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Cilia- and Flagella-Associated Protein 69 Regulates Olfactory
Transduction Kinetics in Mice
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Animals detect odorous chemicals through specialized olfactory sensory neurons (OSNs) that transduce odorants into neural electrical
signals. We identified a novel and evolutionarily conserved protein, cilia- and flagella-associated protein 69 (CFAP69), in mice that
regulates olfactory transduction kinetics. In the olfactory epithelium, CFAP69 is enriched in OSN cilia, where olfactory transduction
occurs. Bioinformatic analysis suggests that a large portion of CFAP69 can form Armadillo-type �-helical repeats, which may mediate
protein–protein interactions. OSNs lacking CFAP69, remarkably, displayed faster kinetics in both the on and off phases of electrophys-
iological responses at both the neuronal ensemble level as observed by electroolfactogram and the single-cell level as observed by
single-cell suction pipette recordings. In single-cell analysis, OSNs lacking CFAP69 showed faster response integration and were able to
fire APs more faithfully to repeated odor stimuli. Furthermore, both male and female mutant mice that specifically lack CFAP69 in OSNs
exhibited attenuated performance in a buried food pellet test when a background of the same odor to the food pellet was present even
though they should have better temporal resolution of coding olfactory stimulation at the peripheral. Therefore, the role of CFAP69 in the
olfactory system seems to be to allow the olfactory transduction machinery to work at a precisely regulated range of response kinetics for
robust olfactory behavior.
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Introduction
Sensory receptor cells detect and transduce salient sensory stim-
uli into cellular electrical signals that encode the type, intensity,
duration, and kinetics of the stimuli. These electrical signals are
transmitted to and eventually interpreted by the brain to guide

behavior. Although the mechanisms for sensory transduction
vary among different systems, sensory receptor cells have evolved
to be sensitive, rapid responding, and adaptable.

In the vertebrate olfactory system, olfactory sensory neurons
(OSNs) in the nose detect and transduce odorous chemicals, or
odorants, into membrane depolarization, which leads to genera-
tion and transmission of action potentials (APs) to the olfactory
bulb of the brain (Firestein, 2001). Olfactory transduction takes
place in the cilia of the OSN, which extend from the tip of the
OSN dendrite into the mucus covering the nasal epithelium. In
the vast majority of OSNs, transduction is mediated through a
G-protein-coupled, cAMP-mediated signaling cascade (Kleene,
2008; Kaupp, 2010; Ferguson and Zhao, 2016). Specifically, the
binding of an odorant to its G-protein-coupled odorant receptor
(Buck and Axel, 1991) can lead to sequential activation of the
odorant receptor, the olfactory G-protein Golf (Jones and Reed,
1989; Belluscio et al., 1998) and the G-protein effector adenylyl
cyclase 3 (AC3) (Bakalyar and Reed, 1990; Wong et al., 2000).
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Significance Statement

Sensory receptor cells are generally thought to evolve to respond to sensory cues as fast as they can. This idea is consistent with
mutational analyses in various sensory systems, where mutations of sensory receptor cells often resulted in reduced response size
and slowed response kinetics. Contrary to this idea, we have found that there is a kinetic “damper” present in the olfactory
transduction cascade of the mouse that slows down the response kinetics and, by doing so, it reduces the peripheral temporal
resolution in coding odor stimuli and allows for robust olfactory behavior. This study should trigger a rethinking of the signifi-
cance of the intrinsic speed of sensory transduction and the pattern of the peripheral coding of sensory stimuli.
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Activation of AC3 then leads to synthesis of cAMP, which in turn
binds to and opens the olfactory cyclic-nucleotide-gated (CNG)
channel (Dhallan et al., 1990; Brunet et al., 1996), allowing influx
of cations Na� and Ca 2� and triggering membrane depolariza-
tion. Intraciliary Ca 2� can open a calcium-activated chloride
channel (Kleene and Gesteland, 1991; Kurahashi and Yau, 1993),
Anoctamin 2 (ANO2) (Pifferi et al., 2009; Stephan et al., 2009;
Rasche et al., 2010; Billig et al., 2011), which is responsible for Cl�

efflux and further membrane depolarization. The electrical re-
sponse of OSNs not only rapidly turns on, but also rapidly turns
off when the odor stimulus is removed. Rapid termination of the
response enables OSNs to recover sufficiently to respond to
subsequent stimulation. To achieve rapid termination, OSNs ac-
tively remove cilial cAMP and Ca 2�, thus closing the CNG chan-
nel and the chloride channel, respectively. The cAMP is degraded
by phosphodiesterase 1 C in the cilia (Yan et al., 1995; Cygnar and
Zhao, 2009) and Ca 2� is extruded from the cilia by a potassium-
dependent sodium/calcium exchanger, NCKX4 (Stephan et al.,
2011).

Despite substantial knowledge about the above-mentioned
core components of the olfactory transduction cascade, less un-
derstood is how the transduction process is regulated to allow for
proper sensitivity and response kinetics when responding to
odors. To better understand olfactory transduction, we sought to
investigate a novel protein, cilia- and flagella-associated protein
69 (CFAP69), which was found previously in an OSN cilial pro-
teomic analysis (Stephan et al., 2009). The function of this pro-
tein had not been investigated in any system. By selectively
knocking out the Cfap69 gene in mature OSNs, we were able to
study the role of CFAP69 in olfaction.

Materials and Methods
Animals. For all experiments involving mice, animals were handled and
euthanized in accordance with methods approved by the Animal Care
and Use Committees of each applicable institution. All analyses involving
mice were performed on adult (2- to 8-month-old) mice. Experiments
were performed on both male and female mice.

Evolutionary analysis. The evolutionary history of the CFAP69 protein
was inferred using the UPGMA method (Sneath and Sokal, 1973). The
evolutionary distances were computed using the Poisson correction
method (Zuckerkandl and Pauling, 1965) and are in the units of the
number of amino acid substitutions per site. The analysis involved 10 aa
sequences. All positions containing gaps and missing data were elimi-
nated. There were a total of 683 positions in the final dataset. Evolution-
ary analyses were conducted in MEGA6 (Tamura et al., 2013).

Generation of conditional Cfap69 mutant mice. The A330021E22
Rik tm1a(KOMP)Wtsi (abbreviated to Cfap69 tm1a in this study) mouse strain
was created from an embryonic stem cell clone (EPD0713_1_E05) gen-
erated by the Wellcome Trust Sanger Institute and made into mice by the
KOMP Repository (www.KOMP.org) and the Mouse Biology Program
(www.mousebiology.org) at the University of California–Davis. The
Cfap69 tm1a mice used in the present study were recovered from the cryo-
preserved embryos from KOMP by the Johns Hopkins University trans-
genic core facility. Cfap69 tm1a mice carry a KO first allele in which a
promoterless cassette including LacZ and neo genes were inserted in
introns 4 –5 of the Cfap69 gene. For the OSN-specific conditional KO
mice, the Cfap69 tm1a mice were crossed with the ubiquitously expressing
Flippase line 129S4/SvJaeSor-Gt(ROSA)26Sor tm1(FLP1)Dym/J (The Jackson
Laboratory) to excise the LacZ/neo cassette. These mice were then
crossed with an OSN-specific Cre line B6;129P2-Omp tm4(cre)Mom/
MomJ (Omp Cre) (The Jackson Laboratory) and then backcrossed for two
to three generations to C57BL/6 mice to obtain offspring of several ge-
notypes including the conditional CFAP69 mutant mice Cfap69 flox/flox;
Omp Cre/� and the control littermates Cfap69 �/�;Omp Cre/�. Primers
TCAAACAGCACAGGAGATTCA (AT112) and TGCAAATGAATTAG
CAGTATCTTCA (AT115), which span the floxed exon 5 region, were used

to genotype the Cfap69 allele by PCR, with expected band sizes being 750
bp for WT and 921 bp for the floxed exon.

X-gal and immunofluorescent staining. Deeply anesthetized mice (by
Avertin) were transcardially perfused with PB, pH 7.4, followed by 4%
(w/v) paraformaldehyde (4% PFA in PBS), and then postfixed in 4% PFA
for 1 h. The tissue was decalcified in 500 mM EDTA in PBS for 1–2 d and
then cryoprotected in 30% (w/v) sucrose in PBS for 1 d. The tissue was
cut into 18-�m-thick coronal cryosections. For X-gal staining (Mom-
baerts et al., 1996), tissue sections were washed in PBS and incubated in
PBS containing potassium ferricyanide, potassium ferrocyanide, and
X-gal (Sigma-Aldrich) at 37°C for 12–16 h. For immunofluorescent
staining, sections were incubated at 4°C overnight with primary antibod-
ies (except for anti-CFAP69 antibody, which was incubated for 2 d) in
PBS containing 0.1% (v/v) Triton X-100 and 1% (v/v) donkey serum.
After washing, the sections were incubated with fluorescent secondary
antibodies for 1 h at room temperature. After washing, the sections
mounted in Fluoromount Aqueous Mounting Medium (Sigma-Aldrich)
containing DAPI stain and imaged on an LSM 700 confocal microscope
with Zen software (Zeiss). Primary antibodies were used at the following
dilutions: anti-CFAP69 (rabbit, custom antibody), 1:100; anti-acetylated
tubulin (mouse; Sigma-Aldrich T7451, RRID: AB_609894, 1:500; Ross et
al., 2005; Tadenev et al., 2011); phalloidin–Alexa Fluor-488 (Thermo
Fisher Scientific, A12379, 1:500); anti-G�13 (rabbit, 1:200, gift of R.
Reed; Li et al., 2013), 1:200; anti-AC3 (rabbit, Santa Cruz Biotechnology
sc-588, 1:200, RRID: AB_630839) (Zou et al., 2007); and anti-ANO2
(rabbit, Santa Cruz Biotechnology, sc-292004, RRID: AB_10844038,
1:100; Dibattista et al., 2012; Maurya and Menini, 2014). The following
secondary antibodies were used in 1:400 dilutions: anti-rabbit–Alexa
Fluor-488 (donkey, Thermo Fisher Scientific, A-21206) for anti-
CFAP69, anti-G�13, and anti-ANO2; anti-rabbit–Alexa Fluor-546
(goat, Thermo Fisher Scientific, A-11029) for anti-AC3; and anti-mouse-
Alexa-546 (goat, Thermo Fisher Scientific, A-21123) for anti-acetylated
tubulin.

Custom antibodies. Rabbit antibodies were generated against the anti-
genic peptide fragment CKVKPPLNDPKKSIPT, which spans aa 927–942
(the very C terminus) of the CFAP69 protein, by Thermo Fisher Scien-
tific. Thermo Fisher Scientific performed the peptide synthesis, antibody
generation, and affinity purification.

Cilia preparation. A preparation enriched in olfactory cilia was pre-
pared by the calcium shock method (Anholt et al., 1986). Briefly, deeply
anesthetized mice were transcardially perfused with PBS to remove blood
from the olfactory tissue. Olfactory mucosa were dissected into a solution
containing the following (in mM): 120 NaCl, 5 KCl, 1.2 MgCl2, and 10
HEPES, pH 8.0, plus 10 mM CaCl2, and were treated by end-over-end
rotation for 20 min at 4°C. The sample was centrifuged at low speed to
pellet large cellular debris and the cilia in the supernatant were then
transferred to a new tube. The cilia were pelleted under high-speed cen-
trifugation (18,000 RCF) for 30 min and resuspended in a TEM buffer
(10 mM Tris-HCl, 3 mM MgCl2, and 2 mM EDTA, pH 8.0).

Western blotting. Olfactory epithelium (OE) tissues were homogenized
and cilia preparations were dissolved in 2� Laemmli buffer followed by
SDS-PAGE. After electrophoresis, the separated proteins were trans-
ferred onto a polyvinylidene difluoride membrane. The blot was blocked
with 5% nonfat dry milk or 2% BSA and incubated overnight with pri-
mary antibodies at 4°C. After washing, the blot was incubated with HRP-
linked secondary antibodies for 1 h at room temperature. After washing,
the blot was treated with ECL-Plus reagent (Pierce) and exposed to film.
Primary antibodies were used at the following dilutions: anti-CFAP69
(rabbit, custom antibody, 1:1000); anti-�-tubulin (mouse, Sigma-
Aldrich T8203, RRID: AB_1841230), 1:10,000; anti-olfactory marker
protein (OMP) (goat, Wako 544 –10001, RRID: AB_664696, 1:10,000;
Buiakova et al., 1996); and anti-AC3 (rabbit, Santa Cruz Biotechnology,
SC-588, RRID: AB_630839, 1:1000; Zou et al., 2007). The following sec-
ondary antibodies were used at 1:2000 dilutions: anti-rabbit-HRP (goat,
GE Healthcare, NA934) for anti-CFAP69 and anti-AC3; anti-goat-HRP
(rabbit, Thermo Fisher Scientific, 61–1620) for anti-OMP; anti-mouse-
HRP (sheep, GE Healthcare, NA931) for anti-�-tubulin.

Dolichos biflorus agglutinin (DBA) staining. Mice were deeply anes-
thetized by Avertin injection and decapitated. The head was bisected 1–2
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mm off center and the septum dissected into 4% paraformaldehyde and
fixed for 10 min at room temperature. Septa were rinsed 3� for 5 min in
1� PBS, blocked in 3% BSA in 1� PBS for 1 h at room temperature, and
incubated with rhodamine-conjugated DBA (5 mg/ml, 1:500 dilution in
blocking solution; Vector Laboratories) overnight at 4°C. Septa were
then washed 3� for 5 min in 1� PBS. OE on both sides of the septum was
peeled off into PBS, placed on a slide, mounted in Fluoromount Aqueous
Mounting Medium, and imaged on an LSM 700 confocal microscope
with Zen software (Zeiss). Only cells from the ventral region of the sep-
tum were examined. Cilia length was quantified in Fiji software (Schin-
delin et al., 2012) using the segmented line tool to trace cilia and the
“measure” function to determine length. The mice used in this assay were
from the Cfap69 tm1b line, which was generated by crossing Cfap69 tm1a to
the early embryonically expressing Cre recombinase mouse line B6.FVB-
Tg(EIIa-cre)C5379Lmgd/J (The Jackson Laboratory). Cfap69 tm1b line is
thus a Cfap69 whole-body KO line.

Cell proliferation assay. Mice were injected intraperitoneally with 125
�g of 5-ethynyl-2� deoxyuridine (EdU) (Thermo Fisher Scientific). Ten
hours after the injection, the tissue was fixed and cryoprotected as de-
scribed above. OE tissue was cut into 20 �m sections. EdU-labeled cells
were detected using the Click-iT EdU Alexa Fluor 488 Imaging Kit
(Thermo Fisher Scientific). Sections were mounted in Fluoromount-
containing DAPI stain and imaged. The mice were 2 months old and
were from 3 different litters.

EOG recordings. EOG recordings were conducted as described previ-
ously (Cygnar et al., 2010). Amyl acetate and heptaldehyde were first
diluted in DMSO to result in a series of stock solutions ranging from 5 �
10 �6

M to 5 M, respectively. Each stock solution was then diluted 50-fold
in water to generate a series of odorant solutions ranging from 1 � 10 �7

to 0.1 M in concentrations. The 1 M amyl acetate solution was obtained by
a 5-fold dilution of the 5 M stock in water. Vapor phase odorant was
generated by putting 5 ml of an odorant solution of a given concentration
in a sealed 60 ml glass bottle and letting the odorant solutions equilibrate
in the bottles for at least 30 min. Delivery of odorant stimuli was con-
trolled by a Picospritzer (Parker Hannifin). Note that the vapor concen-
tration of odorants in each bottle is unknown, but will vary as a function
of the concentration of odorants in the liquid phase. Even though the
exact odorant concentrations are unknown, the odorant stimuli at the
surface of the OE for a given concentration will be consistent between
tissue preparations, allowing for comparison between WT and mutant
mice. EOGs were recorded from a consistent position on turbinate IIB
from the left half of the head. The data were collected and analyzed using
AxoGraph Software (Molecular Devices) at a sampling rate of 1 kHz. All
recordings were filtered at 25 Hz before analysis. For measuring termi-
nation time constants, the time windows used for the fit were as follows:
2.4 – 4 s for 10 �6

M, 2.4 – 4.5 s for 10 �5
M, 2.4 –10 s for 10 �4

M, 2.4 –15 s
for 10 �3

M, and 2.4 –20 s for 10 �2–1 M.
OSN single-cell suction pipette recordings. Mice were euthanized using

CO2 followed by cervical dislocation. Single-cell suction recordings
(Lowe and Gold, 1991; Reisert and Matthews, 1998) were performed as
described previously (Ponissery Saidu et al., 2012). The cell body of an
isolated OSN was sucked into the tip of a recording pipette, leaving the
cilia and the dendritic knob accessible for solution changes. The recorded
signals were sampled at 10 kHz using a Cambridge Electronic Design
acquisition board and Signal software. Recordings were filtered at DC-50
Hz to monitor the receptor current and at DC-5000 Hz to also display the
current for APs. All experiments were performed at 37°C. Rapid solution
exchanges were achieved by transferring the tip of the recording pipette
across the interface of neighboring streams of solution using the Perfu-
sion Fast-Step SF-77B solution changer (Warner Instruments). Mamma-
lian Ringer’s solution contained the following (in mM): 140 NaCl, 5 KCl,
1 MgCl2, 2 CaCl2, 0.01 EDTA, 10 HEPES, and 10 glucose. The pH was
adjusted to 7.5 with NaOH. Odorant solutions were made daily from a
stock containing 1 mM each of cineole and acetophenone. All chemicals
were purchased from Sigma-Aldrich.

Buried food pellet test. The buried food pellet test was performed using
adult Cfap69 �/�;Omp Cre/� (n � 22–23) and Cfap69 flox/flox;Omp Cre/�

(n � 22–25) mice at Zeitgeber time 8 –1. All animals were housed indi-
vidually with wood shavings as bedding for the duration of the experi-

ment and had ad libitum access to water. Mice were weighed for 3 d
before the start of the experiment to establish a baseline weight, deprived
of food for 24 h before the experiment, and subsequently restricted to
0.12 g of rodent chow (Harlan Teklad) per gram body weight per day.
Mice were weighed before the beginning of the experiment every day to
make sure that they did not drop below 80% baseline body weight. The
testing chambers were clean cages of dimensions 30 � 19 � 13 (L � W � H,
in cm) filled with �650 cm 3 of wood shavings as bedding. Two 40 – 60
mg pieces of de-creamed Oreo cookies (Nabisco) were buried just below
the surface of the bedding in the following manner. The cage area was
designated into halves length-wise. One cookie piece was buried in a
randomized location within the left half, the other within the right half.
Including two pellets in the experiment reduced the effective search area
by half and better controlled for variance in the depth that the pellet was
buried. In a single trial, a mouse was placed in the center of the cage and
was given 200 s to locate either of the two pellets. Latency in finding the
first pellet was recorded when the mouse touched the pellet. After the
mouse located the first pellet, it was allowed to consume it. If a mouse
failed to find a pellet within the allotted 200 s, the cookie pellet was
exposed and presented to the mouse for subsequent consumption. After
the trial, each mouse was returned to its respective cage. Mice were tested
in a single trial per day for 10 consecutive days. On day 6, the pellet was
positioned on the surface of the bedding for a visible pellet control trial.
From day 7 on, mice were allotted 300 s to find the buried Oreo. On day
8, 1 g of powdered Oreo was infused evenly into the test bedding to
produce background odor (low background). On day 9, 3 g of powdered
Oreo was infused evenly into the test bedding (high background). On day
10, the bedding was once again free of background odor. The testing
order of the animals was randomized for each day and fresh bedding was
used every day for each mouse.

Statistical analyses. Comparisons between two groups were deter-
mined by unpaired Student’s t test or Fisher’s exact test. Unless otherwise
indicated, data are shown as mean � SEM. Statistical difference was
considered when p 	 0.05.

Results
CFAP69 is a conserved protein enriched in OSN cilia
We became interested in CFAP69, which was originally anno-
tated as Q8BH53, after it was found in an OSN cilial proteomic
screen that was enriched for membrane proteins 
55 kDa
(Stephan et al., 2009). In addition to detecting known OSN cilial
proteins such as AC3 and the CNG channel, the screen detected two
proteins of unknown function, Q8BH53/CFAP69 and TMEM16B.
TMEM16B, or Anoctamin 2 (ANO2), was shown to be a calcium-
activated chloride channel (Pifferi et al., 2009; Stephan et al., 2009;
Billig et al., 2011), but the function of CFAP69 remains unknown.
Many other screens have also detected either Cfap69 (A330021E22Rik)
transcript or CFAP69 protein in rat and mouse olfactory systems
(Okazaki et al., 2002; Su et al., 2004; Sammeta et al., 2007; Mayer
et al., 2009; Bennett et al., 2010; Rasche et al., 2010; Diez-Roux et
al., 2011; Kanageswaran et al., 2015).

In mice, the Cfap69 gene is found on chromosome 5. The
longest transcript is predicted to have 23 exons coding a protein
of 942 aa (Ensembl ENSMUSG00000040473). A cDNA contain-
ing an open reading frame of 942 aa was amplified from the
mouse nasal mucosa by RT-PCR. Based on bioinformatic analy-
sis (InterProScan 5, Superfamily 1.75), a large portion of CFAP69
may form Armadillo-type �-helical repeats or ARM repeats (Fig.
1A; Gough et al., 2001; Jones et al., 2014). Although CFAP69 was
originally annotated as a hypothetical transmembrane protein in
the OSN cilial proteomic screen (Stephan et al., 2009), our hy-
dropathy analysis (Mobyle@RPBS) failed to find any predicted
transmembrane domains. Further bioinformatic analysis sug-
gests that CFAP69 is evolutionally conserved among eukaryotes
and can be found in humans, rodents, reptiles, amphibians, and
some ciliated unicellular eukaryotes (Fig. 1B).
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Using the Cfap69 tm1a reporter mouse line (see Materials and
Methods), we detected broad expression of the reporter gene
LacZ in the OSN layer of the OE consistent with the only other
report of Cfap69 expression (Fig. 1C; McClintock et al., 2008).
Using antibodies against CFAP69, we detected a band of �115
kDa by Western blot analysis of OE and OE cilia preparations,
which is in agreement with the calculated molecular weight of
CFAP69 (106 kDa; Fig. 1D). In cilia preparation samples, a
weaker band just below the 115 kDa band also appeared. This
lower band perhaps corresponded to a smaller splice variant that
we detected in the OE using 5� rapid amplification of cDNA ends
analysis. The shorter variant had an alternative transcription start
site, but is in the same frame as the predominant 942 aa coding
form and codes for a protein that is 897 aa. Immunostaining
showed that CFAP69 is expressed in the cilial layer of the OE and

colocalizes with a cilial marker, acetylated tubulin (Fig. 1E). Little
CFAP69 expression was observed in the remainder of the tissue.

Knocking out Cfap69 in OSNs cause no overt structural and
molecular alterations in the OE
To study CFAP69 function in OSNs, we generated conditional
Cfap69 KO mice (Cfap69 flox/flox;Omp Cre/� mice, hereafter re-
ferred to as conditional Cfap69 mutants, or Cfap69 mutants) in
which the Cfap69 gene is specifically knocked out in mature
OSNs. We crossed the Cfap69 tm1a line first to a ubiquitous-
flippase mouse line to excise the LacZ/neo reporter cassette and
generate the floxed allele of Cfap69. The Cfap69 flox/flox mice were
then crossed to mice carrying Cre-recombinase in the OMP lo-
cus. Conditional Cfap69 mutants showed no CFAP69 protein

Figure 1. CFAP69 is an evolutionarily conserved protein enriched in OSN cilia. A, Schematic of the CFAP69 protein. CFAP69 consists of 942 aa and is predicted to have ARM repeat domains.
B, Evolutionary relationships of taxa based on protein sequences. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances. The evolutionary distances
are in the units of the number of amino acid substitutions per site. The sum of branch length in the tree is 4.53259594. C, X-gal staining of OE sections from control and Cfap69 tm1a mice. LacZ is
expressed in the OE in Cfap69 tm1a mice (right), but not in controls lacking the tm1a allele (left). Scale bar, 20 �m. D, Western blot analysis of OE and olfactory cilia preparations for CFAP69. Lanes
were loaded with the same amount of total proteins. E, Immunofluorescent staining showing that CFAP69 is expressed in the cilial layer of the OE and colocalizes with acetylated tubulin, a marker
of the cilia. Scale bar, 20 �m.
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expression in the OE, as assayed by immunostaining and Western
blotting (Fig. 2A,B).

Cfap69 mutants have no obvious abnormality in feeding and
mating behaviors under the laboratory housing conditions. Mu-
tants showed morphologically indistinguishable OE tissue com-
pared with controls (Cfap69�/�;Omp Cre/� littermates, hereafter
referred to as the control mice). Immunostaining against the cil-
ial marker acetylated tubulin and the actin marker phalloidin,
which stains microvilli of the supporting cells, appeared normal
in the OE tissue (Fig. 2A). Typical expression and localization of
olfactory transduction components, including G�13 (Li et al.,
2013), AC3, and ANO2, was also observed (Fig. 2A). Western blot
analysis showed no changes in the protein levels of AC3 and
OMP, a mature OSN marker, in the OE tissue (Fig. 2B). In the

whole-body KO mice, the number of cilia per OSN and the length
of the cilia were not different from WT mice by DBA staining,
which stains cilia of a subset of OSNs (Lipscomb et al., 2002;
Challis et al., 2015; Fig. 2C). We also investigated cell prolifera-
tion in Cfap69 mutants and found no difference in the incorpo-
ration of the nucleotide analog EdU compared with the controls
(Fig. 2D). Overall, we observed no overt structural or molecular
alterations in the OE of conditional Cfap69 mutants.

Cfap69 mutant OSNs display faster response kinetics
To investigate olfactory response in conditional Cfap69 mutants,
we recorded EOG, the summed extracellular receptor potential
from many OSNs measured at the OE surface (Scott and Scott-
Johnson, 2002). Typically, a 100 ms odorant pulse elicits a dose-

Figure 2. Conditional Cfap69 mutant mice have grossly normal OE. A, Immunofluorescent staining of OE sections from control and conditional Cfap69 mutant (Cfap69 cKO) mice. CFAP69 staining
is absent in the conditional Cfap69 mutant mice. Staining of acetylated tubulin (AceT), G�13, AC3, ANO2, as well as phalloidin (Phol), which labels the apical microvilli of sustentacular cells, are
comparable between the control and conditional Cfap69 mutant mice. Sections are counterstained with DAPI. Scale bar, 20 �m. B, Western blot analysis of total OE proteins. Right, Expression level
relative to tubulin. Control, n � 4; Cfap69 cKO, n � 4 mice. Error bars indicate SEM. C, Left, Whole-mount preparation of septal OE with cilia of a subset of ventral region OSNs labeled by
rhodamine-conjugated Dolichos biflorus agglutinin. Scale bar, 10 �m. Right, Quantification of the number of cilia per OSN (error bars indicate SEM) and their lengths. Box, Interquartile range;
whiskers, minimum and maximum values. WT and Cfap69 whole-body KO, n � 4 mice with the cilia of 10 OSNs per animal examined. D, EdU labeling of proliferating cells in OE. Left, Proliferating
cells are mostly found near the bottom of the OE in both genotypes. Sections are counterstained with DAPI. Scale bar, 20 �m. Right, Quantification. Control, n � 5; Cfap69 cKO n � 4 mice. Error bars
indicate SEM.
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dependent response that peaks within 200 – 400 ms and decays
thereafter in a few seconds. We found that conditional Cfap69
mutants displayed EOG amplitudes similar to the controls across
a broad range of odorant concentrations from low to high when
pulsed with two commonly used odorants, amyl acetate (Fig.
3A,B) and heptaldehyde (Fig. 3C,D). When stimulated with amyl
acetate, however, the Cfap69 mutants did not reach the same
maximal EOG amplitude at the highest odorant concentrations
compared with the controls (Fig. 3A,B) and the response seem-
ingly saturates at lower concentrations. When stimulated with
heptaldehyde, the mutants showed similar responses throughout
the experimental concentration range. The response amplitudes
were reduced at the highest heptaldehyde concentrations, but the
reductions were not statistically significant (Fig. 3C,D).

The most noticeable difference in the EOG between the con-
trol and the Cfap69 mutant was in the response kinetics. Cfap69
mutants displayed faster kinetics both in activation and termina-
tion of the response when pulsed with 100 ms amyl acetate or
heptaldehyde (Fig. 4). Cfap69 mutants displayed a significantly
faster rise time, measured as the time from 1% to 99% of the peak,
across all odorant concentrations for the two odorants tested
(Fig. 4B,G). The activation latency, defined as the time from the
start of odorant stimulation to 1% of the peak, was comparable
between control mice and Cfap69 mutants at most of the ex-
perimental concentrations (Fig. 4C,H ), whereas, at one low
concentration of each odorant (10�6

M amyl acetate or 10�5
M

heptaldehyde), Cfap69 mutants displayed decreased latency
compared with the controls. Cfap69 mutants also displayed faster
termination of the response. The response termination rate was
measured by the time constant (�), which was obtained by fitting
the EOG termination phase with a single exponential decay.
Cfap69 mutants had significantly deceased time constant across
all odorant concentrations for the two odorants tested (Fig.
4D, I). The faster kinetics both in activation and termination

resulted in more transient EOG responses in Cfap69 mutants
than in controls, as measured by the duration between the two
time points when the EOG amplitudes are half of the peak
(Fig. 4E, J).

We next investigated how odor response might be altered at
the single-cell level using suction pipette recordings. In this ex-
periment, suction current responses of individual OSNs to odor-
ant pulses were recorded from OSN cell bodies and an odorant
pulse was applied at the exposed cilia and dendritic knob (Ponis-
sery Saidu et al., 2012). Typically, a responsive OSN generates a
quickly increasing current after a short delay; the current declines
to a lower level after reaching its peak and returns back to baseline
after odorant exposure ceases. The suction pipette recording
technique also allows for monitoring the generation of APs.
OSNs were exposed for 1 s (-sec) to the odorant mixture (100 �M

each of cineole and acetophenone; Fig. 5A). OSNs lacking
CFAP69 generated receptor currents with response magnitude
(Imax) comparable to that of the control OSNs (Fig. 5B). The
Cfap69 mutant OSNs and the control OSNs showed no signifi-
cant difference in parameters including time-to-peak (Fig. 5C),
the time between stimulation onset and the peak current; the
response delay (Fig. 5D), measured as the time between stimula-
tion onset and the generation of the first AP; and the rise time
(Fig. 5E), measured as the time-to-peak minus the response de-
lay. The mutant OSNs, however, showed a larger rise rate of the
receptor current, which is measured as the rise time divided by
Imax (Fig. 5F). During the 1 s stimulation, the receptor current of
mutant OSNs declined more than that of control OSNs, as man-
ifested by a smaller ratio of current at the end of 1 s stimulation
(I1s)/Imax in the mutant OSNs (Fig. 5G,H). The response termi-
nation rate was measured by T20, which is the time required for
the current at 1 s to fall to 20% of its value. The T20 of the mutant
OSN was significantly smaller than that of the control OSN (Fig.
5I). Here, the single-cell data show changes in response kinetics

Figure 3. CFAP69 mutant mice exhibit similar response size within a range of odorant concentrations: EOG analysis. A, B, EOG responses (A) and dose–response relationship (B) of peak EOG
amplitudes evoked by 100 ms pulses of amyl acetate. Each trace in A represents the averaged EOG response across mice at the given concentration. Control, n � 8 –12; Cfap69 cKO, n � 10 –14 mice.
Error bars indicate SEM. *p 	 0.05, Student’s t test. C, D, EOG responses (C) and dose–response relationship (D) of peak EOG amplitudes evoked by 100 ms pulses of heptaldehyde. Each trace in
C represents the averaged EOG response across mice at the given concentration. Control, n � 7–10; Cfap69 cKO, n � 6 –11 mice. Error bars indicate SEM, Student’s t test. Note that the odorant
concentrations indicated on the x-axis are the concentrations of the liquid solution from which the vapors of the odorant are generated.
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in Cfap69 mutant OSNs, including faster rise rate, more transient
response, and faster termination, consistent with the EOG re-
sults. Together, these data suggest that CFAP69 functions to slow
down both the activation and the shutoff of the odor response in
OSNs.

Cfap69 mutant OSNs integrate the stimulus faster
OSNs integrate the odor stimulus over time (Firestein et al., 1990;
Firestein et al., 1993; Bhandawat et al., 2005) such that longer
exposures yield larger responses. In single-cell experiments, we
delivered odorant pulses (100 �M each of cineole and acetophe-
none) of increasing duration to determine whether response in-
tegration was altered in OSNs lacking CFAP69. A 30 ms pulse to

odorants induced receptor currents that were 45% of the maxi-
mum in control OSNs; the response increased with increasing
stimulus duration until the stimulus duration was �0.2 s. Fur-
ther prolonging the stimulation did not further increase the re-
sponse amplitude (Fig. 6A,B). In contrast, even at the shortest
(30 ms) stimulus duration, OSNs lacking CFAP69 already reached
�82% of their maximal response (Fig. 6B). Therefore, OSNs
lacking CFAP69 integrate the stimulus faster.

Cfap69 mutant OSNs fire APs more faithfully to
repeated stimuli
APs are typically only generated during the activation phase of the
receptor current (Reisert and Matthews, 2001; Ghatpande and

Figure 4. CFAP69 slows down OSN response kinetics: EOG analysis. A–E, Responses to 100 ms pulses of amyl acetate. A, Amplitude-normalized EOG responses to 10 �4
M amyl acetate. Each trace

represents the averaged EOG response across mice. Control, n � 11, Cfap69 cKO, n � 10 mice. B, EOG rise time, the time from 1% to 99% of the peak amplitude. C, EOG activation latency, the time
from stimulation onset to 1% of the peak amplitude. D, EOG termination rate. The time constant (�) is determined by fitting a single exponential function to the termination phase of the EOG trace.
E, Width (timespan) of the EOG response at 50% of the peak amplitude. In B–E, Control, n � 8 –12; Cfap69 cKO, n � 10 –14 mice. *p 	 0.05; **p 	 0.01. Error bars indicate SEM. Student’s t test.
F–J, Responses to 100 ms pulses of heptaldehyde. F, Amplitude-normalized EOG responses to 10 �4

M heptaldehyde. Each trace represents the averaged EOG response across mice. Control, n � 10;
Cfap69 cKO, n � 10 mice. G, EOG rise time. H, EOG activation latency. I, EOG termination rate. J, Width (timespan) of the EOG response at 50% of the peak amplitude. G–J, Control, n � 7–10; Cfap69
cKO, n � 6 –11 mice. *p 	 0.05; **p 	 0.01. Error bars indicate SEM, Student’s t test. Note that the odorant concentrations indicated on the x-axis are the concentrations of the liquid solution from
which the vapors of the odorant are generated.
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Reisert, 2011). Because Cfap69 mutant OSNs exhibited faster re-
sponse kinetics, we investigated how such faster kinetics might
affect the encoding of APs. We delivered 2 1 s odorant pulses (100
�M each of cineole and acetophenone) with varied interpulse, or
recovery, interval to individual OSNs. The interpulse interval
varied from 0.25 to 10 s. Both the control and Cfap69 mutant

OSNs generated APs 100% of the time to the first pulse. We then
examined the chance that an OSN generated an AP in response to
the second pulse. When the interpulse interval is short, OSNs
often fail to generate APs to the second pulse if the response to the
first has not yet terminated. Under such conditions, OSNs are still
sufficiently depolarized to maintain voltage-gated Na� channel

Figure 5. CFAP69 slows down OSN response kinetics: single-cell analysis. A, Representative suction current traces of control and Cfap69 cKO OSNs to a 1 s pulse of 100 �M each of cineole and
acetophenone. B, Imax, the peak amplitude of the suction current. C, Time-to-peak, the time from stimulation onset to the peak amplitude of the current. D, Response delay, the time between
stimulation onset and the first AP. E, Rise time, measured as the time-to-peak minus the response delay. F, Rise rate, measured as Imax divided by the rise time. G, I1s, the current at the end of 1 s
stimulation. H, I1s/Imax. I, T20, the time for the response to fall to 20% of I1s. In B–I, OSN numbers are shown in the parentheses. Error bars indicate SEM, Student’s t test.

Figure 6. CFAP69 slows down OSN response integration. A, Representative traces from control and Cfap69 cKO OSNs when exposed to varying lengths of odorant stimulation. B, Normalized peak
current (Imax). Control, n � 13; Cfap69 cKO, n � 16 OSNs. Error bars indicate SEM, Student’s t test.
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inactivation (Trotier and MacLeod, 1983; Trotier, 1994; Reisert
and Matthews, 1999, 2001) and prevent AP generation by the
second pulse. We found that the chance of a Cfap69 mutant OSN
being able to generate APs to the second pulse was significantly
greater than control OSNs at short interpulse intervals (Fig. 7).
After a 0.5 s interpulse period, Cfap69 mutant OSNs generated an
AP at 89% of the time, whereas controls OSNs only generated an
AP at 60% of the time (Fig. 7). Therefore, Cfap69 mutant OSNs
fire APs to repeated stimuli more faithfully than control OSNs.
The control and Cfap69 OSNs only reliably generated an AP when
the interpulse interval was �2 s. These data suggest that CFAP69,
by slowing down the transduction kinetics, reduces temporal res-
olution and reliability of AP generation of OSNs in coding odor
stimuli.

Cfap69 mutant mice show attenuated performance in an
olfactory behavioral task
Given that Cfap69 mutant OSNs exhibited alterations in the way
that they relay odor information, we examined how such altera-
tions may influence odor perception in a behavioral assay. We
chose the buried food pellet test, in which food-restricted mice
need to use their olfactory sense to locate a buried food pellet
under bedding (Stephan et al., 2011; Pietra et al., 2016). Over the
course of the first phase of the experiment, both the control mice
and Cfap69 conditional mutants were able to locate the buried
food pellet with increasing rapidity, measured as the time to reach
the pellet, over 5 d (Fig. 8A). Cfap69 mutants took slightly but not
significantly longer time to locate the pellet. To control for any
motivational, cognitive, or motor defects, the pellet was posi-
tioned on the surface of the bedding on day 6 (visible pellet). Both
the control and Cfap69 mutant mice were able to locate the pellet
equally rapidly (Fig. 8A).

In the second phase of the experiment, we infused powdered
food into the bedding to create a background of the same odor.
On day 7, the mice performed the same task as in days 1–5 and
there was no background food odor. On this day, both the control
and Cfap69 mutant mice were able to locate the pellet in a similar

amount of time (Fig. 8B). On day 8 (“low background odor”), a
small amount of powdered food was added to the bedding in the
test cage. Control mice took a slightly but not significantly longer
time to locate the pellet compared with the previous day. How-
ever, conditional Cfap69 mutants took significantly longer to lo-
cate the buried food pellet than the control animals did. On day 9
(“high background odor”), a larger amount of powdered food
was infused into the bedding. Again, control mice performed this
task comparably to day 8. Cfap69 conditional mutants took even
more time to locate the buried food pellet (Fig. 8B). On day 10,
when there was again no background odor, Cfap69 conditional
mutants then took longer, but not significantly longer, to locate
the pellet (Fig. 8B). These behavioral assays suggest that CFAP69
is required for challenging olfactory tasks.

Discussion
In this study, we identify a novel protein, CFAP69, in mice that is
enriched in olfactory cilia and plays a critical role in regulating the
response of OSNs, especially the response kinetics. OSNs lacking
CFAP69 displayed faster kinetics in both onset and offset of elec-
trophysiological responses and were able to fire APs more faith-
fully to repeated stimuli. In mammalian OSNs, aside from the
core transduction components, several proteins, including OMP
(Buiakova et al., 1996; Ivic et al., 2000; Reisert et al., 2007; Lee et
al., 2011), Ric-8b (Von Dannecker et al., 2005; Kerr et al., 2008),
RGS2 (Sinnarajah et al., 2001), MUPP1 (Dooley et al., 2009;
Baumgart et al., 2014), and Goofy (Kaneko-Goto et al., 2013),
have been shown previously to regulate olfactory signaling. All of
these proteins, except RGS2, perform functions enhancing the
transduction process. Although blockage of RGS2 leads to in-
creased electrophysiological response (Sinnarajah et al., 2001),
no protein has been shown previously to slow down OSN re-
sponse kinetics. CFAP69 thus represents a new and unconven-
tional regulator of the olfactory transduction process.

In sensory biology, it is seemingly reasonable that sensory
receptor cells evolve to respond to sensory cues as fast as possible.
This thought is consistent with mutational analyses in various
sensory systems, where mutations of sensory receptor cells often
resulted in reduced sensitivity and slowed response kinetics.
From a systems perspective, it is also conceivable that a sensor
should function as quickly as it can to report the information of
stimuli, both on and off, to the next processing stage and a fast
response kinetics is essential for such purpose. Contrary to this
thought, we have found that there is a native “damper” present to
slow down a sensory transduction process and, by doing so, it re-
duces the peripheral temporal resolution in coding sensory stimuli.

An insightful finding of this study is that, even though Cfap69
mutant mice should have better temporal resolution of coding
olfactory stimuli at the peripheral sensory receptor level, they
performed inferiorly in an olfactory behavioral task under certain
conditions. Under the conditions used in the buried food pellet
test, the loss of CFAP69 in OSNs led to poorer performance of the
animal when a background of the same odor to the food pellet
was present, although the loss of CFAP69 is tolerable when such
background odor was not applied. These behavioral assays sug-
gest that CFAP69 may be more needed for food-finding behav-
iors as occur in natural settings, where many salient background
odors are present. Therefore, faster transduction kinetics and
better temporal resolution in coding olfactory stimuli at the pe-
ripheral sensory receptor cell level is not always beneficial to the
evolutionary fitness of the animal.

How could faster transduction kinetics lead to a reduced abil-
ity of mice to find an odor source in the presence of a background

Figure 7. Cfap69 mutant OSNs fire APs to repeated stimuli more faithfully than control OSNs.
Individual OSNs were stimulated with two pulses of an odorant mixture with varied interpulse
interval. The chance of an AP is generated to the second pulse is plotted against the interpulse
interval time. Control, n � 14 –15; Cfap69 cKO, n � 35– 43 OSNs. Error bars indicate � 95%
confidence intervals, Fisher’s exact test.
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of the same odor? The faster transduction kinetics caused by the
lack of CFAP69 apparently affects the AP coding property of
OSNs. The fact that Cfap69 mutant OSNs can fire APs more
faithfully to a recurring stimulus (Fig. 7) despite the adaptation
effect (Fig. 5H) caused by the 1 s sustained exposure is consistent
with the idea that the adaptive filter (Ghatpande and Reisert,
2011) of Cfap69 OSNs in coding odor stimuli is impaired. A more
faithful ability in generating APs in response to repeated stimuli
indicates that mutant OSNs extend their ability in coding odor
stimuli to higher stimulation frequencies. This extended band-
width, likely due to impairment of the adaptive filter, would re-
sult in extended and increased signal input to the olfactory bulb.
This also potentially increases the noise input to the olfactory
bulb. When a background of the same odor is present, the central
olfactory circuit of Cfap69 mutant mice for detecting this odor
could be overwhelmed by a barrage of signal inputs plus associ-
ated noise from OSNs due to the extended bandwidth, explaining
the observed behavioral deficit. Such alteration in the coding
property of OSNs seems to be tolerable in “simple” situations
such as in the absence of the background odor, when the amount
of input from OSNs is limited. In addition, when responding to
an odorant stimulus, OSNs likely code the “molecular flux” in-
stead of simply the odorant concentration at the level of trans-
duction (Firestein and Shepherd, 1991). The faster stimulus
integration of mutant OSNs (Fig. 6) means that mutant OSNs
have a shorter time to estimate an odorant concentration. When
a background of the same odor as that of the food pellet was
present in the buried food pellet test, the mice needed to detect an
odor against a background of lower concentration. It is also pos-
sible that the behavioral deficit of mutant mice stems from the
altered integration property of OSNs, which affords shorter time
periods for mutant mice at the behavioral level to detect concen-
tration differences. Regardless, CFAP69 allows the olfactory
transduction machinery to work at a properly regulated range of
response kinetics for robust olfactory behavior.

We found that Cfap69 mutant OSNs displayed similar re-
sponse size to the control OSNs in most of our electrophysiolog-
ical recordings. In the single-cell analysis, Cfap69 mutant OSNs
and the control OSNs showed similar response sizes to the mix of
cineole and acetophenone at the concentration used. In the EOG
analysis, we did observe that Cfap69 mutant mice showed re-
duced EOG amplitudes at the highest odorant concentrations,
especially when responding to amyl acetate. We have used amyl

acetate and heptaldehyde as stimulating odorants for EOG re-
cordings in several previous studies (Song et al., 2008; Cygnar and
Zhao, 2009; Stephan et al., 2011; Cygnar et al., 2012; Ferguson
and Zhao, 2017) and did not observe any odorant-dependent
effect between these two odorants. In previous studies, mutations
in OSNs often caused reduced response size and/or slower re-
sponse kinetics, unlike the Cfap69 mutant. Several things could
underlie the observed reduction in the EOG amplitude at high
odorant concentrations and the odorant-dependent effect be-
tween amyl acetate and heptaldehyde. First, the reduction in the
EOG amplitude at high odorant concentrations could reflect a
direct effect of the lack of CFAP69 on the olfactory transduction
process. Second, it could be due to the integrative nature of the
EOG signal. The EOG signal results from the summation of the
potential changes of individual responding OSNs in the record-
ing field. The integration of more transient individual signals of
the same size could lead to, not only more transient, but also
smaller ensembles than the integration of less transient signals,
especially when the difference in the width of individual signals
become more pronounced. Third, intrinsic odorant receptor prop-
erties could account for the odorant-dependent effect because
amyl acetate and heptaldehyde should be recognized by different
sets of odorant receptors. Future studies, especially at the single-
cell level, are needed to delineate the detailed effect of CFAP69 on
OSN physiology.

An outstanding question remaining to be answered is what is
the mechanism by which CFAP69 regulates olfactory response.
Bioinformatic analysis suggests that CFAP69 is an ARM-repeat
protein. Proteins containing ARM repeats, including Importin-�
and �-catenin, partake in a wide variety of cellular activities
and often perform their functions through mediating protein–
protein interactions (Groves and Barford, 1999; Hatzfeld, 1999;
Andrade et al., 2001). CFAP69 could bind directly or influence
indirectly through intermediate(s), one or more of the core
transduction components in the olfactory transduction cascade.
Therefore, a major effort in future studies should be to identify
the interaction partner(s) of CFAP69 to understand how CFAP69
performs its function.

CFAP69 is an evolutionarily conserved protein. We found
homologous Cfap69 genes by sequence search in species ranging
from unicellular eukaryotes to humans, including all mammalian
species searched for and many animals across all major classes of
vertebrates. However, we were unable to find the homologous

Figure 8. Conditional Cfap69 mutant mice show attenuated performance in an odor-localization behavioral task. A, Time to reach the first food pellet in the buried food pellet test. The time to
locate the food pellet is plotted against the trial day for each individual mouse. On day 6 (visible pellet), the pellet was left on the surface of the bedding to be visible to the mouse. Controls,
n � 22–23; Cfap69 cKO, n � 22–25 mice, Student’s t test. B, Time to reach the first pellet when a background odor that is the same as the food pellet is present. Controls, n � 14 –15; Cfap69 cKO,
n � 14 mice, Student’s t test.
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gene in several vertebrate and invertebrate species, including
some common model animals such as zebrafish, Drosophila
melanogaster, and Caenorhabditis elegans. Because the olfactory
transduction process of primary OSNs is conserved throughout
the vertebrates, it will be interesting to find how the olfactory
system in those vertebrate animals lacking Cfap69 accommodates
the lack of a CFAP69-dependent regulatory mechanism.

In addition to the main OE, Cfap69 is also expressed in
several other tissues and cells, including the testis and the
choroid plexus of the brain (https://www.mousephenotype.org/
data/imageComparator?&parameter_stable_id�IMPC_ A L Z _
0 7 6 _ 001&acc�MGI:2443778). This study represents the first
investigation of the function of this novel protein and should
provide a reference for continuing studies of CFAP69 function
outside of the olfactory system.
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