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Abstract: The Fallopian tube epithelium harbors the origin cells for the majority of high-grade serous ovarian carcinomas (HGSCs),
the most lethal form of gynecologic malignancies. PAX8 belongs to the paired-box gene family of transcription factors and it is
a marker of the FTE secretory cell lineage. Its role has been investigated in migration, invasion, proliferation, cell survival, stem cell
maintenance, angiogenesis and tumor growth. In this review, we focus on the pro-tumorigenic role of PAX8 in ovarian cancer; in this
context, PAX8 possibly continues to exert its transcriptional activity on its physiological targets but may also function on newly
available targets after the tumorigenic hits. Acquiring new insights into the different PAX8 mechanism(s) of action in the tumor
microenvironment could uncover new viable therapeutic targets and thus improve the current treatment regimen.
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Introduction

Ovarian cancer (OC) represents the fifth leading cause of cancer-related death in women and, like other cancers, is
a spectrum of diseases.' OC includes epithelial, germ cell and sex cord-stromal tumors originating from surface epithelial
cells, from the germ cell or the oocyte and from stromal and primitive ovarian sex cord cells, as shown in Figure 1. The
sex cord-stromal and germ cells types contribute to 8% and 3—7% of the malignant ovarian tumors, respectively; and
given their histological and molecular heterogeneity, it is not easy to establish criteria for making the distinction between
benign and malignant tumors. Most stromal tumors and germ cell tumors have a good prognosis.” The epithelial tumors
(90%) can be divided in four major histotypes: serous, mucinous, endometrioid and clear cell® (Figure 1). Of these,
HGSC is the most common and lethal histotype and is associated with mutations in BRCAI or BRCA2 and p53.*”
Although it was originally believed that HGSC arises from the ovarian surface epithelium (OSE), it has been recently
suggested by various experimental evidences that it may instead arise from the Fallopian tube fimbria.® In particular, the
serous tubal intraepithelial carcinomas (STICs), which are identified in the distal end (fimbria) of the Fallopian tube and
arise from p53 mutations, have been indicated as the primary lesions that evolve through subsequent oncogenic events
into HGSC®’ (Figure 1). This hypothesis is further supported by genetically engineered murine models that mimic the
transformation from Fallopian tubal secretory epithelial cells to HGSC.®° In addition, gene profiling studies showing that
the gene expression profile of HGSC is more closely related to the Fallopian tubes than to the ovarian surface epithelium
supported the Fallopian tubes rather than ovarian surface epithelium as the site of origin of HGSC.' It was indeed
observed that STICs and HGSC share similar histomorphological and expression profiles and 92% of the STICs express
TP53 mutations that are identical between these precursor lesions and the matched invasive ovarian carcinomas.''
Among the evidence that reinforce the tubal origin of the HGSC, there is also the transcription factor PAired boX8
(PAX8) that is expressed in the Fallopian tube secretory cells but not in OSE and is conserved in HGSC.>'? This
transcription factor is a marker of the Fallopian tube secretory cell lineage and its expression is retained in 96% of the
serous ovarian carcinomas, in 89% of the endometrioid and 100% of the clear cell carcinomas, whilst it is not detected in
the mucinous carcinoma.'> PAX8 is crucial for the organogenesis of the thyroid gland, kidney, nervous system and

OncoTargets and Therapy 2022:15 1273-1280 1273
Received: 30 June 2022 © 2022 Di Palma and Zannini. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at htps://www.dovepress.
A com/terms.php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creativecommons.org/licenses/by-nc/3.0/). By

Accepted: 13 October 2022
Published: 21 October 2022

accessing the work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly
attributed. For permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Di Palma and Zannini Dove

Germ cell Tumors 7%-3%
Dysgerminoma
Yolk sac
Embryonal Carcinoma
Chorioncarcinoma
Teratoma

Germ cell tumors
Germ cell

o Normal FT|

ey L { epithelium
() - i
Stroma & STIC
HGSC P53
signature

Epithelial Layer

Stromal cells tumors Epithelial cells tumors
Sexcord-stromal Tumors 8% Surface Epithelial Tumors 90%
T;Scoma Serous
ibroma _
End troid
Sertoli-Leydig cell C::aacl)'r%eelrlm
Steroid Mucinous

Figure | The origin of OCs. OCs are classified according to the type of cells from which they originate. Among EOC, the HGSC arises from Fallopian tube lesions including
STICs and p53 signature at the end of the fimbriae. As STICs progress, exfoliation of malignant cells from STICs and/or fimbriae may spread and invade rapidly to the surface
of the ovary and peritoneum.

Miillerian system.'*!> In previous studies, we have shown that PAXS8 plays a critical role in cell cycle progression and
cell survival of thyroid differentiated epithelial cells.'® In tumors, PAXS8 positivity has been displayed in gliomas, renal,
thyroid, ovarian, Wilms and well-differentiated pancreatic neuroendocrine cancers.'’*' Moreover, PAX8 represents
a useful marker for the diagnosis of primary or metastatic neoplasms, given its lack of expression in mammary, lung and
mesothelial primary tumors.”*>* In the scenario of OC, the Cancer Genome Atlas (TGCA) Project indicated PAXS as
a survival gene essential for the proliferation of ovarian cancer cells."® Overall, PAX8 belongs to a class of lineage-
survival genes that are required for both normal development of specific tissues and for cancer cell proliferation/survival.
In this review, we outline PAX8’s function and its role in OC; moreover, we discuss PAXS8 regulatory mechanism(s) and
possible therapeutic approaches.

PAX8 Structure and Function

PAXS is a member of the PAired boX (PAX) gene family that is composed of nine genes in mammals tightly regulated in
both temporal and spatial expression patterns.>> These genes, as described in details in Table 1, have been sub-classified
into four subgroups based on shared structural motifs and similar expression pattern during embryogenesis.”® The PAX8
gene is located on chromosome 2 at position 2q12-14. Alternative splicing of PAXS generates five different transcripts
that give rise to equally distinct isoforms that are distinguished in their functional properties.’”*®* PAX8A with 450aa is
the longest and most common isoform that includes all the codons from exon 2 to 12. PAXS as the other members of
subgroup II is characterized by the presence of a Paired-domain (PD), an octapeptide (OP) and a partial homeodomain
(HD) (Table 1). The PD is a conserved 128 amino-acid DNA-binding domain composed by two helix-turn-helix motif
subdomains, PAI and RED.? The OP and HD exert positive or negative regulation of transcription depending on the
cellular context and availability of cofactors. Most of the current insight regarding PAX8 function during embryonic
development and in adults came from studies in the thyroid. PAX8 is expressed during thyroid development and it is
involved in sporadic and familial cases of CH with TD.***! Its expression plays a key role in determining the thyroid

1274  ‘hoes OncoTargets and Therapy 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Di Palma and Zannini

Table 1 Overview of PAX Transcription Factors

Group | Gene Structural Chromosomal Embryonic Expression Domain
Domain Location
| PAXI PD 20pl | Skeleton, thymus, pharyngeal
patterning
PAX9 OP 14q12 Skeleton, thymus, teeth
1l PAX2 PD 10q24 CNS, kidney
PAX5 OoP 9pl13 CNS, B-cells
PAX8 Partial HD 2ql2 CNS, kidney, thyroid, Miillerian
system
1] PAX3 PD 2q35 Neural crest, CNS, skeletal muscle
PAX7 OP 1p36 Neural crest, CNS, skeletal muscle
HD
I\ PAX4 PD 7q32 Pancreas, gut
PAX6 HD Ipl3 CNS, pancreas, gut, eye

Abbreviations: PD, paired domain; OP, octapeptide; HD, homeodomain; CNS, central nervous system.

differentiated phenotype,’® typically seen in adults. Pax8 knockout mice show hypoplastic thyroid deprived of the
follicular cells and die within 2—3 weeks after weaning.>® Exogenous thyroid hormone replacement allow female Pax8
null mice to survive, but they are infertile due to atresia of the uterus, closed vaginal openings and hydrosalpinx.** In the
male reproductive tissues, seminal vesicle and epididymis are PAX8 positive. The same treatment with exogenous
thyroxine in male Pax8 null mice restores the general deficits of CH, but also these mice are infertile due to abnormal
development of the efferent ducts, epididymis and complete absence of spermatozoa.>> PAXS is also involved in the
organogenesis of the kidney, but because of co-expression of PAX2, a severe phenotype is obvious only in the double
mutant mice.*® Summarizing, in line with its expression pattern, PAX8 is essential for proper development of different
body organ systems, especially the thyroid gland, the renal system and the Miillerian system.

Biological Activity of PAX8 in Cancers
It is well known that PAX genes are responsible for specifying positional information during embryonic development; in
cancers, their over-expression or aberrant expression confers a strong advantage to cancer cell growth, tumor progression
and maintenance, but they are not sufficient to initiate tumor.>” Based on this, the PAX8 transcription factor seems to be
crucial for the proliferation/survival of thyroid differentiated epithelial cells'® and thyroid cancer cells.*®

Kang et al*” evidenced that transforming growth factor-pl (TGF-B1) exerts its function through PAXS, regulating
normal and pathological processes in thyroid. Moreover, several studies reported that in a subset of human follicular
thyroid carcinomas (FTC) the PAX8/PPARY fusion protein (PPFP), composed of the paired and partial homeobox DNA
binding domains of PAXS8 fused to the coding exons of PPARy, caused by a chromosomal translocation, represents
a plausible early event in the development or progression of the tumor.*®*® The chimeric PPFP, whose expression is
under the transcriptional regulation of the PAX8 promoter,** exerts a dominant-negative effect on wild-type PPARy and
stimulates transcription of PAX8-responsive promoters.** PAX8 is also expressed in papillary thyroid carcinoma (PTC)
and anaplastic thyroid carcinoma (ATC) with ranging positive expression.*>*” Since PAXS acts as a master gene for
thyroid differentiation®” and represents an essential player for function and survival of adult thyroid cells,* it is likely
that variations in its expression level may affect the downstream molecular cascades (ie target genes) and in turn crucial
pathways in thyroid tumorigenesis.*’ In addition to the thyroid, the expression of PAX8 in neoplastic tissues has been

analyzed in several cancers, including Wilms’ tumor, renal carcinomas,”’5 0

well-differentiated pancreatic neuroendocrine
tumors,'® gliomas,'” endometrial and ovarian carcinomas.’'* According to its expression pattern, PAX8 is involved in

numerous pathways that contribute to carcinogenesis. In glioma cell lines, it plays a critical role for maintenance of
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telomeres, regulating the expression of telomerase RNA (hTR)."” Recently, it has been shown that PAXS plays an
oncogenic role in renal cell carcinoma (RCC).>* To date, several immunohistochemical analyses denote PAXS expression
in RCC, endometrial, cervical and various epithelial cancers.”®>>" In 2021, numerous and representative studies on
PAXS8 expression and role in epithelial carcinomas were thoroughly and accurately reviewed by Khizer et al.’® Overall,
PAXS emerges as an important factor for cancer cell growth and viability/survival through transcriptional regulation of
key factors such as Bcl2,” E2F1,%° p53 and p21.°" However, to improve our knowledge on the role of this transcription
factor in malignancies, it will be necessary to define the molecular pathways regulated by PAX8 and the multiprotein
complexes it is part of in different contexts.

PAX8 Mechanism of Action in HGSC

In OC, PAX8 was initially used as a histological marker but Bowen et al in 2007°% suggested a functional role of this
transcription factor in the uncontrolled growth of epithelial ovarian cancer (EOC) and in the physiological development
of the oviduct. Few years later, in 2011 Cheung et al'® using a genome-wide approach identified PAX8 as one of 54 genes
specifically essential for proliferation and viability of ovarian cancer cells. Subsequently, our studies provided strong
evidence of PAX8 involvement in OC tumorigenicity in vitro and in vivo.®* We demonstrated that PAXS8 affects cell
growth, migration and invasion of ovarian cancer cells and tumor growth in nude mice. Moreover, we suggested
a possible role of PAXS8 in the peritoneal dissemination of ovarian cancer cells by modulating the susceptibility to
anoikis of cancer cells and their interaction with the extracellular matrix.®> In HGSC PAXS acts as positive regulator of
mutated TP53, that in turns induces p21 to promote proliferative and anti-apoptotic effect.”* On the contrary, in
endometrial carcinoma mutated p53 and cytoplasmic p21 can independently mediate the pro-proliferative role of
PAX8.°! To better understand PAX8 function and to gain new insights on the transcriptional mechanism(s) regulated
by PAXS leading to OC, RNA-seq analysis before and after PAX8 knockdown were performed in Fallopian tube and
ovarian cancer cell lines by several research groups. In 2016, our group compared the transcriptome of normal Fallopian
tube secretory epithelial cells (FT-194) with that of ovarian cancer cells (SKOV-3) before and after PAXS silencing, to
identify genes and pathways modified during the transformation process and regulated by this transcription factor.®> We
highlighted that about 60% of the genes were differentially expressed between FT-194 and SKOV-3 and upon PAXS
silencing; the pathways most affected in both FT194 and SKOV-3 cells were TNFa signaling, inflammatory response,
apoptosis, UV response and epithelial mesenchymal transition, estrogen response and p53 pathway. Elias et al®
demonstrated that the gene expression changes between Fallopian tube and serous ovarian cancer cells were due to
PAX8 cistrome reprogramming. RNA-Seq and ChIP-Seq analysis were used to determine that the genes that were
differentially expressed between the cell lines above mentioned were located and clustered around the PAXS8 binding
sites. Epigenetic remodeling of PAXS cistrome may be responsible for gene expression alterations leading HGSC from
Fallopian tube; in fact, only in tumor the interaction between PAXS8 and YAPI1, important regulator of Hippo pathway,
was observed. The majority of the PAX8 binding sites were enriched in intergenic regions and super-enhancers (SEs);
this might explain the low phenotypic effects observed in normal Fallopian tube following PAXS8 knockdown, also
consistent with the results in the murine tissue.®” In tumor context, PAXS cistrome alterations may enrich the binding
sites for PAXS in intragenic regions and/or SEs, to ensure the presence in the PAX8 network of co-regulators and target
genes that encompass differentiation, development and tumorigenesis. Reddy et al®® developed the Cancer Core
Transcription Factor Specificity (CaCTS) algorithm, to identify tumor-driving master Transcription Factors (MTFs),
that is a set of SEs—associated transcription factors whose predicted binding motifs are enriched at SEs, that exhibit
tumor type—specific expression. By this approach it has been shown that PAX8, SOX17 and MECOM form a core
regulatory circuit driving tumor cell survival in high-grade serous ovarian carcinoma cell lines. Recently, it has been
demonstrated that the protein complex PAX8/SOX17 promotes angiogenesis in OC through inhibition of SERPINEI,
that is a potent suppressor of VEGF pathway.®® Bleu et al’® have examined in detail the mechanistic interaction between
PAX8 and MECOM. They demonstrated that PAX8 and MECOM are part of the same transcriptional complex and
determined a PAX8-MECOM gene signature featuring patients of OC with poor prognosis. Studies based on transcrip-
tional signatures allowed to distinguish epithelial subpopulation during Fallopian tube differentiation and to identify an
early secretory cluster enriched in HGSC.”' PAXS role in non-HGSC is similar to that in HGSC. Cheung et al'?
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indicated PAXS8 as a lineage-specific survival gene, essential for ovarian cancer cells’ proliferation. Another study
reported that PAX8 knockdown reduces anchorage dependent and independent growth and impairs in vivo
tumorigenesis.’* Furthermore, ovarian lineage-specific PAX8 regulon (regulatory network) is involved in decisive
events that determine cell fate and phenotype during Miillerian duct organogenesis, and if dysregulated aids ovarian
carcinogenesis.”> PAXS also is involved with RB in a reciprocal relation wherein PAX8 regulates E2F] promoter and
stabilizes RB helping in tumor cell growth.®® All studies above mentioned point to PAX8 as an important regulator of
signaling pathways in the context of OC. Its ability to associate with different partners in normal versus tumor cells
suggests that the PAXS protein complexes could be targeted specifically in tumor cells, leaving normal cells and tissues
completely unaffected.

PAX8 as a Target for Ovarian Cancer Therapy

HGSC is still one of the most lethal malignancies that affect women worldwide because the majority of the cases are
diagnosed after intraperitoneal spread, leading to a poor prognosis. Since PAXS8 is expressed in Fallopian tube secretory
cells and is retained in HGSC and mediates several tumorigenic effects in serous carcinoma, it can be considered
a promising drug target. As already mentioned, the altered PAXS8 cistrome in HGSC offers the opportunity to target
PAXS8 pharmacologically only in the transformed tissue. Recently, it has been demonstrated that PAX8 regulon in OC is
susceptible to HDAC inhibitors.”® Briefly, operative PAX8 regulon composed by 9 genes is epigenetically disabled by
HDAC inhibitors, resulting in downregulation of PAXS8 and its entire responsive network and suppression of ovarian
cancer growth. In the same year, Hardy et al’* demonstrated that PAX8 targeting either through CRISPR genomic
alteration or by drug treatment with thiostrepton leads to a reduction of tumor growth and metastasis. Nowadays, it is
clear that strategies aimed at reducing PAXS8 levels or inhibiting binding to crucial interacting proteins may impair tumor
progression and modulate the aggressive properties of cancer cells. As already cited, SOX17 functions as driving-tumor
MTF together with PAX8%®; along the same line Lin et al’> showed that both transcription factors display Miillerian
lineage-specific co-expression and co-regulate a broad range of downstream genes, including those involved in cell cycle
and tissue morphogenesis. Moreover, they uncover that transcriptional CDK inhibitors efficiently reduce SOX17 and
PAXS protein levels and also putative PAXS8 regulon genes was appreciably abolished. These orally bioavailable CDK
inhibitors are able to efficiently suppress tumorigenesis in vivo, in xenograft models. Another strategy employed to target
PAX factors is to inhibit their binding activity. Grimley et al’® identified among 227 potential PAX2 inhibitors a small
molecule, termed EG1 that effectively blocked PAX2-5-8 DNA binding activity and decreased the viability of cancer
cells. Recently, the same research group used an unbiased, cell-based, high-throughput screen to isolate compounds that
inhibit PAX2-5-8 transactivation ability.”” These small molecules, BG, do not interfere with PAX2-5-8 DNA binding
activity, whereas exert inhibitory effect on PAX2-5-8 transcription activation and consequently on cancer cells prolifera-
tion. Given that EG1 and BG compounds exert their action through two different mechanisms, the authors suggest the
possibility that the combining of both molecules may add therapeutic benefit in the future.

Conclusion

Epithelial ovarian cancers, shown to develop from both OSE and FTE, are the most common and aggressive form of OC.
About 80% of these are attributed to HGSC, that is the deadliest histological subtype of EOC. This is due to the fact that
at an early-stage HGSC is asymptomatic and specific biomarkers still do not exist, consequently the majority of the cases
are detected only at an advanced stage often with distant metastases (FIGO stage III-IV). The primary line of therapy
includes surgical debulking followed by taxanes and platinum-based chemotherapies. HGSCs are initially responsive to
drugs treatment, but usually very soon become chemoresistant and highly metastatic with subsequent patient relapse. For
many years, the ovary was considered the site of origin of HGSC development; however, this theory fails to explain the
presence of STICs in 60% of the patients with HGSC.”® Non-invasive STICs derived by secretory Fallopian tube
epithelial cells that undergo p53 mutations acquire invasive malignant behavior by accumulating genomic instability and
being exposed to paracrine factors of the ovarian microenvironment reach the ovary and peritoneum with all the
signatures of HGSC.
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It is relevant to underline that PAXS is expressed in normal Fallopian tube secretory cells and is preserved through
every stage of transformation until HGSC. Such retention is one of the evidences supporting the tubal origin of HGSC,’
thus investigating PAXS8 function in normal Fallopian tube cells could shed light on its role in tumor progression and
provide critical clues in the understanding of its exact niche in ovarian cancer development. Unpublished data from our
laboratory indicate that PAXS silencing affects stemness in 3D spheroids of Fallopian tube cell line, suggesting a critical
role of PAXS in the regulation of the secretory cells multipotency.

Given its cell-type and tissue type-specificity, limited expression in healthy adults and the dependency of OC to its
expression and activity, PAXS is a very promising diagnostic and therapeutic target for HGSC. It is known that PAXS is
associated with secretory pathways in thyroid and it is most likely that it has a similar role in the Miillerian tract, as
recently described for SERPINE1.”® Hence, it is reasonable to suppose that its putative targets could have an important
role as secretory factors and serve both as suitable biomarkers for the early diagnosis of HGSC and as useful therapeutic
target against this malignancy. In parallel, the early evidences on PAXS involvement in the metabolic reprogramming’*"
could indicate new candidates in terms of novel targets and predictive biomarkers. In conclusion, we think that the
combined therapeutic approaches of PAX inhibitors with other chemotherapeutic drugs may enhance their efficacy and in
particular improve the survival of patients with a worse prognosis.
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