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Abstract Like ubiquitin (Ub), the ubiquitin-like protein
FATI10 can serve as a signal for proteasome-dependent
protein degradation. Here, we investigated the contribution
of FAT10 substrate modification to MHC class I antigen
presentation. We show that N-terminal modification of the
human cytomegalovirus-derived pp65 antigen to FATI10
facilitates direct presentation and dendritic cell-mediated
cross-presentation of the HLA-A2 restricted pp65495_503
epitope. Interestingly, our data indicate that the pp65 pre-
sentation initiated by either FAT10 or Ub partially relied
on the 19S proteasome subunit Rpnl0 (S5a). However,
FATI10 distinguished itself from Ub in that it promoted a
pp65 response which was not influenced by immunopro-
teasomes or PA28. Further divergence occurred at the level
of Ub-binding proteins with NUB1 supporting the pp65
presentation arising from FAT10, while it exerted no effect
on that initiated by Ub. Collectively, our data establish
FAT10 modification as a distinct and alternative signal for
facilitated MHC class I antigen presentation.
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Introduction

The production of minimal CD8+ T cell antigenic peptides
mostly depends on the degradation of target proteins by the
ubiquitin—proteasome system (UPS). In this pathway,
covalently attached ubiquitin (Ub) typically marks a sub-
strate protein for degradation by the 26S proteasome, and it
has been shown that increased susceptibility to ubiquity-
lation can facilitate MHC class 1 antigen presentation in
vivo [1-3]. Conjugation of Ub to lysine (K) side chains of
target proteins uses the concerted actions of a succession of
specific enzymes (E1, E2 and E3) that sequentially transfer
the activated Ub to a protein substrate. K48-linked chains
are the most abundant forms of poly-Ub chains within the
cells and target substrates for 26S proteasome-mediated
degradation. The 26S proteasome complex consists of two
sub-complexes: the 19S regulatory particle and the 20S
particle containing the three catalytic subunits f3;, f, and
fs. In mammalian cells, upon induction by type I and/or 11
interferon (IFN), these constitutive catalytic subunits are
replaced by the inducible subunits if,/LMP2, i3,/MECLI1
and ifs/LMP7, forming the immunoproteasome (i-protea-
some) [4-6]. Studies of i-proteasome function have revealed
that, in most instances, it generates MHC class I-binding
peptides more efficiently than standard proteasomes
(s-proteasomes) [7-9]. IFN-y stimulation is also accompanied
by increased expression of the proteasome activator PA2S,
which associates with the 20S proteasome, thereby forming
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so-called hybrid proteasomes complexes (i.e. 195-20S-PA28)
that enhance the production of antigenic peptides [10, 11].

Over the past decade, a growing number of Ub-like pro-
teins (UBL) sharing structural homology with Ub have been
identified, such as NEDDS§, SUMO, ISG15 and FAT10 [12,
13]. Like Ub, they exhibit the capacity to be conjugated to K
residues in a substrate protein, and are involved in the reg-
ulation of diverse cellular processes, including nuclear
transport, transcription, stress response, and DNA damage.
FAT10 (HLA-F-adjacent transcript 10) is the most recently
identified member of the UBL family and, up to now, very
little is known about its biological function. FAT10 gene
expression has been reported to be under the influence of
cytokines, including TNF-« and IFN-y, and is timely induced
during the later phase of dendritic cell (DC) maturation and
during apoptosis [14—16]. Increased levels of both free
FAT10 and FATI10-protein conjugates have also been
reported in various tumours including hepatocellular carci-
noma as well as gastric and gynaecological cancers [17, 18].
Although the lymphocytes from FAT10™"~ mice were, on
average, more prone to spontaneous apoptotic death, no
histological differences were found between wild-type and
FAT10™'~ mice [19]. Within cells, FATI10 is covalently
conjugated to cellular proteins in a pathway involving an
E1-E2-E3 enzyme cascade, which is only partially charac-
terised. Recently, UBE1L2 and UBE2Z have been reported
to function as E1 and E2 enzymes for FAT10, respectively
[20, 21], whereas no FAT10-specific E3 enzymes have so far
been experimentally verified.

Interestingly, FAT10 shares with Ub the unique ability
of targeting substrates for proteasomal degradation [15,
22]. However, there exists no information whether FAT10
modification of a substrate protein may contribute to the
peptide supply for MHC class I-restricted antigen presen-
tation. Here, we show that an N-terminal fusion of the
human cytomegalovirus (HCMV)-derived pp65 antigen
with FAT10 accelerates the proteasomal degradation of
pp65 and results in improved presentation of the HLA-A2-
restricted pp65495_503 epitope. Importantly, the antigen
processing pathway used by this FAT10-pp65 fusion pro-
tein differs considerably from that used by an Ub-pp65
chimera in terms of i-proteasomes, PA28 and Ub-binding
proteins. In summary, our data underscore the importance
of the FAT10 conjugation system as an alternative and
distinct pathway for MHC class I antigen processing.

Materials and methods
Reagents and antibodies

Anti-pp65 (CH12), anti-FAT10 (FL-165) and anti-f-actin
(C4) antibodies were purchased from Santa Cruz
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Biotechnology. Monoclonal anti-LMP2 (LMP2-13), anti-
Ub (FK?2), anti-Rpn10 (S5a-18) and polyclonal anti-NUB1
antibodies were obtained from Biomol. The polyclonal
anti-PA28-f was purchased from Cell Signaling. Anti-HA
monoclonal antibody (16B12) was obtained from Covance.
Antibodies against PA28-0, MECL1 (K65/4) and LMP7
(K63/5) were from the laboratory stock and used as
previously described [23]. MG132 (benzyloxycarbonyl-
Leu-Leu-Leu-CHO), N-ethylmaleimide (NEM) and phy-
tohaemagglutinin (PHA-L) were all purchased from Sigma.
Lipopolysaccharide (LPS) was obtained from Invivogen.
Unless specified, all recombinant cytokines used in this
study (IL-2, TNF-a, IFN-y) were purchased from Miltenyi
Biotec. The peptide pp65495_s03 (NLVPMVATV) was
custom-synthesised by our peptide synthesis facility
(Institute of Biochemistry, Charité, Berlin).

Cell culture

The stable cell line HeLa A2+ (clone 33) was established
in our laboratory and cultivated in Iscove Medium sup-
plemented with 10% FCS in the presence of 2 pg/ml
puromycin. The expression of HLA-A2 molecules on the
cell surface was determined using flow cytometry, using
the BB7.2 mAb (kindly provided by Dr. A. Paschen, Essen,
Germany). The clone 33/2 (HeLa A2+/IP) is a derivative
of the clone 33 that stably expresses the three inducible
subunits LMP2, MECL1 and MECL1 and was maintained
in the presence of 2 pg/ml puromycin and 300 pg/ml
hygromycin. HEK293 cells were grown in DMEM medium
(Biochrom, Berlin, Germany) containing 10% FCS, 2 mM
L-glutamine and 100 U/ml penicillin and streptomycin
(purchased from PAA Laboratories), as previously descri-
bed [24]. DC were generated from enriched CDI14+
monocytes cultured in the presence of GM-CSF (500 U/ml)
and IL-4 (100 U/ml) for 5 days. The pp65 CTL clone
61, specific for pp65495_509, Was generated from sensitisa-
tions of naive CD8+ T cells with peptide-pulsed DC, as
previously described [14]. It was regularly expanded at
37°C (5% CO2) in RPMI 1640 medium supplemented with
8% human serum (Promocell) and recombinant IL-2
(150 U/ml) in the presence of irradiated BLCL cells and
allogeneic peripheral blood mononuclear cells (PBMC)
and PHA-L (1 pg/ml).

Plasmids

The full-length sequence of the HCMV-derived pp65 was
PCR amplified from the pcDNA6-pp65.35 plasmid (kind
gift of B. Plachter, Johannes Gutenberg-University, Mainz,
Germany) and cloned into the eukaryotic expression vector
pcDNA3.1/myc-HIS (version B). To generate Ub-pp65 and
FAT10-pp65 fusion proteins, the sequences encoding Ub



FAT10 substrates gain access to MHC class I presentation

2445

and FATI0 were PCR amplified from LPS-treated DC
cDNA and cloned in frame into the pcDNA3.1/pp65-myc-
HIS construct. A DNA fragment corresponding to the
FATI10 coding sequence was amplified from LPS-treated
DC cDNA by PCR using a forward primer encoding the
FLAG tag sequence. The PCR-amplified DNA was then
cloned into the pcDNA3.1/Zeo(+) expression vector
(Invitrogen) to generate a N-terminal FLAG-tagged version
of the FAT10 protein. Likewise, the sequence encoding the
amino acids 1-76 of human Ub was amplified by PCR
using forward primer encoding the epitope tag derived
from the influenza HA protein (YPYDVPDY) and cloned
into the pEGFPN3 plasmid (BD Clontech), so that a
HA-Ub-GFP fusion product can be synthesised following
transfection of mammalian cells. The full-length cDNA for
NUBI and NUBIL was amplified by PCR from LPS-
treated DC using specific primers containing sequences
derived from the 5’ and 3’ portions, including their stop
codons and restriction enzyme sites compatible with
cloning into pcDNA3.1/myc-HIS expression vector.

In vitro transfection and western blotting

HeLa, HeLa A2+, HeLa A2+/IP and HEK293 cells were
transfected with 4 pg of each plasmid using Lipofectamine
2000 (Invitrogen). Sixteen hours after transfection, cells
were rapidly washed in ice-cold PBS and solubilised with a
NP40-based lysis buffer (50 mM Tris, 50 mM NaCl, 5 mM
MgCl,, 100 mM NEM, 10 uM MG132 and 0.1% NP40)
for 15 min on ice. The cell lysates were clarified by cen-
trifugation (14,000g for 15 min). Protein concentration of
supernatants was determined using a BCA™ protein assay
kit (Thermo Scientific), and 30 pg proteins were resolved
on SDS-PAGE and transfer to PVDF membranes (MilliQ).
Membranes were blocked for 30 min in PBS containing
5% milk followed by overnight incubation with primary
antibodies. After subsequent washings and incubation with
horseradish peroxidase-coupled secondary antibodies,
immunoblots were developed with the use of enhanced
chemoluminescence (ECL) (Amersham).

Immunoprecipitation

HeLa cells were transfected with an expression vector
encoding a HA-tagged Ub-GFP fusion protein (HA-Ub-
GFP) alone or in combination with plasmids encoding myc-
tagged versions of the pp65, Ub-pp65 or FATI10-pp65
constructs. After a 16-h transfection, whole-cell lysates
were made in lysis buffer (150 mM NaCl, 50 mM Tris, 1%
Triton® X-100, 10 uM MG132, 100 mM NEM, pH 8.0)
and pre-cleared by centrifugation at >14,000g for 15 min
at 4°C. The protein concentration in each cleared

supernatant was quantified using the BCA™ protein assay
kit. Each sample was diluted in additional lysis buffer to
adjust each sample so that it has an equal concentration of
protein in 1 ml of total lysis buffer (typically 1 mg/ml).
Forty microlitre of myc-coated magnetic beads (UMACS
myc Kit; Miltenyi Biotec) were added to the supernatants,
incubated 1 h at 4°C with rotation and loaded onto uMACS
columns (Miltenyi Biotec). Immunoprecipitates were
washed twice and eluted in loading buffer according to the
manufacturer’s instructions prior to SDS-PAGE and
western blotting with pp65 and HA antibodies.

RNA interference

RNA interference (RNAi) oligonucleotides specific for
PA28-a (L-012254-00), PA28-f (L-011370-01), LMP2
(L-006023-00), MECL1 (L-006019-00), LMP7 (L-006022-
00), Rpn10 (L-011365-00) and NUB1/NUBIL (L-019158-
00) were all purchased from Dharmacon. Non-targeting
control siRNA (D-001810-10) were also used in each
experiment and also obtained from Dharmacon. Briefly,
HeLa A2+ and/or HEK293 cells were seeded in six-well
plates and transiently transfected with non-targeting or
targeting siRNA at a final concentration of 100 nM by
using the Xtremgene kit (Roche), according to the manu-
facturer’s protocol. The knockdown of the specified protein
was determined by western blotting using the appropriate
antibody. For DC transfection, 4 x 107 cells were resus-
pended in 100 I Opti-MEM  without red phenol
(Invitrogen) and transferred into a 4-mm electroporation
cuvette (Biorad) with 1,000 nmol siRNA duplex. The
electroporator (Genepulser; Biorad) used a square-wave
pulse of 500 V for 1 ms. Cells were then immediately
transferred into 4 ml of RPMI 1640 with 10% FCS, con-
taining GM-SCF and IL-4.

Antigen presentation assay

HeLa A2+ or HeLa A2+/IP were transiently transfected
with pp65, FAT10-pp65 and Ub-pp65 and used as targets
cells for their potential to activate the production of IFN-y
by the pp65 CD8+ T cell clone 61. Following 4 h of
transfection, target cells were serially diluted and then
co-cultured with a fixed amount of T cells, resulting in
graded effector-to-target (E:T) ratio in a final volume of
100 pl of RPMI 1640 supplemented with 10% FCS on
U-bottom 96-well plates. After 16 h of incubation, the
supernatants were collected and the IFN-y content was
determined using a commercially available human ELISA
kit according to the manufacturer’s instructions. The data
in the figures refer to the mean of two replicates. The SD
was below 5% of the mean.
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Cross-presentation assay

Whole cell lysates were used as pp65 antigen sources for
cross-presentation and prepared by four cycles of rapid
freeze/thaw lysis of HeLa cells transiently transfected with
pp65, Ub-pp65 or FAT10-pp65. Immature DC from HLA-
A2+ donors were plated in duplicate on a 96-well plate at
50,000 cells per well and incubated for various periods of
time with the various whole cell lysates in the presence of
the pp65 CD8+ T cell clone 61 at different responder-to-
stimulator ratio in a final volume of 200 pl. Alternatively,
DC were used as unloaded or after being pulsed with 1 uM
of the pp65495_503 synthetic peptide NLVPMVATYV in the
presence of LPS (1 pg/ml).

Statistical analysis

Student’s ¢ test (one-tailed) was used for data analysis
when appropriate.

Results

FAT10 modification of pp65 improves the presentation
of the HCMYV pp65495_503 €pitope

Because both Ub and FAT10 serve as signals for proteasome-
dependent degradation, we compared their impact on MHC
class I presentation. To this end, fusion proteins consisting of
the HCMV-derived pp65 antigen N-terminally tagged with
either Ub or FAT10 were expressed in HeLa A2+ cells.
Monitoring the steady-state levels of the different pp65
constructs revealed that the expression level of FAT10-pp65
was strongly reduced when compared to that of the untagged
pp65 (Fig. 1a). Importantly, the transcriptional activity of
these two plasmids was identical (Fig. S1A). Furthermore, the
expression level of pp65 and FAT10-pp65 in the detergent-
insoluble fraction showed no significant differences (Fig.
S1B), indicating that the cellular distribution of both of these
constructs was similar. Taken together, these data strongly
suggest that reduced signal for the FAT10-pp65 fusion pro-
tein observed in the detergent-soluble fraction reflects higher
protein turnover. Detection of the Ub-pp65 fusion protein
revealed the expected efficient initiation of poly-Ub chain
formation in vivo, as shown by a typical 8-kDa ladder of high
molecular weight bands detected with the pp65 antibody. Of
the three bands detected, the lower one had the same
molecular size as the untagged pp65, indicating that the Ub is
partially removed by de-ubiquitylating enzymes (DUB). Of
note, double conversion of glycine 75 and 76 to alanine and
valine at the isopeptidase site (UbAV-pp65) did not effi-
ciently block the Ub cleavage from the fusion protein, as
determined by western blotting (Fig. S2A).

@ Springer

To analyze the ubiquitylation state of our different pp65
constructs, HelLa cells were transfected with HA-Ub-GFP
alone or in combination with pp65-myc, Ub-pp65-myc or
FAT10-pp65-myc for 16 h and were subsequently sub-
jected to a 6-h treatment with 10 pM MG-132. Following
incubation, the pp65 constructs were immunoprecipitated
using myc magnetic beads and analysed by immunoblotting
with anti-HA (against Ub) and anti-pp65 antibodies. As
shown in Fig. 1b, N-terminal tagging of pp65 with Ub
results in a strong poly-ubiquitylation of the Ub-pp65
fusion protein. A prolonged exposure of the western blot
with the anti-pp65 antibody reveals that at least four Ub
moieties are attached to the Ub-pp65 construct in these
cells (Fig. S3). In contrast, the untagged pp65 and the
FAT10-pp65 constructs were only slightly and similarly
ubiquitylated.

To test the impact of pp65, Ub-pp65 and FAT10-pp65
on the presentation of the pp65495_s03 epitope in HeLa
A2+ cells, pp65 epitope presentation was monitored using
a CD8+ T cell clone (CTL clone 61) that specifically
recognises the immunodominant pp6549s_s03 epitope. To
prevent saturation levels of MHC class I/peptide com-
plexes, HeLa A2+ cells were transfected with each
construct for only 4 h. As shown in Fig. 1c, in comparison
to the untagged pp65, the FAT10-pp65 fusion protein
enhanced antigen presentation approximately twofold and
activated the CTL clone 61 to a similar extent as that seen
with the Ub-pp65 fusion protein. Importantly, the improved
Pp65495_503 presentation obtained with either Ub-pp65 or
UbAV-pp65 was substantially reduced when all the seven
lysine residues of the fused Ub moiety were changed into
arginine residues (UbKO-pp65) (Fig. S2B and S2C). These
data formally show that the enhanced pp65 CTL response
initiated by Ub-pp65 relies on the poly-ubiquitylation of its
N-terminal Ub.

The pp65495_500 €pitope presentation derived
from FAT10-pp65 is less dependent on Rpn10
than that derived from Ub-pp65

The observation that the FAT10- and Ub-pp65 fusion
proteins similarly supported pp65495_503 €pitope presenta-
tion raised the question concerning a putative receptor for
26S proteasome targeting. A major 26S proteasome
receptor for poly-ubiquitylated substrates is the Rpnl0O
subunit of the 19S regulatory particle, originally called S5a
[25, 26].

To determine whether Rpnl0 may also serve as a
receptor for FAT10-modified substrates, we determined the
steady-state level of pp65, Ub-pp65 and FAT10-pp65 in
Rpn10-siRNA-silenced HeLa A2+ cells. As illustrated
in Fig. 2a, RNAI treatment against Rpn10 for 96 h resulted
in an almost complete depletion of the Rpn10 subunit. The
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Fig. 1 Increased reactivity of the pp65495_503-specific CTL clone 61 by
HeLa A2+ cells transiently expressing either Ub-pp65 or FAT10-pp65.
a HeLa A2+ cells were transfected with the various plasmids for 24 h
and whole cell extracts were mixed with sample buffer, followed by
SDS-PAGE separation and western blotting with pp65, Ubiquitin
(FK2) and FAT10 antibodies. Loading control was ensured by probing
the membrane with the anti-f-actin mAb. b HeLa cells were transfected
with HA-Ub-GFP alone or in combination with pp65-myc, Ub-pp65-
myc or FAT10-pp65-myc for 16 h after which they were subjected to a
6-h treatment with 10 pM MG-132. Following incubation, cells were
harvested and subjected to immunoprecipitation with myc-coated

Rpnl0 knockdown was associated with a substantial sta-
bilisation of Ub-pp65 and FAT10-pp65 indicating that both
of these fusion proteins are targeted to Rpnl0O for prote-
asomal degradation. The steady-state level of the untagged
pp65 in RpnlO-depeleted cells was also significantly
affected which is in line with the observation that wild-type
pp65 undergoes poly-ubiquitylation in vivo. Nevertheless,
the stabilisation of FAT10-pp65 observed in the absence of
Rpn10 was less pronounced than that observed for the two
other pp65 constructs, suggesting a reduced affinity of
FAT10-pp65 for Rpnl0O or that RpnlO is not the only
FAT10 interacting 26S proteasome subunit.

Next, we tested whether Rpn10 silencing may exert any
effect on the presentation of the pp65495_s03 epitope arising
from our various pp65 constructs. As shown in Fig. 2b,
Rpnl0 down-regulation resulted in a significant impair-
ment of pp65495_503 epitope presentation deriving from the
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magnetic beads and western blot analysis with anti-HA (against Ub) and
anti-pp65 mAD, as indicated. Loading control in this experiment was
ensured by monitoring the expression levels of the GFP protein, which
is immediately cleaved from the HA-Ub-GFP fusion product by
hydrolases shortly after synthesis. ¢ Following a 4-h transfection, HeLa
A2+ cells expressing pp65, Ub-pp65 or FAT10-pp65 were washed and
added to the pp65 CTL clone 61 recognising the HLA-A2-restricted
PP65495_503 epitope at various E:T ratio for 16 h. The activation of the
CTL clone 61 was assessed by measuring IFNy content in the
supernatant by ELISA (*p < 0.01, compared with untagged pp65,
n=3)

untagged pp65 protein and the Ub-pp65 fusion protein.
Impairment of Rpnl0 expression also affected the effi-
ciency of pp65 epitope presentation exerted by the FAT10-
pp65 fusion protein. However, the observed decrease of
pp65 epitope presentation was less pronounced, which
appears to be in concordance with the reduced stabilization
of FAT10-pp65 upon Rpnl0 deficiency demonstrated in
Fig. 2a. These data not only reveal that Rpn10 is involved
in the proteasomal degradation of pp65 and Ub-pp65 but
also suggest that Rpnl0 can act as receptor for FAT10-
modified substrates.

FAT10-pp65 processing is not controlled
by i-proteasomes and/or PA28

In many cases, i-proteasomes or the proteasome activator
PA28 positively influence presentation of epitopes arising
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Fig. 2 Rpnl0 knockdown in HeLa A2+ cells leads to impaired
presentation of the pp65495_s03 epitope generated from pp65, Ub-pp65
or FAT10-pp65 proteins. a The role of Rpn10 in the turn-over of the
pp65, Ub-pp65 or FAT10-pp65 substrates was examined by treating
HeLa A2+ cells with either control or Rpnl0 siRNA for 4 days
followed by a subsequent transfection with the pp65, Ub-pp65 or
FAT10-pp65 plasmids for 24 h, as indicated. The gene silencing
efficiency for Rpnl0 was determined by western blotting using a
monoclonal antibody against RpnlO. The influence of Rpnl0O
depletion on the steady-state level of pp65, Ub-pp65 and FAT10-

from poly-ubiquitylated antigens [27, 28]. Therefore, we
next studied the role of i-proteasomes in the processing of
FAT10-pp65 in HeLa A2+/IP cells that predominantly
express i-proteasomes [24]. As shown in Fig. 3a, expres-
sion of either pp65 or Ub-pp65 in HeLa A2+-/1P resulted in
improved antigen presentation of the pp65495_503 epitope,
when compared to HeLa A2+ control target cells that
predominantly express s-proteasomes. In striking contrast,
the presence of i-proteasomes exerted no effect on the
efficiency of the FAT10-mediated pp65 epitope presenta-
tion, indicating that the molecular prerequisites for FAT10-
dependent antigen processing differ from those of the
Ub-dependent pathway.

We next studied the effects of PA28 on the presentation
of the pp65495_503 epitope derived from the FAT10-pp65
fusion protein. To deprive the target cells of PA2S8, both
PA28-00 and PA28-f were silenced by siRNA. Cells
transfected without siRNA or non-targeting siRNA oligo-
nucleotides (control siRNA) were used as controls.
Following successful down-regulation of PA28 (Fig. 3c),
HeLa A2+ cells were transfected with pp65, Ub-pp65 or
FAT10-pp65 and the pp65495_503 CTL response was
monitored by IFN-y release assays. As shown in Fig. 3b,
the presentation of the pp65495_s503 epitope liberated from
untagged pp65 or the FAT10-pp65 fusion remained largely
unaffected in PA28-depeleted HeLa A2+ cells. In contrast,
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pp65 was examined by western blotting using the anti-pp65 antibody.
b Rpnl0-depleted HeLa A2+ cells were transfected with the pp65,
Ub-pp65 or FAT10-pp65 plasmids for 4 h and used as target cells in a
16-h co-culture against the CTL clone 61. Controls in this CTL assay
consist in the use of HeLa A2+ cells expressing pp65, Ub-pp65 or
FAT10-pp65 which have been treated with non-targeting siRNA
(control siRNA) or left untreated (no siRNA). The activation of the
CTL clone 61 was assessed by measuring the IFN-y content in the
supernatant by ELISA. (*p < 0.01 and **p < 0.005, compared to
untreated cells or cells treated with control siRNA, n = 2)

the presentation of the pp65495_s503 epitope derived from the
Ub-pp65 fusion protein was considerably reduced follow-
ing down-regulation of PA28 expression in HeLa A2+
cells. Taken together, these data demonstrate that neither
i-proteasomes nor PA28 significantly influence the pro-
cessing of FAT10-modified substrates for MHC class I
presentation. This conclusion finds further support by the
observation that the accumulation of FAT10-modified
proteins following a combined treatment of TNF-o and
IFN-y is not altered in i-proteasome- or PA28-depleted
HEK?293 cells (Fig. 4).

NUBI and its splicing variant NUB1L specifically
regulate the pp65,495_503 presentation arising
from FAT10-pp65

Both the Ub-binding proteins NUB1 and its splicing variant
NUBIL have been shown to accelerate the degradation of
FAT10 [29] and thus appear to be important regulators of
both poly-Ub- and FAT10-dependent protein degradation.
We therefore next investigated the effects of NUB1 and
NUBIL on the steady-state levels of pp65, Ub-pp65 and
FAT10-pp65. Untagged versions of NUB1 or NUB1L were
co-expressed in HeLa A2+ cells together with pp63,
Ub-pp65 or FAT10-pp65 and their relative expression levels
were monitored by western blotting using a monoclonal
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Fig. 3 The presentation of the pp65495_503 antigenic peptide arising
from the FAT10-pp65 fusion protein is not influenced by i-protea-
somes and/or PA28. a The role of i-proteasomes in the presentation of
the pp654905_503 antigenic peptide arising from the pp65, Ub-pp65 and
FAT10-pp65 fusion proteins was assessed in a 16-h CTL assay using
targets cells consisting of HeLa A2+ cells having dominantly
s-proteasomes or HeLa A2+/IP cells over-expressing the three
inducible subunits LMP2, MECL1 and LMP7, as indicated
(*p <0.01, compared with HeLa A2+ having predominantly a
s-proteasome, n = 3). b HeLa A2+ cells were left untreated (no

anti-pp65 antibody. In accordance with previous studies
[30], both NUB1 and NUBIL significantly enhanced the
degradation rate of the FAT10-pp65 fusion protein (Fig. 5a).
However, only NUBIL significantly accelerated the turn-
over of the Ub-pp65 fusion protein, suggesting that NUB1
and NUBI1L differ in their ability to shuttle Ub substrates for
proteasomal degradation. Coincidently, over-expression of
either NUB1 or NUBI1L resulted in substantially improved
presentation of the FAT10 derived pp65495_503 antigenic
peptide (Fig. 5b). Likewise, over-expression of NUBIL
together with Ub-pp65 was accompanied by an increased
activation of the pp65495_503 CD8+ T-cell clone. By con-
trast, the over-expression of either NUB1 or NUB1L had no
substantial effect on the pp65495_503 antigen presentation
arising from the untagged pp65 (Fig. 5b).

To test and compare the impact of pp65, Ub-pp65 and
FAT10-pp65 on cross-presentation, monocyte-derived DC

siRNA) or treated with non-targeting siRNA (control siRNA) or a
combination of siRNA specific for PA28-o and PA28-f5. After 48 h,
these cells were subjected to a short 4-h transfection with the pp65,
Ub-pp65 and FATI10-pp65 plasmids and used as target cells in a CTL
assay for monitoring the presentation of the pp6549s_s03 peptide, as
described in a (**p < 0.005, compared with untreated cells or cells
treated with control siRNA, n = 3). ¢ The content of HeLa A2+ for
PA28 was analysed by western blotting using an antibody specific for
PA28-f. Anti-f-actin antibody was used to ensure equal protein
loading

were loaded with whole cell lysates containing pp65,
Ub-pp65 or FAT10-pp65, co-cultured with the pp65 CTL
clone 61 in the presence of LPS, and IFN-y release was
assayed, as previously described [14, 31]. As shown in
Fig. 6a, DC fed with either FAT10-pp65 or Ub-pp65
proteins elicited significant responses following 12 h of
co-culture which almost equalled those measured with the
synthetic 9-mer pp65 peptide, but which were nearly
twofold greater than those observed with the untagged
pp65 protein. Interestingly, the enhancement of pp65
cross-presentation elicited by the Ub-pp65 was already
visible after 4 h, while enhancement of the immune
response elicited by the FATI10-pp65 fusion protein
became detectable after 12 h of co-culture. Importantly,
the early pp65 CTL response observed with Ub-pp65 was
abrogated when using prefixed DC (Fig. S4), indicating
that the pp65 cross-presentation initiated in the first 4 h of
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Fig. 4 The expression pattern of FATI10-protein conjugates in
response to TNF-a and IFN-y is not altered by depletion of either
i-proteasomes or PA28. The role of PA28 and the i-proteasome in the
steady-state level of the accumulated FAT10-modified substrates was
assessed by treating HEK293 cells with siRNA specific for PA28-0/f8
or for the three inducible proteasomal subunits LMP2/MECL1/LMP7
(IP), respectively. After 24 h, cells were treated with a combined
treatment of TNF-« and IFN-y or left untreated prior to a subsequent
24-h transfection with the flag-tagged FAT10 plasmid. The membrane
shown was subjected to western blot analysis using antibodies against
FATI0, PA28-a, PA28-f, LMP2, MECLI and LMP7, as indicated.
Equal loading was determined by using anti-f-actin mAb

co-culture requires processing and is not due to peptide
transfer from the antigen-donor cells to the DC cell sur-
face HLA-A2+ molecules.

Because of the observation that both NUB1 and NUB1L
accelerate the degradation of FAT10-pp65, we next aimed
to estimate the transcription level of both of these proteins
in maturing DC following LPS stimulation using RT-PCR.
As shown in Fig. 6b, NUBI and, to a much lesser extent,
NUBIL were induced in LPS-treated DC from 4 h of
stimulation. However, we were unable to determine whe-
ther both abundant splice variants of the two NUBI
isoforms were translated because they were indistinguish-
able in western blot analyses (Fig. 6¢). To address the role
of the increased expression of NUB1 and NUBI1L in cross-
presentation, day-5 immature DC were electoporated with
siRNA specific for NUBI/NUBIL for 24 h prior to a
subsequent stimulation with LPS, which resulted in a
strong impairment of NUBI/NUBIL up-regulation
(Fig. 6d). Strikingly, the pp65495_s503 cross-presentation
arising from DC fed with pp65, Ub-pp65 or FAT10-pp65

@ Springer

was reduced by about 20% in NUB1/NUB1L-depleted DC
(Fig. 6e), demonstrating the contribution of NUB1/NUB1L
to proteasome-dependent cross-presentation of the

PP65495-503 €pitope.

Discussion

FAT10 is the only UBL so far known that shares with Ub
the capacity of targeting substrates for proteasomal
breakdown. However, very little is known about its func-
tion and nothing is known about its ability to support the
generation of peptides suitable for MHC class I presenta-
tion. Here, we demonstrate that FAT10 modification of the
HCMV-derived antigen pp65 (FAT10-pp65) enhances the
presentation of the HLA-A2-restricted pp65495_500 anti-
genic peptide (Fig. 1c) and provide evidence that FAT10-
pp65 differs from Ub-modified pp65 in using the protea-
some machinery. The pp65495_s503 presentation obtained
with Ub-pp65 is improved by approximately 50%. This is
less than originally observed by Townsend and colleagues
with the NP;¢5_370 peptide using a Ub-Arg-NP fusion
protein (N-end rule) [1]. However, this discrepancy can be
explained by the fact that, in contrast to the pp65495_503
presentation, the NP3gs_37( presentation is defective and, as
such, increases much more dramatically following N-ter-
minal Ub fusion.

While this paper was under revision, an interesting study
of Buchsbaum and co-workers reported that the increased
degradation rate of a FAT10-GFP fusion protein is facili-
tated by poly-ubiquitylation [32]. Our data show that our
FAT10-pp65 fusion protein is not more poly-ubiquitylated
than the untagged pp65 (Fig. 1c; Fig. S3), suggesting that
the accelerated degradation of this construct cannot be
attributed to its enhanced poly-ubiquitylation state. Our
results do not formally exclude a possible involvement of
the Ub-conjugation system in the regulation of the break-
down of FAT10-pp65. Nevertheless, our results would still
imply that the processing of a substrate bearing simulta-
neously FAT10 and Ub differs from that of Ub-tagged or
posttranslationally Ub-modified proteins.

Also, the FAT10-pp65 fusion protein expressed in HeLa
cells improved cross-presentation of the pp65 epitope by
LPS-stimulated DC demonstrating that FAT10 modifica-
tion provides an alternative signal for efficient antigen
processing and subsequent MHC class I presentation.

Induction of FAT10 synthesis requires IFN-y and TNF-«
[22], which also trigger the synthesis of i-proteasomes and
the proteasome activator PA28. Despite this, and in striking
contrast to poly-ubiquitylated pp65, the FAT10-dependent
pp65 epitope presentation was already most efficient in the
presence of s-proteasomes and was not further enhanced by
i-proteasomes or PA28 (Fig. 3a, b). These data suggest that
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Fig. 5 NUBI and NUBIL accelerate the protein turnover of FAT10-
pp65 which results in improved presentation of the pp65495_509
antigenic peptide in HeLa A2+ cells. a Untagged versions of NUBI
and NUBIL were co-expressed together with pp65, Ub-pp65 or
FATI10-pp65 in HeLa A2+ cells and their respective influence on the
steady-state level of each pp65 antigenic variant was determined by
western-blot using an anti-pp65 monoclonal antibody. The over-
expression of NUB1 and NUBIL was checked by probing the
membrane with a polyclonal antibody recognising both NUB1 and
NUBIL (equal protein loading was ensured by using the anti-f-actin
mADb). b The effects of NUB1 and NUBIL over-expression were also

the degradation of the FAT10- and Ub-protein conjugates
are governed by different molecular mechanisms. One
possible explanation for this surprising result may be that
FAT-10- and Ub-modified proteins interact with the 26S
proteasome in different ways. Interestingly, our experi-
ments show that both FAT10-pp65 and Ub-pp65 share the
198 regulator subunit Rpn10 (Fig. 2a), known to bind poly-
Ub-chains as interaction partner [25, 26]. However, siRNA
experiments also revealed that, while RpnlQ deficiency
exerts profound negative effects on the presentation of the
pp65 epitope derived from Ub-pp65, the effect on the
FAT10-pp65-derived epitope is considerably less pro-
nounced (Fig. 2b). In light of the extremely efficient
proteasome-dependent turnover of FAT10-pp65, this may
indicate that FAT10 binds RpnlO less efficiently and/or
that Rpn10 is not the only and not the decisive interaction
partner of FAT10 modified proteins within the 26S pro-
teasome complex.

So far, NUBIL and its natural splicing variant NUB1
(which has a deletion of 14 amino acids) had been the only
proteins identified to ferry FAT10 for proteasome-depen-
dent degradation [22, 30]. Our data further support a role
for both NUB1 and NUBIL in facilitating the breakdown
of FAT10-modified substrates, as evidenced by decreased

tested for the presentation of the pp65495_s03 peptide emerging from
pp65, Ub-pp65 or FATI0-pp65. HeLa A2+ cells were transfected
with either the pcDNA3.1 empty vector (mock), NUBI or NUBIL for
24 h prior to a subsequent transient transfection with the pp65,
Ub-pp65 or FATI10-pp65 constructs for 4 h. Cells co-expressing
NUB1 or NUBIL and the various pp65 antigenic forms were
subsequently tested for their capacity to present the pp65495_s03
antigenic peptide using the CTL clone 61 in a 16-h IFN-y release
assay (*p < 0.01, compared to HeLa A2+ cells transfected with the
pcDNA3.1 empty vector, n = 2)

steady-state levels of the FAT10-pp65 fusion protein in
cells over-expressing NUB1 or NUBIL (Fig. 5a). Impor-
tantly, the accelerated degradation of FAT10-pp65 by
NUBI or NUBI1L was accompanied by a marked increase
of the pp65495_s503 CTL response (Fig. 5b). However, our
experiments rule out an entirely overlapping function of
NUBI1 and NUBIL because only NUBIL was found to
enhance the turnover of the Ub-pp65 fusion (Fig. Sa).
Thus, unlike NUB1 (which appears FAT10-specific),
NUBIL seems to be positioned at the intersection of the Ub
and FAT10 pathways, suggesting a model in which the
accelerated disposal of Ub-modified proteins by NUB1L is
connected to an increased supply of antigenic peptides for
MHC class I presentation.

The optimal form of the antigenic source for effective
cross-priming is still a matter of debate, ranging from
stable antigens as being a favourable source for cross-
presentation [33-35] to unstable proteins, including
defective ribosomal products (DriPs), being more effective
than mature proteins for stimulating cross-priming [36, 37].
Our data show that both Ub and FAT10 fusion proteins
serving as vehicles for pp65 delivery into DC were by far
superior in activating CTL to the untagged pp65 (Fig. 6a).
This data would support the notion that short-lived proteins
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Fig. 6 Both FAT10 and Ub facilitate cross-presentation of the
PP65495_503 epitope by DC when fused to the N-terminus of the
HCMV-derived pp65 protein. a Immature HLA-A24 DC were fed
with pp65, Ub-pp65 or FAT10-pp65 necrotic HeLa cells at a ratio at 2
per DC and simultaneously exposed to LPS (1 pg/ml) to induce
maturation. The ability of pp65-, Ub-pp65- and FAT10-pp65-pulsed
DC to stimulate the CTL clone 61 was tested in a 4- or 12-h IFN-y
release assay, as indicated. Internal controls consist in DC loaded
with 1 pm of the 9-mer synthetic pp65495_s03 peptide (¥p < 0.01,
compared to DC loaded with untagged pp65, n = 2). b RT-PCR
analysis of NUB1 and NUBIL transcripts in LPS-treated DC
following various periods of time. The amplified RT-PCR products
NUBI and NUBI1L were separated on 2% agarose gels and visualised
by ethidium bromide. Electrophoresis of the PCR products showed
NUBI (222 bp) band and a larger band corresponding to NUBIL
(256 bp). PCR using GAPDH showed similar amplification levels
among the samples tested. ¢ Time-course induction of NUBI and

are better cross-presented than the stable ones. Interest-
ingly, there exist kinetic differences in enhancing cross-
presentation, with cross-presentation from the FAT10-pp65
fusion being considerably lower during the first 4 h of the
assay than that observed with Ub-pp65. However, Ub-pp65
and FAT10-pp65 exerted almost identical cross-presenta-
tion efficiency after 12 h of co-culture.
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NUBIL in DC following LPS stimulation as assessed by western-
blotting. Day 5-immature DC were treated with 1 pg/ml LPS for
various periods of time, as indicated. Thirty micrograms of total
cellular proteins were loaded in each lane and resolved 12% SDS-
PAGE gel followed by western blotting with a polyclonal antibody
specific for both NUBI and NUBIL. Equal amounts of proteins was
ensured using GAPDH antibody. d Western blot analysis for NUB1/
NUBIL in untreated DC or DC treated with control siRNA or NUB1/
NUBIL-specific siRNA, as indicated. e HLA-A2+4+ DC with a
knockdown of NUBI/NUBIL were loaded with 1 uM of the
PP65495_s03 synthetic peptide or cell-associated pp65, Ub-pp65 and
FATI10-pp65 and subsequently cultured with the CTL clone 61 at a
E:T ratio of 1:1 in the presence of LPS (1 pg/ml). Cross-presentation
of the pp65495_503 peptide was assessed by measuring the IFN-y
content in the supernatant following 12 h of co-culture (*p < 0.01,
compared to DC treated with control siRNA, n = 2)

Interestingly, NUBI and, to a lesser extent, NUBIL are
induced during the course of LPS-induced DC maturation.
The fact that at the transcriptional level the NUB1/NUB1L
ratio was close to 10 (Fig. 6b, c¢), seems to suggest that
NUBI is the major isoform in mature DC silencing of
NUB1/NUBIL expression and was accompanied by a slight
but significant decrease of the pp65 cross-presentation levels
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by DC (Fig. 6e). Surprisingly, however, impairment was
not restricted to DC loaded with FAT10-pp65 but was also
observed to a similar extent with DC loaded with either
untagged pp65 or Ub-pp65. This appears to contrast with
the observation that NUBI1 and/or NUBIL can only
enhance MHC class I presentation of FAT10 substrates.
However, given the sensitivity of the assay, the low
amounts of NUBI1L expressed during DC maturation are
probably sufficient to influence processing of the pp65
epitope derived from untagged pp65 and Ub-pp65. Alter-
natively, the sensibility of pp65 and Ub-pp65 to NUBI1/
NUBIL down-regulation may indicate that both forms of
the pp65 antigen undergo FAT10 modification within DC
prior to proteasomal degradation for cross-presentation.
Proteasome-dependent cross-presentation was previously
estimated to only contribute to total cross-presentation to
approximately 30% [38]. Keeping this in mind, the
observed inhibitory effect on cross-presentation of about
20% exerted through the knockdown of NUBI1/NUBIL
support the central role of the two proteasomal adapter
proteins in antigen cross-presentation.

Collectively, our findings outline the FAT10-NUB1/
NUBIL-Rpnl0 axis as a novel route for MHC class I
antigen direct presentation and DC-based cross-presenta-
tion. Considering the strongly delayed expression of
FAT10 upon cytokine stimulation, the existence of this
new route may allow presentation of antigenic peptides that
would not be generated in adequate amounts by the clas-
sical Ub-conjugation pathway. Nevertheless, the
contribution of each pathway to antigen presentation is
difficult to assess. The moderate or absent phenotype
exhibited by FAT10-deficient mice [19] suggests that the
FAT10-conjugation pathway may not be a privileged and/
or the predominantly used pathway for MHC class I pre-
sentation. This hypothesis is further supported by the
observation that FAT10 is not expressed in cells under
normal conditions. It is instead conceivable that the
FAT10-conjugation machinery represents a complemen-
tary pathway which is used when Ub availability becomes
a rate-limiting factor. Interestingly, FAT10 is up-regulated
at the transcriptional level by cytokines (i.e., TNF-o and/or
IFN-y), which are also thought to deplete the pool of free
Ub by increasing the formation of Ub-protein conjugates in
immune cells [14, 39] as well as in non-immune cells [24].
Therefore, the role of the FAT10-dependent degradation
machinery may be to support an overloaded Ub pathway in
the removal of damaged proteins in later phases of stimu-
lation. For the same reason, this route may be up-regulated
in some pathological conditions such as viral infections
and/or tumours, and may explain the observation that
FATI10 is over-expressed in tumours exhibiting an alter-
ation of the Ub-conjugation system such as in gastric
cancer [17, 40]. Taken together, these data highlight the

FAT10-dependent degradation machinery as a distinct
MHC class I antigen processing pathway and suggest new
avenues for FAT10-based immunotherapy in viral infec-
tions as well as in anti-tumour vaccinations.

Acknowledgments This work was supported by grants of the
Deutsche Forschungsgemeinschaft (DFG) to P.M.K. as parts of the
SPP 1365 “The regulatory and functional network of ubiquitin family
protein” and of the KL427/15-1 “The function of the ubiquitin—
proteasome system (UPS) in MHC class I antigen processing in target
cells and maturing human dendritic cells (hDCs)”. We are grateful to
Dr. U. Seifert for providing us the HeLa-derived stable transfectants
33 and 33/2.

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Townsend A, Bastin J, Gould K, Brownlee G, Andrew M, Coupar
B, Boyle D, Chan S, Smith G (1988) Defective presentation to
class I-restricted cytotoxic T lymphocytes in vaccinia-infected
cells is overcome by enhanced degradation of antigen. J Exp Med
168(4):1211-1224

2. Grant EP, Michalek MT, Goldberg AL, Rock KL (1995) Rate of
antigen degradation by the ubiquitin-proteasome pathway influ-
ences MHC class I presentation. J Immunol 155(8):3750-3758

3. Tobery TW, Siliciano RF (1997) Targeting of HIV-1 antigens for
rapid intracellular degradation enhances cytotoxic T lymphocyte
(CTL) recognition and the induction of de novo CTL responses in
vivo after immunization. J] Exp Med 185(5):909-920

4. Goldberg AL, Cascio P, Saric T, Rock KL (2002) The importance
of the proteasome and subsequent proteolytic steps in the gen-
eration of antigenic peptides. Mol Immunol 39(3—4):147-164

5. Tanaka K, Kasahara M (1998) The MHC class I ligand-gener-
ating system: roles of immunoproteasomes and the interferon-
gamma-inducible proteasome activator PA28. Immunol Rev
163:161-176

6. Fruh K, Yang Y (1999) Antigen presentation by MHC class I and
its regulation by interferon gamma. Curr Opin Immunol 11(1):
76-81

7. Chen W, Norbury CC, Cho Y, Yewdell JW, Bennink JR (2001)
Immunoproteasomes shape immunodominance hierarchies of
antiviral CD8(+) T cells at the levels of T cell repertoire and
presentation of viral antigens. J] Exp Med 193(11):1319-1326

8. Gileadi U, Moins-Teisserenc HT, Correa I, Booth BL Jr, Dunbar
PR, Sewell AK, Trowsdale J, Phillips RE, Cerundolo V (1999)
Generation of an immunodominant CTL epitope is affected by
proteasome subunit composition and stability of the antigenic
protein. J Immunol 163(11):6045-6052

9. Cerundolo V, Kelly A, Elliott T, Trowsdale J, Townsend A
(1995) Genes encoded in the major histocompatibility complex
affecting the generation of peptides for TAP transport. Eur J
Immunol 25(2):554-562

10. Schwarz K, Eggers M, Soza A, Koszinowski UH, Kloetzel PM,
Groettrup M (2000) The proteasome regulator PA28alpha/beta
can enhance antigen presentation without affecting 20S protea-
some subunit composition. Eur J Immunol 30(12):3672-3679

11. Kruger E, Kuckelkorn U, Sijts A, Kloetzel PM (2003) The
components of the proteasome system and their role in MHC

@ Springer



2454

F. Ebstein et al.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

class I antigen processing. Rev Physiol Biochem Pharmacol
148:81-104

Kerscher O, Felberbaum R, Hochstrasser M (2006) Modification
of proteins by ubiquitin and ubiquitin-like proteins. Annu Rev
Cell Dev Biol 22:159-180

. Herrmann J, Lerman LO, Lerman A (2007) Ubiquitin and ubiqui-

tin-like proteins in protein regulation. Circ Res 100(9):1276-1291
Ebstein F, Lange N, Urban S, Seifert U, Kruger E, Kloetzel PM
(2009) Maturation of human dendritic cells is accompanied by
functional remodelling of the ubiquitin-proteasome system. Int J
Biochem Cell Biol 41(5):1205-1215

Raasi S, Schmidtke G, Groettrup M (2001) The ubiquitin-like
protein FAT10 forms covalent conjugates and induces apoptosis.
J Biol Chem 276(38):35334-35343

Ross MJ, Wosnitzer MS, Ross MD, Granelli B, Gusella GL,
Husain M, Kaufman L, Vasievich M, D’Agati VD, Wilson PD,
Klotman ME, Klotman PE (2006) Role of ubiquitin-like protein
FAT10 in epithelial apoptosis in renal disease. ] Am Soc Nephrol
17(4):996-1004

Lee CG, Ren J, Cheong IS, Ban KH, Ooi LL, Yong Tan S, Kan
A, Nuchprayoon I, Jin R, Lee KH, Choti M, Lee LA (2003)
Expression of the FAT10 gene is highly upregulated in hepato-
cellular carcinoma and other gastrointestinal and gynecological
cancers. Oncogene 22(17):2592-2603

Ji F, Jin X, Jiao CH, Xu QW, Wang ZW, Chen YL (2009) FAT10
level in human gastric cancer and its relation with mutant p53
level, lymph node metastasis and TNM staging. World J Gas-
troenterol 15(18):2228-2233

Canaan A, Yu X, Booth CJ, Lian J, Lazar I, Gamfi SL, Castille K,
KohyaN, Nakayama Y, Liu YC, Eynon E, Flavell R, Weissman SM
(2006) FAT10/diubiquitin-like protein-deficient mice exhibit
minimal phenotypic differences. Mol Cell Biol 26(13):5180-5189
Chiu YH, Sun Q, Chen ZJ (2007) E1-L2 activates both ubiquitin
and FAT10. Mol Cell 27(6):1014-1023

Aichem A, Pelzer C, Lukasiak S, Kalveram B, Sheppard PW,
Rani N, Schmidtke G, Groettrup M (2010) USEI1 is a bispecific
conjugating enzyme for ubiquitin and FAT10, which FAT10y-
lates itself in cis. Nat Commun 1:13

Hipp MS, Kalveram B, Raasi S, Groettrup M, Schmidtke G
(2005) FATI10, a ubiquitin-independent signal for proteasomal
degradation. Mol Cell Biol 25(9):3483-3491

Kuckelkorn U, Ferreira EA, Drung I, Liewer U, Kloetzel PM,
Theobald M (2002) The effect of the interferon-gamma-inducible
processing machinery on the generation of a naturally tumor-
associated human cytotoxic T lymphocyte epitope within a wild-
type and mutant p53 sequence context. Eur J Immunol
32(5):1368-1375

Seifert U, Bialy LP, Ebstein F, Bech-Otschir D, Voigt A, Schroter
F, Prozorovski T, Lange N, Steffen J, Rieger M, Kuckelkorn U,
Aktas O, Kloetzel PM, Kruger E (2010) Immunoproteasomes
preserve protein homeostasis upon interferon-induced oxidative
stress. Cell 142(4):613-624

Deveraux Q, Ustrell V, Pickart C, Rechsteiner M (1994) A 26 S
protease subunit that binds ubiquitin conjugates. J Biol Chem
269(10):7059-7061

Thrower JS, Hoffman L, Rechsteiner M, Pickart CM (2000)
Recognition of the polyubiquitin proteolytic signal. EMBO J
19(1):94-102

@ Springer

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Schultz ES, Chapiro J, Lurquin C, Claverol S, Burlet-Schiltz O,
Warnier G, Russo V, Morel S, Levy F, Boon T, Van den Eynde
BJ, van der Bruggen P (2002) The production of a new MAGE-3
peptide presented to cytolytic T lymphocytes by HLA-B40
requires the immunoproteasome. J Exp Med 195(4):391-399
Sun Y, Sijts AJ, Song M, Janek K, Nussbaum AK, Kral S, Schirle
M, Stevanovic S, Paschen A, Schild H, Kloetzel PM, Schaden-
dorf D (2002) Expression of the proteasome activator PA28
rescues the presentation of a cytotoxic T lymphocyte epitope on
melanoma cells. Cancer Res 62(10):2875-2882

Schmidtke G, Kalveram B, Weber E, Bochtler P, Lukasiak S,
Hipp MS, Groettrup M (2006) The UBA domains of NUBI1L are
required for binding but not for accelerated degradation of the
ubiquitin-like modifier FAT10. J Biol Chem 281(29):20045—
20054

Hipp MS, Raasi S, Groettrup M, Schmidtke G (2004) NEDD8
ultimate buster-1L interacts with the ubiquitin-like protein FAT10
and accelerates its degradation. J Biol Chem 279(16):16503-16510
Bachem A, Guttler S, Hartung E, Ebstein F, Schaefer M, Tannert
A, Salama A, Movassaghi K, Opitz C, Mages HW, Henn V,
Kloetzel PM, Gurka S, Kroczek RA (2010) Superior antigen
cross-presentation and XCRI1 expression define human
CDllc + CD141 + cells as homologues of mouse CD8+ den-
dritic cells. J Exp Med 207(6):1273-1281

Buchsbaum S, Bercovich B, Ciechanover A (2012) FATIO is a
proteasomal degradation signal that is itself regulated by ubig-
uitination. Mol Biol Cell 23(1):225-232

Norbury CC, Basta S, Donohue KB, Tscharke DC, Princiotta MF,
Berglund P, Gibbs J, Bennink JR, Yewdell JW (2004) CD8 +T
cell cross-priming via transfer of proteasome substrates. Science
304(5675):1318-1321

Wolkers MC, Brouwenstijn N, Bakker AH, Toebes M, Schum-
acher TN (2004) Antigen bias in T cell cross-priming. Science
304(5675):1314-1317

Basta S, Stoessel R, Basler M, van den Broek M, Groettrup M
(2005) Cross-presentation of the long-lived lymphocytic chorio-
meningitis virus nucleoprotein does not require neosynthesis and
is enhanced via heat shock proteins. J Immunol 175(2):796-805
Blachere NE, Darnell RB, Albert ML (2005) Apoptotic cells
deliver processed antigen to dendritic cells for cross-presentation.
PLoS Biol 3(6):e185

Janda J, Schoneberger P, Skoberne M, Messerle M, Russmann H,
Geginat G (2004) Cross-presentation of Listeria-derived CD8 T
cell epitopes requires unstable bacterial translation products.
J Immunol 173(9):5644-5651

Shen L, Sigal LJ, Boes M, Rock KL (2004) Important role of
cathepsin S in generating peptides for TAP-independent MHC
class I crosspresentation in vivo. Immunity 21(2):155-165
Seifert U, Kruger E (2008) Remodelling of the ubiquitin-pro-
teasome system in response to interferons. Biochem Soc Trans
36(Pt 5):879-884

Sugiura T (2011) The cellular level of TRIM31, an RBCC protein
overexpressed in gastric cancer, is regulated by multiple mech-
anisms including the ubiquitin-proteasome system. Cell Biol Int
35(7):657-661



	The FAT10- and ubiquitin-dependent degradation machineries exhibit common and distinct requirements for MHC class I antigen presentation
	Abstract
	Introduction
	Materials and methods
	Reagents and antibodies
	Cell culture
	Plasmids
	In vitro transfection and western blotting
	Immunoprecipitation
	RNA interference
	Antigen presentation assay
	Cross-presentation assay
	Statistical analysis

	Results
	FAT10 modification of pp65 improves the presentation of the HCMV pp65495--503 epitope
	The pp65495--509 epitope presentation derived from FAT10-pp65 is less dependent on Rpn10 than that derived from Ub-pp65
	FAT10-pp65 processing is not controlled by i-proteasomes and/or PA28
	NUB1 and its splicing variant NUB1L specifically regulate the pp65495--503 presentation arising from FAT10-pp65

	Discussion
	Acknowledgments
	References


