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Abstract

Background: Androgen deprivation therapy (ADT) is extensively used in prostate cancer. Yet
the risk of impaired cognition or Alzheimer disease (AD) in men with prostate cancer receiving
ADT is uncertain. Some studies of prostate cancer and ADT suggest that the risk of AD is not
increased. But other studies have found an increased risk of AD and cognitive impairment.

Objectives: As the uncertainty about ADT and dementia might relate to the genetics of prostate
cancer and AD, the authors used the Cancer Genome Atlas (TCGA) to examine the relationship in
men with prostate cancer between genes implicated in AD and genes implicated in prostate cancer.

Methods: The authors examined the genomics of 492 prostate cancer cases in the Genomic Data
Commons (GDC) TCGA Prostate Cancer (PRAD) data set. To access and analyze the data, 2 web-
based interfaces were used: (1) the UCSC Xena browser, a web-based visual integration and
exploration tool for TCGA data, including clinical and phenotypic annotations; and (2) cBioportal,
a web-based interface that enables integrative analysis of complex cancer genomics and clinical
profiles.

Results: Co-occurrence analysis indicates that alterations in the prostate cancer gene Speckle-
type POZ protein (SPOP) significantly co-occur with alterations in the AD gene B/NI (P< 0.001).
The presence of somatic mutations (deleterious and missense/in frame) in SPOP deranges BIN1
gene expression. SPOP/BINI RNA gene expression in 492 prostate cancer specimens is
significantly correlated (P < 0.001). Increased expression of SPOPin 492 prostate cancers is
associated with reduced survival (P=0.00275). Men receiving pharmacologic therapy had a tumor
with a significantly higher Gleason score (P= 0.023). Gleason score and B/NI RNA gene
expression, unit log2 (fragments per kilobase of transcript per million mapped reads upper quartile
[FPKM-UQ]+1), in 499 prostate cancer specimens were significantly inversely correlated (P <
0.001).

Conclusions: BI/NI forms part of a network that interacts with the MYC oncogene, activated at
the earliest phases of prostate cancer and in its position on chr8g24 linked to disease
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aggressiveness. Dynamic regulation of the BIN1-Tau interaction is involved in AD. B/NIloss in
AD allows phosphorylated tau to be mis-sorted to synapses, which likely alters the integrity of the
postsynapse, alongside reducing the functionally important release of physiological forms of tau.
Alzheimer symptoms are usually preceded by a preclinical phase that may be 16 years long. The
authors suggest that the ADT dosage reflects the severity of a process that is already underway.
The severity is determined by the genetics of the tumor itself, at least in part by B/NI. ADT is not
causing new cases of AD. The oncologist treats higher-grade prostate cancer with more ADT,
which serves as a surrogate marker for disease severity. Our analysis of TCGA data does not
support the idea that ADT causes AD or dementia.
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Androgen deprivation therapy (ADT) is extensively used in prostate cancer. Yet the risk of
impaired cognition or Alzheimer disease (AD) in men with prostate cancer receiving ADT is
uncertain.! Some studies of prostate cancer and ADT suggest that the risk of AD is not
increased.2-5 But other studies have found an increased risk of AD and cognitive
impairment.’—9

The androgen receptor (AR) directly mediates neuroprotection.1? But testosterone
apparently does not affect those parts of the brain that demonstrate sex differences in
performance; and no one knows whether testosterone is necessary to maintain intellect
throughout life.11

Testosterone is related to cognition, and sex hormones affect brain development. Androgens
modify neural activity needed for learning and memory and are neuroprotective during
aging. Androgens protect against AD in mouse models? and, hypothetically, humans.13

The uncertainty about ADT and dementia may relate to the genetics of prostate cancer and
AD. In the current analysis, we used the Cancer Genome Atlas (TCGA) to examine the
relationship in men with prostate cancer between genes implicated in AD and genes
implicated in prostate cancer.

METHODS

We examined the genomics of prostate cancer in the Genomic Data Commons (GDC)
TCGA Prostate Cancer (PRAD) data set and the MSKCC/DFCI data set.14 TCGA contains
an analysis of over 11,000 tumors from 33 of the most prevalent forms of cancer.1® To
access and analyze the data we used:

. UCSC Xena browser, a web-based visual integration and exploration tool for
TCGA data, including clinical and phenotypic annotations.16 Gene expression is
quantitated as fragments per kilobase of transcript per million mapped reads
upper quartile (FPKM-UQ), which is an RNA-Seg-based expression
normalization method.1”
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. cBioportal, a web-based interface that enables integrative analysis of complex
cancer genomics and clinical profiles.18

. PCViz, an open-source web-based network visualization tool that helps users
obtain details about genes and their interactions extracted from multiple pathway
data resources.

Simple statistics were calculated to identify patterns of mutual exclusivity or co-occurrence.
For a pair of query genes, an odds ratio is calculated (equation 1) that indicates the
likelihood that the events in the 2 genes are mutually exclusive or co-occurrent across the
selected cases

OR =(AX D)/(BxC). [N

where A = number of cases altered in both genes; B = number of cases altered in gene A but
not gene B; C= number of cases altered in gene B but not gene A; and D = number of cases
altered in neither gene. Each pair was then assigned to one of 3 categories indicative of a
tendency toward mutual exclusivity, of a tendency toward co-occurrence, or of no
association. To determine whether the identified relationship is significant for a gene pair,
the Fisher exact test was performed.18 A g-value is derived from the Benjamini Hochberg
false discovery rate correction procedure for multiple comparisons.

Survival data of patients with prostate cancer with primary solid tumors were used to
generate Kaplan-Meier curves of overall survival.1® Survival time was defined as the period
from the date of diagnosis to the date of death. If unavailable, then the date of the last
follow-up was used for KM right censoring. Differences between Kaplan-Meier survival
curves were calculated by the log-rank (Mantel-Cox) test.

Patients with prostate cancer with primary tumors were aged 61 + 6.8 years (mean £ SD).
Thirty percent were white, 1.4% African American, and 0.4% Asian; of the remainder, the
race was not recorded. Ninety-seven percent were prostate adenocarcinoma acinar type.

Co-occurrence analysis (Table 1) indicates that alterations in the prostate cancer gene
Speckle-type POZ protein (SPOP) significantly co-occur with alterations in the AD gene
Bridging integrator 1 (B/N1) (P< 0.001, g< 0.001). Alterations in the prostate cancer gene
Spectrin Alpha, Erythrocytic 1 (SPTAJI) significantly co-occur with alterations in the AD
gene CDZ-associated protein (CD2AP) (P< 0.001, g=0.004).

Co-occurring alterations in the gene pairs SPOP/BINI and SPTA1/CD2AP are illustrated in
the Oncoprint diagram (Fig. 1), along with APOE and AR (androgen receptor gene)
alterations. A heatmap showing gene expression is presented in Figure 2.

SPOP somatic mutations and B/NI gene expression in 492 primary prostate cancer samples
are shown in Figure 3. Note that the presence of somatic mutations (deleterious and
missense/in frame) in SPOP deranges B/N1 gene expression.
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SPOP/BIN1 gene RNA expression in 492 prostate cancer specimens is significantly
correlated (P< 0.001, Fig. 4).

Figure 5 shows Gleason score/ B/NI RNA gene expression, unit log2 (FPKM-UQ+1), in 499
prostate cancer specimens. The correlation is significant.

Increased expression of SPOPin 492 prostate cancers is associated with reduced survival (P
= 0.00275, Fig. 6).

Mean Gleason score of patients with prostate cancer versus pharmacologic therapy is shown
in Figure 7. Those receiving pharmacologic therapy had a tumor with a significantly higher
Gleason score (P = 0.023).

BIN1 forms part of a network that interacts with the MYC oncogene (Fig. 8).

DISCUSSION

Biological processes or pathways in cancer are often deregulated through different genes or
by multiple different mechanisms. But cancer gene alterations usually do not occur at
random. Alterations of certain cancer genes tend to co-occur, indicating that they may work
in tandem to drive tumor formation and development.18 This may be the case in prostate
cancer with the co-occurring alterations shown in Table 1 of SPOPIBIN1 and SPTA1/
CDZAP.

According to TCGA, SPOPis the third most mutated gene in prostate cancer, whereas
SPTA1 is the eighth most mutated gene. SPOP mutation drives prostate tumorigenesis in
vivo through coordinate regulation of PI3K/mTOR and AR signaling.2° In one study of
prostate cancer, SPTAZ and SPOP harbored mutations in 2 of 7 tumors. SPTA1 encodes a
scaffold protein involved in erythroid cell shape specification, whereas SPOP encodes a
modulator of Daxx-mediated ubiquitination and transcriptional regulation.2

SPOP s an upstream negative regulator for histone deacetylase 6 (HDACS6), which plays
critical roles in human tumorigenesis and metastasis. HDACG6 stability and SPOP loss-of-
function mutations might lead to elevated levels of the HDACG6 oncoprotein to facilitate
tumorigenesis and metastasis in many human cancers.22 The E3 ubiquitin ligase CH/P
interacts with HDAC6 and promotes its poly-ubiquitination to suppress abnormal
accumulation of the microtubule-binding protein tau, which is correlated with cognitive
decline in AD.23

Bridging integrator 1 (B/NJ) is a widely expressed adaptor protein that is part of the B/IN1/
amphiphysin/RVS167 (BAR) family. A large genome-wide association study revealed that
BINL1 is a risk factor for late-onset AD. This association was confirmed in subsequent
genome-wide association studies in different populations and in meta-analyses. Genome-
wide association studies have identified BIN1 within the second most significant
susceptibility locus in late-onset AD.24

Dynamic regulation of the B/NI-Tau interaction is involved in AD and a high level of B/IN1
expression may be protective,2® whereas B/N loss in AD allows phosphorylated tau to be
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mis-sorted to synapses which likely alters the integrity of the postsynapse, alongside
reducing the functionally important release of physiological forms of tau.2

The observed B/NI coexisting mutations and expression within prostate cancer tissue might
simply be through BIN1’s known tumor suppressor effects.2’ But our finding that BIN1
expression is inversely related to the Gleason score (Fig. 5) could suggest germline B/N1
alterations.

The MYC family consists of 3 related human genes; one is c-MYC. The N terminus of the
c-MYC oncoprotein interacts with BIN1.28 MYCis activated at the earliest phases of
prostate cancer and in its position on chr8g24 is linked to prostate cancer aggressiveness.2

CDZ2AP, a scaffolding molecule regulating signal transduction and cytoskeletal molecules, is
implicated in AD pathogenesis. Several single nucleotide polymorphisms (SNPs) in CDZAP
are associated with a higher risk for AD. mRNA levels of CD2AP are decreased in
peripheral lymphocytes of patients with sporadic AD.30

In the largest study of ADT to date, 154,089 men with prostate cancer, those who underwent
ADT had 14% or 20% greater chance of developing AD or dementia, respectively. Those
who received < 4 doses had a 19% chance of being diagnosed with either condition, whereas
the 5 to 8 dose group reached 28% likelihood of AD and 24% chance of dementia. Eight or
more doses and the chances were 24% and 21%, respectively. The study suggests an
association between ADT and subsequent dementia but does not investigate possible
biological mechanisms of the association. The authors conclude that clinicians need to
carefully weigh the long-term risks and benefits of exposure to ADT in patients with a
prolonged life expectancy and stratify patients on the basis of dementia risk before ADT
initiation.®

ADT and testosterone deprivation may impair memory in older men,3! whereas testosterone
supplementation can augment memory and spatial perception. Studies of prostate cancer
demonstrate that androgen deprivation drugs adversely affect cognition,32 which returned to
baseline when drugs were withdrawn.33

Alzheimer’s symptoms are usually preceded by a preclinical phase that may be 16 years
long.3* We propose that the ADT dosage reflects the severity of a process that is already
underway. The severity is determined by the genetics of the tumor itself, at least in part by
the interactions of SPOP/BIN1, MYC/BINI, and SPTA1/CD2AF. ADT is not causing new
cases of AD. The oncologist treats higher-grade prostate cancer with more ADT
(pharmacologic therapy, Fig. 7), which serves as a surrogate marker for disease severity. In
the TCGA data, patients with a higher Gleason score were more likely to receive
pharmacologic therapy.

A weakness in our study is that we present somatic mutation data rather than germline data.
Coexisting germline mutations would be present in every cell of the body including the
brain, where AD is manifest. A somatic mutation develops in a specific cell and is then
propagated to daughter cells. In our study, the cell with the mutation is in the prostate. We
are uncertain whether these same mutations coexist in the brain.
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Nevertheless, our analysis of TCGA data does not support the idea that ADT causes AD or
dementia in men with prostate cancer.
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FIGURE 1.
Oncoprint diagram: SPOP, SPTAL, AR (prostate cancer related), APOE, BIN1, and CD2AP

(Alzheimer’s disease related) in 489 primary prostate cancer samples. Alterations are
present in 12% of SPOP, 4% of BIN1, 6% of SPTA1, 0.8% of CD2AP, 1% of APOE, and
1.4% of AR. Significantly co-occurrent alterations are present in the gene pairs SPOP/BIN1
and SPTA1/CD2AP (cBioportal).
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FIGURE 2.
Expression heatmap of SPOP, SPTA1, AR (prostate cancer related), APOE, BIN1, and

CD2AP (Alzheimer disease related) in 489 primary prostate cancer samples.
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FIGURE 3.

SPOP gene expression, SPOP somatic mutations, and BIN1 gene expression in 492 primary
prostate cancer samples. Column A indicates number of samples, column B indicates that all
samples were primary tumor. Note that the presence of somatic mutations (deleterious and
missense/in frame) in SPOP (column D) deranges BIN1 gene expression (multicolored
horizontal lines, column E). Each row contains data from a single sample. Row order is
determined by sorting the rows by their column values. The column C value is used to sort
the rows. (xenabrowser.net).
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FIGURE 4.
SPOP/BIN1 RNA gene expression in 492 prostate cancer specimens, unit log2 (FPKM-UQ
+1).
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FIGURE 5.

Gleason score/BIN1 RNA gene expression, unit log2 (FPKM-UQ+1), in 499 prostate cancer
specimens. FPKM-UQ indicates fragments per kilobase of transcript per million mapped
reads upper quartile.
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Increased expression of SPOP in 492 prostate cancers (red) is associated with reduced
survival (P=0.00275).
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FIGURE 7.

40

Patients with prostate cancer receiving pharmacologic therapy had a tumor with a
significantly higher Gleason score (mean £+ SD). Number of cases in each group is above the

corresponding error bar.
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ZBTB17

FIGURE 8.
BIN1 forms part of a network that interacts with the MYC oncogene. MYC is altered in 8%

of prostate cancers, BIN1 in 4%. Blue line: controls state of change. Green line: controls
expression. Brown line: part of a complex. ZBTB17 encodes a zinc finger protein involved
in the regulation of c-MYC (http://www.pathwaycommons.org/pcviz).
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