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Abstract. dEPTOR, an inhibitor of mammalian target of 
rapamycin (mTOR), is essential for the survival of multiple 
myeloma (MM) cells. The expression level of dEPTOR is 
closely related to the prognosis of patients with MM treated 
with the antiangiogenic agent thalidomide; however, its role in 
the regulation of angiogenesis has not yet been elucidated. In the 
present study, the expression levels of dEPTOR and vascular 
endothelial growth factor (VEGF), and the microvessel density 
(MVd) of bone marrow (BM) from patients with MM assessed. 
dEPTORoverexpression plasmid or cRISPR-associated 
protein 9 (cas9) and single guided RNAs (sgRNAs) were used 
to modulate dEPTOR expression. The dEPTOR-mediated 
angiogenic effects were assessed using a tube formation assay 
of human umbilical vein endothelial cells (HUVEcs) cultured 
in the collected conditioned medium from MM cell lines with 
different expression levels of dEPTOR. It was found that 
the expression level of dEPTOR negatively correlated with 
the VEGF level and BM MVd in MM. Autophagic activity 
was regulated by dEPTOR expression, but was not related 
to thalidomide-binding protein cRBN, which is required for 

thalidomide to play an anti-tumor and antiangiogenic role 
in MM cells. The disruption of dEPTOR protein decreased 
cellular autophagy, increased VEGF expression in MM 
cells, and inhibited the tube formation of HUVEcs, while 
a high expression of dEPTOR exerted the opposite effect. 
Moreover, targeting dEPTOR also resulted in the production 
of mitochondrial reactive oxygen species (mtROS), the phos-
phorylation of nuclear factor-κB (NF-κB) and an increase in 
interleukin 6 (IL-6) secretion. Of note, these effects are fully 
abrogated by treatment with autophagy activator (SMER28) 
or mitochondrial‑specific antioxidant (Mito‑TEMPO). Taken 
together, the present study demonstrates the role of dEPTOR 
in the regulation of autophagy/mtROS and subsequent 
angiogenesis. The results provide a novel mechanism for the 
further understanding of the therapeutic effects of thalidomide 
on MM.

Introduction

In recent 15 years, the overall survival of patients with multiple 
myeloma (MM) has been significantly prolonged with the clin-
ical application of new agents, including immunomodulatory 
drugs, proteasome inhibitors and monoclonal antibodies (1-5). 
Thalidomide was the first of these drugs to exhibit its clinical 
activity and has been shown to be effective against the disease 
throughout its stages.

Angiogenesis is an important factor for cancer progression, 
which promotes tumor growth and metastasis; tumors become 
necrotic or apoptotic in the absence of vascular support. 
Vascular endothelial growth factor (VEGF) family members 
are key factors of angiogenesis, and VEGF expression has 
been described to play a role in the prognosis of a number of 
types of cancer, such as colorectal cancer (6), breast cancer (7), 
non-small cell lung carcinoma (8) and Kaposi's sarcoma (9). 
However, MM was the first hematological malignancy in which 
the prognostic relevance of angiogenesis was shown (10). 
Thalidomide has been proven to exert an anti-angiogenic 
effect; however, the detailed underlying mechanisms remain 
unclear.

dEPTOR, an inhibitor of the mammalian target of rapamycin 
(mTOR), has been found to be overexpressed in MM cells 
and is essential for their survival (11,12). It has been reported 
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that patients with MM with a high dEPTOR expression have 
good responses to thalidomide-based therapy (13,14). Vascular 
endothelial cell-expressed dEPTOR regulates endothelial 
cell activation and angiogenic responses through extracel-
lular signal-regulated kinase (ERK)1 and signal transducer 
and activator of transcription (STAT)-mediated chemokine 
expression (15). In addition, endothelial cell‑specific DEPTOR 
deficiency increases CD31, hypoxia‑inducible factor (HIF)‑1α 
and VEGF expression, which promotes angiogenesis (16). 
However, whether dEPTOR can regulate the angiogenesis of 
MM cells and the associated underlying mechanisms have not 
yet been elucidated.

A previous study by the authors demonstrated that the 
knockdown of dEPTOR by siRNA also inhibited autophagy 
in MM cells (17). Basal autophagy is necessary for cellular; 
housekeeping; to eliminate damaged organelles, such as 
depolarized mitochondria due to reactive oxygen species 
(ROS) (13,18,19). Mitochondrial ROS (mtROS) are involved 
in the signal transduction pathways leading to nuclear 
factor κB (NF-κB) activation (20-22). NF-κB activation plays 
a dominant role in the secretion of interleukin (IL)-6, which 
stimulates the secretion of VEGF (21). As mentioned above, it 
was hypothesized that dEPTOR-mediated cellular autophagy 
and mitROS may play pivotal regulatory roles in angiogenesis 
in MM. The analysis described herein may be helpful for the 
further understanding of the mechanisms underlying the regu-
latory effects of dEPTOR on angiogenesis and thalidomide 
for the treatment of MM.

Materials and methods

Validation of DEPTOR expression in MM based on the 
Oncomine database. Oncomine (https://www.oncomine.org) is 
an online database containing previously published and publicly 
available microarray data. The Oncomine database Wwase used 
to validate the mRNA expression of dEPTOR in MM cell lines. 
The dEPTOR gene was queried in the database, and the results 
were filtered by selecting MM and Cancer vs. Cancer Analysis. 
Statistical analysis was conducted using Oncomine algorithms.

Overview of the potential pathways of DEPTOR in regulating 
the biological role of MM cells using microarray profiles 
from patients with MM. The microarray dataset GSE24080 
of 559 patients with MM (23) (Affymetrix Human Genome 
U133 2.0 Array) was obtained from the Gene Expression 
Omnibus (GEO) database. The raw array data (.CEL files) were 
pre-processed using the Robust Multichip Average (RMA) 
algorithm (24). Microarray annotation information was used 
to match probes with the corresponding genes. If multiple 
probes matched a single gene, the probes with the highest 
quartile range were selected, as previously reported (25). To 
further investigate the possible pathways of dEPTOR involved 
in regulating the biological characteristics of myeloma cells, 
KEGG-related Gene Set Enrichment Analysis (GSEA) 
analysis was conducted on the on GSE24080 dataset by the 
gseKEGG function of the clusterProfiler package in R (26).

Cell lines and primary cells. The human MM cell lines, 
RPMI8226, MM.1S and U226, were obtained from the 
American Type culture collection (ATcc) and grown in 

RPMI‑1640 medium (HyClone; Thermo Fisher Scientific, Inc.) 
containing 10% heat-inactivated fetal calf serum (Biological 
Industries). Human umbilical vein endothelial cells (HUVEcs) 
and the 293-FT cell line were obtained from the china center 
for Type culture collection and grown in dulbecco's modi-
fied Eagle's medium (dMEM) (Hyclone; Thermo Fisher 
Scientific, Inc.) containing 10% heat-inactivated fetal calf 
serum (Biological Industries). Bone marrow (BM) aspiration 
and biopsy specimens were obtained from patients newly diag-
nosed with MM according to diagnostic criteria (27). Primary 
plasma cells were isolated from BM specimens using cd138+ 
magnetic-activated cell sorting (MAcS; Miltenyi Biotec 
GmbH). A total of 22 patients were used in the present study 
and samples were collected at the First Affiliated Hospital 
of Fujian Medical University from October, 2015 to June, 
2018. Approval for the study was obtained from the Ethics 
Committee of the First Affiliated Hospital of Fujian Medical 
University. Informed consent was obtained in accordance with 
the declaration of Helsinki.

Assessment of BM microvessel density (MVD). BM MVd was 
estimated as previously described (28). Immunostaining for 
cd34 was used to evaluate the BM MVd. BM specimens used 
in the present study were fixed in 10% formaldehyde overnight 
and embedded in paraffin. Thin slides of 4 µm thickness 
were cut and subjected to immunohistochemistry (IHc) for 
cd34 (clone My10; 1:50; ab245689, Abcam) for 32 min at 
room temperature. Immunoreactivity was detected with goat 
anti-rabbit immunoglobulins H&L (HRP) (1:200; ab6721, 
Abcam). The reaction was revealed with diaminobenzidine 
(dAB) and counterstained with Harris' hematoxylin (dako; 
Agilent Technologies, Inc.) for 30 min at room temperature.

The staining was evaluated by 2 independent pathologists 
under a light microscope (Olympus corporation). Each slide 
was scanned at x100 magnification to determine 3 ‘hotspots’, 
defined as areas with the maximum number of microvessels. 
Microvessels were counted in each of the 3 hotspots at x400 
magnification. Large vessels and vessels in the periosteum or 
bone were excluded. Areas of staining with no discrete breaks 
were counted as a single vessel. The presence of a lumen was 
not required. MVd was estimated by determining the average 
number of vessels in each of the 3 hotspots.

Cell treatment. Rapamycin (100 nM, Shanghai Shenggong 
Bioengineering Service co., Ltd.) was added to the RPMI8226 
and MM.1S cells for 24 h. 3-MA (20 µM, Sigma-Aldrich; 
Merck KGaA) was added to the U226 cells followed by 
culture for 24 h. SMER28 (10 µM, Beyotime Institute of 
Biotechnology) and Mito-TEMPO (10 µM, Sigma-Aldrich; 
Merck KGaA) were added to the RPMI8226 and MM.1S 
cells followed by culture for 24 h with dEPTOR inhibition. 
Thalidomide (Sigma-Aldrich; Merck KGaA) was added to the 
RPMI8226 and MM.1S cells and cultured for 24 h, with or 
without dEPTOR inhibition.

Recombinant lentiviral vector construction and infection of 
cells. Lentiviral vectors harboring cas9 and sgRNA (Shanghai 
Genechem co., Ltd.) were constructed for the transfection 
of the MM cells. The sgRNAs targeting the dEPTOR gene 
were designed using an online tool (http://crispr.mit.edu/). 
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The sequences of the sgRNAs were as follows: sgRNA1, GAG 
TGG cGG GGc GcA GcA AA; sgRNA2, cAA GTA TGA GcG 
cAc cTT cA; sgRNA3, TcA GAA TGA AcT Tcc GGc GG; 
and control sgRNA, cGc TTc cGc GGc ccG TTc AA. The 
sgRNAs were packaged into lentiviruses, which were named 
dEP1, dEP2, dEP3 and GFP, respectively.

According to the manufacturer's protocol, lentivi-
ruses were transduced into RPMI8226 (multiplication of 
infection, MOI=100) and MM.1S (MOI=66) cells with 
HitransGP (cat. no. REVG005; Shanghai Genechem co., Ltd.) 
for 5 days. The cells were then tested for the dEPTOR muta-
tion using the cruiser™ Enzyme (Genloci Biotechnologies 
Inc.) and tested for dEPTOR protein disruption by western 
blot analysis. Sanger sequencing was performed to confirm the 
presence of a mutation in the desired part of the genome using 
the forward primer for dEPTOR sgRNA1, 5'-cTG ccT Acc 
cAT AGG GAT Tcc -3'; sgRNA2, 5'-cTT TGc TGT AGT AcT 
TcA TGG -3'; and sgRNA3, 5'-TTT cTc ccc AGT GTc cAA 
cAA G-3'. The U226 cells were transfected with a dEPTOR 
overexpression vector (GV143-dEPTOR, Genechem co., 
Ltd.) at the concentration of 20 µg/ml in serum-free medium 
by electroporation. After 48 h, the protein levels of the corre-
sponding genes in transfected U226 cells were detected by 
western blot analysis. The condition medium derived from 
the above-mentioned MM cell lines with different expression 
levels of dEPTOR were collected and centrifuged at 360 x g 
for 5 min at room temperature and stored at ‑80˚C.

Cell growth assay. A cell counting kit (ccK)-8 assay 
(Beyotime Institute of Biotechnology, Inc.) was used to assess 
cell growth, according to the manufacturer's instructions. 
Briefly, 1x104 cells/100 µl were seeded into 96-well plates and 
cultured for different periods of time (0, 24, 48, 72, 96, 120, 
144 and 168 h). For the last 4 h of culture, the cells were incu-
bated with 10 µl of CCK‑8 at 37˚C for 45 min. The absorbance 
at 450 nm was measured using an automated microplate reader 
(Tecan Infinite F50; Tecan Group, Ltd.) to detect metabolically 
intact cells.

Tube formation assay. Matrigel (100 µl; Bd Biosciences) 
was poured into 96‑well plates and then incubated at 37˚C 
for 45 min. HUVEcs were collected and resuspended in the 
previously collected conditioned medium at 2x105/ml, and 
100 µl was seeded on the Matrigel and cultured for 8 h at 37˚C. 
The morphological changes of the cells from 3 randomly 
chosen fields were observed and photographed using a light 
microscope (Olympus Corporation) at x100 magnification. 
The number of tube-like structures was measured using 
ImageJ software version 1.46 (National Institutes of Health).

Dual‑luciferase reporter assay. RPMI8226 and MM.1S 
cells were seeded in 24-well plates at 5x105/ml. The cells 
were transfected with the pNFκB-TA-luc reporter plasmid 
(Beyotime Institute of Biotechnology) at the concentration of 
2 µg/ml and the Renilla luciferase-expressing plasmid as an 
internal control using Lipofectamine 2000 for 48 h (Lipo2000, 
Invitrogen Inc.; Thermo Fisher Scientific, Inc.), according to 
the manufacturer's instructions. A total of 4 groups of cells 
were prepared: The negative control group, positive control 
group (TNF-α was used as a NF-κB activator), and test 

groups treated with lentivirus GFP and dEP3 for 48 h before 
harvesting. Firefly luciferase activities were analyzed using 
the dual-luciferase reporter assay kit (Beyotime Institute of 
Biotechnology).

Enzyme‑linked immunosorbent assay (ELISA). The quantita-
tive evaluation of IL-6 and VEGF in cell culture supernatants 
was carried out using ELISA. The cell-free supernatants 
were collected from cell cultures and centrifuged at 360 x g 
for 5 min at 20˚C. The concentration of secreted VEGF 
proteins was determined using an ELISA kit (Neobioscience), 
according to the manufacturer's instructions.

DAPI and MitoSOX staining. The cells were incubated with 
dAPI (1 µg/ml, Beyotime Institute of Biotechnology) for 12 h, 
stained with the MitoSOX dye (5 µM; MitoSOX Red Reagent, 
Invitrogen Inc.; Thermo Fisher Scientific, Inc.) at 37˚C for 
30 min, and fixed with 4% paraformaldehyde for 20 min. 
After washing with PBS, the nuclear morphology of the cells 
and mtROS staining were examined using a fluorescence 
microscope (Olympus corporation).

Flow cytometry. For mtROS measurements, the cells were 
stained with the MitoSOX Red Reagent (5 µM; Invitrogen Inc.; 
Thermo Fisher Scientific, Inc.) at 37˚C for 30 min. The stained 
cells were analyzed for fluorescence using a flow cytometer 
(FAcScalibur, Bd Biosciences). The data were analyzed 
using Flowjo software (Flowjo 10.0).

Cell apoptosis assay was performed using flow cytometry 
with propidium iodide (PI) and Annexin V-APc staining 
(APc Annexin V Apoptosis detection kit with PI; 640932, 
BioLegend, Inc.). The cells were harvested, washed twice 
with PBS, resuspended in staining buffer, and stained 
with Annexin V-APc/PI, according to the manufacturer's 
instructions. The cells were analyzed using a flow cytometer 
(FAcScalibur, Bd Biosciences).

Monodansylcadaverine (MDC) staining. The autofluorescent 
compound, Mdc [Sangon Biotech (Shanghai) co., Ltd.] is a 
commonly used selective fluorescent marker for autophagic 
vacuoles. The cells were plated on glass coverslips and probed 
with a 1:1,000 dilution of Mdc in staining buffer (cell-Based 
Assay Buffer Tablet dissolved in water). Following 10 min of 
incubation at 37˚C, the cells were washed twice with assay 
buffer in the dark. A fluorescence microscope (Olympus 
corporation) was used immediately after Mdc staining.

Western blot analysis. For protein extraction, the cells were 
lysed in RIPA buffer (Beyotime Biosciences) containing 
the protease inhibitor PMSF. The isolation of mitochon-
drial and cytosolic proteins was performed using the 
Mitochondria/cytosol Fractionation kit (Beyotime Institute 
of Biotechnology). cytoplasmic and nuclear protein extracts 
were prepared using the NE-PER™ Nuclear and cytoplasmic 
Extraction Reagents (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions.

Protein quantification were detected using spectropho-
tometer (dS-11, deNovix). A total of 80 µg protein/lane were 
separated by SdS-PAGE on 8-16% Tris-glycine gels (Beyotime 
Institute of Biotechnology), transferred to polyvinylidene 
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difluoride membranes (Millipore corp., Billerica, MA, USA). 
The membranes were then blocked for 1 h at room temperature 
with non-fat dry milk in TBST (Bio-Rad Laboratories, Inc.). 
The membranes were incubated with antibodies against Lc3 
(1:1,000, ab51520, Abcam), Beclin 1 (1:1,000, ab62557, Abcam), 
dEPTOR (1:1,000, ab244394, Abcam), VEGF (1:1,000, AV202, 
Beyotime Institute of Biotechnology), phospho-p65 (p-p65, 
1:1,000, ab109458, Abcam), p65 (1:1,000, ab16502, Abcam), 
phospho-p50 (p-p50, 1:1,000, 710460, Invitrogen; Thermo 
Fisher Scientific, Inc.), p50 (1:1,000, 710450, Invitrogen; 
Thermo Fisher Scientific, Inc.), IκB-α (1:1,000, ab7217, 
Abcam), cytochrome c (cyt c; 1:1,000, ab90529, Abcam), 
cytochrome c oxidase subunit IV (cOX IV; 1:1,000, ab16056, 
Abcam), cRBN (1:2,000, ab98992, Abcam), Lamin B (1:1,000, 
66095-1, ProteinTech Group, Inc.) and β-actin (1:2,000, ab8226, 
Abcam) at 4˚C overnight. Following 3 washes with TBS‑T for 
10 min, a peroxidase-conjugated secondary antibody (1:10,000, 
A0216/A0208, Beyotime Institute of Biotechnology) was incu-
bated with the membranes for 2 h at room temperature. Signals 
were detected by the EcL detection system (Beyotime Institute 
of Biotechnology). The results were analyzed quantitatively 
by densitometry using software ImageJ software version 1.46 
(National Institutes of Health).

Purpose proteins and loading control with similar 
molecular weight were produced from the same western blot 
membrane. Purpose protein detected by the EcL detection 
system, incubated with stripping buffer for approximately 
30 min under constant agitation; following 3 washes with 
TBS-T for 10 min and then blotted with antibodies against 
loading control (β-actin and Lamin B). Following 3 washes 
with TBS-T for 10 min, a peroxidase-conjugated secondary 
antibody (Beyotime Institute of Biotechnology) was incubated 
for 2 h at room temperature. Signals were detected by the EcL 
detection system (Beyotime Institute of Biotechnology). The 
results were analyzed quantitatively by densitometry using 
ImageJ software version 1.46 (National Institutes of Health).

Statistical analysis. All experiments were performed in 
triplicate. The data are presented as the means ± standard 
deviation (Sd). differences were analyzed using the Student's 
t-test or one-way ANOVA with the Tukey's HSd post hoc 
test, as appropriate. The associations between the expression 
of dEPTOR and the expression of VEGF and BM MVd and 
in patients with MM were assessed by Pearson's correlation 
analysis. GraphPad 5.0 (GraphPad Software Inc.) was used for 
statistical analyses. A P-value <0.05 was considered to indicate 
a statistically significant difference.

Results

Validation of DEPTOR expression in MM cell lines using 
the Oncomine database. The mRNA expression levels of 
dEPTOR in MM were explored using the Oncomine database. 
According to the results of the cancer vs. cancer Analysis, 
3 datasets (Barretina cellLine, Garnett cellLine and Wooster 
cellLine) were identified that contained dEPTOR mRNA 
expression data obtained from different tumor cell lines. As 
shown in Fig. 1A-c, 2 datasets (Barretina cellLine and Garnett 
cellLine) demonstrated that dEPTOR mRNA expression 
was significantly higher in MM than in the majority of other 

cancers (including bladder cancer, brain and central nervous 
system cancer, breast cancer, cervical cancer, colorectal 
cancer, esophageal cancer, gastric cancer, head and neck 
cancer, kidney cancer, leukemia, liver cancer, lung cancer, 
lymphoma, melanoma, ovarian cancer, pancreatic cancer, 
prostate cancer and sarcoma); however, one dataset (Wooster 
cellLine) revealed no differences between MM and other 
types of cancer. The meta-analysis of these 3 datasets still 
suggested that dEPTOR was overexpressed in MM compared 
with other types of cancer (Fig. 1d).

Overview of potential pathways of DEPTOR involved in regu‑
lating the biological pathway of MM cells using microarray 
profiles. To investigate the possible pathways of dEPTOR 
involved in the regulation of MM cells, KEGG-related GSEA 
analysis was conducted on the GSE24080 dataset using the 
gseKEGG function of the clusterProfiler package in R. As 
shown in Fig. 1E, the main enriched pathways closely related 
to cancer development included protein processing in the 
endoplasmic reticulum, oxidative phosphorylation, autophagy, 
ubiquitin-mediated proteolysis, the mTOR signaling pathway 
and the VEGF signaling pathway.

DEPTOR expression is negatively related to VEGF expres‑
sion and BM MVD in MM. The mRNA expression levels 
of VEGFA in MM were also explored using the Oncomine 
database. As shown in Fig. S1A-c, VEGFA mRNA expres-
sion was significantly higher in MM than in the majority of 
other types of cancer in the Barretina cellLine and Garnett 
cellLine databases; however, the Wooster cellLine database 
did not reveal any marked differences between MM and other 
types of cancer. The meta-analysis of these 3 datasets still 
suggested that VEGFA was overexpressed in MM compared 
with other types of cancer (Fig. S1d).

Western blot analysis was used to examine the expression 
levels of dEPTOR and VEGF in different MM cell lines 
(RPMI8226, MM.1S and U226). The results revealed that the 
RPMI8226 cells had the highest expression of dEPTOR and 
the lowest expression of VEGF, while the MM.1S cells had an 
intermediate expression of dEPTOR and VEGF, and the U266 
cells had the lowest expression of dEPTOR and the highest 
expression of VEGF (Fig. 1F and G).

In the cohort of 22 patients newly diagnosed with MM, 
the expression patterns of dEPTOR and VEGF in primary 
MM cells isolated by MAcS were validated by western blot 
analysis. The 22 patients with MM included 1 patient with the 
International Staging System (ISS) I, 7 with ISS II and 14 with 
ISS III. The median age was 65 years (range, 46-89 years). 
In total 12 patients were male and 10 were female. Western 
blot analysis and Pearson's correlation analysis revealed that 
the expression of dEPTOR negatively correlated with the 
expression of VEGF (Pearson's r=-0.78, Fig. 1H and I). The 
MVd in BM specimens of corresponding patients was inves-
tigated by IHc with an anti-cd34 antibody (Fig. S2). The 
median BM MVd was 167 (range, 9-412 vessels/mm2). Using 
the median relative expression among the 22 patients (0.12, 
which corresponds to the average value between the 11 and 
12th patients) of dEPTOR as a cut-off value, the patients were 
divided into 2 groups, those with a high and low dEPTOR 
expression. The MVd in the high expression dEPTOR group 
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was significantly lower than in the low expression DEPTOR 
group (96.9±22.0 vessels/mm2 vs. 281.2±28.6 vessels/mm2, 

respectively; P<0.001; Fig. 1J). The expression of dEPTOR 
negatively correlated with MVd (Pearson's r=-0.76) (Fig. 1K).

Figure 1. continued.
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CRISPR/Cas9‑mediated efficient DEPTOR disruption in MM. 
The cRISPR/cas9 system was used to disrupt the protein 
expression of dEPTOR in the MM cell line, RPMI8226. 
Lentiviruses (dEP1, dEP2 and dEP3) expressing sgRNA 
targeting dEPTOR were transfected into RPMI8226 cells 
(Fig. S3A). At 5 days following transduction, the fragments of 
the 3 different target sites relevant to dEP1, dEP2 and dEP3 
were amplified bu PcR and then digested with cruiser™ 
Enzyme (Fig. S3B). The cleaved bands were observed in the 
dEP1, dEP2 and dEP3 groups, but not in the control and 
GFP groups (Fig. S3c), indicating that insertion or deletion 
mutations (indel) were introduced in the genomes. The levels 
of dEPTOR protein expression were detected by western 
blot analysis. The results revealed that there were significant 
disruptive effects on the dEPTOR protein levels in each 
sgRNA group compared with the GFP group. Among these, 
dEP3 displayed the most potent disruptive effect. To further 
validate dEPTOR gene disruption, the nucleotide sequences 
of the above PcR products of target dNA in the dEP3 group 
were analyzed and it was confirmed that the indel mutation 
was introduced into the genome (Fig. S3d). Therefore, lenti-
virus dEP3 was used in the subsequent experiments. After the 
RPMI8226 and MM.1S cells were transfected with lentivirus 
dEP3, the suppression of dEPTOR abolished cell proliferation 
over a 7-day culture period (Fig. S3E and F). In addition, the 
suppression of dEPTOR in RPMI8226 cells induced cell lysis 
and necrosis from the 5th day (data not shown). This strongly 

suggests that the high expression of dEPTOR is essential for 
maintaining myeloma cell survival.

Reduction of DEPTOR expression in MM cells attenuates the 
effects of thalidomide on proliferation, autophagy and VEGF 
expression. Based on its antitumor and anti-angiogenic effects, 
thalidomide was used to treat the MM cells and was proven 
to be effective. As shown in Fig. 2A and c, the rate of prolif-
eration of the RPMI8226 and MM.1S cells decreased with the 
increasing thalidomide concentration and treatment duration. 
In addition, the expression of dEPTOR was increased with the 
increasing thalidomide concentration, whereas the expression 
of VEGF decreased (Fig. 2B and d). These results indicated 
that dEPTOR expression was negatively associated with the 
expression of VEGF. The RPMI8226 cells in which dEPTOR 
expression was suppressed exhibited a marked anti-proliferative 
response to thalidomide (Fig. 2E). Of note, thalidomide failed 
to induce the death of dEPTOR-disrupted MM cells (Fig. 2F). 
Since cell death is not only related to apoptosis, but also to 
autophagy, the effects of thalidomide on the autophagy of MM 
cells were further analyzed. Mdc staining demonstrated that 
thalidomide significantly increased the level of autophagy in 
MM cells, and its effect was suppressed by the autophagy 
inhibitor, 3-MA (Fig. 2G). Western blot analysis revealed that 
thalidomide increased dEPTOR and cRBN expression, as 
well as the expression of autophagy-related proteins (Beclin 1 
and Lc3 II/I), whereas it inhibited VEGF expression. These 

Figure 1. Association between dEPTOR and VEGF expression levels in MM. (A-c) Expression of dEPTOR in 3 datasets (Barretina cellLine, Garnett 
cellLine and Wooster cellLine) from the Oncomine database. The asterisks (*) indicate statistical significance. (D) Meta‑analysis of the 3 Oncomine datasets 
on the DEPTOR expression difference between MM and other cancers. (E) Potential pathways of DEPTOR involved in the regulation of MM cells identified 
by Gene Set Enrichment Analysis. (F) Western blot analysis of dEPTOR and VEGF with indicated antibodies from MM cells lines (MM.1S, RPMI8226 and 
U266). (G) VEGF expression in the conditioned media of myeloma cell lines. (H) Representative western blot analysis of dEPTOR and VEGF from primary 
MM cells from 9 of 22 patients with newly diagnosed MM. (I) correlation analysis between dEPTOR and VEGF relative expression levels in 22 patients with 
newly diagnosed MM. (J) Representative image of MVd with anti-cd34 immunostaining in bone marrow tissues of from patients with newly diagnosed MM 
with a high or low dEPTOR expression (scale bar, 1 mm). Microvessels are stained brown. (K) correlation analysis between the relative expression level of 
dEPTOR and bone marrow MVd in 22 patients with newly diagnosed MM. **P<0.01. VEGF, vascular endothelial growth factor; MM, multiple myeloma; 
MVd, microvessel density. 
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Figure 2. Effect of dEPTOR expression on the antitumor and inhibitory effects of thalidomide on VEGF in MM cells. (A and c) Effect of thalidomide on the 
proliferation of RPMI 8226 and MM.1S. (B and d) Effects of thalidomide on dEPTOR and VEGF protein expression of RPMI8226 and MM.1S. (E) Effects 
of thalidomide on the proliferation of RPMI8226 transfected with lentivirus GFP or dEP3. (F) Effects of thalidomide on the apoptosis of RPMI8226 cells 
transfected with lentivirus GFP or dEP3. (G) Effects of thalidomide and 3-MA on autophagy of RPMI8226 detected by monodansylcadaverine (Mdc) 
staining (scale bar, 10 µm). (H and I) RPMI8226 transfected with lentivirus GFP and dEP3 for 5 days were treated with thalidomide and 3-MA. (H) cell 
lysates were examined by western blot analysis for the levels of the indicated proteins. (I) VEGF in culture media was collected and analyzed by ELISA. Error 
bars indicate the standard deviation from 3 independent experiments. *P<0.05, **P<0.01. VEGF, vascular endothelial growth factor; MM, multiple myeloma.
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Figure 3. dEPTOR disruption increases autophagy-related angiogenesis in MM cells. The RPMI8226 and MM.1s cells were infected with lentivirus GFP 
or dEP3 for 5 days; the U226 cells were transfected with blank vector (GV143) or dEPTOR over-expressed vector (GV143-dEPTOR) for 2 days. (A) Their 
culture media were collected and analyzed for tube formation of HUVEcs (scale bar, 10 µm). The numbers of tubes per view are shown as means ± Sd (n=6). 
(B) RPMI8226 and MM.1S cells were treated with 3-MA (20 µM) for 24 h, while U226 cells were treated with rapamycin (100 nM) for 24 h. cell lysates 
were examined by western blot analysis for the levels of the indicated proteins. Error bars indicate the standard deviation from 3 independent experiments. 
(c) RPMI8226 and MM.1S cells were transfected with lentivirus GFP and dEP3 for 5 days, while U266 cells were transfected with GV143 or GV143-dEPTOR 
for 2 days. cell lysates were ere examined by western blot analysis for the levels of the indicated proteins. Error bars indicate the standard deviation from 3 
independent experiments. (d) IL-6 and VEGF in culture media were collected from cells treated as in (B and c) and analyzed by ELISA. Error bars indicate 
the standard deviation from 3 independent experiments. *P<0.05, **P<0.01. VEGF, vascular endothelial growth factor; MM, multiple myeloma; HUVEcs, 
human umbilical vein endothelial cells. 
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Figure 4. Mitochondrial damage signals in dEPTOR-inhibited RPMI8226 and MM.1S cells. RPMI8226 and MM.1s cells were infected with lentiviral GFP 
and dEP3 for 5 days. (A and B) The mtROS levels of the RPMI8226 and MM.1S cells in the indicated groups stained with the MitoSOX probe was evaluated 
using a fluorescence microscope (scale bar, 10 µm) and flow cytometric analysis, respectively. (C) The NF‑κB activity of RPMI8226 or MM.1S cells in the 
indicated groups was detected by luciferase assays. cells were co-transfected with pNF-κB-TA-luc with Renilla luciferase reporter (as an internal control) for 
24 h and treated with GFP or dEP3 for 48 h. (d-G) The mitochondrial and cytoplasmic fractions of the cultured cells were separated using the Mitochondria/
cytosol Fractionation kit. Protein expression of cyt c in the (d) mitochondria and (E) cytoplasm of the indicated groups for RPMI8226 cells was examined by 
western blot analysis. Primary antibodies with cOXIV and β-actin was used as the mitochondrial and cytosolic loading control, respectively. Protein expres-
sion of cyt c in the (F) mitochondria and (G) cytoplasm of the indicated groups for MM.1S cells was examined by western blot analysis. Primary antibodies 
with cOXIV and β-actin was used as the mitochondrial and cytosolic loading control, respectively. Protein expression levels of dEPTOR and IκB-α in the 
cytoplasm of the indicated groups for (H) RPMI8226 and (I) MM.1S cells were examined by western blot analysis. (J-O). The nuclear and cytoplasmic protein 
fractions of the cultured cells were isolated using the NE-PER™ Nuclear and cytoplasmic Extraction Reagents. Protein expressions of (J) p-p50 and p-p65 in 
the nuclear, (K) p50 and p65 in the whole cell lysates of the indicated groups for RPMI8226 cells was examined by western blot analysis. LaminB and β-actin 
was used as the loading control for the nuclear extracts and the whole cell lysates, respectively. (L) Quantification of p‑p50 subunit and p‑p65 subunit was 
normalized for total p50 protein and total p65 protein (J and K), respectively. Protein expressions of (M) p-p50 and p-p65 in the nuclear, (N) p50 and p65 in 
the whole cell lysates of the indicated groups for MM.1S was examined by western blot analysis, respectively. LaminB and β-actin was used as the loading 
control for the nuclear extracts and the whole cell lysates, respectively. (O) Quantification of p‑p50 subunit and p‑p65 subunit was normalized for total p50 
protein and total p65 protein (M and N), respectively. Error bars indicate the standard deviation from 3 independent experiments. *P<0.05 compared with GFP 
group, **P<0.01 compared with GFP group. cyt c, cytochrome c; mtROS, mitochondrial reactive oxygen species; p-p50, phospho-p50; p-p65, phospho-p65. 
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effects were reversed by 3-MA (Fig. 2H). In the RPMI8226 
cells in which dEPTOR expression was disrupted (suppressed), 
thalidomide had no marked effects on the levels of cRBN, 
VEGF and autophagy-related proteins (Beclin 1 and Lc3 II/I). 
Furthermore, after the dEPTOR-disrupted RPMI8226 cells 
were treated with thalidomide and 3-MA, the levels of 
autophagy-related proteins were further inhibited, while 
VEGF protein levels and VEGF levels in the culture media 
were increased (Fig. 2H and I). These data suggested that 
dEPTOR-regulated autophagy played an important role in the 
antitumor and anti-angiogenic effects of thalidomide.

Effects of DEPTOR on autophagy and angiogenesis of MM 
cells. The effects of dEPTOR on angiogenesis in myeloma 
cell lines were further validated by disrupting or overex-
pressing dEPTOR. Based on the above-mentioned results of 
dEPTOR expression levels in MM cell lines, the expression of 
dEPTOR was suppressed/disrupted in RPMI8226 and MM.1S 
cells, and overexpressed in U266 cells. The tube formation 
assay of HUVEcs revealed that the RPMI8226 and MM.1S 
cells in which dEPTOR was inhibited exhibited an increased 
angiogenesis, while the dEPTOR-overexpressing U266 cells 
exhibited a suppressed angiogenesis (Fig. 3A). To clarify the 

effects of dEPTOR on angiogenesis and autophagy, the asso-
ciation between angiogenesis and autophagy in MM was first 
investigated. As shown in Fig. 3B, when the RPMI8226 and 
MM.1S cells with a higher autophagic activity were treated 
with the autophagy inhibitor, 3-MA, their VEGF expression 
levels increased as autophagic activity decreased. On the other 
hand, when the U266 cells with a lower autophagic activity were 
treated with the autophagy inducer, rapamycin, their VEGF 
expression levels decreased as autophagy activity increased. 
Furthermore, dEPTOR disruption in RPMI8226 and MM.1S 
cells decreased the expression of autophagy-related proteins 
(Beclin-1 and Lc3II/LcI) and enhanced VEGF expression 
(Fig. 3c). The overexpression of dEPTOR in the U266 cells 
led to the opposite results (Fig. 3c). IL-6 and VEGF levels 
in the cell supernatant were increased in the RPMI8226 and 
MM.1S cells following the inhibition of autophagy or the 
disruption of dEPTOR expression, and were decreased in the 
U266 cells following the induction of autophagy or the overex-
pression of dEPTOR (Fig. 3d).

Inhibition of autophagy by DEPTOR disruption activates the 
NF‑κB pathway by damaging mitochondria and promoting the 
accumulation of mtROS. The present tudy then investigated 

Figure 5. Autophagy inducer and mitochondrial‑specific antioxidants reversed the effects of DEPTOR on the angiogenesis of MM cells. RPMI8226 and 
MM.1S cells were transfected with lentivirus dEP3 for 5 days and exposed to SMER28 (10 µM) or Mito-TEMPO (10 µM) for 24 h. (A) cell lysates were 
examined by western blot analysis for the levels of the indicated proteins. (B) Levels of IL-6 and VEGF in medium supernatant in the indicated groups were 
examined by ELISA. (C) mtROS levels in the indicated groups stained with the MitoSOX probe were evaluated using flow cytometric analysis. *P<0.05, 
**P<0.01. VEGF, vascular endothelial growth factor; MM, multiple myeloma; mtROS, mitochondrial reactive oxygen species. 
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Figure 6. continued.
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the mechanisms through which autophagy inhibition influ-
ences angiogenesis in MM cells. Autophagy defects led to 
mitochondrial damage and subsequent ROS accumulation. As 

shown in Fig. 4A and B, staining with Mito-SOX, a mitochon-
drial superoxide indicator, revealed that dEPTOR inhibition 
prominently increased the mtROS levels in the RPMI8226 

Figure 6. Autophagy inducer and mitochondrial‑specific antioxidants reversed the effects of DEPTOR on the angiogenesis of MM cells. RPMI 8226 and 
MM.1S cells were transfected with lentivirus dEP3 for 5 days and exposed to SMER28 (10 µM) or Mito-TEMPO (10 µM) for 24 h. (A-d) The mitochon-
drial and cytoplasmic fractions of the cultured cells were separated using the Mitochondria/cytosol Fractionation kit. Protein expression of cyt c in the 
(A) mitochondria and (B) cytoplasm of the indicated groups for RPMI8226 cells was examined by western blot analysis, respectively. Primary antibodies 
with cOXIV and β-actin was used as the mitochondrial and cytosolic loading control, respectively. Protein expression of cyt c in the (c) mitochondria and 
(d) cytoplasm of the indicated groups for MM.1S was examined by western blot analysis, respectively. Primary antibodies with cOXIV and β-actin was used 
as the mitochondrial and cytosolic loading control, respectively. Protein expression levels of dEPTOR and IκB-α in the cytoplasm of the indicated groups for 
(E) RPMI8226 and (F) MM.1S cells were examined by western blot analysis, respectively. (G-L) The nuclear and cytoplasmic protein fractions of the cultured 
cells were isolated using the NE-PER™ Nuclear and cytoplasmic Extraction Reagents. Protein expressions of (G) p-p50 and p-p65 in the nuclear, (H) p50 and 
p65 in the whole cell lysates of the indicated groups for RPMI8226 cells was examined by western blot analysis, respectively. LaminB and β-actin was used as 
the loading control for the nuclear extracts and the whole cell lysates, respectively. (I) Quantification of p‑p50 subunit and p‑p65 subunit was normalized for 
total p50 protein and total p65 protein (G and H), respectively. Protein expression levels of (J) p-p50 and p-p65 in the nuclear, (K) p50 and p65 in the whole cell 
lysates of the indicated groups for MM.1S was examined by western blot analysis, respectively. Lamin B and β-actin was used as the loading controls for the 
nuclear extracts and the whole cell lysates, respectively. (L) Quantification of p‑p50 subunit and p‑p65 subunit was normalized for total p50 protein and total 
p65 protein (J and K), respectively. Error bars indicate the standard deviation from 3 independent experiments. *P<0.05 compared with GFP group, **P<0.01 
compared with GFP group. MM, multiple myeloma; VEGF, vascular endothelial growth factor; cyt c, cytochrome c; mtROS, mitochondrial reactive oxygen 
species; p-p50, phospho-p50; p-p65, phospho-p65. 
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and MM.1S cells. As ROS can directly activate the NF-κB 
pathway (20), the role of dEPTOR in regulating the NF-κB 
pathway was also validated. As shown in Fig. 4c, dEPTOR 
disruption in RPMI8226 and MM.1S cells stimulated NF-κB 
activation, as detected by luciferase assays. Western blot anal-
ysis demonstrated that dEPTOR inhibition decreased cyt c 
expression in the mitochondria and increased cyt c expression 
in the cytoplasm, which indicated the potential damage to 
the mitochondrial membrane of RPMI8226 and MM.1S cells 
(Fig. 4d-G). Further analyses suggested that dEPTOR disrup-
tion decreased IκB-α expression in the cytoplasm and increased 
p-p50 and p-p65 expression in the nucleus (Fig. 4H-O). These 
data revealed that dEPTOR disruption induced mitochondrial 
damage and the accumulation of mtROS in MM cells, which 
led to the activation of the NF-κB pathway.

Autophagy inducer and mitochondrial‑specific antioxidant 
reverse the effects of DEPTOR disruption on autophagy 
and VEGF expression in MM cells. To confirm the findings 
described above, the RPMI8226 and MM.1S cells in which 
dEPTOR was inhibited were treated with SMER28 (an 
mTOR-independent autophagy inducer) or Mito-TEMPO 
(a mitochondrial-specific antioxidant) for 24 h. As shown 
in Fig. 5A, both SMER28 and Mito-TEMPO reversed the 
effects of dEPTOR disruption on autophagic activity and 
VEGF expression, but had no effect on dEPTOR expression. 
When the RPMI8226 and MM.1s cells in which dEPTOR 
was suppressed were treated with SMER28 or Mito-TEMPO, 
the detection of the cell supernatant by ELISA revealed that 
IL-6 and VEGF levels were decreased (Fig. 5B). In addition, 

SMER28 and Mito-TEMPO reversed the mitochondrial 
damage, mtROS accumulation and subsequent NF-κB pathway 
activation induced by dEPTOR disruption (Figs. 5c and 6). 
These results demonstrate that dEPTOR disruption regulates 
VEGF by promoting the accumulation of mtROS and acti-
vating the NF-κB pathway in an autophagy-dependent manner 
rather than in an mTOR-dependent manner.

Discussion

dEPTOR is an mTOR-interacting protein and mau be 
involved in the proliferation, apoptosis, autophagy and 
differentiation of MM cells (11,12,17). However, whether 
dEPTOR can regulate the angiogenesis of MM cells has 
not yet been elucidated. The present study first validated the 
significance of the DEPTOR mRNA expression level in MM 
using the Oncomine database. As shown in Fig. 1, compared 
to the majority of other common cancers, the expression 
of dEPTOR was significantly increased in MM, which 
confirmed that dEPTOR plays an important role in the 
pathogenesis of MM as previously reported (11,29). Based on 
3 MM cell lines and primary BM specimens from patients 
with MM, it was verified that DEPTOR protein expression 
may negatively regulate the expression of VEGF and MVd 
in MM. dEPTOR is differentially expressed among patients 
with MM, and it is required to maintain the differentiation 
of myeloma cells. A higher expression of dEPTOR may be 
associated with a better prognosis of patients with MM (29). 
The overexpression of dEPTOR in MM is associated with 
the translocation of the MAF transcription factors and the 

Figure 7. Signaling pathway of dEPTOR regulation of angiogenesis. 
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ccNd1 and ccNd3 genes (11), as well as with copy number 
gains of 8q24 (30). It was hypothesized that the differences 
in dEPTOR expression may be related to genetic differ-
ences among the 3 cell lines. The present study reveals for 
the first time, to the best of our knowledge, that DEPTOR as 
an anti-angiogenic factor, negatively correlated with VEGF 
expression and angiogenesis in patients with MM. Therefore, 
the potential underlying mechanisms warrant further 
investigation. The present study used the KEGG-related 
GSEA analysis to confirm that DEPTOR may be involved 
in the regulation of MM cells by autophagy, the mTOR 
signaling pathway and VEGF signaling pathway.

Previous studies have reported that MM patients with a 
high DEPTOR expression could benefit more from the admin-
istration of thalidomide-based therapy than patients with a low 
dEPTOR expression (13,14). Thalidomide exerts antitumor 
and anti-angiogenic effects and is currently an important 
drug for the treatment of MM (31). Accordingly, exploring 
the mechanisms of dEPTOR in the thalidomide treatment of 
MM is essential. In the present study, the results revealed that 
thalidomide promoted autophagy and dEPTOR expression, 
but inhibited VEGF expression in MM cells. However, the 
reduction of dEPTOR expression attenuated the effects of 
thalidomide on proliferation, apoptosis, autophagy and VEGF 
expression in MM cells. Notably, in the dEPTOR-disrupted 
RPMI8226 cells, thalidomide exerted no effects on cRBN, 
VEGF and autophagy-related proteins. Furthermore, 
following treatment with thalidomide and 3-MA, the levels 
of autophagy-related proteins were further inhibited, while 
VEGF expression was increased. These data suggested 
that dEPTOR-regulated autophagy may be essential for the 
antitumor and anti-angiogenic effects of thalidomide, which 
was independent of the target of thalidomide cRBN. Of note, 
dEPTOR seems to be associated with a poor prognosis in 
patients with hepatocellular carcinoma (32) and in some other 
solid tumors (33), while it is associated with a good prognosis 
in MM following thalidomide treatment (29). Hence, dEPTOR 
may be used as a predictor of the efficacy of thalidomide 
treatment.

Thalidomide treatment can boost the dendritic cell- (34), 
T cell- (35) and natural killer cell- (36) mediated immune 
response in the tumor microenvironment, and inhibit 
pro‑inflammatory cytokine TNF‑α production (37). In addi-
tion, thalidomide plays an apoptotic role by downregulating 
Akt activation and triggering caspase3 activation (38), and 
induces cell cycle arrest via the upregulation of cdK inhibitor 
p21 (39). dEPTOR is important for cell proliferation and 
survival (40). Its upregulation may be the feedback response to 
thalidomide induced cell apoptosis and cell cycle arrest.

Autophagy is a complex process regulated by different 
multistep signaling pathways to maintain intracellular 
homeostasis (41). In the present study, the autophagic regula-
tory drugs, rapamycin, 3-MA and SMER28, were used to treat 
MM cells. Rapamycin induces autophagy through the mTOR 
signaling pathway, while SMER28 activates autophagy in 
mTOR-independent manners (42). In the present study, both 
rapamycin and SMER28 reduced the expression and secretion 
of IL-6 and VEGF, which proved that autophagy inducers 
inhibit angiogenesis. The inhibition of autophagy by 3-MA 
increased the expression, and the secretion of IL-6 and VEGF 

in MM. Therefore, MM cells can regulate autophagy to modu-
late angiogenesis via multiple mechanisms. The association 
of angiogenesis with dEPTOR-mediated autophagy shown 
in the present study suggests that autophagy plays a role in 
angiogenesis iin MM.

mtROS, the main source of endogenous ROS, have emerged 
as essential signal transducers that mediate autophagy (43), 
which can lead to NF-κB signal activation and the secretion 
of IL-6 and VEGF (20,21). The data presented herein demon-
strated that dEPTOR inhibition prominently increased mtROS 
levels and promoted the production of IL-6 and VEGF expres-
sion through the NF-κB-associated pathway. As dEPTOR is an 
inhibitor of mTOR, the majority of previous studies are based 
on the mTOR-dependent pathway (16,29,44,45); however, 
whether dEPTOR can work independently of mTOR remains 
unclear (46). In the present study, both non-mTOR-dependent 
autophagy enhancer (SMER28) and mitochondrial ROS 
scavenger (Mito-TEMPO) reversed the effects of dEPTOR. 
These results indicated that dEPTOR can affect angiogenesis 
through the non-mTOR-dependent autophagy/mtROS pathway 
rather than through mTOR-dependent pathways. The possible 
mechanism of angiogenesis regulated by dEPTOR in MM 
may be that autophagy activation regulated by a high expres-
sion of dEPTOR can eliminate excessive ROS produced by 
the mitochondria, which has effects on cell survival, thereby 
blocking the NF-κB signal and downstream molecules IL-6 
and VEGF, and inhibiting subsequent angiogenesis. Fig. 7 
proposes the pathway of dEPTOR regulation of angiogenesis 
in MM.

Since dEPTOR is essential for the survival of MM cells, 
the data of the present study demonstrated that almost all MM 
cells died following the suppression of dEPTOR, and the 
effect of dEPTOR cannot be validated in vivo, which was in 
accordance with previous reports in the literature (11,29). Of 
note, it seems paradoxical that the knockdown of dEPTOR 
can lead to death, but increase VEGF expression and angio-
genesis, which may promote the development of cancer (47,48). 
Therefore, the MM cells may preserve their proliferative 
potential by sacrificing angiogenesis via the high expression of 
dEPTOR to maintain their own survival. This phenomenon is 
similar to the role of E-cadherin in breast cancer cells reported 
in recent literature, in which E-cadherin is also essential for 
breast cancer cell survival, but at the expense of dissemination 
and metastasis (49).

The present study is limited by the fact that no immunohis-
tochemistry of dEPTOR was performed. Indeed, MM is not 
a solid tumor, and the identification of MM cells from bone 
marrow specimens is difficult. In addition, whether thalido-
mide treatment can increase the expression of dEPTOR needs 
to be further confirmed in future clinical studies.

In conclusion, the present study demonstrates that 
dEPTOR regulates cellular autophagy and mtROS in MM. 
Angiogenesis may be involved in the process; however, it 
requires additional study. These results are considered to be 
important for the further understanding of the novel molecular 
mechanisms of thalidomide in the treatment of MM.
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