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enhances pancreatic ductal adenocarcinoma
progression via activation of EGFR signaling
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Abstract

Background Regenerating family member 3A (REG3A) is involved in the development of multiple malignant tumors,
including pancreatic ductal adenocarcinoma (PDAC). However, any role of REG3A in PDAC remains controversial due
to its unclear tissue localization or direct receptors, and complex downstream signal transductions.

Methods Morphological analysis and public multi-omics data retrieval were was utilized to elucidate the tissue
localization of REG3A in PDAC. To ascertain the pro-oncogenic role of secreted REG3A, experiments were conducted
using in vitro PDAC cell lines and in vivo tumor formation assays in nude mice. A battery of investigative techniques,
including RNA sequencing, phospho-kinase arrays, western blot analyses, in silico docking simulations, gene trunca-
tion strategies, and co-immunoprecipitation, were employed to delve into the downstream signaling transduction
pathways induced by REG3A.

Results In this study, we confirmed an association between increased serum levels of REG3A and poor prognosis

in patients with PDAC. Morphological staining and bioinformatic analysis showed that REG3A was mainly expressed
in peritumoral acinar cells that were spatially close to tumor region, while it was almost negative in PDAC tumor cells.
Peritumoral REG3A expression levels, but not tumoral REG3A, were highly correlated with PDAC progression. Further
in vitro experiments including RNA sequencing and molecular biological assays revealed that secreted REG3A could
directly bind to the epidermal growth factor receptor (EGFR), an important pro-oncogene involved in cellular prolifer-
ation, and subsequently activate the downstream mitogen-activated protein kinase (MAPK) signals to promote PDAC
tumor cell growth.

Conclusion Taken together, our data indicated that increased expression of REG3A in peritumoral acinar cells acts

as a specific event to indicate PDAC progression, and verified EGFR as a possible target of REG3A, providing mechanis-
tic insights into the role of REG3A, the diagnostic method and therapeutic strategy of PDAC.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC), with a 5-year
survival of less than 10%, is among the most lethal of
all cancers [1]. Due to the lack of early diagnosis, the
majority of patients lose the opportunity for surgery and
have poor prognosis. Tissue injury and some somatic
mutations, such as the KRAS oncogene and the tumor
suppressor genes CDKN2A, TP53, and SMAD4, are con-
sidered major reasons for tumor initiation and mainte-
nance [2]. However, the molecular mechanisms of PDAC
progression are complex and remain largely unknown.
Further exploration of novel potential targets would ben-
efit the diagnosis and clinical therapies of PDAC.

Among the potential molecular targets, the regenerat-
ing (REG) family members, which are secreted C-type
lectins, have multiple biological roles in anti-inflamma-
tory, tissue repair, cell proliferation, and apoptosis func-
tions [3]. Five REG family members, REG1A, REG1B,
REG3A, REG3G, and REG4, have been identified in
humans [4], and their potential roles in tumorigenesis
have been demonstrated in an increasing number of
studies. REG3A, also known as hepatocarcinoma-intes-
tine-pancreas (HIP) or pancreatic-associated protein
(PAP), shows selective expression in gastrointestinal
organs, including the pancreas [3], and was initially iden-
tified as a pancreatic inflammatory marker in pancreati-
tis [5]. More recently, REG3A was found to play key roles
in both pancreatic islet cell regeneration in diabetes [6]
and pancreatic carcinogenesis through the promotion of
cancer cell proliferation, migration, and invasion [7-9].
Thus, REG3A could serve as a potential target for treat-
ment or the diagnosis of PDAC.

Any role of REG3A in PDAC remains controversial
due to its unclear tissue localization and complex down-
stream signal transductions. More importantly, all pos-
sible REG3A receptors have not yet been confirmed.
Some molecules, such as exostoses-like gene 3 (EXTL3),
have been identified to bind to REG3A in keratinocytes
[10] and some other cell lines [7]. However, as EXTL3
mainly functions as a glycosyltransferase during heparin
and heparan sulfate synthesis on the endoplasmic reticu-
lum or Golgi apparatus [11], this function does not fully
explain the mechanism of REG3A-induced transmem-
brane signal transduction in cells. Therefore, further
investigations are needed to confirm the mechanisms of
REG3A in the initiation and progression of PDAC.

In this study, we identified that REG3A was mainly
expressed in peritumoral acinar cells that were spatially

closed to tumor region, and its expression there was asso-
ciated with the progression of PDAC. Further in vitro,
in vivo, and bioinformatic analysis revealed that the
secreted REG3A may stimulate the growth of PDAC cell
lines by directly binding to the extracellular domain of
epidermal growth factor receptor (EGFR), an important
pro-oncogene involved in cellular proliferation [12], and
this binding subsequently activated downstream mito-
gen-activated protein kinase (MAPK) signals in PDAC
cells. These novel findings have added to the knowledge
of the mechanisms by which REG3A may affect tumor
growth and suggested REG3A as a potential target for use
in the diagnosis and treatment of PDAC.

Materials and methods

Clinical data analysis

All analyses using human subjects were approved by
the Institutional Ethics Committee of the First Affili-
ated Hospital of Nanjing Medical University. In total, 60
patients diagnosed with PDAC and 15 healthy volunteers
were enrolled in this study. In the patients with PDAC,
serum samples were obtained before surgery. The con-
centration of serum REG3A was measured using a com-
mercial ELISA kit (RayBiotech, Norcross, GA, US). The
median value was used as the low and high cut-offs to
define the REG3A low and REG3A high groups. Over-
all survival (OS) was defined as the time from surgery to
death. The characteristics of the patients with PDAC are
listed in Supplementary Table S1.

Immunohistochemical staining

Immunohistochemical staining was performed using
surgically resected tissue sections from the cohort of
patients with PDAC listed in Supplementary Table S1,
or on tissue microarrays (TMAs) containing 58 primary
PDAC and corresponding adjacent pancreatic tissue
specimens (SuperChip, Shanghai, China; the charac-
teristics are listed in Supplementary Table S2). Primary
antibodies used for immunohistochemical staining were:
REG3A (#ab220884, Abcam, Cambridge, UK), p-STAT3
(#ab76315, Abcam), CK7 (#ab9021, Abcam), KI67
(#ab15580, Abcam). The integral optical density (IOD) of
immunostaining was calculated using Image ] software
(National Institutes of Health, Bethesda, MA, US).

TCGA and GEO data retrieval
Raw RNA sequencing data were downloaded from a total
of 146 confirmed PDAC cases from The Cancer Genome
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Atlas (TCGA) and 171 pancreas samples from GTEx Data.
The expression of REG3A between PDAC tumors and
normal pancreas tissues was analyzed using the R Limma
package [13]. GEO data sets (GSE71989, GSE43795,
GSE101448, GSE62165, GSE28735, GSE62452, and
GSE32676. Detailed information is listed in Supplemen-
tary Table S3) containing tumor and non-tumor samples
were obtained from the National Center for Biotechnol-
ogy Information’s (NCBI) Gene Expression Omnibus
(GEO, http://www.ncbi.nlm.nih.gov/geo/). The expression
of REG3A in each data set was ranked, and the median
was taken as the cutoff point. All patients were then clas-
sified into a low- or high-expression group to analyze the
effect of REG3A expression on survival rates. The dif-
ferences in biological processes and signaling pathways
between the high and low REG3A groups were analyzed
using the gene ontology (GO) [14] or Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways [15].

Single-cell RNA sequencing (scRNA-seq) and spatial
transcriptomic data retrieval

The scRNA-seq expression matrix (GSE155698 [16],
GSE202051 [17], GSE141017 [18], and CRA001160 [19])
was processed using the R package Seurat [20]. The gene
expression data were normalized, and 2,000 differentially
expressed genes (DEGs) were identified. UMAP reduc-
tion was used for cluster visualization, and the R pack-
age ggplot2 was used to visualize gene expression. For
the spatial transcriptomic data (GSE111672 [21]), the R
package Seurat was used to obtain the spatial location of
the cells in different clusters.

Using the Slingshot algorithm with default parame-
ters, a pseudo-time trajectory analysis was performed to
arrange cells into a developmental trajectory, which was
segmented with different branches to imitate cell evo-
lution or differentiation. The R package TradeSeq [22]
and Monocle2 [23]. was used to analyze the sequencing
data based on the developmental trajectories of the cells;
the data were fitted into a negative binomial general-
ized additive model (GAM) for each gene, and an infer-
ence was performed on the parameters of the GAM. The
expression of genes associated with the pseudo-time or
along the trajectory was marked. Copy number variations
(CNVs) were inferred using the R package inferCNV [24].
CNVs in the sex and mitochondrial chromosomes were
excluded from the analysis. PySCENIC package [25] was
used to calculate the transcription factor activity between
different cell clusters in scRNA-seq datasets.

Cell culture and REG3A overexpression
Human pancreatic cancer cell lines (PANC-1, AsPC-
1, BxPC-3, and SW1990), the rat AR42] amphicrine
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pancreatic cell line, and Chinese hamster ovary (CHO)
cells were obtained from Shanghai Cell Bank, Chinese
Academy of Sciences, or American Type Culture Col-
lection (ATCC, Manassas, VA, US). The AsPC-1 cells
were cultured in RPMI-1640 medium; the other cell lines
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM); both media also contained 10% FBS and 1%
penicillin/streptomycin. The cell lines were confirmed to
be free of Mycoplasma contamination by short tandem
repeat (STR) analysis using a commercial kit (TransGen
Biotech, Beijing, China). All cells were cultured in a 37 °C
incubator with 5% CO,. For stable infection, adenoviral
vectors (AdVec), adenoviral human REG3A (AdREG3A),
or adenoviral human REG3A lacking the signal peptide
sequence (1-26 amino acid deletion, AAAREG3A) were
constructed by Vigene Biosciences (Jinan, China). Over-
expression of REG3A in cell lines was performed using
adenovirus according to its instruction.

Western blot analysis

After treatment, the cells were washed with PBS and
lysed in RIPA buffer (Beyotime Biotechnology, Shang-
hai, China) supplemented with protease and phosphatase
inhibitors (Thermo Fisher Scientific, Waltham, MA,
US). Western blot analysis was performed as previously
described [26]. Briefly, protein lysates were separated on
8%—12% SDS polyacrylamide gels and then transferred
to polyvinylidene difluoride (PVDF) membranes. After
blocking with bovine serum albumin (BSA), the mem-
branes were incubated with anti-REG3A (#ab192224,
Abcam, Cambridge, UK), anti-tubulin (#2128, Cell
Signaling Technology, Danvers, MA, US), anti-phos-
phorylated STAT3 (#9131, Cell Signaling Technology),
anti-STAT3 (#4904, Cell Signaling Technology), anti-
phosphorylated tyrosine (#9411, Cell Signaling Tech-
nology), anti-phosphorylated EGFR (Y1068, #3777, Cell
Signaling Technology), anti-EGFR (#4405, Cell Signal-
ing Technology), anti-phosphorylated ERK (#4370, Cell
Signaling Technology), or anti-ERK (#4695, Cell Signal-
ing Technology) antibodies. The secondary antibody was
HRP-conjugated anti-rabbit IgG (#111-035-003, Jackson
ImmunoResearch Labs, West Grove, PA, US). For the
phospho-kinase array, a commercial MAPK pathway
phosphorylation array (#AAH-MAPK-1-4, RayBiotech,
Norcross, GA, US) was used following the manufac-
turer’s protocol. Unless otherwise specified, all protein
phosphorylation detection were performed in cells under
serum-starved conditions for 24 h. Image ] software
(National Institutes of Health, Bethesda, MD, US) was
used to measure the integrated optical density (IOD) of
each dot. All blots were repeated at least 3 times for the
statistical analysis.
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To detect EGFR dimerization, PANC-1 cells were
starved in serum-free medium for 24 h, washed with PBS,
and then cold PBS containing 10 ng/mL recombinant
human EGF (SinoBiological, Beijing, China) or 1 pg/mL
recombinant human REG3A (rhREG3A, SinoBiological)
was added to the plates, which were then incubated for
30 min at 4 °C. The cells were again washed with cold PBS
and then incubated with 0.5 mM bis(sulfosuccinimidyl)
suberate cross-linker (BS3, Thermo Fisher Scientific) in
PBS for 2 h at 4 °C on ice. After washing again, the cross-
linking reaction was stopped by incubating in 50 mM
Tris buffer (pH 7.5) for 15 min. The cells were then lysed,
and the dimerization of EGFR was analyzed by western
blotting.

Co-Immunoprecipitation (Co-IP)

PANC-1 cells were treated with 10 pg/mL rhREG3A or
vehicle for 1 h, then were washed with PBS and ruptured
with lysis buffer (Beyotime). The extracted proteins were
used as input or for further immunoprecipitation analy-
sis. Briefly, the proteins were firstly incubated with anti-
REG3A antibodies for 2 h and then mixed with Protein
G beads overnight (Beyotime). The beads were collected
by a magnetic stand and washed. The immunoprecipi-
tated products were resuspended and used for further
immunoblots.

Real-time PCR assay

Total RNA extraction and real-time PCR assay were per-
formed as previously described [27]. The relative expres-
sion of REG3A mRNA was calculated and normalized to
the housekeeping gene Gapdh. Primer sequences were:
Reg3a (F: CCTGACGAACATCCCAGATCA, R: GGG
AGTCTTCACCTCGTACC), Gapdh (F: TGGGAAGCT
GGTCATCAAC, R: GCATCACCCCATTTGATGTT).

Cell viability, colony formation, transwell cell invasion
assay, and ELISA assays

Cell viability was detected using the Cell Counting Kit-8
(CCKS, #C0037, Beyotime, Shanghai, China), as previ-
ously described [28]. For colony formation, cells were
plated in 6-well plates, given the desired treatment for
one week, and the resulting colonies were fixed with 4%
paraformaldehyde and stained with 0.2% crystal violet
(Beyotime). The colonies were counted using Image] soft-
ware. For transwell cell invasion assay, cells were plated in
a transwell plate with Matrigel Matrix (354, 234, Corning,
US) on top of the transwell membrane, the cell invasion
was measured as previously described [28]. For colony
formation, 5 replicated wells were analyzed (n=5). For
invasion assay, at least 10 random sights in 5 replicated
wells were selected to analyze the proliferative ratios for
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each group (n=5). All experiments were repeated at least
3 times.

The concentration of REG3A secreted into the culture
medium was determined using a commercial ELISA kit
(RayBiotech). The data were adjusted based on the cor-
responding protein concentrations.

Immunofluorescence and EdU staining

Cell immunofluorescence studies were performed as
previously described [29]. Briefly, after the experimen-
tal treatment, the cells were fixed in 4% paraformalde-
hyde for 2 h, followed by incubation with anti-REG3A
(#ab220884, Abcam), anti-EGFR (sc-373746, Santa Cruz
Biotechnology, CA, USA), and anti-Calnexin (#ab213243,
Abcam) primary antibodies, and then with Alexofluor
488/594-conjugated IgGs (#A-11034/11037, Invitrogen,
Carlsbad, CA, US). Nuclei were stained with DAPI. The
cell proliferative ratios were measured using an EdU
staining kit (Beyotime). Images were captured using a
DP70 microscope (Olympus, Tokyo, Japan). Image] soft-
ware was used to calculate the proliferative ratio for each
group. At least 10 random sights in 5 replicated wells
were selected to analyze the proliferative ratios for each
group (n=5). All experiments were repeated at least 3
times.

Luciferase reporter gene assay

Truncated REG3A promoters (-2000-0, -100-0) were
cloned forward of the luciferase reporter gene, which
was co-transfected with human STAT3 vectors into
HEK-293 T cells. The Luciferase Reporter Assay System
(Promega, Fitchburg, W1, USA) was used to measure the
transcriptional activity as previously described [30].

MicroScale thermophoresis (MST) assay

The direct binding activity of rhREG3A to EGEFR
extracellular domain or intracellular kinase domain
(SinoBiological) was detected by the MicroScale ther-
mophoresis assay. Briefly, the MonolithTM RED-NHS
kit (Cat# MO-L011, NanoTemper, South San Francisco,
CA, USA) was used according to the manufacturer’s
protocols.

In vivo tumor formation

Six-week-old female BALB/C nude mice were obtained
from Cavens Lab Animal (Changzhou, China). All animal
experiments were approved by the Institutional Animal
Care and Use Committee of Nanjing Medical University.
Cultured cells (5x%10° PANC-1 or AsPC-1 cells), either
stably overexpressing REG3A or treated with adenoviral
vector, were resuspended in 1:1 PBS/Matrigel (#356237,
Corning) and injected into the right flank of the mice.
Tumor size was measured weekly and calculated using



Ren et al. Cell Communication and Signaling (2025) 23:96

the following equation: lengthxwidthxwidth. Four
weeks after cell injection, the mice were euthanized by
CO, and the tumor tissues were removed.

RNA sequencing

Cells were plated in 6-well plates, treated with 1 pg/mL
rhREG3A or vehicle for 24 h, and then harvested for
RNA extraction. Library construction and transcriptome
sequencing were performed by Genedenovo Biotechnol-
ogy Co., Ltd. (Guangzhou, China) on an Illumina HiSeq""
2500 system. After quality control and alignment with
rRNA, the removed rRNA reads of each sample were
mapped to the reference genome using TopHat2 [31].
The gene expression level was normalized using the frag-
ments per kilobase of exon model per million mapped
reads (FPKM). Differentially expressed genes (DEGs)
were identified across groups using the edgeR package
(http://www.rproject.org/). Genes with a fold change >2
and a false discovery rate (FDR)<0.05 in a comparison
were identified as significant DEGs. GO/KO enrichment
analyses were performed as already described. All RNA
sequencing data were deposited in the Gene Expres-
sion Omnibus (GEO) database under accession number
GSE282763.

In silico modeling of REG3A-EGFR complexes

The structures of human REG3A (PDB ID: 1UVO0) and
EGER (PDB ID: 1IMOX) were downloaded from the PDB
database [32, 33]. Two protein structures were prepared
by removing water molecules and heteroatoms and mini-
mizing energy. Docking experiments for REG3A and
EGFR were performed in ClusPro [34—37], which allows
for moderate conformational changes. The program uses
the fast Fourier transform (FFT) correlation method
to sort samples using knowledge-based or statistical
potentials as a scoring function to select the best model
of the complex [38]. The docking solutions were evalu-
ated based on the model scores. The placement of each
residue was deduced from accessibilities and executed
“by hand” in a PyMOL session. The interaction diagrams
were produced with Ligplot+[39] and PDB sum [40]
based on the refined model.

Statistical analysis

Data are presented as the mean + SD. A paired t test, two-
tailed unpaired Student’s t test, or one-way analysis of
variance (ANOVA) followed by Dunnett’s posttest were
conducted to compare the statistical difference among
the different groups. For Kaplan—Meier survival curves,
the log-rank test was used to assess statistical signifi-
cance. P<0.05 indicates significant difference.
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Results

Higher peritumoral but not tumoral REG3A expression
indicates malignant progression and poor prognosis

in patients with PDAC

As shown in Fig. 1A, serum REG3A concentration was
higher in patients with PDAC than in healthy individu-
als, and much higher serum REG3A levels were observed
in patients with high-grade TNM stages of PDAC. In this
present cohort, an elevated serum REG3A level (>15 ng/
mL) has an accuracy of 78.0% and a specificity of 73.3%
for diagnosing PDAC (Fig. 1A. Supplementary Table 1).
The survival outcomes were worse for patients with high
(52.8+16.1 ng/mL) serum REG3A levels than with low
(16.5+ 8.7 ng/mL) serum REG3A levels (Fig. 1B).

The in situ expression of REG3A in a TMA containing
58 primary PDAC and corresponding adjacent pancreatic
tissue specimens (Figure S1A) revealed almost no REG3A
immunostaining in the tumoral areas of the sections.
Instead, most of the immunostaining was evident in the
corresponding adjacent pancreatic tissues, which showed
varying levels of REG3A staining (Fig. 1C, D, S1A). Four
samples in this TMA appeared to show higher REG3A
expression in the tumoral region than in the correspond-
ing normal peritumoral region on this TMA (Fig. 1C,
S1B); however, a reevaluation of the tissue morphology
confirmed strict localization of REG3A expression in the
peritumoral tissues (Figure S1C). More importantly, sur-
vival was shorter in the patients with higher peritumoral
REG3A expression than with low expression (Fig. 1E).
This suggested an association between higher peritu-
moral REG3A expression and poor prognosis in patients
with PDAC but no similar association for tumoral
REG3A expression.

We then analyzed the public transcriptomic data of
patients with PDAC available in the TCGA, GTEx, and
GEO database. In line with the data from our own sam-
ples, the mRNA expression of REG3A was significantly
lower in PDAC tumor tissues from the public data set
than in peritumoral tissues or normal pancreas (Fig. 1F).
In two public data sets (GSE28735 and GSE62452)
containing corresponding peritumoral samples and
complete prognosis data [41, 42], patients with higher
peritumoral REG3A expression also had worse survival
outcomes, while tumoral REG3A expression did not
indicate prognosis (Fig. 1G). Furthermore, to obtain the
role of peritumoral REG3A at a single-cell resolution,
we subsequently collected three single-cell sequencing
data sets, CRA001160, GSE155698, and GSE202051,
from patients with PDAC and one single-cell GSE141017
sequencing data set from K-raslS-G12D/+, Trp53R172H/+;
Pdx-1-Cre (KPC) mice, as REG3A expression could be
identified in some cell cohorts from those data sets. Sim-
ilar to the results obtained from morphological staining
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Fig. 1 Higher peritumoral REG3A expression indicates malignant progression and poor prognosis in patients with PDAC. A The serum
concentration of REG3A in healthy volunteers and patients with different TNM stages of PDAC. B The median value was used as the low and high
cut-offs to define the REG3A-Low (n=28) and REG3A-High (n=32) groups. Kaplan-Meier survival analysis of patients with different serum REG3A
levels. C Representative images of REG3A expression in a tissue microarray (TMA) cohort of PDAC specimens. D The integral optical density (I0D)
analysis of in situ REG3A expression from the TMA PDAC specimens with 54 paired (peritumor vs tumor) samples. E Kaplan-Meier survival analysis
of patients with different peritumoral REG3A expression levels (REG3A-Low, n=32; REG3A-High, n=22) in the TMA cohort. F The expression

of REG3A in tumor tissues compared to peritumoral tissues in patients with PDAC from the TCGA, GTEx, and GEO database. Peritumoral tissue
number vs tumor tissue number: TCGA and GTEx (171 vs 179), GSE71989 (8 vs 14), GSE43795 (5 vs 6), GSE101448 (19 vs 24), GSE62165 (13 vs 118),
GSE28735 (45 vs 45, paired), GSE62452 (69 vs 69, paired), GSE32676 (7 vs 25). *p < 0.05, **p < 0.01, ***p < 0.001, ns=not significant, in different data
sets. G Kaplan—-Meier survival analysis of patients with different tumoral or peritumoral REG3A expression levels from the GSE28735 and GSE62452
data sets. H-P Single cells RNA sequencing analysis using CRA001160 data set. H UMAP representation of different subgroups; the expression levels
of REG3A in each subgroup were plotted onto the UMAP. I Pseudo-time reconstitution of acinar and ductal cells with abnormal gene expression
profiles and malignant ductal cells inferred by slingshot trajectory. J The KO/GO enrichment analysis between REG3A-positive and REG3A-negative
acinar cells. KThe heatmap view of trajectory in the slingshot trajectory. Color key indicates low to high expression levels. L The different cell
clusters of the acinar and ductal cells. (M) The DEGs between REG3A-positive and REG3A-negative acinar cell clusters. N The expression of REG3A
in different patients with PDAC from the CRA001160 cohort. O The up-regulated genes in the malignant ductal cells from the patients with higher
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acinar cell REG3A expression compared to patients with low acinar cell REG3A expression. P The GO/KEGG/Reactome pathway enrichment

of up-regulated genes in (O)

in our TMA cohorts, REG3A was more highly expressed
in acinar cells than in malignant ductal cells or other
types of cells (Fig. 1H, Figure S2A-S2C). We then con-
ducted an in-depth analysis of a data set (CRA001160)
containing large numbers of acinar cells and a pseudo-
time reconstitution of acinar cells and ductal cells with
abnormal (ductal 1) and malignant (ductal 2) gene
expression profiles (Fig. 1H). Along the slingshot trajec-
tory, the expression of malignant markers, was gradually

increased, while the genes that indicates normal acinar
cell function, such as pancreatic enzyme carboxypepti-
dase Al (CPA1), were decreased with the progression
of PDAC (Fig. 2I-M). During this trajectory, REG3A
expression was activated during the acinar-to-ductal
metaplasia (ADM) stage when the cells exhibited more
malignant epithelioid features, while the expression of
REG3A quickly decreased when accompanied by the loss
of acinar cell function genes, such as CPA1 (Fig. 2I-M).
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Fig. 2 REG3A promotes in vitro and in vivo PDAC tumor growth. A The expression of REG3A in human pancreas tissue, rat AR42J cells, and human
SW1990, PANC-1, AsPC-1, and BxPC-3 pancreatic cancer cell lines. B The PANC-1 cells were infected with a REG3A adenovirus overexpression vector
(AdREG3A) or vector alone (AdVec), and expression of REG3A was determined by western blotting. All blots were repeated at least 3 times; tubulin
was used as the internal reference. C At different times after infection, the cell viability of PANC-1 cells was measured. ***p < 0.001 compared

to the Control group, ###p < 0.001 as indicated, n=5. D After infection with 10A9 AdREG3A or AdVec for 1 week, PANC-1 cell colonies were stained
with crystal violet, and the colony numbers were counted. E After infection with 10A9 AdREG3A or AdVec for 48 h, EdU staining was performed

to assess the proliferative ratio in the different groups. F After infection with 10A9 AdREG3A or AdVec for 48 h, cell invasion was measured

by transwell assay. G Photograph of PANC-1 xenograft tumors at 4 weeks after cell injection; The in vivo tumor volume was recorded after PANC-1
cell injection. ***p < 0.001 compared to the Control group, n=5. H The xenograft tumor sections were stained with H&E dye, anti-REG3A, or anti-KI67
antibodies. Scale bar= 200 um, and referred to all panels. 1 The concentration of REG3A in the culture medium 48 h after infection. ***p <0.001
compared to the Control group, ###p < 0.001 as indicated, n=5.J PANC-1 cells infected with 1019 AdREG3A, AdVec, or REG3A sequence lacking
the signal peptide (AdAREG3A) and immunostained with anti-REG3A (red) or anti-Calnexin (green) antibodies; nuclei were stained with DAPI. Scale
bar=50 um, and refers to all panels. K After infection with 10A9 AdREG3A, AdVec, or AJAREG3A for 48 h, the concentration of REG3A in the culture
medium was measured. ***p < 0.001 compared to the Control group, n=6. L-O After infection, the cell viability, colony formation, EdU staining,
invasion of PANC-1 cells were determined, **p <0.01, ***p <0.001 compared to the AdVec group, n=5

Similar results were also found using the GSE141017 acinar cells from the individual patients in CRA001160
data set from KPC mice (Figure S2D-S2I). We sub-  cohort (Fig. 1N), and found that the expression of
sequently identified the expression of REG3A in the genes in ductal epithelial cells that related to malignant



Ren et al. Cell Communication and Signaling (2025) 23:96

progression was enriched in patients with higher REG3A
expression in acinar cells (Fig. 10 and P).

REG3A promotes in vitro and in vivo PDAC tumor growth
As peritumoral REG3A is highly correlated with PDAC
progression, we further investigate the effect of REG3A
on in vitro cultured PDAC cell lines. Figure 2A and S3A
show lower expression of REG3A in SW1990, PANC-1,
AsPC-1, or BxPC-3 pancreatic cancer cell lines than in
pancreas tissue or the rat AR42J amphicrine pancreatic
cell line. However, following adenovirus-mediated over-
expression of REG3A (Fig. 2B, Figure S3B, S4A-S4B),
the cell viability, colony formation, cell proliferation, and
invasion were greater in the REG3A-overexpressing cells
than in vector-treated cells (Fig. 2C-F, Figure S4). The
in vivo subcutaneous xenograft model using PANC-1 or
AsPC-1 cells also showed that adenovirus-mediated over-
expression of REG3A stimulated tumor growth in nude
mice (Fig. 2G, Figure S3G) with a higher proliferative
ratio (Fig. 2H). Pathological analysis and bioinformatic
retrieval suggested that peritumoral REG3A may play
roles in tumor growth through paracrine mechanisms.
We next investigated this possible effect of secreted
REGS3A in vitro. Moreover, the REG3A concentration in
the culture medium was increased by AAREG3A treat-
ment in a dose-dependent manner (Fig. 2I). PANC-1 cells
with overexpressed REG3A were further subjected to
immunofluorescent staining, and REG3A was co-local-
ized with calnexin, an endoplasmic reticulum marker
(Fig. 2J). When the sequence of the signal peptide of
REG3A was removed, the secreted REG3A in the cul-
tured medium was obviously lost (Fig. 2K). As expected,
the AAAREG3A could not stimulate PANC-1 tumor cell
growth in vitro (Fig. 2L-O). These data suggested that
REG3A could acted as a typical secreted protein.

EGFR-MAPK activation is involved in the proliferative effect
of secreted REG3A on PDAC cells

As a secreted protein, we next investigated the effect of
recombinant human REG3A (rhREG3A) on PANC-1
cells. When PANC-1 cells were treated with rhREG3A
protein, the cell viability, colony formation, cell prolif-
eration, and invasion were all enhanced (Fig. 3A-D), as
well as in AsPC-1, BxPC-3, and SW1990 PDAC cell lines
(Figure S3I, S3L-S3M), strongly suggesting that REG3A
promotes tumor growth via a paracrine (PDAC tumor
growth in vivo)/autocrine (REG3A overexpressed pan-
creatic cancer cells in vitro) model. Mechanically, the
transcriptomic data of rhREG3A protein-stimulated
and vehicle-treated PANC-1 cells identified 343 upregu-
lated and 165 downregulated DEGs (Fig. 3E, F). The
upregulated DEGs mainly included genes that related to
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EGFR-MAPK signaling pathways (Fig. 3G), GO/KEGG
enrichment, PPI, and GSEA analysis also indicated the
activation of some oncogenic signaling pathways, includ-
ing the EGF/EGFR and MAPK signaling pathways, by
REG3A stimulation (Fig. 3H-K).

REG3A activates EGFR signaling pathways through direct
binding to the extracellular domain of EGFR

These above results strongly suggested that EGFR activat-
ing could be associated with the effect of REG3A. Further
assessment of the acute effect of thREG3A on signal-
ing pathways in PANC-1 cells using a phospho-kinase
array and a 30 min treatment with rhREG3A resulted in
the activation of the MAPK pro-proliferative pathway,
including the phosphorylation of MEK S217/221, p53
$15, and RSK1 S380, and a weak phosphorylation of ERK
T202/204 and Y185/187 (Fig. 4A).

MAPK signaling is activated by some cytokines, includ-
ing EGF [12], we further found rhREG3A activated phos-
phorylated tyrosine kinase within the molecular weight
range of approximately 150-200 kDa; Conversely, the
expressions of pTYR residues below 100 kDa were rela-
tively unaltered by thREG3A treatment (Fig. 4B). Sub-
sequently, REG3A stimulated the phosphorylation of
EGER (Y1068) and the downstream phosphorylation of
ERK in a time-dependent manner (Fig. 4C). Similar to
the effect of EGF, the natural ligand of EGFR, rhREG3A
also induced endogenous EGFR dimerization (Fig. 4D).
Co-immunoprecipitation and double immunofluorescent
staining showed a co-localization between REG3A and
EGER in exogenous rhREG3A-stimulated PANC-1 cells
(Fig. 4E and F). Further MST assay confirmed a direct
binding of rhREG3A to the extracellular domain (ECD)
of EGER protein in vitro (Fig. 4G). For reference, co-incu-
bation with the EGFR inhibitor cetuximab, the tyrosine
kinase inhibitor afatinib, or the MEK inhibitor PD98059,
effectively suppressed rhREG3A-induced EGFR-ERK
activation (Figure S5, S6).

Therefore, the possible ligand-dependent EGFR acti-
vation by REG3A was verified in CHO cells that did not
express EGFR. Overexpression using an EGFR plasmid
in these CHO cells (Fig. 5A) revealed a time-dependent
activation of the EGFR-ERK pathway due to rhREG3A
expression similar to the effects observed in the PANC-1
pancreatic cancer cell line (Fig. 5B, C). However,
rhREG3A stimulation altered CHO-Vec cells less in com-
parison with CHO-EGER cells (Figure S7). Further in sil-
ico analysis suggested that the region of REG3A required
for EGER binding was identified by unconstrained dock-
ings with ClusPro, which output the top 10 docking
REG3A-EGEFR complexes for model scores. A conclusive
result was retained (cluster center: -672.5, lowest energy:
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Fig. 3 Recombinant REG3A stimulates PANC-1 cell growth via EGFR-MAPK pathways. A-D PANC-1 cells were treated with different concentrations
of recombinant human REG3A (rhREG3A) for different durations and the cell viability, colony formation, EJU staining, and cell invasion were
determined, **p <0.01, ***p<0.001 in 1 ug/mL group, #p <0.05, ##p <0.01, ###p <0.001 in 10 ug/mL group, compared to the vehicle-treated

group, n=5. E PANC-1 cells were treated with 10 ug/mL rhREG3A for 24 h, total RNA was isolated and RNA sequencing was performed. F

Volcano plot showing the upregulated and downregulated genes in PANC-1 cells treated with 10 pg/mL rhREG3A for 24 h. G Heatmap showing
the representative upregulated genes in rhREG3A-treated PANC-1 cells. H GO/KEGG enrichment analysis showing upregulated pathways

in rhREG3A-treated PANC-1 cells. | Protein—protein interaction (PPI) analysis was performed using upregulated genes in the epidermal growth factor
(EGF) pathway. J Gene set enrichment analysis (GSEA) of the upregulated genes in rhREG3A-treated PANC-1 cells. K Representative GSEA curves
in(J)
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Fig. 4 EGFR-MAPK activation is involved in the proliferative effect of REG3A in PDAC cells. A Phosphokinase array analysis of PANC-1 cells serum
starved for 24 h, followed by 10 ug/mL rhREG3A or vehicle treatment for 30 min. Dot blots are shown, with altered dots marked by red frames.

B Phosphorylation of tyrosine kinase and C phosphorylation of EGFR and ERK detected by western blots of PANC-1 cells serum starved for 24 h,
followed by 10 pg/mL rhREG3A treatment for different times. D Dimerization assay performed using the BS3 cross-linker, followed by western blot
analysis using EGFR antibody in PANC-1 cells serum starved for 24 h, followed by 10 ug/mL rhREG3A or 100 ng/mL EGF treatment for 30 min. All
blots were repeated at least 3 times; tubulin was used as an internal reference; the integrated optical density (I0D) of each band in the independent
blot was analyzed (*p <0.05, ***p <0.001, compared to 0-time, n=3). E The PANC-1 cells were treated with vehicle or 10 ug/mL rhREG3A for 1 h,
then the cells were lysed for Co-immunoprecipitation (Co-IP). F Double immunofluorescent staining of REG3A (red) and EGFR (green), in vehicle

or rhREG3A-simulated PANC-1 cells, DAPI (blue) was used to stain nuclei, white marker indicated the co-localization of REG3A and EGFR (yellow),
scale bar=20 um. G The in vitro binding activity of rhREG3A to the extracellular domain of EGFR protein by MST assay

(See figure on next page.)

Fig. 5 REG3A activates EGFR by direct binding to the extracellular domain of EGFR. A CHO cells were transfected with human EGFR or vector
plasmids, and the expression of EGFR was confirmed. B CHO cells transfected with EGFR plasmid (CHO-EGFR) were starved for 24 h, and stimulated
with 10 pg/mL rhREG3A for different times and evaluated for phosphorylation of EGFR and ERK by western blotting. C All blots were repeated

at least 3 times; tubulin was used as an internal reference; the integrated optical density (IOD) of each band in the independent blot was analyzed
(*p<0.05, **p<0.01, ***p<0.001, compared to 0-time, n=3). D Schematic representation of the three-dimensional structure of a predicted
REG3A-EGFR complex (illustrated with PyMOL). Red, full length of human REG3A; Cyan, the extracellular domain of EGFR (PDB ID: 1MOX). E

Ligplot +diagram showing the protein residues that interact between REG3A (chain B) and EGFR (chain A). F Interaction plots for a predicted
REG3A-EGFR complex. Residue colors: Gray, aliphatic (lle, Ala, Leu, Val), blue, alkaline (Arg, Lys), orange (Gly, Pro), violet, aromatic (Tyr, Phe),

yellow (Cys), red (Asp), green (GIn, Ser, Asn, Thr). Plot of H-bonds (blue lines), salt bridges (red lines), and non-bonded contacts (orange tick

marks) between residues on either side of the REG3A-EGFR complex interface. G Schematic representation of the three-dimensional structure

of a predicted EGFR ligand-EGFR complex (illustrated with PyMOL). Red, full length of different human EGFR ligands; Cyan, the extracellular domain
of EGFR (PDB ID: TMOX)
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Fig. 5 (Seelegend on previous page.)

-753.1 kcal/mol), and REG3A was localized in the struc-  was most similar to the classical binding site of EGF com-

tural architecture of the domain I (L1) and III (L2) sites  pare to other reported EGFR ligands (Fig. 5G).

on the extracellular region of EGFR (Fig. 5D-F), which To identify the region of REG3A required for EGFR
binding, we deleted the C-terminal C-type lectin domain
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Fig. 6 REG3A binds to EGFR-ECD region, requiring its C-type lectin domain. A Schematic diagram of full-length (FL), C-terminal deletion (AC),
N-terminal deletion (AN) constructs of Flag-REG3A; FL, extracellular domain (ECD), intracellular domain (ICD) of His-EGFR; signal peptide (SP),
transmembrane (TM), juxtamembrane (JM) regions, kinase domain (KD), C-terminal region (CR). B, C After the CHO cells were co-transfected

with different REG3A/EGFR truncations, anti-His antibody immunoprecipitation (IP: His) was performed. Representative immunoblot of EGFR-His
and REG3A-Flag in IP and in whole-cell lysate (input) is shown. D The in vitro binding activity of rhREG3A to the ECD or the ICD of EGFR protein

by MST assay, n=3. E The in vitro binding activity of rhREG3A to the ECD of EGFR protein in the presence/absence of 10 ng/mL EGF by MST

assay, n=3. F The PANC-1 cells were starved for 24 h, and treated with 10 ng/mL EGF in the present/absent of 10 pg/mL rhREG3A for 5 min,

or different times, the phosphorylation of EGFR and ERK were determined by western blotting. All blots were repeated at least 3 times; tubulin
was used as an internal reference; the integrated optical density (IOD) of each band in the independent blot was analyzed (**p <0.01, ***p <0.001,

as indicated, n=3)

(amino acids 47-172), or the N-terminal region of
REG3A, while the EGFR-ECD and intracellular kinase
domain (ICD) were also constructed (Fig. 6A). After the
CHO cells were co-transfected with different truncated
REG3A and EGFR plasmids, immunoprecipitation data
showed that the deletion of C-type lectin domain obvi-
ously abolished the binding of REG3A to EGFR (Fig. 6B).
In addition, REG3A tends to recognize EGFR-ECD, but
not ICD truncation (Fig. 6C). By using MST assay, we con-
firmed that thREG3A generates specific binding activity
to the ECD of EGFR but not intracellular kinase domain

(ICD, Fig. 6D); this binding activity and down-stream
EGFR-ERK phosphorylation could be competitively inhib-
ited by EGF (Fig. 6E, F), suggesting a direct binding of
REG3A to EGER at the pocket of the EGF-binding site.

Inflammatory signal-stimulated STAT3 activation
contributes to the increased expression of REG3A

in peritumoral acinar cells

To investigate the reasons for the specific up-regulated
expression of REG3A in peritumoral acinar cells in
PDAC, we performed PySCENIC analysis to find the
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Fig. 7 Inflammation-mediated STAT3 activation contributes to the up-regulated REG3A expression in acinar cells. A PySCENIC analysis of activated
transcriptional factors, B The up-regulated mRNAs of transcriptional factors in REG3A-positive acinar cells compared to REG3A-negative acinar

cells in CRA001160 dataset. C The intersection of (A), (B), and the transcriptional factors with binding sites with the promoter region of REG3A
predicted by JASPAR database. D The REG3A expression in Fig. 1L. E The mRNA expression of STAT3 in Fig. 1L. F The representative image of REG3A
and phosphorylated STAT3 expression in the TMA cohort. G The relationship between peritumoral REG3A and phosphorylated STAT3 expression
level in the TMA cohort. H The transcriptional activation of STAT3 prediction by PySCENIC analysis in Fig. 1L. I The transcriptional activation

of STAT3 between REG3A-positive acinar cells and REG3A-negative acinar cells in CRA001160 dataset. J The IL6-JAK-STAT3 pathway activation

of STAT3 prediction by PySCENIC analysis in Fig. 2J. K The relationship between REG3A expression and STAT3 activation in (J). L The intersection

of STAT3-positive and REG3A-positive acinar cells. M The IL6-JAK-STAT3 pathway activation between REG3A-positive acinar cells and REG3A-negative
acinar cells in CRA001160 dataset. N The survival outcomes between different levels of IL6-JAK-STAT3 pathway activation. O The binding sites

of STAT3 in the promoter region of REG3A predicted by JASPAR. P The luciferase reporter gene assay under IL6-stimulation, n=3. Q The AR42J cells
were stimulated with different concentration of IL6 in the presence/absence of 10 uM Stattic for 24 h, the protein was extracted and the expression
levels of phosphorylated STAT3, total STAT3, REG3A, and Tubulin were measured by western blot analysis, all blots were performed at least for three
times. R The AR42J cell lines were stimulated with different concentration of IL6 in the presence/absence of 10 pM Stattic for 24 h, the mRNA level
of REG3A was detected by gPCR assay, ***p <0.001, n=4

activated transcriptional factors in REG3A-positive
acinar cell clusters (Fig. 7A). In combination with up-
regulated transcriptional factors in the mRNA level
(Fig. 7B) and the possible binding to the promoter
region of REG3A genes, we found STAT3 was highly
related to the up-regulation of REG3A (Fig. 7C). Using

CRA001160 scRNA-seq dataset, we confirmed the
higher expression of STAT3 mRNA in REG3A-positive
acinar cells compared to REG3A-negative acinar cells
(Fig. 7D, E). Immunostaining in the TMA cohort also
revealed a significant positive-correlation between
REG3A expression and nucleic phosphorylated STAT3
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ratio in the peritumoral region of PDAC (Fig. 7F
G). Furthermore, STAT3 activation (Fig. 7H, I) and
IL6-JAK-STAT3 pathway enrichment (Fig. 7J) both
confirmed this speculation: activated STAT3 may con-
tribute to the up-regulated transcription of REG3A
in acinar cells. The IL6-JAK-STAT3 pathway activa-
tion was further confirmed in the likelihood analysis
between STAT3- and REG3A-positive clusters (Fig. 7L,
M). Mapping this IL6-JAK-STAT3 pathway to the
bulk RNAseq datasets GSE28735 and GSE62452, the
higher activation of IL6-JAK-STAT3 pathway signifi-
cantly indicated poorer prognosis (Fig. 7N). In vitro
luciferase reporter gene assay further confirmed the
direct transcriptional activation of STAT3 on REG3A
(Fig. 70, P). In vitro IL6 dose-dependently stimulated
STAT3 phosphorylation and increased REG3A expres-
sion; while STAT3 inhibitor, Stattic abolished IL6-
induced STAT3 phosphorylation and further REG3A
mRNA transcription (Fig. 7Q, R, S9).
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REG3A specifically expresses in peritumoral acinar cells
that were spatially close to the malignant PDAC cells

to activate EGFR-MAPK signal

As REG3A expression was higher in the peritumoral
region than in the tumoral region of PDAC tissue, we
further investigated the detailed localization of REG3A-
positive cells in the paraffin sections from surgically
removed PDAC tissues. The morphological data brings
strong visual impact: REG3A expression was strictly
restricted to the normal acini or acinar-to-ductal meta-
plasia (ADM) region, but was almost negative in CK7-
positive ductal adenocarcinoma cells; noticeably, there
were fewer KI67-positive nuclei in the REG3A-positive
acinar region compared to the adjacent CK7-positive
ductal region (Fig. 8A, Figure S10). Further more, analy-
sis of one sample with regional REG3A expression from
the publicly available GSE111672 spatial transcriptome
data set [21] allowed us to identify pancreatic exocrine,
ductal epithelial, and tumor regions and to assign oth-
ers as the stroma region (Figure S11). PRSS1 and FXYD3

Fig. 8 Peritumoral acinar cell secreted REG3A activates EGFR-MAPK signal in PDAC. A The HE staining and immunohistochemical staining using
REG3A, CK7, and KI67 antibodies in a same PDAC tissue with different magnifications. B Pathway enrichment in patients with high expression

of REG3A in CRA001160 dataset. C Immunohistochemical staining of pERK and pEGFR in patients with different expression of REG3A (left)

and vector or REG3A transfected PANC1 xenografts in nude mice (right). E Cell communications between different cell clusters in REG3AMW

and REG3AM9" patients in CRA001160 dataset. F Graphic abstract. Inflammatory signals-stimulated STAT3 activation contributes to the increased
REG3A expression in acinar cells, which then the secreted REG3A stimulates the growth of PDAC cell by activating EGFR signal directly
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were used as markers of the exocrine and tumor regions,
respectively (Figure S5B). We observed markedly higher
expression of REG3A in the pancreatic exocrine region
than in the other regions (Figure S11C). The epithelial
cells with lower REG3A expression levels were also spa-
tially localized close to the tumor tissues and had sig-
nificantly higher CN'Vs than the cells with higher REG3A
expression (Figure S11D). The expression of REG3A was
also negatively correlated with malignant gene expres-
sion in epithelial cells (Figure S11E), suggesting that the
expression patterns of REG3A could be associated with
the malignant progression of ductal cells. In scRNA
sequencing data (CRA001160), REG3AM™" patients also
possess higher EGF activation rate in malignant ductal
cells (Fig. 8B), as well as enhanced expression of pERK
and pEGER levels were found in patients with REG3AHig"
PDAC (Fig. 8C), or in AAREG3A-PANC-1 xenografts
(Fig. 8D) by immunohistochemical staining. Cell com-
munication analysis further confirmed obvious differ-
ence in EGF signaling pathway between REG3AM#" and
REG3A'Y patients (Fig. 8E). These data together sug-
gested that inflammatory signals-stimulated STAT3 acti-
vation contributes to the increased REG3A expression
in acinar cells, which then the secreted REG3A stimu-
lates EGFR-MAPK activation, and promotes PDAC cell
growth (Fig. 8F).

Discussion

The proliferation-promoting effect of REG3A is com-
monly found in multiple cell types; for example, a cul-
tured rat insulinoma cell line INS-1 cells in our previous
study [6], human epidermal keratinocytes [10], and mul-
tiple cancer cell lines [43, 44]. Zhang et al. found that
exogenous REG3A treatment induced ADM by activat-
ing classical mitogen-activated protein kinase (MAPK)
signaling pathway, indicating a paracrine effect of REG3A
in PDAC [7]. Thus, the direct effect of secreted REG3A
as an onco-promoting paracrine factor in PDAC cells
should be evaluated. Rosty et al. reported that only 1
(5%) of 19 pancreatic cancer cell lines expressed REG3A
transcripts [45]. Our overexpression of REG3A in sev-
eral PDAC cell lines revealed that only REG3A secreted
into the medium could stimulate cell growth, and this
was confirmed by the direct addition of recombinant
REG3A protein. Together with previous overexpression
or recombinant studies on pancreatic and other cancers,
these data support the stimulation of PDAC cell growth,
both in vitro and in vivo, by secreted REG3A.

However, although the involvement of several mol-
ecules has been reported in the elicitation of REG3A-
related signals, the signaling pathway still remains
controversial [46]. The potential receptors or REG3A-
related molecules have been the focus of research on
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REG3A-related molecules in recent years. The use of
protein-interaction technology has identified some pro-
teins, such as EXTL3 [10] or fibronectin 1 [43], as pos-
sible functional REG3A receptors. EXTL3 is the most
commonly mentioned molecule [3], but its action does
not fully explain REG3A-related signals for at least two
reasons: 1) As a secretory protein, REG3A most likely
functions through classical ligand—receptor transmem-
brane signal transduction, especially in PDAC cells,
according to our present data. However, EXTL3 mainly
functions as a glycosyltransferase in heparin and heparan
sulfate synthesis occurring in the endoplasmic reticulum
or Golgi apparatus [11]; therefore, a function as a trans-
membrane receptor lacks evidence. Recently, Moniaux
et al,, reported that the interaction between REG3A and
EXTL3 does not influence the glycosyltransferase activ-
ity of EXTL3 [47], offer further corroboration for the
hypothesis that EXTL3/heparan sulfate may not serve
as the primary mediator of REG3A’s biological effects,
especially in its proliferative capacity on tumor cells. 2)
Protein—protein-interaction assays, such as co-immuno-
precipitation assays, can recognize direct receptors, but
they can also interact with multiple intracellular recep-
tors during the synthesis and modification of a protein
in the endoplasmic reticulum or Golgi apparatus. One
possible explanation is that REG3A may affect interact-
ing proteins, such as EXTL3 or fibronectin 1, to regulate
some biological process involved in the production of
intracellular or extracellular matrix (ECM), which would
be biological effects that are distinct from transmem-
brane signal transduction. However, more evidence is
needed.

Including REG3A, target identification currently rep-
resents a significant bottleneck in biological research.
Recently, advancements in technologies such as single-
cell RNA sequencing and other multi-omics approaches
have afforded us the opportunity to investigate the poten-
tial interactions between REG3A and other proteins. In
the present study, our use of RNA sequencing in recom-
binant REG3A-treated PDAC cells enriched only prolif-
erative signals, whereas multiple MAPKs were activated
by recombinant REG3A stimulation by using a phos-
phorylation array, suggesting an acute effect. The prolif-
eration-promoting and anti-apoptotic effects of REG3A
are widely accepted, and many recent studies support
the activation of some signal pathways, such as MAPK
[7] or JAK-STAT [8], by REG3A. Therefore, we view the
possible activation of some transmembrane receptors,
such as receptor tyrosine kinase family members, as
one of the more likely explanations for REG3A effects.
Some potential transmembrane receptors of REG3A
have been reported. Pharmacological inhibition methods
have identified glycoprotein 130 (gp130) as a co-receptor
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that regulates REG3A-stimulated JAK-STAT signaling in
PDAC cells [8, 9]. An immunoprecipitation study by Liu
et al. indicated that REG3A activated JAK-STAT signal-
ing in the SW1900 PDAC cell line, possibly by interacting
with EGFR [48]. Although Zhang et al. found no interac-
tion between gp130/EGFR and REG3b, a mouse homolog
of human REG3A, in acinar cell lines [7], considering the
importance of EGER in the progression of PDAC and the
developed EGFR-targeted therapy, for example, using
of tyrosine kinase inhibitors (TKIs) in the treatment of
unresectable PDAC [12], we evaluated this possibility
by examining whether the MAPKs activated in PDAC
cells by REG3A required direct activation of EGFR by
using EGFR inhibitor cetuximab, tyrosine kinase inhibi-
tor afatinib, and MEK inhibitor PD98059. Although these
pharmacological inhibitions did not conclusively dem-
onstrate that REG3A-stimulated tumor growth was spe-
cifically mediated through EGFR activation, combined
with other data, it suggested that secreted REG3A pos-
sibly acts as a novel ligand of EGER to activate the down-
stream signals responsible for its proliferation-promoting
effects.

In addition to the natural ligand EGEF, seven different
growth factors—high-affinity ligand EGE, transforming
growth factor alpha (TGF-a), betacellulin (BTC), and
heparin binding EGF-like growth factor (HB-EGF); low-
affinity ligands are epiregulin (EREG), epigen (EPGN),
and amphiregulin (AREG)—have been identified as
EGEFR ligands, and each displays qualitatively and quan-
titatively different downstream signals [49]. Wang et al.
also reported that angiogenin/ribonuclease 5 could act as
an EGFR ligand in PDAC [49]. Noticeably, some c-type
lectins were found to have affinities with EGFR [50, 51].
As REG3A also belongs to the c-type lectin family [52],
our exploration of the specificity of this REG3A-EGFR
reaction showed that REG3A induced a dimerization
of EGFR similar to that induced by its natural ligand,
EGF. Furthermore, in CHO cells that did not express
endogenous EGFR [53], REG3A still activated EGFR-
MAPK signaling after transfecting the CHO cells with
human EGFR, but this effect was not observed in CHO
cells transfected with vector control. In silico docking
and further in vitro verification experiments suggested
that REG3A may bind to sites on the I (L1) and IIT (L2)
domains on the extracellular region of EGFR in a simi-
lar manner to that of classical binding by EGF, thereby
promoting the dimerization of this important RTK in
cells. Paracrine interactions play crucial roles in the pro-
gression of malignant tumors, and they rely on cell com-
munication networks [54]. Expression of many genes,
including REG3A, could be altered in the non-neoplastic
parenchyma adjacent to infiltrating PDAC [55], as indi-
cated by the strong expression of some important cancer
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markers, such as feto-acinar pancreatic protein (FAP), in
the peritumoral acinar area but a lack of expression in
tumors and normal organs [56]. More data from crystal-
lography and molecular biology are still needed to estab-
lish the ligand-receptor relationship between REG3A
and RTKs; however, this paracrine effect that leads to
increased expression and secretion of REG3A in peritu-
moral acinar cells and promotion of PDAC progression
through direct EGFR activation appears to provide a rea-
sonable explanation for REG3A effects.

In addition, REG3A is a secretory protein, and recent
studies have proposed using the serum REG3A level as
a biomarker for the diagnosis of PDAC [9, 57-59]. The
aim of the present study was originally to evaluate the
level of serum REG3A in patients with PDAC. In accord-
ance with previous studies, higher REG3A levels were
detected in the serum from patients with PDAC, and
were associated with poor prognosis. Interestingly, in the
corresponding pathological sections, the expression of
REG3A was essentially negative in tumor cells and was
mainly detected in the peritumoral acinar cells. Some
earlier studies demonstrated increased REG3A expres-
sion in PDAC tissues, as with most oncogenes [60, 61].
However, recent studies indicated that REG3A is mainly
expressed in inflamed acinar cells [7, 9, 45]. Considering
the important role of REG3A in pancreatitis, convinc-
ing evidence exists to establish a paracrine effect model
involving REG3A secretion from peritumoral acinar cells
in PDAC. Further exploration of the underlying mecha-
nism will be valuable.

In the present study, we revealed that REG3A mainly
expressed in peritumoral acinar cells, especially in those
acinar cells that were spatially close to malignant tumor
cells, but REG3A expression was almost negative in PDAC
tumor cells by a series of high-quality immunostaining,
tissue microarray evaluation, and bioinformatic analysis
of datasets from different database including scRNA-seq
and spatial transcriptomic analysis. We also identified
the STAT3, a down-stream inflammatory activation tran-
scriptional factor, may contributes to the up-regulated
expression of REG3A in the peritumoral acinar cells. Our
findings were in line with some previous studies [7, 9].

Zhang et al. suggested that in situ expression of REG3A
in acinar cells was involved in the acinar-to-ductal meta-
plasia (ADM) process [7]. The relationship between ADM
and the progression of PDAC has been well documented,
as the process of ADM is associated with the loss of the
exocrine function of the acinar cells, which transform
into duct-like structures that no longer express acinar
markers, such as carboxypeptidase Al (CPA1), amylase,
and elastase [62]. This transformation is a highly prob-
able explanation for the negative expression of REG3A in
PDAC tumor cells, as REG3A expression, like other acinar
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markers, is lost in malignant transformed cells. Bioinfor-
matic analysis using scRNA-seq data sets from patients
with PDAC or KPC mice also showed a perfect pseudo-
time trajectory analysis result, supporting the idea that
normal acinar cells could transition into malignant acinar
cells with higher CNV, and then to ductal cells. Along this
trajectory, REG3A presented a trend indicating an early
increase and a later decrease, while the acinar markers,
such as CPA1, decreased, and malignant ductal markers,
such as CDK4, increased. Therefore, we also agree with
the opinion that the expression of REG3A is a hallmark
event in this malignant transformation: PanIN arises from
acinar cells undergoing ADM and then progresses to inva-
sive PDAC. Further studies using genetic editing in the
KPC mouse model, including REG3A knock-in, knock-
out, or lineage tracing lines, would be valuable for a com-
prehensive assessment of the biological roles of REG3A in
the progression of PDAC.

Conclusions

Therefore, our study provided strong evidence for the
hypothesis: Increased expression of REG3A in peritu-
moral acinar cells acts as a specific pathological event
to indicate PDAC progression; The acinar cell-secreted
REG3A may stimulate the growth of PDAC cells by
directly binding to EGFR and activating the down-stream
MAPK signals. The findings presented here could have
important clinical implications if REG3A can serve
as a serum and pathological marker in the diagnosis of
PDAC, or if treatments involving REG3A or EGFR-TKIs
can improve targeted therapy for PDAC.
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