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Subunit 6 of the COP9 signalosome promotes 
tumorigenesis in mice through stabilization of 
MDM2 and is upregulated in human cancers
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The	mammalian	constitutive	photomorphogenesis	9	(COP9)	signalosome	(CSN),	a	protein	complex	involved	
in	embryonic	development,	is	implicated	in	cell	cycle	regulation	and	the	DNA	damage	response.	Its	role	in	
tumor	development,	however,	remains	unclear.	Here,	we	have	shown	that	the	COP9	subunit	6	(CSN6)	gene	
is	amplified	in	human	breast	cancer	specimens,	and	the	CSN6	protein	is	upregulated	in	human	breast	and	
thyroid	tumors.	CSN6	expression	positively	correlated	with	expression	of	murine	double	minute	2	(MDM2),	
a	potent	negative	regulator	of	the	p53	tumor	suppressor.	Expression	of	CSN6	appeared	to	prevent	MDM2	aut-
oubiquitination	at	lysine	364,	resulting	in	stabilization	of	MDM2	and	degradation	of	p53.	Mice	in	which	Csn6	
was	deleted	died	early	in	embryogenesis	(E7.5).	Embryos	lacking	both	Csn6	and	p53	survived	to	later	in	embry-
onic	development	(E10.5),	which	suggests	that	loss	of	p53	could	partially	rescue	the	effect	of	loss	of	Csn6.	Mice	
heterozygous	for	Csn6	were	sensitized	to	γ-irradiation–induced,	p53-dependent	apoptosis	in	both	the	thymus	
and	the	developing	CNS.	These	mice	were	also	less	susceptible	than	wild-type	mice	to	γ-irradiation–induced	
tumorigenesis.	These	results	suggest	that	loss	of	CSN6	enhances	p53-mediated	tumor	suppression	in	vivo	
and	that	CSN6	plays	an	important	role	in	regulating	DNA	damage–associated	apoptosis	and	tumorigenesis	
through	control	of	the	MDM2-p53	signaling	pathway.

Introduction
The constitutive photomorphogenesis 9  (COP9) signalosome 
(CSN) was originally  identified from Arabidopsis mutants that 
mimic light-induced seedling development when grown in the 
dark (1). The mammalian COP9 contains 8 subunits, which share 
sequence homology with subunits of the “lid” complex of the 26S 
proteasome (2). Indeed, CSN serves as a platform to coordinate 
ubiquitination signaling (3). For instance, COP9 binds cullin-
based E3 ubiquitin ligases and has associated deneddylation activ-
ity toward cullins, thereby regulating E3 activity (4). Cullin-based 
E3 ligases are  important for degradation of key oncogenes or 
tumor suppressors during the cell cycle (5), DNA damage response 
(6), apoptosis (7), and tumorigenesis (8).

Although CSN is involved in regulating various biological process-
es, individual subunits of COP9 have been suggested to modulate 
different physiological functions. CSN1, CSN2, CSN3, CSN4, CSN7, 
and CSN8 contain a proteasome, COP9 signalosome, translation ini-
tiation factor (PCI) domain, which serves as a scaffold in CSN assem-
bly. CSN5 contains a Mpr1p and Pad1p N-terminal (MPN) domain 

with a Jab1/MPN metalloenzyme (JAMM) submotif. The molecular 
function of CSN5 is involved in regulating deneddylation processes 
through this JAMM submotif (9). Additionally, CSN6 holds a non–
JAMM motif–containing MPN domain, which suggests that CSN6 
has a unique function as distinct from other subunits. To understand 
the biological function of each subunit, several studies using knock-
out technology demonstrated that several murine COP9 subunits are 
involved in embryonic development. For example, targeted disruption 
of Csn2 (10), Csn3 (11), Csn5 (12), and Csn8 (13) resulted in embryonic 
lethality. Although antisense-mediated CSN6 knockdown in mam-
malian cells showed the requirement of CSN6 for cell growth (14), in 
vivo biological function of CSN6 is still unclear. CSN6 is mapped to 
7q22, where amplification is frequently observed in esophageal squa-
mous cell carcinoma (15), breast cancer (16), pancreatic carcinoma 
(17), and T cell leukemia (18). Thus, we speculate CSN6 might have a 
substantial role in regulating tumor development.

Levels of the p53 protein are predominantly regulated by its proteo-
lytic turnover. The key molecule controlling the short half-life of p53 
is MDM2, one of the most important RING domain–containing E3 
ubiquitin ligases (19). Basically, MDM2 ubiquitinates p53 at several 
lysine residues, which causes p53 degradation (20). MDM2 also serves 
as its own E3 ligase and degrades itself by autoubiquitination (21). 
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After DNA damage, such as γ-irradiation (γ-IR), MDM2 is autopolyu-
biquitinated, then degraded, which associates with the increase in 
p53 levels and activity (22), although this mechanism is not observed 
in all types of DNA damage or stress signals (23).

About half of human cancers contain mutated p53; defects 
in activating a retained wild-type p53 were often found in the 
remainder. At the same time, overexpression of MDM2 is found 
in a wide variety of human tumors, most of which still retain wild-

Figure 1
Amplification of CSN6 gene copy number in human breast cancers. (A) SIGMA analysis of the CSN6 gene loci was performed on a CGH data 
set of BCCRC SMRT arrays. 100%, gain of that locus in all samples; –100%, loss of that locus in all samples. (B) Regions of gains and loss (at 
0.9 megabase resolution) across chromosome 7 in a set of 47 primary breast cancer samples and 18 breast cancer cell lines are shown. Figure 
adapted from Breast Cancer Research (31). Red, recurrent loss, green, recurrent gain. (C) CSN6 gene copies were assessed in a cohort of 58 
primary human breast cancer genomic DNA samples, and the frequency of human breast cancer samples with or without CSN6 gene amplifica-
tion is shown. (D) Amplification of the CSN6 gene was associated with tumor size larger than 8 cm3 at the time of surgical resection in the cohort 
examined in C. Bounds of the boxes denote interquartile range; solid and dashed lines denote median and mean, respectively; whiskers denote 
90% and 10%; symbols denote outliers. (E) Hierarchical clustering was performed on the cohort examined in C with the indicated pathological 
and genomic markers; data are presented as a heat map.
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type p53 (24). This evidence led to the hypothesis that overex-
pression of MDM2 could inactivate p53 in the process of trans-
formation. Although gene amplification (25, 26) or enhanced 
transcription or translation (26) might result in upregulation of 
MDM2, it remains elusive whether increased MDM2 protein sta-
bility contributes to the elevated MDM2 levels seen in cancers, 
since MDM2 has a very short half-life. MDM2 might have onco-
genic activity independent of its inhibition of p53, for example, 
via tumor suppressors FOXO3a (27) and E-cadherin (28). There-
fore, the regulatory mechanisms of MDM2 are worth investiga-
tion, and MDM2 itself could be a target for chemotherapeutic 
intervention for cancer (29).

To investigate the relevance of CSN6 to cancer development, 
we first evaluated primary specimens of breast cancer and thy-
roid tumors. CSN6 gene copy number was amplified in a high 
percentage of primary breast cancer samples and positively cor-
related with tumor size at the time of diagnosis. Immunoblotting 
studies revealed that thyroid carcinomas expressed higher levels 
of CSN6 than did benign thyroid lesions and tissues, and there 
was a positive correlation between the expression levels of MDM2 
and CSN6. Further analyses showed that CSN6 directly interacted 
with MDM2 and positively regulated the stability of MDM2 and 
consequently accelerated the degradation of p53. To gain insight 
into the physiological significance of this oncogenic role of CSN6, 
we generated Csn6-depleted mice. Complete loss of Csn6 resulted 
in embryonic lethality, and Csn6-heterozygous mice were less sus-
ceptible to γ-IR–induced tumorigenesis. Together, our findings 
indicate that CSN6 is an oncogene with positive activity toward 
MDM2 and that the effect of CSN6 on the MDM2-p53 axis is 
important for DNA damage response and tumorigenesis.

Results
Amplification of CSN6 genomic loci in primary breast cancer. Identifi-
cation of chromosomal variation in terms of gene copy number 
is important to understand the involvement of genes in tumori-
genesis. Submegabase resolution tiling (SMRT) for comparative 
genomic hybridization (CGH) array technology has provided com-
prehensive assessment of genome integrity. We used the System 
for Integrative Genomic Microarray Analysis (SIGMA; ref. 30) to 
evaluate genetic loss or gain of CSN6 using data from the British 
Columbia Cancer Agency Research (BCCRC) SMRT arrays. Allelic 
gain of CSN6 loci (7q22.1) occurred in 17 breast cancer cell lines 
and 158 other types of cancer cells (Figure 1A). We found a sub-
stantial percentage of samples that had amplification of the CSN6 
genomic region in a different CGH analysis data set (Figure 1B and 
ref. 31). We experimentally confirmed the amplification of CSN6 
gene in our collection of 58 breast cancer samples using quantita-
tive PCR. Amplification of CSN6 was detected in 77.6% of this col-
lection of samples (45 of 58; Figure 1C). Univariate analysis showed 
that there was a significant positive correlation between CSN6 
gene copy number and tumor size at the time of surgical resection  
(P = 0.024; Figure 1, D and E). In univariate as well as multivari-
ate analyses, no significant associations were found between CSN6 
gene copy number and ER expression, PR expression, HER2 over-
expression, or lymph node metastasis (P > 0.05; Figure 1E). These 
results suggest that CSN6 may function as an oncogene to provide 
growth advantage, as reflected by increase in tumor size.

Dysregulated CSN6 and MDM2 expression in human tumors. Given 
that CSN6 is one of the 2 subunits that contain an MPN domain, 
which may directly regulate E3 ubiquitin ligase function (4), we 

examined the possible regulation of ubiquitin ligases important 
for tumorigenesis by CSN6. Surprisingly, the expression of MDM2 
paralleled the levels of CSN6 protein in 20 human breast cell lines 
(Supplemental Figure 1; supplemental material available online 
with this article; doi:10.1172/JCI44111DS1). Studying the expres-
sion of MDM2 and CSN6 in matched normal and cancerous breast 
tissues, we found that 6 of 8 cancer samples had higher levels of 
CSN6 than matched normal tissues, and high expression of MDM2 
positively correlated with high levels of CSN6 protein (Figure 2, A 
and B, and Supplemental Figure 1A). We further examined a dif-
ferent collection of 18 breast cancer samples and confirmed that 
CSN6 was elevated in a high percentage with concurrent MDM2 
overexpression (9 of 18; Supplemental Figure 2). In this set of 9 
samples, we found amplification of the CSN6 gene in 6 samples, 5 
of which had no MDM2 gene amplification or p53 gene mutation 
or deletion (Supplemental Table 1). These results strongly suggest 
that CSN6 positively correlates with MDM2 overexpression with-
out MDM2 gene amplification and without p53 gene alterations.

To investigate whether this occurs in other types of cancers, we 
compared malignant follicular thyroid carcinomas with benign 
thyroid lesions (follicular adenomas, adenomatous nodules, and 
multinodular goiters) and normal thyroid tissue. The carcinomas 
expressed higher levels of CSN6 than did benign lesions and tis-
sues, and there was a positive correlation between the expression 
levels of MDM2 and CSN6 (Figure 2, C–E). Based on these observa-
tions, we postulated that CSN6 might contribute to tumor devel-
opment in multiple cancer types through modulating MDM2.

Promotion of tumorigenesis by CSN6 through regulating the p53-MDM2 
axis. Based on observations in clinical samples, we investigated the 
role of CSN6 in tumorigenesis in the xenograft cancer model. 
Wild-type p53–containing A549 cells were used to address whether 
overexpression or downregulation of CSN6 affects tumorigenesis. 
Overexpression of CSN6 in A549 cells increased cell foci formation, 
tumor growth rate, and tumor weight compared with vector con-
trol–transfected cells (Figure 3, A and C). Conversely, knockdown 
of CSN6 using shRNA in A549 cells decreased cell foci formation, 
tumor growth rate, and tumor weight compared with control 
shRNA–expressing cells (Figure 3, B and D). We examined the pro-
tein expression of MDM2 and p53 in tumors isolated from nude 
mice by immunohistochemistry. There were more MDM2-positive 
signals, yet fewer p53 signals, in CSN6-overexpressing tumors than 
in controls (Figure 3E). On the other hand, no MDM2-positive 
signal was detected in CSN6-depletion tumors, whereas there was 
substantially increased p53 staining in the samples (Figure 3F). 
These data suggest that CSN6 promotes tumorigenesis through 
regulating MDM2 and p53 protein levels.

Stabilization of MDM2 by CSN6. The above observation prompted 
us to investigate whether CSN6 has any direct effect on MDM2. 
Coimmunoprecipitation showed association between CSN6 and 
MDM2 (Figure 4A). Mapping the binding region of MDM2 on 
CSN6 revealed that the C-terminal region of MDM2 (aa 294–
384) bound to CSN6 efficiently (Figure 4B). Interestingly, several 
proteins have previously been shown to regulate MDM2 function 
through binding this region (32–35). We found that the protein 
level of MDM2 increased when CSN6 expression was enforced in 
both transient transfection and stable transfectants (Figure 4, C 
and D). Given that the modulation of MDM2 level largely relies 
on ubiquitination-mediated degradation (21), we performed 
ubiquitination assay; the amounts of polyubiquitinated MDM2 
fell dramatically when CSN6 was increased (Figure 4E). Next, we 
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investigated whether deubiquitinating enzymes, such as USP15 
(36) or USP2 (37), are involved in the CSN6-mediated decrease 
of MDM2 ubiquitination. Knockdown of USP15 resulted in an 
obvious increase of MDM2, whereas knockdown of USP2 led to 
the degradation of MDM2 (Supplemental Figure 3A). However, 
CSN6 still had the capability to stabilize MDM2 regardless of the 
depletion of either USP2 or USP15 (Supplemental Figure 3B). 

To gain insight into the mechanism by which CSN6 regulates 
MDM2 ubiquitination, we performed gel filtration chromatog-
raphy to fractionate different portions of CSN and identified the 
free-form CSN6 within A549 cells (Supplemental Figure 4A). The 
aliquot of free-form CSN6-containing fraction from wild-type 
A549 lysate, but not from CSN6-depleted cells, strongly inhib-
ited MDM2 polyubiquitination in an in vitro ubiquitination 

Figure 2
Overexpression of both CSN6 and MDM2 in human breast cancer and follicular thyroid carcinoma. (A) Expression status of CSN6 and MDM2 in 
matched normal (N) and cancerous (T) regions isolated from breast cancer patients. Protein amounts (relative to the integrated OD of the actin 
band) are shown below each CSN6 and MDM2 band. (B) Integrated OD of MDM2 bands in A versus that of the CSN6 bands from the correspond-
ing sample. There was a positive correlation between CSN6 and MDM2 in terms of protein levels. (C) Human thyroid tissue samples were ana-
lyzed for expression of MDM2 and CSN6 proteins. 10 cases of follicular carcinomas, 22 cases of benign thyroid lesions, and 2 samples of normal 
thyroid tissue were analyzed. (D) Integrated OD of CSN6 bands in C. CSN6 expression (relative to actin) in benign thyroid tissues and malignant 
follicular thyroid samples is shown. Bounds of the boxes denote interquartile range; solid and dashed lines denote median and mean, respectively; 
whiskers denote 90% and 10%; symbols denote outliers. (E) Scatter plot of the integrated OD of MDM2 bands in C versus that of CSN6 bands 
from the corresponding thyroid tissue sample. There was a positive correlation between CSN6 and MDM2 in terms of protein levels.
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Figure 3
CSN6 promotes tumorigenesis by regulating the p53-MDM2 axis. (A) Overexpression of CSN6 promoted the cell transformation. Myc-CSN6–overex-
pressing A549 stable transfectants and vector controls were subjected to microfoci formation assay. Number of colonies per field was measured. P values 
were determined by 2-tailed t test. (B) Knockdown of CSN6 inhibited the cell transformation. CSN6 shRNA or control shRNA A549 stable transfectants 
were subjected to microfoci formation assay. Number of colonies per field was measured. (C) Overexpression of CSN6 promoted tumorigenicity. Myc-
CSN6–overexpressing A549 stable transfectants and vector controls were subcutaneously injected into nude mice. Tumor growth curves are shown. 
Tumors were isolated at the end of the assay, and the tumor weight of each group was measured. Representative tumor sizes are shown. (D) Knockdown 
of CSN6 inhibited tumorigenicity. CSN6 shRNA or control shRNA A549 stable transfectants were subcutaneously injected into nude mice. Tumor growth 
curves are shown. Tumors were isolated at the end of the assay, and the tumor weight of each group was measured. Representative tumor sizes are 
shown. (E) Overexpression of CSN6 enhanced MDM2 expression, but decreased p53 expression, in tumors. Tumors were collected as described in 
C. Representative tumor sections are shown (original magnification, ×200). (F) Knockdown of CSN6 diminished MDM2 expression, but enhanced p53 
expression, in tumors. Tumors were collected as described in D. Representative tumor sections are shown (original magnification, ×200).
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assay (Supplemental Figure 4B). In addition, the purified recom-
binant CSN6 protein, but not CSN5 protein, efficiently reduced 
the polyubiquitination level of MDM2 in vitro (Figure 4F), which 
suggests that CSN6 alone is able to affect MDM2 autoubiqui-
tination directly. Consistently, MDM2 had a longer half-life in 
the presence of exogenous CSN6 (Figure 4G). We used mass spec-
trometry analysis to identify lysine 364 as the MDM2 autoubiq-
uitination site (Supplemental Figure 5), located within the inter-
action region between CSN6 and MDM2. The K364R MDM2 
mutant showed dramatic reduction of autoubiquitination both 
in vitro and in vivo (Figure 4H and Supplemental Figure 6). Fur-
thermore, the K364R MDM2 mutant had a longer half-life than 
did wild-type MDM2 (Figure 4I). This evidence strongly supports 
the possibility that interaction between CSN6 and MDM2 blocks 
the autoubiquitination and degradation of MDM2. These find-
ings provide a mechanistic explanation for the coexistence of 
high levels of MDM2 and CSN6 we observed in human cancer 
tissues and xenograft tumor samples (Figures 2 and 3).

Biological effect of CSN6 on p53. On the basis that CSN6 positively 
regulated MDM2, we further evaluated the biological impact of 
CSN6 on p53. Increase of CSN6 reduced steady-state levels of p53 
in a dose-dependent manner (Figure 5A). Moreover, the levels of 
p53 were elevated when cells were subjected to shRNA-mediated 
knockdown of CSN6 (Figure 5B). In contrast, the mRNA levels 
of p53 and MDM2 were not affected by increasing amounts of 
CSN6 in a semiquantitative RT-PCR study (Supplemental Fig-
ure 7A), which suggests that CSN6 primarily regulated p53 and 
MDM2 posttranscriptionally. CSN6-mediated downregulation 
of p53 was prevented by the specific 26S proteasome inhibitor 
MG132 (Figure 5C), and increasing amounts of CSN6 caused 
enhanced p53 polyubiquitination (Supplemental Figure 7B). 
Moreover, CSN6 accelerated MDM2-mediated p53 ubiquitina-
tion in a dose-dependent manner (Figure 5D). CSN6 was not 
able to induce p53 degradation in Mdm2-null mouse embryonic 

fibroblasts (MEFs; Figure 5E), which suggests that CSN6-medi-
ated degradation of p53 is MDM2 dependent. Accordingly, p53 
turnover was more rapid in CSN6-transfected than in control 
cells, whereas depletion of CSN6 by shRNA shortened MDM2 
protein half-life and prolonged p53 half-life (Figure 5, F and G, 
and Supplemental Figure 7C).

To assess the functional significance of increased p53 degrada-
tion mediated by CSN6, we evaluated p53 transcriptional activ-
ity. CSN6 impaired the transcriptional activity of p53 in a p53-
responsive luciferase reporter assay (Supplemental Figure 7D). 
In addition, we examined the expression of p53 transcriptional 
targets, including p21, 14-3-3σ, BAX, and PUMA, using quanti-
tative RT-PCR in cells overexpressing CSN6 or cells with CSN6 
knockdown. Overexpression of CSN6 via Myc-CSN6 attenuated 
the expression of p53 target genes, whereas CSN6 knockdown 
with CSN6 shRNA enhanced the expression of these genes (Fig-
ure 5, H and I). To study the expression of p53 target genes in 
response to DNA damage, we also treated these 2 sets of cells 
with  the  DNA-damaging  agent  doxorubicin  (DOX).  In  this 
context, the effect of Myc-CSN6 or CSN6 shRNA on p53 target 
gene expression was similar to that in untreated cells (Figure 5, 
H and I), which suggests that CSN6-mediated attenuation of 
p53 transcriptional activity is also effective in response to DNA 
damage. Thus, the positive effect of CSN6 on MDM2 translated 
into enhancing p53 degradation and further antagonizing p53 
transcriptional activity.

Embryonic lethality of Csn6-null mice. To evaluate the biological 
significance of CSN6-mediated regulation of the MDM2-p53 
axis in vivo, we generated knockout mice carrying an insertional 
mutation of the Csn6 gene. Mouse ES cells harboring a inser-
tional mutation in the mouse Csn6 gene were obtained from 
BayGenomics (38). We inserted a gene-trap vector into the ninth 
intron to disrupt the mouse Csn6 gene (Supplemental Figure 
8A). Following standard procedures, we created Csn6-haplo-
deficient (Csn6+/–) mice, the genotypes of which were verified 
using Southern blot analysis (Supplemental Figure 8B). Breed-
ing of Csn6+/– pairs did not result in progeny with homozygous 
deletion of Csn6 (Csn6–/–), suggestive of embryonic lethality of 
Csn6–/– mice (Table 1). We established timed Csn6+/– intercrosses 
and collected and dissected embryos between E7.5 and E18.5. 
Some Csn6–/– embryos were present at E7.5, but there were no 
such embryos between E8.5 and E18.5, although some empty 
deciduae were identifiable, the number of which approximated 
the expected number of Csn6–/– embryos (Figure 6A and Table 1).  
Csn6 protein levels were lower in various tissues, including the 
lung and thymus, of Csn6+/– mice than of wild-type (Csn6+/+) mice 
(Figure 6B), but no obvious physical, developmental and repro-
ductive abnormalities were found in Csn6+/– mice.

We also  investigated the effect of Csn6 haploinsufficiency 
on the Mdm2-p53 axis by studying the ubiquitination of p53 
and Mdm2 in MEFs. Polyubiquitination of p53 was reduced, 
whereas polyubiquitination of Mdm2 increased, in Csn6+/– com-
pared with Csn6+/+ MEFs (Figure 6C). Consistently, the level of 
Mdm2 protein was lower in Csn6+/– MEFs (Figure 6D). We fur-
ther determined p53 expression after DOX treatment in MEFs. 
Although there was some increase in p21 protein levels in Csn6+/+ 
MEFs after induction of p53 by DOX treatment, levels of p53 
and p21  induction were markedly  increased  in Csn6+/–  com-
pared with Csn6+/+ MEFs (Figure 6E). Since p21 mRNA expres-
sion was higher in Csn6+/– than in Csn6+/+ MEFs (Supplemental 

Figure 4
CSN6 increases the stability of MDM2. (A) CSN6 interacted with 
MDM2. Lysates of A549 cells were immunoprecipitated and analyzed 
with the indicated antibodies. TCE, total cellular extracts. (B) Map-
ping of the CSN6 binding region within MDM2. Purified GST-MDM2 
domains and Flag-CSN6 were subjected to GST-pulldown assay. 
Specific interactions of MDM2 deletions with CSN6 are indicated. (C) 
Ectopic expression of CSN6 increased the steady-state protein level of 
MDM2. EGFP served as a transfection efficiency control as well as a 
loading control. (D) Enforced expression of CSN6 increased the protein 
level of MDM2. Myc-CSN6–overexpressing A549, HCT116, and U2OS 
stable transfectants and vector controls were checked for endogenous 
MDM2 expression. (E) CSN6 diminished the ubiquitination level of 
MDM2 in vivo. HA-ubiquitinated MDM2 was immunoprecipitated with 
anti-HA, then probed with anti-MDM2. Equal amounts of TCE were 
immunoblotted with the indicated antibodies. (F) CSN6 reduced the 
ubiquitination level of MDM2 in vitro. GST-MDM2 was incubated with 
purified Flag-CSN6 or Flag-CSN5 or CSN complex in the presence 
of E1, E2, and His-Ubiquitin as indicated. (G) CSN6 reduced MDM2 
turnover. Cells were treated with 100 μg/ml CHX for the indicated 
durations. Integrated OD values of MDM2 at each time point were 
measured. Remaining MDM2 relative to time 0 (set at 100%) is indi-
cated. (H) K364R mutation of MDM2 attenuated the autoubiquitination 
of MDM2 in vitro. Wild-type and K364R mutant GST-MDM2 or GST-
MDM2 were incubated with E1, E2, and His-Ubiquitin as indicated. (I) 
K364R MDM2 mutant had an extended half-life compared with wild-
type MDM2. Remaining MDM2 is indicated.
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Figure 8C), we concluded that p53 transcriptional activity was 
elevated in Csn6+/– MEFs. This increased activity of p53 in the 
Csn6+/– MEFs led to more apoptotic cells, as assayed by FACS 
analysis, in response to either DOX treatment or γ-IR (Figure 6F 
and Supplemental Figure 8, D and E).

Because we found increased activity of p53 in Csn6+/– MEFs, we 
next sought to determine whether the embryonic lethality of Csn6-
null mice could be rescued by concomitant loss of p53. We ana-
lyzed mice born from a cross between Csn6+/– and p53+/− mice, but 
could not identify any Csn6−/−p53−/− mice (Supplemental Table 2). 
We then established timed crosses and examined embryos between 
E7.5 and E11.5. Csn6−/−p53−/− embryos were identified at E8.5–E10.5 
(Table 2 and Supplemental Figure 9), suggesting a partial rescue of 
lethality in the Csn6-null embryos. The partial rescue indicated a 
delicate regulation between Csn6 and p53.

Sensitization to p53-dependent apoptosis by Csn6 haploinsufficiency. 
We next investigated the role of Csn6 in regulating p53 biologi-
cal functions in vivo, such as apoptosis after DNA damage and 
γ-IR–induced tumorigenesis, using the Csn6+/– mice we created. 
Given the indispensable role of p53 in γ-IR–induced apoptosis 
in mouse thymocytes (39), we treated Csn6+/–, Csn6+/+, and p53–/– 
mice at 5 weeks of age with 5 Gy total body γ-IR (TBI) and mea-
sured viability of thymocytes from these animals. Consistent 
with previous observations (39), thymocytes from p53–/– mice 
remained viable and resistant to γ-IR (Figure 7A). Remarkably, 
Csn6+/– thymocytes were much more susceptible to γ-IR, show-
ing a significantly higher percentage of sub-G1 population than 
Csn6+/+ thymocytes (40% versus 28%; Figure 7A), which indi-
cated that reduced expression of Csn6 sensitized these cells to 
γ-IR–induced and p53-dependent apoptosis. As expected, the 
number of γ-IR–induced TUNEL+ cells was higher in Csn6+/– 
than in Csn6+/+ thymus tissue (Figure 7B). In agreement with 
the finding of more apoptotic cells in Csn6+/– thymus tissue, the 
protein levels of p53, Puma, and specifically cleaved Parp (p85) 

were higher in Csn6+/– thymocytes than in controls after γ-IR 
(Figure 7C). In addition to mouse thymocytes, p53 is essential 
for γ-IR–induced apoptosis in the developing CNS (40). Csn6+/+ 
and Csn6+/– littermates were exposed to 5 Gy γ-IR at E13.5 in 
utero. At 5 hours after γ-IR, the embryos were processed and 
stained for the activated cleaved caspase-3. There were signifi-
cantly more apoptotic cells in the CNS of Csn6+/– than of Csn6+/+ 
embryos (Figure 7D). This observation corroborated the find-
ings  in thymic tissue that high levels of p53 in Csn6+/– mice 
facilitated γ-IR–induced p53-dependent apoptosis.

p53-mediated apoptosis is involved in lethality of high-dose γ-IR 
(41). Given that Csn6 was involved in regulating p53, we deter-
mined whether Csn6+/– mice are sensitive to high-dose γ-IR  in 
terms of survival. We subjected 5-week-old littermates to 7.5 Gy 
TBI. Csn6+/– mice survived a shorter period (median survival, 12 
days; SEM, 1.549 days) than Csn6+/+ mice (median survival, 16 days; 
SEM, 1.169 days) after high-dose TBI (Figure 7E). This observa-
tion strongly supported the notion that accumulation of p53 in 
Csn6+/– mice sensitized cells to γ-IR–induced apoptosis, therefore 
increasing the lethality caused by high-dose TBI.

Attenuation of γ-IR–induced carcinogenesis by Csn6 haploinsufficiency.  
p53 plays an important role in suppressing carcinogenesis after 
low-dose γ-IR exposure (42). To determine whether haploinsuf-
ficiency of Csn6, which increased p53, could attenuate tumori-
genesis in vivo, we exposed cohorts of 5-week-old Csn6+/–, Csn6+/+, 
Csn6+/–p53+/–, and p53+/– mice to a single sublethal dose (4.5 Gy) 
of TBI. Both irradiated Csn6+/– and Csn6+/+ mice took a longer 
time to develop malignancies than did p53+/– mice. Analysis of 
tumors from littermates of 2 genotypes (Csn6+/– and Csn6+/+) 
revealed that there were more tumor-free Csn6+/– mice (33%; 4 of 
12) than Csn6+/+ mice (20%; 2 of 10), and there were fewer neo-
plasms per mouse in Csn6+/– than in Csn6+/+ mice (0.83 versus 
1.6 per mouse). Atypical lymphoid proliferation was observed 
in various tissues — including lung, spleen, liver, and kidney, 
which are nonthymic visceral organs  frequently  involved  in 
lymphomas — of Csn6+/– mice, but high-grade lymphomas were 
typically observed in Csn6+/+ mice (Figure 8A). There was a high-
er incidence of high-grade lymphomas in Csn6+/+ mice than in 
Csn6+/– mice (50% versus 16.7%; Table 3). Csn6+/– mice showed 
no sarcomas, malignancies that positively correlate with overex-
pression of Mdm2 (43), in contrast to a 30% incidence of sarco-
mas in Csn6+/+ mice (Table 3). Tumor spectra for both genotypes 
are shown in Figure 8B. In addition, the tumor spectrum of 

Figure 5
CSN6 facilitates the degradation of p53. (A) CSN6 reduces the steady-
state protein level of p53. Equal amounts of protein were analyzed 
with the indicated antibodies. (B) p53 protein level was upregulated 
with loss of CSN6. Protein levels of p53 and CSN6 were analyzed in 
various cells subjected to CSN6 shRNA or control shRNA. (C) Pro-
teasome inhibitor blocked CSN6-mediated degradation of p53. H1299 
cells were treated with or without proteasome inhibitor MG132 (50 μg/
ml, 6 hours), then immunoblotted with the indicated antibodies. (D) 
CSN6 enhanced MDM2-mediated p53 ubiquitination. HA-ubiquitinated 
p53 was immunoprecipitated with anti-HA and probed with anti-p53. 
Equal amounts of TCE were immunoblotted with indicated antibodies. 
(E) CSN6-mediated destabilization of p53 is MDM2 dependent. p53–/– 
or p53–/–Mdm2–/– MEFs were transfected with the indicated plasmids, 
then analyzed with the indicated antibodies. (F) CSN6 increased the 
turnover rate of p53. H1299 cells were transfected with the indicated 
plasmids, then checked with the indicated antibodies. (G) CSN6 knock-
down increased MDM2 turnover but reduced p53 turnover. U2OS 
cells were subjected to control shRNA or CSN6 shRNA. MDM2 or p53 
remaining is indicated. (H) Enhanced expression of CSN6 impaired 
p53 transcriptional activation, as determined by quantitative RT-PCR 
in the presence or absence of DOX (1 μg/ml). Expression levels of the 
indicated p53 target genes were quantitated and presented as a heat 
map. (I) Knockdown of CSN6 potentiated p53 transcriptional activation, 
as determined by quantitative RT-PCR in the presence or absence of 
DOX (1 μg/ml). Expression levels of the indicated p53 target genes 
were quantitated and presented as a heat map.

Table 1
Genetic analysis and offspring of Csn6+/– intercrosses

Stage	 Csn6+/+	 Csn6+/–	 Csn6–/–	 Total
Live birth 103 178 0 281
E18.5 4 7 0 11
E16.5 2 5 0 7
E13.5 3 10 0 13
E11.5 5 8 0 13
E10.5 0 2 0 2
E9.5 5 16 1 23A

E8.5 9 12 1 28B

E7.5 9 19 9 37

A1 empty decidua was observed. B6 empty deciduas were observed. 
Empty deciduas could not be genotyped because little or no embryonic 
tissues were available.
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double-heterozygous Csn6+/–p53+/– mice fell between those of the 
Csn6+/–p53+/+ and Csn6+/+p53+/+ groups (Table 4), which suggests 
that impairment of Csn6 function is able to rescue the effect 
of loss of p53 to a certain extent. These results indicated that 

Csn6 haploinsufficiency inhibited γ-IR–induced tumorigenesis 
and supported our idea that Csn6 is a p53-negative regulator. 
Kaplan-Meier analysis showed that both Csn6+/+ and Csn6+/– mice 
had significantly better survival than did p53+/– mice, and the 

Figure 6
Csn6-deficient mice die in early embryogenesis. (A) Representative phenotypes of Csn6–/– mouse embryos at different embryonic stages. Note 
that the Csn6–/– embryo had normal size and appearance on E7.5, but empty deciduae with little embryonic tissue were found on E8.5. Repre-
sentative PCR genotyping results of these embryos are shown. (B) Csn6 protein expression in representative tissues of Csn6+/– and Csn6+/+ 
mice. (C) Ubiquitination status of p53 and Mdm2 in primary Csn6+/– and Csn6+/+ MEFs. Polyubiquitinated p53 or polyubiquitinated Mdm2 was 
immunoprecipitated with anti-p53 or anti-Mdm2, then probed with anti-ubiquitin. Equal amounts of TCE were immunoblotted with the indicated 
antibodies. (D) Reduced Mdm2 protein level in Csn6+/– MEFs. Endogenous Mdm2 was immunoprecipitated from primary MEFs, then probed with 
anti-Mdm2. Equal amounts of TCE were immunoblotted with the indicated antibodies. (E) Loss of Csn6 sensitized MEF cells to DOX-induced 
activation of p53. Primary MEFs from the same littermates were treated with and without DOX (1 μg/ml). Equal amounts of proteins from cell 
lysates were immunoblotted with the indicated antibodies. (F) Csn6 haploinsufficiency sensitized MEFs to DOX-induced apoptosis. Percent 
apoptotic population in each group was measured. P values were determined by 2-tailed t test.
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survival of Csn6+/– mice was better than that of Csn6+/+ mice (Fig-
ure 8C), consistent with a possible dosage effect of p53 level on 
tumor-specific survival (relative p53 level, in descending order: 
Csn6+/–, Csn6+/+, p53+/–). Given all the data presented, we conclud-
ed that loss of 1 copy of Csn6 confers tumor-suppressive activity 
by increasing the level of p53.

Discussion
CSN is involved in regulating cullin-based E3 ligases and could 
potentially be altered  in  tumors. Although few studies docu-
mented the role of CSN5 in tumorigenesis (44, 45), the roles of 
COP9 subunits in tumorigenesis remain to be determined. Here, 
we discovered that CSN6 was amplified and overexpressed in can-
cers and was a positive regulator of ubiquitin ligase MDM2 to pro-
mote tumorigenesis. Our discovery of CSN6 in stabilizing MDM2 
updates the paradigm with evidence that CSN has a versatile role 
in modulating various types of E3 ligases.

The positive correlation between CSN6 and MDM2 in both 
cancer cell lines and primary tumors is particularly interesting, as 
MDM2 levels are associated with poor prognosis of many types 
of human cancer  (26, 46). MDM2  is  substantially amplified/
overexpressed in greater than 40 different types of malignancies, 
and changes in MDM2 stability could be another possible explana-
tion; however, little is known about this aspect. It is worth noting 
that in our collection of breast cancer specimens, CSN6 positively 
correlated with MDM2 overexpression without MDM2 gene ampli-
fication and without p53 gene mutation and/or deletion (Supple-
mental Table 1). On the basis of our data, it is possible that CSN6 
gene amplification and CSN6-mediated MDM2 stabilization may 
be a common feature of many types of cancer.

Interestingly, CSN6 binds to the central acidic domain (aa 
294–384) of MDM2, a region that also interacts with several 
other proteins, such as ribosomal protein L5 (32) and transcrip-
tion factor YY1 (35). All of them regulate the E3 ligase activity 
of MDM2 through binding to the domain. More importantly, 
we identified the autoubiquitination site of MDM2 within this 
region: K364. It is possible that the direct interaction with CSN6 
blocks MDM2 autoubiquitination.

A prior study demonstrated that COP9 is involved in regulat-
ing p53 stability (47), mainly through specific phosphorylation on 
p53 via a CSN-associated kinase. Here, the positive regulation of 
CSN6 on MDM2 seems independent of CSN or any other subunit 

in light of our findings that CSN6 directly associated with MDM2 
and suppressed MDM2 polyubiquitination in vitro (Figure 4, B 
and F). CSN6 probably functions to inhibit MDM2 autoubiqui-
tination and then switches the E3 ligase target from MDM2 itself 
to p53. Such a hypothesis is worth further investigation. Most 
importantly, this is the first demonstration to our knowledge of 
the existence of the free form of CSN6 inside cells, performing a 
function not shared with CSN. This provides further evidence to 
support the idea that each COP9 subunit might have a unique 
function under certain conditions.

Generating Csn6 mutant mice allowed us to address the impact 
of CSN6 in regulating p53 function in vivo. Deletion of both Csn6 
alleles caused early embryonic lethality, confirming its function-
al importance in vivo. Also, this observation was consistent with 
the critical role of CSN6 in regulating the MDM2-p53 axis and 
reminiscent of knockout studies of p53-negative regulators such 
as MDM2 and MDM4, which also cause embryonic lethality (48, 
49). We also addressed the embryonic lethality of Csn6-null mice 
by crossing with p53-null mice and found that loss of p53 rescued 
the embryonic lethality of Csn6-null embryos from E7.5 to E10.5 
(Table 2 and Supplemental Figure 9). This degree of rescue, albeit 
not a full rescue, still underscores the importance of CSN6 in the 
MDM2-p53 axis. It is possible that CSN6 regulates important 
targets required for mouse embryogenesis other than MDM2 
and p53, which deserves further study. On the other hand, the 
loss of Csn6 led to disruption of the entire CSN, a phenomenon 
common across all COP9 subunits in mice. The absence of CSN 
may also contribute to the embryonic lethality of Csn6-null mice 
by the fact that CSN has broad effects on multiple cellular signal-
ing cascades (3). Therefore, the consequence of loss of CSN may 
not be able to be compensated for by depletion of p53 only.

Although genetic knockout of other COP9 subunits (Csn2, Csn3, 
Csn5, and Csn8) has been reported, effects of loss of function of 
these genes on the MDM2-p53 axis have not been explored in 
detail in these genetic models. Even though CSN5 and CSN6 are 
the only 2 MPN domain–containing proteins in CSN, they could 
not compensate for each other in early embryo development when 
both alleles of Csn5 or Csn6 are disrupted, which suggests that 
these 2 genes are not functionally redundant.

We used Csn6+/– mice to investigate the functional significance 
of Csn6 on tumorigenesis. Indeed, p53 activity was higher in 
Csn6+/– MEFs (Figure 6E), and more apoptotic Csn6+/– thymocytes 
than Csn6+/+ thymocytes were observed (Figure 7A) in response 
to DNA damage. This Csn6-MDM2-p53 regulatory axis also 
plays an important role in tumorigenesis: loss of expression of 
Csn6 led to reduced γ-IR–induced lymphomagenesis (Figure 8), 
which is known to be impeded by p53. These intriguing observa-
tions in animal models suggest that loss of expression of CSN6 
can attenuate carcinogenesis/tumor progression.

On the basis of our biochemical and genetic studies, we propose 
a model whereby CSN6-mediated stabilization of MDM2 leads to 
ubiquitination and subsequent degradation of p53, impairing the 
tumor-suppressive function of p53 (Figure 8D). Concordant overex-
pression of CSN6 and MDM2 in human breast cancer and follicular 
thyroid carcinoma lends support for this model. On the other hand, 
haploinsufficiency of Csn6 is able to decrease MDM2 and stabilize 
p53, enhancing p53-mediated apoptosis and tumor suppression 
(Figure 8D). Our animal data provide firm support for this second 
notion. Therefore, the effect of CSN6 on MDM2 plays a substantial 
role in p53-mediated apoptosis and tumorigenesis.

Table 2
E7.5–E11.5 genetic analysis and offspring number of male 
Csn6+/–p53–/– and female Csn6+/–p53+/– intercross

Genotype	 Expected	ratio	 Actual	identifiedA	 OtherB

Csn6+/+p53+/– 1 of 8 (12.5%) 8 (9.2%) 
Csn6+/+p53–/– 1 of 8 (12.5%) 10 (11.5%) 
Csn6+/–p53+/– 2 of 8 (25%) 22 (25.3%) 
Csn6+/–p53–/– 2 of 8 (25%) 20 (23%) 
Csn6–/–p53+/– 1 of 8 (12.5%) 0 (0%) 15 (17.2%)
Csn6–/–p53–/– 1 of 8 (12.5%) 5 (5.7%)C 7 (8%)

In total, 87 embryos were identified. AIncluded abnormally shaped 
and less developed embryos. BUnidentified mass or empty decidua; 
partial or no genotyping results were obtained because little or no 
embryonic tissue was available. C2 on E8.5, 2 on E9.5, 1 on E 10.5; 
none identified on E11.5.
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Figure 7
Csn6 is essential for γ-IR–induced apoptosis in the mouse thymus and developing CNS. (A) FACS analysis for detection of apoptotic thymocytes 
of Csn6+/– and Csn6+/+ mice after γ-IR. Thymocytes with sub-G1 DNA (red) content were apoptotic. Percent sub-G1 population in each sample 
was measured. P values were determined by 2-tailed t test. (B) TUNEL analysis of thymus sections in Csn6+/– and Csn6+/+ mice after γ-IR. Mice 
were treated as in A. Apoptosis was analyzed by TUNEL assay in the thymus sections (original magnification, ×400). Number of TUNEL+ cells 
per field was measured. P values were determined by 2-tailed t test. (C) Increased Puma expression and Parp cleavage in Csn6+/– thymocytes 
upon γ-IR. Thymocytes were treated as in A, then subjected to immunoblots with indicated antibodies. (D) CNS of embryos assayed for apoptosis 
by cleaved caspase-3 staining. Sagittal sections of embryos were stained for cleaved caspase-3 (original magnification, ×100). Ventricular zone 
(VZ), intermediate zone (IZ), and marginal zone (MZ) of the CNS are indicated. Number of cleaved caspase-3+ cells per field was measured.  
P values were determined by 2-tailed t test. (E) Kaplan-Meier survival curves for Csn6+/– and Csn6+/+ mice subjected to γ-IR. 5-week-old litter-
mates were given TBI at a dose of 7.5 Gy. Mouse survival was monitored for 30 days.
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Figure 8
Csn6 haploinsufficiency inhibits γ-IR–induced tumorigenesis in mice. (A) H&E-stained sections of lung, kidney, liver, and spleen from moribund 
mice after 4.5 Gy γ-IR showed different degrees of lymphocyte infiltration. Csn6+/+ mice suffered with high-grade lymphoma while age-matched 
Csn6+/– littermates showed atypical lymphoid proliferation. Original magnification, ×100 (lung, kidney, and liver); ×40 (spleen). (B) Tumor spec-
tra in Csn6+/– and Csn6+/+ mice after γ-IR. Pie charts show relative frequency of tumor types observed. c2 test showed a significant difference  
(P = 0.024) in the proportions of different tumors between the 2 genotypes. Data represent the total number of neoplasms detected. (C) Tumor-
specific survival of Csn6+/+p53+/+, Csn6+/–p53+/+, and Csn6+/+p53+/– mice after 4.5 Gy γ-IR. Kaplan-Meier survival curves of age-matched litter-
mates are shown. P < 0.05, log-rank test. (D) Role of CSN6 in modulating MDM2 stability, p53-dependent apoptosis, and tumorigenesis. The 
presence of CSN6 (i) stabilizes MDM2, leading to p53 degradation and susceptibility to γ-IR–induced tumorigenesis. The absence of CSN6 (ii) 
results in decreased MDM2 and increased p53, enhancing p53-mediated apoptosis and tumor suppression.
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In summary, we showed that CSN6 was frequently amplified 
in human cancer. CSN6 increased stability of MDM2 and subse-
quent degradation of tumor suppressor p53, thereby promoting 
tumorigenicity. Our findings suggest what we believe to be a novel 
mechanism that may underlie  the observed  increased MDM2 
protein levels without MDM2 gene amplification. The potential 
importance of CSN6 as a prognostic marker and therapeutic tar-
get in cancers that involve a dysregulated MDM2-p53 axis war-
rants further investigation.

Methods
Genome structure analyses. See Supplemental Methods.

Human tumor samples. 58 genomic DNA samples of primary breast 
tumors were obtained from First Affiliated Hospital, China Medical 
University. Collection and usage of all patient materials and infor-
mation were conducted according to institutional guidelines and the 
Declaration of Helsinki Principles. 8 pairs of primary breast tumors 
with corresponding noncancerous breast samples were obtained from 
patients who had undergone operations to treat breast cancer. They 
were  collected  as  freshly  frozen  tissues  and  were  stored  in  the  tis-
sue bank of the University of Texas M.D. Anderson Cancer Center.  
35 human thyroid tissues were obtained as freshly frozen tissues along 
with the final pathologic diagnoses  from 
the Eastern Division of Cooperative Human 
Tissue Network. Research using all human 
specimens and data was conducted under 
protocols  approved  by  the  Institutional 
Review Board of University of Texas M.D. 
Anderson Cancer Center. Informed consent 
was obtained from all subjects.

Plasmids, antibodies, and reagents. See Supple-
mental Methods.

Quantitative PCR. See Supplemental Methods.
Foci formation assay.  See  Supplemental 

Methods.
Tumorigenesis in nude mice. See Supplemental 

Methods.
In vitro binding assay.  See  Supplemental 

Methods.
In vivo ubiquitination assay.  Cells  were 

cotransfected with the indicated plasmids. 24 
hours later, cells were treated with 50 μg/ml  
MG132 for 6 hours. Cells were harvested 
and lysed with lysis buffer (50 mM Tris, pH 
7.5; 150 mM NaCl; 0.5% NP-40; 0.5% Triton 
X-100; and 5 mM NEM). HA-ubiquitinated 

MDM2  and  HA-ubiquitinated  p53  were  immunoprecipitated  with 
anti-HA. The protein complexes were then resolved by 6% SDS-poly-
acrylamide gel and probed with anti-MDM2 or anti-p53 to observe the 
ubiquitinated MDM2 or p53.

In vitro ubiquitination assay. Bacterial-purified GST-MDM2 was incu-
bated with different combinations of bacterial-purified Flag-CSN5, 
Flag-CSN6, or recombinant CSN complex and with His-ubiquitin (200 
pmol), E1 (2 pmol), E2-UbcH5a/5b (10 pmol), or ATP (2 mM) in a total 
volume of 50 μl at 37°C for 1 hour. Reaction buffer was as described 
previously (50): 50 mM Tris-HCL (pH 7.5), 5 mM MgCl2, 2 mM NaF, and 
0.6 mM DTT. His-ubiquitin (U-530), E1 (E-305), and E2 (E2-622) were 
from Boston Biochem; recombinant human CSN complex (PW9425) 
was from BIOMOL International. Reaction products were resolved by 
6% SDS-polyacrylamide gel and probed with anti-ubiquitin.

FACS analysis. Primary MEFs from littermates of different genotypes 
were treated with 1 μg/ml DOX for 48 hours; primary MEFs from the same 
animals were left untreated. Apoptosis was determined by 2-color analysis 
using PI and FITC-conjugated anti–annexin V (BD Biosciences — Pharmin-
gen) according to the manufacturer’s instructions with a FACScalibur flow 
cytometer. 5-week-old Csn6+/–p53+/+ (n = 7), Csn6+/+p53+/+ (n = 7), and Csn6+/+ 

p53–/– (n = 2) mice were exposed to 5 Gy TBI or no irradiation and sacrificed 
5 hours later to collect thymic tissue. Single-cell suspensions from thymus 
were prepared, washed 3 times with PBS, and fixed in 70% ethanol at 4°C 
for 1 hour. Cells were incubated at 37°C for 30 minutes in a buffer contain-
ing 50 μg/ml PI, 5 mM MgCl2, 10 mM Tris-HCl (pH 7.0), and 25 μg/ml 
RNaseA, followed by FACS analysis to measure the sub-G1 fraction.

TUNEL assay. See Supplemental Methods.
Cleaved caspase-3 staining. See Supplemental Methods.
Survival analysis. See Supplemental Methods.
Pathological analysis of tumors. 5-week-old littermates of different geno-

types and of both sexes were exposed to a single dose of 4.5 Gy TBI and 
monitored for signs of illness or tumor burden. Moribund mice were 
sacrificed, and the major organs and tumors were fixed with 10% buff-
ered formalin, paraffin embedded, and sectioned. Sections were stained 
with H&E for pathological evaluation. Tumor-free survival curves were 
analyzed by the Kaplan-Meier method.

Table 3
Malignant disease frequency in mice exposed to 4.5 Gy γ-IR

Disease	type	 Csn6+/+ (n	=	10)	 Csn6+/– (n	=	12)
High-grade lymphoma 50% 16.7%
Low-grade lymphoma 20% 25%
Angiosarcoma 10% 0%
Osteosarcoma 20% 0%
Neuroendocrine carcinoma in lung 20% 8.4%
Borderline serous carcinoma 10% 8.4%

There was a significant difference in the proportions of different tumors 
between the 2 genotypes (P = 0.024, c2 test).

Table 4
Tumor spectra

Disease	 Csn6+/+p53+/+	 Csn6+/–p53+/+	 Csn6+/–p53+/–	 Csn6+/+p53+/–	
	 (n	=	10)	 (n	=	12)	 (n	=	16)	 (n	=	17)
Malignant
High-grade lymphoma 5 (50.0%) 2 (16.7%) 8 (50.0%) 12 (70.6%)
Angiosarcoma 1 (10.0%)
Sarcoma 2 (20.0%)  2 (12.5%) 5 (29.4%)
Neuroendocrine carcinoma in lung 2 (20.0%) 1 (8.3%) 1 (6.3%) 
Borderline serous carcinoma 1 (10.0%) 1 (8.3%)
Benign
Low-grade lymphoma 2 (20.0%) 3 (25.0%) 3 (18.7%)
Hamartoma  1 (8.3%)
Adenoma in small intestines 1 (10.0%)  1 (6.3%)
Benign vascular tumor  1 (8.3%) 1 (6.3%)
Endometrial polyps 1 (10.0%)
Benign epithelial cyst of ovary 1 (10.0%)
Benign epithelial cyst  1 (8.3%)
Nontumor
Atypical lymphoid proliferation 2 (20.0%) 4 (33.3%) 1 (6.3%) 
 or chronic inflammation

Values denote number (%) of mice for each group.
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Statistics. Differences between groups were evaluated using 2-tailed t test 
or Mann-Whitney rank-sum test. Paired samples were compared using 
paired t test. Spearman rank-order correlation was used for correlative 
relationships between 2 quantitative measurements. Kaplan-Meier survival 
curves were compared using the log-rank test. For all statistical analyses, a 
P value less than 0.05 was considered statistically significant. Unless other-
wise indicated, error bars represent 95% confidence intervals.
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