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Loss-of-function mutations in the gene encoding FAM161A were recently discovered as the cause for RP28,
an autosomal recessive form of retinitis pigmentosa. To initiate the characterization of the cellular role of
FAM161A in the retina, we focused on its subcellular localization and conducted in vitro studies to identify
FAM161A-interacting proteins and associated cellular structures. Immunohistochemistry revealed the pres-
ence of mouse FAM161A in the photoreceptor inner segments, the synaptic regions of the outer and inner
plexiform layers and the ganglion cells. In mouse and human retinal sections from unfixed eyes, FAM161A
localized to the ciliary region linking photoreceptor outer and inner segments. High-resolution immunofluor-
escence and immunoelectron microscopy mapped FAM161A to the connecting cilium, the basal body region
and the adjacent centriole. Ectopic FAM161A was found in the centrosome and concentrated at the base of
primary cilia in cultured cells. In addition, overexpressed FAM161A was clearly associated with microtubules
during interphase and mitosis. The presence of FAM161A increased microtubule acetylation and stabiliza-
tion. We further show that the evolutionarily conserved UPF0564 domain of FAM161A is crucial for its binding
to microtubules and mediates homo- and heterotypic FAM161A and FAM161B interaction. In conclusion, our
study shows that FAM161A is a microtubule-associated ciliary protein presumably involved in microtubule
stabilization to maintain the microtubule tracks and/or in transport processes along microtubules in photo-
receptors and other retinal cell types.

INTRODUCTION

Retinitis pigmentosa [RP (MIM 268000)] is the most common
form of inherited retinal disease with X-linked, autosomal
dominant or autosomal recessive inheritance patterns. RP
has an estimated prevalence of 1:4000 (1) and thus affects
nearly one and a half million people worldwide. RP patients
typically experience night blindness and progressive bilateral
visual field restriction due to rod photoreceptor degeneration
followed by a loss of cone function in advanced stages.
Disease progression is highly variable but may ultimately
lead to legal blindness. Remarkably, mutations in 45 different
genes have so far been associated with non-syndromic RP

(Retinal Information Network, http://www.sph.uth.tmc.edu/
Retnet/) affecting various functional and structural features
of the retina and the retinal pigment epithelium. This includes
components of the phototransduction cascade and the visual
cycle, the regulation of retinal gene expression but also
general cellular processes like splicing, protein modification
and degradation. A growing number of RP genes encode pro-
teins localized at the base of and within the connecting cilium
as well as the outer segment axoneme of photoreceptor cells.
Photoreceptor outer segments are initially formed from
primary cilia in photoreceptor precursors and thus represent
highly modified cilia which contain a microtubule-based
axoneme projecting from basal bodies (2). Due to the high
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turnover of phototransductive disk membranes, photoreceptor
outer segments require high and constant supply of proteins
and lipids for their development and maintenance. These com-
ponents are synthesized in the inner segments and need to be
transferred across the connecting cilium to the site of disk as-
sembly at the proximal end of the outer segments. Defects in
ciliary components can cause not only isolated RP but also
syndromic forms involving several organs in addition to the
retina, such as Usher syndrome and Bardet–Biedl syndrome
(BBS) (3).

We have recently identified a p.Arg229X stop mutation in
exon 3 of the human FAM161A gene on chromosome 2p15
as the cause for RP28 (4), an autosomal recessive form of
RP originally mapped to chromosome 2p11-p15 in a consan-
guineous Indian family (5). Concomitantly, additional stop
and frameshift mutations in FAM161A were found in RP
patients from Germany, Israel and the Palestinian territories
(4,6) implicating that a loss of FAM161A leads to retinal de-
generation in humans. The FAM161A gene is composed of at
least seven exons that are alternatively spliced to produce two
major isoforms of 660 amino acids (76 kDa) and 716 amino
acids (83 kDa), respectively. Both variants have similar ex-
pression profiles with high transcript levels in the retina and
testis. The mouse ortholog, Fam161a, is also highly expressed
in the developing and adult retina and a direct target of the
transcription factor CRX (4).

FAM161A belongs to an uncharacterized protein family
which shares an evolutionarily conserved region in the C-
terminal part, the so-called UPF0564 domain of unknown
function. The UPF0564 domain consists of �400 amino
acid residues and can be found in various eukaryotic species
including vertebrates, insects, nematodes, protozoa and yeast
as well as in bacteria. The human genome contains one
paralog of the FAM161A gene, FAM161B, which is located
on chromosome 14q24.3. FAM161A and FAM161B share
25% overall sequence identity on the protein level with an
even higher level of sequence identity across the UPF0564
domain (35%). FAM161B was previously identified as a phys-
ical interactor of TACC3 (transforming acidic coiled-coil 3),
an interaction that is conserved across species (7,8). TACC3
plays important roles in centrosome-dependent microtubule
assembly, kinetochore attachment, chromosome alignment
and the regulation of mitotic exit (8). FAM161A was detected
in the cytoskeleton fraction of the mouse photoreceptor
sensory cilium complex by a proteomic analysis (9). In a
more recent proteomics approach using lymphoblastic KE37
cells, FAM161A was found to be a constituent of human cen-
trosomes (10). Taken together, these studies suggest a possible
function of FAM161 family members in microtubule-network
organization and centrosome biology.

In the current study, we aimed to gain further insight into
the function of FAM161A with specific emphasis on the cellu-
lar localization of this protein in mouse photoreceptors and the
functional characterization of the conserved UPF0564 domain.
We demonstrate the presence of FAM161A in the connecting
cilium, the basal body and the adjacent centriole of photo-
receptor cells and thus designate FAM161A as a novel
ciliary protein. Consistent with this observation, ectopic
FAM161A was found to be recruited to centrosomes and to
be concentrated at the base of primary cilia in LLC-PK1

cells, a cultured cell line derived from porcine renal proximal
tubule cells. Furthermore, FAM161A localized to and stabi-
lized cytoplasmic microtubules and became associated with
spindle and spindle pole microtubules during mitosis. Bio-
chemical analyses revealed that the conserved UPF0564
domain mediates FAM161A microtubule association as well
as homo- and heterodimerization of FAM161 proteins. There-
fore, we hypothesize that FAM161A may be a scaffolding
protein that is important for microtubule stabilization and/or
microtubule-based transport processes along cytoplasmic and
ciliary microtubules.

RESULTS

Subcellular localization of FAM161A in the retina

To investigate the subcellular localization of FAM161A in
mouse retina, we generated a rabbit polyclonal antiserum (anti-
mFAM161A) against the N-terminal portion of mouse
FAM161A [glutathione-S-transferase (GST)-mFAM161A
amino acids 14–355]. Following affinity purification, the speci-
ficity of the polyclonal anti-mFAM161A antibody was verified
by specific reactivity to maltose binding protein (MBP)-
mFAM161A amino acid 14–355 recombinant protein and
overexpressed full-length FAM161A as well as by the lack of
anti-mFAM161A immunoreactivity on mouse retinal sections
using antibodies preadsorbed with excess MBP-mFAM161A
amino acids 14–355 (Supplementary Material, Fig. S1A–C).
In retinal sections from adult paraformaldehyde (PFA)-fixed
mouse eyes, the affinity-purified anti-mFAM161A antibody
strongly labeled the inner segments of photoreceptor cells and
the outer plexiform layer (Supplementary Material, Fig. S1D),
confirming the earlier reports of FAM161A localization using
an anti-peptide antibody (4). The FAM161A protein was
found to be located in the cytoplasm of the inner segments
bounded by the distribution of the secretory RS1 protein along
the surface membranes of the inner segments of rod and cone
photoreceptors (Supplementary Material, Fig. S1E).
FAM161A staining did neither overlap with rhodopsin (Rho)
labeling in the outer segment membranes (data not shown)
nor retinitis pigmentosa-1 (RP1) immunoreactivity along
microtubules of the outer segment portion of the photoreceptor
axoneme (11) (Supplementary Material, Fig. S1F), suggesting
that FAM161A localization is restricted to the inner segments
of mouse photoreceptors. In addition to the previously used anti-
peptide antibody, anti-mFAM161A also stained the inner plexi-
form and the ganglion cell layer (Supplementary Material,
Fig. S1D). Since pre-embedding fixation has previously been
shown to interfere with certain antibody staining in the connect-
ing cilia of photoreceptor cells (12,13), we next used cryosec-
tions of mouse eyes that were embedded without PFA fixation
for immunohistochemistry. In unfixed mouse retinal sections,
FAM161A immunoreactivity was detected in elongated struc-
tures in the narrow region between the outer and inner segments
of the photoreceptor layer that most likely correspond to the con-
necting cilia (Fig. 1A and B). Using a commercial antibody
toward human FAM161A, predominant staining of the structural
link between outer and inner segments was also observed in
human photoreceptors (Fig. 1C). FAM161A immunoreactivity
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in the inner segments and the inner retinal layers was generally
fainter in unfixed when compared with PFA-fixed tissue.

Double-labeling experiments were then performed to further
define the subcellular localization of FAM161A by comparing
the FAM161A immunoreactivity with markers for different
regions of mouse photoreceptors (Fig. 2). FAM161A staining
was found proximal to RP1 immunoreactivity in the outer
segment portion of the photoreceptor axoneme, a subciliary
region that comprises the connecting cilium, the basal body
and the adjacent centriole (Fig. 2A and A′). Consistent with a
distribution of FAM161A in these subciliary compartments,
FAM161A completely co-localized with centrin 3, a marker
for the connecting cilium, basal body and adjacent centriole
(14) (Fig. 2B and B′). In the connecting cilium region,
FAM161A immunoreactivity also overlapped with that for
acetylated a-tubulin, a marker of stabilized microtubules in
the ciliary axoneme (Fig. 2C, C′ and D). A short region of axo-
nemal microtubules at the outer segment base extending from
the connecting cilium, however, was only labeled by
anti-acetylated a-tubulin antibodies (Fig. 2C and C′) and
likely overlaps with the small gap between RP1 and
FAM161A staining (Fig. 2A and A′). When compared with

the anti-acetylated a-tubulin immunofluorescence, FAM161A
labeling was brighter at the proximal end of the connecting
cilium, indicating the abundance of FAM161A at the basal
body complexes which serve as microtubule organizing
centers in photoreceptors (15).

We also aimed to more precisely assess the localization of
FAM161A in the outer plexiform layer and co-stained mouse
retinal sections with antibodies toward RIBEYE, a marker for
the photoreceptor ribbon synapse (16), and FAM161A. The
double-labeling experiment revealed no clear overlap between
the RIBEYE-immunoreactive ribbon synapses and FAM161A-
positive punctuate structures (Fig. 2E and E′), indicating that
FAM161A is present in postsynaptic terminals of second-order
neurons (Fig. 2F).

Ultrastructural localization of FAM161A in the ciliary
region

High-resolution analysis by immunoelectron microscopy was
used to determine the ultrastructural localization of FAM161A.
Our data from electron microscopy confirmed the subciliary dis-
tribution of FAM161A to the microtubules of the connecting
cilium, the basal body and the adjacent centriole (Fig. 3A–D).
Note that the central region of the connecting cilium is not
labeled since antibodies do not reach the epitopes in connecting
cilia in pre-embedding labeling protocols (17–19). FAM161A la-
beling was specifically found at the microtubule doublets but not
in the subciliary compartments of the lumen or associated with
the membrane of the connecting cilium (Fig. 3A–C). Substantial
labeling of FAM161A was found in the basal body and at the ad-
jacent centriole (Fig. 3A and D). FAM161A was mostly absent
from the distal axoneme of the outer segment, the outer
segment itself and the periciliary extension of the apical inner
segment (Fig. 3A). Only sparse anti-FAM161A labeling was
found in the inner segment. Furthermore, in the other non-ciliated
retinal cells, we detected FAM161A in the centrosomes, present
both at centrioles and in centriolar satellites of the pericentriolar
matrix (Fig. 3E).

Subcellular localization of recombinant FAM161A
in mammalian cells

We next examined the subcellular localization of recombinant
FAM161A in mammalian cells. Immunofluorescence micros-
copy of COS-7 cells overexpressing the short isoform of
FAM161A with a C-terminal Rho1D4 tag revealed that during
interphase FAM161A-1D4 localized to a fiber-like structure in
the cytoplasm that completely overlapped with the microtubule
labeling produced by anti-a-tubulin antibodies (Fig. 4A). The
pattern of the microtubule network in cells expressing high
levels of FAM161A slightly changed to a more circular morph-
ology with increased a-tubulin staining indicating bundled
microtubules. The unusually thick microtubule network
induced by FAM161A overexpression was heavily acetylated
as shown by immunostaining of transfected cells against acety-
lated a-tubulin (Fig. 4B). Moreover, quantitative western blot
analysis revealed that FAM161A significantly increased the
a-tubulin acetylation levels in 293-EBNA cells (Fig. 4C). In add-
ition, bundled microtubules in FAM161A expressing cells were
observed to be stable in the presence of 2.5 mM nocodazole

Figure 1. Localization of FAM161A in the retina. (A) Scheme of retinal
layers. Indirect immunofluorescence analyses of FAM161A localization
(green) in retinal cryosections generated from unfixed (B) mouse and (C)
human eyes. Scale bars, 25 mm. Counterstaining with 4’,6-diamidino-2-pheny-
lindole (DAPI) (blue) reveals the different layers of the retina as shown in the
merged images on the right. OS, outer segment; IS, inner segment; OLM,
outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Immunostaining of mouse retina was performed with antibodies
toward mFAM161A, labeling of human retina with antibodies toward
hFAM161A. Strong FAM161A immunoreactivity in the junctional region
between outer and inner segments can be observed in sections from both
mouse and human eyes.
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(Fig. 4B). Ectopic FAM161A co-localized with nocodazole-re-
sistant microtubules but some FAM161A redistributed to the
cytoplasm. Treatment of transfected cells with 10 mM nocodazole
destabilized the microtubules to a greater extent and increased the
FAM161A fraction in the cytosol (Supplementary Material,
Fig. S2A), suggesting that FAM161A localization depends on
microtubule integrity.

FAM161A undergoes redistribution during mitosis as visua-
lized by double-labeling with anti-a-tubulin antibodies in
COS-7 cells transiently transfected with FAM161A (Fig. 4D).
At the beginning of cell division, in prophase, FAM161A relo-
cates to the forming mitotic bipolar spindle. As mitosis proceeds
through metaphase, anaphase and telophase, FAM161A is
present at the spindle poles, astral and spindle microtubules.
In telophase and cytokinesis, FAM161A remains located on
microtubules nucleated from the centrosome which are
involved in the re-formation of the radial interphase array of
microtubules. Absence of FAM161A protein, however, was
observed on microtubules of the central spindle, indicating
that FAM161A is not important for the formation of the
midbody and for the stabilization of the cytokinetic furrow.

When overexpressed in LLC-PK1 epithelial cells, FAM161A
localized to the cytoplasm in a filamentous-like pattern

consistent with microtubule localization (Supplementary Ma-
terial, Fig. S2B). Co-staining with g-tubulin, a centrosomal
protein required for cell cycle-dependent microtubule nucle-
ation (20) showed that ectopic FAM161A overlapped with
g-tubulin at the microtubule-organizing centers in these cells
(Fig. 4E). The FAM161A protein was also detected in
primary cilia of LLC-PK1 cells which were visualized by acety-
lated a-tubulin immunostaining (Fig. 4F). Here, the FAM161A
signal was enriched at the cilium base (transition zone/basal
body) and weak FAM161A immunoreactivity extended into
the proximal ciliary axoneme.

Ectopic FAM161A binds microtubules via its conserved
C-terminal domain

To examine which region of FAM161A is important for
microtubule localization, deletion mutants were constructed
and expressed in COS-7 cells (Fig. 5A). N-terminal truncated
enhanced fluorescent green protein (EGFP)-FAM161A_214-
660 and EGFP-FAM161A_214-714 containing the alternatively
spliced exon 3a of the long isoform were localized at microtu-
bules similar to the full-length short isoform of FAM161A
(Fig. 5B). Exon 3a consists of 168 bp encoding 56 amino

Figure 2. Subcellular localization of FAM161A in the mouse retina. Fluorescent images from the photoreceptor inner/outer segment region simultaneously
stained with anti-mFAM161A (green) and (A) anti-RP1, (B) anti-centrin 3 or (C) anti acetylated a-tubulin (all red). (E) Fluorescent images from the synaptic
region in the OPL double labeled with anti-mFAM161A (green) and RIBEYE (red). Yellow staining in the merged images indicates co-localization. Scale bars,
10 mm. High-magnification images of the ciliary regions of photoreceptors double labeled with antibodies against RP1, centrin 3, acetylated a-tubulin and
RIBEYE are shown in A′, B′, C′ and E′. Arrowheads denote adjacent centrioles. Schemes illustrating FAM161A localization in (D) ciliary and (F) synaptic
regions of mouse photoreceptor cells in relation to ciliary and synapse markers are shown on the right. Ax, axoneme; acTub, acetylated alpha-tubulin; CC, con-
necting cilium; BB, basal body; Ce, centriole; OS, outer segment; IS, inner segment; OPL, outer plexiform layer; IPL, inner plexiform layer. In the ciliary part,
FAM161A is present in the connecting cilium, the basal body and the adjacent centriole. In the OPL, FAM161A localizes to post synaptic terminals of
second-order neurons.
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acid residues inserted in the C-terminal part of the conserved
UPF0564 domain (Fig. 5A and Supplementary Material,
Fig. S3). In contrast, the overexpression of the N-terminal
region of FAM161A-1D4 (amino acids 1–285) showed a
diffuse cytoplasmic distribution (Fig. 5B). This indicates that
the C-terminal portion with the highly conserved UPF0564
domain of both FAM161A isoforms is sufficient to associate
with microtubules. Of note, a fraction of overexpressed EGFP-
tagged FAM161A fragments accumulated in the nuclei prob-
ably due to the presence of the N-terminal EGFP tag (Fig. 5B).

We next studied whether FAM161A interacts with prepoly-
merized microtubules using in vitro microtubule co-sedimenta-
tion assays and GST-fusion proteins representing different
regions of the FAM161A protein (Fig. 5A). A large quantity
of purified GST-FAM161A_230-543 protein containing the
minimal UPF0564 domain co-pelleted with taxol-stabilized
microtubules, whereas most of GST-FAM161A_1-229 remained
in the supernatant fraction (Fig. 5C). These data demonstrate that
FAM161A directly binds to microtubules via its conserved C-

terminal UPF0564 domain. We also analyzed a possible effect
of FAM161A on microtubule dynamics by fluorescence-based
tubulin polymerization assays. Tubulin monomers were allowed
to polymerize in the presence of different test proteins or drugs
at 378C and the incorporation of a fluorescent reporter was mea-
sured by spectrophotometry. As expected, paclitaxel and MAP2
enhanced microtubule assembly, whereas destabilizing nocoda-
zole inhibited tubulin polymerization (Supplementary Material,
Fig. S4). In contrast, purified GST-FAM161A_230-543 failed to
modulate microtubule formation in these assays (Supplementary
Material, Fig. S4).

The conserved C-terminal domain FAM161A mediates
homotypic interaction

To investigate FAM161A homotypic protein–protein inter-
action, GST pull-down assays with several immobilized
GST-fusion proteins containing different truncated forms of
FAM161A (Fig. 6A) and lysates of 293-EBNA cells

Figure 3. Immunoelectron microscopic localization of FAM161A in retinal photoreceptor cells. (A) Electron micrographs of pre-embedding anti-mFAM161A
labeling in longitudinal sections through parts of mouse photoreceptor cells. FAM161A is predominantly labeled in the basal body (BB) and the apical connect-
ing cilium (CC) of the rod photoreceptor cell. In the CC, FAM161A is decorated along the microtubule doublets (arrows). The axoneme (asterisk) of the outer
segment (OS) is not labeled. The central part of the CC is not labeled due to a lack of epitope accessibility in the pre-embedding labeling protocol (18,19,45).
(B and C) Electron micrographs of anti-mFAM161A labeling in cross-sections through the CC of mouse photoreceptor cells. FAM161A localization is found at
the microtubule doublets (arrows). FAM161A is not present in the subciliary compartments of the lumen and the membrane of CC. (D) Electron micrographs of
anti-mFAM161A labeling in a section through the ciliary base of a mouse rod photoreceptor cell. FAM161A is found at the BB and the adjacent centriole (Ce).
(E) Electron micrographs of anti-mFAM161A labeling of a centrosome present in the outer nuclear layer of a mouse retina (presumably from a glia cell). In
addition to both Ce, centriolar satellites are labeled (arrows). N, nucleus. Scale bars: A, 200 nm; B and C, 150 nm; D, 100 nm; E, 250 nm.
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overexpressing full-length FAM161A were performed.
Western blot analysis of proteins eluted from glutathione-
sepharose beads showed that GST fused to FAM161A amino

acid residues 230–660, 230–543 and 230–386 but not 1–
229 or 387–543 bound full-length FAM161A (Fig. 6B).
These data indicate that FAM161A_230-386 representing the

Figure 4. Microtubule localization of FAM161A. (A) Co-localization of overexpressed full-length FAM161A (green) and endogenous a-tubulin (red) in COS-7.
Scale bar, 10 mm. (B) Co-immunostaining of acetylateda-tubulin (red) and FAM161A (green) in FAM161A overexpressing COS-7 cells. In FAM161A-expressing
cells, an increase in acetylated a-tubulin is observed and the acetylated a-tubulin is protected against nocodazole treatment. Scale bar, 20 mm. (C) Western blots of
lysates from 293-EBNA cells transfected with either empty pCEP4.1-1D4 (control) or pCEP4.1-FAM161A-1D4 plasmids in triplicate were labeled with antibodies
towards acetylated a-tubulin, a-tubulin and b-actin (as a control for equal loading). Acetylated a-tubulin and a-tubulin immunoreactive bands (n ¼ 6 each) were
quantified by measuring the pixel intensities and the values were used to calculate the average ratio between acetylated a-tubulin and a-tubulin. FAM161A over-
expressing cells showed a statistically significant increase (P , 0.001) in a-tubulin acetylation level when compared with control 293-EBNA cells transfected with
control vector. (D) Co-localization of overexpressed full-length FAM161A (green) and endogenous a-tubulin (red) during cell cycle in COS-7 cells. Arrowheads
indicate spindle poles. Scale bar, 10 mm. (E) Co-localization of overexpressed full-length FAM161A (green) and endogenous g-tubulin (red) in LLC-PK1 cells.
Scale bar, 5 mm. (F) LLC-PK1 cell overexpressing FAM161A (green) was labeled with antibodies against acetylated a-tubulin (red) to visualize primary cilia.
Boxed region harboring the primary cilium is shown at a higher magnification on the right. Scale bar, 10 mm. Yellow staining in the merged images indicates
co-localization. Nuclei were stained with DAPI.
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N-terminal half of the UPF0564 domain is necessary and suf-
ficient to mediate the homotypic interaction with full-length
FAM161A.

Homotypic FAM161A interaction was independently veri-
fied by testing a series of truncated GST-FAM161A and
MBP-FAM161A peptides in binding assays (Fig. 6C). MBP-
fusion proteins containing the minimal UPF0564 domain
(aa_230-543) and partial deletion of the UPF0564 domain
(aa_280-413) showed similar ability to bind GST-FAM161A
peptides 230–543, 280–413 and 230–386, whereas binding
of MBP-FAM161A_230-386 to these GST-fusion proteins
was slightly reduced (Fig. 6C). Deletion of the N-terminal
portion of the UPF0564 domain (aa_387-543) markedly inhib-
ited or even abolished FAM161A homotypic binding ability.
Thus, a minimal region of 107 amino acid residues in the con-
served UPF0564 domain (aa_280-386) is critical for homoty-
pic interaction. The protein sequence alignment of UPF0564
domains derived from selected proteins of different species
ranging from humans to the ciliate protozoa Tetrahymena
thermophila revealed a remarkably higher degree of sequence
conservation in the N-terminal part of the domain (Supple-
mentary Material, Fig. S3). This includes three stretches of
22–28 amino acid residues predicted to form a-helical struc-
tures with high confidence. Inclusion of the three helices in the
FAM161A_280-413 fragment appears to increase homotypic
binding, suggesting that these secondary structures are
crucial elements for homotypic interaction.

FAM161A interacts with FAM161B

To assess whether heterotypic binding between UPF0564
domains of paralogous proteins may occur, we performed
co-immunoprecipitation experiments with mammalian cells
co-transfected with Flag-FAM161A and FAM161B-1D4 plas-
mids (Fig. 7A). We first demonstrated the co-immunoprecipita-
tion of FAM161A with polyclonal anti-FAM161B antibodies.
Conversely, FAM161B was co-purified from cell extracts
when anti-Flag antibodies targeting FAM161A were used for
immunoprecipitation. Control experiments with extracts from
single-transfected cells confirmed that the co-immunoprecipita-
tion of either molecule mutually depends on each other. Im-
munofluorescence microscopy of COS-7 cells overexpressing
both, FAM161A and FAM161B, showed the co-localization
of FAM161A and FAM161B along the microtubule network
and supported a physical association of the paralogous
proteins (Fig. 7B). GST pull-down assays using truncated
GST-FAM161A fusion proteins revealed that overexpressed
FAM161B was bound by peptides containing FAM161A
amino acid residues 230–660, 230–543 and 230–386 but not
1–229 or 387–543 (Fig. 7C). Thus, the N-terminal part of the
UPF0564 domain is responsible for both, homotypic as well
as heterotypic protein interactions.

Semi-quantitative reverse transcription polymerase chain
reaction (RT–PCR) analysis revealed a high expression of
the human FAM161B gene in neuronal tissues including
the fetal and adult brain, spinal cord and retina (Fig. 7D).
Low levels of FAM161B transcripts were observed in many
other non-neuronal tissues. The FAM161B gene localizes to
human chromosome 14 band q24.3 and may represent a can-
didate gene for diseases mapped to this genomic region in-
cluding primary congenital glaucoma (OMIM 613085).

Figure 5. FAM161A binds microtubules via its conserved UPF0564 domain.
(A) Schematic diagram showing the location of the conserved UPF0564
domain of FAM161A, the EGFP-FAM161A deletion constructs and the
GST-fusion proteins used to test microtubule binding. (B) Fluorescence micros-
copy of COS-7 cells transiently transfected with FAM161A truncation con-
structs (green). N-terminal FAM161A_1-285 was detected in the cytoplasm
by antibodies toward the Rho1D4 tag. EGFP-FAM161A_214-660 represents
the short isoform and EGFP-FAM161A_214-716 represents the long isoform
(contains alternatively spliced exon 3a) of FAM161A. Both N-terminally trun-
cated proteins show a cytosolic distribution similar to full-length FAM161A but
also accumulate in the nuclei. Nuclei were visualized with DAPI. Scale bar,
20 mm. (C) Immunoblot analysis of supernatant (S) and pellet (P) fractions
from in vitro microtubule co-sedimentation assays with GST-FAM161A-fusion
proteins in the presence (+) or the absence (2) of microtubules. FAM161A
fragments harboring the conserved UPF0564 domain (FAM161A_230-543)
were recovered in the microtubule pellet, whereas N-terminal FAM161A_1-
229 remained in the supernatant. Traces of GST-FAM161A_230-543 and a deg-
radation product of GST-FAM161A_1-229 detected in the corresponding pellet
fractions in the absence of prepolymerized microtubules may be due to the ag-
gregation of a small fraction of purified fusion proteins. Coomassie stained poly-
vinylidene difluoride (PVDF) membranes are shown in the bottom row to
demonstrate 90% microtubule formation in the pellet (asterisks). Molecular
masses are indicated in kDa.
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Mapping of amino acid residues critical for homo-
and heterotypic protein interaction

The N-terminal 150 amino acids of the UPF0564 domain
contain several highly conserved amino acid residues includ-
ing prolines known to influence protein architecture because
of the distinctive cyclic nature of its side chain (Supplemen-
tary Material, Fig. S3). Single amino acid substitutions were
introduced into several codons (P239A, P241A, P288A, P324A,
F327V, P361A and P399A) of GST-FAM161A_230-543 and
the mutant fusion proteins were tested for their ability to bind full-
length FAM161A or FAM161B (Fig. 8A). Quantification of the
signals obtained by western blotting revealed that mutations
P288A, F327A and P361A consistently reduced the binding
of GST-FAM161A_230-543 to overexpressed FAM161A and
FAM161B (Fig. 8B) with significant values obtained for
P288A for both FAM161 proteins and for F327A and P361A
only for FAM161B. These results indicate that certain positions

in turns of predicted a-helices are most critical for homo- and
heterotypic protein interaction.

DISCUSSION

We and others have recently identified FAM161A as a
novel gene causative for autosomal recessive RP (4,6). The
FAM161A gene encodes a novel, uncharacterized protein that
belongs to an evolutionarily conserved protein family of
unknown function. The role of FAM161A in retinal physiology
and the pathomechanism leading to retinal degeneration in the
absence of FAM161A are unclear.

One important result from the current study is that we discov-
ered an association of endogenous and recombinant FAM161A
with microtubules. Microtubules form a dynamic and polarized
cytoskeleton and organize themselves into complex structures,
such as centrioles, basal bodies and cilia. In photoreceptor

Figure 6. GST pull-down assays to analyze homotypic UPF0564 domain interaction. (A) Schematic diagram showing the location of truncated FAM161A proteins
used to test homotypic interaction. (B) GST-fusion proteins containing truncated FAM161A proteins were incubated with lysates from 293-EBNA cells overexpres-
sing full-length FAM161A-1D4 (input). GST-FAM161A proteins containing the N-terminal half of the UPF0564 domain (amino acids 230–386) bind full-length
FAM161A. PVDF-membrane stained with Coomassie shows equal amounts of GST-fusion proteins used in the binding assay. (B and C) Bound proteins were iden-
tified by immunoblotting with antibodies as indicated below the respective images. GST served as a negative control in GST pull-down assays. (C) GST-FAM161A
fragments were mixed with MBP-FAM161A fusion proteins (input) as indicated. GST-FAM161A fusion proteins harboring amino acid residues 230–386, 280–413
and 230–543 bind respective MBP-FAM161A fusion proteins. Interactions between fusion proteins containing the C-terminal half of the UPF0564 domain (amino
acids 387–543) and the truncated FAM161A proteins were lacking or were significantly weaker. Expected molecular masses of GST/MBP-fusion proteins:
GST-FAM161A: amino acids 1–229, 54 kDa; amino acids 230–386, 46 kDa; amino acids 387–543, 46 kDa; amino acids 280–413, 43 kDa; amino acids
230–543, 64 kDa; amino acids 230–660, 78 kDa; MBP-FAM161A: amino acids 230–386, 61 kDa; amino acids 387–543, 60 kDa; amino acids 280–413,
58 kDa; amino acids 230–543, 79 kDa.
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cells, an array of microtubule plus ends grows dynamically out
into the inner segment from the microtubule-organizing center
nucleated by the basal body and the adjacent centriole at the
base of the connecting cilium where the minus ends are tethered
(15). Proteins and lipids biosynthesized in the inner segment are
delivered from the Golgi apparatus in cargo vesicles along the
microtubule cytoskeleton to the base of the connecting cilium.
This process involves IFT20, a subunit of the intraflagellar
transport (IFT) B subcomplex which has been shown to move
from the Golgi apparatus to the ciliary base (21). Furthermore,
RP2, a ubiquitously expressed protein linked to severe forms of
X-linked RP, is believed to mediate protein transfer from the
Golgi to the base of the cilium by regulating Arl3, a small
guanosine-5’-triphosphatase (GTPase) (22). We demonstrated
that FAM161A is present in the inner segments of mouse photo-
receptors by immunofluorescence analysis (4) (present study).
We also show that FAM161A associates with the cytoplasmic
microtubule cytoskeleton in vitro supporting a role of
FAM161A in sorting or trafficking of proteins along cytoplas-
mic microtubules in the inner segment. Immunoelectron mi-
croscopy, however, failed to detect substantial amounts of
FAM161A along microtubule tracks. The observation that the
extent of FAM161A immunoreactivity in the inner segments
varies among different microscopy techniques and applied fix-
ation protocols may reflect differences in the stability or acces-
sibility of the FAM161A antigen. Further studies are required to
clarify this discrepancy.

Both immunofluorescence and immunoelectron microscopy
consistently demonstrated a predominant presence of en-
dogenous FAM161A in the connecting cilium, basal body
and adjacent centriole of photoreceptors. Moreover, ectopic
FAM161A was found in centrosomes and at the base of the
primary cilium in cultured cells. The connecting cilium of
photoreceptors is the structural equivalent to the transition
zone of primary cilia. It is involved in the establishment of a
barrier to membrane diffusion and serves as a gate for proteins
destined for the ciliary transport (23). Although direct binding
of endogenous FAM161A with microtubules needs to be veri-
fied, the observation that FAM161A is closely associated with
the microtubule doublets in the connecting cilium suggests
that FAM161A directly interacts with the ciliary microtubule
tracks. Thus, besides the retina-specific RP1 protein that
associates with axonemal microtubules in the outer segments
(24), FAM161A is the second RP causing protein that interacts
with the microtubule cytoskeleton. Transport through the
cilium and further apical along axonemal microtubules is
believed to be mediated by a conserved IFT mechanism
(19,25), initially identified in Chlamydomonas (26). In photo-
receptors, KIF17 and kinesin-II family motors drive the plus
end-directed transport of proteins and membrane vesicles,
whereas cytoplasmic dynein 1 and 2 power transport toward
the microtubule minus end (27,28). Small GTPases like the
Rab protein family as well as other mechanisms like mitogen-
activated protein kinase cascades regulate directional intracel-
lular transport through the organization of macromolecular
complexes, motor localization and cytoskeleton remodeling
(29). Thus, FAM161A in photoreceptors might act in addition

Figure 7. FAM161A interacts with FAM161B. (A) Lysates from 293-EBNA
cells co-transfected with Flag-FAM161A and FAM161B-1D4 were immuno-
precipitated with anti-Flag-M2 affinity gel and anti-FAM161B coupled to
protein-A beads. Western blotting of the double-eluted proteins with anti-
FAM161A and anti-FAM161B antibodies shows that FAM161B
co-immunoprecipitated with FAM161A and vice versa. Cells transfected
with either Flag-FAM161A or FAM161B-1D4 alone served as controls.
Input was 2% of total cell lysate. (B) Immunocytochemistry of COS-7 cells
simultaneously transfected with Flag-FAM161A and FAM161B-1D4 expres-
sion plasmids. Staining with antibodies against Flag (green) and FAM161B
(red) reveals co-localization (yellow) of FAM161A and FAM161B along
the cytoplasmic microtubule cytoskeleton. Nuclei were stained with DAPI.
Scale bar, 20 mm. (C) GST-fusion proteins containing truncated FAM161A
proteins were incubated with lysates from 293-EBNA cells overexpressing
full-length FAM161B-1D4 (input). GST-FAM161A proteins containing the N-
terminal half of the UPF0564 domain (amino acids 230–386) bind full-length
FAM161B. GS4B beads and GST served as negative controls. (D) Semi-
quantitative RT–PCR analysis of FAM161B gene expression in 19 human
tissues showed ubiquitous expression with varying levels in the different
organs. GUSB served as a housekeeping gene.
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or in concert with these or other factors to contribute to the
microtubule-mediated intraciliary protein translocation from
the periciliary compartment to the base of the outer segment.

Overexpression of FAM161A in cultured cells confers drug
stability to microtubules and causes an increased level of
a-tubulin acetylation. Acetylation is generally considered to
occur on stable microtuble assemblies but it is as yet unclear
whether this posttranslational modification is the cause of
microtubule stability. Several microtubule-associated proteins
(MAPs) are known to induce microtubule acetylation and sta-
bility (30), including RP1 whose activity appears to be regu-
lated by ciliary male germ cell-associated kinase (31). With
the discovery of acetylation sites exposed on the outer
surface of microtubules (32), it has become conceivable that
an interaction between microtubules and MAPs including
FAM161A might directly control the modification of these
sites. Alternatively, FAM161A could modify the acetylation
status of microtubules by binding to tubulin acetylating/deace-
tylating enzymes (e. g. HDAC6, aTAT1) (33,34) as was
shown for other proteins like TPPP/p25 or dysferlin (35,36).
Acetylation and/or deacetylation regulators are important in the
assembly and disassembly of cilia. The BBS4-interacting
protein BBIP10, for example, couples the acetylation of axo-
nemal microtubules to ciliary membrane growth (37). In addition,

acetylation was shown to selectively stimulate microtubule
binding of molecular motors (38,39), indicating an effect on
intracellular transport processes. Axonemal microtubules along
the connecting cilium including the basal body are highly
stable structures (40). FAM161A appears to contribute to micro-
tubule stability and might therefore be of importance to maintain
the microtubule tracks that are essential for intraciliary transport
and survival of the photoreceptor sensory cilium. Further
studies are now required to elucidate the mechanism by which
FAM161A confers microtubule stability and to clarify a possible
role in the regulation of post-translational modification of tubulin.

FAM161A was also shown to be present in retinal synaptic
layers and the ganglion cell layer suggesting that this molecule
participates in the maintenance of microtubule tracks or execution
of microtubule-dependent functions in non-photoreceptors. In the
outer plexiform layer, FAM161A was found post-synaptic to the
ribbon synapses in retinal second-order neurons similar to some
IFT complex B proteins and the KIF17 motor (19,41). Taken to-
gether, we would therefore hypothesize that loss of FAM161A
results in mislocalization and accumulation of cargo vesicles
in the inner segment as well as disturbed synaptic transmission
ultimately causing retinal cell degeneration.

FAM161A is a member of the uncharacterized protein
family UPF0564 of unknown function which shows no

Figure 8. Amino acid substitution to identify key residues within the UPF0564 domain. (A) GST pull-down assay performed with GST-fusion proteins containing
the wild-type or different mutated UPF0564 domains of FAM161A and lysates from 293-EBNA cells overexpressing full-length FAM161A-1D4 or FAM161B-1D4
(input). (B) Bands were quantified by measuring the pixel intensities and normalized to the 2% input. Relative abundance of each band was calculated by comparing
the averaged values to wild-type (n ¼ 3). Mutations P288A, F327A and P361A consistently reduced the binding of GST-FAM161A_230-543 to overexpressed
FAM161A and FAM161B with significant values obtained for P288A for both FAM161 proteins and for F327A and P361A only for FAM161B. Significant differ-
ences between average pixel intensities are indicated with an asterisk (∗P , 0.05, ∗∗P , 0.01, Student’s t-test).
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significant sequence similarities with known microtubule-
associated proteins. We found that the evolutionary conserved
UPF0564 domain mediates the interaction of FAM161A with
microtubules. The UPF0564 domain is composed of a remark-
able large number of basic amino acids (pI ¼ 9.8) that can po-
tentially interact with the acidic tubulin surface. Similar to
FAM161A, its closest relative, FAM161B, also co-localizes
with the microtubule network, suggesting that the uncharacter-
ized protein family UPF0564 represents a novel family of
microtubule-associated proteins.

Besides microtubule binding, the UPF0564 domain allows
intermolecular interactions between FAM161 family members
and thus implies scaffolding function. Microtubule-binding
domains that also enable multimerization are known in other
proteins. The catalytic subunit of Arabidopsis thaliana katanin
has a microtubule-stimulated ATPase activity to sever microtu-
bules and contains a microtubule-binding motif that participates
in the formation of ring-shaped oligomers (42). The conform-
ation of the N-terminal part of the UPF0564 domain determined
by predicted right-handed a-helices is crucial for protein inter-
action; however, more detailed structural data are required to
understand how UPF0564 domain subunits assemble into di-
or multimers. Moreover, the dynamics of microtubule-binding
versus intermolecular interactions of the UPF0564 domain
need to be determined. It is possible that the N-terminus of
FAM161 proteins with an as yet unknown function is involved
in the regulation of these processes.

Taken together, the present study provides new insights into
the molecular properties of FAM161A and related proteins of
the UPF0564 family. The ongoing characterization of
FAM161A and the establishment of animal models should
soon help to understand the precise role of FAM161A in the
retina and the pathomechanism leading to FAM161A-asso-
ciated retinal degeneration.

MATERIAL AND METHODS

DNA constructs

Constructs for the bacterial expression of GST- and MBP-fusion
proteins of human FAM161A were prepared by RT–PCR from
human or mouse retinal RNA and introduced into the pGEX4T3
(Amersham Biosciences, Piscataway, NJ, USA) or pMAL-c2
(New England Biolabs, Beverly, MA, USA) vectors. Constructs
contained the following amino acid residues: GST-FAM161A
amino acids 1–229, GST-FAM161A amino acids 14–355,
GST-FAM161A amino acids 230–386, GST-FAM161A amino
acids 387–543, GST-FAM161A amino acids 280–413, GST-
FAM161A amino acids 230–543, GST-FAM161A amino acids
230–660, MBP-FAM161A amino acids 14–355, MBP-
FAM161A amino acids 230–386, MBP-FAM161A amino acids
387–543, MBP-FAM161A amino acids 280–413 and MBP-
FAM161A amino acids 230–543. The P239A, P241A, P288A,
P324A, F327V, P361A and P399A mutations were introduced
into GST-FAM161A amino acids 230–543 by PCR-based site-
directed mutagenesis using complementary primers. The expres-
sion and purification of fusion proteins was performed as
described previously (43).

For expression in mammalian cells, full-length FAM161A
and FAM161B cDNAs were PCR-amplified using

DKFZp686O21143Q and IRATp970A0180D cDNA clones
(obtained from imaGenes GmbH, Berlin, Germany) as tem-
plates and either inserted into the pCEP4.1 vector in-frame
with a C-terminal Rho 1D4 tag (TETSQVAPA) (44) or the
pFLAG-CMV4 vector in-frame with a N-terminal Flag tag
(Sigma-Aldrich, St Louis, MO, USA). Truncation constructs
FAM161A amino acids 1–285 in pCEP4.1-1D4, EGFP-
FAM161A amino acids 214–660 and EFGFP-FAM161A
amino acids 214–716 in pEGFP-C1 (BD Biosciences, San
Jose, CA, USA) were subcloned from the full-length
FAM161A construct or amplified from human retina RNA by
RT–PCR. All constructs were verified by direct sequencing.
The nucleotide sequences of the primers used for cloning are
provided upon request. Transfection of 293-EBNA, LLC-PK1
or COS-7 cells was performed with the TransIT-LT1 transfec-
tion reagent (Mirus Bio, Madison, WI, USA) following the
manufacturer’s instructions. Protein concentrations of cell
lysates were determined by Bradford assay (Roti-quantw;
Roth, Karlsruhe, Germany).

Antibodies

A polyclonal anti-mFAM161A antiserum (mFAM161A) was
generated by immunizing rabbits with GST-mFAM161A
amino acids 14–355 fusion protein (Davids Biotechnology,
Regensburg, Germany) and affinity-purified using HiTrap
NHS-
activated sepharose HP columns as described previously (43).
Antibodies against human FAM161A (hFAM161A),
FAM161B, a-tubulin, g-tubulin, acetylated a-tubulin, b-actin
and Flag (M2) were purchased from Sigma-Aldrich. Monoclo-
nal antibodies to centrin-3 were used as a molecular marker for
the ciliary apparatus of photoreceptors (14). Monoclonal mouse
antibodies to RIBEYE (¼CtBP2) were purchased from BD
Biosciences (Heidelberg, Germany). Monoclonal antibodies
against rhodopsin (Rho 1D4) and RS1 were kindly provided
by R. Molday (UBC, Vancouver, BC, Canada), polyclonal
chicken anti-RP1 antibodies were a gift from E. Pierce (Univer-
sity of Pennsylvania, Philadelphia, PA, USA). Secondary anti-
bodies conjugated to horseradish peroxidase were purchased
from Calbiochem (La Jolla, CA, USA), and IgGs conjugated
to Alexa 488, Alex 568 and Alexa 594 were from Invitrogen
(La Jolla, CA, USA).

Immunofluorescence labeling

Immunohistochemistry of mouse and human retinal cryosec-
tions was performed as described elsewhere (43). To evaluate
the specificity of the antibody, 100 ml of diluted affinity-purified
antibody was preadsorbed for 4 h with 100 mg of MBP-
mFAM161A fusion protein immobilized on amylose resins.
The beads were pelleted at 1000g for 3 min and the supernatants
were used for labeling. Immunocytochemistry was done on cells
seeded on poly-L-lysine (0.1 mg/ml)- or collagen (1 mg/
ml)-coated glass coverslips and fixed with microtubule preserv-
ing buffer [0.1 M N-(2-hydroxyethyl)piperazine-N′-(2-ethane-
sulfonic acid), 2% PFA, 4% sucrose, 0.5% Triton X-100, 4%
polyethylglycol, 4 mM ethylene glycol-bis(2-aminoethy-
lether)-N,N,N ′,N′-tetraacetic acid (EGTA), 1 mM MgCl2]. To
analyze microtubule stabilization, COS-7 cells overexpressing
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FAM161A were incubated with medium containing nocodazole
for 2 h at 378C and fixed. Labeled species were examined under
an LSM 710 laser scanning microscope (Zeiss, Jena, Germany)
or were viewed under an AxioImager motorized microscope
with Apotome attachment (Zeiss). Image processing was
achieved with the Axiovision software with integrated Z-stack
and extended focus modules (Zeiss).

Immunoelectron microscopy

For immunoelectron microscopy, we followed the previously
published protocol (18,19,45). After washing with phosphate
buffered saline (PBS), biotinylated secondary antibodies
were applied to the sections. After PBS washes, antibody reac-
tions were visualized by a Vectastain ABC-Kit (Vector La-
boratories) and adding 0.01% hydrogen peroxide to 0.05 M

diaminobenzidine (DAB) solution. Stained retinas were fixed
in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4),
and DAB precipitates were silver enhanced followed by post-
fixation in cacodylate buffered 0.5% OsO4 on ice. Dehydrated
specimens were flat-mounted between two sheaths of
ACLARw-films (Ted Pella Inc., Redding, USA) in Aralditew

resin. Ultrathin sections were analyzed in a Tecnai 12
BioTwin transmission electron microscope (FEI, Eindhoven,
the Netherlands). Images were obtained with a CCD camera
(SIS Megaview3, Herzogenrath, Germany) acquired by ana-
lSISw (Soft Imaging System, Münster, Germany) and pro-
cessed with Adobe Photoshop CS (Adobe Systems).

Microtubule-binding protein spin-down assay

The in vitro microtubule co-sedimentation potential of
FAM161A was analyzed using the microtubule-binding
protein spin-down assay kit (Cytoskeleton Inc., Denver, CO,
USA) according to the manufacturer’s recommendations.
Briefly, microtubules were assembled from bovine brain
tubulin (purity .99%) for 20 min at 358C and stabilized by
the addition of taxol (20 mM). Stable microtubules (9 mg)
were then incubated with 2 mg of GST-fusion proteins for
30 min at room temperature in PEM buffer (80 mM PIPES, pH
6.9, 1 mM EGTA, 1 mM MgCl2) in a total volume of 50 ml.
MAP2 and bovine serum albumin were used as positive and
negative controls, respectively. The microtubule/protein mix-
tures were added to 100 ml of cushion puffer (80 mM PIPES
7.0, 1 mM EGTA, 1 mM MgCl2, 60% glycerol) and microtubules
were pelleted by centrifugation at 100 000g for 40 min at room
temperature. The uppermost layer (50 ml) of the supernatant and
the pellet was mixed with Laemmli sample buffer and analyzed
by immunoblotting.

Tubulin polymerization assay

The effect of FAM161A on tubulin polymerization was ana-
lyzed with the fluorescence-based tubulin polymerization
assay kit (Cytoskeleton Inc.). Fluorescence emission at
460 nm (excitation 355 nm) is enhanced as a function of
the insertion of the fluorescent reporter 4′,6-diamidino-2-
phenylindole into polymerizing microtubules. Polymerization
was monitored at 378C with a FLUOstar OPTIMA spectropho-
tometer (BMG Labtech GmbH, Ortenberg, Germany). In the

enhancer detection mode, purified bovine brain tubulin (purity
.99) was diluted in buffer 1 (80 mM PIPES, pH 6.9, 0.5 mM

EGTA, 2.0 mM MgCl2, 10 mM fluorescent reporter) to a final
concentration of 2 mg/ml and supplemented with 1 mM GTP.
The inhibitor detection mode was performed by the addition
of 20% v/v glycerol to buffer 1. After addition of the tubulin
mixture to 5 ml of GST-fusion proteins (1 mg/ml), the fluores-
cence signal was measured every 60 s for 60 min. Paclitaxel
(30 mM) and MAP2 protein (1 mg/ml) were used as positive
controls known to enhance tubulin polymerization. Nocodazole
(30 mM) served as positive control known to inhibit tubulin
polymerization.

GST pull-down assays

GST pull-down assays were performed with 293-EBNA cell
lysates overexpressing FAM161A or FAM161B and analyzed
by western blotting as described previously (43). To test inter-
action between GST- and MBP-fusion proteins, 7.5 mg of
purified GST-fusion proteins were incubated with equal
amounts of MBP-fusion proteins together with pre-washed
glutathione sepharose 4B beads in a total volume of 300-ml
TNBN buffer (50 mM Tris–HCl, pH 8.0, 200 mM NaCl,
15 mM 2-mercaptoethanol, 0.1% Nonidet P-40) at 48C for
1 h. Bound proteins were eluted from the beads by incubation
with Laemmli sample buffer and subjected to western blot
analysis using mouse anti-MBP antibodies. Pixel intensities
of the bands were quantified with TotalLab TL100 (v2006)
software (Nonlinear Dynamics Ltd, Newcastle upon Tyne,
UK). Statistical analysis (n ¼ 3) was performed using the Stu-
dent’s t-test with P ¼ 0.05 as the level of significance.

Immunoprecipitation

Triton X-100-solubilized lysates of 293-EBNA cells co-trans-
fected with Flag-FAM161A and FAM161B-1D4 constructs
were mixed with either anti-Flag M2 affinity gel (Sigma-
Aldrich) or anti-FAM161B antibodies followed by the
addition of protein A-sepharose 4B (Sigma-Aldrich) and incu-
bated for 1 h at 48C. After three washes with PBS/0.1% Triton
X-100, the immunoprecipitates were boiled in Laemmli
sample buffer and analyzed by western blotting.

RNA expression analysis

The human total RNA master panel was purchased from BD
Biosciences Clontech (Palo Alto, CA, USA). Total RNA
from human retina was isolated as described (43). RT–PCR
was performed with primer pair FAM161B_F3 (5′-CCCTC
TCTGCCAACACTCTC-3′) and FAM161B_XhoI_R (5′-
CTCGAGGCAAGTGATACGAGATTTTCTG-3′), the consti-
tutively expressed housekeeper gene GUSB was used as a
control for RNA integrity.

Bioinformatics

Homologous amino acid sequences of FAM161A were obtained
from Pfam (http://www.sanger.ac.uk/) and by Psi-BLAST data-
base searches (http://blast.ncbi.nlm.nih.gov/). Multiple se-
quence alignment was performed with MAFFT (46) using the
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E-INS-i method. Protein secondary structure prediction was
done on the basis of the alignment of the conserved UPF0564
domain on the Jpred 3 server (47).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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Ovádi, J. (2010) TPPP/p25 promotes tubulin acetylation by inhibiting
histone deacetylase 6. J. Biol. Chem., 285, 17896–17906.

36. Di Fulvio, S., Azakir, B.A., Therrien, C. and Sinnreich, M. (2011)
Dysferlin interacts with histone deacetylase 6 and increases alpha-tubulin
acetylation. PLoS One, 6, e28563.

37. Loktev, A.V., Zhang, Q., Beck, J.S., Searby, C.C., Scheetz, T.E., Bazan,
J.F., Slusarski, D.C., Sheffield, V.C., Jackson, P.K. and Nachury, M.V.
(2008) A BBSome subunit links ciliogenesis, microtubule stability, and
acetylation. Dev. Cell., 15, 854–865.

38. Reed, N.A., Cai, D., Blasius, T.L., Jih, G.T., Meyhofer, E., Gaertig, J. and
Verhey, K.J. (2006) Microtubule acetylation promotes kinesin-1 binding
and transport. Curr. Biol., 16, 2166–2172.

39. Dompierre, J.P., Godin, J.D., Charrin, B.C., Cordelières, F.P., King, S.J.,
Humbert, S. and Saudou, F. (2007) Histone deacetylase 6 inhibition
compensates for the transport deficit in Huntington’s disease by increasing
tubulin acetylation. J. Neurosci., 27, 3571–3583.

40. Arikawa, K. and Williams, D.S. (1993) Acetylated alpha-tubulin in the
connecting cilium of developing rat photoreceptors. Invest. Ophthalmol.
Vis. Sci., 34, 2145–2149.

41. Kayadjanian, N., Lee, H.S., Piña-Crespo, J. and Heinemann, S.F. (2007)
Localization of glutamate receptors to distal dendrites depends on subunit
composition and the kinesin motor protein KIF17. Mol. Cell. Neurosci.,
34, 219–230.

42. Stoppin-Mellet, V., Gaillard, J., Timmers, T., Neumann, E., Conway, J.
and Vantard, M. (2007) Arabidopsis katanin binds microtubules using a
multimeric microtubule-binding domain. Plant Physiol. Biochem., 45,
867–877.
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Reichenbach, A. and Krämer, F. (2005) Membrane-associated guanylate
kinase proteins MPP4 and MPP5 associate with Veli3 at distinct
intercellular junctions of the neurosensory retina. J. Comp. Neurol., 481,
31–41.

44. MacKenzie, D., Arendt, A., Hargrave, P., McDowell, J.H. and Molday, R.S.
(1984) Localization of binding sites for carboxyl terminal specific
anti-rhodopsin monoclonal antibodies using synthetic peptides.
Biochemistry, 23, 6544–6549.

45. Maerker, T., van Wijk, E., Overlack, N., Kersten, F.F.J., McGee, J.,
Goldmann, T., Sehn, E., Roepman, R., Walsh, E.J., Kremer, H. and
Wolfrum, U. (2008) A novel Usher protein network at the periciliary
reloading point between molecular transport machineries in vertebrate
photoreceptor cells. Hum. Mol. Genet., 17, 71–86.

46. Katoh, K., Kuma, K., Toh, H. and Miyata, T. (2005) MAFFT version 5:
improvement in accuracy of multiple sequence alignment. Nucleic Acids
Res., 33, 511–518.

47. Cole, C., Barber, J.D. and Barton, G.J. (2008) The Jpred 3 secondary
structure prediction server. Nucleic Acids Res., 36, W197–201.

14 Human Molecular Genetics, 2012

 at U
niversitaetsbibliothek M

ainz on A
ugust 31, 2012

http://hm
g.oxfordjournals.org/

D
ow

nloaded from
 

http://hmg.oxfordjournals.org/

