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HER-2/neu overexpression in tumor cells caused abnormali-
ties of MHC class I surface expression due to impaired expres-
sion of components of the antigen-processingmachinery (APM)
including the low molecular weight proteins, the transporter
associated with antigen processing (TAP), and the chaperone
tapasin, whereas the expression of MHC class I heavy chain as
well as �2-microglobulin was only marginally affected. This
oncogene-mediated deficient APM component expression
could be reverted by interferon-� treatment, suggesting a
deregulation rather than structural alterations as underlying
molecular mechanisms. To determine the level of regulation,
the transcriptional activity of APM components was analyzed
in HER-2/neu� and HER-2/neu� cells. All major APM compo-
nents were transcriptionally down-regulated in HER-2/neu�

when compared with HER-2/neu� cells, which was accompa-
nied by a reduced binding of RNA polymerase II to the APM
promoters. Site-directed mutagenesis of the p300- and E2F-
binding sites in the APM promoters did not reconstitute the
oncogene-mediated decreased transcription rate with the
exception of tapasin, whichwas restored inHER-2/neu� cells to
levels of wild type tapasin promoter activity in HER-2/neu�

fibroblasts. The E2F-directed control of tapasin expression was
further confirmed by chromatin immunoprecipitation analyses
showing that E2F1 and p300 bind to the tapasin and APM pro-
moters in both cell lines. Moreover, siRNA-mediated silencing
of E2F1 was associated with an increased tapasin expression,
whereas transient overexpression of E2F1 launch a reduced
tapasin transcription, suggesting that E2F1 is an essential tran-
scription factor for tapasin.

The expression of multiple components of the antigen-pro-
cessing machinery (APM)2 is a prerequisite for constitutive
MHC class I surface expression and necessary for recognition
of non-self antigens by CD8� cytotoxic T lymphocytes (1–3).
Abnormalities in theMHC class I surface expression have been

described in tumors of distinct origin that allow their escape
from immune cell recognition (4–8). These defects often result
in decreased immunogenicity of tumors, disease progression,
and reduced survival of patients (9, 10). Recently, themolecular
mechanisms underlying alteredMHCclass I surface expression
have been attributed to impaired expression of the low molec-
ular weight proteins (LMP)-2, -7, and -10, the proteasome acti-
vator (PA)28, the transporter associated with antigen process-
ing (TAP) 1 and 2,�2-microglobulin (�2-m), and theMHCclass
I heavy chain (HC).
Despite the identification of structural alterations in �2-m,

HC, and TAP, which are caused by deletions, mutations, loss of
heterozygosity, and/or recombinations, their occurrence is rare
(11–14). Because inmost casesMHC class I APMdefects could
be restored by treatment with proinflammatory and inflamma-
tory cytokines such as tumor necrosis factor (TNF)-� and type
I and type II interferons (IFN), their impaired expression
appears to be mainly due to deregulation rather than sequence
abnormalities (15, 16). Epigenetic, transcriptional, and/or post-
transcriptional control of several APM components has been
described in malignant cells (7). In particular mRNA and/or
protein of major APM components, such as TAP1, TAP2,
LMP2, LMP7, tapasin, �2-m, and/or HC, was often simulta-
neously suppressed upon malignant or viral transformation
(17–27). In addition, methylation and altered histone acetyla-
tion were found with a low frequency for �2-m, HC, and TAP1
in tumors and were associated with a decreased MHC class I
surface expression (8, 28–32).
So far, detailed information about the control of tapasin

expression in murine and human tumor cells is scarce. Tapasin
expression has been demonstrated to be down-regulated in
breast cancer (16), melanoma (33, 34), colorectal carcinoma
(17, 19, 35), cervical cancer (36), small cell and non-small cell
lung carcinoma (10), fibrosarcoma (37), as well as bladder can-
cer (38). In human colorectal cancers, tapasin expression is
even more strongly affected and more frequently lost than
TAP1, LMP2, and LMP7 (17). Thus, tapasin expression might
represent a key event in overcoming immune surveillance in
these tumors (35).
Tapasin harbors a central role in the assembly of the peptide-

loading complex by stabilizing TAP expression, determining
peptide selection, and maintaining an appropriate MHC class I
redox status. Although several components of the peptide-
loading complex are required for optimal assembly and trans-
port of MHC class I molecules to the surface, TAP and tapasin
are essential for an optimized peptide loading to empty MHC
class I molecules and their successive presentation to cytotoxic
CD8� T lymphocytes (39). Studies on the transcriptional regu-
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lation mainly focused on HC, �2-m, TAP1, and LMP2 (40–42)
and identified different common transcription factors, which
are involved in constitutive and IFN-� induced protein expres-
sion. These include (i) CREB for constitutive expression and the
IFN-sensitive response element for an IFN-�-induced expres-
sion of the HC (40, 43–46) and the bidirectional TAP1/LMP2
promoter (8, 41) and (ii) the cooperating transcription factors
IRF2 and STAT1 for constitutive expression as well as IRF1 and
STAT1 for the IFN-�-mediated enhancedTAP1/LMP2 expres-
sion (41, 42, 47–51). A similar regulation pattern was observed
for murine TAP2, which is controlled by CREB and IRF for
constitutive and/or IFN-�-controlled activity (52, 53).

Both the human and the murine tapasin promoters contain
one IFN-sensitive response element and two IFN�-activated
sequence motif consensus sequences in the 5�-UTR of the gene
(54, 55). A study by Herrmann et al. (62) identified NF-�B as a
basal transcription factor and a shared IRF1/2-binding site
mediating IFN-� inducibility of tapasin expression in murine
cells. Recently, a cytokine-independent up-regulation of APM
components by the CD40L-mediated transactivation of TAP1,
TAP2, tapasin, LMP2, and LMP10 genes via NF-�B was
observed, resulting in a de novo IRF1 synthesis accompanied by
activating IRF1 in a STAT1-independent manner (56).
Despite the transcriptional and posttranscriptional down-

regulation of APM components in tumor cells, detailed infor-
mation about the molecular mechanisms or factors involved in
this process is limited or controversially discussed (11, 38, 57,
58). In addition, there exists little information about transcrip-
tion factors modulating the MHC class I APM component
expression. Although promyelocytic leukemia protein has been
suggested as a general regulator of APM component expres-
sion, its role in controlling this pathway is controversially dis-
cussed (59, 60). In contrast, the antagonistic transcription
factor B lymphocyte-induced maturation protein-1 (PR domain-
containing 1 (PRDM1)) has recently been shown to repress the
IFN-�-dependent transcription of ERAP1, tapasin, MECL1,
and LMP7, resulting in a failure to up-regulate MHC class I
surface antigens in human cell lines (61). Therefore, the aim of
this study was to identify factors involved in the HER-2/neu-
mediated down-regulation of MHC class I APM components
using an in vitro model of oncogenic transformation. We here
show for the first time an important role for E2F1 in the tran-
scriptional regulation of tapasin in untransformed and HER-2/
neu-transformed fibroblasts.

EXPERIMENTAL PROCEDURES

Cell Culture—The murine HER-2/neu� fibroblast cell line
NIH3T3 was purchased from the American Type Culture Col-
lection (ATCC), and the HER-2/neu�-overexpressing NIH3T3
cells were kindly provided by H. Bernhard (University Hospital
of the Technical University, Munich, Germany) and have been
described elsewhere in detail (62). Both cell lines were routinely
maintained in Eagle’s modified essential medium (Lonza,
Cologne, Germany) supplemented with 10% (v/v) fetal bovine
serum (Vienna, Austria), 2 mM L-glutamine, 100 units/ml pen-
icillin, and 100 �g/ml streptomycin at 37 °C in 5% (v/v) CO2
humidified air.

cDNA Synthesis, qRT-PCR, and Cloning Procedures—cDNA
was synthesized using RevertAidTM HMinus First Strand cDNA
synthesis kit (Fermentas, St. Ingbert, Germany), and qRT-PCR
was performed with target-specific primers (supplemental
Table 1) by using Platinum� SYBR� Green qPCR SuperMix-
UDG (Invitrogen, Karlsruhe, Germany) for 40 cycles; 95 °C,
15 s; 60 °C, 30 s. Relative mRNA expression levels for specific
genes were normalized to that of the eukaryotic elongation fac-
tor (EF)-1�. The transcription levels of untreated HER-2/neu�

cells were set to one, and respective expression levels in tran-
siently transfected cells and HER-2/neu� cells were calculated.
Protein Extraction andWestern Blot Analysis—Proteinswere

extracted from 1–4 � 106 cells, and protein concentration was
determined with the Pierce BCA protein assay kit (Fisher Sci-
entific, Schwerte, Germany). 30 �g of protein/lane was sepa-
rated on 8% SDS-PAGE, transferred onto nitrocellulose mem-
branes (Schleicher & Schuell, Dassel, Germany), and stained
with Ponceau S. Immunodetectionwas performedwith specific
primary antibodies directed against tapasin, E2F1 (sc-251x,
Santa Cruz Biotechnology, Heidelberg, Germany), Rbl2 (reti-
noblastoma-like 2) (Pharmingen, Heidelberg, Germany), and
GAPDH(Cell Signaling, Frankfurt,Germany). The stainingwas
detected with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (DAKO, Hamburg, Germany). The mem-
branes were washed, and protein bands were visualized with a
LumiliteTM (Roche Diagnostics, Mannheim, Germany) and
exposed to aCCDcamera (EastmanKodakCo., Berlin,Germany).
Flow Cytometry—The monoclonal antibodies (mAbs) used

for flow cytometry were the phycoerythrin-labeled anti-H-
2Ld/q (Cedarlane Laboratories Ltd., Hornby, Canada) and the
respective phycoerythrin-labeled isotype mouse immunoglob-
ulin (Beckman-Coulter, Krefeld, Germany). Direct immuno-
fluorescence analysis of MHC class I antigens was performed
as described previously (63) using a FACSCanto II (BD Bio-
sciences, Heidelberg, Germany). The results are expressed as
mean specific fluorescence intensity obtained from at least
three independent experiments.
Generation of APM Promoter Constructs and the E2F1

Expression Vector—TAP1/LMP2, TAP2, and tapasin promoter
sequences were amplified from genomic DNA and cloned into
pGL3 vector containing luciferase (luc) as a reporter gene (Pro-
mega, Mannheim, Germany), thereby generating the different
pAPM-luc constructs. In addition, a series of TAP1, TAP2, and
tapasin promoter transcription factor-binding mutants (mut-
pAPM-luc)was generated fromwild type (WT) pAPM-luc con-
structs by site-directed mutagenesis using a mutagenesis kit
(Stratagene, Waldbronn, Germany) according to the manufac-
turer’s instructions. Primer sequences for the WT APM pro-
moter amplification and the respective transcription factor-
binding site mutagenesis are listed in supplemental Table 1. All
PCRs were performed with 15–35 cycles and at an annealing
temperature of 55–60 °C. The E2F1 expression vector was gen-
erated by amplification of the E2F1-specific cDNA from
murine fibroblasts using E2F1-specific adapter primers
(supplemental Table 1) and cloned into the pCMV expression
vector (64). The structural integrity of the WT and mutant
(mut) pAPM-luc promoter constructs as well as of the E2F1
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expression vector (CMV-E2F1) was verified by direct sequenc-
ing using vector-specific primers.
Determination of Promoter Activity—1 � 105 cells were

seeded into six-well plates. 24 h after seeding, cells were
cotransfected with either 2 �g of pAPM-luc or 2 �g of mut-
pAPM-luc, respectively, together with pSV�-galactosidase
(gal) vector (Promega), which served as a control using Lipo-
fectamine 2000 in OptiMEM (Invitrogen) according to the
manufacturer’s instructions. 6 h later, cells were washed and
cultured in complete medium at 37 °C with 5% (v/v) CO2 until
use. After 48 h, transfected cells were harvested, and luc activity
was determined using the luc assay system according to the
manufacturer’s instructions (Promega). The transfection effi-
ciency was evaluated by determination of the �-gal activity
using Galacto-Light (Tropix, Bedford, MA) according to the
instruction manual. Relative luc activity was calculated as
(mean luc activity/mean �-gal activity) � (mean luc activity of
pGL3/mean �-gal activity). The transfections were carried out
in triplicate experiments and were independently repeated at
least five times. The data are represented as mean of triplicates
with variations among replicates of �5%.
Transfection of Cells with CMV-E2F1 and E2F1 siRNA—1 �

105 cells were seeded into six-well plates 1 day prior to trans-
fection. To suppress or overexpress E2F1, cells were transfected
either with 200 pmol of siRNA using 10 �l of Lipofectamine
2000 (Invitrogen) in OptiMEM (Invitrogen) or with 2 �g of the
CMV-E2F1 plasmid and the respective mock control, using 10
�l of Effectene (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. SiRNA specific for mouse E2F1
(supplemental Table 1) and an unspecific nonsense siRNA con-
trol purchased from Invitrogenwere used. Cells were harvested
48–72 h after transfection for isolation of RNA and protein.
Chromatin Immunoprecipitation (ChIP)—ChIP analyses

were performed with the ChIP-IT express kit (Active Motif,
Rixensart, Belgium) according to the manufacturer’s instruc-
tions. Briefly, 5 � 107 cells were fixed with 1% formaldehyde at
room temperature for 10 min, nuclei were lysed by using a
Dounce homogenizer, and chromatin was enzymatically
digested. ChIP was performed overnight at 6 °C with 6.3 �g of
DNA, 2 �g of control IgG, RNA polymerase II (RNA pol II)
(Active Motif), E2F1 (Santa Cruz Biotechnology), and p300-
(Millipore, Eschborn,Germany) specific antibody and captured
using protein Gmagnetic beads (Active Motif). After reversion
of cross-links for 4 h at 65 °C, protein was digested with pro-
teinase K. The isolatedDNAwas employed as template for PCR
amplifications using Taq DNA polymerase (Qiagen) and the
following amplification conditions: an initial melting step at
94 °C for 3min, 36 (primers for EF1� as positive control (Active
Motif)) to 40 amplification cycles (primers for tapasin, TAP1,
LMP2, and TAP2) at 94 °C for 20 s, 59 °C or 60 °C for 30 s, and
72 °C for 30 s, and a final elongation step for 5 min at 72 °C
followed by a hold cycle at 10 °C. 8 �l of each PCR reaction was
separated on a 2% agarose gel and visualized byUV illumination
following ethidium bromide staining.
3�-Biotin Labeling of Oligonucleotides, Preparation of Nu-

clear Extracts, and Electromobility Shift Assay (EMSA)—Single-
stranded DNA sequences containing the respective E2F-bind-
ing sites of the tapasin promoter (supplemental Table 1) were

labeled with biotin-11-dUTP using the biotin 3�-end DNA
labeling kit containing the terminal deoxynucleotide transfer-
ase (Fisher Scientific). The reaction was stopped by adding
EDTA, and terminal deoxynucleotide transferasewas extracted
with phenol:chloroform:isoamyl alcohol (25:24:1). Labeled
antiparallel single-stranded DNA fragments were denatured at
95 °C for 5 min and slowly annealed at their melting tempera-
ture for 30 min.
Crude nuclear extracts from 1 � 107 cells were isolated as

described earlier (65) with minor modifications. The EMSAs
were performed using the LightShift chemiluminescent EMSA
kit (Fisher Scientific) according to the manufacturer’s instruc-
tions. 10 �g of crude nuclear extract was incubated with 100 pg
of the biotinylated oligonucleotide (supplemental Table 1). The
binding reaction was stopped after 30 min by adding 5-fold
loading buffer. For competition experiments, a 100-fold
amount of unlabeled oligonucleotide was added 5 min prior to
the reaction. The samples were run on 6% Tris-borate-EDTA
gels, subsequently blotted onto nylon membranes (Pall,
Dreieich,Germany) using a semidry blotting procedure andUV
cross-linked, followed by the streptavidin detection of biotinyl-
ated oligonucleotides.
Non-radioactive Southwestern Blotting—For Southwestern

blotting, 120 �g of nuclear protein/lane was separated under
denaturing conditions on 8% polyacrylamide gels and blotted
onto nitrocellulose membranes (Schleicher & Schuell). After
Ponceau S staining, the membranes were washed with distilled
water and blocked with buffer A (10 mM HEPES, 5% BSA, pH
7.5) for 2 h. Then, membranes were rinsed in buffer B (10 mM

HEPES, 0.25% BSA, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, pH
7.9) supplemented with 10 �g/ml denatured salmon sperm
DNA (Invitrogen) for 30 min before the biotinylated dsDNA
oligonucleotide was added for 1 h (66). Subsequently, mem-
branes were washed four times with buffer B containing 250
mM NaCl, pH 7.5. Bound biotinylated oligonucleotides were
detected with streptavidin-HRP conjugate (Fisher Scientific),
and excess of conjugate was removed by four washing steps in
bufferD (10mMHEPES, 1%BSA, 50mMNaCl, 1mMEDTA, pH
7.5). Detection was performed with a LumiliteTM (Roche
Applied Science) according to the manufacturer’s protocol and
a CCD camera (Kodak).

RESULTS

HER-2/neu-mediated Down-regulation of MHC class I Sur-
face Expression—Recently, HER-2/neu overexpression has
been associated with a reduced MHC class I surface antigen
expression (63, 67). Using amurinemodel of HER-2/neu trans-
formation, the MHC class I surface expression of HER-2/neu�

and HER-2/neu� cells was determined by flow cytometry (Fig.
1A). HER-2/neu overexpression caused a dramatic decrease of
MHC class I surface expression, which was accompanied by an
impaired transcription of tapasin, TAP1, TAP2, and LMP2 (Fig.
1B) and a reduced protein expression of major APM compo-
nents as representatively shown for tapasin (Fig. 1C).
Transcriptional Control of APM Components—To investi-

gate whether the HER-2/neu-mediated impaired APM compo-
nent expression is caused by transcriptional down-regulation,
the pAPM-luc constructs containing the bidirectional WT
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TAP1/LMP2, WT TAP2, or WT tapasin promoter, respec-
tively, and the pSV�-gal vector serving as a control were tran-
siently cotransfected into HER-2/neu� and HER-2/neu� cells,
and luc activity was determined 48 h later. When compared
with HER-2/neu� cells, the different APM promoter activities
were strongly reduced in HER-2/neu� transfectants, but to a
different extent varying from 64% for TAP1, 84% for LMP2,
62% for TAP2, and 75% for tapasin (Fig. 2A). These results were
in line with the decreasedmRNA levels of APM components in
HER-2/neu� cells, suggesting that deficient MHC class I sur-
face expression in HER-2/neu transformants is due to a tran-
scriptional down-regulation of the various components.
The impaired APM transcription was confirmed by determi-

nation of the RNA pol II-driven transcription initiation at the
respective promoters in HER-2/neu� versusHER-2/neu� cells
using ChIP assays. In accordance with the promoter assays and
RT-PCR analyses, a reduced initiation of TAP1, LMP2, TAP2,
and tapasin, but not of EF-1� transcription, was detected in
HER-2/neu� transformants when comparedwithHER-2/neu�

cells (Fig. 2B).
Enhanced Activity in E2F and p300 Tapasin Promoter

Mutants—To determine the transcription factors involved in
the control of APM expression, site-directed mutagenesis was
performed to specifically eliminate the transcription factor-
binding sites (TFBS) for p300 and E2F located within the tapa-
sin promoter at positions �309 (p300), �229, and �146 (E2F),
in the TAP1 promoter at positions �459 and �103 (E2F), and
in the TAP2 promoter at positions �1248, �648, �320 (p300),

and �85 (E2F). In untransformed fibroblasts, an increased
activity of the E2F(�229, �146) and p300(�309) mut-tapasin-
luc constructs was found, which ranged between 130% for
p300(�309) and for E2F(�146) and 140% for E2F(�229) mut
promoters (Fig. 3A). In addition, mutation of these different
p300- and E2F1-specific TFBS reconstituted the tapasin pro-
moter activity in HER-2/neu� cells to levels higher than that of
untransformed fibroblasts with an increased activity ranging
between 174% for the p300(�309), 192% for the E2F(�229),and
136% for the E2F(�146) mut-tapasin-luc constructs. Thus, the
p300 and E2F-binding sites may negatively interfere with the
constitutive tapasin promoter activity.
In contrast, mutations in the E2F motifs of the TAP1 and

TAP2 promoter sequences either had no effect or reduced the
promoter activity. Knock-out of the E2F(�459, �103) TFBS
reduced the TAP1 promoter activity to 76% of the WT TAP1
promoter, whereas E2F(�103) did not affect the promoter
activity (Fig. 3B).Mutations of theTFBSp300 at positions�648
and �320 strongly decreased the TAP2 promoter activity in
both cell lines ranging from 40% for p300(�320) to 61% for
p300(�648) in untransformed cells, which were at 73 and 89%,
respectively, even more pronounced in HER-2/neu transfec-
tants. In contrast, when compared with the WT TAP2 pro-
moter activity, an 20% or 25% increase of mutTAP2-luc activity
due to a mutation in the E2F1 TFBS at position �85 was found
in HER-2/neu� and HER-2/neu� cells, respectively, when
compared with the WT TAP2 promoter, suggesting an at least
partial reconstitution of the WT TAP2 promoter activity in
HER-2/neu-transformed fibroblasts. Based on these results, we
postulate that the proximal E2F site of the TAP2 promoter
might be involved in the regulation of TAP2 expression.
Detection of E2F1 Binding to the Tapasin Promoter—To con-

firm binding activity of E2F1 to the tapasin promoter, ChIP was
performed using an E2F1-specific mAb. Tapasin promoter-
specific PCR products were amplified from immunoprecipi-
tated chromatin of HER-2/neu� and HER-2/neu� cells, sug-
gesting that E2F1 binds to the tapasin promoter in both cell
lines (Fig. 4A). The presence of E2F1was further detected at the
TAP1 and TAP2 promoters in both cell lines, thereby confirm-
ing the qRT-PCR and promoter results. Binding of E2F1 to the
LMP2 promoter was demonstrated in HER-2/neu�, but not in
HER-2/neu� cells. Furthermore, ChIP analyses revealed p300
binding to the tapasin and LMP2 promoter in untransformed
and oncogene-transformed fibroblasts but with a lower extent
inHER-2/neu� cells. However, p300 binding was only detected
at the TAP2 promoter of HER-2/neu� but not of HER-2/neu�

cells (Fig. 4B).
E2F1 as a Transcriptional Repressor in Mouse Fibroblasts—

To further investigate the role of E2F1 in tapasin regulation,
short siRNAs directed against E2F1 transcription factor and a
nonsense control were transiently transfected into HER-2/
neu� cells. As expected, E2F1-specific siRNA, but not nonsense
siRNA, down-regulated E2F1 transcription. This siRNA-
mediated down-regulation of E2F1 was accompanied by an
increased tapasin expression, thereby demonstrating an E2F1-
directed transcriptional control of tapasin. The data were
further confirmed by Western blot analysis using anti-E2F1-
specific and anti-tapasin-specific mAb (68) (Fig. 5A), demon-

FIGURE 1. HER-2/neu-mediated reduced MHC class I surface molecules
associated with low tapasin expression. A, flow cytometric analysis of
H-2Lq surface antigen expression. 1 � 105 cells were subjected to flow cytom-
etry as described under “Experimental Procedures” using an H-2Lq and H-2Ld

cross-reactive mAb and a respective murine isotype control. The upper histo-
grams show the staining with isotype control antibody, and the lower histo-
grams display the mean specific fluorescence intensity (MFI) of H-2Lq on the
cell surface of HER-2/neu� cells (left) and HER-2/neu� cells (right). B, analysis
of the tapasin protein expression in HER-2/neu� and HER-2/neu� cells. 30 �g
of protein extract/lane was separated by SDS-PAGE under denaturating and
reducing conditions, and protein expression was assessed by Western blot
analysis as described under “Experimental Procedures” using an anti-tapasin-
specific antibody. Staining of the same blot with GAPDH as a housekeeping
gene served as control. Error bars indicate S.D. C, reduced APM transcription in
HER-2/neu� cells. Quantitative RT-PCR analyses of tapasin, TAP1, and TAP2
were performed with oligo(dT)-primed cDNA from HER-2/neu� cells (black
bars) and of HER-2/neu� cells (white bars) and normalized to EF-1� transcrip-
tion. Transcriptional levels from HER-2/neu� cells were used as control and
set to 1, whereas the transcripts of HER-2/neu� cells (white bars) were directly
compared. Data shown represent three independently analyzed biological
samples.
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strating reduced E2F1 protein levels in the siRNA-transfected
fibroblasts when compared with control cells, which were
accompanied by an induction of tapasin expression. These

results are in accordance with the
increased tapasin promoter activ-
ity of the E2F(�146) mutant in
HER-2/neu� cells (Fig. 3A) and
were further supported by E2F1
overexpression in HER-2/neu�

cells, leading to a more than 130-
fold increase of E2F1 transcripts
(Fig. 5B) and a 6-fold cyclin E1
(CCNE1) transcription after 24 h
(Fig. 5C) (69), which was associated
with an �50% decrease of tapasin
transcription 72 h after transfection
(Fig. 5D).
Detection of Different E2F-bind-

ing Proteins in HER-2/neu� Cells—
To further investigate the role of
E2F-binding sites in modulating
tapasin expression, gel shift analyses
using respective tapasin promoter
sequences of both distal and proxi-
mal E2F-binding sites were per-
formed. Comparative analyses of
crude nuclear extracts of HER-2/
neu� and HER-2/neu� cell lines
demonstrated binding complexes
to the oligonucleotide representing

the proximal, but not the distal, E2F-binding site, which may
display differentially sized transcription factors interacting
with the respective tapasin promoter sequence (Fig. 6A). The
specificity of the binding reaction was determined by using a
100-fold excess of unlabeled oligonucleotide resulting in a total
loss of binding affinity in HER-2/neu� extracts, although a
residual binding in nuclear extracts from untransformed cells
remained. Using the same biotinylated oligonucleotide, South-
western blots were performed, and equally sized proteins with a
molecular mass of �38 kDa were detected in both cell extracts
(Fig. 6B).

DISCUSSION

A detailed analysis of the APM components in HER-2/neu�

versus HER-2/neu� cells revealed a strong coordinated down-
regulation of the expression of several APM components, with
the exception of�2-m andHC (63, 67). However, themolecular
mechanisms involved in the impairedAPMcomponent expres-
sion in the HER-2/neu� cells have not yet been identified.
By investigating the TAP1, LMP2, TAP2, and tapasin pro-

moter activity, a transcriptional down-regulation of the respec-
tive APM promoters was found in HER-2/neu-overexpressing
fibroblasts when compared with non-transformed cells varying
from 38% (TAP2) to 84% (LMP2). These data were further con-
firmed by qRT-PCR analyses of HER-2/neu� versus HER-2/
neu� fibroblasts. Based on these results, we postulated that the
mRNA levels of APMcomponents could bemodulated by (i) an
instability of transcription initiation due to the absence of the
enhancing transcription factor CBP/p300, which might be lim-
ited in oncogene-transformed cells (8), or the presence of neg-
atively acting suppressors; (ii) a chromatin-mediated physical

FIGURE 2. Deficient APM promoter activity in HER-2/neu� cells correlated with reduced RNA pol II-initi-
ated transcription in HER-2/neu� cells. A, WT APM-luc promoters or APM-mut-luc promoters and the pGL3/
Enhancer vector, which served as a control (data not shown), were transiently cotransfected with the �-gal
vector into HER-2/neu� and HER-2/neu� cells 48 h prior to the determination of the luc activity using a reporter
gene assay as described under “Experimental Procedures.” The data were normalized to �-gal activity. For compar-
ison, the WT APM promoter activities in HER-2/neu� cells were set to 100%, and the respective APM promoter
activities in HER-2/neu� cells were calculated. Error bars indicate S.D. rel luc activity, relative luc activity. B, immuno-
precipitated chromatin of HER-2/neu� and HER-2/neu� cells was used as template in PCR. Dilutions (1:10) of input
DNA served as controls. Sequences of the APM promoters (TAP1, LMP2, TAP2, and tapasin) and the EF-1� promoter
were amplified from RNA pol II-ChIP of HER-2/neu� cells and from HER-2/neu� cells, but not from isotype control
IgG-ChIP. A non-template control was included.

FIGURE 3. Restoration of deficient APM promoter activity in HER-2/neu�

cells by selective mutations of TFBS. A, tapasin-mut-luc promoters. B and C,
TAP1-mut-luc promoters (B) and TAP2-mut-luc promoters (C) and the pGL3/En-
hancer vector, which served as a control (data not shown), were transiently
cotransfected with the �-gal vector into HER-2/neu� and HER-2/neu� cells 48 h
prior to the determination of the luc activity using a reporter gene assay as
described under “Experimental Procedures.” The data were normalized to �-gal
activity. For comparison, the WT APM promoter activities in HER-2/neu� cells
were set to 100%, and the respective APM promoter activities in HER-2/neu� cells
were calculated. Error bars in all panels indicate S.D. rel luc activity, relative luc
activity.
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barrier in HER-2/neu� cells, thereby reducing the access of the
RNApol II complex to the tapasin promoter; or (iii) the absence
of transcription elongation factors, which might control the
constitutive transcription level in a gene- or locus-specific
manner (70–72).
To address these questions, the role of TFBS controlling the

TAP1/LMP2, TAP2, and tapasin promoter activity was deter-
mined using TFBS KO mutants generated by site-directed
mutagenesis (62). Mutations of the E2F and p300 TFBS caused
a reconstitution of the tapasin promoter activity in HER-2/
neu� cells, suggesting the involvement of E2F1 and p300 in the
transcriptional down-regulation of tapasin in oncogenic trans-
formants. In contrast, E2F is not crucial for the HER-2/neu-
mediated down-regulation of TAP1 transcription, whereas the
E2F-binding site at position �85 plays an important role for
TAP2 transcription. These datawere further validated by inves-
tigating the access of RNA pol II complexes to the APM pro-
moters using ChIP. The decreased binding of RNA pol II to the
APM promoters in HER-2/neu� cells mirrored the decreased
transcription level of tapasin, TAP1, LMP2, and TAP2 in these
cells. These results are in accordance with a recent report by
Jefferies and co-workers (8) demonstrating an association of a
weakTAP1 promoter activity with reduced recruitment of CBP
to the TAP1 promoter in TAP1-deficient cells.
To clarify the role of the histone-acetylating protein p300, a

slightly reduced attachment of p300 to tapasin and LMP2 but
not to the TAP2 promoter in HER-2/neu� cells when com-
pared with untransformed cells was found, suggesting a corre-
lation between RNA pol II and p300 access to these promoters.
Because the binding of E2F1–3 to promoters is associated with
the acquisition of the histone H3 and H4 acetylation (73, 74),
E2F1 ChIP assays were performed to clarify the role of E2F1 in
APM component transcription.
Indeed, E2F1 was able to bind to theWT tapasin, TAP1, and

TAP2 promoters. The amplicons obtained match perfectly the
amplicon pattern from ChIP analyses of RNA pol II and p300,

suggesting a coordinated transcription initiation complex
engulfing RNA pol II, p300, and E2F1. Recently, the specificity
of E2F activation and repression has been investigated for the
Cdc2 and Cdc6 genes, demonstrating both positive and nega-
tive effects on the transcription for both proximal and distal
E2F-binding sites depending on the E2F transcription factor
(75–77).
In an attempt to explore the function of E2F1 regarding the

regulation of tapasin expression, E2F1 was either inhibited by
E2F1-specific siRNA or overexpressed. Although E2F1 silenc-
ingwas directly accompanied by an increased tapasin transcrip-
tion and translation in HER-2/neu� cells, the transient E2F1
overexpression resulted in a reduced tapasin transcription.
Moreover, differently sized DNA-binding proteins in crude
nuclear extracts of WT and oncogene-transformed cells were
found at the proximal E2F(�146)-binding site of the tapasin
promoter in EMSA, which were completely abolished by unla-
beled competitor. However, two or more proteins with distinct
molecular weights might bind to this region, which might be
explained by the broad homologies in the DNA binding capac-
ity of the different members of E2F transcription factor family

FIGURE 4. Identification of E2F1 and p300 as tapasin-binding proteins in
HER-2/neu� and HER-2/neu� cells. A and B, immunoprecipitated chroma-
tin of HER-2/neu� and HER-2/neu� cells was used as template in PCR. Dilu-
tions (1:10) of input DNA served as controls. Sequences of the APM promoters
(TAP1, LMP2, TAP2, and tapasin) were amplified from E2F1- and p300-specific
ChIP assays, but not from control IgG-ChIP. A non-template control was
included.

FIGURE 5. Identification of E2F1 as modulator of tapasin transcription.
A, siRNA-mediated inhibition of E2F1 transcription was investigated using
siRNA directed against mouse E2F1. 20 �g of protein from untreated, non-
sense control- or siRNA-transfected HER-2neu� cells was separated and
transferred to nitrocellulose. E2F1-siRNA caused a reduced E2F1 protein
expression in non-transformed fibroblasts accompanied by an increase of
tapasin. Staining of the Western blot with an anti-GAPDH antibody served as
loading control. B–D, transient overexpression of E2F1 mediates tapasin sup-
pression. To validate the specificity of the E2F1 expression levels, untreated
HER-2/neu� cells were transfected with CMV vector backbone or with the
recombinant CMV-E2F1 expression vector. RNA was isolated at different time
points: 24 (B and C) and 72 h (D) after transfection and transcription levels for
E2F1 (B), CCNE1 (C), and tapasin (D) were determined. EF-1� served as refer-
ence gene. A 135-fold induction of E2F1 was observed at 24 h, initiating a
6-fold induction of the CCNE1 gene transcription and mediating a half-max-
imal reduction of tapasin 72 h after transfection.
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(78–83). Because different E2F family members have been
shown to bind with a distinct specificity to similar target genes
(76, 84, 85), we performed Southwestern blots to verify our
EMSA results. A signal with an estimated size of 38 kDa was
detected, which was more pronounced in crude nuclear
extracts of HER-2/neu� cells.

Using different experimental approaches, we here demon-
strate for the first time a selective transcriptional control of
tapasin expression in both untransformed and HER-2/neu-
transformed cells. In this model system, E2F1 and p300 are in
particular involved in the control of tapasin transcription, but
the role of these transcription factors and their recruitment to
promoters involved in modulation of the immunogenicity of
tumor cells await further investigations (86–89).
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FIGURE 6. Different binding properties for distal E2F motif in the tapasin
promoter. A, electrophoretic mobility shift assay for the analysis of the prox-
imal E2F(�146)-binding site. EMSA was performed as described under
“Experimental Procedures” using a biotin-labeled oligonucleotide spanning
the tapasin promoter sequence from �146 to �139 (supplemental Table 1).
All lanes contain 100 pg of labeled oligonucleotide. The arrow indicates dif-
ferent E2F binding properties in crude nuclear extracts of HER-2/neu� and
HER-2/neu� cells. The specific signal in HER-2/neu� cells disappeared by add-
ing a 100-fold excess of the respective unlabeled oligonucleotide, whereas
the signal intensity is reduced in HER-2/neu� cells. B, a distinct 38-kDa protein
bound to the labeled E2F probe in Southwestern blot of nuclear extracts from
HER-2/neu� and HER-2/neu� cells. The Southwestern blot was probed with
the biotinylated oligonucleotide containing the proximal E2F(�146)-binding
site from the tapasin promoter. An increased amount of labeled oligonucleo-
tide bound to proteins from nuclear extracts of HER-2/neu� cells when com-
pared with HER-2/neu� cells.

E2F1-mediated Regulation of Tapasin

OCTOBER 1, 2010 • VOLUME 285 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 30425

http://www.jbc.org/cgi/content/full/M109.094284/DC1


Int. J. Cancer 113, 611–618
36. Mehta, A. M., Jordanova, E. S., Corver, W. E., van Wezel, T., Uh, H. W.,

Kenter, G. G., and Jan Fleuren, G. (2009) Genes Chromosomes Cancer 48,
410–418

37. Garcia-Lora, A., Martinez, M., Algarra, I., Gaforio, J. J., and Garrido, F.
(2003) Int. J. Cancer 106, 521–527
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