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Aberrant protein expression of Appl1, Sortilin and
Syndecan-1 during the biological progression of prostate
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Summary
Diagnosis and assessment of patients with prostate
cancer is dependent on accurate interpretation and
grading of histopathology. However, morphology does not
necessarily reflect the complex biological changes occur-
ring in prostate cancer disease progression, and current
biomarkers have demonstrated limited clinical utility in
patient assessment. This study aimed to develop bio-
markers that accurately define prostate cancer biology by
distinguishing specific pathological features that enable
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reliable interpretation of pathology for accurate Gleason
grading of patients. Online gene expression databases
were interrogated and a pathogenic pathway for prostate
cancer was identified. The protein expression of key genes
in the pathway, including adaptor protein containing a
pleckstrin homology (PH) domain, phosphotyrosine-
binding (PTB) domain, and leucine zipper motif 1
(Appl1), Sortilin and Syndecan-1, was examined by
immunohistochemistry (IHC) in a pilot study of 29 patients
with prostate cancer, using monoclonal antibodies
designed against unique epitopes. Appl1, Sortilin, and
ished by Elsevier B.V. on behalf of Royal College of Pathologists of
reativecommons.org/licenses/by/4.0/).
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Syndecan-1 expression was first assessed in a tissue
microarray cohort of 112 patient samples, demonstrating
that the monoclonal antibodies clearly illustrate gland
morphologies. To determine the impact of a novel IHC-
assisted interpretation (the utility of Appl1, Sortilin, and
Syndecan-1 labelling as a panel) of Gleason grading,
versus standard haematoxylin and eosin (H&E) Gleason
grade assignment, a radical prostatectomy sample cohort
comprising 114 patients was assessed. In comparison to
H&E, the utility of the biomarker panel reduced subjectivity
in interpretation of prostate cancer tissue morphology and
improved the reliability of pathology assessment, resulting
in Gleason grade redistribution for 41% of patient samples.
Importantly, for equivocal IHC-assisted labelling and H&E
staining results, the cancer morphology interpretation
could be more accurately applied upon re-review of the
H&E tissue sections. This study addresses a key issue in
the field of prostate cancer pathology by presenting a
novel combination of three biomarkers and has the po-
tential to transform clinical pathology practice by stand-
ardising the interpretation of the tissue morphology.

Key words: Prostate cancer pathology; endosome biogenesis; Appl1; Sortilin;
Syndecan-1.
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INTRODUCTION
Confirming the diagnosis for a patient with prostate cancer
and assessing the prognosis is reliant on an accurate inter-
pretation of histopathology. Prostate cancer tissue
morphology is assessed on routine haematoxylin and eosin
(H&E) stained sections, using established diagnostic criteria
for malignancy, and is Gleason graded according to modifi-
cations of the system developed by Gleason in 1966.1 This
grading system has undergone many iterations in an attempt
to correlate the results more accurately with outcome and
enable more reliable prognostication.2–6 Despite these
changes, the subjectivity of morphological assessment re-
mains an issue for pathologists.7–10

Gleason defined five grades relating to prognosis, but the
boundaries between these can be confounding. In particular,
the differentiation between well formed and poorly formed
glands, tangential cutting artifacts, and distinguishing benign
mimics of malignancy from cancer are recognised prob-
lems.11,12 While there are no gold standard prostate cancer
biomarkers that address these issues, immunohistochemical
(IHC) labelling has been widely utilised to aid morphological
assessment. For example, a-methylacyl-CoA racemase
(AMACR), a soluble peroxisomal and mitochondrial enzyme
that is variably expressed in prostate cancer, in combination
with basal cell markers (P63, 34bE12 and cytokeratin 5/6),
can be employed to differentiate benign from malignant
glands. However, this cocktail has limited clinical utility for
grading as it does not distinguish between benign mimics or
between different prostate cancer morphologies.13–16 New
biomarkers are required to identify critical cancer pathogen-
esis to improve the reliability of morphological assessment,
as effective prognosis, management and treatment of patients
with prostate cancer heavily relies on accurate grading.
Previous investigations have shown that endosome-

lysosome biogenesis is significantly and consistently altered
in prostate cancer compared to non-malignant cells and
tissue.17–19 Indeed, the endosome-lysosome system has
direct functional links to all major hallmarks of cancer pa-
thology.20–22 For example, endosomes and lysosomes con-
trol vesicular traffic, intracellular communication, immune
function/inflammation, cellular uptake of nutrients, macro-
molecular degradation, energy metabolism and sensing,
cytokinesis, cytokine signalling, interactions with the
microenvironment and cell division (see recent review).23

This current study aimed to investigate the expression of
three endosomal biomarkers, adaptor protein containing a
pleckstrin homology (PH) domain, phosphotyrosine-binding
(PTB) domain, and leucine zipper motif 1 (Appl1), Sortilin,
and Syndecan-1, in the progression of prostate cancer.
Furthermore, the study addressed the impact of a novel
biomarker IHC-assisted analysis on the reliability of Gleason
grading. It was postulated that alterations in the expression of
specific endosome-lysosome proteins can accurately define
prostate cancer pathogenesis, which may have important
implications for the clinical management of patients.

MATERIALS AND METHODS
Patient information

The retrospective pilot cohort comprised transurethral resection of the pros-
tate (TURP) samples from 29 patients obtained through the Australian
Prostate Cancer Bioresource (APCB), according to their recruitment criteria.
A larger test cohort of 112 patients from a previously constructed Tissue
Microarray (TMA) was accessed from Flinders Medical Centre (FMC;
Supplementary Table 1, Appendix A), Adelaide, Australia.24 The expansion
cohort comprised 302 radical prostatectomy samples from 114 patients with
prostate cancer and was also accessed from the APCB (Supplementary
Table 2, Appendix A). Approval was obtained from the Human Research
Ethics Committee of the University of South Australia (Application IDs:
201907 and 36070) and Central Adelaide Local Health Network (Application
ID: R20181113).

Biomarker identification

Noted pathogenic pathway alterations within the endosome-lysosome system
were collated from previous interrogations of online gene expression data-
bases (Omnibus, NCBI, https://www.ncbi.nlm.nih.gov/geo/; Human Protein
Atlas, https://www.proteinatlas.org/) and the literature.17–19 H&E staining
and IHC labelling with specific monoclonal antibodies against candidate
markers was performed on patient tissue from the pilot cohort. Benign and
malignant gland morphologies were initially assessed on H&E stained sec-
tions and then re-assessed by IHC. Appl1, Sortilin and Syndecan-1 were
selected for further analysis.

Histopathology and immunohistochemistry

Tissue sections (2 mm) were cut from formalin-fixed paraffin-embedded
blocks that were representative of the tumour. Sections were stained with
routine haematoxylin (Ehrlich’s) and eosin (H&E) or labelled by IHC, as
previously described.25 Briefly, heat-induced antigen retrieval was performed
in Tris-EDTA Buffer (10 mM Tris Base, 1 mM EDTA Solution, 0.05%
Tween-20, pH 9.0). Antibody incubations were carried out at room temper-
ature for 1 h. Detection and visualisation were performed using the EnVision
Detection and diaminobenzidine (DAB) chromogenic substrate system
(K5007; Dako, USA). The tissue sections were counterstained with Ehrlich’s
haematoxylin and mounted with DPX mounting media (Merck Millipore,

https://www.ncbi.nlm.nih.gov/geo/
https://www.proteinatlas.org/


42 MARTINI et al. Pathology (2023), 55(1), February
Australia). All slides were imaged in brightfield with an Axio Scan Z.1 slide
scanner (Zeiss, Germany) with a plan-achromat 20× objective.

Development and characterisation of Appl1, Sortilin and Syndecan-1
monoclonal antibodies

Appl1, Sortilin and Syndecan-1 peptides were selected with the aid of
AbDesigner using linear sequence analysis, and these were confirmed to
represent specific epitopes on the protein surface using modelling of full
length sequence predicted with Phyre2.26,27 To minimise antibody cross-
reactivity, unique linear sequence peptides were selected for antibody
production, which had no sequence identity with other proteins at the six
amino acid level (Supplementary Table 3, Appendix A). The production of all
monoclonal antibodies was outsourced to GenScript (USA) for GLP standard
production and they were developed in C57BL/6 mice. The specific epitope
reactivity was confirmed by western blotting on cell lysate derived from
in vitro cell lines, and specific cellular localisation confirmed using immu-
nofluorescence on cultured cells.25

Preparation of cell extracts for western blotting

Cell extracts and western blotting was performed as previously described.25

Cell line 22Rv1 was obtained from CellBank Australia and cultured in
RPMI-1640 media (Gibco, ThermoFisher Scientific, USA). Cells were
harvested and extracts prepared using 20 mM Tris (pH 7.0) containing 500 mM
sodium chloride and 2% (w/v) SDS and protease inhibitors (Sigma Aldrich,
USA), followed by needle shearing and sonication. Total protein was quantified
by using a bicinchoninic acid assay method (Micro BCA kit; Pierce, Ther-
moFisher Scientific). Samples were quantified using a Wallac Victor optical
plate-reader and Workout software v2.0 (PerkinElmer, Australia).
For western blotting, briefly, 10 mg of total cell protein from whole cell

lysates were heat-denatured, electrophoresed using pre-cast gels (Life Tech-
nologies, Australia) and transferred to polyvinylidene difluoride membranes
(0.2 mm Polyscreen, PerkinElmer). Membranes were blocked for 1 h at room
temperature using 5% (w/v) skim milk or 5% (w/v) BSA in TBS, and sub-
sequently incubated with primary antibody overnight at 4oC with gentle
agitation. Membranes were washed in 0.1% (v/v) TBS-Tween-20 and incu-
bated with anti-mouse HRP-conjugated secondary antibody diluted 1:10 000
in 5% milk block. Membranes were visualised using Novex ECL chemilu-
minescent substrate reagent kit (Life Technologies) and ImageQuant LAS
4000 imager, software version 1.2.0.101 (GE Healthcare, Australia).

Immunofluorescence

PNT2 cells were obtained from CellBank Australia and cultured in RPMI-
1640 media (Gibco). DU-145 cells were obtained from American Type
Culture Collection (ATCC) and cultured in MEM media (Gibco). Cells were
cultured on 13 mm #1.5 coverslips in 24 well plates and formaldehyde-fixed
for 10 min, washed three times in PBS and permeabilised with 5% (w/v) BSA
in PBS containing 0.05% Saponin. Cells were incubated with primary anti-
bodies overnight at 4ºC. Anti-mouse Alexa Fluor 488 (1:1000; Life Tech-
nologies) secondary antibody was incubated for 1 h at room temperature.
Cells were mounted with ProLong Diamond Antifade Reagent containing
DAPI nuclear stain (Life Technologies). Confocal microscopy was performed
using a Nikon A1+ laser scanning microscope and associated software (NIS-
Elements 4.2; Nikon, Japan). Images were obtained at a resolution of 0.14
mm/px using a 60× objective lens. Exported greyscale 16-bit TIFF files were
used to create representative figures in Adobe Photoshop CC (2016; Adobe
Systems, USA).

Tissue microarray test cohort

Appl1, Sortilin and Syndecan-1 IHC labelling, and H&E staining was
performed on sections from a TMA cohort (n=102) consisting of multiple
cores per patient (�5 cores). Morphology was assessed by H&E and protein
expression was assessed in analysable samples which consisted of a complete
set of Appl1, Sortilin and Syndecan-1 IHC labelling. Non-analysable sam-
ples, or samples that did not contain a full set of biomarker labelling (either
due to tissue loss or damage from processing or IHC labelling protocol) were
excluded from further analysis. The IHC labelling intensity was assessed by
H-score with unequivocally labelled (H-score intensity of �2), and equivo-
cally labelled (H-score intensity of �1).28
Radical prostatectomy expansion cohort

As Gleason scoring of the whole tumour cannot be reliably undertaken with
TMA samples, the purpose of the radical prostatectomy expansion cohort was
to compare the impact of IHC-assisted interpretation of Gleason grading using
a multifactorial approach with the biomarkers (described below), versus
standard H&E Gleason grade assignment (in terms of both reliability and
agreement). Analysable samples (n=302) of H&E stained sections and
biomarker labelled sections were assigned a Gleason grade and independently
reviewed by four specialist uropathologists.

Multifactorial appreciation of Appl1, Sortilin and Syndecan-1 labelling to
Gleason grade

Gleason grade by H&E was performed according to standards outlined in the
Royal College of Pathologists of Australasia (RCPA) prostate cancer (radical
prostatectomy) structured reporting protocol.29,30 Gleason grade was also
assigned from IHC labelled sections using a ‘multifactorial appreciation’ of the
biomarkers, describing the utility of Appl1, Sortilin, and Syndecan-1 labelling
as a panel to assess samples, rather than independently utilised markers.
An IHC-assisted Gleason grade using a multifactorial appreciation of

Appl1, Sortilin and Syndecan-1 enabled users to determine predominant
primary and secondary Gleason patterns in the tissue sections that had a
representative tumour. A Gleason grade was only assigned in analysable
samples, where a full set of Appl1, Sortilin and Syndecan-1 labelled sections
were available.

Statistical analysis

An intraclass correlation test (two-way random effects model) was used to
measure the absolute agreement coefficient between users, H&E versus
multifactorial IHC-assisted Gleason grade (Appl1, Sortilin and Syndecan as a
panel) from the radical prostatectomy expansion cohort. The analysis was
undertaken using R version 4.1.1 (https://www.r-project.org/). A senior
pathologist then reviewed and verified the Gleason grades based on H&E and
IHC slides to produce a consensus Gleason grade.

RESULTS
Biomarker shortlisting and pilot study

Noted gene expression alterations from previously published
work identified altered expression of Rab5A (early endosome
biogenesis), Appl1 (DCC-interacting protein 13-alpha, subset
of early endosomes), EEA1 (early endosome antigen 1, en-
dosome fusion), Rab7A (late endosome marker on com-
partments with NOX2), NOX2 (NADPH oxidase 2, ROS
production in endosomes), ALIX (ALG-2-interacting protein
X, multivesicular body biogenesis), Myosin 1B (vesicular
traffic), Sortilin (GLUT vesicle biogenesis and regulation),
Syntenin (Syndecan-1 binding protein) and Syndecan-1 (cell
migration and growth factor uptake) in prostate cancer
cells.17–19 These proteins map to the endosome-lysosome
system (Fig. 1) suggesting that this system is a pathogenic
pathway for prostate cancer development.
Within the pilot cohort, Appl1, Sortilin and Syndecan-1

monoclonal antibodies demonstrated differential labelling
in benign versus well formed and versus poorly formed
malignant gland morphologies (Supplementary Fig. 1,
Appendix A). Appl1 labelled basal epithelial cells with high
intensity and low intensity labelling was observed in adjacent
secretory epithelial cells. Well formed malignant glands
exhibited moderate labelling with Appl1, while intense
labelling was observed in poorly formed malignant glands.
Sortilin labelling was absent in benign glands, and well
formed malignant glands exhibited a supranuclear polar
pattern. In poorly formed malignant glands, labelling was
dispersed, lacking intensity and cellular polarity. Syndecan-1
distinguished benign glands by labelling basal cells, similar

https://www.r-project.org/


Figure 1 Gene and protein alterations in an endosome-lysosome pathway detected in prostate cancer. Depiction of a potential pathogenic pathway for prostate cancer
with endosome-lysosome proteins that represent critical regulatory points (highlighted in yellow).
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to Appl1. Well formed malignant glands exhibited minimal
labelling, while intense labelling was observed in poorly
formed malignant glands (Supplementary Fig. 1, Appendix
A). Conversely, IHC labelling for Rab5A, EEA1, NOX2,
ALIX, Myosin 1B, Rab7A and Syntenin demonstrated no
consistent pattern differences between benign, well formed,
or poorly formed malignant glands (Supplementary Fig. 1,
Appendix A).

Characterisation of Appl1, Sortilin, and Syndecan-1
monoclonal antibodies

To confirm the specificity of Appl1, Sortilin and Syndecan-1
monoclonal antibodies, specific linear sequences were
mapped on the 3D protein structures demonstrating epitope
location (Fig. 2A; Supplementary Table 3, Appendix A).
Western blot analysis on 22Rv1 cell extracts demonstrated
specific single bands with Appl1 (85 kDa) and Sortilin
monoclonal antibodies (75 kDa), with the expected molecular
weights. Syndecan monoclonal antibody demonstrated two
bands (32 kDa, and 72 kDa), which is the expected molecular
weight of monomeric and dimerised Syndecan-1 (32 kDa and
77 kDa, respectively).31–35 Appl1 and Sortilin immunofluo-
rescence was performed on PNT2 cells, while Syndecan-1
was performed on DU145 cells.

Tissue microarray test cohort

The ability of Appl1, Sortilin and Syndecan-1 antibodies to
illustrate various pathologies in the prostate gland was
assessed in 102 analysable patient tissues (from 112 patients).
H&E was used to identify 66 regions of benign glands, 64
regions of well formed malignant glands and 51 regions of
poorly formed malignant glands, which were then assessed
by IHC (Supplementary Table 4, Appendix A).
The 100% unequivocal labelling of both Appl1 and

Syndecan-1 distinguished benign from malignant glands (i.e.,
the 66 regions of benign glands identified on H&E were
intensely labelled in both the Appl1 and Syndecan-1 IHC
sections). Appl1 had unequivocal labelling for 98.4% (63/64)



Figure 2 Epitope location and immunochemistry of Appl1, Sortilin and Syndecan-1 specific linear sequence monoclonal antibodies. Unique linear sequences were
identified in Appl1 (left), Sortilin (middle) and Syndecan-1 (right) for high specificity monoclonal antibody development. (A) Epitope locations are highlighted in red on
the 3D protein structures with the transmembrane regions of Sortilin and Syndecan-1 in orange. (B) Western blotting to detect Appl1 (85 kDa), Sortilin (75 kDa) and
Syndecan-1 (major molecular forms at 72 kDa and 38 kDa) was performed using 22RV1 cell extracts. (C) Immunofluorescence with the three monoclonal antibodies
detected punctate labelling consistent with the cellular distribution of Appl1 (PNT2 cells), Sortilin (PNT2 cells) and Syndecan-1 (DU145 cells).
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of well differentiated regions and 98% (50/51) of poorly
differentiated regions within a tumour. Sortilin had un-
equivocal labelling for 100% (64/64) of well differentiated
regions and 94.1% (48/51) of poorly differentiated regions
within a tumour. Syndecan-1 had unequivocal labelling for
100% (66/66) of benign regions, 81.3% (52/64) of well
differentiated regions and 92.2% (47/51) of poorly differen-
tiated regions within a tumour.
Radical prostatectomy expansion cohort

As Appl1, Sortilin and Syndecan-1 labelled key morphol-
ogies within the TMA test cohort, these labelling patterns
were evaluated in the expansion cohort (n=302 patient sam-
ples). Figure 3 demonstrates the ability of Appl1, Sortilin and
Syndecan-1 to label benign glands [including low-grade
prostatic intraepithelial neoplasia (PIN) versus high-grade
PIN], well formed malignant glands, and architectural pat-
terns of higher grade cancer, including intraductal carcinoma
of prostate (IDCP).
Specifically, in benign prostatic glands, Appl1 and
Syndecan-1 labelling clearly detected basal epithelial cells
and in each case the biomarkers distinguished luminal
epithelial cells (Fig. 3, row 1). Appl1 identified both PIN
tissue morphologies, where minimal Sortilin and Syndecan-1
labelling was present (Fig. 3, rows 2 and 3). In well formed
malignant glands both Appl1 and Sortilin had increased
labelling intensity (compared to benign glands) while
Syndecan-1 labelling was minimal (Fig. 3, row 4). In
advanced forms of prostate cancer, Appl1 and Syndecan-1
had increased labelling intensity while Sortilin labelling
was progressively reduced in poorly formed glands, sheets/
nests of cells, carcinoma with comedonecrosis or IDCP
(Fig. 3, rows 5–10). As Appl1, Sortilin and Syndecan-1
labelled key morphologies in prostate cancer biology, the
utility of the biomarkers as an IHC panel (a multifactorial
appreciation) for Gleason grading was explored.
The biomarker panel was used to interpret both classical

and complex morphologies. Punctate and supranuclear fea-
tures observed with Sortilin, combined with Syndecan-1



Figure 3 Prostate cancer morphologies visualised by H&E staining or biomarker labelling. Serial sections of tissue from patients with prostate cancer were stained with
routine H&E (first column), or labelled with Appl1 (second column), Sortilin (third column) or Syndecan-1 (fourth column). Immunolabelling with Appl1, Sortilin and
Syndecan-1 is depicted by a brown immunoprecipitate (DAB). The morphologies identified in routine prostate cancer assessment by H&E included: regions of benign
prostatic glands, low grade PIN and high grade PIN; well formed malignant glands; poorly formed malignant and cribriform glands; sheets, nests, single cancer cells and
comedonecrosis; and intraductal carcinoma of the prostate (IDCP).
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Table 1 Intraclass correlation coefficient; H&E and IHC-assisted Gleason grading according to the current prostate pathology guidelines

Intraclass correlation (95% CI) F Test with true value 0

Value df1 df2 Sig

H&E Gleason grade 0.725 (0.684–0.764) 11.5 301 905 0.000
IHC-assisted Gleason grade 0.838 (0.811–0.863) 22.1 301 834 0.000

Single measures, two-way mixed effects model where people effects are random and measures effects are fixed.
df, degrees of freedom.

Figure 4 The distribution and agreement of H&E and IHC-assisted Gleason grading according to the current prostate grading guidelines. H&E and IHC-assisted
Gleason scoring was in agreement for 59% of the samples (n=302). Redistribution of scores determined by IHC markers showed decreased grading for 23% of samples
and increased grading for 18% of samples.
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labelling below a baseline threshold (basal cell staining in-
tensity in adjacent benign glands), indicated Gleason pattern
3 or well formed malignant glands. When Sortilin labelling
featured a loss of granularity and was no longer in a supra-
nuclear location, and Syndecan-1 labelling was equal to or
above the baseline threshold, this indicated Gleason pattern 4.
When Sortilin labelling intensity was minimal or absent,
combined with strong Appl1 and Syndecan-1, this indicated
Gleason pattern 5 (and was usually associated with cords,
sheets and nests of cancer cells). In areas consisting of
equivocal Sortilin and Syndecan-1 labelling, Syndecan-1
labelling was referred to as its expression was directly pro-
portional to Gleason pattern and advanced disease. In cases
where no benign prostatic glands were available for com-
parison, Syndecan-1 expression was compared to labelling in
plasma cells (specific marker), the endothelial layer of blood
vessels, or ganglion nerve cell bodies.
A multifactorial appreciation of Appl1, Sortilin, and

Syndecan-1 labelling was investigated by comparing the
results with standard H&E assessment. An improved intra-
class correlation coefficient (95% CI) was observed using a
multifactorial appreciation of Appl1, Sortilin and Syndecan-1
when scoring [0.84 (0.81–0.86)], in comparison to routine
H&E [0.73 (0.68–0.76)] (Table 1). This cohort was also
independently reviewed to formulate an agreement table
comparing IHC-assisted Gleason grade to H&E Gleason
grade. Overall, 59% of patient samples in the cohort had
agreement (Fig. 4). In the remaining 41%, some samples had
a higher IHC-assisted Gleason grade (18% of total number of
patient samples), while others had a lower IHC-assisted
Gleason grade (23% of total number of patient samples)
(Fig. 4). These findings prompted a detailed review of the
morphologies contributing to changes in Gleason grade.
In patient samples where H&E and IHC-assisted Gleason

grade showed direct alignment, the interpretation of the
morphology was clear (Fig. 5). A subset of patient samples
with Gleason grade disagreements between H&E and IHC
was also examined in three examples (Fig. 6). Each



Figure 5 Gleason grade agreement by H&E staining and IHC-assisted biomarker labelling. Gleason grade in patient tissues was assessed using H&E (first column); or
IHC-assisted biomarker labelling with Sortilin (second column), and Syndecan-1 (third column) depicted by a brown immunoprecipitate (DAB). Examples of tissue
samples from two patients (separated by the black line) with an agreed H&E and IHC-assisted Gleason grade, including Gleason grade 3+4 (rows one and two) and
Gleason grade 4+3 (rows three and four). The upper and lower row for each patient represents examples of the different morphologies contributing to the grading. Sortilin
immunolabelling indicates the presence of well-formed malignant glands and is confirmed by minimal labelling with Syndecan-1 (top and bottom rows). Syndecan-1
immunolabelling indicates the presence of poorly formed malignant glands and is confirmed by minimal labelling with Sortilin (two middle rows).
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example displays primary (top) and secondary (bottom)
Gleason patterns. In the top example, assessment by H&E
indicated Gleason pattern 4 for both primary and secondary
components. IHC-assisted assessment demonstrated a pri-
mary component of malignant glands with polar Sortilin
labelling (top row; arrowhead), and reduced Syndecan-1
labelling indicated well formed gland morphology (Glea-
son pattern 3) which reduced the Gleason score from 4+4
with H&E, to 3+4 with IHC (Fig. 6, top two rows). In the
middle example, a Gleason score from 3+3 was determined
by H&E, but a secondary component of glands (bottom
row) displayed loss of granularity of Sortilin which was no
longer in a supranuclear location (arrowhead), and high
Syndecan-1 labelling which increased the Gleason score to
3+4 with IHC-assisted assessment (Fig. 6, middle two
rows). In the third example (Fig. 6, bottom two rows), a
Gleason score of 4+3 was assigned with H&E (reflecting
components of cribriform morphology and well formed
malignant glands), but IHC assessment with Syndecan-1
visualised cancer cell nests (inset) in addition to the crib-
riform morphology (top row), which affected the primary
and secondary grades. The Gleason score increased from
4+3 with H&E, to 4+5 with IHC-assisted assessment. In
the three examples, the multifactorial interpretation of the
IHC-assisted biomarker labelling was reconciled upon re-
review of the H&E stain.



Figure 6 Gleason grade disagreement by H&E staining and IHC-assisted biomarker labelling. Gleason grade in patient tissue assessed using H&E (first column); or
IHC-assisted biomarker labelling with Sortilin (second column), and Syndecan-1 (third column) depicted by a brown immunoprecipitate (DAB). Examples of tissue
samples from three patients (separated by black lines) with disagreeing H&E and IHC-assisted Gleason grade were assessed (including one downgraded and two
upgraded). The upper and lower row for each patient represents examples of the different morphologies contributing to the Gleason grade. In the patient that displayed a
reduced Gleason grade compared to H&E (top), Sortilin demonstrated polarised distribution (arrowhead) which indicated the presence of well formed glands, whereas
interpretation by H&E suggested only poorly formed gland morphology. Syndecan-1 immunolabelling visualised additional morphology compared to H&E for both
patients that were changed to a higher Gleason grade (middle and bottom). The middle example demonstrated high Syndecan-1 expression, combined with Sortilin
labelling which was no longer in a supranuclear location (arrowhead; middle). In the bottom example, Syndecan-1 expression identified a component of Gleason pattern
5 (sheets of cancer cells; magnified inset).
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DISCUSSION
Prostate cancer pathology assessment is currently reliant on
morphological characteristics but does not consider the un-
derlying biology of prostate cancer. Currently, there are no
biomarkers that address fundamental problems associated
with variable reporting and controversies over the interpre-
tation of morphology and Gleason grade.7,8,10 For example,
AMACR has a role in b-oxidation and cancer metabolic
reprogramming, which results in differential expression and
variable detection in prostate cancer tissue.13,36 The
endosome-lysosome system has a functional role in all hall-
marks of cancer, and therefore has the potential to accurately
report on prostate cancer biology.17–19

This novel study demonstrated that Appl1, Sortilin and
Syndecan-1 monoclonal antibodies developed against unique
epitopes reliably inform on the prostate cancer biology by
improving morphological interpretation and assist pathology
assessment when used as an IHC panel of three biomarkers.
These biomarkers were selected from the pilot study based on
their capacity to accurately define prostate cancer architecture
and to delineate cancer with well formed and poorly formed
glands. Using IHC-assisted Gleason grading, the biomarkers
increased the reliability of pathology assessment compared
with H&E. This study presents the first reliable set of prostate
cancer biomarkers, which have the potential to transform
clinical pathology practice by standardising the interpretation
of the tissue morphology.
Appl1, Sortilin and Syndecan-1 have important functions

in the endosome-lysosome system, thus correlate with critical
points of pathogenesis in prostate cancer. Characterisation
studies demonstrated that the three monoclonal antibodies
produced a vesicular and punctate labelling pattern which is
consistent with their interaction with intracellular endosomal
compartments. Appl1 and Syndecan-1 displayed labelling
dispersed through the cytoplasm, while Sortilin demonstrated
polarised labelling at supranuclear location which is consis-
tent with localisation to the trans-Golgi network.37

Appl1 is a multifunctional endocytic adaptor protein that
localises to a specific subset of early endosomes. Appl1 also
regulates vesicle transport by controlling the speed of cargo
internalisation, while driving endosome signalling in prostate
cancer cells.38,39 Additionally, Appl1 has a role in tran-
scription factor regulation, specifically involving the Wnt
signalling pathway.40 This pathway has a critical role in
prostate cancer pathogenesis and has been linked to disease
progression and metastatic prostate cancer.41 The ability to
control endosome vesicular traffic and signalling by Appl1
suggests a critical role in the establishment and progression of
prostate cancer.
Sortilin belongs to the Vps10p sorting receptor family of

proteins and controls the transport of specific intracellular
cargo from the trans-Golgi network to endosomes, lyso-
somes, secretory granules and the plasma membrane.42

Sortilin is integrally involved in sugar metabolism, being
highly expressed in metabolically active tissues and cells.
Sortilin acts mechanistically as a transmembrane scaffolding
protein to initiate insulin responsive vesicle biogenesis and to
bind glucose transporter 4 (GLUT4), as well as facilitate
transport to the plasma membrane in response to insulin.43,44

This critical function of Sortilin in insulin responsive vesicle
biogenesis and its location in the trans-Golgi is consistent
with the granular perinuclear distribution pattern in prostate
cancer tissue. The capacity to interact with both GLUT1 and
GLUT4 suggests that Sortilin has a complex role in sugar
metabolism, and the increased expression of this biomarker in
prostate cancer with well formed glands may indicate a
dependence on sugar metabolism for cancer with this
morphology.
Syndecan-1 is a transmembrane (type I) heparan sulfate

proteoglycan and plasma cell biomarker, also known as
CD138, which participates in cell proliferation, migration and
cell-matrix interactions.45,46 In prostate cancer, Syndecan-1
expression was detected in advanced cancer morphologies,
including poorly formed glands, nests and cords of cells,
cribriform and IDCP. Syndecan-1 has a direct role in growth
factor binding and cell migration, and its expression has been
associated with biochemical recurrence after radical prosta-
tectomy.47 This Syndecan-1 biology accounts for its detec-
tion in advanced cancer morphologies, as observed in tissue
samples from patients with high Gleason grades. Variable
Syndecan-1 labelling has previously been reported on pros-
tate tissue.48 However in this study, a specific Syndecan-1
epitope provided reliable IHC labelling of prostate cancer
with poorly formed gland morphology. This indicated that
this epitope might have functional significance and have
utility for IHC-assisted assessment of advanced prostate
cancer.
Gleason grade assessment of prostate carcinoma using

H&E staining relies on the subjective interpretation of
morphological characteristics, with problems reported for
distinguishing benign mimics from cancer, and differenti-
ating well formed from poorly formed cancer glands, re-
flected as different clonal populations.9,11,12 The
interpretation of transitions between these morphologies can
be confounding and therefore it is not surprising that the
Gleason grading system has been continually modified to
address these problems.1,5,6,49 In cancer biology, there are
classic transitions from benign to dysplasia and neoplasia, as
cells lose differentiation, and specifically in prostate cancer
these changes align with the morphological transitions orig-
inally described by Gleason.1 A combined appreciation of the
three identified biomarkers provides a clear distinction be-
tween benign, PIN and neoplastic tissue morphologies,
defining the critical cellular transitions with different patterns
of biomarker expression. While the expression of Appl1 and
Syndecan-1 together provides a clear representation of
benign tissue to distinguish it from cancer tissue, further
studies are warranted to specifically investigate the biomarker
panel’s performance against the full breadth of benign
mimics of prostate cancer. The utility of the IHC biomarker
panel for addressing the striking grade discordance that can
often be observed between initial core biopsies and prosta-
tectomy tissue sections is also currently being investigated. A
more accurate detection of cancer could reduce patient
undertreatment or overtreatment, which respectively results
in disease progression or for example, unnecessary surgery
and complications. The biomarkers also define the transition
between well formed (Gleason pattern 3) and poorly formed
cancer gland morphology (Gleason pattern 4). The specific
polarised expression pattern for Sortilin defines well formed
glands and this aligns with early stage neoplasia, removing
any confounding interpretation over this morphology. The
critical transition to advanced prostate cancer is characterised
by the loss of Sortilin and increased Syndecan-1 expression,
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aligning with poorly formed gland morphologies. This
highlights the IHC panel as an essential tool for distin-
guishing between the amount of Gleason patterns 3 and 4,
warranting specific biomarker investigation in patient cases
where there are questions over Gleason grade 3+4 and 4+3
grading. The combination of Appl1, Sortilin and Syndecan-1
biomarkers provides accurate interpretation of prostate cancer
morphology, to improve the reliability of prostate cancer
pathology assessment. While further studies may investigate
the utility of the IHC biomarker panel assessment, indepen-
dent of the Gleason system, the combination of both the
morphological presentation (Gleason) and the complex bio-
logical changes (IHC biomarker panel) may be the most
informative and accurate approach for assessing prostate
cancer pathology.
Appl1, Sortilin and Syndecan-1, act at critical control

points in the endosome-lysosome pathway and, in prostate
cancer, these proteins have regulatory roles in transcription
factor activity, energy metabolism and cancer progression,
accurately informing on the pathogenesis of the disease. This
has demonstrated that, by delineating the complex biological
changes occurring in prostate cancer, a multifactorial appre-
ciation of these three biomarkers as a panel can improve
morphological assessment in patients. This IHC biomarker
panel can be used for both training in prostate cancer
assessment and as an indispensable tool for accurate grading,
which has the potential to transform clinical practice.
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