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Differences in gynecologic tumor 
development in Amhr2‑Cre 
mice with KRASG12D or KRASG12V 
mutations
Eucharist H. S. Kun1, Yvonne T. M. Tsang1, Sophia Lin1, Sophia Pan1, Tejas Medapalli1, 
Anais Malpica2, JoAnne S. Richards3, David M. Gershenson1 & Kwong‑Kwok Wong1*

How different KRAS variants impact tumor initiation and progression in vivo has not been thoroughly 
examined. We hypothesize that the ability of either KRASG12D or KRASG12V mutations to initiate tumor 
formation is context dependent. Amhr2‑Cre mice express Cre recombinase in tissues that develop 
into the fallopian tubes, uterus, and ovaries. We used these mice to conditionally express either the 
KRASG12V/+ or KRASG12D/+ mutation. Mice with the genotype Amhr2-Cre Pten(fl/fl) KrasG12D/+(G12D mice) 
had abnormal follicle structures and developed low‑grade serous ovarian carcinomas with 100% 
penetrance within 18 weeks. In contrast, mice with the genotype Amhr2-Cre Pten(fl/fl) KrasG12V/+ (G12V 
mice) had normal follicle structures, and about 90% of them developed uterine tumors with diverse 
histological features resembling those of leiomyoma and leiomyosarcoma. Granulosa cell tumors also 
developed in G12V mice. Differences in cell‑signaling pathways in the uterine tissues of G12D and 
G12V mice were identified using RNA sequencing and reverse‑phase protein array analyses. We found 
that CTNNB1, IL1A, IL1B, TNF, TGFB1, APP, and IL6 had the higher activity in G12V mice than in G12D 
mice. These mouse models will be useful for studying the differences in signaling pathways driven by 
KrasG12V/+ or KrasG12D/+ mutations to aid development of targeted therapies for specific KRAS mutant 
variants. Our leiomyoma model driven by the KrasG12V/+ mutation will also be useful in deciphering the 
malignant progression from leiomyoma to leiomyosarcoma.

Activating KRAS mutations are found in more than 20% of all human cancers, including low-grade serous 
ovarian carcinoma, lung carcinoma, pancreatic cancer, endometrial cancer, and colorectal  carcinoma1–6. Over 
the past 3 decades, significant discoveries regarding how wild type and mutant KRAS proteins function as key 
regulators of signal transduction and drivers of oncogenesis have emerged. Effective anti-KRAS therapies for 
cancer are now being developed for clinical use. Recent findings suggest that blocking the activity of MEK, a 
downstream target of KRAS, is an effective way to attack tumors with mutated KRAS proteins that influence 
MAPK  activity7,8. Results from clinical trials demonstrate that treatment with MEK inhibitors may improve 
outcomes in some patients with advanced thyroid or low-grade serous ovarian  cancer9,10. However, the tumor 
response rates achieved so far only range from 10 to 20%, and the response durations are usually short, even for 
tumors with KRAS mutations.

G12D, G12V, G12C and G13D are the four predominant KRAS mutant protein variants. However, different 
KRAS mutations appear to be associated with distinct clinicopathologic outcomes. Clinical studies have shown 
that the KRAS codon 12 mutation, especially the G12V (c.35G > T) mutation, is potentially associated with poor 
outcome of colorectal  cancer2,3,11–13, non-small cell lung  cancer14,15, and recurrent low-grade serous ovarian 
 carcinoma16. However, low-grade serous ovarian carcinomas with the KRAS G12V mutation appeared to have 
a better clinical outcome than other KRAS variants when treated with MEK  inhibitors16–18. Because of the bio-
chemical and structural differences among different KRAS mutant  variants19–22, tumors with these variants may 
have different downstream signaling pathways. An in vitro study showed that c.35G > T (p.G12V) and c.34G > C 
(p.G12R) mutations confer a greater ability to transform normal fibroblasts than do other KRAS  mutations23. 
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Furthermore, the GTPase activity of G12V and G12R mutants is lower than that of other KRAS  mutants21,22. 
Similarly, Lievre et al.24 suggested that G12V-mutated cells were insensitive to treatment with cetuximab but 
that G13-mutated cells were nearly as responsive to cetuximab as colorectal cancer cells with wild-type KRAS.

Several in vitro studies have shown that the downstream signaling of G12D and G12V is different in activat-
ing the RAF/ERK pathway and PI3K/AKT/mTOR pathway. The G12D variant signals primarily through the 
PI3K, JNK, p38, and FAK signaling  pathways25,26 rather than through the RAF/ERK pathway. Furthermore, 
G12D causes constitutive PI3K/mTOR  activity26. The G12D variant possesses more oncogenic potential than 
the wild-type variant but has less oncogenic potential than the G12V  variant25. However, colon cancer cell lines 
expressing G12V have elevated RAS-GTP activity (activated RAS), increased RAS signaling and high onco-
genic  potential23,27,28. Thus, the G12V variant is associated with more aggressive cancer behavior than the G12D 
 variant12,14,15,25. Furthermore, another study found that, in isogenic MCF10A cell lines with different KRAS muta-
tions, KRAS G12V has a higher level of GTP-bound KRAS and slightly greater anchorage-independent growth 
associated with more aggressive phenotype than the KRAS G12D and the wild-type  variants29.

Previously, we found that patients with low-grade serous ovarian carcinoma who carry the KRAS G12V 
mutation have shorter survival times than those with wild-type KRAS or other KRAS  variants16. However, how 
different KRAS variants impact tumor initiation and progression in vivo has not been thoroughly examined. 
Because we had generated a low-grade serous ovarian carcinoma mouse model with the Amhr2-Cre Pten(fl/fl) 
KrasG12D/+ genotype (G12D mice) for a previous  study30,31, we decided to generate mice with the Amhr2-Cre 
Pten(fl/fl) KrasG12V/+ genotype (G12V mice) for the present prospective investigation. We hypothesized that the 
ability of the KRASG12D or KRASG12V mutations to initiate tumor formation would be context dependent as sug-
gested by a previous  study32. In this previous study, when KRASG12V was activated throughout the whole body 
at a postnatal stage, only a percentage of KRASG12V-expressing lung bronchiolo-alveolar cells became multiple 
adenomas and adenocarcinomas and no other tumor types were  observed32. This result indicates that KRASG12V 
induced tumor development is highly dependent on the cell type as well as on the developmental state when 
activation occurs. To discover the cellular pathways or the cellular context of a specific cell type to KRAS induced 
tumor development will provide insights into the mechanisms on how malignant transformation occurs in vivo.

Results
G12D and G12V mice experienced different effects on follicle development. To detect if there 
were any difference in the impact of  KrasG12D and  KrasG12V on follicle development, histological evaluation of 
mouse ovaries were performed. We removed ovaries from both  Ptenfl/fl  KrasG12D/+ Amhr2-Cre (G12D mice) and 
 Ptenfl/fl  KrasG12V/+ Amhr2-Cre (G12V mice) age-matched mice at approximately 9-week-old. The ovaries from 
the G12D mice exhibited substantial morphologic defects in follicle development with numerous abnormal, 
follicle-like structures (Fig. 1a) as observed  previously31,33. In contrast, the ovaries from the G12V mice exhib-
ited normal follicle development; we observed primordial, preantral, antral, and atretic antral follicles as well as 
corpus lutea in these mice (Fig. 1b). Also, epithelial hyperplasia was also evident on the ovarian surface in both 
G12D and G12V mice. The ovaries from the G12D mice were approximately 1.5 times larger than those from the 
G12V mice at 9 weeks; epithelial hyperplasia in G12D mice eventually progressed to low-grade serous carcino-
mas as shown in Fig. 2a whereas the epithelial hyperplasia in G12V mice did not (see below).

Figure 1.  Morphologic comparison of ovaries from 9-week-old (a)  Ptenfl/fl  KrasG12D/+ Amhr2-Cre (G12D) and 
(b)  Ptenfl/fl  KrasG12V/+ Amhr2-Cre (G12V) mice. The ovaries from the G12D mice had substantial defects in 
follicle development, but those from the G12V mice appeared to have normal follicle development. A, antral 
follicle; AF, atretic antral follicle; CL, corpus; P, primordial and primary follicle; PF, preantral follicle; ANF, 
abnormal follicle. The box highlighted epithelial hyperplasia.
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G12D and G12V mice developed different gynecologic tumors. The anti-Müllerian hormone 
type II receptor (Amhr2) gene is expressed in tissues that develop into the fallopian tubes, uterus, and  ovary34. 
Amhr2-Cre is expressed in epithelial cells on the ovarian surface epithelial cells, ovarian stromal cells, and gran-
ulosa  cells31 and in the Müllerian duct mesenchyme-derived endometrial stroma and myometrium, but not in 
the endometrial  epithelium35. Using Cre recombinase driven by the promoter of Amhr2, we generated mice 
with the genotype  Ptenfl/fl  KrasG12D/+ Amhr2-Cre (G12D mice) or with  Ptenfl/fl  KrasG12V/+ Amhr2-Cre (G12V 
mice), in which different types of gynecologic tumors developed (Fig. 2 and Supplementary Fig. S1). We had 
bred fourteen G12D mice which were sacrificed between five to 38-week-old. Two of the G12D mice older than 
27 weeks had low-grade serous ovarian tumors with metastatic peritoneal tumor nodules (Fig. 2a). Previously, 
we had only reported the phenotype of G12D mice up to the age of 15-week-old and all of them had ovarian low-
grade ovarian serous carcinoma by 15-week-old. Here we discovered that metastatic peritoneal nodules could be 
observed in G12D mice at the age of 27 weeks. On the other hand, we had bred thirty-seven G12V mice which 
were sacrificed between five to 56-week-old. Three mice of the fifteen G12V mice older than 36-week-old had 
ovarian “stromal” granulosa cell tumors and uterine leiomyoma (fibroids) (Fig. 2b), all the twenty-two G12V 
mice older than 26-week-old had uterine leiomyoma (Fig. 2c), and two of the mice older than 52-week-old had 
uterine leiomyosarcoma (Fig. 2d). Figure 2d shows that, at 52 weeks of age, one of the G12V mice exhibited uter-
ine tumors with leiomyoma region, vascular leiomyosarcoma-like region, and ovarian “stromal” granulosa cell 
tumor region. Of the 11 G12V mice that we bred and monitored for more than 1 year, only 2 had a phenotype 
like that of the mouse in Fig. 2d. Additional images of the gross morphology of the gynecologic tumors that 
developed in G12V mice at different ages are shown in Supplementary Fig. S1. We further confirmed the pres-
ence of epithelial ovarian tumors and ovarian “stromal” granulosa cell tumors in these mice by staining ovarian 
tumor sections for the epithelial marker cytokeratin 8 (Supplementary Fig. S2). The ovarian tumors in G12V 
mice were cytokeratin 8-negative and inhibin-positive. Because Amhr2-Cre and KRAS G12V were expressed in 
the granulosa cells and because they did not express the epithelial maker, the ovarian tumors in the G12V mice 
are likely to be granulosa cell  tumors36. The uterine leiomyomas that developed in the G12V mice were hyper-

Figure 2.  G12D and G12V mice had different types of gynecologic tumors. (a) Low-grade serous ovarian 
carcinoma with metastatic peritoneal tumor nodules developed in G12D mice at week 27. (b–d) Ovarian 
stromal tumors, uterine leiomyoma, and uterine sarcoma developed in G12V mice from week 40 to week 56.



4

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20678  | https://doi.org/10.1038/s41598-020-77666-y

www.nature.com/scientificreports/

cellular and highly mitotic according to Ki-67 staining (Supplementary Fig. S3) and they also expressed ESR1 
(Supplementary Fig. S4).

Upregulated pERK in tumor cells during the progression of uterine leiomyoma in G12V 
mice. To analyze ERK phosphorylation in the tumor, protein extracts were prepared from uterine tissues 
from G12D and G12V mice and used in Western blot analysis. At about 14 weeks of age, both G12D and G12V 
mice had higher pERK expression than did their littermate controls (Ptenfl/fl Amhr2-Cre) that lacked KRAS 
mutations (Fig. 3a). Moreover, during week 56, when the uterine leiomyomas were at peak development, we 
observed robust upregulation of pERK protein in G12V mice (Fig. 3b). To determine whether pERK is also 
upregulated in human leiomyoma, we performed immunostaining for pERK with leiomyoma samples from 10 
patients and found that 6 of the samples had robust expression of pERK in all tumor cells (Fig. 3c).

Reverse‑phase protein array data showed that uterine and ovarian tissues from G12D and 
G12V mice had different signaling pathways. In our previous study, we have not investigated the 
signaling pathways in the uterine tissues of G12D mice. Thus, we performed a functional proteomic comparison 
of ovarian and uterine tissues from approximately 14-week-old G12D mice (n = 3), G12V mice (n = 3), and con-
trol mice  (Ptenfl/fl Amhr2-Cre; n = 3) using reverse-phase protein array (RPPA) analysis with 368 antibodies. We 
confirmed the expression of mutant KRAS mRNA in these mice using reverse transcription polymerase chain 
reaction (PCR) and the complementary DNA (cDNA) were sequenced by Sanger Sequencing method. Plots 
of protein expression in uterine and ovarian tissues from G12D and G12V mice using normalized expression 
values for highly differentially expressed signaling proteins are shown in Fig. 4. We found that G12V mice had 
markedly higher expression of Bcl-xL, FGF-basic, RRM2, AKT1, JNK2, eEF2K, and beta-Catenin in both ovar-
ian and uterine tissues than did G12D mice except Creb. Creb appeared to have higher expression in G12V mice 

Figure 3.  Western blot analysis of pERK expression in uterine tissues from KRAS-mutant mice and 
immunohistochemical analysis of pERK expression in human leiomyoma. (a) Activation of pERK in uterine 
tissues from G12D and G12V mice. The mice consisted of the following: #13 (14.1 weeks old,  Ptenfl/fl Amhr2-
Cre, control), #10 (14.1 weeks old, G12D), #12 (14.1 weeks old, G12D), #1416 (14.4 weeks old, G12D), #38 
(19.6 weeks old, G12D), #1406 (14.7 weeks old,  Ptenfl/fl Amhr2-Cre, control), #1402 (14.7 weeks old, G12V), 
#1411 (14.7 weeks old, G12V), and #1412 (14.7 weeks old, G12V). #13, #10, and #12 were littermates, as were 
#1402, #1411, and #1412. (b) Upregulation of pERK during uterine tissue progression to leiomyoma in G12V 
mice. (c) Immunostaining for pERK in 10 human leiomyoma samples.
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Figure 4.  Significantly differentially expressed proteins in the uterine and ovarian tissue of G12D and G12V 
mice as determined using RPPA analysis. These analyses were performed using protein lysates extracted from 
the ovarian and uterine tissues of three G12D, three G12V, and three control mice. The values shown are the 
protein expression levels in the control, G12V and G12D mice. Statistical significance was determined using 
an unpaired t-test with the Welch correction. *p < 0.05; **p < 0.01. ns, not significant; OV, ovarian; UT, uterine. 
The welch’s t test of significance and figures were generated with GraphPad Prism version 8.0.0 for macOS, 
GraphPad Software, San Diego, California USA, www.graph pad.com.

http://www.graphpad.com
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than G12D mice only in the uterine tissues. When compared to the control tissues, G12D mice had markedly 
lower expression of Bcl-xL, FGF-basic, RRM2, AKT1, JNK2 , eEF2K, beta-Catenin and SGK1 in both ovarian 
and uterine tissues except Creb. Ingenuity Pathway Analysis (IPA)-based examination of the canonical path-
ways in these tissues from G12D and G12V mice revealed major differences in both the activated and inhibited 
canonical pathways (Fig. 5). In the uterine tissue from G12V mice, the most-activated signaling pathways were 
those for IGF-1, neuregulin, and mTOR (Fig. 5a). In the ovarian tissue from G12V mice, the most activated sign-
aling pathways were those for paxillin, sphingosine-1-phosphate, and apelin (Fig. 5b). In contrast, in the ovarian 
tissue from G12D mice, the most activated signaling pathways were those for p14/p19ARF, PD-1/PD-L1, and 
TWEAK. Raw RPPA data are provided in Supplementary Table S1.

Differential gene expression in uterine tissues from G12V and G12D mice in comparison with 
those from control mice according to RNA sequencing analysis. We generated RNA sequenc-
ing (RNA-seq) data for the total RNA extracted from the uterine tissue of five G12D mice (gross morphology 
appeared to be normal as the control mice), five G12V mice (4 mice younger than 20 weeks had gross mor-
phology appeared to be the same as control mice, and two mice older than 35 weeks had leiomyoma), and five 
control mice with the Amhr2-Cre  Ptenfl/fl genotype (Gene Expression Omnibus database under accession num-
ber GSE129520). We performed differential expression analysis among control, G12D and G12V mice using 
the EdgeR software  package37; the differentially expressed genes are listed in Supplementary Table S2 and S3. 
We uploaded these data to the Ingenuity Pathway Analysis application and filtered them for p values less than 
0.05 and absolute fold change (G12D vs Control mice or G12V vs Control mice) greater than1.5 for upstream 
regulator analysis. Figure 6a shows the 23 upstream regulators (genes and proteins) with the highest activation 
z-scores. Gene networks regulated by CTNNB1, IL1A, IL1B, TNF, TGFB1, APP, and IL6 had the higher activity 

Figure 5.  Differences in the activation of canonical pathways in uterine and ovarian tissues from approximately 
14-week-old G12D and G12V mice as determined using RPPA analysis. Activation and inhibition of canonical 
pathways were identified via Ingenuity Pathway Analysis using RPPA data on differentially expressed proteins 
(Supplementary Table 1) in the ovarian and uterine tissues of three G12D mice, three G12V mice, and three 
control mice without KRAS mutations. An absolute z-score of 2 implied activation or inhibition of the 
corresponding pathways. The figures were generated through the use of IPA (QIAGEN Inc., https ://www.qiage 
nbio-infor matic s.com/produ cts/ingen uity-pathw ay-analy sis).

https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis
https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis
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in G12V mice than in G12D mice. Figure 6b shows the upstream regulators (drugs and chemicals) with absolute 
z-scores greater than 5. Of note, most of the gene networks in G12V mice were upregulated by lipopolysaccha-
rides, which induced inflammation through the production of cytokines and chemokines or oxidative stress-
inducing agents (e.g., tetradecanopylphorbol acetate, hydrogen peroxide). On the other hand, some of the gene 
networks were downregulated by several kinase inhibitors (MEK, PI3K, and p38 MAPK inhibitors).

Estrogen receptor expression. Leiomyoma is ESR1 positive and very responsive to estrogen 
 stimulation38. Thus, we would like to compare the expression level of ESR1 between G12D and G12V mice. The 
ESR1 expression level (mean Cq = 22.37 ± 0.55) was higher than that for the housekeeping gene HRPT (mean 
Cq = 25.55 ± 0.58). Although the average ESR1 expression level appeared to be lower in the uterine tissues from 
G12D mice than in G12V mice, the differences in its expression among the control, G12D, and G12V mice were 
not statistically significant (Supplementary Fig. S4).

Discussion
In this study, we generated G12D and G12V mice in which different gynecologic tumors developed. Whereas 
G12D mice had low-grade serous ovarian tumors, G12V mice had uterine leiomyoma, uterine leiomyosarcoma, 
and what appear to be granulosa cell tumors. We are unclear why G12D mice did not develop mesenchymal 
uterine tumors although previous study had shown that mice with Kras G12D driven by PR-Cre (progesterone 

Figure 6.  Differences in the activity of upstream regulators of gene networks in uterine tissues from G12D and 
G12V mice as discovered using RNA-seq analysis. The upstream regulators of gene networks were identified via 
Ingenuity Pathway Analysis using the uterine tissue gene expression profiles (Supplementary Table S2 and S3) 
from five G12D mouse (14 to 38-week-old), five G12V mice (15 to 37-week-old), and five control mice with the 
Amhr2-Cre  Ptenfl/fl genotype (14 to 66-week-old). The uteri from the G12D and control mice appeared to have 
normal phenotypes, but the G12V mice had normal phenotype and leiomyoma phenotypes. The most activated 
and inhibited gene network upstream regulators (absolute z-score > 5) are shown. (a) Gene/protein upstream 
regulators that activate or inhibit the gene networks in G12V mice in comparison with those in G12D mice. (b) 
Drug/chemical upstream regulators that activate or inhibit the gene networks. The figure was generated through 
the use of IPA (QIAGEN Inc., https ://www.qiage nbio-infor matic s.com/produ cts/ingen uity-pathw ay-analy sis).

https://www.qiagenbio-informatics.com/products/ingenuity-pathway-analysis
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receptor promoter) developed endometrial carcinoma from the epithelial  cells39. Using Amhr2-Cre  Ptenfl/fl mice, 
we demonstrated that both conditionally expressed KRAS G12V and G12D mutants could activate the MAPK 
pathway but have different functional impacts on the pathogenesis of epithelial cells on the ovarian surface, 
granulosa cells, and uterine mesenchymal cells. The G12D and G12V mice may have had different gynecologic 
cancers because of observed differences in their activated canonical pathways and gene networks.

From the RNAseq differential gene expression analysis, we have identified 98 genes that are up-regulated in 
G12V mice and 152 genes that are up-regulated in G12D mice in comparison to the control mice (Supplementary 
Table S2 and S3). CXCL3 is one of the five up-regulated genes shared between G12D and G12V mice. Recent 
study has shown that CXCL3 overexpression can promotes the tumorigenic potential of uterine cervical cancer 
cells via the MAPK/ERK  pathway40, and can be a potential therapeutic target for breast  cancer41. Thus, CXCL3 
could be a downstream target of mutant Kras. Other genes such as BGN, FN1, Col4A1, S100A8 and COLA2 
are only up-regulated in the uterine tissues of G12V mice. These genes have been found to be down-regulated 
in beta-catenin knockout  mice42. Blglycan encoded by BGN is involved in proimflammatory signal and is up-
regulated by  IL643. IL6 is up-regulated 19-fold in the uterine tissue of G12V mice in comparison to the control 
mice. Another interesting gene, Saa3, which is highly expressed and up-regulated in G12V mice is upregulated 
in inflammatory  response44 and a key protumorigenic mediator of cancer associated fibroblast in pancreatic 
 tumors45. These up-regulated genes suggest KrasG12V mutant somehow cause an inflammatory response in the 
uterine tissues but not by KrasG12D mutant.

We observed multiple deregulated signaling pathways, including those for IGF-1, neuregulin, mTOR, TGFB1, 
CTNNB1, and TNF, in the mouse uterine leiomyomas. Importantly, in human leiomyomas, most of these signal-
ing pathways, such as upregulation of mTOR, TGFB1 and CTNNB1  pathway46,47, deregulation of IGF-1 signaling 
in human uterine  leiomyoma48,49 and inflammatory process involving TNF  signaling50,51 have been reported. 
Thus, the leiomyomas that developed in our G12V mice recapitulated many characteristics of human leiomyoma. 
Some of the activated pathways we identified may be useful as therapeutic targets for further investigation. For 
example, in the G12V mice, we observed robust activation of the pERK pathway during leiomyoma progression 
(Fig. 3b); most human leiomyomas also have high expression of pERK protein (Fig. 3c). Leiomyomas (fibroids) 
are common benign uterine tumors that afflict more than 35% of women in their reproductive  years52. Accord-
ingly, MEK and ERK inhibitors should be further investigated as potential treatments of leiomyoma in this G12V 
mouse as preclinical investigation. Similarly, the highly activated inflammatory gene networks we observed in 
mouse leiomyomas suggest that anti-inflammatory drugs could be further investigated as a means of preventing 
the progression of atypical leiomyomas in the mouse model as preclinical investigation.

Another notable observation in our comparison of G12D and G12V mice was that granulosa cell tumors 
developed in G12V mice but not in G12D mice. Previously, investigators showed that selective expression of 
 KrasG12D in the granulosa cells of the mouse ovary blocks the granulosa cell differentiation pathway during follicle 
development but does not stimulate the oncogenic transformation of granulosa  cells31,33. Our results showed that 
blockage of granulosa cell differentiation may be due to activation of the p14/p19ARF pathway in G12D mice 
(Fig. 5b). p19ARF is a tumor suppressor that inhibits cell  proliferation53. However, the expression of  KRASG12V 
in our G12V mice transformed normal granulosa cells into tumor cells. Comparing the canonical pathways in 
the ovarian tissues from G12D and G12V mice, we found that the most activated pathway in G12V mice was the 
paxillin signaling pathway (Fig. 5b). Paxillin signaling is involved in cancer initiation and tumor cell dissemina-
tion and  survival54. Its involvement in the development of granulosa cell tumors should be investigated further, 
even though, Kras mutations are not common in these tumors.

Leiomyomas are classified as usual leiomyomas or atypical leiomyomas (cellular leiomyoma, mitotically active 
leiomyoma, and smooth muscle tumors of uncertain malignant potential). The most common gene mutation 
in usual leiomyomas is that of MED12, which researchers have detected in 43% of leiomyoma  samples55. The 
second most common mutations detected in leiomyomas are KRAS (4% [3/72])56–59 and TP53 (4% [5/113])56,60 
mutations. Interestingly, all the three KRAS-mutated leiomyomas had the same  KRASQ61H56. Structural analysis 
of the different KRAS mutations indicated that the G12V and Q61H mutations cause similar conformational 
change of K-Ras4B-GDP protein but G12D mutation causes larger conformational changes and results in a higher 
exposure of the nucleotide-binding site than G12V and Q61H  mutations61. Thus, although G12V has not been 
found in a small number of leiomyoma, it is possible that G12V has similar oncogenic potential as Q61H found 
in leiomyoma. While KRAS mutations are not very common in leiomyomas, KRAS gene expression has been 
upregulated in more than 50% of  leiomyomas62. Our immunohistochemical testing of human leiomyoma samples 
showed that these samples had high levels of pERK expression. In addition, we found that the leiomyomas that 
developed in the G12V mice were hypercellular and highly mitotic according to Ki-67 staining (Supplementary 
Fig. S3) and ESR1-positive (Supplementary Fig. S4). Although leiomyoma rarely develops into leiomyosarcoma, 
molecular and immunohistochemical data demonstrate that leiomyosarcomas can arise from some subtypes 
of leiomyoma, especially the cellular  subtype63. Recent clinical and molecular genetic evidences indicate that 
some uterine leiomyosarcomas might evolve from preexisting atypical leiomyomas such as cellular leiomyoma, 
mitotically active leiomyoma or smooth muscle tumor of uncertain malignant potential (STUMP)60,64–66. This 
has caused a major concern in the risk of occult leiomyosarcoma found at surgery using a minimally invasive 
approach performed laparoscopically for presumed benign  fibroids66–68. The progression of G12V mice with 
atypical leiomyoma to leiomyosarcoma is also rare. Only two of the eleven G12V mice that we bred and moni-
tored for more than 1 year had leiomyosarcoma phenotype like that of the mouse shown in Fig. 2d. Therefore, our 
G12V mice had the phenotype of human atypical leiomyoma with a potential to progress as leiomyosarcoma. Hill 
et al. has also identified KRAS mutations in 14% (7/51) of leiomyosarcomas; these mutations are associated with 
worse survival than those without KRAS  mutations69. These seven KRAS mutations were of different types—one 
G12V, four G12C, one G12F and one  G13V69. Interesting, no G12D was found this set of leiomyosarcoma. Loss 
of the tumor suppressor gene PTEN combined with KRAS mutation are more common in leiomyosarcomas than 
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in leiomyoma. Deletion of 10q, which contains PTEN70 and PTEN mutations in uterine  leiomyosarcomas71 have 
also been observed. Likewise, activation of the PI3K/AKT signaling pathway, which is inhibited by PTEN activity, 
occurs in  leiomyosarcomas72. Thus, our G12V mice with PTEN loss and KRAS G12V mutations recapitulated 
the heterogeneity of human atypical leiomyoma that can progress to leiomyosarcoma. This uterine leiomyoma 
model will be useful for studying relevant oncogenes, signaling pathways, and other cellular changes involved 
in the malignant progression of leiomyoma. It can also be used for the preclinical testing of different therapeutic 
agents, such as MEK, PI3K, and mTOR inhibitors. Because uterine leiomyomas typically develop during the 
reproductive years and tend to regress after  menopause73–76, we plan to use these mouse models to understand 
how estrogen, progesterone, steroid hormone receptors, growth factors, and growth factor receptors impact 
tumor initiation and progression.

Methods
Animals. LSL-KrasG12D/+ and Amhr2-Cre,  Ptenfl/fl mice were obtained from Dr. JoAnne Richards at Baylor 
College of Medicine. LSL-KrasG12V/+ mice were obtained from The University of Texas MD Anderson Can-
cer Center Genetically Engineered Mouse Facility, where frozen sperm from a mouse heterozygous for LSL-
KrasG12V/+ (a gift from Dr. Mariano Barbacid at the Spanish National Cancer Research Center) was used for 
in vitro fertilization of female C57BL6/J mice. These parental strains were used to derive  Ptenfl/fl, LSL-KrasG12D/+; 
 Ptenfl/fl, LSL-KrasG12V/+; Amhr2-Cre,  Ptenfl/fl; Amhr2-Cre,  Ptenfl/fl, LSL-KrasG12D/+; and Amhr2-Cre,  Ptenfl/fl, LSL-
KrasG12V/+ mice. Genotyping was done using PCR as described  previously32,34,77,78. Animals were housed in the 
Michale E. Keeling Center for Comparative Medicine and Research at MD Anderson, provided food and water 
ad libitum, and kept on a 16-h light/8-h dark schedule. Animals were treated in accordance with the NIH Guide 
for the Care and Use of Laboratory Animals and as approved by the Institutional Animal Care and Use Com-
mittee at MD Anderson. Since  KrasG12V allele and β-gal gene were co-activated by Amhr2-Cre, we performed 
immunostaining of the β-gal in the fallopian tube, ovarian and uterine tissues in the G12V mice to confirm the 
expression of Cre in those tissues (Supplementary Fig. S5). Furthermore to confirm the deletion of exon 5 in the 
Pten transcript, we aligned the sequencing reads with the full length Pten mRNA and also performed western 
blot analysis of Pten in the uterine tissues (Supplementary Fig. S6).

Histology and immunohistochemistry. Whole mouse ovaries and uteri were collected, fixed in 4% 
paraformaldehyde, embedded in paraffin, and processed using routine  procedures33. Human leiomyoma sam-
ples were obtained after informed consent and stored in accordance with the human subject research protocols 
approved by the MD Anderson Institutional Review Board for this study. Formalin-fixed, paraffin-embedded 
(FFPE) leiomyoma blocks were obtained from the tumor repository in the Department of Gynecologic Oncol-
ogy and Reproductive Medicine at MD Anderson. For immunohistochemistry, five micron FFPE sections were 
cut parrafin from blocks. Deparaffinization and heat-induced antigen retrieval of FFPE sections were performed 
using Lab Vision PT Module (Thermo Fisher Scientific) using citrate buffer (pH = 6) at 97 °C for 20 min. Then 
the slides were treated with hydrogen peroxide for 10 min followed by Lab Vision blocking reagent for 5 min. 
After blocking, the slides were incubated with the targeted antibody with the dilution described in the antibody 
section below for one hour. Detection signal was then generated by incubating with EnVision HRP reagent 
(Agilent) for 30 min followed by Lab Vision DAB regent for five minuties. Counterstaining of the nuclei was per-
formed with Hematoxylin for 1 min. The immunostaining process was processed with Lab Vision Autostainer 
360-2D (ThermoFisher Scientific).

Western blot analysis. Tissue samples were lysed with RIPA buffer (150 mM NaCl, 1.0% IGEPAL CA-630, 
0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0; Sigma, St. Louis, MO) with a protease inhibitor 
cocktail (Sigma) and Halt phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA). The samples 
were then homogenized, and their protein concentrations were measured using a Bradford assay with a FLU-
Ostar Omega Microplate Reader (BMG Labtech Inc., Cary, NC). Extracted proteins (25 µg) were resolved via 
1-D polyacrylamide gel electrophoresis using Mini-PROTEAN TGX Precast Gels (Bio-Rad Laboratories, Her-
cules, CA) and then transferred to PDVF membranes (Trans-Blot Turbo Mini PVDF Transfer Packs; Bio-Rad 
Laboratories) using a Trans-Blot Turbo Transfer System (Bio-Rad Laboratories). Membranes were incubated 
first with primary antibodies for an hour, washed 3 times for 8 min each, and then with secondary antibodies for 
an hour, again followed with 3 washes for 8 min each. They were then visualized with a chemiluminescent HRP 
antibody detection reagent (HyGLO Quick Spray; Denville Scientific, Holliston, MA) using film in a darkroom.

Antibodies. The following primary antibodies were used in this study: anti-p44/42 MAPK (Erk1/2), rabbit 
polyclonal (cat. #4370S; Cell Signaling Technology, Beverly, MA) at a 1:1000 dilution; goat anti-rabbit IgG HRP 
(cat. #7074S; Cell Signaling Technology) at a 1:3000 dilution; anti-mouse IgG Kappa HRP, mouse monoclonal 
(cat. #SC-516102; Santa Cruz Biotechnology, Inc., Dallas, TX) at a 1:5000 dilution; anti-β-actin (13E5), rabbit 
monoclonal (cat. # 4970S; Cell Signaling Technology) at a 1:1000 dilution; anti-inhibin alpha antibody, rabbit 
polyclonal (cat. # ab216969; Abcam, Cambridge, UK) at a 1:100 dilution; and anti-mouse cytokeratin 8 (Krt8) 
rat IgG monoclonal (TROMA-I; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA ) at 
a 1:150 dilution.

Reverse transcription PCR and cDNA sequencing. Total RNA was extracted from mouse uterine tis-
sues using a PureLink RNA Minikit (Ambion cat#12183018A) to confirm the expression of  KRASG12V mutant 
transcripts using reverse transcription PCR and cDNA sequencing. Quality of RNA was confirmed to have 
a 260/280 wavelength absorption ratio of approximately 2.0 with the use of a NanoDrop Spectrophotometer 
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(ND-1000). cDNA was generated from 1 ug of total RNA using a High-Capacity cDNA Reverse Transcription 
Kit (Thermo Fisher Scientific). The cDNA region with the KRAS mutation was amplified via PCR using mouse-
specific KRAS primers (forward primer, 5′-AGG CCT GCT GAA AAT GAC TG; reverse primer, 5′-CCC TCC CCA 
GTT CTC ATG TA). PCR was performed using an ABI Geneamp 9700 PCR machine at 95 °C for 1 min, followed 
by 35 cycles at 95 °C for 15 s, 62 °C for 15 s, and 72 °C for 10 s, and at 72 °C for 5 min with a final hold at 4 °C. 
PCR products were purified with QiAquick PCR purification kit (Qiagen) and sequenced using Sanger Sequenc-
ing at the MD Anderson Advanced Technology Genomics Core.

RPPA. Protein lysates were extracted from both the whole ovaries and uterine tissues of nine 14-week-old 
mice with the following genotypes: Amhr2-Cre  Ptenfl/fl  KrasG12V, Amhr2-Cre  Ptenfl/fl  KrasG12D, and Amhr2-Cre 
 Ptenfl/fl (three mice per genotype). For 40 mg of tissue in a 5 ml tube on ice, 1 ml of ice-cold lysis buffer was 
added. Lysis buffer contain 1% Triton X-100, 50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM MgCl2, 1 mM 
EGTA, 100 mM NaF, 10 mM Na pyrophosphate, 1 mM Na3VO4, 10% glycerol, containing freshly added pro-
tease and phosphatase inhibitors from Roche Applied Science Cat. # 05056489001 and 04906837001, respec-
tively. The tumor tissue was then homogenized by an electric homogenizer for 8 s.

Subsequently, samples were transferred to microcentrifuge tubes and centrifuged at 4 °C, 14,000 rpm for 
10 min. Supernatant (protein lysates) were collected and transferred to another set of microcentrifuged tubes. 
Protein concentration was determined by Bradford reaction and adjusted to a concentration of 1.5 μg/μl. These 
18 ovary and uterine tissue protein lysates were probed with 367 antibodies at the MD Anderson Functional 
Proteomics RPPA Core laboratory. Each tissue lysate sample was serially diluted (undiluted, followed by dilu-
tions in buffer at 1:2, 1:4, 1:8, and 1:16 ratios). Samples were then arrayed on nitrocellulose-coated slides in an 
11 × 11 format to produce sample spots. Next, the sample spots were probed with antibodies using a tyramide-
based signal amplification approach and were visualized using a DAB colorimetric reaction. Stained slides were 
scanned using a TissueScope scanner (Huron Digital Pathology, St. Jacobs, Ontario, Canada) to produce 16-bit 
TIFF images. Relative protein levels for each sample were then determined based on the five-dilution sample 
spots using an R script (https ://bioin forma tics.mdand erson .org/publi c-softw are/super curve /) written in the 
MD Anderson Department of Bioinformatics and Computational Biology. Functional analysis of differentially 
expressed genes in the G12D and G12V mouse tissues was performed with the Ingenuity Pathway Analysis 
software application (QIAGEN) for Fig. 5.

RNA‑seq analysis. Total RNA was extracted with a PureLink RNA Mini Kit (Thermo Fisher Scientific) 
from the uterine tissues of five G12D mouse (14 to 38-week-old), five G12V mice (15 to 37-week-old), and five 
control mice with the Amhr2-Cre  Ptenfl/fl genotype (14 to 66-week-old). The RNA quality was checked with 
BioAnalyzer (Agilent) and RNA with an RIN greater than 7 will only be used for cDNA sequencing and RNAseq. 
Sequencing libraries were prepared using a KAPA Stranded mRNA Seq Kit (Roche Sequencing and Life Science 
Kapa Biosystems, Wilmington, MA) and were run in a single lane using a HiSeq 4000 or NextSeq500 instrument 
(Illumina, San Diego, CA) in pair-end mode with a mean depth of 94 million reads of 76 bp for each sample. All 
Illumina Fastq files were processed with an RNA-seq workflow and a CLC Genomics Workbench (version 11; 
QIAGEN, Germantown, MD). Reads were mapped to the mouse reference genome GRCm38 using the default 
setting. Gene expression was estimated using the expectation–maximization estimation algorithm and reported 
as transcripts per  million79. Functional analysis of differentially expressed genes in the G12D and G12V mouse 
uterine tissues was performed with the Ingenuity Pathway Analysis software application (QIAGEN).

Reverse transcription quantitative PCR analysis. Mouse uterine tissue was preserved in RNAlater 
solution (Thermo Fisher Scientific) and stored at − 20 °C. RNA was extracted from the tissue with a PureLink 
RNA Mini Kit (Thermo Fisher Scientific), and DNA was removed from it with a PureLink DNase Set (Thermo 
Fisher Scientific). The concentration of the extracted RNA was measured using a NanoDrop spectrophotometer 
(Thermo Fisher Scientific), and the RNA was stored at − 80 °C. cDNA synthesis of the RNA samples was then 
performed using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Next, 
the samples were incubated for 2 h at 37 °C using a PCR machine (Thermo Fisher Scientific; cat. #ABI9700). 
Quantitative reverse transcription PCR was performed with 2X iTaq Universal Probes Supermix (Bio-Rad; cat. 
#172-5131) and Taqman Gene Expression Assays for ESR1 (Thermo Fisher Scientific; cat. #Mm00433149_m1) 
and HPRT (Thermo Fisher Scientific; cat. #Mm00446968_m1) as a control. The quantitative reverse transcrip-
tion PCR run itself was performed using a CFX96 Thermal Cycler (Bio-Rad) under optimized conditions as 
determined by Thermo Fisher Scientific for its Taqman Gene Expression Assays. We measured the RNA expres-
sion for the estrogen receptor ESR1 in uterine tissues from approximately 14-week-old mice (five control mice, 
four G12D mice, and three G12V mice) using quantitative reverse transcription PCR TaqMan Gene Expres-
sion assays and the HPRT gene as a normalization control. The qPCR data was normalized by subtracting the 
Cq value of HPRT from the Cq value of the corresponding Cq value of ESR1 in the same sample as ΔCq and 
the log transformed as expression value (Expression value = Power (2, − ΔCq). Based on the RNAseq data, the 
expression values (TPM) of HPRT gene across all 15 samples were 88 ± 22 which is quite invariable to be used 
for normalization.

Data availability
All data generated or analyzed during this study are included in the published article (and its Supplementary 
Information file). RNAseq data has been deposited in Gene Expression Omnibus database under accession 
number GSE129520.

https://bioinformatics.mdanderson.org/public-software/supercurve/
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