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Abstract

Subepithelial platelet-derived growth factor receptor alpha (PDGFRa)* cells found in the
colonic mucosal tissue come in close contact with epithelial cells, immune cells, neurons,
capillaries, and lymphatic networks. Mucosal subepithelial PDGFRa* cells (MuPaC) are
important regulators in various intestinal diseases including fibrosis and inflammation. How-
ever, the transcriptome of MuPaC has not yet been elucidated. Using Pdgfra-eGFP mice
and flow cytometry, we isolated colonic MuPaC and obtained their transcriptome data. In
analyzing the transcriptome, we identified three novel, and selectively expressed, markers
(Adamdec1, Fin1, and Col6a4) found in MuPaC. In addition, we identified a unique set of
MuPaC-enriched genetic signatures including groups of growth factors, transcription fac-
tors, gap junction proteins, extracellular proteins, receptors, cytokines, protein kinases,
phosphatases, and peptidases. These selective groups of genetic signatures are linked to
the unique cellular identity and function of MuPaC. Furthermore, we have added this
MuPaC transcriptome data to our Smooth Muscle Genome Browser that contains the tran-
scriptome data of jejunal and colonic smooth muscle cells (SMC), interstitial cells of Cajal
(ICC), and smooth muscle resident PDGFRa* cells: (https://med.unr.edu/physio/
transcriptome). This online resource provides a comprehensive reference of all currently
known genetic transcripts expressed in primary MuPaC in the colon along with smooth mus-
cle resident PDGFRa cells, SMC, and ICC in the murine colon and jejunum.

Introduction

Ingested food, through various chemical and mechanical signaling pathways, induces peristal-
tic reflexes in the gut. Due to this motility, cells present in intestinal villi and colonic mucosa
are responsive to both chemosensory and mechanosensory signaling [1]. Mucosal subepithelial
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PDGRFa." cells (MuPoC, aka subepithelial fibroblasts or fibroblast-like cells), located in the
basement membrane under the epithelial layer of the colon, participate in the creation of con-
tractile cellular networks via gap junctions [1]. These cells form subepithelial reticular inter-
twined networks around the crypts [2]. The networks enclose the lamina propria, in which
MuPoC are in close proximity to neural and capillary networks, as well as myofibroblasts, epi-
thelium, and immune cells [1].

MuPoC are closely associated with, but distinct from, myofibroblasts that express both o-
smooth muscle actin (aka o-SMA: Acta2) and smooth muscle myosin (Myhl11) [3]. Both
MuPaC and myofibroblasts in the lamina propria are mesenchymal cells that predominantly
originate from the visceral mesoderm [4]. Together, MuPo.C and myofibroblasts play a role in
acute and chronic epithelial injury, fibrosis, chronic inflammatory diseases, and colitis-associ-
ated cancer [2].

Previously, our group has reported that primary MuPaC isolated from colonic mucosa
express Toll-like receptor genes, purinergic receptor genes, 5-hydroxytryptamine (5-HT) 4
receptor gene, and hedgehog signaling genes [3]. However, a comprehensive resource that
encompasses genome-wide transcriptomic analysis within these cells still has yet to be
developed.

We have previously isolated GFP-labeled PDGRFa. cells from the jejunal and colonic mus-
cularis of Pdgfra-eGFP mice [5], and characterized genome-scale gene expression data from
these cells. With this trove of data, our group constructed a Smooth Muscle Genome Browser
[6] linked to the bioinformatics data repository found at the University of California, Santa
Cruz (UCSC) genome database [7]. For this study, we utilized a similar strategy to isolate
MuPoC from Pdgfra-eGFP mice and then sequenced the transcriptomes of these cells, as well
as whole mucosal tissue from the murine colon. This information was incorporated into the
previously mentioned UCSC Smooth Muscle Genome Browser. Through analysis of the
obtained transcriptome, we were able to identify several new cell-selective markers for MuPa.C
including the metalloendopeptidase ADAM-Like Decysin 1 (Adamdecl), fibronectin 1 (Finl),
and collagen type VI alpha 4 (Col6a4). We also identified several gene categories expressed in
MuPoC including those encoding for growth factors, transcription factors, receptors, gap
junction proteins, extracellular proteins, cytokines, peptidases, kinases, and phosphatases that
are characteristic of MuPoC cellular identity and function. The MuPaC transcriptome we
have added to the UCSC Smooth Muscle Genome Browser will serve as a resource that pro-
vides vital information about possible cellular structure, variously expressed transcript iso-
forms, and further insights into the regulation of all genes expressed in these cells.

Methods and materials
Animal and tissue preparation

PdgfmeGF P+ mice were obtained from Jackson Laboratory [8]. Mice were housed 4 per cage,
maintained on a 12-12 hour light-dark cycle, and given access to food and water. All experi-

¢GFP/+ mice. The animal

ments were performed using 4-8 week old male and female Pdgfra
protocol was approved by the Institutional Animal Care and Use Committee at the University
of Nevada-Reno Animal Resources. All experiments were performed in accordance with insti-

tutional guidelines and regulations.

Flow cytometry and fluorescence-activated cell sorting (FACS)

Cells were dispersed from the colonic mucosa of Pdgfra®“*™* mice using an enzyme digestion

buffer comprised of 4mg/ml collagenase type 2, 8mg/ml trypsin inhibitor, 8mg/ml bovine
serum albumin and 0.125mg/ml papain and incubated at 37°C for 30 min. GFP" PDGRFo.
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cells were sorted from dispersed cells using FACS [5]. Isolated GFP™* PDGRFo"8" cells (as dif-
ferenctiated PDGFRa cells) from PdgfraeGF P/* mice (15 males and 15 females) were lysed and
these cell lysates were pooled together with all other lysate samples. This pooled lysate from
thirty Pdgfra®“*™* mice was used as one collective sample in the isolation of total RNAs.

Isolation of total RNAs

Total RNA was isolated from the colonic mucosa of mice using the mirVana miRNA isolation
kit (Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions. The quality
of total RNAs was analyzed using a NanoDrop 2000 Spectrometer (Thermo Fisher Scientific,
Waltham, MA) and a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).

Construction of RNA-seq libraries and next-generation sequencing

Two RNA-seq libraries were generated and sequenced via Illumina HiSeq 2000 (Illumina, San
Diego, CA) following the vendor’s instruction at LC Sciences (Houston, TX) as previously
described [5].

Bioinformatics data analysis

Paired-end sequencing reads were processed and analyzed as previously described [9]. A cutoff
of FPKM = 0.025 generated equal false positive and false negative ratios of reliability. The
expression level of transcripts with a FPKM value of less than 0.025 were considered to be 0.

Real time polymerase chain reaction

cDNA libraries were made using reverse transcription of the total RNAs isolated from FACS-
purified MuPoC (n = 6) from colonic mucosa and smooth muscle PDGFRa. cells (SMPa.C:

n = 6) [5], Interstitial cells of Cajal (ICC: n = 6) [10] and smoothe muscle cells (SMC: n = 6)
[11] from colonic muscularis as well as colonic mucosa (n = 5) and smooth muscle, (n = 6) as
previously described [5, 10, 11] [n = 5-6 mice (3 males and 2/3 females) per cell and tissue
type]. Reverse-transcription polymerase chain reaction (RT-PCR) and quantitative PCR
(qPCR) analyses of cDNA were performed as previously described [5]. All primer sequences
used can be found in S1 Table.

Confocal microscopy and immunohistochemical analysis

Frozen murine tissues were fixed in cold acetone and 4% PFA before 8 pm cryosections were
cut using a cryostat. Cryosections were then placed onto slides coated with Vectabond. anti-
PDGFR-alpha (goat, 1:100, R&D system, MN), anti-Fibronectin (FN1) (rabbit, 1:100, abcam,
MA), anti-Collagen VI (COL6) (rabbit, 1:200, abcam, MA), anti-PLAU (rabbit, 1:100, abcam,
MA), anti-PROCR (Rabbit, 1:50, Bioss antibodies, MA), anti-BMP7 (Rabbit, 1:100, AVIVA
system biology, CA), anti-SEMA3F (Rabbit, 1:50, Bioss antibodies, MA), and anti-PCSK6
(Goat, 1:100, antibodies-online, GA) were the primary antibodies used. Primary and second-
ary antibodies were diluted in 4% skim milk/1x TBS/0.1% Triton-X114. Each slide was washed
twice with 1x TBS and treated with Fluoroshield mounting medium with DAPI (Abcam,
ab104139) after incubation with the secondary antibodies. An Olympus FV1000 confocal laser
scanning microscope (Olympus, Tokyo, Japan) was used to capture the immunohistochemi-
cally stained images and these images were analyzed through Fluoview FV10-ASW 3.1 Viewer
software (Olympus, Tokyo, Japan).
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Statistical analysis

qPCR data obtained in the present study was compared using a one-way analysis of variance
(ANOVA) in order to determine whether the differences were statistically significant. Mea-
sured variables were expressed as the mean + standard errors of the mean (SEM). The differ-
ences in mean values between the two groups (MuPaC and SMPaC) were evaluated and
considered significantly different when *P < 0.05 and **P < 0.01.

Results
Identification and isolation of mucosal subepithelial PDGFRa." cells

Mucosal subepithelial PDGFRa." cells (MuPaC) were identified through eGFP expression
within the subepithelial region of colonic mucosa in Pdgfra®**'* mice [8] (Fig 1A). The iden-
tity of MuPo.C was confirmed through immunohistochemical labeling with anti-PDGFRA
antibodies that coincided with endogenous nuclear eGFP, as seen in previous work [3]. The
PDGFRA protein is mainly localized in the plasma membrane of MuPaC, while eGFP is exclu-
sively found within the nucleus of the cells as the eGFP gene is fused with a human histone
H2B type 2-E gene in Pdgfra®“™* mice [8]. MuPaC are in close proximity to each other
under the epithelial barrier (Fig 1A). MuPaC are concentrated at the subepithelial area of the
cryptic plateau within plicae in contrast to the lower number seen in the cryptic base and axis.
Primary MuPoC from colonic mucosa were further analyzed through the use of flow cytome-
try. Our group previously reported two distinct populations of eGFP* MuPoC within the
murine colonic mucosa: cells with brighter eGFP fluorescence (report higher expression of
PDGFRo: P1) and cells with dimmer eGFP fluorescence (report lower expression of PDGFRa:
P2) [3]. The P1 and P2 cells within eGFP* MuPoC, identified by fluorescence-activated cell
sorting (FACS), were 6.3% and 17.8%, respectively, of the total events (Fig 1B), which was con-
sistent with our previous cell sorting data [3]. Since P1 cells express Pdgfra at a higher level
than P2 cells [3], we identified and isolated only the brighter eGFP* MuPoC population
(MuPaC, P1) for RNA-seq. We sorted MuPoC from 30 mice (15 from each sex), extracted
total mRNAs from each mouse’s isolated colonic mucosa, and pooled these mRNA samples
together. This pooling process was also carried out on unsorted cells (colonic mucosal tissue).

Transcriptomic analysis of mucosal subepithelial PDGFRa" cells

To identify the genes expressed within MuPaC, we obtained and analyzed the transcriptomes
of isolated mucosal tissue (Mu) and MuPoC. The transcriptomes consisted of 15,933 (Mu)
and 15,777 (MuPoC) known genes (Fig 1C and Table 1). We obtained 169 and 154 million
reads, of which 91% and 92% were mapped to the genome in Mu and MuPaC, respectively.
We found 52,113 and 51,282 unique gene isoforms in Mu and MuPaC, respectively. Complete
lists of all isoforms identified in this study along with tracking IDs, gene ID/names, chromo-
some location, isoform length, and expression levels in both Mu and MuPa.C can be found in
Table 1. MuPoC expressed an average of 3 isoforms per gene that were produced from alterna-
tive transcription start sites, and/or alternative splicing sites (NCBI GEO GSM 1388414 and
GSM1388415, S2 Table). Most genes (15,777) were expressed in both Mu and MuPoC; how-
ever, we found 156 genes that were expressed in Mu that were not found to be expressed in
MuPaC (Fig 1C). A complete list of the genes expressed in Mu and MuPaC with their com-
bined isoform expression levels and numbers of splice variants can be found in S3 Table.
Although most genes are expressed in both Mu and MuPoC, the overall expression profiles of
both samples were not very similar (correlation coefficient = 0.54) (Fig 1D). To further investi-
gate cellular identity and function from our transcriptome data, we employed gene ontology
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Fig 1. Identification of colonic mucosal subepithelial PDGFRa" (MuPaC) cells and analysis of their transcriptome. A:
PDGFRa" cells in the colonic mucosa identified with Pdgfra-eGFP and through PDGFRA antibody. Pdgfra-eGFP mice express the
H2B-eGFP (nuclear eGFP) fusion gene from the Pdgfra locus. L, lumen; SE, subepithelium; E, epithelium; LP, lamina propria. B:
Primary eGFP* PDGFRo." populations (bright, P1, MuPoC, and dim, P2, MuPaC) from colonic mucosa identified (circled) through
flow cytometry. C: Chart showing the number of genes identified in colonic mucosal tissue (Mu) and MuPoC cells in the colonic
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mucosa through RNA-seq. D: Comparison of expression levels of genes in Mu and MuPaC. E: Gene ontologies reported in Mu and
MuPoC. The gene ontology (GO: function, process, and component) for Mu-/ MuPaC-specific genes was analyzed, and key GO
terms were compared using normalized expression (FPKM) percentile. Blue and orange bars indicate a percentage of the gene
number and an expressed amount of the gene, in each GO term category, to a total gene number or expressed amount respectively.

https://doi.org/10.1371/journal.pone.0261743.9001

(GO) analysis of genes abundantly expressed in Mu and MuPaC. Key GO terms and numbers
of genes found to be associated with each term obtained from both samples were similar. The
most highly expressed genes in the Mu population are involved in ion binding. In contrast,
genes coding for extracellular proteins were the most highly expressed category in MuPaC
(Fig 1E). This suggests that MuPo.C may have an important role in extracellular function.

Identification of genes exclusively expressed in mucosal subepithelial
PDGFRa. cells

We have previously obtained and analyzed the transcriptomes of colonic smooth muscle tissue
(SM) as well as three cell types that reside within gastrointestinal tissue: smooth muscle cells
(SMC) [9], interstitial cells of Cajal (ICC) [10], and smooth muscle PDGFRa." cells (SMPaC)
[5]. To identify genes selectively expressed in mucosal subepithelial PDGFRa.* cells (MuPo.C),
we analyzed and compared the transcriptomes of MuPo.C and Mu to the existing transcrip-
tomes of SM, SMC, ICC, and SMPoC. We identified 76 genes that are highly, and selectively,
expressed within colonic MuPaC when compared to Mu, SM, and the previously mentioned
cell types (SMC, ICC, and SMPaC) (S4 Table). The thirty most selectively enriched gene
expression signatures in MuPoC are shown in Fig 2A. The top three most highly enriched
genes in MuPaC are Col3al, Adamdecl and Colla2. Adamdecl, Fnl, and Col6a4 also show
selective expression in Mu compared to SM (Fig 2B). Additionally, the top three MuPo.C-
enriched genes in comparison to Mu are Procr, Col6a4 and Bmp7 (Fig 2C). Lastly, the top
three MuPo.C-enriched genes vs SMPaC are Adamdecl and Fnl, and Plau (Fig 2D). Taken
together, the most selective genes in MuPo.C at mRNA levels include Adamdecl, Fnl, and
Col6a4. To validate the cell-restricted expression of genes expressed in MuPaC, we selected 8
genes (Adamdecl, Fnl, Col6a4, Plau, Procr, Bmp7, Sema3f, and Pcsk6) and performed immu-
nohistochemistry on murine colonic tissue in order to label the protein product of each previ-
ously listed gene (Figs 3A and 3B and S1). This screening identified ADAMDECI, FN1, and
COL6A4 as being selectively expressed in MuPaC. In a separate parallel study, we found that
ADAMDECI is not only a selective marker for MuPaC but also a biomarker induced by
colonic mucosal inflammation (in review) [12]. However, PLAU, PROCR, BMP7, SEMA3F,
and PCSK6 expression were not able to efficiently label MuPo.C (S1 Fig). Restricted localiza-
tion of FN1 and COL6A isoforms in MuPoC isolated from colonic mucosa is shown in Fig 3.
FN1 was more prominently found in MuPa:C compared to SMPo.C (Fig 3A). In addition, the
EN1 protein was abundantly detected in mesothelial cells in the serosal layer. FN1 abundantly
colocalized in subepithelial PDGFRo" cells under the epithelial cells in cryptic plateaus (verti-
cal sections) and cryptic bases or axes (horizontal sections), where epithelial stem/progenitor
cells are located. Another marker, COL6A4, was labeled with the anti-collagen 6 (COL6A)
antibody due to the isoform specific anitbody (anti-COL6A4) being unavailable. COL6A

Table 1. Summary of transcriptomes obtained from colonic mucosal tissue (Mu) and subepithelial PDGFRa." cells (MuPaC).

Sample
Mu
MuPaC

https://doi.org/10.1371/journal.pone.0261743.t001

Mapped read Known gene Total isoform Average isoform
153,208,218 15,933 52,113 33
141,592,530 15,777 51,282 3.3
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Fig 2. Identification of genes expressed in isolated colonic MuPaC. A: A heat map of genes expressed in colonic MuPa.C compared to colonic
mucosa (Mu), colonic smooth muscle (SM), interstitial cells of Cajal (ICC), smooth muscle cells (SMC), and smooth muscle PDGFRo." cells
(SMPaC). Col3al and Adamdecl are highly expressed in colonic MuPoC. B: Colonic Mu-specific genes compared to colonic SM. C: MuPo.C-
specific genes compared to Mu. D: Colonic MuPoC-specific genes compared to colonic SMPaC.

https://doi.org/10.1371/journal.pone.0261743.9g002

showed about equal signal strength in MuPa.C as FN1. However, there are five collagen type 6
genes, Col6al-5, expressed in the colonic mucosa of mice (S3 Table). This results in the
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Fig 3. Selective expression of FN1 and COL6A4 in colonic MuPaC. A and B: Restricted expression of FN1 and COL6A
protein within colonic subepithelial PDGFRA™ cells. Anti-FN1 and anti-COL6A antibodies were used. Vertical and
horizontal cross-sections (CS) images are indicated. Scale bars are 50 um. C: Expression of Adamdecl, Fnl, and collagen
type 6 isoforms (Col6al-5) in Mu, isolated MuPoC, SM, and isolated SMPa.C examined by RT-PCR. D: Quantitative
analysis of Adamdecl, Fnl, and Col6al-5 mRNA expression in Mu (n = 5), isolated MuPoC (n = 5), SM (n = 5), and
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isolated SMPo.C (n = 6) measured by qPCR. ** p < 0.01, MuPoC versus SMPoC. Gapdh was used as an endogenous
control.

https://doi.org/10.1371/journal.pone.0261743.9003

labeling of all proteins that are translated from the collagen type 6 genes when using the
COL6A antibody. Our transcriptome data show that MuPa.C have medium to high expression
of Col6al-4, while these cells have very low expression of Col6a5 (S3 Table). Thus, the signal in
MuPaC is likely mostly from COL6A1-4. Additionally, this antibody would likely also label
SMPoC as these cells have abundant expression of three of the COL6A isoforms (54 Table).

However, according to the transcriptome data, Col6a4 is expressed at very low levels in SM
and SMPoC (Fig 2A and S4 Table). Similar to FN1, COL6A isoforms were also found in sube-
pithelial PDGFRa" cells at the cryptic plateaus and axes or bases (Fig 3B). To further validate
expression of Fnl and Col6a4 in MuPoC, we examined their cell-restricted expression in
colonic MuPaC and SMPaC by RT-PCR. Consistent with the transcriptome data, colonic
mucosa tissue and isolated MuPaC detected varying transcript levels of Adamdecl, Fnl,
Col6al, Col6a2, Col6a3, and Col6a4 and very low expression of Col6a5 across all samples (Fig
3C). In addition, colonic SM tissue and isolated SMPa.C showed very low transcript levels of
Adamdecl, Fnl, and Col6a4 and abundant transcript levels of Col6al, Col6a2, and Col6a3. In
terms of differences in expression levels between MuPa.C and SMPoC, we observed Adam-
decl, Col6a4, and Fnl had significantly higher expression in MuPa.C than SMPoC through
qPCR analysis (Fig 3D). These findings were consistent with our transcriptome data (54
Table). Taken together, the immunohistochemical, RT-PCR and qPCR data show that Adam-
decl, Fnl, and Col6a4 are likely selective markers for MuPaC.

Identification of growth factors, transcription factors, cell signaling genes,
receptors and receptor binding proteins expressed in mucosal subepithelial
PDGFRa cells

MuPaC expressed 52 growth factors (S5 Table). The thirty most predominantly expressed
growth factors in MuPaC, compared to Mu, are shown in Fig 4A. Cxcl12 and Ogn appeared to
be the most highly expressed, while Bmp7 and Bmp5 were the most specific to MuPoC (Fig
4B). All ten of the most predominantly expressed growth factors in MuPo.C were also
expressed in SMPo.C with Gpil being the only growth factor of these ten that is more highly
expressed in SMPo.C than levels seen in MuPaC (Fig 4B). Bmp5 and Bmp7 had very low
expression in SMPoC but high expression in MuPaC (Fig 4C), suggesting that these two
growth factors may be required for the growth of MuPoaC.

In addition, MuPoC expressed 134 transcription factors (S6 Table). Fos and Jun were the
most highly expressed transcription factors in MuPoC (Fig 4D), with these two genes also hav-
ing highly expressed in SMPoC (Fig 4D). Thx2 and Foxf2 appeared to be the most specific to
MuPaC over Mu (Fig 4E), while Tbx2 and Foxf2 were the most specific to MuPaC over
SMPoC (Fig 4F).

MuPoC also expressed 133 genes involved with cell signaling (S7 Table). The thirty most
predominantly expressed cell signaling genes in MuPoC are shown in Fig 5A. Each one of
these cell signaling genes was also found to be expressed in SMPaC, albeit at differing levels of
expression. Interestingly, two Wnt singling genes (Wnt5a and Wnt4) were specifically
expressed in MuPo.C when compared to either Mu (Fig 5B) or SMPoaC (Fig 5C). Wnt4 and
Wifl were more highly specific to MuPoC as compared to levels found in SMPaC (Fig 5C).

Finally, MuPaC expressed 203 receptor and receptor binding protein genes (S8 Table).
Gnas was the most highly expressed and Pdgfra was the most specifically expressed gene in
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Fig 4. Identification of the growth factors and transcription factors predominantly expressed in colonic MuPaC.
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MuPoC compared to Mu and SMPoC. E: MuPo.C-specific transcription factors compared to Mu. F: MuPo.C-specific
transcription factors compared to SMPaC. Sorted by MuPoaC/Mu, cut off 10 fold MuPaC in MuPa.C/Mu; sorted by
MuPaC/SMPoC, cut off 10 fold MuPaC and 0 fold SMPa.C in MuPo.C/SMPoC.
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MuPaC (Fig 5D and 5E). These two genes were also highly expressed in SMPoC (Fig 5D).
Nirp6 and Agt were the most specific genes to MuPo.C over SMPoC (Fig 5F). However, Nlrp6
was also highly expressed in Mu, while Agt was expressed at much lower levels in Mu when
compared to MuPo.C levels (S8 Table). This suggests that Nirp6 may be expressed in other
mucosal cells, while Agt was predominantly expressed in MuPaC.

Identification of predominantly expressed genes related to gap junctions
and extracellular activity in mucosal subepithelial PDGFRa cells

MuPaC expressed 18 genes related to gap junctions (S9 Table). Of these genes, Gjal was the
most highly and specifically expressed in MuPo.C over both Mu and SMPoC (Fig 6A-6C). In
SMPa.C, Des was the most highly and specifically expressed (S9 Table). However, MuPoC spe-
cifically expressed Gjb1, Gjb3, and Gjal over SMPaC (Fig 6C), suggesting that these gap junc-
tion proteins have a unique role in MuPaC.

MuPoC expressed 600 genes related to extracellular activity (S10 Table). Col3al and Adam-
decl were the most highly expressed extracellular activity genes in MuPo.C (Fig 6D) with
Col3al being the most highly expressed in SMPoC, and Adamdec] being minimally expressed
in SMPoC (Fig 6D). Many extracellular proteins, including Masp1, Bmp?7, and Penk, are pref-
erentially expressed in MuPoC over Mu (Fig 6E). Additionally, Adamdecl was the most specif-
ically expressed gene in MuPaC over SMPo.C (Fig 6F). Many extracellular activity genes are
preferentially expressed in MuPoC over SMPaC: 44 genes are more than 100 fold enriched in
MuPaC compared to SMPaC (S10 Table).

Identification of cytokine, peptidase, protein kinase, and phosphatase
genes found in mucosal subepithelial PDGFRa cells

MuPoC expressed 77 genes encoding for cytokines (S11 Table). The thirty most highly
expressed genes encoding for cytokines within MuPo.C are shown in Fig 7A. Cxcl12 is the
most highly expressed in MuPo.C and SMPaC (Fig 7A). The genes most specific to MuPaC as
compared to Mu are Bmp7 and Wnt5a (Figs 7B and S1B and S1D). Twelve cytokine genes are
preferentially expressed in MuPo.C over SMPoC, with Cxcl9 and Fam3b being the most spe-
cific (Fig 7C and S11 Table).

MuPoC expressed 283 peptidase genes (S12 Table). The thirty most highly expressed pepti-
dases in MuPaC are shown in Fig 7D. Adamdecl (previously categorized as an extracellular
gene in Fig 6D) is the most highly expressed peptidase in MuPoC, with a negligible expression
level in SMPoC (Fig 7D and 7F). Interestingly many peptidase genes are preferentially
expressed in MuPo.C over SMPaC: 11 genes have an over 100 fold enrichment in MuPoaC (S12
Table).

Finally, MuPaC expressed 354 protein kinase genes (513 Table) and 105 phosphatase genes
(S14 Table). The thirty most highly expressed protein kinases in MuPo.C are shown in Fig 8A.
Axl and Pdgfra (also previously categorized as a receptor in Fig 5D) were the most highly
expressed kinases in MuPo.C (Fig 8A). As expected, Pdgfra was also highly expressed in
SMPoC, being the most specific to both Pa.C (Fig 8A and 8B). The two most specific genes to
MuPoC as compared to SMPa.C are Rps6kal and Vegfa (Fig 8C). Rps6kal was also highly
expressed in Mu, but Vegfa was expressed at a much lower level in Mu, suggesting that
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receptor binding proteins enriched in MuPa.C compared to Mu and SMPoC. E: MuPaC-specific receptor binding
proteins compared to Mu. F: MuPaC-specific receptor binding proteins compared to SMPoC. Sorted by MuPa.C/Mu,
cut off 10 fold MuPaC in MuPoC/Mu; sorted by MuPaC/SMPoC, cut off 10 fold MuPo.C and 0 fold SMPoC in
MuPoC/SMPoC.
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Rps6kal may be expressed in other mucosal cells; however, Vegfa is predominantly expressed
in MuPoC (Fig 8A and S13 Table). The thirty most highly expressed phosphatase genes in
MuPaC are shown in Fig 8D. Each one of these phosphatase genes were also abundantly
expressed in SMPo.C (Fig 8D). Dusp10 and Ptpnl3 were the most specifically expressed in
MuPoaC over Mu and SMPaC, respectively (Fig 8E and 8F).

Validation of MuPaC-selective genes

As shown in Figs 2 and 4-8, the 26 MuPoC-selective genes (Col3al, Adamdecl, Bmp7, Bmp5,
Ogn, Foxf2, Tbx3, Tbx2, Wnt4, Wnt5a, Pdgfra, Nirp6, Agt, Gjal, Gjbl, Gjb3, Dmp1, Cxcl9.
Fam3b, Masp1, Penkl1, Axl, Rps8kal, Vegfa, Dusp10 and Ptpnl3) were indentified by the tran-
scriptome analyses. To valiate the RNA-seq profiles of these genes, we quantified expression
levels of each gene in isolated MuPoC, SMPoC, ICC, SMC, colonic Mu and SM tissue using
qPCR analysis. Expression levels of the 24 genes were significantly higher in MuPoC than the
other cell and tissue types, suggesting these genes are indeed MuPaC-selective (S2 and S3
Figs). The other two genes, Pdgfra and Penkl, were also more highly expressed in both
MuPoaC and SMPoC than SMC and ICC, implying they are MuPo.C- and SMPo.C-selective.
These qPCR data confirmed the expression profiles of the 26 MuPaC-selective genes identified
by the transcriptome analyses.

Addition to UCSC Smooth Muscle Genome Browser

Using data obtained from our previous smooth muscle transcriptome studies, we built a
smooth muscle genome browser utilizing transcriptomes from jejunal and colonic SMC [9],
ICC [10], and SMPacC [5] using the UCSC genome browser (UCSC Smooth Muscle Genome
Browser; SMGB) [7]. We have now updated the browser with the colonic MuPa:C and Mu
transcriptome data found in this study. The SMGB now contains the transcriptomic data from
colonic SM, SMC, ICC, SMPoC, Mu, and MuPoC along with jejunal SM, SMC, ICC, and
SMPoC [6]. This SMGB (found at: https://med.unr.edu/physio/transcriptome) provides not
only the genomic map of each splice variant (promoter region, exons, and introns) for all
genes expressed in MuPaC, SMPoC, SMC and ICC, but it also allows for analysis of our tran-
scriptome data using the gene expression and regulation data from ENCODE [13] that is avail-
able in the database. For example, the genomic structure of Fnl, identified as a new marker for
MuPaC in this study, is shown in Fig 9A. The Fnl gene consists of 46 exons, which are tran-
scribed into 11 different variants in MuPo.C (PaC Mu Colon) (Fig 9A). Alternative transcrip-
tion start sites can be found at E1 (V1), E9 (V2), and E18 (V3). There are also 6 exons (E25,
E33, E34, E40, E42, and E44), that are alternatively spliced. Expression levels for each variant
can be found in Fig 9B with results showing that V1 (TCONS_00006336: 8,020 bp) is the most
highly expressed variant followed by V2 (TCONS_00005374: 6,479 bp), and V3
(TCONS_00001747: 4,954 bp). Fnl is expressed at a high level in colonic MuPo.C, confirming
alow level in the whole tissue Mu, but it is not expressed in colonic SMC, ICC, and SMPo.C
(Fig 9C), suggesting a mucosa-specific expression of Fnl. Through further structural explora-
tion of Fnl, a CpG island was found around the promoter, first exon and intron where RNA
polymerase 2 was previously found to bind in embryonic fibroblasts (Fig 9A). A region hyper-
sensitive to DNase 1 in NTH3T3 and adult fibroblasts is also found within the same area. These
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compared to SMPaC. Sorted by MuPoC/Mu, cut off 10 fold MuPoC in MuPa.C/Mu; sorted by MuPaC/SMPaC, cut
off 10 fold MuPa.C and 0 fold SMPo.C in MuPaC/SMPa.C.
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data suggest that Fnl is expressed in both embryonic and adult fibroblasts, as well as NTH3T3
cells (fibroblast cell line). In addition, there are two c-Jun binding sites in CH12 cells (lym-
phoma cell line), found at intron 1 (I-1) and intron 41 (I-41) within the gene (Fig 9A). The two
corresponding regions of the c-Jun binging site, 361 bp (chrl: 71698290-71698650) within I-1
and 398 bp (chr1:71640784-71641181) within I-41, were located on the SMGB, and the two
DNA sequences were analyzed for the presence of c-Fos and c-Jun binding sites in the tran-
scriptional regulatory element search database, “PROMO” [14]. This search identified three
binding sequences, CATAGTCAT, ATGACGTCAT, and CCAAGTCAG at I-1 of Fnl gene and
one TTGACTCTT at I-41, for both c-Fos and c-Jun (Fig 9D), suggesting the two transcription
factors with the highest expression, FOS and JUN (Fig 4D), may transcriptionally regulate Fnl
via these binding sites. Among 11 Fnl variants, V1 (TCONS_00006336), V2
(TCONS_00005374) and V3 (TCONS_00001748) are three major transcripts expressed in
MuPaC (Fig 9B). Finally, Fnl gene expression was examined in the colonic tissues and cells in
the SMGB. The gene expression was restricted to MuPo.C, which was confirmed by the expres-
sion in Mu and little to no expression in SMC, ICC, SMPaC, and SM (Fig 9C).

Discussion

In this study, we analyzed the transcriptome obtained from colonic MuPo.C and identified sig-
natures of genes including three new MuPoC-specific markers, Adamdecl, Fnl, and Col6a4.
Furthermore, we added the transcriptomic data to our Smooth Muscle Genome Browser [9]
that already contains transcriptomic data from colonic and jejunal SMC [9], ICC [10], and
SMPaC [5]. The browser offers a comprehensive reference for genes expressed not only in
colonic MuPaC and Mu, but also colonic and jejunal SMPaC, SMC, and ICC as well as SM.

MuPoC were identified in the colonic mucosa as a unique cellular population that is dis-
tinct from subepithelial myofibroblasts [3]. MuPaC and subepithelial myofibroblasts are
located in the same anatomical regions and are closely associated underneath epithelial cells
[3, 15, 16]. Several markers including PDGFRA, ACTA2, MYH11, DES, and VIM can distin-
guish the two populations: subepithelial MuPaC (PDGFRA, DES’, ACTA2'", MYH11"",
and VIM'") and subepithelial myofibroblasts (PDGFRA", DES*, ACTA2M8" MYH11"8" and
VIMPeM) [3, 15]. However, these markers still have overlap between the two cell types at vary-
ing levels [3]. Our transcriptome data from colonic MuPoC show a moderate to moderately
high expression of of Acta2 (FPKM: 376) and Myhl1 transcripts (FPKM: 30) in MuPoC (S3
Table). The Acta2 and Myhl1 gene expression detected in our MuPaC transcriptome data is
unlikely due to SMC contamination due to the observation that Des is not, or negligibly,
detected in the SMC (FPKM: 2) (S3 Table) agreeing with previous findings [3]. This suggests
that subepithelial myofibroblasts may be a sub-population of MuPaC.

MuPaC have at least two subpopulations, PDGFRA"E" (P1: near the apical area of the lam-
ina propria) and PDGFRA!®Y (P2: around the cryptic nadir) (Figs 1A and 2B). PDGFRAM#!
cells are expressed in telocytes/SEMFs (subepithelial myofibroblasts) in the villus and have a
role in cell-to-cell communication [16, 17]. Foxl1, Pdgfra, Glil, CD34, and Cspg4 are ascribed
as molecular markers [17, 18]; however, our transcriptome data from colonic MuPo.C show
high expression of Pdgfra (FPKM: 228), while other telocytes/SEMFs markers had low expres-
sion [FoxI1 (FPKM: 32), Glil (FPKM: 44), CD34 (FPKM: 20) and Cspg4 (FPKM: 14)] in
MuPaC (S4 Table). This suggests that telocytes/SEMFs may be a sub-population of MuPaC.
PDGFRA™™ cells may also express smooth muscle genes. In fact, SMC and PaC are derived
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Fig 7. Identification of the cytokines and peptidases predominantly expressed in colonic MuPaC. A: A heat map of
the cytokines enriched in MuPoC compared to mucosal tissue (Mu) and smooth muscle PDGFRa." cells (SMPa.C).
Sorted by MuPo.C/Mu, cut off 10 fold MuPoC in MuPaC/Mu; sorted by MuPo.C/SMPoC cut off 10 fold MuPoC and 1
fold SMPo.C in MuPa.C/SMPa.C. B: Cytokines enriched in MuPo.C compared to colonic SMPa.C. C: MuPaC-specific
cytokines compared to SMPoC. D: A heat map of the peptidases enriched in MuPaC compared to Mu and SMPaC. E:
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MuPoC-specific peptidases compared to Mu. F: MuPaC-specific peptidases compared to SMPoC. Sorted by MuPaC/
Mu, cut off 10 fold MuPoC in MuPaC/Mu; sorted by MuPo.C/ SMPo.C, cut off 10 fold MuPa.C and 1 fold SMPoC in
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from the same mesenchymal precursor cells [19]. Recently, Roulis et al., reported the identities
of the mesenchymal cell population, which also expresses the PDGFRo.* cell marker. Mesen-
chymal cells have four different fibroblast populations, all populations express Pdgfra [20]. In
addition, PaC transdifferentiate into SMC in embryonic smooth muscle cells [19, 21], while
SMC have the ability to become PDGFRA™" cells in response to intestinal injury and under
cell culture conditions [11]. These phenotypic overlaps make it hard to identify definitive
markers for MuPo.C over subepithelial myofibroblasts. The three newly identified MuPaC
markers, Col3al, Adamdecl and Colla2, are more highly expressed in MuPo.C than SMPaC
(Fig 2A), suggesting they are better markers for MuPo.C than PDGFRA alone. Further studies
should explore if these new markers can distinguish MuPaC over subepithelial myofibroblasts.

Through transcriptomic analysis, we compared genes of interest between 1) MuPo.C and
Mu or 2) MuPoC and SMPo.C throughout this manuscript. We were able to identify the top
thirty genes that are enriched and selectively expressed in MuPo.C over Mu. Next, we identi-
fied the top thirty genes that are enriched and selectively expressed in MuPoC over SMPaC.
With limited space, we discussed only the most or second most expressed genes in each func-
tional gene category. As it pertains to growth factors, we found Cxcl12 and Ogn are the most
highly expressed genes in MuPaC. Cxcl12 encodes for the C-X-C Motif Chemokine Ligand 12
which functions as a ligand for the G-protein couple receptor 4 (CXCL12). This ligand regu-
lates embryogenesis [22], stem cell homeostasis [23], immune surveillance [22], tissue regener-
ation [22], inflammation [24], and tumorigenesis [25]. Another growth factor found in
MuPaC, Ogn, encodes osteoglycin which also regulates fibrosis [26], immune response [27],
inflammation [28], and colon cancer [29]. A family of growth factors, the Bmp genes (Bmp7, 5,
3, 4, 1), are within the top ten genes of growth factors that are highly expressed in MuPaC.
BMPs (bone morphogenetic proteins) belong to the transforming growth factor-p (TGEp)
superfamily. BMP7 is mostly expression in tumor including colon cancer, and it is regulated of
cell proliferation [30]. Recent studies have shown that BMPs play an important role in regulat-
ing the immune response to infection, inflammation [31], and cancer [30, 32]. In regard to the
transcription factors expressed in MuPoC, we found Fos and Jun to be the most highly
expressed genes in MuPoC. FOS and JUN form a heterodimer, forming the transcription fac-
tor AP1 (Activator Protein 1) that regulates the expression of genes involved in cell prolifera-
tion, differentiation, and apoptosis [33]. JUN is essential for fibroblast proliferation [34], and
TGEp stimulated cell proliferation via FOS [35], suggesting that AP1 could regulate the prolif-
eration of MuPaC via BMPs.

The most abundantly expressed gene group in MuPoC are those related to extracellular
activity (Fig 1E). Not only are they highly expressed, but they are also the largest gene group
(600 genes) represented in MuPo.C (S10 Table). Collagen types, 3, 1, and 6 are among the
thirty most highly expressed genes in MuPoC (Fig 6D). Collagen is amongst the most abun-
dant protein made in mammals, representing 25-30% of all proteins produced. Twenty colla-
gen isoform genes, including type 1, 3, 4, 5, 6, 8, 12, 14, 15, 16, 18, 20, 24, and 27 are expressed
in MuPaC. Most of these isoforms are also abundantly expressed in SMPo.C with Col6a4
being negligibly expressed in S SMPoC, thus, we have identified Col6a4 as a MuPoC-specific
marker (Fig 2). The transcriptome data from isolated cells confirm that this gene is expressed
in MuPoC, but insignificantly expressed in SMPo.C (Fig 3). The mucosa specific expression is
consistent with the gene expression level in the transcriptome data found in both mucosa
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Fig 8. Identification of the protein kinases and phosphatases predominantly expressed in colonic MuPaC. A: A
heat map of the protein kinases enriched in MuPo.C compared to mucosal tissue (Mu) and smooth muscle PDGFRa*
cells (SMPaC). B: MuPaC-specific protein kinases compared to Mu. C: MuPaC-specific protein kinases compared to
SMPaC. Sorted by MuPoC/Mu, cut off 10 fold MuPoC in MuPo.C/Mu; sorted by MuPaC/SMPaC, cut off 10 fold
MuPoC and 1 fold SMPaC in MuPa.C/SMPaC. D: A heat map of the phosphatases enriched in MuPo.C compared to
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Mu and SMPaC. E: MuPo.C-specific phosphatases compared to Mu. F: MuPoC-specific protein phosphatases
compared to SMPaC. Sorted by MuPoC/Mu, cut off 10 fold MuPaC in MuPa.C/Mu; sorted by MuPaC/SMPaC, cut
off 10 fold MuPaC and 1 fold SMPaC in MuPo.C/SMPoC.

https://doi.org/10.1371/journal.pone.0261743.9008

(Mu) and smooth muscle tissue (SM). Unfortunately, a COL6A4-specific antibody is not cur-
rently available. Therefore, we used an anti-collagen type 6 antibody which detects all COL6A
isoforms, COL6A1-6. The immunohistochemical data in Fig 3 shows the protein is abundantly
found within mucosa restricted to MuPoC as well as smooth muscle tissue mainly in SMPoC.
The transcriptome data show that Col6al, Col6a2, and Col6a3 had more expression in both
MuPaC and SMPaC compared to SMC and ICC (S4 Table), suggesting that COL6A1-3 are
mainly expressed in colonic Po.C (SMPaC and MuPaC). The Col6a4 gene encodes for
COLG6A4 protein in mice, but is only a pseudogene in humans, which limits direct human
application of this gene. Nevertheless, we demonstrated that Col6a4 gene products (mRNAs
and protein) in mice can be used for a selective marker for MuPoC. In addition, the gene locus
may be a useful target to generate MuPoC-restricted mouse lines.
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In total, we were able to identify 15,777 genes expressed into 51,282 unique transcripts
within isolated MuPoC. This valuable gene expression data was added to our “Smooth Muscle
Genome Browser” [6] that contains the transcriptome data from colonic and jejunal SMC [9],
ICC [10], and SMPaC [5]. This browser provides comprehensive genetic information in desig-
nated cell populations in both the colon and jejunum. In addition, through the browser, users
can access the gene expression and regulation data (ENCODE) in the genome database [13]
that allows for the study of genetic and epigenetic regulation of genes expressed within specific
cell populations. However, there are some limitations to using the Smooth Muscle Genome
Browser. For example, it cannot display an expression level and cDNA of an individual gene
or transcriptional variant expressed in these specific cell populations. To rectify this issue, we
built another browser: “Smooth Muscle Transcriptome Browser” [6]. This additional browser
offers genetic references and expression profiles (expression levels, cDNAs, and encoded pro-
tein) of all transcripts expressed in individual cell populations and their associated tissues.
Both browsers are available online, hosted by the University of Nevada, Reno at https://med.
unr.edu/physio/transcriptome. These two browsers provide genome-wide genetic references
and expression levels that bring advanced levels of insight into genetic structure, expression
profile, and the isoforms of each gene expressed in intestinal cell groups and muscularis and
mucosal tissue. We anticipate that these two browsers will greatly improve studies on GI
smooth muscle biology and physiology.

In summary, we have analyzed the transcriptome of colonic MuPoC and identified signa-
ture genes including new selective markers relevant to cell identity and functionality. This
transcriptome data was added to our Smooth Muscle Genome Browser and Smooth Muscle
Transcriptome Browser that both offer vital genetic references for PDGFRa" cells that can aid
further functional studies in intestinal diseases and physiology.
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(TIF)

S3 Fig. Validation of expression levels of MuPa.C-selective genes. A-D: Expression levels of
MuPoaC-selective genes in MuPaC, SMPoC, ICC, SMC, colonic Mu and SM tissue measured
by qPCR. A and B: Dmp1, Cxc9, Fam3b, Maspl and Penkl in Fig 7. C and D: Axl, Rps6kal,
Vegfa, Dusp10 and Ptpn13 in Fig 8. n = 5-6 per groups. * p < 0.05 and ** p < 0.01, versus
MuPoC.

(TIF)

S4 Fig.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0261743 May 13, 2022 20/24


https://med.unr.edu/physio/transcriptome
https://med.unr.edu/physio/transcriptome
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s005
https://doi.org/10.1371/journal.pone.0261743

PLOS ONE

Transcriptome profiling of mucosa PDGFRa cells

S$1 Table. Oligonucleotides used in this study.
(XLSX)

§2 Table. List of transcriptional variants expressed in colonic Mu and MuPaC.
(XLSX)

§3 Table. List of genes expressed in colonic Mu and MuPaC.
(XLSX)

$4 Table. List of genes highly and selectively expressed in colonic Mu and MuPaC.
(XLSX)

S5 Table. List of growth factors expressed in colonic Mu and MuPaC.
(XLSX)

S6 Table. List of transcription factors expressed in colonic Mu and MuPaC.
(XLSX)

S7 Table. List of cell signaling genes expressed in colonic Mu and MuPaC.
(XLSX)

S8 Table. List of receptors and receptor binding proteins expressed in colonic Mu and
MuPaC.
(XLSX)

S9 Table. List of gap junction proteins expressed in colonic Mu and MuPaC.
(XLSX)

$10 Table. List of extracellular proteins expressed in colonic Mu and MuPaC.
(XLSX)

S11 Table. List of cytokines expressed in colonic Mu and MuPaC.
(XLSX)

$12 Table. List of peptidase expressed in colonic Mu and MuPaC.
(XLSX)

$13 Table. List of protein kinase activity expressed in colonic Mu and MuPaC.
(XLSX)

$14 Table. List of phosphatases expressed in colonic Mu and MuPaC.
(XLSX)

Acknowledgments

The authors would like to thank Tsai-wei Shen, Ph.D. (LC Sciences) for the computational
analysis of our RNA-seq data, and Duane Wiley (Computer System Administrator at UNR)
for installation of Smooth Muscle Genome Browser.

Author Contributions
Conceptualization: Se Eun Ha, Seungil Ro.

Data curation: Se Eun Ha, Byungchang Jin, Brian G. Jorgensen, Hannah Zogg, Lai Wei, Rajan
Singh, Chanjae Park, Masaaki Kurahashi, Sei Kim, Gain Baek, Sandra M. Poudrier, Moon
Young Lee.

Formal analysis: Se Eun Ha, Byungchang Jin.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261743 May 13, 2022 21/24


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0261743.s019
https://doi.org/10.1371/journal.pone.0261743

PLOS ONE

Transcriptome profiling of mucosa PDGFRa cells

Funding acquisition: Kenton M. Sanders, Seungil Ro.

Investigation: Se Eun Ha, Byungchang Jin, Brian G. Jorgensen, Hannah Zogg, Lai Wei, Rajan

Singh, Chanjae Park, Masaaki Kurahashi, Sei Kim, Sandra M. Poudrier.

Methodology: Se Eun Ha, Seungil Ro.

Project administration: Seungil Ro.

Resources: Kenton M. Sanders.

Supervision: Seungil Ro.

Validation: Se Eun Ha, Byungchang Jin, Brian G. Jorgensen.

Writing - original draft: Se Eun Ha.

Writing - review & editing: Brian G. Jorgensen, Hannah Zogg, Kenton M. Sanders, Seungil

Ro.

References

1.

10.

1.

Furuya S, Furuya K. Subepithelial Fibroblasts in Intestinal Villi: Roles in Intercellular Communication.
International Review of Cytology 2007. p. 165—223. https://doi.org/10.1016/S0074-7696(07)64004-2
PMID: 17964923

Roulis M, Flavell RA. Fibroblasts and myofibroblasts of the intestinal lamina propria in physiology and
disease. Differentiation. 2016; 92(3):116-31. Epub 2016/10/26. https://doi.org/10.1016/j.diff.2016.05.
002 PMID: 27165847.

Kurahashi M, Nakano Y, Peri LE, Townsend JB, Ward SM, Sanders KM. A novel population of sube-
pithelial platelet-derived growth factor receptor alpha-positive cells in the mouse and human colon. Am
J Physiol Gastrointest Liver Physiol. 2013; 304(9):G823-34. Epub 2013/02/283. https://doi.org/10.1152/
ajpgi.00001.2013 PMID: 23429582; PubMed Central PMCID: PMC3652001.

McLin VA, Henning SJ, Jamrich M. The role of the visceral mesoderm in the development of the gastro-
intestinal tract. Gastroenterology. 2009; 136(7):2074—91. Epub 2009/03/24. https://doi.org/10.1053/j.
gastro.2009.03.001 PMID: 19303014.

Ha SE, Lee MY, Kurahashi M, Wei L, Jorgensen BG, Park C, et al. Transcriptome analysis of PDGFRa
+ cells identifies T-type Ca2+ channel CACNA1G as a new pathological marker for PDGFRa+ cell
hyperplasia PLoS One. 2017; 12(8):e0182265. https://doi.org/10.1371/journal.pone.0182265 PMID:
28806761

Breland A, Ha SE, Jorgensen BG, Jin B, Gardner TA, Sanders KM, et al. Smooth Muscle Transcriptome
Browser: offering genome-wide references and expression profiles of transcripts expressed in intestinal
SMC, ICC, and PDGFRalpha(+) cells. Sci Rep. 2019; 9(1):387. Epub 2019/01/25. https://doi.org/10.
1038/s41598-018-36607-6 PMID: 30674925; PubMed Central PMCID: PMC63 44548.

Meyer LR, Zweig AS, Hinrichs AS, Karolchik D, Kuhn RM, Wong M, et al. The UCSC Genome Browser
database: extensions and updates 2013. Nucleic Acids Res. 2013; 41(Database issue):D64-9. Epub
2012/11/17. https://doi.org/10.1093/nar/gks 1048 PMID: 23155063; PubMed Central PMCID:
PMC3531082.

Hamilton TG, Klinghoffer RA, Corrin PD, Soriano P. Evolutionary divergence of platelet-derived growth
factor alpha receptor signaling mechanisms. Mol Cell Biol. 2003; 23(11):4013-25. Epub 2003/05/16.
https://doi.org/10.1128/MCB.23.11.4013-4025.2003 PMID: 12748302; PubMed Central PMCID:
PMC155222.

Lee MY, Park C, Berent RM, Park PJ, Fuchs R, Syn H, et al. Smooth Muscle Cell Genome Browser:
Enabling the Identification of Novel Serum Response Factor Target Genes. PLoS One. 2015; 10(8):
e0133751. Epub 2015/08/05. https://doi.org/10.1371/journal.pone.0133751 PMID: 26241044; PubMed
Central PMCID: PMC4524680.

Lee MY, Ha SE, Park C, Park PJ, Fuchs R, Wei L, et al. Transcriptome of interstitial cells of Cajal
reveals unique and selective gene signatures. PLoS One. 2017; 12(4):e0176031. Epub 2017/04/21.
https://doi.org/10.1371/journal.pone.0176031 PMID: 28426719; PubMed Central PMCID:
PMC5398589.

Park C, Lee MY, Park PJ, Ha SE, Berent RM, Fuchs R, et al. Serum Response Factor Is Essential for
Prenatal Gastrointestinal Smooth Muscle Development and Maintenance of Differentiated Phenotype.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261743 May 13, 2022 22/24


https://doi.org/10.1016/S0074-7696(07)64004-2
http://www.ncbi.nlm.nih.gov/pubmed/17964923
https://doi.org/10.1016/j.diff.2016.05.002
https://doi.org/10.1016/j.diff.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27165847
https://doi.org/10.1152/ajpgi.00001.2013
https://doi.org/10.1152/ajpgi.00001.2013
http://www.ncbi.nlm.nih.gov/pubmed/23429582
https://doi.org/10.1053/j.gastro.2009.03.001
https://doi.org/10.1053/j.gastro.2009.03.001
http://www.ncbi.nlm.nih.gov/pubmed/19303014
https://doi.org/10.1371/journal.pone.0182265
http://www.ncbi.nlm.nih.gov/pubmed/28806761
https://doi.org/10.1038/s41598-018-36607-6
https://doi.org/10.1038/s41598-018-36607-6
http://www.ncbi.nlm.nih.gov/pubmed/30674925
https://doi.org/10.1093/nar/gks1048
http://www.ncbi.nlm.nih.gov/pubmed/23155063
https://doi.org/10.1128/MCB.23.11.4013-4025.2003
http://www.ncbi.nlm.nih.gov/pubmed/12748302
https://doi.org/10.1371/journal.pone.0133751
http://www.ncbi.nlm.nih.gov/pubmed/26241044
https://doi.org/10.1371/journal.pone.0176031
http://www.ncbi.nlm.nih.gov/pubmed/28426719
https://doi.org/10.1371/journal.pone.0261743

PLOS ONE

Transcriptome profiling of mucosa PDGFRa cells

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

J Neurogastroenterol Motil. 2015; 21(4):589—-602. Epub 2015/10/02. https://doi.org/10.5056/jnm 15063
PMID: 26424044; PubMed Central PMCID: PMC4622142.

Ha SE JB, Wei L, Jin B, Kim MS, et al. Metalloendopeptidase ADAM-like Decysin 1 (ADAMDECH1) in
colonic subepithelial PDGFRa+ cells is a new marker for inflammatory bowel disease. Journal of crohn
and colitis. 2021.

Mouse EC SJ, Snyder M, Hardison R, Ren B, Gingeras T. An encyclopedia of mouse DNA elements
(Mouse ENCODE). Genome biology. 2012.

Messeguer X, Escudero R, Farre D, Nunez O, Martinez J, Alba MM. PROMO: detection of known tran-
scription regulatory elements using species-tailored searches. Bioinformatics. 2002; 18(2):333—4.
https://doi.org/10.1093/bioinformatics/18.2.333 PMID: 11847087.

Powell DW, Pinchuk IV, Saada JI, Chen X, Mifflin RC. Mesenchymal cells of the intestinal lamina pro-
pria. Annu Rev Physiol. 2011; 73:213-37. Epub 2010/11/09. https://doi.org/10.1146/annurev.physiol.
70.113006.100646 PMID: 21054163; PubMed Central PMCID: PMC3754809.

Greicius G, Kabiri Z, Sigmundsson K, Liang C, Bunte R, Singh MK, et al. PDGFRalpha(+) pericryptal
stromal cells are the critical source of Wnts and RSPO3 for murine intestinal stem cells in vivo. Proc
Natl Acad Sci U S A. 2018; 115(14):E3173-E81. Epub 2018/03/22. https://doi.org/10.1073/pnas.
1713510115 PMID: 29559533; PubMed Central PMCID: PMC5889626.

McCarthy N, Kraiczy J, Shivdasani RA. Cellular and molecular architecture of the intestinal stem cell
niche. Nat Cell Biol. 2020; 22(9):1033—41. Epub 2020/09/05. https://doi.org/10.1038/s41556-020-0567-z
PMID: 32884148.

Vannucchi MG, Traini C, Manetti M, Ibba-Manneschi L, Faussone-Pellegrini MS. Telocytes express
PDGFRalpha in the human gastrointestinal tract. J Cell Mol Med. 2013; 17(9):1099—-108. Epub 2013/
10/25. https://doi.org/10.1111/jcmm.12134 PMID: 24151977; PubMed Central PMCID: PMC4118169.

Fredriksson L, Li H, Eriksson U. The PDGF family: four gene products form five dimeric isoforms. Cyto-
kine Growth Factor Rev. 2004; 15(4):197—-204. Epub 2004/06/23. https://doi.org/10.1016/j.cytogfr.
2004.03.007 PMID: 15207811.

Roulis M, Kaklamanos A, Schernthanner M, Bielecki P, Zhao J, Kaffe E, et al. Paracrine orchestra-
tion of intestinal tumorigenesis by a mesenchymal niche. Nature. 2020; 580(7804):524-9. Epub
2020/04/24. https://doi.org/10.1038/s41586-020-2166-3 PMID: 32322056; PubMed Central PMCID:
PMC7490650.

Kurahashi M, Niwa Y, Cheng J, Ohsaki Y, Fujita A, Goto H, et al. Platelet-derived growth factor signals
play critical roles in differentiation of longitudinal smooth muscle cells in mouse embryonic gut. Neuro-
gastroenterol Motil. 2008; 20(5):521-31. Epub 2008/01/16. https://doi.org/10.1111/j.1365-2982.2007.
01055.x PMID: 18194151.

Cheng JW, Sadeghi Z, Levine AD, Penn MS, von Recum HA, Caplan Al, et al. The role of CXCL12 and
CCL7 chemokines in immune regulation, embryonic development, and tissue regeneration. Cytokine.
2014; 69(2):277-83. Epub 2014/07/19. https://doi.org/10.1016/j.cyt0.2014.06.007 PMID: 25034237.

Nagasawa T. CXC chemokine ligand 12 (CXCL12) and its receptor CXCR4. J Mol Med (Berl). 2014; 92
(5):433-9. Epub 2014/04/12. https://doi.org/10.1007/s00109-014-1123-8 PMID: 24722947

Bakogiannis C, Sachse M, Stamatelopoulos K, Stellos K. Platelet-derived chemokines in inflammation
and atherosclerosis. Cytokine. 2017. https://doi.org/10.1016/j.cyt0.2017.09.013 PMID: 29198385.

Machelon V, Gaudin F, Camilleri-Broet S, Nasreddine S, Bouchet-Delbos L, Pujade-Lauraine E, et al.
CXCL12 expression by healthy and malignant ovarian epithelial cells. BMC Cancer. 2011; 11:97.
https://doi.org/10.1186/1471-2407-11-97 PMID: 21410972; PubMed Central PMCID: PMC30706883.

Zuo CJ LX, Huang J, Chen DR, Ji KD, Yang Y. Osteoglycin attenuates cardiac fibrosis by suppressing
cardiac myofibroblast proliferation and migration through antagonizing lysophosphatidic acid 3/matrix
metalloproteinase 2/epidermal growth factor receptor signalling. Cardiovascular research. 2018; 114
(5):703—12. https://doi.org/10.1093/cvr/cvy035 PMID: 29415171

Hu X, Li YQ, Li QG, Ma YL, Peng JJ, Cai SJ. Osteoglycin (OGN) reverses epithelial to mesenchymal
transition and invasiveness in colorectal cancer via EGFR/Akt pathway. J Exp Clin Cancer Res. 2018;
37(1):41. https://doi.org/10.1186/s13046-018-0718-2 PMID: 29499765; PubMed Central PMCID:
PMC5833032.

Deckx S, Heggermont W, Carai P, Rienks M, Dresselaers T, Himmelreich U, et al. Osteoglycin prevents
the development of age-related diastolic dysfunction during pressure overload by reducing cardiac fibro-
sis and inflammation. Matrix Biol. 2018; 66:110-24. Epub 2017/09/30. https://doi.org/10.1016/j.matbio.
2017.09.002 PMID: 28958774.

Hu X, Li YQ, Li QG, Ma YL, Peng JJ, Cai SJ. Osteoglycin-induced VEGF Inhibition Enhances T Lym-
phocytes Infiltrating in Colorectal Cancer. EBioMedicine. 2018; 34:35-45. Epub 2018/07/25. https://doi.
org/10.1016/j.ebiom.2018.07.021 PMID: 30037719; PubMed Central PMCID: PMC6116424.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261743 May 13, 2022 23/24


https://doi.org/10.5056/jnm15063
http://www.ncbi.nlm.nih.gov/pubmed/26424044
https://doi.org/10.1093/bioinformatics/18.2.333
http://www.ncbi.nlm.nih.gov/pubmed/11847087
https://doi.org/10.1146/annurev.physiol.70.113006.100646
https://doi.org/10.1146/annurev.physiol.70.113006.100646
http://www.ncbi.nlm.nih.gov/pubmed/21054163
https://doi.org/10.1073/pnas.1713510115
https://doi.org/10.1073/pnas.1713510115
http://www.ncbi.nlm.nih.gov/pubmed/29559533
https://doi.org/10.1038/s41556-020-0567-z
http://www.ncbi.nlm.nih.gov/pubmed/32884148
https://doi.org/10.1111/jcmm.12134
http://www.ncbi.nlm.nih.gov/pubmed/24151977
https://doi.org/10.1016/j.cytogfr.2004.03.007
https://doi.org/10.1016/j.cytogfr.2004.03.007
http://www.ncbi.nlm.nih.gov/pubmed/15207811
https://doi.org/10.1038/s41586-020-2166-3
http://www.ncbi.nlm.nih.gov/pubmed/32322056
https://doi.org/10.1111/j.1365-2982.2007.01055.x
https://doi.org/10.1111/j.1365-2982.2007.01055.x
http://www.ncbi.nlm.nih.gov/pubmed/18194151
https://doi.org/10.1016/j.cyto.2014.06.007
http://www.ncbi.nlm.nih.gov/pubmed/25034237
https://doi.org/10.1007/s00109-014-1123-8
http://www.ncbi.nlm.nih.gov/pubmed/24722947
https://doi.org/10.1016/j.cyto.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/29198385
https://doi.org/10.1186/1471-2407-11-97
http://www.ncbi.nlm.nih.gov/pubmed/21410972
https://doi.org/10.1093/cvr/cvy035
http://www.ncbi.nlm.nih.gov/pubmed/29415171
https://doi.org/10.1186/s13046-018-0718-2
http://www.ncbi.nlm.nih.gov/pubmed/29499765
https://doi.org/10.1016/j.matbio.2017.09.002
https://doi.org/10.1016/j.matbio.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28958774
https://doi.org/10.1016/j.ebiom.2018.07.021
https://doi.org/10.1016/j.ebiom.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30037719
https://doi.org/10.1371/journal.pone.0261743

PLOS ONE

Transcriptome profiling of mucosa PDGFRa cells

30.

31.

32.

33.

34.

35.

Veschi V, Mangiapane LR, Nicotra A, Di Franco S, Scavo E, Apuzzo T, et al. Targeting chemoresistant
colorectal cancer via systemic administration of a BMP7 variant. Oncogene. 2020; 39(5):987—1003.
Epub 2019/10/09. https://doi.org/10.1038/s41388-019-1047-4 PMID: 31591478; PubMed Central
PMCID: PMC6989400.

Zhang T, DaiJ, Ye W, Cai L, Wei J, Chen M, et al. Asiaticoside attenuates bleomycin-induced pulmo-
nary fibrosis in A2aR(-/-) mice by promoting the BMP7/Smad1/5 signaling pathway. Biochem Biophys
Res Commun. 2020; 527(3):662—7. Epub 2020/05/20. https://doi.org/10.1016/j.bbrc.2020.04.156
PMID: 32423816.

Chen WJ, ten Dijke P. Immunoregulation by members of the TGF beta superfamily. Nature Reviews
Immunology. 2016; 16(12):723-40. https://doi.org/10.1038/nri.2016.112 PubMed PMID:
WOS:000389134500008. PMID: 27885276

Ameyar M, Wisniewska M, Weitzman JB. A role for AP-1 in apoptosis: the case for and against. Biochi-
mie. 2003; 85(8):747-52. Epub 2003/10/31. https://doi.org/10.1016/j.biochi.2003.09.006 PMID:
14585541.

Karin M, Liu Z, Zandi E. AP-1 function and regulation. Curr Opin Cell Biol. 1997; 9(2):240-6. https://doi.
org/10.1016/s0955-0674(97)80068-3 PMID: 9069263.

Angel P, Karin M. The role of Jun, Fos and the AP-1 complex in cell-proliferation and transformation.
Biochim Biophys Acta. 1991; 1072(2-3):129-57. https://doi.org/10.1016/0304-419x(91)90011-9 PMID:
1751545.

PLOS ONE | https://doi.org/10.1371/journal.pone.0261743 May 13, 2022 24/24


https://doi.org/10.1038/s41388-019-1047-4
http://www.ncbi.nlm.nih.gov/pubmed/31591478
https://doi.org/10.1016/j.bbrc.2020.04.156
http://www.ncbi.nlm.nih.gov/pubmed/32423816
https://doi.org/10.1038/nri.2016.112
http://www.ncbi.nlm.nih.gov/pubmed/27885276
https://doi.org/10.1016/j.biochi.2003.09.006
http://www.ncbi.nlm.nih.gov/pubmed/14585541
https://doi.org/10.1016/s0955-0674(97)80068-3
https://doi.org/10.1016/s0955-0674(97)80068-3
http://www.ncbi.nlm.nih.gov/pubmed/9069263
https://doi.org/10.1016/0304-419x(91)90011-9
http://www.ncbi.nlm.nih.gov/pubmed/1751545
https://doi.org/10.1371/journal.pone.0261743

