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Gal5 in early onset of pancreatic
ductal adenocarcinoma
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The GNA15 gene is ectopically expressed in human pancreatic ductal adenocarcinoma cancer cells. The
encoded Gal5 protein can promiscuously redirect GPCR signaling toward pathways with oncogenic
potential. We sought to describe the distribution of GNA15 in adenocarcinoma from human pancreatic
specimens and to analyze the mechanism driving abnormal expression and the consequences on
signaling and clinical follow-up. We detected GNA15 expression in pre-neoplastic pancreatic lesions
and throughout progression. The analysis of biological data sets, primary and xenografted human
tumor samples, and clinical follow-up shows that elevated expression is associated with poor
prognosis for GNA15, but not any other GNA gene. Demethylation of the 5' GNA15 promoter region
was associated with ectopic expression of Gal5 in pancreatic neoplastic cells, but not in adjacent
dysplastic or non-transformed tissue. Down-modulation of Ga15 by shRNA or CRISPR/Cas9 affected
oncogenic signaling, and reduced adenocarcimoma cell motility and invasiveness. We conclude that
de novo expression of wild-type GNA15 characterizes transformed pancreatic cells. The methylation
pattern of GNA15 changes in preneoplastic lesions coincident with the release a transcriptional
blockade that allows ectopic expression to persist throughout PDAC progression. Elevated GNA15
mRNA correlates with poor prognosis. In addition, ectopic Gal5 signaling provides an unprecedented
mechanism in the early steps of pancreas carcinogenesis distinct from classical G protein oncogenic
mutations described previously in GNAS and GNAQ/GNA11.

Abbreviations

GPCR G protein coupled receptor

IGF-1  Insulin-like growth factor

IPMN  Intraductal papillary mucinous neoplasm
PanIN  Pancreatic intraepithelial neoplasia
PDAC Pancreatic ductal adenocarcinoma

PKC Protein kinase C

PKD1 Protein kinase D

The incidence of pancreatic ductal adenocarcinoma (PDAC) is increasing as the disease remains a major chal-
lenge in oncology. Risk factors, such as chronic inflammation, stimulate oncogenic transformation over many
years prior to presentation of symptoms. Deciphering the etiology of PDAC initiation and progression could
identify early stage markers and treatment options crucial to extending survival.

Over 60 G protein coupled receptors (GPCRs) are expressed in PDAC and a third of these are orphan recep-
tors without known ligands'. Their functions in PDAC are poorly characterized. GPCR signaling is transduced
by heterotrimeric Gapy proteins. Four classes of Ga proteins, Gs, Gi, Gq, and G12, regulate distinct signaling
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pathways?. The large G proteins and small G proteins, such as Ras, share related structure and regulation of activ-
ity by a cycle of GTP binding and hydrolysis. Whole-exome and genome sequencing confirmed the importance
of heterotrimeric G proteins in oncogenic signaling pathways!. The best-described molecular mechanism is a
collection of amino acid substitutions in the GTP binding site that inhibits GTP hydrolysis analogous to acti-
vating mutations in KRAS. Driver mutations in GNAS, the gene encoding Gas that activates adenylyl cyclase,
are associated with cystic lesions termed intraductal papillary mucinous neoplasms (IPMNs), the second most
frequent precursor of PDAC? after pancreatic intraepithelial neoplasia (PanIN). The Gq class activates PLCP and
downstream calcium signaling. Activating mutations in the two ubiquitously expressed Gq class proteins, Gaq
and Gall, are the most common driver mutations in uveal melanoma'. Constitutive Ga activation hyperstimu-
lates persistent downstream signaling, and this may explain why driver mutations in Ga family members are not
tolerated in most cellular contexts but are advantageous in only a few well-defined neoplasia.

Gal5 is the most divergent Ga protein among human orthologs®. It promiscuously couples most GPCRs, thus
redirecting signaling from other Ga pathways to activate calcium signaling®®. Furthermore, once activated, Gal5
is poorly constrained by B-arrestin and RGS desensitization®’. Possibly related to these signaling peculiarities,
Gal5 expression is highly restricted, primarily to hematopoietic cells®. Gal5 may have evolved by providing a
sensitive and potent signaling node in host cells dedicated to respond to a rapidly changing microenvironment.

In acute myeloid leukemia (AML), de Jonge et al. found that higher GNAI5 expression in the stem-cell
enriched (CD34+) fraction was associated with poorer overall patient survival’. We found Gal5 was expressed
in human PDAC biopsies, even after malignant cells were selectively expanded in nude mice'’. In addition, Gal5
supported the growth of PDAC cell lines in suspension and nutrient deprivation'’. Gal5 effectors include several
therapeutic targets in clinical trials for PDAC, such as Ras, PI3K, PKCs* and p53!%. Ectopic Gal5 could hijack
diverse GPCRs to activation of Ca** signaling and bypass p-arrestin dependent desensitization, obviating the
need for classical activating mutations to sustain aberrant activity. Here we show that Gal5 de novo expression
appears in the early phases of pancreas carcinogenesis, is highly specific of transformed cells, affects cellular
signaling and migratory properties, and has prognostic implications for PDAC.

Methods

Ethics approval and consent to participate. The collection and use of human samples were performed
in accordance with relevant guidelines and regulations and approved by the Ethical Committee of the Univer-
sity Hospital Trust of Verona (LCT001 and following amendments). Informed consent was obtained from all
subjects.

In situ hybridization (ISH). RNAscope assay was performed on FFPE biopsies using RNAscope 2.5 HD
Reagent Kit [RED 322,360, Advanced Cell Diagnostics (ACD), Hayward, CA] according to manufacturer
instructions (https://acdbio.com). Briefly, 5 um tissue sections were baked 1 h at 60 °C and deparaffinized with
xylene and 100% ethanol. After 10 min incubation with H,O, solution, target retrieval was performed using
the Brown FS3000 food steamer for 30 min if tissue or 15 min if cells. Slices were dehydrated and incubated
with protease plus at 40 °C for 15 min. The slides were then hybridized at 40 °C for 2 h with a probe for human
Hs-GNA15 validated with cell lines previously characterized for GNAI5 expression by RT-PCR and western
blot (Supp. Fig. S1)*° utilizing as a positive control probe Hs-UBC and as a negative control probe DapB. After
hybridizations, slides were subjected to signal amplification using HD 2.5 detection kit, and hybridization signal
was detected using a mixture of Fast-RED solutions A and B (1:60). Red dots reveal local amplification of the
target mRNA. After counterstaining with Gill's hematoxylin, slides were dried in a 60 °C dry oven for 15 min and
mounted with EcoMount. EM897L Biocare Medical, LLC). Sections were imaged and analyzed. Each sample was
scored measuring the density of the dots in lesion area, values were confirmed comparing to a score (0 to 4) in
blind by a pathologist.

Gal5 downmodulation. Reagents for replication-deficient lentivirus were from Sigma-Aldrich. Lentiviral
particles were produced by transient transfection of 3 pug of pLKO_IPTG1xLacO (SHGLY-NM) containing pre-
viously validated shRNA sequences’ and 3 pl of packaging mix (SHP001) into HEK293T cells in a 35 mm dish
with Lipofectamine 2000 reagent (11,668,019, Life Technologies, Carlsbad, CA, USA), according to the manu-
facturer’s instructions. Viral supernatants were collected at 48 h, passed through a 0.2 um filter and added to
PT45 cells in the presence of 4 ug/mL hexadimethrine bromide (H9268) for 6 h followed by puromycin (P9620)
selection 48 h post-infection.

Gal5 knockout. CRISPR/Cas9-mediated GNA15 knockout was performed as previously described’.
Briefly, Lipofectamine 2000 was used to transfect HEK293T cells, as above, with pSpCas9(BB)-2A-Puro(PX459)
V2.0 (Addgene #62988) containing guides designed in CHOPCHOP and CRISPR design software and target-
ing GNA15 gene in the first (AGGATGAGAAGGCCGCCGCCCGG and CGGCCTTCTATCCTCCGTCAGG),
and second (GTGCTCTTCCCGCTCTCGCCTGG) exons. Isolation of clonal cell lines was achieved with puro-
mycin selection the third day after transfection followed by cloning into 96-well plates. DNA was isolated from
single clones and 3 independent clones were selected for displaying premature stop codons in GNA15 sequence.

Availability of data.

(1) GTEx Portal (https://gtexportal.org/home/gene/ GNA15; January 2019), to study GNAI5 mRNA expression
in normal human tissues.

Scientific Reports |

(2021) 11:14922 | https://doi.org/10.1038/s41598-021-94150-3 nature portfolio


https://acdbio.com
https://gtexportal.org/home/gene/GNA15

www.nature.com/scientificreports/

PAAD Pancreatic adenocarcinoma
LAML Acute Myeloid Leukemia

LIHC Liver hepatocellular carcinoma
CHOL  Cholangiocarcinoma
ov Ovarian serous cystadenocarcinoma
KIRC Kidney renal clear cell carcinoma
onomal KIRP Kidney renal papillary cell carcinoma
KICH Kidney Chromophobe
ucs Uterine Carcinosarcoma
mtumor THCA  Thyroid carcinoma

25
UCEC Uterine Corpus Endometrial Carcinoma

STAD Stomach adenocarcinoma
READ Rectum adenocarcinoma
COAD  Colon adenocarcinoma
TGCT  Testicular Germ Cell Tumors
ACC Adrenocortical carcinoma
PCPG Pheochromocytoma and Paraganglioma
CESC Cervical squamous cell carc. and endoc. adenocarc.
25 SARC  Sarcoma
GBM Glioblastoma multiforme

DLBC  Brain Lower Grade Glioma
BRCA  Breastinvasive carcinoma
PRAD  Prostate adenocarcinoma

l_rl_l U LGG Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
THYM  Thymoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
BLCA Bladder Urothelial Carcinoma
025 SKCM  Skin Cutaneous Melanoma

GNA15 mRNA expression (transcripts per million, log)

—

o2 = o I < QQks Q <
éE%%gggggoﬁ25(088§g§§6<8§28§580 HNSC  Head and Neck squamous cell carcinoma
2355 ¥x¥x2ESLE3R<P85%aEE"F2225%8 ESCA  Esophageal carcinoma

Figure 1. GNAI5 differential expression in normal tissue and cancer. Median gene expression across several
tumor samples and paired normal tissues utilizing GEPIA2.

(2) Provisional dataset for Pancreatic Cancer (PAAD, https://portal.gdc.cancer.gov/projects/TCGA-PAAD)
of The Cancer Genome Atlas (TCGA, https://www.cancer.gov/about-nci/organization/ccg/research/struc
tural-genomics/tcga) queried through the cBioPortal'? (https://www.cbioportal.org/), to study GNAI5
mRNA expression in affected human tissues.

(3) Broad Institute Cancer Cell Line Encyclopedia (CCLE", https://portals.broadinstitute.org/ccle), to study
GNA15 mRNA expression, DNA methylation and their correlation in human cancer cell lines.

(4) Data from three mRNA microarrays studies, to study GNA15 gene expression in PDAC and healthy
tissue!*-1°.

(5) The Blueprint Epigenome Program (http://www.blueprint-epigenome.eu/), to study the correlation between
GNA15 mRNA expression levels and methylation at single base level in leukemic cells lineages. Ga protein
mutation was analyzed in the GRCh38 Cosmic database v88!” on February 2019. Those who carried out the
original analysis and collection of the data bear no responsibility for the further analysis or interpretation
of it.

(6) TCGA dataset LAML by MEXPRESS supported by the Common Fund of the Office of the Director of the
National Institutes of Health, and by NCI, NHGRI, NHLBI, NIDA, NIMH.

Statistical analysis. The statistical measurement values, when indicated, were presented as means + SEM.

The statistical significance of differences in the measured mean frequencies between two experimental groups
was calculated using the Student two-tailed t-test.

Experiments involving western blot and RT-PCR techniques were repeated n times as defined in the figure
legends. Survival percentages were estimated using Kaplan-Meier methods, and survival curves were compared
using the log-rank test.

Additional methods are described as supplementary information.

Results
Gal5 de novo expression distinguishes transformed pancreas from other cancers. In mice®
and humans®, normal tissues predominately express GNA15 in hematopoietic cells and skin progenitor cells.
Systemic data extracted from the Genotype-Tissue Expression (GTEx) Project confirms these findings and
includes two additional epithelia, esophagus mucosa and vagina (Supp. Fig. S2). By contrast, GNA15 expression
is lowest in pancreas and the entire gastrointestinal tract below the gastroesophageal junction. Characterization
of GNA15 expression in paired normal tissue and tumor samples revealed exocrine pancreas had among the
highest differential induction of GNA15 in cancer (Fig. 1).

Biomarker screens of paired samples of PDAC tumor versus adjacent healthy tissue shows GNA1I5 is prefer-
entially expressed in tumors of nearly all PDAC patients (Supp. Fig. $3)'#-1618,

Analysis of over a thousand cancer cell lines from the cancer cell encyclopedia (Fig. 2, open bars) corrobo-
rated our initial ﬁnding“’. Pancreas, bile duct, and to a lesser extent, lung cancer cells are distinct among non-
hematopoeitic lineages for ectopic GNA 15 expression at high levels similar to leukemia.

GNA15 promoter demethylation correlates with Gal5 expression. Methylation levels of repre-
sentative CpGs throughout the GNA 15 gene correlated with its expression in hematopoietic cell types (Blueprint
Epigenome Program, supp. Fig. S4A), acute myeloid leukemia (TCGA-LAML database, supp. Fig. S4B), PDAC
derived cell lines (GTEx, Fig. 2) and TCGA-PAAD tumor samples (Supp. Fig. S4C). In particular, high GNA15
mRNA expression corresponds to 7 CpGs hypomethylated near the promoter, and 4 CpGs hypermethylated at
the 3’-end of GNA15 (Supp. Fig. S4C with 9 of 11 CpGs with p<0.001). In order to establish a direct correlation
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Figure 2. GNAI5 expression and methylation in cancer cell lines. GNA15 mRNA expression (white bar
showing RNAseq on the left axis) and DNA methylation (black bars, showing reduced representation bisulfite
sequencing (RRBS) on the right axis) according to data from the Cancer Cell Encyclopedia. Among one
thousand cancer cell lines, pancreas and biliary tract are the only normal tissues that do not express GNA15
but the derived cancer cell lines had high GNAI5 expression levels, comparable to leukemia and upper aero-
digestive tract. Box plots are shown as median and 25th and 75th percentiles. ALL acute lymphocytic leukemia,
CML chronic myelocytic leukemia, AML acute myelocytic leukemia, DLBCL diffuse large B cell lymphoma,
BNHL B cells non-Hodgkin lymphoma. The number below to the lineage name indicates how many cell lines
are in the lineage.

between differential GNA 15 methylation and transformation we sought to apply targeted bisulfite sequencing to
genomic DNA derived from PDAC tumors, xenografts and adjacent apparently normal tissue. Mapping single
CpGs confirmed the correlation between this methylation pattern and GNA15 expression (Fig. 3A). Moreover,
the same methylation pattern was observed in primary and xenograft tumors. A comparison to apparently nor-
mal tissue shows that methylation of exon 1 and intron 1 is reduced in primary tumors and xenograft samples.
Demethylation of the promoter is more evident in the xenografted tumors than in the primary tumor. The effect
could be explained by an increased proportion of cancer cells relatively to fibroblast in transplanted xenografts as
a consequence of the loss of the large fibroblasts component when cancer cells are transplanted into the hosting
tissue of the animal.

By contrast, exon 7 is highly methylated at its 5'-end in all samples (normal, primary tumor, and xenograft)
while its 3'-end is equally hypermethylated in primary and xenograft tumors compared to normal pancreas.

GNA15 ectopic expression and prognosis. Heterotrimeric G proteins are emerging key-players in pan-
creatic and other neoplasia"®. Driver mutations are easily recognized in the a subunit of small and heterotrim-
eric G proteins because amino acid substitutions are strictly localized to residues that catalyze GTP hydrolysis
(see “Introduction” section). However, a search of the cosmic database produced no evidence for driver muta-
tions in GNA15 or other Gq class members in PDAC (Supp. Table 1). We suggest that ectopic expression of
wild-type Gal5 is sufficient to divert GPCR signaling towards pancreatic oncogenisis®'? because wild-type Gal5
promiscuously and persistently® couples most GPCRs and may activate Kras'’, PKD1' and other oncogenic
drivers in PDAC progression.

The Cancer Genome Atlas program (TCGA) shows for pancreatic adenocarcinoma (PAAD) that among
16 Ga genes, only elevated expression of GNA15 was associated with worse prognosis (Fig. 3B). By contrast,
elevated expression of Ga subunit genes GNAL, GNAOI, and GNA 14 were correlated with increased survival
after diagnosis. These associations are likely related to the abnormal GNA15 expression in PDAC cancer cells,
whereas GNAL, GNAOI, and GNA 14 are preferentially expressed in normal pancreas, which is progressively
lost as transformed tissue prevails.

The PAAD dataset includes patients with PDAC and pancreatic neuroendocrine tumors (NETs*’). NETs are
produced in the pancreas by an oncogenic pathway distinct from PDAC. Transcriptome analysis clearly shows
GNAI5 expression and methylation levels are reciprocally inverse in NET and PDAC (Supp. Fig. S5A). NETs
do not appreciably express GNAI5 and have a more favorable prognosis. Plotting patient’s overall survival vs.
GNA15 methylation segregates NET from PDAC and, to a lesser extent, PDAC with low compared to high GNA15
expression (Fig. 3C) yet retaining prognostic indications (Fig. 3D).
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Figure 3. Demethylation, ectopic GNA15 expression and survival. (A) GNAI5 gene methylation was mapped
at single CpG in apparently normal tissue, and xenografted tumors, matched with primary tumors when
available (gray bars represent standard deviation. n=4 for normal tissues and primary tumors and n=22 for
xenografts). (B) Spearman’s correlation between Ga subunits expression levels and survival according to the
TCGA-PAAD cohort (n=59 samples). The isotypes associated to a significant p value (<0.05) are in bold.

No apparent correlation with tumor stages was found for any Ga gene. (C) The methylation level reported in
the TCGA-PAAD court plotted against survival data distinguishing the NET and the PDAC patients further
subdivided based on low (bottom 30%) vs high (top 30%) GNAI5 expression levels. (D) GNA15 high expression
is associated with poor survival. Kaplan survival curve in patients in the cytology group. All 20 patients were
divided in two groups based on GNA15 expression (log RNA Seq V2 RSEM, log-rank test; z=2.67, p=0.00754).

Elevated GNA15 in PDAC was highly correlated with loss of SMAD4 expression (Pearson: — 0.47, p=9.2 e™'%)
and SI00A2 overexpression (Pearson: 0.46, p=2.0 e”°). SMAD4 and S100A2 are considered the most promising
prognostic indications based on single genetic markers?!. Interestingly, SI00A2 and GNA15 prognostic values
are significant in a subset of PAAD patients initially diagnosed by cytology (e.g. peritoneal or pleural fluid, Supp.
Fig. S6A-C) in samples from late stage disease that may be enriched in transformed cells. Altogether, these
findings strongly suggest that distinctive epigenetic changes drive ectopic expression of Gal5 protein in PDAC
and pancreas is the primary example within the entire organism where up-regulation of GNAI5 transcription
marks oncogenic transformation. Therefore, it is crucial to determine the precise identity of neoplastic cells that
ectopically express GNA15 in PDAC.

Gal5 ectopic expression in pancreas marks transformed cells. We analyzed GNA15 mRNA
expression by ISH among over 30 patients at the Verona Pancreas Center to determine in which cell types and
stage of PDAC progression GNA15 is ectopically expressed. Apparently healthy pancreatic tissue adjacent to
transformed lesions was negative (Supp. Fig. S7A-C), consistent with prior studies'. Furthermore, GNA15 was
not induced in chronic pancreatitis nor in the fibrotic component or ductular structures in the desmoplastic
reaction surrounding invasive lesions express GNAI5 (Supp. Fig. S8A). Infiltrating lymphocytes occasionally
expressed GNA15, possibly depending on the activation state and the presence of plasma cells (Supp. Fig. S8B
red dots identify GNA 15 mRNA ISH). Accordingly, the PAAD dataset shows no significant correlation between
GNAI5 expression and lymphocyte infiltration stained by eosin hematoxylin or IHC (Supp. Fig. S4C). Neoplas-
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Figure 4. de novo GNAI5 gene expression in PDAC. (A-C) Human pancreas biopsies were analyzed by
eosin hematoxylin (upper panels) or ISH (middle and lower panels) developed in Fast-RED (two examples
are indicated by the red arrows) utilizing a GNA15 specific probe in addition to positive and negative controls
(Supp. Fig. S1). Preneoplastic and neoplastic lesions were evidently positive. A PanINT1 lesion is shown in panel
A (left micrograph), and a PanIN2 (right micrograph). A superficial fragment of an IPMN is shown in panel B,
the yellow arrows indicate papillary structures in the non invasive region. Panel C shows two examples of PDAC.
(D) The expression level of GNA15 was quantified by ISH. In the abscissa each number corresponds to a patient,
and each circle represents the average value (dot density by ISH) of all lesions in a FFPE section, one circle per
section, 2—4 sections per patient, 37 total patients. Red or green dots were used alternatively to differentiate each
patient. (E) GNAI5 relative expression in the primary tumor was quantified by ISH and compared in patients
that relapsed versus patients that remained disease free one year after pancreas resection. Box plots are shown
as median and 25th and 75th percentiles: points are displayed as outliers if they are above or below the 1.5 times
the interquartile range. A T-test was applied to compare the two groups, p <0.05. (F) Tumor tissue fragments
of resected pancreata were split in two parts. Half was analyzed by ISH to select for variable GNA15 expression
levels going from absent (apparently healthy tissue from NET patients) to high (PDAC with abundant positive
lesions). The other half of the fragment was analyzed by TagMan RT-PCR measuring GNA15 and GNA14
expression levels.

tic cells were consistently positive. Of note, PanIN (Fig. 4A) and IPMN (Fig. 4B) preneoplastic lesions expressed
GNA15 mRNA similar to virtually all lesions (Fig. 4C).

GNAI5 mRNA expression varied between patients but was relatively consistent within different specimens
obtained from the same organ thus characterizing each patient (Fig. 4D). Frozen tissue samples adjacent to areas
that produced FPPE sections with numerous neoplastic lesions and expressing high levels of GNA15 mRNA were
analyzed by western blot and compared to frozen samples adjacent to areas displaying apparently healthy tissue.
A good correspondence was found between mRNA and protein expression (Supp. Fig. S9).

Follow-up data available for 20 PDAC patients (Supp. Table 2) show that one year after surgery half of the
patients had relapsed. The average relative GNA 15 expression level was 0.37 in relapsed patients, compared to
0.16 of those that remained disease free (Fig. 4E), indicating that GNA15 expression in transformed pancreas
may offer indications on patient prognosis. Higher GNA15 expression consistently predicted poorer survival
(Supp. Fig. S10A), while no significant correlation was observed with Cal19.9 levels (Supp. Fig. S10B) or with
other clinical parameters (Supp. Table 3), given the caveat of relatively few cases.

An inverse correlation in the PAAD dataset between the expression levels of GNA15 and its closest homolog,
GNA14 (Spearman: — 0.26, p="5.780e™*), was verified by RT-PCR on human frozen samples selected to include
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Figure 5. Functional consequences of Gal5 signaling. (A) In PT45 cells Gal5 was down-modulated by IPTG
inducible shRNA expression or knocked out by CRISPR/Cas9 in all alleles of 3 independent clones, as confirmed
by DNA sequencing. Protein down-modulation was confirmed by immunoblot as shown and quantified as
70% £ 9% of control (n=4). (B) The impact of preventing Gal5 expression was evaluated by immunoblot
analysis of phospho-amino acids diagnostic of the activation state of PKD1 (n=10). (C) The impact of down-
modulating Gal5 expression was evaluated as in B (n=10). (D) The impact of preventing Gal5 expression in
response to IGF was evaluated by immunoblot analysis of phospho-amino acids diagnostic of the activation
state of AKT (n=6). (E) The impact of down-modulating Gal5 expression in response to 100 ng/ml IGF and
100 nM insulin was evaluated as in D (n=8). (F) PT45 cell motility assessed in scratch assays. Representative
images are shown in Supp. Fig. S12. (G) PT45 cell invasion of collagen-coated membranes. Data are presented
as mean + SEM. Direct comparison between cells with GNAI5 downmodulated and controls was performed
applying t-test and *, p <0.05; **¥, p<0.01; *** P<0.0005. Extended blots are presented in Supp. Fig. S13.

negative, intermediate and highly positive specimens on the basis of ISH analysis of adjacent fragments (Fig. 4F).
Distinct samples from the same organ clustered together and thus distinguished each patient. This result suggests
that the appearance of GNAI5, but none of the other 15 GNA genes, could indicate progressive invasion into
normal pancreas by PDAC (Supp. Fig. S10C).

We conclude that GNA15 mRNA and protein expression in the pancreas is restricted to transformed cells,
with minor contribution from infiltrating lymphocytes, occurs in the initial phases of PDAC progression (PanIN
and IPMN), and may provide information about the development of the disease.

Functional significance of Gal5 signaling.  In order to investigate the impact of Gal5 signaling, we fur-
ther investigated PT45 cells'®*? as an experimental model system. Specific inhibition was achieved by two differ-
ent approaches in PT45 PDAC cells. Complete knock out of GNA15 gene was obtained by CRISPR/Cas9 editing.
In parallel, validated sShRNA sequences'® were engineered under the control of an IPTG inducible promoter and
transduced in order to downmodulate GNA15 expression in response to treatment (Fig. 5A).

We analyzed the activation state of selected effector kinases potentially downstream Gal5 signaling* including
protein kinase D1 (PKD1/PKCy/PRKD1), a kinase involved in PDAC and downstream KRas-NF-kB signaling®.
Upon GNA15 depletion, the basal phosphorylation level of Ser738/Ser742 in the autoinhibitory domain of PKD1
was reduced. Yet, the phosphorylation of the regulatory Ser910 was not affected (Fig. 5B,C).

In intestinal epithelial cells, PKD1 mediates a negative feedback on the responsiveness of PI3K/AKT to extra-
cellular stimuli** and reprogramming towards stemness was observed in response to AKT downregulation®.
Depletion of Gal5 expression up-regulated AKT response to Insulin-like growth factor (IGE-1). A similar
increase of phosphorylation was observed for two different activation sites, Thr308 and Ser473, and by both
approaches used to prevent Gal5 expression (Fig. 5D,E). The same effect on AKT after Gal5 depletion was
obtained upon insulin stimulation (Fig. 5E). The activation state of ERK1/2, p38 and GSK remained substantially
unaffected by Gal5 signaling under these conditions (Supp. Fig. S11). We conclude that Gal5 produces tonic
activation of Ca®* regulated PKD1 and affects AKT response to IGF receptor activation.

The contribution of Gal5 signaling in cell motility. GPCRs ligands such as chemokines direct cell
migration. We analyzed the impact of Gal5 signaling on the migratory properties of PT45 cells. Wound heal-
ing assays were sought to compare wild type vs. GNA15 CRISPR/Cas9 knock out cells and untreated vs. shRNA
down-modulated cells. Cell motility was reduced in both circumstances (Fig. 5F). The role of Gal5 in PT45 cell
invasion was assayed using collagen-coated membranes (Fig. 5G). IPTG-induced shRNA expression knocked

Scientific Reports |

(2021) 11:14922 | https://doi.org/10.1038/s41598-021-94150-3 nature portfolio



www.nature.com/scientificreports/

down GNA 15 expression and reduced cell invasion. These results support the possibility that Gal5 plays a role
in the diffusion of transformed cells.

Discussion

De novo ectopic GNA15 expression. Somatic mutations are classically thought to drive cancer. Muta-
tions that activate Ga subunits genes are oncogenic in a restricted set of neoplasias, such as Gaq/11-driven
melanomas' and Gas-driven IPMNs in PDAC?. Unlike GNAS, no driver mutations are described for Gq-class
genes in the pancreas (Supp. Table 1). Nevertheless, other mechanisms can activate oncogenic Ga signaling that
more closely mimic signaling produced by physiological stimuli. For instance, down-regulation of the GPCR
kinases (GRK) and regulators of G protein signaling (RGS) were recently associated with PDAC development®¥,
implying that oncogenic GPCR signaling does not necessarily directly entail mutations.

We found ectopic expression of GNA15 is typical of PDAC and occurs in transforming cells, rather than being
contributed by stromal cells'%; Fig. 4A-C, Supp. Fig $4,7,8). In prior biomarker screens of PDAC tumor tissue vs
normal paired samples, GNA 15 was repeatedly identified among candidate genes (Supp. Figure 3) but was not
further investigated, possibly because of relatively low expression restricted to a limited fraction of cancer cells
within the tumor'*-1%!%, Among the four classes of heterotrimeric G protein alpha subunits?, Gal5 is unique in
that it promiscuously redirects nearly all GPCRs to PLCP activation and downstream calcium signaling®*. In addi-
tion, Gal5 signaling is poorly controlled by B-arrestin and RGS dependent desensitization®’. Ectopic expression
of wild-type Gal5 in pancreas could subvert regulatory controls and could participate to influence the activity
of downstream effectors, including PKC, PKD1, Src, PI3K, NF-kB, STAT and others that feed into Ras-MAPK
activation and are relevant to PDAC**.

This intermediate step of ectopic Gal5 expression in PDAC initiation appears to be driven by altered DNA
methylation of the GNAI5 gene. In transformed cells, hypomethylation shifts to the 5’ promoter region, appar-
ently releasing a transcriptional blockade throughout PDAC progression.

Recently, the genomic region that includes GNA15 was found to be differentially methylated by comparing
EPCAM +/ CD45- cells isolated from PDAC and normal pancreas®. In nearly pure PDAC and normal pancreatic
cells, cytosine methylation in the 5’ side of the first intron occurred in the range of a beta value of 0.05-0.2 in
PDAC and 0.6-0.8 in the normal pancreas. The two values are similar to those we found in xenografts and normal
pancreas for the same DNA region. In addition, our data suggest that the beta value of 0.3-0.5 we observed in
PDAC tissues, intermediate to those of xenografts and normal pancreas, is influenced by a variable cellularity of
cancer cells. In the study by Espinet et al.??, an inverse correlation of approximately r=— 0.6 and a P value below
0.05 was also reported between the methylation of the first intron and the mRNA level, suggesting that the first
intron includes regulatory sequences under epigenetic control.

The ectopic expression of Gal5 is unlikely a secondary effect of the poor vascularization that characterizes
PDAC. In fact, areas affected by pancreatitis do not express GNA 15 despite the typical dysplastic reaction with
massive deposition of stroma and the formation of small ducts'® (Supp. Fig. S7H,I). ISH of patient samples
confirmed the data we obtained with xenografted mice showing that transformed cells express GNA15 mRNA.
In addition, tumor stroma was negative, with the exception of occasional infiltrated lymphocytes. Perhaps only
activated lymphocytes express GNA15, as in most cases infiltrating lymphocytes are negative and there is no
correlation reported in the TCGA-PAAD database.

In primary samples from human patients, GNA15 mRNA expression varied from one patient to another, yet
remained alike within multiple lesions collected from the same pancreas (Fig. 4E). GNA15 expression invariably
revealed the appearance of neoplastic cells. GNAI5 is first expressed in PanIN and IPMN, and at later stages of
PDAC, elevated GNA15 expression is correlated with poor survival. Altogether, our results suggest that ectopic
expression of Gal5 may represent a marker of PDAC from early phases in tumor etiology. The cause-effect
relationship remains to be understood.

Considering GNA15 expression in PDAC is elevated above a negative background in the pancreas, the strin-
gent correlation in expression linking GNA 15 with more established markers such as SMAD4 and S100A2 war-
rants additional research exploring clinical applications. SIO0A2 was recognized as a prognostic marker in a large
study showing the benefit of adjuvant therapy™®. If Gal5 contributes to PDAC progression during asymptomatic
phases, it is crucial to understand its role as transformed cells begin to engulf the pancreas and engraft outside
the primary organ. Earlier diagnostic markers are desperately needed, as metastases render surgery palliative,
rather than curative, even in the 20% of patients eligible for resection.

The effects of ectopic GNA15 signaling. Gal5 ectopic expression in the pancreas could activate some
of the most relevant drivers of PDAC such as oncogenic KRAS via the scaffold protein tetratricopeptide repeat
1 (TPR1*') and PKD1 via nPKC*. Gal5 induces PLCB to cleave PIP, producing the second messengers DAG
and IP; that synergistically activate protein kinase C (PKC)*. nPKCs phosphorylate Ser738/Ser742 of the PKD1
activation domain. Reduced phosphorylation at these positions upon GNA15 silencing confirmed the impact of
Gal5 on PDAC cells consistent with reduced PLCP signaling and PKC activity (Fig. 5B,C).

PKDL1 is expressed by pancreas cells and its promoter is a target of the KRAS-NF-kB pathway?. PKD1 protein
is activated by KRAS and growth factors during the initiation of PDAC. Animal models showed PKD1 controls
KRAS-dependent progression from metaplasia to preneoplastic lesions®* although we did not find a significant
impact on the basal level of MAPK activation. PKD1 reduced activation was matched by the sensitization of AKT
in response to IGF1 and insulin (Fig. 5D,E), as previously described in intestinal non-transformed IEC18 cells as
a consequence p85a phosphorylation®*. AKT signaling is widely considered carcinogenic and pro-tumorigenic,
but it cannot be assumed to apply to all three isoforms and to all cancer cell types. For instance, in breast cancer,
AKT 1 and AKT3 were reported to suppress motility®, invasion** and metastasis®®. Our study was limited to
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analyzing acute AKT activation in response to IGF since the basal activation state remained below the sensitiv-
ity threshold for both phosphorylation sites analyzed. Therefore, no direct inference can be made about AKT
activity level and motility. The correlation between elevated expression of Gal5, early relapse, and poor survival,
may result from supporting progenitor stages previously characterized by reduced AKT activity*. Our find-
ings are consistent with data showing that silencing IGF/Insulin receptors sustained pluripotency of pancreatic
progenitors® and that silencing AKT, especially isoforms 1 and 3, evoked reprogramming of human pancreatic
cancer cells towards stem cell-like properties”. Under the hypoxic conditions of the tumor niche, IGF stimula-
tion could damage PDAC cells*®. The upregulation of IGF stimulation could as well represent a compensatory
effect. Similarly, the ablation of oncogenic drivers, such as KRASS'?P or cMyc, produced compensatory autocrine
upregulation of IGFR-AKT pathway that was interpreted as crucial for resistance of dormant cancer cells and
recurrence®. Specifically designed studies are certainly required to verify if Gal5 may contribute to the dynamic
modulation of AKT signaling to support slow cycling and invasive progenitor cells from the early phases of PDAC
progression. Further studies are necessary to assess the contributions of insulin and IGF-1 under experimental
settings that more closely reproduce the actual microenvironment present in patients with pancreatic cancer.
Our findings indicate multiple variables must be considered, such as the specific AKT isoforms, their subcellular
compartmentalization, tyrosin kinase receptor activation and the metabolic state of the cell.

Conclusion

In conclusion, the reallocation of methylated cysteines in the GNAI5 gene is associated with the presence of
Gal5 in PDAC, starting with precursor lesions and continuing through all stages of PDAC. GNA15 expression
is detectable substantially above a negative background, concomitant with the expression of prognostic markers
of aggressive progression and poorer survival. Loss-of-function studies in PDAC cell lines showed Gal5 sustains
oncogenic signaling and cell motility. Our data support a rationale for further investigating the potential of
GNA15 as an early marker of PDAC transformation and prognosis.
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