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We developed mice with germline endogenous expression of
oncogenic Hras to study effects on development and mechanisms
of tumor initiation. They had high perinatal mortality, abnormal
cranial dimensions, defective dental ameloblasts, and nasal septal
deviation, consistent with some of the features of human Costello
syndrome. These mice developed papillomas and angiosarcomas,
which were associated with HrasG12V allelic imbalance and aug-
mented Hras signaling. Endogenous expression of HrasG12V was
also associated with a higher mutation rate in vivo. Tumor initia-
tion by HrasG12V likely requires augmentation of signal output,
which in papillomas and angiosarcomas is achieved via increased
Hras-gene copy number, which may be favored by a higher
mutation frequency in cells expressing the oncoprotein.

allele copy number � angiosarcoma � Costello syndrome � papilloma �
senescence

The proto-oncogenes Hras, KrasB, and Nras are ubiquitously
expressed plasma membrane GTPases activated by growth

factor receptors, nonreceptor tyrosine kinases, and G-protein-
coupled receptors, leading to engagement of downstream effec-
tor pathways. Although their specificity remains poorly under-
stood, they have discrete functions. Thus, whereas Nras, KrasA,
and Hras homozygous knockout mice are viable and grow normally
(1, 2), KrasB �/– embryos die between embryonic day 12.5 (E12.5)
and gestational term from liver defects and anemia (3).

The molecular basis for oncogenesis by Ras is caused by
mutations that favor their constitutively active, GTP-bound,
conformation. Additional evidence for functional specificity of
Ras isoforms is that many human tumors have a predilection for
mutations in one RAS gene family member. HRAS mutations are
less common overall, but they have a particularly high prevalence
in skin papillomas and cancers of the urinary bladder (4). The
molecular mechanism for cell-type specificity for activating
mutations of particular RAS genes has recently been proposed
to be determined, at least in part, by the expression levels of the
individual RAS genes. Thus, urethane induces lung cancers that
are associated with Kras mutations in mice, but when an Hras
cDNA is knocked into the Kras gene locus, and is thus expressed
under the control of the Kras gene promoter, the urethane-induced
tumors harbor Hras mutations instead (5). However, there is also
evidence that distinct membrane targeting of the different Ras
proteins may confer them with specific functions (6).

The consequence of activation of individual oncogenic Ras
isoforms on development and tumorigenesis has been explored
in mice with targeted knock-in mutations of the respective genes.
LSL-KrasG12D mice have a latent allele that, when activated by
Cre recombinase in the germline, results in placental insuffi-
ciency and embryonic lethality (7, 8). These results differed from

those obtained after expression of a bicistronic knock-in
KrasG12V allele, in which mice were mostly viable (9). There is no
conclusive explanation for this discrepancy. However, mice with
germline or lung-specific expression of endogenous mutant Kras
developed lung adenomas and eventually adenocarcinomas in
both models, cementing the role of oncogenic Kras in initiation
of lung carcinogenesis. There is more limited information about
the consequences of endogenous expression of oncogenic Nras
in mice. In contrast to Kras, expression of a conditional allele of
Nras (LSL-NrasG12D) in the distal small intestine and colon of
mice expressing a Fabp1-Cre transgene does not result in epi-
thelial hyperplasia. Instead, epithelial cells expressing physio-
logical levels of NrasG12D are protected from dextran-induced
apoptosis (10). Of note, in this study the distinct effects of the
two oncoproteins could not be accounted for by differences in
their steady-state expression levels.

The Hras gene is of particular interest from the standpoint of
development, because de novo germline mutations of HRAS
cause Costello syndrome (CS) (11), a congenital disorder that
belongs to a family of neuro-facio-cardio-cutaneous diseases
caused by germline mutations of genes encoding effectors in the
Ras-Raf-MEK signaling pathway (12). Human CS is associated
with hypotonia, characteristic facies, severe feeding difficulty,
and failure to thrive (11). Most patients also have cardiac defects,
musculoskeletal anomalies, and neurocognitive impairment
(13). Subjects with CS have multiple papillomas and an increased
risk of developing rhabdomyosarcomas and bladder carcinomas
(14–17). About 80% of individuals affected with CS have HRAS
mutations encoding mutant G proteins with comparatively weak
transforming activity, primarily HRASG12S. The G12V mutant of
HRAS has the lowest GTPase activity among various amino acid
substitutions at codon 12 and the highest transformation poten-
tial (18, 19), and is by far the most common HRAS mutation of
this codon in cancer. Accordingly, there has only been one child
reported with a germline HRASG12V mutation, which was asso-
ciated with a severe form of CS that resulted in death at 18
months of age, suggesting that this mutation may not be well
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tolerated in humans (11). Unexpectedly, a mouse germline
knock-in of a bicistronic HrasG12V allele (HrasG12V-IRES-�-geo)
was associated with a mild phenotype (20). Mice were viable,
fertile, and survived normally. They had systemic hypertension,
and as they aged they developed myocardial and kidney fibrosis.
However, they were not tumor-prone and did not develop
papillomas, even after exposure of the skin to phorbol esters,
leading the investigators to conclude that Hras oncogenes are
likely not sufficient for tumor initiation.

Here we show that mice with widespread endogenous expres-
sion of HrasG12V, created with a different genetic strategy, have
high perinatal lethality, craniofacial defects, and a highly pen-
etrant neoplastic phenotype. Moreover, tumor initiation by
oncogenic Hras is invariably associated with a somatic imbalance
in Hras-gene copy number that favors the mutant allele, resulting
in augmentation of Hras signaling, which may be required for
tumor development.

Results and Discussion
We used ‘‘f lox-and-replace’’ gene targeting to obtain a Cre
recombinase-dependent switch of expression of WT Hras1 by an

HrasG12V allele under the regulatory control of its own gene
promoter. The targeted locus consists of 2 tandemly-arrayed
Hras genes, with the upstream WT copy flanked by loxP sites, so
that the mutant allele is not expressed unless the WT copy is
excised. FR-HrasG12V mice were crossed with Caggs-Cre mice to
obtain widespread activation of the oncogene (Fig. 1 A and B).
Caggs-Cre/FR-HrasG12V (CC/FR-HrasG12V) mouse embryonic fi-
broblasts (MEFs) expressed WT and HrasG12V mRNA at a �1:1
ratio, resulting in expression of a constitutively active Hras
protein, as determined with a Raf-binding domain pull-down
assay (Fig. 1 C–E).

CC/FR-HrasG12V embryos (E19) had no macrosomia and pups
were born at the expected Mendelian frequency. However,
�80% died within 14 days after birth. Surviving mice were
runted and continued to have higher mortality after weaning,
although they caught up with the weight of their WT littermates
by week 20 (Fig. 2 A and B). The cause of death of neonates could
not be determined at necropsy, and there were no abnormalities
in the gross or microscopic appearance of the heart muscle,
valves, or lungs, or evidence of bleeding. E19 CC/FR-HrasG12V

embryos also failed to exhibit any cardiopulmonary anomalies.

Fig. 1. Development of mice with a conditional
knock-in activating mutation of Hras. (A) Diagram of
Hras targeted allele. (Top) Targeting vector consists of
a 5�arm containing the WT Hras gene and a 3�arm
containing the mutant Hras gene, which are separated
by an Frt-flanked Neomycin minigene. (Middle) Tar-
geted allele after crossing with � actin-Flp mice to
remove the Neomycin minigene. (Bottom) Targeted
allele after crossing with Caggs-Cre mice to remove the
WT Hras copy. (B) Southern blot of tail DNA isolated
from WT, FR-HrasG12V, or CC/FR-HrasG12V� mice cut with
XbaI and EcoRV and probed with a genomic fragment
containing exons 1–4 of Hras. Wt, wild-type allele;
Targ, targeted allele. (C) Sequence trace of products
generated by RT-PCR of RNA isolated from MEFs from
FR-HrasG12V or CC/FR-HrasG12V embryos. (D) Western
blot of activated Hras in MEFs from CC/FR-HrasG12V and
control mice. Activated Ras proteins were pulled down
with an agarose-conjugated Raf-1 Ras-binding do-
main, followed by SDS/PAGE gel electrophoresis and
immunoblotting with a specific anti-Hras antibody.
Western blot of total lysate with Hras IgG is shown
below. (E) RT-PCR products of RNA isolated from MEFs
from WT or CC/FR-HrasG12V embryos were incubated
with or without Gsu I, which digests WT but not mutant
Hras cDNA. Total Hras cDNA in the absence of Gsu I was
normalized to 100%. The right panel shows that the
mutant Hras cDNA is �50% of total Hras in CC/FR-
HrasG12V MEFs.
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CC/FR-HrasG12V mice had facial deformities, including nasal
septal deviation, which may represent a severe manifestation of
the depressed nasal bridge often seen in children with CS (Fig.
2C). Defects in dentition were observed in all of the CC/FR-
HrasG12V mice we surveyed (9 out of 9) between 6 and 12 weeks
of age, and characterized by disorganized growth of ameloblasts
and irregular deposition of enamel (see Fig. 2C). Interestingly,
widespread over-expression of HrasG12V in transgenic mice has
been shown to cause odontogenic tumors, which sometimes
differentiate into ameloblastomas (21). In addition, CC/FR-
HrasG12V mice developed malocclusion (see Fig. 2C), which was
not observed in littermates and thus was not a strain effect.
Children with CS frequently have relative macrocephaly (22).
Indeed, the ratio of the cephalo-caudal to ventro-dorsal cranial

axes on microCT discriminated CC/FR-HrasG12V mice from
age-matched control littermates (Fig. 2D). Virtually all human
neonates with CS have hypotonia and severe feeding difficulties
(15). The developmental defects in dentition and facial structure
in CC/FR-HrasG12V mice suggest that the high neonatal mortality
may also relate to difficulties with suckling.

A comprehensive tissue survey of CC/FR-HrasG12V mice at 5
weeks showed no increase in organ weight or histopathological
abnormalities. Moreover, phosphorylation of Ras downstream
effectors was not increased in the brain, the tissue with the
highest levels of endogenous Hras expression, or in the kidney,
colon, or heart [supporting information (SI) Fig. S1 A and B].
These data are consistent with the effects of endogenous ex-
pression of activated Kras in MEFs and in hematopoietic cells (7,
23). The lack of detectable effects on Raf/MEK/ERK and PI3
kinase/Akt signaling suggest that normal tissues can restrain
oncogenic Ras signaling quite efficiently when these proteins are
expressed from the endogenous locus. Liver was a notable
exception, as pMEK and pERK, but not pAKT, were markedly
increased. Interestingly, Sprouty 2 (a negative regulator of
Ras/Raf/MAPK signaling) levels were particularly low in the
liver as compared to other tissues, which may have resulted in
relatively unopposed activation of MEK-ERK by HrasG12V in
this cell type (Fig. S1C).

Cardiac malformations, arrythmias and hypertrophy are com-
mon in CS (13). Moreover, HrasG12V-IRES–�-geo mice devel-
oped age-dependent systemic hypertension, cardiac fibrosis, and
vascular remodeling, particularly in homozygotes (20). There
was no increase in pERK or pAKT in cardiac tissue of CC/FR-
HrasG12Vmice. However, older animals (40–58 weeks) did de-
velop myocardial fibrosis, but no other significant histological
abnormalities in the heart, valves, or arterial wall (Fig. S2).

About 88% of CC/FR-HrasG12V mice developed skin papillo-
mas at 40–58 weeks (Table 1). They were frequently found in the
skull, face, and external auditory canal, where epidermal and
sebaceous hyperplasia were also noted (Fig. 3 A and C). In older
animals, multiple papillomas developed with near complete
penetrance in the forestomach (see Fig. 3A), and less frequently
in the anal epithelium. By contrast, no polyps or hyperplasia
developed in the glandular stomach or in intestinal epithelium.
All Ras isoforms were expressed at higher levels in squamous
than in glandular epithelial cells, which may play a role in
conferring susceptibility of these cells to transformation by Hras
mutants (Fig. S3). No abnormalities were noted in the transi-
tional epithelium of the bladder through 52 weeks of age. Older
animals (� 30 weeks) did develop s.c. angiosarcomas (Fig. 3D),
with a prevalence of �40% (see Table 1). These tumors have
been associated with oncogenic RAS activation in humans (24).
Moreover, 7,12-dimethylbenz[a]anthracene, besides inducing
papillomas when applied topically, results in development of
hemangiosarcomas when given systemically, and these tumors
harbor HrasQ61L substitutions (25). Two mice developed hepa-
tocellular adenomas, an insufficient number to conclude
whether or not this was associated with mutant Hras expression.

Although nominally CC/FR-HrasG12V and HrasG12V-IRES–�-
geo mice express the same mutant allele at endogenous levels,
the 2 mouse models have profound phenotypic differences. Their
genetic strains differed only slightly, as both were maintained in
a 129/Sv/J-C57BL/6J background, although CC/FR-HrasG12V had
�25% contribution from NIH Black Swiss. Recently, a poly-
morphic Patched allele present in the FVB/N, but not in C57BL/6
strain, was shown to promote skin carcinogenesis by oncogenic
Hras (26). Although strain differences may account for some of
the observed differences, the high frequency of perinatal lethal-
ity and tumor development in our model argues against this. It
is also possible that the IRES–�-geo cassette may interfere in a
subtle way with the expression level of HrasG12V, and that a
critical threshold required for tumor initiation was not achieved.
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Fig. 2. Increased neonatal mortality and cranio-facial deformities in CC/FR-
HrasG12V� mice. (A) Kaplan-Meier survival plot of CC/FR-HrasG12V and control
mice. (B) Decreased body weight in CC/FR-HrasG12V mice at weaning. Weight
of CC/FR-HrasG12V mice and control littermates at 3 and 20 weeks of age. Bars
represent mean � SE percent-change in body weight versus controls (n � 8;
P � 7.7 �10�7 at 3 weeks, P � 0.25 at 20 weeks). (C) Coronal sections (4�) across
the nasal cavity of a representative WT (a) and CC/FR-HrasG12V (b) mouse. The
mutant mouse exhibits marked nasal septal deviation. Low power magnifi-
cation (20�) of an incisor of a WT (C) and a mutant (D) mouse. The tooth of the
CC/FR-HrasG12V� mice has an abnormal ameloblast cell lining and defective
enamel formation. (e) Higher magnification (40�) demonstrates detachment
of the ameloblasts from the adjacent dentin, loss of polarity, and stratification
of ameloblasts, as well as areas of enamel sequestration. ( f) Mouse with
misalignment of incisors and malocclusion. (D) (Left) Whole-body CT scan
(sagittal view) illustrating the rectangular region of interest used to determine
the overall cephalo-caudal and ventro-dorsal dimensions of the cranial bony
structures. (Right) Abnormal cranial dimensions of CC/FR-HrasG12V mice. Mean
cephalo-caudal to ventro-dorsal ratio in aged-matched control and CC/FR-
HrasG12V mice. All mice studied in this article are HrasG12V heterozygous mice.
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Indeed, the magnitude of oncogenic Hras expression was re-
cently shown to be critical for bladder tumorigenesis (27). The
fact that KrasG12D- IRES–�-geo mice also had a markedly attenu-
ated phenotype compared to mice with a conventional latent
oncogenic Kras allele is consistent with this interpretation (7–9).

Papillomas developing in CC/FR-HrasG12V mice had higher
mitotic activity in the basal layer compared to adjacent epider-
mis. Moreover, there was a marked increase in pAKT, phospho-
ribosomal S6, and to a lesser degree, pERK staining, consistent
with augmentation of Hras signaling (Fig. 3B). We next deter-
mined whether this was associated with Hras-gene copy number
changes and found that the mutant Hras allele was over-
represented in 7 out of 7 skin and 3 out of 3 forestomach
papillomas, providing further evidence for a critical role for
HrasG12V expression levels in papilloma development (Fig. 4 A
and B). This was also seen in 4 out of 4 angiosarcomas we

analyzed. We confirmed that this was because of increased
HrasG12V-gene copy number in papillomas by interphase FISH (Fig.
4C). A subset of papillomas had loss of the WT Hras allele (Fig. S4).
WT Ras has been proposed to function as a tumor suppressor in
cells with a corresponding mutant Ras allele (28, 29). However, the
fact that this was not found in all of the tumors suggests that this is
not required for tumor development. A requirement for intensifi-
cation of mutant Hras signaling through copy-number imbalances
is also supported by studies in Rat 1 fibroblasts with an oncogenic
Hras knock-in mutation, in which endogenous HrasG12V expression
did not by itself induce transformation; yet when transformed
clones developed after serial passaging, they commonly had excess
copies of the mutant Hras gene (30).

The Hras-gene copy number changes in papillomas may be a
result of selection of random events occurring by chance or,
alternatively, expression of endogenous HrasG12V may increase
the frequency of somatic mutations. To explore this, we deter-
mined the mutation rate in vivo by intercrossing FR-HrasG12V/
TPO-Cre mice, in which recombination and expression of mutant
Hras occurs selectively in thyroid follicular cells, with pUR288-
lacZ mutation reporter mice, a plasmid-based transgenic model
used to study spontaneous mutation frequency in vivo (31).
Thyroid cells were selected because they are susceptible to
transformation by oncogenic Hras, yet had no increase in mitotic
rate, pERK, pAKT, or histological abnormalities through 28
weeks of age. The mutation frequency was determined with a
plasmid-rescue procedure applied to genomic DNA derived
from thyroid tissue of 7-week-old TPO-Cre/FR-HrasG12V/
pUR288-lacZ animals, with TPO-Cre/pUR288-lacZ age-matched
littermates as controls, with a subsequent selection for LacZ-
negative clones (32). Thyroid cells expressing HrasG12V had a
higher mutation frequency. Restriction mapping of the LacZ-
negative clones showed that 97% of the mutants had undergone
rearrangements, insertions or deletions (Fig. 4D). The mecha-
nisms accounting for this are unknown. Activated Hras has been
shown to lead to premature entry of cells into S phase, increase
permissivity for gene amplification, and generation of aberrant
chromosomes within a single cell cycle (33–37). Conditional
activation of HRasG12V in thyroid PCCL3 cells, which are WT for
p53, allows cells to bypass the G2 DNA damage and mitotic
spindle checkpoints (38), which results in genomic destabiliza-
tion (39). It is unlikely that endogenous expression of HrasG12V

in vivo induces such profound cell-cycle checkpoint defects in a
ubiquitous way, yet it may increase the frequency of these
occurrences in cooperation with other cell-intrinsic or environ-
mental triggers. Mutant Ras has been shown to increase the
generation of reactive oxygen species, which could also contrib-
ute to this effect (40).

Activation of oncogenic Ras or its downstream effectors has
been shown to induce a DNA damage response (DDR), which
in turn may trigger cellular senescence (41). Papillomas of
CC/FR-HrasG12V mice showed abundant focal nuclear positivity
for �H2AX and p53 (Fig. S5A), which was not apparent in the
adjacent epidermis, suggesting that endogenous expression of
the oncoprotein is not sufficient to induce a DDR that is,

Ki67

A B

pAKT

pS6

C

pERK

D

Fig. 3. Squamous papilloma and angiosarcoma development in CC/FR-
HrasG12V mice is associated with augmented Hras signaling. (A) (Upper) Rep-
resentative papilloma in a CC/FR-HrasG12V mouse. Papillomas frequently
formed in areas exposed to friction. (Lower) Stomach from a 28-week-old
CC/FR-HrasG12V mouse showing multiple papillomas in the stomach fundus,
but not in the cardia or antrum. (B) Representative IHC staining for Ki67, pAKT,
pS6, and pERK1/2 in sections of papilloma and adjacent non-neoplastic skin
from CC/FR-HrasG12V mice. (C) H&E-stained sections (10�) of the external
auditory canal of a CC/FR-HrasG12V mice with epidermal and sebaceous
hyperplasia. (D) Representative H&E section (100�) of angiosarcoma de-
veloping in CC/FR-HrasG12V mice.

Table 1. Tumor incidence in CC/FR-HrasG12V mice

Line Age (w) Skin Papilloma
Gastric

Papilloma Angiosarcoma Hepatocellular Adenoma

HrasWT 4–7 0/13 0/13 0/13 0/13
9–12 0/14 0/14 0/14 0/14

40–52 0/7 0/7 0/7 0/7
HrasG12V 4–7 0/2 0/2 0/2 0/2

9–12 1/7 0/7 0/7 0/7
40–52 15/17 15/17 6/17 2/15
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however, present in the tumor cells. Papillomas did not stain with
SA-� gal or Dcr2 (data not shown), yet expression of other key
markers of senescence, such as p16, p19, and p21, was increased
compared to uninvolved skin (Fig. S5 A and B). Hence, a DDR
and induction of senescence is only apparent when Hras-gene
dosage and signaling is augmented, and may serve to restrain
further growth. This is consistent with observations in mice
expressing endogenous levels of oncogenic Kras (7, 9), and with

evidence that oncogene-induced senescence may only be trig-
gered in vivo by higher levels of mutant Ras expression, as
recently shown following doxycycline-inducible expression of
HrasG12V in mouse mammary cells (42).

MEFs expressing HrasG12V (Hrasm-MEFs) did not initially
have a growth advantage compared to WT controls (Hraswt-
MEFs). However, at later passages the aggregate cell number
and the growth rate were higher in all Hrasm-MEF lines com-
pared to controls (Fig. S6 A–C). This is consistent with a
premature escape from senescence, although no clear differ-
ences in SA-�-gal, p16 or p19 levels were seen between lines at
various passage numbers (not shown). Senescence also manifests
as a response-refractoriness to growth factor activation of sig-
naling effectors, which was evident in late passage Hraswt-MEFs
compared to Hrasm-MEFs (Fig. S6D). Escape from senescence
was also reported in MEFs expressing endogeneous KrasG12V or
KrasG12D (7, 9), through unclear mechanisms. This was not
associated with loss-of-function of p53, as treatment of late-
passage Hrasm-MEFs with ionizing radiation (data not shown) or
doxorubicin resulted in p53 phosphorylation and transactivation
of p21 (Fig. S6E).

Our data point to a requirement for a threshold of HrasG12V

expression to promote transformation in vivo. This was also
apparent in vitro, as transduction with c-Myc or T antigen
cooperated with HrasG12V to transform MEFs when the latter
was over-expressed, but not when expressed at endogenous levels
(Fig. S6F). Thus, although HRAS mutations are rare in com-
parison to KRAS and NRAS in cancer, this animal model shows
that the highly transforming G12V mutant is capable of initiating
tumor development in susceptible cell types. In these, endoge-
nous expression is not sufficient to activate a signature of DDR
or oncogene-induced senescence, or to promote clonal initiation.
This may require augmentation of signaling by the oncoprotein,
which in all tumor types developing in this model was strongly
associated with Hras allelic imbalance, which may in turn be
favored by an increased mutation frequency.

Methods
Construction of Targeting Vector. We used recombineering to introduce a DNA
fragment containing the entire Hras gene and 2.3 kb upstream of Hras exon
0 (5� arm) or a fragment consisting of the entire Hras gene and 2.5 kb
downstream of Hras exon 4 (3� arm) into pBSIISK� or pBSIIKS�(Stratagene),
respectively. To complete the 5� arm a loxP site was introduced upstream of
exon 1, and a SV40 poly(A)/translation stop signal 3� of Hras exon 4. To
complete the 3� targeting arm we changed the nucleotide sequence at codon
12 to encode a valine, and replaced exon 0 with a Frt-flanked Neo cassette with
a 3� loxP site added upstream of exon 1. The final targeting construct was
generated by ligating the 5� and 3� arms, and was �11.8 kb in size (see Fig. 1A).

Development of FR-HrasG12V Mice. The targeting construct was transfected into
2 different 129SvEv (129S6) ES cell lines. One clone (D14) with appropriate
targeting of Hras was injected into D2B6F1 X B6 (Jackson Labs) blastocysts to
produce chimeric mice. The founders were crossed with WT Swiss-Black mice.
The Neo cassette in FR-HrasG12V-Neo mice was removed by crossing with
�-actin-Flp mice, and offspring containing the FR-HrasG12V allele without the
Neo cassette and that were negative for �-actin-Flp were mated with WT
littermates and the line expanded.

Clinical and Anatomical Pathology. Mice were killed by CO2 asphyxiation.
Complete postmortem evaluations were performed, and tissues were weighed
and prepared for histology and IHC using standard techniques. All studies were
approved by the Institutional Animal Care and Utilization Committee.

IHC staining. Tissues were promptly excised after killing, and either embedded
in paraffin, or immediately frozen with dry ice for frozen sectioning. Next,
5-�m paraffin sections were immunostained with different antibodies (for
antibody details see the SI Text) Staining for SA-�-gal was performed using
Biovision’s senescence detection kit (Biovision).
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Fig. 4. Hras allelic imbalance in papillomas and angiosarcoma from CC/FR-
HrasG12V mice. (A) PCR of genomic DNA of papillomas with primers that
distinguish mutant from WT Hras alleles (see Fig. 1A). W: 622 bp WT allele; M:
666 bp targeted allele because of insertion of loxP site. P1-P7: DNA from
papillomas, or indicated nontumoral tissues. (B) PCR of DNA from forestomach
papillomas (FP1–FP3), angiosarcomas (A1–A4), or indicated nontumoral tis-
sues. (C) FISH of a representative section from papilloma tissue (P2) using a
mouse BAC containing the Hras gene. Papilloma nuclei have 3 to 5 fluorescent
signals corresponding to Hras (red), whereas adjacent skin is diploid. Mouse
chromosome 7 centromeres are labeled in green. (D) (Left) Increased mutation
rate in thyroid cells from FR-HrasG12V/TPO-Cre mice. Plasmids rescued from
DNA extracts of thyroid glands of TPO-Cre/pUR288-LacZ or FR-HrasG12V/TPO-Cre/
pUR288-LacZ were screened for alterations in LacZ, as described in Methods. Bars
represent the mean mutation frequency � SE of pooled samples from TPO-Cre/
pUR288-LacZ (n � 3; 10 thyroids per pool) and FR-HrasG12V/TPO-Cre/pUR288-LacZ
(n � 4; 10 thyroids per pool). P 	 0.05. (Right) Representative Southern blot of
LacZ-negative clones. The type of mutation was determined by PCR amplification
and restriction digestion of LacZ-negative clones. Clone 1 contained an inactivat-
ing point mutation of LacZ, whereas the other 3 show distinct restriction profiles
consistent with recombination events, insertions, or deletions.
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MicroCT Imaging. Animals were anesthetized by inhalation of a mixture of
1.5% isoflurane in air at a flow rate of 1 to 2 L/min. Ungated whole-body CT
images were acquired without contrast using a small-animal CT scanner
(MicroCAT-IITM, ImTek).

Isolation of MEFs. MEFs were isolated from E13.5-day embryos as described
(43). The fetal heads were used for genotyping. Cells were grown to conflu-
ence and split once before freezing. To determine cumulative cell counts after
serial passaging, MEFs (106) of the indicated genotypes from passage 3 on-
wards were plated on 10-cm dishes, grown in 10% FCS for 3 days, trypsinized,
counted, and replated at 106 cells per well. This was repeated for each passage.
The cumulative cell number was calculated based on the formula T n � T n-1 �

P n/106, where T � cumulative cell number; n � passage number; P � cell
number of current passage after 3 days in culture. For short-term growth
curves, MEFs at passages 3 and 15 were plated at 5 � 104, grown in 2% FCS, and
counted every other day for 7 days.

Assay for Activated Hras. The Ras activation assay was performed using an
agarose-bound GST-fused Ras-binding domain (RBD) of Raf-1 (Upstate).
Briefly, MEFs grown in 10% FCS were washed with cold PBS and lysed. The
activated Ras was pulled down with agarose-conjugated Raf-1 RBD, followed
by SDS/PAGE gel electrophoresis and immunoblotting with a specific anti-Hras
antibody (see SI Text).

Western Blotting. Cells were washed 3 times with ice-cold PBS and lysed in RIPA
buffer containing a mixture of protease and phosphatase inhibitors (Sigma).
Tissue samples were homogenized and lysed with the same buffers, and
following centrifugation, soluble protein was quantified by the Bradford

method. Western blots were performed according to standard procedures (for
antibody details see the SI Text).

Determination of Mutation Frequency in Vivo. Mutation frequency was deter-
mined using a plasmid rescue procedure applied to genomic DNA derived
from thyroid tissues of �7-week-old TPO-Cre/FR-HrasG12V/pUR288-LacZ mice.
Plasmids were recovered from mouse thyroid genomic DNA by restriction
digestion and magnetic bead separation. After ligation, plasmids were elec-
troporated into Escherichia coli C (
LacZ, gal E-). Transformants were plated
in titration plates (containing X-gal), and LacZ-mutant plates (containing
P-gal). Only Lac-Z mutants can form colonies in the presence of P-galactose, as
described (31). The ratio of colonies in selective vs. titration plates was used to
calculate mutation frequency. The type of mutation was determined by PCR
amplification and restriction digestion of LacZ-negative clones, to discrimi-
nate between point mutations or large-scale events, such as recombinations.

Transformation Assays. Early passage MEFs were transduced with retrovirus
vectors expressing Myc, T antigen, or HrasG12V, as indicated, for 48 h. Cells were
plated on 10-cm plates and maintained for 14 days, with media changed every
2 days. Foci were scored after staining with crystal violet.
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