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1. Deutsche Zusammenfassung

1.1 Einleitung

Prostatakrebs war 2020 weltweit die haufigste Krebsart bei Mannern (Sung H et al., 2021)
und es ist mit einer weiteren Zunahme der Inzidenz in den kommenden Jahren zu rechnen
(Smith-Palmer J et al., 2019). In den allermeisten Fallen verlauft die Tumorprogression
von Prostatakrebs langsam und insbesondere indolent (Smith-Palmer J et al., 2019).
Daher ist es entscheidend, diese Patientengruppen fruhzeitig zu identifizieren und
individuelle Prognoseinformationen bereitzustellen, um fundierte Entscheidungen uber
verfugbare Therapieoptionen zu ermoglichen.
Trotz zahlreicher etablierter Prognose- und Diagnoseparamter (Gleason-Score, TNM-
Staging, Tumorrandstatus und PSA-Wert) zeigen Patienten, welche an Prostatakrebs
erkrankt sind, bei gleichen Parametern unterschiedliche klinische Verlaufe (Cucchiara V
et al., 2018). Hieraus entsteht die Notwendigkeit von komplementaren prognostischen
Biomarkern, welche zusatzliche Informationen zur Prognose oder sogar zur Vorhersage
des Therapieerfolgs liefern kdnnen. Ein solcher potenzieller Biomarker ist das Protein
Anterior Gradient-2 (AGR2).

AGR2 wurde 2005 von Kristiansen et al. im Rahmen einer Expressionsanalyse des
Prostatakarzinoms als uberexprimiert im Prostatakarzinom beschrieben, jedoch ohne
erkennbaren prognostischen Wert. (Kristiansen G et al., 2005). AGR2 ist ein
hormoninduzierbares Protein der Proteindisulfid-lsomerase Gruppe des
endoplasmatischen Retikulums und auf dem Chromosom 7p21 lokalisiert (Zhang J-S et
al., 2005). Als Ausloser fur die AGR2 Produktion wird im Allgemeinen Stress des
endoplasmatischen Retikulums gesehen (Chevet E et al., 2013; Higa A et al., 2011).
AuRerdem wird es mit der Karzinogenese verschiedener solider Tumore in Verbindung
gebracht (Darb-Esfahani S et al., 2012; Fritzsche FR et al., 2007, 2006; Ho ME et al.,
2016; Innes HE et al., 2006; Riener M-O et al., 2009). In den meisten Fallen ist hierbei
AGR2, im Vergleich zum gesunden Gewebe, liberexprimiert. Diese Uberexpression von
AGR2 wurde vielfach in Zusammenhang gebracht mit einer schlechten Prognose des
jeweiligen Tumors durch den potenziell proinvasiven und prometastierenden Effekt von
AGR2 (Alavi M et al., 2015; Fessart D et al., 2016; Hrstka R et al., 2016; Innes HE et al.,



2006; Lacambra MD et al., 2015; Salmans ML et al., 2013; Tian S et al., 2017; Zhang J et
al., 2016). Jedoch gibt es ebenfalls Studien, welche genau das Gegenteil belegen, dem
AGR?2 also einen hemmenden Effekt der Tumorprogression zuschreiben (Alves MR et al.,
2018; Fritzsche FR et al., 2006; Riener M-O et al., 2009). Insgesamt betrachtet wird AGR2
in den meisten Studien als pro-invasiv, pro-metastatisch und mit einer ungunstigen
Prognose assoziiert beschrieben. Nicht nur ist der Effekt von AGR2 auf die
Tumorprogression nicht eindeutig belegt, sondern genauso wenig, ob in Tumoren eine
Uber- oder Unterexpression von AGR2 herrscht. Insbesondere fiir das Prostatakarzinom
war die Datenlage zur prognostischen Wertigkeit der AGR2-Expression uneinheitlich.
Diese eindeutig kontroverse Studienlage hat uns dazu veranlasst unsere umfassende
Analyse von AGR2 im Prostatakarzinom durchzufihren und diese in Verbindung mit

klinisch-pathologischen Parametern zu bringen.



1.2 Material und Methoden

Fur unsere Expressionsanalyse von AGR2 im Prostatakarzinom untersuchten wir
Gewebeschnitte von insgesamt 1023 Patienten nach radikaler Prostatektomie und
stellten sie in Bezug zu klinisch-pathologischen Parametern. Ein zentraler Bestandteil der
Arbeit ist die Validierung des immunhistochemischen AGR2-Assays. Diese erfolgte in

zwei Schritten:

1.2.1 Bestdatigung der Antikorperspezifitit durch siRNA-basierten AGR2-

Knockdown im Zellmodell

Dabei wurden folgende Schritte durchgefuhrt:

a) Transfektion der Zellen mit siRNA gegen AGR2 unter Verwendung von Lipofectamine,
b) Mediumwechsel einen Tag nach der Transfektion

c) Verifizierung des AGR2-Knockdowns auf Proteinebene mittels Western Blot.

Zelllysate wurden mit einem AGR2-spezifischen Antikdrper analysiert, um den Ruckgang
des AGR2-Proteins nach der siRNA-Behandlung zu bestatigen (siehe Wambach et al.,
2024 Abb. 1A).

1.2.2. Peptid-Blocking-Experiment zur Priainkubation mit dem immunogenen AGR2-
Peptid

An Duplikat-Schnitten wurden zwei Bedingungen getestet:
a) primarer Antikorper allein
b) primarer Antikdrper, zuvor mit dem AGR2-Peptid vorinkubiert.

Ein deutlich reduziertes oder fehlendes Signal in der mit vorinkubiertem Antikorper
behandelten Probe verglichen mit der Kontrolle zeigt, dass der Antikorper spezifisch an
AGR2 bindet und durch das Peptid abgesattigt wird (sieche Wambach et al., 2024 Abb.
1B). Ware das Signal unverandert geblieben, wirde dies auf eine mangelnde Spezifitat

des Antikorpers hinweisen.



1.2.3 Auswertung der Immunhistochemie

Die anschlieBende Auswertung der immunohistochemischen Farbung wurde von zwei
Pathologen anhand eines vierstufigen Intensitatsbewertungssystems (0= negativ, 1=
schwach positiv, 2= massig positiv, 3= stark positiv) durchgeflhrt (siehe Wambach et al.,
2024 Abb. 2C-F).

1.2.4 In silico Analysen

Zusatzlich wurden die immunohistochemischen Daten durch eine in silico-Analyse der
AGR2-mRNA-Expressionswerte aus offentlich zuganglichen Transkriptom-Datenbanken
(The cancer Genome Atlas (TCGA) und The Genotype-Tissue Expression (GTEXx),
Prostatakrebskohorte) erganzt.

1.2.5 Statistik

In sémtlichen durchgeflihrten Analysen war der Endpunkt fiir die Uberlebensanalyse das
biochemische Wiederauftreten von Serum-PSA (definiert als PSA-Wert >0,2 ng/ml). Zur
Beurteilung diagnostischer und prognostischer Assoziationen wurden statistische
Analysen wie Chi2-Tests, exakter Fisher-Test, Spearman-Korrelation, Log-Rank-Tests
und multivariate Cox-Regression durchgefuhrt. Hierfur wurden die Patienten nach der
medianen Expression von AGR2 dichotomisiert in ,AGR2_low" (Score 0 (negativ fur
AGR2) und Score 1 (schwache Farbung)) versus ,AGR2_high* (Score 2 (moderate
Farbung) und Score 3 (starke Farbung)).



1.3 Ergebnisse
1.3.1 AGR2 Proteinexpression in Prostatageweben

Unsere Expressionsanalyse zeigt eine Uberexpression von AGR2 im Prostatakarzinom.
374 Karzinome zeigten eine moderate (Score 2) und 261 eine starke (Score 3)
Immunreaktivitdt auf AGR2. Insgesamt sind somit 62,1% der Karzinome der
dichotomisierten Gruppe »+AGR2_high” zuzuordnen.
Nur 66 Tumore waren negativ fir die AGR2-Farbung (Score 0) und 322 zeigten eine
schwache Farbung (score 1), womit insgesamt 37,9% der Gruppe ,AGR2_low*
angehoren.

1.3.2 Korrelation der AGR2-Proteinexpression mit kliniko-pathologischen

Parametern

Die AGR2-Expression im Tumorgewebe korreliert signifikant mit dem jingeren Alter der
Patienten, dem negativen Randstatus und den niedrigeren ISUP-Grad Gruppen. Kontrar
gab es keinen signifikanten Zusammenhang zwischen AGR2 Expression und dem
Tumorstadium (pT-Status) oder dem PSA-Wert (siehe Wambach et al., 2024 Tabelle 1).

1.3.3. Analyse von AGR2 in 6ffentlichen Transkript-Datensatzen

Eine Analyse des prognostischen Werts von verringerten mRNA-Spiegeln von AGR2-203
anhand von TCGA/GTEx RNA-seg-Datensatzen zeigt einen hochsignifikanten
Zusammenhang mit einem reduzierten Uberleben der Patienten (p=0,0223). Die
Spleilvarianten AGR2-201 und AGR2-204 zeigen eine ahnliche Tendenz bei jedoch
ausbleibender statistischer Bedeutsamkeit (p=0,0599 bzw. p=0,0668) (siehe Wambach et
al., 2024 Abbildung 3).

1.3.4 Prognostischer Wert der AGR2-Proteinexpression

Die univariate Cox-Analyse bestatigt den prognostischen Wert der AGR2-Protein-

Expression, wobei Tumore mit niedrigeren Expressionswerten eine frihere biochemische



Krankheitsprogression zeigen (siehe Wambach et al., 2024 Tabelle 2). Dieser univariat
prognostische Wert der AGR2-Expression wurde durch die Kaplan-Meier-Methode
bestatigt und visualisiert (p=0,015, Log-Rank Test) (siehe Wambach et al., 2024
Abbildung 4).

Im Gegensatz zu den herkdbmmlichen prognostischen Parametern, konnte allerdings
keine statistische Signifikanz fur die AGR2-Expression in der multivariaten Cox-
Regression gezeigt werden. Hochgradige Tumore (ISUP Grad 3-5) zeigten in der Kaplan-
Meier-Analyse einen klaren Trend zu einem friheren biochemischen Ruckfall bei AGR2-

Verlust, was allerdings statistisch nicht signifikant war (p=0.104).

1.4 Diskussion

Zwar gibt es experimentelle Belege fur die pro-onkogenen Eigenschaften von AGR2,
sowie in vitro Studien, welche die komplexe funktionelle Rolle von AGR2 bei der
Tumorgenese und Tumorprogression aufzeigen, jedoch bleibt die klinische und
prognostische Bedeutung von AGR2 fur die meisten Tumorentitaten weiterhin umstritten,
bzw. uneindeutig. Moglicherweise finden sich auch Entitaten-spezifisch-unterschiedliche

Prognosewerte.

Dies hat uns dazu veranlasst, eine grol3 angelegte Expressionsanalyse von drei
reprasentativen Prostatakrebs-Kohorten mit insgesamt 1023 Patienten durchzufuhren.

Die grof3e Mehrheit der Prostatakrebsfalle in unserer Studie war AGR2 positiv, wahrend
gutartiges Normalgewebe Uberwiegend AGR2 negativ war. Lediglich 6,4% der Tumore
waren vollstandig AGR2 negativ. Im Tumorgewebe war die AGR2-Expression signifikant
mit dem jungeren Alter der Patienten, negativen Tumorrandern und niedrigeren ISUP-
Graden verbunden. Es gab keinen signifikanten Zusammenhang zwischen der AGR2-
Expression und dem Tumorstadium (pT-Status) oder den pra-operativen Serum-PSA-
Werten.

Erste Studien zum prognostischen Wert der AGR2-Expression im Prostatakarzinom
lieferten widerspruchliche Ergebnisse. So brachten Zhang et al. (Zhang Y et al., 2007)
eine erhohte AGR2-Expression mit einem hohen Gleason-Grad und niedrigeren
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Gesamtuberleben in Verbindung, wahrend Maresh et al. (Maresh EL et al., 2010) frihere
PSA-Rezidive bei Tumoren mit niedriger AGR2-Expression nachwiesen. Wiederum
andere Studien haben einen allmahlichen Verlust von AGR2 mit zunehmenden Gleason-
Grad beschrieben (Bu H et al., 2011; Ho ME et al., 2016; Rodriguez-Blanco G et al., 2018).
Dies steht im Einklang mit dem von uns gefundenen signifikanten Zusammenhang
zwischen einer reduzierten AGR2-Expression und laborchemisch nachgewiesenen
signifikant (p=0,015) friheren PSA-Rezidiven.

Um festzustellen, ob der prognostische Wert von AGR2 bei Prostatakrebs abhangig vom
Tumorgrad ist, haben wir eine nach Gleason-Grad-Gruppen stratifizierte Analyse der
AGR2 Expression durchgefuhrt. Hierbei haben wir festgestellt, dass AGR2 lediglich bei
Tumoren mit héherem Grad (GG3-5) einen prognostischen Wert hat, wahrend dieser bei
Tumoren mit niedrigerem Grad (GG1-2) nicht nachweisbar ist. Dies deutet darauf hin,
dass der prognostische Wert von AGR2 bei Prostatakrebs unabhangig vom Tumorgrad
ist, auch wenn AGR2 bei hohergradigen Tumoren in geringerem Malde exprimiert wird.

Die vorher festgestellte Diskrepanz in den Ergebnissen von Zhang et al. und Maresh et
al. konnte auf die Verwendung unterschiedlicher Antikorper zuruckzufuhren sein und
unterstreicht die Notwendigkeit grundlicher Antikorperkontrollen, um unspezifische
Bindungen auszuschlieBen. Zwar konnten wir eine unspezifische Bindung unseres
Antikorpers ausschliel3en, jedoch kennen wir das von ihm erkannte Epitop nicht genau.
Erschwerend kommt hinzu, dass mehrere Studien das Vorhandensein von AGR2-
Spleilvarianten in zahlreichen Tumoren, einschliel3lich Prostatakrebs, gezeigt haben
(Moidu NA et al., 2020; Vivekanandan P et al., 2009; Yosudjai J et al., 2018). Dieser
Umstand ist bei der Interpretation der Immunhistochemischen-Farbung zu
berucksichtigen.

Unsere Daten aus der immunohistochemischen Analyse wurden bestatigt durch einen
Zusammenhang zwischen reduzierter AGR2-203 mRNA (AGR2-Wildtyp) und einem
geringeren Uberleben der Patienten in einer unabhangigen virtuellen TCGA/GTEx-
Kohorte von mehr als 490 an Prostatakarzinom erkrankten Patienten.

Leider werden immunohistochemische-Studien zu AGR2 nach wie vor durch das
begrenzte Wissen uber die Rolle der AGR2-Spleil3produkte beeintrachtigt. Die mRNA
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einer neuen Spleilvariante (AGR2 SV-H), welche durch Neeb et al. entdeckte wurde, war
in der Lage in Gewebeproben zwischen gutartigen und tumordsen Prostatagewebe zu
unterscheiden, sowie bei Nachweisung in Urin-Exosomen die PSA-Uberwachung im
Serum zu Ubertreffen (Neeb A et al., 2014).
Beim Cholangiokarzinom wurde die gleiche AGR2-Variante mit einem aggressiveren
Phanotyp in Verbindung gebracht (Suwanmanee G et al., 2020; Yosudjai J et al., 2018).
Obwohl die AGR2vH mRNA beim Prostatakarzinom und Cholangiokarzinom
Uberexprimiert wird, ist die Existenz spezifischer AGR2vH-Translationsprodukte/Proteine
nach wie vor umstritten, was den Bedarf an splei3varianten-spezifischen Antikorpern fr
zukunftige Studien unterstreicht (Neeb A et al., 2014).

Bu et al. haben in ihrer Studie experimentelle Hinweise darauf geliefert, dass ein
funktionsfahiger Androgenrezeptor fur die androgen- und 6strogenabhangige Regulation
von AGR2 in Prostatakarzinom-Zelllinien erforderlich ist (Bu H et al, 2011).
Sowohl PSA als auch AGR2 sind beides Androgenrezeptor-regulierte Proteine. Daher
ware im Prostatakarzinom ein Zusammenhang zwischen AGR2-Expression und dem
PSA-Serumspiegel naheliegend. Jedoch bestatigt auch hier unsere Studie fruhere
Ergebnisse, unter anderem von Kani et al. (Kani K et al., 2013), wonach es keinen
signifikanten Zusammenhang zwischen diesen beiden Parametern gibt.
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1.5 Zusammenfassung

In dieser Studie haben wir die Expression des Proteins Anterior Gradient-2 (AGR2) in
1023 primaren Prostatakarzinomproben untersucht und festgestellt, dass 93,5 % der
Tumoren eine signifikant erhdhte AGR2-Expression im Vergleich zu normalem Gewebe
aufweisen. Interessanterweise zeigte sich jedoch mit zunehmendem Tumorgrad (ISUP)
ein allmahlicher Ruckgang der AGR2-Konzentration sowohl auf Protein- als auch auf
MRNA-Ebene. Eine niedrigere AGR2-Expression war zudem univariat mit einem
signifikant erhdhten Risiko fur ein PSA-Rezidiv verbunden, was sich in einem verkurzten
Patientenuberleben &aulRerte. In einer stratifizierten Analyse zeigte sich dieser
prognostische Zusammenhang jedoch nur bei hochgradigen Tumoren (GG 3-5), nicht
aber bei niedriggradigen Tumoren (GG 1-2). Weitere klinisch-pathologische Parameter
wie Tumorstadium (pT) oder praoperativer PSA-Wert korrelierten nicht mit der AGR2-
Expression — trotz der gemeinsamen Regulation durch den Androgenrezeptor.
Widersprichliche Ergebnisse in der Literatur konnten auf Unterschiede in verwendeten
Antikorpern oder auf bisher unerfasste AGR2-Splei3varianten zurtckzufuhren sein.
Insbesondere konnte AGR2-Isoform V-H, welche sich funktional von der Wildtyp-Variante
unterscheidet und etwa in Urin-Exosomen als Biomarker dient, klinisch relevant sein. Zur
isolierten Detektion solcher Isoformen werden spleiRvarianten-spezifische Antikorper
bendtigt, um ihre Bedeutung eindeutig zu klaren. Eine Starke unserer Arbeit bestand in
der Validierung des immunhistochemischen Assays durch siRNA-Knockdown und Peptid-
Blocking-Experimente, was die Zuverlassigkeit unserer Ergebnisse erhoht. Insgesamt
deutet trotz der fehlenden multivariaten prognostischen Aussagekraft die haufige AGR2-
Uberexpression auf ein potenzielles therapeutisches Ziel hin — ein Aspekt, der in
zukunftigen Studien weiterverfolgt werden sollte.
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In 2020, prostatic cancer (PCa) was the most fre-
quent cancer among men with more than 1.4 mil-
lion new cases as well as the fifth leading cause of
cancer death among men [1]. Still, due to the fairly

disease with incidence rates expected to continu-
ously increase over the next years [2]. Therefore, it
is of major importance to delineate these groups of
patients and to provide individual information con-

indolent nature of this neoplasm, most patients
diagnosed with prostate cancer will not die from it.
However, a certain population will eventually suc-
cumb, which is socio-economically and epidemio-
logically relevant due to the high frequency of the

Received 26 November 2023. Accepted 15 January 2024
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cerning the prognosis of each patient. If possible,
this would allow a well-founded decision on the
various therapeutic options available for this dis-
ease. Tumour grade (Gleason score [GS]/ISUP
grade groups), TNM staging, prostate-specific anti-
gen (PSA) levels and tumour margin status are well
established for the prognostic stratification of

This is an open access article under the terms of the Creative Commons Attribution License,

which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
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prostate cancers [3—5]. However, patients with com-
parable histological and clinical prostate cancer
parameters can demonstrate strikingly varied pre-
sentations of clinical outcomes [3]. Therefore, prog-
nostic biomarkers that add information about
prognosis or even therapeutic prediction are highly
warranted.

A candidate biomarker for prostate cancer, others
and we identified in former studies, is Anterior Gra-
dient 2 protein (AGR2) [4-9]. This is a hormone-
inducible secreted protein localized on chromosome
7p21 that was first identified as an orthologue of the
Xenopus laevis gene XAG-2 [5]. It is a member of the
protein disulphide isomerase family of endoplasmic
reticulum-resident proteins, exhibiting basic features
of pro-oncogenic proteins in humans [10-12]. None-
theless, several studies have documented the role of
AGR?2 in physiological as well as pathological pro-
cesses [10-13]. Generally, endoplasmic reticulum
stress is seen as an inducer of AGR2 production
through unfolded protein response (UPR) [10, 13]
and it has been shown that AGR2 can inhibit the
function of p53, which gives it a possible pro-
oncogenic function [10, 12].

In humans, AGR2 expression has been reported
in various adenocarcinomas and other tumours
(reviewed in [14]). While most of the published
studies have focused on the role of AGR2 in breast
and prostate cancer, it has also been described in
malignant tumours of the lung, liver, ovaries, intes-
tine and urinary bladder [15-20]. In most of these
entities, AGR2 was found upregulated in compari-
son to normal tissue. Several studies have demon-
strated a correlation between increased AGR2
expression and poor prognosis in lung, breast and
gastric cancer [14, 20-26]. Controversially, some
studies discovered a protective effect of AGR2
upregulation on tumour progression [15, 16, 27]. In
breast cancer, AGR2 expression is associated with
estrogen receptor positivity and it is thought to
enhance metastasis in the subgroups of estrogen
receptor-positive and tamoxifen-treated tumours
[20, 28]. Most studies advocated a pro-invasive,
pro-metastatic or adverse prognostic effect of
AGR?2 over-expression in the respective tumour.

In an earlier study, we found AGR2 overexpressed
in 89% of prostate carcinomas, but no prognostic
value [7]. Since, numerous studies have confirmed
the overexpression of AGR2 in prostate cancer [4-6,
8, 29-31]. The prognostic value of AGR2 expression
in prostate cancer remains controversial to date, as
some studies reported no prognostic value, while
others reported a better or a worse outcome of
AGR2-positive tumours. These conflicting findings
prompted us to clarify the prognostic value of AGR2
in prostate cancer by a large-scale expression analysis

of representative prostate cancer cohorts following
radical prostatectomy.

MATERIALS AND METHODS

Patients

In order to evaluate the expression of AGR2 in prostate
cancer, three previously published cohorts of radical prosta-
tectomy (RP) cases were used. One cohort consisted of 640
prostate cancer patients, who underwent RP between 1999
and 2005 at the Charité University Hospital in Berlin, Ger-
many [7, 32]. The next cohort consisted of 238 patients hav-
ing undergone RP for treatment of primary prostate cancer
between 1999 and 2006 at University Hospital Zurich, Swit-
zerland [33]. The last cohort consisted of 300 patients, who
underwent RP at the University Hospital Bonn between
2000 and 2008 [34]. All cohorts were in tissue micro-array
format, as described. We restricted the analysis to patients
with clinical follow-up data, leaving 1023 patients in the
analysis. The clinical-pathological parameters are given in
Table 1. In this cohort, 212 patients (20.7%) experienced a
biochemical recurrence (BCR), defined as a rising PSA value
>0.2 ng/mL, after a median time of 50 months. BCR was
used as an endpoint in the survival analyses.

The study was performed in accordance with the ethical
standards as laid down in the 1964 Declaration of Hel-
sinki and its later amendments or comparable ethical stan-
dards. Appropriate ethic approvals have been obtained
before the study begin from the respective local ethics
committees (Berlin: EA1/06/2004; Zurich: StV 25-2007;
Bonn: 071/14).

Cell culture

PC-3 (ATCC, Manassas, VA) were cultivated in Ham’s F-
12 Medium/Kaighn’s Modification, supplemented with
10% fetal bovine serum (FBS) (all cell culture media and
supplements Invitrogen, Carlsbad, CA). Cells were cul-
tured at 37°C, 5% CO, and 100% humidity.

Cell lysis and Western blot analysis

Cells were lysed in 60 mM n-Octyl-B-D-glucopyranoside
(Sigma-Aldrich, St. Louis, MO) in the presence of protease
inhibitors (complete, Mini, EDTA-free, Protease Inhibitor
cocktail tablets; Roche Applied Science). Twenty micro-
grams of cleared lysates were separated by SDS-PAGE and
transferred to a polyvinylidene fluoride membrane (Bio-
Rad, Hercules, CA, USA). After blocking with 1% BSA in
PBS-Tween20, membranes were probed with primary anti-
body (AGR?2, clone 1C3, Abnova Corp., Taipei City, Tai-
wan; dilution 1:1000) followed by horseradish peroxidase-
conjugated anti-mouse secondary antibody (Pierce Biotech-
nology, Rockford, IL, USA) incubation and detection via
SuperSignal West Dura Extended Duration Substrate
(Pierce Biotechnology, Waltham, MA, USA).

AGR2-siRNA transfection for transient gene
knockdown

PC-3 cells were transfected using Lipofectamine (Invitro-
gen, Waltham, MA, USA) as a transfection reagent. Cells

© 2024 The Authors. APMIS published by John Wiley & Sons Ltd on behalf of Scandinavian Societies for Pathology, Medical Microbiology
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Table 1. Clinical-Pathological parameters of the patients analysed

Variable Number of patients AGR2_low (%) AGR2_high (%) p-Value
All cases 1023 388 (37.9) 635 (62.1)
Patient age at RP 62 (median 63) years
<63 years 521 174 (33.4) 347 (66.6) 0.003
>63 years 502 213 (42.5) 288 (57.5)
pT status
pT2 675 244 (36.1) 431 (63.9) n.s.
pT3/T4 348 144 (41.4) 204 (58.6)
R status
RO 697" 242 (34.7) 455 (65.3) 0.002
R1 319! 143 (44.8) 176 (55.2)
Tumour grading
ISUPI 355! 129 (36.3) 226 (63.7) 0.011
ISUP2 331" 106 (32) 225 (68)
ISUP3 130 59 (45.4) 71 (54.6)
ISUP4 11! 46 (41.4) 65 (58.6)
ISUPS 90! 43 (47.8) 47 (52.2)
PSA mean 10.9 (median 7.6) ng/mL
<7.6 ng/mL 508" 179 (35.2) 329 (64.8) n.s.
>7.6 ng/mL 489! 194 (39.7) 295 (60.3)
"Missing data.

were transfected on the day of seeding with a final siRNA
concentration of 10 nM (all siRNAs were purchased from
Qiagen, Hilden, Germany). One day after transfection, the
medium of PC-3 cells was changed. Knockdown efficiency
was confirmed on the protein level using Western blot
analysis.

Immunohistochemistry

Immunohistochemistry was carried out using freshly cut
(3 pm) sections that were mounted on super frost
slides (Menzel-Glédser, Braunschweig, Germany). The
AGR2/Gob-4 monoclonal mouse antibody (clone 1C3,
dilution 1:500) was incubated using BondMax autostainers
(Leica Microsystems, Wetzlar, Germany. Pretreatment
Protocol H2-60, detection with Refine DAB Polymer-Kit).
Finally, the slides were briefly counterstained with hema-
toxylin, dehydrated and mounted. For the peptide block-
ing experiment, one duplicate slide was incubated with (a)
primary antibody and (b) primary antibody that had been
pre-incubated with a 10 M excess of the respective immu-
nogenic AGR2 peptide (Abnova Corp., Taipei City,
Taiwan). As negative controls, four slides were processed
without primary antibodies.

Evaluation of immunohistochemical stainings

Immunostaining of AGR2 was evaluated by two patholo-
gists (MM, GK) using a four-tier intensity scoring system
(0 negative, 1 weak, 2 moderate and 3 strong). In order to
enhance intra- and interobserver conformity, a panel with
four representative pictures with different expression levels
as a benchmark was used (Fig. S1).

Analysis of TCGA and GTEx data sets

An in silico analysis of AGR2 mRNA expression levels
from publicly available transcriptome databases [The

Cancer Genome Atlas (TCGA) and the Genotype-Tissue
Expression (GTEx), prostate cancer cohort] in the Xena
browser software was used to complement the immunohis-
tochemistry data [35]. The endpoint used for survival anal-
ysis was biochemical recurrence (BCR).

Statistics

Statistical analysis (chi-squared tests, Fisher exact tests,
Spearman correlation, Log-rank tests, Cox multivariate
regression) was performed using SPSS 27 (SPSS Inc,
Chicago, IL, USA).

Patients were dichotomized by the median expression
of AGR2. Survival curves were visualized using the
Kaplan-Meier plot with the difference between survival
distributions assessed by the log-rank test. The Cox pro-
portional hazards model was used to test the statistical
significance of clinicopathological parameters in both a
univariate and a multivariate setting. p Values of <0.05
were considered statistically significant.

RESULTS

Verifying specificity of the anti-AGR2 antibody
(clone 1C3)

AGR?2 expression on protein level was determined
in PC-3 cells. A knockdown protocol based on
RNA interference was established. Western blot
analysis 72-h post-transfection showed a potent
AGR?2 knockdown on protein level with two differ-
ent siRNAs, whereas one siRNA showed only a
minor effect and one siRNA failed (Fig. 1A). Addi-
tionally, pre-incubation of the AGR2 antibody with
an excess of its immunogenic peptide abolished
immunoreactivity to background levels (Fig. 1B).
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Fig. 1. Demonstration of AGR2 antibody specificity. (A)
Transient knockdown of AGR2 by siRNA is seen in this
Western blot for #5 and #6. (B) AGR2 Immunohisto-
chemistry, demonstrating a predominantly cytoplasmic
reaction in invasive epithelium (left). After pre-incubation
with a 10 M excess of the immunogenic peptide, the
immunoreactivity was reduced to background levels
(right).

Staining patterns and expression levels of AGR2 in
prostate tissues

AGR?2 immunoreactivity was detected explicitly in
the cytoplasm of secretory prostatic cells, no
nuclear or membranous staining was noted. Con-
nective tissue cells, blood vessels and lymphocytes
were consistently negative. Benign normal tissue
was predominantly AGR2 negative (Fig. 2A), how-
ever, atrophic benign epithelium was commonly
AGR?2 positive (Fig. 2B).

Sixty-six cancer cases were negative for AGR2
staining (score 0, Fig. 2C), 322 tumours showed
weak staining (score 1, Fig. 2D), 374 carcinomas
demonstrated moderate staining (score 2, Fig. 2E)
and 261 tumours displayed a strong immunoreac-
tivity (score 3, Fig. 2F). For statistics, AGR2
expression was dichotomized in either ‘AGR2_low’
(score 0 and 1; 37.9%) or ‘“AGR2_high’ (score 2
and 3; 62.1%).

Association of AGR2 expression with
clinical-pathological parameters

AGR2 expression in tumour tissues was signifi-
cantly associated with younger patient age, negative
margin status and lower ISUP grade groups. There

was no significant association between AGR2
expression and tumour stage (pT-status) or PSA
levels (Table 1). The associations with age and mar-
gins were confirmed in Spearman rank correlation
analyses: Age: correlation coefficient (CC) —0.132,
p =0.001; Margins (R status) CC —0.101,
p =0.001. ISUP grade groups though dropped out
(CC —0.049, p =0.120), which clarifies that this
association is weak.

Analysis of the prognostic value of low-level
AGR2-mRNA using TCGA/GTEx databases

Using the TCGA/GTEx RNA-seq data sets, we
analysed the association between low/high mRNA
levels of AGR2 or AGR2-splice variants in an inde-
pendent virtual cohort of 497 PCa patients. A nor-
mal tissue cohort of 100 samples (GTEx) was used
as a control. There was a statistically highly signifi-
cant association between reduced mRNA levels of
AGR2-203, the predominant AGR2 isoform (major
allele/wild type) and reduced patient survival
(p = 0.0223). The splice variants AGR2-201 and
AGR2-204 showed a similar tendency, however, the
correlation  remained  statistically  insignificant
(» = 0.0599 and p = 0.0668, respectively) (Fig. 3B,
C). AGR2-202 showed a significant correlation
between high mRNA levels and a reduced
progression-free interval (p = 0.0464) (Fig. 3D).
AGR2-205, AGR2-206 and AGR2-207 were not
studied, as they represent non-protein-coding
AGR?2 splice variants and in consequence do not
affect THC.

Prognostic value of clinicopathological parameters
and AGR?2 protein expression

First, univariate Cox analyses of the entire cohort
were performed to demonstrate the prognostic
value of clinicopathological parameters and hence
confirm the representativity of this cohort. As
expected, serum PSA, ISUP grade groups, pT cate-
gories and margin status could be verified as prog-
nostic parameters in this cohort. Also, AGR2
expression in prostate carcinomas was demon-
strated as a prognostic parameter, with tumours
with lower levels showing an earlier biochemical
disease progression (Table 2).

Additionally, survival curves were visualized
using the Kaplan—Meier method, which confirmed
the univariate prognostic value of AGR2
(p = 0.015, log-rank test) (Fig. 4A).

In a multivariate Cox regression, the conven-
tional prognostic parameters remained highly sig-
nificant, while AGR2 expression dropped out
(Table 3).

In a Kaplan—Meier analysis stratified for ISUP
grade groups (low grade = 1-2 vs. high grade = 3-5),
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Fig. 2. AGR2 Immunohistochemistry in prostate tissues. (A) AGR2 is only very weakly expressed in secretory epithelium
of benign glands. (B) Strong AGR?2 staining was seen in some cases of atrophic epithelium. (C) Prostate carcinoma without
AGR?2 expression. (D-F) Prostate cancer with weak (D), moderate (E) or strong (F) AGR2 positivity. Note the AGR2-

negative benign gland in the centre of (F).

AGR2 expression showed no separation of curves
whatsoever in low-grade tumours (Fig. 4B), whereas
in high-grade tumours, an AGR2 loss indicated a
clear trend towards earlier biochemical relapse, but
failed statistical significance (Fig. 4C, p = 0.104).

DISCUSSION

The protein AGR2 is a member of the protein
disulfide isomerase (PDI) family and represents the
human orthologue of the Xenopus laevis cement
gland protein (XAG2) [36-38]. According to the
Human Protein Atlas, higher protein expression
rates are seen physiologically in tissues of the respi-
ratory tract, gastrointestinal tract including the gall-
bladder and pancreas, the urinary bladder and
genital organs of both sexes including endome-
trium, cervix, fallopian tube, placenta, prostate,

epididymis and seminal vesicle (https://www.
proteinatlas.org/ENSG00000106541-AGR2/tissue)
[39]. The high expression seen in these organs indi-
cates an involvement of AGR2 in mucus secretion
but the functions of AGR2 appear to be much
more complex. It plays a role in multiple signalling
pathways including cell signalling, protein traffick-
ing, proteostasis and in tumour chemoresistance
and tumour cell dissemination [40].

Dysregulation of AGR2 expression and/or func-
tion is widely implicated in human diseases. Prelim-
inary investigations suggest that downregulation or
loss of function of AGR2 is involved in inflamma-
tory bowel disease, ulcerative colitis and Crohn’s
disease [41-43]. Interestingly, AGR2 protein is
often overexpressed and aberrantly secreted in a
broad range of solid tumours [22]. An overview of
studies analysing the prognostic value of AGR2 in
solid tumours is given in Table 4.
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Fig. 3. Tumour sample data from TCGA/GTEx were dichotomized by median AGR2 expression and subjected to
Kaplan—Meier analysis. (A) Kaplan—Meier curves for the predominant AGR2 isoform AGR2-203 (AGR2 wild type/major
allele). Kaplan—Meier curves for AGR2 isoforms with known translation products (B) AGR2-201 (C) AGR2-204 and (D)

AGR2-202.

There is experimental evidence that ARG2 can
exert pro-oncogenic properties related to differenti-
ation, migration/metastasis, proliferation, senes-
cence, and chemoresistance when overexpressed or
misplaced in the tumour niche/microenvironment,
thus representing putative pro-oncogenic signalling
intermediate in human cancer [9-11, 14, 44].
Although in vitro studies reveal a complex func-
tional role of AGR2 in tumourigenesis and tumour
progression, its prognostic or clinical significance
remains controversial for most tumour entities.

Aiming to clarify the prognostic value of AGR2 in
PCa, a large-scale expression analysis of 3 represen-
tative prostate cancer cohorts with a total of 1023
patients was performed. Benign normal tissue was
predominantly AGR2 negative, whereas the vast
majority of prostate cancer cases were AGR2 posi-
tive, only 6.4% of the tumours were completely
AGR?2 negative. In tumour tissue, AGR2 expres-
sion was significantly associated with younger
patient age, negative margins and lower ISUP
grade groups. There was no significant association
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Table 2. Univariate Cox regression: prognostic value of
clinicopathological parameters (BCR as endpoint)

Variable Hazard p-Value
ratio
Age (medianized) 1.094 n.s.
Serum PSA (medianized) 2.084 0.001
pT status (pT2 vs. pT3) 3.360 0.001
R status (RO vs. R1) 2911 0.001
Tumour grade (ISUP-grade 1.882 0.003
groups)
AGR?2 (medianized) 0.715 0.015

between AGR2 expression and tumour stage
(pT status) or PSA levels. The prevalence of AGR2
in PCa compared with normal adjacent tissue is in
agreement with previous studies in prostate cancer
and other tumours [4, 5, 18, 30].

Initial studies investigating the prognostic value
of AGR2 expression in PCa yielded conflicting
results. While Zhang et al. [8] associated increased
AGR2 expression in PCa with high GS and lower
overall survival, a study by Maresh et al. [4] dem-
onstrated earlier PSA relapses in tumours with low
AGR?2 expression. This trend became significant in
a small group (65/187) of patients with advanced
stage III/IV tumours. While the Gleason score, pre-
operative PSA and pT stage were good prognosti-
cators in the unrestricted cohort of 187 patients,
only pT stage remained significant in the restricted
cohort, questioning the relevance of this subgroup.
The discrepancy of the studies mentioned above
could arise from the use of different antibodies and
highlights the necessity of thorough antibody con-
trols (Western blotting, protein knockdown, peptide
blocking experiments) to exclude unspecific binding.
Although we can rule out unspecific binding of our
antibody (Fig. 1), we do not know the precise epi-
tope recognized by it. Several studies revealed the
presence of AGR2 splice variants in a number of
tumours, including prostate cancer [11, 45, 46].
Without precise knowledge of the epitope recog-
nized by the antibody, thorough discrimination of
the various AGR2 forms is not possible and can
affect the interpretation of IHC staining.

The absence of AGR2 immunoreactivity was
observed in only 6.4% of PCa. To investigate a
potential prognostic value of our immunohisto-
chemical AGR2 data, tumour samples were dichot-
omized by the median expression of AGR2. Using
Kaplan—Meier analysis, we found a significant asso-
ciation between reduced AGR2 expression and
shortened patient survival (p = 0.015). This obser-
vation is consistent with several studies describing a
gradual loss of AGR2 with increasing Gleason
scores [6, 19, 30]. Though it is tempting to specu-
late, that the negative prognostic value of AGR2
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Fig. 4. Kaplan—Meier estimated biochemical recurrence-
free survival curves according to AGR2 expression for
1023 patients with available biochemical follow-up data.
(A) All cases. (B) Low-grade (GGI1-2) cases. (C) High-
grade (GG > 2) cases.

expression may be attributed to this correlation
with tumour grade, we found in an analysis of
AGR?2 stratified for Gleason grade groups no prog-
nostic value at all in low grade (GG1-2) tumour
but a clear trend towards a prognostic value of
AGR?2 in higher-grade (GG3-5) tumours. This indi-
cates, that the prognostic value of AGR2 in
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Table 3. Multivariate Cox regression: prognostic value of
clinicopathological parameters (BCR as endpoint)

Variable Hazard ratio p-Value
Serum PSA (medianized) 1.324 n.s.

pT status (pT2 vs. pT3) 1.595 0.005
R status (RO vs. R1) 1.657 0.001
Tumour grade (ISUP) 1.649 0.001
AGR?2 (low vs. high) 0.850 n.s.

prostate cancer, though it is expressed at lower
levels in higher-grade tumours, is independent of
tumour grade. In addition, we demonstrated an

Table 4. Overview of AGR2 studies in solid tumours

association between reduced AGR2-203 mRNA
(AGR2 wild type) and lower patient survival in an
independent virtual TCGA/GTEx-cohort of more
than 490 PCa patients thereby confirming our IHC
data (Fig. 3). As AGR2-202 is only weakly
expressed across different cancers its putative pro-
tein is not expected to dramatically affect AGR2-
203/major allele staining [11]. Unfortunately, THC
studies on ARG?2 are still hampered by our limited
knowledge of the role of AGR2 splice products. Of
particular interest, the mRNA of a new splice vari-
ant, designated AGR2 SV-H, was able to discrimi-
nate between benign and PCa in tissue samples and

Year Author; PMID Cancer type Total cases AGR2 in Prognostic Particular findings
tumour value of AGR2
(vs. benign)  expression;
poorer/better
survival
2018 Rodriguez-Blanco  Prostate 481 Up Yes. Poorer. High GS = | AGR2
et al.; 30,559,929 PSA n.s.
2013 Ho et al; Prostate 23 (248 cores)  Up Yes. Better. High GS = | AGR2
23,348,903
2013 Kani et al.; Prostate 44 Up Not explored. ~ AGR?2 in plasma
22.911,164 associated with
neuroendocrine
differentiation
2011 Bu et al.; Prostate 29 (tissues Up Not explored. Low GS = ' AGR2
20,945,500 sections from
RP)
2010 Maresh et al.; Prostate 187 Up Yes. Better. High GS = | AGR2
21,144,054
2009 Pascal et al.; Prostate 5 Up Not explored.  High GS = I AGR2
20,021,671
2007 Zhang et al.; Prostate 106 tup (95.4% Yes. Poorer. 1 AGR2 significantly
17,457,305 positivity) correlated with high
GS and PSA levels
2005 Kristiansen et al.;  Prostate 91 Up (89% No.
15,532,095 positivity)
2005 Zhang et al.; Prostate 12 Up Not explored.  n.s. correlation with
15,834,940 age or Gleason
score
2012 Darb-Esfahani Ovarian 124 Up (32% Yes. Poorer.
et al. positivity)
2006 Fritzsche et al.; Breast 155 Up Yes. Better.
16,551,856
2009 Barraclough et al.; Breast 315 up Yes. Poorer.
19,834,055
2018 Ann et al; Breast 1341 Up Yes. Poorer.
29,796,176
2009 Riener et al.; Pancreas 148 Up No.
19,609,859
2014 Riener et al.; Colon 1068 Down Yes. Better.
24,794,000
2018 Kamal et al.; Endo-metrium 163 Up Yes. Better. T AGR2 in low
30,140,383 grade, but not high-
grade endometrial
cancers
2015 Alavi et al; Lung 400 Up (98.3%  Yes. Poorer. Pronounced in
26,445,321 positivity) young patients.
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outperform serum PSA monitoring when detected
in urinary exosomes [47]. In cholangiocarcinoma,
the same AGR2 variant (now referred to as
AGR2vH) was associated with a more aggressive
phenotype [46, 48]. Although AGR2vH mRNA is
overexpressed in PCa and cholangiocarcinomas, the
existence of specific AGR2vH translation product-
s/proteins remains controversial, highlighting the
need for splice variant-specific antibodies for future
studies [47, 49].

There is experimental evidence that a functional
AR is required for androgen- and estrogen-
dependent regulation of AGR2 in PCa cell lines [6].
Since both PSA and AGR2 are AR-regulated pro-
teins, one might expect a correlation between
AGR?2 levels and PSA serum levels. However, the
present study confirms previous findings that there
is no significant association between AGR2 expres-
sion in tumours and serum PSA [29].

In summary, we found AGR2 expression signifi-
cantly elevated in 93.5% of primary prostate cancer
tissues. A gradual loss of AGR2 expression in tumour
samples (protein/mRNA) was associated with
increasing tumour grade (ISUP) and shortened
patient survival. No associations of AGR2 expression
with other clinical-pathological parameters like PSA
were found in this large-scale study. We conclude that
AGR?2 is not suitable as an independent prognostic
marker in prostate cancer but deserves further study
as a target of therapy or a serum marker.
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online in the Supporting Information section at the
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Fig. S1. AGR2 immunohistochemistry evaluation
scheme. (A) negative for AGR2. (B) Weak (1+)
AGR?2 positivity. (C) Moderate (2+) AGR2 positiv-
ity. (D) strong (3+) AGR2 expression.
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