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Efficient cancer modeling through CRISPR-Cas9/HDR-
based somatic precision gene editing in mice
Wen Bu1,2*, Chad J. Creighton2,3, Kelsey S. Heavener1, Carolina Gutierrez1, Yongchao Dou1,4,
Amy T. Ku1, Yiqun Zhang3, Weiyu Jiang1, Jazmin Urrutia1, Wen Jiang4, Fei Yue1,2, Luyu Jia1,
Ahmed Atef Ibrahim1, Bing Zhang1,4, Shixia Huang2,5,6, Yi Li1,2,5*

CRISPR-Cas9 has been used successfully to introduce indels in somatic cells of rodents; however, precise editing
of single nucleotides has been hampered by limitations of flexibility and efficiency. Here, we report technolog-
ical modifications to the CRISPR-Cas9 vector system that now allows homology-directed repair–mediated
precise editing of any proto-oncogene in murine somatic tissues to generate tumor models with high flexibility
and efficiency. Somatic editing of either Kras or Pik3ca in both normal and hyperplastic mammary glands led to
swift tumorigenesis. The resulting tumors shared some histological, transcriptome, and proteome features with
tumors induced by lentivirus-mediated expression of the respective oncogenes, but they also exhibited some
distinct characteristics, particularly showing less intertumor variation, thus potentially offering more consistent
models for cancer studies and therapeutic development. Therefore, this technological advance fills a critical gap
between the power of CRISPR technology and high-fidelity mouse models for studying human tumor evolution
and preclinical drug testing.
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INTRODUCTION
Preclinical cancer animal models play critical roles in investigating
genes in cancer development and progression, as well as preclinical
testing of cancer prevention and therapeutics. Commonly used
mouse models include genetically engineered mouse models
(GEMMs) and virus-mediated oncogene delivery mouse models
(1). As these models are immunocompetent, they are especially
valuable for studying the involvement of the immune system, a
key advantage over xenograft models. However, GEMMs generally
introduce genetic alterations into the germ line, often leading to
genetic and expression changes before the target organ is fully de-
veloped and usually inflicting tissue-wide impact even when condi-
tional or inducible tools are added on (1). Therefore, these models
do not closely mimic the development of most sporadic cancers in
humans. To circumvent these shortcomings, we and others have
used retrovirus and lentivirus to carry mutated genes (or Cre for
deleting loxP-marked genes) into a small number of somatic cells
in selected tissues at selected times, therefore affording both tempo-
ral and spatial control of oncogenic drivers (1–5). However, this
viral approach inserts mutated genes under the control of exoge-
nous promoters [usually a viral long terminal repeat (LTR)]; there-
fore, these virus-delivered exogenous genes lack their native gene
expression controls. Furthermore, retrovirus and lentivirus inte-
grate into the infected cell genome unscrupulously, causing unpre-
dictable copy number and integration effects and even disrupting
endogenous genes if the viruses integrate into their gene body or
regulator regions (1).

The CRISPR-Cas9 system provides an opportunity to edit en-
dogenous genes in their native loci (6–8), therefore overcoming
drawbacks of virus-mediated oncogene delivery models. CRISPR
editing can generate both indel and point mutations. Multiple
mouse tumor models have been successfully generated by somati-
cally indel-editing tumor suppressor genes mediated by Cas9-cata-
lyzed, guide RNA (gRNA)–directed double-strand breaks at specific
genomic locations followed by error-prone nonhomologous end
joining (NHEJ) repair leading to insertions and deletions and sub-
sequent loss of function (6–8). However, most cancer-causing
genetic alterations in humans are point mutations (9), which
often result in amino acid alterations that can markedly affect
protein activities. Installing missense mutations in proto-oncogenes
can be achieved by several Cas9-based methods (6). The deaminase-
mediated base-editing approach can introduce transition mutations
—C:G to T:A base editing (CBE) or A:T to G:C base editing using a
nuclease-deficient Cas9 fused with a cytidine or adenine deaminase.
The C:G to G:C transversion mutation has also been achieved by
recently developed variant enzymes (10, 11). So far, only the CBE
technique has been used successfully for tumor modeling in vivo
(12, 13). However, this editing method requires the protospacer ad-
jacent motif (PAM) sequence being present at the location 12 to 18
nucleotides 3′ to the target base, and it currently cannot perform 6
of 12 possible base changes. Furthermore, as a specific deaminase
cannot differentiate between the base intended to edit and the
neighboring bases of the same identity, this method often introduc-
es bystander mutations proximal to the targeted nucleotide within
the base-editing window (12). The recently developed prime editor
is composed of a Cas9 nickase fused with a reverse transcriptase and
a prime editing guide RNA (pegRNA), which provides both gRNA
and a template for reverse transcription (6). This method has been
used to successfully introduce the S45Fmutation into β-catenin and
to induce liver tumors in mice (14). The experiment was carried out
by hydrodynamic tail vein injection of three independent compo-
nents, Cas9, pegRNA, and another single-guide RNA for improving
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editing efficiency. Although this method can theoretically introduce
any pointmutation, the deliverymethod is still impractical for mod-
eling cancers in most organs.

While NHEJ following gRNA/Cas9-initiated double-strand
break causes indels, coupling homology-directed repair (HDR) to
gRNA/Cas9 can introduce all 12 point mutations (6). Including a
short fragment of HDR donor sequence with engineered point mu-
tations in the gRNA vector has led to successful precise edits in cell
cultures [reviewed in (6, 8)]. However, using Cas9-mediated HDR
to somatically edit proto-oncogenes for cancer modeling in vivo has
not been very successful (15, 16). For example, Platt et al. (15) de-
signed an editing vector for both indel-editing of the Tp53 and Lkb1
tumor suppressor genes and installing a missense mutation in the
Kras proto-oncogene in somatic respiratory epithelium to model
lung cancer. While polymerase chain reaction (PCR) sequencing
of the edited region of the resulting tumors detected tumor-driver
levels of indel mutations of Tp53 and Lkb1, the KrasG12Dmissense
mutation could hardly be detected. This is contradictory to thewell-
known strong cooperation between KRASG12D and the loss of
function of P53 or LKB1 in mouse lung tumorigenesis models
(17), indicating that HDR-based Kras editing may not be very suc-
cessful. Another group (18) used a similar vector that also targeted
these three genes to build lung cancer mouse models, but they used
PCR with primers specific for the mutated Kras to assess Kras mu-
tations in their tumors. Activating Krasmutations could not be de-
tected in over one quarter of the approximate 50 tumors tested, and
in the tumors which showed a positive PCR signal, whether the
point mutation occurred in any appreciable fractions of the
tumor cell population could not be determined (18). Therefore,
tumor induction by genome editing of a single proto-oncogene in
vivo in the absence of other oncogenic alterations has not been ro-
bustly demonstrated, and technical improvement of CRISPR-Cas9/
HDR–based gene editing is needed to fully harness its power for
precision editing in tumor modeling.

We report here a modified CRISPR-Cas9/HDR–based method
that can somatically edit proto-oncogenes with high flexibility
and efficiency to generate tumors in mouse mammary glands. Fur-
thermore, autochthonous tumor models generated by this new
method show some remarkable advantages compared to those gen-
erated by virus-mediated oncogene delivery methods. We expect
this improved method to be broadly useful for precision editing
in other somatic tissues for cancer modeling.

RESULTS
An AAV vector system edits Kras in mousemammary glands
and induces tumors with high efficiency
Wewanted to improve the tumormodeling of CRISPR-Cas9/HDR–
based somatic gene editing inmammary glands and then compare it
with our previously used lentivirus/retrovirus-mediated oncogene
delivery mammary tumor modeling (2, 19–21). Since gRNA and
the HDR sequence are needed only briefly in cells to edit genes
and we want to avoid the vector integration effects, we chose an
adeno-associated virus (AAV) vector instead of retroviral or lentivi-
rus vectors, which insert genes permanently into the host genome.
There are multiple serotypes of AAVs with different tissue tropisms,
and AAV serotypes 1 and 9 have been reported to infect mouse
mammary gland epithelial cells (22). To confirm this and determine
the infection efficiency, we injected AAV-9 carrying copGFP

(AAV9-GFP) intraductally into mammary glands of mice (~1 ×
1011 genome copies (gc) per gland; Fig. 1A). Three days later,
green fluorescence was readily detected in multiple ducts under a
fluorescent stereomicroscope (Fig. 1B). Flow cytometry of dissoci-
ated mammary cells prepared from infected glands showed ~0.4%
of infected cells (Fig. 1C). For comparison, intraductal injection of
7.5 × 105 infectious units of Lenti–green fluorescent protein (GFP)
led to infection of approximately 4% of mammary cells (20). Immu-
nohistochemistry staining of copGFP also confirmed the infection
of epithelial cells (Fig. 1D). Together, these data confirm that sero-
type 9 AAV is suitable for mammary gland epithelial infection.

To determine whether AAV9 could be used to introduce gRNA
and HDR to edit a proto-oncogene in mammary glands to initiate
tumorigenesis, we selected Kras, which is the most frequently
mutated proto-oncogene in human cancers (23). There are two ad-
ditional reasons to choose this oncogene: (i) Viral vector-mediated
delivery of a mutated member of the Ras family (Kras, Hras, or
Nras) has been reported to cause mammary tumors in mice and
rats swiftly (1, 19, 24); (ii) we wanted to compare our result with

Fig. 1. AAV serotype 9 infects mammary gland epithelial cells. (A) Diagram of
experimental design to test the infection capacity of AAV serotype 9. (B) Mammary
duct tree 3 days after intraductal infection by AAV9 carrying copGFP, imaged under
a fluorescent stereoscope. (C) Detection of AAV9-GFP–infected cells using flow cy-
tometry. PE, phycoerythrin. (D) Detection of AAV9-GFP–infected cells using immu-
nohistochemistry (IHC).
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the previous Platt et al. (15) report on somatic editing of Kras to
generate lung tumors. In that study, the authors used both a condi-
tional activated Cas9 transgenic mouse line and an AAV vector
(AAV-KPL) that carried the luciferase reporter and Cre in addition
to gRNAs (targeting Tp53, Lkb1, and Kras) and the HDR donor se-
quence for KrasG12D to model lung cancer by causing indel muta-
tions of tumor suppressor genes Tp53 and Lkb1 and missense
mutation of Kras, but the resulting tumors only showed a negligible
level of KrasG12D missense mutations. The reasons for the low
levels of success in introducing the designed point mutation
could be several, so we decided to take this published system and
make multiple changes to improve our chance of success. First,
we chose to forgo a conditional Cas9 expression mouse line so
that we can avoid somatic activation of Cas9, which can be highly
immunogenic (25, 26), and instead selected a Cas9 mouse line that
expresses Cas9 constitutively so that Cas9 becomes a self-antigen.
The selection of this germline Cas9 line also eliminated the need
for Cre in the viral vector, avoiding another immunogen [although
perhaps a modest one (27)]. While deleting the Cre promoter in
AAV-KPL, we also deactivated the linked Luciferase gene, thus re-
moving onemore immunogen (28). Somatic expression of these im-
munogens in studies by Platt et al. (15) did not block mutated Tp53
and Lkb1 from causing lung carcinoma but perhaps inflamed the
modest immune surveillance against the subset of cells that were ad-
ditionally edited to produce KrasG12D, which itself is a neoantigen
(29), leading to a negative selection against these triple-mutated
cells in the final tumors reported by Platt et al. (15). Besides dis-
abling the expression of Luciferase and Cre, this vector modification
also prevented the transcription machinery from running into the
immediate downstream HDR region, which may impair this
region’s function as the homologous recombination donor. Fur-
thermore, we also removed the gRNAs targeting Tp53 and Lkb1
in AAV-KPL so that we can specifically test the outcome of the
edited Kras (Fig. 2A). Intraductal injection of the resulting virus
(AAV-K; 5.0 × 1011 gc per gland), packaged in an AAV9 capsid,
into four 6- to 8-week-old CAG-SpCas9-P2A-EGFP transgenic
mice led to mammary tumors in all mice with a swift tumor
latency of 28.5 days, comparable to the latency observed by intra-
ductal injection of Lenti-KrasG12D [3.8 × 107 international units
(IUs), which likely infected more cells based on our previous
study of the infection efficiency of lentivirus (20); Fig. 2B], indicat-
ing a high efficiency of genome editing for tumor modeling. At the
ethical end point of approximately 2.0 cm in diameter, both groups
of tumors are high-grade adeno-squamous carcinoma sprouting in-
vasive nests of tumor cells, but the AAV-K group (n = 4) appears to
have progressed further into squamous carcinoma with extensive
keratin production and little or no glandular presence compared
to the Lenti-KrasG12D cohort (n = 8; Fig. 3, A and B), suggesting
that edited Kras and overexpressed KrasG12Dmay drive tumor cell
differentiation differently.

To verify that these tumors were caused by precision editing of
Kras, we first sequenced the amplicon of the edited region through
Sanger sequencing. Besides the G12D mutation, the KrasG12D
HDR donor also includes multiple synonymous mutations to
prevent gRNA from recognizing the initial recombination
product, the KrasHDR allele, and to distinguish the genome-edited
allele from a potential spontaneously mutated allele. As shown in
Fig. 2D, all intentionally edited nucleotides were detected as a
major second peak. To further quantify the editing efficiency, we

conducted the next-generation amplicon sequencing of the edited
region. The sequencing result showed that ~50% of reads carried the
expected KrasG12D mutation and the silent mutations introduced
by the donor DNA in AAV-K (Fig. 2E), confirming that this
genome editing system can efficiently edit proto-oncogenes and
induce tumorigenesis in the mouse mammary gland.

Next, we tested whether AAV-K could also be used to efficiently
edit Kras in precancerous cells that had already suffered other on-
cogenic alterations, for two reasons: (i) We wanted to ascertain that
our vector system could also efficiently edit genes in precancerous
cells, since the initial report of poor Kras editing by Platt et al. (15)
came from experiments in cells that gained other oncogenic drivers
that drove tumorigenesis; and (ii) proto-oncogenes are often acti-
vated as secondary or tertiary oncogenic events in atypical cells to
accelerate the progression to cancer. Kras or Hras is known to be
spontaneously activated in precancerous mammary epithelial cells
to instigate tumor formation in transgenic models of breast cancer,
including in mice transgenic forWnt1 under the control of mouse
mammary tumor virus (MMTV) LTR (30, 31). We have reported
that intraductal injection of lentivirus carrying either HrasQ61L
or KrasG12D was sufficient to transform precancerous mammary
cells in MMTV-Wnt1 mice to tumors (19). Therefore, we tested
whether AAV-K was also sufficient to cause cancer in precancerous
mammary cells in MMTV-Wnt1mice. We intraductally injected 5-
to 8-week-old mice bitransgenic for MMTV-Wnt1 and CAG-
SpCas9-P2A-EGFP with AAV-K packaged in AAV9 serotype (5 ×
1011 gc per gland). We palpated mammary tumors in these mice
with a median latency of only 9 days, comparable to the rapid
tumor detection in MMTV-Wnt1 mice injected with Lenti-
KrasG12D (Fig. 2C). Both groups of tumors are high-grade
adeno-squamous carcinoma sprouting invasive nests of tumor
cells, but the AAV-K group (n = 5) shows more adeno-differentia-
tion admixed with a lesser squamous component than the Lenti-
KrasG12D cohort (n = 5) (Fig. 3, C and D), opposite to the tumor
differences in FVB mice, suggesting that the precancerous state
affects edited Kras versus overexpressed KrasG12D in specifying
tumor characteristics. These AAV-K–induced tumors in MMTV-
Wnt1 mice exhibited high histological similarities to spontaneous
tumors arising in noninjected MMTV-Wnt1 transgenic mice,
while Lenti-KrasG12D–induced tumors did not, suggesting that
precision editing mimics natural tumor evolution—which often in-
volves spontaneous activating mutations of Hras in this transgenic
Wnt1 model (31)—more closely than virus-introduced ectopic ex-
pression of oncogenes. Together, these data from both normal and
precancerous mice indicate that our modified approach can effi-
ciently install missense mutation of a proto-oncogene to drive tu-
morigenesis and may generate tumor models that closely mimic
natural tumor evolution.

Genome-edited Pik3ca inducesmammary tumors with high
efficiency
After having established that our HDR-based gene editing vector
system could efficiently edit Kras and drive tumorigenesis, we
tested whether our vector system could be broadly applicable for
precision-editing in cancer modeling in mice. We selected
PIK3CA, which, like KRAS, is also one of the commonly mutated
proto-oncogenes in human cancers—in human breast cancer, it is
mutated in 36% of all cases, the highest among mutated proto-on-
cogenes (32). Virus-mediated or transgenic expression of
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PIK3CAH1047R, the most common hot-spot mutant, leads to
mammary tumors in mice (33–37). We replaced the gRNA and
HDR in AAV-K with Pik3ca gRNA and HDR to cause the
H1047R mutation, respectively. Similar to editing Kras, synony-
mous mutations were also included in this HDR. The resulting con-
struct was named AAV-P (Fig. 4A). This construct was packaged
with the AAV-9 serotype and then intraductally injected into
mammary glands of 7- to 14-week-old CAG-SpCas9-P2A-EGFP
transgenic mice (5.3 × 1011 gc per gland). Tumors were detected
with a median latency of 3.9 months, comparable to the tumor

latency in mice intraductally injected with a lentiviral vector carry-
ing the PIK3CAH1047R (Lenti-PIK3CAH1047R, 1.5 × 107 IUs;
Fig. 4B). Both groups of tumors are low- to moderate-grade adeno-
carcinoma, but there are some notable histological differences.
While the Lenti-PIK3CAH1047R group (n = 5) exhibits prominent
papillary differentiation with minimum squamous differentiation
as we reported previously (33), the AAV-P group (n = 6) shows
less papillary and other glandular differentiation, exhibits notable
focal squamous differentiation, and is thus less differentiated
overall (Fig. 3, E and F), suggesting that similar to the Kras case,

Fig. 2. Installing KrasG12D mutation through somatic editing efficiently induces tumors in mouse mammary glands. (A) Diagram of the AAV-K construct that
carries gRNA and HDR donor to install a KrasG12Dmutation. Both HDR donor sequence andwild-type (WT) sequence are shown. Shown in red are G12D and synonymous
mutations. ITR, inverted terminal repeat. (B) Kaplan-Meier tumor-free survival curves of CAG-SpCas9-P2A-EGFP mice with one #4 gland intraductally injected with AAV-K
(5.0 × 1011 gc) or Lenti-KrasG12D (3.8 × 107 IUs). (C) Kaplan-Meier tumor-free survival curves of CAG-SpCas9-P2A-EGFP/MMTV-Wnt1mice with one #4 gland intraductally
injected with AAV-K or Lenti-KrasG12D. (D) A representative Sanger sequencing chromatogram of the Kras locus of an AAV-K–induced mammary tumor in a CAG-SpCas9-
P2A-EGFP mouse. (E) A representative graph of percentage of base change reads from Amplicon Next-Generation sequencing of the Kras locus of an AAV-K–induced
mammary tumor in a CAG-SpCas9-P2A-EGFP mouse. The color code of the changed bases is shown above the graph.
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edited Pik3ca and overexpressed PIK3CAH1047R may also drive
tumor cell differentiation differently. Both Sanger and deep se-
quencing of the amplicon surrounding the edited region demon-
strated that these tumors carried the expected H1047R mutation
and the synonymous mutations (Fig. 4, D and E).

The deep sequencing data of these tumors detected the mutated
allele in approximate 50% of the reads (Fig. 4E) as in edited Kras
tumors (Fig. 2E). Together, these data suggest that our vector
edited one allele of the target gene. Alternatively, homozygous
editing could have occurred in these tumor cells, but a remarkable
population of nonedited stromal cells infiltrated the tumors and
thus lowered the reads of the edited alleles; however, tumor histol-
ogy did not detect extensive stromal infiltration (Fig. 3). To confirm
heterozygous editing, we used laser capture microdissection to
isolate carcinoma cells from three tumors induced by AAV-P. Am-
plicon deep sequencing of the genomic DNA of these tumor cells
also detected the mutated allele in approximate 50% of reads (fig.
S1), indicating that our vector primarily caused heterozygous
editing of Pik3ca, thus mimicking human tumors that generally
mutate one allele only of a proto-oncogene (38).

CRISPR-Cas9 editing is known to sometime cause off-target
editing in cultured cell lines (39). However, previous whole-
genome sequencing (WGS) studies of rodent embryos from
editing projects and rodent tumor models detect none to a small
number of off-target edits (40–42). To confirm no substantial off-
targeting in our vector system, we performed WGS of one Pik3ca-
edited tumor and, for comparison, one mouse normal ear punch.
We identified 179,332 indel sites that were not in the normal
tissue. Only one of these sites matched with the 20-nucleotide
gRNA, and this one site was at the intended CRISPR cutting site
of a Pik3ca allele [indels are known to occur even with these
HDR vectors (18)]. None of the rest matched even when up to
five mismatches were allowed (table S1 and data files S1 and S2).
These data confirm that off-target events are rare in our
model system.

Having fully validated our vector system for proto-oncogene
editing, we additionally tested whether AAV-P could instigate pre-
cancerous cells in the MMTV-Wnt1mice to progress to cancer. Al-
though both phosphatidylinositol 3-kinase (PI3K) and Wnt
signaling are important players in human cancers, they have not
been tested for synergy in mammary tumorigenesis in animal
models. We found that AAV-P led to a short tumor latency of
only 37 days in mice bi-transgenic for MMTV-Wnt1 and CAG-
SpCas9-P2A-EGFP, comparable to the swift tumor latency resulting
from Lenti-PIK3CAH1047R (Fig. 4C). The tumor formation speed
in both cohorts of mice is markedly faster than that in AAV-P– and
Lenti-PIK3CAH1047R–infected mice without the MMTV-Wnt1
transgene (Fig. 4B) or in MMTV-Wnt1mice without viral injection
(31, 43), demonstrating that PI3K andWnt1 collaborate to promote
mammary tumorigenesis.

Both AAV-P– and Lenti-PIK3CAH1047R–induced tumors on
the Wnt1-transgenic background are adenocarcinoma, but there
are also remarkable histological differences. The Lenti-
PIK3CAH1047R group (n = 10) exhibits significant focal squamous
differentiation. In contrast, the AAV-K group (n = 7) shows modest
squamous differentiation but features prominent papillary pres-
ence, thus appearing better differentiated overall (Fig. 3, G and
H). These results suggest that the precancerous state also affects
edited Pik3ca versus overexpressed PIK3CAH1047R in specifying
tumor characteristics. Together, these data further demonstrate
that our modified vector system is highly efficient for editing
proto-oncogene in normal and precancerous cells in vivo.

Genome-edited proto-oncogenes can activate more
consistent cellular signaling changes than lentiviral vector-
delivered exogenous oncogenes
Virus-delivered mutated genes are inserted into unknown genomic
loci and are usually no longer under expression control by their
native regulators. Furthermore, their expression levels are also af-
fected by the copy number of provirus and integration sites of the
chromatin (positional effects). All these unintended features lead to
divergent oncogene expression levels among infected cells and thus
to divergent oncogenic signaling and perturbations on signaling
networks among different cells (1). In contrast, CRISPR-edited
genes in all infected cells continue to be under regulation of their
native gene loci including promoters, enhancers, splicing machin-
ery, and microRNAs. Consequently, gene editing–initiated tumors
may show less intertumoral heterogeneity than tumors induced by
lentivirus-delivered oncogenes. To test this possibility, all eight

Fig. 3. Histology of mammary tumors induced by oncogene lentivirus deliv-
ery method and gene editing method. Representative photomicrographs of he-
matoxylin and eosin (H&E)–stained mammary tumors. The viruses used and the
genetic background are indicated. The left panels (A, C, E, and G) are tumors
induced by lentivirus delivery method. The right panels (B, D, F, and H) are
tumors induced by gene editing method.
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groups of mammary tumors generated in the above experiments
were profiled using 214 antibodies in a reverse-phase protein
array (RPPA) assay. This panel of antibodies is selected to detect
critical signaling pathways important in cancer and development,
and 77 of these antibodies detect phosphorylated proteins specifi-
cally, therefore directly reporting protein activities (44).

Unsupervised clustering of the resulting data did not detect any
clusters exclusive to any one of the eight groups of tumors, not
totally unexpected considering that these tumors all exhibited mod-
erate to high intertumoral heterogeneity and that RPPA surveys
only a small subset of proteins produced by tumor cells. In the
absence of MMTV-Wnt1, both lentiviral and genome-editing

Fig. 4. Installing Pik3caH1047Rmutation through somatic editing efficiently induces tumors in mammary glands. (A) Diagram of the AAV-P construct that carries
gRNA and HDR donor to install a Pik3caH1047Rmutation. H1047R mutation and synonymous mutations are shown in red. (B) Kaplan-Meier tumor-free survival curves of
CAG-SpCas9-P2A-EGFPmice intraductally injected into one #4 glandwith AAV-P (5.3 × 1011 gc) or Lenti-PIK3CAH1047R (1.5 × 107 IUs). (C) Kaplan-Meier tumor-free survival
curves of CAG-SpCas9-P2A-EGFP/MMTV-Wnt1 mice intraductally injected with AAV-P or Lenti-PIK3CAH1047R. (D) A representative Sanger sequencing chromatogram of
the Pik3ca locus in an AAV-P–induced mammary tumor in a CAG-SpCas9-P2A-EGFPmouse. (E) A representative graph of percentage of base change reads from Amplicon
Next-Generation sequencing of the Pik3ca locus in an AAV-P–inducedmammary tumor in a CAG-SpCas9-P2A-EGFPmouse. The color code of the changed bases is shown
above the graph.
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models—and regardless of KrasG12D or PIK3CAH1047R as the ini-
tiating oncogene—failed to group even moderately, perhaps due to
relatively high intertumoral heterogeneity in each of these four
models. On the MMTV-Wnt1 transgenic background, Lenti-
KrasG12D–induced tumors and Lenti-PIK3CAH1047R–induced
tumors also spread through multiple clusters. However, tumors
caused by edited KrasG12D and Pik3caH1047R on the MMTV-
Wnt1 background both clustered closely together (Fig. 5A and
table S3), indicating less intertumoral heterogeneity of protein pro-
files among tumors induced by gene editing than by Lenti-delivered
oncogene. These data also suggest that genome-edited proto-

oncogenes can result in more consistent perturbations of intracel-
lular signaling networks than lentivirus-delivered oncogenes, at
least in some cases. Notably, the observation of close clustering
on the MMTV-Wnt1 precancerous background, but not on the
wild-type (WT) background, may be due to a faster course of tu-
morigenesis in the former cohort, negating sporadic secondary
genetic or epigenetic events and their uneven impact on protein
profiles that might have occurred in the latter cohort.

To further examine the intertumoral heterogeneity among the
tumors generated by these two methods, we performed RNA se-
quencing (RNA-seq) on four groups of tumors from our

Fig. 5. RPPA comparison of tumors generated by proto-oncogene editing and lentivirus-mediated oncogene delivery. (A) The unsupervised protein feature
clustering of eight groups of mammary tumors. The somatically edited KrasG12D- or Pik3caH1047R-induced tumors on the MMTV-Wnt1 background cluster closely
(red font labeled), but tumors induced by Lenti-KrasG12D or PIK3CAH1047R on the MMTV-Wnt1 background scatter wildly (arrow pointed). (B) Bar graph showing differ-
ential protein features detected by RPPA (P < 0.01 cutoff by t test). The dashed line is the expected level of differences caused by random chance due to multiple testing.
(C) Heatmap showing differential protein features betweenmammary tumors generated by somatically edited KrasG12D and lentivirus-delivered KrasG12D on theMMTV-
Wnt1 background.
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PI3KCAH1047R experiments. Unsupervised clustering across all
samples showed that only the edited Pik3caH1047R tumors on
the MMTV-Wnt1 background formed an exclusive cluster (fig.
S2). These data again suggest that gene editing leads to more
uniform tumors, at least on theWnt1 background.

Genome-edited proto-oncogenes can cause different
intracellular signaling compared to lentiviral vector-
delivered oncogenes
As discussed above and partly demonstrated by RPPA and RNA-
seq, gene editing–initiated tumors likely show less intertumoral het-
erogeneity than tumors induced by Lenti-delivered oncogenes;
therefore, there may be detectable differences in proteins and sig-
naling pathways between tumors initiated by lentivirus-delivered
oncogenes versus edited genes. To test this possibility, Student’s t
test was used to compare these four pairs of tumors. AAV-P–
induced tumors in both the absence and presence of the MMTV-
Wnt1 transgene did not differ significantly from corresponding
Lenti-PIK3CAH1047R–induced tumors in both absence and pres-
ence of the MMTV-Wnt1 transgene (Fig. 5B and fig. S3). AAV-
K–induced tumors in mice without the MMTV-Wnt1 transgene
also did not differ from Lenti-KrasG12D–induced tumors by
more than random chances (Fig. 5B and fig. S3). However, the de-
tected difference of protein features between tumors generated by
AAV-K versus Lenti-KrasG12D on the MMTV-Wnt1 background
is significantly higher than random chances (Fig. 5, B and C, and
fig. S3). Whether these protein differences are due to distinct signal-
ing potencies of edited Kras in its native locus versus overexpressed
KrasG12D or other reasons remains to be determined. However,
among the top 10 differentially expressed proteins between the
two groups of tumors, five [SOX9, SLUG, GATA3, PIAS1, and
signal transducer and activator of transcription 1 (STAT1)] are
prominent proteins controlling cell differentiation, consistent
with the two groups of tumors showing differences in adenosqua-
mous differentiation (Fig. 3, C and D). Together, these data demon-
strate that while the oncogenic drivers generated by these two
methods can cause similar cellular signaling pathway changes in
some cases, they can also cause significantly different signaling
pathway changes in some other cases, which can affect tumor
characteristics.

Genome editing models reveal signaling network
alterations caused by a Wnt1 transgene better than Lenti-
oncogene overexpression models
Reduced intertumoral heterogeneity among CRISPR tumors on the
transgenic Wnt1 background suggests that these genome-edited
models may also better demonstrate Wnt signaling activity than
Lenti-oncogene overexpression models. To test this possibility, we
performed Hallmark, Kyoto Encyclopedia of Genes and Genomes,
and Wiki pathway analyses using gene set enrichment analysis
(GSEA). Wnt signaling pathways were detected only in the list of
genes differentially expressed in comparing edited Pik3ca tumors
on the MMTV-Wnt1 versus FVB/N background, but not among
the genes differentially expressed in comparing Lenti-
PIK3CAH1047R tumors on the MMTV-Wnt1 versus FVB/N back-
ground (table S2 and data file S4). These data suggest that genome-
edited method may reveal the Wnt signaling pathway better than
the Lenti method. Next, we explored our RPPA dataset of eight
groups of tumors to test whether the gene-editing method is also

superior to the Lenti method in detecting the transgenic Wnt1
impact on Wnt signal transduction components and other
protein networks. Forty-three protein features were detected in
comparing tumors induced by Lenti-KrasG12D on the FVB/N
background versus on the MMTV-Wnt1 background (Fig. 6A
and fig. S3). Moderately, more protein features (57) were found in

Fig. 6. The somatic proto-oncogene editing method can better reveal Wnt
signaling protein features than the lentivirus-mediated oncogene delivery
method. (A) Bar graph showing differential RPPA protein features detected by
RPPA (P < 0.05 cutoff by t test). The dashed line is the expected level of differences
caused by random chance due to multiple testing. (B) Heatmap showing RPPA
protein features. (C) Venn diagram showing differential protein features from com-
paring tumors on the MMTV-Wnt1 versus WT background. The edited genetic
drivers are indicated at the top.
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comparing tumors induced by CRISPR-edited KrasG12D on the
FVB/N background versus on the MMTV-Wnt1 background
(Fig. 6, A and B, and fig. S3). On the other hand, while only 16
protein features were detected in comparing tumors induced by
Lenti-PIK3CAH1047R on the FVB/N background versus on the
MMTV-Wnt1 background, 102 protein features were different
between tumors induced by AAV-P on the FVB/N background
versus on the MMTV-Wnt1 background (Fig. 6, A and B, and fig.
S3). This observation of higher differences of protein features in
edited oncogene-induced tumors, especially in edited PIK3CA-
induced tumors, suggests that reduced intertumoral heterogeneity
in these genome-edited models allowed improved detection of
Wnt signaling impacts on signaling networks. Thirty-two protein
features are shared between these two comparisons of the edited on-
cogene-induced tumors (Fig. 6C and table S3). Among them are
multiple known components of Wnt signaling—Wnt5, β-catenin,
c-Myc, SOX9 (45, 46), CtBP (47, 48), nuclear factor κB (49), CP
(50), FOXO1 (51), and STAT3 (52)—suggesting that the editing
method may better reveal protein components of Wnt signaling
than the Lenti method. Other proteins in this list likely represent
new members of Wnt signaling and proteins that interact with
Wnt signaling. Together, these data provide a potential new
protein signature of Wnt signaling in tumors and highlight
another strength of this in vivo somatic precision gene editing
method over the lentivirus-based oncogene delivery method in
cancer modeling.

DISCUSSION
We have successfully edited, without any restrictions, two common
proto-oncogenes in somatic mammary epithelial cells which
induced tumors with high efficiency and accuracy. Our efficient
modeling may be attributed to a few improvements including the
disengagement from somatic expression of Cas9, Cre, and Lucifer-
ase, which are known to be immunogenic in mice (25, 26), and the
destruction of a promoter upstream of the HDR donor, thus pre-
venting the RNA polymerase complex from running into this key
functionally important domain and interfering with its function
in homologous recombination-based DNA repair. However, the
exact mechanism of our high efficiency in precision editing
remains to be determined.

Most sporadic tumors evolve through a multistep tumor evolu-
tion from single mutated cells in otherwise completely normal
tissues. Virus-mediated oncogene delivery and somatic gene
editing are superior to conventional GEMMs in allowing both
spatial and temporal controls (1). AAV-mediated somatic gene
editing improves upon retroviral or lentiviral vector-mediated on-
cogene delivery methods in that no viral vectors are integrated into
the genome and that the mutated genes are in their natural loci and
completely under the control of their native gene regulators (1).
Therefore, multiple concerns from using retroviral or lentiviral
vectors, including concerns on nonphysiological oncogene expres-
sion controls and the integration site effects, can be eliminated. For
these reasons, these precision gene editing models better mimic
human cancer formation and may provide better models for
study of human cancer biology, especially for testing mutations
from patients and for preclinical testing of therapeutics for preven-
tion and treatment. Furthermore, as partly demonstrated in Fig. 5,
tumor models generated by edited genes likely exhibit less

intertumoral heterogeneity within a model than tumor models gen-
erated by lentiviral/retroviral-mediated oncogene expression. This
feature adds bonus value to these models in preclinical testing of
chemopreventive and chemotherapeutic drugs since drug effects
may be detected even in smaller numbers of animals.

While we demonstrated this efficient tumor modeling through
gene editing in mammary glands, this improved vector system
should be applicable in other epithelial tissues or nonepithelial
tissues. Depending on the specific tissue to be infected, other
AAV serotypes may need to be used, and viral injection methods
may need to be optimized since certain tissues (such as prostate
and pancreas) are not readily accessible to viral injection. Ex vivo
infection of isolated primary cells followed by transplantation
could also be a choice when specific tissues or cells are difficult to
access. Besides mice, this method should also be adaptable to rats
and other laboratory animals, and we have successfully used AAV
vectors to introduce indels in tumors suppressor genes in rats to
model mammary tumors (1).

The epithelia of breast andmany other epithelial tissues are com-
posed of stem cells, distinct progenitor cells, and different lineages
of differentiated cells. These different cell populations have been
found to contribute to cancer differentially, affecting oncogene sen-
sitivity, tumor histopathology, expression profiles, metastasis, and
other cancer characteristics (1). After injection into the ductal
lumen, these AAV vectors likely infect any epithelial cells that
they encounter, but the resulting tumors likely arise from a much
smaller subset of the infected cell population that evolved into
cancer at the fastest speed. This smaller subset could be a specific
cell subtype or multiple cell subtypes with similar susceptibilities
to transformation. To adapt this system for editing specific cell
subsets, multiple strategies can be used: (i) The virus can be pseu-
dotyped for infecting selected cells that are engineered to carry a
cognate viral receptor; (ii) a cell type–specific gene promoter can
be used to express Cas9 in the cell type of interest for gene
editing; and (iii) selected cell subsets could be purified by flow cy-
tometry and other means, infected by regular AAV vectors ex vivo,
and then transplanted back into mice.

Both PI3K and Wnt signaling play critical roles in breast cancer
and other human tumors. We have previously reported that Hras is
mutated and activated in approximately 50% of tumors arising in
MMTV-Wnt1 mice (31), and we have previously confirmed that
forced expression of HrasQ61L, KrasG12D, or even Nras WT in
MMTV-Wnt1 mice led to rapid tumor appearance (19, 53). Our
finding that somatic expression of PIK3CAH1047R—by a lentivec-
tor or via genome editing—led to swift tumor formation inMMTV-
Wnt1 mice (Fig. 4) suggests that PIK3CA activation collaborates
with Wnt1 signaling in mammary tumorigenesis and, as a well-rec-
ognized downstreammediator of RAS signaling, can even substitute
for RAS in transformingWNT1-activated mammary tumors. By se-
quencing 56 tumors in MMTV-Wnt1 mice, we detected one case
with a Pik3ca hotspot mutation. Of particular interest, on the
MMTV-Wnt1 background, AAV-P–induced tumors (Fig. 3H) ex-
hibited higher similarities to spontaneous tumors arising in nonin-
fected MMTV-Wnt1 transgenic mice than Lenti-PIK3CAH1047R–
induced tumors (Fig. 3G). These histological data—together with
the finding that tumors induced by AAV-K, but not Lenti-
KrasG12D, on the MMTV-Wnt1 background displayed high histo-
logical similarities to spontaneous tumors arising in noninfected
MMTV-Wnt1 transgenic mice—provide another evidence that
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AAV-introduced CRISPR precision editing mimics natural tumor
evolution more closely than virus-introduced ectopic expression
of oncogenes. Why genome editing and lentivirus-mediated onco-
gene expression in either normal or precancerous tissues caused
histologically different tumors remains to be determined, but differ-
ence in oncogene expression levels and the resulting differential
impact on signaling networks as revealed in Figs. 5 and 6 likely
play a role in driving cell differentiation and cell fate.

In summary, we have improved the CRISPR-Cas9/HDR–medi-
ated gene editing method for installing any missense mutations in
somatic cells for tumor modeling in mice. This approach can be
used to generate models that better mimic human cancer evolution
and response to chemoprevention and treatment. Furthermore, in a
proof-of-principle study of two of the most common human proto-
oncogenes, we have demonstrated that these improved models of
human cancer can uncover some features of cancer evolution that
are not observed in tumor models generated by lentivirus-mediated
oncogene delivery methods.

MATERIALS AND METHODS
Plasmids
The Lenti-KrasG12D was constructed by inserting a PCR fragment
of KrasG12D cDNA into FU-CGW (54) at an Eco RI site. Lenti-
PIK2CAH1047R has been described previously (33). The AAV-
KPL plasmid (15) was obtained from Addgene (plasmid #60224).
The Tp53 gRNA and Lkb1 gRNA, and part of the EF-1α promoter,
were removed from this plasmid by restriction enzymes Age I and
Bam HI, to obtain a construct that edits Kras into KrasG12D only
(AAV-K). Packaging plasmids pAAV2/9n and pAdDeltaF6 were ob-
tained from Addgene (plasmids #112865 and #112867).

To create the construct to edit Pik3ca into Pik3caH1047R, the
Kras gRNA and the HDR donor sequence in the AAV-K plasmid
were replaced by the Pik3caH1047R gRNA (5′-ATGAATGATGCA
CATCATGG) and the HDR donor sequence for the Pik3caH1047R
editing, respectively. The gRNA sequence was chosen through
running gRNA tool from both PNA Bio (www.pnabio.com) and
ATUM (www.atum.bio/eCommerce/cas9/input) by inputting 60
base pairs (bp) of sequence surrounding the Pik3caH1047R muta-
tion site. To replace the gRNA in AAV-K, an oligo template was syn-
thesized to contain the sequence matching the region in AAV-K
between the enzyme sites Nde I and Bam HI with a substitution
of Pik3ca gRNA for the Kras gRNA. This template was converted
into a DNA fragment by PCR using two primers, AAV-349F (5′-
CTATCATATGCTTACCGTAAC) and AAV-496R (5′-
CCGGGATCCAAAAAAGCACC). The resulting DNA fragment
was TA-cloned into the PCR2.1 plasmid. The Nde I and Bam HI
fragment from the resulting plasmid was subsequently used to
replace the Nde I and Bam HI region in the AAV-K, resulting in
an intermediate plasmid (plasmid #1). To replace the Kras HDR
with Pik3caH1047R HDR donor sequence in plasmid #1, a
genomic DNA fragment of 813 bp surrounding the Pik3caH1047
coding region was PCR-cloned into the PCR2.1 vector using the
genomic DNA from an FVB/N mouse as template and primers
Pik3ca65319F (5′-CCTCCAATGTTCAAGCACTG) and
Pik3ca66092R (5′-CAGCATTCTAGTTTTGTCTCC). Into this
HDR fragment, the H1047R mutation along with five silent muta-
tions was installed using the Q5 Site-Directed Mutagenesis Kit
(New England Biolabs, E0554S) and primers Pik3caMutF

(5′-ATGAATGATGCACATCATGGTGGATGGACGACAAAAAT
GGATTGGATC) and Pik3caMutR (5′-TTGCTTTGTGAAA
TATTCCAAAGC). This mutated HDR fragment in PCR2.1 was
subsequently used to replace the HDR donor in the intermediate
plasmid #1 through restriction enzymes Sac I and Apa I, resulting
in the plasmid AAV-P.

Virus production
Lentivirus production has been described previously (20, 24).
AAV9-EF1-copGFP-WPRE-hGH was provided by the Gene
Vector Core at Baylor College of Medicine (BCM). Other AAV
viruses were produced either by the Gene Vector Core at BCM
using density gradient centrifugation or by the authors using the
jetPRIME transfection reagent (Polyplus transfection, 114-07) for
plasmid transfection, the AAVpro Purification kit (Takara #6675)
for virus extraction/purification/concentration, and the AAVpro Ti-
tration kit (Takara #6233) for titer determination following the
manufacturer ’s instructions. Four 100-mm dishes of 293T cells
were used for each batch of AAV production. The approximate
yield was 100 μl of virus at the titer of 1 × 1013 gc/ml.

Transgenic mice and animal care
FVB/N, MMTV-Wnt1 mice (55) (on the FVB/N
background), and Rosa26-Cas9 knock-in on FVB/N
[Gt(ROSA)26Sortm1.1(CAG-cas9*,-EGFP)Fezh] were purchased from
The Jackson Laboratory (Bar Harbor, ME). MaleMMTV-Wnt1 and
female Rosa26-Cas9 knock-in mice were bred to generate
MMTV-Wnt1/Rosa26-Cas9 double transgenic mice. All mice were
kept on 2920X Teklad Global Extruded Rodent Diet (Soy
Protein-Free; Harlan Laboratories, Indianapolis, IN). Only female
mice were used in this study. All procedures using mice
were performed in compliance with an Institutional Animal Care
and Use Committee–approved animal protocol.

Intraductal injection
Intraductal injection of virus has been previously described (5, 20).

Mammary gland fluorescent signal imaging
Mammary glands were collected from euthanized mice and imaged
immediately under a fluorescent stereomicroscope (Leica MZ 16 F)
through its matched software (LAS 3.8).

Tissue processing and H&E staining
Tissue processing and hematoxylin and eosin (H&E) staining have
been previously described (5).

Preparation of single-cell suspensions from mammary
glands and flow cytometry analysis
Preparation of single-cell suspensions from mammary glands and
flow cytometry analysis have been described previously (5).

Laser capture microdissection
Formalin-fixed paraffin-embeded (FFPE) tissue blocks were sec-
tioned at 10 μm, mounted on slides covered with polyethylene-
naphthalate membrane slide (2 μm) (no. 11505158; Leica, IL,
USA), and left to dry overnight at room temperature. Sections
were stained with H&E. After 100% alcohol wash, the sections
were air-dried and visualized for tumor components.
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Microdissection was performed using the LMD7 laser microdissec-
tion system (Leica) with software Leica Laser Microdissection V 8.2.

Genomic DNA purification
Genomic DNA from frozen tissue was extracted through proteinase
K digestion, phenol chloroform treatment, and DNA precipitation.
To extract genomic DNA from laser capture microdissection, the
QIAmp DNA Micro kit (Qiagen, 56304) was used following the
manufacturer’s protocol. The dissected areas were incubated with
15 μl of lysis buffer and 10 μl of proteinase K at 56°C overnight.

Detection of edited genomic regions
The tumor DNAwas used as a template to generate PCR amplicon
at the edited region. The primers used to amplify the region sur-
rounding KrasG12D are Kras29976F (5′-CGTCCTTTACAAGCG
CACGC) and Kras30099R (5′-GCCTGCTGAAAATGACTGAG).
The primers used to amplify the region surrounding
Pik3caH1047R are Pik3ca65624F (5′-GATGACATTGCATA
TATCCG) and Pik3ca65741R (5′-GTTCAAAGCATGCTGCTTG).
The purified amplicons were sequenced using either Sanger
sequencing or Amplicon-EZ Next-Generation sequencing carried
out by GENEWIZ (South Plainfield, NJ).

Whole genome off-target survey through comparing indel
sites with the gRNA sequence
The genomic DNA was extracted from an ear punch of a normal
mouse (N01) and a tumor (T01) induced by AAV-P and was se-
quenced by Novogene (Sacramento, CA). The indel calling list of
the T01 genome was compared against that of the N01 genome so
as to filter out the overlapping indels. The resulting T01-unique
indels were analyzed using Tandem Repeats Finder (v4.09.1) to ad-
ditionally exclude indels at genome locations showing three or more
tandem repeats in either the mouse reference genome sequence
(GRCm38/mm10) or the T01 sequence (40). The remaining
179,332 genomic sites of indels were compared with the list of all
potential CRISPR-Cas9 cutting sites in the reference mouse
genome. This list was generated using PWMScan (https://ccg.epfl.
ch/pwmtools/pwmscan.php) to scan GRCm38/mm10, both
forward and reverse strands, for the Pik3ca gRNA allowing up to
five mismatches. The 3′ 3-nucleotides of the matched sequences
were extracted by Samtools (V1.15.1) for matching with the PAM
sequences (NGG).

RPPA analysis
RPPA assays were carried out as described previously (44). Taking
the normalized data, technical replicates were averaged together.
Log2-transformed values were compared between groups using
two-sided t test. The chance expected number of differential
protein features due to multiple testing was estimated by the
Storey and Tibshirani method (56). Unsupervised hierarchical clus-
tering was carried out using Cluster 3.0 (57), with log2-transformed
protein expression values being centered on the sample median. Vi-
sualization of differential patterns using heatmaps was carried out
using Java Treeview (58).

RNA sequencing
To purify RNA, the frozen tumors were first crushed using a cryo-
PREP Dry Pulverizer (Covaris, MA) following the manufacturer’s
protocol. The total RNA from each crushed tumor was then purified

using a Direct-zol RNA Microprep kit (Zymo Research, Cat. No.
R2062) following the manufacturer’s protocol. The purified RNA
was then sequenced by Novogene (Sacramento, CA).

Unsupervised gene transcript clustering
The RNA-seq data of four groups of mammary tumors generated by
somatically edited Pik3caH1047R and lentivirus-delivered
PIK3CAH1047R in mice without or with MMTV-Wnt1 back-
ground were compared using unsupervised hierarchical clustering.
Only top 2000 most variable gene transcript features across all
samples in the dataset were included for the comparison.

Gene set enrichment analysis
The GSEA was carried out using the previously reported
method (59).

Statistical analysis
Each value reported represents the means ± SDs of at least three bi-
ological replicates. Student’s t test (if normally distributed) was used
to test the significance of difference between two means. Kaplan-
Meier plots were generated by GraphPad software, which uses the
log-rank (Mantel-Cox) test. P values were two-sided unless other-
wise specified.

Supplementary Materials
This PDF file includes:
Figs. S1 and S2
Tables S1 to S3
Legends for data files S1 to S4

Other Supplementary Material for this
manuscript includes the following:
Data S1 to S4

View/request a protocol for this paper from Bio-protocol.
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