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ABSTRACT
The 19q13 allele rs11672691 has been reproducibly found in association with aggressive form of
prostate cancer, yet the underlying mechanism remains totally unknown. We have recently uncovered
a mechanism by which rs11672691 influenced a novel oncogenic regulatory circuit, including HOXA2,
PCAT19 and CEACAM21, thereby contributing to prostate cancer aggressiveness.
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Prostate cancer remains the most common noncutaneous
malignancy, and the second most common cancer-related
death among men in the Western world1. Among the risk
factors for prostate cancer, the genetic heritability estimates
were 57%2. Genome-wide association studies (GWAS) have
thus far identified 150 susceptibility single nucleotide poly-
morphisms (SNPs), together captured 28.4% of the familial
relative risk in prostate cancer3. While the vast majority of
these SNPs fall within noncoding genomic regions, making it
a daunting challenge to interpret, ongoing efforts have sought
to uncover the underlying molecular mechanism for the SNPs
residing in gene regulatory elements4-6.

Management of early-stage prostate cancer is usually effec-
tive, whereas the advanced stage aggressive forms are difficult
to treat. Variants associated with prostate cancer susceptibility
have been relatively well studied, however, few loci linked to
aggressive disease are investigated. The 19q13 allele
rs11672691 within the intronic region of a long non-coding
RNA (lncRNA) gene, prostate cancer associated transcript 19
(PCAT19) was discovered to be associated with aggressive
prostate cancer in two independent large case-only stidues7,8.
More recently9, we independently validated this association
and defined an elegant biological mechanism underlying the
19q13 locus, therefore likely informing aggressive prostate
cancer poor prognosis and treatment (see Figure 1).

To get more insights into how the 19q13 allele impacts
aggressive prostate cancer, we first performed an expression
quantitative trait locus (eQTL) analysis in Swedish, TCGA,
and Wisconsin cohorts, leading to the discovery that the
rs11672691 G allele is significantly associated with the ele-
vated expression levels of carcinoembryonic antigen related
cell adhesion molecule 21 (CEACAM21) and PCAT19 (see
Figure 1). Both genes are new to prostate cancer. The identi-
fication of novel genes expands a possible mechanism by

which these genes account for prostate cancer. We thus
knocked down CEACAM21 or PCAT19 in multiple PCa cell
lines, and observed that the attenuated levels of CEACAM21
or PCAT19 expression markedly reduce cell proliferation,
migration, and invasion. Accordingly, PCAT19 or
CEACAM21 overexpression promote prostate cancer cell
growth, and metastatic capacity9,10. Moreover, PCAT19 and
CEACAM21 highly expressed in PCa tumor specimens as
compared to normal tissues, and their high expression levels
positively correlated with shortened disease-free survival of
prostate cancer patients9,10, demonstrating that PCAT19 and
CEACAM21 are two plausible causal genes explaining the
association of the 19q13 locus with aggressive prostate cancer.

These findings also raise the question if the noncoding
genomic variant rs11672691 contributes to the regulation of
its eQTL genes. We thereby conducted a genome-wide analy-
sis of epigenome and transcription factor binding data deter-
mined by chromatin immunoprecipitation sequencing (ChIP-
seq). This analysis in combination with computational pre-
diction using transcription factor DNA-binding position
weight matrix data, led to the finding of the rs11672691
region as an active enhancer with epigenetic marks,
H3K4me1/2 and H3K27ac, and occupancy of the transcrip-
tion factors androgen receptor (AR), homeobox B13
(HOXB13), ETS-related gene (ERG), and homeobox A2
(HOXA2). Intriguingly, rs11672691 was mapped within a
HOXA2 DNA-binding motif where the aggressive G allele is
likely to increase the binding affinity of HOXA2 as compared
to the A allele (see Figure 1). We further confirmed this
enhanced DNA-binding of HOXA2 to the rs11672691 G risk
allele containing sequence in vitro and in vivo.

Thus, the rs11672691 enhancer is a highly occupied target
region bound with several transcription factors. In contrast to
the well-studied regulators AR, HOXB13, and ERG in prostate
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cancer, HOXA2 is brand new. We thus sought to explore the
function of HOXA2 in prostate cancer. This analysis revealed
that HOXA2 is an androgen-responsive gene, and essential for
prostate cancer cell growth and invasiveness. Furthermore,
clinical data showed that HOXA2 mRNA levels greatly
increased in primary and metastatic specimens of prostate
cancer patients, and high HOXA2 levels served as an inde-
pendent predictor of prostate cancer relapse and overall sur-
vival (see Figure 1). Surprisingly, we found that HOXA2 levels
were significantly predictive of disease relapse in prostate
cancer cases with low intermediate risk (Gleason score 7), a
subcohort with the most uncertainty in deciding the right
balance between active surveillance and immediate treatment.
Given that the rs11672691 region is a targeted enhancer and a
motif disruptor of HOXA2, we further evaluate if HOXA2
regulates the expression of the rs11672691-associated genes.
We thus performed a series of chromatin and gene knock-
down assays, and concluded that both PCAT19 and
CEACAM21 are the direct target genes of HOXA2. In addi-
tion, the lncRNA PCAT19 possesses enhancer-like function in
regulating CEACAM21 expression. To prove how the
rs11672691 enhancer or PCAT19 regulate CEACAM21 over
a 100kb interval, we applied quantitative chromosome con-
formation capture assays (3C-qPCR), and revealed a direct
chromatin loop formation between PCAT19 and CEACAM21
loci (see Figure 1).

These findings suggest a likely model of rs11672691-
mediated HOXA2 in regulating the expression of PCAT19
and CEACAM21 through a long-range chromatin interaction,
raising the possibility if rs11672691 plays a direct role in the
process. We therefore applied the CRISPR/Cas9 genome-edit-
ing tool to convert the genotype of rs11672691 G/A in 22Rv1
cells into G/G or A/A. Our follow-up analyses show that,
among the three types of cells, the rs11672691 G/G cell line
indicates the highest mRNA levels of PCAT19 and
CEACAM21. Consistently, HOXA2 shows the most strong
chromatin occupancy at rs11672691 enhancer in the G/G
cell line. Unexpectedly, we observed that the G/G cells phe-
notypically appear to be aggressive, and indicate higher levels
of proliferation and migration potential than that of the other
two types of cell lines. Interestingly, in the clinical setting, the
prostate cancer patients carrying rs11672691 G allele indicate
increased risk of biochemical recurrence. Furthermore, the G

genotype of rs11672691 can synergize with PCAT19 or
CEACAM21 expression data to improve the predictive values
in prostate cancer prognosis.

Thus, our combination of intense genetic, functional geno-
mic and clinical data analyses give insights into the biological
mechanisms underlying the 19q13 aggressive prostate cancer
risk locus, highlighting value for potential clinical translation
and specifically a rs11672691-orchestrated oncogenic regula-
tory circuit, including HOXA2, PCAT19 and CEACAM21 as
potential biomarkers to improve patient risk stratification and
management. In the future, it would be interesting to identify
drugs for oncogene such as HOXA2, CEACAM21, and
PCAT19, and to test their efficacy on the treatment of aggres-
sive prostate cancer. We shall further validate our findings of
the 19q13 allele rs11672691 mediated oncogenic regulatory
circuit in the genetically modified mouse and prostate cancer
patient-derived tumor graft models.
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