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Identification of New Autoantigens for Primary
Biliary Cirrhosis Using Human Proteome
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Primary biliary cirrhosis (PBC) is a chronic cholestatic
liver disease of unknown etiology and is considered to be
an autoimmune disease. Autoantibodies are important
tools for accurate diagnosis of PBC. Here, we employed
serum profiling analysis using a human proteome mi-
croarray composed of about 17,000 full-length unique
proteins and identified 23 proteins that correlated with
PBC. To validate these results, we fabricated a PBC-fo-
cused microarray with 21 of these newly identified candi-
dates and nine additional known PBC antigens. By
screening the PBC microarrays with additional cohorts of
191 PBC patients and 321 controls (43 autoimmune hep-
atitis, 55 hepatitis B virus, 31 hepatitis C virus, 48 rheu-
matoid arthritis, 45 systematic lupus erythematosus, 49
systemic sclerosis, and 50 healthy), six proteins were con-
firmed as novel PBC autoantigens with high sensitivities
and specificities, including hexokinase-1 (isoforms | and
1), Kelch-like protein 7, Kelch-like protein 12, zinc finger
and BTB domain-containing protein 2, and eukaryotic
translation initiation factor 2C, subunit 1. To facilitate clin-
ical diagnosis, we developed ELISA for Kelch-like protein
12 and zinc finger and BTB domain-containing protein 2
and tested large cohorts (297 PBC and 637 control sera) to
confirm the sensitivities and specificities observed in the
microarray-based assays. In conclusion, our research
showed that a strategy using high content protein mi-
croarray combined with a smaller but more focused pro-
tein microarray can effectively identify and validate novel
PBC-specific autoantigens and has the capacity to be
translated to clinical diagnosis by means of an ELISA-
based method. Molecular & Cellular Proteomics 11:
10.1074/mcp.M111.015529, 669-680, 2012.
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Primary biliary cirrhosis (PBC)' is a chronic, progressive
cholestatic autoimmune liver disease (1) characterized by im-
mune-mediated injury of the small and medium-sized bile
ducts, which leads to fibrosis, cirrhosis, and eventual liver
failure (2-5). PBC predominantly affects middle-aged women,
and the female/male ratio has been reported to be 8-10:1 (6,
7). Both genetic and environmental risk factors have been iden-
tified for PBC, and the disease is believed to be triggered by a
combination of the two (8). Although the annual incidence of
PBC remains relatively low, at 0.7-49 per million (3), it is gen-
erally believed to be under-diagnosed by the currently available
epidemiological instruments used in the clinic (3, 9, 10).

There are three criteria commonly used for diagnosis of
PBC: (a) abnormally high biochemical profiles of serum alka-
line phosphatase and y-glutamyl transpeptidase; (b) the pres-
ence of anti-mitochondrial antibodies (AMA) in serum, espe-
cially of anti-M2 autoantigen complex antibodies; and (c)
histological features of nonsuppurative destructive cholangi-
tis. The major hallmark of PBC is considered to be a high titer
of AMA, because it has a high sensitivity for PBC (>90%) (2,
8). Targets of M2 autoantibodies have been identified as
members of the 2-oxo acid dehydrogenase complex located
at the inner membrane of the mitochondria, including the E2
subunits of the pyruvate dehydrogenase complex (PDC-E2),

" The abbreviations used are: PBC, primary biliary cirrhosis; AMA,
anti-mitochondrial antibodies; ANA, anti-nuclear antibodies; PDC-E2,
E2 subunits of pyruvate dehydrogenase complex; OGDC-E2, E2 sub-
units of the 2-oxoglutarate dehydrogenase complex; BCOADC-E2,
E2 subunits of the branched chain 2-oxoacid dehydrogenase com-
plex; E3BP, E3 binding protein of pyruvate dehydrogenase complex;
PDC-E1qa, E1a subunit of pyruvate dehydrogenase complex; PDC-
E1B, E1B subunit of pyruvate dehydrogenase complex; Gp210, nu-
clear pore glycoprotein 210; p62, nuclear pore glycoprotein p62; LBR,
lamin B receptor; Sp140, nuclear body protein Sp140; Sp100, nuclear
autoantigen Sp100; ACA, anti-centromere antibodies; CENP-B, cen-
tromere protein B; SSc, systemic sclerosis; SLE, systematic lupus
erythematosus; RA, rheumatoid arthritis; AlH, autoimmune hepatitis;
HBV, hepatitis B virus; HCV, hepatitis C virus; HK1, hexokinase-1;
KLHL12, Kelch-like protein 12; KLHL7, Kelch-like protein 7; ZBTB2,
zinc finger and BTB domain-containing protein 2; EIF2C1, eukaryotic
translation initiation factor 2C, subunit 1; BTB, BR-C, ttk, and bab
domain; POZ, pox virus and zinc finger domain.
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the 2-oxoglutarate dehydrogenase complex (OGDC-E2),
the branched chain 2-oxoacid dehydrogenase complex
(BCOADC-E?2), the E3 binding protein of pyruvate dehydro-
genase complex (E3BP), and the E1a and E18 subunits of
pyruvate dehydrogenase complex (PDC-E1« and PDC-E1p)
(11-15). Although previous studies had characterized AMA as
highly specific to PBC and observable long before clinical
diagnosis (2, 16), a more recent study challenged this idea by
demonstrating that 28 of 69 (40.9%) acute liver failure patients
also reacted positively with the major mitochondrial autoan-
tigens (PDC-E2, BCOADC-E2, and OGDC-E2) by immunoblot
(17). In addition, further reports emerged indicating that AMA
are frequently detected in patients with primary Sjégren’s
syndrome, scleroderma, and autoimmune hepatitis (18, 19),
as well as in some patients afflicted with infectious diseases,
such as tuberculosis and viral hepatitis (20-23). Furthermore,
no evidence has yet proven that AMA-M2 is correlated with
either PBC severity or its pathophysiological process (24 -26).

The anti-nuclear antibodies (ANA) represent another type of
important serum biomarkers for PBC diagnosis and have
been reported to be achieving positive rates of 50-70% (27—
30). Three major immunofluorescence patterns of ANA have
been described for PBC, and some of their contributing au-
toantigens have also been identified. Nuclear envelope pat-
tern (anti-nuclear envelope antibodies) refers to the anti-nu-
clear pore glycoprotein 210 (Gp210), anti-nuclear pore
glycoprotein p62 (p62), and anti-lamin B receptor (LBR) anti-
bodies (31); the multiple nuclear dot pattern associates with
anti-nuclear body protein Sp140 and nuclear autoantigen
Sp100 antibodies (32). Anti-centromere antibodies (ACA)
mainly target CENP-B (33). Recent studies have shown that
ANA, especially the anti-Gp210 antibody and the ACA, are
correlated with severe disease course and poor prognosis of
PBC (34-36). The sensitivity of anti-Gp210 for PBC has been
reported to be 20-30% (31, 37). However, similar to the AMA,
ANA have been clinically detected in sera of patients with
other autoimmune diseases and even in a remarkable propor-
tion (1 of 20) of sera from healthy individuals (38). ACA are
widely accepted as relatively specific biomarkers of limited
cutaneous systemic sclerosis (SSc) (39) but again have been
frequently detected in a number of other conditions, including
primary Sjogren’s syndrome, systematic lupus erythematosus
(SLE) (40, 41), and rheumatoid arthritis (RA) (41), and occa-
sionally detected in certain cancers, such as breast cancer
(42) and non-Hodgkin’s lymphoma (43). The diagnosis of PBC
can be further complicated by the clinical and biochemical
features of liver abnormalities shared by other autoimmune
diseases, such as autoimmune hepatitis (AIH), SSc, RA, and
SLE (44-47). Although the detection of PBC-specific autoan-
tibodies may help to distinguish PBC from other autoimmune
diseases (37), the diagnostic role of PBC-specific ANA has not
been fully developed (48). Therefore, the identification of new
autoantibodies as noninvasive biomarkers remains a priority
of PBC research (49).

The conventional methods to screen for novel autoantibod-
ies in PBC patients are cumbersome and time-consuming
(50). The recently developed functional protein microarrays
were designed to survey thousands of potential antigens in a
single experiment and have facilitated rapid and cost effective
identification of novel biomarkers (561-53). Although human
protein microarrays have become a robust tool for screening
autoantibodies in sera from patients with various autoimmune
diseases (52-60) and cancers (56, 61), the major limitation is
the comprehensiveness of these previously used human pro-
tein microarrays. Here, we employed a recently developed
human proteome microarray with ~80% coverage of the hu-
man proteome to screen for novel PBC-specific biomarkers.
The resulting PBC-associated candidate proteins were then
used to construct a focused PBC microarray, for additional
validation using a much larger cohort. Two of the validated
autoantigens were further converted to the traditional ELISA-
based assay to demonstrate their utility for clinical diagnosis.

EXPERIMENTAL PROCEDURES

Serum Samples—All of the human serum samples were collected
at Peking Union Medical College Hospital between 2006 and 2010.
The samples were collected from 297 PBC patients (54.2 = 11.5
years, 92.5% female), 53 AIH patients (46.7 = 17.6 years, 84.9%
female), 112 hepatitis B virus (HBV) patients (42.6 = 14.8 years,
42.9% female), 54 hepatitis C virus (HCV) patients (51.0 = 13.2 years,
40.7% female), 122 RA patients (47.2 + 13.3 years, 85.2% female), 86
SLE patients (33.0 = 11.7 years, 93.0% female), 123 SSc patients
(45.0 = 12.1 years, 92.7% female), and 87 healthy controls (40.6 =
14.1 years, 47.1% female). PBC patients were diagnosed according
to the criteria established by the American Association for the Study
of Liver Diseases (62). All PBC serum samples were tested for AMA
detection by indirect immunofluorescence assay with Hep2 cells (Eu-
roimmune, Libeck, Germany) and for the AMA-M2 antibodies detec-
tion by the anti-M2-3E ELISA kit (Euroimmune). Furthermore, any
PBC patient whose sera produced negative results for AMA and/or
M2 were confirmed as having PBC by liver biopsy and meeting other
criteria. Of the 191 PBC serum samples used for validation with PBC
microarray, 167 were clinically characterized as AMA-positive and
163 as M2-positive. In addition, 66 and 44 PBC sera were character-
ized as anti-nuclear envelope antibody- and ACA-positive, respec-
tively. The remaining 550 serum samples representing the various
disease controls were diagnosed according to the respective general
criteria used for each disease. The study was approved by the Ethics
Committee of Peking Union Medical College Hospital.

Human Proteome Microarrays—The human proteome microarray
used in the first phase of this study was composed of about 17,000
unique human full-length proteins and was constructed in Dr. Zhu’s
laboratory at Johns Hopkins University Medical School (63). This
novel human proteome microarray contained 48 blocks arranged in a
25 X 32 array layout. Each of the recombinant human proteins was
printed in duplicate, as were the control probes (printing buffer,
human IgG, etc.). All of the recombinant human proteins were gen-
erated by the Saccharomyces cerevisiae expression system and car-
ried an N-terminal GST tag.

The quality of the microarray was measured by using mouse anti-
GST monoclonal antibody and confirmed with Cy5-labeled anti-
mouse IgG antibody. In brief, the microarray was first incubated with
blocking buffer (3% BSA in 0.1% (v/v) PBS plus 0.1% (v/v) Tween 20)
at 37 °C for 1 h, after which 180 ul of mouse anti-GST monoclonal
antibody (1:1000 dilution; Beijing Protein Innovation Co. Ltd., Beijing,
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China) was added and further incubated under a glass coverslip
(LifterSlip; Erie Science Company, Portsmouth, NH) at 37 °C for 1 h.
After washing three times with 1X PBS plus Tween 20 by gentle
shaking for 10 min each, the microarray was incubated with 180 ul of
Cy5-labeled goat anti-mouse IgG antibody (1:1000; Jackson Labora-
tory, Bar Harbor, ME) in the dark at 37 °C for 1 h. Subsequently, the
microarray was washed three times with 1 PBS plus Tween 20 and
then three times with double-distilled H,O. To fully remove the dou-
ble-distilled H,O, the microarray was centrifuged for 5 min at 100 X
g in a 50-ml centrifuge tube. Finally, the microarray was scanned with
the LuxScan™ 10K Microarray Scanner (BioCapital, Beijing, China),
and the probe signals were acquired using GenePix Pro 6.0 software
(Molecular Devices, Sunnyvale, CA). We considered the probes de-
tectable when their signal to noise ratios for both duplicates were over
3. SPSS 17.0 software (Chicago, IL) was used to calculate the per-
centage of detectable probes and the coefficient factor of duplicate
spots.

Sera Profiling Using the Human Proteome Microarrays—The pro-
cedure of sera assay was similar to that described above for the
mouse anti-GST antibody assay, but with the following modifications.
First, after blocking, the 1:1,000 diluted patient sera were incubated
with the microarrays. Second, after washing away the sera, the
1:1,000 diluted Cy5-labeled goat anti-human IgG antibody was
applied.

After the microarray was scanned and probes’ signal intensities
were acquired, positive calling in each microarray was conducted
according to the procedure previously described by Hu et al. (64).
PBC-specific autoantigen candidates were identified according to the
following criteria: (a) Fisher’s exact test on positive incidence showing
statistical significance between PBC and control samples (p < 0.05)
or (b) positive rate above 15% in PBC sera and 0% in controls.

Construction of the PBC Microarray—Twenty-one PBC-specific
autoantigen candidates and nine other PBC-related antigens, which
had been identified either in clinical use or by experimental studies
reported in the literature, were prepared and printed on the PBC-
focused microarray. All of the antigens were expressed and purified
according to the method previously described (65). The recombinant
proteins were eluted into protein microarray printing buffer (30%
glycerol, 50 mm HEPES, pH 7.5, 100 mm NaCl, 1 mm Triton X-100, 30
mm reduced glutathione, and 1 mm DTT). The purified antigens, to-
gether with negative and positive controls (printing buffer, GST, hu-
man IgG, mouse IgG, and nucleoprotein of influenza) were printed in
duplicate within 12 identical probe areas on each OPEpoxySlide™
(CapitalBio Corp., Beijing, China) to prepare the PBC-focused mi-
croarray. The printed low density protein microarrays were stored at
4 °C under vacuum until use.

Sera Assay with PBC Microarray—The PBC microarrays were sub-
jected to 191 PBC and 321 control sera. First, the arrays were
warmed to room temperature (~30 min) and then a 12-hole rubber
gasket (CapitalBio Corp.) was applied to each array to form 12 indi-
vidual chambers. The subsequent assay process was identical to that
described for the human proteome microarray assay, with the excep-
tion of the volume of fluid for each chamber being 30 wl. After
incubation with the Cy5-labeled anti-human IgG, the rubber gaskets
were removed carefully, and the wells were washed. The arrays were
scanned by the LuxScan™ 10K microarray scanner using the same
parameters for the larger array, and all of the signal intensities were
acquired with the GenePix Pro 6.0 software. The serum samples with
extremely high GST signal intensity (beyond the 99% spectrum of
normal distribution) were considered to be GST-positive and were
excluded from further analysis. The average signal intensity from
healthy sera plus five times their standard deviations were set as the
cutoff. The reproducibility of PBC-focused microarray was demon-
strated by repeated hybridization experiments with randomly selected

PBC (n = 12) and control (n = 12) sera, which resulted in a high
correlation coefficient value (0.991) with p value equaled 0.000.

ELISA—The purified recombinant proteins were further verified
prior to their use in validation analysis. Specifically, the ORF con-
structs of the newly identified antigens were verified by sequencing,
and the identities of their protein products were confirmed by mass
spectrometry. Then the verified recombinant proteins were coated
onto 96-well plates at 4 °C overnight. Nonspecific binding was
blocked by incubating with 200 ul of PBS plus Tween 20 containing
1% BSA/well at 4 °C overnight. The following day, the wells were
incubated with human sera (1:100) at 37 °C for 1 h and then washed
three times with 400 wl/well of PBS plus Tween 20. Subsequently, 100
wul of horseradish peroxidase-labeled mouse anti-human IgG mono-
clonal antibody (1:1,000; Beijing Protein Innovation Co. Ltd.) was
added to each well. After three washes with 300 pl/well of PBS plus
Tween 20, 100 ul of tetramethybenzidine substrate solution (Sigma-
Aldrich) was added and incubated for 90 s at room temperature. The
reaction was terminated by addition of 50 ul of 2 N H,SO,/well, and
immunoreactivity was measured by reading the A,s,. The sera with
extremely high GST reactions (beyond the 99% spectrum of normal
distribution) were considered GST-positive and were excluded from
further analysis. We set A,5, >0.4 as the cutoff for positive hits.

Immunoblot Analysis—Two-hundred nanograms of hexokinase-1
(HK1) (isoform |, 128.5 kDa) was expressed by yeast with the GST-
Hisg tag, 200 ng of KLHL7 (65 kDa) expressed by Escherichia coli with
the Hisg tag, and 50 ng of GST-Hisg tag (26 kDa) were resolved by
12% SDS-PAGE at 20 mA until the smallest band of the prestained
protein marker (7 kDa) (New England Biolabs, Ipswich, MA) reached
the bottom of the gel. The separated proteins were electrotransferred
onto polyvinylidene fluoride membranes (Millipore, Billerica, MA) at
350 mA for 1.5 h. After blocking nonspecific binding sites with 5%
nonfat milk powder diluted in 1 PBS plus Tween 20, the membranes
were incubated with sera (1:400) or mouse anti-GST antibody (1:2,000)
at 37 °C for 1 h, followed by three washes with 1xX PBS plus Tween 20
for 10 min each. Then the membranes were incubated with horseradish
peroxidase-conjugated anti-human IgG or anti-mouse IgG at 37 °C for
1 h. After three washes with 1x PBS plus Tween 20 for 10 min each, the
immunoreactive bands were detected by the addition of enhanced
chemiluminescence reagents (Beijing Applygen Ltd., Beijing, China) and
were visualized by ImageQuant (GE Healthcare).

Statistics—All statistical analysis was performed with SPSS 17.0
software. p values were calculated by the chi-squared test or Fisher’s
exact test when suitable.

RESULTS

Identification of PBC-associated Autoantigens Using the
Human Proteome Microarrays—To globally identify the PBC-
associated autoantigens, we employed the human proteome
microarrays containing about 17,000 human proteins to per-
form serum profiling of samples collected from PBC patients
and other liver diseases and healthy controls. Because the
human proteins on the microarrays were expressed and pu-
rified from yeast as N-terminally tagged GST fusion proteins,
the quality of the microarray was able to be evaluated by
applying the anti-GST antibody. The assay indicated that
97.6% of the proteins were detectable by anti-GST signals,
and the microarray had a high correlation coefficient (0.978)
between duplicate spots, which suggested that it was of high
quality (supplemental Fig. 1).

To identify novel biomarkers more efficiently, we employed
a two-phase strategy, as previously described (52). Phase |
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A

Fic. 1. Probing of the human pro-
teome microarray with PBC and con-
trol sera. 26 PBC and 20 control serum
samples were diluted 1:1000 and indi-
vidually incubated with the human pro-
teome microarray, followed by the addi-
tion of Cy5-conjugated anti-human IgG
antibody. Chips were dried and scanned
to acquire images of positive immunore-
actions. Representative areas of the im-
ages are shown. A, B, and C show that
some PBC sera (PBC-584, PBC-746, D
and PBC-1093) were recognized by
HK1 (isoform 1), KLHL12, and ZBTB2,
respectively, on the human proteome
microarray. The colored box indicates
positive candidate autoantigens. D, E,
and F show that the control serum sam-
ples were negative for the HK1
(isoform 1), KLHL12, and ZBTB2 pro-
teins, respectively.

HK1 (isofromI)

HK1 (isofromT)

Healthy-54

included a prescreening with a small sample size on the high
content proteome microarray, whereas phase Il was a large
scale validation on a smaller but more focused microarray. In
Phase |, we selected 26 PBC patients and 20 control samples,
with the latter including 5 AlH, 5 HBV, and 10 healthy samples.
These serum samples were individually applied as probes to
the human proteome microarrays, followed by detection of
bound human autoantibodies using a Cy5-conjugated anti-
human IgG antibody (Fig. 1).

To identify potential PBC-associated autoantigens, we
used Genepix Pro 6.0 to acquire the resultant signal intensi-
ties of all protein spots in each assay and identified the
positives within each microarray (see details under “Experi-
mental Procedures”). The total number of positive hits on
each microarray ranged from 70 to 709 for the PBC sera
(347 = 191) and from 74 to 1,440 for the control sera (429 =+
306). Using Fisher’s exact test, we determined that seven
proteins, including two members of the M2 autoantigen com-
plex, BCOADC-E2 and PDC-E1a, showed significant associ-
ation with the PBC patients (p < 0.05). In addition, 16 other
proteins, including another member of the M2 autoantigen
complex, PDC-E18, were found to be positive in more than
15% of the PBC patient sera, whereas none of them were
scored as positive in the control samples (supplemental
Table 1).

Validation of PBC-associated Autoantigens with PBC Mi-
croarray—To validate the potential autoantigens identified on
the comprehensive human proteome microarray, and to de-
termine their respective sensitivities and specificities for PBC
diagnosis, we purified 21 of the 23 candidates, along with the
other three members of the M2 complex (PDC-E2, E3BP, and
OGDC-E2) and six additional autoantigens previously re-

PBC-584

KLHL12
[ ..

PBC-746 PBC-1093

HBV-232

AIH-823

ported in PBC-related studies (Gp210, p62, CENP-B, Sp100,
Sp140, and LBR) (32, 35, 66-69), to fabricate a PBC-focused
microarray composed of 30 antigens. We then probed this
new PBC-focused microarray with different cohorts of a much
larger sample size, which included 191 PBC patients, 43 AlH
patients, 55 HBV patients, 31 HCV patients, 48 RA patients,
45 SLE patients, 49 SSc patients, and 50 healthy controls
(Fig. 2).

Using a z score of >5 (see “Experimental Procedures”) as
the cutoff value, we analyzed the positive rates of each anti-
gen in different groups. We first examined the sensitivity of
these 30 antigens by comparing the results from the 191 PBC
and 50 healthy samples (Table | and supplemental Table 2).
The positive rates for all 30 antigens in the healthy controls
were =2%. In contrast, 13 of the PBC candidate proteins, six
of which were newly identified, were scored as positive in at
least 29 (>15%) of the PBC samples. At this cutoff, the
difference of positive rates between the PBC patients and
healthy controls for all 13 autoantigens were statistically sig-
nificant (o < 0.05). Fig. 3 shows the box plot analysis of signal
intensities from the 13 proteins to provide a more intuitive
view.

Of the six known members of the M2 complex, BCOADC-
E2, PDC-E2, and E3BP showed strong positive signals in PBC
patient sera, producing positive rates of 62.3, 51.83, and
33.51%, respectively. The positive rates for the other three
members, OGDC-E2, PDC-E1«, and PDC-E183, were only 8.4,
9.4, and 12.6%, respectively. The positive rates of some of
the M2 components (PDC-E2, OGDC-E2, and E3BP) were
somewhat lower than previously reported (14), which could be
because we only detected the presence of the IgG isotype,
whereas the previous studies also measured other isotypes.
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FiG. 2. Preparation of PBC microar-
ray and its probing with large cohorts
of serum samples. The 21 PBC autoan-
tigen candidates and nine other reported
PBC autoantigens were prepared and
printed, together with five controls
(boxes of different colors in the last row),
onto epoxy slides in duplicate to gener-
ate the PBC-focused microarray. Serum
samples (B-F) or mouse anti-GST (A)
antibody were applied to the array,
followed by Cyb5-labeled goat anti-
human IgG antibody or Cy5-labeled goat
anti-mouse IgG antibody to detect
immunoreactivities.

AIH-P134

When only one of the six M2 components was required to
attain a positive score for PBC diagnosis, the positive rate
increased to 82.2% (157 of 191) in PBC sera, similar to that of
84.8% (162 of 191), determined with a commercial anti-
M2-3E kit (Euroimmun Corp.) that is commonly used in clin-
ics. Detailed information for M2 detection in the 191 PBC sera
by both methods is listed in supplemental Table 3. More
importantly, the results of our microarray-based method were
comparable with those obtained with the commercial kit at a
91.6% matched ratio. These results confirmed that our mi-
croarray system is reliable.

For the PBC antigens reported in the literature, CENP-B
and Sp140 showed positive rates of 30.9 and 15.2% in our
assays, respectively, similar to the previously reported rates
of 26-29% (35, 36) and 15% (32), respectively. In addition,
Gp210 and LBR showed strong positive rates in PBC patient
sera, with positive ratios of 58.6 and 15.7%, respectively,
whereas much lower positive rates of 22.3-44% (35, 67,
70-73) and 1-9% (31, 73-75), respectively, were previously
reported. It is plausible that the immunoblotting technique
used in these previous reports was not as sensitive as the
microarray-based assays used in this study.

More importantly, we were able to confirm six new antigens
that showed rather high positive rates in PBC samples: HK1
isoform | (46.6%), HK1 isoform Il (44.0%), Kelch-like protein
12 (KLHL12) (40.3%), Kelch-like protein 7 (KLHL7) (35.1%),
zinc finger and BTB domain-containing protein 2 (ZBTB2)
(16.8%), and eukaryotic translation initiation factor 2C, sub-
unit 1 (EIF2C1) (15.2%). Because PBC is a liver-specific au-
toimmune disease and because other liver diseases tend to
exhibit similar symptoms at the first clinical presentation (76),
we next examined the specificity of these new PBC autoan-
tigens among other types of liver diseases, including AlH and

LIC ]k

Anti-GST mAb

PBC-P174 PBC-P178

SSc-21 SLE-10062
[ atvne Mouse IgG Buffer
D GST D Human IgG

viral hepatitis. By comparing the results of PBC sera with
those from sera of 43 AIH and 86 viral hepatitis (55 HBV and
31 HCV) (Table I), we found that all but EIF2C1 showed
significantly reduced positive rates (p < 0.01) in the sera from
AlH patients, as compared with the sera from PBC patients;
similarly, all proteins showed significantly reduced positive
rates (o < 0.001) in the sera from viral hepatitis patients.
Therefore, the majority, if not all, of these newly identified
autoantigens were highly specific for PBC.

The ability of the newly identified autoantigens to differen-
tiate PBC from AIH prompted us to examine their abilities to
differentiate PBC from other autoimmune diseases. We there-
fore surveyed their autoimmunity in 142 serum samples col-
lected from systemic autoimmune disease patients, including
48 RA patients, 45 SLE patients, and 49 SSc patients (Table I).
As compared with the PBC results, all five antigens showed
significantly reduced positive rates in both RA (p < 0.01)
and SSc (p < 0.05) sera. Although to a lesser extent for SLE
samples, the HK1 isoform I, KLHL12, and KLHL?7 still showed
significant differentiation power (p < 0.05). Therefore, these
newly identified autoantigens have the potential to be used for
distinguishing PBC from other autoimmune diseases.

Development of New Biomarkers for Clinical Diagnosis—
The ultimate application of novel biomarkers is for clinical
diagnosis, preferably in the form of an ELISA, because it is still
one of the most popular methods used in clinics. Because the
sequences of isoforms | and Il of HK1 are identical, except for
a stretch of 21 amino acids at the N terminus, the two anti-
gens performed similarly in sera detection assays; therefore,
we selected only isoform | for further development as a bio-
marker. In addition, because EIF2C1 showed a similar positive
ratio in SLE and PBC patients, we did not pursue further
development of this potential biomarker. Thus, we only ap-
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TABLE |
Positive numbers and rates for 30 antigens in various cohorts of serum samples

Autoantigens n F;B1C91) (ﬁi” :53281?a (':efltgg) n /2'-:13) (nH:B\é5) (nH:C \3{1) n EA48) n S=LE15) (nszsig)
M2 autoantigens
BCOADC-E2 119 (62.3%) 11(3.4%) 12%) 2@4.7%) 1(1.8%) 1(3.2%) 1(2.1%) 2(4.4%) 3(6.1%)
PDC-E2 99 (51.8%) 10(3.1%) 0(0%) 1(2.3%) 2(3.6%) 3(9.7%) 12.1%) 3(6.7%) 0(0.0%)
OGDC-E2 16 (8.4%) 6(1.9%) 0(0%) 0(0.0%) 1(1.8%) 0(0.0%) 1(2.1%) 2(4.4%) 2((@4.1%)
E3BP 64 (33.56%) 12(3.7%) 1(2%) 0(0.0%) 1(1.8%) 2(6.5%) 1(2.1%) 5(11.1%) 2 (4.1%)
PDC-E1p3 24 (12.6%) 1(0.3%) 0(0%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%) 1(2.0%)
PDC-Ela 18 (9.4%) 4(1.2%) 0(0%) 1(2.3%) 1(1.8%) 0(0.0%) 1(2.1%) 0(0.0%) 1(2.0%)
Nuclear envelope autoantigens
Gp210 112 (58.6%) 20(6.2%) 0(0%) 4(9.3%) 2(3.6%) 2(6.5%) 4 (8.3%) 6 (13.3%) 2 (4.1%)
p62 14 (7.3%) 5(1.6%) 0(0%) 0(0.0%) 0(0.0%) 1(3.2%) 0 (0.0%) 3(6.7%) 1(2.0%)
LBR 30(15.7%) 4(1.2%) 0(0%) 1(2.3%) 0(0.0%) 1(3.2%) 0 (0.0%) 2 (4.4%) 0(0.0%)
ACA autoantigen
CENP-B 59 (30.9%) 19(5.9%) 0(0%) 6(14.0%) 0(0.0%) 4(12.9%) 2 (4.2%) 1(2.2%) 6(12.2%)
Multiple nuclear dots autoantigens
Sp100 27 (141%) 9 (2.8%) 1(2%) 0(0.0%) 3(5.5%) 2(6.5%) 0 (0.0%) 3(6.7%) 0(0.0%)
Sp140 29 (152%) 6(1.9%) 0(0%) 2((4.7%) 0(0.0%) 1(3.2%) 0 (0.0%) 2(@4.4%) 1((2.0%)
Newly identified PBC-related
autoantigens
HK1 isoform | 89 (46.6%) 33(10.3%) 0(0%) 3(7.0%) 2(3.6%) 0(0.0%) 11(22.9%) 13(28.9%) 4 (8.2%)
HK1 isoform Il 84 (44.0%) 30(9.3%) 0(0%) 3(7.0%) 1(1.8%) 0(0.0%) 10(20.8%) 12(26.7%) 4 (8.2%)
KLHL12 77 (40.3%) 16(5.0%) 0(0%) 7(16.3%) 2(3.6%) 0 (0.0%) 1(2.1%) 1(2.2%) 5(10.2%)
KLHL7 67 (35.1%) 8(2.5%) 0(0%) 4(9.3%) 1(1.8%) 0(0%) 12.1%) 1(2.2%) 1(.0%)
ZBTB2 32 (16.8%) 5(1.6%) 12%) 0(0.0%) 1(1.8%) 0(0.0%) 0 (0.0%) 2(4.4%) 1(2.0%)
EIF2CA1 29 (15.2%) 15(4.7%) 0(0%) 4(9.3%) 1(1.8%) 1(3.2%) 1(2.1%) 7 (15.6%) 1(2.0%)
NXN 28 (14.7%) 12(3.7%) 0(0%) 2(4.7%) 1(1.8%) 0(0.0%) 4 (8.3%) 2(4.4%) 3(6.1%)
RPS19 26 (13.6%) 13(4.0%) 0(0%) 3(7.0%) 1(1.8%) 0(0.0%) 1(2.1%) 6 (13.3%) 2 (4.1%)
ANXA10 25(13.1%) 3(0.9%) 0(0%) 1(.3%) 0(0.0%) 0(0.0%) 0 (0.0%) 2(4.4%) 0(0.0%)
SNX9 22 (11.5%) 3(0.9%) 0(0%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%) 3(6.7%) 0(0.0%)
EIF4H 21 (11.0%) 113.4%) 0(0%) 2@.7%) 1(1.8%) 1(3.2%) 0 (0.0%) 511.1%) 2 (4.1%)
SPATAS 19 (9.9%) 8(2.5%) 0(0%) 1(2.3%) 2(3.6%) 0(0.0%) 1(2.1%) 1(2.2%) 3(6.1%)
ATCAY 11 (5.8%) 3(0.9%) 1(2%) 1(2.3%) 0(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%) 1(2.0%)
DDX55 10 (5.2%) 3(0.9%) 0(0%) 0(0.0%) 1(1.8%) 0(0.0%) 0 (0.0%) 12.2%) 1(2.0%)
KEAP1 6 (3.1%) 5(1.6%) 0(0%) 1(2.3%) 1(1.8%) 0(0.0%) 0 (0.0%) 3(6.7%) 0(0.0%)
TRA16 3 (1.6%) 0(0.0%) 0(0%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%) 0(0.0%)
IL1A 1(0.5%) 3(0.9%) 0(0%) 0(0.0%) 0(0.0%) 1(3.2%) 12.1%) 0(0.0%) 1(2.0%)
DR1 0 (0.0%) 1(0.3%) 1(@2%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%) 0(0.0%) 0(0.0%)

2 Non-PBC including healthy, AlH, HBV, HCV, RA, SLE, and SSc.

plied HK1-isoform |, KLHL7, KLHL12, and ZBTB2 to an
ELISA-based platform and tested them against 495 of the
serum samples used in the PBC-focused microarray and 439
additional samples, for a total of 934 samples, 297 of which
were PBC-diagnosed. OD distribution for KLHL12 and
ZBTB2 were shown in Fig. 4. However, all tested samples
showed similar OD values for HK1-isoform | and KLHL7
(data not shown).

Using an A,5, of >0.4 as the cutoff value, we analyzed the
positive rates for each group and compared these results with
those obtained using the microarray platform. The observed
positive detection rates for KLHL12 and ZBTB2 ELISA were
29.6 and 11.2%, respectively, slightly lower than the rates
obtained with the microarray platform, indicating that the
latter is probably more sensitive (Table ).

Autoantibodies to HK1 and KLHL7 Were Detected in PBC
Sera by Immunoblot—Although HK1 isoform | and KLHL7
showed 46.6 and 35.1% positive rates, respectively, for PBC

samples in the protein microarray-based assays (Table I), we
were unable to use them to differentiate PBC samples from
other disease samples by ELISA. To determine whether the
positive signals observed in the microarray assays were arti-
facts of unknown nature, we conducted immunoblot analysis
using recombinant HK1 isoform | and KLHL?7 proteins purified
from yeast and bacteria, respectively. We also included GST-
Hisg protein as a negative control because HK1 and KLHL7
proteins were tagged with either the GST-Hisg or Hisg epitope.
When four PBC serum samples that showed positive reactiv-
ity with HK1 or KLHL12 on the protein microarrays were
tested by immunoblot, both proteins were readily recognized
by the autoantibodies in each case. As expected, no signifi-
cant signals were observed for the negative controls (Fig. 5).
These results suggested that the protein microarray platform
has a much higher detection limit than the traditional ELISA
platform, consistent with our previously published observation
of detecting SARS-CoV antigens in serum samples (77).
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Fic. 3. Box plots of the PBC microarray signal distribution for 13 PBC autoantigens in various serum groups. All of the 512 cases
were classified according to clinical diagnosis of PBC, AlH, HBV, HCV, RA, SLE, SSc, or healthy. The signal distributions detected for each
of the seven clinical or reported PBC-specific autoantigens (A, PDC-E2, BCOADC-E2, Gp210, E3BP, LBR, CENP-B, and Sp140) and six
newly identified autoantigens (B, HK1 isoform |, HK1 isoform Il, KLHL7, KLHL12, ZBTB2, and EIF2C1) are displayed. The rectangles
indicate the interquartile range, and the bar within the rectangle indicates the median value. The bars above and below the rectangles
define the 1.5 interquartile range outlier ranges. All of the extreme outliers beyond the 1.5X interquartile range + median are shown as
black dots.
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TABLE Il zinc finger) domain. The BTB/POZ motif is widely described
ELISA results for KLHL12 and ZBTB2 in 934 serum samples as an evolutionarily conserved protein-protein interaction mo-
Disease Cases KLHL12 ZBTB2 tif that has been found in species ranging from flies to mam-
PBC 297 88 (29.6%) 35 (11.2%) mals (90, 91) and is often present at the N termini of zinc finger
Non-PBC 637 13 (2.0%) 2 (0.3%) transcription factors. Previous studies have suggested that
Healthy 87 1(1.2%) 0 (0.0%) the BTB/POZ domain is required for interaction with cullin-3
AlH 53 7(13.2%) 0(0.0%) and for the formation of the ubiquitin-protein E3 ligase com-
HBv 12 0(0.0%) 1(0.9%) plex, which could interact with the dishevelled homolog 3
HCV 54 0(0.0%) 0 (0.0%) ' — e R
RA 122 1(0.8%) 0 (0.0%) protein DVL3 upon activation of the Wnt signaling pathway by
SLE 86 0 (0.0%) 1(1.2%) WNT3A (92).
SSc 123 4 (3.3%) 0 (0.0%) Besides the BTB domain, KLHL12 and KLHL7 also share
six Kelch motif repeats (90, 91). The Kelch motif generally
DISCUSSION contains 50 amino acids that form a four-stranded B-sheet

PBC was first identified as an autoimmune disease in the
1960s, based on clinical observations of a high titer of AMA in
PBC patient sera (78-80). Since then, AMA, especially the
anti-M2 complex autoantibodies, have become established
as one of three standard diagnostic criteria for PBC. Despite
the fact that research studies using a wide range of investi-
gative strategies have identified and validated many other
PBC autoantigens (12, 50, 68, 69, 81-84), M2 are still con-
sidered the hallmark feature of the disease. However, accu-
mulating evidence has indicated that AMA, including anti-M2
autoantibodies, are frequently detected in patients with other
non-PBC autoimmune diseases (85), such as SLE (86, 87),
AlH (19, 22), SSc (18), primary Sjégren’s syndrome (20), and
even in some infectious diseases, such as tuberculosis (23)
and viral hepatitis (21). In addition, there are still about 10—
15% PBC patients with M2 negativity requiring biopsy and
other clinic features for correct diagnosis. As a result, recent
research efforts have aimed to discover novel PBC-specific
biomarkers, but these attempts have been impeded by the
conventional methods of autoantigen identification, which are
not amenable to high throughput or comprehensive screening
(50, 73, 88, 89). In this study, we used protein microarray tech-
nology to perform unbiased, proteome-wide identification of
PBC-associated autoantigens, from which six novel proteins
with at least 15% sensitivity for PBC were identified, including
KLHL7, KLHL12, ZBTB2, HK1 isoform |, HK1 isoform II, and
EIF2C1.

KLHL7, KLHL12, and ZBTB2 are all nuclear proteins and
share a BTB (for BR-C, ttk, and bab) or POZ (for pox virus and

“blade,” whereas repeated Kelch motifs form a larger struc-
ture called a B-propeller that contains multiple potential pro-
tein-protein contact sites (93). KLHL12 and KLHL7 have been
identified as autoantigens in Sjdgren’s syndrome by means of
SEREX technology and determined to have 23 and 17% sen-
sitivities, respectively, but they have not been found in RA,
SLE, or healthy subjects (94). In our test of large cohorts of
patients with PBC or other types of autoimmune diseases,
KLHL12 and KLHL7 were both identified as new biomarkers
for PBC diagnosis and showed rather high sensitivities of 40.3
and 35.1%, respectively. Consistent with previous reports,
only a few (2 of 48 RA and 2 of 45 SLE) or no (0 of 50 healthy)
serum samples in this study were found to be serologically
reactive to KLHL12 or KLHL?7.

ZBTB2, a transcription factor of the POZ and Kruppel (bet-
ter known as POK) subfamily, is characterized by four C2H2-
type zinc fingers. It has been demonstrated to function as a
potential proto-oncogenic master control gene in the p53
pathway by directly interacting with the zinc finger domains of
p53. In addition, ZBTB2 acts as a potent p21 transcription
repressor, a function that requires its BTB domain for inter-
actions with other co-repressors, such as BCoR, N-CoR,
and SMRT (95). Although it has not been previously reported
as an autoantigen for any autoimmune diseases, this study
provides convincing evidence that ZBTB2 can serve as a
useful PBC-specific autoantigen with 11.8% sensitivity and
99.7% specificity. The fact that the BTB domain of ZBTB2 is
in common with those of KLHL7 and KLHL12 suggests that
there might be a common epitope residing in the BTB
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Fic. 5. Validation of autoantibodies against HK1 isoform | and KLHL7 by immunoblotting. A, blotted recombinant GST-HK1 (128 kDa)
and GST-Hisg protein (26 kDa) were probed with anti-GST mAb and PBC microarray-identified HK1-positive PBC sera samples. B, blotted
recombinant Hisg-KLHL7 (65 kDa) and GST-Hisg protein were probed with anti-His monoclonal antibody and PBC microarray-identified

KLHL7-positive PBC sera samples.

domain. Further experiments are required to pinpoint this
epitope.

HK1 is a member of the hexokinase family, which phosphor-
ylates glucose to produce glucose-6-phosphate. The HK1
isoform | is localized to the outer mitochondrial membrane in
tissues that are strictly dependent on glucose utilization for
their physiologic functions, including the brain, erythrocytes,
platelets, lymphocytes, and fibroblasts (96). In our microarray-
based serum profiling assay, we found that two of the four
AMA™/M2~ sera were reactive to HK1. Because of its mito-
chondrial location, HK1 positivity may partially explain why
some sera demonstrate AMA positivity and M2 negativity.
Compared with isoform |, the HK1 isoform Il lacks the N-ter-
minal porin-binding domain, which is responsible for targeting
the protein to the mitochondrial outer membrane; thus, iso-
form Il is localized mainly in the cytosol (98). Because of the
high sequence similarity shared between these two isoforms,
it is expected that they are targeted by at least some of the
same autoantibodies. Indeed, the signal intensities of these
two isoforms were highly correlated. Additionally, the HK1 has
been identified as an autoantigen associated with autistic
children, and anti-HK1 autoantibodies were shown to impair
growth and induce apoptosis in cultured human neuroblas-
toma cells (97). It would be interesting to determine whether
HK1-positive patients also suffer from similar nervous sys-
tem-associated impairments.

In addition, the eukaryotic translation initiation factor
EIF2C1 was also identified as a new autoantigen that was
recognized by 15.2% PBC sera. However, it was not specific
for PBC, because 15.6% of SLE sera and 9.3% of AIH sera
also showed positive immunoreactivity.

To begin to evaluate the potential clinical utility of our newly
identified PBC autoantigens, we performed correlation anal-
ysis and found that most of the newly identified antigens did
not significantly correlate with known antigens in PBC pa-
tients (supplemental Table 4). Then we calculated the diag-

nosis sensitivity and specificity achieved with different com-
binations of the autoantigens. The diagnosis sensitivity of the
six M2 components was improved from 82.2 to 92.2% when
combined with the six newly identified autoantigens. When
the above 12 antigens were combined with another six re-
ported PBC-associated antigens, the sensitivity was further
improved to 94.8%. However, the combinations did not im-
prove specificity, which was decreased from 89.7 to 73.5 and
66.7%, respectively.

Currently, M2 autoantigen-based tests are the most fre-
quently used method for PBC diagnosis. However, an M2-
negative result does not absolutely rule out PBC diagnosis,
and these patients must undergo biopsy and careful analysis
of many other clinical features to obtain an accurate diagno-
sis. Therefore, identification of novel biomarkers for M2-neg-
ative PBC patients will reduce the physical impact on these
patients and associated costs of invasive testing and subjec-
tive evaluation. When we combined the newly identified anti-
gen KLHL12 with Gp210, we could readily detect positive
signals in 47.8% of M2-negative PBC patients with a speci-
ficity of 90.4%, similar to that of the M2-based diagnosis for
PBC patients (89.7%).

In conclusion, we have identified six new autoantigens with
at least 15% positivity in PBC serum samples by using a
protein microarray-based approach. This two-phase strategy
combines a proteome-wide screen for novel autoantigens
followed by a stringent validation step using additional co-
horts to ensure the success of identification of useful autoan-
tigens for a particular disease. Successful application of these
autoantigens in a clinic friendly ELISA suggests that these
new autoantigens may serve as useful serological biomarkers
for diagnosis of PBC, especially for M2-negative PBC
patients.
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