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The AGR2 and AGR3 genes have been shown by numerous groups to be func-
tionally associated with adenocarcinoma progression and metastasis. In this
paper, we explore the data available in databases concerning genomic and
transcriptomic features of these two genes: the NCBI dbSNP database was
used to explore the presence and roles of constitutional SNPs, and the NCI,
Cancer Cell Line Encyclopedia (CCLE) and TCGA databases were used to
explore somatic mutations and copy number variations (CNVs), as well as
mRNA expression of these genes in human cancer cell lines and tumours.
Relationships of AGR2/3 expression with whole-genome mRNA expression
and cancer features (i.e. mutations and CNVs of oncogenes and tumour sup-
pressor genes (TSG)) were established using the CCLE and TCGA databases.
In addition, the CCLE data concerning CRISPR gene extinction screens
(Achilles project) of these two genes and a panel of oncogenes and
TSG were explored. We observed that no functional polymorphism or recur-
rent mutation could be detected in AGR2 or AGR3. The expression of these
genes was positively correlated with the expression of epithelial genes and
inversely correlated with that of mesenchymal genes. It was also
significantly associated with several cancer features, such as TP53 or
SMAD4 mutations, depending on the gene and the cancer type. In
addition, the CRISPR screens revealed the absence of cell fitness modification
upon gene extinction, in contrast with oncogenes (cell fitness decrease) and
TSG (cell fitness increase). Overall, these explorations revealed that AGR2
and AGR3 proteins appear as common non-genetic evolutionary factors in
the process of human tumorigenesis.

1. Introduction

Members of the protein disulfide isomerase (PDI) family, which are endoplas-
mic reticulum (ER)-resident enzymes interfering in the formation of disulfide
bonds, cysteine-based redox reactions and quality control of proteins in the
ER, play an essential role in ER homeostasis (proteostasis); in addition to
their principal ER location, some of these enzymes are found in other localiz-
ations such as the extracellular milieu, in extracellular vesicles or the cytosol
[1]. For instance, we have shown that PDIA2 is secreted into the lumen of the
thyroid follicles by thyrocytes to control extracellular thyroglobulin folding
and multimerization [2,3]. There is ample evidence supporting that PDI pro-
teins are strongly associated with cancer either through their altered
expression or through enhanced functions. Although they are among the
most abundant cellular proteins, PDI expression is frequently upregulated in
cancers and associated with metastasis and invasiveness [1].
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However, the functions of PDI proteins in the process of
human oncogenesis remain to be understood. Among the
most studied PDI in this respect are those belonging to
the Anterior GRadient (AGR) family of proteins. The AGR
family is composed of three proteins, namely AGR1 [gene
TXNDC12], AGR2 and AGR3. Interestingly, AGR2, the prototy-
pic member of the AGR family, is shown to play intracellular
roles in the ER, contributing to proteostasis [4], but it remains
unclear how this is related to oncogenesis. AGR2 and AGR3
genes are localized on chromosome 7, side by side (7p21.1),
and their protein products are both overexpressed and their
localizations deregulated in many types of adenocarcinomas
[5-7]. We have shown that two non-canonical localizations:
extracellular (eAGR2/3) [8-10] and cytosolic (cAGR2) [11]
and exert pro-oncogenic gain-of-function to confer tumours
specific and evolutive features (development, progression and
aggressiveness). Moreover, the overexpression of AGR2 and
AGR3 may be a prognosis factor for survival, which could be
favourable or not favourable depending on the cancer type [7].

These observations raise the question of whether AGR2 and
AGR3 could behave as ‘cancer genes’, i.e. as oncogenes and/or
tumour suppressor genes (TSG). To bring some answers to this
question, we have explored publicly available databases to
search for relationships between genomic variations of AGR2
and AGR3 and cancer. In a first attempt, polymorphisms
were sought in germline DNA using the dbSNP database;
then, somatic tumour variations were sought in the the
cancer genome atlas (TCGA) tumour collection and in the
Cancer Cell Line Encyclopedia (CCLE) cell line database, so
as to elaborate a directory of potentially oncogenic mutations.
In addition to the exploration of the sequence of these genes
in constitutional and tumour DNA, we explored the expression
pattern of both genes in tumour and cell lines of various tissue
origins, and searched for relationships between AGR2 and
AGR3 gene expression and several oncogenic determinants in
various cancer types, tumours or cell lines, especially copy
number variations (CNVs) and point mutations (single-nucleo-
tide variations, SNV). We performed a comprehensive analysis
of available data in order to better understand the role of AGR2
and AGR3 in cancer. All the analyses were conducted on the
data available online as of April 2021.

2. Methods

2.1. Databases

The dbSNP database was accessed from the NCBI database
using the followings links:

For AGR2: https://www.ncbi.nlm.nih.gov/SNP/snp_ref.
cgi?locusld=10551

For AGR3: https://www.ncbi.nlm.nih.gov/SNP/snp_ref.
cgi?locusld=155465

We restricted our analysis to exomic variations. Synon-
ymous variations were not studied. TCGA (The Cancer
Genome Atlas) was accessed through the cBioPortal for
Cancer Genomics: https://www.cbioportal.org. Only data
from the PanCancer Atlas were retrieved; they concern 32
different cancer types for a total of 10 945 tumours. Data con-
cerning SNV, CNVs and mRNA expression (RSEM, batch
normalized from Illumina HiSeq RNASeqV2) were down-
loaded and converted into Excel sheets for analysis. We used
the cancer type nomenclature of the TCGA (electronic

supplementary material, table S1). The CCLE was accessed
through a friendly user platform, https://discover.nci.nih.
gov/cellminercdb/, established at NCI and gathering all pub-
licly available data concerning cancer cell line molecular and
pharmacological properties [12,13]. Rapid surveys of collec-
tions other than CCLE (namely GDSC, Genomics of Drug
Sensitivity in Cancer, and CTRE Cancer Therapeutics
Response Portal) were performed in order to assess the accu-
racy of CCLE data. Most of the other analyses were
conducted on the CCLE collection, which contained the high-
est number of cell lines, but all three collections are
redundant and contain the same core cell lines, so that this
restriction does not generate any bias.

2.2. Statistics

We used common statistical tests for data comparisons,
mainly chi-squared and Student’s t-test; all tests were two-
sided and we considered that significance was obtained
only at the 1% level. Large numbers of statistical tests were
performed in several instances, and we took multiple testing
into account by applying Bonferroni correction. For instance,
as many as 12 x20000 p-values were computed for gene
association detection: in such cases, we considered only p <
5x 107® as significant at the 1% level.

3. Results
3.1. AGR2 and AGR3 polymorphisms

In order to distinguish germline polymorphisms from poten-
tial mutations in tumour tissues, we first listed the AGR2 and
AGR3 gene polymorphisms identified in the NCBI dbSNP
database. In this database, 165 SNV or small insertion/
deletion variations (indel) in the AGR2 gene coding sequence
are listed, affecting 115 of the 175 amino acids of the protein.
When indicated in the database, none of them has a minor
allele frequency (MAF) higher than 0.0002, with the exception
of rs6842 (N147N), a synonymous variation with a MAF
of 0.3355. These variations were synonymous (41 cases),
missense (112), nonsense (6), frameshift (7) or in frame (1).

Similarly, in the NCBI dbSNP database, 214 SNV or indels
have been described in the AGR3 gene coding sequence, affect-
ing 131 of the 166 amino acids of the protein. When indicated,
none of them had a MAF higher than 0.0006, with the exception
of rs55900499 (D40D), a synonymous variation with a MAF of
0.0505. These variations were synonymous (48 cases), missense
(151), nonsense (11) or frameshift (4).

3.2. AGR2 and AGR3 somatic tumour variations in
the TCGA

The TCGA database provides a unique comprehensive resource
for exploring gene variations occurring in human tumours. Out
of a total of 9888 tumours originating from 32 tumour types (list
and abbreviations in the electronic supplementary material,
table S1), we identified 32 samples bearing an AGR2 gene vari-
ation (mutation or polymorphism) (figure 1a) and 35 bearing an
AGR3 gene variation (figure 1b). A total of 30 different vari-
ations involving 26 codons in AGR2, and 31 mutations
involving 26 codons in AGR3, were present in these samples.
Three samples presented two variations in the AGR2 sequence
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Figure 1. Point mutations of AGR2 and AGR3 are present in databases. (q,b) Point mutations of AGR2 (a) and AGR3 (b) genes in 10 376 tumour samples of the
TCGA. The standard mutation nomenclature in molecular diagnostics can be found at https:/www.hgvs.org/mutnomen/recs-prot.html. (c.d) Point mutations in AGR2
() and AGR3 (d) genes in 1036 cell lines of the CCLE and GDSC collections.

and two other samples in AGR3 sequence (figure 2). Only three
samples showed variations in both AGR2 and AGR3 genes
(figure 2). Most variations were missense mutations; there
were three nonsense mutations in AGR2 and two in AGR3;
two frameshift mutations in AGR2 and one in AGR3; and two
splice mutations in AGR2 and one in AGR3. Some cancer
types presented more mutations than others: skin cutaneous
melanomas and endometrial carcinomas for AGR2 (electronic
supplementary material, table S2A), and the same plus stomach
and bladder carcinomas for AGR3 (electronic supplementary
material, table S2B). Among the 30 AGR2 variations found in
the TCGA, seven were in the dbSNP list, 16 affected a codon
where a SNP had been identified and seven concerned a
codon not known as subject to polymorphic variation.
Among the 31 AGR3 variations found in TCGA, five were in
the dbSNP list, 17 affected a codon where a SNP had been ident-
ified and nine concerned a codon not known as subject to a
polymorphic variation.

Concerning CNVs, there were in TCGA 146 samples with
AGR2 gene amplifications and 14 with AGR2 homozygous del-
etion (electronic supplementary material, table S2A); and 145
samples with AGR3 gene amplification and 15 with AGR3
homozygous deletion (electronic supplementary material,

table S2B). Most of samples were amplified on both genes,
nine samples presenting AGR2 amplification only and seven
AGR3 amplification only. Similarly, only one sample had a
homozygous deletion of only one of the two genes, AGR3.

3.3. AGR2 and AGR3 somatic tumour variations in cell
line collections

In the collections of cell lines of GDSC (Genomics of Drug
Sensitivity in Cancer) and CCLE, four tumour cell lines bear
a variation in AGR2 coding sequence, among which three are
common to the two databases. One is listed in the NCBI
dbSNP database, two occur at a codon where other SNPs are
listed in the database and one is original (P38fs*37) (figure 1c).

In the collections of cell lines of GDSC and CCLE, 10
tumour cell lines bear a variation in AGR3 coding sequence,
among which five are common to the two databases. Three
are listed in the NCBI dbSNP database, five occur at a
codon where other SNPs are listed in the database and
one is original (E103 K) and present in two cell lines SK-
MEL-5 (human melanoma cell line) and SARC-9371
(human osteosarcoma cell line) (figure 1d).
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Figure 2. Localization of constitutional SNPs and tumour somatic SNVs in the sequence of AGR2 and AGR3 proteins. The functional domains of the proteins are

indicated.

Figure 2 presents the localization of constitutional SNPs
and tumour somatic SNVs extracted from the CCLE and
TCGA databases, in the sequence of AGR2 and AGR3 pro-
teins. With the exception of some known SNPs, none of
them is present in the functional domains of the proteins.

3.4, AGR2 and AGR3 expression in TCGA and Cancer Cell
Line Encyclopedia databases

Thanks to the cBioPortal facilities for TCGA and the CellMi-
nerCDB portal for CCLE and GDSC, it was possible: (i) to
compare the levels of AGR2 and AGR3 expressions in various
tumour types; (ii) to identify AGR2/3 expression variations in
samples with SNV or CNV of these genes; (iii) to look for
associations between AGR2/3 expression and that of other
genes in selected tumour types and (iv) to identify associations
between AGR2/3 and potentially oncogenic molecular features
involving the whole exome, namely SNV and CNV. Since
AGR2 and AGR3 expressions were highly correlated
(figure 3) in all the TCGA tumour types studied as well as in
the CCLE collection, we focused our interest on AGR2 and
simply indicated original features concerning AGR3.

(i) Expression levels

Among the 32 cancer types that are available in the PanCan-
cer Atlas project of TCGA, only part of them displays a

consistent expression of AGR2 and AGR3. Non-epithelial can-
cers do not express this gene, and carcinomas from liver and
kidney express these genes in a small part of the samples
only, not always distinguishable from background noise; as
a consequence, we concentrated our analysis on BLAD,
CESC, UCEC, HNSC, STAD, ESCA, LUAD, LUSC, COAD-
READ, PAAD, PRAD, BRCA and OVCA (figure 4a). In all
cancer types, AGR3 was expressed at a lower level than
AGR2, and often not evaluable in samples from three
cancer types: BLCA, HNSC and OVCA. The expression
levels of the two genes were highly correlated in each
cancer type. As a general feature, squamous cell carcinomas
expressed AGR2 and AGR3 at a much lower level than adeno-
carcinomas (compare, for instance, LUAD with LUSC, ESCA
with HNSC, CESC with UCEC).

In the CCLE collection, the levels of expression of AGR2
and AGR3 also vary considerably across cancer types. As a
general feature, cancer cells derived from mesenchymal tis-
sues express these genes at low levels, barely higher than
background noise, whereas cancer cells derived from epi-
thelial tissues have consistent expression levels. As a
consequence, cancer cells from autonomic ganglia (neuro-
blastoma), bone (osteosarcoma and Ewing’s sarcoma),
central nervous system (glioma), haematopoietic and lym-
phoid tissue, pleura, skin (malignant melanoma) and soft
tissue sarcomas were excluded from further analyses.
Figure 4b presents the levels of expression of AGR2 and
AGR3 in all other cancer cell line types. Cell lines derived
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Figure 3. Correlation between AGR2 and AGR3 mRNA expressions in five TCGA tumour types ((a) COADREAD, (b) BRCA, (c) LUAD, (d) LUSC and (e) OVCA) and in the

634 carcinoma cell lines from the (f) CCLE.

from digestive tract cancers (with the exception of liver) had
the highest expression levels, while cell lines derived from
cancers of kidney, endometrium, ovary and thyroid carci-
nomas had the lowest expression levels.

(ii) AGR2/3 expression variation

In the TCGA, the expression of AGR2 and AGR3 in genomic
variants of these genes was not markedly different from that
mentioned for the unaltered samples. Concerning CNV, look-
ing for associations between AGR2 or AGR3 expression and
copy number in five major tumour types (COADREAD,
BRCA, LUAD, LUSC and OVCA), revealed no significant
correlations between these two parameters (data not
shown). In addition, when considering SNV, nonsense or fra-
meshift mutations in gene sequence were not associated with
loss of gene expression. Another way of analysing relation-
ships between CNV and expression was to consider
chromosome 7p losses in these cancer types; there were
only three shallow 7p deletions in COADREAD out of 492
samples, not allowing comparisons, but in BRCA (66 samples
with 7p loss out of 850 samples), there was significantly lower
AGR?2 and AGR3 expressions when chromosome 7p was lost
(p=4.72x10"" and 2.7 x 107, respectively); in LUAD and

OVCA, barely significant lower expression values were
noticed, and no significant results were obtained in LUSC
(figure 5).

In the CCLE collection, there was no clear association
between the presence of AGR2/3 sequence variations in cell
lines and the expression of these genes. In the MEL-JUSO
melanoma cell line, the frameshift P38fs*37 AGR2 variation
is accompanied by the lowest AGR2 mRNA expression in
melanoma cell lines, but only in the GDSC database. No
other peculiarities could be discerned. By contrast, there
was a significant correlation between AGR2 expression and
gene copy number (p=1.83x107") when the whole set of
cell lines was taken into consideration; however, this signifi-
cance was lost when individual cancer types was studied in
this respect, due to the relatively low number of cell lines in
each cancer type.

(iii) Associations with cancer genes

In the TCGA, we also identified the genes that were co-
expressed with AGR2 or AGR3 in five major tumour types
(COADREAD, BRCA, LUAD, LUSC and OVCA). Each of
them had a specific set of genes positively and negatively
associated with that of AGR2/3. In table 1, we present the
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significance level of the correlations between AGR2 mesenchymal genes (e.g. VIM and MSN) was negatively

expression and that of selected representative genes. As a
general feature, the expression of epithelial genes (e.g. TJP3,
TSPAN13, CLDN7 and EPCAM) was positively correlated
with the expression of AGR2/3 and the expression of

correlated, with specific correlations according to cancer
type. The expression of the genes encoding the transcription
factors involved in EMT (SNAI, ZEB and TWIST families)
were often negatively correlated with AGR2 expression, but
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Table 2. List of genes whose expression is highly positively or negatively correlated with that of AGRZ in the whole set of cell lines of the CCLE collection. [JEJ}
Gene selection was arbitrary; we have selected genes representative of epithelial features in yellow (TJP3, TSPAN13 and (LDN7), of mesenchymal features in
green (MSN and VIM), of EMT in pink (SNAIT, ZEBT and TWISTT) as well as TC2N and ESR1, which are already known to be associated with AGR2 in colon and
breast carcinomas, respectively. In addition, genes encoding proteins known to interact with AGR2 [14,15] were studied (spotted in blue). Threshold for
significance was set at 102 because of multiple testing, but p-values down to 10™* were assumed to indicate trends at the limit of significance. r: Pearson
coefficient of correlation; p: degree of significance of the correlation.

TSPANT3 7p21.1 0.507 1.03x 107 0337 6.95%107%
o3 e e e es e
CLDN7 17p13.1 0.719 205 % 107'% 0.480 6.61x107°
= O e e e rowne

vim B3 058 119% 107 0448 2671072
SNAIT 20q13.2 -0.181 489%107° -0.143 405%107°

. o 10p112 [ _0592 [ 420>< 1.0_99 . _0‘.428. 2.O5,X.1.0.;47 .

TWIST1 7212 ~0.285 820 10-7 o1 A
TN 14¢32.12 0.727 495 % 107" 0.556 353% 107

800077 ‘L 01 uady  qosyjeumol/BioBuiysijgndfaaposiefos

ESR1 612 01% 208x107° 0.170 385% 107

e R O hn e e 1 10
TFF3 219223 0.460 289%x 107 0.542 437%x107%
o e s ek e g
et o s et am ek
LYPD3 19¢13.31 0428 1.9x 107 0.166 7.04%1078
wcrn R e seew T
o e o o
FABP2 4928-931 ns. n.s.

e e e et e e
s e T

HSP90B1 12q24 ns. n.s.

e e S
s e e

AGRN 1p36.33 0328 192x 1077 ns.

| w2 am e

| o e aw ke
LAMA2 6422-q23 ns. n.s.
o e e e
L s amew
KDELR2 7p22.1 0.191 632%107" ns.

L pas am smne

e o s smens e ey
mie2 11p15.5 0.393 116 x 107 0452 321107
st s O he amewt ome et
Gsic s vl ekt e et
(D59 11p13 ns. -0.124 6.28x107°
ol B s e e
e e 10
TAB2 6q25.1 ns. ns.
i L
s s e e ams s
VEGFA 6p12 ns. ns.

. A 32 PP PP .n,‘s.. PSPPSR _0132 L ”2;07)'('1(')45”



Downloaded from https://royal societypublishing.org/ on 01 June 2023

this generally remains slightly below the level of significance
we have chosen for 1% risk. It was remarkable that ESRI
(oestrogen receptor) was highly significantly associated
with AGR2 in BRCA, but not in other malignancies. Similarly,
FOXA1 and AGR2 expressions were correlated in BRCA,
COADREAD and LUSC, but not in LUAD or OVCA. The
expression of genes encoding mucins (MUC1, MUC2 and
MUCS5A) or involved in mucosa protection (TFF1 and TFF3)
were positively correlated with AGR2 expression in most
tumour types. In addition, genes encoding proteins known
to interact with AGR2 [14,15] were studied. There was a
clear specificity in their co-expression pattern with AGR2:
some genes were co-expressed in colon adenocarcinoma,
others in breast adenocarcinoma, etc. It should be mentioned
that EGFR, CD59 and VEGFA gene expressions were, in
contrast, negatively correlated with AGR2 expression in
breast adenocarcinomas.

In the CCLE collection as in TCGA, the genes signifi-
cantly positively co-expressed with AGR2 and AGR3 in the
whole set of 1036 cell lines of the CCLE were mostly epi-
thelial genes, according to the list established by Kohn et al.
[16]. Conversely, the expression of mesenchymal genes was
inversely correlated with AGR2 and AGR3 gene expressions
(table 2). This is not surprising, in view of the fact that
these genes were expressed to a much higher level in epi-
thelial tissue-derived cell lines than in mesenchymal tissue-
derived ones. However, when cancer types were studied
independently (namely breast, colorectal, lung and ovarian
adenocarcinomas), the same positive correlation between
AGR2 and AGR3 expressions and those of epithelial genes
was maintained, as well as the negative correlation between
AGR2 and AGR3 expressions and those of mesenchymal
genes (data not shown). In addition to epithelial/mesenchy-
mal genes, some interesting associations could be identified:
AGR2 and AGR3 mRNA levels are positively associated
with high significance with FOXA1 expression, TFF1/2/3
and ESRI. It is interesting to note that the expressions of
genes encoding the transcription factors of EMT are nega-
tively correlated with those encoding AGR2 and AGR3:
ZEB1/2 with a very high significance, TWIST1/2 and
SNAI1/2 with lower p-values, but still highly significant.
The genes encoding AGR2 protein interactants were posi-
tively co-expressed with AGR2 for some of them such as
KDELR, TMED2, DAG1, LYPD3 and MUC1/2/5AC/5B) but
negatively correlated for others such as DMD or FGF2. For
AGRS3 interactants, a distinct pattern was observed, with
positive co-expressions with DAG1, LYPD3, MUC1/2/5AC/
5B or UNG, and negative correlations with UTRN, CALR,
CDb59, FGF2 or HIF1A.

(iv) Association with oncogenic features

We wanted to know whether some oncogenic alterations in
various pathways were associated with AGR2 and AGR3
expressions. Indeed, the oncogenic status of these genes is
not clear and the possible association with established onco-
genic features could shed some light upon this status. In this
respect, we have selected in the TCGA the five tumour types
(COADREAD, BRCA, LUAD, LUSC and OVCA) and the set
of genes that are the most commonly mutated in these malig-
nancies (KRAS, APC, TP53, SMAD4, BRAF and PIK3CA for
COADREAD; TP53, PIK3CA, BRCA1/2 and PTEN for

BRCA; KRAS and TP53 for LUAD and LUSC; TP53, m

BRCA1/2 and RBI for OVCA).

Concerning COADREAD (figure 6a), it appeared that the
presence of a KRAS mutation in a tumour was not associated
with AGR2 expression, whereas the presence of APC or TP53
mutation was negatively associated with AGR2 expression,
and the presence of SMAD4, BRAF or PIK3CA mutation was
positively associated with AGR2 expression. It was the same
for MTOR, MLH1 and MSH2 mutations (data not shown).
Very similar associations were found between AGR3 expression
and oncogenic mutations in COADREAD, the only difference
being the exact level of significance (data not shown).

Concerning BRCA (figure 6a), the same was observed for
TP53 and PIK3CA: negative association between AGR2
expression and TP53 mutations, positive association for
PIK3CA; no significant association was found between PTEN
or BRCA1/2 mutations and AGR2 expression. Concerning
lung tumours (figure 6a), there was no significant association
between KRAS mutations and AGR2 expression, while there
was, as in COADREAD and BRCA, a negative association
between TP53 mutation and AGR2 expression in LUAD
samples (but this was not the case in LUSC samples). No
association between AGR2 expression and oncogenic
mutations were noticed in OVCA (figure 6a). There again, simi-
lar associations were found between AGR3 expression and
oncogenic mutations in these cancer types (data not shown).

In the CCLE taken as a whole, an increase in AGR2 and
AGR3 expressions was systematically associated with several
oncogenic mutations (electronic supplementary material,
table S3). As an illustration, we present in figure 6b the signif-
icative associations existing between the expressions of AGR2
and the presence of representative oncogene and TSG
mutations, namely those occurring in KRAS, SMAD4, APC
and PIK3CA. However, this significance was lost when indi-
vidual cancer types were studied in this respect, due to the
relatively low number of cell lines in each cancer type.

Looking further into the associations that could be found
between AGR2 or AGR3 gene expression and oncogenic fea-
tures, we also analysed the relationships between AGR2 and
AGR3 expressions and the CNV of a set of oncogenes and
TSG that are activated in cancers by copy gains (including
amplifications) and losses (including deletions), respectively.

In the COADREAD samples of TCGA, a significant corre-
lation is obvious between AGR2 expression and FOXAI
expression, in relation to the correlation observed between
AGR2 gene expression and FOXA1 copy number. Also, a sig-
nificant change in AGR2 gene expression accompanied
several CNV features known to drive colorectal cancers,
especially those involved in cell cycle control (TP53, FBXW7,
RB1, CDC27 and AURKA), in WNT signalling (APC, WNT4,
FZD3 and AJUBA) and others (SMAD4 and SMAD?2).
Figure 7a presents a selection of representative associations
and electronic supplementary material, table S4A a list of sig-
nificant associations (down to p < 10~*) between oncogene or
TSG gene copy numbers and AGR2 expression in COAD-
READ. Some oncogenes and TSG of this list are not known
to be frequently altered in colorectal cancers; it should be
noticed that they belong to 14q or 18q chromosome arms,
which, respectively, harbour FOXAI and SMAD2/4,
suggesting that this correlation might in fact be related to the
same event of gain or loss of a whole chromosome arm and
has no functional meaning. Very similar results were obtained
with AGR3 expression (data not shown), slight differences
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Figure 6. AGR2 gene expression levels are associated with oncogene and TSG mutation status in different cancer types from the TCGA database and the CCLE
database. (a) Box plots displaying AGR2 expression levels in COADREAD, BRCA, LUAD, LUSC and OVCA tumours with a mutation in genes KRAS, APC, SMAD4,
PIK3CA, BRAF, TP53, PTEN, BRCA and RB1. p-Values were assessed using Student’s t-test. (b) Box plots displaying AGR2 expression levels in cancer cell lines
with a mutation in genes KRAS, SMAD4, APC, PIK3CA and TP53. p-Values were assessed using Student’s t-tests.

occurring for the genes that were just below or just above the
limit of significance chosen (107%).

In the BRCA samples of TCGA, we also noticed a signifi-
cant relationship between AGR2 expression and FOXA1 gene
copy number, as well as several cancer gene copy numbers
localized at 14q such as NFKBIA, SAV1, CHDS or AJUBA,
which are not known as driver oncogenes or TSG in breast

cancer (figure 7b; electronic supplementary material, table
S4A). A highly significant association of AGR2 expression
was seen with APC, JUN, CCNE1, ERBB2, MDM?2 or RAD21
copy numbers, which may have more functional implications.
By contrast, copy numbers of RB1 or TP53 were not associated
with AGR2 expression, showing that the relationship between
AGR2 expression and oncogenic features in breast cancer is
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Figure 7. AGR2 gene expression levels are associated with oncogene CNV in (a) COADREAD and (b) BRCA samples from the TCGA database. Only some examples are
given, concerning principally genes known as oncogenic drivers in these cancer types; see electronic supplementary material, table S4A for more details.

certainly complex and requires more in-depth analysis. Similar
results were obtained with AGR3 gene expression (data not
shown), the differences between the two genes appearing to
be marginal. No significant relationship between AGR2 or
AGR3 expression and oncogene or TSG CNV was observed
in LUAD, LUSC and OVCA (data not shown).

In the CCLE collection, CNV were not classified as gains or
losses but copy numbers were given; we observed positive cor-
relations between AGR2 expression and gene copy numbers of
several oncogenes such as FOXA1, ERBB2, CCND1 and MYC,
whereas a negative correlation was found between AGR2
expression and copy numbers of several TSG such as SMAD4
(electronic supplementary material, table S4B). However, this
general trend was not constant over the whole set of oncogenes
and GST. Similar results were obtained for AGR3 with a lower
number of cancer genes whose CNVs were associated with
AGR3 than with AGR2 expression. In both cases, there was
an overrepresentation of genes located on the 14q and 19p
chromosome arms, which may indicate that the association
concerns a whole chromosome arm and not specific cancer
genes. There again, this significance was lost when individual
cancer types of the CCLE were studied, due to the relatively
low number of cell lines in each cancer type.

(v) Pattern of AGR2 extinction in the Cancer Cell Line
Encyclopedia as studied by clustered regularly interspaced
short palindromic repeats (CRISPR) screens

The Broad Institute has set-up CRISPR screens to study vul-
nerability targets through gene extinction screens in 769 cell
lines of the CCLE collection [17]. It integrates data obtained
by knocking-out each gene of the genome to analyse its con-
sequences on cell viability and proliferation (regrouped as
‘cell fitness’). A friendly user access has been made available
by NCI on the CellMinerCDB site. The pattern of AGR2 and
AGR3 gene extinction over cell lines can therefore be
extracted and compared to the extinction pattern of other
genes. The pattern of cell fitness alterations associated with
AGR2 and AGR3 extinction are highly correlated (r=0.331,
p=4.58x10"%") and did not reveal any preferential vulner-
ability towards a given cancer type represented in the cell
line panels of the CCLE. No preferential effect was seen in

epithelial versus mesenchymal cell lines or in adenocarci-
noma versus squamous cell carcinomas, as was the case for
expression data. The mean values of cell fitness alteration
over 769 cell lines after AGR2 and AGR3 extinction are
1.003 +0.088 and 1.090 = 0.075, whereas the same parameter
is largely lower than 1 when oncogenes are knocked out
(e.g. 0.305 for MYC, 0.685 for CDK4, 0.778 for MDM2, 0.701
for KRAS, 0.414 for MTOR) and higher than 1 when TSG
are knocked out (1.411 for TP53, 1.792 for PTEN, 1.170 for
RB1, 1.227 for CDKN1A, 1.136 for BAX), all values being
highly significantly different from those of AGR2 and AGR3
(p-values ranging from 10~ to 0). As a consequence, AGR2
and AGR3 appear in this respect as ‘neutral’ genes, whose
knock-outs have very moderate influence on cell fitness.
However, when building a heat map with normalized
ranked values of cell fitness alterations induced by 10 major
oncogenes and 10 major TSG (figure 8), a good segregation
between oncogenes and TSG clearly appears, with AGR2
and AGR3 segregating together among oncogenes. We
also evaluated the correlations that could exist between the
extinction patterns of AGR2 and AGR3 to those of other
genes (electronic supplementary material, table S5). It
appeared that, among the 60 genes presenting a pattern of
extinction significantly correlated (down to 10~°) with that of
AGR2, 44 are localized on chromosome arm 7p, indicating a
topological rather than a functional relationship. Whereas
there was no oncogene or TSG among the genes located on
chromosome arm 7p, there were three oncogenes (KLF5,
TCF7L2 and CTNNBI) and one TSG (SOX9) located in other
chromosome arms, all presenting an extinction pattern similar
to that of AGR2 among the CCLE collection (positive corre-
lation) and playing a role in transcription. AGR3 displayed a
distinct pattern of gene extinction, with only nine genes not
located on 7p chromosome arm out of 105 whose extinction
pattern was correlated with that of this gene, which does not
bring information on the functional relationship.

The question underlying the development of this work is
whether AGR2 and AGR3 can be considered as playing a
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Figure 8. Clustering of cell fitness alterations in various oncogenes and TSG. Clustering was performed using CIMminer on the NCI Genomics and Pharmacology
Facility (https:/discover.nci.nih.gov/cimminer/oneMatrix.do). Fitness values were downloaded and normalized by ranking before building the heat map.

major role in oncogenesis and progression of cancers; in other
terms, whether they can be considered as oncogenes and/or
TSG. Known polymorphisms in AGR2 and AGR3 sequences
as well as variations encountered at a known polymorphic
site are not likely to confer oncogenic properties to AGR2 or
AGRS3 proteins. Only five SNV in AGR2 and six in AGR3
sequences deserve some attention: those that are supposed to
result in a truncated or different protein (nonsense, frameshift
variations). These variations are not recurrent and cannot be
considered as oncogenic variations since the tumours and cell
lines bearing these variations do not behave differently than
the others in terms of AGR2/3 gene expression.

Similarly, the AGR2/3 CNVs encountered in TCGA did
not seem to affect AGR2/3 gene expression. However, we
observed a significant negative correlation between AGR2
expression and chromosome 7p deletions in BRCA, which
could be expected since this is the chromosome location of
AGR2/3. In the CCLE, when the whole set of cell lines was
taken in consideration, there was a significant correlation
for both genes between AGR2 gene copy number and
expression. When ranking the copy number values from
highest to lowest values, there was no preferential contri-
bution of the cancer types to presenting high or low
AGR2/3 copy numbers. The overall conclusion of these
explorations of AGR2 and AGR3 genomic variations in
tumours and cancer cell lines is that it is quite unlikely that
they could behave as bona fide oncogenes or TSG.

The associations we noticed between AGR2 gene
expression and that of a large series of genes reveal in contrast
several important features in relation to oncogenesis and
cancer progression. A common general feature is the fact that
both genes appear as epithelial markers, in TCGA different
cancer types as well as in the whole set of CCLE cell lines
and in cell lines of different cancer types. In addition, there
was a negative correlation between AGR2 expression and
that of the main transcription factors of epithelial-to-mesench-
ymal transition. Another point of interest is that some of the
known partners of AGR2 and AGR3 proteins are co-expressed
with them, but this is not a general feature, and concerns the
different cancer types in a specific way, with the exception of
mucins whose expression appears to be strongly positively cor-
related to that of AGR2/3 in all cancer types, in agreement with
their known functional association.

It appears from our explorations that AGR2 and AGR3
are connected to the cancer phenotype. In clinical samples
as well as in CCLE cancer cell lines, the presence of oncogenic
mutations and CNVs in various driver genes is associated
with variations in AGR2/3 expression, depending both
on the cancer gene and the tumour type.

AGR?2 gene extinction in CRISPR screens of the CCLE is
followed by a mitigate, low-amplitude consequence on cell
survival and proliferation, with a null average value, whereas
oncogene or TSG extinction is followed by significant effects,
either in favour (oncogenes) or to the detriment (TSG) of cell
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fitness. The AGR2 gene extinction pattern appears to be cor-
related with that of several cancer genes, reinforcing the
participation of this protein in cancer phenotypes.

It is commonly assumed that somatic mutations drive the
multi-step tumour development process. Although AGR2 and
AGR3 genes present no recurrent mutations, both proteins are
often overexpressed, have non-canonical localizations (extra-
cellular, cytosol) and are associated with different tumour
processes such as differentiation, proliferation, migration,
invasion and metastasis, in almost all epithelial cancer types.
Cancer follows an evolutionary trajectory, characterized
by stepwise acquisition of mutations that allow the tumour
cells to increase their fitness, from the pre-cancer lesion to
tumour metastasis. However, the non-genetic gain-of-function
alterations, acquired by overexpression and non-canonical local-
izations of AGR2 and AGR3 proteins, may be pivotal for tumour
development and progression.

Thus, AGR2 and AGR3 proteins appear as common non-gen-
etic evolutionary factors in the process of human tumorigenesis.
Complex and dynamic adaptation mechanisms and evolutionary
processes take place during the process of human epithelial
tumorigenesis (tumour initiation, development and progression).
Although cancer has been considered mainly, for decades, as a
process governed by genetic mechanisms, it is becoming clearer
that non-genetic mechanisms may also play an important role
in cancer progression. Tumours are constantly evolving, display-
ing highly variable patterns resulting in extremely complex
genetic and non-genetic phenotypic diversification. Therefore,
when dealing with such a complex system that is barely under-
stood, common hallmarks are rare. Thus, it is of crucial
importance to identify and investigate the functional role of
novel unexpected common hallmarks that will undoubtedly

aid the development of therapeutic approaches. Overexpression
and non-canonical localizations of AGR2 and AGR3 may reflect
a non-genetic evolutive process, which is indeed a common fea-
ture in human epithelial tumorigenesis. We believe that further
in-depth functional studies of cancer development from an
AGR2/3 expression and localization perspective may enable us
to progress in the understanding of the epithelial cancer evol-
utionary framework, which might result in the discovery of
new original therapeutic perspectives.

This article has no additional data.
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