increased 5.3, 1.9 and 1.7 fold correspondingly
in late stage disease compared to pre-treatment. On the other hand in 6 of the patients an
increase was not observed.

Absence of the immunoproteasome subunits PSMB8 and PSMB9 does not restore
sensitivity to BTZ in MM cell lines

PSMB8 and PSMB9 are also targets of proteasome inhibitors BTZ and carfilzomib. We
designed three SgRNAs for PSMB8 or PSMB9 (Sup.Table 3). We did not observe any
significant correlation in BTZ sensitivity with or without the PSMB8 and PSMB?9 subunits
in human MM cell lines (Sup.Fig.9), indicating that inhibition of the activity of these
immunoproteasome subunits may not overcome BTZ resistance.

Discussion

Our results indicate that alterations in PSMB5 (via mutation or over expression) are the
predominant mechanism for /n vitroinduced BTZ resistance, consistent with previous
reports (32,33,35-37). Depleting PSMB5 in PSMB5 mutant cell lines restored sensitivity to
BTZ and introducing the frequently reported PSMB5 mutation (p.Alal08Thr) into PSMB5
depleted lines restored resistance to BTZ, further establishing PSMB5 mutations as a major
contributor to BTZ resistance in MM cell lines, and consistent with the report by Hess et al.
wherein PSMB5 of K562 cells mutated by CRISPR technology (p.Arg78Asn, p.Ala79Gly,
p.Ala79Thr and p.Alal08Val) but expressing physiological level of PSMB5 developed
resistance to BTZ(38). Different Pl-resistant mechanisms may well exist in MM cell lines,
as in a report by Soriano et al (39), which concluded that Pl-adapted cells were largely
independent of proteasome activity and that resistance was due to metabolic adaptions.

With respect to primary patient samples, in Barrio et al. (24), we reported the first example
of a drug resistant patient with multiple PSMB5 mutations. The same mutation (p.
Met104Val) that appeared in the four cell lines in our analysis was also noted in Barrio’s
report, although mutated to a different amino acid (p.Met104lle, position with pro-sequence
= p.Met45lle without pro-sequence). Two closely located PSMB5 amino acids mutations
(p.Thr80Ala in our study VS p.Ala86Pro and p.Ala79Thr in Barrio’s study) were also
reported by Barrio’s study. The patient in this instance had been treated with multiple
regimens containing BTZ. We would predict that in future deep sequencing studies (as
opposed to exome) of relapsed patients substantially exposed to Pls, a higher frequency of
PSMB5 mutation will be discovered.

Nevertheless, , since PSMB5 mutations are generally uncommon in primary patients
analyzed to date in large sequencing efforts we took a deeper dive into proteasome subunit
deletion employing CRISPR. Our results demonstrate that deletion of PSMB6 and PSMB?7,
but not PSMBS5, is lethal for human MM cell lines. Both BTZ resistant and sensitive human
MM cell lines are able to survive in the absence of PSMBS5. This result changes our
knowledge about the role PSMB5 on human cell survival, at least in the context of malignant
transformation. The yeast PSMB5 homologous gene, pre2, has been reported as an essential
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gene. By mutating pre2, but not pre3 (homologous to the human PSMB6) or pupl
(homologous to PSMBY), yeast growth defects are found (16,17,19,40). This might be
explained by the immunoproteasome subunit PSMB8 (absent in yeast), compensating for the
loss of PSMBS5 in human cells. Our result in MM cells is in contrast to the findings reported
by Hirano et al (41), in which depleting PSMBS5 led to cytotoxicity in 293 cell lines, which
could reflect off-target activity of ShRNA or alternatively that non transformed 293 cells are,
in contrast to transformed malignant cells dependent on PSMBS5.

Our results demonstrate that expression of the three constitutive proteasome subunits
PSMB5, PSMB6 and PSMB?7 is highly co-dependent. This dependence is reliant on the
structure, but not the function, of PSMB5 and PSMB6. PSMB6 plays an essential role in the
20S proteasome biogenesis. In the absence of PSMB6, the splicing of all other proteasome
catalytic subunits, with the exception of PSMBY, is inhibited, indicating that these subunits
cannot be incorporated into the 20S core without PSMB6 expression. This phenotype was
not observed by deletion of PSMB5 and PSMB7. Our current knowledge of the
incorporation of B-subunits is mostly derived from ShRNA knock down in a single B-subunit
experiment (41). In that study, the authors proposed that addition of B subunits to the a ring
occurred in an orderly manner, starting from p2 (PSMB?7), followed by B3, B4, p5 (PSMB5),
B6, p1 (PSMB6), and finally B7. However, our results highlight that PSMB6 plays a central
role in the incorporation of B-subunits. Therefore, we propose a new model for constitutive
proteasome assembly (Sup. Fig. 10) wherein PSMBS is the first subunit to add to a ring,
PSMBY is added to the a ring immediately after PSMB6 (or same time with PSMB6),
PSMBS5 and other proteasome subunits are incorporated into the 20S proteasome later (we
did not delete non-catalytic  subunit in this study, so the order of addition of non-catalytic p
needs future study), since MM cell lines cannot survive without PSMB6 and PSMB?7, but
can survive without PSMB5.

Immunoproteasome subunits PSMB9 and PSMB10 have been reported as mutually required
for incorporation into the 20S proteasome core, independently of PSMB8 (42). In a separate
study, Griffin et al (43) reported that PSMB10 requires PSMB9 for efficient incorporation
into preproteasomes and preproteasomes containing PSMB9 and 10 require PSMB8 for
efficient maturation. The authors proposed a cooperative model for proteasome assembly,
with one major pathway leading to immunoproteasomes containing all three IFN--y-
inducible catalytic  subunits (PSMB8, PSMB9 and PSMB10), another major pathway
leading to constitutive proteasomes containing all three constitutive catalytic § subunits
(PSMB5, PSMB6 and PSMBY7), and a minor pathway possibly leading to mixed catalytic
subunits. Our results demonstrate the existence of the pathway leading to the constitutive
proteasome assembly. Our results also indicate a crosstalk between the two main pathways,
since splicing of the PSMB9 was inhibited without expression of PSMB5 and splicing of
PSMB8 and PSMB10 was inhibited by depletion of PSMB6.

Both, BTZ and carfilzomib target the constitutive proteasome and the immunoproteasome
indiscriminately. It has been speculated that adverse events attributed to Pls, such as
peripheral neuropathy and gastrointestinal effects, might be caused by targeting of the
constitutive proteasome. Thus, developing immunoproteasome specific drugs was proposed
as a new strategy for MM therapy (44-46). However, our results show that depletion of the
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immunoproteasome subunits PSMB8 and PSMB9 was non-relevant to BTZ resistance,
showing no influence on the growth of multiple MM cell lines. Mice completely lacking
immunoproteasome subunits (PSMB8, PSMB9 and PSMB10) are viable, fertile and
appeared healthy, only displaying major alterations in antigen presentation (47). However
despite this promising therapeutic index, our studies suggest that targeting the
immunoproteasome in MM might not represent an ideal therapeutic strategy.

We analyzed ten patients with paired bone marrow samples collected before treatment and in
later stage post treatment disease by mRNA sequencing. Eight of these patients were treated
with multiple drugs including BTZ and developed multiple drug resistant diseases including
to BTZ. Two of these patients had elevated expression levels of PSMB5, PSMB6 and
PSMB?7, but not PSMB8, PSMB9 and PSMB10. Since mutation of PSMB5 in vivo s rare,
elevated expression levels of PSMB5, PSMB6 and PSMB7 might contribute significantly to
BTZ resistance in the clinic. This rather preliminary observation requires larger data sets.

Since expression of PSMB5, PSMB6 and PSMB?7 is co-dependent and because expression
of low level of PSMB6 and knock out of PSMB5 can overcome BTZ resistance caused by
PSMB5 mutation, we propose that inducing the down regulation or otherwise inhibiting
expression of either PSMB5, PSMB6 or PSMB7 might be a novel strategy to overcome
human MM resistance to proteasome inhibitors.

In summary, our current and previous studies demonstrated that PSMB5 mutation is a
dominant mechanism in MM cell lines induced to be resistant to BTZ in vitro. However,
such mutations are rare in vivo. Alterations in PSMB expression is perhaps an alternate and
rational explanation for induced resistance /n vivo.

In that regard our studies show that, PSMB5 and PSMB6 and PSMB?7, but not PSMB8 and
PSMBY, are highly relevant for BTZ sensitivity in MM. Absence of PSMB6 or PSMB7, but
not PSMB5, was lethal in MM cell lines. Expression of PSMB5, PSMB6 and PSMB7 was
highly co-dependent. Importantly, the physical structure, but not the catalytic function, is
required for this dependence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sensitivity to BTZ isrestored by CRISPR depletion of PSMB5.
(A) Eight resistant MM cell lines were developed using a stepwise increase in BTZ

concentration. Genome mutations were analyzed using a targeted sequencing panel, which
included all 49 proteasome subunits. An 1C50 was obtained for both parental and isogenic
resistant cell lines (72 hour treatment with BTZ). (B) One of the BTZ resistant MM cell
lines, RPMI-8226R, was depleted of PSMB5 using CRISPR guide RNA. Top: One to six are
PSMBS5 depleted clones as detected by Western blot with % reductions noted. C and control
represent the RPMI-8226R cell line (BTZ resistant). Control 2 is the BTZ sensitive parental
RPMI-8226 cells. Middle: MTT assay of the depleted and control cell lines for cell viability.
Bottom: Drug response of PSMB5 depleted and controls following treatment with BTZ . (C)
This represents a rescue experiment using lentiviral re-introduction of PSMB5 performed on
PSMBS5 depleted clones 1 and 5 from Fig. 1B. Labelling indicates B5: cells manipulated
with a lenti-vector expressing wild type PSMB5. B5M: a lenti-vector expressing PSMB5
with mutation at Alal08Thr. NS: empty lenti-vector used as a non-specific control. C+:
RPMI-8226R cells maintained with 20 nm BTZ. C-: RPMI-8226R cells maintained without
BTZ. Re-introduction of wild type or mutant PSMBS5 restored drug resistance. Expressed
wild or mutated PSMBS5 detected by Western blot (bottom). Protein expression was detected
by western blot and analyzed using ImageJ software (the numbers below the blots from the
Figure 1B and 1C are normalized to p-actin and untreated control).
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Figure 2. PSMB6 is essential for MM cell survival.
(A) Depletion of PSMB6 with six different SgRNAs (Cr.1, Cr.3, Cr.4, Cr.10, Cr.11 and

Cr.15) demonstrates on day 4 that splicing for PSMB5, PSMB7, PSMB8 and PSMB10 was
significantly inhibited (the top band is the proteasome subunit proprotein and the bottom
band is the mature proteasome subunit). (B) The same panel of cell lines were analyzed
using an MTT assay on day 8 post transfection (96 well plate with triplicate wells for each
sample for 72 hours of BTZ treatment). (C) A schematic presentation of the mutations
introduced in PSMB6. B6 WT: PSMB6 wild type protein. B6 M1: PSMB6 with mutations at
G-1A, T1A and K33A. B6 M2: PSMB6 with mutations at T1A and K33A without the
propeptide. The mature PSMB6 is characterized by an open box and the dark box marks the
PSMB6 pro-sequence. B6WT, B6M1, and B6M2 were modified to resistant PSMB6 Cr10
targeting [protospacer adjacent motif sequence TGG was mutated to AGG for PSMB6
SgRNA 10 (CCCGGAGCCTCCAATGGCAA) resulting in SQRNA 10 cannot target it]. (D)
The toxicity of PSMB6 depletion was rescued by expressing either PSMB6 wild type or
PSMB6 mutants. RPMI-8226R BTZ resistant cell lines expressing wild type PSMB6 had re-
introduced stable expression of PSMB6 WT, M1 and M2 described at Fig. 2C and was then
infected with SQRNA targeting PSMB6 (Cr10). The infected cells were aliquoted into 96
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well at day 4 and MTT reagent was added at day 8 after infection. Control NS1:
RPMI-8226R cell line infected with an empty lenti-vector. Control NS2: A lenti-vector
expressing non-specific SQRNA. B5 to B10 represents PSMB5 to PSMB10. (E) PSMB6
expression was measured on the cell lines from Fig. 2D at day 4 after infection. Protein
expression was detected by western blot and analyzed by ImageJ software [numbers below
the blots from the Figure 2A and 2E are normalized to p-actin (Figure 2A) and GAPDH
(Figure 2E) and untreated control].
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Figure 3. Sensitivity to BTZ isrestored by even low level PSMB6 expression.
(A) The KMS11R BTZ resistant cell line was targeted by SgRNAs (Cr 1, 3, 4, 10, 11, and

15) against PSMB6 (B6). (B) Further subcloning was performed (Clone 10.1, 10.2, 10.3 and
10.4 were from KMS11R cells targeted by SQRNA Cr.10 and clone 15.1, 15.2 and 15.3 were
from KMS11R cells targeted by SQRNA Cr.15). This identified Clone 10.3 which expressed
low level un-spliced PSMB6 and clone 15.2 which expressed low levels of PSMB6. (C)
Sanger sequencing revealed that clone 10.3 had acquired an Ala (A)160 and lle (1)161
replaced by Val (V)160. Clone 15.2 had a Met (M) 181 deletion identified. (D) the MM cell
lines expressing residual PSMB6 grow normally (Clone 15.2) while clone 10.3 grows more
slowly than parental cells but both remained viable in contrast to cells completely deficient
in PSMBS6. (E) Clone 10.3 and 15.2 were sensitive to BTZ treatment. Controls included
KMS11R (BTZ resistant) and Control 2 KMS11 (BTZ sensitive). Protein expression was
detected by western blot and analyzed by ImageJ software (the numbers below the blots
Figure 3 A and B are normalized to p-actin and untreated control).
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Figure 4. High inter-dependence was obser ved between expression of PSMB5 and PSM B6.
(A) Expression of PSMB6 and PSMB7 was significantly reduced in MM cell lines lacking

the PSMBS5 gene. Clones 1.1, 1.2 and 1.3 are subclones derived from clone 1 of BTZ
resistant RPMI-8226R CRISPR depleted of PSMB5 and clones 11.2, 11.4 and 11.8 are
subclones from clone 11 of BTZ sensitive RPMI-8226 depleted of PSMB5. C1:- is parental
BTZ sensitive RPMI-8226. C2: is parental BTZ resistant RPMI-8226R. (B) Incorporation of
PSMB6 and PSMB7 was significantly reduced in MM cell lines lacking the PSMB5 gene.
The same panel of lysates from Fig. 4A was examined for protein expression using a native
gel. (C) Expression of PSMB5 and PSMB7 was significantly reduced when MM cell lines
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expressed low levels of mutated PSMB6. The panel of lysates from Fig. 3B was used for
western blot detection. B2 represents PSMB2. B5 to B10 represents PMBB5 to PSMB10.
Protein expression was detected by western blot and analyzed by ImageJ software (numbers
below the blots Figure 4 A, B and C are normalized to GAPDH (Figure 4A), PSMA1
(Figure 4B) and p-actin (Figure 4C) and untreated control].

Mol Cancer Res. Author manuscript; available in PMC 2020 October 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shietal.

Page 21

11 3233 c C EV WT M1 M2 EV WT M1 M2
A GT K K
[ eee—— AT - - e - - & - 85
T 1.0 0.10 0.81 0.92 0.18 0.06 0.89 1.230.25
AA A A
[ ee— 13 - e e e e e e AL
i 1233 1.0 1.14 1.06 0.78 1.06 0.95 0.90 0.661.22
A A A
| — 1Y
D
-— e e —— — O
Clone 11.4 Clone 11.8
B | | 1.0 0.84 1.28 1.48 0.12 094 1.03 1.34
[ (I ]
— — — — — —— B5
C EV WT M1 M2 EV WT M1 M2
1.0 1.07 1.22 1.12 0.32 098 0.94 0.81
-— S, e 05
— e — — —-— —— B7

1.0 004 064 063 028 0.09 1.0 092 071

1.0 1.20 1.18 0.90 0.22 0.77 0.61 0.53
— — —— — —— — - D[

— — s GAPDH
1.0 049 070 0.66 0.51 0.55 0.98 0.93 0.58 T ———

& 1.0 0.90 0.81 0.98 0.71 0.97 0.97 0.84
— e D S S e— S — B7
10 034 075 0.64 0.56 0.34 0.93 0.74 0.55

TSN+TSN
ZSN+TINGE
ZSN+1mog
ZSN+ZING9E
0T 43+ISN

— e —— o — B3
1.0 0.24 0.44 072 0.60 0.71 0.78 0.77 0.73

- T e o TR B0 e i == BO E C EV WT M1M2 EV WT M1 M2
1.0 048 0.72 053 056 0.53 1.0 0.76 0.69
;--—.-—-..._--_ B10

0T 4D+TINSg
0T 43+1moga
QU I2+ZNSD

1.0 0.39 041 036 0.35 0.31 0.38 0.45 0.46
———— — — — e [artin
10 169 158 1.46 1.35 1.34 1.0 112 094

Figure 5. Expression of PSMB5 and PSM B6 is mutually dependent on structure, but not
function.
(A) Schematic presentation of mutations introduced into PSMBS5. In the figure B5 WT is

PSMBS5 wild type protein. B5 M1 is PSMB5 with mutations at G-1A, T1A, K32A and
K33A. The PAM sequence is mutated in the SgRNA target region. B5 M2 is PSMB5 with
mutations at T1A K32A and K33A without expression of the propeptide. The mature part of
PSMBS is characterized by an open box and the dark box marks the PSMB5 pro-sequence.
(B) Expression of PSMB6 and PSMB?7 is restored by the expression of wild type or guide
resistant mutated B5 M1 but not B5 M2. Cis for RPMI-8226R control cells. EV is empty
lenti-vector. (C) Mutated PSMB5 with un-spliced prosequenence (PSMB5 M1) can be
efficiently incorporated into the 20S proteasome. The panel of lysates from Fig. 5B was used
for native gel detection. (D) Expression of PSMB5 and PSMB?7 is restored by the expression
of wild type or mutated PSMB6 (B6 M1 and B6 M2). The cell lysate from Fig. 2E was used
for western blot assay. E. Ubiquitination of MM cell lines lacking PSMBS5 by re-introducing
expression of wild type and mutated PSMB5. The same panel of cell lysate as Fig. 5B was
detected expression of ubiquitination. The proteins expression was detected by western blot
and analyzed by ImageJ software [numbers below the blots from the Figure 5B, C and D are
normalized to B-actin (Figure 5B), PSMAL (Figure 5C) and GAPDH (Figure 5D) and
untreated control].
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Figure 6. PSMB7 depletion islethal to MM cells.
(A) MTT assay for RPMI-8226R cells infected with lenti-vector expressing SQRNAs (Cr.1

to Cr.12) targeting PSMB7. On day 4 after infection the infected cells were aliquoted for an
MTT assay (triplicate wells), which was read on day 8. C is control cell line RPMI-8226R.
(B) The panel from Fig. 6A were examined for the expression of PSMB7 by western blot.
(C) The expression of PSMB5 to PSMB10 (B5 to B10) was detected by western blot from
RPMI-8226R cells targeted by eight SQRNAs against PSMB7. The proteins expression was
detected by western blot and analyzed by ImageJ software (numbers below the blots from
the Figure 6B and C are normalized to B-actin and untreated control).
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Figure 7. Significant increase in expression levels of PSMBS5, 6 and 7 in late disease stage

patients.

MRNA sequencing results revealed significant increased PSMB5, 6 and 7 levels when early
and late stages of disease were examined., while levels of PSMB8, 9 and 10 did not change.
Pl=patient one. P2=patient two.
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