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KRAS, NRAS, and BRAF mutations which activate p44/42 mitogen-
activated protein kinase (MAPK) signaling are found in half of
myeloma patients and contribute to proteasome inhibitor (PI) re-
sistance, but the underlying mechanisms are not fully understood.
We established myeloma cell lines expressing wild-type (WT), con-
stitutively active (CA) (G12V/G13D/Q61H), or dominant-negative
(DN) (S17N)-KRAS and -NRAS, or BRAF-V600E. Cells expressing
CA mutants showed increased proteasome maturation protein
(POMP) and nuclear factor (erythroid-derived 2)-like 2 (NRF2) ex-
pression. This correlated with an increase in catalytically active
proteasome subunit β (PSMB)-8, PSMB9, and PSMB10, which oc-
curred in an ETS transcription factor-dependent manner. Protea-
some chymotrypsin-like, trypsin-like, and caspase-like activities
were increased, and this enhanced capacity reduced PI sensitivity,
while DN-KRAS and DN-NRAS did the opposite. Pharmacologic RAF
or MAPK kinase (MEK) inhibitors decreased proteasome activity,
and sensitized myeloma cells to PIs. CA-KRAS, CA-NRAS, and CA-
BRAF down-regulated expression of endoplasmic reticulum (ER)
stress proteins, and reduced unfolded protein response activation,
while DN mutations increased both. Finally, a bortezomib (BTZ)/
MEK inhibitor combination showed enhanced activity in vivo spe-
cifically in CA-NRAS models. Taken together, the data support the
hypothesis that activating MAPK pathway mutations enhance PI
resistance by increasing proteasome capacity, and provide a ratio-
nale for targeting such patients with PI/RAF or PI/MEK inhibitor
combinations. Moreover, they argue these mutations promote my-
eloma survival by reducing cellular stress, thereby distancing
plasma cells from the apoptotic threshold, potentially explaining
their high frequency in myeloma.
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Multiple myeloma is the second most commonly diagnosed
hematologic malignancy (1), and the number of cases may

grow by ∼60% between 2010 and 2030 (2). Recent therapeutic
advances, including PIs (3), have doubled median overall survival
(4, 5). This has been paralleled by an increased understanding of
the myeloma mutational spectrum, which was noted three de-
cades ago to include KRAS and NRAS mutations (6). More re-
cent studies confirmed the RAS/MAPK pathway is the most
frequently mutated (7–9). For example, one 463 patient study
found mutated KRAS, NRAS, or BRAF in 21.2%, 19.4%, and
6.7%, respectively, and KRAS and NRAS tended to be mutually
exclusive (9). Most mutations clustered in codons 12, 13, and 61
for KRAS, NRAS, and codon 600 for BRAF (9), which are as-
sociated with MAPK activation. Moreover, in relapsed/refractory
disease, marrow (10) or circulating (11) tumor DNA sequencing
revealed activating RAS mutations in up to 70%.
Beyond the possibility that myeloma is a RAS pathway driven

disease, some studies, although not all (9), suggest these muta-
tions impact prognosis. Activating mutations have been impli-
cated in transitions from monoclonal gammopathy of undetermined

significance (MGUS) to myeloma and from intramedullary to
extramedullary disease (12). RAS mutations are found in more
advanced and aggressive clinical scenarios (10, 11, 13–15) and in
the relapsed/refractory setting were associated with a decreased
survival of 2.1 versus 4.0 y for WT-RAS (16). In particular,
NRAS mutations correlated with decreased PI sensitivity (17,
18), and these raised interest in using MEK inhibitors alone (19,
20) or in combinations, such as with AKT inhibitors (21). No-
tably, while two responses were seen out of 36 unselected pa-
tients with selumetinib (SEL) (19), trametinib showed a 40%
response rate among 40 patients with MAPK pathway-activated
myeloma (20).
RAS signaling has been intensively studied since RAS muta-

tions are common in cancer (22). Through downstream effectors,
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including RAF, phosphoinositide 3-kinase, Ral guanine nucleo-
tide dissociation stimulator, and phospholipase C e, RAS influ-
ences cell proliferation and tumor progression (22). In myeloma,
RAS mutations may induce cytokine independence (23), coop-
erate with AKT to promote survival (24), and contribute to ad-
hesion and chemoresistance (25). Given that RASmutations may
inhibit PI efficacy (17), and PI resistance is linked to the pro-
teasome load/capacity balance (26–29), we sought to study the
possibility that RAS/RAF mutations influenced proteasome ac-
tivity. We, herein, demonstrate that activating KRAS, NRAS, and
BRAF mutations enhanced proteasome activity through a RAS/
RAF/MEK/MAPK/ETS domain-containing protein (ELK)-1/
POMP pathway. Also, ER stress was reduced in myeloma cells
with activating RAS and RAF mutations. Finally, RAS signaling
inhibitors enhanced ER stress and sensitized myeloma to PIs,

and their combinations were synergistic. Our data provide in-
sights into the role of RAS and RAF mutations in myeloma bi-
ology, a rationale for why they are common, and support clinical
translation of MAPK pathway/PI combinations.

Results
Activating MAPK Mutants Modulate PI Sensitivity. ANBL-6 and
U266 myeloma cells harbor WT-KRAS, WT-NRAS, and WT-
BRAF, and stable lines were prepared overexpressing WT-, CA-
G12V-, or DN-S17N-KRAS or -NRAS. CA mutations induced
increased proliferation, while DNs tended to slow cell growth (SI
Appendix, Fig. S1). When exposed to BTZ, CA-KRAS and
-NRAS conferred decreased sensitivity versus WT controls
(Fig. 1A), while DNs enhanced sensitivity. For example, in U266
cells, BTZ’s median inhibitory concentrations were 4.5, 12, and

Fig. 1. CA MAPK mutants induce proteasome inhibitor resistance and proteasome capacity. ANBL-6 (Upper) or U266 cells (Lower) expressing CA (CA-G12V),
DN (DN-S17N), or WT-KRAS or WT-NRAS were treated with vehicle, BTZ (A), or CFZ (B) for 72 h. Cell viability was assayed, and data from one of three in-
dependent experiments, each performed in triplicate, are presented as mean ± SD (asterisks indicate P ≤ 0.05 versus WT). ANBL-6 or U266 cells expressing
DN-AA-, CA-V600E-, or WT-BRAF (C) were similarly evaluated. The chymotrypsin-, trypsin-, and caspase-like activities were measured in ANBL-6 (Upper) and
U266 cells (Lower) expressing KRAS, NRAS (D), or BRAF variants (E).
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1.3 nM for the WT-KRAS, G12V-KRAS, and DN-KRAS cells,
respectively (Table 1). When challenged with carfilzomib (CFZ)
(Fig. 1B), similar trends were seen (Table 1). MAPK pathway
activation by CA-V600E-BRAF also suppressed PI sensitivity
(Fig. 1C), while DN-AA-BRAF enhanced sensitivity. As pro-
teasome capacity is a major determinant of PI sensitivity, we
evaluated the chymotrypsin-like (ChT-L), trypsin-like (T-L), and
postglutamyl peptide hydrolyzing (PGPH; caspase-like) activi-
ties. Activating KRAS mutants, including G12V and G13D (SI
Appendix, Table S1), increased these activities in ANBL-6 and
U266 cells (Fig. 1D). In U266 cells, for example, these increased
by 1.25- and 1.48-fold for the ChT-L, 1.35- and 1.89-fold for the
T-L, and 1.81- and 2.14-fold for the caspase-like activities in
G13D and G12V cells, respectively. Similarly, G12V- and Q61R-
NRAS mutations enhanced these activities, while DN-S17N-
KRAS and DN-S17N-NRAS reduced them (Fig. 1D). Also,
BRAF-V600E increased these activities, while DN-BRAF re-
duced them (Fig. 1E). Interestingly, even in the presence of BTZ
or CFZ, KRAS- and NRAS-G12V expressing ANBL-6 (SI Ap-
pendix, Fig. S2) and U266 (SI Appendix, Fig. S3) cells retained
more proteasome activity, while S17N (SI Appendix, Figs. S2 and
S3) and DN-BRAF reduced them (Fig. 1E).

KRAS, NRAS, and BRAF Enhance Proteasome Subunit Expression and
Assembly. Increases in proteasome activity imply greater pro-
duction and assembly of catalytically active proteasome com-
plexes, and we first evaluated proteasome subunits β 8 (PSMB8),
PSMB9, and PSMB10. These encode the ChT-L, PGPH, and T-L
activities, respectively, when incorporated into mature immu-
noproteasomes, which are the major variants in myeloma (30,
31). PSMB8, PSMB9, and PSMB10 transcription increased
(Fig. 2A) in ANBL-6 (left panel) and U266 (middle) cells with
G12V- and G13D-KRAS, and G12V- and Q61R-NRAS. For
example, in ANBL-6 cells, G12V- and Q61R-NRAS enhanced
transcription by 1.3- and 1.6-fold for PSMB8, 1.2- and 2.2-fold
for PSMB9, and 1.4- and 2.1-fold for PSMB10, respectively.
Similarly, V600E-BRAF enhanced PSMB8, PSMB9, and
PSMB10 transcription (Fig. 2 A, Right). In contrast, DN-S17N-
KRAS and DN-S17N-NRAS, and DN-BRAF suppressed their
expression especially compared to the CA mutants. Since these
subunits are expressed as precursors which are cleaved into ac-
tive proteases after incorporation into the proteasome, we also
looked at the key assembly chaperone POMP and its upstream
regulator NRF2 (29). POMP and NRF2 were induced by CA-
KRAS and CA-NRAS in ANBL-6 and U266 (Fig. 2 B, Left and
Middle) and in ANBL-6 cells with BRAF-V600E (Fig. 2 B, Right).
Consistent with the DN-RAS data, DN-BRAF suppressed POMP
and NRF2 especially compared to the V600E cells. At the

protein level (SI Appendix, Table S2), CA-KRAS-G12V, NRAS-
G12V, or BRAF-V600E increased PSMB8, PSMB9, PSMB10,
NRF2, and POMP (Fig. 2C). DN-KRAS, DN-NRAS, or DN-
BRAF, on the other hand, showed expression comparable to or
lower than the WTs, and especially versus the CA constructs.
Notably, PSMB8, PSMB9, PSMB10, NRF2, and POMP, were
increased by CA-KRAS-G13D and NRAS-Q61R (SI Appendix,
Fig. S4).

POMP Induction Occurs through RAS/RAF and ELK1. Oxidative stress
induces NRF2 and POMP as an adaptive response to increase
proteasome capacity (32, 33). Since RAS oncoproteins modulate
reactive oxygen species (ROS) (34), we looked at these but
found no consistent association between ROS and CA- or DN-
mutants, so we evaluated downstream signaling. As expected,
KRAS- and NRAS-G12V increased phospho(p)-BRAF, p-MEK,
and p-p44/42 MAPK (extracellular signal-regulated kinase
[ERK]), while BRAF-V600E increased p-MEK and p-ERK
(Fig. 3A and SI Appendix, Figs. S5 and S6A). KRAS- and
NRAS-S17N decreased p-BRAF, p-MEK, and p-ERK (Fig. 3A),
and BRAF-AA reduced p-MEK and p-MAPK levels, while
KRAS-G13D and NRAS-Q61R had opposite effects (Fig. 3B).
Downstream of ERK-1/2, activating KRAS, NRAS, and BRAF
enhanced p-ELK1 (Fig. 3 A and B and SI Appendix, Figs. S5 and
S6A). Since ELK1 binding sites are found in the POMP, PSMB8,
PSMB9, and PSMB10 promoters (SI Appendix, Fig. S7), we used
short hairpin RNAs (shRNAs) to suppress ELK1 in KRAS-
G12V, NRAS-G12V, and BRAF-V600E cells. This reduced
POMP, PSMB8, PSMB9, and PSMB10messenger RNA (mRNA)
(Fig. 3 C, Upper and SI Appendix, Fig. S6 B, Left and Middle) and
protein levels (Fig. 3 C, Lower and SI Appendix, Fig. S6 B, Right).
ELK1 suppression reduced ChT-L, PGPH, and T-L activities in
ANBL-6 and U266 cells (Fig. 3D and SI Appendix, Fig. S6C).
Notably, this enhanced BTZ and CFZ sensitivity (Fig. 3E and SI
Appendix, Fig. S6D), indicating a link between proteasome
function and RAS/RAF/MEK/ERK/ELK1 signaling.

RAF or MEK Inhibitors Enhance PI Sensitivity in CA-NRAS or CA-KRAS
Cells. Since CA-NRAS and CA-KRAS contributed to PI resis-
tance, we considered that RAF or MEK inhibition could en-
hance sensitivity. We exposed ANBL-6- and U266-based cells to
BTZ or CFZ with or without the pan-RAF inhibitor TAK-632
(35) or the MEK inhibitor SEL (36). In WT cells, TAK-632/BTZ
(SI Appendix, Fig. S8A and Table S3) or SEL/BTZ (SI Appendix,
Fig. S8C and Table S4), did occasionally show an additive-to-
synergistic impact. However, G12V-KRAS or G12V-NRAS cells
more consistently showed additive-to-synergistic effects with TAK-
632/BTZ (Fig. 4A and SI Appendix, Fig. S9A and Table S3) or SEL/
BTZ (Fig. 4C and SI Appendix, Fig. S9C and Table S4). These

Table 1. Median inhibitory concentrations for BTZ and CFZ in KRAS and NRAS WT and mutant
ANBL-6 and U266 myeloma cells

KRAS variants NRAS variants

WT (nM) G12V (nM) S17N (nM) WT (nM) G12V (nM) S17N (nM)

ANBL-6
BTZ 7 ± 0.25 16 ± 0.85 2.5 ± 0.19 11.5 ± 0.05 18 ± 0.25 3.5 ± 0.057

P = 0.031* P = 0.052*
CFZ 4.5 ± 0.28 12 ± 0.57 1.3 ± 0.21 6 ± 0.82 11.8 ± 1.06 3.6 ± 0.20

P = 0.031* P = 0.031*
U266

BTZ 0.9 ± 0.03 6.5 ± 0.33 0.1 ± 0.01 0.56 ± 0.02 1.8 ± 0.21 0.11
P = 0.041* P = 0.031*

CFZ 0.82 ± 0.03 3.5 ± 0.12 0.32 ± 0.02 0.42 ± 0.027 1.2 ± 0.034 0.2 ± 0.018
P = 0.031* P = 0.031*

*P values are for the comparison between the G12V variants and the WT NRAS or KRAS.
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produced predominantly antagonistic effects in DN-S17N,
ANBL-6, or U266 cells (SI Appendix, Fig. S10 and Tables S3
and S4). When CFZ was used, qualitatively similar findings
were noted (Fig. 4 B and D and SI Appendix, Figs. S8–S10 and
Tables S3 and S4) with more consistent additive-to-synergistic
effects in CA-RAS cells. To confirm the data with a second
MEK inhibitor, trametinib was used and showed occasional
synergy in WT-KRAS or WT-NRAS cells, consistent synergy in
G12V cells, and antagonism in S17N cells (SI Appendix, Fig.
S11 and Table S5). The differences between the combinations
and the single agents in CA-KRAS and CA-NRAS cells were
statistically significant (P < 0.05) compared to WT and
DN models.
It was also of interest to evaluate the impact of BTZ with RAF

or MEK inhibitors on proteasome activity. In ANBL-6 (Fig. 5A)
or U266 cells (SI Appendix, Fig. S12A), TAK-632 had no con-
sistent impact on ChT-L activity, which is the rate-limiting step in
proteasome-mediated proteolysis (37). Similarly, no consistent
T-L or PGPH inhibition was seen with TAK-632 (Fig. 5A and SI

Appendix, Fig. S12A) or in purified proteasome preparations.
BTZ produced a progressive increase in proteasome inhibition
which was most pronounced for the ChT-L activity (Fig. 5A and
SI Appendix, Fig. S12A). As noted earlier (Fig. 1D), proteasome
activity was relatively preserved in cells harboring CA-RAS mu-
tants. When TAK-632 was combined with BTZ, this produced
greater proteasome inhibition (Fig. 5A and SI Appendix, Fig.
S12A), consistent with the greater ability of this doublet to re-
duce cell viability (Fig. 4 and SI Appendix, Fig. S9). Similarly,
SEL alone had modest if any effects (Fig. 5B and SI Appendix,
Fig. S12B), but, with BTZ, there was enhanced and, in some
cases, complete proteasome inhibition.

Activating MAPK Mutants Attenuates the Unfolded Protein Response.
Enhanced proteasome capacity due to CA-KRAS, CA-NRAS,
or CA-BRAF could allow plasma cells to reduce their reliance
for survival on the ER unfolded protein response (UPR) in-
duced by proteotoxic stress (38). To evaluate this, we first ex-
amined expression of activating transcription factor (ATF)-4, a

Fig. 2. CA KRAS, NRAS, and BRAF increase NRF2, POMP, and PSMB8-10. PSMB8, PSMB9, and PSMB10mRNAs were assessed by qRT-PCR in cells expressing RAS
and BRAFmutants (A). Data are representative of three independent experiments, presented as mean ± SD of triplicates, and asterisks indicate P ≤ 0.05 versus
the WT controls. POMP and NRF2 expression were then evaluated in these same cell lines by qPCR (B). Lysates from ANBL-6 (Left) and U266 cells (Right)
expressing MAPK pathway mutants were analyzed for POMP, NRF2, PSMB8, PSMB9, and PSMB10 levels (C).
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downstream effector of the protein kinase RNA-like ER kinase
(PERK) UPR arm, and ATF6, a sensor of a second UPR arm.
KRAS-G12V and KRAS-G13D, and NRAS-G12V and NRAS-
Q61R, reduced ATF4 and ATF6 mRNA levels in ANBL-6
(Fig. 6A) and U266 cells (SI Appendix, Fig. S13A). In contrast,
S17N-KRAS or S17N-NRAS enhanced ATF4 and ATF6 ex-
pression, suggesting their reduction of proteasome capacity
enhanced ER stress, and a similar pattern was seen for the
mitochondrial UPR mediator ATF5 (39). BRAF-V600E also
reduced ATF4, ATF5, and ATF6 in ANBL-6 cells (Fig. 6B),
while the DN-AA mutant enhanced these. Beyond ATF4, two
other downstream ER UPR effectors are CHOP and the
spliced variant of X-box binding protein 1 (XBP1s). mRNAs of
both were decreased by CA-KRAS, CA-NRAS, or CA-BRAF

and increased by their DN counterparts (Fig. 6 A and B and SI
Appendix, Fig. S13A).
NOXA is a terminal effector that induces cell death if UPR

activation does not attenuate proteotoxic stress (40). Its ex-
pression generally followed the UPR genes in that NOXA de-
creased in CA-KRAS, CA-NRAS, or CA-BRAF cells, while the
DNs enhanced NOXA (Fig. 6C and SI Appendix, Fig. S13B).
ATF5, ATF6, and CHOP proteins decreased in the presence of
KRAS- or NRAS-G12V (Fig. 6D and SI Appendix, Fig. S13C)
and BRAF-V600E (Fig. 6E). The same was true for activated
inositol-requiring protein-1, p-PERK protein (Fig. 6D and SI
Appendix, Fig. S13C), and mRNA levels (SI Appendix, Fig. S14)
which, in addition to ATF6, are the three upstream ERUPR sensors.
Finally, in ANBL-6 and U266 cells with KRAS- or NRAS-G12V,

Fig. 3. CA mutants activate downstream signaling and proteasome capacity in an ELK1-dependent fashion. ANBL-6 cells expressing WT-, G12V-, or S17N-
RAS mutants or WT-, V600E-, or AA-BRAF were analyzed for the activation status of MAPK pathway intermediates (A). A similar approach compared
ANBL-6 cells expressing CA-KRAS-G13D or NRAS-Q61R (B) mutants to their DN or WT controls. ELK1 knockdown was obtained by two different shRNAs,
and the impact on POMP, PSMB8, PSMB9, and PSMB10 was evaluated by qPCR (C, Upper) and Western blotting (C, Lower). The impact of ELK1 suppression
was examined on the chymotrypsin-, trypsin-, and caspase-like activities (D) in ANBL-6 cells. Finally, sensitivity of cells with ELK1 knockdown to BTZ and
CFZ (E ) was studied.
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NOXA was similar to, or lower than theWT controls (Fig. 6C and SI
Appendix, Fig. S13B), and higher in the S17N-DNs.
If ELK1 is a key signaling intermediate, its expression should

parallel cell viability and proteasome activity changes. Consistent

with this possibility, cells harboring CA mutations treated with
BTZ/SEL (SI Appendix, Fig. S15A) or BTZ/TAK-632 (SI Ap-
pendix, Fig. S16) had the greatest reduction in p-ELK1, whereas
smaller or no changes were seen in WT or DN cells. Notably,

Fig. 4. BTZ or CFZ with TAK-632 or SEL produce synergistic anti-myeloma activity in CA RAS cells. ANBL-6 cells expressing CA-RAS mutants were incubated
with TAK-632, BTZ, or the combination (A), and cellular viability was determined. Data were from triplicate experiments and were plotted as the mean ± SD,
while combination indices were provided in SI Appendix, Tables S3 and S4. CFZ was also combined with TAK-632 in the same cell line (B). Next, BTZ (C) or CFZ
(D) were added to SEL, and the data were collected, analyzed, and presented as above.
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similar trends were seen when POMP (SI Appendix, Figs. S15A
and S16) and PSMB8, PSMB9, and PSMB10 (SI Appendix, Fig.
S15A) were evaluated. Also, these were accompanied by the
reverse changes in ATF6, CHOP, XBP1s, p-PERK, and BiP (SI
Appendix, Fig. S15B), which increased when p-ELK1 and PSMB
levels decreased, consistent with greater proteotoxic stress levels.
To more directly evaluate ELK1’s role, we suppressed it with two
different shRNAs, and this enhanced ATF6, CHOP, XBP1s,
p-PERK, and BiP levels (SI Appendix, Fig. S17). Finally, com-
pared to WT controls, CA-ELK1 enhanced BTZ and CFZ re-
sistance, while DN-ELK1 increased sensitivity (SI Appendix, Fig.
S18A). This was accompanied by increased ChT-L, T-L, and C-L
activities in CA-ELK1 cells and a decrease in DN cells (SI Ap-
pendix, Fig. S18B). CA-ELK1 expression was sufficient to in-
crease POMP and proteasome subunit expression (SI Appendix,
Fig. S18C) and reduce UPR intermediates (SI Appendix, Fig.
S18D).

Enhanced Antitumor Activity of a MEK/Proteasome Inhibitor Regimen.
To test whether trametinib and BTZ enhanced activity in vivo, we
developed systemic models. In mice with NRAS-G12V cells, BTZ
and trametinib alone showed modest activity, while the combi-
nation showed enhanced efficacy (Fig. 7 A and C). BTZ showed
greater activity in the NRAS-S17N xenograft (Fig. 7 B and C),
consistent with earlier data showing resistance with the CA mu-
tation. However, the BTZ/trametinib combination did not con-
sistently show increased antitumor efficacy compared with BTZ or
trametinib (Fig. 7 B and C) as it had in the G12V model. Finally,

human immunoglobulin E (IgE) levels (SI Appendix, Fig. S19) also
showed the combination was most effective in reducing disease
burden in the G12V model.

Discussion
Sequencing of plasma cells from newly diagnosed myeloma pa-
tients confirms this disease is dominated by RAS (43% of pa-
tients) and Nuclear factor kappa B (NF-κB) pathway (17%)
mutations (9). Interestingly, their distribution is not uniform
among different gene expression profiling-defined subgroups.
For example, NRAS-Q61 mutations are common in hyperdiploid
disease and with translocation t(11;14), but less common in the
MMSET and MAF subtypes (41). Most studies suggest NRAS,
KRAS, or BRAF mutations activate MAPK signaling and may
associate with reduced dual specificity phosphatase (DUSP)-6
(41). Since DUSP6 is a negative MAPK signaling regulator, its
loss would further enhance this pathway’s activation. Also,
RAS–RAF mutations may be inversely associated with NF-κB
activation in all subgroups excluding MAF, suggesting that
MAPK or NF-κB activation play important roles in myeloma-
genesis, but these have not all been well defined.
Our data show that MAPK-activating NRAS, KRAS, and

BRAF mutations increase proteasome activity (Fig. 1) by en-
hancing expression of proteasome subunits and of chaperones
involved in their assembly (Fig. 2). This is dependent on the TF
ELK1 (Fig. 3 and SI Appendix, Figs. S3, S5, and S6), which has
multiple binding sites in these genes’ promoters. Importantly,
downstream effects reduce plasma cell stress as measured by

Fig. 5. BTZ with TAK-632 or SEL enhances proteasome inhibitory activity in myeloma cells. The chymotrypsin-, trypsin-, and caspase-like activities were
measured in ANBL-6 cells expressing the noted RAS mutants after treatment with TAK-632, BTZ, or both (A). These activities were then measured in ANBL-6
cells with the indicated concentrations of SEL, BTZ, or both (B). Incubations were for 24 h in all of the panels, and data were presented as the mean ± SD of
triplicates with asterisks indicating P < 0.05.
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lower expression or activation of UPR sensors and UPR effec-
tors (Fig. 6 and SI Appendix, Fig. S13). These findings provide a
mechanistic basis for prior studies showing that RAS may inhibit
ER stress in cancer cell lines, including H929 myeloma cells (42).
Moreover, they provide a possible reason for why NRAS, KRAS,
and BRAF mutations are common in myeloma. Plasma cells are
protein producing factories that rely on the UPR for survival due
to their chronic exposure to proteotoxic stress. Mutations that
would help them cope with this stress could promote preferential
outgrowth of those subclones. Indeed, some studies have sug-
gested that MAPK mutations are associated with transformation
of MGUS to active myeloma (43–45). One could hypothesize
that RAS mutations, beyond their known effects on cell prolif-
eration, differentiation, and tumor progression (22), would
contribute by enabling greater cell survival. Interestingly, our
findings are consistent with previously published data showing
BTZ sensitivity is reduced in patients with NRAS mutations (17),
but the latter study did not find this with KRAS mutations. As
this effort involved only eight patients having codon 12 KRAS
mutations split among seven different variants, this sample size
may have been too small to detect a difference. Alternatively,
some variants may have a greater impact on BTZ sensitivity
in vivo, and further studies are needed to differentiate between
these possibilities.
During our studies, we identified ELK1 as a novel interme-

diate linking RAS/RAF/MEK/MAPK signaling to the ubiquitin-
proteasome pathway. Notably, we did not study other downstream
effectors, such as RAS-associated domain family members (RASSFs),
which can link RAS to ubiquitination (46). Indeed, De Smedt
et al. reported that RASSF4 is epigenetically down-regulated
during myeloma progression and that its expression sensitized

myeloma cells to BTZ and trametinib (47). Thus, their findings
provide an additional rationale for a BTZ/MEK inhibitor
combination and indicate that further studies are needed to de-
lineate all of the links between RAS signaling and the ubiquitin-
proteasome pathway.
Beyond the newly diagnosed setting, NRAS, KRAS, and BRAF

mutations occur with increased frequency in relapsed/refractory
disease (10, 11). The same survival mechanisms that support
early events during myelomagenesis could enable persistence of
myeloma clones later, especially if they can better survive in the
marrow microenvironment where hypoxia contributes to ER
stress (48). Of note, since hypoxia is a general feature of the
cancer microenvironment, this same mechanism could contrib-
ute to pathobiology of NRAS-, KRAS-, and BRAF-driven solid
tumors. Also, our data show that the enhanced proteasome ca-
pacity supported by activating MAPK mutations confers BTZ
and CFZ resistance (Figs. 1 and 3). Given the general adoption
of PI-containing regimens into our chemotherapeutic arma-
mentarium for newly diagnosed myeloma (49, 50), one might
expect that such combinations would spare cells with relative PI
resistance. This could, in part, explain the increased prevalence
of these mutations in later disease stages, with likely contribu-
tions from other processes, including genomic instability.
Finally, our data indicate that proteasome and MAPK path-

way inhibitor combinations show synergy. The enhanced effec-
tiveness of SEL with BTZ has been reported (51), but our
findings extend these to include CFZ and a pan-RAF inhibitor.
More importantly, the finding of greater synergy in models
driven by NRAS, KRAS, and BRAF activating mutations provide
a pathway to the clinic for this molecularly defined patient
subset. Targeting of BRAF and MEK as single-agent approaches

Fig. 6. CA KRAS, NRAS, and BRAF mutants attenuate the unfolded protein response. ATF4, ATF5, ATF6, and C/EBP homologous protein TF (CHOP), and
spliced XBP-1 expression were assessed by qRT-PCR in ANBL-6 cells (A) with the indicated RAS mutants. These were also evaluated in ANBL-6 cells expressing
BRAFmutants (B) relative to their WT controls. NOXAmRNA and protein expression were then assessed by qRT-PCR (C, Left) and Western blotting (C, Right) in
ANBL-6 cells. Lysates from ANBL-6 cells expressing KRAS and NRAS mutants were analyzed for the UPR proteins ATF5, ATF6, and CHOP, and phosphorylation/
activation of UPR receptors IREα and PERK (D). Abundance of these same proteins was next evaluated in ANBL-6 cells with BRAF mutants (E).
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has already been evaluated clinically. For example, the RAF
inhibitor vemurafenib showed activity in three cases with the
V600E mutation (52, 53) and with the MEK inhibitor cobime-
tinib in another (54). Single-agent SEL was studied in unselected
relapsed/refractory patients, but only 5.6% responded and ex-
perienced short response durations (19). When selection was
performed in another study to identify patients with KRAS,
NRAS, or BRAF mutations, or MAPK pathway activation, tra-
metinib showed a 58% response rate (20). While progression-
free survival data were not reported, the time-to-next treatment
was a respectable 186 d. However, of 58 patients treated, 36
started with a trametinib-based combination or had other drugs
added at progression to single-agent trametinib, and only a small
minority of these were PIs. Our data strongly argue that patients
with activating KRAS, NRAS, or BRAF mutations, or MAPK
pathway activation by gene expression profiling, should be
treated with a regimen containing a MEK and a proteasome
inhibitor for optimal efficacy.

Materials and Methods
Reagents and Cell Lines. Cell culture reagents, DNA restriction, and modifying
enzymes, TRIzol total RNA isolation reagent, and lipofectamine were from
Invitrogen Corp. (Carlsbad, CA). BTZ, CFZ, SEL, and trametinib were from
Selleck Chemical (Houston, TX). Stock solutions were prepared in dimethyl-
sulfoxide (Fisher Scientific; Pittsburgh, PA). TAK-632 was from Takeda
Pharmaceutical Company (Cambridge, MA). U266 and ANBL-6 cells were
from the American Type Culture Collection (Manassas, VA) and Dr. Diane F.
Jelinek (Mayo Clinic; Rochester, MN), respectively. Cells were cultured in
Roswell Park Memorial Institute medium 1640 (Corning Cellgro; Manassas,
VA) with 10% fetal bovine serum, L-glutamine, and 1% penicillin/strepto-
mycin, and ANBL-6 cells received 1 ng/mL of Interleukin-6. Cell lines were
validated through our Characterized Cell Line Core Facility.

Cell Viability Assays. Viability was evaluated using the WST-1 tetrazolium
reagent (Clontech Laboratories; Mountain View, CA) (55, 56). Cells were
plated in triplicate and exposed to the indicated drug concentrations for 72 h.

Cell proliferation was evaluated by cell counting after staining with
Trypan blue.

Generation of Stable Cell Lines. Vectors containing WT-, G12V-, S17N-KRAS,
and S17N-NRAS were from the UMR cDNA Resource Center (Rolla, MO).
Plasmids encoding WT- and AA-BRAF mutants were gifts from Dr. Kun-Liang
Guan (University of California, San Diego) and Dr. Yasuharu Nishimura
(Kumamoto University, Japan), respectively. KRAS-G13D, NRAS-Q61R, and
BRAF-V600E were generated using the QuikChange II XL Site-Directed Mu-
tagenesis Kit (Agilent, Santa Clara, CA, USA) with primers (SI Appendix,
Table S1) synthesized by Sigma-Aldrich (St. Louis, MO). Coding sequences
were subcloned into the lentiviral transfer vector pCDH-CMV-MCS-EF1-co
green fluorescent protein (GFP) and verified by sequencing. Plasmids with
confirmed insertions and the control vector pCDH-CMV-coGFP were trans-
fected into 293T cells with the packaging vectors psPAX2 and pMD2.G.
Recombinant lentivirus particles were harvested at 24 and 48 h, and super-
natants were concentrated by polyethylene glycol precipitation. ANBL-6 and
U266 cells were transduced with comparable amounts of recombinant len-
tiviruses in growth medium containing polybrene and sorted by flow.

ELK1-targeted shRNAs lentiviral constructs were from Sigma-Aldrich. The
template vectors carrying ELK1(1-428), ELK1(1-428)-EN(2-298), and ELK1(1-
405)-VP16(410-490) were provided by Dr. Andrew D. Sharroks (57). ELK1,
ELK1-EN, or ELK1-VP16 were cloned into the pCDH-CMV-MCS-EF1α-copGFP
lentivirus vector (System Biosciences) using Xba1 and NheI (New England
BioLabs) and primers listed in SI Appendix, Table S1. VP16 (P06492) amino
acids 410–490 from the human herpes simplex virus 1 were selected for ELK1
(P19419) activation and EN (P02836) amino acids 2–298 from a fruit fly for
ELK1 repression. The final ELK1 up-/down-regulation vectors, ELK1-VP16,
and ELK1-EN were obtained after transformation in One Shot Stbl3 Chem-
ically Competent Escherichia coli (Thermo Fisher Scientific), clone selection
by C-AMP antibiotic, and validation by sequencing.

Immunoblotting. Cells were lysed in buffer containing complete protease
inhibitor mixture (Roche Diagnostics, Indianapolis, IN) and phenyl-methyl-
sulfonyl-fluoride (Sigma-Aldrich). Lysates were clarified, and equal protein
amounts were loaded on 4–12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis gels (58). Separated proteins were transferred onto mem-
branes and probed using primary (SI Appendix, Table S2) and secondary

Fig. 7. Antitumor activity of a BTZ/trametinib regimen in vivo. Mice with U266 cells expressing CA-G12V-NRAS (A) and treated with vehicle, trametinib, BTZ,
or the combination were subjected to whole animal in vivo imaging. Tumor burden as represented by mean total flux (emitted photons per second) was
plotted according to time ± SD of triplicates with asterisks indicating P < 0.05 versus the vehicle controls. A similar experiment but with mice bearing DN-
S17N-NRAS (B) was also shown as are whole animal images for both groups (C) from week 7.
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antibodies, developed by enhanced chemiluminescence, and exposed to
Hyperfilm-ECL (GE Healthcare Biosciences, Pittsburgh, PA).

TF Binding Analysis. JASPAR (http://jaspar.genereg.net), an open access da-
tabase storing curated, nonredundant TF binding profiles representing TF
binding preference as position frequency matrices for multiple species in six
taxonomic groups was used to predict binding to POMP, PSMB8, PSMB9,
and PSMB10.

Proteasome Activity. The chymotrypsin-, trypsin-, and caspase-like activities
were determined by release of 7-amino-4-methylcoumarin from the
Suc-LLVY-AMC, Ac-RLR-AMC, and Z-LLE-AMC substrates, respectively, and
quantified (31).

Real Time-PCR. Real time (RT)-PCR was carried out as described (56) with
minor modifications. Complementary DNA (cDNA) was synthesized from
cellular RNA using the High Capacity cDNA Reverse Transcription Kit (Ap-
plied Biosystems, Foster City, CA). Quantitative (q) RT-PCR was performed
using the TaqMan Gene Expression Master Mix and the ATF4 (FAMTM), ATF5
(FAMTM), ATF6 (FAMTM), CHOP (FAMTM), PSMB8, PSMB9, PSMB10
(FAMTM), POMP (FAMTM), NRF2 (FAMTM), NOXA (FAMTM), and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH, VIC) probes on a StepOnePlus
PCR system (Applied Biosystems). Spliced and unspliced XBP1 mRNAs were
detected by Syber Green PCR (SI Appendix, Table S1), and quantification was
by the comparative CT method with GAPDH as the control.

Xenograft Model. Six-week-old nonobese diabetic mice with severe com-
bined immunodeficiency (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) were from The
Jackson Laboratory (Bar Harbor, ME), and mice were irradiated with a sub-
lethal dose of 250 rad of total body irradiation 4–6 h prior to implantation of
myeloma cells. U266 NRAS-G12V and NRAS-S17N cells (2 × 106/mouse) were
intravenously injected under an Institutional Animal Care and Use

Committee approved protocol. Mice were divided into four groups: Control
(cohort-1) received polyethylene glycol 30 by intraperitoneal (IP) injection
every other day; MEK inhibitor (cohort-2) received trametinib (3 mg/kg) IP
thrice weekly (59); PI (cohort-3) received BTZ (0.5-mg/kg) IP twice weekly;
and combination (cohort-4) received trametinib and BTZ. Tumor size/burden
was evaluated by bioluminescence imaging after IP D-luciferin (Caliper Life
Sciences) injection using the IVIS Imaging System (Caliper Life Sciences,
Hanover, MD) and Living Image 4.4.SP2 software (Caliper Life Sciences). An
enzyme-linked immunosorbent assay measured human IgE levels (Bethyl
Laboratories, Montgomery, TX).

Statistical Analyses.Data are expressed as themean plus SD (for triplicate data
from the same experiment) or SEMs (for multiple independent experiments).
The significance of drug-effect relationships was determined by one-tailed
unpaired t tests or ANOVA using Graph-Pad Prism. Bonferroni multiplicity
adjustment was applied for multiple comparisons.

Data Availability. All of the data needed to interpret these studies are in-
cluded in the main paper’s figures and table and in the Supplementary
figures and tables.
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