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Pancreatic ductal adenocarcinoma (PDAC) is marked by molecular hetero-
geneity and poor prognosis. Among the stemness-related transcription fac-
tors, Spalt-like Transcription Factor 4 (SALL4) is correlated with
unfavorable outcomes; however, its roles in PDAC remain unclear. SAL-
L4MeM expression defines a PDAC subpopulation characterized by a short-
ened patient survival. Although SALL4 expression was mostly evaluated in
tumor cells, our findings identify this embryonic transcription factor as a
new biomarker in PDAC-derived stroma. Gene expression analysis reveals
that the SALL4"E" PDAC subset is enriched in cancer stem cell properties
and stromal enrichment pathways; notably, an interaction with cancer-
associated fibroblasts (CAF) activated by TGF-. A particular oncogenic
network was unraveled where Netrin-1 and TGF-p1 collaborate to induce
SALIL4 expression in CAF and drive their cancer-stemness-promoting func-
tions. A 7-gene stromal signature related to SALL4™ME" PDAC samples was
highlighted and validated by immunochemistry for prognosis and clinical
application. This SALL4-related stroma discriminated pancreatic preinva-
sive from invasive lesions and was enriched in short-term survivors. Our
results show that SALL4 transcriptional activity controls a molecular net-
work defined by a specific stromal signature that characterizes PDAC inva-
siveness and worse clinical outcomes.

Abbreviations

CAF, cancer-associated fibroblasts; Cl, confidence intervals; CSC, cancer stem cells; ECM, extracellular matrix; EMT, epithelial-to-
mesenchymal transition; FAP, fibroblast activation protein; FFPE, formalin-fixed and paraffin-embedded; ICGC, International Cancer Genome
Consortium; MMP, metalloproteinases; mRNA, messenger RNA; OS, overall survival; PanIN, pancreatic intraepithelial neoplasia; PDAC,
pancreatic ductal adenocarcinoma; RFS, relapse-free survival, SALL4, Spalt-like Transcription Factor 4; scRNA-seq, single-cell RNA-
sequencing; TCGA, The Cancer Genome Atlas; TGF-g, transforming growth factor f; aSMA, alpha-smooth muscle actin.
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) has the
poorest prognosis among digestive malignancies and is
expected to become the second leading cause of cancer
death in 2030 [1]. Characterization of recurrent genetic
alterations and gene expression studies have identified
few molecular or genomic elements allowing prognos-
tic risk stratification or the development of targeted
therapies [2-5]. Moreover, current pathological or
molecular classifications are discordant and not
applied in routine clinical practice. Indeed, PDAC is
marked by a high level of molecular and cellular
heterogeneity. Cancer stem cells (CSC) may sustain the
occurrence of tumor heterogeneity and have the
unique ability to self-renew and differentiate into
heterogeneous tumor cell lineages [6]. The stem-like
characteristics of CSC are due to the dysregulation of
stemness signaling pathways, such as Notch, Hedge-
hog, Wnt, transforming growth factor p (TGF-p), and
pluripotent transcription factor (e.g., NANOG, SOX2,
OCT4, KLF4) pathways [7]. However, none of these
molecules has yet been introduced in clinical practice
as a potential therapeutic target or to predict the risk
of death. Notwithstanding, CSC possesses a high
tumorigenic ability and similar characteristics to cells
that have undergone epithelial-to-mesenchymal transi-
tion (EMT), allowing CSC to contribute to the meta-
static properties of invasive cancers [§].

Spalt-like Transcription Factor 4 (SALL4) plays
an essential role in maintaining the pluripotency and
self-renewal functions of embryonic and hematopoi-
etic stem cells, through interactions with SOX2,
OCT4, KLF4, and MYC [9-12]. SALL4 is a member
of the Spalt-like (SALL) gene family, encodes for a
C2H2 zinc finger transcription factor, and enables
the transcription of two isoforms according to alter-
native splicing (SALL4A and SALL4B). Of note,
both SALL4 isoforms are co-expressed when SALL4
is transcriptionally upregulated [13]. During natural
development, its expression gradually decreases with
tissue differentiation. SALL4 is an oncogenic protein
reported as re-expressed in various solid cancers such
as breast cancers, endometrial cancers, lung cancers,
esophageal squamous cell carcinoma, liver cancers,
and glioma [13-15]. The functional roles of SALL4
during oncogenesis are still controversial. SALL4 is
an unfavorable predictor of survival expectancy, drug
resistance, and metastasis in many cancer subsets
[15,16]. SALL4 activates Wnt/p-catenin and TGF-/
SMAD signaling pathways, uncovering a mechanism
underlying EMT in esophageal squamous cell carci-
noma and gastric cancer [17,18]. A SALL4
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expression is highlighted in PDAC cell lines [19], but
the role of this protein in human PDAC and the
molecular network leading to SALL4 upregulation
remain unclear.

In this study, we assessed the prognostic value of
SALL4 in human PDAC. In order to characterize the
SALL4 overexpressing tumors, we aimed to identify,
using in silico analyses, the molecular pathways related
to SALL4 prognostic value. We established that
SALL4 correlated with PDAC stemness properties
and the presence of cancer-associated fibroblasts
(CAF) activated by TGF-p. We next unraveled that
SALL4 oncogenic functions in PDAC were potentially
mediated by its expression in CAF. The control of
SALL4 expression in fibroblasts by TGF-p1 and
Netrin-1 was reconstituted in vitro. Then, we investi-
gated a SALL4-related stromal signature and vali-
dated specific markers by immunohistochemistry in
patient samples for a clinical application. Finally, our
results identified a molecular network controlling
SALL4 expression in PDAC-associated CAF and cor-
related with cancer stemness properties and worse clin-
ical outcomes.

2. Materials and methods

2.1. Patients

Patients with histologically confirmed PDAC, who
underwent complete surgical resection at the Univer-
sity Hospital of Besancon between January 2000 and
December 2017, were included in a prospective
cohort. The database was registered and declared to
the National French Commission for bioinformatics
data and patient liberty (CNIL; No. of CNIL decla-
ration: 1906173 v 0). The study methodologies con-
formed to the standards set by the Declaration of
Helsinki. A general informed consent was signed by
all patients with cancer at the time of their first visit
to the Department of Medical Oncology. The experi-
ments were undertaken with the understanding and
written consent of each subject. Samples were pro-
vided by the regional tumor bank of Franche-Comté
(University Hospital of Besancon, France; registration
number BB-0033-00024). The project was approved
by the scientific board of the biobank (#F1860-PAC-
MA).

2.1.1. Sample selection and tissue microarray
manufacturing

All samples were provided by the regional tumor bank
of the Franche-Comté. For each patient, the most
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appropriate Formalin-Fixed and Paraffin-Embedded
(FFPE) sample was chosen from the corresponding
hematoxylin—eosin slide. A tissue microarray was con-
structed from 1 mm tissue cores obtained from FFPE
tumor specimens. To evaluate tumor heterogeneity,
three spots (1 mm diameter) were punched out per
patient by selecting stromal areas including cancer
cells, representative of the entire block, avoiding mus-
cle, normal pancreatic tissue, and blood vessels.

Thirty-four PDAC samples from short-term survivors
(relapse-free survival [RFS] < 5 months, n = 17) and
long-term survivors (RFS > 80 months, n = 17) were
selected for immunohistochemistry evaluation. For 11
patients from each category, an RNA analysis was per-
formed with the Nanostring assay. Fourteen patients
with both pancreatic intraepithelial neoplasia (PanIN)
and PDAC were selected to perform PTK7 and SER-
PINH1 immunohistochemistry on whole slides.

2.1.2. Immunohistochemistry

For each sample, serial 4-pm-thick tissue sections were
cut from FFPE blocks and placed on positively
charged slides. Immunostaining was performed on the
Ventana Benchmark ULTRA automated slide stainer
(Ventana Medical Systems, Tucson, AZ, USA). Sec-
tions were deparaffinized with xylene and rehydrated
with graded series of alcohol. Antigen retrieval was
carried out by incubating slides for 60 min in CCl1
buffer (pH = 8.4). Sections were then incubated for
32 min with the primary antibodies targeting PTK7,
SERPINHI1, LRRC15, SMA, FAP, and CD3
(Table S1). The chromogenic stainings were visualized
using the Ventana Ultraview DAB Detection System
(Ventana Medical Systems, Tucson, AZ, USA). The
slides were counterstained with hematoxylin.

2.1.3. Pathological analyses

Each slide was digitized after manual optimization
with NanoZoomer 2.0 HT digital slide scanner (Hama-
matsu®, Hamamatsu City, Japan) to generate a whole
slide image (WSI) file in ndpi format. Analysis of the
immunohistochemical staining was interpreted with
QUPATH software (v0.2.3) [20] by automatic surface
detection expressed in percentage of tissue stained for
SERPINHI1, LRRC15, aSMA, and FAP antibodies.
Positive cells were taken into account to evaluate the
cell densities (cellss-mm™>) of CD3+. Due to the expres-
sion of PTK7 antibody in both tumor and stroma
cells, we used a semi-quantitative visual scale to quan-
tify PTK7 in the stroma (0, 1+, 2+, 3+). In case of
discrepancies, two pathologists reviewed the slides

A. Vienot et al.

together and reached a consensus. The mean of the
spots for each patient was calculated.

2.1.4. Nanostring

RNA was isolated from FFPE tumor samples of 22
PDAC patients. A morphological control on the corre-
sponding HES slides was carried out to delimit the stro-
mal cell-rich tumor area. Macrodissections were then
realized to maximize the ratio of the stromal cells.
Immediately, FFPE slides were deparaffinized. Briefly,
1 mL of xylene was applied for 5 min at room tempera-
ture and then centrifuged at 20 000 g for 5 min. The
xylene was removed and 1 mL of absolute ethanol was
applied. A new centrifugation step was performed to
remove ethanol before total RNA extraction using the
RNeasy Mini Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The RNA purity and
quantity were assessed on the 2100 Bioanalyzer Instru-
ment (Agilent, Santa Clara, CA, USA). For the Nanos-
tring assay, 100 ng of RNA was used for gene
expression profiling using nCounter Metabolic Path-
ways panel and nCounter Fibrosis panel along with a
custom CodeSet according to the manufacturer’s
instructions (NanoString Technologies, Seattle, WA,
USA). Counts of the reporter probes were tabulated for
each sample by the nCounter Digital Analyzer and raw
data output was imported into NSOLVER version 4.0
(http://www.nanostring.com/products/nSolver).  NSOL-
VER (advanced analysis 2.0) data analysis package was
used for normalization, cell type analysis, and differen-
tial gene expression.

2.1.5. RNAscope

RNAscope is a recent RNA in situ hybridization (ISH)
method for FFPE tissues, which represents a robust
alternative to immunohistochemical techniques in case
of the absence of reliable antibodies.

As previously described [21], three micrometre tissue
sections were used for RNA ISH. In situ detection of
SALLA4 transcripts was performed with RNAscope 2.5
Assay for Ventana Discovery Ultra system (Advanced
Cell Diagnostics, Hayward, CA, USA) using RNA-
scope 2.5 vs Reagent kit—RED (ACD #310036). After
deparaffinization (ACD #323742) and cell conditioning
with Universal Target Retrieval V2 (ACD #323741)
slides were maintained at 97 °C for 40 min and treated
with protease (RNAscope 2.5 vs mRNA pretreat 3-
Protease, #322218) at 37 °C for 16 min. SALL4 probes
(RNAscope 2.5 vs probe Hs- SALL4, ACD Bio,
#505709) were hybridized for 2 h (hardcoded) at
43 °C. To ensure results interpretability, a positive
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control probe (RNAscope 2.5 vs PPIB #313909) and a
negative control probe (RNAscope 2.5 vs DapB
#312039) were used.

SALL4 RNA expression was quantified according to
the methodology provided by Advanced Cell Diagnos-
tics. Using QuPATH [20], we evaluated the percentage of
CAF within each bin characterized by a number of dots:
negative = no staining or < 1 dot/10 cells; positive = > 1
dot/cell. The evaluation was carried out for each case on

two representative areas of 1 mm?.

2.2. In vitro experiments

2.2.1. Cell lines

MRCS5 human lung fibroblast cells (RRID:CVCL_0440)
were purchased from RD Biotech (Besancon, France).
Col0320 colon cancer cells (RRID:CVCL_1989) were
purchased from ATCC (American Type Culture Collec-
tion, Manassas, VA, USA). MRC5 and Colo320 cell
lines were cultured in Roswell Park Memorial Institute
medium (RPMI 1640) supplemented with 10% of heat
inactivated fetal calf serum and 1% penicillin plus strep-
tomycin (Gibco, Illkirch, France). Panc-1 pancreatic
cancer cells (RRID:CVCL_0480) were kindly provided
by IGBMC (Institute of Genetics and of Molecular and
Cellular Biology, Illkirch, France). BPC8 cell lines were
generated in our laboratory from ascites of patients with
pancreatic ductal adenocarcinoma. Panc-1 and BPC8
were cultured in Dulbecco’s Modified Eagle Medium
(DMEM; Gibco) supplemented with 10% of heat-
inactivated fetal calf serum and 1% penicillin plus strep-
tomycin (Gibco). Cells were cultured at 37 °C in a
humidified atmosphere of 5% CO, in air. All cells were
periodically authenticated by morphologic inspection.
All cell lines were routinely tested for Mycoplasma by
PCR.

2.2.2. Cell transduction and treatments

The lentiviral particles were produced from a HEK293
packaging cell line that had been co-transfected with
human SALL4 (NM_020436) expressing pLVX-IRES-
zsGreen plasmid from GeneCust (Boynes, France),
pMD.G and Pax2. Forty-eight hours after transfection,
the viral supernatant was collected and stored at
—80 °C. MRCS5 cell line was transduced with the viral
supernatant. For TGF-p1 treatment, MRCS5 were incu-
bated with 10 ng-mL~' TGF-pl (100-21C; Peprotech,
Cranbury, NJ, USA) for 48 h before treatment with
50 ng-mL~" Netrin-1 (6419-N1; R&D Systems, Min-
neapolis, MN, USA) for 4 days. MRC5 were used
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between passages 23-28 for all experiments: western
blotting, colony formation assay, spheroid culture, and
RT-qPCR.

2.2.3. Western blotting

Cellular proteins were separated by electrophoresis
(SDS/PAGE) in a polyacrylamide gel in presence of
sodium dodecylsulfate (SDS) according to their molec-
ular weight, then transferred to a polyvinylidene diflu-
oride film (PVDF) for staining by a specific antibody.
Antibodies used were mouse anti-human SALL4 (1/
100) (sc-101 147; Santa Cruz, Heidelberg, Germany),
and mouse anti-actin (1/1 000 000) (A5441; Sigma,
Darmstadt, Germany).

Blotted proteins were detected and quantified on a
bioluminescence imager and Bio-1D advanced software
(Vilber-Lourmat, Collégien, France) after blots were
incubated with horseradish peroxidase—conjugated
appropriate secondary antibody.

2.2.4. Colony formation assay

The effect of SALL4 expression on colony formation in
vitro was evaluated by soft agar colony formation assay.
Eight thousand cells of BPC8 or Colo320 + 16 000
MRC5™ and MRC55AM per well were seeded in
500 pL of 0.5% agarose medium in a 24-well plate. Cells
were incubated at 37 °C, 5% CO,. Photos were taken
and colony number was counted after 10 days of culture.

2.2.5. Generation of 3D pancreatic spheroid and cell
isolation

For the generation of 3D spheroids, pancreatic tumor
cells were seeded on a round-bottomed 96-well plate
with ultralow attachment coating (174925; Thermo-
Fisher, Illkirch, France) in RPMI medium at a density
of 4000 cells per well for Panc-1 in a volume of
100 pL and with a ratio of 1 : 2 for pancreatic cells:
MRCS5 heterospheroids. Panc-1 spheroids were seeded
with 3 pgmL™" of collagen I (A1048301; Thermo-
Fisher). After 7/10 days of incubation at 37 °C in a
humidified 5% CO, atmosphere, spheroids were pro-
cessed for other experiments. The size of the spheroids
was monitored three times per week with image pro-
cessing (http://imagej.1557.x6.nabble.com/A-macro-
for-automated-spheroid-size-analysis-td5009205.html).
For the preparation of cell suspensions, spheroid cells
were collected after 10 days of culture and separated by
trypsin digestion. Next, cells were passed through a 70-p
m nylon cell strainer and resuspended in flow cytometry
buffer (PBS, 2% FBS with 2 mm EDTA). Cells were
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separated using magnetic microbeads for APC and an
APC-EPCAM staining (APC MicroBeads; Miltenyi,
Bergisch Gladbach, Germany). Tumor cells corre-
sponded to EPCAM positive fraction, and fibroblast
population corresponded to the negative fraction. Try-
pan blue was used to distinguish viable cells before
staining, then cells were used for flow cytometry analy-
sis. After separating tumor cells to fibroblast, each pop-
ulation was used to RT-qPCR, flow cytometry,
immunofluorescence, and immunohistochemistry.

2.2.6. RNA isolation, reverse transcription, and real-
time quantification

Total RNA was isolated using RNeasy Mini Kit (Qia-
gen). Reverse transcription was performed with High-
Capacity RNA-to-cDNA Reverse Transcription Kit
according to the manufacturer’s instructions (Applied
Biosystems, Foster City, California, USA). Quantitative
PCR (qPCR) was performed using gene-specific Taq-
Man probes (SALL4 [Hs04935855_gl] for transfected
cells and [Hs05386497 gl] for other cells, SOX2
[Hs00602736_gl1], OCT3/4 (POUS5FI1) [Hs04195369_
sl], NANOG [Hs02387400_s1], SOX11 [ Hs00846583_
sl], MEIS3 [Hs00908777_ml], and UNC5B
[Hs00900710_ml]; ThermoFisher Scientific) and Tag-
Man Universal Master Mix II (Applied Biosystems),
following the manufacturer’s instructions. Gene expres-
sion was normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Samples were realized in
duplicate. Relative expression for the mRNA transcripts
was calculated using the 2724 method.

2.3. Bioinformatic databases

The publicly available datasets (open data source) of
pancreatic cancer including at least 145 samples of
localized adenocarcinoma with transcriptomic (mi-
croarray or RNA-sequencing), clinical, and survival
data were selected. Samples with a metastatic stage or
non-pancreatic tumor (cell lines, normal tissue, or
other localizations) were excluded.

The development cohort was downloaded from the
ICGC (International Cancer Genome Consortium) data
portal (dcc.icgc.org, release 26), containing microarray
gene expression of 259 treatment-naive resected PDAC
[2]. The Cancer Genome Atlas (TCGA) project (RNA-
sequencing: TCGA_PAAD [22]) by the Broad Institute
platform (https://gdac.broadinstitute.org, release
20160128, already normalized, level 3) and the National
Center for Biotechnology Information Gene Expression
Omnibus (NCBI GEO) repository (microarray:
GSE85916 [5]), were chosen for validation cohorts.
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The transcriptomic data resulted from different tech-
nologies (Illumina and Affymetrix) and were summa-
rized in Table S2. For downstream analyses, we
downloaded previously normalized, by quantile
method for the ICGC and robust multi-array average
for the GSE85916.

2.3.1. Mutational profile

The somatic mutations detected in 224 samples were
downloaded from the ICGC project. The mutation
dataset for 78 SALL4 positive samples and 146
SALL4 negative samples was available. The r package
“MAFTOOLS” was used for mutation spectrum visualiza-
tion [23].

2.3.2. Gene expression analysis

In each cohort of microarray data, a single probe ana-
lyzed the SALL4 expression and detected its two iso-
forms (SALL4A and SALL4B) (Table S3). For genes
with several probes, the expression was evaluated from
the mean of duplicate probes.

SALL4 expression was correlated (Pearson correla-
tion) to the expression of each gene. The resulting P-
values were adjusted for multiple testing using the
approach of Benjamini and Hochberg. The cut-offs
were adjusted P-value < 0.05 and correlation coeffi-
cient > 0.4 for the ICGC and TCGA cohorts, and
> 0.3 for the GSE85916. The intersected genes
between these three cohorts were kept to identify the
most relevant genes and define the SALL4 signature.
The scaled expression of each relevant gene was used
for clustering and heatmap visualization, using the R
package “PHEATMAP”.

2.3.3. Pathway analysis

To investigate the association between SALL4 expres-
sion and stemness phenotype, we used the Kyoto
Encyclopedia of Genes and Genomes (KEGGQG) path-
way namely “hsa04550” (Signaling pathways regulat-
ing pluripotency of stem cells). KEGG pathway and
GeneOntology (GO) Biological Process (BP) enrich-
ment analyses were performed using DAVID software
(https://david-d.ncifcrf.gov/). The cut-off was adjusted
P-value (FDR) < 0.01.

2.3.4. Molecular and cancer-associated fibroblasts
subtypes of pancreatic cancer: published classifications

The molecular subtype labels from the Puleo classifica-
tion were available in the GSE85916 dataset [5]. The
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gene expression signatures for each of the five subtypes
were selected from a differential analysis based on a
one-versus-all comparison, using the R package
“LIMMA” [24]. The 1000 most differentially expressed
genes of each subtype were used as gene signatures.
These signatures were used to build independent cen-
troids for each subtype. The subtypes were assigned to
the samples of the ICGC and TCGA datasets, by cor-
relating the centroids to the transcriptomic profile of
each patient, using Pearson correlation analysis.

Then, basal and classical subtypes were called based
on gene expression levels of gene sets described in
Moffitt et al. [3]. Consensus clustering was performed
based on the correlation distance of the 50 gene signa-
tures. Dendrograms were then cut and branches
labeled semiautomatically to assign subtypes to sam-
ples consistent with their respective expression pat-
terns.

The four pCAFassigner subtypes (A, B, C, and D)
were taken from Table S4 of the article by Neuzillet
et al. [25]. The dominant subtype labels were available
for 62 samples among the selected samples profiled by
whole-transcriptome RNA sequencing in the ICGC
database. The gene expression signatures for each
CAF subset were identified by the same method as
described above and applied to the 259 patients in the
microarray set.

2.3.5. Tumor microenvironment profile

The MCP-counter algorithm was used to infer the
tissue-infiltrating immune and fibroblast proportions
of the tumor microenvironment. The MCP-counter
consists of eight immune and two stromal cell popula-
tions (fibroblasts, endothelial cells) and was con-
structed from gene expression profiles of these cell
types [26].

Several of the stromal TGF-f response signatures,
including fibroblasts (F-TBRS), were identified in
cohorts of patients with colorectal cancer [27,28]. To
evaluate the subtype of myofibroblasts, this F-TBRS
signature was applied in pancreatic cancer datasets.
Another TGF-p CAF signature was recently published
and evaluated in our article [29].

Then, RNA subtypes clustering was performed
based on the correlation distance of 12 gene signatures
from different classifications [26,29-31] and SALL4
signature. Dendrograms were then cut and branches
labeled semiautomatically to assign four subtypes to
samples consistent with their respective expression pat-
terns. These cluster-based subtype assignments were
performed blinded with respect to all sample charac-
teristics or clinical data.
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2.3.6. Pancreatic intraepithelial neoplasia (PanIN)
dataset

PanIN dataset was downloaded previously normalized
from the provided GEO entries GSE43288. The Rr
package “LiMmMA” was used for differential gene expres-
sion (DGE) analysis between PDAC and PanIN, and
PDAC and normal pancreas. The criteria for DGEs
were log, fold-change (log,FC) > 1 (or < —1) and
adjusted P-value < 0.05 [24]. The intersected genes
between these two DGEs and the SALL4 signature
were kept to identify the most relevant genes for clini-
cal application. The expression (scaled and clustered)
of each relevant gene was used for heatmap visualiza-
tion, using the R package “PHEATMAP”.

2.3.7. PDAC single-cell RNA-sequencing data
processing

Data from 24 PDAC patients and 11 control pancreas
tissues were obtained from the Genome Sequence
Archive under project PRICA001063 in FASTQ for-
mat. Reads were processed using CELL RANGER 3.1.0
using default parameters and supplying a custom refer-
ence package based on human reference genome
GRCh38. Samples of 22 patients and 11 control tissues
for which the correct chemistry was detected by CELL
RANGER (10x Genomics, Pleasanton, CA, USA) from
the sequencing data were used for downstream analysis.
Subsequent data analysis was carried out in R 3.6.2
and the SEURAT package (v 3.1.2). Low-quality cells
(< 300 genes/cell, < 3 cells/gene, and > 5% mitochon-
drial genes) were excluded. To remove noise from dro-
plets containing more than one cell, we focused on
cells with at most 5000 measured genes, keeping
72 694 cells for further analyses. Subsequently, data
were normalized to log(CPM/100 + 1) and scaled
regressing out the number of distinct UMIs and the
fraction of mitochondrial reads during scaling. The
normalization and scaling of the data were performed
using the functions NormalizeData (method “LogNor-
malize”) and ScaleData implemented in Seurat.
Dimensionality reduction was carried out with the
Seurat package [32]. We identified the 2000 most vari-
able genes and applied principal component analysis
to cells in this gene space. Principal components 1-20
were provided as an input for dimensionality reduction
via t-Distributed Stochastic Neighbor Embedding
(tSNE) with default parameters. Clusters of cells were
identified based on a shared-nearest neighbor (SNN)
graph between cells and the smart moving (SLM) algo-
rithm (resolution = 0.5). Markers for each cluster were
identified by reducing the number of candidate genes
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to those genes which were (a) at least log(0.25)-fold
higher expressed in the cluster under consideration
compared to all other clusters and (b) expressed in at
least 10% of cells in the cluster under consideration.
Then, the cluster-specific marker genes were identified
as in a previous study [33].

2.4. Statistical analysis

Overall survival (OS) was calculated from the date of
cancer diagnosis to the date of death from any cause.
Survival data were censored at the last follow-up. OS
was estimated using the Kaplan—Meier method and
described using median or rate at specific time points
with 95% confidence intervals (CI), and compared
using the log-rank test. A potential nonlinear relation-
ship between SALL4 expression and OS was investi-
gated using the restricted cubic splines method with
graphical evaluation.

Various thresholds (median, tertiles, and quartiles)
were evaluated to identify different groups according
to the SALL4 expression. To give a reasonable spread
of risk, we distinguish two prognostic groups accord-
ing to the maximizing of the log-rank test, which was
determined following the Hothorn and Lausen method
(R package “MAXSTAT” [34]). The SALL4 gene expres-
sion assumed a normal distribution and showed no
evident cohort-bias clustering (Fig. S1A). Besides, the
potential linear relationship between SALL4 expres-
sion and OS was investigated by the restricted cubic
splines method with graphical evaluation in the ICGC
and GSE85916 cohorts (Fig. 1A,B). These observa-
tions allowed to divide the expression levels into inter-
vals containing the same number of data (quantile).
Therefore, these analyses let us select the upper tertile
cut-off (threshold value = 5.18) to categorize patients
into two risk groups, such as one-third of the samples
had a high SALL4 expression (SALL4"#M) and 67%
had a low SALL4 expression (SALL4'°%) (Fig. S1B).

Median value (interquartile range) and frequency
(percentage) were provided for the description of con-
tinuous and categorical variables, respectively. Medi-
ans were compared using Student’s 7-tests or ANOVA,
and proportions were compared using chi-square tests
(or Fisher’s exact test, if appropriate). Pearson’s test
was applied to determine the correlation between gene
or signature expressions.

Cox proportional hazard models were performed to
estimate hazard ratio and 95% CI for factors associated
with OS. The association of the baseline parameters
with OS was first assessed using univariate Cox analy-
ses, and then parameters with P values of < 0.05 were
entered into a final multivariable Cox regression model.

A. Vienot et al.

All analyses were performed using sas version 9.4
(SAS Institute, Cary, NC, USA), R software version
3.6.2 (R Development Core Team, Vienna, Austria;
http://www.r-project.org), and GRAPHPAD version 8.1.2
(GraphPad Software, San Diego, California, USA). P
values < 0.05 were considered statistically significant,
and all tests were two-sided.

3. Results

3.1. SALL4 expression is a prognostic biomarker
in PDAC

Among stemness-related transcription factors, SOX2
and SALL4 were independently associated with a
shortened patient survival (Table S3). However, the
prognostic relevance of the SALL4 expression in
PDAC and the mechanisms governing SALL4 expres-
sion in such cancers have so far not been thoroughly
investigated.

Here we examined how SALL4 expression predicts
the OS of patients with localized PDAC. Patients from
the ICGC cohort were categorized into two groups
according to SALL4 gene expression levels, based on
the “maxstat” method (best performing threshold).
The median OS was 24.5 months in the SALL4"Y
group (95% CI = 18.0-32.3 months), and 15.6 months
(95% CI = 13.4-18.1 months) in the SALL4™E" group
(Fig. 1A). High expression of SALL4 also conferred
poor survival outcomes, in a validation cohort
(GSE85916; Fig. 1B). We then identified the upper ter-
tile cut-off as the threshold closest to the maxstat
threshold and transposable to other datasets (Supple-
mentary method and Fig. S1). This threshold followed
previous observations in all solid tumors [16] and was
applied for downstream analyses.

Localized PDAC patients’ characteristics are sum-
marized in Table S4 according to SALL4 expression.
SALLA4 expression differed only according to the stage
(P = 0.04). We found no association between SALL4
levels and other clinicopathological factors (Table S4).
Moreover, in the overall population including patients
with metastatic PDAC, increased SALL4 expression
was significantly associated with advanced diseases
(Fig. 1C). Thereby, we identified a high SALL4 expres-
sion level as a poor prognostic factor for the survival
of PDAC patients.

3.2. SALL4"9" PDAC subset does not display a
specific mutational profile

Genomic studies have revealed that some key molecu-
lar alterations drive the pathogenesis of PDAC, such
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Fig. 1. SALL4 expression is a prognostic biomarker in pancreatic ductal adenocarcinoma. (A) Kaplan—-Meier curves of overall survival for 257
patients with localized pancreatic carcinoma in the ICGC cohort. Groups were split by high (red) or low (blue) levels of SALL4 expression
(best cutoff) and compared using the log-rank test. Hazard ratio modelization with 95% confidence intervals by restricted cubic spline
according to SALL4 expression. (B) Kaplan-Meier curves of overall survival for 288 patients with localized pancreatic carcinoma in the
GSE85916 cohort. Groups were split by high (red) or low (blue) levels of SALL4 expression (best cutoff) and compared using the log-rank
test. Hazard ratio modelization with 95% confidence intervals by restricted cubic spline according to SALL4 expression. (C) Boxplots and bar-
plots comparing the distribution of the SALL4 expression in different tumor stages in the ICGC cohort, including advanced stages (stages |l
and IV, n = 13 available patients). (D) Boxplots and barplots comparing the distribution of the SALL4 expression in basal/classical and acti-
vated/normal stroma subtypes from the Moffit classification [3] and Puleo classification [5] for 259 patients with localized pancreatic carci-
noma in the ICGC cohort. Boxplots show the median and interquartile range. Medians were compared using Student’s t-tests.

as KRAS driver mutation and frequent inactivation of
TP53, SMAD4, and CDKN2A tumor suppressors [2].
Genomic alterations of open-source cohorts were
retrieved to assess the mutational pattern associated
with SALL4 expression, except the copy number varia-
tion. In the ICGC cohort, the distribution of genomic
alterations did not differ according to the SALL4Me"
(94.9%) and SALL4"“Y (94.5%) tumors. Missense
mutations were the main alterations highlighted for
the KRAS gene and were well-balanced between both
SALL4 subsets. TP53, SMAD4, CDKN2A, and
BRCA1/2 alterations were also distributed similarly
whatever SALL4 expression level (Fig. S2A). Of note,
the tumor mutation burden was similar between the
SALL4Me" and SALL4"™Y groups (Fig. S2B). The dis-
tribution of highly altered genes in PDAC such as
KRAS, TP53, and CDKN2A was also similar in
PDAC subsets defined by SALL4 expression level in
the wvalidation cohorts (GSE85915 and TCGA;
Table S5). These results confirmed that genomic alter-
ation patterns were not different between SALL4"EN
and SALL4"Y expression in PDAC.

3.3. SALL4 expression has a better performance
to predict patients’ risk of death than PDAC
molecular classifications

Recently, transcriptional classifications of PDAC
including distinct subtypes associated with different
molecular pathways have contributed to better-
characterizing PDAC oncogenesis [2,5]. In particular,
Moffitt et al. [3] identified two tumor- and two
stromal-specific subtypes: “basal-like” tumors or with
“activated stroma” have a worse prognosis, compared
to the “classical” subset or with “normal stroma”.
Puleo et al. [5] determined three tumor-specific sub-
types and also two stromal-specific subtypes to include
the effect of the microenvironment. We investigated
the distribution of SALL4 expression among these
classifications: all subtypes displayed a heterogeneous
expression of SALL4 in ICGC and TCGA cohorts,

with enrichment in “activated stroma” and “desmo-
plastic” subtypes (Fig. 1D; Fig. S3A).

Subsequently, we evaluated the independent prog-
nostic value of SALL4 expression compared with clini-
cal and pathological factors. Using univariate Cox
analyses in the ICGC cohort, five parameters were
identified as prognostic factors for OS, including the
molecular classification of Moffitt (tumor subtypes),
primary tumor site, tumor grade, and SALL4 expres-
sion. Only two independent risk factors for OS were
determined in multivariable Cox analysis: tumor grade
(P = 0.01) and SALL4 gene expression (P = 0.02)
(Table 1).

Taken together, these findings showed that SALL4
may be considered as an independent factor for prog-
nosis prediction in localized PDAC, beyond available
molecular classifications. A better understanding of the
prognostic role of SALL4 is required through the iden-
tification of the molecular pathways related to this
specific PDAC subset. We then decided to characterize
the transcriptomic profile of PDAC according to
SALLA4 expression.

3.4. SALL4 expression and its transcriptional
signature are correlated with stroma remodeling

The transcriptomic analyses allowed us to investigate
the gene expression profile associated with SALL4Me"
level in PDAC. We identified the list of genes corre-
lated with SALL4 expression in each cohort (ICGC,
TCGA, and GSE859216). Genes with the highest cor-
relation levels were selected and reported in Table S6.
Among all genes correlated with SALL4, 24 genes
enriched in the SALL4M" PDAC subset had expres-
sion overlapping in the three cohorts (Fig. 2A) and
were selected for further explorations. The involved
genes included ANTXRI, CASCI15, COLI1Al,
COL5A2, COL8A1, COLI11Al1, DCBLDI, DLG4,
ITGAIl, KANK4, LRRCI5 MEIS3, MMPII,
MMPI14, NOTCH3, NOX4, NUAKI, PPEFI,
PPFIBP1, PTK7, SERPINHI1, SOX11, SPOCDI, and
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Table 1. Prognostic factors associated with overall survival in univariate and multivariable analyses (n = 220) in the ICGC cohort.

Univariate analysis

Multivariate analysis

Parameters No. of patients  No. of events  Hazard ratio (95% Cl)  P-value® Hazard ratio (95% Cl)  P-value®
Demographic parameters
Age 257 153 1.02 (0.98-1.00) 0.07
Sex
Male 143 90 1
Female 116 63 0.76 (0.55-1.06) 0.1
Ethnicity
White 197 9 1
Asian, Black or African American 19 121 0.89 (0.45-1.75) 0.73
Missing 42 23
Smoking status 0.80
Never smoked 88 58 1
Stopped smoking 30 17 0.90 (0.62-1.32)
Still smoking 84 50 1.0.4 (0.61-1.79)
Missing 56 28
Pathologic parameters
Histology
Adenocarcinoma 183 112 1
Other histology 41 25 0.80 (0.51-1.25) 0.32
Missing 34 16
Stage 0.1
I 48 8 1
Il 203 126 1.54 (0.75-3.15)
I 3 3 4.24 (1.12-16.1)
Missing 34 16
Primary tumor site
Head 186 107 1
Body and/or tail 38 30 0.65 (0.43-0.98) 0.04 0.86 (0.55-1.36) 0.53
Missing 31 16
Tumor grade 0.002 0.01
G1 10 2 1 1
G2 136 78 3.56 (0.88-14.5) 3.27 (0.80-13.37)
G3 71 51 5.99 (1.46-24.6) 5.00 (1.20-20.79)
G4 4 3 4.84 (0.81-29.0) 4.80 (0.80-28.98)
Missing 37 19
Classifications
Molecular classification (Moffitt — tumor subtypes)
Classical 191 103 1 1
Basal 68 51 1.80 (1.28-2.53) < 0.001 1.41 (0.95-2.09) 0.09
Molecular classification (Moffitt — stroma subtypes)
Normal 105 65 1
Activated 154 89 1.17 (0.62-1.18) 0.34
Molecular classification (Puleo) 0.1
Pure classical 47 30 1
Immune classical 50 29 1.00 (0.60-1.68)
Pure basal-like 52 29 1.44 (0.86-2.42)
Stroma activated 65 36 0.73 (0.45-1.19)
Desmoplastic 55 30 0.98 (0.59-1.65)
SALL4
Low 172 97 1 1
High 85 56 1.44 (1.03-2.01) 0.03 1.51 (1.06-2.16) 0.02

‘Cox-proportional-hazard models used to estimate the association of the parameters with overall survival. Values of P < 0.05 were consid-
ered statistically significant and all tests were two-sided.
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Fig. 2. SALL4 expression and its transcriptional signature are characterized by stromal pathways in pancreatic ductal adenocarcinoma. (A)
Venn diagram displaying the number of genes correlated with SALL4 expression that was intersected between the ICGC, TCGA, and
GSEB5916 cohorts. Heatmap visualizing the relative average expression of indicated genes (rows) according to SALL4 expression for 259
patients with localized pancreatic carcinoma in the ICGC cohort. (B) Kaplan-Meier curves of overall survival according to 24-genes signature
expression (best cutoff), compared using the log-rank test, in ICGC and GSE85916 cohorts. (C) Over-representation analysis (ORA) of genes
correlated with SALL4 expression from KEGG pathways and GeneOntology (biological process; FDR < 0.01).
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Fig. 3. SALL4 gene expression correlates with fibroblasts and stemness phenotype. (A) Heatmap visualizing the relative average expression
of MCP-counter signature (rows) according to SALL4 expression for 259 patients with localized pancreatic carcinoma in the ICGC cohort. (B)
Scatter plot and boxplots comparing the distribution of the fibroblasts signature to the SALL4 expression. (C) Correlation matrix showing
Pearson’s correlation coefficients from comparisons between genes of the SALL4 signature and MCP-counter signatures in the ICGC
cohort. (D) SALL4 RNA expression in tumor (T) and stromal (S) compartments from eight localized pancreatic carcinomas by RNAscope
(scale bars, 50 pm). Percentage of SALL4™ (> 1 dot/cell) cells. (E) Scatter plot and boxplots comparing the distribution of the stemness sig-
nature to the SALL4 expression in the ICGC cohort. Boxplots show the median and interquartile range. Medians were compared using Stu-
dent’s ttests. (F) mRNA levels of SALL4, SOX2, OCT3/4, NANOG, SOX11, and MEIS3 determined by RT-gPCR in MRC5°™ and MRC5A-4
using lentivirus-mediated transduction for one of a representative experiment (n = 2).

UNCS5B. The heatmap displayed that this signature
composed of these 24 intersected genes was relevant to
distinguishing the SALL4"#" and SALL4"“Y patients
(Fig. 2A; Fig. S4A). The prognostic value of SALL4-
related 24-gene signature was also investigated.
Patients with high level of 24-gene signature showed a
poor prognosis (median OS = 15.6 months [95%
CI = 13.9-17.1 months] and 20.5 months [95%
ClI = 16.9-24.1 months], in ICGC and GSE85916
cohorts, respectively; Fig. 2B).

Functional enrichment analyses revealed the main
features observed in SALL4"E" tumors (Fig. 2C):
embryologic development and pluripotency of stem
cells (MEIS3 and SOXI11), Wnt signaling pathway
(ANTXR1 and PTK7; TWIST1 [SALL4-correlated
gene in two cohorts; Table S6]), extracellular structure
organization and regulation (NUAKI, MMPII,
MMPI14, ITGAI1l, SERPINHI). The extracellular
matrix (ECM) includes fibrillar collagens (e.g.
COL1AI1, COL5A2, COL11A1) as the major connec-
tive tissue components and tumor microenvironment.
Due to a significant stromal enrichment in the SAL-
L4"eh PDAC subset, we hypothesized that SALL4
could exert an action to draw a specific molecular fea-
ture leading to PDAC invasiveness.

3.5. SALL4"'9" PDAC subset exhibits an
enrichment for gene expression belonging to
fibroblasts and stemness-related signaling
pathways

Then, we next sought to define the stromal composi-
tion related to SALL4 expression in PDAC. The aver-
age expression of the immune cell populations, such as
T cells (P = 0.009), CD8* T cells (P < 0.0001), cyto-
toxic lymphocytes (P = 0.004), and natural killer cells
(P = 0.04), was lower in the SALL4™E" subset. Simi-
larly, myeloid dendritic cell-related gene expression
was also under-expressed (P = 0.002; Fig. 3A;
Fig. S4B). Conversely, this analysis highlighted a sig-
nificant upregulation of the fibroblast-related gene
expression in SALL4"E" PDAC (Fig. 3B; Fig. S3B).
Among the micro-environmental pathways, the

fibroblast signature showed a strong positive correla-
tion with the 24 genes related to SALL4 in our previ-
ous analyses (Fig. 3C). This association was confirmed
in the TCGA and GSE859216 cohorts (Fig. S4C). The
distribution of SALL4 expression was then assessed at
the single cell level by analyzing tumor and stromal
cells from patients with PDAC using in situ hybridiza-
tion (RNAscope). The results revealed that SALL4
was expressed in both tumor cells and CAF. Of note,
the expression of SALL4 was higher in CAF than
tumor cells (P = 0.008; Fig. 3D).

Moreover, SALL4 is required for maintaining
embryonic stem cell pluripotency and self-renewal.
Indeed, Zhang et al. [9] have highlighted a reduction
of other stemness-related transcription factors OCT4,
SOX2, and NANOG in a condition of SALL4 knock-
down. Our findings confirmed that SALL4 expression
was correlated with signaling pathways regulating
pluripotency of stem cells, surrogated by transcription
factors such as OCT3/4 and SOX2 (Fig. 3E). In the
same way, the SALL4"e" subset was enriched in stem-
ness signature (Fig. 3E; Fig. S3C). The correlation
between SALL4, SOX2, OCT3/4, and NANOG
expression was confirmed using lentivirus-mediated
transduction of SALL4 into MRCS5 (Fig. S5A).
MRC5%*4 but not MRC5! showed increased
expression of SOX2, OCT3/4, and NANOG (Fig. 3F).
Overall, stemness properties, as well as stroma/fibrob-
last enrichment, were the main molecular features
defining the SALL4"" PDAC subset.

3.6. Netrin-1 and TGF-$1 collaborate to control
SALL4 expression in a subset of CAF-promoting
PDAC stemness properties

We next investigated how SALL4 expression is regu-
lated in CAF. Different subsets of CAF contributing
to PDAC microenvironment heterogeneity have been
already proposed [25]. A heterogeneous expression of
SALL4 was observed in all subpopulations of CAF,
but the SALL4 gene was predominantly expressed in
the CAF-A and CAF-C subtypes (Fig. S3D). The
CAF-A subpopulation is strongly enriched with an
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Fig. 4. SALL4 expression identifies a subtype of activated CAF in pancreatic ductal adenocarcinoma. (A) Scatter plot and boxplots
comparing the distribution of the F-TBRS signature [27] to the SALL4 expression in the ICGC cohort. (B) Scatter plot and boxplots comparing
the distribution of the TGF-B CAF signature (Dominguez et al.) to the SALL4 expression in the ICGC cohort. Boxplots show the median and
interquartile range. Medians were compared using Student’s ttests. (C) t-Distributed stochastic neighbor embedding (tSNE) embedding of
single cells sorted from 33 patients. Clusters identified through graph-based clustering are indicated by color. (D) mRNA levels of SALL4
determined by RT-gPCR in MRC5 pre-treated by TGF-B1 and/or Netrin-1 for one of a representative experiment (n = 3). Protein expression
of SALL4 isoforms (SALL4A: 165 kDa; SALLB: 95 kDa) was evaluated in the same culture condition, with Actin used as an internal control.
(E) mRNA levels of UNC5B determined by RT-qgPCR in MRC5 pre-treated by TGF-B1 for one of a representative experiment (n = 3). (F) Num-
ber of colony formation with BPC8 + MRC5 with or without SALL4 transduction using soft agar colony formation assay. Data are displayed
as mean =+ standard deviation. One representative experiment is shown (n = 3). (G) Size of the spheroids with Panc-1 and MRC5 with or

without SALL4 transduction (mean of triplicates). One representative experiment is shown (n = 2).

“activated stroma” signature and associated with unfa-
vorable survival, whereas the CAF-C subset is notably
characterized by the expression of TEK (as known as
TIE2, ANGPT?2 receptor) associated with the angio-
genesis [25].

Furthermore, SALL4 expression was correlated to
pan-fibroblasts TGF-p response signature (F-TBRS) in
the ICGC cohort (Fig. 4A). Similarly, a positive corre-
lation was ascertained between SALL4 and the TGF-$
CAF signature [29] (Fig. 4B). These observations were
also validated in the TCGA and GSE859216 cohorts
(Fig. S3E). Interestingly, both F-TBRS and the TGF-$
CAF signatures were not significantly associated with
OS in univariate analysis (Table S7) suggesting that
the prognostic role of the SALL4"&" PDAC subset
does not solely rely on the presence of TGF-p-driven
CAF phenotypes. Likewise, the SALL4-related 24-
gene signature, stemness, and TGF-B/CAF molecular
networks as well as low expression of immune-related
genes contribute to defining the SALL4 molecular net-
work in ICGC, TCGA, and GSE85916 cohorts
(Fig. S4D).

Based on scRNA-seq performed in cells sorted from
PDAC derived from 33 patients [33], Dominguez et al.
[29] have identified a predominant cluster of TGF-f-
activated CAF in human PDAC (Cluster 12; Fig. 4C).
Interestingly, half of the genes identified in our study
were over-expressed in this cluster (e.g. ANTXRI,
ITGAL1l, LRRCI15, PTK7, UNCS5B; Fig. 4C).

Analysis performed in the same scRNA-seq showed
that SALL4 transcription is restricted to a subset of
CAF in the LRRCI15"2" cluster where TGF-1 driven
CAF are located (Cluster 12; Fig. 4C). Consequently,
we next addressed if TGF-pl could promote SALL4
expression in fibroblasts. MRCS5 cell lines were
exposed to TGF-B1 for 6 days. In this first set of
experiments, TGF-p1 increased SALL4 RNA and pro-
tein expression in the MRCS cell line (Fig. 4D). In the
second set of experiments, we tested the ability of
other SALL4-related molecules to promote SALL4

expression when combined with TGF-p1. Stem cell
growth factors correlated to SALL4 expression were
selected including WNTI10A (ligand for ANTXRI,
PTK?7), Netrin-1 (ligand for UNC5B), and DLL1 (li-
gand for NOTCH3). Combination of TGF-pl with
Netrin-1 (Fig. 4D), but not with DLL1 or WNTI10A
(data not shown), further induced SALL4 expression
in fibroblasts. This observation is supported by the
ability of TGF-pl to induce UNCS5B expression
(Fig. 4E).

The ability of SALL4 to confer oncogenic properties
to fibroblasts was assessed in spheroid and colony for-
mation assays. For this purpose, MRC5" and
MRC5%M4 were cocultured with the Panc-1 cell line
or with PDAC cells derived from patients’ ascites
(BPC8), or the Colo320 cell line. MRC55*"* did not
form colonies or exhibit an increased proliferation rate
(data not shown). Transduction of SALL4 confers to
MRCS5 the ability to promote colony formation of
pancreatic cancer cells (BPC8) and Colo320 cell line
(Fig. 4F; Fig. S5B). Likewise, MRC55 increased
the size of the Panc-1 cell line spheroids compared to
MRC5" (Fig. 4G; Fig. S5C). Altogether, these results
highlight that TGF-p1 signaling in cancer stroma inter-
acts with SALL4 transcriptional activity to promote
PDAC oncogenic properties.

3.7. SALL4-related stromal signature allows
discriminating invasive from pre-invasive
pancreatic lesions and PDAC patients’ clinical
outcomes

Next, we determined the SALL4 transcriptomic activ-
ity in the different stages of PDAC carcinogenesis.
Data from the GSE43288 cohort were examined to
identify genes selectively expressed in pancreatic carci-
noma by comparison to preinvasive pancreatic lesions
(PanIN) or normal pancreatic tissue. A total of 366
genes were overexpressed in PDAC compared to
PanIN samples, and 424 genes were overexpressed in
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Fig. 5. A transcriptional signature is correlated with SALL4 expression with seven genes specific to pancreatic ductal adenocarcinoma. (A)
Venn diagram displaying the number of genes correlated with SALL4 expression that was found specific to pancreatic ductal
adenocarcinoma (PDAC), and pancreatic intraepithelial neoplasia (PanIN). Heatmap visualizing the relative average expression of indicated
genes (rows) in normal pancreas, PanIN, and PDAC groups. (B) SALL4 RNA expression in pancreas normal (n = 6), PanIN (n = b), and
PDAC (T, tumor; S, stroma; n = 8) compartments from eight localized pancreatic carcinomas by RNAscope (right; scale bars, 250 pm).
Percentage of SALL4A+ (> 1 dot/cell) CAF between short-term survivors (n = 5) and short-term survivors (n = 3) in the same samples (left).
(C) PTK7, SERPINH1, LRRC15, SMA, FAP, and CD3 immunohistochemistry staining in a patient with short survival (scale bars, 250 um). (D)
PTK7 and SERPINH1 immunohistochemistry staining in 14 patients with paired PanIN and PDAC samples (scale bars, 250 pm). (E) Immuno-
histochemistry evaluation in 17 short-term survivors and 17 long-term survivors. Boxplots show the median and interquartile range. Medians

were compared using Student’s t-tests.

PDAC and not in normal pancreatic tissues. Alto-
gether, seven genes belonged to these two genes lists
and the SALL4 signature: COLIA1, COL5A2,
COLI11A1, MMPI11, NUAKI1, PTK7, and SERPINHI
(Fig. 5A), pointing out that this SALL4-related 7-gene
signature discriminated the invasive stage of PDAC
compared to PanIN stage and normal pancreatic tis-
sue. Most of these selected genes were highly corre-
lated, especially PTK7 and SERPINHI, and observed
in a closed pattern, in the three main cohorts (ICGC,
TCGA, and GSE859216; Fig. S6A). The prognostic
value of SALL4-related 7-gene signature was also
investigated in ICGC and GSE85916 cohorts. Patients
with high level of 7-gene signature showed a poor
prognosis (median OS = 15.8 months [95% CI = 13.6—
20.0 months] and 21.9 months [95% CI = 19.1-
27.5 months], in ICGC and GSE85916 cohorts, respec-
tively; Fig. S6B). To validate the potential clinical rele-
vance of this stromal signature, we examined the
SALL4-related signatures in samples derived from a
case—control cohort of patients discriminated by their
PDAC-related specific survival using NanoString RNA
quantification. Messenger RNA (mRNA) belonging to
the SALL4-related signatures was enriched in patients
with short-term survival (Fig. S6C). The expression of
SALL4 in stromal cells was investigated using in situ
hybridization (RNAscope). SALL4 mRNA was identi-
fied in fibroblasts from PDAC but not PanIN or nor-
mal pancreatic tissues (Fig. 5B). These results support
the development of specific markers to better define
the fibroblast characteristics in PDAC samples. Then,
we decided to characterize PTK7 and SERPINHI
expression by immunohistochemistry in comparison to
Fibroblast activation protein (FAP), alpha-smooth
muscle actin (aSMA), and LRRCI15, markers of acti-
vated fibroblasts which are induced by TGF-pl and
characterize myofibroblastic transdifferentiation of
CAF [35,36] (Fig. 5C; Fig. S6D).

To further sustain the correlation between SALLA4-
related molecular network and PDAC invasiveness,
PTK7 and SERPINHI expressions were assessed by
immunohistochemistry in human PanIN and PDAC

samples (Fig. 5D). PTK7, SERPINHI1, and FAP could
discriminate PanIN versus tumor-related stroma by
contrast to aSMA and LRRCI15. Interestingly, while
aSMA, FAP, or LRRCI15 failed to fully discriminate
patients according to their risk of death, PTK7 and
SERPINHI1 were significantly increased in patients
with short survival (Fig. SE). CD3 was also considered
in order to characterize the immune compartment and
a high expression was more observed in long-term sur-
vivors (Fig. SE). Altogether, our results establish that
SALL4-related signaling contributes to define a specific
PDAC stroma pattern related to invasiveness and
worse clinical outcomes.

4. Discussion

We examined the potential clinical impact of stemness-
related transcription factors in PDAC databases. Con-
sistent with results observed in other tumor types, our
study pointed out a prognostic value of SALL4
expression in PDAC. Gene expression analyses
revealed that the SALL4-related molecular network
defines a PDAC subset enriched in cancer stem cell
functions and stromal organization. These findings
underscore a direct role of TGF-f1 in the regulation
of SALL4 expression in stromal cells. SALL4 express-
ing fibroblasts then support the organization of a
specific microenvironment promoting in vitro colony
formation and invasive features in PDAC patients.

One strength here is the characterization of a 24-
gene signature able to predict PDAC OS in different
cohorts. The SALL4-related stromal network might
also be of interest in discriminating stromal compo-
nents associated with pre-invasive and invasive pancre-
atic carcinomas. We propose a specific assay based on
PTK7 and SERPINHI detection by immunohisto-
chemistry to better characterize pancreatic carcinoma
invasiveness and prognosis.

To date, the molecular pattern of SALL4 expressing
PDAC has not been characterized. In this work,
SALL4 expression was not associated with genomic
alterations (e.g. KRAS, TP53), nor tumor mutation
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burden. Of note, the copy number variation of tumor
suppressor genes was not assessed. These observations
raised the hypothesis that the SALL4 gene level is not
related to a specific oncogenic pathway in PDAC.
Interestingly, even if most of the genomic alterations
reported in PDAC are frequently detected at early
stages of oncogenesis and in pancreatic precancerous
lesions (PanIN) [37], we could observe that the
SALLA4-related molecular network occurred in a late
stage of oncogenesis. Even if MYC activation in
PanIN epithelium was previously reported to instruct
PDAC phenotype, with an extensive aSMA-positive
desmoplastic stroma, the specific pathways modulating
fibroblasts organization during PDAC oncogenesis
have not been investigated [38]. In the present work,
MYC expression or transcriptional activity was not
identified as a discrimination factor between pre-
invasive and invasive pancreatic lesions. It was also
previously established that the expression of SALL4
and other stemness genes can be increased under
hypoxia, but our investigations have not confirmed
this observation [39]. By contrast, our investigations
sustain a role for TGF-B1 in the regulation of SALL4
expression in stromal cells (Fig. 4D).

Altogether, our results suggest that SALL4 expres-
sion is acquired lately in PDAC oncogenesis and by
contrast with aSMA, seven of the genes included in
the SALLA4-related stromal signature (COLIAI,
COLS5A2, COL11A1, MMPI11, NUAKI1, PTK7, SER-
PINHI1) could discriminate preinvasive PanIN from
PDAC. Pathway enrichment analyses revealed that the
SALL4Me" subset displayed a significant enrichment of
ECM-related genes that suggested a predominant role
in stromal support through the production and main-
tenance of collagen networks. Besides, SERPINHI,
also called HSP47, is a chaperone protein involved in
modulating collagen production and contributes to
EMT and angiogenesis through the TGF-p pathway
[40]. NUAKI, as known as ARKS, is associated with
migratory and invasive properties, through stimulation
of metalloproteinases (MMP) secretion [41]. MMP,
such as MMP11 and MMP14, are involved in degrad-
ing the ECM in various cancers and therefore promote
metastasis and angiogenesis. Of note, PTK7 is a major
cleavage target of MMP14 in the plasma membrane,
involved in cell mobility [42]. In addition, the cleavage
of ECM components leads to the shedding and activa-
tion of molecules such as TGF-p by MMP14. Collec-
tively, our findings highlighted that the occurrence of a
specific stromal pathway in the SALL4"€" PDAC sub-
set can coordinate pancreatic microenvironment plas-
ticity and drive the transition from PanIN to invasive
tumors.

SALL4 defines a stoma-related subset in pancreatic cancers

In our study, we showed that SALL4 expression can
be induced by TGF-f in primary human embryonic
fibroblasts (Fig. 4D), but not in mesenchymal stem
cells (data not shown). Using scRNA-seq data, we
observed a cluster of CAF where TGF-pl transcrip-
tional activity is enhanced (cluster 12; Fig. 4C). SAL-
L4"eh CAF determine a specific subset within this
TGF-p1 dependent cluster of CAF. In addition, the
correlation between SALL4 expression and TGF-f1
activated CAF signatures reported in our study might
support the hypothesis that TGF-p1 and SALL4 cross-
talk promotes CAF subpopulation heterogeneity and
stromal properties along PDAC oncogenesis. CAF
interact with both cancer cells and other stromal cells
through a network of signaling pathways and media-
tors. Recently, two signatures (F-TBRS and TGF-p
CAF) defining the activation of fibroblasts with TGF-
p were previously reported in colorectal cancer and
PDAC, respectively [27,29]. Both these signatures were
characterized by a dominant ECM gene feature, myofi-
broblastic properties, and were enriched in SALL4"eM
samples. The role of TGF-pl in SALL4"&" CAF dif-
ferentiation is supported by the presence of several
TGF-p1 regulated genes in the SALL4 signature, espe-
cially LRRCI15 and ITGAI11 [29]. LRRCI15 is highly
expressed on the cell surface of stromal fibroblasts in
many solid tumors and identified as a novel marker of
TGF-p-activated fibroblasts and mesenchymal stem
cells [43]. ITGAI11 driven by TGF-f is an important
mediator of EMT and the major collagen-binding
receptor overexpressed by fibroblasts to regulate ECM
organization and stromal fibrosis formation [44].

However, the presence of high levels of SALL4 in
CAF does not only recapitulate TGF-p1 activity. One
hypothesis raised by the correlation of the stem cell-
related gene and SALL4 signatures was that SALL4-
mediated functions contribute to the stemness proper-
ties conferred by TGF-fl-driven CAF. Indeed, the
SALLA4-related signature also included some genes
involved in signaling pathways driving stemness acqui-
sition. In particular, ANTXR1 and PTK7 genes
encode receptors involved in Wnt-pathway activation,
through binding the Wnt co-receptor LRP6, and are
markers of stem cells [45,46]. Next, gene expressions
belonging to the SALL4-related molecular network
were similar to a myofibroblastic CAF subset, predom-
inantly associated with triple-negative breast cancer
(CAF-S1) [47,48]. Indeed this CAF-S1 subset displayed
also the Wnt signaling pathway and stemness-related
genes: WNT2, WISP2, and GREMI1 [49]. In our
results, SALL4, as well as SOX2, OCT3/4, and
NANOG were increased in TGF-pl-activated MRC5
(Fig. 3F). These markers of pluripotency perform a
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spectrum of functions during embryonic development
and may contribute to stromal and tumor cell renewal.
Thus, we described that the TGF-p pathway enhanced
stemness in PDAC through the induction of a SALL4-
related molecular network in a subpopulation of
fibroblasts.

Another interesting issue of the SALL4-related
molecular networks described in this study is the corre-
lation of these particular stromal features with the
expression of UNCS5B, a Netrin-1 receptor. This obser-
vation raises the hypothesis that Netrin-1 might collab-
orate with TGF-p1 and SALL4 to promote stemness
phenotype in PDAC. In line with this hypothesis, we
could observe that the cancer formation property of
TGF-p-activated fibroblasts was enhanced by Netrin-1
in colony formation assays. CAF may also be impor-
tant stromal cells expressing Netrin-1 [50]. Overexpres-
sion of Netrin-1 was already reported in several
cancers including PDAC and was shown to promote
invasion and neural migration [51,52]. As already
described, cancer cells in cocultures with CAF upregu-
late the production of this ligand and UNCS5B [50].
Interestingly, Netrin-1 upregulation was also reported
in CAF to be associated with increased cancer cell
stemness, through IL6 modulation [50,53]. Moreover,
Netrin-1 inhibits apoptosis in pluripotent embryonic
stem cells by UNCS5B [54].

Notwithstanding the presence and nature of CAF in
PDAC is an already established prognostic factor in
many gene expression analyses, this prognostic factor
is still not used in the current management of PDAC
patients or to predict the risk of death. Although
fibroblasts play a critical role in tissue homeostasis
and disease processes, understanding their function has
been hampered by their inherent heterogeneity and a
lack of robust markers.

Underlined by bioinformatic analyses, the occur-
rence of a stromal signature characterized the SAL-
L4"e" PDAC subset which might account for the
unfavorable prognosis, in ICGC and GSE85916
cohorts. Unfortunately, TCGA survival features were
not applied due to discordant data with the literature
and pancreatic cancer statistics [55,56]. Knudsen et al.
[57] have identified three PDAC stromal compartments
according to morphological characteristics, including
the “immature” stroma with highly cellular and
collagen-poor stroma, associated with shorter OS.
Other classifications showed the poor prognostic value
of CAF, specifically stroma enriched in oSMA+
fibroblasts compared to stroma enriched in collagen
[58,59]. The PDAC microenvironment plays an impor-
tant role in tumor growth and progression, and resis-
tance to current systemic therapies [60]. Particularly,

A. Vienot et al.

the expression in CAF of PRRXI, identified in the
SALL4-related prognostic signature, was associated
with chemotherapy resistance in PDAC [61]. One of
the main interests of our work is to provide the
rational for the development of an immunohistochemi-
cal assay where characterization of PTK7 and SER-
PINH! in the stroma might recapitulate the
transcriptional activity of SALL4-related stroma in
PDAC. We have still reported that PTK7 and SER-
PINHI stromal expression contribute to discriminating
PanIN against invasive pancreatic carcinoma. More-
over, this immunohistochemistry also discriminated
the stromal features of patients selected according to
their probability of long-term remission after surgery.
While studies have already shown that SERPINHI is
a stromal marker and confers chemoresistance [62,63],
our study identified PTK7 as a novel marker of fibrob-
lasts in invasive pancreatic carcinomas. Further inves-
tigations are mandatory to validate how this assay will
allow OS in a prospective cohort of PDAC patients.

5. Conclusions

Together, our results show that SALL4 transcriptional
activity controls a molecular network characterized by
a specific stromal signature enriched in TGF-f-
activated CAF and defined by a 7-gene signature and
an immunohistochemical assay based on PTK7 and
SERPINH1 which might have clinical implementa-
tions.
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