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Objectives: Leucine-rich o2-glycoprotein-1 (LRG-1) is an inflammatory
protein. Serum LRG-1 levels can reportedly be used as a cancer biomarker
for several types of carcinoma. In the present study, we investigated the clin-
ical usefulness of serum LRG-1 levels as a biomarker of pancreatic cancer.
Methods: A total of 124 patients with pancreatic cancer, 35 patients with
chronic pancreatitis (CP), and 144 healthy volunteers were enrolled in the
study. Serum LRG-1 levels were assayed by enzyme-linked immunosor-
bent assay. Immunohistochemistry was used to examine LRG-1 expression
in pancreatic cancer tissues.

Results: Serum LRG-1 levels were significantly increased in patients
with pancreatic cancer compared with CP patients and healthy volunteers.
The LRG-1 levels increased with progressive clinical stages of pancreatic
cancer. Receiver operator curve analysis showed that a combination of car-
bohydrate antigen 19-9 and LRG-1 resulted in a higher area under the
curve for the diagnosis of pancreatic cancer. Positive staining was observed
in all cases of pancreatic cancer, but positive signal was scarcely detected in
tissues from CP patients or normal surrounding tissue.

Conclusions: These results suggest that serum LRG-1 is a promising
biomarker for pancreatic cancer.

Key Words: leucine-rich a2-glycoprotein-1, pancreatic cancer, biomarker

(Pancreas 2015;44: 93-98)

ancreatic cancer is the fourth leading cause of cancer-related

death in the United States.! Pancreatic ductal adenocarcinoma
(PDAC) is the most common form of pancreatic cancer. In Japan,
the mortality rate for PDAC has increased over the past decade,
currently ranking fifth.? Pancreatic ductal adenocarcinoma has
an extremely poor prognosis with a 5-year survival rate of less
than 5%. Early detection of PDAC remains clinically challenging
because of its asymptomatic nature, and surgery offers the only
potential cure. However, the 5-year survival of PDAC patients af-
ter curative resection (surgery alone) is estimated to be 10% to
20%.> Curative surgery with adjuvant chemotherapy improves
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overall survival,* but the clinical outcome of pancreatic cancer
has not been markedly improved. One strategy that could improve
PDAC survival is to detect the cancer in its early clinical stages.
Thus, there is an urgent need to develop biomarkers for the strat-
ification of patients for current treatment modalities and the devel-
opment of novel therapeutic strategies.

Molecules that are specifically overexpressed in tumors not
only serve as useful diagnostic markers, but also as potential ther-
apeutic targets.’ The development of methods that are sensitive
and specific enough to permit an early diagnosis of PDAC may
facilitate the detection and subsequent treatment of this disease.
However, an important factor adds another level of complexity
to this already demanding task. A number of overlapping symp-
tomatological features are known to link pancreatic adenocarci-
noma to the inflammatory disease chronic pancreatitis (CP),
often obscuring the distinction between these 2 pathological
conditions.

Carcinoembryonic antigen, carbohydrate antigen 19-9 (CA19-9),
and DUPAN-2 are the only serum biomarkers currently available
for PDAC detection and have shown some utility as diagnostic ad-
juncts and prognostic markers in Japan.’ However, these markers
are not widely used in routine clinical practice in Europe and
America due to low sensitivity, specificity, or reproducibility
and therefore cannot be routinely used to diagnose PDAC. Al-
though CA19-9 is not a specific marker, identifying characteristic
CA19-9 carrier proteins may allow higher specificity (molecular
proteomics). Although the detection of CA19-9 carrier proteins
is established, it will be very difficult to detect the early stage of
pancreatic cancer.” To establish a next-generation biomarker for
pancreatic cancer, combination assays of several cancer bio-
markers or a novel type of cancer biomarker involved in CP will
be required.

Leucine-rich a2-glycoprotein-1 (LRG-1) was first identified
in 1977 as an inflammatory protein in human sernm.® Recent
studies have demonstrated that serum LRG-1 can be used as a bio-
marker in several kinds of cancer, including ovarian, lung, biliary
tract, and hepatocellular carcinoma related to hepatitis B virus
infection.®!® Increased serum LRG-1 levels in patients with pan-
creatic cancer were first reported using multidimensional liquid
chromatography followed by 2-dimensional difference gel elec-
trophoresis in plasma proteomics.'* The authors used Western
blot to confirm the increase in serum LRG-1 patients with pancre-
atic cancer compared with healthy volunteers (HVs), and they
showed that patients with CP tended to express lower serum levels
of LRG-1 than patients with PDAC. However, they did not find
significant differences between patients with CP and patients with
PDAC due, at least in part, to the limited number of patients in the
study. The study did not investigate the relationships between the
marker and the clinical stages of pancreatic cancer, and no immu-
nological study of LRG-1 in pancreatic cancer was performed. As
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LRG-1 has also been reported to be part of an acute inflammatory
response in ulcerative colitis and acute appendicitis, LRG-1 may
be increased as a result of inflammation.!5-18

In the present study, we determined serum LRG-1 levels in
patients with CP and PDAC and assessed the clinicopathological
significance of the increase in LRG-1 in terms of clinical param-
eters and immunohistochemistry.

MATERIALS AND METHODS

Patients and Sample Collection

Peripheral blood samples from patients with pancreatic dis-
ease and apparently HVs were obtained from Ogaki Municipal
Hospital, Japan Community Health Care Organization Osaka
Hospital, and Osaka University Hospital. Written informed con-
sent was obtained from all patients and HVs. The study was per-
formed in accordance with the guidelines issued by the local
institutional review board of Osaka University. Sera from 124 pa-
tients with PDAC and 35 patients with CP were evaluated. All
blood sampling was done at the time of diagnosis (pretreatment).
A total of 144 serum samples from HVs were used as controls.
Detailed information on clinical background was available for
71 PDAC patients, 20 CP patients, and 91 HVs. The collection,
processing, and storage of all blood samples were standardized
as follows: blood samples were collected in a vacutainer tube,
allowed to clot at room temperature for 30 minutes, and then cen-
trifuged at ~2500 x g for 10 minutes. The serum was removed and
immediately divided into 100-pL and 1-mL aliquots and stored
at —80°C until use.

Formalin-fixed, paraffin-embedded tissue blocks from pa-
tients with PDAC were obtained from surgical cases at Osaka Uni-
versity Hospital in 2011 and 2012. Eleven PDAC, 1 CP, and 3
noncystic lesions of intraductal papillary mucinous neoplasm
(IPMN; control for normal pancreas) were randomly selected.

Quantification of Serum LRG-1

Serum LRG-1 levels were determined using the human LRG
assay kit (IBL, Fujioka, Japan) according to the manufacturer’s
protocol. Briefly, each serum sample was diluted (1:100) with
buffer from the kit and the assays performed in triplicate. The
LRG-1 levels were determined from a standard curve created
using control samples. If the concentration of serum LRG-1 was
less than 1.56 ng/mL or greater than 100 ng/mL, the dilution rate
was changed.

Serum CA19-9 levels were measured in the hospital labora-
tory at the time of diagnosis.

Statistical Analysis

All statistical analyses were performed using JMP (version
9.0; SAS Institute Inc, Japan). Continuous data between clinical
groups were compared by the Mann-Whitney U test for nonpara-
metric data and the Student ¢ test for normally distributed data.
The Pearson product-moment correlation coefficient was used
to examine associations between 2 continuous variables. Associa-
tions between categorical variables were examined using Fisher
exact test. Normal cutoffs were defined for LRG-1 as the optimum
point at which sensitivity and specificity was maximized. Re-
ceiver operating characteristic (ROC) curves were generated, and
the areas under the curve (AUCs) were defined.

Immunohistochemical Staining

To analyze LRG-1 expression by immunohistochemistry,
formalin-fixed, paraffin-embedded tissue blocks from patients

94 | www.pancreasjournal.com

with pancreatic cancer were deparaffinized in xylene and rinsed
in a series of 100%, 95%, 90%, 80%, 70%, and 60% ethanol so-
lutions. The antigen was recovered by incubating the slides in
10 mmol/L citrate buffer (pH 6.0) for 40 minutes in boiling water.
To quench endogenous peroxidase activity, the slides were incu-
bated with 0.3% H,0, in methanol for 30 minutes and then rinsed
extensively in phosphate-buffered saline. The slides were incu-
bated with blocking serum for 20 minutes followed by a 1:400
dilution of rabbit anti-LRG monoclonal antibody (Cat# 13224-
[-AP; ProteinTech Group, Chicago, Ill) overnight at 4°C. Endog-
enous biotin activity was blocked using an avidin D-biotin
blocking solution before in situ localization of the antigen using
a biotin-avidin antigen detection method (R.T.U. Vectastain kit,
Vector Laboratories, Burlingame, Calif). After extensive washing
in phosphate-buffered saline, sections were incubated in a diami-
nobenzidine solution (Stable DAB, Invitrogen, Carlsbad, Calif)
and counterstained with a hematoxylin solution. The slides were
then dehydrated by washing in ethanol and cleared in xylene.
Cover slips were placed on the slides, which were evaluated for
LRG-! staining. The intensity of LRG-1 staining was scored on
a scale of 0 to 2 (0, no staining; 1, moderate staining; 2, strong
staining).

RESULTS

Quantification of Serum LRG-1 Levels

Serum LRG-1 levels were significantly elevated in patients
with PDAC (7.99 [5.07] pg/mL) compared with HVs (3.51
[1.42] pg/mL) and patients with CP (4.96 [2.11] pg/mL)
(P <0.001; Fig. 1, Table 1).

When 71 patients with pancreatic cancer were investigated in
terms of clinical stage, the mean (SD) LRG-1 concentrations sig-
nificantly increased with the progression of clinical stage as fol-
lows: 3.33 (0.66) pg/mL in stage I, 7.07 (4.18) pg/mL in stage
11, 8.74 (5.86) ug/mL in stage III, and 8.72 (4.35) pg/mL in stage
IV (Fig. 2). Among them, significant difference of the LRG-1
concentrations was observed between stage I and the other stages,
but the differences between stage II and III, III and IV, and IT and
IV were not significant. The mean (SD) LRG-1 concentration was
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FIGURE 1. Detection of serum LRG-1 by enzyme-iinked
immunosorbent assay. Serum LRG-1 concentrations were
determined for 124 patients with PDAC, 35 patients with CP, and
144 HVs. The mean (SD) LRG-1 concentration for PDAC patient sera
was 7.99 (5.07) pg/mL compared with 3.51 (1.42) pyg/mL for HV
sera (P <0.001) and 4.96 (2.11) pg/mL for CP patients (P < 0.001).
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TABLE 1. Clinicopathological Characteristics of Patients With PDAC, HVs, and Patients With CP

PDAC (n = 124) HV (n = 144) CP (n = 35) PDAC vs HV PDAC vs CP
Age, y* 66.4 (7.83) 44.9 (12.5) 66.7 (10.6) P<0.01 NS
Sex, % male 70.4 59.3 60.0 NS NS
LRG-1, pg/mL* 7.99 (5.07) 3.51(1.42) 496 (2.11) P<0.01 P<0.01
CA19-9, U/mL* 213.7 (208.1) 13.3 (9.61) 7.88 (8.88) P<0.01 P<0.01
Tumor location (head/body, tail) 42/29
Lymph node metastasis (positive/negative) 31/40
Clinical stage (1/2/3/4)" 6/28/21/16

*Data are presented as mean (SD).

fGeneral Rules for the Study of Pancreatic Cancer, 6th edition (Japan Pancreas Society)."

NS indicates not significant.

significantly higher in the lymph node metastasis—positive group than
the lymph node metastasis—negative group (9.23 [4.68] pg/mL
and 6.51 [4.69] pg/mL, respectively; P < 0.001). These results clearly
demonstrate that in patients with PDAC, LRG-1 can be associated
with local progression or lymph node metastasis of the primary
tumor, but not with distant progression, such as liver metastasis. In
addition, serum LRG-1 levels positively correlated with CA19-9
(R* = 0.088, P < 0.001), but not with carcinoembryonic antigen
(R*=0.017,P=027).

ROC Curve Analysis and Diagnostic Performance

The ROC curve analysis was performed to determine the
clinical usefulness of LRG-1 for diagnosing pancreatic cancer.
As shown in Figure 3A, CA19-9 was useful for differentiating
patients with PDAC from HVs with AUC of 0.869. At a cutoff
value of 37 U/mL for CA19-9, the optimal sensitivity and speci-
ficity were 71.9% and 96.4%, respectively. Similar analysis indi-
cated that the AUC for LRG-1 was 0.850. At a cutoff value of
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FIGURE 2. Detection of serum LRG-1 in pancreatic cancer patients
by enzyme-linked immunosorbent assay. The mean (SD) LRG-1
concentration increased with the progression of clinical stage as
follows: stage I, 3.33 (0.66) ug/mL; stage ll, 7.07 (4.18) ug/mL;
stage lll, 8.74 (5.86) pg/mL; and stage IV, 8.72 (4.35) pg/mL. A
significant difference was observed between stage | and the other
stages, but the differences between stage Il and Ill, lll and IV, and Il
and IV were not significant.
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481 pug/mL for LRG-1, the optimal sensitivity and specificity
were 67.7% and 88.2%, respectively. The combination of LRG-1
and CA19-9 was analyzed by fixing the cutoff value at that of
CA19-9. The combination of LRG-1 and CA19-9 improved the dif-
ferential diagnosis between patients with PDAC and HVs, with an in-
crease in AUC of 0.881 and 75.6% sensitivity and 91.7% specificity.
The ability of LRG-1 to make a differential diagnosis be-
tween patients with PDAC and patients with CP was also exam-
ined. The ROC curve analysis showed that AUC for CA19-9
was 0.913 (Fig. 3B). At a cutoff value of 37 U/mL for CA19-9,
the optimal sensitivity and specificity were 73.7% and 100.0%, re-
spectively. Similar analysis for LRG-1 showed AUC of 0.686. Ata
cutoff value of 4.81 pg/mL for LRG-1, the optimal sensitivity and
specificity were 67.7% and 54.3%, respectively. The combination
of LRG-1 and CA19-9 enhanced the differentiating power be-
tween patients with PDAC and patients with CP, with an increase
in AUC to 0.942 with 75.6% sensitivity and 100.0% specificity.
In CA19-9—negative cases, the AUC for LRG-1 was 0.785. At
a cutoff value of 4.81 pug/mL for LRG-1, the sensitivity and speci-
ficity in differentiating patients with PDAC from HVs were
68.8% and 86.3%, respectively. In regards to differentiating patients
with PDAC from patients with CP, the AUC was 0.65, and the sen-
sitivity and specificity were 68.8% and 50.0%, respectively.

LRG-1 Immunohistochemistry

Serum cancer biomarkers can be produced by both cancer
cells and the tissues surrounding them. Because LRG-1 is pro-
duced in the liver and white blood cells, it is important to iden-
tify which cells produce LRG-1 in pancreatic cancer tissue. To
address this issue, the pattern of LRG-1 protein expression was
assessed by immunohistochemistry using morphological cancer
lesions and noncancerous lesions from resection tissue. As shown
in Figure 4, pancreatic cancer cells stained positively on the cell
surface with a plasma membrane staining pattern, but pancreatic
duct cells from noncancer cases, including CP and IPMN, did
not stain. However, in CP cases, inflammatory cells such as lym-
phocytes exhibited weak staining. Positive staining was observed
in all cases of pancreatic cancer, but a positive signal was scarcely
detected in tissue from CP patients or normal surrounding tissue.
Serum LRG-1 levels did not correlate with the intensity of immu-
nostaining (P = 0.327).

DISCUSSION

We demonstrated that preoperative serum LRG-1 levels are el-
evated in patients with PDAC compared with HVs and patients with
CP. The LRG-1 level is associated with disease progression and
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FIGURE 3. Receiver operating characteristic curve analysis for PDAC patients versus HVs (A) and PDAC patients versus CP patients (B). A,
Power of LRG-1, CA19-9, and the combination of LRG-1 and CA19-9 in differentiating PDAC patients from HVs. The AUC was 0.850 for
LRG-1 alone, 0.869 for CA19-9 alone, and 0.881 for LRG-1 and CA19-9 together. B, Power of LRG-1, CA19-9, and the combination

of LRG-1 and CA19-9 in differentiating PDAC patients from CP patients. The AUC was 0.686 for LRG-1 alone, 0.913 for CA19-9 alone,

and 0.942 for LRG-1 and CA19-9 together.

lymph node metastasis. Although previous studies have suggested
that LRG-1 is induced by both tumor cells and acute/chronic in-
flammation, serum LRG-1 levels were not as high in the CP patients
in our study as previously reported, dues in part to the mild/
moderate levels of CP we investigated. Thus, the diagnosis of CP
with mild inflammation may be difficult. In contrast, immunohisto-
chemical staining clearly revealed that pancreatic cancer cells, but
not noncancer lesions from CP and IPMN cases, were positive for
LRG-1. This result suggests that high levels of LRG-1 in pancreatic
cancer may be derived from cancer cells or a change in the micro-
environment, such as local inflammation associated with cancer
progression. However, serum LRG-1 levels did not correlate with
staining intensity in tissues, suggesting that serum LRG-1 levels
may be dependent on the cleavage of LRG-1 on the cell surface.
Andersen et al’ reported an association between LRG-1 and ovarian
cancer. The mean serum LRG-1 concentration was higher in ovar-
ian cancer patients than in healthy women, and highest among stage
II/TV patients. Ovarian cancer cells secrete LRG-1, which may
contribute directly to the elevated levels of LRG-1 observed in
the serum of ovarian cancer patients. Interestingly, the time course
is quite different for plasma LRG-1 and carbohydrate antigen 125
(CA125). Suboptimal debulking surgery results in a substantial de-
crease in CA125, whereas LRG-1 levels remain elevated. Thus se-
rum LRG-1 levels seem to be more directly related to tumor burden
than CA125.

Initially, LRG-1 was classified as a marker of acute phase in-
flammatory responses. Serada et al'> showed that serum LRG-1
concentrations correlate better with disease activity in ulcerative
colitis than C-reactive protein. Kawakami et al* reported that
LRG-1 levels increase after radiofrequency ablation for hepatocel-
lular carcinoma, suggesting a possible role in the acute stress reac-
tion. We confirmed an association between LRG-1 and C-reactive
protein in patients with pancreatic cancer (R*=0.774, P<0.001).
These dual functions of LRG-1 as a tumor marker and acute phase
protein prompted us to use it as a marker of tumor recurrence after
an acute phase.

We conducted this study to confirm that LRG-1 can be used
as a diagnostic marker for PDAC. We found that LRG-1 can
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distinguish between patients with PDAC and HVs or patients with
CP, but we were not able to demonstrate its effectiveness as an
early diagnostic marker. However, we confirmed that serum
LRG-1 levels are associated with disease progression and lymph
node metastasis, and that pancreatic cancer cells express LRG-1
on the cell surface. An analysis of LRG-1 glycosylation may be
a promising approach to distinguish cancer-associated LRG-1
from inflammation-associated LRG-1. In the future, if glycan
changes in LRG-1 can be used to identify the pancreatic cancer-
specific LRG-1, which is different from the LRG-1 protein made
by normal cells such as hepatocytes, it may be a more specific bio-
marker in PDAC.

Leucine-rich o2-glycoprotein-1 was purified more than
30 years ago. The protein contains 8 typical 24-residue leucine-
rich repeats with the consensus sequence.”! However, the physio-
logical function of LRG-1 is still largely unknown. Shirai et al*?
showed that autologous cytochrome ¢ (cyt ¢) is an endogenous li-
gand of LRG-1 and functions in the detoxification of neurotoxins
from snake venom. The expression of LRG-1 is up-regulated during
neutrophilic granulocyte differentiation in response to granulocyte-
colony stimulating factor, suggesting that LRG-1 is involved in
granulopoiesis. Leucine-rich o2-glycoprotein-1 functions as one of
the pattern recognition receptors of polymorphonuclear neutrophils
and modulates neutrophil function through innate immunity. Serum
LRG-1 concentrations correlate well with disease activity in ulcera-
tive colitis. Recent reports have also demonstrated the diagnostic
value of LRG-1 in the urine of children with acute appendicitis.
These results support the role of LRG-1 in inflammatory responses.
Leucine-rich o2-glycoprotein-1 and apoptotic protease activating
factor 1 (Apaf-1) have some amino acid sequence homology, and
LRG-1 binding to cyt ¢ is similar to that of Apaf-1.*> However, in
contrast to Apaf-1, LRG-1 may clear potentially dangerous cyt c.
Thisreport suggests arole of LRG-1 in preventing lymphocyte death.
‘When bound to extracellular cyt ¢ released from apoptotic cells, se-
rum LRG-1 acts as a survival factor for lymphocytes, and possibly
other cells. Moreover, aberrant neovascularization contributes to dis-
eases, such as cancer, and is the consequence of inappropriate angio-
genic signaling. The epithelial growth factor receptor and vascular
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FIGURE 4. Immunohistochemistry of LRG-1 to assess the expression. A, In IPMN cases, the pancreatic duct cells were not stained. In the CP case,
the pancreatic duct cells were not stained, but inflammatory cells, such as lymphocytes, stained lightly. In all PDAC cases, the pancreatic
cancer cells were stained. Scale bar = 100 ym. B, The intensity of LRG-1 was scored on a scale from 0 to 2 (0, no or faint staining; 1, moderate
staining; and 2, strong staining). Scale bar =100 pm. C, No correlation was found between serum LRG-1 levels and staining intensity (P=0.327).

endothelial growth factor are related to angiogenesis, and targeted
agents that are capable of inhibiting signal transduction through
epithelial growth factor receptor and vascular endothelial growth
factor have already been developed and are used clinically.?*
More recently, LRG-1 was reported to promote angiogenesis by
modulating endothelial transforming growth factor 3 signaling.?
These results imply that LRG-1 may be a therapeutic target for
controlling pathogenic angiogenesis in cancer.

In conclusion, the present study clearly shows that LRG-1
has promise as a novel tumor biomarker for PDAC.
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Proteomic identification of heterogeneous nuclear
ribonucleoprotein K as a novel cold-associated
autoantigen in patients with secondary Raynaud’s
phenomenon
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Abstract

Objective. The aim of this study was to identify cold-associated autoantibodies in patients with RP sec-
ondary to CTDs.

Methods. Indirect immunofluorescence staining was performed on non-permeabilized cold-stimulated
normal human dermal microvascular endothelial cells (dHMVECs), using patients’ sera. Cold-induced al-
terations in cell surface proteomes were analysed by isobaric tag for relative and absolute quantitation
(ITRAQ) analysis. Serological proteome analysis (SERPA) was applied to screen cold-associated autoanti-
gens. The prevalence of the candidate autoantibody was determined by ELISA in 290 patients with RP
secondary to CTDs (SSc, SLE or MCTD), 10 patients with primary RP and 27 healthy controls.

Results. Enhanced cell surface immunoreactivity was detected in cold-stimulated dHMVECs when incu-
bated with sera from patients with secondary RP. By iTRAQ analysis, many proteins, including heteroge-
neous nuclear ribonucleoprotein K (hnRNP-K), were found to be increased on the cell surface of
dHMVECs after cold stimulation. By the SERPA approach, hnRNP-K was identified as a candidate auto-
antigen in patients with secondary RP. Cold-induced translocation of hnRNP-K to the cell surface was
confirmed by immunoblotting and flow cytometry. By ELISA analysis, patients with secondary RP show a
significantly higher prevalence of anti-hnRNP-K autoantibody (30.0%, 61/203) than patients without RP
(9.2%, 8/87, P=0.0001), patients with primary RP (0%, 0/10, P=0.0314) or healthy controls (0%, 0/27,
P =0.0001).

Conclusion. By comprehensive proteomics, we identified hnRNP-K as a novel cold-associated autoanti-
gen in patients with secondary RP. Anti-hnRNP-K autoantibody may potentially serve as a biomarker for
RP secondary to various CTDs.

Key words: proteomics, Raynaud’s phenomenon, autoantibody, heterogeneous nuclear RNP-K.
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Introduction

Advances in proteomics technologies have enabled us to
identify proteins extracted from various clinical samples.
Recently an innovative multiplexed quantitative proteomic
technology called isobaric tag for relative and absolute
quantification (iTRAQ) has been successfully used to
detect disease-related proteins from cultured cells and
clinical samples [1]. This novel technology can not only
identify proteins in samples, but also compare relative ex-
pression levels of detected proteins from between four to
eight different samples [2]. In addition, when samples
enriched with cell surface proteins are analysed, iTRAQ
technology can characterize differences in cell surface
proteomes between samples [3].

RP is an exaggerated vasoconstrictive response of the
fingers and toes to external stress such as cold tempera-
tures [4]. RP is characterized classically as the episodic
colour change of blanching, cyanosis and rubor in
response to external stress [5]. In most patients, this
colour change is a benign, reversible condition and no
underlying disease is detectable (i.e. primary RP) [4].
However, in some patients RP is the early manifestation
of underlying disease (i.e. secondary RP), most frequently
of CTDs, including SSc [4], SLE [6] and MCTD [7]. RP in
CTD patients is more severe than primary RP and causes
tissue damage, including digital ulcers and gangrene, pre-
sumably due to endothelial abnormalities [8]. Moreover,
given the substantial morbidity in patients with CTDs,
RP patients developing CTDs should be promptly identi-
fied and managed. Thus it is important to distinguish be-
tween primary and secondary RP, but the diagnostic
methods have not been established.

Because autoantibody production is a common hall-
mark of CTDs, RP secondary to CTDs might have a similar
autoimmune pathogenesis. We therefore hypothesized
that cold stimulation, as an environmental cue, may con-
tribute to the triggering of local autoimmune reactions in
patients with CTD-related secondary RP. In this study,
taking advantage of iTRAQ technology, we detected
cold-induced alteration in cell surface proteomes of endo-
thelial cells. We then obtained candidate autoantigens in
RP by serological proteome analysis (SERPA) [9-11] com-
bining two-dimensional electrophoresis and western blot-
ting using patients’ sera. Our analyses collectively suggest
that in patients with secondary RP, heterogeneous
nuclear ribonucleoprotein K (hnRNP-K) is a cold-asso-
ciated autoantigen that translocates onto the cell surface
by cold stimulation.

Materials and methods

Human serum samples

Between March 2003 and January 2012, Japanese
patients referred to hospitals of Osaka University
(Osaka, Japan), Kyoto University (Kyoto, Japan),
Kanazawa University (Kanazawa, Japan) and Keio
University (Tokyo, Japan) were newly evaluated for RP
as well as for SSc according to ACR criteria [12], SLE
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according to ACR criteria [13, 14] or MCTD according to
the criteria proposed by the Ministry of Health and Welfare
in Japan [15]. RP was defined by repeated episodes of
biphasic or triphasic colour change on cold exposure and
non-RP was defined by no colour changes on cold expos-
ure, as described previously [16]. The possible RP of uni-
lateral or uniphasic colour change was not included in this
study. After these exclusions, randomly selected patients,
including 155 well-defined SSc with RP [SSc-RP(+)] pa-
tients, 54 SLE without RP [SLE-RP(-)] patients, 1 MCTD
without RP [MCTD-RP(—)] patient and 10 MCTD with RP
[MCTD-RP(+)] patients, were included in this study. SSc
without RP [SSc-RP(—)] patients (n=32) and SLE with
well-defined RP [SLE-RP(+)] (n = 38) patients, the frequen-
cies of which are substantially low, were intentionally
recruited and included in the study. Sera and character-
istics (demographic characteristics, autoantibody profile)
of CTD patients were collected at the time of diagnosis.
Ten patients with primary RP who had well-defined RP for
>2 years and had normal findings on laboratory tests,
negative findings on autoantibody assays and no object-
ive clinical signs of CTD or other diseases were also
included. These patient characteristics are summarized
in Table 1. As controls, healthy individuals with no evi-
dence of any physical disorder were included [n=27;
male:female ratio 3:24, average age 51.0 years (s.n.
13.2)]. All patients gave written informed consent prior
to inclusion and this study was approved by the Medical
Ethics Committees of the National Institute of Biomedical
Innovation (Osaka, Japan), Osaka University Hospital,
Kyoto University Hospital, Kanazawa University Hospital
and Keio University Hospital.

Cell culture and cold stimulation

Normal human dermal microvascular (MV) endothelial
cells (dHMVECs, passages 4-6) were purchased from
Takara Bio (Otsu, Japan). dHMVECs were cultured on
type 1 collagen-coated plates (lwaki Glass, Tokyo,
Japan) in endothelial basal medium 2 supplemented
with endothelial cell growth medium 2 MV SingleQuots
(Clonetics, San Diego, CA, USA). Confluent dHMVECs
cells were incubated in serum-containing medium at
10°C (cold stress) or 37°C (control) in a 5% CO, humidi-
fied incubator for the periods indicated. Cells were main-
tained at 10°C or 37°C during the washing/detachment
procedure. Suspended cells were then harvested by cen-
trifugation at room temperature. Before and after cold
stimulation, cell viability was verified by trypan blue exclu-
sion assay. In some experiments, cells were further fixed
with 4% paraformaldehyde at room temperature.

Indirect immunofluorescence staining

dHMVECs were seeded on six-well plates precoated with
type 1 collagen (5 x 10* cells/well) and grown to conflu-
ence. Cells were fixed with 4% paraformaldehyde.
Non-permeabilized cells were then incubated with sera
from patients and healthy controls (HCs; 1:500 dilution)
for 1h at room temperature, followed by incubation with
FITC-conjugated rabbit anti-human IgG (1:1000 dilution;
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TasLe 1 Patient characteristics (n=300 with CTDs or primary RP)

Variable SSc (n=187)

SLE (n=92)

MCTD (n=11)

Primary RP (n=10)

Age, mean (s.n.), years 55.3 (13.8) 40.3 (14.9) 59.5 (16.3) 25.4 (3.1)
Gender (F:M), n:n 156:31 86:6 11:0 9:1
Smoking, % (n/N) 44.2 (50/163) 25.8 (16/46) 0 (0/11) 0 (0/10)
ANA positivity, % (n/N) 91.4 (167/183) 96.7 (89/92) 100 (10/10) 0 (0)
Anti-Scl-70, % (n/N) 31.0 (58/187) NA NA 0 (0/10)
Anti-centromere, % (n/N) 33.7 (63/187) NA 1(1/11) 0 (0/10)
Anti-Sm, % (n/N) NA 34.5 (30/87) 9.1 (1/11) NA
Anti-dsDNA, % (n/N) NA 65.1 (54/83) 0 (0/3) NA
Anti-U1-RNP, % (n/N) 7.5 (14/187) 50.0 (43/86) 100.0 (11/11) 0 (0/10)
Anti-SSA/Ro, % (n/N) 7.5 (14/187) 57.8 (52/87) 45.5 (5/11) NA

Scl-70: topoisomerase |; Sm: Smith; U1-RNP: U1 ribonucleoprotein; N: the number of available patients (varies according to

the number of available observations); NA: not available.

Dako Immunoglobulins, Copenhagen, Denmark). Cells
counterstained with Hoechst 33342 (Invitrogen,
Carlsbad, CA, USA) were visualized using a Biozero
microscope (Keyence, ltasca, IL, USA).

Capture of cell surface proteins

After cold stimulation (10°C) for the indicated periods
(Omin, 30 min, 1h, 3h), dAHMVECs were washed with pre-
warmed (37°C) or precooled (10°C) PBS three times and
cell surface proteins were then labelled by biotinylation
and pulled down by avidin-agarose resin as described
previously [3]. The isolated cell surface proteins were
kept at —20°C until use.

iTRAQ analysis

Cell surface proteins described above were digested by
trypsin and separately labelled with the iTRAQ reagent
(Applied Biosystems, Foster City, CA, USA) as described
previously [3]. Briefly, iTRAQ reagents 114-117 were used
to label cells without cold stimulation (baseline), cells with
cold stimulation at 10°C for 30 min, cells with cold stimu-
lation at 10°C for 1h and cells with cold stimulation at
10°C for 3h, respectively. Samples were then pooled
and fractionated by strong cation exchange chromatog-
raphy [3]. Nano liquid chromatography-tandem mass
spectrometry (LC-MS/MS) analyses were performed on
an LTQ-Orbitrap XL (Thermo Fisher Scientific, Waltham,
MA, USA) as described previously [3]. Protein identifica-
tion and quantification for iTRAQ analysis were carried
out using Proteome Discoverer software (version 1.1;
Thermo Fisher Scientific) against the Swiss Prot protein
database [SwissProt 2010_10 (521016 sequences)] as
described previously [3] with modifications as follows:
carbamidomethylation and iTRAQ4plex (Lys, N-terminal)
were specified as static modifications, whereas
CAMthiopropanoyl (Lys, N-terminal), iTRAQ4plex (Tyr)
and oxidation (Met) were specified as variable modifica-
tions in the database search. The mass spectrometry raw
data and the data of peptide identifications were uploaded
to PeptideAtlas  (http://www.peptideatlas.org/PASS/
PASS00387). Information about the subcellular
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localization of detected proteins was obtained by using
UniprotKB (http://www.uniprot.org/).

Serological proteome analysis

Proteins were extracted from cultured dHMVECs using
the Complete Mammalian Proteome Extraction Kit
(Calbiochem, La Jolla, CA, USA) and stored at —80°C
until use. Two-dimensional electrophoresis and immune
blotting analysis using patient or HC sera were performed
as previously described [10, 11]. Protein spots in a silver-
stained gel, corresponding to positive spots on western
blot membranes, were excised from the gel and digested
in gel as described previously [17].

Preparation of recombinant human hnRNP-K

Full-length hnRNP-K cDNA was amplified from total cDNA
of dHMVEC using KOD-plus (Toyobo, Osaka, Japan) with
the following primers: 5'-TGGAAACTGAACAGCCAGAAG
AA-3’ (forward) and 5'-GCATTAGAATCCTTCAACATCTG
C-3' (reverse). Full-length hnRNP-K cDNA was subcloned
into a pET28 vector (Novagen, Madison, WI, USA), result-
ing in expression of hnRNP-K with a 6 x His tag. The DNA
sequence was confirmed using the ABI Prism 3130XL
Genetic Analyzer (Applied Biosystems). Recombinant
protein was produced in Escherichia coli as described
previously [10, 11].

ELISA

The ELISA assay was performed using MaxiSorp plates
(Nunc A/S, Roskilde, Denmark) coated with 1 ng/well of
recombinant human full-length hnRNP-K protein. After di-
lution (1:500) with E. coli cell lysates to block the non-
specific reactivity of sera with bacterial proteins, sera
were incubated with plate-bound hnRNP-K for 1h, fol-
lowed by detection of antigen-antibody complexes
by horseradish peroxidase (HRP)-conjugated rabbit anti-
human IgG (Dako, Carpinteria, CA, USA) as described
previously [10, 11]. Optical density (OD) was read at
450nm on a Model 680 Microplate Reader (Bio-Rad
Laboratories, Hercules, CA, USA). The antibody titre
was expressed using arbitrary binding units calculated
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according to the following formula: binding units of
sample = [ODgampie/(Mean ODyc sera+ 3 8.0.HC sera)] X 100.
Based on this formula, 100 binding units was used as the
cut-off point.

Western blot analysis

Extracted proteins were subjected to western blot ana-
lysis as previously described [18] with the following anti-
bodies: serum at 1:200 dilution; anti-hnRNP-K (1:500
dilution; Cell Signaling Technology, Danvers, MA, USA);
anti-VE-cadherin  (1:500 dilution; BD Transduction
Laboratories, San Jose, CA, USA); anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 1:1000 dilution;
Santa Cruz Biotechnology, Dallas, TX, USA), followed by
rabbit anti-human IgG, donkey anti-rabbit or sheep anti-
mouse HRP-conjugated secondary antibodies (1:5000
dilution; GE Healthcare, Piscataway, NJ, USA) and visua-
lized with Western Lightning Plus ECL reagent (Perkin-
Elmer, Boston, MA, USA).

Fluorescence-activated cell sorting

After stimulation, cells fixed with 4% paraformaldehyde
were incubated with rabbit anti-human hnRNP-K antibody
at 1:100 dilution and labelled with FITC-conjugated goat
anti-rabbit immunoglobulin (BD Biosciences, San Jose,
CA, USA). Normal rabbit IgG was used as a control.
Stained cells were analysed using a FACS Canto |l cyt-
ometer (Becton-Dickinson, Mountain View, CA, USA)
and the results were analysed using FlowJo software
(TreeStar, Ashland, OR, USA).

Statistical analysis

Continuous variables are expressed as mean (s.n.) and
proportions were used for categorical variables. Means
were compared with Student’s t-test, highly skewed dis-
tributions were compared using the Mann-Whitney U test
and proportions were compared using Fisher’s exact test.
Differences between groups were compared using the
Kruskall-Wallis test followed by Steel’s test. The data
were entered and analysed using Excel statistical soft-
ware (Microsoft, Redmond, WA, USA). Significance was
defined as P < 0.05.

Results

Cold-induced autoimmune reactions on the
cell surface

To determine whether cold can affect autoimmune reac-
tions on the surface of vascular endothelial cells, non-
permeabilized dHMVECs pretreated with or without cold
stimulation were incubated with sera from patients with
RP secondary to SSc or HCs. By indirect immunofluores-
cence staining using sera from patients, cell surface
immunoreactivity was strongly induced in cold-stimulated
dHMVECs (eight of nine patients with SSC-related RP;
Fig. 1), but not in unstimulated cells. In contrast, no dis-
tinct immunostaining was observed in cold-stimulated
or unstimulated cells when incubated with sera from
HCs (n=3; Fig. 1). These results indicate that
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Fia. 1 Indirect immunofluorescence staining

Serum of a healthy control
arc 10°C

Human
BG-FITC

Hoechst
33342

Non-permeabilized cultured dHMVECs with or without
cold stimulation were incubated with sera (1:500 dilution)
from patients with SSc-related secondary RP (n=9) or
healthy controls (n=3) (x 100 magnification). Representa
tive images are shown here. FITC-conjugated rabbit anti-
human IgG (green); Hoechst 33342 (blue); bar: 100 um.
dHMVECSs: dermal human microvascular endothelial cells.

pretreatment of dHMVECs with cold is critical in inducing
the interaction between cell surface autoantigens and
sera from patients.

Identification of cold-induced surface proteome
alterations in dHMVECs by iTRAQ analysis

The results above suggest that proteins including autoan-
tigens in dHMVECs might be exposed to the cell surface
in response to cold stimulation. Therefore we next inves-
tigated cold-induced cell surface proteome alterations in
dHMVECs. Cells were stimulated with cold (10°C for
0min, 30min, 1h and 3h) and cell surface proteins en-
riched by a biotinylation-based approach were quantita-
tively analysed by iTRAQ technology using nano LC-MS/
MS analysis. As listed in supplementary Table S1, avail-
able at Rheumatology Online, 1581 proteins were identi-
fied. According to the annotation from UniprotKB, 451
proteins (28.5%) are located mainly in the plasma mem-
brane, 503 proteins (31.8%) in the cytoplasm, 238 pro-
teins (15.1%) in the nucleus and the remaining proteins
(24.6%) in other subfractions such as the mitochondrion
and the endoplasmic reticulum. The expression of ~50%
of the proteins increased >2-fold after cold stimulation at
10°C for 3h (see supplementary Table S1, available
at Rheumatology Online). The top 30 highly increased
proteins are listed in Table 2.

Identification of autoantigens by SERPA in patients
with secondary RP

We then used a SERPA approach to screen autoantigens
associated with secondary RP. At first, proteins from
dHMVEC lysates were separated on two-dimensional
gels and were visualized by silver staining (Fig. 2A) or
were transferred to membranes for immunoblotting.
These membranes were incubated with sera from nine
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TaeLe 2 List of differentially expressed proteins on the cell surface of dHMVECs after cold stimulation

Accession Protein name 0.5h 1h 3h
Q96RS6 NudC domain-containing protein 1 3.25 4.24 6.18
P10301 Ras-related protein R-Ras 1.35 3.90 5.95
Q92797 Symplekin 2.94 3.81 5.54
Q643R3 Lysophospholipid acyltranferase LPCAT4 3.06 3.00 5.45
Q99808 Equilibrative nucleoside transporter 1 2.62 3.69 5.21
Q9Y6I9 Testis-expressed sequence 264 protein 2.66 4.1 5.12
Q8TEQ6 Gem-associated protein 5 4.71 6.03 5.08
Q2TAL8 Glutamine-rich protein 1 3.03 4.56 4.99
Q08379 Golgin subfamily A member 2 2.41 4.10 4.74
P49916 DNA ligase 3 2.52 2.94 4.74
P35659 Protein DEK 2.04 3.65 4.67
060264 SWI/SNF-related matrix-associated actin-dependent regulator 1.87 4.38 4.52
of chromatin subfamily A member 5
P60709 Actin, cytoplasmic 1 3.03 3.67 4.28
P55265 Double-stranded RNA-specific adenosine deaminase 2.22 3.86 4.27
Q16643 Drebrin 2.60 3.75 4.24
Q6DD88 Atlastin-3 2.09 3.83 4.14
P29966 Myristoylated alanine-rich C-kinase substrate 1.89 3.61 4.10
Q9ULT8 E3 ubiquitin-protein ligase HECTD1 1.74 3.63 4.08
P61019 Ras-related protein Rab-2A 2.04 3.63 4.03
P61978 hnRNP-K 2.12 3.75 4.03
PO1112 GTPase HRas 1.68 2.01 3.95
Q07666 KH domain-containing, RNA-binding, signal transduction-associated 1.74 3.54 3.92
rotein 1
Q9NZ01 Tans—Q,S-enoyl-CoA reductase 1.77 2.08 3.89
QINQWE Actin-binding protein anillin 3.78 5.01 3.86
000483 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 2.12 2.94 3.86
QINP72 Ras-related protein Rab-18 1.96 8.20 3.83
094901 Protein unc-84 homolog A 2.04 2.77 3.79
P38646 Stress-70 protein, mitochondrial 1.83 3.39 3.76
Q96897 Myeloid-associated differentiation marker 2.49 3.10 3.75
P49585 Choline-phosphate cytidylyltransferase A 2.68 3.62 3.74

Values are shown as relative expression levels (at 10°C for 0.5, 1 and 3h) compared with baseline (at 37°C). dHMVECs:
dermal human microvascular endothelial cells; hnRNP-K: heterogeneous nuclear ribonucleoprotein K.

patients with RP secondary to SSc (Fig. 2B) or three HCs
(Fig. 2C). Six specific spots, which were recognized by
sera from >75% of patients, but not by those from HCs,
were selected (Fig. 2B). Proteins extracted from the cor-
responding spots on the silver-stained gel (Fig. 2A) were
then subjected to LC-MS/MS analysis and candidate
autoantigens were identified by a database search as de-
tailed in Fig. 2D. Among identified candidates, hnRNP-K,
a member of the nuclear proteins involved in nucleic acid
metabolism [19], was also found in the list of increased
proteins on the cell surface under cold stimulation
(Table 2), suggesting that hnRNP-K might be a cold-
related autoantigen in patients with secondary RP.

Cell surface expression of hnRNP-K under cold
stimulation was confirmed by western blot and
FACS analysis

The hnRNP proteins are among the most abundant pro-
teins in the nucleus [20]. Indeed, hnRNP-K in dHMVECs
under physiological culture conditions was stained

www.rheumatology.oxfordjournals.org
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intensely in the nucleus by immunofluorescence analysis
(see supplementary Fig. S1A and B, available at
Rheumatology Online). Cold stimulation (10°C for 3h)
induced extranuclear localization of hnRNP-K (see sup-
plementary Fig. S1C and D, available at Rheumatology
Online), which was nonetheless overwhelmed by intensive
staining of nuclear hnRNP-K. To investigate further the
appearance of hnRNP-K on the cell surface after cold
stimulation, we next performed western blot and FACS
analysis. By western blot analysis using concentrated
cell surface proteins, hnRNP-K clearly increased in
dHMVECs after cold stimulation, but VE-cadherin did
not (Fig. 3A). In contrast, the expression level of total
hnRNP-K was found to be unchanged during cold stimu-
lation, suggesting that hnRNP-K was not newly synthe-
sized after cold stimulation (Fig. 3A). By FACS analysis,
cold-induced expression of hnRNP-K on the cell surface
was further confirmed (Fig. 3B). These results collectively
suggest that hnRNP-K is a protein that translocates to the
cell surface on cold stimulation.
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Fic. 2 Identification of autoantigens by SERPA

D

no. Access Identified protein Mw(kDa) P Coverage(%)
1 P48643 T-complex protein 1 subunit epsilon 5963 568 3013
P61978 | nuciear K 5094 554 1944

P10809 60 kDa heat shock protein, mitochondrial 6192 587 16.40
Q13283 RuGT‘Pmadlvm protein-binding 5213 552 1803
protein

Q92768 Histone deacetylase 2 5533 581 1311

QOHORS Giutamy} 5742 568 1155
subunit A homolog

Q05682 Caldesmon 9319 567 315

015460 Proiyl 4-hydroxylase subunit alpha-2 60868 571 4
Q9UNBS R-GT;m-odwm\gprWm 5409 555 519
protein

2 P29401 Transketolase 6783 766 819
P4g748 m:mnﬂodm“ 7035 875 427
Q92804 TATA-binding protein-associated factor 2N 8179 802 7.77

3 P14618 Pyruvate kinase isozymes M1/M2 5790 784 2505
P50981 T-complex protein 1 subunit deita 5789 783 1113
Q14554 Protein disulfide-isomerase AS 5656 791 1175
Q09832 T-complex protein 1 subunit eta 5033 765 1160
QBHO78 Caseinolytic peptidase B protein homolog 7868 901 764
P06744 Glucose-8-phosphate isomerase 6311 832 430

4 P68104 Elongation factor 1-alpha 1 5011 801 1645
PO6733 Alpha-enclase 4714 739 945
P55084 Trifunctional enzyme subunit beta, 5126 941 6.12

mitochondrial

5 P00338 L-lactate dehydrogenase A chain 3867 827 3313
Q14192 Four and a half LIM domains protein 2 3217 755 3441
PO7355 Annexin A2 3858 775 2008
P40926 Malate dehydrogenase, mitochondrial 3548 868 1805
P22626 nuclear 3741 B85S 1020

A2/81

P53587 Succinyl-CoA ligase [GOP-forming] subunit 3623 879 867
alpha, mitochondrial

Q16270 Insulin-ike growth factor-binding protein 7 2811 780 11.70

6 P04406 3-phosphate 3803 846 1194

P22626 o nuciear 3741 895 1078
A2/81

QOUKMS RNA-binding protein Raly 3244 917 882

P23183 Transcription elongation factor Aprotein 1 3395 838 10.30

PO7355 Annexin A2 3858 775 6.19

(A-C) Total protein extracts of dHMVECs were separated by two-dimensional PAGE followed by silver staining analysis
(A) or by western blot analysis with diluted sera from SSc patients with RP (B) or from healthy controls (C). Arrows and
numbers indicate protein spots that were recognized only by the patients’ sera. Representative images are shown here.
(D) List of proteins identified by LC-MS/MS analysis (Mw: molecular weight; pl: isoelectric point). dHMVECs: dermal
human microvascular endothelial cells; LC-MS/MS: liquid chromatography-tandem mass spectrometry.

Detection of anti-hnRNP-K antibody in sera from
patients with secondary RP by western blot and
ELISA analysis

To confirm that hnRNP-K is the autoantigen recognized by
sera from patients with secondary RP, full-length recom-
binant human hnRNP-K protein was prepared and sub-
jected to western blot analysis. As disease controls, SSc
patients without RP were intentionally recruited to the
study and their sera were investigated. Notably, intense
reactivity against recombinant hnRNP-K protein was
visualized in sera from SSc patients with RP, but not
sera from SSc patients without RP or from HCs
(Fig. 3C). This result implies that anti-hnRNP-K antibody
is relevant to RP rather than to SSc itself.

We then developed an ELISA system using recombin-
ant hnRNP-K protein to screen anti-hnRNP-K antibody
in various CTD patients (SSc, SLE and MCTD) with or
without RP and in patients with primary RP (Table 1).
As shown in Fig. 3D (top), ELISA analysis revealed that
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significant elevations of anti-hnRNP-K antibody levels
were observed in patients with SSc-, SLE- and MCTD-
related RP, but not in patients without RP or those with
primary RP compared with HCs (Fig. 3D, top). The preva-
lence of autoantibodies against hnRNP-K was 26.5%
in SSc patients with RP, 42.1% in SLE patients with RP
and 40.0% in MCTD patients with RP. In contrast, anti-
hnRNP-K positivity was markedly low in CTD patients
without RP and was 0% in primary RP patients and HCs
(Fig. 3D, top). These results suggest that anti-hnRNP-K
antibody is relevant to CTD-related secondary RP rather
than to a single CTD.

Of all the CTDs (SSc, SLE and MCTD) in this study,
a 30.0% prevalence of anti-hnRNP-K antibody was
observed in patients with RP, much higher than that in
patients without RP (9.20%, P=0.0001), in patients with
primary RP (0%, P=0.0314) or in HCs (0%, P=0.0003)
(Fig. 3D, bottom). Anti-hnRNP-K-positive CTD patients
had a significantly higher prevalence of RP (88.4%) than
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Fic. 3 Cell surface expression of hnRNP-K after cold
stimulation and the presence of anti-hnRNP-K autoanti-
body in sera from patients with secondary RP

A

60 kDa SR coif surface-hnRNP-K 60 kDa SRR cell lysate-hnRNP-K
130 KDa RS . S coll surface.VE-cachern 37 kDa seesemeammsmmn coll ysate-GAPOH
= I™C QS5hin s
B - e oc
00 e od
. = " ]
o P ™ 5 eof
3 s s =
7. 704 24 1% o]
s 204 = o]
of . ]
e g o T T 500 10 1030 0 ¥ g g
hnRNP-K hnRNP-K hnRNP-K hnRNP-K
[ Pis with RP Pts without RP Healthy controls _ anti-His
- N ow @ hnRNPK
z 3 4 T 2 3 4 1 2 3 & Positve
control
D 4o -
ok @ *

Binding Units

ojhm&n ce m a
2% co o

el
.

SSe- SSc SLE SLE MCTD- MCTD- Primary- HC
RP(+ RP(-) RP(+) RP(} RP+) RP RP
(=155) (n=32) (n=38) (n=54) n=10) (n=1)  (n=10)  (ne27)
411158 ¥ 1638 B8< 4110 o 10 o027
H45% 9.38%  4211% 2I6%  4000% D% o% %
ant-hnRNP-K
Fositve Negative

CID-RA+) n=203 81 (30.0%) 1 142 (70.0%)
CTD-RA(-) n=87 8(9.20%) 79 (90.8%)
Rimary RP - n=10 0 (0%) 10 (100%)

HC n=27 0 (0%) 27 (100%)

(A) Biotinylated surface proteins from dHMVECs incu-
bated at 37°C or 10°C (indicated periods) were precipi-
tated with streptavidin-conjugated agarose beads and
analysed by western blot analysis using anti-hnRNP-K.
Levels of VE-cadherin surface protein (left panel) and
GAPDH expression in total cell lysates (right panel) are
shown as controls. (B) Cell surface hnRNP-K expression
in dHMVECs was analysed by flow cytometry. Shaded
histogram indicates staining with control IgG. (C) His-
tagged recombinant hnRNP-K protein was subjected to
western blot analysis using diluted sera from SSc patients
with RP, without RP and healthy controls or with anti-

6 x His antibody. (D) (Top) Serum anti-hnRNP-K antibody
levels in indicated CTD patients (with or without RP), pri-
mary RP patients and healthy controls were determined
by ELISA using recombinant human hnRNP-K. The y-axis
denotes binding units. The solid horizontal line indicates
the positive cut-off limit as described in Materials and
methods. Note that this cohort contains a relatively high
number of SSc without RP patients and SLE with RP pa-
tients, because those patients were intentionally recruited
to this study. *P < 0.05, **P < 0.01 vs HCs. (Bottom) Anti-
hnRNP-K positivity in patients is summarized. CTD

www.rheumatology.oxfordjournals.org
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anti-hnRNP-K-negative patients (64.3%, P=0.0001;
Table 3). Anti-hnRNP-K antibody showed no correlation
with age, gender, smoking or antibodies to U1 ribonucleo-
protein (U1-RNP), centromere or SSA/Ro in CTD patients
(Table 3). In addition, anti-hnRNP-K showed no correlation
with autoantibodies against topoisomerase | (Scl-70) in
SSc patients or those against dsDNA or Sm in SLE pa-
tients (data not shown). Thus anti-hnRNP-K antibody
might be a novel class of biomarker for a subgroup of
patients with CTD-related secondary RP.

Discussion

Environmental factors are implicated in the pathogenesis
of autoimmune diseases. Previously translocation of intra-
cellular autoantigens to the cell surface was described
in ultraviolet radiation-stimulated keratinocytes [21-23].
In the present study, using comprehensive proteomics
approaches, we identified hnRNP-K as a novel autoanti-
gen that translocates to the cell surface of dHMVECs
after cold stimulation. ELISA analysis revealed that anti-
hnRNP-K antibody was significantly elevated in patients
with RP secondary to CTDs, but not in patients with pri-
mary RP. Thus our data imply hnRNP-K is a putative sec-
ondary RP-associated autoantigen that is exposed on the
cell surface by cold stimulation.

iTRAQ analysis indicated that cold stimulation in
dHMVECs could induce cell surface expression of a var-
iety of proteins, including intracellular proteins, without an
overt effect on cell viability, as seen by trypan blue exclu-
sion assay (data not shown). Previous lines of evidence
indicate that cytoplasmic and nuclear proteins can reach
the cell surface by Golgi-independent non-conventional
transport pathways [24-26]. However, it is unknown how
cold stimulation induces the translocation of hnRNP-K
and other intracellular proteins. Further study is currently
under way in our laboratory.

Among many up-regulated proteins identified by iTRAQ
analysis, hnRNP-K was the only protein simultaneously
identified by SERPA screening. However, our study
does not exclude the possibility that there remain other
cold-associated autoantigens among these proteins.
In particular, since the SERPA approach has limitations
in detecting native antigens, antibodies that recognize
only native-form autoantigens might have been missed
in our study. A screening strategy other than SERPA is
necessary to clarify this issue.

hnRNP-K is a 464 amino acid nuclear protein with three
K homology domains that mediate DNA and RNA binding
[27]. Autoantibodies to hnRNP-K have previously been
detected in sera from patients with aplastic anaemia and

patients are combined here. Values are the number (%) of
patients. TP =0.00001 vs CTD-RP(—), P=0.0314 vs pri-
mary RP, P=0.0001 vs HCs by Fisher’s exact test.
dHMVECs: dermal human microvascular endothelial cells;
hnRNP-K: heterogeneous nuclear ribonucleoprotein K;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase.
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TasLe 3 Basic information of 290 patients with CTDs according to the presence of anti-
hnRNP-K antibodies

Variable Positive (n =69) Negative (n=221) P value®
Age, mean (s.n.), years 52.4 (15.6) 53.3 (15.4) 0.3613
Gender (F:M), n:n 61:8 192:29 0.8383
Smoking, % (n/N) 18.9 (10/53) 31.6 (56/177) 0.0841
RP, % (n) 88.4 (61) 64.3 (142) 0.0001
ANA positivity, % (n/N) 94.0 (63/67) 93.1 (203/218) 1.0000
Anti-U1-RNP, % (n/N) 26.5 (18/68) 23.1 (50/166) 0.6255
Anti-SSA/Ro positivity, % (n/N) 27.9 (19/68) 23.6 (52/220) 0.5202

AUnivariate analysis using the Mann-Whitney U test or Fisher’s exact test. N: the number of avail-
able patients (varies according to the number of available observations). hnRNP-K: heterogeneous

nuclear ribonucleoprotein K.

RA (31% and 24 %, respectively), although the co-morbid-
ity of RP in these patients was not described in this report
[28]. Autoantibodies to other hnRNPs such as hnRNP-H1
[29], -B1 and -F [30] have also been reported as possible
diagnostic markers of CTDs, but their relevance to RP has
not been examined.

Although anti-hnRNP-K antibody was identified initially
using sera from patients with SSc-related RP, this auto-
antibody was also detected in sera from RP patients with
other CTDs. Notably, anti-hnRNP-K antibody levels in RP
patients secondary to SSc, SLE and MCTD were signifi-
cantly higher than in HCs. In addition, the prevalence of
anti-hnRNP-K antibody in SSc patients with RP (26.5%),
SLE patients with RP (42.1%) and MCTD patients with RP
(40.0%) was markedly higher than in their RP-negative
counterparts (9.4%, 9.3% and 0%, respectively) and in
primary RP patients (0%). Moreover, anti-hnRNP-K auto-
antibody was not associated with smoking, which was
believed to be a cause of blood vessel narrowing [31],
nor with the presence of anti-U1-RNP and ACAs, which
are highly related to MCTD and SSc, respectively [32, 33].
Thus these results suggest that anti-hnRNP-K antibody is
particularly relevant to CTD-related secondary RP, but not
to a single CTD or primary RP. Our findings should be
replicated in a larger study.

The pathogenesis of RP likely involves various abnorm-
alities in the vascular, neural and intravascular systems
[4]. At present, it remains to be determined whether anti-
hnRNP-K autoantibody detected by our ELISA system
can bind to hnRNP-K on vascular endothelial cells
in vivo. In addition, it is unknown whether this autoanti-
body contributes to the pathogenesis. Because our cohort
of patients includes only a limited number of severe RP
patients who experienced hospitalization and/or digit loss,
it is unknown whether anti-hnRNP-K antibody correlates
with the severity of RP. However, it is tempting to
speculate that following cold stimulation, anti-hnRNP-K
autoantibody may promote antibody-dependent patho-
genesis by inducing vascular endothelial damage. As pre-
viously reported, anti-endothelial cell antibodies (AECAS)
are a heterogeneous group of autoantibodies against
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various cell surface proteins in endothelial cells and
can contribute leucocyte adhesion by inducing adhesion
molecules and cytokines in endothelial cells [34-36].
Anti-hnRNP-K antibody may thus be a class of AECA
that becomes active under cold stimulation in patients
with secondary RP. Further analyses are needed to eluci-
date the correlation of anti-hnRNP-K autoantibodies with
the pathogenesis of secondary RP.

In summary, we provide the first evidence of cold-
associated autoantibodies in patients with secondary
RP. Anti-hnRNP-K antibody may be a potential biomarker
for RP secondary to CTDs. Longitudinal studies are
warranted to determine whether the evaluation of anti-
hnRNP-K antibody in RP patients may aid in the detection
of CTDs in these patients.

Rheumatology key messages

o Cold-associated autoantibody in patients with sec-
ondary RP is successfully identified by a proteomic
approach.

o hn-RNP-K translocates to the endothelial cell sur-
face upon cold stimulation.

o Anti-hnRNP-K autoantibody may serve as a bio-
marker for secondary RP.
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Human herpesvirus 6 (HHV-6) glycoprotein M (gM) is an envelope glycoprotein that associates
with glycoprotein N (gN), forming the gM/gN protein complex, in a similar manner to the other
herpesviruses. Liquid chromatography-MS/MS analysis showed that the HHV-6 gM/gN complex
interacts with the v-SNARE protein, vesicle-associated membrane protein 3 (VAMP3). VAMP3
colocalized with the gM/gN complex at the trans-Golgi network and other compartments, possibly
the late endosome in HHV-6-infected cells, and its expression gradually increased during the late
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phase of virus infection. Finally, VAMP3 was incorporated into mature virions and may be
transported with the gM/gN complex. '

INTRODUCTION

Human herpesvirus 6 (HHV-6) belongs to the betaherpes-
virus subfamily (Roizmann et al.,, 1992). HHV-6 isolates
can be classified as HHV-6A and HHV-6B (Ablashi et al,,
2013) based on genetic and antigenic differences, cell
tropism, and pathogenesis (Ablashi et al.,, 1991; Aubin et al.,
1991; Campadelli-Fiume et al., 1993; Chandran et al., 1992;
Mori, 2009; Yamanishi et al., 1988).

Herpesviruses encode several glycoproteins on the envelope
of viral particles that work for entry, assembly and egress of
the virus. Of these, glycoprotein M (gM) is a remarkable
envelope glycoprotein as it is conserved among all herpes-
virus subfamilies. Most herpesviruses, including herpes

simplex virus type-1 (Baines & Roizman, 1991), pseudora-.

bies virus (Dijkstra et al, 1996) and equine herpesvirus 1
(Osterrieder et al., 1996), do not require gM for replica-
tion. Marek’s disease virus (Tischer et al., 2002) and
varicella-zoster virus (Yamagishi et al., 2008) abolish virus
growth in vitro. However, the gM protein of human
cytomegalovirus (HCMV), which belongs to the betaher-
pesvirus subfamily, is essential for the production of
infectious virus (Hobom et al., 2000).

HHV-6 gM is a product of tlie U72 ORF and comprises
343 aa (Kawabata et al., 2012; Lawrence et al., 1995). Post-
infection (p.i.), it is translated into a 47-63 kDa protein
that is post-translationally glycosylated (Kawabata et al.,
2012). It is a type III transmembrane protein with seven
membrane-spanning domains and a C-terminal cytoplas-
mic tail. HHV-6 gM interacts with the product of the U46
OREF, known as gN, to form a complex for transport to the
trans-Golgi network (TGN) and endosomal compartments
(Kawabata et al, 2012). Finally, the gM/gN complex is

incorporated into mature virions. Interestingly, unlike in
alpha herpesviruses, HHV-6 gM is essential for virus
growth (Kawabata et al,, 2012).

To further examine the role of HHV-6A gM during HHV-
6 infection, we performed liquid chromatography (LC)-
MS/MS analysis to identify the cellular components that
interact with the gM/gN complex. The results showed that
the gM/gN complex interacts with VAMP3 (vesicle-
associated membrane protein 3).

VAMPS3 is a v-SNARE (soluble N-ethylmaleimide-sensitive
factor attachment protein receptor) protein that resides in
recycling endosomes and endosome-derived transport
vesicles. v-SNARE interacts with SNARE proteins on target
membranes (t-SNAREs) to form trans-SNARE complexes,
which draw the two membranes together and drive
membrane fusion (Jahn & Scheller, 2006; Jahn et al,
2003; Rothman, 1994; Sollner et al, 1993). SNAREs are
cytoplasmic-oriented type I membrane proteins that play a
role in intracellular trafficking mechanisms during exocy-
tosis by forming a complex that facilitates the transient
fusion of the vesicular and plasma membrane lipid bilayers
(Mohrmann & Serensen, 2012). This membrane fusion is
dependent on the formation of a complex between t-
SNARE and v-SNARE proteins (Jahn & Scheller, 2006;
Jahn et al, 2003).

VAMP3 is localized to recycling endosomes (McMahon
et al, 1993) and plays a role in the fusion of recycling
endosomes and the plasma membrane by forming a
complex with the surface t-SNARE complex, Stx4/SNAP23
(Hu et al, 2007). The VAMP3/5tx4/SNAP23 SNARE
complex mediates the long-loop recycling pathway that
delivers recycling endosomes and their cargo to the cell
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surface, and plays an important role in regulating the abil-
ity of macrophages to effectively adhere and spread on
fibronectin (Veale et al, 2011). VAMP3 is also involved
in integrin trafficking, cell migration and cell adhesion
(Luftman et al., 2009; Tayeb et al., 2005). In addition, it plays
arole in the exocytosis of a-granules in platelets (Polgar et al.,
2002), as well as in the recycling of endocytosed transferrin
receptors to the cell surface (Galli er al,, 1994).

Here, we describe the interaction between the gM/gN
complex and VAMP3 in HHV-6A-infected cells and discuss

the potential for the association between the gM/gN .

complex and VAMP3 to modify its localization and mediate
its incorporation into mature virions.

RESULTS

Identification of cellular proteins interacting with
the gM/gN complex

A recent study showed that the cytoplasmic tail of HCMV
gM interacts with the cellular protein FIP4, which is a
Rab11-GTPase effector protein important for gM/gN
trafficking and for accumulation of the envelope glycopro-
tein complex in the assembly compartment in HCMV-
infected cells (Krzyzaniak et al, 2009). To examine the
function of HHV-6A gM/gN, we tried to identify the
cellular protein(s) that interact with the gM/gN complex.
First, gM and gN were cotransfected into 293T cells and gM
was immunoprecipitated from the lIysates with an anti-gM
mAb. Silver staining of gels containing proteins separated
from the lysates of the gM/gN-expressing cells revealed
several specific bands at approximately 10 kDa; these
proteins were not present in the lysates of cells expressing
gM alone. One specific band (Fig. 1a, arrowhead) was excised
from the gel and subjected to LC-MS/MS analysis. The
results of this analysis identified VAMP3 as the interacting
protein (Fig. 1b).

To confirm the interaction between VAMP3 and gM/gN,
lysates from cells expressing both HA-tagged gM and
FLAG-tagged gN were immunoprecipitated with an anti-
HA antibody, followed by Western blotting with anti-gM,
anti-FLAG or anti-VAMP3 antibodies. As shown in Fig. 1c,
VAMP3 was coprecipitated when gM and gN were coex-
pressed. However, VAMP3 was not coprecipitated when gM
or gN was expressed alone. CD63 was not coprecipitated even
when gM and gN were coexpressed (Fig. 1c). These results
indicate that VAMP3 interacts with the gM/gN complex.

Interaction between gM and VAMPS3 in
HHV-6A-Infected cells

To confirm the interaction between the gM/gN complex
and VAMP3 in HHV-6A-infected cells, lysates from HHV-
6A-infected HSB-2 cells were immunoprecipitated with an
anti-gM mAb or an anti-VAMP3 antibody, followed by
Western blotting with anti-gM, anti-VAMP3, anti-CD63 or

anti-gB antibodies (Fig. 2). Endogenous VAMP3 copre-
cipitated with gM and vice versa; gB or endogenous CD63
coprecipitated with neither gM nor VAMP3 (Fig. 2b).
These results indicate that gM also interacts with VAMP3
in HHV-6A-infected cells. Interestingly, although gM with
a molecular mass of 15 kDa was detected in the lysates of
HHV-6A-infected cells, it did not coprecipitate with the
anti-VAMP3 antibody. '

To examine the cellular localization of gM and VAMP3 in
HHV-6A-infected cells, an indirect immunofluorescence
assay (IFA) was performed using HHV-6A-infected HSB-2
cells at 96 h p.i. (Fig. 3). Confocal microscopy of HHV-6A-
infected HSB-2 cells showed that gM and VAMP3 appear
to partially colocalize to the same cellular compartment.
In addition, gM and VAMP3 partially colocalized with
TGN46, a marker of the TGN (Fig. 3b), and with CD63, a
marker of late endosomes and multivesicular bodies
(MVB) (Fig. 3a). The expression of endogenous VAMP3
was much lower in uninfected cells than infected cells {Fig.
3a(ii), b(ii)] These results indicate that VAMP3 may
localize with gM to the endosomal compartment in
addition to TGN during the late stage of infection.
Preimmune serum of guinea pig did not react with either
HHV-6A-infected [Fig. 3d(i)] or uninfected cells [Fig.
3d(ii)}, although anti-VAMP3 antibody obtained from
the same guinea pig reacted with HHV-6A-infected cells
[Fig. 3¢(i)] but not uninfected cells [Fig. 3c(ii)].

VAMP3 iIs present in purified HHV-6A virions

Recently, we showed that HHV-6A virions are released
through MVBs via the cellular exosomal pathway and that
gB and gM are present on exosomes (Mori et al., 2008). To
examine whether VAMP3 expressed in HHV-6A-infected
cells is present on virions and exosomes, we purified
virions from the culture medium of HHV-6A-infected
cells. As expected, VAMP3, gM and CD63 were detected by
western blotting of the virion fractions (Fig. 4a). Virion
fractions were confirmed with the presence of gB (Fig. 4a)
and viral DNA (Fig. 4b). In addition, VAMP3 was detected
on HHV-6A virions by immunogold labelling electron
microscopy analysis [Fig. 4c(i)], but it was rarely detected
on virions without primary antibody [Fig. 4c(ii)}. These

results indicate that VAMP3 is incorporated into viral

particles along with the gM/gN complex.

Intracellular localization of the givi/gN complex
and VAMPS3 in cells transiently expressing gM/gN

We next examined the intracellular localization of gM, gN
and VAMP3 (Fig. 5). When plasmids expressing gM and gN
were cotransfected into Hela cells [Fig. 5a(i)l, gM/gN
colocalized with endogenous VAMP3 in the perinuclear,
region. However, when gM was expressed alone, it failed to
colocalize with VAMP3 [Fig. 5a(ii)]. Because the gM/gN
complex localized to the TGN in HHV-6A-infected cells, we
hypothesized that the gM/gN complex would interact with
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