
PNAS  2026  Vol. 123  No. 26 e2529653123 https://doi.org/10.1073/pnas.2529653123 1 of 12  

 

  

  

  

 

 

RESEARCH ARTICLE | MEDICAL SCIENCES 

Rat somatic genome editing enables ER+ breast cancer 
modeling 
Wen Bua,b,1 , Tobie D. Leea , Meenakshi Anuraga,b, Yongchao Doua,c, Yunfeng Dinga, Zhiao Shia,c, Ruixin Xua , Lillian Hea , Alexandria Z. Bua , 
Chandandeep Nagid , Carolina Gutierreza, Jing Wangd , Susan G. Hilsenbecka , Chonghui Chenga,c , Bing Zhanga,c, Shixia Huange,f , 
Jianming Xuf , C. Kent Osbornea,e , Arun Sreekumarf, Eric C. Changa,f , Chad J. Creightone, Xiang H.-F. Zhanga,f,1 , and Yi Lia,f,1 

Affiliations are included on p. 12. 

Edited by Guillermina Lozano, The University of Texas MD Anderson Cancer Center Department of Genetics, Houston, TX; received October 17, 2025; 
accepted May 14, 2026 

Preprint server: https://www.biorxiv.org/cgi/content/short/ 
2025. 09.15.675961v1. 

The authors declare no competing interest. 

This article is a PNAS Direct Submission. 

Copyright © 2026 the Author(s). Published by PNAS. 
This article is distributed under Creative Commons 
Attribution-NonCommercial-NoDerivatives License 4.0 
(CC BY-NC-ND). 
1To whom correspondence may be addressed. Email: 
wbu@bcm.edu, xiangz@bcm.edu, or liyi@bcm.edu. 

This article contains supporting information online at 
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas. 
2529653123/-/DCSupplemental. 

Published June 22, 2026. 

Significance 

 This study establishes somatic 
genome editing in rats as  
a platform for generating  
cancer models. While genetically 
engineered mice have long 
dominated cancer research, they 
fail to faithfully reproduce key 
features of several common 
human cancers. Using our new 
rat platform, we generated 
estrogen receptor (ER)-positive 
breast cancer models that closely 
mimic the human disease  
in histology, hormone 
responsiveness, and the immune 
microenvironment. In contrast, 
identical mutations in mice 
yielded ER-negative tumors, 
underscoring fundamental 
species differences in 
tumorigenesis. These findings 
establish rats as a powerful 
platform for modeling cancers 
previously inaccessible in mice, 
opening new opportunities to 
study tumor biology and 
therapeutic response in clinically 
relevant settings. 

Genetically engineered mouse models have advanced cancer research, but they fail to 
mimic some human diseases. Rats offer a powerful alternative for modeling human 
cancers that are inadequately represented in mice, yet their use has been constrained by 
technical barriers to genome editing. Here, we report somatic genome editing in rats 
and apply this approach to model estrogen receptor (ER)-positive breast cancer, which 
accounts for approximately 70% of human cases but remains poorly represented in mice.  
The resulting rat tumors reproduce hallmarks of human ER+ breast cancer, including 
ductal histology, hormone responsiveness, and immune microenvironment features. By 
contrast, identical genetic alterations in mice failed to yield ER+ tumors, underscoring 
critical species differences in tumorigenesis. Together, this work establishes a versatile 
platform for the rapid generation of clinically relevant rat tumor models, opening ave-
nues to study tumor biology, therapeutic response, and immune interactions in cancer 
subtypes previously inaccessible to experimental modeling. 

rat model | breast cancer | somatic genome editing 

Rats, the first mammals domesticated for r esearch, were pivotal in early cancer discoveries,  
including Charles Huggins’ demonstration of hormone dependency in prostate and breast  
cancer (1). Interest in rats, however, waned in the 1990s as genetic engineering advanced 
rapidly in mice, but not in rats (2, 3). While mouse cancer models proliferated, they have 
failed to replicate some common human diseases. For example, whereas human APC 
mutation carriers develop colorectal cancer, Apc -mutant mice predominantly develop 
tumors in the small intestine, while Apc -mutant rats develop colorectal tumors (4). 
Notably, hundreds of mouse models of breast cancer have been generated, yet they rarely 
represent estrogen receptor-positive (ER+) disease, the most common subtype in patients, 
comprising approximately 70% of cases (3). ER+ tumors differ from HER2+ and 
triple-negative (lacking ER, progesterone receptor [PR], and HER2) subtypes in their 
slower growth, well-differentiated histology, late bone-predominant recurrence, and 
responsiveness to endocrine therapy (5). Since most mouse models lack ER and PR, and 
few require estrogen signaling for growth (6, 7), ER+ tumors have been studied mainly 
in cell lines and xenografts, which lack intact immune microenvironments critical for 
cancer development, progression, and therapy. 

 Rats offer distinct advantages as models for many human diseases, including cancer 
(8). In particular, their mammary gland architecture more closely resembles that of humans  
than does that of mice (3). Carcinogen exposure readily induces ER+/PR+ tumors respon­
sive to endocrine therapy (3) and has helped elucidate human ER+ breast cancer evolution  
and therapy (9–13). However, genetically defined rat cancer models remain scarce (2, 3, 
6). This is largely due to historically inefficient methodologies for generating transgenic 
and knockout rats compared with mice (2). Among the reported lines, rats heterozygous 
for Tp53 or Nf1  were predisposed to tumors, including mammary carcinomas (14–16). 
In contrast, ErbB2 -transgenic rats showed low tumor penetrance (17, 18), and rats hete­
rozygous for Brca1 or Brca2  knockout alleles did not show increased tumor risk following 
carcinogen treatment (19, 20). 

 The development of CRISPR-Cas9 genome editing in mice enabled rapid engineering  
of endogenous loci directly in somatic tissues (21–23), including multiplexed pertur­
bations (24), thereby facilitating faithful modeling of sporadic cancers in  vivo. Early  
applications relied on nuclease-induced double-strand breaks (DSBs) repaired by non­
homologous end joining, generating indel mutations, whereas subsequent advances—  
homology-directed repair (HDR), base editing, and prime editing—enabled precise  D
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sequence modifications using donor templates or engineered  
Cas9 variants (25, 26). We previously developed somatic models  
of breast cancer using intraductal injection of viruses to express  
oncogenes in ductal cells in fully developed mammary glands of  
mice (3, 27), and subsequently extended this approach to enable  
efficient HDR-facilitated CRISPR-based precision genome edit­
ing in mouse mammary cells in  vivo (28). However, comparable  
approaches for somatic genome editing in rats have not been  
established. 

 Here, we adapt CRISPR-based somatic editing to rats, gener­
ating ER+ breast cancer models by mammary intraductal injection  
of adeno-associated virus (AAV) into Cas9-transgenic rats. AAVs 
carrying gRNAs (and templates for homology-directed repair 
[HDR], when required) introduced oncogenic alterations com­
mon in human ER+ breast cancer, producing tumors that express 
ER and PR, depend on estrogen signaling, and respond to endo­
crine therapy. Strikingly, identical editing in mice yielded 
ER-negative tumors, underscoring fundamental interspecies dif­
ferences. These new rat models provide a long-needed system for 
studying ER+ breast cancer within an intact immune context and 
establish a versatile platform for modeling cancers inadequately 
represented in mice. 

Results 

Intraductal AAV-gRNA Delivery  Enables Somatic Genome  Editing  
in Rats.  We have reported efficient somatic genome editing in 
mouse mammary glands, generating several new mammary 
tumor models (28). Specifically, we intraductally injected adeno-
associated virus (AAV)—harboring AAV-2 inverted terminal 
repeat (ITR) and AAV-9 capsid—to deliver gRNAs (and accessory  
components) into luminal epithelial cells in fully developed 
mammary glands of adult mice that are transgenic for cas9 (28). 
Using this virus to edit breast cancer genes such as Kras and Pik3ca, 
we generated mammary tumors with high efficiency (28). To adapt  
this approach to rats, we first generated a rat line constitutively 
expressing cas9 (Cas9 rat) by breeding LSL-Cas9 knock-in rats 
(29) with  Cre transgenic rats (30).  To test tropism of AAV serotype  
9 in rat mammary gland epithelial cells, we intraductally delivered  
AAV carrying GFP into mammary glands of female Cas9 rats (8 
to 9 wk; SI Appendix, Fig. S1A). Three days after injection, GFP 
was detected specifically in the transduced glands by fluorescent 
stereomicroscopy (SI Appendix, Fig. S1B), immunohistochemical 
staining (IHC) for GFP (SI  Appendix, Fig.  S1C), and flow 
cytometry (SI Appendix, Fig. S1 D and E). 

 To test whether this AAV vector can efficiently mediate genome  
editing in rats, we intraductally injected AAV (AAV-T) carrying 
a single-guide RNA (sgRNA) targeting exon 1 of Tp53,   the most 
mutated tumor suppressor in human cancer. Of note, a higher 
amount of this virus (~5 × 1011 gc) compar ed to AAV-GFP 
(~2.5 ×  1011  gc) was injected here to ensure adequate genome 
editing. Transduced mammary glands were collected 4 d later, and  
the genomic DNA from the whole glands was extracted for PCR 
amplification of the target region. Next generation sequencing of 
the amplicon revealed indel editing at approximately 4.2% of the 
sequenced alleles (SI A ppendix, Fig. S2  A and B), with the over­
whelming majority (95%) being frameshift (SI  Appendix, 
Fig. S2 C). Since the luminal epithelial cell proportion in these 
mammary glands is approximately 25 to 30% of the total cell 
population (31), the genome-editing rate of the luminal cell pop­
ulation is estimated to be 10.5 to 21% depending on whether 
editing occurred in one or both alleles in targeted cells. Together, 
these data demonstrate that our AAV-gRNA vector can efficiently  
edit the somatic genome in rats.  

Somatic Indel Editing in Rats Efficiently Inactivates Tumor 
Suppressors and Induces Mammary Tumorigenesis. Having 
confirmed efficient somatic genome editing, we next tested the 
efficacy of this virus in inducing mammary tumors. We injected 
AAV-T into ten 8 to 9-week-old Cas9 females (~5 × 1011 gc in 
a single #4 gland per rat). Palpable tumors started to appear in 
approximately 3 mo, and by 10 mo, 50% of rats developed palpable  
tumors (Fig. 1 A  and B). To confirm Tp53  indel editing in these 
tumors, we extracted tumor genomic DNA, PCR-amplified the 
target  region  and  then  performed  amplicon  deep  sequencing.  Indel  
editing occurred at the expected sites (SI Appendix, Fig. S3A) and 
in approximately 60% of the sequenced genomic alleles (Fig. 1D  
and SI Appendix, Fig. S3A). Considering notable involvement of 
stroma (Fig. 2) that contributed to the unedited genomic copies, 
genome editing likely occurred in both alleles of at least most, 
if not all, of the mammary tumor cells. Biallelic deactivation is 
also likely needed for these mammary cells to evolve into cancer 
based on prior studies of Trp53 mutations in mice and human 
breast cancer specimens (32). Of note, while editing may have 
occurred in only one allele among many of the initially infected 
cells, only biallelically mutated cells likely have competitive 
advantage in tumor evolution. Together, these data demonstrate 
successful tumor induction by somatic indel editing of a tumor 
suppressor gene. Interestingly, the median tumor latency of 10 mo   
is comparable to that reported in mice with somatic Trp53  
mutations (33). 

2 of 12  pnas.org  https://doi.org/10.1073/pnas.2529653123

 To further confirm this somatic editing approach for generating  
rat models of breast cancer, we targeted another tumor suppressor 
known to be involved in human ER+ breast cancer (34). Nf1 
encodes neurofibromin, a GAP (GTPase Activating Protein) that 
inactivates RAS and also acts as a corepressor of ER-mediated gene  
transcription (34). In early-stage ER+ breast cancers, the frequen­
cies of Nf1   mutations and copy number loss are 4% and 20%, 
respectively (34–36). Intraductal injection into a mammary gland  
of AAV carrying a sgRNA targeting Nf1  gene (AAV-N; 2.8 × 
1011gc/gland) led to palpable tumors with median latency of 4   wk  
(Fig.  1C). Indel editing occurred at the expected sites (SI  Appendix, 
Fig. S3 B) and in approximately 80% of genomic alleles (Fig. 1 D  
and SI A ppendix, Fig.  S3B). Considering substantial involvement  
of stromal cells that were not edited, this 80% overall editing  
suggests that most, if not all, tumor cells were edited in both alleles,  
further demonstrating efficient tumor induction by AAV-mediated  
somatic indel editing. The tumor latency in these rats is substan­
tially faster than tumor latency in rats with a germline deletion of  
one copy of Nf1  (27 d versus 70 to 90 d depending on the line)  
(16), suggesting that somatic Nf1  loss efficiently initiates cancer  
and that homozygous mutations are likely more transforming than  
heterozygous mutations which may require loss of heterozygosity  
to complete tumorigenesis. 

 Since human cancers are often caused by more than one onco­
genic mutation, we next tested whether we can concurrently edit 
two tumor suppressors for tumor induction. Since NF1-mutated 
human breast tumors show prevalent mutations in TP5 3 (72.5%) 
(37), we made an AAV vector expressing two sgRNAs targeting 
 Nf1 and Tp53 (AAV-NT). Intraductal delivery of AAV-NT (2 × 
1010 gc/gland) into 10 Cas9 rats led to tumors within 1 mo for all 
injected rats (Fig.  1C). Amplicon sequencing revealed indel editing  
of each gene at 85 to 90% of genomic copies of these tumors 
(Fig. 1 D and SI A ppendix, Fig.  S3C), suggesting that both alleles 
of both genes are likely mutated in all tumor cells, demonstrating 
the high efficacy of our vector system to edit two genes concur­
rently to initiate tumorigenesis. Of note, the moderately higher 
percentage of edited genomic copies in these tumors compared to 
tumors initiated by Tp53  alone is likely due to less stromal cell D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 T

E
X

A
S 

M
E

D
IC

A
L

 C
E

N
T

E
R

 L
IB

R
A

R
Y

; T
M

C
 S

E
R

IA
L

S 
D

E
PT

 o
n 

Ju
ne

 2
2,

 2
02

6 
fr

om
 I

P 
ad

dr
es

s 
12

8.
24

9.
96

.1
0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials


 

    

PNAS  2026 Vol. 123 No. 26 e2529653123 https://doi.org/10.1073/pnas.2529653123 3 of 12 

A

B C D

E F

HG

Fig. 1.     Intraductal injection of AAV vectors to deliver 
gRNAs for the somatic genome editing in rat mammary 
glands to initiate tumorigenesis. (A) Schematic represen-
tation of mammary tumor model generation via 
intraductal injection  of AAV into rats. (B–H) Kaplan–Meier 
tumor-free survival curves of rats injected intraductally 
with AAV to introduce Tp53  indels (4.7 × 1011  gc/gland, 
age = 9 to 13, n = 10; B), Nf1  indels (2.8 × 1011  gc/gland, 
Age = 10 to 14 wk, n = 10; C), Tp53  indels + Nf1  indels  
(2 × 1010  gc/gland, age = 10 to 11 wk, n = 10; C), Pik3caH1047R  
(4 × 1011  gc/gland, age = 9 to 14, n = 12; E), Tp53  indels + 
Pik3caH1047R  (5.9 × 1010  gc/gland, age = 11 to 12 wk, n = 6; 
G), and Tp53  indel + Nf1  indel + Pik3caH1047R  (1.43 × 1010  
gc/gland, age = 10 wk, n = 5; H). Latency curves of tumor 
with single gene editing (B  and E) and dual editing (C  and 
G) are included for comparison in panels G  and H. Bar 
graphs showing allele-editing frequencies in tumors with 
the indicated oncogenic drivers are presented in panels 
D  and F. In addition to the H1047R mutation in Pik3ca, 
four silent mutations were concurrently introduced to 
prevent editing of the HDR donor template, as confirmed 
by DNA sequencing (F). 

infiltration in these double mutated tumors. In addition, the 
 significantly shorter tumor latency in these rats compared to that 
in rats injected with either AAV-N or AAV-T (P < 0.01) demon  ­
strates an oncogenic collaboration between these Nf1 and Tp53 
mutations in driving mammary tumorigenesis.  

Somatic Substitution Editing in Rats Effectively Activates 
Protooncogenes and Induces Tumorigenesis.  Besides loss-
of-function mutations of tumor suppressor genes, gain-of-
function mutations of protooncogenes are the other key driver 
of tumorigenesis in breast and other organs. We have previously 
optimized an AAV vector for HDR-based precision-editing of 
protooncogenes in mice to initiate tumorigenesis (28). Especially, 
we demonstrated efficient tumorigenesis in mice intraductally 
injected with AAV to edit Pik3ca to Pik3caH1047R. In human 
breast cancer, PIK3CA is the most mutated protooncogene, with 
the H1047R being the most frequent missense mutation (38). 
Therefore, in this vector, we cloned sgRNA and HDR donor 
sequence targeting rat Pik3ca for the H1047R mutation (Fig. 1A).  
Intraductal injection of the resulting virus, AAV-P, led to mammary  
tumors with a median latency of 4.5 mo (Fig.  1E). Amplicon 
sequencing of the edited region detected the H1047R mutation in  

approximately 40% of the genomic alleles of the tumors. Similar 
frequencies of silent genomic changes were detected near H1047R  
(Fig. 1F). These silent mutations were designed to prevent HDR 
from being targeted by sgRNA/Cas9. Together, these data 
demonstrate successful HDR-medicated substitution editing by 
our AAV vector. The observation of approximate 40% editing of 
the Pik3ca alleles, compared with approximate 80% of the Nf1  
alleles in tumors induced by AAV-N, likely reflects the distinct 
functional requirements of these gene classes. Whereas oncogene 
activation typically requires mutation of only a single allele to 
drive tumorigenesis, effective inactivation of a tumor suppressor 
generally necessitates disruption of both alleles. 

Somatic Editing of Both Tumor Suppressors and Protooncogenes  
in Rats Rapidly Initiates Tumorigenesis. Human tumors are often  
caused by a combination of mutated tumor suppressors and activated  
protooncogenes. To test whether our vector system could efficiently  
introduce both indel and substitution editing in mammary cells  
in rats, we attempted to indel-edit Tp53 and substitution-edit  
Pik3ca, two genes that are known to be comutated in substantial  
proportions of human breast cancers (10.5%; METABRIC), and  
have been reported to collaborate in transforming human and  D
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Fig. 2.   Histological and biomarker characterizations of mammary tumors induced by somatic genome editing. Representative H&E and IHC of mammary 
tumors induced by intraductal injection of editing AAV vectors to introduce the indicated genetic alterations (A–F). The biomarkers detected by IHC are labeled 
at the Top. The proportions of ER-, PR-, and Ki67-positive tumor cells are shown in bar graphs at Right.

mouse mammary cells (39, 40) and cause worse prognosis (41).  
To this end, we moved the U6 promoter-driven sgRNA targeting  
Tp53 into AAV-P vector. Intraductal injection of the resulting virus  
(AAV-PT) into Cas9 rats led to tumors with a median latency of  
only 43.5 d, markedly faster than targeting either Tp53  or Pik3ca  
alone (Fig. 1G), confirming strong oncogenic collaboration of these  
two most common breast cancer genes. 

 In addition, we tested whether our vector system could con­
currently genome-edit multiple genes. We built an AAV vector 
that targets Tp53, Nf1, and Pik3ca.  Intraductal injection of 
AAV-PNT into Cas9 rats led to tumors with an exceedingly short 
median latency of only 8 d (Fig. 1 H), significantly faster than 
either Pik3ca H1047R/Tp53 indel  tumors or Nf1 indel/Tp53 indel tumors, 
demonstrating the collaboration of these three genetic lesions in 
breast tumorigenesis. 

Somatic Genome Editing–Induced Mammary Tumors in Rats 
Are ER+/PR+ and Exhibit Histological Features Ranging from 
Benign to High Grade. Having generated a panel of rat models of 
breast cancer, we examined their histology and hormone receptor 
expression. The overwhelming majority of human breast cancer 

cases are ductal carcinomas and express ER and PR, whereas only 
10 to 15% display special histological subtypes such as mucinous, 
medullary, papillary, or metaplastic variants. Histologically, our 
six groups of rat tumors displayed two notable features: robust 
hormone receptor expression and an absence of squamous 
differentiation (Fig. 2 and SI Appendix, Table S1). This closely 
mirrors the majority of human ductal carcinomas (SI Appendix, 
Fig.  S4) but diverges from most mouse models, which are 
overwhelmingly ER−/PR− and frequently exhibit squamous 
differentiation (3). 

 A total of five tumors were induced by Tp53  indel editing. 
Three of them were ductal carcinomas (Fig. 2 A); however, one 
tumor contained moderate areas of sarcomatous and osteosarco­
matous differentiation, and another exhibited sarcoma/fibrosar­
coma with focal liposarcoma features (SI A ppendix, Fig.  S5). ER/ 
PR expression ranged from absent to >75%, likely due to divergent  
secondary spontaneous mutations (Fig. 2 A and SI A ppendix, 
Fig. S5 ). In contrast, mouse Trp53indel  tumors lack ER/PR and  
show squamous and spindle differentiation (33). 

T umors induced by Nf1 indel editing w ere predominantly 
ductal carcinoma in  situ (10/12 cases; the remaining two cases 

 https://doi.org/10.1073/pnas.2529653123
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were a benign papilloma and an invasive ductal carcinoma), all 
with moderate differentiation and high similarity to one another. 
These tumors contained moderate to high proportions of ER+ 
cells and Ki67+ cells (Fig. 2 B). Histologically, they resembled 
ER+/PR+ tumors reported in Nf1 germline mutant rats ( 16), 
although those germline tumors were reported to be invasive. By 
contrast, combined Nf1 and Tp53 mutations yielded inv asive 
ductal carcinomas with moderate differentiation in all eight cases 
examined (Fig. 2 C), suggesting that Tp53   loss promotes invasion 
of Nf1indel - initiated lesions. Like Nf1indel - only tumors, the double 
mutants contained moderate to high percentages of ER+ cells and  
Ki67+ cells (Fig. 2 C). 

 Introduction of the Pik3caH1047R  mutation pr oduced benign 
fibroadenomas in 8/10 cases (the remainder being a lactational 
adenoma and a ductal carcinoma NOS) (Fig.  2D). PIK3CA muta­
tions have also been identified in human breast fibroepithelial 
tumors (42). ER was detected in approximately 27% of ductal 
cells, similar to the 10 to 30% reported in normal rat terminal 
duct lobular units (43). Ki67 was present in approximately 50% 
of epithelial tumor cells and in the fibrous component, reflecting 
the high proliferative activity of both compartments. In contrast, 
combined Tp53indel  and Pik3ca H1047R   mutations produced mod­
erately differentiated invasive ductal carcinomas with papillary 
features in all five cases (Fig. 2 E). These tumors contained mod­
erate levels of ER+ cells but relatively low PR+ expression. 

 Finally, triple mutations (Tp53indel  + Nf1indel  + Pik3caH1047R ) 
produced invasive ductal carcinomas with moderate to poor dif­
ferentiation, nuclear pleomorphism, high proliferation, and 
extensive necrosis in all seven cases (Fig. 2 F). These tumors were 
of higher grade than either Tp53indel  + Pik3ca H1047R or Tp53 indel 

+ Nf1 indel  tumors, indicating an additive effect on progression of 
a third oncogenic driver. ER expression was moderate, while PR 
expression was relatively low (Fig. 2 F). 

Somatic Genome Editing–Induced Mammary Tumor Models in 
Rats Show Overlapping and Distinct Transcriptome Profiles.  
After having characterized the histology and basic biomarkers of 
these rat ER+/PR+ tumors, we next compared their transcriptomes.  
ANOVA (FDR < 1%) identified 1,579 differentially expressed 
genes (DEGs) across 35 rat tumors in our six models. Based on these  
DEGs, most rat tumors belong to intrinsic subtypes of Luminal A  
or Luminal B, consistent with positive IHC for ER, PR, and Ki67.  
However, two each of Tp53indel tumors, Pik3caH1047R/Tp53indel  
tumors, and Pik3caH1047R/Tp53indel/Nf1indel tumors were 
mapped to Basal-like although they produced detectable ER 
and PR protein. Three tumors (one each in Nf1indel/Tp53indel, 
Pik3caH1047R/Tp53indel, Pik3caH1047R/Tp53indel/Nf1indel) were 
mapped to HER2 subtype, though these did not correspond to 
elevated HER2 mRNA (Fig. 3A). 

 Hierarchical clustering using these 1,579 DEGs showed exten­
sive heterogeneity across models, as expected by their diverse 
oncogenic drivers and histological features (Fig. 3  A and B). They 
can be organized into five gene groups (Dataset S1 ). Gene Group 
1—enriched prominently for extracellular matrix, cell adhesion, 
and EMT genes—was differentially higher in Pik3caH1047R  tum­
ors, consistent with the presence of large amounts of stroma tissues  
in these tumors. This gene group was also higher in two of the five 
Tp53  indel  tumors, highlighting the heterogeneous nature of these 
 Tp53 indel   tumors. On the other hand, Gene Group 2, enriched 
for insulin receptor signaling and mTOR signaling genes, was 
higher in all three models that include Pik3ca H1047R  as an initiating  
oncogene, likely reflecting PI3K signaling in driving insulin and 
mTOR signaling. In contrast, despite Nf1 indel  alone being more 
potent tumor inducer than Pik3ca H1047R  by itself, no discernible 

gene group emerged across the models that harbor a Nf1  loss of 
function mutation. Since Tp53 indel  is a poor driver of cancer on 
its own, not surprisingly, the three tumor models that harbored 
 Tp53 indel  did not share a distinct gene group. In accordance with 
this finding, Gene Group 5—modestly enriched for the p53 path­
way—was higher in Tp53 indel tumors and  Nf1indel /Tp53indel  tumors 
but even higher in Nf1 indel  tumors and lower in two other models 
that harbored Tp53indel , again r evealing the nondominant nature 
of Tp53 mutations in defining gene expr ession profiles of the 
eventual tumors that have likely gained other and more dominant  
oncogenic drivers. 
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 Gene Group 3, enriched for cytoplasmic ribosomal genes and  
mammary gland development-related genes, was higher in Nf1 indel 

tumors and Nf1 indel/Tp53 indel  tumors, especially those expressing  
high levels of Esr1 and Pgr , consistent with RAS and ER functions  
in translational regulation and mammary gland development,  
respectively. However, this gene group was not elevated in the  
P ik3caH1047R /Tp53indel /Nf1indel   tumors, suggesting that Pik3ca H1047R 

alone or together with Tp53  mutations may mask some of the  
signal output from Nf1  loss. Interestingly, this gene group was  
depleted among the Pik3caH1047R  and the  Tp53indel  tumors exhib ­
iting robust Gene Group 1, likely due to the nonluminal cell com­
ponent in this latter two models diluting high cytoplasmic  
ribosomal activities in the luminal cell component and driving  
genes involved in extracellular matrix, cell adhesion, and EMT. 

 Gene Group 4—enriched for multiple pathways including 
mTOR signaling, cholesterol biosynthesis pathway, and MYC 
targets as well as to a lesser degree glycolysis pathway—was robust 
in Pik3caH1047R /Tp53indel  tumors,  and to a lesser degree in the 
 Nf1indel /Tp53 indel  tumors and Pik3caH1047R /Tp53indel /Nf1 indel tum­
ors, suggestive of increased metabolism in these tumors. This gene  
group appear to represent the output of the combinatorial effects 
of Tp53 loss and P I3K activation (while Nf1indel /Tp53indel  tumors 
do not include Pik3ca  itself as a driver, Nf1  loss activates PI3K via 
Ras signaling). Of note, Gene Groups 4 and 5 seem inversely 
correlated  in  all ductal tumor models,  probably  reflecting  opposing  
biological activities of these two gene groups—the p53 pathway 
in Gene Group 5 likely constrains the metabolic and proliferative 
pathways enriched in Gene Group 4. Taken together, these tran­
scriptome data confirm the heterogeneous nature of these tumor 
models and reveal mutation-driven signaling pathways that can 
be heavily influenced or even masked by comutations. 

 To determine how well these rat tumors mimic human breast  
cancer, we compared their transcriptome of the Pik3ca H1047R/Tp53 indel 

model with the human breast cancers also bearing these two muta­
tions (TCGA). We chose this rat model for comparison because  
these two gene mutations are the two most common genetic alter­
ations in human ER+ breast cancer as well as human breast cancer  
in general and because these two genes drive rapid formation of  
ductal carcinoma, the most common pathological type of human  
breast cancer. As shown in Fig. 3 C, among the top 1,469 genes  
higher in Tp53indel /Pik3caH1047R    tumors over Pik3caH1047R  only 
tumors, 297 genes are also enriched among genes higher in TCGA  
breast cancer cases mutated for both TP53 (loss or point mutations)   
and PIK3CA  (point mutations), compared to cases mutated for  
P IK3CA   but WT for TP53 (enrichment P- value < 1E-14, one-sided  
Fisher’s exact test;  Dataset  S2). The notable pathways include MYC  
targets and mTOR signaling (Dataset  S2), consistent with previous  
reports of p53 mutations activating these two pathways in cancer  
(44–46). Likewise, among 1,156 genes lower in the rat comparison,  
211 genes are also lower in the TCGA comparison (enrichment   
 P  < 1E-6; Dataset S2 ). Together, these data demonstrate that these  
rat tumors significantly recapitulate TP53 -associated gene expres­
sion changes in patients.  D
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Fig. 3.   Molecular heterogeneity across rat tumor models. (A) Heatmap of 34 mammary tumors across six models (genetic drivers are indicated by a binary 
somatic editing heatmap overlaid above the main heatmap) showing differential expression patterns for the top DEGs according to rat model genotype (FDR 
< 1%, ANOVA). From unsupervised clustering of the genes, five major gene groups are evident. Rat tumors were assayed for ER and PR protein levels by IHC 
and also categorized into intrinsic expression-based subtypes using RNA-seq data (IND = indeterminate subtype call). (B) Significance of enrichment (by one-
sided Fisher’s exact test) for selected Hallmark pathway or Gene Ontology gene sets within each of the five differential gene sets as defined in panel A. (C) 
Genes differentially expressed in rat Pik3caH1047R/TP53wt tumors versus Pik3caH1047R/Tp53indel tumors (using P < 0.01, t test using log2-transformed data) shared 
significant overlap with the gene orthologs arising from the analogous comparison in 317 tumors harboring a hotspot mutation in PIK3CA (P < 0.001, t test). 
P-values by one-sided Fisher’s exact tests.

Genome Editing–Induced Mammary Tumors in Rats Are Distinct  
from Tumors in Mice. All of these CRISPR rat models develop 
ER+ ductal tumors (or fibroadenoma in the Pik3caH1047R rats) 
with little metaplastic differentiation, thereby mimicking the 
predominant phenotype of human breast cancer. In contrast, 
very few of the reported mouse models develop ER+ ductal 
tumors. In fact, ER negativity and/or metaplastic changes— 
particularly squamous differentiation—are frequent features of 
commonly used mouse breast cancer models driven by diverse 
oncogenic drivers (47). Determining the species-specific effects 
on tumor phenotype requires engineering comparable models in 
mice and rats using identical genetic drivers. While some of the 
genetic drivers in mouse models have also been introduced into 

rats, transgenic lines—either between species or even within the 
same species—cannot be properly compared. Random transgene 
insertion and variations in copy number lead to substantial 
differences in expression levels between rodent lines. Germline 
knockout lines are more suitable for cross-species comparison, 
but the few relevant rat lines, such as Tp53, Brca1, and Brca2  
knockouts, fail to develop mammary tumors spontaneously 
without additional tumor-promoting treatments (2). Therefore, 
we considered somatic models. We previously reported that 
intraductal injection of the lentivirus expressing mouse HrasQ61L  
into mouse mammary glands produced ER-negative, metaplastic 
mammary tumors with extensive squamous differentiation (3), but  
the same virus led to ER+/PR+ ductal carcinomas in rats (3, 48).  

 https://doi.org/10.1073/pnas.2529653123
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However, because lentiviral overexpression relies on random 
insertion and ectopic expression, these models have inherent 
limitations and leave unresolved concerns for rigorous comparison  
between mouse and rat models. 

 Somatic CRISPR genome editing minimizes potential pitfalls 
associated with other methods to deliver oncogenic lesions and 
offers a direct comparison between mice and rats. In our recent 
publication of somatic genomic editing in mice, we used intra­
ductal injection of AAV to edit Kras to Kras G12D  and generated 
mammary tumors that are characterized as ER−/PR− ductal car­
cinoma with widespread and extensive squamous differentiation 
(28), histologically similar to the mouse tumors induced by intra­
ductal injection of lenti-Hras Q61L (28). Therefore, we compared 
this mouse model to tumors in rats induced by an identical 
method. Intraductal injection into rats of AAV carrying sgRNA 
to introduce G12D into Kras  led to palpable tumors with a median  
short latency of approximately 70 d. However, these KrasG12D  rat 
tumors are all ER+/PR+ ductal carcinomas with papillary features 
but no metaplasia (Fig. 4  and SI A ppendix, Table  S1), similar to 
the rat tumors induced by intraductal injection of lenti-HrasQ61L  
(48). Therefore, regardless of whether RAS activation is achieved 
by CRISPR-mediated genome editing or lentivirus-mediated 
ectopic expression of an activation mutated gene, rats develop 
ER+/PR+ tumors, but mice form ER−/PR− metaplastic tumors 
with heavy squamous differentiation. These data highlight a dra­
matic difference between these two rodent species in mammary 
tumorigenesis. 

 KRAS  is not commonly mutated in human breast cancer, but  
 PIK3CA   is the proto-oncogene most mutated in breast cancer.  
Therefore, we next compared Pik3ca H1047R  tumors in mice versus  
rats. We have previously reported mouse tumors induced by intra­
ductal injection of AAV to edit Pik3ca to Pik3ca H1047R (28). The  
resulting tumors were detected with a latency of 4.9 mo(28), similar  
to 4.3 mo in rats injected by AAV-edited Pik3ca (SI A ppendix, 
Fig. S6 ), but these mouse tumors are all characterized as low to  
moderate grade ductal carcinomas with focal squamous differenti­
ation and negligible proportions of ER+ or PR+ cells (SI A ppendix, 
Fig. S8 A), dramatically different from those of rat lesions induced  
by genome editing of Pik3ca , which are benign fibroadenoma fea­
turing normal-appearing ducts and without any metaplastic changes. 

 The relatively long latencies of these mouse and rat Pik3ca H1047R 

tumors imply that they spontaneously gained secondary muta­
tions, which might also have contributed to the final tumor his­
tology. To minimize their involvement and complications, we next  
compared our rat tumors induced by the two most common and 
potent oncogenic drivers in ER+ breast cancer, Pik3ca and Tp53 
(Fig. 2 E) to the tumors in mice intraductally injected with AAV 
to edit the same two genes. The mouse tumors appeared with a 

short latency similar to that of the rat tumors (SI A ppendix, 
Fig. S7 ). All five mouse tumors are poorly differentiated  
high-grade metaplastic carcinoma with predominant sarcomatous  
differentiation and focal squamous differentiation as well as with  
the residual adeno-appearing tumor cells occasionally expressing  
ER/PR (SI A ppendix, Fig. S8 B). These characteristics are drasti­
cally different from all five rat counterparts, which are moderately  
differentiated ER+/PR+ ductal carcinoma with papillary features,  
again revealing a striking difference in tumor characteristics  
between these two rodent species. Together, these data from three  
well-controlled comparisons between mice and rats demonstrate  
a large divergence of these two rodent species in mammary tumor  
development. While mice predominantly develop mammary  
tumors with squamous metaplasia, rats commonly develop ER+/ 
PR+ ductal carcinoma NOS, further demonstrating the value of  
these somatic rat models in providing a platform for studying  
the most common type of breast cancer in its native immune  
microenvironment.  

The Nf1indel Mammary Tumor Model Is Endocrine Therapy-
Sensitive, While the Nf1indel/Tp53indel Mammary Tumor Model 
Is Endocrine Therapy-Resistant. Given that these rat tumors are 
ER+/PR+ and can be designated as Luminal A or Luminal B, we 
next tested their hormone dependency to assess their potential as 
preclinical models for new endocrine therapies. We started with 
the Nf1indel model for its high ER/PR expression (Fig. 2B) and for 
known involvement of Nf1 loss in derepressing ER transcription 
and promoting endocrine therapy resistance in patients (34). 
Ovariectomy—which eliminates the primary source of estrogen 
although it spares the residual estrogen from extraovarian sources 
such as adipose tissue and adrenal glands—is used in certain 
high-risk patients and also as a surgical alternative to estrogen 
deprivation treatment such as aromatase inhibitors (AI) combined  
with ovarian suppression. Ovariectomy of three rats bearing 
Nf1indel-induced tumors caused rapid and complete regression in all  
three animals (Fig. 5A), demonstrating high hormone dependency  
of these tumors, although most of the tumors in this model exhibit  
the Luminal B subtype (Fig. 3). These data also demonstrate that 
endocrine deprivation can be cytotoxic at least in tumors with 
certain genetic drivers. The sham control group showed little 
further growth, possibly due to aberrant Ras signaling-induced 
apoptosis and/or senescence (49), which counters moderate rates 
of proliferation. Two of the three ovariectomized rats relapsed after  
a long remission of approximately 6 mo, mimicking human ER+/ 
PR+ breast cancers that eventually return after successful treatment  
and years in remission. 

 A commonly prescribed endocrine therapy is selective estrogen 
receptor down-regulators (SERDs), which bind to ER with high 
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Fig. 4.     Comparisons of mouse and rat tumors induced by the same oncogenic driver KrasG12D. Representative H&E and IHC staining of tumors induced by 
somatic genome editing of KrasG12D. The proportions of ERα-, PR-, and Ki67-positive tumor cells are shown at Right. The IHC staining for ERα  and PR in normal 
mouse and rat mammary glands is shown in the Insets. 
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affinity and impair ER dimerization and nuclear localization while  
promoting ubiquitination and degradation. Therefore, we next 
tested the response of Nf1 indel  tumors to fulvestrant, a widely used  
SERD. A 5-week course of fulvestrant treatment caused rapid and  
full regression of all four tumors (Fig. 5 B), confirming the tumor 
dependence on ER, as revealed by ovariectomy. Even without 
resuming fulvestrant, three of the four rats stayed in remission for 
the entire observation window of 8 mo while the fourth one 
relapsed  at  5  mo  following  the  cessation  of  treatment.  Interestingly,  
all three recurrent tumors from both ovariectomy and fulvestrant 
became invasive and retained ER and PR (SI A ppendix, Fig. S9 ). 
Together, these two endocrine treatment regimens show that 
Nf1 indel - induced tumors highly depend on estrogen signaling for 
continued growth, but in the absence of substantial estrogen sig­
naling such as under estrogen deprivation or fulvestrant treatment,  
the residual tumors can regain growth and progress, mimicking 
the clinical behavior of a significant proportion of human ER+/ 
PR+ breast cancer. 

Consistent with its high endocrine r esponse, at day 7 of fulves­
trant treatment, the tumor mass has remodeled into broad, 

smoothly contoured ducts lined by flattened to low-cuboidal epi­
thelial cells. These areas displayed minimal cytologic atypia, prom­
inent lumina, and increased fibrous stroma, features consistent 
with therapy-induced regression. Correspondingly, these regress­
ing  regions exhibited  near-complete loss of ERα  and PR expression  
and a substantially reduced Ki67 proliferation index (Fig. 5 C). 

H aving demonstrated a model that mimics endocrine therapy-
sensitive human breast cancer, we next asked whether one of our rat  
models mimics endocrine therapy-resistant human breast cancer. A  
Tp53 indel   mutation in cancer disrupts normal control of cell cycle  
arrest and cell apoptosis as well as senescence, all of which are critical  
in tumor growth. A TP53 mutation in patients has been associated   
with endocrine resistance in multiple clinical studies (50, 51).  
Therefore, we next tested whether mammary tumors induced by  
Nf1 indel /Tp53 indel  are less dependent on estrogen signaling. Ovari­
ectomy of the rats bearing Nf1indel /Tp53 indel  tumors caused detect­
able tumor shrinkage by week 3 (P  < 0.01), but the response was  
very modest—the tumor mass in four of the five rats never fully  
regressed (Fig. 5 D). Importantly, by week 4 to 5, all tumors resumed  
growth (Fig. 5 E). In accordance with this finding, fulvestrant treat­
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Fig. 5.     Tumors induced by Nf1indel  are endocrine-dependent, but those induced  by Nf1indel/Tp53indel  are endocrine-resistant. (A  and B) Tumor growth curves of 
Nf1indel  mammary tumors in rats treated with ovariectomy (A) or fulvestrant (125 mg/kg; 5 weekly s.c. injections; B). (C) Representative H&E and IHC staining for 
ERα, PR, and Ki-67 of rat mammary tumors treated with vehicle (Top  row) or fulvestrant (Bottom  row) for 1 wk. Dashed lines delineate tumor regions showing 
therapy-induced regression, characterized by broad, smoothly contoured ducts/lobules, flattened to low-cuboidal epithelium, prominent lumina, minimal 
nuclear atypia, reduced ERα  and PR expression, and low proliferation (Ki-67 staining). Bar-graph shows quantification of the proportion of tumor area occupied 
by differentiated ducts/lobules in vehicle- versus fulvestrant-treated tumors (P  < 0.01, Student’s t  test; mean ± SD; n = 3 per group). (D–G) Tumor growth curves 
of Nf1indel/Tp53indel  tumors in rats treated with ovariectomy or fulvestrant (125 mg/kg; 4 weekly s.c. injection). Early time points show a modest endocrine 
response (D and F), but resistance develops rapidly (E and G). 
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ment of rats bearing these tumors caused a brief regression  
(P < 0.05 at week 3 compared to the control cohort) (Fig. 5F) but 
failed to produce a sustained and significant benefit compared to 
the vehicle-treated control rats (Fig. 5G). Together these two endo­
crine treatment experiments indicate that these Nf1/Tp53-double-
mutated tumors only partly depend on estrogen signaling and gain 
resistance quickly, closely mimicking the ER+/PR+/Ki67high human
breast cancers that are resistant to endocrine therapy.  

  

Transcriptome Changes in Rat Models in Response to Endocrine 
Treatment Reveal Critical Transcriptome Changes in Human 
ER+ Tumors Treated with Endocrine Therapies. Having tested 
their endocrine response, we next examined treatment-induced 
transcriptome changes and asked whether they recapitulate those 
observed in human breast cancer treated with endocrine therapy. 
A total of 486 genes were differentially expressed in either model 
following fulvestrant treatment (7 d for the Nf1indel model and  
5 wk for the Nf1indel/Tp53indel model; Fig. 6A and Datasets S3 and 
S4). Many of these DEGs overlap with the ER-responsive genes 
previously reported in cultured human ER+ breast cancer cells 
(52). Notably, while some of the DEGs are shared across the two 
models, many others are specific to either the Nf1indel model or the 
Nf1indel/Tp53indel model (Datasets S3 and S4), which could help 
better understand endocrine response or resistance, respectively.

 We next asked whether these transcriptome changes recapitulate 
those observed in patients following endocrine therapy. Using 
gene set enrichment analysis (GSEA), we compared the transcrip­
tome changes in rats versus patients. As shown in Fig. 6B, ranking 
all profiled human gene orthologs from the Nf1indel model (from 
high to low differential expression and excluding those with zero 
values) revealed significant enrichment of genes induced in human 
breast cancer after neoadjuvant treatment with either letrozole 
(GSE5462) (53) or fulvestrant (GSE71791) (54) and significant 
depletion of the corresponding repressed genes. A similar pattern 
was observed when comparing the Nf1indel /Tp53indel  model data 
to the patient data (Fig. 6B). Of note, while these two rat models 

are distinct in endocrine response, patients in these two trials were 
accrued without prior knowledge of endocrine sensitivity, and 
thus each dataset included both responsive and resistant tumors.

 We also used heatmaps to visualize the similarity of endocrine 
responses between our two rat models and patients. A set of 58 
genes was differentially altered in one or both rat models and also 
altered in either human dataset (SI Appendix, Fig. S10). Again, 
many of these genes are known to be regulated by estrogen, as also 
shown in Fig. 6A. Importantly, both overrepresented and depleted 
gene clusters in the two rat models were also observed in the two 
human datasets. Collectively, these comparisons demonstrate that 
the transcriptome changes in our two rat models show strong 
concordance with those in patient tumors.  

Somatic Genome Editing–Induced Mammary Models in Rats Show 
the Microenvironment Diversity of ER+/PR+ Human Breast Cancer. 
Tumor microenvironment, especially the immune microenvironment, 
is critical in shaping tumor formation and progression as well as 
therapeutic response/resistance. However, due to the scarcity of 
mouse models of ER+ breast cancer, studies of this disease are typically 
conducted in immunodeficient hosts. As a result, the contributions of 
tumor microenvironment, especially the immune microenvironment, 
could not be adequately studied. Having developed a panel of ER+/ 
PR+ models, we decided to use scRNA sequencing to profile their 
microenvironment. UMAP analysis across all six rat models revealed 
a broad variety of nonepithelial cell types including major immune 
cell populations, fibroblasts, pericytes, and endothelial cells (Fig. 7A). 
Focusing on immune cells, we observed marked heterogeneity in 
both adaptive immune cells and myeloid cells across different models 
(Fig. 7 B and C). Adaptive immune cells were enriched in the tumors 
initiated by Pik3caH1047R alone or Tp53indel alone. On the other hand, 
adaptive immune cells were depleted in Nf1indel tumors and in models 
driven by more than one genetic lesion. Expansion of myeloid cells 
was associated with a decrease in adaptive immune cells across the 
models. Interestingly, a dichotomy appeared between enrichment 
of macrophages and plasmacytoid dendritic cells in Nf1indel and 
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Fig. 6. Genes differentially expressed following fulvestrant treatment in rat models have orthologs similarly affected in human breast tumors treated with 
endocrine therapy. (A) Genes differentially expressed with fulvestrant treatment in either Nf1indel or Nf1indel/Tp53indel model (P < 0.01, t test) are shown. Genes are 
sorted according to their differential patterns being specific to one model or common to both models. Genes listed at Right are those whose human orthologs 
were induced by estrogen in vitro (52). (B) For each rat model, profiled genes are ranked from highest to lowest differential expression (Diff Ex) in fulvestrant-
treated versus control groups. GSEA plots show enrichment in the fulvestrant-treated tumors for gene orthologs differentially expressed in human tumors from 
patients treated with neoadjuvant endocrine therapy. For the two human datasets considered (GSE71791, fulvestrant; GSE5462, letrozole), tumors pre- and 
posttreatment were profiled for gene expression, and the top differential genes (either higher or lower posttreatment, using P < 0.01 by the paired t test) were 
examined in the context of the rat gene orthologs ranked according to the rat tumor data. Neoadjuvant treatment-induced genes in humans are significantly 
enriched in fulvestrant-treated rat tumors (indicated by positive GSEA plot curves); genes repressed in the human setting are likewise anti-enriched in rat 
tumors (negative GSEA curves). P-values by GSEA-based permutation testing. 

PNAS  2026  Vol. 123  No. 26 e2529653123 https://doi.org/10.1073/pnas.2529653123 9 of 12 

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 T
E

X
A

S 
M

E
D

IC
A

L
 C

E
N

T
E

R
 L

IB
R

A
R

Y
; T

M
C

 S
E

R
IA

L
S 

D
E

PT
 o

n 
Ju

ne
 2

2,
 2

02
6 

fr
om

 I
P 

ad
dr

es
s 

12
8.

24
9.

96
.1

0.

http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2529653123#supplementary-materials


Nf1indel A B 
Tp53indel 

Pik3caH1047R 

Tumor latency 0 days 130 

Pericyte Histology Fibroadenoma 
DCIS IDC 

B cell * B cell Endothelial cell 
DP T cell * 
Cd4+ T cell * 
Cd8+ T cell * 

Fibroblast * 
Mast cellDN T cell 

Fibroblast Macrophage *Cd8+ T cell 
Naive-like T cell pDC * 

Cycling T cell NK cell Cycling T cell *Cd4+ T cell DP T cell Epithelial cell Dendritic cell 
Mast cell 

Pericyte 

C
el

lT
yp

e 
Z-

sc
or

e 

Macrophage NK cell 4* 
Erythroid 2Monocyte 
Neutrophil * 

Dendritic cell Neutrophil Monocyte 
Erythroid DN T cell 

Endothelial cell * 
pDC Naive-like T cell * 

1.0 
Cell Type C B cell 

0.8 Cd4+ T cell B cell DP T cell Fibroblast Naive-like T cell 
Cd4+ T cell Dendritic cell Macrophage Neutrophil 
Cd8+ T cell Endothelial cell Mast cell Pericyte 
Cycling T cell Epithelial cell Monocyte pDC 
DN T cell Erythroid NK cell Pr

op
or

tio
n Cd8+ T cell 

0.6 Cycling T cell 
DN T cell 

0.4 DP T cell 
Dendritic cell 

0.2 Endothelial cell 
Erythroid 

0.0 Fibroblast 

29
31

1 
(n

 =
 8

92
) 

27
74

8 
(n

 =
 5

46
0)

 
27

75
1 

(n
 =

 6
21

1)
27

75
4 

(n
 =

 2
58

2)
 

27
69

8 
(n

 =
 3

15
7)

 
27

70
0 

(n
 =

 2
66

0)
 

27
70

2 
(n

 =
 4

54
1)

 
29

23
6 

(n
 =

 6
13

)
29

25
0 

(n
 =

 9
4)

 
29

25
3 

(n
 =

 1
00

)
29

62
9 

(n
 =

 5
09

)
29

63
2 

(n
 =

 7
38

)
29

60
4 

(n
 =

 1
92

8)
 

29
60

7 
(n

 =
 1

80
0)

 
29

54
8 

(n
 =

 6
15

)
29

24
1 

(n
 =

 3
85

)
29

24
4 

(n
 =

 2
02

)
29

24
7 

(n
 =

 7
25

) Macrophage 
Mast cell 
Monocyte 
NK cell 
Naive-like T cell 
Neutrophil 
Pericyte 

Sample pDC 

0 

-2 

-4 

 

    

Fig. 7.     Somatic genome-editing-induced mammary tumors in rats exhibit distinct tumor microenvironments depending on their oncogenic drivers. (A) UMAP 
visualization of 65,165 cells profiled by scRNA-seq and integrated across 18 rat mammary tumors. Cells were integrated using scVI/scANVI and embedded in 
two dimensions using UMAP. Clusters represent transcriptionally distinct cell populations identified via Leiden clustering. (B) Heatmap of z-score–normalized 
proportions of nonepithelial cell types across rat tumor scRNA-seq samples. Oncogenic drivers, tumor latency, and histological subtype are shown above the 
main heatmap. Proportions were calculated as the fraction of total nonepithelial cells per sample assigned to each cell type, followed by row-wise z-score 
normalization to highlight relative abundance across samples. (C) Stacked bar plot of nonepithelial cell type composition across individual samples. 

Nf1indel/Tp53indel tumors and enrichment of neutrophils in Tp53indel/ 
Pik3caH1047R and Nf1indel/Tp53indel/Pik3caH1047R tumors. This  
macrophage-neutrophil dichotomy parallels our previous findings  
in murine TNBC transplantable models and human patients (55).  
Furthermore, the enrichment of neutrophils in Tp53indel/Pik3caH1047R  
and Nf1indel/Tp53indel/Pik3caH1047R tumors may reflect enhanced  
mTOR signaling (“group 4” in Fig. 3), consistent with the role of  
mTOR in promoting systemic neutrophil accumulation and tumor  
infiltration (56). Together, these data demonstrate that rat models  
provide a powerful toolkit to investigate the heterogeneous tumor  
microenvironment of ER+ tumors. 

Discussion 

 We established a somatic CRISPR genome-editing platform in 
rats that enables rapid, tissue-specific introduction of oncogenic 
alterations without germline engineering. We applied this 
approach for multiplex introduction of patient-relevant alterations  
into adult mammary epithelium and generated multiple models 
of sporadic breast tumorigenesis in an immunocompetent setting.  

Beyond breast cancer, the same framework is extensible to other 
genes and tissues, offering a scalable strategy for building rat mod­
els of human cancers that remain underrepresented in mice. 

10 of 12  pnas.org 

 A central finding is the species-specific divergence in mammary  
tumor biology under identical genetic drivers. Whereas common  
mouse approaches frequently yield ER-negative, metaplastic tumors  
with prominent squamous features—a rare subtype in breast cancer  
patients comprising less than 0.3% of cases (57)—our rat models  
consistently generate ER-positive ductal lesions with little to no  
metaplasia. This pattern holds across multiple genetic contexts— 
including Kras G12D, Pik3ca H1047R , and combined Pik3caH1047R/  
Tp53 indel—and underscor es intrinsic differences in lineage plasticity  
and/or tissue context that favor ER-positive tumorigenesis in rats.  
These data indicate that rats uniquely recapitulate the predominant  
human phenotype—NOS ductal carcinoma that is ER+/PR+—and  
thus provide an urgently needed complement to mouse models for  
mechanistic studies of hormone-driven disease and for testing new  
therapeutics in prevention and treatment. 

 Importantly, the platform yields models that capture clinically  
relevant responses to endocrine treatment. The transcriptomic  

 https://doi.org/10.1073/pnas.2529653123
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concordance we observe between rat tumors under endocrine ther­
apy and neoadjuvant patient datasets further supports their trans­
lational fidelity and suggests immediate utility for testing SERDs,  
CDK4/6 inhibitors, and rational combinations guided by pathway  
signatures. These models may also prove useful for studies of dor­
mancy that is common in ER+ breast cancer and accounts for late  
recurrence in some patients. Importantly, tumors initiated by  
 Nf1indel  display r obust estrogen dependence and durable regressions  
after ovariectomy or fulvestrant, with occasional late relapse— 
mirroring endocrine-sensitive human disease that can recur after  
remission. In contrast, Nf1 indel/Tp53 indel  tumors show only partial,  
transient regressions and early regrowth, modeling endocrine-
refractory disease frequently seen in patient breast tumors with TP53 
alterations. These complementary phenotypes provide tractable sys­
tems to dissect how NF1  loss confers endocrine dependence, how  
TP53   disruption erodes it, and how residual disease adapts under  
estrogen pathway pressure. Whole genome sequencing (WGS) of  
recurrent tumors in the Nf1 indel  model could help uncover mutations  
driving endocrine resistance, although exonic Tp53 mutations w ere  
not observed in the three recurrent tumors analyzed. 

 At the tumor-microenvironment level, single-cell profiling  
reveals heterogeneous immune ecosystems across genotypes, pro­
viding a rich resource for exploring tumor-immune microenviron­
ment crosstalk. ER+ breast cancers are generally thought to be  
immunologically cold and not responsive to immunotherapies due  
to a lack of high mutational burden and neoantigens (58). As a  
result, the roles of immune cells in ER+ tumor progression have  
not been extensively studied. Consistent with the general belief,  
adaptive immune cells are scarce in most of our models, except for  
the Tp53 indel and Pik3ca H1047R  models. These two models also  
exhibited the longest tumor latency—often exceeding 100 d—but  
differ markedly in pathology: Pik3caH1047R  model dev elops benign  
fibroadenomas whereas the Tp53 indel model pr oduces invasive  
ductal tumors. Importantly, our data revealed an unexpected enrich­
ment of heterogeneous myeloid population, including neutrophils  
and macrophages in some of our models. Both neutrophils and  
macrophages can blunt antitumor immunity (59, 60). Their accu­
mulation raises the possibility that the cold microenvironment may  
not be due to lack of mutations or neoantigens but the active  
recruitment of suppressive myeloid cells. Interestingly, there appears  
to be a dichotomy between neutrophil and macrophage enrichment  
across different models, suggesting mutually exclusive, parallel path­
ways toward a cold tumor. Identification of the underlying mech­
anisms may lead to novel therapeutic strategies to reprogram the  
tumor microenvironment and unleash antitumor immunity. 

 These rat models also expand our toolkits to study different stages  
of breast cancer and accelerate mechanism-based prevention studies,  
especially in the area of ER+ breast cancer prevention. The Nf1indel  
tumors with characteristics of DCIS as well as the presence of the  
DCIS stage in other rat models in this study provide an opportunity  
to study DCIS progression to invasive cancer. DCIS is detected in  
approximately 50,000 cases per year in the United States and is the  
nonobligatory immediate precursor to invasive cancer, but studying  
this progression has been hampered in mouse models since DCIS  
is rarely reported in GEM models (3). On the other hand, the  
P ik3caH1047R  model pr esents a new opportunity to investigate  
fibroadenoma genesis and progression from this benign lesion type  
to malignancy. Since our intraductal gene delivery method restricts  
the viral exposure to luminal cells, this model also supports mutated  
epithelial cells as the core cellular driver in the formation of at least  
a subset of fibroadenomas. Our observation also suggests that even  
in the absence of concurrent oncogenic mutations, stromal cells  
may undergo abnormal proliferation when the neighboring  

epithelial component suffers certain mutations such as in Pik3ca, 
releasing proliferation-stimulating paracrine signals. 

As w e generate more tumors using this platform and charac­
terize their distant metastases, we may be able to offer new models  
for studying ER+ breast cancer metastases, an area that is currently  
poorly modeled by mice (3). Expanding our rat models by mutat­
ing additional genes commonly altered in human ER+ breast 
cancer will further expand the repertoire of ER+ models for pre­
clinical therapeutic testing. Conversely, mutating additional genes  
that are frequently altered in other subgroups of human breast 
cancers, such as BRCA1, BRCA2, HER2 , and CDH1,  will refine 
genotype–phenotype maps. Finally, comparing immune and stro­
mal environments across rats, mice, and humans, along with their  
tumor cellular components across these species, will help pinpoint  
both cell-autonomous and non-cell-autonomous determinants 
that bias lineage and tumor outcomes across species. 

Copy number gain and loss, including chr omosomal aneuploidy,  
are a major contributor to the development of malignant human breast  
tumors (61, 62). Most mouse models driven by strong transgenic  
oncogenes exhibit relatively low burdens of copy number alterations  
(CNAs), whereas some mouse models with disruption of tumor sup­
pressors involved in DNA damage response pathways, such as deletion  
of Trp53 and Brca1 , exhibit genomic instability (63–65). WGS anal­
ysis of two DCIS cases from our rat Nf1 indel model and two fibr oad­
enomas from the Pik3ca H1047R  model detected no CNAs relative to  
normal tissue controls (SI  Appendix, Fig. S11 ), consistent with the  
limited genomic complexity of these lesions. However, WGS of two  
invasive ductal tumors from the Tp53indel  model sho wed whole-
chromosome loss as well as focal chromosomal loss and gain  
(SI A ppendix, Fig. S11  and Dataset S5 ), indicating the emergence of  
genome instability during malignant progression in this model.  
Notably, these alterations were dominated by shallow loss and low-level  
gain, indicating that only a subset of tumor cells were affected, con­
sistent with subclonal heterogeneity. Expanded WGS analyses across  
additional specimens and models (including early lesions, invasive  
tumors, and recurrent tumors), together with comparison with human  
ER+ breast cancers, will further define the extent to which these rat  
models recapitulate aneuploidy and CNAs linked to tumor progres­
sion and therapeutic response in human ER+ breast cancer. 

 In summary, rat somatic genome editing closes a long-standing 
species gap for ER-positive breast cancer, aligning histology, endo­
crine dependence, and treatment-induced transcriptome remod­
eling with clinical observations. These models will help elucidate 
ER+ breast tumorigenesis and progression, illuminate resistance 
trajectories under endocrine regimens, and offer advanced models  
for preclinical testing of rational therapeutic combinations that 
jointly target tumor-intrinsic pathways and the immune–stromal 
milieu. In addition, these models may also accelerate mechanism-
based prevention studies.  

Materials and Methods 

Briefly, LE-ROSA26tm1(LSL-Cas9)Ottc and Wistar-Tg(CAG-Ncre)81Jmsk rats were purchased  
from Rat Resource & Research Center (RRRC#: 00833 and 00301, respectively). Rats  
constitutively expressing cas9 were generated by breeding LE-ROSA26tm1(LSL-Cas9)Ottc  
and Wistar-Tg(CAG-Ncre)81Jmsk rats and genotyped according to the protocol pro-
vided by RRRC. AAV vectors were constructed using our previously reported AAV-P and  
AAV-K for editing mouse Pik3caH1047R and KrasG12D (28). Full experimental proce-
dures, imaging parameters, data analysis pipelines, statistical methods, and reagent  
details are provided in the SI Appendix, Materials and Methods. 

Data, Materials, and Software Availability.  Processed bulk RNA-seq data  
and processed single-cell RNA-seq data are available through the NCBI Gene  
Expression Omnibus (GEO–GSE307807 and GSE326238) (66, 67). 
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