Review

Leveraging the Role of the Metastatic Associated
Protein Anterior Gradient Homologue 2 in Unfolded
Protein Degradation: A Novel Therapeutic Biomarker
for Cancer

Reem Alsereihi 1'2, Hans-Juergen Schulten 340, Sherin Bakhashab 3>, Kulvinder Saini °,
Ahmed M. Al-Hejin 7 and Deema Hussein 14*

1 Neurooncology Translational Group, King Fahd Medical Research Center, King Abdulaziz University,

P.O. Box 80216, Jeddah 21589, Saudi Arabia

Department of Biological Sciences, Faculty of Science, King Abdulaziz University, P.O. Box 80203,

Jeddah 21589, Saudi Arabia

Center of Excellence in Genomic Medicine Research, King Abdulaziz University, P.O. Box 80216,

Jeddah 21589, Saudi Arabia

Department of Medical Laboratory Technology, Faculty of Applied Medical Sciences,

King Abdulaziz University, Jeddah 21589, Saudi Arabia

5 Biochemistry Department, King Abdulaziz University, P.O. Box 80218, Jeddah 21589, Saudi Arabia

6 School of Biotechnology, Eternal University, Baru Sahib-173101, Himachal Pradesh, India

7 Microbiology Unit, King Fahad Medical Research Center, King Abdulaziz University, P.O. Box 80216,
Jeddah 21589, Saudi Arabia

*  Correspondence: deemah@hotmail.com or dmhussein@kau.edu.sa; Tel.: +966-533-381-010

check for

Received: 19 May 2019; Accepted: 21 June 2019; Published: 26 June 2019 updates

Abstract: Effective diagnostic, prognostic and therapeutic biomarkers can help in tracking disease
progress, predict patients’ survival, and considerably affect the drive for successful clinical
management. The present review aims to determine how the metastatic-linked protein anterior
gradient homologue 2 (AGR2) operates to affect cancer progression, and to identify associated
potential diagnostic, prognostic and therapeutic biomarkers, particularly in central nervous system
(CNS) tumors. Studies that show a high expression level of AGR2, and associate the protein expression
with the resilience to chemotherapeutic treatments or with poor cancer survival, are reported. The
primary protein structures of the seven variants of AGR2, including their functional domains, are
summarized. Based on experiments in various biological models, this review shows an orchestra
of multiple molecules that regulate AGR2 expression, including a feedback loop with p53. The
AGR2-associated molecular functions and pathways including genomic integrity, proliferation,
apoptosis, angiogenesis, adhesion, migration, stemness, and inflammation, are detailed. In addition,
the mechanisms that can enable the rampant oncogenic effects of AGR?2 are clarified. The different
strategies used to therapeutically target AGR2-positive cancer cells are evaluated in light of the
current evidence. Moreover, novel associated pathways and clinically relevant deregulated genes in
AGR?2 high CNS tumors are identified using a meta-analysis approach.

Keywords: anterior gradient homologue 2; genomic integrity; proliferation; apoptosis; angiogenesis;
metastasis; adhesion; migration; stemness; inflammation; unfolded protein response

1. Introduction

The anterior gradient homolog 2 protein (AGR2) is considered a member of the protein disulphide
isomerase (PDI) superfamily. This gene is also known as AG2, HAG2 and PDIA17 and is a homologue
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of the secreted cement gland gene XAG-2 [1]. Several studies have been conducted to unravel the role
of AGR2 in different biological models. The expression of the AGR2 homolog XAG-2 was initially
observed in Xenopus laevis, particularly in the dorso-anterior ectoderm region forming the cement
gland, which is important for the proper formation of the forebrain [2]. XAG-2 has been shown to
affect the adhesive-like property of the cement gland, a feature that has been associated with the
metastasis of mammalian cancers [3-5]. Studies have also identified the role of the homolog of AGR2
(NAG) in limb regeneration and in the development of amphibians [6,7]. The outcomes from this work,
together with experiments in mammalian cells, showed an inverse correlation between AGR2 and
p21 expression [8,9], highlighting a possible growth-modulating function of AGR2. More importantly,
null AGR2 transgenic mice were shown to have defects in mucin production and a susceptibility to
toxin-stimulated inflammatory bowel disease (IBD) [10]. In parallel, several cellular studies showed
that AGR2 resided mainly in the endoplasmic reticulum (ER), and thus AGR2 was suggested to act
as a chaperone, operating especially in the conditions of ER stress [1,10]. Interestingly, extracellular
AGR?2 protein (eAGR2) was shown to accelerate the wound-healing process following skin damage by
increasing the migration of keratinocytes and fibroblasts near the wounded areas [11]. Recently, the
dimerized AGR2 was demonstrated to act as a sensor of ER homeostasis and was shown to correlate
with the severity of inflammatory bowel disease [12]. In addition, secreted AGR2 was shown to be
able to selectively promote monocyte attraction.

The clinical relevance of AGR2 overexpression in cancer progression was particularly emphasized
when the human AGR?2 protein was shown to attenuate the p53 activity following DNA damage
through the suppression of phosphorylated p53 [8]. The AGR2 gene was identified later in a gene
expression profiling study in the MDA-MB-231 breast cancer cell line to promote survival and invasion
under stressed and hypoxic conditions [13]. The suppression of AGR2 was subsequently shown
in several cell lines to increase the expression of wild-type p53 possibly though the upregulation
of DUSP10 [14-17]. The expression and activity of a number of proteins have since been shown to
be modulated by the presence of AGR2 [18,19]. Several functional domains have been identified
that contribute to its function, particularly its Cys81 consensus motif, which is important for the
peptide-binding activity of the AGR2 protein [20,21].

Gene expression signatures have shown that AGR2 is overexpressed in many tumors. Recently, the
AGR?2 expression was systematically analyzed in solid tumors using STATA 12.0. A total of 20 studies
containing 3,285 cases were included. Tumor data for prostate cancer, breast cancer, lung cancer,
colorectal cancer, ovarian cancer and gastric cancer were analyzed. The results showed that the AGR2
overexpression had a negative effect on the overall survival (OS) and time to tumor progression (TTP)
of patients with a solid tumor. In particular, the analysis for breast cancer patients found the AGR2
overexpression to be significantly associated with poor OS and TTP [22]. However, this meta-analysis
did not include central nervous system (CNS) tumors, even though the AGR2 overexpression had
been detected in CNS tumors, including glioblastoma multiforme (GBM) and meningiomas [23-25].

The association of AGR2 with multiple cancer-related pathways, particularly the metastatic
pathway, combined with its nature to be secreted into the extracellular space makes it a tantalizing
non-invasive cancer biomarker. In this review, the recent findings associated with AGR2, its structure,
regulations, associated molecular functions and mechanisms that are predicted to enable the oncogenic
function of AGR2 are presented. Using a meta-analysis approach, the identified signal transduction
pathways modulated in the CNS tumors overexpressing AGR2 are shown.

2. Molecular Structure

Three structurally related AGR proteins have been discovered, namely, AGR1, AGR2 and AGR3.
Initially, all three were grouped as a family because of their high similarity to the classic thioredoxin fold
containing the CXXC motif. AGR3, the third member of the AGR family, was initially identified from
multiple human breast tumors [26] and was found to be overexpressed in estrogen receptor-negative
human ovarian cancers [27]. However, further studies accentuated the function of AGR2 and
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deemphasized the role of other family members, particularly in relation to cancer. In addition, several
studies confirmed the clear functional differences among all three proteins [28].

The AGR2 gene was mapped to chromosome 7p21.1 [29]. The intracellular encoded protein has
been detected to have a molecular weight of 19 kDa [30,31], with a fully mature AGR2 protein being
175 aa long. The AGR2 protein has an N-terminal ER signal sequence and a C-terminal ER retention
sequence [18]. Several isoforms of AGR2 have been identified, Figure 1. The splice variants of AGR2
were found to be expressed in certain tissues or in distinct neoplastic regions [32]. Aside from the
wild-type AGR2 transcripts A and B, other variants, namely, C, E, F, G and H, were also detected in the
prostate cancer cell line PC-3 [5,32]. All variants of AGR2 contain the KETL region, which functions
as an ER retention signal and is vital for targeting the protein into the secretory pathways, and for
trafficking into different compartments of the cell [33]. Apart from variant H, all detected variants
have a peptide binding loop important for protein—protein interactions and a CHPS domain, which is
required to direct the AGR2 protein to the ER [34]. Moreover, variants A, B and C have domains II,
III, IV and V; variant E has domain V; and variant H has domains II and III. Domain II is an Ala-Lys
leader sequence, domain III is important for the extracellular secretion [12,32], domain IV is required
for dimerization [20,35] and domain V contains a CXXS motif that interacts with intermediates in
redox reactions during folding and retrograde transport in the secretory pathway. More importantly,
a variant from of the AGR2 protein was shown to have the ability to be secreted and O-glycosylated by
the breast cancer MCF7 cell line [36].
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Figure 1. Illustrations of the AGR2 gene and its corresponding protein structure, as well as the detected
splice variants. A-H represent AGR2 splice variants. Functional domains for AGR2 protein are shown
as: (I) 1-20aa CHPS, directs the AGR2 protein to the ER and contains block of hydrophobic amino
acid residues; (IT) 20-21aa Ala-Lys, is a leader sequence; (III) 21-45aa, is important for the extracellular
secretion; (IV) 60-64aa, is required for dimerization; (V) CXXS motif, interacts with intermediates in
redox reactions during folding and retrograde transport in the secretory pathway; (VI) A peptide
binding lobe that is important for protein—protein interactions; and (VII) KETL, works as an ER
retention signal for targeting proteins into the secretory pathway and to traffic AGR2 protein to different
compartments in the cell.

Recently, work carried out using HEK293T cells, transfected with the ER Mammalian
protein—protein Interaction Trap bait/prey system, identified 42 enhancer candidates and 29 inhibitor
candidates of AGR2 homodimerisation. In this work, constitutively monomeric AGR2 with deletion at
E60A was secreted more efficiently than wild type AGR2, while AGR2 molecules deleted at D45 were
retained inside the cell. Interestingly, the secretion of wild type AGR2 depended on the interaction of
AGR? at sites K66 and Y111 with the transmembrane p24 trafficking protein 2 (TMED2) [12]. Thus, it is
likely that the structures for isoforms that are able to be secreted into the extracellular space resemble
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that of isoform H. This is consistent with the observation that AGR2 SV-H was the most significantly
expressed isoform in urine exosomes isolated from prostate cancer patients [32]. However, the exact
mechanism for AGR2 secretory transportation remains to be clarified [12].

3. Expression and Survival

The AGR2 expression has been detected in both healthy and cancer cells. In healthy human tissues,
the RN A-seq expression patterns of AGR2 were identified only in specific tissues [37]. In particular,
AGR2 was shown to be expressed in the stomach, colon, duodenum, small intestine, gall bladder,
prostate, urinary bladder and lung tissues [37]. Several independent studies assessed this expression
in different tissues. The assessment of the AGR2 expression levels using immunohistochemistry (IHC)
indicated a high expression in 28 normal intestinal samples and in normal colon cells [38]. Both
the AGR2 mRNA expression and the protein levels were shown to be highly expressed in normal
thyroids samples [39]. Interestingly, the AGR2 protein expression was shown to be particularly and
predominantly expressed in glandular cells found in the aforementioned organs [40-42]. Perhaps such
expression patterns suggest a natural alerting role of AGR2 in response to the continuous exposure to
damage by microbes, ingested toxins or chemicals that include drugs and food additives. Outcomes in
AGR?2 studies for inflammatory bowel disease support this notion [12].

The high expression of AGR2 has also been detected in many cancers, including those arising
in the breast, respiratory, reproductive, urinary, digestive and endocrine systems. In stages I and II
tumors of different breast cancer types, 232 out of 351 breast cancers (66%) treated with adjuvant
hormonal therapy showed positive staining of AGR2 [43]. The low expression of the protein was
detected in the estrogen receptor-negative cases, whereas the high expression was associated with the
estrogen receptor-positive cases. More importantly, tumors with a high expression of AGR2 showed
a significant trend of a progressive decrease in patients’ survival [43]. In a 20-year follow-up study,
an immunocytochemical analysis of 315 stages I and II tumors of breast cancer patients separated
samples into positive or negative AGR2 expressed tissues. Out of the 107 patients whose samples
showed a negative AGR2 staining, 103 survived (96%) for 20 years in comparison with only 25 out
of the 208 patients (26%) whose samples showed a positive AGR2 staining [44]. Correspondingly,
the analysis of the data collected from the Oncomine Cancer Microarray Database showed that the
AGR?2 expression level increased in human epidermal growth factor receptor 2 (HER2)-positive breast
tumors [44]. In one study analyzing the protein expression in 69 samples from the Gene Expression
Omnibus (GEO) database (48 invasive ductal carcinomas) from non-triple-negative breast cancers
(TNBC) patients and 16 TNBC patients and in 622 samples from the Cancer Genome Atlas, AGR2
was found to be highly expressed in non-TNBC that were positive for estrogen receptor, progesterone
receptor, or HER2. Correspondingly, survival was enhanced for patients with grade I or II tumors
regardless of the tumor type [45].

In pancreatic ductal adenocarcinomas (PDAC), AGR2 mRNA was found to be in mean 14-fold
higher expressed in 56 out of 57 pancreatic cancer tissues (98%) than in normal and pancreatitis
tissues [46]. In another study, 109 out of 148 samples (74%) from pancreatic cancer patients had
highly expressed AGR2 protein, with an elevated expression in female patients [47], and 139 out
of 195 PDAC tissue samples (72%) had a high expression of AGR2 [48]. Similarly, gene expression
analysis revealed a significant upregulation of AGR2 in the metastatic cholangiocarcinoma KKU-213L5
cell line [49]. In examining the AGR2 expression in PDAC-related tissues using tissue microarrays, six
out of eight fibrolamellar carcinomas samples and three out of four metastatic fibrolamellar carcinomas
samples had a high expression [50]. In another IHC study, staining showed that AGR2 expression was
detected in one case of fibrolamellar carcinoma expressed in 14 cases of mucus-excreting intrahepatic
cholangiocarcinomas [51].

In prostate cancer, AGR2 expression in a tissue microarray assay was revealed to be increased
in 66 prostate cancer adenocarcinoma tissues compared with normal prostatic glandular epithelium
tissue [52]. Using antibodies P1G4 (IgG1) and P3A5 (IgG2a) that were generated against the AGR2
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protein, a high expression of AGR2 was revealed in prostate tumor specimen tissues and cultured
cells [53]. AGR2 was also detected at elevated levels in the urine samples of prostate cancer patients [54].

In ovarian-related cancers, the plasma concentration in 46 samples of patients with ovarian cancer
and 61 controls were tested for the immunoreactivity of AGR2, and the results revealed significantly
high levels of AGR2 in the cancer cases [55]. The upregulation of AGR2 protein was also seen in
low-grade endometrial tumors, which were positively associated with a high expression of hormone
receptors [56].

Studies on lung adenocarcinoma samples showed variable levels of AGR2 expression. Using
immunostaining, 63 out of 95 non-small cell lung cancer (NSCLC) samples (66%) were demonstrated
to have an elevated AGR2 expression [57]. In an IHC study on 60 adenocarcinoma (AdC) samples,
AGR?2 expression was shown to be between moderate and high in AdC cases [58]. Comparing AGR2
protein levels in 111 primary lung AdC patient samples with 46 non-cancer samples revealed a
significantly higher expression in the AdC samples [59]. An increased AGR2 expression was also
illustrated in 147 cases of surgically resected lung adenocarcinomas that had epidermal growth factor
receptor (EGFR) gene mutations [60]. Interestingly, the expression of AGR2 protein was positively
correlated with the expression of the transforming growth factor-alpha in human lung AdC with
EGEFR mutations [61]. The level of AGR2 expression was particularly meaningful in predicting a better
prognosis in younger lung AdC patients [62]. Similarly, AGR2 protein was significantly elevated in
both serum and tissue samples of pharyngeal nasal cancers, and the increased levels were associated
with tumor node metastasis and relapse along with the low survival rates of patients [63]. Likewise, in
Barrett esophagus, the AGR2 expression was elevated in 125 AdC biopsy samples [64].

In gastric cancer samples, AGR2 expression was examined in 436 cases, and the results indicated an
elevated AGR2 expression in 204 of the 436 samples (47%). Patients with a low level of AGR2 expression
significantly survived longer than those with a high AGR2 expression [65]. In 54 colorectal cancer
samples and 19 controls, the results obtained through a real-time polymerase chain reaction (RT-PCR)
significantly revealed an enhanced expression of AGR2 mRNAs compared with the controls [66].
Correspondingly, IHC analyses showed that 833 out of the 1,068 tissue samples (78%) of colorectal
carcinomas were positive for AGR2 [38]. In a biliary tract cancer study on the SNU-245 and SNU-478
primary patient cell lines, low levels of AGR2 were correlated with increased disease-free survival
(DFS), whereas high levels of AGR2 showed a lower DFS [67,68]. In the IHC evaluation of biliary
tract tumors, IHC similarly detected AGR2 expression in ductal epithelial cells in 95 out of 100 cancer
tissues of the biliary tract [69]. Furthermore, tissue microarray analysis showed a high expression of
AGR?2 in 36 out of 152 tissues (24%) collected from patients with urothelial bladder carcinoma [69].

AGR?2 has also been shown to be overexpressed in other tumors. In the papillary thyroid carcinoma
TPC-1 cells, AGR2 was shown to be overexpressed using IHC and quantitative RT-PCR [39]. In the
head and neck squamous cell carcinoma (HNSCC) CAL27 cell line, AGR2 protein was highly expressed
and shown to be overexpressed in the corresponding cancer stem cells (CSC) [70]. The AGR2 protein
was also shown to be highly expressed in pituitary adenoma (PA). The AGR2 expression levels were
examined in 117 PA tissue samples using IHC and Western blotting, and 59 patients (51%) were shown
to have an overexpressed AGR2 levels [71]. In a different study, AGR2 was variably detected in the
serum of 163 PA patients using ELISA [72].

In CNS tumors, the evaluation of AGR2 expression levels in the glioblastomas (GBM) U87 and
LN18 cell lines revealed an up-regulated AGR2 [24]. A high expression of AGR2 was also detected in
the glioblastoma cell lines T98G, A172, U87 and U251 [25]. In situ and in vitro analyses of meningioma
tissue and cell lines showed a high expression of AGR2, particularly in aggressive tumors [23].

4. AGR2 Regulation

Several molecules that deregulate the expression of AGR2 are shown in Figure 2. In particular,
protein expression was shown to be up-regulated following ER stress [1,10,73]. The protein expression
level of AGR2 was shown to be affected by both the endonuclease inositol-requiring enzymel (IRE1«)
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and the activating transcription factor 6 (ATF6«x) [1], which are pillars of the unfolded protein response
(UPR) in the ER machinery. This was demonstrated when IREx and ATF6x were knocked down
using small interfering RNA (siRNA) in HeLa cells, resulting in the decreased expression levels of the
AGR?2 protein [1]. In another study, 3-phosphoinositide-dependent protein kinasel (PDPK1) and AKT
serine/threonine kinase 1 (AKT1) were identified as AGR2 protein triggers, and AKT1 was shown to
initiate AGR2 expression [74]. The transcriptional factors forkhead box Al and 2 (FOXA1 and FOXA?2)
were shown to upregulate the expression of the AGR2 gene in the LNCaP prostate cancer cell line. By
contrast, the ErbB3 binding protein 1 (EBP1) indirectly inhibited AGR2 expression by downregulating
the activities of FOXA1 and FOXA2 [75]. Similarly, in the HEK293 cell line, FOXA1 and FOXA2
were shown to upregulate the AGR2 protein level [76]. Forkhead box M1 (FOXM1) was also shown
to activate the human AGR2 gene promoter in the pulmonary invasive mucinous adenocarcinoma
A539 and H2122 cell lines [77]. In GBM cells, hypoxia-induced factor-1 (HIF-1) was found to play an
important role in cell growth through the up-regulation of the AGR2 protein [24]. Another protein
that may regulate AGR?2 is the RAD9 checkpoint clamp component A (RAD9A). The expression of the
AGR?2 protein in the prostate cancer cell line PC-3 was shown to be controlled by RAD9A through its
specific binding to the 5’-untranslated region of AGR2, and the knockdown of RAD9A resulted in the
downregulation of AGR2 [78]. The expression of AGR2 is also affected, in a feedback loop mechanism,
by the expression of p53 and its phosphorylation [8,14-17,21].

Unfolded protein response (UPR) in the ER

| IREla Il[ Modulated ATF6o. |
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Figure 2. The expression of AGR2 is regulated by multiple proteins. IRE1«, modulated ATF6c;, HIF-1«,
RAD9A, phosphorylated-AKT, FOXA1/2 have all been shown to contribute to the upregulation of
AGR2. In contrast, the upregulation of SMAD4, miR-342-3p, miR-217, miR-1291, and TMED2 have been
shown to contribute to the downregulation of AGR2. While p53, and FoxM1 appear to be involved in a
feedback regulatory loop. The numbers in red indicate references.

Several molecules have been associated with the downregulation of AGR2. Transforming growth
factor beta (TGF-f3) was shown to downregulate AGR2. A study revealed that the induction of the
TGF-3 SMAD regulatory pathway in the lung adenocarcinoma cell line A549, the breast cancer cell line
BT-474, and the pancreatic adenocarcinoma cell line PANC-1, resulted in the significant downregulation
of the levels of AGR2 [79]. Pre-treated A549 and PANC-1 cell lines with the inhibitor PD98059, which
inhibits both mitogen-activated kinase-like protein and TGF-f3, prevented the downregulation of the
AGR? protein level [79]. In PDAC, TGF-f overexpression was also shown to downregulate AGR2 and
to decrease the metastatic-associated protein mucinl (MUC1) through the SMAD family member 4
activation [80]. Several microRNA molecules have been shown to downregulate AGR2. In PANC-1,
AGR2 expression was revealed to be significantly downregulated through the actions of microRNA-1291
(miR-1291) [81]. In the chronic myelogenous leukemia (CML) cell line K562, microRNA-217 (miR-217)
had a negative effect on AGR2 protein expression. Tyrosine kinase inhibitor treatment was shown to
induce drug resistance in the dasatinib-resistant K562 (K562DR) cell line, which decreased the miR-217
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level and upregulated the AGR2 protein level [82]. The analysis of the AGR2 protein in 10 NSCLC cell
lines revealed that microRNA-342-3p (miR-342-3p) negatively correlated with AGR2 and could directly
inhibit AGR2 [83]. Recently, the overexpression of TMED2 was also shown to reduce the expression
levels of AGR2 [12]. In sum, the observations indicate that AGR?2 is regulated through the interactions
of multiple molecules in various pathways. How these multiple pathways are interlinked to regulate
AGR?2 and the associated proteins remains unaddressed.

5. Role of AGR2 in the Cell Signaling Network

The AGR2 protein is associated with different pathways in normal and tumor cells, as shown in
Figure 3.
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Figure 3. The overexpression of intracellular AGR2 and the presence of extracellular AGR2 (eAGR2)
impact several pathways. AGR2 overexpression has been shown to effect pathways related to genomic
integrity, apoptosis, angiogenesis, adhesion, migration, and stemness. Several proteins have been
shown to be upregulated or downregulated in the presence of AGR2. In addition, several proteins
have been shown to directly interact with AGR2 including DAG1, GRp78, RuvB-like 2, Mucl/2, LYPD3,
and PAUF (also known as ZG16B). In addition, eAGR2 particularly affects the expression of molecules
related to adhesion and stemness and is able to selectively promote monocyte attraction.

5.1. Genomic Integrity

Several studies associated the expression of AGR2 with proteins that are components of the
genomic integrity pathway. In the biopsies from squamous and Barrett’s epithelium patients, analysis
using immunochemical methods, electrophoresis and DNA sequencing revealed an upregulated level
of AGR2, which negatively affected the genome guardian p53 and inhibited its associated pathways [8].
In a different study, the inhibition of the AGR2 protein in the prostate cancer cell lines PC-3, DU145
and LNCaP was shown to upregulate p53 [15]. The AGR2 protein was also shown to promote p53
inhibition in HCT116 cells [21]. In the lung carcinoma A540 cell line, the inhibition of AGR2 using drug
treatment upregulated the p53 activity by inhibiting dual-specificity phosphatase 10 (DUSP10) [17].
Correspondingly, the knockdown of AGR2 in the breast cancer cell lines T47D and MCF7 strongly
induced p53 expression [16]. AGR2 was also observed in the breast cancer cell lines MCF7 and H1299
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to specifically bind to another protein called RuvB-like 2 (RUVBL2), which is involved in DNA repair,
transcription regulation and chromatin structural control [84]. However, the mechanism initiated
through this interaction remains to be understood.

5.2. Proliferation and Apoptosis

AGR?2 deregulation has been postulated to affect growth signaling pathways. The overexpression
of AGR2 in the human ovarian cancer cell line MDAH-2774 enhanced cell proliferation and invasion [85].
AGR?2 was overexpressed in tubular complexes and in early pancreatic intraepithelial neoplasia cells,
and the deletion of the protein resulted in the inhibition of the development of pre-neoplastic lesions [86].
In GBM cell lines (T98G, A172, U87 and U251), the knockdown of AGR2 induced the cell cycle arrest
in the GO/G1 phase and suppressed the migration and invasion of the U87 and U251 cells [25].
Furthermore, the overexpression of AGR2 in adenocarcinomas promoted growth and aggressiveness
in an ER localization-dependent manner [87].

The AGR2-linked enhancement of cell growth has been associated with several proteins. In the
breast cancer cell line T47D, silenced AGR2 protein was shown to downregulate cyclin D1, c-Myc and
survivin, which play a critical role in cell growth. By contrast, recombinant AGR2 (rh AGR2) was
found to upregulate cyclin D1 [88]. Similarly, the knockdown of AGR?2 in the human breast cancer cell
lines ZR-75-1 and T47D using siRNA resulted in the downregulation of survivin (BIRC5), c-Myc and
p-Src proteins [88]. Moreover, the knockdown of AGR2 in the breast cancer cell lines T47D and MCF7
strongly induced p27 and p21 expressions [16,17]. The inhibition of the AGR2 protein in the prostate
cancer cell lines PC-3, DU145 and LNCaP upregulated P21 expression [15]. A series of experiments
was performed to examine the relationship between AGR2 and the ERK/AKT pathways in pancreatic
cancer cells (PCa). The treatment using the fibroblast growth factor 2 (FGF2) to antagonize ERK/AKT,
or the addition of AGR2 siRNA, or the combination of both, showed that silencing AGR?2 inhibited the
ERK/AKT pathway [63].

In relation to apoptosis, the knockdown of intracellular AGR2 in the high-grade HNSCC cell line
CAL-27 induced apoptosis, reduced sphere formation and downregulated the anti-apoptotic proteins
Bcl2 and Bcl211 [70]. By contrast, the secreted AGR2 protein from prostate primary cancer cells 10-076
CP and the adenocarcinoma cells LuCaP was shown to induce apoptosis in normal prostate stromal
cells [73]. Apparently, these two effects of AGR2 may at first appear to be contradictory, but they can
indicate the dual role of AGR2, which is likely to be dependent on the studied AGR2 isoform.

5.3. Angiogenesis

The AGR?2 protein was shown to enhance the activities of vascular endothelial growth factor (VEGF)
and FGF2, factors that promote angiogenesis, vascular endothelial cells and fibroblast invasion [89].
In the prostate cancer cell line PC-3, secreted AGR2 was shown to enhance vascular endothelial growth
factor receptor (VEGFR) activity through the formation of disulphide bonds [90]. Therefore, AGR?2 is
likely to have an indirect effect on angiogenesis.

5.4. Adhesion and Migration

AGR?2 has been implicated in metastatic and invasive pathways in several biological models,
and its elevated expression has been associated with increased cell adhesion in several cell lines.
The treatment of the ovarian cancer cell line SK-OV-3 with a DNA methyltransferase inhibitor to increase
the level of AGR2 expression resulted in increased cell migration and invasion [91]. Congruently, the
knockdown of the AGR2 protein using siRNAs or clustered regularly interspaced short palindromic
repeat technology in several cell lines, namely, the lung adenocarcinoma cell lines A549 and H1299,
the estrogen receptor-positive breast cancer cell lines BT-474 and MCF?7, the pancreatic cancer cell line
PANC-1 and the embryonic kidney epithelial cell line HEK-293, resulted in the decreased ability of the
cancer cells to adhere [79].

Several experiments have shown effects of the intracellular AGR2 expression on adhesive and
metastatic related molecules. In PDAC cells, intracellular AGR2 was shown to be an important
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posttranscriptional regulator of cathepsins B (CTSB) and D (CTSD), as both proteins were found to
be upregulated in AGR2 overexpressed tumors [92]. In a study on prostate cancer cells, silencing
the AGR?2 protein in the PC-3 cell line resulted in the significant reduction of cellular attachment to
fibronectin, collagen I, collagen IV, laminin I and fibrinogen and was associated with the sharp decrease
in the expressions of a4, x5, «V, 33 and (34 integrins [93]. The overexpression of intracellular AGR2
in HEK-293 and H1299 cell lines decreased both vimentin and N-cadherin, and the downregulation
of AGR2 in A549 and PANC-1 cells decreased the level E-cadherin and upregulated both vimentin
and N-cadherin [79]. The AGR2 protein was shown to interact with MUC1 and MUC?2 [34,80,94],
which are O-glycosylated and play essential roles in forming protective mucous barriers on epithelial
surfaces. In particular, the AGR2 expression was shown to be essential for the expression of MUC1
in the COLO-357 and BxPC3 cell lines [80]. Recent reviews implicate the mucin family proteins in
the metastatic process by blocking apoptosis and promoting invasion, proliferation and migration in
epithelial cancers [95,96]. Interestingly, the induction of the AGR2 protein in the PDAC tumor cells
regulated the expression of several ER chaperones (PDI, CALU and RCN1) [92].

eAGR2 was also shown to affect adhesive and metastatic related molecules. In gastric signet-ring
cell carcinoma cells, the eAGR2 protein was shown to be highly expressed extracellularly and
was associated with the ability to activate stromal fibroblasts, promote cancer cells invasion and
increase both the growth and the resistance to oxidative and hypoxic stresses [97]. In the metastatic
cholangiocarcinoma KKU-213L5 cell line, the depletion of the AGR2vH isoform using siRNA resulted
in the significant decrease in cell adhesion and in vimentin expression [98]. In lung cancer cells, AGR2
was shown to play a role in the preneoplastic phenotype, thus contributing to epithelial tumorigenicity
and promoting the acquisition of invasive and metastatic features [99]. In this particular study, eAGR2
was shown to disrupt the epithelial cell-cell adhesion in non-tumorigenic normal human bronchial
epithelial cells (HBEC) organoids. In addition, the expressions of 84 epithelial-mesenchymal transition
(EMT) genes were quantified using the reverse transcription-quantitative reverse transcription array
for HBEC organoids grown with/without eAGR2 for 10 days. As a result, matrix metalloproteinases,
vimentin and N-cadherin had an increased expression, whereas E-cadherin had a decreased expression.
Of note, this effect is different to that observed for the intracellular AGR2, which is consistent with an
isoform-dependent function of AGR2 [12].

Other metastatic-related molecules have been associated with AGR2. Earlier works indicated that
intracellular AGR2 partnered with the Ly6/PLAUR domain-containing protein 3 (LYPD3), a protein
involved in cell interactions with the extracellular matrix, the provision of cancer cell mobility and
metastasis [3]. In the salivary adenoid cystic carcinoma cell lines SACC-83 and SACC-LM, the
knockdown of intracellular AGR2 using shRNA resulted in the reduction of TGF-31 [70]. Through a
network-based analysis, the intracellular AGR2 protein was identified to accompany the PAUF protein,
which is involved in tumor metastasis, in cervical cancer cells [100]. In the GBM cell lines T98G, A172,
U87 and U251, the intracellular AGR2 protein was shown to be overexpressed, and the depletion of
this AGR2 reversed the action of the stromal-derived factor-1 (SDF-1), which is known to stimulate the
upregulation of the EMT markers [25].

In conclusion, the deregulation of AGR2 affects the metastatic and invasive pathways. The variety
of metastatic-related molecules shown to be affected by the deregulation of AGR2 may indicate a general
signal transduction mechanism driven by the role of AGR2 in the UPR and proteolytic degradation.

5.5. Stemmness

A few studies have associated AGR2 expression with stemness. The intracellular AGR2 expression
was correlated with Aldehyde Dehydrogenase 1 (ALDH1), POU class 5 homeobox 1 (Oct4), SRY-box
transcription factor 2 (S0x2) and snail family transcriptional repressor 2 (Slug) in the human HNSCC
tissue array [70]. The overexpression of intracellular AGR2 was also observed in CSC derived from
human pancreatic patient-derived xenografts [66,86]. In meningioma, the intracellular AGR2 expression
was shown to co-localize with Bmi-1 and was regionally correlated with cancer stem cell markers
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Nestin, prominin 1 (CD133) and Sox2 in high-grade tumors [23]. In addition, AGR2-Bmi-1-positive
cells had a low level of nuclear caspase-3. Two knockdown experiments supported the role of AGR2
in stemness. Homozygous AGR2—/— mice had enlarged stomachs and died prematurely, as the
loss of AGR2 expression seemed to result in halting the process of epithelial cell proliferation and
differentiation [33]. Correspondingly, the knockdown of AGR2 in the HNSCC cell line CAL27 reduced
sphere formation and effectively decreased the CSC markers Snail family transcriptional repressor 1
(Snaill), Slug, Sox2, NANOG and OCT4 [70]. In addition growing HBEC organoids with e AGR?2 for
10 days was shown to increase the expression of Wnt family member 5B (Wnt5b) [99].

6. AGR2 Functions through the UPR Machinery

Given the ability of AGR2 to affect multiple pathways in diverse biological models, it must be
able to function through a biological housekeeping machinery. Evidence collected over two decades
strongly implicates the association of AGR2 with the UPR, which operates in the ER, as shown in
Figure 4. Early molecular functional studies revealed the ability of the AGR2 protein to interact with «
dystroglycanl (DAG1), a membrane-bound protein postulated to play a role in the calcium uptake
of the ER [3]. Landmark experiments showed that the overexpression of AGR2 was associated with
induced stress in the ER [34] and that AGR2 was shown to be located in the ER vicinity and to have a
fundamental role in the homoeostasis of the secretory pathway [101]. Another evidence came from the
results showing that the dimerization of AGR2 protein is necessary for its interaction with other ER
proteins, including the ER luminal calcium-binding protein GRp78, which is also known as heat-shock
protein A5 (HSPAS) [20]. Interactions with GRp78 confirmed the role of AGR2 in the cellular responses
to various stress exposures. Recently, the binding of TMED2 to dimeric AGR2 was shown to exert a
selective regulation on protein folding and trafficking, and contribute to protein quality control in the
ER [12]. In this study, 71 molecules were predicted to influence this process and potentially act either
as activators or inhibitors of AGR2.
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Figure 4. The mechanism of action for AGR2 in the UPR machinery. AGR2 has several roles in the
UPR. (a) Dimeric AGR2 directly interact with GRp78 or TMED?2 in the ER-lumen. (b) The AGR2
overexpression affects the expression of phosphorylated elF2«. (c) The expression levels of AGR2
affects the ERAD process through the regulation of EDEM1. In cancer cells, AGR?2 is likely to play a
master role in preventing the degradation of mutated or misfolded proteins, thus allowing errors to be
unaccounted for.



Cancers 2019, 11, 890 11 of 28

7. Drug Resistance

The AGR?2 protein was shown to affect drug resistance in cancer cells that can resist radiotherapy
and chemotherapy. The examination of the AGR?2 protein levels in 61 breast carcinomas patients by
IHC revealed their overexpression, which was associated with lower tamoxifen treatment efficacy [102].
A study showed that the AGR2 protein expression level in the samples from breast cancer patients,
who were previously treated with tamoxifen, was higher than that in those who had not been treated
with tamoxifen [103]. The analysis of the samples of 94 breast cancer patients using immunoblotting
revealed that the AKT inhibitors had the ability to reduce the basal AGR2 levels and attenuate the
induction of AGR2 by tamoxifen, which was more pronounced in cells that were treated with the
combination of tamoxifen and AKT inhibitors [74]. Accordingly, AGR2 overexpression was found to
be associated with chemoresistance in the human breast cancer cell lines MCF7 and MDA-MB23 [104].
Using Western blot analysis, immunofluorescence and RT-PCR, the knockdown of AGR2 was shown
to suppress hypoxia-inducible factor-1oc (HIF-1a)-induced doxorubicin resistance, and the increased
levels of AGR2 resulted in resistance enhancement [104]. Consistently, the knockdown of AGR2 in the
MCF7 and T47D breast cancer cell lines reduced the fulvestrant treatment resistance in both cell lines,
whereas the overexpression of AGR2 in the MCF7 cells increased cell survival under the fulvestrant
treatment [16].

The association of AGR2 with drug resistance was also studied in other cancers. The silencing of
AGR?2 in the MPanc-96 pancreatic cancer cell line using siRNA and shRNA significantly increased the
effectiveness of gemcitabine treatments in 98% of neoplastic cells in comparison with cells that had a high
AGR2 expression level [46]. The knockdown of AGR? in six biliary tract cancer cell lines using shRNA
resulted in a decreased growth by 98% and an increase in the sensitivity of the cells to chemotherapeutic
drugs [68]. Similarly, the silencing of AGR2 using the overexpression of miR-217 in the CML cell line
K562, which is dasatinib resistant, restored the cells’ sensitivity to dasatinib treatment [82]. In the
human hepatocarcinoma cell line, both the AGR2 mRNA and protein levels were increased significantly
by the treatment with the genotoxic agent 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and this effect
was mediated by the aryl hydrocarbon receptor (AhR). Of note, the phosphorylation and acetylation of
p53 were inhibited in TCDD-treated cells [14]. In meningioma tissues and primary cell lines, the AGR2
expression levels and the associated effects on the chemotherapeutic agents, cisplatin and etoposide
were investigated using transcriptome microarray analysis and immunofluorescence staining. The
results showed that aggressive meningioma tumors had a significantly higher AGR2 protein expression
and that cells that express high levels of AGR2 were more resilient to chemotherapeutic treatment [23].
The ability of the intercellular AGR2 to enhance drug resistance is likely to be consequential to its
ability to regulate the ERAD pathway, while expression of eAGR?2 is likely to contribute to the resilience
of cancer cells that are surviving in an inflammatory microenvironment. Future experimental work
is needed to determine the precise mechanisms utilized by AGR2 to enhance drug resistance, and
uncover associated drug sensitizing methods.

8. Therapeutic Potential

Antibodies and peptides have been developed to target AGR2. Using bead-based and flow
cytometry, a DNA aptamer C14B1 was identified for its G-rich G-quadruple region and was found to
specifically bind to AGR2 [105]. In breast cancer cells, an antibody (18A4 mAb) that showed a specific
binding to AGR2 in the cytoplasm using immunofluorescent staining was revealed to inhibit the
growth of the breast cancer cell line MCF7 [106]. In colorectal cancer cells, AGR2 was also shown to be
a potentially useful antigenic target for cancer immunotherapy. Human colorectal cancer cell lines that
have a high AGR2 expression were targeted using dendritic cells (DCs) that express the AGR2 gene
(AdAGR2). The outcome showed that the AAAGR?2 transduction in DCs enhanced the DC activation
and maturation by inducing higher expressions of some genes, such as CD80, CD86 and HLA-DR [107].
Correspondingly, two AGR2 peptides capable of binding the leukocyte antigen (HLA)-A*0201 were
generated. These peptides were utilized to generate specific cytotoxic T-lymphocytes (CTLs). DCs
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pulsed with the mentioned peptides were used to activate the specific CTLs in AGR2-positive and
-negative colorectal cancer cell lines. Lysis of the incubated CTLs was found only in AGR2-positive cell
lines. Therefore, these peptides can potentially be employed to target cancer cells that are positive for
AGR2 [108]. The caveat is that AGR2 can be detected in normal colon cells [18]. In a cell migration
assay, an AGR2 binding peptide (H10) was shown to be sufficient to prevent cancer cell migration in
breast and prostate cancer cells [109]. The antibody-induced blocking of AGR2 in pancreatic ductal
adenocarcinoma cell lines revealed a significantly reduced tumor growth and metastasis and led to
tumor regression and improved survival [110]. Furthermore, humanized antibodies selected to block
the AGR2 protein were shown to effectively inhibit tumor growth in a xenograft model [111]. In a
recent study on CML, the eAGR2 protein was used as a vital indicator for monitoring the normalization
of blood vessels during an anti-angiogenic therapy utilizing nanoparticles (AuNPs). The detected
AGR?2 level was affected by the AuNP treatment in tumor tissues and plasma [112].

9. AGR2 Gene Expression Meta-Analysis in CNS Tumors

AGR2 overexpression has been detected in CNS tumors, including GBM and high grade
meningiomas [23-25]. To further explore the pathways associated with the high expression of
AGR2, a meta-analysis on CNS tumors was conducted. The search terms brain tumors, human and
expression were used as queries in GEO and ArrayExpress to identify the microarray expression data
sets on primary brain tumors, which were utilized to extract the AGR2 expression data for further
analysis [113,114].

The data sets were analyzed using the Transcriptome Analysis Console v4.0.1 (Thermo Fisher
Scientific Waltham, MA, USA) that includes the LIMMA (linear modeling for microarrays) package
from Bioconductor [115]. The data sets, in which the range of the AGR2 log?2 signal intensity values
between samples with the lowest and highest signal intensities was approximately greater than 4, were
subjected to differentially expression analysis (Table 1).

Table 1. Microarray expression studies included to investigate differentially expressed genes in high
AGR2 expression tumors versus low AGR2 expression tumors.

GEO/Array Express Array Type Number of Samples Tumor Type
Access Number AGR2 High AGR2 Low

GSE54934 HuGene 1.0 ST 3 19 MN
GSE77259, GSE100534 HuGene 1.0 ST 6 16 MN
GSE88720 HuGene 2.1 ST 2 12 MN
GSE16581 U133 Plus 2.0 16 52 MN
GSE68015 U133 Plus 2.0 3 6 MN
E-MTAB-1852 U133 Plus 2.0 5 10 MN
E-GEOD-9438 U133 Plus 2.0 3 16 MN
E-MEXP-3586 U133 Plus 2.0 5 11 MN

GSE68015 U133 Plus 2.0 5 10 adCP!

GSE26966 U133 Plus 2.0 13 9 PGT 2

1 adCP, adamantinomatous craniopharyngiomas; 2 PGT, pituitary gonadotrope tumors. Of note, different types of
pituitary tumors exhibit variations in AGR2 expression.

With one exception, the low AGR2 expression samples were regarded as those that had signal
intensities at the lower 40% of the log2 signal intensities. The remaining samples of each data set were
regarded as AGR2 high expression samples. The threshold between AGR2 low and high expression
samples was empirically determined with the support of a permutation test. Notably, the adult
meninges control samples (N = 13) and dura control samples (N = 3) of the GEO submission GSE84263
revealed AGR2 expression levels in the range of AGR2 low expressing meningiomas, whereas the
embryonic meninges control samples (N = 9) revealed an expression pattern mostly in the range of
the high expressing meningiomas. The over-activation of the characteristic biomarkers and crucial
embryonic signaling pathways in human adamantinomatous craniopharyngiomas was described in an
integrative mutational and transcriptome profiling study [116]. A previous work showed that AGR2
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was highly expressed in aggressive meningioma cells [23], and a comparison of the RNA expression
levels of AGR2 published by an independent study [117], showed a significantly higher average
expression level in grade II+ tumors or tumors that recurred, than in grade I tumors (Grade 1:104.285,
grade II+/recurred:988.182, T-test p = 0.021).

We found that AGR2 was overexpressed in a subset of meningiomas, childhood
craniopharyngiomas and pituitary gonadotrope tumors [118,119]. A network based on 245 differentially
expressed genes (DEGs) from a comparison of AGR2 high versus low expressing meningiomas is
shown in Figure 5. The 245 DEGs have an overlap of approximately 11% to the 494 annotated
DEGs derived from the comparison of AGR2 high versus low expressing adCPs (GSE68015) and of
approximately 26% to the 1909 annotated DEGs derived from AGR2 high versus low expressing PGTs
(GSE26966) (Supplementary Table S1). Table 2 presents the predicted differential pathways generated
by the Ingenuity Pathway Analysis software for meningioma tumors with a high AGR2 expression in
comparison with tumors with low AGR2 expression.

Table 2. Predicted differential pathways generated by the Ingenuity Pathway Analysis Software (IPA)
for meningioma tumors with high AGR2 expression compared with tumors with low AGR2 expression.

Top Canonical Pathways p-Value Overlap
Apelin Cardiac Fibroblast Signaling Pathway 7.55E-05 18.2% (4/22)
Axonal Guidance Signaling 2.76E-04 3.0% (15/498)
Osteoarthritis Pathway 4.17E-04 4.3% (9/211)
Hepatic Fibrosis/Hepatic Stellate Cell Activation 8.22E-04 4.3% (8/186)
Glioblastoma Multiforme Signaling 2.21E-03 4.1% (7/170)
Top Upstream Regulator p-Value of Overlap
progesterone 1.31E-08

CTNNB1 1.68E-08

ERBB2 4.47E-08

forskolin 5.07E-08

AHR 5.61E-08

Diseases and Disorders

p-Value, # Molecules

Neurological Disease

Cancer

Gastrointestinal Disease

Organismal Injury and Abnormalities
Cardiovascular Disease

2.24E-04-1.51E-15, 112
2.47E-04-2.22E-15, 228
2.47E-04-2.22E-15, 216
2.47E-04-2.22E-15, 229
1.74E-04-3.10E-15, 85

Molecular and Cellular Functions

p-Value, # Molecules

Cellular Movement

Cell Death and Survival

Cell-To-Cell Signaling and Interaction
Cellular Assembly and Organization
Cell Morphology

2.36E-04-9.50E-14, 97
2.05E-04-1.74E-10, 97
1.95E-04-2.26E-10, 49
2.51E-04-2.26E-10, 70
2.31E-04-1.15E-09, 75

Physiological System Development and Function

p-Value, # Molecules

Organismal Development

Nervous System Development and Function
Cardiovascular System Development and Function
Skeletal and Muscular System Development and Function
Tissue Morphology

1.87E-04-1.46E-15, 121
2.36E-04-1.51E-15, 90
1.87E-04-1.60E-15, 74
2.31E-04-4.41E-11,70
2.36E-04-9.89E-11, 97

Assays: Clinical Chemistry and Hematology

p-Value, # Molecules

Increased Levels of Alkaline Phosphatase
Increased Levels of Hematocrit
Increased Levels of Red Blood Cells
Decreased Levels of Albumin

Increased Levels of ALT

6.39E-03-1.48E-03, 5
1.94E-02-1.94E-02, 4
2.43E-02-2.43E-02, 4
6.16E-02-6.16E-02, 1
8.12E-02-8.12E-02, 1

Cardiotoxicity

p-Value, # Molecules

Cardiac Dysfunction
Cardiac Arteriopathy
Cardiac Arrythmia
Cardiac Enlargement
Cardiac Dilation

2.65E-01-2.23E-10, 19
1.56E-01-3.78E-08, 19
3.92E-01-3.97E-07, 13
1.19E-01-3.81E-06, 23
2.49E-01-1.25E-05, 15
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Table 2. Cont.

Hepatotoxicity p-Value, # Molecules
Liver Hyperplasia/Hyperproliferation 5.24E-01-2.28E-07, 118
Liver Steatosis 1.91E-01-1.14E-04, 14
Liver Cirrhosis 6.16E—02-2.42E-04, 12
Hepatocellular Carcinoma 3.86E-01-3.32E-04, 27
Liver Necrosis/Cell Death 2.94E—-02-1.23E-03, 9
Nephrotoxicity p-Value, # Molecules
Renal Damage 3.92E-01-4.38E—-05, 12
Renal Dysfunction 3.29E-04-3.29E-04, 2
Renal Necrosis/Cell Death 2.65E-01-1.69E-03, 13
Glomerular Injury 3.07E-01-9.78E-03, 8
Renal Inflammation 3.78E—01-1.25E-02, 7
Top Networks Score

Skeletal and Muscular System Development and Function, Cancer, Endocrine System
Disorders

Skeletal and Muscular System Development and Function, Embryonic Development,
Nervous System Development and Function

Cellular Function and Maintenance, Skeletal and Muscular System, Development and
Function, Tissue Development

Cardiovascular Disease, Cardiovascular System. Development andFunction, Organismal
Injury and Abnormalities

Organismal Development, Organismal Functions, Cardiac Dysfunction 29

43

38

38

31

Top Tox Lists p-Value Overlap

Hepatic Fibrosis 1.67E-05 7.5% (8/106)
Cardiac Necrosis/Cell Death 1.73E-05 4.4% (13/297)
Cardiac Fibrosis 2.61E-05 4.9% (11/223)
Recovery from Ischemic Acute Renal Failure (Rat) 3.85E-04 21.4% (3/14)
Cardiac Hypertrophy 4.86E-04 3.3% (12/362)

Fold Change Down-Regulated Top
Molecules, Exp. Value

Fold Change Up-Regulated Top Molecules, Exp. Value

AGR2,90.210 TCEAL2, —48.790
CALB1, 49.780 COLB8A1, -36.360
KCNT?2, 34.470 MFAP5, —35.660
DSC3, 33.800 NT5E, -31.300
HOPX, 27.670 SYNPO2, —29.750
GPR83, 22.020 SLPI, —20.350
CA3, 21.830 CYP1B1, —-18.420
ATP1A2,21.780 RSPO3, -17.040
KCNJ8, 19.690 SFRP1, -16.210
GRB14, 17.690 UCHL1, -15.030

In order to select for the most clinically relevant DEGs that are found in the list of AGR2 high
versus low expressing meningiomas, the highly expressed genes or the downregulated genes were
analyzed using the Network Analyst platform [120,121]. Maps were generated for the “Gene-disease
Associations”, which are based on the DisGeNET database, and only cancer related pathways were
included. All Network Analyst selected genes were then checked manually for clinical relevance by
searching for the gene properties in “genecards.org”, searching in google for genes included in available
diagnostic onco-gene panels, and by searching in “PubMed” for clinically relevant publications. Figure 6
shows the differentially expressed cancer related genes and highlights the genes that are most clinically
relevant. Twelve clinically relevant overexpressed cancer-related genes were identified in AGR2
high meningiomas including: ABCC9, ALDOA, CCND1, CDKN2A, PSAT1, RCN1, RELN, ANGPT2,
KLRK1, LAMALI, SPP1, and HEY1. While only three downregulated clinically relevant cancer-related
genes were identified in AGR2 high meningiomas (AR, CDH5, and GALNT12).

Owing to a shortage of larger series, no concrete conclusions could be drawn regarding which
subtypes of pituitary tumors are characterized by the overexpression of AGR2 levels. Although
the list was not exhaustive, we did not find a significantly different overexpression of AGR2 in
medulloblastomas, gliomas or glioma cells (GSE41842, GSE37418, GSE7181, GSE15824, GSE36245,
GSE33331, GSE34824, GSE36245 and GSE53733) in comparison with meningiomas, adCP and GPT
using the probe set (209173_at), which interrogates mostly the coding region between exon 4 to exon 8.
Interestingly, a significant higher expression was revealed for GBM than for normal brain tissues when
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analyzing data using a probe set (228969_at), which interrogates the 3'UTR of AGR2 (brain_normal
average log? intensities: 3.87, GBM average log? intensities: 4.76, fold change:1.86, p = 0.0141). The
reason why this difference is observed in GBM requires further investigation.
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Figure 5. (a) Using HG 133 Plus 2.0 microarrays and a probe set (209173_at) interrogating mostly the
coding region between exon 4 to exon 8, a significant higher expression is revealed for meningiomas
compared to normal brain tissue and GBM. Normal brain and GBM files were derived from GEO
submission GSE33331 and meningiomas from GSE16581. Dots indicate expression values of individual
samples. Files were analyzed using Transcriptome Analysis Software (Thermo Fisher Scientific).
Stars mark p-values < 0.05. (b) The merged network is based on the top three networks that were
most significantly related to the microarray expression profiles of 245 DEGs that were retrieved
from the meta-analysis of microarray expression data on meningiomas and were observed in at
least three different studies. The Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden, Germany) and
its curated molecular knowledge base were employed to generate the merged network. Network
molecules are related skeletal and muscular system development and function, cancer, endocrine system
disorders, embryonic development, nervous system development and function, cellular function and
maintenance, and tissue development (Table 2). Upregulated network molecules include, ABCC9,
ADAMTS5, AGR2, ALDOA, ARHGAP20, ATP1A2, CDKN2A, CFH, COL18A1, CPA4, CTSV, DMD,
DSC2, DSG2, EPS8L2, ERO1A, GAP43, GDF15, HACD1, ID4, KCNJ8, KIF23, LAMA1, LUM, MYO1B,
NEFL, NID1, OLFM4, PPARGC1A, PPFIBP1, PSAT1, RAPGEF5, RELN, RNASE1, TMEM108, VTN,
WNT6, and ZIC1. Downregulated network molecules include, ADAM?22, B4GALT1, BCAR3, CD200,
CDHS5, CLIC5, CYP1B1, DOKS5, EBF1, FBXO32, FRY, GALNT12, GDAP1, GSTM5, IGFBP5, KALRN,
KCNMAT1, LRRN1, MEG3, NT5E, NTN1, PRRX1, RASGRF2, RBP4, RUNX1T1, SLC39A14, SLC44A1,
SORL1, TRIM2, and ZNF521. Molecules retrieved from the IPA molecular base include, actin, alpha
catenin, collagen type I, collagen type IV, collagen(s), Ctbp, DNA-methyltransferase, ERK1/2, F Actin,
fibrin, growth hormone, Hdac, hedgehog, hemoglobin, histone deacetylase, Histone h4, Hsp27, integrin,
integrin alpha V beta 3, Jnk, laminin (complex), lamininl, LDL, Mek, N-cor, P glycoprotein, Pdgf
(complex), PEPCK, PI3K (complex), Pkg, Rap1, Sod, STAT5a/b, troponin t, trypsin, vitaminD3-VDR-RXR,
and Wnt.



Cancers 2019, 11, 890

16 of 28

KLRC4  ~,p,5 Differentially Expressed Cancer Related Genes in
A"gPTZ Meningioma Tumors That Have High AGR2 Expression
DCLK1 RCNL ABCC9 SFRP1
LAMA1 i o GALNT12 RSPO3
o} ! (o]
SORL1
\ %\ |[s// /5 DLL1 MYLK
TCERGIL Sip1 \ i A
(@) HISTIHIC . é
HEY10 a AGTR1 LEPR
Ospr1 EDHSE AHCYL2
<++es® u ID4 DsSC3
o - ALG6 ;
ITPR1
“a AR
CDKN2A ALDOA KRB O 3 pPLCBA -
DMD NEFL bR RBP4
DSC2 RASGRF2
Orewn BAGALT1
CLICS
PAGL PSAT1 NT5E
H MYOSB
o GDAP1
Overexpressed gene Predictive
KLRKL i £ Prognostic o . 3
Highly expressed cancer Downregulated gene Obi i O Pharmacodynamics Downregulated cancer
lagnostic
related genes M Cancer related pathway B O Recurrence related genes

Figure 6. The most clinically relevant differentially expressed cancer-related genes in meningioma

tumors that have high AGR2 expression.

Detailed descriptions of the clinical relevance of the selected genes and their references were
included in Table 3.

Table 3. Clinically relevant deregulated cancer-related genes identified in AGR2 high meningiomas.

Gene

Clinical Relevance

Upregulated

ABCC9 (also
known as SUR2)

The ATP Binding Cassette Subfamily C Member 9 gene encodes a protein which is a member of the superfamily of
ATP-binding cassette (ABC) transporters and is known to be involved in multi-drug resistance, particularly in human
cervical cancer [122].

ALDOA

The aldolase, fructose-bisphosphate A gene encodes a proteins, which belongs to the class I fructose-bisphosphate
aldolase protein family. This protein is thought to catalyze the reversible conversion of fructose-1,6-bisphosphate to
glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, a process which is vital for developmental pathways.
The elevated protein levels were shown to highly correlate with a poor prognosis in patients with non-small cell lung
cancer (NSCLC) [123].

CCND1

Cyclin D1 protein encoded by the CCND1 gene belongs to the cyclin family that consists of proteins that functions as
regulators of CDK kinases. The CCND1 cyclin was shown to be required for the cell cycle G1/S transition, and
associated gene overexpression has been observed frequently in a variety of tumors [124]. Previous studies confirmed
the downregulation of cyclin D1 upon silencing of AGR2, as mentioned in Figure 3 [88].

CDKN2A

The Cyclin Dependent Kinase Inhibitor 2A gene encodes the two cell cycle regulators p14ARF and p16INK4a.
Overexpression of p16INK4a has been demonstrated in benign tumors and is seemingly a negative response
mechanism to oncogenic signaling that otherwise would enhance cell proliferation [125]. In contrast, in cancers with
retinoblastoma (RB) inactivation, overexpression of p16INK4a is associated with worse prognosis and therefore,
using p16INK4a as a biomarker should be carefully considered in the specific context. A meta-analysis on microarray
expression data in meningiomas identified a data set of 18 genes including CDKN2 whose deregulated expression
was a predictive marker for recurrence [126]. This gene is often included in diagnostic onco-gene panels.

PSAT1

Phosphoserine Aminotransferase 1 encodes an enzymatic component of the serine synthesis pathway.
Overexpression of PSAT1 in different cancer types is associated with negative prognosis [127]. In glioblastoma cells,
the multi-kinase inhibitor regorafenib effected a lethal autophagy arrest by stabilizing PSAT1 [128].

RCN1

A class prediction analysis demonstrated that Reticulocalbin 1, a calcium-binding protein, is overexpressed in
meningiomas with cytogenetically complex karyotypes that are commonly associated with unfavorable
prognosis [129]. AGR2 has been shown to regulate the expression of this ER chaperone in the PDAC tumor cells [92].

RELN

The Reelin gene encodes an extracellular matrix glycoprotein protein which is involved in cell-cell interactions and is
critical for cell positioning and neuronal migration during brain development. The expression of the RELN gene has
been shown to be increased in Her2+ breast cancer brain metastases [130], and to be negatively correlated with the
overall survival in multiple myeloma patients [131].

ANGPT2

A meta-analysis on microarray expression data in meningiomas identified a data set of 18 genes including
Angiopoietin 2 whose deregulated expression was a predictive marker for recurrence [126]. Serum ANGPT2 is
currently assessed for its application as a predictive and prognostic marker for immune checkpoint therapy in
cancer [132].
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Table 3. Cont.

Gene Clinical Relevance

Killer Cell Lectin Like Receptor K1 encodes the transmembrane protein NKG2D, which is part of the CD94/NKG2
family of C-type lectin-like transmembrane proteins. This receptor constitutes a possible therapeutic target for

KLRKI immune diseases and cancer [133]. In meningiomas, a microarray expression analysis detected higher expression of
the read-through transcript KLRK1-KLRC4 in female cases compared male cases [134].
Laminin Subunit Alpha 1 encodes for a protein, which is a component of the extracellular matrix and was found to be
LAMA1 comparably higher expressed in breast cancer stem cells [135]. A meta-analysis on microarray expression data on

cancer stem cells in meningiomas identified recurrently upregulation of LAMAT1 in GII + GIII compared to GI
meningiomas [136].

Secreted phosphoprotein 1 (SPP1) gene encodes a protein which is involved in the attachment of osteoclasts to the
mineralized bone matrix, and in the upregulated expression of interferon-gamma and interleukin-12. The protein

SPP1 overexpression has been observed in various malignant neoplasms including medullary thyroid carcinoma, lung
cancer, gastric cancer, breast cancer and colorectal cancer [137]. In addition, the upregulation of SPP1 protein has
been shown to be significantly associated with adherence and invasion [138].

The hes related family bHLH transcription factor with YRPW motif 1 (HEY1) gene encodes a nuclear protein that
belongs to the hairy and enhancer of split-related (HESR) family of transcriptional repressors. Notch and c-Jun signal
transduction pathways has been shown to induce the expression of this gene. HEY1 expression has been shown to
increase with increasing astrocytoma tumor grade and to correlate with decreased overall survival and disease-free
survival [139]. However, it is important to note that the protein levels of HEY1 have been reported to be high in the
normal brain [37].

HEY1

Downregulated

The Androgen Receptor gene encodes a protein that functions as a steroid-hormone activated transcription factor.
Many studies have shown tumor associated overexpression of this gene [140]. However, in meningioma, our data
shows a significant downregulation of AR expression. Other studies have linked low expression with poorer

AR prognosis. The loss of the AR expression in triple-negative breast cancers was associated with a worse
prognosis [141]. Loss of AR expression was also shown to promote a stem-like cell phenotype and progression in
prostate cancer cells through the STAT3 signaling pathway [142]. In addition, a double conditional knockout of
adenomatous polyposis coli and Smad4 caused invasive prostate cancers that had lost the expression of the AR [143].

The cadherin 5 gene encodes for a glycoprotein important for cell-cell adhesion. The protein is thought to contribute
to endothelial cell biology by organizing intracellular junctions. The high expression of CDH5 protein, also known as
vascular endothelial (VE-) cadherin, has been strongly associated with aggressiveness in many tumors, including

CDH5 breast cancer, melanoma, and small cell lung cancer [144]. However, deficiency of VE-cadherin was also observed in
tumors, such as angiosarcomas [145]. Furthermore, absence of VE-cadherin expression has been associated with
epithelial mesenchymal transition (EMT) [146]. Perhaps lower expression of VE-cadherin in meningiomas with high
AGR?2 promotes a smoother EMT.

The polypeptide N-acetylgalactosaminyltransferase 12 gene encodes an enzyme which catalyzes the modulation of
N-acetylgalactosamine (GalNAc) on a polypeptide acceptor as part of O-linked protein glycosylation. Gene loss and

GALNTI12 protein defects have been strongly associated with susceptibility to Colorectal Cancer 1 and Familial Colorectal
Cancer Type X [147]. Perhaps the downregulation of GALNT12 is indicative of deregulated glycosylation pathways
in meningioma.

10. Conclusions and Way Forward

Understanding signaling pathways at the molecular level has led to the development of promising
diagnostic and prognostic biomarkers, which can help in tracking disease progression and predicting
patient survival. In this review, the emerging biomarker, anterior gradient homologue 2, was
meticulously evaluated on the basis of relevant and validated publications. AGR2 was shown to
be highly expressed in several tumors, and its expression levels were associated with resilience
to chemotherapeutic treatments. The primary protein structures of the variants for AGR2 were
summarized. Moreover, the knowledge retrieved from biologically varied experimental models on
the regulation of AGR2 and its associated molecules was reviewed. The top molecules implicated in
regulating the expression of AGR2 included IRE1x, ATF6x, AKT, FOXA1/2, HIF-1, TMED2, and the
frequently mutated tumor suppressor p53.

The AGR2-associated molecular functions and pathways were updated. The mechanisms that
could enable the rampant oncogenic effects of AGR2 were presented. AGR2 protein can affect multiple
pathways through its disulphide isomerase activity, a divergent peptide substrate-binding loop, an
ability to interfere with protein degradation, and an ability to release eAGR2 to induce monocyte
attraction. These pathways include genomic integrity, proliferation, apoptosis, angiogenesis, adhesion,
migration, stemness and inflammation. Successful antibodies and peptides were developed to target
AGR?2 protein that could potentially be used to target cancer cells that are positive for AGR2.
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Data from a gene expression meta-analysis considered AGR2 as an important biomarker for disease
progression in meningiomas. The top associated pathways in AGR2 high CNS tumors were listed,
including axonal guidance signaling and glioblastoma multiforme signaling. The top clinically relevant
deregulated cancer genes in AGR2 high meningiomas were presented. However, further functional
evaluations are needed to convert the application of AGR2 and the possible related molecules into
clinical practice, particularly to provide effective diagnostic, prognostic and therapeutic applications
that utilize the presence of AGR2 in different tumors to tip the balance toward successful outcomes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/7/890/s1,
Table S1: All 245 differentially expressed genes detected in meningiomas with high AGR2 expression.
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AdAGR2 Encode AGR2

AdCs Adenocarcinoma

AGR2 Anterior Gradient 2 Homolog

AhR Aryl hydrocarbon receptor

AKT1 RAC-alpha serine/threonine-protein kinasel
ALDH1 Aldehyde Dehydrogenase 1

ATF6x Activating Transcription Factor 6
AuNPs Nanoparticles

CALB1 Calbindin 1

CNS Central Nervous System tumors

CCA Cholangiocarcinoma

CCA Cholangiocarcinoma

CD133 Prominin 1

CDH2 N-Cadherin

CDH1 E-Cadherin

CML Chronic Myelogenous Leukemia
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
CSCs Cancer Stem Cells

CTLs Cytotoxic T-lymphocyte

CTSB Cathepsins B

CTSD Cathepsins D

DAGI1 o dystroglycanl

DCs Dendritic Cells

DFS Disease free survival

DUSP10 Dual Specificity Phosphatase 10
eAGR2 extracellular AGR2

EBP1 ErbB3 Binding Protein 1

EDEM1 Alpha-mannosidase like proteinl
EGFR Epidermal Growth Factor Receptor
elF2« Translation Initiation Factor

ELISA Enzyme-Linked Immunosorbent Assay
EMT Epithelial-mesenchymal transition

ER Endoplasmic Reticulum

ERAD Endoplasmic Reticulum-Associated Degradation

FGF2 Fibroblast Growth Factor 2
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FOXA1 Forkhead Box Al

FOXA2 Forkhead Box A3

FOXM1 Forkhead Box M1

GBM Glioblastoma Multiforme

GEO Gene Expression Omnibus

GEP Gene Expression Profiling

GRp78 Endoplasmic reticulum luminal Calcium Binding Protein
H&E Hematoxylin and eosin stain

HBEC Human Bronchial Epithelial Cells

HCCs Hepatocellular carcinoma

HepG2 Human Hepatocarcinoma cell line

HER2 Human Epidermal Growth Factor Receptor2
HIF-1x Hypoxia-inducible factor-1oc

HNSCC Head and Neck Squamous Cell Carcinoma
IBD Inflammatory Bowel Disease

IDCs Invasive Ductal Carcinomas

IPA Ingenuity Pathway Analysis Software
IRElx Inositol-Requiring Enzymel

K562DR Dasatinib-resistant K562

LYPD3 Ly6/PLAUR domain-containing protein 3
MAPK Mitogen Activated Kinase-Like Protein
miR-342-3p MicroRNA-342-3p

MMPs Matrix metalloproteinases

mRNA Messenger RNA

MUC1 Mucinl

miR-1291 MicroRNA-1291

NSCLC Non-small cell lung cancer

Oct4 POU class 5 homeobox 1

oS Overall Survival

PA Pituitary Adenoma

PanINs Pancreatic Intraepithelial Neoplasia

PCa Pancreatic cancer cell line

PC-3 Prostate cancer cell line

PDAC Pancreatic Ductal Adenocarcinomas

PDI Protein Disulfide Isomerase

PDPK1 3-phosphoinositide-dependent protein kinase 1
PIMA Pulmonary Invasive Mucinous Adenocarcinoma
PR Progesterone Receptor

RADYA RAD9 checkpoint clamp component A
rhAGR2 Recombinant AGR2

RNA-seq Transcript Profiling

RT-PCR Reverse transcription

RT-qPCR Reverse transcription-Quantitative reverse transcription
RuvB-like2 Reptin

SACC Salivary Adenoid Cystic Carcinoma cell line
SCCs Squamous Cell Carcinoma

SDEF-1 Stromal-Derived Factor-1

shRNA Short Hairpin RNA

siRNA Small interferon RNA

Slug Snail family transcriptional repressor 2
Snaill Snail family transcriptional repressor 1

Sox2 SRY-box transcription factor 2

SP Secretory Pathway

SRCC Gastric Signet-Ring Cell Carcinoma

TC Tubular Complexes
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TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin

TMED2 Transmembrane p24 trafficking protein 2

TGEF-p Transforming Growth Factor Beta

TTP Time to Tumor Progression

TKI Tyrosine Kinase Inhibitor

TNBC Triple-negative breast cancers

TNF- Tumor Necrosis Factor

TNM Tumor node metastasis

UPR Unfolded Protein Response

VEGF Vascular Endothelial Growth Factor

VEGFR2 Vascular Endothelial Growth Factor Receptor

Wnt5b Wnt family member 5B
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