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Abstract. The aim of this study was to investigate whether 
the early endosome antigen 1 (EEA1) and/or PI3K pathway is 
involved in the molecular mechanisms underlying the effects 
of the six-transmembrane protein of prostate 4 (STEAP4; also 
called STAMP2 and TIARP) on the insulin sensitivity of human 
adipocytes. Our data demonstrated that siRNA-mediated 
STEAP4 deficiency significantly decreased insulin-stimulated 
glucose transport in mature human adipocytes by decreasing 
GLUT4 translocation to the plasma membrane through 
attenuated Akt phosphorylation. We further found that EEA1 
may not be involved in the mechanisms underlying the effects 
of STEAP4 on insulin-stimulated glucose uptake and GLUT4 
translocation, as indicated by the results that i) STEAP4 
does not alter the effects of EEA1 on insulin-stimulated 
glucose uptake and GLUT4 translocation; ii) STEAP4 does 
not modify the expression of EEA1 protein; and iii) STEAP4 
does not interact with EEA1 according to FRET analysis. 
In conclusion, this study revealed that the knockdown of 
STEAP4 inhibits insulin-stimulated glucose transport and 
GLUT4 translocation via the attenuated phosphorylation of 
Akt, independent of the effects of EEA1.

Introduction

Insulin resistance is a common feature of obesity and is impli-
cated in its metabolic complications, including type 2 diabetes 
and cardiovascular disease. Various pathways and factors 
in white adipose tissue have been proposed to contribute to 
obesity-associated insulin resistance (1). Despite years of 
investigation, the molecular mechanisms that link obesity and 
insulin resistance have not been completely elucidated, and 
remain the subject of intensive research.

Our previous studies showed that the six-transmembrane 
protein of prostate 4 (STEAP4; also called STAMP2 and TIARP), a 
novel obesity-related gene abundantly expressed in human omental 
adipose tissue, participates in the regulation of insulin in human 
adipocytes (2-4). Other studies on STEAP4 have also revealed that 
this gene is associated with insulin resistance (5,6). However, the 
molecular events underlying the effects of STEAP4 on the regula-
tion of insulin sensitivity have yet to be fully elucidated.

Korkmaz et al demonstrated that STEAP4 localizes to 
vesicular-tubular structures in the cytosol and colocalizes 
with the early endosome antigen 1 (EEA1), which has been 
proposed to mediate early endosome fusion (7). EEA1 was 
identified to interact with PI3P, a product of PI3K, via a 
double zinc finger FYVE domain at its C terminus (8-10). 
Treating cells with the PI3K inhibitor wortmannin causes the 
dissociation of EEA1 from early endosomes (11). At present, 
it is generally well accepted that PI3K is required for fusing 
GLUT4-containing vesicles with the plasma membrane, while 
insulin-stimulated glucose uptake is mediated primarily by 
the rapid movement of GLUT4 from a latent intracellular 
compartment to the cell surface (12). Therefore, we speculated 
that the involvement of the EEA1 and/or PI3K pathway in the 
molecular mechanisms underlying the effects of STEAP4 may 
influence the insulin sensitivity of human adipocytes.

Materials and methods

Plasmids. The STEAP4 and EEA1 RNAi targeting sequences 
were designed using the RNAi design algorithm SVM RNAi 
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2.0 (Chang Bioscience Inc., Castro Valley, CA, USA). Four 
predicted target sequences for each were synthesized and 
cloned into the pre-cut retroviral vector pCHAC-shRNA-
Hygro according to the manufacturer's instructions (Allele 
Biotech and Orbigen Inc., San Diego, CA, USA). The specific 
sequence for green fluorescent protein (GFP) was used as a 
negative control for the RNAi experiment (Allele Biotech and 
Orbigen Inc., San Diego, CA, USA).

To overexpress STEAP4, the open reading frame (ORF) 
of STEAP4 was amplified using the primers 5'-CGC GCT 
CGA GGC CAC CAT GGA GAA AAC TTG TAT AGA-3' 
and 5'-CGA AGG CGG CCG CCT AGT GTT TTG AGT 
TCC TTT CC-3' and inserted into the XhoI/NotI sites of the 
retroviral pCHAC-MCS-IRES-NeoR vector (Allele Biotech 
and Orbigen Inc.).

The GLUT4-7Myc-GFP reporter was a kind gift from 
Jonathan S. Bogan (13). For easy packaging, the GLUT4-
7Myc-GFP expression cassette was sub-cloned into the 
BamHI/SalI sites of the retroviral pCHAC-MCS-IRES-NeoR 
vector (Allele Biotech and Orbigen Inc.).

Virus generation and infection. Ampho packaging cells 
(Allele Biotech and Orbigen Inc.) were transfected with 
retroviral expression vectors using GenePORTER 2 reagent 
(Genlantis Inc., San Diego, CA, USA) following the manu-
facturer's instructions. Supernatants were collected 48 h after 
transfection, filtered through a 0.45‑µm membrane, supple-
mented with hexadimethrine bromide (polybrene) to a final 
concentration of 4 µg/ml, and applied directly to the human 
preadipocytes.

Cell culture and differentiation of human preadipocytes. 
Human preadipocytes (ScienCell Research Laboratories, 
San Diego, CA, USA) were maintained in Dulbecco's modi-
fied Eagle's medium (DMEM; Gibco, Carlsbad, CA, USA) 
containing 10% fetal bovine serum (FBS; Gibco, Carlsbad, 
CA, USA), 100 U/ml penicillin and 50 µg/ml streptomycin at 
37°C in 5% CO2. After infection, confluent human preadipo-
cytes (day 0) were cultured in serum-free DMEM containing 
50 nM insulin, 100 nM dexamethasone, 0.5 mM 3-isobutyl-
1-methylxanthine, and 100  µM rosiglitazone. The medium 
was changed every 2  days for the first 4  days. Thereafter, 
the medium was replaced by serum-free DMEM containing 
insulin (50 nM), and this was changed every 2 days until lipid 
droplets had accumulated (days 14-17).

Glucose uptake. 2-[N-(7-nitrobenz-2-oxa-1, 3-diazol-4-yl) 
amino]-2-deoxy-d-glucose (2-NBDG) is a fluorescent 
d‑glucose derivative for monitoring glucose uptake into single, 
living mammalian cells (14,15). Before the cells were assayed, 
they were starved in DMEM without fetal bovine serum for 
at least 3 h. After being washed with Krebs-Ringer phosphate 
buffer (KRB) containing 2.8  mM glucose, the cells were 
incubated in 500 µl KRB for 30 min  at 37°C. They were then 
stimulated with/without 100 nM insulin for 30 min  in KRB 
at 37°C. Uptake was initiated by the addition of a fluorescent 
derivative of 2-NBDG (Molecular probe) at 600  µmol/l 
in 2.8  mmol/l glucose containing KRB. The reaction was 
terminated by quickly washing the cells with ice-cold KRB 
after 15 min . The fluorescence of 2-NBDG was measured by 

the Cytofluor Fluorescence Multi-Well Plate Reader Series 
4000 (Applied Biosystems, Foster City, CA, USA).

GLUT4 translocation. Cells infected with GLUT4-7Myc-GFP 
were starved in DMEM without fetal bovine serum for at least 
3 h before insulin stimulation. After treatment in the presence 
or absence of insulin (100  nM) for 30  min, the cells were 
quickly transferred and washed with cold phosphate-buffered 
saline (PBS) at 4°C. Cells were incubated with a 1:500 dilution 
of anti-Myc (9E10) (abcam) as cites for 1.5 h and then washed 
twice in PBS for 5  min each time. After incubation with a 
1:200 dilution of PE-conjugated F(ab') 2 donkey anti-mouse 
IgG for 45 min, the cells were washed three times in PBS for 
10 min  each time. GLUT4 translocation was measured using 
the CytoFluor Fluorescence Multi-Well Plate Reader Series 
4000 (Applied Biosystems) (13,16).

Western blotting. Total or phosphorylated protein was 
extracted as previously described (17). The protein was quanti-
fied using the bicinchonic acid (BCA) protein assay kit (Pierce, 
Rockford, IL, USA) in accordance with the manufacturer's 
instructions. After sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), the proteins (20  µg/lane) were 
electrophoretically transferred onto a nitrocellulose membrane 
(Whatman, London, UK). The membrane was blocked with 
Tris-buffered saline containing Tween-20 (TBST; 0.14 mol/l  
NaCl, 0.02 mol/l Tris base, pH 7.6, and 0.1% Tween) and 3% 
bovine serum albumin (BSA) for 1  h at room temperature, 
then hybridized with primary antibodies at an appropriate 
dilution at 4°C overnight. The membrane was then washed 
five times with TBST for 5 min  each time, after which it was 
incubated with horseradish peroxidase-conjugated secondary 
antibodies for 1  h at room temperature, washed with TBST 
and developed with the enhanced chemiluminescence (ECL) 
kit (Amersham Biosciences, Piscataway, NJ, USA).

Fluorescence resonance energy transfer. STEAP4 were 
inserted in the mTFP1-N vector (Allele Biotech and Orbigen 
Inc.). EEA1 cDNA (MGC: 190721) was purchased from Open 
Biosystems (Huntsville, AL, USA) and cloned into the BamHI/
SalI sites in the vector YFP (Clontech, Palo Alto, CA, USA). 
Positive control mTFP1-YFP linked with SGLRSPPVAT was 
a kind gift from Allele Biotech. HEK293 cells were transiently 
co-transfected with a total of 1 µg of mTFP1-tagged STEAP4 
and YFP-tagged EEA1 or the mTFP1/YFP negative control 
vectors at a 1:1 ratio or with 1 µg positive control mTFP1-YFP. 
After 24  h, the cells were washed twice in PBS at room 
temperature and then fixed with 4% paraformaldehyde for 
10  min. Subsequently, paraformaldehyde was removed and 
the cells were washed three times with PBS. The emission 
fluorescence of mTFP1 and YFP was immediately measured 
using a Mithras LB940 reader (Berthold Technologies, Bad 
Herrenalb, Germany) equipped with a 430 nm excitation filter 
and a filter wheel with 480  nm (CFP) and 530  nm (YFP) 
emission filters.

Statistical analysis. Each experiment was performed at least 
three times. Values are presented as the mean ± SD. Statistical 
analyses were performed using the Student's t-test, f-test or 
q-test. The statistical significance was defined as P<0.05.
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Results

Effects of STEAP4 on basal and insulin-stimulated glucose 
uptake and GLUT4 translocation in human adipocytes. 
To determine the effects of STEAP4 on basal and insulin-
stimulated glucose uptake and GLUT4 translocation in human 
adipocytes, a retroviral vector pCHAC-shSTEAP4-Hygro 
plasmid was generated. The virus was prepared and used 
to infect the human preadipocytes, and the expression of 
STEAP4 was analyzed by western blotting after these cells 
differentiated into mature adipocytes. As shown in Fig.  1A, 
infection of cells with shRNA virus (target sequence 5'-GGG 
CTG AGT TAA GTG AAA G-3') resulted in a marked 
decrease in STEAP4, whereas other sequences had no effects 
(data not shown).

In STEAP4-knockdown cells, basal glucose uptake was 
similar to that observed in the controls; however, insulin-
stimulated glucose uptake was approximately 20% lower in 
STEAP4-knockdown cells than in the control cells (Fig. 1B). In 
adipocytes, insulin-stimulated glucose uptake is dependent on 
the translocation of the insulin-responsive glucose transporter 
GLUT4 from intracellular storage compartments to the plasma 
membrane. Our data demonstrated that shRNA-mediated 

STEAP4 deficiency significantly decreased insulin-stimulated 
GLUT4 translocation to the plasma membrane, but did not 
alter basal GLUT4 translocation (Fig. 1C).

Effects of STEAP4 on protein expression and insulin-stim-
ulated phosphorylation of Akt. Next, the effects of STEAP4 
on protein expression and insulin-stimulated phosphorylation 
of Akt were investigated. The data showed that the RNAi-
mediated depletion of STEAP4 resulted in a significant 
inhibition of the insulin-induced phosphorylation of Akt, 
while there was no significant difference in the total protein 
content of Akt (Fig. 2).

Relationship between STEAP4 and EEA1. The shEEA1 retro-
virus was prepared and used to infect human preadipocytes. 
The expression of EEA1 was analyzed by western blotting once 
the cells had differentiated into mature adipocytes. Infection 
of cells with the shRNA virus (target sequence 5'-GCG GAG 
TTT AAG CAG CTA C-3') resulted in the depletion of EEA1 
(Fig.  3A), whereas other sequences had no effects (data not 
shown). In mature human adipocytes, shRNA-mediated EEA1 
deficiency significantly decreased insulin-stimulated glucose 
uptake (Fig. 3C) and insulin-stimulated GLUT4 translocation 
to the plasma membrane (Fig. 3D).

Human mature adipocytes in which EEA1 was stably 
knocked down and STEAP4 was overexpressed were prepared 
as described above (Fig.  3B). The data showed that the 
overexpression of STEAP4 did not alter the effects of EEA1 
on insulin-stimulated glucose uptake (Fig.  3C) and GLUT4 
translocation (Fig. 3D).

To further demonstrate the relationship between STEAP4 
and EEA1, the expression of EEA1 was analyzed in cells 
infected with the STEAP4 shRNA virus, STEAP4 expres-
sion virus, empty vector, and in uninfected cells. As shown 
in Fig.  3E, the expression of EEA1 was invariant in human 
mature adipocytes that showed neither stable knockdown nor 
STEAP4 overexpression.

Fluorescence resonance energy transfer (FRET) has 
emerged as a powerful tool to determine protein-protein 
interactions in intact cells. In the present study, FRET was 
used to elucidate the interaction between EEA1 and STEAP4. 
The data showed that EEA1 does not interact with STEAP4 
(Fig. 3F).

Figure 1. Effects of STEAP4 on basal and insulin-stimulated glucose uptake 
and GLUT4 translocation in human adipocytes. STEAP4 shRNA retrovirus 
was prepared and used to infect human preadipocytes. The expression of 
STEAP4 was analyzed by western blotting after cells differentiated into 
mature adipocytes. Cells infected with the STEAP4 shRNA virus showed 
a marked decrease in STEAP4 (A). After serum starvation for 3 h, the cells 
were incubated with (black columns) or without (white columns) insulin 
(100 nM) for 30 min, followed by measurement of glucose uptake (B) and 
GLUT4 translocation (C). *P<0.05. 

  A

  B

  C

Figure 2. Effects of STEAP4 on protein expression and insulin-stimulated 
phosphorylation of Akt. Human preadipocytes infected with STEAP4 
shRNA retrovirus, negative virus, or uninfected cells were grown and dif-
ferentiated into mature adipocytes. After incubation with or without insulin 
(100 nM) for 30 min, the cell lysates were analyzed by SDS-PAGE, blotted 
onto a membrane, and then probed with antibodies against Akt and the phos-
phorylated form of this protein.
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Discussion

Adipocytes exhibit considerable increases in the rate of 
glucose transport in response to insulin by virtue of the 
expression of a unique glucose transporter, GLUT4 (18-20). 
GLUT4 is stored in intracellular vesicles and is translocated to 
the plasma membrane upon insulin stimulation in adipocytes. 
Our previous data showed that STEAP4 overexpression 
increases the insulin sensitivity of mature human adipocytes 
by promoting insulin-stimulated glucose uptake (4). In 
this study, we further demonstrated that siRNA-mediated 
STEAP4 deficiency significantly decreased insulin-stimulated 
glucose transport in mature adipocytes by decreasing GLUT4 
translocation to the plasma membrane.

Multiple studies have begun to dissect the molecular 
machinery involved in the trafficking of GLUT4 vesicles. It is 
increasingly apparent that insulin-induced GLUT4 transloca-
tion in adipocytes requires dynamic actin remodeling at the 
inner surface of the plasma membrane as well as the peri-
nuclear region (21), and the activation of phosphatidylinositol 

(PI3K) regulates the dynamic actin rearrangement required 
for GLUT4 translocation (22-25). A well-documented case 
of a PI3K downstream target is the protein Ser/Thr kinase 
Akt, which is activated through membrane localization (26) 
and Ser/Thr phosphorylation (27-28). To further investigate 
the mechanisms by which the RNAi-mediated depletion of 
STEAP4 decreases insulin-stimulated GLUT4 translocation 
and glucose uptake, we examined the phosphorylation levels 
of Akt and found that STEAP4 knockdown attenuated the 
phosphorylation level of Akt. Therefore, we deduced that 
RNAi-mediated knockdown of STEAP4 reduced insulin-
stimulated GLUT4 translocation through attenuated Akt 
phosphorylation.

Foster et al  have demonstrated that internalized GLUT4 
travels through the early endosome defined by the presence of 
EEA1 (29), which is not only a marker of early endosomes but 
also a functional molecule for the tethering and docking of 
endosomal vesicles. The FYVE domain, which was originally 
identified in EEA1, specifically interacts with PI3P (8-11), the 
major product of PI3K in yeast and mammalian cells (11,30). 

Figure 3. Relationship between STEAP4 and EEA1. Human mature adipocytes with stably knocked down EEA1 (and STEAP4 overexpression) were prepared 
and validated by Western blotting (A and B). ShRNA-mediated EEA1 deficiency significantly decreased insulin-stimulated glucose uptake (C) and GLUT4 
translocation to the plasma membrane (D), while STEAP4 did not influence these effects of EEA1 (C and D). As shown in (E), the expression of EEA1 was 
invariant in human mature adipocytes that showed neither stable knockdown nor overexpression of STEAP4. Furthermore, FRET data indicated that STEAP4 
does not interact with EEA1 (F). *P<0.05; △P>0.05.
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Otherwise, STEAP4 was found to colocalize with EEA1 
(7). Therefore, we presumed that EEA1 might be involved 
in the effects of STEAP4 on glucose transport and GLUT4 
translocation, as well as the molecular events underlying these 
effects. In this study, we found that i) STEAP4 does not alter 
the effects of EEA1 on insulin-stimulated glucose uptake 
and GLUT4 translocation; ii) STEAP4 does not modify the 
expression of EEA1 protein; and iii) STEAP4 does not interact 
with EEA1 according to FRET analysis. In summary, the data 
demonstrate that EEA1 may not take part in the mechanisms 
underlying the effects of STEAP4 on insulin-stimulated 
glucose uptake and GLUT4 translocation.

In conclusion, this study revealed that the knockdown of 
STEAP4 inhibits insulin-stimulated glucose transport and 
GLUT4 translocation via attenuated phosphorylation of Akt, 
independent of the effects of EEA1.
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