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Abstract

Background/Aims: TSPAN8 encoding tetraspanin-8 was identified as a candidate gene for
immunoglobulin A nephropathy (IgAN) by a genome-wide association study using microsat-
ellites in the Japanese population. Tetraspanin-8 is a cell surface protein that contributes to
the migration and invasion of epithelial cells. Methods: We performed immunohistochemistry
for tetraspanin-8 on human renal biopsy specimens associated with IgAN, antineutrophil cy-
toplasmic antibody-associated nephropathy and interstitial nephritis, as well as normal renal
tissue. Furthermore, to study the potential function of tetraspanin-8, we performed cell mi-
gration and invasion assays using human renal tubule cells transfected with tetraspanin-8.
Results: Tetraspanin-8 was often expressed in vascular smooth muscle cells and occasionally
in tubule cells in normal kidney. In the kidneys of all types of nephropathy, tetraspanin-8 stain-
ing in the arteries was unaffected, but that in the tubules was enhanced. The degree of tubu-
lar staining negatively correlated with the estimated glomerular filtration rate, independently
of the type of nephropathy. Tetraspanin-8-expressing tubule cells were found predominantly
in distal and collecting tubules, identified by cytokeratin 7 or aquaporin 2 staining. In vitro
studies using cultured tubule cells revealed that tetraspanin-8 promoted migration by 2.7-fold
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without laminin, by 2.8-fold with laminin and invasion into Matrigel by 3.5-fold, suggesting
that enhanced tetraspanin-8 may be involved in the repair of tubules. Conclusion: The ob-
tained findings indicate that tetraspanin-8 expression is enhanced in injured distal tubules,
which may be involved in the repair of tubules by facilitating migration and invasion.

© 2014 S. Karger AG, Basel

Introduction

Immunoglobulin A nephropathy (IgAN) is the most common form of primary glomerulo-
nephritis, causing end-stage renal disease that requires renal replacement therapy [1]. Ethnic
variation in its prevalence and familial clustering suggest that IgAN is caused by a combi-
nation of genetic and environmental factors [2]. Previous genetic studies performed on
various ethnic groups identified several susceptibility genes for IgAN [3-6]. We developed
microsatellite markers covering the whole genome [7-10] and performed genome-wide
association studies (GWAS) in the Japanese population (450 IgAN cases and 450 controls).
We identified several susceptibility loci for IgAN in one of our previous studies [manuscript
in preparation; some of the data were presented by Saka and colleagues at the American
Society of Nephrology (ASN) meeting in 2009]. Among these loci, we focused on chromosome
12q21.1, which harbors microsatellites significantly associated with IgAN (D12S0177i: p =
0.001, AC001: p =8.71E-7) and TSPANS8 encoding the tetraspanin-8 protein.

The tetraspanin family is a group of cell surface glycoproteins that contain four trans-
membrane domains and two conserved extracellular loops [11]. Tetraspanins interact and
form complexes with a wide variety of proteins, including other members of the tetraspanin
family, integrins, receptors and signaling molecules, forming the ‘tetraspanin-web’. Through
these interactions, they play important roles in fundamental cellular processes such as
migration, proliferation and differentiation.

The expressed sequence tag profile suggests thattetraspanin-8 mRNA is widely expressed
in various tissues, including in the digestive tract, connective tissue, bone, muscle and kidney
[12]. Tetraspanin-8 has also been intensively studied in the field of cancer. It has been shown
to be highly expressed in colorectal, hepatocellular and pancreatic carcinoma cells along with
integrin family proteins. Several studies have suggested that tetraspanin-8 is also involved in
the migration and invasion of cancer cells [13-16]. However, the detailed cellular expression
pattern and function of tetraspanin-8 in human kidney have not been reported.

Regarding the interaction between tetraspanin and IgAN, Rops et al. [17] demonstrated
that null-mutant mice for CD37, another member of the tetraspanin family, develop IgA
glomerular disease similar to nephropathy, indicating that CD37 modulates the formation of
IgA immune complexes. However, there have been no reports showing the relationship
between TSPANS8 and IgAN.

We postulated that tetraspanin-8 may be differently expressed in chronic kidney diseases
including IgA nephropathy. In the present study, we analyzed its expression pattern in human
renal tissues from patients with several kidney diseases and explored its potential function
using cultured human tubular epithelial cells (HK-2).

Subjects and Methods
Immunohistochemistry

Samples from renal biopsies performed in our hospital for diagnostic purposes were
used in this study. The ethics committee of the Tokai University approved this study, and
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Table 1. Clinical parameters of the patients whose renal tissue was analyzed in the present study

Normal (n = 5) IgAN (n =20) ANCA (n=5) IN (n=5)
Age, years 27.8+7.5 35.5+£15.7 64+5.8 49.2+23.1
Serum albumin, g/dl 4.5+0.2 4.2+0.5 3.3+0.7 41+0.4
eGFR?, ml/min/1.73 m? 100.7+32.8 78.3+34.5 16.9+11.9 38.8+x24.4
Urinary protein, g/day 0.3+0.3 0.7+0.8 1.3+0.8 0.5+0.4

Blood pressure, mm Hg ~ 118.8+14.9/74.0:4.7 129.8+16.4/77.5+12.6 147.6+14.6/80.2+11.5 111.8+16.6/70.0%6.5

Data were obtained at the time of biopsy. ? The eGFR was calculated by the following modified version of an equation for
estimating the GFR of Japanese patients: eGFR = 194 x age %287 x sCr~1094 x 0.739 (if female), where sCr indicates serum creatinine.

Table 2. Clinical data of patients

with DM nephropathy (n = 5) DM nephropathy
Age, years 48+13.8
Serum albumin, g/dl 34+13
eGFR?, ml/min/1.73 m? 53.0+20.4
Urinary protein, g/day 3.2+3.1
Blood pressure, mm Hg 140.0+24.0/80.0+17.2

Data were obtained at the time of biopsy.

2 The eGFR was calculated by the following modified version of an
equation for estimating the GFR of Japanese patients: eGFR = 194 x
age 0287 x sCr~109 x 0,739 (if female), where sCr indicates serum creat-
inine.

informed consent was obtained for the use of remnant biopsy tissue for research purposes.
The following disease samples were investigated: IgAN (n = 20), antineutrophil cytoplasmic
antibody-associated nephropathy (ANCA; n = 5), interstitial nephritis (IN; n = 5), diabetic
nephropathy (DN; n = 5) and minor glomerular abnormalities (n = 5). The latter were taken
from patients with mild proteinuria, who showed normal morphology by light microscopy,
and were considered as normal controls. Clinical data corresponding to the renal samples are
presented as mean and standard deviation (tables 1, 2). Since the DN samples were obtained
by needle biopsy and contained a limited number of tubules compared with the other samples
obtained by open biopsy, the results and statistical analyses were conducted separately for
the DN samples (table 2).

The biopsy samples were snap-frozen in acetone with dry ice and stored at -80°C. A total
of 4-um-thick sections were mounted on silane-coated slides, fixed in acetone for 10 min at
4°C and incubated in methanol containing 0.3% H,0; for 30 min at room temperature to
eliminate endogenous peroxidase activity. The sections were incubated in blocking solution
(Protein Block serum-free; Dako, Kyoto, Japan) for 20 min at room temperature and then in
polyclonal rabbit anti-human TSPAN8 antibody (1:500 dilution, ab7007; Abcam, Tokyo,
Japan), monoclonal mouse anti-human CD151 antibody (1:100 dilution, 11G5a; AbD Serotec,
Oxford, UK) and monoclonal mouse anti-CD9 antibody (1:1,000 dilution, ab111020; Abcam)
overnight at 4°C in a humidified chamber. After washing in phosphate-buffered saline, the
slides were incubated with mouse polyclonal anti-rabbit IgG antibody conjugated to horse-
radish peroxidase (Histofine simple stain MAX PO; Nichirei, Tokyo, Japan) for 30 min at room
temperature. The signal was visualized with diaminobenzidine, and the slides were then
counterstained with periodic acid-Schiff stains and Mayer’s hematoxylin.
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Identification of Tubule Cell Types Expressing Tetraspanin-8

To identify the types of tubule cells that express tetraspanin-8, we performed immuno-
histochemistry on five renal tissues associated with IgAN. Adjacent sections were further
stained for cytokeratin 7 (a marker of distal and collecting tubules, 1:200 dilution; Dako),
aquaporin 2 (a marker of collecting tubules, 1:500 dilution; Lifespan, Seattle, Wash., USA) or
aquaporin 1 (a marker of proximal tubules, 1:200 dilution; Abcam).

Construction of Tetraspanin-8 Expression Plasmid

A DNA fragment containing the tetraspanin-8 coding sequence was generated by PCR
using the cDNA from human colorectal cancer tissue, which highly expressed tetraspanin-8.
PCR was carried out using KODplus reagent and primers, 5'-CCA GAG CAT ATT GCA GGA CA-3'
and 5'-GGG GTT TGA CTG ACG ATA CG-3’, under the following conditions: initial denaturation
at 94°C for 2 min, followed by 33 cycles consisting of denaturation at 98°C for 10 s, annealing
at 55°C for 30 s and extension at 68°C for 60 s. The 826-bp product was cloned into the pIRE-
Spuro3 vector (Clontech, Mountain View, Calif.,, USA). After verification of the sequence,
plasmid DNA was extracted using the Plasmid Mega Kit (Qiagen, Hilden, Germany).

Immunohistochemistry on Mouse Tissues

Frozen kidney sections from normal and NEP25 mice 2 weeks after the injection of LMB2
(2.5 ng/g body weight) were fixed in 4% paraformaldehyde and stained using a monoclonal
ratanti-mouse tetraspanin-8 antibody (R&D Systems, Minneapolis, Minn., USA). Severe injury
was exhibited in kidney of NEP25 mice, with tubular dilatation and diffuse glomerulosclerosis
[18]. The staining was visualized using Cy3 anti-rat IgG antibody.

Plasmid Transfection into Renal Tubular Epithelial Cells

HK-2 cells, derived from human tubular epithelial cells [19], were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; high glucose) containing 10% fetal bovine serum at 37°C
in 5% CO;. HK-2 cells grown to 80% confluency were transfected with tetraspanin-8
expression plasmid using the Amaxa Nucleofector System (Catalog No. VPI-1005; Lonza,
Basel, Switzerland), in accordance with the manufacturer’s protocol. Briefly, 1 x 10° cells
were resuspended in 100 pl of Nucleofector solution containing 4 pug of tetraspanin-8 DNA,
together with 2 pg of pmaxGFP vector, a green fluorescent protein expression vector, and
electroporated using program T-20 with the Lonza Nucleofector II device.

Starting the following day, the cells were selected with 0.5-2 pg/ml puromycin for 1
week. After trypsinization, cells expressing high levels of green fluorescent protein were indi-
vidually harvested using fluorescence-activated cell sorting (FACSCalibur; BD Biosciences,
Fukushima, Japan) and cultured in 96-well plates. Six clones of stably transfected cells, each
derived from a single cell, were obtained. One clone, which expressed high levels of
tetraspanin-8 mRNA, was used in the present study.

In vitro Migration and Invasion Assay

Control or tetraspanin-8-expressing cells (2 x 10°/well) were suspended in DMEM
without fetal bovine serum and seeded on polycarbonate Transwell filters (8-um pore size;
BD Biosciences). The outer wells were filled with DMEM containing 10% fetal bovine serum.
After incubation at 37°C for 36 h, nonmigrating cells in the inner wells were removed using
a polycarbonate scraper. The cells that had migrated to the opposite surface of the filter were
stained with hematoxylin and microscopically observed at x100 magnification. Cell number
was counted in ten visual fields. This experiment was repeated three times. The migration
assay using laminin-coated filter (mouse laminin, 5 pg/cm?) and the invasion assay using
Matrigel-coated filter (BD Biosciences) were similarly performed.
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Fig. 1. Tetraspanin-8 in artery. Vascular smooth muscle cells were
intensely stained for tetraspanin-8. Approximately 70% of cross-
sections of the interlobular artery contained cells with intense tet-
raspanin-8 immunostaining. This image shows a kidney associated
with IgAN. Similar vascular staining was frequently observed in nor-
mal, ANCA and IN kidneys. Tissue sections were counter-stained
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with periodic acid-Schiff; original magnification x200.

Fig. 2. Inmunohistochemical de-
tection of tetraspanin-8 in kidney
associated with IgAN. Anti-tet-
raspanin-8 was stained in a frac-
tion of tubule cells (arrows, left
panel). The right panel shows the
adjacent section stained without
primary antibody. Tissue sections
were counter-stained with peri-
odic acid-Schiff; original magnifi-
cation x200.

Fig. 3. Frequency of tetraspanin-
8-expressing tubules. Compared
with  normal kidneys, tet-
raspanin-8 expression was en-
hanced in kidneys associated with
IgAN, ANCA, IN and DN. The hori-
zontal bars represent medians.
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Statistical Analysis

Clinical data corresponding to the renal samples are presented as mean * standard devi-
ation (tables 1, 2). Differences between two groups were analyzed by Student’s t tests, and p
values <0.05 were considered statistically significant. The correlations between clinical
parameters and tetraspanin-8 expression were evaluated by Spearman’s nonparametric
correlation coefficient analysis. Since DN samples were obtained by needle biopsy and
contained a limited number of tubules compared with the other samples obtained by open
biopsy, the correlations were analyzed separately for the DN samples and the rest. All analyses
were performed using SPSS, version 15.0.

Results

Expression of Tetraspanin-8 in Renal Tissues

To elucidate the expression pattern of tetraspanin-8 in renal tissues, we performed
immunohistochemical examination of renal biopsy samples. In normal renal tissue,
tetraspanin-8 was often stained in vascular smooth muscle cells. Approximately 70% of
cross-sections of interlobular arteries contained cells with intense tetraspanin-8 staining.
The pattern and frequency of tetraspanin-8 staining in vascular smooth muscle cells were
similar in tissues associated with I[gAN, ANCA and IN (fig. 1).

In addition to vascular smooth muscle cells, tetraspanin-8 was occasionally stained in
renal tubules of normal kidneys. Unlike staining in the arteries, tubular staining was enhanced
in kidneys associated with IgAN, ANCA and IN (fig. 2). The median percentages of tubular
cross-sections containing tetraspanin-8-positive cells were 0.34% in normal renal tissue,
1.15% in IgAN, 3.46% in ANCA, 2.13% in IN and 2.35% in DN (fig. 3). In renal tissue with se-
vere tubulointerstitial injury, tubule cells more frequently expressed tetraspanin-8. However,
withinagivenkidney, injured and intacttubules expressed tetraspanin-8 atsimilar frequencies.

We examined the correlation between tubular tetraspanin-8 positivity and various
clinical factors at the time of biopsy in all samples obtained by open renal biopsy. Tubular
tetraspanin-8 positivity was negatively correlated with estimated glomerular filtration rate
(eGFR; r = -0.730, p < 0.001), and positively correlated with age (r = 0.768, p < 0.001) and
with the level of urinary protein (r=0.537, p < 0.001; fig. 4a—c). A similar negative correlation
between tubular tetraspanin-8 and eGFR was also observed in kidney samples associated
with DN (r =-0.900, p < 0.01), which were obtained by needle biopsy (fig. 4d).

We next determined the tubular segment expressing tetraspanin-8 by immunostaining
in adjacent sections using antibodies for cytokeratin 7 (a marker of distal and collecting
tubules), aquaporin 2 (a marker of collecting tubules) and aquaporin 1 (a marker of proximal
tubules) (fig. 5). Of the tetraspanin-8-expressing tubule cells, 84.6% were also positive for
cytokeratin 7 and 49.0% were positive for aquaporin 2. In contrast, only 14.0% of tetraspanin-
8-expressing cells were positive for aquaporin 1. These observations indicate that
tetraspanin-8 is predominantly expressed in distal and collecting tubules.

We compared the tetraspanin-8 expression pattern with those of two other tetraspanin
families, CD151 and CD9. CD151 was intensely stained in glomeruli and smooth muscle cells,
and weakly in renal tubules in normal kidney (fig. 6a). Basically, the same CD151 staining
pattern was observed in renal tissues associated with all types of kidney disease (fig. 6b).

CDO staining was intense in collecting tubules and vascular smooth muscle cells in normal
kidney (fig. 6¢, d). In kidney associated with ANCA and DN, CD9 staining in glomeruli was
somewhat more intense than thatin normal kidney (fig. 6e). The other types of kidney disease
showed essentially the same pattern of CD9 staining. Tubular CD9 staining was similar in all
types of kidney.
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Fig. 4. Correlations of tetraspanin-8 expression and clinical parameters. When all biopsy samples were ana-
lyzed, the frequency of tetraspanin-8-expressing tubules showed a negative correlation with eGFR (a), and
positive correlations with age (b) and urinary protein (c). The correlation of tubular tetraspanin-8 positivity
and eGFR in DN is shown (d). The frequency of tetraspanin-8-expressing tubules showed a negative correla-
tion with eGFR, as observed in other renal diseases.

Thus, the expression of CD9 overlapped with that of tetraspanin-8 in vascular smooth
muscle cells, but the induced expression patterns were distinct in the tubules.

Tetraspanin-8 Expression in Mouse Kidney

We next examined tetraspanin-8 expression in mouse Kidney. In normal Kkidney,
tetraspanin-8 staining was observed in the distal and collecting tubules (fig. 7a). In kidney
associated with severe podocyte injury, the staining was remarkably expanded and enhanced
(fig. 7b).

Tetraspanin-8 Facilitates Tubule Cell Migration

We next tested whether increased expression of tetraspanin-8 in renal tubule cells facil-
itates migration similarly to that in cancer cells [13, 14, 20]. For this, we performed a
migration assay using the HK-2 cell line. When cells stably transfected with tetraspanin-8
expression plasmid were cultured on a filter with a pore size of 8 pm, an average of 22.3 +
9.2 cellsin each visual field migrated across the filter within 36 h. This was significantly more
than the number of control cells (8.2 + 4.8; fig. 8a). A similar result was obtained when the
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Tetraspanin-8 Tetraspanin-8 Tetraspanin-8

Fig. 5. Identification of tubule types expressing tetraspanin-8. Biopsy samples associated with IgAN were
stained for tetraspanin-8 and the adjacent sections were stained for cytokeratin 7 (a marker of distal and
collecting tubules), aquaporin 2 (a marker of collecting tubules) or aquaporin 1 (a marker of proximal tu-
bules). Representative images are shown. The upper and lower panels show serial sections. In total, 84.6%
of tetraspanin-8-expressing cells were positive for cytokeratin 7, 49.0% were positive for aquaporin 2 and
14.0% were positive for aquaporin 1. Tissue sections were counter-stained with periodic acid-Schiff; original
magnification x400.

Fig. 6. Immunohistochemistry for CD151 and CD9 in kidney. a CD151 staining in normal kidney. CD151 was
intensely stained in glomeruli and smooth muscle cells, and weakly in renal tubules. b CD151 in kidney with
IgAN. The CD151 staining pattern was essentially the same as that of normal kidney. ¢, d CD9 staining in nor-
mal kidney. CD9 staining was intense in collecting tubules and vascular smooth muscle cells. e CD9 in kidney
associated with ANCA. Injured glomerulus was faintly stained for CD9. The staining pattern in tubules was
similar to thatin normal kidney. Tissue sections were counter-stained with periodic acid-Schiff; original mag-
nification x400.
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Normal

Injured (NEP25)

Fig. 7. Tetraspanin-8 in mouse kidney tissues. In normal kidney (a), tetraspanin-8 was observed in distal and
collecting tubules. In kidney with severe podocyte injury (b), tetraspanin-8 expression was intensified and

expanded.

Fig. 8. Tetraspanin-8 facilitates migration of tu-
bule cells. HK-2 human tubule cells stably trans-
fected with tetraspanin-8 expression plasmid
(TSPANS8) and control cells (control) were cul-
tured on a filter with a pore size of 8 um with (b)
or without (a) laminin coating. Migrated cell num-
bers within 36 h were counted. Under both condi-
tions, tetraspanin-8-expressing cells showed a
significantly more active migration. * p < 0.01.

Migrated cells/field

TSPAN8 b Control  TSPANS

Fig. 9. Tetraspanin-8 facilitates invasion of tu-
bule cells into the extracellular matrix. Invasion
assay using Matrigel-coated filter showed that a
greater number of tetraspanin-8-expressing tu-
bule cells invaded and passed through the gel
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8 *
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compared with the control HK-2 cells. * p < 0.01.

filters were coated with laminin. The average number of migrated tetraspanin-8-expressing
cells was 17.8 + 9.2, which was significantly more than that of control cells (6.7 + 6.7 per field;

fig. 8b).

Tetraspanin-8 Enhances Invasiveness of Tubular Cells
It has been reported that tetraspanin-8 facilitates degradation of the extracellular
matrix and the invasion of cancer cells into surrounding tissue [20]. We tested whether
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tetraspanin-8 similarly enhances the invasiveness of tubule cells using a Matrigel-coated
filter. On average, 1.3 * 1.3 control cells were observed to invade the Matrigel layer and
migrate across the filter in each visual field. In contrast, tetraspanin-8-expressing cells
showed significantly increased invasiveness, with an average of 4.6 + 3.1 migrated cells

(fig. 9).

Discussion

Our immunohistochemical study revealed that tetraspanin-8 is expressed in some distal
and collecting tubule cells and vascular smooth muscle cells. The frequency of tetraspanin-8-
expressing tubules was increased in damaged kidney, with a negative correlation with eGFR,
but this finding was not specific to IgAN. These findings suggest that enhanced tubular
expression of tetraspanin-8 is not a cause of IgAN, but rather reflects the severity of renal
injury.

Of note, we originally identified TSPAN8 as a candidate susceptibility gene for the onset
of IgAN through a GWAS comparing 450 biopsy-proven IgAN patients and 450 healthy
subjects. A possible explanation of this unexpected result is that the IgAN cohort in our GWAS
study may have included a significant number of patients with decreased renal function. At
least, in most patients of this cohort the IgAN was severe enough to consider renal biopsy.
Polymorphism in TSPAN8 may be associated with nonspecific progression of renal injury and
accidentally chosen, although we have not studied the relationship between the risk alleles
and tetraspanin-8 expression and function.

A similar pattern of tetraspanin-8 expression was also observed in mice. Thus, distal and
collecting tubules express tetraspanin-8 in normal kidney. In kidney with severe podocyte
injury, the staining was remarkably expanded and enhanced. The conserved expression
pattern across species suggests that tetraspanin has an important role in kidney diseases.
This induced expression in tubules was not observed for other tetraspanins, CD151 and CD9,
suggesting that tetraspanin-8 has a unique role in kidney diseases.

The function of tetraspanin-8 in kidney has not been previously reported. In the field of
cancer research, colorectal, hepatocellular and pancreatic carcinomas with higher
tetraspanin-8 expression were shown to exhibit a higher frequency of invasion and metas-
tasis than those with low expression, indicating that tetraspanin-8 regulates adhesion and
motility via integrin and laminin [12-14, 16, 20]. In addition, Penas et al. [21] showed that
tetraspanin modulates wound healing via adhesion and motility of keratinocytes. Our in vitro
study showed that tetraspanin-8 facilitates migration and invasion of renal tubule cells.
Therefore, it is speculated that tetraspanin-8 is involved in the process of repair of renal
tubules, in which tubular cells acquire the capacity to move along the basement membrane
to re-epithelialize wounded nephrons [22].

In our study, tetraspanin-8 staining did not always spatially coincide with tubular injury.
This lack oflocal correlation indicates that tetraspanin-8 expression is not activated by a local
mechanism, such as autocrine or paracrine secretion of TGF-f [23]. Instead, it indicates that
systemic factors thatare evoked by, or closely correlated with, the decline of eGFR are involved
in inducing tetraspanin-8 expression. Such regulation by systemic factors has been reported
for other tetraspanins. For example, CD9 expression in renal tubules is enhanced by ischemia
or hypertonicity [24, 25]. We have not determined the systemic factors that enhance
tetraspanin-8 expression, so this may be an interesting topic for future study. The candidates
include uremic toxins and hypoxia.
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