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The signaling molecule p66Shc is often described as a longevity protein. This conclusion is based on a single life span 
study that used a small number of mice. The purpose of the present studies was to measure life span in a sufficient number 
of mice to determine if longevity is altered in mice with decreased Shc levels (ShcKO). Studies were completed at UC 
Davis and the European Institute of Oncology (EIO). At UC Davis, male C57BL/6J WT and ShcKO mice were fed 5% 
or 40% calorie-restricted (CR) diets. In the 5% CR group, there was no difference in survival curves between genotypes. 
There was also no difference between genotypes in prevalence of neoplasms or other measures of end-of-life pathol-
ogy. At 40% calorie restriction group, 70th percentile survival was increased in ShcKO, while there were no differences 
between genotypes in median or subsequent life span measures. At EIO, there was no increase in life span in ShcKO male 
or female mice on C57BL/6J, 129Sv, or hybrid C57BL/6J-129Sv backgrounds. These studies indicate that p66Shc is not 
a longevity protein. However, additional studies are needed to determine the extent to which Shc proteins may influence 
the onset and severity of specific age-related diseases.

Key Words: Aging—Longevity—Shc—Pathology.

Received September 16, 2013; Accepted November 6, 2013

Decision Editor: Rafael de Cabo, PhD

THE signaling molecule p66Shc is frequently described 
as a longevity protein. The Shc locus encodes three 

adaptor proteins (p46Shc, p52Shc, and p66Shc) that are 
involved in transmitting signals from growth factor recep-
tors (1). There is evidence that p66Shc participates in path-
ways that influence oxidative stress and apoptosis (2–5), 
and that cells lacking p66Shc are resistant to oxidative stress 
(3). However, the primary reason for linking p66Shc with 
longevity is a study in 1999, which found that life span 
was increased in p66Shc knockout compared with wild-type 
(WT) mice (3). It has recently been shown that the lev-
els of p46Shc and p52Shc are also decreased in liver, mus-
cle, and other tissues in these p66Shc knockout mice (6). 
Thus, these mice (we refer to as ShcKO) provide a model 
of overall decreases in Shc protein levels in multiple tis-
sues. Although the initial longevity study is widely cited 
to support a role for p66Shc as a life span determinant, there 
are clear limitations to this study that need to be consid-
ered. First, the study was completed with a small num-
ber of animals (n = 15 ShcKO and n  =  14 WT) and the 
WT mice used in this study did not have particularly long 
median (761 days) or maximum  (~850 days) life spans (3). 
Second, the published manuscript did not provide details 

about animal husbandry, diet, housing conditions, health 
surveillance, or criteria for euthanasia, which can to vary-
ing extent influence life span. Third, no end-of-life pathol-
ogy data were presented. Therefore, additional studies are 
needed to determine more thoroughly the influence of Shc 
proteins on life span.

In addition to the role Shc plays in oxidative stress 
(reviewed in (7)), there is accumulating evidence that Shc 
proteins also play an important role in metabolism. The 
activities of enzymes involved in β-oxidation and ketone 
body metabolism are increased in ShcKO compared with 
WT mice (8). Also, it has been shown that glucose toler-
ance and insulin sensitivity are increased in ShcKO versus 
WT mice (6). These metabolic changes are similar to those 
observed in calorie-restricted (CR) animals, and this has led 
to speculation that Shc proteins may play a role in the adap-
tation to CR. However, little is known about the interaction 
between CR and Shc proteins and no long-term studies have 
been completed to investigate life span in CR ShcKO mice.

The purpose of the present study was to complete life 
span studies in a sufficient number of animals to determine 
thoroughly the extent to which longevity and end-of-life 
pathology are altered in ShcKO mice. A further goal of the 
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study was to determine the influence of calorie restriction 
on life span in these animals.

Materials and Methods

Animal Husbandry, University of California – Davis (UCD)
ShcKO mice were provided by Dr. Pier Giuseppe 

Pelicci (European Institute of Oncology, Milan, Italy) 
and used to establish a breeding colony at UC Davis. 
The breeding stocks were backcrossed onto C57BL/6J 
mice to full congenic status. Heterozygous ShcKO mice 
were mated to produce the homozygous ShcKO, and WT 
mice used for the study. At 1–2 months of age, the mice 
were singly housed in polycarbonate cages placed within 
positive pressure, HEPA filtered units. All mice were pro-
vided continuous access to water and LM-485 diet (7012 
Teklad, Harlan Laboratories, Madison, WI). The mice 
were housed in a vivarium maintained at 22°C–24°C and 
40%–60% relative humidity with a 12-hour light/12-hour 
dark cycle. All experimental procedures were approved by 
the University of California Institutional Animal Care and 
Use Committee.

Beginning at 3  months of age, daily food intake was 
measured in a subset of mice. Food intake was determined 
by collecting and weighing all food remaining in the food 
hopper and cage at the same time each day. At 4 months of 
age, the mice were randomly divided into four groups (n = 
50 per group): 5% CR WT, 5% CR ShcKO, 40% CR WT, 
and 40% CR KO. The control groups were maintained on 
5% CR to prevent excessive weight gain and obesity in 
these animals. Food intake measures from 3 to 4 months of 
age were used to determine the initial amount of LM-485 
diet given to the mice. Food intake measures were contin-
ued through 18  months of age in a group of mice (n = 5 
per genotype) allowed free choice consumption of food. 
Food intake in the CR groups was adjusted if changes in 
food intake were observed in the ad libitum fed mice. The 
daily food allotment given at 18 months of age was main-
tained until the end of the study. There were no differences 
in ad libitum food intake between the WT and ShcKO mice 
(Supplementary Figure 1), and thus both genotypes were 
given equal amounts of food for the duration of the study. 
One 5% CR WT mouse was dropped from the study and its 
data excluded from analysis because an animal husbandry 
error resulted in this mouse being fed a 40% CR diet for 
several weeks.

The mice were given fresh food daily and all animals 
were weighed weekly. Health checks were completed on 
the mice at least once per day. No other procedures were 
conducted on the mice in this study. The animals were 
allowed to live out their natural life span, and mice were 
only euthanized if they were moribund. Mice were consid-
ered moribund if they were unable to eat or drink, exhib-
ited nonresponsiveness to an external stimulus (failure to 

move when gently prodded), or developed an ulcerated or 
bleeding tumor. Any animals that were euthanized or found 
dead in their cage were collected, their body cavities were 
opened, and the carcasses were placed in 10% neutral-
buffered formalin solution and transported to the UC Davis 
Comparative Pathology Laboratory for necropsy and deter-
mination of cause of death. Date of death was recorded and 
used to calculate life span.

Sentinel mice were housed on the same racks as the study 
animals and were exposed to bedding from the study ani-
mals on a weekly basis. Sentinels were euthanized every 
3 months for health screens, including aerobic cultures and 
serology (MHV, MPV, MVM, M.  pul., TMEV (GDVII), 
Ectro, EDIM, MAD1, MAD2, LCM, Reo-3). All tests were 
negative throughout the study.

Animal Husbandry, European Institute of Oncology
In addition to the study at UCD, life span studies were 

also completed on male and female ShcKO homozy-
gous, heterozygous and WT mice [129Sv, C57BL/6J 
and hybrid F1 C57BL/6J-129Sv strains] derived from 
the originally described ShcKO mice (3) at the European 
Institute of Oncology (EIO). The mice were housed in a 
SPF (FELASA) vivarium at the EIO. The mice were main-
tained in rooms with a 12-hour light/12-hour dark cycle at 
22°C ± 2°C and 55% ± 10% relative humidity. The mice 
were allowed continuous access to water and Teklad 2018S 
diet (Harlan Teklad, Bresso-Milan, Italy). The mice were 
singly housed starting at 8 weeks of age. Health checks 
were completed on the mice at least once per day. No pro-
cedures were completed on the mice, and the mice were 
only euthanized if they were moribund. The same criteria 
for euthanasia at UCD (described above) were followed 
at EIO. Life span was determined from the recorded date 
of death for each animal. All experiments were performed 
according to the European guidelines for the use of ani-
mals in research and the requirements of Italian laws and 
regulations.

Sentinel mice were housed in the same rooms as the 
study animals and were exposed to bedding from the study 
animals. Sentinels were euthanized every 2  months and 
underwent the same health screens as the mice at UCD. 
The facility was included in a health-monitoring program 
developed in accordance with the Federation of European 
Laboratory Animal Science Associations (FELASA) guide-
lines (9). All tests were negative during the study.

Pathology
For all the UCD animals, a gross necropsy was per-

formed, and a standardized set of tissues and lesioned 
organs were processed for histologic examination. These tis-
sues included liver, kidneys, spleen, pancreas, heart, lungs, 
thymus, gastrointestinal tract (esophagus, stomach, small 
intestine, cecum, and large intestine), brain, reproductive 
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tract (testes, epididymis, prostate glands, and seminal vesi-
cles), haired skin, and skeletal muscle. Other tissues were 
submitted for examination on the basis of the presence of 
gross lesions at the time of necropsy. Formalin-fixed tissues 
were processed and embedded in paraffin by routine meth-
ods. Tissues were sectioned at 5 μm and stained with hema-
toxylin and eosin. Histologic examination was performed 
by STL, AK, and SMG.

Statistical Analysis
Maximum and mean body weights of WT and ShcKO 

mice in each diet group were compared using two-sample 
t-tests. Two-sample proportion tests were used to compare 
the incidence of cancer or organ pathology between geno-
types and diet groups.

To compare overall survival, survival curves for each 
genotype and diet group were estimated with Kaplan-
Meier estimators. A log rank test was used to test for dif-
ferences in survival among the four genotype and diet 
groups and to conduct all pairwise comparisons of the 
groups. A Bonferroni adjustment was used to maintain the 
family-wise error rate at 0.05 for the pairwise comparisons. 
Because no survival times were censored, survival times 
were also directly compared between the groups. For this 
analysis, Sprent’s nonparametric method for testing whether 
two distributions have the same median was generalized 
to test whether specified percentiles (10th through 90th) 
of survival times differed between groups (10). Finally, a 
Cox proportional hazard model was used to evaluate the 
effects of diet and genotype on survival, while adjusting 
for body weight. First, body weight was incorporated as 
a time-invariant predictor by using the mean and maxi-
mum body weight in two separate analyses. Second, mean 
weekly body weight was included as a time-varying predic-
tor. For this analysis, because age at death was recorded in 
days, while body weight was recorded weekly, weekly body 

weights were converted to daily values as follows. The last 
recorded weight was used as the weight at the time of death 
(i.e., the last value was carried forward). While most mice 
had weights recorded at the beginning of the week of their 
death, for some mice the last reported weights were 1 or 2 
weeks prior. Daily weights between weekly weights were 
imputed using linear interpolation.

Results

Body Weight
Weekly body weights for the UCD mice are shown in 

Figure  1. As expected, body weight was decreased (p < 
.001) in the 40% CR compared with 5% CR groups. At 40% 
CR, there was no difference between genotypes in mean 
lifetime body weight or maximum body weight (Table 1). 
In contrast, mean lifetime body weight and maximum body 
weight were increased (p < .01) in the WT compared with 
ShcKO mice at 5% CR (Table 1).

Longevity
The survival curves for the UCD mice are shown in 

Figure 2. There were no differences in the survival curves 
between the 5% CR WT and the ShcKO groups. Median 
and 10th percent survival for both groups were approxi-
mately 955 days and 1100 days, respectively (Table 2). As 
expected, median and 10th percent survival were increased 
(p < .05) in the 40% CR groups compared with either the 
5% CR WT or ShcKO groups. With 40% CR, there was an 
increase (p < .05) in 70th percentile survival in the ShcKO 
compared with WT mice (Table  2). However, this differ-
ence between ShcKO and WT groups had disappeared by 
the 50th percent survival point, and no further differences 
between genotypes were observed for the remaining sur-
vival statistics.

Figure 1. Mean body weights in wild-type (WT) and ShcKO C57BL/6J mice at UC Davis maintained on 5% or 40% calorie-restricted (CR) diets. All mice were 
housed at UC Davis (n = 50 for all groups, except n = 49 for 5% CR WT).
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To investigate whether differences in body weight 
between the 5% CR WT and ShcKO mice influenced life 
span, body weight (average weekly weight, maximum 
weight or average body weight across the life span) was 
included as a covariate in a Cox proportional hazard model 
(11). Survival did not differ significantly (p > .10) between 
genotypes on the 5% CR diet with inclusion of any measure 
of body weight as a covariate.

In the studies at the EIO, there were no differences in 
combined male and female survival curves for ShcKO and 
WT mice on C57BL/6J (Figure 3), 129Sv (Figure 4) and 
hybrid F1 C57BL/6J x 129Sv (Supplemental Figure  2) 
backgrounds. When the survival curves were separated by 
sex, there was an increase (p < .05) in life span in WT ver-
sus ShcKO males on a 129Sv background (Figure 4B) and 
there was an increase (p < .05) in life span in Shc heterozy-
gous versus WT females on a hybrid F1 C57BL/6J x 129Sv 
background (Supplemental Figure 2C). However, it should 
be noted that there were only a small number of Shc het-
erozygous (n = 16) and WT (n = 18) females on the hybrid 
F1 background, and thus, these results should be viewed 
with caution. There were no other differences between either 
male or female ShcKO and WT mice.

Pathology
The necropsy results for the four groups of mice are 

summarized in Tables 3 and 4. The most frequent cause of 
death in this study was hepatic histiocytic sarcoma, which 
occurred in 75 of the 199 animals examined (Table  3). 
Typically neoplastic histiocytes expanded the sinusoids 
resulting in attenuation and necrosis of extensive regions 
of hepatic parenchyma. Metastasis was noted most fre-
quently to the spleen (n  =  29), lung (n  =  16), kidney 
(n = 8), and local lymph nodes (n = 6). An additional 33 
animals had evidence of marked Kupffer cell hyperpla-
sia. Kupffer cells are presumed to be the cell of origin of 
hepatic histiocytic sarcomas, and Kupffer cell hyperplasia 
was interpreted as a preneoplastic lesion. Other neoplasms 
were much less frequent and included lymphoma (n = 16), 
most commonly a multicentric process, hemangiosarcoma 
(n = 6), which typically arose from the spleen, and pul-
monary adenomas (n = 17). Lymphoid depletion (n = 28) 
and expansion of extramedullary hematopoiesis (n = 29) 
in the spleen were frequently seen as reactive/secondary 
changes to other pathology. Other common, age-related 
and incidental findings were degeneration and atrophy of 
the seminiferous tubules of the testicles (n = 82), ectasia 

Table 1. Effect of Calorie Restriction and ShcKO on Maximum Body Weight and Body Weight Averaged Across the Life Span*

5% CR WT 5% CR ShcKO 40% CR WT 40% CR ShcKO

Maximum body weight (g) 38.37 ± 4.45† 34.17 ± 4.38‡ 27.90 ± 4.32§ 27.46 ± 2.88§

Average body weight (g) 32.20 ± 2.91† 29.65 ± 3.12‡ 22.71 ± 1.23§ 22.60 ± 1.24§

Notes: *All body weight calculations used values collected after 20 weeks of age (this excludes the period of major weight loss following initiation of calorie 
restriction). Values within a row that contain different superscripts differ (p < .05).

5% CR WT = 5% calorie-restricted wild-type; 5% CR ShcKO  =  5% calorie-restricted ShcKO; 40% CR WT  =  40% calorie-restricted wild-type; 40% CR 
ShcKO = 40% calorie-restricted ShcKO.

Figure 2. Survival curves for wild-type (WT) and ShcKO C57BL/6J mice maintained on 5% or 40% calorie-restricted (CR) diets. All mice were housed at UC 
Davis (n = 50 for all groups, except n = 49 for 5% CR WT).  at SE
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and inspissation of the seminal vesicles (n  =  21), and 
mineralization of the vessels of the thalamus (n  =  23). 
There was no evidence of infectious pathogenic agents in 
any of the mice.

Statistical comparisons between the four groups were 
limited to broad categories (cancer incidence or overall 
presence of pathology within a specific organ), since the 
low frequency of specific pathology findings prevented 
more refined comparisons. There were no significant dif-
ferences in cancer incidence between any of the groups of 
mice. The only significant difference between ShcKO and 

WT mice was a decrease in gastrointestinal pathology in 
the 5% CR ShcKO compared with WT mice. This primarily 
reflected the fact that there was a greater incidence of small 
intestine amyloidosis in the WT (14%) compared with the 
ShcKO (2%) mice.

The end-of-life pathology was similar between the 5% 
and 40% CR groups (Table  4), except there were clear 
decreases in dilation of seminal vesicles and ectasia and 
inspissations in the 40% versus 5% CR mice. In contrast, 
the incidence of testicular degeneration was increased in the 
40% CR compared with 5% CR groups.

Table 2. Life Span Statistics for Wild-type and ShcKO Mice*

5% CR WT 5% CR ShcKO 40% CR WT 40% CR ShcKO

70th percentile 879† (828, 930) 867† (805, 929) 1002‡ (931, 1073) 1082§ (1035, 1129)
50th percentile 956† (915, 997) 953† (904, 1002) 1111‡ (984, 1238) 1153‡ (1128, 1178)
30th percentile 1012† (967, 1057) 1034† (967, 1101) 1202‡ (1153, 1251) 1212‡ (1178, 1246)
10th percentile 1099† (1080, 1118) 1111† (1085, 1137) 1322‡ (1291, 1353) 1287‡ (1232, 1342)
Longest lived 1246 1241 1447 1335

Notes: *Survival times (days) with approximate 95% confidence interval indicated in parenthesis. Values in a row that contain different superscripts differ at  
p < .05 determined by Sprent’s nonparametric method.

5% CR WT = 5% calorie-restricted wild-type; 5% CR ShcKO  =  5% calorie-restricted ShcKO; 40% CR WT  =  40% calorie-restricted wild-type; 40% CR 
ShcKO = 40% calorie-restricted ShcKO.

Figure 3. Survival curves for wild-type (WT) and ShcKO C57BL/6J mice fed ad libitum. All mice were housed at the European Institute of Oncology. (A) Male 
and female mice, (B) male mice only, (C) female mice only (n = 28 WT males, n = 28 ShcKO males, n = 39 WT females, n = 36 ShcKO females).

Figure 4. Survival curves for wild-type (WT) and ShcKO 129Sv mice fed ad libitum. All mice were housed at the European Institute of Oncology. (A) Male and 
female mice, (B) male mice only, (C) female mice only (n = 35 WT males, n = 47 ShcKO males, n = 47 WT females, n = 38 ShcKO females).
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Table 4. Pathology at Time of Death in Control and Calorie-restricted Mice

5% CR WT (n = 49) 5% CR ShcKO (n = 49) 40% CR WT (n = 50) 40% CR ShcKO (n = 49)

Liver
 Histiocytic sarcoma 17 16 20 19
 Kuppfercell hyperplasia 7 4 7 15
 Extramedullary hematopoiesis 11 5 5 4
 Hepatocellular degeneration 4 3 2 2
 Lymphohistiocytic hepatitis 4 2 3 2
 Lymphoma 3 3 0 1
 Hemangiosarcoma 0 1 3 0
Reproductive
 Testes
  Seminiferous tubule atrophy and degeneration 14 14 24 30
 Seminal vesicles
  Presence of eosinophilic secretory material 17 23 1 2
  Dilation of 15 21 1 2
  Ectasia and inspissation 4 11 3 3
 Prostate
  Prostatitis 0 2 0 2
Spleen
 Extramedullary hematopoiesis 4 7 12 6
 Histiocytic sarcoma 8 7 5 9
 Lymphoid depletion 11 4 8 5
 Hemangiosarcoma 2 1 1 0
 Hemosiderosis 0 0 3 0
 Lymphoma 1 1 1 0
Kidney
 Lymphoplasmacytic interstitial nephritis 13 10 14 12
 Tubular mineralization 9 3 7 7
 Hyaline droplet nephropathy 6 6 6 2
 Hydronephrosis 3 4 3 1
 Histiocytic sarcoma 3 2 0 3
 Glomerular sclerosis 3 1 2 1
 Lymphoma 1 1 2 1
 Tubular cyst 3 0 0 2
 Tubular degeneration 0 1 0 3
 Lymphocytic infiltrates 0 0 0 1
Lung
 Histiocytic sarcoma 5 6 5 5
 Pulmonary adenoma 4 5 3 5
 Pneumonia 1 6 4 5
 Lymphoma 2 0 3 0
 Pulmonary carcinoma 0 2 1 0
 Lymphocytic leukemia 1 1 0 0
 Pulmonary carcinoma 0 0 1 0
Heart 
 Ventricular dilation 1 3 6 8
 Aortic mineralization 0 1 2 2
 Ventricular thrombosis 0 1 1 3
 Atrial thrombosis 0 2 0 2
 Atrial dilation 1 0 0 2

Table 3. Prevalence of Neoplasms in Wild-type and ShcKO Mice

Neoplasm 5% CR WT (n = 49) 5% CR ShcKO (n = 49) 40% CR WT (n = 50) 40% CR ShcKO (n = 49)

Histiocytic sarcoma 17 16 19 23
Lymphoma 5 6 4 1
Other 6 8 4 5

Notes: 5% CR WT = 5% calorie-restricted wild-type; 5% CR ShcKO = 5% calorie-restricted ShcKO; 40% CR WT = 40% calorie-restricted wild-type; 40% CR 
ShcKO = 40% calorie-restricted ShcKO.
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Discussion
The results of the present study indicate that ShcKO 

does not increase median or maximum life span in mice, 
and therefore, Shc is not a longevity gene. These conclu-
sions conflict with a previous study that found that life span 
was increased by 30% in ShcKO compared with WT mice 
(3). There are at least three differences between the studies, 
which could contribute to the disparate life span results.

Strain Differences
The strains of mice used in the life span studies could 

influence the results. As a first step toward determining 
whether the strain could play a role in the life span dif-
ferences between studies, it is important to determine if 
the life span values of the WT animals are consistent with 
published values for their strain. The median life span of 

the mice used in the present study met or exceeded typi-
cal life span values for C57BL/6 mice (12–15). In con-
trast, the median survival (761 days) of the WT mice in 
the study by Migliaccio et al. was below median life span 
values for male and female 129 mice maintained in a spe-
cific-pathogen free facility (14). The increase in life span 
observed in the study by Migliaccio et al. may primarily 
be a result of rescue of whatever stress was causing the 
low life span of the WT mice used in this study, and there 
is considerable evidence that Shc deficiency promotes 
stress resistance (7,16–18). To further test the influence of 
mouse strain on longevity of ShcKO mice, life span meas-
urements were completed on C57BL/6J and 129Sv WT 
and ShcKO mice at the EIO. Life span was not increased 
in the ShcKO mice regardless of the mouse strain. Thus, 
mouse strain is not responsible for the differences in life 
span between studies.

5% CR WT (n = 49) 5% CR ShcKO (n = 49) 40% CR WT (n = 50) 40% CR ShcKO (n = 49)

 Endocardial mineralization 1 2 0 0
 Myocardial fibrosis 0 1 0 2
 Myocardial degeneration 0 0 2 0
 Aortic valvular thrombosis 1 0 0 0
 Myocardial mineralization 0 0 1 0
 Pericardial mineralization 0 0 1 0
Gastrointestinal/urinary tract
 Large Intestine
  Vessel congestion 1 1 0 0
  Edema 0 0 1 0
  Epithelial necrosis 1 0 0 0
  Lymphoplasmacytic colitis 0 0 1 0
  Mucosal necrosis 1 0 0 0
 Small Intestine
  Amyloidosis 7 1 2 0
  Chronic intraluminal hemorrhage 0 0 0 2
  Lymphoplasmacytic enteritis 0 0 2 0
  Chronic hemorrhage 0 0 0 1
  Epithelial necrosis 1 0 0 0
 Stomach
  Gastritis 2 1 2 1
  Amyloidosis 1 1 0 0
  Anaplastic sarcoma 1 0 0 1
 Mesentery
  Lymphoma 0 0 1 0
 Ureter
  Hydroureter 1 0 0 0
 Urethra
  Urethritis 1 0 0 1
  Subepithelial hemorrhage 0 0 0 1
Brain
 Mineralization (Thalamus) 3 6 6 8
 Histiocytic sarcoma 0 0 1 0
 Meninges lymphoma 1 0 0 0
Lymph nodes
 Histiocytic sarcoma 1 1 1 3
 Lymphadenitis 2 1 1 1
 Lymphoma 2 1 1 0

Notes: 5% CR WT = 5% calorie-restricted wild-type; 5% CR ShcKO = 5% calorie-restricted ShcKO; 40% CR WT = 40% calorie-restricted wild-type; 40% CR 
ShcKO = 40% calorie-restricted ShcKO.

Table 4. (Continued)
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Differences in Mouse Numbers
A second possible reason for differences between the 

studies is that they used different numbers of mice, with 
49–50 mice per group in the present UCD study and 
14–15 mice per group in the 1999 study. A concern with 
the use of 15 (or fewer) mice per group is the fact that 
each animal has a large impact on the survival curve. It 
can be difficult to reproduce these studies which are so 
heavily influenced by a few animals, and thus, a larger 
sample size is needed to allow for random fluctuations 
about the true life span trend in finite-sample experi-
ments. It has been recommended that life span studies 
include 40–50 mice per group to avoid excessive influ-
ence of individual animals on survival curves, provide 
adequate power to detect differences between groups 
of mice and allow more detailed statistical analysis of 
survival curves (19). It is possible that the increase in 
life span in the ShcKO group in the previous study was 
an anomaly resulting from the small number of animals 
used in the study.

Differences in Animal Husbandry
The third potential reason for the difference between 

studies is differences in animal husbandry. One area of 
possible difference is level of food intake. The mice in the 
present UCD study were fed a mildly (5%) restricted diet. 
However, it seems unlikely that this had a major influ-
ence on the results, since the body weights of the mice 
in both studies were similar and there was no evidence 
of obesity being a factor in either study. Furthermore, 
there were no differences in longevity between WT and 
ShcKO in the studies at the EIO using ad libitum fed 
animals. The relatively low life span of the WT group in 
the previous study (3) strongly suggests that husbandry 
for these animals was not ideal, and the observed results 
represent a response to some level of environmental 
stress. It is possible that ShcKO will improve survival in 
response to some stressors. However, it is important to 
note that another study found that life span is decreased 
in ShcKO compared with WT mice when housed in an 
outdoor enclosure intended to mimic a natural environ-
ment (20). It has also been reported that p66Shc levels 
are higher in fibroblasts from centenarians compared to 
elderly (50–80 years) or young (17–38 years) people (21). 
These results suggest that chronic decreases in p66Shc 
levels, at least in one cell type, are not required for a long 
life. It remains to be determined which specific environ-
mental conditions may alter survival in animals with low 
Shc levels. Nonetheless, the results of the present study 
indicate that life span is not increased in ShcKO mice 
when compared with WT animals, which meet expected 
life span values for their strains under the highest hus-
bandry standards. Thus, these results indicate that Shc is 
not a life span gene.

Shc Deficiency, Calorie Restriction, and Health Span
A secondary goal of the present study was to determine 

whether ShcKO influences life span in 40% CR mice. 
The results of the study showed that 70th percentile sur-
vival was significantly increased in the 40% CR ShcKO 
compared with WT mice, while median life span and sub-
sequent survival statistics were not different between the 
genotypes. These results indicate that ShcKO had an influ-
ence on disease processes that resulted in early death in the 
40% CR mice but had no influence on rate of aging. Shc 
proteins have been shown to play a role in energy metabo-
lism (6,8,22–25) and reactive oxygen species production 
(2,26,27), and it is likely that these actions of Shc proteins 
could influence some age-related diseases and possibly alter 
life span under certain conditions. In particular, ShcKO 
mice have increased insulin sensitivity (6) and are resist-
ant to ischemic injury (28), atherosclerosis (26) and apop-
tosis induced by a variety of stressors (17). These effects 
of ShcKO would be expected to have a positive influence 
on health span even if life span is not lengthened. There 
is also evidence that ShcKO decreases adiposity (6,22,25) 
and increases capacity for fatty acid oxidation (8) and these 
changes may influence life span under certain conditions, 
such as diet-induced obesity. Consistent with this idea, it 
has been reported that life span is increased in obese, leptin 
deficient mice (ob/ob) on a ShcKO versus WT background 
(25). The influence of ShcKO on age-related disease and 
health span with various diets and models of obesity is an 
area that warrants further investigation.

Shc Deficiency and End-of-Life Pathology
Similar to previous studies in C57BL/6 mice (12,29), 

neoplastic disease was the primary cause of death with his-
tiocytic sarcoma and lymphomas as the major neoplasms. 
There was no difference in prevalence of neoplasms or other 
measures of end-of-life pathology between the ShcKO and 
WT mice. Although there is considerable interest in the role 
Shc proteins play in tumorigenesis (18), the results of the 
present study indicate that the decreased level of Shc pro-
teins in the ShcKO mice had no influence on the occurrence 
of neoplasia. A clear limitation of the present study, how-
ever, was the fact that only end-of-life pathology was meas-
ured, and it was not possible to determine whether ShcKO 
or level of restriction influenced the age of onset of any of 
the measures of pathology. Although knockdown of Shc pro-
teins had little influence on end-of-life pathology in either 
5% or 40% CR mice, additional studies are needed to deter-
mine if Shc proteins influence the onset or duration of major 
age-related diseases. Another limitation of the present study 
is the fact that C57BL/6 mice die primarily from neoplasms 
(in particular lymphomas and histiocytic sarcomas). Further 
studies are needed to determine if ShcKO influences pathol-
ogy in animal models that die primarily from causes other 
than those commonly observed in C57BL/6 mice.
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Conclusions
The results of the present study indicate that median and 

maximum life spans are not increased in ShcKO compared 
with WT mice. Thus, Shc is not a life span gene. However, 
ShcKO did increase survival time in the first portion (70th 
percentile) of the survival curve in 40% CR mice. This indi-
cates that ShcKO does have an influence on some disease 
processes. Shc proteins play a role in insulin signaling, stress 
resistance, and energy metabolism, and additional studies 
are needed to determine the extent to which these actions of 
Shc proteins influence health span and age-related changes 
in physiological function and disease.
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Supplementary material can be found at: http://biomedgerontology.
oxfordjournals.org/

Funding

This work was supported by National Institutes of Health (www.nia.nih.
gov) (PO1 AGO25532).

Acknowledgment

The authors thank Massimo Stendardo for technical support with the 
mouse breeding colonies at the EIO.

References
 1. Pelicci G, Lanfrancone L, Grignani F, et  al. A novel transforming 

protein (SHC) with an SH2 domain is implicated in mitogenic signal 
transduction. Cell. 1992;70:93–104.

 2. Giorgio M, Migliaccio E, Orsini F, et  al. Electron transfer between 
cytochrome c and p66Shc generates reactive oxygen species that trig-
ger mitochondrial apoptosis. Cell. 2005;122:221–233.

 3. Migliaccio E, Giorgio M, Mele S, et al. The p66shc adaptor protein 
controls oxidative stress response and life span in mammals. Nature. 
1999;402:309–313.

 4. Pacini S, Pellegrini M, Migliaccio E, et al. p66SHC promotes apop-
tosis and antagonizes mitogenic signaling in T cells. Mol Cell Biol. 
2004;24:1747–1757.

 5. Trinei M, Giorgio M, Cicalese A, et  al. A p53-p66Shc signalling 
pathway controls intracellular redox status, levels of oxidation-
damaged DNA and oxidative stress-induced apoptosis. Oncogene. 
2002;21:3872–3878.

 6. Tomilov AA, Ramsey JJ, Hagopian K, et  al. The Shc locus regu-
lates insulin signaling and adiposity in mammals. Aging Cell. 
2011;10:55–65.

 7. Raffaello A, Rizzuto R. Mitochondrial longevity pathways. Biochim 
Biophys Acta. 2011;1813:260–268.

 8. Hagopian K, Tomilov AA, Tomilova N, et al. Shc proteins influence 
the activities of enzymes involved in fatty acid oxidation and ketogen-
esis. Metabolism. 2012.

 9. Nicklas W, Baneux P, Boot R, Decelle T, Deeny AA, Fumanelli M, 
et al. Recommendations for the health monitoring of rodent and rab-
bit colonies in breeding and experimental units. Laboratory Animals. 
2002;36:20–42.

 10. Sprent P. Applied Non-parametric Statistical Methods. 2nd ed. 
London: Chapman and Hall; 1993.

 11. Kleinbaum DG, Klein M. Survival Analysis. New York, NY: Springer; 
2005.

 12. Ikeno Y, Hubbard GB, Lee S, R et al. Housing density does not influ-
ence the longevity effect of calorie restriction. J Gerontol A Biol Sci 
Med Sci. 2005;60:1510–1517.

 13. Pearson KJ, Baur JA, Lewis KN, et al. Resveratrol delays age-related 
deterioration and mimics transcriptional aspects of dietary restriction 
without extending life span. Cell Metab. 2008;8:157–168.

 14. Yuan R, Tsaih SW, Petkova SB, et al. Aging in inbred strains of mice: 
study design and interim report on median lifespans and circulating 
IGF1 levels. Aging Cell. 2009;8:277–287.

 15. Zhang Y, Bokov A, Gelfond J, et  al. Rapamycin Extends Life and 
Health in C57BL/6 Mice. J Gerontol A Biol Sci Med Sci. 2013.

 16. Pellegrini M, Pacini S, Baldari CT. p66SHC: the apoptotic side of Shc 
proteins. Apoptosis. 2005;10:13–18.

 17. Trinei M, Berniakovich I, Beltrami E, et  al. P66Shc signals to age. 
Aging (Albany NY). 2009;1:503–510.

 18. Wills MK, Jones N. Teaching an old dogma new tricks: twenty years 
of Shc adaptor signalling. Biochem J. 2012;447:1–16.

 19. Liang H, Masoro EJ, Nelson JF, Strong R, McMahan CA, Richardson 
A. Genetic mouse models of extended lifespan. Exp Gerontol. 
2003;38:1353–1364.

 20. Giorgio M, Berry A, Berniakovich I, et  al. The p66Shc knocked 
out mice are short lived under natural condition. Aging Cell. 
2012;11:162–168.

 21. Pandolfi S, Bonafe M, Di Tella L, et  al. p66(shc) is highly 
expressed in fibroblasts from centenarians. Mech Ageing Dev. 
2005;126:839–844.

 22. Berniakovich I, Trinei M, Stendardo M, et  al. p66Shc-gener-
ated oxidative signal promotes fat accumulation. J Biol Chem. 
2008;283:34283–34293.

 23. Natalicchio A, De Stefano F, Perrini S, et  al. Involvement of the 
p66Shc protein in glucose transport regulation in skeletal muscle myo-
blasts. Am J Physiol Endocrinol Metab. 2009;296:E228–237.

 24. Nemoto S, Combs CA, French S, et  al. The mammalian longevity-
associated gene product p66shc regulates mitochondrial metabolism. 
J Biol Chem. 2006;281:10555–10560.

 25. Ranieri SC, Fusco S, Panieri E, L et al. Mammalian life-span determi-
nant p66shcA mediates obesity-induced insulin resistance. Proc Natl 
Acad Sci USA. 2010;107:13420–13425.

 26. Napoli C, Martin-Padura I, de Nigris F, et al. Deletion of the p66Shc 
longevity gene reduces systemic and tissue oxidative stress, vascular 
cell apoptosis, and early atherogenesis in mice fed a high-fat diet. Proc 
Natl Acad Sci USA. 2003;100:2112–2116.

 27. Pinton P, Rimessi A, Marchi S, et al. Protein kinase C beta and prolyl 
isomerase 1 regulate mitochondrial effects of the life-span determi-
nant p66Shc. Science. 2007;315:659–663.

 28. Carpi A, Menabo R, Kaludercic N, Pelicci P, Di Lisa F, Giorgio M. 
The cardioprotective effects elicited by p66(Shc) ablation demonstrate 
the crucial role of mitochondrial ROS formation in ischemia/reperfu-
sion injury. Biochim Biophys Acta. 2009;1787:774–780.

 29. Blackwell BN, Bucci TJ, Hart RW, Turturro A. Longevity, 
body weight, and neoplasia in ad libitum-fed and diet-restricted 
C57BL6 mice fed NIH-31 open formula diet. Toxicol Pathol. 
1995;23:570–582.

 at SE
M

M
 on D

ecem
ber 23, 2013

http://biom
edgerontology.oxfordjournals.org/

D
ow

nloaded from
 

http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt198/-/DC1
http://biomedgerontology.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glt198/-/DC1
http://www.nia.nih.gov
http://www.nia.nih.gov
http://biomedgerontology.oxfordjournals.org/
http://biomedgerontology.oxfordjournals.org/



