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Uev1A promotes breast cancer 
cell survival and chemoresistance 
through the AKT-FOXO1-BIM pathway
Zhaojia Wu1, Tong Niu1,2 and Wei Xiao1*

Abstract 

Background: Ubiquitin-conjugating enzyme variant UEV1A is required for Ubc13-catalyzed K63-linked poly-ubiq-
uitination that regulates several signaling pathways including NF-κB, MAPK and PI3K/AKT. Previous reports implicate 
UEV1A as a potential proto-oncogene and have shown that UEV1A promotes breast cancer metastasis through con-
stitutive NF-кB activation. Ubc13-Uev1A along with TARF6 can also ubiquitinate AKT but its downstream events are 
unclear.

Methods: In this study, we experimentally manipulated UEV1 expression in two typical breast cancer cell lines MDA-
MB-231 and MCF7 under serum starvation conditions and monitored AKT activation and its downstream protein 
levels, as well as cellular sensitivity to chemotherapeutic agents.

Results: We found that overexpression of UEV1A is sufficient to activate the AKT signaling pathway that in turn 
inhibits FOXO1 and BIM expression to promote cell survival under serum starvation conditions and enhances cellular 
resistance to chemotherapy. Consistently, experimental depletion of Uev1 in breast cancer cells inhibits AKT signal-
ing and promotes FOXO1 and BIM expression to reduce cell survival under serum starvation stress and enhance 
chemosensitivity.

Conclusions: Uev1A promotes cell survival under serum starvation stress through the AKT-FOXO1-BIM axis in breast 
cancer cells, which unveals a potential therapeutic target in the treatment of breast cancers.
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Background
Protein ubiquitination is a fundamental post-translational 
modification event that regulates various biological pro-
cesses [1, 2]. Ubiquitination through Lys48 (K48) linked 
poly-Ub chain generally targets proteins for degradation 
by 26S proteasomes, whereas Lys63 (K63)-linked poly-
Ub chain plays a critical role in various cellular events 
including signaling and protein trafficking [1–3]. So far, 
Ubc13 is the only Ub-conjugating enzyme (Ubc or E2) 
known to mediate the K63-linked poly-Ub chains assem-
bly, and this process requires Uev, a Ubc/E2 variant, as a 

cofactor [4–7]. Uev1A and Mms2 are two major Uevs in 
mammalian cells. Although sharing a similar biochemi-
cal activity, they appear to function differently: Ubc13-
Mms2 is required for DNA-damage response, whereas 
Ubc13-Uev1A is involved in NF-κB activation [7]. The 
Ubc13-Uev1A complex acts as an E2 and works along 
with Ub ligases (E3s) like TRAF6 [8, 9] and TRAF2 [10] 
to polyubiquitinate NEMO/IKKγ [11, 12] and/or RIP1 
[13] to activate IKK. The activated IKK leads to the phos-
phorylation and degradation of IκBα, resulting in translo-
cation of the NF-κB RelA (p65) subunit into the nucleus 
[14]. Another role of Ubc13 is in the activation of MAPK 
signaling [15, 16]. Ubc13 is required for the activation 
of mitogen-activated protein MEKK1 and TAK1, and 
downstream MAPK cascades on CD40 engagement in 
B cells [16] and Ubc13 controls breast cancer metastasis 
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through a TAK1-p38 MAP kinase cascade [17]. An AKT 
kinase also undergoes Ubc13-Uev mediated K63-linked 
ubiquitination triggered by TRAF6, which is required for 
Akt membrane recruitment and subsequent phosphoryl-
ation and activation [18, 19].
UEV1 (CROC1 or CIR1) encodes at least three splic-

ing variants, among which Uev1A and Uev1C are able 
to form a heterodimer with Ubc13 and promote K63-
linked polyubiquitination but differ in that Uev1A con-
tains thirty additional amino acids at the N-terminus [7, 
20]. UEV1 maps to chromosome 20q13.2 [21], a region 
where DNA amplification is frequently reported in 
breast cancers [22–24] and other tumors [25], as well as 
when SV40-transformed human embryonic kidney cells 
become immortal [26]. Moreover, UEV1 is up-regulated 
in most tumor cell lines examined [20, 26, 27]. Ubc13-
Uev1A involves in NF-κB activation and inhibits stress-
induced apoptosis in HepG2 cells [28]. Overexpression 
of UEV1A in breast and colon cancer cells is sufficient to 
induce metastasis both in vitro and in vivo; this function 
requires Ubc13 and is mediated by NF-κB activation [20, 
29]. Furthermore, a small-molecule inhibitor of Ubc13-
Uev interaction can inhibit proliferation and survival of 
diffuse large B cell lymphoma cells [30]. These results col-
lectively establish a positive correlation between UEV1A 
expression and tumorigenesis and metastasis.

The PI3K/Akt pathway plays an essential role in vari-
ous biological functions including cell survival, prolifera-
tion, resistance to apoptosis, metabolism, differentiation, 
angiogenesis and migration. This pathway is frequently 
over-activated in human cancers and causes develop-
ment of drug resistance largely due to its mediated sur-
vival signals and inhibition of apoptosis [31, 32]. It has 
been shown that inhibition of the PI3K/AKT pathway has 
a greater effect than inhibition of the MEK/MAPK path-
way in enhancing the cytotoxicity of paclitaxel, doxoru-
bicin or 5-fluorouracil [33].

One major way by which PI3K/AKT promotes cell sur-
vival is through phosphorylated inhibition the forkhead 
box O (FoxOs) transcription factors, such as FoxO1 and 
FoxO3, leading to inactivation of multiple pro-apoptotic 
gene expression [34, 35], such as BCL2 family BAX [36, 
37] and BIM [34, 35, 38–40].

In this study we demonstrate that in MDA-MB-231 
and MCF7 breast cancer cells, overexpression of UEV1A 
alone is sufficient to activate the AKT signaling pathway 
that in turn inhibits FOXO1 and BIM expression to pro-
mote cell survival under serum starvation stress and to 
enhance resistance to chemotherapy. Meanwhile, experi-
mental depletion of Uev1 in these cells inhibits AKT 
signaling and increases FOXO1 and BIM expression to 
reduce cell survival under serum starvation stress and 
to enhance chemosensitivity. These observations suggest 

a potential therapeutic target in the treatment of both 
triple negative (TNBC) and estrogen receptor positive 
(ER+) breast cancers.

Materials and methods
Cell lines and culture
Human breast cancer cell lines MDA-MB-231 and MCF7 
were obtained from the American Type Culture Col-
lection (ATCC). The cells were cultured in Dulbecco’s 
minimum essential medium (DMEM) (Invitrogen) sup-
plemented with 10% fetal bovine serum, 100 units/ml 
penicillin and 100  μg/ml streptomycin (Invitrogen) in a 
5%  CO2 atmosphere at 37  °C. MDA-MB-231-TR stable 
cell lines were created by transfecting MDA-MB-231 cell 
lines with pLenti6-TR-lentivirus (Invitrogen) and select-
ing with 10 μg/ml blasticidin (Invitrogen).

Plasmids and pLentivirus vector preparation
The human UEV1A open reading frame (ORF) was 
amplified and cloned into a Dox-inducible Tet-ON plas-
mid pcDNA4.0/TO/HA(+) as described previously [20]. 
The mutated Ubc13-binding site (F38E) in Uev1A was 
designed based on a previous study with Mms2-F13E [7]. 
FOXO1 (MYC-DDK-tagged)-human forehead box O1 
(NM_002015) plasmid (RC200477) and pCMV6-Entry 
vector (PS100001) were from Origene. The human BIM 
ORF was PCR-amplified as a KpnI-XhoI fragment and 
cloned into plasmid pcDNA4.0/TO/HA(+). The modi-
fied sequence for UEV1 shRNA (sc-38606-v) and nega-
tive control shRNA (sc-108080) delivered by lentiviral 
particles were from Santa Cruz Biotechnology, Inc. The 
lentiviral particle infection of colon cancer cells was per-
formed following instructions of the supplier.

Survival assay and cell counting
To assess cell survival, cells were seeded in 6-well culture 
plates. After a 4-h exposure of cells to various doses of 
chemotherapeutic agents, Paclitaxel (sc-201439, Santa 
Cruz Biotechnology, Inc.) or Doxorubicin (sc-200923, 
Santa Cruz Biotechnology, Inc.), the cells were cul-
tured for an additional 7 days with drug-free medium or 
medium with an PI3K/AKT pathway inhibitor LY294002 
(#9901, Cell Signaling) or Perifosine (#14240, Cell Sign-
aling), or an NF-κB pathway inhibitor Bay11-7082  (sc-
200615, Santa Cruz Biotechnology, Inc.). Cells were then 
harvested by trypsinization at different time points and 
stained with trypan blue. Viable cells were counted using 
a hematocytometer and an inverted microscope. Each 
sample was measured in triplicate and repeated at least 
2 times.
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RNA preparation and real‑time RT‑PCR (qRT‑PCR)
Total RNA was prepared from MDA-MB-231 or MCF7 
cells by using TRIzol reagent (Invitrogen). First-strand 
cDNA was synthesized from 1  μg total RNA in 20  μl 
reaction volume with SuperScript (Invitrogen) according 
to manufacturer’s instructions. qRT-PCR analysis with 
SYBR Green I supermix (Bio-Rad) was performed on the 
iQ5 cycler (Bio-Rad). The specific primer sets were as fol-
lows: GADPH, 5′-GAA GGT GAA GGT CGG AGT C-3′ and 
5′-GAA GAT GGT GAT GGG ATT TC-3′; BIM, 5′-ATG 
GCA AAG CAA CCT TCT GA-3′ and 5′-GGA TTA CCT 
TGT GGC TCT GTCT-3′; BCL2, 5′-GCC CTG TGG ATG 
ACT GAG TA-3′ and 5′-CAT CAC CAA GTG CAC CTA 
CC-3′; BCL6, 5′-ATG TAC CTG CAG ATG GAG CA-3′ and 
5′-ATC TCT GCT TCA CTG GCC TT-3′; BCL-xl 5′-GGA 
TGG CCA CTT ACC TGA AT-3′. and 5′-CTG CTG CAT 
TGT TCC CAT AG-3′; FOXO1, 5′-GGT CAA GAG CGT 
GCC CTA CT-3′ and 5′-GCT CTT GCC ACC CTC TGG 
AT-3′. 1 μl cDNA as template was in 20 μl reaction vol-
ume. The relative expression levels were calculated using 
the comparative cycle threshold (CT) method  (2−ΔCT) 
[41] by the CFX Manager software (Bio-Rad).

Western blot analysis
Total cell proteins were extracted and protein concentra-
tions were determined as described previously [7, 20]. Cell 
extracts were electrophoresed in 10% or 15% SDS-PAGE 
gels, transferred to PVDF membrane and incubated with 
specific primary antibodies. The anti-Uev1 monoclonal 
antibody (mAb) LN2B was from the lab stock [42]. Primary 
antibodies against HA (sc-7392), β-tublin (sc-6216), Lamin 
B (sc-6216) and secondary goat anti-mouse IgG-HRP (sc- 
2005) and goat anti-rabbit IgG-HRP (sc-2004) antibodies 
were from Santa Cruz. Primary antibodies against AKT 
(#4691), Phospho-Akt-Ser473 (#4060), Phospho-Akt-
Thr308 (#13038), FOXO1(#2880), Phospho-FOXO1-T24 
(#9464), BIM (#2933) ,PARP (#9532), IκBɑ (#4812) and 
Cleaved-PARP (#5941) were from Cell Signaling. Primary 
antibody against β-actin (TA811000s) was from Origene.

Preparation of nuclear fraction
MDA-MB-231 and MCF7 cells were washed, scraped 
with PBS and centrifuged at 3000 rpm at 4  °C. The pel-
let was suspended in 10 mM Tris (pH 8.0) with 1.5 mM 
 MgCl2, 1 mM DTT and 0.1% NP-40, and incubated on ice 
for 15  min. Nuclei were separated from cytosol by cen-
trifugation at 12,000 rpm at 4 °C for 15 min. The cytosolic 
supernatant was removed and the precipitated pellet was 
suspended in 10  mM Tris (pH 8.0) containing 100  mM 
NaCl and stored on ice for 30  min. After agitation for 
30 min at 4 °C, the lysate was centrifuged at 12,000 rpm 
for 15 min at 4 °C and the supernatant was collected.

Statistical analysis
The statistical significance of differential findings 
between the experimental and control groups was deter-
mined by a Student’s t-test as implemented by Excel 2010 
(Microsoft), and P < 0.05 was considered significant.

Results
UEV1A is involved in AKT activation and promotes cell 
survival under serum starvation stress
To ask whether an elevated UEV1A level is sufficient to 
regulate AKT signaling in breast cancer cells, UEV1A, 
UEV1C or MMS2 were cloned into a pcDNA4.0/TO/
HA(+) vector and then transfected into MDA-MB-
231-TR or MCF7 cells to construct stable cell lines as 
previously described [20]. The level of ecotopic gene 
expression was monitored by western blot against the 
HA-tag. Then the phosphorylation levels of AKT at 
S473 and T308 were detected by western blot. As seen in 
Fig. 1a, the AKT phosphorylation increased at both S473 
and T308 residues after UEV1A overexpressed in MDA-
MB-231-TR and MCF7 cells. In contrast, overexpression 
of UEV1C or MMS2 did not cause AKT phosphorylation 
at S473 or T308, but rather slightly reduced the phospho-
rylation at these sites (Additional file  1: Figure S1A, B). 
Since UEV1A overexpression mainly caused the AKT-
S473 phosphorylation, which appears to be more critical 
than AKT-T308 phosphorylation for its full activation 
[43], we subsequently focused only on monitoring AKT-
S473 phosphorylation.

It has been reported that many cultured cells undergo 
apoptosis when grown in serum-free culture medium 
[44] and our previous results showed that UEV1A over-
expression promoted HepG2 cell growth in a serum-free 
medium [28]. We then examined cell growth of UEV1A-
overexpressed MDA-MB-231-TR or MCF7 cells under 
serum-supplemented and serum-deprived conditions. 
The growth curve of UEV1A-overexpressed MDA-MB-
231-TR cells was not significantly different from that of 
control cells when serum was supplemented (Fig.  1b). 
However, with serum deprivation, UEV1A-overexpressed 
cells grew much faster than the control cells, reach-
ing up to 3.4-fold in cell numbers (Fig.  1c). In MCF7 
cells, although UEV1A-overexpressed cells had a higher 
growth rate than control under both serum-supple-
mented and serum-deprived conditions, the number of 
UEV1A-overexpressed live cells was approximately 2.53-
fold that of control after 6  days culturing in serum-free 
medium (Fig.  1e), whereas the difference was approxi-
mately 1.67-fold in the presence of serum (Fig.  1d). To 
further strengthen the above observations, we also per-
formed a colony formation assay under serum-deprived 
conditions, and found that overexpression of UEV1A 
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significantly increased number of colonies in MDA-
MB-231 and MCF7 cells (Additional file 1: Figure S2).

Endogenous Uev1A is required for the AKT signaling 
pathway
The above observations led us to hypothesize that 
UEV1A prevents breast cancer cell apoptosis through 

the AKT signaling pathway. It is well established that 
AKT can phosphorylate and inhibit pro-apoptotic pro-
teins like FOXO family proteins to prevent apoptosis [34, 
35]. We then examined total and phosphorylated protein 
levels of FOXO1 in MDA-MB-231-TR or MCF7 cells by 
western blot in both whole-cell extracts (WCE) and the 
nuclear (N) fraction. Upon UEV1A-overexpression, the 

Fig. 1 Uev1A is involved in the regulation of AKT signaling and promotes cell survival under serum starvation conditions in breast cancer cells. a 
Western blot analysis of the AKT pathway proteins and phosphorylation levels from whole-cell extract (WCE) or nuclear fraction (N) in pcDNA4.0/
TO/HA(+) vector (CK) or pcDNA4-UEV1A stably transfected MDA-MB-231 tet-on (TR) cells treated with doxycycline (left panel) or in MCF7 cells 
(right panel). The ectopic Uev1A levels were monitored by an anti-HA antibody. b, c Growth curve of control (CK) and UEV1A overexpression 
MDA-MB-231-TR cells under serum-supplemented and serum-deprived conditions. Cells were treated with (b) or without (c) 10% FBS and then 
harvested by trypsinization at indicated time points and stained with trypan blue. Viable cells were counted using a hematocytometer and an 
inverted microscope. Each sample was measured in triplicate and repeated 2 times. d, e Growth curve of control (CK) and UEV1A overexpression 
MCF7 cells under serum-supplemented and serum-deprived conditions. Experimental conditions were as described in b, c. **P < 0.01
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total FOXO1 protein level was decreased while phospho-
rylated FOXO1 was increased (Fig.  1a). Meanwhile, the 
nuclear FOXO1 protein level was also decreased (Fig. 1a). 
These results suggest that UEV1A-promoted cell sur-
vival under serum starvation stress is related to the AKT/
FOXO1 pathway.

It has been previously reported that the UEV1A level 
may be elevated when normal cells undergo immortali-
zation [39] and UEV1A transcript level is elevated in all 
breast cancer cell lines examined [20]. To ask whether the 
moderate elevation of UEV1A levels in breast cancer cells 
contributes to the AKT pathway activation, the endog-
enous UEV1A expression in MDA-MB-231 and MCF7 
cells was suppressed using an shRNA (shUEV1) delivered 
by lentiviral particles. The independent shUEV1 cell lines 
were constructed as previously described [20, 29]. The 
UEV1A mRNA levels of shUEV1 cell lines were shown 
in Fig. 2a, b. The endogenous protein level of Uev1 was 
detected by western blot using an anti-Uev1 mAb LN2B 
[42]. Depletion of Uev1 dramatically reduced the AKT-
S473 phosphorylation and increased its downstream 
FOXO1 and BIM protein levels (Fig.  2c). Furthermore, 
depletion of Uev1 decreased cell growth under serum 
deprivation condition (Fig.  2d, e) in comparison to that 
under serum-supplemented conditions (Additional file 1: 
Figure S3A, B). Importantly, UEV1A overexpression in 
Uev1-depletion cells (Additional file 1: Figure S4A, B) can 
reverse the retarded growth caused by Uev1 depletion 
under serum deprivation conditions (Fig.  2f, g), which 
supports a notion that the AKT pathway is regulated by 
Uev1A instead of Uev1C.

UEV1A promotes cell growth through AKT/FOXO1 
but not the NF‑κB pathway
To ask whether Uev1A promotes cell survival in serum-
deprived conditions through the AKT/FOXO1 path-
way, we examined effects of two PI3K/AKT pathway 
inhibitors LY294002 [45] and Perifosine [46] on UEV1A 
overexpressed MDA-MB-231-TR or MCF7 cells. The 
phosphorylation level of AKT at S473 and FOXO1 pro-
tein level were detected by western blot to confirm the 
blocking of AKT activation after LY294002 or Perifosine 
treatment. Compared to cells without the inhibitor treat-
ment, the phosphorylation level of AKT-S473 was clearly 
reduced after LY294002 (Fig.  3a) or Perifosine (Addi-
tional file  1: Figure S5A) treatment. Meanwhile total 
and nuclear FOXO1 levels were increased in both cell 
lines (Fig. 3a and Additional file 1: Figure S5A). We then 
examined cell growth under serum-deprived conditions 
and found that, compared to cells without the PI3K/
AKT pathway inhibitor treatment, the growth of UEV1A-
overexpressed MDA-MB-231-TR cells was reduced after 
LY294002 or Perifosine treatment to a level comparable 

to control cells (Fig. 3b and Additional file 1: Figure S5B). 
Similarly, compared to cells without the inhibitor treat-
ment, the growth of UEV1A-overexpressed MCF7 cells 
was also reduced after LY294002 or Perifosine treatment 
to the control cell level (Fig. 3c and Additional file 1: Fig-
ure S5C). As FOXO1 is a member of the forkhead-box 
transcription factors and it regulates genes involved in 
apoptosis [34], we measured the mRNA level of FOXO1 
downstream genes by qRT-PCR. The BIM mRNA level 
was significantly decreased in UEV1A-overexpressed 
MDA-MB-231-TR (Fig.  3d) and MCF7 (Fig.  3e) cells. 
Similarly, the BIM protein level was decreased in UEV1A-
overexpressed MDA-MB-231-TR and MCF7 cells and 
was increased after LY294002 treatment (Fig. 3a). These 
results indicate that Uev1A promotes cell survival under 
serum starvation stress through the AKT/FOXO1/
BIM pathway. Since Uev1A has also been reported to 
be involved in NF-κB activation [20, 28, 29], we asked if 
Uev1A also promotes cell survival through the NF-κB 
pathway. An NF-κB inhibitor Bay11-7082 [47] was used 
to treat cells and its efficicacy was validated by monitor-
ing the nuclear p65 level (Additional file 1: Figure S6). As 
the growth of UEV1A-overexpressed MDA-MB-231-TR 
(Fig.  3f ) or MCF7 (Fig.  3g) cells under serum-deprived 
conditions was still significantly different from that of 
vector control cells after treatment with Bay11-7082, 
indicating that Uev1A promoted breast cancer cell sur-
vival under serum starvation stress is independent of the 
NF-κB pathway.

BIM is the downstream effactor for Uev1A‑promoted cell 
survival under serum starvation stress
To ask if BIM is a critical effector for Uev1A-induced 
cell survival under serum starvation stress, we over-
expressed FOXO1 or BIM in UEV1A-overexpressed 
cells to restore FOXO1 or BIM protein levels. The eco-
topic expression was assessed by western blot in MDA-
MB-231-TR (Fig.  4a, b) and MCF7 (Fig.  4c, d) cells. 
As expected, in both MDA-MB-231-TR (Fig.  4a) and 
MCF7 (Fig. 4c) cells, the BIM protein level was elevated 
in FOXO1-overexpressed cells. Then we examined cell 
growth under serum-deprived conditions and found that 
in both MDA-MB-231-TR (Fig.  4e) and MCF7 (Fig.  4f ) 
cells, overexpression of either FOXO1 or BIM in UEV1A-
overexpressed cells significantly decreased cell growth to 
the level comparable to that of vector control. The above 
findings allow us to conclude that Uev1A promotes cell 
survival under serum starvation stress via the AKT-
FOXO1-BIM axis.

Uev1A‑activated AKT pathway is dependent on Ubc13
It has been previously reported that Uev1A is a cofac-
tor of Ubc13 to trigger K63-linked polyubquitination 
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Fig. 2 Uev1 depletion inactivates AKT pathway signaling and reduces cell survival under serum starvation conditions in breast cancer cells. 
MDA-MB-231 or MCF7 cells were transfected with shRNA lentiviral particles against UEV1 (shUEV1) or non-specific target (shCK). shUEV1-1 and 
shUEV1-2 represent two independent stable shUEV1 MDA-MB-231 cell lines. shUEV1-8 represents a stable shUEV1 MCF7 cell line. a UEV1A 
transcript levels in shCK and shUEV1 lines were determined by qRT-PCR in MDA-MB-231 cells. b UEV1A transcript levels in shCK and shUEV1 
line were determined by qRT-PCR in MCF7 cells. c AKT pathway proteins in whole-cell extracts (WCE) or nuclear fractions (N) were detected by 
western blot. The endogenous Uev1 was monitored by LN2B antibody. d Growth curve of non-specific target (shCK) and shUEV1 MDA-MB-231 
cell lines (shUEV1-1 and shUEV1-2) under serum-deprived conditions. Then cells were harvested and cell numbers were determined as described 
in Fig. 1b, c. e Growth curve of non-specific target (shCK) and shUEV1 MCF7 cell line (shUEV1-8) under serum-deprived conditions. Then cells were 
harvested and cell numbers were determined as described in Fig. 1b, c. f Two shUEV1 MDA-MB-231 cell lines were transfected with the pcDNA4.0/
TO/HA(+) vector expressing UEV1A (shUEV1-1 + UEV1A and shUEV1-2 + UEV1A). Non-specific shRNA targeted MDA-MB-231 cells were also 
transfected with the pcDNA4.0/TO/HA(+) vector to serve as a control. Cells cultured under serum-deprived conditions were harvested and cell 
numbers were determined as described in Fig. 1b, c. g The MCF7 shUEV1-8 cell line was transfected with pcDNA4.0/TO/HA(+) vector expressing 
UEV1A (shUEV1-8 + UEV1A). The non-specific shRNA targeted MCF7 cells were transfected with the vector alone (shCK + CK). Cells cultured under 
serum-deprived conditions were harvested and cell numbers were determined as described in Fig. 1b, c. Each sample was measured in triplicate 
and repeated at least 2 times. *P < 0.05; **P < 0.01
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Fig. 3 Uev1A promotes cell survival under serum starvation conditions through the AKT but not NF-κB pathway in breast cancer cells. a UEV1A 
overexpressed MDA-MB-231-TR cells (left panel) and MCF7 cells (right panel) were treated with LY294002. After 24 h, the AKT pathway proteins 
were examined by western blot in the whole-cell extract (WCE) or nuclear fraction (N) in UEV1A overexpressed cells alone (UEV1A) or treated with 
10 μM LY294002 (1A + LY), or vector only (CK). The expression levels of ectopic Uev1A were monitored by an anti-HA antibody. b, c Growth curve 
of control (CK) and UEV1A-overexpressed MDA-MB-231-TR (b) and MCF7 (c) cells under serum-deprived conditions. Experimental conditions were 
as described in Fig. 2c except that some cells were treated with 10 μM LY294002 (LY+). d, e Effects of UEV1A overexpression on the expression of 
selected FOXO1 target genes. Transcript levels of putative FOXO1 target genes in MDA-MB-231-TR (d) or MCF7 (e) cells overexpressing UEV1A as 
determined by qRT-PCR. f, g Growth curve of control (CK) and UEV1A-overexpressed MDA-MB-231-TR (f) and MCF7 (g) cells under serum-deprived 
conditions. Experimental conditions were as described in Fig. 2c except that some cells were treated with 40 μM Bay11-7082 (Bay+). Each sample 
was measured in triplicate and repeated at least 2 times. *P < 0.05; **P < 0.01
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[5, 6, 48]. To ask whether the above Uev1A function is 
indeed dependent on Ubc13, we created a Uev1A-F38E 
mutation that abolishes its interaction with Ubc13 
and ability to promote Ubc13-mediated K63-linked 
polyubiquitination [7]. As expected, overexpression of 
UEV1A-F38E in MDA-MB-231TR (Fig. 5a) and MCF7 
(Fig.  5b) cells failed to activate the AKT pathway, as 
judged by reduced AKT-S473 phosphorylation and 

increased FOXO1 and BIM. Correspondingly, overex-
pression of UEV1A-F38E did not increase MDA-MB-
231-TR (Fig.  5c, d) and MCF7 (Fig.  5e, f ) cell growth 
either with serum-supplemented or serum deprived 
conditions. Taken together, we conclude that UEV1A 
overexpression facilitates the Uev1A-Ubc13 complex 
formation, which promotes AKT signaling and cell sur-
vival under serum starvation stress.

Fig. 4 BIM is a downstream effector for Uev1A to promote cell survival under serum starvation conditions in breast cancer cells. a, c 
pCMV6-FOXO1 was transfected into UEV1A-overexpressed MDA-MB-231-TR (a) or NCF7 (b) cells. The protein levels of ectopic FOXO1 and BIM 
were detected by western blot. The protein levels of ectopic Uev1A were monitored by an anti-HA antibody. b, d pcDNA4.0/TO/HA(+)-BIM was 
transfected into UEV1A-overexpressed MDA-MB-231-TR (b) or MCF7 (d) cells. The protein levels of ectopic BIM were monitored by western blot. 
Ecotopic Uev1A levels were monitored by an anti-HA antibody. e, f Growth curve of four groups of MDA-MB-231-TR (e) or MCF7 (f) cells under 
serum-deprived conditions. Vector only (CK), UEV1A-overexpressed (UEV1A), FOXO1- and UEV1A-overexpressed (UEV1A + FOXO1) and BIM- and 
UEV1A-overexpressed (UEV1A + BIM). All MDA-MB-231-TR cells were cultured with doxycycline. Each sample was measured in triplicate and 
repeated at least 2 times. **P < 0.01

(See figure on next page.)
Fig. 5 Uev1A promotes cell survival under serum starvation conditions through AKT pathway in a Ubc13-dependent manner. a, b The protein 
levels and phosphorylation levels of AKT pathway proteins were detected by western blot in pcDNA4.0/TO/HA(+) vector expressing UEV1A, 
UEV1A-F38E (1A-F38E) or vector only (CK) stably transfected MDA-MB-231-TR cells treated with doxycycline (a) or MCF7 (b) cells. c, d Growth curve 
of control (CK) and UEV1A-F38E-overexpressed (1A-F38E) MDA-MB-231-TR cells under serum-supplemented (b) and serum-deprived (c) conditions. 
e, f Growth curve of control (CK) and UEV1A-F38E-overexpressed (1A-F38E) MCF7 cells under serum-supplemented (e) and serum-deprived (f) 
conditions. Each sample was measured in triplicate and repeated at least 2 times
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Uev1A promotes AKT‑mediated chemoresistance in breast 
cancer cells
Chemotherapy is the only choice of treatment for tri-
ple negative cancer (TNBC), and treatment of choice 
for estrogen receptor positive (ER+) breast cancer. 
However, chemoresistance is still a major limitation in 
breast cancer treatment. It has been reported that AKT 
pathway activation is involved in the resistance to many 
chemotherapy drugs. To ask weather Uev1A contrib-
utes to chemoresistance of breast cancer cells, we used 
two representative chemotherapeutic drugs, Paclitaxel 
and Doxorubicin, to treat UEV1A-overexpressed MDA-
MB-231-TR cells and MCF7 cells. After 4-h exposure 
to various doses of chemotherapeutic drugs, the cells 
were cultured for an additional 7  days with drug-free 
medium containing 10% FBS followed by assessment of 
cell survival. Indeed, overexpression of UEV1A in MDA-
MB-231-TR cells significantly increased the number 
of live cells treated with Paclitaxel (Fig.  6a) or Doxoru-
bicin (Fig.  6b) compared with vector control cells, and 
this difference was abolished by adding LY294002 to the 
chemotherapeutic drugs treatment (Fig.  6c, d). Further-
more, significant decrease in MDA-MB-231 cell survival 
was observed after Paclitaxel and Doxorubicin treatment 
when endogenous Uev1 was depleted (Additional file 1: 
Figure S7A, B). Similar phenomena were also observed in 
MCF7 cells (Fig. 6e–h, and Additional file 1: Figure S7C, 
D). These results indicate that Uev1A promotes chemore-
sistance through the AKT pathway in both in triple nega-
tive and estrogen receptor positive (ER+) breast cancers.

Uev1A inhibits apoptosis through the AKT pathway 
in breast cancer cells
To further confirm that Uev1A inhibits apoptosis 
through the AKT pathway, we examined the protein level 
of cleaved-PARP, a well-established apoptosis marker [49, 
50], in MDA-MB-231-TR and MCF7 cells after Pacli-
taxel or Doxorubicin treatment. Cells were exposed to 
Paclitaxel or Doxorubicin for 24 and 48 h, and cleaved-
PARP was detected by western blot. Compared with 

vector control, overexpression of UEV1A significantly 
delayed the appearance of cleaved-PAPR in both MDA-
MB-231TR (Fig. 7a, b) and MCF7 (Fig. 7c, d) cells after 
Paclitaxel (Fig.  7a, c) or Doxorubicin (Fig.  7b, d) treat-
ment. Furthermore, the difference between UEV1A-over-
expressed cells and vector control cells were abolished 
when LY294002 or Perifosine was added along with the 
chemotherapeutic drug treatment (Fig.  7a–d and Addi-
tional file  1: Figure S8A–D). Hence, we conclude that 
Uev1A inhibits apoptosis through the AKT pathway in 
breast cancer cells.

Discussion
AKT signaling is essential for many biological processes 
such as cell proliferation and apoptosis. It has been clear 
that AKT kinase undergoes K63-linked ubiquitination 
triggered by TRAF6, which is required for AKT mem-
brane recruitment and subsequent AKT phosphorylation 
and activation [18, 19]. However, no study has focused 
on the involvement of a key factor, the Ubc13-Uev1A 
complex, during AKT activation. As the only known E2 
to mediate K63-linked poly-Ub chains assembly, Ubc13-
Uev1A likely mediates AKT ubiquitination, but the 
downstream events of Ubc13-Uev1A in the AKT path-
way remains unclear. This study demonstrates that over-
expression of UEV1A alone is sufficient to activate AKT, 
which promotes cell survival and chemoresistance in 
breast cancer cells. Since the cellular Ubc13 level is con-
sidered abundant in human cells, Uev1A is likely a limit-
ing factor in the regulation of AKT pathway.

Human cells contain two UEV genes, UEV1 and MMS2 
whose products share > 90% amino acid sequence iden-
tity in their core domains [27]. Although both Uev1A 
and Mms2 are cofactors of Ubc13 that together medi-
ate K63-linked polyubiquitination, their biological func-
tions are apparently distinct and only the Uev1A-Ubc13 
complex is involved in NF-κB signaling and promotes 
metastasis in breast and colon cancers [7, 20, 28, 29]. 
Furthermore, there are at least three splicing variants of 
UEV1, among which Uev1C are also able to bind Ubc13 

Fig. 6 Uev1A promotes AKT-mediated chemoresistance in breast cancer cells. a, b Effects of UEV1 overexpression on chemoresistance of 
MDA-MB-231 cells. UEV1A-overexpressed or vector control MDA-MB-231-TR cells were seeded onto 6-well culture plates with doxycycline. After a 
4-h exposure to various doses of chemotherapeutic agents Paclitaxel (a) or Doxorubicin (b), the cells were cultured for an additional 7 days with 
drug-free medium containing 10% FBS. Then cells were harvested by trypsinization and stained with trypan blue. Cell viability was assayed by 
cell number counting using a hematocytometer and an inverted microscope. Each sample was measured in triplicate and repeated 2 times. c, d 
Dependence of chemoresistance of MDA-MB-231 cells to the AKT pathway. UEV1A-overexpressed or vector control MDA-MB-231-TR cells were 
seeded onto 6-well culture plates with doxycycline. With 10 μM LY294002 pretreated for 12 h, cells were exposed to various doses of Paclitaxel (c) or 
Doxorubicin (d) which were also in the medium with 10 µM LY294002 for 4 h and then cultured for an additional 7 days with medium containing 
10% FBS and 10 µM LY294002. Cell viability assay was as described in a, b. e, f Effects of UEV1 overexpression on chemoresistance of MCF7 cells. 
Experimental conditions were as described in a, b. g, h Dependence of chemoresistance of MCF7 cells to the AKT pathway. Experimental conditions 
were as described in c, d. *P < 0.05; **P < 0.01

(See figure on next page.)
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Fig. 7 Uev1A inhibits apoptosis through the AKT pathway in breast cancer cells. a, b UEV1A-overexpressed or vector control MDA-MB-231-TR cells 
with Paclitaxel (Pacl) (a) or Doxorubicin (Doxo) (b). c, d UEV1A-overexpressed or vector control MCF7 cells with Paclitaxel (Pacl) (c) or Doxorubicin 
(Doxo) (d). Cells were pretreated with (right panel) or without (left panel) 10 µM LY294002 (LY) for 12 h and then exposed to Paclitaxel or 
Doxorubicin, harvested at different time points and the protein levels of total PARP and cleaved-PARP (C-PARP) were detected by western blot. The 
ectopic Uev1A was monitored by an anti-HA antibody
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and promote K63-linked poly-ubiquitination as Uev1A. 
However, Uev1C does not contribute to NF-κB activa-
tion and are not able to promote metastasis in breast 
and colon cancers [20, 29]. This study investigated roles 
of UEV1A, UEV1C and MMS2 in AKT pathway activa-
tion in two breast cancer cell lines. Not surprisingly, with 
comparable levels of ectopic expression, only UEV1A, but 
not UEV1C or MMS2, is able to promote AKT pathway 
activation. In a reverse experiment, depletion of Uev1 
in two breast cancer cell lines significantly inhibits AKT 
pathway activation, indicating that the cellular Uev1 (pre-
sumbly Uev1A) level plays a critical role in oncogenic 
AKT activation. Although the exact function of Uev1C 
remains unclear, lack of the N-terminal domain found 
in Uev1A determines its subcellular localization and 
involvement in different pathways [7, 20].

Among FOXO members, the FOXO1 activity is nega-
tively regulated by PI3K/AKT, which phosphorylates 
FoxO1 at multiple sites and forces FoxO1 degradation 
and translocation into the cytoplasm [51]. The FOXO1 
transcription factors are important regulators of cell 
cycle arrest and apoptosis, functioning as tumor sup-
pressors [34, 35, 52]. Under stress conditions, FOXO1 
induces expression of a pro-apoptosis gene BIM to trig-
ger programmed death of overstressed/damaged cells 
[39, 40, 53]. Furthermore, overexpression of FOXO1 or 
BIM can significantly decrease cell growth in UEV1A-
overexpressed cells under serum-deprived conditions. 
Meanwhile, Bim is a major mediator of anticancer drug-
induced cell death [38, 54]. Therefore, induction of BIM 
by FOXO1 may be a key step in maintaining the BIM 
level in breast cancer cells and dictating their response to 
chemotherapy drugs. Our data collectively suggest that 
Uev1A promotes cell survival under serum starvation 
stress and drugs resistance through the AKT-FOXO1-
BIM axis in breast cancer cells, as outlined in Fig. 8.

It has been more than 20  years since UEV1 (UEV1A) 
was proposed as a proto-oncogene. Although UEV1A is 
abnormally overproduced in a variety of tumors and it is 
involved in NF-κB activation and tumor metastasis, our 
understanding of the Uev1A function is just the tip of 
the iceberg. This study reveals that Uev1A can activate 
AKT, promote cell survival and enhance chemoresistance 
in breast cancer cells. In fact, it has been reported that 
K63-linked ubiquitination triggered by TRAF6 regulates 
multiple signal transduction pathways, such as NF-κB, 
MAPKs and AKT, all of which relate to tumorigenesis. As 
the only known Ubc/E2 that works with TRAF6 and pro-
motes K63-linked polyubiquitination, the Ubc13-Uev1A 
complex should also be involved in the above pathways. 
In addition, AKT is ubiquitinated at its PH domain 
[55, 56], which is also found in other protein kinases 
[57, 58], and, like AKT, these kinases also contain the 

TRAF6 consensus binding motif, raising a possibility that 
TRAF6-Ubc13-Uev1A induces ubiquitination of these 
kinases [19]. Research on potential functions of UEV1A 
may further advance our understanding of how UEV1A 
works as a proto-oncogene.

Conclusion
Our studies suggest that Uev1A promotes cell survival 
under serum starvation stress through the AKT-FOXO1-
BIM axis in breast cancer cells, and identified a potential 

Fig. 8 Uev1A promotes cell survival through the AKT-FOXO1-BIM 
axis in breast cancer cells. The Ubc13-Uev1A complex works as 
an E2 along with TRAF6 to ubiquitinate AKT, which is required for 
the AKT membrane recruitment and subsequent phosphorylation 
and activation. The AKT phosphorylation negatively regulates 
the transcription factor FOXO1 that induces the expression of a 
pro-apoptosis gene BIM to trigger apoptosis
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therapeutic target in the treatment of both triple negative 
and estrogen receptor positive breast cancers.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1293 5-019-1050-4.

Additional file 1: Figure S1. Effects of UEV1C and MMS2 overexpression 
on the ATK pathway in breast cancer cells. Figure S2. Colony formation 
assay under serum-deprived conditions. Figure S3. Growth curve of 
Uev1A depleted breast cancer cells under serum-supplemented condi-
tions. Figure S4. UEV1A transcript levels in shUEV1 restored UEV1A breast 
cell lines. Figure S5. Uev1A promotes cell survival under serum starvation 
conditions through the AKT pathway in breast cancer cells. Figure S6. 
Inhibition of NF-κB pathway by Bay11-7082 treatment. Figure S7. Effects 
of Uev1 depletion on chemoresistance of breast cancer cells. Figure S8. 
Uev1A inhibits apoptosis through the AKT pathway in breast cancer cells.

Acknowledgements
We wish to thank Michelle Hanna for proofreading the manuscript.

Authors’ contributions
ZW and WX designed the study. ZW and TN performed the experiments and 
analyzed the data. ZW and WX wrote the paper. All authors read and approved 
the final manuscript.

Funding
This study was supported by the Canadian Breast Cancer Foundation research 
grant C7022 to WX.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biochemistry, Microbiology and Immunology, University 
of Saskatchewan, Saskatoon, SK S7N 5E5, Canada. 2 College of Life Sciences, 
Capital Normal University, Beijing 100048, China. 

Received: 12 June 2019   Accepted: 27 November 2019

References
 1. Mukhopadhyay D, Riezman H. Proteasome-independent functions of 

ubiquitin in endocytosis and signaling. Science. 2007;315(5809):201–5.
 2. Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Biochem. 

2001;70:503–33.
 3. Pickart CM. Ubiquitin enters the new millennium. Mol Cell. 

2001;8(3):499–504.
 4. McKenna S, Moraes T, Pastushok L, Ptak C, Xiao W, Spyracopoulos L, Elli-

son MJ. An NMR-based model of the ubiquitin-bound human ubiquitin 
conjugation complex Mms2.Ubc13. The structural basis for lysine 63 
chain catalysis. J Biol Chem. 2003;278(15):13151–8.

 5. Moraes TF, Edwards RA, McKenna S, Pastushok L, Xiao W, Glover JN, Ellison 
MJ. Crystal structure of the human ubiquitin conjugating enzyme com-
plex, hMms2-hUbc13. Nat Struct Biol. 2001;8(8):669–73.

 6. Hofmann RM, Pickart CM. Noncanonical MMS2-encoded ubiquitin-
conjugating enzyme functions in assembly of novel polyubiquitin 
chains for DNA repair. Cell. 1999;96(5):645–53.

 7. Andersen PL, Zhou H, Pastushok L, Moraes T, McKenna S, Ziola B, Ellison 
MJ, Dixit VM, Xiao W. Distinct regulation of Ubc13 functions by the two 
ubiquitin-conjugating enzyme variants Mms2 and Uev1A. J Cell Biol. 
2005;170(5):745–55.

 8. Deng L, Wang C, Spencer E, Yang L, Braun A, You J, Slaughter C, Pickart 
C, Chen ZJ. Activation of the IkappaB kinase complex by TRAF6 
requires a dimeric ubiquitin-conjugating enzyme complex and a 
unique polyubiquitin chain. Cell. 2000;103(2):351–61.

 9. Wang C, Deng L, Hong M, Akkaraju GR, Inoue J, Chen ZJ. 
TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature. 
2001;412(6844):346–51.

 10. Shi CS, Kehrl JH. Tumor necrosis factor (TNF)-induced germinal center 
kinase-related (GCKR) and stress-activated protein kinase (SAPK) activa-
tion depends upon the E2/E3 complex Ubc13-Uev1A/TNF receptor-
associated factor 2 (TRAF2). J Biol Chem. 2003;278(17):15429–34.

 11. Zhou H, Wertz I, O’Rourke K, Ultsch M, Seshagiri S, Eby M, Xiao W, Dixit 
VM. Bcl10 activates the NF-kB pathway through ubiquitination of 
NEMO. Nature. 2004;427(6970):167–71.

 12. Sun L, Deng L, Ea CK, Xia ZP, Chen ZJ. The TRAF6 ubiquitin ligase and 
TAK1 kinase mediate IKK activation by BCL10 and MALT1 in T lympho-
cytes. Mol Cell. 2004;14(3):289–301.

 13. Ea CK, Deng L, Xia ZP, Pineda G, Chen ZJ. Activation of IKK by TNFalpha 
requires site-specific ubiquitination of RIP1 and polyubiquitin binding 
by NEMO. Mol Cell. 2006;22(2):245–57.

 14. Liu S, Chen ZJ. Expanding role of ubiquitination in NF-kB signaling. Cell 
Res. 2011;21(1):6–21.

 15. Yamamoto M, Sato S, Saitoh T, Sakurai H, Uematsu S, Kawai T, Ishii KJ, 
Takeuchi O, Akira S. Cutting edge: pivotal function of Ubc13 in thymo-
cyte TCR signaling. J Immunol. 2006;177(11):7520–4.

 16. Matsuzawa A, Tseng PH, Vallabhapurapu S, Luo JL, Zhang W, Wang 
H, Vignali DA, Gallagher E, Karin M. Essential cytoplasmic transloca-
tion of a cytokine receptor-assembled signaling complex. Science. 
2008;321(5889):663–8.

 17. Wu X, Zhang W, Font-Burgada J, Palmer T, Hamil AS, Biswas SK, 
Poidinger M, Borcherding N, Xie Q, Ellies LG, et al. Ubiquitin-
conjugating enzyme Ubc13 controls breast cancer metastasis 
through a TAK1-p38 MAP kinase cascade. Proc Natl Acad Sci USA. 
2014;111(38):13870–5.

 18. Yang WL, Wang J, Chan CH, Lee SW, Campos AD, Lamothe B, Hur L, 
Grabiner BC, Lin X, Darnay BG, et al. The E3 ligase TRAF6 regulates Akt 
ubiquitination and activation. Science. 2009;325(5944):1134–8.

 19. Yang WL, Wu CY, Wu J, Lin HK. Regulation of Akt signaling activation by 
ubiquitination. Cell Cycle. 2010;9(3):487–97.

 20. Wu Z, Shen S, Zhang Z, Zhang W, Xiao W. Ubiquitin-conjugating enzyme 
complex Uev1A-Ubc13 promotes breast cancer metastasis through 
nuclear factor-small ka, CyrillicB mediated matrix metalloproteinase-1 
gene regulation. Breast Cancer Res. 2014;16(4):R75.

 21. Sancho E, Vila MR, Sanchez-Pulido L, Lozano JJ, Paciucci R, Nadal M, Fox 
M, Harvey C, Bercovich B, Loukili N, et al. Role of UEV-1, an inactive variant 
of the E2 ubiquitin-conjugating enzymes, in in vitro differentiation and 
cell cycle behavior of HT-29-M6 intestinal mucosecretory cells. Mol Cell 
Biol. 1998;18(1):576–89.

 22. Brinkmann U, Gallo M, Polymeropoulos MH, Pastan I. The human CAS (cel-
lular apoptosis susceptibility) gene mapping on chromosome 20q13 is 
amplified in BT474 breast cancer cells and part of aberrant chromosomes 
in breast and colon cancer cell lines. Genome Res. 1996;6(3):187–94.

 23. Kallioniemi A, Kallioniemi OP, Piper J, Tanner M, Stokke T, Chen L, Smith 
HS, Pinkel D, Gray JW, Waldman FM. Detection and mapping of amplified 
DNA sequences in breast cancer by comparative genomic hybridization. 
Proc Natl Acad Sci USA. 1994;91(6):2156–60.

 24. Tanner MM, Tirkkonen M, Kallioniemi A, Holli K, Collins C, Kowbel D, 
Gray JW, Kallioniemi OP, Isola J. Amplification of chromosomal region 
20q13 in invasive breast cancer: prognostic implications. Clin Cancer Res. 
1995;1(12):1455–61.

 25. El-Rifai W, Harper JC, Cummings OW, Hyytinen ER, Frierson HF Jr, Knuutila 
S, Powell SM. Consistent genetic alterations in xenografts of proximal 
stomach and gastro-esophageal junction adenocarcinomas. Cancer Res. 
1998;58(1):34–7.

https://doi.org/10.1186/s12935-019-1050-4
https://doi.org/10.1186/s12935-019-1050-4


Page 15 of 15Wu et al. Cancer Cell Int          (2019) 19:331 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 26. Ma L, Broomfield S, Lavery C, Lin SL, Xiao W, Bacchetti S. Up-regulation of 
CIR1/CROC1 expression upon cell immortalization and in tumor-derived 
human cell lines. Oncogene. 1998;17(10):1321–6.

 27. Xiao W, Lin SL, Broomfield S, Chow BL, Wei YF. The products of the yeast 
MMS2 and two human homologs (hMMS2 and CROC-1) define a struc-
turally and functionally conserved Ubc-like protein family. Nucleic Acids 
Res. 1998;26(17):3908–14.

 28. Syed NA, Andersen PL, Warrington RC, Xiao W. Uev1A, a ubiquitin 
conjugating enzyme variant, inhibits stress-induced apoptosis through 
NF-kappaB activation. Apoptosis. 2006;11(12):2147–57.

 29. Wu Z, Neufeld H, Torlakovic E, Xiao W. Uev1A-Ubc13 promotes colorectal 
cancer metastasis through regulating CXCL1 expression via NF-small ka, 
CyrillicB activation. Oncotarget. 2018;9(22):15952–67.

 30. Pulvino M, Liang Y, Oleksyn D, DeRan M, Van Pelt E, Shapiro J, Sanz I, Chen 
L, Zhao J. Inhibition of proliferation and survival of diffuse large B-cell 
lymphoma cells by a small-molecule inhibitor of the ubiquitin-conjugat-
ing enzyme Ubc13-Uev1A. Blood. 2012;120(8):1668–77.

 31. Fresno Vara JA, Casado E, de Castro J, Cejas P, Belda-Iniesta C, Gonzalez-
Baron M. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev. 
2004;30(2):193–204.

 32. Kim D, Dan HC, Park S, Yang L, Liu Q, Kaneko S, Ning J, He L, Yang H, Sun 
M, et al. AKT/PKB signaling mechanisms in cancer and chemoresistance. 
Front Biosci. 2005;10:975–87.

 33. Jin W, Wu L, Liang K, Liu B, Lu Y, Fan Z. Roles of the PI-3K and MEK path-
ways in Ras-mediated chemoresistance in breast cancer cells. Br J Cancer. 
2003;89(1):185–91.

 34. Fu Z, Tindall DJ. FOXOs, cancer and regulation of apoptosis. Oncogene. 
2008;27(16):2312–9.

 35. Zhang X, Tang N, Hadden TJ, Rishi AK. Akt, FoxO and regulation of apop-
tosis. Biochem Biophys Acta. 2011;1813(11):1978–86.

 36. Han Z, Hong L, Han Y, Wu K, Han S, Shen H, Li C, Yao L, Qiao T, Fan D. Phos-
pho Akt mediates multidrug resistance of gastric cancer cells through 
regulation of P-gp, Bcl-2 and Bax. J Exp Clin Cancer Res. 2007;26(2):261–8.

 37. Drukker L, Margulis A, Chaouat M, Levitzki R, Maiorenko E, Ben Bassat H. 
Changes of PI3K/AKT/BCL2 signaling proteins in congenital Giant Nevi: 
melanocytes contribute to their increased survival and integrity. J Recept 
Signal Transduct Res. 2013;33(6):359–66.

 38. Song HM, Luo Y, Li DF, Wei CK, Hua KY, Song JL, Xu H, Maskey N, Fang L. 
MicroRNA-96 plays an oncogenic role by targeting FOXO1 and regulating 
AKT/FOXO1/Bim pathway in papillary thyroid carcinoma cells. Int J Clin 
Exp Pathol. 2015;8(9):9889–900.

 39. O’Connor L, Strasser A, O’Reilly LA, Hausmann G, Adams JM, Cory S, 
Huang DC. Bim: a novel member of the Bcl-2 family that promotes apop-
tosis. EMBO J. 1998;17(2):384–95.

 40. Gilley J, Coffer PJ, Ham J. FOXO transcription factors directly activate bim 
gene expression and promote apoptosis in sympathetic neurons. J Cell 
Biol. 2003;162(4):613–22.

 41. Pfaffl MW. A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acids Res. 2001;29(9):e45.

 42. Pelzer L, Pastushok L, Moraes T, Mark Glover JN, Ellison MJ, Ziola B, Xiao W. 
Biological significance of structural differences between two highly con-
served Ubc variants. Biochem Biophys Res Commun. 2009;378(3):563–8.

 43. Mendoza MC, Blenis J. PHLPPing it off: phosphatases get in the Akt. Mol 
Cell. 2007;25(6):798–800.

 44. Raff MC. Social controls on cell survival and cell death. Nature. 
1992;356(6368):397–400.

 45. Vlahos CJ, Matter WF, Hui KY, Brown RF. A specific inhibitor of phosphati-
dylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one 
(LY294002). J Biol Chem. 1994;269(7):5241–8.

 46. Kondapaka SB, Singh SS, Dasmahapatra GP, Sausville EA, Roy KK. Perifo-
sine, a novel alkylphospholipid, inhibits protein kinase B activation. Mol 
Cancer Ther. 2003;2(11):1093–103.

 47. Pierce JW, Schoenleber R, Jesmok G, Best J, Moore SA, Collins T, Gerritsen 
ME. Novel inhibitors of cytokine-induced IkappaBalpha phosphorylation 
and endothelial cell adhesion molecule expression show anti-inflamma-
tory effects in vivo. J Biol Chem. 1997;272(34):21096–103.

 48. McKenna S, Spyracopoulos L, Moraes T, Pastushok L, Ptak C, Xiao W, Elli-
son MJ. Noncovalent interaction between ubiquitin and the human DNA 
repair protein Mms2 is required for Ubc13-mediated polyubiquitination. J 
Biol Chem. 2001;276(43):40120–6.

 49. Browne SJ, MacFarlane M, Cohen GM, Paraskeva C. The adenomatous 
polyposis coli protein and retinoblastoma protein are cleaved early in 
apoptosis and are potential substrates for caspases. Cell Death Differ. 
1998;5(3):206–13.

 50. Poltronieri P, Yokota T, Koyama Y, Hanai S, Uchida K, Miwa M. PARP cleav-
age in the apoptotic pathway in S2 cells from Drosophila melanogaster. 
Biochem Cell Biol. 1997;75(4):445–9.

 51. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Anderson MJ, Arden 
KC, Blenis J, Greenberg ME. Akt promotes cell survival by phosphorylating 
and inhibiting a Forkhead transcription factor. Cell. 1999;96(6):857–68.

 52. Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z, Miao L, Tothova Z, 
Horner JW, Carrasco DR, et al. FoxOs are lineage-restricted redundant 
tumor suppressors and regulate endothelial cell homeostasis. Cell. 
2007;128(2):309–23.

 53. Yang Y, Zhao Y, Liao W, Yang J, Wu L, Zheng Z, Yu Y, Zhou W, Li L, Feng J, 
et al. Acetylation of FoxO1 activates Bim expression to induce apoptosis 
in response to histone deacetylase inhibitor depsipeptide treatment. 
Neoplasia. 2009;11(4):313–24.

 54. Chi HC, Chen SL, Cheng YH, Lin TK, Tsai CY, Tsai MM, Lin YH, Huang YH, 
Lin KH. Chemotherapy resistance and metastasis-promoting effects of 
thyroid hormone in hepatocarcinoma cells are mediated by suppression 
of FoxO1 and Bim pathway. Cell Death Dis. 2016;7(8):e2324.

 55. Bellacosa A, Chan TO, Ahmed NN, Datta K, Malstrom S, Stokoe D, McCor-
mick F, Feng J, Tsichlis P. Akt activation by growth factors is a multiple-
step process: the role of the PH domain. Oncogene. 1998;17(3):313–25.

 56. Varnai P, Bondeva T, Tamas P, Toth B, Buday L, Hunyady L, Balla T. Selective 
cellular effects of overexpressed pleckstrin-homology domains that 
recognize PtdIns(3,4,5)P3 suggest their interaction with protein binding 
partners. J Cell Sci. 2005;118(Pt 20):4879–88.

 57. Berg LJ, Finkelstein LD, Lucas JA, Schwartzberg PL. Tec family kinases 
in T lymphocyte development and function. Annu Rev Immunol. 
2005;23:549–600.

 58. Qiu Y, Kung HJ. Signaling network of the Btk family kinases. Oncogene. 
2000;19(49):5651–61.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Uev1A promotes breast cancer cell survival and chemoresistance through the AKT-FOXO1-BIM pathway
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Cell lines and culture
	Plasmids and pLentivirus vector preparation
	Survival assay and cell counting
	RNA preparation and real-time RT-PCR (qRT-PCR)
	Western blot analysis
	Preparation of nuclear fraction
	Statistical analysis

	Results
	UEV1A is involved in AKT activation and promotes cell survival under serum starvation stress
	Endogenous Uev1A is required for the AKT signaling pathway
	UEV1A promotes cell growth through AKTFOXO1 but not the NF-κB pathway
	BIM is the downstream effactor for Uev1A-promoted cell survival under serum starvation stress
	Uev1A-activated AKT pathway is dependent on Ubc13
	Uev1A promotes AKT-mediated chemoresistance in breast cancer cells
	Uev1A inhibits apoptosis through the AKT pathway in breast cancer cells

	Discussion
	Conclusion
	Acknowledgements
	References




