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ABSTRACT

Prostate cancer (PC) is the second leading cause of death in men, affecting around 190 thousand
patients in 2020 alone (National Institute of Cancer, 2020). Much of the current research focuses
on treatments for advanced PC, which is problematic due to the rapid evolution of tumors and
development of treatment resistance. Cancer early detection presents a better approach to control
and treat patients before they acquire an incurable disease. Earlier diagnosis of patients leads to
better prognosis and a more comfortable treatment process (Etzioni et al., 2003). However, we
currently lack molecular markers to stratify PC during its early stages. This study reviews the
function and expression level of three DNA-binding transcription factors, FOXA1, HOXB13,
and CDX2, in different grades of localized PC. Our investigation shows a grade-dependent
increase in FOXAL expression in prostate tumors, such that high-grade tumors have the highest
levels of expression. In contrast, HOXB13 expression does not change in different grades of
localized PC. Interestingly, CDX2 has an inverse correlation with tumor grade, such that
high-grade tumors have the lowest level of CDX2 expression. We found that these markers
exhibit various functions in different tissues and tumors. Future research investigating the
function of the combinatory expression of FOXAL, HOXB13, and CDX2 in localized PC is
necessary to gain an in-depth insight into how these transcription factors work together, which

may potentially lead to an efficient PC early detection and treatment method.



1. Background

Cancer is the leading cause of death worldwide, responsible for 9.6 million deaths in
2018 alone, as estimated by the world health organization (World Health Organization, 2018). In
the US, prostate cancer is the second most common type of cancer detected in men, following
skin cancer (CDC Division of Cancer Prevention and Control, 2020). In terms of mortality,
prostate cancer remains the second leading cause of death in American men, following lung
cancer (American Cancer Society, 2020). Most prostate cancers are adenocarcinomas, but other
types exist, such as transitional cell carcinomas, small cell carcinomas, and neuroendocrine
tumors (Markman, 2020). Although the majority of the diagnosed prostate adenocarcinomas are
localized to the prostate gland, some become aggressive, such as castration-resistant prostate
cancers (CRPC) (Heidegger et al., 2019). It is essential to identify these tumors before they
present themselves as CRPCs to save patients' lives. However, it is not possible to identify which
localized prostate tumors would develop to become a CRPC, which is essential for saving many
patients' lives.

Many factors increase the risk of prostate cancer. For instance, familial history is one of
the most significant known risk factors. Having a first-degree relative with prostate cancer
increases a patient's risk by two-fold, which increases to 4-folds when the relative is diagnosed
before the age of 60 years old (Attard et al., 2016). Epigenetic factors, DNA replication, and
immune response are some of the other factors that contribute to prostate cancer progression
(Attard et al., 2016).

Molecular biomarkers hold a promise for the stratification of prostate cancer patients with
localized tumors. It is essential to understand the gene regulatory networks that consist of cis-

and trans-regulatory elements to identify the molecular biomarkers of aggressive prostate cancer.



Here, we review the expression and function of three essential transcription factors, FOXA1,
HOXB13, and CDX2, that control the expression of several downstream targets that may be
responsible for switching prostate tumors to an aggressive state. This paper focuses explicitly on
the trans-regulatory changes in high-grade versus low-grade localized prostate cancers.
Specifically, we aim to understand the expression and function of transcription factors FOXAL,
HOXB13, and CDX2 in different grades of prostate tumors, as well as in other cancer types. Our
overarching goal is to identify molecular biomarkers that can be potentially used as markers for

early detection of aggressive disease to prevent prostate cancer-related deaths.

1.1 Grading and stages of prostate cancer

Prostate cancer is identified and reported through a system called the Gleason scoring
system. Gleason scoring is based on assigning a composite score to prostate tumors through
examining histopathology images and their Gleason grades. To determine the Gleason grade,
pathologists review Hematoxylin and Eosin (H&E) stains of prostate tumor sections and assign
grades ranging from 1 to 5. Gleason grades are assigned based on the differentiation states of
cells in the tumor. A low Gleason grade indicates high similarity to normal prostate tissue and
thus a less aggressive tumor. Clinically, Gleason grades 1 and 2 are considered insignificant. In
comparison, Gleason grades 4 and 5 are associated with poorly differentiated cells, and thus
much worse patient outcomes (Prostate Cancer - Stages and Grades, 2019).

Prostate tumors are very heterogeneous. As a result, each prostate tumor foci often
consist of separate Gleason grades. The two Gleason grades identified in a prostate tumor with
the highest percentages are added based on their relative percentage to calculate an overall

Gleason score. For instance, if a prostate tumor consists predominantly of Gleason grade 3 and a



low percentage of Gleason grade 4, a Gleason score of 3+4 is assigned to the tumor. As a result,
Gleason scores for clinically significant prostate tumors can vary from 6 (3+3) to 10 (5+5).
Prostate cancers with a score of 6 (3+3) often indicate low-grade cancer, 7 (4+3 or 3+4)
medium-grade cancer, and 8 (4+4) or higher indicate high-grade cancer, depending on other
variables (Prostate Cancer - Stages and Grades, 2019).

There is a system to group prostate cancers with different Gleason scores into different
grades of cancer. Grade 1 group cancers consist of Gleason score 6 (3+3), grade 2 group cancers
consist of Gleason score 7 (3+4), grade 3 group cancers consist of Gleason score 7 (4+3), grade 4
cancers consist of Gleason score 8 (4+4), and finally grade 5 cancers consist of Gleason score 9
and 10 (Prostate Cancer - Stages and Grades, 2019). These grades are used to eliminate
deficiencies in the Gleason scoring system (Epstein et al., 2016). Patients often have hard time
understanding the composite Gleason score (Epstein et al., 2016). One way that Gleason scoring
system can create confusion for patients, is a Gleason score of 4+3 has a worse prognosis than a
score of 3+4 even though both of these cases have a Gleason score of 7 (Epstein et al., 2016).

Another way of classifying prostate cancer is through the TNM stages, which considers
the location, lymph node involvement, and metastatic status of the tumor (The American Cancer
Society, 2019). Five distinct prognostic stages, 0 and | to 1V, are proposed that incorporate
results from diagnostic tests such as the digital rectal exam (DRE) and the measurement of
prostate antigen level (PSA). A stage | prostate cancer is early prostate cancer with slow growth.
Tumors at this TNM stage cannot be felt in a DRE, have a low PSA score (<10ng/mL), and the
cells are usually well differentiated. During stage Il prostate cancer, the patients’ PSA levels are
medium (10ng/mL<x<20ng/mL), and the tumor is small. At this stage, the tumor has a high risk

of growing and spreading to other parts of the body. There are three subdivisions in this stage:



I1A, where the tumor is confined to the prostate; 11B, where the tumor is large enough to be felt
in a DRE; and IIC, where the cells are moderately or poorly differentiated. Stage Il prostate
cancer is marked by elevated PSA levels, fast-growing tumors, and a high Gleason score. While
stage Il tumors are localized to the prostate gland, they have a high possibility of aggressive
growth and metastasis. There are three subdivisions of stage Il cancers: subdivision A that is
identified by spread to the outer layer of the prostate and possibly to the seminal vesicles;
subdivision B that is identified by tumor invasion to nearby structures such as the bladder; and
subdivision C that is identified by further metastasis, poor differentiation of cells, and a high
Gleason score. Finally, stage IV prostate tumors show metastasis to other organs: subdivision
IVA tumors metastasize to a lymph node, and subdivision VB tumors metastasize to distant

organs such as the brain (Prostate Cancer - Stages and Grades, 2019).

1.2 The significance of early detection of cancer

Most cancer studies focus on therapies for advanced cancers. This is because most
patients are diagnosed when their disease has already taken a toll and spread from its origin. In
addition, many cancers develop resistance to therapy, and most of the advanced cancer therapies
are not the cure to all cancer types as they tend to focus on a specific type of cancer (Etzioni et
al., 2003).

It is well known that when cancer is detected early, patients have a better chance of
survival. Cancer early detection offers an alternative that not only helps lessen the burden on
patients, families, and the economy but also eliminates the possibility of cancer invasiveness and

spread, allowing earlier treatment and care (Etzioni et al., 2003).



Early detection screenings provide a mechanism for disease control when the method
screens for common diseases with high rates of mortality and morbidity. Detection of cancer at
its early stages improves prognosis assuming that treatment is available for the early stages.
Effective early detection screening methods can accurately identify cancer patients and can be
used to prevent the progression of these cancers to an advanced state. In addition, an effective
early detection screening can differentiate between aggressive and benign tumors, is inexpensive,
and does not cause discomfort to patients. On the other hand, early detection screenings can lead
to overdiagnosis, which is an essential consideration in cancer early detection research (Etzioni
et al., 2003).

In prostate cancer specifically, early detection is extremely important. Prostate cancer
risk increases significantly after the age of 65 years (St. Anthony Blogs, 2019). It is known that
having routine checkups starting at age 40 significantly aids in improvement for patients of
African American descent and those with a family history of prostate cancer (Prostate Cancer
Foundation, 2019). Prostate cancer screening usually includes a PSA level test, which can be
further supplemented with additional testing such as a DRE and a needle biopsy (Prostate Cancer
Foundation, 2019). However, many patients are misdiagnosed and mistreated every year in the
clinic due to the high number of false positives with PSA scores and under-sampling of the
prostate tissue in regular biopsies. In other words, there is an urgent clinical need to identify
precise markers to improve early detection screening tools as well as to develop early treatment

options for prostate cancer patients.



1.3 Gene regulation and transcription factors

The central dogma in biology describes the process of information transformed from
DNA to protein: DNA is transcribed into mMRNA molecules, which are then translated into
proteins in the ribosomes (Black et al., 2016). Gene transcription in eukaryotes involves the use
of RNA polymerase and consists of three stages: initiation, elongation, and termination (Black et
al., 2016). During initiation, RNA polymerase binds to a specific region in the DNA known as
the promoter sequence (Black et al., 2016). In this stage, the double-helical DNA is unzipped and
separated into a template strand and a coding strand. During elongation, RNA polymerase uses
the template strand of DNA to create a transcript that is complementary to the coding strand
(Black et al., 2016). Finally, during termination, RNA polymerase arrives at a specific sequence
that signals the end of transcription (Black et al., 2016). This process creates a pre-mRNA, which
is then modified, exported out of the nucleus, and spliced into mMRNA (Black et al., 2016).
MRNA molecules are then translated into proteins by the ribosomes located in the cytoplasm
(Black et al., 2016). Ribosomes, made of tRNAs, read the mRNA sequence in codons (three
adjacent nucleotides in the sequence) and match each codon with a corresponding amino acid
(Black et al., 2016). The amino acids are linked in a sequence by peptide bonds to make the
primary structure of a protein (Tymoczko et al., 2015). The protein then acquires a secondary
structure through a hydrogen bond linking an amino group of one amino acid to a carboxylic acid
group of another amino acid (Tymoczko et al., 2015). There are two types of secondary
structures depending on the pattern of hydrogen bonding. The first is in the form of an alpha
helix where a hydrogen bond exists between an amino group of one amino acid and the
carboxylic acid group of the fourth amino acid following it so that a hydrogen bond exists every

four amino acids (Tymoczko et al., 2015). The second type is the beta-sheet, which has a



hydrogen bond between an amino group of one amino acid on one strand and the carboxylic acid
group of an opposing amino acid on another strand (Tymoczko et al., 2015). In the tertiary
structure, R-group interactions lead the protein to fold into a more functional 3D shape
(Tymoczko et al., 2015). Tertiary structure interactions include hydrophobic and hydrophilic
interactions, Van der Waal's interactions, disulfide bridges, hydrogen bonds, and ionic
interactions (Tymoczko et al., 2015). Multiple tertiary protein units can then be linked to form a
quaternary structured protein composed of two or more subunits (Tymoczko et al., 2015).

The process of gene regulation is crucial for cell specification and function during
development. The types and expression levels of genes in distinct cells directly determine the
type, state, and function of those cells. As a result, it is a tightly controlled system at different
levels of the central dogma: both at the transcriptional and at the protein level. In multicellular
organisms, gene expression is controlled both spatially and temporally across multiple cell types.
Mistakes in gene regulation can have detrimental consequences associated with developmental
diseases and even cancer. For instance, transcription can be regulated in different ways by
modifying the chromatin structure. Translation can also be regulated by factors that modify
MRNA to an unstable form preventing it from being exported out of the nucleus. It is also
possible to regulate protein expression via post-protein modifications, such as adding specific
tags to the protein to mark it for degradation.

Transcription factors (TFs) are proteins that regulate gene expression by directly binding
to the regulatory sequences of a gene (Black et al., 2016). Each TF recognizes and binds to
specific nucleotide sequences in the DNA, governing cell-specific gene expression programs
(Labbe & Brown, 2018). There are two major types of TFs: activators and repressors.

Transcriptional activators increase the transcription of the genes they regulate, whereas



transcriptional repressors decrease or inhibit the transcription of their target genes. The portions
of DNA that TFs bind to are called regulatory DNA sequences, and these include promoters,
enhancers, and silencers. These non-coding regulatory sequences can be 1) distal to the
transcription initiation site, 2) downstream of the gene body, or 3) intronic. TFs have DNA
binding domains that recognize and bind to single or double-stranded DNA. In comparison to
DNA binding domains, activator domains of TFs do not directly interact with the DNA.
Activator domains are responsible for mediating the physical interaction of TFs with co-factors
and co-regulators that can change the binding specificity and the function of TFs.

In prostate cancer, there are several known TFs that are important for the initiation and
progression of the disease. One well-known example is the androgen receptor (AR). AR is a
ligand-dependent nuclear TF, and this ligand can be testosterone or dihydrotestosterone (DHT)
(Dai et al., 2017). In the absence of a ligand, AR is located in the cytoplasm bound to chaperon
and heat shock proteins. Once AR binds to a ligand, it undergoes a conformational change that
causes it to translocate to the nucleus, turning on its transcription activation function. The
conformational change of AR enhances its ability to homodimerize, stabilizes the binding of its
ligands, and stimulates the recruitment of AR's co-regulators (Dai et al., 2017). The homodimer
AR inside the nucleus works as a TF that recognizes and binds to specific DNA regions, known
as Androgen Recognition Elements (ARES). AREs are usually located in the promoter or
enhancer regions of the downstream target genes of AR. Upon binding to ARES, AR recruits
co-regulators, other TFs, and RNA polymerases to begin transcription. AR's ligand-binding site
is an important site where any changes, such as a deletion or a mutation occurring in this site,

renders AR inactive. A common chromosomal rearrangement in prostate cancer that leads to



fusion of TMPRSS2 promoter and oncogenic ERG increase AR activity, which is associated

with aggressive disease (Dai et al., 2017).

2. Methods

A variety of research and review articles were reviewed to collect and summarize
findings on FOXAL, HOXB13, and CDX2. The articles chosen dealt explicitly with the TFs
studied. They were grouped based on the TF they discussed. These groups were further divided
into two divisions; one included normal functioning of the TF, and the other included the specific
TF and its role in prostate cancer. This review included articles over the past two decades with a
focus on the most recent findings. The human protein atlas was used to analyze expression levels
and study prostate tumor slides (Figure 1). JASPAR was used to find TF binding motifs (Figure
2) (JASPAR, 2020). Finally, the UCSC genome browser was used to investigate the conversation

of TF binding sites across different species of mammals (UCSC Genome Browser).

3. Trans-regulators of Prostate Cancers

3.1 FOXAl
3.1.a Structure and Binding

FOXAL is one of the three TFs in the FOX family. This family of TFs is known to have a
unique forkhead domain that binds to DNA monomers (Hankey et al., 2020). As a pioneer factor,
FOXAL binds to nucleosomes and repositions them by moving histones and counteracting areas
in the condensed chromatin region, upregulating transcription (Hankey et al., 2020). It is

important to note that FOXA1 binds to condensed euchromatin and not heterochromatin (Hankey
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et al., 2020). FOXA1 was found to bind to sites in the genome that match the sequence

5 -T[G/A]TT[T/G][A/G][C/T][T/AIC][T/C][T/A][G/T/C]-3’ (JASPAR, 2020) (Figure 2).

3.1.b Expression

Due to the variety of functions that FOXA1 has, it is expressed in many organs. FOXA1
is expressed in the pancreas, specifically at the glucagon expressing pancreatic alpha islet cells
(Bernardo & Keri, 2012). It is also expressed in Type Il alveolar cells, including both the lungs'
epithelial and secretory cells (Bernardo & Keri, 2012). FOXAL is expressed at the notochord and
floor plate of the fetal brain (Bernardo & Keri, 2012). Expression of FOXAL is also found in the
epithelial cells of the gastrointestinal (GI) tract. In the mammary glands, the expression of
FOXAL is correlated with both ER and GATAZ3, contributing to the development of mammary
glands (Bernardo & Keri, 2012).

Research studies so far show that both low-level expression and overexpression of
FOXAL can contribute to cancer. In certain types of cancers such as Acute Myeloid Leukemia,
anaplastic thyroid carcinoma, along with subsets of esophageal and lung cancers, overexpression

of FOXA1 was noted (Bernardo & Keri, 2012).

3.1.c Function

FOXAL has a critical role in embryonic development and in regulating nuclear receptor
signaling systems, including estrogen receptor (ER), glucocorticoid receptor (GR), and androgen
receptor (AR) (Hankey et al., 2020).

FOXAL is required for the development of a normal pancreas morphology and liver

(Hankey et al., 2020) (Bernardo & Keri, 2012). Interestingly, mice that lost FOXAL have normal
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liver and pancreas development (Bernardo & Keri, 2012). This is hypothesized to be due to
compensation by FOXA2 (Bernardo & Keri, 2012). However, these mice maintained a high
postnatal fatal rate even with normally developed organs (Bernardo & Keri, 2012). Loss of both
FOXAL and FOXAZ led to bile duct hyperplasia and fibrosis in adult mice, while liver
development was unaffected (Bernardo & Keri, 2012).

In the mammary glands, the expression of FOXAL is required for the full activity and
expression of ER and, thus, mammary gland morphogenesis (Bernardo & Keri, 2012). FOXAL
mainly functions to promote the morphogenesis of the mammary ducts and inhibits terminal
differentiation of the alveoli (Bernardo & Keri, 2012).

In breast cancer and pancreatic cancer, where AR is not expressed, FOXA1 works as a
tumor suppressor (Hankey et al., 2020). A study showed that the loss of FOXAL and FOXA2 led
to an increase in the epithelial-mesenchymal transitions in pancreatic cancer cells, indicating a
metastatic suppressive role of FOXAL in that case (Bernardo & Keri, 2012).

In lung development, FOXA1 plays an indispensable role. Experiments with FOXAL null
mice showed delayed lung development and decreased expression of the markers required for
lung differentiation during embryogenesis (Bernardo & Keri, 2012). Similarly, in lung tissue,
FOXAZ2 can compensate for the loss of FOXAL. Mice that lack both FOXAL and FOXA2 had a
drastically impaired differentiation of epithelial lung cells and a decreased mRNA expression of
SHH, typically required for the differentiation of lung cells (Bernardo & Keri, 2012). FOXAL
may have a specifically crucial function in the lung tissue due to its role in alveolar type Il

apoptosis and hydrogen peroxide-induced apoptosis (Bernardo & Keri, 2012).
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In the brain tissue, FOXAL helps in the maturation of midbrain dopaminergic neurons
(Bernardo & Keri, 2012). FOXAZ2 can compensate for the loss of FOXAL in the brain, similarly
to the lung, liver, and pancreas (Bernardo & Keri, 2012).

In the Gl tract, loss of FOXAL resulted in viable mice with slow growth and low mass
(Bernardo & Keri, 2012). Although the intestinal morphology was normal, the intestinal tracts'
secretory functions were reduced (Bernardo & Keri, 2012). FOXAL was shown to bind to the
promoter of the Muc2 gene, which encodes for mucin (Bernardo & Keri, 2012). When FOXAL is
absent, this protein is not produced (Bernardo & Keri, 2012). This highlights the importance of
FOXAL in the secretory function of the Gl tract. Overall, loss of FOXAL in the intestinal tract
led to a diminished form of the goblet cells and reduced differentiation of D-cells and L-cells,
essential for intestinal hormones (Bernardo & Keri, 2012). Loss of FOXAL was also seen to
decrease cellular invasion and metastasis in some types of esophageal cancers (Bernardo & Keri,
2012).

FOXAL has many other essential functions, such as activating the transcriptional
enhancers via H3K4me2. H3K4 recruits FOXAL, which then recruits MLL3, leading to a
methylation switch from H3K4 to H3K4me2 (Hankey et al., 2020). This works in a positive

feedback loop since methylated H3K4 recruits, even more, FOXAL (Hankey et al., 2020).

3.1.d FOXAI expression and function in prostate cancer

FOXAL is uniquely expressed in both the epithelial cells and the stromal cells of the
prostate. FOXAL is responsible for the prostate morphogenesis in the glandular epithelial cells
and has secretory functions in the tumor stroma. The expression of FOXAL in the prostate starts

during embryonic development and is maintained throughout adulthood (Bernardo & Keri,
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2012). Although FOXAZ1 has an essential role in liver development, the prostate, seminal
vesicles, and bladder tissues have higher mMRNA levels than the liver (Hankey et al., 2020). The
expression level of FOXAL is critical to the prostate since its overexpression can easily lead to
reprogramming of the AR cistrome and thus promote prostate tissue tumorigenesis (Labbe &
Brown, 2020).

FOXAL is vital for proper luminal secretions in the prostate (Bernardo & Keri, 2012).
FOXAZ2 cannot compensate for the loss of FOXAL in the prostate epithelial cells (Bernardo &
Keri, 2012). When FOXAL is lost, FOXAZ2 is upregulated, which triggers AR to function in a
manner that is dependent on androgen, resulting in hyperproliferation (Bernardo & Keri, 2012).
Loss of FOXAL can lead to prostate cancer in two ways. The first is via the inhibition of the
tumor suppressor NKX3 gene (Bernardo & Keri, 2012). The second way is by increasing the
SHH signaling (Bernardo & Keri, 2012). Our analysis using the human protein atlas shows that
FOXAL is strongly expressed in low-, medium-, and high-grade prostate cancers with an
increased level of expression in medium- and high-grades (Figure 1).

Loss of FOXAL in the prostate leads to cancer by increased hyperproliferation of
epithelial cells, increased SHH oncogenic signaling, and decreased suppressor activity of NKX3
(Bernardo & Keri, 2012). This indicates that FOXAL has a tumor-suppressive role in the
prostate's epithelium (Bernardo & Keri, 2012). This role changes in the absence of androgens,
where FOXAL1 is shown to promote growth (Bernardo & Keri, 2012). In this case, a high
expression level of FOXAL is correlated with a poorer prognosis for prostate cancer patients and
more metastasis of the tumor (Bernardo & Keri, 2012). Besides, the co-expression of FOXA1

and AR led to even worse outcomes and prognoses in the absence of androgen (Bernardo &
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Keri, 2012). FOXA1 was also shown to positively regulate AGR2, which is a metastasis inducer
contributing to prostate cancer (Bernardo & Keri, 2012).

FOXAL has a role in establishing the AR transcriptional program of the prostate cells by
recruiting AR to half-AREs with low affinity (Labbe & Brown, 2020). Increased levels of
FOXAL lead to an increase in the binding of AR to the open regions of chromatin. This results in
AR being forced to areas of ARESs that would not be accessible under normal cellular conditions
(Labbe & Brown, 2020). This means FOXAL expands the binding of AR to less available AR
binding sites on the chromatin, allowing for increased control over the transcription of genes
(Hankey et al., 2020). However, when FOXAL is low, AR binding to AREs diminishes, which
triggers corrupted transcriptional programs in the cell (Labbe & Brown, 2020). This shows the
important role FOXAL plays along with AR in promoting prostate differentiation during
development (Bernardo & Keri, 2012) (Labbe & Brown, 2020).

Since FOXAL1 is involved in AR signaling, an increase in FOXA1 can lead to oncogenic
transcription driven by increased AR binding (Hankey et al., 2020). The overexpression of
FOXAL reprograms the AR cistrome leading to tumorigenesis in the prostate (Bernardo & Keri,
2012). Many prostate cancer patients with mutated FOXAL have a high transcriptional activity of
AR and hypermethylation of the genome, which aligns well with the known functions of FOXAL
in the prostate (Hankey et al., 2020). It is also well established that FOXAL can work
independently of AR. In these cases, FOXA1 has been shown to function as a repressor and a
barrier to the epithelial-mesenchymal transition (Hankey et al., 2020). FOXA1 works as a tumor
suppressor in the absence of androgen by inhibiting the progression of the cell cycle, preventing
AR binding, decreasing cell motility, and decreasing the epithelial-mesenchymal transition

(Hankey et al., 2020).
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3.2 HOXB13
3.2.a Structure and binding

HOXB13 is another pioneer factor in the HOX group, which belongs to the homeobox
TF family (Hankey et al., 2020). It contains a homeobox DNA binding domain that recognizes
and binds to A/T rich sequences (Hankey et al., 2020). HOXB13 works closely with the cofactor
MEIS1, which is part of the TALES family (Hankey et al., 2020). Upon MEIS1 binding,
HOXB13 acquires a stronger DNA binding ability to specific target sequences (Hankey et al.,
2020). There are two sites within the activator domain of HOXB13, which are responsible for the
physical interaction of HOXB13 with MEIS1 (Hankey et al., 2020). HOXB13 binding motif
often matches the following sequence 5’-[C/G/A][C/T][A/CIT]AT[A/T]AA[A/C/T][C/IA/T]-3’
(JASPAR, 2020) (Figure 2).

The mutation of HOXB13 at its interaction domain with MEIS1, G84E mutation, was
found to increase the risk of prostate cancer development via mechanisms that are currently
unknown (Hankey et al., 2020). This mutation was associated with an earlier onset of prostate
cancer, higher PSA levels, and higher Gleason scores in patients (Hankey et al., 2020). MEIS1
expression is known to decrease gradually during prostate carcinogenesis (Hankey et al., 2020).
However, MEISL1 silencing was shown in one study to inhibit cell proliferation. These findings
regarding the G84E mutation indicate a complex mechanistic control of HOXB13-MEIS1

interaction over prostate cancer progression (Hankey et al., 2020).
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3.2.b Expression

HOXB13 is expressed in the posterior region of human and mice embryos, and it controls the
anterior/posterior patterning of the prostate gland (Hankey et al., 2020). The highest level of
expression of HOXB13 occurs during the development of the body's posterior segments (Decker
& Ostrander, 2014). This expression then persists at lower levels through adulthood, such as in

the colon (Decker & Ostrander, 2014).

3.2.c Function

HOXB13 mainly regulates the development of anterior/posterior patterning in vertebrates
(Hankey et al., 2020). Another function of HOXB13 is to promote cells' differentiation into
luminal epithelial fate (Hankey et al., 2020).

Working independently of MEIS1, HOXB13 is able to repress the transcription of
specific genes (Hankey et al., 2020). One example of this is when HOXB13 inhibits the
transcription of CBP, or P300, by repressing the activity of the histone acetyltransferases
associated with them (Hankey et al., 2020). HOXB13 can also function independently of its
DNA binding activity by using other TFs to repress the transcription of downstream target genes
(Hankey et al., 2020).

There are many contradicting findings regarding HOXB13 and the role it plays in cancer.
The overexpression of HOXB13 was found to inhibit growth in colorectal cancers, while its
decreased expression was shown to reduce tumor invasion in ovarian cancer (Hankey et al.,
2020). Along with that, other studies have also found that HOXB13 expression inhibits the
growth of colon cancer (Decker & Ostrander, 2014). In renal carcinomas, HOXB13 was found to

suppress tumor growth (Decker & Ostrander, 2014).
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3.2.d HOXB13 expression and function in prostate cancer

HOXB13 is expressed in the luminal epithelial cells in developing prostate and adult
prostate and contributes to its secretory function (Hankey et al., 2020). Its expression is
imperative to develop the prostate and the luminal epithelial cells of the prostatic ducts (Decker
& Ostrander, 2014). More specifically, HOXB13 is important for the differentiation of the
ventral prostate, which contains the secretory cells (Decker & Ostrander, 2014).

Mutations in the HOXB13 gene lead to defective morphology of the ventral prostate due
to the function of HOXB13 in anterior/posterior development. HOXB13 mutations also lead to
loss of differentiation of the luminal epithelial cells and can cause a complete absence of the
prostate's secretory function (Hankey et al., 2020). HOXB13 knockout mice exhibit a cuboidal
morphology instead of the normal columnar prostate epithelial cell morphology (Decker &
Ostrander, 2014).

In prostate cancer, HOXB13 was found to have contradicting roles depending on the
expression of other factors in the same gene network. However, it is found to be mainly
oncogenic when overexpressed (Hankey et al., 2020). Our analysis using the human protein atlas
shows that HOXB13 is expressed in low-grade and high-grade prostate cancer (Figure 1).
However, no data was found on medium-grade prostate cancer (Figure 1). HOXB13 interacts
with AR and, as a result of this interaction, can both enhance or repress AR transcription of
shared target genes, similar to FOXAL (Hankey et al., 2020). Even though HOXB13 represses
the transcription of some AR-regulated genes, it acts as an obligate coactivator of other AR
genes at the same time (Decker & Ostrander, 2014). This shows how HOXB13 has the function
of fine-tuning AR transcription in androgen-dependent prostate cancer (ADPC) (Hankey et al.,

2020).
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HOXB13 has different roles in Androgen-Dependent Prostate Cancer (ADPC) in the
absence versus presence of AR. It has been shown that AR expression results in HOXB13
controlled repression of the cell cycle, and the absence of AR results in HOXB13 controlled
stimulation of the cell cycle (Decker & Ostrander, 2014). In ADPC, HOXB13 was found to have
a tumor-suppressive role in the presence of AR (Hankey et al., 2020). HOXB13 inhibited T-cell
factors, precisely T-cell factor 4 when overexpressed and caused the prostate cell to be arrested
at the G1 phase (Decker & Ostrander, 2014). In agreement with this study, another study found
that the knockdown of HOXB13 led the cells to grow more rapidly (Decker & Ostrander, 2014).
It has also been found that the overexpression of HOXB13 inhibited the growth of prostate
cancer cell lines (Hankey et al., 2020). On the other hand, HOXB13 overexpression was shown
to inhibit P21, an important tumor suppressor, and promote cellular growth in AR negative cells
(Decker & Ostrander, 2014). Further investigations showed that overexpression of HOXB13
suppressed the formation of colonies in LNCaP cells, which was overcame by an increase in AR
(Hankey et al., 2020). In comparison, HOXB13 was shown to promote prostate cancer growth in
hormone-independent tumors (Hankey et al., 2020). Tumor invasion and metastasis were
stimulated by the expression of HOXB13 in androgen-independent prostate cancer cell lines
(Decker & Ostrander, 2014).

The comparison of HOXB13 expression levels in ADPC versus CRPC showed that
HOXB13 was overexpressed in CRPC relative to ADPC (Hankey et al., 2020). One study found
that the silencing of HOXB13 led to the inhibition of CRPC cell growth (Hankey et al., 2020).
Generally, HOXB13 is overexpressed in prostate tumor tissue and specifically overexpressed in
CRPC tumors (Decker & Ostrander, 2014). A positive correlation between HOXB13 expression

with both PSA levels and Gleason score was reported in patients (Decker & Ostrander, 2014).
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In knockdown studies, loss of HOXB13 decreased the ability of androgen treatment to
stimulate proliferation and migration in prostate cells (Hankey et al., 2020). In another study,
knockdown of HOXB13 inhibited the growth of prostate cancer cell lines (Decker & Ostrander,
2014). Both of these studies support the aforementioned findings in that HOXB13
overexpression led to prostate cancer through the disruption of cell proliferation pathways.

The co-expression of HOXB13 and FOXA1 was shown to change AR cistrome and
transform normal prostate epithelial tissue into a tumor-like state (Hankey et al., 2020). This is
very likely since HOXB13 also regulates AR transcription, as mentioned earlier, just like
FOXAL. The binding sites of HOXB13 on AR are enriched in AR regions that are

tumor-specific, indicating a significance of HOXB13 to prostate cancer (Hankey et al., 2020).

3.3 CDX2
3.3.a Structure and Binding

CDX2 is a TF that belongs to the Homeobox family as part of the non-clustered genes
(Herawi et al., 2006). CDX2 interacts with HOX genes and greatly affects their function by
either repressing or activating them (Herawi et al., 2006). This regulation is directly related to
HOXB13 expression in the prostate tissue since the promoter region of HOXB13 contains
multiple CDX2 binding sites. In addition, the gene that codes for vitamin D receptor has a
binding site for CDX2, which indicates that CDX2 can affect Vitamin D binding. It was shown
that a higher expression of calcium channel proteins is accompanied by higher CDX2 binding
(Herawi et al., 2006). CDX2 binding motif often matches the following sequence

5’-[AITIG]G[C/TIAATAAA[A/T/C]-3’ (JASPAR, 2020) (Figure 2).
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3.3.b Expression

CDX2 is expressed in the epithelium of the intestinal tract during development
(Moskaluk et al., 2003). More specifically, CDX2 is expressed in the epithelial lining of the
duodenum, ileum, appendix, colon, and rectum (Moskaluk et al., 2003). One study confirmed
that CDX2 is strongly expressed in the epithelial cells of the small bowel and the colon
(Kaimaktchiev et al., 2004). In comparison, CDX2 is not expressed in the epithelium of the most
distal portion of the Gl tract (Moskaluk et al., 2003).

CDX2 is also expressed in normal pancreatic tissue, specifically in the small pancreatic
ducts, epithelial lining of the ducts, and centroclinal cells of the pancreas (Moskaluk et al., 2003).
CDX2 expression in the pancreas is weaker than the expression in the epithelial cells of the Gl
tract and is more prominent in areas with pancreatitis (Kaimaktchiev et al., 2004). CDX2
expression was not detected in the pancreatic acinar epithelium or the epithelium of the islets
(Moskaluk et al., 2003). Additionally, CDX2 is not expressed in the main pancreatic duct or the
distal common bile duct (Kaimaktchiev et al., 2004).

CDX2 expression was not observed in any other normal tissues, including the prostate
tissue, even though there have been reports of CDX2 in normal prostate tissue (Moskaluk et al.,
2003) (Kaimaktchiev et al., 2004).

Multiple studies found that CDX2 is strongly expressed in both benign and malignant
epithelium of the intestine (Herawi et al., 2006) and GI tumors (Dennis et al., 2005). This aligns
well with CDX2's expression pattern in normal tissue, which is the strongest in the gut and the
Gl tract (Dennis et al., 2005).

On the other hand, it has been reported that CDX2 is expressed only in colon cancer and

is not expressed in gastric cancer (Dennis et al., 2005). Intense staining of CDX2 of more than
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50% was found in about 90% of colorectal cancers indicating high CDX2 expression in colon
carcinomas (Moskaluk et al., 2003). Another study by Kaimaktchiev et al. found nuclear
expression of CDX2 in 97% of colon adenocarcinomas. They also found cytoplasmic expression
of CDX2 in 85.7% of colorectal adenocarcinomas (Kaimaktchiev et al., 2004). Moskaluk et al.
did not agree with Dennis et al. since they found CDX2 to be expressed in 89% of midgut
carcinoids and 44% of hindgut carcinomas (Moskaluk et al., 2003). In contrast, this same
expression pattern of CDX2 was found at much lower percentages in other cancers. For example,
CDX2 was expressed in 20% of gastroesophageal adenocarcinomas, 20% of mucinous
adenocarcinomas, and 4.3% of endometrioid adenocarcinomas (Moskaluk et al., 2003).

CDX2 is also expressed in other carcinomas, including urinary bladder and ovary,
specifically in ovarian mucinous tumors (Herawi et al., 2006). In the ovary, 10.5% of mucinous
adenocarcinomas had positive CDX2 expression while only 9.3% of endometrioid
adenocarcinoma had CDX2 expression (Kaimaktchiev et al., 2004).

CDX2 expression was found to be lower in stomach and pancreas cancers (Dennis et al.,
2005). A positive CDX2 expression was found in 28.9% of intestinal-type stomach
adenocarcinomas (Kaimaktchiev et al., 2004). Moskaluk et al. also found that CDX2 is
expressed in 20-30% of stomach adenocarcinomas. Although CDX2 is expressed in the normal
pancreatic tissue, no CDX2 expression was found in ductal pancreatic adenocarcinomas
(Moskaluk et al., 2003) (Dennis et al., 2005). In addition, the absence of CDX2 expression in any
other pancreatic adenocarcinomas is reported (Dennis et al., 2005). In stomach and pancreas
cancers, CDX2 expression was often accompanied by the expression of CK20, mesohaline,

and/or CA125 (Dennis et al., 2005).
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Less than 1% of the samples with other types of cancer had a strong expression of CDX2
(Moskaluk et al., 2003). Kaimaktchiev et al. found that CDX2 expression decreased in poorly
differentiated cancers. They also found an inverse relation between CDX2 expression and tumor
grade: a higher grade showed a decreased CDX2 expression. A high expression of CDX2 was

found in neuroendocrine tumors derived from the intestinal epithelium (Moskaluk et al., 2003).

3.3.c Function

The primary function of CDX2 is to regulate the axial development of embryos. It also
has an essential function in cell proliferation and differentiation of epithelial cells, specifically in
the Gl tract (Herawi et al., 2006) (Moskaluk et al., 2003). Due to this function, CDX2 is often
used as a marker for colon cancers (Moskaluk et al., 2003) and adenocarcinomas of the GI tract
in general (Kaimaktchiev et al., 2004). CDX2 can also increase the expression of many genes
involved in developing the epithelium of the intestine (Moskaluk et al., 2003).

Some studies have found that CDX2 may act as a tumor suppressor (Moskaluk et al.,
2003). CDX2 arrested the proliferation of undifferentiated intestinal cells when its expression
was induced in these cells (Moskaluk et al., 2003). However, this finding was skeptical since
CDX2 is well overexpressed in the Gl tract and adenocarcinomas in that area, making its
function as a tumor suppressor unlikely (Moskaluk et al., 2003).

CDX2 expression can also act as a predictor of primary cancers originating from the Gl
tract (Moskaluk et al., 2003). Tumors that metastasized from the Gl tract tend to have high levels
of CDX2 expression compared to tumors that metastasized from other areas such as the
pancreas, stomach, or lung, which tend to have very low levels of CDX2 expression (Moskaluk

et al., 2003).
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3.3.d CDX2 expression and function in prostate cancer

CDX2 expression in prostate cancer varies among different studies depending on the
subtypes of prostate cancer samples used (Herawi et al., 2006). CDX2 was shown to be weakly
expressed in 5.7% of prostate cancers with no dependence on the cancer stage (Herawi et al.,
2006). When radical prostatectomies of benign prostate tissues were analyzed for CDX2
expression, 11.7% of cases showed CDX2 expression (Herawi et al., 2006). This same study
found no CDX2 expression in metastatic prostate carcinomas (Herawi et al., 2006). Werling et
al. found that CDX2 was expressed in only 3.7% of prostate tumors, while Moskaluk et al. only
had 2% expression of CDX2 in prostate tumors (Werling et al., 2003). Our analysis using the
human protein atlas shows that CDX2 is expressed at higher levels in low-grade prostate cancer

as compared to high-grade prostate cancer (Figure 1).

4. Conclusion

Prostate cancer is the second common cause of death for men in America. Most of the
research around prostate cancer focuses on finding treatment for advanced stages since patients
are often diagnosed only after their prostate cancer has progressed. Early detection screenings
can help by diagnosing patients earlier, reducing poor prognoses, and allowing earlier treatment.
Because cancer results from abnormal genetic changes that lead to hyperproliferation of cells,
regulators of gene expression, such as TFs, present an ideal target for early detection of cancers.
We reviewed the expression level and function of three crucial TFs involved in prostate cancer,
which can be used to develop a prostate cancer early detection method.

The detailed research studies on FOXA1, HOXB13, and CDX2 provide information on

these TFs in prostate cancer and other cancer types. However, the combinatory expression and

24



function of these three TFs have not been addressed before. From the information we reviewed
here and expression data we collected from the Human Protein Atlas as seen in Figure 1, we
observe that: FOXA1 expression increases with the tumor grade, HOXB13 seems to be
moderately expressed regardless of grade, and CDX2 expression is inversely related to tumor
grade in prostate cancer. We observe patchy stains for CDX2 in low-grade, weaker staining in
medium-grade, and no expression of CDX2 in high-grade prostate adenocarcinomas. These
results indicate that all three TFs are combinatorically expressed in many localized prostate
tumors with various grades. Additionally, the interaction of FOXA1 and HOXB13 leading to
prostate carcinogenesis and potential CDX2 regulation of HOXB13 in the prostate tissue indicate
that these three TFs may have a synergistic function in aggressive prostate cancer. We speculate
that combinatory expression of FOXAL, HOXB13, and CDX2 in the early stages of prostate
tumors may mark “low-grade” prostate tumors with a high potential of transforming into
aggressive prostate cancer. Further research needs to be done analyzing expression levels of
FOXAL, HOXB13, and CDX2 using immunofluorescent microscopy to analyze biopsy samples
from patients who started with a low-grade tumor that progressed to a medium- or high-grade
prostate tumor.

Studying the levels and combinatory function of FOXA1, HOXB13, and CDX2 will
ultimately help generate methods for prostate cancer early detection that use these TFs as target
markers. As discussed earlier, TFs regulate gene expression in various ways, and many of them
have the ability to induce cellular hyperproliferation and uncontrolled division. These TFs often
tend to vary in expression levels in healthy and cancer cells. An early detection screening test

can measure the levels of the three TFs reviewed here and, based on a decrease or an increase,
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can then be used to make an early diagnosis of patients with prostate cancer. As explained

previously, with early diagnosis, patients can have improved prognoses and outcomes.
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Figure 1. The protein expression patterns of FOXA1, HOXB13, and CDX2 in low-, medium-

and high-grade prostate cancer collected from the human protein atlas (The Human Protein

Atlas, 2020).
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Figure 2. The DNA binding sequences of FOXA1, HOXB13, and CDX2, shown as position
weight matrices from the JASPAR database (JASPAR, 2020).
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