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ABSTRACT
Overdiagnosis and overtreatment of prostate cancer (CaP) is attributable to 

widespread reliance on PSA screening in the US. This has prompted us and others 
to search for improved biomarkers for CaP, to facilitate early detection and disease 
stratification. In this regard, autoantibodies (AAbs) against tumor antigens could 
serve as potential candidates for diagnosis and prognosis of CaP. Towards this, our 
goals were: i) To investigate whether AAbs against ERG oncoprotein (overexpressed 
in 25-50% of Caucasian American and African American CaP) are present in the sera 
of CaP patients; ii) To evaluate an AAb panel to enhance CaP detection. The results 
using an enzyme-linked immunosorbent assay (ELISA) showed that anti-ERG AAbs 
are present in a significantly higher proportion in the sera of CaP patients compared 
to healthy controls (p = 0.0001). Furthermore, a panel of AAbs against ERG, AMACR 
and human endogenous retrovirus-K Gag successfully differentiated CaP patient sera 
from healthy controls (AUC = 0.791). These results demonstrate for the first time 
that anti-ERG AAbs are present in the sera of CaP patients. In addition, the data also 
suggest that AAbs against ERG together with AMACR and HERV-K Gag may be a useful 
panel of biomarkers for diagnosis and prognosis of CaP.

INTRODUCTION

Prostate cancer (CaP) is a prevalent disease among 
US men and accounts for a total of an estimated 180,890 
cases diagnosed in 2016 with 26,120 deaths [1]. The 
assays currently used in the diagnosis of CaP include 
screening for prostate-specific antigen (PSA), digital 
rectal examination (DRE) and biopsy [2, 3]. However, 
convincing evidence demonstrates that the PSA test often 
produces false-positive results: approximately 80% of 
positive results are false when using a cutoff between 2.5 
and 4.0 μg/L [4]. This leads to a substantial number of 
men which are over-diagnosed, resulting in over-treatment 

for CaP [5], therefore the U.S. Preventative Services Task 
Force recently recommended against PSA-based screening 
for CaP [6]. Thus, it has become an area of high priority 
in the field of CaP research to find new biomarkers and 
develop assays, which can provide a better diagnostic 
scenario for patients. 

While it is well accepted that early detection of 
CaP can result in over-treatment for some patients, it can 
be beneficial for patients with progressive disease that 
will become refractory to treatments. As a multifocal 
heterogeneous disease, CaP poses at least two challenges 
from the diagnostic perspective: i) Screening methods 
for the detection of early disease (e.g. PSA, RT-PCR, 
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and IHC); ii) Biomarkers that can differentiate indolent 
from aggressive tumors early in the continuum of cancer 
care. In general, CaP and other cancers can greatly benefit 
from minimally invasive blood-based screening tests in 
comparison to invasive approaches for diagnosis. The 
assays currently used share several disadvantages which 
include: limited sensitivity and/or specificity, impractical 
clinical implementation, and high costs [7-9]. Recently, 
two mRNA-based urine assays have become available on 
the market using PCA3 and a combination of ERG, PCA3, 
and SPDEF, by GenProbe and Exosome Diagnostics, 
respectively, which are being used to facilitate decisions 
about the need for biopsies in patients [10]. Prognostic 
assays that detect the expression of cellular genes 
using samples derived from needle biopsies or radical 
prostatectomy specimens are currently available, such 
as Prolaris (Myriad Genetics) [11], Oncotype DX® 
(Genomic Health) [12-14], and Decipher (Genome 
DX). Although, these assays contribute to improved risk 
assessment, the overall cost is much higher. This scenario 
has led investigators to consider alternative strategies such 
as measuring tumor antigens and autoantibodies (AAbs) 
in body fluids such as serum/plasma [15-18]. It should be 
mentioned that AAbs, in comparison to antigens, are not 
only stable but their response is likely to be generated early 
on in the course of disease [19]. AAbs represent humoral 
immune responses of the body against immunogenic 
tumor-associated antigens (TAAs) highly expressed in 
tumor cells, and are therefore considered as reporters 
of the host immune system [19]. Thus, AAbs may be 
generated well before the overt symptoms of the disease 
appear [20]. Hence, a test based on AAbs is likely to detect 
cancer at an early stage. This view is amply supported by 
data in many different cancers [21-29], with reports of 
a direct correlation between serum anti-p53 antibodies 
and p53 overexpression in the corresponding tissue as 
an example [30]. It should be noted that AAbs to a panel 
of six or seven tumor antigens (p53, c-MYC, Her-2, NY-
ESO-1, MUC1, CAGE and GBU4-5) have been shown to 
successfully detect lung cancer [31-35] and a similar panel 
approach is also under consideration for breast cancer [36-
39]. Recently, Mintz et al. [40] reported that AAbs against 
fetuin-A were noted in sera years before the onset of 
metastatic prostate disease. These findings make the case 
that AAbs could be used as potential biomarkers for early 
detection and also as prognostic markers associated with 
progression of the disease.

AAbs to TAAs have been identified using lysates 
of established tumor cell lines and tumor cells as a source 
of antigens for screening against sera. Peptide and phage-
display libraries have also been used to identify peptides 
binding to patient derived sera, ultimately leading to the 
identification of the candidate protein responsible for 
the induction of the humoral immune response [41-51]. 
Studies conducted by our laboratory and others identified 

the frequent ERG oncogene overexpression in CaP cells 
[52-55]. Independently, Tomlins et al. [56] reported that 
recurrent gene fusions result in higher expression of 
ERG in CaP. The predominant gene fusion involved the 
androgen inducible TMPRSS2 promoter with ERG, a 
member of the ETS family of transcription factors [8, 57-
59]. Interestingly, analysis of the frequency of recurrent 
gene fusions of ERG among diverse racial/ethnic groups 
has shown varying levels of expression in CaP patients 
[60-63]. Specifically, Caucasian Americans (CA) have 
shown to harbor this gene fusion in around 50 % of CaP 
cases, while African Americans (AA) have shown a lower 
level of roughly 20-30% of CaP patients. Regarding other 
racial/ethnic groups, ERG prevalence has been shown at 
variable levels [9, 64-66]. As a result, there have been 
efforts to develop two new tests for the detection of CaP 
using this gene fusion. The first is based on utilizing 
reverse transcription-polymerase chain reaction (RT-
PCR) for the detection of the TMPRSS2-ERG gene fusion 
at the mRNA level [67]. The second involves the testing 
of biopsied tissue from the prostate gland to assess the 
expression of ERG oncoprotein by immunohistochemistry 
(IHC) for stratification of cancer status [62]. Recently, 
the CPDR laboratory and others have developed highly 
specific monoclonal antibodies against ERG oncoprotein 
which have been successfully utilized in IHC studies [7, 
68, 69]. 

In this study, a direct approach was utilized based 
on CaP biology. Considering the presence of TMPRSS2-
ERG fusion gene and demonstration of overexpression 
of ERG protein in a high percentage of CaP patients by 
IHC [30, 61], we hypothesized that ERG may lead to the 
induction of anti-ERG AAbs. This study aims to determine 
the following: i) Whether AAbs against ERG are present 
in the sera of CaP patients; ii) Whether a multiplex AAb 
panel containing ERG, AMACR, C-MYC, and human 
endogenous retrovirus-K (HERV-K) Gag improves the 
detection of CaP. The results presented here demonstrate 
that AAbs against ERG protein are present in the sera of 
CaP patients indicating that ERG is a highly immunogenic 
protein. Further, the results indicate that a panel of AAbs 
comprising ERG, C-MYC, AMACR and HERV-K Gag 
prove to be useful for detecting true CaP cases from 
controls. 

RESULTS

Development and optimization of ELISA for the 
detection of AAbs against ERG oncoprotein

Currently, there is no commercially available 
diagnostic test for assessing the presence of AAbs against 
ERG protein in the sera of CaP patients. For this reason, 
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we have developed an in-house assay based on ELISA. 
For all experiments, 50 ng of recombinant full length 
ERG protein or 500 ng of peptide were used for coating 
microtiter wells, based on our previously published 
work [70]. It has been shown that the ERG 9FY mouse 
monoclonal antibody (MAb) and the Epitomics ERG 
rabbit MAb (# 5115) recognize epitopes located at the N- 
and C-terminal regions of the ERG protein, respectively 
[7, 69]. The reactivity of each antibody to recombinant 
ERG protein coated in microtiter wells suggested that the 
protein is likely accessible to AAbs targeting multiple 
epitopes, present in patient sera. Initially, we optimized 
the assay by carrying out spike-in ELISA experiments, in 
order to mimic analysis involving AAbs in patient sera. 
Specifically, we selected six candidate human sera from 
healthy controls and spiked in the ERG MAb 9FY (10 ng/
ml). As expected, ELISA results showed high absorbance 
values both in sera spiked with ERG MAb 9FY (Figure 
1) and 9FY alone. Similar results were also noted with 
Epitomics antibody targeting an epitope at the C-terminal 
region of ERG protein. In addition, we also observed 
positive reactivities of sera spiked with ERG MAb 
9FY using a peptide representing an epitope located at 

N-terminal region of the ERG protein as a substrate (data 
not shown). These results indicated that both recombinant 
ERG protein and peptides are suitable substrates for 
detecting AAbs against ERG present in the sera of CaP 
patients.

Analysis of sera from CaP patients for the 
presence of AAbs against ERG

The premise for our studies was that the host 
immune system produces AAbs against selected 
tumor antigens which can be detected in blood derived 
products such as sera and plasma. Based on a high level 
of ERG protein expression due to genetic alterations in 
CaP tissues, we questioned, whether anti-ERG AAbs 
are induced in CaP patients. Earlier studies from our 
laboratory and others have reported that the extent of 
genetic rearrangement involving ERG and TMPRSS2 is 
higher in CA than AA and other ethnic group patients [64]. 
Taking this into account, for this exploratory study, we 
have examined sera from age-matched CA CaP patients 
and healthy controls. The comparison of clinical variables 
in our cohort is shown in Table 1. 

Figure 1: Antibody detection by ELISA. Healthy donor control sera (designated as C1-C6), negative for ERG AAbs, were spiked 
with 10 ng/ml of ERG MAb 9FY and assayed for detection. Positive reactivities indicate that recombinant ERG protein coated on microtiter 
wells serves as a suitable substrate for AAb detection. ERG MAb 9FY, tested alone as a positive control, is shown in green. Control sera 
and control sera spiked with monoclonal antibody are represented by blue and red, respectively. 

Table 1: Descriptive statistics between case and control groups.
Variable Control (N=37) Case (N=93) p-value
Age(year)

Median (range) 55.0(41.0-86.0) 58.8(41.3-76.8) 0.2099
PSA (ng/ml )

Median (range) 0.94(0.25-1.95) 5.04(0.88-33.00) <.0001
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The testing of the sera from CaP patients was 
carried out at 1:50 dilution by ELISA. The results 
showed reactivity of CaP patient sera towards ERG 
protein, indicating the presence of ERG AAbs in the 
sera of patients. Based on the analysis of the sera, CaP 
patients exhibited high, intermediate, and low levels of 
reactivities towards ERG protein (Figure 2A). Sera from 
healthy controls showed a lower positivity for ERG AAbs. 
Receiver operating characteristic (ROC) curve analysis 
for ERG showed an area under the curve (AUC) of 0.716 
(Figure 2B). Since it has been suggested that tumor 
antigens are released from cells either actively or through 
lysis of tumor cells, we considered the possibility that 
ERG protein may also be present in patient sera. Hence, 
it is likely that the quantification of ERG AAbs in patient 
sera might be affected by the presence of ERG antigen due 
to immune complex formation. To rule out this possibility, 
control and CaP patient sera were tested for the presence 
of ERG antigen for a selected number of patients (based 
on a range of AAb reactivity) by using a sandwich ELISA, 
described previously by our laboratory [71]. The results 
showed that there is no detectable ERG antigen in CaP 
patient sera by ELISA (data not shown). Together these 
results indicate that AAb data are total values, and that 
AAbs against oncogenic ERG are produced and detected 
only in a subset of CaP patients with varying frequencies 
and levels. 

Analysis of the specificity of anti-ERG AAbs in 
the sera of CaP patients

The specificity of the anti-ERG AAbs was 
determined by multiple approaches. These include: i) 
Serial dilution of selected patient sera for assessing AAb 
reactivities towards ERG; ii) Serial dilution of purified 

total IgG from the CaP patient sera, positive for AAbs, for 
evaluation of reactivities towards ERG; iii) Competitive 
ELISA studies using purified IgG from CaP patients; iv) 
Assessment of the reactivity of purified IgG from patient 
sera towards ERG protein expressed in VCaP cells using 
immunofluorescence assays. 

Serial dilution of the patient sera for assessing 
reactivities towards ERG 

In order to assess specificity of ERG AAbs to 
ERG protein, we evaluated dilutions of patient sera 
for reactivity. While the initial evaluation described 
in the previous section involved a dilution of 1:50 of 
the patient sera, we also carried out a detailed analysis 
involving multiple dilutions. Specifically, six candidate 
sera were selected from CaP patients (based on a range 
of AAb reactivity), which were further serially diluted 
and tested. The analysis of the sera by ELISA showed 
incremental reduction in absorbance values with dilution, 
which indicated ERG AAb specificity for the coated ERG 
protein. The ERG MAb 9FY was used as a positive control 
(Figure 3A). 

Serial dilution studies with purified 
immunoglobulin (IgG) from CaP patients positive 
by ELISA for reactivities towards ERG

Total IgGs were first purified from sera by spin 
columns as described in the methods. We selected six 
candidate sera consisting of 4 ERG AAb positive CaP 
patients and 2 healthy controls. Samples were serially 
diluted 1:2, starting at 50 µg. The results showed that 
purified IgGs from CaP patients exhibited absorbance 

Figure 2: Detection of ERG AAbs in CaP patient sera. A. Box plots displaying the detection of AAbs against ERG protein in 
patient sera (p = 0.0001) for CaP Cases vs. Healthy Controls. B. Receiver operator characteristic analysis for ERG (AUC = 0.716). 
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values in accordance with the dilution of the sera (Figure 
3B). The IgG from healthy controls showed no reactivity 
towards ERG. These data suggest that the reactivities 
noted are specific to ERG protein. 

Demonstration of the specificity of AAbs against 
ERG by competitive ELISA using purified IgG 
from the sera 

The CPDR laboratory earlier identified an epitope 
at the N-terminal region of ERG protein based on studies 
with the ERG MAb 9FY [70]. The purified IgG, from 
the sera which were positive for reactivities towards 
recombinant ERG protein, also registered positive to 
a synthetic N-terminal peptide (corresponding to the 
identified epitope), designated P23. Competitive ELISA 
results revealed that purified IgG pre-incubated with the 
P23 peptide showed decreased absorbance in comparison 

to IgG by itself (Figure 3C). Further, pre-incubation 
with 5 µg and 10 µg of peptide with purified IgG from 
CaP patients showed a similar reactivity pattern. These 
results showed that the P23 peptide efficiently competed 
for purified IgG binding to the peptide coated on the 
microtiter wells, indicating specificity of the IgG to the 
ERG peptide.

Specificity of the purified IgG towards ERG 
protein by immunofluorescence assay 

To confirm the specificity of the AAbs to ERG, we 
have also utilized an immunofluorescence assay. VCaP 
cells are known to express ERG protein as they harbor the 
TMPRSS2-ERG gene fusion. These cells, grown on cover 
slips, were fixed and incubated with purified IgG from 
CaP patients or control sera followed by treatment with 
secondary antibody conjugate. As shown in Figure 3D, 

Figure 3: Specificity studies for ERG AAbs. A. Analysis of AAb titers to ERG in selected CaP patients. Six candidate serum samples 
were serially diluted from 1:50 to 1:800 and assayed. Each dilution is represented by different color as shown. Results show that antibody 
titers decreased as dilutions increased, indicating specificity of the AAbs to the coated substrate; B. Specificity of total purified IgG from 
patient serum. Diluted IgG ranges from 50 µg/ml to 0 µg/ml  and is represented by specific color as shown. Decreased reactivities of 
purified IgG upon serially dilution indicated specificity to ERG protein; C. Competition ELISA involving purified total IgG. Pre-incubation 
with P23 peptide, representing the N-terminal epitope of ERG, shows decreased reactivity with both 5 µg (red) and 10 µg (green) of 
peptide compared to sample alone (blue); D. Reactivities of purified IgG from CaP patients towards ERG protein expressed in VCaP cells 
by immunofluorescence assay. ERG MAb 9FY was used as a positive control. Green = ERG, panel 1; Red = Actin, panel 2; Blue = DAPI, 
panel 3; Merged image, panel 4. IgG Pt 4 represents CaP patient sera and IgG Pt 6 represents sera from healthy controls. Images taken at 
400X; bar represents 25 µm.
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purified IgG from CaP patients recognized ERG protein 
in VCaP cells, similar to ERG MAb 9FY, which was used 
as a positive control. On the other hand, purified IgG from 
control sera did not bind to ERG in VCaP cells. F-actin 
and DAPI were used to visualize the cell structure and 
cell nucleus, respectively. These results independently and 
consistently validate the specificity of the AAbs to ERG 
protein. 

Demonstration of anti-ERG AAbs by luciferase 
immunoprecipitation systems assay

To evaluate and reconfirm the presence of ERG 
AAbs in CaP patients, we also utilized another strategy, 
designated as a luciferase immunoprecipitation systems 
assay (LIPS). This assay is based on an enzymatic 
reaction and has been used to detect antibodies and AAbs 
in the human sera against pathogens and self-antigens, 
respectively [72]. The assay utilizes a chimeric protein, 
in which the tumor antigen is fused to luciferase enzyme 
coding sequences, as a substrate for capturing specific 
AAbs present in the sera. The luciferase activity in this 
assay is proportional to the amount of antibodies used for 
the reaction. The advantage with this assay is that it does 
not require purified recombinant protein for detecting 
antibodies. The schematic representation of the three 
recombinant plasmid constructs used for the assay is 

shown in Figure 4A. The first, designated Luc, contains 
FLAG epitope followed by luciferase coding sequences. 
Second, a Luc-ERG3 construct containing the FLAG 
epitope, luciferase, linker residues (10 amino acids) and 
the full length ERG. Finally, a Luc-ERG3-E, similar 
to Luc-ERG3, contains only epitopes from the N- and 
C-terminal regions (40 amino acids each) of the ERG 
protein. The expression of chimeric protein was verified 
in HEK293 cells by western blot, using ERG MAb 9FY 
(Figure 4B). The suitability of the chimeric proteins as 
substrates for capturing antibodies was first identified 
using ERG MAb 9FY. An aliquot of the cell extract was 
mixed with antibody (0.1 µg), pulled down by protein 
A/G beads, and processed for luciferase activity. Of the 
chimeric proteins, Luc-ERG3 showed less luciferase 
activity in comparison to the Luc-ERG3-E protein upon 
the addition of 9FY (Figure 4C), though both the proteins 
harbor the epitope for 9FY antibody. This suggests that 
the epitope recognized by ERG MAb 9FY is not equally 
accessible in the chimeric proteins, thus we have utilized 
Luc-ERG-E protein for further experiments. Cell extract 
(5 µl) from cells transfected with Luc-ERG3-E was used 
to test the patient sera. The results showed that AAbs 
against ERG can be detected in CaP patient sera (Figure 
4D). The sera from healthy controls and CaP patients, 
negative for AAbs by ELISA, showed background level 
of luciferase activity. The sera positive for ERG AAbs by 
ELISA also registered positive in the LIPS assay.

Figure 4: Detection of ERG AAbs in the sera by luciferase immunoprecipitation systems (LIPS) assay. A. Schematic 
representation of recombinant DNA coding for chimeric luciferase-ERG constructs. Luc, backbone vector; Luc-ERG3, luciferase fused 
to full length ERG with a flexible linker; Luc-ERG3-E, luciferase fused to partial ERG with a flexible linker; B. Expression of chimeric 
luciferase-ERG protein in 293 cells. Chimeric proteins were probed by using 9FY antibody in an immunoblot assay; C. Analysis of Luc-
ERG chimeric proteins as substrates for LIPS assay using ERG MAb 9FY; D. Analysis of ERG AAbs in patient sera by using chimeric 
Luc-ERG3-E protein.
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Anti-ERG AAbs recognize epitopes located at the 
N-and C-terminal regions of ERG protein

The humoral response in a patient comprises 
antibodies against a number of epitopes present on 
a protein. In accordance with this, we tested the 
reactivity of the serum AAbs against different epitopes 
of ERG. Previously our laboratory showed that the 
N-terminal P23 peptide, comprising the residues 
“46-KMSPRVPQQDWLSQ-59”, binds to ERG MAb 
9FY with an affinity similar to the full length ERG protein 
[70]. Similarly, a C-terminal peptide, designated C13, 
containing the residues “462-PNTRLPTSHMPSH-474” 
(Figure 5A), was recognized by the Epitomics rabbit 
MAb (unpublished data). Both peptides are unique to 
ERG protein based on BLAST analysis. Analysis of the 
CaP patient sera using N- and C-terminal peptides as 
substrates showed values of p = 0.0787 and p = 0.1453, 
respectively (Figure 5B, 5C), indicating that these 
epitopes are recognized by the host immune system for 
generating AAbs. The results also indicate that the extent 
of reactivities of the patient sera against peptide substrates 
was lower likely due to binding of AAbs to only one 
epitope in comparison to multiple epitopes present on the 
full length ERG protein. Further, these results also suggest 
that sera from several CaP patients may not harbor AAbs 
against both N- and C-terminal epitopes. 

Identification of ERG isoform specific AAbs in the 
sera of CaP patients

The analysis of CaP associated fusion transcripts 
has revealed the presence of multiple splice variants, 
potentially exhibiting different biological activities 
and correlating with different tumor phenotypes [73-
77]. These variants can be divided into near full length 
(lacking 32 N-terminal amino acids) Type I ERG, 
containing the DNA-binding domain (DBD), and Type 
II ERG, a truncated form lacking DBD coding sequences 
[74]. The ratio of these variants has also been found 
to be associated with MYC oncogene expression and 
biochemical recurrence [78, 79]. Therefore, it was of 
interest to raise the question as to whether isoform specific 
AAbs against ERG exist in the sera of CaP patients. To 
address this, we selected two transcript variants: ERG3 (as 
a representative of Type I transcript variant) and ERG8 (as 
a representative of Type II transcript variant) for analysis. 
To enable the detection of AAbs unique to each isoform, 
we used synthetic peptides corresponding to epitopes 
present in the respective variant. While the C13 peptide 
(Figure 5A) is specific to isoforms encoded by Type I 
splice variants, in order to detect ERG8 specific AAbs, we 
synthesized three peptides (E8-1, E8-2 and E8-3) based on 
the unique amino acid sequence present at the C-terminus 
of ERG8 for analysis (Figure 6A). Of the three peptides, 
E8-3 was found to be weakly immunogenic in the initial 
analysis, therefore it was not included for assessing the 

Figure 5: Analysis of selected ERG3 epitopes against ERG AAbs. A. Schematic diagram of peptides corresponding to N- and 
C- terminal epitopes. Boxplots of the reactivities of patient sera against B. N- (P23) and C. C- (C13) terminal peptides as substrates. Results 
indicate that AAbs against both N-terminal and C-terminal epitopes of ERG3 are found in patient serum. 
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reactivities of CaP patient sera (data not shown). On the 
other hand, E8-1 and E8-2 peptides were recognized by 
patient sera with values of p = 0.9754 and p = 0.0454, 
respectively, by ELISA. The results provide support that 
isoform specific AAbs are also present in CaP patient sera 
(Figure 6B, 6C). As noted with N- and C-terminal peptides 
in the previous section, ERG8 specific peptides showed 
similar reactivities with AAbs in the sera. These data lend 
support to the view that unique ERG8 segment is likely 
less immunogenic in nature. 

Utilization of a panel of AAbs as biomarkers for 
the diagnosis of CaP

As discussed previously, a single analyte such 
as anti-ERG AAbs is likely to show positivity only in a 
subset of CaP patients. Given that CA CaP patients harbor 
TMPRSS2-ERG only in an estimated 50% of cases, it 
is probable that additional genes may contribute to the 
development of CaP. In addition, it has been shown that 
AAbs against a single antigen show low sensitivity and 
a high specificity [29]. However, an approach utilizing 
a combination of AAbs or a multiplex AAbs combined 
with other tumor markers such as antigen has shown 
an enhanced performance in sensitivity [29]. For this 
reason, we have considered several genes, based on 
the expression and/or AAb analysis by investigators, 
for inclusion in a panel. Specifically, AMACR and 
endogenous HERV-K Gag were included in this study 
panel as AAbs against both have been noted in CaP 

patients [80-84]. While full length protein was used as 
a substrate for AMACR, a synthetic peptide containing 
residues “243-YPQPPTVRLNPTASRSGQGG-262” 
was used for HERV-K Gag in this study. In addition, 
C-MYC was added for the following reasons: i) C-MYC 
overexpression has been noted in CaP previously [78, 
85-87]; ii) AAbs against C-MYC have been noted in 
breast and other cancers [88]; iii) Analysis of VCaP 
cells, charcoal stripping followed by R1881 treatment, 
showed a close correlation between ERG and C-MYC 
[79]. Upon analysis of the sera by ELISA, it was noted 
that the reactivities from CaP patients were significant 
compared to healthy controls for AMACR, HERV-K 
Gag, and C-MYC, which registered values p < 0.0001, 
p < 0.0001 and p = 0.0013, respectively. To evaluate the 
performance of individual AAbs as biomarkers for the 
detection of CaP, an ROC curve analysis was performed. 
The results showed an AUC of 0.740, 0.752 and 0.685 
against AMACR, HERV-K Gag, and C-MYC, respectively 
(Figure 7). In addition, correlations were examined among 
the genes selected in this study. The results, shown in 
Table 2, indicate a significant correlation between ERG 
and HERV-K Gag and between AMACR and C-MYC. 
Subsequently, in order to evaluate the performance of 
a combination of AAbs as biomarkers for the detection 
of CaP, an ROC curve analysis was conducted, using a 
combination of ERG, AMACR and HERV-K Gag as a 
3-gene panel, which showed a value of AUC = 0.792. In 
addition, a combination of ERG, AMACR, HERV-K Gag, 
and C-MYC was evaluated as a 4-gene panel (AUC 0.746) 
(Figure 8).

Figure 6: Peptides representing unique sequence of the ERG8 isoform. A. Schematic diagram of ERG8 peptides used as a 
representative of the ERG Type II splice variant. Reactivities of the patient sera against Type II isoform specific peptides (E8-1 and E8-2) 
are shown as Box plots B., C., respectively. 
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Figure 7: Boxplots of the reactivities of the AAbs to A. Full length AMACR protein, (C) HERV-K Gag derived peptide, and (E) 
Full length C-MYC protein in the sera of CaP Cases and Healthy Control groups. ROC curves for AMACR, HERV-K Gag, and C-MYC 
are shown in B, D, and F, respectively. 
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Evaluation of ERG AAbs in an independent 
cohort of CaP patients.

An independent cohort was also tested for ERG 
AAbs which was comprised of 117 CA CaP patients. 
The distribution of patients according to Gleason was 
the following: Gleason 6 or less, n = 32; 7 (3+4), n = 28; 
7 (4+3), n = 28; 8-10, n = 29. The results showed that 
ERG AAbs were found to be significantly higher in CaP 
cases than healthy controls (p = 0.0022). The pattern of 
AAb reactivity observed towards ERG in this cohort is 
similar to that of the previous cohort. The reactivity of 
AAbs towards AMACR also showed a significant value 
(p < 0.0001). Receiver operating characteristic curve 
analysis registered an AUC value of 0.6711 and 0.8650 
for ERG and AMACR, respectively (Figure 9). The data 
indicate that AAbs against ERG and AMACR are present 
in additional cohorts of CaP patients. We are currently 
in the process of assembling sera from biopsy negative 
and positive for CaP for evaluation of the sensitivity and 
specificity of our panel for CaP detection. 

DISCUSSION

Screening methods for the diagnosis and prognosis 
of cancer have played a critical role in the management of 
cancer. These comprise both invasive (biopsy) and non-
invasive or minimally invasive approaches. In comparison 
to assays using invasive approaches, a liquid biopsy – an 
assay based on the analysis of biomarkers in body fluids 
such as blood, sera, or plasma – would be of high value 
for early and rapid detection and diagnosis of cancers, 

including CaP. The advantages with such assays are that 
the results can be generated within a short time, and are 
cost effective. In this regard, AAbs against tumor antigens 
are ideal biomarkers that can be exploited for both 
diagnosis and prognosis of cancer. The detection of AAbs 
in patients well before the onset of symptoms of breast 
cancer and lung cancer [20, 89] suggests the possibility 
that AAbs may appear early on, and present themselves 
sooner than would be detected in a slow growing cancer. 
The physiological role of AAbs in cancer is not clear. The 
conventional paradigm suggests that immune responses in 
the form of AAbs, as well as cellular immune responses, 
are elicited to interfere with the initiation and progression 
of disease [19]. In support of this, it was reported that 
antibodies against glucose-regulated protein 78 from 
CaP patient serum have been shown to modulate cell 
proliferation in vitro [90]. 

While numerous AAbs are present in human sera 
[91], it has been demonstrated that distinct profiles of 
AAbs are associated with specific diseases including 
Alzheimer’s disease, Parkinson’s disease, and cancer [91-
93]. AAbs against several TAAs have been demonstrated 
in many different cancers, including CaP [24, 94-99]. 
In a scenario where there is no information available 
regarding analytes, the identification of candidate self 
antigens for AAbs has been performed by several methods 
including SEREX, SERPA, MAPPing, and phage display, 
in combination with the use of sera from cancer patients 
[25]. A positive signal leads to the identification of a 
protein which is then used for characterization of AAbs 
in patients. Alternatively, when there is information 
available regarding the expression status of genes and/or 
proteins, we have the option of selecting specific candidate 

Figure 8: Receiver operator characteristic analysis of a panel of AAbs. A. ROC curve for a 3-gene panel of AAbs comprised of 
ERG, AMACR, and HERV-K Gag (AUC=0.792). B. ROC curve for a 4-gene panel of AAbs comprised of ERG, AMACR, HERV-K Gag, 
and C-MYC (AUC=0.746).
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protein as a substrate for exploring the detection of AAbs. 
In the context of CaP, we utilized the latter approach, 
as overexpression of ERG has been previously reported 
from analysis of patient specimens [52, 56, 60, 62, 66]. 
Despite the documentation of the TMPRSS2-ERG gene 
fusion in about 50% prostate CA cancer patients, there is 
no information available regarding the presence of AAbs 
against ERG protein. This was the basis for our analysis 
of AAbs against ERG in CaP patient serum. 

The novel finding presented here is that ERG 
oncoprotein elicits B cell immune responses in CaP 
patients. Kissick et al. [100] reported earlier on ERG 
specific CTLs noted in CaP patients. Interestingly, ERG 
is an intracellular protein. Hence, it is likely that ERG 
protein may be released from tumor cells by necrosis, cell 
lysis, or micro-vesicle shedding which is then recognized 
by immune system. Analysis was carried out using sera 
from a cohort of 130 individuals comprised of 93 CA 
CaP patients and 37 sera from age matched CA healthy 
control subjects. Our studies showed, for the first time, 
that ERG is a target for the generation of AAbs. The extent 
of seropositivity varies between CaP patients. It is likely 
that multiple factors may contribute to our observations, 
including level of ERG expression in primary tumors, 
immune surveillance of the host, tumor heterogeneity, 
MHC background and antigen presentation. However, the 
presence of anti-ERG AAbs was found to be lower in the 
sera from normal healthy individuals. 

Studies reported in the past 20-30 years have 
indicated that the host immune system, in addition to 
recognizing the exogenous proteins of viral, bacterial, 
and parasitic origin, can also recognize self proteins 
[19]. However, the recognition by the immune system 
with respect to the latter category is based on changes or 
alterations in the self proteins. These changes may include 
overexpression, mutation, glycosylation, phosphorylation, 
and misfolded proteins. In the context of CaP, a notable 
observation that was reported a decade ago was genetic 
rearrangements leading to the generation of fusion genes. 
An intrachromosomal deletion resulted in the generation 
of a predominant fusion gene in which ERG coding 
sequences are linked to the androgen receptor regulated 
promoter region of the TMPRSS2 gene (TMPRSS2-
ERG). The biological consequence of this gene fusion 
is the overexpression of ERG protein. Interestingly, the 
expression of ERG protein is completely absent in prostate 
tissues under normal conditions [62]. This scenario 

prompted us to hypothesize that ERG overexpression may 
lead to the induction of anti-ERG AAbs, which may in 
turn serve as a biomarker for detecting CaP. Our studies, 
indeed, provide evidence in support of the presence of 
ERG-AAbs in the sera of CaP patients. 

The specificity of AAbs against ERG protein was 
evaluated, as this would be a pre-requisite for their use 
in the diagnosis/prognosis of CaP. We have utilized 
multiple approaches including serial dilution of patient 
sera and purified total IgG, competition assay involving 
peptides representing an epitope in the ERG protein, and 
staining of cells expressing ERG protein with purified 
IgG from patient sera. In addition, the humoral immune 
response generally comprises both continuous (linear) 
and discontinuous epitopes. Accordingly, peptide epitopes 
derived from the N- and C-terminal regions of ERG also 
showed reactivities in the sera, indicating that AAbs 
target distinct epitopes in the protein. The demonstration 
of anti-ERG AAbs is not completely surprising. Studies 
published on AAbs have shown that antigens responsible 
for the generation of AAbs belong to cell cycle, signal 
transduction, mRNA transport, proliferation, and apoptosis 
pathways [19]. ERG has also been shown to have an active 
role in differentiation, as inhibition of ERG expression 
through siRNA in VCaP cells leads to the differentiation 
of cells [78]. 

Studies by investigators have already identified 
several antigens as the source for generation of AAbs 
in CaP. These include NY-ESO-1, XAGE1b, SSX-2 and 
4, AMACR, p90, LEDGF, TARDBP, TLN1, PARK7, 
CALD1, TTLL12, p62, Koc, Cyclin B1, PKACA, HIP1 
and Survivin, MUT, RAB11B, CSRP2, SPOP, RalA and 
ZNF671 [30, 95, 97, 99, 101, 102]. Recently, several 
groups have reported the presence of AAbs against 
endogenous retrovirus Gag protein [83, 84] and also 
transcripts in CaP cells [81]. Our data presented here add 
ERG to this list of antigens. ERG AAbs may be of value 
in both diagnosis and prognosis of CaP for the following 
reasons: i) ERG expression level is high in 30-50 % of 
CaP patients of diverse ethnic groups; ii) ERG expression 
is also implicated as a prognostic biomarker although 
this needs to be further evaluated [103]. In an effort to 
enhance the diagnostic sensitivity of autoantibodies, a 
panel approach was considered, as has been shown in 
lung cancer [88, 89, 104]. In our study, the AAb panel 
comprising ERG, AMACR, and HERV-K Gag yielded 
an AUC of 0.792 for differentiating cancer cases from 

Table 2: Correlation between genes
Gene 1 Gene 2 R P-value

Natural log of ERG3
Natural log of AMACR 0.64 <  0.0001
Natural log of c-MYC 0.72 <  0.0001
Natural log of GAG 0.87 <  0.0001

Natural log of AMACR Natural log of c-MYC 0.87 <  0.0001
Natural log of GAG 0.67 <  0.0001

Natural log of c-MYC Natural log of GAG 0.72 <  0.0001
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healthy controls. It is likely that the combination of AAbs 
may improve the efficiency of the diagnostic test through 
additivity. 

As ERG is a member of the ETS family of proteins, 
it is likely that AAbs to ERG may not be specific to 
only ERG. This raises the question whether ERG AAbs 
target evolutionarily conserved domains of the ETS 
family members. The ERG related members include 
ETV1, ETV4, ETV5 and FLI1 which have been shown 
to overexpress in different diseases including CaP, Ewing 
sarcoma, and acute myeloid leukemia [105-107]. This 
situation warrants the determination of immunoreactive 
residues of the ERG protein for AAbs through overlap 
peptide scanning approach. Our studies highlight the 
possibility that testing for AAbs in other diseases may also 
benefit patients. 

A proper understanding of the clinical relevance 
of the anti-ERG AAbs detected in CaP patients is critical 
because of the evidence that antibodies may precede 
the clinical onset of disease by many years. There is a 
possibility that ERG AAbs may reflect a change in the 
tumor stage or treatment. In a recent review, Zaenker et al. 
[93] noted that high titers of AAbs have been associated 
with regulatory T cell downregulation. This situation 
may lead to activation of effector T cells and antibody 
producing plasma cells, which can impact tumor growth. 
Based on this, it is tempting to suggest that anti-ERG 
AAbs may exert their effect by acting on multiple proteins 
either through transcriptional modulation and/or protein-
protein interactions. Hence, it is important to assess 
whether a positive correlation exists between anti-ERG 
AAbs and disease progression/survival of CaP patients. 
Previous studies from our laboratory showed that a high 
Type I/Type II ratio of ERG gene transcripts correlated 
with poor prognosis, and a low ratio was associated with 

favorable clinical-pathologic data [74, 79] based on RT-
PCR using tumor cells. A novel finding from our study is 
that ERG isoform specific AAbs were also noted in patient 
sera, utilizing peptides unique to each transcript variant 
encoded protein. Considering this, we reasoned that it 
would be relatively easy to quantify ERG isoforms using 
an assay based on markers such as AAbs, in comparison 
to RT-PCR. Hence, the use of isoform specific AAbs as 
prognostic indicators for CaP is appealing. Overall, the 
data presented in this study demonstrated the presence 
of AAbs against ERG oncoprotein in the sera of patients 
with CaP, which may aid in the early detection of CaP. In 
addition to diagnosis, ERG may also serve as a candidate 
antigen for developing immunotherapies against CaP. It 
was also shown that a combination of AAbs have clinical 
relevance for the detection of individuals with CaP over 
controls. The prevalence of anti-ERG AAbs represents a 
potentially important biomarker that can not only be used 
to stratify CaP patients but also predict the potential for 
biochemical recurrence or metastatic disease. 

MATERIALS AND METHODS

Procurement of samples

The patient serum samples used in this study were 
obtained before radical prostatectomy procedures under 
an IRB-approved protocol (No. 390559) at Walter Reed 
National Military Medical Center with written consent. 
For CaP cases, blood was collected at the time of surgery. 
Serum was separated and stored at -80°C until use. 
Samples were heat inactivated at 55°C for 30 minutes 
before use in ELISA experiments. Upon heat-inactivation, 
samples were stored at 4°C, and used within 4-6 weeks 

Figure 9: Receiver operator characteristic analysis of AAbs in an independent cohort of CaP patients. A. ROC curve for 
AAbs against ERG. B. ROC curve for AAbs against AMACR.
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of inactivation. The sera derived from two independent 
cohort of CaP patients were used for analysis. The training 
cohort consisted a total of 130 with 93 CaP cases, and 37 
healthy controls of CA origin. Control cases were healthy 
males who had PSA levels ≤ 2 ng/ml. An additional cohort 
of 112 CA patients representing different Gleason grades 
was also included for ERG AAb evaluation.

Recombinant proteins and peptides

Recombinant full length ERG protein, produced in 
mammalian cells upon transfection of expression plasmid 
DNA, was purchased from Origene (Rockville, MD). 
Recombinant proteins for AMACR and cMYC, produced 
in mammalian cells, were also purchased from Origene. 
Peptides representing ERG3, ERG8, and HERV-K Gag 
epitopes were synthesized by a commercial vendor 
(Infinity Biotech, PA).

AAb detection by enzyme-linked immunosorbent 
assay (ELISA)

ELISA procedures were carried out in NUNC 96-
well flat bottom Maxisorp plates (Thermo Scientific; 
Rockford, IL). Plates were coated with 50 ng/well protein, 
or 500 ng/well peptide, using 100 µl Coating Buffer (50 
mM NaHCO3, pH 9.6). The plates were covered with 
microplate sealers (Pierce/Thermo Scientific, Rockford, 
IL) and incubated at 4°C overnight. The next day, plates 
were washed 4 times with wash buffer (1X PBS+Tween20, 
KD Medical; Columbia, MD) and blocked with 200 µl 
blocking buffer (StartingBlock; Thermo Scientific), 
covered, and incubated for 1 hour at room temperature 
(RT). Inactivated serum samples were diluted 1:50 in 
Dilsim II buffer. After blocking, plates were washed 
once with wash buffer, and incubated with 100 µl diluted 
serum samples, covered for 1 hour at 37°C. All reactions 
were carried out in duplicate. Plates were again washed 
4 times with wash buffer and then incubated with 100 µl 
of an HRP-conjugated anti-human antibody (KPL Inc.; 
Gaithersburg, MD), diluted 1:60,000 in ELISA diluent 
(20% NGS in 1X PBS with 0.1% Triton-X 100), covered 
for 1 hour at 37°C. Plates were washed 4 times with wash 
buffer and 100 µl of K-Blue Aqueous TMB substrate 
(Neogen; Lexington, KY) was added to the plates, and 
incubated uncovered for 30 min at RT. Sulphuric acid (100 
µl of 2N) was added to the plates post-incubation to stop 
the reaction. Plates were immediately read at 450 nm to 
measure absorbance. 

Spike-in experiments

Microtiter plates were coated with 50 ng/well 
of ERG protein. Six candidate sera for patients, which 

were negative for ERG AAbs, were used for spike-in 
experiments. Serum samples were diluted 1:50 in Dilsim 
II dilution buffer, and spiked with 10 ng/mL ERG 9FY 
mouse MAb. Samples were loaded into microtiter wells in 
duplicate and assayed as above. An HRP-conjugated anti-
mouse antibody (KPL Inc.; Gaithersburg, MD), diluted 
1:20,000, was used for detection. 

Specificity assays

We conducted a series of assays to examine 
specificity of ERG AAbs to ERG protein coated on 
microtiter plates: i) Six candidate serum samples were 
first diluted 1:50 as before and then further serially diluted 
1:2 to obtain a final dilution of 1:800. Dilutions of each 
sample were loaded onto microtiter plates and assayed 
as written above. ii) Six candidate serum samples were 
selected including 4 from CaP patients, and 2 from healthy 
controls. Total IgG was first purified using NAb™ Protein 
A Plus Spin Columns, and then desalted using Zeba™ 
Spin Desalting Columns. The final concentration of IgG 
was measured using a Nanodrop spectrophotometer. Total 
IgG for each sample was diluted to a starting concentration 
of 50 µg/ml and then serially diluted 1:2 to reach a final 
concentration of 0.78 µg/ml. Dilutions of each sample 
were loaded onto microtiter plates in duplicate and 
assayed as written above. iii) For competition studies, the 
purified IgGs were first pre-incubated with the P23 peptide 
corresponding to the ERG MAb 9FY epitope (5 µg and 
10 µg) for 30 minutes at RT, and then added to microtiter 
plates. The samples were then assayed in duplicate as 
written above.

Antigen detection ELISA

The methodology used for ERG antigen detection 
is as described in [71]. Briefly, NUNC 96-well flat bottom 
Maxisorp plates (Thermo Scientific, Rockford, IL) were 
coated with 1 μg/mL of ERG MAb 9FY, using 100 μL 
coating buffer (50 mM NaHCO3, pH 9.6). The plates 
were covered with microplate sealers (Pierce/Thermo 
Scientific, Rockford, IL) and incubated at 4°C overnight. 
The next day, plates were washed 4 times with wash buffer 
(1X PBS +Tween-20; KD Medical, Columbia, MD) and 
blocked with 200 μL blocking buffer (StartingBlock; 
Thermo Scientific), covered, and incubated for 1 hour at 
room temperature (RT). Inactivated serum samples were 
diluted 1:50 in Dilsim II buffer. After blocking, plates 
were washed once with wash buffer, and incubated with 
100 µl diluted serum samples, covered for 1 hour at 37°C. 
All reactions were carried out in duplicate. Plates were 
again washed 4 times with wash buffer and then incubated 
with 100 μL biotinylated ERG antibody (2 μg/mL; 
Origene), covered for 1 hour at 37°C. Plates were washed 
4 times with wash buffer and then incubated with 100 
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μL of Streptavidin-HRP conjugated antibody (KPL Inc., 
Gaithersburg, MD), diluted 1:10,000 in ELISA diluent 
(20% NGS in 1X PBS with 0.1% Triton-X 100), covered 
for 1 hour at 37°C. After incubation, plates were washed 
4 times with wash buffer, and 100 μL of K-Blue Aqueous 
TMB substrate (Neogen, Lexington, KY) was added to 
the plates, then incubated uncovered for 30 min at RT. 
Sulfuric acid (2 N, 100 μL) was added to the plates post-
incubation to stop the reaction. Plates were immediately 
read at 450 nm to measure absorbance. 

Immunofluorescence assay

VCaP cells were cultured on poly-L-lysine-
coated glass coverslips (BD Bioscience) in androgen-
deprived medium for 2 days. Cells were induced with 
0.1 nmol/L R1881 and cultured for another 48 hours. 
Cells were fixed with 4% paraformaldehdye buffered 
in PBS, permeabilized with 0.1% Triton X-100 in 
PBS, and blocked with 1% normal horse serum (Vector 
Laboratories) before incubating with purified IgG. 
Secondary antibody (Alexa Fluor-488 goat anti-human; 
Invitrogen) was subsequently applied together with DAPI 
(40, 6-diamidino-2-phenylindole). F-actin was stained 
with Alexa Fluor-594 phalloidin (Invitrogen). ERG MAb 
9FY was used as a positive control and stained with Alexa 
Fluor-488 goat anti-mouse secondary antibody. Images 
were captured using a 40x/0.65 N-Plan objective on a 
Leica DMIRE2 upright microscope with a QImaging 
Retiga-EX CCD camera controlled by OpenLab software 
(PerkinElmer), converted into color, and merged by using 
Adobe Photoshop. 

Luciferase Immunoprecipitation Systems (LIPS) 
assay

Renilla Luciferase constructs (Luc-ERG3-E, Luc-
ERG3) were generated in pcDNA3 through a commercial 
vendor (GenScript, Piscataway, NJ, USA). The Luc-
ERG3-E construct contained Renilla Luciferase coding 
sequences (AF416990.1) linked to a 40 amino acid 
N-terminal ERG3 sequence (residues 33-72) followed 
immediately by a 40 amino acid sequence at the 
C-terminus of ERG3, while the Luc-ERG3 contained 
the entire 447 amino acid sequence of ERG3. The 
methodology for the LIPS assay was followed from 
Burbelo et al. [72]. Briefly, HEK293 cells were transfected 
with Luc-ERG3-E, Luc-ERG3, or pcDNA3 empty vector 
48 hours after plating in 100 mm2 dishes. Forty-eight 
hours post-transfection, the plates were washed twice 
with PBS, and scraped with 1 ml of Lysis Buffer (20 mM 
Tris, pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1% Triton 
X-100) plus 50% glycerol and protease inhibitors. Once 
collected, lysates were sonicated, centrifuged at 13,000 × 
g for 4 min, supernatants collected and used immediately 

or stored at -20°C. Total luciferase activity was measured 
in crude extract by adding 1 µl lysate to 100 µl of assay 
buffer (Dual Luciferase Reporter Assay System, Promega, 
Madison, WI, USA) immediately measuring light-forming 
units with a luminometer (Victor3). The expression of 
ERG3 protein in the cell extract was verified by western 
blot using ERG MAb 9FY.

Immunoprecipitation assays were performed in 100 
µl volumes containing 6 µl of a 50% suspension of protein 
A/G beads (in PBS), 10 µg of purified total IgG or 5 µl of 
sera, 10 µl of HEK293 cell extract, and Lysis Buffer. The 
suspension was incubated at 4°C with rotation for 2 hours, 
washed 4 times with 1 ml of cold Lysis Buffer and one 
time with 1 ml of PBS. After the final wash, the beads, in 
a volume of about 10 µl, were loaded onto Blackwell 96-
well plates and evaluated for luciferase activity using the 
Dual Luciferase assay kit as described above.

Cells were lysed in situ 24 hours post-transfection, 
rocked for 15 minutes at room temperature, and 
centrifuged at 15,000 x g for 15 minutes to pellet the cell 
debris. Cell supernatants were loaded onto Blackwell 
96-well plates and evaluated for luciferase activity using 
the Dual Luciferase Reporter Assay System (Promega, 
Madison, WI, USA). 

Western blot

HEK293 cells were grown in 100 mm2 dishes 
and transfected at 50% confluence with 5 µg of each 
Luc construct. 48 hours post-transfection, cell pellets 
from transfection procedures were lysed in Mammalian 
Protein Extract Reagent (M-PER; Pierce/Thermo 
Scientific, Rockford, IL, USA). Following pre-cleaning 
by centrifugation, protein concentrations of cell lysates 
were determined by using Protein Assay Reagent (Bio-
Rad, Hercules, CA, USA). Lysates equivalent to 25 µg 
of protein were separated on NuPAGE Bis-Tris (4-12%) 
gels (Invitrogen, Carlsbad, CA, USA) and transferred onto 
PVDF membranes. Membranes were blocked in Blocking 
Buffer (LI-COR, Lincoln, NE, USA) and incubated with 
the ERG MAb 9FY (Biocare Medical Inc., Concord, 
CA, USA). Membranes were washed in Tris-Buffered 
Saline + Tween 20 (TBST) before incubation with sheep 
anti-mouse secondary antibodies (GE Life Sciences, 
Pittsburgh, PA, USA). 

Statistical analysis

Demographic and clinical characteristics were 
compared between case and control groups using the 
Wilconson rank sum test (age, serum PSA); Pearson 
correlation analysis was used to evaluate the correlation 
among four gene AAb (log-transformed); boxplot and 
Wilconson rank sum tests were used to examine the 
difference of four gene AAb levels (log-transformed) for 
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case versus controls.
Univariable logistic regression and ROC curve 

analysis were used to examine the CaP prediction value of 
four gene AAb levels. Considering the strong correlations 
among those four gene AAb levels, principal component 
analysis (PCA) was used to generate summary variables 
of those four AAb levels, which was used in the four gene 
combination panel ROC analysis. 

All statistical analyses were performed using SAS 
version 9.3 (SAS Institute, Cary, NC). All P-values were 
computed using two-sided statistical tests (summary alpha 
= 0.05). 

ACKNOWLEDGMENTS

The authors would like to thank Mr. Stephen Doyle 
for the artwork and figures in this manuscript. This 
study was supported by the Center for Prostate Disease 
Research, Uniformed Services University Grant HU0001-
10-2-0002 and the NCI/EDRN Grant ACN12011-001-0. 
The authors declare no conflict of interest.

DOD DISCLAIMER 

The opinions and assertions contained herein 
represent the personal views of the authors and are not to 
be construed as official or as representing the views of the 
Department of the Army, the Department of Defense, or 
the United States Government.

CONFLICTS OF INTERESTS

The authors declare no conflict of interests.

REFERENCES

1.	 Siegel RL, Miller KD and Jemal A. Cancer statistics, 2016. 
CA: a cancer journal for clinicians. 2016; 66(1):7-30.

2.	 Robinson JG, Hodges EA and Davison J. Prostate-specific 
antigen screening: a critical review of current research and 
guidelines. Journal of the American Association of Nurse 
Practitioners. 2014; 26(10):574-581.

3.	 Stark JR, Mucci L, Rothman KJ and Adami HO. Screening 
for prostate cancer remains controversial. BMJ. 2009; 
339:b3601.

4.	 Schroder FH, Hugosson J, Roobol MJ, Tammela TL, Ciatto 
S, Nelen V, Kwiatkowski M, Lujan M, Lilja H, Zappa M, 
Denis LJ, Recker F, Berenguer A, Maattanen L, Bangma 
CH, Aus G, et al. Screening and prostate-cancer mortality 
in a randomized European study. The New England journal 
of medicine. 2009; 360(13):1320-1328.

5.	 Miller AB. New data on prostate-cancer mortality after PSA 
screening. The New England journal of medicine. 2012; 
366(11):1047-1048. 

6.	 Moyer VA. Screening for prostate cancer: U.S. Preventive 

Services Task Force recommendation statement. Annals of 
internal medicine. 2012; 157(2):120-134.

7.	 Furusato B, Tan SH, Young D, Dobi A, Sun C, Mohamed 
AA, Thangapazham R, Chen Y, McMaster G, Sreenath T, 
Petrovics G, McLeod DG, Srivastava S and Sesterhenn 
IA. ERG oncoprotein expression in prostate cancer: clonal 
progression of ERG-positive tumor cells and potential for 
ERG-based stratification. Prostate cancer and prostatic 
diseases. 2010; 13(3):228-237. 

8.	 White NM, Feng FY and Maher CA. Recurrent 
rearrangements in prostate cancer: causes and therapeutic 
potential. Current drug targets. 2013; 14(4):450-459.

9.	 Magi-Galluzzi C, Tsusuki T, Elson P, Simmerman K, 
LaFargue C, Esgueva R, Klein E, Rubin MA and Zhou 
M. TMPRSS2-ERG gene fusion prevalence and class are 
significantly different in prostate cancer of Caucasian, 
African-American and Japanese patients. The Prostate. 
2011; 71(5):489-497.

10.	 Lee GL, Dobi A and Srivastava S. Prostate cancer: 
diagnostic performance of the PCA3 urine test. Nature 
reviews Urology. 2011; 8(3):123-124. 

11.	 Cooperberg MR, Simko JP, Cowan JE, Reid JE, Djalilvand 
A, Bhatnagar S, Gutin A, Lanchbury JS, Swanson GP, Stone 
S and Carroll PR. Validation of a cell-cycle progression 
gene panel to improve risk stratification in a contemporary 
prostatectomy cohort. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology. 
2013; 31(11):1428-1434.

12.	 Klein EA, Cooperberg MR, Magi-Galluzzi C, Simko JP, 
Falzarano SM, Maddala T, Chan JM, Li J, Cowan JE, 
Tsiatis AC, Cherbavaz DB, Pelham RJ, Tenggara-Hunter I, 
Baehner FL, Knezevic D, Febbo PG, et al. A 17-gene assay 
to predict prostate cancer aggressiveness in the context 
of Gleason grade heterogeneity, tumor multifocality, and 
biopsy undersampling. European urology. 2014; 66(3):550-
560. 

13.	 Cullen J, Rosner IL, Brand TC, Zhang N, Tsiatis AC, 
Moncur J, Ali A, Chen Y, Knezevic D, Maddala T, 
Lawrence HJ, Febbo PG, Srivastava S, Sesterhenn IA and 
McLeod DG. A Biopsy-based 17-gene Genomic Prostate 
Score Predicts Recurrence After Radical Prostatectomy 
and Adverse Surgical Pathology in a Racially Diverse 
Population of Men with Clinically Low- and Intermediate-
risk Prostate Cancer. European urology. 2015; 68(1):123-
131. 

14.	 Brand TC, Zhang N, Crager MR, Maddala T, Dee A, 
Sesterhenn IA, Simko JP, Cooperberg MR, Srivastava S, 
Rosner IL, Chan JM, Febbo PG, Carroll PR, Cullen J and 
Lawrence HJ. Patient-specific Meta-analysis of 2 Clinical 
Validation Studies to Predict Pathologic Outcomes in 
Prostate Cancer Using the 17-Gene Genomic Prostate 
Score. Urology. 2016; 89:69-75. 

15.	 Shariat SF, Karam JA, Margulis V and Karakiewicz PI. 
New blood-based biomarkers for the diagnosis, staging 
and prognosis of prostate cancer. BJU international. 2008; 



Genes & Cancer409www.impactjournals.com/Genes&Cancer

101(6):675-683.
16.	 Heo CK, Bahk YY and Cho EW. Tumor-associated 

autoantibodies as diagnostic and prognostic biomarkers. 
BMB reports. 2012; 45(12):677-685. 

17.	 Cree IA. Improved blood tests for cancer screening: general 
or specific? BMC cancer. 2011; 11:499. 

18.	 Wang J, Figueroa JD, Wallstrom G, Barker K, Park JG, 
Demirkan G, Lissowska J, Anderson KS, Qiu J and 
LaBaer J. Plasma Autoantibodies Associated with Basal-
like Breast Cancers. Cancer epidemiology, biomarkers & 
prevention : a publication of the American Association for 
Cancer Research, cosponsored by the American Society of 
Preventive Oncology. 2015; 24(9):1332-1340.

19.	 Tan EM and Zhang J. Autoantibodies to tumor-associated 
antigens: reporters from the immune system. Immunological 
reviews. 2008; 222:328-340.

20.	 Piura B and Piura E. Autoantibodies to tumor-associated 
antigens in epithelial ovarian carcinoma. Journal of 
oncology. 2009; 2009:581939. 

21.	 Chang W, Wu L, Cao F, Liu Y, Ma L, Wang M, Zhao D, 
Li P, Zhang Q, Tan X, Yu Y, Lou Z, Zhao J, Zhang H, Fu 
C and Cao G. Development of autoantibody signatures as 
biomarkers for early detection of colorectal carcinoma. 
Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2011; 17(17):5715-5724.

22.	 Tong YQ, Liu B, Zheng HY, He YJ, Gu J, Li F and Li 
Y. BMI-1 autoantibody as a new potential biomarker for 
cervical carcinoma. PloS one. 2011; 6(11):e27804.

23.	 Reuschenbach M, von Knebel Doeberitz M and 
Wentzensen N. A systematic review of humoral immune 
responses against tumor antigens. Cancer immunology, 
immunotherapy : CII. 2009; 58(10):1535-1544.

24.	 Massoner P, Lueking A, Goehler H, Hopfner A, Kowald 
A, Kugler KG, Amersdorfer P, Horninger W, Bartsch G, 
Schulz-Knappe P and Klocker H. Serum-autoantibodies 
for discovery of prostate cancer specific biomarkers. The 
Prostate. 2012; 72(4):427-436.

25.	 Zaenker P and Ziman MR. Serologic autoantibodies 
as diagnostic cancer biomarkers—a review. Cancer 
epidemiology, biomarkers & prevention : a publication of 
the American Association for Cancer Research, cosponsored 
by the American Society of Preventive Oncology. 2013; 
22(12):2161-2181.

26.	 Zhang JY, Casiano CA, Peng XX, Koziol JA, Chan EK and 
Tan EM. Enhancement of antibody detection in cancer using 
panel of recombinant tumor-associated antigens. Cancer 
epidemiology, biomarkers & prevention : a publication of 
the American Association for Cancer Research, cosponsored 
by the American Society of Preventive Oncology. 2003; 
12(2):136-143.

27.	 Nesterova MV, Johnson N, Cheadle C, Bates SE, Mani 
S, Stratakis CA, Khan IU, Gupta RK and Cho-Chung 
YS. Autoantibody cancer biomarker: extracellular protein 
kinase A. Cancer research. 2006; 66(18):8971-8974.

28.	 Ummanni R, Duscharla D, Barett C, Venz S, Schlomm T, 
Heinzer H, Walther R, Bokemeyer C, Brummendorf TH, 
Murthy PV and Balabanov S. Prostate cancer-associated 
autoantibodies in serum against tumor-associated antigens 
as potential new biomarkers. Journal of proteomics. 2015; 
119:218-229.

29.	 Chen H, Werner S, Butt J, Zornig I, Knebel P, Michel 
A, Eichmuller SB, Jager D, Waterboer T, Pawlita M 
and Brenner H. Prospective evaluation of 64 serum 
autoantibodies as biomarkers for early detection of 
colorectal cancer in a true screening setting. Oncotarget. 
2016; 7(13):16420-16432. 

30.	 Gao RJ, Bao HZ, Yang Q, Cong Q, Song JN and Wang L. 
The presence of serum anti-p53 antibodies from patients 
with invasive ductal carcinoma of breast: correlation to 
other clinical and biological parameters. Breast cancer 
research and treatment. 2005; 93(2):111-115.

31.	 Jia J, Wang W, Meng W, Ding M, Ma S and Wang X. 
Development of a multiplex autoantibody test for detection 
of lung cancer. PloS one. 2014; 9(4):e95444.

32.	 Healey GF, Lam S, Boyle P, Hamilton-Fairley G, Peek 
LJ and Robertson JF. Signal stratification of autoantibody 
levels in serum samples and its application to the early 
detection of lung cancer. Journal of thoracic disease. 2013; 
5(5):618-625. 

33.	 Rom WN, Goldberg JD, Addrizzo-Harris D, Watson 
HN, Khilkin M, Greenberg AK, Naidich DP, Crawford 
B, Eylers E, Liu D and Tan EM. Identification of an 
autoantibody panel to separate lung cancer from smokers 
and nonsmokers. BMC cancer. 2010; 10:234. 

34.	 Bergqvist M, Brattstrom D, Larsson A, Hesselius P, 
Brodin O and Wagenius G. The role of circulating anti-p53 
antibodies in patients with advanced non-small cell lung 
cancer and their correlation to clinical parameters and 
survival. BMC cancer. 2004; 4:66.

35.	 Mattioni M, Chinzari P, Soddu S, Strigari L, Cilenti V and 
Mastropasqua E. Serum p53 antibody detection in patients 
with impaired lung function. BMC cancer. 2013; 13:62.

36.	 Zhong L, Ge K, Zu JC, Zhao LH, Shen WK, Wang JF, 
Zhang XG, Gao X, Hu W, Yen Y and Kernstine KH. 
Autoantibodies as potential biomarkers for breast cancer. 
Breast cancer research : BCR. 2008; 10(3):R40.

37.	 Zhu Q, Han SX, Zhou CY, Cai MJ, Dai LP and Zhang JY. 
Autoimmune response to PARP and BRCA1/BRCA2 in 
cancer. Oncotarget. 2015; 6(13):11575-11584.

38.	 Chapman C, Murray A, Chakrabarti J, Thorpe A, Woolston 
C, Sahin U, Barnes A and Robertson J. Autoantibodies in 
breast cancer: their use as an aid to early diagnosis. Annals 
of oncology : official journal of the European Society for 
Medical Oncology / ESMO. 2007; 18(5):868-873.

39.	 Piura E and Piura B. Autoantibodies to tumor-associated 
antigens in breast carcinoma. Journal of oncology. 2010; 
2010:264926. 

40.	 Mintz PJ, Rietz AC, Cardo-Vila M, Ozawa MG, Dondossola 



Genes & Cancer410www.impactjournals.com/Genes&Cancer

E, Do KA, Kim J, Troncoso P, Logothetis CJ, Sidman RL, 
Pasqualini R and Arap W. Discovery and horizontal follow-
up of an autoantibody signature in human prostate cancer. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2015; 112(8):2515-2520.

41.	 Cima I, Schiess R, Wild P, Kaelin M, Schuffler P, Lange 
V, Picotti P, Ossola R, Templeton A, Schubert O, Fuchs T, 
Leippold T, Wyler S, Zehetner J, Jochum W, Buhmann J, et 
al. Cancer genetics-guided discovery of serum biomarker 
signatures for diagnosis and prognosis of prostate cancer. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2011; 108(8):3342-3347.

42.	 Mintz PJ, Kim J, Do KA, Wang X, Zinner RG, Cristofanilli 
M, Arap MA, Hong WK, Troncoso P, Logothetis CJ, 
Pasqualini R and Arap W. Fingerprinting the circulating 
repertoire of antibodies from cancer patients. Nature 
biotechnology. 2003; 21(1):57-63.

43.	 Wang X, Yu J, Sreekumar A, Varambally S, Shen R, 
Giacherio D, Mehra R, Montie JE, Pienta KJ, Sanda MG, 
Kantoff PW, Rubin MA, Wei JT, Ghosh D and Chinnaiyan 
AM. Autoantibody signatures in prostate cancer. The New 
England journal of medicine. 2005; 353(12):1224-1235.

44.	 Rehman I, Evans CA, Glen A, Cross SS, Eaton CL, Down 
J, Pesce G, Phillips JT, Yen OS, Thalmann GN, Wright PC 
and Hamdy FC. iTRAQ identification of candidate serum 
biomarkers associated with metastatic progression of 
human prostate cancer. PloS one. 2012; 7(2):e30885.

45.	 Ehrlich JR, Caiazzo RJ, Jr., Qiu W, Tassinari OW, O’Leary 
MP, Richie JP and Liu BC. A native antigen “reverse 
capture” microarray platform for autoantibody profiling 
of prostate cancer sera. Proteomics Clinical applications. 
2007; 1(5):476-485.

46.	 Schipper M, Wang G, Giles N and Ohrnberger J. Novel 
prostate cancer biomarkers derived from autoantibody 
signatures. Translational oncology. 2015; 8(2):106-111.

47.	 Zhu Q, Liu M, Dai L, Ying X, Ye H, Zhou Y, Han S 
and Zhang JY. Using immunoproteomics to identify 
tumor-associated antigens (TAAs) as biomarkers in 
cancer immunodiagnosis. Autoimmunity reviews. 2013; 
12(12):1123-1128.

48.	 Sabel MS, Liu Y, Griffith KA, He J, Xie X and Lubman 
DM. Clinical utility of serum autoantibodies detected by 
protein microarray in melanoma. International journal of 
proteomics. 2011; 2011:413742.

49.	 Shi T, Fillmore TL, Sun X, Zhao R, Schepmoes AA, 
Hossain M, Xie F, Wu S, Kim JS, Jones N, Moore RJ, 
Pasa-Tolic L, Kagan J, Rodland KD, Liu T, Tang K, et al. 
Antibody-free, targeted mass-spectrometric approach for 
quantification of proteins at low picogram per milliliter 
levels in human plasma/serum. Proceedings of the National 
Academy of Sciences of the United States of America. 
2012; 109(38):15395-15400. 

50.	 Kobayashi M, Nagashio R, Ryuge S, Murakami Y, Yanagita 
K, Nakashima H, Matsumoto T, Jiang SX, Saegusa M, 
Satoh Y, Masuda N and Sato Y. Acquisition of useful sero-

diagnostic autoantibodies using the same patients’sera and 
tumor tissues. Biomed Res. 2014; 35(2):133-143.

51.	 Stafford P, Cichacz Z, Woodbury NW and Johnston 
SA. Immunosignature system for diagnosis of cancer. 
Proceedings of the National Academy of Sciences of the 
United States of America. 2014; 111(30):E3072-3080. 

52.	 Petrovics G, Liu A, Shaheduzzaman S, Furusato B, Sun 
C, Chen Y, Nau M, Ravindranath L, Dobi A, Srikantan 
V, Sesterhenn IA, McLeod DG, Vahey M, Moul JW and 
Srivastava S. Frequent overexpression of ETS-related gene-
1 (ERG1) in prostate cancer transcriptome. Oncogene. 
2005; 24(23):3847-3852.

53.	 Rao VN, Papas TS and Reddy ES. erg, a human ets-
related gene on chromosome 21: alternative splicing, 
polyadenylation, and translation. Science. 1987; 
237(4815):635-639.

54.	 Ernst T, Hergenhahn M, Kenzelmann M, Cohen CD, 
Bonrouhi M, Weninger A, Klaren R, Grone EF, Wiesel 
M, Gudemann C, Kuster J, Schott W, Staehler G, Kretzler 
M, Hollstein M and Grone HJ. Decrease and gain of 
gene expression are equally discriminatory markers for 
prostate carcinoma: a gene expression analysis on total and 
microdissected prostate tissue. The American journal of 
pathology. 2002; 160(6):2169-2180. 

55.	 Vanaja DK, Cheville JC, Iturria SJ and Young CY. 
Transcriptional silencing of zinc finger protein 185 
identified by expression profiling is associated with prostate 
cancer progression. Cancer research. 2003; 63(14):3877-
3882.

56.	 Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM, 
Mehra R, Sun XW, Varambally S, Cao X, Tchinda J, Kuefer 
R, Lee C, Montie JE, Shah RB, Pienta KJ, Rubin MA and 
Chinnaiyan AM. Recurrent fusion of TMPRSS2 and ETS 
transcription factor genes in prostate cancer. Science. 2005; 
310(5748):644-648.

57.	 Tomlins SA, Laxman B, Dhanasekaran SM, Helgeson BE, 
Cao X, Morris DS, Menon A, Jing X, Cao Q, Han B, Yu J, 
Wang L, Montie JE, Rubin MA, Pienta KJ, Roulston D, et 
al. Distinct classes of chromosomal rearrangements create 
oncogenic ETS gene fusions in prostate cancer. Nature. 
2007; 448(7153):595-599. 

58.	 Kumar-Sinha C, Tomlins SA and Chinnaiyan AM. 
Recurrent gene fusions in prostate cancer. Nature reviews 
Cancer. 2008; 8(7):497-511. 

59.	 Rubin MA, Maher CA and Chinnaiyan AM. Common 
gene rearrangements in prostate cancer. Journal of clinical 
oncology : official journal of the American Society of 
Clinical Oncology. 2011; 29(27):3659-3668. 

60.	 Sreenath TL, Dobi A, Petrovics G and Srivastava S. 
Oncogenic activation of ERG: A predominant mechanism 
in prostate cancer. Journal of carcinogenesis. 2011; 10:37.

61.	 Rosen P, Pfister D, Young D, Petrovics G, Chen Y, Cullen J, 
Bohm D, Perner S, Dobi A, McLeod DG, Sesterhenn IA and 
Srivastava S. Differences in frequency of ERG oncoprotein 
expression between index tumors of Caucasian and African 



Genes & Cancer411www.impactjournals.com/Genes&Cancer

American patients with prostate cancer. Urology. 2012; 
80(4):749-753.

62.	 Rosen P, Sesterhenn IA, Brassell SA, McLeod DG, 
Srivastava S and Dobi A. Clinical potential of the ERG 
oncoprotein in prostate cancer. Nature reviews Urology. 
2012; 9(3):131-137.

63.	 Rawal S, Young D, Williams M, Colombo M, Krishnappa 
R, Petrovics G, McLeod DG, Srivastava S and Sesterhenn 
IA. Low Frequency of the ERG Oncogene Alterations in 
Prostate Cancer Patients from India. Journal of Cancer. 
2013; 4(6):468-472.

64.	 Farrell J, Petrovics G, McLeod DG and Srivastava 
S. Genetic and molecular differences in prostate 
carcinogenesis between African American and Caucasian 
American men. International journal of molecular sciences. 
2013; 14(8):15510-15531.

65.	 Chornokur G, Dalton K, Borysova ME and Kumar NB. 
Disparities at presentation, diagnosis, treatment, and 
survival in African American men, affected by prostate 
cancer. The Prostate. 2011; 71(9):985-997.

66.	 Kelly GM, Kong YH, Dobi A, Srivastava S, Sesterhenn IA, 
Pathmanathan R, Tan HM, Tan SH and Cheong SC. ERG 
oncoprotein expression in prostate carcinoma patients of 
different ethnicities. Molecular and clinical oncology. 2015; 
3(1):23-30.

67.	 Leyten GH, Hessels D, Jannink SA, Smit FP, de Jong H, 
Cornel EB, de Reijke TM, Vergunst H, Kil P, Knipscheer 
BC, van Oort IM, Mulders PF, Hulsbergen-van de Kaa CA 
and Schalken JA. Prospective multicentre evaluation of 
PCA3 and TMPRSS2-ERG gene fusions as diagnostic and 
prognostic urinary biomarkers for prostate cancer. European 
urology. 2014; 65(3):534-542.

68.	 Miettinen M, Wang ZF, Paetau A, Tan SH, Dobi A, 
Srivastava S and Sesterhenn I. ERG transcription factor as 
an immunohistochemical marker for vascular endothelial 
tumors and prostatic carcinoma. The American journal of 
surgical pathology. 2011; 35(3):432-441.

69.	 Park K, Tomlins SA, Mudaliar KM, Chiu YL, Esgueva 
R, Mehra R, Suleman K, Varambally S, Brenner JC, 
MacDonald T, Srivastava A, Tewari AK, Sathyanarayana 
U, Nagy D, Pestano G, Kunju LP, et al. Antibody-based 
detection of ERG rearrangement-positive prostate cancer. 
Neoplasia. 2010; 12(7):590-598.

70.	 Rastogi A, Tan SH, Banerjee S, Sharad S, Kagan J, 
Srivastava S, McLeod DG and Srinivasan A. ERG 
monoclonal antibody in the diagnosis and biological 
stratification of prostate cancer: delineation of minimal 
epitope, critical residues for binding, and molecular basis 
of specificity. Monoclonal antibodies in immunodiagnosis 
and immunotherapy. 2014; 33(4):201-208.

71.	 He J, Schepmoes AA, Shi T, Wu C, Fillmore TL, Gao Y, 
Smith RD, Qian WJ, Rodland KD, Liu T, Camp DG, 2nd, 
Rastogi A, Tan SH, Yan W, Mohamed AA, Huang W, et al. 
Analytical platform evaluation for quantification of ERG in 
prostate cancer using protein and mRNA detection methods. 

Journal of translational medicine. 2015; 13:54.
72.	 Burbelo PD, Goldman R and Mattson TL. A simplified 

immunoprecipitation method for quantitatively measuring 
antibody responses in clinical sera samples by using 
mammalian-produced Renilla luciferase-antigen fusion 
proteins. BMC biotechnology. 2005; 5:22.

73.	 Adamo P and Ladomery MR. The oncogene ERG: a key 
factor in prostate cancer. Oncogene. 2016; 35(4):403-414.

74.	 Hu Y, Dobi A, Sreenath T, Cook C, Tadase AY, Ravindranath 
L, Cullen J, Furusato B, Chen Y, Thangapazham RL, 
Mohamed A, Sun C, Sesterhenn IA, McLeod DG, Petrovics 
G and Srivastava S. Delineation of TMPRSS2-ERG splice 
variants in prostate cancer. Clinical cancer research : an 
official journal of the American Association for Cancer 
Research. 2008; 14(15):4719-4725.

75.	 Wang J, Cai Y, Yu W, Ren C, Spencer DM and Ittmann 
M. Pleiotropic biological activities of alternatively spliced 
TMPRSS2/ERG fusion gene transcripts. Cancer research. 
2008; 68(20):8516-8524.

76.	 Mani RS, Iyer MK, Cao Q, Brenner JC, Wang L, Ghosh 
A, Cao X, Lonigro RJ, Tomlins SA, Varambally S and 
Chinnaiyan AM. TMPRSS2-ERG-mediated feed-forward 
regulation of wild-type ERG in human prostate cancers. 
Cancer research. 2011; 71(16):5387-5392. 

77.	 Hoesel B, Malkani N, Hochreiter B, Basilio J, Sughra K, 
Ilyas M and Schmid JA. Sequence-function correlations and 
dynamics of ERG isoforms. ERG8 is the black sheep of the 
family. Biochimica et biophysica acta. 2016; 1863(2):205-
218.

78.	 Sun C, Dobi A, Mohamed A, Li H, Thangapazham RL, 
Furusato B, Shaheduzzaman S, Tan SH, Vaidyanathan 
G, Whitman E, Hawksworth DJ, Chen Y, Nau M, Patel 
V, Vahey M, Gutkind JS, et al. TMPRSS2-ERG fusion, a 
common genomic alteration in prostate cancer activates 
C-MYC and abrogates prostate epithelial differentiation. 
Oncogene. 2008; 27(40):5348-5353.

79.	 Rastogi A, Tan SH, Mohamed AA, Chen Y, Hu Y, 
Petrovics G, Sreenath T, Kagan J, Srivastava S, McLeod 
DG, Sesterhenn IA, Dobi A and Srinivasan A. Functional 
antagonism of TMPRSS2-ERG splice variants in prostate 
cancer. Genes & cancer. 2014; 5(7-8):273-284. 

80.	 Sreekumar A, Laxman B, Rhodes DR, Bhagavathula S, 
Harwood J, Giacherio D, Ghosh D, Sanda MG, Rubin MA 
and Chinnaiyan AM. Humoral immune response to alpha-
methylacyl-CoA racemase and prostate cancer. Journal of 
the National Cancer Institute. 2004; 96(11):834-843.

81.	 Agoni L, Guha C and Lenz J. Detection of Human 
Endogenous Retrovirus K (HERV-K) Transcripts in Human 
Prostate Cancer Cell Lines. Frontiers in oncology. 2013; 
3:180.

82.	 Hahn S, Ugurel S, Hanschmann KM, Strobel H, Tondera C, 
Schadendorf D, Lower J and Lower R. Serological response 
to human endogenous retrovirus K in melanoma patients 
correlates with survival probability. AIDS research and 
human retroviruses. 2008; 24(5):717-723.



Genes & Cancer412www.impactjournals.com/Genes&Cancer

83.	 Ishida T, Obata Y, Ohara N, Matsushita H, Sato S, Uenaka 
A, Saika T, Miyamura T, Chayama K, Nakamura Y, Wada 
H, Yamashita T, Morishima T, Old LJ and Nakayama E. 
Identification of the HERV-K gag antigen in prostate 
cancer by SEREX using autologous patient serum and its 
immunogenicity. Cancer immunity. 2008; 8:15.

84.	 Reis BS, Jungbluth AA, Frosina D, Holz M, Ritter E, 
Nakayama E, Ishida T, Obata Y, Carver B, Scher H, 
Scardino PT, Slovin S, Subudhi SK, Reuter VE, Savage 
C, Allison JP, et al. Prostate cancer progression correlates 
with increased humoral immune response to a human 
endogenous retrovirus GAG protein. Clinical cancer 
research : an official journal of the American Association 
for Cancer Research. 2013; 19(22):6112-6125.

85.	 Takizawa I, Lawrence MG, Balanathan P, Rebello R, 
Pearson HB, Garg E, Pedersen J, Pouliot N, Nadon R, 
Watt MJ, Taylor RA, Humbert P, Topisirovic I, Larsson 
O, Risbridger GP and Furic L. Estrogen receptor alpha 
drives proliferation in PTEN-deficient prostate carcinoma 
by stimulating survival signaling, MYC expression and 
altering glucose sensitivity. Oncotarget. 2015; 6(2):604-
616.

86.	 Hawksworth D, Ravindranath L, Chen Y, Furusato B, 
Sesterhenn IA, McLeod DG, Srivastava S and Petrovics 
G. Overexpression of C-MYC oncogene in prostate cancer 
predicts biochemical recurrence. Prostate cancer and 
prostatic diseases. 2010; 13(4):311-315.

87.	 Wang J, Kobayashi T, Floc’h N, Kinkade CW, Aytes 
A, Dankort D, Lefebvre C, Mitrofanova A, Cardiff RD, 
McMahon M, Califano A, Shen MM and Abate-Shen C. 
B-Raf activation cooperates with PTEN loss to drive c-Myc 
expression in advanced prostate cancer. Cancer research. 
2012; 72(18):4765-4776.

88.	 Wang P, Song C, Xie W, Ye H, Wang K, Dai L, Zhang Y 
and Zhang J. Evaluation of diagnostic value in using a panel 
of multiple tumor-associated antigens for immunodiagnosis 
of cancer. Journal of immunology research. 2014; 
2014:512540.

89.	 Chapman CJ, Murray A, McElveen JE, Sahin U, 
Luxemburger U, Tureci O, Wiewrodt R, Barnes AC and 
Robertson JF. Autoantibodies in lung cancer: possibilities 
for early detection and subsequent cure. Thorax. 2008; 
63(3):228-233.

90.	 Gonzalez-Gronow M, Cuchacovich M, Llanos C, Urzua C, 
Gawdi G and Pizzo SV. Prostate cancer cell proliferation in 
vitro is modulated by antibodies against glucose-regulated 
protein 78 isolated from patient serum. Cancer research. 
2006; 66(23):11424-11431.

91.	 Nagele E, Han M, Demarshall C, Belinka B and Nagele R. 
Diagnosis of Alzheimer’s disease based on disease-specific 
autoantibody profiles in human sera. PloS one. 2011; 
6(8):e23112.

92.	 Han M, Nagele E, DeMarshall C, Acharya N and Nagele R. 
Diagnosis of Parkinson’s disease based on disease-specific 
autoantibody profiles in human sera. PloS one. 2012; 

7(2):e32383.
93.	 Zaenker P, Gray ES and Ziman MR. Autoantibody 

Production in Cancer-The Humoral Immune Response 
toward Autologous Antigens in Cancer Patients. 
Autoimmunity reviews. 2016; 15(5):477-483.

94.	 Shi FD, Zhang JY, Liu D, Rearden A, Elliot M, Nachtsheim 
D, Daniels T, Casiano CA, Heeb MJ, Chan EK and Tan EM. 
Preferential humoral immune response in prostate cancer to 
cellular proteins p90 and p62 in a panel of tumor-associated 
antigens. The Prostate. 2005; 63(3):252-258.

95.	 Xie C, Kim HJ, Haw JG, Kalbasi A, Gardner BK, Li G, 
Rao J, Chia D, Liong M, Punzalan RR, Marks LS, Pantuck 
AJ, de la Taille A, Wang G, Mukouyama H and Zeng G. 
A novel multiplex assay combining autoantibodies plus 
PSA has potential implications for classification of prostate 
cancer from non-malignant cases. Journal of translational 
medicine. 2011; 9:43.

96.	 Daniels T, Zhang J, Gutierrez I, Elliot ML, Yamada B, 
Heeb MJ, Sheets SM, Wu X and Casiano CA. Antinuclear 
autoantibodies in prostate cancer: immunity to LEDGF/p75, 
a survival protein highly expressed in prostate tumors and 
cleaved during apoptosis. The Prostate. 2005; 62(1):14-26.

97.	 Dai L, Li J, Ortega R, Qian W, Casiano CA and Zhang JY. 
Preferential autoimmune response in prostate cancer to 
cyclin B1 in a panel of tumor-associated antigens. Journal 
of immunology research. 2014; 2014:827827.

98.	 Leidinger P, Keller A, Milchram L, Harz C, Hart M, Werth 
A, Lenhof HP, Weinhausel A, Keck B, Wullich B, Ludwig 
N and Meese E. Combination of Autoantibody Signature 
with PSA Level Enables a Highly Accurate Blood-Based 
Differentiation of Prostate Cancer Patients from Patients 
with Benign Prostatic Hyperplasia. PloS one. 2015; 
10(6):e0128235.

99.	 O’Rourke DJ, DiJohnson DA, Caiazzo RJ, Jr., Nelson JC, 
Ure D, O’Leary MP, Richie JP and Liu BC. Autoantibody 
signatures as biomarkers to distinguish prostate cancer 
from benign prostatic hyperplasia in patients with increased 
serum prostate specific antigen. Clinica chimica acta; 
international journal of clinical chemistry. 2012; 413(5-
6):561-567.

100.	Kissick HT, Sanda MG, Dunn LK and Arredouani 
MS. Development of a peptide-based vaccine targeting 
TMPRSS2:ERG fusion-positive prostate cancer. Cancer 
immunology, immunotherapy : CII. 2013; 62(12):1831-
1840.

101.	Schlick B, Massoner P, Lueking A, Charoentong P, Blattner 
M, Schaefer G, Marquart K, Theek C, Amersdorfer P, 
Zielinski D, Kirchner M, Trajanoski Z, Rubin MA, Mullner 
S, Schulz-Knappe P and Klocker H. Serum Autoantibodies 
in Chronic Prostate Inflammation in Prostate Cancer 
Patients. PloS one. 2016; 11(2):e0147739.

102.	Li J, Dai L, Lei N, Xing M, Li P, Luo C, Casiano CA and 
Zhang JY. Evaluation and characterization of anti-RalA 
autoantibody as a potential serum biomarker in human 
prostate cancer. Oncotarget. 2016; 7(28):43546-43556.



Genes & Cancer413www.impactjournals.com/Genes&Cancer

103.	Hagglof C, Hammarsten P, Stromvall K, Egevad L, 
Josefsson A, Stattin P, Granfors T and Bergh A. TMPRSS2-
ERG expression predicts prostate cancer survival and 
associates with stromal biomarkers. PloS one. 2014; 
9(2):e86824.

104.	Mikolajczyk SD, Song Y, Wong JR, Matson RS and 
Rittenhouse HG. Are multiple markers the future of prostate 
cancer diagnostics? Clinical biochemistry. 2004; 37(7):519-
528.

105.	Martens JH. Acute myeloid leukemia: a central role for the 
ETS factor ERG. The international journal of biochemistry 
& cell biology. 2011; 43(10):1413-1416.

106.	Shon W, Folpe AL and Fritchie KJ. ERG expression in 
chondrogenic bone and soft tissue tumours. Journal of 
clinical pathology. 2015; 68(2):125-129.

107.	Rahim S and Uren A. Emergence of ETS transcription 
factors as diagnostic tools and therapeutic targets in prostate 
cancer. American journal of translational research. 2013; 
5(3):254-268.


