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Abstract

The estrogen-responsive B box protein (EBBP) and Pyrin
belong to a family of structurally related proteins. While
mutations in the pyrin gene cause an autoinflammatory
disease, the biological function of EBBP is unknown. In this
study, we identified the proinflammatory cytokine interleukin-
1 (IL-1p) as an EBBP-binding partner. Furthermore, caspase-
1 and NACHT, LRR and Pyrin domain containing protein
(NALP) 1, two components of the recently identified
inflammasome, a platform for the activation of caspase-1,
also interact with EBBP. These proteins bind to the RFP
domain of EBBP, suggesting that this domain of so far
unknown function is an important protein-binding domain.
EBBP was secreted in a caspase-1-dependent manner from
cultured cells, and its secretion was enhanced by IL-18. Vice
versa, endogenous and overerexpressed EBBP increased
IL-1p secretion. These results provide evidence for a role of
EBBP in innate immunity by enhancing the alternative
secretion pathway of IL-1p.
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Introduction

Interleukin-14 (IL-18) is a proinflammatory cytokine, which
elicits systemic as well as local responses to infection. It

activates  lymphocytes, recruits leukocytes and is
involved in the generation of fever. Based on these
activities, it functions as a central mediator in various acute
and chronic inflammatory diseases, thus representing a
potential target for therapeutic intervention (reviewed by
Dinarello’?).

Initial synthesis of this cytokine occurs as an inactive
precursor (prolL-15), which lacks a signal sequence.
Nevertheless, active IL-1f and prolL-1p are released by a
poorly characterized mechanism, particularly from activated
macrophages (reviewed by Dinarello’). Secretion is indepen-
dent of the Golgi apparatus and can be stimulated by
exogenous ATP via the P2X7 receptor.>® Processing
and activation of prolL-1§ is strictly dependent on the
protease caspase-1, which cleaves prolL-1 after the aspartic
acid residue at position 116, generating active IL-14.%7
Consequently, macrophages from caspase-1 knockout
mice cannot produce mature IL-14.8 Caspase-1 itself is
expressed as an inactive precursor. Recently, it was
shown that activation of procaspase-1 and subsequent
processing of prolL-1f in a cell-free system from macro-
phages is dependent on a protein complex called the
inflammasome.® It consists of procaspases-1 and -5, Nacht,
LRR and Pyrin domain containing protein (NALP)1'*"" and
apoptosis-associated speck-like protein containing a card
(Asc).”® The assembly of this complex relies only on
homotypic interactions of the death domain fold family
member caspase recruitment domain (CARD) and the
recently identified pyrin domain.'"'3'* The NALP1 protein
contains an amino-terminal pyrin domain and a carboxy-
terminal CARD (Figure 2a). The latter allows binding to the
CARD of procaspase-5, whereas the pyrin domain binds via
the bipartite adaptor protein Asc, which consists only of a pyrin
domain and a CARD, to the CARD of procaspase-1
(Figure 2a). Thereby, procaspase-1 and -5 come in close
proximity, allowing their activation.® All components of the
inflammasome are constitutively expressed in macrophages,
but the signals, which stimulate the assembly and activation of
the inflammasome, are as yet unknown.® In addition, it is
unclear if there is a link between procaspase-1 activation and
IL-1p secretion. However, caspase-1 and the procaspase-1
activator Asc are secreted together with IL-1/ from activated
macrophages,®'® suggesting that procaspase-1 and prolL-1p
activation and secretion are coupled.®

Several inhibitors of the inflammasome are known. COP
and ICEBERG contain CARDs, which allow direct binding to
procaspase-1, thereby inhibiting its activation.'®'” Pyrin is
also a potential inflammasome inhibitor. Mutations in the pyrin
gene cause the recessive inherited disease Familial Medi-
terranean Fever. These patients suffer from self-limited
episodes of fever and inflammation affecting the skin, joints
and serosal membranes.'® Activated macrophages from mice
with a truncated Pyrin protein produce more active caspase-1
and secrete increased amounts of IL-14.'° A possible
molecular explanation for these phenotypes is an interaction



of Pyrin with the inflammasome component Asc via their pyrin
domains. This could prevent binding of procaspase-1 to Asc
and its activation.'®2° However, the strength and significance
of a binding of Pyrin to Asc is controversial.?" It is not known
how the disease-causing mutations, which locate mainly to
the carboxy-terminal RFP (SPRY; B30.2) domain, influence
the amino-terminal pyrin domain.?22® Furthermore, recent
results suggest that Pyrin activates caspase-1 via Asc
oligomerization,* suggesting that it is an inflammasome
activator. Apart from its pyrin domain, Pyrin is a typical
member of the TRIM (tripartite motif) family.2® These proteins
share at least two domains, a B box and a coiled-coil domain,
allowing self-interaction and the generation of large protein
complexes.?®

The estrogen-responsive B box protein (EBBP, TRIM16) is
a close homolog of Pyrin (TRIM20), but it lacks the pyrin
domain.?®2® We have recently characterized EBBP and
we showed that it accelerates differentiation of cultured
keratinocytes.?”  To elucidate the function of this
ubiquitously expressed protein at the molecular level we
performed a yeast two-hybrid screen with the RFP domain
and identified prolL-15 as an EBBP-binding protein. Our
results reveal an important role of EBBP in the secretion of IL-
1p, indicating a novel and important function of EBBP in
inflammation.

Results
EBBP interacts with prolL-1p

TRIM proteins form large protein complexes through self-
interaction, which is most likely mediated via the B box and
coiled-coil (BBCC) domain. However, they also bind to several
other proteins (e.g. Kim et al.2® and El-Husseini et al.2%). To
elucidate the function of EBBP we performed a yeast two-
hybrid screen to search for proteins, which bind to its RFP
domain. We used a HaCaT keratinocyte library, since we
originally identified and characterized EBBP in this cell type.?”
Several positive clones coded for prolL-1f (data not shown),
and this interaction was verified with expression vectors
encoding the full-length proteins (Figure 1a, left picture and
not shown). No autoactivation was observed after transforma-
tion of yeast strain AH109 with these constructs (not shown).
The interaction of the SV40 large T antigen and p53 or lamin C
served as positive or negative controls, respectively
(Figure 1a, middle and right picture). The binding of prolL-1/
to the RFP domain of EBBP was verified by glutathione S-
transferase (GST) pull-down experiments (data not shown).

To determine whether endogenous EBBP and prolL-1p
have the possibility to interact in vivo, we performed
immunofluorescence analysis of primary human keratino-
cytes and of the macrophage cell line U937 with antibodies
directed against the endogenous proteins. As previously
published,?” EBBP was predominantly found in the cytoplasm
and to a lesser extent in the nucleus. Most importantly, EBBP
and IL-18 colocalized at the cell membrane and in the
perinuclear region of keratinocytes and macrophages (results
not shown).

To verify the EBBP/prolL-1f interaction in COS-1 cells
via co-immunoprecipitation (co-IP) we expressed full-
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length  EBBP with an amino-terminal epitope of the
influenza virus hemagglutinin epitope (HA). The latter does
not modify the intracellular localization of EBBP.?”
ProlL-1/ was expressed as a fusion protein with amino- and
carboxy-terminal Myc epitope tags. COS-1 cells were
cotransfected with both expression plasmids, and co-IPs
were performed in both directions. Cotransfections with only
one expression vector and an empty vector served as
controls. Strong bands were seen upon co-IP of HA-EBBP
and Myc-prolL-13-Myc in both directions (Figure 1b). These
results demonstrate that EBBP can also interact with prolL-1/
in mammalian cells.

EBBP does not interact with Asc but with
procaspase-1 and NALP1

As the inflammasome is responsible for prolL-1§ processing,
we wondered whether EBBP is also associated with this
complex and whether the binding to prolL-1f is functionally
important. The inflammasome component Asc has been
described as an activator of procaspase-1' or as a
modulator, leading to activation of procaspase-1 at low and
inhibition at higher concentrations.*® As the EBBP homolog
Pyrin binds to Asc,?® we tested if this is also the case for
EBBP. Therefore, we performed co-IPs of HA-tagged EBBP
and Asc fusion proteins tagged with an epitope of the vesicular
stomatitis virus (VSV) or with a Flag tag. However, interaction
of EBBP with Asc could not be detected (Figure 1c and not
shown).

To determine whether EBBP interacts with procaspase-1,
co-IPs of procaspase-1-Myc with HA-EBBP were performed
in both directions. Indeed, procaspase-1 interacted with
EBBP (Figure 1d). Moreover, cotransfection of COS-1 cells
with procaspase-1 and EBBP expression vectors resulted in
much higher expression of the protease and in its degradation
(Figure 1d, compare lysates in lower panel), suggesting that
this interaction has functional consequences. EBBP and
procaspase-1 also interacted in yeast as determined by the
yeast two-hybrid system (not shown). Using the same approach,
a possible interaction of EBBP with procaspase-5 was
examined, however, with a negative result (data not shown).

NALP1 is the large backbone protein of the inflamma-
some, which binds to Asc and procaspase-5.° To determine
whether EBBP is able to bind to NALP1 a co-IP was
performed with HA-tagged EBBP and the Flag-tagged
amino-terminal part of NALP1, encoding the pyrin and
NACHT domains.® EBBP was shown to interact with
NALP1 (Figure 1e), and this result was verified in yeast
(not shown).

Identification of the interaction domains of EBBP
and its binding partners

To map the interaction domains of EBBP and its binding
partners, HA-tagged EBBP domains and Myc-tagged do-
mains of the interacting proteins (Figure 2a) were used in co-
IP experiments. In EBBP, the BBCC domain most likely
represents a functional unit (BBCC), because B boxes occur
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only together with coiled-coils. In addition, BBCC is most likely ProlL-18 consists of the prosequence, which inhibits
responsible for self-interaction of all TRIMs.2®> We also receptor binding, and of the mature part. For the interaction
expressed the RFP domain of as yet unknown function, which of EBBP with prolL-1 the RFP domain of EBBP and the
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RFP domain and full-length EBBP interacted with the isolated
prodomain and with prolL-1f, but not with mature IL-1f
(Figure 2b and data not shown). The BBCC domain interacted
neither with prolL-15 nor with its prodomain. Surprisingly,
however, EBBP also interacted with mature IL-1 in yeast
(data not shown). Therefore, we speculated that the carboxy-
terminal tag inhibits the interaction of EBBP with IL-1/. As HA
or Myc tags attached to the amino-terminus of IL-1 were not
recognized by the corresponding antibodies in IP experiments
(not shown), we used mature IL-1 for co-IPs together with an
antibody, which recognizes the carboxy-terminus of IL-18. In
these experiments, we found an interaction of EBBP and the
RFP domain with mature IL-1§ (Figure 2b, right panel, and
data not shown).

From procaspase-1 the cDNA sequences encoding the
CARD and the p20 and p10 subunits were expressed. For the
interaction with procaspase-1, the RFP domain of EBBP was
sufficient, but not necessary. The RFP domain or full-length
EBBP interacted with procaspase-1, the p20 and the p10
subunit, but not with the CARD domain (Figure 2c and data not
shown). Interestingly, the BBCC domain also interacted with
procaspase-1 and the p20 subunit, but not with p10 or the
CARD domain (Figure 2d and data not shown).

In NALP1 the amino-terminal pyrin domain and the
carboxy-terminal CARD domain most likely interact in a
homotypic manner. Therefore, we cloned only the cDNA
encoding the NACHT domain, which is responsible for self-
interaction of NALPs (reviewed by Tschopp et al.%?), and the
leucine-rich repeats (LRR). EBBP or the RFP domain, but not
the BBCC domain, interacted with the NACHT domain, but not
with the LRR domain of NALP1 (Figure 2e and results not
shown).

In summary, the RFP domain of EBBP is responsible for the
interaction with prolL-1p, procaspase-1 and NALP1. It binds
to the inhibitory prosequence and the mature part of prolL-1p,
to the p20 and p10 subunits of caspase-1 and to the NACHT
domain of NALP1. In addition, the BBCC domain of EBBP can
independently bind to the p20 subunit of caspase-1.

Endogenous EBBP interacts with procaspase-1,
NALP1 and prolL-1p

To analyze whether endogenous EBBP interacts with prolL-
1, procaspase-1 or NALP1, we used protein lysates of
phorbol ester-differentiated and lipopolysaccharide-activated
U937 cells, which express high levels of inflammasome
components and which secrete IL-15. A new antibody was
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generated against full-length native EBBP (see Materials and
Methods), affinity purified, and bound to anti-lgG agarose.
After application of the lysate to the columns and elution of
bound proteins via a pH shift, EBBP was detected in the
elution fraction of the anti-EBBP column but not of the control
column with anti-lgG agarose, demonstrating that the anti-
body binds to native EBBP (Figure 3, upper panel).
Procaspase-1 could also be eluted (Figure 3, second panel).
The second band that we observed most likely represents Igs,
because it was also obtained with the second antibody alone
(Figure 3, third panel). Vice versa, EBBP could be eluted from
a column with immobilized caspase-1-specific antibody using
the same lysate (data not shown). This demonstrates that
endogenous EBBP and procaspase-1 interact in macro-
phages. The same is true for endogenous EBBP and NALP1
(Figure 3, fourth panel). In contrast, binding of prolL-1f to
EBBP could not be shown under these conditions (not
shown), suggesting that EBBP and prolL-1f interact only
transiently in activated macrophages. However, when we
used protein lysates from lipopolysacharide (LPS)-activated
but nondifferentiated U937 cells, where prolL-1f is highly
expressed but inefficiently secreted (data not shown), inter-
action of endogenous EBBP and prolL-1p could be detected
(Figure 3, lower panels). This interaction was also verified
using IP with the EBBP antibody, followed by Western blotting
with the IL-1§ antibody (data not shown).

EBBP enhances secretion of IL-1f from
transfected COS-1 cells

To determine whether the binding of EBBP to prolL-1p and the
inflammasome components is functionally important we first
established an in vitro model system. As COS-1 cells can be
efficiently transfected and have been successfully used for the
analysis of proteins, which influence prolL-1/ activation and
secretion,®® we overexpressed the proteins of interest in this
cell line and determined the consequences with regard to
secretion. Procaspase-1 is essential for prolL-1/ activation,
and this enzyme is able to autoactivate by oligomerization at
higher concentrations, independent of components of the
inflammasome.3* Therefore, there was no need to over-
express the latter. EBBP itself is ubiquitously expressed, and
COS-1 cells also produce high levels of this protein
(Figure 4a).

Transfection of COS-1 cells with low amounts of prolL-1f
(1.5u9) and procaspase-1 (1ug) plasmids allowed the
secretion of detectable levels of pro- and mature IL-1f into

Figure 1

EBBP interacts with prolL-1p, procaspase-1 and NALP1. (a) Interaction of EBBP with prolL-1/ in yeast. The yeast strain AH 109 was cotransformed with

pGBK-EBBP and pGAD-prolL-1 and plated on high selection medium. Cotransformation of pGAD-T and pGBK-p53 served as a positive control, pGAD-T and pGBK-
lamin as a negative control. (b) Co-IP of EBBP and prolL-1/. HA-tagged EBBP and Myc-tagged prolL-1/3 were coexpressed in COS-1 cells. HA- or Myc-tagged
immunoprecipitates (IP) were analyzed for the presence of Myc- or HA-tagged proteins (co-IP). As a control plasmids encoding HA-tagged EBBP and Myc-tagged prolL-
13 were transfected with the empty expression vector. PAS: protein A sepharose. Unspecific bands are labeled by asterisks. (c) EBBP does not interact with Asc. HA-
tagged EBBP and VSV-tagged Asc were coexpressed in COS-1 cells. As a control a plasmid coding for VSV-tagged Asc was transfected with the empty expression
vector. PAS: protein A sepharose. Unspecific bands are labeled by asterisks. (d) EBBP interacts with procaspase-1. Plasmids encoding HA-tagged EBBP and Myc-
tagged procaspase-1 or Myc-tagged procaspase-1 with the empty vector were coexpressed in COS-1 cells, and their interaction was analyzed by co-IPs. Note the higher
expression and degradation of procaspase-1 in the lysate obtained after coexpression of EBBP, in contrast to the lysate obtained after expression of procaspase-1 alone.
PAS: protein A sepharose. Unspecific bands are labeled by asterisks. (e) EBBP interacts with NALP1-Nter. FLAG-tagged NALP1-Nter (pyrin and NACHT domains) and
HA-tagged EBBP were coexpressed in COS-1 cells and analyzed for interaction by co-IP. As a control the plasmid coding for Flag-tagged NALP1-Nter was transfected
together with the empty expression vector. PAS: protein A sepharose. Unspecific bands are labeled by asterisks
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the supernatant (Figure 4c and d, lane 13). To enhance the
levels of EBBP we transfected COS-1 cells with 2.5 ug of
plasmid DNA coding for EBBP. Instead of prolL-1/ (Figure 4,
lanes 5-8, 13-16), mature IL-1 (lanes 17—24) was also used,
as well as the amino- and carboxy-terminal parts of EBBP,

ADBBCC (lanes 3, 7, 11, 15, 19, 23) and RFP (lanes 4, 8, 12,
16, 20, 24), instead of full-length EBBP (lanes 2, 6, 10, 14, 18,
22). All proteins were expressed without tag. The EBBP
antibody used binds to the RFP domain and cannot detect
ADBBCC.?”
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Figure2 The RFP and BBCC domains of EBBP mediate the interactions with IL-1/3 and inflammasome components. (a) Domain structures of EBBP, prolL-13, NALP1
and procaspase-1. Acidic domain: AD; B box and coiled-coil: BBCC; ret finger protein: RFP; pyrin domain: PYD; NAIP, CIITA, HET-E and TP1: NACHT; leucine-rich
repeats: LRR; caspase recruitment domain: CARD. (b—e) Interaction of individual EBBP domains with IL-13, procaspase-1 and NALP1. HA- and Myc-tagged proteins

and individual domains of EBBP and its interaction partners were coexpressed
presence of Myc- and HA-tagged constructs (co-IP). Transfection of one tagged

in COS-1 cells. HA- and Myc-tagged immunoprecipitates (IP) were analyzed for the
protein together with the empty vector was used as a control. The interacting domains

are indicated by the black color. PAS: protein A sepharose. Unspecific bands are labeled by asterisks. (b) The RFP domain of EBBP interacts with the prodomain and the
mature part of prolL-1f. Interaction of HA-tagged EBBP or RFP with Myc-tagged IL-1/ could not be detected. However, they interacted with untagged IL-1. Untagged
IL-13 was precipitated with an anti-IL-1 antibody directed against the carboxy-terminus and detected via Western blot with an antibody directed against the amino-

terminus of IL-1p. (c) The RFP domain of EBBP interacts with the p20 and p10 s

ubunits of procaspase-1. (d) The BBCC domain of EBBP interacts with the p20 subunit

of procaspase-1. (e) The RFP domain of EBBP interacts with the NACHT domain of NALP1
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Figure 2 (Continued)

Surprisingly, endogenous (lanes 1-8) and also low levels of
transfected EBBP (lane 2, 6) and RFP (lane 4, 8) were
detected in the supernatant (Figure 4a). Cotransfection of
prolL-1f and, to a lesser extent, mature IL-1p increased the
intracellular levels of recombinant EBBP (lanes 6 and 18) and
RFP (lane 8 and 20). Cotransfection of procaspase-1 resulted
in higher levels of secreted EBBP (lane 10, supernatant,
compare with lane 2) and RFP (lane 12, supernatant,
compare with lane 4). The additional expression of prolL-1f
further enhanced EBBP expression and in particular secretion
(compare lanes 10 and 12 with 14 and 16), and EBBP was
degraded (lane 14, supernatant). The effect of mature IL-1f
was weaker compared to that of prolL-1f. These results
demonstrate that COS-1 cells can secrete EBBP. Procas-
pase-1, in particular together with prolL-1$ and to a lesser
extent with mature IL-1f enhanced this secretion.

Endogenous procaspase-1 was not detectable in COS-1
cells by the anti-caspase-1 antibody, which binds to the CARD
(Figure 4b, lanes 1-8, 17-20). Recombinant procaspase-1
was detected in the supernatant, but particularly in the cell
lysate (lane 9); cotransfection of plasmids encoding EBBP or
individual EBBP domains slightly increased the secretion

(lanes 10-12, supernatant). This secretion-promoting effect
of EBBP for caspase-1 was much stronger after cotransfec-
tion of pro- and mature IL-18 expression plasmids (lanes
13-16, 21-24, supernatant). Highest secretion was observed
after coexpression of the cytokine with either EBBP or
individual EBBP domains (lanes 14—16, 22—24). Surprisingly,
forced expression of EBBP and pro- and to a lesser extent
mature IL-1f resulted in degradation of procaspase-1 (lanes
14,15, 22, 23, lysate and supernatant). This degradation most
likely does not reflect procaspase-1 autoactivation, because it
was also detected in the presence of a specific caspase-1
inhibitor or a broad range caspase inhibitor. Reduced
secretion of mature IL-1$ demonstrated the activity of the
inhibitors (results not shown).

For the detection of IL-1f an antibody was used that
recognizes the pro- and mature form (Figure 4c); an IL-1f8
specific ELISA allowed the quantification of secreted
IL-1p (Figure 4d). This ELISA detects predominantly mature
IL-1, but only 10—-15% of total prolL-18. Pro- and gmature IL-
15 were only detectable after transfection (Figure 4c
and d, lanes 5-8, 13-16, 17—24), demonstrating that COS-1
cells express no or low levels of the cytokine. After
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Figure 3 Interaction of endogenous EBBP with inflammasome components.
Lysates of TPA-differentiated and LPS-activated (upper three panels) or LPS-
activated, nondifferentiated U937 cells (lower two panels) were incubated with
anti-rabbit IgG agarose (agarose) or with the EBBP antibody bound to agarose
(IP). Bound proteins were eluted and analyzed by Wester blotting. Unspecific
bands are labeled by asterisks. In the lysate lane, 1% (upper panels) or 2% (lower
panels) of the input used for the IPs/co-IPs is loaded . For the IP/co-IP of the
lower panels we precipitated IL-15 and IL-14-binding proteins with an antibody
against the cytokine

overexpression of prolL-14 alone (lane 5), low levels of
secreted IL-1/ were detected in the supernatant by ELISA but
not by Western blotting, suggesting that COS-1 cells express
low levels of endogenous procaspase-1. Cotransfection of
plasmids encoding EBBP or individual EBBP domains
approximately doubled the secretion (lanes 6-8). As ex-
pected, processing of prolL-14 was strongly enhanced by
coexpression of procaspase-1 (Figure 4c, lysate, lane 13),
leading to about 10-fold higher levels of IL-1f in the super-
natant (Figure 4d, lane 13). Additional EBBP or ADBBCC
expression further enhanced the levels of secreted IL-1f by a
factor of approximately 4 to more than 8000 pg/ml (Figure 4d,
lanes 14 and 15), whereas the RFP domain was less effective
(lane 16).

Expression of mature IL-1p alone resulted in high levels of
the cytokine in the supernatant (Figure 4c, d and e, lane 17),
confirming that the prodomain inhibits its secretion. Never-
theless, EBBP (lane 18) or individual EBBP domains (lanes 19
and 20) as well as procaspase-1 (lane 21) enhanced the
secreted amount of mature IL-1f by a factor of 2, both
together by a factor of 4 (lanes 22-24). As a control for
cell lysis, the activity of the intracellular enzyme lactate
dehydrogenase (LDH) was measured in the supernatant
(Figure 4e). The percentage of total LDH activity detected in
the supernatant (up to about 2.5% compared to the activity in
the total cell lysate) was much lower than the transfection rate,
demonstrating that the enhanced secretion is not due to cell
lysis. In fact, additional overexpression of EBBP or individual
EBBP domains together with procaspase-1 lowered the
extracellular LDH activity, whereas IL-1f secretion was
enhanced (Figure 4e, compare lane 13 with 14—16 and lane
20 with 21-24).
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To investigate whether the EBBP-induced increase in IL-1/
secretion is a general effect, a similar experiment was
performed with human keratinocytes. EBBP or individual
EBBP domains enhanced the secretion of the cytokine by the
same factor as seen in COS-1 cells (results not shown).

Knockdown of endogenous EBBP reduces IL-18
secretion

Finally, we investigated whether endogenous EBBP is also
involved in prolL-18 maturation. For this purpose EBBP
expression was suppressed by transfection of siRNA specific
for the BBCC domain. As a control an EBBP-specific siRNA
with two mismatches was used. ProlL-1 and procaspase-1
were coexpressed in COS-1 cells, allowing monitoring of
prolL-1$ maturation. EBBP-specific sSiRNA reduced the level
of overexpressed EBBP in comparison to control siRNA
(Figure 5, lanes 3 and 7). In contrast, RFP expression was not
affected (lanes 2 and 6), demonstrating that the siRNA
specifically reduced full-length EBBP expression. Reduction
of endogenous EBBP was only detected in the supernatant
(lanes 5 and 6) and was rescued by overexpression of EBBP
or ADBBCC (lanes 7 and 8). Secretion of IL-1f was reduced
by EBBP-specific siRNA (compare lanes 1 and 5). This effect
was rescued by overexpression of EBBP (lanes 3 and 7) and
ADBBCC (lanes 4 and 8) but not RFP (lanes 2 and 6).

To avoid unspecific effects due to prolL-1/ and caspase-1
overexpression we used EBBP-specific siRNA to reduce
expression of endogenous EBBP in primary keratinocytes,
which can be transfected with a much higher efficency than
macrophages or monocytes. These epithelial cells secrete IL-
1 after UV-B irradiation.®® In this experiment we used two
different siRNAs, which strongly reduced expression of EBBP
in primary keratinocytes (Figure 6, upper panels). 24 h after
UV-B irradiation, cells transfected with EBBP-specific siRNAs
secreted approximately 30% less IL-1p than cells transfected
with control siRNA (Figure 6, lower panels). As a control, we
verified the maturation of prolL-1f to mature IL-18 in the cell
lysate as well as in the supernatant by Western blotting (data
not shown). These findings demonstrate that reduction of
endogenous EBBP reduces IL-1p secretion.

Discussion

In this study, we show by genetic and biochemical methods
that the as yet poorly characterized EBBP interacts with prolL-
13, procaspase-1 and NALP1 (Figure 1). Coexpression of the
latter proteins together with EBBP but not with different control
proteins enhanced their expression (Figure 1b—e, and results
not shown). This finding suggests that prolL-1p, procaspase-
1, and NALP1 are stabilized by EBBP, and further supports
the hypothesis that EBBP is a binding partner of these
proteins. Vice versa, EBBP expression was also higher in the
presence of its binding partners (Figure 1b and results not
shown).

Interestingly, the RFP domain of EBBP was sufficient for
the binding to prolL-14 and the inflammasome components
NALP1 and procaspase-1 (Figure 2). This binding is most
likely not due to unspecific ‘stickyness’ of the RFP domain,
because interaction with the CARD of procaspase-1, the LRR
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Figure4 EBBP enhances IL-1/ secretion from transfected COS-1 cells. COS-1 cells were transfected with plasmids coding for different proteins as indicated in the top
panel. In all, 1 ug plasmid DNA coding for procaspase-1 was used, 1.5 ug for prolL-15 or mature IL-1 and 2.5 ug for EBBP, ADBBCC or RFP. When needed, empty
vector was used to increase the total amount of DNA to 5 ug. After 30 h, cells were lysed and 50 pg of total cellular proteins were used for Western blots. Supernatants
were concentrated 10-fold by precipitation with acetone. The three upper and lower blots were developed for the same time, respectively, allowing comparison of the
individual lysates or supernatants. Results are a representative of three independent experiments. (a) Procaspase-1 and prolL-1/3 enhance EBBP secretion. Protein
lysates (upper panel) and supernatants (lower panel) of transfected COS-1 cells were analyzed for EBBP expression. Note the secretion of endogenous EBBP. The
antibody binds to the RFP domain of EBBP. As a loading control the blots with the lysates were also stained for ff-actin expression. (b) Expression and secretion of
procaspase-1. Protein lysates (upper panel) and supernatants (lower panel) of transfected COS-1 cells were analyzed for procaspase-1 expression. The procaspase-1
specific antibody binds to the CARD domain. (c) EBBP enhances IL-15 secretion. Protein lysates (upper panel) and supernatants (lower panel) of transfected COS-1
cells were analyzed for IL-1/3 expression. The IL-1/ antibody binds to the mature part of the cytokine, allowing detection of pro- and mature IL-1. (d) IL-1/3 secretion
measured with an IL-1/ specific ELISA. Given are means + S.E. from three measurements. (e) LDH activity assay of the supernatants. LDH activity correlates with cell
lysis. Given are means + S.E. from two measurements
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Figure 5 Knockdown of endogenous EBBP in COS-1 cells reduces IL-13 secretion. COS-1 cells were transfected with 2.5 1.g plasmid DNA encoding a specific SiRNA
against the BBCC domain of EBBP or siRNA with two mismatches as indicated in the table. In addition, 0.5 g DNA encoding procaspase-1, 0.75 ug DNA encoding
prolL-1$ and 1.25 ug DNA encoding RFP, EBBP or ADBBCC were used. At 12 h after transfection, the medium was changed to DMEM with 10% FCS, after additional
24 h it was replaced by Optimeml and cells and supernatants were harvested after additional 24 h. Western blots were performed as described in Figure 4 using 40 ug
total protein lysate. For quantification of IL-1/3 secretion an ELISA was performed and as a control for cell lysis a LDH activity assay. EBBP knockdown correlates with
reduced IL-1/ secretion and can be rescued by overexpression of EBBP or ADBBCC

of NALP1, or with other control proteins could not be detected
(results not shown). The RFP domain is present in several
other TRIM proteins as well as in unrelated proteins.3%-3”
Recently, it was shown that the RFP domain of TRIM5 is
responsible for HIV-1 restriction in rhesus monkeys.®® This
finding and our results suggest that this domain is a crucial
protein-binding domain. In addition to the RFP domain, EBBP
binds also with the BBCC domain to caspase-1, however, only
to the p20 subunit.

The interactions that we identified with the overexpression
approach are also relevant for the endogenous proteins.
Thus, we identified caspase-1, NALP-1 and prolL-18 as
binding partners of endogenous EBBP in macrophages
(Figure 3). Interestingly, we only detected the EBBP-IL-1/
interaction in nondifferentiated monocytes, which express
prolL-15 but do not secrete it efficiently, whereas the
interaction was not detectable in activated macrophages. As
the latter efficiently secrete IL-1p, this finding suggests that
the interaction of EBBP with IL-1f under these conditions is
only transient or that the secretion occurs very rapidly.

What is the biological function of EBBP? To address this
question we overexpressed EBBP or individual EBBP
domains with procaspase-1 and prolL-1 or mature IL-1f in
COS-1 cells (Figure 4). Surprisingly, EBBP was not only
detected in the lysate but also in the cell supernatant, although
it lacks a signal peptide. IL-1 and procaspase-1 were also
secreted and each protein enhanced the secretion of the
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others. These effects are not due to unspecific cell lysis
because the secretion levels did not correlate with the amount
of the intracellular enzyme LDH in the supernatant. The strong
increase in IL-1p secretion after EBBP coexpression could be
due to the activation of procaspase-1. In fact, procaspase-1
was degraded upon expression of EBBP and prolL-1/, and
this could reflect its activation. However, degradation pro-
ducts of the same size were also seen in the presence of
caspase inhibitors (results not shown), suggesting that a
different protease is responsible. In addition, caspase-1
activation occurs through a so-called induced proximity
mechanism3* via amino-terminal CARD interactions, and only
CARD proteins have been identified as procaspase-1
activators, for example, RIP2/RICK/CARDIAK,3%
CARD12/CLAN/Ipaf**™* and Asc.®2! Thus, it seems unlikely
that a protein without a CARD, such as EBBP, is a caspase-1
activator. The third argument against caspase-1 activation by
EBBP is the fact that EBBP also enhances secretion of mature
IL-18, which does not need activation by caspase-1. The other
possible reason for the enhancement of prolL-1 maturation
and secretion via EBBP is a direct involvement of EBBP in the
secretion process.

The pathway of leaderless secretion is only partially
characterized, but involves most likely lysosomal exocytosis.®
The hypothesis that EBBP directly plays a role in secretion is
supported by the cosecretion of the leaderless proteins EBBP,
caspase-1 and IL-18. In addition, we have identified other
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Figure 6 Knockdown of endogenous EBBP in primary human keratinocytes
reduces IL-13 secretion. Human primary keratinocytes were transfected with two
different EBBP-specific siRNAs and one randomized oligonucleotide as a control.
At 72 h after transfection, the EBBP knockdown was verified by Western blotting
of the cell lysate using an antibody against EBBP (upper panel); staining with an
antibody against -actin served as a control (lower panel). At the same time point
the medium was changed and the cells were irradiated with 50 mJ/cm? UV-B or
mock treated. After 24 h, IL-15 concentrations and LDH activities in the
supernatants were measured. The LDH activity in the supernatant was calculated
as % of total activity after lysis of all cells. The error bars indicate the standard
deviation of two individual experiments performed at the same time and
measured in the same assays

EBBP-binding proteins, which are secreted by an alternative
pathway, for example, galectin-1 (unpublished results). It will
be interesting to determine whether EBBP is also able to
influence the secretion of these proteins.

Surprisingly, we also found that the ADBBCC domain of
EBBP enhanced IL-1f secretion, although it did not directly
bind to the cytokine. The reason for this positive effect of
ADBBCC on IL-1p secretion is as yet unclear. As ADBBCC
can interact with full-length EBBP (data not shown), it may
stabilize endogenous EBBP. Alternatively, ADBBCC could
interact with another TRIM protein, which is involved in IL-1/
secretion, and preliminary results from our laboratory support
this possibility.

Although most of our experiments were performed with
transfected cells, several findings suggest that these results
are also relevant for the endogenous proteins: (i) Asc is an
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essential activator of procaspase-1 in macrophages,15 and
Asc is also expressed by COS-1 cells and human primary
keratinocytes (our own unpublished results); (i) NALP1
belongs to a family of 14 members® and at least NALP1 is
expressed by human primary keratinocytes (results not
shown); (iii) prolL-15 secretion and activation is strictly
dependent on the expression of procaspase-1 in vivo® and
also in our experiments; (iv) endogenous EBBP is also
secreted by primary keratinocytes and macrophages (results
not shown); and (v) endogenous EBBP and IL-1p colocalize in
keratinocytes and macrophages (results not shown) and
interact with each other, at least in monocytes (Figure 3).
Finally, downregulation of endogenous EBBP in COS-1 cells
or human primary keratinocytes using siRNA reduced the
level of secreted IL-1p (Figures 5 and 6), demonstrating that
also endogenous EBBP is involved in prolL-1/ maturation.

Several inflammatory diseases are characterized by en-
hanced IL-1f secretion and are responsive to IL-1 inhibi-
tion.2 182245 |t will be interesting to determine if activated
macrophages from patients suffering from these diseases
secrete not only higher levels of IL-1f but also express more
EBBP. Vice versa, the regulation of EBBP by estrogen in
vitro®® raises the possibility that this is also the case in vivo,
which may contribute to the higher incidence of autoimmune
diseases in women.

In summary, we showed that EBBP interacts with the
inflammasome components procaspase-1 and NALP1 and
with the ‘substrate’ of this protein complex, prolL-1p, resulting
in enhanced IL-1f secretion. These results suggest an
important role of EBBP in innate immunity by enhancing the
secretion of IL-1f. In addition, it may play a general role in the
leaderless secretion pathway(s).

Materials and Methods

Plasmids

Plasmids coding for HA-EBBP, Asc-VSV and the amino-terminus of
NALP1 (NALP-1-Nter) have been described.>? For the yeast two-hybrid
screen the open reading frames were amplified by PCR, sequenced and
cloned into pGBKT7 or pGADT?7 (Clontech, Paolo Alto, CA, USA). All other
full-length and truncated proteins were expressed via pCG vectors with or
without Myc or HA epitope tags. The prosequence of prolL-1f is nt 88-
435, the mature part nt 436-894 (GenBank™ accession number
NM000576); the prosequence of procaspase-1nt 18-374, p20 nt 375-
965 and p10nt 966-1228 (NM_033292); NACHT of NALP1 nt 1482-
2048, LRR nt 2916-3488 (AF310105); ADBBCC of EBBP nt 228-1343,
BBCC nt 437-1343 and RFP nt 1335-1919 (NM006470).

Cell culture

COS-1 cells were cultured in DMEM (Sigma, Munich, Germany),
supplemented with 10% FCS (Amimed-BioConcept, Allschwil, Switzer-
land) and 1% penicillin/streptomycin. For transfection 4 x 10° cells were
seeded into a 3 cm plate and transfected using 7.5 ul Lipofectamine 2000
(Invitrogen, Basel, Switzerland) and 5 g plasmid DNA in Optimem |
(Invitrogen), and harvested 30h after transfection. For quantitative
studies, plasmids used for transfection were purified using the Endo-Free
kit (Qiagen, Hilden, Germany). For co-IP cells were transfected in 5cm
dishes with 10 ug plasmid DNA and 15 ul Lipofectamine 2000 overnight.
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Then the medium was changed to DMEM with 10% FCS and cells were
harvested after 24 h in 400 ul co-IP buffer (50 mM Tris pH 7.5, 15mM
EDTA, 100 mM NaCl, 0.1% (w/v) Triton X-100, 1% Aprotinin (Sigma),
0.5 mM AEBSF (Sigma)). Human primary keratinocytes were isolated from
foreskin and cultured in keratinocyte-SFM (Invitrogen) with epidermal
growth factor/bovine pituitary extract and 1% penicillin/streptomycin. U937
cells were cultured in RPMI 1640 (Sigma) with 10% FCS, 1% penicillin/
streptomycin, 1 mM sodium pyruvate and 20 mM HEPES. 5 x 10° cells/ml
were differentiated with 20 ng/ml 12-O-tetradecanoylphorbol-13-acetate
(Sigma) for 3 days and activated after the addition of new medium with
1 ug/ml LPS (Sigma) for 14 h.

Co-IP and antibodies

After sonication and centrifugation of cells the supernatant was incubated
with antibodies against the HA epitope (rabbit, 1:20 diluted; Santa Cruz,
CA, USA), the Myc epitope (mouse, 1:50 diluted, Clontech), IL-15 (goat,
1:20, Santa Cruz) or the VSV epitope (mouse, 1:50 diluted, Sigma) for
90 min at 4°C (100 ul lysate for each antibody and for protein A control,
respectively, 2-10 ul were applied for the transfection control). After
centrifugation, antigen—-antibody complexes were precipitated with protein
A sepharose slurry (Amersham Biosciences, Braunschweig, Germany) for
1h at 4°C and subsequently pelleted. Pellets were washed with co-IP
buffer and incubated for 5 min at 95°C in Laemmli sample buffer. Eluates
were analyzed by Western blotting (50% each were applied for the IP and
co-IP, respectively). Antibodies used for Western blotting were against the
Myc, HA or VSV epitope, or prolL-1f3, procaspase-1 (both from Santa
Cruz), EBBP,? or the amino-terminus of IL-1§ (Cell Signaling; Beverly,
MA, USA or R&D Systems, Minneapolis, MN, USA). Development of the
Western blot was performed with alkaline phosphatase- or horseradish
peroxidase-conjugated secondary antibodies (Promega, Madison, WI,
USA).

Co-IP of endogenous proteins

For the IP of endogenous EBBP, His-tagged EBBP was expressed
in Escherichia coli, purified and used for the immunization of
rabbits. The antiserum was purified by affinity chromatography using the
purified and immobilized antigen. Of this antibody, 120 ug was
immobilized on 280 ul anti-rabbit IgG agarose slurry, the untreated
agarose served as a control. Lysate of 1.25 x 108 TPA-differentiated and
LPS-activated U937 cells was preincubated with 1ml of protein A
sepharose and subsequently with anti-EBBP or control agarose for 14 h at
4°C. Bound proteins were eluted via pH shift and immediately neutralized.
Atfter dialysis fractions were freeze-dried and solubilized in Laemmli buffer.
To obtain nondifferentiated U937 cells 200 ml suspension of 1.5 x 10°
cells was treated with 1 ug/ml LPS. After 24 h cells were harvested by
centrifugation. For the co-IP we used 20 ug IL-1/ antibody (R&D Systems,
Minneapolis, USA).

Yeast two-hybrid screen

The Matchmaker 3 System was used according to the manufacturer's
instructions (Clontech Laboratories) using the yeast strain AH109 and a
human HaCaT keratinocyte pACT2 library.

IL-1p ELISA

Coating of Maxisorb plates (Nalge Nunc, Hereford, UK) and ELISA were
performed as described in the instruction manual (AMS Biotechnology,
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Bioggio, Switzerland). This ELISA detects mainly IL-13 and only about
10-15% of prolL-1f as estimated by Western blotting of lysates and
supernatants of pro- and IL-1p-transfected COS-1 cells.

Preparation of protein lysates and concentration of
cell supernatants

After transfection, proteins were harvested in 100 ul co-IP buffer,
sonicated and pelleted by centrifugation. The protein concentration in
the supernatant was determined with the BCA kit (Pierce, Rockford, IL,
USA). The medium of the transfected cells was cleared by centifugation at
2000r.p.m. in a microcentrifuge and frozen. Alternatively, proteins were
precipitated with 2.5 volumes acetone and harvested by centrifugation.
Pellets were resuspended in Laemmli buffer, which allowed 10-fold
concentration of proteins.

LDH assay

100 ul supernatants was added to 20 ul freshly prepared lactate solution
(26 mg/ml lactate in 10mM Tris pH 8.5), 20 ul INT dye (2 mg/ml 2-p-
iodophenyl-3-nitrophenyl tetrazolium chloride in DMSO) and 20 ul NAD
solution (4.5 mg NAD *, 13.5 U/ml diaphorase, 0.03% BSA, 1.2% sucrose
in PBS pH 8.2) in a microtiter plate. After 20 min the reaction was stopped
by addition of 20 ul oxymate solution (16.6 mg/ml), and the OD 490 nm
was determined. Values were normalized to those of the supernatant of
vector-transfected cells lysed by the addition of Triton X-100 (end
concentration 10% (v/v)) (Current Protocols in Toxicology, Chapter 2,
UNIT 2.6, Alternate Protocol 3).

siRNA knockdown of EBBP

Five different siRNAs were tested by transient transfection of HaCaT cells.
EBBP mRNA was measured using RNase protection assay as
described.?” The most efficient sequence (sense: ACCUGCAUGGU
GAAUUACUTT; antisense: AGUAAUUCACCAUGCAGGUTT) was used
for further experiments. As a control an EBBP-specific sequence with two
mismatches was used. For EBBP knockdown in human primary
keratinocytes siRNA (HS_TRIM16_1/2, ctr. siRNA non-sil.) was
purchased from Qiagen (Hilden, Germany). 6.5 x 10* cells per well were
seeded in a volume of 0.65ml in 12-well plates. Transfection was
performed with 2 ug/ml Profectin 65 (Atugen, Berlin, Germany) and
100nM siRNA. At 72h after transfection, cells were irradiated in new
growth medium at 50 mJ/em? (Medisun HF-54, Schulze&Béhm, Hilrth,
Germany).
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