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Summary

The presence of intraductal carcinoma of the prostate
(IDCP) correlates with late-stage disease and poor out-
comes for patients with prostatic adenocarcinoma, but the
accurate and reliable staging of disease severity remains
challenging. Immunohistochemistry (IHC) has been utilis-
ed to overcome problems in assessing IDCP morphology,
but the current markers have only demonstrated limited
utility in characterising the complex biology of this lesion.
In a retrospective study of a cohort of patients who had
been diagnosed with IDCP, we utilised IHC on radical
prostatectomy sections with a biomarker panel of Appl1,
Sortilin and Syndecan-1, to interpret different architectural
patterns and to explore the theory that IDCP occurs from
retrograde spread of high-grade invasive prostatic adeno-
carcinoma. Cribriform IDCP displayed strong Appl1,
Sortilin and Syndecan-1 labelling patterns, while solid
IDCP architecture had high intensity Appl1 and Syndecan-
1 labelling, but minimal Sortilin labelling. Notably, the
expression pattern of the biomarker panel in regions of
IDCP was similar to that of adjacent invasive prostatic
adenocarcinoma, and also comparable to prostate cancer
showing perineural and vascular invasion. The Appl1,
Sortilin, and Syndecan-1 biomarker panel in IDCP pro-
vides evidence for the model of retrograde spread of
invasive prostatic carcinoma into ducts/acini, and supports
the inclusion of IDCP into the five-tier Gleason grading
system.
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INTRODUCTION

Prostate cancer is the second most common cancer in men
worldwide, involving the diagnosis of over 1.4 million patients
and resulting in more than 375,000 deaths annually.” While
the incidence of intraductal carcinoma of the prostate (IDCP)
varies between different studies,z’4 there is common agree-
ment that the presence of an IDCP component within a pros-
tate tissue sample correlates with high-stage disease and a
poorer prognosis.” ° However, the reporting of IDCP remains
subJectlve and suffers from conflicting criteria and defini-
tions.”” In particular, the International Society of Urological
Pathology (ISUP) recommends incorporating IDCP into the
five-tier Gleason grading system, when it is found in associ-
ation with invasive carcinoma.’® Conversely, the Genitourinary
Pathology Society (GUPS) suggests the reporting of IDCP as
an explanatory comment, independent of Gleason grading.7’8
These conflicting recommendations create confusion in the
reporting of IDCP, with downstream problems comparing
different studies or standardising patient management.
Controversies relating to IDCP reporting stem from the
proposal that IDCP is a biological entity distinct from invasive
prostate adenocarcinoma, as reported in 2016 by the World
Health Organization (WHO) classification of tumours of the
prostate gland.lo This has led to the creation of inconsistent
strategies that attempt to define the nature of IDCP more
accurately. Morphologically, IDCP is characterised by the
presence of a lumen-spanning proliferation of neoplastic
epithelium within pre-existing prostatic ducts and acini, with
retention of basal cells.'! IDCP shares similar morphological
features to other lesions in the prostate including high-grade
prostatic intraepithelial neoplasia, cribriform acinar adenocar-
cinoma, ductal adenocarcinoma, and intraductal spread of
urothelial carcinoma.'” These key features which are indicative
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of, but not unique to IDCP, include intraductal and intra-acinar
growth of cancer cells with cribriform and solid patterns,
marked nuclear atypia/enlargement and comedonecrosis.' ?~
14 Transcriptional regulator ERG expression and phosphatase
and tensin homolog (PTEN) loss were initially utilised to define
a diagnostic profile for IDCP. However, the ERG/PTEN status
of invasive prostatic adenocarcinoma and areas of atypical
proliferation share a similarity to IDCP in >90% of cases. -1
This is not surprising if IDCP is considered to represent retro-
grade colonisation of the prostatic ducts and acini by invasive
high-grade prostatic adenocarcinoma, with several lines of ev-
idence supporting a theory that IDCP represents intra-acinar
and intraductal invasion of pre-existing invasive carcinoma,
rather than a de novo precancerous lesion.'®'” Both Gleason
grading and the diagnosis of IDCP rely on the assessment of
morphological criteria. Currently, the lack of effective bio-
markers that define the underlying cell biology of the disease
has limited the field’s capacity to resolve these controversies
and implement an appropriate approach to tumour grading.

We recently reported results from a set of biomarkers that
define the primary pathology of prostate cancer in patient
tissue and can predict patient outcome.”%* Appll, Sortilin
and Syndecan-1 are key endosomal proteins and have regu-
latory roles in respectively transcription factor activity, energy
metabolism and cancer progression.25 -2 Appll, localised to
early endosomes, regulates vesicle transport by controlling the
speed of cargo internalisation. Sortilin controls the biogenesis
of GLUT transporter vesicles and transport from the trans-
Golgi network to endosomes, lysosomes, secretory granules
and the plasma membrane.”® Syndecan-1 is a heparan sulphate
proteoglycan involved in cell proliferation, migration and cell-
matrix interactions. The combined assessment of Appll,
Sortilin and Syndecan-1 protein expression by IHC improved
the reliability of prostate cancer assessment and more accu-
rately interpreted the morphologies that represent the transition
between low-grade and high-grade disease. Here, we have
used this novel panel of biomarkers to evaluate a retrospective
series of prostate cancer patients with confirmed IDCP, to
further characterise the complex biology between these two
lesions and reveal that these biomarkers have the potential to
resolve some of the problems arising from a purely morpho-
logical approach to IDCP interpretation.

MATERIALS AND METHODS

Patient samples and ethical approval

Prostate tissue specimens were obtained from 100 patients with prostate
cancer, who had been treated by radical prostatectomy and had confirmed
presence of IDCP. Tissue samples were accessioned within the period of
December 2019 to February 2020 by Aquesta Uropathology, Brisbane,
Australia.” Prior to surgery, all patients were treatment naive,”” and cases
were diagnosed by a specialist uropathologist utilising the criteria of the 2005
modified Gleason grading system and the recommendations of the 2014 In-
ternational Society of Urological Pathology Consensus Conference.' >3

Ethics approval for sample access and use of de-identified human prostate
tissues was obtained through the institutional review board, Human Research
Ethics Committee of the University of South Australia (Application IDs:
201907 and 0000036070), and Aquesta Uropathology (Application ID:
2020-003). All experiments were performed in accordance with the guide-
lines of the National Statement on Ethical Conduct in Human Research and
National Health and Medical Research Council of Australia.

Histopathology and immunohistochemistry on IDCP cases

Tissue sections, representative of the prostate cancer in each case, were
identified by a specialist uropathologist (HS) and further sections were cut at 4
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m thickness from the formalin-fixed, paraffin-embedded (FFPE) blocks held
by Aquesta Uropathology, Brisbane, Australia. For each case, the highest
grade tumour block was selected for the study. Sections were mounted on
Superfrost Ultra Plus slides (Menzel—Gliser, Germany) and heated at 60°C
for 1 h before storage at 4°C. Tissue sections were stained with routine
Ehrlich’s haematoxylin and eosin (H&E; Australian Biostain, Australia),?1
using the Leica ST5010 Autostainer XL (Leica Biosystems, Australia)
automated staining platform.

Immunohistochemical labelling of the biomarker panel (Appll, Sortilin,
and Syndecan-1), and the basal cell cocktail (34BE12+p63; Roche, Australia)
with prostate P504S marker (Roche) was performed on a Ventana BenchMark
Ultra platform (Roche Diagnostics, Australia). Briefly, epitope retrieval was
performed in CC1 buffer (at 95°C for 32 min for the biomarker panel, and 64
min for the 34BE12+P63/P504S; Roche). Tissue sections were then incubated
with monoclonal antibodies to Appll, Sortilin or Syndecan—l,z“ for 1 h at
36°C, or with 34BE12+P63 for 32 min and P504S for 16 min at 36°C.
Detection and visualisation were performed using the OptiView DAB
Detection Kit (Roche). Tissue sections were counterstained with Gill’s
haematoxylin (Roche) and mounted with DPX mounting medium (Thermo-
Fisher Scientific, Australia). All tissue slides were scanned using a Zeiss Axio
Scan.Z1 in brightfield mode, with a Plan-Achromat 20x objective (Zeiss,
Germany), and images collated in Adobe Photoshop 2020 (Adobe Systems,
USA).

RESULTS

Characterisation of IDCP in tissue samples from
patients with prostate cancer

Of the 100 patient samples recruited for the study, three cases
were excluded due to technical issues during tissue immuno-
labelling. All cases were identified to have adjacent invasive
acinar carcinoma and confirmation of IDCP was achieved by
H&E and THC assessment (34PE12+P63/P504S), using the
morphological criteria of the 2016 edition of the WHO Clas-
sification of Tumours of the Prostate Gland.'”'” Assessment
by standard practice enabled the identification of different
architectural patterns of IDCP, including loose and dense
cribriform IDCP, solid IDCP, and IDCP with comedonecrosis
(Fig. 1). In cases demonstrating cribriform pattern structures,
the possibility of an atypical proliferation suspicious for
intraductal carcinoma (ASID) was ruled out due to the pres-
ence of malignant nuclear features. High-power images of the
cribriform examples shown in Fig. 1 demonstrate cytological
atypia (Supplementary Fig. 1, Appendix A) in cases of loose
and dense cribriform IDCP. The 34BE12+P63/P504S THC
labelling identified scattered cancer cells (P504S positive) and
a complete (loose cribriform) or incomplete (dense, solid and
comedonecrosis IDCP) basal cell layer (34BE12+P63). Most
cases exhibited variable immunoreactivity for 34BE12+P63/
P504S throughout the regions of tissue with IDCP. While
several architectural patterns were often present in the same
tissue section, the cribriform IDCP pattern was the most
prominent, followed by solid IDCP (Supplementary Table 1,
Appendix A).

Expression of Appll, Sortilin and Syndecan-1 is
indicative of the biological significance of the
architectural patterns of IDCP

Appll labelling in cancer cells within regions of IDCP was
strong and diffuse, and mapped the architecture of the cancer
(Fig. 2, first and second column); Sortilin labelling was
punctate and varied in intensity between different architec-
tural patterns (Fig. 2, third column); and Syndecan-1 strongly
labelled the cancer cells in all IDCP patterns. Syndecan-1
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Fig. 1 Architectural patterns of intraductal carcinoma of the prostate (IDCP). Representative images of architectural patterns of IDCP including loose and dense
cribriform, solid IDCP and comedonecrosis IDCP. Patterns were visualised on H&E-stained prostate tissue sections (first column and magnified in second column) with
corresponding images showing immunoreactivity for 34BE12+P63/P504S (third column and magnified in fourth column). Nuclei were stained with Ehrlich’s

haematoxylin (H&E) and Gill’s haematoxylin (IHC).

labelling was particularly evident in peripheral regions of the
ducts involved, albeit with lower labelling intensity in the
central regions of the cancer (Fig. 2, fourth column). This
pattern of Syndecan-1, IDCP was confirmed in 73 of 97 cases
(75%).

A qualitative assessment of the intensity of labelling of
Appl1/Sortilin/Syndecan-1 according to the different IDCP
patterns was also conducted. Appll consistently displayed a
high expression level in cribriform IDCP, solid IDCP and
IDCP with comedonecrosis (89—-92% samples). Not sur-
prisingly, Sortilin demonstrated low expression levels, with
only up to 46% of cases displaying moderate expression but
the expression was never high. Syndecan-1 had moderate
expression in most cases (93—97%). While there was loss of a
polarised distribution pattern for Sortilin in cribriform IDCP
(Fig. 2), this was not always reflected in the intensity values.

When considered in combination, Appll and Syndecan-1
showed strong immunolabelling in cribriform IDCP pat-
terns, and Sortilin exhibited polarised labelling that was
evident in both loose and dense cribriform IDCP patterns
(Fig. 2, top rows), similar to the pattern of expression in
Gleason pattern 3 glands (Supplementary Fig. 2, Appendix

A). Appll and Syndecan-1 also showed strong immuno-
labelling in solid and IDCP with comedonecrosis, but Sortilin
immunolabelling was either absent or disseminated in these
tissue patterns (Fig. 2, bottom rows), similar to the pattern of
expression in higher grade patterns of cancer (pattern 4
glands, Supplementary Fig. 2, Appendix A). Sortilin loss or
minimal immunolabelling in cancer tissue combined with
strong Appll and Syndecan-1 immunolabelling was
observed, as we have previously demonstrated in high-grade
prostate cancer.”’ Here, the punctate expression pattern for
Sortilin with a polarised supranuclear location, combined
with strong Appll and Syndecan-1 labelling, suggested that
the cribriform IDCP patterns had a less aggressive phenotype
than solid or comedonecrosis IDCP patterns (Fig. 2, see also
direct comparison in Supplementary Fig. 3, Appendix A).

Characterisation of IDCP and adjacent invasive
prostatic adenocarcinoma using Appll, Sortilin and
Syndecan-1 IHC biomarker labelling

To further explore the theory that IDCP represents a retrograde
spread of invasive high-grade prostatic adenocarcinoma, the
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Fig. 2 Appll, Sortilin and Syndecan-1 expression in architectural patterns of intraductal carcinoma of the prostate (IDCP). Representative images of architectural
patterns of IDCP including loose and dense cribriform, solid IDCP and comedonecrosis IDCP. Patterns of IDCP were visualised on prostate tissue sections immu-
nolabelled with antibodies against Appll (first column and magnified in second column), Sortilin (third column) and Syndecan-1 (fourth column). Nuclei were stained

with Gill’s haematoxylin (IHC).

biomarker panel was used to investigate regions of invasive
adenocarcinoma adjacent to IDCP foci. IDCP and adjacent
invasive high-grade cancer glands showed similar patterns of
Appll, Sortilin and Syndecan-1 immunolabelling, consistent
with a similar grade of cancer, suggestive of a common origin
(Fig. 3). For example, when Sortilin immunolabelling was
detected with strong Appll and Syndecan-1 immunolabelling
in IDCP, the adjacent invasive glands had an identical pattern
of biomarker labelling (Fig. 3, top row). Similarly, in cases
with low Sortilin labelling intensity and strong Appll and
Syndecan-1 expression in IDCP, the adjacent invasive pros-
tatic adenocarcinoma displayed the same pattern of biomarker
labelling (Fig. 3, bottom row). This matched pattern of
biomarker labelling between IDCP and the adjacent invasive
prostatic adenocarcinoma was confirmed in 61 of 73 cases
(84%).

Additional pathological features consistent with the retro-
grade spread of the invasive cancer were also present in the
tissue samples from patients with IDCP. Perineural invasion
was identified in all cases, and vascular invasion was also
commonly observed (see examples in Fig. 4). The series of
cases also displayed evidence of partial ductal involvement,

providing visual evidence of the ductal invasion process
(Fig. 4, bottom row). These data reveal that the biomarker
panel effectively identifies invasive high-grade cancer cells
and provides evidence that the invasive adenocarcinoma and
the cancer cells being disseminated into prostatic ducts
(IDCP) have a common phenotype, indicative of retrograde
spread.

DISCUSSION

IDCP reporting can be challenging because of the morpho-
logical overlap with invasive cribriform prostatic adenocar-
cinoma, urothelial carcinoma extending into prostatic ducts
and prostatic ductal carcinoma, which each share a variety of
malignant cytological features on H&E-stained tissue. 314
Current markers such as 34BE12, high molecular weight
cytokeratins and the P63/P504S cocktail’>* have provided
only limited clinical utility for characterising and interpreting
the complex biology of these lesions. IDCP most probably
represents a retrograde colonisation of the prostatic ducts and
acini by invasive high-grade prostatic adenocarcinoma, with
several lines of evidence supporting this theory.'®!? In this

of retrograde spread, Pathology, https://doi.org/10.1016/j.pathol.2023.05.004
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Fig. 3 Biomarker labelling pattern in invasive high-grade prostatic adenocarcinoma regions adjacent to intraductal carcinoma of the prostate (IDCP). Representative
examples of foci of invasive prostatic adenocarcinoma (arrows) adjacent to IDCP regions (stars) were stained by H&E (first column) and immunolabelled with antibodies
against Appll (second column), Sortilin (third column) and Syndecan-1 (fourth column). Nuclei were stained with Ehrlich’s haematoxylin (H&E) and Gill’s haema-
toxylin (IHC).
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Fig. 4 Retrograde spread of invasive high-grade prostatic adenocarcinoma. Representative examples of retrograde spread of invasive prostatic adenocarcinoma,
including perineural invasion (top row, arrow indicating nerve bundle), perivascular involvement (middle row, arrow indicating blood vessel) and partial ductal
involvement (bottom row, arrow indicating cancer cells partially occluding duct) were stained with H&E (first column) and immunolabelled with antibodies against
Appll (second column), Sortilin (third column) and Syndecan-1 (fourth column). Nuclei were stained with Ehrlich’s haematoxylin (H&E) and Gill’s haematoxylin
(IHC).

current study, we utilised the biomarker panel of Appll, Appll, Sortilin and Syndecan-1 have important functions
Sortilin and Syndecan-1 by IHC? to characterise IDCP and in the endosome-lysosome system, and these biomarkers
compare labelling patterns in IDCP to that of adjacent inva- correlate with critical points of pathogenesis in prostate
sive prostatic adenocarcinoma. cancer.”">? Appll, is a multifunctional endocytic adaptor
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protein that also has a role as a transcription factor,”* and

using IHC on prostate cancer tissue sections accurately maps
the cancer and can discriminate benign glzinds.20’23 Sortilin
mediates the transport of specific intracellular cargo from the
trans-Golgi network to the plasma membrane and endo-
somes, and it is integrally involved in GLUT4-mediated
sugar metabolism.**° It is highly expressed in metaboli-
cally active tissues and cells, and it is indicative of low-grade
prostate cancer tissue.”’ Syndecan-1 mediates growth factor
binding and cell migration and is highly expressed in
advanced cancer morphologies including poorly formed
glands, nests, cords of cells, cribriform and IDCP.?" The
combined analysis of this panel of biomarkers has been used
to accurately map the pathogenesis in prostate cancer tissue,””
and is currently being evaluated for its capacity to predict
clinical outcomes.

In the current study, Appll, Sortilin and Syndecan-1 THC
identified regions of IDCP and invasive prostatic adenocar-
cinoma in tissues from patients with prostate cancer. In IDCP,
Appll labelling accurately depicts the cancer architecture,
while Sortilin displays predominantly a low-to-moderate
labelling pattern of expression, similar to previous observa-
tions in prostatic adenocarcinoma.”’ Syndecan-1 displays
intense peripheral labelling of IDCP, with low labelling in-
tensity in central areas of the involved ducts and acini. The
variable intensity of Syndecan-1 immunolabelling suggests
that IDCP is metabolically heterogeneous, which can pro-
mote cell migratory potential in response to hypoxic condi-
tions in the core regions of IDCP. This biphenotypic
expression of peripheral versus central cancer cell popula-
tions has also been observed in cribriform patterns of prostate
cancer labelled for PTEN and P27 loss, and CD44 variant 7/8
expression.37 Moreover, we commonly observed a reduction
of Syndecan-1 levels in core regions of IDCP, known to
occur in response to hypoxia,3 ¥ which may be consistent with
necrosis and unfavourable patient outcomes.” *! Further-
more, both IDCP and cribriform prostatic adenocarcinoma
have been associated with hy}i)oxia’ ! and have similarities in
their biological signiﬁcance.l

The effects of hypoxia on Sortilin in prostate cancer and
IDCP are yet to be elucidated; however, studies conducted in
the central nervous system have found that hypoxia and
several other stressors including acidosis, oxidative stress,
and glucose deprivation induce progranulin expression (a
secreted growth factor and ligand for Sortilin).42’43 As
progranulin binding to Sortilin impairs the protective effects
of progranulin and progranulin-mediated signalling, protec-
tion against stressors is sustained through the degradation of
Sortilin.**** In the context of prostate cancer, the relationship
between Sortilin and progranulin is more complicated, with
evidence suggesting that IDCP represents a hypoxic envi-
ronment, comprised of androgen-insensitive cells.* 84047
Interestingly, in androgen-insensitive cells, progranulin can
induce Sortilin degradation to maintain small amounts of the
receptor and high progranulin levels, consequently promot-
ing prostate cancer progression (cancer cell motility, inva-
sion, and anchorage-independent gr()wth).27’44’48 In addition,
the hypoxic environment present in IDCP, presumably
arising as the cells have minimal contact with the vascu-
larised stromal environment,}()’47 may exacerbate the Sortilin/
progranulin axis in a similar manner to the central nervous
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system’s response against stressors. Indeed, it is well estab-
lished that the prostate and the brain are known to display
similar endosomal trafficking pathways.49 We noted that
Sortilin is mainly expressed at low-to-moderate levels in
IDCP, presumably in result of degradation induced by
progranulin (whether through hypoxic conditions or the
androgen-insensitive properties of IDCP cancer cells). The
idea that progranulin maintains low levels of Sortilin in
IDCP, is also in accordance with the aggressive infiltrative
properties of the disease and its association with poor prog-
nostic outcomes for patients.5 0.51

Combined assessment of Appll, Sortilin and Syndecan-
1 showed similar labelling for IDCP and invasive prostatic
adenocarcinoma, providing evidence for the retrograde
spread theory for IDCP. Interestingly, cribriform IDCP
displays a strong Appll, Sortilin and Syndecan-1 labelling
pattern, compared with minimal Sortilin labelling in solid
IDCP architectural patterns. These data align with our
recent findings, suggesting that reduced expression of
Sortilin is indicative of aggressive high-grade forms of
prostate cancer (consisting of poorly formed glands,
sheets/nests of cells and/or carcinoma with comedonec-
rosis).”’ Most IDCP is associated with high-grade prostatic
adenocarcinoma, suggesting that IDCP is a retrograde
extension of invasive cancer into ducts and acini.'®!"” It
has recently become apparent that IDCP and invasive
prostatic adenocarcinoma share clonal ancestry; for
example, IDCP can be derived from adjacent PTEN-
negative prostatic adenocarcinoma, with an identical
TMPRSS2-ERG breakpoint.lx’lg Very few cases of isola-
ted IDCP which are unaccompanied by invasive cancer
have been reported, and it has been suggested that in rare
cases IDCP might represent a precancerous lesion.>>?
However, the limited number of cases that have been re-
ported does suggest that rather than being an in situ lesion,
this is more likely representative of cases where the pri-
mary cancer has not been detected in the tissue sections. In
this series of patients, all cases of IDCP were associated
with invasive prostatic adenocarcinoma. The biomarker
panel, Appll, Sortilin and Syndecan-1, displayed similar
labelling patterns between IDCP and adjacent invasive
prostatic adenocarcinoma, and cancer with the most
aggressive phenotype was evident in the prostatic ducts
and acini. Thus, these data provide evidence supporting the
theory of retrograde spread for invasive high-grade pros-
tate cancer into ducts and acini in a manner somewhat
similar to perineural and microvascular invasion by the
tumour; and indeed, the latter pathologies were evident in
this series of patient samples. This similarity of biomarker
expression in IDCP and surrounding tissue adds weight to
the argument that the grading of IDCP should be included
in the five-tier Gleason grading system.8

In conclusion, the novel IHC panel of Appll, Sortilin and
Syndecan-1 showed concordance between IDCP and adja-
cent cancer, providing additional evidence supporting the
retrograde spread of invasive prostatic adenocarcinoma into
pre-existing ducts and acini. This similar pattern of biomarker
expression in IDCP and surrounding adenocarcinoma tissue
also supports the inclusion of IDCP grading into the final
Gleason grade which, in turn, should promote standardisation
of patient reporting and management.
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