
Quantitative mass spectrometry of diabetic kidney tubules
identifies GRAP as a novel regulator of TGFβ signaling

Timothy D. Cummins1, Michelle T. Barati2, Susan C. Coventry3, Sarah A. Salyer2, Jon B.
Klein1,2, and David W. Powell1,2,*
1 Department of Biochemistry and Molecular Biology, University of Louisville School of Medicine,
Louisville, KY
2 Department of Medicine, University of Louisville School of Medicine, Louisville, KY
3 Department of Pathology, University of Louisville School of Medicine, Louisville, KY

Abstract
The aim of this study was to define novel mediators of tubule injury in diabetic kidney disease. For
this, we used state-of-the-art proteomic methods combined with a label-free quantitative strategy to
define protein expression differences in kidney tubules from transgenic OVE26 type 1 diabetic and
control mice. The analysis was performed with diabetic samples that displayed a pro-fibrotic
phenotype. We have identified 476 differentially expressed proteins. Bioinformatic analysis
indicated several clusters of regulated proteins in relevant functional groups such as TGF-β signaling,
tight junction maintenance, oxidative stress, and glucose metabolism. Mass spectrometry detected
expression changes of four physiologically relevant proteins were confirmed by immunoblot
analysis. Of these, the Grb2-related adaptor protein (GRAP) was up-regulated in kidney tubules from
diabetic mice and fibrotic kidneys from diabetic patients, and subsequently confirmed as a novel
component of TGF-β signaling in cultured human renal tubule cells. Thus, indicating a potential
novel role for GRAP in TGF-β-induced tubule injury in diabetic kidney disease. Although we targeted
a specific disease, this approach offers a robust, high-sensitivity methodology that can be applied to
the discovery of novel mediators for any experimental or disease condition.

Introduction
Diabetic nephropathy (DN) is the leading cause of end-stage renal disease (ESRD) in the United
States, and the number of diabetics with renal failure is expected to grow in the coming years
[1,2]. Although optimizing glycemic and blood pressure control and inhibition of the renin-
angiotensin system can slow progression of DN, no treatment completely prevents progression
to ESRD [3]. This emphasizes the importance of discovering novel regulatory events that may
serve as therapeutic targets. Tubulointerstitial fibrosis (TIF) is manifest by pro-fibrotic
activation of renal tubule cells and is a prominent feature of progressive DN [4]. Thus,
discovery of novel mediators of TIF in DN will provide important insights into the development
of improved diagnostic, prevention, and treatment strategies.
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Proteomics technologies have played an integral role in the discovery of regulatory molecular
events in disease (reviewed in [5,6]). Conventional 2D-gel based methods have proven to be
one of the most reliable quantitative proteomic approaches, but the overall sensitivity of protein
identification is dramatically improved with state-of-the-art methods that couple two-
dimensional capillary liquid chromatography and tandem mass spectrometry (2D-LC-MS/MS)
analysis [7,8]. This has lead to the development of a number of methods for effective
quantitative assessment of LC-MS/MS data (reviewed in [9]).

Label-free methods have emerged as the quantitative approach of choice for LC-MS/MS
analysis. Experiments demonstrating a linear correlation of inherent MS/MS values with
peptide or protein concentration have established the framework for effective quantitative
analysis [10,11]. One such approach termed “spectral counting” uses the number of unique or
total MS/MS spectra that match to each identified protein in a selected database [10]. Using
this spectral counting premise, we have derived a protein abundance factor (PAF) [8,12]. This
value estimates the relative abundance of each identified protein by normalizing the number
of non-redundant MS/MS spectra matching to the protein by its predicted molecular weight.
Although PAF-based assessment has been successful in the development of statistical models
based on large 2D-LC-MS/MS experimental datasets and has led to the discovery of novel
regulatory protein-protein interactions [8,13–15], this approach has not been routinely applied
to quantitative assessment and comparison of proteins in disease versus control tissue.

In the present study we performed label-free quantitative LC-MS/MS analysis of tubule
extracts from fibrotic kidneys of transgenic OVE26 type 1 diabetic mice to elucidate novel
candidate regulators of tubule damage in DN. Overall, we identified 476 significantly
differentially abundant proteins in samples from diabetic versus control mice. This list contains
known mediators of diabetic kidney disease, biologically relevant proteins, as well as intriguing
candidate proteins with uncharacterized roles in kidney biology or disease. One of these
candidates, Grb2-Related Adaptor Protein (GRAP), was confirmed as a novel regulator of
TGF-β signaling in renal tubule cells. This has important implications because of the prominent
role TGF-β plays in kidney injury in chronic kidney disease.

Methods
Mice

All studies were performed with transgenic OVE26 type 1 diabetic and FVB background
control strain mice (Jackson Laboratory, Bar Harbor, Maine). All animal procedures adhered
to the guidelines of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of Louisville Institutional Animal Care and Use
Committee. There was also internal review board approval for immunostaining of kidney
biopsy sections obtained from diabetic and normal individuals.

Isolation of Kidney Tubule Cells
Kidney cortical tubular cells were separated from glomeruli as previously described [16].
Purity (~95%) was confirmed by light microscopy. Tissue was lysed using a 1:1 volume of
buffer containing 10% glycerol, 50 mM Hepes, pH 8.0, 100 mM KCl, 2 mM EDTA, 0.1%
NP-40, 2 mM DTT, 1X Sigma protease inhibitor cocktail, 10 mM NaF, and 0.25 mM
NaVO4. Lysate was prepared by 5 minute sonication, incubation on ice for 1 hour, and
centrifugation at 12,000 × g for 30 minutes. Protein concentration was estimated using the
BCA method. Approximately 2 mg/ml was recovered for each sample.
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2D-LC-MS/MS Analysis
2D-LC-MS/MS experiments were performed on renal tubule extracts from two control and
two OVE26 diabetic mice. This relatively small animal group (n=2) was employed because
immublot profiling indicated that this sample set has a comparative molecular phenotype of
interest (Figure 1). A third comparative experiment was performed using pooled samples from
each group. Tubule cell lysates (10 μg) were spiked with two different recombinant protein
standards for spectral count normalization (Env (500 ng) and GP160/36 (300 ng) from Bioclone
Inc.) and digested with modified trypsin (Promega) overnight at 37 °C using a previously
described method [8]. Resulting peptides were loaded onto an analytical 2D capillary
chromatography column packed with 3–4 cm of 5-μm strong cation exchange (SCX) resin
(Phenomenex, Torrance, CA) followed by 2–3 cm of 5-μm C18 reversed-phase (RP) resin
(Phenomenex). The biphasic column was attached to an analytical RP chromatography column
(100 × 365 μm fused silica capillary with an integrated, laser pulled emitter tip packed with
10 cm of Synergi 4 μm RP80A (Phenomenex)). Peptides were eluted from SCX with seven
step gradients of 5%, 10%, 15%, 30%, 50%, 70% and 100% of 500 mM ammonium acetate.
Following each SCX elution step, peptides were ionized and eluted into a linear ion trap mass
spectrometer according to the following linear HPLC gradient: 20 min: 0% B, 80 min: 40%B,
90 min: 60%B at a flow rate of 200 nl/min (mobile phase A: 5% acetonitrile/0.1% formic acid
and mobile phase B: 80% acetonitrile/0.1% formic acid). Spectra were acquired with a LTQ
ion trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA). During LC-MS/MS
analysis, the mass spectrometer performed data-dependent acquisition with a full MS scan
between 300 and 2000 m/z followed by six MS/MS scans (35% collision energy) on the six
most intense ions from the preceding MS scan. Data acquisition was performed using dynamic
exclusion with a repeat count of a 1 and 3 min exclusion duration window.

Mass Spectral Data Interpretation
Database analysis was performed with Sequest Sorcerer (Sage-N Research, San Jose, CA).
The acquired mass spectrometry data were searched against appropriate translated genome
databases (RefSeq Mus musculus, 2007) using the SEQUEST algorithm assuming fixed
modification of +57 on C and oxidation of methionine and allowing up to 2 missed tryptic
cleavage sites. High-probability peptide and protein identifications were assigned from the
SEQUEST results using cross correlation (Xcorr) scores cut-offs of 1.5, 2, and 2.5 for +1, +2
and +3 respective charge states and submitted to an in-house informatics platform for
quantitative comparative analysis [17]. The abundance of each identified protein was
determined by normalizing the number of unique spectral counts matching to the protein by
its predicted molecular weight. This value has been termed a Protein Abundance Factor (PAF)
[8,12]. Comparative analysis across diabetic and control experiments was performed by
normalizing each identified protein PAF by PAFs of equally loaded external viral recombinant
protein standards described in the 2D-LC-MS/MS section above and in the below equation:

Equation

Student t-tests were performed to determine significantly different expression patterns between
diabetic and control samples. Changes with p<0.05 were included in a differential expression
list. Accession numbers from this list were submitted to informatics analysis using Ingenuity
Pathways Knowledge Database to determine the interconnection of these candidates to
canonical pathways and literature cited experimentation.
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Immunoblot Analysis
Immunoblot experiments were performed with HK11 cells (gift from Dr. Lorraine Racusen,
Johns Hopkins University) or renal tubule extracts from diabetic and control mice. Proteins
were separated by 4–15% hetergenous SDS-PAGE and transferred to nitrocellulose
membranes using the Biorad system. The primary antibodies included β-catenin (610153, BD
Transduction Labs, Lexington, KY); TGF-β1 (sc146, Santa Cruz, Santa Cruz, CA); GSK3-α/
β (9315, Cell Signaling, Danvers, MA); GSK3-β (SA-414, BioMol, Plymouth Meeting, PA);
P-GSK3-β (9336S, Cell Signaling, Danvers, MA); GRAP (ab9703, Abcam, Cambridge, MA);
GAPDH (mab374, Millipore, Billerica, MA) Actin (A5060, Sigma Aldrich, St. Louis, MO);
and Fibronectin (sc8422, Santa Cruz). All primary antibodies were used at ~1 μg/ml in TTBS,
5% milk and appropriate secondary antibody at 1:4000 in TTBS, 5% milk. Membranes were
probed with primary antibody overnight and secondary antibody for 1 hour. Following each
step the membranes were washed 5 times for 5 minutes in distilled water. Staining was
visualized with SuperSignal® chemiluminescent substrate (Pierce, Rockford, IL).

Immunohistochemistry (IHC)
IHC experiments were performed with human kidney biopsy section as previously described
[16,18]. Briefly, experiments used donkey anti-goat generated primary antibody at the
following dilution: 1:100 anti-GRAP (Abcam, Cambridge, MA). Kidney sections were
blocked, probed with primary antibody, probed with secondary antibody, and treated with ABC
reagent using the M.O.M. Peroxidase Kit (PK-2200 from Vector Laboratories Inc.,
Burlingame, CA) according to the manufacturer’s protocol. For negative controls the primary
antibody was replaced with M.O.M antibody diluent from M.O.M. Peroxidase Kit.

Plasmids and Transfections
pCMV-GRAP and pCMV control vectors were purchased from Origene, Rockville, MD.
Transfections for the confocal and immunoblot experiments were performed at a ratio of 8:2
(μl reagent (Fugene HD, Roche, Indianapolis, IN):μg DNA) overnight in OPTI-MEM low
serum medium (0.5% FBS) with and without 10 ng/ml recombinant TGF-β1 (R&D Systems,
Minneapolis, MN). HK11 renal proximal tubule cells were grown in DMEM/F12
supplemented with 100 U/mL penicillin/streptomyocin and 5% fetal bovine serum at 37°C and
5% CO2.

Luciferase Assays
SMAD (100 ng/well in 24 well plate) luciferase reporter assays were performed in the presence
or absence of pCMV-GRAP (100 ng) or pCMV (100 ng) vector alone with and without 400
pM recombinant TGF-β (R&D Systems). HK11 cells were transfected with a multiple repeat
SMAD response element (AGCCAGACA) as a mixture of inducible SMAD-responsive firefly
luciferase construct and constitutively expressing renilla luciferase construct (40:1 ratio) using
Fugene HD at an optimized 4:2 μl/μg HD/DNA ratio. Cells were incubated at 37°C (5%
CO2) for 48 hours then harvested by passive lysis extraction for 30 minutes at room temperature
on a shaker. Approximately 20% of the lysate was loaded into designated wells of a 96 well
plate for measurement in the Perkin Elmer Victor3 luminometer. Each well was injected with
20 μl of luciferase substrate and the luminiscience was measured immediately. Then the wells
were injected with quenching reagent and renilla substrate and measured. Acquired data were
expressed as a ratio of firefly luminescence/renilla luminescence and normalized to control
sample.

Confocal Microscopy
HK11 renal proximal tubule cells were seeded at ~2 × 104 cells/chamber overnight then
transfected using Fugene HD at an optimized 4:2 μl/μg HD/DNA ratio for 18–24 hours with
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pCMV-GRAP-eGFP or pCMV. Cells were fixed in 4% paraformaldehyde-PBS pH 7.4 for 30
minutes at 4°C and then washed 3 times in 1X PBS. This was followed by blocking in 0.5%
BSA and then washing in 1X PBS 3 times. Lastly, the cells were permeabilized by incubating
with 0.1% Triton X-100/0.5%BSA in PBS for 15 minutes. Cells were then immunostained
using 1:250 dilution of anti-fibronectin overnight. Confocal images were acquired using a Zeiss
axiovert fixed microscope using previously described settings [19].

Results
Quantitative Analysis of Kidney Tubule Cell Extracts

Here we performed ion trap-based 2D-LC-MS/MS combined with a label-free quantitative
strategy as a means to globally compare protein abundance profiles in a diabetic kidney tubule
sample set with defined fibrotic signaling features (Fig. 1). A panel of immunoblot analyses
was performed for the pro-fibrotic cytokine TGF-β and TGF-β related signaling events. TGF-
β abundance was enhanced in the diabetic tubules. As injury involving loss of epithelial cell-
cell contact promotes tissue fibrosis, we assessed expression of β-catenin, an important
facilitator of tight junction integrity and transcription of a number of renal fibrosis-related
proteins [23,24]. β-catenin was decreased in the diabetic tubule cell lysates. We also recently
reported that the tight junction protein E-cadherin showed the same expression pattern in this
disease sample set [16]. The expression of glycogen synthase kinase 3 (GSK3)-β, a central
regulator of β-catenin and TGF-β signaling [25,26] was also preferentially expressed and
phosphorylated in the diabetic tubule extracts. Lastly, abundance of C/EBPα was greater in the
diabetic tubule samples. This is consistent with a recent report implicating C/EBP proteins in
the progression of renal fibrosis [22].

Lists of differentially abundant proteins were generated from high stringency spectral mapping
and scoring filters using a previously described informatic platform. Overall, 476 significantly
differentially expressed proteins were identified (supplemental data). Specific criteria used to
establish this list are described in the Methods section. An abbreviated list of representative
proteins with previously reported connections to diabetes, kidney disease or perturbation of
carbohydrate metabolism and lipid levels are shown in Tables 1 and 2. Expression differences
for the key metabolic enzymes transketolase (TKT), isocitrate dehydrogenase 3 (NAD+)-γ
(IDH3) and the anti-oxidative stress protein DJ-1 were validated by immunoblot analysis (Fig.
2).

Accession numbers for the 476 regulated proteins were also submitted to bioinformatic analysis
using Ingenuity Pathways Knowledge Base (IPKB). IPKB is a curated literature database
useful for identifying interconnected proteins and to explore biological function and
characterize a dataset ontologically. Interestingly, we found that a large contingent of the
dysregulated proteins mapped to the TGF-β signaling pathway (Fig. 3). Green highlight
indicates decreased enrichment in the diabetic samples while orange is increased. Proteins were
mapped back to canonical and non-canonical TGF-β signaling pathways.

Identification of the Grb2-Related Adaptor Protein (GRAP) as a Novel Regulator of TGF-β
Activity

GRAP is a low-abundant signaling protein that was enhanced in diabetic tubule samples and
predicted as a novel component of the TGF-β signaling pathway from our bioinformatic
analysis shown in Fig. 3. GRAP is an adaptor protein with structural similarity to a number of
proteins that mediate growth-factor signaling in lymphocytes, but has not previously been
implicated in TGF-β activity, or kidney biology or disease [27,28]. Enhanced diabetic kidney
tubule expression of GRAP was determined by mass spectrometry (Fig. 4A) and validated by
immunoblot analysis (Fig. 4B) of OVE26 tubule cell lysates. Enhanced renal tubule expression
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of GRAP also correlates with renal fibrosis in patients with DN (Fig. 4C). Fig. 5A shows a
time dependent induction of GRAP expression in HK11 cells by physiologically relevant
amounts of TGF-β.

In addition to TGF-β induction of GRAP expression we were interested in the possibility of
GRAP to act on downstream components of the TGF-β transduction pathway. One well
characterized function of SMAD proteins is to relay the proximal plasma membrane
stimulation of TGF-β receptors to the nucleus and drive the transcriptional response of this
cytokine [29]. Fig. 5B shows that ectopic expression of GRAP increased SMAD-directed
luciferase activity and the addition of TGF-β at different time points increased the response by
two-fold above TGF-β alone in control vector transfected HK11 cells.

To investigate the potential role of GRAP in TGF-β pro-fibrotic processes we ectopically
expressed GRAP into HK11 cells with or without TGF-β treatment and then probed for
fibronectin expression (Fig. 6). The immunoblot results in Fig. 6A show that GRAP expression
induced low levels of fibronectin alone but robustly increased fibronectin when cells were
treated with TGF-β. This is consistent with the effects of GRAP expression on TGF-β-directed
transcription shown in Fig 5B. Confocal images in Fig. 6B indicate that ectopically expressed
GFP-GRAP localized to the nucleus in HK11 cells and promoted the induction and extraceullar
deposition of fibronectin.

Discussion
Diabetic nephropathy (DN) has become a fast growing public health concern in the Western
World because of a dramatic increase in the prevalence of diabetes over the past 10 years [1,
30]. In general, tubulointerstitial fibrosis (TIF) is a morphologic hallmark of progressive DN
[31,32]. TIF correlates with the degree of renal dysfunction in DN and is likely a final common
pathway leading to end-stage renal disease and the need for dialysis or transplantation [4,20].
Thus, a better understanding of the molecular mechanisms involved in the development and
progression of TIF in DN is necessary to improve the diagnosis, prevention, and treatment of
this condition. The present study utilized state-of-the-art, high-sensitivity quantitative mass
spectrometry-based methodology to define proteins that contribute to the progressive TIF that
develops in OVE26 mice, a spontaneous model of type 1 diabetes and DN [16,33].

Conventional approaches to quantitative proteomics in kidney biology or disease have relied
heavily upon differential two dimensional (2D)-gel or DIGE analysis of whole kidney lysate
[34]. Although this approach has provided important information pertaining to renal protein
modulations in diabetes, the sensitivity of proteome characterization has been dramatically
improved by the advent of an approach that couples 2D-liquid chromatography (LC) with
tandem mass spectrometry (MS/MS) analysis [7,8]. A recent study used 2D-DIGE to detect
renal protein expression changes in alloxan-induced type I diabetic mice [35]. The
effectiveness of the quantitative assessment was demonstrated by the detection of expression
changes that were reversed by insulin treatment. However, low sensitivity is indicated by
identification of only 15 differentially expressed proteins. However, they did not mention how
many total proteins were identified. Our group has previously reported the identification of up
to 54 unique kidney proteins from 2D gels [18]. Of these, 30 were differentially expressed in
whole kidney extracts from 4 month old OVE26 mice compared with age-matched controls.
In comparison, 2,000–3,000 high-probability kidney proteins have been reported with 2D-LC-
MS/MS analysis [36,37]. However, a drawback has been the inability to effectively define
quantitative differences while also maintaining maximum sensitivity with this approach. Tilton
et al. used a combination of 2D-gel and LC-MS/MS analysis to assess changes in the renal
cortical proteome in 3 month old type 2 diabetic db/db mice [38]. They reported expression
differences for 147 unique proteins. Here we devised a method for quantitative assessment of
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kidney samples directly analyzed by 2D-LC-MS/MS. This allowed the identification of 476
significantly differentially expressed proteins of a total of ~9000 total identifications in cortical
tubules isolated from 6 month old OVE26 diabetic and control mice. This suggests that 2D-
LC-MS/MS analysis was capable of detecting disease-induced perturbations that might have
been overlooked by previous gel-based studies.

A select list of 15 down-regulated and 5 up-regulated proteins with previously reported
connections to diabetes, renal biology or disease, and perturbation of carbohydrate metabolism
and lipid levels are included in Tables 1 and 2. Of these, expression differences for the key
metabolic enzymes transketolase (TKT) and isocitrate dehydrogenase 3 (NAD+)-γ (IDH3) and
the anti-oxidative stress protein Park7 (DJ-1) were validated with immunoblot experiments.
Our findings indicate that TKT expression is approximately 1.7 fold higher in the diabetic
mouse tubule cells. Previous work from human derived cell cultures showed that thiamine and
benfotiamine induction of TKT activity decreases some of the adverse effects of hyperglycemia
[39]. Variation in TKT expression may function as a protective cellular response to
hyperglycemia and after long term exposure the levels of TKT may remain high as a counter
to increased glycolytic products. We detected decreased levels of IDH3 in the diabetic tissue.
IDH3 is the rate-limiting enzyme in the TCA cycle and its altered expression may be an
indication of genetic dysregulation of key metabolic pathways as a consequence of the high
glucose levels of diabetes. Simultaneously, depletion of TCA proteins such as IDH3 with
increased TKT will continue to exacerbate reduced consumption of glycolytic products and
lead to increased production of advanced glycated end-products (AGE) and reactive oxygen
species (ROS). AGEs and oxidative stress have been shown to activate a number of cellular
and molecular processes that promote TIF in DN [40,41]. Lastly, we found that DJ-1 expression
levels were lower in the diabetic tubules. DJ-1 has been shown to regulate ROS levels by
stabilizing the expression of the oxidoreductase NQ01 [42]. Perhaps reduced DJ-1 contributes
to enhanced ROS production and oxidative stress related tubule injury in DN.

A well established role for TGF-β in the pathogenesis of diabetic induced kidney disease
[43] and the pro-TGF-β expression profile of our sample set led us to focus on potential
involvement of proteins dysregulated in the OVE26 model in TGF-β signaling. A targeted
bioinformatic analysis using Ingenuity Pathway Software indicated that 16% of the 476
modulated proteins have primary or secondary connections with TGF-β signaling and
transcription. We were especially intrigued that two related adaptor proteins found in this
screen (growth factor receptor-bound protein 2 (GRB2, p<0.08 by qMS/MS data not shown)
and GRB2-Related Adaptor Protein (GRAP)) have been implicated as upstream mediators of
TGF-β and are inversely regulated in the OVE26 tubules. These adaptor proteins belong to a
family of SH2-SH3 proteins that participate in relaying signal transduction events from the
plasma membrane by interaction with ligand activated receptor tyrosine kinases, such as that
of TGF-β and other cytokine receptors [44,45]. However, GRAP has been primarily described
as a hematopoietic signaling adaptor responsible for coupling T-cell receptors to intracellular
signaling cascades, but no role in TGF-β signaling or renal biology has been reported [46].

We further investigated a role for GRAP in TGF-β activity in cultured renal tubule (HK11)
cells. Our findings indicate that GRAP is induced by TGF-β and that GRAP may play a
synergistic feedback role in inducing TGF-β directed transcriptional and fibrotic activity. Since
enhanced expression of GRAP also correlates with renal TIF in human diabetes, it is reasonable
to postulate that GRAP could be potentiating and exacerbating the pro-fibrotic signaling effects
of TGF-β in diabetic kidney disease (Fig. 7).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Enhanced Pro-fibrotic signaling phenotype in renal tubules of OVE26 diabetic mice
Panel of immunoblot analyses showing increased TGF-β, GSK3β, phospho-GSK3β, and C/
EBPα and decreased β-catenin levels in renal tubule extracts from OVE26 diabetic mice as
compared with samples from background control mice. This expression profile is indicative
of a pro-fibrotic signaling phenotype in the diabetic tubule samples. Importantly, these cellular
extracts were used for quantitative 2D-LC-MS/MS analysis.
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Figure 2. Validation of selected LC-MS/MS results
A) Quantitative LC-MS/MS differences for two key metabolic enzymes transketolase (TKT)
and isocitrate dehydrogenase 3 (NAD+)-γ (IDH3) and the oxidative stress response protein
DJ-1. B) Immunoblot validation. C) Densitometry shows agreement with LC-MS/MS
abundance differences (* indicates p<0.05 for TKT, IDH3 or DJ-1 normalized to GAPDH or
Actin loading control in diabetic tubule extracts versus control tubule extracts).
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Figure 3. Ingenuity Pathways Knowledge Base bioinformatic analysis shows integration of
candidate proteins into canonical TGF-β and BMP signaling pathways
Highlighted in green indicates down-regulated and orange indicates up-regulated in OVE26
diabetic mouse tubules.
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Figure 4. Grb2-related adaptor protein (GRAP) expression is elevated in renal tubules from type
1 transgenic diabetic mice and diabetic patients with renal fibrosis
A) Quantitative 2D-LC-MS/MS analysis indicates that GRAP is enhanced in renal tubules
from OVE26 type 1 diabetic mice, as compared with samples from control mice B) Immunoblot
analysis confirms that the 25 kDa band corresponding to GRAP is increased in diabetic tubule
extracts as compared to control, lower panel B shows densitometry where * indicates p<0.05
for GRAP normalized to GAPDH loading control in diabetic tubule extracts versus control
tubule extracts. C) Representative immunohistochemistry (IHC) shows increased cortical
tubule expression of GRAP in kidney sections from human diabetic patients that have
tubulointerstitial fibrosis, as indicated by trichrome staining. In total, biopsy sections were
collected from 2 diabetic and 3 normal patients. Both diabetic sections exhibited increased
GRAP tubule immunostaining correlated with increased trichrome staining while 2 normal
sections showed low basal GRAP levels and normal trichrome staining, one normal section
exhibited increased GRAP immunostaining and increased trichrome staining.
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Figure 5. GRAP is induced by TGF-β and potentiates the TGF-β induced SMAD response in
cultured human proximal tubule HK11 cells
A) TGF-β induces expression of GRAP in cultured human proximal tubule cells. HK11 cells
were treated with 400 pM TGF-β for 24, 48 and 72 hours cells harvested and lysates were
fractionated by 4–15% gradient SDS-PAGE and immunoblotted for GRAP. GRAP levels
increased at 24 hr post TGF-β treatment compared to unstimulated condition. B) SMAD-
Luciferase reporter and either pCMV control vector (gray bars) or pCMV-GRAP (white bars)
were transfected into HK11 cells and incubated with or without 400 pM TGF-β over a 2–24
hour time course then lysed and luciferase activity was measured as a function of TGF-β activity
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(p<0.05 indicated by * for paired comparison to 2 hour untreated controls either pGRAP or
pCMV transfected).
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Figure 6. GRAP promotes the expression of the extracellular matrix protein fibronectin in cultured
human proximal tubule HK11 cells
A) HK11 cells were transfected with pGRAP (lanes 3 and 4) or pCMV control vector (lane 5)
or mock transfected (lane 1 and 2). Following overnight transfection, cells representing lanes
2 and 4 were incubated with recombinant TGF-β for 20 hours. The other cells were untreated.
Cell lysates were prepared, separated by 4–15% gradient SDS-PAGE, and immunoblotted for
fibronectin and GAPDH as a loading control. pGRAP potentiated TGFβ induced accumulation
of fibronectin. B) HK11 cells transfected with pGRAP-GFP show that GRAP localizes to the
nucleus and induces secretion of fibronectin and potentiates the effects of TGFβ.
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Figure 7. Model of GRAP regulation of TGF-β-induced tubulointerstitial fibrosis in diabetic
nephropathy (DN)
Sustained diabetes can lead to renal tubule injury and concurrent TGF-β upregulation [47].
This results in exacerbation (striped arrows) of TGF-β-induced accumulation of extracellular
matrix in the tubule interstitial space. Our data supports a positive feedback model were TGF-
β activates increased expression of Grb2-related adaptor protein (GRAP) which enhances TGF-
β SMAD driven transcription (black arrow) leading to elevated levels of fibronectin in renal
proximal tubule cells.
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Table 1

Listed are a subset of down-regulated proteins in OVE26 type 1 diabetic mouse tubules. The proteins were
selected from Ingenuity Analysis as being related to diabetes, obesity, carbohydrate and/or fatty acid metabolism
or oxidative stress.

Ref Seq Accession Protein (Acronym) Fold decrease Diabetic* Ontology (top findings IPKB) Citation

NP_031752 cannabinoid receptor 1
(CNR1)

∞ NIDDM, IDDM [48]

NP_038523 carnitine
palmitoyltransferase 1A

(CPT1A)

3.3 IDDM [49,50]

NP_034422 Glucokinase (GCK) ∞ MODY, NIDDM [51–56]

NP_034404 glycerol-3-phosphate
dehydrogenase 2

(GPD2)

4.95 NIDDM [57]

NP_038848 hexokinase 2 (HK2) 5.28 Experimentally-induced diabetes,
regulates D-glucose, regulated by

glucose-6-phosphate

[58,59]

NP_001074 681 insulin receptor
substrate 2 (IRS2)

9.64 Mediates effects of insulin [60–65]

NP_035348 protein tyrosine
phosphatase, receptor

type, S (PTPRS)

2.87 Regulates D-glucose [66]

NP_038659 pyruvate kinase (PKLR) 6.15 Glucose metabolism [67]

NP_112445 Interleukin 6 (IL6) ∞ Immune-mediated kidney disease [68]

NP_032349 isocitrate
dehydrogenase 3
(IDH3) gamma

9.76 Tricarboxylic acid cycle [69]

NP_035777 tuberous sclerosis 2
(TSC2)

3.64 Diabetes, energy metabolism
regulation

[70]

NP_653119 CDK5 regulatory
subunit associated

protein 1-like 1
(CDKAL1)

∞ NIDDM [71]

NP_573512 peroxisome proliferator-
activated receptor

gamma coactivator 1
beta (PPARGC1B)

∞ Downregulated in T2DM,
induced by insulin

[72]

NP_065594 DJ-1 (Park 7) 3.35 Oxidative stress response [42]

NP_034916 transformed mouse 3T3
cell double minute2

(MDM2)

1.92 TGF-β Signaling [73].

NP_031752 cannabinoid receptor 1
(CNR1)

∞ NIDDM, IDDM [48]

*
- ∞ indicates no peptides detected for this protein in diabetic mouse tubule lysates. Non-insulin-dependent diabetes mellitus (NIDDM). Insulin

dependent diabetes mellitus (IDDM). maturity-onset diabetes of the young (MODY). Bold highlight indicates further validation was confirmed
by immunoblot.

Biochim Biophys Acta. Author manuscript; available in PMC 2011 April 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Cummins et al. Page 21

Table 2

Listed are a subset of upregulated proteins in OVE26 type 1 diabetic mouse tubules. The proteins were selected
from Ingenuity Analysis as being related to diabetes, metabolism or oxidative stress.

RefSeq Accession Protein Fold increase Diabetic* Ontology (top findings IPKB) Citation

NP_033414 Transketolase (TKT) 1.7 Regulates and regulated by D-
glucose, metabolic process

[74,75]

NP_032416 Interferon regulatory
factor 1 (IRF1)

∞ Experimentally-induced diabetes [76,77]

NP_034626 Inhibitor of DNA
binding 2 (ID2)

∞ Regulated by TGFβ1 [78,79]

NP_033506 upstream stimulatory
factor 1 (USF1)

∞ Regulated by TGFβ1, D-
glucose, Insulin

[80,81]

NP_035790 Thioredoxin (TXN) ∞ Diabetes, oxidative stress
response

[82]

*
- ∞ indicates no peptides detected for this protein in FVB control mouse tubule lysates. Bold highlight indicates further validation was confirmed

by immunoblot.
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