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Highlights:

e We developed a cell-based screening approach to identify novel modulators of endoplasmic reticulum
associated degradation (ERAD), with implications in studying ERAD biology and targeting plasma cell
neoplasms.

e Screening of the FDA-repurposing library identified Omaveloxolone (RTA408) as an inhibitor of luminal
and membrane ERAD substrate degradation, which can be leveraged to identify ERAD substrates.

e Omaveloxolone treatment rapidly induces the unfolded protein response and apoptosis that is
dependent on caspase 8 and death-inducing signaling complex (DISC) in multiple myeloma cells.

e Omaveloxolone exhibits cytotoxic effects against multiple myeloma cells in vitro and in vivo and induces
apoptosis in primary plasma cells from patients with relapsed/refractory myeloma

Abstract:

Endoplasmic reticulum-associated degradation (ERAD) is essential for maintaining protein homeostasis, yet its
regulatory mechanisms remain poorly understood. A major challenge in studying ERAD is the lack of specific
inhibitors targeting the ERAD complex. To address this, we conducted a cell-based high-throughput screen
using the FDA-repurposing library and identified omaveloxolone (RTA408) as a potent ERAD inhibitor that
selectively impairs the degradation of ER luminal and membrane substrates. Beyond its utility in identifying
ERAD substrates, RTA408 exhibits strong cytotoxic effects in multiple myeloma (MM), an incurable plasma cell
malignancy. RTA408 inhibits ERAD activity and rapidly induces apoptotic signaling via caspase 8 and the
death-inducing signaling complex (DISC). Notably, RTA408 is cytotoxic to malignant plasma cells, including
those resistant to proteasome inhibitors, and demonstrates in vivo anti-myeloma activity. Our findings establish
ERAD inhibitors as valuable tools for dissecting ERAD regulation while also highlighting their potential as
therapeutic agents for MM.
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Introduction

Synthesis of secreted and membrane proteins is a complex process in the endoplasmic reticulum (ER), which
is subject to inherent misfolding and stress. Endoplasmic reticulum-associated degradation (ERAD), a crucial
component of the ER protein quality control system, is responsible for degrading misfolded ER proteins and
regulating ER homeostasis'. ERAD is a multiprotein complex that functions to recognize, polyubiquitinate, and
translocate target proteins to the cytosol for degradation by the ubiquitin-proteasome system. While ERAD
remains an active area of research, its regulatory mechanisms in mammalian cells are not well understood and
limited chemical modulators have been identified. Most commercially available compounds do not directly
target the ERAD complex but instead inhibit downstream recruitment proteins such as VCP/p97 or the
proteasome, which are not specific to ERAD*®. The identification of additional ERAD inhibitors has been
hampered by in vitro screening approaches, off- -target toxicities, or re%wre high concentrations to inhibit ERAD
activity in cells, highlighting the need for novel screening approaches

ERAD has not only been implicated in diseases of protein misfolding or endoplasmic reticulum stress but may
be preferentially required in cells with high protein biogenesis, including multiple myeloma (MM). MM is an
incurable plasma cell neoplasm characterized by high paraprotein secretion in over 95% of cases’®
Paraproteins are monoclonal immunoglobulins that are synthesized and post-translationally modified in the ER.
Immunoglobulin synthesis is subject to inherent protein misfolding, which if unabated, can lead to ER stress
and cell death®*. In MM, ERAD disruption has been associated with an induction of ER stress, activation of
the unfolded protein response (UPR) pathway, and induction of apoptosis in MM cells’”*. Furthermore,
several ERAD complex proteins are essential for MM cell survival but dispensable in most other cancerous and
healthy cell lines, suggesting a unique reliance of MM cells on ERAD activity >. Proteasome inhibitors (Pls) are
a cornerstone of MM treatment, disrupting protein degradation via the ubiquitin-proteasome system. Pls inhibit
ERAD substrate degradation, leading to ER stress and pro-apoptotic signaling >**. While Pls have contributed
to an improvement in MM overall survival from 2-3 years to 6.5-10 years, almost all patients develop PI
resistance resulting in relapsed or refractory (R/R) disease'*"". Targeting alternative ERAD proteins has been
proposed as a therapeutic strategy to overcome resistance”*. Previous studies have shown that inhibiting
specific ERAD proteins is cytotoxic to MM cells and can bypass PI resistance. However, clinical development
of such inhibitors has been hindered by off-target toxicities, poor pharmacodynamics, and lack of target
specificity>***. Thus, identifying novel small-molecule modulators of ERAD is crucial for developing effective
therapies for MM, particularly in R/R cases.

To identify small molecules that modulate ERAD for therapeutic and research purposes, we developed a high-
throughput cell-based drug screening approach and screened the FDA repurposing library. Here, we report the
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identification of omaveloxolone (RTA408) as a novel ERAD inhibitor. RTA408 selectively inhibits the
degradation of luminal and membrane ERAD substrates but not cytosolic proteins. In MM cells, RTA408
induces UPR activation and rapidly triggers caspase-8-mediated apoptosis via the extrinsic apoptotic pathway,
dependent on FADD and RIPK. Originally developed to enhance NRF2 activity by inhibiting its degradation via
the KEAP1-CUL3 E3 ligase, RTA408 is FDA-approved for Friedreich’s ataxia'®'’. However, our findings
indicate that RTA408 exerts its cytotoxic effects on MM cells independently of KEAP1, suggesting an ERAD-
specific mechanism distinct from NRF2 activation. Importantly, RTA408 is effective against MM cell lines,
primary neoplastic plasma cells from MM and plasma cell leukemia patients and in vivo MM models
independent of PI sensitivity. These findings provide a foundation for preclinical development of ERAD-
targeted therapies to improve treatment options for R/R MM.

RESULTS:

Identification of ERAD Substrate Degradation Inhibitors

To identify ERAD inhibitors, we utilized a GFP-tagged null Hong Kong variant of alpha-1 antitrypsin (NHK-
GFP), a well-established ER-retained substrate used to measure ERAD activity'®. K562 cells were transduced
with a lentiviral vector that expresses doxycycline inducible NHK-GFP to develop a stable cell line. Doxycycline
was added to the culture for 16h to induce NHK-GFP expression. The cells were then incubated with small
molecule compounds in the presence of 20 uM emetine to block transcription and translation, allowing for
measurement of NHK-GFP steady state degradation. As positive controls, a VCP/p97 inhibitor, NMS873, and a
Pl, MG132, were used to block degradation of ERAD substrates. To develop a functional high throughput
screen (HTS), we optimized K562 transduction, doxycycline induction, and flow cytometry timepoints. From
this optimization, we achieved a HTS Z' value of >0.6 for screened compound plates between vehicle control
and NMS873 (Supp Fig 1A-D). We screened approximately 2,200 compounds from the FDA repurposing
library (Selleckchem) and measured relative GFP changes via automated flow cytometry (Fig 1A). HTS
software (Mscreen) was used to identify the primary hits, defined as having =3 standard deviations (STDEV)
from DMSO control*. These were further filtered by =20% increase in GFP mean florescence intensity (MFI)
from the DMSO control (Fig 1A). A total of 121 compounds met these criteria and were validated in triplicate at
the same initial testing concentration of 10 uM. Among these, 53 compounds reproducibly inhibited NHK
degradation in 3 out of 4 replicates (including the initial run) and were further validated with dose response
curves. Ten compounds exhibited an inhibitory concentration 50 (ICs) of <20 uM (Fig 1B and Supp Fig 2A).
Autofluorescent compounds, for example PHA-665752, that shifted the MFI independent of GFP positivity were
removed (Supp Fig 2B). Mechanistic prioritization revealed that 3 of the 10 compounds are known modulators
of ERAD substrate degradation, including two Pls, bortezomib (BOR) and epoxomicin, and the VCP/p97
inhibitor NMS873 which was used as the positive control in our screen (Supp Fig 2A). Five compounds were
previously tested in early phase clinical trials or pre-clinical studies in MM but have not been linked to ERAD
activity’>® (Supp Fig 2A). We identified two compounds that inhibited ERAD substrate degradation and had
not been characterized in MM, omaveloxone (RTA408) and zinc pyrithione, and selected them for further
validation.

For validation, commercially available compounds were acquired, and dose response curves were repeated for
RTA408 (Fig 1C), bardoxolone methyl (RTA402), the parent compound for RTA408 (Fig 1D), and zinc
pyrithione (Fig 1E), all of which showed an 1Cs, for NHK-GFP degradation in the low micromolar range in K562
cells. We also included two established VCP/p97 inhibitors (NMS873 and CB5083; Supp Fig 2C-D) as positive
controls for ERAD inhibition. Further analysis demonstrated dose-dependent inhibition of additional ERAD
substrates, including the membrane protein INSIG and the non-glycosylated luminal substrate RTA®'’? by
both RTA408 and RTA402 (Supp Fig 2E-F). There was minimal inhibition of degradation for the cytosolic
protein unstable GFP (UGFP) by RTA408 at less than 10 pM (Supp Fig 2G). However, the parent compound
RTA402 inhibited uGFP degradation at 5 uM. Zinc pyrithione exhibited limited inhibition of INSIG and non-
glycosylated substrate degradation and was not pursued further (Sup Fig 2E-G).

We found that RTA408 extends the half-life of steady state NHK-GFP degradation from 4.8h to >21h as
compared to the proteasome inhibitor MG132, which increases the half-life of NHK-GFP to 10h (Fig 1F).
Similarly, RTA408 inhibits the steady state degradation of INSIG and RTA®™'’? over 2h, whereas there is
minimal effect on uGFP degradation as compared to NMS873 or MG132, which prolonged the half-life of uGFP
(Fig 1G-I). To assess the effects of RTA408 on ERAD substrate ubiquitination, K562 cells were transduced with
HA-tagged ubiquitin and subjected to steady state degradation in the presence of RTA408 or NMS873. We
found that NHK-GFP and HRD1 remain ubiquitinated in both conditions (Fig 1J), indicating RTA408 does not
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interfere with the ubiquitination of ERAD substrates and likely inhibits activity downstream of HRDI.
Furthermore, RTA408 has minimal effects on chymotrypsin activity in the proteasome as compared to the BOR
or MG132 (Fig 1K), indicating RTA408 does not directly inhibit proteasomal degradation. Similarly, RTA408
treatment does not significantly increase total K48-linked ubiquitination or overall ubiquitination levels, whereas
BOR induces a pronounced accumulation of ubiquitinated proteins (Fig 1L and Sup 2H-I). Together, these
findings suggest that RTA408 inhibits degradation of both luminal and membrane ERAD substrates but has
minimal effect on the degradation of select cytosolic proteins in a manner that is independent and distinct from
proteasome inhibition.

Modulation of ERAD Substrate Degradation

To gain insight into potential functional overlap between RTA408, NMS873, and BOR, we assessed their
effects on steady state protein degradation by quantitative proteomics. Given the variation in substrate
regulation across different cell types and our focus on MM, we conducted these analyses using the MM.1S cell
line. MM.1S cells were treated with RTA408, NMS873, and BOR for 4h in the presence of 50 uM emetine (Fig
2A-B; Supplemental Data S1-6) to identify proteins whose steady state degradation is modulated by these
treatments. We observed a significant difference in abundance of 45 proteins with RTA408 treatment
compared to DMSO control (Fig 2B). Of the 45 proteins, 44% are annotated in UniProt as ER proteins or
contain an ER signal sequence, whereas only 33% and 16% of proteins altered by NMS873 or BOR,
respectively, were ER proteins®. Consistent with its known functions, most of the targets of BOR are cytosolic
proteins. There was a greater overlap between the ER proteins stabilized by RTA408 and NMS873 than those
altered by BOR. Among the proteins shared between RTA408 and NMS873 treatments, 70% were ER
proteins, including six validated ERAD substrates, such as lambda light chain and J-chain. Immunoblot
analysis confirmed the proteomics findings, showing an inhibition of steady-state lambda light chain
degradation between 2-6 hours with RTA408 and NMS873 treatment (Sup Fig3A-B) compared DMSO.

In addition to the known ERAD substates, our proteomic findings also identified 12 additional secreted or ER
proteins stabilized by both RTA408 and NMS873. We hypothesized that RTA408, along with NMS873, could
be utilized to identify novel ERAD substrates. One such substrate is HERPUD1, which was stabilized by
treatment with RTA408, NMS873 and BOR according to proteomic analysis (Fig 2A). The stabilization of
HERPUD1 was validated by immunoblot (Fig 2C and Supp 3C), albeit the effect of RTA408 did not reach
statistical significance. To determine whether HERPUD1 undergoes ubiquitination and degradation via the
ubiquitin-proteasome system, we performed HA-immunoprecipitation of K562 cells transduced with HA-
ubiquitin. Immunoblot of the immunoprecipitant confirmed HERPUD1 ubiquitination in the presence of RTA408,
NMS873, and BOR (Fig 2D). Furthermore, we observed accumulation of HERPUD1 protein levels with genetic
KO of HRD1 in MM.1S, which ablates ERAD activity (Fig 2E and Supp Fig3D). Altogether these results
suggest that RTA408 alters ER protein and ERAD substrate degradation and may be utilized as a tool to
identify novel ERAD substrates.

We also observed differential regulation of cytosolic substrates between RTA408 and BOR in MM cells. We
detected a decrease in c-MYC levels, which is implicated in MM proliferation and progression, following
RTA408 treatment whereas the levels are stabilized with BOR treatment (Fig2F and Supp Fig3E)”’. Similarly,
BOR has been reported to inhibit IkB degradation, leading to increased phosphorylation and nuclear
translocation of NFkB, a transcription factor that plays a key role in the survival and proliferation of MM?®%°,
Following RTA408 treatment, we observed decreased pNFkB whereas BOR leads to a moderate increase in
NFkB phosphorylation (Fig2F and Supp Fig3F). These findings highlight the differential effects of RTA408 and
BOR on cytosolic protein regulation, underscoring the distinct consequences of alternative ERAD inhibition
strategies on both ER and cytosolic protein homeostasis.

Cytotoxicity of ERAD Inhibition in Multiple Myeloma Cell Lines

Previous studies have suggested that ERAD inhibition via Pl or p97/VCP inhibitors contributes to MM
cytotoxicity by triggering ER stress™®. We sought to test whether ERAD inhibition with our novel small molecule
inhibitors were cytotoxic to MM cells. Treatment with RTA408 decreased cell viability in nine different multiple
myeloma cell lines within 24 h of treatment with ICso values ranging from 104-489 nM (Fig 3A and Supp Fig
4A). Cytotoxicity occurred in a time dependent manner within 12h (Fig 3B and Supp Fig 4A) with maximal
effects observed within 72 hours (Fig 3C and Supp Fig4A). The decrease in MM cell viability was confirmed
with alternative viability measurements using Calcein AM esterase-based staining (Fig 3D) or live/dead nuclear
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staining by flow cytometry (Supp Fig4B). Similarly, RTA402 is also cytotoxic to MM cell lines at 24h (Fig 3E). To
determine whether RTA408-mediated cytotoxicity is dependent on its known target KEAP1, we performed
inducible CRISPR-Cas9 knockout (KO) of KEAP1 in MM cells. KEAP1 KO did not alter RTA408 cytotoxicity
(Fig3F; Supp Fig 4A, 4C, and Supp Fig 5A-B), suggesting that RTA408-induced MM cell death is independent
of KEAPL.

Next, we evaluated the potential combinatorial effects of RTA408 with other MM therapies. Co-treatment with
BOR did not enhance RTA408-induced cytotoxicity in MM.1S cells (Fig 3G). RTA408 cytotoxicity did not
correlate with BOR sensitivity across different cell lines (Supp Fig 4B) and was not altered in a BOR-resistant
AMOL1 cell line (Fig 3H and Supp Fig 4A). In contrast, co-treatment with lenalidomide (Supp Fig 4D) or
dexamethasone (Supp Fig 4E) exhibited a combinatorial effect. These data suggest that RTA408 cytotoxicity is
independent of PI sensitivity.

Given the similar ICso between 12 and 24h treatment, we sought to determine the timing of cytotoxicity in MM
cells. We observed that RTA408 led to an early induction of apoptosis (1.5-2 h) measured by Annexin V
positivity followed by an increase in DAPI uptake within 4-6h of treatment (Fig 31 and Supp Fig 4F-H). In
contrast, the induction of Annexin V positivity and DAPI uptake did not occur until after 6h with NMS873 or
BOR. These data suggest that RTA408 induces a rapid induction of apoptosis and cell death in MM cells.

Induction of the Unfolded Protein Response by ERAD Inhibition in MM Is Independent of Apoptosis:

Inhibition of ERAD activity has previously been associated with the rapid induction of ER stress and activation
of the UPR. Indeed, treatment of MM.1S cells with RTA408, NMS873 or MG132 led to a rapid induction of
pEIF2o. and accumulation of ATF4 protein (Fig 4A, Supp Fig 6A). Similar activation of PERK signaling was
observed with RTA402, CB5083, and BOR treatment (Supp Fig 6B) as well as in RPMI8226 cells (Supp Fig
7A-B). Increased mRNA expression of CHOP was detected within 2-4h of treatment (Supp Fig 6C and Supp
Fig 7C), although we were unable to detect CHOP protein (data not shown). There is also an increase in
IREla signaling with an increased ratio of spliced/total XBP1 at 2 h in MM.1S (Supp FigéD) and RPMI8226
(Supp Fig 7D) cells. IREla has been reported as an ERAD substrate in genetic models with ERAD deficiency,
however, we did not observe a significant increase of IREla levels in MM.1s (Supp Fig 6E) or RPMI8226
(Supp Fig 7E) cells with chemical inhibition of ERAD.

While induction of apoptosis has been associated with upregulation of CHOP expression from UPR signaling, it
has not been established that the UPR is directly responsible for early apoptotic signaling in response to ERAD
inhibition in MM. To test this, we inhibited PERK with either doxycycline inducible CRISPR-CAS9 KO or small
molecule inhibitors of PERK signaling (GSK2606414; G414) or pEIF2a activation (ISRIB). Despite moderately
decreasing pEIF2a and ATF4 levels (Supp Fig 8A-B, D, F), inhibition of PERK or pEIF2a signaling did not
induce a meaningful decrease in annexin positive populations (Fig4B; Supp 8C, E). However, an important
limitation to these studies is that there was not complete ablation of pEIF2a or ATF4 accumulation with PERK
KO or pharmacologic inhibition, which may be due to activation of the PERK-independent integrated stress
response (ISR) or alternative arms of UPR. Next, we utilized treatment with emetine, which inhibits
transcription and protein translation, to evaluate if the induction of early apoptosis was dependent on the
downstream transcription/translation of stress response proteins. We found that while completely ablating
ATF4 accumulation, emetine failed to rescue MM.1S cells from early apoptosis after RTA408 treatment (Supp
Fig 8G-1). These studies suggest that the early induction of apoptosis and cytotoxicity from RTA408 is likely
independent from transcriptional and downstream stress responses in the UPR in MM.

It has been assumed that the activation of the UPR and ER stress responses are due to the secretory nature of
MM cells and high burden of paraprotein production. To further evaluate the contribution of the UPR to
RTA408-induced apoptosis, we evaluated KMS12BM cells, which lack paraprotein production at both the
mRNA and protein level*®. We observed that RTA408 rapidly induced activation of pEIF2a and ATF4
accumulation and a time-dependent increase of apoptosis in KMS12BM cells (Fig 4C-D), like secretory MM
cell lines. These results suggest that RTA408-induced early apoptosis and cytotoxicity are independent of both
UPR signaling and paraprotein production in MM cells.

ERAD Inhibition Activates Caspase 8 Induced Apoptosis in MM:

Given that RTA408-mediated early apoptotic signaling was independent of transcriptional or translational
stress responses, we next evaluated the early pro-apoptotic signaling following treatment with ERAD inhibition.
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BOR has previously been associated with an induction of apoptosis through modulation of both intrinsic and
extrinsic pro-apoptotic pathways®*>°>. We observed a rapid induction of cleaved caspase 8 and caspase 3
within 2h of treatment of RTA408 (Fig 5A) and RTA402 (Supp Fig 9A), which precedes activation at 6h in BOR
treated MM.1s cells (Fig 5A). This correlates with caspase 8 (Fig 5B) and caspase 3/7 activity (Fig 5C and
Supp Fig 9B) in MM1S. Activation of caspase 8 and caspase 3/7 was also observed with RTA408 in RPMI8226
cells (Supp Fig 10A-B) and with HRD1 KO in MM.1S (Supp Fig 10C). We found that the induction of early
apoptosis with Annexin V positivity by RTA408 at 4h was blocked by the addition of a pan-caspase inhibitor, Z-
VAD-FMK, (Supp Fig 9C) or a caspase 8 specific inhibitor, Z-IETD-FMK, in both MM.1S (Fig 5D) and
RPMI8226 cells (Supp Fig 10D). We observed similar reversal of Annexin V positivity at 6h with BOR treatment
(FigbE and Supp Fig 9D). These results indicate that early apoptosis from the loss of ERAD activity is
mediated by caspase 8 activation.

Caspase 8 activation and pro-apoptotic signaling have been classically associated with formation of the death-
inducing signaling complex (DISC) and activation of the extrinsic apoptotic pathway (Supp Fig 12H)**. To
determine whether DISC components are required for RTA408-induced apoptosis, we performed CRISPR-
Cas9 knockout of FADD, an essential adapter protein in caspase-8 mediated apoptosis. FADD KO rescued
early apoptosis induction at 4h with RTA408 treatment (Fig 5F; Supp 5C) and provided a partial rescue with a
20% increase of live cells at 6h with BOR treatment (Supp Fig 9E). Similarly, we observed significant rescue
from early apoptosis with inducible knockout of RIPK1 after 4h of treatment with RTA408 (Fig 5G; Supp 5D)
and 6h of treatment with BOR (Supp Fig 9F). These data implicate RIPK1 and FADD mediated activation of
caspase 8 and downstream pro-apoptotic signaling as important mediators of RTA408-induced apoptosis in
MM cells.

Cholesterol Dependent Caspase 8 Activation with ERAD Inhibition:

Signaling through various cell death receptors has been associated with DISC signaling through the activation
of FADD and RIPK1, which can ultimately lead to the induction of apoptosis through caspase 8 (Supp Fig
12H)*°. To further characterize the mechanism of RIPK1-FADD activation following RTA408 treatment, we
investigated the role of FAS and tumor necrosis factor receptors (TNF-R1 and TNF-R2), which have been
implicated in apoptosis induction®. While we detected cleaved RIPK1 within 1.5h of treatment with RTA408
and 4h with BOR; FAS, TNF-R1, or TNF-R2 levels remained did not increase (Supp 11A). Additionally,
inducible CRISPR-CAS9 KO of FAS, TNF-R1, or TNF-R2 (Supp Fig 5E-F) failed to rescue the early apoptotic
signaling in MM.1S treated with RTA408 (Fig 6A-B; Supp Fig 11B) or BOR (Supp Fig 11C-E). Single knock out
of additional extrinsic cell death receptors DR4 and DR5 similarly failed to rescue early apoptotic signaling
induced by RTA408 or BOR (Supp Fig 5G-H and 11F-G)* nor did we observe an accumulation of FADD
following treatment (Supp Fig11A).

Given that we were unable to identify an individual cell death receptor responsible for pro-apoptotic signaling,
we evaluated alternative mechanisms for intracellular activation of RIPK1, FADD, and caspase 8 signaling™™°.
Treatment with cathepsin inhibitors Gly-Phe-B-Naphthylamide (GPN) or Pepstatin A did not rescue RTA408
mediated apoptosis (Supp Fig 12A-B). We also observed that the early induction of apoptosis was independent
of KEAP1 (Supp Fig 12C). Because IRE1a has been previously shown to activate RIPK1 signaling directly®,
we performed CRISPR-CAS9 knockout of IRE1a*. IRE1a KO failed to restore the live population following the
with RTA408 (Supp 5I, Suppl2D) or BOR (Supp Fig 12E). Finally, while activation of RIPK1 has been
associated with reactive oxygen species (ROS) production, ERAD inhibition did not result in a significant
increase in ROS levels (Supp 12F-G).

To evaluate whether apoptotic induction is reliant on membrane associated signaling and lipid raft organization,
we treated cells with methyl-B8-cyclodextrin (MCD), a compound known to deplete cholesterol from the plasma
membrane, which disrupts both lipid rafts and DISC assembly*®. Co-treatment with MCD restored the live cell
population after 4h RTA408 treatment in MM.1S (Fig 6C) and RPMI8226 (Supp Fig 10E) but failed to restore
the live cell population following 6h treatment with BOR in MM.1S (Supp Fig 13A) or RPMI8226 (Supp Fig
10F). Similarly, MCD treatment prevented caspase 8 and caspase 3 cleavage and partially restored cell
viability at 12h in RTA408- and NMS873-treated cells (Supp Fig 13B-C) but not in BOR-treated cells. Notably,
MCD treatment did not affect NHK-GFP degradation in K562 cells and only partially rescued pEIF2a levels in
MM.1S (Supp Fig 13 D-F), indicating that RTA408 retained its effect on ERAD activity in the presence of MCD,
but it's effects on pro-apoptotic signaling were ablated. This implies that while RTA408 and Pls induce pro-
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apoptotic caspase 8 signaling though distinct mechanisms and that the effects of RTA408 are dependent on
membrane associated DISC signaling.

Given that ERAD has been implicated in regulation of cholesterol synthesis, lipid raft proteins, and triglyceride
homeostasis, we next investigated whether RTA408 altered intrinsic activation of the DISC or lipid raft
organization. We found that inhibition of endogenous cholesterol synthesis with atorvastatin (AS) prevented the
early induction of apoptosis at 2h and 4h with RTA408 and at 6h after BOR 6h treatment, without affecting the
RTA408-induced pEIF2a activation (Fig 6D; Supp Figl3 G-J). Similarly, we observed increased staining and
confluence of the lipid raft associated ganglioside GM1 by cholera toxin B staining in MM.1S treated with
RTA408 for 2h as compared to the DMSO control or 6h treatment with BOR (Fig 6E). These data suggest that
ERAD inhibition by RTA408 leads to altered lipid raft organization and leads to aberrant DISC activation at the
plasma membrane, resulting in the induction of pro-apoptotic signaling in MM cells.

Cytotoxicity in Primary Samples and In Vivo MM Models:

We next tested the cytotoxic effects of ERAD inhibition by RTA408 in primary patient samples and in vivo MM
models. We tested peripheral blood or bone marrow mononuclear cells collected from both patients with
relapsed and refractory (R/R) disease at the time of disease progression on Pl-containing therapy, and patients
with treatment naive disease. We observed maximal cytotoxicity of CD138" cells within 60h of treatment in R/R
samples (Fig 7A; Supp 15A-B). Furthermore, there is differential cytotoxicity when compared to non-malignant
CD3+ T-cells (Fig7B; Supp 15A-B) and CD11+ myeloid cells (Fig 7C; Supp 15B) from the same samples.
However, intermediate toxicity was observed in the CD19" B-cell population (Supp Fig 15D).

To assess whether there is a difference in susceptibility between newly diagnosed and Pl-resistant R/R MM,
we tested RTA408 cytotoxicity in primary samples from newly diagnosed patients. While we observed similar
dose response in CD138" plasma cells, maximal toxicity occurred earlier within 36h of treatment (Fig 7D; Supp
15C). The non-malignant CD3" (Fig7E; Supp 15C), CD11" (Fig7F; Supp 15C), and CD19" (Supp Fig 15C, E)
cells were less sensitive to killing by RTA408, suggesting a potential therapeutic index.

To evaluate the efficacy of RT408 in vivo, we utilized a bioluminescent xenograft model with intravenous
injection of RPMI8226 cells expressing luciferase into sublethal irradiated NSG mice as previously
described™®. Three weeks after injection, baseline imaging was performed, followed by intraperitoneal
administration of RTA408 at 5 mg/kg every other day for three weeks. RTA408 treatment effectively prevented
tumor growth with three weeks of treatment (Fig 7G-H; Supp 15F-G) as compared to the DMSO control. These
data suggest that RTA408 is cytotoxic to primary malignant plasma cells and has in vivo anti-myeloma activity.

Discussion:

ERAD is crucial for maintaining ER protein homeostasis by facilitating the translocation and degradation of
misfolded or target proteins. Despite its essential role in cellular function and survival, the regulatory
mechanisms governing ERAD remain poorly understood>*. A major challenge in studying ERAD is the limited
availability of specific inhibitors that directly target ERAD activity. Current small-molecule modulators
predominantly act on downstream pathways, such as VCP/p97 or the proteasome, which are not specific to ER
protein degradation®’. In this study, we conducted the first cell-based, high-throughput screen to identify small
molecules that modulate ERAD activity. A pilot screen using the FDA-repurposing library successfully identified
proteasome and VCP/p97 inhibitors as inhibitors of ERAD substrate degradation, validating the robustness of
our screening platform. Our screen also identified RTA408 and its parent compound, RTA402, as novel ERAD
inhibitors with distinct properties from VCP/p97 or proteasome inhibitors. This study establishes a valuable
framework for identifying additional small-molecule modulators that regulate different ERAD components for
research and potential therapeutic applications.

The top hit from our screen, RTA408, is an FDA-approved drug for Friedreich’s ataxia, where its proposed
mechanism of action involves inhibiting KEAP1l-mediated degradation of NRF2 via the CUL3 E3 ligase,
thereby stabilizing NRF2 to induce an antioxidant response. However, our data indicate that Keapl knockout
does not affect the cytotoxicity and pro-apoptotic signaling of RTA408 in MM cells. These findings suggest that
RTA408 inhibits ERAD independent of KEAP1-NRF2 regulation. While the specific molecular target and
precise mechanism of ERAD inhibition by RTA408 remain to be elucidated, our studies suggest that RTA408
prevents the degradation of luminal, membrane, and non-glycosylated ERAD substrates, while sparing many
cytosolic proteins. Our proteomic analysis further highlights the specificity of RTA408 for ER protein substrates,
whereas Pls and VCP/p97 inhibitors target a broader range of proteins, including cytosolic substrates.
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Despite ERAD's critical function, its protein substrates are not well characterized and are likely cell- and
context-dependent. The small-molecule modulators identified in this study will serve as valuable tools for
identifying ERAD substrates. Our global quantitative proteomics analysis revealed that RTA408 inhibits the
degradation of six validated endogenous ERAD substrates in MM cells, reinforcing its role in ERAD inhibition.
Compared to Pls, RTA408 has greater specificity for inhibiting the degradation of ER proteins (45 vs 11%).
Among the 13 ER or secreted proteins whose degradation was inhibited by both RTA408 and NMS873, we
validated HERPUD1 as a novel ERAD substrate. HERPUD1 is an ERAD complex component proposed to
facilitate the delivery of ubiquitinated ERAD substrates to the proteasome>**. While previous studies have
shown HERPUD1 accumulation following knockdown of other ERAD proteins, it had not been definitively
classified as an ERAD substrate®. Here we provide support that HERPUD1 is ubiquitinated and its
degradation is prevented with ERAD inhibitors, confirming that HERPUDL1 is an endogenous ERAD substrate.
These findings illustrate how RTA408 can be utilized to study ERAD biology and can be used to identify ERAD
substrates.

Several ERAD complex proteins have been identified as essential for MM cell survival®. Inhibition of ERAD
has been proposed as a therapeutic strategy for MM and may contribute to the cytotoxic effects of Pls by
inducing ER stress and activating the unfolded protein response (UPR)’. However, MM remains an incurable
disease, and most patients will develop PI resistance resulting in R/R MM, Pl resistance has been associated
with altered protein homeostasis, prompting interest in targeting other ERAD components as a therapeutic
strategy™. Here, we identified and characterized RTA408 as a novel ERAD inhibitor with potent cytotoxic
activity against MM cells, independent of PI sensitivity. RTA408 induces rapid cell death within 1.5-2h via
caspase-8-mediated pro-apoptotic signaling, highlighting the vulnerability of MM cells to ERAD inhibition.
Furthermore, RTA408 demonstrated cytotoxicity in primary malignant plasma cells from both newly diagnosed
and R/R MM patients on PI therapy. Importantly, non-malignant T-cells and myeloid cells from the same
patients were less affected at these concentrations, suggesting a potential therapeutic window. In vivo, RTA408
treatment inhibited tumor growth in a xenograft MM model, supporting its in vivo anti-myeloma activity. Given
that RTA408 has been previously tested in human clinical trials, it may be rapidly translated for evaluation in
MM patients.

Our findings also emphasize that targeting different ERAD components results in distinct effects on protein
homeostasis and cytotoxicity in MM cells. PIs broadly inhibit the ubiquitin-proteasome system, affecting both
ERAD substrates and cytosolic proteins. In contrast, RTA408 selectively inhibits ERAD while sparing cytosolic
proteins such as c-MYC, which may have implications for disease progression and relapse®®**’. Additionally, we
found that Pl-induced caspase 8 signaling is RIPK1-dependent, whereas RTA408-induced apoptosis requires
both FADD and RIPK1. RTA408 also alters lipid raft distribution, and its effects can be reversed by methyl-3-
cyclodextrin (MCD) treatment, suggesting that while both RTA408 and PlIs activate caspase 8-dependent pro-
apoptotic signaling, they do so through distinct mechanisms. These differences may explain why RTA408 does
not exhibit additive cytotoxicity when combined with BOR yet remains effective against Pl-resistant MM
models. Future studies should further investigate ERAD substrate regulation and the role of ERAD in caspase-
8-dependent pro-apoptotic signaling in Pl-resistant MM.

The induction of the UPR, particularly through PERK/ATF4 signaling, has been linked to CHOP transcription
and pro-apoptotic signaling®®. Previous studies have shown that ERAD inhibition, via proteasome and VCP
inhibitors, rapidly activates the UPR and triggers ER stress-induced apoptosis **>*°. Our findings indicate that
while these pathways are activated in MM cells, the early apoptotic response precedes CHOP activation and
occurs independently of PERK signaling or transcriptional and translational stress responses. Instead, RTA408
rapidly induces caspase 8-mediated apoptosis through the death-inducing signaling complex (DISC).
Moreover, ERAD-induced cytotoxicity is not dependent on the high secretory burden of MM cells. A non-
secretory MM cell line KMS12BM exhibited a similar cytotoxic response to ERAD inhibition by RTA408,
challenging the prevailing assumption that MM’s dependence on ERAD is primarily due to its highly active
protein synthesis and secretion. This suggests that ERAD inhibition is not cytotoxic to MM cells merely by
increasing ER stress from excessive misfolded protein accumulation in the ER.

Interestingly, ERAD inhibition induced early apoptosis was independent of individual death receptors, IRE1q,
cathepsin activity, or ROS production, despite their known roles in caspase 8 activation®***>*%¢! |nstead, we
found RTA408 induced pro-apoptotic signaling is associated with altered lipid raft regulation and can be
abrogated by disrupting membrane lipid rafts. This raises the possibility that ERAD inhibition by RTA408
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disrupts lipid organization, alters the membrane integration of death receptors, or simultaneously activates
multiple death receptors®®. ERAD has been implicated in cholesterol synthesis regulation, triacylglycerol
homeostasis, and lipid raft-associated proteins, suggesting that ERAD inhibition may affect lipid metabolism,
leading to the intrinsic activation of DISC in MM cells®*®**”%® Future studies should focus on elucidating the
precise role of ERAD in lipid raft formation and DISC regulation in MM. Our findings highlight that the ERAD
inhibitors identified from our high-throughput screen hold promise not only as potential therapeutics but also as
tools to dissect cell type-specific ERAD regulation and downstream signaling.
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Figure 1: Identification of Inhibitors of ERAD Substrate Degradation. A. NHK-GFP HTS Triage Chart. B. Dose
response curve for steady state NHK-GFP degradation in K562 cells treated with small molecule inhibitors at
5.8 nM-20 uM at 4h (N=2 technical replicates). C-E. Dose response curve for inhibition of NHK-GFP steady
state degradation by RTA408 (C), RTA402 (D), or zinc pyrithione (E) at 156 nM-20 uM at 4h in K562 cells. F-I.
Steady state degradation of NHK-GFP (F), INSIG-GFP (G), RTAF/’°-GFP (H), and uGFP (I) with DMSO or 10
MM RTA408, NMS873 or MG132 between 0-2h in K562 cells. J. Immunoprecipitation with HA-UB and detection
of alpha-1 antitrypsin (A1AT) and HRD1 by immunoblot following 4h steady state degradation with DMSO or 10
UM RTA408 or NMS873 in K562 cells. K. Chymotrypsin activity measured by cell-based proteasome-Glo™
following 2h treatment with DMSO, 1 uM RTA408, 10 pM NMS873, 120 nM BOR, or 10 pM MG132 in MM.1S.
L. Relative quantitation of immunoblotting for whole cell K48 ubiquitination with 1 uM RTA408 or 120 nM BOR
treatment from 0.5-6 h in MM.1S cells. All steady state degradation experiments were performed with 20 pM
emetine. N=3 unless specified. MeantSTDEV. Statistical analysis performed with ordinary one-way ANOVA
with Dunnett’s multiple comparisons test (Fig 1K) and Kruskal-Wallis test (Fig 1L). *p=<0.05, ****p<0.0001
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Figure 2. Proteomic Analysis with ERAD Inhibition. A. Heatmap of relative protein abundance ratios normalized
to DMSO control (no emetine) for steady state degradation (50 uM emetine) with DMSO, 1 uM RTA408, 10 uM
NMS873, or 120 nM BOR in MM.1S at 4h. B. Venn Diagram summarizing the number of proteins that had
significantly altered steady state degradation (adjusted p value <0.01) compared to DMSO+emetine control. C.
HERPUD1 immunoblot steady state degradation (50 uM emetine) with DMSO, 1 uM RTA408, 10 uM NMS873,
or 120 nM BOR in MM.1S. D. Immunoblot for HERPUD1 from immunoprecipitant (IP) or input from HA-tag
K562 cells transduced with HA-ubiquitin and treated with DMSO, 10 uM RTA408, NMS873, or MG132. E.
Immunoblot of MM.1S transduced with non-targeting control (NTC) or doxycycline inducible HRD1 KO %
doxycycline. F. Immunoblot of MM.1S cells treated with 1 uM RTA408 or 120 nM BOR for 0.5-6h. Immunoblots
are representative of N=3-4 replicates.
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Figure 3. RTA408 cytotoxicity in Multiple Myeloma Cell Lines. A-C. MM cell line viability measured by CellTiter-
Glo® following treatment with 10 nM-10 uM RTA408 for 24h (A), 12h (B), and 72h (C). D. Calcein AM uptake in
MM cell lines treated with 10 nM-10 uM RTA408 for 24h. E. MM cell line viability measured by CellTiter-Glo®
following treatment with 10 nM-10 pM RTA402 for 24h. F. MM cell line viability measured by CellTiter-Glo® in
MM.1S cells with non-targeting control (NTC) or a doxycycline inducible KEAP1 KO +doxycycline induction
treated with 10 nM-10 pM RTA408 for 24h. G. Heatmap of mean viability measured by CellTiter-Glo® in
MM.1S cells 24h following Bortezomib 0.5-120 nM and RTA408 62.5-1000 nM cotreatment. Viability is
normalized to DMSO control. H. Representative flow cytometry plots of AnnexinV-FITC and DAPI staining in
MM.1S cells treated with DMSO or 1 pM RTA408 at respective timepoints. N=3. Mean+STDEV.
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Figure 4. Cell death induced by ERAD inhibition is independent of UPR activation or immunoglobulin
hypersecretion. A. Immunoblot of pEIF2a, total EIF2a, PERK, ATF4, and B-Actin in MM.1s treated with 1 uM
RTA408, 10 pM NMS873, or 10 pM MG132 for 0.5-6h. B. Quantitation of live (AnnexinV-DAPI-), Annexin+
(AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) population 4h in MM.1S cells transduced with non-targeting
control, or doxycycline inducible PERK KO + doxycycline. C. Immunoblot of pEIF2a, total EIF2a, ATF4, and
total protein quantitation in KMS12BM treated with 2 uM RTA408, 10 uM NMS873, or 120 nM BOR for 0.5-6h.
D. KMS12BM cell line viability measured by CellTiter-Glo® following treatment with 10 nM-10 pM RTA408 for
12- 72h. Immunoblots are representative of N=3-4 replicates. MeantSTDEV. Statistical analysis performed
with a two-way ANOVA with Tukey's multiple comparison test. **** p<0.0001
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Figure 5. Pro-Apoptotic Signaling with ERAD Inhibition. A. Immunoblot of caspase 8 and 3 (cleaved and pro-
forms) and total protein in MM.1s treated with DMSO, 1 uM RTA408 or 120 nM BOR for 0.5-6h. B-C. Flow
cytometry quantitation of caspase 8 (B) or caspase 3/7 (C) activity in live MM.1S following DMSO, 1 uM
RTA408 or 120 nM BOR for 1.5-6h. D-E. Flow cytometry quantitation of live (AnnexinV-DAPI-), Annexin+
(AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) in MM.1S treated with 25-75 pM Z-IETD-FMK and DMSO or 1
UM RTA408 for 4h (D) or 120 nM BOR for 6h (E). F-G. Flow cytometry of Annexin V staining in MM.1S cells
transduced with empty vector (EV), non-targeting control (NTC), or doxycycline inducible FADD KO (F) or
RIPK1 KO (G) treated with DMSO or 1 uM RTA408 for 4h. N=3. MeantSTDEYV. Statistical analysis performed
with a two-way ANOVA with Tukey’s multiple comparison test. *P<0.05 ****p<0.0001
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Figure 6. Lipid Raft Dependent Activation of Apoptosis with ERAD Inhibition. A.-B. Flow cytometry quantitation
of live (AnnexinV-DAPI-), Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) in MM.1S cells transduced
with non-targeting control, or doxycycline inducible TNF-R1 (A), TNF-R2 (B) treated with DMSO or 1 uM
RTA408 for 4h. C. Flow cytometry quantitation of Annexin V staining in MM.1S treated with 1 mg/mL MCD and
DMSO or 1 uM RTA408 for 4h. D. Flow cytometry quantitation of Annexin V staining in MM.1S cells treated
with DMSO or 1 pM RTA408 4h and DMSO or 20-50 pM atorvastatin (AS) for 22h. E. Representative
immunofluorescence images for MM.1S cells treated with DMSO, 1 uM RTA408, or 120 nM BOR for 2h and
stained for NucRed-Alexa647, Vybrant-Lipid Raft Label-Alexa555 (Lipid Raft), or AnnexinV-Alexa488. N=3.
Mean+STDEYV. Statistical analysis performed with a two-way ANOVA with Tukey’'s multiple comparison test.
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Figure 7. RTA408 Cytotoxicity in Primary Cells and In Vivo: A-C. Flow cytometry analysis of Annexin-DAPI-
CD138 (A), CD3 (B), or CD11b (C) cells following 60h RTA408 in primary bone marrow (BM) or peripheral
blood (PCL) cells from patients with relapsed refractory MM. D-F. Flow cytometry analysis of Annexin-DAPI-
CD138 (D), CD3 (E), or CD11b (F) cells following 36h RTA408 in primary bone marrow (BM) or peripheral
blood (PCL) cells from patients with newly diagnosed MM. G-H. Bioluminescent imaging and quantitation of
total luciferin flux in NSG mice transplanted with 5e6 RPMI8226-luciferase cells. N=5-6 for RPMI transplant.
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Supplemental Material:
Methods:

Key Resource Table

REAGENT or RESOURCE | SOURCE | IDENTIFIER

Antibodies

APC Annexin V Biolegend 640941

FITC Annexin V Biolegend 356512

PE/Cyanine7 Annexin V Biolegend 640951

Human TruStain FcX™ (Fc Receptor Blocking

Solution) Biolegend 422302

APC/Cyanine7 anti-human CD3 Antibody Biolegend 317341

APC anti-human CD3 Antibody Biolegend 317318

PE anti-human CD19 Antibody Biolegend 363004

PerCP/Cyanine5.5 anti-human CD20 Biolegend 302325

PE/Cyanine7 anti-mouse/human CD11b Biolegend 101215

APC anti-human CD38 Biolegend 356605

Brilliant Violet 650™ anti-human CD269 (BCMA) Biolegend 357534

APC anti-human CD269 (BCMA) Biolegend 357505

APC anti-human CD95 (Fas) Antibody Biolegend 305612

Alexa Fluor® 700 anti-human CD138 (Syndecan-1) | Biolegend 356512
Cell Signaling

KEAP1 (D6B12) Rabbit mAb Technology 8047T
Cell Signaling

PERK (C33E10) Rabbit mAb Technology 3192S
Cell Signaling

FADD Antibody Technology 2782S
Cell Signaling

RIP (D94C12) XP® Rabbit mAb Technology 3493S
Cell Signaling

TNF-R1 (C25C1) Rabbit mAb Technology 3736T
Cell Signaling

TNF-R2 (E8D7P) Rabbit mAb Technology 72337T
Cell Signaling

DR4 (D9S1R) Rabbit mAb Technology 42533T
Cell Signaling

DR5 (D4E9) XP® Rabbit mAb Technology 8074T
Cell Signaling

IREla (14C10) Rabbit mAb Technology 3294S
Cell Signaling

HERPUD1 Antibody Technology 26730S
Cell Signaling

SYVN1/HRD1 (D302A) Rabbit mAb Technology 14773S
Cell Signaling

c-Myc (D84C12) Rabbit mAb Technology 5605S
Cell Signaling

Phospho-NF-kB p65 (Ser536) (93H1) Rabbit mAb | Technology 3033T
Cell Signaling

NF-kB p65 (D14E12) XP® Rabbit mAb Technology 8242T1
Cell Signaling

Caspase-3 Antibody Technology 9662S
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Cell Signaling

Cleaved Caspase-3 (Aspl75) Antibody Technology 9661S
Cell Signaling

Caspase-8 (D35G2) Rabbit mAb Technology 4790S
Cell Signaling

BID Antibody Technology 2002S
Cell Signaling

B-Actin (13E5) Rabbit mAb Technology 4970S
Cell Signaling

Phospho-elF2a (Ser51) Antibody Technology 9721S
Cell Signaling

Phospho-elF2a (Ser51) (119A11) Rabbit mAb Technology 3597S
Cell Signaling

elF2a (D7D3) XP® Rabbit mAb Technology 5324S
Cell Signaling

ATF-4 (D4B8) Rabbit mAb Technology 11815S

Purified anti-human Ig light chain A Antibody Biolegend 316602
Cell Signaling

Anti-mouse IgG, HRP-linked Antibody Technology 7076S
Cell Signaling

Anti-rabbit IgG, HRP-linked Antibody Technology 7074S

Anti-HA.11 Epitope Tag Antibody Biolegend 901516

alpha-1 Antitrypsin Polyclonal Antibody Invitrogen PA5-88574

K48-linkage Specific Polyubiquitin (D9D5) Rabbit Cell Signaling

mAb #8081 Technology 8081S
Santa Cruz

Ubiquitin Antibody (P4D1) Biotechnology sc-8017
Cell Signaling

Protein A Agarose Beads #9863 Technology 9863S

BsmBI-v2 NEB R0O739S

T4 DNA Ligase NEB M0202S

FUGENE® HD Transfection Reagent Promega E2311

5X Annexin Binding Buffer Invitrogen 50-112-1557

Gibco OptiMEM Invitrogen 31985070

TotalStain Q (PVDF) Azure Biosystems AC2225

Research Grade Fetal Bovine Serum, Canadian

Sourced Fisher FB12999102

4-20% MP TGX Gel 15W 15 ul Bio-Rad 4561096

SuperSignalTM West Pico PLUS

Chemiluminescent Substrate ThermoFisher Scientific | 34580

SuperSignal™ West Femto Maximum Sensitivity

Substrate ThermoFisher Scientific | 34094

Qubit Protein Reagent Invitrogen Q33211

Thermo Scientific Pierce IP Lysis Buffer Pierce P187787

RIPA Buffer Sigma R0278-50ML

Pierce Phosphatase Inhibitor Mini Tablets Fisher A32957

cOmplete™, Mini Protease Inhibitor Cocktalil Sigma 1.18E+10

D-Luciferin, Sodium Salt Gold Biotechnology LUCNA-1G

Invitrogen™ CountBright™ Plus Absolute Counting

Beads Fisher C36995

Calcein AM Biotium 80011-3

SYBR Green PCR Master Mix Invitrogen 43-091-55

TRIzol Reagent Invitrogen 15596018

Cholera Toxin Subunit B (Recombinant), Alexa

Fluor™ 555 Invitrogen C34776
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NucRed™ Live 647 ReadyProbes™ Reagent Invitrogen R37106

Bacterial and virus strains

FUCas9Cherry Addgene 70182
FgHLtUTG Addgene 70183

pLenti puro HA-Ubiquitin Addgene 74218

NEB® Stable Competent E. coli NEB C3040I

pMD2.G Addgene 12259 |
psPAX2 Addgene 12260 |
Luciferase (firefly)-2A-GFP (EFla, Puro) Lentivirus | GenTarget LVP437 |
Chemicals, peptides, and recombinant proteins \
Omaveloxolone (RTA-408) SelleckChem S7672

RTA 408 Cayman Chemicals 17854
Bortezomib Cayman Chemicals 10008822
NMS-873 Cayman Chemicals 17674

Dimethyl sulfoxide Sigma Aldrich D2650-100ML
Emetine dihydrochloride Sigma E2375-50MG
Recombinant Human IL-6 Peprotech 200-06-20UG
Gly-Phe B-naphthylamide SelleckChem S6846

Pepstatin A SelleckChem S7381
Z-IETD-FMK SelleckChem S7314
Methyl-B-cyclodextrin Sigma C4555-1G
Z-VAD-FMK SelleckChem S7023

PERK Inhibitor I, GSK2606414 Sigma 516535-5MG
ISRIB, ISRIB Sigma SML0843-5MG
Dexamethasone Selleck Chem S1322
Lenalidomide Selleck Chem S1029

CB-5083 Cayman Chemicals 19311

CDDO methyl ester (RTA-402) Cayman Chemicals 11883

Zinc Pyrithione Cayman Chemicals 29154
PHA-665752 SelleckChem S1070

MG132 Selleck Chem S2619

Bioactive Compound Library-I (FDA repurposing

library) Selleck Chem L1700

Critical commercial assays

Cell-Based Proteasome-Glo™ Chymotrypsin-Like

Assays Promega G8660
ReadyProbes™ Cell Viability Imaging Kit Invitorgen R37609
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4374966
CellTiter-Glo(R) Luminescent Cell Viability Promega G7571
EndoFree Plasmid Maxi Kit Qiagen 12362

QIlAprep Spin Miniprep Kit Qiagen 27104
TMTpro™ 16plex Label Reagent Set Thermo Scientific™ PIA44521 |
TMTpro 18-plex, TMTpro-134C, and TMTpro-135N

Label Reagents Thermo Scientific™ PIA52048
HA-Tag IP/Co-IP Kit Pierce P126180 |
Micro BCA™ Protein Assay Kit Thermo Scientific 23235 |
CM-H2DCFDA (General Oxidative Stress Indicator) | Invitrogen C6827 |
CaspaTag Caspase 8 In Situ Assay Kit, Fluorescein = Sigma APT408 |
Deposited data \
TMT Proteomics PRIDE

Experimental models: Cell lines
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K562 expressing INSIG, RTAE177Q, and uGFP Gift from Kopito Lab

HEK293 / uGFP (unstable GFP) Stable Cell Line GenTarget Inc SCO058

U266B1 [U266] ATCC TIB-196™

MM.1R ATCC CRL-2975™

KMS-12-BM Frozen Culture DSMZ ACC 551

KMS-12-PE Frozen Culture DSMz ACC 606

AMO-1 Frozen Culture DSMZ ACC 538

INA-6 Frozen Culture DSMZ ACC 862

MM.1S ATCC CRL-2974

RPMI 8226 ATCC CCL-155

Experimental models: Organisms/strains \
Strain

NOD.Cg-Prkdcscid 11I2rgtm1W,l/SzJ Jackson Laboratory #:005557

Oligonucleotides ‘

Non-Targeting Control gRNA F: Integrated DNA

TCCCGTTCCGCGTTACATAACTTA Technologies

Non-Targeting Control gRNA R:
AAACTAAGTTATGTAACGCGGAAC

KEAP1 gRNAF:
TCCCGGTCAAGTACCAGGATGCAC

KEAP1 gRNAR:
AAACGTGCATCCTGGTACTTGACC

KEAP1 v2 gRNA F:
TCCCCCTGGAGGATCATACCAAGC

KEAP1 v2 gRNA R:
AAACGCTTGGTATGATCCTCCAGG

PERK v2 gRNA F:
TCCCTTTCCATGCTTTCACGGTCT

PERK v2 gRNAR:
AAACAGACCGTGAAAGCATGGAAA

PERK v3 gRNA F:
TCCCGGACCAAGACCGTGAAAGCA

PERK v3 gRNAR:
AAACTGCTTTCACGGTCTTGGTCC

FADD gRNAF:
TCCCGAGCTCAAGTTCCTATGCCT

FADD gRNAR:
AAACAGGCATAGGAACTTGAGCTC

FADD v2 gRNA F:
TCCCCACCAAGATCGACAGCATCG

FADD v2 gRNA R:
AAACCGATGCTGTCGATCTTGGTG

RIPK1 gRNAF:
TCCCCTTCCTCTATGATGACGCCC

RIPK1 gRNAR:
AAACGGGCGTCATCATAGAGGAAG

RIPK1 v2 gRNAF:
TCCCGCACAACGAGGCCCTCTTGG

RIPK1 v2 gRNAR:
AAACCCAAGAGGGCCTCGTTGTGC

TNFR1 v3 gRNAF:
TCCCCCAGTCCAATAACCCCTGAG

TNFR1 v3 gRNAR:
AAACCTCAGGGGTTATTGGACTGG
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TNFR2 v3 gRNA F:
TCCCGTTCCCGAGTGCTTGAGCTG

TNFR2 v3 gRNAR:
AAACCAGCTCAAGCACTCGGGAAC

IREla gRNAF:
TCCCCTTGTTGTTTGTGTCAACGC

IREla gRNAR:
AAACGCGTTGACACAAACAACAAG

FAS gRNAF:
TCCCGAGGGTCCAGATGCCCAGCA

FAS gRNA R:
AAACTGCTGGGCATCTGGACCCTC

DR4 gRNAF: TCCCCTTCAAGTTTGTCGTCGTCG

DR4 gRNAR:
AAACCGACGACGACAAACTTGAAG

DR5 gRNAF:
TCCCGAGCGGCCCCACAACAAAAG

DR5 gRNAR:
AAACCTTTTGTTGTGGGGCCGCTC

FgH1tUTGseq: CAGACATACAAACTAAAGAAT

XBP1S F: ATCCATGGGGAGATGTTCTGG

XBP1S R: CTGAGTCCGAATCAGGTGCAG

XBP1T F: TGGCCGGGTCTGCTGAGTCCG

XBP1T R: ATCCATGGGGAGATGTTCTGG

CHOP F: GGAGCATCAGTCCCCCACTT

CHOP R: TGTGGGATTGAGGGTCACATC

Software and algorithms

GraphPad Statistical Analysis
FlowJo Flow Cytometry Analysis
PerkinsElmer Livinglmage In Vivo Imaging
Mscreen HTS Analysis Software HTS data Processing

Contact for Reagent and Resource Sharing:
All inquiries for reagent or resource sharing should be directed to Qing Li at Iging@med.umich.edu
Experimental Models and Study Participants:

Cell lines: MM.1S, RPMI8226, MM.1R, U266B1 were obtain from ATCC. KMS12-BM, AMO1, and INA-6 cells
were obtained from DSMZ. NCIH929, OPM2, and KMS11 cells were a gift from the Talpaz lab. Cultures were
routinely tested for mycoplasma contamination (Invivogen). MM.1S, RPMI8226, U226B1 were cultured in
Roswell Park memorial Institute (RPMI) 1640 growth media with 10% Fetal Bovine Serum (FBS; Fisher) and
1x Penicillin-Streptomycin-Glutamine (Gibco); KMS12-BM, AMO1 and INA-6 were cultured as above but with
20% FBS. INA-6 was maintained in 10 ng/mL recombinant human IL-6 (Peprotech). K562 cells expressing
INSIG-GFP, RTAF’°-GFP, and uGFP were a gift from the Baldridge lab. Proteasome resistant AMO1 cell lines
were developed by culturing with a gradual increase in BOR concentration as previously described®’.
RPMI8226 cells were transduced with Luciferase-2A-GFP Lentivirus (GenTarget Inc) according to
manufacturer guidelines. RPMI8226-Luc cells were purified by fluorescence-activated cell sorting
(SonyMA900) based on GFP expression. All cultured cells were maintained at 37°C with 5% CO,; cells were
plated at 5e5 cells/mL unless specified.

Human Primary MM Samples: De-identified fresh bone marrow or peripheral blood samples were utilized from
the University of Michigan hematologic malignancy repository bank at the University of Michigan, which are
obtained and processed under the IRB approved studies HUM00002815 and HUM00066564. Samples were
cultured with RPMI 1640 growth media with 20% Fetal Bovine Serum (FBS; Fisher), 10 ng/mL recombinant
human IL-6 and 1x Penicillin-Streptomycin-Glutamine (Gibco)
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Xenograft Experiments: Animal studies were approved by the Institutional Animal Care and Use Committees at
the University of Michigan. NOD.CG-Prkdc*“ll2rg™*"/SzJ (NSG) mice were obtained from The Jackson
Laboratory and maintained in house. All animal studies were performed in accordance with IACUC guidelines.
Male mice between 6-10 weeks of age were utilized for RPMI8226 xenograft transplant studies as previously
described®®*. Mice received 175 cGy whole body irradiation (Kimtron Medical 1C-320) followed by
transplantation of 5e6 RPMI8226 cells with serial imaging and monitoring. All mice were maintained within the
recommended tumor burden and survival endpoints per institutional regulations.

Plasmids: The GFP tagged null hong kong variant of alpha-1 antitrypsin (NHK) and transactivator plasmids
were a gift from the Kopito lab. pLenti puro HA-Ubiquitin was a gift from Melina Fan (Addgene plasmid #
74218; http://n2t.net/addgene:74218 ; RRID:Addgene_74218). FgH1tUTG and FUCas9Cherry were a gift from
Marco Herold (Addgene plasmid # 70183 and #70182; http://n2t.net/addgene:70183 and
http://n2t.net/addgene:70182; RRIDs: Addgene70183 and 70182).

Lentivirus Generation & Transduction: Lentivirus was generated in 293T cells co-transfected with packaging
plasmids pMD2.G and psPAX2 using FUGENE HD Transfection Reagent. CRISPR-CAS9 MM.1S cells were
transduced by spinfection with lentivirus at 800 x g for 1.5h at 30 deg C followed by 1h incubation at 37C. K562
ells were transduced by infection with lentivirus at 800xg at RT for 1.75h.

Method Details:

Small Molecule Screening: NHK-GFP K562 cells were induced with doxycycline (0.75 pg/mL) for 16 hours. For
screening, doxycycline was removed, and cells were plated on 384 well plates (Corning 3701) containing small
molecules with 20 UM emetine in phenol red free RPMI 10% FBS. Compounds were pre-dispensed into 384
well plates using a Echo650 acoustic dispenser from Beckman Coulter. DMSO vehicle control was utilized with
less than 0.5% DMSO. After four-hour incubation, cells were analyzed with automated flow cytometry (Biorad
Ze5) with DAPI (1 pug/mL) dead cell exclusion. Primary hits were defined as >3 STDEV above DMSO control
and were further prioritized as having >20% increase in MFI over DMSO control. Primary hits were validated in
triplicate and were selected based on having at least three out of four instances with >3 STDEV above DMSO.
Remaining compounds were then testes in 8-point concentration response curves in duplicate. Lead
compounds with an ICsq of <20 UM were then tested in orthogonal assay to ensure target/mechanism
specificity.

Small Molecule Treatment: Selected lead small molecule inhibitors were reordered/obtained commercially as
described in the key resource table. For commercially acquired compounds, small molecules were dissolved in
DMSO with a final concentration £0.1% DMSO. Emetine was dissolved in tissue culture grade H,O with a final
concentration of <0.1%.

GFP Tagged ERAD Substrate Steady State Degradation: Expression of NHK-GFP, INSIG-GFP, RTA™""*-GFP,
and uGFP in K562 cells were induced with 0.75 pg/mL doxycycline for 16h. Doxycycline was removed, and
K562 cells were plated with 20 uM emetine in phenol red free RPMI 10% FBS and small molecule inhibitors at
specified concentrations for select timepoints between 0-21 hours. DAPI (1 pg/mL) was added for dead cell
exclusion and cells were immediately analyzed by flow cytometry (BD LSRFortessa).

Ubiquitin Immunoprecipitation: K562 NHK-GFP cells expressing HA-Ubiquitin were induced with doxycycline
(0.75 pg/mL) for 16 hours. Doxycycline was removed and cells were plated with 20 pM emetine with respective
treatments. Following 4h treatment, cells were harvested and washed with PBS. Cells were lysed with IP Lysis
buffer (Pierce) with cOmplete Mini Protease (Roche) and phosphatase inhibitor (Roche). Protein was
guantified with the micro-BCA protein quantitation assay (Thermo Scientific). 500 ug total protein was loaded
with HA-beads and immunoprecipation was performed with the HA-Tag IP/Co-IP kit per manufacturer’s
instructions (Pierce) with 25 pL non-reducing sample buffer elution followed by the addition of [-
mercaptoethanol. For immunoblot analysis 12.5 pL I.P and 10% of whole cell lysate input were loaded as a
control.

Immunoblotting: Protein quantitation was performed with Qubit® Protein Assay (Thermo Fisher); 5-12 pg of
protein was loaded per condition. Proteins were separated 4-20% Mini-Protean TGX gels (Biorad) with
Tris/Glycine/SDS buffer (Biorad) and transferred to PVDF membranes. Total protein quantitation was
performed with TotalStain Q (PVDF; Azure Biosystems) per manufacturer’'s recommendations and membranes
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were blocked with 2% bovine serum albumin in Tris-buffered saline with Tween 20 (0.1%). Blots were

assessed primary antibodies and secondary antibodies under conditions described in the key resources table.

Proteasome Activity: MM.1S cells were plated at 1.25e5 cells/mL and allowed to recover overnight. Cells were
treated for 2h and immediately analyzed with the chymotrypsin-like proteasome Glo™ Cell Based Reagent per
manufacturer’s instructions. Media only control was used as a blank and activity was normalized to DMSO
control.

Cell Viability Assays: For MM cell line viability assays cells were plated at 1.25e5 cells/mL and allowed to
recover for at least 2h prior to treatment. Following 12-72h treatment, ATP-dependent cell viability was
measured with CellTiter Glo® (Promega) per standard manufacturer's protocol and normalized to DMSO
control. For viability measurements by Calcein AM (Biotium), cells were stained with 0.1 uM of Calcein AM for
30 minutes at room temperature (RT) after 24h, followed by the addition of DAPI (1 pg/mL) and flow cytometric
analysis (Bio-Rad ZE5). Live cells were defined by Calcein AM* and DAPI" and normalized to the DMSO
control. At 48 h treatment, Readyprobes ™ Cell Viability Imaging Kit (Invitrogen) was utilized per
manufacturer’s instructions with flow cytometric analysis (Bio-Rad ZES5).

Annexin V Analysis of Early Apoptosis: At respective timepoints, 1.5e5 cells were collected and washed with
Hanks’ Balanced Salt Solution (GIBCO) with 3% bovine calf serum (Cytiva). Cells were resuspended in
Annexin Binding Buffer (Invitrogen) with Annexin V (5 pL) and DAPI (5 pg/mL) and incubated for 15 min at RT
followed by immediate analysis by flow cytometry (BD LSRFortessa). Uniform gating based on forward and
side scatter for single cell events was performed.

Protein Digestion and TMT labeling: MM.1S cells were treated with ERAD inhibitors for 4h in the presence of
50 uM emetine. Cells were harvested, washed with PBS at 4C, lysed with RIPA lysis buffer and protein was
guantified with BCA assay. 100 ug total protein per condition were submitted to Proteomics Resource Facility
at the University of Michigan for processing and mass spectrometry data acquisition. Briefly, upon reduction (5
mM DTT, for 30 min at 45 C) and alkylation (15 mM 2-chloroacetamide, for 30 min at room temperature) of
cysteines in samples, the proteins were precipitated by adding 6 volumes of ice-cold acetone followed by
overnight incubation at -20° C. The precipitate was spun down, and the pellet was allowed to air dry. The
pellet was resuspended in 0.1M TEAB and overnight (~16 h) digestion with trypsin/Lys-C mix (1:50
protease:protein (for solution digestion) at 37° C was performed with constant mixing using a thermomixer.
The TMT 16-plex reagents (ThermoFisher Scientific; A44521) were dissolved in 20 pl of anhydrous acetonitrile
and labeling was performed by transferring the entire digest to TMT reagent vial and incubating at room
temperature for 1 h. Reaction was quenched by adding 8 pl of 5% hydroxyl amine and further 15 min
incubation. Labeled samples were mixed together, and dried using a vacufuge. An offline fractionation of the
combined sample (~300 pg) into 12 fractions was performed using high pH reversed-phase chromatography
(Zorbax 300Extend-C18, 2.1mm x 150 mm column on an Agilent 1260 Infinity Il HPLC system). Fractions
were dried and reconstituted in 9 ul of 0.1% formic acid/2% acetonitrile in preparation for LC-MS/MS analysis.
Samples were labeled with TMT mass tag channels as described in TMT Infor (Supplemental Table 1).

Liquid chromatography-mass spectrometry analysis: To obtain superior quantitation accuracy, we employed
multinotch-MS3, which minimizes the reporter ion ratio distortion resulting from fragmentation of co-isolated
peptides during MS analysis ”*. Orbitrap Ascend Tribrid equipped with FAIMS source (Thermo Fisher
Scientific) and Vanquish Neo UHPLC was used to acquire the data. Two pl of the sample was resolved on an
Easy-Spray PepMap Neo column (75 pum i.d. x 50 cm; Thermo Scientific) at the flow-rate of 300 nl/min using
0.1% formic acid/acetonitrile gradient system (3-19% acetonitrile in 72 min;19--29% acetonitrile in 28 min; 29-
41% in 20 min followed by 10 min column wash at 95% acetonitrile and re-equilibration) and directly spray onto
the mass spectrometer using EasySpray source (Thermo Fisher Scientific). FAIMS source was operated in
standard resolution mode, with a nitrogen gas flow of 4.2 L/min, and inner and outer electrode temperature of
100 °C and dispersion voltage or -5000 V. Two compensation voltages (CVs) of -45 and -65 V, 1.5 seconds
per CV, were employed to select ions that enter the mass spectrometer for MS1 scan and MS/MS cycles.
Mass spectrometer was set to collect MS1 scan (Orbitrap; 400-1600 m/z; 120K resolution; AGC target of
100%; max IT in Auto) following which precursor ions with charge states of 2-6 were isolated by quadrupole
mass filter at 0.7 m/z width and fragmented by collision induced dissociation in ion trap (NCE 30%; normalized
AGC target of 100%; max IT 35 ms). For multinotch-MS3, top 10 precursors from each MS2 were fragmented
by HCD followed by Orbitrap analysis (NCE 55; 45K resolution; normalized AGC target of 200%; max IT 200
ms, 100-500 m/z scan range).
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gPCR: RNA was extracted using TRIzol Reagent (Invitrogen) following manufacturer guidelines. 6 uL of linear
acrylamide was added after phase extraction to help precipitate RNA. RNA was reverse transcribed to cDNA
using the High-Capacity cDNA Reverse Transcription Kit with Rnase Inhibitor (Applied Biosystems) following
manufacturer guidelines. gPCR was performed (Applied Biosystems QuantStudio 3) using 10 ng of cDNA with
SYBR Green PCR Master Mix (Applied Biosystems). gPCR primers are listed in Table 3.

Generation of gRNA Plasmids: gRNA sequences were designed using Benchling and cloned into the
FgH1tUTG plasmid as previously described’. gRNA oligonucleotides are listed in Table 2. Successful cloning
of gRNA sequence into FgH1tUTG was confirmed by Sanger sequencing (Azenta) using FgH1tUTGseq (5'-
CAGACATACAAACTAAAGAAT-3).

Generation of CRISPR-Cas9 KO Lines: MM.1S cells were transduced with FUCas9-Cherry. 72 hours after
transduction, MM.1S cells were purified for Cas9 expression by fluorescence-activated cell sorting
(SonyMA900) for mCherry expression to generate the MM.1S-Cas9 line. To generate MM.1S CRISPR KO
lines, MM.1S-Cas9 cells were transduced with the generated gRNA plasmids. Cells were used for experiments
at least 3-7 days after gRNA expression was induced by doxycycline (1 pg/mL). Confirmation of KO was
completed by immunoblotting.

Caspase Activity Assay: For caspase 8 activity assay, cells were treated for specified timepoints, at which time
CaspaTag Caspase 8 Fluorescein reagent was added. Cells were incubated for 15 min at 37C under 5% CO2,
at which time cells were harvested, washed with 1 mL Annexin Binding buffer and resuspended with Annexin V
APC (5uL) and DAPI (5 pg/mL). 15 min at RT followed by immediate analysis by flow cytometry (BD
LSRFortessa). Caspase 3/7 activity was measured with Cell Event Caspase-3/7 (Invitrogen) per
manufacturer’s instructions with DAPI (1 pg/mL) dead cell exclusion. Caspase 3/7 activity was quantified by
flow cytometry analysis (BD LSRFortessa) at specified timepoints.

Immunofluorescence: 5e5 MM.1S cells were plated in 1 mL media and treated with ERAD inhibitors for 2
hours. Cells were collected and stained in 1 mL recombinant cholera toxin Subunit B Alexa Fluor ™ 555 (1
WmL), Annexin V FITC, and NucRed™ Live 647 ReadyProbes™ (2 drops) Reagent in complete media for 15
min at 4C. Cells were washed, fixed with 4% formaldehyde for 10 min at RT, and mounted with Prolong™ Gold
Antifade Reagent. Fluorescence was imaged on a THUNDER Imaging System (Leica) using a 100X objective.

ROS Measurement: MM.1S cells were loaded with 10 uM CM-H2DCFDA (Diluted 1:500 from 5 mM DMSO
stock) in prewarmed HBSS for 30 min at 37C. Cells were washed with HBSS and resuspended in standard
media under specified treatment conditions. After 2 hours, 200 uL of cells were collected, followed by the
addition of DAPI (5 pg/mL) and flow cytometric analysis (Bio-Rad ZES5). For positive control, 150 pM H202 was
added for 1h.

Cell Surface Immunophenotyping: At specified timepoints, 1.5e5 cells were collected and incubated with
Human TruStain FcX™ (Biolegend) for 5 min at 4C, followed by the addition of cell surface antibodies for 10
min at 4C. Cells were washed and resuspended in Annexin Binding Buffer (Invitrogen) with Annexin V (5 uL)
and DAPI (5 pg/mL). Samples were incubated for 15 min at RT followed by immediate analysis by flow
cytometry (BD LSRFortessa).

Xenograft Transplant Imaging: Starting from week 3 post-transplant, mice were administered RTA408 (5
mg/kg) or vehicle (10% DMSO in Corn Qil) intraperitoneally every other day until takedown. Bioluminescence
imaging (Perkin Elmer IVIS Spectrum) was conducted every week starting 3 weeks post-transplant until
takedown with intraperitoneal luciferin.

Quantitation and Statistical Analysis

Proteomic Analysis: Proteome Discoverer (v3.0; Thermo Fisher) was used for data analysis. MS2 spectra
were searched against SwissProt human protein database (v2023-09-13) using the following search
parameters: MS1 and MS2 tolerance were set to 10 ppm and 0.6 Da, respectively; carbamidomethylation of
cysteines (57.02146 Da) and TMT labeling of lysine and N-termini of peptides (304.2071 Da) were considered
static modifications; oxidation of methionine (15.9949 Da) and deamidation of asparagine and glutamine
(0.98401 Da) were considered variable. Identified proteins and peptides were filtered to retain only those that
passed <1% FDR threshold. Quantitation was performed using high-quality MS3 spectra.
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Z’ calculated as previously described”. ICs, was determined by variable slope-four parameter dose response
curve fits. Statistical analyses used in these studies include t tests (2 samples), one-way ANOVA (>2 samples)
or two-way anova (>2 samples with two parameters) in GraphPad Prism and are specified in the
corresponding figure legends. *p<0.05, ** p<0.01, ***p=<0.001, ****p<0.0001.
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Supplemental Figure 1: Validation of Screening Approach for ERAD Substrate Degradation. A. Representative
flow cytometry plot for mean fluorescence of NHK-GFP in K562 cells treated with 20 uM emetine and DMSO or
10 uM NMS873 for 4h. -doxycyline is a negative control. B. Flow cytometry analysis of NHK-GFP degradation
in live K562 cells in the presence of 20 uM emetine between 0-6h. N=3 C. Quantitation of mean fluorescence
intensity of steady state degradation for NHK-GFP in K562 with DMSO or 10 uM NMS873 or MG132 at 4h.
N=3 D. C. Quantitation of mean fluorescence intensity of steady state degradation for NHK-GFP in K562 with
DMSO or 10 pM NMS873 at 4h by automated flow cytometry in a 384 well plate used to calculate Z'. N=16-32
technical replicates. MeanSTDEV. Statistical analysis performed with a one-way ANOVA with Dunnett's
multiple comparison test. *p<0.05, **p<0.001
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Supplemental Figure 2: Validation of FDA Repurposing Library Hits. A. Table summarizing the top 10 hits from
the FDA repurposing library with ICsq, relative activity of NMS873 control, and hillslope estimated by variable
slope-four parameter dose response curve based on curve represented in Figure 1A. B-D. Dose response
curve for inhibition of NHK-GFP steady state degradation by PHA-665752(B), NMS873 (C), or CB5083 (E) at
156 nM-20 pM at 4h in K562 cells. E-G. Steady state degradation INSIG-GFP (E), RTAF"’°-GFP (F), and
UGFP (G) with DMSO or 156 nM-20 uM RTA408, RTA402, or Zinc Pyrithione at 1h in K562 cells. H.
Representative immunoblot of K48, total ubiquitin and total protein quantitation in MM.1S cells following
treatment with DMSO, 1 pM RTA408, 10 uM NMS873, or 120 nM BOR for 0.5-6 h. I. Relative quantitation of
total ubiquitin normalized for total protein quantitation from immunoblots in H. N=3. Mean+STDEV. Statistical
analysis performed with a Kruskal-Wallis test with Dunn’s multiple comparisons. *p<0.05.
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Supplemental Figure 3. Validation of Proteomic Analysis. A-B. Immunoblot (A) and relative quantitation (B) for
steady state degradation (50 UM emetine) with DMSO, 1 uM RTA408, 10 uM NMS873, or 10 uM MG132 in
MM.1S. B-E. Relative quantitation for immunoblot analysis of steady state degradation of HERPUD1 (C),
HERPUD1 in HRD1 KO MM.1s (D), c-MYC(E), or pNFKB(F). Statistical analysis with a two-way ANOVA with
Tukey’s multiple comparisons (B-C; DMSO 0h was excluded from statistical analysis) or one-way ANOVA with
Dunnett’s multiple comparisons (D-F). * p<0.05, **p<0.01, ***p<0.001, **** p<0.0001
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Supplemental Figure 4. RTA408 cytotoxicity in MM cells. A. Summary of 1Cs, for RTA408 cytotoxicity between
12-72h determined by CellTiter-Glo or Calcein AM staining. B. Cell viability determined by live/dead staining
(Invitrogen) following 48 h treatment with 10 nM-10 uM RTA408, NMS873, or MG132 in MM.1S and RPMI8226
cells. C-D. Heatmap with viability measured by CellTiter-Glo® in MM.1S cells 24h following 39nM-5 puM
lenalidomide (C) or 39nM-5 uM dexamethasone (D) and RTA408 62.5-1000 nM cotreatment at 72h. Viability is
normalized to DMSO control. F-H. Quantitation of live (AnnexinV-DAPI-), Annexin+ (AnnexinV+DAPI-) or dead
(AnnexinV+DAPI+) population at 2(F), 4 (G), or 6h (H) in MM.1S cells. Statistical Analysis by 2-way ANOVA

with Dunnett’'s multiple comparison tests. **p<0.01, ***p<0.001, **** p<0.0001.
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Supplemental Figure 5. Validation of CRISPR-CAS9 Inducible KO. Representative immunoblot of NTC, and +
or — doxycycline with sgKEAP1 #1 (A) and sgKEAP1 KO #2 (B), sgFADD (C), sgRIPK1(D), sgTNF-R1 (E),
SgTNF-R2 (F), sgDR4 (G) or sgDRS5 (H), or sgIRE1a (I) in MM.1S cells.
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Supplemental Figure 6. UPR Activation in MM.1S. A. Relative quantitation of PERK, pEIF2A, and ATF4
immunoblots for MM.1S treated with DMSO, 1 uM RTA408, 10 uM NMS873, or 10 uM MG132 in MM.1S for
0.5-6h. B. Immunoblot of pEIF2a, total EIF2a, PERK, ATF4, and B-Actin in MM.1s treated with 1 pM RTA402,
10 uM CB5083, or 120 nM BOR for 0.5-6h. C-D. Relative gPCR quantitation of CHOP (C), spliced or total
XBP1 (D) relative to B-Actin in MM.1S treated with 1 uyM RTA408, 10 uM NMS873, or 10 pM MG132 for 2-6h
normalized to DMSO 6h control. E. Immunoblot of IRE1q, and B-Actin in MM.1s treated with 1 uyM RTA408, 10
MM NMS873, or 10 uM MG132 for 0.5-6h. N=3-4. MeantSTDEV. No statistical analysis performed (A),
statistical analysis with Kruskal-Wallis test with Dunn’s multiple comparisons test (C-D). *p<0.05, **p<0.01,
***p<0.001



https://doi.org/10.1101/2025.04.02.646787
http://creativecommons.org/licenses/by-nc-nd/4.0/

71

72
73
74
75
76
77
78

79

bioRxiv preprint doi: https://doi.org/10.1101/2025.04.02.646787; this version posted April 3, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

12+
114
104
9]
B
7
B
5
4]
3]
3]
14

RPMIS226 >

Marmalized PERK

Time(h) D 05 2 4 6 05 2 4 6 05 2 4 6
pEIF2a

tEIF2a
PERK

ATF4

Acti

o

Spliced XBP1
Relative to b-Actin

E.

&

&n
I

PERK
AL_‘M“
&
[ |

D52 46 052 4 6 052 4 6
RTA408 NMS8T3 MG132
Time [h)

RTA408 1puM NMSE73 10pM MG132 10uM .

ATF4

052 4 & D52 4 B D52 4 6 052 4 E 052 4 6 052 4 6
RTA408 NMS873 MG132 RTA408 NMSET3 MG132
Time {h) Time (h)

n

D246 2 463 46
RTA408 NMSB73 MG132

i

i

to Total XBP1
T

==
|

Spliced XBP1 Relative

:

D2 46 2 46 2 46
RTA408 MNMSETI MG132

D2 462 46232468
RTA402 NMSE73 MG132

RTA408 1pM NMSE73 10uM MG132 10puM

Time(h) DO5 2 4 6 05 2 4 6 05 2 4 6

L ]
-
-
-
D2 462 4632486
RTA408 NMSE73 MG132

Supplemental Figure 7. UPR Activation in RPMI8226. A-B. Relative quantitation (A) and Representative
immunoblots (B) of PERK, pEIF2A, and ATF4 immunoblots for RPMI8226 treated with DMSO, 1 uM RTA408,
10 uM NMS873, or 10 uM MG132 for 0.5-6h. C-D. Relative qPCR quantitation of CHOP (C), spliced or total
XBP1 (D) relative to B-Actin in RPMI8226 treated with 1 uM RTA408, 10 uM NMS873, or 10 pM MG132 for 2-
6h normalized to DMSO 6h control. E. Immunoblot of IREla, and B-Actin in RPMI8226 treated with 1 uM
RTA408, 10 pM NMS873, or 10 uM MG132 for 0.5-6h. N=3-4. Mean+STDEV. No statistical analysis performed
(A), statistical analysis with Kruskal-Wallis test with Dunn’s multiple comparisons test (C-D)*p<0.05, **p<0.01
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Supplemental Figure 8. PERK Inhibition with ERAD Inhibition. A-B. Immunoblot (A) and relative quantitation (B)
for pEIF2a, total EIF2a, PERK, and total protein in in MM.1S cells transduced with non-targeting control, or
doxycycline inducible PERK KO (+or-doxycycline) treated with RTA408 1 uM for 2h. C and E. Quantitation of
live (AnnexinV-DAPI-), Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) populations by flow cytometry
in MM.1S cells treated with DMSO, RTA408 1 uM, 250 nM or 1 uM ISRIB (C) or GSK2606414 (G414) (E) for
4h. D. Representative immunoblot of ATF4 and total protein in MM.1S treated with with DMSO, RTA408 1 uM,
250 nM or 1 uM ISRIB for 2h. F. Representative immunoblot of pEIF2a and tEIF2a in MM.1S treated with with
DMSO, RTA408 1 uM, 250 nM or 1 uM GSK2606414 (G414) for 0.5-2h. 1 uM Tunicamycin (TUN) at 6h was
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used as a positive control for G414 mediated inhibition of PERK signaling. G. Quantitation of Annexin V
staining by flow cytometry in MM.1S cells treated with DMSO, RTA408 1 uM and H2O control or 50 uM
emetine (labelled E) for 4h. H-I. Representative immunoblot (H) and relative quantitation (I) of pEIF2a, total
ElIF2a, ATF4, and total protein in in MM.1S at 2h with DMSO or RTA408 1 uM combined with H20 control or 50
MM emetine. N=3-4. MeanSTDEV.*p<0.05, ***p<0.001, ****p<0.0001.
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Supplemental Figure 9: Pro-Apoptotic Signaling with ERAD Inhibition in MM.1S. A. Immunoblot of caspase 8
and 3 (cleaved and pro-forms) and total protein in MM.1s treated with DMSO, 1 uM RTA402, 10 uM CB5083
or 120 nM BOR for 0.5-6h.. B. Flow cytometry quantitation of caspase 3/7 activity in live MM.1S following
DMSO, 1 uM RTA408 or RTA402, 10 uM CB5083 or NMS873, or 120 nM BOR for 1.5-6h. DMSO, RTA408,
and BOR data are also represented in figure 5C. C-D. Flow cytometry quantitation of live (AnnexinV-DAPI-),
Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) in MM.1S treated with 20-50 uM Z-VAD-FMK (C-D)
and DMSO, 1 uM RTA408 for 4h (C), or 120 nM BOR for 6h (D). E-F. Flow cytometry annexin V staining in
MM.1S cells transduced with empty vector (EV), non-targeting control (NTC), or doxycycline inducible FADD
KO (E) or RIPK1 KO (F) treated with DMSO or 120 nM BOR for 6h. N=3. MeantSTDEYV. Statistical analysis
performed with a two-way ANOVA with Tukey’s multiple comparison test. ***p<0.0001
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Supplemental Figure 10: Pro-Apoptotic Signaling with ERAD Inhibition. A-B. Flow cytometry quantitation of
caspase 8 (A) or caspase 3/7 (B) activity in live RPMI8226 following DMSO, 1 uM RTA408 or RTA402, 10 uM
CB5083 or NMS873, or 120 nM BOR for 1.5-6h. C. Representative immunoblot of pro-caspase 8, cleaved
caspase 8, and total protein quantitation in MM.1S transduced with non-targeting control (NTC) and
doxycycline inducible HRD1 CRISPR-CAS9 KO (+ or —
(AnnexinV-DAPI-), Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) in RPMI8226 treated with 25-75
UM Z-IETD-FMK and DMSO or 1 uM RTA408 4h. E-F. Flow cytometry quantitation of Annexin V staining in
RPMI8226 treated with 1 mg/mL MCD or media control and DMSO, 1 uM RTA408 for 4h (E) or 120 nM BOR
for 6h (F). N=3. MeantSTDEV. Statistical analysis performed with a two-way ANOVA with Tukey's multiple

comparison test. *p p<0.05, **p<0.01, ***p<0.0001
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doxycycline). D. Flow cytometry quantitation of live
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Supplemental Figure 11: Investigation of Cell Death Receptor Mediated Activation of Caspase 8. A.
Immunoblot of FAS, FADD, BID, RIPK1, TNF-R1, TNF-R2 and total protein levels in MM.1S treated with
DMSO, 1 uM RTA408, or 120 nM BOR for 0.5-6h. B. Flow cytometry quantitation of live (AnnexinV-DAPI-),
Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) MM.1S cells transduced with non-targeting control, or
doxycycline inducible FAS treated with DMSO or 1 uM RTA408 for 4h. C-E. Flow cytometry quantitation of
AnnexinV staining in MM.1S cells transduced with non-targeting control, or doxycycline inducible FAS (C),
TNF-R1 (D), TNF-R2 (E), (+or-doxy) treated with DMSO or 120 nM BOR for 6h. F-G. Flow cytometry
qguantitation of Annexin V staining in MM.1S cells transduced with non-targeting control, or doxycycline
inducible DR4 or DR5 KO (+or-doxy) treated with DMSO or 1 uM RTA408 for 4h (F) or DMSO or 120 nM BOR
for 6h (G). N=3-4. Mean+STDEV. Statistical analysis performed with a two-way ANOVA with Tukey’s multiple
comparison test. **p<0.01, ****p<0.0001.
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Supplemental Figure 12. Evaluation of Intracellular Pathways Implicated with Caspase 8 Activation. A-B. Flow
cytometry quantitation of live (AnnexinV-DAPI-), Annexin+ (AnnexinV+DAPI-) or dead (AnnexinV+DAPI+) in
MM.1S cells treated with Gly-Phe-B-Naphthylamide (GPN-A) or Pepstatin A (PepA-B) in combination with
DMSO or 1 uM RTA408 for 4h. C-E. Flow cytometry gquantitation of Annexin V staining in MM.1S cells
transduced with non-targeting control, or doxycycline inducible KEAP1 treated with DMSO or 1 uM RTA408 for
4h (C) or IREla treated DMSO, 1 uM RTA408 for 4h (D) or 120 nM BOR (E) for 6h. F-G. Representative
histogram (F) and flow cytometry quantitation (G) of CM-H2DCFDA mean fluorescence intensity (MFI) in live
MM.1S cells. H. Graphical summary of caspase 8 dependent pro-apoptotic signaling implicated with ERAD
inhibition. N=3. Mean+STDEV statistical analysis performed with a two-way ANOVA with Tukey's multiple
comparison test. ****p<0.0001.
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Supplement 13: Lipid Raft Dependent Activation of Caspase 8 in MM.1S. A. Flow cytometry quantitation of
Annexin V staining in MM.1S treated with 1 mg/mL MCD or media control and DMSO or 120 nM BOR for 6h.
B. Representative immunoblot of caspase 8 and 3 (cleaved and pro-forms) and total protein in MM.1s treated
with DMSO, 1 uM RTA408 or 120 nM BOR and media control or 1 mg/mL MCD for 4-6h. C. MM cell line
viability measured by CellTiter-Glo® following treatment with 1 uM RTA408, 10 uM NMS873 or 120 nM BOR
and media control or 1 mg/mL MCD for 12h. D-E. Representative immunoblot (D) and relative quantitation (E)
of phospho-EIF2a or total EIF2 a with DMSO, 1 uM RTA408 or 120 nM BOR and media control or 1 mg/mL
MCD for 2h. F. Steady state degradation of NHK-GFP in K562 with 10 uM RTA408, NMS873 or MG132 and
media control or 1 mg/mL MCD for 4h. G-H. Flow cytometry quantitation of Annexin V staining in MM.1S cells
treated with DMSO or 20-50 uM atorvastatin (AS) and DMSO or 1 uM RTA408 for 4h (G) or 120 nM BOR for
6h (H). I-J. Representative immunoblot () and relative quantitation (J) of phospho-EIF2a or total EIF2a with
DMSO, 1 uM RTA408 or 120 nM BOR and DMSO or 20-50 uM atorvastatin (AS) for 2h. N=3-5. MeantSTDEV.
Statistical analysis performed with a two-way ANOVA with Dunnett's multiple comparison test (E) or Tukey's
multiple comparison tests. *p<0.05, **p<0.01, *** p<0.001, p****p<0.0001.
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Supplemental Figure 14: RTA408 Cytotoxicity in Primary Cells and In Vivo. A. Representative flow cytometry
gating of CD138+,CD3+ and Live (Annexin-DAPI-), Annexin+ (Annexin+DAPI-), and Dead (DAPI+) cells. B-C.
Calculation of IC50 for cytotoxicity in different cell populations R/R (B) and newly diagnosed (C) samples. D-E.
Flow cytometry analysis of Annexin-DAPI- CD19 cells following RTA408 treatment for 60h in R/R (D) and 36h
(E) in newly diagnosed MM from primary bone marrow (BM) or peripheral blood (PCL) cells from patients with
relapsed refractory MM. F. Week 3, pretreatment bioluminescent imaging in RPMI8226 NSG mice. G.
Bioluminescent imaging from a pilot cohort of RPMI8226 NSG mice; left treated with RTA408 5 mg/kg; right
DMSO control. Center mouse not included in treatment schema.
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