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INTRODUCTION:

Emerging e vidence points to a pa rticularly im portant ro le of fibroblasts within in the
tumor stroma in promoting phenotypic changes that allow the extracellular matrix to evolve and
contribute to the invasiveness of epithelial tumor cells. H owever, how strom al fibroblasts that
promote cancer progression are poorly understood and are only beginning to emerge. The Leone
laboratory h as deve loped a sys tem to cond itionally m anipulate the mouse genome in s tromal
fibroblasts of the m ammary gland (FSP-cre). Using this gen etic system we present prelim inary
data suggesting that Pten function in m ammary stromal fibroblasts plays a cr itical role in th e
progression of ErbB2-initiated m ammary epithelia 1 tum ors. The ta sk at hand is to now
genetically and biochem ically identify the k ey ‘stroma-specific’ tumor suppressor activities of
Pten, and to then relate these stroma-specific functions to the structu ral and m olecular events
taking place during tumor progression.

The immense genetic and cellular diversity of the tumor microenvironment, however, has
made the problem of cancer progression difficu It to address by traditional experim ental
approaches. The Leone and Saltz groups have therefore joined expertise to develop novel
genetic and high-resolution 3D bioinformatics models th at in tegrate spatial an d molecular
information relating to the genetics and biochem ical properties of the tum or microenvironment.
These models will prov ide an effective p latform for identifying the r elationships between th e
different ce 11 ¢ ompartments of the tum or m icroenvironment tha tare cr itical f or ¢ ancer
progression. The proposed studies will fall into two major efforts, each divided into two phases.
The first major effort involves the genetic analysis of Pten in mouse tumor models. The progress
report outlined below describes th e progress made in this phase of the study. The work is now
being prepared for publication.

BODY:

Coordinated signaling between di fferent cell types of the ¢ normal stroma’ is requ ired
during em bryonic and adult developm ent ( Wiseman BS, Werb Z, 2002. ). W hile cellular and
ECM activities of the strom a are maintained in balance throughout development, they can be
appropriately activated in response to extrem e but normal physiological cues, such as wounding,
inflammation or pregnancy (Schedin P. 2006). The stroma can also be inappropriately activated,
such as in cancer ( Nelson CM, Bissell MJ. 2006). Fibroblasts are a principal constituent of the
stroma responsible for the synthe sis of growth and survival f actors, chem okines, structural
components of the ECM and enzym  es that contro | its turnover. In  breast tum ors, strom al
fibroblasts are believed to adapt and continuou sly co-evolve along with tum or epithelial cells
(Littlepage et al., 2005). Fibroblasts are implicated in fostering transformation and tumor growth
by providing factors that induce epithelial cel 1 proliferation, ECM re modeling and blood vessel
recruitment (Bhowmick et al., 2004b; Mueller and Fusenig, 2004; Kalluri and Zeisberg, 2006).
Despite extensive evidence for a role of the tumor stroma in carcinogenesi s, relatively little is
known about the signaling pathways involved in the communication between the different
cellular compartments of the tumor microenvironment that contribute to the cancer phenotype.

Phosphatase and tensin hom olog (PTEN) is a tum or suppressor with lipid and protein
phosphatase activity (Myers et al., 1998) that ~ impacts s everal signaling pathways, including
phosphoinositide 3-kinase (PI3K), and Ras-MAPK-Erk1/2 signaling pathways. Pten inactivation
in mice and humans leads to a dis ruption in ce 1l po larity, cell arch itecture, and ch romosomal
integrity as well as in the prom otion of cell cy cle progression, cell grow th and stem cell self—



renewal (Di Cristofano and Pandolfi, 2000). No t surprisingly, it’s som atic or germ -line
inactivation contributes to the genesis of many tumor types primarily epithelial in origin. While
tremendous progress in understanding PTEN functi on in tum or cells has been made since its
discovery over a decade ago, rela tively little is known about it s potential role in the tum or
stroma. Patients with Cowden syndrom e have germ line mutations in PTEN, suggesting that the
higher risk for developing breast cancer in these patients could be due to PTEN activity in either
epithelial or strom al compartments. W ithin the context of this project, we have generated a
mesenchymal-specific Fsp-cre tran sgene and cond itional alleles of Pten (Pten'™") in m ice to
ablate its function in mammary stromal fibroblasts in vivo and rigorously evaluate its role in the
tumor microenvironment. We show that Pten ablation in mammary stromal fibroblasts results in
the induction and activation of  Ets2-P(T72), massive rem odeling of the ECM, re cruitment of
innate immune cells, and e nhanced progression and maligna ncy of ma mmary t umors o f
epithelial origin. These findings have been recently published in  Nature and PNAS and we
believe expand Pten’s repertoire as a tumor suppressor by identifying the fibroblast as a key site
from which it exerts its powerful tumor suppres sive influence on adjacent mammary epithelium.
This novel function of P ten in maintaining homeostasis within the m ammary microenvironment
may also be relevant in the suppression of epithelial tumors of other organs. Such a role for Pten
may extend beyond cancer, to conditions where th e microenv ironment is speculated to
profoundly impact disease m anifestation including in autoimmune syn dromes, lung fibrosis and
neurodegeneration. Interestingly, the strom al Pten expression signature identified here includes
genes that have been causally linked with ~ ECM deposition and inflammation in rheum atoid
arthritis, lung fibrosis and neurodegeneration.

KEY RESEARCH ACCOMPLISHMENTS:
TASK 1 (month 3- 18): Manuscript published in Nature (Trimboli et al.) attached.
TASK 2 (months 3-18): Manuscript published in PNAS (Hui Wang et al.).

TASK 3 (month 12-18): See Nature (Trimboli et al.) article attached. This task is addressed in
this article.

TASK 4 (month 18-24):See Nature (Trimboli et al.) article attached.

TASKS 5-7 (month 1- 24): The “segmentation” component has encountered significant technical
hurdles dealing with image segmentation, so we have adapted our aim to focus on nuclear
segmentation successfully.

REPORTABLE OUTCOMES:
1. Manuscripts Published:

A. Trimboli A.J., Cantemir-Stone C.Z., Li F., Wallace J.A., Merchant A., Creasap N.,
Thompson J.C., Caserta E., Wang H., Chong J-L., Naidu S., Wei G., Sharma S.M.,
Stephens J.A., Fernandez S.A., Gurcan M.N., Weinstein M.B., Barsky S.H., Yee L.,
Rosol T.J., Stromberg P.C., Robinson M.L., Pepin F., Hallett M., Park M., Ostrowski



M.C., Leone G. (2009). Pten in stromal fibroblasts suppresses mammary epithelial
tumors. Nature 461:1084-91.

B. Wang H., Karikomi M., Naidu S., Rajmohan R., Caserta E., Chen H-Z., Rawahneh M.,
Moffitt J., Stephens J.A., Fernandez S.A., Weinstein M., Wang D., Sadee W., La Perle
K., Stromberg P., Rosol T.J., Eng C., Ostrowski M.C., Leone G. (2010). Allele-specific
tumor spectrum in Pten knockin mice. Proc. Natl. Acad. Sci. USA. 107:5142-5147.

C. Mosaliganti K., Janoos F., Irganoglu O., Ridgway R., Machiraju R., Huang K., Saltz J.,
Leone G., Ostrowski M.C. (2009). Tensor classification of N-point correlation function
features for histology tissue segmentation. Med. Image Anal. 13:156-166.

D. Zabuawala T., Taffany D.A., Sharma S.M., Merchant A., Adair B., Srinivasan R., Rosol
T.J., Fernandez S.A., Huang K., Leone G., Ostrowski M.C. (2010). An Ets2 specific
transcriptional program in tumor-associated macrophages promotes tumor metastasis.
Cancer Res. 70(4): 1323-1333.

E. Mosaliganti K., Pan T., Ridgway R., Sharp R., Cooper L., Gulacy A., Sharma A.,
Irfanoglu O., Machiraju R., Kurc T., de Bruin A., Wenzel P., Leone G., Saltz J, Huang
K. (2008). An imaging workflow for characterizing phenotypical change in large
histological mouse model datasets. J. Biomed. Inform. 41:863-873.

2. Submitted an NCI grant application (UO1) that is related to this work. Not funded.
3. Currently submitting an NCI grant application (U54 TMEN) that is related to this work.
4. Currently submitting an NCI grant application (U54 TMEN) that is related to this work.

CONCLUSIONS:

The m echanism by which Pten in the strom a regulates the expres sion of such an
extensive set of genes likely invo Ives complex transcriptional networks. The im portance of the
Pten-Ets2 a xis in stro mal f ibroblasts is con sistent with previou s work f rom Oshim a and
colleagues that showed a critical cell non-autonom ous role for Ets2 in mammary tumor growth
(Tynan et al. 2005). Moreover, analysis of tumor-s troma gene expression signatures identified
Ets2 activation as a key event associated with breast cancer patients having the worst prognosis
(Park et al., 2007). In summary, this study offers a m olecular basis for how altered signaling
from the tu mor strom a contr ibutes to the m ost m alignant characteris tics of th e breast can cer
phenotype.
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ARTICLES

Pten in stromal fibroblasts suppresses
mammary epithelial tumours

Anthony J. Trimboli"**, Carmen Z. Cantemir-Stone’*, Fu Li"*, Julie A. Wallace®, Anand Merchant?,

Nicholas Creasap'?, John C. Thompson"?, Enrico Caserta?, Hui Wang"?, Jean-Leon Chong"?, Shan Naidu"**,
Guo Wei'”?, Sudarshana M. Sharma’, Julie A. Stephens’, Soledad A. Fernandez’, Metin N. Gurcan®,

Michael B. Weinstein'?, Sanford H. Barsky’+, Lisa Yee®, Thomas J. Rosol*, Paul C. Stromberg®,

Michael L. Robinson’t, Francois Pepin'®!!, Michael Hallett'®'!, Morag Park'®'?, Michael C. Ostrowski>"’

& Gustavo Leone’*"?

The tumour stroma is believed to contribute to some of the most malignant characteristics of epithelial tumours. However,
signalling between stromal and tumour cells is complex and remains poorly understood. Here we show that the genetic
inactivation of Pten in stromal fibroblasts of mouse mammary glands accelerated the initiation, progression and malignant
transformation of mammary epithelial tumours. This was associated with the massive remodelling of the extracellular matrix
(ECM), innate immune cell infiltration and increased angiogenesis. Loss of Pten in stromal fibroblasts led to increased
expression, phosphorylation (T72) and recruitment of Ets2 to target promoters known to be involved in these processes.
Remarkably, Ets2 inactivation in Pten stroma-deleted tumours ameliorated disruption of the tumour microenvironment and
was sufficient to decrease tumour growth and progression. Global gene expression profiling of mammary stromal cells
identified a Pten-specific signature that was highly represented in the tumour stroma of patients with breast cancer. These
findings identify the Pten-Ets2 axis as a critical stroma-specific signalling pathway that suppresses mammary epithelial

tumours.

Coordinated signalling between different cell types of the ‘normal
stroma’ is required during embryonic and adult development'. The
stroma can be appropriately activated in response to extreme but
normal physiological cues, such as wounding, inflammation or preg-
nancy’. The stroma can also be inappropriately activated in cancer™*.
In breast tumours, stromal fibroblasts are believed to adapt and
continuously co-evolve with tumour epithelial cells to foster trans-
formation and tumour growth’. Fibroblasts are a principal constitu-
ent of the stroma responsible for the synthesis of growth and survival
factors, angiogenic and immunological chemokines, and structural
components of the ECM as well as enzymes that control its turn-
over®’. Despite extensive evidence for a role of the tumour stroma in
carcinogenesis, relatively little is known about the signalling path-
ways involved in the communication between the different cellular
compartments of the microenvironment that contribute to the cancer
phenotype.

Alterations in the phosphoinositide 3-kinase (PI3K) pathway are
associated with the activation of tumour-associated stroma®®. One of
the main regulators of PI3K signalling is the phosphatase and tensin
homologue (PTEN), a tumour suppressor with lipid and protein
phosphatase activity'®''. PTEN inactivation disrupts multiple cel-
lular processes associated with cell polarity, cell architecture,
chromosomal integrity, cell cycle progression, cell growth and stem
cell self-renewal'>"*. Germ-line inactivation of a single allele of PTEN

in both humans and mice contributes to the genesis of a variety of
tumour types of epithelial origin'*. Although tremendous progress in
understanding PTEN function in tumour cells has been made since
its discovery over a decade ago, relatively little is known about its
potential role in the tumour stroma. Here, we show that Pten ablation
in mammary stromal fibroblasts of mice results in massive remodel-
ling of the ECM and tumour vasculature, recruitment of innate
immune cells and increased malignancy of mammary epithelial
tumours. Gene expression profiling of Pten-deleted stromal fibro-
blasts identified the activation of an Ets2-specific transcription pro-
gram associated with many of these aggressive tumour phenotypes.
Remarkably, the concomitant inactivation of Efs2 in the mammary
stroma reversed the increased malignancy caused by Pten deficiency.
These findings expand Pten’s repertoire as a tumour suppressor by
identifying the fibroblast as a key site from which it exerts its powerful
tumour suppressive influence on the adjacent tumour epithelium.

Stromal Pten suppresses mammary epithelial tumours

To evaluate rigorously the role of Pten in the tumour microenviron-
ment of breast cancer, we generated mice containing a mesenchymal-
specific Fsp-cre transgene'® and conditional alleles of Pten (Pten'™";
Supplementary Fig. 1). Cell-type-marker analysis using a -galacto-
sidase Rosa26"" reporter allele showed specific Fsp-cre expression in

stromal fibroblasts surrounding the mammary epithelial ducts, with
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no expression in cytokeratin-positive epithelial cells, F4/80-positive
macrophages and CD31-positive endothelial cells (Fig. la and
Supplementary Fig. 2a, b). Western blot and PCR assays demon-
strated efficient cre-mediated deletion of Pten" in stromal fibro-
blasts isolated from Fsp-cre;Pten'™""**’ mammary glands (Fig. 1b
and Supplementary Fig. 3a). Examination of mammary sections by
immunohistochemistry (IHC) and immunofluorescence showed
deletion of Pten'™" that was confined to stromal fibroblasts, with
no collateral deletion in epithelial ducts or the adjacent myoepithe-
lium (Fig. lc and Supplementary Fig. 3b, c). Interestingly, this
resulted in the expansion of the ECM, but did not lead to the trans-
formation of the mammary epithelium (Fig. lc, e).

We then examined the role of stromal Pten on mammary tumori-
genesis using an established mouse model of breast cancer, MMTV-
ErbB2/neu (ErbB2)'°. To avoid possible confounding effects caused
by Pten deletion in mesenchymal cells of other organs, mammary
glands from Fsp-cre;Pten'™"”"** ErbB2;Pten'™""**" and ErbB2;Fsp-
cre;Pten'™"* donors were transplanted into syngeneic wild-type
recipients'” and tumour development was monitored over the course
of several months. By genetically marking the stroma with the
Rosa26"*F reporter allele, we demonstrated that both the epithelium
and its associated stroma were effectively transplanted into host
female mice (Supplementary Fig. 4). Loss of Ptenin stromal fibroblasts
dramatically increased the incidence of ErbB2-driven mammary
tumours (Fig. 1d—f). By 16 weeks post-transplantation, these lesions
progressed to adenoma, carcinoma in situ and invasive carcinoma
(Fig. 1g), and by 26 weeks most females met the criteria for early
removal due to excessive tumour burden (Fig. 1f). Histological exami-
nation showed that ErbB2-tumour cells in Pten stromal-deleted
tumours retained their typical oncogene-specific morphology, with

a Fsp-cre;Rosat/loxP b -
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small nuclei, fine chromatin and abundant eosinophilic cytoplasm'®.
In contrast to non-deleted tumours'®'®, Pten stromal-deleted tumours
had a significant amount of stroma surrounding and infiltrating the
epithelial masses (Fig. 1g). PCR-based and immunohistochemical
assays confirmed that tumours had intact Pren'™" alleles in the epi-
thelial compartment (Supplementary Fig. 5a, b and data not shown).
Moreover, we used the Rosa26' reporter allele to mark genetically
early epithelial to mesenchymal transition events'® and found no evid-
ence of epithelial to mesenchymal transition in tumours that either
contained or lacked Pten in stromal fibroblasts (data not shown).
Thus, the analysis of the ErbB2breast-cancer tumour model identified
a potent tumour suppressor role for Pten in stromal fibroblasts of the
mammary gland.

Stromal Pten controls ECM and innate immune functions

To investigate the tumour suppressive mechanism of Pten action in
stromal fibroblasts, we profiled the transcriptome of mammary stromal
fibroblasts isolated from Pren'™""*" and Fsp-cre;Pten'™"*" females.
Details of sample collection, processing of Affymetrix oligo-arrays and
expression data are available in Methods. Briefly, we implemented class
comparison analyses of all probe sets on the Affymetrix mouse genome
430 2.0 array to identify genes differentially expressed between the two
genetic groups. We also used an unbiased approach similar to gene set
enrichment analysis® to identify a priori defined groups of genes that
were significantly differentially expressed. The analysis of over 14,000
mouse genes identified 129 upregulated and 21 downregulated unique
genes in response to Pren deletion (Supplementary Fig. 6a, b; greater
than fourfold at P<<0.001; Supplementary Tables 1 and 2). Reverse
transcription followed by quantitative PCR (quantitative RT-PCR)
assays on a subset of genes confirmed more than 85% of these expression
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Figure 1| Stromal fibroblast-specific deletion of Pten. a, Wholemount,
X-gal-stained mammary glands from Fsp-cre;Rosa™”**" and Rosa™ " (top,
inset) mice. Higher magnification of wholemount gland (bottom left) and a
histological cross section (bottom right); scale bar, 30 pm. lu, Lumen; epi,
epithelium; str, stroma. b, Representative western blot analysis of mammary
fibroblast lysates derived from 8-week-old Pten'*""*P mice with (+) or
without (—) Fsp-cre. ¢, Paraffin sections from 8-week-old female mammary
glands stained with a Pten-specific antibody; lower panels represent higher
magnifications of boxed areas; scale bars: top panels, 200 m; bottom panels,
30 pm. lu, Lumen; epi, epithelial compartment; str, stromal compartment;
red dotted line indicates the border between the two compartments.
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d, Tumours collected at 26 weeks post-transplantation. e, Tumour
development by 16 weeks in mammary glands with the indicated genotypes.
Tumorigenicity was determined by palpation or histological presentation of
adenoma/carcinoma at each implantation site and statistically analysed
using Fisher’s exact test. , Total number of transplants. f, Total tumour
burden at 26 weeks post-transplantation in mammary glands with the
indicated genotypes. Values represent mean * s.d. Differences were tested
using the non-parametric Wilcoxon rank sum test. g, H&E-stained sections
of mammary glands harvested at time of transplantation (0 weeks) and
indicated times post-transplantation; scale bars, 100 pm.
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changes using independent fibroblast samples (Supplementary Fig. 6¢
and Supplementary Table 3). Fibroblast samples used to probe the
oligo-arrays lacked expression of macrophage-, endothelial- and
epithelial-specific genes, confirming the purity of these fibroblast pre-
parations (Supplementary Fig. 6d). Functional annotation*"** of
Pten-responsive targets revealed a remarkable bias towards genes
encoding proteins involved in ECM remodelling, wound healing and
chronic inflammation®** (Fig. 2a and Supplementary Tables 1 and 2).
Given this unexpected convergence of function, we performed a more
thorough cellular and molecular analysis of Pten-deleted stroma.
Staining of consecutive mammary gland sections with haematoxylin
and eosin (H&E) and Mason’s trichrome stains indicated enhanced
deposition of collagen in Pten-deleted stroma, which was independent
of ErbB2-oncogene expression (Fig. 2b, ¢ and Supplementary Fig. 7a).
IHC and western blot assays using collagen type-specific antibodies
showed that the non-cellular material consisted mostly of type-I
collagen and not the basement membrane type-IV collagen (Fig. 2b, ¢
and Supplementary Fig. 7b, c). There was significant infiltration of
F4/80-positive macrophages into stromal Pren-deleted mammary
glands (Fig. 2d, e), and this was independent of ErbB2 expression
(Supplementary Fig. 8a). The abundance of B and T cells did not
change in response to stromal deletion of Pfen (data not shown).
From these experiments, we conclude that ablation of Pfen in stromal
fibroblasts recapitulates two key events associated with tumour malig-
nancy: increased ECM deposition and innate immune cell infiltration.

Stromal Pten loss activates Ets2

Along with the remarkable remodelling of the tumour microenviron-
ment, loss of Pten in stromal fibroblasts resulted in activation of the
Ras, JNK and Akt pathways. Western blot analysis using protein
lysates derived from Pten-deleted stromal fibroblasts demonstrated
an increase in the phospho-specific forms of Akt (Akt™***/5*”?) and
JNK (JNK'8/¥18%) (Fig 2f and Supplementary Fig. 8b). Immuno-
histochemical assays confirmed the activation of Akt and JNK in
stromal fibroblasts, and, interestingly, revealed a profound activation
of these two pathways in ductal epithelial cells adjacent to the Pten-
deleted stroma (Fig. 2g and Supplementary Fig. 8b). This analysis also
showed increased levels of phospho-Erk1/2 in Pten-deleted stromal
fibroblasts; however, this increase could not be detected in primary
cultured fibroblasts (Fig. 2f, g), presumably owing to the constitutive
Pten-independent activation of Erk1/2 by serum-stimulation®.

Among the many expression changes observed in Pten-deleted
stromal fibroblasts we noted that there was a significant increase of
Ets2 messenger RNA (mRNA) levels (2.8-fold, P<<0.001). This
induction is notable because the Ets2 transcription factor is known
to be transcriptionally induced by MAPK?*** activation and its func-
tion to be post-translationally enhanced by the Akt- and JNK-
mediated phosphorylation of its pointed domain at threonine 72
(Ets2772)2 We confirmed the higher levels of Ets2 mRNA and
protein in Pten-deleted fibroblasts (approximately threefold,
P <0.001; Supplementary Fig. 9a, b) and, consistent with the activa-
tion of Akt and JNK in these mammary glands, there was a marked
increase of phospho-Ets2"7? in stromal fibroblasts and adjacent epi-
thelial ducts (Fig. 2h, 1). Loss of Pten in stromal fibroblasts resulted in
the induction of several genes involved in ECM remodelling and
macrophage recruitment, two of which, Mmp9 and Ccl3, are known
to be direct transcriptional targets of Ets2*”** (Supplementary Figs 6¢
and 9c). The increase of Mmp9 expression appears to be of patho-
logical relevance because in situ zymography> showed robust Mmp9
activity in tumour samples (Supplementary Fig. 9d). Chromatin
immunoprecipitation (ChIP) assays showed an increase in the load-
ing of Ets2 onto the Mmp9 and Ccl3 promoters in Pten-deleted
mammary fibroblasts (Supplementary Fig. 9e), suggesting a direct
role for Ets2 in the transcriptional regulation of these two target genes
in vivo. Together, these data illustrate the extensive molecular repro-
gramming that takes place in the tumour and its microenvironment
in response to ablation of Pten in stromal fibroblasts.
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Stromal Ets2 promotes mammary tumorigenesis

To determine whether Ets2 promotes a microenvironment conducive
to tumour growth, we analysed the consequences of ablating a con-
ditional allele of Ets2 (Ets2')* in mammary stromal fibroblasts of a
well-characterized mouse model of breast cancer, MMTV-PyMT
(PyMT)?. The PyMT oncogene initiates the rapid onset and progres-
sion of mammary tumours and thus represents an appropriate model
for evaluating any potential delay that loss of Ets2 might have on
tumorigenesis. The efficient Fsp-cre-mediated ablation of Ets2in stro-
mal fibroblasts was facilitated by using mice carrying conventional
and conditional knockout alleles of Ets2 (DNA binding domain
Ets2?*P)>> (Eig, 3a and Supplementary Fig. 10a, b). Ablation of
Ets2 in these cells had no detectable physiological consequence on
the development of mammary glands, either during puberty or preg-
nancy (M.C.O., unpublished observations). The evaluation of
PyMT:Fsp-cre;Ets2™™F and control PyMT;Ets2™”"" mice over a
period of three months showed that ablation of Ets2 in mammary
fibroblasts significantly reduced the tumour load (Fig. 3b) and
slowed progression to adenoma and early carcinoma (Fig. 3c).
Quantitative RT-PCR showed high levels of Mmp9 expression in
tumour-associated fibroblasts containing Ets2 and low levels in
Ets2-deleted fibroblasts (Fig. 3e). Because Mmp9 activity is known
to mediate the release of matrix-bound VEGF-A to its active isoforms,
including VEGF¢, (ref. 33), we visualized the spatial distribution of
VEGF, 6, and Mmp9 activity by immunofluorescence. These assays
showed that the accumulation of VEGF, 44, which was particularly
acute within collagen-1A-rich stromal locations overlapping Mmp9
activity, was significantly decreased in stromal-deleted Ets2 tumours
(Fig. 3d, f). Given that VEGF,, is a specific ligand for VEGF Receptor
2 (VEGFR2; FLK-1; KDR), one of the most potent mediators of
VEGF-induced endothelial signalling and angiogenesis®™, we also
evaluated VEGFR2 status by immunostaining tumour sections with
antibodies specific for CD31 and the phospho-activated form of the
murine VEGF receptor (VEGFR2''”?)%, This analysis revealed a
fourfold decrease in the number of CD31/VEGFR2'''”? double-
positive cells in Ets2-deleted versus non-deleted tumour samples
(Fig. 3f, g). Together, these data show that loss of Efs2 in stromal
fibroblasts results in decreased Mmip9 activity in the tumour ECM
and reduced VEGFR2Y"'”? activation in the tumour vasculature.

Ets2 is a key component of the stromal Pten axis

We then entertained the hypothesis that Ets2 may be contributing
to the remodelling of the tumour microenvironment caused by stro-
mal deletion of Pten. To test this possibility directly, we compared
tumour incidence in Pten'™"" Esp-cre;Pten™""*" and Fsp-cre;
Pren'™P1F; Ersp1XP mammary glands that were orthotopically
injected with an established ErbB2-initiated mammary tumour cell
line (NT2.5)%. This orthotopic model recapitulated the conse-
quences of deleting Pten in the mammary stroma that were observed
in the genetically engineered ErbB2-mouse model described earlier in
this study. Indeed, tumour incidence and tumour load in injected
Esp-cre;Pten'™"" females was markedly higher than in control
Pten'™"F females (Fig. 4a, b). Importantly, mammary glands dou-
bly deleted for stromal Pten and Ets2 had fewer and smaller tumours
than glands deleted for Pten only. These mammary tumours had
decreased numbers of macrophages and recruitment of new vascu-
lature (Fig. 4c—f). Loss of Pten and Efs2, however, failed to reduce the
tumour load and collagen deposition fully to control levels (Fig. 4b
and Supplementary Fig. 11a, b), suggesting that additional effectors
must contribute towards Pten’s tumour suppressor functions. From
these data, we conclude that Ets2 is a major component of the Pten
tumour-suppressive axis that acts in the stromal fibroblast compart-
ment of mammary glands.

Human breast tumour stroma contains a Pten signature

To determine the relevance of these findings to human breast cancer,
we compared the mouse stromal fibroblast Pten expression signature
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Figure 2 | Characterization of ECM deposition and immune cell infiltration.
a, Schematic representation of the biological processes affected by
differentially expressed genes (more than fourfold) in Pten-deleted stromal
fibroblasts. b, Mammary gland paraffin sections stained with Masson’s
trichrome and collagen-I-specific antibodies, respectively; scale bars,

200 um. ¢, Trichrome-stained sections were quantified for collagen
deposition; mammary glands in the absence (left) or presence (right) of
ErBb2 were analysed, respectively. Values are means = s.d.; the Wilcoxon
rank sum test was used to compare groups. d, Mammary gland paraffin
sections stained with the macrophage-specific marker F4/80; scale bars,

50 pm. e, Quantification of F4/80-positive stained stromal cells in mammary
glands in the absence (left) or presence (right) of ErBb2, respectively. Values
are means * s.d.; the Wilcoxon rank sum test was used to compare groups.

to the expression signatures derived from laser-captured tumour
stroma (49 samples) and adjacent normal stroma (52 samples) in
patients with breast cancer”. This analysis identified 137 human
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f, Western blot analysis of whole-cell lysates derived from mammary stromal
fibroblasts. g, Mammary gland paraffin sections stained with phospho-
Akt**”>-, phospho-JNK"3Y85_ and phospho-Erk1/2-specific antibodies;
scale bars, 100 um. All analyses were performed using tissue or cells from
8-week-old females. h, Frozen mammary tissue sections stained with
vimentin (green) and phospho—Et52T72—speciﬁc (red) antibodies. Note that
loss of Pten in the mammary stroma increased Ets2 phosphorylation in both
the stromal and epithelial compartments. Dotted white line indicates the
stromal—epithelial boundary. lu, Lumen; epi, epithelium; str, stroma; scale
bars, 50 pm. i, Quantification of mammary epithelial and stromal cells that
stained positive for nuclear phospho-Ets2' 7%, Values are means * s.d.; the
Wilcoxon rank sum test was used to compare groups.

orthologues from the 150 differentially expressed mouse genes
detected by the Affymetrix oligo-arrays shown in Supplementary
Fig. 6a, b. Of these 137 orthologues, 129 genes were represented in
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Figure 3 | Ets2 ablation in stromal fibroblasts restricts mammary
tumorigenesis. a, Immunofluorescence staining of cultured mammary
fibroblasts with vimentin (green), phospho-EtsZT72 (red) antibodies and
counterstained with 4,6-diamidino-2-phenylindole (DAPI) (blue). b, Total
mamma; tumour volume of PyMT;Ets2"/"**¥ (n = 20) and PyMT;Fsp-cre;
Ets2??"*F (5 = 21) mice collected 30 days after tumour initiation. Values
represent the mean * s.d. ¢, H&E stalnlng of tumours harvested from
PyMT;Ets2™°F or PyMT;Fsp-cre;Ets2™"*" mice. d, Consecutive sections
stained for (left to right): trichrome, Mmp9 gelatinase activity and VEGF ¢4,
and counterstamed with DAPI from PyMT;Ets2**"**" and PyMT;Fsp-
cre;Ets29/10xP mammary tumours. e, Quantification of Mmp9 mRNA

the expression platform used (Agilent) for the analysis of human
patient stroma samples”. Only 70 of these 129 genes had highly
variable gene expression across all human stromal samples (a variance
cutoff of greater than 0.5). The heat map generated for the human
stroma data set showed that this 70 gene subset derived from the
mouse Pten-signature was sufficient to distinguish normal from
tumour stroma in all patients (Fig. 5a; P=8 X 10~ as determined
by a permutation test). Principal component analysis also discrimi-
nated normal from tumour stroma perfectly (P<1X 10719
Supplementary Fig. 12). Interestingly, 12 of the 70 human orthologues
identified by the Pten-signature (Fig. 5a: gene names highlighted in
red; Supplementary Fig. 13) were previously shown to be differentially
expressed in the tumour stroma of patients with breast cancer and to
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expression by quantitative RT-PCR. f, Quantification of VEGF 4,4
immunofluorescence staining in tumour stroma (top) and tumour
endothelial cells co-expressing CD31 and phospho-VEGFR2Y"'7 (bottom).
8, Tumour vascular endothelial cells visualized by immunofluorescence
double staining with CD31 (green) and p-VEGFRZY1173 (red), and
counterstained with DAPI (blue) in mammary tumours collected 1 week
after tumour initiation in PyM' T;Ets27"°*P and PyMT;Fsp-cre;Etdeb/ loxP
mice. All analyses used tissue or cells from 9- to 10-week-old females; scale
bars, 50 pim. In e and f, bars represent means and error bars are s.d. Student’s
t-test was used for all the statistical comparisons between groups.

be associated with recurrence® (Fig. 5b; P = 2.5 X 10~ %, Fisher’s exact
analysis). These analyses suggest that the fibroblast Pten-expression
signature identified by our stromal mouse model represents a signifi-
cant subset of the total gene signature expressed in the stroma of
human breast cancer. We interpret these results to mean that a portion
of the transcriptome regulated by Pten in mammary stromal fibro-
blasts is dysregulated in the tumour stroma of patients with breast
cancer.

We also evaluated the relevance of the Pten—Ets2 relationship in
human cancer by immunohistochemical staining of breast-cancer
tissue microarrays (TMAs) with antibodies specific for Pten,
P-Ets2"7? and P-Akt**”® (Fig. 5¢). From the analysis of 99 patient
samples with invasive carcinoma, PTEN expression was scored as
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Figure 4 | Loss of Ets2 in stromal fibroblasts diminishes tumour growth in
stromal Pten-deleted mammary glands. a, H&E sections of mammary
glands after orthotopic injection of the ErbB2-expressing tumour cell line
NT2.5. T, tumour; str, stroma; scale bars, 500 um. b, Volumes of tumours
collected 21 days after injection. Pten'*""*F;Ets241*P (5 = 10) and
Pten'>*F°*P (11 = 10) control groups were combined (¥, n = 20) after it was
determined that there was no statistical difference in tumour incidence or
load between these two control groups. Values are means = s.d. ¢, Sections
from mammary glands with the indicated genotypes stained with the

absent or low in approximately 50% of samples. Importantly, PTEN
staining in the TMAs was negatively correlated with P-AKT**”* and
nuclear P-ETS2T7%, whereas P-AKT®*”® and nuclear P-ETS2772
showed a positive association (Fig. 5d). These results suggest that
activation of P-ETS2"7? in human breast-cancer stroma is a patho-
logical event that is favoured by a reduction in PTEN expression.

Discussion

Histopathology and molecular studies suggest that malignant
tumours consist of a complex cellular system that is dependent on
reciprocal signalling between tumour cells and the adjacent stroma.
However, the signalling pathways that mediate the communication
between the various cell types in the tumour remain virtually
unknown. We recently developed a mesenchymal-specific cremouse'”
and used it here to examine the consequences of inactivating Pten in
mammary stromal fibroblasts. Using this system we show, for the first
time to our knowledge, that Pten in stromal fibroblasts has a critical
role in the suppression of epithelial mammary tumours that is, in part,
mediated through an Ets2-regulated transcriptional program.

The tumour suppressor functions of PTEN have been extensively
studied in the tumour cell***. We show here that genetic ablation of
Pten in mammary stromal fibroblasts of mice alters the expression
profile of these cells to increase ECM, chemokine and cytokine produc-
tion in the tumour microenvironment. As a result, Pten stromal-deleted
tumours exhibit high levels of collagen, macrophage recruitment and
vascular networks, which together favour the initiation and progression
of mammary epithelial tumours. Remarkably, side-by-side evaluation
of histopathology by independent pathologists could not distinguish

Pte”/DXP//DXP PtenloxP/lcxP
EfSZdb//DXP

macrophage-specific marker F4/80. Scale bars, 100 pm. d, Quantification of
stromal cells positive for F4/80 in mammary glands. e, Frozen mammary
gland sections stained with the endothelial-specific antibody, CD31. Scale
bars, 50 pm. f, Quantification of CD31-positive staining. In d and f, bars
represent means and error bars are s.d. For all the statistical analyses, an
analysis of variance model with Bonferroni adjustment was used. Pairwise
comparisons shown have a significant difference between marked genetic
groups.

tumours between Pfen stromal-deleted mice and human patients with
breast cancer, highlighting the importance of modelling stromal cell
compartments of the tumour microenvironment. The mechanism by
which Pten in the stroma likely exerts its tumour suppressor role is
through the control of multiple signalling pathways, including compo-
nents of the Ras, Akt and JNK networks, which together culminate in
the regulation of Ets2 transcriptional activity. The fact that loss of Ets2in
mammary stromal fibroblasts diminished the oncogenic consequences
of deleting Ptenin these cells underscores the importance of the stromal
Pten—Ets2 axis in stromal fibroblasts during tumour suppression. These
observations are consistent with previous work from Oshima and col-
leagues that showed a critical cell non-autonomous role for Efs2 in the
growth of mammary tumours in mice*' and with the identification of
Ets2 activation as a key event associated with breast cancer in human
patients having poor prognosis*>**. The relevance of this mouse Pten—
Ets2 tumour suppressor axis to breast cancer is underlined by the high
correspondence between the mouse and human stromal expression
signatures. The observation that the dire consequences of targeting this
Ets2-driven stromal program are tumour-specific, sparing normal
mammary development, emphasizes the potential use of stromal-
specific strategies for therapeutic intervention in human breast cancer.

In summary, this work identifies Pten—Ets2 as a key regulatory axis
in stromal fibroblasts that suppresses mammary epithelial tumours by
profoundly attenuating some of the most malignant characteristics of
the tumour microenvironment. This novel function of Pten may be
relevant in the suppression of epithelial tumours of other organs, but
may also extend beyond cancer, to conditions where the microenviron-
ment may impact disease manifestation, such as in autoimmune
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Figure 5 | Pten-signature is represented in breast cancer stroma. a, Heat
map displaying the expression of the human orthologues of the 70-gene
subset in normal- and tumour-stroma from human patients with breast
cancer. The 70-gene subset derived from the mouse Pten-signature includes
57 genes upregulated (red bar on y-axis) and 13 genes downregulated (green
bar on y-axis). Red and green regions inside the heat map indicate relative
gene expression levels (red, increased; green, decreased). The P value
indicates the ability of the mouse 70-gene signature to partition normal and
tumour stroma in patients with breast cancer (see Statistical Methods). The
coded patient identities are listed at the bottom. b, Venn diagram depicting
the overlap between the mouse Pten-deleted fibroblast and human stroma
microarray data sets. The 12 genes highlighted in red (a, right margin) are
common between the mouse Pten 70-gene signature and the human 163-
gene signature that has been shown to associate with recurrence®. This
overlap is highly significant (P = 2.5 X 10~ %; Fisher’s exact test).

¢, Representative PTEN, P-ETS2"72 and P-AKT®*”? THC staining in human
breast carcinoma samples from the tissue microarray. Scale bar, 50 pm.

d, Pearson correlations between PTEN , P-ETS2"72 and P-AKT¥73
expression based on Allred scores of a tissue microarray (c) containing 99
patients with advanced breast carcinoma.

syndromes®, lung fibrosis*® and neurodegeneration®’. Interestingly,
the stromal Pten expression signature identified here includes genes
that have been causally linked to ECM deposition and inflammation in
rheumatoid arthritis, lung fibrosis and neurodegeneration
(Supplementary Tables 1 and 2). These data offer a molecular basis
for how altered Pten signalling in the tumour stroma may elicit broad
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responses in a variety of cells in the tumour microenvironment that
contribute to disease manifestation.

METHODS SUMMARY

Transgenic mice. Generation of Fsp-cre mice has been described"®. Pren" mice
were created following the strategy described in Supplementary Fig. 1. Ets2'*”
mice were generated by standard techniques®. Animals were maintained and
killed following institutional guidelines. Tenth-generation congenic (N10) FVB/
N animals were used for transplantation and orthotopic injection studies.
Tissue processing, histology. Tissues were either embedded in OCT or fixed
(4% paraformaldehyde or formalin) and embedded in paraffin. Frozen sections
were used for X-gal staining as previously described'”. THC on tissue microarray
sections from 99 patients with breast carcinoma was scored using Allred score’s
system™®.

Isolation of primary mammary fibroblasts. Primary mammary fibroblasts were
purified following the protocol published previously with minor modifica-
tions®. Mammary glands were dissected from 8-week-old female mice, minced
and digested with collagenase (0.15% Collagenase I, 160 Uml ™' hyaluonidase,
1 ugml ™" hydrocortisone and 10 pig ml ™" insulin with penicillin and streptomy-
cin) in a 5% CO, incubator overnight at 37 °C. Collagenase was neutralized with
10% FBS-DMEM medium. Digested tissue was resuspended in medium and
subjected to gravity for 12—15min. Pellets were washed three times to collect
epithelial organoids, and supernatants were subjected four more times to gravity
sedimentation and then cultured.

RNA and microarray analysis. RNA was harvested with Trizol according to the
manufacturer’s instructions (Invitrogen). RNA quality and concentration were
assessed with Bioanalyser and Nanodrop RNA 6000 nano-assays. RNA samples
were hybridized to Affymetrix GeneChip Mouse genome 430 2.0 platform at the
Microarray Shared Resource Facility, Ohio State University Comprehensive
Cancer Center. The microarray data were deposited with Gene Expression
Omnibus (GEO) and can be viewed at http://www.ncbi.nlm.nih.gov/geo/query/
acc.cgittoken=zhmbrcoqaacyite&acc=GSE16073.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Transgenic mice. Animals were housed according to federal and University
Laboratory Animal Resources at Ohio State University regulations.

Fsp-cre: the generation of the Fsp-cre mouse line has been previously described”.
Ets2"": the Ets2 conditional transgenic mouse line was generated such that the
Ets2 pointed domain is ‘floxed’*®. The pointed domain is encoded by exons 3-5
and important for the protein—protein interaction and signal transduction.
Ets2%: the Ets2" mouse was a gift from R. G. Oshima®.,

Pten'™T: the Pren'™™ mice were generated in our laboratory. LoxP sites were
introduced into two Hpal sites within introns 3 and 5 of the Pten gene, respec-
tively, to flank exons 4 and 5. Exon 5 encodes the lipid phosphatase domain.
Tissue-specific expression of cre will excise exons 4 and 5, generating a loss-of-
function Pten” allele (Supplementary Fig. 1).

Rosa-LacZ: the generation of the conditional Rosa-LacZ mouse line has been
previously described™. A list of PCR primers can be found in Supplementary
Table 3.

Mammary tissue transplantation. Transplant procedure was based on a previ-
ously published method". The day before surgery, recipient mice were anaes-
thetized with isofluorane (Abbott Laboratories) and a square area along the
scapular region was shaved (roughly 25 mm X 25 mm). At the time of surgery,
inguinal and groin mammary tissue (approximately 5mm X 5 mm in size) was
removed from 8- to 9-week-old donor females and placed subcutaneously into
the scapular region of wild-type hosts (littermates or FVB/N purchased from
Taconic) through two 5- to 10-mm incisions on the left and right side under
aseptic conditions. Only tissue from the abdominal (#4 and #9) and groin (#5
and #10) mammary glands was used for transplant after the lymph nodes were
removed. The small incisions were closed using a 9-mm wound clip. Animals
were monitored twice a week until tumour onset. Mice were killed either at
specific time points, when the tumour was about 2 cm in size, or it presented a
health problem to the animal such as exterior ulceration at the site of the tumour.
Orthotopic mammary gland injection. The neu-expressing mouse mammary
carcinoma cell line NT2.5 was provided by P. T. Kaumaya and was maintained as
described®. Eight-week-old female mice of each genotype were anaesthetized
and injected with 5% 10° NT2.5 cells at both inguinal mammary glands.
Tumour initiation was monitored by palpating twice a week. All the mice were
killed three weeks after injection. Tumour volume was calculated by the formula
V=Y Xlength X (width)?.

Tissue processing and X-gal staining. Large individual tumours (typically ~1—
2 cm) or the remainder of transplanted tissues were removed, divided and either
fixed in 4% paraformaldehyde for 24-48h or embedded directly in OCT
(Sakura). Fixed tissue samples were embedded in paraffin and cut into 5-pm
sections for H&E, IHC or immunofluorescence staining. For each sample col-
lected, two sets of sections were obtained at 25-um intervals for analysis.
Corresponding OCT-embedded tissue was sectioned (7 pim) in a similar manner
for X-gal or immunofluorescence staining. For X-gal staining, frozen tissue
sections were dried 15 min at room temperature before fixing in a glutaraldehyde
solution (0.2% glutaraldehyde, 1.25 mM EGTA, pH 7.3 and 2 mM magnesium
chloridein 1 X PBS) for 30 min. The sections were washed with LacZ wash buffer
(2 mM magnesium chloride, 0.01% sodium deoxycholate, 0.02% IGEPAL CA-
630 (Sigma) in PBS) for 5min three times and then stained in LacZ staining
solution (4mM potassium ferricyanide, 4mM potassium ferrocyanide,
1 mgml~ ! X-gal in LacZ wash buffer) at 37 °C overnight (~18 h) and protected
from light. Stained sections were washed in PBS for 5 min three times and then
rinsed with water for 2min before counter-staining with nuclear fast red.
Collagen deposition was visualized using standard Masson’s trichrome staining.
Whole mammary gland sections were stained and imaged using an Aperio
Scanscope CS whole-slide scanner. Areas of skin and muscle, which also stain
positive, were manually encircled and excluded from the analysis.

IHC and immunofluorescence. IHC and immunofluorescence were performed
using paraffin sections with the following antibodies: Pten (1:100, Cell Signaling,
overnight), collagen I (1:100, Abcam, 30 min), F4/80 (1:50, Caltag, overnight),
phospho-Akt3*”® (1:50, Cell Signaling, overnight), phospho-JNK8¥/¥185 (150,
Cell Signaling, overnight), phospho-Erk1/2 (1:100, Cell Signaling, overnight),
phospho-Ets2"”2 (1:25, M.C.0O. laboratory, overnight), Cytokeratin 8/18 (1:300;
Research Diagnostics, 30 min), E-cadherin (1:700, BD-Pharmingen, 30 min),
mouse o-SMA (1:200, Sigma, 30min) and collagen IV (1:100, Chemicon,
30min). In general, paraffin sections were deparaffinized and the antigen
retrieval accomplished by incubation in antigen retrieval solution (DAKO) at
>95°C (30 min). For IHC, staining was developed using the biotin/avidin/
horseradish peroxidase system from Vector Laboratories according to the manu-
facturer’s instructions. All IHC slides were counterstained with haematoxylin
and images obtained using an Eclipse 50i microscope (Nikon) and an Axiocam
HRc camera (Zeiss). For IHC quantification, cells were counted manually from

nature

ten random fields and reported as a percentage of positive cells from the total cell
population.

Frozen sections of mammary glands for immunofluorescence were fixed at
4°C in either 4% paraformaldehyde in PBS or acetone. Samples were treated
with phospho—EtsZT72 (1:125; M.C.O. laboratory, overnight), vimentin (1:50;
Santa Cruz Biotech, overnight), Pten (1:100, Cell Signaling, overnight),
VEGF ;64 (1:100, R&D Systems, overnight), phospho-VEGFR2Y''7? (1:100,
Cell Signaling, overnight) and CD31 (1:50, BD Biosciences, 30 min) primary
antibodies. Fluorescent staining was developed using secondary antibodies con-
jugated to AlexaFluor dyes following standard protocol (Invitrogen; Molecular
Probes). For Pten immunofluorescence on paraffin sections, the signal was amp-
lified using a biotinylated secondary antibody and Texas red conjugated to
streptavidin. All immunofluorescence sections were counterstained with DAPI
and images obtained using an Axioscope 40 microscope (Zeiss) equipped with
an Axiocam HRc camera (Zeiss). Image analysis for quantifying CD31 and
phospho-VEGFR2"""7? areas was performed using standard image processing
techniques implemented in Matlab. VEGF,¢, images were quantified with
Image] software.

Gelatinase in situ zymography. This was performed as described, with minor
modification'. Briefly, frozen sections (10 um) were quickly fixed with cold
acetone, rehydrated with PBS and then incubated with 40 ugml™' DQ-gelatin
fluorescein conjugate (Molecular Probes) in reaction buffer (50 mM Tris-HCI,
150 mM NaCl, 5mM CaCl, and 0.2 mM NaN3;, pH 7.6) for 10 h. The reaction
was quenched with 10 mM EDTA-PBS wash. Nuclei were counterstained with
DAPIL A consecutive slide was stained with H&E to localize the MMP?9 activity.
Fluorescent images were acquired with Axioscope40 microscope (Zeiss) and
AxioCam HRc camera (Zeiss).

Western blot. One million to two million cells were lysed with radio immuno-
precipitation assay (RIPA) buffer (50 mM PH7.4 Tris-HCl, 150 mM NaCl, 1 mM
EDTA,1% NP-40, 1% sodium deoxycholate and 0.1% SDS) containing protease
and phosphatase inhibitors (Roche). Primary antibodies for Pten (Cell
Signaling), Akt (Cell Signaling), phospho-Akt**”®> and phospho-Akt™*® (Cell
Signaling), phospho-JNK™'#/Y18 (Cell Signaling), phospho-Erk1/2 (Cell
Signaling), Erk1/2 (Santa Cruz), Ets2 (M.C.O. laboratory) and Collagen 1
(Abcam) were incubated overnight at a dilution of 1:1,000, whereas tubulin
(Sigma) was used at 1:5,000 dilution. Washed membranes were blotted with
either horseradish-peroxidase-conjugated anti mouse IgG or anti rabbit IgG
antibodies and developed with enhanced chemiluminescent substrate
(Thermo Scientific).

Microarray analysis. The data were analysed using WEDGE++ expression
analysis®”. Heat map representation (Supplementary Fig. 6) was performed using
the TIGR Multiexperiment Viewer program MeV version 4.1.

Quantitative RT-PCR. Quantitative gene expression was performed using 50 ng
complementary DNA per reaction. Tagman Roche Universal Probe Library
system probe and primers (Roche) following the manufacturer’s instructions.
Reactions were performed on the I-cycler iQ Real-Time machine (Bio-Rad). A
list of quantitative RT-PCR primers can be found in Supplementary Table 3. The
reference gene used for all quantitative RT-PCR assays is Rpl4.

ChIP and quantitative RT-PCR. ChIP assays were performed as described by
Hu er al.>. Primary fibroblasts were cross-linked with 1% formaldehyde and
soluble chromatin was prepared with sonication to an average DNA length of
200-1,000 base pairs. Sheared soluble chromatin was pre-cleared with transfer-
RNA-blocked Protein G Agarose, and 10% of the pre-cleared chromatin was set
aside as input control. Immunoprecipitation was performed with 5 pg of Ets2
antibody or rabbit IgG overnight at 4 °C. Immune complexes were pulled down
with Protein G-Agarose, washed, and eluted with elution buffer (0.1 M
NaHCO3, 1% SDS), and cross-links removed by incubating with 200 mM
NaCl containing 50 pg ml~" of RNase A (Sigma) at 65 °C overnight. DNA was
purified with the Qiagen PCR Purification Kit after proteinase K treatment
according to the manufacturer’s instructions. Samples were analysed by quanti-
tative RT-PCR as indicated above. The threshold for the promoter being studied
was adjusted by that of input values and represented as relative abundance. All
quantitative RT-PCR reactions were analysed by melt curve analysis and agarose
gels to confirm the specificity of the reaction. A list of ChIP primers can be found
in Supplementary Table 3.

Generating the human stroma heat map with genes identified in Pten null
fibroblasts. Analysis of the Pten null mouse microarray data using WEDGE+ +
software®® led to the identification of 195 differentially expressed probe sets
matching to 150 unique mouse genes. A search for human orthologues using
Ensembl and MGI databases yielded a list of 137 genes. These genes were queried
against the McGill Cancer Center’s Breast Stroma Microarray data (GSE9014 and
GSE4823). Of the 137 genes, 129 were represented on the Agilent Custom Array
used in the McGill study. A heat map was generated for the human stroma data set
(52 normal stroma and 49 tumour stroma samples). To achieve better resolution
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on the heat map, and to identify only those genes that had highly variable gene
expression across all samples, a variance cutoff of >0.5 was used to generate a
subset of 70 genes. The heat map (Fig. 5a) shows the ability of these 70 genes to
separate the normal and tumour stroma samples based solely on their gene
expression profiles. This partitioning is highly significant (P = 3.9 X 107"), as
determined by Wilcoxon’s test on the average expression of Pten null-signature in
all samples.

Interestingly, comparison of 137 human orthologues of the Pten null list with
the 163 genes associated with recurrence in tumour stroma from the McGill
study showed that there are 12 genes (highlighted in red; Fig. 5a) present on both
gene lists. This overlap is again highly significant (P = 2.5 X 10~ % Fisher’s exact
analysis).

TMA. TMA slides containing paraffin-embedded breast carcinoma tissues were
processed at the Pathology Core Facility and Tissue Archives Human Tissue
Resource Network at Ohio State University. IHC on these slides was performed
with phospho-Ets2"”? (1:25, M.C.O. laboratory), Pten (1:100, Cell Signaling)
and phospho-Akt®*”? (1:50, Cell Signaling) following standard procedures. Level
of PTEN and phospho-ETS2 and phospho-AKT expression in stromal cells were
scored with Allred score method*.

Statistical analysis. The number of animals and experiments are indicated in the
figures. All the statistical tests were two-sided. The Wilcoxon rank test was used
for some of the statistical analyses when the outcome variables were skewed and
could not be transformed to achieve normality (Figs 1f and 2c, e, i). General
linear models (analysis of variance) were used to study differences in continuous
outcome variables among groups. Ad hoc pairwise comparisons were performed
if the overall test was significant (Fig. 4b, d, f and Supplementary Figs 9c and
11b). Fisher’s exact test was used to compare counts in Fig. 1e because low counts
(below 5) were observed in one of the groups. Fisher’s exact test was also used to
compare gene overlap in Fig. 5b. Multiplicity adjustment methods (Bonferroni
method) were used when multiple pairwise comparisons were performed. A
two-sample (unpaired) Student’s ¢-test was used for tumour load and the fluor-
escent microscopy images of VEGF;g4, CD31 and pVEGFRY"'7? staining in
Fig. 3b, e, fand Supplementary Fig. 9a, e. For human TMA, a Pearson correlation
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was used to evaluate the association of Allred scores between PTEN/P-ETS277,
PTEN/P-AKT®*”? and P-ETS2"7?/P-AKT®”’.

We show the expression data comparing normal and tumour stroma in Fig. 5a
as a heat map because it highlights the ‘direction’ of the change in expression.
Moreover, a permutation test strategy was used to study whether the 70-gene
subset of the mouse Pten signature discriminated between human tumour and
normal stroma samples™ (Fig. 5a). A total of 100,000 random permuted samples
was used to compute the empirical Pvalue of the 70-gene signature. A Wilcoxon
rank sum value for each random 70-gene permutation was computed from the
average log expression difference (between normal and tumour stroma) of the 70
genes. For computing the average log expression difference of the mouse Pten
70-gene signature, we assigned negative values to the 13 downregulated genes.
The empirical P value obtained using this method (8 X 10™°) represents the
proportion of random permuted samples that had a Wilcoxon rank sum value
larger than the Wilcoxon rank sum value of the Pten 70-gene unpermuted
signature. In addition, principal component analysis was used to explore
whether the Pten 70-gene signature discriminated normal versus tumour
stroma; this principal component analysis, like the heatmap presented in
Fig. 5a, showed perfect separation of normal and tumour samples (data not
shown), with the first component being sufficient for this separation. A
Wilcoxon rank sum test yielded a P value of less than 1 X 10~ '°.,
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Germline mutations in the tumor suppressor gene PTEN (phosphatase
and tensin homology deleted on chromosome 10) cause Cowden and
Bannayan-Riley-Ruvalcaba (BRR) syndromes, two dominantly
inherited disorders characterized by mental retardation, multiple
hamartomas, and variable cancer risk. Here, we modeled three senti-
nel mutant alleles of PTEN identified in patients with Cowden syn-
drome and show that the nonsense Pten**> and missense Pten'?*%
and Pten®"?* alleles lacking lipid phosphatase activity cause similar
developmental abnormalities but distinct tumor spectra with varying
severity and age of onset. Allele-specific differences may be
accounted for by loss of function for Pten“*®, hypomorphic function
for Pten’2*%, and gain of function for Pten®"?°t, These data demon-
strate that the variable tumor phenotypes observed in patients with
Cowden and BRR syndromes can be attributed to specific mutations in
PTEN that alter protein function through distinct mechanisms.

cancer genetics | Cowden syndrome

he tumor suppressor gene PTEN (phosphatase and tensin

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

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

Results

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

We first evaluated the effect of Pten®>, Pten®?’E, and
Pten“’?*R on embryonic development by examining offspring
derived from intercrosses between heterozygous knockin mice
(Fig. 24). The intercrosses yielded no live homozygous progeny at
birth for any of the three mutant alleles; however, mutant embryos
were recovered at embryo day (E) 8.5 and E9.5, albeit at a lower
than expected frequency. Development of the few mutant embryos
that were obtained was severely compromised, with defects in
anterior-posterior patterning, failure of axial rotation, and
absence of overt tissue differentiation leading to resorption by
E9.5 (Fig. 2 A and B and Fig. S1B). Heterozygous Pten**™'*,

A4—5’ Pten61295’ C124R

Author contributions: H.W., M.C.O., and G.L. designed research; H.W., M.K., S.N., R.R,, E.C,,
H.-Z.C., M.R,, and J.M. performed research; D.W. and W.S. contributed new reagents/an-
alytictools; H.W., H.-Z.C,, J.AS,, S.AF., MW, D.W., W.S., K.L.P., PS, TJR, CE, M.C.O, and
G.L. analyzed data; and H.W., M.C.0., and G.L. wrote the paper.

The authors declare no conflict of interest.
*This Direct Submission article had a prearranged editor.
M.K., S.N., and R.R. contributed equally to this work.

2To whom correspondence may be addressed. E-mail: michael.ostrowski@osumc.edu or
gustavo.leone@osumc.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0912524107/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0912524107



B

A Wild type allele B

+ -
Puull Pwull "f°+ 'le‘i
J_—-myvmv//é Uzl
A// ‘ \\ \\ B £+ QY
Pvull .2 L2 Pyull s N Pwull FFOOOO
v 1 - - DN - P ot
C124R
pr1 pri pr3 5 kb= «&1oiR
Targeted allele
Targeted allele +cre 480 bp— neo
Pwvull Pwvull 360 bp— "8%‘5’2
Jr@qzlﬂé 320 bp= &
pr1 pr3
C124RI+ D
o knockin allele (neo-)
| ,% g, 1.6
: SO 12
HCRK A G K G R =z 5
G129E/+ S 08
v £ 04
I ‘ ‘ ( 1 B g
CACTGTAAAGCTGGAAAGGAACGG. z E C124R/+ G129E/+

HCKAGKGER

123124 125 126127 128 129 130 B cona

Il gDNA
Fig. 1. Generation, targeting, and verification of point mutations of Pten
alleles. (A) Endogenous WT Pten allele (Top), the two targeted missense
mutations in exon 5 (*) of Pten allele containing the selectable phosphogly-
cerate kinase promoter (PGK)-neo cassette (flanked by LoxP sites, triangles;
Middle), and the two targeted mutant Pten knockin alleles (Pten’?*R and
Pten®'2%) |acking the PGK-neo cassette (after mating with E/lA-cre-expressing
mice; Bottom). A and B, DNA probes used for Southern blot analysis; pr, pri-
mers used for PCR genotyping. (B) Southern blot analysis (Upper) and geno-
typing PCR (Lower) of tail DNA with the indicated genotypes. Genomic DNA
was digested with Pvull and probed with probe A, and expected band sizes are
indicated for each allele. PCR amplification using primer pairs 1-3 and 2-3
(primer information provided in Table S3) yielded specific fragment size for
different alleles as indicated. (C) Sequence analysis of tail DNA isolated from
Pten“'?*R™* and Pten®’?%* mice. Chromatograms demonstrating the suc-
cessful targeting of the Pten locus and translated amino acids are shown
below the codons. Red letters and bold numbers denote the two targeted
amino acids (C124R and G129E). Arrows point to targeted nucleotides. (D)
Allelic expression imbalance analysis of allele-specific expression. The graph
shows the proportion of mRNA expressed from the WT allele over the
indicated mutant allele in lungs of Pten®'2*""* and Pten®'?*"* mice. neo—,
mice lacking the PGK-neo cassette. Genomic DNA (gDNA) was used as an
internal control.
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Pten , and Pten embryos were morphologically indis-
tinguishable from WT littermates (Fig. 2 4 and B and Fig. S1C).
Thus, overall, there were no obvious differences among homozygous
knockin embryos of the three Pfen mutant genotypes.

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

lymph node (P = 0.050) lesions were present in Pren®/?*/* mice;

Wang et al.

A _Table 1. Embryo viability
E9.5 +/+ m/+ m/m Total

observed 19 37 0(14)- 70
C124R expected 18 35 18
observed 8 35 0(3)* 46
expected 12 24 12
observed 6 16 03 25
expected 6 13 6

E8.5 +/+ m/+ m/m Total

observed 14 46
C124R expected 18 36
observed 20 43  0(3)* 66
expected 17 33 17
observed 14 45 0(6)* 65
expected 16 33 16

G129E

A4-5

G129E

A4-5

*p < 0.001, Chi-square test or Fisher's exact test

C p=0.021 p=0.017
o Wt 445 C124R G129E

Tumor Incidence (%)
2SN WHh N
[eNeleleNoNeNolNolNe)
5 0-1

b L -~
NW SAB SAW SAWY
=46 n=54 n=43 n=44

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

and mammary gland-intestine (P = 0.007), mammary gland-adrenal
(P = 0.049), and prostate-stomach (P = 0.002) lesions were present
in Pren"?*®'* mice (Table S2). Consistent with observations made
in human patients with Cowden syndrome, there was a gender bias in
the organ-specific manifestation of lesions, with lymph node lesions
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more frequently found in female mice (for Pren**=, P < 0.001) and
adrenal and stomach lesions more commonly found in male mice
(for Pten®=, P = 0.008 and P = 0.012, respectively; for Pren“’?*,
P = 0.034) (Fig. S2). These findings challenge the current view of
polymorphic heterogeneity in the population as the principal reason
for the variable penetrance observed in patients with Cowden syn-

drome. We suggest that this variability may instead be attributed, at
least in part, to allele-specific effects of PTEN mutations.

Based on these initial observations, we performed a thorough
histopathological analysis of neoplastic lesions in organ sites fre-
quently involved in Cowden syndrome, including the uterus, thy-
roid, mammary gland (2, 18-20) and the prostate (21). Detailed
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Fig. 3. Allele-specific and organ-specific tumor development in Pten®*>"*, pten“'?*""*, and Pten®"?°/* mice. Histopathological grades of lesions were compared
between WT, Pten*4*"*, Pten“'?*"*, and Pten®?°** 9-month-old mice in the uterus (A), thyroid (B), prostate (C), and mammary gland (D). Note the significant
difference in the severity of lesions among the various animals with mutant Pten alleles. (Right) Histology with the highest grade lesions found in each genetic group.
(Lower) Magnified view of the boxed region in the upper panels. Detailed histopathological criteria used to grade the lesions are included in Fig. S3. AH, atypical
hyperplasia; SH, simple hyperplasia; PIN-I/1l, prostatic intraepithelial neoplasia grade | or II; PIN-1Il/IV, prostatic intraepithelial neoplasia grade Ill or IV; FA, follicular
adenoma; FH, follicular hyperplasia; Carci., carcinoma; MIN, mammary intraepithelial neoplasia; LG, low grade; HG, high grade; Normal, no gross or microscopic
tumor. Comparisons between genetic groups in A-D were analyzed by 2 or Fisher's exact tests and adjusted by Holm’s method. (E) Large palpable tumor masses in
12-15-month-old Pten®?%* female mice. Black and orange arrows point to mammary gland and uterine (U) tumors, respectively. White arrows point to enlarged
lymph nodes (L). Normal, no gross mammary gland tumors; Palpable, palpable mammary gland tumors. Comparisons between genetic groups in E were analyzed by
a binomial exact test. All comparisons between Pten®'?%* and other genetic groups were found to be significant (*P < 0.01).
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Fig. 4. Expression of Pten and p-Akt in proliferative lesions of various
organs. (A) Tissue sections from the uterus and thyroid (Upper) or prostate
and mammary gland (Lower) of mice with the indicated genotypes were
stained with Pten- and p-Akt-specific antibodies. Complete loss of Pten
occurred in Pten®*"* lesions of the uterus, thyroid, and prostate, whereas
decreased levels of Pten were observed in Pten<'?*"’* |esions of the uterus
and thyroid. Pten protein expression was lost in a mosaic fashion in
advanced lesions of Pten®*™"* mice but persisted in Pten<’?*"* MIN and
Pten®'2%* mammary gland carcinomas. (Right) Magnified images of the
boxed region. (B) LOH analysis of WT Pten allele detected by PCR from laser
capture microdissected (LCM) lesions of the uterus, prostate, and thyroid of
9-month-old heterozygotes. (Left) Representative images showing pre- and
post-LCM tissue of “quick” p-Akt immunostained sections. (Right) Incidence
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criteria for grading lesions are presented in Fig. S3. In the uterus,
proliferative lesions of the endometrium (simple h/yperplasia and
atypical hzg)el;;plasia) were encountered in Pren®* "™, Pren©12#R/+
and Pten®"?°"* female mice with equal frequency (Fig. 34),
similar to what has been reported in patients with Cowden syn-
drome. Advanced thyroid follicular lesions, however, were more
frequently observed in Pren®*?E/* mice compared with Pren®*>'*
or Pten“"?*®'* mice (Fig. 3B and Fig. S44). In the prostate, both
Pten®*>"* and Pten®12°E/+ mice were more likely to have lesions of
higher histological grade, which included prostatic adenocarci-
noma, than Pren®’>*®/* mice (Fig. 3C). In the mammary gland,
advanced lesions such as mammary intraepithelial neoplasia
(MIN), invasive carcinoma, and adenosquamous carcinoma were
observed in both Pren*>'* and Pten©’2°E/+ female mice but rarely
in Pten“'?*®* female mice (Fig. 3D; P = 0.03). Strikingly, only
lesions in Pten“’?"/* female mice (n = 8) advanced to form large
palpable tumors with unique adenosquamous morphology and a
prominent stromal component (Fig. 3E and Fig. S4B), which are
classic characteristics of breast carcinoma seen in individuals with
Cowden syndrome (22). Despite small sample sizes in our data-
base comprising >400 PTEN mutation-positive individuals, all
three PTEN®'?”E _affected women had breast cancer, whereas two
PTENC?*R_affected individuals only had fibrocystic disease of the
breast. Moreover, we also observed high-grade MIN in Pren /2%
* male mice but not in males of other genotypes (Fig. S4C), con-
sistent with an increased incidence of breast cancer observed in
male patients with Cowden syndrome with this particular PTEN
mutation (5, 23). The development of more severe lesions in select
organs of Pten®?’E/* mice when compared with Pren®*'* mice
suggests that the Pren“’?F allele, in addition to lacking lipid
phosphatase activity, may have gained protumorigenic functions.
Together, these findings demonstrate the critical role of specific
PTEN mutant alleles in driving the broad clinical manifestations of
Cowden syndrome that often present in an organ-selective fashion
and with variable penetrance and expressivity.

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

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

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

Allele-Specific Mechanism of Pten-Mediated Tumor Suppression.
Inactivation of tumor suppression by the two missense mutations
(Pten®?°F and Pten©’2#R) is thought to result from the ablation of
enzymatic phosphatase activity (1, 25, 26). It was therefore sur-
prising to find that lesions in the uterus, thyroid, and prostate of
Pten“"**®* mice had little (if any) detectable Pten protein (Fig.
4A4). This was specific to this cohort of mice, because Pten protein
in the corresponding lesions of Pten®’?**/* mice was clearly
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Fig. 5. Decreased Pten“'2® protein stability. (A) Pten IHC staining of homo-
zygous embryos (E9.5) with the indicated genotypes. (Lower) High magnifi-
cation of boxed areas in the upper panels. (B) Western blots of control- (pBP-
control) or cre-retrovirus- (pBP-cre) infected MEFs of the indicated genotypes
were probed with antibodies specific for Pten, p-Akt S473, and total Akt.
Complete cre-mediated deletion of exons 4 and 5 was confirmed by PCR (Fig.
S6B). (C) (Left) Western blots of cycloheximide- (cyclohex.) treated MEFs
treated as in B and expressing WT Pten (WT), Pten®'24R (C124R), and Pten®'2%%
(G129E). (Right) Protein half-lives of WT Pten (WT), Pten'?*® (C124R), and
Pten®'2%E (G129E) were calculated as described in S/ Text and plotted. n,
number of independent experiments. ANOVA with a repeated-measures
model was used to evaluate differences across the various time points and
between genotypes. (D) Western blots of lysates derived from mammary
glands and lungs of two 9-month-old female mice with the indicated geno-
types probed with Pten- and p-Akt (S473)-specific antibodies as indicated.
*Lysates derived from MEFs with the indicated genotypes were included in
these blots. Tubulin protein levels were monitored as a loading control.
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present. Interestingly, the levels of Pten protein in preneoplastic
mammary gland lesions in Pren“’?*®'* mice were uniformly high,
suggesting that, as in Pten*->* mice, tumor initiation in mammary
glands did not require LOH (note that carcinoma was never
detected in this genetic group) (Fi% 4Ab) These results suggest that
the two missense mutations (Pten®’?* and Pten“’?*R) contribute
to tumorigenesis differently, with the Pren/?*R allele producing a
protein product that is particularly labile.

The unexpectedly low levels of Pten®'?*R protein in tumors
prompted us to reexamine its expression in normal tissues. We
used immunohistochemistry (IHC) to compare Pten protein levels
inE9.5 Pten +/+’PtenA4—5/A¢5’ PtenG129E/GI QE, andPtenC724R/C]24R
embryos. Remarkably, Pten“'?*R protein was almost undetectable
in most tissues of homozygous embryos (Fig. 54), even though its
mRNA levels were not altered. In contrast, there were normal
amounts of Pten protein expressed from the Pten®?%F allele. To
determine whether the absence of Pten®!>*R protein could be
attributable to reduced protein stability, we generated and com-
pared mouse embryonic fibroblasts (MEFs) containing a condi-
tional Pten™** null allele (with LoxP sites flanking exons 4-5) and
either a WT allele or each of the three mutant knockin alleles
(Pre n+/LoxP’ P enA4—5/LoxP’ PtenG129E/LoxP’ and Pt enC]24R/LwcP; Fig.
S6A). Retroviral transduction of cre recombinase (cre) in the MEF
cultures resulted in efficient deletion of Pren™*" (Fig. S6B), gen-
erating cells that express Pten solely from the remaining WT allele
or from each of the three knockin alleles (Fig. S6B). Western blot
analysis confirmed normal steady-state levels of Pten protein in
cre-Pten ™" and cre-Pten®"**®"“*T MEFs (compared with con-
trol-Pten™*"“>F MEFs), undetectable Pten in cre-Pten** /="
MEFs, and decreased Pten in cre-Pten“’?*®'->*" MEFs (Fig. 5B).
Quantitative RT-PCR analysis showed equivalent amounts of Pten
mRNA in MEFs of all genotypes (Fig. S6C). Pulse-chase experi-
ments using cycloheximide demonstrated a significant reduction in
the half-life of Pten“'**R protein when compared with either WT
or Pten®'?’F protein (P = 0.001; ~3.7 vs. >24 h; Fig. 5C). From
these results, we suggest that one mechanism by which the
Pten®"?*R allele promotes Cowden syndrome and sporadic cancers
is through the inherent instability of its protein product.

The activation of Akt, through its PI-3K-mediated phosphor-
ylation at either residue 308 or 473, is thought to be attributable to
the inactivation of Pten (1). Indeed, the level of phosphorylated
Akt (p-Akt) was increased in cre-Pten**“>" MEFs relative to
either cre-Pten™'"** or control-Pten**"*>** MEFs. Interestingly,
p-Akt levels were similarly increased in MEFs expressing
Pten®'?E or Pten“'?*R protein (Fig. 5B). Moreover, IHC revealed
that E9.5 Pren /43 PienGI129E/GI29E - and  Pren®'?#R/C124R
embryos had equivalent levels of p-Akt, indicating that signaling
downstream of PI-3K in embryos of all three mutant genotypes was
similarly engaged (Fig. S1B). Because Pten™*~>'*, PtenG2%E/+ and

R+ mice had different tumor and gender biases charac-
teristic of Cowden syndrome with distinct pathological findings
and frequencies, we investigated the extent of Akt phosphor-
ylation in tumor samples. Again, IHC of all tumor types and
Western blot analysis of lysates derived from mammary glands,
lungs, and MEFs failed to reveal any difference in the amounts of
p-Akt between the three genotypes (Figs. 44 and 5 B and D).
Therefore, the severity of cancer phenotypes attributed to
Pten“?*R PrenS?%E and Pten®> alleles did not correspond to
Akt activation (8, 27, 28). These data indicate that unique func-
tions, beyond Akt activation, distinguish the three mutant alleles
from one another in their ability to instigate cancer development
and progression.

Discussion

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

Mouse modeling of three important mutant alleles of PTEN
identified in patients with Cowden syndrome demonstrates that
nonsense (Pten®*~) and missense (Pten®’?’" and Pten?*?) muta-
tions in Pfen display distinct tumor phenotypes in organs targeted by
Cowden syndrome. These functional differences are not manifested
during embryonic development and do not appear to depend on
differential PI-3K-Akt signaling. We have not formally ruled out,
however, the possibility that the timing of Akt activation during
tumor initiation/progression may differ between the three Pten
knockin genetic groups. Nonetheless, it is interesting that phenotypic
differences in human patients with Cowden syndrome also do not
strictly correspond to the level of Akt activation. Rather, the striking
differences in tumor spectrum and severity, with phenotypes in
PtenC1PE* > Pren®*+ 5> Pren©?*R* mice, may be partially
accounted for by a gain of function in Pten“’?**/* individuals and by
reduced protein stability in Pren“’?*®'* individuals. The gain-of-
function phenotypes manifested in Pten®’?*®/* mice may be attrib-
utable to the remaining protein phosphatase activity of mutant
protein or to interference of function by mutant protein in protein
complexes. Although further experimentation will be required to
define fully the mechanisms underlying our observations, the in vivo
models we describe provide the physiological and genetic foun-
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dation necessary to unravel this puzzle. In summary, the results
demonstrate that specific germline mutations disrupt PTEN
function by distinct mechanisms that may explain the organ-
selective variability associated with cancer predisposition in
Cowden syndrome. These findings raise the possibility that spe-
cific somatic alterations, whether genetic or epigenetic, in PTEN
will also have a differential impact on sporadic cancers that
develop in patients who do not have Cowden syndrome. We
believe that the genotype-phenotype relations revealed here may
be used to guide more effective and personalized targeted
therapies for cancer patients with PTEN mutations.

Methods

Pten®'24”"* and Pten®’?°* knockin mice were generated using a standard
homologous recombination approach. Isolation of primary MEFs from E13.5
embryos, retroviral infections, and cell culture conditions were done using
standard methods. Pten‘®** deletion by cre was confirmed by genotyping of
MEF DNA and Western blot analysis using PTEN antibody. Statistics analyses
were performed for all the data. Detailed methods can be found in S/ Text.
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1. Introduction

Developments in microscopy imaging technologies (Levenson
and Hoyt, 2000, 2003) have generated large high-resolution data-
sets that have spurred medical researchers to conduct investiga-
tions into tissue organization, interfaces and internal cellular
arrangements (Wu et al., 2003, 2007). Deeper insights into mecha-
nisms of onset and growth of disease including cancer are now
possible. For example, existing imaging modalities and imaging
agents allow the microstructure characterization of the tumor
microenvironment (Sloane et al., 2006). The tumor microstructure
is best described by the composition and three-dimensional
arrangement of cellular matrices, vasculature, and ducts that are
embedded into a salient tissue structure. In this work, we focus
on achieving tissue segmentation in histology images obtained
from light microscopy by exploiting the properties of the micro-
structure. Segmentation of tissue layers when combined with
other information (genetic and molecular expressions) will further
the understanding of disease mechanisms (Ohtake et al., 2001).

* Corresponding author. Tel.: +1 614 292 4029; fax: +1 614 292 2911.

E-mail addresses: mosaligk@cse.ohio-state.edu (K. Mosaliganti), janoos@cse.
ohio-state.edu (F. Janoos), irfanogl@cse.ohio-state.edu (O. Irfanoglu), ridgwayr@
cse.ohio-state.edu (R. Ridgway), raghu@cse.ohio-state.edu (R. Machiraju),
khuang@bmi.ohio-state.edu (K. Huang), joel.saltz@osumc.edu (J. Saltz), gustavo.
leone@osumc.edu (G. Leone), michael.ostrowski@osumc.edu (M. Ostrowski).
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Tissue layers differ mainly in the spatial distributions and pack-
ing of microstructure components such as the red blood cells
(RBCs), nuclei, extracellular matrix and background material. We
algorithmically process high-resolution datasets to determine
these distributions. These large images are generated from serial-
section stacks that were digitized using light microscopy. Robust
segmentation involves the discovery of feature spaces that esti-
mate and spatially delineate component distributions, wherein
the tissue layers naturally appear as salient clusters. The clusters
can then be suitably classified.

Fig. 1 shows a typical mouse placenta section that we encounter
in our work. The interface between two tissue types at full resolu-
tion is marked out using a red boundary. Note the clear lack of a
well-defined boundary between the two tissue types. Instead, the
change is better perceived by noting the subtle changes in micro-
structure properties (texture) that manifests within each tissue re-
gion. Fig. 2 shows another histology-stained section of the mouse
mammary tissue. The epithelial cell lining surrounding a duct
has a characteristic packing arrangement. The material surround-
ing the duct consists of fat cells arranged in honeycomb-like cellu-
lar matrices. Our examples serve to illustrate that the tissues are
best identified by the relative packing densities and spatial distri-
butions of nuclei, RBCs, extracellular material and background
components.

In Section 3, we propose the use of N-point correlation func-
tions (N-pcfs) borrowed from the material science literature
(Torquato, 2004) for image segmentation. These functions efficiently
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Fig. 1. A slice of the placenta tissue showing the labyrinth-spongiotrophoblast interface (red). The yellow circles show glycogen tissue embedded within the labyrinth. The
green boundary is the interface between the spongiotrophoblast and the remaining maternal layers. Note the subtle change in tissue microstructure across the boundaries.

Extracellular matrix
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Fig. 2. A histology section of the mouse mammary gland showing several duct cross-sections. A zoomed duct section reveals the characteristic packing densities of the

epithelial cell lining.

characterize the microstructure in a heterogeneous substrate
(Gokhale, 2004, 2005, 2006). The N-pcfs estimate a feature tensor
at each pixel location. The tensor encodes information relevant to
the spatial proximity of different components relative to each
other. In order to classify the tensors into salient tissue classes,
we invoke higher-order singular value decomposition (de Lathau-
wer et al., 2000) methods. This allows us to identify fundamental
descriptors that best explain the unique distributions spanned by
a salient tissue in the tensor space.

Finally, in Section 4, we apply these methods to a genetic phe-
notyping study and provide rigorous validation proof. Using man-
ual ground-truth, we compare the performance of the tensor
classification framework with the k-nearest neighbor method.
The segmentations from using the N-pcf measures are compared
with the Haralick and Gabor measures. Additionally, the auto-
mated segmentations on the entire image stack are compared
against manual segmentations. Thus, we obtain effective high-res-
olution tissue segmentations as shown in Fig. 14 (placental laby-
rinth) and Fig. 15.

2. Related work

Medical research has focussed on trying to understand the
cellular and molecular mechanisms of transformation especially
in cytogenetics (Streicher et al., 2000) and cancer pathology
(Braumann et al., 2005, 2006) by utilizing high-resolution micros-
copy. Imaging studies have had a high impact in terms of providing
automated and objective methods for comparative analysis
(Wenzel et al., 2007). In this context, pertinent research in serial-
section visualization focusses on (i) extracting/ segmenting rele-
vant 2D features (neurons, vasculature, ductal profiles, etc.) and
regions (labyrinth layer, mammary epithelial tissue, etc.) (ii) per-
forming automated serial-section alignment (Fiala and Harris,
2002, 2005, 2006,) and (ii) evaluating 3D structure from 2D profiles

(Jeong and Radke, 2006, 2005, 2007). The work presented in (Oh-
take et al., 2001, 2004) follows this mantra successfully to get 3D
tangible reconstructions of duct/vasculature anatomy. In this work,
we address 2D segmentation challenges that these tasks require as
a precursor to 3D reconstructions.

Direct volume rendering using transfer functions has a limited
scope in the visualization of the raw image stacks since it requires
the presence of 3D image gradients and color variations. In serial-
section microscopy, information is available on a per image basis
with little or no correspondence of structures in subsequent slides
owing to thick sections (Fiala and Harris, 2002) that are often ac-
quired. Our data had in-plane and out-plane resolutions of
0.5 um and 5 pm, respectively. Furthermore, all the tissue layers
resemble a multi-phase sample having the same microstructural
components. They vary in the presentation of ensemble properties.
Hence, a segmentation of the various regions (Fiala, 2005) is first
required before meaningful visualizations are obtained.

Segmentation techniques reported for histology image segmen-
tation in the literature may be categorized into two specific clas-
ses: color-based and image-based. Color space methods target
features of interest that are easily discriminated and extracted so-
lely on the basis of color at every pixel or local region. For example,
in our case, the nuclei (dark), red blood cells/blood vessels (scarlet),
and extracellular material/neoplasm (mauve) appear with distinc-
tive hues in the standard H&E histological staining protocol. In an
earlier effort, Pan and Huang (2005) devised a Bayesian supervised
segmentation method incorporating image features such as win-
dowed color and gradient histograms into a long feature vector
for classification. This approach did not exploit the spatial arrange-
ment patterns of the microstructural components.

The image-based methods seek to outline salient regions in the
image. Often, their goal is to detect boundaries or interfaces be-
tween different regions. Hence, they come under the broader class
of region segmentation algorithms. The level-set methods (Malladi



158 K. Mosaliganti et al./ Medical Image Analysis 13 (2009) 156-166

et al., 1995, 2004), active contour models (Caselles et al., 1997),
Gibbs models (Chen and Metaxas, 2005), watershed methods
(Beucher, 1991), and texture analysis methods (Haralick et al.,
1973) are prime examples of this approach in the medical imaging
literature. They have found popular use in separating overlapping
nuclei clusters, cellular constellations, ductal and vasculature
pathways. In (Huang and Murphy, 2004), the authors use an
extended Haralick feature set to locate sub-cellular patterns in
fluorescence microscopy images. Our images do not present easily
discernible boundaries Figs. 1 and 2). Salient regions are identified
by the subtle changes in ensemble properties. Therefore, we adapt
methods from material science literature for obtaining region
segmentations.

The quantitative characterization of spatial distributions of fi-
nite-size objects or points in multidimensional spaces has been
studied in several disciplines such as spatial statistics (Torquato,
2004, 1985), materials science (Gokhale, 2004, 2005), signal pro-
cessing (Aste and Weaire, 2000), biology (Zou and Wu, 1995),
physics (Chandrasekhar, 1996), and astronomy (Babu and Feigelson,
1943). Microstructure irrespective of its origin (material science or
biological sections) may be defined as a collection (ensemble) of
points, lines, internal surfaces, and volumes (Gokhale et al., 2005).
Each microstructural feature is associated with size, shape, volume,
surface area, length, curvature attributes, etc., morphological ori-
entation, and location. Statistical distributions of such geometric
attributes of ensembles of microstructural features collectively
specify the geometric state of a microstructure. Mathematically,
these properties of the microstructure are formalized by the statis-
tical N-point correlation functions (N-pcfs) (Stoyan et al., 1985).
There are fundamental geometric constraints that are enforced
while realizing N-pcfs. These constraints, therefore, provide useful
user-input in choosing a certain functional form that is best repre-
sentative of the microstructure. A formal introduction to N-pcfs
with applications in material characterization studies can be found
in Torquato (Torquato, 2004). In practice, the 2-pcf is most useful
for microstructure representation (Saheli et al., 2004, 2005).
Recently, a digital image analysis based technique has been devel-
oped for the realistic computer simulation or reproduction of
microstructure from measurements of the two-point correlation
functions on 2D sections (Singh et al., 2006).

The N-pcf features are similar to the co-occurrence matrices of
Haralick et al. (1973) in some sense. However, significant con-
ceptual as well implementation differences exist. For example,
the computation of the N-pcfs is randomized and does not ex-
ploit the pixel grid structure. These functions are used to com-
pute other physical properties of the tissue substrate (such as
porosity, etc.). The functions capture both the geometry and sta-
tistical nature of textural regions. Given the inherent generality
of the N-pcfs, we explore their use in segmenting light micros-
copy images.

The work describe in this paper is a culmination of several re-
lated efforts. Ridgway et al. (2006) initially introduced the N-pcfs
for histology image segmentation in conjunction with the HOSVD
classifier. Some initial promising results were observed on indi-
vidual 2D images. The segmentation results were however

validated on a single marked image. Janoos et al. (2007) extended
the above approach to incorporate multi-resolution scale-space
strategies to achieve better time performance. They note that the
coarse segmentation results at lower resolutions as a trade-off
against better time performance. In this work, we provide a consoli-
dated and rigorously validated solution on large serial-section
stacks.

3. Segmentation algorithm

We describe our segmentation framework as a consequence of
three processing stages. Please refer to Fig. 3 for a flowchart.

(i) Identifying homogeneous phase components: At the outset, we
identify the microstructural components namely, the nuclei,
RBC, extracellular material and background from color
images using a standard Gaussian maximum likelihood esti-
mation (MLE) framework (Section 3.1).

Estimating component distributions: We treat a slice as a

multi-phase material wherein each tissue layer can be inde-

pendently analyzed for the ensemble properties. The tissue
regions present salient packing and spatial distributions of
the components that are measured by the N-pcfs. In Section

3.2, the N-pcfs are estimated using a sliding window strategy

that is applied throughout the image to yield a feature tensor

at each pixel location.

(iii) Tensor classification: The N-pcf features of a tissue sample are
naturally expressed as N + 1 mode (order N + 1) tensors. In
Section 3.3, we decompose the tensor feature space for a
given tissue type by using the higher-order singular value
decomposition method on training data. Novel tissue
regions are then projected onto a lower-dimensional tensor
space and classified.

—
—-
=

—

3.1. Color segmentation

The RGB pixel data is color-classified to determine the individ-
ual microstructural components in the image (denoted as I). We
use a standard Gaussian MLE classifier to label each pixel p € I as
belonging to one of the four classes, namely, (i) nuclei, (ii) RBC,
(iii) extracellular material, and (iv) white background. The MLE
algorithm assumes that the histograms of the bands of data have
normal distributions (shown in Fig. 4a).

The a priori information related to the four classes is learnt from
training data. Pixel wise labeled data was generated using a ran-
dom sampling of the given image. A custom-built application ran-
domly displays patches of the training image, and highlights the
center pixel. The user then chooses between red blood cells, cyto-
plasm, background, nuclei, and pass. The spatial location, RGB trip-
let values, and the user chosen class are used as class attributes.
Covariance matrices (%;), mean (1;), and prior probability weights
(a;) are then calculated for each individual class.

Pi(p) = In(a;) — [0.5In(|Zi))] - [0.5(I(p) — )" =" (I(p) — )],

m(p) = argmaxPi(p). (M)

ol Feature space _DI Classification
decomposition|

dimensionality

Serial-section Color | N-pef
| lacquisition segmentation estimation
Training
data

rediction

Image Processing Pipeline

Fig. 3. Segmentation pipeline for serial-section stacks.
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Fig. 4. (a) RGB histograms of the placenta section are shown to be approximately having a normal distribution. (b) Component labeled image-C of the original RGB placenta

image-I shown in Fig. 1.

Eq. 1 determines the probability (P;(p)) associated with a pixel p to-
wards a class i. The maximum logarithmic probability rule is in-
voked to determine the final class membership 7(p). The result of
this classification is a material component labeled image that is
shown in Fig. 4b. Having identified the microstructural components
in the image, we would like to measure their relative packing and
spatial distributions. The functions defined in the next section de-
scribe an elegant way to do so.

3.2. N-point correlation functions

The histology images normally are composed of four compo-
nent phases as explained earlier. However, to simplify the presen-
tation here, assume the presence of only two phases in an image I,
namely, O (black) and 1 (white). Examples of such image textures
are shown in Fig. 6. Consider placing a N-sided regular polyhedron
with edge length 7 in I. The probability that all the N-vertices lie in
phase 0 is defined as an N-point correlation function (N-pcf),
P, i where iy = 1. The subscript i, denotes the phase of the
mth polyhedron vertex. The N-pcf for a regular polyhedron of edge
length ¢ depends on its orientation (0, ¢) and location in the 3D
space of the microstructure. The orientation averaged N-pcf Pfj
can be computed from the corresponding direction-dependent
functions P (0, ¢) as follows:

1 2n %~’
P =5 | [ Pl (0. 0)d0ds. @)

We now provide some insight into the probability measures cap-
tured by these functions. Consider the simple case of a 1-pcf, say
Po. It represents the probability that a point p is in phase 0. This
quantity measures the volume fraction of phase 0 in the microstruc-
ture. Similarly, P; is the volume fraction of phase 1 and we have:

Po+Py=1. 3)
A 2-pcf is the probability of a straight line segment of length ¢ ran-
domly placed in the microstructure such that one end is in phase
iy € {0,1} and the other end is in phase i, € {0, 1}. For a two-phase
microstructure, there are four possible 2-pcfs namely Py, P5,, P,
and P{; and

Poo + Poy +Pio+ Py =1; Py = Ply;

Poo + Poo = fo;  Pro+ Py =fi.

Parameters fp and f; represent the volume fractions of the individ-
ual phases. Similarly, the 3-pcf descriptor of the material ensemble

is Pffl,.m, where iy,i,,i3 € {0,1} are the phase indices of the three
points, and ¢ is the separation distance between them (the three

points describe an equilateral triangle whose side has length ¢) and

2

2 2 2 2
Zzzpﬁqrzh P:;qr:prq; ZZqur:fr (5)

p=0 g=0 r=0 q=0 r=0

Note that each individual texture class in an image may provide a
unique or characteristic N-pcf feature measure for a certain value
of the separation distance ¢. The presentation of these characteristic
values makes the texture class to be easily identified. It is not
known a priori what these values of ¢ are for a given image. Hence,
in practice, a range of values need to be explored while estimating
these functions for the given image. The set of possible integral val-
ues that ¢ may assume is represented by the discrete set K C Z and
the set of all component phases by Q c Z. The N-pcf feature descrip-
tor for a tissue region represented by P,?]"gz__,.N e %" is an N+1
mode tensor.

3.2.1. Algorithms for the 2-pcf and 3-pcf

Essentially, a N-pcf is a multivariate distribution function. To
estimate this function, we resort to using samples. Conceptually,
for a given separation length ¢, one needs to create auto- and
cross-histograms at every point in the discrete image plane. There-
fore, Monte Carlo methods were used to sample the distributions
of material components using a sliding window. To estimate the
functions at a given point in the image, the number of samples
(S) and window sizes () need to be specified. The minimum win-
dow size is proportional to the maximum distance that the func-
tions will be evaluated for, and the sample size is chosen to keep
the variance of the measured result to a desired range.

To evaluate the 2-pcf for separation distance ¢ and phases i, j in
a region containing m-phases, we place a number of randomly ori-
ented and positioned lines. We then count the fraction of line seg-
ments that have an end point in phase i and the other inj to give an
estimate of the 2-pcf Pf; A similar procedure is used to evaluate the
3-pcf Pﬂ;, among phases i, j and L.
3.3. HOSVD-based tensor decomposition

We briefly describe the HOSVD decomposition. More details can
be found in (de Lathauwer et al., 2000). Consider the M-mode ten-
sor A € R >*Ex>Iv where the dimension of the mode i is I;. The col-
umn vectors are referred to as mode-1 vectors and row vectors as
mode-2. The mode-n vectors are the column vectors of matrix
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Fig. 5. Unfolding the 3-mode tensor A € %'"*'2 to the matrices A, € R (2x5),

Ap) € R and Ay € R0 (from de Lathauwer et al. (2000)).

Ay € R todeednaxhyexlu) ghtained by flattening T along the
nth mode (see Fig. 5).

The mode-n product of a matrix X € Re"*" with a tensor
A € Re 2w is denoted by A x,X and results in the tensor
B e ®edvdndured s entries  are by, iy -iw =
D i Qi it iy Xioin- 1N terms of the flattened matrices, By = XA).

Singular value decomposition (SVD) is a 2-mode tool commonly
used in signal processing to reduce the dimensionality of the space
and thereby reduce noise. SVD decomposes a matrix A into three
other matrices, A = USV", where the columns of U spans the row
space of A and V spans the column space of A, while S is a diagonal
matrix of singular values. By a similar extension, the N-mode SVD
or higher-order SVD (HOSVD) decomposes the multi-linear space
spanned by tensor A yielding a core tensor and orthonormal matri-
ces spanning the vector spaces of each mode of the tensor, i.e.,

AZSX]U1X2U2X"'X1\/IUM (6)

The core tensor S is analogous to the diagonal singular value matrix
from traditional SVD and coordinates the interaction of matrices to
produce the original tensor. Additionally, the Frobenious-norm of
the sub-tensors of S estimates the variance of the corresponding
part of the original tensor. This could be used to reduce the feature
space.

Dimensionality reduction: Matrices U; are orthonormal and their
columns span the space of the flattened tensor T;. The row vectors
of U; are the coefficients describing each dimension along mode i.!
After conducting the HOSVD on a given image data, the dimension-
ality with respect to any mode can be reduced independently, unlike
the PCA where dimensionality reduction is only based on the vari-
ance. By reducing the number of dimensions in one mode, we can
selectively control how that mode explains the original space, and
eliminate noise from each mode separately. The dimensions also
are reduced by removing the last m-column vectors from the tensor
flattened along the desired mode. The error after dimensionality

1 They are similar to the coefficients extracted from PCA but there exist different
sets of coefficients for each mode in a typical HOSVD analysis. Please refer to
Vasilescu and Terzopoulos (2003) for details.

reduction is bounded by the Frobenius norm of the corresponding
hyper-planes in the core tensor.

3.4. Classification

Let C, L and K be discrete sets of tissue classes, training samples
for each class and separation distances used in the computation of
the 2-pcfs. As described in the preceding sections, for each distance
¢ € K used in the 2-pcf computation, we extract a Q x Q correlation
matrix, where Q = 4 is the number of material phases in the tis-
sue2 We pack all these features, into a 5-mode tensor
A € ROKxQ<Q The first mode corresponds to the tissue classes,
the second mode to the training instances, third mode to the sep-
aration distances, and fourth and fifth mode to vertex phases in the
2-pcf. This tensor is decomposed as

| trg t t
A =Sx UE:SCSESXZUMN“UIM(MUP IQXSUgiQ (7)

The row vectors of UT$® are the coefficients describing each class
and are used in classification.

Let Xk.qxq be the 2-pcf feature tensor for one training instance,
with class ¢ € C and training instance number | € L. Let u§2$°s(c) be

Uclasses

the jth row in the class matrix Ui 7" (row = j) describing class j

and u{®(l) be the Ith row vector of the instance matrix,

U, (row = ), describing instance [ in the training data. Then by
projecting into the decomposed space in Eq. (7), we are able to
reconstruct

di t t
Xkxqxq = [(§X3UKI>S<KX4UP IQXSUPQ§Q> XZ“?&(’)} X ufaEs (c).

For a test feature tensor Z.qxq, the goal is now to find the class
coefficients z;,c that will minimize its reconstruction error. Then,
the reconstructed feature tensor is

- ‘ ) i

Zraa = (Sx3UoaUg xs UG g xoui®, () <z, (8)
dist pt tr.

and let MCxlxKxQxQ = <§X3U1(l>s<1( ><4UQ><Q XSUQiszuIEL(1)>7 (9)

!

therefore, Zx.q.q = M(C)XlxKXQXQX]zglasses (10)

The best class coefficients z§'4¥¢ are obtained by minimizing the fol-
lowing objective function

=S S (2w - 2y)” WienL (an
I

The solution to this optimization problem turns out to be the solu-
tion to the linear system: A®x® = b"”, where

Z Z Z ( plijk < qll)yk> (12)
Z 2.2 M

The best coefficient set z;,¢ is obtained by first selecting the train-
ing instance [ that minimizes the error ¢, and then computing the
corresponding z;,c.

and b, = Mk x Zy) where p,qe[1,C. (13)

4. Results
4.1. k-Nearest neighbor classification using the 2,3-pcf features

Here, we illustrate the working of the N-pcf features on very
simple images with binary components. The N-pcfs were evaluated
using three synthetic images with well-defined textures shown in
Fig. 6. The images consisted of two phases represented as black
(phase 0) and white (phase 1) regions. The 2-pcfs were evaluated

2 Nuclei, RBCs, cytoplasm, and background.
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Fig. 6. Synthetic images constructed two phases namely the black and white areas. Each image is composed of different texture regions that depend on the spatial

distribution of these two phases.

using line segments having varying lengths ¢ € [1,25] pixel units.
Similarly, the 3-pcfs were evaluated using equilateral triangles
with edge lengths ¢ € [1,25] pixel units. The random sampling
parameter was set as S =500 with image windows Q of size
40 x 40.

A k-nearest neighbor classifier (k = 5) was used to identify the
different texture types based on the observed 2-pcf and 3-pcf eval-
uations. This relatively simple classifier to study the feature space
spanned by the N-pcfs. The training set for the classifier consisted
of hundred regions randomly chosen from each texture type. For
example, image-1 presented four different textures. Therefore,

the training set consisted of the 2-pcf and 3-pcf output on 400 re-
gions. Classification was performed by considering the 2-pcf and
the 3-pcf features independently. We present our results in Figs.
7-9. The algorithm generated region labels (along the column)
are tabulated against the ground-truth labels (along the rows).
The accuracies for each texture class in image-1 (Fig. 7) was
over 95% for both the 2-pcf and the 3-pcf features. At the same
time, the rate of false identifications was low (<5%). The only nota-
ble exception was observed in class 3 (the vertical bars). The verti-
cal bars fared poorly when evaluated using the 2-pcf feature set
having a false positive rate of 9.1%. Most of the inaccuracies were

Class1 | Class2 | Class 3 | Class 4 | Acc
Class 1 15699 250 273 34 96.5%
Class 2 233 14801 697 16 939
Class 3 171 345 15748 120 96.1%
Class 4 0 153 608 15623 953
2-pef FP 25% | 48% | 9.1% 1%
Class1 | Class2 | Class 3 | Class 4 | Acc
Class 1 15865 64 327 0 97.5%
Class 2 87 15602 53 5 99%,
Class 3 119 199 15993 73 97.6%
Class 4 0 209 378 15797 | 96.4%
3-pef FP 12% | 29% | 45% | 0.4%
Fig. 7. Classification results tabulated against the ground-truth on synthetic image-1.
Class 1 | Class 2 | Class 3 | Class 4 | Class 5| Acc
Class 1| 13775 212 474 0 164 94 1%
Class 2 104 13783 534 114 253 93.2%
Class 3 317 277 13197 35 29 95.2%
Class 4 3 fi) 149 11025 3328 75.6%
2-pef Class 5 0 2 1 261 5476 | 95.4%
FP 2.9% 3.9% 8.0% 3.5% | 40.8%
Class 1 | Class 2 | Class 3 | Class 4 | Class 5| Acc
Class 1| 13963 316 163 13 170 95.4%
Class 2 | 1310 13150 28 163 137 88.9%
Class 3 358 92 13393 11 1 96.6%
Class 4 202 145 3 10284 3874 | 70.5%
3-pef Class 5 23 24 0 _439 5254 | 91.5%
P 12.3% 4,2% 1.4% 5.7% 4 4%

Fig. 8. Classification results tabulated against the ground-truth on synthetic image-2.
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Class 1 | Class 2 | Class 3 | Class 4 Acc
Class 1 9594 Sl 0 27 98.8%
Class 2 42 7988 38 1632 82.3%
Class 3 109 60 0453 278 95.4%
Class 4 0 895 13 0192 91.0%
2-pcf FP 1.5% 11.4% 0.5% 17.4%
Class 1 | Class 2 | Class 3 | Class 4 Acc
; Class 1 9328 273 95 6 96.1%
Class 2 2 8353 583 562 88.1%
Class 3 60 96 9600 144 96.9%
Class 4 0 226 110 9764 96.6%
3-pef FP 0.6% | 65% | 7.5% | 6.7%

Fig. 9. Classification results tabulated against the ground-truth on synthetic image-3.

confined to the boundaries since textures are not well-defined lo-
cally. Window patches at texture boundaries contain material from
different tissues. Hence, the microstructure properties as captured
by the N-pcf are representative of an intermediate material.

Image-2 suffered from higher inaccuracies but still maintained
acceptable performance (>82%) for four of the five textures (Fig.
8). The performance was relatively poor on the portion of the im-
age with wide horizontal bars. The classification of the bars was of-
ten confused with that of the circles in the center of the image. The
ambiguity occurred primarily at the boundaries. This was mainly a
result of the features not being sufficiently discriminating at the
scale of distances (¢) considered in the N-pcf features. As a conse-
quence, this resulted in a classification accuracy ranging from 70%
to 75% for the horizontal bars and false positive rates of 3.5-6%. It
should be noted that the false positive rates for the circles in the
center were higher than the normal 4-50%. The 3-pcf features per-
formed much better than the 2-pcf. The high false positive rates are
attributed to the same reasons of scale that was discussed above.
This experiment shows that incorporating the right scale of N-pcf
features is important in obtaining good accuracies while maintain-
ing a low false positive rate.

Classification accuracy in image-3 was within the range of
82.3-98.8% (Fig. 9). Significantly, both the best and worst perfor-
mance occurred while using the 2-pcf features. The thin concentric
circles was identified with 98.8% accuracy while the wider concen-
tric circles were identified with an accuracy of 82.3%. The lack of
accuracy in the latter case was the result of identifying the wide
concentric circles near the image boundary as vertical bars. This
is well illustrated in Fig. 10 where circles at large radii are similar
to vertical bars. False positives were limited to the range of 0.5%
and 21.6%. From this experiment, we observe that the 2-pcf fea-
tures performed better as compared to the 3-pcf features which
is a change from the trend observed in image-2 wherein the 3-
pcf features fared better.

We now make the following observations about the perfor-
mance of N-pcfs:

Fig. 10. Window patches from (a) texture class 2 and (b) texture class 4. Note the
similarity in organization observed locally.

(1) The textures regions are well-identified in the interiors.
Ambiguity arise at the boundaries where the texture is not
well-defined locally. The resolution depends on the window
sizes Q considered.

(2) The correct scale of separation distances need to be consid-
ered. A wrong choice can lead to ambiguity across different
texture classes.

(3) While the 2-pcf and the 3-pcf output trends are correlated in
most textures, some cases cause one of the measures to per-
form relatively better. Hence, it is useful to consider both the
measures in any given image.

We now apply our segmentation framework to datasets acq-
uired from phenotyping studies.

4.2. Mouse placenta phenotyping

A central issue in human cancer genetics requires the under-
standing of how the genotype change (e.g., gene mutations and
knockout) affects phenotype (e.g., tissue morphology or animal
behavior) and is valuable in the development of therapies to treat
the diseases such as cancers. In common experimental conditions,
the genotype change can be well controlled. Therefore, it is useful
to quantitatively assess the corresponding phenotype change in
the organism. Serial-section imaging (Fiala and Harris, 2002,
2003, 2005, 2007) is one of the widely used phenotyping tools
for making large-scale objective and automated analysis. We have
applied our methods to two phenotyping studies that required a
significant image analysis component. Image analysis is capable
of providing viable biomarkers that can be used towards hypothe-
sis generation.

We implemented our framework using the National Library of
Medicine’s (NIH/ NLM) Insight Segmentation and Registration
Toolkit (ITK) (Yoo et al., 2002) and the Visualization Toolkit
(VTK) from Kitware Inc. The classified volumetric datasets are
loaded into Kitware’s VolView volume visualization software to
render the surface appropriately in both the case-studies. All our
tasks were conducted on a 2.5 GHz Pentium machines running
Linux with 1 GB main memory. The segmentation software pro-
cessed a placenta slice completely in under 15 min. The mammary
sections required 3-5 min owing to the use of a single 2-pcf
feature.

Mouse placentas are composed of three distinct layers: the lab-
yrinth, spongiotrophoblast, and glycogen layers as shown in Fig. 1.
The phenotyping experiments (Wu et al., 2003, 2007) required the
quantification of morphological parameters related to the surface
area, volume of the labyrinth and its interface with the spoongio-
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trophoblast layer. Hence, segmentation was deemed necessary and
important.

The microscopic images are obtained from the standard histo-
logically stained slides of both a wild-type and a mutated (Rb™)
mouse placenta. The slides are collected by sectioning the wax
fixed sample (placenta) at 3pum thickness. They are then digitized
using a an Aperio Scanscope digitizer using a 20x magnification
objective lens, producing effective magnification of 200x under
which each image is of size between 500 MB and 1 GB. A total of
more than 2000 images are obtained (1278 images for the wild-
type and 786 images for the Rb~) with total file size of approxi-
mately 1.7 TB.

4.3. Segmenting the placental tissue layers

The first step consisted of identifying the tissue components.
These were identified by modeling each component as a Gaussian
distribution in the RGB color space. The modeling was performed
by using the pixel training data gathered by the method described
in Section 3. The 2 and 3-pcfs were evaluated at distances
k € [1,24] pixel units. A window size Q of 51 x 51 dimensions
was considered with sample size S = 1000. Since we were inter-
ested in comparing the utility of the N-pcf features with those of
Haralick and Gabor features, classification was accomplished using
the k-NN scheme (k = 5). Training data for the k-NN method was
obtained as follows:

Training data: Image tissue patches of size 20 x 20 were gener-
ated and labeled as either labyrinth (Lab), spongiotrophoblast (SP),
Glycogen (Glyc), or background (BG). A total of 2200 regions were
selected from one image slide (800 for labyrinth, 800 for spongio-
trophoblast, and 600 for the background). A total of 150 of these
regions were used in training (50 for each region) and the rest is
used for testing.

In Fig. 11, we observe that the N-pcfs identified and labeled the
labyrinth layer with an acceptable level of accuracy (~96%) and a
low false positive rate of 8.5-10.5%. The spongiotrophoblast was
also classified with an accuracy of ~96% and a false positive rate
of 6-8%. The background material is identified with an accuracy
of 99-100%. Glycogen was identified with an accuracy of only
~50%. This was because the glycogen regions are smaller than
the window size. They have almost the same microstructure char-
acteristics as the labyrinth layer (refer to Fig. 1). They are often dif-
ficult to perceive even to the human eye.

The Haralick features fared well on the labyrinth layer (95%)
and the spongiotrophoblast (89%) but still presented slightly lower
values than the N-pcf features. The Gabor features performed
poorly only delivering a classification accuracy of 53% for the lab-
yrinth and 80% for the spongiotrophoblast. The correlation func-
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tions meanwhile had the lowest rate of false positives of all of
the features.

The better performance observed with the material science
measures is a result of the component hierarchy used in the tech-
nique. While the Gabor and Haralick features are concerned with
the luminance and co-occurrence of the image features, the newer
measures are able to leverage the knowledge of the components
and spatial distributions for better segmentations.

4.4. Comparing the k-nearest neighbor and the HOSVD classification

In this section, we compare the performance of the simple k-NN
and HOSVD classification scheme using the same labeled data that
was prepared for the experiments in Section 4.3.

The resulting confusion matrix while using the k-NN classifica-
tion on the N-pcf features is shown in Table 1. The k-NN classifier
achieves above 90% in the labyrinth and the spongiotrophoblast re-
gions. Notably, the k-NN algorithm performs very well in the
spongiotrophoblast regions and achieves a classification accuracy
of 96.8% but provides a high false positive rate of detection. Mean-
while, the HOSVD classifier without any dimensional reduction
performs comparably to the k-NN classifier in Table 2. HOSVD im-
proves the results to 94% in the labyrinth region but the accuracy
decreases to 93.9% in the spongiotrophoblast areas. Nevertheless,
the false positive rate of detection is consistently lower. The classi-

Table 1
Confusion matrix entries for k-NN

Lab SP BG Acc (%)
Lab 684 66 0 91.2
SP 61 726 0 96.8
BG 0 0 550 100
FP (%) 8.1 8.3 0 -

Acc, accuracy; FP, false positives; Lab, labyrinth layer; ST, spongiotrophoblast; BG,
background.

Table 2
Confusion matrix entries for HOSVD classification with no dimensional reduction/35
dimensions/9 dimensions, respectively

Lab SP BG Acc (%)
Lab 705|717|617 4533|147 0 94/95.6/92.3
SP 46|53/30 704|697|720 0 93.9/92.9/96.3
BG 0 0 550 100
FP (%) 6/6.8/4.6 6/4/6.1 0 -

Acc, accuracy; FP, false positives; Lab, labyrinth layer; ST, spongiotrophoblast; BG,
background.

2-Point Lab ST Glve | BG Acc [ 3-Poini | Lab ST Glye | BG Acc
Lab 6876 | 215 106 0 95.3% | Lab 6921 184 92 0 96.1%
ST 413 | 6529 | 256 0 90.7% ST 397 6589 212 0 91.5%
Glye 239 385 726 0 537" | Glye 432 252 666 0 49.3%
BG 0 0 0 5396 | 100% BG 0 0 0 5396 | 100%
FP 8.6% | 8.4% | 33.2% | 0% FP 10.6% | 6.2% | 31.3% [ 0%
Haralick | Lab ST Glye BG Acc Gabor Lab ST Glye BG Acc
Lab 6853 | 189 155 0 95.2% Lab 3843 | 2878 376 103 [ 53.3%
ST 731 | 6432 35 0 89.3% ST 802 5822 168 408 [ 80.8%
Glyve 865 68 417 0 30.8% Glyc 711 457 152 30 11.2%
BG 4 15 0 5377 | 99.6% BG 32 147 10 5211 [ 96.5%
FP 18.9% [ 4.0% | 31.3% | 0% FP 28.6% | 374% | 78.4% [ 94%

Fig. 11. Comparison of the placenta segmentation output using four different feature sets. Acc, accuracy; FP, false positives; Lab, labyrinth layer; ST, spongiotrophoblast; Glyc,

glycogen; BG, background.
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Fig. 12. Classification accuracies observed after dimensionality changes in (a) instances mode alone and (b) distance mode alone.

fication accuracy for the background is at 100% with 0% false posi-
tive rate for both the classifiers.

Fig. 12a shows the classification accuracies observed for all the
four classes when the dimension is reduced in the instance mode
alone. The accuracy of detection sharply rises for the labyrinth

Table 3

Confusion matrix for combined dimensional reduction using the HOSVD scheme
Lab SP BG Acc (%)

Lab 692 58 0 92.30

SP 35 715 0 95.30

BG 0 0 550 100

FP 5.0 8.11 0

Acc, accuracy; FP, false positives; Lab, labyrinth layer; ST, spongiotrophoblast; Glyc,
Glycogen; BG, background.

Fig. 14. (a) Cropped placenta image with the boundary between labyrinth and
maternal layer outlined in black, the interface between and labyrinth and
spongiotrophoblast marked as white, and glycogen marked as gray. (b) Segmen-
tation using N-pcfs with the labyrinth as dark gray, glycogen as medium gray and
spongiotrophoblast as light gray.

Fig. 13. Evaluation of the automatic segmentation algorithm. (a) The solid line is the manually marked boundary and the dashed line is the automatic segmentation result.
(b-d) Examples of images with boundary estimation errors being 2.5%, 8.4%, and 16.5%. (e and f) A larger view of the difference between manual segmentation (cyan) and

automatic segmentation (purple).
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b

Fig. 15. Volume rendering of the binary labyrinth segmentation masks for (a) wild-type and (b) mutant placenta.

layer when 35 instances per class are considered. Meanwhile, the
spongiotrophoblast detection is better while using around nine
samples. These numbers indicate that the variance of features
describing spongiotrophoblast is mostly due to the noise, whereas
the variance for the labyrinth is due to the variation in the data. We
present the confusion matrices for both the cases in Table 2 (35
and 9, respectively).

Fig. 12b shows the classification accuracies observed for all
the four classes when the dimension is reduced in the distance
mode alone. The classification accuracy for the labyrinth layer
decreases monotonically while the spongiotrophoblast remains
unaffected. Finally, a choice that would serve both the labyrinth
and spongiotrophoblast regions equally may be obtained by
reducing the dimensionality by 30 in instances mode and by
two in distance mode. This setup produces the confusion matrix
shown in Table 3.

To summarize our results:

(1) The high accuracy in detection of the k-NN classifier are off-
set by the presence of high false positive rate.

(2) The HOSVD scheme with dimensional reduction eliminates
the modes that do not explain the tensor feature space and
retains the significant ones. Hence, it helps in eliminating
noise and cause better data separation.

(3) Our results indicate that dimensionality reduction helps in
providing the user more control in obtaining better segmen-
tations on a particular region-of-interest as a trade-off
against other regions.

In addition to the standard validation, we also measure the effi-
cacy of the framework by inspecting the labyrinth-spongiotropho-
blast interface.

4.5. Labyrinth-spongiotrophoblast interface validation

Our framework processed four pairs (eight in total) placenta
datasets. Validation was carried out on three placenta datasets.
For each placenta, manual segmentation of the labyrinth layer
was carried out on ten images that are evenly spaced throughout
the image stack. In Fig. 13, the automatically segmented labyrinth
is overlaid on the manually segmented labyrinth tissue. For all the
manually segmented images, the error is measured as the ratio of
area difference between the two segmentations to the area of the
manual labyrinth segmentation. Formally, let I, and I, represent
the manually and automatically segmented images. The boundary

estimation error is defined as %’;’,;;E”. For the three samples, the

boundary estimation errors are 6.61.6%, 5.33.3%, and 16.77.4%. The
errors are quite low for two of the three placentas given the fact
that the validation has been conducted across the serial-section
stack. As shown in Fig. 13e and f, the error can be attributed to
two major reasons: (i) large window sizes in the N-pcf algorithm

leads to a boundaries that suffer from a stair-case effect and (ii)
discrepancy in assigning the large white areas on the boundary.
The latter reason also explains why the automatic segmentation
works less reliably in the case of the third placenta with the largest
error (16.77.4%). The other two placenta (one wild-type and one
mutant) with mean error less than 7% were then used for visuali-
zation. Fig. 14 shows a placenta with marked up boundaries and
the final segmentation result. Fig. 15 shows the pair of selected
wild-type and mutant placentas whose labyrinth layer is rendered
as a binary volume using a simple transfer function.

5. Summary

In this paper, we described a tissue segmentation algorithm
that is applicable in histology images obtained from serial-section
microscopy. We estimated the packing and material component
distribution locally using the N-point correlation functions. These
functions are realized using suitable windowing and sampling
strategies to provide tensor feature representations. Multi-linear
properties of the tensor feature space are then extracted using a
variant of the HOSVD algorithm. The algorithm allows the reduc-
tion of the dimensionality of the tensor feature space with respect
to the significant modes thereby achieving robust classification.
Our methods have been applied in a mouse model phenotyping
study requiring the segmentation of the labyrinth tissue layer in
the placenta. The classifier performance and the final segmentation
output was validated extensively using manual ground-truth. In
future, we would like to extend the feature set with additional spa-
tial proximity measures that efficiently represent the microstruc-
ture. These measures would address some of the challenges in
the segmentation of large histology images. Additionally, we
would like to investigate possible enhancements in performance
that may be obtained from utilizing efficient structures such as
the quadtrees and kd-trees on large images.
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Abstract

Tumor-associated macrophages (TAM) are implicated in breast cancer metastasis, but relatively little is
known about the underlying genes and pathways that are involved. The transcription factor Ets2 is a direct
target of signaling pathways involved in regulating macrophage functions during inflammation. We condition-
ally deleted Ets in TAMs to determine its function at this level on mouse mammary tumor growth and me-
tastasis. Ets2 deletion in TAMs decreased the frequency and size of lung metastases in three different
mouse models of breast cancer metastasis. Expression profiling and chromatin immunoprecipitation as-
says in isolated TAMs established that Ezs2 repressed a gene program that included several well-characterized
inhibitors of angiogenesis. Consistent with these results, Ets2 ablation in TAMs led to decreased angio-
genesis and decreased growth of tumors. An Ets2-TAM expression signature consisting of 133 genes was
identified within human breast cancer expression data which could retrospectively predict overall survival
of patients with breast cancer in two independent data sets. In summary, we identified Ezs2 as a central
driver of a transcriptional program in TAMs that acts to promote lung metastasis of breast tumors. Cancer

Res; 70(4); 1323-33. ©2010 AACR.

Introduction

Sporadic human cancer results from somatic gene muta-
tions that lead to aberrant growth, survival, genetic instabil-
ity, and increased motility of tumor cells (1). In addition to
genetic complexity, it is increasingly apparent that cellular
complexity inherent in the tumor stroma plays an active role
in promoting all stages of tumor progression (2). Among the
many cell types in the tumor stroma, the tumor-associated
macrophage (TAM) is a broadly defined myeloid cell type
that has been implicated in tumor progression (2). TAMs
are thought to be a polarized M2 subtype of macrophage that
promotes tumor growth, invasion, and angiogenesis (3).
Alternatively, the pleiotropic effects of macrophages within
the tumor microenvironment may be mediated by distinct
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subpopulations of TAMs that can selectively affect distinct
processes such as tumor angiogenesis or invasion (4, 5).

The link between TAMs and tumor progression is especial-
ly well-established in breast cancer. Human clinical studies
have shown that a high focal infiltration of TAMs in primary
human breast tumors correlates directly with tumor cell
invasion, increased vascularization, axillary lymph node
involvement, and reduced relapse-free survival of patients
(6-9). In a mouse mammary tumor model, genetic ablation
of colony-stimulating factor-1 (Csf-1), a growth factor critical
for macrophage growth, differentiation, and survival, results
in a reduction in mammary TAMs and a lower incidence of
lung metastasis (10).

Ets2, a member of the Ets family of transcription factors, is
a direct effector of CSF-1 signaling pathways that modulates
macrophage functions and survival during inflammation
(11, 12). ETS2 activates or represses the transcription of tar-
get genes in a context-dependent manner (13, 14). Elevated
expression of ETS2 has been correlated with human breast
cancer (15). However, in mouse mammary tumor models,
Ets2 promotes tumor progression from the stroma and not
the tumor epithelial cell (16).

In the current study, a genetic approach was used to de-
fine the action of Ets2 in mouse mammary TAMs. The results
show that Ets2 in TAMs decreased the growth rate of the pri-
mary tumor and tumor metastases as well as the mechanism
involved repressing genes that are inhibitors of angiogenesis.
One hundred and thirty-three human genes orthologous to
the Ets2-TAM profile could retrospectively predict disease-
free survival among patients present in two human breast
cancer microarray data sets (17, 18). These results identify
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an Ets2-regulated transcriptional program in TAMs that reg-
ulates the growth and spread of breast tumors.

Materials and Methods

Mice. The Ets2"*" allele, Ets2™ knockout allele, MMTV-
PyMT transgenic mice, and Lys-Cre knockin allele have been
previously described (19-22). The c-fins-YFP construct was
identical to the published c-fins-EGFP construct except for
the substitution of YFP (23). Transgenic mice were produced
by standard DNA microinjection procedures. All alleles used
were >10 generations FVB/N background. Use and care of
mice were approved by the Ohio State University Institution-
al Animal Care and Use Committee.

Orthotopic and tail vein injection assays. Two breast
cancer cell lines, Met-1 (MMTV-PyMT) and MVT-1 (MMTV-
¢-Myc;MMTV-VEGF) were used (24, 25). The cell lines were
cultured in DMEM containing 10% fetal bovine serum at
37°C in a 5% CO, incubator. Cultured tumor cells were har-
vested at 80% to 90% confluence and suspended in filtered
cold 0.9% NaCl. Three million Met-1 cells or 200,000 MVT-1
cells were injected into the tail vein or mammary gland, re-
spectively. Tail vein and orthotopically injected animals were
dissected 18 and 35 d postinjection, respectively.

Isolation of TAMs. Minced mammary glands or lungs with
metastatic tumors were digested with 20 mg of collagenase
type 2 (Worthington), 480 units of DNasel (Boehringer), and
1 mmol/L of MgCl, at 37°C and stroma was enriched by grav-
ity separation (26). The YFP-positive cell population was
sorted using fluorescent activated cell sorting with BD FAC-
SAria.

RNA extraction and quantitative real-time PCR. RNA ex-
traction and cDNA preparation were done as described pre-
viously (27). For samples used in microarray analysis, RNA
was extracted with the RNeasy Stratagene micro-prep col-
umn (Stratagene) according to the instructions of the man-
ufacturer. Two independent sets of RNA isolated from
different TAMs/mice other than RNA used for the microar-
rays were used for verification.

Real-time quantitative reverse transcription-PCR was con-
ducted using the Roche Universal Probe Library system
(Roche Diagnostics) in an iCycler iQ Real-time Detection Sys-
tem (Bio-Rad) as described previously (27). Primer-probe
combinations are available upon request.

Histology and immunohistochemistry. Tumor tissues
were fixed in formalin overnight, processed, paraffin-embed-
ded, and 5 umol/L sections were prepared. For immunos-
taining, rat a-mouse F4/80 (1:40 dilution; Caltag Labs), rat
a-mouse CD31 (1:50 dilution; Abcam), mouse a-human
THBSI (1:50 dilution; Abcam), mouse a-mouse THBS2 (1:50
dilution; BD Biosciences), goat a-mouse SPARC (1:100 dilu-
tion; BD Biosciences), and mouse o-mouse bromodeoxyuri-
dine (1:50 dilution; DAKO) primary antibodies were used.
Biotinylated goat a-rat, goat a-mouse, or donkey a-goat
(BD Biosciences) were the secondary antibodies used for
immunohistochemical analyses. Images were acquired using
an Axioscope 40 microscope (Zeiss) equipped with an Axio-
cam HRc camera (Zeiss). Immunohistochemical data was

quantified by calculating the area of antibody staining per
unit area of tumor using Metamorph 6.0 software. Whole
mount hematoxylin staining of lungs was performed as de-
scribed (28).

For colocalization studies, frozen sections of mammary
tumors fixed in 4% paraformaldehyde were double-immu-
nostained with a-F4/80 antibody (Alexa-594 secondary anti-
body; Invitrogen) and either a-THBS2, a-THBS]1, or a-SPARC
antibody (Alexa-488 secondary antibody; Invitrogen). Nuclei
were stained with DRAQ5. Images of stained mammary tu-
mors were acquired using a Zeiss 510 META laser scanning
confocal microscope. Results are presented as the percentage
of F4/80-positive or -negative cells that had colocalized stain-
ing in or around (extracellular space) for a-THBS2, a-THBS1,
or a-SPARC, respectively.

Chromatin immunoprecipitation assays. Chromatin
immunoprecipitation (ChIP) assays were performed as de-
scribed (27). Immunoprecipitation was carried out with
2.5 pg of antibodies. The ETS2 antibody has been previously
described (19). Rabbit a-mouse HDAC1 and rabbit-IgG were
purchased from Santa Cruz Biotechnology and Upstate,
respectively. For lung TAMs, the immunoprecipitated chroma-
tin was amplified using an unbiased genome amplification kit
(Sigma Aldrich). Samples were analyzed by real-time PCR us-
ing the Roche Universal Probe Library (Roche Diagnostics) and
the FastStart TagMan master kit (Roche Diagnostics).

Microarray and survival analysis. Microarrays were per-
formed on the Mouse Affymetrix 130A.2 platform. The primary
data was analyzed by a modified robust multi-array average
method to yield an average gene expression value (29, 30).
The detailed description of the experiment and subsequent
data analysis is presented in Supplementary Table S1A.

A high-confidence 142 probe set (P < 0.05) human Efs2-
TAM signature was generated by comparing 407 mouse
probe sets (357 genes, absolute INT > 1.5) to the 98 lymph
node-negative Rosetta cohort (divided into two groups
based on lymphocyte/leukocyte infiltration status; ref. 31).°
For survival analysis, the 142 probe set Ets2-TAM signature
was used as a query to retrieve gene expression data from
Stockholm (GSE1456) breast cancer microarrays (down-
loaded from the National Center for Biotechnology Informa-
tion-Gene Expression Omnibus web page). Similarly, gene
expression data was also extracted from total and lymph
node-negative Rosetta microarrays. The resultant data sets
were loaded onto BRB Array Tools as described in Supple-
mentary Table S3. Briefly, unsupervised K-means clustering
of each data set was performed by using Cluster 3.0 (32),
and samples were assigned into two groups. Kaplan-Meier
survival analysis was performed by using the Survival Analy-
sis module of the software package StatsDirect (StatsDirect,
Ltd.). Significance of survival analyses was performed by us-
ing the log rank (Peto) test.

Statistical analysis. For lung metastases data, a nonpara-
metric Kruskal-Wallis test with no multiplicity adjustment
was used to compare medians between experimental and
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control groups. A repeated measures ANOVA model was
used to analyze mammary tumor progression between the
genetic groups over a period of 42 d. This approach takes in-
to consideration longitudinal data, and the following terms
were included in the model: genetic group, time and interac-
tion (genotype * time). For the statistical analysis of imaging
data, an unpaired Student's ¢ test was used. All the tests were
two-sided.

Results

Deletion of Ets2 in TAMs decreases lung metastasis in
spontaneous and orthotopic breast tumor models. Cre/
LoxP technology was used to conditionally delete Ets2 in
TAMs in the PyMT model, a penetrant breast cancer model
with a high frequency of lung metastasis (21). The condition-
al Ets2"°" allele used for this study contained LoxP sites
flanking exon3-exon5 so that Cre-mediated recombination
of the region resulted in the generation of a null allele (19).
The well-characterized Lys-Cre knockin allele was used to de-
lete Ets2 specifically in the macrophage compartment (22).
However, initial studies revealed that Cre recombination in
Lys-Cre;Ets2-*** mice was only 30% to 50% efficient (data
not shown). To circumvent this problem, we adopted a strat-
egy whereby mice contained one conditional Ezs2"*" allele
and one conventional knockout allele, Ets2% (20). In the final
cross, PyMT:Lys-Cre;Ets2??* males were crossed with
Ets2""/L females to generate both the experimental geno-
type, PyMT:Lys-Cre;Ets2-/%, and the control genotype,
PyMT:Ets2"**/% (Supplementary Fig. S1A). The frequency
of Ets2 rearrangement in isolated mammary tumor macro-
phages varied between 70% and 90% with this allele config-
uration (Supplementary Fig. S1B).

Tumor progression was monitored in females of the two
genotypes. Tumor initiation was identical between experi-
mental and control mice (data not shown). A small, but
statistically significant, decrease in overall tumor growth
was observed in the experimental group (Supplementary
Fig. S1C). This difference in tumor growth was not significant
in the early carcinoma stage of progression, but was more
pronounced during the late carcinoma stage (days 21-35
postinitiation; Supplementary Fig. S1C). However, the final
tumor burden and tumor volume were similar in both
PyMT:Lys-Cre;Ets2""% and PyMT:Ets2""** mice (Supple-
mentary Fig. SID).

Lung metastasis in both genetic groups was studied by
whole mount analysis (Fig. 1A; Supplementary Fig. S1E). After
image acquisition, the size of the tumors relative to total lung
area and the total number of metastases in PyMT:Lys-Cre;
Ets2 P/ versus PyMT:Ets2"*”/% mice were quantified.
The results showed that both the size and number of lung
metastases were significantly reduced in PyMT:Lys-Cre;
Ets2 /4 mice compared with controls (Fig. 1A, right; size
decreased 3- to 4-fold; P = 0.001; Supplementary Fig. S2A,
number decreased 2-fold; P = 0.02).

To confirm and extend the results obtained in the genetic
PyMT model, a syngeneic model was used. The highly meta-
static cell line, MVT-1, derived from mice doubly transgenic

for MMTV-c-Myc and MMTV-VEGF (25) was injected into the
mammary fat pads of Lys-Cre;Ets2">*/* and control Ets2“**/®
female mice. After 35 days, mice were euthanized and exam-
ined. Although there were no differences in the final tumor
burden for the primary tumors (data not shown), the size of
metastases per total lung area was reduced 3-fold in the ex-
perimental Lys-Cre;Ets2""/*" group compared with the con-
trol group (Fig. 1B). These results indicate that the effect of
Ets2is independent of the PyMT oncogene and also show that
haploinsufficiency of Ets2 in the PyMT model is not a con-
founding factor.

Ets2 in lung macrophages is required for breast tumor
metastasis. To firmly establish that the effect of Ets2 in
TAMs on metastasis was independent of effects at the prima-
ry mammary tumors, a tail vein injection model was used. A
metastatic PyMT cell line, Met-1 (24), was injected into the
circulation via the tail vein in the same two genetic groups
as above. After 18 days, mice were euthanized and metasta-
ses to lungs were quantified in H&E-stained sections
(Fig. 1C). The results showed that the size of lung metastases
were significantly reduced more than 3-fold in the Lys-Cre;
Ets2""/% mice compared with controls.

A potential explanation for the lower levels of metastasis
observed in all three models might be that Ezs2-regulated
genes were required for macrophage survival and/or motility
(11, 12). Immunostaining of tumor sections with F4/80 anti-
body, a marker for mature macrophages, revealed that Ets2
deletion did not result in a decrease in F4/80-positive macro-
phages associated with either primary or metastatic tumors
(Supplementary Fig. S2B-C, respectively).

Identification of Ets2 target genes in TAMs. To address
the mechanism of Ets2 function in TAMs, mammary TAMs
were isolated and subjected to gene expression profiling us-
ing the Affymetrix platform. To accomplish this, mammary
TAMs were tagged using a c-fins-YFP transgene (ref. 23; Sup-
plementary Fig. S3A). This transgene was incorporated into
the breeding scheme outlined above to produce experimental
PyMT;Lys-Cre;Ets2"°*”/ % c-fms-YFP and control PyMT;
Ets2" o/ db;c—fms—YFP mice. YFP-positive cells isolated from
collagenase-digested tissue by high-speed digital fluores-
cence-activated cell sorting represented ~10% to 15% of
the total cells from the primary mammary tumor site (Sup-
plementary Fig. S3B). Greater than 90% of these YFP-positive
cells coexpressed macrophage markers such as F4/80 (Sup-
plementary Fig. S3C). Typically, 3 x 10° to 5 x 10° YFP-posi-
tive TAMs could be isolated from a single mouse.

YFP-positive TAMs were isolated from both genetic groups
at the stage when early carcinoma was initially detected in
the PyMT model (21). The percentage of YFP-positive cells
per mammary gland isolated by fluorescence-activated cell
sorting was similar in both genetic groups, supporting
the conclusion that a reduction in tumor macrophages was
not responsible for the observed effects (Supplementary
Fig. S3B). Because macrophages have also been shown to play
a central role in tissue remodeling during mammary gland de-
velopment (33), YFP-positive macrophages were extracted
from the mammary gland of Lys-Cre;Ets2“**"/%;c—fms-YFP
and Ets2""%.c_fins-YFP females ~14 days after the onset
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of puberty. We reasoned that the role of macrophages in details). Approximately 25% of these genes were negatively
tissue remodeling during mammary gland development regulated in the tumor microenvironment and the expression
would provide a useful comparison to unmask the tumor- of these genes increased when Ets2 was deleted in TAMs.
specific effects of Ets2. Gene ontology indicated that genes encoding extracellular
Expression profiling was performed on the resulting four components were principally affected by Ets2 deletion
sets of RNA samples. Comparisons between all four sets of (Fig. 2A). The major biological process represented was an-
expression data were used to identify 357 genes (407 probe giogenesis, with 34% of the genes annotated as having a role
sets), the expressions of which depended on both loss of Ets2 in this process (Fig. 2A). Many of the genes in the angiogen-
and the presence of tumor (see Supplementary Table S1 for esis class were classified as inhibitors of angiogenesis.
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Quantitative reverse transcription-PCR using RNA from in-
dependently isolated mammary TAMs representing early
(first palpable tumor) and late (6 weeks after tumor initia-
tion) carcinoma stages were used to verify the microarray re-
sults (Fig. 2B). Of 31 genes tested, 25 were confirmed to be
differentially expressed in TAMs with or without Ets2 (Sup-
plementary Table S2). Data for 14 of the genes classified as
encoding inhibitors of angiogenesis are shown (Fig. 2B; Sup-
plementary Fig. S3D). Expression of these genes in both early
and late tumors was increased when Ets2 was deleted. In
contrast, potential ETS2 targets known to be involved in in-
flammation such as Mmp9 and Tnfe (12), and other genes
associated with inflammation such as /6, were not signifi-
cantly affected by Ets2 deletion in TAMs, emphasizing that
the analysis identified tumor-specific targets of ETS2 (Sup-
plementary Fig. S3D).

The same 31 genes were also studied in lung TAMs isolat-
ed following tail vein injection of Met-1 cells (bottom, Fig. 2B;

Supplementary Table S2). In these TAMs, 25 of 31 genes were
differentially expressed when Ets2 was deleted, including the
angiogenic gene set, indicating the Ets2 targets were similar
in mammary or lung TAMs.

ETS2 directly regulates antiangiogenic genes in isolated
TAMs. Examination of 1 kb of the proximal promoter regions
of four candidate genes not previously reported as ETS2 tar-
gets (Thbsl, Thbs2, Timpl, and Timp3) revealed conserved ETS
binding motifs in their proximal promoter regions (Supple-
mentary Fig. S4A). Based on these conserved sequences, ChIP
experiments were performed on lung TAMs from mice with
or without EZs2. For the experiments, ~50,000 YFP-tagged,
F4/80-positive cells were isolated from lungs containing me-
tastases following tail vein injection of Met-1 cells. Antibodies
against ETS2 and its corepressor HDAC1 (14) were used in the
ChIP assays (Fig. 3).

The ChIP experiments revealed that in wild-type cells, ETS2
and HDACI1 were both enriched at all four of these promoter
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microarray analysis using real-time quantitative PCR. RNA was extracted from independently isolated sets of TAMs derived from mammary glands (top)
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Figure 3. Ets2 represses the expression of
antiangiogenic genes in TAMs. ChIP analysis of
the Ets-binding sites in Thbs1 (A, distal Ets site),
Thbs2 (B), Timp3 (C), and Timp1 (D) promoters
from YFP+ cells extracted from the lung
following tail vein injection of Met-1 cells. ChIP
% was performed with a-ETS2 and a-HDACH
antibodies and rabbit IgG control, as indicated.
Subsequently, quantitative PCR was performed
on the immunoprecipitated chromatin.

Columns, mean of the relative enrichment
of amplified chromatin from two independent
experiments; bars, SEM.

A B

&5 Thbst = X Thbhs2

= — a-gG s — «lgG 4

E 12 wa a-Ets2 E 10 {2 a-Ets2

£ 40! =Ea-HDAC! = mm o-HDACH

= 2 B

® o 6

= R :

= =

@ ©

o o
- -
+

Cc D

- _ Timp3 = et Timp1

8 — a-IgG e 16 — «-lgG

e 10 2 oe-Els2 = 14 za a-Ets2

= == - HDACH < 12 | mma-HDACH

8 e 10

B 5 3

© o 6

Z gl =

s s,

© o

o = o -
+ Ets2 ~
* TVI +

sequences (Fig. 3). In contrast, when Efs2 was conditionally de-
leted, both the levels of ETS2 and HDAC1 were significantly
reduced at each of the four promoters. Similar results were
obtained for the Thbsl promoter in TAMs isolated from the
primary mammary tumor (Supplementary Fig. S4B).

Expression of angiogenesis inhibitors in TAMs lacking
Ets2 correlates with reduced tumor angiogenesis and pro-
liferation. To verify the expression of ETS2 targets in situ, we
performed immunohistochemical staining on paraffin-
embedded samples prepared from metastatic lung tumors
using commercially available antibodies. This analysis
showed robust expression of THBS2, THBS1, and SPARC within
tumors from mice with Ezs2 deletions in TAMs compared with
Ets2+ controls (Fig. 4A; Supplementary Fig. S5A-B).

To confirm that the tumor macrophages were expressing
these proteins, frozen mammary tumor sections were ana-
lyzed by double immunofluorescent staining using F4/80 to
identify TAMs. The MVT-1 orthotopic mammary fat pad in-
jection model was used for this analysis. Staining with a-F4/
80 and o-THBS2 showed extensive overlap between the two
proteins in sections obtained from tumors with EZs2 dele-
tions (Fig. 4B, top; Supplementary Movie 1). Because THBS2
is an extracellular protein, expression was found both intra-
cellularly and in the adjacent extracellular space in ~75% of
F4/80-positive cells, as clearly evident in confocal reconstruc-
tions of 15-um sections (see Supplementary Movie 1). In
contrast, coexpression of THBS2 in F4/80-positive cells was
10-fold lower in tumors with Ets2 (Fig. 4B, bottom). Impor-
tantly, expression of THBS2 in F4/80-negative cells was not

affected by deletion of Ets2 in TAMs (Fig. 4B, bottom bar
graph). Identical results were obtained for THBS1 and SPARC
(Supplementary Fig. S6A-B and Supplementary Movies 2-3,
respectively).

Because many of the tumor-specific Ets2 targets detected,
including THBS1, THBS2, and SPARC have been implicated in
angiogenesis, blood vessel density was analyzed in experimen-
tal and control mice using a-CD31 immunostaining of paraf-
fin-imbedded tumor sections. For these experiments, both
primary MVT-1 tumors and lung tumors formed by tail vein
injection of Met-1 cells were studied (Fig. 5A). A significant 2-
to 3-fold reduction in tumor vasculature was observed in both
primary mammary tumors and lung metastases (Fig. 5A).

Bromodeoxyuridine incorporation was used to measure
cell proliferation in lung metastases in the Met-1 tail vein
injection model (Fig. 5B). The analysis showed a significant
2.5-fold decrease in bromodeoxyuridine-labeled tumor cells
in mice with Ets2-deficient TAMs compared with controls.
Tumor cell apoptosis, measured by staining with activated
caspase-3 antibody, was not significantly affected by Ets2
deletion (Supplementary Fig. S2D).

The Ets2-TAM gene expression signature predicts sur-
vival of patients with breast cancer. To determine if the
mouse genetic studies were relevant to human disease, the
mouse expression data was compared with the Rosetta human
breast cancer data set (31). Initially, 407 mouse probe sets that
were differentially expressed in mouse TAMs with or without
Ets2 were compared with the Rosetta array platform and
341 homologous human probe sets were identified (see
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Supplementary Table S3 for details). These 341 probe sets were son showed that 142 of the mouse Ets2-TAM probe sets, repre-
compared with 2,856 probe sets that represented genes differ- senting 133 genes, were significantly differentially expressed in
entially expressed in 117 human samples annotated as with or lymphocyte/leukocyte infiltration—positive versus —negative
without lymphocyte/leukocyte infiltration (31). This compari- human breast cancers (P < 0.05, see Supplementary Table S3
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Figure 4. Increased expression of thrombospondin-2 in TAMs that lack Ets2. A, lung sections from mice injected with the Met-1 cell line in the indicated
genotypes, immunostained with a-THBS2. Bottom panels, high-magnification images of insets from the respective top panels (B). Bars, 100 pm.
Quantification of antibody staining is presented as the average area of staining per tumor area (graphs, bottom). Five different tumor areas from five different
mice in each group were analyzed. B, images of mammary tumor sections from mice injected with the MVT-1 cell line harvested 1 wk postinjection.
Double-immunostained with a-F4/80 (red, left) and a-THBS2 (green, middle), and merged F4/80-THBS2 images (yellow, right). Quantification of antibody
staining is presented as the average percentage of F4/80-positive cells that are also positive for THBS2 in the mammary tumors (graph at right). Bar at the
top right corner, 20 pm. Five different tumor areas from four different tumors in each group were analyzed. Statistical significance (P value evaluated by
unpaired Student's t test) is shown.
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Figure 5. Impaired tumor angiogenesis and
proliferation with Ets2 deletion in TAMs. A,
images of mammary (top) and lung (bottom)
sections from mice injected with the MVT-1
and Met-1 cells, respectively, genotypes as

indicated. Immunostained with a-CD31.

B, micrographs of lung sections from mice
injected with the Met-1 cell line in the
indicated genotypes, immunostained with
a-bromodeoxyuridine. Panels 2 and 4 (A)
and bottom panels (B), high-magnification
images of insets from the respective top
panels. Bar, 100 pm. Quantification of
antibody staining is presented as the
average area of staining per tumor area
(graphs, right). Five different tumor areas
from five different mice in each group were
analyzed. Statistical significance (P value
evaluated by unpaired Student's t test)

is shown.

and Supplementary Fig. S7A). Gene ontology analysis of these
human genes showed that extracellular matrix components
and angiogenesis were predominantly affected, just as for
the mouse Ets2-TAMs genes (Supplementary Fig. S7B). A sub-
set of 70 genes differentially expressed with high significance
(P < 0.001) is represented in the heat map presented in Fig. 6A.
Interestingly, EZs2 expression itself was on average 8-fold high-
er in lymphocyte/leukocyte infiltration-positive patients
when compared with the negative group (Fig. 6A, bar graph;
P = 0.0002).

To determine if the TAM gene signature correlated with
the clinical outcome of patients, the 133 human Ets2-TAM
gene signature was used for unsupervised clustering of ex-
pression data obtained from 159 patients with sporadic
breast cancer in the Stockholm data set (ref. 18; see Supple-
mentary Table S3). Expression of the Ets2-TAM signature
predicted overall survival in this group with high confidence
(Fig. 6B; P = 0.0007; hazard ratio, 3.1). Similar results were
obtained with the entire 295-patient Rosetta sample set
(Fig. 6C; P = 0.0.0003; hazard ratio, 2.31).
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Discussion

The influence of the microenvironment, particularly
macrophages, on tumor growth and metastasis have long
been recognized, but relatively little is known of the gene
pathways and mechanisms macrophages use to promote tu-
mor malignancy (34). The results presented here show that in
mouse models, EZs2 in tumor macrophages promotes angio-

genesis and growth of both primary tumors and lung metas-
tases. The mechanism of action of ETS2 in TAMS involved
direct repression of genes encoding predominantly extracel-
lular products, including well-characterized inhibitors of an-
giogenesis. Recently, an independent report of global gene
profiling in TAMs also observed the expression of several
antiangiogenic genes along with well-known positive regula-
tors such as Vegf-a, results consistent with our data (35).
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Figure 6. The Ets2-TAM gene signature predicts survival in human breast cancer patients. A, heat map of differential expression of the Ets2-TAM 70 gene
profile (P < 0.001, see text) in 98 breast cancer samples distinguished by lymphocyte/leukocyte infiltration. Bar graph (top), the level of Ets2 expression in
each of the 98 cancer samples. B and C, Kaplan-Meier analysis of overall survival in Stockholm and Rosetta breast tumor cohorts, respectively.
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However, the antiangiogenic effect of TAMs lacking Ets2 is
dominant even in the context of MVT-1 tumor cells that
overexpress VEGF-A. Additionally, the presumed role of
VEGF-A produced by TAMs in triggering the angiogenic
switch have been challenged by recent findings showing that
deletion of VEGF-A in TAMs actually results in increased
tumor growth (36, 37). Thus, Ets2 has a previously unappre-
ciated role in TAMs in controlling the balance between pos-
itive and negative regulators of angiogenesis necessary for
tumor metastasis.

Ets2 in TAMs increased the growth of primary and meta-
static tumors. Ets2 could indirectly affect tumor growth by
modulating angiogenesis, or directly through paracrine me-
chanisms. The Ets2 targets identified would favor the former
possibility, as obvious paracrine candidates such as 1/6 or
Egf were not differentially expressed. In either case, the re-
sults are consistent with the Ets2 pathway playing a role in
some activities associated with the alternatively activated M2
macrophage population (2, 3). M2 macrophages are believed
to modulate inflammatory response and to promote tissue
remodeling and angiogenesis; in the context of tumor pro-
gression, M2-like cells are believed to promote immune
suppression as well as tumor angiogenesis, invasion, and
metastasis (2, 3). Extracellular function and angiogenesis
are the major Eis2 targets identified in our studies, providing
a molecular mechanism by which M2-like tumor macro-
phages modulate the extracellular microenvironment to pro-
mote tumor growth and angiogenesis at both primary and
tumor sites.

A key finding is that a portion of the mouse Ets2-TAM gene
expression signature was present in human breast cancer ex-
pression data and that it could retrospectively predict overall
survival in two independent cohorts of patients with sporad-
ic breast cancer. This 133-gene signature is independent of
other breast tumor signatures capable of predicting patient
outcome, including stromal gene signatures (38, 39). Al-
though further efforts will be required to fully implement
these findings and determine their significance to human
disease, the results validate the relevance of our hypothe-
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Motivation: This paper presents a workflow designed to quantitatively characterize the 3D structural
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Keywords:

Light microscopy
Histology staining
Genetic phenotyping
Mutation
Morphometrics
Image analysis
Image registration

Segmentation
Visualization
Imaging workflow

generated.

Availability: The source code is available upon request.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

This paper presents an imaging workflow designed to quantita-
tively characterize 3D structural attributes of microscopic tissue
specimens at micron level resolution using light microscopy. The
quantification and visualization of structural phenotypes in tissue
plays a crucial role in understanding how genetic and epigenetic
differences ultimately affect the structure and function of multi-
cellular organisms [1-5].

The motivation for developing this imaging workflow is derived
from an experimental study of a mouse placenta model system
wherein the morphological effects of inactivating the retinoblas-
toma (Rb) tumor suppressor gene are studied. The Rb tumor sup-
pressor gene was identified over two decades ago as the gene
responsible for causing retinal cancer (retinoblastoma) but has also
been found to be mutated in numerous other human cancers.
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Homozygous deletion of Rb in mice results in severe fetal and pla-
cental abnormalities that lead to lethality by prenatal day 15.5 [6-
8]. Recent studies suggest that Rb plays a critical role in regulating
development of the placenta and Rb~/~ placental lineages have
many fetal abnormalities [8-10].

Our previous work suggested that deletion of Rb leads to exten-
sive morphological changes in the mouse placenta including possi-
ble reduction of total volume and vasculature of the placental
labyrinth, increased infiltration from the spongiotrophoblast layer
to the labyrinth layer, and clustering of labyrinthic trophoblasts
[8]. However, these observations are based solely on the qualita-
tive inspection of a small number of histological slices from each
specimen alone. In order to fully and objectively evaluate the role
of Rb deletion, a detailed characterization of the mouse placenta
morphology at cellular and tissue scales is required. This permits
the correlation of cellular and tissue phenotype with Rb~/~ geno-
type. Hence, we develop a microscopy image processing workflow
to acquire, reconstruct, and quantitatively analyze large serial sec-
tions obtained from a mouse placenta. In addition, this workflow
has a strong visualization component that enables exploration of
complicated 3D structures at cellular/tissue levels.
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Using the proposed workflow, we analyzed six placentae sam-
ples which included three normal controls and three mutant
(Rb~/~) samples. A mouse placenta contains a maternally derived
decidual layer and two major extra-embryonic cell derivatives
namely, labyrinth trophoblasts and spongiotrophoblasts (Fig. 1).
Placental vasculature that lays embedded within the labyrinth
layer is the main site of nutrient-waste exchange between mother
and fetus and consists of a network of maternal sinusoids interwo-
ven with fetal blood vessels. The quantitative analysis of placentae
samples validates observations published in [10] that Rb-deficient
placentae suffer from a global disruption of architecture marked by
increased trophoblast proliferation, a decrease in labyrinth and
vascular volumes, and disorganization of the labyrinth-spongio-
trophoblast interface.

To summarize, in this paper, we report the architecture and
implementation of a complete microscopic image processing
workflow as a novel universal 3D phenotyping system. The result-
ing 3D structure and quantitative measurements on the specimen
enable further modeling in systems biology study. While some of
the algorithms presented here are optimized for characterizing
phenotypical changes in the mouse placenta in gene knockout
experiments, the architecture of the workflow enables the system
to be easily adapted to countless biomedical applications including
our exploration of the organization of tumor microenvironment
[16].

1.1. Related work

The quantitative assessment of morphological features in bio-
medical samples is an important topic in microscopic imaging.
Techniques such as stereology have been used to assess 3D attri-
butes by sampling a small number of images [17]. Using statisti-
cal sample theory, stereological methods allow the researcher to
gain insights on important morphological parameters such as cell
density and size [18,19]. However, an important limitation of
stereology is that it is not useful for large scale 3D visualization
and tissue segmentation, both of which are potentially critical
for biological discovery. Therefore, we need new algorithms to
enable objective large scale image analysis. Since our work in-
volves multiple areas of image analysis research, we delegate
algorithmic literature review to the corresponding subsections
in Section 2.

There has been some work focusing on acquiring the capability
for analyzing large microscopic image sets. Most of these efforts in-
volve developing 3D anatomical atlases for modeling animal sys-
tems. For instance, in [20], the authors developed a 3D atlas for
the brain of honeybees using stacks of confocal microscopic
images. They focus on developing a consensus 3D model for all
key functional modules of the brain of the bees. In the Edinburgh
Mouse Atlas Project (EMAP), 2D and 3D image registration algo-
rithms have been developed to map the histological images with
3D optical tomography images of the mouse embryo [21]. Apart
from atlas related work, 3D reconstruction has also been used in
clinical settings. In [1], the authors build 3D models for human cer-
vical cancer samples using stacks of histological images. The goal
was to develop an effective non-rigid registration technique and
identify the key morphological parameter for characterizing the
surface of the tumor mass. In this paper, instead of focusing on a
single technique, we present the entire workflow with a compre-
hensive description of its components (Fig. 2).

2. Components and algorithms of the workflow

In this section, we describe the components of the workflow
and the related image processing algorithms. Please refer to Fig.
2 for a schematic representation of the three stages.

1. In the first stage, large sets of histological slides are produced
and digitized. The preprocessing of the images includes color
correction to compensate for intensity inconsistency across
slides due to staining variations and pixel-based color classifica-
tion for segmenting the image components such as cell nuclei,
white spaces (including purported vasculature spaces), cyto-
plasm, and red blood cells. These standard preprocessing steps
build the foundation for the next two stages of investigation.

2. The second (middle) stage consists of image registration and seg-
mentation. The registration process aligns 2D images in a pair-
wise manner across the stack. Pair-wise alignments provide
3D coordinate transforms to assemble a 3D volume of the
mouse placenta. The segmentation process identifies regions
corresponding to different tissue structures such as the laby-
rinth and spongiotrophoblast layers. In our current realization,
the image registration and segmentation process do not directly
interact with each other. However, in other applications, results
from image segmentation provide the landmarks that may used
in image registration [16].

3. The final stage (bottom) of the workflow supports user-interac-
tion, exploration via visualization and quantification. For this
project, the quantification is focused on testing three hypothe-
ses about the effects of Rb deletion in placental morphology. We
provide the hypotheses specifics later in Section 2.6. The quan-
tification step in our workflow provides measurements of mor-
phological attributes relevant to the hypothesis. The
visualization step allows the researcher to further study the
3D structures in detail. Volumetric rendering techniques are
developed because we are interested in visualization of multi-
ple interleaving types of tissue that will further confirm the
quantifications.

The details in the three levels of the workflow are given in Sec-
tions 2.1-2.6. Please note that in stage 2, we adopt a multiresolu-
tion strategy. For example, image registration/segmentation is
carried out at lower resolutions in order to reduce computational
costs. Furthermore, we note that the performance of a segmenta-
tion algorithm is dependent on the resolution scale. Later stages of-
ten process segmented images at different resolutions. Hence,
multiple algorithms have been developed for the same technical
component.

2.1. Data acquisition

2.1.1. Image acquisition and stitching

Six mouse placenta samples, three wild-type and three Rb~/~,
were collected at embryonic day 13.5. The samples were fixed in
formalin, paraffin-embedded, sectioned at 5-um intervals and
stained using standard haematoxylin and eosin (H&E) protocols.
We obtained 500-1200 slides approximately for each placenta
specimen that were digitized using a Aperio ScanScope slide scan-
ner with 20x objective length and image resolution of 0.46 pm/
pixel. Digitized whole slides were acquired as uncompressed
stripes due to the constrained field-of-view of the sensor. The dig-
itization process also produces a metadata file that contains global
coordinates of the stripes and describes the extent of any overlap
with adjacent stripes. This file is used to reconstruct the digital file
of the whole slide from the stripes using a custom Java application
that we developed for this purpose.

2.1.2. Image re-sampling

Each serial section produces a digitized RGB format image with
dimensions approximately 16 K x 16 K pixel units. An entire set of
the placenta image stacks (each containing approximately 500-
1200 images) occupies more than three Terabytes (Tb) of data
storage. The processing of such large datasets is beyond the
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Fig. 1. (a) A mouse placenta reconstructed in 3D with the described imaging workflow. (b) Zoomed placenta image showing the different tissue layers. The tissue between the
two thick black boundaries is the labyrinth tissue. The pocket area is an example of the infiltration (interdigitation) from the spongiotrophoblast layer to the labyrinth layer.

The cells in the left circle are glycogen cells.

computational capability of most workstations, especially since
most imaging algorithms require the full image to be loaded into
memory. For certain tasks, it is convenient to down-sample images
by a factor of 2-10 depending on the algorithm and performance.
The down-sampling process employs linear interpolation to main-
tain continuity of the features.

2.2. Image preprocessing

2.2.1. Color correction

Digitized images of sectioned specimens usually exhibit large
staining variations across the stack. This occurs due to idiosyncra-
cies in the slide preparation process, including section thickness,
staining reagents and reagent application time. The process of col-
or correction seeks to provide similar color distributions (histo-
grams) in images from the same specimen. This process greatly
facilitates later processing steps, because consistent color profiles
narrow the range of parameter settings in algorithms. Color correc-
tion is accomplished by normalizing all images in a specimen to a
standard color histogram profile. The standard histogram is com-
puted from a manually pre-selected image with a color profile that
is representative of the whole image stack.

The color profiles are normalized using MATLAB’s Image Tool-
box histogram equalization function [22]. We ensure that pixels
representing foreground tissue alone participate in the color nor-
malization process. We developed an algorithm to identify fore-
ground tissue pixels from background by thresholding the image
in HSL (hue, saturation, and luminance) color space. The HSL color
space is less sensitive to intensity gradients within a single image
that result from light leakage near edges of glass slides.

2.2.2. Pixel-based color segmentation

Pixels in an H&E-stained image correspond to biologically sali-
ent structures, such as placental trophoblast, cytoplasm, nuclei,
and red blood cells. These different cellular components can be dif-
ferentiated based on color in each specimen, and the per-pixel clas-
sification result is used in image registration and segmentation.

A maximum likelihood estimation (MLE) algorithm is imple-
mented to classify the pixels into four classes in the RGB color
space: red blood cells, cytoplasm, nuclei, and background [15].
For simplicity, we assume that the histograms of the bands of data
have normal distributions. The a priori information related to the
four classes is learnt via the following training process. For the
image dataset of each placenta specimen (usually contains
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Fig. 2. The imaging workflow for characterizing phenotypical changes in micros-
copy data. Components that involve manual intervention are identified.

500-1200 images), one representative image is selected as train-
ing image (the same one used to normalize the color profile). A
custom-built application randomly selects pixels from the images,
displays patches of the training image centering at the selected
pixel and highlights the center pixels. The user then chooses
among the four classes and a pass option. This procedure provides
the training samples and their classifications from manual input.
The spatial locations and RGB triplet values are used as attributes
for these randomly selected pixels. The covariance matrices, mean
values and prior probability weights are then calculated for each
individual class. The maximum logarithmic probability rule is in-
voked to determine the final class membership. Here, the pixels
classified as background are from three possible sources. One
source is the white background of the images. In each image,
the foreground (the region corresponding to the specimen) is sur-
rounded by a large region of white background space. Therefore,
pixels in the largest region of background can be easily removed.
Another source of background pixels is the white space in the
blood vessels. Since most red blood cells are removed from the
blood vessel during the preparation of the slides, the regions cor-
responding to cross-sections of blood vessels usually appear in the
form of small white areas with a small number of red pixel clus-
ters (red blood cells). The pixels corresponding to the blood ves-
sels are important in determining the area of vasculature space
in the images. The third source of white pixels is the cytoplasm
areas for large cells such as giant cells in the spongiotrophoblast
layer and the glycogen cell clusters. An example of the pixel clas-
sification result is shown in Fig. 3. The classification results are
used in the subsequent stages based on requirements in classifica-
tion granularity.

2.3. Image registration

During the slide preparation process, a tissue section is
mounted with a random orientation on the glass slide. The section
remains displaced in orientation and offset from the previous
sliced section. The nature of physical slicing causes deformation
and non-linear shearing in the soft tissue. Image registration seeks
to compensate for the misalignment and deformation by aligning
pair-wise images optimally under pre-specified criteria. Hence, im-
age registration allows us to assemble a 3D volume from a stack of
images. In our study, we employ rigid and non-rigid registration
algorithms successively. While rigid registration provides the rota-
tion and translation needed to align adjacent images in a global
context, it also provides an excellent initialization for the deform-
able registration algorithm [1]. Non-rigid registration compensates
for local distortions in an image caused by tissue stretching, bend-
ing and shearing [22,24,26-29].

2.3.1. Rigid registration algorithms

Rigid registration methods involve the selection of three com-
ponents: the image similarity metric (cost function), the transfor-
mation space (domain), and the search strategy (optimization)
for an optimal transform. We present two algorithms for rigid reg-
istration. The first algorithm is used for reconstructing low-resolu-
tion mouse placenta images. The second algorithm is optimized for
higher resolution images.

2.3.1.1. Rigid registration via maximization of mutual informa-
tion. This algorithm exploits the fact that the placenta tissue has
an elongated oval shape. We carry out a principal component anal-
ysis of the foreground region to estimate the orientation of the pla-
centa tissue. This orientation information is used to initialize an
estimate of the rotation angle and centroid translation. After the
images are transformed into a common coordinate reference
frame, a maximum mutual information based registration algo-
rithm is carried out to refine the matching [12,23]. The algorithm
searches through the space of all possible rotation and translations
to maximize the mutual information between the two images.

MI based methods are effective in registering multi-modal
images where pixel intensities between images are not linearly
correlated. While the placenta images are acquired using the same
protocol, they have multimodal characteristics due to staining
variations and the occasional luminance gradients. Rigid body reg-
istration techniques requiring intrinsic point or surface-based
landmarks [41] and intramodal registration methods [42] that
relying on linear correlation of pixel values are inadequate under
these conditions.

It has been shown [43] that MI registration with multiresolu-
tion strategies can achieve similar robustness compared to direct
registration. Studholme and Hill [44] reported no loss in registra-
tion precision and significant computational speed-up when com-
paring different multiresolution strategies. We adopt the
multiresolution approach, using 3-level image pyramids. The im-
age magnifications used were 10x, 20x, and 50x. Optimal trans-
forms obtained from a lower magnification are scaled and used
as initialization for registration of the next higher magnification.
Registration is then performed on the images, potentially with dif-
ferent optimizer parameters, to refine the transforms. The process
is repeated for each magnification level to obtain the final trans-
forms. We note that at magnifications higher than 50x, the compu-
tation cost for registration outweighs the improvements in
accuracy. The details of the implementation can be found in [12].

2.3.1.2. Fast rigid registration using high-level features. This algo-
rithm segments out simple high-level features that correspond to
anatomical structures such as blood vessels using the color-based
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Fig. 3. An example of the color segmentation. (a) A 200-by-200 pixels patch of the original image (down-sampled by four times for visualization purposes). (b) Segmented
background region. Most of the white background regions correspond to blood vessels. A small fraction of them (in the bottom left corner of the image) correspond to
cytoplasm regions for the large cells in the spongiotrophoblast layer. (c) Segmented cytoplasm region. (d) Segmented cell nuclei region. (e) Segmented red pixels corresp-

onding to the remaining red blood cells in the blood vessels.

segmentation results in both images. Next, it matches the seg-
mented features across the two images based on similarity in areas
and shapes. Any two pairs of matched features can potentially be
used to compute rigid transformation between the two images.
The mismatched features are removed with a voting process,
which selects the most commonly derived rigid transformation
(rotational and translational) from the pairs of matched features.
This algorithm was implemented to register large images with high
speed [11].

2.3.2. Non-rigid registration

In our workflow, the rigidly registered image stack serves as in-
put for further refinement using non-rigid methods. In order to
visualize a small localized tissue microenvironment, non-rigid reg-
istration was conducted by manually selecting point features in
each slice of the microenvironment. While we obtained good qual-
ity visualizations, repeating this procedure is cumbersome and
forced us to consider automated techniques.

There are many previous studies on automatic non-rigid regis-
tration [45-48]. Johnson and Christensen present a hybrid land-
mark/intensity-based technique [45]. Arganda-Carreras et al.
present a method for automatic registration of histology sections
using Sobel transforms and segmentation contours [47]. Leung
and Malik et al. use the powerful cue of contour continuity to pro-
vide curvilinear groupings into region-based image segmentation
[48]. Our data does not, however, have well defined contours on
a slice by slice basis. Thus, contour based registration techniques
fail on our dataset.

In our approach, automated pair-wise non-rigid registration is
conducted by first identifying a series of matching points between
images. These points are used to derive a transformation by fitting
a non-linear function such as a thin-plate spline [26] or polynomial
functions [25,28]. We have developed an automatic procedure for

selecting matching points by searching for those with the maxi-
mum cross correlation of pixel neighborhoods around the feature
points [11].

Normally, feature points in an image are selected based on their
prominence. Our approach differs with the previous ones in that
we select points uniformly. For instance, we choose points that
are 200 pixels apart both vertically and horizontally. The variation
ina 31 x 31 pixels neighborhood centered at each sampled point is
analyzed. The selection of the neighborhood window size depends
on the resolution of the image so that a reasonable number of cells/
biological features are captured. Please note that we only retain
feature points belonging to the foreground tissue region. The
neighborhood window is transformed into the grayscale color
space and its variance is computed. We retain the selected point
as a feature point only when the variance of the neighboring win-
dow pixel intensity value is large enough (which implies a complex
neighborhood). The unique correspondence of a complex neighbor-
hood with a novel region in the next image is easy to determine.
On the other hand, regions with small intensity variance tend to
generate many matches and prone to false-positives. For example,
consider an extreme example in which a block of white space can
be matched to many other blocks of white spaces without knowing
the correct match. This step usually yields about 200 features
points that are uniformly distributed across the foreground of each
image.

In the second step, we rotate the window around the feature
point by the angle that is already computed in the rigid registration
procedure. This gives a template patch for initialization in the next
image. In the next image, a much larger neighborhood (e.g.,
100 x 100 pixels) is considered at the same location. A patch in this
larger neighborhood with the largest cross correlation with the
template patch from the first image is selected. The center of this
patch is designated as the matching feature point. The two steps
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together usually generate more than 100 matched feature points
between the two images. These points are then used as control
points to compute the non-linear transformation using the thin-
plate splines or polynomial transformations [25,28]. In this project,
we tested both six-degree polynomial transformations and piece-
wise affine transformations. The 3D reconstructions are similar in
both schemes while the piecewise affine transformation is easier
to compute and propagate across a stack of images. Fig. 4 shows
renderings of the placenta that were reconstructed using the rigid
and deformable registration algorithms. This approach is used to
generate high-resolution 3D reconstructions of the samples.

2.4. Image segmentation

In processing biological images, a common task is to segment
the images into regions corresponding to different tissue types.
For analysis of the mouse placenta, we segmented images into
three tissue types, labyrinth trophoblast, spongiotrophoblast,
and glycogen cells (a specialized derivative of the spongiotropho-
blast lineage). Each H&E-stained tissue type can be classified by
distinctive texture and color characteristics of cell nuclei and
cytoplasm and by presence of vacuoles and red blood cells. The
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Deformable Reglstration
of a Stack of Mouse Placenta Images

Fig. 4. Comparison of rigid and deformable registration algorithms. A stack of 25
images were registered using rigid registration algorithm (top) and non-rigid reg-
istration algorithm (bottom) and the 3D reconstruction results are rendered. The
frontal views show the cross-sections of the reconstructed model. The benefits of
using deformable registration algorithms are clearly visible in the frontal view of
the image stack cross-section. In the top frontal view which is the cross-section
of the rigid registered images, the structures are jaggy and discontinuous. In the
bottom frontal view, the results from the non-rigid (deformable) registration
algorithm display smooth and continuous structures.

segmentation algorithm, therefore, is based on object texture, col-
or, and shape.

The automatic segmentation of natural images based on texture
and color has been widely studied in computer vision [30-32].
Most segmentation algorithms contain two major components:
the image features and the classifier (or clustering method). Image
features include pixel intensity, color, shape, and spatial statistical
features for textures such as Haralick features and Gabor filters
[33,34]. A good set of image features can substantially ease the de-
sign of the classifier. Supervised classifiers are used when training
samples are available. Examples of such classifiers include Bayes-
ian classifier, K-nearest neighbor (KNN), and support vector ma-
chine (SVM). If no training example is available, unsupervised
clustering algorithms are needed. Examples of such algorithms
are K-means, generalized principal component analysis (GPCA)
[32], hierarchical clustering, and self-organizing maps (SOM). Ac-
tive contour algorithms, such as the level-set based ones
[35,37,39], can also be considered as an unsupervised method.

In our project, both manual and automatic segmentation pro-
cedures have been conducted on the image sets. For each pla-
centa, manual segmentation of the labyrinth layer was carried
out on ten images that are evenly spaced throughout the image
stack. These manually segmented images are used as the
ground-truth for training and testing the automatic segmentation
algorithms. In addition, manual segmentation allows for higher le-
vel of accuracy in the estimation of area of the labyrinth layer,
which also translates to more accurate volume estimates. How-
ever, manual segmentations are not feasible for the purpose of
visualizing the boundary between the labyrinth and the spongio-
trophoblast layers since it is impractical to manually segment all
the images. Instead, we adopted automatic segmentation for this
purpose.

2.4.1. New features for histological images

In histology-based microscopy images, there has been little
work on the automatic segmentation of different types of tissues
or cell clusters in histological images. Due to the complicated tis-
sue structure and large variance in biological samples, none of
the commonly used image segmentation algorithms that we have
tested can successfully distinguish the biological patterns in micro-
structure and organization [13]. To solve this problem, we de-
signed new segmentation algorithms. The idea was to treat each
tissue type as one type of heterogeneous biomaterial composed
of homogeneous microstructural components such as the red
blood cells, nuclei, white background and cytoplasm. The distribu-
tion and organization of these components determine the tissue
type. For such biomaterials, quantities such as multiple-point cor-
relation functions (especially the two-point correlation function)
can effectively characterize their statistical properties [36] and
thus serve as effective image features.

The two-point correlation function (TPCF) for a heterogeneous
material composed of two components is defined as the probabil-
ity that the end points of a random line with length [ belong to the
same component. TPCF has been used in analyzing microstruc-
tures of materials and large images in astrophysics. However,
our study marks the first time that TPCF is introduced in charac-
terizing tissue structures in histological images. For materials
with more than two components, a feature vector replaces the
probability with each entry being the correlation function for that
component. In our work, the four components are cell nuclei,
cytoplasm, background, and red blood cells, which are obtained
through pixel classification in the preprocessing stage. In addition
to the two-point correlation function, three-point correlation
function and lineal-path function can also be similarly defined.
These functions form an excellent set of statistical features for
the images, as demonstrated in Section 3.
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2.4.2. Supervised classification

In addition to feature selection, another aspect of the segmenta-
tion problem is to select the classification procedure. In our project,
we selected the K-nearest neighbor (KNN) due to both its effective-
ness and easy implementation [14]. For each placenta specimen,
about 500-1200 serial images are generated. Due to the large var-
iation in morphology, intensity and cell distributions across the
different placenta datasets, the KNN classifier is trained on a per
placenta dataset basis prior to segmenting all the images.

Within each placenta dataset, 10 evenly spaced images were
selected from the stack. These 10 images were then manually
segmented by the pathologist. A representative image of the 2D
morphology for this placenta specimen was selected by the pathol-
ogist as the training sample from the set of 10 images. Image
patches of size 20-by-20 pixels were randomly generated and
labeled as labyrinth, spongiotrophoblast, glycogen cells or back-
ground. A patch lying on the boundaries remained ambiguous
and was not chosen into the training dataset. A total of 2200 re-
gions were selected from the image slide (800 for labyrinth, 800
for spongiotrophoblast, and 600 for the background) for training.
Please note that the color correction of the serial section stacks
(Section 2.1.2) allowed the tissue components to share similar
color distributions across the images and hence training based on
a representative slide was applicable throughout. The remaining
nine images were used for validation purposes as ground-truth.

2.4.3. Evaluation of the automatic segmentation algorithm

In our study, we found that automatic segmentation tends to
generate relatively large error in images obtained from the end re-
gions of the placenta slice sequence, which can bias the volume
estimation. However, for the mid-section of the sequence, auto-
mated segmentation provided a visually satisfactory boundary be-
tween the two layers of tissues. These tests were carried out in
three placentae with one control and two mutants. The observa-
tion is further confirmed by a quantitative evaluation process as
shown in Fig. 6. In the figure, the automatically segmented laby-

Visualization of a Wildtype Mouse
Placenta Showing the Interface
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Visualization of a the Tissue
Interface Layer Showing Minimal
Interdigitation in a Widltype Mouse

rinth is overlaid on the manually segmented labyrinth tissue. For
all the manually segmented images, the error is measured as the
ratio between the area encircled by the two tissue boundaries
(manually and automatically generated boundaries) and the man-
ually segmented labyrinth area. For the three samples, the mean
errors are 6.6 + 1.6%, 5.3 + 3.3%, and 16.7 + 7.4%. The two samples
(one control and one mutant) with mean error less than 8% are
then used for visualization. As shown in Fig. 6e and f, the discrep-
ancy between the two segmentation methods can be attributed to
two major factors: the use of a large sliding window in automatic
segmentation which leads to the “dilation effect”, and the discrep-
ancy in assigning the large white areas on the boundary. This white
region is actually the cross-section of a blood vessel at the bound-
ary of the labyrinth tissue layer and the spongiotrophoblast tissue
layer. The designation of such regions usually requires post-pro-
cessing based on explicit anatomical knowledge which is not incor-
porated in the current version of the automatic segmentation
algorithm.

2.5. Visualization in the 3D space

We are interested in quantifying the 3D finger-like infiltration
(referred as pockets) that occurs on the labyrinth-spongiotropho-
blast tissue interface of the mouse placenta (Fig. 5). The presence
of pockets has a direct correlation with surface morphological
parameters such as interface surface-area, convolutedness, and
the extent of tissue infiltration.

The registered stack of images is treated as volume data and
visualized using volumetric rendering techniques. In volumetric
rendering, a transfer function maps the feature value (e.g., pixel
intensity) to the rendered color and opacity values. It allows the
user to highlight or suppress certain values by adjusting the trans-
fer function. In our approach, we evolve a front in the close vicinity
of the target surface. The front initially represents a global shape of
the surface without pockets. As the front progresses towards the
target surface, it acquires the features on the surface and finally

Visualization of a Mutant Mouse

Visualization of a the Tissue
Interface Layer Showing Minimal
Interdigitation in a Mutant Mouse

Fig. 5. Visualizing the interdigitation at the interface of the labyrinth and the spongiotrophoblast tissue layers in control (left) and mutant (right) mouse placenta. The
detected pockets are colored using a heat map. Red regions indicate large pockets and yellow regions indicate shallow pockets.
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Fig. 6. Evaluation of the automatic segmentation algorithm. (a) The solid line is the manually marked boundary and the dashed line is the automatic segmentation result. The
boundary estimation error is defined as the ratio between the shaded area and the gray area. (b-d) Examples of images with boundary estimation errors being 2.5%, 8.4%, and
16.5%. The boundary is in the top portion of the image. The dark gray area is the manual segmentation result, and the light gray area is the automatic segmentation result. (e
and f) A larger view of the difference between manual segmentation (black) and automatic segmentation (white).

converges to it. This leads to a natural definition of feature size at a
point on the contour as the distance traveled by it from the initial
front to the target surface. Surface pockets have larger feature sizes
compared to the flat regions owing to the larger distances tra-
versed. Hence, they are suitably extracted. Fig. 5 shows the resul-
tant visualizations from a transfer function that highlights high
feature values implemented using the Visualization Toolkit (VTK)
from Kitware Inc. [38]. The details of the implementation can be
found in [49].

2.6. Quantification

Our application requires the quantitative testing of three
hypotheses regarding the morphological changes in mouse pla-
centa induced by the deletion of Rb. These hypothesized changes
include the increased surface complexity between the labyrinth
layer and the spongiotrophoblast layer, the reduced volume of
the labyrinth layer, and reduced vasculature space in the labyrinth
layer. Here, we describe the quantification processes for measuring
the three morphological parameters.

2.6.1. Characterizing the complexity of the tissue layer interface

Rb mutation increases the number of shallow interdigitations at
the interface of the spongiotrophoblast and the labyrinth tissue
layers. In order to quantify the increased interdigitation, we calcu-
late the number of pixels at the interface and the roughness of the
interfacial area between the two layers, based on the assumption
that increased interdigitation is manifested as increased area of
the interface and greater roughness. The number of pixels at the
interface is computed based on the image segmentation results.
In addition, given the fractal nature of the surface-area between

the two tissue layers, the boundary roughness is quantified by cal-
culating the Hausdorff dimension, a technique that is well-known
and commonly used in geological and material sciences for
describing the fractal complexity of the boundary [40]. Typically,
the higher the Hausdorff dimension, the more rough the boundary.
In order to calculate the Hausdorff dimension, we take the 2D seg-
mented image and overlay a series of uniform grids with cell size
ranging from 64 to 2 pixels. Next, we count the number of grid cells
that lie at the interface of the two tissue layers. If we denote the
cell size of the grids as ¢ and the number of grid cells used to cover
the boundary as N(¢). Then the Hausdorff dimension d can be com-
puted as

d = —lim, .o(In(N(2))/In(e)).

In practice, d is estimated as the negated slope of the log-log curve
for N(¢) versus .

2.6.2. Estimating the volumes of the labyrinth tissue layer in mouse
placentae

The volume of the labyrinth is estimated using an approach
analogous to the Riemann Sum approximation for integration in
calculus. The labyrinth volume for a slice is computed from the
pixel count of the labyrinth mask obtained from the 2D segmenta-
tion, the 2D pixel dimensions, and section thickness. The labyrinth
volume is accumulated across all serial sections in a dataset to ob-
tain an approximation of the total labyrinth volume.

2.6.3. Estimating the vascularity in the labyrinth tissue layer

The vascularity of the labyrinth is estimated by the ratio of total
blood space volume to total labyrinth volume, which is referred to
as intravascular space fraction. The estimation of total labyrinth
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volume is described in the above section. The total blood space is
calculated by counting all pixels previously classified as red blood
cell pixels or as background pixels within the labyrinth tissue. The
labyrinth mask generated by the segmentation step is used to iden-
tify the background pixel in the second case. The intravascular
space fraction is then computed.

3. Results: a case study on the effects of Rb deletion in
placental morphology

3.1. Manual and automated stages

Whole slide imaging for histology and cytology usually involves
a large amount of data and is typically not suitable for manual
annotation. Three-dimensional processing of serial sections further
motivates the need for automation of different stages in the work-
flow. However, biological systems are characterized by a high inci-
dence of exceptions, and these are especially evident in systems
with high-level of detail such as microscopic imaging. Human
intervention and semi-automated approaches are often essential
components in image analysis workflows. The manual components
are identified in the schematic representation shown in Fig. 2.

3.2. Results

The last stage of the workflow discussed in Section 2 generates
results for the application—namely quantified parameters and
visualizations. For this project, the quantification is focused on
testing the three hypotheses about the effects of Rb deletion in pla-
cental morphology, namely reduced volumes of the placental lab-
yrinth layer (Section 3.2.3), decreased vasculature space in the
labyrinth layer (Section 3.2.4), and increased roughness of the
boundary between the labyrinth and spongiotrophoblast layers
(Sections 3.2.1 and 3.2.2).

3.2.1. Reconstruction and visualization in 3D

Fig. 5 shows the final reconstructed mouse placenta using rigid
registration results. Different tissues are highlighted by incorporat-
ing the segmentation results in the transfer function adjustment
during volumetric rendering. Earlier, in Section 2.5, we mentioned
about the 3D finger-like infiltration that occurs on the labyrinth-
spongiotrophoblast tissue interface of the mouse placenta. The
presence of pockets has a direct correlation with surface morpho-
logical parameters such as interface surface-area, convolutedness
and the extent of tissue infiltration. We automatically detect pock-
ets using a level-set based pocket detection approach to determine
a pocket size feature measure along the interface [16]. The bottom
section of the figure shows the infiltration structure in detail by
using these feature measurements in the transfer function. The
resulting visualization reveals extensive shallow interdigitation
in mutant placenta in contrast with fewer but larger interdigita-
tions in the control specimen. These observations are quantita-
tively verified by calculating the fractal dimension.

3.2.2. Quantifying complexity of the tissue interface

We first computed the number of pixels at the interface
between the two tissue layers in littermates. The number of inter-
face pixels for the controls are 1738 and 2374 (in the images
down-sampled by 20 times to save computational cost for the
image segmentation algorithm) while the interface pixels for the
corresponding mutants are 3413 and 4210, respectively. Therefore
in both cases, the numbers of interface pixels are almost doubled in
mutants than in controls. However, the result for computing the
Hausdorff dimension is not as significant. Among the three pairs
of littermates, the increase in the Hausdorff dimensions in mutants
comparing to the controls are only 3%, 2.5%, and 0.5% when the grid
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Fig. 7. Intravascular space fraction estimation. The intravascular space fraction is
measured for each sample in ten manually segmented images. The mean and
standard deviation of the measurement are presented here.

cell sizes between 2 and 64 pixels are used. However, in the
mutant placenta, the number of grid cells of size no more than
8 pixels that lie on the interface layer is significantly increased.
This suggests that most of the disruption at the interface is due
to small shallow interdigitations which are difficult to be charac-
terized using fractal dimensions. This observation supports our re-
sult determined in Section 3.2.1 above on surface pockets.
Available work in the literature have also reported difficulty in
computing fractal dimensions [1].

3.2.3. Volume of labyrinth tissue layer estimation

The volume of the labyrinth tissue layer for each specimen was
estimated by summing the areas of the labyrinth layer in each of
the ten manually segmented images then multiplying by the dis-
tance between consecutive images. This method gives a first order
approximation of the labyrinth layer volume. The estimated vol-
umes of the labyrinth layer for the three control mice are 11.0,
9.0, and 12.8 mm?>. While the measurements for their correspond-
ing littermates are 7.9, 8.2, and 9.3 mm®. A consistent reduction
of labyrinth layer volume in the range of 9-28% is, therefore,
observed for the three pairs of littermates.

3.2.4. Intravascular space fraction estimation

The intravascular space fraction is estimated by combining the
color segmentation and image segmentation results. We compute
the percentage of white and red pixels in the segmented labyrinth
layers. As shown in Fig. 7, for all three pairs of mutant and control
samples, significant decrease in intravascular space fraction is
observed.

The reduction in the volume and the intravascular space of the
labyrinth layer in the mouse placenta is consistent with our
hypothesis that Rb deletion causes significant morphological dis-
ruption in mouse placenta which negatively affects fetal
development.

4. Conclusion and discussion

In this paper, we presented an imaging workflow for recon-
structing and analyzing large sets of microscopy images in the
3D space. The goal of this work is to develop a new phenotyping
tool for quantitatively studying sample morphology at tissue and
cell level. We developed a set of algorithms that include the major
components of the workflow using a mouse placenta morphology
study as a driving application. This workflow is designed to
acquire, reconstruct, analyze, and visualize high-resolution light
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microscopy data obtained from a whole mouse placenta. It allows
the researchers to quantitatively assess important morphological
parameters such as tissue volume and surface complexity on a
microscopic scale. In addition, it has a strong visualization compo-
nent that allows the researcher to explore complicated 3D struc-
tures at cellular and tissue levels. Using the workflow, we
analyzed six placenta including three controls and three Rb~/~
mutant with gene knockout and quantitatively validated the
hypotheses relating to Rb in placenta development [10]. Analysis
of placenta indicated that Rb mutant placenta exhibit global dis-
ruption of architecture, marked by an increase in trophoblast pro-
liferation, a decrease in labyrinth and vascular volumes, and
disorganization of the labyrinth-spongiotrophoblast interface.
The analytical results are consistent with previously observed
impairment in placental transport function [8,10]. These observa-
tions include an increase in shallow finger-like interdigitations of
spongiotrophoblast that fail to properly invade the labyrinth and
clustering of labyrinth trophoblasts that was confirmed with the
3D visualization. Due to the intricacy of carrying out experiments
with transgenetic animals, we had only a small number of placenta
samples which just satisfied the basic statistical requirement.
However, the consistent changes in placental morphology we have
obtained from large scale image analysis and visualization provide
strong evidence to support our hypothesis.

One of the major challenges we faced in the process of workflow
development was to strike a good balance between automation
and manual work. On one hand, large data size forced us to develop
automatic methods to batch process the images. On the other
hand, large variations in the images required us to take several
manual steps to circumvent the technical difficulties and achieve
more flexibility. While this work was largely driven by the mouse
placenta study, it is subsequently applied to process other data sets
including our ongoing work in phenotyping the mouse breast
tumor microenvironment. Other directions include developing a
parallel processing framework for handling images in their original
high-resolution and a middleware system to support the execution
of the workflow on multiple platforms, improving the accuracy of
the image segmentation algorithm to obtain higher accuracy and
better time performance, and extending the image registration
algorithm to deal with images from slides stained with different
staining techniques (e.g., H&E versus immunohistochemical stain-
ing) so that we can map molecular expression to different types of
cells.
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Protocol Identification

Protocol Title: Animal Models of Cancers and Development (Renewal 1)
Principal Investigator: Gustavo Leone

Protocol Type: Research

Academic Unit: Molecular Genetics

Protocol Aims

Describe the overall goals of the proposed project and detail the scientific
problem/question being addressed.

The main goal of this study is to understand, mechanistically, the function of transcription factors, tumor
suppressor genes and oncogenes in cancer and development. Mammalian organs and tumors are both
complex mixture of different cells that require the interaction and communication between them, in
order for their respective development and function. We plan to use several mouse genetic models to test
these ideas in several organs. Using mouse genetics, we can eliminate, reduce or increase gene function
to determine their effect on organ development and tumor initiation, growth and metastasis.

Describe the relevance the proposed project will have to human and/or animal health,
the advancement of knowledge, and/or the benefit for society.

If successful, this type of research could identify the genes necessary for both cell types to communicate
to each other. Therefore, the basic knowledge gained from our studies could directly and indirectly
drive the development of cancer therapies for the treatment of cancer in humans.



Rationale for Using Animals

Provide rationale for the use of live vertebrate animals and/or vertebrate animal tissues.
The rationale should include reasons why non-animal models cannot be used.

There are no in vivo tissue culture systems or computer model systems in which we could accurately model the
complex genetic and cell interactions we want to study. Animals are needed because cancer is a complex disease
involving many different cell types in a unique context. Thus, to effectively study cancer, we require that the
studies be performed in the most physiological setting possible. Current mouse model systems give us the ability
to dissect the action of specific genes in specific cell types, which is perfectly suited for our studies.

Unnecessary / Duplicative Research

To the best of your knowledge, does the work proposed in this protocol duplicate
previously published research?

& Yes = No

Protocol Groups
Define the group(s) of animals to be used in this protocol.

Protocol groups are used to link activities, housing, and number justification within a
study. Properly defining your animal groups is fundamental to the development of your protocol
in this system.

. Each group may include only one species.

. All animals of a single species may be included in one protocol group if they will
undergo basically the same activities.

. Do not use extra protocol groups unless the animals will experience substantially
different protocol activities for a species. Keeping groups to the minimum required will
streamline data entry and minimize the chance for errors.

Name each group with a short descriptive label that will readily indentify that animal group.
Protocol Group(s)/Species:

1. Cellular Growth and Development: the role of E2F’s and tumor suppressors/Mouse, Standard
(Mus Musculus).

2. Cancer and Inflamation: the role of E2F’s and tumor suppressors/ Mouse, Standard (Mus
Musculus).



Rationale for Species

Provide a rationale for the appropriateness of each species to be used in regards to
addressing the scientific problem/question.

The mouse has been an important model for the scientific study of cancer for nearly forty years. The
advent of transgenic technologies allows the genome of the mouse to be specifically altered. This model
is perfectly suited for the genetic studies we propose here. We can examine the action of an oncogene

within tumor cells in the context of other gene alterations in the surrounding environment, experiments
that can't be accomplished in a mammalian cell culture model system.

Transgenic Animal Use

Does this research involve transgenic species other than rodents? “ Yes © No

If yes, will you be creating the transgenic rodents? The term "creating" does not include:

breeding, purchasing, transferring from another protocol, or transferring from another

investigator. a Yes © No

Animal Sources
Add the sources from which animals in this protocol will be obtained.

« You must identify at least one source for each protocol group.
« You may apply one source to multiple protocol groups.

Source Protocol Group(s) / Species

Obtained Externally: From Vendor-

1. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)
2. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse,

Standard (Mus Musculus)
Obtained Externally: Donation-

1. Cellular Growth and Development: the role of E2F’s and tumor
suppressors - Mouse, Standard (Mus Musculus)
2. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse,

Standard (Mus Musculus)
Obtained Internally: Breeding-

1. Cellular Growth and Development: the role of E2F’s and tumor
suppressors - Mouse, Standard (Mus Musculus)
2. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse,

Standard (Mus Musculus)



Breeding Plan:

Breeders will be grouped as one male and one or two females. If it becomes necessary to group
three females with one male, females will be monitored for plugs or pregnancies and separated
from the group. Breeders will be retired and euthanized after 10 months or failure to produce
litters. We are expecting approximately 8 pups per litter, however smaller litter sizes may occur
due to certain crosses, although this is unknown.

The following formula is an example how we arrive at the numbers required to generate and
maintain our genetic lines. At a 1 to 2 (1:2) ratio during the life of the protocol: 30 breeding
pair/strain (=10 pair per year x 3 years) x 2 litters/pair x 8 pups/litter = 480 mice total; 480 x
(1/2) = 240 mice with useful genetics, the remainder to be euthanized or potentiall transferred.
Initial breeding stock is on hand, any deficiencies will be made up through one of three different
methods: 1) transferred from another (internal) protocol, 2) purchased externally from an
approved vendor or 3) recovery through in vitro fertilization from archived frozen semen.

Genotyping will be performed at <21 days of age via tail snips of <Smm. Only offspring of the
appropriate genotype (and sex) can be used for future breeding or experiments. Unused
offspring will be euthanized, or, if appropriate, will be transferred to approved-protocols for
experimental use.

Experimental lines: There are 10 main projects, which all together will require 140890 mice over
the next 3 years. The main reason for the large number of animals needed for our studies is that
in all the projects, the experimental animals contain at least two transgenes, but in most cases
harbor 4 or more of them. To incorporate such a large number of transgenes within one animal, a
significant amount of breeding is needed to obtain the desired collection of genes. There is also
the possibility that some combinations (particularly mice possessing homozygous transgenic
alleles) may have deleterious developmental consequences (leading to infertility or death etc.),
permitting only heterozygous crosses.

The number of animals in the Breeder category were determined based on the number of
experimental animals required, the expected fertility of the breeder mice (which varies
depending on the biology of the particular knock out mouse), and the number of transgenes the
breeder mouse carries. The number of animals that will be used in the experimental design also
varies between genetic groups. This variation is based on statistical considerations (expected
results), the availability of existing data (published or unpublished), whether the genetic groups
represent controls and thus can be used in multiple experimental set-ups, and the biology of the
particular genetic group.

For example: 25 mice are required for one particular group that requires 5 transgenes in one
mouse. The best breeding combination that can be provided will generate 1 test mouse for every
16 mice born (i.e., 1:16). However, only females are required, which now doubles the statistical
chance to 1:32; meaning that it will take 800 births to generate the 25 required mice. At 8 births
per litter, it would require 100 breeding pairs producing 1 litter each, but it is decided to use 25
pairs producing 4 litters each.



Housing Locations

Please add the locations where animals will be housed for greater than 12 consecutive
hours.

* You must identify at least one housing location for each protocol group.
* You may apply one housing location to multiple groups.

Do not provide locations where animals will be used only (and not housed). You will be
asked to supply the locations where animals will be used in the "Animal Use Locations"
section of this submission.

Housing Location- ULAR Vivarium / ULAR Animal Facility

Protocol Group(s)/Species:

1. Cellular Growth and Development: the role of E2F’s and tumor suppressors - Mouse,
Standard (Mus Musculus)

2. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard (Mus

Musculus)

May receive environmental enrichment: Yes



Protocol Activities

|. Non-Survival Surgery - Perfusion

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Therapeutic or

Agent Name Vehicle Dose Route Volume Frequency E .
xperimental

ketamine PBS  100mg/kg Intraperitoneal 100-400ul.  once Therapeutic

paraformaldehyde n/a to effect Intravenous > neefled for x1 Experimental
perfusion

PBS n/a to effect Intravenous = needed for x1 Experimental
perfusion

xylazine PBS 10 mg/kg Intraperitoneal 100-400 once Therapeutic

Non-Survival Surgery

Detail all non-survival surgical procedures to be performed addressing all of the
following applicable topics:

+ Pre-Operative Care

+ Intra-Operative Monitoring Parameters
+ Anesthetic Plan

+ Surgical Procedure(s)

« Duration of Each Surgical Procedure



Experimental Procedures:

Procedure: Mice will be anesthetized with ketamine (100mg/kg, i.p.) plus xylazine (10 mg/kg
1.p.) using a syringe with a 27G x 2 needle. An effective state of anesthesia will be assessed by
the lack of a toe pinch reflex, at which time the chest cavity will be opened to begin perfusion
through the heart. Phosphate buffered saline (PBS) will be used to remove blood from the
vasculature and continue until the liver becomes pale. At this point tissues could be removed for
cell isolation. For most other procedures, the PBS would then be replaced with a fixative
(paraformaldehyde), which will be passed through the vasculature for 10 mins. Following
perfusion with the fixative, tissue(s) of interest will be removed and processed accordingly.

Reason: Certain analyses are adversely affected by the presence of blood cells and serum
proteins in the tissue, such as cell isolation, protein-binding assays, immunohistochemistry and
fluorescent imaging. Profusion of the animals prior to removal and processing of tissues will
improve the information gathered from such analyses.

Major Non-Survival Surgery

* Does the surgery penetrate and expose a body cavity or produce substantial
impairment of physical or physiological function?

(& ~
Yes No



Il. Survival Surgery- Mammary Tissue Transplant

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Agent Vehicle Dose Route Volume Frequency Therapeutlc or
Name Experimental

. Once a .
Ibuprofen water 50-80mg/kg Intraperitoneal 100-200uLL day Therapeutic

0.4mg/mL (in

Ibuprofen water water bottle)

Oral Variable ad libitum Therapeutic

o) i
Oxygen/air ?h/é)r:nltlally Duration
Isoflorane mix (2L/min o Inhalation N/A of the Therapeutic
maintained at
oxygen flow) 19 to 2% procedure
. 0

Survival Surgery Assurances

Survival Sugery: In absence of complications, the animal is expected to recover from
anesthesia following the procedure.

For further information, please see the IACUC guidelines on Post-Operative Care and
Survival Surgery in Rodents.

*Post-operative analgesics will be administered and have been listed in the

"Agent Administration" section above.” Yes © No

Post-operative monitoring will be conducted by the study team.

~ Yes © No


http://orrp.osu.edu/iacuc/osupolicies/guidelines/Survival_Surgery_in_Rodents.cfm
http://orrp.osu.edu/iacuc/osupolicies/guidelines/Post_Operative_Care.cfm

Survival Surgery

Detail all surgical procedures to be performed addressing all of the following
applicable topics:

+ Intra-Operative Monitoring Parameters
+ Anesthetic Plan

+ Analgesics

» Surgical Procedures

« Duration of Each Surgical Procedure

+ Post-Operative Care

+ Frequency of Observation

+ Long Term Care

Experimental Procedures:

Anesthesia and monitoring parameters: The surgeon will pay close attention to animal's level of
anesthesia. Respiratory rate, muscle tone, heart rate & toe pinch reflexes can help assess the
anesthesia level and additional isoflurane will be administered as needed to maintain a surgical
plane.

Analgesics: Ibuprofen as determined by criteria below. Previously the veterinary and research
staff have not noted signs of pain due to the quick surgery and small incision size. Mice
typically are up and moving about the cage normally within 5 minutes. If any signs of
pain/distress are noted during this immediate post-op, an analgesic will be provided.

Pre-operative Considerations and Animal Preparation:

Transplantation of mammary tissue will be performed under aseptic conditions using mice
between eight and ten weeks of age. The day prior to surgery, the scapular region of recipient
mice are shaved while under anesthesia using Isofluorane.

Surgical Procedures:

On the day of surgery the donor animals are sacrificed by cervical dislocation. The dead mouse
is then completely immersed in 70% ethanol solution to sterilize it, transfered to a laminar flow
hood and the mammary tissue is extracted after removing any lymph nodes. The excised tissue it
kept hydrated by placing ita sterile PBS solution. Recipient mice are anesthetized with
isoflurane in a laminar flow hood and the shaved surgical site is prepped with Nolvasan surgical
scrub and 70% isopropyl alcohol solution 3 times each, alternating between first soap and then
the alcohol solution. Next a 4-5mm opening is made in the skin near one shoulder blade using
forceps and a pair of small straight bladed scissors. A small pair of curved scissors are then
inserted into the opening; away from the shoulder blade and along the side of the rib cage to one
side in order to separate the skin from the rib cage. The scissors are then partially opened to
create a wider pocket for the donated tissue to rest and then carefully removed. A pair of forceps
are used to hold the incision open and a second pair of forceps (curved) are used to place the
donated tissue into the newly formed sub-dermal pocket. After the donated mammary tissue is
placed inside and the forceps removed, the incision is held together with the pair of curved



forceps and then stapled closed using a single 9mm wound clip. The tools are rinsed thoroughly
in a 70% ethanol solution and patted dry with sterile gauze to repeat this procedure on the other
side of the animal.

Duration:
The entire procedure will last approximately 20min, with the recipient mouse being under
anesthesia between 10 and 15 minutes.

Post-operative Monitoring/Observations/Treatment:

After removing the mouse from anesthesia it is placed in a clean cage on a paper towel with
supplemental heat via warming lamp. Once the mice are observed to move about and eat &
drink, they are placed back into their animal facility room of origin. The animals will be
observed daily for one week by the PI group. Thereafter, between 7 and 14 days post-
operation, the incision-closing staples can be removed and animal will no longer be a need for
the post-surgery wounds to be so closely monitored. They can be checked during the subsequnt
monitoring for tumor growth.

Post-surgery:
Hyper or hypo-responsiveness to manipulation, lack of normal ambulation, excessive scratching
of incision site would require administration of analgesics (Ibuprofen) either orally or by
injection depending on the severity of the mouse's condition, or removal from the study
(euthanasia).

Major Non-Survival Surgery

* Does the surgery penetrate and expose a body cavity or produce substantial
impairment of physical or physiological function?

= Yes = No



[ll. Survival Surgery- Hepatectomy

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Agent Name Vehicle Dose Route Volume  Frequency Therapeutic or

Experimental
Buprenorphine PBS 0.05-0.1mg/kg Subcutaneous 100-200uL i;;mes a Therapeutic
water (via
Ibruprofen water 0.8mg/mL Oral N/A N/A Therapeutic
bottle)
r?l’i‘z%;n/ AT 504 initially For the
Isoflurane 2L/min ando then 2 to Inhalation ~ N/A duration of Therapeutic
oxygen 1.5.A> to the
flow) maintain procedure
NaCl solution As n@ed to .
(saline) water 0.9% wt/vol  Subcutaneous 1-2mL alleviate ~ Therapeutic
dehydration
N/A-
Puralube (cye enough to As needed
lubricant) Y N/A N/A Topical thoroughly during Therapeutic

coat each surgery
eye



Survival Surgery Assurances

Survival Sugery: In absence of complications, the animal is expected to recover from
anesthesia following the procedure.

For further information, please see the IACUC guidelines on Post-Operative Care and
Survival Surgery in Rodents.
*Post-operative analgesics will be administered and have been listed in the

"Agent Administration” section above.” Yes ° No

Post-operative monitoring will be conducted by the study team.

v Yes ¢ No

Survival Surgery
Detail all surgical procedures to be performed addressing all of the following
applicable topics:
+ Intra-Operative Monitoring Parameters
« Anesthetic Plan
« Analgesics
» Surgical Procedures
+ Duration of Each Surgical Procedure
+ Post-Operative Care
+ Frequency of Observation
+ Long Term Care

Experimental Procedures:

Rationale: Hepatocytes undergo a specialized type of cell cycle known as the endocycle. Cells
that utilize the endocycle obtain polyploid genomes because cells continue rounds of DNA
synthetic (S) phase without an intervening mitotic (M) phase. We are looking to determine the
role of two E2F family members known to impact endocycle progression in hepatocyte
proliferation and hence liver regeneration, a process that when disrupted contributes to a number
of human pathological conditions including viral and toxin-induced liver cirrhosis and cancer.

Surgery:Anesthesia of mice will be induced using 2% isoflurane (at 2L/min oxygen flow), 2-3
minutes; anesthesia will be maintained during surgery by 1.5% isoflurane (1 L/min oxygen flow)
inhalation through a mouthpiece.

Animal Prep: Hair at and around the site of incision will be removed by electric clippers while
the animal is anesthetized. Puralube® will be applied around the rim of the eyes to prevent
drying. Animal will then be moved to the location where surgery will be performed, and the
incision site will be sterilized 3x with alternating Chlorascrub and alcohol swabs.

Next a horizontal 2-cm midline incision through the abdominal skin, muscle and peritoneum will
be made a few mm below the tip of the xiphoid. A sterile 2x2 gauze will be rolled up and
inserted underneath the animal to elevate the site of incision and expose the liver.


http://orrp.osu.edu/iacuc/osupolicies/guidelines/Survival_Surgery_in_Rodents.cfm
http://orrp.osu.edu/iacuc/osupolicies/guidelines/Post_Operative_Care.cfm

The falciform ligament will be cut using curved microsurgery scissors, while gently pulling
down the median lobe with a saline-moistened cotton tip. The median and left lateral lobe will be
held against the diaphragm/thorax with a moistened cotton tip, as the stomach is pulled down
with the micro-dissecting forceps to visualize and section the membrane that links the caudate
and the left lateral lobe.

A piece of 4-0 silk thread will be looped around the base of the left lateral lobe and a slipknot
made as close to the base of the lobe as possible. While gently pulling upward on the loose ends
of the silk thread, cauterization will be performed using a high temperature cautery pen at the
base of the lobe.

This same course of procedure will be repeated for the removal of the right and caudate lobes,
leaving only the median lobe (which is intimate to the gallbladder) intact, thus completing the
2/3 partial hepatectomy.

The peritoneum will be sutured with a 5-0 absorbable suture and then the skin with either wound
clips or 4-0 prolonged absorbable (PDS, vicryl) or non-absorbable suture (nylon).

Post-operative care:

* During the immediate post-op period, the animal will be observed closely until full recovery
from anesthesia. The animal will be placed on a warming pad (Deltaphase isothermal pad,
Braintree Scientific) to prevent hypothermia.

* Analgesics will be administered upon completion of surgery (Buprenorphine, 0.05-0.1 mg/kg
BW SC twice a day) for that day and thereafter as needed. Ibuprofen (Motrin, 7.5 mg/kg BW
PO) will be maintained in the water bottle on recovery and through the next three days.

* Warm saline will be provided (1-2mL per 100g BW) to the animals based on the criteria of
blood loss intra-operatively.

* Animals will be housed individually to prevent cannibalism and will not be returned to
the general colony population post-surgery until they appear fully stable and. They will be kept
in the surgery room (BRT procedure room) and post-operative records will be kept and posted in
this room where the mice are housed.

Long term care:

* External wound clips or sutures will be removed 10-14 days after surgery.

* Post-surgical animals will be monitored on a daily basis until all wounds have healed and
sutures or wound clips are removed.

Major Survival Surgery
* Does the surgery penetrate and expose a body cavity or produce

substantial impairment of physical or physiological function?

(¥ -
Yes No

Multiple Major Survival Surgeries
* Will any individual animal be used in multiple survival surgical

procedures?

a Yes o No



V. Survival Surgery- Wound Healing

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Agent Therapeutic or

Name Vehicle Dose Route Volume  Frequency Experimental
Ibuprofen water 30-50mg/kg Intraperitoneal ;88;& Once a day Therapeutic
Ibuprofen water 0.4mg/mL (in Oral Variable ad libitum  Therapeutic

water bottle)
Oxygen/air mix 5% initially then Duration of
Isoflorane (2L/min oxygen maintained at  Inhalation N/A the Therapeutic
flow) 1.2 to 2% procedure

Survival Surgery Assurances

Survival Sugery: In absence of complications, the animal is expected to recover from
anesthesia following the procedure.

For further information, please see the IACUC guidelines on Post-Operative Care and
Survival Surgery in Rodents.

*Post-operative analgesics will be administered and have been listed in the

"Agent Administration" section above.” Yes ° No

Post-operative monitoring will be conducted by the study team.

v Yes ¢ No

Survival Surgery


http://orrp.osu.edu/iacuc/osupolicies/guidelines/Survival_Surgery_in_Rodents.cfm
http://orrp.osu.edu/iacuc/osupolicies/guidelines/Post_Operative_Care.cfm

Detail all surgical procedures to be performed addressing all of the following
applicable topics:

+ Intra-Operative Monitoring Parameters
+ Anesthetic Plan

- Analgesics

« Surgical Procedures

+ Duration of Each Surgical Procedure

+ Post-Operative Care

+ Frequency of Observation

+ Long Term Care

Experimental Procedures:

Reason: Our lab will use this procedure as an in vivo model to study the effect of tumor
suppressor genes function during wound healing and cell migration related to tumor metastasis.
Anesthesia and monitoring parameters: The surgeon will pay close attention to animal's level of
anesthesia. Respiratory rate, muscle tone, heart rate & toe pinch reflexes can help assess the
anesthesia level and additional isoflurane will be administered as needed to maintain a surgical
plane.

Procedure:

All mice will be anesthetized by isoflurane inhalation. The surgical site will be clipped of hair
and then scrubbed with betadine in a circular, outward expanding pattern. The betadine will be
followed by 70% alcohol. This procedure will be repeated three times. When no longer
responding to a toe pinch, two full-thickness excisional 8mm wounds will be made through the
skin and panniculus in the inguinal regions using a sterile biopsy punch. The biopsy punches will
be made between the most caudal two sets of nipples on each side. Sharp scissors will be used to
complete the biopsy if needed. The mammary gland underlying the biopsy punches will be
exteriorized with forceps and a small section (less than 8mm) of the mammary gland will be
excised.

Duration:
The procedure will last no more than 10min per mouse

Post-operative care:

After the procedure, the mice will be allowed to recover in a warm environment and will be
administered 0.05mg/kg buprenorphine SQ. The mice will be housed individually for 24 hours at
which time they will be re-evaluated and group housed if there is no trauma to the surgical sites.

At this time their pain will also be re-evaluated and additional doses buprenorphine administered
if needed (0.05mg/kg SQ).

Ibuprofen (30 mg/kg) will be provided in the drinking water for 57 days post-operatively. The
mice will be monitored daily during the first 7 days after wounding. If any moisture or discharge
is present at the surgical sites, they will be gently cleaned with betadine or chlorhexidine.



Mice will also be weighed prior to the surgical procedure and once daily for five days post-

operatively. Mash (feed pellets plus water) will be provided on the floor of the cage for five days
post-operatively as well.

Long term:

After the first week the mice will be weighed and monitored once weekly, until euthanized for
tissue at determined endpoints.

Major Survival Surgery

* Does the surgery penetrate and expose a body cavity or produce

substantial impairment of physical or physiological function?

(¥ -
Yes No

Multiple Major Survival Surgeries

* Will any individual animal be used in multiple survival surgical
procedures?

-~ ¥
Yes No



V. Survival Surgery- Pulmonary Fibrosis

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Agent Therapeutic or

Name Vehicle Dose Route Volume Frequency Experimental
intertracheal-
Bleomycin saline solution 1ug/ul injected into the 50 ul Once Experimental
tracheal lumen
0/ ips
Oxygen/air tSh?nlnltlally Duration of
Isoflurane mix (2L/min o Inhalation N/A  the Therapeutic
maintained at
oxygen flow) 19 to 2% procedure

Survival Surgery Assurances

Survival Sugery: In absence of complications, the animal is expected to recover from
anesthesia following the procedure.

For further information, please see the IACUC guidelines on Post-Operative Care and
Survival Surgery in Rodents.

*Post-operative analgesics will be administered and have been listed in the

"Agent Administration” section above.” Yes ° No

Post-operative monitoring will be conducted by the study team.

~ Yes © No


http://orrp.osu.edu/iacuc/osupolicies/guidelines/Survival_Surgery_in_Rodents.cfm
http://orrp.osu.edu/iacuc/osupolicies/guidelines/Post_Operative_Care.cfm

Survival Surgery
Detail all surgical procedures to be performed addressing all of the following
applicable topics:

+ Intra-Operative Monitoring Parameters
+ Anesthetic Plan

+ Analgesics

» Surgical Procedures

« Duration of Each Surgical Procedure

+ Post-Operative Care

+ Frequency of Observation

+ Long Term Care

Experimental Procedures:

This is a new line of work in our lab to study the effect of various mutations of PTEN in
pulmonary fibrosis. This work would build on our observations that loss of PTEN is associated
with mild to moderate fibrosis in mouse mammary glands. Bleomycin is a chemical agent known
to induce lung fibrosis upon intratracheal administration. The following procedure will be used
to determine if specific genetic alterations in the mice change this fibrotic response in the mouse
lungs after chemical insult.

Anesthesia and monitoring parameters: The surgeon will pay close attention to animal's level of
anesthesia. Respiratory rate, muscle tone, heart rate & toe pinch reflexes can help assess the
anesthesia level and additional isoflurane will be administered as needed to maintain a surgical
plane.

Analgesics: None

Procedure: All animals will be aseptically prepared according to IACUC rodent surgery
guidelines. Mice will be anesthetized by isofluorane inhalation and the trachea will be exposed
using sterile technique. A single dose of bleomycin (50pug in 50 pl saline solution) will be
injected into the tracheal lumen using a 26-gauge needle. After the inoculation, the incision will
be closed using surgical staple(s).

Post-operative care: After removing the mouse from anesthesia it is placed in a clean cage with
supplemental heat via warming lamp. Once the mice are observed to move about and eat &
drink, they are placed back into their animal facility room of origin.

Long term care and observations: The mice will be euthanized at predetermined time points after
bleomycin injection according to IACUC rodent euthanasia guidelines. The lungs will be
harvested histological and biochemical analysis.



Major Non-Survival Surgery

* Does the surgery penetrate and expose a body cavity or produce substantial
impairment of physical or physiological function?

~ Yes a No



VI. Agent Administration (Not Part of Any Other Activity Listed)

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

1. Bromodeoxyuridine

Agent Name: Bromodeoxyuridine (5-bromo-2-deoxyuridine, BrdU)
Vehicle: PBS (phosphate buffered saline)

Dose: 50mg/kg

Route: Intraperitoneal

Volume: 100-400ul

Frequency: 1x 1 to 3 hours prior to euthanasia

Will this agent be used for therapeutic or experimental purposes? Experimental

Is this agent human source material? “ Yes © No
. . . . o

Is this agent infectious? Yes No
. . . - o

Is this agent radioactive? Yes No

Is this agent a chemical hazard? [carcinogens, mutagens, reproductive hazards, biological
toxins, or chemicals with LD50 in rodents of <500 mg/kg, corrosives, or chemicals with known effects on
major organ systems (i.e., liver, kidney, central nervous system, hematopoietic system)]

(¥ -
Yes No


https://eprotocol.osu.edu/OSU/CommonAdministration/Choosers/Entity/CustomDataType/DataEntry/Form?readonly=1&itemOID=com.webridge.entity.Entity%5BOID%5BD2C6CC0BAED04246B46A0576FAE24D57%5D%5D&rootEntity=com.webridge.entity.Entity%5BOID%5B986EA48A49AEC24FBBF94D6FC0EF750D%5D%5D#%23

2. Polyinosinic—polycytidylic acid

Agent Name: Polyinosinic—polycytidylic acid
Vehicle: PBS (phosphate buffered saline)

Dose: 10mg/kg

Route: Intraperitoneal

Volume: 200-300ul

Frequency: one injection every other day for 5 days.

Will this agent be used for therapeutic or experimental purposes? Experimental

Is this agent human source material? “ Yes ¥ No
. . . . o

Is this agent infectious? Yes No
. . . r o

Is this agent radioactive? Yes No

Is this agent a chemical hazard? [carcinogens, mutagens, reproductive hazards, biological
toxins, or chemicals with LD50 in rodents of <500 mg/kg, corrosives, or chemicals with known effects on
major organ systems (i.e., liver, kidney, central nervous system, hematopoietic system)]

~ Yes a No

3. Tamoxifen

Agent Name: Tamoxifen

Vehicle: corn oil

Dose: 4 to 40mg/kg body weight

Route: Intraperitoneal

Volume: 200-500uL

Frequency: one injection every day for 5 days.

Will this agent be used for therapeutic or experimental purposes? Experimental


https://eprotocol.osu.edu/OSU/CommonAdministration/Choosers/Entity/CustomDataType/DataEntry/Form?readonly=1&itemOID=com.webridge.entity.Entity%5BOID%5BD2C6CC0BAED04246B46A0576FAE24D57%5D%5D&rootEntity=com.webridge.entity.Entity%5BOID%5B986EA48A49AEC24FBBF94D6FC0EF750D%5D%5D#%23
https://eprotocol.osu.edu/OSU/CommonAdministration/Choosers/Entity/CustomDataType/DataEntry/Form?readonly=1&itemOID=com.webridge.entity.Entity%5BOID%5BD2C6CC0BAED04246B46A0576FAE24D57%5D%5D&rootEntity=com.webridge.entity.Entity%5BOID%5B986EA48A49AEC24FBBF94D6FC0EF750D%5D%5D#%23

. . - o
Is this agent human source material? Yes No

Is this agent infectious? “ Yes © No

Is this agent radioactive? “ Yes © No

Is this agent a chemical hazard? [carcinogens, mutagens, reproductive hazards, biological
toxins, or chemicals with LD50 in rodents of <500 mg/kg, corrosives, or chemicals with known effects on
major organ systems (i.e., liver, kidney, central nervous system, hematopoietic system)]

(& ~
Yes No

4. B-napthoflavone

Agent Name: B-napthoflavone

Vehicle: corn oil

Dose: 80 mg/kg body weight

Route: Intraperitoneal

Volume: 200-500uL

Frequency: three injections within 24 hours.

Will this agent be used for therapeutic or experimental purposes? Experimental

Is this agent human source material? “ Yes * No
. ) . . o

Is this agent infectious? Yes No
. . . . o

Is this agent radioactive? Yes No

Is this agent a chemical hazard? [carcinogens, mutagens, reproductive hazards, biological
toxins, or chemicals with LD50 in rodents of <500 mg/kg, corrosives, or chemicals with known effects on
major organ systems (i.e., liver, kidney, central nervous system, hematopoietic system)]

(& ~
Yes No


https://eprotocol.osu.edu/OSU/CommonAdministration/Choosers/Entity/CustomDataType/DataEntry/Form?readonly=1&itemOID=com.webridge.entity.Entity%5BOID%5BD2C6CC0BAED04246B46A0576FAE24D57%5D%5D&rootEntity=com.webridge.entity.Entity%5BOID%5B986EA48A49AEC24FBBF94D6FC0EF750D%5D%5D#%23

VIl. Food and Water Modification

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Agent Administration

Add all agents (including all anesthetics and analgesics) to be administered/used
in this activity.

For further information, please see the IACUC guideline on Therapeutic Agents
(Anesthesia/Analgesia).

Agent Vehicle Dose Route Volume Frequency Therap eutic or

Name Experimental
drinking water 200mg - . daily x 730d .

doxy or chow 3gm/kg Oral ad lib determined by group Experimental

tamoxifen water or chow 400 mg/kg Oral adlib daily for life Experimental

Food and/or Water Modification

Describe the feeding and/or watering schedule to be used and provide scientific
justification for why modification is required. Include the level of modification, the
duration of the modification, and the measures that will be taken to prevent adverse
effects on the health of the animals. Note that any pre-surgical food restriction should
be detailed in the surgery activities section and does not require completion of this
section nor specific justification.

For further information, please see the IACUC guideline on Food and Fluid Restriction.

Add info for doxy water administration.

1. Commercially prepared chow containing either doxycylcine or tamoxifen will be fed to
assigned experimental groups in a routine fashion by research personnel. However, ULAR
animal caretakers have access to this chow and can add food to the animals cages if necessary
during routine, daily care.


http://orrp.osu.edu/iacuc/osupolicies/guidelines/FoodandFluidRestriction.cfm

2. Water bottles containing doxycycline will be used either as an alternative to the chow
containing it (mentioned above), or in addition to it, depending upon the level of expression
required. The level of expression is determined from examination of tissues from sacrificed
animals. Water bottles will be changed on a weekly basis and water levels every 2-3 days, and
daily observations performed by ULAR vivarium personnel, who will report all care issues to vet
and research personnel.

GEM animals which are conditional knockouts/ins will receive the special diet/water as per their
genotype.



Adverse Effects / Early Removal Criteria

Add the anticipated adverse effects and early removal criteria for the animals to
be used on this protocol.

« You must identify adverse effects and early removal criteria for each protocol group.
+ You may apply one set of adverse effects and early removal criteria to multiple
protocol groups.

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus)

Adverse Effects

Provide a description of any anticipated effects that would negatively impact the
health and well-being of the animal (neurologic deficit, tumor burden, disease
state, etc.) as a result of the experimental manipulations.

Potential adverse effects for all studies (both development of new strains and experimental
animals) may present as the following (to varying degrees) for both:
1. Hair coat (slickness, greasyness, separated or well groomed)
2. Dimished alertness and mobility
3. Decreased ability to feed and drink (weight loss)
4. Body distress associated with tumor burden (such as loss of body condition, dyspnea,
lethargy, rough hair coat, mass location or size preventing mobility)

Potential surgical complications for mammary surgery, wound healing, bleomycin, and
hepatectomy surgeries may also present as those listed above, and in addition may include:

1. Inflammation/infection of surgical site

2. Self mutilation (opening of surgical closure/removal of wound clips)
3. Dehydration, blood loss

4. Hepatectomy: surgical dehiscence; severe blood loss

5. Bleomycin (fibrosis): difficult breathing



Early Removal Criteria

Provide the criteria (e.g., tumor size, percentage body weight gain or loss,
inability to eat or drink, behavioral abnormalities, clinical symptomatology, signs
of toxicity) that will be used to determine either the endpoint of the study or when
animals will be removed prior to a planned endpoint. For further information, see the
IACUC guideline on Early Removal Criteria and Non-CO, Euthanasia.

Overall health/distress of each animal will be evaluated on an individual basis. Determination for
removal from a study will be made by the presence of one or more criteria as determined by
research personnel. ULAR veterinary personnel will also provide oversight and input regarding
condition of animals.

Early Removal Criteria for all studies:

1. Ulceration of tumors*

2. Unresponsive or immobile

3. Inability to feed and drink

4. Body condition score of less than 2/5 indicating muscle wasting; dyspnea, lethargy, rough
hair coat, mass location or size preventing mobility

5. Surgical complications, although not anticipated, will be addressed on an individual basis,
such as providing replacement fluids. (Post op treatment specified in protocol activities.) If
there is a dehiscence of the surgical site, the animal will be euthanized.

*Specific to tumor studies-

Severity of ulcerations as assessed by depth (no deeper than 2mm will be allowed), size, signs of
pain — i.e. self-mutilation, guarding, etc.) Treatment of ulcerations is not an option as the studies
would be significantly biased and difficult to properly control.

NOTE: Animals displaying any of the early removal criteria above will be evaluated by research
personnel &/or ULAR vet staff. Treatment or euthanasia will be initiated as appropriate per the
veterinary staff.



Euthanasia Methods

Provide the methods of euthanasia to be used, either as a component of the
proposed project or as an emergency procedure if necessary.

Euthanasia must meet the guidelines of the 2007 AVMA Guidelines on
Euthanasia. For further information, see the IACUC guidelines on
Euthanasia/Death as an Endpoint and CO2 Euthanasia of Rodents including
Guinea Pigs.

Protocol Groups

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard
(Mus Musculus).

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors -
Mouse, Standard (Mus Musculus).

Euthanasia Method

Does this euthanasia method apply to: All
Note: Euthanasia methods must be defined for all animals being euthanized.

Select the euthanasia method to be used for each group you have marked above.

Carbon Dioxide (CO2)

Cervical Dislocation w/ anesthesia
Decapitation in awake animal
Exsanguination w/ anesthesia

Agent for Euthanasia: CO2
(May be redundant with method indicated above.)

Dose: 70% to effect

Route: Inhalation

Vehicle: N/A

Euthanasia Detail
Detail the method/procedure being used.

Animals will be placed in CO2 chamber and once breathing ceases, a secondary method of
euthanasia will be used as indicated above. For decapitation, a sharp instrument (scissors,
scalpel) will be used. For cervical dislocation with anesthesia, once animals are fully
anesthetized with isoflurance, the mouse will be cervically dislocated by placing the fingers
behind the skull and rapidly pulling on the base of the tail to dislocate the spinal cord from the
brain.



For the exsanguination under anesthesia, see the protocol activity "non-survival surgery."

Confirmation of Euthanasia
Regardless of euthanasia method, indicate how death will be confirmed.

Cervical Dislocation
Decapitation
Removing Vital Organ(s)



Animal Use Locations- Location 1
Building: Biomedical Research Tower

Room: Suite 67
If occurring within a ULAR vivarium specify "ULAR" for the room.

Select the protocol groups to be used at the location selected above.

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard (Mus
Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors - Mouse,
Standard (Mus Musculus)

Select the activities to be performed at the location selected above. Be certain that
the groups selected in the previous question are included in the activities you are
selecting here.

Activity Protocol Groups

Agent Administration (Not Part of 1.Cellular Growth and Development: the role of E2F’s and tumor suppressors
Any Other Activity Listed) 2.Cancer and Inflamation: the role of E2F’s and tumor suppressors

1.Cellular Growth and Development: the role of E2F’s and tumor suppressors

Food and/or Water Modificati .
coc andior Watet Modification 2.Cancer and Inflamation: the role of E2F’s and tumor suppressors

1.Cellular Growth and Development: the role of E2F’s and tumor suppressors

S : Non Survival .
Hrgety: on surviva 2.Cancer and Inflamation: the role of E2F’s and tumor suppressors

1.Cellular Growth and Development: the role of E2F’s and tumor suppressors

S : Survival .
HIgety: Sutviva 2.Cancer and Inflamation: the role of E2F’s and tumor suppressors

1. Cellular Growth and Development: the role of E2F’s and tumor suppressors

Surgery: Survival 2. Cancer and Inflamation: the role of E2F’s and tumor suppressors

1. 1. Cellular Growth and Development: the role of E2F’s and tumor
Surgery: Survival suppressors
2. 2. Cancer and Inflamation: the role of E2F’s and tumor suppressors

1. 1. Cellular Growth and Development: the role of E2F’s and tumor suppressors

: ival
Surgery: Surviva 2. 2. Cancer and Inflamation: the role of E2F’s and tumor suppressors



Animal Use Locations- Location 2
Building: Biomedical Research Tower

Room: 855
If occurring within a ULAR vivarium specify "ULAR" for the room.

Select the protocol groups to be used at the location selected above.

1. Cancer and Inflamation: the role of E2F’s and tumor suppressors - Mouse, Standard (Mus
Musculus)

2. Cellular Growth and Development: the role of E2F’s and tumor suppressors - Mouse,
Standard (Mus Musculus)

Select the activities to be performed at the location selected above. Be certain that
the groups selected in the previous question are included in the activities you are
selecting here.

Activity Protocol Groups

Agent Administration (Not Part of 1. Cellular Growth and Development: the role of E2F’s and tumor suppressors
Any Other Activity Listed) 2. Cancer and Inflamation: the role of E2F’s and tumor suppressors

1. Cellular Growth and Development: the role of E2F’s and tumor suppressors

Surgery: Non Survival i
Heety HvIY Cancer and Inflamation: the role of E2F’s and tumor suppressors



Justification for Number of Animals Requested

Breeding Animals Requested

Add only those animals involved in the generation of offspring. This number
should be the number that will be used during the three year life of the protocol.

Number of Number of
Protocol Group(s)/Species Male Female  Expected  Offspring to Be Total
Offspring Used

Cellular Growth and Development: the role

of E2F’s and tumor suppressors - Mouse, 1295 1295 37040 8920 39630
Standard (Mus Musculus)

Cancer and Inflamation: the role of E2F’s

and tumor suppressors - Mouse, Standard 2490 2490 96280 18960
(Mus Musculus)

10126
0

Total Breeding Animals Requested:140890

Briefly list/describe each experimental group identified in the table above and
justify the number of animals per group. If all groups have the same number of
animals, this should be noted and the justification need only be done once.

« To justify the number of animals per group, provide either a reference to
statistical assessment (such as a power analysis) or a justification based on
other relevant criteria, such as current standards in the literature or specialized
experimental requirements.

+ Any anticipated animal losses should be clearly described.

« The number of animals requested should be the minimum required for
statistically valid results.

« The presentation of the requested animal numbers in a summary table or flow
chart may be beneficial (add this below).

Breeding activities will generate mice for most experiments. Some mice will be purchased for
breeding stock, experimental purposes and control groups.

The number of actual crosses required for the experiments will be determined by genotyping,
testing of tissue from sacrificed animals and statistical analysis. In order to obtain the number of
offspring for testing that are the appropriate sex and genotype, the number of breeding pairs must
be sufficient to obtain the desired strain.

GEM breeding scheme example: 5 breeding pairs x 5 subgroups x 10 mice/subgroup x 2 litters
per pair x 8 pups/litter = 4,000 offspring. However, breeding will be optimized to produce as few
unneeded offspring as possible.



All together we will require 140890 mice over the next 3 years. The main reason for the large
number of animals needed for our studies is that in all the projects, the experimental animals
contain at least two transgenes, but in most cases harbor 4 or more of them. To incorporate such
a large number of transgenes within one animal, a significant amount of breeding is needed to
obtain the desired collection of genes. There is also the possibility that some combinations
(particularly mice possessing homozygous transgenic alleles) may have deleterious
developmental consequences (leading to infertility or death etc.), permitting only heterozygous
CrosSes.

Attach is an Excel spreadsheet which describes the GEM breeding needs. The final tab "Sheet2"
contain the summary of the various GEMs. The above numbers will generate the GEM
(genetically engineered mice) that will then be used for the studies as outlined in the timeline
groups. Specifically, a subset of all the GEM strains will undergo hepatectomy, mammary
transplantation, wound healing, and fibrosis. Based on our published literature, a group size of 6
- 20 mice (depending upon genetic background) is required for the specified surgerical
interventions on each genetic background to be studies for its effect on inflammation; tumor
cellular development/pathogenesis in conjunction with the surgical intervention. Based on this,
20 mice/group x 4 surgical interventions(wound healing, hepatectomy, fibrosis, mammary
transplantation) x 40 GEM strains = 3,200 mice. The remaining mice will will followed for the
development of spontaneous tumors/ tissue harvesting due to the mutations. Estimates based on
approximately 308 various combinations of oncogenes, tumor suppressors and E2F transcription
factors with the various tissue specific deletor -cre transgenes at 4 time points and 20 mice per
group, gives us the remainder of the total mice rquested, 24640 animals. Please note that the
GEM breeding numbers for the various genotypes in the attached excel spreadsheet will vary.
For instance, those GEM phenotypes which have more global expression will be used for all the
projects versus those which have a hepatic phenotype will be used for only those studies
analyzing liver cancer pathogenesis/inflammation.

Non-Breeding Animals Being Requested

Add all animals NOT involved in the generation of offspring. This number should
be the number that will be used during the three year life of the protocol.

Number of

Number of . Number of
. Number of . Animals per .
Protocol Group(s)/Species . Experimental . Animals
Experiments Experimental
Groups Group Requested

Cancer and Inflamation: the role of
E2F’s and tumor suppressors - Mouse, 300
Standard (Mus Musculus)

Cellular Growth and Development: the
role of E2F’s and tumor suppressors - 100
Mouse, Standard (Mus Musculus)

Total Number of Animals Requested: 400



Genotyping Methods

Indicate the genotyping method, weaning age, and animal identification method
to be employed for each animal type. For further information, please see the IACUC
guidelines on Methods of Animal Identification, Genotyping of Rodents, and Mouse
Breeding Cages.

Genotyping Method Wi‘;ng Method of ID Protocol Groups

Cellular Growth and Development: the role of

Ear E2F’s and tumor suppressorsCancer and

Tail Snips <21 days of

age 28 Punch/Ear Inflamation: the role of E2F’s and tumor
Notch
suppressors
Tail Snips >21 days of Ear Cell?lar Growth and Development: the role of
. E2F’s and tumor suppressorsCancer and
age [Requires General 28  Punch/Ear . ,
. Inflamation: the role of E2F’s and tumor
Anesthesia] Notch

suppressors





