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Mutations in the phosphatase and tensin homologue
(PTEN)/phosphatidylinositol-3 kinase-a (PI3K) sig-
naling pathway are frequently found in human can-
cer. In addition, Pten*’~ mice develop tumors in mul-
tiple organs because of the activation of the PI3K
signaling cascade. Because activation of PI3K signal-
ing leads to feedback inhibition of insulin receptor
substrate-2 (IRS2) expression, an upstream activator
of PI3K, we therefore anticipated that IRS2 expres-
sion would be low in tumors that lack PTEN. Surpris-
ingly, however, an elevation of IRS2 was often de-
tected in tumor samples in which PTEN levels were
compromised. To determine the potential contribu-
tion of Irs2 to tumor progression, Pten +/~ mice were
crossed with Irs2*/~ mice. Deletion of Irs2 did not
affect the initiation of neoplasia found in Pten*’~
mice but suppressed cancer cell growth, prolifera-
tion, and invasion through the basement membrane.
Deletion of Irs2 also attenuated the expression of Myc
in prostatic intraepithelial neoplasia in Pten™’~ mice.
In addition, the expression levels of IRS2 and MYC
were highly correlated in human prostate cancer, and
IRS2 could stimulate MYC expression in cultured
cells. Our findings provide evidence that the PI3K-
activating adaptor Irs2 contributes to tumor progres-
sion in Pten™’~ mice by stimulating both Myc and

276

DNA synthesis. (4m J Pathol 2009, 174:276-286; DOI:
10.2353/ajpath.2009.080086)

Deregulation of the phosphatidylinositol-3 kinase-a
(PIBK)/PTEN pathway plays a central role in oncogenesis
by stimulating cell proliferation, survival, invasion, and
metastasis. ' PTEN, which acts as a tumor suppressor
by dephosphorylating the product of PI3K (the second
messenger phophatidylinositol-3,4,5-triphosphate; Ptdins-
3-4-5-P3), is inactivated in a wide variety of tumors.?
PIK3CA, which encodes phosphatidylinositol-3 kinase-«,
is also mutated in a large proportion of human cancers.®
Mutation of Pten in mice results in the appearance of
neoplasms in various tissues that are associated with
phosphorylation of Ptdins-3-4-5-P3-dependent AKT ki-
nase in the neoplastic component of the tissue.®~®
Insulin receptor (IR) and the type 1 insulin-like growth
factor receptor (IGF1R) are two of the major regulators of
PI3K signaling in the cell.° On ligand-binding, IR and
IGF1R are autophosphorylated and present docking sites
for the adaptor proteins IRS1 and IRS2 (insulin receptor
substrates), which are phosphorylated by the receptor
tyrosine kinase. The phospho-IRS proteins recruit the
p85a regulatory subunit of PI3K, which activates the
p110« catalytic subunit and generates PtdIns-3-4-5-P3.
As a result, PDK1, AKT1, AKT2, mTOR, and p70 S6
kinase are activated. The importance of downstream
components of the PI3K signaling cascade to Pten™*/~
tumor phenotypes has been demonstrated using either a
hypomorphic mutation of Pdk7 or a null of Akt1, either
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of which substantially ameliorates the Pten™~ tumor
burden.'®!"

It also appears that PTEN mutant tumor phenotypes
are affected by signals upstream of PTEN. For instance,
deletion of Pik3r1, which encodes the inhibitory p85 reg-
ulatory subunit of PISK-«, enhanced tumor formation in
some tissues of Pten*’~ animals."? In human endometrial
tumors, activating mutations of PIKBCA and inactivating
mutations of PTEN often occur together and lead to in-
creased PI3K signaling.”® These data support the idea
that multiple lesions in the same pathway can increase
overall signaling on the PI3K pathway to enhance tumor
formation in some tissues where this is required.

Recently, Dearth and colleagues'* have established
that the PI3K-activating adaptor /RS2 is an oncogene.
IRS2 transformed human MCF10A cells in vitro. Trans-
genic expression of IRS2 in the mouse mammary gland
was highly oncogenic causing multifocal invasive and
metastatic cancers. IRS2 amplification and overexpres-
sion has been observed in multiple forms of human can-
cer.'® '8 Thus, several lines of evidence demonstrate that
IRS2 is a potent oncogene in human and mouse cells.

Activation of the PI3K pathway ultimately leads to feed-
back inhibition by reducing the level of IRS protein.'®722
Thus, when PTEN is down-regulated by either RNAI or
genetic inactivation in experimental tissue culture mod-
els, less IRS2 is expressed.?®2* As one would expect,
stable overexpression of PTEN leads to up-regulation of
IRS2. Contrary to our expectations, we show in this report
that IRS2 protein levels are in many instances up-regu-
lated in tumors in which PTEN is inactivated.

To explore the contribution of an upstream-activating
adaptor of PI3K to tumorigenesis in Pten*™ ™ mice, we
tested the possibility that /Irs2, which encodes a PI3K-
activating adaptor, could contribute to tumor progression
in Pten™~ mice. We found that deletion of Irs2 sup-
pressed the growth, proliferation, and invasion of Pten™’~ -
related neoplasia to varying degrees depending on the
anatomical site. Moreover, by examining mouse and hu-
man tumor cells we showed that IRS2 is required for MYC
up-regulation and is often up-regulated with MYC in can-
cer. Thus, our results demonstrate for the first time that a
stimulatory signaling factor upstream of PI3K plays an
important role in tumor progression driven by heterozy-
gous germline mutation of Pten.

Materials and Methods
Mice

Pten*’~® and Irs2*/~2% mice were bred to generate a
cohort of mice that was heterozygous for Pten and wild
type, heterozygous, or null for Irs2. When mice were
sacrificed because of disease, controls to study the in-
fluence of Irs2 mutation were sacrificed at the same time
for comparison. Because Irs2*/~ mice survived longer
than Irs2~/~ mice, we were able to observe this genotype
longer.

Before sacrifice, mice were routinely given bromode-
oxyuridine (BrdU). The following organs were sampled
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for histological analysis: brain, thyroid, lung, heart, female
breast, lymph nodes, spleen, gastrointestinal tract (after it
was inspected for polyps), liver, pancreas, adrenal
glands, kidneys, bladder, and genital tract. All tissue
samples were fixed in cold (4°C) 10% buffered formalin
for no longer than 24 hours, embedded in paraffin, and
sectioned for histological (hematoxylin and eosin) and
immunohistochemical analyses. In histological evalua-
tions, epithelial tissue adjacent to neoplastic tissue was
discriminated from in situ neoplasia in prostate (PIN),
endometrial in situ neoplasia (EIN), and colon adenomas.
Carcinoma of the prostate (CAP) was defined by the
absence of a basal cell layer around neoplastic glands.?®
Endometrial carcinoma was defined by considering ei-
ther vascular tumor invasion or extension of the neoplas-
tic glands into the myometrium, whereas the criterion for
progression of colon adenoma to carcinoma was its ex-
tension into the colonic submucosa. Squamous cell car-
cinomas of the skin and mammary carcinomas were al-
ways invasive with infiltration of the underlying dermis or
mammary fat. Pheochromocytomas were determined by
the size of the adrenal medulla. The diameter of the
adrenal medulla was divided by that of the adrenal cortex
(M/C ratio). If this M/C ratio was greater than 1 (mean M/C
ratio + SD is 0.50 + 0.14 for Pten*’" male and 0.28 +
0.11 in Pten™* female mice), the adrenal medulla was
considered neoplastic.

Human Prostate Cancer

High-density tissue arrays (Cytokinetics Inc., South San
Francisco, CA) obtained from formalin-fixed, paraffin-em-
bedded specimens contained 96 cases of prostate can-
cer with defined tumor stage and grade. At least two foci
of each case were sampled. Thirty-five samples of be-
nign prostatic hyperplasia or prostate tissue without dis-
ease served as baseline controls for immunohistochem-
ical analysis.

Immunohistochemistry and Fluorescent in Situ
Hybridization (FISH)

Antibodies (Abs) used include anti-IRS2 polyclonal Ab
(1:50; Upstate, Charlottesville, VA), anti-Pten monoclonal
Ab (1:200; Cell Signaling Technology, Danvers, MA), anti-
BrdU monoclonal Ab (1:100; BD Biosciences, San Jose,
CA), anti-phosphoAkt (Ser473) monoclonal Ab (1:100,
Cell Signaling Technology), anti-phosphoS6 (Ser235/
236) ribosomal protein polyclonal Ab (1:50, Cell Signaling
Technology), anti-phospho Erk; , (Thr202/Tyr204) mono-
clonal Ab (1:100, Cell Signaling Technology), anti-Myc
polyclonal Ab (N-262) (1:100; Santa Cruz Biotechnology
Inc., Santa Cruz, CA), anti-E-cadherin monoclonal Ab
(1:100; Calbiochem, San Diego, CA), anti-cytokeratin
monoclonal Abs (AE1/AE3) (1:50; Chemicon Int. Inc.,
Temecula, CA), and anti-p63 monoclonal Ab (1:500, BD
Biosciences). Antigen retrieval in 0.01 mol/L citrate buffer
(pH 6.0) or in 0.01 mol/L ethylenediaminetetraacetic acid
(pH 8.0) for Myc was performed in all cases. Incubation
with the primary Ab was performed overnight at 4°C and



278  Szabolcs et al
AJP January 2009, Vol. 174, No. 1

the target antigen was visualized with the conventional
avidin-biotin-peroxidase system (Vectastain ABC Kkit;
Vector Laboratories, Burlingame, CA) using 3,3'-diami-
nobenzidine as a substrate, yielding a brown reaction
product. Human tissue arrays were stained for IRS2,
PTEN, and MYC protein with the same antibodies used
for mouse tissues. For FISH, the BAC RP11-15018 probe
for IRS2 and LSI 13 SGDNA for Rb were used to detect
copy numbers in tumor cell lines and 24 prostate
carcinomas.?”

Quantitative Tissue Evaluation

The extent of prostatic intraepithelial neoplasia (PIN) was
expressed as the percentage of glandular profiles with
PIN divided by the total number of profiles in the dorso-
lateral lobes of the prostate, whereas extent of EIN was
expressed as the average number of glands altered by
EIN per uterine cross section (at least six cross sections
were averaged per case). The area of the adrenal me-
dullae (M) and cortex (C) was measured by an auto-
mated image analysis system and expressed as M/C
ratio. For each prostatic gland dorsolateral lobe and ad-
renal medulla, the number of BrdU-positive nuclei (ie,
proliferation index), Pten-positive cells, Myc-positive nu-
clei, pErk, ,-positive nuclei, pAkt-positive cells (surface
and nuclear), and pS6-positive cells (cytoplasmic) were
evaluated and expressed as percentage of total cell
number (at least 300 cells were counted). Each sample in
tissue arrays of human prostate cancer was evaluated
semiquantitatively. Scoring for IRS2 was based on its
cytoplasmic distribution whereas for MYC it was based
on the presence of staining in cell nuclei. A score of 0 and
1 represents weak staining in <15% (0) or >15% (1) of
the cells, whereas scores of 2 and 3 represent strong
labeling in <15% (2) or >15% (3) of the cells. Prostate
cancers with PTEN loss occurring in more than 95% of
cancer cells received a score of 2, ie, complete PTEN
loss. If PTEN loss occurred in more than 50% of cancer
cells the score was 1, ie, partial loss, and 0 if more than
50% of cancer cells showed an immunohistochemical
signal for PTEN.

Luciferase Reporter Assays

For transfection, 293 cells were plated for 24 hours in
six-well plates (5 X 10° cells per well). ExGen 500 (MBI
Fermentas, Glen Burnie, MD) was used as a transfection
reagent. Each reaction included 250 ng of the TRAIL
luciferase reporter (obtained from J. Millbrant of Wash-
ington University, St. Louis, Missouri), 100 ng of the TK
Renilla control reporter (Promega, Madison, WI), and ad-
ditional plasmids as indicated.?® The pCEP4-PTEN vector
was described previously.?® Reporter assays were done
48 hours after transfection using a dual luciferase assay
system (Promega). Firefly luciferase activities were nor-
malized using the corresponding Renilla luciferase stan-
dard. Transfections were performed in triplicate.

Transfections, Lysate Preparation, and Western
Blotting

All cell lines were obtained from American Tissue Culture
Collection (Manassas, VA) and grown as recommended.
MCF10A cells were transfected using electroporation by
nucleofection (Amaxa Biosystems, Gaithersburg, MD)
with 2 ug of either pPCDNAS or pCDNA3-/RS2 along with
250 ng of eGFP-N1 and 100 nmol/L of each RNAI oli-
gomer. Lysates were prepared 24 hours after transfec-
tion. Electrophoresis and Western analysis of proteins
were performed using antibodies described above.
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Figure 1. 1RS2 is elevated in Pren™ ™ neoplasia of the prostate and uterus

and in tumor cell lines. A: Immunohistochemical analysis of IRS2 protein
expression in human prostate cancer (a), adjacent area of hyperplasia (b),
human endometrial cancer (¢), and adjacent proliferative endometrium (d).
IRS2 expression is increased in cancer relative to nonneoplastic adjacent
epithelium. Basal epithelial cells of the prostate and proliferative endome-
trium show light IRS expression (black arrows). B: Protein lysates were
generated from human tumor cell lines under recommended growth condi-
tions and immunoblots were examined for IRS2 protein and tubulin. IRS2
protein levels varied greatly among lines. IRS2 protein levels were relatively
low in MCF10A (immortal normal breast cell line), MDA-MB-468, BT549, and
LNCaP, and much higher in HCC1143, DBTRG, PC3, and DU145. Cell lines
not shown also had low levels of IRS2 protein. FISH of the lines showed that
HCC1143 and DBTRG had increased copies of the IRS2 gene (red), whereas
DU145 has two copies (arrows). Probing of PC3 also showed normal IRS2
copy number (data not shown). A RB FISH probe (green) was used as a
control because it is also on chromosome 13q. Metaphase spreads are shown
that indicate that HCC1143 has a homogeneously staining region (yellow
arrow) for IRS2 in addition to two other copies (white arrows) and that
DBTRG has at least seven copies of IRS2, five of which are attributable to an
increase in the number of copies of chromosome 13q. PTEN genotypes:
MCF10A wild type (+/+); DU145 heterozygous mutant (+/—); HCC1143
wild type (+/+); MDA-MB-4608, BT549, DBTRG, PC-3, LNCaP both alleles
mutated and/or deleted (—/—). Original magnifications, X400 (A).
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Table 1. Incidence of Invasive Neoplasms in Percent (Absolute Number in Parentheses) of Breast, Skin, Prostate, Endometrium,
and Colon in Pten™’~ Mice
150 to 330 days 150 to 400 days
Study period
Genotype Pten™'~Irs2*/* Pten*'~Irs27/~ Pten*/~Irs2*/+ Pten™'~Irs2*/~
Males (n) 9 9 30 14
Colon cancer 22% (2) 0 7% (2) 0
Prostate cancer 22% (2) 0 20% (6) 29% (4)
Skin cancer 11% (1) 0 10% (3) 0
Females (n) 14 10 20 32
Endometrial carcinoma 7% (1) 0 10% (2) 6% (2)
Skin cancer 14% (2) 0 15% (3) 9% (3)
Breast cancer 21% (3) 0 45% (9) 19% (6)
All animals (n) 23 19 50 46
Incidence for invasive neoplasms’ 43% (10) 0~ 44% (22) 28% (13)

The study period ranged from 150 to 330 days to compare Pten*'"Irs2™/* with Pten*/~Irs27/~ mice and from 150 to 400 days to compare
Pten™!~Irs2™/* with Pten™~Irs2*/~ mice. Pten™"Irs2™* (n = 16) and Pten™/*Irs2~/~ (n = 12) controls never developed any neoplasms.

*P < 0.001 Fisher’s exact test.

TFive mice (one Pten*’~Irs2*/*male, two Pten™~Irs2*/* females, and two Pten*/~Irs2*/~ females) had two invasive neoplasms (ie, prostate and
skin, breast and skin, or endometrial and breast cancer), which were counted as a single event to calculate incidence.

Statistical Analysis

All values were expressed as means * standard errors and
compared statistically (Student’s t-tests). Prevalences of ro-
dent neoplasms or human prostate cancer staining were
compared using Fisher’s exact test or odds ratios.

Results

Irs2 Expression Is Often Up-Regulated in
Prostate and Endometrial Neoplasia in the
Setting of Loss of PTEN

We surveyed IRS2 expression in prostatectomy specimens
of human prostate cancer (n = 16) and curettings of endo-
metrial cancer (n = 17) and found that Irs2 was overex-
pressed relative to neighboring normal epithelium in 5 of 16
cases (31%) of prostate cancer and 7 of 17 (41%) cases of
endometrioid endometrial cancer, in which strong IRS2 la-
beling was most prominent in well-differentiated areas with
glandular differentiation (Figure 1A). Contrary to our expec-
tation that IRS2 expression would be reduced in the setting
of PTEN loss of expression, overexpression of IRS2 was
often seen in the context of loss of PTEN expression in
uterine tumors (P < 0.03) (see Supplemental Figure S1 and
Table S1 at http://ajp.amjpathol.org). To further explore the

Table 2.

relationship between IRS2 and PTEN, we examined IRS2
expression in Pten*’~ PIN (n = 50) and EIN (n = 9). We
found that Irs2 expression either remained unchanged or
was increased relative to neighboring normal epithelium in
samples that we and others have previously shown to have
elevated PI3K signaling (see Supplemental Figure 2 at
http://ajp.amjpathol.org).3°2" The specificity of IRS2 staining
was confirmed using Irs27/~ tissues (data not shown).
Moreover, IRS2 protein levels were increased in immuno-
blots of Pten*’~ mouse liver lysates relative to wild type (see
Supplemental Figure 3 at http.//ajp.amjpathol.org). Elevated
or unchanged IRS2 in a setting of PTEN inactivation is
surprising because activation of PI3K signaling because of
PTEN knockout or knockdown leads to reduced IRS2 ex-
pression in fibroblasts and epithelial cells.?*2* These data
suggest that tumor and other tissues are able to bypass the
feedback down-regulation of IRS2 that occurs when the
PISK pathway is activated.

To further explore this paradox, we screened prostate,
breast, and glioblastoma tumor cell lines for increased ex-
pression of IRS2 because these tumor types frequently
activate the PI3K pathway during tumorigenesis. High lev-
els of IRS2 were found in the breast tumor line HCC1143
(PTEN™™), the glioblastoma line DBTRG (PTEN/"), and
the prostate tumor lines PC3 (PTEN™/") and DU145
(PTEN™7) (Figure 1B). On the other hand, IRS2 expression

Incidence of Preinvasive Neoplasms in Percent (Absolute Number in Parentheses) in Pten™’~ Mice

150 to 330 days

150 to 400 days

Study period

Genotype Pten™'~Irs2™'* Pten™'~Irs2™/~ Pten™~Irs2™/* Pten™*'~Irs2™/~
All animals (n) 23 19 50 46
Pheochromocytoma 70% (16) 47% (9) 80% (40) 83% (38)
Colon adenoma 48% (11) 58% (11) 60% (30) 76% (35)
Males (n) 9 9 30 14
PIN 100% (9) 77% (7) 100% (30) 100% (14)
Females (n) 14 10 20 32
EIN 71% (10) 70% (7) 80% (16) 81% (26)

The study period ranged from 150 to 330 days to compare Pten™~Irs2*/* with Pten*/~Irs2~/~ mice and from 150 to 400 days to compare Pten™*/~Irs2*/*
with Pten™*/~Irs*/~ mice. Noninvasive tumors were found in prostate, uterus, colon, and adrenal medulla. No statistical differences were evident.
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Figure 2. Deletion of Irs2 suppresses solid tu-
mor invasion in Pfen*’” mice. A: Invasive neo-
plasms of prostate (a), endometrium with vas-
cular invasion (¢, arrow), colon (e), and breast
(g) were observed in Pten*’” mice when Irs2
was wild type, whereas the neoplasms of the
same organs, prostate (b), endometrium (d),
colon (f), and breast (h) remained in situ, ie, did
not expand beyond preformed glandular struc-
tures, in Plen*’ " Irs2~/~ mice. (N.B.: a single
intraductal papilloma was noted among 10
Pten™ " Irs27/~ female mice) B and C: The ex-
tent of PIN (B) and EIN (C) in Pten™’~ mice,

Ptent/- Ptent/-
Irs2+/+ Irs2+/-
150-400d

measured as percentage of glands involved by
PIN or EIN versus total number of glandular
profiles, was significantly decreased when both

EIN profiles (#)

Irs2 alleles were deleted in the 150- to 330-day
study period [Pten™~Irs2*/* and Pren™'~
Irs2~/~ males (7 = 9 and 9, respectively) and
for Pten™ " hs2"/" and Pren™ " 527/~ females
(n = 14 and 10, respectively)]l. For the 150- to
400-day study period [Pren™ ™ Irs2*/* and
Pten™~ Irs2*/~ males (n = 30 and 14, respec-
tively) and for Pren™’~ 152"/ * and Pren™~ 52"/~
females (n = 17 and 29, respectively)] both
extent of PIN (B) and EIN (C) were reduced in
Pten™ Irs2*/~ versus Plen™™ Irs2™* mice but
this was only statistically significant (# < 0.05)
for EIN. D: Irs2 deletion suppresses adrenal me-
dulla growth in males and females because of
Pten*’~. In adrenal glands medulla to cortex

Ptent/- Ptent/-
Irs2+/+ Irs2+/-
150-400d

H Male
H Female

was relatively low in MCF10A (PTEN"/"), MDA-MB-468
(PTEN™/7), BT549 (PTEN/"), and LNCaP (PTEN~/7)32 (for
HCC1143 PTEN is wild-type diploid, Wellcome Trust
Sanger Institute Cancer Genome Project Copy Number
Analysis). To examine the basis for IRS2 overexpression, a
bacterial artificial chromosome containing /RS2, we used
FISH to assess potential gene copy number changes. In-
creased copy number was detected in two of the lines,
HCC1143 and DBTRG. HCC1143 possessed a homoge-
neously staining region of /RS2 in addition to two other
unlinked /RS2 copies, whereas the second line had seven
copies of IRS2. No copy number changes were seenin lines
PC3 or DU145, which also overexpressed IRS2 (Figure 1B
and data not shown). Overexpression or unchanged ex-
pression of IRS2 occurred in cells that lacked or were hap-
loinsufficient for PTEN, which suggests that IRS2 could con-
tribute to tumor formation in a setting of PTEN inactivation.

Irs2 Deletion Suppresses Tumor Invasion in a
Variety of Mouse Organs

To determine the contribution of excess Irs2 expression in
Pten*’~ mouse tumor development, we generated two

p<0.05

ratio (M/C ratio) was significantly reduced (P <
0.05) in Pten™’~Irs2~/~ but not in Pten*’~
Irs2/~ mice versus Pten™ ~Irs2"/* controls.
Original magnifications: X200 (a, b, ¢, e); X100
, f, g h.
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groups of mice, one to study the relationship between
Pten*’~ and Irs2™~ from 150 to 330 days and the other to
study the relationship between Pten™~ and Irs2*/~ from 150
to 400 days (Tables 1 and 2). Although Pten™~Irs2*/* mice
developed invasive carcinomas in a variety of organs,
Pten*’~Irs2~/~ mice did not ((P < 0.01) (Table 1; Figures
2A and 3A). On the other hand, Pten™ " Irs2™'~ mice
developed carcinomas at frequencies similar to
Pten™/~Irs2™/*. All invasive neoplasms in the prostate
and, to a lesser extent, in other organs showed epithelial-
mesenchymal transition, with malignant cells assuming a
spindle shape and reduced labeling for E-cadherin and
cytokeratin together with constitutive nuclear localization
of phosphoserine-473-Akt. (Figure 3B). The status of Irs2
did not affect the frequency of occurrence of preinvasive
neoplasia of the prostate, uterus, adrenal medulla, and
colon (Table 2; Figures 2A and 3A).

Irs2 Deletion Suppresses Extent of Prostate,
Endometrial, and Adrenal Medulla Neoplasia

To assess the contribution of Irs2 to the extent of in situ
neoplasia in Pten*’~ mice, we analyzed tissues from
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Figure 3. Pathology found in rs27/~, Pten*””, and compound mutant
animals. A: Adrenal glands of Pten™’* Irs2*/* (a) and Ptent’* Irs27/~ fe-
male mice (b) with replacement of adrenal medulla by fat in the latter
genotype. The adrenal medulla was rescued in frs27/~ mice, when they
were heterozygous for Pten deletion (¢). Pheochromocytomas in Pren’~
Irs2”~/~ mice, however, never reached the same size as those seen in
Pten™’~ Irs2*/™ controls (¢). ¢ An adrenal gland of a wild-type littermate is
included for size comparison. d: Invasive squamous cell carcinoma (arrow)
was only seen in Pten™ ™ mice when at least one Irs2 allele was intact. B
Prostate carcinoma found in Pten™’~ Irs2*/™ has altered localization of phos-
pho-AKT and epithelial-mesenchymal transition. PIN (a, arrowheads) and
invasive prostate cancer (b) of Ptent’~ mice labeled for phospho Akt(473)
(pAkD (a, b), phospho-235/236-S6 ribosomal protein (pS6) (¢) to demon-
strate activation of the PI-3 kinase pathway with up-regulation of pAkt along
the cell surface at the transition between PIN and nonneoplastic epithelium
(a), and increased labeling for pS6 in both PIN (¢) and invasive cancer (inset
in ©). Loss of E-cadherin staining (d) in invasive carcinoma is consistent with
epithelial-mesenchymal transition. This phenomenon, which was near com-
plete in our mouse model, resulted in only rare E-cadherin-positive prostate
cancer cells remaining (arrow in d). It was accompanied by constitutive
staining for pAkt in the cell nucleus (arrow in b). Original magnifications:
X100 (Aa, Ab, Ad); X20 (Ac); X100 [Ba, Bb, Bc (inset)]; X400 (Bc, Bd).

Pten” Irs2~/~, Pten*'~Irs2*/~, and age-matched Pten*/~
Irs2*"* animals taken from the 150- to 330-day and 150-
to 400-day cohorts. Although the Irs2™”~ genotype did
not decrease the occurrence of in situ neoplasia found in
Pten™~ mice, it did diminish its extent in the prostate,
uterus, and adrenal medulla relative to Pten™/ Irs2*/*
controls (P < 0.01, <0.01, and <0.05, respectively) (Fig-
ure 2, B-D; Figure 3A). For the Pten*’"Irs2*/~ animals,
there was also less extensive EIN in mice (P < 0.05), and
this trend was also seen for PIN and pheochromocytoma.
In Pten*'*Irs2~/~ mice, part or all of the medulla was
replaced by fibroadipose tissue (Figure 3A), decreasing
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Figure 4. Deletion of Irs2 suppresses epithelial growth, proliferation, and
Myc. A: Proliferation index (PD) determined by BrdU immunolabeling of PIN.
PI is significantly reduced in Pten™’ ™ Irs2~/~ mice (P < 0.01) and trends
toward reduction in Plen*’~ Irs2*/~ mice when compared to the Pren*’~
Irs2™/* group throughout respective study periods. Invasive prostate cancer
(not shown) had the highest proliferation index (13.1 £ 1.9%). B: Irs2
deletion suppresses adrenal medulla proliferation attributable to Pren™’ ™. In
adrenal medulla proliferation index is significantly reduced (P < 0.05) in
Pten™ " Irs27/~ but not in Plen™’~ Irs2*/~ mice versus Pten™ ™ Irs2*/*
controls. C: Nuclear Myc immunolabeling is significantly reduced in Prent’~
Irs27/~ (P < 00D and Pren™” 52"/~ (P < 0.05) mice compared Pten™’~
Irs2™* controls. Invasive prostate cancer (9.38 = 1.97%) has the highest num-
ber of Myc-positive cells (data not shown). D: Pten expression is markedly
reduced in Plen™™ Irs2~/~ PIN lesions. Comparison of percentage of Pten-
positive prostatic epithelial cells in normal tissue, PIN, and CAP of Pten*’~
Irs27", Plen™ " Irs2"/~, and Pten™’~ Irs2~/~ mice. Notably, PIN of Pten*’~
Irs27/~ mice shows nearly complete Pten loss of expression with on average
2.1 £ 0.6% cells immunoreactive for Pten, which is a significant reduction
compared to PIN in Plen™ ™ s2*/* controls (P < 0.01).

the ratio of adrenal medulla to cortex (M/C) significantly
(P < 0.05) (Figure 2D). Pten haploinsufficiency rescued
this adrenal phenotype.

Deletion of Irs2 Reduces Proliferation in PIN and
Adrenal Medulla

To better understand the basis for the reduced tumor
size, we examined the prostate and adrenal lesions for
their level of proliferation. The proliferation index of PIN
(Figure 4A) was decreased significantly when both al-
leles of Irs2 were deleted. Measurement of the prolifera-
tive index of adrenal medullas (Figure 4B) disclosed an
approximately equal mean proliferation index for Pten™/~
Irs2™'* (0.89 + 0.15%) and Pten*'"Irs2*'~ (0.86 =+
0.27%), which is more than 10-fold elevated (P < 0.05)
over Pten*/*Irs2*/* controls (0.08 + 0.04%). In Pten™/~
Irs2~/~ adrenal medullas, the proliferation index is nearly
fivefold lower than in animals with at least one functional
Irs2 gene (0.19 = 0.09%, P < 0.05) and not significantly
distinct from wild-type controls (P = 0.39).

Deletion of Irs2 Decreases Myc in PIN Lesions

To identify a possible intermediate of Irs2 that was re-
sponsible for increased tumor proliferation, we studied
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NORMAL

PIN CAP

Myc, which plays a pivotal role in cell-cycle progression
and cooperates with members of the PI3K pathway 334
Concomitant with the decrease in proliferation, Irs2 dele-
tion decreased nuclear accumulation of Myc in a dose-
dependent manner (Figure 4C), from 8.5 = 1.2% positive
cell nuclei in PIN of Pten*’~ controls to 3.7 = 0.8% in
Pten™~Irs2™~ and 0.8 = 0.3% in Pten*/"Irs2™/~ (5.4 +
1.2% in age-matched Pten*’~ mice for comparison with
Pten*’~Irs27/7). Elevation of nuclear Myc in invasive can-
cer (9.4 + 2.0%) was similar to the level of Pten*/~Irs2+/*
PIN.

Effect of Irs2 Deletion on PIBK/PTEN Pathway in
Murine PIN

We next examined Pten*’"Irs2™/* and Pten™"Irs2~/~
prostate lesions for markers of the PISK pathway using
immunohistochemistry. IRS2, pAKT, and pS6 levels were
elevated in PIN and CAP from Pten™~Irs2™/* mice (Fig-
ure 5). Compared to nonneoplastic prostate glands, Irs2,
p-Akt, and p-S6 kinase staining was consistently stronger

PIN

Figure 5. PI3K pathway components and sig-
naling in PIN lesions. Immunoperoxidase stain-
ing of adjacent sections for Irs2 (a—d), Pten
(e-h), pAkt (phosphoserine 473) (i-1), and pS6
(phosphoserines 235 and 236) (m—p) of pros-
tates of Plen™~ transgenic mice focusing on
nonneoplastic tissue (NORMAL) (a, e, i, m), PIN
(b, £, j, n), or CAP (c, g, k, 0) of Pten™~ Irs2*/*
mice or PIN of Pten™™ Irs2”/~ mice (d, h, 1, p);
the latter did not develop CAP. The nonneoplas-
tic tissue is stained weakly (negative) for Irs2
(a), strongly positive for Pten (e), and negative
for pAkt (i) and pS6 (m) suggesting quiescent
PI3K signaling. Irs2 is up-regulated in both PIN
(arrow in b) and CAP (arrow in ¢), whereas
Pten staining gradually decreases in PIN (arrow
in f indicates positive cells) and is virtually ab-
sent in CAP (arrow in g indicates positive cell)
in Pren*’” Irs2*/" mice together with signifi-
cant up-regulation of PI3K signaling with high
levels of pAkt (j, k) and pS6 (n, 0) in PIN and
CAP. PIN of Pten™’~ Irs2~/~ mice (see negative
Irs2 labeling in d) shows significantly more Pten
loss (arrow in h, see also Figure 4D) than the
Pten™’~ Irs2*/™" controls (f). Compared to normal,
however, pAkt (D and pS6 (p) levels in PIN of
Pten™ ™ Irs2~/~ mice are still elevated. Arrows in
d, h, I and p show PIN in Pren*’~ Irs2~/~ mice.
Arrows (b, f, j, n) show PIN and prostate carci-
noma (c, g, k, 0) in Pren™’~ s2"/*. Original
magnifications, X400.

in PIN (n = 51) and invasive prostate cancer (n = 10) of
Pten*’~ mice relative to adjacent normal epithelium. Irs2
up-regulation preceded Pten loss in PIN, as in each case
multiple foci of PIN labeled strongly for both Pten and Irs2
(n = 44). All invasive prostate cancers lacked Pten in the
overwhelming majority of cells and exhibited a high and
widespread signal for Irs2, p-Akt, and p-S6. There was a
marked reduction in Pten staining (P < 0.01) in Pten*’/~
Irs2~'~ PIN lesions (n = 7) relative to the Pten™~Irs2*/*
controls (n = 9) (Figure 4D and Figure 5), whereas no
differences in p-AKT or p-S6 were detected, suggesting
that loss of PTEN expression in PIN is not able to com-
pensate for the lack of Irs2 with regard to tumor growth.

IRS2, PTEN, and MYC Expression in Human
Prostate Cancer

Based on our mouse and human cell line studies, tissue
arrays containing 96 prostatic adenocarcinomas, 14 be-
nign prostatic hyperplasias, and 21 normal prostate sam-
ples were labeled for IRS2, PTEN, and MYC. Weak cyto-
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Figure 6.PTEN, MYC, and IRS2 expression in human prostate. Human
prostate with benign glandular hyperplasia (a, ¢, e) and invasive prostate
cancer (b, d, f) labeled for PTEN (a, b), IRS2 (¢, d), and MYC (e, f). PTEN
shows a strong signal in benign prostatic glands (a) but is lost in most
invasive cancer cells (b). Inversely, IRS2 shows a weak signal in few benign
prostatic basal cells (arrow in ¢) and strong labeling of invasive cancer cells
(d). Nuclear c-MYC was absent in benign prostatic glands (e), but strongly
up-regulated in a fraction of invasive prostate cancer cells (arrows in f).
Original magnifications, X400.

plasmic staining for IRS2 (14 of 35 nonneoplastic
samples), partial loss of PTEN (10 of 35 samples), and
weak nuclear MYC labeling (2 of 35 samples) was
present in benign prostatic hyperplasias. Only prostate
cancers showed complete PTEN loss (24%), or a strong
IRS2 signal (30%) and strong nuclear MYC (42%) immu-
nolabeling (Figure 6; Table 2). No significant relationship
between IRS2 and PTEN loss was noted (P = 0.31,
Fisher's exact test) (Table 3). Conversely, the odds for
nuclear accumulation of MYC occurring in strongly IRS2-
expressing carcinomas was raised to 3.83 versus 0.34 for
those with no or low IRS2 (P < 0.00001, Fisher’s exact
test, odds ratio = 11.3). Examination of /RS2 copy num-
ber in 24 prostate cancers by FISH found no cases with
more than four copies of IRS2, suggesting that copy
number alterations are not the cause of IRS2 overexpres-
sion in prostate carcinoma (data not shown).
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Figure 7.IRS2 stimulates the expression of MYC and PI3K signaling. A:
Expression vectors (IRS2 and empty vector) and RNAi (PTEN and GFP) oligos
were electroporated into MCF10A cells to determine their effect on MYC.
Western blots of lysates were probed with indicated antibodies. Transfected
IRS2 increased the level of MYC expression slightly (11%), whereas PTEN
RNAi did not. IRS2 and PTEN together increased MYC substantially (52%). B:
IRS2 inhibits TRAIL promoter activation by PTEN. The 293 cells were trans-
fected with the TRAIL-luciferase and TK-renilla luciferase promoters along
with either PTEN, IRS2 expression vectors, or the appropriate empty vector
control.

IRS2 Stimulates MYC Expression and PI3K
Signaling in Vitro

In addition to its role in PI3K signaling, our data suggest
that increased IRS2 could contribute to tumor progres-
sion through the stimulation of MYC expression and pro-
liferation. MCF10A cells, which are derived from normal
breast epithelium, were electroporated with an /RS2 ex-
pression vector and siRNA to PTEN. Transfection of an
IRS2 expression vector but not PTEN RNAi was able to
increase modestly the level of MYC protein. Interestingly,
the combination of CMV-IRS2 with PTEN siRNA appeared
to substantially stimulate MYC expression (Figure 7A). A
well-established quantitative method for measuring PI3K
signaling is to use a luciferase reporter for FOXO tran-
scription factors, which are regulated by AKT phosphor-

Table 3. Analysis of IRS2, PTEN, and MYC Expression in Human Prostate Carcinoma
PTEN Nuclear MYC*
Loss No loss All Low High All
IRS2 Low 18 49 67 (70%) 50 17 67 (70%)
High 5 24 29 (30%) 6 23 29 (30%)
All 23 (24%) 73 (76%) 96 56 (58%) 40 (42%) 96

*IRS2 correlates with nuclear MYC (P < 0.00001) Fisher’s exact test.
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ylation.®® To test that increasing the amount of IRS2 is
able to regulate PI3K signaling in the presence of fixed
levels of extracellular growth factors, we tested the ability
of transfected IRS2 to repress PTEN activation of the
FOXO-dependent TRAIL promoter.?® Increased IRS2
was able to repress the PTEN-dependent activation of the
TRAIL reporter as expected (Figure 7B).

Discussion

The anticipated feedback repression of IRS2 expression
because of PISK pathway activation was not observed in
tumors harboring deficits in PTEN.?®2* Instead, we have
seen that IRS2 is increased or unchanged in the setting of
PTEN inactivation in human carcinoma, several human
tumor cell lines, and in mouse Pten™ ™ neoplasia (Figures
1 and 6; Supplemental Figures 1 and 2, see http://ajp.
amjpathol.org). Consistent with the idea that IRS2 contrib-
utes to PTEN-dependent tumor development, deletion of
Irs2 suppressed the extent and proliferative activity of
neoplasia in Pten™~ mice (Figures 2 to 4). Similar results
have also been obtained in sarcoma in which PTEN de-
letion may occur in the setting of increased IRS2
expression.'®

Our findings are consistent with the already ample
evidence that Irs2 deletion affects cell proliferation in
nervous and endocrine systems.®®3° [rs2-deficient mice
are severely diabetic because they are incapable of gen-
erating a sufficient amount of g cells,*® have smaller
brains because of 50% reduction of neuronal growth,*’
and lack the normal number of photoreceptors in the
retina.* In the current study, we have extended these
observations by finding that another neuroendocrine tis-
sue, the adrenal medulla, is lacking in Irs2-deficient mice
(Figure 3A). In agreement with previous studies of Irs2~/~
diabetic mice in which B-cell mass was restored in a
Pten™'~ setting,?® Pten haploinsufficiency rescued
Irs2~/~ adrenal cell mass, and the majority of Pten™/~
Irs2~/~ females even developed pheochromocytomas.

Analysis of serial sections of Pten™*’/~ prostate neopla-
sia showed minimally altered expression of Pten, overex-
pression of Irs2, and activation of signaling through the
Akt/TSC/mTor/p70%¢K pathway (Figure 5). Moreover, we
found that IRS2 was able to regulate a FOXO-dependent
promoter in the presence of PTEN, demonstrating their
antagonistic nature on the PIBK/AKT/FOXO pathway in a
setting of constant receptor activation (Figure 7). To-
gether, these data suggest that up-regulation of IRS2 in
the setting of PTEN haploinsufficiency contributes to AKT
pathway activation in a cell. Surprisingly, pAkt and pS6
were not reduced by Irs2 deletion in prostate neoplasia.
Pten, however, was reduced in these in situ lesions, sug-
gesting that reduction of Pten could partially compensate
for the lack of Irs2 with respect to signal activation and
neoplastic transformation but could not achieve the same
proliferative stimulus observed when the Irs2 gene was
intact (Figure 4D).

MYC is an oncogene that is up-regulated in proliferat-
ing cells and stimulates cell growth and DNA synthe-
sis.®343°%5 |n our studies, we have observed a close

relationship between IRS2, MYC, and DNA synthesis. A
dose effect for the Irs2 deletion was observed for tumor
proliferation and Myc accumulation in neoplasia of
Pten*’~ mice (Figure 4C). Similarly, IRS2 was able to alter
the level of MYC in human tissue culture experiments in
the setting of PTEN partial knockdown and correlated
with MYC in prostate cancer (Figures 6 and 7; Table 3).
Surprisingly, however, loss of PTEN did not correlate
with MYC in any of these studies. These data together
indicate that despite being on the same pathway, IRS2
and PTEN are not completely overlapping in their func-
tion. Moreover, our data suggest that the ability of IRS2
to regulate MYC is not simply occurring through the
PI3K pathway.?®4” Recent evidence demonstrating
that IRS2 can up-regulate MYC via B-catenin supports
this conclusion.™

Biallelic deletion of Irs2 suppressed the invasion of
Pten™~ tumors (Table 1). One possible explanation for
loss of invasiveness is that, in addition to regulating pro-
liferation, IGF1R-IRS2 signaling controls cell functions
promoting invasion such as matrix degradation by acti-
vating urokinase-like plasminogen activator*® or matrix
metalloproteinases.*®*° Another possibility is that IRS2
activation because of binding to the «64 integrin recep-
tor®" has been linked to loss of cell cohesion and subse-
quent increased cell motility. Moreover, analysis of
Irs2~/~ mammary tumors driven by polyoma middle T
antigen has shown that they are unable to metastasize
and have reduced invasiveness in vitro.>? However, un-
like our findings, Nagle and colleagues®® found that /rs2
deletion does not affect proliferation. Therefore, their data
would imply that the effect of IRS2 on invasion is sepa-
rable from its effect on proliferation.

Our results support a model in which two components
of the PIBK/PTEN pathway (ie, PTEN, IRS2) cooperate
during tumor progression. Genetic inactivation of Irs2 led
to reductions in tumor proliferation, invasion, and Myc
expression in Pten*’~ mice. Further analysis demon-
strated that IRS2 was overexpressed in tumors and in-
creased PI3K signaling and MYC expression. We con-
clude that optimal tumor progression because of PTEN
mutation requires IRS2 for the full activation of PI3K sig-
nals, MYC expression, and cell proliferation.
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