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Abstract

Mesangial cells are the major extracellular matrix (ECM)-producing cells in the kidney glomerulus and, when
exposed to elevated glucose levels, they up-regulate assembly of fibronectin (FN) and other ECM proteins.
Increases in glucose concentration are known to alter gene expression; here we investigated the connection
between increased ECM production and changes in gene expression in mesangial cells. Comparison of
mesangial cells grown in normal or high glucose conditions by RNA-sequencing showed significant
expression changes in over 6000 genes and, when grouped by KEGG pathway analysis, identified the ECM-
receptor interaction and focal adhesion pathways among the top 5 upregulated pathways. Of note was the
significant increase in expression of tenascin-C (TN-C), a known regulator of FN matrix assembly. Mouse
TN-C has multiple isoforms due to alternative splicing of 6 FNIII repeat exons. In addition to the transcriptional
increase with high glucose, exon inclusion via alternative splicing was also changed resulting in production of
higher molecular weight isoforms of TN-C. Mesangial cells grown in normal glucose secreted small isoforms
with 1–2 variable repeats included whereas in high glucose large isoforms estimated to include 5 repeats were
secreted. Unlike the smaller isoforms, the larger TN-C was not detected in the FN matrix. This change in TN-C
isoforms may affect the regulation of FN matrix assembly and in this way may contribute to increased ECM
accumulation under high glucose conditions.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Diabetes is a chronic disease on the rise world-
wide [1]. In diabetes patients, chronic elevation of
blood glucose leads to additional complications [2],
such as diabetic nephropathy, the leading cause of
end-stage renal failure in the United States [3]. A key
histological feature of diabetic nephropathy is the
progressive loss of the filtration capabilities of the
kidney glomeruli due to accumulation of extracellular
matrix (ECM) [4]. Excess amounts of the ECM
proteins fibronectin (FN) and type IV collagen can be
detected in renal biopsies of patients with diabetic
nephropathy [5], and cultured mesangial cells, the
major ECM-producing cells in the glomerulus,
increased assembly of FN and collagen fibrils
when exposed to elevated glucose levels [6]. Using
a mouse mesangial cell model, we have previously
thor(s). Published by Elsevier B.V. This is
ses/by-nc-nd/4.0/).
described several glucose-dependent mechanisms
for excessive FN matrix assembly including in-
creases in activity of integrin receptors for FN [6],
cell interactions with advanced glycation end prod-
ucts [7], and increased lysine acetylation [8]. In
addition to ECM-specific effects of glucose, others
have identified roles for epigenetic changes in
various diabetic animal and cell models of diabetic
nephropathy [9,10]. For example, elevated glucose
levels altered gene expression by increasing acti-
vating histone marks while reducing repressive
histone marks in both in vivo and cell culture models
[11,12]. Glucose-mediated modulation of histone
methylation has also been linked to TGF-β-dependent
promoters and expression of ECM-associated genes
[13]. mRNA profiling by microarray analyses of
mesangial and other cell types treated with elevated
glucose conditions has shown changes in expected
an open access article under the CC BY-NC-ND license (http://
Matrix Biology Plus (2020) 8, 100048

jschwarz@princeton.edu
https://doi.org/10.1016/j.mbplus.2020.100048
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mbplus.2020.100048&domain=pdf
https://doi.org/10.1016/j.mbplus.2020.100048


2 Elevated glucose alters global gene expression and TN-C
pathways like cell proliferation and metabolism, but
also in pathways related to the cytoskeleton and focal
adhesions [14,15]. The effects of glucose levels even
extend to changes in alternative splicing of certain
transcripts, including growth factors, their receptors,
and FN [16–19]. Clearly, changes in glucose concen-
tration can affect awide range of intracellular processes
leading to alterations in cell structures and functions.
In this study, we used an unbiased approach to

identify mesangial cell gene expression changes
that coincide with increases in FN matrix assembly
induced by exposure to high glucose levels. RNA-
sequencing analyses were applied to mesangial
cells grown in either normal (5 mM) or high (30 mM)
glucose conditions. Our results show that genes
related to ECM proteins, their receptors and focal
adhesion proteins were among the most upregulat-
ed. ECM proteins including tenascin-C (TN-C) were
significantly upregulated more than 2-fold. TN-C
protein structure varies by alternative splicing and
we show changes in splicing that result in secretion
of distinct TN-C isoforms in normal and high glucose
conditions. Because TN-C is well-known for its ability
to modulate cell-ECM interactions, our findings raise
the possibility that isoform changes in the diabetic
kidney may allow excess ECM accumulation.
Materials and methods

Cell culture

Conditionally immortalized mesangial cells, isolat-
ed from an immortomouse expressing interferon-
inducible, temperature-sensitive SV40 large T anti-
gen, were maintained at 33 °C in DMEM containing:
10% fetal bovine serum (FBS, Hyclone), 100 IU/ml
interferon-γ, 20 mM glucose, 10 mMmannitol, 1 mM
sodium pyruvate, 100 U/ml penicillin, 100 μg/ml
streptomycin and 0.25 μg/ml amphotericin B [20].
Cells were differentiated into a phenotype similar to
freshly isolated primary mesangial cells by altering
the culture temperature to 37 °C and removing
interferon-γ for 4 d. Cells were then re-plated and
serum starved for 20 h in medium without FBS or
interferon-γ but containing 5 mM glucose and
25 mM mannitol. After starvation, cells were condi-
tioned for 24 h in media with serum and either 5 mM
glucose plus 25 mMmannitol or 30 mM glucose and
then re-plated for experiments. After 24 h of condi-
tioning, mesangial cells were plated for an additional
48 h in either 5 mM or 30 mM glucose for a total 72 h
growth before analysis. Baby hamster kidney (BHK)
cell lines expressing human TN-C that contains
seven of the variable FNIII repeats (HxB.L, large
isoform) or none of the variable repeats (HxB.S,
small isoform) were kindly provided by Harold
Erickson (Duke University School of Medicine [21]).
BHK cells were grown in DMEM with 10% heat-
inactivated FBS plus antibiotics and antimycotic as
above.

RNA isolation and RNA-sequencing

Cells were lysed with TRIzol reagent (Invitrogen),
lysates were homogenized with a 20 g needle, and
RNA was isolated according to the manufacturer's
instructions. After chloroform addition and centrifu-
gation, the aqueous layer was loaded onto a Qiagen
RNeasy column and RNA was purified as instructed,
including treatmentwithDNase (NewEnglandBiolabs).
RNAwasquantified usingNanodrop, only sampleswith
a 260 nm/280 nm ratio of 2 ± 0.15 and a 260 nm/
230 nm > 1.95 were considered for submission for
RNA-seq analysis. RNA quality of submitted sam-
ples was verified by analyzing integrity of 18S and
28S rRNAs by electropherogram. All samples had
an RNA integrity number > 9.8.
RNA samples from two separate biological repli-

cates for each condition (5 mM glucose, 30 mM
glucose) were submitted to the Genomics Core
Facility at the Lewis Sigler Institute for Integrative
Genomics (Princeton University). RNA samples
were used to create a cDNA directional library,
samples were then run on an Illumina Hi-Seq 2000
sequencer in one, 8-lane reaction. 75 nucleotide
single-end reads were performed for each sample.
Reads were de-multiplexed using a barcode-splitter
program by Parsons and Leach Copyright, 2017
(Princeton University). FastQC was run on each
sample to check for quality of reads [22]. No trimming
was necessary. Reads were mapped to genes using
TopHat2 [23]. The Mus musculus Ensembl genome
was used as the reference genome, and default
settings were used [24]. Gene body coverage was
used to assess 5′ to 3′ bias [25]; no bias was present.
The number of reads per gene was determined with
htseq-count [26]. The program was run in union
mode with a minimum alignment quality of 10. All
further data analysis was conducted with DESeq2.
Adjusted p-values were calculated by Benjamini
and Hochberg method [27]. P-values were used to
rank differentially expressed genes and changes in
expression for specific genes were confirmed by
qPCR. Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was conducted using
Pathview [28]. Only genes with adjusted p-values
<0.05 between conditions or those with expression
levels of 0 were input into Pathview for analysis.

Reverse transcription andquantitativePCR (qPCR)

RNA isolated from mesangial cells was used for
reverse transcription reactions. 1 μg of total RNA
was reversed transcribed using random hexamer
primers and Superscript II reverse transcriptase
(Invitrogen) for 1 h at 37 °C. qPCR reactions were



3Elevated glucose alters global gene expression and TN-C
performed in a mix containing Power SYBR Green
PCR Master Mix (Applied Biosystems) and 400 nM
of each primer on the Mx3000P QPCR System
(Agilent Technologies) in a 25 μl final reaction
volume. PCR reaction conditions were: 10 min at
95°, followed by 40 cycles of 15 s at 95°, 30 s at 55°,
and 30 s at 72°. Data analysis was performed using
MxPro TM QPCR software (Agilent Technologies).
Data are expressed as mean fold change in gene
expression relative to GAPDH control. In Fig. 4A,
data for all reactions from a given primer pair were
normalized to the value for one of the 5 mM reactions
from that pair. Resulting values were averaged
separately for 5 mM and 30 mM samples. Statistical
significance of comparisons between averages from
5 mM or 30 mM glucose samples was determined
by the one-way ANOVA with p < 0.05 as statistically
significant.
Primers were designed using Primer-Blast and

IDT Oligo Analyzer. DNA samples were run on a
polyacrylamide gel to confirm sole amplification of
the correct DNA fragment. Melting curve analysis
showed one peak for each reaction, confirming that
only one product was amplified.

qPCR primers for ECM genes
Gene
 Forward 5′-3′
 Reverse 5′-3′
Fn1
 AAGGCTGGATGA
TGGTGGACTG
TGAAGCAGGTTTC
CTCGGTTG
Tnc
 GAGGAACGTCAA
GGCAGACA
CCGTAAGTCCTTG
GGTGCAT
Npnt
 CACGAGTAATTAC
GGTTGACAACAG
CTGCCGTGGAATG
AACACAT
GAPDH
 AATGGTGAAGGT
CGGTGTGAA
CCGTGAGTGGAGT
CATACTGG
qPCR primers for TNC alternative exon junctions
Primer pair
 Forward 5′-3′
 Reverse 5′-3′
III5 - A1
 CAGGGCAAGAATA
CACTGTTCTCC
CCAGTTGAGTCT
GAGGCCAT
A1 - A2
 CCAGGCCTCAAG
GTTGCC
GTCGTGTCAGCC
TCTAGCAC
A2 - A4
 GCCTGGGCTCAA
AGCAGC
TCCAGTTGAGTGT
GAGGCCG
A4 - B
 GGCCTCAAGGCC
GACAC
CATGTCGAAGATC
CCGTCGG
B - C
 CATGTCGAAGATC
CCGTCGG
CCAGGAAACTGTG
AACCCGT
C - D
 GGCCTCATAACTG
GCATTGG
TCAGCAGTCCAGG
ACAGACG
D - III6
 CCAGGGACATAAC
AGGTCTCAG
GGAAACTCTCCACCT
GAGCAG
PCR for cloning and sequencing of Tnc splice
variants

Primers were designed within the flanking FNIII
repeat exons (III5 and III6) or within each of the
alternatively spliced exons. PCR reactions containing
forward and reverse primers and cDNA prepared as
above from 5 mM and 30 mM glucose samples were
run with the following cycle conditions: 35 cycles of
95 °C 30 s, 60 °C 30 s, 72 °C 130 s. Products were
analyzed on a 1.5% agarose-TAE gel with a 100 base
pair ladder (NEB). The gel was stained with ethidium
bromide and imaged using Bio-Rad gel doc.

TNC PCR primers
Primer pair
 Forward 5′-3′
 Reverse 5′-3′
III5 - III6
 CAACTACAGCCTC
CCCACAG
TCCGGAAACTCTC
CACCTGA
A1 - D
 CTCACAACTTCACA
GTACCTGG
AAGGGAGGGATAT
TTCTTGT
A1 - A2
 CTCACAACTTCACA
GTACCTG
TTCTGGACAGTCT
GGGTCGT
A2 - A4
 CTGTCCAGAACCTC
ACAGTC
GGGATGTCCACA
GCTCTGA
A4 - B
 TCAGAGCTGTGGAC
ATCCCA
TTCAGCACCAGATA
TATTATG
B - C
 AAACAGCAGAACAT
AATATATCT
TGGGTTCCTGAAAG
TGTGAA
C - D
 TTCACACTTTCAGG
AACCCA
AAGGGAGGGATATT
TCTTGT
Bands of interest were isolated using Monarch
DNA gel isolation kit (NEB). Purified PCR products
were cloned into the pGEM-T vector (Promega)
following manufacturer's instructions. Bacterial col-
onies were screened by colony PCR using T7 and
SP6 primers to amplify inserts which were analyzed
by agarose gel electrophoresis as above. Colonies
with expected size of PCR product were used for
plasmid extraction using QIAprep Spin Miniprep Kit
(Qiagen) and plasmids were then submitted for
sequencing.

Immunoblotting

Conditioned medium was collected from cells
before cell lysis and stored with addition of 10 mM
EDTA, 2 mM PMSF at −20 °C. Cells were lysed in
deoxycholate (DOC) buffer, DOC-soluble cell lysate
was separated from DOC-insoluble matrix by centri-
fugation, and the insoluble pellet was solubilized
in SDS buffer with boiling [29–31]. Total protein
concentration of the DOC-soluble fraction was mea-
sured using BCA assay (Pierce). Equal amounts
of DOC-soluble protein or proportional volumes of



Fig. 1. Gene expression changes with culture in elevated glucose conditions. RNA frommesangial cells grown in 5 mM
or 30 mM glucose for 72 h was used for RNA-sequencing analysis. (A) A heat-map of the top 1000 most significantly
changed genes was generated for two biological replicates (1 and 2) of each glucose condition (30 mM and 5 mM) (see
also Supplementary Table 1). Red indicates that expression is higher and blue indicates that expression is lower in the
30 mM compared to the parallel 5 mM sample. (B) An MA plot shows the relationship between normalized gene
expression and log2-fold change in glucose conditions. Each dot represents a gene, and all red dots are statistically
significant changes. 5 mM was the baseline condition used to calculate the log2-fold change. For (A) and (B), statistical
significance was determined by a Wald test and subsequently adjusted to correct for high sample number (p-value
adjusted). An adjusted p-value cutoff of p < 0.05 was used.
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DOC-insoluble material were separated by SDS-
PAGE on 5% (for TN-C) or 10% (for GAPDH)
polyacrylamide gels. For conditioned medium, 10 μl
for each condition were separated by SDS-PAGE on
a 5% gel. Gels were transferred to a nitrocellulose
membrane and immunoblotted as described [29].
The following antibodies were used: for TN-C - R759
rabbit polyclonal antiserum at 1:10,000 and for
GAPDH - Cell Signaling (14C10) rabbit monoclonal
antibody at 1:5000. (R759 was generated in-house.)
Secondary HRP-conjugated antibodies (Thermo-
Fisher Scientific) were used at 1:10,000 dilution. All
antibody incubations were for 1 h. SuperSignal West
Pico Plus ECL reagent (Pierce) was used to develop
blots. Densitometry was performed on scanned films
using Adobe®Photoshop®Software, and exposures
yielding signals within the linear range were quanti-
fied. TN-C levels in conditioned medium were
normalized to the total protein in DOC-soluble lysates.
Fold-change and SEM were calculated from the
means of three independent experiments.

Immunofluorescence microscopy

Differentiated mesangial cells in either 5 mM or
30 mM glucose medium with 10 μg/ml human
plasma FN were fixed with 3.7% formaldehyde in
PBS and incubated with anti-TN-C (R759 rabbit
polyclonal antiserum diluted 1:100) or anti-human
FN (mouse monoclonal concentrated supernatant
HFN7.1 diluted 1:100, DSHB, Iowa) followed by
Alexa-Fluor-488- or 568-conjugated goat anti-rabbit
or goat anti-mouse IgG (Invitrogen) antibody (1:600)
[8]. Samples were mounted in ProLong Gold antifade
reagent (LifeTechnologies). A Nikon Eclipse Ti
microscope and Hamamatsu C10600 ORCA-R2
digital camera were used to capture images. Mean
fluorescence measurements were performed using
ImageJ on 6 randomly selected fields per condition.
Background fluorescence was removed from images
using a rolling ball radius of 50. Representative fields
are shown. Images were adjusted equally using
Adobe®Photoshop® software.
Results

Effects of glucose concentration on global gene
expression patterns in mesangial cells

To identify the effects of glucose levels on global
gene expression, RNA was analyzed from mesan-
gial cells grown in medium containing either 5 mM
(normal) or 30 mM (high) glucose for 72 h. We have
previously established that mesangial cells increase

Image of Fig. 1


Table 1. Statistically significant KEGG pathways. Pathview
program output for top KEGG pathways that were up-
regulated in 30 mMglucose conditions. Only pathwayswith
greater than 2-fold increase are shown. Pathways are
sorted by degree of up-regulation, from highest to lowest.
Pathways highlighted in yellow are discussed in the text.
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FN and collagen IV matrix assembly with higher
glucose concentration [6]. RNAs from two indepen-
dent cultures for each glucose concentration were
submitted for Illumina RNA-sequencing. Data analy-
sis identified significant changes in over 6000 genes
(Supplementary Table 1). Clustering of the top 1000
significantly-changed genes shows consistent pat-
terns of up- and down-regulation of expression in
biological replicates from 5 mM and from 30 mM
conditions (Fig. 1A). Importantly, profiles of up- and
down-regulated genes differed significantly between
5 mM and 30 mM glucose conditions, demonstrating
that glucose concentration affects mesangial cell
gene expression. An MA plot, which graphs the
relationship between normalized gene expression,
extent of log2-fold change, and statistical significance
(red dots), shows widespread increases and de-
creases in gene expression levels between the high
and normal glucose conditions (Fig. 1B).
In order to visualize potential connections between

gene products significantly altered under elevated
glucose conditions, we used the Pathview program
to sort up-regulated and down-regulated genes into
biological pathways. Genes with adjusted p-values
<0.05 were assigned to KEGG pathways and then
each of the 523 KEGG pathways was assigned a
degree of change depending on how many nodes
within the pathway were significantly up- or down-
regulated. 46 pathways were significantly changed
(p < 0.05) in the mesangial cells grown in 30 mM
glucose. Among these, 38 were up-regulated, and 8
were down-regulated compared to 5 mM conditions.
Two of the most upregulated KEGG pathways are
ECM-receptor interaction and focal adhesion (Table 1).
Also, within this list of pathways were those known to
respond to changes in glucose levels and metabolism
including the citric acid cycle, glycolysis, and the cell
cycle including oocyte meiosis in which many of the
nodes overlap with cell cycle genes (Table 1).

Up-regulation of ECM-related genes and pathways

The ECM-Receptor Interaction Pathway shows
many up-regulated ECM proteins and their receptors
(Supplementary Fig. 1). Because the KEGG path-
way nodes do not distinguish between different
protein family members, we have listed those family
members with a significant adjusted p-value <0.05
in Table 2. Among these genes, three ECM genes
(encoding tenascin-C, collagen VI, nephronectin)
and two integrin genes (Itgb6, Itga1) had a log2-fold
change greater than 1.5 and also had very low
adjusted p-values, suggesting strong up-regulation
in response to high glucose. Collagen IV (Col4) was
significantly up-regulated with a change of 1.48,
corresponding with our previous data [32]. Up-
regulation of nephronectin (Npnt) expression is
noteworthy because this protein is a reliable diag-
nostic for diabetic nephropathy compared to other
glomerular diseases in human kidney tissue speci-
mens [33]. Thus, the increase in Npnt gene ex-
pression serves as a validation of our mesangial cell
model. Both Npnt and Col6 RNA levels were quite
low even after up-regulation by glucose stimulation
(~10-fold and ~4-fold less than Tnc, respectively). The
low level of Npnt expression in particular made it
difficult to detect the protein and therefore we did not
analyze these genes further.
In addition to overall changes inECM related genes,

the RNA-sequencing data provided information about
relative expression levels of ECM proteins and their
receptors. Fibronectin (Fn1) and integrinβ1 (Itgb1) are
two of the most highly expressed genes, independent
of glucose concentration (Supplementary Table 2).
In high glucose conditions, Fn1 expression was about
4-fold higher than Tnc. RNA-sequencing counts show
significant up-regulation of Tnc and Npnt (Fig. 2A),
but no significant change in Fn1 gene expression
(Fig. 2A), which confirms our previous study [6].
We validated the RNA-sequencing results by quanti-
tative PCR (qPCR), which showed significant up-
regulation of the relative levels of Tnc (3.0-fold) and
Npnt (3.3-fold), and no significant changes in Fn1



Table 2. Changes in ECM and integrin genes. RNA-sequencing data for genes identified within the ECM-Receptor
Interaction KEGG Pathway are listed. Only genes with an adjusted p < 0.05 are shown. Genes highlighted in yellow are
discussed in the text.

Category KEGG Gene Node Gene

5mM 1 

counts

5mM 2 

counts

30mM 1 

counts

30mM 2 

counts

Log2 fold 

change

Adjusted

p-value

ECM 

Proteins

Collagen Col1a1 139.56 189.20 351.10 540.38 1.332 1.07E-04

Col4a6 711.23 799.35 1973.14 2322.61 1.480 6.87E-19

Col6a1 352.93 567.61 3000.33 3176.80 2.653 8.83E-34

Col9a3 59.05 74.23 8.71 7.55 -2.199 1.92E-04

Laminin Lamb3 3357.55 3026.32 5223.02 5803.16 0.782 7.04E-10

Thrombospondin Thbs1 4651.19 5125.65 12906.66 14621.17 1.480 5.46E-37

Osteopontin Spp1 4162.72 4195.03 7307.39 7538.40 0.824 8.33E-17

Tenascin Tnc 4157.35 4623.22 12334.06 13650.34 1.552 2.94E-42

Nephronectin Npnt 245.58 309.60 1036.87 1419.74 2.061 1.48E-17

Von willebrand factor Vwf 33.55 50.70 9.67 4.20 -1.614 0.016

Agrin Agrn 10920.76 12185.86 17156.65 19719.50 0.668 5.20E-08

Perlecan Hspg2 16947.45 18739.12 21932.81 23006.22 0.330 0.002

ECM 

Receptors

Integrins Itga1 96.62 141.22 388.82 391.86 1.60 5.83E-07

Itga3 8155.01 9651.10 11453.88 10908.19 0.33 0.014

Itga5 3248.85 3859.17 6621.63 6920.83 0.92 1.63E-12

Itga6 3046.22 2685.04 4170.68 4385.09 0.57 1.04E-05

Itga7 397.22 435.44 634.50 700.64 0.66 0.003

Itgav 7767.19 8346.60 9502.99 9261.89 0.22 0.050

Itgb1 29560.41 27853.40 36053.33 42444.62 0.45 2.46E-04

Itgb3 220.08 192.82 491.35 518.56 1.24 9.08E-07

Itgb5 3267.64 3811.19 6055.80 6866.29 0.86 4.17E-10

Itgb6 267.05 358.49 1101.67 1354.29 1.90 1.52E-16

Itgb7 1947.17 1791.53 865.67 977.54 -1.00 2.05E-10

Fig. 2. Up-regulation of Tnc and Npnt but not Fn1 gene expression. (A) Normalized counts from RNA-sequencing
data were averaged for biological duplicates grown in 5 mM (white bar) or 30 mM (black bar) glucose. Data are shown
in Supplementary Table 1. Statistical significance was determined with a Wald test and adjusted p-values were used, *
p < 0.05. (B) Quantitative PCR (qPCR) analysis was performed using RNAs frommesangial cells grown in 5 mM (white
bar) or 30 mM (black bar) glucose for 72 h. The graph represents mean fold-change ± SEM (n = 3) and one-way
ANOVA was performed to determine significance, *p < 0.05.
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Image of Fig. 2
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(Fig. 2B). Together, our results show that Tnc, Npnt,
and Col6 are the most up-regulated ECM genes in
response to elevated glucose levels with Tnc being
the most highly expressed of the three. Fn1 on
the other hand is highly expressed independent of
glucose concentration.

Identification of alternatively spliced Tnc mRNAs
in mesangial cells

The effects of TN-C as a modulator of cell-FN
interactions are well-established [34,35]. TN-C binds
directly to FN [36–38] and reduces FN-mediated
signaling through syndecan-4 resulting in changes
Fig. 3. PCR products within the alternatively spliced regio
(squares), with constitutive repeats outlined in blue and variab
designed within the first and last variable TN-C exons A1 and D
A4 - III6 (green arrows) were used to amplify within the var
identified with various primer pairs are listed in the tables.
in cell proliferation, contractility, and FN matrix
assembly [39–41]. The Tnc transcript is alternatively
spliced and splicing patterns can affect TN-C binding
to FN [38]. The mouse Tnc transcript contains 6
exons encoding FNIII repeats that can be included
or skipped by alternative splicing (Fig. 3A). At least
29 different combinations of these exons have been
reported in mouse tissues and cell lines and at
different developmental stages [40]. To determine
whether all six of the alternatively spliced FNIII exons
could be detected in Tnc mRNAs from mesangial
cells, PCR reactions were performed using primers
from adjacent repeats. Products the length of a
single exon (~270 bp) and spanning the junction
n. (A) Schematic of mouse TN-C showing FNIII repeats
le exons shown as orange squares. (B) PCR primers were
(black arrows). (C) PCR primers III5 - B (black arrows) and
iable region. The numbers and combinations of repeats

Image of Fig. 3
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between exons were generated with all primer pairs
(A1-A2, A2-A4, A4-B, B-C and C-D) using RNAs
from both 5 mM and 30 mM glucose conditions
(data not shown). Sequencing confirmed the ampli-
fication of the expected FNIII exon junctions. This
analysis showed the presence of all alternatively
spliced repeats but did not identify the combinations
of exons that are included in Tnc mRNA. For that
analysis, PCR primers were designed to amplify the
regions between the constitutively included FNIII
repeats (III-5 and III-6) that flank the alternatively
spliced region, as well as between A1 and D, the first
and last alternatively spliced repeats. Using III-5 to
III-6 primers, we identified isoforms with no extra
repeats, or with A1 only, D only, or A1 + D included
(Table 3). Large PCR products with the III-5 to III-6
primer pair were visible by agarose gel electropho-
resis but levels were too low to isolate for sequenc-
ing. We therefore used primers in A1 and D and
the predominant PCR products were sequenced.
Results are summarized in Fig. 3B and Table 3.
Multiple products were obtained corresponding to
the expected sizes ranging from inclusion of none,
one, or more than one variable repeats between A1
and D. Internal primers were used to generate
smaller PCR products in order to identify additional
combinations of repeats (Fig. 3C, Supplementary
Fig. 2, Table 3).
The list of repeat combinations in Table 3 includes

the predominant PCR products from the various
reactions. The most obvious feature is that in all but
one product, A4 and B occur together. In this cohort
Table 3. Summary of alternatively spliced Tnc variants
identified in mesangial cells. PCR reactions were
performed with the listed primer pairs. The number of
extra repeats included in a sequenced product is listed in
column 2. The presence (+) or absence (blank) of an exon
in the sequenced PCR product is marked.

Primers Repeats A1 A2 A4 B C D

III5 - III6 1 +
1 +
2 + +

III5 - A4 3 + + +

III5 - B 3 + + +
4 + + + +

A1 - D

3 + + +
4 + + + +
4 + + + +
5 + + + + +
6 + + + + + +

A2 - B 3 + + +

A2 - D 4 + + + +

A4 - III6
2 + +
3 + + +
4 + + + +
of products, C is included less frequently than any
other repeat but, when it is included, it is followed
by D. This list is not meant to be comprehensive.
Furthermore, we do not have information about
the relative abundances of these products in RNAs
from cells grown in 5 mM versus 30 mM media
because the PCR reactions were performed for
40 cycles. However, this gross analysis allowed
the identification of possible alternative exons that are
included or excluded within Tnc mRNA in mesangial
cells.

Quantitative changes in alternative splicing of
the Tnc transcript

In order to determine how alternative splicing is
affected by growth in 30 mM glucose medium, we
performed qPCR across each of the junctions
between adjacent exons. The results show signifi-
cant up-regulation of inclusion of all of the repeats in
mesangial cells grown in higher glucose (Fig. 4A).
Increases at 30 mM ranged between 1.9- and 2.8-
fold compared to 5 mM RNA samples. However, this
analysis does not illustrate the levels of individual
repeats relative to the other variable exons. There-
fore, we normalized the data to the 5 mM D-III6
product, which is the most abundant exon pair in
both 5 mM and 30 mM glucose conditions (Fig. 4B).
This analysis allowed us to directly compare relative
levels of each junction. The low level of the C-D exon
junction regardless of glucose conditions indicates
that the C exon is included at the lowest frequency
(Fig. 4B, Table 3). These results show that the
alternatively spliced exons were not equally repre-
sented in the mesangial cell RNA population, but that
inclusion of all exons was increased relative to
GAPDH in high glucose conditions compared to
normal glucose media.

Variations in TN-C isoform expression and
matrix deposition with glucose

Mass spectrometry of TN-C isolated from condi-
tioned medium of mesangial cells grown in 30 mM
glucose conditions was used to determine the
presence of alternatively spliced FNIII repeats.
Peptides were scored with a peptide probability
threshold of 95%. Unique peptides from each of the
six FNIII repeats (A1, A2, A4, B, C, D) were identified
in secreted TN-C (Supplementary Fig. 3). Mass
spectrometry identifies short peptides, so we were
not able to determine all of the possible combinations
of alternative splicing of TN-C in mesangial cells.
However, we did detect peptides across junctions
between A1-A2, A1-A4, A4-B, A4-D, and B-D.
TN-C protein was analyzed in deoxycholate

(DOC)-soluble lysates of mesangial cells. Surpris-
ingly, different-sized bands predominated in cells
grown under 5 mM or 30 mM glucose conditions for



Fig. 4. Increased inclusion of variable repeats under 30 mM glucose conditions. RNA from mesangial cells grown in either
5 mM (white bars) or 30 mM (black bars) glucose was used for qPCRwith primers from adjacent exons. (A) The fold-change in
gene expression relative toGAPDHwas determined for each pair of primers as described inMaterials andMethods.Mean fold-
change±SEM for each junction: III5 - A1 (2.8 ± 0.5), A1 -A2 (2.5 ± 0.5), A2 -A4 (2.1 ± 0.2), A4 -B (1.9 ± 0.2), B -C (2.4 ± 0.1),
C - D (2.4 ± 0.2) andD - 6 (2.6 ± 0.5). (B) All data from (A) were normalized to 5 mMglucoseD - III6mean fold change. Graphs
represent mean fold-change ± SEM (n = 5) and one-way ANOVA was performed to determine significance, *p < 0.05.
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72 h (Fig. 5A). While in normal glucose conditions
the major band was ~240 kDa with a less intense
band at ~290 kDa in the DOC-soluble cell fraction, in
30 mM glucose conditions the larger protein band
was predominantly expressed. Sizes were deter-
mined using the 250 kDa molecular mass marker
and recombinant tenascins HxB.S at 220 kDa (with
no variable repeats) and HxB.L at 320 kDa (with 7
variable repeats) (Supplementary Fig. 4) [21]. The
average size of one variable repeat calculated from
the difference in size between HxB.S and HxB.L is
14.3 kDa. This size estimate includes contributions
from potential N-linked glycosylation at sites in all but
the D repeat. From this size calculation, we estimate
that the ~240 kDa band in mesangial cell lysates
contains 1–2 extra repeats and that the ~290 kDa
band has 5 extra repeats. These differences in
molecular weight indicate that increased inclusion of
some FNIII exons detected by qPCR leads to a
change in the TN-C protein structure. Analysis of the
DOC-insoluble fraction was used to identify proteins
incorporated into the ECM. The smaller TN-C band
was detected in the DOC-insoluble fraction from
mesangial cells grown in 5 mM glucose medium,
but TN-C was undetectable in 30 mM conditions
(Fig. 5A). Small but not large TN-C was also
incorporated into BHK-HxB DOC-insoluble matrix
(Supplementary Fig. 4) as previously reported by
Erickson's group [21,36].
To correlate increased Tnc mRNA expression with

increased protein levels, we analyzed mesangial
cell conditioned medium which contained higher
levels of TN-C when cells were cultured in 30 mM
glucose medium compared to 5 mM glucose medi-
um (Fig. 5B). Quantification showed an average of
3.3-fold more TN-C in high glucose conditions. TN-C

Image of Fig. 4


Fig. 5. Expression and localization of TN-C splice isoforms. (A) DOC-soluble and DOC-insoluble fractions were isolated
from lysates of mesangial cells grown in 5 mM or 30 mM glucose media. Fractions were immunoblotted with anti-TN-C
antiserum or GAPDH as indicated. Representative blots are shown from three independent experiments. (B) Equal
volumes of conditioned media collected from mesangial cells grown in 5 mM or 30 mM glucose for 72 h and cells were
then lysed in DOC buffer. Conditioned media were immunoblotted with anti-TN-C antibodies. Representative results are
shown and these samples are from the same blot and exposure time. Band intensity values were normalized to the total
protein in parallel DOC-soluble lysates and then used to calculate the average fold change between 5 and 30 mM TN-C
levels (mean ± SEM from three independent experiments). (C) Mesangial cells grown in either 5 mM or 30 mM glucose
media with 10 μg/ml human FN were stained with anti-human FN or anti-TN-C antibodies. The mean fluorescence
intensity of 6 randomly selected fields per condition was measured using Image J software. Representative images are
shown for each condition. Scale bar = 50 μm.
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is not present in serum (data not shown), allowing
us to conclude that all protein in the conditioned
medium is secreted by the mesangial cells.
Previous studies with fibroblasts have shown that

alternative splicing can alter TN-C incorporation into
a FN matrix, with smaller TN-C isoforms preferen-
tially incorporated [36,42]. Staining of mesangial
cells for TN-C also showed higher levels of
fluorescence in 5 mM compared to 30 mM glucose
conditions (Fig. 5C). Cell densities were equivalent
as detected by phase microscopy, but, as we have
reported previously [6,8], FN matrix levels were
higher in 30 mM glucose cultures compared to 5 mM
conditions (Fig. 5C). Taken together, our analyses
of TN-C under elevated glucose conditions show
increased expression and changes in splicing that
affect TN-C deposition into a FN matrix.
Discussion

Increased accumulation of ECM proteins occurs
when cells are exposed to high glucose conditions
and could be related to corresponding epigenetic

Image of Fig. 5
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changes [4,9]. In this study, we investigated the effects
of growth in high glucose media on gene expression by
mesangial cells. RNA-sequencing analyses comparing
mesangial cells grown in normal or high glucose
identified significant changes in over 6000 genes and
up-regulation of ECM-receptor interaction and focal
adhesion KEGG pathways. Of particular note was the
increase in Tnc expression along with increased
inclusionof alternatively splicedTncexons.Quantitative
PCRanalysis showedanoverall stimulation of inclusion
of variable exons under high glucose conditions and a
corresponding shift to production of higher molecular
weight TN-C isoforms.Moreover, unlike the smaller TN-
C produced in normal glucose cultures, the larger splice
isoforms were not detected in the mesangial cell FN
matrix. Because TN-C acts as a negative regulator of
cell-FN matrix interactions [34,39,41,43] and our
findings show a shift toward an isoform that is not
incorporated into the FN matrix, we propose that this
change in TN-C may contribute to the accumulation of
FN matrix in the diabetic glomerulus.
A regulatory relationship between TN-C and FN in

the kidney has been shown in Habu snake venom-
induced glomerulonephritis [44]. In wild type mice,
the damaged glomeruli underwent a fairly typical
wound healing response marked by cell proliferation,
granulation tissue formation, and ECM remodeling.
In TN-C knockout mice, the early wound healing
response was reduced but FN and collagen IV
accumulated uncontrollably later causing glomerulo-
sclerosis and ultimately death [44]. In contrast to loss
of TN-C, persistent TN-C expression during liver
or lung damage is associated with excess deposition
of ECM and fibrotic lesions [45,46]. A high level of
TN-C has also been used as a diagnostic marker of
fibrosis [47]. These phenotypes indicate that appro-
priate levels of TN-C have modulatory activity during
ECM deposition in multiple tissues.
Many different factors have been linked to

induction or repression of Tnc expression [35].
Stimuli include reactive oxygen species, mechani-
cal stress, hypoxia, and even denatured collagen
[48], and these stimuli can also be present with
chronic elevation of glucose. Thus, it seems likely
that the mechanism of Tnc upregulation is multi-
factorial. Along with Tnc, Col4 and Col6 RNAs were
increased at least 1.5-fold in mesangial cells and
these proteins have been implicated in diabetic
nephropathy [49]. Collagen fibrillogenesis is down-
stream of FN matrix assembly, yet FN expression
did not change with glucose concentration. In-
creased FN may not be needed since we found
that, in normal glucose, Fn1 is already one of the
most highly expressed genes in mesangial cells.
Furthermore, in the mesangium, an exogenous
supply of plasma FN is available through the
continual exposure to blood.
Differences in alternative splicing of Tnc are a

common phenomenon in developing tissues, during
repair, and in disease [35]. In the mouse kidney, for
example, a larger TN-C isoform dominates in the
prenatal stage, while a smaller isoform takes over at
birth [50] suggesting that they might play different
roles in the developmental process. Higher matrix
incorporation by recombinant TN-C lacking all
variable repeats [21,37] and by small isoforms of
mesangial TN-C (shown here) provide support for
matrix-dependent functional differences resulting
from splicing. TN-C binding by FN, contactin [51],
and annexin II [52] can be affected by alternative
splicing, and functional perturbation by antibody
binding to variable repeats further implicates this
region in protein interactions [35]. Large versus small
TN-C isoforms also show differences in turnover by
matrix metalloproteases [53] and in N-linked glyco-
sylation sites. Alterations in binding activities, matrix
incorporation, and protein stability are just some of
the ways that the spliced region of TN-C might
contribute to the regulation of ECM assembly. In
contrast to numerous functional analyses of TN-C
isoforms, much less is known about the mechanisms
that control alternative splicing. One splicing factor,
serine/arginine-rich (SR) protein SRSF6 [54,55], has
been shown to increase the inclusion of variable
exons in a skin hyperplasia model [56]. We did not
detect a dramatic change in alternative splicing with
siRNA knockdown of SRSF6 in mesangial cells
(MEV, unpublished observations) but further analy-
ses across the alternatively spliced region are
needed.
Smaller isoforms of TN-C lacking most or all

alternatively spliced repeats are incorporated into a
FN matrix, whereas larger isoforms are not incorpo-
rated or are present at very low levels [36–38]. Small
isoforms also bind to purified FN with higher affinity
[36–38]. It has been hypothesized that in the
absence of extra repeats, a secondary binding site
on TN-C may be brought into close proximity to the
main FN binding domain, and the resulting coopera-
tivity makes the interaction significantly stronger
[36]. TN-C binds to the primary heparin-binding
domain of FN and, in so doing, prevents syndecan-
FN interactions [39,41,43]. Engagement of α5β1
integrin together with syndecan-4 is needed for
full activation of focal adhesion kinase (FAK) and
Rho GTPase [42,57], allowing TN-C binding to FN
to modulate both cell contractility and FN matrix
assembly. Furthermore, the alternatively spliced
region of TN-C promotes focal adhesion disassem-
bly [58] suggesting that the large isoforms might
affect ECM remodeling even if not incorporated into
the matrix.
Could this difference in matrix binding and

incorporation contribute to the increased ECM in
glomerulosclerosis? Based on our results and the
findings of others, we propose a model whereby the
level and splicing of TN-C play a role in restricting
mesangial matrix expansion in the kidney. In normal
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glucose conditions, small TN-C isoforms bind to
FN and are incorporated into the matrix where they
can limit the degree of FN matrix assembly in the
glomerulus by controlling FN-syndecan-4 interac-
tions, cell signaling, and contractility. Since collagen
IV matrix accumulation depends on the FN matrix
[6], TN-C may also indirectly regulate collagen levels
in the mesangial matrix. The effects of TN-C on cell-
FN interactions, proliferation, and matrix contraction
can be rescued by over-expression of syndecan-4
[39,41,43], indicating that the TN-C inhibitory activ-
ities are dose-dependent. Accumulation of TN-C in
the matrix might have to reach a threshold before
inhibition takes effect, essentially providing a TN-C
checkpoint. In high glucose conditions, selective
expression of larger isoforms could decrease TN-C
levels in the matrix such that ECM assembly could
proceed without the hypothetical TN-C checkpoint,
thus allowing unrestrained assembly and accumula-
tion of FN and collagen IV matrix in the mesangium.
To our knowledge, the differential expression of

TN-C isoforms has not been described in the context
of diabetic nephropathy and, while our results
suggest a correlation between TN-C isoforms and
conditions that affect ECM levels, otherwork suggests
a role in the immune response. The immune system
is commonly implicated in the pathology of glomerulo-
sclerosis, and T-cell invasion is known to increase
the severity of the disease [59]. However, mediators
including ECM proteins released by immune cells can
have pro- or anti-fibrotic effects [60]. A large isoform of
TN-C up-regulated in non-small cell lung cancer was
shown to inhibit T-cell proliferation and to reduce
production of inflammatory cytokines [61] suggesting
that this isoform may be capable of controlling the
immune response. A pair of alternatively spliced
domains present in TN-C from human and chick but
not mouse have been shown to be pro-inflammatory
[62] suggesting species-specific effects of TN-C
splicing. Thus, while selective up-regulation of a large
TN-C isoform in diabetic nephropathy may allow
excess ECM deposition, it may also help to limit
glomerular damage caused by an over-active T-cell
response. Perhaps the functions of TN-C isoforms
vary with time such that the initial effect of a large TN-C
isoform is protective but as it accumulates in a chronic
condition like diabetes, its activities expand to promote
a fibrotic response.
Supplementary data to this article canbe foundonline

at https://doi.org/10.1016/j.mbplus.2020.100048.
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