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Several mouse models of human prostate cancer were
studied to identify and characterize potential precur-
sor lesions containing foci of atypical epithelial cells.
These lesions exhibit a sequence of changes suggest-
ing progressive evolution toward malignancy. Based
on these observations, a grading system is proposed
to classify prostatic intraepithelial neoplasia (PIN) in
genetically engineered mice (GEM). Four grades of
GEM PIN are proposed based on their architecture,
differentiation pattern, and degree of cytological
atypia. PIN I lesions have one or two layers of atypical
cells. PIN II has two or more layers of atypical cells.
PIN III has large, pleomorphic nuclei with prominent
nucleoli and the cells tend to involve the entire lumen
with expansion of the duct outlines. PIN IV lesions
contain atypical cells that fill the lumen and bulge
focally into, and frequently compromise, the fibro-
muscular sheath. Within the same cohorts, the lower
grade PINs first appear earlier than the higher grades.
Morphometric and immunohistochemical analyses
confirm progressive change. Although the malignant
potential of PIN IV in mice has not been proven, GEM
PIN is similar to human PIN. This PIN classification
system is a first step toward a systematic evaluation of
the biological potential of these lesions in GEM. (Am
J Pathol 2002, 161:727–735)

The frequency of prostate cancer has been increasing.1

Afflicting 10% of men older than the age of 65, it repre-
sents the most frequently diagnosed cancer in American
men, with an even higher incidence in the African-Amer-

ican population. Many investigators have tried to identify
prognostic markers that distinguish indolent versus ag-
gressive forms of prostate cancer, and to understand the
genetic factors that evoke prostate cancer initiation and
progression.2 Animal models have been developed to
study the potential relationship of molecular mechanisms
and clinical progression.3–5 The earlier models included
xenograph and hormone induction models.3,6,7 Recently,
transgenic and knockout models have become avail-
able.3–5,8 The most widely used models involve the SV40-
Tag gene behind various types of prostate-targeting pro-
moters.9–17 These models involve a rapidly progressive,
poorly differentiated, and metastatic neoplasm. The early
lesions display varying degrees of epithelial atypia.9–12

The later lesions in some models frequently involve the
entire epithelium. These lesions have been characterized
and a tentative grading system has been developed
under the heading of prostatic intraepithelial neoplasia
(PIN).18

More recently, other mouse models of human prostate
cancers have been developed using knockouts or trans-
genes other than the SV40-Tag.3 These models develop
a more indolent proliferative disease that rarely
progresses to invasive carcinoma.19 They do, however,
develop a variety of foci with atypical cells that are quite
different from those observed in the SV40-Tag-based
models.

We have studied the intraepithelial lesions occurring in
nine of these models and have observed a continuum of
structural and cytological changes that suggest in-
creased severity and, thus, neoplastic progression. We
have created a system to grade these lesions to assist
others to evaluate their genetically engineered mice
(GEM) models of prostate cancer. We describe and illus-
trate here, using examples from a single model
(Nkx3.1�/� � PTEN�/�), our proposed grading system,
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and the evidence to support progressive change as po-
tentially useful guidelines for other investigators.

Materials and Methods

Prostatic Tissue

All samples were obtained from the University of Califor-
nia, Davis Center for Comparative Medicine Mutant
Mouse Archives. The Mutant Mouse Archives contains a
collection of paraffin blocks and slides cataloged, pro-
cessed, and stored at the Center for Comparative Med-
icine. The samples were sent by our various collaborators
either as wet tissues fixed in formalin or an alcohol-based
fixative or as tissue blocks. The largest, most compre-
hensive collection involves studies of Nkx3.1,19 PTEN,20

p2721 and p53 and hybrid crosses among these four
genotypes. Samples of prostate from H-ras (N. Schreiber-
Agus, unpublished data), Mxi,22 PTEN,20 p53 mutant,
FGF823 and PyV-mT24mice were also available for exam-
ination. For consistency, we are illustrating the criteria
using a single model system, the Nkx3.1�/� � PTEN
�/� mice.25

Whole Mounts

Whole mounts illustrated here were fresh dissections of
mouse prostate were photographed using an Olympus
S2410 steromicroscope and photo-controller (Melville,
NY); images were input using a Kodak RFS 2035 (Roch-
ester, NY) slide scanner and composited in Adobe Pho-
toshop 6.0 (San Jose, CA).

Immunohistochemical Staining

Immunohistochemistry was performed on 4-�m paraffin
sections mounted on Superfrost/Plus slides (Fisher Sci-
entific, Pittsburgh, PA), deparaffinized, and cleared. En-
dogenous peroxidase was blocked in a solution of 3%
hydrogen peroxide (H2O2) in methanol. Antigen retrieval
was performed by high-temperature (microwave) incuba-
tion in 0.01 mol/L of citric acid buffer (pH 6.0) for 3 � 4
minutes. Slides were cooled for 10 minutes in citric acid
buffer then transferred to phosphate-buffered saline (pH
7.4). The sections were incubated 20 minutes in a humid-
ified chamber in 10% normal horse serum (Vector Labo-
ratories, Burlingame, CA). Slides were incubated in pri-
mary antibody solution and were incubated in a
humidified chamber overnight at room temperature. Con-
trol slides were run without primary antibody. Immunohis-
tochemistry for smooth muscle actin (SMA) was per-
formed using a 1:1000 diluted mouse monoclonal
primary antibody (A2537; Sigma, St. Louis, MO). The
Animal Research Kit (DAKO, Carpinteria, CA) with per-
oxidase was used as amplification system according to
manufacturer’s instructions. The slides were stained for
cytokeratin (CK) 8 and CK14 using 1:200 diluted poly-
clonal sheep primary antibody (PH182 and PH503; Bind-
ing Site, San Diego CA), E-cadherin 1:800 (c20820,
Trand.), laminin 1:1000 (L9393, Sigma), Ki67 1:1800
(CLKi67, Novocastro, Newcastle, UK), androgen recep-
tor 1:1000(06-686; Upstate Biotechnologies, Lake Placid,

NY) were incubated as above. The Vectastain ABC Elite
Kit (Vector Laboratories) was used as amplification sys-
tem according to manufacturer’s instructions. Slides were
counterstained in Mayer’s hematoxylin, dehydrated,
cleared, and coverslipped.

Morphometrics

Appropriate paraffin sections containing normal as well
as abnormal prostate were stained for DNA using the
standard Feulgen protocol.26 Areas of interest were se-
lected to exemplify the four grades of PIN, normal pros-
tate luminal cells or normal lymphocytes. Images of area
of interest were captured at �40 using an Olympus BX45
microscope (Olympus, Melville, NY) equipped with a
DVC digital color 1300C camera (DVC, Austin, TX) at a
resolution of 1300 � 1030 pixels and 10 bits per color.
Total samples of 329 normal, 205 PIN I, 305 PIN II, 220
PIN III, and 162 PIN IV nuclei were used. The images
were acquired into Photoshop with the DVC Twain driver
on a PC running Windows NT. The color depth was
lowered from 10 bits/channel to 8 bits/channel for image
analysis. The images were analyzed using Image Pro by
Media Cybernetics (Carlsbad, CA). The selected areas of
interest nuclei were measured for nuclear area, mean
nuclear density, and the integrated optical density. The
raw data were exported to Excel (Microsoft, Seattle, WA)
for mathematical and statistical analysis. The relative
DNA content was determined by multiplying the inte-
grated optical density by the square root of the nuclear
area26 and all values were plotted using Excel’s histo-
gram function.

Results

Atypical Hyperplasia

Many mice, including some elderly wild-type male con-
trols, have increased numbers of prostatic epithelial cells
with scattered cells that have enlarged, hyperchromatic
nuclei. However, they generally do not have the abundant
cytoplasm and other cytoplasmic changes described be-
low. Further, the scattered atypical cells do not stand out
from the general population as discrete foci. These
changes are referred to here as hyperplasia, with atypia
or atypical hyperplasia.

Prostate Intraepithelial Neoplasia (PIN)

Focal atypical lesions of the prostatic epithelium have
been described in several models. As indicated, we have
either developed or have access to at least nine mouse
models of human prostate neoplasia and have studied
others in slide sets developed for meeting workshops.
These models include knockouts or transgenic mice from
ras, Mxi, PTEN, p53 mutant, FGF8, and PyV-mT. Since
detailed descriptions of some of these models are not yet
published, we have chosen to illustrate the proposed
criteria for GEM PIN using a single model system that we
have thoroughly studied, the Nkx3.1�/� � PTEN�/�
mutant mice.25 These mice progress to a relatively more
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severe phenotype that has been described and illus-
trated in some detail.25

Whole Mounts

Stained or unstained whole mount preparations can be
used to visualize and enumerate the atypical lesions in
the mouse prostate. Whole mounts of mice with PIN dem-
onstrate small masses scattered in the different lobes
(Figure 1). These masses varied in size. Microscopic
examination verified that these masses were PIN lesions.

Description of PIN

Foci of atypical cells were found in the prostatic lobes.
However, in the models studied here, they were concen-
trated in the ducts of the coagulating gland and dorso-
lateral glands. The foci varied in the number of cell layers,
the degree and pattern of atypia, and the relation to the
fibromuscular stroma. The younger mice generally had
fewer and less severe atypia. The low-grade lesions in
younger mice did not necessarily occur in the context of
more severe lesions. In contrast, prostate ducts with
more severe atypia inevitably had less severe lesions.
These observations implied a morphological continuum
between the less and the more severe lesions. For the
purpose of future studies, the lesions were classified into
discrete classes fitting the criteria described below.

PIN I

Relatively small foci with one or two layers of atypical
cells. The fibromuscular stroma is intact and the duct

profile is undisturbed. The cells are generally more co-
lumnar, larger, and taller than adjacent normal cells. They
have abundant pale cytoplasm with hyperchromatic but
minimally pleomorphic nuclei (Figure 2, A and B).

PIN II

Larger foci with two or more layers of atypical cells that
do not fill the lumen. The fibromuscular sheath is intact
and the duct profile is undisturbed. The epithelial cells
may have papillary, cribriform, or tufting patterns. The
atypical cells are tall columnar with abundant pale pink
cytoplasm with increasing but not severe nuclear pleo-
morphism and hyperchromasia. Increasing proportions
of nuclei are larger and have vesicular chromatin patterns
(Figure 2, C and D).

PIN III

The foci of atypical cells fill, or almost fill, the lumen of
the ducts. The diameter of the glands may be enlarged
but the fibromuscular sheath is present and the gland
outline is smooth. The epithelial cells may have papillary,
cribriform, or tufting patterns that are frequently associ-
ated with small intraepithelial blood vessels. PIN III le-
sions may extend along the duct to involve adjacent
ducts. The atypical cells are frequently poorly oriented
with abundant relatively pale cytoplasm with increasingly
severe nuclear pleomorphism and hyperchromasia. The
nuclear to cytoplasmic ratio is inverted. Mitotic figures are
present. Variable host responses are present with some
inflammation and foamy macrophages (Figure 2, E and F).

PIN IV

The foci of atypical cells fill the lumen of the ducts. The
profiles of the ducts are distorted and irregular with bulg-
ing profiles. The fibromuscular sheath is irregular or ab-
sent in most areas. However, the epithelium continues to
be surrounded by a layer of laminin. The epithelial cells
may have solid, cribriform, or tufting patterns that are
associated with small intraepithelial blood vessels. Cen-
tral necrosis may also be present. PIN IV level lesions
extend along the duct to involve adjacent ducts. The
atypical cells are poorly oriented with abundant pale
cytoplasm and with increasingly severe nuclear pleomor-
phism and hyperchromasia. The nuclear to cytoplasmic
ratio is inverted. Mitotic figures are present. Host inflam-
matory responses are marked with lymphocytes and
macrophages (Figure 2, G and H).

Immunohistochemistry

The patterns of the immunohistochemical stains varied
with the grade of PIN suggesting progressive cytoplas-
mic change.

SMA (Figure 3A)

The SMA stain was most intense in the continuous
fibromuscular layer surrounding the normal ducts. The
staining was variable but continuous around areas with
PIN I, II, or III lesions but became discontinuous or absent

Figure 1. Whole mounts showing examples of dissected, unfixed, and un-
stained coagulating glands from a normal prostate from a 23-week-old GEM
Nkx3.1�/� � PTEN�/� male (A) and a 23-week-old GEM Nkx3.1�/� �
PTEN�/� male with nodular foci of PIN (B). Note the dark masses in B
(arrows) that show the areas of cellular proliferation. The bulging profiles of
the foci are consistent with GEM PIN III or IV. This type of visualization
provides information about the number and volume of the lesions.
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Figure 3. A panel of images from Nkx3.1�/� � PTEN�/� mice illustrating the immunohistochemical distribution of SMA (A), laminin (B), CK8 (C), CK14 (D),
E-cadherin (E), and androgen receptors (F) in normal and PIN. The SMA (A) and laminin (B) are discontinuous or missing (A, arrows) around PIN IV lesions.
The CK8 (C) is highly expressed in PIN III and PIN IV (C) with a displacement of the stain from the basolateral membranes in normal cell to a diffuse cytoplasmic
stain in PIN III and IV. E-cadherin is also up-regulated in the higher grade PIN (E). The basal cells are identified by anti-CK14 (D). Note that they are increased
in PIN lesions. Androgen receptors are also prominent in PIN (F).

Figure 2. A panel of H&E-stained slides from a Nkx3.1�/� � PTEN�/� mouse with low-magnification images (A, C, E, and G) and higher magnification images
(B, D, F, and H) illustrating the histological and cytological patterns of PIN I (A and B), PIN II (C and D), PIN III (E and F), and PIN IV (G and H). These images
show the details of the criteria for each grade described in the text. Scale bars document the magnification (G and H).
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around PIN IV lesions. In addition, SMA identified small
intraepithelial blood vessels in PIN III and PIN IV lesions.

Laminin (Figure 3B)

Basement membrane as identified by laminin staining
was present around normal ducts and all grades of PIN
but tended to be fragmented around PIN IV lesions.

CK8 (Figure 3C)

The luminal cells of the normal prostate had weak mem-
brane stains with the anti-CK8 antibodies. All of the PIN cells
had a much stronger, cytoplasmic CK8 stain. The intensity of
the CK8 stain permitted the rapid identification of atypical foci.

CK14 (Figure 3D)

The basal cells are relatively sparse in the normal
mouse prostate but can be identified by thin elongated,
CK14-positive strands of cytoplasm. The CK14-positive
basal cells did not increase in PIN I but were increased in
number and size in all higher grades. The CD14-positive
cells became haphazardly arranged in the PIN IV lesions
that bulged into the stroma.

E-Cadherin (Figure 3E)

The luminal cells of the normal prostate reacted weakly
along the lateral membranes with the anti-E-cadherin
antibody. All PIN cells had a more intense stain. As with
other reactions, the most intense reaction was observed
in the bulging, PIN IV lesions.

Androgen Receptors (Figure 3F)

Many but not all normal cells had a nuclear reaction to
the anti-androgen receptor antibody. In contrast, all PIN
cells were strongly positive for androgen receptor. The
nuclei with an open vesicular chromatin had the strongest
reaction.

Ki-67

No Ki-67-positive cells were identified in the normal
prostate cells (data not shown). This is consistent with the
low-proliferative index of the normal mouse prostate.
Scattered Ki-67-positive cells were found in PIN I and PIN
II lesions. In contrast, eight to nine cells per high-pow-
ered field were Ki-67-positive in PIN III and PIN IV lesions,
consistent with the observed increase in mitotic figures.

Morphometric Analysis

A number of measurements of nuclear morphology and
DNA content were taken from the same slides that are
used to illustrate PIN in this manuscript. The goal was to
determine whether the morphometric measurements
could verify and extend our visual interpretations. Be-
cause the interpretation of morphometric differences be-
tween slides is compounded by differences in section
thickness, fixation, stain intensity, and other factors, all
analyses were performed on the same slide. The normal

control values were also taken from morphologically nor-
mal luminal cells on the same slide.

In all cases, the nuclear area (Figure 4A) and the DNA
content (Figure 4B) of normal prostatic epithelium and
PIN I cells were indistinguishable even though the PIN I
cells were larger and had cytoplasmic immunohisto-
chemistry stains that identified them as atypical. The
nuclear area of PIN II cells had distinctive bimodal peaks.
The first peak had basically the same area as the PIN I
and normal cells. The second peak and its extension had
areas covered by the majority of the cells in the PIN IV
population. PIN III also exhibited two peaks of nuclear
area. The nuclear area of PIN IV cells was distinctly
shifted to the right with the majority of cells having a
nuclear area well outside the normal range. The range of
nuclear area of the PIN IV cells matched those of adeno-
carcinoma (data not shown).

The DNA content, adjusted for nuclear area, exhibited
similar properties with the PIN I and normal cells having
similar DNA content with PIN II, PIN III, and PIN IV having
increasing DNA content, well outside the range of normal.

Figure 4. Graphs representing the results of the morphometric analysis of
DNA content (A) and nuclear size (B). The DNA content is normalized for
relative area using Bins formula.26 Note that normal, PIN I, and PIN II have
relatively similar nuclear size and DNA content. Also note that the relative
DNA increases with the grade of PIN (A). The nuclear size also increases with
the PIN grade (B). This analysis confirms the visual impressions and suggests
that the grading system is consistent with the changes in the nuclear size and
DNA content.
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Biological Evolution

Because the atypical foci are only sporadically associ-
ated with invasion, biological progression to malignancy
is difficult to document. However, it was noted that the
lesions in younger animals in these cohorts of animals are
first associated with hyperplasia with scattered atypical
cells. The smaller PIN I and PIN II lesions appear in the
prostates of younger at-risk mice before the first PIN III or
PIN IV lesions appear. The PIN III and PIN IV lesions
rarely appear in animals that do not have PIN I or PIN II
lesions (Figure 5).

An analysis of the GEM PIN kinetics from a single 43
animal cohort of Nkx3.1�/� � PTEN�/� males is shown
in Figure 5. Young mice (�3 months) had few PIN lesions
(n � 7). Note that in this example all of the mice had
abnormalities of their prostate after 6 months of age (n �
14). By 9 months of age (n � 17), an increasing percent-
age of the prostates had PIN III and PIN IV and at 12
months of age (n � 5), all of the samples from the cohort
had at least PIN III. This cohort has been previously
presented in the context of a larger experimental
group.25

Discussion

PIN is thought to be a precursor to invasive carcinoma in
humans because it is strongly associated with the malig-

nant disease.27,28 Evidence linking PIN to cancer is sev-
eral fold. First, PIN lesions are primarily found in the
peripheral zone, in proximity to the invasive carcinoma.29

Second, the appearance of high-grade PIN lesions gen-
erally precedes the appearance of carcinoma by at least
10 years, consistent with the concept of neoplastic pro-
gression.30 Third, allelic imbalance analysis has shown
that PIN lesions are oligoclonal and multifocal. Moreover,
the chromosomal abnormalities found in PIN resemble
those found in early invasive carcinoma, although they
are less prevalent.31,32 Fourth, the architectural and cy-
tological features of PIN resemble those of invasive car-
cinoma, including the progressive loss of the basal cell
layer.33 The basement membrane is normally intact in
PIN and in well-differentiated adenocarcinoma.

The purpose of this study is to define a set of criteria for
classifying GEM PIN in those GEM models of human
prostate cancer that are not related to the SV40-Tag. We
emphasize that the criteria illustrated here using one
model can, in our experience, be applied to similar pros-
tatic lesions in a wide variety of non-SV40-Tag mouse
models. We further suggest these recommended criteria
be tested in all non-SV40-Tag models.

Potential precursor lesions for the SV40-Tag models
have been previously described.9–12,18 The criteria pre-
sented here are based on our studies of more than nine
GEM models that included Nkx3.1�/�, Nkx3.1�/�,
PTEN�/�, p27�/�, p53�/�, and hybrid crosses among
these five genotypes. Samples of prostate from H-ras,

Figure 5. Histograms representing the relative proportions of diffuse atypical hyperplasia (AH) and PIN I to PIN IV in a single cohort of 43 Nkx3.1�/� �
PTEN�/� males sacrificed at different ages. Note the relative increases in the higher grade PIN with age.
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p53 mutant, FGF8, and PyV-mT mice were also available
for examination. In addition, the study slide set assem-
bled for the recent Mouse Models of Human Prostate
Cancer at the Jackson Laboratory was also available for
examination. In our experience, all of the current non-Tag
models present with very similar atypical morphological
lesions. We have, however, chosen to illustrate our crite-
ria using samples from a single model (Nkx3.1�/� �
PTEN�/�) for consistent and reproducible examples.25

The most complete and extensive collection of samples
was available in this model and the Nkx3.1�/� �
PTEN�/� animals displayed the highest number of the
most severe lesions in our collection.

One of the critical issues is that, in contrast to the
SV40-Tag models, the non-Tag models rarely progress to
invasive carcinoma. Without definitive evidence of pro-
gression to invasive behavior, the use of the term PIN
might be questioned. However, the evidence offered
here suggests that these lesions undergo measurable
and progressive changes in their architecture, nuclei,
and cytoplasm. Because these atypical lesions either
express a transgene or are the result of allelic insuffi-
ciency, they must also be regarded as genetically altered
foci. Although the incidence of invasive neoplasms is low,
it is much higher than in the background strains. These
structural and genetic changes suggest that these le-
sions are autonomous new growths, that is, neoplasms.
The current evidence, therefore, supports the notion that
they are compatible with an intraepithelial neoplasm of
the prostate. Thus, the use of the term PIN is justified until
further evidence is accumulated.

If, as suggested here and in the discussion of the
pathology workshop at the Jackson Meeting, GEM PIN is
defined as any foci of atypical cells within the prostate
that have evidence of neoplastic progression, the evi-
dence for neoplastic progression must be explicit. The
atypical foci described here differ from normal in their
morphological appearance, the organization of the nu-
clear and cytoplasmic markers, the amount of cell prolif-
eration, the size of the nuclei, the amount of DNA, and
relationship with the stroma. Further, the atypical
changes fit a morphological, morphometric and chrono-
logical continuum that implies progressive neoplastic
changes. This combination of morphological atypia and
biological progression fulfills the criteria of PIN.

The lack of progression to invasive neoplasia makes it
difficult to prove that the atypical lesions are progressive
or have malignant potential. It is possible, however, that
the environment of the mouse prostate, with its low rate of
proliferation, suppresses progression in all but the most
aggressive models. However, the ultimate documenta-
tion of malignant potential might be transplantation be-
neath the renal capsule allowing progression to malig-
nancy.34 Similar studies have been done to demonstrate
the malignant potential of Nkx3.1�/� � PTEN�/�
cells.35

We have, however, attempted to use and illustrate
another approach to documenting progressive changes
in model systems that have little or no evidence of pro-
gression to invasive disease within the animal. For sim-
plicity of communication, a simplified grading system has

been proposed that correlates with objective morpholog-
ical and cytological changes suggesting progression.
This approach is offered in hope that it might assist others
in their model evaluation, introduce a standard approach,
present a controlled vocabulary, and allow comparisons
with other models. This, in our opinion, is an initial step in
defining rigorous criteria for GEM PIN. As the biological
information evolves, the criteria recommended here may
be modified to more accurately reflect the biology of the
model systems.

The lesions described here are quite different from
those observed by us and by others9–12,15,18 in the SV40-
Tag mice. The PIN lesions in SV40-Tag are much more
diffuse with more compact, hyperchromatic nuclei and an
inverted nuclear/cytoplasmic ratio. The non-Tag PINs
are, in our experience, far less aggressive and have
larger nuclei with a more open, vesicular chromatin and
more abundant cytoplasm. The prominent nucleoli in
these cells are reminiscent of the prominent nucleoli in
human PIN and adenocarcinoma. Like the human dis-
ease the lesions in GEM PIN show evidence of progres-
sive morphological disease suggesting that, under ap-
propriate conditions, they will evolve into malignant
neoplasms. However, in the models described here,
these conditions for full malignancy have not been met.
Because the mouse prostate glands are structurally and
cytologically quite different from the human prostate, it is
not surprising that the neoplasms in the two species
would be structurally different. We hope that the descrip-
tion and classification provided here will assist others with
the classification and study of their own GEM models.
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