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Abstract: Epidermal growth factor receptor pathway substrate 8 (EPS8), which acts as an oncoprotein in various
carcinomas, is associated with tumor progression. However, its impact on multiple myeloma (MM) has not been
determined. Here, we investigate the role of EPS8 in MM and consider the potential of EPS8 as an anti-MM tar-
get. We confirmed overexpression of EPS8 in MM cells compared with plasma cells derived from healthy volun-
teers. Knockdown of EPS8 significantly abrogated MM cell survival, migration and invasion. Moreover, depletion
of EPS8 overcomes drug resistance. TNFa or bone marrow stromal cell culture supernatants induce EPS8, which
is blocked by the IKKB inhibitor MLN120B, suggesting that EPS8 is regulated by NF-kB signaling in MM cells.
Mithramycin (MTM), a selective EPS8 inhibitor, suppressed MM cell proliferation and exerted potent anti-MM activ-
ity in xenograft tumor models. A synergistic effect of MTM and bortezomib (BTZ) was also observed in vitro and
in vivo. Mechanistically, treatment of MM cells with MTM reduced the expression of EPS8 and related pathways.
Additionally, the EPS8-knockdown phenotype can be rescued by shRNA-resistant EPS8. Taken together, we describe
overexpression of EPS8 in MM by highlighting its role as a potential target and reveal therapeutic targeting of EPS8
by MTM as a novel therapy for MM.
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Introduction

Multiple myeloma (MM) arises from the clonal
growth of malignant plasma cells in the bone
marrow associated with immunoglobulin in the
serum and urine [1, 2]. The overall outcome of
MM patients has markedly improved due to the
application of novel agents including protea-
some inhibitors and immunomodulatory drugs
[3]. Despite this progress, myeloma remains
incurable with most patients eventually relaps-
ing. Moreover, nearly all patients will ultimately
develop resistance to currently available agents
[4, 5]. Therefore, there is a need to decipher the
pathogenesis of MM to identify novel therapeu-
tic targets for better prevention and treatment.

EGFR signal transduction plays a critical role in
normal cell physiology [6]. Epidermal growth
factor receptor pathway substrate 8 (EPS8)
was initially identified as a novel substrate for
EGFR kinase [7]. Recently, an increasing num-

ber of studies show that EPS8 is involved in
many signaling pathways that promote prolifer-
ation, tumorigenesis, and the development of
metastases [8, 9]. EPS8 extensively functions
as an oncogene in various types of human car-
cinomas, including lung cancer, cervical cancer,
squamous cell carcinoma and leukemia [10-
14]. High levels of EPS8 in cancer patients se-
rve as a biomarker of poor prognosis or de-
creased overall survival [15, 16].

EPS8 is implicated in the pathogenesis of cer-
tain carcinomas in a context-dependent fash-
ion; however, to date the biological function of
EPS8 in MM remains to be determined. In the
present, we explore the biological impact of
EPS8 in MM. We demonstrate that EPS8 is
highly expressed in myeloma patients com-
pared with healthy donors. Depletion of EPS8
leads to inhibition of MM cell survival, migration
and invasion. EPS8 is activated by NF-«kB signal-
ing in MM cells. Furthermore, we demonstrated
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that inhibition of EPS8 by mithramycin (MTM)
significantly increased the efficacy of BTZ in
vitro and in vivo. Taken together, our data delin-
eate the biological sequelae of EPS8, and vali-
date it as a novel therapeutic target in MM.

Materials and methods
Chemicals

Bortezomib and mithramycin were obtained
from SelleckChem (Houston, TX, USA) and Sig-
ma-Aldrich (St Louis, MO, USA), respectively.
Both chemicals were dissolved in DMSO and
stored at -80°C. MLN120B was purchased fr-
om ApexBio (Houston, TX, USA). TNFa was ob-
tained from PEPROTECH (Rocky Hill, NJ, USA).

Cell lines and culture conditions

Human MM cell lines MM.1S, RPMI-8226,
U266 and NCI-H929 were cryopreserved in the
Hematological Laboratory of Zhujiang Hospital
(Guangzhou, China). The MM.1S cell line was
purchased from ATCC. RPMI-8226 and NCI-
H929 were purchased from the Guangzhou
Jennio Biotech CO., LTD. U266 was purchased
from COBIOERBIOSCIENCES CO., LTD. The bort-
ezomib-resistant 8226/BR cell line was devel-
oped by the incremental addition of bortezo-
mib. The identity of these cell lines was confi-
rmed before use by STR profiling. The sequence
of the annealed oligonucleotide fragment en-
coding short hairpin transcript corresponding
to EPS8 was AACTTCTAATCGCCATATA. The non-
targeting empty plasmid was used as the con-
trol shRNA plasmid. We purchased open read-
ing frame (ORF) of wild-type EPS8 (EPS8W) and
an shRNA-resistant form of EPS8 (EPS8R) that
harbors nine silent mutations within the se-
quence targeted by shEPS8. The shEPSS8 tar-
geting sequence in EPS8 was mutated from
AACTTCTAATCGCCATATA to CACGAGCAACCGT-
CACATC by site-directed mutagenesis. MM cells
were transfected with lentivirus according to
the manufacturer’s protocol. The cells were cul-
tured in RPMI 1640 medium supplemented
with 10% fetal bovine serum at 37°C with 5%
CO,,.

Clinical samples
Bone marrow was obtained from MM patients

or healthy volunteers with informed consent;
this protocol was approved by the Institutional
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Ethics Committee. After separating mononucle-
ar cells from bone marrow by Ficoll density gra-
dient centrifugation, cells were further purified
by CD138-positive selection using anti-CD138
magnetic activated cell separation microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany).
MM patient BMSCs were established and main-
tained by culturing CD138-negative bone mar-
row mononuclear cells in DMEM supplemented
with 20% fetal bovine serum.

Quantitative RT-PCR

Total RNA was extracted from fresh-frozen cells
in Trizol (Invitrogen). Reverse transcription of
total RNA was performed using the PrimeScript
TM RT reagent Kit with gDNA Eraser (Takara)
according to the manufacturer’s instructions.
Polymerase chain reaction amplifications of the
respective genes were performed with 100 ng
cDNA, 10 uM forward and reverse primers, and
2 x SYBR®Select Master Mix (Takara) in a final
volume of 20 pl.

Cell viability assays

MM cells were incubated in 96-well plates with
or without treatments in culture medium for dif-
ferent time points, and then 10 pl of the CCK-8
solution (Dojindo Laboratories) was added to
each well. After a 4-h incubation at 37°C and
5% CO,, the optical density (OD) was measured
at 450 nm. All experiments were performed in
quintuplicate.

Apoptotic and cell cycle analysis

MM cells were collected after treatment with
DMSO, MTM (250 nM), BTZ (25 nM) or MTM
combined with BTZ for 48 h. Apoptosis was
assessed by flow cytometry (FCM) according to
the manufacturer’s protocol (BD, Annexin-V-
APC & Pl Apoptosis Detection Kit). The cell cycle
was analyzed by propidium iodide (PI) staining
and quantified using FCM.

Western blotting

Cells were collected and lysed by RAPI lysis buf-
fer supplementation with proteinase and phos-
phatase inhibitors at 4°C for 10 min. The super-
natants were collected after centrifuged at 4°C
for 10 min at 12,000 rpm. The protein concen-
trations were determined using a Bradford pro-
tein assay kit (Beyotime, China). After the addi-
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tion of loading buffer, protein samples were
separated by 10% SDS-PAGE and transferred
onto the PVDF membranes (Millipore, Bedford,
MA). Membranes were blocked in 5% nonfat
milk/TBST and incubated with indicated anti-
bodies overnight at 4°C. After three washes
with TBST, the blots were incubated with HRP-
conjugated secondary antibody for 1 h at room
temperature. The HRP signal was detected us-
ing the ECL kit (Fdbio science).

Colony formation assay

Cells were seeded on 24-well plate at a density
of 1000 cells. Methylcellulose (Sigma) in final
concentration of 0.9% was added and mixed.
After 14 days, the number of colonies was cal-
culated by microscopy.

Transwell migration assay and invasion studies

For migration studies, 20% FBS media was ad-
ded to the lower chambers of transwell plates
(pore size 0.8 um; Costar-Corning). MM cells (1
x 10° cells) suspended in serum-free media
were placed in the upper chambers. After 24 h
at 37°C, the number of cells that migrated to
the lower chambers was calculated.

MM-cell invasion was evaluated by determining
their ability to migrate through transwell cham-
bers separated by an 8-um pore-size polycar-
bonate membrane, over which a thin layer of
Matrigel (BD Biosciences) was coated. Five
hundred microliters of RPMI 1640 supplement-
ed with 20% FBS was added to the lower cham-
ber. MM cells (1 x 10° cells) resuspended in
300 ul serum-free media, were added to the
upper chamber of the transwell plates and
incubated for 24 h at 37°C. Cells that invaded
the Matrigel-coated filters were fixed in metha-
nol, stained with 0.2% crystal violet, and count-
ed using an inverted microscope [17, 18].

In vivo study

Five-week-old NSG (NOD-Prkdcse“|L2rg™/Bc-
gen) female mice were purchased from Jiangsu
Biocytogen Co., Ltd. (Jiangsu, China). The in vi-
vo experiments were performed strictly in
accordance with Southern Medical University’s
Policy on the Care and Use of Laboratory
Animals. Briefly, 8226/NC and 8226/sh cells
were harvested and injected subcutaneously (5
x 108 cells in 100 ul of PBS) into mice. Tumor

1624

volume was measured twice a week. Mice were
sacrificed on day 28, and subcutaneous tumors
were excised. In addition, 8226 cells were har-
vested and injected subcutaneously (5 x 10°
cells in 100 pl of PBS) into mice. Then, 8226-
injected mice were treated with BTZ (0.5 mg/
kg) and/or MTM (0.5 mg/kg) twice a week. PBS
was injected as a control. All mice were sacri-
ficed at the 28th day, and the tumors were
removed. Tumor volumes were determined by
measuring tumor length (L) and width (W) and
calculating the volume (V = 0.5 x L x W?) [19].
Tumors were cut into small pieces and stored in
liquid nitrogen immediately, and a portion of
each tumor was used for protein extraction.

Statistical analysis

Data are presented as the means + standard
deviations. Comparison between two groups
assuming normal distribution was made with
two-tailed Student’s t-test, and Welch’s correc-
tion was applied when the variances were un-
equal, which was determined by an F-test. All
statistical analyses were performed using SP-
SS software. P < 0.05 was considered statisti-
cally significant.

Results
EPSS8 is overexpressed in multiple myeloma

We first evaluated EPS8 expression in MM and
normal plasma cells separated from bone mar-
row. EPS8 mRNA levels were significantly ele-
vated in MM patients compared with healthy
donors (Figure 1A). EPS8 mRNA was constitu-
tively expressed at higher levels in most MM
cell lines compared with normal plasma cells
(Figure 1B), suggesting a role for EPS8 in the
pathogenesis of MM. EPS8 protein expression
was also verified by western blotting in 4 MM
cell lines and 3 primary MM samples; EPS8 pro-
tein was not detected in 3 healthy volunteer
derived-BMMNCs (Figure 1C). These results de-
monstrate that EPS8 is overexpressed in MM
cells from MM patients compared with normal
plasma cells.

EPS8 confers MM cell growth in vitro and in
vivo

To explore the function of EPS8 in MM, we

transduced short hairpin (sh) RNA against EPS8
or control shRNA into MM cell lines. Efficient
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Figure 1. EPS8 is overexpressed in multiple myeloma. (A) EPS8 mRNA ex-
pression in normal plasma cells from 4 volunteers (Normal) and MM cells
from 23 MM patients or (B) 4 MM cell lines. CD138* cells enriched from
bone marrow by immunomagnetic cell sorting method (MACS). EPS8 mRNA

croo N —

NC sh hanced angiogenic processes
(Figures S1 and S2). Taken to-
gether, these findings indicate
a potent effect of EPS8 on the
survival and progenitors of MM
cells, a relevant population of
disease-initiating cells.

EPS8 enhances cell survival
and drug resistance

in the cells was measured by quantitative real-time PCR. (C) Whole cell ly-

sates were extracted from MM cell lines, MM patient samples and healthy
donor samples and subjected to immunoblot analysis with the indicated
antibodies. (D and E) EPS8 expression was analyzed by real-time PCR and
immunoblotting in EPS8 knockdown (sh) and control cells (NC).

silencing of EPS8 was confirmed by qRT-PCR
and western blotting (Figure 1D and 1E). In sta-
bly transfected cells, the CCK-8 assay was per-
formed to determine viable cell numbers. Loss
of EPS8 resulted in significant inhibition of MM
cell growth (Figure 2A). Next, to investigate
whether EPS8 also affects the progenitor activ-
ity of MM cells, myeloma cells were evaluated
for colony formation in methylcellulose. Com-
pared to control, EPS8 knockdown reduced
colony formation (Figure 2B). Western blotting
results showed that phosphorylated Akt and
phosphorylated Erk were downregulated after
EPS8 knockdown in MM cells (Figure 2C). FCM
analysis demonstrated that depletion of EPS8
induced blockade of cell cycle progression from
G1 to S phase (Figure 2D). Moreover, CyclinD1
expression was decreased and P21 expression
was increased in EPS8-silenced cells (Figure
2C). The effect of EPS8 on the tumorigenic
potential of MM cells was evaluated in vivo.
Briefly, 8226/NC and 8226/sh cells were sub-
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To investigate the potential me-
chanism of cell growth inhibi-
tion in EPS8-knockdown cells,
we quantified apoptotic cells
by FCM using Annexin V stain-
ing. As shown in Figure 3A, percentages of
apoptotic cells were markedly increased after
EPS8 knockdown in MM cells. Moreover, clea-
ved forms of caspase-3, caspase-7 and PARP
were elevated after EPS8 knockdown (Figure
3B). We further explored whether the extrinsic
or intrinsic pathway is involved in the apoptosis
induced by EPS8 knockdown. Immunoblotting
showed increased cleavage of caspase-8 and
caspase-9 in EPS8-knockdown cells (Figure
3B), indicating involvement of both extrinsic
and intrinsic apoptosis pathways. Next, we
evaluated the influence of EPS8 on the chemo-
therapeutic sensitivity of MM treatment. Bor-
tezomib, a proteasome inhibitor, has significant
anti-myeloma activity in MM. Blocking the ex-
pression of EPS8 significantly enhanced the
therapeutic effects of bortezomib in MM cells
(Figure 3C). We further asked whether EPS8
contributes to bortezomib resistance in MM ce-
lls. Bortezomib-resistant cells were developed
by exposing parental cells to serially increased
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Figure 2. EPS8 confers MM cell growth in vitro and in vivo. A. Cell viability was determined by CCK-8 assay, and
viability of shRNA-transfected myeloma cells decreased in a time-dependent manner. B. Colony formation of my-
eloma cells in methylcellulose was performed according to the manufacturer’s instructions. Number of colonies
was counted by microscopy on the 14" day. C. CyclinD1, P21, p-Akt, Akt, p-Erk and Erk expression were analyzed
by immunoblotting. GAPDH served as the loading control for each membrane. D. Cell cycle was analyzed by flow
cytometry. E and F. The tumors excised from NSG mice after being inoculated subcutaneously with 8226/NC and
8226/sh cells for 28 days. Tumor weight was measured on the 28" day.

drug concentrations. As shown in Figure 3D, BR
cells were confirmed by increased IC50 (approx-
imately 10-fold) values compared with parental
cells. EPS8 mRNA and protein levels were
upregulated in BR cells. Further knocking do-
wn EPS8 resensitized BR cells to bortezomib
(Figure 3E and 3F). Taken together, these re-
sults indicate that knockdown of EPS8 induces
apoptosis and enhances MM cells sensitivity to
bortezomib.

EPSS8 regulates MM cell migration and inva-
sion

Previous studies showed that EPS8 is a master

regulator of cell migration and invasion, by par-
ticipating in the formation of EPS8-Abil-Sos1
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and EPS8-IRSp53 complexes, which converge
multiple signaling pathways on the Rho-GTPase
family [20-22]. Therefore, we further investi-
gate the role of EPS8 on the capacity of MM
cells to migrate and invade. In a transwell
migration assay, EPS8-positive cells showed
markedly increased migration rates compared
with those transfected by lentivirus-delivered
shRNA (Figure 4A). As MM cells need to actively
penetrate through the subendothelial base-
ment membrane of the BM sinus to migrate in
and out of the BM, we examined whether EPS8
is required for MM-cell invasion. Experiments
using Matrigel-coated invasion chambers
revealed that depletion of EPS8 was consider-
ably more effective in inhibiting MM cell inva-
sion (Figure 4B and 4C). Next, western blotting

Am J Cancer Res 2019;9(8):1622-1634
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Figure 3. EPS8 enhances cell survival and drug resistance. A. The percentage of apoptotic cells was examined by
FCM. B. Whole cell lysates were extracted and subjected to immunoblot analysis with the indicated antibodies.
GAPDH served as the loading control for each membrane. C and D. Cell viability was determined by CCK-8 assay
at various bortezomib concentrations for 48 h. E and F. EPS8 expression was analyzed by real-time PCR and im-

munoblotting.

was used to explore the mechanism involved in
EPS8-mediated MM migration and invasion. As
shown in Figure 4D, EPS8 silencing reduced
the expression of proteins related to cell migra-
tion and invasion. Taken together, these data
indicate that EPS8 is a major regulator of MM
tumor migration and invasion.

EPSS8 is upregulated by the NF-kB pathway in
MM

The NF-kB pathway plays an important role in
the survival of MM [23]. We next explored
whether NF-kB mediates MM cell growth
through EPS8. TNFa activates the NF-kB path-
way by increasing phospho-lkBa and phospho-
p65 as well as IkBa protein degradation, thus
inducing EPS8 in 8226 cells (Figure 5A and
5B). This EPS8 induction was blocked by the
IkB kinase (IKK) B inhibitor MLN120B (Figure
5B), suggesting that EPS8 expression is
induced by NF-kB in MM cells. Previous studies
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showed that BMSCs activate the NF-kB path-
way through cytokines, such as BAFF, TNF«x
and APRIL. Therefore, we further tested wheth-
er BMSCs induce EPS8 expression in MM cells.
As shown in Figure 5C, MM patient-derived
BMSC CM upregulated EPS8 expression in
8226 cells. Similar to TNFa stimulation, BMSC
CM-mediated EPS8 induction was markedly
inhibited in the presence of MLN120B, indicat-
ing that EPS8 is induced by BMSCs, at least in
part, via the NF-kB signaling pathway in MM
cells.

We next examined whether EPS8 mediates MM
cell growth under the NF-kB pathway. Endo-
genous EPS8 expression was obviously de-
creased after 72-h MLN120B treatment (Figure
5D) and associated with growth inhibition in
8226 cells (Figure 5E). The ectopic expression
of EPS8 partially rescued 8226 cells from this
growth inhibition (Figure 5D), indicating that
EPSS8 is at least one of the downstream effec-
tors of the NF-kB pathway in MM.

Am J Cancer Res 2019;9(8):1622-1634
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EPSS8 inhibitor enhances the effect of BTZ on
myeloma cells

The selective EPS8 inhibitor mithramycin
(MTM), has been demonstrated to sensitize
cells to cytotoxics [10, 24]. To investigate the
function of MTM in multiple myeloma, MM cells
were treated for 48 h with increasing concen-
trations of MTM. A dose-dependent anti-prolif-
erative effect of MTM was determined using
CCK-8 assay (Figure 6A). EPS8 expression lev-
els were markedly decreased following MTM
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Figure 4. EPS8 regulates MM cell migration
and invasion. A. Transwell migration of myelo-
ma cells was calculated after 24 h. B and C.
Shown is a representative transwell Matrigel
invasion of myeloma cells under the condi-
tions described in “Transwell migration assay
and invasion studies.” Cells that invaded the
Matrigel-coated filters were stained with crys-
tal violet and counted using an inverted micro-
scope. Images were acquired with a bright light
Olympus CKX41 microscope. D. Whole cell ly-
sates were extracted and subjected to immu-
noblot analysis with the indicated antibodies.
GAPDH served as the loading control for each
membrane.

exposure (Figure 6B and 6C). To explore wheth-
er the inhibition of EPS8 by MTM can enhance
the effect of BTZ in MM, cells were treated wi-
th BTZ, MTM or BTZ combined with MTM.
Compared with the control group, cells in the
BTZ and MTM groups showed a lower growth
rate. The combination of BTZ and MTM dramat-
ically inhibited cell growth (Figure 6D). MTM
remarkably facilitated BTZ-induced apoptosis
in MM cells (Figure 6E). Cell cycle analysis indi-
cated that MTM promoted cell cycle arrest at
the GO/G1 phase induced by MTM (Figure 6F).

Am J Cancer Res 2019;9(8):1622-1634
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bortezomib in vivo

To further validate the syner-
gistic effect of MTM with pro-
teasome inhibitor in vivo, we
employed an NSG mouse xen-
ograft assay by subcutaneou-
sly implanting 8226 cells into
NSG mice. Mice were treated
with MTM (0.5 mg/kg), BTZ
(0.5 mg/kg) or MTM combi-
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Figure 5. EPS8 is upregulated by the NF-kB pathway in MM. A and B. 8226
cells were incubated with or without 30 ng/ml TNFa and 20 uM MLN120B
or DMSO. After 4 h of treatment, total RNA and whole cell lysates were ex-
tracted and subjected to gRT-PCR and immunoblotting. C. 8226 cells were
treated with conditioned medium from MM patient-derived bone marrow
stromal cells or control culture medium for 4 h. D. 8226 cells stably ex-
pressing EPS8 or empty vector-transduced control cells were incubated with
20 pM of MLN120B or DMSO for 72 h. Cells were then harvested for qRT-
PCR and immunoblotting. E. 8226 cells stably expressing EPS8 or control
cells were incubated with the indicated dose of MLN120B for 96 h.

Next, to reveal the molecular mechanisms in-
volved in EPS8 inhibition-mediated apoptosis
and cell cycle arrest, immunoblotting was con-
ducted, and the expression of associated pro-
teins were detected. As shown in (Figure 6G),
the combination of MTM and BTZ induced
downregulation of Eps8 and CyclinD1 and
upregulation of p21, p53, PARP and Caspase-3
cleavage products compared to treatment with
MTM or BTZ alone.
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— + MLN120B
EPS8 MTM and BTZ dramatically

ned with BTZ when we detect-
ed palpable tumors. PBS trea-
tment served as the control
group (Figure 7A). The tumor
volumes (Figure 7B and 7D)
and weights (Figure 7C) at the
terminal point were consider-
ably more decreased in the
combination group than in
_ both MTM and BTZ groups.
DMSO S =
Moreover, the combination of
induced downregulation of Ep-
s8 protein levels compared to
MTM or BTZ treatment alone
(Figure TE).

Rescue of EPS8 knockdown
phenotype by expression of
shRNA-resistant EPS8

To further demonstrate the
specificity of shRNA manipu-
lations, rescue experiments
were performed by construct-
ing a silent mutant EPS8 that
is resistant to EPS8 shRNA.
MM cells with shEPSS8 lenti-
viruses stably transfected we-
re infected by EPS8W lentivi-
ruses and EPS8R lentiviruses.
EPS8 RNA and protein levels
were higher in the shEPS8+
EPS8W and shEPS8+EPS8R groups than the
shEPSS8 groups, with particularly more obvious
effects in shEPS8+EPS8R groups (Figure 8A
and 8B). The 0D450 values on day 4 were high-
er in the shEPS8+EPS8W and shEPS8+EPS8R
groups than in the shEPS8 group (Figure 8C).
The clone numbers (159 + 12 vs. 200 + 11 and
269+ 10in MM.1Sand 181 + 10vs. 222 + 11
and 279+ 13in U266 and 96 + 9vs. 143 + 11
and 168 + 12 in 8226, P < 0.05, respectively)
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indicated a similar trend (Figure 8D). Fur-
thermore, EPS8R expression significantly re-
duced the therapeutic effects of bortezomib
in MM cells (Figure 8E). EPS8 overexpression
markedly restored cell migratory and invasive
functions that were suppressed by shRNA-
mediated EPS8 silencing (Figure 8F and 8G).
Additionally, these results showed that EPS8R
had a stronger ability to rescue the EPS8-
knockdown phenotype than EPS8W.
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MM.1S

Figure 6. EPS8 inhibitor enhances the effect of BTZ on myeloma cells. A.
MM cells were incubated with the indicated dose of MTM for 48 h. Cell vi-
ability was determined by CCK-8 assay. B and C. MM cells were incubated
with 250 nM MTM or DMSO for 48 h. Cells were then harvested for qRT-
PCR and immunoblotting. D. MM cells were treated with MTM (250 nM)
with or without 25 nM BTZ for 48 h, and cell viability was determined by
CCK-8 assay. E. The apoptotic rate was evaluated by FCM. F. Cell cycle dis-
tribution was examined by FCM. g Eps8, CyclinD1, P53, P21 and Cleaved
caspase-3 and PARP expression were detected by immunoblotting.

U266 8226

Discussion

EPS8 is widely overexpressed and involved in
regulating the development and progression of
human solid tumors and hematological malig-
nancies. Previous studies show that EPS8 acti-
vates MEK and stimulates Erk kinase via the
Raf/MEK/Erk cascade, leading to cellular tran-
sformation and further influencing tumorigene-
sis and cell survival [25]. EGF activates EGFR

Am J Cancer Res 2019;9(8):1622-1634



EPSS8 regulates cell proliferation in MM
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In this study, we showed that
EPS8 expression was upregu-
lated in MM cell lines and
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Figure 7. EPS8 inhibitor synergizes with bortezomib in vivo. A. 8226 cells
(5 x 108 per flank) were injected into the right flank of NSG mice. When the
tumor volumes reached 100 mm?2, the mice were randomly divided into four
groups (5 mice in each group). Then, MTM, BTZ or MTM combined with BTZ
were intraperitoneally injected into the mice thrice a week. Mice injected
with PBS were used as a control. B. The tumor volumes were measured at
the indicated time for 16 days. C. The weight of each tumor was measured
after extraction from mice at the experimental endpoint. D. Image of tumors
excised from mice after 16 days of treatment. E. Immunoblotting for tumor
sections with similar volume were used for Eps8 assessment.

through the recruitment of PI3K, which stimu-
lates EPS8 and subsequently activates Akt [12,
26]. Moreover, the PI3K/Akt pathway is involved
in EPS8-associated tumor growth and metasta-
sis by activating downstream targets, such as
FOXM1, CXCL5 and caspase-9 [12, 27]. EPS8
also participates in the EPS8/mTOR/STAT3
pathway, which regulates tumor progression [6,
28]. All these data indicated that EPSS8 is a sig-
nificant therapeutic target in tumors. Never-
theless, prior to this study, the role of EPS8 in
MM was unclear.
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BMMNCs from MM patients,
which makes it an attractive
target in MM. We then used a
lentivirus-based RNAi system
to knock down EPS8 expres-
sion in MM cells (Figure 1).
Genetic inhibition of EPS8 effi-
caciously suppressed cell pro-
liferation, reduced colony for-
mation and induced cell cycle
arrest at G1 phase in MM cells
(Figure 2). Both extrinsic and
intrinsic apoptosis pathways
were involved in promoting ap-
optosis after depletion of EP-
S8. EPS8 attenuation increas-
es the sensitivity of MM cells to
proteasome inhibitor. Moreov-
er, knockdown of EPS8 revers-
es drug resistance in MM cells
(Figure 3). Our data indicated
that EPS8 expression is crucial
to MM cell growth and survival
in vitro and in vivo.

Previous studies indicated that
EPS8 plays significant roles in
the Rho-GTPase family and tu-
mor migration. Activated Ras
binds to PIBK and mediates
signaling via subsequent acti-
vation of Rac through the tri-
complex EPS8-Abi-1-Sos-1 [29,
30]. Cdc42 regulates the syn-
ergic bundling activity of the
EPS8-IRSp53 complex, contri-
butes to the generation of
actin bundles and stimulates
filopodia formation through Me-
na [22, 31]. We further investigated the role of
EPS8 on the capacity of MM cells to migrate
and invade. Inhibition of EPS8 reduced migra-
tion, invasion and downregulated relative Rho-
GTPase expression (Figure 4). Recent studies
using whole-genome and whole-exome se-
quencing have identified driver mutations in
MM, and revealed relevant pathways in myelo-
magenesis [32]. The NF-kB pathway is mutated
in approximately 20% of patients. Our study
indicated that TNFa or bone marrow stromal
cell culture supernatants induce EPS8, which is

Am J Cancer Res 2019;9(8):1622-1634
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Figure 8. Rescue of EPS8 knockdown phenotype by expression of shRNA-resistant EPS8. A and B. EPS8 expression
was analyzed by real-time PCR and immunoblotting in shEPS8, shEPS8+EPS8W and shEPS8+EPSS8R cells. C. Cell
viability was determined by CCK-8 assay. D. Colony formation by myeloma cells in methylcellulose was performed
according to the manufacturer’s instructions. The number of colonies was counted by microscopy on the 14" day.
E. Cell viability was determined by CCK-8 assay at various bortezomib concentrations for 48 h. F and G. Transwell

migration and invasion assays in sShEPS8, shEPS8+EPS8W and shEPS8+EPSS8R cells.

blocked by the IKKB inhibitor MLN120B, sug-
gesting that EPS8 is regulated by NF-kB signal-
ing in MM cells. Inhibition of the NF-kB pathway
could be a potential strategy since EPS8 is par-
tially regulated by NF-kB (Figure 5).

It was reported that mithramycin inhibited tu-
mor proliferation and synergized with other
chemotherapeutic drugs via the downregula-
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tion of EPS8 expression [10, 24]. In our study,
we observed that both EPS8 mRNA and protein
levels were downregulated by mithramycin, whi-
ch suggests that EPS8 expression was regulat-
ed by mithramycin at the transcription level.
Meanwhile, pharmacological inhibition of EPS8
efficaciously suppressed cell proliferation, in-
duced cell cycle arrest in G1 phase and promot-
ed apoptosis in MM cells. Moreover, a signifi-

Am J Cancer Res 2019;9(8):1622-1634
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cant synergistic effect of mithramycin and bort-
ezomib was also observed both in vitro and in
vivo (Figures 6 and 7). The overexpression of
EPS8 showed an opposite effect of shEPS8
on MM cells. Furthermore, the specificity of
shEPS8 was verified by rescue experiments
(Figure 8).
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Figure S1. Immunohistochemistry for tumor sections were used for EPS8 assessment.
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Figure S2. Immunohistochemistry for tumor sections were used for CD31/MVD assessment.




