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Background: NPHP and BBS are closely related syndromes, but the underlying mechanisms are unclear.
Results: BBS11 promotes accumulation of NPHP7, changing the properties of NPHP7.

Conclusion: NPHP and BBS gene products may be involved in similar signaling pathways.

Significance: These findings may help to explain the clinical overlap between certain ciliopathies.

Although the two ciliopathies Bardet-Biedl syndrome and
nephronophthisis share multiple clinical manifestations, the
molecular basis for this overlap remains largely unknown. Both
BBS11 and NPHP7 are unusual members of their respective
gene families. Although BBS11/TRIM32 represents a RING fin-
ger E3 ubiquitin ligase also involved in hereditary forms of mus-
cular dystrophy, NPHP7/Glis2 is a Gli-like transcriptional
repressor that localizes to the nucleus, deviating from the ciliary
localization of most other ciliopathy-associated gene products.
We found that BBS11/TRIM32 and NPHP7/Glis2 can physi-
cally interact with each other, suggesting that both proteins
form a functionally relevant protein complex in vivo. This
hypothesis was further supported by the genetic interaction and
synergist cyst formation in the zebrafish pronephros model.
However, contrary to our expectation, the E3 ubiquitin ligase
BBS11/TRIM32 was not responsible for the short half-life of
NPHP7/Glis2 but instead promoted the accumulation of mixed
Lys*®/Lys®3-polyubiquitylated NPHP7/Glis2 species. This mod-
ification not only prolonged the half-life of NPHP7/Glis2, but
also altered the subnuclear localization and the transcriptional
activity of NPHP7/Glis2. Thus, physical and functional interac-
tions between NPHP and Bardet-Biedl syndrome gene prod-
ucts, demonstrated for Glis2 and TRIM32, may help to explain
the phenotypic similarities between these two syndromes.

Nephronopthisis (NPH)? is a rare autosomal recessive cystic
kidney disease with distinct extra-renal manifestations. The
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underlying gene defects are heterogeneous, and more than 20
genes have been identified that can cause NPH or NPH-like
disease. Although the gene products share no sequence similar-
ities, most of them localize to the primary (or motile) cilium, a
microtubular organelle attached to most body cells. Hence,
NPH is considered a member of the growing family of ciliopa-
thies, i.e., a group of genetic diseases that affect multiple organs
and tissue through developmental abnormalities caused by
defective cilia (1). NPH typically involves severe kidney abnor-
malities that cause kidney failure within the first two decades of
life (2). In most cases, cysts and fibrotic tissue replace the nor-
mal kidney parenchyma. One prominent manifestation charac-
teristic for NPH is a degeneration of the retina (Senior-Loken
syndrome, retinitis pigmentosa), often leading to blindness.
NPH shares cerebellar defects including an aplasia of the cere-
bellar vermis, associated with ataxia and oculomotoric abnor-
malities with the closely related Joubert syndrome (JBTS).
Although many perturbations have been observed in cultured
cells and animal model systems associated with the loss of NPH
proteins (NPHPs), the molecular functions of NPHPs have
remained largely elusive. In the cilium, established primarily in
Caenorhabditis elegans, NPH proteins seem to play an essential
role in establishing the transition zone and act in modules to
contribute to gate-keeping function of the proximal ciliary
axoneme (3-5). Genetic analysis in combination with high res-
olution confocal imaging revealed that NPHPs act in concert
with proteins mutated in Meckel-Gruber syndrome (MKS) (5).
MKS is like NPH a rare autosomal recessive multisystem dis-
ease that typically results in more severe manifestations than
NPH, often associated with prenatal death. MKS proteins
together with NPHPs are essential for forming the transition
zone, a proximal region of the cilium that corresponds to the
connecting cilium of the photoreceptor and is highly enriched
for NPHPs. A proteomics screen, using NPHPs as baits,
recently supported the idea that NPHPs and MKS proteins act
in large protein complexes (6). Surprisingly, this screen did not
reveal a direct link to a fourth closely related ciliopathy syn-
drome, the Bardet-Biedl syndrome (BBS), which is character-
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ized by renal cysts, polydactyly, retinal degeneration, hepatic
fibrosis, cerebellar abnormalities, situs inversus, obesity, and
mental retardation (7). In addition to 12 designated BBS genes
(BBS1-12), MKS1 and NPHP6 (CEP290) have been identified
in patients with BBS manifestations, underlining the close link
between these four ciliopathies.

NPHP?7 is an unusual NPH family member. It is the only
known transcriptional regulator linked to the NPH/JBTS/
MKS/BBS ciliopathies. Currently, only two families have been
identified with recessive NPHP7 mutations (8, 9). NPHP7 was
originally described as a Gli-related Kriippel-like zinc finger
protein (Glis2) (10, 11) that represses transcription through
interaction with CtBP1 (C-terminal binding protein 1) (12).
NPHP7/Glis2 is one of three family members (GLIS1-3) that
are closely related to the Gli family of transcription factors.
Glis2 contains five C,H,-type zinc fingers, which are required
for DNA recognition. NPHP7/Glis2 antagonizes canonical
Wt signaling through interaction with 8-catenin (13) and sup-
presses Hedgehog signaling and opposes Glil activity by bind-
ing to the cis-regulatory sequences of Snail and Wnt4 (14).
Recently, NPHP7/Glis2 was identified as a fusion partner of
CBFA2T3 in acute myeloid leukemia, implicating NPHP7/
Glis2 in the control of bone morphogenetic protein (15, 16).
NPHP7/Glis2 is required to maintain a normal renal structure
and function; deletion of NPHP7/Glis2 in mice shortens the life
span of these animals because of the development of renal
fibrosis; gene expression profiling suggests that NPHP7/Glis2
suppresses genes involved in inflammation, fibrosis, and tissue
remodeling (8, 17). In the absence of NPHP7/Glis2, gene prod-
ucts implicated in epithelial to mesenchymal transition are up-
regulated, including TGF 3, Vimentin, Snail, and Slug. NPHP7/
Glis2 localizes primarily to the nucleus, requiring a region
within zinc finger 3 (18), and can recruit other interacting pro-
teins such as p120 catenin to the nucleus (19). However, both
NPHP7/Glis2 and Glis3 have also been identified in the primary
cilium (8, 20). Based on their relationship to Gli family mem-
bers, it has been speculated that accumulation of NPHP7/Glis2
and Glis3 within the ciliary compartment is controlled by a
signaling pathway similar to the Hedgehog pathway, known to
trigger processing and activation of Gli family members within
the cilium (reviewed in Ref. 21).

BBS11/TRIM32, similar to Glis2, is an outsider within the
BBS family. Only one family with typical BBS manifestations
(obesity, retinopathy, polydactyly, hypogonadism, and renal
and cardiac abnormalities) has been described so far, harboring
a mutation (P130S) in the B-box of TRIM32/BBS11 (22).
BBS11/TRIM32 is a member of the TRIM family, characterized
by a tripartite TRIM/RBCC motif (RING, B-box, coiled-coil)
(23). TRIM proteins were originally identified as regulators of
innate immunity that are produced in response to interferons
(24) but are now implicated in a broad range of functions and
abnormalities, including transcriptional regulation, muscle
homeostasis, and cancer (25-27). BBS11/TRIM32 contains six
C-terminal NHL repeats, and a mutation located within the
third NHL repeat (D487N) is associated with limb girdle mus-
cular dystrophy type 2H, an autosomal recessive muscular dis-
order (28). Other mutations within the C-terminal domain (29),
as well as corresponding mouse and Drosophila models (26, 30,
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31), confirm the role of BBS11/TRIM32 in muscle homeostasis.
Mediated by the RING domain, BBS11/TRIM32 acts as an E3
ubiquitin ligase and promotes degradation of several targets,
including actin (32), PIASy (33), Abl interactor 2 (34), dysbin-
din (35), X-linked inhibitor of apoptosis (XIAP) (36), p73 tran-
scription factor (37), and thin filaments and Z-bands during
fasting (38).

We observed that NPHP7/Glis2 is a labile protein with a
short half-life. Because BBS11/TRIM32 physically and geneti-
cally interacted with NPHP7/Glis2, we speculated that NPHP7/
Glis2 is a substrate of the E3 ubiquitin ligase BBS11/TRIM32.
However, BBS11/TRIM32 facilitated the accumulation of
ubiquitylated NPHP7/Glis2, partially co-localized with
NPHP7/Glis2 in the nucleus, facilitated the accumulation of
Glis/NPHP7 in nuclear subcompartments, and altered the
transcriptional profile of NPHP7/Glis2. Collectively, our data
demonstrate a functional and genetic link between members of
the NPH and BBS gene family, suggesting that simultaneous
mutations in both family members might occur and determine
the clinical manifestations.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Full-length human NPHP7/Glis2
(NM_032575) and BBS11/TRIM32 (NM_012210) were synthe-
sized by GeneArt (Invitrogen). Full-length and truncated ver-
sions with different N-terminal tags (FLAG, V5, and YFP) were
generated in expression vectors (PCDNAG; Invitrogen) as pre-
viously described (39, 40). Full-length PML in PCDNA6 with
V5 and FLAG tag was generated from a clone containing the
full-length PML cDNA (ImaGenes). The luciferase reporter
containing the mIns2 promoter was kindly provided by Dr. K.
Fererri, and the Glil.eGFP and luciferase reporter GBS, ,-Luc
were kindly provided by Dr. R. Toftgard. TRIM32.P130S,
TRIM32.D487N, and TRIM32ARING constructs were gener-
ated by quick change PCR with overlapping forward and
reverse primers, using wild-type TRIM32 as a template. Ubiq-
uitin was cloned into a HA-tagged pMT123 plasmid, using NotI
and EcoRlI restriction sites. K48R and K63R ubiquitin mutants
were kindly provided by Dr. L. Dikic. The GST.TRIM32 fusion
protein was generated by cloning full-length TRIM32 into
GST-pGEX4T1, using Mlu and Notl sites. FLAG. TRIM28 was
generated, using a full-length cDNA of TRIM28 (ImaGenes).
MG132 (Calbiochem) was used at a concentration of 10 um.
Antibodies used in this study included mouse anti-FLAG M2
(Sigma), anti-V5 (Serotec), anti-GFP (MBL), anti-B-actin
(Sigma-Aldrich), anti-HA 12CA5 (Roche Applied Science),
anti-Lamin A (Sigma-Aldrich), anti-a-tubulin (sigma), anti-
PML (PG-M3) (Santa-Cruz), anti-ubiquitin-K63 specific (Mil-
lipore), and anti-FK1 (Biomol) antibodies. Secondary HRP-
coupled antibodies against rabbit and mouse IgG were from
Dako and GE Healthcare. Cy3- and Cy5-conjugated antibodies
were from Jackson ImmunoResearch.

Cell Culture and Transfections—DMEM supplemented with
10% FBS (Biochrome) was used to culture HEK 293T cells. The
cells were transfected, using calcium phosphate or the Trans-
PEI transfection method (Eurogentec, Cologne, Germany).

Co-immunoprecipitation and Western Blotting— After 24 h
of transfection, cells were washed with PBS and lysed, using
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lysis buffer (20 mm Tris, pH 7.5, 1% Triton X-100, 50 mm NaCl,
50 mm NaF, 15 mm Na,P,0,, 0.1 mm EDTA) supplemented
with protease inhibitor mixture complete (Roche Applied Sci-
ence). Centrifugation (15,000 X g for 15 min at 4 °C) was fol-
lowed by ultracentrifugation (100,000 X g for 30 min at 4 °C);
the lysates were then incubated with 30 ul of FLAG M2 Sep-
harose beads (Sigma) for ~2 h at 4 °C in an overhead shaker.
After incubation, the beads were washed with lysis buffer, and
the proteins were eluted in 2X Laemmli buffer supplemented
with B-mercaptoethanol or DTT. The bound proteins were fur-
ther resolved by SDS-PAGE, and the interaction was detected
by Western blotting.

Ubiquitylation Assay—HEK 293T cells were transfected with
the plasmids as indicated along with HA-tagged ubiquitin.
After 24 h of transfection, the cells were washed with PBS and
subjected to lysis using radioimmune precipitation assay buffer
(1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 150
mM NaCl, 50 mm NaF, 2 mm EDTA, 13.7 mm Na,HPO,, 6.3 mm
NaH,PO,). The lysates were clarified by ultracentrifugation
and incubated with FLAG-M2 beads at 4 °C for 2 h. After wash-
ing four times with lysis buffer, bound proteins were further
resolved by SDS-PAGE gel and stained with HA antibody
(Roche Applied Science) to detect ubiquitylated proteins.

Immunofluorescence—HEK 293T cells were cultured on
6-well plates containing coverslips pretreated with polylysine to
ensure the attachment of the cells. After 24 h of transfection,
cells were fixed with 4% paraformaldehyde and treated with
0.25-0.5% Triton X-100 containing PBS. The cells were then
blocked with (2% horse serum, 0.5% Tween 20) and incubated
with primary antibody for 1 h. After removing the primary anti-
body, secondary antibody was added, followed by an additional
incubation period of 30 —45 min. After removing excess sec-
ondary antibody, nuclear staining was performed using DAPI.
After several washing steps, coverslips were mounted on a clear
microscopic slide, using prolong gold anti-fade reagent (Invit-
rogen). Images were captured with LSM 510 confocal or Apo-
tome microscope (Zeiss).

Luciferase Assay—HEK 293T cells were split into 12-well
plates and transiently transfected with the plasmids as indi-
cated in triplicate along with the luciferase reporter construct
and a B-galactosidase expression vector. After 24 h of transfec-
tion, the cells were lysed with Tropix lysis buffer (Applied Bio-
systems) for 15 min at room temperature. Lysates were centri-
fuged at 15,000 X g for 5 min. Supernatant was transferred to a
96-well plate, and luciferase activity was measured and normal-
ized to B-galactosidase activity to correct for transfection
efficiency.

Zebrafish Embryo Manipulation—zGlis2 and zTRIM32
sequences were described elsewhere (22, 41). The transgenic
zebrafish line Wt1b::GFP was described recently (42). Anti-
sense morpholino oligonucleotides (MO) were designed by
Gene Tools to target either the translation start or an exon
splice donor site causing splicing defects of the mRNA. The
efficacy of the ZTRIM32 MO was verified in zebrafish embryos,
using GFP fused to the MO target sequence. The MOs were
diluted in 200 mm KCl, 10 mMm Hepes, and 0.1% phenol red
(Sigma). The injection amounts varied between 0.1 and 0.5 mMm
(as indicated); the injection volume was 4.6 nl/embryo. Toxic
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side effects of injection reagent were compensated by co-inject-
ing p53 morpholino (0.1 mm). In combined knockdown exper-
iments, the total morpholino concentration was balanced to
~0.3 mM using control morpholino.

RESULTS

Co-immunoprecipitation between Glis2 and TRIM32—Co-
expression and immunoprecipitation of tagged proteins in
HEK 293T cells revealed that Glis2 interacts with components
of the BBSome (41) and TRIM32 (Figs. 1 and 24). Recombinant
GST-tagged TRIM32, incubated with the lysates of HEK 293T
cells transiently transfected with FLAG-tagged Glis2, precipi-
tated Glis2 (Fig. 2B). Truncational analysis mapped the inter-
action with TRIM32 to amino acids 141-359 of Glis2 (Fig. 2C),
a region that includes the five zinc fingers between amino acids
168 and 317 (NCBI NP_115964). Reciprocal mapping revealed
that the first 256 amino acids of TRIM32, encompassing the
N-terminal Ring and B-box domain, were sufficient to immo-
bilize Glis2 (Fig. 2D).

Genetic Interaction between TRIM32 and Glis2—MO-medi-
ated knockdown of Glis2 in zebrafish causes pronephric cyst
formation and other abnormalities including cilia motility (41).
Depletion of TRIM32 in zebrafish reportedly reduces the size of
the Kupffer’s vesicle and inhibits melanosome transport (33).
To establish a genetic interaction between TRIM32 and Glis2,
we performed knockdown of zZTRIM32 targeting the transla-
tional initiation site (ATG MO). Knockdown of zTRIM32
resulted in pronephric cyst formation in a dose-dependent
manner (Fig. 3A), supporting the hypothesis that TRIM32
mutations can be associated with a renal phenotype. Individual
depletion of zZTRIM32 and zGlis2 resulted in 25 and 15% of cyst
formation, approximately. However, in combined zGlis2/
zTRIM32 knockdown, we observed that pronephric cyst for-
mation was enhanced to ~60% (Fig. 3B), indicating a genetic
interaction between these two gene products.

TRIM32 Facilitates Accumulation of Glis2—Several
attempts failed to detect endogenous Glis2 by Western blot
analysis (Ref. 14), suggesting that Glis2 is a labile transcriptional
regulator present only at very low levels. Because TRIM32 is an
E3 ubiquitin ligase that targets several proteins for proteasomal
degradation (33-38), we hypothesized that TRIM32 interacts
with Glis2 to curtail Glis2 protein levels. Surprisingly, co-ex-
pression of TRIM32 increased the protein levels of Glis2 (Fig.
4A). Consistent with the proteasomal degradation of Glis2, the
proteasome inhibitor MG132 increased the levels of Glis2 in
transfected HEK 293T cells; however, the increase in protein
Glis2 protein levels was even more pronounced by TRIM32.
MG@G132 had no further effect on Glis2 protein levels in the pres-
ence of TRIM32 (Fig. 4B), suggesting that TRIM32 acts in the
same pathway, preventing ubiquitylation-dependent protein
degradation. Accumulation of ubiquitylated Glis2 in the pres-
ence of MG132 further confirmed that Glis2 protein levels are
controlled by ubiquitylation-mediated proteasomal degrada-
tion (Fig. 4C). Inhibition of protein synthesis by cycloheximide
revealed that co-expression of TRIM32 prolonged the half-life
of Glis2 (Fig. 4, D and E), supporting the hypothesis that
TRIM32 interferes with the proteasomal degradation of Glis2.
In contrast, TRIM32 did not alter the protein levels of Glis3,
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FIGURE 1. Glis2 interacts with BBS1, BBS2, and BBS11/TRIM32. FLAG-
tagged BBS proteins (BBS1-12) were transiently co-transfected with V5.Glis2
into HEK 293T cells. After 24 h of transfection, cells were lysed, and FLAG-
tagged BBS proteins were immunoprecipitated with FLAG-M2 beads. The
precipitates were loaded onto 10% SDS gel and analyzed by Western blotting
using anti-V5 and anti-FLAG antibodies. V5.Glis2 interacted with F.BBST,
F.BBS2, and F. BBS11/TRIM32, but not with the other BBS proteins. Antibody
heavy chains were marked with HC. IP, immunoprecipitation; WB, Western
blotting.

another Glis family member (Fig. 4F). BBS1, which also inter-
acted with Glis2, did not affect Glis2 protein levels (Fig. 4G),
whereas noninteracting truncations of TRIM32 did not alter
Glis2 protein stability (Fig. 4/). These findings suggest that
TRIM32 specifically targets Glis2 but not the other Glis pro-
teins and that an interaction with TRIM32 is required to pro-
mote the accumulation of Glis2 protein.

ACEVEN

MARCH 21, 2014 +VOLUME 289+NUMBER 12

A B F.Glis2

a

I 9 2

Z 0o 2 =

O W O s

> > =

+ 3+ g - [

S 8 7 @ @B

S S g e

EE Q2 F.Glis2
KDa & o o - -
75- Lysates: anti-FLAG

- - V5.NPHP5 75-

- »» - V5.Clis2 e - F.Glis2

75 -Ly sates: anti-V5 Pull down: GST beads

- V5 Glis2 E
- -l

IP: anti-Flag, WB: anti-V5 - =
100 - -

| - F.BBS2
75- - F.TRIM32 - —

IP: anti-Flag, WB: anti-Flag Lysates: coomassie

- GST.TRIM32

-GST

c D vsaGiis2
F.TRIM32 —
© »

S N v

o © ¥ ©

S o9 LN o
3¢ ¢ 8§
5o 588
328 92 = = =
5 O O X ¥
28w EEE

KDa > > > Kpa Y W

75 -
- V5.Glis2

Lysates: anti-V5 Lysates: anti-V5
] - V5.Glis2
w= - Glis2(146-359) - -HC
25- - -iC
IP: anti-Flag, WB: anti-V5

- S8 - FTrv32

IP: anti-Flag, WB: anti-Flag

IP: anti-Flag, WB: anti-V5

- F.TR.32(1-256)

- F.TR.32(247-426
.- - R 32((400 653))
IPA anti-Flag, WB: anti-Flag
FIGURE 2. TRIM32 interacts with the zinc finger domains of Glis2. A, FLAG-
tagged TRIM32 (F.TRIM32) or F.BBS2 were transiently co-expressed in HEK
293T cells with V5-tagged Glis2 (V5.Glis2) or V5.NPHP5. Precipitation of
F.TRIM32 immobilized V5.Glis2, but not V5.NPHP5. B, lysates of HEK 293T cells,
transiently transfected with F.Glis2, were incubated with recombinant
GST.TRIM32 or GST. F.Glis2 was pulled down by GST.TRIM32 but not by GST.
Expression levels of GST.TRIM32 and GST were checked by Coomassie stain-
ing. C, truncations of Glis2, V5.Glis2 (amino acids 1-152), V5.Glis2 (amino acids
346-525), and V5.Glis2 (amino acids 146-359) were generated to map the
interaction with TRIM32. F.TRIM32 interacted with the zinc finger-containing
fragment of V5.Glis2, spanning amino acids 146-359. D, FLAG-tagged frag-
ments of TRIM32 were co-expressed with V5.Glis2. Only the N-terminal frag-
ment of TRIM32, spanning amino acids 1-256, interacted with Glis2. HC, anti-
body heavy chains; LC, antibody light chains; IP, immunoprecipitation; WB,
Western blotting.

TRIM32 Promotes the Accumulation of K63-linked Polyubiq-
uitylated Glis2—Because Glis2 levels are controlled by ubiqui-
tylation and proteasomal degradation, whereas TRIM32 inter-
feres with Glis2 degradation and prolongs its half-life, we
investigated whether TRIM32 blocks ubiquitylation. Surpris-
ingly, TRIM32 enhanced the ubiquitylation of Glis2 (Fig. 54).
The two patient mutations did not alter the ubiquitylation pat-
tern of Glis2, and a TRIM32 fragment, encompassing the RING
finger and the B-box, was sufficient to enhance ubiquitylation
of Glis2 (Fig. 5B). We replaced amino acids Cys>°, Cys®, and
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FIGURE 3. Combined depletion of zGlis2 and zZTRIM32 enhances cyst for-
mation of the zebrafish pronephros. A, WT1-GFP transgenic zebrafish
embryos, highlighting the proximal pronephros, were injected with control
or zZTRIM32-specific MO and scored for cyst formation at 55 h postfertilization.
Knockdown of zZTRIM32 resulted in pronephric cyst formation in a dose-de-
pendent manner. The pronephric cysts of zTRIM32-deficient zebrafish
embryos are marked with asterisks in the GFP-labeled pronephric ducts. No
cyst formation was observed in zebrafish embryos injected with control MO.
B, zebrafish embryos were injected with different MO combinations as indi-
cated. Low doses of zZTRIM32 MO enhanced the cyst formation in zebrafish
embryos injected with zGlis2 MO.

His*' by alanine to destroy the ubiquitin ligase activity of
TRIM32 (35). The in vivo ubiquitin assays did not reveal any
difference between the ubiquitylation of Glis2 in the presence
of wild-type and mutant TRIM32. Only some of the higher
molecular weight species were reduced in the presence of
mutant TRIM32 (Fig. 5C), likely because the mutant TRIM32
no longer performed self-ubiquitylation. Polyubiquitin specific
antibodies revealed that Glis2 is largely polyubiquitylated,
which was increased by TRIM32 (Fig. 5D). Glis2 harbors one
group II WW PPLP motif as well as several group IV WW (ST)
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P motifs recognized by HECT ubiquitin ligases (43). We tested
several HECT ubiquitin ligases, including Nedd4-2, WWP1,
WWP2, Smurfl, Smurf2, and AIP4; however, none of these E3
ligases had a significant effect on Glis2 ubiquitylation (Fig. 6A).
The length of the ubiquitin chain, the targeted lysine, and the
type of ubiquitin molecule attached to the target protein deter-
mine the downstream consequences of ubiquitylation (44).
Polyubiquitin chains linked through K48 typically target pro-
teins for proteasomal degradation, whereas K63-linked poly-
ubiquitin chains control trafficking, activity, and interactions
with other proteins (45). Ubiquitylation of Glis2 was reduced in
the presence of the ubiquitin K48R mutant and slightly less by
the ubiquitin K63R mutant (Fig. 6B), suggesting that the poly-
ubiquitylated Glis2 contained more K48- than K63-linked
ubiquitin chains. In the presence of the TRIM32 RING mutant,
ubiquitylation of Glis2 was reduced both by both K48R and
K63R of ubiquitin (Fig. 6C). To support this observation, we
analyzed the ubiquitylated Glis2 in the presence of MG132 ver-
sus TRIM32, using ubiquitin K63 specific antibodies (Fig. 7).
Although no K63-containing ubiquitin chains were detectable
in the presence of MG132 (Fig. 7A), K63 ubiquitin-containing
Glis2 became detectable in the presence of TRIM32 (Fig. 7B).
Our findings suggest that Glis2 typically contains K48 poly-
ubiquitin chains that target Glis2 for rapid degradation.
TRIM32, although not directly involved in Glis2 ubiquitylation,
appears to shift the ratio between K48 and K63 polyubiquityla-
tion, facilitating the accumulation of K63-polyubiquitylated
Glis2.

TRIM32 Alters the Subcellular Localization of Glis2—
TRIM32 has recently been reported to mediate K63-linked
ubiquitylation of MITA; K63 polyubiquitylation is required for
MITA to interact with TBK1 in response to viral infections (46).
We speculated that the TRIM32-mediated shift in Glis2 K48/
K63 polyubiquitylation may also alter the interaction partners
of Glis2, affecting its subcellular localization. Immunofluores-
cence experiments in HEK 293T cells using YFP-tagged Glis2
(YFP.Glis2) revealed a diffuse nuclear localization of Glis2 con-
sistent with previous observations (18) (Fig. 84). Co-expression
of FLAG-tagged TRIM32 changed the localization of Glis2 and
recruited the transcriptional repressor into specific subnuclear
compartments (Fig. 84). The localization of Glis2 remained
unchanged in the presence of TRIM28, another TRIM family
member (Fig. 8B). The N-terminal truncation of TRIM32,
mediating the interaction with Glis2, was sufficient to drive the
recruitment of Glis2 (Fig. 8C). TRIM32, although predomi-
nantly present in the cytoplasm, partially co-localized with
Glis2 in these subnuclear compartments (Fig. 8D). Glis2 inter-
acted with PML in the presence of TRIM32, but not in the
presence of CD2AP (Fig. 9). However, the TRIM32-mediated
nuclear aggregates of Glis2 were larger than the antibody-la-
beled PML bodies and only in some cases appeared to encom-
pass PML bodies (Fig. 8E). The striking changes of Glis2 in the
presence of TRIM32 support the hypothesis that TRIM32 alters
the Glis2 ubiquitylation pattern, which affects its interactions
and subcellular localization.

TRIM32 Modulates the Transcriptional Activities of Glis2—
Glis2 interacts with B-catenin and has been shown to func-
tion as a repressor for TCF/LEF-dependent gene activation
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FIGURE 4. TRIM32 stabilizes Glis2. A, HEK 293T cells were transiently transfected with V5.Glis2 together with a control vector, F.TRIM32, or F.CD2AP. After 24 h
of transfection, cells were lysed; proteins were resolved on SDS-PAGE gel and detected by Western blotting, using anti-V5 and anti-FLAG antibodies. Protein
levels of Glis2 were quantified using Lablmage 1D software and normalized to B-actin protein levels. The bars (right panel) represent the relative protein levels
from three independent experiments. B, HEK 293T cells, transfected with V5.Glis2, were treated with DMSO or the proteasomal inhibitor MG132 (12 um) for 2 h
and co-transfected with F.TRIM32 as indicated. MG132 treatment increased Glis2 protein levels but had no apparent effect in the presence of TRIM32. The bars
(right panel) represent the quantification of Glis2 protein levels normalized to B-actin levels from three independent experiments. C, HEK 293T cells were
transfected with F.Glis2 and HA-tagged ubiquitin. After 24 h of transfection, cells were treated with MG132 or DMSO (control). F.Glis2 was precipitated using
FLAG-M2 beads. Ubiquitylated Glis2 (Ubi-Glis2) was detected using an anti-HA antibody, demonstrating an increase of ubiquitylated Glis2 species in the
presence of MG132. D, HEK 293T cells, transfected with Glis2 alone or together with TRIM32, were treated with cycloheximide (30 ng) to inhibit protein
synthesis. Glis2 protein levels were followed over a time course of 9 h by Western blot analysis. Glis2 protein levels remained stable in the presence of TRIM32.
Anti-B-actin staining was used to control for equal loading. E, the graph demonstrates the decline of Glis2 protein levels after inhibition of protein synthesis
with cycloheximide in the absence (purple line) or presence (blue line) of TRIM32. The results represent the average of three experiments; B-actin was used as
aloading control (see Fig. 3D). F, protein levels of V5.Glis3 remained unaffected in the presence of different levels of F.TRIM32. G, protein levels of Glis2 were not
increased by the presence of BBS1. H, the N-terminal truncation of F.TRIM32 (1-256), interacting with Glis2, was sufficient to increase Glis2 protein levels,
whereas noninteraction F.TRIM32 truncations failed to affect Glis2 protein levels. IP,immunoprecipitation; WB, Western blotting.

DISCUSSION

Structural or functional defects of cilia cause a broad spec-
trum of human disease manifestations now collectively termed

(13). TRIM32, although itself not displaying any inhibitory
activity on (B-catenin-mediated TOPflash activation, com-
pletely reversed the Glis2-mediated inhibition of B-catenin-

dependent TOPflash activation (Fig. 10A4). Although Glis2
interacts with CtBP1 to function as a transcriptional repres-
sor in most instances (12), Glis2 activates the mIns2 (mouse
insulin-2) promoter by binding to the Glis binding sites of
the mIns2 promoter (18). Here, TRIM32 had a modest
repressor function, inhibiting the Glis2-mediated mIns2
activation by ~50% (Fig. 10B).

ALY
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ciliopathies (1). Based on the combination of predominant phe-
notypes, ciliopathies have been grouped into distinct autosomal
recessive syndromes. MKS, JBTS, BBS, and NPH are closely
related and share several clinical features, including renal dys-
function, retinal degeneration, mental retardation, and cerebel-
lar and hepatic abnormalities (7). The molecular basis for this
clinical overlap is currently evolving. There is extensive genetic
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FIGURE 5. TRIM32 promotes the accumulation of ubiquitylated Glis2. A, HEK 293T cells were transfected with HA-tagged ubiquitin in combination with the
plasmids as indicated. After 24 h of transfection, F.Glis2 was precipitated using FLAG-M2 beads; ubiquitylated Glis2 (Ubi-Glis2, top panel) was detected using an
anti-HA antibody. Autoubiquitylation of TRIM32 was detectable except for the TRIM32.D487N mutation (lane 5, bottom panel). B, the Glis2-interacting, N-ter-
minal domain of TRIM32 (aminio acid 1-256) was sufficient to enhance ubiquitylation of Glis2. C, the accumulation of ubiquitylated Glis2 was preserved in the
presence of E3 ligase-deficient TRIM32 ARING mutant. F.Glis2 was co-transfected with V5.TRIM32 lacking E3 ligase activity (TRIM32 ARING) and V5.TRIM32 WT.
Consistent with the elimination of the E3 ligase activity, no autoubiquitylation was detectable for the TRIM32 ARING mutant (/ane 4, bottom panel). D, HEK 293T
cells were transfected with the plasmids as indicated. Polyubiquitylation of F.Glis2 was detected in the presence of the E3 ligase-deficient TRIM32 ARING

mutant, using anti-Fk1 antibody. /P, immunoprecipitation; WB, Western blotting.

overlap, and MKS mutations have recently been shown to cause
BBS and vice versa, whereas NPHP6/CEP290 has been identi-
fied in patients with MKS and JBTS (reviewed in Ref. 7). Seven
BBS proteins (BBS1, 2, 4, 5, 7, 8, and 9) form the BBSome, a
coat-like protein complex implicated in the trafficking of cargo
molecules to the cilium (reviewed in Ref. 47). Although ciliary
molecules have been linked to a BBSome-dependent transport,
it is currently unknown whether MKS or NPHP gene products
utilize BBSome-dependent trafficking to reach the cilium. We
observed that NPHP7/Glis2 interacts with BBS1 and BSS2, but
attempts to detect endogenous NPHP7/Glis2 by antibodies in
native tissues have failed so far (Ref. 14 and data not shown),*
limiting the possibility to determine whether BBS11 and

8396 JOURNAL OF BIOLOGICAL CHEMISTRY

NPHP7 share overlapping trafficking pathways. One explana-
tion for the difficulties to detect endogenous NPHP7/Glis2
appears to be its short half-life, caused by ubiquitylation-de-
pendent proteasomal degradation. Because our candidate
screen identified BBS11/TRIM32 as NPHP7/Glis2-interacting
protein, we speculated that the RING finger E3 ubiqutin ligase
BBS11/TRIM32 targets NPHP7/Glis2 for K48-linked polyubiq-
uitylation and degradation. Surprisingly, BBS11/TRIM32 pre-
vented the degradation of NPHP7/Glis2 and promoted its accu-
mulation. We noted that in the presence of BBS11/TRIM32, a
higher proportion of ubiquitylated NPHP7/Glis2 species con-
tained K63-linked polyubiquitin chains, implicated in signaling
or trafficking functions rather than degradation. Consistent
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FIGURE 6. TRIM32 promotes K63-linked ubiquitylation of Glis2. A, HECT E3 ubiquitin ligases did not increase Glis2 ubiquitylation. Ubiquitylation of F.Glis2
was monitored in the presence of different HECT E3 ubiquitin ligases, and ubiquitylated Glis2 was detected by an anti-HA antibody. B, HEK 293T cells were
transfected with constructs as indicated, and ubiquitylation of F.Glis2 was compared in the presence of the ubiquitin K48R and K63R mutants. K48R ubiquitin
reduced the ubiquitylation more efficiently, suggesting that in the absence of TRIM32, Glis2 is predominantly K48-ubiquitylated. C, in vivo ubiquitylation assay
was performed to assess the ubiquitylation of Glis2 in the presence of wild-type HA.ubiquitin (Ubi-WT), HA.ubiquitin K48R (Ubi-K48R), and HA.ubiquitin K63R
(Ubi-K63R). The TRIM32 ARING was used to prevent autoubiquitylation of TRIM32. Both K48R and K63R ubiquitin reduced Glis2 ubiquitylation to a similar
degree, suggesting that TRIM32 shifts Glis2 ubiquitylation toward K63 ubiquitin chain species. I[P, immunoprecipitation; WB, Western blotting.

with the proposed function of K63 chains, we found that the tion with PML; however, the NPHP7/Glis2-positive intranu-
presence of BBS11/TRIM32 altered the intranuclear localiza-  clear domains were substantially larger than PML bodies and
tion of NPHP7/Glis2, promoting the accumulation in large only partially overlapped with PML bodies. TRIM32 facilitated
nuclear domains. BBS11/TRIM32 also facilitated the interac- the accumulation of ubiquitylated, K63-containing Glis2 spe-
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FIGURE 7. TRIM32 facilitates the accumulation of K63 ubiquitin chain-
containing Glis2. Glis2 was co-expressed with HA-tagged, wild-type ubiqui-
tin (Ubi-WT), HA-tagged ubiquitin K48R (Ubi-K48R), or HA-tagged ubiquitin
K63R (Ubi-K63R) in HEK 293T cells. In A, cells were incubated for the last 2 h
with 12 um MG132. In B, cells were co-transfected with V5-tagged TRIM32
(V5.TRIM32). K63-linked ubiquitin chain accumulated in the presence of
V5.TRIM32, but not after incubation with MG132, using a K63 specific anti-
body. IP, immunoprecipitation; WB, Western blotting.

cies independent of its E3 ligase activity. Because this property
required the interaction between TRIM32 and Glis2, TRIM32
could act as an adaptor protein that recruits ubiquitin E3 ligases
to attach K63 chains to Glis2 or block interaction with the E3
ligase responsible for K48 ubiquitylation, thereby allowing
other E3 ligases to attach K63 chains to Glis2.

Closely related to the Gli transcription factors, the Glis family
members (Glis1-3) of transcriptional modulators have been
established as important developmental regulators in Hedge-
hog (14) and Wnt (13) signaling and in the inhibition of path-
ways that promote epithelial to mesenchymal transition and
fibrosis (8). Belonging to the subfamily of Kriippel-like zinc fin-
ger proteins, the Glis transcriptional regulators contain a highly
conserved DNA-binding domain with five C,H,-type zinc fin-
ger motifs that recognize the consensus Glis DNA binding
sequence (G/C)TGGGGGGT(A/C) (10, 11, 18). To determine
whether BBS11/TRIM32 modifies the transcriptional profile of
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FIGURE 8. TRIM32 recruits Glis2 into subnuclear domains. A, immunofluo-
rescence analysis of HEK293T cells expressing YFP.Glis2 (green) alone or in the
presence of TRIM32. Nuclei were stained with Hoechst blue. YFP.Glis2 alone
showed a diffuse nuclear localization (left panel). The arrowheads point high-
light the recruitment of YFP.Glis2 into specific subnuclear domains in the
presence of TRIM32. Cells with Glis2 localizing nuclear dots were counted and
quantified (right panel). DIC, differential interference contrast. B, the N-termi-
nal domain of F.TRIM32, spanning the Glis2-interacting amino acids 1-256, is
sufficient to drive the recruitment to nuclear aggregates (top panel), whereas
the two noninteracting fragments (F.TRIM32 (amino acids 247-426) and
F.TRIM32 (amino acids 400 -653)) failed to alter the subcellular localization of
Glis2. C, no recruitment of Glis2 was detected in the presence of TRIM28,
another TRIM family member. D, YFP.Glis2 and F.TRIM32 partially co-localized
within the nucleus, suggesting that Glis2 facilitates the nuclear import of
TRIM32. YFP.Glis2 and FLAG-tagged TRIM32 were transiently co-expressed in
HEK 293T cells. F.TRIM32 was detected using a polyclonal FLAG rabbit anti-
body followed by Cy3-conjugated donkey anti-rabbit IgG (red). E, only a sub-
set of PML bodies (red) co-localized with the YFP.Glis2-positive nuclear aggre-
gates in HEK 293T cells. Endogenous PML was detected using anti-PML
mouse antibody followed by Cy3-conjugated donkey anti-mouse IgG.

NPHP7/Glis2, we tested some of the recently established target
genes. Surprisingly, BBS11/TRIM32 reversed the inhibitory
effect of Glis2 on B-catenin-mediated TOPflash activation.
This finding suggests that interaction with NPHP7/Glis2 may
affect the nuclear import of BBS11/TRIM32, which then not
only alters the intranuclear localization of NPHP7/Glis2 but
also affects its transcriptional activation, for example by seques-
tering NPHP7/Glis2 away from LEF/TCF binding sites. Indeed,
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FIGURE 10. TRIM32 modulates the transcriptional activity of Glis2. A, the
repressive effect of Glis2 on B-catenin-dependent transcriptional activity
(TOPflash) was reversed by the co-transfection of TRIM32. Four independent
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we observed increased nuclear BBS11/TRIM32 and co-local-
ization with NPHP7/Glis2. The mouse insulin-2 promoter
was recently discovered as a transcriptional target of
NPHP7/Glis2. In contrast to most transcriptional repressor
functions, NPHP7/Glis2 activates this promoter (18).
Although BBS11/TRIM32 by itself had no affect, it reduced
the NPHP7/Glis2-mediated activation by ~50%, providing
another example that BBS1/TRIM32-mediated changes of
ubiquitin composition and intranuclear localization affect the
function of NPHP7/Glis.

Although NPHP7/Glis2 has been characterized in great
detail (8,10-13,15-19, 48), the endogenous protein has evaded
its detection, suggesting that this protein is extremely labile
and/or expressed at low levels. Most studies have therefore
relied on heterologous expression of NPHP7/Glis2 in cultured
cells, limiting the significance of the observed perturbations for
human physiology and disease. We found that NPHP7/Glis2
and BBS11/TRIM32 expressed in the human embryonic kidney
cell line 293T form robust protein complexes. Given the tech-
nical limitations, we validated this result with recombinant pro-
teins and used the zebrafish pronephros model to provide fur-
ther evidence for a genetic interaction between these two
proteins. Only one Bardet-Biedl typical BBS11 mutation has
been identified so far (22, 49), replacing the proline at position
130 with a serine. BBS11/TRIM32-deficient mice only display
phenotypic abnormalities consistent with the limb girdle mus-
cular dystrophy type 2H observed in humans with BBS11/
TRIM32 mutations, questioning the relevance of BBS11/
TRIM32 mutations as an underlying cause for the Bardet-Bied!l
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syndrome. However, the phenotypes observed after knock-
down of BBS11/TRIM32 in zebrafish are clearly consistent with
a ciliopathy. Resolving this apparent controversy, our findings
provide an alternative explanation as to why patients and ani-
mal models with BBS11/TRIM32 mutations rarely display BBS-
like symptoms. We identified potential interactions between
BBS proteins and NPHP7/Glis2 and propose that additional
mutations in NPHP7/Glis2 or other ciliopathy genes are
required to elicit a BBS11/TRIM32-associated Bardet-Bied!l
syndrome. The concept of compound heterozygote mutations
appears to be particularly relevant for the Bardet-Biedl syn-
drome (7, 50, 51), but the overall mutational load likely applies
to the manifestations of other ciliopathies.
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