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ABSTRACT
De novo and acquired drug resistance and subsequent relapse remain major 

challenges in acute lymphoblastic leukemia (ALL). We previously identified that 
pevonedistat (TAK-924, MLN4924), a first-in-class inhibitor of NEDD8 activating 
enzyme (NAE), elicits ER stress and has potent in vitro and in vivo efficacy against 
ALL. However, in pevonedistat-treated ALL cell lines, we found consistent activation of 
the pro-survival MEK/ERK pathway, which has been associated with relapse and poor 
outcome in ALL. We uncovered that inhibition of the MEK/ERK pathway in vitro and 
in vivo sensitized ALL cells to pevonedistat. The observed synergistic apoptotic effect 
appears to be mediated by inhibition of the MEK/ERK pro-survival cascade leading to 
de-repression of the pro-apoptotic BIM protein. Mechanistically, Ca2+ influx via the 
Ca2+-release-activated Ca2+ (CRAC) channel induced protein kinase C β2 (PKC-β2) was 
responsible for activation of the MEK/ERK pathway in pevonedistat-treated ALL cells. 
Sequestration of Ca2+ using BAPTA-AM or blockage of store-operated Ca2+ entry (SOCE) 
using BTP-2 both attenuated the compensatory activation of MEK/ERK signaling in 
pevonedistat-treated ALL cells. Pevonedistat significantly altered the expression of 
Orai1 and stromal interaction molecule 1 (STIM1), resulting in significantly decreased 
STIM1 protein levels relative to Orai1. Further, we identified eIF2α as an important 
post-transcriptional regulator of STIM1, suggesting that pevonedistat-induced 
eIF2α de-phosphorylation selectively down-regulates translation of STIM1 mRNA. 
Consequently, our data suggest that pevonedistat potentially activates SOCE and 
promotes Ca2+ influx leading to activation of the MEK/ERK pathway by altering the 
stoichiometric Orai1:STIM1 ratio and inducing ER stress in ALL cells.

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most 
common cancer diagnosed in children and adolescents and 
has an overall 5-year event-free survival (EFS) of 80%, 
whereas adults with ALL have a 5-year EFS rate under 

50% [1, 2]. For pediatric and adult patients who relapse, 
outcomes are particularly dismal [3]. In addition, long-
term toxicity associated with current regimens leads to 
significant morbidity and mortality later in life. Therefore, 
there is a need to develop novel, more targeted strategies, 
that increase cure rates and mitigate against immediate and 
late toxicities. 
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In this context, we identified the NEDD8-
activating enzyme (NAE) as a novel therapeutic target 
for ALL therapy, resulting in potent in vitro and in vivo 
anti-leukemic effects [4]¬. Protein NEDDylation is 
sequentially catalyzed by 3 enzymatic steps: activation of 
ubiquitin-like protein NEDD8 via its cognate E1 (NAE), 
transfer of NEDD8 to a NEDDylation specific E2 enzyme, 
and conjugation of NEDD8 to target proteins mediated by 
E3 ligase enzymes [5]. Most NEDD8 target proteins are 
cullins which are scaffold proteins for the Cullin-RING E3 
Ligases (CRLs) [5]. NEDD8 conjugation is a prerequisite 
for full activation of CRLs which are key components of 
the ubiquitin-proteasome system (UPS) [5]. Pevonedistat 
was developed as a first-in-class inhibitor of NAE and 
inhibits CRL-mediated protein turnover [6]. In our 
previous study, we demonstrated pevonedistat induced 
apoptosis in ALL cells occurred by dysregulating cellular 
translation machinery causing induction of proteotoxic 
endoplasmic reticulum (ER) stress. Activation of both 
mTOR and UPR/eIF2α pathways [4]¬ were key mediators 
of this mechanism. Based on the increased vulnerability of 
ALL cells towards ER stress inducers [7, 8], our published 
data demonstrated that pevonedistat has potential for 
incorporation into ALL therapy [4]¬. We also showed that 
pevonedistat led to activation of the MEK/ERK pathway in 
ALL cells, and that co-targeting NEDDylation and MEK/
ERK resulted in synergistic cell death [4]¬. We interpreted 
the induction of MEK/ERK as a compensatory survival 
mechanisms in response to pevonedistat cytotoxicity, but 
the mechanisms responsible for MEK/ERK activation 
remained unclear. 

Overexpression of the MEK/ERK pathway has been 
associated with relapse and poor outcomes in pediatric 
ALL [9, 10], underscoring the clinical relevance of our 
findings above. In general, the MAPK cascade is activated 
by extracellular stimuli such as mitogens, growth factors, 
and cytokines that binds to receptor tyrosine kinases (RTK) 
at the cell surface to activate the small GTPase Ras protein. 
Activated MAPK signaling, represented by ERK1/2 
phosphorylation, further regulates cell proliferation and 
survival [11, 12]. The rise of free intracellular calcium 
following binding of extracellular ligands to RTKs 
also influences the MEK/ERK signaling cascade [13]. 
In lymphocytes, increases in intracellular calcium are 
dependent on either Ca2+ ER stores or the store-operated 
Ca2+ entry (SOCE) mediated by the Ca2+-release-activated 
Ca2+ (CRAC) channel [14], with the latter identified as 
the main mechanism to replenish intracellular Ca2+ levels 
once the ER Ca2+ has been depleted [14]. In typical SOCE, 
depletion of Ca2+ stores activates the Ca2+ sensor proteins 
Stromal Interaction Molecules (STIM) 1 and 2, which 
translocate into the ER-plasma membrane (PM) junctions 
to activate the CRAC pore-forming subunit Orai1 [15, 16], 
in order to increase calcium influx. Given the importance 
of intracellular calcium in lymphocyte biology [13] and 
its role in inducing the MEK/ERK pathway activation [9, 

10], we investigated the mechanistic role of SOCE/CRAC 
in pevo-induced activation of the MEK/ERK pathway in 
ALL cells.

RESULTS

Pevonedistat activates the PKC/MEK/ERK 
signaling cascade via Ca2+ mobilization

To probe and identify the mechanism(s) underlying 
MEK-ERK pathway activation in pevonedistat-treated 
ALL cells [4]. We first evaluated the role of the protein 
kinase C (PKCα/β II), a known mediator of MEK-ERK 
activation [17-19], in CCRF-CEM, NALM6, and REH 
cells treated with pevonedistat (200 to 800 nM). As 
shown in Figure 1A, pevonedistat significantly increased 
the cellular levels of p-PKCα/β II (Thr638/Thr641) and 
phosphorylated Ca2+/calmodulin-dependent protein kinase 
II (p-CaMKII) in all three ALL cell lines examined, 
which correlated with p-MEK1/2 (Ser217/Ser221) and 
p-ERK1/2 (Thr202/Tyr204) activation (Figure 1A). To 
test the causal relationship between increased p-PKCα/β 
II and MEK/ERK pathway activation, we treated these 
cell lines with the PKC inhibitor enzastaurin (ENZ; 
LY317615, [20]). Our data show that inhibition of PKC’s 
activity using ENZ significantly reduced the induction 
of p-ERK1/2 in pevonedistat-treated ALL cells (Figure 
1B), establishing a cause-effect relationship between 
increased expression (activation) of p-PKCα/β II and 
MEK-ERK pathway activation in pevonedistat-treated 
ALL cells. Based on the established requirement for 
Ca2+ binding in the activation of PKCs [21] and the role 
of p-CaMKII in Ca2+ homeostasis [22], the observed 
increased cellular levels of p-CaMKII (Thr286) in all three 
ALL cell lines (Figure 1A) suggested that mobilization 
of Ca2+ may play a role in pevonedistat induced MEK/
ERK activation. Consequently, we investigated the role of 
Ca2+ as a second messenger in PKC-induced MEK/ERK 
pathway activation in pevonedistat-treated ALL cells. For 
this purpose, we used the permeable-membrane calcium 
chelator BAPTA-AM [23] to examine its effects on the 
induction of p-ERK1/2. Consistent with our hypothesis, 
we found that the addition of BAPTA-AM significantly 
inhibited pevonedistat-induced p-ERK1/2 activation in all 
three ALL cell lines examined (Figure 1C), supporting a 
mechanistic role of Ca2+ in mediating MEK-ERK pathway 
activation in pevonedistat-treated ALL cells. As shown in 
Figure 1C, co-treatment with pevonedistat plus BAPTA-
AM led to increased expression of CHOP compared to 
each agent alone, and correlated with greater induction of 
apoptosis in cells treated with both agents as demonstrated 
by increased PARP cleavage, suggesting that CHOP may 
also influence Ca2+ mobilization in pevonedistat-treated 
ALL cells. 
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To further assess and confirm the role of Ca2+ on 
MEK/ERK activation under conditions of pevonedistat-
induced ER stress/UPR leading to CHOP activation, 
we cultured ALL cells in Ca2+ free RPMI-1640 medium 
and examined the expression of p-ERK1/2, p-PKCα/β 
II, and p-CaMKII following the addition of Ca2+ and/
or pevonedistat. We found that the addition of Ca2+ to 
pevonedistat-treated NALM6 cells significantly up-
regulated the expression of p-ERK1/2, p-PKCα/β II, and 
p-CaMKII, whereas its absence almost entirely abrogated 
their induction (Figure 1D). Based on these data, we 
concluded that the mechanism of PKC-mediated MEK/
ERK pathway activation in pevonedistat-treated ALL cells 
is dependent on Ca2+ mobilization. 

Pevonedistat activates the Ca2+-release-activated 
Ca2+ (CRAC) channel 

To characterize the mechanism responsible for 
Ca2+ mobilization in pevonedistat-treated ALL cells, we 
performed a Ca2+ release assay using the Ca2+ binding 
dye Fluo-8 AM and determined the level of intracellular 
Ca2+ release in NALM6 cells treated with either vehicle 
(control), pevonedistat (400 nM), or the classical ER stress 
inducer tunicamycin (Tun, 400 ng/mL) known to stimulate 
Ca2+ release [24]. As previously described for this assay, 
following treatment with each agent, thapsigargin (TG, an 
inhibitor of the sarcoplasmic or endoplasmic reticulum 
Ca-ATPase family of calcium pump [25]) was added to 
augment ER Ca2+ release [26]. As shown in Figure 2A, 
both prior to and after the addition of TG, we found that 
pevonedistat induced greater Ca2+ release in NALM6 cells 
compared to cells treated with Tun or untreated controls. 
When we analyzed expression of p-ERK1/2 as a marker 
for activation of the MEK/ERK pathway, we observed 
induction of p-ERK1/2 only in pevonedistat-treated ALL 
cells correlating with the significantly greater increased 
in intracellular Ca2+ observed in pevonedistat-treated ALL 
cells (Figure 2B). 

To further probe the mechanism of MEK/ERK 
activation in pevonedistat-treated ALL cells, we used 
lentiviral-based shRNAs to knockdown CHOP expression 
and block UPR-induced Ca2+ mobilization, and found 
that down-regulation of CHOP significantly attenuated 
the induction of p-ERK1/2 by pevonedistat (Figure 2C). 
Next, we examined the contribution of ER Oxidoreductin 
1 (ERO1), a well-established downstream target of 
CHOP that mediates Ca2+ release from the ER [23], 
in the mechanism of Ca2+ mobilization and activation 
of p-ERK1/2 in pevonedistat-treated ALL cells. In 
ERO1 knock-down NALM6 cells (NALM6-shERO1), 
pevonedistat induced ERK1/2 phosphorylation was 
augmented compared to controls (NALM6-Luc) (Figure 
2D), suggesting that UPR/CHOP/ERO1-induced Ca2+ 
release from the ER is likely only a minor contributor to 

p-ERK1/2 activation in pevonedistat-treated ALL cells. 
On this basis, we proceeded to investigate the role of 
the store-operated Ca2+ entry (SOCE), known to play a 
critical role in modulating Ca2+ influx in lymphocytes [14]. 
Since SOCE is principally mediated by the Ca2+-release-
activated Ca2+ (CRAC) channel [12], we first examined its 
role in pevonedistat-induced Ca2+ release and p-ERK1/2 
activation using the CRAC inhibitor BTP-2 (10 µM) in 
combination with pevonedistat (400 nM). By measuring 
the fluorescence intensity of Ca2+ binding Fluo-8 AM dye, 
we found that the addition of BTP-2 significantly inhibited 
the accumulation of intracellular Ca2+ in pevonedistat + 
BTP-2 treated NALM6 cells as compared to each agent 
alone or control (DMSO) (Figure 2E), and strongly 
reduced the activation of both p-MEK1/2 and p-ERK1/2, 
which correlated with increased cell death (cleaved PARP) 
(Figure 2F). In addition, we uncovered that inhibition of 
CRAC significantly down-regulated p-BIM (Ser69), a 
known pro-apoptotic marker that is inhibited through 
phosphorylation of its Ser69 residue by p-ERK1/2 to 
promote cell survival (Figure 2F) [27]. Taken together, 
these data support a role for CRAC rather than Ca2+ release 
from the ER, as the major mediator of pevonedistat-
induced calcium influx in ALL cells. This role for CRAC 
was confirmed using shRNAs to down-regulate the 
expression of the CRAC pore-forming subunit Ora1, a 
central structural component of the CRAC Ca2+ channel 
entry, therefore preventing Ca2+ influx [12]. Indeed, 
knockdown Orai1 in NALM6 cells (NALM6-shOrai1) 
significantly abrogated the activation of p-MEK1/2 and 
p-ERK1/2 by pevonedistat, and concomitantly blocked the 
phosphorylated inhibition of BIM as compared to control 
cells (NALM6-Luc) (Figure 2G). 

The activation of CRAC is potentially mediated 
by pevonedistat-induced changes in the Orai1/
STIM1 ratio

Having established the role of CRAC and its pore-
forming subunit Orai1 in pevonedistat-induced calcium 
influx and MEK/ERK activation in ALL, we examined 
the mechanistic interaction between Orai1 and the ER-
membrane protein STIM1, which orchestrates Ca2+ 
influx by migrating to ER-plasma membrane appositions 
(puncta) to interact and open Orai1 [28]. It has recently 
been proposed that the activation of SOCE is regulated by 
the stoichiometric Orai1:STIM1 ratio, as opposed to their 
individual protein levels [29, 30]. Indeed, high STIM1 
levels in cells traps Orai1, clusters it intracellularly, and 
prevents its plasma membrane enrichment. To test if the 
ratio of Orai1:STIM1 is altered by pevonedistat, we first 
determined their expression in pevonedistat-treated ALL 
cells and found that pevonedistat significantly down-
regulated STIM1 expression in ALL cells whereas Orai1 
expression was slightly upregulated (Figure 3A). The 
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Figure 1: Activation of the MEK/ERK signaling cascade in pevonedistat-treated ALL cells is dependent on intracellular 
Ca2+ mobilization. A. ALL cell lines CCRF-CEM (T-ALL), NALM6 (Bp-ALL) and REH (Bp-ALL) were treated with pevonedistat 
(200, 400, 600, and 800 nM) for 24 h. Protein extracts were probed for p-CaMKII (Thr286), CaMKII; p-PKCα/β II (Thr638/641), PKCβ, 
p-MEK1/2 (Ser217/221), MEK1/2, p-ERK1/2 (Thr202/Tyr204), and ERK1/2. B. Western blots of p-ERK1/2 (Thr202/Tyr204) expression 
in NALM6 cells treated with pevonedistat (200 and 400 nM) ± the PKC inhibitor enzastaurin (ENZ, 8 µM) for 24 h. C. Western blots of 
p-ERK1/2 (Thr202/Tyr204) and CHOP expression in CCRF-CEM, NALM6 and REH cells treated with pevonedistat (200 and 400 nM) 
± the Ca2+ chelator BAPTA-AM (5 µM) for 24 h. D. Western blot analysis of p-CaMKII (Thr286), p-PKCα/β II (Thr638/641), p-ERK1/2 
(Thr202/Tyr204), and CHOP expression in NALM6 cells cultured in Ca2+-free RPMI-1640 medium without FBS ± calcium (0.424 mM) 
for 24 h. PARP/Cleaved PARP expression was used as an indicator of apoptosis in the NALM6 cells treated above. β-actin levels served as 
loading controls and pevo stands for pevonedistat.
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net effect of the observed protein expression changes 
was a significant alteration of the Orai1:STIM1 ratio in 
pevonedistat-treated ALL cells.

To investigate the regulatory role of the 
Orai1:STIM1 ratio on the activation of MEK/ERK 
signaling in pevonedistat-treated ALL cells, we examined 
the effects of down-regulating STIM1 on p-ERK1/2 
activation by pevonedistat. Figure 3B shows that shRNA-
mediated STIM1 knockdown in pevonedistat-treated 
NALM6 cells (NALM6-shSTIM1) resulted in greater 
expression of p-ERK1/2 compared to controls (NALM6-
Luc), consistent with the hypothesis that pevonedistat-
induced upregulation of p-ERK1/2 is mediated by changes 
in the Orai1:STIM1 ratio. The role of the Orai1/STIM1 
ratio in this mechanism was further tested using NALM6 
cells overexpressing STIM1 (NALM6-STIM1-CFP) 
which have an intrinsically altered Orai1:STIM1 ratio. 
Indeed, overexpression of STIM1-CFP in NALM6 cells 
abrogated the induction of p-ERK1/2 by pevonedistat and 
correlated with increased cleavage of PARP compared 
to wild-type controls, implicating changes in the 
Orai1:STIM1 ratio in pevonedistat-induced apoptosis 
of ALL cells (Figure 3C). The functional implication of 
this interaction was confirmed by confocal microscopy 

analysis of Orai1-YFP fluorescein expression in NALM6 
cells treated with vehicle (control) or pevonedistat (400 
nM). As shown in Figure 3D, the Orai1-YFP fluorescent 
signal was distributed evenly in the plasma membrane of 
control cells with undetectable intracellular localization, 
whereas that in pevonedistat-treated NALM6-Orai1-
YFP cells, the fluorescent Orai1-YFP signal was 
mainly clustered in the plasma membrane with minimal 
intracellular localization, suggesting that pevonedistat-
induced STIM1 downregulation may optimize the release 
of intracellularly trapped Orai1 to allow translocation into 
the plasma membrane. Taken together, these data suggest 
that pevonedistat altered the Orai1:STIM1 ratio potentially 
leading to CRAC activation with the expected increased 
Ca2+ influx, albeit other known mechanisms such as the 
induction of ER stress per se may also play a role in this 
cascade. 

Pevonedistat-induced de-phosphorylation of 
p-eIF2Α mediates STIM1 down-regulation

The fact that pevonedistat induced UPR-mediated 
cell death via de-phosphorylation of p-eIF2α (Ser51) 

Figure 2: NEDDylation inhibition activated the CRAC channel to trigger Ca2+ influx. A. Determination of intracellular Ca2+ 
levels in NALM6 cells treated with DMSO (control), pevonedistat (400 nM), or Tun (400 ng/mL) for 24 h using the the Ca2+ binding dye 
Fluo-8 AM. Absorption was measured at Excitation/Emission = 490/525 nm every 27 sec (mean ± SEM, n ≥ 3). 17 min post-treatment, 
thapsigargin (TG, 10 µM) was added to each well and cells incubated for 15 min at RT prior determination of intracellular Ca2+ levels. B. 
Western blot analysis of CHOP, ERO1, and p-ERK1/2 (Thr202/Try204) expression in NALM6 cells treated with pevonedistat (200 and 
400 nM) and Tun (200 and 400 ng/mL) for 24 h. C. Western blot analysis of extracts from stably transfected NALM6 cells with lentiviral 
particles expressing the luciferase (NALM6-Luc) or shRNAs targeting CHOP (NALM6-shCHOP), and treated with pevonedistat (200, 
400, 600, and 800 nM) for 24 h. D. Western blot analysis of the markers described in (B) expressed in stably transfected NALM6-Luc and 
NALM6-shERO1 cells and treated with pevonedistat (200 and 400 nM) for 24 h. E. Intracellular Ca2+ signal by Fluo-8 in NALM6 cells 
treated with pevonedistat (400 nM) ± the CRAC inhibitor BTP-2 (10 µM) for 24 h (10× magnification). F. Western blot analysis of MEK/
ERK pathway proteins and p-BIM (Ser69) in NALM6 cells co-treated with pevonedistat (200 and 400 nM) ± BTP-2 (10 µM) for 24 h. G. 
Western blot analysis of p-MEK1/2 (Ser217/221), p-ERK1/2 (Thr202/Tyr204), p-BIM (Ser69), and Orai1 protein levels in NALM6-Luc 
and NALM6-shOrai1 stably transfected cells and treated with pevonedistat (200 and 400 nM) for 24 h. PARP/Cleaved PARP was used as 
apoptotic marker. β-actin as loading controls and pevo stands for pevonedistat.
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in ALL cells, altering the UPR regulation of protein 
translation [4], prompted us to examine its role in 
pevonedistat-induced CRAC/MEK/ERK pathway 
activation. As previously shown, p-eIF2α regulates 
the translation of certain ER stress response genes 
such as CHOP and ATF4 [31, 32], and under ER stress 
conditions eIF2α is phosphorylated to inhibit global 
protein translation except for a specific class of mRNAs 
containing a short upstream open reading frame (5’-
uORF) selected for enhanced translation. To test if STIM1 
mRNA may be regulated by a similar mechanism, we 
compared the level of STIM1 expression in NALM6 cells 
treated with pevonedistat and the ER stress inducer Tun. 
We found that STIM1 expression correlated with p-eIF2α 
levels: both were down-regulated by pevonedistat and 
conversely up-regulated in Tun-treated cells (Figure 
4A). We then examined the effects of blocking eIF2α de-
phosphorylation on STIM1and p-ERK1/2 expression in 
NALM6 cells treated with the eIF2α inhibitor salubrinal 
(SAL, 10µM) [33] ± pevonedistat (200 and 400 nM). 
As discussed above, treatment with pevonedistat down-
regulated p-eIF2α, even in presence of SAL. We found 
that the addition of SAL either alone or in combination 
with pevonedistat resulted in higher levels of STIM1 
expression compared to untreated cells (Figure 4B). CHOP 
and ATF4 expression, known to be regulated by p-eIF2α 
were used as positive controls. More important, SAL 
up-regulated STIM1 and the addition of pevonedistat to 
SAL-treated cells resulted in lower STIM1 and p-ERK1/2 
levels compared to cells treated with pevonedistat alone, 
supporting a role for eIF2α in STIM1 down-regulation 
leading to CRAC-induced calcium influx (Figure 4B). 

Next, we screened the RefSeq database (www.
ncbi.nlm.nih.gov/refseq) for putative 5’-uORF regulatory 
sequences within human, mouse and rat STIM1 genes, 
and identified only one 5’-uORF conserved sequence 
among these three species (Figure 4C). The function of 
this putative 5’-uORF in the eIF2α-dependent translation 
of STIM1 mRNA was determined using duplexed 
oligonucleotide fragments containing either wild-type 
(ATG, 5’-uORF-WT form) or mutated 5’-uORF initiation 
codon (ATG substituted to AGG, 5’-uORF-MT form) that 
were cloned into the pGL3-Ehancer plasmid to generate an 
in-frame fusion with the luciferase coding gene (plasmids 
pGL3-uORF-WT and pGL3-uORF-WT). (Figure 4D). As 
shown in Figure 4E, NALM6 cells expressing the putative 
wild-type 5’-uORF-WT form exhibited lower level of 
luciferase expression when treated with pevonedistat as 
compared to controls, whereas no difference was observed 
between control and pevonedistat-treated NALM6 cells 
expressing the mutated 5’-uORF-MT form. Therefore this 
putative STIM1 5’-uORF may play a partial role in the 
translational regulation of STIM1 mRNA, as it has been 
shown that more than one 5’-uORF may be required for a 
more robust regulation seen with other eIF2α-dependent 
genes [34]. 

Activation of the MEK/ERK pathway by 
pevonedistat protects ALL cells from apoptotic 
cell death by phosphorylating/inhibiting BIM 
activity

We previously demonstrated that co-targeting the 
NEDD8-conjugation and MEK/ERK pathways led to 
synergistic in vitro and in vivo cell death in ALL cells 
[4], but the mechanism remained unclear. To begin to 
understand the mechanism underlying this synergistic 
effect, we first evaluated the cytotoxicity and the 
expression of pro- and anti-apoptotic Bcl-2 family proteins 
in NALM6 cells co-treated with pevonedistat and the MEK 
inhibitor selumetinib (SEL). We found lower expression of 
p-BIM (Ser69) in cells treated with SEL either alone or 
in combination with pevonedistat (Figure 5A), whereas 
no difference in expression was observed for total-BIM, 
Bcl-2 and Bcl-xL proteins. More important, the level of 
p-BIM (Ser69) was almost completely abrogated by the 
combination pevonedistat + SEL compared to pevonedistat 
alone, and p-BIM and pERK1/2 down-regulation 
correlated with higher PARP cleavage and cell death 
(Figures 5A, 5B). Our data is consistent with the well-
established role of the MEK/ERK pathway in promoting 
cell survival via phosphorylation/inhibition of BIM at 
Ser69 by altering its ability to bind other anti-apoptotic 
Bcl-2 proteins [27, 35]. To evaluate the role of BIM in this 
synergistic mechanism, we used Co-IP to determine the 
interaction of BIM with Bcl-2 and Bcl-xL in pevonedistat 
± SEL treated ALL cells. Figure 5C demonstrates that the 
binding between BIM and the anti-apoptotic proteins Bcl-
2, and Bcl-xL was significantly enhanced in cells treated 
with SEL alone or in combination with pevonedistat as 
compared to controls or pevonedistat alone treated cells. 
These data support a major role for BIM in promoting 
cell death by neutralizing Bcl-2 and Bcl-xL anti-apoptotic 
activity. BIM’s role was confirmed with shRNA-mediated 
BIM knock-down (NALM6-shBIM) (Figure 5D). We 
found significantly less cell death in BIM knock-down 
cells, evidenced by PARP cleavage (Figure 5D) and 
cell death assays (p < 0.001 for pevonedistat plus SEL 
vs. controls) (Figure 5E), treated with the combination 
pevonedistat + SEL compared to controls (NALM6-Luc). 
Similar effects were observed in primary ALL cells co-
treated with pevonedistat + SEL (Figure 5F), highlighting 
the clinical relevance of our findings. Taken together, our 
data show that inhibition of the MEK/ERK pathway by 
SEL, which prevents phosphorylation and inhibition of 
the pro-apoptotic protein BIM, is critical to the synergistic 
effect observed in pevonedistat + SEL treated ALL cells.
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Figure 3: Pevonedistat alters the stoichiometric ratio between the CRAC’s pore-forming subunit Orai1 and the Ca2+ 
sensor protein STIM1. A. Western blot analysis of Orai1 and STIM1 proteins expressed in CCRF-CEM, NALM6, and REH ALL 
cells treated with pevonedistat (200, 400, 600, and 800 nM) for 24 h. B. Western blot analysis of STIM1 and p-ERK1/2 (Thr202/Tyr204) 
expression in stably transfected NALM6-Luc and NALM6-shSTIM1 expressing cells and treated with pevonedistat (200 and 400 nM) for 
24 h. C. Western blot analysis of STIM1, p-ERK1/2 (Thr202/Tyr204), and PARP/Cleaved PARP (indicator of apoptosis) proteins expressed 
in nucleofected NALM6 cells with empty vector (NALM6) or STIM1-CFP (NALM6-STIM1-CFP), and treated with pevonedistat (200 and 
400 nM) for 24 h. D. Confocal analysis for Orai1-YFP fluorescein expression in NALM6-Orai1-YFP cells treated with vehicle (DMSO, 
control) or pevonedistat (400 nM) for 24 h. β-actin was used as loading controls and pevo stands for pevonedistat.
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Pevonedistat plus selumetinib induces significant 
in vivo anti-leukemic activity in the NSG ALL 
mouse model

The in vivo relevance of the combination 
pevonedistat plus SEL was evaluated using our NSG 
ALL mouse model in which NSG mice are engrafted with 
NALM6 luciferase expressing cells (NALM6-Luc) [4]. As 
previously described [4], following confirmation of ALL 
cells’ engraftment in NSG mice, animals were assigned 
to four treatment groups of 6 mice each: treatment with 
pevonedistat (s.c., 66 mg/kg) or SEL (p.o., 50 mg/kg) alone 
or in combination, as well as vehicle-treated controls. 
Treatment was administered twice daily on weekdays 
and once per day on weekends and bioluminescence 
analysis of animals was conducted starting at day 21 days 
post-engraftment. This analysis demonstrated a trend to 
decrease tumor burden in mice treated with pevonedistat 
alone and a statistically significant reduction of tumor 

burden in mice treated with the combination (p < 0.05 
for pevonedistat + SEL vs. control) (Figure 6A and 6B). 
Kaplan-Meier analysis also showed a trend of improved 
survival in mice treated with pevonedistat alone and in 
combination over the control group (p < 0.05) (Figure 6C). 
In order to assess if this survival advantage is an on-target 
effect, NALM6-Luc cells were harvest from the spleen of 
engrafted-NSG mice and analyzed for changes in NEDD8-
Cullins and p-ERK1/2 expression. We found consistent in 
vivo inhibitory effects of pevonedistat on the NEDDylation 
of cullins, and activation of p-ERK1/2 in the NALM6-
Luc cells harvested from mice treated with pevonedistat 
± SEL, and these findings were comparable to the in 
vitro data obtained with ALL cell lines and primary ALL 
cells [4]. Therefore, the activity of the combination of 
pevonedistat plus SEL in vivo mimics the more extensive 
analysis conducted in vitro using ALL cell line models and 
patient-derived samples, highlighting the potential clinical 
relevance of our findings.

Figure 4: Pevonedistat down-regulates STIM1 expression via eIF2α-dependent translation of a short 5’-uORFsequence 
in ALL. A. Western blot analysis of p-eIF2α (Ser51), STIM1, and Orai1 expression in NALM6 cells treated with pevonedistat (200 and 
400 nM), or Tun (200 and 400 ng/mL) for 24 h. B. Western blot analysis of UPR regulatory proteins (ATF4, CHOP, and p-eIF2α (Ser51)), 
STIM1, and p-ERK1/2 (Thr202/Tyr204) expression in NALM6 cells treated with pevonedistat (200 and 400 nM) and SAL (10 µM) either 
alone or in combination for 24 h. C. Alignment of 5’-UTR DNA sequences from human, mouse, and rat STIM1 genes obtained from the 
RefSeq database (https://www.ncbi.nlm.nih.gov/refseq). The initiation start (ATG) and stop (TAG) codons within the 5’-uORF sequences 
are indicated in red color. The start codon for STIM1 mRNA is marked in blue. D. Nucleotide sequences of DNA duplexes containing 
either the wild-type (5’-uORF-WT) or the mutated (5’-uORF-MT) 5’-uORF STIM1 region that were cloned in-frame to the luciferase 
coding gene (Luc) in the pGL3-Enhancer plasmids. The initiation codon ATG of the putative 5’-uORF was mutated to AGG (5’-uORF-
MT). The STIM1 mRNA +1 and initiating methionine codon are indicated. E. Western blot analysis of the luciferase expressed in NALM6 
cells nucleofected with either plasmids pGL3-5’-uORF-WT or pGL3-5’-uORF-MT, and treated with pevonedistat (400 nM) for 24 h. The 
integrated density value (IDV) of each immuno-detected luciferase bands were normalized to their respective β-actin level and expressed 
relative to control (untreated NALM6/5’-uORF-WT). Pevo stands for pevonedistat.
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DISCUSSION 

This study identified the Ca2+ release-activated 
Ca2+ (CRAC) channel [14] as the major mechanism 
responsible for activation of the pro-survival MEK/ERK 
signaling cascade following NEDD8-conjugation pathway 
inhibition in ALL cells. We uncovered that pevonedistat 

mobilized intracellular Ca2+ via activation of the store-
operated Ca2+ entry (SOCE) leading to augmentation of 
the CRAC-mediated Ca2+ influx, and activation of the 
PKC/MEK/ERK signaling cascade. This is evidenced 
by direct measurement of intracellular calcium using the 
Ca2+ binding Fluo-8 AM dye, and the CRAC inhibitor 
BTP-2 which clearly demonstrated that pevonedistat 

Figure 5: Selumetinib synergistically sensitize ALL cells to pevonedistat via inhibition of the MEK/ERK/p-BIM pro-
survival pathway. A. Western blot analysis of p-ERK (Thr202/Tyr204), BIM, p-BIM (Ser69), and anti-apoptotic proteins Bcl-2 and Bcl-
xL expressed in NALM6 cells co-treated with pevonedistat (400 nM) and SEL (100 µM) for 24 h. B. Determination of cell death in NALM6 
cells co-treated with pevonedistat (210 nM) and SEL (50 µM) for 72 h using trypan blue exclusion assays. Cell death is expressed as a 
percentage of the number of dead cells in the population (mean ± SEM, n = 3). p < 0.0001 for the combination pevonedistat + SEL vs. each 
single agent. C. Co-IPs analysis of the binding interactions between BIM with the anti-apoptotic proteins Bcl-2 and Bcl-xL in NALM6 cells 
treated with pevonedistat (400 nM) and SEL (100 µM) either alone or in combination for 24 h. Cellular extracts were immuno-precipitated 
with BIM antibodies, subjected to SDS-PAGE, and probed with Bcl-2 and Bcl-xL antibodies. D. Western blot analysis of NEDD8-Cullins, 
p-ERK1/2 (Thr202/Tyr204), and BIM proteins in stably transfected NALM6-Luc and NALM6-shBIM expressing cells, and treated with 
pevonedistat (400 nM) and SEL (100 µM) either alone or in combination for 24 h. E. Determination of cell death in NALM6-Luc and 
NALM6-shBIM cells described in (D). Cell death is expressed as a percentage of the number of dead cells in the population (mean ± SEM, 
n = 3). ***, p < 0.001 for pevonedistat plus SEL vs. controls. F. Western blot analysis of NEDD8-Cullins, and p-ERK1/2 (Thr202/Tyr204) 
expression in primary ALL cells, and treated with pevonedistat (200 and 400 nM) ± SEL (200 and 400 µM) for 24 h. PARP/Cleaved PARP 
was used as marker for apoptosis. Levels of β-actin and β-tubulin were used as loading controls. Pevo stands for pevonedistat.
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increased Ca2+ influx in ALL cells, and that activation 
of p-ERK1/2 was significantly reduced in presence of 
the Ca2+ chelator BAPTA-AM or the PKC inhibitor 
enzastaurin. Furthermore, Ca2+ influx was shown to be 
triggered by changes in the stoichiometric ratio between 
the CRAC’s pore-forming subunit Orai1 and the Ca2+ 
sensor protein STIM1 [15, 16] [29, 30]. Our data support 
this model and indicate that pevonedistat treatment 
altered the Orai1:STIM1 ratio, which together with ER 
stress, contributes to CRAC-dependent PKC/MEK/ERK 
activation. More importantly, we demonstrate for the 
first time that STIM1 mRNA expression appears at least 
partially regulated by a post-transcriptional mechanism 
involving eIF2α-dependent translation of a short upstream 
open reading frame sequence (5’-uORF). Normally under 
ER stress, eIF2α is phosphorylated by the (ER)-resident 
protein kinase PERK to block global protein synthesis 
except for a select group of mRNAs that requires eIF2α 
phosphorylation for enhanced expression such as the stress 
response genes CHOP and ATF4 [31, 32, 36, 37]. These 
stress response genes have been found to be regulated 
by translation of a series of short 5’unstranslated regions 
[37]. On this basis, the STIM1 mRNA may be regulated 

by a similar mechanism. Our data clearly demonstrated 
that inhibition of p-eIF2α de-phosphorylation using the 
eIF2α inhibitor salubrinal resulted in higher levels of 
STIM1, CHOP and ATF4 expression, and significantly 
abrogated the induction of p-ERK1/2 in pevonedistat-
treated ALL cells. In addition, we showed that mutation 
of the ATG initiation codon of the STIM1 5’-uORF to 
AGG significantly reduced the translation of this 5’-
ORF as evidenced by lessened expression of the in-frame 
luciferase reporter gene, indicating that the putative 
5’-uORF STIM1 is functional and may play a role in 
regulating the translation of STIM1 mRNA. Through 
this translational regulatory mechanism, STIM1 mRNA 
level changes in response to stress conditions to evade 
global repression of translation mediated by eIF2α as 
part of an integrated stress response signaling critical 
for cellular adaption and survival. This mechanism is 
essential in development, immunity, auto-immunity, 
neuro-degeneration, and cancer [37], and through STIM1 
expression, it adds to the complexity of Ca2+ homeostasis 
regulation as a second messenger in ALL cells’ response 
to stress conditions. 

It has been shown that in cells with high STIM1 

Figure 6: Pevonedistat plus selumetinib reduced tumor burden and prolonged the survival of NSG mice engrafted 
with ALL. A. NSG mice were injected via the tail vein with 106 viable human NALM6-Luc cells. Once engraftment confirmed, animals 
were assigned to four treatment groups of 6 mice each, treated for 10 days (21st day post ALL injection) with either vehicles (control), 
pevonedistat (s.c., 66 mg/kg); SEL (p.o., 50 mg/kg) or the combination pevonedistat plus SEL, and imaged in the IVIS facility. B. Signal 
intensity from the imaging were quantified, compared, and adjusted to p/sec/cm2/sr. *, p < 0.05, for signal intensity in pevonedistat plus SEL 
vs. vehicles-treated mice (control). C. Kaplan-Meier curves for ALL engrafted NSG mice treated with the compounds described above. *, p 
< 0.05, for the survival rate of pevonedistat plus SEL treated mice vs. vehicles-treated mice (control). D. Western blot analysis of NEDD8-
Cullins, and p-ERK1/2 (Thr202/Tyr204) expression in NALM6-Luc cells extracted from the spleens of deceased mice from each treatment 
groups. β-actin was used as loading controls. Experiments were conducted under the supervision of the University of Miami’s Institutional 
Animal Care and Use Committee. Pevo stands for pevonedistat.
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levels, Orai1 is trapped with STIM1 intracellularly, 
preventing its plasma membrane enrichment. On the other 
hand, when STIM1 levels are low or down-regulated, 
Orai1 is released from the STIM1 intracellular clusters 
and localized to the plasma membrane to trigger Ca2+ 
influx [29]. In support of this mechanistic role for STIM1 
in Ca2+ regulation in pevonedistat-treated ALL cells, we 
showed that in NALM6 cells overexpressing Orai1-YFP, 
the fluorescent signal was distributed evenly in the plasma 
membrane with undetectable intracellular localization, 
whereas in the pevonedistat-treated NALM6-Orai1-YFP 
expressing cells the signal was clustered in the plasma 
membrane with minimal intracellular localization. 
These findings are consistent with pevonedistat-induced 
alteration of the Orai1:STIM1 ratio leading to CRAC 
activation and increased Ca2+ influx, a critical event 
required for activation of the PKC/MEK/ERK pathway. 
Consequently, we propose that de-phosphorylation of 

p-eIF2α by pevonedistat will not only lead to ER stress/
UPR-mediated cell death via increased protein translation 
in ALL as previously reported [4], but also enhances the 
translation rate of the short STIM1 5’-uORF resulting in 
down-regulation of STIM1 gene expression and alteration 
of the Orai1:STIM1 ratio. This stoichiometric changes 
will activate the CRAC channel, and increase Ca2+ influx 
to subsequently activate the compensatory survival PKC/
MEK/ERK pathway as depicted in the proposed model 
(Figure 7). However, as also indicated STIM1 down-
regulation contributes to SOCE activation and MEK/ERK 
activation but other yet to be identified mechanism(s) 
likely participate in the induction of cell death and MAPK 
activation. In the ER, Ca2+ is required for proper protein 
folding [38], and it is replenished by activation of the 
CRAC channel. Thus, it is conceivable that during typical 
ER stress (e.g., cells treated with the classical ER stressor 
tunicamycin [24]), the UPR/PERK will shut down global 

Figure 7: Proposed model of the role of SOCE/CRAC in pevonedistat-induced activation of the PKC/MEK/ERK 
survival pathway in ALL cells. NEDDylation inhibition by pevonedistat induces eIF2α de-phosphorylation which reduces the 
cellular level of STIM1 and in turn changes the stoichiometric ratio between Orai1:STIM1, leading to CRAC activation and concomitant 
increase of Ca2+ influx. De-phosphorylation of eIF2α also contributes ER stress which may also contribute to activation of SOCE with 
pevonedistat-mediated NEDDylation inhibition in ALL cells. Pevonedistat-induced mobilization of intracellular Ca2+ will activated PKC 
and its downstream pro-survival MEK/ERK signaling cascade to promote phosphorylation and inhibition of the pro-apoptotic BIM activity. 
Treatment with SEL will inhibit the MEK/ERK pathway, and promote de-phosphorylation of BIM to increase its pro-apoptotic activity, 
resulting in synergistic cell death in pevonedistat-treated ALL cells.
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protein synthesis by promoting eIF2α phosphorylation, 
which selectively up-regulates translation of mRNAs that 
harbor small 5’-uORF such as STIM1 [34]. However, 
additional evidence is required to definitively substantiate 
the role of eIF2α in the regulation of CRAC-mediated 
calcium influx in ALL. 

The cellular relevance of these molecular 
signaling interactions leading to increased Ca2+ influx 
in pevonedistat-treated ALL cells is manifested by 
the downstream activation of the pro-survival MEK/
ERK pathway. Recently, Zhou et al. [39] reported that 
pevonedistat induced p-ERK1/2 expression in solid 
tumors via activation of the epidermal growth factor 
receptor (EGFR). We tested this mechanism and found 
no role for EGFR in pevonedistat-induced p-ERK1/2 
activation in ALL cells, even though EGFR was 
expressed in NALM6 cells (data not shown). Herein, we 
demonstrated that activation of PKC/MEK/ERK signaling 
cascade was dependent on the induction of CRAC-
mediated Ca2+ influx, and that co-targeting the NEDD8 
conjugation pathway plus the MEK/ERK pathway led to 
in vitro [4] and in vivo synergistic cell death (Figure 7). 
Aberrant activation of the MEK/ERK pathway has been 
associated with drug resistance, relapse and poor outcome 
in pediatric ALL [9, 10, 35]. Here, we clearly show that 
the synergistic efficacy observed in ALL cells co-treated 
with pevonedistat plus SEL is due to inhibition of the 
MEK/ERK pathway leading to increased activity of the 
pro-apoptotic BIM protein. This is evidenced by our data 
showing decreased p-BIM expression and greater cell 
death in pevonedistat + SEL treated ALL cells, together 
with Co-IP experiments demonstrating that changes in the 
interaction between BIM and Bcl-2 or Bcl-xL correlate 
with cell death. It is well established that the MEK/ERK 
pathway regulates the activity of many proteins involved 
in apoptosis including Bcl-2, Mcl-1, Bad, caspase-9, and 
Bim [35]. Mechanistically, the activation of the ERK1/2 
pro-survival signaling pathway was shown to promote 
phosphorylation and proteasome-dependent degradation of 
the BH3-only protein Bim [40]. Considering that BIM is a 
known target of CRLs [41], it is possible that simultaneous 
inhibition of the NEDD8 conjugation pathway and the 
MEK/ERK signaling leading to stabilization of BIM 
and increased BIM pro-apoptotic activity, respectively, 
will result in synergistic ALL cell death. Our findings 
support the role of BIM as a key mediator of cell death in 
pevonedistat-treated ALL [42], and CCL cells [43]. 

Our pre-clinical data show significant synergistic 
effect of pevonedistat and SEL in ALL, and suggest a clear 
path for future translation into the clinic for both children 
and adults with ALL. Indeed, we are initiating a clinical 
trial of pevonedistat in combination with reinduction 
chemotherapy for adolescents and young adults with 
refractory/relapsed ALL (IND 136393; ClinicalTrials.
gov 20170602). Successful treatment strategies for ALL 
continue to require the use of multi-agent regimens, and 

given that multi-agent therapy is still important in patients 
with relapse, a favored strategy for the introduction of 
new agents into ALL therapy has been to incorporate 
promising new agents into established multi-agent 
platforms, such as vincristine, prednisone (frequently 
replaced by dexamethasone in practice), L-asparaginase, 
and doxorubicin (VPLD). An example of this strategy is 
the successful incorporation of bortezomib into VPLD 
therapy for ALL recently reported by Messinger et al. 
[44]. We previously demonstrated in vitro and in vivo 
synergy between pevonedistat and dexamethasone in 
ALL [4]. The first clinical report of pevonedistat in 
patients with myeloid neoplasms was published recently 
[45]. In this clinical trial, the safety profile and minimal 
myelosuppressive effects of this agent increase enthusiasm 
for pevonedistat combination studies in ALL. Here, we 
showed that co-treatment of NSG mice harboring human 
ALL (NALM6-Luc) with pevonedistat plus the MEK/
ERK inhibitor selumetinib had lower disease burden and 
statistically significant increased survival when compared 
to either agent alone, lending support to further investigate 
the mechanism of synergy between agents targeting these 
two pathways. Given that aberrant MEK/ERK activation 
is associated with resistance and relapses in pediatric ALL 
[35], our study provide a rationale to further evaluate 
the incorporation of drugs targeting NEDDylation either 
alone or in combination with agents that target the MEK/
ERK signaling pathway as part of a multi-agent approach 
for ALL therapy. Indeed, a clinical trial for relapsed/
refractory ALL combining standard VXLD induction 
with pevonedistat is currently under development, and 
a subsequent trial could explore the combination of 
pevonedistat plus agents that inhibit the MEK/ERK 
pathway.

MATERIALS AND METHODS

Cell culture and reagents

RPMI-1640 medium (Cellgro), supplemented with 
10% heat-inactivated fetal bovine serum (FBS) (Cellgro) 
and antibiotics (penicillin, 100 IU/mL; streptomycin, 
100 μg/mL; Cellgro), was used to culture the ALL cell 
lines CCRF-CEM (T-ALL), NALM6 (Bp-ALL), REH 
(Bp-ALL) at 37 °C with 5% CO2. Stably transfected 
NALM6 cells expressing the luciferase gene (NALM6-
Luc) were generated as described [4]. Primary ALL cells 
were co-cultured with human bone marrow stromal cell 
feeder as described [8]. Pevonedistat was provided by 
Millennium Pharmaceuticals, Inc (Cambridge, MA). 
Selumetinib, and enzastaurin (LY317615) were purchased 
from Selleckchem (Houston, TX). BTP-2 and BAPTA-
AM were obtained from Abcam (Cambridge, MA), and 
luciferin from Perkin Elmer (Waltham, MA). 
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Cell viability and cell death assays

Cell viability and cell death were measured 
with trypan blue exclusion using the Vi-CELL XR 
analyzer (Beckman Coulter, Brea, CA). Synergism 
of combinational drug treatments was determined by 
calculating the combination index (CI) using CalcuSyn 
Version 2.0 (Biosoft, Ferguson, MO) as described [46]. 
Statistical significance was determined by unpaired 
Student’s t test using GraphPad PRISM version 5.0c (San 
Diego, CA). 

Construction of stable NALM6 cell lines 
expressing shRNAs

Stable NALM6 cells expressing shRNAs 
against CHOP, ERO1, STIM1, Orai1, and BIM were 
generated using lentiviral particles obtained from Santa 
Cruz Biotechnology (Dallas, TX) and transduced by 
spinoculation as described [8]. Stably transduced ALL 
cells were selected in presence of 1 µg/mL puromycin, 
and shRNA-mediated down-regulation validated by 
western blots. Plasmids encoding Orai1-YFP (Addgene 
#19756), and STIM1-CFP (Addgene #19755) were 
obtained from Addgene, and transfected in NALM6 cells 
by nucleofection and selected in presence of G418 and 
puromycin, respectively, as described [47]. NALM6 cells 
expressing YFP and CFP proteins were sorted based on 
YFP and CFP fluorescent signals using BD FACS SORP 
Aria-II high-speed cell sorter. 

Immunoblots and co-immunoprecipitation (Co-
IP) assays

Proteins were extracted using 1X RIPA buffer 
supplemented with protease/phosphatase inhibitor 
cocktail (Thermo Fisher Scientific Inc., Waltham, MA), 
and concentration determined using the BCA protein 
assay kit (Thermo Fisher Scientific Inc., Waltham, 
MA). Immunoblots (western blot) were performed as 
previously described [48]. Primary antibodies against 
ERK1/2, p-ERK1/2 (Thr202/Tyr204), MEK1/2, 
p-MEK1/2 (Ser217/221), p-PKCα/β II (Thr638/641), 
CAMKII, p-CAMKII (Thr286), BIM; p-BIM (Ser69), 
CHOP, Bcl-2, Bcl-xL, p-eIF2α (Ser51), STIM1, PARP, 
NEDD8 and secondary HRP-conjugated antibodies were 
obtained from Cell Signaling (Danvers, MA). Antibodies 
for PKCβ, luciferase, ERO1 and Orai1 were purchased 
from Santa Cruz Biotechnology (Dallas, TX). Proteins 
expression was determined by densitometry analysis of 
the immune-detected bands, normalized to β-actin, and 
presented relative to control (fold induction). Co-IP assays 
were carried out using the Pierce™ Classic Magnetic IP 
Kit (Thermo Fisher Scientific Inc., Waltham, MA) as 

described [49].

Determination of intracellular Ca2+

Intracellular Ca2+ was measured using the Fluo-8 
No Wash Ca2+ Assay Kit (Abcam, Cambridge, MA), a 
method previously validated by others [50-52]. Briefly, 
NALM6 cells were incubation with pevonedistat (400 
nM) or tunicamycin (400 ng/mL) for 24 h, washed twice 
with HHBS (1X Hank’s with 20 mM Hepes Buffer, 
pH 7.0), and seeded (200,000 cells/well in a volume of 
100 µL) in 96-well plate with black wall and clear flat 
bottom. Then, 100 µL of Fluo-8 dye solution was added to 
each well and plates were incubated for 30 min at 37°C, 
followed by an additional incubation of 30 min at room 
temperature. The fluorescence intensity was measured 
at Ex/Em = 490/525 nm. Thapsigargin (TG, 10 µM) 
was added to each well and kinetic measured at 27 sec 
intervals for 20 min (n = 3). For Ca2+ measurement using 
microscopic immunofluorescence, cells were treated 
with BTP-2 (10 µM) or pevonedistat (400 nM) either 
alone or in combination (pevonedistat + BTP-2) for 24 h, 
washed twice with HHBS, and centrifuged at 1000 rpm 
for 5 min. Fluorescent cell images were captured using 
a Leica immunofluorescence microscope with a 10× 
magnification. 

Confocal imaging analysis

NALM6-Orai1-YFP expressing cells were treated 
with vehicle (DMSO) or pevonedistat (400 nM) for 24 h, 
washed with PBS, and transferred onto coverslips. Then, 
plates were sealed using nail polish. Images were captured 
using a Leica SP5 spectral confocal inverted microscope 
with a 60× magnification, and analyzed using Leica LAS 
X software.

Mouse ALL xenograft and bioluminescent 
imaging

ALL cells engraftment in NSG mice, bioluminescent 
imaging and leukemia burdens were carried out as 
previously described [4]. Once leukemia xenograft 
confirmed by either flow cytometry (~1% of human 
ALL cells CD10/CD19) or bioluminescent signal 
(≥1.05x103 photons/second/cm2/steradian, p/s/cm2/sr), 
mice were randomly assigned to four treatment groups 
(6 mice per group): pevonedistat (s.c., 66 mg/kg in 20% 
hydroxypropyl-β-cyclodextrin (HPbCD, Onbio Inc., 
Ontario, Canada)); selumetinib (SEL, p.o., 50 mg/kg in 
PBS with less than 3% DMSO); combination treatment of 
both compounds (pevonedistat plus SEL), and the Control 
group (vehicles). The agents were administered twice 
daily during weekdays and once per day during weekends 
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for up to 60 days. For biological references, spleens from 
deceased animals were extracted, lymphocytes isolated, 
and protein extracts processed for Western blot analysis 
as described [4]. All experiments were conducted under 
the supervision of the University of Miami Institutional 
Animal Care and Use Committee. 
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