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Abstract Immune surveillance of tumour cells by CD8+

cytotoxic T cells plays a key role in the establishment and
control of an anti-tumour response. This process requires
the generation of antigenic peptides, which are largely
produced by the proteasome in combination with other
proteases located in either the cytoplasm and/or the endo-
plasmic reticulum (ER). The ER-resident aminopeptidases
ERAP1 and ERAP2 trim or even destroy HLA class I-bind-
ing peptides thereby shaping the peptide repertoire pre-
sented for T cell recognition. So far there exists limited
information about the expression pattern of ERAP1 and/or

ERAP2 in human tumours of distinct histotypes. Therefore,
the expression proWles and modes of regulation of both
aminopeptidases were determined in a large series of mela-
noma cell lines. A heterogeneous expression ranging from
high to reduced or even total loss of ERAP1 and/or ERAP2
mRNA and/or protein expression was detected, which often
could be induced/upregulated by interferon-� treatment.
The observed altered ERAP1 and/or ERAP2 expression
and activity levels were either mediated by sequence altera-
tions aVecting the promoter or enzymatic activities, leading
to either transcriptional and/or post-transcriptional down-
regulation mechanisms or limited or excessive processing
activities, which both might have an impact on the anti-
genic peptide repertoire presented on HLA class I mole-
cules.
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Abbreviations
AMC 7-amino-4-methyl coumarin
APM Antigen processing machinery
BLH Bleomycin hydrolase
crt Calreticulin
ERAP ER aminopeptidase associated with antigen 

processing
gal Galactosidase
HC Heavy chain
IRF Interferon-regulated factor
LAP Leucine aminopeptidase
LMP Low molecular weight proteins
mut Mutant
neoR Neomycin resistance
PSA Puromycin-sensitive aminopeptidase
RCC Renal cell carcinoma
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SNP Signal nucleotide polymorphism
TFB Transcription factor binding site
TPP II Tripeptidyl peptidase II
UTR Untranslated region

Introduction

HLA class I molecules display intracellularly generated
peptides on the cell surface of almost all tissues and cell
types within the human body, which are then monitored by
the immune system. Thus, tumour cells expressing antigen-
derived HLA class I/peptide complexes can be recognized
as malignant cells and subsequently eliminated by CD8+

cytotoxic T lymphocytes (CTL). During the last two
decades, the HLA class I antigen processing and presenta-
tion pathway has been well characterized and consists of
four major steps: (a) peptide generation and trimming [1–3],
(b) peptide transport, (c) HLA class I/peptide complex
assembly and (d) antigen presentation. Upon ubiquitination
of endogenously synthesized proteins, the multicatalytic
proteasome produces the majority of the antigenic peptide
pool ranging from 2 to 25 residues equipped with correct C-
termini [4]. However, in order to Wt into the binding groove
of most HLA class I molecules, the set of antigenic precur-
sor peptides usually requires further trimming to a Wnal
length of 8–10 amino acids, although certain HLA class I
molecules can also bind peptides with extended lengths of
11 and more amino acid residues. The trimming of the
extended N-termini of peptide precursors can be initiated
by several highly conserved cytosolic peptidases [5–8],
such as tripeptidyl peptidase (TPP) II, bleomycin hydrolase
(BLH), puromycin-sensitive aminopeptidase (PSA) and the
IFN-�-inducible leucine aminopeptidase (LAP) [9–11].
Yet, in the lumen of the endoplasmic reticulum (ER), many
of the initially translocated peptides have to be further pro-
cessed by the ER-resident aminopeptidases associated with
antigen processing (ERAP) 1 and 2, which can not only
trim the peptides to the appropriate length for the usually
intended binding to HLA class I molecules, but also have
the capacity to destroy putative HLA class I ligands [12].
ERAP1 and ERAP2 exert similar, but also distinct proteo-
lytic activities and might even form heterodimers in order
to generate an optimized peptide repertoire [5].

Human tumours of distinct histologies often exhibit
impaired HLA class I surface antigen expression, which
is associated with reduced or lack of susceptibility to
CTL-mediated lysis, increased metastases formation and
poor clinical outcome for the patients [13–17]. Thus, failure
to properly customize the peptides presented on HLA class
I molecules has profound clinical and immunological con-
sequences. It has been recently suggested that the expres-
sion and functional activity of the ER-resident peptidases

ERAP1 and ERAP2 is imbalanced in tumours and tumour
cell lines compared to normal counterparts [18–20]. In
some cases, suppression of ERAP1 and ERAP2 by respec-
tive siRNAs results in reduced HLA class I surface expres-
sion, whereas ERAP overexpression in ERAP-low
expressing tumour cells enhances HLA class I surface
expression [5, 18]. These Wndings suggest a coordinated
expression pattern and direct interaction of ERAP with pre-
cursors of HLA class I presented peptides, which might
also aVect anti-tumour-directed T cell responses. Although
altered ERAP1 and/or ERAP2 expression levels have been
described in human tumours, at present only limited
information is available concerning their constitutive and
IFN-�-inducible expression pattern and even less about the
underlying mechanisms of their aberrant expression in mel-
anoma cells. Therefore, the aim of the present study was to
determine (a) the frequency of altered ERAP expression in
a large panel of melanoma cell lines, (b) the IFN-� induc-
ibility of both ER-resident aminopeptidases, (c) the molec-
ular mechanisms leading to distinct ERAP expression
pattern and (d) the impact of altered ERAP expression on
the HLA class I surface antigen expression. Remarkably, an
inverse constitutive mRNA expression pattern was found
for ERAP1 and ERAP2 in melanocytes. In comparison to
melanocytes, heterogeneous but reduced ERAP1 expres-
sion levels were found in the melanoma cell lines analysed.
In contrast, melanoma cells exhibit higher ERAP2 tran-
script levels than melanocytes. Moreover, in some cases,
discordant mRNA and protein expression levels were
detected for ERAP1 and ERAP2, which might be caused by
diVerent molecular mechanisms including structural altera-
tions, transcriptional and/or post-transcriptional dysregula-
tions. Thus, the observed heterogenous expression pattern of
these aminopeptidases in melanoma cell lines might have
indeed an impact on the shaping of their peptide repertoires
presented via HLA class I surface molecules and thereby also
on the mounting of tumour-directed CTL responses.

Materials and methods

Tissue culture and treatment

28 human melanoma cell lines, either purchased from the
American Type Culture Collection (ATCC; Manassas, VA,
USA) or kindly provided from the European tumour cell line
data base (ESTAB project; see www.ebi.ac.uk/ipd/estdab),
were grown in RPMI 1640 (Gibco/BRL, Life Technolo-
gies, Karlsruhe, Germany) supplemented with 10% foetal
calf serum (FCS, Gibco/BRL), 2% glutamine and 1% peni-
cillin (Bio Whittaker, Apen, Germany), and streptomycin
(PAA, Coelbe, Germany) in a humidiWed atmosphere with
5% CO2. Cell lines were either left untreated or treated with
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200 U/ml recombinant IFN-� (PAN-Biotech GmbH,
Aidenbach, Germany) for 48 h. As a reference for the tran-
scriptomic proWling, a cell pellet representing primary mel-
anocytes was kindly provided as a gift from the Wolfgang
Goethe University Frankfurt, Department of Dermatology,
Frankfurt (Main), Germany.

Real-time quantitative RT-PCR analysis

Total cellular RNA was extracted employing the RNeasy
Mini Kit (Qiagen, Hilden, Germany) followed by digestion
with DNase I (Invitrogen, Karlsruhe, Germany). Comple-
mentary DNA was synthesized from 2 �g of total RNA
employing the RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Fermentas, St. Leon-Rot, Germany) accord-
ing to the manufacturer’s instructions. The primers used
for the ampliWcation were purchased from Invitrogen
(Karlsruhe, Germany) and are listed in supplementary
Table 1. Comparative quantiWcation of gene expression was
performed by real-time PCR (qRT-PCR) analyses using a
Rotor Gene 2000 System (Corbett Research, Sydney, Aus-
tralia) with the quantitative SYBR green kit (Qiagen) and
target-speciWc primers. AmpliWcations were carried out by
an initial hold at 50°C for 2 min followed by denaturation
at 95°C for 2 min, after 40 cycles of denaturation at 95°C
for 15 s annealing at 60°C for 30 s and extension at 72°C
for 30 s. Melting curve analyses were performed at the end
of each run to control the respective PCR speciWcity. Each
melting curve analysis was performed starting at 60°C ris-
ing up to 99°C at 1°C per step. The results of the qRT-PCR
data were expressed as relative mRNA expression quanti-
Wed with the Rotor Gene analysis software and normalized
to either GAPDH [constitutive ERAP1, ERAP2 and IFN-
regulated factor (IRF) 1 expression proWling] or �-actin
(ERAP1 and ERAP2 IFN-� inducibility) transcript levels
serving as housekeeping genes, respectively.

Western blot analyses

50 �g protein/lane of untreated and IFN-�-treated mela-
noma cell lines were separated by 10% SDS–PAGE and
subsequently transferred to nitrocellulose membranes
(Schleicher & Schnell, Dassel, Germany). After blocking
and washing, the membranes were sequentially probed with
the murine mAbs directed against human ERAP1 (4D2),
ERAP2 (3F5) and HLA heavy chains (HC10), at 4°C over-
night followed by an incubation with a HRP-conjugated
goat anti-mouse secondary antibody (DAKO, Hamburg,
Germany). Immunostaining of the blots with a �-actin-
speciWc mAb (ab6276, Abcam, Cambridge, UK) served as
a loading control. The proteins were visualized using
LumiLight Western Blotting substrate (Roche, Basel,
Switzerland) according to the manufacturer’s instructions.

Sequence analysis

Genomic DNA from cells was isolated with the DNA Prep-
aration Kit (Qiagen) and exons were ampliWed by genomic
PCR using 10 �g of template DNA and primers as listed in
supplementary Table 1. The resulting PCR products were
size-fractionated by agarose gel electrophoresis and puri-
Wed from the gel using the Gel Extraction Kit (Qiagen).
10 ng of the PCR product was subjected to direct sequenc-
ing (MWG Biotech AG, Goettingen, Germany).

Gene transfer

1 £ 105 melanoma cells/well were plated in a six-well
plate. 24 h later, cells were transfected with the plasmid
vector p46 (mock control) carrying the neomycin resistance
(neoR) gene as a selectable marker under the control of the
CMV promoter [28] or the p46-ERAP1wt or p46-ERAP1mut
encoding the human wt or mutant (mut)ERAP1 cDNA/mut
349 M!V, respectively, linked to the neoR gene with an
internal ribosomal entry site using lipofectamine (Invitro-
gen) according to the manufacturer’s instructions. Stable
transfectants were selected in medium supplemented with
250 �g/ml G-418 (Roche, Molecular Biochemicals, Mann-
heim, Germany).

One day prior to siRNA transfection, 1 £ 105 cells/well
were seeded in a six-well plate in RPMI 1640 without anti-
biotics. 100 nM of the respective ERAP-speciWc siRNA
purchased from Invitrogen was used for transfection with
lipofectamine according to manufacturer’s instructions.
100 nM non-targeting duplexes served as a control.

Flow cytometry

HLA class I surface antigen expression was assessed by a
FITC-labelled HLA-ABC mAb (clone B9-12.1) and the
corresponding isotype control IgG2a (clone 7T4-1F5) both
purchased from Beckman Coulter (Fullerton, USA).
BrieXy, 1 £ 105 cells were trypsinized, washed twice with
RPMI 1640 containing 10% FCS and consecutively incu-
bated with the primary antibody for 60 min at 4°C in the
dark. Flow cytometric analysis was performed using the
BD FACS (Becton-Dickinson Science, Heidelberg, Germany).
The results were expressed as mean Xuorescence intensity
(MFI) § SD of three independent experiments using
CELLQuest Software (Becton-Dickinson). Staining with an
IgG2a antibody (BD) served as negative control.

Cloning of the ERAP1 promoter and determination 
of their activity

The 5� untranslated region (UTR) of ERAP1 was ampliWed
with the primers listed in supplementary Table 1 using
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genomic DNA of the renal cell carcinoma (RCC) cell line
MZ2862RC and the melanoma cell line 1330 as templates.
PCR for the ERAP1 promoter was carried out with the high
Wdelity DNA polymerase (Phusion, FINN Enzymes, Espoo,
Finland) and 50 pmol of each primer (supplementary
Table 1) under the following conditions: initial denatur-
ation at 98°C for 30 s, followed by 35 cycles at 98°C for
10 s, annealing at 60°C for 30 s and extension at 72°C for
20 s and a Wnal extension step at 72°C for 10 min. The
resulting 1,315 bp long ampliWcation product for ERAP1
was size-fractionated in a 1% agarose gel, excised and puri-
Wed with the Gel Extraction Kit (Qiagen). The resulting
PCR product was digested with Hind III (ERAP1) and the
relevant promoter fragment subsequently ligated into the
pGL3-Enhancer vector (pGL3-luc; Promega, Madison, WI,
USA) containing the luciferase (luc) reporter gene. The
structural integrity of the ERAP1 promoter and the cDNA
was determined by direct sequencing, which was performed
by a commercially available service provider (MWG Bio-
tech AG, Goettingen, Germany).

For the determination of the ERAP1 promoter activity,
5 £ 103 cells/well were transiently transfected with 0.3 �g/
well of ERAP1 luc promoter construct using eVectene
(Qiagen) as recently described [31]. Co-transfection with
0.016 �g/well �-galactosidase (�-gal) plasmid (PROMEGA,
Mannheim, Germany) was employed for the determination
of the transfection eYcacy. Twenty-four hours later, the
cells were either left untreated or treated with IFN-� for
additional 24 h before they were harvested and the enzyme
activity measured using the luciferase assay system
(PROMEGA). The results are expressed as luc activity
normalized to �-gal and represent the mean of three inde-
pendent experiments with triplicates.

Determination of the aminopeptidase activity

In order to determine the peptide trimming activity of
ERAP in tumours, microsome fractions were assayed for
their activity against 7-amino-4-methyl coumarin (AMC)-
conjugated amino acids as previously described [22].
Whereas Leu-AMC, Arg-AMC, Trp-AMC, Met-AMC
served as functional ERAP substrates, Pro-AMC was used
as a non-cleavable control conjugate.

BrieXy, the microsomal fractions were treated with 1%
octylglycoside (Applichem, Darmstadt, Germany) and son-
icated for 15 min on ice. After determining the protein content
of the given isolated fraction, 1 �g microsomal fraction/
sample was incubated with 100 �M AMC substrate
(Bachem, Bubendorf, Switzerland) in the presence of 1 mg/ml
BSA at 37°C. After 1 h, the resulting Xuorescence
was measured with a SPECTRAFluor Plus (TecanM 200,
Techan GmbH, Grailsheim, Germany) Xuorometer using
the following settings: excitation at 360 nm, emission at

465 nm. The enzyme activity was normalized to the
ERAP1 protein content in the microsomal fraction using
the Western blot analysis as determined by AIDA software
(raytest, Staubenhardt, Germany).

Results

DiVerential ERAP1 and ERAP2 expression 
in melanoma cell lines

A total of 28 diVerent melanoma cell lines were analysed
for ERAP1 and ERAP2 mRNA and protein expression
levels using real-time (q)RT-PCR and Western blot analy-
ses, respectively. As representatively shown in Fig. 1a,
a heterogeneous mRNA expression pattern was found for
both aminopeptidases in the diVerent melanoma cell lines
tested: Only 1 of the 28 melanoma cell lines tested,
namely Buf1182, totally lacked both ERAP1 and ERAP2
transcription, whereas 16 out of 28 cell lines exhibited
low ERAP1 transcript levels, 9 medium and only 2 high
transcript levels when compared to melanocytes
(Table 1). In contrast, only two melanoma cell lines
(Buf1280, Buf501) expressed less and two cell lines
(Buf1286, Buf1195) about the same level of ERAP2 tran-
scripts, whereas all other melanoma cell lines expressed
signiWcantly higher ERAP2 transcript levels (>2-fold)
than melanocytes. In 39% of the melanoma cell lines,
ERAP1 and ERAP2 transcripts were coordinately, in 57%
discordantly expressed. Representative examples for the
heterogeneity of the respective ERAP expression pattern
are shown in Fig. 1a.

Western blot analysis using anti-ERAP1- and anti-
ERAP2-speciWc mAbs largely conWrmed the heteroge-
neous mRNA expression pattern. In most cases, changes in
the mRNA and protein expression pattern levels of these
aminopeptidases were similar. Yet, in some melanoma cell
lines, a discordance between the mRNA and protein
expression levels of ERAP1 and ERAP2 was found
(Table 1; Fig. 1b, c). One and 5 out of the 26 melanoma
cell lines analysed lacked constitutive ERAP1 or ERAP2
protein expression, respectively, whereas a loss of both
aminopeptidases was only detected in the cell line
Buf1182 (Table 1). These results suggest that ERAP1 and
ERAP2 expression is controlled by not only transcrip-
tional, but also post-transcriptional mechanisms in mela-
noma cells. Overall, 19 of the 26 melanoma cell lines
show a coordinated expression of ERAP1 and ERAP2 at
the protein level. Only four cell lines express ERAP1 but
no ERAP2, namely WM1552, Colo794, Buf1280 and
IRNE, whereas the two cell lines Buf1287 and Buf1383
express higher levels of ERAP2 both at the transcript and
the protein level as shown in Table 1.
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Fig. 1 Highly heterogeneous 
constitutive and IFN-�-inducible 
ERAP1/ERAP2 expression in 
melanoma cells. a The constitu-
tive mRNA expression levels of 
ERAP1 and ERAP2 in primary 
melanocytes and representative 
members of the panel of 
melanoma cell lines as indicated 
on the x-axis were determined 
by qRT-PCR using ERAP1- and 
ERAP2-speciWc primer sets as 
described in “Materials and 
methods” and supplementary 
Table 1. The relative mRNA 
expression levels were 
normalized to GAPDH serving 
as a control. In addition, the 
ERAP/GAPDH ratio of the 
primary melanocytes were set to 
1. For the determination of 
IFN-� inducibility of ERAP at 
the transcriptional and 
translational level, 
representative qRT-PCR (b) and 
Western blot analyses (c) were 
performed with a set of four 
selected melanoma cell lines 
(Buf1287, Colo857, FM6 and 
FM81), which were either left 
untreated or treated with IFN-� 
(48 h) as described in “Materials 
and methods”. Western blots 
were performed using the set 
of murine anti-ERAP1-, 
anti-ERAP2- and 
�-actin-speciWc antibodies. 
In addition, immunostainings 
targeting HLA class I HC 
served as positive controls 
for the IFN-� treatment
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IFN-� inducibility of ERAP expression

It has been previously described that ERAP1 and ERAP2
can be upregulated by IFN-� treatment [3]. In order to test
whether the aberrant ERAP expression pattern observed

in the melanoma cell lines analysed was due to either dys-
regulation or structural alterations, the melanoma cell
lines were either cultured in the absence or presence of
IFN-� for 48 h before RNA and protein expression levels
were analysed by qRT-PCR and Western blot analyses. In
22 and 16 out of 28 melanoma cell lines, an IFN-�-mediated
enhancement or induction of ERAP1 and ERAP2 mRNA
expression was detectable (data not shown). Furthermore,
it is noteworthy that the IFN-� unresponsiveness was
associated with an impaired inducibility of the IRF1
despite its basal transcription. However, only 20 and 13
out of the 26 melanoma cell lines did also respond to
IFN-� treatment at the respective protein expression lev-
els. As representatively shown in Fig. 1b, the melanoma
cell line Colo857 was resistant to IFN-� treatment, which
appears to be due to defects in the IFN-� signal transduc-
tion cascade (B. Seliger, personal communication),
whereas the melanoma cell lines Buf1287, FM6 and
FM81 do respond to IFN-� with increased ERAP mRNA
expression levels. However, as representatively shown in
Fig. 1c, an induction of ERAP protein is only detectable
in the cell line Buf1287. The non-responsiveness of the
cell line Colo857 is in line with the defect in the IFN-�
signalling pathway. Despite a marked mRNA induction, no
ERAP protein induction was found in the IFN-�-treated
FM6 and FM81 cell lines. In contrast, the HLA class I
heavy chain (HC) expression serving as an internal con-
trol for the IFN-� inducibility is upregulated not only in
the cell line Buf1287, but also in the FM6 and FM81 cells.
However, due to the IFN-�-mediated upregulation of the
respective ERAP mRNA expression levels, the lack of the
IFN-� inducibility at the protein expression level is caused
by dysregulation rather than by structural alterations or
epigenetic silencing.

Association of impaired ERAP1 expression 
with transcriptional downregulation

To elucidate whether ERAP1 expression is controlled at the
transcriptional level, the constitutive and IFN-�-inducible
activity of the ERAP1 promoter was tested in 19 melanoma
cell lines expressing both ERAP1 transcripts as well as pro-
tein. As demonstrated in Fig. 2a, the promoter activities
signiWcantly varied within the panel of melanoma cell lines
analysed. Moreover, only in few melanoma cell lines, a
correlation between the ERAP promoter activity and their
transcript levels was found. Since the lack of ERAP expres-
sion was not associated with a promoter DNA methylation
of the ERAP1 or ERAP2 genes (data not shown), these
results imply the involvement of both transcriptional and
post-transcriptional control mechanisms in the regulation of
the ERAP expression.

Table 1 Heterogeneous mRNA and/or protein expression of ER-
resident aminopeptidases, IRF1 and HLA class I in human melanoma
cell lines

The scoring of the constitutive mRNA and protein levels was as
follows: Relative constitutive mRNA expression levels (ratio: target/
GAPDH, setting melanocytes = 1); ¡: negative (range 0–0.025);
+: low expression (range 0.025–0.25); ++: medium expression (range
0.25–0.7); +++: high expression (range > 0.7). Relative constitutive
protein expression levels (ratio: target/�-actin). ¡: negative (range
0–0.025); +: low expression (range 0.025–0.25); ++: medium expres-
sion (range 0.25–0.7); +++: high expression (range > 0.7)

n.d. not done

ERAP1 ERAP2 IRF1 HLA I

RNA Protein RNA Protein RNA Protein

Melanocytes + n.d. + n.d. + n.d.

Buf1182 ¡ ¡ ¡ ¡ + ¡
Colo857 + + +++ + + +

Buf1102 ++ + +++ ++ + ++

Buf1287 + + +++ +++ + +++

WM1552 ++ + +++ ¡ ++ +++

GR-Mel3 ++ + +++ + +++ ¡
Buf1330 + + +++ ++ + ++

Buf1383 + + +++ +++ + +++

FM28 + + +++ + + +

Buf1088 + + +++ ++ + ++

Buf501 + + +++ + + +++

UKRV ++ + +++ ++ ++ +++

Buf624 + ++ +++ ++ + +++

Colo794 + ++ +++ ¡ + ++

Buf1280 + ++ +++ ¡ + ¡
Buf1317 + ++ +++ ++ + ¡
GR-M + ++ +++ ++ +++ +

MZMel3 ++ ++ +++ + ++ ++

WM1862 +++ ++ +++ ++ + +++

FM3 + ++ +++ +++ + +

FM82 ++ ++ +++ ++ ++ ++

IRNE +++ ++ +++ ¡ + ¡
FM6 ++ ++ +++ +++ ++ +++

Buf562 + +++ +++ +++ + ¡
FM81 ++ +++ +++ +++ + +++

Mel1395 ++ +++ +++ ++ + +++

Buf1195 + n.d. +++ n.d. + ++

Buf1286 + n.d. +++ n.d. + ++

Buf1379 + n.d. +++ n.d. n.d. +++
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Fig. 2 Heterogeneous ERAP promoter activity in melanoma cells.
a The wt ERAP1 promoter and the pGL3 enhancer vector, which
served as a control, were transiently transfected into a series of mela-
noma cells as indicated on the x-axis. Cells were left untreated or treat-
ed for 24 h with IFN-� before the given ERAP1 (a) promoter activities
were determined as described in “Materials and methods”. All results
are expressed as relative luciferase activity (RLU) normalized to the
corresponding �-galactosidase activity. Grey bars represent untreated
cells; black bars IFN-�-treated cells. b The relative activities of the wt
ERAP1 (E1_WT) and mutated ERAP1 promoter (E1_1066) constructs
as well as of the corresponding mock control (pGL3 enhancer vector)
were transfected in the melanoma cell line Colo857 and the keratino-
cyte cell line HaCaT serving as a control. The relative promoter activ-
ities are expressed as RLU as outlined above in a. The mutation located

at nt position 1066 leads to a markedly reduced transcriptional activity,
independent from the cellular background. c Altered aminopeptidase
activities of ERAP1 variants. The relative enzymatic activities of
various ERAP1 constructs in the microsome fractions were determined
as described in “Materials and methods”. The ERAP1-negative cell
line Buf1182 was either transfected with the empty vector (mock), the
wtERAP1 (E1_WT), the novel mut349ERAP1 (E1_349) or with the
previously described enzymatically almost inactive ERAP1 variant
mut320ERAP1 (E1_320). The relative enzymatic activities are expressed
as RLU normalized to the relative ERAP1 enrichment within the indicated
microsomal fractions as determined by ERAP1-targeting Western blot
analyses. The newly characterized variant with the amino acid substi-
tution M!V at position 349, which is located near the active site,
slightly enhances the enzymatic activity of ERAP1
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Structural integrity of ERAP1 in melanoma cell lines

In 4 out of 28 melanoma cell lines (GR-M, WMI1862, IRNE
and WM1152), ERAP1 molecule could not be upregulated
by IFN-� treatment despite a functional IFN-� signalling cas-
cade. In order to determine whether structural alterations or
epigenetic mechanisms might be involved in this phenotype,
the ERAP1-negative cell line Buf1182, 14 ERAP1-low,
ERAP1-medium or ERAP1-high expressing melanoma cell
lines as well as the keratinocyte cell line HaCaT were tested
for mutations both within the ERAP1 promoter region as
well as within the coding sequence (Table 2). Mutations
within the ERAP1 promoter were only found in the two mel-
anoma cell lines Colo857 and Gr-Mel3, whereas all the other
cell lines exhibited fully intact promoter sequences. The
mutations identiWed in Colo857 and Gr-Mel3 cells were both
located at position 1066 (¡277: g!a) resulting in a modiW-
cation within the transcription factor binding (TFB) sites of
MZF1 and GATA1. It is noteworthy that at least MZF1 is
transcribed in all melanoma cell lines tested.

To test the biological signiWcance of the mutation at posi-
tion 1066, wildtype (wt) and mutated (mut) ERAP1 promoter
luciferase reporter constructs were transiently transfected into
diVerent melanoma cell lines as well as into the keratinocyte
cell line HaCaT serving as a control. The construct-speciWc
luciferase activity was determined after 48 h. As representa-
tively shown for the melanoma cell line Colo857, the
wtERAP1 promoter exhibited in both HaCaT (control) and
melanoma cells (E1_WT, middle bars), an approximately
twofold higher constitutive promoter activity than the
mutERAP1 (nt1066) promoter (E1_1066, right bars), whereas
the transfection of the mock construct (pGL3) showed no
transcriptional activity (Fig. 2b). These data are in line with
the low ERAP1 transcript and protein shown in Fig. 1b, c.
Thus, the mutation at position 1066 within the ERAP1 pro-
moter is directly associated with a downregulated transcrip-
tion of ERAP1 in the mutation bearing melanoma cells.

In addition, a number of known mutations/polymor-
phisms were found in the ERAP1 coding sequences of the
diVerent melanoma cell lines as summarized in Table 2.
One novel mutation/polymorphism located near the enzy-
matic domain of ERAP1 at nt position 1045 was detected in
3 out of 16 melanoma cell lines. This leads to an A to G
transition within the codon for amino acid position 349
causing a missense mutation from methionine to valine at
this amino acid position.

Reconstitution of ERAP1 function by gene transfer

Transfection of various ERAP1 constructs, including wt
ERAP1, a previously described enzymatically silent

Table 2 SNPs within the ERAP1 coding region

Mutation Cell lines Frequency 
in % (n=16)

DNA Protein

36: c!t 12: t!I WM1552 18.75

FM3

Buf562

167: g!a 56: e!k GR-M 6.25

298: c!g 100: l!v FM3 6.25

380: g!c 127: r!p FM81 62.5

UKRV

WM1552c

FM3

Buf1286

FM82

GR-M

Colo857

Buf1182

HaCaT

1045: a!g 349: m!v FM81 18.75

Buf1286

FM82

1583:a!g 528: k!r FM81 50

UKRV

GR-M

Buf1286

FM82

Colo857

FM6

Buf1182

1723: g!a 575: d!n FM82 25

FM81

Buf1286

FM82

1898: g!c WM1862 6.25

2174: g!a 725: r!g FM81 25

Buf1286

FM82

Colo857

2188: c!g 730: q!e FM81 56.25

UKRV

GR-M

Buf1286

FM82

WM1552

WM1862

Colo857

Buf1182

2420: g!c r!t Buf1182 6.25
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ERAP1 mutant (mut320) serving as a control [32] and the
newly deWned mut349 ERAP1 into the ERAP1-deWcient cell
line Buf1182 led to the reconstitution of ERAP1 mRNA
and protein expression (data not shown). The intended
reconstitution of ERAP1 expression in the deWcient cell
line led to the recovery of distinct enzymatic activities in
the respective transfectants when compared to the mock
control (Fig. 2c). An enrichment of ERAP1 protein in the
puriWed microsomal fractions was found in the transfec-
tants expressing the various ERAP constructs, in particular
for the ERAP1 variant mut320 (data not shown). Interest-
ingly, mut349 ERAP1-transfected cells exhibited a slightly
higher enzyme activity than wt ERAP1 suggesting that the
missense mutation-based substitution of methionine by
valine at amino acid position 349 near the active site of
ERAP enhances the enzyme activity, whereas the control
mutation at amino acid position 320 leads as expected to an
enzymatically almost inactive ERAP1 protein.

EVect of ERAP1 expression on the HLA class I surface 
expression level

A functional role of ERAP1 regarding the potential modu-
lation of the HLA class I surface expression level in tumour
cells is currently still controversially discussed. In order to
determine the eVect of ERAP1 in melanoma cell lines,
ERAP1 was selectively silenced in a panel of ERAP1-
expressing melanoma cell lines (UKRV, Buf1287 and
Buf1379) using a set of ERAP1-speciWc siRNAs. The
parallel transfection of non-sense siRNA in independent
transfection assays served as respective controls. As repre-
sentatively shown in Fig. 3a, ERAP1-targeting siRNA
signiWcantly downregulated the relative transcription rate for
ERAP1 in each of the tested cell lines when compared
to the non-targeting control siRNA. Interestingly, the
siRNA-mediated ERAP silencing also exhibited a slight
increase in the relative HLA class I surface expression levels.
In contrast, the non-speciWc control siRNA did not change the
relative expression of HLA class I surface antigens (Fig. 3b).
Thus, ERAP1 might have a minor eVect on the regulation
of the HLA class I surface expression level, at least in
melanoma cell lines.

Discussion

The major goal of this study was to determine the expres-
sion pattern and function of ERAP1 and ERAP2 as well as
potential molecular mechanisms of aberrant ERAP1 and
ERAP2 expression in a series of 28 melanoma cell lines.
Whereas ERAP1 transcription was low in melanoma cell
lines when compared to melanocytes, ERAP2 expression
levels were signiWcantly higher in the melanoma cell lines

than in melanocytes. However, in the majority of mela-
noma cell lines, a rather coordinated regulation pattern for
ERAP1 and ERAP2 was found although some cell lines
displayed imbalanced ERAP expression proWles. Only one
single cell line, Buf1182, completely lacked the expression
of both ERAP proteins. These results led to the classiWca-
tion of melanoma cells into three diVerent ERAP pheno-
types: (a) ERAP1-/ERAP2-double negative (4%); (b)
ERAP1-positive/ERAP2-negative (20%) and (c) ERAP1-/
ERAP2-double positive (76%). The ERAP expression pat-
tern was quite heterogeneous in the melanoma cell lines
analysed, which might have an impact on their trimming

Fig. 3 EVects of ERAP siRNA transfection on the relative ERAP1
mRNA and the corresponding HLA class I surface expression levels.
The siRNA-mediated reduction of ERAP1 expression was monitored
in a panel of melanoma cell lines (UKRV, Buf1287 and Buf1379) by
qRT-PCR (a). The results are expressed as ratios of ERAP1 mRNA
expression levels normalized to GAPDH mRNA expression levels as
described in “Materials and methods”. The corresponding expression
levels determined with the non-targeting (nt) control siRNA were set
to 100%, respectively. All ERAP1-targeting siRNA transfectants show
decreased ERAP1 transcription rates. b The HLA class I surface anti-
gen expression was determined by Xow cytometry as described in
“Materials and methods” and is represented as the mean Xuorescence
intensity (MFI), the HLA class I surface expression of cells transfected
with the non-sense control siRNA (nt) was set as 100%. The siRNA-
mediated reduction of the ERAP1 mRNA levels caused slightly
increased HLA class I expression levels in each of the analysed cell
lines. The cell lines correspond to the one in a
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activities. However, the clinical signiWcance of the ERAP1
and ERAP2 heterogeneity has still to be determined by
staining tissue micro-arrays of melanoma lesions of diVer-
ent grading and staging. This report mainly focuses on the
expression proWling of ERAP1 and ERAP2 in melanoma
cell lines and addresses some aspects concerning potential
molecular mechanisms associated with their observed
altered expression pattern. In addition, the functional rele-
vance of ERAP1 in the regulation of the HLA class I sur-
face antigen expression was addressed. The heterogeneous
or even loss of ERAP expression in melanoma cell lines
(Fig. 1a) is in accordance with data from Fruci and co-
authors [19] demonstrating deWcient ERAP expression at a
high frequency in diVerent tumour types, in particular in
ovarian, breast and lung carcinoma, whereas an upregula-
tion of ERAP1 and ERAP2 expression was observed in
colon carcinoma. In vivo studies further demonstrated a
link between reduced ERAP1 and ERAP2 expression and
low HLA class I expression levels in RCC lesions [20]. In
patients with cervical carcinoma, the impaired ERAP
expression had clinical signiWcance and was associated
with a poor clinical outcome and survival of patients [21].
Thus, ERAP expression might contribute to tumour pro-
gression and mortality due to alterations of the peptide
repertoire presented at the cell surface on HLA class I
molecules [21].

So far, the role of ERAP in modulating HLA class I sur-
face expression is controversially discussed. In some cases,
overexpression of ERAP enhances, in other cases rather
reduces HLA class I surface expression. There exist a num-
ber of explanations for this discrepancy: (a) ERAP1 and
ERAP2 represent the most discordant regulated members
of the HLA class I antigen processing machinery (APM), a
cellular process, which might be considered as a major
compromised feature in malignant tissues in vivo and thus
might facilitate the development of immune escape mecha-
nisms; (b) there exist diVerences in the (tissue) speciWcity
and expression levels of ERAP1 and ERAP2 inXuencing
the aYnity of ERAP-trimmed peptides prior to their bind-
ing to HLA class I molecules, which might be of functional
relevance; (c) it cannot yet be excluded that cytosolic endo-
peptidases such as TPP II may also play an important role
in the generation of peptides following the initial proteaso-
mal protein degradation despite the claimed higher eYcacy
of the ERAP enzymatic activities [22, 23]; (d) there might
also exist alternative functions of aminopeptidases, such as
the shedding cytokine receptors [24], degrading angiotensin
II and promoting cell migration by activation of integrins
[25]. Thus, additional analyses are required in order to
understand the link between ERAP and HLA class I surface
expression. Our siRNA experiments demonstrated an asso-
ciation of ERAP1 silencing with induction of HLA class I
surface expression levels in melanoma cell lines suggesting

that at least the expression of ERAP1 might aVect the
immunogenicity of tumours. In this context, it is notewor-
thy that ERAP1 expression is required for the leukaemia
inhibitory factor-induced HLA-G surface antigen expres-
sion in embryonal carcinoma cells [26], which negatively
interferes with T cell responses.

So far, there exists only limited information concerning
the molecular mechanisms responsible for the heteroge-
neous ERAP expression in tumours, which could be caused
by either structural alterations or deregulation of ERAP1
and/or ERAP2. Despite the lack of ERAP expression in
some tumour cells, in the case of melanoma cell lines more
frequently ERAP2 than ERAP1 mutations in either of the
ERAP genes have not yet been described at a high fre-
quency in malignancies. As shown in Table 2, a number of
single nucleotide polymorphisms (SNPs) were found in the
panel of melanoma cell lines analysed, although their indi-
vidual role in this disease has not yet been elucidated in
detail. In cervical carcinomas, SNPs at amino acid positions
56 and 127 appear to be associated with a worse survival of
patients [21, 27] suggesting functional consequences medi-
ated by these SNPs. Based on our results, we propose that
the heterogeneous ERAP expression pattern as shown in
Fig. 1a might be rather controlled by regulatory mecha-
nisms and only in rare cases by sequence abnormalities:
These conclusions are based on the Wndings that with few
exceptions the expression of both ERAP genes could
be upregulated by IFN-� in the majority of the cell lines
analysed (Figs. 1b, c, 2a). However, two of the analysed
cell lines (Colo 857 and GR-Mel3) shared a mutation
(E1_1066) in the ERAP1 promoter, which was directly
associated with a reduced transcriptional activity (Fig. 2b).
In addition, a novel missense mutation was identiWed near
the active site (HELA motif) of ERAP1 (mut349ERAP1),
which resulted in a slightly enhanced ERAP1 enzyme
activity (Fig. 2c). Thus, mutations in this domain might
quantitatively and qualitatively aVect ERAP-mediated trim-
ming of antigens thereby altering the peptide repertoire and
possibly T cell responses. This has still to be tested employ-
ing AMC-labelled precursor peptide substrates in combina-
tion with this particular as well as further active site
variants generated by site-directed mutagenesis strategies.
Despite the functional characterization of these two ERAP1
mutations, structural alterations in ERAP appear to be rare
events. The low frequency of ERAP mutations is compara-
ble to that of other APM components, such as �2-m and
TAP [14, 16, 28–31] suggesting that impaired ERAP
expression is at least in melanoma mainly due to dysregula-
tion rather than structural abnormalities.

In terms of the ERAP1-/ERAP2-double negative pheno-
type restricted in this study to the melanoma cell line
Buf1182, further analyses addressing the underlying molec-
ular mechanisms for the complete loss of ERAP expression
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will be necessary. However, this cell line might be of great
value as it can be used as a model system to further deWne
the direct impact of the individual wt and mutant ERAP
genes, although this cell line has to be monitored for further
APM deWciencies.

Taken together our results showed for the Wrst time dis-
tinct expression proWles for ERAP1 and ERAP2 in mela-
noma cell lines next to initial studies targeting potential
molecular mechanisms associated with altered ERAP
expression and function in tumours. The gained novel
insights are important to understand the role of ERAP in
tumorigenicity and immunogenicity, which then might
allow their modulation. This knowledge could further be
used for the optimization of immunotherapeutic strategies
implemented in the treatment of tumours in particular for
strategies using adoptive transfer of eVector T cells.
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