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ARTICLE INFO ABSTRACT

Keywords: Tumor-associated antigen (TAA)-specific autoantibodies have been widely implicated in cancer diagnosis.
2-dimensional difference gel electrophoresis However, cancer cell lines that are typically exploited as candidate TAA sources in immunoproteomic studies
Autoantibodies may fail to accurately represent the autoantigen-ome of lower-grade neoplasms. Here, we established an in-
Biomarkers ) tegrated strategy for the identification of disease-relevant TAAs in thyroid neoplasia, which combined NRAS®®'R
,Srir(fgiilfeloprlzt;::;ne analysis oncogene expression in non-tumorous thyroid Nthy-ori 3-1 cells with a multi-dimensional proteomic technique
i P DISER that consisted of profiling NRAS?®'®.induced proteins using 2-dimensional difference gel electrophoresis
(2D-DIGE) coupled with serological proteome analysis (SERPA) of the TAA repertoire of patients with thyroid

encapsulated follicular-patterned/RAS-like phenotype (EFP/RLP) tumors. We identified several candidate cell-

based (nicotinamide phosphoribosyltransferase NAMPT, glutamate dehydrogenase GLUD1, and glutathione S-

transferase omega-1 GSTO1) and autoantibody (fumarate hydratase FH, calponin-3 CNN3, and pyruvate kinase

PKM autoantibodies) biomarkers, including NRAS?®'R.induced TAA phosphoglycerate kinase 1 PGK1. Meta-

profiling of the reactivity of the identified autoantibodies across an independent SERPA series implicated the

PKM autoantibody as a histological phenotype-independent biomarker of thyroid malignancy (11/38 (29%)

patients with overtly malignant and uncertain malignant potential (UMP) tumors vs 0/22 (p = 0.0046) and 0/20

(p = 0.011) patients with non-invasive EFP/RLP tumors and healthy controls, respectively). PGK1 and CNN3

autoantibodies were identified as EFP/RLP-specific biomarkers, potentially suitable for further discriminating

tumors with different malignant potential (PGK1: 7/22 (32%) patients with non-invasive EFP/RLP tumors vs 0/

38 (p = 0.00044) and 0/20 (p = 0.0092) patients with other tumors and healthy controls, respectively; CNN3:

9/29 (31%) patients with malignant and borderline EFP/RLP tumors vs 0/31 (p = 0.00068) and 0/20

(p = 0.0067) patients with other tumors and healthy controls, respectively). The combined use of PKM, CNN3,

and PGK1 autoantibodies allowed the reclassification of malignant/UMP tumor risk in 19/41 (46%) of EFP/RLP

tumor patients. Taken together, we established an experimental pipeline DISER for the concurrent identification
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of cell-based and TAA biomarkers. The combination of DISER with in vitro oncogene expression allows further
targeted identification of oncogene-induced TAAs. Using this integrated approach, we identified candidate au-
toantibody biomarkers that might be of value for differential diagnostic purposes in thyroid neoplasia.

Abbreviations

2D-DIGE  2-dimensional difference gel electrophoresis
2D-PAGE  2-dimensional polyacrylamide gel electrophoresis
CCBB colloidal coomassie brilliant blue

CNN3 calponin-3

cPTC classic/conventional type of PTC

DISER 2D-DIGE + SERPA

EFP/RLP  encapsulated follicular-patterned/RAS-like phenotype
emPAI exponentially modified protein abundance index
EnFV-PTC encapsulated follicular variant of PTC

ERK extracellular signal-regulated kinase

FH fumarate hydratase, mitochondrial

FNAB fine-needle aspiration biopsy

FTA follicular thyroid adenoma

FTC follicular thyroid carcinoma

FT-UMP follicular tumor of UMP

GLUD1 glutamate dehydrogenase, mitochondrial

GSTO1 glutathione S-transferase omega-1

IDH3A isocitrate dehydrogenase [NAD] subunit alpha, mi-
tochondrial

MS/MS tandem mass-spectrometry

NAMPT nicotinamide phosphoribosyltransferase

NIFTP non-invasive follicular thyroid neoplasm with papillary-
like nuclear features

PGK1 phosphoglycerate kinase 1

PKM pyruvate kinase PKM

PTC papillary thyroid carcinoma

PTC-NF nuclear features of PTC

ROI region of interest

RTCB tRNA-splicing ligase RtcB homolog

SERPA serological proteome analysis

TAA tumor-associated antigen

UMP uncertain malignant potential

WB Western blot analysis

WDT-UMP well-differentiated tumor of UMP

1. Introduction

Autoantibodies against tumor-associated antigens (TAAs) are blood-
based cancer biomarkers that can help detect malignancy with high
diagnostic specificity (reviewed in Ref. [1]). The notable clinically va-
lidated examples are onconeural autoantibodies, which are routinely
used to diagnose the underlying neoplasia in possible paraneoplastic
syndromes [2] and EarlyCDT-Lung test for pulmonary nodule risk as-
sessment and lung cancer screening (https://oncimmune.com/lung-
cancer-blood-test/). However, despite high research effort, the overall
success of these cancer biomarkers remains limited.

One specific limitation encountered in immunoproteomic studies
attempting to identify novel autoantibody biomarkers is the use of es-
tablished cancer cell lines as a renewable and consistent source of bait
antigens to capture the circulating antibodies. Compared to primary
tumors, cancer cell lines frequently demonstrate a profound loss of their
original differentiation, exaggerated epigenetic and karyotypic ab-
normalities, increased mutational load, and altered gene expression
profiles, which result in a poorly differentiated state that is shared
between cell lines but distinct from the primary tumors of the same
tissue origin (reviewed in Ref. [3]). Consequently, the resultant pool of
antigens represents proteins that are associated with a highly malignant
undifferentiated phenotype rather than the immunogenic proteomic
changes occurring in benign, premalignant, well-differentiated, and
early-stage lesions.

Human thyroid tumors have been our primary research interest and
their well-differentiated nature ensures the relevance of the above-
mentioned considerations. We hypothesized that coupling the activa-
tion of a single key oncogenic pathway in non-tumorous thyroid lineage
cells with differential proteomic/immunomic profiling of resultant cells
may partially overcome the limitation described above by focusing the
search strategy on the disease-relevant antigens whose expression is
induced by a specific oncogenic event.

Hotspot mutations in the genes of the RAS family of proto-onco-
genes, including NRAS c.182A > G (p.Q61R), are common in human
thyroid neoplasms and are strongly associated with a particular group
of histopathological phenotypes hereinafter collectively referred to as
encapsulated follicular-patterned/RAS-like  phenotype (EFP/RLP),
which includes multiple World Health Organization-recognized patho-
logical entities with varying malignant potential as detailed in

97

Supplementary Table 1 [4-12]. Of note, due to predominantly follicular
architecture, the absence or incomplete/focal papillary thyroid carci-
noma (PTC) nuclear features (PTC-NF), and inability of the fine-needle
aspiration biopsy (FNAB) to assess the presence of microscopic invasive
growth, EFP/RLP tumors pose significant diagnostic difficulties, parti-
cularly regarding preoperative discrimination between benign and
malignant lesions [13]. Furthermore, the value of molecular testing of
FNAB specimens in this group of neoplasms is limited since RAS mu-
tations are comparably prevalent in benign, malignant and borderline
EFP/RLP tumors, whereas highly predictive of malignancy BRAF mu-
tations and RET/PTC rearrangements are only occasionally en-
countered [4-12]. Thus, novel biomarkers that are capable of addres-
sing these diagnostic issues are required to optimize the management of
patients and reduce treatment costs via the avoidance of unnecessary
surgeries.

Here, we employed a combination of 1) differential proteomic
analysis of two derivates of the immortalized normal human thyroid
follicular epithelial cell line, Nthy-ori 3-1, genetically engineered to
stably express either the prototype EFP/RLP driver NRAS?®'® or the
puromycin resistance gene only, and 2) the autoantibody profiling of
sera from EFP/RLP tumor patients using proteins isolated from re-
sultant cell lines as the bait antigen pool. We combined two 2-dimen-
sional polyacrylamide gel electrophoresis (2D-PAGE)-based techniques,
the 2D-difference gel electrophoresis (2D-DIGE) [14] and serological
proteome analysis (SERPA) [15], into an experimental pipeline, which
we named DISER (2D-DIGE + SERPA).

Using this multi-dimensional approach and meta-profiling of the
reactivity of the identified autoantigens across a total of five in-
dependent SERPA experimental series, we were able to unravel a
number of candidate cell-based and circulating autoantibody bio-
markers, and further implicate the latter as potential biomarkers for
identifying thyroid neoplastic disease (fumarate hydratase, mitochon-
drial FH), malignant/uncertain malignant potential (UMP) tumors
(pyruvate kinase PKM), and the discrimination of EFP/RLP tumors with
different malignant potential (calponin-3 CNN3 and NRAS®®'R-induced
TAA phosphoglycerate kinase 1 PGK1). The combination of PKM,
CNN3, and PGK1 autoantibodies allowed the reclassification of malig-
nant/UMP tumor risk in nearly half of EFP/RLP tumor patients.

The DISER approach coupled with in vitro recapitulation of a spe-
cific oncogenic stimulus combines and improves the advantages of the


https://oncimmune.com/lung-cancer-blood-test/
https://oncimmune.com/lung-cancer-blood-test/

P.V. Belousov, et al.

individual 2D-DIGE and SERPA techniques and may be used for con-
current differential proteomic/immunoproteomic profiling and suc-
cessful identification of oncogene-induced autoantigens and disease-
relevant autoantibody signatures in human neoplasia.

2. Materials and methods
2.1. Patients and samples

The sera samples from most of the patients included in the study
were a component of a sample set described previously [16], obtained
from the Endocrinology Research Center, currently the National Med-
ical Research Center for Endocrinology, Moscow, Russia (ERC samples);
the Tsyb Medical Radiological Research Center, Obninsk, Russia (MRRC
samples); and from the outpatient clinic of the Lomonosov Moscow
State University (healthy female volunteers without palpable thyroid
nodules). Additional samples were obtained either from the National
Medical Research Center for Endocrinology (additional ERC samples);
or from the Russian repository of the Chernobyl Tissue Bank (https://
www.chernobyltissuebank.com/) at the Tsyb Medical Radiological
Research Center (MRRC/CTB samples, project number 001/2015).
Representative archival hematoxylin and eosin-stained slides corre-
sponding to each case were reviewed by a single board-certified sur-
gical pathologist (AYA), and pathological diagnoses were rendered
compliant with the current 4th edition of the World Health Organiza-
tion classification of tumors of endocrine organs [17] (Supplementary
Tables 1 and 2). Basic clinico-pathological characteristics of patients
together with other relevant information are presented in
Supplementary Table 2. At diagnosis, none of the included patients
demonstrated clinical or radiological evidence of gross extrathyroidal
extension (T3b or T4) or distant metastases (M1), and no widely in-
vasive EFP/RLP tumors were present in the entire cohort. For simplicity
of data presentation, a non-generally accepted term, malignancy score
(M-score), was used to describe the histological degree of malignancy as
defined in Supplementary Table 1. The mutational status of the NRAS
gene was determined as described in the Supplementary Methods. All
patients provided informed consent; the study was approved by the
Ethical Review Boards of the participating institutions.
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2.2. Cell lines

Nthy-ori 3-1 (ECACC 90011609), FTC-133 (ECACC 94060901), and
K1 (92030501) cells were purchased from the European Collection of
Authenticated Cell Cultures (ECACC) via Sigma-Aldrich. The culturing
media were DMEM:Ham's F12:MCDB 105 2:1:1 for K1 cells,
DMEM:Ham's F12 1:1 for FTC-133 cells, and RPMI 1640 for Nthy-ori 3-
1 cells and its derivates. All media were supplemented with 2mM -
glutamine, 10% fetal bovine serum, and 100 Units/mL penicillin/
100 pg/mL streptomycin. For 2D-DIGE comparison of K1, FTC-133, and
Nthy-ori 3-1cells, all cells were adapted to DMEM:Ham's F12 1:1
medium supplemented as described previously for four passages.

The Nthy-ori 3-1-NRAS?®'® and Nthy-ori 3-1-Vector derivates have
been described elsewhere [18]. Briefly, full-length mutant NRAS?®'®
cDNA was cloned into lentiviral plasmid vector LeGO-iPuro2 carrying
the puromycin resistance gene (a generous gift from Dr. Kristoffer
Riecken, Medical Center Hamburg-Eppendorf) [19], and viral particles
LeGO-iPuro2 and LeGO-iPuro2-NRAS?®'R were produced and used for
infection of Nthy-ori 3-1 cells, followed by 14 days of selection using
1 pg/mL puromycin (Fig. 1A).

2.3. 2D-PAGE and Western blot analysis (WB)

Total protein lysate or equimolar mixtures of different cyanine dye-
labeled proteins prepared as described in the Supplementary Methods
were subjected to isoelectric focusing (Protean IEF cell, Bio-Rad) using
7 cm immobilized pH gradient strips (Bio-Rad) with non-linear pH 3-10
gradient for up to 33 kV h. Strips were equilibrated either for 20 min in
reductive equilibration buffer containing 6 M urea, 0.375M Tris-HCl
(pH 8.8), 2% (w/v) sodium dodecyl sulfate (SDS), 20% (w/w) glycerol,
and 2% (w/v) dithiothreitol (K1 and FTC-133 proteins), or for 10 min in
reductive equilibration buffer and further 10 min in alkylating buffer
containing 2.5% (w/v) iodoacetamide instead of dithiothreitol (Nthy-
ori 3-1-NRAS?®'® and Nthy-ori 3-1-Vector proteins), and subjected to
SDS-PAGE in the second dimension using 10% polyacrylamide gels.
Following the detection of fluorescence, if applicable, proteins were
stained with colloidal Coomassie Brilliant Blue (CCBB) G-250 stain for
spot picking, or were electroblotted onto nitrocellulose membranes and

| P
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Fig. 1. Schematic representation of the experimental pipeline. A, Establishment of the Nthy-ori 3-1 derivates for the modeling of the NRAS?®'*.induced on-
cogenic transformation (upper panel); a workflow of the DISER (2D-DIGE + SERPA) technique (lower panel). B, Class stratification of candidate biomarkers

according to the pattern of NRAS?¢'R

-mediated regulation in vitro (upper right) and serological autoantibody reactivity observed in healthy volunteers (upper left)

and in patients with NRAS®®'® (lower right) or NRASWT (lower left) EFP/RLP tumors. 2D-DIGE — 2-dimensional difference gel electrophoresis; DISER, 2D-
DIGE + SERPA; EFP/RLP, encapsulated follicular-patterned/RAS-like phenotype; SERPA, serological proteome analysis.
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further visualized using Ponceau S staining for unlabeled proteins or
fluorescent imaging for cyanine-labeled proteins as described below.
Membranes were blocked and hybridized with individual patients’ sera
in a 1/500 dilution, with further workflow identical to that described in
Ref. [16].

2.4. Image acquisition and analysis

The fluorescence of gels and membranes was detected using a
Typhoon™ FLA 9500 laser scanner (GE Healthcare Life Sciences) at 50
um/pixel resolution. For differential proteomic analysis, the Delta2D
software program (DECODON GmbH) was used. Six representative gels
were selected to ensure exhaustive dye swapping (see Supplementary
Methods). Inter-gel warping was performed using automatic spot
matching with further manual correction. The images were fused with a
«Max Intensity » algorithm to generate a master gel, and spot detection
and quantification were performed automatically.

Following enhanced chemiluminescent signal visualization, X-ray
films exposed to blots for 15, 30, 60, and 120s were scanned at 300
pixels/inch resolution without image enhancement; the overexposed
(typically 120s) films were used for precise manual positioning onto
Ponceau S-stained or fluorescent membranes using the Adobe
Photoshop software program, with further implicit positioning of short
exposure films (15-30s), which were used for subsequent analysis.

The fluorescent images of the membranes and gels were
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preprocessed using the ImageJ software program (Fiji distribution,
https://imagej.net/Fiji/Downloads) to perform background removal,
image equalization, unsharp masking, channel merge, and pseudo-col-
oring. A representative preprocessed gel image was selected and used as
a target image for elastic registration of all membrane images using the
bUnwarpJ plugin [20], and the transformation vectors for all individual
registrations were used for identical transformations of matched prior
positioned WB images. All registered images were then compiled into a
single multi-layered file in Adobe Photoshop, which was visually in-
spected to identify protein spots demonstrating differential autoanti-
body reactivity between the studied groups.

2.5. Protein identification

The spots of interest were manually excised from CCBB-stained gels
and subjected to in-gel digestion with trypsin. The resultant digests
were applied to an Ultimate 3000 RSLCnano liquid chromatography
system (Thermo Scientific) coupled with an Orbitrap Fusion mass
spectrometer (Thermo Scientific). The tryptic digestion and LC-MS/MS
analysis were performed similarly to those described in Ref. [21] with
modifications (see Supplementary Methods). The raw files were con-
verted to MASCOT generic format (.mgf), and the peak lists were ob-
tained using OMSSA version 2.1.9 [22] via SearchGUI version 3.3.3
[23]. The protein identification was conducted against a concatenated
target/decoy version of the Homo sapiens complement of the UniProtKB
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Fig. 2. Results of DISER profiling. A, Pseudo-colored merged channel image of a representative 2D-DIGE experiment (Nthy-ori 3-1-NRAS®®'® proteins in red, Nthy-
ori 3-1-Vector proteins in green) (left panel); representative 2D-WB hybridization pattern of EFP/RLP serum (patient ER.N-2, serum dilution 1/500) (right panel);
ROIs corresponding to identified biomarker candidates are marked with rectangles. B, Volcano plot representing results of the quantitative analysis of proteomic
differences between Nthy-ori 3-1-NRAS®®'® and Nthy-ori 3-1-Vector cells inferred from six independent 2D-DIGE gels; class Ia and class III candidates are marked
with the ellipse. C, Close-up sections of a representative 2D-DIGE image (Fig. 2A) and 2D-WB hybridization patterns demonstrated by EFP/RLP sera (dilution 1/500),
corresponding to ROIs containing candidate biomarker spots (arrows); the lower panel depicts the NRAS gene status of EFP/RLP tumors along with corresponding
pathological diagnoses. 2D-DIGE, 2-dimensional difference gel electrophoresis; 2D-WB, 2-dimensional Western blot analysis; DISER, 2D-DIGE + SERPA; EnFV-PTC,
encapsulated follicular variant of papillary thyroid carcinoma; EFP/RLP, encapsulated follicular-patterned/RAS-like phenotype; FC, fold change; FT-UMP, follicular
tumor of uncertain malignant potential; NIFTP, non-invasive follicular thyroid neoplasm with papillary-like nuclear features; ROIL, region of interest.
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(version 1.9.2018, 20 373 target sequences), with the decoy sequences
created by reversing the target sequences in SearchGUI. The identifi-
cation settings were as follows: specific enzymatic digestion with
trypsin, allowing up to 2 missed cleavages; b/y fragment ion type; MS'
tolerance 10.0 ppm, MS? tolerance 0.01 Da; carbamidomethylation of
C, acetylation of K, deamidation of Q, oxidation of M and phosphor-
ylation of S, T, and Y were set as variable modifications. Peptides and
proteins were inferred from the spectrum identification results using
PeptideShaker version 1.16.26 [24]. Peptide spectrum matches, pep-
tides, and proteins were validated at a 1% false discovery rate estimated
using the decoy hit distribution. The lists of validated proteins were
manually filtered to remove hits identified with a single validated
peptide, as well as epidermal keratins and other possible contaminants.
The remaining proteins were arranged in descending order of ex-
ponentially modified protein abundance index (emPAI) values [25],
and the top-ranked hit together with those having emPAI > 0.5-emPAI
(top-ranked hit) were referred to as the highest ranked.

30
29
16
7
4
14
12
19
19
12
16
12

possible)
71.46/94.00
36.53/94.16
21.96/91.57
8.63/91.57
39.82/73.86
33.61/66.39
43.18/85.95
36.38/79.93
27.33/70.30
36.46/92.06
41.91/85.89

Sequence coverage (actual/ Validated peptides
67.39/100.00

8.30/44.5
8.30/44.5
7.95/57.8
6.99/50.1
6.99/50.1
5.69/36.4
5.71/36.6
6.69/55.5
6.71/56.0
6.77/55.2
6.69/55.5
6.23/27.4

2.6. Statistical analysis

Theoretical pI/Mw
(kDa)*

The significance of between-group differences in autoantibody fre-
quencies was tested using Fisher's exact test (http://www.
quantitativeskills.com/sisa/statistics/fisher.htm). The significance of
protein expression difference was tested using the Delta2D software-
integrated statistical module utilizing the Student's T-test with the
permutation-based calculation of the p-values and the Welch correction
for unequal variances. The confidence intervals for proportions were
calculated using a web-based calculator vassarstats.net/propl.html.

Protein name
Calponin-3
Isocitrate dehydrogenase [NAD] subunit alpha,
mitochondrial
Nicotinamide phosphoribosyltransferase

Glutamate dehydrogenase 1, mitochondrial

3. Results

Phosphoglycerate kinase 1
Pyruvate kinase PKM
Fumarate hydratase, mitochondrial

Phosphoglycerate kinase 1
Glutatione S-transferase omega-1

tRNA-splicing ligase RtcB homolog
Nicotinamide phosphoribosyltransferase

Fumarate hydratase, mitochondrial

4" Actual coverage refers to a coverage value inferred from all peptides assigned to a given protein item and validated at 1% false discovery rate; possible coverage refers to maximal coverage that might be obtained if all

@ In ROI (regions of interest) containing two spots, postfix —alk was assigned to the more alkaline spot (right on all images) and postfix —ac to more acidic spot (left on all images).
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3.2. Concurrent identification of candidate cell-based and autoantibody
biomarkers in EFP/RLP tumors using the DISER technique

We first analyzed the proteomic differences between Nthy-ori 3-1-
NRAS®®'R and Nthy-ori 3-1-Vector cells with special reference to the
proteins overexpressed in response to oncogene expression. Out of 903
spots detected on the master gel containing protein features from 6
individual 2D-DIGE experiments, 5 spots demonstrated = 2-fold upre-
gulation at a-level 0.01 in Nthy-ori 3-1-NRAS®®'® compared to Nthy-ori
3-1-Vector cells (Fig. 2B and Table 1). In SERPA profiling (Fig. 2C), two
such spots within one region of interest (ROI) demonstrated recurrent
strong autoantibody reactivity in the patients' group and no reactivity
in the healthy volunteers' group, and thus were assigned to class Ia (two
spots in ROI Ia), whereas the other NRAS®®'R.induced proteins were
assigned to class III (two spots in ROI I1I-1 and one spot in ROI III-2) as
described above (Fig. 1B).

We then focused on proteins that did not demonstrate over-
expression in response to NRAS®®'R but that still might be of diagnostic
value owing to recurrent strong specific autoantibody reactivity in
tumor patients but not in healthy volunteers (class II as described
above, Fig. 1B). The comparative analysis of 2D-WB hybridization
patterns obtained from thirteen sera samples revealed four protein spots
in three ROIs strongly and recurrently reactive in tumor patients but not
in any of the six healthy volunteers' sera (one spot in ROI II-1, two spots
in ROI II-2, and one spot in ROI II-3, Fig. 2C).

The protein content of the identified spots was then determined
using the tandem mass spectrometry (MS/MS) analysis of the respective
tryptic digests (Table 1). In the spot ROI III-1-alk, the three highest-
ranked proteins were identified. However, only NAMPT and GLUD1 but
not RTCB mRNA were found to be upregulated with fold change =2 in
Nthy-ori 3-1-NRAS?®'® compared to Nthy-ori 3-1-Vector cells
(Supplementary Table 3). Similarly, the two highest-ranked proteins
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were identified in spot ROI II-3; however, the respective autoantibody
reactivity pattern was recapitulated specifically by recombinant CNN3
(Supplementary Fig. 1). Taken together, the class Ia candidate was
identified as PGK1; class II candidates as PKM, FH, and CNN3; and class
III candidates as NAMPT, GLUD1, and GSTO1.

3.3. Meta-profiling of class I and II antigens’ serological reactivity in thyroid
neoplasia across the independent immunoproteomic experimental series

We then aimed to verify our findings in the extended sample of
patients with various thyroid neoplasms. We have previously performed
the classic SERPA profiling of serum autoantibody reactivity against
proteins isolated from thyroid cancer cell lines K1 (papillary thyroid
carcinoma) and follicular thyroid carcinoma (FTC-133) in three in-
dependent sample sets obtained from patients with the classic type of
PTC (cPTC, non-EFP/RLP) and various EFP/RLP tumors (unpublished
data) (Supplementary Table 2, validation sets 1-3). In the present
study, we first used comparative 2D-DIGE to ensure that the spots
corresponding to PGK1, PKM, and FH proteins were easily identifiable
with high local abundance on the 2D maps of all three cell lines, thus
allowing the direct cross-cell line comparison of 2D-WB hybridization
patterns (Supplementary Fig. 2). Because the two highest-ranked pro-
teins were identified in spot ROI II-3 (Table 1), the CNN3 autoantibody
reactivities in the same sample sets were evaluated using recombinant
CNN3 (see Supplementary Methods). We finally included yet another
independent validation cohort (Supplementary Table 2, validation sets
4) to end up with a total of 20 cases of healthy controls, 19 cases of
cPTC, and 41 cases of EFP/RLP tumors with different malignant po-
tential (Fig. 3A) analyzed in a total of five independent experimental
series including the discovery set (Supplementary Table 2).

All four antigens tested demonstrated recurrent strong autoantibody
reactivity in patients with various thyroid neoplasms but not in the
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Fig. 3. Meta-profiling of serum autoantibody reactivity against class I and II candidates across five independent SERPA experimental series. A, The
serological reactivity of identified antigens across various thyroid tumor groups; each column represents a single patient; strong autoantibody reactivities against
individual antigens are marked with red rectangles. Also depicted are the key pathological features of individual tumors (see Supplementary Table 1 for the relevant
descriptions), as well as the names of the cell lines used to obtain the 2D-WB hybridization patterns of individual sera. B, A prototype strategy for malignant/UMP
tumor risk reclassification in EFP/RLP tumor patients using combined autoantibody score (AAS); calculation of AAS (upper left panel); distributions of malignant/
UMP and NIFTP/FTA diagnoses in EFP/RLP tumors stratified according to AAS values (lower left panel); pre-test and reclassified using AAS malignancy/UMP risk
estimates, depicted are point values along with 95% confidence intervals. AAS, autoantibody score; cPTC, classical type of papillary thyroid carcinoma; EFP/RLP,
encapsulated follicular-patterned/RAS-like phenotype; EnFV-PTC, encapsulated follicular variant of papillary thyroid carcinoma; FTA, follicular thyroid adenoma;
FTC, follicular thyroid carcinoma; FT-UMP, follicular tumor of uncertain malignant potential; NIFTP, non-invasive follicular thyroid neoplasm with papillary-like
nuclear features; PTC-NF, nuclear features of papillary thyroid carcinoma; WDT-UMP, well-differentiated tumor of uncertain malignant potential.
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healthy volunteers' group (Fig. 3A). As expected from the NRASQ®IR.
centered discovery setting (Fig. 1), none of identified TAA demon-
strated a specific partitioning of the cognate autoantibodies’ reactivities
into the group of cPTC (Fig. 3A), the phenotype tightly associated with
RAS-exclusive drivers BRAF'®°® and RET/PTC [6,9]. FH auto-
antibodies were present in all groups of thyroid tumor patients (14/60
(23%) patients vs 0/20 control group; p = 0.016) without partitioning
to any specific subgroup (Fig. 3A and Supplementary Fig. 3). PGK1 and
CNN3 autoantibodies were present exclusively in patients with EFP/
RLP tumors, with PGK1 autoantibodies only present in non-invasive
lesions (M-score 0-1 EFP/RLP tumors: 7/22 (32%) vs 0/20 control
group, p = 0.0092; 0/38 other tumors, p = 0.00044), and CNN3 au-
toantibodies specific to malignant and borderline lesions (M-score 1-3
EFP/RLP tumors: 9/29 (31%) vs 0/20 control group, p = 0.0067; 0/31
other tumors, p = 0.00068) (Fig. 3A and Supplementary Fig. 3). PKM
autoantibodies were exclusively present in overtly malignant lesions
and UMP tumors with incomplete capsular invasion without any asso-
ciation with the histological phenotype (M-score 2-3: 11/38 (29%) vs
0/20 control group, p = 0.011; 0/22 other tumors, p = 0.0046)
(Fig. 3A and Supplementary Fig. 3). Upon limiting the analysis to EFP/
RLP tumors (typically yielding the «indeterminate » FNAB cytology, i.e.
Bethesda categories III, IV and V [13], Supplementary Table 2) and
TAAs differentially reactive between tumors with different malignant
potential (i.e. PKM, CNN3 and PGK1), the combined autoantibody score
(AAS) allowed the reclassification of the pre-test risk of malignant/
uncertain malignant potential (UMP) tumors in 19/41 (46%) of EFP/
RLP tumor patients (Fig. 3B).

4. Discussion

The identification of disease-relevant candidates is a common
challenge in immunoproteomics that has been successfully accom-
plished by other research groups via the implementation of specific
non-genetic stimuli/events in cell systems used for autoantibody pro-
filing [26,27]. Here, using the expression of oncogenic NRAS®®'R in
Nthy-ori 3-1 cells and utilizing a multi-dimensional DISER approach
(Fig. 1A), we identified a number of candidate cell-based and auto-
antibody biomarkers (Fig. 2 and Table 1) corresponding to classes III, II,
and Ia as defined in Fig. 1B. Furthermore, we validated the two latter
groups using the meta-profiling of the cognate autoantibodies’ re-
activities across an independent SERPA experimental series (Fig. 3A)
and demonstrated the capability of the combined autoantibody score
(AAS) to reclassify the pre-test risk of malignant/UMP tumors in EFP/
RLP tumor patients (Fig. 3B).

The class III biomarkers (Fig. 1B) were identified from the 2D-DIGE
module only (Fig. 1A) as candidate cell-based biomarkers that were
specifically upregulated by NRAS®®!R (Fig. 2, ROIs III-1 and III-2) with
no, non-recurrent or contextually irrelevant patterns of autoantibody
reactivity (Fig. 2C). The identified class III candidates (NAMPT, GLUD1,
and GSTO1, Table 1) were implicated in human cancer, including
thyroid carcinomas [28,29], and were shown to operate a variety of
pathways that contributed to tumor metabolism [30,31] drug resistance
[32-34], and the stemness of cancer cells [35,36]. All three class III
candidates are currently considered to be potential targets for cancer
therapy [37-39], and our data provide some preliminary in vitro basis
for the appropriate selection of tumor genotypes that would most likely
respond to such treatment.

The class II biomarkers (Fig. 1B) were defined as candidate TAAs
that were identified from the SERPA module only (Fig. 1A), with no
apparent evidence of NRAS®®'®-mediated regulation (Fig. 2, ROIs II-1,
II-2, and II-3). All identified class II candidates (Table 1) were im-
plicated in human cancer to a varying degree (see below), with muta-
tions in the fumarate hydratase (FH) gene being the most notable for its
role in the development of autosomal dominant hereditary leiomyo-
matosis and renal cell carcinoma (HLRCC) syndrome (reviewed in Ref.
[40D).
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In the human thyroid, FH has recently been identified as being the
top 5th protein upregulated in follicular carcinomas compared to fol-
licular adenomas [41]; however, in our experiments, this pattern was
not replicated by the FH autoantibody, with the latter encountered in
all types of thyroid neoplasia (Fig. 3A). Notwithstanding, it still may be
potentially used for the discrimination of neoplastic from non-neo-
plastic thyroid disease because no FH autoantibody reactivity was de-
tected in healthy volunteers (Figs. 2C and 3A and Supplementary
Fig. 3).

Another class II antigen with a more restricted pattern of auto-
antibody reactivity (i.e. specific to malignant and borderline EFP/RLP
tumors, Fig. 3A) was identified as a thin filament-associated protein
calponin-3 (CNN3) (Table 1). Unlike its well-studied smooth muscle-
specific homolog CNN1, the functions of non-muscle CNN3 have been
documented rather poorly, yet it was implicated in stress fiber forma-
tion and contractility [42,43] and cell migration [44]. In gastro-
intestinal neoplasms, CNN3 was implicated in cell invasion, chemore-
sistance, and EMT, as well as in lymph node and peritoneal seeding
metastases [45-49]. Given the critical role or RAS/RAF/MAPK sig-
naling in molecular pathogenesis of thyroid tumors (reviewed in Ref.
[50]), the reported implication of CNN3 in the activation ERK1/2 in
REF52.2 fibroblasts [44] is of interest, although the relevance of these
findings to human tumors and thyroid cancer in particular is unclear.

In the human thyroid, the CNN3 mRNA was found to be upregulated
in the follicular variant of PTC compared to cPTC [51], which is in
agreement with our data on the presence of CNN3 autoantibodies in
EFP/RLP tumors but not in cPTC (Fig. 3A). At the same time, we ob-
served neither specificity of CNN3 autoantibodies to NRAS-mutant tu-
mors (Fig. 2C) nor any overexpression of CNN3 protein in Nthy-ori 3-1-
NRAS®IR compared to Nthy-ori 3-1-Vector cells (Fig. 2C and Table 1).
However, significant upregulation of CNN3 mRNA was previously de-
monstrated upon the expression of another mutant RAS oncogene
HRAS®'?V in transformed ovarian epithelia [52]. These data suggest
that drivers different from NRAS?®'® but still associated with RAS-like
phenotype may contribute to the CNN3 overexpression and/or auto-
antibody reactivity in EFP/RLP tumors.

The final, and probably the most promising, class II candidate, was
identified as a glycolytic enzyme pyruvate kinase PKM (Table 1), cat-
alyzing the final and the second ATP-generating step in the glycolytic
pathway. The PKM2 splice isoform is the predominant PKM variant
found in high-proliferating normal and cancer tissues that has been
widely implicated as one of the central mediators of the Warburg effect
and in acquiring of the malignant phenotype [53-55]. For a long time,
it has been widely believed that PKM1—PKM2 isoform shift primarily
accounts for the elevated levels of PKM2 in cancer tissues, although this
view was repeatedly challenged [56-58]. Nevertheless, the over-
expression of PKM does occur in the majority of human cancers
[57,58], and the high level of PKM2 is associated with poor prognosis in
most solid malignancies [59]. This is also the case for thyroid carci-
nomas, where PKM2 overexpression is reportedly associated with
BRAFV%%F mutation and aggressive tumor features [60]. The tumor-
promoting functions of PKM2 in thyroid carcinogenesis were repeatedly
demonstrated using siRNA-mediated knockdown and/or over-
expression of PKM2 both in vitro in thyroid cancer cell lines and in vivo
using mouse xenografts, and the role of the down-regulation of tumor-
suppressive microRNAs miR-148a and miR-326 in the overexpression of
PKM2 was also established [60,61].

Taking into account the positive influence of PKM2 on the mi-
gratory and invasive characteristics of thyroid cancer cells [60,61],
PKM overexpression is likely to represent a hallmark of a fully malig-
nant phenotype in thyroid neoplasia. By contrast, the RAS mutations
are comparably prevalent in benign, malignant and borderline EFP/RLP
tumors [4-12], thus representing an early event in thyroid carcino-
genesis [62]. Indeed, PKM protein was not upregulated in Nthy-ori 3-1-
NRASPC'R cells compared to Nthy-ori 3-1-Vector cells (Fig. 2C and
Table 1), whereas PKM autoantibodies were observed exclusively in
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patients with overtly malignant lesions (belonging both to the cPTC and
the EFP/RLP phenotypes) and UMP tumors with incomplete capsular
invasion (Figs. 2C and 3A). These results implicate PKM autoantibody
as a histological phenotype-independent biomarker of malignancy in
thyroid neoplasia.

The class Ia biomarkers (Fig. 1B) that demonstrated both autoanti-
body reactivity in EFP/RLP tumors and protein upregulation in re-
sponse to NRAS®®'® expression (Fig. 2, ROI Ia) were of primary interest
in our study, and such a candidate was identified as another glycolytic
enzyme phosphoglycerate kinase PGK1 (Table 1). In the glycolytic
pathway, PGK1 alongside with PKM (described above) are the only
ATP-generating enzymes; the identification of both of these proteins as
thyroid neoplasia-associated TAA is rather intriguing, particularly
provided that the tumor subgroup partitioning patterns of the cognate
autoantibodies appear to be mutually exclusive (Figs. 2C and 3A).

The overexpression of PGK1 was reported in human cancer and
implicated in promoting tumor progression, metastases, angiogenesis
and drug resistance [63-69]. Recently, the novel activity of PGK1 as a
tumor-promoting protein kinase was discovered, implicating PGK1 as a
crucial coordinator of multiple oncogenic pathways. Under glutamine
deprivation or hypoxia stimulation, PGK1 was acetylated at K388 by
acetyl-transferase ARD1; the acetylated PGK1 then bound to and
phosphorylated Beclin-1 (BCLN1) to ultimately promote the initiation
of autophagy. In another model, hypoxia, activation of EGFR signaling
and, importantly, the expression of oncogenic BRAF'5°°F or KRAS®'2V
resulted in ERK-dependent phosphorylation of PGK1 at S203 with
subsequent PIN1-dependent cis-trans isomerization at pS203P204,
triggering PGK1 conformational changes with exposure of the mi-
tochondrial targeting signal. The mitochondria-localized PGK1 then
phosphorylated pyruvate dehydrogenase kinase 1 (PDHK1) to co-
ordinate glycolysis and the tricarboxylic acid cycle. In both of these
studies, the PGK1-dependent phosphorylation of the relevant substrates
promoted brain tumorigenesis in athymic nude mice and was associated
with poor survival in glioblastoma patients [70,71].

In line with our data (Fig. 2C and Table 1), upregulation of PGK1
was also observed upon the expression of oncogenic HRAS®'?V in
transformed NIH 3T3 mouse fibroblasts [72]. Moreover, high PGK1
levels were found in follicular adenomas and in follicular variant of PTC
but not in cPTC lesions, implicating PGK1 as a potential biomarker for
discriminating between cPTC and EFP/RLP tumors [73,74]. The meta-
profiling of PGK1 autoantibody reactivity also demonstrated specificity
towards EFP/RLP tumors (Fig. 3A), implicating PGK1 overexpression
induced by mutant RAS (and probably by other drivers associated with
RAS-like phenotype) as a possible immunogenic stimulus pertinent to
PGK1 autoantibody production. Interestingly, further restriction of
PGK1 autoantibodies to benign/non-invasive lesions (Fig. 3A) im-
plicates PGK1 autoantibody as a potential biomarker for discriminating
between EFP/RLP lesions with different malignant potential. However,
provided the association of high PGK1 levels with highly malignant
phenotype in other human tumors [63-69], the observed pattern is
somewhat unexpected and warrants further investigation.

Of note, both neoplasms that were found to be associated with PGK1
autoantibodies (pancreatic carcinoma [75] and thyroid EFP/RLP tu-
mors in the present study) are among the tumors that are most highly
dependent on mutationally activated RAS signaling [4-12,76], and at
the same time express high levels of PGK1 [65,73,74]. These data
further stress the possible interconnection between the activation of
RAS cascade, PGK1 overexpression, and PGK1 autoantibody produc-
tion. Moreover, provided the abovementioned data on the non-classical
functions and subcellular localization of PGK1 upon KRAS®'?V expres-
sion [70], it would be intriguing to speculate that mutant RAS-depen-
dent post-translational modifications, structural changes, and/or mi-
tochondrial translocation of PGK1 might act concurrently with PGK1
overexpression as immunogenic stimuli triggering an autoantibody re-
sponse in these neoplasms. This hypothetical model warrants further
study in the future.
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Similarly to the majority of TAAs identified to date (reviewed in Ref.
[11), the autoantibodies targeting class I and II TAAs identified in our
study (with the exception of CNN3) have also been described in other
human cancers, such as PGK1 in pancreatic carcinoma [75], PKM in
oral cavity [77] and breast [78] carcinomas, and FH in lung [79] and
hepatocellular [80] carcinomas, as well as in melanomas [81]. This
implies that the mechanisms underlying the cancer-associated im-
munogenicity of these proteins may be shared with other cancer types
and oncogenic pathways. Although this somewhat compromises the
specificity of identified biomarkers to thyroid carcinoma, there are only
a few clinical scenarios where it might be important (e.g., in-
dependently evolved synchronous cancer in other organs, metastatic
cancer of unknown primary site), which all represent rare and com-
plicated situations warranting specifically dedicated settings of bio-
marker discovery.

Similarly and characteristically of most known TAAs, all class I and
II candidates identified in our study demonstrated very high diagnostic
specificity, but relatively low diagnostic sensitivity in the detection of a
particular tumor phenotype (see paragraph 3.3 and Supplementary
Fig. 3). This implies that the real clinical use of identified biomarkers
might require combination thereof with each other and/or other au-
toantibodies or other types of biomarkers. Upon incorporation of the
three autoantibodies differentially reactive between the groups of tu-
mors with different malignant potential (i.e. PKM, CNN3 and PGK1
autoantibodies, Fig. 3A) to yield the combined autoantibody score
(AAS), nearly half of EFP/RLP tumor patients had their malignant/UMP
tumor risk reclassified as compared to the pre-test value (Fig. 3B). Al-
though this data from a small highly selected cohort should be inter-
preted with significant caution and need to be confirmed in a fully
prospective setting, we believe that such an algorithm may aid the
treatment decisions in a significant proportion of patients with «in-
determinate» FNAB cytology (i.e. Bethesda categories III, IV, and V
[13D.

Taken together, here we demonstrated that in vitro oncogene ex-
pression coupled with the DISER technique combines and improves the
advantages of the 2D-DIGE and SERPA methods, allowing the con-
current identification of candidate cell-based and autoantibody bio-
markers, and further provides an analytical filter to focus the search
strategy on the oncogene-induced TAAs. Using this approach, we
identified a number of candidate cell-based and circulating autoanti-
body biomarkers. Provided the establishment of clinically applicable
straightforward assays (e.g. conventional enzyme-linked
munosorbent assay, Luminex xMAP technology etc.), these auto-
antibodies may be potentially suitable for identifying of the neoplastic
nature of thyroid nodule (FH), identification of malignant/UMP tumors
(PKM), and discriminating between EFP/RLP lesions with different
malignant potential (CNN3 and NRAS®®'R.induced TAA PGK1). Further
research on BRAFV%°°F and RET/PTC1 utilizing the DISER approach is
underway to identify additional autoantigens that might be associated
with these RAS-exclusive drivers and thus expand the list of potential
autoantibody biomarkers of thyroid neoplasia beyond those associated
with EFP/RLP tumors identified in the current and previous [16] stu-
dies.

Although in our study the DISER approach was implemented in
conjunction with in vitro oncogene expression, this technique may be
employed in a wider variety of experimental settings, e.g., profiling of
primary tumors/matched normal tissue pairs with autologous sera,
which may be capable of further identifying highly immunogenic
neoantigens resulting from frameshift or splice site mutations. Cellular
compartment-targeted proteomics or other types of prefractionation
(reviewed in Ref. [82]) may aid in the identification of additional low-
abundance autoantigens, while simultaneous recapitulation of several
oncogenic events in appropriate immortalized non-tumorous cell lines
might allow the modeling of more genetically complex neoplasms and
the identification of disease-relevant autoantigens regulated by con-
current action of multiple oncogenic pathways.

im-
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