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ABSTRACT PtenyMmac11y2 heterozygous mice exhibited
neoplasms in multiple organs including the endometrium, liver,
prostate, gastrointestinal tract, thyroid, and thymus. Loss of the
wild-type allele was detected in neoplasms of the thymus and
liver. Surprisingly, tumors of the gastrointestinal epithelium
developed in association with gut lymphoid tissue. Tumors of the
endometrium, thyroid, prostate, and liver were not associated
with lymphoid tissue and appeared to be highly mitotic. In
addition, these mice have nonneoplastic hyperplasia of lymph
nodes that was caused by an inherited defect in apoptosis
detected in B cells and macrophages. Examination of peripheral
lymphoid tissue including lymphoid aggregates associated with
polyps revealed that the normal organization of B and T cells was
disrupted in heterozygous animals. Taken together, these data
suggest that PTEN is a regulator of apoptosis and proliferation
that behaves as a ‘‘landscaper’’ tumor suppressor in the gut and
a ‘‘gatekeeper’’ tumor suppressor in other organs.

A search for a candidate suppressor of brain, prostate, and breast
tumors led to the discovery of PTENyMMAC1yTEP1 (1–3).
Analysis of various forms of human solid tumors suggests that
PTEN is commonly inactivated during tumor evolution. Biallelic
genetic alteration has been detected in 23–44% of glioblastomas,
35–50% of endometrial cancers, 35% of metastatic prostate
cancers, 43% of malignant melanomas, and 4–6% of breast
cancers (1, 2, 4–14). Mutation of PTEN appears to occur early in
tumor development in endometrial cancer but late in the devel-
opment of glial, prostate, and skin tumors. A broad survey of over
70 tumor cell lines originating from a variety of tissues identified
that 30% had mutations on both alleles (6).

Mutations of PTEN have been documented in over 80% of
kindreds with Cowden’s disease (CD) (15, 16). CD is defined by
the presence of cutaneous benign hamartomatous tumors, and
the penetrance of intestinal polyposis appears to be approxi-
mately 70–85% (17–18). A subset of CD patients also develop
thyroid and breast cancer. Inherited mutations of PTEN are also
seen in most families with Bannayan–Zonana syndrome (19, 20).
Individuals with this syndrome are affected in the first decade and
have many intestinal polyps accompanied by enlarged heads and
developmental delay. Germline frameshift, nonsense, and mis-
sense mutations cluster in exon 5, which contains the phosphatase
domain.

Introduction of PTEN inhibits cell growth in many different
cell lines (21, 22). Maehama and Dixon have shown that PTEN
removes from phosphatidylinositol 3,4,5-triphosphate (PIP3,4,5) a
phosphate from the 3 position of the inositol ring (23). Moreover,

mutated alleles identified from patient specimens that were
expressed as protein and purified from bacteria are deficient for
phospholipid phosphatase activity (24). One protein that is
activated by PIP3,4,5 is the antiapoptotic AKT. Recent evidence
indicates that lack of PTEN in fibroblasts makes them resistant to
several apoptotic stimuli (25). Tumor lines and fibroblasts that are
null for PTEN have elevated levels of PIP3,4,5 and active AKT
when compared with matched cells expressing PTEN (24–26).
Furthermore, introduction of PTEN into breast cancer cell lines
induces apoptosis, which depends on an intact phosphatase
domain and correlates with a down-regulation of AKT (22).
Finally, dominantly active AKT is able to rescue cells from
PTEN-mediated apoptosis (22, 25).

The coding sequence of the mouse homologue of PTEN, Pten,
is identical to the human gene with the exception of a threonine
to serine change at codon 400 (2). To develop a model of tumor
progression in the mouse, we have introduced a deletion of PTEN
into exon 5 that contains the phosphatase domain and is the most
frequently mutated exon in the germline.

METHODS
Gene Targeting. A 129SvyJ genomic bacterial artificial chro-

mosome (BAC) library (Research Genetics, Huntsville, AL) was
screened with the human PTEN cDNA. The targeting vector was
generated by ligating a 59 arm (5.5-kb BglII-BglII fragment
containing exon 4 and part of exon 5) and 39 arm (2.7-kb
BglII-EcoRI fragment) flanking a neomycin resistance cassette
(1.7-kb XhoI-XhoI fragment of pPGK neo bpA) in the vector
pZErO-2.1. Correct targeting in embryonic stem cells resulted in
deletion of gene sequence from the BglII site in exon 5 to the next
BglII site 2.0 kb downstream that was verified with flanking
probes A and B. Loss of heterozygosity analysis made use of
probe B on blots of tumor and normal tissue DNA. Genotyping
postimplantation embryos was performed as described previ-
ously (27). Blastocysts were individually collected in PCR buffer.

Analysis of mRNA. Total RNA was extracted from liver.
Randomly primed cDNA was prepared from each of the tissues
studied. Reverse transcription–PCR (RT-PCR) reactions were
performed with primer pair spanning the entire ORF. The
truncated RT-PCR products were cycle sequenced (Amersham
Pharmacia) for 22 cycles and resolved on 6% polyacrylamide gel
to identify the mutant ORF. For Northern blotting analysis, a
full-length human PTEN probe used and PTPH1 was excised
from HFKAB49 (American Type Culture Collection) by using
XbaI and HindIII. Both probes were labeled with [32P]dCTP by
using a primer II kit (Stratagene) and were used sequentially after
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stripping and reprobing a blot containing mRNA from embryos
of 7–17 days gestation (CLONTECH).

Detection of Intestinal Polyps. Mice were euthanized by CO2
inhalation and perfused with PBS containing heparin followed by
10% buffered formalin. The gastrointestinal tract was dissected
out from esophagus to anus and cut along the antimesenteric
border.

Immunohistochemical and Flow Cytometric Analysis. Rabbit
polyclonal antibody MT478 against PTEN was produced by
immunization with 6-His-tagged recombinant PTEN expressed
in Escherichia coli as described. IgG was purified from antisera
using GammaBind G Sepharose (Amersham Pharmacia). Spec-
ificity of the anti-mouse Pten antibody (MT478) was established
by using whole cell lysates in immunoblot analyses.

Paraffin-embedded sections from whole mouse embryos 8 to
16 days postcoitum (Novagen) were deparaffinized and rehy-
drated through xylene and ethanol into PBS. Endogenous per-
oxidase activity was quenched by incubation for 30 min in 0.3%
H2O2 in methanol. After being washed twice with PBS, the
sections were blocked with 5% goat serum plus 2% BSA for 30
min at 37°C and then were incubated with MT478 or preimmune
serum overnight at 4°C by using 8 mgyml IgG each. Immunohis-
tochemical staining was performed according to the manufac-
turer’s instructions with diaminobenzidine by using Vector Lab-
oratories ABC kits. Immunohistochemistry on formalin-fixed
paraffin-embedded adult tissue sections was performed essen-
tially as published (28, 29) by using rat CD45RyB220 rabbit
anti-CD3 (Dako), rat anti-Mac2 (kind gift of J. Thorbecke, New
York University) (30), rabbit anti-Ki67 (gift of J. Gerdes, Mo-
lecular Immunology, Borstel, Germany), rabbit anti-vWF and
mouse anti-desmin (Dako). Biotin-conjugated species-specific
secondary antibodies were used, followed by Avidin-HRP
(Dako). Double color immunohistochemistry was performed as
published (29).

Single-cell suspensions of bone marrow, thymus, spleen, and
lymph nodes were obtained from wild-type and Pten1y2 mice
after CO2 euthanasia. After depletion of mature red blood cells
by hypotonic lysis, cells were placed in ice-cold PBS supple-
mented with 10% heat-inactivated fetal calf serum and
0.1%NaN3 and kept on ice. The cells were stained with appro-
priate combinations of fluorochrome andyor biotin-labeled
monoclonal antibodies (see below) (31), washed, and split into
two sets. One set was washed once with Annexin V buffer (10 mM
HepesyNaOH, pH 7.4y140 mM NaCly2.5 mM CaCl2) and
incubated at room temperature for 15 min with 50 ml buffer
containing 2.5 ml fluorescein isothiocyanate-conjugated recom-
binant Annexin V (PharMingen) and 5 ml propidium iodide (PI)
(Sigma) (50 mgyml), diluted to 400 ml with the same buffer and
analyzed. Live (Annexin V negative, PI negative), early (Annexin
V positive, PI negative) and late (Annexin V positive, PI positive)
apoptotic cells were quantitated. The other set was fixed with a
fluorescence-activated cell sorter lysing solution (Beckton-
Dickinson) for 10 min, washed twice, blocked with 1% human
type AB serum (Sigma), incubated overnight with a mouse
anti-mouse Ki-67 (MIB 5; Immunotech, Westbrook, ME) or a
control negative IgG1 monoclonal antibody and counterstained
with a fluorescein isothiocyanate-conjugated rat anti-mouse
IgG1 antibody (PharMingen). 30,000 lymphoid cells were ana-
lyzed on a five-color FACStar Plus flowcytometer (Beckton
Dickinson) with PI exclusion of dead cells. Fluorochrome-
conjugated antibodies for flow cytometry were: APC-or Pe-anti
B220 (RA3–6B2), Pe- or biotin CD43 (S7), APC-, Pe- or
biotin-Mac-1(M1y70), Pe-CD3 (2C11), APC-CD4, Pe-CD8, bi-
otin-CD90 (Thy-1.2), APC-Avidin (PharMingen), Texas Red-
conjugated goat anti-IgM, Pe-IgD (Southern Biotechnology As-
sociates) and Texas Red-Avidin (Vector Laboratories).

RESULTS
Targeted Disruption of Pten in Mice. To identify the mouse

homologue of human PTEN, a human cDNA clone was used to

probe an arrayed library of mouse genomic BACs. Five clones
were identified, two of which contained the entire Pten gene.
Because the phosphatase domain, which is in exon 5, is frequently
the target of missense and nonsense mutations in humans, we
chose to target this domain for deletion (Fig. 1a).

A 10-kb fragment containing exons 4 and 5 from BAC 455G20
was subcloned into a plasmid vector. A portion of exon 5
containing the phosphatase domain was deleted and replaced
with a neomycin resistance cassette in the same orientation as
Pten. The construct was linearized and electroporated into W9.5
embryonic stem cells. Neomycin-resistant clones were screened
by Southern blot for homologous recombination of the targeting
construct. Of 144 clones tested for recombination, nine clones
generated the expected 5-kb SacI restriction fragment. Analysis
of these clones digested with KpnI and hybridized with a con-
tralateral probe also gave the expected results (data not shown).

Two of the clones were selected for injection into C57BL6yJ
blastocysts and implanted in pseudopregnant females. Seven
chimeras were generated from clone A and three from clone B.
Multiple chimeras from each clone were capable of transmitting
the mutation through the germline (Fig. 1b).

To determine the effect of the exon 5 mutation on Pten
expression, cDNA was prepared from 1y2 and 1y1 samples.
Amplification of the 1y1 cDNA with Pten primers resulted in the
expected band of 1.2 kb, while amplification of the 1y2 cDNA
with the same primers yielded two bands of 1.2 kb and approx-
imately 1 kb (Fig. 1c). Sequence analysis of the truncated product
revealed that exons 4 and 6 were spliced together, deleting all 239
bp of exon 5. The predicted protein product of this aberrant
transcript is expected to contain the first 84 amino acids of Pten
followed by 14 amino acids generated by the frame shift.

Pten Is Essential for Embryonic Development. Heterozygous
mice were crossed against each other and no viable 2y2 progeny
were detected of 54 offspring (P , 0.005, x2) (Table 1). To
determine when development was arrested in the 2y2 mice, we

FIG. 1. Targeted disruption of Pten in mice. (a) Restriction map of
Pten and the targeting construct. Restriction sites are as follows: KpnI
(K), BglII (Bg), SacI (ScI), EcoRI (RI). The targeting construct
contains a cassette of the phosphoglycerate kinase promoter upstream
of the neomycin resistance gene ORF (PGK-NEO), which has re-
placed the BglII fragment containing the phosphatase domain in exon
5. (b) Southern blot of mouse tail DNA digested with SacI and
hybridized with probe B. The samples loaded are the offspring of a
chimera 3 C57BL6 mating. The two lanes on the left have only the
wild-type band while the two lanes on the right have both the wild-type
and mutant bands. (c) RT-PCR analysis of Pten. RNA was prepared
from W9.5 embryonic stem cells and the livers of 1y1 and 1y2
littermates. RNAs were either reverse transcribed (1) or placed in
mock reactions (2), and the entire ORF was amplified with a single
pair of primers. After electrophoresis on a 1% agarose gel and staining
with ethidium bromide, the expected wild-type 1.2-kb band was
detected in all samples subjected to reverse transcription. The sample
from the 1y2 mouse also produced a product just under 1 kb.

1564 Medical Sciences: Podsypanina et al. Proc. Natl. Acad. Sci. USA 96 (1999)



examined embryos at different days of gestation. Although no
morphologically intact 2y2 embryos were found 6.5, 9.5, and
15.5 days postcoitum, four normal-appearing 2y2 blastocysts
were observed at 3.5 days postcoitum. Our method of genotyping
the 3.5- and 6.5-day postcoitum embryos relied on the use of
microsatellites that were reportedly linked to Pten (32). To
establish that D19Mit88 was indeed close to Pten, 174 mice
previously genotyped by Southern blotting were analyzed. From
these mice, only two recombination events were detected indi-
cating a genetic distance of 1–2 cM between Pten and D19Mit88.
Thus the likelihood that all four embryos represented recombi-
nation events is less than (0.02)4 5 1.6 3 1027. Aberrant embryos
were detected at day 6.5. These embryos appeared disorganized
and were apparently undergoing a process of resorption. Their
genotype indicated that the cells were primarily 2y2. Thus,
lethality appeared to occur after implantation but prior to
gestation.

Expression of Pten Protein During Embryonic Development.
Immunohistochemical analysis of mouse embryos (day 8 to day 16
postcoitum) revealed embryonic expression of Pten. As shown in
Fig. 2, embryos at days 8, 9, and 10 express little but detectable
Pten protein relative to the placenta. Expression became more
pronounced by day 11. Similar or slightly higher levels of immu-
nohistochemical staining for Pten were found in embryos at days
13–16, with prominent expression detected in the dorsal portion
of the mantle layer of spinal cord, heart, and epidermis, but with
general expression in a variety of tissues. Preimmune serum and
anti-Pten serum incubated with purified Pten did not stain mouse
tissues. The expression pattern was consistent with the results of
Northern blot analysis. Pten mRNA expression of a 6.5-kb
transcript was low on day 7 and was expressed at higher levels on
day 11, 15, and 17 embryos. In contrast, the level of the 2.5-kB
transcript of Pten was constant and the transcript of PTPH1 was
highest on day 7 and plateaued on day 11 (data not shown).

Pten Heterozygotes and Neoplasia of Multiple Organs. Serial
sections of the testes, prostate, brain, and thyroid were examined
for 20 heterozygotes and four control littermates at a young age
(ages 6–22 weeks, average 12.1 weeks). Follicular or papillary
noninvasive neoplasia of the thyroid was found in three of the 20
mice (Fig. 3a). An additional three mice had atypical epithelial
changes in the thyroid. Prostatic intraepithelial neoplasia was
detected in three of the eight males and was seen in a setting of
hyperplasia (Fig. 3 d–f). An additional three mice had foci of
benign epithelial hyperplasia in the prostate. No brain or testic-
ular lesions were found. To examine whether the cell cycle was
disturbed in these lesions, we performed immunohistochemistry
by using the antibody for Ki-67, which detects cells that are in G1,
S, G2, or M but not G0 phase. Increased levels of staining were
noted in the neoplastic epithelium of the thyroid and the hyper-
plastic epithelium of the prostate (Fig. 3 b and e). Stained cells
detected positive mitoses at a distance from the basement mem-
brane. Only occasional staining was detected in wild-type control
tissue. Analysis of 129SvJyC57B6 chimeras revealed the presence
of prostatic and thyroid abnormalities as well.

We observed consistent changes in the endometrium (Fig. 3
g–i). One hundred percent (20y20) of heterozygous females of

which two were pregnant had multifocal endometrial complex
atypical hyperplasia, a lesion thought to be the precursor of
endometrial carcinoma in humans (age ranging from 18 to 39
weeks; mean 26.8 weeks). The uteri of wild-type littermates
showed diffuse simple hyperplasia in three cases (3y12) and a
single focus of complex atypical hyperplasia in one 33-week-old
case (1y12) (age ranging from 7–48 weeks; mean 27.5 weeks).

In a group of older mice ranging in age from 20–56 weeks, 12%
(30y256) of heterozygous mice died or were sacrificed because of
morbidity (Fig. 3j). During this period, only one wild-type litter-
mate (1y231) perished for unknown cause. Lymphomas devel-
oped in 7y256 1y2 animals that were clinically sick and pre-
sented with thymic enlargement (5y7), splenomegaly (7y7), and
diffuse microscopic infiltration of all organs by atypical immature
lymphoid cells (7y7) (Fig. 3c). These lymphomas were lympho-
blastic by histology, with high mitotic rate and occasional starry
sky pattern. They were positive for cytoplasmic CD3 and negative
for the B cell marker B220 (n 5 3). All were examined for loss
of heterozygosity of the wild-type allele by Southern blot, which
was detected in 5y7 tumors (Fig. 3k).

Other tumors causing morbidity in 1y2 mice were found as
well. One mouse developed synchronous thyroid carcinoma, liver
adenoma, and poorly differentiated leukemia. Three mice devel-
oped bowel obstructions because of large adenomas of the colon.
Infarction of the uterus was found in three mice, with one uterus
containing a teratoma. Finally, two mice died because of diffuse
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FIG. 2. Immunohistochemical protein expression patterns of
PTEN in developing mouse embryos: day 8 (a, b), day 9 (c), day 10 (d),
day 11 (e), day 13 ( f), day 14 (g), and day 16 (h). In embryos from day
8 through approximately day 10, PTEN expression was minimal in
tissues such as yolk sac (YS), neural tube (NT), somite (S), amnion (A),
body wall (BW), optic vesicle (OV), and embryonic gut (G), yet was
routinely positive in placenta (P) (a–d). From day 11, embryos
expressed PTEN widely at moderate levels, including in lung (L),
muscle (M), cartilage (C), vertebral body (VB), rib cartilage primor-
dium (R), and marginal layer of the spinal cord (SC-M); enhanced
expression was observed in heart (H), dorsal mantle layer of the spinal
cord (SC-Mt), and epidermis (Ep). i was a day 11 embryo section
stained with preimmune serum. Erythrocytes (E) displayed little or no
staining at any stage. Other structures were brain ventricle (V) and
dorsal aorta (DA). Scale bar 5 1 mm.

Table 1. Genotypic analysis of Pten-mutant matings

Matings

Strain
Day of
analysis

Genotype

(M 3 F) 1y1 1y2 2y2

1y2 3 1y1 B6y129 3 B6y129 Newborn 58 61 0
1y2 3 1y2 B6y129 3 B6y129 Newborn 16 38 0

3.5 2 6 4
6.5 4 7* 3†

9.5 9 11 0
15.5 4 4 0

*Two of these embryos were partially resorbed.
†All of these embryos were partially resorbed.
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lymph node hyperplasia of the neck and axilla that compressed
major vessels.

Pten1y2 Mice Are Predisposed to Intestinal Polyposis. Dur-
ing the examination of the alimentary tract, we noticed that
multiple polyps were present in the large and small intestines of
eight of nine chimeric mice (Fig. 4 a and b). The modal number
of polyps per mouse was six and the range was 0 to 44. The polyps
appeared to frequently cluster together. For example, in three
chimeras multiple polyps were found within the caecum within a
radius of less than a centimeter. In addition, another chimera had
over 40 polyps limited to a 5-cm segment of its jejunum. The size
of the polyps varied considerably, ranging from ,1–6 millimeters.
The only other masses of note were bilateral teratomas of the
testicles in one mouse.

We next examined 17 heterozygotes at ages ranging from 7 to
18 weeks for the presence of polyps, which were found in all
animals. These polyps were fewer in number and tended to be
smaller. All mice had at least one polyp with a range of 1 to 15
and a mode of 2. As seen with the chimeras, multiple polyps
frequently clustered within a single region. In parallel, we also
examined seven wild-type Pten1y1 littermates and one

C57BL6yJ male. All of the mice were examined as above for
evidence of gross alterations, and no polyps were found.

Histologic Analysis of Gastrointestinal Polyps. To better un-
derstand the nature of the polyps, paraffin sections from 47
polyps were stained by hematoxylin and eosin (Fig. 4 e–h). A
variety of morphologies was observed (Table 2). Most were
classified as lymphoid polyps with normal-appearing epithelium
overlaying a nodular aggregate of lymphoid cells with the location
of the aggregate being the only abnormal feature. The second
most frequent type, classified as lymphoid polyps with epithelial

FIG. 3. Histological survey of tissues in Pten1y2 mice. (a) Pap-
illary thyroid carcinoma of 18-week-old Pten1y2 male, hematoxyliny
eosin (3400). (b) Anti-Ki67 stain of the same thyroid carcinoma. (c)
A malignant lymphoma of the kidney of six-month-old Pten1y2 male
(case 87), hematoxylinyeosin (3200). (d and e) Immunohistochemical
analysis of proliferation using anti-Ki67 antibody on prostates of 1y1
(d) and 1y2 (e) mice. Arrow points to mitotic figure (3200). ( f)
Prostatic intraepithelial neoplasia found in 17-week-old Pten1y2
male, hematoxylinyeosin (3400). (g–i) Mouse uteri. (g) Cross-section
of the uterus of the 26-week-old wild-type mouse. Arrow points to the
endometrium. Arrowhead points to the normal gland (340). (h)
Cross-section of the uterus of the 31-week-old heterozygous mouse.
Arrow points to the endometrium. Arrowhead points to the atypical
hyperplastic gland (340). (i) Arrowhead points to a region of complex
atypical hyperplasia in a 29-week-old heterozygous mouse (3100). (j)
Decreased survival of the Pten heterozygous animals. (k) Loss of
heterozygosity of Pten in tumors. Southern blots of normal-tumor
pairs of three independent T-cell lymphomas analyzed with probe B.
DNA was digested with SacI.

FIG. 4. Gross and histological appearance of gut polyps and
lymphoid hyperplasia. (a and b) The gastrointestinal tract was cut
longitudinally along the antimesenteric border and cleaned. Polyps
were visualized by eye and then inspected with a dissecting microscope.
Contrast was enhanced with india ink. (a) A 5-mm polyp (36) at the
colorectal boundary. (b) Two polyps in the jejunum of diameters of 2.5
and ,1 mm (320). (c–e) Clean mouse intestines were rolled and
embedded in paraffin, sectioned, and stained with hematoxylin and
eosin. Arrow indicates luminal side of the lymphoid aggregate. (c)
Lymphoid aggregate in the colon of the wild-type mouse (3100). (d)
Lymphoid aggregate in the small intestine of the wild type (340). (e)
Lymphoid aggregate in the small intestine of the heterozygous mouse
(3100). Note association of polyp growth with the Peyer’s patch. ( f)
A pedunculated polyp of the colon with hyperplasia and a lymphoid
aggregate in the center (340). (g) Hyperplastic polyp of the jejunum
(3100). (h) Retention polyp of the colon (340). (i) Pten1y2 female
with lymphadenopathy of neck and axilla (arrows). (j and k) Paraffin
sections of (j) paracortical and medullary effacement and (k) para-
cortical effacement and follicular hyperplasia of the heterozygous mice
(340).

Table 2. Histological types of the polyps in Pten1y2

Polyp type Number observed

Lymphoid 23
Mixed lymphoid–hyperplastic 12
Mixed lymphoid–inflammatory 1
Mixed lymphoid–dysplastic 4
Mixed dysplastic–inflammatory 2
Hyperplastic 1
Dysplastic 2
RetentionyJuvenile 2
Total 47
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hyperplasia, was similar in morphology with the exception of the
epithelium, which was hyperplastic. Two more polyps were clas-
sified as retention or juvenile polyps. In addition, a total of five
polyps had elements of epithelial dysplasia, which indicates a
potential for progression to a carcinoma. Normal lymphoid
aggregates of the intestines of wild-type mice were associated with
regions of flattened epithelium and crypts (Fig. 4 c and d).

Lymph Node Hyperplasia. Beginning at 20 weeks of age, we
noticed large nodal masses in the neck and axilla of the heterozy-
gous mice (Fig. 4i). By 50 weeks of age, all of the female mice and
45% of the male mice had similar lesions (Fig. 5a). These masses
reached morbid size in some of the animals, and they were
sacrificed. Histological analysis revealed multiple macroscopi-
cally enlarged lymph nodes and diffuse microscopical alterations
of nonenlarged lymph nodes (submandibular. cervical . axil-
lary . mesenteric) and splenomegaly (Fig. 4 j and k). Morpho-
logic, immunohistologic, and flow cytometric analysis showed
expansion of the interfollicular areas and medullary cords and
residual follicular and paracortical hyperplasia composed of B, T,
macrophage, and fibroblast cells with no evidence of clonal
expansion. Abnormal lymphoid aggregates were also occasionally
noted in the kidney and lung.

To determine whether the abnormal accumulation of cells of
different lineages could be due to an inherited defect in prolif-
eration, we compared healthy 4-week-old 1y2 and 1y1 litter-
mates. Cells of the thymus, lymph nodes, spleen, and bone
marrow were collected. A cell cycle-specific antibody, Ki-67, was

used in combination with antibodies to lineage-specific markers
(B220, CD4, CD8, Mac1, CD90, CD43, m, d). No difference
between the control and heterozygous population was observed
in terms of lineage differentiation and proliferation (Fig. 5c). The
same series of markers was used in conjunction with Annexin V
to measure steady-state levels of apoptosis (Fig. 5b). Levels of
Annexin V positive cells were generally lower in heterozygous B
cells and macrophages. Differences in Annexin V binding were
most significant in the bone marrow (P , 0.05; P , 0.01). These
data suggest that 1y2 mice have a deficiency in B cell and
macrophage apoptosis. No difference in Annexin V binding was
seen in T cell populations, which was consistent with the obser-
vation that thymus weight and microscopic morphology were
indistinguishable between 1y1 and 1y2 animals (not shown).

Abnormalities of Lymphoid Tissue Architecture. The repeated
observation of lymph node hyperplasia and lymphoid polyps led
us to examine in situ the immune architecture of lymphoid tissue.
Wild-type and heterozygous nodes and aggregates were stained
for the T cell marker CD3 and the B cell marker B220. As
expected, discrete B cell and T cell zones were found in the
wild-type nodes and gut aggregates (Fig. 5 d and f). On the other
hand, the staining pattern seen in 1y2 animals was quite
different. In the hyperplastic lymph nodes and aggregates, fol-
licular organization was blurred with mixing of the B and T cell
regions (Fig. 5 e and g). This mixing was accompanied by erosion
of the follicles by Mac-21 macrophages and desmin1 fibroblasts,
invasion of the germinal centers by T (CD3) lymphocytes, and
fragmentation of germinal centers. This process involved to
various extents all lymphoid tissues, including lymphoid aggre-
gates associated with polyps. No evidence of a proliferative
abnormality could be detected in the hyperplastic nodes (Ki-67).

DISCUSSION
The heterozygous mutation of Pten predisposes mice to a variety
of different tumors. Lymphomas, dysplastic intestinal polyps,
endometrial complex atypical hyperplasia, prostatic intraepithe-
lial neoplasia, and thyroid neoplasms were each identified at least
twice. Moreover, consistent with the model that Pten is a tumor
suppressor, loss of the wild-type allele was frequently observed in
mouse lymphomas. In humans, mutations of PTEN are found in
all of these neoplasias. These data suggest that PTEN1y2 mice
will be a useful model system for the study of endometrial,
prostate, and thyroid cancer.

Some human cancers associated with PTEN mutations, includ-
ing neoplasia of the skin, breast, and brain are notably absent
from the mice. Another discrepancy between germ-line muta-
tions of PTEN in humans and mice is that we observed no clear
examples of hamartomas. For instance, the tumors of the intestine
did not exhibit any evidence of abnormalities of the organization
of muscle or neural cells that are typically found in human gut
hamartomas with PTEN mutations. Tumors of many tissues
(lymphoma, thyroid, prostate, endometrium) were solely com-
posed of a single cell type. Furthermore, in all tumor-bearing
organ sites the mice seem to be predisposed to the development
of malignant-appearing cells with evidence of dysplasia, a high
mitotic index, and cell proliferation (Ki-67). In the case of the
epithelial tumors, the cytologic hallmarks of carcinoma were
detected frequently, but invasion of the basement membrane was
rarely noted.

A startling phenotype is the lymphadenopathy because of
lymph node hyperplasia seen in female and male heterozygotes.
Based on the results of Annexin V binding, we propose that the
Pten1y2 mice have an inherited deficit in the apoptosis of
constituent cells of the lymph node. This defect leads to the
gradual accumulation of cells that have undergone insufficient
selection and are therefore unable to maintain lymphoid archi-
tecture. The phenotype is strongly affected by the sex of the
mouse, which may reflect sexual differences in the regulation of
Pten or apoptosis. Whether Pten1y2 mice have compromised
immune function remains to be tested.

FIG. 5. Analysis of lymphoid abnormalities in Pten heterozygous
mice. (a) Penetrance of the lymph node hyperplasia in different age
and sex groups of Pten1y2 mice (82 females, 86 males studied). (b and
c) Flow cytometric analysis of cells from four lymphoid organs. Cells
from three wild-type and three heterozygous animals labeled with
various surface markers as indicated on the horizontal axis and then
labeled with either annexin V antibody (b) or Ki67 antibody (c). One
asterisk indicates P , 0.05, two asterisks indicate P , 0.01. (d–g)
Immunohistochemical analysis of lymph nodes and lymphoid aggre-
gates of the gut of the wild-type and heterozygous animals. CD3-
positive cells appear brown and B220-positive cells appear blue.
Arrows point to the lumen side of the intestinal wall. Arrowheads point
to the germinal centers. (d and e) Lymph node of the wild-type (d) and
heterozygous (e) mouse. ( f and g) Colonic lymphoid aggregates of the
wild-type ( f) and heterozygous (g) mice.
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The aberrations of the immune system that have been observed
in Pten1y2 mice are reminiscent of phenotypes seen in mice that
are deficient for Fas signaling. The lprylpr (a Fas mutant allele)
and Fas2y2 mice have lymphadenopathy and splenomegaly but
normal development of thymocytes (33). Given the deficit in
apoptosis that we have observed in B cells and macrophages and
the observation that Pten2y2 fibroblasts are resistant to apo-
ptotic stimuli, it is possible that the hyperplasia may be the result
of a deficit in Fas signaling (25).

Tumors of the intestine appear to exhibit a consistent pattern
of development that differs substantially from the development of
intestinal tumors in Apc1y2 and Smad22y2 mice (34, 35). The
smallest, earliest, and most frequent polyps detected in the
Pten1y2 mice were pedunculated or flat but always associated
with a lymphoid aggregate. Lymphoid aggregates are a normal
feature of the colon and small intestine, which are located in the
interstitial space between the epithelium and muscularis propria
and induce a specialized epithelium, in which the crypts or villi are
flattened, for the presentation of antigen to lymphoid nodules
(36, 37). Particularly large aggregates are found in the normal
small intestine and are known as Peyer’s patches. In Pten1y2
mice, the lymphoid aggregates display abnormalities in the dis-
tribution of B and T cells. We propose that the most likely
explanation for the development of tumors at these sites is that
the abnormal aggregates are sending improper signals to the
overlying epithelium inducing it to grow. Alternatively, the simple
lymphoid polyps may create an environment prone to mechanical
injury that is a nidus for hyperproliferation. Both of these models
are consistent with the notion that Pten behaves as a ‘‘landscaper’’
in the colon (38). In fact, the principle of inflammatory cells
establishing an environment for epithelial neoplasia in the colon
has precedent in ulcerative colitis and Crohn’s disease. Another
possibility is that the epithelium itself induces the formation of the
lymphoid aggregate. This possibility seems unlikely. Disturbances
of immunologic homeostasis occur throughout the mouse; no
increase in the number of aggregates was found in the colon, and
the lymphoid organization of B and T cells is abnormal. All of
these data suggest that the lymphoid tissue in the gut is unable to
create a normal lymphoid nodule, which in turn leads to epithelial
transformation.

The results presented in this paper differ to some extent from
the results of Pten1y2 mice reported by others (39, 40). The
lethality in our mice occurs by 6.5 days, whereas it occurs later in
the other mice. In addition, Di Cristofano et al. have seen frequent
alterations of the skin and testes that have not been observed in
our hands. On the other hand, the lymph node hyperplasia and
the complex atypical hyperplasia of the uterus have not been
reported by others. Furthermore, the other groups did not
observe the close relationship between lymphoid aggregates and
tumors of the intestine. The discrepancies of these papers may be
due to differences in genetic background. An alternative expla-
nation is that each group has engineered a unique mutation, each
of which may be displaying varying hypomorphic or dominant-
negative properties. Finally, the lymphoid hyperplasia that we
have detected may reflect an abnormal response to an uniden-
tified pathogen that is unique to our colony, although no viral,
bacterial, or parasitic agent is detected by routine surveillance.

The data demonstrated in this paper suggest that Pten is a
potent tumor suppressor in mice and humans. Furthermore, the
mechanism of tumor suppression may function at the level of the
cell in certain tissues and the organ microenvironment in others.
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