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Abstract

Wildtype p53-Induced Phosphatase 1 (WIP1) is a serine/threonine phosphatase that 

dephosphorylates proteins in the ataxia telangiectasia mutated (ATM)-initiated DNA damage 

response pathway. WIP1 may play a homeostatic role in ATM signaling by returning the cell to a 

normal pre-stress state following completion of DNA repair. To better understand the effects of 

WIP1 on ATM signaling, we crossed Atm-deficient mice to Wip1-deficient mice and characterized 

phenotypes of the double knockout progeny. We hypothesized that the absence of Wip1 might 

rescue Atm deficiency phenotypes. Atm null mice, like ATM-deficient humans with the inherited 

syndrome ataxia telangiectasia, exhibit radiation sensitivity, fertility defects, and are T-cell 

lymphoma prone. Most double knockout mice were largely protected from lymphoma 

development and had a greatly extended lifespan compared to Atm null mice. Double knockout 

mice had increased p53 and H2AX phosphorylation and p21 expression compared to their Atm 

null counterparts, indicating enhanced p53 and DNA damage responses. Additionally, double 

knockout splenocytes displayed reduced chromosomal instability compared to Atm null mice. 
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Finally, doubly null mice were partially rescued from infertility defects observed in Atm null mice. 

These results indicate that inhibition of WIP1 may represent a useful strategy for cancer treatment 

in general and A-T patients in particular.
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Introduction

The capacity of cells to recognize and repair DNA damage is crucial for maintaining 

genomic stability and preventing cancer. The importance of DNA damage response 

mechanisms is made obvious when one of its key components is rendered defective in 

human genetic disorders such as ataxia-telangiectasia (A-T). A-T is a rare autosomal 

recessive syndrome characterized by progressive neurodegeneration, radiosensitivity, 

immune dysfunction, cell-cycle checkpoint defects, genomic instability, and an increased 

predisposition to cancer (Chun and Gatti, 2004). Shiloh and co-workers first cloned the 

defective gene responsible for A-T, the ataxia telangiectasia mutated (ATM) gene (Savitsky 

et al., 1995). Most mutations in the ATM gene result in an absence of a full-length, 

functional protein product (Chun and Gatti, 2004).

ATM is one of six members of the phosphoinositide 3-kinase-related protein kinase (PIKK) 

family that include other DNA damage response sensors such as ATM and Rad3-related 

protein (ATR) and DNA dependent protein kinase catalytic subunit (DNA-PKcs). The ATM 

gene encodes a serine/threonine kinase that is a critical DNA damage sensor that activates 

cell cycle control and DNA repair pathways (Shiloh, 2003; Lavin, 2008; Abraham, 2001). 

ATM phosphorylates and activates numerous target proteins involved in initiation and 

maintenance of cell cycle checkpoints such as CHK2, p53, MDM2, SMC1, and CDC25C 

(Shiloh, 2003). The phosphorylation of p53 at serine 15 and at serine 20 via activation of 

CHK2 are important components of ATM signaling, as p53 is a critical modulator of both 

the G1 and G2/M checkpoints (Appella and Anderson, 2001).

One important tool aiding our understanding of ATM functions has been the development of 

Atm null mice, which recapitulate many of the phenotypes that are observed in A-T patients 

(Xu et al., 1996; Barlow et al., 1996; Elson et al., 1996; Herzog et al., 1998). Like A-T 

patients, Atm null mice are prone to developing T-cell lymphomas. Atm−/− mice usually die 

between 3-6 months of age (Xu et al., 1996; Barlow et al., 1996; Elson et al., 1996). 

Additionally, Atm null mice are hypersensitive to radiation, are infertile, have immune 

system abnormalities, motor coordination defects, and a reduced body size (Barlow et al., 

1996; Xu et al., 1996; Rotman and Shiloh, 1998; Westphal et al., 1997; Elson et al., 1996; 

Herzog et al., 1998).

The ATM-initiated kinase cascade activates cell cycle checkpoints and DNA repair 

pathways. But once the damage is repaired, how is the cell returned to a pre-stress state? 

Phosphatases are obvious candidates as homeostatic regulators of ATM-initiated 

phosphorylations. One such candidate is the Wild-type p53-induced phosphatase 1 (WIP1), 
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a type 2C serine/threonine phosphatase that is induced in response to DNA damage in a p53-

dependent manner (Fiscella et al., 1997). WIP1 dephosphorylates multiple proteins in the 

ATM/ATR DNA damage response pathway, such as CHK1, CHK2, p53, MDM2, and 

H2AX (Takekawa et al., 2000; Lu et al., 2005a; Lu et al., 2007; Fujimoto et al., 2006; 

Shreeram et al., 2006a; Macurek et al., 2010; Moon et al., 2010). WIP1 dephosphorylates 

the same sites (pS/pTQ motifs) that are phosphorylated by ATM and ATR. Moreover, WIP1 

dephosphorylates ATM itself and suppresses its activity (Shreeram et al., 2006a). 

Importantly, WIP1 suppresses p53 by multiple mechanisms, including dephosphorylation of 

p53 kinases (ATM, CHK1, CHK2) (Lu et al., 2005b; Shreeram et al., 2006b; Fujimoto et 

al., 2006), p53 itself (at serine 15) (Lu et al., 2005b), and MDM2, which facilitates MDM2-

mediated degradation of p53 (Lu et al., 2008). We hypothesize that WIP1 facilitates reversal 

of the ATM/ATR-initiated kinase cascade and reverts the cell to a pre-stress state following 

completion of DNA repair (Lu et al., 2008).

WIP1 has been shown to be an oncogene and is amplified and overexpressed in several 

human tumor types (Bulavin et al., 2002; Li et al., 2002; Hirasawa et al., 2003; Saito-Ohara 

et al., 2003; Ehrbrecht et al., 2006; Castellino et al., 2008; Loukopoulos et al., 2007). On the 

other hand, mice lacking Wip1 are resistant to spontaneous and oncogene-induced tumors, 

most likely due to enhanced DNA damage and p53 responses (Nannenga et al., 2006; Choi 

et al., 2002; Bulavin et al., 2004; Harrison et al., 2004; Shreeram et al., 2006b). WIP1 

inhibitors have been shown to reduce tumor cell proliferation, suggesting that inhibition of 

WIP1 may be a beneficial cancer therapeutic tool (Belova et al., 2005; Rayter et al., 2008; 

Tan et al., 2009; Yamaguchi et al., 2006; Saito-Ohara et al., 2003; Yoda et al., 2008).

Because of the relationship between ATM/ATR phosphorylation and WIP1 

dephosphorylation targets, we hypothesized that ATM deficiency phenotypes resulting from 

inefficient phosphorylation of normal ATM targets might be rescued by eliminating WIP1 

function. Presumably, in ATM deficiency there is some phosphorylation of ATM targets by 

related PIKKs such as ATR and DNA-PKcs, but this compensatory phosphorylation is 

inadequate to prevent the ATM deficiency phenotypes. However, the absence of WIP1 

might enhance or prolong phosphorylation of some ATM target proteins and rescue some of 

the ATM deficiency phenotypes. We tested this hypothesis by crossing Atm-deficient mice 

to Wip1-deficient mice to obtain Atm−/−Wip1−/− double knockout mice. Here, we show that 

the absence of Wip1 in an Atm null background partially rescues some Atm deficiency 

phenotypes. Compared to Atm−/− mice, Atm−/−Wip1−/− mice displayed reduced 

tumorigenesis and dramatically enhanced longevity, as well as partial rescue of 

chromosomal instability and gametogenesis. Thus, inhibition of WIP1 may represent a 

viable approach for treating cancer and some phenotypes associated with ATM deficiency.

Results

Absence of Wip1 largely rescues lymphomagenesis in Atm null mice

Atm null mice succumb to thymic lymphomas at 3-6 months of age (Barlow et al., 1996; 

Elson et al., 1996; Xu et al., 1996; Westphal et al., 1997). Because WIP1 dephosphorylates 

some of the same targets that ATM phosphorylates, we hypothesized that the absence of 

Wip1 might rescue some of the deleterious phenotypes in the Atm null mice. To test this 
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hypothesis, Atm+/−Wip1+/+ mice were crossed to Atm+/+Wip1+/− mice, and double 

heterozygous F1 progeny were re-crossed to obtain F2 Atm+/+Wip1+/+, Atm−/−Wip1+/+, 

Atm−/−Wip1+/−, and Atm−/−Wip1−/− mice. A minimum of 43 mice for each genotype were 

monitored over their entire lifespan. As expected, Atm+/+Wip1+/+ mice live relatively normal 

lifespans of over two years (Fig. 1A). Consistent with previous reports, 95% of 

Atm−/−Wip1+/+ mice developed thymic lymphomas by 150 days of age, and all are dead by 

300 days of age (Fig. 1A). Conversely, only 11% of Atm−/−Wip1−/− mice develop thymic 

lymphomas by 150 days of age, and rarely developed tumors after 180 days (6 months). The 

majority of the double knockout mice exhibited dramatically enhanced longevities compared 

to Atm null mice, with median lifespans of 620 and 110 days, respectively (Fig. 1A). No 

Wip1 dosage effect was observed, as Atm−/−Wip1+/− mice developed tumors at the same rate 

as Atm−/−Wip1+/+ mice. Thus, the absence of Wip1 largely rescues tumor susceptibility 

phenotypes observed in Atm null mice.

To determine if there were any differences among the tumors that developed in the 

Atm−/−Wip1+/+, Atm−/−Wip1+/−, and Atm−/−Wip1−/− mice, tumors were collected from the 

mice. Gross necropsies revealed only thymic tumors in Atm−/−Wip1+/+, Atm−/−Wip1+/−, and 

Atm−/−Wip1−/− mice. Analysis of hematoxylin and eosin (H&E) stained tumor sections 

confirmed that all tumors were thymic lymphomas of likely T-cell origin, and no 

histopathological differences were observed among the Atm−/−Wip1+/−, Atm−/−Wip1−/− and 

Atm−/−Wip1+/+ lymphomas (Fig. 1B-D).

Atm−/−Wip1−/− mice exhibit enhanced p53 and DNA damage responses

The reduced tumor incidence in the Atm−/−Wip1−/− mice compared to Atm null mice is 

consistent with enhanced DNA damage and p53 responses. To examine this further, 

Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old mice 

were irradiated with 5 Gy of ionizing radiation (IR). Thymi were harvested six hours after 

IR and analyzed for phosphorylation status of known Wip1 dephosphorylation targets. 

Lysates from normal thymi and spleens were assessed by Western blot analysis with 

antibodies to p53 and H2AX as well as phospho-specific antibodies for p53 (pS18) and γ 

H2AX (pS140). Both of these phosphorylation events are markers for an activated DNA 

damage response. Basal levels of γ-H2AX and phospho-p53 were low in unirradiated 

Atm+/+Wip1+/+ lymphoid tissues but were induced to moderate levels six hours after IR 

treatment (Fig. 2A; Fig. S1). Irradiated Atm+/+Wip1−/− thymi and spleens exhibited 

increased phosphorylation of H2AX and p53 compared to irradiated Atm+/+Wip1+/+ thymi 

and spleens. Surprisingly, deletion of Atm did not impair IR-induced phosphorylation of 

H2AX and p53 and was comparable to Atm+/+Wip1+/+ levels (Fig. 2A-C). This is likely a 

result of compensatory phosphorylation by other PIKKs. In the presence of IR damage, the 

Atm−/−Wip1−/− thymi exhibited high phosphorylation levels of H2AX and p53 comparable 

to Atm+/+Wip1−/− thymi (Fig. 2A-C). In addition, IR treatment resulted in increased p53 

protein levels across all four genotypes, as expected. Absence of Wip1 in Atm+/+ and Atm−/− 

mice conferred modestly increased p53 protein stability after IR compared to wildtype and 

Atm null mice (Fig. 2A). Finally, irradiation of the different Atm/Wip1 genotype mice 

resulted in similar patterns of enhanced phosphorylation of Brca1 Ser1423 in the absence of 
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Wip1 (Fig. S2). This Brca1 phosphorylation site, targeted by Atm, is also dephosphorylated 

by Wip1 (Nguyen and Donehower, unpublished data).

The increased p53 protein levels in irradiated Atm+/+Wip1−/− and Atm−/−Wip1−/− thymi and 

spleens suggested a corresponding increase in p53 activity. To test this, we measured 

p21Waf1/Cip1 RNA expression levels in unirradiated and irradiated thymi of all four 

genotypes by real-time quantitative RT-PCR. The p21 gene is a direct transcriptional target 

of activated p53 and is a prototypical marker for p53 functional activity (El-Deiry et al., 

1993). IR results in a roughly 20-fold increase in p21 RNA expression in Atm+/+Wip1+/+ 

thymi and this is further increased to a 30-fold induction in Atm+/+Wip1−/− thymocytes (Fig. 

2D). Importantly, IR-induced p21 RNA is only induced about 7-fold in Atm−/−Wip1+/+ 

thymocytes, indicating loss of p53 activity in the absence of Atm. However, this p53 activity 

loss is partially rescued in double knockout thymi, which exhibit a 16-fold IR-induction of 

p21 RNA (Fig. 2D). Overall, these results indicate that the absence of Wip1 results in 

enhanced p53 and DNA damage responses in both Atm+/+Wip1−/− and Atm−/−Wip1−/− 

tissues.

Absence of Wip1 reduces chromosomal instability in Atm null splenocytes

Previously, spectral karyotyping (SKY) analysis revealed that both murine Atm null 

fibroblasts and A-T cells from humans display increased chromosomal instability (Barlow et 

al., 1996; Chun and Gatti, 2004). Since the Atm−/−Wip1−/− mice have enhanced DNA 

damage responses, we hypothesized that cells from these mice might also have reduced 

chromosomal instability. To test this, splenocytes from Atm+/+Wip1+/+, Atm+/+Wip1−/−, 

Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old mice were isolated, mitogen-activated, 

and subjected to SKY analysis. No aberrations were detected in metaphase chromosomes 

from 12-20 metaphase profiles prepared from each of four Atm+/+Wip1+/+ and four 

Atm+/+Wip1−/− mice (Fig. 3A,B). SKY analysis of splenocyte metaphase spreads from six 

Atm−/−Wip1+/+ mice revealed multiple chromosomal aberrations, including translocations, 

chromosome losses, and chromosome gains (Fig. 3C,D). Conversely, metaphase spreads 

from splenocytes of five Atm−/−Wip1−/− mice averaged fewer chromosomal abnormalities 

than those from Atm−/−Wip1+/+ mice (Fig. 3E,F). Overall, Atm null splenocytes averaged 

18.3 chromosomal aberrations per mouse analyzed, whereas Atm−/−Wip1−/− splenocytes 

averaged 6.8 chromosomal aberrations per mouse (Fig. 3G). This difference was statistically 

significant (P = 0.009). Atm−/−Wip1+/+ mice averaged 1.42 chromosomal aberrations per 

individual metaphase, while Atm−/−Wip1−/− mice averaged 0.59 chromosomal aberrations 

per individual metaphase, which was statistically significant (P = 0.03) (Fig. 3H). Thus, the 

absence of Wip1 significantly decreases the genomic instability of Atm null cells.

Absence of Wip1 results in partial rescue of gamete formation in Atm null mice

Both A-T patients and Atm null mice are infertile (Chun and Gatti, 2004). Testes and ovaries 

of Atm null mice exhibit a disorganized architecture and complete absence of mature 

gametes (Barlow et al., 1996; Xu et al., 1996; Elson et al., 1996). To test if Atm−/−Wip1−/− 

mice were rescued from defects in gametogenesis, hematoxylin and eosin staining of tissue 

sections from testes and ovaries of Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and 

Atm−/−Wip1−/− eight week old mice was performed. As expected, testes of Atm+/+Wip1+/+ 
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males display a normal seminiferous tubule architecture (Fig. 4A). Testes of the 

Atm+/+Wip1−/− males revealed reduced numbers of maturing spermatocytes, spermatids, and 

mature sperm (Fig. 4B), as shown previously (Choi et al., 2002; Nannenga et al., 2006). 

Testes of Atm−/−Wip1+/+ males displayed diffuse hypoplasia of seminiferous tubules with 

multifocal degeneration of seminiferous tubule epithelium and no spermatogenesis (Fig. 

4C). Interestingly, testes from four out of nine Atm−/−Wip1−/− males showed partial 

restoration of normal seminiferous tubule architecture and maturing spermatocytes, 

spermatids, and mature sperm similar to those seen in the Atm+/+Wip1−/− testes (Fig. 4D). 

The other five Atm−/−Wip1−/− males had complete disruption of seminiferous tubule 

organization and spermatogenesis, evidenced by the absence of spermatids and spermatozoa 

that was similar to the Atm null testes (Fig. 4E).

As expected, ovaries of Atm+/+Wip1+/+ females exhibited normal structures (Fig. 4F). 

Ovaries of Atm+/+Wip1−/− females revealed a reduced number of primordial follicles, 

oocytes, and developing follicles when compared to Atm+/+Wip1+/+ mice (Fig. 4G). Ovaries 

from Atm−/−Wip1+/+ females were devoid of maturing follicles and oocytes (Fig. 4H). 

However, ovaries from two of four Atm−/−Wip1−/− females displayed formation of 

primordial follicles, oocytes, and developing follicles similar in number to those seen in the 

ovaries of the Wip1 null females (Fig. 4I). Two of the Atm−/−Wip1−/− females had ovaries 

with no follicles, similar to what is observed in Atm null females (Fig. 4J). These results 

suggest that the absence of Wip1 partially restores gamete formation in Atm null mice, but 

this is an incompletely penetrant phenotype. Moreover, despite apparent partial rescue of 

gametogenesis in some Atm−/−Wip1−/− animals, these mice never produced offspring in 

continuous mating with wildtype mice, suggesting that absence of Wip1 was unable to 

functionally rescue reproductive capacity in Atm null mice.

Absence of Wip1 increases IR sensitivity of Atm null mice

Both A-T patients and Atm null mice are hypersensitive to IR (Westphal et al., 1997; Barlow 

et al., 1996; Chun and Gatti, 2004). To test if Atm−/−Wip1−/− mice were rescued from this 

phenotype, Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− six week old 

mice were subjected to a lethal dose of 8 Gy IR and monitored for survival. Atm+/+Wip1+/+ 

mice died between days 13-30 after IR (Fig. 5A). Atm+/+Wip1−/− mice died between days 

11-17 after IR, suggesting a slightly enhanced sensitivity to IR compared to their wildtype 

counterparts. As anticipated, Atm−/−Wip1+/+ mice died more rapidly, between days 4-16. 

Likewise, Atm−/−Wip1−/− mice died between days 4-10 after IR. Thus, at the 8 Gy dosage, 

Atm−/−Wip1−/− mice were not rescued from the IR hypersensitivity phenotype of Atm null 

mice. We used a normally sublethal dosage of 4 Gy IR to determine if there were IR 

sensitivity differences among Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and 

Atm−/−Wip1−/− six week old mice. All Atm+/+Wip1+/+, Atm+/+Wip1−/−, and Atm−/−Wip1+/+ 

mice were monitored for 50 days, and all survived 4 Gy treatment (Fig. 5B). However, 7 of 

11 (64%) of the Atm−/−Wip1−/− mice died between days 14 and 30 after 4 Gy IR (Fig. 5B). 

Thus, rather than rescue IR hypersensitivity, absence of Wip1 further increases the IR 

sensitivity of Atm null mice.
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Atm null mice are hypersensitive to IR and die due to severe radiation toxicity of the GI tract 

(Barlow et al., 1996). To determine if GI tracts of the double knockout mice exhibited 

enhanced radiation toxicity effects, Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and 

Atm−/−Wip1−/− six week old mice were subjected to the sub-lethal dose of 4 Gy IR and the 

small intestines were collected 2, 3, and 4 days after treatment and tissue histopathology was 

performed. The small intestines of Atm+/+Wip1+/+ and Atm+/+Wip1−/− mice appeared largely 

healthy, whether irradiated or not (Fig. 5C). Atm−/−Wip1+/+ mice displayed mild necrosis of 

the columnar epithelium with an infiltrate of mixed inflammatory cells by the third day post 

IR. However, small intestines of Atm−/−Wip1−/− mice exhibited a more pronounced radiation 

toxicity phenotype with moderate to marked loss and shortening of villi with dilatation of 

glandular crypts accompanied by a slight increase in mitotic figures, and evidence of 

increased cell death as well as depletion of lymphocytes in the lamina propria (Fig. 5C). 

Though the small intestines of Atm−/−Wip1−/− mice had a significant radiation toxicity 

phenotype, it is unclear whether this particular toxicity was responsible for the animals’ 

deaths. We hypothesized that the radiation toxicity phenotype in the Atm−/−Wip1−/− mice 

may have resulted from enhanced rates of cell apoptosis, but this appears unlikely as thymic 

tissues from irradiated Atm−/−Wip1−/− mice showed no increase increased in apoptotic 

markers compared to Atm−/−Wip1+/+ or Atm+/+Wip1−/− mice (Fig. S3).

Absence of Wip1 fails to rescue other Atm deficiency phenotypes

Several other Atm deficiency phenotypes were tested for rescue by the absence of Wip1. 

These included adult body mass (reduced in Atm null mice), motor coordination (reduced in 

Atm null mice), lymphocyte numbers (reduced in Atm null mice), and T cell maturation 

(defective in Atm null mice). As shown in Figure 6, Atm−/−Wip1−/− mice were comparable to 

Atm−/− mice in mean body mass at 8 weeks of age (Fig. 6A), length of time maintaining 

balance on a spinning rota rod (a test of motor coordination) (Fig. 6B), total splenocyte and 

thymocyte numbers (Fig. 6C), and numbers of CD4+ CD8+ double positive (higher numbers 

in Atm null mice are indicative of defective T cell maturation) and single positive CD4+ 

thymic T lymphocytes (Fig. 6D). Thus, not all phenotypes associated with Atm deficiency 

could be rescued or partially rescued by the absence of Wip1.

Discussion

WIP1 dephosphorylates many of the same targets that ATM phosphorylates (Lu et al., 2008; 

Le and Bulavin, 2009). In addition, Shreeram et al. (2006a) have demonstrated that Wip1 

directly desphorylates ATM at Ser1981 and is critical for resetting ATM phosphorylation as 

cells repaired damaged DNA. Because of this antagonistic relationship between ATM and 

WIP1, we hypothesized that mice lacking Atm, which exhibit many deleterious phenotypes, 

might benefit from the absence of Wip1. Our hypothesized mechanism for Wip1 rescue was 

that, despite some compensatory phosphorylation by other PIKKs such as Atr and DNA-PK, 

many Atm targets would be hypophosphorylated in the absence of Atm. Therefore, the 

absence of Wip1 would likely increase and prolong the phosphorylation state of 

hypophosphorylated Atm targets, ultimately restoring a more normal DNA damage response 

(Fig. 7). If Wip1 absence or inhibition could benefit Atm null mice, this could have 

important implications for A-T patients, as there is currently no effective treatment for these 
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individuals. WIP1 small molecule inhibitors have recently been developed as potential 

cancer therapeutic drugs (Yamaguchi et al., 2006; Belova et al., 2005; Rayter et al., 2008), 

so it is possible such drugs might alleviate some A-T patient symptoms.

As described here, removal of Wip1 from Atm null mice partially rescued a number of Atm 

deficiency phenotypes. The most dramatic rescue was the reduction in thymic lymphoma 

incidence in double knockout mice compared to their Atm null counterparts. The 

mechanisms by which the absence of Wip1 reduced thymic lymphomas are likely to be 

related to enhanced DNA damage responses observed in the thymic tissues of the double 

knockout mice compared to Atm null mice (Fig. 2A). The ATM/ATR-initiated DNA damage 

response has been shown to be an important failsafe mechanism that prevents progression of 

precancerous lesions (Bartkova et al., 2005; Halazonetis et al., 2008). In particular, H2AX 

and p53 showed increased phosphorylation in IR-treated double null mice compared to Atm 

null mice. The increased phosphorylation of H2AX may be associated with more efficient 

DNA double strand break repair, consistent with our finding that reduction of Wip1 

enhances this type of repair (Moon et al., 2010). In addition, the p53 response was elevated 

in IR-treated double knockout mice compared to Atm null mice as measured by p53 protein 

levels, p53 serine 18 phosphorylation, and induction of the p21Waf1/Cip1 gene. This increased 

p53 activity in the double null mice is likely a key component of their resistance to thymic 

lymphomas relative to Atm null mice.

Enhanced DNA damage responses and reduced lymphomagenesis in the double knockout 

mice is consistent with the reduced chromosomal instability observed in their splenocytes. 

ATM deficiency has been shown to be associated with increased aneuploidy and other types 

of chromosomal aberrations, and this has been linked to both reduced p21 and p53 

expression (Shen et al., 2005; Li et al., 2010). The mechanisms by which absence of WIP1 

promotes chromosomal stability may be multiple, beginning with augmented and prolonged 

phosphorylation of ATM targets involved in maintaining genomic stability. Reduction of 

WIP1 levels enhances the enforcement of intra-S and G2/M checkpoints (Lu et al., 2005a), 

and an enhanced G2/M checkpoint would likely reduce aneuploidy.

Atm null mice structural disorganization in both testes and ovaries (Xu et al., 1996). This 

phenocopies A-T patients, who also exhibit gonadal abnormalities, such as ovaries without 

follicle development in females and histological abnormalities and reduced spermatogenesis 

in males (Sedgwick and Boder, 1991). We have shown that Wip1 null mice had modestly 

reduced male fertility and reduced spermatogenesis as well as moderate disorganization of 

seminiferous tubules (Choi et al., 2002). Thus, it was surprising that absence of Wip1 was 

able to rescue both testicular and ovarian gametogenesis to some extent in the double 

knockout mice. However, the rescue of gametogenesis was variably penetrant in the double 

knockout mice and the reasons for this remain unclear. Wip1 is highly expressed in the 

testes with its highest level of expression correlating with the final stages of meiosis, 

suggesting that Wip1 plays a role in regulating meiosis I and II divisions to inhibit further 

cell cycles and maintain the haploid state (Choi et al., 2002). The mechanism of rescue in 

the double knockout mice may involve restoration of near normal phosphorylation to 

meiotic proteins targeted by both Atm and Wip1.
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Atm null mice and A-T patients exhibit a profound hypersensitivity to ionizing radiation 

(Abraham, 2001; Lavin, 2008). Not only did absence of Wip1 not rescue this particular 

phenotype, but it accentuated it in double knockout mice. When we examined the radiation-

sensitive intestinal villi, double knockout villi showed higher levels of degeneration and 

disorganization, suggesting higher levels of cell death. However, examination of apoptosis 

markers in thymus, spleen, and intestine did not reveal increased apoptosis levels in the 

double knockout tissues (Fig. S3 and data not shown), as might be expected from other 

contexts (Demidov et al., 2007; Xia et al., 2009). Instead, non-apoptotic mechanisms of cell 

death may be responsible. Nevertheless, the increased hypersensitivity of double knockout 

mice suggest a possible synthetic lethality between Atm and Wip1 deficiency, reminiscent of 

synthetic lethalities between Atm and other molecules (Gurley and Kemp, 2001; Jiang et al., 

2009; Williamson et al., 2010).

In summary, we have shown that removing Wip1 from an Atm null mouse background 

reduced tumorigenesis, enhanced longevity, augmented the DNA damage response, 

decreased genomic instability, and partially rescued gametogenesis. Combined with studies 

showing that Wip1 null mice are resistant to both spontaneous and oncogene-induced tumors 

(Nannenga et al., 2006; Bulavin et al., 2004), it is increasingly evident that reducing Wip1 

levels can diminish cancer susceptibility. Thus, the development of Wip1 inhibitors may be 

beneficial in cancer treatment. Moreover, the results described here suggest that application 

of Wip1 inhibitors to A-T patients may be efficacious both in a preventative and therapeutic 

context.

Materials and Methods

Mice

Atm+/− mice (Borghesani et al., 2000) were crossed with Wip1+/− mice (Choi et al., 2002) to 

obtain Atm+/−Wip1+/− F1 offspring. Wip1-deficient mice were of mixed C57BL/6 × 129/Sv 

background, but all mice were backcrossed at least three generations into C57BL/6. The 

double heterozygotes were then crossed to obtain F2 offspring of all possible Atm/Wip1 

genotypes. Genotyping of mice for Atm and Wip1 mutant alleles was performed by tail DNA 

PCR (Moon et al., 2010). Mice were allowed to age naturally and monitored for tumor 

formation throughout their lifespan. All tumors identified were harvested and fixed in 10% 

neutral buffered formalin. Severely moribund mice were sacrificed and all major organs 

analyzed by visual examination and histopathology. The SPSS 14.0 program was used to 

construct Kaplan-Meier tumor free survival plots. All animals were handled in strict 

accordance with good animal practice as defined by the Institutional Animal Care and Use 

Committee for Baylor College of Medicine and Affiliates.

Histopathological analysis of tissues and tumors

Thymic lymphomas, thymi, spleens, testes, ovaries, and small intestines were collected and 

placed in 10% buffered formalin. Fixed tissues were embedded in paraffin blocks, sectioned, 

and hematoxylin and eosin staining was performed using standard methods. Sections were 

examined and images were obtained with an Olympus BX50 microscope, an Olympus 40x 

and 200x objective, and an Olympus DP11 camera.
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Western blot analysis of DNA damage response proteins in mouse lymphoid tissues

Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old male and 

female mice were treated with 5 Gy whole body irradiation with a 137Cs source (MDS 

Nordion GammaCell Exactor). Six hours after IR, spleen and thymus tissues were harvested, 

homogenized, and lysed as previously described (Nannenga et al., 2006). Lysates (20 μg) 

were mixed with 2× Laemmli sample buffer, boiled and loaded on 10% polyacrylamide gels. 

Proteins were transferred to PVDF membrane and detected using the indicated primary 

antibody to the protein or protein phosphorylation site along with an appropriate secondary 

antibody. Anti-p53(p15S) (cat#9284), anti-p53 (cat#2524), and anti-H2AX (cat#2595) 

antibodies were purchased from Cell Signaling Technology. Anti-γ-H2AX (catalog 

#07-164) was purchased from Millipore. Anti-GAPDH protein antibody was purchased from 

Santa Cruz Biotechnology (cat#sc-25778). Anti-p53(p15S), anti-H2AX, anti-γ-H2AX, and 

anti-GAPDH antibodies were all used at 1:1000 dilution. Anti-p53 antibody was used at 

1:500 dilution.

Real-time PCR

Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old male and 

female mice were treated with 5 Gy whole body γ-irradiation as described above. Six hours 

after γ-irradiation, thymi were harvested and total mRNA was extracted using TRIZOL 

(Invitrogen). cDNA was then synthesized using the High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) and real-time PCR was performed with RT-300 

equipment (Corbett Research) with iQ SYBR Green Super Mix (Bio-Rad) using gene-

specific primers for mouse p21 and β-actin. The primer sequences used were: p21F: 

CCATGAGCGCATCGCAATC, p21R: CCTGGTGATGTCCGACCTG, β-actinF: 

GACCTCTATGCCAACACAGT, β-actinR: AGTACTTGCGCTCAGGAGGA. Real-time 

PCR was done in duplicate for each sample, and p21 expression was normalized to β-actin 

levels.

Spectral karyotyping of mouse thymic lymphocytes

Spleens from Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight 

week old male and female mice were harvested and single cell suspensions were made in 

RPMI media containing 10% FBS. Cells were plated at 4 million cells/ml on 60 mm dishes 

with 5 μg/ml of Concanavalin A. After 72 hours, the cells were split and plated at 0.5 

million cells/ml on 60 mm dishes with 100 IU/ml of IL-2 and 50% Concanavalin A 

conditioned media. 24 hours later the cells were prepared for spectral karyotyping (SKY) as 

previously described (Rao et al., 1998). For SKY, the cocktail of mouse chromosome paints 

was obtained from Applied Spectral Imaging (ASI, Vista, CA). Hybridization and detection 

were carried out according to manufacturer protocol, with slight modifications. 

Chromosomes were counterstained with DAPI. For each mouse, 12-20 metaphases were 

analyzed by SKY. Images were acquired with a SD300H Spectra cube (ASI) mounted on a 

Zeiss Axioplan II microscope using a custom designed optical filter (SKY-1) (Chroma 

Technology, Brattleboro, VT), and analyzed using SKY View 2.1.1 software (ASI, Vista, 

CA).
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Rota-rod treadmill test

Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old 

littermate male and female mice were tested for motor coordination using a rotating rod 

(UGO BASILE) in which the speed increases linearly over time as previously described 

(Moretti et al., 2005). Mice were placed on the rota-rod that accelerates from 4-40 rpm for a 

maximum of 5 minutes. Four trials/day/mouse were performed for 3 consecutive days with 

an inter-trial interval of 30 minutes. Mice were monitored during the trial for loss of control, 

where the mouse holds onto the rod without walking on top or falling off, and this time was 

recorded.

Flow cytometric analysis of lymphocytes

Cells were prepared from thymi and spleens of Atm+/+Wip1+/+, Atm+/+Wip1−/−, 

Atm−/−Wip1+/+, and Atm−/−Wip1−/− eight week old male and female mice, stained with 

fluorescent antibodies, fixed with 0.1% paraformaldehyde (PFA)/PBS solution, and data was 

collected using a CantoII flow cytometer. Thymocytes were incubated with antibodies for 

PE-Cy5 anti-mouse CD3e (cat#15-0031-81), FITC anti-mouse CD4 (cat#11-0041-82), and 

PE anti-mouse CD8a (cat#12-0081-81) from eBioscience. All antibodies were used at 4 

μg/ml concentrations.

Statistical analysis

The results shown are means ± standard error. Statistical significance for most assays was 

assessed using the Student’s t-test. Statistical significance for survival curves was assessed 

by Kaplan-Meier analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Atm−/−Wip1−/− mice exhibit extended survival and protection from thymic lymphomas
(A) Kaplan-Meier survival plot comparing Atm+/+Wip1+/+ (N=55), Atm−/−Wip1+/+ (N=52), 

Atm−/−Wip1+/− (N=50), and Atm−/−Wip1−/− (N=43) mouse longevity. Atm−/−Wip1−/− mice 

are largely protected from developing thymic lymphomas and survive much longer than 

their Atm−/−Wip1+/+ and Atm−/−Wip1+/− counterparts (P = 2.42 × 10−14). (B-D) 

Representative hematoxylin and eosin stained sections of thymic lymphomas at 200X 

magnification from Atm−/−Wip1+/+ (B), Atm−/−Wip1+/− (C), and Atm−/−Wip1−/− (D) mice. 

No differences in histopathology were observed in the thymic lymphomas from 

Atm−/−Wip1−/− (N=3) mice when compared to Atm−/−Wip1+/+ (N=3) and Atm−/−Wip1+/− 

(N=3) littermates.
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Figure 2. Absence of Wip1 enhances p53 and DNA damage responses in Atm null mice
(A) DNA damage-induced phosphorylation of p53 and H2AX is enhanced in thymic tissues 

of mice lacking Wip1. Atm+/+Wip1+/+, Atm−/−Wip1+/+, Atm+/+Wip1−/−, and Atm−/−Wip1−/− 

mice were treated with 5 Gy of IR. Six hours after radiation, thymus tissue was harvested 

from each mouse. Protein lysates from individual mouse thymi were subjected to Western 

blot analysis with antibodies specific for the indicated proteins or their phosphorylated 

forms. (B) Quantitation of p53 phosphorylation at serine 18 in thymus lysates from 

untreated and IR-treated Atm+/+Wip1+/+, Atm−/−Wip1+/+, Atm+/+Wip1−/−, and Atm−/−Wip1−/− 

mice. (C) Quantitation of H2AX phosphorylation (γ-H2AX) at serine 140 in thymus lysates 

from untreated and IR-treated Atm+/+Wip1+/+, Atm−/−Wip1+/+, Atm+/+Wip1−/−, and 

Atm−/−Wip1−/− mice. (D) Quantitation of of p21 RNA expression in unirradiated and 

irradiated Atm+/+Wip1+/+, Atm−/−Wip1+/+, Atm+/+Wip1−/−, and Atm−/−Wip1−/− mouse thymi 

by real-time PCR. For each of the genotype/radiation cohorts, results were calculated from 

four different animals and averaged for the graphs. Only two animals for each genotype 

radiation cohort are shown in Figure 2A, however. Asterisks (**P<0.01, *P<0.05) indicate 

significant differences in the magnitude of IR-induced increases compared to IR-induced 

increases in the wildtype mice.
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Figure 3. Absence of Wip1 increases genomic stability of Atm null splenocytes
(A-F) SKY analysis of Atm+/+Wip1+/+ (N=4) (A), Atm+/+Wip1−/− (N=4) (B), Atm−/−Wip1+/+ 

(N=6) (C,D), and Atm−/−Wip1−/− (N=5) (E,F) splenocytes. Aberrant chromosomes (either 

non-diploid numbers or translocations) are indicated by red boxes. Atm−/−Wip1−/− 

splenocytes have decreased genomic instability compared to Atm−/−Wip1+/+ splenocytes. (G) 

Graph comparing the average number of chromosomal aberrations observed per mouse 

(12-20 metaphase profiles analyzed per mouse and normalized) using SKY analysis. 

Atm−/−Wip1−/− splenocytes have a decreased number of chromosomal aberrations per mouse 

compared to Atm−/−Wip1+/+ splenocytes. **P = 0.009. (H) Graph comparing the average 

number of chromosomal aberrations per cell for each genotype. Atm−/−Wip1−/− splenocytes 

have a reduced number of chromosomal aberrations per cell observed compared to 

Atm−/−Wip1+/+ splenocytes. *P = 0.03.
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Figure 4. Atm−/−Wip1−/− mice exhibit partial restoration of mature gamete formation
(A-E) Representative hematoxylin and eosin (H&E) stained sections of testes from 

Atm+/+Wip1+/+ (N=4) (A), Atm+/+Wip1−/− (N=4) (B), Atm−/−Wip1+/+ (N=6) (C), and 

Atm−/−Wip1−/− (N=9) (D & E) mice at 200X magnification. Some testes from 

Atm−/−Wip1−/− mice show a partial rescue of spermatogenesis similar to that observed in 

testes from Atm+/+Wip1−/− mice. (F-J) H&E stained sections of ovaries from Atm+/+Wip1+/+ 

(N=4) (F), Atm+/+Wip1−/− (N=5) (G), Atm−/−Wip1+/+ (N=4) (H), and Atm−/−Wip1−/− (N=3) 

(I & J) mice at 40X magnification. Some Atm−/−Wip1−/− ovaries show a partial rescue of 

oogenesis similar to that observed in Atm+/+Wip1−/− ovaries.
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Figure 5. Atm−/−Wip1−/− mice are more sensitive to IR than Atm−/−Wip1+/+ mice
(A) Survival plot comparing survival of Atm+/+Wip1+/+ (N=4), Atm+/+Wip1−/− (N=6), 

Atm−/−Wip1+/+ (N=5), and Atm−/−Wip1−/− (N=7) mice after whole body IR with 8 Gy. 

Atm−/−Wip1+/+ and Atm−/−Wip1−/− mice are more sensitive to IR compared to 

Atm+/+Wip1+/+ mice. This difference approached significance (P = 0.06). (B) Survival plot 

comparing survival of Atm+/+Wip1+/+ (N=5), Atm+/+Wip1−/− (N=6), Atm−/−Wip1+/+ (N=10), 

and Atm−/−Wip1−/− (N=11) mice after whole body IR with 4 Gy. Atm−/−Wip1−/− mice are 

significantly more sensitive to IR compared to their Atm−/−Wip1+/+ counterparts (P = 0.002). 

(C) Representative H&E stained sections of small intestines of Atm+/+Wip1+/+ (N=3), 

Atm+/+Wip1−/− (N=3), Atm−/−Wip1+/+ (N=3), and Atm−/−Wip1−/− (N=3) mice after whole 

body IR with 4 Gy or unirradiated and collected 2, 3, and 4 days after treatment. The small 

intestines of the Atm−/−Wip1−/− mice display an enhanced radiation toxicity phenotype 

compared to other genotypes.
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Figure 6. Absence of Wip1 does not rescue somatic growth, motor coordination defects, or 
immunologic abnormalities in Atm null mice
(A) Absence of Wip1 does not rescue somatic growth. Male and female Atm+/+Wip1+/+ 

(N=16 males, 8 females), Atm+/+Wip1−/− (N=10 males, 7 females), Atm−/−Wip1+/+ (N=9 

males, 13 females), and Atm−/−Wip1−/− (N=7 males, 11 females) mice were weighed at 8 

weeks of age. Atm−/−Wip1+/+ and Atm−/−Wip1−/− males and females exhibited a significantly 

reduced bodyweight compared to Atm+/+Wip1+/+ mice. (B) Absence of Wip1 does not 

rescue motor coordination defects. Using the rota-rod treadmill test, Atm−/−Wip1+/+ (N=12) 

and Atm−/−Wip1−/− (N=10) mice exhibit significant motor coordination defects compared to 

their Atm+/+Wip1+/+ (N=12) and Atm+/+Wip1−/− (N=14) counterparts. (C) Absence of Wip1 

does not rescue lymphoid cell depletion. Thymocytes and splenocytes were collected from 

Atm+/+Wip1+/+, Atm+/+Wip1−/−, Atm−/−Wip1+/+, and Atm−/−Wip1−/− mice at 8 weeks of age, 

(N=10 for all genotypes) and counted. The Atm−/−Wip1−/− mice have significantly decreased 

numbers of both splenocytes and thymocytes compared to Atm+/+Wip1+/+ mice but not 

compared to Atm−/−Wip1+/+ mice. (D) Absence of Wip1 does not rescue defective 

thymocyte maturation. Thymocytes were collected from Atm+/+Wip1+/+, Atm+/+Wip1−/−, 

Atm−/−Wip1+/+, and Atm−/−Wip1−/− mice at 8 weeks of age, (N=10 for all genotypes). 

Thymocyte expression of CD3, CD4, and CD8 was examined using flow cytometry. 

Atm−/−Wip1−/− thymocytes show a decrease in mature T cells similar to Atm−/−Wip1+/+ 

thymocytes. Also, both Atm−/−Wip1+/+ and Atm−/−Wip1−/− thymocytes show a decrease in 

the CD4 single positive population compared to Atm+/+Wip1+/+. Asterisks in panels A, C, 

and D represent a significant difference between the indicated population and the control 

Atm+/+Wip1+/+ mice as measured by t test. *P < 0.05 and **P < 0.01.
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Figure 7. Model showing how Wip1 may compensate for Atm deficiency to partially rescue A-T-
associated tumor phenotypes
(A) In Atm+/+Wip1+/+ animals, DNA damage activates Atm, which phosphorylates many 

targets, including p53, to activate the DNA damage response and prevent genomic 

instability. Normal Wip1 activity then modulates and reduces phosphorylation of p53 and 

other Atm targets. This overall robust DNA damage response protects against tumor 

formation. (B) In Atm+/+Wip1−/− animals, phosphorylation of Atm targets is increased by 

absence of Wip1, resulting in an augmented DNA damage response, enhanced genomic 

stability, and virtually no tumors. (C) In Atm−/−Wip1+/+ animals, phosphorylation of Atm 

targets is decreased and only partially compensated by other PIKKs such as Atr and DNA-

PK, resulting in genomic instability and a high rate of cancers. (D) In Atm−/−Wip1−/− 

animals, compensatory phosphorylation of Atm targets by Atr and DNA-PK is increased and 

prolonged by absence of Wip1, allowing for an enhanced DNA damage response, partial 

restoration of genomic stability, and fewer tumors than in the Atm−/−Wip1+/+ animals.

Darlington et al. Page 21

Oncogene. Author manuscript; available in PMC 2012 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


