Allele-specific tumor spectrum in Pten knockin mice
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Germline mutations in the tumor suppressor gene PTEN (phosphatase
and tensin homology deleted on chromosome 10) cause Cowden and
Bannayan-Riley-Ruvalcaba (BRR) syndromes, two dominantly
inherited disorders characterized by mental retardation, multiple
hamartomas, and variable cancer risk. Here, we modeled three senti-
nel mutant alleles of PTEN identified in patients with Cowden syn-
drome and show that the nonsense Pten“*®> and missense Pten®'?*%
and Pten®"?€ alleles lacking lipid phosphatase activity cause similar
developmental abnormalities but distinct tumor spectra with varying
severity and age of onset. Allele-specific differences may be
accounted for by loss of function for Pten**>, hypomorphic function
for Pten“?*R, and gain of function for Pten"?t, These data demon-
strate that the variable tumor phenotypes observed in patients with
Cowden and BRR syndromes can be attributed to specific mutations in
PTEN that alter protein function through distinct mechanisms.

cancer genetics | Cowden syndrome

he tumor suppressor gene PTEN (phosphatase and tensin

homology deleted on chromosome ten) encodes a product with
both protein and lipid phosphatase activity (1-3). The lipid
phosphatase activity negatively regulates phosphoinositide-3 kin-
ase (PI-3K) and the downstream Akt and mammalian target of
rapamycin pathway components (4). Consistent with a require-
ment for lipid phosphatase activity in tumor suppression, the
mutant PTEN®/?F allele, originally identified in patients with
Cowden syndrome, selectively lacks lipid phosphatase activity (5).
However, PTEN also has protein phosphatase activity, and
although controversial, there is a body of evidence suggesting that
PTEN’s protein phosphatase activity may also contribute to tumor
suppression (6). The Cowden syndrome PTEN“"*R allele, which
encodes a protein product lacking lipid and protein phosphatase
activity (7), provides genetic support for an involvement of dual
PTEN phosphatase activities in tumor suppression. In addition,
recent data suggest a role for nuclear PTEN in genomic stability
that may be independent of its lipid phosphatase and PI-3K sig-
naling activities (8). Despite intensive efforts in the past decade to
understand the biochemical functions of PTEN, it remains unclear
which of its many functions endow this gene with tumor suppressor
status and whether the different functions contribute to tumor
suppression selectively in an organ-specific and/or signaling
pathway-specific manner.

Individuals with Cowden syndrome show a wide variation in
disease manifestation, including cancer predisposition (9), that is
thought to be driven by a combination of genotype as well as poly-
morphic heterogeneity in the population (10). The reason why
polymorphic heterogeneity has been invoked is because identical
mutations result in disparate phenotypes, ranging from mild
developmental disorders in Cowden syndrome to very severe dis-
orders in Bannayan—-Riley—Ruvalcaba (BRR) syndrome (9). Here,
we used homologous recombination in mice to model three differ-
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ent mutant alleles of PTEN originally identified in Cowden syn-
drome. We found that each mutant allele displayed distinct tumor
phenotypes in organs targeted by Cowden syndrome. These func-
tional differences are not manifested during embryonic develop-
ment and do not correspond strictly to the level of Akt activation.
Rather, the variable phenotypes can be attributed to functions
beyond PI3K-Akt activation that include gain of function for the
Pten®? allele and loss of function for the Pten®*~ and Pten“'?*®
alleles. Together, these results demonstrate that specific germline
mutations have a strong influence in the variable predisposition to
cancer of patients who have Cowden syndrome.

Results

Abnormal Embryonic Development in Pten“4?, Pten®?%€, and Pten<'2*%
Knockin Mice. To explore the physiological consequence of inacti-
vating distinct arms of PTEN’s tumor suppressor arsenal, we
generated, characterized, and compared mouse models that have a
frameshift (Pten“*) (11) leading to the premature stop and
missense mutations in Pten (Pten’2%E or Pten“'?*R) that can be
found in patients with Cowden syndrome (12) (Fig.14). Targeting
of the three Pfen mutant alleles was verified by Southern blot
analysis, PCR, and direct sequencing of genomic DNA (11) (Fig.1
B and C and Fig. S14, Left). Allelic expression imbalance analysis
showed that the two missense mutant alleles lacking the neomycin
(neo) cassette (neo—) were expressed at a similar level as the WT
allele (Fig.1D), whereas the same mutant alleles containing the
neo cassette (neo+) were expressed, as expected, at lower levels
(Fig.S14, Right).

We first evaluated the effect of Pren®>, Pten®?’f, and
Pten®?*® on embryonic development by examining offspring
derived from intercrosses between heterozygous knockin mice
(Fig. 24). The intercrosses yielded no live homozygous progeny at
birth for any of the three mutant alleles; however, mutant embryos
were recovered at embryo day (E) 8.5 and E9.5, albeit at a lower
than expected frequency. Development of the few mutant embryos
that were obtained was severely compromised, with defects in
anterior-posterior patterning, failure of axial rotation, and
absence of overt tissue differentiation leading to resorption by
E9.5 (Fig. 2 A and B and Fig. S1B). Heterozygous Pten**>'*,
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Fig. 1. Generation, targeting, and verification of point mutations of Pten
alleles. (A) Endogenous WT Pten allele (Top), the two targeted missense
mutations in exon 5 (*) of Pten allele containing the selectable phosphogly-
cerate kinase promoter (PGK)-neo cassette (flanked by LoxP sites, triangles;
Middle), and the two targeted mutant Pten knockin alleles (Pten<"?*® and
Pten®72%) Jacking the PGK-neo cassette (after mating with E/lA-cre-expressing
mice; Bottom). A and B, DNA probes used for Southern blot analysis; pr, pri-
mers used for PCR genotyping. (B) Southern blot analysis (Upper) and geno-
typing PCR (Lower) of tail DNA with the indicated genotypes. Genomic DNA
was digested with Pvull and probed with probe A, and expected band sizes are
indicated for each allele. PCR amplification using primer pairs 1-3 and 2-3
(primer information provided in Table S3) yielded specific fragment size for
different alleles as indicated. (C) Sequence analysis of tail DNA isolated from
Pten<'?4R™ and Pten®’?%"* mice. Chromatograms demonstrating the suc-
cessful targeting of the Pten locus and translated amino acids are shown
below the codons. Red letters and bold numbers denote the two targeted
amino acids (C124R and G129E). Arrows point to targeted nucleotides. (D)
Allelic expression imbalance analysis of allele-specific expression. The graph
shows the proportion of mRNA expressed from the WT allele over the
indicated mutant allele in lungs of Pten’24""* and Pten®’?°* mice. neo—,
mice lacking the PGK-neo cassette. Genomic DNA (gDNA) was used as an
internal control.

Pten®?E* and Pren®’**R™* embryos were morphologically indis-
tinguishable from WT littermates (Fig. 2 4 and B and Fig. S1C).
Thus, overall, there were no obvious differences among homozygous
knockin embryos of the three Pfen mutant genotypes.

Organ-Selective Cancer Predisposition in Pten**>", Pten®'?°**, and
Pten"?*"+ Mice. The tumor spectrum in animals harboring one copy
of each of the three mutant Pfen alleles was determined by analyzing
groups of >40 adult male and female mice. Similar to previous
studies that analyzed heterozygous mice harboring a Pten knockout
allele (13-17), mice carrying one copy of each of the three Pren
mutant alleles exhibited neoplasms in multiple organs that are
characteristically involved in patients who have Cowden syndrome,
confirming these are causal mutations that drive this syndrome.
Interestingly, pathological examination of 9-month-old mice
revealed differences in the frequency and severity of the individual
proliferative lesions found in the three genetic groups (Table S1).
The intergroup differences were amplified when the propensity of
an individual animal to develop tumors at two or more organ sites
was considered (Fig. 2C). A significant bias for lesions also occurred
in specific organ pairs for each of the three genetic cohorts. Mam-
mary gland-lymph node (P < 0.001), uterus-lymph node (P = 0.032),
thyroid-lymph node (P = 0.003), and prostate-stomach (P = 0.003)
lesions were frequently present in Pten*'* mice; mammary gland-

lymph node (P = 0.050) lesions were present in Pten®’?%/* mice;
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A _Table 1. Embryo viability

m/m Total

observed 19 37 0(14) 70
C124R oypected 18 35 18
observed 8 35 0(3) 46
expected 12 24 12
observed 6 16  0(3)* 25
expected 6 13 6

G129E

A4-5

observed 14 46 O0o(11)* T
C124R expected 18 36 18
observed 20 43 0(3)* 66
expected 17 33 17
observed 14 45 0(6)* 65
expected 16 33 16
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*p < 0.001, Chi-square test or Fisher's exact test
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Fig. 2. Pten®*>, Pten®"?*" and Pten®'?° mutations cause early embryonic
lethality and exhibit allele-specific tumor syndromes. (A) Offspring from
Pten (Pten<'?*R, Pten®'?%€ or Pten®*®) heterozygous intercrosses were
examined. The number of observed and expected E8.5 and E9.5 embryos is
indicated. Fisher's exact or x* tests were used to compare differences
between observed and expected homozygous embryos. The number of dead
embryos is shown in parentheses. m, mutant allele (Pten’2?, pten®'?%, or
Pten®*>). (B) (Left) Stereomicroscopic images of E9.5 WT (w), heterozygous
(h), and homozygous (m) Pten-mutant littermate embryos. (Right) Higher
magnification images of severely affected homozygous mutant embryos.
(Scale bar: 1 mm.) (C) Organ distribution of tumor lesions in animals har-
boring the indicated Pten alleles. To simplify the graphical representation of
data, mice were grouped based on the number of organs (0-1, white bars; 2—-
4, yellow bars; 5-7, red bars) afflicted with tumors. All uncategorized data
were analyzed by Poisson regression methods, and significant differences
are shown; all Pten mutant-WT allele comparisons were significant (P <
0.0001; not indicated).

and mammary gland-intestine (P = 0.007), mammary gland-adrenal
(P = 0.049), and prostate-stomach (P = 0.002) lesions were present
in Pren“"?*®™* mice (Table S2). Consistent with observations made
in human patients with Cowden syndrome, there was a gender bias in
the organ-specific manifestation of lesions, with lymph node lesions
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more frequently found in female mice (for Pren®*=, P < 0.001) and
adrenal and stomach lesions more commonly found in male mice
(for Pten™, P = 0.008 and P = 0.012, respectively; for Pten<’?*R,
P = 0.034) (Fig. S2). These findings challenge the current view of
polymorphic heterogeneity in the population as the principal reason
for the variable penetrance observed in patients with Cowden syn-
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drome. We suggest that this variability may instead be attributed, at
least in part, to allele-specific effects of PTEN mutations.

Based on these initial observations, we performed a thorough
histopathological analysis of neoplastic lesions in organ sites fre-
quently involved in Cowden syndrome, including the uterus, thy-
roid, mammary gland (2, 18-20) and the prostate (21). Detailed
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Fig. 3. Allele-specific and organ-specific tumor development in Pte , and Pten mice. Histopathological grades of lesions were compared
between WT, Pten®**"*, Pten“"?*"*, and Pten®’?°* 9-month-old mice in the uterus (A), thyroid (B), prostate (C), and mammary gland (D). Note the significant
difference in the severity of lesions among the various animals with mutant Pten alleles. (Right) Histology with the highest grade lesions found in each geneticgroup.
(Lower) Magnified view of the boxed region in the upper panels. Detailed histopathological criteria used to grade the lesions are included in Fig. S3. AH, atypical
hyperplasia; SH, simple hyperplasia; PIN-I/1l, prostatic intraepithelial neoplasia grade | or II; PIN-1Il/IV, prostatic intraepithelial neoplasia grade Il or IV; FA, follicular
adenoma; FH, follicular hyperplasia; Carci., carcinoma; MIN, mammary intraepithelial neoplasia; LG, low grade; HG, high grade; Normal, no gross or microscopic
tumor. Comparisons between genetic groups in A-D were analyzed by 2 or Fisher's exact tests and adjusted by Holm’s method. (E) Large palpable tumor masses in
12-15-month-old Pten®'?%¢** female mice. Black and orange arrows point to mammary gland and uterine (U) tumors, respectively. White arrows point to enlarged
lymph nodes (L). Normal, no gross mammary gland tumors; Palpable, palpable mammary gland tumors. Comparisons between genetic groups in E were analyzed by
a binomial exact test. All comparisons between Pten®'??* and other genetic groups were found to be significant (*P < 0.01).

5144 | www.pnas.org/cgi/doi/10.1073/pnas.0912524107 Wang et al.


http://www.pnas.org/cgi/data/0912524107/DCSupplemental/Supplemental_PDF#nameddest=sfig02
http://www.pnas.org/cgi/data/0912524107/DCSupplemental/Supplemental_PDF#nameddest=sfig03
www.pnas.org/cgi/doi/10.1073/pnas.0912524107

PNAS

A Uterus Thyroid

__C124R/+

G129E/+

Mammary Gland

C124R/+

G129E/+

B g 40% B Uterus
- B pProstate
20% O Thyroid

Pre-LCM

A-5/+ C124R/+ G129E/+

Post-LCM

Fig. 4. Expression of Pten and p-Akt in proliferative lesions of various
organs. (A) Tissue sections from the uterus and thyroid (Upper) or prostate
and mammary gland (Lower) of mice with the indicated genotypes were
stained with Pten- and p-Akt-specific antibodies. Complete loss of Pten
occurred in Pten®*"* |esions of the uterus, thyroid, and prostate, whereas
decreased levels of Pten were observed in Pten'?*""* |esions of the uterus
and thyroid. Pten protein expression was lost in a mosaic fashion in
advanced lesions of Pten®*>"* mice but persisted in Pten<’?*®"* MIN and
Pten®'2%"* mammary gland carcinomas. (Right) Magnified images of the
boxed region. (B) LOH analysis of WT Pten allele detected by PCR from laser
capture microdissected (LCM) lesions of the uterus, prostate, and thyroid of
9-month-old heterozygotes. (Left) Representative images showing pre- and
post-LCM tissue of “quick” p-Akt immunostained sections. (Right) Incidence
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criteria for grading lesions are presented in Fig. S3. In the uterus,
proliferative lesions of the endometrium (simple h)lperplasia and
atypical hyperplasia) were encountered in Pten®*~'*, Pten“!?**/*
and Pten®'?*"* female mice with equal frequency (Fig. 3A4),
similar to what has been reported in patients with Cowden syn-
drome. Advanced thyroid follicular lesions, however, were more
frequently observed in Pren®*?°E/* mice compared with Pren®*=>'*
or Pten“"?*®'* mice (Fig. 3B and Fig. S44). In the prostate, both
Pten®>"* and Pten©129E/+ mice were more likely to have lesions of
higher histological grade, which included prostatic adenocarci-
noma, than Pren®’?>*®'* mice (Fig. 3C). In the mammary gland,
advanced lesions such as mammary intraepithelial neoplasia
(MIN), invasive carcinoma, and adenosquamous carcinoma were
observed in both Pten*>'* and Pten®'2%/+ female mice but rarely
in Pren“’?*®'* female mice (Fig. 3D; P = 0.03). Strikingly, only
lesions in Pten“’?2/* female mice (n = 8) advanced to form large
palpable tumors with unique adenosquamous morphology and a
prominent stromal component (Fig. 3E and Fig. S4B), which are
classic characteristics of breast carcinoma seen in individuals with
Cowden syndrome (22). Despite small sample sizes in our data-
base comprisiné >400 PTEN mutation-positive individuals, all
three PTEN“?”£_affected women had breast cancer, whereas two
PTEN€"?*R_affected individuals only had fibrocystic disease of the
breast. Moreover, we also observed high-grade MIN in Pten©??%%/
* male mice but not in males of other genotypes (Fig. S4C), con-
sistent with an increased incidence of breast cancer observed in
male patients with Cowden syndrome with this particular PTEN
mutation (5, 23). The development of more severe lesions in select
organs of Pten®’?*"'* mice when compared with Pten®*'* mice
suggests that the Pren“’?°F allele, in addition to lacking lipid
phosphatase activity, may have gained protumorigenic functions.
Together, these findings demonstrate the critical role of specific
PTEN mutant alleles in driving the broad clinical manifestations of
Cowden syndrome that often present in an organ-selective fashion
and with variable penetrance and expressivity.

Organ-Specific Pten Inactivation During Tumor Initiation and
Progression. Molecular analysis of embryos and tumors with
each of the three different Pfen mutant genotypes revealed
intriguing tissue-specific mechanisms of how Pfen mutant alleles
differentially contribute to tumor development and progression.
As might have been expected, there was focal loss of WT Pten
protein expression in Pten®>'* epithelial lesions of the endo-
metrium, thyroid, and prostate (Fig. 44). In the endometrial
lesions analyzed, there was loss of heterozygosity (LOH) in 25%
of cases (Fig. 4B). In the remaining endometrial lesions, as well
as in the limited number of thyroid and prostate Pren®*'*
tumors analyzed, LOH was not observed (Fig. 4B), consistent
with the low percentage of LOH (11%) observed in Cowden
syndrome-related nonmalignant neoplasias (24). These results
suggest that the frequency of LOH in neoplastic lesions of all
three mutant heterozygotes was low and that loss of expression
from the WT Pten allele in the majority of Pren®'* tumors was
mediated by a posttranscriptional mechanism.

Interestingly, Pten protein in lesions of the uterus, thyroid, and
prostate was frequently absent in hyperplastic clonal areas con-
taining as few as three to five cells (Fig. 44 and Fig. S5 A-C),
suggesting that loss of Pten expression in these organs was an early
or initiating event during tumor development. In mammary pre-
neoplastic lesions, however, Pren®"* female mice retained
normal amounts of Pten protein, and its loss, which was manifested

of LOH in lesions from the indicated organs. For LOH in the uterus, 25
Pten*=>"*, 5 pten<2*R"*, and 5 Pten®"2%/* mice were examined. LOH in other
organs was sampled from 5 mice per genotype group.
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in a mosaic pattern, was only detected in advanced adenocarci-
nomas (Fig. 44 and Fig. S5D). When we examined epithelial cells
from three adenocarcinomas in Pten®*~>'* and Pten@!2%E/+ female
mice, no LOH was detected in any of these samples. From these
data, we conclude that the level of WT Pten protein that accu-
mulates in Pten”*’* mammary glands is haploinsufficent to
suppress tumor initiation, and that loss of expression from the WT
allele is alate event that may be required for malignant progression
of mammary cancers. Together, these observations support a tis-
sue-selective requirement for loss of Pten protein expression.

Allele-Specific Mechanism of Pten-Mediated Tumor Suppression.
Inactivation of tumor suppression by the two missense mutations
(Pten®"?%F and Pren©'?*R) is thought to result from the ablation of
enzymatic phosphatase activity (1, 25, 26). It was therefore sur-
prising to find that lesions in the uterus, thyroid, and prostate of
Pten“"*®* mice had little (if any) detectable Pten protein (Fig.
4A). This was specific to this cohort of mice, because Pten protein

in the corresponding lesions of Pren®’?*"/* mice was clearly
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Fig. 5. Decreased Pten'?® protein stability. (A) Pten IHC staining of homo-

zygous embryos (E9.5) with the indicated genotypes. (Lower) High magnifi-
cation of boxed areas in the upper panels. (B) Western blots of control- (pBP-
control) or cre-retrovirus- (pBP-cre) infected MEFs of the indicated genotypes
were probed with antibodies specific for Pten, p-Akt S473, and total Akt.
Complete cre-mediated deletion of exons 4 and 5 was confirmed by PCR (Fig.
S6B). (C) (Left) Western blots of cycloheximide- (cyclohex.) treated MEFs
treated as in B and expressing WT Pten (WT), Pten®'2R (C124R), and Pten®'?°¢
(G129E). (Right) Protein half-lives of WT Pten (WT), Pten<'?*R (C124R), and
PtenS'2°€ (G129E) were calculated as described in S/ Text and plotted. n,
number of independent experiments. ANOVA with a repeated-measures
model was used to evaluate differences across the various time points and
between genotypes. (D) Western blots of lysates derived from mammary
glands and lungs of two 9-month-old female mice with the indicated geno-
types probed with Pten- and p-Akt (5473)-specific antibodies as indicated.
*Lysates derived from MEFs with the indicated genotypes were included in
these blots. Tubulin protein levels were monitored as a loading control.
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present. Interestingly, the levels of Pten protein in preneoplastic
mammary gland lesions in Pren“’?*®'* mice were uniformly high,
suggesting that, as in Pten®*=>'* mice, tumor initiation in mammary
glands did not require LOH (note that carcinoma was never
detected in this genetic group) (Fi% 4A1;) These results suggest that
the two missense mutations (Pten®’?*" and Pten“’?*®) contribute
to tumorigenesis differently, with the Pten“’?*R allele producing a
protein product that is particularly labile.

The unexpectedly low levels of Pten®'?*R protein in tumors
prompted us to reexamine its expression in normal tissues. We
used immunohistochemistry (IHC) to compare Pten protein levels
inE9.5 Pren*, Pien™5/>+5 | pronG129FIGI29E 4 4 prop C124RICI24R
embryos. Remarkably, Pten<!2*R protein was almost undetectable
in most tissues of homozygous embryos (Fig. 54), even though its
mRNA levels were not altered. In contrast, there were normal
amounts of Pten protein expressed from the Pten“’?°% allele. To
determine whether the absence of Pten®'?*R protein could be
attributable to reduced protein stability, we generated and com-
pared mouse embryonic fibroblasts (MEFs) containing a condi-
tional Pten™* null allele (with LoxP sites flanking exons 4-5) and
either a WT allele or each of the three mutant knockin alleles
(Pten +/LoxP7 PtenA‘Fj/LoxP, PtenGIZQE/LOXP, and PtenC124R/LOXP; Flg
S6A). Retroviral transduction of cre recombinase (cre) in the MEF
cultures resulted in efficient deletion of Pren™*® (Fig. S6B), gen-
erating cells that express Pten solely from the remaining WT allele
or from each of the three knockin alleles (Fig. S6B). Western blot
analysis confirmed normal steady-state levels of Pten protein in
cre-Pten™""*" and cre-Pten“"?*'*>*" MEFs (compared with con-
trol-Pten®*>"“>P MEFs), undetectable Pten in cre-Pten* /="
MEFs, and decreased Pten in cre-Pten“’?**'=>"" MEFs (Fig. 5B).
Quantitative RT-PCR analysis showed equivalent amounts of Pten
mRNA in MEFs of all genotypes (Fig. S6C). Pulse-chase experi-
ments using cycloheximide demonstrated a significant reduction in
the half-life of Pten“'**R protein when compared with either WT
or Pten®'?’F protein (P = 0.001; ~3.7 vs. >24 h; Fig. 5C). From
these results, we suggest that one mechanism by which the
Pten®'?*R allele promotes Cowden syndrome and sporadic cancers
is through the inherent instability of its protein product.

The activation of Akt, through its PI-3K-mediated phosphor-
ylation at either residue 308 or 473, is thought to be attributable to
the inactivation of Pten (1). Indeed, the level of phosphorylated
Akt (p-Akt) was increased in cre-Pten®*>'~> MEFs relative to
either cre-Pten™""*" or control-Pten"*""***" MEFs. Interestingly,
p-Akt levels were similarly increased in MEFs expressing
Pten®'?E or Pten“'**® protein (Fig. 5B). Moreover, IHC revealed
that E9.5 Pten®5/245, PrenG129F/GI2E | and  Ppen©12#RICI2IR
embryos had equivalent levels of p-Akt, indicating that signaling
downstream of PI-3K in embryos of all three mutant genotypes was
similarly engaged (Fig. S1B). Because Pten“*™'", PtenG'2%/+ and
Pren®'?*®* mice had different tumor and gender biases charac-
teristic of Cowden syndrome with distinct pathological findings
and frequencies, we investigated the extent of Akt phosphor-
ylation in tumor samples. Again, IHC of all tumor types and
Western blot analysis of lysates derived from mammary glands,
lungs, and MEF:s failed to reveal any difference in the amounts of
p-Akt between the three genotypes (Figs. 44 and 5 B and D).
Therefore, the severity of cancer phenotypes attributed to
Pten®"**R | Pten®'?°F | and Pten®*= alleles did not correspond to
Akt activation (8, 27, 28). These data indicate that unique func-
tions, beyond Akt activation, distinguish the three mutant alleles
from one another in their ability to instigate cancer development
and progression.

Discussion

Germline PTEN mutations cause a broad array of seemingly
unrelated syndromes, which are collectively called the PTEN
hamartoma tumor syndrome and include BRR and Cowden
syndromes (9). Puzzlingly, certain identical mutations, such as
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R130x and R233x, can result in either Cowden or BRR syn-
drome (29), suggesting that polymorphic heterogeneity strongly
influences disease outcome. Even individuals with Cowden syn-
drome have a wide variation in disease manifestation and in the
penetrance of phenotypes, including cancer predisposition (2, 12,
30). Whether this variability is attributable to gene mutations
that differentially alter the function of Pten protein directly or to
polymorphic variation and/or mutations in genetic modifiers of
PTEN has been a subject of controversy (16).

Mouse modeling of three important mutant alleles of PTEN
identified in patients with Cowden syndrome demonstrates that
nonsense (Pten”*) and missense (Pren’?’" and Pren’?*®) muta-
tions in Pfen display distinct tumor phenotypes in organs targeted by
Cowden syndrome. These functional differences are not manifested
during embryonic development and do not appear to depend on
differential PI-3K-Akt signaling. We have not formally ruled out,
however, the possibility that the timing of Akt activation during
tumor initiation/progression may differ between the three Pren
knockin genetic groups. Nonetheless, it is interesting that phenotypic
differences in human patients with Cowden syndrome also do not
strictly correspond to the level of Akt activation. Rather, the striking
differences in tumor spectrum and severity, with phenotypes in
Pten®F* > Pren®5* >> Pten“?*®* mice, may be partially
accounted for by a gain of function in Pren“?**'* individuals and by
reduced protein stability in Pren“?*®'* individuals. The gain-of-
function phenotypes manifested in Pren“’?**/* mice may be attrib-
utable to the remaining protein phosphatase activity of mutant
protein or to interference of function by mutant protein in protein
complexes. Although further experimentation will be required to
define fully the mechanisms underlying our observations, the in vivo
models we describe provide the physiological and genetic foun-
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dation necessary to unravel this puzzle. In summary, the results
demonstrate that specific germline mutations disrupt PTEN
function by distinct mechanisms that may explain the organ-
selective variability associated with cancer predisposition in
Cowden syndrome. These findings raise the possibility that spe-
cific somatic alterations, whether genetic or epigenetic, in PTEN
will also have a differential impact on sporadic cancers that
develop in patients who do not have Cowden syndrome. We
believe that the genotype-phenotype relations revealed here may
be used to guide more effective and personalized targeted
therapies for cancer patients with PTEN mutations.

Methods

Pten<'?4R™* and Pten®"?9* knockin mice were generated using a standard

homologous recombination approach. Isolation of primary MEFs from E13.5
embryos, retroviral infections, and cell culture conditions were done using
standard methods. Pten“®* deletion by cre was confirmed by genotyping of
MEF DNA and Western blot analysis using PTEN antibody. Statistics analyses
were performed for all the data. Detailed methods can be found in S/ Text.
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