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The molecular mechanisms of multiple myeloma are not well defined. EEN is an endocytosis-regulating
molecule. Here we report that EEN regulates the proliferation and survival of multiple myeloma cells,
by regulating IGF-1 secretion. In the present study, we observed that EEN expression paralleled with
cell proliferation, EEN accelerated cell proliferation, facilitated cell cycle transition from G1 to S phase
by regulating cyclin-dependent kinases (CDKs) pathway, and delayed cell apoptosis via Bcl2/Bax-

e ! mitochondrial pathway. Mechanistically, we found that EEN was indispensable for insulin-like growth
ilpcgggsitslon factor-1 (IGF-1) secretion and the activation of protein kinase B-mammalian target of rapamycin
EEN (Akt-mTOR) pathway. Exogenous IGF-1 overcame the phenotype of EEN depletion, while IGF-1
IGF-1 neutralization overcame that of EEN over-expression. Collectively, these data suggest that EEN may
play a pivotal role in excessive cell proliferation and insufficient cell apoptosis of bone marrow plasma
cells in multiple myeloma. Therefore, EEN may represent a potential diagnostic marker or therapeutic
target for multiple myeloma.
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1. Introduction

Multiple myeloma is a frequent malignancy of the blood. The
incidence varies globally from 1 per 100,000 people in China, to
about 4 per 100,000 people in most developed countries. In Amer-
ica, about 2000 cases occur every year and this number accounts
for about 1% of neoplastic diseases and 13% of hematological
malignancies [1]. Multiple myeloma is characterized by an excess
of bone marrow plasma cells, monoclonal proteins, osteolytic bone
lesions, renal disease, and immunodeficiency [2,3]. To date, the
molecular mechanisms of multiple myeloma remain poorly under-
stood. Molecules that play key roles in the proliferation and sur-
vival of multiple myeloma cells are thought to be potential
promising targets for the diagnosis and treatment of multiple
myeloma.

EEN is a SH3 domain-containing protein. It expresses ubiqui-
tously in various tissues. The amino acid sequence of EEN is highly
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conserved in mammalians. To date, EEN exerted most of its
functions by regulating the location and internalization of mem-
brane proteins. During clathrin-mediated endocytosis, EEN is
recruited, with other auxiliary proteins (including dynamin,
CIN85 and amphiphysin) together, to under cell membrane, where
it facilitates to shape endocytic vesicles and endosomes. As a
result, the membrane proteins are shipped into lysosomes for deg-
radation. This function underlines the importance of EEN in multi-
ple biological activities such as neuroregulation, tumorigenesis and
development [4-6]. Bee Leng Lua and colleagues found that EEN
mediates the endocytosis of epidermal growth factor receptor
(EGFR) [7]. It was also reported that phosphorylated EEN at tyro-
sine 315 (Y315) site lost the function to internalize membrane-
locating MMP2 enzyme, resulting in degradation of extracellular
matrix and migration of malignant cells [8]. Other studies found
that EEN and MLL gene fusion resulted from chromosome translo-
cation is an important cause of leukemia [9-11]. However, the
roles EEN plays in cell proliferation and survival, as well as in
tumor growth, remain to be investigated. In this study, we found
that EEN regulated multiple myeloma cells proliferation and sur-
vival. IGF-1/Akt pathway was involved in regulating the effect of
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EEN on cell proliferation and survival. These data reveal a novel
role EEN plays in the pathogenesis of multiple myeloma cells,
and suggest that EEN may be a potential diagnostic marker or ther-
apeutic target of multiple myeloma.

2. Materials and methods
2.1. Reagents

Antibodies targeting EEN or IGF-1 were purchased from Santa
Cruz Biotech (Santa Cruz, CA). Antibodies targeting caspase-3,
Bcl-2, Bax, cytochrome C, COX IV, GAPDH, a-tubulin were pur-
chased from Cell Signaling Technology (Beverly, MA). Apoptosis-
detecting kit, antibodies targeting Akt, phospho-Akt, mTOR, and
phosphor-mTOR were purchased from Beyotime Institute of Bio-
technology (Beyotime, China). Antibodies of cyclin D1, p27, Rb
and phospho-Rb (S807/811) were purchased from Signalway Anti-
body (SAB, USA). JC-1 dye, interlukin-6 (IL-6), insulin-like growth
factor (IGF-1), and antibody targeting flag were purchased from
Sigma (Sigma-Aldrich, USA). RNA interference reagent Hiper Fect
and siRNA were purchased from Qiagen Sample & Assay Technolo-
gies (Qiagen, Germany). Cell Counting Assay Kit (CCK-8) was pur-
chased from Yiyuan Biotech (Yiyuanbiotech, China). Fetal bovine
serum (FBS) and DMEM medium were purchased from Gibco (Gib-
co, USA). Human IGF-1 ELISA Kit was purchased from Cusabio Tech.
Ltd. (CUSABIO, China).

2.2. Cell culture

Human Multiple myeloma cell line ARH-77, U266, SKO-007
were cultured in DMEM medium containing 10% FBS, in a humid-
ified atmosphere of 5% CO, at 37 °C.

2.3. Cell proliferation examination

Cell proliferation was measured using CCK-8 kit, according to
the manufacturer’s instructions. Briefly, cells were cultured in
96-well plates (1 x 10%/well) for 24 h, the media contain different
concentrations of FBS, IL-6, IGF-1 or IGF-1-targeting antibody.
10 nl CCK-8 reagent was added and incubated for another 2 h;
absorbance at wavelength of 450 nm was measured using a micro-
plate reader (Bio-Tek, Winooski, VT, USA).

2.4. RNA interference

Stealth siRNA duplex oligoribonucleotides 5-UCUGUCACCGCC
UUGCUGGTG-3’ (S1) and 5-UGCAGGUACUCGAUGGUCCTG-3' (S2)
(QIAGEN, antisense strand sequences) were used respectively to
against the target sequences 5'-CACCAGCAAGGCGGTGACAGA-3’ or
5’-CAGGACCATCGAGTACCTGCA-3’ in human EEN gene (GenBank
No. NM_001199943). The siRNAs were transfected transiently with
Lipofectamine™ RNAiIMAX (Qiagen) according to the manufac-
turer’s instructions, and a negative stealth siRNA sequence was used
as a control. Briefly, siRNA and Lipofectamine™ RNAiIMAX were
diluted in Opti-MEMI, respectively. Then, the diluted siRNA and
the diluted LipofectamineTM RNAiMAX were combined for 5 min
at room temperature, then added to the cells in quiescent state
and swirled gently to ensure uniform distribution. After incubation
for 6 h at 37 °C, the transfection mixture was removed and the cells
were further incubated in normal growth conditions for 48 h.

2.5. Adenovirus infection

Full-length ¢cDNA of human EEN was cloned into plasmid
pCMV-Tag2 between BamH1 and Xhol restriction sites, and this

recombinant plasmid was packaged into adenovirus. For expres-
sion of exogenous EEN, cells were infected with the adenovirus
vector. Briefly, full media were removed from cells. After washing
with PBS, the cells were cultured in media without serum and anti-
biotics but with adenovirus vectors (MOI = 20, 40, 80) for 6 h. Then
the cells were transferred into fresh full medium and cultured for
another 24 h.

2.6. Cell cycle analysis

Cells were harvested and processed for cell cycle analysis using
propidium iodide-staining method as described previously [12].
Then the cells were analyzed for DNA content using flow cytome-
try. The percentages of cells containing different DNA multiple
were quantified.

2.7. Apoptosis detection

Cellular apoptosis was detected with Annexin V-FITC/PI double
staining using flow cytometry as described previously [13]. Briefly,
cells were harvested, suspended at a density of 1 x 10%/ml and
centrifuged, cell pellets were washed twice with ice cold PBS and
then suspended in binding buffer, then the cells were incubated
with Annexin V-FITC and PI for 15 min in the dark at room temper-
ature. Finally, the cells were detected using flow cytometry. Apop-
totic ratio was analyzed.

2.8. Mitochondrial membrane permeability determination

Mitochondrial membrane permeability was determined with
JC-1 fluorescence method. In normal cells, JC-1 fluorescent dye
accumulates as aggregates form in mitochondria, emitting red
fluorescence. When the cells are induced to apoptosis, the mito-
chondrial membrane permeability was increased, the dye outflows
from mitochondria into cytoplasm and becomes as monomeric
form, emitting green fluorescence. The fluorescence was measured
using confocal microscopy.

2.9. Western blot

All cell protein preparation and concentration examination
were performed as described previously [14]. Isolation of mito-
chondrial and cytoplasmic proteins was carried out as previously
described [15]. Cellular protein expression or phosphorylation lev-
els were determined with Western blot analysis as described else-
where [16].

2.10. ELISA assay

After cells were harvested, the media were centrifuged and
supernatants were collected. IGF-1 levels in the media were
assessed using a human IGF-1 ELISA kit according to the manufac-
turer’s instructions. Data were obtained using a microplate reader
(Perkin Elmer; Boston, MA).

2.11. Statistical analyses

All data were expressed as means + S.D.; for each result, n value
represents the number of independent experiments. ANOVA fol-
lowed by the Bonferroni multiple comparison post hoc test was
employed in SPSS system. P values less than 0.05 were considered
statistically significant.
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3. Results

3.1. EEN expression parallels with rate of ARH-77 proliferation, and
EEN accelerates proliferation of multiple myeloma cells

First of all, we investigated whether EEN expression correlates
with the rate of cell proliferation. We cultured multiple myeloma
cell line ARH-77 using various concentrations (0.5%, 2.5%, 5%,
10%, 20%) of fetal bovine serum (FBS) for 24 h, then detected viable
cell number and EEN protein expression levels. As shown in
Fig. S1A, cells proliferate faster with higher FBS concentration. Cell
number in 5% FBS was more than 1.5-fold compared to that in 0.5%
FBS, and cell number in 10% FBS reached over 2-fold. Interestingly,
we found that EEN protein expression paralleled to FBS-induced
cell proliferation. Compared to 0.5% FBS, 5% FBS elevated EEN
expression level to 1.94 + 0.35-fold, and 10% FBS further elevated
it to 2.89 + 0.28-fold (Fig. S1B).

IL-6 is one of the most important cell growth factors, multiple
studies reported that uncontrolled up-regulation of IL-6 associates
with various cancers, including multiple myeloma [17,18]. We thus
explored the effect of IL-6 on EEN expression in ARH-77 cell. As
shown in Fig. S1C and D, IL-6 accelerated cell proliferation, consis-
tent with previous data, meanwhile, IL-6 at the concentrations of
25, 50, and 100 ng/ml markedly enhanced EEN expression.
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Given that FBS and IL-6 affect EEN expression in ARH-77, we
speculated that EEN may be involved in the proliferation of multi-
ple myeloma cells. To verify this notion, we determined the effects
of EEN knockdown and over-expression on ARH-77 proliferation.
Efficiencies of RNA interference and exogenous expression were
firstly tested. Compared to control, two EEN-targeting siRNAs (S1,
S2) respectively reduced EEN protein expression to 26.0 + 10.1%
and 22.0 £ 13%, while negative siRNA (NS) had no effect (Fig. 1A).
Infection of adenovirus that package EEN-flag expression vectors
enhanced EEN expression markedly (Fig. 1B). Expectedly, S1 and
S2 suppressed ARH-77 cell proliferation to 44+ 14.0% and
38 +15.7%, respectively (Fig. 1C), while EEN over-expression pro-
moted cell proliferation significantly (Fig. 1D). Moreover, we tested
these phenomena in two other multiple myeloma cell lines, U266
and SKO-007. As a result, similar results were observed in the both
cell lines (Fig. 1 middle and lower).

3.2. EEN facilitates G1/S cell cycle transition

We found that EEN knockdown by S1 or S2 in ARH-77 resulted
in a significantly increased percentage of cell population in G1
phase and decreased percentages in S and G2/M phases (Fig. 2A).
On the contrary, EEN over-expression decreased cell percentage
in G1 phase. Although the increase of cell percentages in S and
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Fig. 1. EEN regulates the proliferation of multiple myeloma cells. Upper panel, ARH-77: (A) silencing efficiencies of siRNA oligos were tested. Cells were transfected with
20 nM EEN-targeting siRNA (S1 or S2) or negative control siRNA (NS), 48 h later, the cells were harvested, and EEN expression was determined by Western blot. (B) Cells were
infected with adenovirus packaging expression vectors of flag-tagged EEN (Ad-EEN, MOI = 20, 40, 80) or of flag-tagged Lacz (Lacz, MOI = 80), and cultured for 48 h, then the
cells were harvested. With antibody targeting flag or EEN, expression of flag-tagged EEN or total EEN was examined respectively by Western blot. (C) EEN expression was
knockdown by RNAI as described in (A), then cell proliferation was tested with CCK-8 kit. (D) EEN was exogenously expressed by the method mentioned in (B), then cell
proliferation was tested with CCK-8 kit. Middle and lower panels, the experiments carried out in ARH-77 were all performed in U266 and SKO-007. (n = 4 for each experiment,
bars represent mean + SD, *p < 0.05 vs control, **p < 0.01 vs control, ANOVA-test was employed).
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G2/M phases were mild compared to blank control, the difference
is significant (p < 0.05) compared to Lacz control group (Fig. 2B).
The transition checkpoint of G1 to S phase is regulated by CDK4
and CDK®, the activities of which are promoted by cyclin D1 but
attenuated by p27. Activated CDK4 and CDK6 phosphorylate Rb
and consequently promote transition of cell phase [19,20]. So, we
further studied the expression and phosphorylation levels of cyclin
D1, p27 and Rb. Fig. 2C shows that in EEN knockdown groups,
cyclin D1 expression and Rb phosphorylation were markedly
attenuated, while p27 expression was elevated, and inverse results
were observed in group of EEN over-expression.

3.3. EEN is indispensable for cell survival

To explore the effect of EEN on cell survival, we explored its
effect on cell apoptosis. In ARH-77 cell line, Annexin V-FITC/PI
staining followed by flow cytometric analysis revealed that EEN
knockdown increased the percentage of apoptotic cell population
significantly, and EEN over-expression decreased apoptotic cell
population (Fig. 3A). Similar results were observed in U266
(Fig. 3B) and SKO-007 (Fig. 3C) cells, although EEN over-expression
just mildly inhibited U266 apoptosis, which may be owing to very
low background apoptotic level in control groups.

To understand the mechanism by which EEN regulates cell
apoptosis, we examined the expression of anti-apoptotic protein
Bcl-2 and pro-apoptotic protein Bax. As Fig. 3D shows, EEN RNAi
markedly up-regulated Bax expression but down-regulated Bcl-2
expression in ARH-77, while EEN over-expression has the opposite
effects. Because the stability of mitochondrial membrane potential
is essential for cellular homeostasis [13], we tested the effect of
EEN on mitochondrial membrane potential using JC-1 staining.
As shown in Fig. 3E, in groups of EEN RNA|, the intensity of green
fluorescence emitted by JC-1 dye in cells was remarkably
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enhanced, paralleled with an increased ratio of green/red fluores-
cence intensity. However, there is no significant difference
between blank control and negative siRNA control. This result sug-
gested that EEN knockdown increased mitochondrial membrane
permeability and decreased mitochondrial membrane potential.
Increase of mitochondrial membrane permeability will trigger
the release of cytochrome C from mitochondrial to cytoplasm,
and consequently activate downstream apoptotic signal [21]. So
we further examined the release of cytochrome C. As Fig. 3F shows,
in groups of EEN knockdown, mitochondrial cytochrome C was
reduced while cytoplasmic cytochrome C was increased, compared
to control groups. Western blot results also show that EEN knock-
down activated caspase-3 (Fig. 3G). These results indicated that
EEN regulates cell apoptosis via the mitochondrial-dependent
pathway.

3.4. IGF-1 secretion is involved in regulating the effect of EEN on cell
proliferation and survival

To study the signal transduction pathway via which EEN regu-
lates cell proliferation and survival, we explored IGF-1 pathway,
which is involved in progression of many malignancies including
multiple myeloma [22]. We found that diverse levels of EEN
expression had no effect on intracellular IGF-1 levels (Fig. 4A
upper), but altered its secretion, EEN knockdown decreased the
concentration of IGF-1 in media and EEN over-expression had the
opposite effect (Fig. 4A lower). Akt-mTOR is an important down-
stream pathway of IGF-1 [23]. Our results showed that EEN knock-
down significantly attenuated phosphorylation levels at both
Thr308 and Ser473 sites in Akt, as well as mTOR phosphorylation,
and that addition of IGF-1 into media partially reversed the effects
of EEN knockdown. On the other hand, exogenous expression of
EEN markedly elevated phosphorylation levels of Akt and mTOR,
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Fig. 2. EEN facilitates G1/S cell cycle transition. ARH-77 cells: (A) EEN expression was knockdown by RNAi, 48 h later cells were harvested and cell cycle phases were
determined by flow cytometry. Percentage of cells in GO/G1, S, G2/M phases was statistically analyzed. (B) Cells were infected with EEN- (Ad-EEN) or Lacz-packaging (Lacz)
adenovirus (MOI = 40), 48 h later, the cells were harvested, and cell cycle phases were determined and analyzed as described in Fig. 2A. (C) EEN was knockdown or exogenous
expressed, then changes of G1/S phase transition-regulating proteins were tested by Western blot (n > 4 for each experiment, bars represent mean + SD, *p < 0.05 vs control,

*p < 0.01 vs control, *p < 0.05 vs Lacz, *#p <0.01 vs Lacz, ANOVA-test was employed).
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Fig. 3. EEN is essential for cell survival. (A) In ARH-77, EEN was knockdown or exogenously expressed as in Fig. 2, and cell apoptosis was tested with Annexin V/PI double
staining method by flow cytometry. Percentage of cell populations undergoing early or late apoptosis were statistically analyzed. (B and C) The experiments carried out in
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each experiment, bars represent mean * SD, *p < 0.05 vs control, **p < 0.01 vs control, *p < 0.05 vs Lacz, ANOVA-test was employed).

and antibody targeting IGF-1 in media eliminated this elevation potentiating IGF-1 secretion is involved in the regulation of cell
(Fig. 4B). We further verified whether IGF-1 is indeed involved in proliferation and apoptosis by EEN.

regulation of cell proliferation and survival by EEN. As a result,

IGF-1 addition eliminated the EEN knockdown-caused suppression

of cell proliferation, and IGF-1-targeting antibody inhibited the 4. Discussion

proliferation-accelerating effect of EEN over-expression (Fig. 4C);

moreover, similar results were observed in apoptosis assays Our study is the first to show that EEN is involved in prolifera-
(Fig. 4D) and cell cycle tests (Fig. S2). These results suggest that tion and survival of multiple myeloma cells. The salient findings of
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concentration in supernatant was determined by ELISA assay. (B) Cells were incubated with human IGF-1 (50 ng/ml) for 24 h following EEN knockdown, or were incubated
with monoclonal antibody targeting human IGF-1 for 24 h following EEN over-expression, then the phosphorylation levels of Akt kinase at Ser 473 and Thr 308 sites, as well
as of mTOR kinase, were examined by Western blot. (C) Effects of IGF-1 (ng/ml) or IGF-1-targeting antibody (Anti-IGF-1) on the regulation of cell proliferation by EEN. (D)
Effects of IGF-1 (25 ng/ml) or IGF-1-targeting antibody on the regulation of cell apoptosis by EEN. (n > 4 for each experiment, bars represent mean + SD, *p < 0.05 vs control,

*p < 0.01 vs control, **p <0.01 vs S1 or Ad-EEN, ANOVA-test was employed).

this study were summarized below: (1) expression of EEN paral-
leled with the rate of ARH-77 proliferation. (2) We observed that
serum and IL-6 promoted EEN expression. (3) EEN facilitated cell
cycle transition from G1 to S and G2/M phase, by regulating
expression of cyclin D1 and p27, as well as phosphorylation of
Rb. (4) EEN was involved in keeping the stability of mitochondrial
membrane permeability, and consequently in regulating cell
survival.

Paracrine and autocrine of cell factors play important roles in
cell proliferation and survival. Abnormal secretion of IGF-1 has
been reported to be a tumorigenic factor [22]. In this study we
observed that EEN is essential for ARH-77 to maintain IGF-1 secre-
tion. Meanwhile, IGF-1 is indispensable for EEN to modify the
activities of Akt and mTOR. Mechanistically, the regulation of cell
proliferation and survival by EEN is mediated, at least partially, if
not all, by IGF-1 signal.

However, further studies are needed to verify the roles of EEN in
the pathogenesis and progression of multiple myeloma in vivo, and
to identify whether EEN can be exploited as a potential diagnostic
marker or therapeutic target of multiple myeloma.
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