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Abstract

Bardet-Biedl syndrome (BBS) is a heterogeneous disease characterized by deficiencies in various
organs that are caused by defects in genes involved in the genesis, structural maintenance, and
protein trafficking of cilia. Leucine zipper transcription factor-like 1 (LZTFL1) has been identified
as a BBS protein (BBS17) because patients with mutations in this gene exhibit the common BBS
phenotypes. In this study, we generated a knockout mouse model to investigate the effects of
LZTFL1 depletion. Lztfl1 knockout mice were born with low birth weight, reached similar weight
to those of wild-type mice at 10 weeks of age, and later gained more weight than their wild-type
counterparts. LZTFL1 was localized to the primary cilium of kidney cells, and the absence of
LZTFL1 increased the ciliary localization of BBS9. Moreover, in the retinas of Lz#f/1 knockout
mice, the photoreceptor outer segment was shortened, the distal axoneme of photoreceptor
connecting cilium was significantly enlarged, and rhodopsin was targeted to the outer nuclear
layer. TUNEL assay showed that many of these abnormal photoreceptor cells in Lztf/1 knockout
mice underwent apoptosis. Interestingly, the absence of LZTFL1 caused an abnormal increase of
the adaptor protein complex 1 (AP1) in some photoreceptor cells. Based on these data, we
conclude that LZTFL1 is a cilium protein and it regulates animal weight and photoreceptor
connecting cilium function probably by controlling microtubule assembly and protein trafficking
in cilia.
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1. Introduction

The leucine zipper transcription factor-like 1 (LZ7FL 1) gene codes for a ubiquitously
expressed cytoplasmic protein (Wei et al., 2010). It has been reported that a 5-bp deletion in
the LZTFL 1 gene is associated with Bardet-Biedl syndrome (BBS) (Marion et al., 2012b).
BBS phenotypes include retinal degeneration, obesity, cognitive impairment, polydactyly,
hypogonadism, polyuria, polydipsia, kidney failure, and heart situs inversus (Kim et al.,
2004; Kulaga et al., 2004; Mykytyn et al., 2004; Yen et al., 2006; Zhang et al., 2011; Marion
etal., 2012a; Berbari et al., 2013; Forsythe and Beales, 2013; Schaefer et al., 2014). Since
LZTFL 1is the 17th identified gene associated with BBS, it is designated as BBS17 (Marion
et al., 2012b).

Biochemical studies have shown that LZTFL1 binds to the BBSome, a multi-protein
complex containing BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9 (Jin et al., 2010;
Sheffield, 2010; Seo et al., 2011). /n vitro studies showed that LZTFL1 is associated with
the BBSome through physical interaction with BBS9 (Seo et al., 2011). Because the
BBSome and canonical coat complexes, such as clathrin, COPI, and COP II, share some
structural features (van Dam et al., 2013), BBSome might be involved in cellular trafficking
related to vesicle coating on cellular (Nachury et al., 2007; Nachury, 2014).

Primary cilium is a signaling hub for mechanical, chemical, and optical sensing (Avidor-
Reiss et al., 2004; Pampliega et al., 2013; Tang et al., 2013; Nachury, 2014). Protein
trafficking within the primary cilium is supported by the BBSome and the intraflagellar
transport system (IFT complexes A and B), which form IFT trains moving along the
microtubule (Pigino et al., 2009; Taschner et al., 2011), and BBSome can facilitate IFT
assembly and turnaround in the cilium (Scholey, 2008; Taschner et al., 2011; Pedersen and
Christensen, 2012; Wei et al., 2012; Bhogaraju et al., 2013; Williams et al., 2014). Previous
studies have demonstrated that the knockdown and overexpression of LZ7FL 1 are inversely
related to BBS9 levels in the primary cilium of hTERT-RPEL1 cells, while BBSome ciliary
trafficking in Bbs3and Bbs5 knockdown cells was restored when LZTFL1 activity was
reduced (Seo et al., 2011). Based on these data, it was concluded that LZTFL1 negatively
regulated BBSome trafficking to the ciliary membrane (Seo et al., 2011). Recently, Eguether
et al. (2014) found that the BBSome and LZTFL1 accumulated to high levels in //z27 mutant
cilia, while Lztff1 mutant cells accumulated BBSome but not IFT27, they thereby proposed
that LZTFL1 functions downstream of IFT27 for coordinated removal of patched-1 and
Smoothened from cilia during hedgehog signaling.

Given the complex roles of LZTFL1 in BBS, cancer, immune system, and other pathways
(Kiss et al., 2001; Kang et al., 2011; Lee et al., 2011; Sakurai et al., 2011), it is vital to have
an animal model to study its functions under physiological conditions. In this study, we
generated a Lztfl1 knockout mouse model and showed that it exhibits phenotypes similar to
those of other BBS knockout mouse models, including obesity and retinal degeneration. In
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Lztfl1 knockout mice, BBS9 was increased in the primary cilium of kidney cells, and the
distal end of the axoneme of the photoreceptor connecting cilia in the retinas was
significantly enlarged, as compared to the wild type. These physiological data should be
helpful in understanding the role of LZTFLL1 in its related human diseases.

2. Results

2.1 LZTFL1 depletion affects body weight in mice

The Lztfl1 knockout mouse line was generated via the conventional embryonic stem (ES)
cell-based gene-targeting approach, using an ES cell clone in which the Lz#f/1 gene was
disrupted by inserting a DNA fragment with a LacZ-neo cassette between exons 3 and 4 of
Lztfl1 (Fig. 1A). The homozygous Lztfl1 knockout mice (Lztfl17~) were obtained by
intercrossing heterozygous mice (Lztf/1*7). The absence of LZTFL1 and significantly
decreased expression of Lztfl1in Lztfl1/~ mice was confirmed by Western blot and real-
time quantitative RT-PCR (gRT-PCR) analyses, respectively (Fig. 1B and C). Genotyping of
offspring derived from heterozygous intercrosses showed an abnormal segregation ratio
(LztfA1!=: LztfAT=: LztATH* = 1:4.3:2.3, P< 0.001, Chi-square test, 7= 981), indicating a
defect in the embryogenesis of the Lz#f/1-null embryo. Lztf/1 knockout mice were born with
low birth weight, reached similar weight to wild type at 10 weeks of age, and later gained
more weight than their wild-type counterparts (Fig. 2A-D). Overall, these results revealed
that LZTFL1 has an effect on animal weight.

2.2 LZTFL1 localizes in the primary cilium of the kidney and regulates BBS9

To ascertain the role of LZTFL1 in cilia, kidney tissues from wild-type and knockout mice
were stained with an antibody against LZTFL1 and imaged with a confocal microscope. The
result showed that LZTFL1 was present as discrete speckles in the primary cilium of the
wild-type kidney cells (Fig. 3A) but absent in the Lztf/1 knockout mice (Fig. 3B). Next, cells
from knockout and wild-type kidney tissues were cultured, the primary cilium was induced
by serum starvation, and the localization and the level of BBS9 were examined by
immunofluorescent staining with an antibody against BBS9 and imaged by confocal
microscopy. Compared to wild type, knockout cells showed increased ciliary localization of
BBS9 (data not shown), which is consistent with the result reported for the nTERT-RPE1
cell line (Seo et al., 2011). Similar results were seen in kidney tissue sections (Figs. 3C, 3D
and S2). These data demonstrate that LZTFL1 is a cilium protein that regulates the level of
BBS9 in the primary cilium during physiological conditions.

2.3 LZTFL1 depletion causes progressive retinal degeneration in mice

Defects in some BBS genes, such as Bbs4, Bbs2, Bbs3and Bbs7 are known to cause retinal
degeneration in mouse model (Mykytyn et al., 2004; Nishimura et al., 2004; Zhang et al.,
2011; Zhang et al., 2013), so we investigated the effect of Lz¢f/1 knockout on retinal
structure. Hematoxylin and eosin (H&E) staining of eye sections from 112-day-old mice
showed retinal degeneration in knockout eye (Fig. 4A). Further H&E staining of retina
sections from wild-type and Lztf/1 knockout eyes at different ages showed that the retinal
degeneration in knockout eyes was progressive with age (Fig. 4B). The outer nuclear layer’s
(ONL’s) thickness began to show differences between the wild-type and knockout mice at
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17 days after birth (DAB). Retinal degeneration continued from one to four months in the
knockout mice, and the outer segment layer was almost absent by about 166 DAB. Other
parts of the retina, including the inner nuclear layer (INL) and ganglion cell layer (GCL),
appeared normal in knockout mice (Fig. 4B). Interestingly, the retinal structure from eye
sections from 14-day-old Lz#11 knockout mice was similar to that from the wild-type mice
(Fig. 4B); however, a close examination by transmission electron microscopy (TEM)
showed that the outer segment of photoreceptor cells in a 14-day-old knockout mouse was
dramatically shortened and disorganized, and had lost its orientation compared to its wild-
type sibling. Swirling disk membranes and bubble-like structures were frequently seen in the
knockout samples (Fig. 4C).

2.4 Mislocalization of rhodopsin and cell death in the retinas of the Lztfl1 knockout mice

Rhodopsin is one of the most abundant proteins in the outer segment of photoreceptor cells
(Bhowmick et al., 2009). Mislocalized rhodopsin triggers cell death through G-protein
stimulation of adenylate cyclase, which elevates cCAMP levels and leads to caspase-3
activation (Alfinito and Townes-Anderson, 2002). Since Lztf/Z-null mice showed
progressive retinal degeneration, we examined the rhodopsin localization and cell death in
the retinas of 21-day-old wild-type and knockout mice. As expected, the rhodopsin was
detected in the outer segment of the wild-type retina (Fig. 5A). However, in knockout mice,
besides the outer segment, rhodopsin was also observed in the ONL (Fig. 5B), indicating
that rhodopsin transportation was impaired when the LZTFL1 protein was depleted in the
photoreceptor cells. Additionally, rhodopsin staining also demonstrated that the outer
segments of the knockout retinas were thinner than those of the wild-type. Subsequently, the
effect of rhodopsin mislocalization on photoreceptor cell apoptosis was examined by a
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. DNA
fragmentation was observed in significant numbers of photoreceptor cells, as demonstrated
by the fluorescent signals generated specifically from end-labeling nicked DNA in the ONL
of the knockout mouse retinas (Fig. 5D). However, the TUNEL signals in the ONL from
wild-type retinal tissues were barely detectable (Fig. 5C). To confirm the relationship
between rhodopsin localization and apoptosis, we conducted the TUNEL assay and
rhodopsin staining at the same time. The staining of wild-type ONL was negative for both
apoptosis and rhodopsin (Fig. 5E). Interestingly, significant numbers of cells were
individually stained by either of the two dyes, and only a small fraction of cells in the
knockout mouse retinas were stained by both dyes (Fig. 5F). These data provided direct
evidence that removing LZTFL1 from the mouse retinas results in rhodopsin mislocalization
and photoreceptor cell apoptosis, consistent with the retinal degeneration phenotype.

2.5 Distortion of the distal axoneme of the photoreceptor connecting cilium in the
absence of LZTFL1

The photoreceptor cell outer segment is a modified cilium that is significantly enlarged to
accommodate a large amount of proteins responsible for photo-conversion and signal
transduction (Wright et al., 2010). TEM analysis showed that the basal body structure and
proximal connecting cilium of Lz#f/1 knockout mice were very similar to those of wild-type
mice (Fig. 6). However, the extension portion of the connecting cilium in the knockout
mouse retina was significantly truncated with enlarged axoneme (Fig. 6B-D). These
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characteristics were first observed in approximately one-month-old knockout mice and were
then confirmed with younger knockout mice at 14 DAB. The normal axoneme inner
diameter is approximately 156.26 + 4.85 nm in mice (Gilliam et al., 2012). However, in the
Lztfl1 knockout mice, the average axoneme inner diameter was 310 + 18.08 nm, in contrast
to 147 £ 12.39 nm for axonemes in wild-type mice (Fig. 6D). This finding was confirmed by
the confocal microscopic examination of the connecting cilium stained with a fluorescent
dye—conjugated acetylated tubulin antibody (Fig. S3). Instead of the normal rod-like tubulin
bundle, knockout mouse retina had fork-like structures at the distal end of the connecting
cilium (Fig. S3). Interestingly, vesicles were present in the middle of the distal connecting
cilium of the knockout samples, which were not seen in the wild-type samples (Fig. 6D).
These unusual features in the axoneme of the knockout photoreceptor connecting cilium
could play a role in retinal degeneration.

2.6 LZTFL1 depletion alters the distribution of adaptor protein complex 1 (AP1) in the
photoreceptor cells

Recently, AP1-deficient Caenorhabditis elegans worms were shown to be defective in cilium
morphology, positioning, and orientation (Kaplan et al., 2010). Most importantly, the
microtubules of the ciliary axoneme in this animal model were frequently missing or became
dispersed at the distal end, indicating that AP1 plays a significant role in cilia assembly
(Kaplan et al., 2010). Based on this information, the localization of AP1 in Lztf{1 knockout
mouse retinal tissues was examined by immunofluorescent staining and confocal
microscopy. Results showed that in wild-type retinas the AP1 was present within the
photoreceptor inner segments and in the cell body area surrounding the ONL (Fig. 7A).
However, in the inner segment of the Lztf/1 knockout retinas, a fraction of photoreceptor
cells had higher level of AP1, while the rest of the cells had very low levels (Fig. 7B). To
further characterize the role of AP1, photoreceptor cells were stained for AP1 and the cilium
marker acetylated tubulin. Unlike in the wild-type, AP1 and acetylated tubulin were co-
localized in some cells in the knockout retina (Fig. 7C and D). The altered distribution of
AP1 in the retinas of the knockout mice suggests that LZTFL1 plays an important role in the
canonical vesicle trafficking pathway.

3. Discussion

BBS is a genetically heterogeneous disease related to cilia dysfunction (Sheffield, 2010).
Compromised cilium has been shown to be associated with a high incidence of diabetes and
obesity (Oh et al., 2015), which are common phenotypes seen in Bbs1, BbsZ2, and Bbs4
knockout mice (Kim et al., 2004; Nishimura et al., 2004; Davis et al., 2007). Consistent with
these reports, we observed that LZTFL1 (BBS17)-deficient mice gained more weight than
their wild-type siblings. Data presented here and elsewhere (Seo et al., 2011) show that the
absence of LZTFL1 results in an increased level of BBS in cilia. This increase could
compromise ciliary function, leading to weight gain and obesity.

In human and rodent models, BBS protein deficiencies are also known to cause kidney
defects (Nishimura et al., 2004; Guo et al., 2011; Imhoff et al., 2011;). However, in this
study phenotypic characterization did not find significant differences in kidney tissues
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between Lztf/1 knockout and wild-type mice. Interestingly, LZTFL1 is localized in the
primary cilium of wild-type mouse kidneys (Fig. 3), and the absence of LZTFL1 increases
the level of BBS9 in the primary cilium, although not as much as reported for the hTERT-
RPEL1 cell line (Seo et al., 2011). These data suggest that BBSome complex’s function in the
primary cilium is not affected in the kidney of Lztf/1 knockout mice, which is consistent
with their normal kidney phenotype.

In a previous study, LZTFL1 was found in the cytoplasm, but not in the cilia or basal body,
and LZTFL1 knockdown led to an accumulation of BBS proteins in the primary cilium (Seo
etal., 2011). The reason for the contradiction of LZTFL1 localization between the results
presented in this study and the results reported by Seo et al. is not known, but might be
explained by the fact that different materials were used (human hTERT-RPEL cell line used
by Seo et al. and mouse kidney tissue used in the present study). It is noteworthy that species
differences may also be a reason, as have been seen in other studies showing that BBS gene
knockouts in mice result in different phenotypic outcomes compared to the corresponding
gene mutations in humans, indicating that rodent disease models cannot completely
duplicate human disorders (Davis et al., 2007; Zhang et al., 2014).

In Lztf/1 knockout mouse photoreceptor cells, the axoneme structure of the connecting
cilium is enlarged (Fig. 6). A similar phenomenon has been observed, but not analyzed in
detail, in reports on IFT protein IFT88 and retinitis pigmentosa GTPase regulator—
interacting protein 1 (Pazour et al., 2002; Patil et al., 2012). In this study, we have
characterized this unusual phenotype in LztflZ-null photoreceptor cells using TEM and
compared it with the dimensions of a normal connecting cilium structure (Gilliam et al.,
2012). AP1 has been found to regulate cilium formation, axonemal length, and microtubule
arrangement in C. elegans, and AP1 knockdown in human cells can impair cilium structure,
orientation, and microtubule post-translational modification (Kaplan et al., 2010).
Interestingly, we found that AP1 was abnormally distributed in some of the knockout mouse
photoreceptor cells, suggesting that LZTFL1 has a role in AP1-mediated trafficking.

In summary, a knockout mouse model was used to investigate the physiological function of
the LZTFL1 and the data showed that LZTFL1 is a ciliary protein that regulates mouse body
weight and retinal function. Also, data presented here supported that LZTFL1 may play a
critical role in maintaining the connecting cilium structure, and that it may serve as an
intersection between the BBSome and AP1 pathways for the regulation of microtubule
assembly and cilium protein trafficking. These data have implications for the role of this
protein in human ciliopathy and related disorders.

4. Materials and Methods

4.1 Generation of Lztfl1 knockout mice

Lztfl17!~ embryonic stem cells were obtained from the KOMP Repository (USA) and grown
on gelatin-coated tissue-culture plates containing a layer of mouse embryonic fibroblasts
(isolated from 15.5 days post-coitum (dpc) C57BL/6NCr fetuses). The cells were cultured in
Resgro medium (EMD, Germany) at a density of 2.0 x 106 cells per 60-mm plate and
passaged 1:3 every 48 h. Prior to microinjection, the embryonic stem cells were trypsinized
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for 5 min using 0.05% trypsin with EDTA, supplemented with 1% chicken serum, washed
and pelleted by centrifugation at 1000 r/min for 5 min followed by re-suspension in Resgro
medium (EMD), and microinjected into C57BL/6NCr blastocysts. The resulting male
chimeras were mated with C57BL/6NCr females to generate germline-transmitted progeny.
Heterozygous mice (Lztfl1~) were identified by PCR screening and mated at four weeks of
age to generate homozygous knockout mice (Lztf/17/7). Due to compromised fertility in
homozygous knockout mice, the colony was maintained by heterozygous crosses. All
studies with mice adhered to the guidelines established for the care and use of experimental
animals and were approved by the Animal Care and Use Committee of Leidos Biomedical
Research, Inc.

4.2 Real-time quantitative RT-PCR

Total cellular RNA was extracted using the ISOLATE Il RNA Mini kit (Bioline, USA). To
quantitatively analyze gene expression, 250 ng of total RNA was used to synthesize the first-
strand cDNA with random primers. The gRT-PCR was performed using SYBR Green
Master Mix (Qiagen, USA), and the quantity of Lz//7 mRNA was normalized by the mMRNA
levels of glyceraldehyde-3-phosphate dehydrogenase.

4.3 Tissue harvesting, sectioning, and hematoxylin and eosin staining

Fresh tissues were fixed in 10% neutral buffered formalin (10% NBF; Fisher Scientific,
USA) for a minimum of 48 h. Fixed tissues were processed with a Sakura 4894 tissue
processor (Sakura, USA) according to the manufacturer’s protocol and then embedded into
paraffin blocks. Unstained sections were prepared with a Leica Model RM2255 rotary
automated microtome (Leica, USA). Paraffin ribbons were cut at 5 um and floated on a 37°C
water bath, and then individual sections were mounted onto positively charged glass
microscope slides (Fisher plus slides; Thermo-Fisher, USA) and allowed to air dry prior to
staining. H&E staining was adapted from the Carson procedure onto a Sakura Tissue-Tek
Prisma Automated Slide Stainer (Carson, 1997). Specifically, bake slides at 65°C for 10
min; deparaffinize in fresh Xylenes three times for 4 min each; rehydrate though graded
ethanol: 100% for 2 min, 80% for 1.5 min, water for 1 min; stain with hematoxylin Il for 5
min, water for 1 min, clarifier for 1 min, bluing agent for 1 min, water for 1 min, 95%
ethanol for 1 min; stain with Eosin Y for 20 secs, 100% ethanol for 2 min, 100% ethanol
three times for 3 min each; stain with Xylene three times for 3 min each; and mount
coverslip with Permount. The resulting stained slides were digitally scanned with an Aperio
model XT digital bright-field whole-slide scanner at 40x native resolution.

4.4 Transmission electron microscopy

The TEM method was based on previous study (Rachel et al., 2012). Briefly, the mouse eyes
were surgically removed and fixed in a cocktail of 4% formaldehyde and 2% glutaraldehyde
in a 0.1 M cacodylate buffer, and post-fixed in 1% osmium tetroxide. The sample was then
dehydrated in a series of graded alcohols (35%, 50%, 70%, 95%, and 100%), after which the
eyes were infiltrated overnight in a 1:1 mixture of propylene oxide and epoxy resin, and then
embedded in pure resin and cured at 55°C for 48 h. The cured block was trimmed, and semi-
thin sections (0.5 um) were made and stained with Toluidine Blue solution to determine the
proper orientation for electron microscope imaging. Thin sections (70-80 nm) were then
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mounted on bare 200-mesh copper grids and subsequently stained in uranyl acetate and lead
citrate. The sections were imaged utilizing a Hitachi H-7650 (Japan) transmission electron
microscope equipped with an AMT (Danvers, USA) digital camera.

4.5 Immunofluorescent staining, TUNEL assay, and confocal microscopy

Antigen retrieval was carried out for the fixed tissue sections (5 um), by following the
manufacturer’s instruction (S1700; Dako North America, Inc., USA). For staining, samples
were first blocked in blocking buffer (5% goat serum, 1 x PBS, 0.5% Triton X-100) for 1 h.
The primary antibody was diluted to 1:100-1:200 in the blocking buffer and incubated with
the sample overnight at 4°C. The secondary antibody was diluted to 1:500 and incubated for
2 h after the primary antibody. After extensive wash, the slide was loaded with ProLong®
Gold Antifade reagent with DAPI reagent (P-36931; Life Technologies, USA) and mounted.
The following antibodies were used: rabbit polyclonal antibody against human BBS9
(1:100; Sigma, USA), see Fig. S1 for the evaluation of BBS9 antibody specificity for mouse
tissue; mouse monoclonal antibody against acetylated tubulin (1:200; Sigma); rabbit
polyclonal antibody against LZTFL1 (1:100; Sigma); mouse monoclonal antibody against
AP1 (1:100; BD Transduction Laboratories, USA); mouse monoclonal antibody against
rhodopsin (1:100; Santa Cruz Biotechnology, USA); goat monoclonal antibody against actin
(1:500; Santa Cruz Biotechnology). Goat secondary antibodies were conjugated to Alexa
Fluor 488, 568, and 647 (1:500; Molecular Probes, USA).

The TUNEL assay was conducted using the DeadEnd™ Fluorometric TUNEL System
according to the manufacturer’s instructions (G3250; Promega, USA). For TUNEL and
rhodopsin dual staining, the tissue sections were first labeled using TUNEL and then stained
with an antibody against rhodopsin. The slides were then mounted and imaged.

Images were acquired with a Zeiss 510 or 710 confocal microscope. Pictures were processed
by Zen software or ImageJ. The BBS9 level was measured in 20 cilia each from wild-type
and knockout mice kidneys. Specifically, confocal images were opened in the ImageJ
software, an individual primary cilium in the kidneys was manually chosen, and the area was
defined with the polygon selection tool. The signal intensity corresponding to the BBS9- and
cilia-staining channels was measured. The blank area with the same size adjacent to each
defined area was also recorded as background and subtracted from the recorded data. All
data were plotted using GraphPad Prism 6 software and are shown as mean + SEM. The
inner diameters of connecting cilium were measured with ImageJ and statistically analyzed
with GraphPad Prism 6 software.

4.6 Data analysis

Experiments were repeated at least three times unless otherwise stated. P values were
calculated with the two-tailed #test, using the GraphPad Prism software. Results were
shown as mean + SEM, with * representing significantly differences at £< 0.05. Images
shown are representative of one of the three experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Generation of Lztfl1 knockout mouse line
A: Structures of Lztf/1 targeting vector and wild-type and Lz#f/1 knockout alleles. After

homologous recombination, a LacZ-neo cassette was inserted between exon 3 and exon 4 of
Lztfl1. B: Western blot analysis showed the absence of LZTFL1 in Lztf/1 knockout mice.
Proteins were extracted from the wild-type and Lz#f/1 knockout mouse kidneys, respectively.
Actin was used as a loading control. C: qRT-PCR analysis of Lztf/7 mRNA expression in
wild-type and Lztf/1 knockout mouse kidneys, respectively. WT, wild-type; KO, knockout.
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Fig. 2. Lztfl1-null mice gain more weight than wild-type mice with age
A and B: Growth curves of wild-type and Lztfl1 knockout mice. A: Lztfl1 knockout mice

weighed less than their wild-type counterparts at birth, but reached similar weight to wild-
type mice by approximately 10 weeks of age. Data are shown as mean + SEM, £< 0.01. B:
Lztfl1 knockout mice gained more weight than their wild-type counterparts over their
lifetimes. Wild-type and Lztfl1 knockout mice were weighed at all ages. The curves were
plotted using non-linear regression method with statistical correlation analysis, < 0.01. C
and D: Comparison of wild-type and Lztf/1 knockout mice at different ages. WT, wild-type;

KO, knockout.
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Fig. 3. LZTFL1 localizes in the primary cilium of the kidney and regulates BBS9
A and B: Kidney tissues from wild-type (A) and Lztf/1 knockout (B) mice were

immunostained with antibodies against acetylated tubulin (acT, green) and LZTFL1 (red) in
the primary cilium. Bars = 5 um. C and D: Kidney tissues from wild-type (C) and Lztfl1
knockout (D) mice were immunostained with antibodies against acetylated tubulin (acT,
green) and BBS9 (red) in the primary cilium. Bars =5 ym. In A-D, cell nuclei were
counterstained with DAPI, and the arrows indicate the primary cilia. WT, wild-type. KO,
knockout.
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Fig. 4. Progressive retinal degeneration in Lztfl1-null mice
A: Hematoxylin and eosin staining of 112-day-old wild-type and Lz#f/1 knockout retinas,

respectively. Bars = 1 mm. B: Progressive retinal degeneration in Lztfl1 knockout mice. The
thickness of knockout mice retinas was slightly different from that of wild type at 17 DAB.
Bars = 50 um. The photoreceptor cell layer is mostly degenerated by about 6 months in
knockout mice retinas. Experiments were repeated twice, and representative images were
shown. C: TEM analysis of 14-day-old wild-type and Lztf/1 knockout retinas, respectively.
The outer segment of the photoreceptor cells in the knockout retina is disoriented and
fragmented, and the disc structure is disorganized with occasional swirls (inlet). Bars = 2
um. IS, inner segment; OS, outer segment; RPE, retinal pigment epithelium; GCL, ganglion
cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer;
DAB, days after birth; WT, wild-type; KO, knockout.
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Fig 5. Mislocalized rhodopsin and increased apoptosis in Lztfl1 knockout mouse retinas
A and B: Localization of rhodopsin in 21-day-old wild-type (A) and Lztf/1 knockout (B)

mouse retinas. The rhodopsin signal (green) appears in the outer segment of wild-type
mouse retinas, whereas the signal occurs not only in the in the outer segment but also in the
ONL surrounding the nuclei (arrows) in the knockout sample. Bars = 50 ym. C and D: The
TUNEL assay showed apoptosis in the photoreceptor cells in Lztf/1 knockout mouse retinas.
Fragmented DNA was stained with a fluorescent dye (red) in retinal tissues. Bars = 20 ym. E
and F: Simultaneous detection of rhodopsin (green) and apoptosis (red) in the ONL of wild-
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type and Lztf/1 knockout mouse retinas. Arrow shows the co-existence of TUNEL- and
rhodopsin-staining signals in a small fraction of the photoreceptor cells in the knockout
sample. Bars = 20 um. GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment; RPE,
retinal pigment epithelium; WT, wild-type; KO, knockout.
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Fig. 6. The connecting cilium structure is modified in Lztfl1 knockout mouse retinas
A-D: TEM characterization of wild-type (A) and Lzf/1 knockout (B—D) photoreceptor

cells. The microtubule bundle of the distal axoneme was enlarged in the connecting cilium
of knockout mice (arrows in B-D), compared to the wild-type photoreceptor cells (arrows in
A). Some vesicles were visible in the open axoneme (arrowhead in D). Bars = 500 nm. E:
Comparison of the inner width of the distal axoneme between wild-type and Lz#f/1 knockout
photoreceptor cells. The inner width (distance between the arrow pair) was measured from
images generated by TEM (A-D). ** represents significant differences at < 0.01
(Student’s #test). OS, outer segment; IS, inner segment; CC, connecting cilium; WT, wild-
type; KO, knockout.
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Fig. 7. Mislocalization of the AP1 in Lztfl1 knockout mouse retina
Immunofluorescent staining of photoreceptor cells in retinas from wild-type (A and C) and

Lztfl1 knockout (B and D) mice with antibodies against AP1 (red, A-D) and acetylated
tubulin (acT, green, C and D). AP1 was present in the inner segment of all wild-type
photoreceptor cells (A). However, it was found to be highly enriched only in some of the
photoreceptor cells in Lztf/17/~ mice (B). Acetylated tubulin and AP1 co-staining showed
that the abnormally enriched AP1 in knockout photoreceptor cells was partially associated
with the major connecting cilium structure (D). WT, wild-type; KO, knockout.
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