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⁎ Corresponding author at: Department of Obstetric
Hospital, Michelangelolaan 2, 5623 EJ Eindhoven, the Net

E-mail address: phyllis.vd.ploeg@catharinaziekenhuis.
1 Present address: Department of Pediatric Oncolog

Amsterdam UMC, Vrije Universiteit Amsterdam, the Neth

https://doi.org/10.1016/j.ygyno.2022.01.027
0090-8258/© 2022 The Authors. Published by Elsevier Inc
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 24 October 2021
Received in revised form 14 January 2022
Accepted 24 January 2022
Available online 2 February 2022
Objective. To determine the activity of key signal transduction pathways in serous tubal intraepithelial carci-
noma (STIC) and concurrent high-grade serous carcinoma (HGSC) and compare this to pathway activity in nor-
mal Fallopian tube epithelium (FTE).

Methods. We assessed mRNA expression levels of pathway-specific target genes with RT-qPCR in STIC and
concurrent HGSC (n = 8) and normal FTE (n = 8). Subsequently, signal transduction pathway assays were
used to assess functional activity of the androgen (AR) and estrogen receptor (ER), phosphoinositide-3-kinase
(PI3K), Hedgehog (HH), transforming growth factor beta (TGF-β) and canonical wingless-type MMTV integra-
tion site (Wnt) pathways.

Results. There were no statistically significant differences in pathway activity between STIC and HGSC, but
STIC and HGSC demonstrated significantly lower ER and higher PI3K and HH pathway activity in comparison
to normal FTE, suggesting these pathways as putative early drivers. In addition, we determined FOXO3a protein
expression by immunohistochemistry and found loss of FOXO3a protein expression in STIC and HGSC compared
to normal FTE. This observation confirmed that activation of PI3K signaling by loss of FOXO is an early hallmark of
serous carcinogenesis. Furthermore, HGSC demonstrated significant loss of AR andWnt pathway activity in rela-
tion to FTE, suggesting these pathways contribute to disease progression.

Conclusion.Our observations, together with the previously described associations between p53 signaling and
both PI3K andHHpathway activity, provide evidence that increased PI3K andHHpathway activity and loss of ER
pathway activity may be underlying events contributing to neoplastic transformation of FTE into STIC.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nonuterine high-grade serous carcinoma (HGSC) refers to ovarian,
Fallopian tube and primary peritoneal cancers [1]. HGSC typically pres-
ent at an advanced stage, requiring treatment consisting of platinum-
based chemotherapy and debulking surgery. Unfortunately, current
treatment is insufficient to acquire long-term survival, as in more than
50% of the patients relapse of disease occurs within two years and be-
comes platinum-resistant [2,3]. Therefore, there is an urgent need to
elucidate early cellular processes leading to HGSC in order to identify
new leads for treatment options.

Traditionally, the ovarian surface epithelium was proposed as the
cell of origin of HGSC [4]. Two decades ago, another hypothesis evolved
as preneoplastic changes were observed in the epithelium of the fim-
briae of prophylactically removed Fallopian tubes of women with a he-
reditary high risk to develop HGSC, but not in the ovarian surface
epithelium [5,6]. These non-invasive dysplastic precursor lesions, later
named serous tubal intraepithelial carcinoma (STIC), were also ob-
served in Fallopian tubes of women with non-hereditary HGSC [7].
Proof of a clonal relationship between STIC and HGSC was given by
the observation of identical mutations in the tumor suppressor gene
TP53 in paired cases of STIC and HGSC [8]. Furthermore, transformation
of Fallopian tube secretory cells in genetically modifiedmice resulted in
the development of lesions mimicking STIC and HGSC [9]. Additionally,
xenografted tumors in mice derived from transformed human tubal
stem cells showed similar histological and molecular characteristics as
HGSC, suggesting a causal relation [10]. Finally, the tubal hypothesis re-
ceived additional support frommolecular profiling studies as STIC were
found to have genetic features closely resembling HGSC [11,12].

Despite accumulating evidence supporting Fallopian tube epithe-
lium (FTE) as the cell of origin of most HGSC, the initial molecular pro-
cesses underlying the transformation of FTE into STIC and HGSC
remain poorly understood. Previously, loss of forkhead box protein
O3a (FOXO3a) was suggested to be an early event in STIC [13].
FOXO3a is a tumor suppressive transcription factor of the forkhead fam-
ily and is negatively regulated by the phosphoinositide-3-kinase (PI3K)
growth factor signaling pathway [14]. The association between loss of
FOXO3a and poor prognosis further supported the clinical relevance of
PI3K-FOXO signaling in HGSC [15,16]. In addition to the PI3K pathway,
heterogenous activity of other key signal transduction pathways
(STPs) has been observed amongHGSC samples, for instance the andro-
gen (AR) and estrogen receptor (ER), Hedgehog (HH), transforming
growth factor beta (TGF-β) and canonicalwingless-typeMMTV integra-
tion site (Wnt) pathways [17]. The wide variety in STP activity suggests
unique tumor activation patterns [17]. Determiningwhether these STPs
are also activated in STIC could improve our understanding of aberrant
STP activity, and subsequently enable the characterization of early
events of high-grade serous carcinogenesis.
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Therefore, we investigated in this study the activity of the AR, ER,
PI3K, HH, TGF-β andWnt pathways in STIC and concurrent HGSC in re-
lation to the STP activity in morphologically normal FTE. We aim to
identify early aberrations in STP activity that may contribute to the pro-
cesses related to neoplastic transformation of FTE into HGSC.

2. Materials and methods

2.1. Study design and population

We searched the pathology archive of the Catharina Hospital in
Eindhoven, The Netherlands for morphologically normal Fallopian
tubes obtained from healthy postmenopausal women who had surgery
for benign gynecological conditions between 2009 and 2018. Women
were excluded in case of a history of gynecological cancer, a known
pathogenic germline mutation of the BRCA1/2 genes or other personal
or family hereditary risks of cancer. In addition, we searched for
women diagnosed with STIC with concurrent HGSC diagnosis between
2004 and 2020. Medical records were screened for demographic and
pathological data including, age at the time of surgery, contraceptive
use, menopausal status, BMI, parity, FIGO stage and type of treatment.

The study was approved by theMedical research Ethics Committees
United (MEC-U, study number W16.108 and W18.134) and was con-
ducted in accordance with the Code of Conduct of the Federation of
Medical Scientific Societies in The Netherlands. Written informed con-
sent was obtained from women with benign diagnosis. The MEC-U
waived the need for informed consent of women diagnosed with
HGSC as the majority of the women would have succumbed from dis-
ease at the time of inclusion due to the aggressive nature of the disease.
However,medical recordswere checked for any signs of objection to the
use of residual tissue for research purposes.

2.2. Sample preparation

Archived sections were revised by an expert gynecological patholo-
gist (SLB) to confirm the presence of morphologically normal fimbriae,
STIC and HGSC. Representative areas were annotated for analysis. Ex-
amples of STIC and HGSC are shown in Fig. S1A-D. HGSC samples with
less than 40% tumor cell nuclei were excluded tominimize stromal con-
tamination. Five μm formalin-fixed paraffin-embedded (FFPE) sections
were cut from the selected tissue blocks with a microtome (RM2255,
Leica Biosystems, Germany) andmounted onto PEM-membrane coated
slides (normal FTE and STIC samples) or glass slides (HGSC samples).
The last section was hematoxylin and eosin (H&E) stained and evalu-
ated for the presence of the annotated area of interest. For normal FTE
and STIC samples, intermediate sections were manually hematoxylin
stained for visualization of the selected areas. Subsequently, to elimi-
nate stromal contamination, fimbrial epithelial cells and STIC lesions
were isolated by laser capture microdissection (PALM MicroBeam 4,
Carl Zeiss B.V., Germany). Intermediate sections with HGSC areas were
manually scraped for the collection of tumor cells using the last anno-
tated H&E slide as a reference.

2.3. mRNA extraction, RT-qPCR analysis and signal transduction pathway
assays

To evaluate STP activity, mRNA was isolated from the normal FTE,
STIC and HGSC samples using the VERSANT® Tissue Preparation
Reagents kit (Siemens, Germany). Quantitative activity of the AR, ER,
PI3K (indirectly, as it is inversely proportional to FOXO transcription
factor activity under the condition of absence of oxidative stress [18]),
HH, TGF-β and Wnt pathways and the Ki-67 target gene expression
were assessed with the use of commercially available OncoSignal path-
way assays (Philips MPDx, The Netherlands) [19]. In brief, expression
levels of pathway-specific target genes were measured with real-time
quantitative reverse transcription-PCR (RT-qPCR) analysis using the
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SuperScript™ III Platinum™ One-Step qRT-PCR kit (Invitrogen, Thermo
Fisher Scientific, MA, USA) and commercially available OncoSignal 96-
well PCR plates (Philips MPDx, The Netherlands). Sufficient mRNA
input for pathway analysis was confirmed by an internal quality control
of reference genes consisting of a set of common housekeeping genes.
Subsequently, functional STP activity scores were calculated and pro-
vided by Philips MPDx (The Netherlands). The general Philips MPDx
technology to measure STP activity has been described in detail before
[19,20]. In brief, for each STP mRNA levels of target genes of the STP-
associated transcription factor are measured, and from these mRNA ex-
pression data the STP activity is inferred using Bayesian network
models. The models consist of three layers corresponding to (1) the
transcription factor complex associated to the STP, (2) the direct target
genes of the transcription factor complex and (3) the measured mRNA
levels. As a result, the models describe the probabilistic activity of the
STP transcription complex using the measured mRNA levels as input.
Initially, themodels were developed and validated using Affymetrix ex-
pression microarray datasets enabling the validation on independent
data of various cell and tissue types. Pathway-specific target genes
were selected based on elaborate literature study and each pathway
model included approximately 25 to 35 target genes. Lists of the se-
lected target genes in the originalmodels of the AR, HH and TGF-β path-
ways [21], ER andWnt pathways [19] and PI3K pathway [18] have been
described previously. Adaptation of the original models to RT-qPCR
models enabled the use of FFPE tissue samples and included the best
performing target genes, around 12 target genes per pathway. The RT-
qPCR models have since been validated on various cell types, as de-
scribed previously [20,22,23]. Functional STP activity is expressed on a
normalized scale from0 to 100,where 0 indicates the lowest probability
of an active pathway, and inversely, 100 the highest probability of an ac-
tive pathway.

2.4. Immunohistochemical staining of FOXO3a protein

To validate our PI3K pathway activity data, we determined FOXO3a
protein expression by immunohistochemistry in normal FTE, STIC and
HGSC samples using a Ventana Benchmark XT Autostainer (Ventana
Medical Systems, AZ, USA). Four μm FFPE sections of the identical tissue
blocks were cut and deparaffinized. After antigen retrieval and blocking
of endogenousperoxidase activity, the sectionswere incubatedwith the
primary anti-human FOXO3a mouse monoclonal antibody (diluted
1:150, CF809449, ThermoFischer Scientific, USA) for one hour at 36°
Celsius. Detection of the primary antibody was achieved after incuba-
tion with horseradish peroxidase and visualization with hydrogen per-
oxidase/3,3′-diaminobenzidine. The sections were counterstained with
hematoxylin. Normal pancreas and colon tissue were used as a positive
control. FOXO3a stained sections were visually reviewed in a blinded
manner by two independent pathologists (SLB and PJvD) without
knowledge of each other's assessment and STP assay results. Positively
stained tumor cell nuclei were reviewed by a semi-quantitative assess-
ment of staining intensity (negative, weak, moderate or strong) and the
percentage of positive tumor cells. Histoscores were calculated by the
sum of (1 x % weak) + (2 x % moderate) + (3 x % strong), resulting in
scores ranging between 0 and 300. For further analysis we used mean
histoscores derived from the assessments of both pathologists.

2.5. Statistical analysis

Clinical characteristics of the women with normal FTE were com-
pared with the characteristics of the women diagnosed with STIC and
concurrent HGSC using Wilcoxon rank sum tests for continuous vari-
ables with a skewed distribution and presented as median with IQR.
Fisher's exact tests were used to compare categorical variables between
the groups and presented as frequency and percentages. Differences in
STP activity scores and FOXO3a histoscores between groupswere tested
withWilcoxon rank sum and Kruskal-Wallis tests. Paired analyses were
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performed using paired Wilcoxon signed-rank tests. Overall concor-
dance between FOXO3a histoscore assessments of both pathologists
was evaluated with the intra-class correlation coefficient using a two-
waymixedmodel. Furthermore, Spearman's rank correlation coefficient
was used to determine the correlation between FOXO3a histoscores and
PI3K pathway activity. Statistical analysis and data visualization were
conducted using R (RStudio, Inc. version 1.1.463).

3. Results

3.1. Study population

We identified 13 postmenopausal women with morphologically
normal fimbriae and 12 women with STIC and concurrent HGSC. After
laser capture microdissection, we excluded five normal FTE and four
paired STIC andHGSC samples due to insufficientmRNA concentrations.
For one woman, the concurrent HGSC sample was not suitable for fur-
ther analysis as it contained less than 40% tumor cell nuclei. Thus,
eight normal FTE, eight STIC samples and seven concurrent HGSC sam-
ples were available for the analysis of STP activity. Clinicopathological
characteristics of the study population are presented in Table 1 and
Table S1. Women with STIC and concurrent HGSC had a lower body
mass index (BMI) (P = 0.007) as compared to women in the normal
FTE group. There were no differences between the two groups in age
at the time of surgery, menopausal status and parity. Women with
paired STIC and HGSC were diagnosed with advanced stage disease
(FIGO stage IIIC (n = 6) or IV (n = 2)). These women had primary
debulking surgery followed by adjuvant chemotherapy (n=3) or neo-
adjuvant chemotherapy and interval debulking surgery (n=5). Conse-
quently, for the latter group STIC and concurrent HGSC samples were
taken after the start of chemotherapy. Women in the normal FTE
group had had salpingectomywith or without hysterectomy for the fol-
lowing gynecological conditions; benign adnexal mass (n = 5), post-
menopausal blood loss (n = 2) and uterine descensus (n = 1).
Pathological revision showed no evidence of dysplasia or malignancy.

3.2. Comparable signaling pathway activity in STIC and HGSC samples

We assessed quantitative activity of the AR, ER, PI3K, HH, TGF-β and
Wnt pathways and Ki-67 target gene expression usingmRNAmeasure-
ments of pathway-specific target genes [19]. Overall, we observed no
differences in median STP activity between grouped STIC (n = 8) and
HGSC (n = 7) samples (Fig. 1A-G). Subsequent, analysis of paired STIC
and HGSC samples (n = 7) also revealed no statistically significant dif-
ferences in AR, ER, PI3K, HH, TGF-β andWnt pathway activity and Ki-67
activity scores (Fig. 1A-G). However, the majority of the STIC samples
were characterized by slightly higher AR, ER, PI3K andWnt pathway ac-
tivity and lower HH and TGF-β pathway activity as compared to their
HGSC counterpart (Fig. S2A-G). For five patients, the samples were
taken during interval debulking surgery. In STIC and HGSC samples
taken after the start of chemotherapy, wemeasured higher AR pathway
activity and lower HH pathway activity compared to samples taken
prior to start of chemotherapy (P= 0.018 and P = 0.012, respectively)
(Fig. S3A and D). Onewomanwith STIC and concurrent HGSC diagnosis
was premenopausal andused a levonorgestrel intrauterine device at the
time of surgery. Paired samples of this woman are marked in yellow in
Fig. 1A-G and show relatively low AR and high ER pathway activity as
compared to the other samples.

3.3. STIC and HGSC samples were characterized by decreased ER and in-
creased PI3K and HH pathway activity in relation to normal FTE samples

Next, we compared the STP activity data from STIC and HGSC sam-
ples to STP activity in normal FTE samples. As shown in Fig. 1B-D,we ob-
served significantly lower ER pathway activity as well as higher PI3K
and HH pathway activity in both STIC and HGSC samples compared to



Table 1
Summary of clinicopathological characteristics of the included women with normal
Fallopian tube epithelium (FTE) and serous tubal intraepithelial carcinoma (STIC) with
concurrent high-grade serous carcinoma (HGSC).

Normal FTE
(n = 8)

STIC with concurrent
HGSC (n = 8)

P-value⁎

Age at surgery (years) 0.289
Median (IQR) 62 (59–67) 67 (64–71)

Menopausal status 1.000
Premenopausal (%) 0 (0) 1 (12)
Postmenopausal (%) 8 (100) 7 (88)

BMI (kg/m2) 0.007
Median (IQR) 27.5 (24.9–29.3) 22.6 (20.6–23.6)

Parity (number) 1.000
Median (IQR) 2 (2–3) 2 (2–3)
Missing (n) 2 0

FIGO disease stage –
IIIC (%) – 6 (75)
IV (%) – 2 (25)

Type of treatment –
Salpingectomy with or
without hysterectomy

8 (100) –

PDS + ACT – 3 (37)
NAC + IDS – 5 (63)

Abbreviations: ACT, adjuvant chemotherapy; BMI, body mass index; IDS, Interval
debulking surgery; IQR, interquartile range; NAC, Neoadjuvant chemotherapy; PDS, Pri-
mary debulking surgery.
⁎ For continuous variables with skewed distribution, P-values were obtained from

Wilcoxon rank sum tests. Differences in categorical variables were testedwith Fisher's ex-
act tests.
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normal FTE samples. For the AR andWnt pathways, comparable activity
was found in normal FTE and STIC samples, while the HGSC samples
demonstrated significantly lower AR andWnt pathway activity as com-
pared to normal FTE samples (Fig. 1A and F). Although TGF-β pathway
activity did not differ between the groups, we observed a broad range
Fig. 1. Boxplots displaying differences in signal transduction pathway activity between Fallopia
high-grade serous carcinoma (HGSC) samples (n = 7). Yellow dots indicate a premenopausal
fromunpairedWilcoxon rank sum tests. In addition, pairedWilcoxon signed-rank testswere us
receptor (AR). B. Estrogen receptor (ER). C. Phosphoinositide-3-kinase (PI3K). D.Hedgehog (HH
site (Wnt). G. Ki-67 activity score. ns = not significant.
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in activity scores in the HGSC samples (Fig. 1E). Assessment of Ki-67 ac-
tivity demonstrated significantly higher activity scores in STIC and
HGSC samples in comparison to normal FTE samples, indicating in-
creased cell proliferation (Fig. 1G).

3.4. Loss of FOXO3a protein expression in STIC and HGSC samples in com-
parison to normal FTE samples

We subsequently assessed FOXO3a protein expression by immuno-
histochemistry in normal FTE, STIC and HGSC samples. Some samples
were lost as the areas of interest were no longer present in the con-
secutive slides. In total, eight normal FTE, six STIC and five HGSC
samples were available for FOXO3a protein expression assessment.
Representative images of FOXO3a immunohistochemically stained
slides are presented in Fig. 2A-C. Interobserver agreement for the
FOXO3a histoscore assessment was excellent with an intra-class corre-
lation coefficient based on absolute agreement of 0.916 (95% confidence
interval 0.785–0.967). We determined median FOXO3a histoscores of
275 (interquartile range (IQR) 270–286) in normal FTE, 238 (IQR
199–258) in STIC and 215 (IQR 155–220) in HGSC samples. STIC and
HGSC samples had significantly lower FOXO3a histoscores in compari-
son to FTE samples (P = 0.002 and P = 0.033, respectively) (Fig. 2D).
The negative correlation between FOXO3a histoscores and PI3K path-
way activity validated the inverse relation between FOXO and PI3K
(P = 0.020) (Fig. 2E).

4. Discussion

In this study,we assessed the activity of key STPs in normal FTE, STIC
and HGSC samples in order to identify early aberrations in STP activity
that may drive the development of FTE precursors and progression
into HGSC. Among several signaling pathways that await exploration,
n tube epithelium (FTE) (n=8), serous tubal intraepithelial carcinoma (STIC) (n= 8) and
woman with an intrauterine device in situ at the time of surgery. P-values were obtained
ed to analyze paired STIC andHGSC samples (n=7, indicatedwith gray lines). A. Androgen
). E. Transforming growth factor beta (TGFb). F. Canonicalwingless-typeMMTV integration



Fig. 2. Forkhead box protein O3a (FOXO3a) protein expression. Representative images of hematoxylin and eosin (H&E) and FOXO3a immunohistochemically stained slides of A. Normal
Fallopian tube epithelium (FTE). B. Serous tubal intraepithelial carcinoma (STIC). C. High-grade serous carcinoma (HGSC). D. Boxplots displaying differences in FOXO3a histoscores
between the groups (FTE n = 8, STIC n = 6 and HGSC n = 5). P-values were obtained from Wilcoxon rank sum tests. E. FOXO3a histoscores were negatively correlated to
phosphoinositide-3-kinase (PI3K) pathway activity scores. The correlation was determined by Spearman's rank correlation coefficient.
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we focused on the AR, ER, PI3K, HH, TGF-β and Wnt pathways as these
pathwayswere previously associated to ovarian carcinogenesis [24–29].
Our data provide evidence that loss of ER pathway activity and in-
creased PI3K and HH pathway activity may be underlying events
contributing to neoplastic transformation of FTE into STIC, whereas
loss of AR and Wnt pathway activity are more likely to be contributors
of HGSC progression. With the use of Bayesian models integrating
mRNA expression levels of direct pathway-specific target genes, our
analysis enabled a unique assessment of the functional pathway activity
profile.

We observed comparable Ki-67 activity scores in STIC and concur-
rent HGSC samples, but significantly higher Ki-67 activity scores com-
pared to normal FTE samples, suggesting a marked increase in
proliferative activity in STIC andHGSC samples (Fig. 1G). These observa-
tions were in line with previous data on Ki-67 expression by immuno-
histochemistry in a similar cohort and confirmed that our cohort was
representative of STIC and HGSC samples [30]. Overall, we observed
similar STP activity across the STIC and HGSC samples, which might
also suggest a causal relation with a common biological origin. We
were unable to identify any statistically significant relations in STP ac-
tivity between paired STIC and HGSC samples. However, we noticed
subtle patterns in pathway activity up- or downregulation as themajor-
ity of the STIC samples had slightly higher AR, ER, PI3K and Wnt
pathway activity and lower HH and TGF-β compared to their HGSC
counterpart, but small sample sizes may have contributed to lack of sta-
tistical significance. Subsequent comparison to normal FTE samples
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from women who had surgery for benign diagnosis, provided a unique
opportunity to assess normal pathway activity and revealed more dis-
tinct differences in ER, PI3K and HH pathway activity in STIC and
HGSC samples.

Previously, others have implicated a role for PI3K signaling in HGSC
development based on loss of FOXO3a protein expression [15,16,31]. Al-
though nuclear FOXO3a protein expression is insufficient to describe
functional activity of the PI3K pathway, it provides complementary in-
formation and enabled us to compare our results with previously pub-
lished findings [13]. Levanon et al. investigated the transcriptional
profile of normal FTE and HGSC samples and concluded that FOXO3a
loss is involved in the pathogenesis of HGSC [13]. In line with results
of Levanon et al., we observed significant loss of FOXO3a protein expres-
sion in STIC and HGSC samples in comparison to normal FTE samples
(Fig. 2D) [13]. The FOXO transcription factor complex is an important
downstream component of the PI3K/AKT signaling pathway as phos-
phorylation by AKT inhibits activity of the FOXO transcription factor
and thereby promotes cell proliferation [32]. Thus, in the absence of ac-
tivated PI3K/AKT, the FOXO transcription factor acts as a tumor suppres-
sor with apoptotic effects. Our data further highlights the significance of
PI3K signaling as we found significantly higher PI3K pathway activity in
STIC and HGSC samples compared to normal FTE samples (Fig. 1C).
Others also found activation of PI3K signaling in STIC based on positive
immunohistochemical staining of Stathmin 1 (STMN1), which is
considered a surrogate marker for PI3K pathway activity [33,34]. In-
terestingly, the authors observed negative STMN1 expression in “p53
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signatures”, known as the morphologically normal putative precursor
lesion identified by p53 protein accumulation, but positive STMN1 ex-
pression in “proliferative p53 signatures”, which are characterized by
both p53 and Ki-67 protein expression [33]. The presence of STMN1 ex-
pression as early as in these transitional lesions (i.e. proliferative p53
signatures) strongly suggests an associationwith tumor initiation rather
than progression. In addition, mutant p53 in ovarian cancer cells medi-
ated increased phosphorylation of AKT, this suggests an association be-
tween p53 and PI3K/AKT signaling [35]. In normal FTE samples from
premenopausal woman, our group previously observed a cyclic pattern
of PI3K activation during the proliferative phase of the menstrual cycle
[36]. Given the tight regulation of PI3K (in)activation in normal FTE, it
is likely that aberrations in PI3K signaling disrupt tissue homeostasis
and confers a selective advantage tomaintain a proliferative state. How-
ever, despite the fact that genomic alterations related to the PI3K path-
way occur in HGSC, for instance PIK3CA amplifications or mutations
(2–20%) [37–40], PTEN deletions or mutations (7%) [41] and AKT2 am-
plifications (18%) [39], these are more frequently found in the
endometrioid and clear cell subtypes. These findings, together with
our current findings, suggest deregulated FOXO-PI3K signaling as the
predominantmechanism during the early stages of serous carcinogene-
sis rather than genomic changes in the PI3K pathway.

Neoplastic transformation of FTE is likely to require abnormal func-
tioning of several signaling pathways rather than a single pathway, as
for instance is the case in the development of colorectal and lung cancer
[42]. Besides increased activity of the PI3K pathway, ourfindings further
associated decreased ER pathway activity with STIC and HGSC samples
(Fig. 1B). Although the association between estrogen replacement ther-
apy and ovarian cancer risk and the frequent expression of the ER pro-
tein suggest hormone sensitivity, the function of estrogen signaling in
terms of tumor initiation and progression is still not understood [43].
On the contrary, the use of anti-estrogen therapy has been associated
with tubal dysplasia [44]. Our results show that normal ER pathway ac-
tivity, which is necessary to preserve normal function of the Fallopian
tube, is obviously decreased in STIC samples and even lost in HGSC sam-
ples (Fig. 1B). It must be noted that the difference in ER pathway activity
may be influenced by the amount of estrogen producing adipose tissue
as women in the normal FTE group had a higher BMIwhen compared to
women in the STIC and HGSC group (P = 0.007). Further validation on
the exact role of ER signaling is needed to identify whether loss of ER
pathway activity in particular triggers cellular differentiation and prolif-
eration or, alternatively, is caused by the tumor-driving effects of other
signaling pathways, such as aberrant PI3K signaling. Nevertheless, loss
of functional activity of the ER pathway would at least explain the lim-
ited response to anti-estrogen receptor targeted drugs in patients diag-
nosed with HGSC [45].

Another finding of our analysis is hyperactivation of theHHpathway
with limited variation between paired STIC andHGSC samples (Fig. 1D).
Given the tumor-promoting role of HH signaling in a wide variety of
cancers, including ovarian carcinoma, the involvement of HH pathway
activity in STIC is not surprising [46,47]. Previous studies revealed a col-
laboration between p53 andHHsignaling and found that p53negatively
regulated GLI1 expression, a downstream effector of HH signaling
[48,49]. Thereby, the high incidence of TP53 mutations in STIC and
HGSC could explain the increase in HH activity by loss of the inhibitory
effect of p53 signaling on GLI1. Moreover, in ovarian cancer cells, an in-
terplay between the PI3K and HH pathway has been described as PI3K/
AKT signaling was found to enhance GLI1 activity, a downstream effec-
tor of HH signaling [50,51]. The induced activity of PI3K and HH signal-
ing upon progression to STIC and HGSC suggests synergistic activation.
However, the exact role of PI3K andHH crosstalk in STIC is currently un-
known and requires future work. To further support the causality be-
tween aberrant pathway activity and early serous carcinogenesis,
future studies might benefit from ex vivo oviduct cultures or organoids,
which allow experimental conditions to investigate the effect of path-
way activators and inhibitors.
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Our study was limited by small sample size and technical challenges
to acquire sufficient epithelial cells of small areas with STIC in consecu-
tive slides. Unfortunately, we had to exclude some samples due to low
input amounts and lost samples in the analysis of FOXO3a protein ex-
pression. Moreover, cytotoxic treatment affects STP activity and there-
fore has influenced the STP results in samples taken after the start of
chemotherapy. In addition, it should be considered that some STIC
may have represented metastases of HGSC onto the tubal epithelium
and mimic de novo STIC, as described previously [11]. To rule out
these confounding factors and further investigate the role of STP activity
in serous carcinogenesis, a prospective study should be performed fo-
cusing on the presence of "p53 signatures" and incidental STIC in the
Fallopian tubes of patients with benign diagnosis.

A major strength of the study is the quantification of STP activity
from transcription factor-specific target gene mRNA levels enabling
functional activity scores. More importantly, as we determined the ac-
tivity of key signaling pathways with clinical target in normal tissue,
the pathway-specific range may be used as benchmark to define aber-
rant activity in individual HGSC samples. Therefore, once the range of
normal STP activity has been validated on a larger set of samples, this
approach could help guide the selection of patients for targeted therapy
based on abnormal STP activity.

Taken together, ourfindings implicate a distinct role for hyperactiva-
tion of the PI3K signaling pathway as a putative early driver in the neo-
plastic transformation of FTE. Moreover, we show low ER and high HH
signaling pathway activity in STIC and concurrent HGSC samples com-
pared to FTE samples, suggesting these STPs are associated with the
transition to neoplasia, whereas advanced disease is further character-
ized by loss of AR and Wnt pathway activity. Although much remains
to be discovered on the exact role of these pathways during the early
events of HGSC initiation and progression, our results open new per-
spectives on the molecular processes contributing to the pathogenesis
of HGSC.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2022.01.027.
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