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Oncogene-induced senescence (OIS) or apoptosis through the DNA-damage response is an important barrier 
of tumorigenesis. Overcoming this barrier leads to abnormal cell proliferation, genomic instability, and cellular 
transformation, and finally allows cancers to develop. However, it remains unclear how the OIS barrier is overcome. 
Here, we show that the E3 ubiquitin ligase WD repeat and SOCS box-containing protein 1 (WSB1) plays a role in 
overcoming OIS. WSB1 expression in primary cells helps the bypass of OIS, leading to abnormal proliferation and 
cellular transformation. Mechanistically, WSB1 promotes ATM ubiquitination, resulting in ATM degradation and the 
escape from OIS. Furthermore, we identify CDKs as the upstream kinase of WSB1. CDK-mediated phosphorylation 
activates WSB1 by promoting its monomerization. In human cancer tissue and in vitro models, WSB1-induced ATM 
degradation is an early event during tumorigenic progression. We suggest that WSB1 is one of the key players of 
early oncogenic events through ATM degradation and destruction of the tumorigenesis barrier. Our work establishes 
an important mechanism of cancer development and progression in premalignant lesions.
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Introduction

Oncogene-induced senescence (OIS) is an important 
cel lular response for protect ion against cancer 
development [1-4]. Senescence is frequently found in 
premalignant lesions, but not in cancerous tissues [2, 5]. 
Accordingly, this barrier is inactivated before cancer can 
develop [6]. Activation of oncogenes, such as c-Myc and 
Ras, is a source of senescence and/or apoptosis through 

the activation of ARF, leading to p53 accumulation. 
Recently, evidence has emerged that the DNA-damage 
response (DDR) pathway is activated by oncogenic stress 
and triggers p53 stabilization, apoptosis, and senescence 
[7-9]. This response is due to collapsed replication fork, 
DNA replication stress, and DNA damage that may 
accompany hyperproliferation, leading to recruitment 
and activation of the serine-threonine kinase ataxia-
telangiectasia mutated (ATM) [7, 10, 11]. Activated 
components of this DDR signaling pathway, such as 
pATM, pChk2, or 53BP1, are detected in various pre-
neoplastic lesions but are lost in cancers [10, 12-14]. 
These findings suggest that the oncogene-induced DDR 
must be overcome during the tumorigenesis process. 
In support of this, inhibition or knockdown of ATM 
prevents OIS and promotes cell transformation [15-20]. 
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It has also been shown that oncogene-induced DDR is 
essential for the induction of senescence, a barrier in pre-
neoplastic lesions in vivo [9, 15, 21]. 

ATM is a major upstream kinase of the DDR pathway 
[22, 23]. Loss of ATM function is associated with both 
increased genomic instability and compromised p53 
activation. Furthermore, several studies suggest that ATM 
expression and activity is lower during tumorigenesis in 
pre-neoplastic lesions [24-26]. However, the underlying 
mechanism for ATM downregulation is not clear. 
Understanding how ATM is regulated, especially in pre-
neoplastic lesions, will have important implications in 
revealing the overcoming of OIS during tumorigenesis. 

WSB1 has been reported to be an E3-ubiquitin 
ligase, which contains seven WD40 repeats and a 
SOCS box at the C-terminus [27, 28] . The WSB1 gene 
is a transcriptional target of numerous onco-proteins, 
including c-Myc, HIF-1, and CREB-ATF [29, 30]. 
Several studies suggest that WSB1 expression might 
be positively correlated with tumor incidence and be 
associated with tumor development in pancreatic cancer, 
hepatocellular carcinoma, and salivary gland tumors 
[29, 31-33].  WSB1 also contributes to tumor metastasis 
through promoting pVHL degradation [34]. However, 
whether and how WSB1 contributes to tumor initiation 
remains unknown.

In this study, we found that WSB1 regulates ATM 
stability, and its overexpression results in OIS destruction 
and cell transformation through ATM degradation in 
premalignant lesions. More interestingly, WSB1 is 
upregulated in human pre-malignant tumors and is 
negatively associated with ATM expression. Therefore, 
our results reveal a critical function of WSB1 during 
tumor initiation as an E3 ligase of ATM.

Results

WSB1 promotes cell transformation and tumor initiation 
 WSB1 is overexpressed in cancer; however, its 

mechanism of action remains largely unclear. To 
examine whether WSB1 is involved in tumorigenesis, 
we expressed H-RasV12 in primary mouse embryonic 
fibroblasts (MEFs), which can induce OIS through 
the DDR [3, 17, 18] and INK4-ARF pathways [5, 35]. 
Consistent with previous publications, expressing 
H-RasV12 in MEFs (H-RasV12-MEFs) caused cellular 
senescence, characterized by enhanced senescence-
associated β-galactosidase (SA-β-gal) staining, flattened 
cell morphology, and upregulation of p53, p21, and p16 
(Figure 1A-1C). Interestingly, when we co-expressed 
H-RasV12 and WSB1, cellular senescence was considerably 
decreased (Figure 1A and 1B). p53 and p21 expression 

were also decreased in cells overexpressing H-RasV12 
and WSB1, but p16 was not (Figure 1C). Whereas MEFs 
expressing H-RasV12 alone showed reduced proliferation, 
MEFs expressing H-RasV12 and WSB1 continued to 
proliferate (Figure 1D and Supplementary information, 
Figure S1A). Furthermore, expression of WSB1 with 
H-RasV12 greatly increased colony formation (Figure 1E). 
To confirm these results, we expressed GFP control or 
WSB1-GFP together with H-RasV12 in IMR-90 human 
lung fibroblasts (Figure 1F). Consistent with H-RasV12-
expressing MEFs, H-RasV12 expression in IMR-90 
induced cellular senescence, while co-expression of 
WSB1-GFP inhibited senescence-associated phenotypes, 
such as SA-β-gal staining and morphologic changes 
(Figure 1F). Thus, WSB1 helps overcome OIS. Next, 
to confirm whether WSB1 contributes to tumorigenesis 
in ex vivo models, we seeded H-RasV12-expressing cells 
or cells co-expressing H-RasV12 and WSB1 in a three-
dimensional (3-D) organoid culture system. All tumor 
cells are embedded in 3-D microenvironments in the 
body; therefore, 3-D culture systems are closer to live 
tissue environments than two-dimensional (2-D) culture 
systems and represent an important way to study untrans-
formed and neoplastic cells [36, 37]. We found that cells 
co-expressing H-RasV12 and WSB1, but not expressing 
H-RasV12 alone, grew in 3-D culture systems (Figure 1G 
and 1H). These data suggest that WSB1 overexpression 
is sufficient to overcome OIS and promote cel l 
transformation. 

It is well-established that expressing both c-Myc and 
H-RasV12 can help overcome OIS for primary cells. We 
also asked whether or not WSB1 is required for this 
process. Interestingly, with PROMO, a transcription 
factor-binding site prediction program, WSB1 is 
predicted to be a Myc target gene. We also found that 
Myc expression could increase WSB1 mRNA and protein 
levels (Supplementary information, Figure S1B). To 
test whether WSB1 is required for the escape of OIS 
induced by c-Myc and H-RasV12, we knocked down 
WSB1 in MEFs expressing both c-Myc and H-RasV12. 
Cells expressing c-Myc and H-RasV12 initially showed 
senescence, but eventually escaped from OIS and 
became transformed. However, loss of WSB1 rendered 
cells resistant to Ras and c-Myc-induced transformation, 
as revealed by sustained senescence (Figure 1I). These 
results suggest that WSB1 is both sufficient and required 
for overcoming OIS.

WSB1 negatively regulates ATM levels 
We next investigated how WSB1 helps to overcome 

OIS. DDR is a barrier of tumorigenesis and plays an 
important role in OIS [14, 17]. ATM plays a critical 
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role in DDR, acting to activate p53 and suppress 
tumorigenesis in response to oncogene activation. OIS is 
bypassed in ATM-knockdown cells or deficient cells [17, 
38, 39]. ATM level is also decreased in several tumors [40, 
41]; however, the mechanism of ATM downregulation 
is not clear. Interestingly, we observed decreased ATM 
staining and levels in cells overexpressing WSB1 (Figure 
2A-2C). These results led us to hypothesize that WSB1 
might negatively regulate ATM levels and that ATM 
might be a major target of WSB1 in overcoming OIS. 

To further test whether ATM is a major target in 
WSB1-mediated effects during tumor initiation, we 
knocked down ATM in primary MEFs and expressed 
H-RasV12 and c-Myc to induce cell transformation. 
Colony-formation assays were performed to investigate 
long-term effects of WSB1 on proliferation. Both control 
and ATM-depleted primary MEFs showed colony-
forming ability when expressing H-RasV12 and c-Myc. 
However, WSB1 knockdown inhibited cell transformation 
in WT MEFs, but did not affect cell transformation in 
ATM-depleted MEFs (Figure 2D). We also obtained 
similar results using ATM+/+ and ATM−/− immortal MEFs 
(Supplementary information, Figure S2). These results 
suggest that ATM is a major target of WSB1 in inducing 
cell transformation.

WSB1 regulates ATM levels by promoting ATM ubiquiti-
nation

WSB1 is a known E3 ligase, and several substrates, 
such as DIO2 (D2) [42], HIPK2 [27], and pVHL [34] 
have been identified. Therefore, we hypothesized 
that ATM is ubiquitinated by WSB1, which results in 
its downergulation. To test this hypothesis, we first 
examined the ability of WSB1 to interact with ATM. 
The association of endogenous ATM with WSB1 was 

detected via co-immunoprecipitation, and this binding 
was increased after MG132 treatment, which increased 
both ATM and WSB1 levels (Figure 3A). To identify 
the regions of ATM involved in binding WSB1, we 
performed glutathione S-transferase (GST) pull-down 
experiments using 8 overlapping GST-ATM fragments 
spanning full-length ATM [43]. WSB1 bound strongly 
to GST-ATM-5 (a.a. 1 690-2 120) and weakly to GST-
ATM-8 (a.a. 2 680-3 056, encompassing the kinase 
domain; Figure 3B). We further determined whether 
WSB1 could regulate ATM ubiquitination. We found that 
WSB1 overexpression increased ATM ubiquitination 
(Figure 3C). In addition, in cells depleted of WSB1, 
ATM stability increased (Figure 3D). Furthermore, p53 
stability, which is regulated by ATM, was also increased 
in WSB1-depleted cells. However, we did not find WSB1 
to regulate ATR or DNA-PK stability, nor did it interact 
with ATR or regulate ATR expression (Figure 3D-3F). 
These results suggest that WSB1 regulates ATM levels 
through the ubiquitin-proteasome pathway. 

As some ATM ubiquitination sites were revealed by 
mass spectrometry analysis (http://www.phosphosite.
org), we analyzed whether these sites were ubiquitinated 
by WSB1. Of them, mutation of either K1323 or K2025 
to arginine (R) substantially reduced ATM ubiquitination 
(Figure 3G), suggesting that these two sites might be 
major sites of ubiquitination mediated by WSB1. As 
shown in Figure 3H, double mutation of both K1323 
and K2025 residues (2KR) largely abolished ATM 
ubiquitination induced by WSB1 overexpression. We 
therefore predicted that the 2KR mutant would be re-
sistant to WSB1-mediated downregulation. To test 
this hypothesis, we stably expressed Flag-tagged WT 
ATM or ATM mutants (K1323R, K2025R, K1323R/
K2025R) in ATM−/− immortal MEFs (Figure 3I). The 

Figure 1 Oncogene-induced senescence is overcome by WSB1. (A) Schematic of the experiments. (B) Primary MEFs 
were infected with the indicated viruses and analyzed for senescence by SA-β-gal staining (top, examples; bottom, 
quantification of senescent or transformed cells). Yellow arrows indicate SA-β-gal-stained cells for senescence; red arrows 
indicate transformed cells; white arrow indicates a dead cell. The results represent the means (± SE) of three independent 
experiments performed in triplicate. ***P < 0.001 versus control by one-way ANOVA; N.S., non-specific. Scale bar, 10 µm. 
(C-E) Primary MEFs were infected with the indicated viruses and were analyzed for senescence by immunoblotting (C), 
cell counting, stained as in Supplementary information, Figure S1A (D), and colony formation (E). The results represent the 
means (± SE) of three independent experiments performed in triplicate. **P < 0.01 and ***P < 0.001 versus control cells by 
one-way ANOVA. (F) IMR-90 cells were infected with the indicated constructs under H-RasV12 activation and analyzed for 
senescence by SA-β-gal and immunofluorescence staining (GFP or WSB1-GFP). White arrows indicate SA-β-gal-stained 
cells for senescent; yellow arrows, infected cells. (G, H) Primary MEFs were infected with the indicated viruses. The cells 
were applied on 3-D organoid cultures system. Schematic of the experiments (G); sphere number in 3-D organoid culture (H). 
Scale bar, 10 µm. ****P < 0.0001 versus control cells by one-way ANOVA. (I) Primary MEFs were infected with the indicated 
constructs under H-RasV12 and c-Myc activation and analyzed for senescence by SA-β-gal (top) and the quantification of 
senescent or transformed cells (middle). Yellow arrows indicate senescent cells by SA-β-gal staining; red arrows, transformed 
cells. Bar, 10 µm. Cell lysates were then blotted with the indicated antibodies (bottom). The results represent the means (± 
SE) of three independent experiments performed in triplicate.
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Figure 2 WSB1 negatively regulates ATM protein levels. (A-C) Primary MEFs were infected with the indicated viruses and 
analyzed for SA-β-gal staining and ATM expression (A). Quantification of senescent cells (top) or ATM expression (bottom, 
B) and immunoblot of ATM (C). Scale bar, 10 µm. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus control cells by one-way 
ANOVA. (D) Primary MEFs were infected with the indicated viruses and analyzed for tumorigenesis by colony-formation 
assay (left). Cell lysates were then blotted with the indicated antibodies (right). The results represent the means (± SE) of 
three independent experiments performed in triplicate. **P < 0.01 and ***P < 0.001 versus control cells by one-way ANOVA.
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level of WT ATM was dramatically decreased by WSB1 
overexpression. The expression of single KR mutants of 
ATM could also be decreased by WSB1 expression, al-
though to a lesser extent than WT ATM. Importantly, the 
expression of 2KR was not affected by WSB1 expression 
(Figure 3I). We next tested whether reintroducing 2KR, 
but not WT ATM can confer resistance to WSB1-de-
pendent escape of OIS. Both control cells and MEFs 
expressing WT ATM could be transformed by H-RasV12 
(Figure 3J). However, cells expressing 2KR were senes-
cent and resistant to transformation by H-Ras. Further-
more, WSB1 knockdown inhibited cell transformation 
induced by H-RasV12 in cells expressing WT ATM, and 
had no additional effect in cells expressing the 2KR mu-
tant. All of the above results indicated that K1323 and 
K2025 are major ATM ubiquitination sites regulated by 
WSB1, and ubiquitination of these residues leads to ATM 
degradation.

The SOCS domain of WSB1 is required for ATM interac-
tion and ubiquitination

We next determined how WSB1 interacts with ATM. 
WSB1 contains several WD40 repeats and a SOCS 
domain [42]. WD40 repeats participate in various cellular 
functions, and the SOCS box is involved in protein 
degradation by the Elongin-Cullin-SOCS-box protein 
ubiquitin ligase complex [44-46]. To determine the region 
of WSB1 that is required for its interaction with ATM, 
we transfected Myc-tagged WSB1-deletion mutants into 
HEK 293T cells and performed co-immunoprecipitation. 
We found that the C-terminal WD40 repeats (WD 6-7) 
and the SOCS domain of WSB1 were both required 
and sufficient for ATM interaction (Figure 4A and 
4B). We further found that downregulation of ATM by 
WSB1 was dependent on the SOCS domain (Figure 4A 
and 4C). Consistent with these results, we found that 

ubiquitination of ATM by WSB1 required the SOCS 
domain (Figure 4D). In addition, ATM was more stable 
in cells expressing the WSB1 mutant lacking the SOCS 
domain (Figure 4E). Together, these results indicate that 
WSB1 interacts with ATM via its WD40 repeats and 
SOCS domain and regulates ATM ubiquitination and 
degradation through the SOCS domain.

We reasoned that WSB1-induced ubiquitination 
and degradation of ATM could facilitate cellular 
transformation by oncogene through the suppression of 
DDR. Given the important function of the WSB1 SOCS 
domain in mediating ATM degradation, we investigated 
how the WSB1 mutant lacking the SOCS domain affects 
OIS. We infected MEFs with viruses encoding both 
H-RasV12 and WSB1 (WT or ∆SOCS) and examined OIS 
and cellular transformation. Consistent with Figure 1, 
co-expression of oncogenic Ras and WSB1 promoted 
the escape from OIS and cell transformation (Figure 
4F and 4G). Deletion of the SOCS domain abolished 
the ability of WSB1 to promote the escape from OIS, 
cell transformation, and abnormal cell proliferation 
(Figure 4F and 4G). ATM levels were decreased in 
cells expressing WT WSB1 but not in cells expressing 
mutant WSB1 (∆SOCS; Figure 4H). In 3-D culture 
systems, we obtained similar results. WT WSB1, but not 
∆SOCS, together with H-RasV12 expression, promoted 
sphere formation (Figure 4I and 4J). Since senescence-
associated secretion phenotype (SASP) is a major 
characteristic of OIS [3, 47], we next examined the 
impact of WSB1 on SASP. We found that overexpression 
of WT WSB1 suppressed the expression of key SASP 
factors such as IL-6, IL-8, and IL-1β during OIS after 
H-RasV12 induction in IMR-90 ER:Ras cells (Figure 4K). 
However, WSB1 mutant lacking the SOCS domain did 
not affect SASP gene expression. These results together 
with Figure 2 suggest that one major mechanism by 

Figure 3 WSB1 regulates ATM ubiquitination and degradation. (A) Co-immunoprecipitation (Co-IP) of endogenous ATM 
and WSB1 from extracts of HEK 293T cells. (B) Purified WSB1 were incubated with GST or equal amounts of GST-ATM 
fragments coupled to GSH sepharose. Proteins retained on sepharose were then blotted with the indicated antibodies. (C) 
Cells were transfected with the indicated constructs and then treated with MG132. Ubiquitinated proteins were pulled-down 
under denaturing conditions by Ni-NTA agarose and analyzed by immunoblot. (D) HEK 293T cells stably expressing control 
shRNA or WSB1 shRNA (#1 and #2) were treated with CHX (0.1 mg/ml) and harvested at the indicated times. Cell lysates 
were then blotted with the indicated antibodies (left). Data (left) were quantified and normalized relative to the β-actin level 
using ImageJ program (right). **P < 0.01 and ***P < 0.001 versus control cells by one-way ANOVA. (E) Co-IP of WSB1 
and ATM or ATR from extracts of HEK 293T cells. (F) Cells were transfected with WSB1 shRNAs and ATM or ATR levels 
were examined by immunoblot. (G, H) Cells were transfected with the indicated constructs and then treated with MG132. 
Ubiquitinated proteins were pulled-down under denaturing conditions by Ni-NTA agarose and analyzed by immunoblot. (I) 
ATM KO MEFs were transfected with the indicated constructs and ATM levels were then examined by immunoblot (top). 
Quantification of ATM protein expression levels are shown in top panel (bottom). *P < 0.05 and ***P < 0.001 versus control 
cells by one-way ANOVA. (J) Cells were infected (or transfected by electroporation) with the indicated viruses (or constructs) 
and analyzed for senescence (top, SA-β-gal staining; bottom, quantification of senescent or transformed cells).
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which WSB1 promotes the escape from OIS thus leading 
to cellular transformation is through inducing ATM 
ubiquitination and its subsequent degradation. 

WSB1 phosphorylation by CDKs is required for its mo-
nomerization and activity

We nex t sough t to de te rmine the molecu la r 
mechanisms that regulate WSB1. For several E3 
ligases, such as MDM2 and TRAF6, dimerization or 
oligomerization is involved in the regulation of activity 
[48-50]. Interestingly, we also found that WSB1 could 
form intermolecular interactions, and that the SOCS 
domain of WSB1 was required for its intermolecular 
interactions (Figure 5A). Using non-denaturing gel, 
we found that WSB1 existed as both homodimers and 
monomers (Supplementary information, Figure S3A). 
After H-RasV12 induction in IMR-90 ER:Ras cells, to 
induce oncogenic stress, WSB1 homodimer changed into 
to the monomeric form in cells expressing WT WSB1 
(Supplementary information, Figure S3A, second lane). 
We also found that WSB1 was in the active monomer 
form in MEFs expressing both c-Myc and H-RasV12 
(Supplementary information, Figure S3B). To study the 
mechanism of WSB1 monomerization, we examined 
WSB1 post-translational modifications. We found AKT, 
GSK3β, CDK2, Plk 1, and Aurora B to be potential 
kinases of WSB1 using GPS2.12, a tool for predicting 
kinase-specific phosphorylation sites [51]. Therefore, we 
examined whether WSB1 monomerization is inhibited 
by kinase inhibitors. Only the CDK inhibitor (CDKI) 
Roscovitine was able to inhibit WSB1 monomerization 
(Supplementary information, Figure S3A). Since 
Roscovitine is a broad-range CDK inhibitor, we next 

used specific CDKIs to identify each CDK’s impact on 
WSB1 modification and function. We used RO-3306 
as CDK1 inhibitor, SNS-032 (BMS-387032) as CDK2 
inhibitor and PD0332991 as CDK4 inhibitor. We found 
that WSB1 dimer/monomer transition was inhibited by 
CDK2 or CDK4 inhibitor (Figure 5B). The decrease 
in ATM protein levels was also inhibited by the CDK2 
or CDK4 inhibitor (Figure 5C). However, CDK1 in-
hibitor had no effect. Interestingly, most oncogenes 
lead to abnormal cell cycle regulation and do so by 
directly or indirectly boosting the activities of cyclin-
dependent kinases (CDKs) that function in the cell cycle. 
Furthermore, early studies suggest a role of CDK2 in 
suppressing oncogene- and/or stress-induced senescence 
[52, 53].

Therefore, we examined whether CDK regulates 
WSB1 activity toward ATM. To test this, we first 
examined the ability of WSB1 to interact with CDKs. We 
found that endogenous WSB1 interacted with CDK2 and 
slightly with CDK4, but not with CDK1 (Figure 5D). 
We hypothesized that CDK-mediated phosphorylation of 
WSB1 might affect its dimerization. We next examined 
whether WSB1 is phosphorylated by CDK2. As shown 
in Figure 5E, CDK2 could directly phosphorylate WSB1 
in vitro. As some WSB1 phosphorylation sites were 
revealed by mass spectrometry analysis (http://www.
phosphosite.org) and GPS2.12, we analyzed whether 
these sites were phosphorylated by CDK. Of them, 
mutation of T380 to alanine (A) substantially reduced 
WSB1 phosphorylation (Figure 5F), suggesting that 
T380 may be a major site of phosphorylation mediated 
by CDK. In addition, Thr380 is within the SOCS domain 
and is highly conserved among vertebrates (Figure 

Figure 4 WSB1 interacts with ATM via its WD40 repeats and SOCS domain and regulates ATM ubiquitination through the 
SOCS domain. (A) Diagrams of WT WSB1 and corresponding deletion mutants (∆WD 1-3, ∆WD 1-5, ∆SOCS, and ∆6-
SOCS) used in Co-IP experiments with ATM. Plus symbols indicate  binding ability between different WSB1 mutants with 
ATM (left) or the degradation strength of the WSB1 mutants on ATM stability (right). (B) Cells were transfected with indicated 
plasmids and then treated with MG132. Cells were collected for immunoprecipitation (IP)-immunoblot analysis. (C) Cells 
were transfected with indicated plasmids and the ATM levels were examined by immunoblot. (D) Cells were transfected with 
the indicated constructs and then treated with MG132. Ubiquitinated proteins were pulled-down under denaturing conditions 
by Ni-NTA agarose and analyzed by immunoblot. S.E. indicates short exposure; L.E., long exposure. (E) Cells were treated 
with CHX (0.1 mg/ml) and harvested for different hours. ATM levels were then examined by immunoblot (left). Right panel 
shows quantification of ATM levels. The results represent the means (± SE) of three independent experiments performed in 
triplicate. **P < 0.01 and ***P < 0.001 versus control cells by one-way ANOVA. Data (left) were quantified and normalized 
relative to the β-actin level using ImageJ program (right). (F, G) Primary MEFs were infected with the indicated constructs 
and were analyzed for senescence by SA-β-gal staining assay (F) and cell-proliferation assay (G). Scale bar, 10 µm. Yellow 
arrows indicate SA-β-gal stained cells; red arrows, transformed cells; white arrow, death cells. The results represent the 
means (± SE) of three independent experiments performed in triplicate. **P < 0.01 and ***P < 0.001 versus control cells by 
one-way ANOVA. (H) Cells as in F were collected for immunoblot analysis. (I, J) Primary MEF cells as in F were applied on 
3-D organoid cultures system. Schematic of the experiments (I) and sphere number (J) in 3-D organoid culture. ****P < 0.0001 
versus control cells by one-way ANOVA. (K) IMR-90 ER:Ras-inducible cells were infected with indicated viruses, and H-Ras 
was inducted by 4-OHT. Cells were analyzed for ‘cytokine’ mRNAs by real-time PCR analysis.
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5G). As shown in Figure 5H, mutating Thr380 to Ala 
abolished CDK2-mediated phosphorylation of WSB1 
in vitro. Furthermore, we found that mutation of T380 
(T/A) abolished WSB1 phosphorylation induced by 
Ras expression (Figure 5I), suggesting that T380 is the 
major CDK phosphorylation site of WSB1 induced by 
Ras. Previous studies have shown that the Ras-MAPK 
pathway could upregulate CDK activities through several 
mechanisms including the inhibition of CDKIs and 
phosphorylation of CDKs at activating residues [54-58]. 
Many other oncogenic signals could also activate CDKs. 

We next examined how T380 phosphorylation would 
affect WSB1 function. Because CDKs are involved in 
the regulation of WSB1 dimerization (Figure 5B and 
Supplementary information, Figure S3A), we tested 
whether the phosphorylation of T380 can regulate 
WSB1 dimerization (Figure 5J). We found that in cells 
expressing the T380A mutant, WSB1 maintained the 
dimeric form before and after oncogenic stress. On the 
other hand, T380D only existed in the monomeric form 
with or without oncogenic stress (Figure 5J). These 

results suggest that oncogenic stress induces a transition 
of WSB1 dimer to monomer in a T380 phosphorylation-
dependent manner. These results also imply that the 
T380A mutation did not completely disrupt WSB1 
structure, since WSB1 T380A was still able to form a 
dimer similar to WT WSB1 under unstressed conditions. 

We next tested whether T380 phosphorylation has any 
effect on ATM interaction and ubiquitination. We found 
that oncogenic stress increased the interaction between 
WSB1 and ATM (Figure 5K). The T380A mutant had 
decreased binding to ATM with or without oncogenic 
stress, while the T380D mutant had constitutively 
strong binding to ATM. These results suggest that the 
dimer form of WSB1 has decreased ATM binding, 
probably due to the masked SOCS domain. Consistent 
with this, we found that in unstressed conditions, ATM 
was highly ubiquitinated in cells expressing the T380D 
mutant, while WT WSB1 and the T380A mutant had 
low E3 ligase activity. Upon oncogenic stress, ATM 
ubiquitination increased in cells expressing WT WSB1 
to a level comparable to that in cells expressing T380D. 

Figure 5 WSB1 phosphorylation by CDKs activates WSB1. (A) Myc-tagged WT WSB1 and the corresponding mutants 
(∆WD 1-5 [∆N], ∆6-SOCS [∆C], and ∆SOCS) were used in Co-IP experiments with Flag-tagged WT WSB1. *indicates a 
nonspecific band. (B, C) Cells were collected for immunoblot analysis. IMR-90 ER:Ras-inducible cells were infected with 
viruses encoding WT WSB1, and H-Ras was induced by 4-OHT. Cells were pre-treated with indicated inhibitors. WSB1 
dimerization was then examined under non-reducing (top, B) or reducing condition (bottom, B). Data (top, C) were quantified 
and normalized relative to the β-actin level using ImageJ program (middle, C). CDKs inhibitors. RO-3306 (9 µM), CDK1 
inhibitor; SNS-032 (BMS-387032, 0.1 µM), CDK2 inhibitor; PD0332991 (0.5 µM), CDK4 inhibitor. (D) Co-IP of endogenous 
CDKs and WSB1 from extracts of HeLa cells. (E) HEK 293T cells were transfected with Flag-CDK2 and V5-Cyclin E. The 
cell lysates were immunoprecipitated with anti-Flag antibody. The protein conjugated to the beads were eluted with Flag 
peptides and subjected to in vitro kinase assay. GST and GST-WSB1 expressed in bacteria were purified and subjected to 
kinase assay as substrates. The phosphorylation of WSB1 by CDK2 was examined with indicated antibodies. *indicates a 
nonspecific band. (F) IMR-90 ER:Ras-inducible cells were infected with viruses encoding WT WSB1, T302A, T380A, T360A, 
or T75A, and H-Ras was induced by 4-OHT. WSB1 phosphorylation was then examined with indicated antibodies. (G) 
Comparison of the sequences surrounding T380 of WSB1 orthologs. Thr380 is shown in red. (H) GST and GST-WSB1 WT 
or mutant (T380A) expressed in bacteria were purified and subjected to in vitro kinase assay with CDK2+Cyclin E (Millipore). 
The phosphorylation of WSB1 by CDK2 was examined using anti-phospho-CDKs substrate antibody. *indicates a nonspecific 
band. (I) IMR-90 ER:Ras-inducible cells were infected with viruses encoding WT WSB1 or T380A, and H-Ras was inducted 
by 4-OHT for indicated times. WSB1 phosphorylation was then examined with indicated antibodies. (J) IMR-90 ER:Ras-
inducible cells were infected with viruses encoding WT WSB1, T380A, or T380D, and H-Ras was induced by 4-OHT for 
indicated times. WSB1 dimerization was then examined under non-reducing (top) or reducing condition (bottom). (K) Cells 
as in J were treated with MG132, and the interaction between WSB1 (WT, T380A, or T380D) and ATM was examined IP-
immunoblot analysis. (L) Cells were transfected with the indicated constructs and then treated with MG132. Ubiquitinated 
proteins were pulled-down under denaturing conditions by Ni-NTA agarose and analyzed by immunoblot. (M) Cells as in L 
were treated with CHX (0.1 mg/ml) and harvested at the indicated times. ATM levels were then examined. Data (top) were 
quantified and normalized relative to the β-actin level using ImageJ program (bottom). The results represent the means (± 
SE) of three independent experiments performed in triplicate. **P < 0.01 versus control cells by one-way ANOVA. (N) CDK2 
expressing IMR-90 ER:Ras-inducible cells were applied senescence by SA-β-gal staining assay in a 2-D culture system (top) 
and cellular sphere formation in a 3-D organoid culture system (bottom). Quantification of senescence by SA-β-gal staining 
assay (top) and sphere number in 3-D organoid culture (bottom), stained as in Supplementary information, Figure S3C. *P < 
0.05 and ***P < 0.001 versus control cells by one-way ANOVA. (O) ER:Ras-inducible cells were infected with the indicated 
viruses and were pre-treated with indicated inhibitors. The cells were assayed by the 3-D organoid cultures system (top) and 
SA-β-gal staining (bottom). Quantification of sphere number (%) in 3-D culture (top) and senescence (%) by SA-β-gal staining 
assay (bottom). Scale bar, 10 µm.
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Less induction of ATM ubiquitination was found in 
cells expressing the T380A mutant (Figure 5L). Next, 
we tested whether phosphorylation of this site has any 
effect on ATM stability. We expressed WSB1 WT or 
WSB1 mutant forms (T380A or T380D) in IMR-90 
ER:Ras cells and measured ATM stability following Ras 
induction. Interestingly, we found that ATM was more 
stable in cells expressing the T380A mutant (Figure 5M). 
T380D, which mimics T380 phosphorylation, showed 
similar effects as WT WSB1. These results suggest that 
T380 phosphorylation might be important for WSB1 E3 
ligase activity. 

Given the important function of CDKs in activating 
WSB1 to mediate ATM degradation, we investigated how 
CDKs affect OIS through WSB1. We focused on CDK2, 
as it showed higher binding to endogenous WSB1. We 
infected CDK2-expressing IMR-90 ER:Ras cells with 
viruses encoding WSB1 shRNA, and examined OIS in 
a 2-D culture system and cellular sphere formation in 
a 3-D culture system. We found that co-expression of 
oncogenic Ras and CDK2 promoted the escape from OIS 
(Figure 5N). Depletion of WSB1 considerably increased 
OIS and decreased the cell-sphere number induced by 
oncogenic Ras plus CDK2 (Figure 5N and Supplementa-
ry information, Figure S3C). Ectopic expression of WT 
WSB1 and WSB1 (T380D), but not WSB1 (∆SOCS), 
restored the ability of oncogenic Ras together with CDK2 
to induce sphere formation or inhibit OIS (Figure 5N and 
Supplementary information, Figure S3C). The expression 
of WSB1 (T380A) had partial effects on the inhibition of 
OIS or induction of sphere formation. ATM expression 
was decreased in CDK2-expressing Ras-induced IMR-
90. However, depletion of WSB1 substantially increased 
ATM level (Supplementary information, Figure S3D). 
We found similar results with CDK4 expression, but 
not CDK1 (Supplementary information, Figure S3E). 
Furthermore, CDK2 or CDK4 inhibitor suppressed 
WSB1-induced sphere formation or escape from OIS 
(Figure 5O). 

Previous studies suggest that the CDK inhibitor 
p21 is upregulated during cellular senescence and 
overexpression of p21 leads to a senescence-like growth 
arrest [59-62]. Given the function of p21 as a CDK2 
inhibitor, it is likely that p21 may have an effect on the 
phosphorylation of WSB1. To test this, we overexpressed 
p21 and found that WSB1 phosphorylation and WSB1 
dimer/monomer transition were inhibited by p21 overex-
pression (Supplementary information, Figure S3F-S3H). 
Furthermore, WSB1’s effects on OIS suppression and 
sphere formation were also inhibited by p21.

These results suggest that WSB1 is phosphorylated 
by CDKs at T380, and T380 phosphorylation induces 

a transition of WSB1 dimer to monomer. Monomeric 
WSB1 exhibits stronger binding and better E3-ligase 
activity toward ATM. Therefore, oncogenic stress could 
activate WSB1 at both a transcriptional level (e.g., Myc) 
and a post-translational level (e.g., CDK).

WSB1 promotes tumorigenesis
Since ATM is an upstream activator of the DDR, 

which acts as an important barrier of tumorigenesis, and 
WSB1 inhibits ATM function by ubiquitinating ATM, 
we hypothesized that WSB1 functions as an oncogene 
to suppress OIS and promote tumorigenesis. To further 
test this hypothesis and to investigate the functional 
relevance of the WSB1-ATM axis in malignancy in vivo, 
we performed tumorigenesis assay in mouse models. 
MEFs with overexpression of both H-RasV12 and WSB1 
exhibited high tumorigenic potential, as demonstrated by 
subcutaneous xenografting into athymic nude mice (Sup-
plementary information, Figure S4A and S4B). Next, 
we examined the effect of WSB1 and the SOCS domain 
on tumor formation using subcutaneous xenografts. We 
found that depletion of WSB1 considerably decreased 
tumor formation or cell sphere number induced by 
oncogenic Ras (Figure 6A and 6B and data not shown). 
Ectopic expression of WT WSB1, but not WSB1 
(∆SOCS), restored the ability of oncogenic Ras to 
induce tumorigenesis (Figure 6A and 6B). We next 
asked whether WSB1 remains in the active monomer 
forms during in vivo MEF transformation. We found that 
WSB1 was in the active monomer form in xenograft 
tumor tissues (Supplementary information, Figure S4C). 
Furthermore, to establish the effect of WSB1 as ATM’s 
E3 ligase during tumorigenesis, we used ATM−/− immortal 
MEFs reconstituted with WT ATM or ATM Ub mutants 
(K1323R, K2025R, K1323R/K2025R) (Figure 6C). We 
found that the single Lys mutation of ATM (K1323R or 
K2025R) partially decreased tumor formation induced 
by WSB1, and the 2KR mutation of ATM considerably 
decreased tumorigenic potential of WSB1. These results 
support that ubiquitination of ATM by WSB1 contributes 
to WSB1’s tumorigenic potential.

To test whether CDK2/CDK4 inhibitor would 
suppress tumorigenesis by targeting the WSB1-WT ATM 
axis, we treated the xenografts with CDK2 or CDK4 
inhibitor (Figure 6D). We found that CDK2 or CDK4 
inhibitor decreased tumor formation induced by WSB1 
in xenograft models expressing WT ATM and slightly 
decreased tumor formation for those expressing the 
single mutant version of ATM (K1323R or K2025R). 
However, these inhibitors had no effect on tumor 
formation for cells expressing the 2KR mutant ATM 
(Figure 6D). 
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Finally, we examined human cancer cell lines and 
clinical samples for WSB1 expression. We found a 
negative co-relation between WSB1 and ATM level in 
GBM xenografts, pancreatic cancer cell lines, and non-
small cell lung cancer (NSCLC) cell lines (Supplemen-
tary information, Figure S4D-S4F). To examine the 
expression of WSB1 and ATM in human tumor tissues, 
we performed immuno-histochemical staining of WSB1 
and ATM using published antibodies for IHC [26, 34, 63, 
64] in breast and colon pre-malignant samples (Figure 
6E). We found that WSB1 expression was higher in pre-
cancer lesions compared with normal adjacent tissues, 
while ATM expression generally negatively correlated 
with that of WSB1 (Figure 6E and 6F). These results are 
consistent with the negative regulation of ATM by WSB1 
in human cancers. 

Discussion

In the present study, we found an important mechanistic 
link between WSB1 and ATM, and our data support the 
model presented in Figure 7 in which WSB1 induces 
ATM degradation through its E3 ligase function. We 
also show that CDKs phosphorylate WSB1 and enhance 
WSB1 activity against ATM. We propose that the 
regulation of ATM by WSB1 is a mechanism for cells 
to overcome OIS, which acts as a main tumorigenesis 
barrier in pre-malignant lesions. In primary cells 
expressing oncogenic Ras alone, the basal level of 
WSB1 is low and might not be able to sufficiently 
remove ATM to overcome OIS. However, when WSB1 
is overexpressed in primary cells, or in cells expressing 
two or more oncogenes (e.g., c-Myc), WSB1 levels will 
reach a threshold sufficient to downregulate ATM and 

help overcome OIS to promote cell transformation. Our 
findings provide a potential mechanism by which cells 
escape from OIS during tumorigenesis.

ATM plays a critical role in the DDR. An intact 
and effective DDR is essential for the maintenance of 
genomic stability and acts as a critical barrier to suppress 
tumor formation. Inactivation of ATM may result in 
predisposition to tumors and has been associated with 
lung, breast, and prostate cancer, as well as hematologic 
cancers such as T-cell prolymphocytic leukemia, B-cell 
chronic lymphocytic leukemia, and mantle cell lymphoma 
[65-67]. Furthermore, there are high rates of germline 
mutation or loss of the ATM gene in hematologic cancers 
[68]. Previous studies also suggest that the ATM protein 
level was reduced in several cancers, including breast 
cancer, glioblastoma, oral squamous cell carcinoma, 
gastric cancer, and colorectal cancer [26, 69-73]. 
However, the cellular mechanisms regulating ATM 
expression at the post-transcription level are poorly 
understood. Understanding how ATM is regulated 
at the post-transcription level will have important 
implications in understating tumorigenesis, especially 
tumor initiation in premalignant lesions. For example, in 
breast cancer, ATM methylation, hypermethylation of the 
ATM promoter, and ATM copy number loss have been 
shown to be associated with lower steady-state ATM 
mRNA levels [41, 74, 75]. However, only a very small 
proportion of breast cancer is associated with low ATM 
mRNA levels, while downregulation of ATM is found 
at relatively high frequency (40%-75% cases) [40, 69, 
76, 77]. Notably, our results provide a new mechanism 
by which ATM is downregulated in human cancers 
through post-translational modification by WSB1. In 
support of the negative regulation of ATM by WSB1, 

Figure 6 WSB1 regulation is a driving event in tumorigenesis. (A, B) Immortal MEFs were infected with the indicated 
constructs and used in xenograft models. The cells were applied on mice models. Schematic of the experiments (A) and 
tumor formation in xenograft (B). (B) Bioluminescence images of tumor formation in xenograft mice (left). Tumor volumes 
(mm3) were measured at the indicated times after injection (right). Immunoblotting of WSB1 and ATM (bottom right). n = 10 
per group. *P < 0.05 and ****P < 0.0001 versus control cells by two-way ANOVA. (C) ATM KO MEFs were transfected with 
the indicated constructs and injected into nude mice. Left panel: bioluminescence images of tumor formation in xenograft 
were taken. Right top panel: tumor volumes (mm3) were measured at the indicated times after injection. Right bottom panel: 
immunoblotting of WSB1 and ATM. n = 5 per group. **P < 0.01, ***P < 0.001, and ****P < 0.0001 versus control cells by two-
way ANOVA. (D) ATM KO MEFs were transfected with the indicated constructs by electroporation and then injected into nude 
mice. And mice were treated with indicated inhibitors. Schematic of the experiments (top left) and tumor formation in xenograft 
(right). Bioluminescence images of tumor formation in xenograft were taken (top right). Tumor volumes (mm3) were measured 
at the indicated times after injection (bottom right). CDKs inhibitors: SNS-032 (BMS-387032, intraperitoneal injection, 15 mg/
kg body weight every 3 days), CDK2 inhibitor; PD0332991 (oral administration, 150 mg/kg body weight daily), CDK4 inhibitor. 
Immunoblotting of WSB1 and ATM (bottom left). n = 5 per group. *P < 0.05, **P < 0.01, and ****P < 0.0001 versus control 
cells by two-way ANOVA. (E, F) Immunohistochemical staining of WSB1 and ATM protein in patient tissue samples (breast 
or colon). Representative microscopy images of WSB1 and ATM (E), and WSB1 and ATM expression correlation (F) in 28 
human breast pre-cancer and 21 colon pre-cancer tissues with normal lesion. The P-value was calculated by the Student’s 
t-test.
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we found a negative co-relation between WSB1 and 
ATM level in not only GBM patient-derived xenografts, 
pancreatic cancer cell lines, and NSCLC cell lines, but 
also in breast and colon cancer patient samples (Figure 
6E and 6F and Supplementary information, Figure S4D-
S4F). Furthermore, WSB1 has been reported to be one of 
the proteins positively correlated with tumor incidence 
and tumor development in several cancers, including 
breast cancer [32, 78]. Therefore, reduced steady-state 
ATM protein levels in WSB1-expressing cells might be 
responsible for compromised DDR, OIS escape, and 
genomic instability during tumor formation. 

In summary, we have demonstrated that WSB1 is a 
tumor-promoting factor that mediates ATM degradation 
and helps overcome the main barrier of tumor formation. 
These findings suggest that pathologic upregulation 
of WSB1 in pre-malignant lesions may eventually 
contribute to the malignant phenotype of certain tumors. 
Indeed, WSB1 overexpression is found in multiple 
cancer tissues and the WSB1 gene is upregulated in 
premalignant lesions. Thus, our data support a model 
in which WSB1 helps the destruction of the DDR 
tumorigenesis barrier in pre-malignant lesions.

Materials and Methods

 Cells, cell lines, and reagents
All cell lines were sourced from commercial venders. Human 

embryonic kidney (HEK) 293T, 293, and HeLa cervix carcinoma 
cells were cultured in Dulbecco’s modified Eagle’s media (DMEM, 
Gibco-Invitrogen, Grand Island, NY, USA). Twelve GBM 
xenografts from patients, normal human lung fibroblast (WI-38) 
cells, six human lung cancer (4 adenocarcinoma, H1437, H522, 
H1650, and A549; 2 large cell carcinoma, H460 and H1299) cell 
lines, and nine human pancreatic cancer (BxPC3, Hup-T3, Mia-
Paca, Panc1, Pan 04.03, ASPC1, CAPAN1, and CFPAC1) cells 
were maintained in Eagle’s minimal essential media (EMEM) or 
RPMI 1640 (Gibco-Invitrogen). The human lung fibroblast IMR-
90 and WI-38 cells were obtained from the American Type Culture 
Collection (ATCC, Manassas, VA, USA), and cells ranging from 
29 to 34 in population-doubling level were used. ER-RAS-IMR-90 
cells were kindly provided by Dr Z Zhang (Mayo Clinic, USA). 
For ER-RAS induction, ER-RAS-IMR-90 cells were treated 
with 100 nM of 4-hydroxytamoxifen (4-OHT) and maintained in 
4-OHT-containing medium until harvesting.

MEFs were i so la ted f rom embryonic day 11 .5-13 .5 
(E11.5-E13.5) by uterine dissection for individual embryos. Each 
embryo was rinsed softly with 1× PBS (pH 7.2), followed by 
removal of the mouse embryonic internal organ. The embryo body 
was transferred to a clean culture dish containing 3 ml of 0.25% 

Figure 7 The working model. In typical conditions, oncogenic stress induces the DDR and oncogene-induced senescence, 
acting as the barrier of tumorigenesis. Oncogenic stress leads to WSB1 upregulation, which interacts with ATM and 
consequently degrades ATM. Meanwhile, CDKs are upstream kinase of WSB1. WSB1 is phosphorylated by CDKs, which 
creates WSB1 monomerization to enhance WSB1 activity toward ATM stability. WSB1 upregulation and activation could help 
ATM degradation, resulting in escape from OIS and breakage of the tumor barrier. 
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trypsin-EDTA and then forced through a 1-ml syringe with a 
16-gauge needle. The tissue homogenate was incubated for 30 min 
at 37 °C in 10 ml trypsin-EDTA solution, triturated by drawing the 
suspension, and then evenly divided into two or three 10-cm tissue 
culture dishes in DMEM. Early-passage MEFs (passage 1-5), ATM 
WT, and KO MEFs were used for all experiments, and at least 
three lines were examined for all studies. All media contained 
10% (15%; MEFs, IMR-90, and WI-38 cells) heat-inactivated 
FBS (Gibco-Invitrogen), sodium bicarbonate (2 mg/ml; Sigma-
Aldrich, St Louis, MO, USA), penicillin (100 units/ml), and 
streptomycin (100 µg/ml; Gibco-Invitrogen). N-carbobenzoxy-l-
leucinyl-lleucinyl-l-norleucinal (MG132), MK 2206, roscovitine, 
cycloheximide (CHX), and 4-OHT were purchased from Sigma-
Aldrich. TWS 119, ZM 447439, RO-3306, CDK1 inhibitor; SNS-
032 (BMS-387032), CDK1 inhibitor; PD0332991 and CDK4 
inhibitor were purchased from Tocris Bioscience and BI 2536 was 
purchased from Selleckchem.

3-D organoid assay
For 3-D organoid assays, fibroblasts and IMR-90 cells were 

cultured on NanoCulture plates (SCIVAX). After seeding cells, 
cells were cultured in the same condition with a 2-D culture and 
cell images were observed and recovered 0, 3, 5, and 7 days. Cells 
were lysed in Spheroid Lysis Buffer (Scivax).

Plasmids 
Myc-tagged WSB1 (empty and WT, ∆WD1-2, ∆WD1-3, ∆N, 

∆SOCS, ∆C, ∆FDL, and ∆AAA) were provided by Dr Cheol Yong 
Choi (Sungkyunkwan University, Korea). GFP-tagged H-RasV12 
and c-Myc (MSCV-IRES GFP) were obtained from Addgene. 
GST-tagged ATM (empty and 8 overlapping GST-ATM fragments: 
2-430, 400-860, 830-1 290, 1 260-1 720, 1 690-2 120, 2 090-
2 500, 2 400-2 700, and 2 680-3 056) were provided by Dr Titia 
DeLange (The Rockefeller University, New York, NY, USA) 
and were described earlier [43]. WSB1 and ATM mutations were 
generated by site-directed mutagenesis (Stratagene).

Transient transfection, viral infection, and stable transduc-
tion

shRNAs or viral vectors were infected using Lipofectamine 
2000 reagent (Invitrogen). Human WSB1 and mouse WSB1 shR-
NAs were obtained from Sigma-Aldrich and Open Biosystems.

WSB1 shRNA (human): Open Biosystems
5′-GCTGTTGACAGTGAGCGCGGAGTTTCTCTCG-

TATCGTATTAGTGAAGCCACAGATGTAATACGATACGA-
GAGAAACTCCATGCCTACTGCCTCGGA-3′ 

5′-GCTGTTGACAGTGAGCGCGCTGTAAAGTGCAAG-
GAAATTTAGTGAAGCCACAGATGTAAATTTCCTTG-
CACTTTACAGCATGCCTACTGCCTCGGA-3′

WSB1 shRNA (Mouse): Sigma-Aldrich
5′-ACATGAGCTGCTGCTATATAT-3′
5′-GCTTACTCCTTGTATCAGCTT-3′
ATM shRNA (Mouse): Sigma-Aldrich
5′-CCGTGGAGATTTCTCAATCTT-3′
5′-CCTCCAATTCTTCAGCGTAAT-3′
5′-GCTGAGACAAATAATGTCTTT-3′
5′-CGATGGAAGTTATGCGGAGTT-3′
5′-CCACCATATTTGGACAGGAAT-3′
For transient overexpression studies, DNA plasmids were 

transfected using Lipofectamine 2000 reagent (Invitrogen). Stable 
overexpression and silencing were obtained by transducing IMR-
90 and HEK 293T cells with retroviral or lentiviral vectors. The 
efficiency of knock-down or overexpression was controlled by 
Western blotting. Infected cells were selected with 2 µg/ml puro-
mycin (Sigma-Aldrich).

Colony formation and SA-β-gal 
For colony-formation or foci assay, early-passage MEFs 

(passage 5) cells were plated at low density into 60-mm cell 
culture plates. When sufficient colonies were visible, typically 
after 2-3 weeks, cells were washed twice in PBS before fixing 
in ice-cold 70% methanol for 30 min and then stained by 0.2% 
crystal violet for 0.5-1 h. The following day, cells were rinsed 
in PBS and air dried. For SA-β-Gal, MEFs were fixed in 2% 
formaldehyde/0.2% glutaraldehyde in PBS for 10 min and stained 
for SA-β-Gal according to manufacturer’s instructions (Cell 
Signaling) overnight at 37 °C. 

Protein stabilization analysis 
For protein stabilization analysis, HeLa cells were transfected 

with the indicated constructs. After transfection for 48 h, cells 
were treated with CHX (20 µg/ml). The cell lysates were prepared 
and analyzed by Western blot analysis. After CHX treatment, en-
dogenous or exogenous Myc levels were quantified by densitomet-
ric scanning in the image J program. 

Co-immunoprecipitation assays, immunoblotting, and anti-
bodies

To study endogenous WSB1/ATM binding, the cells were 
treated with or without 10 µM MG132 for 2 h. One confluent 15-
cm dish of HEK 293T cells was lysed by sonication in NETN 
buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl2, 1 mM EDTA, 
and 0.5% Nonidet P-40) containing 50 mM b-glycerophosphate,10 
mM NaF, and 1 mg/ml each of pepstatin A and aprotinin, freshly 
supplemented with a protease inhibitor cocktail (Roche). Prior 
to immunoprecipitation, protein-A-bound agarose beads were 
incubated overnight with ATM (Abcam, ab32420), p-ATM 
(Abcam, ab81292), WSB1 (Abcam, ab68953; Sigma, HPA003293; 
Proteintech, 1166-1-AP), Ki-67 (Abcam, ab15580), p53 (DO-1; 
SantaCruz, sc-126), p16 (Abcam, ab51243), and ATR antibodies in 
PBS with 5% BSA at 4 °C. We used WSB1 antibody of ab68953 
for most data (HPA003293 for IHC). We then added to the extracts 
before immunoprecipitation with protein-A sepharose at 4 °C for 
4 h. After three washings in a binding buffer, co-purified proteins 
were analyzed by Western blotting. For the mapping of the ATM-
interacting domain of WSB1, HEK 293T cells were transfected 
with a 1 µg/10 cm dish of either wild-type or mutant forms of 
Myc-WSB1 and harvested in the presence of 10 µM MG132. Cell 
extract was then subjected to immunoprecipitation using anti-
Myc. For removing heavy-chain, heavy- or light-chain-specific 
anti-mouse and anti-rabbit IgG, secondary antibodies were 
obtained from Jackson Immunoresearch. Anti-α-tubulin, Myc, 
and HA mouse antibodies were purchased from Sigma. To study 
WSB1 dimerization and/or monomerizaton, reduced samples 
were prepared with a reducing sample buffer containing β-ME 
and SDS, and then boiled. Non-reducing samples were put in the 
sample buffer without β-ME, which were not boiled. To study 
WSB1 phosphorylation by CDK2, we used an anti-Phospho-(Thr) 
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MAPK/CDK substrate (Cell Signaling). Antibodies used in the 
other studies included the following: CDK1 (Abcam, ab32384), 
CDK2 (Abcam, ab64669), and CDK4 (Abcam, ab137675).

In vivo ubiquitination assays
For in vivo ubiquitination, including domain mapping of 

WSB1, cells were transfected with ubiquitin-His plasmid together 
with Myc or Myc-WSB1, followed by treatment with MG 132 (10 
µM). Forty-eight hours post-transfection, cells were lysed by Urea 
lysis buffer (8 M urea, 0.1 M Na2HPO4, 0.1 M Tris/HCl (pH 8.0), 
0.05% Tween 20, and 0.01 M imidazole). After centrifugation, the 
supernatants were collected and incubated with 20 ml Ni-NTA aga-
rose beads (Qiagen) for 4 h at 4 °C. The precipitates were washed 
three times with Urea wash buffer (8 M urea, 0.1 M Na2HPO4, 0.1 
M Tris/HCl (pH 8.0), 0.05% Tween 20, and 0.02 M imidazole) 
and Native wash buffer (0.1 M Na2HPO4, 0.1 M Tris/HCl (pH 8.0), 
0.05% Tween 20, and 0.02 M imidazole), boiled with SDS loading 
buffer, and then subjected to SDS-PAGE followed by immunoblot 
analysis.

In vitro binding assay
GST fusion proteins were prepared following standard protocol 

[79]. For in vitro biding assays, ATM (8 deleted mutants) GST 
fusion proteins bound to the GSH Sepharose were incubated with 
cell lysates. After washing, the bound proteins were separated by 
SDS-PAGE and immunoblotted with indicated antibodies.

Immunofluorescence 
For immunofluorescence staining, MEF and IMR-90 cells 

were plated on glass cover slips and infected with the indicated 
constructs. Cells were then fixed in 3.7% paraformaldehyde for 
10 min at room temperature and stained using standard protocols. 
Immunofluorescence images were taken using fluorescent micros-
copy (Nikon Microscope, Melville, NY, USA).

Proliferation and viability analysis 
For proliferation staining, MEFs were plated on glass cover 

slips and infected with the indicated constructs. Cells were then 
fixed and stained with Ki-67 antibody. For viability staining, MEF 
cells were infected with the indicated constructs and were seeded 
in six-well plates and cultured for 15 days. Cells were then washed 
three times with PBS and stained with 0.2% crystal violet for 30 
min before cell counting under microscopy.

In vitro kinase assay
HEK 293T cells were transfected with Flag-CDK2 and V5-Cy-

clinE. Forty-eight hours later, the cells were collected and the cell 
lysates were subjected to immunoprecipitated anti-Flag antibody. 
The protein conjugated to the beads were eluted with Flag peptides 
and subjected to in vitro kinase assay, or the active CDK2/CyclinE 
protein from Millipore was used as kinase in the assay. GST and 
GST-WSB1 expressed in bacteria were purified and subjected 
to kinase assay as substrates. The phosphorylation of WSB1 by 
CDK2 was examined using an anti-CDK substrate antibody. 

Reverse transcription-PCR of cDNA 
RNA preparation and cDNA were described previously [80]. 

The following primers were used: 
WSB1 forward 5′-TCTCCTGACTCTTCTATGCTGTGT-3′

reverse 5′-CATGGTGTATTTATCCATATTCCAAA-3′
ATM forward 5′-GTGTTCTGAAATTGTGAACCATGAGTCT

AGT-3′
reverse 5′-TGGTATCTTCATTAAAAACCTGGTGACAGA-3′
forward 5′-GATGGAGAAAGTAGTGATGAGC-3′
reverse 5′-AGTCACCAGATTTCCATATTCTC-3′
The β-actin sequence was described previously [80].

Electroporation
For complementation experiments, Vector, Flag-ATM-WT, or 

Flag-ATM mutant plasmids (K1109R, K1114R, K1323R, K1572R, 
K2025R, and 2KR), Flag-CDK1, Flag-CDK2, Flag-CDK4, or 
HA-WSB1 were electroporated into ATM KO MEFs using Ge-
nePulser Xcell (Bio-Rad). Pellet cells were resuspended in 10 ml 
of DMEM. The cells were either re-suspended (107) in 400 µl of 
transfection serum-free medium and 10-40 μg of plasmid DNA 
added or re-suspended to the cells (5 × 107) in 400 µl of transfec-
tion serum-free medium and 40 μg of plasmid DNA added. Elec-
troporation used the following settings: square wave pulse, 200 V, 
30 ms, and 4 mm cuvette. The cuvette was placed on ice for 5-10 
min. Cells were transferred to a 60-mm dish and 4 ml of media 
added (15% serum; without antibiotics and selective agent). Cells 
were then incubated overnight and media was changed at the next 
day.

Mouse xenograft tumor model
For MEF xenograft experiments, cells were infected (or trans-

fected) with the indicated constructs (by electroporation) and 
injected into nude mice. Equal numbers (1 × 106) of infected MEF 
cells expressing luciferase mixed at a 1:1 dilution with Matrigel 
(Collaborative Research) were implanted in the backs of athymic 
nude mice. For CDK-related xenograft experiments, mice were 
treated with CDKIs, such as RO-3306 (CDK1 inhibitor), SNS-032 
(BMS-387032, CDK1 inhibitor) and PD0332991 (CDK4 inhibi-
tor). Tumor growth was monitored using calipers and visualized 
with a bioluminescence-based IVIS system (Caliper LifeScience). 
Tumor growth was measured using a Vernier caliper at the indicat-
ed times after injection, and the tumor volume was calculated as 
length × width × height. Tumor size was monitored by measuring 
mice two times a week. When tumors reached 2 cm in diameter, 
mice were euthanized.

Immunohistochemistry
All of step for IHC were prepared following standard protocol. 

Briefly, immunohistochemical cytokeratin staining was performed 
on formalin-fixed, paraffin-embedded tissue using an indirect im-
munoperoxidase technique. Sections mounted on silanized slides 
were dewaxed in xylene, dehydrated in ethanol, boiled in 0.01 M 
citrate buffer (pH 6.0) for 20 min in a microwave oven and then 
incubated with 3 % hydrogen peroxide for 5 min. After washing 
with PBS, the slides were incubated in 10 % normal BSA for 5 
min, followed by incubation for 45 min with monoclonal mouse 
anti-human WSB1 (1:200, Sigma-Aldrich) and anti-ATM (1:100, 
Abcam). After washing, sections were incubated with labeled 
polymer (Bond Polymer Refine Detection) and diaminobenzidine. 
The sections were then counterstained with hematoxylin, dehy-
drated, cleared, and mounted. 

Statistical analysis
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Each assay was performed in triplicate and independently re-
peated at least three times. The results are presented as mean ± 
SEM. Statistical analyses were performed using GraphPad Prism 
software (version 4.02; GraphPad Software, San Diego, CA, 
USA). One-way analysis of variance followed by t-testing was 
used to compare the results. A difference was considered signifi-
cant if P < 0.05. Statistical significance was defined as P < 0.05 (*), 
P < 0.01 (**), P < 0.001 (***), and P < 0.0001 (****).
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