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SUMMARY

UBE2O is localized in the 17q25 locus, which is known to be amplified in human cancers, but its 

role in tumorigenesis remains undefined. Here we show that Ube2o deletion in MMTV-PyVT or 

TRAMP mice profoundly impairs tumor initiation, growth and metastasis, while switching off the 

metabolic reprogramming of tumor cells. Mechanistically, UBE2O specifically targets AMPKα2 

for ubiquitination and degradation, and thereby promotes activation of the mTOR-HIF1α pathway. 

Notably, inactivation of AMPKα2, but not AMPKα1, abrogates the tumor attenuation caused by 

UBE2O-loss, while treatment with rapamycin or inhibition of HIF1α ablates UBE2O-dependent 

tumor biology. Finally, pharmacological blockade of UBE2O inhibits tumorigenesis through the 
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restoration of AMPKα2, suggesting the UBE2O-AMPKα2 axis as a potential cancer therapeutic 

target.

Graphical abstract

Vila et al. show that UBE2O, which is overexpressed in many human cancers, targets AMPKα2 

for ubiquitination and degradation thereby promotes activation of the mTOR-HIF1α pathway. 

Genetic deletion or pharmacological blockade of UBE2O inhibits tumorigenesis through the 

restoration of AMPKα2.
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INTRODUCTION

Ubiquitin-conjugating enzyme E2O (UBE2O) is a relatively large E2 ubiquitin-conjugation 

enzyme in comparison with other E2s. Previous studies have suggested that UBE2O could 

function as an E2/E3 hybrid ubiquitin-protein ligase that displays both E2 and E3 ligase 

activities (Berleth and Pickart, 1996; Klemperer et al., 1989). Recent biochemical and cell-

based studies have showed that UBE2O ubiquitinates SMAD6 during bone morphogenetic 

protein signaling (Zhang et al., 2013a), induces cytoplasmic sequestration of nuclear BAP1 

(Mashtalir et al., 2014), and coordinates endosomal protein trafficking (Hao et al., 2013). 

However, in vivo evaluation of UBE2O has been limited by a lack of appropriate animal 

models. Intriguingly, UBE2O is localized in the 17q25 chromosome region, which is 
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amplified in a subset of human cancers (Briffa et al., 2015; Lin et al., 2006; Rice et al., 2011; 

Toffoli et al., 2014; Wang et al., 2015), but its role in tumorigenesis has yet to be fully 

described.

AMP-activated protein kinase (AMPK) is a critical sensor of cellular energy and nutrient 

levels. Loss of AMPK or deregulation of its activity has been linked to cancer. Reduced 

AMPK activity has been detected in human breast and kidney cancers (Cancer Genome 

Atlas Research Network, 2013; Hadad et al., 2009), and reduced expression of AMPKα2 

has been associated with human breast, kidney, ovarian and gastric cancers (Hallstrom et al., 

2008; Kim et al., 2012; Tong et al., 2011). The tumor suppressive functions of AMPK that 

have been described so far include: (1) inhibition of the synthesis of most cellular 

macromolecules by inactivating the mTOR signaling pathway (Gwinn et al., 2008); (2) 

downregulation of the glycolytic pathway to exert an anti-Warburg effect (Faubert et al., 

2013; Faubert et al., 2014); (3) arrest of the cell cycle in concert with the stabilization of p53 

and p27Kip1 (Hardie and Alessi, 2013); and (4) opposition of the epithelial-mesenchymal 

transition (EMT) associated with tumor invasion and metastasis (Qu et al., 2014). However, 

engaging AMPK signaling has also been reported to aid tumor cell survival and to provide 

an advantage to tumor cells by promoting mitochondrial pathways that mitigate metabolic 

stress and apoptosis (Jeon et al., 2012; Kishton et al., 2016; Saito et al., 2015). Thus AMPK 

may exert either a positive or negative effect on cancer cell survival, depending on the 

context of cellular stress.

AMPK is a heterotrimeric serine/threonine kinase composed of catalytic α and regulatory β 
and γ subunits. Although the regulation of its enzymatic activity by adenine nucleotides and 

upstream kinases (such as LKB1/STK11 and CaMKKβ) is already an active area of research 

(Hardie et al., 2012), there is compelling evidence suggesting additional modes of AMPK 

regulation (Lee et al., 2013; Pineda and Potts, 2015; Qi et al., 2008; Wang et al., 2012). 

However, the molecular mechanisms underlying selective modulation of AMPK subunit 

isoforms during tumorigenesis are unclear.

RESULTS

Generation of Ube2o knockout mice

To examine the in vivo biological functions of UBE2O, we generated Ube2o knockout mice 

by injecting Ube2o knockout (Ube2otm1(KOMP)Mpb) mouse embryonic stem cells (Figure 

S1A), generated by the Knockout Mouse Project (KOMP) consortium, into blastocysts 

derived from C57BL/6 mice to produce chimeras. Subsequent breeding of these chimeras 

resulted in germline transmission of the targeted allele (Figure S1B).

To examine potential UBE2O-mediated proliferation changes, we first attempted to generate 

Ube2o−/− mouse embryonic fibroblasts (MEFs). Significantly, primary Ube2o−/− MEFs 

proliferated slower than wild-type cells (Figures S1C and S1D). Classical focus-formation 

assays with adenovirus E1A and H-RasV12 revealed a decrease in the number of foci of 

morphologically transformed cells among Ube2o−/− cells (Figure S1E), indicating that loss 

of Ube2o confers resistance to cellular oncogenic transformation. Ube2o deficiency also 

significantly reduced the migration rates of cells, which was unlikely to be associated with 
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differences in their proliferation rates (Figure S1F). Conversely, the transformation 

efficiency was greatly increased in cells overexpressing UBE2O (Figure S1G). In vivo 

mouse allograft generation with these cells confirmed the pro-growth activity of UBE2O 

(Figure S1H).

Ablation of Ube2o impairs mammary tumor progression and lung metastasis in a mouse 
model of breast cancer

To explore the role of UBE2O in tumorigenesis in vivo, we introduced the Ube2o deletion 

into a series of transgenic mouse models of spontaneous cancer. As MMTV-PyVT 

transgenic mice are known to develop mammary tumors that metastasize to the lung (Guy et 

al., 1992), we crossed these mice with our Ube2o−/− mice and analyzed the resultant 

compound mutants. Ablation of Ube2o provided a significant survival benefit for MMTV-

PyVT mice (Figure 1A). Furthermore, Ube2o knockout profoundly delayed onset of PyVT-

driven mammary tumors (Figure 1B). It should be noted that PyVT;Ube2o+/− mice also 

exhibited improved survival and delayed disease onset, indicating that UBE2O is haplo-

insufficient with respect to mammary tumor development in MMTV-PyVT mice.

At 105 day of age, PyVT;Ube2o+/+ mice had medium- to large–sized mammary tumors 

(median weight, 360 mg) reflecting multifocal tumor growth in response to expression of the 

PyVT oncogene, whereas tumor volume and weight were greatly reduced in PyVT;Ube2o+/− 

mice and PyVT;Ube2o−/− mice (178 mg and 28 mg, respectively) (Figure 1C). Notably, 7/13 

(54%) PyVT;Ube2o−/− mice had no tumor burdens. Histological examination by H&E 

staining revealed severe malignant progression in PyVT;Ube2o+/+ mice, as indicated by the 

formation of poorly differentiated and aggressive adenocarcinoma (Figure 1D). In contrast, 

the mammary glands of age-matched PyVT;Ube2o−/− mice were preserved and the tissue 

showed a hyperplastic-like, non-malignant phenotype (Figure 1D). Moreover, Ube2o 
ablation markedly attenuated intra-tumoral vascularization in PyVT mammary tumors 

(Figure 1E). Likewise expression levels of genes involved in neovascularization such as 

Angpt1, Angpt2 and Kdr (Flk1/Vegfr2) and its reflecting endothelial cell number, such as 

Pecam1 (Cd31) and Tie1, were greatly reduced in PyVT;Ube2o−/− relative to 

PyVT;Ube2o+/+ mammary tumors (Figure 1F). We also noted that expression of pro-

inflammatory genes such as Tnf, Nos2, Il6 and Ccl2 was significantly inhibited by Ube2o 
ablation in PyVT mammary tumors (Figure S1I). Furthermore, multiple tumor nodules that 

had metastasized to the lung surface were observed in PyVT;Ube2o+/+ mice but none was 

seen in PyVT;Ube2o−/− mice (Figures 1G and 1H). Taken together, these results indicate that 

UBE2O regulates breast cancer initiation, progression and lung metastasis.

Attenuated formation of invasive prostate carcinoma and metastasis in Ube2o-deficient 
TRAMP mice

We next asked what impact Ube2o deletion might have on the development of another 

cancer type, such as prostate cancer. We therefore crossed our Ube2o−/− mice with TRAMP 

(transgenic adenocarcinoma mouse prostate) mice, which develop prostate cancer due to 

prostate-specific expression of SV40 T antigen (Greenberg et al., 1995). To study the early 

effects of Ube2o ablation in the prostate, TRAMP mice of differing Ube2o backgrounds 

were sacrificed at 12 weeks of age, and histopathological analysis was performed. 
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TRAMP;Ube2o−/− mice displayed normal prostate histology, whereas TRAMP;Ube2o+/+ 

mice consistently exhibited significantly enlarged prostate lobes and high-grade prostatic 

intraepithelial neoplasia (HG-PIN) (~50% of prostate glands affected) (Figures 2A–2C). We 

also observed that haplo-deficiency of Ube2o suppressed the development of HG-PIN, 

demonstrating that UBE2O is haplo-insufficient with respect to prostate cancer initiation.

To further analyze the effects of Ube2o ablation on prostate carcinoma in TRAMP mice, we 

followed cohorts of TRAMP mice with differing Ube2o backgrounds by magnetic resonance 

imaging (MRI) analysis. MRI analysis revealed the presence of large tumor masses in the 

prostates of 25 weeks old TRAMP;Ube2o+/+ mice (Figures 2D and 2E). However, these 

tumors were markedly attenuated in the age-matched TRAMP;Ube2o+/− or 

TRAMP;Ube2o−/− cohorts on the basis of both tumor volume (Figures 2D and 2E) and 

weight (Figure 2F). Notably, smooth muscle actin (SMA) staining showed a highly penetrant 

invasive prostatic adenocarcinoma in TRAMP;Ube2o+/+ mice at 30 weeks of age as 

compared to age-matched TRAMP;Ube2o−/− mice (Figure 2G). Furthermore, multiple 

tumor nodules that had metastasized to the liver and lymph nodes were observed in 

TRAMP;Ube2o+/+ mice (~25% incidence), but not in any TRAMP;Ube2o−/− mice (Figure 

2H). These results highlight UBE2O as a critical factor in prostate cancer initiation, 

progression, invasion and metastasis.

UBE2O targets AMPKα2 for ubiquitination and degradation

In order to identify signaling pathways regulated by UBE2O, we used anti-Flag affinity 

purification-mass spectrometry (MS) to identify potential UBE2O-interacting proteins in 

Ube2o−/− MEFs expressing Flag-tagged UBE2O (Figure 3A). Interestingly, AMPKα2 

(encoded by Prkaa2) was identified as a UBE2O-associated protein (Figure S2A). 

Reciprocal purification of Myc-tagged AMPKα2 complexes from Prkaa1−/−Prkaa2−/− MEFs 

corroborated this data (Figure S2B). We confirmed the interactions between UBE2O and 

AMPKα2 in vivo and in vitro (Figure 3B and Figure S2C). Moreover, UBE2O, as an E2/E3 

hybrid ubiquitin-protein ligase, directly ubiquitinates AMPKα2 in the presence of only the 

E1 enzyme whereas the catalytically inactive UBE2O C1040S (CS) mutant, which can still 

bind to AMPKα2, had dramatically diminished ability to ubiquitinate AMPKα2 (Figures 3C 

and Figures S2D and S2E). Targeted disruption of Ube2o likewise decreased the 

ubiquitination of the endogenous AMPKα2 (Figure S2F), suggesting that UBE2O may be 

the major physiological ubiquitin ligase for AMPKα2. Interestingly, previous studies had 

predicted that three lysine (K) residues (K364, K379 and K470) in AMPKα2 could be 

ubiquitinated (Chen et al., 2014; Radivojac et al., 2010; Wagner et al., 2012). When wild-

type or lysine mutant AMPKα2 was expressed in Prkaa1−/−Prkaa2−/− MEFs, unlike wild-

type or other mutants, AMPKα2 K470R failed to be ubiquitinated (Figure 3D), indicating 

that K470 could be a major site for AMPKα2 ubiquitination by UBE2O. It should be noted 

that the K470 residue is conserved in AMPKα2 among different vertebrate species, but is 

replaced by an arginine (R475) in AMPKα1. RNA interference (RNAi) targeting UBE2O 

decreased the ubiquitination levels of AMPKα2, but not AMPKα1 (Figure 3E), further 

confirming the AMPKα2-selective ubiquitination by UBE2O.
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UBE2O promoted K48-linked, rather than K63-linked, ubiquitination of AMPKα2 (Figure 

S2G). Ubiquitination through K48 of the ubiquitin chain generally targets proteins for 

degradation. Indeed, proteasomal inhibition (MG132, 6 hr) increased AMPKα2 protein 

levels (Figure S3A), and cycloheximide treatment revealed that UBE2O-mediated AMPKα2 

ubiquitination greatly alters its protein turnover rate (Figures 3F and 3G). In Ube2o−/− 

mouse tissues, the levels of endogenous AMPKα2 (but not AMPKα1) protein rose 

strikingly, with no effect on mRNA levels or cellular compartmentalization (Figure 3H and 

Figures S3B and S3C). Likewise, downregulation of UBE2O by RNAi in AMPKα2-positive 

HCT116 human colon carcinoma cells resulted in increased AMPKα2 (but not AMPKα1) 

protein levels, accompanied by elevated expression of additional subunits of the AMPK 

holoenzyme (Figure S3D). These effects were likely dependent on the expression of the 

AMPKα2, because UBE2O-loss did not significantly alter the AMPK holoenzyme in 

AMPKα2-deficient DLD-1 human colon carcinoma cells (Figure S3D).

Knockdown of UBE2O also increased phosphorylation of AMPK substrates, such as acetyl 

CoA carboxylase 1 (ACC1) and Raptor, the regulatory-associated protein of mTOR, along 

with suppression of mTORC1 signaling as determined by phosphorylation of S6 (Figure 3I). 

This effect was reversed, however, by reconstitution with exogenous wild-type (but not CS 

mutant) UBE2O from a Ube2o ORF transcript lacking the 3′-UTR sequence targeted by 

shRNA (Figure 3I). Together these data indicate that UBE2O downregulates AMPKα2 

through ubiquitination.

UBE2O-mediated tumorigenesis is AMPKα2 dependent

Next, we examined whether the mechanism for UBE2O dependent tumorigenesis operates 

specifically through the AMPKα2 axis. While most cell types express both AMPKα1 and 

AMPKα2, B and T lymphocytes express only AMPKα1 (Stapleton et al., 1996; Tamas et 

al., 2006) (Figure S4A). We therefore generated two mouse models of lymphoma, in which 

AMPKα2 is undetectable, that harbored a mutation in Ube2o (Figure S4B): An Eμ-Myc 

mouse model of B cell lymphoma (BCL) (Adams et al., 1985) (Eμ-Myc;Ube2o−/−) and a 

Pten-deficient mouse developing T cell lymphoma (Di Cristofano et al., 1999; Podsypanina 

et al., 1999) and germinal center subtype BCL (Pfeifer et al., 2013) (Pten+/−;Ube2o−/−). To 

our surprise, after a maximum of ~400 days, we found no significant difference in disease 

onset and mortality rates between Eμ-Myc control mice and Eμ-Myc animals lacking Ube2o 
(Figures 4A–4C). Similarly, we found that ablation of Ube2o does not impair the 

progression of lymphoma in cohorts of Pten+/− mice (Figures S4C and S4D). It is also 

noteworthy that loss of Ube2o did not lead to alterations in levels of AMPKα1 in lymph 

node tumors isolated from mice (Figure 4D and Figure S4E). These data suggest that Ube2o 
ablation does not provide a significant anti-tumor effect or survival advantage in mouse 

models of lymphoma in which AMPKα2 is undetectable, and the AMPKα1 may not play a 

role in UBE2O-dependent tumorigenesis.

To further study the contribution of AMPKα1 and AMPKα2 to UBE2O dependent 

tumorigenesis, we used a human haploid cancer cell line (HAP1) in which the single allele 

of PRKAA1 or PRKAA2 had been knocked out using CRISPR/Cas9 technology. Critically, 

even in HAP1 cells knocked out for PRKAA1, knockdown of UBE2O resulted in decreased 
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cell growth and increased phosphorylation of AMPK substrates such as ACC1 and Raptor 

(Figures 4E and 4F). In contrast, UBE2O depletion did not affect the rates of cellular 

proliferation and AMPK signaling in PRKAA2 knockout cells (Figures 4E and 4F). 

Likewise UBE2O silencing in AMPKα2-negative DLD-1 cells did not significantly alter cell 

growth rates (Figure S4F).

We also attempted to distinguish between AMPKα1 and AMPKα2 using isoform-specific 

knockdowns. Notably, HCT116 xenograft demonstrated that knockdown of AMPKα2, but 

not AMPKα1, markedly reverses the phenotype of UBE2O loss-induced tumor attenuation 

(Figures 4G–4I), underscoring that AMPKα2 (but not AMPKα1) is very likely to be a 

major factor in reliable UBE2O function in tumorigenesis.

Furthermore, either expression of ubiquitination-defective K470R AMPKα2 mutant or 

treatment with the allosteric AMPK activator A769662 reversed tumor growth in mice 

bearing E1A and H-RasV12 transformed MEFs overexpressing UBE2O (Figures 4J–4L and 

Figures S4G–S4I), suggesting that AMPKα2 ubiquitination by UBE2O promotes tumor 

growth, and pharmacological activation of AMPK could show promise as a treatment for 

UBE2O-positive tumors.

UBE2O promotes metabolic reprogramming of cancer cells through inactivation of 
AMPKα2

Metabolic reprogramming toward aerobic glycolysis (or the Warburg effect) and biomass 

accumulation is known to accompany tumorigenesis (Vander Heiden et al., 2009). We 

therefore decided to explore the possible role of UBE2O in cancer cell metabolism. Notably, 

UBE2O-depleted HCT116 cells exhibited decreased glucose consumption and lactate 

production, a metabolic signature consistent with the ‘anti-Warburg effect’ (Figure S5A). 

Conversely, forced expression of wild-type (but not CS mutant) UBE2O in the ABC-1 

NSCLC cell line with the lowest UBE2O expression [due to the lower copy number of 

UBE2O, according to the Cancer Cell Line Encyclopedia (CCLE) (http://

www.broadinstitute.org/ccle)], led to increases in glucose consumption and lactate 

production (Figure S5B). Moreover, using targeted capillary electrophoresis (CE) mass 

spectrometry, we extracted 116 metabolites and found a significant reduction in levels of 

glycolytic metabolites in UBE2O-silenced cells compared to control cells (Figure 5A). We 

further examined the metabolic fate of 13C-labeled glucose through a quantitative isotope 

analysis, and found that the proportion of glycolytic metabolites containing the 13C label 

was markedly reduced by UBE2O loss (Figure S5C). Our metabolomic analysis also 

revealed that UBE2O-depleted cancer cells had a significantly reduced biosynthetic capacity 

of purines and amino acids, which is closely linked to tumor cell growth and size (Vander 

Heiden et al., 2009) (Figures S5D and S5E). Likewise UBE2O-depleted HCT116 cells 

displayed a 15% decrease in median cell size whereas ectopic expression of UBE2O in 

ABC-1 cells increased cell size (Figure 5B), implying that UBE2O plays a pivotal role in the 

biomass regulation of cancer cells. Because the commonly used HCT116 cell line contains a 

PIK3CA kinase domain mutation (PIK3CAH1047R) that could directly affect the metabolic 

state of the cells, we used a PIK3CA wild-type cancer cell line, MDA-MB-231, and found 

that knockdown of UBE2O still resulted in marked reductions in glucose consumption as 
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well as lactate and biomass production (Figures S5F and S5G). Pre-treatment of HCT116 

cells with the PI3K inhibitor BKM120 corroborated our conclusion that UBE2O-induced 

metabolic rewiring is unlikely to be associated with the PIK3CA status of cancer cells 

(Figures S5H and S5I).

AMPK is known to suppress the rewiring of metabolism toward glycolytic and biosynthetic 

pathways in cancerous contexts (Faubert et al., 2013; Faubert et al., 2014). We therefore 

asked whether the effect of UBE2O on the metabolic reprogramming of tumor cells occurs 

through AMPKα2. Knockdown of UBE2O markedly reduced rates of glucose consumption 

as well as lactate and biomass production in AMPKα2(+) HCT116, but not AMPKα2(−) 

DLD-1, human colon carcinoma cells (Figures S5J and S5K). Moreover, RNAi targeting of 

UBE2O reduced the rates of glucose consumption and the production of lactate and biomass 

in both HAP1 control and HAP1 cells knocked out for PRKAA1, whereas these rates were 

not affected in PRKAA2 KO cells (Figures 5C and 5D). Knockdown of AMPKα2, but not 

AMPKα1, with isoform-specific shRNAs attenuated the effects of UBE2O loss on 

metabolic reprogramming (Figures 5E and 5F). Critically, expression of ubiquitination-

defective K470R mutant AMPKα2 reversed the glycolytic and biosynthetic phenotypes 

observed in UBE2O-overexpressing tumor cells (Figures 5G and 5H). Taken together, these 

results suggest that UBE2O-dependent enhanced metabolic flux into glycolytic and 

biosynthetic pathways of tumor cells is specifically due to AMPKa2 degradation.

An AMPKα2-mTOR-HIF1α axis is critical to UBE2O dependent tumor biology

Numerous studies have revealed that the mTOR pathway is one of the major growth 

regulatory pathways controlled by AMPK (Hardie and Alessi, 2013; Shackelford and Shaw, 

2009). In alignment with these findings, we observed that UBE2O promoted heightened 

activation of mTORC1 signaling, marked by increased S6 phosphorylation in an AMPKα2-

dependent manner (Figures 3I, 4D, 4F, 4I and 4L and Figures S4E and S6A). We also noted 

that downregulation of UBE2O did not significantly alter the protein levels of any other 

components of the mTORC1 pathway (Figure S6A), suggesting that the effects of UBE2O 

are largely due to AMPKα2 regulation.

To examine the contribution of mTORC1 signaling to UBE2O-induced tumor growth in 

vivo, we subcutaneously implanted transformed MEFs ectopically expressing UBE2O into 

Swiss-nu/nu mice, which were then treated with the mTORC1 inhibitor rapamycin every 

other day. We found that tumor growth in mice bearing cells overexpressing UBE2O was 

profoundly suppressed by rapamycin (Figures 6A–6C). Moreover, rapamycin treatment 

ablated the enhanced levels of glucose consumption, lactate production (Figures 6D and 6E) 

and biomass accumulation (Figure 6F) displayed by UBE2O-overexpressing cells.

mTORC1 signaling has been linked to control of hypoxia inducible factor 1α (HIF1α) 

expression, which in turn promotes cell growth and biosynthesis (Laplante and Sabatini, 

2012). Consistently, loss of Ube2o has led to marked reductions in HIF1α levels in cells and 

mice through the AMPKα2-mTOR axis (Figures 4D, 4F, 4I, 4L, 6C, 6D and 6G and Figures 

S4E, S6A and S6B). Our microarray analysis revealed that UBE2O-depleted cells exhibited 

reduced HIF1α gene enrichment signatures (Figure S6C). Indeed, expression of HIF1α 
target genes such as Flt1, Vegfa, Tgfb3, Ccng2, Hes6, Idha, Sox9, Pdk1, Jmjd1a and Plod2 
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was significantly attenuated in Ube2o-deficient MMTV-PyVT or TRAMP mice (Figure 6H). 

Additionally, it is likely that the regulation of HIF1α target gene expression signatures by 

UBE2O is AMPKα2 dependent (Figures 6I and 6J and Figure S6D). We next sought to 

determine the contribution of HIF1α to the pro-growth and glycolytic phenotypes observed 

in UBE2O-dependent tumors. Expression of HIF1α shRNA significantly decreased cellular 

proliferation in UBE2O-overexpressing cells (Figure 6K), and was associated with 

reductions in glucose consumption, lactate production (Figure 6L) and biomass 

accumulation (Figure 6M). Collectively, these data suggest that the UBE2O-dependent pro-

growth, glycolytic and biosynthetic programs of tumor cells are supported by the AMPKα2-

mTOR-HIF1α axis.

UBE2O regulation of AMPKα2/mTOR/HIF1α is relevant in patients

UBE2O is localized in the 17q25 locus, the amplification of which is recurrent in a subset of 

human cancers (Briffa et al., 2015; Lin et al., 2006; Rice et al., 2011; Toffoli et al., 2014; 

Wang et al., 2015), and we found that in TCGA datasets from cBioPortal 

(www.cbioportal.org) UBE2O is upregulated in ~20% of human breast, bladder, liver and 

lung carcinomas (Figures 7A and 7B and Figures S7A and S7B). Previously published 

microarray-based gene expression analyses have also indicated a high expression rate of 

UBE2O in several subsets of human cancer (Figure 7C and Figure S7C). This data was 

corroborated by our own immunohistochemical analysis, which revealed that UBE2O is 

indeed highly expressed in breast cancer samples (Figure 7D and Figure S7D). We further 

confirmed the clinical significance of UBE2O overexpression through a cancer patient 

survival analysis drawn from another available database (Figure 7E), suggesting that its 

expression may impact neoplastic malignancies and clinical outcomes.

We also sought to determine the clinical relevance of UBE2O regulation of the AMPKα2-

mTOR-HIF1α axis. Importantly, an immunohistochemical analysis of human breast tumors 

demonstrated a statistically significant inverse correlation between UBE2O and AMPKα2 

but not AMPKα1 protein levels (Figure 7F). In sharp contrast, we found a high degree of 

positive correlations between UBE2O and phospho-S6 or HIF1α protein levels (Figure 7F). 

Taken together, these results suggest that in a significant fraction of human cancers, UBE2O 
is upregulated, which may contribute to regulation of the AMPKα2-mTOR-HIF1α pathway.

Pharmacological blockade of UBE2O inhibits tumorigenesis through AMPKα2 restoration

The biological and clinical relevance of UBE2O in tumorigenesis suggests that UBE2O may 

be a promising target for anti-cancer therapeutics. Interestingly, UBE2O is known to be 

susceptible to inhibition by arsenite, which can crosslink adjacent cysteines within its 

catalytic domain (Berleth and Pickart, 1996; Klemperer et al., 1989) (Figure 8A). Critically, 

we found that in a clinically achievable concentration (0.5~1 μM), arsenic trioxide (ATO) 

diminished the heavy ubiquitination of AMPKα2 induced by UBE2O (Figure 8B and Figure 

S8A), and increased the protein levels of AMPKα2, but not AMPKα1, in a UBE2O-

dependent manner (Figure 8C and Figures S8B and S8C). It was also shown many years ago 

that arsenite activated AMPK and were associated with large increases in the AMP:ATP 

ratio at concentrations far higher (500~1000 fold) (Corton et al., 1994) than those examined 
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in our study. These suggest arsenite could upregulate AMPK through activation as well as 

overexpression of AMPK.

Both inorganic and synthesized organic arsenite are currently being tested against various 

forms of cancer in clinical trials (https://clinicaltrials.gov). To determine the in vivo 

contribution of UBE2O function to the anti-tumor ability of ATO, we subcutaneously 

implanted transformed cells ectopically expressing UBE2O into Swiss nu/nu mice and 

treated them daily with ATO. ATO treatment dramatically reduced tumor growth in mice 

bearing cells overexpressing UBE2O, but not in mice bearing control cells, accompanied by 

the restoration of AMPKα2 expression and marked reductions in mTOR activity and HIF1α 
levels (Figures 8D–8F). Conversely, depletion of UBE2O abrogated the sensitivity of 

HCT116 xenografts to ATO (Figures S8D–S8F). Notably, ATO produced an effect similar in 

size to that of UBE2O silencing, without any further additive effect, supporting the idea that 

ATO may exert selective action on UBE2O. Additionally, ATO treatment resulted in an anti-

Warburg metabolic state, as well as a reduced median cell size in HCT116 control cells, but 

not UBE2O-silenced cells (Figure S8G and S8H), suggesting that ATO impairs the UBE2O-

dependent pro-growth, glycolytic and biosynthetic programs of cancer cells. ATO is also 

known to induce oxidative stress through the generation of reactive oxygen species (ROS) 

(Dilda and Hogg, 2007). However, it should be noted that while treatment with the anti-

oxidant N-acetylcysteine (NAC) attenuated ATO-induced ROS production, it did not 

overcome ATO-mediated reduction in the growth rate of cancer cells (Figure S8I). In 

contrast, AMPKα2, but not AMPKα1, arbitrated the anti-cancer effect of ATO (Figure S8J), 

suggesting that inhibition of the UBE2O-AMPKα2 axis may be a mechanism underlying 

ATO-mediated tumor suppression.

Finally, we examined whether the blockade of UBE2O with ATO in the MMTV-PyVT and 

TRAMP models could reduce tumor incidence and progression. Critically, the blockade of 

UBE2O with ATO provided a significant survival benefit for PyVT;Ube2o+/+ mice (median 

tumor onset 84 days vs. 72 days for vehicle-treated mice, p = 0.0024) and delayed median 

tumor onset to similar to that of PyVT;Ube2o+/− mice (84 days) (Figure 8G), without an 

adverse effect on the liver (data not shown). We also found that mammary tumor volume and 

weight as well as histological aggressiveness were greatly reduced by the blockade of 

UBE2O with ATO (Figure 8H). Moreover, in contrast to multiple tumor nodules presented 

on the lung surface in vehicle-treated PyVT;Ube2o+/+ mice at 105 day of age, none was seen 

in age-matched ATO-treated mice (Figure 8I). Likewise, ATO treatment led to reduced 

prostate lobe enlargement and HG-PIN development in TRAMP;Ube2o+/+ mice at 12 weeks 

of age (Figures 8J–8L). Taken together, these results suggest that the blockade of UBE2O, as 

epitomized here by treatment with ATO, reduces tumorigenesis to levels comparable to that 

observed in cases of UBE2O deficiency.

DISCUSSION

Our findings allow us to reach a number of relevant conclusions:

Loss of one or both alleles of Ube2o results in delayed tumor initiation and diminished 

tumor growth and metastasis rates in mouse models of breast and prostate cancers. We have 
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demonstrated that UBE2O is a positive regulator of both aerobic glycolysis and cellular 

biosynthesis in cancer cells, and that inactivation of UBE2O is sufficient to turn off the 

glycolytic and biosynthetic programs of tumor cells. Thus, UBE2O may act as an oncogene 

that triggers cancer progression and eliminates key metabolic checkpoints that antagonize 

pro-growth cellular metabolism.

Our initial screen for UBE2O-interacting proteins in MEFs identified AMPKα2, but not 

AMPKα1, even though the latter is expressed in MEFs. Furthermore, UBE2O selectively 

targets the AMPKα2 for ubiquitination and degradation; the major site of this ubiquitination 

has been identified as K470 residue that is conserved in the AMPKα2 isoforms of a variety 

of vertebrate species, but notably, is replaced by an arginine (R475) in AMPKα1. 

Furthermore, our data clearly demonstrate that the mechanism of UBE2O action in tumor 

biology is specific to AMPKα2 but not to AMPKα1.

AMPKα1 and AMPKα2 demonstrate some specificity in tissue distribution, subcellular 

localization and substrate selection (Salt et al., 1998; Stapleton et al., 1996; Woods et al., 

1996). Thus it will be interesting to determine whether these differences in the two AMPKα 
isoforms are reflected in differing effects of UBE2O on tumor biology. Settling this question 

is not only important from a physiological point of view but also may facilitate the design of 

drugs targeting AMPK, if the precise AMPK isoform responsible for the desirable anti-

tumor effect is defined.

We have demonstrated that the presence of UBE2O in cancer results in the upregulation of 

the mTOR-HIF1α pathway, which is closely associated with pro-growth, glycolytic and 

biosynthetic programs. In addition, ablation of Ube2o in our mouse cancer models 

attenuated intra-tumoral vascularization and expression of neovascularization genes, 

including HIF1α targets, highlighting that UBE2O regulation of the mTOR-HIF1α pathway 

is critical for the angiogenic signaling pathway and the neovascularization required for 

cancer growth and metastasis. UBE2O has been also shown to regulate other targets; in the 

case of NF-κB, depletion of UBE2O has been shown to enhance NF-κB activation (Zhang et 

al., 2013b). Thus one might expect that tumors developed in animals in which Ube2o has 

been deleted would display more innate immune cell populations. In sharp contrast, 

however, expression of NF-κB–dependent pro-inflammatory genes was inhibited by Ube2o 
ablation in mouse cancer models.

Our findings should prove highly relevant to the development of drugs designed to regulate 

UBE2O activity as a mode of cancer therapy, as the blockade of UBE2O with ATO produces 

an effect on tumor biology of similar size to that of UBE2O deficiency. Furthermore, as loss 

of a single allele of Ube2o results in decreased tumorigenesis, it is expected that partial 

inhibition by agents (e.g., small molecule inhibitors) directed against UBE2O may exert the 

desired anti-cancer effect.
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EXPERIMENTAL PROCEDURES

Mice

To generate Ube2o knockout mice, we injected fully verified, three different 

Ube2otm1(KOMP)Mpb ES clones (JM8A3.N1), which were created by the CSD consortium 

(CSD81565) from the trans-NIH Knock-Out Mouse Project (KOMP), into blastocysts 

derived from C57BL/6 mice to produce chimeras. Transmitting chimeric mice were bred 

from EIIa–Cre transgenic mice to generate the Ube2o− alleles. Cre+;Ube2o+/− males were 

backcrossed twice to C57BL/6 females and progeny of these matings that were Cre− were 

then backcrossed to littermates to yield the experimental cohort. The details of PCR 

genotyping are described in the Supplemental Experimental Procedures. All animal 

experiments in this study were approved by and adhered to the guidelines of the MD 

Anderson Cancer Center Animal Care and Use Committee.

Human tumor TMAs analysis

Human tumor tissue microarrays (TMAs) were obtained from US Biomax and Pantomics, 

and work was performed in accordance with the Institutional Review Board (IRB) approval 

at MD Anderson Cancer Center. TMA slides were incubated with antibodies against 

UBE2O, AMPKα1, AMPKα2, P-S6 or HIF1α and a biotin-conjugated secondary antibody 

and then incubated with an avidin-biotin-peroxidase complex. Visualization was performed 

using 3-amino-9-ethylcarbazole (AEC) chromogen. The TMA cores were scored by the 

pathologist (W.X.) blind to cancer outcomes. According to histologic scoring, the intensity 

of staining was ranked into one of four groups: high (+++), medium (++), low (+), and 

negative (−).

Statistical analysis

Statistical analysis was performed with SPSS V.20.0 and GraphPad Prism 6. Two-tailed 

Student’s t tests were used for single comparison, and analysis of variance (ANOVA) with 

Bonferroni post-hoc tests was used for multiple comparisons unless otherwise specified. The 

correlation coefficients were calculated by the PASS Pearson Chi-Square test. p values 

below 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

The regulation of the enzymatic activity of AMPK by adenine nucleotides and upstream 

kinases is already an active area of research, but there is compelling evidence suggesting 

additional modes of AMPK regulation. Here we show that UBE2O and AMPKα2, but 

not AMPKα1, form a functional axis that elicits pro-growth, glycolytic and biosynthetic 

cancer programs mediated by mTOR-HIF1α. While ablation of Ube2o provides a 

significant anti-tumor effect and survival advantage in mouse models of breast and 

prostate cancers, inactivation of AMPKα2, but not AMPKα1, reverses the attenuation of 

tumorigenesis caused by UBE2O loss. These findings suggest that AMPKα2-selective 

modulation by UBE2O is a critical determinant of tumorigenesis, and a potential target of 

therapeutic strategies.
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Highlights

1. Genetic ablation of Ube2o impairs progression of breast and prostate cancers 

in mice.

2. UBE2O specifically targets AMPKα2 for ubiquitination and degradation.

3. UBE2O-dependent tumor biology is mediated by mTOR and HIF1α.

4. UBE2O blockade inhibits tumorigenesis through AMPKα2 restoration.
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Figure 1. Ube2o ablation impairs mammary tumor growth and metastasis in PyVT mice
(A) Overall survival (OS) analysis of the PyVT;Ube2o+/+ (n = 6, median OS 135 days), 

PyVT;Ube2o+/− (n = 16, median OS 152 days) or PyVT;Ube2o−/− (n = 14, median OS 174 

days) mice.

(B) Tumor-free survival (TFS) analysis of the PyVT;Ube2o+/+ (n = 43, median TFS 73 

days), PyVT;Ube2o+/− (n = 49, median TFS 86 days) or PyVT;Ube2o−/− (n = 17, median 

TFS 111 days) mice.

(C) Mammary tumor weight isolated from PyVT;Ube2o+/+ (n = 120), PyVT;Ube2o+/− (n = 

70) and PyVT;Ube2o−/− (n = 30) mice were quantified (left). Representative images of 

mammary tumors isolated from mice are shown in right.

(D) H&E and anti-Ki-67 stained sections of mammary tumors isolated from 

PyVT;Ube2o+/+, PyVT;Ube2o+/− and PyVT;Ube2o−/− mice. Scale bars for H&E, 300 μm; 

scale bars for anti-Ki-67, 75 μm.

(E) Sections of mammary tumors isolated from 105 days old PyVT;Ube2o+/+ and 

PyVT;Ube2o−/− mice stained with anti-CD31 (left) and quantification of intra-tumoral vessel 

numbers (right). n = 3. Scale bars, 75 μm.

(F) The expression indicated neovascularization genes in mammary tumors of 105 days old 

PyVT;Ube2o+/+ and PyVT;Ube2o−/− mice measured by RT-qPCR. n = 3.

(G) H&E and anti-PyVT Ag stained sections of lungs isolated from 105 days old 

PyVT;Ube2o+/+, PyVT;Ube2o+/− and PyVT;Ube2o−/− mice. Arrowheads indicate clusters of 

metastatic cells in the lung. Scale bars, 75 μm.
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(H) The number of metastatic sites in lungs of 105 days old PyVT;Ube2o+/+ (n = 11), 

PyVT;Ube2o+/− (n = 7) and PyVT;Ube2o−/− (n = 7) mice.

Error bars represent +/− SEM. p value was determined by Log-rank (Mantel-Cox) test (A 

and B) or Student’s t test (*p<0.05; **p<0.01; ***p<0.001). See also Figure S1.
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Figure 2. Ube2o knockout attenuates tumor initiation, growth and metastasis in TRAMP;Ube2o 
mice
(A) H&E stained sections of anterior prostate lobes isolated from 12 weeks old 

TRAMP;Ube2o+/+ (n = 7), TRAMP;Ube2o+/− (n = 9) and TRAMP;Ube2o−/− mice (n = 5). 

Scale bars, 75 μm.

(B) Quantification of prostatic intraepithelial neoplasia (PIN) in (A).

(C) Prostate tissue weight relative to body weight (BW) of 12 weeks old TRAMP;Ube2o+/+ 

(n = 7), TRAMP;Ube2o+/− (n = 9) and TRAMP;Ube2o−/− mice (n = 5).

(D, E) MRI analysis of 25 weeks old TRAMP;Ube2o+/+ (n = 10), TRAMP;Ube2o+/− (n = 8) 

and TRAMP;Ube2o−/− mice (n = 5) (D) and quantification of prostate tumor volume using 

an Oxirix Imaging software (E). The dorsolateral prostate is outlined.

(F) Prostate tissue weight of 30 weeks old TRAMP;Ube2o+/+ (n = 10), TRAMP;Ube2o+/− (n 

= 11) and TRAMP;Ube2o−/− mice (n = 4).

(G) Sections of prostate tissues isolated from 30 weeks old TRAMP;Ube2o+/+ and 

TRAMP;Ube2o−/− mice stained with anti-SMA. Asterisks indicate sites of tumor invasion. 

Scale bars, 75 μm.

(H) Sections of livers and lymph nodes isolated from 30 weeks old TRAMP;Ube2o+/+ and 

TRAMP;Ube2o−/− mice stained with H&E or anti-SV40 T Ag. Scale bars, 75 μm.

Error bars represent +/− SEM. p value was determined by Student’s t test (*p<0.05; 

**p<0.01).
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Figure 3. UBE2O specifically targets AMPKα2 for ubiquitination and degradation
(A) Silver stained gel of proteins recovered after immunoprecipitation of lysates prepared 

from Ube2o−/− MEFs expressing Flag-tagged UBE2O. Proteins captured with anti-Flag 

were eluted with Flag peptide. Shown are proteins present in the Flag eluate. Asterisk 

indicates the heavy chain of IgG.

(B) Lysates from HeLa cells were immunoprecipitated (IP) with IgG and anti-UBE2O (top) 

or anti-AMPKα2 (bottom) then immunoblotted as indicated.

(C) Recombinant AMPKα2 proteins were subjected to in vitro ubiquitination assay in the 

presence of in vitro-translated wild-type (WT) or C1040S (CS) mutant UBE2O.

(D) Lysates from Prkaa1−/−Prkaa2−/− MEFs expressing WT or various indicated lysine-to-

arginine (KR) mutants of AMPKα2 treated with MG132 (10 μM) for 4 hr were subjected to 

metal-affinity purification for His-tagged ubiquitin then immunoblotting for ubiquitinated 

AMPKα2. Ni-NTA, Ni2+-nitrilotriacetic acid.

(E) Lysates from HCT116 cells expressing UBE2O shRNA together with Myc-tagged 

ubiquitin treated with MG132 (10 μM) for 4 hr were immunoprecipitated (IP) with IgG or 

anti-Myc and analyzed for ubiquitination with anti-AMPKα2 or anti-AMPKα1.

(F) Lysates from HCT116 cells expressing UBE2O shRNA treated with cycloheximide 

(CHX) for the indicated times were subjected to immunoblotting (top). AMPKα2 or 

AMPKα1 protein levels were quantified by normalizing to the intensity of the Actin band 

(bottom).

(G) Lysates from Prkaa1−/−Prkaa2−/− MEFs expressing WT or K470R mutant AMPKα2 

treated with CHX for the indicated times were subjected to immunoblotting (top). AMPKα2 

protein levels were quantified by normalizing to the intensity of the Actin band (bottom).
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(H) Lysates from mammary tissues of 13 weeks old Ube2o+/+, Ube2o+/− and Ube2o−/− mice 

were subjected to immunoblotting.

(I) Lysates from primary MEFs expressing UBE2O shRNA together with WT or CS mutant 

UBE2O were subjected to immunoblotting.

See also Figures S2 and S3.
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Figure 4. UBE2O-mediated tumorigenesis is AMPKα2 dependent
(A, B) Overall (A) or tumor-free (B) survival analysis of Eμ-Myc;Ube2o+/+ (n = 15), Eμ-

Myc;Ube2o+/− (n = 21) or Eμ-Myc;Ube2o−/− (n = 4) mice. p value was determined by Log-

rank (Mantel-Cox) test (n.s., non-significant).

(C) Sections of lymph nodes isolated from 16 weeks old Eμ-Myc;Ube2o+/+, Eμ-

Myc;Ube2o+/− and Eμ-Myc;Ube2o−/− mice stained for H&E or Ki-67. Scale bars, 75 μm.

(D) Lysates from lymphomas of 16 weeks old Eμ-Myc;Ube2o+/+, Eμ-Myc;Ube2o+/− and Eμ-

Myc;Ube2o−/− mice were subjected to immunoblotting.

(E) Growth curves of HAP1 control (left) or HAP1 cells knocked out for PRKAA1 (middle) 

or PRKAA2 (right) using CRISPR/Cas9 technology expressing UBE2O shRNA. n = 3, p 

value was determined by ANOVA (n.s., non-significant; ***p<0.001).

(F) Lysates from (E) were subjected to immunoblotting.

(G) Tumor volumes of mouse xenograft implanted with HCT116 cells expressing shRNAs 

designed against the indicated genes were measured at different day. n = 7, p value was 

determined by Student’s t test (***p<0.001, shUBE2O;shAMPKα2 vs. 

shUBE2O;shCont.; $$p<0.01, $$$p<0.001, shUBE2O;shAMPKα2 vs. 

shUBE2O;shAMPKα1).

(H) Representative images, immunohistochemical analysis of Ki-67, and quantification of 

Ki-67 positive cells of mouse xenograft tumors from (G). Scale bars, 75 μm. n = 7, p value 

was determined by Student’s t test (n.s., non-significant; *p<0.05).

(I) Lysates from (G) were subjected to immunoblotting.
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(J) Tumor volumes of mouse allograft implanted with E1A+H-RasV12 MEFs overexpressing 

UBE2O together with WT or K470R mutant AMPKα2 were measured at different day. n = 

6, p value was determined by Student’s t test (***p<0.001, UBE2O;Cont. vs. 

Cont.;Cont.; $$p<0.01, $$$p<0.001, UBE2O;Cont. vs. UBE2O;α2K470R).

(K) Representative images, immunohistochemical analysis of Ki-67, and quantification of 

Ki-67 positive cells of mouse allograft tumors from (J). Scale bars, 75 μm. n = 6, p value 

was determined by Student’s t test (n.s., non-significant; **p<0.01).

(L) Lysates from (J) were subjected to immunoblotting. Error bars represent +/− SEM. See 

also Figure S4.
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Figure 5. Inhibition of AMPKα2 by UBE2O impacts metabolic reprogramming
(A) Principal component (PC) analysis was conducted to compare the overall metabolic 

profiles in HCT116 cells expressing UBE2O shRNA using a HMT SampleStat software 

(left). Representative heat map of metabolome profiles was analyzed by hierarchical 

clustering analysis (middle). Heat map colors represent relative metabolite levels as 

indicated in the color key. Average absolute concentrations (pmol) of glycolytic metabolites, 

as indicated, per 106 cells were measured by CE-MS (right). G-6-P, glucose 6-phosphate; 

F-6-P, fructose 6-phosphate; F-1,6-P, fructose 1,6-phosphate; GAP, glyceraldehyde 3-

phosphate; 3-PG, 3-phosphoglyceric acid; 2-PG, 2-phosphoglyceric acid; PEP, 

phosphoenolpyruvic acid. n = 3.

(B) Forward scatter (FSC) levels of HCT116 cells expressing UBE2O shRNA (top) or 

ABC-1 cells ectopically expressing UBE2O (bottom) were determined by flow cytometry.

(C) Glucose consumption and lactate production by HAP1 control (left) or HAP1 cells 

knocked out for PRKAA1 (middle) or PRKAA2 (right) using CRISPR/Cas9 technology 

expressing UBE2O shRNA were determined by enzymatic assay. n = 3.

(D) FSC levels of HAP1 control (top) or HAP1 cells knocked out for PRKAA1 (middle) or 

PRKAA2 (bottom) expressing UBE2O shRNA were determined by flow cytometry.

(E) Glucose (Glc) consumption and lactate (Lac) production by HCT116 cells expressing 

AMPKα1 or AMPKα2 shRNA together with UBE2O shRNA were determined by 

enzymatic assay. n = 3.
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(F) FSC levels of HCT116 cells expressing AMPKα1 or AMPKα2 shRNA together with 

UBE2O shRNA were determined by flow cytometry.

(G) Glucose consumption and lactate production by E1A+H-RasV12 MEFs overexpressing 

UBE2O together with K470R AMPKα2 mutant were determined by enzymatic assay. n = 3.

(H) FSC levels of E1A+H-RasV12 MEFs overexpressing UBE2O together with K470R 

AMPKα2 mutant were determined by flow cytometry.

Error bars represent +/− SEM. p value was determined by Welch’s t test (A) or Student’s t 
test (n.s., non-significant; *p<0.05; **p<0.01; ***p<0.001). See also Figure S5.
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Figure 6. AMPKα2/mTOR/HIF1α axis is key to UBE2O dependent tumor biology
(A) Tumor volumes of mouse allograft implanted with E1A+H-RasV12 MEFs 

overexpressing UBE2O treated with rapamycin (i.p. 4 mg/kg, indicated by arrows) were 

measured at different day. n = 7.

(B) Representative images, immunohistochemical analysis of Ki-67, and quantification of 

Ki-67 positive cells of mouse allograft tumors from (A). Scale bars, 75 μm. n = 6.

(C) Lysates from (A) were subjected to immunoblotting.

(D) Lysates from transformed MEFs overexpressing UBE2O treated with rapamycin at the 

indicated concentrations for 24 hr were subjected to immunoblotting.

(E) Glucose consumption and lactate production by transformed MEFs overexpressing 

UBE2O treated with rapamycin (100 nM) for 24 hr were determined by enzymatic assay. n 

= 3.

(F) FSC levels of transformed MEFs overexpressing UBE2O treated with rapamycin (100 

nM) for 24 hr were determined by flow cytometry.

(G) Lysates from mammary tissues of 90 days old PyVT;Ube2o+/+ and PyVT;Ube2o−/− mice 

(left) or anterior prostate lobes of 12 weeks old TRAMP;Ube2o+/+ and TRAMP;Ube2o−/− 

mice (right) were subjected to immunoblotting.

(H) The mRNA level of HIF1α target genes in mammary tumors of 105 days old 

PyVT;Ube2o+/+ and PyVT;Ube2o−/− mice or in prostate tumors of 30 weeks old 

TRAMP;Ube2o+/+ and TRAMP;Ube2o−/− mice were measured by RT-qPCR. n = 3.
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(I) Total RNAs from HAP1 control or HAP1 cells knocked out (KO) for PRKAA1 or 

PRKAA2 using CRISPR/Cas9 technology expressing UBE2O shRNA were subjected to RT-

qPCR. % reduction formula is the decrease in mRNA levels of UBE2O-depleted cells over 

those of control cells. n = 3. n.s. (non-significant), *p<0.05, PRKAA1 KO vs. 

WT; $$p<0.01, $$$p<0.001, PRKAA2 KO vs. WT.

(J) Total RNAs from E1A+H-RasV12 MEFs overexpressing UBE2O together with K470R 

AMPKα2 mutant were subjected to RT-qPCR. n = 3. *p<0.05, **p<0.01, ***p<0.001, 

UBE2O vs. Cont.; $$p<0.01, $$$p<0.001, UBE2O vs. UBE2O;α2K470R.

(K) Immunoblots and growth curves of transformed MEFs overexpressing UBE2O together 

with HIF1α shRNA.

(L) Glucose consumption and lactate production by transformed MEFs overexpressing 

UBE2O together with HIF1α shRNA were determined by enzymatic assay. n = 3.

(M) FSC levels of transformed MEFs overexpressing UBE2O together with HIF1α shRNA 

were determined by flow cytometry.

Error bars represent +/− SEM. p value was determined by ANOVA (A) or Student’s t test 

(n.s., non-significant; *p<0.05; **p<0.01; ***p<0.001). See also Figures S6.
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Figure 7. UBE2O expression is increased and correlates with AMPKα2/mTOR/HIF1α in human 
cancers
(A) TCGA database analysis available from cBioportal for UBE2O expression in human 

cancers.

(B) 17q25.1 copy number compared to gene expression for UBE2O mRNA versus copy 

number in human breast cancer using the cBioportal database. The line in the middle, upper 

and lower of the boxplot represents the mean, upper and lower quartile of the relative mRNA 

level of all samples, respectively. The lines above and below the box are the maximum and 

minimum values. Data points beyond the whiskers (>1.5 interquartile ranges) are drawn as 

individual dots.

(C) UBE2O expression in human cancers using previously published microarray database. 

Liu’s BCa, breast carcinoma, (GEO: GSE22820, n = 176); Stephenson’s CaP, prostate 

carcinoma, (Stephenson et al., 2005, n = 97); Taylor’s CaP (GEO: GSE21032, n = 179). The 

line in the middle, upper and lower of the boxplot represents the mean, upper and lower 

quartile of the relative mRNA level of all samples, respectively. The lines above and below 

the box are the maximum and minimum values. Data points beyond the whiskers (>1.5 

interquartile ranges) are drawn as individual dots.

(D) Representative images (top) and quantification (bottom) of immunohistochemical 

analysis of human breast tissue microarrays for UBE2O protein. Scale bars, 200 μm. n = 72.

(E) Online analysis of survival in breast cancer (n = 1746), lung adenocarcinoma (n = 1926) 

or gastric cancer (n = 876) patients with high or low UBE2O expression. The number of 

surviving patients at different time points is indicated below the graphs. HR, hazard ratio.
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(F) Immunohistochemical analysis of UBE2O, AMPKα2, AMPKα1, P-S6 and HIF1α 
proteins in human breast tumor samples (left). Scale bars, 50 μm. Correlation between the 

indicated protein levels was determined by the PASS Pearson Chi-Square test (right). n = 99. 

R, correlation coefficient.

Error bars represent +/− SEM. p value was determined by Log-rank (Mantel-Cox) test (E), 

Chi-square test (F) or Student’s t test (*p<0.05; **p<0.01; ***p<0.001). See also Figures 

S7.
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Figure 8. Blockade of UBE2O with ATO reduces tumorigenesis through AMPKα2 restoration
(A) A diagram depicting the mechanism by which arsenite inhibits UBE2O (top). 

Recombinant UBE2O proteins were subjected to in vitro self-ubiquitination assay in the 

presence of ATO (10 μM) (bottom).

(B) Lysates from 293T cells expressing the indicated plasmids treated with ATO (1 μM) 

together with MG132 (10 μM) for 6 hr were subjected to metal-affinity purification for His-

tagged ubiquitin then immunoblotting for ubiquitinated AMPKα2. Ni-NTA, Ni2+-

nitrilotriacetic acid. # indicates nonspecific band.

(C) Lysates from HCT116 cells expressing UBE2O shRNA treated with ATO (0.5 μM) for 

the indicated times were subjected to immunoblotting (top). AMPKα2 or AMPKα1 protein 

levels were quantified by normalizing to the intensity of the Actin band (bottom).

(D) Tumor volumes of mouse allograft implanted with E1A+H-RasV12 MEFs 

overexpressing UBE2O treated with ATO (i.p. 2 mg/kg, daily) were measured at different 

day. n = 7, p value was determined by ANOVA (n.s., non-significant; ***p<0.001). Scale 

bars, 75 μm.

(E) Representative images, immunohistochemical analysis of Ki-67, and quantification of 

Ki-67 positive cells of mouse xenograft tumors from (D). Scale bars, 75 μm. n = 7, p value 

was determined by Student’s t test (n.s., non-significant; ***p<0.001).

(F) Lysates from (D) were subjected to immunoblotting.

(G) TFS analysis of PyVT;Ube2o+/+ mice treated with vehicle (n = 15) or ATO (i.p. 2.5 

mg/kg, every other day for 65 days) (n = 13). TFS curves of vehicle-treated PyVT;Ube2o+/− 
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mice (n = 15) are also shown. p value was determined by Log-rank (Mantel-Cox) test (n.s., 

non-significant; **p<0.01).

(H) The weight of mammary tumors isolated from 105 days old vehicle-treated 

PyVT;Ube2o+/+ (n = 13), ATO-treated PyVT;Ube2o+/+ (n = 13) and vehicle-treated 

PyVT;Ube2o+/− (n = 7) mice were quantified. p value was determined by Student’s t test 

(*p<0.05; ***p<0.001).

(I) Sections of lungs isolated from 105 days old vehicle-treated PyVT;Ube2o+/+, ATO-

treated PyVT;Ube2o+/+ and vehicle-treated PyVT;Ube2o+/− mice were stained for H&E or 

PyV T Ag. Arrowheads indicate clusters of metastatic cells in the lung. Scale bars, 75 μm. 

The number of metastatic sites in lungs of mice was also quantified (right). n = 7, p value 

was determined by Student’s t test (n.s., non-significant; *p<0.05).

(J) H&E-stained sections of anterior prostate lobes isolated from 12 weeks old 

TRAMP;Ube2o+/+ mice treated with ATO (i.p. 2.5 mg/kg, every other day for 4 weeks). 

Scale bars, 75 μm.

(K) Quantification of PIN in (J). Vehicle-treated TRAMP;Ube2o+/+ mice cohort (n = 9); 

ATO-treated TRAMP;Ube2o+/+ mice cohort (n = 6); vehicle-treated TRAMP;Ube2o+/− mice 

cohort (n = 9). p value was determined by Student’s t test (n.s., non-significant; *p<0.05; 

**p<0.01).

(L) Prostate tissue weight of 12 weeks old vehicle-treated TRAMP;Ube2o+/+ (n = 10), ATO-

treated TRAMP;Ube2o+/+ (n = 6) and vehicle-treated TRAMP;Ube2o+/− (n = 9) mice. p 

value was determined by Student’s t test (n.s., non-significant; *p<0.05).

Error bars represent +/− SEM. See also Figure S8.
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