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SUMMARY

Primary cilium dysfunction affects the development
and homeostasis of many organs in Bardet-BiedI
syndrome (BBS). We recently showed that seven
highly conserved BBS proteins form a stable com-
plex, the BBSome, that functions in membrane traf-
ficking to and inside the primary cilium. We have
now discovered a BBSome subunit that we named
BBIP10. Similar to other BBSome subunits, BBIP10
localizes to the primary cilium, BBIP10 is present
exclusively in ciliated organisms, and depletion of
BBIP10 yields characteristic BBS phenotypes in
zebrafish. Unexpectedly, BBIP10 is required for cyto-
plasmic microtubule polymerization and acetylation,
two functions not shared with any other BBSome
subunits. Strikingly, inhibition of the tubulin deacety-
lase HDAC6 restores microtubule acetylation in
BBIP10-depleted cells, and BBIP10 physically inter-
acts with HDAC6. BBSome-bound BBIP10 may
therefore function to couple acetylation of axonemal
microtubules and ciliary membrane growth.

INTRODUCTION

The primary cilium—a rod-like organelle present on the surface
of most eukaryotic cells—has recently been the subject of
much attention for its role in several signal transduction cas-
cades, such as visual and olfactory sensation and the Sonic
Hedgehog (Hh) morphogen pathway (Christensen and Ott,
2007; Scholey and Anderson, 2006). Notably, mice with muta-
tions in the intraflagellar transport (IFT) machinery, which is nec-
essary for building the cilium, display characteristic Hh signaling
defects (Huangfu et al., 2003). At the cellular level, the Hh recep-
tor Patched and the downstream transducer Smoothened re-
spectively exit and enter the cilium during pathway activation
(Corbit et al., 2005; Rohatgi et al., 2007).

A broader role for the primary cilium in cellular signaling is high-
lighted in a variety of pleiotropic hereditary disorders referred to
as ciliopathies (Badano et al., 2006). In the example of Bardet-
Biedl syndrome (BBS), patients suffer from obesity, retinopathy,
anosmia, renal malformation, hypogenitalism, and polydactyly

(Blacque and Leroux, 2006; Sheffield et al., 2004). Strikingly, stud-
iesin avariety of animal models have demonstrated that BBS pro-
teins participate in the function of the primary cilium. For example,
in zebrafish, knockdown of known BBS genes results in disruption
of the Kupffer’s vesicle (KV), a ciliated structure involved in left-
right patterning (Chiang et al., 2006; Tayeh et al., 2008; Yen
et al., 2006). Furthermore, worms harboring mutations in bbs7,
bbs7, or bbs8 fail to coordinate the movement of the two IFT sub-
complexes inside the cilium (Ou et al., 2005, 2007). Altogether, the
multitude of tissues and organs affected in BBS patients suggests
defects in several tissue-specific ciliary signaling pathways.

We recently purified the BBSome —a stable complex of seven
evolutionarily conserved BBS proteins—and proposed that it
functions in ciliary membrane biogenesis (Nachury et al., 2007).
First, the BBSome associates with the ciliary membrane; second,
it binds to Rabin8, the guanosyl exchange factor for the small
GTPase Rabs; third, Rab8®™" localizes to the cilium and promotes
the docking and fusion of carrier vesicles to the base of the cilium.
Thus, in one model, the BBSome directs vesicular trafficking to
the cilium by modulating the ability of Rabin8 to activate Rab8.
This model recently received support with the discovery that the
ciliary membrane protein somatostatin receptor 3 fails to reach
the cilium in hypothalamic neurons of Bbs4 and Bbs2 knockout
mice (Berbari et al., 2008). Thus, the BBSome may function in
the transport of specific proteins to the primary cilium.

Besides the ciliary membrane, the cilium consists of the
axoneme, aradially symmetrical arrangement of 9 doublet micro-
tubules (MTs). Interestingly, axonemal MTs are subject to post-
translational modifications, including acetylation, detyrosination,
and polyglutamylation (Westermann and Weber, 2003). Cyto-
plasmic and centrosomal MTs are also acetylated, and the acet-
ylation of a-tubulin appears to take place after MT polymerization
(Maruta et al., 1986). Therefore, acetylation seems to correlate
with how long MTs have been available to serve as a substrate
for the tubulin acetyltransferase (TAT), and a direct role for tubulin
acetylation in MT dynamics seems unlikely (Palazzo et al., 2003).
Our understanding of the enzymology of MT acetylation is limited
to the identification of two tubulin deacetylases, HDAC6 and
SIRT2, whereas the TAT remains to be discovered (Hubbert
et al., 2002; North et al., 2003). Similarly to acetylated «-tubulin
(ac-tubulin), detyrosinated «- and B-tubulin (Glu-tubulin) are
markers of stable MTs and primary cilia (Johnson, 1998; Webster
et al., 1987). Polyglutamylated o~ and B-tubulin (polyglu-tubulin)
can be detected on centrioles and axonemal MTs in most
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mammalian cells, and polyglutamylation has been shown to be
important for cilia motility and centrosome stability (Bobinnec
etal., 1998; Gagnon et al., 1996). The “tubulin code” model, anal-
ogous to the “histone code” hypothesis in epigenetics, posits
that tubulin modifications modulate the binding of MT-associated
proteins (MAPs) and motors to MTs, thus providing a mechanism
for differential MAP and motor activity on distinct MT tracks (Bon-
net et al., 2001; Reed et al., 2006; Verhey and Gaertig, 2007).

In this study, we describe a highly conserved subunit of the
BBSome, which we name BBIP10. BBIP10 is required for pri-
mary cilium assembly, but, unexpectedly, it also functions to sta-
bilize cytoplasmic MTs and maintain their acetylation. Given that
these latter roles of BBIP10 do not overlap with BBSome func-
tion, we conclude that BBIP10, besides its crucial role in the
BBSome, is a more global regulator of cytoplasmic MT stability.

RESULTS

Discovery of a Novel BBSome
Subunit

Following our discovery of the BBSome,
we were interested in finding novel
BBSome-associated proteins that may
regulate or be effectors of its function.
Careful examination of BBS4-interacting proteins, isolated by
using tandem affinity purification from our previously described
retinal pigmented epithelium (RPE) cell line stably expressing
LAP-BBS4 used to purify the BBSome, revealed the presence
of a 10 kDa polypeptide in near-stoichiometric amounts (Fig-
ure 1A) (Nachury et al., 2007). Tandem mass spectrometry
identified this protein as the hypothetical product of the unchar-
acterized gene LOC92482 (see Figure S1 available online). Re-
markably, reciprocal BLAST searches yielded clear orthologs
of LOC92482 in ciliated organisms (Figure S2), but not in plants,
amoebae, or fungi. The LOC92482 protein sequence is well con-
served in ciliated organisms; however, the primary sequence
analysis did not reveal any conserved domains suggestive of
its function (Figure 1B; Figure S3). Because of its association
with the BBSome and functional overlap with BBS proteins
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B Figure 2. BBIP10 Is Essential for Ciliogene-
SiRNA sis and BBSome Assembly
660\ \Q\Q’ (A) BBIP10 is required for primary cilium formation
& ¥ in RPE cells. RPE cells were transfected with
(kDa) l— —

BBIP10 or control siRNA for 72 hr, serum starved
for the last 48 hr, and fixed. Indirect immunofluo-
rescence was performed with anti-BBIP10 and
anti-ac-tubulin antibodies. Arrows indicate pri-
mary cilia. Scale bars are 10 pm.

(B) Validation of the anti-BBIP10 antibody by west-
ern blot. Whole-cell lysates of BBIP10 or control
siRNA-transfected RPE cells were immunobloted
for BBIP10 (band marked with an arrow). The non-
specific band marked with an astersik was used as
a loading control. The complete blot is presented
in Figure S4.

(C) Depletion of BBIP10 prevents ciliogenesis. RPE
cells were prepared as in described in (A), stained
for pericentrin and acetylated or polyglutamylated
(GT335) tubulin. Cilia were counted in two indepen-
dent experiments. Error bars represent SEM.

(D) BBIP10 depletion in zebrafish results in abnor-
mal KV formation. Twenty five percent of the
embryos had defects in KV morphology when in-
jected with BBIP10 MO, whereas only 5% of con-
trol-injected embryos had such abnormalities. The
phenotype could be rescued by coinjection of
BBIP10 mRNA (100 ng/ul). BBS11 MO here and
n (E) was used as a positive control for zebrafish
BBS knockdown defects.

(E) BBIP10 morphants display delayed melano-
some retraction. BBIP10 MO-injected embryos
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retracted melanosomes in 191 s, which is signifi-
cantly (p < 0.001) delayed compared to 90 s in
control-injected embryos. BBIP10 mRNA coinjec-
tion decreased transport time to 112 s in BBIP10
morphants. Error bars represent SD.

(F) BBIP10 genetically interacts with BBS1. Injec-
tion of a low dose of BBIP10 generates KV defects
in 10% of embryos, whereas coinjection of a low
dose of BBS1 MO with a low dose of BBIP10
MO increased the number of embryos with KV ab-
normalities to 28.6%. A low dose of BBIP10 coin-
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jected with BBS4 MO did not produce such
a change.

(G) The BBSome fails to form in the absence of BBIP10. The BBSome was purified by tandem affinity purification from [>*S]-methionine RPE-[-""BBS4] cells
transfected with control or BBIP10 siRNA. Final eluates were resolved on a 4%-12% NuPAGE gel and blotted on PVDF membrane, which was exposed to
a phosphostorage screen. The identity of the bands on the scan was inferred from comparison with a silver-stained gel (Figure 1A). The gel front is marked

to help distinguish it from the BBIP10 band.

(H) Microtubules are not required for BBSome maintanence. RPE-[“""BBS4] cells were serum starved for 48 hr and treated with 0.16 uM nocodazole or DMSO
control for 18 hr. The BBSome was isolated, resolved on a 4%-12% NuPAGE gel, and silver stained. The asterisk marks the contaminating TEV protease band.

(see below), we called this protein BBIP10 (BBSome Interacting
Protein of 10 kDa).

To facilitate detection of endogenous BBIP10 in cells and cell
extracts, we developed rabbit polyclonal antibodies against re-
combinant human BBIP10 (Figure 1A, bottom panel; Figure 2B;
Figure S4). As a first step in characterizing this protein, we inves-
tigated the biochemical properties of its binding to the core
BBSome (previously defined as the BBS1, -2, -4, -5, -7, -8,
and -9 complex). We subjected the native LAP-BBS4 eluate to
velocity sedimentation analysis (Figure 1C). BBIP10 clearly co-
sedimented with BBS4 at 14S, suggesting that BBIP10 strongly
associates with the core BBSome, unlike the loosely bound
PCM-1 (Nachury et al., 2007). We previously showed that all

core BBSome subunits exclusively cofractionate in gel filtration
of mouse testes lysate. Since our anti-BBIP10 antibody did not
detect the mouse BBIP10 ortholog (data not shown), we used
gel filtration of RPE cell lysate to investigate BBIP10’s associa-
tion with the BBSome. A portion of BBIP10 clearly cofractionated
with BBS4 at ~440 kDa (61 A) (Figure 1D). Still, we note that the
bulk of BBIP10 eluted in low-molecular weight fractions with un-
known protein partners.

Next, we used our anti-BBIP10 antibody to visualize BBIP10 in
human RPE cells, a well-established system for studying cilio-
genesis (Mikule et al., 2007; Pugacheva et al., 2007). Remark-
ably, BBIP10 colocalized precisely with BBS4 inside the primary
cilium, but not at centriolar satellites (Figure 1E). This localization
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pattern suggests that BBIP10 associates with the BBSome
inside the primary cilium, but not at centriolar satellites, where
the BBSome is bound to PCM-1.

BBIP10 Is Required for the Primary Cilium Formation

The evolutionary conservation of BBIP10, its binding to the
BBSome, and its localization to the cilium motivated us to exam-
ine the contribution of BBIP10 to primary cilium formation in RPE
cells. Three different siRNA oligonucleotides reduced BBIP10
mRNA levels by greater than 91% and rendered BBIP10 protein
undetectable by immunoblotting and immunostaining (Figures 2A
and 2B; Figure S5A). Remarkably, the extent of BBIP10 knock-
down correlated with a dramatic decrease in ciliation, indicating
that BBIP10 is essential for ciliogenesis (Figures 2A and 2C;
Figure S5B). Unexpectedly, we also observed a marked reduc-
tion in cytoplasmic MT acetylation (Figure 2A). The absence of
cilia in BBIP10-depleted cells was therefore confirmed by using
an independent marker of the ciliary axoneme, polyglu-tubulin
(Figure 2C).

Having established the requirement for BBIP10 in ciliogenesis
in tissue culture cells, we next examined the effect of BBIP10 loss
of function in an animal model. Interference with BBS gene
function in zebrafish embryos is known to result in two specific
phenotypes: malformation of the KV and a delay in retrograde
melanosome transport (Chiang et al., 2006; Tayeh et al., 2008;
Yen et al., 2006). First, analogous to the node in mammals, the
KV is an embryonic ciliated structure involved in left-right asym-
metry determination in fish. Embryos injected with BBIP10 mor-
pholino oligonucleotides (MO) displayed KV abnormalities five
times more frequently than control animals (Figure 2D). This effect
was specific since it could be rescued by coinjection of BBIP10
mRNA along with the MO (Figure 2D). Second, melanosomes un-
dergo retrograde translocation from the cell periphery to the peri-
nuclear region in response to light and epinephrine, which can be
assayed as a function of time. The retrograde transport of mela-
nosomes was slowed down to a similar extent by injection of MOs
targeting bbip10, bbs11 (Figure 2E), or bbs2 (data not shown).
The defect brought about by BBIP10 MO could be rescued by
coinjection of BBIP10 mRNA (Figure 2E). We previously deter-
mined subphenotypic doses of BBS1 and BBS4 MOs that do
not generate substantial KV defects or melanosome trafficking
delays (Tayeh et al., 2008). Injection of a low dose of BBIP10
MO alone caused only a slight increase in KV defects. However,
coinjection of a low-dose combination of BBIP10 and BBS1 MOs
showed a dramatic increase in KV abnormalities, whereas
combined injections of BBIP10 and BBS4 MOs did not alter
KV defects relative to individual exposure (Figure 2F). Thus,
BBIP10-depleted zebrafish embryos display characteristic BBS
phenotypes, and BBIP10 genetically interacts with BBS1.

Correlation of gene expression has been demonstrated to be
a powerful method for identifying coregulated genes within a
molecular pathway (Eisen et al., 1998). We therefore analyzed
Bbip10 expression relative to 11 BBS genes in a rat eQTL exper-
iment (Scheetz et al., 2006). As validation of this method, the data
set was previously exploited to identify TRIM32 as BBS11
(Chiang et al., 2006). Bbip10 expression was found to strongly
correlate with the expression of the other BBS genes (Figure S6).
Thus, together with the data showing BBIP10 binding to the
BBSome, its localization to the cilium, and the requirement for

BBIP10 in cilium assembly, these data demonstrate that
BBIP10 is an important component of the BBS pathway. We
note however, that no mutations in the BBIP70 coding sequence
could be identified in a panel of over 300 BBS probands without
mutation in known BBS genes. Thus, BBIP10 may carry out func-
tions beyond the BBS pathway, or, alternatively, the small size of
the BBIP10 gene may make it a limited target for spontaneous
mutations and a very rare cause of BBS.

BBIP10 Is Required for the Assembly of the BBSome
Given the substantial overlap between the functions of BBIP10
and the other BBSome subunits, we wanted to understand if
BBIP10 might function in BBSome assembly. We assayed
BBSome assembly by metabolic labeling and purification of
the BBS4-associated complex after depletion of BBIP10 by
siRNA. Remarkably, we could not detect any BBSome subunits
copurifying with BBS4, suggesting that BBS4 fails to incorporate
into the BBSome in the absence of BBIP10 (Figure 2G). The po-
tential role of several BBS proteins, and BBIP10 in particular (see
below), in MT-related processes prompted us to ask whether
MTs in general are required for the maintenance of the BBSome.
To address this question, we purified the BBSome from cells
treated with the MT depolymerization agent nocodazole. Prior
to drug treatment, cells were serum starved to induce ciliation
and to avoid mitotic arrest due to the engagement of the spindle
assembly checkpoint. The subunit composition of the BBSome
purified from cells without MTs was indistinguishable from the
control (Figure 2H). Thus, we conclude that BBIP10 is likely to
play a direct role in BBSome assembly.

Systematic Analysis of BBS Protein Function

in Microtubule-Based Processes

The striking effect of BBIP10 depletion on ciliogenesis and MT
acetylation led us to question whether the BBSome itself influ-
ences these processes. Although BBS proteins have been pro-
posed to be important for MT- and centrosome-based functions,
direct evidence for these roles in mammalian cells remains
limited. BBS4 has been implicated in MT-based transport of
centriolar satellites via its interaction with PCM-1 and the dynein/
dynactin motor complex (Kim et al., 2004), and BBS6 has been
localized to centrosomes (Kim et al., 2005). To uncover potential
functional overlap among the 12 known BBS proteins, BBIP10,
and PCM-1, we undertook a systematic analysis of MT-based
processes upon depletion of these proteins in RPE cells. We
chose to analyze cilium formation, centrosome morphology,
BBS4 localization, and MT acetylation. In particular, we were
interested in finding phenotypic differences between BBIP10-
depleted cells and cells lacking individual BBS proteins.

We found that the ability of RPE cells to ciliate was dramati-
cally decreased by knockdown of BBIP10, BBS1, BBS5 and
PCM-1 (Figures 3A and 3B; Figure S7), whereas ciliation in cells
depleted of all other BBS proteins was not substantially different
from the control. This is not surprising given that all BBS knock-
out mice generated so far (Bbs2, Bbs4, and Bbs6), as well as a
BBS1M390R knockin mouse model, are able to form cilia (Davis
et al., 2007; Fath et al., 2005; Mykytyn et al., 2004; Nishimura
et al., 2004). None of the knockdowns besides BBIP10 appeared
to have a dramatic effect on cytoplasmic ac-tubulin staining
(Figure 3A).
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Surprisingly, depletion of BBIP10 and BBS8 caused a dramatic
increase in the frequency of centrosome splitting in interphase
cells (Figures 3A and 3C). Interestingly, the levels of pericentrin
staining at the centrosome were dramatically reduced in BBS8-
depleted cells, but not in BBIP10-depleted cells, (Figure 3A).
Since pericentrin has been shown to be required for primary cilia
assembly (Jurczyk et al., 2004; Mikule et al., 2007), we were
surprised to find that cells lacking BBS8 were able to grow cilia
despite a drastic reduction in pericentrin levels at the centrosome
and split centrosomes. Taken together, these observations argue
against centrosome splitting being the primary cause of ciliogen-
esis defect found in BBIP10-depleted cells (also see Graser et al.,
2007).

It was of interest to investigate if BBIP10 depletion would affect
BBS4 localization to centriolar satellites given that BBS4 fails to
incorporate into BBSome in the absence of BBIP10. We found,
however, that BBS4 remained localized to centriolar satellites in

BBS4

siRNA
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Figure 3. Analysis of Ciliogenesis and
Centrosome Morphology upon Depletion
of Individual BBS Proteins by siRNA

(A) Analysis of ciliogenesis, centrosome splitting,
and tubulin acetylation upon BBS protein deple-
tion. RPE cells transfected with indicated siRNAs
for 72 hr and serum starved for the last 48 hr
were fixed and stained for pericentrin (green),
ac-tubulin (red), and DNA (blue). Split centrioles
in BBS8-depleted cells are marked with arrow-
heads. Merged representative images are pre-
sented. Validation of the specific mRNA depletion
by gRT-PCR is presented in Figure S7. Scale bars
are 10 um.

(B) A ciliogenesis assay in RPE cells depleted of
BBS proteins by siRNA. RPE cells were siRNA
transfected and processed as in (A). Cilia were
counted in two independent experiments. Error
bars represent SEM.

(C) Quantitation of centrosome splitting in BBS-
depleted RPE cells. The same samples as in (B)
were analyzed for centrosome splitting. Centro-
some integrity was scored as compromised
when two or more pericentrin foci at least 2 um
apart were observed in a single cell (red bars).
Only interphase cells, as defined by noncon-
densed DNA staining, were counted. Error bars
represent SEM.

BBIP10-depleted cells (Figure S9). Nota-
bly, none of the siRNA treatments except
for PCM-1 caused mislocalization of
BBS4 from centriolar satellites (data not
shown).

Although other BBSome subunits are
found to be required for cilium formation,
centrosome cohesion, centriolar satellite
distribution and MT organizing center

n O~ o = o

R R RN R ; ; ;

flomo Qe integrity (Figure S8), BBIP10 is the only
subunit for which our experiments have

been able to identify a role in cytoplasmic

MT acetylation. It is therefore likely that
BBIP10 participates in this process in a BBSome-independent
manner.

BBIP10 Regulates Microtubule Polymerization

Although acetylation of Lys40 of «-tubulin has been widely used
as a marker for the primary cilium, acetylated MTs are also found
in the cytoplasm (Piperno et al., 1987). An intriguing absence of
acetylated cytoplasmic MTs in BBIP10-depleted cells and the
apparent lack of this phenotype among other BBSome subunit
knockdowns motivated us to examine it in more detail (Figures
2A, 3A, and 4A). Furthermore, in BBIP10-depleted cells, the den-
sity of cytoplasmic MTs was dramatically diminished and the
levels of unpolymerized o-tubulin were increased (Figure 4B).
Thus, BBIP10 is required for MT stabilization in vivo, and the de-
crease in MT acetylation found in BBIP10-depleted cells may be
an indirect consequence of global MT destabilization. If the loss
of acetylated MTs is merely a by-product of the decrease in
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stable MTs, other markers of stable MTs, i.e., Glu-tubulin and
polyglu-tubulin, should also disappear in BBIP10-depleted cells.
However, in contrast to ac-tubulin, we did not observe a reduc-
tion in overall staining intensity for these two markers in BBIP10-
depleted cells (Figure 4C, data not shown). The decreased MT
stability and the loss of MT acetylation were further validated
biochemically in a MT-pelleting assay. Since BBS1 is required
for ciliation and interacts genetically with BBIP10, we used BBS1
siRNA as a specificity control to test whether the role of BBIP10
in MT stabilization is related to a general BBSome function or
is specific to BBIP10 (Figures 2F and 3B). Consistent with the
immunofluorescence analysis, MTs from BBIP10-depleted cells
had greatly diminished acetylation, but detyrosination and poly-
glutamylation remained unperturbed (Figure 4D). The percent-
age of a-tubulin found in the pellets, i.e., polymerized tubulin,
was also significantly reduced in BBIP10-depleted cells (Fig-
ure 4D). The depletion of BBS1 did not affect either MT acetyla-
tion or polymerization, suggesting that BBIP10 functions in MT

Figure 4. Loss of BBIP10 Affects Microtu-
bule Stability and Centrosome Splitting

(A) BBIP10 depletion results in a loss of acetylated
microtubules and split centrosomes. RPE cells
depleted of BBIP10 and control cells were stained
for ac-tubulin and +y-tubulin. Arrows point to
centrosomes. Scale bars are 5 um.

(B) BBIP10 depletion results in an increase in
depolymerized tubulin. RPE cells depleted of
BBIP10 and control cells were fixed with 4% PFA
to preserve soluble tubulin and immunostained
for a-tubulin. Scale bars are 10 pm.

(C) Detyrosinated tubulin staining is unaffected in
BBIP10-depleted cells. RPE cells transfected
with BBIP10 or control siRNA were stained for
Glu-tubulin and ac-tubulin. Scale bars are 5 pm.
(D) Microtubule acetylation is specifically affected
in BBIP10-depleted cells. Left panel: polymerized
(P) and soluble (S) pools of tubulin from BBIP10,
BBS1, or control siRNA-treated cells were sepa-
rated as described in Experimental Procedures
and were analyzed by quantitative immunoblotting
for total a-tubulin and tubulin modified by acetyla-
tion, polyglutamylation, and detyrosination (Glu-
tubulin). Right panel: percentage of a-tubulin in
the P fraction was plotted based on two indepen-
dent experiments performed in triplicate. Error
bars represent SEM.

(E) BBIP10 copellets with taxol-stabilized microtu-
bules. Pure tubulin (4 uM), polymerized by the
addition of taxol, was incubated with purified
recombinant His-BBIP10 (3 pM) and centrifuged
through a glycerol cushion. Equivalent amounts
of load (L), supernatant (S), and pellet (P) were
resolved on a 12% NuPAGE gel and silver stained.
The amounts of recovered tubulin and BBIP10
in S+P fractions are similarly reduced due to
a loss of proteins in the glycerol cushion during
centrifugation.

(F) BBIP10 directly promotes microtubule poly-
merization in vitro. The addition of His-BBIP10
(1.5 puM) to tubulin (10 uM), supplemented with
Rhodamine-labeled tubulin (0.5 pM), induced as-
sembly of aster-like microtubule structures, unlike
histone H2B (1.5 uM) or tubulin alone. Scale bars
are 5 um.

BBIP10 BBS1 Control
SiRNA

1.5/M BBIP10

stabilization and acetylation independently of the BBSome
(Figure 4D).

Additionally, greater than 30% of cells lacking BBIP10 had two
or more foci of pericentrin or y-tubulin staining (separated by
>2 pum) compared to 1% of control cells (Figures 3C and 4A),
suggesting that BBIP10 is required for centrosome cohesion.
This observation was confirmed by cotransfecting BBIP10-
depleted cells with RFP-centrin 2, a marker of the individual
centrioles (Figure S10).

The above-described results put forward the hypothesis that
BBIP10 acts directly on MTs. To determine if BBIP10 directly
binds MTs, we turned to in vitro assays with recombinant BBIP10
and purified bovine brain tubulin. In support of the above-
described hypothesis, BBIP10 efficiently copelleted with taxol-
stabilized MTs but remained in solution without MTs (Figure 4E).
Additionally, incubation of fluorescently labeled tubulin with
BBIP10 led to the formation of MT asters, whereas tubulin alone
or with a control protein failed to polymerize (Figure 4F). The
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concentration of BBIP10 used in this experiment is similar to the
amounts reported for the well-characterized MAP TPX2 (Schatz
et al., 2003). Thus, these data suggest that BBIP10 directly binds
and stabilizes MTs in vitro.

BBIP10 Overexpression Drives Microtubule

Acetylation

Since depletion of BBIP10 caused a dramatic reduction in
a-tubulin acetylation, we reasoned that overexpression of the
proteinin cells might promote MT stabilization and acetylation. In-
deed, cells expressing moderate levels of GFP-BBIP10 frequently
had dramatically increased levels of ac-tubulin staining (Figures
5A and 5B). Furthermore, overexpression of a siRNA-resistant
variant of BBIP10 rescued tubulin acetylation in BBIP10-depleted
cells (Figure S11). Surprisingly, no clear staining of GFP-BBIP10
was found on MTs. This could be explained by an inhibition of
binding between BBIP10 and MTs in vivo similarly to conventional
kinesin, a classical MAP that does not localize to MTs in cells
(Lippincott-Schwartz et al., 1995; Vale et al., 1985). Nonetheless,
in serum-starved RPE cells, GFP-BBIP10 was easily detected in
the primary cilium, consistently with BBIP10 antibody staining
(Figure 5C; Figure S12).

BBIP10 Influences Microtubule Acetylation

Independently of Microtubule Stabilization

Since BBIP10 appears to be sufficient to promote MT stabiliza-
tion in vitro, is it required for MT assembly in cells? To answer
this question, we used live-cell imaging to follow MT regrowth
in cells recovering from nocodazole treatment. Surprisingly, no
significant differences were observed in the rates of MT regrowth
from the centrosome between BBIP10-depleted and control-
depleted cells (Figure 6A; Movies S1 and S2). Interestingly, split
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B Figure 5. BBIP10 Overexpression Promotes
Ac-tubulin Microtubule Hyperstabilization
.'eﬁgf{ (A) BBIP10 overexpression promotes microtubule
B Medium hyperstabilization. RPE cells were transfected with
:-:Iao.gom‘ GFP-BBIP10 or control vector for 48 hr, fixed, and
— stained for ac-tubulin and a-tubulin. Scale bars are
5 um.
(B) Ac-tubulin staining in GFP- or GFP-BBIP10-
expressing cells was scored as low, medium, or
high and plotted. A chi-square test was used to
test the statistical difference between the two
distributions (p < 0.0001).
(C) Ectopically expressed GFP-BBIP10 localizes
GFP _GFP- to the primary cilium in RPE cells. RPE cells were
BBIP10 transfected with GFP-BBIP10 for 24 hr, serum
N=75 N=80

starved for an additional 24 hr, fixed, and stained
for ac-tubulin and pericentrin. Cells expressing
low levels of GFP-BBIP10 were selected for imag-
ing. A representative image is shown. Scale bars
are 5 um.

centrioles in BBIP10-depleted cells ap-
peared to be able to nucleate MTs, but
lost the ability to anchor them (Figure 6A;
Movies S1 and S2).

MT acetylation has been shown to
closely follow MT reassembly after noco-
dazole recovery (Piperno et al., 1987). We found that MTs were
not acetylated at any time points in BBIP10-depleted cells
even though the kinetics of tubulin polymerization were not
dramatically perturbed (Figures 6B and 6C). Since MTs become
acetylated postassembly, stabilization of MTs by taxol or the
overexpression of MAPs effectively drives acetylation (Piperno
et al., 1987; Takemura et al., 1992). We therefore used taxol
treatment to test whether the requirement for BBIP10 in acetyla-
tion is separate from its MT-stabilizing function. As expected,
control-depleted cells accumulated ac-tubulin with increasing
concentrations of taxol. In contrast, the levels of tubulin acetyla-
tion in BBIP10-depleted cells remained low regardless of the
taxol concentration (Figure 6D). Quantitative biochemical analy-
sis confirmed that forced polymerization of MTs by taxol in cells
fails to rescue MT acetylation in BBIP10-depleted cells (Figures
6E and 6F). Interestingly, we observed slightly more Glu-tubulin
in BBIP10-depleted cells than in control cells after taxol treat-
ment, whereas no significant difference was detected in the case
of polyglutamylation (Figures 6E and 6F). Taken together, these
data strongly suggest that BBIP10 controls tubulin acetylation
independently of MT polymerization.

HDACG6 Inhibition Rescues Tubulin Acetylation

in BBIP10 Knockdown

Having established that the defect in tubulin acetylation upon
BBIP10 depletion is not dependent on MT polymerization, we
tested if enzymes known to be involved in tubulin acetylation are
implicated in the BBIP10 phenotype. Because recent evidence
suggests that HDACS is the predominant enzyme that deacety-
lates tubulin, we tested if inhibiting HDAC6 activity rescues the
lack of tubulin acetylation in cells (Zhang et al., 2008). Inhibition
of HDACG6 activity with the specific small molecule inhibitor
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BBIP10 siRNA

—a— Ac-tub BBIP1Q
—+— Ac-tub Control
——a-tub BBIP10

—+—a-tub Control

Figure 6. Microtubule Stabilization Does
Not Rescue the Acetylation Defect in
BBIP10-Depleted Cells

(A) Microtubule anchoring at the centrosome is
defective in BBIP10-depleted cells. U-205 cells
stably expressing RFP-tubulin were transfected
with control or BBIP10 siRNA for 72 hr. Microtu-
bules were imaged by using time-lapse micros-
copy during treatment with 0.5 uM nocodazole,
followed by washout. The final frame of each of
the time-lapse series is presented. Scale bars
are 10 um. Complete movies are available in
Supplemental Data.

(B) Microtubules are not acetylated upon reas-
sembly de novo in BBIP10-depleted RPE cells.
BBIP10 or control siRNA-transfected cells were
treated with 0.5 ptM nocodazole for 1 hr, the drug
was washed out, and cells were processed as in
Figure 3D at the indicated time points. The inten-

0 5 10 20
Nocodazole washout, min

sity of ac-tubulin bands in the pellet (P) fractions
and the percentage of the tubulin in the pellets
were quantified and plotted in the graph shown
in (C). Unt., untreated; AU, arbitrary units.

unt. 10 25 75 (D) Taxol-stabilized microtubules are not acety-
SPS PS PSP lated in BBIP10-depleted RPE cells. BBIP10 or
control siRNA-transfected cells were treated with
indicated concentrations of taxol for 1 hr, fixed,
- == =
- and immunostained for ac-tubulin, a-tubulin, and
- - - ) .
pericentrin.

BBIF1D sIRNA (E) Taxol-driven microtubule acetylation is defec-

tive in BBIP10-depleted cells. BBIP10 or control
siRNA-transfected cells were treated with increas-
ing concentrations of taxol for 1 hr and processed
as in Figure 3D. The intensities of ac-, polyglu-,
and Glu-tubulin bands in the P fractions were mea-
sured. Changes in signal were quantified by divid-
ing by the intensity of the band in the BBIP10
siRNA-untreated sample. The change in intensi-
ties was plotted as a function of taxol concentra-
tion and shown in (F). Measurements presented
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tubacin partially restored levels of tubulin acetylation in BBIP10-
depleted cells, whereas treatment with the inactive derivative
niltubacin had no effect (Figures 7A and 7B) (Haggarty et al.,
2003). To confirm that the rescue of tubulin acetylation is due to
HDACS inhibition, we performed double knockdown of BBIP10
and HDACS6 by siRNA and obtained similar results (Figure 7C).
Moreover, we found that BBIP10 specifically interacts with
HDAC6 when cotransfected in cells (Figure 7D). These data
suggest that BBIP10 might affect tubulin acetylation status by
inhibiting HDACSG.

DISCUSSION

There is a considerable interest in further defining the molecular
pathways leading to BBS and other ciliopathies. Our approach to
understanding the molecular pathomechanisms of BBS has
been to look for novel BBSome-associated proteins. This led us
to the identification of a BBSome subunit — BBIP10. Here, we
show that BBIP10 (1) cofractionates stoichiometrically and coim-

are from two independent experiments performed
in triplicate. Error bars represent SEM. Unt.,
untreated.

munoprecipitates with the BBSome; (2) colocalizes with the
BBSome to the primary cilium, but not to satellites; (3) is required
for primary cilia assembly and BBSome stability; and, most
surprisingly, (4) regulates MT stability and acetylation in vivo.

BBSome-Dependent and BBSome-Independent
Functions of BBIP10
Is the role of BBIP10 in the regulation of cytoplasmic MTs related
to its ciliogenic function? Systematic assessment of five distinct
parameters in BBS-depleted cells allowed us to conclude that
the phenotype of BBIP10 knockdown shows extensive overlap
with other BBS proteins with some crucial differences. Whereas
several BBS proteins, like BBIP10, are required for ciliogenesis,
centrosome cohesion, or MT organizing center activity, none of
them impinges upon cytoplasmic MT stability and acetylation.
BBIP10 appears to be present in at least two distinct fractions:
a470kDa fraction corresponding to the BBSome and a< 100 kDa
low-molecular weight fraction. Immunofluorescence data sug-
gest that the interaction between BBIP10 and the BBSome
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Figure 7. Tubulin Acetylation in BBIP10-De-
pleted Cells Is Rescued by Inhibiting HDAC6
(A) Inhibiting HDACS6 with tubacin partially rescues
microtubule acetylation in cells lacking BBIP10.
RPE cells transfected with BBIP10 or control
siRNAs for 72 hr were treated with 0.5 uM tubacin
or niltubacin for 4 hr, fixed, and stained for ac-tubu-
lin, a-tubulin, and pericentrin. Scale bars are 10 um.
(B) Western blot of cells treated as described
above with varying concentrations of tubacin and
niltubacin.

(C) Depleting HDAC6 by siRNA partially rescues
microtubule acetylation in cells lacking BBIP10.
Lysates from RPE cells transfected with BBIP10
(50 nM) and HDAC6 (50 nM) siRNAs separately
or together (25 nM each or 50 nM each) for 72 hr
were blotted for ac-tubulin, «-tubulin, and
HDACSB. The intensities of ac-tubulin bands were
measured, normalized to intensities of corre-
sponding a-tubulin bands, and plotted.

(D) BBIP10 interacts with HDAC6. 293T cells were
cotransfected with expression constructs for 48 hr
as indicated. GFP immunoprecipitates were blot-
ted for GFP and myc tag. WCL, whole-cell lysate.
GFP-HDAC1, NuMAt, and Emi1-Myc were used

9]
=
o
I
o
>
Q
@

GFP-HDAC1

BBIP10-Myc,
[9]

NuMAt-Myc |
o

Emi1-Myc

| NuMatmye |3

. Emit-Myc

l; NuMAt-Myc

|l Emit1-Myc
§eeriomye

IP: GFP
WB: GFP |

kDa

- 50
IP: GFP

WB: Myc 40

- 30

BEIPIO.. = 20

kDa
— _50

WCL - — I- 40
WB: Myc f—
= 30

occurs in the primary cilium, whereas the other pool of BBIP10 is
distributed diffusely in the cytoplasm. It seems likely that the
cytoplasmic (i.e., non-BBSome bound) population of BBIP10
regulates MT stabilization and acetylation. However, in analyzing
the function of an individual protein, which is also a subunit of a
multiprotein complex, we wanted to take into account the
function of the entire complex. Since the BBSome assembly is
compromised in the absence of BBIP10, we cannot properly dis-
tinguish at this time between phenotypes stemming from loss of
the BBSome or loss of BBIP10. For example, we cannot exclude
that the compromised BBSome assembly is the cause of the MT
acetylation defect in BBIP10 knockdown. It is tempting to spec-
ulate that the failure in ciliogenesis of BBIP10-depleted cells is
due, at least in part, to the incomplete BBSome assembly. The
data that the BBSome composition is normal in the absence of
MTs strongly argue that its assembly takes place in the cytoplasm
independently of MTs. This places BBIP10 upstream of both
BBSome assembly and MT stability and acetylation. Additional

as specificity controls.

HDAC86
siControl

BBIP10+HDACS
BBIP10+HDACS

studies are in progress to discover the
mechanism and requirements for the
BBSome assembly and its relevance to
the function of the primary cilium.

How Does BBIP10 Influence
Microtubule Acetylation?
Cells lacking BBIP10 have dramatic alter-
ations in their MT cytoskeleton, namely,
an absence of acetylated cytoplasmic
MTs and decreased MT polymerization.
To date, the functional consequences of
tubulin acetylation remain quite elusive.
Genetic introduction of an a-tubulin
gene resistant to acetylation at Lys40 in
Tetrahymena and Chlamydomonas demonstrates that acetyla-
tion is not essential for survival or ciliation in these organisms
(Gaertig et al., 1995; Kozminski et al., 1993). However, more re-
cent data suggest that Kinesin-1 preferentially utilizes acetylated
MT tracks for its movement (Reed et al., 2006). Our data strongly
suggest that BBIP10 regulates tubulin acetylation independently
of its MT-stabilizing properties. This led us to postulate that
BBIP10 inhibits HDAC6; however, BBIP10 does not appear to in-
hibit HDACS directly in our initial in vitro assays (data not shown).
The rescue of tubulin acetylation by inhibition of HDAC6 does not
rule out that BBIP10 might be required for the activity of the TAT.
Suppressing HDAC6 activity in cells lacking BBIP10 might be
sufficient for the residual TAT activity to catalyze detectable
tubulin acetylation, which, in the absence of reverse reaction,
appears as a partial rescue.
To date, there is no evidence of biochemical or genetic inter-
actions between HDAC6 and BBS proteins. However, HDAC6
has been indirectly implicated in cilia resorption (Pugacheva
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et al., 2007). Conceivably, a subunit of the BBSome could inhibit
axonemal MT deacetylation, thereby preventing premature cilia
disassembly driven by HDAC6. We have previously reported
an uncoupling between axonemal tubulin acetylation and ciliary
membrane growth upon Rab8-GTP expression (Nachury et al.,
2007). An appealing hypothesis is that the BBSome may couple
ciliary membrane growth with axoneme acetylation.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents

Antibodies were raised in rabbits against recombinant GST-BBIP10 and affinity
purified on a His-BBIP10 column by using standard protocols. Antibodies
against BBS4 and PCM-1 were previously published (Dammermann and
Merdes, 2002; Nachury et al., 2007). GT335 antibody was provided courtesy
of C. Janke. Centrin antibody was a gift from J. Salisbury. Commercial
antibodies were against tyrosinated a-tubulin (YL1/2), a-tubulin (DM1A), Glu-
tubulin (Chemicon), polyglutamylated tubulin (B3), acetylated a-tubulin (mAb
6-11B-1), rabbit pericentrin (ab4448, Novus), and GFP (3E6, Invitrogen).
Purified bovine brain tubulin and rhodamine-tubulin were purchased from
Cytoskeleton. Tubacin and niltubacin were provided courtesy of R. Mazitschek
(Broad Institute, ICG-NCI). All chemicals were purchased from Sigma-Aldrich
unless otherwise noted.

Plasmids and Proteins

BBIP10 was amplified from pCMV-SPORT6 (IMAGE clone ID 6063114) and
subcloned into pDONR221 (Invitrogen). BBIP10 expression constructs were
generated by Gateway subcloning into pcDNA3.1-nV5, pDEST53, pDEST17,
pDEST15 (Invitrogen), or pCS2+Myc. An siRNA-resistant version of BBIP10
was synthesized by DNA 2.0, Inc. in the Gateway vector pDONR221 and subcl-
oned into pDEST53 (Invitrogen). HDAC6 and HDAC1 clones were obtained
from an in-house full-length cDNA collection and subcloned into pDEST53
vector. GST-BBIP10 was expressed and purified by using standard methods.
His-BBIP10 was purified on Ni-Agarose under denaturing conditions and
refolded overnight by dilution. Synthetic mRNA was transcribed with SP6 by
using the Ambion MMESSAGE mMACHINE high-yield capped RNA kit.

Cell Culture, Transfections, and Quantitative RT-PCR

A stable RPE-hTERT cell line expressing LAP-BBS4 was previously described
by Nachury et al. (2007). A U-205 cell line stably expressing RFP-a-tubulin was
purchased from Marinpharm Gbmh. Control nontargeting siRNA #1 from Dhar-
macon was used as control siRNA in all experiments. Four siRNA duplexes
against each BBS gene were synthesized in-house following Dharmacon
siGenome sequences. The most potent siRNA duplex was selected after
assessment of MRNA knockdown by qRT-PCR. For qRT-PCR, total RNA
was prepared with the RNeasy Mini kit (QIAGEN).RNA (100 ng) was used for
qRT-PCR by using the QuantiTech RT-PCR kit (QIAGEN). Triplicate reactions
were run and analyzed on an ABI 7500 thermocycler. Sequences are available
upon request. siRNA oligos against PCM-1 have been published (Dammer-
mann and Merdes, 2002). Parental RPE or RPE-[“*FBBS4] cells were plated
on coverslips and transfected with 100 nM siRNA duplexes by using Lipofect-
amine RNAIMAX (Invitrogen) and by following the manufacturer’s instructions.
Cells were shifted from 10% serum to 0.2% serum 24 hr after transfection to in-
duce ciliation, and they were fixed 48 to 72 hr posttransfection. Plasmids were
transfected into RPE cells by using Fugene 6 (Roche), and cells were fixed 48 hr
posttransfection.

Immunofluorescence and Microscopy

Fluorescent secondary antibodies were purchased from Jackson ImmunoRe-
search or Invitrogen. Immunofluorescence was performed according to stan-
dard protocols after fixation in 4% PFA (cilia staining) or in —20°C methanol
(MT staining). Images were acquired on an Everest deconvolution workstation
(Intelligent Imaging Innovations) equipped with a Zeiss Axiolmager.Z1 micro-
scope and a CoolSnapHQ-cooled CCD camera (Roper Scientific) and a 63 x
PlanApochromat, NA 1.4 objective. Between 10 and 16 z sections at 0.3 mm
intervals were acquired, and z stacks were deconvolved and projected by
using Slidebook 4.2 software (Intelligent Imaging Innovation). Contrasts were

adjusted identically for each series of panels. Live-cell confocal microscopy
was performed by using the Marianas inverted microscope system (Intelligent
Imaging Innovations, Inc.) equipped with a Zeiss Axiovert 200M microscope,
a Yokogawa SD-22 spinning disk confocal unit, a Cascade 512B camera, a
laser ablation system (Photonic Instruments, Inc.), an environmental control
chamber, and a Zeiss 63x (NA 1.4) PlanApochromat objective.

Tandem Affinity Purification, Biochemical Fractionations,

and Mass Spectrometry

Purification of the LAP-BBS4 complexes was performed according to Nachury
(2008). MTEV protease-eluted partially purified BBSome was fractionated on
a 10%-40% linear sucrose gradient as described in Nachury (2008). To frac-
tionate total RPE cell extracts, cells were lysed in LAP150 buffer (50 mM HEPES
[pH 7.4], 150 mM KCI, 1 mM EGTA, 1 mM MgCI2, protease inhibitors) contain-
ing 0.3% NP-40, followed by centrifugation at 100,000 x g for 1 hr. The resulting
extract was fractionated on a Superose-6 10/300 GL column (GE Healthcare),
and fractions were concentrated by methanol/chloroform precipitation before
SDS-PAGE electrophoresis and western blot. For the BBSome assembly
assay, RPE-[“""BBS4] cells were transfected with sSiRNA duplex for 48 hr and
incubated with labeling media (DMEM lacking L-Cysteine and L-Methionine
[Invitrogen], with 10% dialyzed FBS, 1 mM glutamine, 1.5 mg/L L-methionine,
3mg/L L-cysteine, 31.2 uCi/ml L-[*®S] in vitro Cell Labeling Mix [GE Healthcare])
for 16 hr. Labeled cells were harvested, and the BBSome was purified as
described above, separated on SDS-PAGE, transferred to PVDF membrane,
and exposed to Storage Phosphor Screen (GE Healthcare).

Microtubule Pelleting Assays

To measure relative levels of polymerized and soluble tubulin, siRNA-trans-
fected cells were processed according to Minotti et al. (1991) to obtain a solu-
ble protein fraction (S) and a cytoskeleton fraction (P). Equal volumes of S and
P fractions were analyzed by quantitative western blot by using Cy5-labeled
secondary antibodies (Jackson ImmunoResearch). Fraction volumes across
different siRNA transfections were normalized based on protein concentration.
MT copelleting and nucleation assays were performed according to Schatz
et al. (2003).

Analysis of KV and the Melanosome Transport Assay

Zebrafish embryos were injected with ~6-10 nl volumes at the 1- to 8-cell
stage, and phenotypic assays were performed according to Yen et al. (2006)
by following a double-blind protocol isolating the personnel performing the
injection from the personnel performing the phenotype scoring. BBIP10-ATG
MO (5'-GAAACATTGACTTCACCTCCGGCAT-3') injection mix concentrations
ranged from 125 to 500 uM. BBS1 and 4 MOs are as described in Tayeh et al.
(2008). Rescue of knockdown phenotypes were performed by using morpho-
lino-resistant BBIP10 RNA obtained by cDNA subcloning into the pCS2+
expression vector.
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Nucleotide and protein sequences for BBIP10 are available at the National
Center for Biotechnology Information (NR_015402) and UniProt (A8MTZ0).
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