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Abstract

Prostate cancer (PrCa) is highly prevalent in the Western world. Currently, however, there are many unmet needs in
PrCa care, for example in distinguishing between clinically significant and indolent cases in early phases of the
disease. ANO7 is a prostate-specific gene associated with PrCa risk and prognosis, but its exact function in the
prostate remains unclear. This study investigates the role of ANO7 in benign prostatic epithelium using spatial
transcriptomics by examining differences between ANO7-expressing and non-expressing epithelial regions and their
corresponding stromal compartments. A total of 18,676 protein-coding genes were assessed from prostatectomy
samples collected from patients with localised prostate cancer. In the collected sample cohort, ANO7 exhibited a
distinct, heterogeneous, on—off epithelial expression pattern, enabling an in-depth analysis of ANO7-dependent
processes. ANO7-positive epithelium was predominantly enriched with luminal epithelial cells and a specific NK cell
subtype, CD56bright. In contrast, ANO7-negative regions were characterised by enrichment of club cells, inflammation,
and features of proliferative inflammatory atrophy. Gene-set enrichment analysis revealed that ANO7 expression is
associated with androgen receptor (AR) signalling and lipid metabolism. A detailed analysis of differentially expressed
genes identified an ANO7- signature, which consisted of genes co-expressed with ANO7 in luminal cells, that
demonstrated high consistency in bulk RNA-sequencing (RNA-seq) data. The ANO7-signature was enriched for AR-
regulated genes, which highlighted lipid metabolism processes, particularly arachidonic acid metabolism, as a key
metabolic feature of the ANO7-positive epithelium. Furthermore, the ANO7-signature demonstrated clinical signifi-
cance in low-grade PrCa, correlating with a better response to therapy. In summary, these results highlight the potential
role of ANO7 in regulating lipid metabolism associated with androgen signalling in benign luminal cells and low-grade
cancer, reinforcing the hypothesis that ANO7 functions as a tumour suppressor.
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Introduction Notably, reduced ANO7 protein levels correlate with
poor prognosis [3], and ANO7 is included in the
Decipher biomarker panel for predicting the risk of

Prostate cancer (PrCa) imposes a substantial burden on § . HH - )
developing aggressive PrCa [4]. Certain inherited vari-

healthcare systems globally. However, current treatment

options for localised PrCa, such as surgery, radiation
therapy, or active surveillance, do not show significant
differences in cancer-specific survival rates [1]. ANO7
(anoctamin 7), a gene highly expressed in the prostate,
has emerged as a potential candidate for PrCa prognos-
tication. ANO7 belongs to the anoctamin family of
transmembrane proteins (ANO1-10), which act as
Ca’*-activated ion channels or lipid scramblases [2].

ants in ANOY7 are associated with an increased risk for
PrCa [5]. We have characterised the single nucleotide
polymorphism (SNP) rs77559646, which causes defec-
tive mRNA splicing and loss of protein in men homo-
zygous for that SNP [6,7]. Recently, ANO7 was detected
as an important risk gene in men of African ancestry
[8,9]. Despite its association with PrCa, the exact func-
tion of ANOY in the prostate remains unknown. We and
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others hypothesise that ANO7 might function as a
tumour suppressor [3,6].

This study explores the role of ANO7 in the prostate
epithelium, cataloguing the processes and mechanisms
in which ANO?7 is involved. Given that tissue changes
during cancer progression involve reduced ANO7
expression [10,11], we chose to investigate a benign
setting to focus specifically on processes related to
ANQOY function, rather than confounding them with gen-
eral tumour progression. For analysis, we employed the
GeoMx Digital Spatial Profiler (DSP), chosen for its
capability to allow manual selection of regions of inter-
est (ROIs) and to retain information about the exact
location of the cells within the tissue [12]. We examined
the differences between ANO7-expressing and non-
expressing benign epithelium in human prostate tissue,
along with the adjacent stromal compartments. This
work provides a foundation and framework for studying
the mechanism of action of ANO7 in benign prostatic
cells and in PrCa.

Materials and methods

RNA fluorescence in situ hybridization (RNA-FISH)

The probe targeted bases 1,015-1,979 in ANO7 NCBI
NM_001001891.3 as previously described [13].

Ethical approval for human prostate tissue collection

All the patients gave written and signed informed
consent according to the principles in the Declaration
of Helsinki. The research was approved by the
Institutional Review Board of the Turku University
Hospital. Tissues were collected from radical prostatec-
tomy specimens.

Immunostaining

Formalin-fixed, paraffin-embedded (FFPE) sections
were subjected to immunohistochemical (IHC) staining
for samples utilised in RNA-FISH. Fresh-frozen (FF)
sections were used for GeoMx DSP (NanoString
Technologies, Inc., Seattle, WA, USA) and in immu-
nofluorescence. The staining protocols have been pre-
viously described [6,14] and are also detailed in
Supplementary materials and methods.

Imaging

The RNA-FISH sections were scanned using a
PANNORAMIC Midi slide scanner (3DHISTECH,
Budapest, Hungary), and the haematoxylin and eosin
(H&E) and IHC sections were scanned using a
PANNORAMIC 1000 slide scanner (3DHISTECH).
Images were captured using CaseViewer (3DHISTECH).
Immunofluorescence sections were imaged using a
Marianas CSU-W1 spinning disc confocal microscope
(31, Denver, CO, USA). Image montages were created
with SlideBook 6 software (3i) and processed using Fiji
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(NIH, Bethesda, MD, USA). Further details are provided
in Supplementary materials and methods.

GeoMx slide preparation and sample collection

The in situ detection of mRNA in tissue samples
was performed using the GeoMx DSP (NanoString
Technologies) utilising the Whole Transcriptome
Atlas [12]. Sample preparation was carried out follow-
ing the manufacturer’s protocol.

The ROIs in benign epithelium were selected based
on the ANO7 protein staining in adjacent sections.
Epithelial ROIs were manually outlined according to
the pan-cytokeratin staining, and stromal ROIs were
drawn outside the corresponding epithelial regions.
H&E-stained sections confirmed the benignity of the
glands.

The cDNA libraries were prepared by the Single Cell
Core Unit, and sequenced by the Finnish Functional
Genomics Centre at Turku Bioscience, Turku, Finland,
using the NovaSeq 6000 S1 v1.5 platform (Illumina, San
Diego, CA, USA), following the manufacturer’s protocol.

Detailed information is provided in Supplementary
materials and methods.

External data

The Cancer Genome Atlas (TCGA) prostate adenocarci-
noma (PRAD) RNA-seq dataset (ID: HiSeqV2) and the
corresponding phenotype information, which includes
clinical data about the patients, were downloaded
from UCSC Xena Browser (https://tcga.xenahubs.net).
Sample IDs were matched between the RNA-seq data
matrix and the phenotype file, and only samples present
in both datasets were included in the analysis. A total of
n = 52 solid tissue normal samples and n = 497 primary
tumour samples were used for analysis.

Analysis tools

Data processing was performed using the NanoString
GeomxTools package in R, following the manufac-
turer’s instructions, with the exception of normalisation,
which was done using the quantile method. The follow-
ing tools were employed in downstream analysis: gene
set enrichment analysis (GSEA) with MSigDB v2023.2.
Hs gene-sets, single-sample GSEA (ssGSEA) performed
in GenePattern [15] using single-cell data cell type
markers [16,17], pathway enrichment using Enrichr
[18], Chipster [19] to analyse differentially expressed
genes (DEGs), and ClueGO [20] for network analysis.
Statistical analyses were carried out in GraphPad Prism
(10.1.2; Dotmatics, Boston, MA, USA). Detailed infor-
mation is provided in Supplementary materials and
methods.
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Results

ANO7 mRNA and protein expression exhibits an
on-off expression pattern in benign epithelium

Previously, we demonstrated that ANO7 mRNA accu-
mulates in the nuclei of luminal epithelial cells [13].
Here, we show that in benign glands, ANO7 mRNA
and protein exhibit a non-uniform, switch-like on—off
expression pattern across adjacent epithelial regions
(Figure 1A-C), suggesting these areas to be differen-
tially regulated. To further investigate this phenomenon,
we used the GeoMx DSP with the Whole Transcriptome
Atlas, examining 18,676 protein-coding genes.

Tissue samples were obtained from n = 16 PrCa
patients who underwent prostatectomy. Four patients
exhibiting high-contrast ANO7 protein expression pat-
terns were selected for spatial profiling, two of whom
had been treated with 5-alpha reductase inhibitors
(5-ARIs), known to affect gene expression and epithelial
morphology [21].

In total, 96 epithelial regions classified as positive or
negative for ANO7 were collected, along with 78 stromal
regions (supplementary material, Figure S1). Following
quality control and filtering, 10,606 genes in 96 epithelial
samples and 6,978 genes in 65 stromal samples were
analysed, including eight epithelial and six stromal rep-
licate samples.

B

O Metsili et al

Epithelial ANO7 expression defines distinct cell
populations

Gene expression analysis of the epithelial samples, col-
lected as ANO7-positive or ANO7-negative, revealed
that most samples segregated into these categories.
However, a portion displayed intermediate ANO7
expression levels (supplementary material, Figure S2A).
Upon re-evaluation of the ANO7 protein staining, six
samples containing mixed populations of ANO7-
positive and ANO7-negative cells were excluded. In
patient 9, areas with strong inflammation showed low
ANO7 mRNA levels despite strong staining (supple-
mentary material, Figure S2B,C), leading to further
classification into four groups: pos-norm, neg-norm,
pos-infl, and neg-infl, representing ANO7-positive and
-negative samples in regions with low and high
inflammation, respectively. ANO7 expression was
the highest in pos-norm, reduced in pos-infl, and the
lowest in neg-norm and neg-infl (Figure 2A and sup-
plementary material, Figure S2D). The stromal sam-
ples were labelled according to the adjacent epithelial
sample with a prefix ‘s’ (e.g. s-pos-norm). Stromal
samples from patient 9 not located next to epithelial
samples were labelled as high inflammation or low
inflammation, depending on the level of immune cell
abundance observed in the H&E staining.

For the epithelial samples, uniform manifold approx-
imation and projection (UMAP) dimensionality

MRNA

protein

T

protein

Y

RNO?

Figure 1. ANO7 switch-like on-off expression pattern in benign prostate glands. (A) H&E staining showing the morphology of the glands.
(B, C) Magnified panels showing varying expression at the mRNA and protein level within a gland (B) or between adjacent glands (C).
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reduction revealed distinct clustering, with pos-norm
and neg-norm samples showing clear transcriptional
differences (Figure 2B). Visualisation of the clusters by
patient highlighted individual variability (supplemen-
tary material, Figure S3A). The pos-infl and neg-infl
samples from patient 9 clustered near the neg-norm
samples, forming a continuum of ANO7-negative sam-
ples separated from the pos-infl cluster (Figure 2B).
Thus, the samples from patient 9 formed four separate
clusters, underscoring differences between regions with
high and low inflammation. The two patients treated
with 5-ARIs showed a slight differentiation within the
pos-norm group (supplementary material, Figure S3B);
however, ANO7 expression did not significantly differ
between the treated and the untreated patients (supple-
mentary material, Figure S3C,D). Thus, 5-ARI treatment
was not used as a stratifying factor in the subsequent
analyses.

In the stromal dataset, the UMAP dimensionality
reduction revealed two major clusters. The stromal sam-
ple groups s-pos-norm and s-neg-norm overlapped with
the low inflammation samples, while s-pos-infl and
s-neg-infl overlapped with the high inflammation sam-
ples (Figure 2C). These patterns suggest that immune
cell abundance drives the clustering of the stromal sam-
ples. The samples from the low inflammation regions co-
clustered regardless of the ANO7 status (Figure 2C);
however, the clustering was affected by variation between
the individuals (supplementary material, Figure S3E).
Furthermore, 5-ARI-treated and untreated samples within
the low inflammation group formed distinct clusters, indi-
cating that diminished dihydrotestosterone (DHT) levels
influenced the stroma independently of the ANO?7 status
in the epithelium (supplementary material, Figure S3F).

ANQ7 expression is highly specific to luminal
epithelial cells and shows an inverse relationship
with immune cell infiltration in the epithelium

With the sample groups established, we next assessed
the cell type composition of 82 epithelial and 54 stromal
samples (excluding mixed and replicates) using
sSGSEA. The analysis was based on cell type markers
relevant to benign glands and stroma from a single-cell
study on tissues containing cancer and benign glands
from patients with localised PrCa [16].

The ANO7-positive epithelium in the low inflamma-
tion region (pos-norm) was highly enriched for luminal
cells. An enrichment was not seen in pos-infl; still, both

O Metsili et al

pos-norm and pos-infl showed significantly higher scores
compared with neg-norm and neg-infl (Figure 2D). The
ANO7-negative epithelium (neg-norm, neg-infl) as well
as the ANO7-positive epithelium from high inflamma-
tion regions (pos-infl) was enriched with club cells
(Figure 2E). Basal cells were more abundant in neg-
norm compared with the other groups (Figure 2F). The
myeloid and T-cell scores were the lowest in pos-norm,
progressively higher in neg-norm and pos-infl, and
reached their highest levels in neg-infl (Figure 2G,H).

In the stroma, fibroblasts and smooth muscle cells
were equally abundant in s-pos-norm and s-neg-norm
but reduced in s-pos-infl and s-neg-infl (Figure 21,J). The
endothelium scores were the same in all groups
(Figure 2K). The myeloid and T-cell scores displayed
an inverse relationship with the fibroblast and smooth
muscle scores, with a pattern reflected within the epithe-
lium (Figure 2L,M). This confirms that immune cell
abundance primarily drives the clustering of the stromal
samples (Figure 2C).

The luminal cell scores strongly correlated with
ANOY7 expression across all epithelial samples, whereas
the inverse correlation between ANO7 expression and
club cell identity mirrored the relationship between
luminal and club cells (Figure 2N). The intermediate
luminal and club scores of pos-infl suggest a luminal-
to-club cell transition in the ANO7-positive epithelium in
high inflammation regions. This process has previously
been observed in non-cancerous prostate tissue from
patients on 5-ARI medication [21]. However, in our
data, the transition appears to be linked to immune cell
abundance, as the high inflammation samples came from
an untreated individual.

To confirm the results indicating varying quantities of
immune cells within the epithelium, we performed
immunofluorescence staining using antibodies against
ANOT7 and leukocyte common antigen CD45 for imm-
une cell detection [22]. The result showed that regions
with a high density of CD45-positive cells contained
mostly ANO7-negative glandular epithelia (Figure 20
and supplementary material, Figure S4A—H). Immune cells
were seen to infiltrate the epithelium in ANO7-negative
glands, even reaching the lumen. In contrast, ANO7-
positive glands were surrounded by immune cells, with
only a few CD45-positive cells infiltrating the epithelium
(Figure 20). These findings support the immune cell detec-
tion observed in the ssGSEA cell type analysis.

Differential gene expression analysis between pos-
norm and neg-norm, and between pos-infl and neg-infl,

Figure 2. Sample characterisation and cell type analysis. (A) ANO7 expression in the sample groups (***FDR < 0.0001 in limma). (B, C)
Uniform manifold approximation and projection (UMAP) plot by sample group for epithelium (B) and stroma (C). The numbers mark the
replicate samples in B (1-8) and C (1-6) that co-localise in the plots, thereby demonstrating robustness of the data. (D-H) Cell composition
analysis in the epithelial samples for different cell types: luminal (D), club (E), basal (F), myeloid (G), and T-cells (H). *FDR < 0.05. (I-M) Cell
composition analysis in the stromal samples for different cell types: fibroblast (I), smooth muscle (J), endothelium (K), myeloid (L), and T-cells
(M). *FDR < 0.05. (N) Correlation matrix of the analysed epithelial cell types, including ANO7 expression. (0) Antibody staining for ANO7
(green) and CD45 (red). DAPI (blue) marks the nuclei. The magnified panels show adjacent ANO7-positive and ANO7-negative glands.
CD45-positive cells infiltrating the epithelium are marked with yellow arrowheads in the ANO7-positive gland and white arrowheads in the
ANO7-negative gland.
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Figure 3. Differential gene expression and gene-set enrichment analysis in the epithelial samples. (A) DEGs in ANO7-positive (pos-norm) versus
ANO7-negative (neg-norm) samples. (B) DEGs in ANO7-positive (pos-infl) versus ANO7-negative (neg-infl) samples in the high inflammation
regions. (A, B) Selected DEGs highlight the enrichment of luminal marker genes in ANO7-positive samples and the variation of the top DEGs in
ANO7-negative samples. (C) Heatmap of log,-transformed expression values for the DEGs indicated in A and B. (D, E) GSEA showing Hallmark
gene-sets enriched in pos-norm versus neg-norm samples (D) and pos-infl versus neg-infl samples (E) (nominal p value < 0.05, FDR < 0.25).
Hallmark gene-sets are coloured according to the process category and the proportions of the categories are shown in D and E.

revealed 3,778 and 1,815 DEGs, respectively [false dis-
covery rate (FDR) < 0.05] (Figure 3A,B and supplemen-
tary material, Table S2). In pos-norm, the top DEGs
with the highest fold-changes were luminal cell markers
such as CPLX3, KLK3, MSMB, ACP3, and KLK2, while
in neg-norm, the club cell markers MMP7, LTF, PIGR,
RARRESI, and CP were prominent (Figure 3A)
[16,21,23]. Also, in pos-infl, the above-mentioned lumi-
nal cell markers were among the top DEGs (Figure 3B).
ANO7 was enriched with a binary logarithmic fold-
change (log, FC) of 3.93 in pos-norm versus neg-norm
but only with log, FC of 1.99 in pos-infl versus neg-infl
(Figure 3A,B and supplementary material, Table S2). The
luminal marker genes showed a similar lower level of
enrichment in pos-infl compared with pos-norm,
reflecting the lower luminal cell scores in pos-infl com-
pared with pos-norm in the ssGSEA (Figure 2D). Of the
top DEGs in neg-norm, only MMP7 was differentially
expressed also in neg-infl, while LTF, PIGR, RARRES],
and CP were prominently expressed in both pos-infl and
neg-infl (Figure 3C). These results suggest that the pos-
infl epithelia exhibit both luminal and club cell

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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transcriptional programmes in parallel, as seen in the
sSGSEA analysis.

Androgen response and metabolism-related
pathways are enriched in the ANO7-positive
epithelium

To differentiate the pathways in ANO7-positive and
ANO7-negative epithelium, GSEA was conducted
using the Hallmark gene-sets [24]. Comparisons bet-
ween pos-norm and neg-norm and pos-infl and
neg-infl (Figure 3D,E and supplementary material,
Table S3) showed that androgen response was the
most enriched gene-set in both ANO7-positive groups,
accompanied by fatty acid metabolism and spermato-
genesis. In contrast, inflammatory response was most
enriched in neg-norm, whereas neg-infl was most
enriched for TNF-a signalling via NF-kB. The lack
of enriched inflammation-related gene-sets in neg-infl
is likely explained by similar strong inflammatory
responses in both pos-infl and neg-infl. However,
enrichment of complement and allograft rejection in
neg-infl indicates some immune response variation
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even in high inflammation regions. In summary,
androgen signalling and metabolic pathways in
ANO7-positive epithelium versus TNF-a signalling
in ANO7-negative epithelium constitutes the key dif-
ference between ANO7-positive and -negative epithe-
lia across inflammation levels. These findings
highlight the link between ANO7 expression, an-
drogen signalling, and metabolism in the prostate
epithelium.

ANO7-signature genes function in monoamine
transport, prostate glandular epithelium
development, AR-reqgulated gene expression, and
arachidonic acid metabolism

To better understand the processes involving ANO7,
we conducted an in-depth analysis of ANO7-
associated genes using a gene-set network approach.
We focused on genes upregulated in ANO7-positive
samples from the low inflammation regions. To
account for patient-specific variation, we performed
patient-wise differential gene expression analyses
(pos-norm versus neg-norm), compiling 277 upre-
gulated and 183 downregulated genes (FDR < 0.05
in all analyses) (supplementary material, Table S4).
Correlation analysis between ANO7 and the upre-
gulated genes in the pos-norm samples identified
99 genes being co-expressed with ANO7 (r > 0.4,
p <0.05), forming the ANO7-signature (Figure 4A
and supplementary material, Table S5). The ANO7-
signature includes genes associated with androgen
signalling and lipid metabolism that are linked to
prostate cancer, such as AR, KLK3, SPDEF, FASN,
FAAH, EPHX2, ALOX15B, and PLA2G4F [25-30].

To validate the ANO7-signature, we assessed the
correlation between ANO7 expression and the signature
in solid tissue normal (STN) samples from the TCGA
PRAD data. The correlation was strong (r = 0.90),
closely aligning with that in the GeoMx DSP epithelial
samples (r = 0.93) (Table 1), indicating that ANO7-
signature genes are strongly co-expressed with ANO7
in benign epithelium.

Next, we performed an enrichment analysis using Gene
Ontologies, KEGG, and Reactome with the 277 genes
upregulated in the pos-norm samples. These genes were
assigned into two groups: ANO7-signature genes and the
remaining upregulated genes that did not correlate with
ANQO?7. Enriched terms were visualised as a functionally
organised network (supplementary material, Figure S5 and
Table S6). The terms including ANO7-signature genes,
partitioned into functional groups, are highlighted in
Figure 4B.

The enriched processes in which the ANO7-
signature genes constituted a major fraction were
monoamine transport, arachidonic acid (AA) metabo-
lism, prostate gland development, and glandular
epithelial cell development, as well as two terms
linked to PKN1 and AR regulation of KLK2 and
KLK3 (Figure 4B). FASN and SREBF1 were the cen-
tral links between the development (prostate gland,

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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glandular epithelial cell) and metabolic processes
(supplementary material, Figure S5). Notably, the
lipid-related clusters SREBP (sterol regulatory ele-
ment-binding protein)-regulated metabolism, lipid
and amino acid metabolism, and AA metabolism
formed a larger entity (Figure 4B). This further illus-
trates the involvement of ANO7 in androgen response
pathways, SREBP-regulated fatty acid metabolism,
and fatty acid derivative processing such as AA
metabolism.

The link between ANO7, androgen signalling, and
metabolism diminishes during cancer progression

We further investigated the correlation between ANO7
expression and the ANO7-signature in TCGA PRAD
samples across Gleason scores. The correlation decre-
ased with advancing tumour grade (Table 1), suggesting
that the relevance of the ANO7-signature diminishes as
cancer progresses.

To identify pathways associated with ANO7 in cancer,
we generated correlation signatures for ANO7 in the
STN and each Gleason score group (supplementary
material, Table S7). This involved identifying DEGs that
were upregulated in the top quartile versus bottom quar-
tile by ANO7 expression and positively correlated
(r > 0.4) with ANO7 within the group (supplementary
material, Figure S6). These correlation signatures were
then subjected to pathway enrichment analysis using
Enrichr with HALLMARK, KEGG, and Reactome
libraries. The results demonstrated concordance between
the GeoMx DSP network analysis and the pathways
enriched in STN, with several pathways related to
metabolism and androgen response. In Gleason score
6, only androgen response was enriched, whereas in
Gleason score 7, no pathways were enriched. Gleason
scores 8 and 9-10 showed enrichment for processes
related to metallothioneins in addition to some meta-
bolic pathways (Table 2 and supplementary material,
Table S8).

Given that low ANO7 expression in PrCa is linked to
poor prognosis, we explored whether the ANO7-signa-
ture correlates with clinical parameters in PrCa using
primary tumour samples from the TCGA dataset. The
ANO7-signature score was calculated for each patient in
the TCGA PRAD RNA-seq data, and the patients were
divided into high and low ANO7-signature groups based
on the zero-crossing of the signature z-score. Clinical
comparisons showed that patients in the high
ANO7-signature group were younger at diagnosis
(median 1-year difference), and had lower Gleason
scores and T- and N-stages. Additionally, the high
ANO7-signature group had a more favourable response
to primary therapy (Table 3).

CD56bright NK cells are enriched in ANO7-positive
epithelium

For a comprehensive characterisation of immune cell
composition, ssGSEA was performed using 28 pan-
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Figure 4. ANO7-signature and network analysis. (A) Differential gene expression analysis performed on pos-norm versus neg-norm in all four
patients separately identified a common set of 277 upregulated and 183 downregulated genes (FDR < 0.05 in all patients). Of the
uprequlated genes, 99 were co-expressed with ANO7 in the ANO7-positive (pos-norm) samples, constituting the ANO7-signature. (B)
Network analysis terms containing ANO7-signature genes. The full network based on all 277 genes is presented in supplementary material,
Figure S5 and Table S7; here, only terms containing ANO7-signature genes are shown. The colours indicate the proportion of enrichment-
contributing genes in each term, with ANO7-signature genes shown in red and the remainder of the upregulated genes in blue. Edges
between nodes represent connectivity based on shared genes (Cohen's kappa score > 0.4). The terms are clustered using the Markov
clustering algorithm. The clusters are displayed in grey and named to summarise the included terms with an emphasis on significance.
Node size indicates significance, and shape denotes the ontology source.

cancer immune cell types [17]. Most cell types followed
a pattern similar to that of myeloid cells and T-cells
(Figure 2G,H and supplementary material, Figure S7).
However, three cell types were specifically associated
with ANO7 expression: CD56bright NK cells had sig-
nificantly higher scores in ANO7-positive epithelial
samples (Figure 5A), while Th2 (type 2 T helper cells)
and central memory CDS8 T-cells showed higher scores

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

in ANO7-negative epithelial samples (Figure 5B,C).
Similar associations were not observed in the stroma
(Figure 5A-C), suggesting that these immune cells
selectively infiltrate the epithelium.

A similarity matrix with hierarchical clustering of
immune cell ssGSEA scores of all GeoMx DSP epithe-
lial samples, along with the ANO7-signature, showed
that CD56bright NK cells and monocytes clustered with
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Table 1. Correlation between ANO7 expression and the ANO7-
signature.

r p value
DSP epithelium (n = 82) 0.93 2.83E-35
TCGA PRAD
STN (n = 52) 0.90 7.47E-20
Gleason 6 (n = 45) 0.74 7.16E-09
Gleason 7 (n = 247) 0.58 9.10E-24
Gleason 8 (n = 64) 0.65 4.62E-09
Gleason 9-10 (n = 141) 0.47 4.62E-09

Abbreviations: DSP, GeoMx Digital Spatial Profiler; STN, solid tissue normal; TCGA
PRAD, The Cancer Genome Atlas prostate adenocarcinoma.

Table 2. Top pathways enriched with genes correlating with ANO7
in the TCGA PRAD data.

Term Combined score

Solid tissue normal (STN)

Metallothioneins binding metals 539
Cholesterol biosynthesis 324
Androgen response 278
Response to metal ions 264
Steroid biosynthesis 172
Gleason 6
Androgen response 48
Gleason 7
Gleason 8
Metallothioneins binding metals 2,178
Response to metal ions 1,339
Mineral absorption 121
Bile acid metabolism 43
Gleason 9-10
Metallothioneins binding metals 1,725
Response to metal ions 1,224
Keratan sulphate degradation 1111
Induction of cell-cell fusion 748
Butanoate metabolism 474

Abbreviation: TCGA PRAD, The Cancer Genome Atlas prostate adenocarcinoma.

Table 3. ANO7-signature clinical significance.

O Metsili et al

the ANO7-signature, separated from the other immune
cells (Figure 5D). Monocytes, however, were not differ-
entially distributed between the groups (supplementary
material, Figure S7), making CD56bright NK cells the
primary immune cell type associated with ANO7 in
luminal-type epithelium in the GeoMx DSP data.

To validate this finding, we repeated the analysis
using the TCGA PRAD STN dataset. Hierarchical clus-
tering showed that the ANO7-signature clustered with
CD56bright NK cells, monocytes, activated CDS8
T-cells, and CD56dim NK cells (Figure SE). A positive
correlation  between the ANO7-signature and
CD56bright NK cells was confirmed in both the
GeoMx DSP epithelial and TCGA PRAD STN datasets
(p <0.05). No other cell type showed a significant cor-
relation in both datasets (Table 4). This suggests that
ANO?7-positive epithelia are associated with changes in
the tissue immune landscape via increased infiltration of
specifically CD56bright NK cells.

Discussion

This study, using spatial transcriptomics, demonstrates
that ANO?7 defines distinct cell populations, differentiat-
ing between luminal and club cells in benign prostatic
epithelium. The ANO7 gene expression signature is
linked to AR signalling and lipid metabolism in luminal
cells, enriched in low-grade cancer, and associated with
a better treatment response. We also observed a positive
correlation between ANO7-negative club cells in the
epithelium and immune cell abundance in both epithe-
lium and stroma. In contrast, CD56bright NK cells were
specifically associated with the ANO7-positive luminal
cells and the ANO7-signature.

Test p value

Parameter No. of patients per
ANO7-signature
group
Age at initial Min
pathologic High (n = 273) 41
diagnosis Low (n = 224) 44
Gleason score Gleason 6 Gleason 7
High (n = 273) 33 164
Low (n = 224) 12 83
Pathologic T* pT2
High (n = 270) 138
Low (n = 220) 49
Pathologic N pNO
High (n = 225) 196
Low (n = 199) 149
Primary therapy Complete Partial remission/
outcome success remission/ response
response
High (n = 210) 178 9
Low (n = 167) 118 8

Max Median Mann-Whitney U 0.02
77 61
78 62
Gleason 8 Gleason 9  Gleason 10 Fisher's exact >0.0001
31 45 0
33 92 4
pT3 pT4 Fisher's exact >0.0001
129 3
164 7
pN1 Fisher's exact 0.0017
29
50
Stable Progressive Fisher's exact 0.005
disease disease
14 9
27 14

*Pathologic T value, simplified to pT2-4, indicates the extent of the tumour (pT2: organ confined; pT3-4: growth beyond the prostate).
tPathologic N value indicates the presence (pN1) or absence (pNO) of cancer cells in nearby lymph nodes.

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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Figure 5. Immune cell analysis using the GeoMx DSP and TCGA PRAD data. (A-C) Composition of the following immune cell types per group in
the epithelium and stroma: CD56bright NK cells (A), Th2 (B), and central memory CD8 T-cells (C). The CD56bright NK cells are enriched in both
ANO7-positive groups, while Th2 and central memory CD8 T-cells are enriched in both ANO7-negative groups (*FDR < 0.05). The correlation
is seen only in the epithelial samples. (D, E) Hierarchically clustered correlation matrix of the ssGSEA scores for the ANO7-signature and (D)
n = 27 immune cell types in the GeoMx Digital Spatial Profiler (DSP) epithelial data and (E) n = 28 immune cell types in The Cancer Genome
Atlas (TCGA) prostate adenocarcinoma (PRAD) solid tissue normal (STN) data. The ANO7-signature clustered closest to CD56bright NK cell in

both datasets, separately from the majority of the other

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
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Table 4. Correlation between the ANO7-signature and immune cell types.
DSP epithelium (n = 82)

O Metsili et al

TCGA PRAD STN (n = 52)

r

CD56bright NK cell 0.46
Monocyte 0.121
Activated CD8 T-cell —0.07
CD56dim NK cell —0.18
Th2 —0.66
Central memory CD8 T-cell —0.49

p value r p value
1.41E-5 0.67 5.27E-8
0.281 0.47 4.30E-4
0.561 0.37 0.007
0.102 0.22 0.111
1.20E-11 —0.20 0.162
3.96E-6 —0.25 0.076

Abbreviations: DSP, GeoMx Digital Spatial Profiler; TCGA PRAD STN, The Cancer Genome Atlas prostate adenocarcinoma solid tissue normal.

Healthy prostate epithelium consists primarily of
Iuminal and basal cells, with club and hillock cells more
prevalent in the transition and central zones [31]. Luminal
cells, which express high levels of AR-regulated proteins
such as KLK?2 and KLK3, are secretory cells adapted for
citrate production [32]. Club cells, originally identified in
the lungs, play a role in host defence and are linked to
proliferative inflammatory atrophy in response to injury
[23,31,33]. They are characterised by the expression of
PIGR, CP, LTF, and MMP7, and by the enrichment of
NF-xB pathway genes [21,23].

Our findings are consistent with these characteristics,
with ANO7-negative epithelia being marked by club
cell marker genes and NF-xB signalling, while
ANO7-positive epithelia express luminal markers and
exhibit androgen response. Although a previous spatial
sequencing study suggested that club cells emerge due to
DHT deprivation resulting from 5-ARI treatment [21],
our data indicate the presence of club cells in both
5-ARI-treated and untreated patients. This finding,
together with the strong association between club cells
and immune cells, implies that the emergence of club
cells may be driven also by inflammation [34].
Additionally, AR and NF-kB signalling are not mutually
exclusive; the pathways rather interact indirectly via
shared transcription factors, thereby activating a
transcriptome distinct from that induced by either path-
way alone [35]. Thus, reduced AR activity followed by
DHT deprivation likely renders the epithelium more
susceptible to club cell adaptation in response to milder
external cues inducing inflammation.

In this study, ANOY is strongly associated with lumi-
nal cell identity, which is linked to fatty acid and amino
acid metabolism as well as oxidative phosphorylation.
Interference with mitochondrial function resulting in
accumulation of lactate is shown to antagonise luminal
cell identity [36]. The network analysis provides a
detailed representation of the cellular processes linked
to ANO7 expression. Enriched terms in the ANO7-sig-
nature are associated with AR signalling, particularly
within the functional groups AR activity and prostate
gland development, which suggests a link between
ANO?7 expression and AR signalling in luminal cells.
Notably, ANO7 expression was shown to increase
following androgen treatment in androgen-sensitive
LNCaP cells [37]. In the network, the development-
related processes, SREBP-regulated lipid metabolism,
and FASN form an intriguing axis. SREBFI regulates

fatty acid synthesis in normal tissue, whereas in cancer,
SREBFI and androgens create a positive feedback loop
that enhances fatty acid synthesis, in which FASN is
essential [26,38]. ANO7-signature genes were also
enriched in AA metabolism, which plays a significant
role in the development and progression of PrCa
[39—41]. Beyond cancer, AA metabolites are also essen-
tial in immune responses, affecting inflammation,
immune cell function, and disease progression in various
tissues [42]. Thus, lipid metabolism appears central to
the role of ANO7 in benign tissue, a conclusion also
supported by the TCGA PRAD STN data.

The ANO7-signature is linked to CD56bright NK
cells, a highly cytokine-secreting but less cytotoxic
NK cell type compared with CD56dim NK cells. INF-y
released by CD56bright NK cells promotes immunosup-
pression in the tumour microenvironment [43]. In con-
trast, an enrichment of more cytotoxic CD56dim NK
cells is associated with a better survival in osteosarcoma
and melanoma [43]. Furthermore, increased lipid metab-
olism is shown to reduce NK cell INF-y production in
lymphoma [44]. Further research is needed to explore a
possible connection between ANO7-related processes
and NK cell function in the tissue.

In TCGA PRAD of all Gleason grades, a strong
enrichment of lipid-related pathways was less evident,
and androgen response was enriched only in Gleason
grade 6 cancer. The lack of enriched pathways in
Gleason grade 7 cancer is likely due to heterogeneity
among the samples in the TCGA PRAD dataset.
Interestingly, in both STN and high-grade cancer,
metallothionein-related pathways, driven mainly by
MT1 subisoforms, correlated with ANO7. Decreased
expression resulting from hypermethylation of several
MT1] subisoforms has been shown to be associated with
PrCa progression [45-47]. Similarly, methylation of
ANOY could offer an explanation for its downregulation
during cancer progression.

Lastly, the ANO7-signature also demonstrates clini-
cal relevance. Patients with high ANO7 -signature
scores had a slightly lower age at diagnosis, suggesting
that ANO7-related processes may contribute to faster
progression at early-stage PrCa. Gleason score and
tumour T- and N-stage were significantly lower in the
high ANO7-signature group, which also showed a
better response to primary therapy. This suggests that
ANO?7-related processes are more relevant in low-
grade cancers, the metabolism of which resembles that

© 2025 The Author(s). The Journal of Pathology published by John Wiley & Sons Ltd
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org
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of benign luminal cells. In contrast, advanced cancer
cells show greater metabolic plasticity [36,48,49] and
no longer depend on ANO7 function. The poor prognos-
tic effect of reduced ANO7 protein in cancer [3] suggests
that ANO7 antagonises oncogenic lipid metabolism [26],
therefore acting as a tumour suppressor.

A limitation of this study is the lack of a causal
relationship between ANO7 and the correlating genes,
necessitating future biochemical analyses. Future studies
should focus on modelling ANO7 function in benign
luminal or low-grade cancer cells to enable a more
impactful functional analysis of ANO7’s role.
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