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ABSTRACT

Mature dendritic cells (DC), activated lymphocytes,
mononuclear cells and neutrophils express CD83, a
surface protein apparently necessary for effective
DC-mediated activation of naı̈ve T-cells and
T-helper cells, thymic T-cell maturation and the
regulation of B-cell activation and homeostasis.
Although a defined ligand of CD83 remains elusive,
the multiple cellular subsets expressing CD83, as
well as its numerous potential implications in im-
munological processes suggest that CD83 plays an
important regulatory role in the mammalian immune
system. Lately, nucleocytoplasmic translocation of
CD83 mRNA was shown to be mediated by direct
interaction between the shuttle protein HuR and a
novel post-transcriptional regulatory element (PRE)
located in the CD83 transcript’s coding region.
Interestingly, this interaction commits the CD83
mRNA to efficient nuclear export through the
CRM1 protein translocation pathway. More
recently, the cellular phosphoprotein and HuR
ligand ANP32B (APRIL) was demonstrated to be
directly involved in this intracellular transport
process by linking the CD83 mRNA:HuR
ribonucleoprotein (RNP) complex with the CRM1
export receptor. Casein kinase II regulates this
process by phosphorylating ANP32B. Here, we
identify another RNA binding protein, AUF1 (hnRNP
D) that directly interacts with CD83 PRE. Unlike
HuR:PRE binding, this interaction has no impact
on intracellular trafficking of CD83 mRNA-
containing complexes; but it does regulate transla-
tion of CD83 mRNA. Thus, our data shed more light
on the complex process of post-transcriptional
regulation of CD83 expression. Interfering with this

process may provide a novel strategy for inhibiting
CD83, and thereby cellular immune activation.

INTRODUCTION

The transmembrane glycoprotein CD83 belongs to the
Ig-superfamily and was shown to be highly expressed on
mature dendritic cells (DC) (1–4), and moderately
expressed on activated B and T lymphocytes (5–7), macro-
phages (8,9) and neutrophils (10). Thus, the CD83 protein
serves as a surface marker for fully matured DC (2,11).
Although its exact function is still unknown (12), multiple
independent findings suggested that CD83 plays a crucial
role in regulating several immune responses, such as
thymic T-cell development (13,14), activation of T
lymphocytes by DC (3,4) and several important functions
in B lymphocyte biology (15).

Besides the expression of membrane-bound CD83,
which is strongly upregulated during DC maturation,
soluble forms of CD83 generated by alternative splicing
(16) are found in the supernatants of DC and B cells (17)
and at elevated levels in the serum of patients suffering
from certain haematological malignancies or from
rheumatoid arthritis (18). Interestingly, soluble CD83
completely abrogates DC-mediated allogenic T-cell activa-
tion in vitro and in vivo, a process that interferes with the
development of autoimmune disorders or the rejection of
allografts in several mice models (19–23).

CD83, therefore, seems to be an important player in
regulating the adoptive immune response. However,
despite intense research during the past decade, neither a
defined CD83 receptor or CD83 ligand nor the respective
signal transduction pathways involved have been
elucidated. Nevertheless, CD83 seems to orchestrate a
multitude of functions on various immune cells, for
example, mediating the activation of naı̈ve CD4+ T cells
and CD8+cells by DC (4,24–26), the thymic maturation of
CD4+ single positive lymphocytes (14) and the activation,
as well as homoeostasis of B lymphocytes in mice (15).
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For these reasons, it was of particular interest to inves-
tigate the regulation of CD83 expression in more detail, at
both the transcriptional and post-transcriptional level
(27,28). Initially, Kruse et al. (28) provided evidence that
the CD83 transcript is transported from the site of tran-
scription in the nucleus to the cytoplasmic site of transla-
tion through an unexpected and uncommon route,
engaging the nuclear export receptor CRM1. This was in
strong contrast to the established notion that metazoan
mRNAs are transported through the NXF1/TAP
nuclear export pathway [for reviews on nuclear mRNA
export see (29,30)]. A subsequent systematic analysis of
potential CRM1-regulated mRNAs then demonstrated
that a small subset of cellular transcripts, including the
CD83 mRNA, are indeed transported across the nuclear
envelope by CRM1 in activated T lymphocytes (31). This
unusual export of CD83 mRNA was subsequently con-
firmed in independent studies (7,32,33).

CRM1 is the major nuclear export receptor for proteins,
interacting with their leucine-rich nuclear export signals
(NES), it is responsible for the nucleocytoplasmic trans-
location of a large variety of proteins and non-coding
RNAs in a Ran-GTP dependent manner (34,35).
Interestingly, a detailed analysis of the CD83 transcript
revealed a highly structured cis-active RNA element
located in the coding region of this mRNA, called the
post-transcriptional regulatory element (PRE), which
serves as a binding site for the cellular shuttling protein
HuR (32).

The human HuR protein is a ubiquitously expressed
member of a family of RNA-binding proteins, and it is
related to the Drosophila ELAV (embryonic lethal
abnormal vision) protein (36–39). HuR is a multifunc-
tional regulator involved in the post-transcriptional pro-
cessing of specific mRNA subsets by affecting their
stability, transport or translation [reviewed in (40–42)].
HuR is mostly known for stabilizing otherwise highly
unstable early response gene mRNAs (ERG) by binding
to so-called AU-rich elements (AREs), which are
commonly located in the untranslated regions of these
ERG transcripts (43).

However, HuR binding to the coding region PRE in
CD83 mRNA does not affect the stability of this
message, but commits this mRNA to CRM1-mediated
nuclear export (32–34). As HuR itself lacks a binding
site for CRM1 (i.e. an NES), the NES-containing
adaptor ANP32B, also called APRIL, connects the
HuR:CD83 mRNA complex to CRM1 (44). This shuttling
capacity of ANP32B is regulated by phosphorylation of its
threonine-244 by casein kinase II (45).

Besides HuR, a number of ARE-binding proteins that
have various impacts on the post-transcriptional process-
ing of transcripts have been described previously (46). One
cellular protein binding to ARE is AUF1, which has been
reported to oppose the function of HuR in the post-tran-
scriptional processing of ERG-mRNAs (47–49). AUF1,
also called hnRNP D, is expressed in four isoforms, p37,
p40, p42 and p45, by alternative splicing of a single
precursor mRNA (50,51). The majority of cell culture
studies correlated the overexpression of AUF1 with
rapid degradation of ARE-containing mRNAs (51–55).

Consequently, knock-down of AUF1 in a mouse model
provoked endotoxic shock because of the failure to
degrade ARE-containing pro-inflammatory cytokine
mRNAs, such as tumour necrosis factor (TNF)-a tran-
scripts (56).
The fact that both, AUF1 and HuR, bind to AREs

prompted us to investigate whether AUF1, like HuR
(32), also interacts with the CD83 transcript. Here, we
identified AUF1 as a potent binding partner of the
CD83 mRNA PRE. Furthermore, we analysed the
impact of this interaction on the fate of CD83 mRNA
by various experimental approaches and identified
AUF1 as a pivotal regulator of CD83 mRNA translation.

MATERIALS AND METHODS

Molecular clones

The plasmids pBC12/CMV/CAT, pBC12/CMV/luc,
p3CD83-PRE (nucleotides 466–615), p3TNF-a-ARE,
pGEM-rev response element (RRE), p3CD83PRE�
SubL1 (CD83 coding sequence (CDS) deletion, nucleotides
498–537), p3CD83PRE�SubL2 (CD83 CDS deletion,
nucleotides 543–555), p3CD83�SubL3 (CD83 CDS
deletion, nucleotides 561–594), p3 untranslated region
(UTR)-CD83, p3UTR-CD83�SubL1-3 (CD83 CDS
deletion, nucleotides 498–594), pGAPDH and pUHC-
UTR-CD83 were published previously (32,33). The
reporter construct pBC12/CMV/luc/PRE is identical with
the vector pBC12/CMV/luc/SL2 reported earlier (32).
The expression plasmids used for purifying the GST-

fusion proteins, pGex-AUF1p37, pGex-AUF1p40,
pGex-AUF1p42 and pGex-AUF1p45 were constructed
by ligating the respective polymerase chain reaction
(PCR)-generated AUF1-derived fragments between the
BamHI and XhoI site of the vector pGex-5X-1
(Pharmacia Biotech). Likewise, the eukaryotic expression
vectors pBC12/CMV-AUF1p37, pBC12/CMV-AUF1p40,
pBC12/CMV-AUF1p42 and pBC12/CMV-AUF1p45
were constructed by ligating the respective AUF1
fragments omitting stop-codons in frame with sequences
encoding the FLAG-tag between the BamHI and XbaI
site of the pBC12/CMV vector (57).
For knock-down studies, the lentiviral vectors pLKO.1-

puro-AUF1#1, pLKO.1-puro-AUF1#2 and pLKO.1-puro-
SD were obtained from Sigma (MissionTM shRNA)
encoding shRNA targeting the following sequences: 50-TC
GAAGGAACAATATCAGCAA-30 (siAUF#1); 50-AGAG
TGGTTATGGGAAGGTAT-30 (siAUF#2); 50-CGTACG
CGGAATACTTCGAAA-30 (scrambled duplex, SD).

Protein purifications and RNA gel shift assays

GST fusion proteins were expressed in Escherichia coli BL21
and were purified from crude extracts by affinity
chromatography on glutathione–Sepharose 4B (Pharmacia)
as described previously (58). RNA gel-retardation assays
were performed using in vitro-transcribed [32P]-labelled
CD83-derived probes, MS2 competitor RNA and GST
fusion proteins as described in detail (59), except that
RNA:protein complexes were separated on 4 or 6% native
polyacrylamide gels.
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In vitro transcription

Labelled and non-labelled RNA was obtained by in vitro
transcription with or without [a-32P] UTP (Hartmann
Analytic GmbH) using a commercial T7 RNA
polymerase-based kit following the manufacturer’s
instructions (Promega).

Cell culture

The cell line COS7 (ATCC CRL-1651) and HeLa-tTA
(60), which constitutively expresses a Tet repressor-VP16
transactivator fusion protein, were maintained as
previously described (61,62). The mononuclear cell line
MonoMac6 (63) was cultured in RPMI 1640
supplemented with 10% of fetal calf serum (FCS). The
cells were activated by serum depletion for 12 h and by
addition of 10% serum for 3 h, followed by addition of
50 ng/ml phorbol 12-myristate 13-acetate (PMA) and
1 mM of ionomycin (both from Sigma) for up to additional
3.5 h before further analysis.
For analysis of CD83 RNA synthesis and subcellular

distribution, 2.5� 105 COS7 cells were transfected with
250 ng of either p3UTR-CD83 or p3UTR-
CD83�SubL1-3 vector, using DEAE-dextran and
chloroquine as previously described (32). Likewise,
750 ng of the pBC12/CMV-AUF1 expression vectors
were co-transfected with 250 ng of either the p3UTR-
CD83 or p3UTR-CD83�SubL1-3 vector. For analyses
of RNA stability, the transcriptional pulsing strategy
was performed as previously described in detail (32).
For analysis of AUF1-mediated reporter gene activation,

COS7 cells (2.5� 105) were co-transfected with 250ng of
either pBC12/CMV (negative control) or pBC12/CMV/
AUF1 in combination with 125ng of pBC12/CMV/CAT
(internal control) and 250 ng of pBC12/CMV/luc
expression vector using DEAE-dextran and chloroquine
as described previously (64). At 60h post-transfection, cell
lysates were prepared, and the levels of chloramphenicol
acetyltransferase activity were measured using an enzyme-
linked immunosorbent assay (Roche Applied Science).
These values were subsequently used to determine the
amount of cell extract to be assayed for luciferase activity
using a commercially available assay system (Promega
Corp.). DNA input levels were kept constant in all of
these experiments by inclusion of parental pBC12/CMV
vector DNA.
For transduction with lentiviral particles, the cells were

spinoculated with an MOI of 1.0 and 2 mg/ml polybrene at
650 g for 30 min at ambient temperature. After 6 h of
incubation at 37�C, supernatants were discarded, the
cells were kept in culture and transduced cells were
selected with puromycin.

RNA isolation and PCR analyses

Total cellular RNA was isolated according to the
manufacturer’s protocol using TRIzol reagent
(Invitrogen). For isolation of cytoplasmic and nuclear
RNAs, 2� 105 cells were lysed on ice for 1min using
100ml NP40 buffer (10mM of HEPES–KOH pH 7.8,
10mM of KCl, 20% of glycerol, 1mM of DTT, 0.25%

of NP40). Subsequently, the lysates were cleared by
centrifugation at 470g for 5min at 4�C. Cytoplasmic
RNA was isolated from 80 ml of the supernatant using
TRIzol reagent. The nuclei were washed again in 100 ml
of NP40 buffer to deplete residual cytoplasmic RNA.
Afterwards, the nuclear RNA was prepared by using
TRIzol reagent. DNAse treatment of the RNA samples
was performed. Selected RNA samples were reverse
transcribed using the first strand cDNA (AMV) synthesis
kit for reverse transcriptase (RT)-PCR (Roche Molecular
Biochemicals) according to the manufacturer’s
instructions.

Subsequently, RT products were assayed by PCR. For
detection of GAPDH sequences, the following primers
were used: forward, 50-TGAAGGTCGGAGTCAACGG
ATTTGGT-30; reverse, 50-CATGTGGGCCATGAGGT
CCACCAC-30. The amplification profile involved 25
cycles of denaturation at 95�C for 1min, primer annealing
at 56�C for 1 min and primer extension at 72�C for 2min.
CD83 mRNAs were detected by using the following
primer pairs: forward, 5 GGTGAAGGTGGCTTGCTC
CGAAG-30; reverse, 50-GAGCCAGCAGCAGGACAA
TCTCC-30. The amplification profile involved 25 cycles
of denaturation at 95�C for 1min, primer annealing at
56�C for 1 min and primer extension at 72�C for 1min.
Real-time PCR was performed in an ABI PRISM 7700
detector (PerkinElmer Life Sciences). Amplification was
monitored by SYBR green fluorescence. Standard curves
were derived by serial dilution of p3UTR-CD83 and
pGAPDH, and RNAs were normalized by amplification
of GAPDH.

Protein analyses and metabolic labelling

Western blot analyses of cell extracts was performed as
described previously (28) using rabbit anti-AUF1
polyclonal antiserum (kindly provided by Dr Hermann
Gram, Novartis Pharma AG), anti-a-tubulin monoclonal
antibody (clone DM1A; Sigma) and anti-CD83
monoclonal antibody (clone HB15a; Acris).

For metabolic labelling, the cells were washed twice
with phosphate buffered saline and incubated with
cysteine/methionine-free medium containing 10% of
dialysed FCS for 1 h. The cells were metabolically
labelled for up to 1 h using 200 mCi of Tran35S-label
(MP Biochemicals; 1175Ci/mmol). Afterwards, the
cultures were washed twice with phosphate buffered
saline and harvested. For pulse chase experiments, the
radioactive label containing culture medium was
replaced by Dulbecco’s modified Eagle’s medium
supplemented with 10% of FCS for indicated periods
before cell harvest. For deglycosylation of CD83, crude
cellular extracts were incubated with PNGase F (New
England Biolabs) according to the manufacturer’s
instructions.

Fluorescence-activated cell sorting analyses

For flow cytometry analyses, phycoerythrin-conjugated
anti-CD83 monoclonal antibody (clone HB15e;
Pharmingen) was used. The phycoerythrin-conjugated
IgG1-isotype control was obtained from Pharmingen
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and was run in parallel. Cell populations were analysed on
a FACS-CantoTM instrument (BD Biosciences). Non-
viable cells were gated-out on the basis of their light
scattering properties.

RESULTS

Cytoplasmic accumulation, but diminished translation,
of PRE-deleted CD83 mRNA

Previously, it was shown that CD83 mRNA can exit the
nucleus in a CRM1-dependent manner (7,32,33). This
central finding was first reconfirmed (Figure 1A; lanes
1–4). Nuclear export of CD83 mRNA depends on HuR
protein binding directly to PRE, a structured RNA
sequence located in the coding region of the CD83
transcript (32,33). Interestingly, mutational analysis of
the CD83 mRNA demonstrated that the deletion of the
PRE does not result in trapping the CD83 mRNA in
the nucleus, but instead redirects this transcript from the
CRM1-specific to the TAP/NXF1-specific nuclear export
pathway (33). In agreement with this interpretation and as
shown before, both the CD83 wild-type (wt) sequence
(Figure 1A; lanes 5 and 7) and PRE-deleted (�PRE)
CD83 mRNA (Figure 1A; lanes 6 and 8) accumulated to
a comparable extent in the cytoplasm. Unexpectedly,
however, western blot analysis revealed strongly reduced
protein synthesis for the �PRE construct, suggesting that
the PRE also affects subsequent translation of CD83
mRNA (Figure 1B). As demonstrated by a pulse-chase
experiment, this effect is not caused by lower protein
stability of the �PRE construct (Figure 1C). In sharp
contrast to the steady state levels, the half-life of the
CD83�PRE protein seems to be increased (t1/2: �4.6 h)
as compared with the wt protein (t1/2: �2.1 h) (Figure 1C;
lower panel).

Direct binding of AUF1 isoforms to CD83 PRE RNA

Considering that the ARE-binding protein AUF1
(hnRNP D) is known to regulate the translation of
MYC mRNA by directly binding to its ARE (65), we
speculated that AUF1 may also have a functional role in
the translation of CD83 mRNA. We, therefore, expressed
all four known AUF1 isoforms (Figure 2A), p37, p40, p42
and p45 (49–51), as GST-fusions in E. coli, purified them
(Figure 2B) and analysed them for CD83 PRE RNA
binding using RNA gel-retardation assays. These
experiments revealed that all isoforms of AUF1 indeed
bind to CD83 PRE, although the p45 isoform displayed
significantly reduced binding activity (Figure 2C).
Quantification of the experiment (Figure 2C; right panel)
confirmed comparable binding of the three small AUF1
isoforms to CD83 PRE RNA, but a reduced binding
affinity in case of AUF1p45 in these in vitro binding
studies. In control experiments, the addition of unlabelled
competitor RNA indicated strong binding specificity by
the AUF1p37 protein (Figure 2D). Clearly, the
homologous CD83 PRE RNA (lanes 2–5), as well as the
heterologous TNF-a ARE RNA (lanes 10–13), an
established target of AUF1 [reviewed in (49,66,67)],
competed with the 32P-labelled PRE probe for AUF1

binding. In sharp contrast, another highly structured
RNA element, the HIV-1 RRE (68), did not compete
(lanes 6–9). Quantification of PRE- and ARE-binding
indicated comparable AUF1 binding affinities
(Figure 2D; right panel). To analyse whether the PRE
sequence is a unique AUF1 binding site in CD83
mRNA, binding studies were performed, in which the
PRE sequence was deleted (Figure 2E). As shown, PRE
deletion prevented the binding of the p40, p42 and p45
isoforms. However, some residual binding of AUF1p37
(�30%) was detected in this in vitro analysis. The
binding affinity was lower when compared with the
binding of the PRE-containing wt transcript
(Supplementary Figure S2) and, importantly, binding
did not result in an activity as analysed later in the text
(Figures 3–5).
Furthermore, supershift assays showed that adding

increasing amounts of AUF1-specific antibody to the
binding reaction resulted in higher molecular weight
complexes (Figure 2F; lanes 3–5), whereas non-specific
antibody did not (lanes 6–8).
Next, when we analysed previously described CD83

PRE deletion mutants (33), we found that the entire
CD83 mRNA PRE structure is necessary for interaction
with AUF1. Although AUF1p37 binds to wt CD83
mRNA, as measured in RNA gel shift analyses, the
depletion of single subloops of PRE abolished this
binding completely (Figure 2G).

Overexpression of AUF1 enhances CD83 expression in
a PRE-dependent manner

To investigate potential effects of AUF1 interacting with
CD83 mRNA, reporter constructs, encoding either
luciferase alone or luciferase with the CD83 PRE
located in its 30-UTR (i.e. pBC12/CMV/luc/PRE;
Figure 3A), were transiently co-transfected together with
each AUF1 isoform into COS7 cells. Subsequently,
monitoring luciferase expression revealed increased
reporter activities on AUF1 overexpression, an effect
that was exclusively observed with the PRE-containing
reporter construct (Figure 3A; lower panel). Cells were
then co-transfected with a plasmid expressing the wt
CD83 cDNA flanked by the entire homologous 50- and
30-UTR (p3UTR-CD83; Figure 3B) together with
expression vectors encoding FLAG-tagged versions of
the AUF1 isoforms. Detection of AUF1 and CD83
proteins by western blot analyses revealed increased
CD83 protein levels in AUF1 co-expressing cells
(Figure 3B; middle panel). The lower in vitro binding of
AUF1p45 to CD83 mRNA (Figure 2) did not result in
quantitatively different CD83 protein expression when
compared with the effect caused by the other AUF1
isoforms (Figure 3B; middle panel). This type of
functional analysis was also performed with the
CD83�PRE mutant RNA. Clearly, the increase in
CD83 wt protein level because of AUF1 overexpression
was not observed when this deletion mutant was analysed
(Figure 3B; lower panel).
Strikingly, when the co-transfection experiments in

Figure 3B included increasing amounts of CD83
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PRE-expressing vector DNA, CD83 expression reverted
to levels without AUF1 overexpression (Figure 3C),
suggesting a competitive quenching effect of CD83 PRE.
In contrast, overexpression of the unrelated HIV-1 RRE
did not affect CD83 expression. These results argue that
specific post-transcriptional regulation of CD83
expression is indeed AUF1- and PRE-dependent.

AUF1 overexpression does not affect intracellular
distribution or stability of CD83 mRNA, but enhances
CD83 protein synthesis

To investigate how AUF1 affects CD83 expression in
more detail, we next analysed total and cytoplasmic
levels of CD83 mRNA in transfected COS7 cells.
Neither total CD83 mRNA nor cytoplasmic CD83

mRNA amounts were significantly affected by
overexpression of the various AUF1 isoforms
(Figure 4A). These results were further supported by
using a transcriptional pulsing strategy (69,70); HeLa-
tTA cells (60) were co-transfected with the pUHC-UTR-
CD83 plasmid, expressing the CD83 coding sequence and
the wt UTRs (Figure 3B) under the control of a
tetracycline-sensitive transactivator-responsive promoter,
and the AUF1p40 expression vector or respective
parental vector for control. On doxycycline-induced
transcriptional shut-off, an RNA-isolation time course
was performed, and CD83 transcripts were quantified by
real-time PCR. CD83 mRNAs displayed comparable
stabilities in control and AUF1-overexpressing cells
(Figure 4B).

Figure 1. CD83 mRNA with a PRE deletion is transcribed and translocated into the cytoplasm, but is translated inefficiently. (A) Full length CD83
(lanes 1–4, 5 and 7) or a CD83�PRE mutant construct (lanes 6 and 8) were transfected into COS7 cells. Ten nanomolars of leptomycin B was added
to samples 2 and 4. Total (lanes 3, 4, 7, 8) and cytoplasmic RNA (lanes 1, 2, 5, 6) was harvested 48 h post-transfection and was analysed by RT-
PCR. (B) COS7 cells transfected as described in (A) were harvested 48 h post-transfection, crude protein extracts were prepared and subjected to
western blot analysis (lane 1: mock control, lane 2: CD83 wt, lane 3: CD83�PRE). (C) COS7 cells were transiently transfected with vectors
expressing complete CD83 cDNA or a derivative thereof lacking the PRE sequence (CD83�PRE). Twenty-four hours post–transfection, de novo
synthesized proteins were labelled with a 35S-translabel pulse (1 h). For chase, cell cultures were maintained in label-free medium for the indicated
periods. Crude extracts were subjected to CD83 immunoprecipitation followed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS–
PAGE). Protein stabilities were quantified by phosphorimaging (lane 1/9: negative control; lane 2–8: CD83 wt; lane 10–16: CD83�PRE; lanes 2 and
10: newly synthesized CD83 protein variants; residual lanes: indicated time points post labelling). Lower panel: quantification of relative CD83
protein levels over time for CD83 wt (black square) or for CD83�PRE (grey rhombus).
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Figure 2. All isoforms of AUF1 bind specifically to CD83-PRE RNA. (A) Schematic depiction of AUF1 isoforms. (B) GST-AUF1 isoforms were
expressed in E. coli, purified and analysed by Coomassie stained SDS–PAGE. Lane 1: marker; lane 2: GST-AUF1p37; lane 3: GST-AUF1p40; lane
4: GST-AUF1p42; lane 5: GST-AUF1p45. (C) CD83 PRE RNA was incubated with increasing amounts of the indicated AUF1 isoforms (lanes 1, 5,
9 and 13: 800 ng GST; lanes 2–4, 6–8, 10–12 and 14–16: 100–800 ng of recombinant GST-tagged AUF1 protein). Binding of the proteins was
evaluated by RNA gel shift experiments. Right panel: quantification of the gel shift experiment by densitometry. The relation of complexed CD83
mRNA to total CD83 mRNA (bound and free RNA) was plotted against the AUF1 protein concentration as a measure for binding efficiency.
(D) Five hundred nanograms of GST-AUF1p37 protein (lanes 2–13) was incubated with radiolabelled CD83 PRE RNA plus increasing amounts of
non-labelled competitor RNA. Binding of AUF1p37 to radioactive CD83 PRE RNA was measured as aforementioned (lane 1: 500 ng GST; lanes 2,
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Taken together, these findings suggest that an AUF1-
effect on CD83 mRNA processing occurs after this
transcript has reached the cytoplasm. This notion was
further supported when CD83 protein synthesis was
measured by metabolic labelling of transfected cell
cultures in the presence or absence of the various AUF1
isoforms. COS7 cells were transiently transfected with
CD83 and AUF1 expression plasmids and were treated
with 35S-labelled methionine and cysteine for a short
period. Subsequently, newly synthesized CD83 protein
was detected by CD83-specific immunoprecipitation
analysis. Co-expression of AUF1 clearly enhanced the
rate of de novo CD83 protein synthesis (Figure 4C;
upper panel), indicating a direct AUF1 effect on the
translation of CD83 mRNA. This effect was not
observed when the CD83�PRE mutant as analysed in
this type of experiment (Figure 4C; lower panel). In
addition, the impact of AUF1 overexpression on CD83
protein stability was analysed by pulse-chase experiments.
The initial increase in newly synthesized CD83 protein
mediated by AUF1p40 overexpression was confirmed
(Figure 4D; compare lanes 2 and 8). However, as the
half-life of CD83 in the absence or presence of
overexpressed AUF1, quantified by phosphorimaging,
was 2.9 h (without AUF1 overexpression) or 2.4 h (with
AUF1 overexpression) (Figure 4D; lower panel); AUF1
had no significant impact on the degradation of CD83
protein.

Silencing endogenous AUF1 impairs CD83 expression in
a post-transcriptional fashion

To further evaluate the impact of AUF1 on CD83
expression, we silenced AUF1 by RNA interference
(RNAi). First, COS7 cells were transduced with lentiviral
vectors expressing two different short hairpin RNAs
(shAUF1#1 and shAUF#2) directed against target
sequences present in the transcript of all AUF1
isoforms. Two weeks after lentiviral transduction, the
respective cultures were transiently transfected with
CD83 expression plasmid (p3UTR-CD83; depicted in
Figure 3B). Subsequent western blot analysis
demonstrated that both lentiviral vectors strongly
reduced the expression of all endogenous AUF1
proteins, as well as de novo CD83 synthesis (Figure 5A;
lanes 1 and 2). These effects were not observed in control
experiments with lentiviral vectors expressing SD shRNA
(shSD) (Figure 5A; lanes 3 and 4). Another transcriptional
pulse experiment demonstrated that silencing of AUF1

did not affect the stability of CD83 mRNA (Figure 5B),
again suggesting that AUF1 proteins affect CD83
expression at the post-transcriptional level, most likely
directly affecting translation. To demonstrate the
requirement of the PRE sequence for this level of CD83
regulation, the same experiment was performed using the
CD83�PRE mutant. As expected and in agreement with
the previous data, deletion of the PRE from the CD83
transcript resulted in AUF1-independent CD83
translation (Figure 5C).

Next, the effect of AUF1 silencing on the expression of
endogenous CD83 was investigated using the
mononuclear cell line MonoMac6, which expresses
CD83 surface protein on cellular activation with
ionomycin and PMA. MonoMac6 cultures were first
transduced with shAUF1#2 lentiviral particles or
negative control shSD particles as before. After
ionomycin/PMA activation, CD83 surface expression
was monitored by fluorescence-activated cell sorting
(FACS) in both cultures over time. The knock-down of
AUF1 clearly resulted in attenuation of the surface
expression of endogenous CD83 protein (Figure 6A).
The analysis of the forward and sideward scatter profile
(Supplementary Figure S1) served as an indicator of
cellular maintenance. Western blot analyses confirmed
effective AUF1 silencing in the shAUF1#2-transduced
MonoMac6 cultures (Figure 6B; lanes 3 and 4).
Furthermore, CD83-specific immunoprecipitation
analysis of metabolically labelled MonoMac6 extracts
demonstrated again that CD83 synthesis is strongly
reduced by �50% in AUF1-depleted cells (Figure 6B;
lower panel). As expected, mRNA quantification in the
respective cell cultures by PCR revealed no significant
effect of AUF1-silencing on CD83 mRNA levels
(Figure 6C), mirroring the results obtained before using
transiently transfected cells.

DISCUSSION

As CD83 seems to be an important immune regulatory
molecule, it may hold great potential for therapeutic
applications (13). However, before such possible clinical
applications, the biology of CD83 must be investigated in
more detail, particularly at the molecular level. Besides the
challenge of finding a bona fide ligand of CD83 and
analysing the upstream signalling pathways that affect
CD83 function, detailed analysis of the post-
transcriptional regulation of CD83 expression has

Figure 2. Continued
6, 10: no competitor RNA; lanes 3–5: CD83 PRE RNA; lanes 7–9: HIV1-RRE RNA; lanes 11–13: TNF-a ARE RNA: each 1-, 2- and 3-fold excess).
Right panel: radioactive signals from the shifted labelled CD83 PRE RNA were quantified by phosphorimaging and plotted as binding curves.
(E) Thousand nanograms of indicated AUF1-proteins were incubated with CD83 wt mRNA (full length) or CD83�PRE mRNA. Complex
formation was analysed by gel shift experiment. Lanes 1 and 6: GST-control, residual lanes indicated GST-AUF1 fusion proteins and indicated
mRNA binding substrates. (F) Thousand nanograms of GST-AUF1p37 protein was incubated with radiolabelled CD83 PRE RNA (lanes 2–8).
Increasing amounts of AUF1-specific antibody or non-specific antibody (anti-FLAG, Sigma) (500–1500 ng each) were added to the reactions. RNA
gel shift analyses were performed to detect the binding and supershift of the protein:RNA complexes (lane 1: 1000 ng GST; lane 2: no antibody; lanes
3–5: anti-AUF1 antibody; lanes 6–8: anti-FLAG antibody; lane 9: only anti-AUF1 antibody without AUF1). (G) Radiolabelled CD83 PRE RNA
(lanes 1 and 2), and single subloop deletions CD83 PRE �SubL1 (lanes 3 and 4); CD83 PRE �SubL2 (lanes 5 and 6) and CD83 PRE �SubL3
(lanes 7 and 8) were incubated with 1000 ng GST or 1000 ng GST-AUF1p37 as indicated (�/+). RNA gel shift analysis was performed to indicate the
binding capacity.
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Figure 3. Overexpression of all AUF1 isoforms enhances exogenous CD83 expression in a PRE-dependent manner. (A) COS7 cells were transiently
transfected with reporter constructs encoding firefly luciferase or a firefly luciferase-PRE fusion together with indicated AUF1-isoforms. For internal
control purposes, a vector encoding chloramphenicol transferase (CAT) driven by a CMV-IE promoter was co-transfected. Forty-eight hours post–
transfection, crude extracts were prepared, and CAT as well as luciferase activities were analysed. Relative CAT-graded luciferase activities are
depicted. (B) COS7 cells were transfected with a vector encoding complete CD83 wt cDNA or CD83�PRE cDNA and were co-transfected with
eukaryotic expression vectors encoding FLAG-tagged AUF1-isoforms. Forty-eight hours post–transfection, crude extracts were subjected to western
blot analyses detecting a-tubulin, AUF1 and CD83 (upper part: CD83 wt; lower part: CD83�PRE; lane 1/6: without AUF1; lane 2/7: AUF1p37;
lane 3/8: AUF1-p40; lane 4/9: AUF1p42; lane 5/10: AUF1p45). (C) COS7 cells were co-transfected with a vector encoding the indicated AUF1-
isoforms, a vector encoding full length CD83 cDNA, as well as with increasing amounts of a vector encoding CD83 PRE RNA (1-, 2- and 3-fold
excess). As a control, HIV-1-RRE RNA was transfected instead of CD83 PRE RNA. Forty-eight hours after transfection, crude extracts were
analysed by western blot analyses, detecting a-tubulin and CD83 (in each panel: lane 1: without AUF1; lane 2: indicated AUF1 isoform; lanes 3–5:
isoform of AUF1 and increasing amounts of competitor RNA).
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Figure 4. AUF1 increases CD83 expression not by altering CD83 mRNA distribution or stability, but by enhancing de novo protein synthesis.
(A) COS7 cells were transiently transfected with a CD83 expression construct and were co-transfected with vectors encoding for the indicated AUF1-
isoforms. Total and cytoplasmic RNAs were prepared and subjected to PCR analyses (top panels: lanes 1–5: total RNA; lanes 6–10: cytoplasmic
RNA; lanes 1 and 6: without AUF1; remaining lanes with indicated AUF1-isoforms; lower panels: qPCR quantification of the CD83 mRNA levels
detected in the top panels, normalized to GAPDH levels). (B) HeLa-tTA cells were transfected with a construct encoding inducible CD83 cDNA and
were co-transfected with a vector encoding AUF1p40 or a parental vector for control. After a transcriptional pulse, a time course was performed to
isolate residual CD83 mRNA and calculate the half-life of CD83 transcripts by quantitative real time PCR. GAPDH-normalized CD83 mRNA levels
are depicted. (C) COS7 cells were transfected with a vector encoding for complete CD83 wt cDNA or CD83�PRE cDNA and were co-transfected
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become a major focus in recent years. Unexpectedly, this
revealed that the CD83 transcript accesses an uncommon
mRNA nucleocytoplasmic transport route, involving a
specific cis-active CD83 RNA domain, the RNA-binding
protein HuR and its adaptor ANP32B, the export
receptor CRM1 and casein kinase II regulating this

export process by ANP32B phosphorylation
(7,28,31,32,44,45).
More recently, it has been demonstrated that deletion of

the PRE from the CD83 transcript does not trap this
mRNA in the nucleus, but results in it being redirected
away from the CRM1 export receptor towards the

Figure 4. Continued
with eukaryotic expression vectors encoding for FLAG-tagged AUF1-isoforms. Twenty-four hours post–transfection, de novo synthesized proteins
were labelled with a 35S-translabel pulse (1 h), crude extracts were subjected to CD83 immunoprecipitation followed by SDS–PAGE. Precipitated
CD83 protein was quantified using a phosphorimager and the percentage values indicated in the figure (upper part: CD83 wt; lower part:
CD83�PRE; lane 1/7: negative control; lane 2/8: without AUF1; lanes 3–6 and 9–12: AUF1-isoforms). (D) Co-transfection of CD83 and
AUF1p40 expression vectors and metabolic labelling were performed as described in (C). For chase, cell cultures were maintained in label-free
medium for the indicated periods. Protein stabilities were quantified by phosphorimaging (lane 1: negative control; lane 2–7: no AUF1
overexpression; lane 8–13: AUF1p40 overexpression; lanes 2 and 8: newly synthesized CD83 protein; residual lanes: indicated time points post
labelling). Lower panel: relative CD83 protein levels over time reveal similar half-lives with (black square) or without (grey rhombus) AUF1p40
overexpression.

Figure 5. siRNA mediated knock-down of AUF1 reduces CD83 expression in a post-transcriptional manner without affecting mRNA stability.
(A) COS7 cells were stably transduced with lentiviral vectors encoding siRNA directed against AUF1. Two weeks after transduction, these cells were
transiently transfected with CD83 expression vectors. Forty-eight hours after transfection, metabolic labelling of newly synthesized proteins was
performed, crude extracts were subjected to immunoprecipitation and western blot analysis, detecting a-tubulin, AUF1 and the respective de novo
synthesized CD83 proteins [left panel: lane 1: CD83 and AUFsiRNA#2; lane 2: CD83 and AUFsiRNA#1; lane 3: CD83 and SD control siRNA; lane
4: SD control siRNA without CD83; CD83 de novo expression quantities are indicated]. (B) HeLa-tTA cells were stably transduced with lentiviral
vectors encoding control siRNA (shSD) or shRNA directed against AUF1. Two weeks after transduction, the cells were transfected with a construct
encoding inducible CD83 cDNA. After a transcriptional pulse, a time course was performed to isolate residual CD83 mRNA and calculate the half-
life of CD83 transcripts by real-time PCR. GAPDH-normalized CD83 mRNA levels are plotted against time. (C) Stably transduced COS7 cells with
lentiviral vectors encoding shRNA directed against AUF1 or shSD for control were transfected with an expression vector encoding CD83�PRE
cDNA. Forty-eight hours after transfection, the cells were treated as described in (A), and de novo synthesized CD83�PRE protein was quantified
(lane 1: without CD83; lane2: shSD control with CD83�PRE; lane 3: shAUF1 with CD83�PRE).
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standard NXF/TAP-specific cellular mRNA export
pathway (33). Although the �PRE CD83 mRNA localizes
efficiently in the cytoplasm (Figure 1A), translation of this
transcript is inefficient (Figure 1B). We, therefore,
hypothesized that either HuR or another PRE-binding
protein may affect the translation of the CD83 transcript.
It was recently reported that AUF1 regulates the
translation of MYC mRNA (65), a transcript rich in AU
elements (ARE). Another independent study demon-
strated that AUF1 interacts with the eIF4G,

poly(A)-binding protein (PABP) complex, therefore,
suggesting an AUF1 function in translation during AU-
rich mRNA decay (71).

Our RNA–protein interaction analyses revealed a strong
and specific association between AUF1 and CD83 PRE
RNA (Figure 2). However, residual low-affinity binding
of the AUF1p37 isoform to CD83 mRNA lacking the
PRE sequence RNA was observed (Figure 2E and
Supplementary Figure S2). Whether this rather weak
interaction is of any biological relevance and the location

Figure 6. Knock-down of AUF1 attenuates endogenous CD83 expression in a mononuclear cell line at the post-transcriptional level. MonoMac6
cells were stably transduced with lentiviral vectors encoding control siRNA (siSD) or AUF1-siRNA#2. Two weeks later, the cells were activated with
ionomycin and PMA. Within several hours, the cells were harvested and (A) endogenous CD83 surface expression was quantified by FACS analysis
(left control; right siAUF1 knock-down). (B) CD83 de novo synthesis between 1.5 and 2.5 h post-activation was measured by a transcriptional pulse
experiment. The respective crude extracts were subjected to immunoprecipitation, followed by SDS–PAGE and quantification by phosphorimaging.
In parallel, the crude extracts were evaluated by western blot analysis of a-tubulin and AUF1 expression (lanes 1 and 2: SD siRNA controls; lanes
3 and 4: siAUF1; lane 1 and 3: no activation; lane 2 and 4: activation). (C) CD83 mRNA transcription rates were determined by isolating and
reverse transcribing total RNA from cells during the time course described in (A) and (B). The respective cDNA was quantified by real time PCR,
including GAPDH transcripts for evaluation. GAPDH-normalized CD83 transcript signals are plotted against time.
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of the respective binding site in CD83 mRNA has to be
investigated in future studies. As shown here, binding of
the AUF1p37 isoform to �PRE transcripts did neither
affect CD83 de novo synthesis (Figure 4C) nor the
protein’s half-life (Figure 4D). One may speculate that
indeed a secondary binding site for AUF1p37 exists in
CD83 mRNA, thus resembling the structure of TNF-a
mRNA. The stability of the TNF-a transcript is regulated
by binding of AUF1 to an ARE sequence located in its
30-UTR (49,66,67). Besides this primary binding site, a
secondary constitutive decay element (CDE) was also
identified in this transcript that affects the stability of
TNF-a mRNA independently from the ARE (72).
However, the combined results raised in the present study
indicate that the regulation of CD83 translation by AUF1
proteins is mediated exclusively through the PRE sequence.

As CD83 mRNA, including the PRE, does not harbour
any classical class I or II AREs (32), which could serve as
an AUF1 binding site, the association seems to be
structure dependent. Moreover, deletion of ARE class
III-like sequences (i.e. uridine-rich patches) within the
PRE had no influence on HuR binding (33), assuming a
structure-dependent binding of both HuR and AUF1 to
the CD83 PRE.

Interestingly, the established function of HuR and
AUF1, namely regulating transcript stability [for review
see (41,46,49)] is not relevant in the case of CD83 mRNA
[Figures 4B and 5B (32)]. This emphasizes the importance
of other HuR and AUF1 activities, such as promoting the
intracellular trafficking of specific mRNAs and their
translation. Indeed, the strong PRE-dependent effect of
AUF1 on CD83 protein expression, revealed by either
AUF1 overexpression (Figure 3) or AUF1 knock-down
(Figures 5 and 6), demonstrated that AUF1 plays a role
in regulating CD83 translation, independently from the
specific AUF1 isoform. It is known that AUF1 isoforms
can have different effects on a specific RNA (73–75). In
contrast, it has also been reported that all AUF1 isoforms
act in a similar manner on the stability of distinct
messages (76). As shown here, the latter type of regulation
also seems to be operational during translational control
of CD83 mRNA by AUF1 proteins.

In a wider context, the data raised in the present and
previous studies (7,28,32,33,44,45) suggest that transcripts
encoding gene products required for cellular activation,
such as CD83 mRNA, are exported from the nucleus
through the HuR—CRM1 route. This specific export
route might be more efficient, as it would only handle a
small subset of functionally important transcripts (31), as
opposed to the more general NXF1/TAP pathway, which
mediates the nuclear export of the bulk of cellular
transcripts (29,30).

AUF1 proteins apparently undergo nucleocytoplasmic
shuttling, first associating in the nucleus with their mRNA
target before affecting the cytoplasmic fate of these
transcripts (77,78). Therefore, the nuclear recruitment of
AUF1 into the CD83:HuR–RNP complex (i.e. attached to
CD83 PRE) would ensure efficient CD83 protein synthesis
by promoting its translation in the cytoplasm.

It is further noted that nuclear export of AUF1 p42 was
recently shown to be sensitive to leptomycin B, which

suggested a CRM1-dependent mechanism (79). In
addition, such mechanisms would provide significant
kinetic advantages with respect to rapid synthesis of
gene products that are essential to mount an efficient
immune response to foreign antigens.
Recently published data report the simultaneous

binding of AUF1 and TIAR (T-cell internal antigen-1-
related protein/TIA-1) to the ARE of ERG mRNAs
(65,80). Importantly, TIAR was previously shown to
bind AREs, suppressing translation of these transcripts
(81). Particularly in the case of MYC RNA, AUF1
apparently fulfils the following two separate functions: it
displaces ARE-bound TIAR from the MYC transcript,
thereby diminishing the inhibitory effect of TIAR on
translation, and it also enhances the translation process,
most likely by connecting eIF4G and PABP. It is,
therefore, tempting to speculate that such or similar
mechanisms are also operating in the case of CD83
mRNA. Whether the CD83 PRE is also a target of
TIAR remains to be investigated.
Taken together, this work expands our knowledge

about the rather complex mechanism of post-
transcriptional regulation of CD83 expression. The
identification of AUF1 as a PRE-binding protein may
provide a novel opportunity to interfere with CD83
expression, and hence, with the immunomodulatory
activities of this protein.
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