
                                       AD_________________ 
 
 
Award Number:  W81XWH-04-1-0436 
 
 
 
TITLE: Characterizing a Rat Brca2 Knockout Model 
 
 
 
PRINCIPAL INVESTIGATOR: Michael N. Gould, Ph.D. 
 
 
                
CONTRACTING ORGANIZATION:  University of Wisconsin  
                                                          Madison, Wisconsin  53706-1490 
    
 
REPORT DATE:  May 2007  
 
 
TYPE OF REPORT:  Final  
 
 
PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
                               Fort Detrick, Maryland  21702-5012 
                 
 
DISTRIBUTION STATEMENT: Approved for Public Release;  
                                                  Distribution Unlimited 
 
 
The views, opinions and/or findings contained in this report are those of the author(s) and 
should not be construed as an official Department of the Army position, policy or decision 
unless so designated by other documentation. 



 

 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 
Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the 
data needed, and completing and reviewing this collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing 
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA  22202-
4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently 
valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 
1. REPORT DATE (DD-MM-YYYY)
01-05-2007  

2. REPORT TYPE
Final  

3. DATES COVERED (From - To)
14 Apr 2004 – 13 Apr 2007 

4. TITLE AND SUBTITLE 
 

5a. CONTRACT NUMBER 
 

Characterizing a Rat Brca2 Knockout Model 5b. GRANT NUMBER 
W81XWH-04-1-0436 

 5c. PROGRAM ELEMENT NUMBER 
 

6. AUTHOR(S) 
 

5d. PROJECT NUMBER 
 

Michael N. Gould, Ph.D. 5e. TASK NUMBER 
 

E-Mail:  gould@oncology.wisc.edu  
 

5f. WORK UNIT NUMBER
 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
 

8. PERFORMING ORGANIZATION REPORT   
    NUMBER

University of Wisconsin                                                            
Madison, Wisconsin  53706-1490

 
 
 
 

 
 
 

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
U.S. Army Medical Research and Materiel Command   

Fort Detrick, Maryland  21702-5012   
 11. SPONSOR/MONITOR’S REPORT 
        NUMBER(S)
   
12. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited  
 
 
 

13. SUPPLEMENTARY NOTES
  

14. ABSTRACT  
 
Brca2 mutation carriers, while rare in the population, have a high probability to develop breast cancer. In order to better understand the etiology of this 
disease, as well as to develop pre-vention and treatment strategies for it, we require good animal models. In this project we character-ized the first rat 
knockout produced, which was that of the Brca2 locus. We showed that Brca2-/- rats survive and develop multiple cancers, but not breast cancer. The lack of 
breast cancer was likely due to a Brca2-/- associated lack of ovarian follicular development. We developed two approaches to address this problem using 
inbred WF rats on which this knockout allele was placed. The first involved trans-planting wild-type ovaries to knockout rats. Brca2-/- rats having wild type 
ovaries did not develop mammary carcinomas, due to regression of the transplanted tissue over time. The alternative strategy was to transplant mammary 
glands from Brca2-/- rats into wild type rats. Brca2-/- mammary glands did not develop carcinomas when transplanted into wild type recipients. However their 
morphologic characteris-tics differed from wild type transplants, showing a higher degree of branching and lobularity. As an alternative to these transplant 
models, we induced mammary carcinomas in Brca2+/- and Brca2+/+ controls with 7,12,dimethylbenz(a)anthracene (DMBA) and nitrosomethylurea (NMU), but 
found no differences in tumor multiplicity between the two genotypes. Although we were unable to produce a mammary tumor model, the Brca2-/- knockout rat 
provides a valuable complement to existing mouse models to study the tissue-specific functions of the Brca2 protein. 

15. SUBJECT TERMS  
Brca2; breast; mammary; rat model; knockout 

16. SECURITY CLASSIFICATION OF: 
 

17. LIMITATION  
OF ABSTRACT

18. NUMBER 
OF PAGES

19a. NAME OF RESPONSIBLE PERSON
USAMRMC  

a. REPORT 
U 

b. ABSTRACT
U 

c. THIS PAGE
U 

 
UU 

 
51 

19b. TELEPHONE NUMBER (include area 
code)
 

 Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18

mailto:gould@oncology.wisc.edu


 

   

 
 
 

Table of Contents 
 

 
 

Introduction…………………………………………………………….…………....   4 

 
Body…………………………………………………………………………………….   4 
 
Key Research Accomplishments………………………………………….………   10 
 
Reportable Outcomes……………………………………………………………….   10 
 
Conclusions…………………………………………………………………………..   10 
 
References……………………………………………………………………………   11 
 
Appendices……………………………………………………………………………   11  
          



Gould, Michael N. 
W81XWH-04-1-0436 

 

 4

INTRODUCTION  
 
 Carriers of mutations in the BRCA2 gene have increased risk for developing cancers of 
the breast, ovary, colon and pancreas.  In general, carriers are defined as individuals with protein 
truncating mutations within the Brca2 allele.  Many Brca2 knockout lines have been produced 
and characterized in the mouse.  Mutations that truncate the protein to remove exon 11 and 
downstream exons always result in lethality.  The mouse knockout truncating Brca2 the farthest 
5' (after the third exon 11 BRC repeat) allows a very limited number of pups to survive to 
adulthood.  In contrast, the rat Brca2 knockout we produced was predicted to truncate the protein 
upstream of the corresponding mouse knockout, leaving only 2 modestly conserved BRC 
repeats.  For this rat line, Brca2 homozygous knockouts are 100% viable (1).  The first six litters 
from the founder rat 3983 produced 35 heterozygous knockouts out of 64 N2 pups, 
demonstrating the Mendelian inheritance of this knockout gene in N2 pups.  Brca2 heterozygous 
N2 male and female rats were bred to produce Brca2 homozygous knockout pups.  The first set 
of N2F1 pups produced included 54 male and 58 female pups.  The ratio of Brca2 homozygous 
knockout rats to Brca2 heterozygous and wild-type rats was approximately 1:2:1.  Body weight 
data were collected for all N2F1 pups starting at weaning and show a clear phenotype of growth 
inhibition of male and female Brca2 homozygous knockout rats.  These rats are sterile and 
reduced in size but otherwise healthy up to ~6 months of age.  Histopathological analysis of 
gonads from the Brca2 homozygous male and female rats shows severe atrophy that is not 
observed in the Brca2 heterozygous and wild-type rat gonads (2).  The goals of this proposal 
were to characterize this first-ever rat knockout, which is for Brca2, as an in vivo model and on a 
cellular level.  We also used this model to begin to address one of the most important 
unanswered questions regarding the Brca genes – what accounts for the organ specificity of 
carcinogenesis resulting from the full or partial inactivation of the Brca proteins? 
 
BODY 
 
 The goals of this project were to be accomplished by the following specific aims:  
Aim 1:  Rat Brca2 knockouts will be characterized as an in vivo model.  (a) It is critical to 
determine if the Brca2 knockout rats will develop mammary carcinomas.  Female rats with the 
Brca2 knockout allele on the SD and WF background strains will be followed with and without 
hormonal (estrogen) replacement for up to eighteen months.  (b) These rats will also be used to 
observe general Brca2-related pathological changes.  Aim 2:  Brca2 homozygous knockouts will 
be characterized on a cellular level.  This will include:  (a) evaluating cells for truncated Brca2 
protein; (b) testing for the interaction of the truncated Brca2 protein with RAD51; (c) for nuclear 
co-localization; and (d) testing the sensitivity of primary embryonic fibroblasts to ionizing 
radiation.  Aim 3:  Test the hypothesis that the modifying effect of the Brca2 truncation mutation 
on in vivo radiation sensitivity is organ specific.  We will compare the radiation sensitivity of the 
Brca2 homozygous knockouts to wild-type littermates (WF strain) for three organs – mammary, 
thyroid, and liver, using a limiting dilution transplantation/regrowth assay. 
 
Aim  1.  The goal of this aim is to determine if mammary carcinomas would develop in Brca2-/- 
rats.  We continued to devote all of our efforts in the past year toward developing a model for 
mammary carcinogenesis. 
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Maintain rat colonies and expand Brca2-SD and Brca2-WF knockout rat lines.  Currently, the 
SD line is in the N15 backcross generation.  Heterozygous male carriers are being transferred to 
a repository, so that they will be available to other investigators.  The WF line has been 
discontinued, as efforts to establish a mammary carcinogenesis model in this strain have not been 
successful. 
 
Conduct short-term mammary bio-assays of hormonal transplantation assays.  In 2005, we 
reported the effects of short-term estrogen replacement given via Silastic capsules on the Brca2-/- 
mammary gland.   
 
Conduct long-term mammary carcinogenesis experiment.  The results of long-term analysis for 
spontaneous tumor development in the SD strain were reported in 2005.  These findings have 
been published (2).   
 
Long-term phenotype in male Brca2-/- rats having the WF genetic background.  Since the key 
findings of long-term phenotypic analyses of the SD strain were a high incidence of cataracts and 
sarcoma in both male and female rats, we assessed 8 male Brca2-/- rats having the WF genetic 
background for the presence of cataracts or spontaneous tumor development.  Rats were kept for 
12-15 months.  Three rats were euthanized due to dental abscesses and three because of 
respiratory or other illness.  The two remaining rats appeared healthy at the conclusion of the 
study.  None of the rats had cataracts or tumors.  The resistance of the WF strain to these 
diseases is likely due to genetic modifiers. 
 
Mammary carcinogenesis studies using chemical carcinogens in rats having the SD genetic 
background.  The results of 6 months of estrogen replacement on mammary tumorigenesis in 
ovariectomized Brca2-/-, Brca2+/- and Brca2+/+ SD rats were reported in 2006.  Due to  
complications observed in this model, we explored an alternative to establish a breast cancer 
model using the chemical carcinogens, 7,12,dimethylbenz(a)anthracene (DMBA) and 
nitrosomethylurea (NMU).  For these analyses, we compared susceptibility of Brca2+/+ to 
Brca2+/- rats, since it is likely that the small size of Brca2-/- rats would compromise survivability.  
Rats were necropsied 12 or 15 weeks following DMBA or NMU administration, respectively. 

Administration of DMBA or NMU did not significantly increase the number of 
mammary carcinomas in Brca2+/- rats having the SD genetic background, compared with those 
having wild type Brca2 (Figures 1 and 2).  The average number of carcinomas per rat following 
DMBA treatment was 2.4 +/- 1.9 in wild type rats (n = 24), compared with 3.0 +/- 2.4 (standard 
deviation) in heterozygotes (n = 25).   Similarly, NMU treatment resulted in an average of 2.2 +/- 
1.7 carcinomas per rat in Brca2+/+ animals (n = 23) and 3.2 +/- 2.4 carcinomas per rat in Brca2+/- 
animals (n = 27).    



Gould, Michael N. 
W81XWH-04-1-0436 

 

 6

 
Figure 1.  Scatter plots showing the distribution of the individual number of mammary 
carcinomas in Brca2+/+ and Brca2+/- SD rats treated with DMBA (left panel) or NMU (right 
panel).  Rats were given 65 mg/kg body weight DMBA or 50 mg/kg body weight NMU by 
gavage at 50-55 days of age and sacrificed 12 or 15 weeks after treatment, respectively. The 
black horizontal bars represent the mean for each group; each symbol represents the number of 
mammary carcinomas for each individual rat. ○ = Brca2+/+, ■ = Brca2+/-. 
                              

Although treatment with either carcinogen did not result in a significant increase in the 
number of mammary carcinomas in heterozygous rats compared with wild type littermates, 
NMU-treated heterozygous rats had a slight trend toward increased mammary carcinoma 
multiplicity (Figure 1).  We conclude that the outbred SD genetic background may have 
contributed to variability in the response to NMU. 
 
Mammary carcinogenesis studies in rats having the WF genetic background.  Since a trend 
toward increased mammary carcinogenesis was seen in SD Brca2+/- rats, we conducted a small 
mammary carcinogenesis study using NMU in Brca2+/+ (n = 15) and Brca2+/- (n = 9) rats having 
the WF genetic background.  The average number of mammary carcinomas in Brca2+/+ rats was 
4.7 +/- 2.5 (standard deviation) and was Brca2+/- 5.3 +/- 2.9.  There was no statistical difference 
between these groups (t test, StatView, SAS, Cary, NC). 
 
Ovarian transplant studies.  The goal of this model was to correct insufficient ovarian hormone 
secretion in Brca2-/- recipients by transplanting Brca2+/+ ovaries.  

In 2006, we reported the results of short term ovarian transplant studies.  We showed that 
transplantation of Brca2+/+ ovaries into the subscapular fat pad of Brca2-/- recipients was 
successful, as determined by estrus cycling and a growth response in the Brca2-/- mammary 
gland, and by verification of the presence of ovarian tissue by histology of excised transplant 
sites.   

We assessed mammary carcinogenesis over a 9- to 12-month period in 12 controls 
(Brca2+/+ donor ovary transplanted into Brca2+/+ recipients) and in 20 Brca2-/- rats that received 
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Brca2+/+ ovaries.  Neither group had mammary carcinomas at the conclusion of the experiment.  
We surmise that the transplanted ovaries stopped production of estrogen over time, based on the 
appearance of the transplanted ovarian tissue at the conclusion of the experiment.  In the majority 
of rats, the transplanted ovary was cystic and/or necrotic.   
 
Mammary transplant studies.  The goal of these studies was to assess carcinogenesis of the 
Brca2-/- mammary gland after allowing it to develop in the normal hormonal environment of 
Brca2+/+ hosts.   
 In the 2006 report, we discussed validation of the mammary gland transplant 
methodology following assessment of short term transplants.   We have concluded a long-term 
mammary carcinogenesis experiment using 12 controls (Brca2+/+ mammary gland transplanted 
into Brca2+/+ hosts) and 20 Brca2+/+ recipients having Brca2-/- transplants.  Rats were kept for 
12 months in order to assess for tumor formation in the transplanted tissue.  At necropsy, the 
susbscapular fat pad was dissected from 8 controls and 17 Brca2-/-donors, fixed in 10% neutral 
buffered formalin, and stained with aluminum carmine for whole mount analysis. Some of the 
formalin-fixed samples (6 controls and 11 from Brca2-/-donors) were embedded in paraffin for 
analysis of histology from hematoxylin and eosin (H&E) stained sections.  Some samples were 
split for both whole mount and histology (3 controls and 9 from Brca2-/-donors).  The results of 
evaluation of H&E stained sections are summarized in Table 1.   
 
Table 1.  Analysis of histology of transplanted mammary tissue from sections. 

Histologic Appearance of Transplanted Mammary Tissue  
Donor→Recipient 
Brca2 Genotype 

Normal Normal with 
Hyperlobular 

Areas 

Milk Cyst Carcinoma 

Brca2+/+→Brca2+/+ 4/6  0/6 1/6  1/6  
Brca2-/- →Brca2+/+ 6/11  3/11  1/11  0/11  

 

 Normal mammary ducts were the most common finding seen in histologic sections of 
tissue (Table 1 and Figure 2A).  This was true for transplants from both Brca2 genotypes. 
However, 3 out of 11 slides evaluated from Brca2-/- donor transplants had proliferative 
hyperlobular foci, in addition to normal areas. Milk cysts were observed in two transplants, one 
from each donor genotype (Figure 2B).  The only carcinoma found originated from a Brca2+/+ 
transplant (Figure 2C).   
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Figure 2.  Hematoxylin and eosin stained sections showing histologic appearance of mammary 
tissue transplanted into subscapular fat pads of Brca2+/+ recipients. Tissue was removed 1 year 
after surgical transplantation.  f = fat cells, e = epithelium, s = stroma, n = necrosis.  Panel A: 
transplanted epithelium from Brca2+/+ donor a having a normal appearance.  Panel B:  
Transplant from a Brca2-/- donor having a milk cyst.  The arrow points to a dilated duct 
containing caseinous material.  Panel C:  Mammary carcinoma from Brca2+/+ donor having a 
necrotic center. Photographs were taken at 20X magnification. 
 

 The results of morphologic assessment of whole mounted transplant tissue are 
summarized in Table 2.  The majority of controls having Brca2+/+ transplants had a low degree 
of branching and lobularity (Figure 3A).  In contrast, Brca2-/- transplants had a higher percentage 
of those with a proliferative phenotype, with a high degree of branching and/or lobularity (Figure 
3B).  The hyperlobular appearance may therefore coincide with or precede the presence of 
caseinous milk cysts. 
 We conclude that the mammary transplant methodology was appropriate, as one 
carcinoma developed spontaneously from a Brca2+/+ donor.  This finding coincides with the rare 
incidence of spontaneous mammary carcinomas in WF rats. The high degree of lobularity in the 
Brca2-/-, compared with Brca2+/+ transplants, may indicate an increased sensitivity to prolactin 
or progesterone, as these hormones play a major role in lobular growth and differentiation. 
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Table 2. Morphologic analysis of transplanted tissue morphology from whole mounts.  
Donor→Recipient 

Brca2 Genotype 
Degree of Branching 

                       
   Low        High       Both    

Degree of Lobularity 
 

      Low              High 
Brca2+/+→Brca2+/+ 7/8 0/8 1/8 8/8 0/8 
Brca2-/- →Brca2+/+ 8/17 6/17 3/17 9/17 8/17 

 

 
Figure 3.  Aluminum carmine stained whole mounts of transplanted mammary tissue from A: 
Brca2+/+ donor, showing minimal branching and lobularity; and B: Brca2-/- donor, showing a 
high degree of branching and lobularity.  Photos were taken with a digital camera. 
 

Aim 2.  Characterization of Brca2 homozygous knockouts 
 
Assay for the presence of truncated Brca2 in knockout mammary cells.  In 2006, we reported the 
presence of full length BRCA2 in Brca2+/+ and Brca2+/- testes extracts using western blotting.  
The protein was absent in the testes extracts of Brca2-/- rats.  A truncated form was present in 
Brca2-/- and Brca2+/- extracts, but was absent in Brca2+/+ samples.  These findings were 
subsequently published in (Cotroneo, et al., 2006). We did not detect the BRCA2 protein in 
mammary gland extracts, due to low expression levels. 
 
Assay for the interaction of the truncated BRCA2 protein and RAD51 and determine their 
cellular localization.  Due to undetectable expression levels of BRCA2 in the mammary gland 
using the available antisera (from L. Chodosh), we did not conduct these assays. 
 
Aim 3.  Determine the in situ radiation sensitivity for mammary, thyroid, and liver parenchymal 
clonogenic (stem-like)cells using a limiting dilution transplantation assay in vivo.  We did not 
pursue this Aim, as all of our resources were devoted to developing a mammary carcinogenesis 
model. 
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KEY RESEARCH ACCOMPLISHMENTS 
 
 -We evaluated mammary carcinogenesis in Brca2+/- rats having SD background genetics 
using the chemical carcinogens DMBA and NMU.  Heterozygous rats did not have significantly 
increased mammary tumorigenesis, compared with control littermates having wild type Brca2, 
although NMU-treated Brca2+/- rats had a slight increase in the number of mammary 
carcinomas.  Administration of NMU to Brca2+/- rats having the WF genetic background did not 
result in increased tumorigenesis, compared with wild type controls. 
 
 -We concluded a long-term study evaluating an ovarian transplant model, where Brca2+/+ 

donor ovaries were given to Brca2-/- recipients in order to correct ovarian hormone secretion.  
Mammary carcinomas did not develop, presumably due to limited long term survival of the 
transplants. 
 
 -We completed long-term analysis for mammary carcinogenesis in Brca2+/+ hosts 
receiving Brca2+/+ or Brca2-/- mammary transplants.  The Brca2-/- mammary glands did not 
develop into carcinomas.  However, they showed a higher frequency of hyperlobularity, 
compared with Brca2+/+ transplanted mammary glands, suggesting that the absence of BRCA2 
may result in increased hormonal sensitivity. 
 
REPORTABLE OUTCOMES 
 
 Our paper describing the phenotypic analysis of the Brca2 knockout rat has been 
published (2). 
 
 The results of the chemical carcinogenesis and transplant studies have been included in a 
review article entitled “Genetically Engineered Rat Models for Breast Cancer“, for publication in 
Breast Disease (3).  The article is attached (see Appendix). 

 
CONCLUSIONS 

 
We showed that our rat Brca2 knockout allele codes for a truncated protein which lacks 

most of the peptide coded from exon 11 to the carboxy-terminus.  We demonstrated that rats 
homozygous for this knockout allele develop cataracts and a variety of cancers over their first 
year of life.  Unexpectedly, none of these excess cancers were of breast origin.  The likely 
explanation for this is the observation that female germ cells (ova) do not normally develop.  
This is likely due to defective homologous recombination downstream from Brca2 inactivation.  
The lack of developing follicles reduces circulating estrogen levels.  The lack of physiologic 
estrogen levels likely prevents mammary carcinoma development.   

To circumvent this problem, we used several methods.  We evaluated estrogen 
replacement using surgically implanted capsules, but this study was dropped due to toxicity.  
Alternatively, we attempted to provide a normal hormonal environment for the Brca2-/- 
mammary gland by developing two tissue transplant models.  Using rats having the WF genetic 
background, we transplanted Brca2+/+ ovaries into Brca2-/- recipients.  Although the transplanted 
ovaries induced estrus cycling in the recipients initially, no mammary carcinomas developed, 
presumably due to lack of long-term survival of the ovarian tissue.  As an alternate strategy, 
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Brca2-/- mammary glands were transplanted into Brca2+/+ recipients.  Although the Brca2-/- 
transplants showed a higher degree of lobularity and branching compared to controls, they did 
not develop into carcinomas.  As an additional strategy to develop a mammary carcinogenesis 
model, we induced mammary carcinomas chemically with NMU and DMBA in Brca2+/- and 
Brca2+/+ rats.  However, incidence did not differ between these groups.   
 Although our attempts to establish a mammary cancer model using the Brca2-/- knockout 
rat were unsuccessful, we have produced a valuable genetic model.  This model provides an 
important alterative to traditional mouse Brca2 knockouts, due to the viability of Brca2-/- 
offspring. Therefore, further studies can be done to study the functions of the Brca2 protein in 
various tissues, and their relationship to cancer.  Additionally, the Brca2-/- had an unexpected, 
highly penetrant phenotype of increased cataractogenesis, providing a model for the study of this 
disease.  
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A R T I C L E S  

= Production of knockout rats using EN U mutagenesis 
% s and a yeast-based screening assay 
2 

Yunhong zan1n2, Jill D Haag1.2, Kai-Shun Chenl, Laurie A Shepel1, Don Wigingtonl, Yu-Rong Wangl, Rong Hul, 
Christine C Lopez-Guajardol, Heidi L Brosel, Katherine I Porter1, Rachel A Leonard1, AndrewA Hittl, 
Stacy L Schommerl,   nu F ~legbede' & Michael N Gouldl 

The rat is a widely used model in biomedical research and is often the preferred rodent model in many areas of physiological and 
pathobiological research. Although many genetic tools are available for the rat, methods to produce gene-disrupted knockout rats 
are greatly needed. In this study, we developed protocols for creating N-ethyl-N-nitrosourea (ENU)-induced germline mutations 
in several rat strains. F1 preweanling pups from mutagenized Sprague Dawley (SD) male rats were then screened for functional 
mutations in Brcal and Brca2 using a yeast gap-repair, ADE2-reporter truncation assay. We produced knockout rats for each of 
these two breast cancer suppressor genes. 

P 

The rat is an important murine model for studies in physiology, 
pathobiology, toxicology, neurobiology and a variety of other disci- 
plines'. The rat is of value in these fields because it is larger than the 

2 mouse and because a plethora of organ-specific physiologic and dis- 
ease models have been developed for it over the last century. The 

h importance of the rat as a biolo&d model has led to an intense effort 
to also establish it as a strong genetic model. A key genetic technology 
available for the mouse but not for the rat is the production of animals 
in which specified genes have been disrupted (knockout animals)l. ea 

0 This is due in part to the inability to produce functional rat embryonic 
stem cells. In addition, rats have not been generated to date by nuclear 

@ transfer (National Institutes of Health Meeting on Rat Model 
Priorities, May, 1999, http://www.nhlbi.nih.gov/resourcesldocs/ 
gpg.htm). Here we report a method to produce knockout rats using an 
alternative approach. 

The first step of our method consists of mutagenizing male rats with 
ENU. In mice, ENU is currently the mutagen of choice for the produc- 
tion of heritable altered phenotypes213. ENU was the most efficient 
mutagen tested4 and was estimated to cause one functional mutation 
per 1,000 alleles tested (0.5-1.5 mutations per locus per p r~geny)~ .~ .  It 
is important to stress the word 'functional'because the total number of 
mutations is much higher. Beier et al. calculated that theoretically 
there would be 10 actual sequence changes per 1,000 alleles, but that 
only 1 in 10 of these would result in a functional change leading to a 
phenotypic varian@. A main goal in this study was to develop a 
method that not only identifies Fl rats with mutations in selected 
genes, but also prequaliiies mutations that are likely to alter function, 
thus reducing wasted effort in downstream characterization of muta- 
tions that do not alter gene function. Thus, the second step of our 
approach involves yeast-based screening assays that select for various 
classes of functional mutations. These assays use gap-repair cloning to 
integrate either genomic DNA (gDNA) or D N A  of a selected gene 

between the yeast promoter ADHl and the reporter gene ADE2 to 
form a chimeric protein. If the DNA from a specific allele contains 
functional mutations that interfere with translation, then an active 
ADE2 chimeric protein is not produced, resulting in small, red yeast 
colonies instead of the large, white colonies found when screening 
wild-type DNA. We have combined ENU mutagenesis and yeast-based 
screening assays to generate two knockout rats for the breast cancer 
suppressor genes Brcal and Brca2. 

RESULTS 
Development of ENU mutagenesis protocols for the rat 
Genome-wide mutagenesis protocols using ENU were established for 
three rat strains: inbred Wistar-Furth (WF), inbred Fischer 344 (F344) 
and outbred SD. Sexually mature 9-week-old male rats were given 
either a single intraperitoneal injection of ENU or a split dose with 
injections spaced a week apart. Fertility was determined at various 
times after ENU treatment (Table 1). The strains differed in their sensi- 
tivity to ENU-induced permanent sterility in a dose-dependent 
manner, with the WF strain being the most sensitive and the SD strain 
able to tolerate the highest doses, In all strains tested, ENU-treated male 
rats rarely recovered fertility after a period of complete sterility, unlike 
many strains of ENU-treated mice6. Average litter size was reduced in 
both the SD and F344 strains around weeks 7-9 after ENU treatment, 
the same time period in which we observed reduced fertility in the 
ENU-treated males. All fertile mutagenized male rats provided viable 
litters up to 1 year after ENU treatment; however, their lifespan was 
shortened, with many developing skin and kidney tumors and 
lymphomas at approximately 1 year of age. None of the doses listed in 
Table 1 were acutely toxic to the rat strains tested. 

Mutagenized male rats were used to generate F, offspring, and phe- 
notypically variant mutant pups were visually identified before wean- 
ing at 3-4 weeks of age. Abnormalities of the eyes, tail and growth were 
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Table 1 Effects of ENU treatment on male rat fertility and determination of heritable, phenotypic mutations of F1 rats derived from ENU-treated 
male rats 

Rat strain ENU dose % male rats No. phenotypic Heritable Non-heritable Sterile UnknownC 

(rnglkg) fertilea mutants o b s e ~ e d ~  

SD 75 100% nd  

SD 100 80% 511068 0 1 0 4 
SD 120 33% 21347 0 1 0 1 
SD 150 0% n d  * SD 

0 
200 0% nd  - o SD 

C 
2x50  100%' 41524 1 

5 SD 2 x 60 100% 7414758 13 
SD 2x75 20% 111 12 0 
SD 2 x  100 0% n d  
SD c. 0 100% 31849 0 0 2 1 a 

75 100% nd  
100 67% 161587 1 1 5 9 

'? 
g! F344 120 0% nd  
a L, F344 2x50 60% 151297 1 1 1 12 

F344 2x60 40% 51145 0 0 0 5 
2 x 75 0% nd  

P 
2 x  100 0% n d  

F344 0 100% 21372 0 0 0 2 

Q WF 25 30% 31366 1 1 0 1 
WF 35 33% 1136 0 1 0 0 

(3 WF 50 25% 2125 0 0 0 2 
m 
E WF 75 0% nd  
E 
o WF .- 100 0% nd  

WF 2x15 17% nd  
3 
P WF 2x25 17% 2128 

WF 
3 

2 x 50 0% n d  
C a WF 2 x 75 0% nd 

WF 0 100% 015 1 nla nla nla nla 
0 
0 aENU-treated male rats ( n  = 3-12) were paired with fertile female rats every 2 weeks from weeks 7-26 after ENU administration. Vaginal plugs were Observed for all infertile 

!reeding pairs. Fertility was based upon abilily to produce a viable litter when bred with females of the same strain. bAll Fl pups from litters conceived at least 10 weeks after 
:NU treatment were visually examined for gross abnormalities in physical development or behavior at least twice before weaning at approximately 21 d of age. Details of the 
nutants aregiven in Supplementary Table 1 online. nd, not determined; nla, not applicable. Clncludes all phenotypic mutant F1 rats that were not evaluated or that died before 

producing a litter. 

those most commonly observed in the F1 pups (see Supplementary 
Table 1 online). Using a split dose protocol of 2 x 60 mg ENUIkg body 
weight in SD male rats, a screen of visually apparent phenotypes 
revealed a rate of phenotypically detectable mutants of 1 in 64 F, rats 
(Table 1 and Supplementary Table 1 online). A subset of the pheno- 
typic mutant F1 rats was tested for inheritance. Approximately one- 
half of those that produced viable litters showed heritability of the trait 
(Tables 1 and 2 and Fig. 1). 

Development of a yeast-based assay for mutation screening 
We chose to use the outbred SD rat for the mutation-screening studies 
owing to its tolerance of ENU treatment, to the variety of ENU- 
induced, heritable phenotypic mutants identified and to its large litter 
sizes. We used a split dose of ENU (2 x 60 mglkg) to mutagenize male 
SD rats. These rats were then bred to wild-type female SD rats to pro- 
duce F, pups that were screened for mutant alleles of Brcal and Brca2. 

Two related truncation assays7.* were developed to screen the Brcal 
and Brca2 genes of these F, pups for functional mutations that could 
interfere with protein translation (Fig. 2). The first assay uses gDNA as 
a starting macromolecule, whereas the second assay begins with total 

RNA that is reverse-transcribed to cDNA. In both assays, PCR is used 
to amplify fragments of the gDNA exon or the cDNA targeted for 
knockout (Fig. 2). The gap-repair vectors are customized for each tar- 
geted fragment by cloning in small 5' and 3' sequences from the frag- 
ment of interest. For Brcal, three vectors were generated, and the third 
vector (used for the cDNA assay) is shown in Fig. 2. For Brca2, three 
vectors were also generated and the second is shown in Fig. 2. The 5' 
and 3' end sequences from each fragment were cloned in tandem and 
separated by a unique SmaI restriction enzyme site, which allows the 
plasmid to be linearized. The linearized vector is then transformed 
together with unpurified PCR product of the gene-specific fragment 
into competent yeast (S. cereyisiae, yIG397 strain) cells. Following 
transformation, the gene-specific fragment is cloned in vivo into the 
gap-repair vector by homologous recombination. Once incorporated 
into the vector, the gene fragment is then located behind the yeast pro- 
moter ADHl and in front of the reporter gene ADE2, with which it 
jointly codes for a functional chimeric protein. This yeast strain lacks 
ADE2 function that can be restored by this chimeric protein. Yeast 
cells that produce chimeric ADE2 protein grow efficiently and form 
large white colonies when plated on selective medium. In the absence 
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Table 2 ENU-induced heritable phenotypes mately half the colonies will be red and half 
white after accounting for a background rate Line Strain F1 founder Initial ENU Observed Confirmed in 

sex dose (mglkg) phenotype multiple litters of red colonies. 

9 F344 Female 100 . No left eye Yes Establishment of a BrcaZ knockout rat line 
18 SD Female 2 x 60 Crooked tail and slit eyes Yes We looked for disruption of the Brca2 gene 

Male 
Female 
Female 
Female 
Male 
Female 
Female 
Female 
Female 
Female 

Growth on taila 

Red ring eyesa 

Oblong face 
Slit eyesa 

tail 
Bald spots 
Hooklike taila 

Scaly skin 
Head tilt 
Scaly skin 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

with a gDNA assay, focusing on exon 11 <the 
largest exon, representing roughly half of the 
cDNA) (Fig. 2). This large exon was divided 
into three regions of -1,700 base pairs (bp) 
each, and the second and third fragments 
were used for screening. Primer sequences 
for each fragment are given in 
Supplementary Table 2 online. We.screened 
gDNA from 788 preweanling F1 rat pups 
before finding a mutated Brca2 allele using 
the second-fragment vector (Fig. 2). The 

5 61 SD Male 2 x 60 Swollen feet Yes 
'? knockout rat was the only one-identified 

f 63 SD Male 2 x 60 Additional digits on hind feeta Yes with this Brca2 mutation out of 296 F, off- 
% 64 SD Male 2 x 60 Additional digits on hind feet Yes spring screened from this specific mutage- 

68 SD Male 2 x 60 Kinked tail Nob nized father, indicating that this mutation 
71 SD Male 2 x 60 Curly hair and whiskersa Nob was not a preexisting germhe  mutation in 

0. a O b ~ e ~ e d  altered phenotypes are shown in Figure 1. bOnly one litter has been produced to date; however, breeding of 
this SD father. Similarly, the female parent 

founder rat is ongoing. produced over 40 offspring, including 10 lit- 
termates of the knockout rat, none of which 

P carried the Brca2 mutation. The Brca2 % of functional chimeric protein the yeast cells grow poorly and form knockout rat was detected in our gDNA assay by a yeast plate that 
o, small red colonies. Thus, for Brcal and Brca2, if the DNA donor FI had approximately 45% red colonies and 55% white colonies (Fig. 

pup is wild type for the incorporated gene fragment, the assay yields 3a, right dish). The average background of red colonies was very low 
.g large white colonies. If, however, the donor rat DNA contains a func- (Fig. 3a, left dish) for this gDNA assay (0.5% f 0.6%, n = 10). Next, 

tional mutation in one allele of Brcal or Brca2in the assayed fragment, individual red and white yeast colonies were sequenced. A nonsense 
h the translation of a functional hybrid ADE2 protein is prevented and transversion mutation was detected at nucleotide T4254 of the Brca2 

small red colonies are produced. In this assay, a functional mutation cDNA that converted TAT (tyrosine) to TAA (stop codon) at Tyr1359 
for Brcal and Brcd in a rat will be heterozygous; therefore, approxi- (Fig. 3a, lower panel, upper and center sequences). AITjTIA trans- 

z 
*) 

version mutations are the most common mutation type (44%) 
o found in mice bearing ENU-induced, phenotypically detectable 
8 a germline  mutation^^.^. Genomic DNA from the founder rat 3983 was 
Q sequenced and found to contain the identical mutation as detected in 

the yeast red colonies (Fig. 3a, lower panel, lower sequence). 
In conjunction with the gDNA assay, we used the cDNA yeast assay 

with the same Brca2 fragment 2 vector to screen N2 pups resulting 
from the breeding of the BrcaZ knockout founder male rat 3983 to 
SD females. Both methods identified the same 9 out of 14 pups from 
the first litter of rats carrying this Brca2 mutation, and these results 
were confirmed by the direct sequencing of gDNA from each N, pup. 
This verified the utility of the yeast assay starting from either gDNA 
or RNA. This cDNA assay had a background of 15.3% f 2.0% 
(n = 20) for wild-type pups and 48.5% f 2.1% (n = 36) red colonies 
for knockout pups. Sequencing BrcaZ fragment 2 DNA of 60 red 
colonies from the cDNA assay of the knockout pups confirmed this 
background frequency, in that 17% (10160) of the sequenced clone 
fragments lacked the specific stop codon mutation. Interestingly, the 

Figure 1 Heritable phenotypic mutant rats. Male rats were given E N U  
and then bred to produce F1 pups that were observed for visible altered 
phenotypes. Details of these derivations are listed in Table 2. The 
phenotypic mutants and control rats shown include: (a) line 63 rat with 
multiple digits on hind foot; (b) control rat hind foot; (c) line 19 rat with 
growths on tail; (dl line 44 rat with hook-like tail; (e) line 28 rat with red 
ring eyes; (f) line 32 rat with slit eyes; (g) line 71 rat with curly hair and 
whiskers, no eye abnormality; (h) control rat. 
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RNA prep 
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~o'ial RNA 
f T-PCR 

Genomic DNA 

PC.\ 

ACI and (SD x ACI) 6 rats 

I RNA prep 
(cDNA assay) 

Total RNA 

RT-PCR 
55 119 

PCR prcduct 

Gap repair 

Truncated agouti-ADE2, mmpfi. awuti*DEE2' 
BrcaI -AD= or Brca2-ADE2 Brcal-ADE2 or Brca2-ADE2 

fusion protein 

Selection of transformants 

Wild-type fusion 
proteln produces 

white ADE' colonies 

Truncated fusion 
protein produces 
red ADE-colonies 

n 
Figure 2 Brcal, BrcaZand agoutiyeast cDNNgDNA truncation assays. For Brcal and BrcaZassays, male 

s rats are treated with € N U  and bred to produce F1 pups. DNA and R N A  are isolated from tail clipsof one- 
CI week-old F1 rats for Brcal and Brca2. For the A (agoutl) assays, a small piece of ventral skin from ACI or 

(SD x ACI) F, rats is excised and used for R N A  isolation. Total R N A  is reverse-transcribed and both the 
g resultant cDNA (Brcal or A) and isolated gDNA (BrcaZ) are amplified using PCR for selected DNA regions. 
cu The gap repair vectors are customized for each targeted fragment. The 5' and 3' sequences for the Brcal 
@ .rector are derived from nucleotides 3974-4075 and 5464-5548 of the Brcal cDNA (GenBank no. 
a \F036760), respectively. The 5' and 3' sequences for the Brca2vector are derived from nucleotides 

3518-3618 and 5101-5204 of the BrcaZcDNA (GenBank no. U89653, mRNA), respectively. The 
Brcal and BrcaZvectors shown are those that ultimately led to the identification of the knockouts. A 
single gap vector was constructed using the 5' and 3' sequences derived from nucleotides 55-1 19 and 
435-484 of the A mRNA sequence (GenBank no. A80455871, respectively. Following transformation, the 
gene-specific fragment is cloned in vivo into the gaprepair vector by homologous recombination. The wild- 
type gene fragment codes for a functional fusion protein with the ADEZgene of the vector and forms large 
white wlonies when plated. A truncated gene fragment will not form a functional protein and the colonies 
will be small and red. 

background rate for the cDNA assay was over an order of magnitude 
higher than the gDNA assay, suggesting that most of the background 
in the CDNA assay comes from DNA replication errors in the reverse 
transcription reaction. 

N2 pups produced from founder 3983 included 35 heterozygous 
knockouts out of 64 pups, demonstrating the mendelian inheritance 
of this knockout gene. Brca2 heterozygous N2 male and female rats 
were bred to produce Brca2 homozygous knockout pups. The ratio 
of Brca2 homozygous knockout rats to Brca2 heterozygous rats to 
wild-type rats was approximately 1:2:1. Body weight data were col- 
lected for all N2F2 pups starting at weaning. The results illustrate a 
dear phenotype of growth inhibition of male and female Brca2 
homozygous knockout rats (Fig. 3b). These rats are sterile and 

reduced in size but otherwise healthy. 
Histopathological analysis of gonads from 
the Brca2 homozygous rats shows severe 
atrophy that is not observed in the Brca2 
heterozygous and wild-type rat gonads 
(Supplementary Fig. 1 online). 

Production of a Brcal mutant rat line 
Customized gap-repair vectors for screening 
Brcal (Fig. 2) consisted of two gDNA vectors 
targeting exon 11 (the largest exon, target 
fragments 1 and 2) and one CDNA vector tar- 
geting Brcal from the 3' end of exon 11 to the 
end of the open reading frame (OW) (frag- 
ment 3). Primer sequences for the three frag- 
ments are given in Supplementary Table 2 
online. After screening 1,965 pups, we identi- 
fied a Brcal mutation in founder rat 5385 
using the cDNA assay (Fig. 2). This rat was 
the only one with this mutation identified in 
273 offspring from the same mutagenized SD 
father and in more than 40 offspring, includ- 
ing 14 littermates, from the SD wild-type 
mother. The background rate of red colony 
formation in this assay was 12.2Yo f 3.3% 
(n = 1,485) for wild-type DNA compared to 
44.3% in the identified mutant. Haploid DNA 
from red yeast colonies was sequenced, reveal- 
ing a complete loss of Brcal exon 22 (74 bp) 
(Fig. 4). We sequenced introns 21 and 22 in 
search of a splicing mutation to explain the 
loss of this exon. A T+C mutation was iden- 
tified within the splicing branch site of intron 
21 (TGGIGAT to TGGGGAT) (Fig. 4d,e). A 
T/A+G/C transition mutation is the second 
most common type (38%) of ENU-induced 
mutations2s. The mutation in. the branch site 
of intron 21 caused the splice donor site to 
skip over exon 22 and find a branch site in 
intron 22. This led to splicing out of the 74-bp 
exon 22 and also caused a frameshift down- 
stream from exon 21, exposing a stop codon 
at the exon 23-24 border (Supplementary 
Fig. 2 online). Recently, the female founder 
5385 has produced two Brcal heterozygous 
rats out of eight pups, demonstrating 
germline transmission of this mutation. 

Nonsense-mediated decay 
An anticipated problem using RNA as a starting material for this 
assay is the potential destruction by cell surveillance mechanisms, 
such as nonsense-mediated decay (NMD)"', of mRNA tran- 
scribed from the mutant allele. We quantified the extent of NMD of 
the mutated Brca2 mRNA by comparing the yield of red colonies in 
the knockout rat samples minus background in the wild-type sam- 
ples using the cDNA assay (48.5-15.3%) versus the yield of red 
colonies in the knockouts minus background using the gDNA assay 
(44.8-0.5%). The same gDNA Brca2 fragment 2 gap vector was 
used for both the cDNA and gDNA assays. From these results, 
NMD is calculated to occur at an approximate rate of [ I -  (33/44)] 
or 25%. 
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Figure 3 Identification of a Brca2 knockout rat. (aj Screening for a Brca2 
knockout rat. Yeast cells transformed with gap vector and a PCR product 
enriched for BrcaZfragment 2 (nucleotides 3518-5204) were plated on 
selective medium. When gDNA obtained from a rat (SD) with two wild-type 
alleleswas assayed, the resultant plate contained mostly large white colonies 
(left dish). In contrast, when the DNA is from a rat in which one allele of 
Brca2was functionally mutated, the resultant colonies were an almost equal 
mixture of red and white colonies (right dish). Red and white colonies from 

w the plate on the right were picked and used to obtain BrcaZfragment 2 DNA 
sequence. The sequence from white yeast colonies (lower panel, upper, 
representative of four colonies tested) is that of wild-type rat Brca2, whereas 
the sequence from red colonies (lower panel, center, representative of eight 
colonies tested) has a transversion mutation at T4254 (indicated by the 
arrow) of the cDNA rrAT (tyrosine) -+ TAA (stop)]. Genomic DNA from the 
heterozygous knockout rat no. 3983 contains both T and A at nucleotide 
4254 as seen in the lower sequence (represents two independent tests). The 
sequences shown in the lower panel span nucleotides 42424266 of the rat 
BrcaPcDNA. (b) BrcaZknockout body weight phenotype. Male (solid orange 
lines) and female (dashed blue lines) Brca2 homozygous (A), heterozygous 
(0) knockout rats and wild-type littermates (0) were weighed through their 
current age of 14 weeks (error bars are rt s.d.). 

Because this level of NMD was modest, we challenged our cDNA- 
based assay using a rat A (also known as agouti) locus model in which 
-85% of the mutant RNA is subject to NMDl1. Agouti rat strains such 

*) 

g as the ACI rat carry two copies of the wild-type locus, whereas 
nonagouti rats such as SD carry two identical mutant alleles, each with 

@ two truncating mutations in the A gene. We designed a yeast gap vector 
for this gene that allowed the entire ORF to be cloned in vivo in yeast 
(Fig. 2). We found that our cDNA assay could routinely detect the A 
mutation in (SD xACI) F, pups, which had 12.4% f 1.8% (n = 52) red 
colonies, whereas the wild-Ge ACI group had a background of 4.4% 
f 1.6% (n = 40) red colonies (P < 0.0001, unpaired t-test). NMD was 
estimated to remove approximately 80% of the RNA coded from the 
mutated A allele of the F1 pup, which corresponds well with the above- 
referenced northern analysisl1. Note also that the lower background 
rate of 4.4% red colony formation for the A cDNA assay (500 bp) as 
compared to that of the Brcal (12.2%, 1.6 kb) and Brca2 (15.3%, 
1.7 kb) D N A  assays demonstrates that background is proportional to 
the size of the gene or gene fragment being screened. A second esti- 
mate of background was obtained by sequencing for the A mutation in 
individual red colonies from a yeast assay of the (SD x ACI) F1 pups. 
Of 61 red colonies evaluated, 5 had random mutations, giving a back- 
ground of 8%, statistically distinguishable from the F1 value of 12.4% + 1.8% red colonies (P < 0.0001, one-sample t-test). 

DISCUSSION 
We have established methods to produce knockout rats and have iden- 
tified knockouts for Brcal and Brca2. Our technology combines proto- 
cols for efficient rat germline mutagenesis by ENU and a yeast-based 
method to economically (-$18,000 for a 90% chance of success) and 

rapidly screen preweanling F, rat pups from mutagenized fathers for 
functional mutations in selected genes using yeast truncation assays. 
The first identified rat gene to be knocked ofit, was bred 
to homozygosity and has a phenotype that includes general growth 
inhibition and gonadal atrophy in both sexes. Interestingly, Brca2 
homozygous knockout mice with similar mutations in exon 11 have 
shown either embryonic lethality or embryonic s u ~ i v a l  with prema- 
ture death12-14. We have not yet begun phenotypic evaluation of the 
Brcal knockout rat line. 

Our ENU assay for the rat provides a phenotype-driven, ENU- 
induced mutation screening for a second murine species. The outbred 
SD rat tolerated the highest single and split dose of ENU. This and its 
ability to produce large litters led us to choose it for our genotype- 
based mutation screening. The inbred F344 strain tolerated higher 
doses than the very ENU-sensitive WF strain. It will be important in 
the future to evaluate additional inbred lines for their reproductive tol- 
erance of ENU, as inbred rats provide a more homogenous genome 
than the more complex outbred rat strains, especially if evaluation of 
preexisting germline mutations is required. However, with either an 
inbred or outbred strain, it is important to backcross the knockout 
founder to either the isologous strain or another of a desired genetic 
background to eliminate other ENU-induced germline mutations. 
Switching genetic backgrounds may be more efficient in that it allows 
the use of speed congenic protocols. Furthermore, to eliminate the 
possible confounding effects of very closely linked mutations, one can 
screen for additional alleles of each knockout using this yeast-based 
technology and evaluate them phenotypically 

Our yeast-based truncation screening assays have advantages and 
disadvantages +at suggest which one should be used to target specific 
genes. The gDNA assay is most efficient if the selected gene has at least 
one exon larger than -400-500 bp. In contrast, the cDNA assay is inde- 
pendent of exon size and can easily incorporate up to -2,500 bp per 
vector. However, the background rate of red colony formation is over 
an order of magnitude lower in the gDNA assay, making it easier to 
identify mutant rats through red colony formation on the yeast plates. 
These truncation assays allow screening only for mutations that com- 
promise protein translation, such as nonsense mutations and out-of- 
frame frameshift deletions or insertions. The Brcal knockout rat was 
identified using a cDNA yeast truncation assay in the 3' region of the 
Brcal gene that consists of a series of very small exons. None of the 
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Figure 4 Screening for a Brcal knockout rat. Yeast cells were transformed 
with linearized gap vector and a PCR product enriched for Brcal fragment 3 
(nucleotides 374-5548) A plate with 44.3% red colonies (as compared to 
an average 15.8% red colony background from all other plates, n = 89) 
identified a potential knockout rat, no. 5385. (a) Sequence of haploid DNA 

a from a yeast red colony (representative of eight colonies tested) in which 
2 exon 22 (74 bp) is deleted. (b) The sequence of haploid DNA from a wild- 

type white colony (representative of two colonies tested). The arrow in panel 
a indicates the first nucleotide (5359) of exon 23, whereas the arrow in 
panel b indicates the first nucleotide (5285) of exon 22. (c) This difference .- " is highlighted by sequencing a mixture of cDNA from both rat alleles (+I-) 
from a reverse transcription reaction of total tail R N A  (representative of two 
independent tests). In panels a, b and c, the sequence before the arrow is 

9! the 3' end of exon 21. (d) Results of sequencing gDNA from a wild-type 
2 SD rat over a region of intron 21 that contains the splicing branch site 
2 (underlined). (el The same sequence from the heterozygous Brcal mutant 
*, founder rat no. 5385, which includes a T 4  mutation (indicated by the 
0 o arrow) within the splicing branch site. Sequences in d and e span 

nucleotides 36-12 upstream of exon 22, with the mutation at nucleotide 24 
upstream of exon 22. The mutant sequence is shown in its translated form 

I in Supplementary Figure 2 online. 

exons covered would have been good targets for the gDNA truncation 
assay because of their small size. In addition, this intronic mutation 
would not have been found using other screening methods, such as 
sequencing, heteroduplex analysis o r  denatwing high-performance 
liquid chromatography, because these assays are used to screen only 
the exons from gDNA. 

The major drawbacks of the cDNA assay are that the gene-specific 
RNA may not be produced in an easily collectible tissue and mutant 
RNA may be lost to a great extent by NMD. In these studies, we 
demonstrate the ability of a cDNA yeast-based screening assay to 
detect the A mutant allele despite a high level of NMD in this model, 
and thus show the general ability of a yeast-based screening assay to 
detect mutants in s ~ i t e  of extensive NMD. NMD can be minimized by 
pretreating collected cells, such as white blood cells, with a protein syn- 
thesis inhibitor before RNA collection. This approach has been suc- 
cessful for the yeast gap-repair p53 a s ~ a y ' ~ , ~ ~  and may be extrapolated 
to in vivo studies by the administration of a protein synthesis inhibitor 
to rat pups before tissue collection. We have had preliminary success in 
inhibiting NMD using the protein synthesis inhibitor emetine. The 
problem bf a gene-sp&ific RNA not being produced in tail tissue may 

be reduced by extending the range of biopsy tissues collected from 
viable rats (for example, white blood cells, liver and skin). In the 
future, sperm from F1 male rats of mutagenized fathers could be 
cryopresewed17, and a wide variety of organ-specific RNAs could also 
be collected and stored, along with D N A - ~ ~ O ~  spleens or other tissue 
from the same male rats. DNAs or RNAs from a large number of rats 
could thus be screened and the appropriate frozen sperm used to 
recover mutant rats. Sperm cryoprese~ation has been established for 
many mouse strains and crossesk8 and has allowed the recovery of a 
mutant mousekg. 

In summary, the technologies presented here provide the means for 
producing gene-selected knockout lines for the rat. The generation of 
unique rat models should extend our knowledge of the genetics 
underlying human diseases and aid in the development of novel drugs 
to prevent and treat these diseases. 

METHODS 
Rat ENU mutagenesis protocol. The University of Wisconsin-Madison Animal 
Care and Use Committee has approved all experimental animal procedures 
described in these studies. We administered a single or split dose of ENU'by 
intraperitoneal injection to male rats from Harlan at 9 weeks of age; for a split 
dose, at 9 and 10 weeks of age. One gram of ENU (Sigma) was dissolved in 
10 ml of 95% (voYvol) ethanol and then diluted with 90 ml of phosphate citrate 
buffer (0.2 M Na2HP0,, 0.1 M citric acid, pH 5.0) before injection. We paired 
mutagenized males with females of the same strain for consecutive 2- to 3-week 
periods, beginning 3-5 weeks after the first ENU treatment. We observed 
female rats for vaginal pIugs, gross pregnancy, date of birth and size of litters. 
For our Brcal and Brca.2 mutation screeningexperiments, we used SD male rats 
given a split dose of ENU, 2 x 60 mglkg body weight. 

We collected tail dips from the El pups at 1 week of age for macromolecule 
isolation. We also visually checked all Fk pups for gross abnormalities in physi- 
cal development at least twice before weaning at 21-28 d of age. A subset of the 
El phenotypic mutant rats identified was bred to same-strain rats to determine 
inheritance of the phenotypic mutation. Several of the rat lines with heritable 
mutant phenotypes are currently being maintained and backcrossed to e l i i -  
nate residual ENU-induced genetic changes not associated with the phenotypic 
mutations. 

All breedings to produce ACI and (SD xAC1) El pups were performed at our 
facility. At 3-7 d of age, pups were killed and ventral skin was collected for the A 
yeast assay. 

Vector construction. The gap vector pLSRP53 containing the p53 C D N A ' ~ ~ ~  
was digested with HindIII and EugI to remove the entire p53 coding sequence. 
A 44-bp linker that contains sequence encoding the first 11 amino acids of rat 
p53 was inserted at the HindIII and EagI sites to produce vector pLSK8% with 
the EagI site converted to a unique Not1 site. The full length ADE2 gene was 
amplified by PCR from yeast strain yIG397 (ref. 15) DNA and integrated into 
the pLSK846 plasmid at the NotI site to generate vector pLSK870. A unique 
NotI site was retained at the 5' end of the ADEZ gene. This NotI site was used to 
drop in Brcal, BrcaZ or A sequence cassettes. Each Brcal, B r c d  or A cassette 
contained two fused -100 bp fragments, corresponding to the 5' and 3' ends of 
a -1.6 kb Brcal fragment, a -1.7 kb Brca2 fragment or the -500 bp A ORE 
joined by a unique SmaI site. The half-site sequences of the Brcal, Brca2 or A 
cassettes were designed to be in frame with the p53 leader and ADE2 sequences 
(Fig. 2). Vectors were linearized before yeast transformation by digestion with 
SmaI (20 Ulpl) and then purified using a QIAquick PCR purification kit 
(Qiagen, Inc.). 

DNAIRNA extraction. To isolate DNA, small sections of tails were digested 
overnight at 55 OC in 500 fl of genomic lysis buffer consisting of 20 mM Tris- 
HC1, pH 8.0,150 mM NaC1,lOO mM EDTA and 1% (wtlvol) SDS. Two hun- 
dred pl of Protein Precipitation Solution (Gentra Systems) was added to the 
lysate solution. DNA in the clear supernatant was precipitated with iso- 
propanol, washed and resuspended in water. Total RNA was isolated from tail 
or skin sections that were placed in RNAzol B solution (Tel-Test) and homoge- 
nized (Polytron PT10-35, Kinematics). The samples were then extracted with 
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chloroform, precipitated with isopropanol and washed with ethanol. Pellets 
were resuspended in 30 p1 RNA suspension solution (Ambion) for Brcal and 
Brcu2, and in 60 pl for A. 

Reverse transcription and PCR All primers used are listed in Supplementary 
Table 2 online. cDNA was synthesized for Brcal or Brca2 from 1-2.5 pg rat tail 
total RNA at 42 OC for 2 h with 200 U of Superscript I1 (Invitrogen). A cDNA 
was synthesized from 1-5 pg of skin total RNA in a 1 h reaction.The 20 pl reac- 
tion consisted of l x  reverse transcription buffer (Invitrogen), 0.5x RNA secure 
reagent (Ambion), 10 mM D m ,  1.25 mM dNTP mix and 0.33 pg Brcal-, 
Brcu2-, or A-specific primers. PCR was performed on 1.0 p1 of the cDNA prod- 
uct or -0.1 pg of gDNA with 1 U of Herculase (Stratagene) in 20 p1 reactions 
containing l x  Herculase Buffer, 0.2 mM dNTP mix and 0.05 pg primers for 
Brcal and Brca2. Reaction conditions for Brcal and Bra2 fragments were 95 "C 
for 2 min, followed by 35 cycles consisting of 1 min at 92 O C ,  45 s at 60 OC, and 
4 min at 72 OC, followed by 7 min at 72 "C. For the A gene PCR, 0.5 U of Failsafe 
enzyme (Epicentre Technologies) was used with Failsafe buffer J (which con- 
tains dNTPs) and 0.1 pg primers. The cycling conditions for A were similar to 
above except that the annealing temperature was 55 OC and the 72 OC extension 
step was only 1 min. PCR quality and product quantity were estimated by elec- 
trophoresis in a 1.2% (wtlvol) agarose gel. 

m Yeast transformation and sequencing. yIG397 (ref. 15) yeast was cultured 
overnight at 30 OC in YPD medium supplemented with adenine (200 pglml) to 
an ODsoo of 0.9. The cells were washed and resuspended in a volume of 
LiOAdTE solution (0.1 M lithium acetate, 10 mM 'Itis-HC1, pH 8.0, 1 mM 
EDTA) equivalent to the volume of the cell pellet. For each transformation, 
30 pl of yeast suspension was mixed with 10 ng of linearized gap vector, 25 pg 
of salmon sperm carrier DNA, 150 pl of LiOAdTEIPEG solution (0.1 M % lithium acetate, 10 mM TrirHCl, pH 8.0, 1 mM EDTA, 40% (wVvol) PEG) 
and 2-5 Nunpurified Brcal, Brcu.2, or A PCR product (total volume -185 pl). 

5 The mixture was incubated for 30 min at 30 OC, then heat-shocked for 15 min 
5 at 42 OC. llansformants were then plated on synthetic minimal medium lack- .- 

ing leucine and supplemented with low adenine (5 pglml) and incubated 
for 3 d at 30 OC. An automated colony counter (ProtoCOL, Microbiology 
International) was used to determine the number of red and white colonies on 

s each plate for the cDNA assays, and the percentage of red colonies per sample 
C 

was recorded. The background rate of red colonies was determined by averag- 
ing the percentage of red colonies from all plates not containing a knockout. 
gDNA assay yeast plates were generally inspected only visually. The signal-to- 
noise ratio for the gDNA assay was large (>50:1), whereas that for the cDNA 

@ assay was smaller (-3:l). Thus, a criterion for the cDNA assays was set to fol- 
k 

low up on samples for which the red colony percentage was at least 2 s.d. above 
the mean.This conservative criterion was designed to avoid false negatives and 

Y on average resulted in two false positives per gene assay for 90 rats screened. 
Most false positives were eliminated upon repeating the yeast assay using the 
original RNA sample. 

For sequencing, red and white colonies were picked directly into PCR mix, 
amplied and purified to remove primers and nucleotides. Four microliters of 
each reaction was then used in a 20 pl cycJe-sequencing reaction using BigDye 
(Applied Biosystems Inc) chemistry. 
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Evidence exists that BRCA2 carriers may have an
elevated risk of breast, ovarian, colon, prostate, and
pancreatic cancer. In general, carriers are defined as
individuals with protein truncating mutations within the
BRCA2 gene. Many Brca2 knockout lines have been
produced and characterized in the mouse. We previously
produced a rat Brca2 knockout strain in which there is a
nonsense mutation in exon 11 between BRC repeats 2 and
3, and a truncated protein is produced. Interestingly, while
such a mutation in homozygous mice would lead to limited
survival of approximately 3 months, the Brca2�/� rats are
100% viable and the vast majority live to over 1 year of
age. Brca2�/� rats show a phenotype of growth inhibition
and sterility in both sexes. Aspermatogenesis in the
Brca2�/� rats is due to a failure of homologous chromo-
some synapsis. Long-term phenotypes include under-
developed mammary glands, cataract formation and
lifespan shortening due to the development of tumors
and cancers in multiple organs. The establishment of
the rat Brca2 knockout model provides a means to study
the role of Brca2 in increasing cancer susceptibility
and inducing a novel ocular phenotype not previously
associated with this gene.
Oncogene (2007) 26, 1626–1635. doi:10.1038/sj.onc.1209960;
published online 11 September 2006

Keywords: Brca2; knockout; rat; carcinogenesis; tumors

Introduction

Mutation of the highly penetrant tumor suppressor gene
BRCA2 has been associated with a wide range of
phenotypes, characterized by an increased susceptibility
to breast, ovarian and other cancers. In addition,

mutant BRCA2 is associated with Fanconi’s anemia.
Cell culture studies indicate that BRCA2 has several
functions, including repair of double-strand breaks
(DSBs) in DNA through homologous recombination,
as well as regulation of transcription and the cell cycle
(reviewed by Yoshida and Miki, 2004). It is hypo-
thesized that tumor suppression by BRCA2 is related
to its ability to repair DSBs through interaction
with the RAD51 recombination enzyme (Shivji and
Venkitaraman, 2004). This interaction is mediated by
conserved amino-acid motifs (BRC repeats) within exon
11 of BRCA2 (Bork et al., 1996; Bignell et al., 1997).

While there are in vivo mouse models of human
disease to study the inactivation of the Brca2 gene by
truncating mutations, the models are somewhat limited
by low viability of Brca2 mutant mice. Homozygous
mice with severe truncations of the Brca2 protein before
exon 11 or resulting in the deletion of this exon are
embryonic lethal (reviewed by Moynahan, 2002).
Homozygous Brca2 knockout mice with some of the
BRC repeats in exon 11 left intact are infertile, have a
limited life span and develop thymic lymphoma (Connor
et al., 1997; Friedman et al., 1998). In contrast,
truncation of a small region of the carboxyl end of
Brca2 results in fertile animals with no gross abnor-
malities that are predisposed to cancer (McAllister et al.,
2002), although there is B30% reduced viability than
expected for homozygous mice. Other mouse models
with improved viability are available, but often require
multiple genetic manipulations to improve survivability
(reviewed by Moynahan, 2002). Therefore, we sought to
produce an additional genetic tool by using a rat model
to study Brca2 function.

Our group has developed a technology that for the
first time can produce knockout rats using ENU
mutagenesis with a yeast-based screening procedure to
identify functional mutations of specific genes (Zan
et al., 2003). The first knockout rat produced was for the
Brca2 gene. We previously reported that the ENU-
induced nonsense mutation generated a stop codon
located 50 of the well conserved BRC repeats in exon 11.
The major short-term phenotypes previously reported
for the homozygous Brca2 knockout rat were stunted
growth and sterility in both males and females. Here, we
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report the long-term phenotypes observed in rat Brca2
knockouts.

Results

Truncated protein
Western blotting with anti-Brca2 indicated the presence
of full length Brca2 (B372 kDa) in testes extracts from
Brca2þ /þ and Brca2þ /� rats (Figure 1a). In Brca2�/�

samples, no full length Brca2 band was observed, even
with extended exposure of the membrane to the film (not
shown). Based on the position of the Brca2 mutation
(Zan et al., 2003), the predicted size of truncated Brca2
protein is B150 kDa. A truncated Brca2 product of the
expected size was detected in Brca2þ /� and Brca2�/� sam-
ples after extended exposure of the lower portion of the
blot (Figure 1b), but was not observed in the Brca2þ /þ

testis.

Growth inhibition phenotype
As was previously reported, Brca2�/�rats exhibit growth
inhibition before weaning and up to 14 weeks of age.
This reduction in body weight continues for both
Brca2�/� male and female rats throughout their life
span, while Brca2þ /� rats maintain body weights very
similar to the Brca2þ /þ rats (data not shown). At
approximately 1 year of age, the reduction in body
weight for Brca2�/�rats compared to Brca2þ /þ litter-
mate controls was 33 and 21% for male and females,
respectively.

Underdeveloped mammary gland phenotype
Brca2�/� rats are sterile due to ovarian and testicular
atrophy (Zan et al., 2003). In addition, the mammary
glands of Brca2�/� female rats are underdeveloped.
Analysis of mammary gland morphology in adult Brca2
female rats (n¼ 4–5 rats/genotype) revealed that the
Brca2�/� rat mammary gland was smaller and less

developed than that from wild-type and heterozygous
rats (Figure 2a). The Brca2�/� mammary glands did
show estrogen-responsiveness, as the size of mammary
glands from Brca2�/� rats following ovariectomy and
estrogen replacement was similar to that of Brca2þ /þ

and Brca2þ /� rats given this treatment (Figure 2b).

Aspermatogenesis
Meiosis in Brca2�/� rats proceeds normally through
leptotene and early zygotene (Figure 3a) with 40
centromeres clearly identified by CREST antisera
(Brenner et al., 1981). The correct number of centro-
meres and chromosome cores indicates that sister
chromatid cohesion is not affected in the absence of
Brca2. Immunostaining for the Scp3/Cor1 protein of
axial/lateral elements (Dobson et al., 1994) revealed that
homologous chromosomes are not assembled into the
synaptonemal complex (Figure 3b). Even though the
chromosomes in arrested Brca2�/� spermatocytes look
rather compact, only limited synapsis could be seen in a
fraction of cells. Synapsed regions could be detected by
staining for the Scp1/Syn1 protein, a component of the
central element of the synaptonemal complex (Dobson
et al., 1994). The most advanced Brca2�/� spermatocytes
show short stretches of synapsed regions, presumably
between nonhomologous chromosomes. Cells with
rather extensive synapsis are rare.

Spo11-mediated DSBs initiate meiotic homologous
recombination and the repair of these breaks is required
for chromosome synapsis in most organisms including
mammals (Roeder, 1997; Zickler and Kleckner, 1999;
Keeney, 2001; Villeneuve and Hillers, 2001). The
appearance of the breaks in leptotene is accompanied
by the phosphorylation of histone H2ax over megabase-
size chromatin regions (Mahadevaiah et al., 2001). In
Brca2þ /þ rat spermatocytes this stage can be easily
recognized by anti-gH2ax (phosphorylated H2ax) anti-
bodies that produce a cloud-like staining pattern all over
the chromatin (Figure 4a). By pachytene (Figure 4b),
gH2ax staining remains only in the sex body region
(Eijpe et al., 2000; Mahadevaiah et al., 2001). Brca2�/�

spermatocytes show extensive gH2ax staining that
persists to the most advanced stages with the maximum
extent of synapsis (Figure 4c and d). These data indicate
that DSBs are generated in the Brca2�/� knockout
spermatocytes but are not repaired.

Cancer/tumor incidence in Brca2�/� rats
N2�N2 male and female rats were followed for up to
24 months to determine if tumors and/or other
pathologies would develop in the Brca2�/�animals,
compared with Brca2þ /� and þ /þ littermate controls.
Some animals were necropsied before this time point, if
signs of morbidity were observed. This was true for
many Brca2�/� rats, as they developed a variety of
tumors and/or appeared moribund around 1 year of age.
The average life span (Figure 5a) for Brca2�/� males
(n¼ 16) was 14 months of age compared to 21 months
for Brca2þ /� and þ /þ rats (n¼ 52, n¼ 19, respectively).
Similarly, Brca2�/� females (n¼ 33) had an average life

~216 kDa

a

~372 kDa

+/+        +/−   −/− −/−

Mouse 
Testis

b

BRCA2

Truncated
   BRCA2

  MW Std

+/−   

Figure 1 Brca2�/�rats lack full length Brca2 protein (a) and have
a truncated Brca2 product (b). Western blotting analysis of testes
extracts with anti-Brca2 indicates full length Brca2 protein
(B372kDa) in Brca2þ /�, Brca2þ /þ and mouse (control) testis
samples after a 1min exposure of the membrane to film (a).
(b) shows the bottom portion of the blot after extended exposure
time. A truncated Brca2 protein of the expected size as indicated by
the arrow is present in the Brca2�/� and Brca2þ /� samples but absent
in the Brca2þ /þ testis sample. MW Std; molecular weight standard.
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span of 15 months of age versus 20–21 months for
Brca2þ /� and þ /þ rats (n¼ 55, n¼ 28, respectively)
(Figure 5b).

The majority of rats on this long-term phenotyping
study were necropsied and examined for disease.
Cancer/tumor incidence was significantly increased in
both male and female Brca2�/� rats, compared with
Brca2þ /þ controls or heterozygous rats (Po0.0001,
Fisher’s exact test). In male Brca2�/� rats, cancer/tumors
were identified in 73% (11/15) of the rats examined, in
contrast to Brca2þ /� and þ /þ male rats, in which only
5% (2/40) and 0% (0/14) respectively, developed some
type of abnormality. A similar trend of significantly
increased cancer/tumor incidence of 67% (18/27) was
seen in Brca2�/� female rats. Brca2þ /� and Brca2þ /þ

females had a cancer incidence of 12% (6/52) and 15%
(4/27), respectively, due exclusively to cancers/tumors of
the mammary gland (Figure 5d). As the number of
benign mammary lesions in these rats was high, the
analysis here includes only mammary carcinomas.
Surprisingly, the frequency of mammary carcinoma
development between females of the three Brca2
genotypes was similar despite the observation that
mammary glands of the Brca2�/� rats are underdeve-
loped and ovarian function appears to be limited in
these rats.

The most prevalent tumor types observed in Brca2�/�

rats were sarcomas located in stomach, muscle and bone
(Figures 5c, d and 6a). Several of the osteosarcomas
appeared to have developed in the rear limbs or

a

b

Brca2 +/+

Brca2 +/+

Brca2 -/-

Brca2 -/-

Brca2 +/-

Brca2 +/-

OVX + E2 OVX + E2OVX + E2

1 cm

Figure 2 Underdeveloped mammary glands from Brca2�/� rats (a) are responsive to short term estrogen replacement following ovariectomy
(OVXþE2) (b). Aluminum carmine stained whole mounts of the fourth (abdominal) mammary gland from 12-week old rats. (a) Mammary glands
from untreated Brca2þ /þ , Brca2þ /� and Brca2�/� rats with inset photos magnified to show detail of terminal edge of the mammary gland adjacent
to the lymph node (bar¼ 1 cm). (b) Mammary glands from similar rats ovariectomized at 6 weeks of age and given 6 weeks of estrogen replacement
with Silastic tubing implants containing b-estradiol.
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sternum, and in four cases, the sarcomas metastasized to
lung tissue. In addition, approximately 20% of female
Brca2�/� rats developed ovarian tumors, including
granulosa cell tumors and thecomas (Figure 6b and c).

Cataract formation
At approximately 6–9 months of age, cataracts were
visible in several of the Brca2�/� rats, while none were
seen in heterozygous or wild-type controls. Clinical

Leptotene Zygotene Late Zygotene

Scp3Scp3 Scp3

Scp3 Scp1

CREST CRESTCREST

Merge

a

b

Figure 3 (a) Meiosis in Brca2�/� spermatocytes does not progress beyond late zygotene. Chromosomal spreads were prepared from
spermatocytes of adult Brca2�/� rats and immunostained with Scp3 and CREST antisera. Stages of the first meiotic prophase are
indicated. (b) Immunostaining for Scp3 and Scp1, demonstrating the limited degree of synapsis of homologous chromosomes that
occurs in Brca2�/� spermatocytes.

a b

c d

Brca2 +/+

Brca2 -/-

H2ax Scp3

Figure 4 Meiotic DSBs are formed but not repaired in Brca2�/� spermatocytes. Chromosomal spreads were prepared from Brca2þ /þ

or Brca2�/� spermatocytes of adult rats and immunostained with gH2ax and Scp3 antisera, as indicated. Leptotene spermatocytes are
shown in (a) and (c), pachytene in (b), and late zygotene in (d). Arrow indicates a sex body.
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assessment of ocular pathology was carried out on
Brca2�/� (n¼ 78 eyes, 39 rats), Brca2þ /� (n¼ 12 eyes, 6
rats), and Brca2þ /þ (n¼ 12 eyes, 6 rats) rats of 11–14
months of age by slit lamp examination. Greater than
90% of Brca2�/� rats showed various anterior segment
disorders, whereas Brca2þ /� or Brca2þ /þ rats did not.
Cataracts, including cortical and anterior, were ob-
served in >90% of the Brca2�/� rats. Collapsed anterior
chamber was observed in 23% of the Brca2�/� rats and
synechiae were observed in 38% of the Brca2�/� rats
(Figure 6d). Histopathologic assessment of eyes from
Brca2�/� rats was consistent with findings of the slit
lamp examination. Analysis of hematoxylin and eosin-
stained sections showed various cataracts (cortical,
anterior, equatorial and posterior) in 84% (11/13) of
the Brca2�/� animals. A variety of other abnormalities
including synechiae, lens mineralization, posterior lens
capsule rupture and anterior segment dysgenesis also
were frequently observed.

Discussion

Rat knockout models have the potential to not only
complement mouse knockouts, but also identify novel
phenotypes and gene functions in models of human
disease. The first knockout rat produced was for the
Brca2 tumor suppressor gene. As previously reported,
short-term phenotypic analysis of the Brca2 knockout
rats showed that heterozygous animals could be bred to
yield viable homozygous offspring despite having a
severe protein truncation in the beginning of exon 11

that removes all highly conserved BRC repeats (Zan
et al., 2003).

This exon 11 mutation in the Brca2 gene was
predicted to produce a truncated Brca2 product of
approximately 150 kDa (Zan et al., 2003). We did not
detect full-length or truncated Brca2 product in the
spleens, kidneys, mammary glands or ovaries of animals
from all Brca2 gentoypes (data not shown), presumably
due to low expression levels. Therefore, we cannot
speculate as to the potential for truncated Brca2
products with reduced or alternative functions in these
or other tissues. We assessed for truncated Brca2
products in the testes, due high expression levels of
Brca2 in this tissue. A weakly expressed band of the
expected size was observed in the testes samples from
Brca2�/� and Brca2þ /� rats but not in the wild-type. No
full-length Brca2 was found in Brca2�/� samples.
Expression of the truncated product was higher in the
Brca2þ /� testes extracts compared with the Brca2�/�

samples despite loading equal amounts of total protein.
This finding may be due to the dilution of proteins from
apoptotic spermatocytes in Brca2�/� extracts by those
expressed in viable cells. This is consistent with our
previous observation of the lack of mature sperm cells in
Brca2�/� testes (Zan et al., 2003).

Analysis of the infertility in Brca2�/� male rats
revealed that aspermatogenesis was caused by the failure
of homologous chromosome assembly at the synapto-
nemal complex. Current models (Allers and Lichten,
2001; Villeneuve and Hillers, 2001) suggest that the
major event in meiotic recombination is the Rad51/
Dmc1-mediated homology search followed by the single
end invasion (Hunter and Kleckner, 2001) of the intact

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 5 10 15 20 25

age in months

p
er

ce
n

ta
g

e 
o

f 
ra

ts
 s

u
rv

iv
in

g

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

0 5 10 15 20 25

age in months

p
er

ce
n

ta
g

e 
o

f 
ra

ts
 s

u
rv

iv
in

g
0% 10% 20% 30% 40% 50% 60% 70% 80% 90%100%

percentage of rats

sarcoma (osteo/rhabdomyo)
sarcoma (gastric)

kidney

lymphoma
adrenal

pituitary adenocarcinoma
leukemia

none

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%

percentage of rats

males
kos
+/+ males

ko/ko femal
ko/+ female
+/+ females

zymbal's gland

ovarian granulosa cell 

ovarian thecoma
mammary carcinoma

sarcoma (osteo)

kidney
zymbal’s gland

skin squamous cell carcinoma 

skin basal cell carcinoma 

none

+/+ males

-/- males 
+/- males

+/-   males   
 -/-   males   

+/+  males

-/-  females

+/+females
+/- females 

+/+ females

-/-   females
+/-  females 

a

c

b

d

100%
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homologous chromosome. Rad51 and Dmc1 are be-
lieved to load onto the single-stranded ends of resected
DSBs and can be observed as numerous foci on the
chromosome cores. These foci disappear in pachytene,
when the breaks are successfully repaired. Previous
studies showed a decrease in Rad51 and Dmc1 foci in
infertile Brca2 knockout mice rescued from embryonic
lethality by expression of human BRCA2 gene (Sharan
et al., 2004). However, rat Brca2�/� spermatocytes are
completely devoid of either Rad51 or Dmc1 foci (data
not shown). This finding is in agreement with a
proposed role of BRCA2 in transporting Rad51 and
Dmc1 to the sites of DNA damage (Davies et al., 2001;
Siaud et al., 2004). Taken together, the observations of
infertility, aspermatogenesis and meiotic prophase arrest
suggest that the truncated Brca2 protein product
identified in the rat testis is not functional. Interestingly,

meiotic arrest during prophase is commonly observed in
the testes of men with azoospermia (Schulze et al.,
1999), and a potential association between the common
BRCA2 variant N372H has been identified in infertile
men with azoospermia or oligospermia (Zhoucun et al.,
2006). Therefore, this cell-specific function of BRCA2
identified in rodents may have implications in human
infertility.

Although Brca2�/� rats are sterile and have lower
body weights compared to Brca2þ /� and Brca2þ /þ rats,
all homozygous knockouts survive into adulthood. This
finding is in contrast to homozygous Brca2 knockout
mice with similar mutations as these mice die early
(reviewed by Moynahan, 2002). For long-term pheno-
typic analysis of Brca2�/� knockout rats, homozygous,
heterozygous and wild-type littermates were monitored
over their lifespan. The use of littermates minimizes the
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Figure 6 Brca2�/� rats have various tumors and pathologic changes, shown by hematoxylin and eosin staining of tissue sections.
(a) Osteosarcoma composed of anaplastic cells and islands of tumor osteoid (arrows), � 20 magnification. (b) Ovarian granulosa cell
tumor with follicular pattern, � 20 magnification. (c) Ovarian thecoma composed of densely packed fusiform cells with a focus of
vaculated cells (arrow), � 20 magnification. (d) Eye from an adult rat with a hypermature cataract showing a ruptured lens capsule (lc),
anterior subcapsular cataract (asterisk) with spindle cells and mineralization (m), a collapsed anterior chamber (ac), posterior synechiae
(adhesion of iris to lens), and anterior segment dysgenesis (adhesion of lens to cornea). The cataractous lens cells extend
circumferentially around the lens capsule to the posterior (arrowheads). ac, anterior chamber; c, cornea; i, iris; l, lens; lc, lens capsule;
r, retina; m, mineralization, � 4 magnification. (e) Normal eye from Brca2þ /þ rat, � 4 magnification.

Brca2 knockout rat model
MS Cotroneo et al

1631

Oncogene

Gould, Michael N.
W81XWH-04-1-0436



possibility that the observed phenotypes were derived
from ‘passenger’ mutations caused by ENU. We were
able to both confirm Brca2 related phenotypes observed
in various mouse models and also extend these
observations to a novel phenotype.

Male and female Brca2�/� rats were followed for their
lifetime survivability and cancer incidence. In compa-
rison to the Brca2þ /� and Brca2þ /þrats, the Brca2�/�

rats had a substantial reduction in lifespan for both
sexes. At least part of this reduction in lifespan could be
attributed to an increase in cancer development. The
male Brca2�/� rats developed B15 times the number of
tumors or cancers developing in the Brca2þ /� and
Brca2þ /þ rats. A similar trend also occurred in the
female rats. The most prevalent tumor type in male
Brca2�/� rats was sarcoma of the stomach, bone and
muscle. Tumors arising most frequently in female
Brca2�/� rats were osteosarcomas and ovarian tumors.
Brca2�/� female rats (20%) developed ovarian tumors,
including those of the thecal and granulosa cells.

Notably, osteosarcoma development in both male and
female Brca2�/� rats occurred at a frequency of 20%, a
site not common in the limited surviving mice having
terminal deletions of exon 11 (Connor et al., 1997;
Friedman et al., 1998). Homozygous deletion of exon 27
in mice resulted in the development of various epithelial
carcinomas, lymphomas and sarcomas however, no
osteosarcomas and only one ovarian tumor were
reported (McAllister et al., 2002). In contrast, further
studies showed significantly more osteosarcomas in
homozygous mice lacking exon 27 than in their
heterozygous or wild-type counterparts, an effect that
was greatly enhanced when the mice were also hetero-
zygous for mutant p53 (McAllister et al., 2006). These
authors point out that tumor spectrum in these models
may be affected by the background strain genetics. It is
also plausible to hypothesize that diminished DSB
repair by lack of functional Brca2 may play a role in
the development of osteosarcomas in Brca2�/� rats, as
accumulation of DSBs can result in chromosomal
translocations, a common finding in human sarcomas
and hematologic malignancies (reviewed by Elliott and
Jasin, 2002). Further analysis of tumors from Brca2�/�

rats is needed to determine if their etiology is a direct
result of loss of Brca2 function.

It is important to note that Brca2�/� females did not
show increased propensity to develop mammary carci-
nomas, which may be due to the inhibition of mammary
development resulting from lack of ovarian differentia-
tion. Short-term estrogen replacement enhanced mam-
mary development in ovariectomized Brca2�/� females.
It is possible that if endocrinologic deficiencies could be
restored long-term, increased mammary carcinoma
development might be observed.

Finally, we observed ocular phenotypes that have not
been previously reported to be associated with the
inactivation of Brca2 function. Most striking was the
high incidence of cataracts in Brca2�/� rats, which may
be a consequence of diminished repair of DSBs in the
lens epithelium. Unrepaired DNA damage to the
epithelial cells of the lens is thought to be related to

cataract etiology (Worgul et al., 1991). Similarly, agents
causing SSBs and DSBs, such as ionizing radiation
received through therapeutic total body irradiation
(Zierhut et al., 2000) or space travel (Cucinotta et al.,
2001), are associated with increased susceptibility to
cataract formation. Cells deficient in BRCA2, including
those derived from mouse models with C-terminal
truncating mutations show sensitivity to DSB forma-
tion, chromosomal damage, and cell death resulting
from ionizing radiation (reviewed by Pellegrini and
Venkitaraman, 2004).

Evidence from knockout mouse models of genes that
interact with the BRCA2 pathway, such as ataxiatelan-
gioectasia (Atm) and Fanconi Anemia (FA), also
suggests that ocular abnormalities may arise from
inefficient DSB repair. Mice heterozygous for the
Atm gene are sensitive to radiation-induced cataracts
(Worgul et al., 2002) and homozygous Fancd2 knockout
mice have micropthalmia (Houghtaling et al., 2003). In
addition to abnormal ocular pathology, these models
share other phenotypic similarities to the Brca2�/� rat,
including infertility and meiotic arrest during sperma-
togenesis in Atm�/� mice (Barlow et al., 1998). In
addition, Fancd2 homozygous knockouts display a small
body type, along with abnormal meiotic chromosomal
pairing during spermatogenesis (Houghtaling et al.,
2003).

The phenotype of increased cataractogenesis in female
Brca2�/� rats could also be influenced by their deficient
gonadal steroid hormone production, similar to the
increased risk of age-related cataracts that occurs in
postmenopausal women (Klein et al., 1998). In a rat
model for age-related cataractogenesis, estrogen re-
placement was protective against cataracts induced by
methylnitrosourea in ovariectomized Sprague Dawley
(SD) rats (Bigsby et al., 1999). Interestingly, estrogen
treatment reduced the latency of radiation-induced
cataract formation in SD rats (Dynlacht et al., 2006),
pointing to potential differences between the etiology of
age-related and radiation-associated cataracts. Insuffi-
cient gonadal steroid production must also be consid-
ered as a potential causative factor for cataractogenesis
in male rats, although the effect may be androgen
related. Further characterization of the Brca2�/� rat
model will aid in determining if the phenotype of
increased cataract formation is a primary effect from
Brca2 deficiency, a secondary effect from abnormal
steroidogenesis, or a combination of both factors.

In summary, this rat model provides an important
opportunity to study the functions of Brca2 in late adult
life by overcoming the embryonic lethality observed in
similar mouse models. This increase in longevity is likely
due to the unique genetic background provided by the
rat. Many of the phenotypic traits we observed in
Brca2�/� rats are similar to those seen in mouse models,
including decreased survivability, increased cancer
incidence, growth inhibition, infertility and meiotic
arrest during spermatogenesis. However, the most
common sites of tumor formation differ from those
seen in mice with exon 11 truncating Brca2 mutations,
and the increased incidence of ocular lesions and
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cataracts have not been observed in mouse models with
disrupted Brca2 function. It is also important to note
that some diseases that occur naturally in aging rats,
such as cataracts (Mohr et al., 1994) and carcinogenesis
(Nakazawa et al., 2001), occur with higher frequency in
Brca2�/� rats than in Brca2þ /� or Brca2þ /þ animals, and
may be related to the role of Brca2 in maintaining
genomic integrity. As these studies were carried out in
the outbred SD rat strain, future studies using inbred
strains carrying the Brca2 mutation will be useful in
assessing the effect of genetic background on the
phenotype. Additional studies will also allow us to
determine if these phenotypes are directly or indirectly
due to the absence of Brca2 and to identify specific
functions in novel tissues.

Materials and methods

Animals
Rats were maintained in an AALACC-approved facility and all
protocols were approved through the University of Wisconsin
Medical School Animal Care and Use Committee. Rats were
group-housed, fed Teklad lab blox chow and acidified water ad
libitum and maintained in a 12-h light/dark cycle.
The methods used to produce the Brca2 knockout founder

#3938 male rat have been previously published (Zan et al.,
2003). This rat was bred to outbred SD (Harlan Sprague-
Dawley, Madison, WI, USA) female rats to produce N1 pups.
These N1 Brca2þ /� carrier rats were bred to SD female rats to
produce N2 pups. The N2 Brca2þ /� carriers were bred together
to produce N2�N2 homozygous, heterozygous and littermate
control rats for long-term phenotyping. Rats were assessed for
tumor/cancer incidence at 24 months of age, or earlier if
appearing sick or moribund. Statistical analyses of tumor/
cancer incidence were carried out using Fisher’s exact test with
R software (http://www.r-project.org/).

Genotyping
A small tail tip section from each rat was removed at 1–4
weeks of age. Isolation of DNA was carried out as described
previously (Samuelson et al., 2003). Genomic DNA was PCR
amplified using the following primers: FP3435 50-TCA TAA
CTT AAC GCC CAG CC-30 and RP5267 50-AAG GCA TTT
CCT GCA AAA TC-30. A 10 ml reaction was used containing
1� reaction buffer, 200mM dNTPs, 2.5 ng/ml of each primer,
0.5U Herculase and 1ml of diluted DNA (B50–100 ng). Each
reaction was denatured for 2min at 951C followed by 35 cycles
of 921C for 1min, 601C for 45 s, 721C for 4min and a final
extension at 721C for 7min. PCR products were cleaned up
using ExoSAP-IT. The final sequencing reaction included 4ml
of the purified PCR product and 16ml of sequencing master
mix, consisting of 1� dilution buffer, 1 ml BigDye Terminator
(Applied Biosystems), and 0.25 mM of the following primer:
SEQ3997 50-AGT AAG TGC CAG GTA ACA GTA. Each
20ml reaction underwent an initial denaturation of 3min at
951C followed by 40 cycles of 951C for 30 s, 451C for 30 s, 521C
for 4min, and a final extension at 721C for 7min. These
reactions were analysed using capillary based, automated
DNA sequencer platforms.

Brca2 protein expression in rat testes
Testes were collected from adult male Brca2�/�, Brca2þ /� and
Brca2þ /þ rats. Proteins were extracted following homogeniza-

tion in buffer containing 50mM HEPES, 150mM NaCl, 10%
glycerol, 1% Triton-X 100, 10mM EGTA, 1mM dithiothreitol,
10mM Na4P2O7 and 15mM MgCl2, with phosphatase inhibi-
tors (200mM sodium vanadate, 100mM NaF, 80mM sodium-
glycerolphosphate) and protease inhibitors (1 mg/ml pepstatin,
2.5 mg/ml aprotinin, 5mg/ml leupeptin). Following centrifuga-
tion to remove debris, the total protein concentration in each
extract was determined (BCA Assay, Pierce, Rockford, IL,
USA). Samples were then boiled for 5min in an equal volume
of SDS sample buffer containing 10% beta-mercaptoethanol.
An equal amount of total protein (100 mg) per sample was
separated using sodium dodecyl sulfate–polymerase chain
reaction (SDS–PAGE) on 5% acrylamide gels and electro-
blotted onto nitrocellulose membranes using conditions
described previously (Sarkisian et al., 2001). Immunoblotting
for Brca2 was carried out using 2 mg/ml polyclonal antiserum
directed against amino acids 19–135 of mouse Brca2
(BRCA2A), provided by Lewis A Chodosh, University of
Pennsylvania Cancer Center, using protocols detailed else-
where (Sarkisian et al., 2001). Following incubation with a
1/3000 dilution of goat-anti-rabbit secondary antibody (Santa
Cruz Biotechnology, Santa Cruz, CA, USA), the signal was
detected with chemiluminescence detection reagents (Pierce)
on X-ray film. Mouse testis protein extract was used as a
positive control.

Estrogen replacement
Male Brca2þ /� carriers (N3 generation) were backcrossed to
female SD rats to obtain Brca2þ /� N4 generation carriers. The
backcrossing of carriers was continued until the N8 genera-
tion, where heterozygous breeding pairs were collected. Female
N8�N8 Brca2�/�, Brca2þ /� and Brca2þ /þ offspring (n¼ 4–6/
group) were used for estrogen replacement studies. At 6 weeks
of age, rats were bilaterally ovariectomized and implants
containing beta-estradiol (Sigma, St Louis, MO, USA) were
placed the interscapular area. Estrogen implants were prepared
in 1 cm lengths of Silastic brand (i.d. 0.06200, o.d. 0.12500) (Dow
Corning, Midland, MI, USA) tubing sealed with medical
adhesive. This dose was previously shown to achieve circulat-
ing estradiol concentrations that approximated physiological
levels for SD rats (Bigsby et al., 1999). After 6 weeks of
estrogen replacement, animals were necropsied for analysis of
mammary gland morphology. Age-matched control rats that
did not undergo ovariectomy or estrogen treatment were used
for comparison. Aluminum carmine-stained mammary whole
mounts were prepared as previously described (Brown and
Lamartiniere, 1995) and observed under light microscopy.
Photographs were taken without magnification using a SONY
digital camera.

Aspermatogenesis characterization
Anti-Scp3 mouse polyclonal antibodies were raised against a
GST fusion of the full-length rat Scp3 protein. Anti-gH2AX
antibodies were from Trevigen (Gaithersburg, MD, USA);
anti-Rad 51 and anti-Dmc 1 were from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) (H92 and C-20, respectively).
Rabbit anti-Scp1 antibody was a gift from C Hoog (Liu et al.,
1996) and human CREST antisera was a gift from B Brinkley
(Brenner et al., 1981). Secondary antibodies were from Jackson
IR laboratories (Westgrove, PA, USA). The primary antibody
were used at the following dilutions: anti-SCP3 – 1:800, anti-
gH2AX – 1:100, anti-Rad51 – 1:50, anti-Dmc1 – 1:100, anti-
Scp1 – 1:100, CREST antiserum – 1:500.
The protocol for meiotic chromosome spreads was modified

from the procedure described by Moens et al., 1998. Following
removal of the testicular capsule, seminiferous tubules were
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finely chopped with a scalpel in RPMI 1640 high-glucose
media (GIBCO-BRL, Gaithersburg, MD, USA). The cells
were released from the tubules by gently pipetting in and out
and filtered through a Falcon 40 mm cell strainer (BD
Biosciences, San Jose, CA, USA). The suspension was
centrifuged for 8min at 800 g, the cells were resuspended in
RPMI and pelleted. The pellet was resuspended in 0.5% NaCl
after removal of any residual media. Cell suspension (15 ml)
was added to the glass slides with hydrophobic rings (BD
Biosciences, San Jose, CA, USA), and the cells were allowed to
adhere without drying out for 10–15min. Following fixation in
2% paraformaldehyde, slides were exposed to 0.03% SDS for
3min, 2% paraformaldehyde for 3min, washed three times in
0.4% Photo-Flo 200 (Kodak, Rochester, NY, USA) for 1min
and air dried. The slides were stored at �201C.
For immunostaining, slides were incubated with blocking

solution (10% donkey serum, 3% BSA and 0.05% Triton
X-100 in PBS) for 20min at 371C in a humidity chamber.
Primary antibodies were diluted in blocking buffer and
incubated under the same conditions for 1–2 h. After two
5min washes in 0.4% Photo-Flo/PBS solution, slides were
blocked for an additional 5min and incubated with secondary
antibodies for 20min at 371C. The slides were washed twice
with 0.4% Photo-Flo in PBS, rinsed twice with 0.4% Photo-
Flo and allowed to air dry. Vectashield Mounting Medium
with DAPI (Vector Laboratories, Burlingame, CA, USA) was

added for coverslipping, and the slides were viewed with a
Leica fluorescent microscope. Images were captured at � 1000
magnification with OpenLab software and processed using
Adobe Photoshop.

Evaluation of ocular pathology
At approximately 8–11 months of age, a random
subset of Brca2�/�, Brca2þ /� and Brca2þ /þ rats were examined
for ocular pathology using a Kowa SL-2 hand held slit lamp
and ophthalmoscope. The rats were given a drop of 1%
atropine in each eye to dilate the pupil/relax the lens and
restrained for approximately 1–3min for the examination. At
necropsy, eyes were fixed in 10% buffered formalin and
processed for embedding in paraffin. Sections (5 mm) were cut
and stained with hematoxylin and eosin and viewed by light
microscopy.
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Abstract 

 

Rat mammary cancers generally resemble many features of human breast cancer. With 

the recent developments in rat genetic engineering, the rat has become an excellent model 

system to study aspects of the molecular etiology of breast cancer. In this review, we 

describe the efforts to generate genetically engineered rat models for breast cancer. 
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Introduction 

 

Historically, rat breast cancer models have been mostly limited to chemical 

carcinogenesis models, as the mammary tumors resemble many aspects of human breast 

cancer. Rat mammary cancers, similar to human breast cancers, display a wide spectrum 

of responses to hormonal therapy [1]. Both rat and human mammary cancers frequently 

are hormone dependent, while murine mammary tumors are virtually all hormone 

independent [2]. In addition, chemically induced rat mammary tumors are of ductal 

origin, just like human breast cancers [3].   

Proto-oncogenes such as neu and ras are frequently overexpressed in primary human 

breast cancer, whereas affecting mutations in tumor suppressor genes such as BRCA1 and 

BRCA2 underlie high-penetrance susceptibility to breast cancer. However, studies 

concerning the involvement of these genes in the molecular etiology of breast cancer 

have resulted in contradictory data. Given the strong similarity between mammary cancer 

in certain rat models and many aspects of human breast cancer, the rat is potentially an 

excellent experimental model organism to assess the role of genes such as ras, neu, 

Brca1, and Brca2 in mammary carcinogenesis. To this end, genetic engineering in the rat 

or rat mammary gland needs to be employed. Transgenic overexpression models could be 

used to study the effect of proto-oncogenes, such as ras and neu, while the effect of 

tumor suppressors, such as Brca1 and Brca2 could be mimicked by knockout models.  

The rat has historically been employed as a model organism by physiologists, whereas 

the mouse has always been favored by mammalian geneticists. As a result, genetic 

strategies to manipulate the genome are widely established for the mouse, but lag slightly 

behind for the rat. Recently, however, several groups have reported major advances in the 

genetic manipulation of the rat, which has enhanced the possibilities to utilize genetic rat 

models to study many facets of human health and disease [4, 5]. 
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Transgenic rat models for breast cancer 

 

Although many mouse models have been generated to study gain-of-function effects of 

proto-oncogenes and loss-of-function effects of tumor suppressors [6], transgenic rat 

models for breast cancer are relatively scarce. Nevertheless, many other transgenic rat 

models were found to relate closer to human disease than transgenic mice harboring the 

same transgenic constructs [7]. Transgenic technology for the rat has been available since 

the 1990s [8]. Via pronuclear microinjection a transgene is introduced in a fertilized 

oocyte. Tandem copies of the construct could randomly integrate at a single site in the 

genome. Successfully injected embryos are placed back into the oviduct of a 

pseudopregnant surrogate mother by microsurgery, and subsequent progeny are screened 

for the presence of the transgene by Southern Blot analysis. Since genome integration of 

the transgenic construct in this procedure is a random event, elucidation of the integration 

site is generally required. 

Many breast cancers have been shown to overexpress proto-oncogenes, of which neu 

(also known as Her2 or c-ErbB-2) and ras are the most prominent. However, the effect of 

overexpression of these proto-oncogenes in the molecular etiology of breast cancer 

remains largely unknown. A small number of overexpression models have been made to 

study these effects in the rat. 

 

Transgenic rat models of neu (Her2 / c-ErbB-2) overexpression 

An important role of Neu in primary breast cancer was implicated from the observation 

that the neu proto-oncogene is over expressed in 20%-30% of human breast cancers [9, 

10], which was correlated to an increase of the aggressiveness of the tumor [11]. The neu 

gene encodes a member of the tyrosine kinase growth factor receptor family [12, 13] that 

upon hetero- or homodimerization mediates signal transduction. Several transgenic 

mouse models have been generated that express an activated form of Neu under control 

of the Molony mammary tumor virus (MMTV) promoter. While these mice developed 

mammary carcinomas that histologically resemble human tumors [14], comparable 

activating mutations in human breast cancer have not been found yet [10, 15]. A mouse 

model overexpressing rat wild type neu under control of the MMTV promoter also 
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showed development of mammary carcinomas of which many metastasized [16]. 

Resequencing of the transgene revealed sporadic, potentially activating mutations in the 

carcinoma, but not in the adjacent normal tissue [17]. Again, corresponding mutations in 

human breast tumors have not been found. Additionally, the carcinomas were estrogen 

receptor (ER)-negative and primarily resembled the infrequently occurring lobular and 

alveolar malignancies in humans [17].  

Davies et al. [18] generated transgenic Sprague-Dawley (SD) rats harboring the human 

neu proto-oncogene under control of the MMTV promoter. Transgene expression is not 

measurable in the mammary glands of virgin rats, but is detectable in mammary tissue 

from mid-pregnant rats. A high percentage of the transgenic female rats developed focal 

hyperplastic and benign lesions, after being subjected to several cycles of pregnancy. 

These lesions included lobular and ductal hyperplasias, fibroadenomas, cystic 

expansions, and papillary adenomas. In addition, real malignancies, including Ductal 

Carcinoma In Situ (DCIS) and carcinoma, developed stochastically, which recapitulates 

the hypothesis that overexpression of the human neu proto-oncogene predisposes to 

mammary carcinogenesis. All transgenic female mammary glands failed to fully involute 

after lactation. 

In order to generate an animal model to further explore the carcinogenic potential of 

overexpressed wild type neu, Watson et al. [19] generated a transgenic SD rat model 

expressing the rat neu proto-oncogene driven under the MMTV promoter. In contrast to 

Davies et al., virgin female rats did have an elevated expression level of the transgene in 

the mammary gland. Interestingly, mammary carcinomas arose only when the transgenic 

female rats were treated with androgens (i.e. testosterone). Male transgenic animals 

developed mammary carcinomas in an androgen-dependent fashion. These tumors were 

androgen receptor (AR) positive, but negative for the ER and progesterone receptor (PR). 

In addition, no activating mutations in the neu transgene were found. Gonadoectomized 

rats did not develop mammary cancer, suggesting a pivotal role of androgens in the 

etiology of mammary carcinogenesis in the presence of neu overexpression. This model 

could potentially lead to greater understanding of the mechanisms underlying mammary 

carcinogenesis associated with Neu overexpression in both men and postmenopausal 

women.   
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Transgenic rat models of ras overexpression 

Mutationally activated ras is associated with ~40% of human cancers, however, it is 

rarely observed in breast cancers [20, 21]. Overexpression of the proto-oncogene ras has 

been observed frequently in human breast cancer [22-24], and has been clinically 

associated with cancer progression [25-27] and unfavorable disease prognosis [28-30]. 

The three mammalian ras genes encode for Harvey (H-)RAS, Kirsten 2A (K2A-) RAS, 

Kirsten 2B (K2B-) RAS and N-RAS that belong to the small GTP-ase protein family. 

Small GTP-ases transmit signals from the receptor tyrosine kinases to the nucleus 

through multiple effectors pathways, such as the RAF/MEK/MAPK signaling cascade. In 

a mouse model overexpressing oncogenic v-Ha-ras under control of the MMTV 

promoter, mammary hyperplasias, mammary adenocarcinomas, and metastasis arose 

rapidly, as early as five weeks of age [31].  

It is evident that activated ras harbors tremendous oncogenic capabilities. However, the 

role of overexpressed wild type ras in the etiology of breast cancer is poorly understood. 

In transgenic overexpression rat models of the rat Harvey and Kirsten ras genes, both 

under control of the rat Harvey ras promoter and regulatory elements, no abnormal 

mammary pathology was observed [32]. However, when these rats were treated with the 

mammary carcinogen nitrosomethylurea (NMU), an inhibition of NMU-induced 

mammary tumor multiplicity was observed. This is slightly surprising, since 

overexpression of the human form of Harvey ras under control of the truncated human 

Harvey ras promoter rendered the rats highly susceptible to NMU-induced mammary 

carcinogenesis [33, 34]. This discrepancy might illustrate the delicate role of the 

regulation of the Harvey ras gene in mammary carcinogenesis or perhaps cancer 

prevention, independent of an elevated frequency of activating mutations.  

 

 

Infusion model 

 
Due to the lack of embryonic stem (ES) cell-based technology for the rat, conditional 

knockins commonly used for time- and tissue-specific transgene expression in the mouse, 
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are not available. Consequently, germ line transgenesis in the rat is limited to the 

conventional pronuclear injection method that results in random integration of the 

transgene, as described above. In these models, ectopic expression of the transgene could 

occur due to unforeseen integration into an enhancer or repressor site in the genome. 

Additionally, the phenotype under study could be altered by developmental influences, 

since transgene (over)expression could be present already early in development, 

depending on the promoter. To circumvent these drawbacks Gould and coworkers 

developed a mammary duct infusion model for the rat [35]. This technology allows for 

the direct anatomical targeting of the mammary ductal epithelial cells with transgenic 

constructs via retroviral vectors. Since the retroviral vector can only integrate into the 

genome of proliferating cells, the technology is very specific to mammary epithelial cells, 

if delivered at the appropriate developmental stage (~50-55 days of age). By varying the 

virus titer any percentage of cells can be targeted, which makes it a flexible experimental 

system. 

The major advantage of the infusion model is the relative rapidity of the procedure. The 

method does not rely on zygote manipulation, but on simply cloning the desired 

transgene in the replication-defective retroviral vector. 

 

Infusion of neu 

The infusion of oncogenic neu under control of the MMTV long terminal repeat (LTR) 

directly into the mammary ducts of female rats resulted in full penetrance development of 

mammary carcinomas [35]. The carcinomas resulted from single cell transformations 

[36]. Tumor development strongly overlapped with the various stages in human breast 

cancer [37], although a general classification system, as is available for mammary 

carcinogenesis in genetically engineered mice [38], has not been generated for rat 

mammary carcinogenesis yet. Between two and seven weeks after infusion the first 

cribiform- (Fig. 1b) and comedo-like (Fig. 1c) hyperplastic structures appeared that 

resemble DCIS observed in early human breast cancer. These hyperplasias further 

developed into invasive carcinomas (Fig. 1d). 

A large portion of the carcinomas (~50%-60%) responded to hormone ablation by 

ovariectomy [1] or can be prevented by treatment with the antiestrogenic drug tamoxifen 
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[39]. Tamoxifen treatment also prevents ~50% of invasive breast cancer in women [40], 

again illustrating the relevance of the rat neu infusion model to human breast cancer and 

more specifically chemoprevention.  

 

Infusion of ras 

Although the expression difference between the members of the Ras family in the 

mammary gland was reported to be modest (1.5 - 2 fold), it appeared that activated 

Harvey ras is an order of magnitude more potent at inducing mammary carcinomas when 

infused directly into the mammary duct, compared to activated Kirsten ras [41]. This 

modest expression difference is unlikely to account for the large difference in oncogenic 

potential. Thus, the rat mammary duct infusion model was further employed to 

characterize the carcinogenic potential of the regions that differ between Harvey ras and 

Kirsten ras. By infusing Harvey and Kirsten ras chimaeras, regions that are important to 

the carcinogenic potential of Harvey ras in the mammary duct were determined [42]. 

These regions could potentially account for the tissue-specific differences of the 

carcinogenic potential of activated ras isoforms. 

In addition, the wild type form of Harvey ras, but not Kirsten ras, under control of the 

MMTV promoter resulted in mammary carcinomas when directly infused into the 

mammary duct [42]. This is in contrast to the germ line transgenic overexpression rat 

model of the proto-oncogene Harvey ras under control of its own promoter that caused 

resistance to NMU-induced carcinogenesis [32]. Possibly, gene regulation through the 

distinct promoters could be inherent to this discrepancy. Taken together, these data 

suggest a delicate interplay of ras expression, activation, and protein composition in the 

tissue- and time-specific carcinogenic potential of the ras isoforms that requires further 

study. 

 

 

Rat knockout models for BRCA1 and BRCA2 

 

Between 2% and 3% of human breast cancer cases are associated with mutations in 

BRCA1 or BRCA2 [43, 44]. Individuals carrying inactivating mutations in these genes are 
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highly susceptible to developing breast cancer. Their lifetime risk is estimated to be up to 

80% [45]. Frequently, cancer initiation in these patients is caused by loss of 

heterozygosity [46, 47]. This mechanism results in the loss of the wild type allele in a 

cell, which totally abolishes normal BRCA1 or BRCA2 protein expression.  

Rat models for breast cancers often accurately reflect human breast cancer in terms of 

hormone responsiveness and the ductal origin of the lesion [2, 3]. However, the 

motivation for generating rat knockout models for Brca1 and Brca2 is hampered by the 

lack of ES cell-based knockout technology. Therefore, gene inactivation technology 

based on chemical germ line mutagenesis was recently developed for the rat [48, 49].  

Briefly, male rats are mutagenized using the germ line mutagen N-ethyl-N-nitrosourea 

(ENU), which induces random point mutations in the sperm cells with relative high 

frequency. Mating these males to untreated females results in progeny that carry random 

heterozygous point mutations in their genome. Various high-throughput mutation 

discovery platforms have been used to retrieve these heterozygous mutations in genes of 

interest [48-50]. The first rat knockouts produced via this technology were the Brca1 and 

Brca2 knockouts [49].  

 

Phenotype of Brca1 and Brca2 mutant rats 

The Brca1+/- mutant founder generated through ENU mutagenesis produced viable and 

fertile heterozygous male and female carriers, however, intercross of these carriers failed 

to produce pups that were homozygous for the mutation (J. D. H. and M. N. G., 

unpublished).  This finding was not surprising, as embryonic lethality or limited survival 

is commonly observed for most mouse Brca1 and Brca2 mutants when homozygous [51].  

In contrast, the Brca2 mutation showed normal Mendelian inheritance in the rat when 

bred to homozygosity, with 100% viability of Brca2-/- offspring [49]. Full length Brca2 

protein was identified from testicular extracts from Brca2+/+ and Brca2+/- rats, and was 

absent in Brca2-/- testes, providing validation of this model and a unique opportunity to 

assess Brca2-associated breast cancer susceptibility [52]. 

Phenotypic evaluation of Brca2-/- rats having the SD genetic background revealed several 

abnormalities [52].  Compared with Brca2+/+ and Brca2+/- littermates, Brca2-/- rats were 

significantly smaller and were infertile, as a consequence of impaired gonad 
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development. The mammary glands of female rats were underdeveloped, most likely 

because of insufficient production of ovarian hormones. Long-term phenotypic 

assessment showed increased cataractogenesis and shortened lifespan in both male and 

female Brca2-/- rats, which was due to formation of a variety of tumors and carcinomas. 

The most frequently occurring lesion in Brca2-/- rats was osteosarcoma, differing from 

mouse knockouts, which had a high incidence of thymic lymphoma [51]. These lesions 

do not reflect the tumor spectrum of human BRCA2 mutation carriers, for which the 

major sites of cancer are the breast, ovary and prostate. As the frequency of spontaneous 

mammary carcinomas in Brca2-/- rats did not differ from controls, additional methods 

were needed to establish a breast cancer model. 

 

Strategies for mammary carcinoma induction in Brca2-/- rats 

The lack of gonad development in Brca2-/- rats presented a major obstacle for 

establishing a breast cancer model, as the growth of most rat mammary carcinomas 

requires ovarian hormones.  The underdeveloped mammary glands of Brca2-/- female rats 

are estrogen responsive, as short-term estrogen replacement using implants following 

ovariectomy induced ductal elongation and branching morphogenesis [52].  Since it is 

difficult to mimic normal ovarian hormone secretion in a long-term fashion to allow for 

mammary carcinoma development, other methods were needed to correct the ovarian 

defect in Brca2-/- rats.   

In an unpublished study, the Brca2 mutation was moved to the Wistar-Furth (WF) 

genetic background (M. S. C. and M. N. G., unpublished). This provides the alternative 

of using tissue transplantation models to assess mammary carcinogenesis, as graft 

rejection can be circumvented using inbred strains. The Brca2-/- WF rats are 

phenotypically similar to their Brca2-/- SD counterparts; they are small and infertile, with 

underdeveloped gonads and mammary glands.  Therefore, providing a normal hormonal 

environment for the developing Brca2-/- mammary gland could theoretically be achieved 

by transplanting normal ovaries into Brca2-/- rats, or by transplanting Brca2-/- mammary 

glands into wild type hosts. Surgical transplantation of Brca2+/+ ovaries into the 

subscapular fat pads of four-week-old ovariectomized Brca2-/- recipients showed initial 

success, as estrus cycling could be observed 6-10 weeks following surgery.  However, 



Gould, Michael N. 
W81XWH-04-1-0436 

 

long-term viability of the transplanted ovaries was poor, and Brca2-/- rats failed to 

develop mammary carcinomas after 6-11 months, possibly due to disruption of normal 

hypothalamic-pituitary-ovarian feedback.   

Providing a normal hormonal setting for the Brca2-/- mammary gland by transplant into 

the subscapular fat pads of Brca2+/+ recipients was an attractive alternative, as hosts did 

not require ovariectomy. In general, the Brca2-/- mammary transplants had a higher 

degree of branching and lobularity than control transplants from Brca2+/+ donors (Table 

1; Fig.  2). Despite the seemingly accelerated growth of Brca2-/- transplants, mammary 

carcinomas failed to develop after a one year period (Table 1). Nonetheless, the Brca2-/- 

mammary gland is likely to have increased responsiveness to prolactin or progesterone, 

as these hormones play a major role in lobular growth and differentiation. 

 

Mammary cancer susceptibility in Brca1+/- and Brca2+/- rats 

Brca1+/- (n=9) and Brca1+/+ controls (n=14) were evaluated over a one year period for 

spontaneous tumor/cancer formation, however, neither mammary nor any other 

carcinomas were found (J.D.H. and M.N.G., unpublished). Similarly, Brca2+/- carriers 

had very low spontaneous cancer/tumor incidence, which did not differ significantly from 

Brca2+/+ littermates [52].  Likewise, mouse Brca1+/- and Brca2+/- carriers do not show 

increased tumor susceptibility [51]. The discrepancy between high tumor incidence in 

human carriers of BRCA1 and BRCA2 mutations and the rodent heterozygous mutant 

phenotype could be due to a lack of haploinsufficiency or very long latency in these 

rodent models. In an attempt to shorten the latency in Brca2+/- carrier rats chemical 

carcinogens 7,12-dimethylbenz[a]anthracene (DMBA) or NMU were administered. 

However, these carcinogens failed to increase mammary carcinoma multiplicity 

compared to wild type littermates (M.S.C. and M.N.G., unpublished). Interestingly, 

attempts to model cancer in Brca2+/- mice by treatment with DMBA and 

medroxyprogesterone acetate actually increased mammary tumor latency in carriers 

compared with wild type littermates controls [53]. These contradictory phenotypes in 

response to treatment with chemical carcinogens point to the existence of species-specific 

modifiers that affect the role of Brca2 in carcinogenesis. 
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Conclusions 

 
Rat models for breast cancer are of great interest since the origin, pathology, and 

sensitivity to hormones of rat mammary tumors closely resemble those of the human [2, 

3]. The mouse has always been the model organism of choice for mammalian geneticists, 

but with the recent developments in the field of rat genetics and genomics, the rat is 

clearly gaining status as a genetic model organism [4, 5, 54]. Here we reviewed the 

efforts to establish genetically engineered rat models for breast cancer (overview in Table 

2).  

The transgenic and infusion models of neu and ras illustrate that genetically engineered 

rat models are comprehensive model systems to study certain aspects of the etiology of 

human breast cancer. The differences in susceptibility to mammary carcinogenesis in the 

various transgenic rat models suggest that not mutational activation, but aberrant 

regulation of the expression of the proto-oncogenes neu and ras could account for that. 

Although the activated forms of neu and ras are infrequent in human breast cancer, they 

do provide an excellent opportunity to induce mammary carcinomas with high frequency 

when infused directly into the mammary duct. In addition, mammary carcinomas induced 

by the retroviral infusion of activated neu result in DCIS-like hyperplasias that develop 

into frank carcinomas. A large portion of these mammary cancers are hormone 

responsive, just like human breast cancer, which makes this model highly relevant for 

chemoprevention studies [39].  

The rationale for producing genetically engineered rodents having mutant copies of 

tumor suppressor genes like Brca1 and Brca2 is to model the human cancers that arise 

from mutations in these genes. However, these mutations in heterozygous state fail to 

result in increased breast cancer susceptibility in mice and rats, even when additional 

DNA damage is induced with mammary carcinogens. Importantly, the rat Brca2 

knockout model provided the distinct advantage of viability in the homozygous state, but 

mammary carcinomas did not arise spontaneously. Even providing the Brca2-/- mammary 

gland with a normal hormonal environment to test for ovarian insufficiency in these 

homozygous knockouts did not result in tumor formation. Despite the tremendous efforts 
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to develop these unique knockout models into breast cancer models, the utility of these 

models lies in the ability to study the tissue-specific functions of the proteins.  

It is worth mentioning that another ENU-induced rat cancer model described recently 

does recapitulate the human disease better than the existing murine models. In this case, 

the rat Adenomatous polyposis coli (Apc) heterozygous knockouts develop multiple large 

neoplasms distributed between the colon and the small intestine [55], whereas the mouse 

carriers of the mutant Apc allele primarily have a small intestine phenotype [56]. This 

example illustrates that rat knockout models could potentially provide enhanced model 

systems to study aspects of human familial cancer. 

Interestingly, the rat models reviewed here display a dynamic range of mammary 

phenotypes when compared to each other and to existing murine models. Some models 

develop carcinomas, others develop carcinomas only if treated with a carcinogen or 

hormones, while others don’t develop mammary cancer at all. The phenotypic outcome 

of a genetically engineered model could be influenced by environmental factors, such as 

animal housing, food, and mode of carcinogen administration, and/or genetic factors. 

The genetic influences can be categorized in two groups. First, local genetic elements are 

an important factor to consider when analyzing a mutant phenotype. Such genetic 

elements include the promoter driving transgene expression, the site of integration of a 

transgenic construct, the nature of the genetic alteration of the gene of interest, and more. 

Second, genome-wide genetic influences, i.e. the genetic background of the strain in 

which the genetic alteration is induced, could be a major influence. Strain effects on 

mammary carcinogenesis susceptibility have been described previously for transgenic 

neu proto-oncogene-induced mouse models [57] and have recently been documented for 

a rat oncogenic neu infusion experiment  [58].  

Finally, certain genes could have a different role in the mammary gland of different 

species, which makes interspecies comparison of genetically engineered models virtually 

impossible, like the Brca2 models described in this review. Therefore, each model 

designed to simulate specific aspects of human breast cancer should be considered as a 

separate experiment with its own controls and results. In that perspective, the rat models 

described in this review clearly have an additive value to the existing genetically 



Gould, Michael N. 
W81XWH-04-1-0436 

 

engineered models, such as mice and human cells, to study specific aspects of human 

breast cancer.  
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Tables  

 

Table 1: Histological and morphological analysis of transplanted mammary tissue 

 Histological analysis of transplanted mammary tissue 
Donor ---> Recipient n Hyperlobularity Carcinoma 

Brca2+/+ --->Brca2+/+ 6 0 1a 

Brca2-/- ---> Brca2+/+ 11 3 0 
 

 Morphological analysis of transplanted mammary tissue 
Donor ---> Recipient n  Degree of branching 

Low             High           Both 
Degree of lobularity 

Low                       High 

Brca2+/+ --->Brca2+/+ 8  7 0 1 8 0 

Brca2-/- ---> Brca2+/+ 17  8 6 3 9 8 
a Note, the only carcinoma that developed in this experiment was in a wild type animal. 

 

Table 2: Summary of genetically engineered rat models for breast cancer 
Gene Promoter Technology Pathological mammary phenotype Ref. 

Hs neu MMTV transgenic >70% of multiparous females develop hyperplastic lesions, and 

stochastically DCIS and carcinomas; no lesions in virgin animals 

[18] 

Rn neu MMTV transgenic Carcinomas in 100% of intact TG males, 100% of androgen treated 

TG males, and ~80% of androgen treated TG females 

[19] 

Rn Ha-

ras/K-ras 

Rn Ha-ras transgenic No pathological mammary abnormalities; resistance to NMU-

induced mammary tumor multiplicity 

[32] 

Hs Ha-ras Hs Ha-ras transgenic NMU- / DMBA- induced mammary carcinogenesis, independent of 

increased amount of activating mutations in the transgene 

[33,34] 

Rn neu* MMTV infusion DCIS-like hyperplasias and invasive mammary carcinomas develop 

that resemble human pathology and hormone-sensitivity/dependence 

[35,36] 

Rn Ha-

ras*/K-ras* 

MMTV infusion Activated Ha-ras is 10-fold more potent in the induction of 

mammary carcinomas than K-ras 

[41] 

Rn 

Brca1/Brca2 

- knockout No increased mammary carcinogenesis susceptibility; Brca2 was 

tested in various tumor inducing experimental settings 

[49,52] 

* activated form 

Hs = Homo sapiens; Rn = Rattus norvegicus; MMTV = Moloney mammary tumor virus; DCIS = Ductal Carcinoma In Situ; 

TG = transgenic; NMU = nitrosomethylurea; DMBA = 7,12-dimethylbenz[a]anthracene  
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Figure Captions 

 

Figure 1: Hematoxylin and eosin staining of paraffin sections showing progression of 

mammary lesions following infusion of the pJR-neu retroviral vector in Wistar Furth rats.  

(A) Mammary tissue from an adult rat, showing normal ductal epithelium. (B) Intraductal 

cribriform hyperplasia seen two weeks after infusion. (C)  Mammary lesion (two weeks 

post-infusion) resembling comedo type ductal carcinoma in situ (DCIS) with arrow 

pointing to necrosis. (D)  Carcinoma, 12 weeks post-infusion.  All photos were taken at 

20X magnification. 

 

Figure 2: Aluminum carmine staining of transplanted mammary tissue from (A) Brca2+/+ 

donor showing minimal branching and lobularity and from (B) Brca2-/- donors showing 

hyperlobular phenotype.  Mammary glands from 4-week-old donors were pooled, minced 

and surgically transplanted into the subscapular fat pads of Brca2+/+ recipients and 

removed after 1 year. Photographs taken at 4X magnification. 
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