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Abstract

Diabetic nephropathy (DN) is a progressive fibrotic condition that may lead to end-stage renal
disease and kidney failure. Transforming growth factor-p1 and bone morphogenetic protein-7
(BMP7) have been shown to induce DN-like changes in the kidney and protect the kidney from
such changes, respectively. Recent data identified insulin action at the level of the nephron as a
crucial factor in the development and progression of DN. Insulin requires a family of insulin
receptor substrate (IRS) proteins for its physiological effects, and many reports have highlighted
the role of insulin and IRS proteins in kidney physiology and disease. Here, we observed IRS2
expression predominantly in the developing and adult kidney epithelium in mouse and human.
BMP7 treatment of human kidney proximal tubule epithelial cells (HK-2 cells) increases IRS2
transcription. In addition, BMP7 treatment of HK-2 cells induces an electrophoretic shift in IRS2
migration on SDS/PAGE, and increased association with phosphatidylinositol-3-kinase, probably
due to increased tyrosine/serine phosphorylation. In a cohort of DN patients with a range of
chronic kidney disease severity, IRS2 mRNA levels were elevated approximately ninefold, with
the majority of IRS2 staining evident in the kidney tubules in DN patients. These data show that
IRS2 is expressed in the kidney epithelium and may play a role in the downstream protective
events triggered by BMP7 in the kidney. The specific up-regulation of IRS2 in the kidney tubules
of DN patients also indicates a novel role for IRS2 as a marker and/or mediator of human DN
progression.
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Introduction

Diabetes is a metabolic disorder characterized by a failure of insulin production by the
pancreatic p-cells and insulin resistance at the level of muscle, liver and adipose [1].
Diabetes is characterized by vascular complications of the large blood vessels of the heart,
brain and lower limbs, as well as the smaller vessels in the kidney and eye [1]. Diabetic
kidney disease or nephropathy (DN) is the leading cause of end-stage renal failure
worldwide [2,3], and diabetic retinopathy is the primary cause of blindness in working age
populations [4]. Current treatments for DN delay but do not prevent progression of the
disease. Recent research has highlighted the role of insulin signalling directly on kidney
cells in renal damage in DN [5].

Insulin action in metabolic and other tissues requires insulin receptor tyrosine kinase
phosphorylation of insulin receptor substrate (IRS) proteins to trigger key cellular effects
such as glucose uptake, cell proliferation and longevity [6]. IRS proteins act as molecular
scaffolds, providing over 20 phosphotyrosine residues in YMXM, YVNI or YIDL motifs
located in their C-termini as docking sites for downstream effectors such as the p85/55/50
subunits of phosphatidylinositol-3-kinase, Grb2 and SHP2 [6]. This mechanism facilitates
mediation of activation of Akt, extracellular signal-regulated kinase and mammalian target
of rapamycin signalling by insulin (and other growth factors such as insulin-like growth
factor-1 and brain-derived neurotrophic factor) in an IRS protein-dependent manner. IRS
proteins are also rich in serine and threonine residues, and phosphorylation on many of these
sites, such as Ser307, by kinases such as jun N-terminal kinase-1, protein kinase C isoforms
and mammalian target of rapamycin appear to inhibit IRS protein function, promoting
insulin resistance in cell culture models [7-11]. In contrast to the results of these cell-based
experiments, a recent paper showed that Ser307 is a positive regulatory site that maintains
insulin signalling during states of insulin resistance [12].

There are three main IRS proteins in humans: IRS1, 2 and 4 [6]. IRS1 and 2 are widely
expressed in most tissues, whereas IRS4 expression is restricted to the hypothalamus/
pituitary gland and thymus [6]. Although these proteins are similar in overall structure and
sequence, there are distinct physiological roles for the individual IRS proteins in vivo. For
example, mice lacking IRS1 display reduced body size and mild insulin resistance, whereas
Irs2—/- mice are of normal size but are profoundly diabetic due to pancreatic p-cell failure
and hepatic insulin resistance [13-16]. Studies have highlighted roles for IRS proteins in the
kidney, with Irs2-/- mice displaying altered insulin-stimulated bicarbonate re-absorption
[17] and also reduced kidney size and altered Akt — glycogen synthase kinase-3 beta
signalling [18]. At the level of the glomerulus, insulin signalling in the podocyte is critical
for normal kidney function, and mice lacking the insulin receptor in the glomerular
podocytes develop albuminuria and glomerulosclerosis in the absence of hyperglycemia [5].
Mima et al. identified insulin signalling pathways via IRS1 and protein kinase C- in both
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mouse glomeruli and kidney tubules, but observed diabetes-induced defects in insulin
signalling in the glomerular compartment only [19]. In a small study of 32 subjects, a
Gly972—Arg polymorphism in IRS1 was associated with decreased renal function,
potentially due to impaired insulin signalling [20]. These and other data suggest that insulin
receptor engagement of IRS proteins is a crucial component of kidney physiology and
diabetic nephropathy.

Apart from insulin, growth factors such as vascular endothelial growth factor (VEGF) are
implicated in development of normal glomerular filtration barriers, as well as having a
protective action on the vasculature in the diabetic kidney and eye [21]. Excessive VEGF
expression causes a dramatic loss of glomerular barrier integrity, with associated decreases
in renal function [22,23]. Many factors such as insulin and VEGF appear to mediate their
protective effect in the diabetic kidney at the level of the podocyte [24-26]. Bone
morphogenetic protein-7 (BMP7) has also been identified as a ‘protector’ of kidney
function, and mediates kidney repair in DN and other renal fibrosis models [27-32]. BMP7
also plays a role in the developing kidney, whereby BMP7 produced from the podocytes is
crucial for normal nephron development [33]. BMP7 engages canonical Smad1/5/8
signalling to mediate its cellular effects in podocytes and other kidney cells, as well as
extracellular signal-regulated kinase signalling in colon cancer cells [34,35].

Here, we report IRS2 expression in the developing and adult kidney tubular epithelial
compartment. We demonstrate a link between BMP7 and IRS2 promoter activation and
signalling in Kidney tubule epithelial cells. Finally, we show that levels of IRS2 mRNA are
dramatically up-regulated in the kidney tubules of diabetic nephropathy patients. These data
shed new light on the role of IRS2 in diabetic kidney disease, and identify a novel non-
canonical signalling pathway for BMP7 in kidney tubule cells.

Previous data from our laboratory showed that IRS2 mMRNA was present in murine kidney at
higher levels than in metabolic tissues such as liver [18]. In contrast, IRS1 mRNA levels
were similar in mouse liver and Kidney, but were modestly up-regulated in Irs2—/- kidney
extracts (data not shown). IRS2 was also detected in early E14.5 mouse kidney cortex
(http://www.eurexpress.org/ee/databases/assay.jsp?assay|D=euxassay 014216&image=01),
whereas IRS4 expression was detected predominantly in pituitary gland and thymus (http://
WwWw.eurexpress.org/ee/databases/assay.jsp?assay|D=euxassay_011002&image=01) (Fig.
1A). IRS1 expression was not detected in mouse embryo at this early developmental stage
(http://www.eurexpress.org/ee/) [36]. Adult human kidney tubules were moderately positive
for IRS2, whereas glomerular cells were not stained. In contrast, both tubular and
glomerular compartments show moderate staining for IRS1 (www.proteinatlas.com) [37,38].
These data suggest distinct patterns of IRS gene expression during mammalian development
and in adult kidney, and demonstrate IRS2 expression in the E14.5 mouse kidney cortex.

Detection of IRS2 protein in mouse kidney extracts was difficult using available antibodies,
and required immunoprecipitation to enrich for IRS2 [18]. Immunohistochemistry using
available antibodies did not identify specific IRS2 staining in discrete mouse kidney regions
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or cell types (data not shown). To identify whether IRS2 was expressed in distinct nephron
segments, mouse Kidneys were microdissected into discrete compartments such as
glomeruli, proximal tubule, loop of Henle and the distal tubule [39]. Western blotting of
protein extracted from these regions showed that IRS2 was expressed predominantly in the
distal convoluted tubule and cortical collecting duct, with weaker staining present in the
proximal convoluted tubule and cortical connecting tubule (Fig. 1B,C). Together with data
showing IRS2 expression in human tubular epithelial cell lines [18], these data suggest that
IRS2 is predominantly expressed in tubular epithelial cells in the kidney.

Deletion of IRS2 causes an approximate 20% reduction in kidney size and weight in mice,
potentially due to reduced proximal tubule volume [18]. Podocyte-specific deletion of
BMP?7 also caused renal hypoplasia in mice due to reduced proximal tubule numbers [33].
We therefore explored whether BMP7 and IRS2 signalling were linked in kidney epithelial
cells. Treatment of HK-2 cells with BMP7 induced an ~ 2.5-fold increase in IRS2 mRNA
after 24 h (Fig. 2A). To further explore this effect, we examined whether specific regions of
the IRS2 promoter were involved in this BMP7-mediated activation. HK-2 cells were
transfected with four constructs encoding various portions of the human IRS2 promoter (Fig.
2B) [40]. Similar to the effect seen with endogenous IRS2 mMRNA, modest activation of
IRS2 mRNA induction was seen in BMP7-treated cells versus controls (Fig. 2C). These data
suggest that BMP7-mediated regulation of IRS2 mRNA levels in kidney epithelial cells is
modest and may involve proximal promoter elements.

Bioinformatic analysis identified a series of conserved Smad4 transcription factor sites in
human, mouse and rat Irs2 genomic sequences. Regions proximal to the transcription start
site (+/= 1500 bp) in the Irs2 gene contained conserved transcription factor modules with
predicted Smad4 (GCTCagac) binding sites on both forward and reverse strands (Fig. 3).
Interestingly, given our previous data showing that IRS2 may also regulate transforming
growth factor B1 (TGFB1) signalling [41], conserved Smad3 sites were also identified in
human, mouse and rat Irs2 (data not shown). These data support a module by which BMP7
signalling via the canonical Smad signalling pathway directly regulates Irs2 transcription in
HK-2 cells.

IRS proteins such as IRS2 are heavily phosphorylated on a series of serine and tyrosine
residues in response to ligands such as insulin [42], tumour necrosis factor a. [43] and brain-
derived neurotrophic factor [44]. These phosphorylation events lead to retarded IRS protein
migration on SDS/PAGE, and play a key role in IRS2-mediated signal transduction to
downstream effectors. We therefore examined whether BMP7 triggered IRS2
phosphorylation in HK-2 cells. BMP7 did not greatly alter the overall protein levels of IRS2
in HK-2 cells, but did induce an upward mobility shift after 24 h exposure (Fig. 4A). This
effect was also observed with increasing concentrations of BMP7, with 200 ng-mL~1 BMP7
inducing a similar upward shift in IRS2 as 10 ng-mL~1 TGFB1 (Fig. 4B). Western blotting
with phosphotyrosine antibody indicated that BMP7 caused increased tyrosine
phosphorylation of IRS2 in HK-2 cells (Fig. 4C). This effect on IRS2 mobility was also seen
when HelLa cells were treated with BMP7 (Fig. S1). Importantly, the strongest degree of
BMP7-induced IRS2 tyrosine phosphorylation coincided with the peak of Smad1/5/8
phosphorylation in both HK-2 and HeLa cells (Fig. 4C). Treatment of HK-2 cells with
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BMP?7 also increased association of IRS2 with the p85 regulatory subunits of
phosphatidylinositol-3-kinase, involving phosphotyrosine residues on IRS2 engaging SH2
domains of p85 (Fig. 4D). Levels of BMP7-stimulated IRS2 binding to p85/p55 were similar
to those seen with insulin treatment of HK-2 cells (Fig. 4D). These data demonstrate for the
first time that IRS2 signalling is increased by exposure of HK-2 cells to BMP?7.

Previous studies had identified single nucleotide polymorphisms in IRS2 that did not
segregate strongly with diabetes (e.g. [45]). To extend our analysis, changes in overall IRS2
mRNA levels in diabetic nephropathy were examined in a small cohort of DN patients with
marked proteinuria, which reached the nephrotic range in five patients (total urinary protein
excretion rate > 3.5 g/24 h, Table 1). Calculation of estimated glomerular filtration rate
indicated that all patients had chronic kidney disease of stage 3 or worse, with one patient
(DN®6) having stage 5 chronic kidney disease (Table 1). The levels of IRS mMRNA were low
in control, non-diabetic kidney (Table 1). Increased IRS2 levels were evident in kidney
biopsies from DN patients, with predominant staining in the kidney tubules (Fig. 5C,D and
Table 1). An approximate 9.7-fold increase in IRS2 mRNA was detected in DN patients
compared to controls, showing for the first time that increased IRS2 gene expression is a
feature of diabetic kidney disease. No significant changes in IRS2 mMRNA were detected in
biopsies from patients with non-diabetic glomerular diseases such as focal segmental
glomerulosclerosis or membranous nephropathy (Fig. 5), suggesting that hyperglycaemia is
the primary driver of IRS2 mRNA up-regulation in human diabetic kidneys.

Discussion

Here we show that IRS2 is expressed in the kidney epithelium and is regulated by BMP7 at
the transcriptional level via putative Smad4 transcription factor binding sites. IRS2
undergoes tyrosine phosphorylation in response to BMP7, and is up-regulated in tubular
epithelial cells in patients with diabetic nephropathy (DN), identifying IRS2 as a potential
novel marker of DN in humans. A summary of these data is shown in Fig. 5.

IRS2 mRNA was detected in the cortex of the developing metanephros in E14.5 mice (Fig.
1A). Other regions with moderate IRS2 staining at this time point included the skin,
primitive thymus and dorsal root ganglion (http://www.eurexpress.org/ee/databases/
assay.jsp?assaylD=euxassay_014216). The pattern of expression of IRS4 in E14.5 mouse
(strong staining in the thyroid and pituitary, moderate staining in the mid-brain and
hypothalamus; Fig. 1A and data not shown) suggests that distinct roles for these IRS
proteins exist in different cell types and tissues during development. Previous work
identified differences in IRS2 and IRS4 expression in adult mouse liver and muscle, as well
as B-cells and brain [16,46,47]. The different expression patterns of IRS2 and IRS4 in
developing and adult mouse tissues may be explained by differential promoter activation in
response to tissue-specific ligands and transcription factors.

Given our previous data showing IRS2 expression in human kidney epithelial cell lines, and
the fact that homozygous deletion of Irs2 causes reduced kidney size in mice [18], we
further explored the identification of IRS2 mMRNA in developing renal cortex in mice.
Microdissection of kidney compartments confirmed that IRS2 protein expression was
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detected predominantly in distal convoluted tubules and cortical collecting ducts, supporting
a role for IRS2 in kidney epithelial function (Fig. 1B,C). Previous groups have identified
IRS2 expression in both normal breast epithelium and breast carcinoma cells, as well as
intestinal epithelium and Mustela vison lung Mv1Lu epithelial cells [48,49]. Specifically,
IRS2 appears to positively regulate metastasis in the breast, in contrast to IRS1 [48]. IRS2
expression was also identified in isolated renal proximal tubules of mice and MCT proximal
tubule cells [17,50]. Importantly, insulin-stimulated bicarbonate absorption was significantly
attenuated in Irs2-/- mice, suggesting a major role for IRS2 in this process [17]. As IRS2
protein expression is also detected in the tubular epithelium of adult human kidney (data not
shown), these data strongly support a role for IRS2 in human renal epithelial cell

physiology.

BMP?7 is a key regulator of bone and kidney formation during development [51,52]. Mice
lacking BMP7 in the kidney podocyte develop small hypoplastic kidneys with a reduced
numbers of kidney tubules [33]. This phenotype was similar to the reduced kidney size seen
in Irs2-/- mice from day 5 in development [18]. We therefore hypothesized that an epistatic
signalling pathway involving BMP7 and IRS2 may exist in the developing kidney. BMP7
induced a 2.5-fold increase in IRS2 mRNA in human kidney epithelial (HK-2) cells (Fig.
2A), and also increased the activity of transfected IRS2 promoter/luciferase constructs (Fig.
2B,C). These data suggest that BMP7-mediated up-regulation of IRS2 may involve
promoter regions at least 1000 bp upstream of the Irs2 transcription start site. Bioinformatic
analysis identified a series of conserved Smad4 transcription factor modules in the Irs2
proximal promoter of human, mouse and rat (Fig. 3).These data suggest that canonical
pSmad1/5/8 — Smad4 signalling may be involved in BMP7-mediated regulation of Irs2
transcription. IRS2, like other members of the IRS protein family, is phosphorylated on
tyrosine residues in response to growth factors such as insulin and insulin-like growth
factor-1. In addition, IRS2 proteins are heavily phosphorylated on serine residues under
basal conditions and in response to ligands such as tumour necrosis factor a. [6,11].
Treatment of HK-2 cells with increasing amounts of BMP7 increased the migration of IRS2
on SDS/PAGE at 1 h and this was maintained for up to 24 h (Fig. 4A,B). This effect was
also seen in HeLa cells (Fig. S1). Importantly, a more rapid activation of Smad1/5/8
phosphorylation in response to BMP7 was evident in HK-2 cells compared to HeLa cells
(Fig. 4C and Fig. S1). Increased binding of phosphatidylinositol-3-kinase regulatory
subunits to IRS2 was detected after treatment with BMP7 (Fig. 4D), suggesting that
increased tyrosine phosphorylation may explain the shift in IRS2 mobility (Fig. 4C). Due to
the poor quality of available phosphoserine antibodies, we were unable to determine whether
BMP7 induced an increase in IRS2 serine phosphorylation. Recent data from Zhang et al.
showed that BMP7 treatment overcame the differentiation defect in brown adipocytes
lacking IRS1 [53]. Our data extend the cross-talk between insulin and BMP7 to the kidney,
and demonstrate that BMP7 can drive IRS2 expression and tyrosine phosphorylation.
Changes in non-canonical p38 mitogen-activated protein kinase signalling pathways as a
result of BMP7 deletion were also observed in BMP7-null podocytes [33]. In contrast, no
changes in p38MAPK phosphorylation were observed in Irs2—/- kidney (data not shown),
confirming that BMP7 engages multiple downstream pathways to produce its cellular
effects.
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Previous reports have analysed changes in the Irs2 gene sequence in diabetes. IRS2
Gly1057—Asp and Leu647—Val polymorphisms were identified in type 2 diabetes
patients, but these polymorphisms were not associated with disease incidence [45,54,55].
More recently, several novel variants in the Irs2 gene were discovered in patients with
severe insulin resistance, but did not segregate with insulin resistance [56]. A region of
chromosome 13 (13g33.3) that spans the Irs2 gene was recently shown to be associated with
susceptibility to kidney disease in type 1 and 2 diabetes [57]. IRS2 mMRNA was detected at
low levels in control, non-diabetic biopsies (Fig. 5B). Levels were also low in biopsies from
focal segmental glomerulosclerosis and membranous nephropathy patients (Fig. 5 and Table
1). Significantly higher levels of IRS2 mRNA staining were detected in biopsies of DN
patients compared to non-diabetic controls, predominantly in the tubular epithelium (Fig.
5C,D versus Fig. 5A,B). Although the patient cohort was small in this study, all DN patients
presented with chronic kidney disease stage 3 or greater, with the highest level of IRS2
staining present in the patient with the most severely compromised renal function (DN6,
Table 1). These data suggest that up-regulation of IRS2 expression is a feature of diabetic
kidney disease. In contrast, levels of BMP7 are decreased in DN [28,58], with reduced
BMP7 contributing to podocyte loss via reduced Smad5 signalling [28]. Our data suggest
that hyper-glycaemia may be the primary driver of both increased IRS2 levels and decreased
BMP?7 levels in the diabetic kidney. BMP7-stimulated IRS2 expression may only be relevant
in the normoglycaemic environment. Other potential mechanisms involved in IRS2 MRNA
up-regulation in the diabetic kidney may involve elevated levels of insulin, insulin-like
growth factor-1 or profibrotic factors such as angiotensin 1l and TGFp1. Recent data from
our laboratory have shown that TGFp1 engages IRS2 in kidney epithelial cells, and that
siRNA-mediated knockdown of IRS2 alters epithelial cell expression of E-cadherin [41].
Up-regulation of IRS2 levels in the diabetic kidney may form part of a protective
mechanism to enhance insulin-mediated cell survival, or to limit the glucose-induced
damage to tubular epithelial cell function. Further experiments are required to fully elucidate
the role of IRS2 in the pathogenesis of diabetic kidney disease. Our data also suggest that
IRS2 may serve as a novel biomarker for DN. Future studies involving larger numbers of
patients with earlier stages of mild/moderate DN as well as other fibrotic disorders of the
kidney will test this hypothesis.

Experimental procedures

Cell culture and stimulation

Human kidney proximal tubule (HK-2) cells were maintained in Dulbecco’s modified
Eagle’s medium/Hams F12 medium containing .-glutamine (10 mw), penicillin/streptomycin
(5 mg-mL~1), insulin/transferrin sodium selenite liquid media supplement (1 x), epidermal
growth factor (10 ng-mL™1), hydrocortisone (36 ng-mL~1) and tridothyronine (3 pg-mL™1).
HeL a cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
v/v fetal bovine serum and 100 pg-mL~1 primosin (Sigma-Aldrich, Dorset, UK). For BMP7
stimulations, cells were starved in serum-free RPMI medium for 24 h prior to stimulation
with BMP7 (100-200 ng-mL™1).
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Protein extraction, quantification and preparation

Cells were washed with chilled 1x NaCl/P; and lysed with the appropriate volume of
working RIPA lysis buffer [17]. The Bradford assay was used to calculate protein
concentration, and samples were separated by SDS/PAGE as previously described [18].

Immunoprecipitation

Whole-cell lysates (250 pg) in supplemented lysis buffer (25 mwm Tris/Cl pH 7.4, 150 mwu
NaCl, 1 mw EDTA, 1% Nonidet P-40 and 5% glycerol) were pre-cleared with 20 uL Protein
AJ/G-agarose beads, and 5 pL of polyclonal IRS2 primary antibody were added overnight at
4 °C with rotation. Then 20 uL Protein A/G-agarose beads were added for 1 h at 4 °C, and
immunoprecipitates were collected by centrifugation at 3000 g for 5 min at 4°C. The beads
were washed 3 times in lysis buffer plus NazVVOy, at 4°C resuspended in Western loading
buffer, boiled and loaded on SDS/PAGE as previously described [18]. Densitometry was
performed using waces (http://rsbweb.nih.gov/ij/), and IRS2 band intensities were expressed
as a ratio of B-actin loading control intensity for each sample.

IRS2 expression in embryo and adult kidney

Images of IRS2 and IRS4 in situ hybridization in mouse embryos at E14.5 were obtained
from the EURExpress Transcriptome Database for Mouse Embryo (www.eurexpress.org/
ee/) [36]. The images shown are section 17 for IRS2 and section 15 for IRS4, and are
published with permission from Richard Baldock (MRC Human Genetics Unit, Edinburgh,
UK). Images of IRS2 immunohistochemistry staining in adult kidney were obtained from
the Swedish Human Protein Atlas project (www.proteinatlas.org) [37,38].

Real-time quantitative PCR

RNA was extracted from HK-2 cells using an RNeasy RNA extraction kit (Qiagen). Total
DNasel-treated RNA (2 ug) was reverse transcribed, and TagMan PCR was performed using
the human IRS2 real-time probe set (Hs00275843_s1, Applied Biosystems). The generated
product was analyzed using an ABI Prism 7700 sequence detection system (Life
Technologies, Paisley, UK). Data were analysed using the AAC; method and normalized to
18S levels.

Luciferase assay

HK-2 cells were seeded at 3.5 x 10* cells/well of a 24-well tissue culture plate, and 24 h
later were transiently co-transfected with 0.1 pg of Renilla plasmid as an internal
transfection control and 0.4 ug of the IRS2 promoter reporter constructs. Cells were treated
with BMP7 (200 ng-mL™1) for a further 24 h. IRS2 promoter activity was measured using a
dual luciferase kit (Promega). Results were analyzed for statistical significance using one-
way anova.

Microdissection of nephron segments

Microdissection of kidneys from wild-type mice (n = 4) was performed at ~ 3 months of age
as described previously [39]. The various parts of the nephron were microdissected under
the microscope in ice-cold Dulbecco’s modified Eagle’s medium/Ham’s F12 medium (1 : 1;
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Life Technologies). Pools of 10-20 microdissected tubules in 5 L Dulbecco’s modified
Eagle’s medium/Ham’s F12 medium (1 : 1) were then transferred to 5 pL of 2x protein
sample buffer (123mM Tris/Cl pH6.8, 1% (w/v) SDS, 20% (v/v) glycerol, 1% B-
mercaptoethanol 0.1% bromophenol blue). Extracts were separated by SDS/PAGE and
probed via Western blotting as described.

In situ hybridization

Kidney samples were obtained by percutaneous renal biopsy from patients undergoing
diagnostic evaluation at the Division of Nephrology, Austral University, Valdivia, Chile.
The samples were studied with local hospital ethics committee approval after obtaining
patient consent. Control human kidney specimens were taken from normal portions of renal
tissue from patients who underwent surgery because of localized renal tumors.

In situ hybridization was performed using biotin-labelled human antisense IRS2 probes.
Detection was performed by incubation with an avidin/alkaline phosphatase conjugate
(Dako, Ely, Cambridgeshire, UK) for 30 min at room temperature, followed by washing for
5 min with 1x TBS. Reactivity was visualized using nitroblue tetrazolium and 5-bromo-4-
chloro-indolylphosphate p-toluidine salt as the enzyme substrate. Signal quantification was
performed by image analysis using a KZ 300 imaging system 3.0 (Zeiss, Munich, Germany).

Statistical analysis

Experiments were performed three times in duplicate except where otherwise stated. All
data are presented as means + SEM. For cell culture experiments, statistical significance was
determined using Student’s unpaired t test or one-way anova With Dunnett’s post hoc multiple
comparison test. For IRS2 staining in human biopsies, data were analysed using the Mann—
Whitney non-parametric t test to determine statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BMP7 bone morphogenetic protein-7

DN diabetic nephropathy

HK-2 human kidney proximal tubule epithelial cells
IRS insulin receptor substrate
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Fig. 1.

IRS2 is expressed in kidney tubular epithelium. (A) In situ hybridization of E14.5 mouse
embryos stained for IRS2 and IRS4. IRS2 staining is evident in the kidney cortex (http://
www.eurexpress.org/ee/). (B) Mouse kidneys were microdissected as described in
Experimental procedures. Pools of 10-20 microdissected glomeruli (Glom), proximal
convoluted tubule (PCT), proximal straight tubule (PST), medullary thick ascending limb
(MTAL), cortical thick ascending limb (CTAL), distal convoluted tubule (DCT), cortical
connecting tubule (CNT) and cortical collecting duct (CCD) were separated by SDS/PAGE
and probed using antibody against IRS2. Brain extracts from wild-type and Irs2—-/- mice
were included as controls. p-actin was used as a loading control. Data are representative of
four independent experiments. (C) Densitometry of IRS2 bands from kidney segments was
performed using wmaces. IRS2/B—actin intensity ratios were plotted for the indicated segments
and for wild-type and Irs2-/- brain extracts.
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Fig. 2.

IRS2 gene expression is activated by BMP7. (A) HK-2 cells were starved of growth factors
overnight and incubated with BMP7 (100 ng-mL™1) for the indicated times. Total RNA was
extracted and RT-PCR was performed using a TagMan probe set specific for IRS2. Relative
quantification values were obtained according to the AAC; method using 18S as a control,
and normalized against control values (vehicle), which were set to 1 for each experiment.
Experiments were performed three times in duplicate. Values are mean fold changes + SEM,
and significance was determined using Student’s unpaired t test: ***P < 0.001. (B)
Configuration of IRS2 promoter—luciferase constructs. Four constructs with increasing
amounts of the predicted IRS2 promoter region (500, 1052, 1585 and 2388 bp) are shown.
(C) HK-2 cells were transfected with the indicated IRS2 promoter—luciferase constructs
cloned into the pGL3 plasmid (Promega, Southampton, UK). Cells were growth factor-
restricted and treated with vehicle or BMP7 for 24 h. Extracts were prepared and assayed for
luciferase activity as described in Experimental procedures. Experiments were performed
three times in quadruplicate. Values are mean fold changes + SEM. Statistical significance
was determined using one-way anova With Dunnett’s post hoc multiple comparison test: **P
<0.01.
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Fig. 3.
Predicted Smad4 transcription factor modules in the IRS2 proximal promoter regions.

Genomatix FrameWorker (FW) and Common TFs (CTF) analyses (www.genomatix.de)
were performed to search for predicted Smad4 binding sites (GCTCagac) in the indicated
proximal regions of the human, mouse and rat IRS2 promoters. For each species, conserved
transcription factor modules (coloured boxed regions identified by enrichment of two or
three Smad site-containing FW models) are shown on the upper schematic, with the
positions of the predicted Smad4 binding sites indicated on the lower line. Considering
single Smad sites in this context also allowed us to tentatively distinguish among Smad sites
conserved in all three of the promoters studied (**) or only in two of the promoters studied
(*). The positions of the Smad4 binding sites are indicated on both the 5" strand (above the
line) and the 3" strand (below the line). Note that the order of the two conserved modules of
transcription factors is reversed in the rat IRS2 promoter compared to human. The position
of the transcription start site is indicated by an arrow.

FEBSJ. Author manuscript; available in PMC 2014 May 15.


http://www.genomatix.de

1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Hookham et al.

N O
. & Q&Y
'\0 G\\ () Qo" Qo) S o0
AR O QL Q{\ >
X O LN @
RNIRVIRNIES
A . LIRS B DIRNSNAI
30min _1h 24h 48h ¥ & F Q,Qz§
O
oy - 4 - a - BMP-7 (100 ng-mL) FE S LS
175 kDa | <— |RS-2 175 kDa | i pu e % &4 B |<IRS-2
55 kDa |~_--—-.__ o-Tubulin 55 kDa | M N S S S g | O-TubUIin
Veh 10° 30° 24h BMP-7 (100 ng-mL)
175 kDa LR 100 kDa— < p85a.
IP: IRS2
175 kDa . ‘ !! pTyr 70 kDa — IB: p85
<—p550
55 kDa —
60 kDa — .’ pSmad1/5/8 a
42 kDa B-Actin
Input | = - «| IB: p85
s W == == | |B: B—Actin

Fig. 4.
BMP7 increases tyrosine phosphorylation of IRS2 in HK-2 cells. (A) HK-2 cells were

growth factor-restricted overnight and treated with vehicle (=) or 100 ng-mL~1 BMP7 (+)
for the indicated times. Protein extracts were separated by SDS/PAGE and probed via
Western blotting using antibodies against IRS2 (upper panel) or tubulin (lower panel). Wild-
type and Irs2—/— mouse liver were included as controls. The position of IRS2 is indicated.
The results are representative of n = 4 experiments performed in duplicate. (B) HK-2 cells
were growth factor-restricted overnight and incubated with vehicle or increasing amounts of
BMP7 as indicated for 24 h. Cells were also incubated with TGFB1 (10 ng:-mL~1) and
normal HK-2 growth medium as controls. Protein lysates were separated by SDS/PAGE and
probed via Western blotting using antibodies against IRS2 or tubulin. The position of the
IRS2 band is indicated. (C) HK-2 cells were growth factor-restricted overnight and
incubated with vehicle or BMP7 (200 ng-mL™1) for the indicated times. Protein lysates were
used for IRS2 immunoprecipitation as described in Experimental procedures. Protein lysates
were also probed for IRS2 expression, using phospho-Smad1/5/8 and B-actin antibodies as
loading controls. The results are representative of n = 4 experiments performed in duplicate.
(D) HK-2 cells were treated with vehicle or 100 ng-mL~1 BMP7 for the indicated times, or
with insulin (100 nw) for 10 min. Protein lysates (250 pg) were incubated with antibody
against IRS2 overnight, and immunoprecipitates were probed using antibody against p85a.
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Protein lysates (‘input”) were also probed for p85a and p-actin. The positions of p85a. and
p55a are indicated.
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Fig. 5.
IRS2 is up-regulated in diabetic nephropathy. In situ hybridization images from a control

patient (A, B), a diabetic nephropathy (DN) patient (C, D), a focal segmental
glomerulosclerosis (FSGS) patient (E, F) and a membranous nephropathy (MN) patient (G,
H) are shown. The position of glomeruli (G) and a Kimmelstiel-Wilson lesion (KW) are
indicated. Strong IRS2 staining is evident in kidney tubules of DN patients (arrows). (1)
IRS2 in situ hybridization intensity was scored by two independent observers as described in
Experimental procedures. Values are median intensity/mm? + SEM for control (n = 4), DN
(n=7), FSGS (n=9) and MN (n = 3) patients. The data were compared using a Mann-
Whitney non-parametric t test. Levels of IRS2 were significantly higher in DN patients
versus control (**P < 0.01).
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Fig. 6.
Schematic diagram summarizing BMP7-mediated regulation of IRS2 in distinct nephron

segments. BMP7 released from the glomerulus activates IRS2 in the distal convoluted tubule
(DCT) and cortical collecting duct (CCD), with lower levels of IRS2 expression present in
the proximal convoluted tubule (PCT).
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