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Abstract

Grade group 1 (GG1) primary prostate cancers with a pathologic Gleason score of 6 are
considered indolent and generally not associated with fatal outcomes, so treatment is
not indicated for most cases. These low-grade cancers have an overall negligible risk
of locoregional progression and metastasis to distant organs, which is why there is an
ongoing debate about whether these lesions should be reclassified as “noncancerous”.
However, the underlying molecular activity of key disease drivers, such as the androgen
receptor (AR), have thus far not been thoroughly characterized in low-grade tumors.
Therefore, we set out to delineate the AR chromatin-binding landscape in low-grade
GG1 prostate cancers to gain insights into whether these AR-driven programs are actu-
ally tumor-specific or are normal prostate epithelium-like. These analyses showed that
GG1 tumors do not harbor a distinct AR cistrome and, similar to higher-grade cancers,
AR preferentially binds to tumor-defining cis-regulatory elements. Furthermore, the
enhancer activity of these regions and the expression of their respective target genes
were not significantly different in GG1 tumors. From an epigenetic perspective, this find-
ing supports the cancer designation currently given to these low-grade tumors and
clearly distinguishes them from noncancerous benign tissue.

Patient summary: We characterized the molecular activity of the androgen receptor pro-
tein, which drives prostate cancer disease, in low-grade tumors. Our results show that
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these tumors are true cancers and are clearly separate from benign prostate tissue
despite their low clinical aggressiveness.
© 2023 European Association of Urology. Published by Elsevier B.V. All rights reserved.

Adenocarcinoma of the prostate (PCa) is the second most
common cancer among men, with almost 1.5 million new
diagnoses annually [1]. Most patients present with organ-
confined disease, which can potentially be cured with
locoregional therapies such as surgery (radical prostatec-
tomy) or radiotherapy. However, approximately 30% of
these patients will experience a rise in serum prostate-
specific antigen (PSA), which is referred to as biochemical
recurrence (BCR) and indicates tumor relapse. At the time
of PCa diagnosis, tumor biopsies are histologically graded
using the Gleason system [2], which helps in predicting
patient prognosis. The Gleason score (GS) describes the
two most common cell morphologies according to their dif-
ferentiation status and ranges from GS 6 (lowest grade;
International Society for Urological Pathology [ISUP| grade
group 1 [GG1]) to GS 9-10 (highest grades; ISUP GG5).
However, there is ongoing debate regarding whether low-
grade GG1 lesions should be considered cancerous or as
benign neoplasms given their overall low risk of metastasis
[3]. It remains unclear how best to classify GG1 lesions from
a biological perspective: do they resemble noncancerous
prostate tissue or do they share characteristics of higher-
grade PCa? We set out to characterize the chromatin-
binding landscape of the androgen receptor, the main driver
of PCa development and progression [4], in GG1 tumors to
gain a better understanding of whether AR-driven programs
in these low-grade lesions are more similar to normal tissue
or exhibit tumor specificity.

To address this, we analyzed AR chromatin immunopre-
cipitation sequencing (ChIP-seq) data obtained for primary
PCa specimens from radical prostatectomy in 82 patients
[5]. These covered the entire spectrum of ISUP grade groups
(GG1,n=17; GG2, n = 31; GG3, n = 11; GG4, n = 7; GG5,
n = 16) and showed a trend towards the expected increase
in BCR rate with increasing GS (Fig. 1A, Supplementary
material), from the highest rate in GG5 to the lowest in
GG1 (odds ratio 4.58, p = 0.076, Fisher's exact test; risk dif-

ference 37.5%, 95% confidence interval 5.4-69.6%). The
expected molecular features were observed, such as fusions
of the ERG oncogene in half (51%) of the cohort (Supplemen-
tary Fig. 1A, B) and lower expression of the tumor suppres-
sor PTEN in patients with higher-grade disease
(Supplementary Fig. 1C-E). We then integrated the AR
cistromics (Fig. 1A) with ChIP-seq data on the active enhan-
cer and promoter histone mark H3K27ac (Supplementary
Table 1) as well as gene expression data (RNA-seq) obtained
from the same clinical specimens (Supplementary Table 2).
To assess whether GG1 tumors harbor a distinct AR cis-
trome, we performed an unsupervised differential binding
analysis on all AR ChIP-seq samples. This revealed no obvi-
ous clustering by grade group (Fig. 1B, C) and largely over-
lapping chromatin-binding intervals (Fig. 1D and
Supplementary Fig. 2A, B) and motif enrichment (Fig. 1E),
suggesting that, on the basis of AR-chromatin interactions,
GG1 tumors do not seem to represent a different biological
entity to higher-grade lesions. Supervised analyses directly
comparing GG1 and GG5 lesions revealed a subset of GG1-
enriched binding sites (Supplementary Fig. 2C and Supple-
mentary Table 3) that showed no meaningful overlap with
AR sites specific to normal prostate epithelium (Supplemen-
tary Fig. 2D). These data indicate that GG1-specific AR-
regulated enhancers are distinctly different from cis-
regulatory elements found in healthy tissue.

Given the importance of AR in driving context-
dependent epigenomic and transcriptional programs that
characterize normal prostate epithelium, primary tumors,
and metastatic lesions, we next investigated whether
genome-wide AR binding in GG1 specimens is enriched
for AR binding-site (ARBS) profiles that hallmark a tumor
(T) versus normal (N) state (Supplementary Table 4 [6]).
While healthy prostate tissue was strongly enriched for
the N-ARBS signal, GG1 lesions showed strongest AR bind-
ing at T-ARBS (Fig. 1F, G), representing phenotype copies
of the profiles observed in high-grade GG5 samples

>

Fig. 1 - AR chromatin binding landscape in GG1 tumors is enriched in tumor-defining regulatory elements. (A) Study design and cohort overview. Multi-omics
profiling of (1) androgen receptor (AR) chromatin immunoprecipitation sequencing (ChIP-seq), (2) H3K27ac ChIP-seq, and (3) gene expression profiling (RNA-
seq) was performed on prostate cancer tissue specimens from 82 patients [5]. The plot shows the proportion of patients with biochemical recurrence (BCR)
stratified by International Society of Urological Pathology (ISUP) grade group. (B) Correlation heatmap for peak AR occupancy. Clustering of the samples
(n = 82) is based on all called peaks and represents Pearson correlations between individual ChIP-seq samples. Colored column bars indicate the grade group
(GG1, GG2, GG3, GG4, GG5) and BCR status (controls, cases, not available [NA]). (C) Principal component analysis plot for peak AR occupancy. Each dot
represents a ChIP-seq sample, colored to represent the grade group. (D) Venn diagram indicating the overlap of AR binding sites between GG1 and GG5 ChIP-
seq samples, highlighting grade group-specific and common binding sites. For each group, the union of identified peaks was included. (E) Dot plot
representing motif enrichment (z-score) at GG1-specific, GG1/GG5-common and GG5-specific AR binding sites (Fig. 1D). Dots are colored according to the motif
and are sized according to significance (p value). (F) Profile plots (top) and tornado plots (bottom) showing the AR ChIP-seq signal at normal (N; n = 2690),
tumor (T; n = 9181) and metastasis (Met; n = 17 626) AR binding sites (ARBS) in GG1 tumors by BCR status (left, controls: no BCR within 10 yr after diagnosis;
right, cases: BCR within 5 yr after diagnosis) in comparison to a healthy prostate epithelium sample and a GG5 tumor (P268T) as controls. Data are centered at
ARBS depicting a 1-kb window around the peak center. The y-axes for profile plots and color scale indicate the ChIP-seq signal in reads per genomic content
(RPGC). (G) Boxplot indicating AR ChIP-seq counts in GG1 tumors at N-ARBS, T-ARBS and Met-ARBS. ****p < 0.0001 (two-sample t test). (H) Scatterplot showing
Pearson correlation (R = 0.89, p < 0.0001) of AR ChIP-seq counts at T-ARBS between low-grade GG1 and high-grade GG5 tumors. The linear trend with 95%
confidence interval is shown. (I) Profile plots indicating the AR ChIP-seq signal (RPGC) in GG1 tumors from cases and controls at N-ARBS (left), T-ARBS
(middle) and Met-ARBS (right).
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Fig. 2 - Enhancer activity and gene expression of tumor-specific androgen receptor (AR) targets are highly comparable between low-grade and high-grade
prostate cancers. (A) Violin plot indicating the H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq) signal at tumor AR-binding sites (T-ARBS) of
grade group 1 (GG1) and GG5 tumors. ns, p > 0.05 (two-sample t test). (B) Scatterplot showing Pearson correlation (R = 0.96, p < 0.0001) of H3K27ac ChIP-seq
counts at T-ARBS between low-grade GG1 and high-grade GG5 tumors. The linear trend with 95% confidence interval is shown. (C) Boxplot indicating H3K27ac
ChIP-seq counts at T-ARBS in GG1 tumors from cases (biochemical recurrence [BCR] within 5 yr after diagnosis) and controls (no BCR within 10 yr after
diagnosis). ****p < 0.0001 (paired t test). (D) Principal component analysis plot for expression of a T-ARBS gene set [8]. Each dot represents an RNA-seq sample
(n =91) colored according to grade group. Ellipses denote the 80% confidence interval. (E) Unsupervised hierarchical clustering of RNA-seq samples according
to the expression of T-ARBS genes. The color scale indicates gene expression (z-score) and the colored column bars indicate the grade group (GG1, GG2, GG3,
GG4, GG5) and BCR status (controls, cases, not available [NA]) per sample. (F) Volcano plot depicting differential gene expression between low-grade GG1 (left)
and high-grade GG5 tumors (right). Significantly differentially expressed genes and T-ARBS genes are highlighted. Significance cutoffs are shown as dotted
lines (log fold-change [FC] between GG1 and GG5 21; p < 0.05), and T-ARBS genes exceeding this threshold are labeled.

(Fig. 1H). These data further demonstrate that low-grade
GG1 lesions harbor genomic AR programs that define tumor
rather than healthy prostate epithelium. Since our cohort
included patients with GG1 tumors that either did or did
not develop BCR within 5 yr after diagnosis (cases and con-
trols, respectively; Fig. 1A), we hypothesized that cases that
later relapsed might be enriched for tumor-specific T-ARBS
and particularly for a more late-stage metastasis-specific
ARBS (Met-ARBS) signal [7]. To test this hypothesis, we also
assessed the AR chromatin occupancy at Met-ARBS (Fig. 1F).
Although the overall signal was rather low, as expected for
primary disease (Fig. 1G), we did observe a significantly
higher signal at these more aggressive metastatic binding
sites in GG1 cases versus GG1 controls, accompanied by a
higher T-ARBS signal and no difference in N-ARBS signal
(Fig. 1I). Notably, while the enrichment for T-ARBS and
Met-ARBS signals was detected in both GG1 cases and GG1-
controls, the signal strength at these tumor-specific ARBS
was significantly elevated in patients with future relapse
and could help in identifying and stratifying these cases
(Fig. 1F, G, I, Supplementary Fig. 3A-C, and Supplementary
Fig. 4A).

Taken together, our analyses reveal that low-grade GG1
lesions do not harbor a distinct healthy prostate epithe-
lium-like AR chromatin-binding landscape that could
explain their favorable prognosis, but are rather enriched
for tumor-defining AR-driven programs, similar to the situ-
ation for higher-grade tumors.

We next investigated whether AR binding to T-ARBS was
accompanied by changes in the activity of these cis-
regulatory elements and the target genes under their con-
trol. To this end, we examined the H3K27ac signal at T-
ARBS, which revealed highly comparable signal strength
between low-grade GG1 and high-grade GG5 lesions
(Fig. 2A, B). Similar to the higher AR signals in GG1 cases
versus GG1 controls, we observed elevated H3K27ac at T-
ARBS (Fig. 2C) in cases versus controls, while H3K27ac at
N-ARBS and Met-ARBS was lower and higher, respectively
(Supplementary Fig. 4B).

Having shown the prevalence of tumor-defining genomic
features in low-grade lesions, we sought to characterize
whether expression of the distal associated target genes
could stratify GG1 tumors from higher-grade lesions. We
used a T-ARBS gene set we previously identified that was
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generated by integrating differential gene expression with
AR chromatin profiles gained during tumorigenesis [8].
However, the expression of these tumor-specific AR-
driven genes (n = 102; Supplementary Table 5) did not sep-
arate GG1 samples from higher-grade lesions (Fig. 2D), but
rather clustered them independent of their grade group
(Fig. 2E) and revealed lower expression in GG1 controls
and higher expression in GG1 cases (Supplementary
Fig. 5A-C). Similarly, analysis of differential gene expression
between GG5 and GG1 tumors (Supplementary Table 6)
revealed enrichment of expected gene sets for high-grade
(eg, epithelial-mesenchymal transition and cell cycle-re-
lated gene ontology terms) or low-grade lesions (eg, meta-
bolic pathways and canonical-not tumor-specific—
androgen response), clearly highlighting the aggressiveness
of poorly differentiated high-risk disease (Supplementary
Fig. 5D-F). However, overlay of the expression of tumor-
determining AR-regulated genes revealed no significant dif-
ference in the expression of most of the T-ARBS genes
(89/102) between these grade groups (Fig. 2F), further illus-
trating that low-grade lesions express tumor-specific gene
sets. Overall, these analyses demonstrate that both the
tumor-specific cistromic activity and the transcriptomic
activity of AR in low-grade lesions is not enriched for signal-
ing specific to normal prostate epithelium, and instead
shows high concordance with high-grade prostate cancer.

Although higher-grade tumors exhibit molecular charac-
teristics not observed in low-grade lesions, ultimately
resulting in their more aggressive phenotype and poorer
clinical outcomes, GG1 tumors are clearly distinguishable
from healthy prostate epithelium. Previous studies have
shown that GG1 tumors share morphological features with
higher-grade Gleason patterns, and genomic alterations
such as PTEN deletions and MYC amplifications that are typ-
ically enriched in aggressive PCa can be detected in these
low-grade samples [9,10]. We now provide evidence that
the epigenetic features of the prostate cancer driver AR that
hallmark primary adenocarcinomas as opposed to normal
prostate epithelium, along with the genes it controls, are
not distinct in GG1 tumors but are actually highly compara-
ble between low-grade and high-grade disease, positioning
GG1 (Gleason 6) lesions as bona fide cancers from an epige-
netic perspective.
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