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Abstract
Background

Osteosarcoma is a common primary malignant bone tumor with poor prognosis. Currently there is no
effective therapeutic strategies primarily due to the insufficient understanding its underlying
mechanisms. Here we aimed to decipher the molecular mechanisms underlying the osteosarcoma
progression.

Methods

GEO data analysis, immunohistochemistry, qRT-PCR and western blotting were performed to evaluate the
expression of differentially genes in human osteosarcoma tissues. Stably transfected human
osteosarcoma cells were injected in mouse model to assess the effect of DEPDC1 in vivo. The function of
DEPDC1–EEF1A1–FOXO3a axis was detected by mass spectrometry analysis, co-immunoprecipitation
(co-IP) experiments and RNA sequencing in vitro.  

Results

By exploring differentially expressed genes, we found DEPDC1 is highly expressed in human
osteosarcoma cells and tissues. Mechanistically, we found the protein expressed by DEPDC1 can directly
bind to EEF1A1 through three binding regions, thus forming a complex. Importantly, DEPDC1/EEF1A1
complex can directly inhibit the transcription and expression of FOXO3a in vitro and in vivo, thus
promoting the metastasis and proliferation of osteosarcoma. The clinical relevance study showed that
overexpression of DEPDC1/EEF1A1 complex is correlated with reduced survival rate of osteosarcoma
patients.

Conclusions

Collectively, this study demonstrated the DEPDC1/EEF1A1–FOXO3a axis as a critical pathway that
promotes the progression of osteosarcoma and leads to poor prognosis. Genetically targeting or
pharmacologically inhibiting DEPDC1/EEF1A1–FOXO3a axis may serve a promising strategy for
targeting human osteosarcoma.

Background
Osteosarcoma is a common primary malignant bone tumor in children and adolescents. Surgical
resection and drug chemotherapy are the main treatment for osteosarcoma. However, the side effects of
chemotherapy drugs and the drug resistance of osteosarcoma often lead to poor prognosis [1-3]. Thus
deciphering the molecular mechanisms underlying the osteosarcoma progression is of urgent.

Recent studies mainly focused on exploring the critical oncogenes that promote the occurrence and
development of osteosarcoma. Because the occurrence and development of malignant tumor is a
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continuous and complex process, involving a variety of changes in gene expression. A large number of
studies have found that XIAP, COX-2, Livin and other genes are highly expressed in osteosarcoma, while
Caspase-3 and tp53 genes are low expressed in osteosarcoma [4-8]. XIAP and Livin are the main
members of apoptosis inhibitory protein family, which can directly affect Caspase-3, Caspase-7i and
Caspase-9, thus inhibiting the apoptosis of tumor cells [5, 7-9]. High expression of COX-2 is mainly
involved in promoting tumor angiogenesis and inhibiting tumor apoptosis [6]. As a tumor suppressor
gene, tp53 gene induces apoptosis of tumor cells through Bax/Bcl2, Fas/Apol and IGF-BP3 [9]. According
to the change of spatial conformation, mutant p53 losts the regulatory effect on cell growth, apoptosis
and DNA repair, and will transform from tumor suppressor gene into oncogene [10]. Therefore, it has been
confirmed that the gene regulation network of osteosarcoma mainly suppresses the apoptosis of tumor
cells, but the underlying mechanism in proliferation and metastasis of osteosarcoma is still unclear. Our
aim is to screen the differentially expressed genes of osteosarcoma, and explore the mechanism of
promoting tumor proliferation and metastasis in vivo and in vitro, which is conducive to the development
of new molecular targeted drugs, improve the therapeutic effect, reduce the risk of adverse reactions, and
improve the survival rate of osteosarcoma patients [11].

EEF1A1, a subtype of eukaryotic translation extension factor 1A (EEF1A), is involved in the process of
protein translation. Recently, it has been found that EEF1A1 mediates the epithelial-mesenchymal
transition (EMT) of breast cancer cells to promote the occurrence and metastasis through the formation
of TGF-β-activated-translational (BAT) mRNP complex [12]. Slega E et al. found that EEF1A1 was
overexpressed among the pancreatic cancer, leukemia and osteosarcoma cell lines, and siRNA treatment
against EEF1A1 produced a chemosensitization toward MTX. In addition, biological association networks
identified DKK1, UGT1As and EEF1A1 as important gene nodes in MTX-resistance [13]. However, it is still
unclear which oncogenes regulate EEF1A1 and how it participates in the proliferation and metastasis of
osteosarcoma.

FOXO3a belongs to Forkhead transcription factor (FOXO) family. Its role in tumor inhibition has been
widely studied. Phosphorylation of FOXO3a by AKT promotes its translocation from the nucleus to the
cytoplasm, and then enhancing the expression of cyclin D1 and tumor cell proliferation and
metastasis [14-17]. However, it is unclear whether FOXO3a plays a critical role in osteosarcoma is elusive.

DEP domain-containing 1 (DEPDC1) is a newly identified tumor-related gene. Recent studies have shown
that DEPDC1 is overexpressed in bladder cancer, breast cancer, lung adenocarcinoma and other
malignant tumor types [18-21]. DEPDC1 inhibits cell apoptosis by activating the NF–κB pathway to
promote the progression of bladder cancer [19]. However, It is not clear whether DEPDC1 can promote the
development of cancer in human osteosarcoma, and whether DEPDC1 can promote the proliferation and
invasion of osteosarcoma cells. From the online database, we screened differentially expressed genes in
osteosarcoma patients and found that DEPDC1 was highly expressed in human osteosarcoma tissues
and cells. Therefore, DEPDC1 might be a crucial oncogene for the progression of osteosarcoma.
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In this study, we revealed that DEPDC1 combined with EEF1A1 to inhibit the expression of FOXO3a and
promote its phosphorylation, ultimately inducing the proliferation and migration of osteosarcoma cells
and significantly reducing the survival rate of osteosarcoma patients. Our data suggest that the
DEPDC1–EEF1A1–FOXO3a axis may be a new effective target for treating human osteosarcoma.

Methods
Clinical samples and survival time analysis

Osteosarcoma tissue samples, its adjacent tissues, and the corresponding clinical data were obtained
from Jinan Central Hospital, Qilu Hospital of Shandong University, and Xi'an Best Biotechnology Co., Ltd
(Xian, China). Details are provided in Additional file 1: Materials and Methods.

Gene Expression Omnibus data analysis of differential gene expression in human osteosarcoma

Eight datasets (species: Homo sapiens) were downloaded from the NCBI Gene Expression Omnibus
(GEO) database including GSE11414, GSE12865, GSE14359, GSE16088, GSE19276, GSE28424,
GSE36001, and GSE9508. Details are provided in Additional file 1: Materials and Methods.

Lentiviral constructs and cell infection

Overexpression or downregulation of DEPDC1 was induced with a GV-based lentiviral vector system.
Details are provided in Additional file 1: Materials and Methods. The core sequences of target gene
fragments in each group are shown in Additional file 3: Supplementary Table. S1.

Plasmids

The construction of DEPDC1 plasmid and four segments of its full-length sequence (15–106, 107–180,
181–406, 407–527) are listed in Additional file 3: Supplementary Table S1. The construction of plasmids
containing EEF1A1/siEEF1A1/siFOXO3a is also listed in Additional file 3: Supplementary Table S1 and
Additional file 4: Supplementary Fig. S3b.

Immunofluorescentstaining

For a detailed description of cell and tissue immunofluorescence staining, please refer to Additional file 1:
Materials and Methods and Additional file 2: Supplementary Method 1, respectively.

Construction of FOXO3-GFP reporter plasmid

The sequence of the FOXO3-GFP reporter plasmid is listed in Additional file 4: Supplementary Fig. S2I.
Details are provided in Additional file 1: Materials and Methods. and Additional file 2: Supplementary
Method 2.

Statistical analysis
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Data were processed in GraphPad Prism 6.0 (GraphPad Software, CA, USA) and SPSS v. 20.0 (IBM Corp.,
NY, USA). Details are provided in Additional file 1: Materials and Methods.

Further applied methods

Additional cell culture, clinical samples, survival time analysis, Gene Expression Omnibus data analysis
of differential gene expression in human osteosarcoma, lentiviral constructs and cell infection,
quantitative real-time PCR, western blotting, immunohistochemical staining and scoring, cell proliferation
assay, clonogenic survival assay, apoptosis analysis, wound healing assay, plasmids,
immunoprecipitation, immunofluorescent staining, animal xenograft tumorigenesis assay, RNA
sequencing, construction of FOXO3-GFP reporter plasmid, H&E staining and statistical analysis are
further described in the Additional file 1: Materials and Methods.

Results
DEPDC1 is highly expressed in human osteosarcoma tissues and cells

To explore the crucial oncogenes related to osteosarcoma progression, we analysed the differential gene
expression between an osteosarcoma group and a normal group by using the Gene Expression Omnibus
(GEO) database including 25,035 annotated genes to (Additional file 3: Supplementary Table. S2). Genes
with |logFC|>1 and P<0.05 were selected as considered as differentially expressed genes. A total of 1,355
differentially expressed genes were screened out (523 upregulated genes and 832 downregulated genes).
A heatmap was constructed for these interested genes (Fig. 1A). For the combined adjusted P- and logFC
values, the logFC value of DEPDC1 was the largest (logFC=1.204), with a corresponding adjusted P-value
of<0.05, thus reaching significance, and the relative expression level of DEPDC1 in the osteosarcoma
group was 2.3 times higher than that in the control group (Fig. 1B). We next examined the protein and
RNA expression of DEPDC1 in the osteosarcoma of clinical patients. We found that DEPDC1 was widely
expressed in osteosarcoma tissues and osteosarcoma cell lines (HOS, MG-63, and Saos-2) compared
with the para-carcinoma tissues and the human osteoblastic cell line Hfob1.19 (Fig. 1C–E).

Suppression of DEPDC1 expression could significantly inhibit the proliferation and metastasis, but induce
apoptosis of osteosarcoma cells

To further explore the functional role of DEPDC1 in osteosarcoma, compared with the control group
(shCtrl), we obviously silenced the expression of DEPDC1 in osteosarcoma cells using siDEPDC1
lentivirus infection (Additional file 4: Supplementary Fig. S1C, D). We found that the DEPDC1 knockdown
led to cell growth arrest (Fig. 1F, G), increased apoptosis induction (Fig. 1H), and repressed clone
formation (Fig. 1I) and cell migration (Fig. 1J). Taken together, all of these findings demonstrate that
DEPDC1 is an oncogene to promote the osteosarcoma cancer cell growth and cell migration while inhibit
apoptosis.
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DEPDC1 promotes the proliferation and migration of osteosarcoma cells by binding to and upregulating
EEF1A1

To determine the specific signalling pathway of DEPDC1 involved in the proliferation and metastasis of
osteosarcoma cells, we performed the immunoprecipitation (IP) and mass spectrometry to probe into the
candidate proteins interacting with DEPDC1. We found that EEF1A1 was one of the most likely proteins to
bind with DEPDC1 (Fig. 2A, B and Table. 1). Then we performed co-immunoprecipitation (co-IP)
experiments, which showed that they formed a complex in osteosarcoma cells (Fig. 2C). Overexpression
of DEPDC1 in osteosarcoma cells by DEPDC1 lentivirus infection (Additional file 4: Supplementary Fig.
S3B) increased the expression of EEF1A1, while downregulation of DEPDC1 suppressed the expression of
EEF1A1 (Fig. 2d). To identify the binding site of DEPDC1 to EEF1A1, we constructed four plasmids
concluding different DEPDC1 fragments (15–106, 107–180, 181–406, and 407–527) (Additional file 3:
Supplementary Table S1). We co-transfected FLAG-tagged-DEPDC1and His-tagged-EEF1A1 into 293T
cells and HOS cells. DEPDC1 and its four fragments were successfully expressed after transfection, as
detected with a FLAG antibody (Fig. 2E top). The fragments of 15–106, 107–180, and 407–527 showed
strong binding with His-tagged-EEF1A1, while the binding was lost in 181–406 (Fig. 2E bottom). These
results suggested that DEPDC1 binds to EEF1A1 at three domains, 15–106, 107–180, and 407–527.
Immunofluorescence staining showed that when DEPDC1 was over expressed, DEPDC1 and EEF1A1 were
co-localized in the nucleus, further supporting the interaction between DEPDC1 and EEF1A1 (Fig. 2F).
Subsequently, we silenced EEF1A1 expression with siRNAs targeting the open reading frame of EEF1A1
(siEEF1A1; Additional file 3: Supplementary Table S1). Silencing of EEF1A1 decreased DEPDC1-induced
proliferation (Fig. 2F) and migration (Fig. 2G) of both HOS and MG-63 cells. Collectively, these results
demonstrated that DEPDC1 interacts with EEF1A1, which is crucial for DEPDC1 promotion on the
proliferation and migration of osteosarcoma cells .

DEPDC1 inhibits FOXO3a expression by regulating the binding of EEF1A1 to DEPDC1

To further explore the signalling pathway involved in the promotion of DEPDC1–EEF1A1 complex on
human osteosarcoma, we performed RNA-seq to investigate the differentially expressed genes in
DEPDC1-knockdown cells (Fig. 3A). Transcription factor enrichment analysis with TFactS, showed FOXO3
as a transcription factor significantly regulated by DEPDC1 (Fig. 3B). Moreover, overexpression of
DEPDC1 decreased the mRNA and protein expression of FOXO3a, while upregulated cyclin D1 expression.
Furthermore, the low expression of DEPDC1 increased the mRNA and protein expression of FOXO3a,
decreasing cyclin D1 expression (Fig. 3C, D). Meanwhile, after downregulating DEPDC1, the
lowexpression of FOXO3a inhibited the apoptosis of osteosarcoma cells and promoted their migration
(Fig. 3E, F). DEPDC1 and EEF1A1 were co-localized in the nucleus, further supporting the interaction
between DEPDC1 and EEF1A1 (Fig. 3G left). FOXO3a and p-FOXO3a were mainly colocalized in the
cytoplasm. FOXO3a was mainly located in the nuclei of osteosarcoma cells after knockdown of DEPDC1
expression (Fig. 3G right). Compared with the control group, FOXO3a was up-regulated in the cytoplasm
after DEPDC1 expression was inhibited, while EEF1A1 and p-FOXO3a were down-regulated in the nucleus
and cytoplasm, respectively (Fig. 3G middle). To further explore the regulatory effect of DEPDC1 and
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EEF1A1 on FOXO3a, we successfully constructed a FOXO3-GFP reporter plasmid (Additional file
4:Supplementary Fig. S2I). Compared with the control group, after overexpression of DEPDC1 in HOS and
MG-63 osteosarcoma cell lines, the GFP fluorescence intensity of FOXO3 was significantly inhibited. Then
the GFP fluorescence intensity of FOXO3 was gradually enhanced while decreasing EEF1A1 expression
(Fig. 3H). Conversely, when DEPDC1 was downregulated, the GFP fluorescence intensity of FOXO3 was
significantly enhanced, and the GFP fluorescence intensity of FOXO3 was decreased while increasing
EEF1A1 expression (Fig. 3H). These results suggest that the combination of DEPDC1 and EEF1A1
promotes FOXO3a to translocate from the nucleus for phosphorylation, thus promoting the migration of
osteosarcoma cells and inhibiting their apoptosis.

Perturbed expression of DEPDC1 inhibits the proliferation of osteosarcoma cells in vivo

To investigate the role of DEPDC1 in the progression of osteosarcoma cells in vivo, we successfully
constructed a nude mouse xenograft model (Fig. 4A). In this model, downregulation of DEPDC1 in human
osteosarcoma cells significantly suppressed tumor growth compared with control cells (Fig. 4B, D, E).
Hematoxylin and eosin (H&E) staining showed that the DEPDC1-knockdown tumor cells presented with
nuclear concentration and cytoplasmic fibrosis (Fig. 4C). Moreover, EEF1A1 expression was decreased,
but FOXO3a was increased, in the DEPDC1-knockdown xenograft model of nude mice, as detected by
immunohistological staining (Fig.4F, H) and immunofluorescence (Fig. 4G, I), respectively. This implied
that the DEPDC1/EEF1A1–FOXO3a axis also promotes the proliferation of human osteosarcoma cells in
vivo.

DEPDC1 expression was correlated with human osteosarcoma progression, high level of EEF1A1 and low
level of FOXO3a

To explore the relationship between the DEPDC1/EEF1A1/FOXO3a axis and the clinicopathological
characteristics of osteosarcoma patients, we analysed the expression of DEPDC1, EEF1A1, and FOXO3a
in human osteosarcoma tissue samples. We used immunohistochemical staining to investigate the
relationship between the expression of DEPDC1, EEF1A1, and FOXO3a and the different
clinicopathological features of patients with osteosarcoma (Fig. 5A). At the same time, the expression of
DEPDC1 protein was positively correlated with EEF1A1 but negatively correlated with FOXO3a, which
indicated that the development of human osteosarcoma may be related to the DEPDC1/EEF1A1–
FOXO3a pathway (Fig. 5B). The protein expression levels of either DEPDC1 or EEF1A1 were higher in the
advanced TNM stage group and the lymphatic metastasis-positive group. However, FOXO3a was
expressed at lower levels in either the advanced TNM stage or lymphatic metastasis-positive groups (Fig.
5C and Additional file 3： Supplementary Table. S3). Subsequently, ROC curves demonstrated that the
area under the curves (AUC) of the DEPDC1-, EEF1A1-, and FOXO3a-based predictions were 0.7908, 0.79,
and 0.7528, respectively, suggesting that they all could be used to predict the survival rate of
osteosarcoma patients (Fig. 5D). Importantly, the higher expression levels of either DEPDC1 or EEF1A1
and lower expression of FOXO3a were highly associated with the decreased survival time of
osteosarcoma patients (P<0.001, Fig. 5E). Interestingly, the survival time was shortest in the high
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expression groups of DEPDC1 and EEF1A1 (Fig. 5F) and the groups with high DEPDC1 but low FOXO3a
expression (Fig. 5G). Fig. 5H showed that the group with high expression of both DEPDC1 and EEF1A1,
but low expression of FOXO3a, had the shortest survival time. Furthermore, the χ2 value of log-rank
(Mantel-Cox) test in the three-index group is 74.05, demonstrating that it is better to predict the patients’
survival time by combining three indices. Therefore, we conclude that the DEPDC1/EEF1A1–FOXO3a axis
is closely related to the clinicopathological characteristics of osteosarcoma patients, and can accurately
predict the survival time of osteosarcoma patients, which indicates that this axis can be used as a
molecular marker of human osteosarcoma.

Discussion
In this study, we explored a new mechanism of DEPDC1-induced proliferation and migration of
osteosarcoma cells. The expression of DEPDC1 in osteosarcoma was similar to that of EEF1A1 but was
negatively correlated with FOXO3a. Therefore, we speculated that the complex formed by DEPDC1 and
EEF1A1 enhanced the expression of EEF1A1 and ultimately led to the downregulation of FOXO3a, thus
promoting the proliferation and migration of osteosarcoma cells in vitro and in vivo (Fig. 6).

DEPDC1 is a newly discovered tumor-related gene that has a highly conserved domain. Many studies
have found that proteins with DEP domains can regulate many cellular functions, such as cell membrane
anchoring, signal transduction, cell polarity establishment, and regulation of small molecule GTP enzyme
activity [22]. Recent studies have shown that DEPDC1 is overexpressed in bladder cancer, breast cancer,
lung adenocarcinoma, and other malignant tumor types [19-21]. In addition, Harada et al. found that
DEPDC1 mainly inhibited cell apoptosis through the NF–κB signalling pathway, and then promoted the
progression of bladder cancer [19]. Furthermore, DEPDC1 can also be used in the diagnosis and
treatment of various tumors. Kretschmer et al. found that DEPDC1 and FOXM1 are significantly
upregulated in ductal carcinoma in situ (DCIS), and thus can be used to identify early molecular markers
of breast cancer [23]. S-288310, a cancer peptide vaccine containing oncoantigens against DEPDC1, is
well tolerated and can effectively prolong the survival time of patients with urothelial carcinoma of the
bladder [18]. However, it remains unclear whether DEPDC1 is the main mechanism of promoting the
proliferation and migration of malignant tumors. In this study, we found that DEPDC1 was highly
expressed in human osteosarcoma through the GEO database analysis and confirmed this result in
osteosarcoma tissues and cells (Fig. 1). At the same time, through co-IP and RNA-seq experiments, we
found that DEPDC1 inhibits the expression of FOXO3a in combination with EEF1A1, thereby promoting
the proliferation and migration of osteosarcoma in vitro and in vivo (Fig. 2–5).

Eukaryotic translation elongation factor 1A (EEF1A) is an important molecule involved in the translation
function in protein synthesis. EEF1A can be divided into two subtypes, EEF1A1 and EEF1A2. In humans,
EEF1A is encoded by two genes on chromosomes 6 and 20, which are mainly involved in apoptosis, cell
cycle regulation, protein degradation, and post-translation modifications [24-26]. EEF1 complex members
are necessary in the eukaryotic elongation process. Recently, it has been found that EEF1A1 is related to
cancer occurrence [13, 27]. Genetic changes in EEF1A1 were detected by The Cancer Genome Atlas
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(TCGA) to explore its potential impact on selected epigenetic modulators. However, the specific upstream
and downstream regulatory molecules that bind to EEF1A1 were not accurately investigated, nor the
clinical correlation between the expression of EEF1A1 and the prognosis of tumor patients [28].
Furthermore, the role of EEF1A1 in the proliferation and metastasis of osteosarcoma has not been
studied. In our study, we found that DEPDC1 directly binds to and promotes the expression of EEF1A1 in
the nuclei of osteosarcoma cells, thus promoting the proliferation and migration of osteosarcoma cells in
vitro and in vivo (Fig. 2 and 4).The 15–106, 107–180, and 407–527 fragments of DEPDC1 showed strong
binding with EEF1A1 (Fig. 2E bottom). Furthermore the 15–106 domain of DEPDC1 is the DEP domain,
named after Dishevelled, Egl-10, and Pleckstrin, in which this domain was first discovered. The function
of this domain remains unclear, but is believed to be important for the membrane association of the
signalling proteins in which it is present [29, 30]. In addition, this report for the first time revealed the
relationship between the expression of DPEDC1/EEF1A1 and the clinical prognosis of osteosarcoma
patients (Fig. 5). The expression of EEF1A1 in osteosarcoma is positively correlated with DEPDC1, and
the high expression of both can reduce the survival time of osteosarcoma patients, which indicates that
DEPDC1 and EEF1A1 are potential prognostic markers and therapeutic molecular targets of
osteosarcoma.

The Forkhead transcription factors (FOXO), also named Forkhead-like protein (FKHR), is a family
transcription factors that was identified in 2000. There are four types in mammals, FOXO1, FOXO3a,
FOXO4, and FOXO6, which are distributed on different chromosomes [31]. The common feature of this
family is the conserved DNA domain, namely, the Forkhead box. This protein family regulates apoptosis,
cell cycle, cell proliferation, DNA damage repair, and cancer development, and inhibits tumor cell
proliferation [28]. FOXO3a is among the most widely studied members of the Forkhead family. It is
located on human chromosome 6q21 and is expressed in gastrointestinal, liver, ovary, prostate, and
breast tissue as well as others [32, 33]. FOXO3a dysfunction leads to uncontrolled cell proliferation and
DNA damage accumulation, resulting in tumorigenic effects [34, 35]. The main mechanism regulating
FOXO3a activity and its target genes is the control of the nuclear–cytoplasmic shuttling of FOXO3a. The
phosphorylation of FOXO3a leads to its translocation from the nucleus to cytoplasm, followed by binding
to 14-3-3 protein in the cytoplasm, and then FOXO3a is degraded in a ubiquitin-/proteasome-dependent
manner [36, 37]. The balance of nuclear–cytoplasmic shuttling is crucial for maintaining the function of
FOXO3a. The loss of this balance leads to the occurrence and development of various diseases including
cancer [38, 39]. Studies have shown that the Wnt–β-catenin and PI3K–AKT–FOXO3a pathways have a
central role in cancer. AKT phosphorylates FOXO3a, promoting its translocation from the cell nucleus to
the cytoplasm. When this effect was reversed by PI3K and AKT inhibitors, the accumulation of FOXO3a in
the nucleus increased, which promoted the apoptosis of colon cancer cells and inhibited their metastasis
[40]. Additionally, Hu et al. found that nuclear exclusion of FOXO3a by AKT contributed to cell survival.
They also observed that Iκβ kinase (IKK) can promote FOXO3a phosphorylation, inhibiting the expression
of FOXO3a, and finally causing FOXO3a protein hydrolysis through the ubiquitin-dependent proteasome
pathway. The expression and accumulation of FOXO3a in the nucleus is reduced by IKKβ, which
promotes the proliferation of breast cancer cells and is related to the low survival rate of breast



Page 10/23

cancer [41]. However, there have been no further studies on whether oncogenes are involved in the
transcription and expression of FOXO3a, affecting the balance of nuclear–cytoplasmic shuttling and
promoting the occurrence and development of tumors. Lei et al. found that DEPDC1 overexpression
facilitated cell proliferation and tumor growth through increasing the expression of FOXM1 in TNBC cells
[23]. FOXM1 is negatively regulated by FOXO3a, supports cell survival, drug resistance, colony formation
and proliferation in vitro, and promotes tumor development in vivo [42]. At the same time, the FOXO3-
FOXM1 axis is a key cancer drug target and a modulator of cancer drug resistance [43]. But so far, there is
no report to explore the relationship between DEPDC1 and FOXO3a and their interaction mechanism. In
this study, we found that FOXO3 had the best correlation with DEPDC1 expression in human
osteosarcoma cells by RNA-seq (Fig. 3A, B and Additional file 4: Supplementary Fig. S2). Later, we found
that DEPDC1 forms a complex with EEF1A1. Upregulation of DEPDC1 promoted the accumulation of
EEF1A1 in the nuclei of osteosarcoma cells and then inhibited the expression of FOXO3a, restricting its
distribution to the cytoplasm, while the expression of phosphorylated FOXO3a increased (Fig. 2–4). When
DEPDC1 was downregulated, the opposite result was obtained (Fig. 2–4). Furthermore, the expression of
FOXO3a was negatively correlated with DEPDC1 in human osteosarcoma and lowexpression of FOXO3a
shortened the survival time of patients with osteosarcoma (Fig. 5). Therefore, we observed that inhibition
of FOXO3a expression could significantly promote tumor proliferation and migration while reducing the
survival time of tumor patients, which is consistent with many previous reports. Wasim et al. found that
EEF1A1 can activate AKT dependent cell migration and tumor proliferation [44, 45]. In addition, AKT
phosphorylates FOXO3a, promoting tumor proliferation and metastasis [46].

Cyclin D1 is an important regulator of the cell cycle and has a vital role in tumor development. In the cell
cycle, cyclin D1 levels are regulated by many factors and change periodically. Cyclin D1 regulates cell
proliferation from G1 phase to S phase. Overexpression of cyclin D1 shortens the time from G1 to S
phase and accelerates the transformation of the cell cycle, leading to uncontrolled cell proliferation and
migration and finally tumor occurrence [17]. In addition, cyclin D1 is the critical downstream molecule of
the FOXO3a signalling pathway, and is negatively correlated with FOXO3a expression (Fig. 3C, D).
Tudzarova et al. found that FOXO3a activates the ARF–Hdm2–p53–p21 pathway, and p53 in turn
activates expression of the Wnt/β-catenin signalling antagonist DKK3, leading to cyclin D1
downregulation [17]. Zheng et al. also found that FOXO transcription factors repress cyclinD1
transcription. Failure to hydroxylate FOXO3a promotes its accumulation in cells, which in turn suppresses
cyclin D1expression [47]. Lin et al. found that FLOT1 knockout inhibited the proliferation and
tumorigenicity of breast cancer cells by upregulating FOXO3a and then downregulating cyclin D1 [48].
Meanwhile, the overexpression of EEF1A1 regulates G1-phase progression to promote HCC proliferation
through the STAT1-cyclin D1 pathway [49]. STAT1 has been proved to have the same effect as AKT,
which can phosphorylate FOXO3a [50]. However, it has not been reported whether the complex formed by
DEPDC1 and EEF1A1 in human osteosarcoma weakens the inhibitory effects of FOXO3a on cyclin D1 to
ultimately affect tumor progression.

Combined with this study and many previous studies, we first found that the proliferation and migration
of osteosarcoma cells are affected through the DEPDC1–EEF1A1–FOXO3a–cyclin D1 signalling
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pathway in vitro and in vivo. Therefore, we speculated that in human osteosarcoma cells, high expression
of DEPDC1 permits it to form a complex with EEF1A1 and promote the expression of EEF1A1, thus
inhibiting the synthesis of FOXO3a. At the same time, FOXO3a translocates from the nucleus and is
phosphorylated, which eventually decreases the inhibitory effect of FOXO3a on cyclin D1 and promotes
the growth of human osteosarcoma. However, there are many limitations in this study, such as how
FOXO3a is degraded after leaving the nucleus and how it affects the expression of downstream cyclin D1
in osteosarcoma, thus inhibiting the progression of osteosarcoma. Further studies are required to
elucidate this. In conclusion, our study suggests that the DEPDC1–EEF1A1–FOXO3a–cyclin D1 pathway
may be a promising target for the prevention and treatment of human osteosarcoma.

Conclusion
In this study, we deciphered the mechanism of DEPDC1 promoting the development of osteosarcoma,
which will provide new therapeutic targets for further development of new anticancer drugs. At the same
time, DEPDC1–EEF1A1–FOXO3a axis can accurately predict the clinical characteristics and prognosis of
patients, thus providing new methods and strategies for tumor diagnosis and treatment.
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Figure 1

DEPDC1 is highly expressed in GEO database and human osteosarcoma tissues and cells, meanwhile,
down-regulation of DEPDC1 significantly inhibits the growth, metastasis and promoted the apoptosis of
osteosarcoma cells. A, B Heat map and bar chart showing the expression levels of DEPDC1 across the
human osteosarcoma among GEO database. C Representative immunohistochemical (IHC) staining of
DEPDC1 protein expression classified in osteosarcoma patient tissues. Scale bar, 100 μm. D, E RT-PCR
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and Western blot analysis of DEPDC1 expression in osteosarcoma cells and normal human osteoblasts.
F, G Celigo cytometer detection and MTT assays showed that knockdown of DEPDC1 expression in HOS
cells significantly suppressed the cell proliferation. H Flow cytometry was used to determine the
apoptosis percentages of each group. I Cell clone formation of HOS and MG-63 cell lines after
knockdown of DEPDC1. J The cell scratch assay was used to examine the metastatic abilities of HOS
and MG-63 osteosarcoma cells after inhibiting the expression of DEPDC1. ***p<0.001,****p<0.001.

Figure 2

DEPDC1 enhances the growth and metastasis of osteosarcoma cells by binding to the extension factor 1-
alpha 1 (EEF1A1) and promoting the expression of EEF1A1. A Coomassie blue staining of IgG and
DEPDC1 in HOS and MG63 cells. The differential protein expression molecular weight is 55kda. B
Adapted image of a mass spectra for EEF1A1. C Co-immunoprecipitation (Co-IP) of DEPDC1 and EEF1A1
in osteosarcoma cells. D Western blot analysis of the correlation between DEPDC1 and EEF1A1 after up-
regulation and down-regulation of the DEPDC1 gene in osteosarcoma cells. E Co-IP assay to detect the
binding site of DEPDC1 to EEF1A1 in 293T cells and HOS cells. Plasmids of FLAG-tagged DEPDC1 and
its N-terminal deletion mutants or C-terminal deletion mutants and His-tagged EEF1A1 were co-
transfected. Cell lysates were immunoprecipitated with His antibody and probed with FLAG antibody.
Expression of FLAG-tagged N-terminal deletion or C-terminal deletion mutants of DEPDC1 probed by
FLAG antibody after transfection for 48h (top). Co-IP assay immunoprecipitated (bottom) with His
antibody and probed with FLAG antibody. The binding regions of DEPDC1 and EEF1A1 were 15-106,107-
180 and 407-527. F,G Cell clone formation and cell scratch assay were used to examine the proliferation
and metastatic abilities of HOS and MG-63 osteosarcoma cells, while knockdown of EEF1A1 after
DEPDC1 overexpression.*p<0.05, **p<0.01.
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Figure 3

Down-regulation of DEPDC1 inhibits the metastasis and promotes the apoptosis of osteosarcoma cells
by up-regulating forkhead box O3 activation (FOXO3a). A Heat map of differential mRNA clustering
microarray analysis in osteosarcoma cells after down-regulation of DEPDC1. B E−value scores and
intersection percentage for significantly regulated TFs showed that FOXO3a was the best candidate
molecule for the downstream regulation of DEPDC1. C, D Western blot analysis and Real-time PCR were
used to analyze the correlation between DEPDC1 and FOXO3a pathway after up-regulation and down-
regulation of DEPDC1 gene in HOS and MG-63 cells. After down-regulating DEPDC1, FOXO3a was down-
regulated in HOS and MG-63 osteosarcoma cells for flow cytometry of apoptosis (E) and cell scratch
assay (F). G Immunofluorescence staining of DEPDC1, EEF1A1, FOXO3a and p-FOXO3 in Ctrl group and
shDEPDC1 group. H The GFP fluorescence intensity of FOXO GFP Reporter Plasmid regulated by DEPDC1
and EEF1A1. *p<0.05, **p<0.01.
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Figure 4

Down-regulation of DEPDC1 inhibits the growth of osteosarcoma cells in vivo. A The sizes of xenograft
tumors in NC group and shDEPDC1group. B Representative primary tumor volumes and tumor images
are shown. C Representative H&E staining images of the two groups. Scale bar, 100 μm. Mean tumor
weight (D) and tumor volume (E) of NC group and shDEPDC1group. F Representative IHC image of
xenograft tumors for DEPDC1, EEF1A1 and FOXO3a in shCtrl group and shDEPDC1group. G The
immunofluorescent staining of DEPDC1, EEF1A1 and FOXO3a in the two groups. H Quantitative results
were derived from (F), using Image J software. I Quantitative results were derived from (G) using Image J
software. **p<0.01, ***p<0.001.
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Figure 5

The expression of DEPDC1 in human osteosarcoma is consistent with EEF1A1, but negatively correlated
with FOXO3a. A Representative immunohistochemical staining image of DEPDC1, EEF1A1, FOXO3a in
osteosarcoma and related adjacent non-cancerous tissues. B The correlation between the protein levels
of DEPDC1 and EEF1A1 (left). The correlations between the protein levels of DEPDC1 and FOXO3a (right)
(p<0.0001). C The association between DEPDC1/ EEF1A1/ FOXO3a expression and TNM stage/
lymphatic metastasis in patients with osteosarcoma (p<0.01). D The receiver operating characteristic
(ROC) curves for predicting patients’ survival time using DEPDC1/ EEF1A1/ FOXO3a expression. E
Kaplan–Meier analyses of overall survival according to DEPDC1/ EEF1A1/ FOXO3a expression levels
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(p<0.01). AUC, area under the curve; TNM, tumor node metastases. F, G Kaplan-Meier analyses of overall
survival time combining two indices (p<0.0001). H Kaplan-Meier analyses of overall survival time
combining three indices (p<0.0001).

Figure 6

A proposed model of the signaling pathway for DEPDC1 regulating the human osteosarcoma
proliferation, metastasis and apoptosis. In this model, DEPDC1 improves the expression of EEF1A1 and
enhances the binding to EEF1A1, thus form a complex to inhibit the FOXO3a which could block tumor
progression. This process ultimately promotes the proliferation, migration and inhibits the apoptosis of
osteosarcoma.
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