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The antigen processing machinery (APM) plays an important role in immune recognition of virally infected and transformed
cells. Defective expression of the APM component ERAP1 is associated with progression and poor clinical outcome in cervical
carcinoma. However, the underlying mechanisms of ERAP1 protein downregulation remain to be established. We investigated
ERAP1 mRNA expression levels in 14 patients with established ERAP1 protein downregulation. To further examine the possible
pretranscriptional mechanisms of ERAP1 downregulation, ERAP1 DNA mutation status was analyzed alongside existing data on
various single nucleotide polymorphisms. Moreover, loss of heterozygosity at various loci in the ERAP1 gene was investigated. In
cases with ERAP1 protein downregulation, ERAP1 mRNA quantities were found to be significantly lower than in a cohort with
normal ERAP1 protein expression (𝑃 = 0.001). Loss of heterozygosity was demonstrated to occur in up to 50% of tumors with
ERAP1 downregulation. Our data indicate that ERAP1 downregulation is associated with loss of heterozygosity.These data provide
the first insight into in vivo mechanisms of ERAP1 downregulation in cervical carcinoma.

1. Introduction

Cervical carcinoma is the third most common cause of
cancer-related death among women worldwide. It is caused
by infection of the uterine cervix epithelium by oncogenic
types of the human papillomavirus (HPV), followed by
viral persistence and progressive malignant transformation,
leading to a spectrum of premalignant lesions (cervical
intraepithelial neoplasia; CIN) and, ultimately, cervical car-
cinoma [1]. The antigen processing machinery (APM) and
human leukocyte antigen (HLA) class I-mediated peptide
presentation are important determinants of the processing
and presentation of HPV-derived peptides and are therefore
significant factors in recognition and subsequent lysis of
cervical carcinoma cells by cytotoxic T lymphocytes [2].

Downregulation of various APM components and of
HLA class I has been shown to be associated with detri-
mental survival among cervical carcinoma patients [3]; in
particular, downregulation of ERAP1 (endoplasmic reticu-
lum aminopeptidase associated with antigen presentation 1)

has been demonstrated to be an independent predictor of
overall and disease-free survival [3]. ERAP1 is responsible
for length-specific N-terminal trimming of peptides (derived
from intracellular proteins) before presentation by HLA class
I molecules [4, 5]. It is therefore hypothesized to be an impor-
tant determinant of the repertoire of presented peptides, as
has been shown in various ERAP1 downregulated mouse
models [5–7]. Moreover, genetic variation in the ERAP1 gene
is associated with both increased cervical carcinoma risk and
decreased survival among patients [8–10].These data suggest
that ERAP1 is an important factor in tumor immunogenicity
and cervical carcinogenesis [11]. In addition, downregulation
of ERAP1 protein expression (occurring in approximately
15% of cases) is associated with worse clinical outcome in
cervical carcinoma patients [3].

Although several studies have shown that various viral
proteins, including the HPV E7 oncoprotein, can inter-
fere with APM-related cellular processes (physically or at
the transcriptional level) [12], the mechanisms leading to
ERAP1 downregulation in cervical carcinoma remain largely
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unknown. Recent data suggest that a single nucleotide
polymorphism (SNP) in the gene is associated with down-
regulation of the corresponding protein [9]; however, the
existence of a direct causal relation between this SNP and
downregulation remains to be established.

To address the issue of ERAP1 downregulation in cervical
carcinoma, we have examined ERAP1 mRNA expression in
tumor cells from a panel of cervical carcinoma lesions with
known ERAP1 downregulation at the protein level. Subse-
quently, we performed an evaluation of possible molecular
mechanisms for inactivation of the ERAP1 gene in flow sorted
tumor cells from this series of clinical specimens.

2. Materials and Methods

2.1. Tumor Specimens. From 109 patients with cervical car-
cinoma who underwent radical hysterectomy with bilat-
eral pelvic lymphadenectomy (by the same surgical team)
between 1985 and 1999, formalin-fixed, paraffin-embedded
tissue blocks were retrieved from the archives of the
Department of Pathology, Leiden University Medical Center,
Netherlands.All patientswere inhabitants ofNetherlands and
had not received preoperative radiotherapy or chemotherapy.
Mean age was 48.5 years, the youngest patient being 24 years
and the oldest 87 years at the time of surgery. The use of
clinical material was approved by the institutional review
board according to the guidelines of the Dutch Federation of
Medical Research Associations; specific patient consent for
this study was waived as patients had given general consent
for use of operative specimens for research purposes at the
time of surgery.

2.2. Tumor Dissociation, Staining, Flow Sorting, and DNA
Extraction. Formalin-fixed, paraffin-embedded cervical car-
cinoma tissue blocks (identified by previous immunohisto-
chemical staining of the tissue microarray) were trimmed
if necessary to remove normal epithelium and CIN. The
remaining tumor tissue was dissociated, stained for keratin,
vimentin, andDNA as previously described [13].The samples
were analysed using a FACS Calibur (BD Biosciences, San
Jose, CA). The vimentin-negative keratin-positive (V−K+)
fraction, which represents the epithelial cell (tumor cell) sub-
population, and vimentin-positive keratin-negative (V+K−)
fraction, consisting of normal (stromal) cells, were flow
sorted using a FACS Vantage (BD Biosciences, San Jose, CA).
As previously described, this method yields a high range
of purity of the different sorted factions [13]. Sorted cells
were resuspended in isolation buffer (0.3mg/mL proteinase
K in 10mM Tris-HCl (pH 8.3), 1mM EDTA, and 0.5%
Tween 20) at a concentration of 1000 cells/𝜇L. After overnight
incubation at 56∘C and 5min inactivation at 100∘C, DNA
samples were stored at −20∘C until further analysis [14].

2.3. DNAMutationAnalysis. DNAamplification and sequen-
cing were performed on flow sorted tumor and normal frac-
tions as previously described with CAACCTCGCAGCTTC-
CCCGG (nucleotide position 54 → 73 of GenBank

accession number NM 016442) and GGCCTAGCTCCC-
CCAGGACC (nucleotide position 276 → 257) as forward
and reverse primers, respectively [15]. All sequences were
visually analyzed with Mutation Surveyor DNA variant anal-
ysis software (Version 2.61; Softgenetics, State College, PA).

2.4. RNA Isolation and Quantitative Real-Time PCR (QRT-
PCR). RNA was isolated from macrodissected formalin-
fixed, paraffin-embedded material and cDNA synthesis,
qPCR, and analysis were performed as described previ-
ously [16]. Expression of ERAP1-specific mRNA was deter-
mined by QRT-PCR in an iCycler iQ (Bio-Rad Laboratories
Inc., Hercules, CA) using CATCGGTTGGATGGATAAGAA
(nucleotide position 3101 → 3121 of GenBank accession
number NM 016442) and CATCCTGTTGCGTCAGCTT
(nucleotide position 3193 → 3175) as forward and
reverse primers, respectively. Besides ERAP1, expression of
the housekeeping gene beta-actin (ACTB) was also mea-
sured with primer sequences as described previously [17].
Expression of these genes was measured using the Sybr
Green method (Eurogentec, Seraing, Belgium) according to
the manufacturer’s instructions. For each measured gene,
the required calibration curve was determined using a serial
dilution of pooled cDNA from established cervical cancer cell
lines (SIHA, Caski, C33, and Hela). Each measurement was
performed in duplicate.

For the analysis, ERAP1 mRNA expression levels were
calculated relative to the ACTB housekeeping gene for both
ERAP1 downregulated cases and control specimens. Mean
ERAP1 mRNA expression levels of both groups were com-
pared using the independent samples 𝑡-test.

2.5. Microsatellite and Allelic Status Analysis. To investi-
gate loss or retention of heterozygosity (LOH and ROH,
resp.) of the ERAP1 gene locus on chromosome 5q15, in
DNA isolated from flow sorted samples of the 16 ERAP1
downregulated cases, 4 microsatellite markers (D5S433,
D5S1463, D5S107, and D5S2094) spanning the genomic
region from 5q21 to 5q14 were amplified using 6-carboxy-
2󸀠,4,4󸀠,5󸀠,7,7󸀠-hexachlorofluorescein- (HEX-) labeled primer
pairs (Genome Database, http://www.gdb.org/). As no suit-
able microsatellite marker could be identified in the ERAP1
gene itself, 5 previously described single nucleotide poly-
morphisms (SNPs) (codons 56, 127, 276, 528, and 730 of
the ERAP1 gene) were investigated using TaqMan SNP
Genotyping Assays (Applied Biosystems, Inc., Foster City,
CA) as described previously [8]. PCR, electrophoresis, and
analysis were performed as described previously [18].

Since flow sorting yields highly pure stromal and tumor
cell fractions, the threshold for complete LOH in analysis
of the microsatellite markers was set high [19]. Comparing
normal and tumor DNA, a reduction of at least 80% of
one allele was defined as complete LOH, corresponding
to an allelic imbalance factor (AIF) of ≥5. Retention of
heterozygosity was defined as less than 30% reduction of one
allele (AIF ≤ 1.4). The range between 1.5 and 5 was defined as
allelic imbalance (AI). Haplotype loss was defined as loss of
at least three markers.
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Figure 1: ERAP1 mRNA expression levels relative to the ACTB
housekeeping gene in control patients with normal ERAP1 protein
expression and cases with ERAP1 protein downregulation.The hori-
zontal lines indicate the mean expression levels in the two groups.

3. Results

3.1. ERAP1 Protein and mRNA Expression. Results of immu-
nohistochemical staining of the tissue microarray using an
anti-ERAP1 antibody have been described previously [3]. In
short, 16 cases (15%) showed partial loss of ERAP1 expression
while normal expression was observed in the remaining
cases. Moreover, ERAP1 downregulation was shown to be
an independent prognostic parameter for shorter overall and
disease-free survival (𝑃 = 0.037 and 𝑃 = 0.049, resp.).

As it was unclear whether downregulation of ERAP1 was
influenced by factors at a pre- or posttranscriptional level,
mRNA was isolated from 14 cases with ERAP1 downreg-
ulation and from 22 randomly selected cases with normal
ERAP1 expression levels. Distribution of the ERAP1 mRNA
expression levels in both groups is demonstrated in Figure 1.
A 21% downregulation of ERAP1 mRNA expression was
found in the group with ERAP1 protein downregulation
as compared to the group with normal protein expression
(𝑃 = 0.001). Even when the cases with the lowest mRNA
expression levels were excluded from analysis, the observed
difference was still significant (𝑃 = 0.003).

To investigate the underlying mechanisms of ERAP1
protein and mRNA downregulation, the role of various
molecular factors was tested.

3.2. Genotype Analysis. The results of analysis of various
ERAP1 SNPs in relation to protein expression have been
described previously [9]. Recently, a mutation in codon 349
(nucleotide position 1045; c.1045A>G) of the ERAP1 gene
was reported in melanoma cell lines [20]; to investigate asso-
ciation of this mutation with protein expression, mutation
analysis on DNA from pure tumor cell fractions (obtained
by flow sorting) of the 16 ERAP1 downregulated cases was
performed. The ERAP1-349 mutation was not found in any
of the specimens with ERAP1 protein downregulation (data
not shown).

3.3. LOH Analysis. As partial or complete LOH has been
shown to be an important factor in various human carcino-
mas, the role of allelic instability in ERAP1 downregulation
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Figure 2: Patterns of microsatellite instability in 14 patients with
ERAP1 downregulation.

was assessed. Of the 16 specimens with ERAP1 downregula-
tion, 14 were successfully analysed for LOH (Figure 2). The
four microsatellite markers D5S433, D5S1463, D5S107, and
D5S2094 exhibited either LOH or allelic imbalance in 21%–
50% of cases, with complete LOH occurring in 14%–29% of
cases. Overall, haplotype loss occurred in 21% of cases.

4. Discussion

A key pathway in antitumor immunity is the presentation
of tumor derived peptides by HLA class I molecules to
cytotoxic T lymphocytes. The formation and intracellular
transport of these peptides are performed by the various
components of the antigen processing machinery (APM).
One of these components, ERAP1, has previously been shown
to be an important determinant of the repertoire of HLA
class I-presented peptides [4, 6, 7, 21, 22]. Furthermore,
genetic variation in the ERAP1 gene has been shown to
be significantly associated with risk of developing cervi-
cal carcinoma and with prognosis of cervical carcinoma
patients [8–10]; specifically, a SNP at the ERAP1-127 locus
was shown to be an independent predictor of both cervical
carcinoma risk and cervical carcinoma-associated survival,
possibly due to its location in the peptidase M1 domain
of the ERAP protein [9]. Importantly, we have previously
shown that ERAP1 downregulation is significantly associated
with decreased survival in cervical carcinoma [3]. However,
to date the mechanisms leading to ERAP1 downregulation
in this tumor type have not been elucidated. Although a
previous study has investigated the underlying mechanisms
of ERAP1 downregulation in melanoma cell lines [20], no
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investigations in clinical specimens have been performed to
date. The present study therefore is the first description of
such mechanisms in clinical specimens.

Firstly, we investigated whether the processes leading to
protein downregulation occur at a pre- or posttranscriptional
level by studyingERAP1mRNA levels in patients with normal
and decreased ERAP1 expression. mRNA downregulation
was found to be significantly associated with decreased pro-
tein expression, which indicates that the factors influencing
ERAP1 expression occur at a pretranscriptional level.

The possible pretranscriptional mechanisms of protein
downregulation can be both genetic and epigenetic. As
previous reports indicate thatDNAmethylation status is not a
contributing factor in ERAP1 downregulation [20, 23], we did
not investigate ERAP1 gene methylation in the present study.

At the genetic level, both single nucleotide polymor-
phisms (SNPs) and mutations can lead to altered expres-
sion. In our previous report, 5 SNPs (ERAP1-56, ERAP1-
127, ERAP1-276, ERAP1-528, and ERAP1-730) in the ERAP1
gene were genotyped and investigated for association with
ERAP1 protein downregulation; genetic variation at ERAP1-
127 was found to be significantly associated with ERAP1
protein expression (𝑃 < 0.001) [9]. Until recently, no ERAP1
mutations had been studied in human tumors. However, a
recent study identified a novel ERAP1 mutation in human
melanoma cell lines [20].Thismutation could not be found in
any of the ERAP1 cases showing low ERAP1 expression, nor
in any patients with normal ERAP1 expression.

In addition to SNPs and mutations, loss of heterozygosity
has been shown to be an important genetic factor in human
carcinomas; in the present study, complete and partial LOH
and haplotype loss were found to occur in a considerable
proportion of cases with ERAP1 downregulation (up to 50%).

LOH and haplotype loss are relatively frequently occur-
ring phenomena in various human carcinomas and have been
found to be related to prognosis in colon carcinoma [24]. Our
findings suggest that these phenomena occur frequently in
cervical carcinoma with ERAP1 downregulation.

In conjunction with our previous reports on the associ-
ation of molecular changes with clinical aspects, the present
study is part of an ongoing effort to elucidate the effects of
interaction between exogenous and endogenous factors in
the etiology, pathogenesis, and prognosis of cervical cancer.
This field, recently termed molecular pathological epidemi-
ology (MPE), has made considerable progress in colorectal
carcinoma [24–29]; we believe that our study is the start of
the first MPE-based investigative analysis in cervical carci-
noma. Our finding that different genetic factors play a role
in ERAP1 downregulated cervical carcinogenesis suggests
that various exogenous factors interact with host genotypes
to define susceptibility to malignant transformation [30].
Studies substratifying the molecular changes reported here
by factors such as HPV type and lifestyle are necessary to
further elucidate the mechanisms ultimately responsible for
development and progression of cervical carcinoma.

In conclusion, here we present the results of the first
investigation of in vivo mechanisms of ERAP1 downreg-
ulation in cervical carcinoma. Taken together, the results
of this study indicate that ERAP1 protein downregulation

occurs at a pretranscriptional level and is associated with
both genetic variation in SNPs and loss of heterozygosity. As
ERAP1 downregulation has been shown to be a significant
predictor of decreased survival in cervical carcinoma, insight
into the possible underlying mechanisms of this downregu-
lation may yield novel targets for the designs of antitumor
immunotherapies.
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