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Abstract

Autoantigens are the molecular targets in autoimmune diseases. They are a cohort of seem-

ingly unrelated self-molecules present in different parts of the body, yet they can trigger a

similar chain of autoimmune responses such as autoantibody production. We previously

reported that dermatan sulfate (DS) can bind self-molecules of dying cells to stimulate auto-

reactive CD5+ B cells to produce autoantibodies. The formation of autoantigen-DS com-

plexes converts the normally non-antigenic self-molecules to none-self antigens, and thus

DS-affinity represents a common underlying biochemical property for autoantigens. This

study sought to apply this property to identify potential autoantigens in the kidney. Total pro-

teins were extracted from mouse kidney tissues and loaded onto DS-Sepharose resins. Pro-

teins without affinity were washed off the resins, whereas those with increasing DS-affinity

were eluted with step gradients of increasing salt strength. Fractions with strong and moder-

ate DS-affinity were sequenced by mass spectrometry and yielded 25 and 99 proteins,

respectively. An extensive literature search was conducted to validate whether these had

been previously reported as autoantigens. Of the 124 proteins, 79 were reported autoanti-

gens, and 19 out of 25 of the strong-DS-binding ones were well-known autoantigens. More-

over, these proteins largely fell into the two most common autoantibody categories in

autoimmune kidney diseases, including 40 ANA (anti-nuclear autoantibodies) and 25 GBM

(glomerular basement membrane) autoantigens. In summary, this study compiles a large

repertoire of potential autoantigens for autoimmune kidney diseases. This autoantigen-ome

sheds light on the molecular etiology of autoimmunity and further supports our hypothesis

DS-autoantigen complexes as a unifying principle of autoantigenicity.

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Zhang W, Rho J-h, Roehrl MW, Roehrl

MH, Wang JY (2019) A repertoire of 124 potential

autoantigens for autoimmune kidney diseases

identified by dermatan sulfate affinity enrichment of

kidney tissue proteins. PLoS ONE 14(6):

e0219018. https://doi.org/10.1371/journal.

pone.0219018

Editor: Jose C. Crispin, Instituto Nacional de

Ciencias Medicas y Nutricion Salvador Zubiran,

MEXICO

Received: February 28, 2019

Accepted: June 13, 2019

Published: June 25, 2019

Copyright: © 2019 Zhang et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

contained within the manuscript.

Funding: This study was partially funded by the

Nation Institutes of Health (NIH R01 AI068826 to

JYW) and Curandis. Wei Zhang (WZ) and Jung-

hyun Rho (JHR) were supported by the NIH during

the course of this study. MP Biomedicals is the

current employer of JHR but has neither relation to

nor made any contribution, financial or otherwise,

http://orcid.org/0000-0003-4892-1098
https://doi.org/10.1371/journal.pone.0219018
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0219018&domain=pdf&date_stamp=2019-06-25
https://doi.org/10.1371/journal.pone.0219018
https://doi.org/10.1371/journal.pone.0219018
http://creativecommons.org/licenses/by/4.0/


Introduction

Autoimmune diseases are results of aberrant autoimmune responses. Immune defenses are

normally generated against invading pathogens to protect the body. However, due to unclear

mechanisms, the immune system sometimes deviates from its norm and produces undesirable

autoimmune responses against the body itself. Autoimmune attacks can come from self-reac-

tive cells and/or autoantibodies produced by autoreactive cells. Under normal circumstances,

self-molecules in the body are non-antigenic, i.e., unable to trigger defensive immune reac-

tions. It is puzzling how and why a self-molecule becomes an auto-antigenic trigger and/or tar-

get of autoimmune response. It is even more puzzling why, among the tens of thousands of

molecules in the body, a cohort of only several hundred of seemingly unrelated molecules can

trigger autoimmune reactions, e.g., production of autoantibodies.

In previous studies, we demonstrated that some molecules of dying cells have affinity for

dermatan sulfate (DS), and that these molecules can form macromolecular complexes with DS

to co-stimulate autoreactive CD5+ B cells to secrete autoantibodies [1]. Furthermore, we dem-

onstrated that molecules with affinity for DS have a high propensity to be autoantigens (auto-

Ags) [2]. We thus proposed a unifying principle of autoantigenicity that explains how different

molecules can become autoantigenic by means of a shared biochemical property. To gain fur-

ther support, we have been testing whether autoantigens can be uncovered from specific tis-

sues by enrichment with DS-affinity.

In this study, we applied the DS-affinity enrichment strategy to define the repertoire of pos-

sible autoantigens, i.e., the “autoantigen-ome”, in autoimmune kidney diseases. Although

autoimmune attacks can happen in many parts of the body, they become especially serious if

the kidneys are involved. Patients with autoimmune kidney diseases may develop glomerulo-

nephritis. Glomeruli are made up of tiny blood vessels and help filter blood and remove excess

fluids. When glomeruli are damaged, the kidneys stop working properly, which then leads to

renal failure. Autoimmune renal diseases include lupus nephritis, Goodpasture syndrome or

anti-GBM (glomerular basement membrane) disease, ANCA-associated vasculitis, and other

rare diseases. They are largely defined by the kidney sub-location affected by the autoantibod-

ies or immune cells. By identifying possible autoantigens in the kidney, we hope to gain a bet-

ter understanding of the pathophysiology of these diseases.

Materials and methods

DS-Sepharose resin synthesis

DS-Sepharose resins were prepared by coupling dermatan sulfate (DS; Sigma-Aldrich) to EAH

Sepharose 4B resins (GE Healthcare). Sepharose resins (20 mL) were washed with distilled water

and 0.5 M NaCl and then mixed with 100 mg of DS dissolved in 10 mL of 0.1 M MES buffer (pH

5.0). N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochloride (Sigma-Aldrich) was added

to a final concentration of 0.1 M. The reaction proceeded at 25˚C for 24 hours with end-over-end

rotation. After the first 60 minutes, the pH of the reaction mixture was readjusted to 5.0. After the

coupling, the resins were washed three times, each time with a low pH buffer (0.1 M acetate, 0.5 M

NaCl, pH 5.0) and a high pH buffer (0.1 M Tris, 0.5 M NaCl, pH 8.0). The washed DS-Sepharose

resins were suspended in a 10 mM phosphate buffer (pH 7.4) and packed into a C16/20 column

(GE Healthcare). The column was equilibrated with 10 mM phosphate buffer before use.

Kidney protein extraction

Kidneys were obtained from 5-month-old BALB/cJ mice (Jackson Laboratory). A total of 20

mice were killed with CO2, their blood was removed through heart puncture, and their kidneys
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were collected immediately. The kidneys were cleaned by rinsing with phosphate buffered

saline (PBS, pH 7.2) twice and then stored at 4˚C for 1 hour, -20˚C for 2 hours, and then -80˚C

until further processing. Thawed kidneys were cut to small pieces and pressed through a cell

strainer (Fisher Scientific). To remove red blood cells (RBC), kidney tissue was mixed with 10

mL of RBC lysis buffer for 10 seconds. After centrifugation for 5 minutes, the supernatant was

discarded. The tissue was mixed with 40 mL of RIPA lysis buffer (Sigma-Aldrich) and 4 tablets

of protease inhibitor (complete protease inhibitor cocktail, Sigma-Aldrich). The tissue mixture

was sonicated for 10 minutes, or until all tissue pieces appeared dissolved. The mixture was

centrifuged at 13,300 rpm for 20 minutes, and the supernatant that contained all the soluble

kidney proteins was collected. Protein concentration was measured by the RC DC protein

assay (Bio-Rad).

DS-affinity fractionation

Fractionation of kidney proteins was carried out by FPLC using a Biologic Duo-Flow System

(Bio-Rad). Kidney proteins were loaded into the DS-Sepharose column in 10 mM phosphate

buffer at a rate of 1 mL/min. The column was washed with 20 mL of 10 mM phosphate buffer

and then 40 mL of 10 mM phosphate with 0.2 M NaCl to remove unbound proteins. Proteins

bound to DS resins with moderate-to-strong affinity were eluted with a step-gradient of 0.4 M,

0.6 M, and 1.0 M NaCl in a 10 mM phosphate buffer, with each step being 40 mL. Elution was

monitored by UV and conductivity detectors. All bound fractions were collected. Fractions

were concentrated and desalted in Vivaspin centrifugal concentrators (MWCO 10 kDa,

Sigma-Aldrich). Concentrated proteins were reconstituted in a 10 mM phosphate buffer for

further analysis.

Protein sequencing by mass spectrometry

Fractionated proteins with different affinity to DS were separated on 1D SDS PAGE in 4–12%

NuPAGE Novex Bis-Tris gels (Invitrogen). Based on protein band intensity, the protein lane

containing proteins eluting at 0.4 M NaCl was cut into three sections, containing top, middle,

and bottom bands. The lanes containing proteins eluting at 0.6 M and 1.0 M NaCl were each

cut into two sections, containing top and bottom bands, respectively. Gel sections were trans-

ferred into 1-mL tubes, cut into tiny pieces, dehydrated with acetonitrile, and then dried in a

speed-vac. Proteins in gel pieces were then rehydrated in 50 mM NH4HCO3 and digested with

12.5 ng/μL modified sequencing-grade trypsin (Promega) at 4˚C overnight.

Mass spectrometric sequencing was performed at the Taplin Biological Mass Spectrometry

Facility (Harvard Medical School, Boston, USA). Tryptic peptides were separated on a nano-

scale C18 HPLC capillary column and analyzed after electrospray ionization in an LTQ linear

ion-trap mass spectrometer (Thermo Fisher Scientific). Peptide sequences and protein identi-

ties were assigned by matching protein or translated nucleotide databases with the measured

fragmentation pattern using Sequest software. Peptides were required to be fully tryptic pep-

tides with XCorr values of at least 1.5 (+1 ion), 1.5 (+2 ion), or 3.0 (+3 ion). All data were man-

ually inspected. Only proteins with at least two peptide matches were considered confidently

identified.

Results and discussion

Fractionation of kidney proteins by DS affinity

Proteins extracted from mouse kidneys were initially separated into fractions according to

their strength of binding to DS. This was carried out by loading the kidney proteins onto
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DS-Sepharose columns to allow binding to take place. Proteins that did not bind to DS resins

were washed off the column first with the loading buffer (10 mM phosphate, pH 7.4) and then

with 0.2 M NaCl. Afterwards, proteins that remained bound to DS were sequentially eluted

from the column with 0.4 M, 0.6 M, and 1.0 M NaCl in 10mM phosphate (pH 7.4). Elution

was monitored for presence of proteins by 280 nm absorbance, and chromatographic fractions

that contained proteins at each salt strength were pooled, desalted, and concentrated. Final

protein content and size distribution of each pool were assessed with 1D SDS PAGE gels.

The majority of kidney proteins did not bind to DS, as most proteins flowed through or

eluted at the 0.2 M NaCl washing steps. As the NaCl step gradient elution proceeded, the

amount of proteins eluting at increasing ionic strength became smaller and smaller. The flow-

through and non-DS-binding proteins were not further analyzed. Proteins eluting at 0.4 M,

0.6 M, and 1.0 M NaCl were sequenced by LC-MS/MS, yielding 124 proteins (Table 1).

Proteins eluting at 1.0 M NaCl ionic strength were considered as having strong-DS affinity,

whereas those eluteing at 0.6 M and 0.4 M were considered as having moderate and weak DS-

affinity, respectively. Theoretical isoelectric points of all proteins were calculated using the pI

compute tool of the ExPASy portal of the Swiss Institute of Bioinformatics (web.expasy.org/

compute_pi/). These proteins span a wide range of pI values, ranging from very basic to acidic.

Despite the fact that DS is acidic, there is no clear correlation between DS affinity strength and

calculated pI values of these proteins.

Proteins with strong DS affinity

Proteins eluting off the DS-Sepharose column at 1.0 M NaCl were considered as having strong

DS affinity. From the 1.0 M elution, 25 proteins were identified by MS sequencing (Table 1).

Among these 25 proteins, 13 were DNA-/RNA-associated, 5 were related to cytoskeleton/

extracellular matrix, 5 were related to cell stress and/or apoptosis, and 2 were miscellaneous.

Literature searches revealed that at least 18 (72%) of these proteins have previously been identi-

fied as target autoantigens for autoantibodies.

Histones, the proteins that organize DNA into nucleosomes, are the most prominent auto-

antigens identified with strong-DS affinity. Particularly, H4, two isoforms of H2A, and two

isoforms of H2B were found in the 1.0 M elution. Two isoforms of H1 were also identified, but

in the weak DS affinity fraction. Top1 (DNA topoisomerase 1), an enzyme that controls and

alters the topology of DNA during transcription, was also identified by strong DS affinity. All

six of these DNA-binding proteins are known autoantigens (see references in Table 1). In par-

ticular, antibodies to histones and nucleosomes are central in the pathogenesis of lupus

nephritis.

The RNA-associated proteins identified in the strong DS affinity fraction are RBM8a

(RNA-binding protein 8A), Sf3b3 (splicing factor 3B subunit 3), Prpf19 (pre-mRNA process-

ing factor 19), Rmpl2 (39S ribosomal protein L2), Rpl18 (60S ribosomal protein L18), Mrps27

(28S ribosomal protein S27), and ELAV-like protein 1 (HuR). Elval1, also known as Hu anti-

gen R, binds to and stabilizes mRNAs. HuR autoantibodies are a serologic hallmark of para-

neoplastic encephalomyelitis [20]. Ribosomal P proteins are classical autoantigens, and

autoantibodies to various other ribosomal proteins (such as L2, L5, L7, L12, L23a, S13, and

S19) are reported but the heterogeneity awaits further characterization [21]. The specific L18

and Mrps27 ribosomal proteins identified here have not been reported as autoantigens. Auto-

antigen Sf3b1 (splicing factor 3B subunit 1) has been reported [11], but Sf3b3 identified here

has not been reported as an autoantigen. Although similar RNA-binding proteins have been

reported as autoantigens, RBM8a and Prpf19 have not been described as autoantigens.
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Table 1. Kidney proteins with DS affinity.

#

P

Protein ID Gene Protein S M W pI Lit.

ANA (anti-nuclear autoantigens)

15 IPI00329998.3 H4 Histone H4 - - 11.36 [3]

12 IPI00137852.5 H2afy Core histone macro-H2A.1 - - 9.81 [4]

10 IPI00153400.2 H2afj Histone H2A.J - - 11.05 [4]

18 IPI00114642.4 Hist1h2bj Histone H2B type 1-J - - 10.31 [5]

13 IPI00111957.3 Hist1h2ba Histone H2B type 1-A - - 6.92 [5]

3 IPI00223713.5 Hist1h1c Histone H1.2 - 11.00 [6]

3 IPI00404590.1 H1f0 Histone H1.0 - 10.90 [6]

17 IPI00317794.5 Ncl Nucleolin - 4.68 [7]

2 IPI00109764.2 Top1 DNA topoisomerase 1 - - 9.35 [8]

4 IPI00123762.2 Rcc1 Regulator of chromosome condensation - 8.34 [9]

4 IPI00111589.1 Cbx1 Chromobox protein homolog 1 - 4.85 [10]

4 IPI00118447.1 Pura Transcriptional activator protein Pur-alph - 6.06

21 IPI00122011.2 Sf3b3 Splicing factor 3B subunit 3 - - - 5.13 [11]?

4 IPI00109860.3 Rbm8a RNA-binding protein 8A - - 5.50

2 IPI00222760.1 Prpf19 Pre-mRNA-processing factor 19 - 6.14

8 IPI00121596.3 Prpf8 Pre-mRNA-processing-splicing factor 8 (U5 snRNP-specific protein) - - 8.95 [12]

2 IPI00284213.3 Prpf40a Pre-mRNA-processing factor 40 homolog A (Renal carcinoma antigen NY-REN-6) - 7.39

7 IPI00128441.3 Hnrnpr Heterogeneous nuclear ribonucleoportein R - 8.23 [13]

5 IPI00620362.4 Hnrnpl Heterogeneous nuclear ribonucleoprotein L - 8.33 [14]

3 IPI00222208.2 Hnrnpul2 Heterogeneous nuclear ribonucleoprotein U-like protein 2 - 4.83

2 IPI00406117.1 Syncrip Heterogeneous nuclear ribonucleoprotein Q - 8.68

6 IPI00230541.3 Snrnp70 U1 small nuclear ribonucleoprotein 70 kD - 9.94 [15]

2 IPI00119224.1 Snrpd3 Small nuclear ribonucleoprotein Sm D3 - 10.33 [16]

3 IPI00469260.3 Eftud2 U5 small nuclear ribonucleoprotein component 116 kDa - 4.86 [17]

2 IPI00457815.3 Usp39 U4/U6.U5 tri-snRNP-associated protein 2 - 4.86

2 IPI00128818.2 Dhx15 Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15 - 7.12

2 IPI00284213.3 Prpf40a Pre-mRNA-processing factor 40 homolog A (Huntington interacting protein A) - 7.39 [18]

38 IPI00420807.3 Sfrs1 Serine/arginine-rich splicing factor 1 - 10.37 [19]?

6 IPI00153743.1 Sfrs7 Serine/arginine-rich splicing factor 7 - 11.89

5 IPI00139364.1 Sfrs4 Serine/arginine-rich splicing factor 4 - 11.39

2 IPI00121135.5 Sfrs2 Serine/arginine-rich splicing factor 2 - 11.86

4 IPI00139259.1 Tra2b Transformer-2 protein homolog beta (Serine/arginine-rich splicing factor 10) - 11.25

2 IPI00377298.2 Tra2a Transformer-2 protein homolog alpha - 11.28

4 IPI00108271.1 Elavl1 ELAV-like protein 1 (Hu-antigen R) - - 9.12 [20]

3 IPI00109740.3 Mrpl2 39S ribosomal protein L2, mitochondria - 11.07 [21]

3 IPI00555113.2 Rpl18 60S ribosomal protein L18 - 11.79

2 IPI00222514.3 Mrps27 28S ribosomal protein S27, mitochondria - 5.38

2 IPI00119667.1 Eef1a2 Elongation factor 1-alpha 2 - 9.11 [22]?

3 IPI00762774.2 Eif3d Eukaryotic translation initiation factor 3 subunit D - 5.79 [23]?

4 IPI00134300.1 Ssb Lupus La protein - 6.68 [24]

Cytoskeleton / Basement Membrane

74 IPI00349520.5 Lrp2 Low-density lipoprotein receptor-related protein 2 (megalin) - - - 4.94 [25]

18 IPI00123181.4 Myh9 Myosin-9 - - 5.54 [26]

(Continued)
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Table 1. (Continued)

#

P

Protein ID Gene Protein S M W pI Lit.

2 IPI00338604.5 Myh10 Myosin-10 (non-muscle myosin heavy chain B) - 5.43 [26]

13 IPI00110827.1 Acta1 Actin, alpha skeletal muscle - - 5.23 [27]

72 IPI00118899.1 Actn4 Alpha-actinin-4 - 5.25 [28]

6 IPI00380436.1 Actn1 Alpha-actinin-1 - 5.23 [28]

7 IPI00126191.5 Lmnb2 Lamin-B2 - - 5.40 [29]

3 IPI00400300.1 Lmna Isoform C of Lamin-A/C - - 6.54 [30]

2 IPI00230394.5 Lmnb1 Lamin-B1 - 5.11 [31]

5 IPI00406213.4 Cspg4 High molecular weight melanoma-associated protein (melanoma chondroitin sulfate proteoglycan) - 5.23 [32]

39 IPI00753793.2 Spna2 Spectrin alpha 2 - 5.20 [33]

26 IPI00121892.9 Spnb2 Spectrin beta 2 - 5.40 [33]

37 IPI00169916.1 Cltc Clathrin heavy chain 1 - 5.48

26 IPI00421223.3 Tpm4 Tropomyosin alpha-4 chain - 4.65 [34]

26 IPI00123316.1 Tpm1 Tropomyosin alpha-1 chain - 4.69 [35]

18 IPI00169707.2 Tpm3 Tropomyosin 3 - 4.68 [36]

12 IPI00109061.1 Tubb2b Tubulin beta-2B chain - 4.78 [37]

4 IPI00110753.1 Tuba1a Tubulin alpha-1A chain - 4.94 [37]

7 IPI00110588.4 Msn Moesin - 6.22 [38]

4 IPI00229509.2 Plec1 Plectin - 5.74 [39]

4 IPI00227299.6 Vim Vimentin - 5.05 [40]

4 IPI00378698.6 Agrn Agrin - 5.91 [41]

2 IPI00395157.2 Epb41 Protein 4.1 - 5.43 [42]

2 IPI00125778.4 Tagln2 Transgelin-2 - 8.40 [22]?

2 IPI00462141.1 Gm5414 Type II keratin Kb14 - 6.88 [43]?

Cell Stress / Apoptosis

15 IPI00750217.1 Atg9a Autophagy-related protein 9A - 8.41 ?

30 IPI00319992.1 Hspa5 78 kDa glucose-regulated protein (ER chaperone BiP) - - - 5.07 [44]

5 IPI00133208.3 Hspa1l Heat shock 70 kDa protein 1L - - 5.90 [45]

7 IPI00229080.7 Hsp90ab1 Heat shock protein HSP 90-beta - - 4.96 [46]

2 IPI00121788.1 Prdx1 Peroxiredoxin-1 - - 8.26 [47]

11 IPI00118384.1 Ywhae 14-3-3 protein epsilon - 4.63 [48]

6 IPI00230707.6 Ywhag 14-3-3 protein gamma - 4.80 [48]

3 IPI00227392.5 Ywhah 14-3-3 protein eta - 4.81 [49]

2 IPI00230682.6 Ywhab 14-3-3 protein beta/alpha - 4.77

4 IPI00118286.1 Sfn 14-3-3 protein sigma (Epithelial cell marker protein 1) - 4.72

9 IPI00468203.3 Anxa2 Annexin A2 - 7.55 [50]

2 IPI00129577.1 Aifm1 Apoptosis-inducing factor 1, mitochondrial - 9.23 [51]

Miscellaneous

11 IPI00134809.2 Dlst Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex - - 9.10 [52]

5 IPI00153660.4 Dlat Dihydrolipoyllysine-residue acetyltransferase component of pyruvate dehydrogenase complex (70kD

mitochondrial autoantigen of primary biliary cirrhosis)

- 8.81 [53]

4 IPI00130535.1 Dbt Lipoamide acyltransferase component of branched-chain alpha-keto acid dehydrogenase complex (E2) - 8.78 [54]

2 IPI00331555.2 Bckdha Branched-chain ajpha-keto acid dehydrogenase E1 alpha chain - 8.14 [55]

4 IPI00110843.3 Agmat Agmatinase, mitochondrial - 8.07 ?

10 IPI00311682.5 Atp1a1 Na(+)/K(+)-transporting ATPase subunit alpha-1 - - 5.30 ?

(Continued)
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Table 1. (Continued)

#

P

Protein ID Gene Protein S M W pI Lit.

5 IPI00121550.3 Atp1b1 Na(+)/K(+)-transporting ATPase subunit beta-1 - 8.83 [56]

4 IPI00122048.2 Atp1a3 Na(+)/K(+)-transporting ATPase subunit alpha-3 - 5.26

2 IPI00131424.3 Cpt2 Carnitine O-palmitoyltransferase 2, mitochondrial - 8.59

30 IPI00271951.5 Pdia4 Protein disulfide isomerase A4 - 5.16

13 IPI00122815.3 P4hb Protein disulfide-isomerase - 4.77 [57]

7 IPI00222496.3 Pdia6 Protein disulfide isomerase A6 - 5.00

17 IPI00123639.1 Calr Calreticulin - 4.33 [58]

13 IPI00129960.1 Cdh16 Cadherin-16 (kidney-specific cadherin) - 4.53 [59]?

3 IPI00119618.1 Canx Calnexin - 4.49 [60]

12 IPI00153317.3 Aldh1l1 Cytosolic 10-formyltetrahydrofolate dehydrogenase - 5.64

8 IPI00115679.1 Ganab Neutral alpha-glucosidase AB - 5.67 [61]

7 IPI00109122.1 Psma8 Proteasome subunit alpha type-7-like - 8.81

6 IPI00331644.5 Psma3 Proteasome subunit alpha type-3 - 5.29

4 IPI00277001.4 Psma4 Proteasome subunit alpha type-4 - 7.58

4 IPI00131845.1 Psma6 Proteasome subunit alpha type-6 - 6.34

3 IPI00131406.1 Psma7 Proteasome subunit alpha type-7 - 8.59 [62]

3 IPI00420745.7 Psma2 Proteasome subunit alpha type-2 - 6.91

2 IPI00283862.6 Psma1 Proteasome subunit alpha type-1 - 6.00 [63]

2 IPI00122562.3 Psma5 Similar to zeta proteasome chain - 4.74

6 IPI00129512.3 Psmb4 Proteasome subunit beta type-4 - 5.45

5 IPI00113845.1 Psmb1 Proteasome subunit beta type-1 - 7.67

4 IPI00317902.3 Psmb5 Proteasome subunit beta type-5 - 6.52

3 IPI00119239.2 Psmb6 Proteasome subunit beta type-6 - 4.97

2 IPI00136483.1 Psmb7 Proteasome subunit beta type-7 - 8.14

2 IPI00128945.1 Psmb2 Proteasome subunit beta type-2 - 6.52

7 IPI00622235.5 Vcp Transitional endoplasmic reticulum ATPase - 5.14 [64]

4 IPI00229963.6 Serpinb5 Serpin B5 - 5.55 [65]

4 IPI00135686.2 Ppib Peptidyl-prolyl cis-trans isomerase B (cyclophilin B) - 9.56 [66]

4 IPI00621548.2 Por NADPH-cytochrome P450 reductase - 5.34 [67]

2 IPI00131176.1 Mt-Co2 Cytochrome c oxidase subunit 2 - 4.60 [68]

4 IPI00318550.5 Ilf2 Interleukin enhancer-binding factor 2 (nuclear factor of activated T-cell 45 kDa) - 5.18 [69]

3 IPI00279218.1 Apeh Acylamino-acid-releasing enzyme - 5.36

3 IPI00169862.1 Coq9 Ubiquinone biosynthesis protein COQ9, mitochondrial - 5.60

3 IPI00228883.2 Pdzk1 Na(+)/H(+) exchange regulatory cofactor NHE-RF3 (CFTR-associated protein 70 kD) - 5.29

3 IPI00318108.2 Acox3 Peroxisomal acyl-coenzyme A oxidase 3 - 6.69

3 IPI00330523.1 Pcca Propionyl-CoA carboxylase alpha chain, mitochondrial - 6.83

2 IPI00319509.5 Anpep Aminopeptidase N (CD13, gp150) - 5.62 [70]

2 IPI00111908.8 Cps1 Carbamoyl-phosphate synthase [ammonia], mitochondrial - 6.48

2 IPI00119202.1 S100a11 Protein S100-A11 - 5.28

2 IPI00122522.1 Ggt1 Gamma-glutamyltransferase 1 - 6.69

2 IPI00126861.3 Tgm2 Transglutaminase 2 - 4.98 [71]

Columns left to right: Number of peptides identified for each protein by mass spectrometry; protein ID; gene name; protein name; S, strong DS affinity (eluted with 1.0

M NaCl); M, medium DS affinity (eluted with 0.6 M NaCl); W, weak DS affinity (eluted with 0.4 M NaCl); isoelectric point (pI) calculated from the full protein

sequence; literature references describing autoantibodies for a protein (question marks indicate that autoantibodies for the protein in general were described, but exact

target protein isoforms were not specified)

https://doi.org/10.1371/journal.pone.0219018.t001
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DLST (dihydrolipopyllysine-residue succinyltransferase) is the E2 component of the 2-oxo-

glutarate dehydrogenase complex. It is mainly located in mitochondria. However, a small frac-

tion localizes to the nucleus and participates in histone succinylation [72]. The RNA-binding

autoantigen HuR is reported to affect the transcript of DLST [73]. DLST has been reported as

an autoantigen [52].

All five proteins in the basement membrane or extracellular matrix family, including myo-

sin 9, actin, lamins A and B2, and Lrp2 are known autoantigens (Table 1). Lrp2 (low-density

lipoprotein receptor-related protein 2, also known as megalin) is found in the 1.0, 0.6, and 0.4

M elutions, suggesting its abundance in kidney tissue. Lrp2 is a multi-ligand endocytic recep-

tor found in different tissues, but primarily in absorptive cells such as in the kidney. Its mem-

branous expression is mainly seen in renal tubules and the parathyroid gland. Autoantibodies

to Lrp2 have been found in patients with rheumatoid arthritis, systemic lupus erythematosus,

Behçet disease, systemic sclerosis, and osteoarthritis [74]. In particular relation to kidney dis-

eases, anti-Lrp2 and Lrp2 have been found in patients with kidney anti-brush border disease

[25]. Immune deposits of anti-Lrp2 antibodies have been detected in the tubular basement

membrane of affected kidneys.

Three heat shock proteins, Hsp5, Hspa1l, and Hsp90ab1, were identified in the strong DS

affinity fraction (Table 1). HSPs are a group of stress-induced proteins and are thought to act

as scavengers to trap abnormal proteins and protect stressed cells. HSPs share conserved struc-

tural motives, and autoantibodies to HSPs are frequently found in various autoimmune dis-

eases [44–46].

Prdx1 (peroxiredoxin-1) plays a role in cell protection against oxidative stress by detoxify-

ing peroxides and acting as a sensor of H2O2-mediated signaling events. Prdx1 was identified

in the strong DS affinity fraction and is a reported autoantigen [47].

Agmat (agmatinase, also named agmatine ureohydrolase) was seen in the strong DS affinity

fraction. Agmat has its highest expression level in the cortex of the kidney. Immunochemical

studies have revealed that Agmat is expressed in the tubular epithelial cells of a normal kidney,

but its expression is altered in renal cell carcinoma [75]. A role of Agmat in autoimmunity has

not yet been described.

Atg9a (autophagy-related protein 9A) showed strong DS affinity. Atg9a is involved in

autophagy and cytoplasm-to-vacuole transport vesicle formation. Autophagy is an intracellular

degradation pathway. Metabolic stress can trigger the rearrangement of the 14-3-3z interac-

tome to favor interaction with the core autophagy regulator Atg9A, resulting in enhanced pha-

gosome production [76]. A number of 14-3-3 proteins were found in the weak DS affinity

fraction (Table 1). It was recently reported that annexin A2 is an autophagy modulator that

regulates autophagosome formation by enabling appropriate ATG9A trafficking from endo-

somes to autophagosomes via actin [77]. Annexin A2 was identified in the weak DS affinity

fraction, whereas actin was identified in the strong DS affinity fraction. Although 14-3-3,

Anxa2, and actin have been reported as autoantigens, the role of Atg9a in autoimmunity is still

unclear.

Proteins with medium DS affinity

From the fractions eluting at 0.6 M NaCl from the DS-affinity columns, 7 proteins were identi-

fied by MS, but 3 of them had already been present in the 1.0 M fraction. Therefore, only 4

new proteins were found (Table 1). The 3 proteins found in both the 1.0 M and 0.6 M fractions

were Hspa5, Sf3b3, and Lrp2. The 4 new proteins were Prpf8, Atp1a1, Cpt2, and HMW-MAA.

Atp1a1 (Na+/K+-transporting ATPase subunit alpha 1) was found in the medium DS affin-

ity fraction, whereas its two other subunits (Atp1a3 and Atp1b1) were found in the weak DS
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affinity fraction (Table 1). Atp1a1 (also called sodium pump subunit alpha-1) is the catalytic

component of the active enzyme, catalyzing hydrolysis of ATP coupled with the exchange of

Na+ and K+ ions across the plasma membrane. Mutations in the Atp1a1 gene causes domi-

nant Charcot-Marie-Tooth disease 2DD [78]. Although autoantibodies to Atp1a1 have not

been reported, an autoantibody to the beta-1 subunit has been described [56].

Cpt2 (carnitine O-palmitoyltransferase 2) is involved in the fatty acid-oxidation pathway,

which is part of lipid metabolism. C2 deficiency caused by mutations in the Cpt2 gene is an

autosomal recessive disorder of mitochondrial long-chain fatty acid oxidation, characterized

by recurrent myoglobinuria, muscle pain, stiffness, and rhabdomyolysis. Myoglobinuria can

cause kidney failure and death.

HMW-MAA (high molecular weight melanoma-associated protein) is also known as the

melanoma chondroitin sulfate proteoglycan. Its expression is restricted in normal tissues but

found in a large percentage of melanomas, and it has been used as a target for the immuno-

therapy of melanoma. Autoantibodies to this autoantigen were found in melanoma patients

[32]. HMW-MAA is also a marker of activated pericytes [79]. Pericytes are contractile cells

that wrap around the endothelial cells that line the capillaries and venules throughout the

body. A deficiency of pericytes in the central nervous system can cause the blood-brain barrier

to break down. Radiolabeled mAb immunoreactivity studies showed that HMW-MAA is

highly expressed in the kidney and liver [80]. Possible autoimmune responses to HMW-MAA

expressed in kidney microvascular pericytes may provide an important clue to renal capillary

damage.

Proteins with weak DS affinity

From fractions eluting at 0.4 M NaCl, 116 proteins were initially identified. However, 21 of

them had also been detected in fractions eluted with 0.6 M or 1.0 M NaCl. After excluding the

redundancies, 95 new proteins were discovered in the 0.4 M elution, and are these are regarded

as having weak DS affinity (Table 1).

Among these 95 proteins, 26 are attributed to the ANA family, 19 to the basement mem-

brane/extracellular matrix family, 7 to the cell stress/apoptosis family, and the rest (43) are

miscellaneous. Of the 95 proteins, 52 (55%) are known autoantigens based on specific autoan-

tibodies reported in literature (see references in Table 1).

Miscellaneous proteins that were verified as autoantigens by literature search include pro-

tein disulfide isomerase, calreticulin, calnexin, transglutaminase 2, neutral alpha-glucosidase,

proteasome protein, transitional endoplasmic reticulum ATPase, serpin B5, cytochrome P450

reductase, cytochrome c oxidase, branched-chain alpha-keto acid dehydrogenase, and amino-

peptidase (see references in Table 1).

Of particular interest are the 14 proteasome proteins identified in the weak DS affinity frac-

tion. TGM2 autoantibodies are widely used in the diagnostics of celiac disease. It has come to

be appreciated that these autoantibodies, and also the TGM2-specific B cells, might play an

active role in the pathogenesis of celiac disease. TGM2 catalyzes the cross-linking of proteins

and the conjugation of polyamines to proteins. It is believed to play a role in the pathogenesis

of several diseases, including celiac sprue, neurodegenerative diseases, and certain types of

cancer.

A few proteins that play significant roles in diseases, but against which autoantibodies have

not been reported, include Ggt1 (gamma-glutamyltransferase 1 or glutathione hydrolase 1 pro-

enzyme) and CDH16 (cadherin 16). Ggt1 is expressed in tissues involved in adsorption and

secretion, particularly in the kidney. Gamma-glutamyltransferase is found in the renal micro-

vascular compartment [81]. It is speculated that Ggt1 may contribute to the etiology of
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diabetes. However, the role of Ggt1 in autoimmunity has not yet been established. CDH16 was

identified in the fraction with weak DS affinity. It belongs to the cadherin superfamily and is

expressed in the kidney and the thyroid gland. Although CDH16 has not been described as an

autoantigen, autoantibodies to vascular endothelial cadherin are reported to be a marker of

endothelial dysfunction in autoimmune diseases [59].

Among autoimmune diseases of the kidney, lupus nephritis is the most common. Systemic

lupus erythematosus (SLE) is a frequent trigger of nephritis. About two-thirds of patients with

lupus develop inflammation in the glomeruli. ANA, particular anti-nucleosome autoantibod-

ies, are serological markers of SLE. Nucleosomes are highly organized functional subunits of

chromatin, consisting of ~2 turns of dsDNA wrapped around an octamer of 2 molecules of

H2A, H2B, H3, and H4. Nucleosomes are joined by linker DNA associated with H1. In our

study, we have identified different isoforms of H4, H2A, H2B, and H1 (Table 1). Anti-nucleo-

some antibodies have been shown to be a prognostic marker for SLE with renal involvement.

Goodpasture syndrome, also known as anti-glomerular basement membrane (anti-GBM)

disease, is a prototype of autoimmune disease [82]. It is a rare disease in which autoantibodies

attack the kidneys and lungs, particularly the glomerular and/or pulmonary small vessels or

capillaries. The patients develop specific autoantibodies against basement membrane antigens.

These autoantibodies deposit in the basement membrane and form immune complexes that

activate the classical complement pathway. Subsequently, neutrophil-dependent inflammation

occurs resulting in glomerulonephritis and/or alveolitis. Ultimately, chronic kidney disease

and kidney failure result. The GBM is an unusually thick extracellular matrix, consisting of

laminin, collagen, heparan sulfate proteoglycan, and other components. Thus far, the only

characterized GBM autoantigen is type IV collagen [83]. In our current study, we identified 22

proteins potentially associated with GBM, including lamin, actin, spectrin, tropomyosin, tubu-

lin, vimentin, myosin, and agrin. Except for clathrin, all others (21/22) have been reported as

autoantigens in various diseases (see references in Table 1). It is possible that the 22 proteins

identified here will provide additional diagnostic markers for anti-GBM disease.

Anti-neutrophil cytoplasmic antibodies (ANCA)-associated vasculitis is another autoim-

mune disease where abnormal autoantibodies attack small blood vessels in different parts of

the body, including the kidney. Myeloperoxidase (MPO) and proteinase 3 (PR3), two ANCA

antigens, are pathogenic players in ANCA vasculitis and have diagnostic value in renal vasculi-

tis. However, MPO and PR3 are produced by infiltrating neutrophils in inflammation, but not

by the normal vascular components of the kidney, which explains why these two autoantigens

were not identified from the kidney tissue in this study.

Conclusion

This study used the DS (dermatan sulfate)-affinity enrichment strategy and identified 96 pro-

teins that are either verified or yet-to-be-confirmed autoantigens from kidney tissue. In partic-

ular, among these autoantigens, 22 proteins belong to the ANA (anti-nuclear antibodies)

family, and 22 are related to the GBM or extracellular matrix, with ANA and GMB being two

of the most characteristic autoantigens in autoimmune kidney diseases. In addition, this study

identified 12 potential autoantigens that are related to apoptosis and/or cell stress, supporting

the notion that apoptotic cells are an origin of autoantigens. Overall, our results strongly sup-

port a hypothesis for a unifying autoantigenicity principle, i.e., that self-molecules with affinity

to DS have a high propensity to become autoantigens [1, 2]. The binding of DS to self-mole-

cules may convert singular self-molecules (that are intrinsically non-antigenic) to non-self-

complexes (that become antigenic), thereby inducing an autoimmune response. Our study

demonstrates that our thesis about an underlying common property of autoantigens can be
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applied to identify known and to discover new renal autoantigens. A unifying physicochemical

principle of autoantigenicity may eventually lead to therapeutic innovation by understanding

the molecular etiology of autoimmunity.

Acknowledgments

We thank the Taplin Biological Mass Spectrometry facility at Harvard Medical School for

expert help with protein sequencing.

Author Contributions

Conceptualization: Michael H. Roehrl, Julia Y. Wang.

Data curation: Wei Zhang, Michael W. Roehrl, Julia Y. Wang.

Formal analysis: Julia Y. Wang.

Funding acquisition: Julia Y. Wang.

Investigation: Michael H. Roehrl, Julia Y. Wang.

Methodology: Jung-hyun Rho, Julia Y. Wang.

Project administration: Julia Y. Wang.

Resources: Julia Y. Wang.

Supervision: Michael H. Roehrl, Julia Y. Wang.

Writing – original draft: Julia Y. Wang.

Writing – review & editing: Jung-hyun Rho, Michael W. Roehrl, Michael H. Roehrl, Julia Y.

Wang.

References
1. Wang JY, Lee J, Yan M, Rho JH, Roehrl MH. Dermatan sulfate interacts with dead cells and regulates

CD5(+) B-cell fate: implications for a key role in autoimmunity. Am J Pathol. 2011; 178(5):2168–76.

https://doi.org/10.1016/j.ajpath.2011.01.028 PubMed Central PMCID: PMC3081202. PMID: 21514431

2. Rho JH, Zhang W, Murali M, Roehrl MH, Wang JY. Human proteins with affinity for dermatan sulfate

have the propensity to become autoantigens. Am J Pathol. 2011; 178(5):2177–90. https://doi.org/10.

1016/j.ajpath.2011.01.031 PubMed Central PMCID: PMC3081203. PMID: 21514432

3. Bruschi M, Galetti M, Sinico RA, Moroni G, Bonanni A, Radice A, et al. Glomerular Autoimmune Multi-

components of Human Lupus Nephritis In Vivo (2): Planted Antigens. J Am Soc Nephrol. 2015; 26

(8):1905–24. https://doi.org/10.1681/ASN.2014050493 PubMed Central PMCID: PMC4520170. PMID:

25398787

4. Burlingame RW, Boey ML, Starkebaum G, Rubin RL. The central role of chromatin in autoimmune

responses to histones and DNA in systemic lupus erythematosus. J Clin Invest. 1994; 94(1):184–92.

https://doi.org/10.1172/JCI117305 PubMed Central PMCID: PMC296296. PMID: 8040259

5. Dieker J, Berden JH, Bakker M, Briand JP, Muller S, Voll R, et al. Autoantibodies against Modified His-

tone Peptides in SLE Patients Are Associated with Disease Activity and Lupus Nephritis. PLoS One.

2016; 11(10):e0165373. https://doi.org/10.1371/journal.pone.0165373 PubMed Central PMCID:

PMC5079581. PMID: 27780265

6. Wesierska-Gadek J, Penner E, Lindner H, Hitchman E, Sauermann G. Autoantibodies against different

histone H1 subtypes in systemic lupus erythematosus sera. Arthritis Rheum. 1990; 33(8):1273–8.

PMID: 2390129

7. Qin Z, Lavingia B, Zou Y, Stastny P. Antibodies against nucleolin in recipients of organ transplants.

Transplantation. 2011; 92(7):829–35. https://doi.org/10.1097/TP.0b013e31822d0977 PMID: 21869741

8. Ivanova LV, Rudolph P, Kellner U, Jurgensen A, Tareeva IE, Alm P, et al. Expression of DNA topoisom-

erases in chronic proliferative kidney disease. Kidney Int. 2000; 58(4):1603–12. https://doi.org/10.1046/

j.1523-1755.2000.00321.x PMID: 11012894

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 11 / 16

https://doi.org/10.1016/j.ajpath.2011.01.028
http://www.ncbi.nlm.nih.gov/pubmed/21514431
https://doi.org/10.1016/j.ajpath.2011.01.031
https://doi.org/10.1016/j.ajpath.2011.01.031
http://www.ncbi.nlm.nih.gov/pubmed/21514432
https://doi.org/10.1681/ASN.2014050493
http://www.ncbi.nlm.nih.gov/pubmed/25398787
https://doi.org/10.1172/JCI117305
http://www.ncbi.nlm.nih.gov/pubmed/8040259
https://doi.org/10.1371/journal.pone.0165373
http://www.ncbi.nlm.nih.gov/pubmed/27780265
http://www.ncbi.nlm.nih.gov/pubmed/2390129
https://doi.org/10.1097/TP.0b013e31822d0977
http://www.ncbi.nlm.nih.gov/pubmed/21869741
https://doi.org/10.1046/j.1523-1755.2000.00321.x
https://doi.org/10.1046/j.1523-1755.2000.00321.x
http://www.ncbi.nlm.nih.gov/pubmed/11012894
https://doi.org/10.1371/journal.pone.0219018


9. Bischoff FR, Maier G, Tilz G, Ponstingl H. A 47-kDa human nuclear protein recognized by antikineto-

chore autoimmune sera is homologous with the protein encoded by RCC1, a gene implicated in onset

of chromosome condensation. Proc Natl Acad Sci U S A. 1990; 87(21):8617–21. PubMed Central

PMCID: PMC55008. https://doi.org/10.1073/pnas.87.21.8617 PMID: 2236072

10. Furuta K, Hildebrandt B, Matsuoka S, Kiyosawa K, Reimer G, Luderschmidt C, et al. Immunological

characterization of heterochromatin protein p25beta autoantibodies and relationship with centromere

autoantibodies and pulmonary fibrosis in systemic scleroderma. J Mol Med (Berl). 1998; 76(1):54–60.

PMID: 9462868

11. Hwang HM, Heo CK, Lee HJ, Kwak SS, Lim WH, Yoo JS, et al. Identification of anti-SF3B1 autoanti-

body as a diagnostic marker in patients with hepatocellular carcinoma. J Transl Med. 2018; 16(1):177.

https://doi.org/10.1186/s12967-018-1546-z PubMed Central PMCID: PMC6025833. PMID: 29954402

12. Okano Y, Targoff IN, Oddis CV, Fujii T, Kuwana M, Tsuzaka K, et al. Anti-U5 small nuclear ribonucleo-

protein (snRNP) antibodies: a rare anti-U snRNP specificity. Clin Immunol Immunopathol. 1996; 81

(1):41–7. PMID: 8808640

13. Hassfeld W, Chan EK, Mathison DA, Portman D, Dreyfuss G, Steiner G, et al. Molecular definition of

heterogeneous nuclear ribonucleoprotein R (hnRNP R) using autoimmune antibody: immunological

relationship with hnRNP P. Nucleic Acids Res. 1998; 26(2):439–45. PubMed Central PMCID:

PMC147279. https://doi.org/10.1093/nar/26.2.439 PMID: 9421497

14. Yau WY, Shih HC, Tsai MH, Sheu JC, Chen CH, Chow LP. Autoantibody recognition of an N-terminal

epitope of hnRNP L marks the risk for developing HBV-related hepatocellular carcinoma. J Proteomics.

2013; 94:346–58. https://doi.org/10.1016/j.jprot.2013.10.003 PMID: 24125732

15. Katsumata Y, Kawaguchi Y, Baba S, Hattori S, Tahara K, Ito K, et al. Serum antibodies against the 70k

polypeptides of the U1 ribonucleoprotein complex are associated with psychiatric syndromes in sys-

temic lupus erythematosus: a retrospective study. Mod Rheumatol. 2013; 23(1):71–80. https://doi.org/

10.1007/s10165-012-0624-y PMID: 22454191

16. Brahms H, Raymackers J, Union A, de Keyser F, Meheus L, Luhrmann R. The C-terminal RG dipeptide

repeats of the spliceosomal Sm proteins D1 and D3 contain symmetrical dimethylarginines, which form

a major B-cell epitope for anti-Sm autoantibodies. J Biol Chem. 2000; 275(22):17122–9. https://doi.org/

10.1074/jbc.M000300200 PMID: 10747894

17. Kubo M, Ihn H, Kuwana M, Asano Y, Tamaki T, Yamane K, et al. Anti-U5 snRNP antibody as a possible

serological marker for scleroderma-polymyositis overlap. Rheumatology (Oxford). 2002; 41(5):531–4.

PMID: 12011376.

18. Bradley SV, Oravecz-Wilson KI, Bougeard G, Mizukami I, Li L, Munaco AJ, et al. Serum antibodies to

huntingtin interacting protein-1: a new blood test for prostate cancer. Cancer Res. 2005; 65(10):4126–

33. https://doi.org/10.1158/0008-5472.CAN-04-4658 PMID: 15899803

19. Imai H, Chan EK, Kiyosawa K, Fu XD, Tan EM. Novel nuclear autoantigen with splicing factor motifs

identified with antibody from hepatocellular carcinoma. J Clin Invest. 1993; 92(5):2419–26. https://doi.

org/10.1172/JCI116848 PubMed Central PMCID: PMC288425. PMID: 8227358

20. Nabors LB, Furneaux HM, King PH. HuR, a novel target of anti-Hu antibodies, is expressed in non-neu-

ral tissues. J Neuroimmunol. 1998; 92(1–2):152–9. PMID: 9916890

21. Absi M, La Vergne JP, Marzouki A, Giraud F, Rigal D, Reboud AM, et al. Heterogeneity of ribosomal

autoantibodies from human, murine and canine connective tissue diseases. Immunol Lett. 1989; 23

(1):35–41. PMID: 2606513

22. Mooney CJ, Dunphy EJ, Stone B, McNeel DG. Identification of autoantibodies elicited in a patient with

prostate cancer presenting as dermatomyositis. Int J Urol. 2006; 13(3):211–7. https://doi.org/10.1111/j.

1442-2042.2006.01263.x PMID: 16643611

23. Chen X, Fu S, Chen F, Chen H, Chen Z. Identification of tumor-associated antigens in human hepato-

cellular carcinoma by autoantibodies. Oncol Rep. 2008; 20(4):979–85. PMID: 18813843

24. Arbuckle MR, McClain MT, Rubertone MV, Scofield RH, Dennis GJ, James JA, et al. Development of

autoantibodies before the clinical onset of systemic lupus erythematosus. N Engl J Med. 2003; 349

(16):1526–33. https://doi.org/10.1056/NEJMoa021933 PMID: 14561795

25. Larsen CP, Trivin-Avillach C, Coles P, Collins AB, Merchant M, Ma H, et al. LDL Receptor-Related Pro-

tein 2 (Megalin) as a Target Antigen in Human Kidney Anti-Brush Border Antibody Disease. J Am Soc

Nephrol. 2018; 29(2):644–53. https://doi.org/10.1681/ASN.2017060664 PubMed Central PMCID:

PMC5791069. PMID: 29074737

26. von Muhlen CA, Chan EK, Peebles CL, Imai H, Kiyosawa K, Tan EM. Non-muscle myosin as target anti-

gen for human autoantibodies in patients with hepatitis C virus-associated chronic liver diseases. Clin

Exp Immunol. 1995; 100(1):67–74. PubMed Central PMCID: PMC1534265. https://doi.org/10.1111/j.

1365-2249.1995.tb03605.x PMID: 7697925

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 12 / 16

https://doi.org/10.1073/pnas.87.21.8617
http://www.ncbi.nlm.nih.gov/pubmed/2236072
http://www.ncbi.nlm.nih.gov/pubmed/9462868
https://doi.org/10.1186/s12967-018-1546-z
http://www.ncbi.nlm.nih.gov/pubmed/29954402
http://www.ncbi.nlm.nih.gov/pubmed/8808640
https://doi.org/10.1093/nar/26.2.439
http://www.ncbi.nlm.nih.gov/pubmed/9421497
https://doi.org/10.1016/j.jprot.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24125732
https://doi.org/10.1007/s10165-012-0624-y
https://doi.org/10.1007/s10165-012-0624-y
http://www.ncbi.nlm.nih.gov/pubmed/22454191
https://doi.org/10.1074/jbc.M000300200
https://doi.org/10.1074/jbc.M000300200
http://www.ncbi.nlm.nih.gov/pubmed/10747894
http://www.ncbi.nlm.nih.gov/pubmed/12011376
https://doi.org/10.1158/0008-5472.CAN-04-4658
http://www.ncbi.nlm.nih.gov/pubmed/15899803
https://doi.org/10.1172/JCI116848
https://doi.org/10.1172/JCI116848
http://www.ncbi.nlm.nih.gov/pubmed/8227358
http://www.ncbi.nlm.nih.gov/pubmed/9916890
http://www.ncbi.nlm.nih.gov/pubmed/2606513
https://doi.org/10.1111/j.1442-2042.2006.01263.x
https://doi.org/10.1111/j.1442-2042.2006.01263.x
http://www.ncbi.nlm.nih.gov/pubmed/16643611
http://www.ncbi.nlm.nih.gov/pubmed/18813843
https://doi.org/10.1056/NEJMoa021933
http://www.ncbi.nlm.nih.gov/pubmed/14561795
https://doi.org/10.1681/ASN.2017060664
http://www.ncbi.nlm.nih.gov/pubmed/29074737
https://doi.org/10.1111/j.1365-2249.1995.tb03605.x
https://doi.org/10.1111/j.1365-2249.1995.tb03605.x
http://www.ncbi.nlm.nih.gov/pubmed/7697925
https://doi.org/10.1371/journal.pone.0219018


27. Musante L, Candiano G, Bruschi M, Santucci L, Carnemolla B, Orecchia P, et al. Circulating anti-actin

and anti-ATP synthase antibodies identify a sub-set of patients with idiopathic nephrotic syndrome. Clin

Exp Immunol. 2005; 141(3):491–9. https://doi.org/10.1111/j.1365-2249.2005.02862.x PubMed Central

PMCID: PMC1809461. PMID: 16045739

28. Hanrotel-Saliou C, Segalen I, Le Meur Y, Youinou P, Renaudineau Y. Glomerular antibodies in lupus

nephritis. Clin Rev Allergy Immunol. 2011; 40(3):151–8. https://doi.org/10.1007/s12016-010-8204-4

PMID: 20414746

29. Brito J, Biamonti G, Caporali R, Montecucco C. Autoantibodies to human nuclear lamin B2 protein. Epi-

tope specificity in different autoimmune diseases. J Immunol. 1994; 153(5):2268–77. PMID: 7519647

30. Collard JF, Senecal JL, Raymond Y. Differential accessibility of the tail domain of nuclear lamin A in

interphase and mitotic cells. Biochem Biophys Res Commun. 1990; 173(1):363–9. https://doi.org/10.

1016/s0006-291x(05)81066-6 PMID: 2256928

31. von Mikecz A, Konstantinov K, Buchwald DS, Gerace L, Tan EM. High frequency of autoantibodies to

insoluble cellular antigens in patients with chronic fatigue syndrome. Arthritis Rheum. 1997; 40(2):295–

305. PMID: 9041942

32. Dummer R, Mittelman A, Fanizzi FP, Lucchese G, Willers J, Kanduc D. Non-self-discrimination as a

driving concept in the identification of an immunodominant HMW-MAA epitopic peptide sequence by

autoantibodies from melanoma cancer patients. Int J Cancer. 2004; 111(5):720–6. https://doi.org/10.

1002/ijc.20310 PMID: 15252841

33. Zaninoni A, Vercellati C, Imperiali FG, Marcello AP, Fattizzo B, Fermo E, et al. Detection of red blood

cell antibodies in mitogen-stimulated cultures from patients with hereditary spherocytosis. Transfusion.

2015; 55(12):2930–8. https://doi.org/10.1111/trf.13257 PMID: 26259504

34. Kimura A, Sakurai T, Yamada M, Koumura A, Hayashi Y, Tanaka Y, et al. Anti-endothelial cell antibod-

ies in patients with cerebral small vessel disease. Curr Neurovasc Res. 2012; 9(4):296–301. PMID:

23030505

35. Geng X, Biancone L, Dai HH, Lin JJ, Yoshizaki N, Dasgupta A, et al. Tropomyosin isoforms in intestinal

mucosa: production of autoantibodies to tropomyosin isoforms in ulcerative colitis. Gastroenterology.

1998; 114(5):912–22. PMID: 9558279

36. Gajbhiye R, Sonawani A, Khan S, Suryawanshi A, Kadam S, Warty N, et al. Identification and validation

of novel serum markers for early diagnosis of endometriosis. Hum Reprod. 2012; 27(2):408–17. https://

doi.org/10.1093/humrep/der410 PMID: 22158085

37. Manson JJ, Mills K, Jury E, Mason L, D’Cruz DP, Ni L, et al. Pathogenic autoantibodies from patients

with lupus nephritis cause reduced tyrosine phosphorylation of podocyte proteins, including tubulin.

Lupus Sci Med. 2014; 1(1):e000013. https://doi.org/10.1136/lupus-2014-000013 PubMed Central

PMCID: PMC4225730. PMID: 25396061

38. Suzuki K, Nagao T, Itabashi M, Hamano Y, Sugamata R, Yamazaki Y, et al. A novel autoantibody

against moesin in the serum of patients with MPO-ANCA-associated vasculitis. Nephrol Dial Trans-

plant. 2014; 29(6):1168–77. https://doi.org/10.1093/ndt/gft469 PMID: 24319012

39. Wieczorek M, Czernik A. Paraneoplastic pemphigus: a short review. Clin Cosmet Investig Dermatol.

2016; 9:291–5. https://doi.org/10.2147/CCID.S100802 PubMed Central PMCID: PMC5042195. PMID:

27729809

40. Li FJ, Surolia R, Li H, Wang Z, Kulkarni T, Liu G, et al. Autoimmunity to Vimentin Is Associated with Out-

comes of Patients with Idiopathic Pulmonary Fibrosis. J Immunol. 2017; 199(5):1596–605. https://doi.

org/10.4049/jimmunol.1700473 PubMed Central PMCID: PMC5563167. PMID: 28754682

41. Zhang B, Shen C, Bealmear B, Ragheb S, Xiong WC, Lewis RA, et al. Autoantibodies to agrin in myas-

thenia gravis patients. PLoS One. 2014; 9(3):e91816. https://doi.org/10.1371/journal.pone.0091816

PubMed Central PMCID: PMC3954737. PMID: 24632822

42. Wakui H, Imai H, Kobayashi R, Itoh H, Notoya T, Yoshida K, et al. Autoantibody against erythrocyte pro-

tein 4.1 in a patient with autoimmune hemolytic anemia. Blood. 1988; 72(2):408–12. PMID: 3401589

43. Genevay S, Hayem G, Verpillat P, Meyer O. An eight year prospective study of outcome prediction by

antiperinuclear factor and antikeratin antibodies at onset of rheumatoid arthritis. Ann Rheum Dis. 2002;

61(8):734–6. PubMed Central PMCID: PMC1754185. https://doi.org/10.1136/ard.61.8.734 PMID:

12117683

44. Shimizu F, Schaller KL, Owens GP, Cotleur AC, Kellner D, Takeshita Y, et al. Glucose-regulated protein

78 autoantibody associates with blood-brain barrier disruption in neuromyelitis optica. Sci Transl Med.

2017;9(397). https://doi.org/10.1126/scitranslmed.aai9111 PubMed Central PMCID: PMC5585784.

PMID: 28679661

45. Chen M, Aosai F, Mun HS, Norose K, Hata H, Yano A. Anti-HSP70 autoantibody formation by B-1 cells

in Toxoplasma gondii-infected mice. Infect Immun. 2000; 68(9):4893–9. PubMed Central PMCID:

PMC101692. https://doi.org/10.1128/iai.68.9.4893-4899.2000 PMID: 10948102

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 13 / 16

https://doi.org/10.1111/j.1365-2249.2005.02862.x
http://www.ncbi.nlm.nih.gov/pubmed/16045739
https://doi.org/10.1007/s12016-010-8204-4
http://www.ncbi.nlm.nih.gov/pubmed/20414746
http://www.ncbi.nlm.nih.gov/pubmed/7519647
https://doi.org/10.1016/s0006-291x(05)81066-6
https://doi.org/10.1016/s0006-291x(05)81066-6
http://www.ncbi.nlm.nih.gov/pubmed/2256928
http://www.ncbi.nlm.nih.gov/pubmed/9041942
https://doi.org/10.1002/ijc.20310
https://doi.org/10.1002/ijc.20310
http://www.ncbi.nlm.nih.gov/pubmed/15252841
https://doi.org/10.1111/trf.13257
http://www.ncbi.nlm.nih.gov/pubmed/26259504
http://www.ncbi.nlm.nih.gov/pubmed/23030505
http://www.ncbi.nlm.nih.gov/pubmed/9558279
https://doi.org/10.1093/humrep/der410
https://doi.org/10.1093/humrep/der410
http://www.ncbi.nlm.nih.gov/pubmed/22158085
https://doi.org/10.1136/lupus-2014-000013
http://www.ncbi.nlm.nih.gov/pubmed/25396061
https://doi.org/10.1093/ndt/gft469
http://www.ncbi.nlm.nih.gov/pubmed/24319012
https://doi.org/10.2147/CCID.S100802
http://www.ncbi.nlm.nih.gov/pubmed/27729809
https://doi.org/10.4049/jimmunol.1700473
https://doi.org/10.4049/jimmunol.1700473
http://www.ncbi.nlm.nih.gov/pubmed/28754682
https://doi.org/10.1371/journal.pone.0091816
http://www.ncbi.nlm.nih.gov/pubmed/24632822
http://www.ncbi.nlm.nih.gov/pubmed/3401589
https://doi.org/10.1136/ard.61.8.734
http://www.ncbi.nlm.nih.gov/pubmed/12117683
https://doi.org/10.1126/scitranslmed.aai9111
http://www.ncbi.nlm.nih.gov/pubmed/28679661
https://doi.org/10.1128/iai.68.9.4893-4899.2000
http://www.ncbi.nlm.nih.gov/pubmed/10948102
https://doi.org/10.1371/journal.pone.0219018


46. Kenderov A, Minkova V, Mihailova D, Giltiay N, Kyurkchiev S, Kehayov I, et al. Lupus-specific kidney

deposits of HSP90 are associated with altered IgG idiotypic interactions of anti-HSP90 autoantibodies.

Clin Exp Immunol. 2002; 129(1):169–76. PubMed Central PMCID: PMC1906416. https://doi.org/10.

1046/j.1365-2249.2002.01887.x PMID: 12100037

47. Karasawa R, Ozaki S, Nishioka K, Kato T. Autoantibodies to peroxiredoxin I and IV in patients with sys-

temic autoimmune diseases. Microbiol Immunol. 2005; 49(1):57–65. PMID: 15665454

48. Kistner A, Bigler MB, Glatz K, Egli SB, Baldin FS, Marquardsen FA, et al. Characteristics of autoantibod-

ies targeting 14-3-3 proteins and their association with clinical features in newly diagnosed giant cell

arteritis. Rheumatology (Oxford). 2017; 56(5):829–34. https://doi.org/10.1093/rheumatology/kew469

PMID: 28064210

49. van Beers-Tas MH, Marotta A, Boers M, Maksymowych WP, van Schaardenburg D. A prospective

cohort study of 14-3-3eta in ACPA and/or RF-positive patients with arthralgia. Arthritis Res Ther. 2016;

18:76. https://doi.org/10.1186/s13075-016-0975-4 PubMed Central PMCID: PMC4818496. PMID:

27037016

50. Caster DJ, Korte EA, Merchant ML, Klein JB, Wilkey DW, Rovin BH, et al. Autoantibodies targeting glo-

merular annexin A2 identify patients with proliferative lupus nephritis. Proteomics Clin Appl. 2015; 9

(11–12):1012–20. https://doi.org/10.1002/prca.201400175 PubMed Central PMCID: PMC4690797.

PMID: 25824007

51. Li L, Chen SH, Yu CH, Li YM, Wang SQ. Identification of hepatocellular-carcinoma-associated antigens

and autoantibodies by serological proteome analysis combined with protein microarray. J Proteome

Res. 2008; 7(2):611–20. https://doi.org/10.1021/pr070525r PMID: 18161940

52. Fregeau DR, Prindiville T, Coppel RL, Kaplan M, Dickson ER, Gershwin ME. Inhibition of alpha-ketoglu-

tarate dehydrogenase activity by a distinct population of autoantibodies recognizing dihydrolipoamide

succinyltransferase in primary biliary cirrhosis. Hepatology. 1990; 11(6):975–81. PMID: 2365294

53. Yeaman SJ, Fussey SP, Danner DJ, James OF, Mutimer DJ, Bassendine MF. Primary biliary cirrhosis:

identification of two major M2 mitochondrial autoantigens. Lancet. 1988; 1(8594):1067–70. https://doi.

org/10.1016/s0140-6736(88)91894-6 PMID: 2896910

54. Surh CD, Danner DJ, Ahmed A, Coppel RL, Mackay IR, Dickson ER, et al. Reactivity of primary biliary

cirrhosis sera with a human fetal liver cDNA clone of branched-chain alpha-keto acid dehydrogenase

dihydrolipoamide acyltransferase, the 52 kD mitochondrial autoantigen. Hepatology. 1989; 9(1):63–8.

PMID: 2908870

55. Iwayama T, Leung PS, Coppel RL, Roche TE, Patel MS, Mizushima Y, et al. Specific reactivity of

recombinant human PDC-E1 alpha in primary biliary cirrhosis. J Autoimmun. 1991; 4(5):769–78. PMID:

1797026

56. Jones CM, Toh BH, Pettitt JM, Martinelli TM, Humphris DC, Callaghan JM, et al. Monoclonal antibodies

specific for the core protein of the beta-subunit of the gastric proton pump (H+/K+ ATPase). An autoanti-

gen targetted in pernicious anaemia. Eur J Biochem. 1991; 197(1):49–59. PMID: 1707813

57. Aran A, Weiner K, Lin L, Finn LA, Greco MA, Peppard P, et al. Post-streptococcal auto-antibodies inhibit

protein disulfide isomerase and are associated with insulin resistance. PLoS One. 2010; 5(9):e12875.

https://doi.org/10.1371/journal.pone.0012875 PubMed Central PMCID: PMC2944800. PMID:

20886095

58. Kishore U, Sontheimer RD, Sastry KN, Zappi EG, Hughes GR, Khamashta MA, et al. The systemic

lupus erythematosus (SLE) disease autoantigen-calreticulin can inhibit C1q association with immune

complexes. Clin Exp Immunol. 1997; 108(2):181–90. PubMed Central PMCID: PMC1904655. https://

doi.org/10.1046/j.1365-2249.1997.3761273.x PMID: 9158084

59. Bouillet L, Baudet AE, Deroux A, Sidibe A, Dumestre-Perard C, Mannic T, et al. Auto-antibodies to vas-

cular endothelial cadherin in humans: association with autoimmune diseases. Lab Invest. 2013; 93

(11):1194–202. https://doi.org/10.1038/labinvest.2013.106 PMID: 24061286

60. Weber CK, Haslbeck M, Englbrecht M, Sehnert B, Mielenz D, Graef D, et al. Antibodies to the endoplas-

mic reticulum-resident chaperones calnexin, BiP and Grp94 in patients with rheumatoid arthritis and

systemic lupus erythematosus. Rheumatology (Oxford). 2010; 49(12):2255–63. https://doi.org/10.

1093/rheumatology/keq272 PMID: 20716673

61. Kit Y, Starykovych M, Vajrychova M, Lenco J, Zastavna D, Stoika R. Detection of novel auto-antigens in

patients with recurrent miscarriage: description of an approach and preliminary findings. Croat Med J.

2014; 55(3):259–64. PubMed Central PMCID: PMC4049207. https://doi.org/10.3325/cmj.2014.55.259

PMID: 24891284

62. Sugimoto K, Hiwasa T, Shibuya K, Hirano S, Beppu M, Isose S, et al. Novel autoantibodies against the

proteasome subunit PSMA7 in amyotrophic lateral sclerosis. J Neuroimmunol. 2018; 325:54–60.

https://doi.org/10.1016/j.jneuroim.2018.09.013 PMID: 30390597

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 14 / 16

https://doi.org/10.1046/j.1365-2249.2002.01887.x
https://doi.org/10.1046/j.1365-2249.2002.01887.x
http://www.ncbi.nlm.nih.gov/pubmed/12100037
http://www.ncbi.nlm.nih.gov/pubmed/15665454
https://doi.org/10.1093/rheumatology/kew469
http://www.ncbi.nlm.nih.gov/pubmed/28064210
https://doi.org/10.1186/s13075-016-0975-4
http://www.ncbi.nlm.nih.gov/pubmed/27037016
https://doi.org/10.1002/prca.201400175
http://www.ncbi.nlm.nih.gov/pubmed/25824007
https://doi.org/10.1021/pr070525r
http://www.ncbi.nlm.nih.gov/pubmed/18161940
http://www.ncbi.nlm.nih.gov/pubmed/2365294
https://doi.org/10.1016/s0140-6736(88)91894-6
https://doi.org/10.1016/s0140-6736(88)91894-6
http://www.ncbi.nlm.nih.gov/pubmed/2896910
http://www.ncbi.nlm.nih.gov/pubmed/2908870
http://www.ncbi.nlm.nih.gov/pubmed/1797026
http://www.ncbi.nlm.nih.gov/pubmed/1707813
https://doi.org/10.1371/journal.pone.0012875
http://www.ncbi.nlm.nih.gov/pubmed/20886095
https://doi.org/10.1046/j.1365-2249.1997.3761273.x
https://doi.org/10.1046/j.1365-2249.1997.3761273.x
http://www.ncbi.nlm.nih.gov/pubmed/9158084
https://doi.org/10.1038/labinvest.2013.106
http://www.ncbi.nlm.nih.gov/pubmed/24061286
https://doi.org/10.1093/rheumatology/keq272
https://doi.org/10.1093/rheumatology/keq272
http://www.ncbi.nlm.nih.gov/pubmed/20716673
https://doi.org/10.3325/cmj.2014.55.259
http://www.ncbi.nlm.nih.gov/pubmed/24891284
https://doi.org/10.1016/j.jneuroim.2018.09.013
http://www.ncbi.nlm.nih.gov/pubmed/30390597
https://doi.org/10.1371/journal.pone.0219018


63. Becker A, Ludwig N, Keller A, Tackenberg B, Eienbroker C, Oertel WH, et al. Myasthenia gravis: analy-

sis of serum autoantibody reactivities to 1827 potential human autoantigens by protein macroarrays.

PLoS One. 2013; 8(3):e58095. https://doi.org/10.1371/journal.pone.0058095 PubMed Central PMCID:

PMC3587426. PMID: 23483977

64. Miyachi K, Hirano Y, Horigome T, Mimori T, Miyakawa H, Onozuka Y, et al. Autoantibodies from primary

biliary cirrhosis patients with anti-p95c antibodies bind to recombinant p97/VCP and inhibit in vitro

nuclear envelope assembly. Clin Exp Immunol. 2004; 136(3):568–73. https://doi.org/10.1111/j.1365-

2249.2004.02456.x PubMed Central PMCID: PMC1809050. PMID: 15147362

65. Braus BK, Miller I, Kummer S, Kleinwort KJH, Hirmer S, Hauck SM, et al. Investigation of corneal auto-

antibodies in horses with immune mediated keratitis (IMMK). Vet Immunol Immunopathol. 2017;

187:48–54. https://doi.org/10.1016/j.vetimm.2017.04.002 PMID: 28494929

66. Kratz A, Harding MW, Craft J, Mackworth-Young CG, Handschumacher RE. Autoantibodies against

cyclophilin in systemic lupus erythematosus and Lyme disease. Clin Exp Immunol. 1992; 90(3):422–7.

PubMed Central PMCID: PMC1554566. https://doi.org/10.1111/j.1365-2249.1992.tb05862.x PMID:

1458678

67. Shinoda M, Tanaka Y, Kuno T, Matsufuji T, Matsufuji S, Murakami Y, et al. High levels of autoantibodies

against drug-metabolizing enzymes in SLA/LP-positive AIH-1 sera. Autoimmunity. 2004; 37(6–7):473–

80. https://doi.org/10.1080/08916930400001891 PMID: 15621574

68. Schmits R, Kubuschok B, Schuster S, Preuss KD, Pfreundschuh M. Analysis of the B cell repertoire

against autoantigens in patients with giant cell arteritis and polymyalgia rheumatica. Clin Exp Immunol.

2002; 127(2):379–85. PubMed Central PMCID: PMC1906335. https://doi.org/10.1046/j.1365-2249.

2002.01751.x PMID: 11876765

69. Bremer HD, Landegren N, Sjoberg R, Hallgren A, Renneker S, Lattwein E, et al. ILF2 and ILF3 are auto-

antigens in canine systemic autoimmune disease. Sci Rep. 2018; 8(1):4852. https://doi.org/10.1038/

s41598-018-23034-w PubMed Central PMCID: PMC5859008. PMID: 29556082

70. Xu X, Rahbar A, Omarsdottir S, Teng J, Nemeth A, Fischler B, et al. CD13 Autoantibodies Are Elevated

in Sera From Mothers of Infants With Neonatal Cholestasis of Different Causes. J Pediatr Gastroenterol

Nutr. 2017; 64(1):76–82. https://doi.org/10.1097/MPG.0000000000001266 PMID: 27203397

71. Rauhavirta T, Hietikko M, Salmi T, Lindfors K. Transglutaminase 2 and Transglutaminase 2 Autoanti-

bodies in Celiac Disease: a Review. Clin Rev Allergy Immunol. 2016. https://doi.org/10.1007/s12016-

016-8557-4 PMID: 27263022

72. Wang Y, Guo YR, Liu K, Yin Z, Liu R, Xia Y, et al. KAT2A coupled with the alpha-KGDH complex acts

as a histone H3 succinyltransferase. Nature. 2017; 552(7684):273–7. https://doi.org/10.1038/

nature25003 PubMed Central PMCID: PMC5841452. PMID: 29211711

73. Diaz-Munoz MD, Bell SE, Fairfax K, Monzon-Casanova E, Cunningham AF, Gonzalez-Porta M, et al.

The RNA-binding protein HuR is essential for the B cell antibody response. Nat Immunol. 2015; 16

(4):415–25. https://doi.org/10.1038/ni.3115 PubMed Central PMCID: PMC4479220. PMID: 25706746

74. Ooka S, Matsui T, Nishioka K, Kato T. Autoantibodies to low-density-lipoprotein-receptor-related protein

2 (LRP2) in systemic autoimmune diseases. Arthritis Res Ther. 2003; 5(3):R174–80. PubMed Central

PMCID: PMC165049.

75. Dallmann K, Junker H, Balabanov S, Zimmermann U, Giebel J, Walther R. Human agmatinase is dimin-

ished in the clear cell type of renal cell carcinoma. Int J Cancer. 2004; 108(3):342–7. https://doi.org/10.

1002/ijc.11459 PMID: 14648699

76. Weerasekara VK, Panek DJ, Broadbent DG, Mortenson JB, Mathis AD, Logan GN, et al. Metabolic-

stress-induced rearrangement of the 14-3-3zeta interactome promotes autophagy via a ULK1- and

AMPK-regulated 14-3-3zeta interaction with phosphorylated Atg9. Mol Cell Biol. 2014; 34(24):4379–88.

https://doi.org/10.1128/MCB.00740-14 PubMed Central PMCID: PMC4248729. PMID: 25266655

77. Moreau K, Ghislat G, Hochfeld W, Renna M, Zavodszky E, Runwal G, et al. Transcriptional regulation

of Annexin A2 promotes starvation-induced autophagy. Nat Commun. 2015; 6:8045. https://doi.org/10.

1038/ncomms9045 PubMed Central PMCID: PMC4560779. PMID: 26289944

78. Lassuthova P, Rebelo AP, Ravenscroft G, Lamont PJ, Davis MR, Manganelli F, et al. Mutations in

ATP1A1 Cause Dominant Charcot-Marie-Tooth Type 2. Am J Hum Genet. 2018; 102(3):505–14.

https://doi.org/10.1016/j.ajhg.2018.01.023 PubMed Central PMCID: PMC5985288. PMID: 29499166

79. Rajkumar VS, Sundberg C, Abraham DJ, Rubin K, Black CM. Activation of microvascular pericytes in

autoimmune Raynaud’s phenomenon and systemic sclerosis. Arthritis Rheum. 1999; 42(5):930–41.

https://doi.org/10.1002/1529-0131(199905)42:5<930::AID-ANR11>3.0.CO;2-1(199905)42:5<930::

AID-ANR11>3.0.CO;2–1. PMID: 10323448

80. Fawwaz RA, Wang TS, Estabrook A, Rosen JM, Hardy MA, Alderson PO, et al. Immunoreactivity and

biodistribution of indium-111-labeled monoclonal antibody to a human high molecular weight-melanoma

associated antigen. J Nucl Med. 1985; 26(5):488–92. PMID: 3989605

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 15 / 16

https://doi.org/10.1371/journal.pone.0058095
http://www.ncbi.nlm.nih.gov/pubmed/23483977
https://doi.org/10.1111/j.1365-2249.2004.02456.x
https://doi.org/10.1111/j.1365-2249.2004.02456.x
http://www.ncbi.nlm.nih.gov/pubmed/15147362
https://doi.org/10.1016/j.vetimm.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28494929
https://doi.org/10.1111/j.1365-2249.1992.tb05862.x
http://www.ncbi.nlm.nih.gov/pubmed/1458678
https://doi.org/10.1080/08916930400001891
http://www.ncbi.nlm.nih.gov/pubmed/15621574
https://doi.org/10.1046/j.1365-2249.2002.01751.x
https://doi.org/10.1046/j.1365-2249.2002.01751.x
http://www.ncbi.nlm.nih.gov/pubmed/11876765
https://doi.org/10.1038/s41598-018-23034-w
https://doi.org/10.1038/s41598-018-23034-w
http://www.ncbi.nlm.nih.gov/pubmed/29556082
https://doi.org/10.1097/MPG.0000000000001266
http://www.ncbi.nlm.nih.gov/pubmed/27203397
https://doi.org/10.1007/s12016-016-8557-4
https://doi.org/10.1007/s12016-016-8557-4
http://www.ncbi.nlm.nih.gov/pubmed/27263022
https://doi.org/10.1038/nature25003
https://doi.org/10.1038/nature25003
http://www.ncbi.nlm.nih.gov/pubmed/29211711
https://doi.org/10.1038/ni.3115
http://www.ncbi.nlm.nih.gov/pubmed/25706746
https://doi.org/10.1002/ijc.11459
https://doi.org/10.1002/ijc.11459
http://www.ncbi.nlm.nih.gov/pubmed/14648699
https://doi.org/10.1128/MCB.00740-14
http://www.ncbi.nlm.nih.gov/pubmed/25266655
https://doi.org/10.1038/ncomms9045
https://doi.org/10.1038/ncomms9045
http://www.ncbi.nlm.nih.gov/pubmed/26289944
https://doi.org/10.1016/j.ajhg.2018.01.023
http://www.ncbi.nlm.nih.gov/pubmed/29499166
https://doi.org/10.1002/1529-0131(199905)42:5<930::AID-ANR11>3.0.CO;2-1
http://www.ncbi.nlm.nih.gov/pubmed/10323448
http://www.ncbi.nlm.nih.gov/pubmed/3989605
https://doi.org/10.1371/journal.pone.0219018


81. Dass PD, Misra RP, Welbourne TC. Presence of gamma-glutamyltransferase in the renal microvascu-

lar compartment. Can J Biochem. 1981; 59(6):383–6. PMID: 6117358

82. Hellmark T, Segelmark M. Diagnosis and classification of Goodpasture’s disease (anti-GBM). J Autoim-

mun. 2014;48–49:108–12. https://doi.org/10.1016/j.jaut.2014.01.024 PMID: 24456936

83. McAdoo SP, Pusey CD. Anti-Glomerular Basement Membrane Disease. Clin J Am Soc Nephrol. 2017;

12(7):1162–72. https://doi.org/10.2215/CJN.01380217 PubMed Central PMCID: PMC5498345. PMID:

28515156

Autoantigen repertoire for autoimmune kidney diseases

PLOS ONE | https://doi.org/10.1371/journal.pone.0219018 June 25, 2019 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/6117358
https://doi.org/10.1016/j.jaut.2014.01.024
http://www.ncbi.nlm.nih.gov/pubmed/24456936
https://doi.org/10.2215/CJN.01380217
http://www.ncbi.nlm.nih.gov/pubmed/28515156
https://doi.org/10.1371/journal.pone.0219018

