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ncogenic RAS provides crucial survival signaling for up to half of
multiple myeloma (MM) cases, but has so far remained a clinically
undruggable target. RAS-like protein (RAL) is a member of the RAS
superfamily of small GTPases and is considered to be a potential mediator
of oncogenic RAS signaling. In primary MM, we found RAL to be overexpressed in the vast majority of samples when compared with pre-malignant
monoclonal gammopathy of undetermined significance or normal plasma
cells. We analyzed the functional effects of RAL abrogation in myeloma cell
lines and found that RAL is a critical mediator of survival. RNAi-mediated
knockdown of RAL resulted in rapid induction of tumor cell death, an effect
which was independent from signaling via mitogen-activated protein
kinase, but appears to be partially dependent on Akt activity. Notably, RAL
activation was not correlated with the presence of activating RAS mutations and remained unaffected by knockdown of oncogenic RAS.
Furthermore, transcriptome analysis yielded distinct RNA expression signatures after knockdown of either RAS or RAL. Combining RAL depletion
with clinically relevant anti-myeloma agents led to enhanced rates of cell
death. Our data demonstrate that RAL promotes MM cell survival independently of oncogenic RAS and, thus, this pathway represents a potential
therapeutic target in its own right.
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Mutated RAS is one the most frequent oncogenic drivers in human cancers, yet
it has so far confounded efforts to render it a clinically exploitable drug target.1–4
Consequently, the identification and targeting of RAS effector pathways has been
pursued to establish therapeutic approaches that counter RAS-driven tumors.5–7
Multiple myeloma (MM) harbors oncogenic NRAS or KRAS mutations in up to half
of the cases and we have shown that RNA-mediated knockdown of oncogenic RAS
induces apoptosis in MM cell lines.8–10
In vitro, the so-called classical RAS-associated pathways which signal via
RAF/MAPK and PI3K/Akt, respectively, have been studied at different levels in MM
cells and have been shown to be crucial for MM cell survival.11–19 In addition, we
have demonstrated that although inhibition of one or both of these pathways can
strongly affect MM cell growth and survival in vitro,8,14 their constitutive activation
appears not to be directly correlated with the presence of oncogenic RAS.8,11
However, early clinical trials including MM patients treated with pharmacological
inhibitors of either one of these pathways have shown only limited efficacy,20–22
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whereas combined blockade in patients with solid tumors
resulted in high levels of toxicity.23–26 The identification of
alternative RAS-driven pathways to target MM cells is
therefore highly warranted.
Here, we investigated the functional role of RAS-like
protein (RAL) in MM, which has sometimes been branded
“the third pathway” in the context of RAS-dependent
oncogenic signaling.27–29 RAL belongs to the RAS superfamily of small GTPases that – like RAS itself – are
characterized by cycling between a GTP-bound active and
a GDP-bound inactive state. The two isoforms of RAL:
RALA and RALB have both been shown to be involved in
malignant transformation, tumor cell survival, and tumor
cell growth and metastasis, although their functional
role(s) may depend to some extent on the tumor entity
and/or model tested.30–32
In our study, we sought to analyze the functional importance of RAL in MM as bona fide downstream effector of
oncogenic RAS by using RNAi-mediated knockdown
approaches. We found that RAL is important for MM cell
survival, but that its constitutive activation is not directly
linked to oncogenic RAS. Furthermore, knockdown of
RAL entails very different transcriptomic changes than
RAS depletion. Therefore, we infer that the RAL pathway
constitutes a potential clinical target in its own right.

Methods
Culture of MM cell lines and preparation of primary
MM cells
Cell culture conditions of human myeloma cell line (HMCL)
and isolation of CD138-positive primary MM cells were previously described.33 Bone marrow aspirates of MM patients were
obtained after informed consent according to the Declaration of
Helsinki, and with permission of the Ethics Committee of the
University of Würzburg (reference no. 76/13). See the Online
Supplementary Materials and Methods for details.

Immunohistochemical stainings of bone marrow
biopsies
To evaluate protein expression of the RAL isoforms in plasma
cells we performed immunohistochemical analysis in formalinfixed, paraffin-embedded bone marrow biopsies from 26 patients
with MM as previously described.8,14 For comparison, we analyzed patients with monoclonal gammopathy of undetermined
significance (MGUS) (n=10) and bone marrow trephines containing reactive, polyclonal plasma cells (n=5). Slides were evaluated
by experienced hematopathologists. See the Online Supplementary
Materials and Methods for details.

Construction of shRNA expression vectors
Construction of pSUPER-based small hairpin RNA (shRNA)
expression vectors was performed as previously described.35 See
the Online Supplementary Materials and Methods for sequences.36,37

Transfection of MM cells by electroporation
Transient transfection of HMCL was previously described in
detail.34 HMCL were electroporated with pSUPER-based shRNA
expression vectors. ShRNA expression plasmid concentrations in
the final electroporation mix were 20 μg/mL (15 μg/mL for transfections with subsequent drug treatment). Strongly transfected
cells were purified by microbead selection for co-expressed CD4
or, in the case of AMO-1, by fluorescence-activated cell sorting for
co-expressed enhanced green-fluorescent protein (EGFP).

RALA activity assay
INA-6 and MM.1S cells were transfected with shRNA expression
plasmids and harvested two days after electroporation. The activation status of RALA was measured using the RAL Activation Assay
from Cell Biolabs (no. STA-408, San Diego, CA, USA) according to
the manufacturer's instructions. Subsequent Western blotting was
performed to analyze RAL-GTP levels and total RAL protein loads.
Antibodies against RALA were diluted 1:500 or 1:1,000.

Western analysis
Western blotting of cell lysates was performed according to
standard protocols as previously described.12,34 See the Online
Supplementary Materials and Methods for details.

RNA sequencing analysis
For transcriptome analyses, MM.1S cells were transfected with
pSUPER-based shRNA expression vectors against either KRAS or
RALA. Control cells were transfected with empty pSUPER plasmids. RNA sequencing data are deposited in Gene Expression
Omnibus in entry GSE126794. See the Online Supplementary
Materials and Methods for details.

Mass spectrometry-based interactome analysis
To identify RAL interaction partners we performed quantitative
mass spectrometric analysis of MM.1S cells with stable expression
of HA-tagged RALA protein. Detailed description of sample
preparation and analysis is provided in the Online Materials and
Methods and by Cox et al.38,39

Statistical analysis
Statistical significance (P<0.05) was determined by a two-tailed
Student’s t-test. Three independent experiments were performed.

Results

Cell death assay

RAL expression in multiple myeloma cells

Fractions of unaffected and (pre-)apoptotic cells were measured
by flow cytometry after staining with propidium iodide (PI) and
annexin V labeled with either PromoFluor 647, allophycocyanin
(APC) or fluorescein isothiocyanate (FITC) as previously
described.34 Cell death measurements were conducted at days 3
and 4 after transfection.

RAL protein expression in a panel of MM cell lines (n=7)
and primary MM samples (n=10) was analyzed for each
isoform using Western blotting. Both proteins were
detected at fairly equal levels in all (RALA), and in 6 of 7
(RALB) HMCL, respectively (Figure 1A, top). Cell line U266 was notable for its complete lack of RALB expression.
Interestingly, all cell lines showed constitutive RALA activation through the presence of GTP-bound RALA as
detected by a pulldown assay (Figure 1A, bottom). In
CD138-positive primary MM cells isolated from bone
marrow aspirates of MM patients, both RAL proteins
were always present. Accounting for differences in the
amounts of sample loading, RALA and RALB expression

Cell metabolism, proliferation and cell cycle assays
Alamar Blue and bromodeoxyuridine (BrdU)/PI assays were
performed to analyze cell metabolism, proliferation and cell cycle
distribution after RAL knockdown or pharmacological inhibition
with RBC8. See the Online Supplementary Materials and Methods for
details.
haematologica | 2020; 105(9)
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Figure 1. Expression of the two RAL isoforms in multiple myeloma cells. Representative Western analyses showing expression levels of RALA, RALA-GTP and RALB
as well as expression and phosphorylation levels of MAPK and Akt signaling in (A) human myeloma cell line (HMCL) (n=7) and (B) primary MM samples (n=10). αtubulin served as loading control. (C) In situ expression of RALA and RALB in bone marrow trephines of multiple myeloma (MM) patients (n=26). CD138 staining as
well as RALA and RALB staining shown for 3 different patients (I, II, III) at 200x (I) and 400x (II, III) magnification. Scale bars: 50 μm. Samples I, II, and III correspond
to sample numbers 22, 25, and 26 in the Online Supplementary Table S2, respectively.
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Figure 2. Effects of abrogation of RAL signaling with different small hairpin RNA expression vectors on multiple myeloma cell survival and signaling. RALA and
RALB knockdown was achieved with two different small hairpin RNA (shRNA) expression vector constructs for each RAL isoform in L-363 cells (A) and MM.1S cells
(B). Upon RALA knockdown, MM cell survival was significantly reduced 3 days and 4 days after electroporation. Similarly, RALB knockdown also reduced cell survival,
but to a lesser extent than RALA depletion. Shown are mean values and standard deviation (SD) from three independent experiments. Percentages were calculated
relative to the respective empty vector control. Cell viability was monitored by annexin V/PI staining. Exemplarily, Western blots of L-363 (C) and MM.1S (D) cell lysates
show that RAS-dependent signaling in form of ERK1/2 phosphorylation and PI3K-dependent signaling illustrated by Akt and GSK-3β phosphorylation are not influenced by RALA or RALB knockdown 2 days after electroporation. (E) L-363 and (F) MM.1S cells were transfected with shRNA targeting RALA or RALB and purified
cells were harvested after 2 and 3 days. Onset of apoptosis after RALA knockdown as indicated by cleavage of PARP 1 and caspase-3 was accompanied by reduction
of phosphorylated Akt after 3 days, whereas after 2 days, signaling remained still unchanged. α-tubulin and β-actin served as loading control.
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Figure 3. Distinct regulation of the RAL and RAS pathways. (A) NRAS (G12D)-mutated INA-6 cells were transfected with a samll hairpin RNA (shRNA) expression vector against mutated NRAS, KRAS (G12A)-mutated MM.1S cells were transfected with an shRNA expression vector against mutated KRAS. As shown by Western analyses, RALA activation was not changed by depletion of oncogenic RAS (and its cognate wild-type form) in either cell line. RALA activation was measured by RALA-GTP
pulldown with RALPB1 protein-binding domain agarose beads 48 hours (h) after transfection. RALA and a-tubulin total load samples were taken before the pulldown
procedure. (B) To analyze RAL- versus RAS-dependent gene expression, MM.1S cells were transfected with shRNA expression vectors against KRAS or RALA and successful knockdown was confirmed by Western blotting. RNA was isolated 48 h after electroporation and analyzed with RNA-Seq. Three independent experiments
were performed. (C) Of 1,473 genes that were expressed differentially after KRAS knockdown, 656 were up- and 817 downregulated. After RALA knockdown, 771
genes showed an altered expression, whereof 336 were up- and 435 downregulated. Of the 235 genes in the overlap, 135 were up- and 100 downregulated under
both conditions. The diagram shows all genes with altered expression with a false discovery rate (FDR) <0.05. In total, 28,440 genes were analyzed. (D) Ontology
mapping of differential gene expression highlighting the most distinct functional gene groups with relevance for MM growth and survival after RAL versus RAS knockdown was performed using the Molecular Signatures Database Hallmark Gene Set Collection.40 Adjusted P-value <0.05.

again appeared quite similar between primary samples,
with a few notable digressions to the upside (RALA in
samples 1 and 5, RALB in sample 5; Figure 1B).
Expression of RAL isoforms in primary plasma cells was
also analyzed in situ by immunohistochemical staining of
bone marrow biopsies from MM patients (n=26) and compared with sections from non-MM (n=5) and MGUS
patients (n=10). Co-staining was performed with the plasma cell marker CD138 (Figure 1C). Normal plasma cells
showed no detectable expression of RALA except for one
sample, which displayed weak staining in 10% of the
cells. All normal plasma cell samples were negative for
2320

RALB staining. In 5 of 10 samples with pre-malignant
MGUS plasma cells RALA was not detectable. The
remaining 5 samples showed slightly elevated RALA
expression levels. RALB expression did not reach the
detection level in any MGUS sample (Online
Supplementary Table S1 and Online Supplementary Figure
S1). In contrast, 20 of 26 primary samples from MM
patients showed medium to strong RALA expression in
80% to 100% of the cells. Two samples showed RALA
expression in 25% and 50% of the cells, respectively. In 14
of 26 samples, RALB stained weakly in at least 5 % of MM
cells (Online Supplementary Table S2).
haematologica | 2020; 105(9)
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Figure 4. Pharmacological RAL inhibition in multiple myeloma cell lines. (A) AMO-1, INA-6, L-363 and MM.1S cells were subjected to increasing concentrations of
the RAL inhibitor RBC8. Cell survival was measured by annexin V/PI staining after 72 hours (h) of treatment. RBC8 treatment reduced cell survival of AMO-1 and
INA-6 at concentrations higher 10 μM. In contrast, L-363 and MM.1S cells showed no sensitivity towards RBC8 treatment with concentrations up to 20 μM. (B) Effect
of RBC8 treatment on RAL activation status was tested in INA-6 and MM.1S cells. INA-6 cells were treated with 10 μM and 20 μM of RBC8 for 3 h, MM.1S cell were
treated with 20 μM of RBC8. RAL activation assays were performed subsequently. RALA total load served as loading control in addition to a-tubulin. RAL-GTP levels
were not influenced by treatment with RBC8 in MM.1S. In INA-6 20 µM of RBC8 reduced the amount of RAL-GTP compared to DMSO-treated cells, while RAL-GTP levels of cells treated with 10 μM of RBC remained unchanged. (C) Combined blockade of RAL and PI3K/Akt or MEK/MAPK signaling. MM cell lines (n=4) were treated
for 72 h with 10 μM of RBC8, 1 μM of PD0325901, 10 µM (AMO-1, INA-6, L-363) or 2.5 µM (MM.1S) of BYL-719, 10 μM (AMO-1, L-363) or 5 μM (INA-6, MM.1S) of
Akti-1,2 and the combination of RBC8 with one of the other drugs. In AMO-1 and INA-6 combination of RAL-blockade by RBC8 with blockade of MEK, PI3K or Akt1,2
by PD0325901, BYL-719 or Akti-1,2, respectively, led to a significant reduction in cell survival. MM.1S and L-363 showed no stronger decrease in cell survival after
combination of RAL blockade with MEK, PI3K or Akt. Cell viability was measured with annexin V/PI staining. Bar charts show mean values and standard deviation
(SD) from three independent experiments. Percentages were calculated relative to DMSO-treated control.
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Figure 5. Combined RAL-knockdown and blockade of PI3K/Akt or MEK/MAPK signaling. L-363 cells were transfected with shRNA-expression vectors against RALA
or RALB, purified next day by selection for strongly transfected cells, and then treated with PD0325901 (1 µM), MK2206 (1 µM) or BYL-719 (2.5 μM). Cell survival
was measured by annexin V/PI staining after 2 days (= day 3 post-transfection). Combination of RALA knockdown with PD0325901, BYL-719 or MK-2206 treatment
did not further enhance the already strong apoptosis-induction resulting from RALA depletion alone. RALB knockdown in combination with PD0325901 showed only
slight additional apoptosis-induction, whereas in combination with BYL-719 or MK-2206 treatment, the rate of cell death was strongly enhanced and matched that
achieved by RALA knockdown.

RNAi-mediated RAL knockdown induces cell death
in MM cells
To assess whether RAL proteins contribute to MM cell
survival we used an RNAi-mediated knockdown approach
in HMCL with subsequent cell death assays and Western
analysis. Two different target sequences against each of the
respective isoforms, RALA and RALB, were cloned into
pSUPER-type shRNA expression vectors. Cell survival was
quantified 3 and 4 days after transfection by flow cytometry and assessment of annexin V-FITC-negative/ PI-negative events. In 4 of 7 cell lines tested, and with both
shRNA-constructs, RALA depletion yielded stronger cell
death effects than knockdown of RALB (Figure 2A-B and
Online Supplementary Figure S2). Specifically, for cell line L363, viability decreased to below 40% (day 3 post-transfection) and to below 30% (day 4 post-transfection) of control
cells after RALA knockdown (Figure 2A). Knockdown of
RALB, too, led to significantly decreased viability, albeit to
a lesser extent (63-71% at day 3 post-transfection, 39-59%
at day 4 post-transfection (Figure 2A).
Similarly, in MM.1S cells, knockdown of RALA led to
significantly reduced cell survival to 57-64% at day 3 and
to 32-42% at day 4 post-transfection. Knockdown of
RALB significantly induced apoptosis leading to cell survival rates of 69-87% at 3 days and 52-79% at 4 days after
electroporation (Figure 2B).
RAL knockdown also led to cell death in other MM cell
lines tested (INA-6, KMS-11, KMS-12-BM, and U-266),
whereas AMO-1 cells remained largely unaffected by RAL
depletion (Online Supplementary Figure S2 and Online
Supplementary Table S3). Of note, concomitant knockdown
of both RALA and RALB (tested in cell lines MM.1S,
L-363, and INA-6) resulted in rapid and near complete cell
death, precluding further functional analyses (data not
shown).
Effects on cell metabolism and cell cycle distribution
2322

were less pronounced than the induction of apoptosis
described above. The Alamar Blue mitochondrial activity
assay showed a significant decrease to 64% in L-363 cells
after RALA knockdown, but only minor effects were
found for MM.1S cells (Online Supplementary Figure S3A).
Likewise, RALA knockdown in L-363 cells led to a significant increase of the G2/M-phase from 16% to 27% after
2 days at the expense of the S-phase (decreased from 36%
to 21%). After 3 days, similar effects were observed for
both RALA and RALB knockdown (G2/M-phase: 20% >
24% or 25%, respectively; S-phase: 34% > 24% or 22%,
respectively). For MM.1S cells, the most notable change
occurred after 3 days, at which time point the share of
cells in S-phase had decreased from 20 % to 14% after
RALA knockdown, and to 10% after RALB knockdown
(Online Supplementary Figure S3B).

Targeting of RAL does not affect activity of the
MEK/MAPK pathway but RALA appears to sustain AKT
activity
To investigate whether cell death induction after RAL
knockdown is linked to down-regulation of the classical
RAS downstream apoptosis and proliferation pathways,
we analyzed the phosphorylation levels of ERK1/2
(MEK/MAPK pathway) and of Akt and GSK-3 (PI3K/Akt
pathway) in L-363 and MM.1S cells after knockdown of
either RALA or RALB by Western blotting. Cells were harvested at day 2 after transfection, i.e. before the onset of
significant amounts of cell death, and at day 3, at which
time-point care was taken to perform sample collection
such that equivalent numbers of trypan-blue negative cells
were collected for control and RAL-knockdown samples.
RALA or RALB depletion had no discernible effect on the
phosphorylation levels of any of the above-mentioned signaling intermediates at day 2 (Figures 2C-D), whereas
RALA knockdown specifically led to lower levels of phoshaematologica | 2020; 105(9)
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pho-Akt (of both, the Thr308 and Ser473 phosphorylation
sites) at day 3 (Figures 2E-F). This effect was quite pronounced in both of these cell lines which display relatively
high constitutive levels of activated Akt.

Constitutive RAL activation in MM cells remains
unaffected by knockdown of oncogenic RAS
To address our hypothesis that RAL activation is
dependent on oncogenic RAS, we analyzed the change of
the levels of activated GTP-bound RAL after knockdown
of oncogenic KRAS or NRAS in HMCL harboring the
respective mutated RAS isoform. Effective silencing of
oncogenic RAS was verified by Western analysis 48 hours
(h) after electroporation with the respective shRNA
expression vectors. RAL-GTP levels were measured by
performing RALA pulldown using RALBP1 protein-binding domain agarose beads. Notably, the RAL activation
status was not altered by knockdown of oncogenic KRAS
in MM.1S cells or oncogenic NRAS in INA-6 cells (Figure
3A). Expression levels of total load of RALA proteins
remained also unchanged.

RNAi-mediated knockdown of KRAS or RALA in MM.1S
cells entails distinct transcriptomic effects
Because mutated RAS did not appear to be directly
linked to RAL activation, we next analyzed in more detail
the influence of both signaling hubs on the transcriptome
of KRAS-mutated MM.1S cells using an RNA sequencing
technique for 28,440 gene transcripts. Cells were transfected with shRNA expression vectors against either
KRAS or RALA, or with the pSU empty-vector. Strongly
transfected cells were purified via CD4Δ microbead selection and harvested at day 2 post-transfection for preparation of samples for transcriptomic analysis and Western
blotting to confirm successful target knockdown (Figure
3B). As displayed in the Venn diagram (Figure 3C), KRAS
knockdown led to changes in gene transcription in about
double the number of genes (n=1,473) than RALA knockdown (n=771). Taken together, the number of transcripts
that is altered in a mutually exclusive fashion (n=1,744) far
outweighs the number affected by both, KRAS- or RALAknockdown (n=235). Using the Molecular Signatures
Database Hallmark Gene Set Collection,40 ontology gene
mapping was performed for the classification of differential gene expression after RAL versus RAS knockdown,
highlighting the most distinct functional gene groups with
relevance for MM biology (Figure 3D).

Effects of the small molecule compound RBC8 on
survival and RAL activation of MM cells
The small molecule inhibitor RBC8 has recently been
described as selective allosteric inhibitor of RALA and
RALB, which stabilizes RAL in its inactive GDP-bound
state.41 We treated MM cell lines (n=4) and primary MM
cells (n=6) for 3 days with different concentrations of
RBC8 and measured cell survival by flow cytometry using
annexin V/PI staining. INA-6 cells were most sensitive to
the drug with EC50/90 values of 12,5 and 17,5 μM, respectively. MM.1S cells, on the other hand, were unaffected by
RCB-8 even at the highest concentration tested (20 μM)
(Figure 4A). In accordance with these results, analysis of
RALA activation by pulldown of RALA-GTP in the sensitive INA-6 cells showed a strong reduction after treatment
with 20 μM of RBC8 for 3 h, whereas at 10 μM no marked
effects were seen. Conversely, the levels of activated
haematologica | 2020; 105(9)

RALA remained unaltered after 3 h-treatment with 20 μM
of RBC8 in MM.1S cells (Figure 4B). Primary MM samples
remained largely unaffected by RBC8 (20 μM) (Online
Supplementary Figure S5A).
Data from combined RAL (RBC8) and MEK/MAPK or
PI3K/Akt inhibition showed increased anti-myeloma
effects in RBC8-sensitive cell lines, but no combination
advantage in RBC8-insensitive cells (Figure 4C). These
drug combinations showed at best mild effects on cell survival in the primary MM samples tested (Online
Supplementary Figure S5B).
We also performed Alamar Blue assays to test possible
effects of RBC8 treatment on cell metabolism and
proliferation. We found only minor impacts at concentrations up to 20 µM, most pronounced in INA-6 and AMO1 cells (Online Supplementary Figure S3C). Although higher
concentrations (up to 40 μM) of RBC8 enhanced these
effects, these concentrations may also exert unspecific
cytotoxicity.42 Cell cycle distribution after RBC8 treatment
was analyzed by BrdU/PI staining and revealed that in
INA-6 cells which are most sensitive to treatment with
RBC8, the G2/ M-phase significantly increased from 19%
to 30 % at the expense of the S-phase, which decreased
from 38% to 20% (Online Supplementary Figure S3D). No
relevant changes were observed in AMO-1, L-363, or
MM.1S cells. Finally, no effects on the constitutive levels of
phospho-ERK and phospho-Akt were observed after RBC8
treatment of HCML (Online Supplementary Figure S4).

Combination of RALB depletion with PI3K/Akt
inhibitors leads to enhanced MM cell death
Because RAL blockade had either no or differential
effects on the activity of the MEK/MAPK or PI3K/Akt
pathways (see above and Figures 2C-F), we tested the
potential usefulness of pharmacologically targeting these
pathways in combination with RAL knockdown.
After knockdown of either RALA or RALB, L-363 cells
were treated with pharmacological inhibitors of MEK1/2
(PD0325901), Akt (MK2206) or PIK3CA (BYL-719). While
combinations of either of these compounds with RALA
abrogation did not significantly enhance apoptosis induction in excess of the rather strong effects of RALA knockdown alone, combined depletion of RALB and Akt or PI3K
inhibition, respectively, led to significantly higher rates of
cell death (Figure 5).
Combination experiments in MM cell lines using the
pharmacological RAL inhibitor RBC8 showed statistically
significant (and functionally relevant) synergistic effects
for the combination with PI3K/Akt primarily in the aforementioned cell line INA-6 (Figure 4C).

Mass spectrometric analysis identifies the exocyst
complex as a predominant RAL interaction partner
To analyze potential downstream signaling partners of
RAL in MM cells, we performed quantitative mass spectrometry of MM.1S cells with stable expression of HAtagged RALA protein. A total of 48 proteins were identified as specific partners of RALA, including six members
of the exocyst complex (EXOC-1, 2, 3, 4, 7, 8) (Online
Supplementary Figure S6). Except for EXOC-7, all of these
exocyst components are listed as highly confident interaction partners in the HitPredict database for protein-protein
interactions.43 Moreover, EXOC-2/Sec5 and EXOC8/Exo84 have previously been described to play a role in
RAL-mediated tumor cell proliferation.44
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Discussion
In this study, we demonstrate the functional importance
of the small GTPase RAL for survival of MM cells. Both
RAL isoforms were strongly expressed in the majority of
HMCL and primary MM cells when directly compared to
normal plasma cells or pre-malignant MGUS cells.
Moreover, GTP-bound and thus activated RAL was present in all MM cell lines analyzed, pointing to a potential
functional role of RAL in transition to and/ or maintenance
of the malignant tumor clone. To test this hypothesis we
performed isoform-specific RNAi-mediated RAL knockdown and found that abrogation of RAL led to fast and
strong cell death induction in the majority of MM cell
lines. These experiments thus identified the RAL GTPases
as potent pro-survival mediators in MM.
Because activation of RAL has been described as a predominantly RAS-dependent oncogenic survival pathway
in various cancer entities,29,45–48 we also sought to test the
putative functional link between oncogenic RAS and RAL
activation in MM using pulldown assays and RNA
sequencing. We found that in the MM cells tested, RAL
activation could not be ascribed to the presence of oncogenic RAS (as defined by harboring activating point mutations in NRAS or KRAS). Neither did shRNA-mediated
knockdown of oncogenic RAS alter the RAL activation
status. As opposed to the well-defined activating mutations of NRAS and KRAS, data available from the
CoMMpass trial cohort (these data were generated as part
of the Multiple Myeloma Research Foundation
Personalized
Medicine
Initiatives
[https://research.themmrf.org and www.themmrf.org]) and
other large next generation sequencing studies49–51 revealed
no oncogenic bona fide mutations affecting RAL in MM.
Activation of RAL by RAS-independent mechanisms has
also been shown by other groups in solid tumors such as
melanoma,52 bladder carcinoma53 and malignant peripheral
nerve sheath tumors54 in which deregulated RAL guanine
exchange factors, direct RAL phosphorylation by protein
kinase C, or involvement of secondary GTPases, respectively, may lead to increased RAL-dependent tumor cell
proliferation.
De Gorter et al. showed that RAL could be activated by
chemokines originating from the bone marrow microenvironment. In their study, treatment of MM cells with stromal cell-derived factor-1 resulted in increased levels of
GTP-bound RAL and led to enhanced cell migration.55
These effects occurred independently of RAS, which is in
line with our observation that no direct link between
oncogenic RAS and activated RAL could be established.
Additionally, in our transcriptome analysis we observed
distinct changes of gene expression after RAL versus RAS
knockdown, underpinning the notion that RAL functions
as a survival pathway in its own right and warrants further validation for potential therapeutic intervention.
Due to the high affinity of the guanine nucleotides at
their binding sites, small GTPases such as RAS and RAL
are hard to target pharmacologically, however. Whereas to
date, no clinically suitable RAS inhibitors are available,1,4,56
a small molecule RAL inhibitor has recently been
described,41 showing in vitro effects in adipose tissue57 and
in chronic myelogenous leukemia.58 This allosteric compound has been developed to stabilize RAL in its inactive
GDP-bound state and thus prevent its activation.41 In our
hands, in the most sensitive MM cell line INA-6, RAL acti2324

vation was indeed abrogated and apoptosis induced at
drug concentrations starting from 10 μM, whereas survival of primary MM cells and of other HMCL was less
affected even at 20 μM, warranting development of more
potent second generation RAL inhibitors. To this end,
Walsh et al.42 have recently observed in a murine platelet
RAL knockout model that RBC8 does indeed exert specific
as well as unspecific effects within similar concentration
ranges, which may explain its inconsistency when tested
across different (cell line) models.
In our mass-spectrometric analysis which we performed
to define RAL interaction partners serving as potential
downstream mediators of the RAL pathway, we identified
six members of the exocyst complex among the highest
scoring hits. They included the complex members EXOC2/Sec5 and EXOC-8/Exo84 which are known to contribute to RAL-induced proliferation in tumor cells.44
Interestingly, RALBP1 which is another well-defined binding partner to RAL, did not appear to play a predominant
role in our MM cell line analysis.
In MM, the interconnection with signals from a per se
altered bone marrow microenvironment59–61 may bypass
otherwise important signaling hubs such as RAS. We have
previously made this observation for the PI3K/Akt pathway in MM, which can be constitutively activated independently of oncogenic RAS, possibly by involvement of
upstream receptor tyrosine kinases.12,13,51 Whereas we
found no indication for RAL involvement in RAS/MAPK
signaling, we did find distinctly lower levels of activated
Akt after extended knockdown of RALA. In keeping with
this observation, while the already strong apoptotic
effects of RALA depletion could not further be enhanced
by simultaneous pharmacological PI3K/Akt blockade,
such treatment considerably enhanced the cytotoxic
effects of RALB knockdown. These observations suggest
that both RAL isoforms may at least in parts play differential roles in cellular signaling, and point specifically to a
role for RALA as one of the potential mediators for high
intrinsic levels of active Akt in a subgroup of MM cells.
Given the heterogeneity of oncogenic pathways in MM,
synergistically acting combination therapies seem to be
the most promising targeted treatment strategies. To this
extent, our data demonstrate that RAL abrogation may be
effective in combination with inhibitors of the PI3K/Akt
pathway. This is particularly important because in early
clinical trials, PI3K inhibitors displayed limited effectivity
and will therefore most likely play a role as combination
partners in tumor therapy.18,62
Taken together, our data indicate that RAL is a promising molecular target for MM therapy that is functionally
independent of oncogenic RAS. However, because the one
existing pharmacological inhibitor targeting RAL in our
hands does not perfectly mimmick the strong effects of
RAL knockdown, development of more potent secondgeneration inhibitors for MM treatment is mandatory for
clinical translation.
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