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Abstract

The oviducts contain high grade serous cancer (HGSC) precursors (serous tubal intraepithelial
neoplasia or STINSs), which are y-H2AXP- and TP53 mutation-positive. Although they express
wild type p53, secretory cell outgrowths (SCOUTS) are associated with older age and serous
cancer; moreover both STINs and SCOUTSs share a loss of PAX2 expression (PAX2"). We
evaluated PAX2 expression in proliferating adult and embryonic oviductal cells, normal mucosa,
SCOUTSs, Walthard cell nests (WCNs), STINs and HGSCs, and the expression of genes chosen
empirically or from SCOUT expression arrays. Clones generated in vitro from embryonic
gynecologic tract and adult fallopian tube were Krt7P/PAX2"/EZH2P and underwent ciliated
(PAX2"EZH2"/FOXJ1P) and basal (Krt7"/EZH2"/Krt5P) differentiation. Similarly non-ciliated
cells in normal mucosa were PAX2P but became PAX2" in multilayered epithelium undergoing
ciliated or basal (Walthard cell nests or WCN) cell differentiation. PAX2" SCOUTSs fell into two
groups; Type | were secretory or secretory/ciliated with a “tubal” phenotype and were ALDH1"
and B-catenin™®™ (membraneous only). Type Il displayed a columnar to pseudostratified
(endometrioid) phenotype, with an EZH2P, ALDH1P, -catenin"® (nuclear and cytoplasmic),
stathminP, LEF1P, RCN1P and RUNX2P expression signature. STINs and HGSCs shared the Type
I immunophenotype of PAX2", ALDH1", B-catenin™™, but highly expressed EZH2P, LEF1P,
RCNZ1P, and stathminP. This study, for the first time, links PAX2" with proliferating fetal and adult
oviductal cells undergoing basal and ciliated differentiation and shows that this expression state is
maintained in SCOUTSs, STINs and HGSCs. All three entities can demonstrate a consistent
perturbation of genes involved in potential tumor suppressor gene silencing (EZH2),
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transcriptional regulation (LEF1), regulation of differentiation (RUNX2), calcium binding (RCN1)
and oncogenesis (stathmin). This shared expression signature between benign and neoplastic
entities links normal progenitor cell expansion to abnormal and neoplastic outgrowth in the
oviduct and exposes a common pathway that could be a target for early prevention.
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Introduction

Recent discoveries have strengthened the relationship between the distal fallopian tube and
epithelial malignancies traditionally attributed to the ovary, specifically high-grade serous
carcinomas (HGSC), the most lethal of ovarian cancers.l: 2: 3 With these discoveries has
emerged a collective effort to resolve the sequence of histologic and molecular events giving
rise to these tumors in the fallopian tube. The serous carcinogenic sequence involves not
only frank malignancies with metastatic spread, but serous cancer precursors, including
latent precursors—the p53 signature—and serous tubal intraepithelial neoplasms (STINS).
The latter include intramucosal carcinomas (STICs) and lesser but immunophenotypically
similar atypias that are considered premalignant intraepithelial lesions (STILs). 4 ® Virtually
all serous cancer precursors contain mutations in TP53, evidence of a DNA damage
response (y-H2AXP) and predominate in the distal fallopian tube.# Contiguous benign (p53
signatures) and malignant (STICs) epithelia have been documented with shared mutations in
specific codons of TP53.4 6 In addition, further studies have unearthed other benign
epithelial alterations, termed secretory cell outgrowths—SCOUTs—that do not contain
TP53 mutations or evidence of a DNA damage response, yet share with precursors and
carcinomas loss of PAX2 expression. 7 8:9 SCOUTSs do not appear directly linked to HGSC,
but have been documented at higher frequency in the normal tubes of postmenopausal
women and those with HGSC.8: © Based on these properties we have designated SCOUTS as
“surrogate precursors” and hypothesize that both SCOUTS and serous cancer precursors
share properties or similar mechanisms in their pathogenesis albeit with different potential
outcomes.

The shared loss of PAX2 expression in both SCOUTSs and many “true” serous cancer
precursors suggests that inactivation of this gene, while integral to neoplasia, has a wider
range of associations and may signify a generic pathway common to epithelial cell
expansion. The goals of this study were to first determine the breadth of the PAX2"
immunophenotype in the fallopian tube by examining “normal” cell growth and
differentiation in vitro and in vivo. Secondly, we wanted to characterize more fully the
alterations in expression that typified SCOUTS by array analysis and employ a biomarker
profile to determine whether the SCOUT signature was recapitulated in STINs and HGSCs.
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Case material

Cell culture

This study was approved by the Brigham and Women’s human investigation committee and
involved the use of discarded fresh and archived tissues. Case material for antibody staining
consisted of the following epithelia/lesions: 1) normal salpingeal epithelium (n = 15), 2)
SCOUTSs (n = 44) and other outgrowths such as transitional-like metaplasia (Walthard cell
nests, n = 5), 3) serous tubal intraepithelial neoplasms (STINs) (n = 18) and 4) metastatic or
invasive serous carcinomas (n = 39). In addition, cultured clonogenic cells from normal
fallopian tubes were examined for selected marker expression. Cases for
immunohistochemistry were selected by one of us (CPC) using previously described criteria
(Figure 1).10

Fimbrial tissue was obtained from discarded surgical specimens of women undergoing
benign procedures. Discarded fetal oviductal tissues were obtained by parental consent
under an approved IRB protocol. Disaggregated cells were cultivated onto a feeder layer of
lethally irradiated 3T3-J2 cells in stem cell culturing media (Jackson Laboratory, scm003).
Clonal analysis and in vitro 3D differentiation were based on previously described methods
for lung epithelial stem cells.11

Microarray and bioinformatics

In order to identify genes expressed in PAX2" epithelium, expression arrays were generated
from formalin-fixed, laser-capture-micro-dissected (LCM) PAX2" SCOUTSs and benign
control oviductal epithelium. RNAs obtained from the LCM procedure were amplified using
the Ovation FFPE WTA System, WT-Ovation Exon Module and Encore Biotin Module
(NuGEN Technologies) and hybridized onto GeneChip® Human Exon 1.0 ST Arrays.
GeneChip operating software was used to process all the Cel files and calculate probe
intensity values. To validate sample quality, hybridization ratios were calculated using
Affymetrix Expression Console software. The intensity values were logp-transformed and
imported into the Partek Genomics Suite. Exons were summarized to genes and a 1-way
ANOVA was performed to identify differentially expressed genes. P values and fold-change
were calculated for each analysis. Heatmaps were generated using Pearson’s correlation and
Ward’s method with selected genes based on p value. Pathway analyses were performed
using Gene Set Enrichment Analysis (GSEA) software. Candidate biomarkers were culled
from these arrays and are summarized in Table 1.

Immunohistochemistry

Immunostaining was performed with attention to the biomarkers in Supplementary Table 1,
in which product information and dilutions are included. When normal-appearing epithelia
were scanned for putative PAX2" secretory cells, sections were immunostained with two
antibodies concurrently; PAX2, which stains non-ciliated cells, and FOXJ1, a ciliated cell
marker. Antibodies to leukocyte common antigen (LCM) for CD3, as well as FASCIN, were
also used to track intraepithelial lymphocytes and dendritic cells, which are normally
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PAX2". Detection was completed with the Vectastain ABC kit (Cat. No. PK-6102; Vector
Laboratories, Inc) with a liquid DAB-plus substrate kit (Cat. No. 00-2020). Slides were
counterstained with Hematoxylin Stain 3 (Cat. No. CS402-1D). Antibody information is
summarized in Supplementary Table 1. Reaction to antibody staining is indicated by
superscripted “p” or “n” for positive or negative (PAX2, ALDH1, FOXJ1 etc), “m” or “wt”
for mutated or wild type (p53) and “nc” or “mem” for nuclear and cytoplasmic vs.
membrane localization (B-catenin). Immunohistochemistry, immunofluorescence staining
and image acquisition were performed as previously described.®11 Proliferating clones were
identified and immunostained for PAX2, PAX8, FOXJ1, Krt7, Krt5, p63, EZH2 and Ki67.
Evidence of ciliated cell differentiation was identified by immunostaining for FOXJ1 and
acetylated alpha-tubulin. Basal cells were identified by Krt5 or p63 immunostaining.

Histologic sub-classification of SCOUTs and STINs

Lesions under study are illustrated in Figure 1. Based on previous studies, SCOUTs were
subdivided into two general histologic categories.8 12 The first, designated as Type 1
SCOUTSs, consisted of a typical mono or biphasic tubal epithelial composition with either
single layers of tubal non-ciliated cells or (more commonly) a combination of non-ciliated
and ciliated cells. The second, arbitrarily labeled Type 2 SCOUTS, consisted of
proliferations with mildly pseudostratified and closely arranged elongated fusiform nuclei,
similar to endometrial epithelium, and also termed “endometrioid” SCOUTSs. Cells with
ciliated differentiation (FOXJ1P) were present, but were typically less than 30% of the cells
and scattered throughout the epithelium. Walthard cell nests (WCNSs), consisting of basal
cell outgrowth with a squamo-transitional phenotype were also studied because they signify
another form of outgrowth derived from columnar epithelial cells, albeit metaplastic. STINs
were sub-classified as previously described and contained strong p53 immuno-staining and
evidence of DNA damage by H2AX staining.> Those with mild or moderate atypia and
preserved epithelial polarity were classified as low grade and are identical to lesions
classified as “STILs”, “TILTs” and atypical hyperplasia in other reports. 13- 14. 15 Those with
conspicuous loss of epithelial polarity were classified as high grade, synonymous with
serous tubal intraepithelial carcinoma (STIC). The latter have a 0-11% outcome risk of
HGSC, based on recent studies. 16:17.18 The HGSC outcome risk of lower grade STINS is
unknown but presumed to be less than that of high grade STINSs.

In vitro and in vivo expression of PAX2 in the fallopian tube mucosa

Cultured epithelial cells from the gynecologic tract, both in adults and at 20 weeks gestation,
were plated and colonies of clonogenic cells were characterized. The dominant
immunophenotype associated with highly-proliferative clonogenic cell outgrowth was
Krt7P/PAX8P/EZH2P/PAX2"/Krt5"/p63" (Figure 2A, Figure 3A and Supplementary Figure
2A). FOXJ1 expression indicating ciliated cell differentiation was also seen occasionally in
the non-proliferative cells that were not stained positively with Ki67 (Figure 2A). To
examine the differentiation ability of these cloned cells at the single-cell level, we
established single-cell pedigree lines by subsequent rounds of plating and clone selection
(Figure 2B). Pedigree lines of these cloned oviductal progenitor cells were differentiated in
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either air-liquid interface (ALI) cell culture system or 3D Matrigel cultures for 10-20 days.
In 3D Matrigel cultures, PAX8P oviductal progenitor cells differentiated into columnar
epithelium comprised of acetylated tubulin®/FOXJ1P/PAX8" ciliated cells and PAX8P non-
ciliated cells, which resembles the human oviduct histology (Figure 2C). In the ALI culture
system, a series of images of acetylated tubulin expression were taken at different time
points during the differentiation and showed that the oviductal progenitor cells started to
differentiate into ciliated cells at day 3 and became maturely differentiated at day 10
(Supplementary Figure 2B). At day 10 in the ALI culture system, the cloned oviductal
progenitor cells formed a simple epithelium with ciliated cells marked by FOXJ1 and
acetylated tubulin and non-ciliated cells marked by PAX2 (Supplementary Figure 2C). It is
noteworthy that while the proliferating population is PAX2" (Figure 2A), PAX2 expression
was reclaimed in some non-ciliated (secretory) cells. This further indicates that the progeny
of a single oviductal progenitor cell can give rise to all epithelial lineages typically found in
the oviduct, including not only mature ciliated cells but non-ciliated (secretory) cells.

Immunostaining of both fetal and adult fallopian tubes was performed to ascertain the
distribution of PAX2-expressing cells and address the possibility that the PAX2"
immunophenotype was programmed earlier in development. Histologic sections of fetal (at
21 weeks) and adult fallopian tubes were examined. Fetal tubes contained an abundance of
PAX2P cells, with occasional interspersed ciliated cells (Supplemental Figure 1A).
Expression of PAX8 was similar in distribution (Supplemental Figure 1B). Similarly, in
normal adult tubes, PAX2 staining was extensive in cells that were not undergoing ciliated
(tubulinP) differentiation (Supplemental Figure 1C). A summary of immunophenotypes for
progenitor and adult cells is displayed in Supplementary Table 2.

In the adult tubes, sections were also stained with FOXJ1, and/or LCA to account for other
PAX2" cells that were either undergoing ciliated differentiation or were non-epithelial.
Mono-layered or mildly pseudostratified normal fallopian tube mucosa typically contained
cells either expressing PAX2 or FOXJ1 (Figure 2D1). In occasional foci of prominent
multilayered epithelium with some cells staining positive with FOXJ1, loss of PAX2 nuclear
staining could be seen (Figure 2D2) giving the impression that loss of PAX2 expression in
non-ciliated cells was coordinated with cell growth in multilayered epithelium. Albeit less
so, FOXJ1 staining was also seen in STINS, supporting ciliated differentiation in PAX2"
neoplastic growth (Figure 2D3).

Metaplastic (Walthard cell nests) differentiation of PAX2" columnar cells in vitro and in

Vivo

Walthard cell nests are foci of transitional-like metaplasia in the fimbria or adjacent
peritoneal surface and are emblematic of basal cell outgrowth that can develop near the
junctions of disparate epithelial types.1® Other sites include the gastro-esophageal and
cervical squamo-columnar junctions. Both have been designated as sites harboring residual
embryonic cells and studies of the latter have suggested that basal or reserve cells emerge
from the overlying columnar cells and then undergo squamous metaplasia. 20 21 This
process has been termed “top down” differentiation, i.e. the progeny (basal cells) emerge
from beneath the progenitor population. However, no study has ever displayed this sequence
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invitro. Fetal tubal cells propagated in vitro were strongly positive for both Krt7 and PAX8
was seen, in keeping with Mullerian epithelium (Figure 2A and Figure 3A). Moreover, these
progenitor cells did not express Krt5 or p63 (Figure 3A). Interestingly, when pedigree lines
of these cloned oviductal progenitor cells were differentiated in 3D Matrigel cultures for 10—
20 days, in addition to the typical ciliated cell differentiation (Figure 2C), subjacent p63/
Krt5P basal cells emerged (Figure 3B1) and expanded (Figure 3B3) in a pattern similar to
that seen in p63/Krt5P cells in Walthard cell nests (WCNS) in the adult tube (Figures 3B2
and 3B4). Invitro, the Krt5 and p63 immunopositive cells were superimposed, although the
Krt5 staining index was higher (Supplementary Figure 2E ). Analysis of WCNs in tissue
sections (Figure 3C) revealed a strikingly similar pattern of growth and differentiation,
arising from either beneath Krt7P epithelial cells or in continuity with columnar epithelium
typical of Type | SCOUTSs. The result was a PAX2"ALDHA1" transitional-like outgrowth
that was strongly Krt5P but stathmin™ (not shown). Taken in the context of the in vitro
findings, this observation further linked the PAX2" immunophenotype to cell outgrowth and
a Krt7P progenitor cell to the development of not only terminal (FOXJ1*) but also
metaplastic (Krt5*) differentiation in the fallopian tube.

Altered gene expression in PAX2" proliferations (SCOUTs, STINs and HGSC)

Supplementary Table 3 is a list of genes selected for analysis and found to be differentially
expressed in SCOUTS relative to normal appearing epithelium. Arrays generated from RNA
extracted from formalin-fixed laser-capture micro-dissected SCOUTSs yielded differentially
expressed genes, illustrated in the representative heat map (Figure 4A and B, Supplemental
Figures 4&5). When stained with selected markers, Type 1 SCOUTSs varied from strictly
secretory to mixed secretory and ciliated and were ALDH1", B-catenin™®™ and stained
weakly or negative for LEF1, RCN1, RUNX2 and EZH2 (Figures 4C, Figure 5, and
Supplemental Figure 3). Type 2 SCOUTSs stained variably for ciliated cell differentiation
and were B-catenin"® and ALDH1, LEF1, RCN1, EZH2, RUNX2 (not shown) and stathmin
positive (Figure 4C and Figure 5 and Supplemental Figure 3). Basal cell differentiation,
signifying WCN development, was associated with PAX2" columnar epithelium, suggesting
this pathway of differentiation might initiate within Type | PAX2" SCOUTs.

Figure 5 and Supplemental Figure 6 summarize the staining patterns observed in the
different lesions. STINs and HGSCs shared expression of several markers with SCOUTS.
Expression patterns for ALDH and B-catenin were identical to Type 1 SCOUTs (ALDH"
and B-catenin™e™). In addition, like Type 2 SCOUTS, there was increased staining for EZH2,
Stathmin, LEF1, RCN, Krt5, RUNX2 (not shown). Not surprisingly, no marker in this group
separated STINs or HGSCs from SCOUTSs. This is in contrast to other published markers
such as Ki67, Cyclin E, p16 and others, which are significantly more commonly expressed
in STINS and HGSCs relative to benign fallopian tube mucosa. 4 15 22

Discussion

Analysis of arrays generated from high-grade serous cancer has confirmed a transcriptome
that parallels oviductal epithelium.23 Given that these tumors are strongly positive for
biomarkers (such as PAX8) typically assigned to non-ciliated (so-called secretory) cells, the
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assumption has been that the secretory cell is the cell of origin.! Levanon et al. showed that
PAX8-expressing (secretory) cells of the tube were uniquely susceptible to DNA damage
imposed by irradiation, a finding that parallels similar observations in latent precursors (p53
signatures) and STINs that contain p53 mutations.> 24 However, with the discovery of
PAX2" SCOUTSs and a similar PAX2" expression pattern in many STINSs, it became clear
that there may be a relationship between the two entities, despite the fact that SCOUTSs are
more ubiquitous in the fallopian tube and do not arise in the setting of a DNA damage
response and loss of p53 function. Although altered PAX2 expression has been focused on
in neoplasia, we hypothesized that the PAX2" immunophenotype typified a “generic” series
of molecular events that were the underpinning of stem cell expansion common to many
proliferations.

We addressed PAX2 expression or loss in the fallopian tube from three perspectives. The
first was by analyzing expression and differentiation in proliferating normal adult and fetal
cells propagated in vitro. The second was by comparing the in vitro findings to expression in
tissue sections from fetal and adult tubes. The third was to look for shared expression across
PAX2" cells in cell proliferation and expansion (SCOUTSs, STINs and HGSCs). We
discovered that the PAX2" immunophenotype was particularly linked to in vitro and in vivo
cell growth, not infrequently with an increase in EZH2 expression. Moreover, in highly
clonogenic Krt7P/FOXj1" oviductal progenitor cells grown in vitro, we demonstrated for the
first time that PAX2" expanding populations were capable of both ciliated (FOXJ1) and
basal cell (Krt5) differentiation. This sequence of cell growth and differentiation was
recapitulated in SCOUTS, STINs and HGSCs, with progressively reduced ciliated
differentiation in the Type 2 SCOUTSs, STINs and HGSCs. We thus concluded that all of
these entities were related to a similar progenitor cell.

The next goal was to determine if the cells involved in benign and neoplastic outgrowth
shared common expression patterns and we chose to use the least proliferative lesions
(SCOUTS) as the reference. One advantage of this approach is to identify events that occur
prior to the more dramatic molecular changes that characterize malignancy that may have
profound influences on expression. The study delineated two general groups of SCOUTS;
the first (Type 1) closely resembled normal tubal epithelium, histologically and in their
expression profile (Figure 1D). The second (Type 2) was composed of proliferations with
less pronounced ciliated differentiation, many noticeably “endometrial” like (Figure 1E).
Accordingly, there was minimal difference in expression between Type 1 SCOUTs and
control epithelium, although they were consistently ALDH1". In contrast, type 2 SCOUTs
demonstrated nuclear and cytoplasmic p-catenin staining plus increased BCL2 (see ref 7),
ALDH1, and Krt5 staining. This diversity in phenotype underscores the complexity of cell
growth and differentiation that can occur in the fallopian tubes with age. Type | SCOUTSs
appear to signify very minor genomic changes as evidenced by the similarities in
transcription to normal controls. Thus, the alterations in transcription are limited to absence
of ALDH1 expression. In contrast, Type 2 SCOUTS, which exhibit a more divergent
histology, have a common biomarker signature—stathmin, EZH2, LEF1, RCN1 and
RUNX2—that is more similar to premalignant (STIN) and malignant (HGSCs) entities in
the tube (Figure 5).
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A fundamental question stemming from the above observation is the relevance of the gene
signature found in SCOUTS, STINs and HGSCs to both stem cell biology and neoplasia.
ALDHT1 has been identified as a marker of epithelial stem cells. Its expression can be both
increased or absent, the latter more typical of STINs and HGSCs.2> 26 EZH2 is a polycomb
suppressor that is implicated in stem cell maintenance and regulation of differentiation. It is
noteworthy that EZH2 expression typically increased in areas of cell expansion, in keeping
with the coordinated suppression of PAX2 expression. 2 EZH2 is also a potential
suppressor of tumor suppressor genes.28 LEF1 is likewise expressed during lineage
differentiation.2? The function of RCN1 is less clear but this gene product is a calcium
binder that is weakly expressed in renal tubular cells and up-regulated in renal cell
carcinomas.39 RUNX2 is a gene involved in morphogenesis and osteoblastic
differentiation.3! Functions attributed to stathmin are multiple. It is a marker of P13 kinase
activation that has been linked to serous neoplasia in some studies, tumor progression and
metastases in others, and regulates p53 stability in still others.32: 33. 34 |ts range of
expression, including normal epithelium, SCOUTs and STINSs, is similar to that of these
other markers, several of which (ALDH1, PAX2, EZH2) have also been linked to not only
stem cells but outcome or resistance to chemotherapy. 3% 36: 37 The significance of the
unique p-catenin staining in Type 2 SCOUTS, with a shift in distribution from the membrane
to cytoplasm and nucleus is unclear, but it is emblematic of Wnt pathway activation, and
mutations in p-catenin are commonly found in endometrial and colon carcinomas.38

Walthard cell nests are a common benign condition seen in the distal fallopian tube mucosa
or the adjacent peritoneal reflection.1® They bear a close resemblance to the cervical
squamo-columnar junction where columnar cells are undermined by p63-positive basal cells.
These cells could be envisioned to either originate from the columnar epithelium or give rise
to the overlying Krt7-positive epithelial cells. This study has made two novel observations.
First, based on the matrigel cell culture data, the basal cells emerge from the Krt7-positive
columnar cells. Second, this process is marked by not only loss of PAX2 and but also
ALDH1 expression, similar to that seen in Type 1 SCOUTSs. The initiating cell, the Krt7P
non-ciliated epithelial cell, is remarkably similar to the cells seen in the SC junction of the
cervix from which squamous metaplasia is derived and this process is similar to so-called
“top-down” differentiation reported in the squamocolumnar junction.?! The fact that WCNs
are not considered direct precursors to malignancy is not surprising, in as much as they are
terminally differentiated relative to their progenitors. This is similar to the cervix, where the
progenitor cells in the SC junction are considered more vulnerable to neoplastic
transformation than their metaplastic progeny.2! What is interesting is the fact that WCNs
underscore the existence of multi-potential cells in the distal fallopian tube.1? Given that 40—
60 percent of HGSCs do not have a documented source (or STIN) in the fallopian tube
mucosa, coupled with the fact that a subset of HGSCs are strongly Krt5 positive, the
possibility that cells involved in alternate differentiation pathways might contribute to a
subset of these malignancies deserves further study (Hanamornroongruang S, Howitt BE,
Crum CP, unpublished).5 25

Epithelia in virtually every organ (breast being a prime example) display a wide range of
clonal expansions, some of which may be direct precursors to malignancy and others of
which serve as risk factors for a malignant outcome. The model depicted in Figure 6 reflects
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a similar but novel scenario in the oviduct, with multiple categories of putative monoclonal
cell outgrowth and striking similarities in expression across multiple genes between
surrogate precursors and lesions that are considered premalignant or pre-metastatic. These
findings emphasize the complexity of molecular and phenotypic perturbations that can take
place in the fallopian tubes during and following menopause. This complexity invites
caution when considering the role (or diagnostic value) of newly discovered biomarkers as
specific indicators of neoplasia. More importantly, it reveals a consistent disturbance in
progenitor cell biology in keeping with a common pathway that is triggered by more than
one initiating event. Thus, it introduces two approaches to cancer prevention, one directed at
the initiating event and the other at the early perturbations in the pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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STIN serous tubal intraepithelial neoplasia
SCOUT secretory cell outgrowth
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Figure 1.
Entities associated with PAX2" immunophenotype included (A) Type 1 secretory cell

outgrowths (SCOUT), (B) Type 2 SCOUTSs, (C) Walthard cell nests and (D) low- and (E)
high-(serous tubal intraepithelial carcinoma) grade tubal intraepithelial neoplasia.
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Figure 2.
In vitro propagation and differentiation of oviductal progenitor cells. (A) The cells cloned

from fetal or adult oviduct are PAX2", PAX8P and occasionally express differentiation
marker (FOXJ1) in non-proliferative cells (Ki67"). (B) Schematic diagram of pedigree cell
line establishment. (C) Upper panel, representative image of fetal (20-week) oviductal
progenitor cells differentiated in 3D Matrigel culture system. Lower panel,
immunofluoresence image of human adult oviduct epithelium. Acetyl-alpha-tubulin (green)
indicates ciliated cell differentiation. PAX8 (red) indicates non-ciliated cells. DAPI stains
nuclei (blue). (D1) Combined staining of histologic sections of normal tube with both PAX2
and FOXJ1 reveals widespread nuclear staining, except occasional lymphocytes (arrows).
(D2) Occasional foci of multilayered epithelium undergoing ciliated cell differentiation
(positive nuclei) consist of some cells negative for PAX2. (D3) Tubal intraepithelial
carcinoma with focal FOXJ1 staining (arrowheads) indicating ciliated cell differentiation.
Circled focus of normal ciliated cells is an internal positive control.
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Figure 3.
In vitro and in vivo basal cell differentiation in the oviduct. (A) Colonies of Krt7P/Krt5"/

p63" cells from a 20 week old fetal oviduct. (B1, B3) single (p63, green) and multilayered
(Krt5, red) basal cell outgrowth seen in matrigel cultures. (B2, B4) similar basal cell growth
highlighted by p63 and Krt5 in the adult fimbria. (C) Walthard cell nest in the adult tube is
typically PAX2 and ALDH1 negative. Residual Krt7-positive cells (arrows) are displaced
from beneath by an expanding Krt5 population.
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Figure4.
(A) Laser-captured microdissected SCOUTSs (left) and a Heatmap comparison of SCOUTSs

and normal oviduct (right). (B) Arrays generated from PAX2" SCOUTSs revealed genes
differentially expressed across Type 1 and Type 2 SCOUTS, including ALDH1, LEF1 and
RCNL1 (right). (C) Coordinated expression of the above genes distinguish Type 1 SCOUTS,
which show membraneous B-catenin localization and absent ALDH1 staining plus negative
or weak staining for LEF1 and RCN1 staining (right) from Type 2 SCOUTS, with nuclear
and cytoplasmic B-catenin, strong ALDH1, LEF1 and RCN1 staining.
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Shared expression of SCOUT markers with low (LSTIN) and high (HSTIN or STIC) grade
serous tubal intraepithelial neoplasia and high-grade serous carcinoma (HGSC). Neoplasms
(STINs, HGSCs) share with Type 1 SCOUTS loss of PAX2, ALDH1 and with Type 2
SCOUTSs, increased LEF1, EZH2 and Stathmin and other markers (see text).
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A progenitor cell model for the fallopian tube in which Krt7 identifies the progenitor cell
and PAX2" defines progenitor cell expansion. Expanding PAX2" cells can differentiate into
basal or ciliated cells in WCNs or Type 1 SCOUTs, both of which approximate normal
differentiation pathways, with loss of ALDH1 and normal or minimally increased
expression of LEF1, RCN1, Stathmin and EZH2. In contrast, Type 2 SCOUTs and STINs
(right) share a different expression signature characterized by multiple genes, including
EZH2, LEF1, RCN1, and stathmin and others involved in a divergent pathway of progenitor

cell growth.
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