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Abstract

PURPOSE—Patients with systemic lupus erythematosus (SLE) frequently develop lupus
nephritis (LN), a complication frequently leading to end stage kidney disease. Immune complex
deposition in the glomerulus is central to the development of LN. Using a targeted proteomic
approach, we tested the hypothesis that autoantibodies targeting glomerular antigens contribute to
the development of LN.

EXPERIMENTAL DESIGN—Human podocyte and glomerular proteins were separated by SDS-
PAGE and immunoblotted with sera from SLE patients with and without LN. The regions of those
gels corresponding to reactive bands observed with sera from LN patients were analyzed using
LC-MS/MS.

RESULTS—LN reactive bands were seen at approximately 50 kDa in podocyte extracts and
between 36-50 kDa in glomerular extracts. Those bands were analyzed by LC-MS/MS and 102
overlapping proteins were identified. Bioinformatic analysis determined that 36 of those proteins
were membrane associated, including a protein previously suggested to contribute to
glomerulonephritis and LN, annexin A2. By ELISA, patients with proliferative LN demonstrated
significantly increased antibodies against annexin A2.

CONCLUSION AND CLINICAL RELEVANCE—Proteomic approaches identified multiple
candidate antigens for autoantibodies in patients with LN. Serum antibodies against annexin A2
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were significantly elevated in subjects with proliferative LN, validating those antibodies as
potential biomarkers.
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Introduction

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by loss of self-
tolerance and the development of autoantibodies. Abnormal clearance of apoptotic bodies
results in the production of antibodies against components of nucleosomes, including anti-
nuclear antibodies [1]. Anti-nuclear antibodies that react to double stranded DNA (anti-
dsDNA) are highly specific for SLE, and serum titers often correlate with disease activity
[2]. SLE can affect multiple organ systems including musculoskeletal, skin, cardiovascular,
hematologic, and kidneys. Up to two-thirds of patients with SLE develop glomerular injury
termed lupus nephritis (LN) due to deposition of immune complexes. Approximately 60% of
those patients develop a proliferative form of LN (PLN) (termed class 111 or 1V), while 20%
to 40% develop membranous LN (MLN) (class V) [3]. The location of immune complex
deposits determines the histologic pattern of injury. Proliferative LN is associated with
deposits in the mesangium and subendothelial space, while deposits in the subepithelial
space occur in membranous LN [4].

Three hypotheses have been advanced to explain glomerular immune complex deposition in
LN. First, circulating pre-formed immune complexes directly deposit in the glomerular
vasculature. Second, autoantibodies recognize an endogenous glomerular antigen leading to
in situ immune complex formation. Third, antibodies bind to an antigen that is normally not
a glomerular component, but is planted in the glomerulus. The targets of antibodies that
form glomerular immune complexes in lupus nephritis and produce disease remain to be
identified. Anti-dsDNA antibodies were proposed to play a major role through binding to
nucleosomes deposited in the glomerulus or through their cross-reactivity with a number of
cellular or extracellular matrix proteins [5-7]. Data supporting a role of anti-dsDNA include
a correlation of serum levels with development of renal disease and the presence of anti-
dsDNA in glomerular immune complexes [5, 8, 9]. However, Mannik et al. [5] reported that
antibody eluted from glomeruli of patients with LN reacted to histones or chromatin in only
50% of patients, and reacted to dsDNA in only 25%. Additionally, anti-dsDNA accounted
for less than 1% of eluted 1gG in those 25% of patients. Identification of the target antigens
for nephritogenic autoantibodies is critical to understanding the pathophysiology of LN. The
present study was designed to determine if endogenous glomerular proteins serve as targets
for autoantibodies in different histologic classes of LN. We combined patient serum-reactive
immunoblotting of endogenous glomerular proteins with LC-MS/MS analysis of
corresponding gel bands. A number of membrane-associated candidate proteins were
identified, and annexin A2 was validated as a target for autoantibodies in patients with
proliferative LN.
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Materials and Methods

Study Subjects

Sera were obtained from a total of 45 research subjects. 10 subjects were lupus controls
(LC), 10 had PLN, 15 had MLN, and 10 were normal controls (NC). All lupus controls met
ACR criteria for the diagnosis of SLE, never had a diagnosis of lupus nephritis, and had no
clinical evidence of kidney disease. All PLN subjects had biopsy proven class Il or IV
lesions. All MLN subjects had biopsy proven class V lesions. SLE samples were obtained
from the Ohio SLE Study cohort [10] and the Lupus Family Registry and Repository [11].
Normal controls were obtained from healthy adult volunteers at the University of Louisville.
Sample donation and sharing were approved by all human studies committees at all
institutions.

Glomerular and Podocyte Protein Extracts

Glomerular protein extracts were prepared from human kidneys obtained from deceased
donors that were unsuitable for transplantation (courtesy of Kentucky Organ Donor
Affiliates). Glomeruli were isolated from kidney cortical slices using a set of three different
stainless steel mesh sieves placed in a series as previously described [12]. The purity of
glomerular fractions was greater than 90%, as determined by light microscopy. Proteins
were extracted from isolated glomeruli by sonication in lysis buffer containing 50 mM Tris,
150 mM NaCl, 1 mM EDTA, 7.5% glycerol, 0.2% NP-40 with protease inhibitor cocktail
(Santa Cruz Biotech, Dallas, TX) and phosphatase inhibitor cocktail (Sigma-Aldrich, St.
Louis, MO) combined according to the package insert. Glomerular extracts were incubated
overnight with Protein G agarose beads (Pierce, Rockford, IL) to remove contaminating 1gG
and depletion was validated by anti-human IgG immunoblot.

To obtain proteins from cultured podocytes, conditionally immortalized human podocytes
(obtained from Dr. Moin Saleem [13]) were cultured in RPMI-1640 containing 10% FBS,
penicillin/streptomycin, and insulin/transferrin/selenium X at 33°C prior to differentiation
by cultivation on collagen at 37°C. To enrich for membrane and cytosolic proteins, cells
were lysed by homogenization in 50 mM mannitol, 5 mM Tris-HCI buffer with the
previously described protease and phosphatase inhibitors. The homogenate was cleared of
cells and debris by sequential centrifugation at 2500 x g and 10,000 x g. That supernatant
was then centrifuged at 100,000 x g for 30 min to separate cytosol from plasma membrane.
The supernatant was collected as the cytosolic fraction. The pellet was re-suspended in the
lysis buffer and stored as the membrane fraction. Enrichment of podocyte cytosol and
membrane proteins was confirmed by immunoblot for WT-1, PLAZ2R, and NAK-al.

Immunoblot Analysis with Sera

Podocyte membrane and human glomerular extracts were separated by 5-15% gradient SDS/
PAGE and transferred to nitrocellulose or PVDF membranes. For the podocyte proteins, gel
electrophoresis was conducted under non-reducing conditions. For the human glomerular
extracts, gel electrophoresis was conducted under reducing conditions. Following overnight
incubation with pooled or individual subject sera (1:200-1:10,000), membranes were washed
and incubated with 0.01% HRP conjugated rabbit anti-human IgG secondary antibody
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(Santa Cruz 2769, Santa Cruz, CA) for 1 h. Membranes were then washed and incubated for
5 min with chemoluminescent substrate (SuperSignal West Pico, Thermo Scientific or
Clarity Western ECL, Biorad, Hercules, CA). Images were captured using film or Biorad
chemi-doc. The molecular size and density of each band on individual blots was determined
using the Biorad chemiDoc MP imager.

Mass Spectrometry Analysis

Proteomic Data Collection—SDS-PAGE gel bands containing candidate target antigens
were processed and analyzed by mass spectrometry analysis with modifications of
previously described methods [14-17]. Briefly, supernatants from in-gel trypsin digestion of
gel slices were lyophilized, then re-dissolved in 2% acetonitrile / 0.1% formic acid for
separation using an EASY n-LC (ThermoElectron, Waltham, MA) UHPLC system. The
peptides were loaded onto a Dionex Acclaim PepMap 100 trap column and separated with a
90 min 2% to 40% acetonitrile gradient on a RSLC Pepmap 100 C18 reversed phase
resolving column prior to introduction by nanoelectrospray using a Nanospray Flex source
(ThermokElectron) into a LTQ-Velos-Orbitrap ELITE (ThermoElectron) mass spectrometer.
Data dependent tandem mass spectra (top 10 with dynamic exclusion) were collected using
CID and/or ETD fragmentation using an Nth Order Double Play with ETD Decision Tree
method created in Xcalibur v2.2.

Database Sear ching: RAW files were converted to DTA files using msconvert.exe from
Trans-Proteomic Pipeline (ver4.6.3) without charge state calculation or de-isotoping. The
data were analyzed using Sequest Sorcerer2 (SageN) database search strategy against the
Uniprot KB human reference proteome (canonical and isoform sequences, 4/8/2014 version,
88703 entries). Data dependent spectra were acquired and then searched using Sorcerer v5.1
(Sage-N Research, Inc., Milpitas, CA) using UniprotKB Homo sapiens reference proteome
with canonical and isoform sequences (version 4/8/2014). Search parameters included:
variable methionine oxidation (+16 on M), correction of search strategy for ETD
fragmentation spectra with addition of +17 to the N-termini and —16 on C-termini, fixed
cysteine carbamidomethylation (+57 on C), up to 2 missed tryptic cleavages, 50ppm
precursor error for MS1 Orbitrap FTMS data and 1 Da error for MS2 LTQ data. Sage-N
Sorcerer decoy peptide generation was enabled to allow for false discovery rate (FDR)
calculations. The resulting files were loaded into Scaffold Q+S (ver4.3.4, Proteome
Software, Portland, OR) to validate MS2 based peptide and protein identifications using the
Peptide and Protein Prophet algorithms [18, 19]. Protein probabilities were accepted for
assignments with >95% peptide and protein confidence intervals with a minimum of 2
unique peptides for protein assignment. Proteins that contained similar peptides and could
not be differentiated based on MS/MS analysis alone were grouped to a single best
explained protein to satisfy the principles of parsimony. The results were annotated with
human gene ontology information (NCBI download, Jul 31, 2014) from the Gene Ontology
Annotations Database (ftp.ebi.ac.uk) [20]. Proteins in the various groups were analyzed
using Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, www.giagen.com/
ingenuity).
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Annexin A2 ELISA

Recombinant annexin A2 was expressed and purified using the expression plasmid,
pMCSG?7, obtained from the Biodesign Institute at Arizona State University, a non-profit
plasmid depository [21]. Ninety-six well plates were coated with mouse monoclonal annexin
A2 antibody (Santa Cruz 47696) at a concentration of 1 pug/ml in coating buffer (Biolegend,
San Diego, CA). The plate was incubated overnight at 4°C. The coating solution was
removed and the plate was washed 5X with 300 pl/well of wash solution (Biolegend) by
automated plate washer. Sample dilution buffer (Biolegend 1% BSA in PBS) was added and
incubated for 1 h at room temperature to block non-specific binding. Recombinant annexin
A2 was added at a concentration of 0.2 ug per well and incubated for 2 h at room
temperature with shaking. The plate was washed 5X as described above. Sera were diluted
1:200 in sample dilution buffer, and duplicate samples from each subject incubated at room
temperature for 1 h. Dilution buffer without sera was incubated for 1 h in duplicate as a
control. Following a 5X wash step, HRP conjugated rabbit anti-human 1gG secondary
antibody (Santa Cruz 2769) at 1:1000 was added to each well for 30 min at room
temperature with shaking. The plate was washed again 5X, and TMB substrate (Biolegend)
was added for 15 min in the dark and then the reaction was stopped with addition of 1 M
sulfuric acid. Immediately following, the optical density (OD) was measured at 450 nM and
normalized at 570 nM. The OD of the sera free control was subtracted from the measured
OD of all samples to eliminate non-specific reactivity.

Results and Discussion

Analysis of autoantibody reactivity against glomerular proteins

Identifying target antigens for nephritogenic autoantibodies would significantly advance the
understanding of the pathogenesis and diagnosis of LN. The rationale for the current study
was based on reports that autoantibodies to glomerular proteins play a role in idiopathic
membranous nephropathy and focal glomerulosclerosis [14, 22] and autoantibodies directed
against nerve cell proteins are present in patients with lupus cerebritis [23]. To examine the
hypothesis that patients with LN generate autoantibodies against glomerular proteins, the
present study used an approach similar to that which identified PLA;R on podocytes as a
target antigen in idiopathic membranous nephropathy [14]. Sera from 10 patients with class
I11/1V lupus nephritis (PLN), 15 patients with class V lupus nephritis (MLN), and 10 SLE
patients without renal disease (LC) were immunoblotted against proteins extracted from
glomeruli isolated from normal human kidneys retrieved for transplantation. Figure 1a
shows representative blots using sera from an individual patient in each group. As expected,
a number of bands were observed in all SLE patients, suggesting the presence of circulating
autoantibodies against many proteins. Analysis of the molecular size of bands for each
individual patient was performed to identify bands most likely to contain nephritogenic
autoantibodies. Figure 1b shows the percent of patients in each group with reactivity to
proteins observed at various molecular sizes. Bands between 43-50 kDa were present in
about 90% of patients with PLN and MLN, but only 30% of LC patients. Bands between
36-40 kDa were present in nearly 70% of patients with MLN, while present in only 20-30%
of patients in the other two groups. Bands between 21-28 kDa were present in 80% of PLN
patients, 60% of MLN, and 40% of SLE patients without LN. Reactive bands between 52-60
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kDa, 95-105 kDa, and 120-128 kDa were present in a majority of patients with SLE,
whether or not they had renal disease. Figure 1c shows immunoblots from each subject,
illustrating the reactivity of sera against proteins in the 36 kDa to 50 kDa range. The
findings suggest that SLE patients contain a number of autoantibodies, some of which are
unique to those patients with PLN and MLN.

Podocytes are highly specialized glomerular epithelial cells characterized by foot processes
which wrap around glomerular capillaries and maintain the glomerular filtration barrier. Slit
diaphragms connect adjacent foot processes and act as the final barrier to protein filtration
[24]. Disruption of podocytes or their slit diaphragms results in proteinuria, and reduced
expression of podocyte slit diaphragm proteins in lupus nephritis correlates with disease
severity [25]. Autoantibodies directed against PLA,R on podocytes are postulated to cause
in situ immune complex formation in idiopathic membranous nephropathy, and
autoantibodies to CD40 on podocytes may contribute to development of focal
glomerulosclerosis [14, 22]. To determine if patients with LN develop autoantibodies
against podocyte proteins, proteins extracted from cultured human podocyte membranes
were used for immunoblot analysis with patient sera. Expression of membrane (PLA2R and
NAK-al) and cytosolic (WT-1) markers of podocytes confirmed enrichment of proteins
from podocyte membranes (fig 1d). Pooled sera from 10 subjects with PLN, 5 subjects with
MLN, and 10 LC subjects were used as primary antibody. Figure 1e shows that sera from
PLN and MLN subjects (dilution 1:10,000) reacted to proteins at a molecular size of about
50 kDa, while sera from LC patients failed to react. Thus, patients with LN contain
antibodies that recognize podocyte proteins at the upper molecular size limit of bands
recognized from proteins extracted for intact glomeruli.

Identification of Candidate Proteins

We interpreted the data shown in figure 1 to suggest that glomerular and podocyte targets of
autoantibodies in patients with LN were present in the 36-50 kDa range. To identify
candidates, proteins were extracted from podocyte membranes and human glomerular
extracts, separated by SDS-PAGE, and gel lanes containing the 36-50 kDa range were
excised. Peptides generated by in-gel trypsin digestion were identified by tandem mass
spectrometry. A total of 294 proteins were identified from podocyte membrane extracts and
310 proteins from human glomerular extracts (Supplementary Tables 1 and 2). To identify
high probability candidates, the two groups of proteins were analyzed for common proteins
and cellular location. A total of 102 proteins were common to podocyte and human
glomerular extracts (Supplementary Table 3). As targets of nephritogenic autoantibodies in
idiopathic MN and focal segmental glomerulosclerosis were present in the podocyte
membrane [14, 22], the list of common proteins was analyzed for membrane associated
proteins by the Gene Ontology database (ftp.ebi.ac.uk) [20]. This resulted in a final
candidate list of 36 proteins.

Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, www.giagen.com/ingenuity)
is a curated database platform that is a widely used bioinformatics tool for high-throughput
functional characterization of large list proteins resulting from LC-MS/MS experiments.
This approach aids in identification of proteins with known functions relevant to target
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molecular or disease process, as high-priority candidates for follow-up validations. The actin
cytoskeleton is necessary for maintaining foot process integrity of podocytes [26]. The slit
diaphragm is a modified adherens junction that is linked to, and regulates, the actin
cytoskeleton in foot processes [24]. Rho GTPase signaling pathways play a critical role in
linking slit diaphragm proteins to actin cytoskeleton remodeling [26, 27]. Disruption of Rho
signaling pathways was shown to be involved in the pathogenesis of the nephrotic syndrome
[28, 29]. Thus, IPA analysis was used to determine if any of the 36 candidate proteins are
associated with these processes.

To more completely characterize the final candidates, each protein was also evaluated by
PubMed search for involvement in actin regulation, for participation in glomerular diseases,
and for association with the slit diaphragm. Table 1 shows the results of these analyses.
Seventeen proteins were associated with actin regulation, 6 proteins involved in canonical
Rho signaling, 10 proteins associated with glomerulonephritis, and 8 proteins associated
with the slit diaphragm.

The identification of annexin A2 was of particular interest, as table 1 shows that annexin A2
has been reported to regulate the actin cytoskeleton, to contribute to glomerulonephritis and
LN, and to associate with the slit diaphragm [30-32]. The annexin family contains 12
proteins that are Ca2* regulated phospholipid binding proteins [33]. Annexin A2 is
expressed in many human tissues, including glomerular mesangial cells, endothelial cells,
and epithelial cells [30, 31]. The cellular location of annexin A2 is variable, and includes
cytoplasm, intracellular membranes, and the external surface of the plasma membrane [30].
Multiple functions have been described and vary with cell type and cellular location. In
epithelial cells, such as podocytes, annexin A2 plays a critical role in dynamic remodeling of
the actin cytoskeleton, effecting cell adhesion and motility through interactions with Rho
GTPases [30, 34]. Cross-reactivity of anti-dsDNA with mesangial annexin A2 was
previously reported, and annexin A2 co-localizes with glomerular 1gG and C3 deposition in
patients with LN [31]. Annexin A2 on the cell surface interacts with beta 2-glycoprotein |
and toll like receptor 4, leading to proinflammatory and prothrombotic effects, which may
be enhanced by autoantibody binding [35]. Annexin A2 has also been described as a ligand
for C1q to bind to apoptotic cells [36]. C1q opsonization of apoptotic cells is critical to
phagocytosis and in cases where this function is impaired, such as hereditary C1q
deficiency, SLE ensues [37].

Patients with PLN demonstrate elevated Anti-Annexin A2

Based on our finding of annexin A2 in the final list of candidates, and its prior identification
as a target antigen in LN, we chose to validate it as a target antigen in our cohort. We
developed a sandwich ELISA protocol to reduce non-specific binding of sera to
contaminants present in recombinant protein and were able to achieve very low background
reactivity in both NC and LC samples. Using this approach, we confirmed the presence of
antibodies reactive to annexin A2 in our PLN subjects. Sera at 1:200 from 10 PLN, 10
MLN, 10 LC, and 10 normal (NC) subjects were analyzed in duplicate. Fig. 2 shows that
sera from PLN subjects demonstrated a significantly higher reactivity to annexin A2 than
those from MLN, LC, and NC subjects. One way analysis of variance (ANOVA) comparing
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individual reactivity to anti-annexin A2 demonstrated a p-value of 1.25 X 10710 and Tukey
analysis verified statistical differences among groups comparing PLN to MLN, LC, and NC
subjects (P < 0.01). Thus, sera from patients with class 111/ LN contain autoantibodies that
recognize annexin A2, while sera from patients with MLN or SLE without LN do not differ
from normal subjects. While our studies did not distinguish whether reactivity to annexin A2
was the result of cross-reacting anti-dsDNA or separate tissue-specific autoantibodies, the
results suggest that anti-annexin A2 may serve as a biomarker for the proliferative forms of
LN.

Concluding Remarks

A targeted, translational proteomic approach led to the identification of glomerular proteins
as candidate targets of autoantibodies in lupus nephritis. A majority of the plasma
membrane-associated candidates are involved in actin function and regulation. This provides
predictive information that actin regulation may play a role in the pathogenesis of LN, but
experimental confirmation will be needed. Annexin A2 is a multifunctional protein that
belongs to a large family of Ca2* regulated phospholipid binding proteins that was reported
to participate in LN. Our study is unique because it compares anti-annexin A2 activity in
patients with proliferative LN (PLN), membranous LN (MLN), lupus controls (LC), and
normal controls (NC). Current lupus biomarkers, such as anti-dsDNA, do not always
correlate with nephritis and are usually present in both MLN and PLN. We demonstrate that
patients with active PLN have significantly increased reactivity to annexin A2 when
compared with MLN, LC, and NC. Quantitative serum levels of IgG to annexin A2 may be a
useful biomarker that specifically identifies patients with proliferative lupus nephritis, the
most clinically significant form of lupus nephritis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Clinical Relevance

Over one-half of patients with systemic lupus erythematosus (SLE) develop clinical renal
disease termed lupus nephritis (LN), a complication that carries significant morbidity and
can lead to end stage kidney disease. Glomerular immune complex deposition is central
to the development of LN. The targets of nephritogenic autoantibodies and the
mechanism by which they deposit in the glomerulus are not fully understood.
Identification of target antigens for the autoantibodies that induce LN will enhance
understanding of the pathogenesis of LN, provide novel biomarkers, and lead to more
targeted treatment strategies.
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Figure 1. Serafrom LN subjects demonstrate selective reactivity to glomerular and podocyte
proteins

a. Representative immunoblots of individual lupus subjects with human glomerular proteins.
Sera at a dilution of 1:200 from individual lupus subjects were immunoblotted against 30 g
of human glomerular proteins. Immunoblots from a lupus subject without nephritis (LC), a
lupus subject with proliferative nephritis (PLN), and a lupus subject with membranous
nephritis (MLN) are shown.

b. Patterns of sera reactivity to human glomerular proteins among subjects with SLE. Graph
demonstrating patterns sera reactivity of individual subjects against human glomerular
extracts. 10 subjects with SLE without nephritis (LC), 10 subjects with proliferative lupus
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nephritis (PLN), and 15 subjects with membranous lupus nephritis (MLN) were compared.
The percentage of subjects with reactive bands in each region is displayed.

c. Immunoblots of individual lupus subjects with human glomerular proteins highlighting
the region of interest from 36-50 kDa. Sera from individual lupus subjects were
immunoblotted against 30 pg of human glomerular proteins at 1:200 dilution. Immunoblots
from 10 lupus subjects without nephritis (C1-C10), 10 subjects with proliferative lupus
nephritis (P1-P10), and 15 subjects with membranous lupus nephritis (M1-M15) are shown.
d. Human podocyte immunoblot demonstrating separation of membrane and cytosolic
fractions. Podocyte plasma membrane (M) and cytosol (C) fractions were probed with
antibodies against plasma membrane proteins PLAoR and NAK-al, and cytosolic WT-1.
e. Immunoblot of pooled sera with human podocyte membrane proteins. Pooled sera from
10 lupus subjects without nephritis (LC), 5 subjects with MLN, and 10 subjects with PLN
were immunoblotted against 20 ug of podocyte membrane proteins at 1:10,000 dilution. A
reactive band at approximately 50 kDa was seen in the MLN and PLN subjects, but not in
the LC subjects.
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P<0.01

Reactivity (OD) to AA2

Figure 2. Annexin A2 ELISA
Sera from 10 proliferative lupus nephritis (PLN), 10 membranous lupus nephritis (MLN), 10

lupus without nephritis-lupus control (LC), and 10 normal control (NC) subjects were
analyzed in duplicate at a 1:200 dilution. PLN subjects demonstrated a mean OD value of
0.204, MLN subjects demonstrated a mean OD value of 0.018, LC subjects demonstrated a
mean OD value of 0.059, and NC subjects demonstrated a mean OD value of 0.056. One
way analysis of variance (ANOVA) comparing individual anti-annexin A2 levels
demonstrated a p-value of 1.25 X 10710 and Tukey analysis verified statistical difference
among groups comparing PLN to MLN, LC, and NC subjects (P < 0.01). Error bars
demonstrate standard error of the mean.
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Table 1

Membrane-associated Proteins Common to Podocytes and Glomeruli.
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Protein GeneName | Actin Reg. Canonical Rho Signaling* GN SD Protein**
Annexin A2 ANXA2 [30] [31] +
ATP synthase subunit alpha, mitochondrial ATP5A1

ATP synthase subunit beta, mitochondrial ATP5B

Alpha-enolase ENO1 [38] [39, 40]

Moesin MSN [41] + [41-43] +
Glyceraldehyde-3-phosphate dehydrogenase GAPDH

Elongation factor 1-alpha 1 EEF1A1 [44]

Guanine nucleotide-binding protein G(i) subunit GNAI2 [45] + +
alpha-2

Isoform 2 of AP-2 complex subunit mu AP2M1 [46] +
Isoform 2 of Protein disulfide-isomerase A6 PDIA6

Pyruvate kinase PKM PKM

60 kDa heat shock protein, mitochondrial HSPD1 [47] [48]

Actin-related protein 3 ACTR3 [49] + [50]

V-type proton ATPase subunit B, brain isoform ATP6V1B2 [51]

Myosin-9 MYH9 [52] +
Isoform 3 of Heterogeneous nuclear SYNCRIP [53]

ribonucleoprotein Q

Septin-7 SEPT7 [54] +

Isoform 2 of Coronin-1C CORO1C [55]

Tubulin beta-4A chain TUBB4A

T-complex protein 1 subunit gamma CCT3 [56]

Isoform 2 of ATP-dependent RNA helicase DDX3X

Isoform 2 of Basigin BSG [57] [58]
Dolichyl-diphosphooligosaccharide--protein DDOST

glycosyltransferase 48 kDa subunit

Heat shock protein HSP 90-beta HSP90AB1

Ezrin EZR [59] + [59, 60] +
Isoform 2 of Neutral cholesterol ester hydrolase 1 NCEH1

Isoform 2 of Heat shock cognate 71 kDa protein HSPAS8 +
Heterogeneous nuclear ribonucleoprotein U HNRNPU

Rho GTPase-activating protein 1 ARHGAP1 [61] +

Isoform 2 of Fatty aldehyde dehydrogenase ALDH3A2

Serine palmitoyltransferase 1 SPTLC1

Isoform 2 of ATP-citrate synthase ACLY

Phosphatidylinositol 4-kinase type 2-alpha PI4K2A

Na(+)/H(+) exchange regulatory cofactor NHERF1 SLCY9A3R1 | [62]

Alpha-parvin PARVA [63] [63] +
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q H * * %
Protein GeneName | Actin Reg. Canonical Rho Signaling GN SD Protein
Isoform 2 of Sorting nexin-17 SNX17

*
Canonical Rho Pathway determined by Ingenuity Pathway Analysis

**
Slit diaphragm proteins identified by Pierchala et al [32]
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