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Immunomodulatory drugs (IMiDs) have markedly improved patient outcome in multiple myeloma (MM); how-
ever, resistance to IMiDs commonly underlies relapse of disease. Here, we identify that tumor necrosis factor
(TNF) receptor-associated factor 2 (TRAF2) knockdown (KD)/knockout (KO) in MM cells mediates IMiD resistance
via activation of noncanonical nuclear factor kB (NF-kB) and extracellular signal-regulated kinase (ERK) signaling.
Within MM bone marrow (BM) stromal cell supernatants, TNF-a induces proteasomal degradation of TRAF2,
noncanonical NF-kB, and downstream ERK signaling in MM cells, whereas interleukin-6 directly triggers ERK
activation. RNA sequencing of MM patient samples shows nearly universal ERK pathway activation at relapse
on lenalidomide maintenance therapy, confirming its clinical relevance. Combination MEK inhibitor treatment
restores IMiD sensitivity of TRAF2 KO cells both in vitro and in vivo. Our studies provide the framework for clinical
trials of MEK inhibitors to overcome IMiD resistance in the BM microenvironment and improve patient out-

come in MM.

INTRODUCTION

Multiple myeloma (MM) is characterized by the infiltration of
abnormal plasma cells in the bone marrow (BM) and monoclonal
protein in serum and/or urine, associated with hypercalcemia, renal
dysfunction, anemia, and bone disease (I1). The development of
high-dose therapy and autologous stem cell transplantation (2, 3)
and, more recently, of novel agents including proteasome inhibitors
(4), histone deacetylase inhibitor (5, 6), immunomodulatory drugs
(IMiDs) (7-9), and monoclonal antibodies (Abs) (10-12), has trans-
formed therapy and markedly improved patient outcome.
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The IMiD thalidomide (Thal) was banned because of its tera-
togenicity when prescribed to treat morning sickness of pregnant
women 50 years ago (13). However, Thal and its analogs lenalidomide
(Len) and pomalidomide (Pom), initially used empirically predicated
upon their antiangiogenic activity (14), have demonstrated remark-
able clinical efficacy in MM and other B cell malignancies (15). Our
early studies showed that IMiDs trigger direct MM cytotoxicity via
activation of caspase-8—mediated extrinsic apoptotic pathway, as well
as enhancing immune effector antitumor responses while inhibiting
T regulatory cells (16-19). Multiple groups have subsequently re-
ported that IMiDs directly bind cereblon (CRBN), a substrate adaptor
of Cullin4 RING Ligase (CRL4) (20, 21) and activate CRL4“*®" ligase,
thereby selectively targeting two B cell transcription factors IKAROS
Family Zinc Finger 1 (IKZF1) and IKAROS Family Zinc Finger 3
(IKZF3) for ubiquitination and proteasomal degradation (22, 23). We
have also shown that IMiDs directly bind and inhibit TP53-regulating
kinase activity in MM cells, followed by MM cell growth inhibition
(24). IMiDs trigger additive or synergistic anti-MM activity when
combined with proteasome inhibitors and monoclonal Abs in pre-
clinical models (25, 26) and are now used in combinations to treat
both newly diagnosed and relapsed MM. However, development of
resistance to IMiDs commonly underlies relapse of disease.

To delineate mechanisms of IMiD resistance, the majority of pre-
vious studies have focused on CRBN. The expression level of CRBN,
CRBN-binding proteins, and CRL4“*"N ligase have been associated
with IMiD sensitivity (27-30). For example, our prior studies used
CRISPR-Cas9 screening to identify signalosome genes regulating
expression of CRBN and IMiD sensitivity (31). Although down-
regulation or mutations in CRBN have been associated with IMiD
resistance (32, 33), MM cells can manifest resistance without CRBN
dysfunction (34), indicating potential alternative mechanisms of
IMiD resistance. We and others have also shown that MM cell ad-
hesion to extracellular matrix proteins and accessory cells triggers
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cell adhesion-mediated drug resistance to conventional therapeutic
agents (35, 36). Moreover, secretion of soluble factors [i.e., tumor
necrosis factor-o (TNF-a) and interleukin-6 (IL-6)] from celluar
components [i.e., BM stromal cells (BMSCs), osteoclasts, and vascular
endothelial cells] activates intracellular signaling pathways including
nuclear factor kB (NF-xB), Raf-mitogen-activated protein kinase
(MAPK) kinase (MEK)-extracellular signal-regulated kinase (ERK),
Janus kinase-signal transducer and activator of transcription, and
phosphatidylinositol 3-kinase-Akt, thereby promoting migration,
proliferation, survival, and drug resistance of MM cells (37). Resist-
ance to dexamethasone-induced MM cell apoptosis, for example, is
completely abrogated by coculture with BMSCs, IL-6, or insulin-like
growth factor 1o (IGF-1a). To date, however, the molecular mech-
anisms mediating IMiD resistance have not been fully delineated.

In this study, we used our in vitro and in vivo preclinical model
systems of MM in the BM milieu to delineate molecular mecha-
nisms underlying sensitivity to IMiDs. Genome-wide CRISPR-Cas9
knockout (KO) screening identified TRAF2, a member of TNF re-
ceptor-associated factor (TRAF) protein family, to regulate IMiD
sensitivity. We show that TRAF2 KO-induced IMiD resistance is
mediated via activation of noncanonical NF-xB and downstream
MEK-ERK signaling, independent of CRBN-IKZF1/3 axis. Within
MM BMSC supernatants (SC-sup), TNF-o induces proteasomal deg-
radation of TRAF2, followed by noncanonical NF-xB and down-
stream ERK signaling, whereas IL-6 directly triggers ERK activation.
Combination MEK inhibitor treatment restores IMiD sensitivity of
TRAF2 KO cells with high phosphorylated ERK (p-ERK) both in vitro
in the presence of SC-sup and in vivo in an inducible TRAF2 knock-
down (KD) MM xenograft model. These data, coupled with RNA
sequencing (RNA-seq) showing enrichment of ERK signaling in
patients with MM at the time of relapse while on single-agent Len
maintenance therapy, provide the framework for clinical trials of
MEK inhibitors to overcome IMiD resistance and improve patient
outcome in MM.

RESULTS

Genome-wide CRISPR-Cas9 screening identifies TRAF2
mediating IMiD sensitivity

We first carried out genome-wide CRISPR-Cas9 KO screening to
identify genes and/or pathways mediating IMiD sensitivity (Fig. 1A
and fig. S1, A and B). As expected, most of the positively selected
genes are associated with activity of CRL4“*®N E3 ligase, the main
target of IMiDs mediating their anti-MM activity. Among these genes,
we have previously validated that COP9 signalosome complex regu-
lates sensitivity to IMiDs by modulating CRBN expression (31).
TRAF2 was identified in our top 10 genes list (Fig. 1A and fig. S1A),
and we demonstrated that three different single-guide RNAs (sgRNAs)
targeting TRAF2 were enriched after IMiD treatment (Fig. 1, B and C).
To confirm that TRAF2 modulates IMiD sensitivity, we individually
cloned the TRAF2 sgRNAs into the LentiCRISPRv2 vector (38)
and reintroduced them into MM cells. As expected, TRAF2-KO
MM cells acquired notable resistance to Pom and Len treatment
(Fig. 1, D and E, and fig. S2, A to C). Conversely, IMiD-resistant
RPMI 8226 MM cell line showed increased sensitivity to Pom when
TRAF?2 was overexpressed (fig. S2D). In patient samples, TRAF2 mRNA
was expressed in samples from patients relapsing on Len [Dana-Farber
Cancer Institute (DFCI)/Intergroupe Francophone du Myelome
(IFM)] and on other therapies (CoMMpass database) (fig. S2E).

Liu et al., Sci. Adv. 2021; 7 : eabg2697 4 June 2021

However, TRAF2 immunohistochemical analysis of BM biopsies from
six patients at the time of diagnosis with disease sensistive to Len
compared to the time of relapse with disease resistant to single-agent
Len maintenance demonstrated lower expression of TRAF2 protein
in five of six samples at the time of relapse (Fig. 1F), suggesting that
posttranslational modification of TRAF2 may account for clinical
resistance. These data demonstrate that TRAF2 expression modulates
sensitivity of MM cells to IMiDs.

Because previous studies showed that CRBN-IKZF1/3 axis plays
a crucial role in IMiD-induced MM cell growth inhibition, we next
examined whether TRAF2 KO-induced IMiD resistance was
CRL4“®®N Jigase activity dependent. TRAF2 KO showed no effect
on CRBN expression or IMiD-induced degradation of IKZF1/
IKZF3 and down-regulation of interferon regulatory factor 4 (IRF4),
the main effector of MM cell survival (Fig. 1G). Together, these data
suggest that TRAF2 KO-mediated IMiD resistance is independent
of CRBN-IKZF1/3 axis.

TRAF2 KO induces activation of noncanonical NF-xB

and ERK pathways

We next investigated the molecular mechanism underlying IMiD
resistance in TRAF2 KO cells. TRAF2 KO inhibited cleavage of
caspase-3 and poly(ADP-ribose) polymerase (PARP) triggered by
Pom and Len (Fig. 2, A and B, and fig. S3, A and B), indicating that
TRAF2 KO inhibits apoptotic cell death triggered by IMiDs. We
further confirmed that TRAF2 was required for IMiD-induced
cytotoxicity using CellTiter-Glo Luminescent Cell Viability Assay
(Fig. 2C and fig. S3C) and flow cytometric analysis with annexin V
staining (fig. S3D). Notably, TRAF2 KO has no effect on MM cell
growth and cell cycle (fig. S3, E and F). We also examined cross-
resistance of TRAF2 KO cells to other therapeutic agents. Viability
assays showed that TRAF2 KO cells were also resistant to dexa-
methasome and melphalan treatment (fig. S3G) but remained
sensitive to bortezomib (BTZ) (fig. S3H). These data indicate that
TRAF2 KO-induced drug resistance is not specific to IMiDs and
independent of ubiquitin-proteasome pathway.

We next performed RNA-seq to delineate signaling cascades
mediating IMiD resistance induced by TRAF2 KO. Both noncanon-
ical NF-kB (Fig. 2D, left) and ERK (Fig. 2D, right) pathways were
enriched in TRAF2 KO cells, consistent with previous reports that
TRAF?2 regulates NF-xB and ERK signaling pathways (39). TRAF2
KO cells showed significantly increased processing of precursor
p100 to p52 (NFxB2) (Fig. 2E and fig. S4A) and up-regulation of
NF-«kB-inducing kinase (NIK) (fig. S4B), as well as activation of
noncanonical NF-xB pathway (fig. S4C), with minimal impact on
p105 or p50 (NFxB1) protein expression (fig. S4D). These results
suggest that TRAF2 KO predominantly activated noncanonical NF-
kB pathway. Consistent with RNA-seq analysis, we also confirmed
that phosphorylation of ERK and upstream MEK were significantly
up-regulated in TRAF2 KO MM cells (Fig. 2F and fig. $4, E to G).

Noncanonical NF-xB pathway mediates ERK pathway
activation in TRAF2 KO cells

Because both noncanonical NF-xB and MEK-ERK pathways were
activated in TRAF2 KO cells, we next examined interaction of these
signaling pathways mediating IMiD resistance. p52 (NFxkB2) KO
significantly reduced phosphorylation of MEK and ERK in TRAF2
KO cells (Fig. 3A), suggesting that noncanonical NF-xB pathway
may regulate MEK-ERK activity in TRAF2 KO cells. Moreover, p52
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Fig. 1. Genome-wide CRISPR-Cas9 screen identifies TRAF2 to be required for antimyeloma activity of Pom. (A) Volcano plot showing both positively and negatively
selected genes in the CRISPR-Cas9 screen at day 21 after Pom treatment. Genes shown in red and blue represent positively and negatively selected genes, respectively.
NS, not significant. (B) Normalized reads of sgTRAF2 from cells treated with either dimethyl sulfoxide (DMSO) control or Pom at the indicated time points. Veh, DMSO
control. (C) Enrichment of TRAF2 and CRBN sgRNAs after Pom treatment. Each dot specifies one sgRNA. (D and E) Dose-dependent survival of Pom-treated (D) and
Len-treated (E) MM.1S cells infected with individually cloned lentiCRISPR viruses targeting the selected gene candidates. Controls were null-targeting lentiCRISPR viruses.
Error bars represent SEM (n = 3). ICso, half maximal inhibitory concentration. (F) Representative images of TRAF2 protein expression assessed by immunohistochemical
staining of BM biopsies from six patients at time of diagnosis with disease sensitive to Len and at time of relapse with disease resistant to single-agent Len maintenance
therapy. Scale bar, 20 uM. (G) Representative Western blot analysis of control and TRAF2 KO MM.1S cells treated with DMSO, 0.5 uM Pom, or 1 uM Len for 72 hours. Whole-cell
lysates (WCLs) were collected and probed with indicated Abs. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NT, non-targeting.
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Fig. 2. TRAF2 KO inhibits apoptosis induced by IMiDs through enhancing noncanonical NF-xB and ERK pathway. (A and B) Representative Western blot analyses
of control and TRAF2 KO MM.1S cells treated with DMSO or 1 uM Pom (A) or 1 uM Len (B) for 72 hours. WCLs were collected and probed with indicated Abs. (C) Percentage
cell viability of control and TRAF2 KO MM.1S cells treated with 0.5 uM Pom for 72 hours. Cell viability was determined using CellTiter-Glo (CTG) cell viability assay. CRBN KO
cells were analyzed as a positive control. Data are shown as means + SEM. ***P < 0.001 by two-sided Student’s t test. (D) Gene set enrichment analysis plots of datasets
identified comparing TRAF2 KO and wild-type signatures. NES, normalized enrichment score. FDR, false discovery rate. (E) Nuclear and cytoplasmic protein were extracted
from MM.1S TRAF2 KO cells and immunoblotted with indicated Abs. Cyto, cytoplasmic; nuc, nuclear. (F) WCLs from control and TRAF2 KO MM.1S cells were probed for
p-ERK, ERK, and TRAF2 by immunoblotting. The numbers under the bands of blots indicate band intensity normalized to control.

KO in TRAF2 KO cells resensitized them to IMiD treatment
(Fig. 3, B and C, and fig. S4H). To further confirm the role of up-
regulation of phosphorylated MEK-ERK in resistance to IMiDs,
we overexpressed p-ERK2 in IMiD-sensitive MM.18S cells, which
conferred resistance to IMiDs (Fig. 3D and fig. S4I). Together, these
results indicate that TRAF2 KO activates noncanonical NF-kB and

Liu et al., Sci. Adv. 2021; 7 : eabg2697 4 June 2021

downstream MEK-ERK signaling mediating IMiD resistance in
MM cells.

We next evaluated the clinical significance of ERK activation in
relapsed MM patient samples. RNA-seq data from 69 MM patient
samples demonstrated activated ERK pathway in 97% cases at the
time of first relapse while receiving Len maintenance therapy
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Fig. 3. Noncanonical NF-xB pathway mediates ERK pathway activation in TRAF2 KO cells. (A) Representative Western blot analysis of control and KO MM.1S cells.
WCLs were collected and probed with indicated Abs. (B) Percentage cell viability of sgTRAF2 and/or sgp52 MM.1S cells treated with 0.5 uM Pom for 72 hours. Cell viabili-
ty was determined using CTG assay. (C) KO efficiency of p100, p52, and TRAF2in MM.1S cells was assessed by immunoblot analysis. (D) MM.1S cells were infected with
lentivirus to constitutively express activated ERK2 and then treated with Pom (0 to 180 nM) for 72 hours. Cell viability was determined using CTG assay. Data in (B) and (D)
are shown as means + SEM. ***P < 0.001 by two-sided Student's t test. OE, over-expressed; GFP, green fluorescent protein. (E and F) RNA-seq data from MM patient samples
of 69 patients at first relapse on Len maintenance therapy. Enrichment scores for ERK pathway activation (E) and correlation between ERK and noncanonical NF-kB pathway

activation (F) were analyzed.
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Liu et al., Sci. Adv. 2021; 7 : eabg2697 4 June 2021

WT DMSO
WT Pom

KD DMSO
KD Pom

KD AZD6244
KD Combo

T20Z ‘sz aunc uo /B1o’Bewsdusios saoueApe//:dny wolj papeojumoq


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

(Fig. 3E). There was also a significant positive correlation between
ERK and noncanonical NF-kB signaling in relapsed MM patient
samples (Fig. 3F and fig. S4]). These data suggest a pivotal role of
ERK activity in mediating IMiD resistance in the clinical setting.

Inhibition of MEK-ERK overcomes IMiD resistance induced
by TRAF2 KD in vivo

Because we confirmed that ERK activity mediates IMiD resistance,
we next sought to determine whether blockade of ERK pathway can
overcome IMiD resistance induced by TRAF2 KO. AZD6244 is a
potent and highly selective MEK inhibitor (40), and we examined
whether AZD6244 abrogated IMiD resistance in TRAF2 KO cells.
We first showed that AZD6244 in combination with IMiDs trig-
gered synergistic cytotoxicity in MM.1S wild-type (WT) cells, evi-
denced by inhibition of cell proliferation (fig. S5, A and B). Addition
of AZD6244 overcame resistance and mediated synergistic cytotox-
icity with IMiDs in TRAF2 KO MM cells, evidenced by decreased
proliferation and p-ERK1/2, as well as by increased induction of
PARP cleavage (Fig. 4, A and B, and fig. S5, C to E). To assess the
efficacy of combination treatment in vivo, we first generated inducible
TRAF2 KD MM.1S cells and confirmed that TRAF2 KD triggered
activation of noncanonical NF-xB and ERK pathways (fig. S5F)

and Pom resistance (fig. S5G) in vitro. These cells were then sub-
cutaneously injected into severe combined immunodeficient (SCID)
mice, allowing for induction of TRAF2 KD by intraperitoneal injec-
tion of doxycycline. MM.1S WT cells were sensitive to Pom treat-
ment, whereas MM.1S TRAF2 KD cells demonstrated resistance.
The combination of AZD6244 and Pom significantly reduced
in vivo tumor growth of TRAF2 KD cells, without associated host
weight loss (Fig. 4, C to F). These data indicate that MEK inhibitor
can abrogate activation of ERK1/2 and overcome IMiD resistance
in vivo. Together, our results show that activation ERK signaling
plays a crucial role modulating IMiD sensitivity and that MEK in-
hibitor can overcome ERK-mediated resistance and restore IMiD-
induced MM cytotoxicity.

BM microenvironment induces IMiD resistance associated
with down-regulation of TRAF2 and ERK activation

We and others have shown that the BM microenvironment plays an
important role in promoting proliferation, survival, and drug re-
sistance in MM cells (41). Specifically, we showed that either BMSCs
or SC-sup activate NF-xB and MEK-ERK pathways (37). We there-
fore next examined the relevance of TRAF2 KO-induced ERK
activation-mediated IMiD resistance in the context of the BM
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Fig. 5. BM microenvironment induces IMiD resistance through ERK pathway activation. (A and B) MM.1S cells were treated with indicated concentrations of Pom (A)
or Len (B) in the presence or absence of BMSC. Cell growth was determined using MTT assay. (C) Percentage cell growth of MM.1S cells after 3 days culture with stromal
cell supernatants (SC-sup). Cell growth (means + SEM) was determined using MTT assay and normalized to medium control. SCs were from five patients with MM.
(D) Percentage cell growth of MM.1S cells after 3 days of treatment with Pom (1 uM), SC-sup, or both. Cell growth was determined using MTT assay and normalized to the
DMSO control group. (E) Immunoblot analysis of TRAF2 protein level in MM.1S cells cultured with SC-sup for 48 hours. SCs were from five patients with MM. (F) MM.1S
cells were cultured for 0 to 24 hours in the presence or absence of SC-sup. WCLs were collected and probed with p-ERK1/2 and ERK1/2 Abs. The numbers under the bands
of blots indicate band intensity normalized to control. Data in (A) to (D) are shown as means + SEM. ****P < 0.0001 and **P < 0.01 by two-sided Student's t test.
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microenvironment. As expected, coculture of MM cells with BMSCs
(Fig. 5, A and B, and fig. S6, A and B) conferred resistance to IMiDs.
Moreover, BMSC supernatants (SC-sup) similarly enhanced MM
cell growth and conferred resistance to IMiDs (Fig. 5, C and D, and
fig. S6C) associated with down-regulation of TRAF2 (Fig. 5E) and
up-regulation of p-ERK (Fig. 5F). These data suggest that IMiD re-
sistance in the BM microenvironment can be mediated, at least in
part, by TRAF2 down-regulation-induced ERK activation.

ERK activation mediates IMiD resistance

To further delineate the mechanism whereby SC-sup confers IMiD
resistance, we next performed cytokine array analysis and identified
that TNF-a and IL-6 were highly secreted by BMSCs (Fig. 6A).
TNF-a, but not IL-6, treatment induced TRAF2 down-regulation in
MM cell lines (Fig. 6, B and C) and patient MM cells (Fig. 6D).
TNF-a significantly inhibited IMiD-induced MM cytotoxicity in a
dose-dependent manner (Fig. 6E and fig. S7, A to C), and similar to

TRAF2 KO, TNF-a induced IMiD resistance by activating ERK and
noncanonical NF-kB pathways (fig. S7, D and E), without altering
CRBN expression (fig. S7F).

To further define the mechanism of TNF-o-mediated TRAF2 down-
regulation, we next showed that TNF-a promoted TRAF2 protein degra-
dation in a time- and dose-dependent manner (Fig. 6F and fig. S8A) and
that the half-life of TRAF2 was markedly shortened by TNF-o treatment
(fig. S8B). Because previous studies identified TRAF2 as a substrate of the
proteasome (42), we also treated MM cells with TNF-o. in the presence
or absence of proteasome inhibitor BTZ or carfilzomib (CFZ). Notably,
TRAF2 down-regulation triggered by TNF-o was inhibited by these protea-
some inhibitors (Fig. 6G), associated with accumulation of ubiquitinated
TRAF2 (Fig. 6H). These data confirm that TNF-o-induced TRAF2 down-
regulation is due, at least in part, to its proteasomal degradation in MM cells.
As described above, TRAF2 KO induced MEK-ERK phosphorylation
via noncanonical NF-kB activation, resulting in IMiD resistance. Con-
sistent with a previous study (43), we also show that TNF-o also triggered
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Fig. 6. Paracrine TNF-a in stromal cell supernatant induces IMiD resistance through proteasomal degradation of TRAF2. (A) Representative image of cytokine Ab array
screening of SC-sup. Supernatant was collected after 24-hour culture with BMSCs and filtered by a 0.22 uM low-protein binding membrane. (B) Representative Western blot
analysis of MM.1S cells treated with TNF-a or IL-6 for 24 hours. WCLs were collected and probed with TRAF2 Ab. (C) MM cell lines were treated with TNF-o (5 ng/ml) for
48 hours. Cell lysates were collected and blotted with TRAF2 Ab. (D) Immunoblot analysis of patient MM cells treated with TNF-o (5 ng/ml) for 48 hours. WCL was collected
and probed with TRAF2 Ab. (E) Percentage cell growth of MM.1S cells after 5 days of treatment with Pom (0 to 3 uM) and/or TNF-a (0 to 3 ng/ml). Cell growth (means + SEM) was
determined using MTT assay. (F) MM.1S cells were treated with TNF-a (5 ng/ml) for 0 to 10 hours. WCLs were collected and probed with TRAF2 Ab. (G) MM.1S cells were
treated with 0.5 nM BTZ or 2.5 nM CFZ for 2 hours, followed by treatment with TNF-o: (10 ng/ml) for 24 hours. WCLs were collected and probed with TRAF2 Ab. (H) MM.1S cells
were cultured with TNF-a (5 ng/ml) for 18 hours and then treated with MG132 (10 uM) for 6 hours. WCLs were collected and immunoprecipitated by anti-TRAF2 Ab and
probed for polyubiquitinated protein and TRAF2. IP, immunoprecipitated. The numbers under the bands of blots indicate band intensity normalized to control.
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ERK phosphorylation (fig. S7D). Last, we and others have shown
that IL-6 activates ERK signaling and resistance to dexamethasone-
induced MM cell apoptosis (44). Here, we show that IL-6 also directly
induces IMiD resistance (Fig. 7A). In contrast, IGF-1a does not trig-
ger ERK activation or IMiD resistance (fig. S9). These data therefore
indicate that soluble factors which induce MEK-ERK activation
can protect MM cells from IMiD-induced cytotoxicity in the BM
microenvironment.

Inhibition of MEK overcomes IMiD resistance

induced by BM microenvironment

Because SC-sup (Fig. 5F), TNF-o (fig. S7D), and IL-6 (Fig. 7A) induced
ERK phosphorylation and IMiD resistance in MM cells, we next
determined whether MEK inhibitor was able to inhibit ERK1/2
phosphorylation and overcome IMiD resistance in the context of
the BM microenvironment. We first showed that SC-sup-induced
phosphorylation of ERK was completely blocked by a MEK inhibitor,
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Fig. 7. AZD6244 overcomes IMiD resistance induced by BM microenvironment. (A) Percentage cell growth of MM.1S cells after 5 days of treatment with Len (0 to
3 uM) and/or IL-6 (0 to 10 ng/ml). Cell growth (means + SEM) was determined using MTT assay. (B) Representative Western blot analysis of MM.1S cells cultured for 72 hours
in the presence of BMCS with AZD6244 (1 uM), Len (1 uM), or both. WCLs were collected and probed with anti-cleaved PARP, IKZF1, p-ERK, and ERK Abs. (C) Percentage
MM.1S cell growth in cultures with or without SC-sup after 5 days of treatment with Pom (0 to 1 uM), AZD6244 (0 to 1 uM), or both. Cell growth (means + SEM) was deter-
mined using MTT assay. (D) Percentage MM.1S cell growth in cultures with IL-6 (5 ng/ml) after 5 days of treatment with Pom (0 to 1 uM), AZD6244 (0 to 1 uM), or both. Cell
growth (means + SEM) was determined using CTG assay. (E) Percentage MM.1S cell growth in cultures with TNF-o (5 ng/ml) after 5 days of treatment with Pom (0 to 1 uM),
AZD6244 (0 to 1 uM), or both. Cell growth (means + SEM) was determined using CTG assay.
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AZD6244 (Fig. 7B). Moreover, PARP cleavage was markedly enhanced
by combination treatment of Pom with AZD6244, without affecting
IKZF1 degradation (Fig. 7B). Addition of AZD6244 overcame resist-
ance to Pom and Len in SC-sup-treated MM cells (Fig. 7C and fig.
§10, A and B). We also observed that IMiD resistance triggered by
IL-6 or TNF-o was similarly abrogated by AZD6244 (Fig. 7, D and E).
These data indicate that MEK-ERK inhibitor can overcome IMiD
resistance triggered by TNF-o and IL-6 in SC-sup and restore MM
cell sensitivity to IMiD treatment in the BM millieu.

DISCUSSION

During the past two decades, IMiDs have demonstrated remarkable
anti-MM activity when used alone or combined with proteasome
inhibitors and/or monoclonal Abs as initial, salvage, and maintenance
therapies (7, 25, 26, 45, 46). More potent IMiDs with enhanced
affinity to CRBN have recently been developed to even further in-
crease their clinical efficacy (47-49). Moreover, we and others (24)
have also identified novel binding protein of IMiDs, such as TP53-
regulating kinase, which may broaden their clinical utility. However,
most MM cells eventually acquire resistance to IMiDs, which has, to
date, been attributed to decreased expression of CRBN and rarely
CRBN mutations (50, 51). Defining mechanisms underlying clinical
resistance to IMiDs is therefore essential to inform the design of
novel strategies to restore and/or enhance IMiD sensistivity and im-
prove patient outcome.

Targeted genome editing technologies have transformed our
abilities to discover basic biological mechanisms underlying specific
phenotypes (52, 53). Specifically, the development of the CRISPR-
Cas9 system and Cas9-based functional genetic screening tools has
facilitated the identification of genes essential for drug resistance
(54, 55), and we have used genome-wide CRISPR-Cas9 KO screen-
ing to delineate mechanisms of IMiD resistance in MM. We found
that many CRL4“*®N E3 ubiquitin ligase-associated genes are en-
riched in positively selected genes, confirming that CRBN pathway
genes mediate sensitivity of MM to IMiDs. Conversely, many genes
essential for MM survival and proliferation (31, 56-58) are depleted
in negatively selected genes. From this screening, we previously
identified the signalosome (CSN) family genes to be positively en-
riched, and validated that CSN genes regulate CRBN expression,
suggesting that strategies to up-regulate CSN may restore CRBN
levels and IMiD sensitivity (31). In the current study, we identified
TRAF2 as one of the top 10 genes positively selected in our
genome-wide CRISPR-Cas9 KO screening. TRAF2 is a member of
the TRAF protein family functions as a component of TNF receptor
complex and mediates activation of NF-kB and/or ERK pathways
(59, 60). It also functions as a RING domain E3 ligase that is activated
by sphingosine-1-phosphate and catalyzes the lysine-63-linked poly-
uniquitination of receptor interacting serine/threonine kinase 1 (RIP1),
thereby leading to NF-«B activation (61).

An integrated analysis from 155 MM samples identified that
inactive mutations of TRAF2 result in constitutive activation of
noncanonical NF-kB pathway (62). Here, we show that TRAF2 KO
significantly induces IMiD resistance, thereby identifying TRAF2 as
an essential mediator of IMiD sensitivity in MM cells. However,
TRAF2 KO does not alter CRBN expression or IMiD-induced deg-
radation of IKZF1/3 and its downstream targets IRF4 and c-Myc.
Our data therefore identify a novel mechanism underlying IMiD
resistance, independent of the CRBN-IZKF1/3 axis. We show that
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IMiD resistance in TRAF2 KO cells is mediated by noncanonical
NF-xB and its downstream ERK signaling and that MEK inhibitor
AZD6244 can restore sensitivity to IMiDs in vitro and in vivo using
our inducible TRAF2 KD MM model. This is of great potential clinical
interest, because our analyses of RNA-seq data show nearly universal
activation of ERK signaling in MM patient samples at the time of
first relapse while on Len maintenance therapy, suggesting that ERK
inhibitor may restore IMiD sensitivity in the clinic.

We and others have shown that BMSCs and accessory cells
(plasmacytoid dendritic cells, myeloid-derived suppressor cells,
osteoclasts, and T regulatory cells) in the MM BM microenvironment
play a crucial role in MM pathogenesis by promoting tumor cell
growth, survival, and immunosuppression, as well as conferring drug
resistance. These biologic sequelae are due to direct tumor cell-
BMSC/accessory cell interaction (35) and/or secretion of soluble
factors including IL-6, TNF-0, IGF-1a, and vascular endothelial growth
factor (63, 64) in the BM milieu. Moreover, our early studies showed
that TNF-a can directly stimulate the production of IL-6 and
up-regulate adhesion molecules (65), thereby further promoting
tumor/accessory cell interactions. Here, we show that SC-sup, IL-6,
and TNF-a induce IMiD resistance in MM cells mediated via ERK
signaling. Although IL-6 directly activates ERK signaling, we show
that TNF-o triggers proteasomal degradation of TRAF2 and activa-
tion of noncanonical NF-xB, with downstream ERK pathway acti-
vation. In contrast, IGF-1 neither activates ERK signaling nor triggers
IMiD resistance. Therefore, ERK pathway signaling is implicated in
mediating IMiD resistance triggered by multiple stimuli in the BM
milieu. Combination MEK inhibitor AZD6244 with IMiDs over-
comes resistance to Pom and Len conferred by the BM milieu.

In summary, we have identified and validated that activation of
MEK-ERK pathway directly by soluble factors (i.e., IL-6) or indi-
rectly by activation of TRAF2 degradation-induced noncanonical
NF-xB activation mediates IMiD resistance in the BM micro-
environment. These studies not only delineate a novel CRBN-
independent mechanism of IMiD resistance in the BM milieu but
also provide the preclinical rationale for combining inhibitors of
MEK/ERK signaling with Len or Pom to overcome IMiD resistance
and improve patient outcome in MM.

MATERIALS AND METHODS

Cells and culture conditions

MM.1S, RPMI 8226, H929, U266, and human embryonic kidney
(HEK) 293T cells were purchased from the American Type Culture
Collection. AMO-1, JJN-3, OPM2, and KMS-12BM cells were purchased
from Deutsche Sammlung von Mikroorganismen und Zellkulturen
(DSMZ). All cell lines were verified by short tandem repeat (STR)
DNA fingerprinting analysis (Molecular Diagnostic Laboratory, DFCI)
and tested for mycoplasma using the MycoAlert Mycoplasma
Detection Kit (Lonza). All cells were grown at 37°C in 5% CO; con-
dition: MM.1S, RPMI 8226, H929, U266, AMO-1, JJN-3, OPM2,
and KMS-12BM cells were maintained in RPMI 1640 medium;
HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium. All media were supplemented with 10% fetal bovine serum
(FBS), 1x antibiotic-antimycotic, 1x GlutaMAX, and 1x Hepes.

Primary MM cells and BMSCs
BM samples were obtained from patients with MM after informed
consent and approval by the Institutional Review Board of the DFCI.
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Mononuclear cells were separated by Ficoll-Paque PLUS (GE Healthcare
Life Sciences). MM cells were purified by CD138-positive selection
with human CD138 MicroBeads (Miltenyi). Long-term BMSCs were
established by culturing CD138-negative BM mononuclear cells for
4 to 6 weeks in RPMI 1640 medium supplemented with 10% FBS
and 1x antibiotic-antimycotic.

Generation and collection of SC-sup

The culture medium of established BMSCs was replaced with fresh
complete medium. Supernatant was collected 24 hours later, followed
by centrifugation at 2000 rpm for 10 min to clear cells and debris.
Filtration was then performed with a 0.22 uM low-protein binding
membrane (Millipore Sigma).

Reagents and Abs

Len, Pom, BTZ, CFZ, and MG132 were purchased from Selleck
Chemicals; AZD6244 was purchased from Cayman Chemical. All
were dissolved in dimethyl sulfoxide (DMSO) and stored at —20°C
for up to 6 months. For all cell-based experiments, drugs were diluted
at least by 1:1000 to ensure that the final DMSO concentration was
lower than 0.1%. Cycloheximide solution was purchased from
Millipore Sigma. Human recombinant TNF-o and IL-6 were pur-
chased from STEMCELL Technologies. Doxycycline was purchased
from Boston Bioproducts. Abs were obtained as follows: IKZF1
(no. 5443, Cell Signaling Technology), IKZF3 (no. 15103, Cell Signaling
Technology), IRF4 (no. 4299, Cell Signaling Technology), CRBN
(no. SAB045910, Sigma-Aldrich), TRAF2 (no. 4724, Cell Signaling
Technology and no. ab126758, Abcam), glyceraldehyde-3-phosphate
dehydrogenase (no. 5174, Cell Signaling Technology), cleaved PARP
(no. 5625, Cell Signaling Technology), caspase-3 (no. 14220, Cell
Signaling Technology), NF-xB2 p100/p52 (no. 4882, Cell Signaling
Technology), histone H3 (no. 4499, Cell Signaling Technology),
phospho-NF-xB2 p100 (Ser866/870) (no. 4810, Cell Signaling
Technology), ubiquitin (no. 3936, Cell Signaling Technology), p44/42
MAPK (Erk1/2) (no. 4695, Cell Signaling Technology), phosphor-p44/42
MAPK (Erk1/2) (Thr***/Tyr***) (no. 4370, Cell Signaling Tech-
nology), pan-actin (no. 8456, Cell Signaling Technology), NF-«kB1
p105/p50 (no. 3035, Cell Signaling Technology), lamin A/C (no. 4777,
Cell Signaling Technology), anti-rabbit immunoglobulin G (IgG),
horseradish peroxidase (HRP)-linked Ab (no. 7074, Cell Signaling
Technology), and anti-mouse IgG, HRP-linked Ab (no. 7076, Cell
Signaling Technology). Protein G Sepharose was purchased from
Millipore Sigma.

RNA sequencing

For RNA-seq, total RNA of WT and TRAF2 KO cells was extracted
using the RNeasy Mini Kit (Qiagen). Library was prepared, and
samples were sequenced on NovaSeq 6000 PE150. RNA-seq data-
sets were aligned to human reference genome hg38 using Homo
sapiens steroidogenic acute regulatory protein (STAR). RNA-seq
by expectation-maximization was used to do the transcript quanti-
fication, and differential expression analysis was performed with
DESeq2. Gene set enrichment analysis (GSEA) was performed to
identify significantly enriched pathways. The biologically defined
gene sets were obtained from the Molecular Signatures Database
(http://software.broadinstitute.org/gsea/msigdb/index.jsp). Genes
used for GSEA analysis were preranked on the basis of log, fold
change of TPM (transcripts per kilobase million) between WT and
TRAF2 KO cells.
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CellTiter-Glo cell viability assay

Cells were plated in medium (8000 cells per well, 100-ul final volume)
in white, 96-well opaque plates (no. 3917, Corning). Cells were incubated
for indicated intervals at 37°C in a 5% CO, incubator. Assay plates
were removed from the incubator and equilibrated to room temperature
before addition of 50 ul of CellTiter-Glo reagent (Promega), according
to the manufacturer’s instructions. Plates were shaken on an orbital
shaker for 2 min at 500 rpm and then incubated at room tempera-
ture on the bench top for at least 10 min. Luminescence was detected
using a spectrophotometer (SpectraMax M3, Molecular Devices).

Cell growth assay

The growth-inhibitory effect was assessed by measuring 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
(Sigma-Aldrich) dye absorbance, as previously described (56). Cells
were cultured in 96-well plates (100 ul) with or without drug treat-
ment; for the last 4 hours, cells were pulsed with 10 ul of MTT, followed
by addition of 100 ul of isopropanol containing 0.04 N HCIL. Absorbance
was measured at 570 nm, with 630 nm as a reference wavelength, using
a spectrophotometer (SpectraMax M3, Molecular Devices).

Immunoblot analysis

Cells were treated, harvested, washed with phosphate-buffered saline,
and lysed in radioimmunoprecipitation assay buffer (no. R0278,
Millipore Sigma) containing protease inhibitor and phosphatase in-
hibitor (no. 78440, Thermo Fisher Scientific). The suspension was
incubated for 15 min on ice and vortexed for 5 min. Then, samples
were centrifuged at 13,000 rpm at 4°C for 10 min. The supernatant
was used as whole-cell lysates. Protein concentrations were quanti-
fied with a BCA protein assay kit (no. 23227, Thermo Fisher Scientific).
Samples were mixed with 4x LDS sample buffer (no. NP0007, Thermo
Fisher Scientific), and boiled at 95°C for 8 min. Equal amounts of
protein were run on NuPAGE Bis-Tris gels (Thermo Fisher Scientific)
at a constant voltage. Proteins were transferred onto nitrocellulose
membrane by iBlot Gel Transfer Device (Thermo Fisher Scientific).
Then, the membranes were blocked in 5% nonfat dry milk for 1 hour
at room temperature and incubated with primary Abs in 5% bovine
serum albumin at 4°C overnight. Blots were then washed three times
with 1x Tris Buffered Saline with Tween (TBS-T), before incubation
with secondary Abs for 1 hour. SuperSignal chemiluminescent sub-
strate (Thermo Fisher Scientific) was used for signal detection. For
reblotting the membranes, blots were stripped in stripping buffer
(no. 46428, Thermo Fisher Scientific) according to the manufacturer’s
instruction and reblocked. The intensity of band was quantified by
ImageStudio (LI-COR).

Viral production

On day 0, HEK293T cells were plated in a T150 flask. On day 1, for
each flask, 20 ug of lentiviral vector, 15 pg of psPAX2 (no. 12260,
Addgene), and 10 pug of pMD2.G (no. 12259, Addgene) diluted in
3 ml of Opti-MEM were combined with 150 pl of Lipofectamine
2000 diluted in 3 ml of Opti-MEM. The mixture was left for 20 min
and then added to the cells. Twelve hours after transfection, the me-
dium was replaced by fresh complete medium. The supernatant
containing virus was collected 72 hours after transfection, followed
by centrifugation at 2000 rpm for 10 min to pellet cell debris. Filtra-
tion was then performed with a 0.45-um low-protein binding
membrane (no. SEIM003MO00, Millipore). Then, the virus was con-
centrated by the Lenti-X Concentrator (no. 631231, Takara).
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Generation of stable cell lines

For generation of CRISPR KO cell lines, oligonucleotides (table S1)
targeting different genes were annealed and subcloned into
LentiCRISPRv2 vectors (38). Constructs were packaged into lenti-
virus in HEK293T cells. Target cells were seeded in 12-well plates
and spinfected with virus for 1.5 hours at 2000 rpm at 35°C, supple-
mented with Polybrene (8 pg/ml). Medium was then aspirated, and
fresh complete medium was added to exclude Polybrene. After 1 day,
cells were selected for stable KO using puromycin (0.5 ug/ml). After
7 days, cells were collected for immunoblotting or other experiments.
To generate inducible TRAF2 KD cells for in vivo study, the
SMARTYvector inducible human TRAF2 lentivirus plasmid (Horizon
Dharmacon) was transfected into HEK293T cells with packaging
vectors. Cells were spinfected for 1 hour with viral particles at 2000 rpm
at 35°C, supplemented with Polybrene (8 ug/ml). After 1 day, cells
were selected with puromycin (0.5 pg/ml) for 7 days. For the consti-
tutive expression of ERK2-MEK]1 fusion protein, the sequence of
full length of ERK2-MEK1 was cloned from pCMV-myc-ERK2-
L4A-MEKI_fusion vector (no. 39197, Addgene) into plenti-CMV-
Puro-DEST (no. 17452, Addgene). The expression plasmid was
transfected into HEK293T cells with the packaging vectors. Cells were
spinfected for 1.5 hours with viral particles at 2000 rpm at 35°C,
supplemented with Polybrene (8 ug/ml). After 1 day, cells were se-
lected with puromycin (0.5 ug/ml) for 7 days.

Human cytokine array

The cytokine array assay was performed using a Human Cytokine
Array C5 kit (no. AAH-CYT-5-2, RayBiotech), according to the
manufacturer’s instruction.

In vivo ubiquitination assay

MM cells were treated with TNF-o (5 ng/ml) for 24 hours and then
10 uM MG132 for 6 hours. Cells were lysed in IP lysis buffer (no. 87787,
Thermo Fisher Scientific). TRAF2 protein was pulled down by Pro-
tein G Agarose with TRAF2 Ab overnight at 4°C and washed with IP
lysis buffer. Protein was eluted by incubation with LDS loading buffer
at 100°C for 5 min, separated by SDS-polyacrylamide gel electro-
phoresis, transferred to nitrocellulose membrane, and probed with
indicated Abs.

Cycloheximide chase assay

Cells were cultured in 12-well plates with or without TNF-o
and treated with cycloheximide (100 ug/ml) for the indicated
time periods before harvest. Cell lysates were analyzed by Western
blotting.

Mouse xenograft assays

A total of 6 x 10° Tet-inducible TRAF2 KD MM.1S cells were sus-
pended in 100 pl of RPMI 1640 medium and injected into the flanks
of 200 cGy-irradiated female SCID mice. Tumor size was measured
every 2 days with an electrical caliper. The tumor volume was deter-
mined with the formula: (length x width?) x 0.5, where length is the
longest diameter and width is the shortest diameter. When the tu-
mor volume reached 100 to 150 mm®, xenografted mice were ran-
domized to treatment and control cohorts. In the TRAF2 KD group,
mice received doxycycline (2.5 mg/kg) via intraperitoneal injection
to induce TRAF2 KD. AZD6244 (12.5 mg/kg per day) and Pom
(2.5 mg/kg for 5 days/week) administrated by oral gavage. All care and
treatment of experimental animals was conducted under a protocol
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approved by DECI Institutional Animal Care and Use Committee
guidelines. All mice were housed in a pathogen-free environment at
a DFCI animal facility and were handled in strict accordance with
Good Animal Practice, as defined by the Office of Laboratory
Animal Welfare.

Cell cycle assay

Cells were harvested and concentrations adjusted to 1 x 10° cells/ml.
After washing, cells were suspended in 50 pl of Hanks’ balanced
salt solution (HBSS) containing 2% FBS; 1 ml of ice-cold 70% etha-
nol was then added in a dropwise manner while mixing gently on a
vortex, with storage on ice for no less than 2 hours. Pelleted cells
were washed with HBSS containing 2% FBS twice, and then 1 ml of
4',6-diamidino-2-phenylindole (DAPI) working solution was added,
followed by incubation in the dark for 15 to 30 min at room tem-
perature. Cells were filtered through a 40-um mesh filter and then
analyzed by flow cytometry.

Annexin V and LIVE/DEAD Aqua staining

MM cells (1 x 10° were treated with Pom for 5 days and then
stained with the LIVE/DEAD Fixable Aqua Dead Cell Staining Kit
(no. L34957, Thermo Fisher Scientific) and annexin V-phycoerythrin
conjugate (no. 640908, BioLegend), according to the manufacturer’s
instruction. Cells were analyzed in BD FACSCanto II (BD Bio-
sciences) using the FACSDiva software (BD Biosciences).

Immunohistochemistry

Tissue specimen sections of formalin-fixed, paraffin-embedded
BM biopsies from six patients at diagnosis with MM sensitive to Len
and at the time of relapse with disease resistant to single-agent Len
were prepared and precessed for immunohistochemistry to detect
TRAF2 protein expression by using TRAF2 Ab (no. ab126758,
Abcam). Tumor samples from mice were harvested and fixed in
formalin and then embedded in paraffin and cut in 4 uM sections.
Sections were stained with TRAF2, p-ERK1/2, and DAPI. Tissues
were imaged using a microscope.

Analysis of RNA-seq data from patient samples

RNA-seq data from 69 patients with MM at the time of first relapse
while on single-agent Len maintenance (DFCI/IFM) were collected
after study participants provided written informed consent. After RNA
extraction, RNA quantity was evaluated, and only samples with >100 ng
of RNA with RNA integrity number (RIN) value > 7 were sequenced
with stranded 50-base pair paired-end sequencing. After quality
control, raw samples were quantified using Salmon and Gencode
transcripts. Single-sample GSEA (ssGSEA), an extension of GSEA,
was used to calculate separate enrichment scores for ERK pathway.
R and ggpubr were used for statistical test and visualization. Pearson
correlation analysis and Fisher’s exact test were used for association
analysis and enrichment in relapse samples. The DFCI/IFM and
CoMMpass patient sample RN A-seq databases were used to analyze
correlation between noncanonical NF-«xB and ERK pathway activa-
tion in relapsed patient samples. TPM-level gene expression data
were used only for patients who had CD138" BM samples profiled
at the time of relapse. We downloaded the Biocarta ERK pathway
and Gene Ontology NIK NF-xB signaling pathways from the Mo-
lecular Signatures Database website, and with ssGSEA, we quantified
the enrichment score for each patient. Spearman correlation between
the two pathways were evaluated using R and ggpubr.
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Statistical analysis

Student’s ¢ test or analysis of variance followed by Dunnett’s test
was used to compare differences between the treated group and the

relevant control group. A value of P < 0.05 was considered significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/23/eabg2697/DC1

View/request a protocol for this paper from Bio-protocol.
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