Received: 13 August 2021 | Accepted: 11 December 2021

DOI: 10.1111/pin.13198

ORIGINAL ARTICLE

Pathology WILEY

Matrix remodeling-associated protein 8 is a marker of a
subset of cancer-associated fibroblasts in pancreatic

cancer

Ryosuke Ichihara' |
Tadashi lida'?
Ryota Ando’' |
Masahide Takahashi® |

"Department of Pathology, Nagoya University
Graduate School of Medicine, Nagoya, Japan

2Department of Gastroenterology and
Hepatology, Nagoya University Graduate
School of Medicine, Nagoya, Japan

3Department of Gastroenterological Surgery,
Nagoya University Graduate School of
Medicine, Nagoya, Japan

“Department of Surgery and Science, Faculty
of Medicine, Academic Assembly, University
of Toyama, Toyama, Japan

SInternational Center for Cell and Gene
Therapy, Fujita Health University, Toyoake,
Japan

Correspondence

Atsushi Enomoto, Department of Pathology,
Nagoya University Graduate School of
Medicine, 65 Tsurumai-cho, Showa-ku,
Nagoya 466-8550, Japan.

Email: enomoto @iar.nagoya-u.ac.jp

Funding information

Japan Agency for Medical Research and
Development, Grant/Award Numbers:
20gm0810007h0105, 20gm1210009s0102;
Japan Society for the Promotion of Science,
Grant/Award Numbers: 18H02638, 20H03467

Yukihiro Shiraki’
| Yuki Miyai' |
Masamichi Hayashi® |
Atsushi Enomoto’

| Yasuyuki Mizutani'? |
Nobutoshi Esaki' | Akira Kato'

| Shinji Mii* |
Hideki Takami® | 4

Tsutomu Fujii

Abstract

Cancer-associated fibroblasts (CAFs), a compartment of the tumor micro-
environment, were previously thought to be a uniform cell population
that promotes cancer progression. However, recent studies have shown
that CAFs are heterogeneous and that there are at least two types of CAFs,
that is, cancer-promoting and -restraining CAFs. We previously identified
Meflin as a candidate marker of cancer-restraining CAFs (rCAFs) in pan-
creatic ductal adenocarcinoma (PDAC). The precise nature of rCAFs,
however, has remained elusive owing to a lack of understanding of
their comprehensive gene signatures. Here, we screened genes whose
expression correlated with Meflin in single-cell transcriptomic analyses of
human cancers. Among the identified genes, we identified matrix
remodeling-associated protein 8 (MXRAS8), which encodes a type | trans-
membrane protein with unknown molecular function. Analysis of MXRA8
expression in human PDAC samples showed that MXRA8 was differentially
co-expressed with other CAF markers. Moreover, in patients with PDAC or
syngeneic tumors developed in MXRA8-knockout mice, MXRA8 expression
did not affect the roles of CAFs in cancer progression, and the biological
importance of MXRA8" CAFs is still unclear. Overall, we identified MXRA8
as a new CAF marker; further studies are needed to determine the re-
levance of this marker.
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INTRODUCTION

Cancer-associated fibroblasts (CAFs) are a major
compartment of the tumor microenvironment in human
cancers."® They produce excessive amounts of in-
soluble extracellular matrix (ECM) and soluble
factors, including cytokines, chemokines, and growth
factors."® CAF proliferation is widely found in almost
all types of human cancers and is prevalent in
treatment-resistant solid tumors showing fibroin-
flammatory stromal reactions, such as pancreatic
ductal adenocarcinoma (PDAC), biliary duct adeno-
carcinoma, and poorly differentiated tumors of various
origins.” '’ When observing tissue sections stained
with hematoxylin and eosin (H&E), it is difficult to pre-
cisely distinguish CAFs from histiocytes and spindle-
shaped macrophages based on their morphology.
Therefore, many researchers have aimed to identify
CAF-specific markers, regardless of their involvement
in the functions of CAFs.”® The most frequently used
marker for CAFs across various tumor types is
a-smooth muscle actin (a-SMA)."?'* However, a-SMA
is highly expressed in non-CAFs, such as myoepithelial
cells, pericytes, and smooth muscle cells, which are
abundant in contractile organs (e.g., the prostate,
uterus, and intestine). Moreover, a-SMA is also highly
expressed in smooth muscle cells, which constitute the
tunica media of middle- and large-sized vessels. Other
markers of CAFs include fibroblast activation protein
(FAP), fibroblast-specific protein 1 (FSP1/S100A4),
podoplanin, C-X-C chemokine ligand 12, and platelet-
derived growth factor receptors (PDGFRs), all of which
are differentially expressed in CAFs with different
specificities.” ®

Recent studies have revealed the heterogeneity
and diversity of CAFs, the extents of which depend on
the organ in which the tumor arises.”® In PDAC, the
most prevalent classifications of CAFs are a-SMA*
myofibroblastic CAFs (myCAFs), inflammatory CAFs
(ICAFs) defined by the expression of inflammatory cy-
tokines, such as interleukin-6 and leukemia inhibitory
factor, and antigen presenting CAFs (apCAFs), which
express MHC class Il and CD74.> ' myCAFs and
iCAFs promote PDAC progression through different
mechanisms, making these CAFs attractive targets for
the development of new therapeutics for PDAC.">?
For other types of cancer, there are various classifi-
cations of CAFs, most of which are based on data from
single-cell transcriptomic analyses.””*® The differ-
ences in CAF heterogeneity among tumors seem to
depend on the features of tumor cells, including gene
mutations and expression profiles, reminiscent of the
tumor immune microenvironment that is shaped by
tumor cells.”*#°

Recently, we and others have proposed a simpler
classification system for CAFs in which CAFs are di-
vided into two subpopulations: cancer-promoting CAFs

(pCAFs) and cancer-restraining CAFs (rCAFs)."%'*
The existence of rCAFs was originally conceptualized
based on findings demonstrating that genetic depletion
of CAFs or pharmacological intervention affecting CAF
proliferation unexpectedly led to tumor progression in
PDAC mouse models and human PDAC.?*?’ How-
ever, no rCAF-specific markers had been identified in
both mice and humans. We recently showed that Me-
flin, a glycosylphosphatidylinositol-anchored protein, is
a marker of rCAFs in PDAC and colon cancer through
analysis of mouse models and human tumor tissue
samples.'*#* " A lineage-tracing experiment using
Meflin reporter mice showed that Meflin expression
was downregulated in CAFs, whereas a-SMA expres-
sion was upregulated during cancer progression.*’
This suggests that Meflin* rCAFs give rise to
Meflin”"°"a-SMA* pCAFs and that the tumor stroma is
composed of a mixture of these different CAFs.'*=?
Meflin was previously identified as a marker of me-
senchymal stem cells (MSCs) or their early progenitors,
which preferentially localize around vessels.”” 3%
Therefore, rCAFs may actually represent un-
differentiated MSCs themselves or their early progeni-
tors that proliferate in tumor stroma.’® Our previous
data showed that transforming growth factor-f3, hypox-
ia, and substrate stiffness are major factors that in-
duced Meflin downregulation in rCAFs/MSCs to
differentiate into a-SMA* CAFs.'*?%%? However, Me-
flin™ CAFs have not yet been fully characterized.

Accordingly, in this study, we aimed to identify gene
expression profiles of Meflin® CAFs in human cancers
through analysis of multiple datasets from single-cell
transcriptomic analyses. This approach led to the
identification of matrix remodeling-associated protein 8
(MXRAS8) as a new marker of CAFs that overlap with
Meflin* CAFs.

MATERIALS AND METHODS
Human PDAC tissue samples

Human PDAC tissue samples were obtained from pa-
tients with PDAC who underwent surgical operation
from 2010 to 2015. The histology of all PDAC cases
was determined by the Pathology Department of
Nagoya University Hospital before initiating this study.

Mxra8-knockout (KO) mice

Wild-type (WT) C57BL/6 and Mxra8-KO mice (C57BL/
6NJ-Mxrag®™' MPCY/Mmjax; MMRRC stock #46123),
which were generated by the International Knockout
Mouse Consortium (IKMC) using CRISPR/Cas9-
mediated genome engineering, were purchased from
the Jackson Laboratory. Genomic DNA extracted from
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mouse tails was used for polymerase chain reaction-
based genotyping. The sequences of the primers
used were as follows: common forward (Fwd), 5’'-
GGGTAACATGGCAACAAACC-3’; WT reverse (Rvs),
5-AACGCTGTAGGTATTTTTCACC-3’; mutant Ruvs,
5-TTGGGCTAACAGCATTTCCT-3'.

Single-cell RNA sequence analysis,
histology, cell culture, and animal
experiments

Detailed protocols are described in the Supporting
Information Materials.

Statistical analyses

Data are presented as mean + standard deviations of
the means. The means of the two groups were com-
pared using unpaired t-tests. We used two-way analy-
sis of variance followed by Sidak's test for multiple
comparisons, with a=0.05. Spearman analysis was
used to determine the correlations between the ex-
pression of MXRA8 and other CAF markers. For sur-
vival analyses, Kaplan—Meier plots were drawn, and
statistical differences were evaluated using log-rank
Mantel-Cox tests. Statistical analyses were conducted
using GraphPad Prism 9 (GraphPad Software Inc.).
Results with p values of less than 0.05 were considered
significant in all statistical analyses.

RESULTS

Identification of MXRA8 as a novel
candidate CAF marker in human cancers

First, we analyzed publicly available datasets from
single-cell transcriptomic analyses of cells isolated
from human PDAC (CRA001160), non-small cell lung
cancer (GSE131907), colon cancer (GSE132465), and
breast cancer (GSE161529).>> % We extracted 198
genes whose expression was correlated with that of the
immunoglobulin superfamily containing leucine-rich
repeat (/SLR), which encodes human Meflin, at the
single-cell level, with a Spearman's correlation coeffi-
cient (rho) of more than 0.3 across the four datasets
(Figure 1a). Gene Ontology (GO) enrichment analysis
showed that the resulting 198 genes were enriched
for terms related to the organization of collagen
and the ECM and the skeletal system development
(Figure S1A), consistent with the reported role of Meflin
in collagen production in tissue repair and skeletal
development.”®*? Given our focus on CAF markers
expressed on the plasma membrane or cell surface, we
further selected cell adhesion and surface proteins
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from the 198 genes but excluded extracellular space
proteins and collagen-containing ECM proteins. The
resulting genes were MXRA8, CERCAM, THY1, BOC,
SCARF2, DDR2, NLGN2, SSPN, PRPH2, and
ADAM12 (Figure 1a). For subsequent analyses,
we focused on MXRA8, which had the top score
(0.660767). MXRAS8 encodes a type | transmembrane
protein with 2 immunoglobulin-like domains whose
function in cancer development and progression has
not yet been addressed.”’

Clustering of cells included in the four datasets
by UMAP plotting showed that MXRA8 was specifi-
cally expressed in cell clusters that preferentially
express the collagen type lal (COL71A17) gene, a
universal marker of fibroblasts (Figure 1b). Inter-
estingly, MXRA8 was also co-expressed with Meflin
in all human cancers tested, suggesting the possi-
bility that MXRA8 may be a marker of CAFs in
human cancers.

Mxra8 was expressed in distinct
populations of fibroblasts in normal
mouse tissues

We previously reported that Meflin is expressed by
pancreatic stellate cells (PSCs) of the normal pan-
creas, which are one of the origins of CAFs in the
pancreas.””“%*" In situ hybridization (ISH) using an
Mxra8-specific antisense probe on adult mouse tissues
showed that Mxra8 is expressed by rare stromal cells in
the interstitium of the pancreas, the localization of
which is similar to that of Meflin* PSCs (Figure 2a).”°
An analysis of data from single-cell transcriptomic
analysis (Tabula Muris)*® also confirmed that both
Mxra8 and Meflin (/sIr) were expressed by PSCs in the
adult mouse pancreas (Figure 2b). Furthermore,
Mxra8* cells were also found in the interstitium of the
colon, lungs, and mammary glands, and these data
were further corroborated by single-cell transcriptomic
analysis (Figure 2c—e, S1B,C). These data suggest that
Mxra8 may be specifically expressed in fibroblasts in
multiple mouse organs. Consistent with a previous
study that Meflin* fibroblasts comprise a subset of
pericryptal fibroblasts,’’Mxra8 expression was de-
tected in 58% + 14% and 32% =+ 8% of a«-SMA (Acta2)-
and Gremlin 1 (Grem1)-positive pericryptal fibroblasts,
respectively (Figure S2A,B). In the lung, Mxra8 ex-
pression was detected in 58% + 5% of cells that were
positive for Transcription factor 21 (Tcf21), which is a
known marker of lung lipofibroblasts*® (Figure S2C).
The expression of MXRA8 in TCF21* fibroblasts was
also shown by an analysis of single-cell transcriptome
data obtained from the lungs of healthy individuals**
(Figure S2D). These data indicated that Mxra8 is ex-
pressed in distinct subsets of fibroblasts in normal
mouse tissues.
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FIGURE 1 Identification of MXRA8 as a candidate gene whose expression correlated with the expression of Meflin. (a) Datasets of single-cell
transcriptomic analyses of cells isolated from human pancreatic ductal adenocarcinoma (PDAC) (CRA001160), non-small cell lung cancer
(GSE131907), colon cancer (GSE132465), and breast cancer (GSE161529) were analyzed to extract 198 genes whose expression correlated with that
of Meflin at the single-cell level, with Spearman'’s correlation coefficient (rho) of more than 0.3 across the four datasets (left). Subsequently, genes
encoding membrane or cell surface proteins were extracted based on Gene Ontology analysis (right). (b) UMAP plots showing distinct cell populations
that were identified by single-cell RNA sequencing of all cells isolated from the four human cancers. The clusters indicated by arrows denote fibroblast
clusters that exhibited high COL7A7 expression. Note that both Meflin (/ISLR) and MXRA8 were specifically expressed in the fibroblast clusters
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Localization of MXRA8" cells in the normal
human pancreas and PDAC

Next, we examined the localization of MXRA8* cells in
the normal human pancreas adjacent to PDAC by ISH
(Figure 3a). MXRA8* cells were found in the inter-
stitium between acini or around the pancreatic ducts.
MXRA8 was not expressed by epithelial cells, such as
acinar cells and duct cells, cells that constitute the islet
of Langerhans, or endothelial cells, consistent with data
from single-cell transcriptomic analysis (Figure 3a).
Notably, MXRA8 expression was more evident in
surgically resected human PDAC tissues (Figure 3b).
ISH showed that MXRA8 was expressed in stromal
cells but not in other types of cells, including tumor and
immune cells, in human PDAC. A combination of im-
munofluorescence and ISH also showed that MXRA8
was not expressed by E-cadherin® epithelial cells, in-
cluding normal duct and tumor cells, CD3" T cells,
CD20* B cells, or CD68* macrophages (Figure 3c).
These data suggested that MXRA8 may be a marker of
CAFs that proliferate in the stroma of human PDAC.

Inverse correlation between MIXRA8 and
o-SMA (ACTA2) expression in CAFs from
human PDAC

Because there are heterogenous populations of CAFs in
human PDAC,'®"'® we next examined the co-expression of
MXRA8 and other CAF markers (Figure 4a—d). Double
staining for MXRA8 by ISH and other CAF markers by
immunohistochemistry (IHC) showed that MXRA8 mRNA
was detected in 30% + 15%, 46% +17%, and 17% =
11% of a-SMA®, FAP*, and FSP1* CAFs, respectively
(Figure 4d). Double ISH showed that almost all
(91% = 8.7%) Meflin (ISLR)-expressing cells were positive
for MXRA8, whereas 56% + 15.2% of MXRA8-expressing
cells were positive for Meflin, suggesting that these two
genes may be co-expressed in the same CAFs, but
MXRAS is expressed in a broader population of CAFs than
Meflin in human PDAC (Figure 4e). Interestingly, quantifi-
cation of ISH signals based on the number of dots per cell
showed that MXRA8 expression was weakly negatively
correlated with ACTA2, which encodes «-SMA, and
PDGFRA, but not Meflin (ISLR; Figure 4f). This was con-
sistent with our previous study showing that Meflin ex-
pression was inversely correlated with a-SMA
expression.”” These data suggest that MXRA8" cells
may represent a CAF subpopulation distinct from con-
ventional a-SMA*™ myCAFs but similar to Meflin® rCAFs.
The inverse correlation between MXRA8 and
ACTA2 expression was further supported by
pseudotime analysis, in which we ordered all COL1A71*
fibroblasts of human PDAC along trajectories based
on similarities in their gene expression patterns
(Figure 5a—c). In this analysis, the P/16" fibroblast
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subset was defined as a root for all fibroblasts to de-
termine the direction of the trajectories, based on a
recent report demonstrating that Pi76 is a marker of
universal fibroblasts giving rise to all types of fibroblasts
under healthy and diseased conditions in mice.””
The resulting trajectories were bifurcating, and one
showed that Meflin (/SLR) and MXRA8 were down-
regulated, whereas ACTA2 was upregulated, over time
(Figure 5b). The data supported the conversion of
CAFs from Meflin (ISLR)*MXRA8*ACTA2'°" to Meflin
(ISLR)°"MXRA8"°"ACTA2"9" during PDAC progres-
sion, although further work is required to confirm these
findings experimentally. Interestingly, we observed that
small interfering RNA-mediated depletion of Meflin in-
duced a decrease in MXRAS8 expression in a fibroblast
cell line (Figure S3). The data suggested that MXRA8
expression could be regulated downstream of Meflin,
although the mechanism for this is unclear at present.

MXRA8 expression in CAFs was not
correlated with outcomes in patients
with PDAC

We previously showed that Meflin expression in CAFs
was correlated with favorable outcomes in patients with
PDAC.?° Therefore, we next examined MXRA8 ex-
pression in tissues surgically resected from 39 patients
with PDAC using ISH analysis (Table S1). MXRA8 ISH
was considered positive if at least one dot within a CAF
was stained positive (Figure 6a). We empirically di-
vided the patients into MXRAS8-high and -low groups
based on the number of MXRA8* CAFs per high-power
field (HPF), followed by Kaplan—Meier analysis
(Figure 6b,c). The data showed no significant correla-
tion between the number of MXRA8" CAFs and the
overall survival rate in patients with PDAC. The sig-
nificance of MXRA8 expression in CAFs in the outcome
of PDAC patients was also not demonstrated by an
analysis of transcriptome data from a TCGA (The
Cancer Genome Atlas) cohort (Figure 6d). Although not
conclusive, these data suggested that the level of
MXRAS8 determined by ISH may not be a good pre-
dictive marker of prognosis in patients with PDAC. In
addition, MXRAS8 expression in CAFs seemed not to be
affected by neoadjuvant chemotherapy, suggesting
that MXRA8* CAFs may not be targeted by cytotoxic
anti-cancer drugs (Figure S4).

Mxra8 expression did not affect tumor
growth in a heterotopic transplantation
mouse model of pancreatic cancer

To further examine the roles of Mxra8 in cancer
progression, we adopted Mxra8-KO mice generated by
The International Knockout Mouse Consortium using
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(c) MXRA8 was not expressed in tumor and immune cells in human PDAC. Tissue sections from a human PDAC tumor sample were stained for
MXRA8 by in situ hybridization (ISH) (green, arrowheads), followed by staining for E-cadherin, CD3, CD20, and CD68 by immunofluorescence.
Boxed areas are magnified in lower panels. T, tumor glands

CRISPR/Cas9-mediated genome editing (Figure S5A,B).
We found no apparent defects in growth rates or pan-
creatic histology in Mxra8-KO mice compared with
WT littermates (Figure S5C-F). We subcutaneously
transplanted syngeneic mouse pancreatic cancer cells

(mT5 cells)*® into WT and Mxra8-KO male mice and then
monitored the volumes and differentiation of the devel-
oped tumors (Figure S6A-D). The data showed that there
were no significant differences between tumors devel-
oped in WT and Mxra8-KO mice. ISH then demonstrated
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that Mxra8 was expressed in CAFs infiltrating in the
stroma of the developed tumors in WT but not Mxra8-KO
mice, suggesting that Mxra8 may be a marker of CAFs in
mice (Figure S6C).

We previously reported that tumors developed in
Meflin-KO mice exhibited an increase in the number of
Ki-67" proliferating cells.”” We therefore subjected tis-
sue sections prepared from tumors developed in WT
and Mxra8-KO mice to the same analyses. The data
showed that the numbers of Ki-67* proliferating cells
and Meflin (/slr)* CAFs were comparable between WT
and Mxra8-KO tumors (Figure S6E,F). These data
showed that loss of Mxra8 expression in CAFs did not
affect cancer cell proliferation or the infiltration of rCAFs
into the developed tumors.

Mxra8 expression did not affect tumor
differentiation in an orthotopic
transplantation mouse model of
pancreatic cancer

We finally evaluated the roles of Mxra8 in CAFs by
orthotopically implanting mT5 mouse PDAC cells into
the pancreases of WT and Mxra8-KO mice (Figure 72a).
ISH showed Mxra8 was expressed in CAFs in tumors
developed in WT mice but not Mxra8-KO mice, con-
firming that Mxra8 was a marker of CAFs (Figure 7b).
Finally, H&E staining and IHC analysis showed that
tumor differentiation and the numbers of Ki-67* cells
and Meflin (/sir)* rCAFs were comparable between WT
and Mxra8-KO tumors (Figure 7c—e).

DISCUSSION

In the current study, we identified MXRA8 as a novel
marker of CAFs in both human and mouse PDAC by
searching for genes that were co-expressed with Me-
flin. Similar to Meflin, MXRA8 was found to be ex-
pressed in PSCs in the normal pancreas, which give
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rise to CAFs in PDAC. Consistent with our recent hy-
pothesis that Meflin* CAFs represent rCAFs in PDAC,
the expression level of MXRA8 was inversely corre-
lated with that of ACTA2, a marker of conventional
myCAFs in PDAC. Thus, MXRA8" CAFs may con-
stitute a CAF subset distinct from a-SMA™ CAFs but
comparable to Meflin* rCAFs. There were no com-
mercially available antibodies that specifically detected
MXRAS8 in IHC (data not shown); thus, we were not
able to examine MXRAS8 expression at the protein level.

Our experiments on mouse tumor transplantation
models, including orthotopic and subcutaneous trans-
plantation, revealed no apparent effects of MXRAS8
expression in CAFs on PDAC progression. However, it
would be premature to conclude that MXRAS8 is func-
tionally neutral and not involved in the biological func-
tion of CAFs. A previous study showed that MXRA8
physically interacts with avf3 integrin, although the
relevance of that interaction has not been clearly
proven.”’ Given that av@3 integrin is also expressed by
PDAC and endothelial cells,*®> MXRA8 expressed on
CAFs may modulate the migration or proliferation of
PDAC cells or tumor angiogenesis. Thus, the exact
roles of MXRA8 in PDAC progression and whether
MXRAS is involved in the cancer-restraining function of
rCAFs should be determined by experiments on cul-
tured fibroblasts and using more sophisticated PDAC
mouse models, such as the KPC autochthonous
model, in the future.?®*°

MXRA8 has attracted considerable attention in
recent years because it was identified as a receptor
for multiple arthritogenic alphaviruses, including
Chikungunya virus (CHIKV), which is a globally
emerging arthropod-transmitted virus.”®°" MXRA8
binds directly to CHIKV particles, enhancing the at-
tachment and internalization of the virus into cells.®
One of the clinical symptoms of CHIKV infection is
severe polyarthralgia lasting weeks to months.”? In
our current study, we found that MXRA8 was speci-
fically expressed in fibroblasts in multiple organs,
implying that fibroblasts in the joints, synovium, or

FIGURE 4 Differential co-expression of MXRA8 with other cancer-associated fibroblast (CAF) markers in human pancreatic ductal
adenocarcinoma (PDAC). (a)—(d) Expression of CAF markers in human PDAC was examined by alkaline phosphatase-based

immunohistochemistry (IHC) for a-smooth muscle actin («-SMA) (a), fibroblast activation protein (FAP) (b), and fibroblast-specific protein 1
(FSP1) (c) (red signals and red arrowheads) plus in situ hybridization (ISH) for MXRA8 (brown signals and brown arrowheads). Black
arrowheads denote cancer-associated fibroblasts (CAFs) expressing both MXRA8 and a-SMA, FAP, or FSP1. Boxed regions were magnified in
adjacent panels. In (d), MXRAS8 positivity in CAFs expressing a-SMA, FAP, or FSP1 was quantified by analyzing 10 high-power fields (HPFs)
(400x) randomly selected from each patient (N =3). T, tumor glands. (e) MXRA8 (green) and Meflin (/ISLR, red) expression in human PDAC was
assayed by duplex ISH with custom RNAscope fluorescence probes, showing that the majority (90.7% = 8.7%) of Meflin (/ISLR)* CAFs were
positive for MXRA8 (white arrowheads), whereas 56.4% + 15.2% of MXRA8"* CAFs were positive for Meflin. Ten HPFs were randomly selected
from each PDAC sample (N = 3) for histological evaluation. T, tumor gland. Green arrowheads, CAFs positive only for MXRA8. (f) Expression of
MXRA8 (green) and other CAF markers (red) was examined by duplex ISH. Boxed areas are magnified in adjacent panels. Note that some
CAFs were double-positive for MXRA8 and other CAF markers (yellow arrowheads), whereas the other CAFs were preferentially positive for
either MXRA8 (green arrowheads) or other CAF markers (red arrowheads). Lower panels show semiquantification of the expression of MXRA8
and other CAF markers evaluated based on the number of dots per cell. All scoring was performed for randomly selected cells (MXRA8/ISLR,
N=1002; MXRAB/ACTA2, N =824; MXRA8/PDGFRA, N =431) in six HPFs from each human PDAC sample (N =2). Spearman analysis was
used to assess the correlations between the numbers of dots for each of the indicated genes. The red lines represent regression lines
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FIGURE 5 Pseudotime analysis of fibroblasts from human pancreatic ductal adenocarcinoma (PDAC) samples. (a) Single-cell pseudotime
trajectories for fibroblasts in human PDAC tissues were computed using the algorithm slingshot with sequencing count data for single cells
isolated from human PDAC (accession no. CRA001160). COL1A1* cells were first extracted from all cells, followed by dimensionality reduction
and clustering. The P/16" cluster was set as the root of the trajectories, which led to the inference of two pseudotime trajectories (left panel). The
other panels showed the expression of the indicated genes in the COL1A1* cell clusters. (b), (c) Changes in the expression of the indicated
genes in the two trajectories (b, trajectory 1; c, trajectory 2) inferred by the pseudotime analysis. Note that trajectory 1 showed the
downregulation of Meflin (/ISLR) and MXRAS8 and the upregulation of ACTA2 over pseudotime (b)

muscles may be the primary sites of CHIKV infection.
Notably, another study showed that MXRAS8 is also
expressed in macrophages isolated from the bone
marrow, which differed from our results demonstrat-
ing that MXRA8 was not expressed by CD68" mac-
rophages infiltrating in the stroma of PDAC.>® More
detailed studies of the specific expression pattern of
MXRA8 will improve our understanding of the
etiology and pathophysiology of CHIKV infection.

One interesting finding in the current study was
the dynamic alteration of MXRA8 expression in
CAFs predicted from the pseudotime analysis. The
data showed that MXRA8 expression was down-
regulated following CAF activation, becoming posi-
tive for ACTA2 during cancer progression. This
finding further corroborated our hypothesis that
MXRAS8 expression level was correlated with that of
Meflin. A previous study using a Meflin reporter
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FIGURE 6 MXRA8 expression was not correlated with outcomes in patients with pancreatic ductal adenocarcinoma (PDAC).

(a) Representative in situ hybridization (ISH) images of MXRA8-high (left) and -low (right) cases. Arrowheads denote MXRA8* CAFs. Boxed
areas are magnified in adjacent panels. T, tumor glands. (b) Histogram of the distribution of patients with PDAC based on the mean numbers of
MXRA8"* cells/high-power field (HPF). Three HPFs randomly selected from each patient were analyzed. The median number of MXRA8™ cells/
HPF was 88, and this criterion was used to stratify the patients into MXRA8-high and -low cases. (c) Overall survival rates of patients with PDAC

postsurgery in the MXRA8-high (red, N =20) and -low (blue, N = 19) groups. (d) Overall survival rates of patients with PDAC stratified based on
the transcriptome data from a TCGA cohort
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FIGURE 7 Mxra8 expression in cancer-associated fibroblasts (CAFs) did not affect the progression of orthotopically transplanted pancreatic
tumors in mice. (a) mT5 mouse pancreatic ductal adenocarcinoma (PDAC) cells (1 x 10* cells/mouse) were implanted into the pancreases of
wild-type (WT) (N =7) and Mxra8-knockout (KO) (N =4) adult mice (P56), and histological analysis was performed 21 days after implantation.
(b) Tissue sections obtained from tumors developed in WT and Mxra8-KO mice were stained for histology (H&E; upper) and Mxra8 (ISH; lower).
Note that the Mxra8 mRNA signal (brown) was detected in cancer-associated fibroblasts (CAFs) from WT tumors but not Mxra8-KO tumors.
(c) Histological evaluation of the differentiation types of tumors developed in the pancreases of WT and Mxra8-KO mice. Ten high-power fields
(HPFs) were randomly selected from each tumor from WT (N =7) and Mxra8-KO (N =4) mice for histologic evaluation. The sum total area of
each differentiation type was expressed relative to the area of the tumor (left). The percentages of the area of poorly differentiated type were not
significantly different between WT and Mxra8-KO tumors. (d) Tissue sections obtained from tumors developed in WT (left, N = 7) and Mxra8-KO
mice (right, N =4) were stained for Ki-67 by immunohistochemistry (IHC), followed by quantification of the number of positive cells. Five HPFs
obtained from each tumor were evaluated using ImageJ software. (e) Tissue sections obtained from tumors developed in WT (left, N=7) and
Mxra8-KO mice (right, N = 4) were stained for Meflin (Isir) mRNA by ISH, followed by quantification of the number of positive cells. Five HPFs
obtained from each tumor were evaluated using ImagedJ software
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mouse line showed that Meflin expression in CAFs
in the stroma of early-stage PDAC was significantly
decreased, whereas Acta2 expression was upre-
gulated during cancer progression.'*?? This phe-
notypic conversion of CAFs (i.e., the CAF switch)
may contribute to increased clinical malignancy and
drug resistance in recalcitrant cancers, such as
PDAC. Indeed, we recently reported that pharma-
cological and genetic approaches to revert fully ac-
tivated CAFs or pCAFs (Meflin weakly positive or
negative) to rCAFs (Meflin positive) were effective
for improving tumor sensitivity to chemotherapeutics
in PDAC mouse models.”* Thus, it may be inter-
esting to clarify whether MXRA8 expression also
undergoes dynamic alterations following pharma-
cological and genetic interventions to modulate
CAF function.

Finally, the roles of MXRAS8 in the development and
progression of fibrotic diseases should also be eval-
uated in future investigations. Consistent with our
analysis, a previous study showed that MXRAS8 is
specifically expressed in lipofibroblasts, a subset of
lung fibroblasts.”® Lipofibroblasts are known to be
crucial for the maintenance of a subpopulation of
alveolar type 2 cells, which have a high capacity for
self-renewal.’® In lung fibrosis, lipofibroblasts give rise
to myofibroblasts, which cause the deposition of ex-
tensive ECM in the interstitium.”” Recently, we and
others reported that Meflin™ fibroblasts proliferate upon
acute tissue injury or inflammation in the heart, in-
testines, and lungs and that these fibroblasts are es-
sential for tissue regeneration and exhibit antifibrotic
effects in subsequent fibrotic responses.®***°° How-
ever, in the current study, we did not observe any
histological abnormalities in Mxra8-KO mice, and the
physiological function of MXRA8 remains unknown.
Therefore, in future studies, researchers should eval-
uate whether MXRAS8 protein and MXRAS8" fibroblasts
are involved in the etiology of various human fibrotic
diseases.
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