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Role of K-ras and Pten in the development of mouse 
models of endometriosis and endometrioid ovarian cancer
Daniela M Dinulescu1,2, Tan A Ince3,4,5, Bradley J Quade4,5, Sarah A Shafer1,2, Denise Crowley1,2 & Tyler Jacks1,2

Epithelial ovarian tumors present a complex clinical, diagnostic and therapeutic challenge because of the difficulty of early 
detection, lack of known precursor lesions and high mortality rates. Endometrioid ovarian carcinomas are frequently associated with 
endometriosis, but the mechanism for this association remains unknown. Here we present the first genetic models of peritoneal 
endometriosis and endometrioid ovarian adenocarcinoma in mice, both based on the activation of an oncogenic K-ras allele. In 
addition, we find that expression of oncogenic K-ras or conditional Pten deletion within the ovarian surface epithelium gives rise to 
preneoplastic ovarian lesions with an endometrioid glandular morphology. Furthermore, the combination of the two mutations in the 
ovary leads to the induction of invasive and widely metastatic endometrioid ovarian adenocarcinomas with complete penetrance and 
a disease latency of only 7 weeks. The ovarian cancer model described in this study recapitulates the specific tumor histomorphology 
and metastatic potential of the human disease.

Epithelial ovarian cancer is the deadliest malignancy of the female 
 reproductive tract in Western countries1. A better understanding of the 
 pathogenesis and risk factors associated with this disease should  contribute 
not only to improvements in early detection and  prevention but also to the 
development of more effective therapies. Epithelial  ovarian cancer includes 
five major histological (differentiated)  subtypes (serous, endometrioid, 
mucinous, clear cell and transitional  adenocarcinomas) that together make 
up nearly 90% of all adult  ovarian cancers. It has become  increasingly 
clear in recent years that different etiological  factors are responsible for 
the development of various ovarian tumor subtypes. The discovery of 
 frequent somatic PTEN mutations and loss of  heterozygosity at the 10q23 
PTEN locus in endometrioid ovarian cancer, coupled with absence of such 
 mutations in other histological subtypes, points to a key role for PTEN in 
the etiology of this subtype2,3. K-RAS is also mutated in endometrioid 
ovarian cancer, albeit at a lesser frequency (3.7–36.4%), with the majority 
of studies indicating a  mutational  frequency of less than 10%4–7.

The development of accurate mouse models of human  ovarian 
 carcinoma is expected to advance our understanding of its 
 pathophysiology. Recently, significant strides have been made 
toward modeling epithelial ovarian cancer in genetically engineered 
mice8–10. Most of the tumors described in these models were  diagnosed 
as poorly differentiated or undifferentiated carcinomas, with a smaller 
 percentage diagnosed as serous ovarian carcinomas8–10. To advance 
the  understanding of ovarian cancer initiation and  progression, it is 
important to develop animal models of ovarian cancer with a  well-
 differentiated histopathology and also identify precursor lesions for 
ovarian carcinoma. Furthermore, for both therapeutic and early 
 diagnostic purposes it is essential to generate animal models for the 

other major histological subtypes of epithelial ovarian cancer, such 
as endometrioid and mucinous ovarian carcinomas.

Endometriosis, a benign disease defined as the presence of  functional 
uterine-like tissue (epithelial glands and stroma)  outside the uterus, is 
frequently associated with endometrioid ovarian  adenocarcinoma11,12. 
Endometriosis is very common in the  general population, affecting up 
to 15% of women in the reproductive age group11. Notably, women 
with a  history of endometriosis are at an increased risk for developing 
 endometrioid ovarian cancer. Furthermore, 15–40% of  endometrioid 
ovarian carcinoma cases are associated with  endometriosis11. The 
 possibility that ovarian cancer arises through the malignant  transformation 
of  endometriosis has long been suggested12; however, a clear genetic link 
between  endometriosis and ovarian cancer has yet to be identified.

RESULTS
Oncogenic K-ras mutations induce endometriosis 
To achieve specific gene activation within the mouse ovarian surface 
 epithelium (OSE), we delivered a recombinant adenoviral vector express-
ing Cre recombinase (AdCre) to the bursal cavity that encloses the ovary. 
We tested two surgical  techniques of injecting adenovirus into the bursal 
cavity. In the first  technique, the needle was introduced in the uterine 
tubal junction, passed through the oviduct and inserted into the ovarian 
bursa, where the virus was delivered. The second method of injection, in 
which the needle was inserted into the oviduct near the infundibulum 
and the adenovirus was delivered through the  infundibulum into the 
ovarian bursa, was described previously10. Both methods were found 
to be equally  effective in infecting OSE cells in a loxP-Stop-loxP LacZ 
(Gt(ROSA)26Sor) reporter strain (Fig. 1). Gross anatomical inspection 
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showed LacZ staining of the ovary (Fig. 1a,b). In addition, using the 
first technique, we found traces of staining in utero-tubal cells (Fig. 1a), 
presumably along the needle path. The second technique was  somewhat 
more tissue restrictive, in that it allowed very efficient  staining of the 
ovary in addition to traces of staining detected in the oviduct (Fig. 1b). 
Histological analysis confirmed infection of OSE cells (Fig. 1c,e–g), with 
no LacZ staining detected in ovarian stroma; the control (uninjected) 
ovary is shown in Fig. 1d. Some staining is also seen in the bursa (Fig. 1f). 
Featured in Fig. 1h is an example of LacZ staining in the tubal  epithelium 
(oviduct).

To induce expression of oncogenic K-ras within the OSE, we used the 
first injection technique to administer AdCre to the bursal cavity of loxP-
Stop-loxP-K-rasG12D/+ (LSL-K-rasG12D/+) mice13,14. These mice  harbor a 
transcriptionally silenced, oncogenic allele of K-ras that can be activated 
by the expression of Cre recombinase. Oncogenic K-rasG12D activation 
in the OSE resulted in benign epithelial lesions with a simple endome-
trioid glandular morphology reminiscent of the epithelial component of 
endometriosis (Fig. 2a). These lesions did not seem to be surrounded by 

endometrial-type stroma; consequently, we classified them as endome-
triosis-like lesions rather than  endometriosis. All AdCre-infected LSL-
K-rasG12D/+ mice analyzed to date (n = 15) showed such benign lesions 
within the OSE but no invasive ovarian tumors were evident up to 10 
months following AdCre infection. In contrast, control (uninfected) ova-
ries of LSL-K-rasG12D/+ animals (n = 15) or ovaries of wild-type  control 
mice injected with AdCre (n = 18) did not show any morphological 
changes in the OSE (see Supplementary Fig. 1 online). These results 
suggest that additional mutations or epigenetic alterations, or both, are 
necessary for the development of ovarian cancer in the mouse.

In addition to developing ovarian lesions, 47% of mice (7 of 15) also 
developed peritoneal endometriosis (Supplementary Fig. 2 online). To 
our knowledge this is the first mouse model of de novo  endometriosis. 
Both the benign ovarian lesions and the  peritoneal endometriotic lesions 
were  diagnosed on  average at  approximately 8 months after AdCre injec-
tion. The  peritoneal lesions were present within the soft tissue  surrounding 
the ovary (Fig. 2b), as well as widespread throughout the peritoneum, 
being  associated with the surface of the  oviduct, uterus,  cervix, liver, 

intestine, spleen, pancreas and, more rarely, 
skeletal muscle (Fig. 2c–g and Supplementary 
Fig. 3 online, and data not shown). The 
 endometriosis shown by  AdCre-infected LSL-
K-rasG12D/+ mice  recapitulates the histomor-
phology and  biological behavior of human 
endometriosis. The diagnosis of endome-
triosis in the  peritoneum was made based on 
the  identification of  endometrioid  glandular 
epithelium accompanied by   endometrial-
type stroma (Fig. 2g). In some cases, the 
 endometriotic implants were  dominated by 
the epithelial component, with little stroma 
 present. Histologically, the  endometriotic 
lesions consisted of cystically dilated glands 
with a well-differentiated,  single layer of  inactive 
epithelium that displayed a bland cytology, no 
nuclear atypia and few mitotic figures (Fig. 
2g). The glands were  surrounded by a rim of 
endometrial-like stroma, consisting of densely 
packed fusiform cells with scanty cytoplasm 
(Fig. 2g). Both glands and stroma were scat-
tered within dense fibrous tissue; these dense 
fibrotic  adhesions resembled the endome-
triosis- associated  adhesions found in humans. 
Furthermore, the long-term follow-up of these 
lesions was benign in all animals; they were 
never fatal.

Through the use of laser capture  microdissection 
and subsequent PCR of  isolated DNA, we 
 confirmed that  epithelial cells within the endo-
metriotic glands had undergone Cre-mediated 
recombination of the oncogenic K-rasG12D allele 
(Fig. 2h). To  further confirm the  diagnosis of 
 endometriosis, we showed that the perito-
neal endometriotic lesions shared not only 
 morphological but also immunohistochemi-
cal  similarities with the uterine endometrium. 
Thus, both  endometriotic and endometrial 
glands were positive for epithelial  markers, 
such as  cytokeratins 7 and 8, but not for 
 cytokeratin 20 (Fig. 3a). In  addition, they 
both stained positively for steroid receptors, 

a b

c d

e f g h

Figure 1  Intrabursal AdCre administration results in efficient infection of the OSE. (a,b) Whole-
mount β-galactosidase staining of ovaries and the reproductive tract in reporter mice, following a 
single intrabursal injection of AdCre delivered through the uterotubal junction (a) or infundibulum 
(b). (c,d) Histochemical detection of β-galactosidase in the OSE (arrow) of AdCre-injected (c) and 
control ovaries (d). (e–g) Higher-magnification pictures of LacZ staining within the OSE (arrow) 
of AdCre-infected mice; AdCre was delivered intrabursally through the uterotubal junction (e) or 
infundibulum (f,g). Traces of LacZ staining are also detected in the bursa (f, arrowhead) and tubal 
epithelium (oviduct) (h, arrowhead).
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estrogen and  progesterone receptors (Fig. 3a). Furthermore, endome-
triotic stroma was positive for markers that typically stained endome-
trial stroma, such as smooth-muscle actin and CD10 (Fig. 3a). The 
presence in the peritoneum of glandular lesions that are cytokeratin 
7–, estrogen receptor– and  progesterone receptor–positive, surrounded 
by CD10 and smooth-muscle actin–positive stroma, coupled with the 
specific histopathological findings and the benign long-term follow-up, 
 suggests a diagnosis of endometriosis.

The development of the first model of de novo endometriosis enabled 
us to gain some insight into the mechanism of  endometriosis initiation in 
mouse models. Thus, we tested the metaplastic theory of  endometriosis 
initiation by delivering AdCre directly into the  peritoneum through 
intraperitoneal injections. Animals were killed approximately 8 months 
after AdCre injection and the entire  peritoneum was carefully analyzed 
in all cases. Notably, all animals injected intraperitoneally, being either 
LSL-K-rasG12D/+ (n = 12) or wild-type controls (n = 13), showed a 
normal histomorphology and no signs of 
endometriosis (Fig. 3b). These results indicate 
that at least in this mouse system peritoneal 
endometriosis does not originate through a 
process of metaplastic differentiation from 
the pelvic peritoneum.

In contrast, the ‘implantation theory’ of 
endometriosis initiation suggests that the 
lesions originate from endometrial tissue that 
is refluxed through the fallopian tubes into the 
peritoneum. Based on our injection proto-
col and the subsequent LacZ- staining analy-
sis it is probable that oncogenic  K-rasG12D is 
also expressed in some percent of epithelial 
  utero-tubal cells in addition to the OSE. As a 
result, uterine or tubal cells could acquire 
a growth advantage and may be able to 
implant and expand at ectopic  peritoneal 
sites. Alternatively, the endometriotic 
lesions may arise directly from the OSE 
through a metaplastic  differentiation 
 process induced by oncogenic K-rasG12D, 
and subsequently implant onto peritoneal 
surfaces. To  differentiate between these two 
 possible  mechanisms, we used the same 
method of intrabursal AdCre injection in 
LSL-K-rasG12D/+ mice, followed 48 h later 
by transplantation of the ovary (removed 
from its bursa and adjoining tissues, uterus, 
oviduct, etc.) under the ovarian bursa of 
BALB/c  Rag2–/– mice. The transplanted 
mice (n = 4) were killed 5.5 months later. 
Although all of the mice showed ovarian 
endometriotic-like lesions (Fig. 3c)  similar 
to those described above, none of them 
had peritoneal  endometriosis. Although 
the number of mice is too small to draw a 
definitive conclusion from this  experiment, 
the results raise the possibility that the ovar-
ian and peritoneal lesions seen in LSL-K-
rasG12D/+ mice may have distinct origins, 
with the ovarian lesions arising from the 
OSE and the peritoneal lesions having a 
uterine or tubal origin. This  possibility is 
currently under investigation.

K-ras and Pten in the OSE causes endometrioid ovarian cancer
As shown above, expression of oncogenic K-rasG12D within the OSE 

results in benign epithelial lesions with a typical endometrioid  glandular 
morphology that do not progress to ovarian carcinoma. Because 
PTEN has been implicated in endometrioid ovarian  tumorigenesis 
in humans2,3, we tested whether the combined mutation of K-Ras 
and Pten in the OSE might cause progression to this tumor type in 
mouse models. Indeed, all LSL-K-rasG12D/+ PtenloxP/loxP mice developed 
 invasive  endometrioid ovarian adenocarcinomas as early as 7 weeks after 
 intrabursal AdCre administration through the infundibulum. In the 
initial cohort of mice we tested (n = 9), animals showed signs of disease 
and were killed between 7 and 12 weeks after injection. AdCre-infected 
ovaries were enlarged (Fig. 4a) compared to control uninfected ovaries 
(Fig. 4a). Grossly, the ovarian tumors were solid and cystic, with the 
cysts containing soft masses and bloody fluid (Fig. 4a). Some animals 
also showed a distended abdomen (Supplementary Fig. 4 online) and 

Recombined K-rasG12D

K-ras

Recombined K-rasG12D

K-ras

b c

d e f

g h

a

Figure 2 Induction of ovarian endometriotic-like lesions and peritoneal endometriosis by oncogenic 
K-rasG12D. (a) Activation of K-rasG12D within the OSE results in endometrioid glandular lesions 
(arrow); normal OSE is seen nearby (arrowhead). (b–g) Peritoneal endometriosis (E) in the soft tissue 
surrounding the ovary (O) (b), fat (c), on the surface of the oviduct (Ov) (d), uterus (Ut) (e), liver (Lv) 
(f), and cervix (Cv) (g). A higher magnification picture (g) shows the presence of both endometriotic 
epithelial glands (arrow) and stroma (arrowhead). (h) Cre-mediated recombination of K-rasG12D in 
ovarian endometriotic-like lesions (O1–O3), peritoneal endometriotic lesions (E1, E2), but not in 
control OSE (N).
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hemorrhagic ascites upon necropsy (Fig. 4a). All tumors were diagnosed 
as  ovarian endometrioid  adenocarcinomas. The primary tumor was 
located in the ovary in all cases; no morphological changes were seen in 
either the uterus or oviduct. The ovarian tumors appeared to originate 
from the OSE and extended into and replaced ovarian stroma through 
a process of destructive infiltrative growth (Fig. 4b). Histologically, we 
identified both confluent glandular tumor patterns and areas of solid 
growth (Fig. 4b). Some hemorrhage was also seen (Fig. 4b); in  addition, 
metaplastic squamous differentiation, a diagnostic feature of ovarian 
endometrioid carcinoma, was observed in some tumors (Fig. 4b). 
Notably, we did not see any histological abnormalities in the ovaries or 
OSE of AdCre-infected PtenloxP/loxP mice (n = 9) injected in parallel and 
examined within the same timeframe (7–12 weeks; Fig. 4c). In contrast, 
invasive peritoneal implants of endometrioid ovarian carcinoma were 
 identified in LSL-K-rasG12D/+PtenloxP/loxP mice as early as 7 weeks after 
AdCre injection. The glandular implants with a cribriform arrangement 
were widely disseminated throughout the peritoneum (Fig. 4d); some 
tumors also showed villoglandular growth patterns (Fig. 4e). In addi-
tion, they diffusely infiltrated abdominal organs (i.e., pancreas, liver 
and intestine; Fig. 4f,g and data not shown) and showed a desmoplastic 
response. Furthermore, a high proportion of ovarian tumors (43%) 
metastasized to the lungs (Fig. 4h).

In a separate experiment, we performed a survival study of another 
cohort of AdCre-infected LSL-K-rasG12D/+PtenloxP/loxP mice (n = 20) 
injected using the same method and killed when they were  moribund. 
The majority of animals (18 of 20) survived for 10 and 20 weeks after 
AdCre  administration; the remaining two mice in the study survived for 
26 weeks after infection. The tumors analyzed in these animals showed 
 morphological characteristics similar to those described above. In  contrast, 
all AdCre-injected PtenloxP/loxP mice (n = 13) were alive and showed no signs 
of disease throughout the study. They were killed and analyzed 26 weeks 
after AdCre infection, when the last LSL-K-rasG12D/+PtenloxP/loxP mice died. 
Of note, we diagnosed benign epithelial lesions within the OSE in 62% (8 
of 13) of animals; these lesions showed a typical endometrioid glandular 
morphology and were considerably similar to those seen in AdCre-injected 
LSL-K-rasG12D/+ OSE (Fig. 5a,b). Notably, one of these PtenloxP/loxP animals 
developed endometrioid ovarian adenocarcinoma (Fig. 5c).

To prove that the ovarian endometrioid tumors seen in Cre-induced 
LSL-K-rasG12D/+PtenloxP/loxP originate in the OSE, we transplanted the 
injected ovaries (removed from the bursa and adjoining tissues, uterus, 
oviduct, etc.) under the ovarian bursa of BALB/c Rag2–/– mice (n = 8). 
The mice were killed 8 weeks later and showed enlarged ovaries on the 
transplanted side (Fig. 5d) compared to the control side (Fig. 5d). All 
animals were diagnosed with endometrioid ovarian adenocarcinomas 
that had an identical histomorphology (Fig. 5e) with the ovarian tumors 
previously described. This result indicates that the ovarian tumors in 
our model most probably originate from the OSE.

We further confirmed Cre-mediated recombination of the oncogenic 
K-rasG12D allele and conditional deletion of Pten in primary  ovarian 
tumors and peritoneal implants (Fig. 5f). Immunohistochemical 
 studies showed that both ovarian tumors and their peritoneal implants 
stained strongly with epithelial markers (CK8) (Fig. 5g). As expected, 
 conditional Pten  deletion induced strong AKT  phosphorylation 
 (p-AKT) in the  primary ovarian tumor, peritoneal implants and 
lung metastases (Fig. 5h). Furthermore, the tumor implants showed 
focal immuno staining for phosphorylated mTOR (p-mTOR), a key 
 downstream effector of  p-AKT (Fig. 5h), suggesting that activation 
of the PI3-kinase- AKT-mTOR  pathway might be responsible in part 
for their oncogenic  potential. Notably, they also showed increased 
phosphorylation of the p70 S6 kinase (p-S6K), a downstream target of 
mTOR (Fig. 5h). Thus, this ovarian tumor subtype may be an attractive 

a

b

c

Figure 3  Characterization of endometriotic lesions. (a) Peritoneal 
endometriotic lesions and the uterine endometrium have a similar 
immunohistochemical profile. Both endometriotic and endometrial 
glands are positive for cytokeratin 8 (CK8), cytokeratin 7 (CK7), estrogen 
receptor (ER) and progesterone receptor (PR), but not for cytokeratin 20 
(CK20). Endometriotic stroma stains positively with endometrial-type 
stroma markers, smooth-muscle actin (SMA) and CD10. (b) Intraperitoneal 
injection of AdCre in LSL-K-rasG12D/+ mice does not result in endometriosis. 
Organs within the pelvic/peritoneal cavity, such as the uterus, spleen, liver 
and intestine, show a normal histomorphology. (c) Transplanted AdCre-
infected LSL-K-rasG12D/+ ovaries show similar epithelial lesions with 
endometrioid glandular morphology (arrow).

A R T I C L E S



©
20

05
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
em

ed
ic

in
e

NATURE MEDICINE   VOLUME 11 | NUMBER 1 | JANUARY 2005 67

target for rapamycin therapy, because low PTEN, high p-AKT and high 
p-S6K levels are expected to render it sensitive to rapamycin. In addition, 
the mouse tumors were positive for phosphorylated FKHR (p-FKHR) 
and phospho-MAPK (p-MAPK), downstream effectors of p-AKT and 
oncogenic K-RAS, respectively (Fig. 5h). Finally, as reported for human 
endometrioid ovarian carcinomas, the mouse primary  ovarian tumors, 
tumor implants and lung metastases showed high  levels of estrogen 
receptor  immunostaining (Fig. 5h and data not shown).

DISCUSSION
Here we present the first mouse models of 
two major gynecological diseases, endome-
triosis and well-differentiated endometrioid 
 adenocarcinoma of the ovary. In addition to 
 recapitulating the histomorphology of these 
human diseases, the two models closely mimic 
their biological behavior. Notably,  several  studies 
have analyzed the mutational status of K-RAS in 
human endometriosis and did not find any muta-
tions to date15–17. Our results, however, raise 
the possibility that RAS pathway  activation by 
alternate mechanisms may have a role in human 
endometriosis. Although the mouse model we 
developed may not be an exact genocopy of 
human  endometriosis, it is a phenocopy of the 
human disease from the histomorphological 
and biological  standpoints. As such, we think 
that it can be a valuable tool for the study of 
 endometriosis, as it will allow a more thorough 
 investigation into the  mechanism of endome-
triosis  initiation,  propagation, and possibly 
therapy. Furthermore, although the coexis-
tence of PTEN and K-RAS mutations in ovar-
ian cancer patients has yet to be  investigated, 
our results obtained in mouse models give fur-
ther reason to explore this potential in human 
tumors.

In contrast to the peritoneal  endometriotic 
lesions that only develop in Cre-induced 
LSL-K-rasG12D/+ mice, benign appearing 
(i.e., histologically bland and noninvasive) 
 proliferations of glands on the ovarian  surface 
were observed in both AdCre-injected LSL-
K-rasG12D/+ and PtenloxP/loxP  animals. These 
epithelial lesions, although showing a notable 
endometrioid glandular  morphology, lacked a 
 surrounding  endometrial-type stroma. Presence 
of  endometrial-type stroma  surrounding endo-
metrial glands is  pathognomic of endometriosis. 
Therefore, in contrast to the peritoneal lesions, 
we have not  classified them as endometriosis. 
However, even in human endometriosis lesions 
stromal cells can be very sparse or sometimes 
absent. Consequently, it remains to be determined 
whether these lesions represent  endometriosis or 
a unique epithelial proliferation. Furthermore, 
these ovarian  endometriotic-like lesions appear 
to be a precursor for endometrioid ovarian 
adenocarcinoma, because they were present 
in the majority of AdCre-induced PtenloxP/loxP 
mice and in one case they probably progressed 

to  endometrioid  ovarian cancer. Notably, PTEN has been implicated in the 
progression of  ovarian  endometriosis to endometrioid ovarian  carcinoma 
in humans3. Specifically, three out of five cases of  endometrioid ovarian 
 carcinomas associated with  endometriosis  displayed loss of  heterozygosity 
events at the 10q23.3 PTEN locus in both the ovarian carcinoma and 
 endometriotic lesions3. In addition, somatic mutations in the PTEN gene 
have been identified in 20% of endometrioid ovarian  carcinoma cases 
as well as 20% of ovarian  endometriotic lesions3.

a

b

d e

gf h

AdCre-infected K-rasG12D/+
PtenloxP/loxP

AdCre-infected PtenloxP/loxP

c

Figure 4  Combined K-rasG12D activation and conditional deletion of Pten lead to endometrioid 
ovarian cancer. (a) A single intrabursal injection of AdCre in LSL-K-rasG12D/+PtenloxP/loxP mice on 
one side results in hemorrhagic ascites and a large, cystic ovarian tumor (T, arrow); normal (N, 
arrowhead). (b) Histopathology of endometrioid ovarian carcinomas. Areas of solid growth with 
squamous differentiation (black arrow), confluent glandular pattern areas (black arrowhead) and 
hemorrhage (red arrow) are shown. The remaining normal ovary is depicted by the white contour 
and arrow. (c) AdCre-infected PtenloxP/loxP ovaries show normal OSE (arrow) at 12 weeks after 
injection. (d,e) Peritoneal tumor implants with a cribriform glandular architecture (d) or a 
villoglandular growth pattern (e, arrowhead). (f,g) Peritoneal tumor implants (arrowhead) infiltrate 
the pancreas (f) and liver (g). (h) Tumor cells circulating through a lymphovascular channel (arrow) 
are seen near the lung metastasis (arrowhead).
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Finally, the studies presented here have potential clinical  implications 
for the therapy of human endometrioid ovarian carcinoma. Our results 
demonstrate that the mouse tumors show activation of both the  PI3K-
AKT-mTOR-p70 S6K and MAPK pathways. The Cre-induced LSL-K-
rasG12D/+PtenloxP/loxP mouse model of ovarian cancer will be helpful 

in testing the efficacy of specific inhibitors of these  pathways, such as 
 rapamycin and PD 184352 (refs. 18,19), in the  treatment of ovarian 
 cancer. In addition, we show that the mouse ovarian tumors exhibit 
phosphorylation of forkhead transcription factors, which may have a 
role in ovarian cancer  chemoresistance to  cisplatin20. Furthermore, 

Figure 5  Lesion profiles in AdCre-infected LSL-K-rasG12D/+ PtenLoxP/loxP and PtenloxP/loxP mice. (a,b) Induction of ovarian endometriotic-like lesions 
(arrow) in AdCre-infected PtenloxP/loxP mice at 26 weeks after injection. (c) Ovarian endometrioid adenocarcinoma (arrow) detected in 1 of 13 
AdCre-infected PtenloxP/loxP mice at 26 weeks after injection. (d,e) Ovarian tumors in BALB/c Rag2–/– mice transplanted with AdCre-infected ovaries 
isolated from LSL-K-rasG12D/+PtenloxP/loxP mice. The transplanted ovary is enlarged (d, arrow) compared to control (d, arrowhead), and shows a similar 
histopathology (e) with the ovarian tumors previously described. (f) Cre-mediated recombination of K-rasG12D and conditional deletion of Pten in tumors 
(T1–T3) isolated from AdCre-infected LSL-K-rasG12D/+PtenloxP/loxP animals; controls (N1, N2). (g,h) Immunohistochemical profile of primary ovarian 
tumors, peritoneal implants and lung metastases in   Cre-induced LSL-K-rasG12D/+PtenloxP/loxP mice.
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because these tumors are estrogen receptor– positive,  studies with 
 selective modulators of antiestrogen signaling in  combination with 
conventional chemotherapy are also warranted. The accumulation of 
these critical preclinical data should lead in turn to the development 
of more rational clinical trials for human ovarian cancer therapy.

METHODS
Generation of mice. The Gt(ROSA)26Sor reporter strain was acquired from 
the Jackson Lab. The LSL-K-rasG12D/+ strain was developed in our laboratory, 
and the PtenloxP/loxP mice were provided by H. Wu. LSL-K-rasG12D/+PtenloxP/

loxP mice were generated by crossing animals heterozygous for the loxP-Stop-
loxP-K-rasG12D allele to mice homozygous for the conditional Pten allele 
(PtenloxP/loxP)21. LSL-K-rasG12D/+PtenloxP/+ littermates were then bred to each 
other to generate LSL-K-rasG12D/+PtenloxP/loxP mice. All animals were on a 
mixed genetic background. Specifically, LSL-K-rasG12D/+ animals were on a 129 
S4/SvJae background or a 129 S4/SvJae-C3H/HeJ (F1 mixed background). The 
original background of the PtenloxP/loxP mice received from H. Wu was BALB/c; 
they were then rederived on a C57BL/6J background and subsequently crossed 
to LSL-K-rasG12D/+ mice on a 129 S4/SvJae background. Animal genotyping was 
done by PCR analysis of tail DNA according to published methods13,14,21.

Surgical procedures and administration of recombinant adenovirus. All 

 animal studies and procedures were approved by the Massachusetts Institute of 

Technology Institutional Animal Care and Use Committee. AdCre was injected 

into surgically exposed ovaries. The recombinant adenovirus, carrying a cyto-

megalovirus (CMV) promoter, was provided by the University of Iowa Gene 

Transfer Vector Core. To synchronize ovulation, animals were injected with 5 

U of  pregnant mare serum gonadotropin (Sigma) and 48 h later were injected 

with 5 U of human chorionic gonadotropin (Sigma). Subsequently, animals were 

given a single intrabursal injection of AdCre (2.5 × 107 plaque-forming units 

(p.f.u.)) to one ovary only (the contralateral ovary served as control) approximately 

1.5 d later. This time point after ovulation was shown to correspond to increased 

proliferation of epithelial cells on the ovarian surface, as described previously10. 

The adenovirus was delivered using a modified calcium phosphate precipitation 

protocol13. Briefly, we reconstituted Minimum Essential Media powder (Sigma) 

into 450 ml of sterile water and supplemented it with 2.2 g of sodium bicarbonate. 

The calcium chloride solution was prepared by dissolving 3 g of calcium chloride 

in 100 ml of sterile water. We first added 20 µl of AdCre (1 × 107 p.f.u./µl) to 18 µl 

of MEM, gently mixed the solution, then added 2 µl of calcium chloride for a 

total of 40 µl final solution (the final phosphate and calcium concentrations were 

0.86 mM and 12 mM, respectively). The  mixture was incubated for 15–20 min 

at room temperature and 5 µl of the calcium phosphate precipitate containing 

AdCre virus was  subsequently injected. For the intraperitoneal experiments we 

administered 100 µl of AdCre (5 × 108 p.f.u.) per animal. In the ovarian trans-

plantation experiments, AdCre-injected ovaries (minus the bursa, uterus and 

oviduct) were removed from LSL-K-rasG12D/+ or LSL-K-rasG12D/+PtenloxP/loxP 

animals 48 h after injection and transplanted under the ovarian bursa of BALB/c 

Rag2–/– recipients following published methods22. The ovary of the recipient 

mouse was removed prior to transplantation and the procedure was performed 

on one side only, with the contralateral ovary serving as control.

Histopathology. We monitored LSL-K-rasG12D/+PtenloxP/loxP mice closely for 
tumor formation or signs of ill health and used PtenloxP/loxP animals as controls. 
Mice that showed obvious tumors or evidence of distress were killed and sub-
jected to full necropsy and gross examination. LSL-K-rasG12D/+ and wild-type 
controls did not show any signs of tumor, and they were killed at designated time 
points between 7 and 10 months after AdCre administration. The histopatho-
logical analysis and diagnosis of endometriosis and ovarian carcinomas were 
performed by T.A.I. and B.J.Q. according to human tumor classifications.

LacZ staining and immunohistochemical studies. The reproductive tract, 
including the ovaries, was removed from loxP-Stop-loxP LacZ (Gt(ROSA)26Sor) 
reporter mice 72 h after intrabursal administration of AdCre. We fixed the 
organs for 30 min in formalin and subjected them to LacZ staining according to 
 published  methods10, froze them in OCT, sectioned them with a cryostat, and 

then analyzed them. Immunohistochemical analysis was performed on forma-
lin-fixed paraffin sections following antigen retrieval (10 min boiling in 10 mM 
sodium citrate buffer followed by 20 min antigen unmasking at room tempera-
ture). The primary antibodies and dilutions used in these studies are as follows: 
 anti- cytokeratin 8 (1:10, RDI), anti-cytokeratin 7 (NEAT, Abcam), anti-cytokera-
tin 20 (1:50, RDI), estrogen receptor (1:200, LabVision), progesterone receptor 
(1:50, LabVision), smooth-muscle actin (1:200, RDI), CD10 (NEAT, Novocastra), 
 phospho-AKTSer473 (1:25, Cell Signaling Technology), phospho-MAPKThr202/Tyr204 
(1:50, Cell Signaling Technology), phospho-mTORSer2448 (NEAT, Cell Signaling 
Technology), phospho-S6KThr421 (1:50, Cell Signaling Technology),  phospho-
S6KThr389 (1:100, Cell Signaling Technology), and phospho-FKHRThr24 (1:25, Cell 
Signaling Technology). Normal estrogen receptor staining in control ovaries is 
shown in Supplementary Fig. 5 online. Negative control slides for the  immuno-
histochemistry experiments are shown in Supplementary Fig. 6 and 7 online.

PCR analysis of Cre-mediated recombination. Laser capture microdissection 

and DNA isolation were performed as previously described10. DNA isolated 

through this method was then subjected to PCR analysis using specific  primers 

that detected Cre-mediated recombination of the oncogenic K-rasG12D allele 

(absence of the STOP cassette), as reported previously13,14. PCR analysis of  Cre-

mediated deletion of Pten was performed on genomic DNA isolated from ovarian 

tumors using a phenol-chloroform extraction method21.

Note: Supplementary information is available on the Nature Medicine website.
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