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Adaptor protein-3 complex is required 
for Vangl2 trafficking and planar cell polarity 
of the inner ear

ABSTRACT Planar cell polarity (PCP) regulates coordinated cellular polarity among neighbor-
ing cells to establish a polarity axis parallel to the plane of the tissue. Disruption in PCP results 
in a range of developmental anomalies and diseases. A key feature of PCP is the polarized and 
asymmetric localization of several membrane PCP proteins, which is essential to establish the 
polarity axis to orient cells coordinately. However, the machinery that regulates the asymmet-
ric partition of PCP proteins remains largely unknown. In the present study, we show Van 
gogh-like 2 (Vangl2) in early and recycling endosomes as made evident by colocalization with 
diverse endosomal Rab proteins. Vangl2 biochemically interacts with adaptor protein-3 com-
plex (AP-3). Using short hairpin RNA knockdown, we found that Vangl2 subcellular localization 
was modified in AP-3–depleted cells. Moreover, Vangl2 membrane localization within the co-
chlea is greatly reduced in AP-3–deficient mocha mice, which exhibit profound hearing loss. In 
inner ears from AP-3–deficient mocha mice, we observed PCP-dependent phenotypes, such 
as misorientation and deformation of hair cell stereociliary bundles and disorganization of hair 
cells characteristic of defects in convergent extension that is driven by PCP. These findings 
demonstrate a novel role of AP-3–mediated sorting mechanisms in regulating PCP proteins.

INTRODUCTION
Planar cell polarity (PCP) refers to the coordinated polarization of 
neighboring cells along an axis parallel to the plane of the tissue. 
PCP is critical for tissue development and function. Defects in PCP 

lead to a range of developmental anomalies and diseases, including 
cancers and developmental defects in the neural tube, the inner ear, 
heart, and kidney (Veeman et al., 2003; Guo et al., 2004; Park et al., 
2006; Wang et al., 2006a,b). Many of these diseases are direct re-
sults of loss of coordinated polarity of cells or defective convergent 
extension (CE), which is driven by polarized cellular rearrangements 
under the regulation of PCP signaling (Wallingford and Harland, 
2002; Wang et al., 2005; Axelrod, 2009).

The PCP pathway consists of a set of transmembrane proteins 
and their associated cytoplasmic proteins known as core PCP pro-
teins, including Van gogh-like 1 and 2 (Vangl1 and Vangl2), Frizzled 
3/6 (Fz3/Fz6), Dishevelled (Dvl), and Prickle (Pk) proteins (Axelrod, 
2009; McNeill, 2010). These core PCP proteins are asymmetrically 
distributed within individual cells during PCP regulation. In the co-
chlea, the core PCP proteins are distributed in a polarized manner 
along the PCP axis in the terminally differentiated sensory epithe-
lium known as the organ of Corti (Wang et al., 2006b; Mont-
couquiol et al., 2008). The core PCP proteins presumably form 
membrane-associated protein complexes at cellular boundaries to 
coordinate the polarity among neighboring cells (Guo et al., 2004; 
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Wang et al., 2005; Montcouquiol et al., 2006; Chacon-Heszele 
et al., 2012). In mutant animals carrying a loss-of-function allele of 
Vangl2, Vangl2Lp/Lp (Kibar et al., 2001), core PCP proteins fail to 
correctly target the membrane in an asymmetrical manner, pre-
sumably underlying the loss of the coordinated orientation of sen-
sory hair cells in those mutants (Curtin et al., 2003; Montcouquiol 
et al., 2003; Etheridge et al., 2008). Despite the apparent essential 
role of polarized localization of core PCP proteins, the central 
question of the role of intracellular trafficking in the selective sort-
ing and localization of core PCP proteins in vertebrates (Merte 
et al., 2010; Wansleeben et al., 2010) remains unclear.

Proteins destined for plasma membrane domains are processed 
along the biosynthetic pathway and segregated into distinct sub-
sets of transport carriers emanating from the trans-Golgi network 
(TGN). Coat proteins mediate protein sorting at the TGN. Among 
known coat proteins, adaptor protein complexes play a major role 
in cargo selection and sorting/transport to regulate intercellular 
transport (Bonifacino, 2014; Park and Guo, 2014). In particular, re-
cent studies show a potential role for adaptor proteins in the traf-
ficking of membrane PCP proteins, for example, AP-1 in exporting 
Vangl2 from the TGN in cultured cells and in targeting Fz during 
establishment of PCP in Drosophila wing (Guo et al., 2013; Carvajal-
Gonzalez et al., 2015) . There are five known AP complexes in the 
vertebrates, AP-1, AP-2, AP-3, AP-4, and AP-5. Each AP is com-
posed of two large subunits (α, β, γ, δ, ε, or ζ), one medium subunit 
(μ1–μ5), and one small subunit (σ1–σ5) (Nakatsu et al., 2014). Simi-
lar to small GTPase Rab proteins, AP complexes are localized to 
distinct but overlapping intracellular membranous compartments. 
AP-1, AP-3, and AP-4 are found at the TGN and endosomal mem-
branes; AP-2 is localized to plasma membrane; and AP-5 is associ-
ated with late endosomes. Their localization denotes the trafficking 
events these APs regulate (Bonifacino, 2014; Park and Guo, 2014). 
AP complexes display specificity in membrane protein sorting by 
binding to selective sorting signals/motifs present in the cytoplas-
mic domain of membrane cargoes (Bonifacino and Traub, 2003; 
Bonifacino, 2014). Because adaptor selective localization and bind-
ing to sorting signals is required for the polarized partition of apical 
and basolateral proteins (Folsch, 2008), we asked whether adaptor-
dependent sorting mechanisms segregate or regulate the subcel-
lular localization of PCP membrane proteins along the polarity axis. 
We identified a novel interaction between AP-3 and Vangl2 in en-
dosomal compartments and a requirement for AP-3 in Vangl2 mem-
brane localization. We further took advantage of AP-3 mutant mice 
carrying a null mocha allele of the large subunit delta adaptin of 
AP-3, Ap3d1mh/mh, and identified PCP phenotypes in the organ of 
Corti that are associated with reduced membrane localization of 
Vangl2 and Fz3 and likely contribute to the auditory and vestibular 
dysfunctions we observed in the mutant mice. These results provide 
novel insight into the sorting pathways controlling PCP protein sub-
cellular localization and reveal a novel role of the adaptor complex 
AP-3 in regulating PCP.

RESULTS
Vangl2 localizes to early and recycling endosomes
To explore PCP membrane protein–sorting endosomal pathways, 
we sought to identify cellular compartments where PCP proteins 
such as Vangl2 reside. We focused on adaptors and Rab proteins, 
which are small GTPases localizing to distinct membrane compart-
ments within the endomembrane system (Schwartz et al., 2007; 
Stenmark, 2009; Pfeffer, 2013; Wandinger-Ness and Zerial, 2014). 
We also tested pharmacological agents capable of disrupting traf-
ficking in an organelle-selective manner.

We first examined the distribution of Vangl2 in IMCD3 cells tran-
siently expressing GFP-Vangl2 relative to red fluorescent protein 
(RFP)-tagged endosomal Rab proteins, Rab4, Rab5, Rab11, and 
Rab21, by time-lapse microscopy (Bhuin and Roy, 2014). Whole-cell 
colocalization was quantified using Pearson’s correlation coefficient 
(PCC), which quantifies how variations in two channels conform to 
each other irrespective of the gain (Newell-Litwa et al., 2007; Blumer 
et al., 2013; Tower-Gilchrist et al., 2014). Vangl2 partially colocalized 
with Rab5-positive and Rab21-positive early endosomes (Figure 1, 
C and L), and with recycling endosome markers Rab4a and Rab11a 
(Figure 1, F and I). The overlap between early endosomes and 
Vangl2 had a PCC of 0.38, while the PCC between Vangl2 and recy-
cling endosome Rab4a or Rab11a was 0.79–0.8 (Figure 1M). Not 
only was Vangl2 seen in the endosomal compartments, but it also 
was observed on the cell surface (Figure 1, A, D, G, and J). The co-
localization of Vangl2 with recycling endosome Rab protein was also 
confirmed by using an antibody that recognizes the endogenous 
Rab11a in IMCD3 cells (Supplemental Figure S1).

Recycling Rab GTPases regulate membrane targeting (Bastin 
and Heximer, 2013). We used live-cell microscopy to further explore 
whether Vangl2 trafficks through the Rab4-recycling endosome 
pathway en route to the plasma membrane. Still images from real-
time microscopy illustrated several events of Vangl2 sorting from 
Rab4 vesicles to the cell periphery (Figure 1N). A Vangl2-positive 
vesicle could be seen fusing with Rab4 endosomes at time zero, fol-
lowed by budding off from the Rab4 endosome and moving to the 
plasma membrane (Figure 1N and Supplemental Movie 1). These 
events were observed at several locations in all of the 25 cells 
examined.

To further examine whether Vangl2 is targeted to the plasma 
membrane via recycling endosomes, we employed a pharmacologi-
cal approach using LY294002, a known phosphoinositide 3-kinase 
inhibitor that inhibits transferrin recycling in recycling endosomes 
(van Dam et al., 2002; Zhao and Keen, 2008) and in transporting 
cargoes to the cell membrane (Chen and Wang, 2001; Awwad et al., 
2007), to block aspects of Vangl2 sorting. As expected, cells treated 
with LY294002 contained enlarged Rab4 vesicles (Supplemental 
Figure S2, A–H), consistent with a disruption in recycling endocytic 
processes. Vangl2 membrane localization was observed in cells tran-
siently expressing GFP-Vangl2 in the presence of dimethyl sulfoxide 
(DMSO) (Supplemental Figure S2, A, C, E, and G). However, in the 
presence of LY294002, Vangl2 membrane localization was reduced 
and Vangl2 was trapped in punctate intracellular structures of appar-
ently aberrant endosomes (Supplemental Figure S2, B, D, and F). 
Furthermore, the dominant-negative form of Rab4a caused a similar 
reduction of Vangl2 membrane localization (Supplemental Figure 
S2, F and G). These data suggested that Vangl2 cycles through 
Rab4a-positive endosomal compartments.

Vangl2 interacts with adaptor protein-3 complex (AP-3)
We examined the association of Vangl2 with a coat protein known 
to localize to endosomes for which a viable mouse null mutant ex-
ists. The delta subunit of the coat protein complex adaptor pro-
tein-3 complex (AP-3) is mutated in the mocha mouse (Ap3d1mh/mh) 
(Kantheti et al., 1998). AP-3 localizes to early and recycling endo-
somes in diverse cell types (Peden et al., 2004; Theos et al., 2005; 
Newell-Litwa et al., 2009). Following the finding that Vangl2 was 
present in endosomes and that a small fraction of Vangl2 colocal-
ized with AP-3 (unpublished data), we tested whether AP-3 and 
Vangl2 proteins interact by coimmunoprecipitation (co-IP) (Figure 2). 
We detected a specific interaction between AP-3 and Vangl2 in cel-
lular extracts (Figure 2A). The interaction between AP-3 and Vangl2 
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was also detected using brain extracts isolated from animals ex-
pressing Vangl2–green fluorescent protein (Vangl2-GFP) protein 
(Figure 2B). The specificity of the co-IP by the AP-3 delta antibody 
was confirmed by immunoblotting with transferrin receptor, whose 

FIGURE 1: Vangl2 association with endocytic compartments. (A–L) IMCD3 cells were 
cotransfected with GFP-Vangl2 (green) and RFP-Rab5 (B), Cherry-Rab4a (E), DsRed-Rab11a (H), 
or Cherry-Rab21 (K). After 48 h, cells were imaged using time-lapse microscopy and a series of 
consecutive images were captured. A single frame from each series is shown (A–L). The white 
boxes mark the regions that were magnified in the corner of each panel to illustrate the 
colocalization of Vangl2 with each Rab protein. (M) Colocalization was quantified by PCCs of 
Vangl2 with each Rab. N = 3 transfections; 25 cells analyzed per condition. (N) Movement of 
GFP-Vangl2 vesicles from Rab4-positive endosomes toward the plasma membrane. IMCD3 cells 
were transfected with GFP-Vangl2 and Cherry-Rab4, cultured for 24 h, and then imaged live. 
Consecutive images were captured, and stills from the series at different times are shown. Scale 
bar: 19 μm.

presence was only observed in the input 
(Figure 2A) and is known not to be associ-
ated with AP-3 (Dell’Angelica et al., 1999; 
Newell-Litwa et al., 2009). Moreover, to ex-
clude any spurious interactions between 
Vangl2 and AP-3 antibody–coated beads, 
we outcompeted the binding of the AP-3 
adaptor to its antibody using the AP-3 
immunogenic delta peptide (Figure 2, A 
and B).

Depletion of the delta subunit of AP-3 
causes loss of Vangl2 from the cell 
membrane
A functional interaction between AP-3 and 
Vangl2 predicts that Vangl2 subcellular dis-
tribution should be altered by AP-3 loss of 
function. Thus, we depleted AP-3 from cells 
using a short hairpin RNA (shRNA) against 
Ap3d1 (Figure 3 and Supplemental Figure 
S4) (Dong et al., 2005). We used nonperme-
abilized cells to directly detect Vangl2-GFP 
fluorescence and Alexa Fluor–labeled wheat 
germ agglutinin (WGA) to mark the cell sur-
face. GFP-Vangl2 localized to the cell sur-
face in most scrambled shRNA-infected cells 
(Figure 3, A–F′). In contrast, Vangl2 accumu-
lated in perinuclear structures in 95% of the 
cells transfected with AP-3 shRNA (Figure 3, 
D–F, F′, H, and I, and Supplemental Figure 
S4). AP-3 shRNA did not affect the expres-
sion of Vangl2 (Figure 3G). These findings 
show that AP-3 is required for the membrane 
localization of Vangl2 in cultured cells. In ad-
dition, the influence of the loss of AP-3 on 
Vangl2 membrane localization was observed 
in varying confluent culture conditions 
(Figure 3 and Supplemental Figure S4), sug-
gesting that cell–cell contacts may not be a 
requirement for Vangl2 membrane localiza-
tion mediated by AP-3 in cultured cells.

Reduction of Vangl2 membrane 
localization in AP-3–deficient mice
Previous studies have reported postnatal hair 
cell loss in the organ of Corti in AP-3 delta 1 
(Ap3d1)-deficient mocha animals (Lane and 
Deol, 1974; Rolfsen and Erway, 1984). How-
ever, it is not clear what the cellular defects 
are. Because AP-3 interacts with Vangl2 and 
is required for Vangl2 subcellular localization 
in cultured cells (Figures 3 and 4), we hypoth-
esized that Vangl2 membrane localization 
may be disrupted and abnormal planar cell 
polarity may contribute to the overall defects 
observed in Ap3d1-deficient animals. To 
determine whether AP-3 has a role in Vangl2 
trafficking in vivo, we bred animals carrying a 

Vangl2-GFP transgene (Qian et al., 2007) with mice carrying an AP-3 
functional null allele, Ap3d1mh/mh (Kantheti et al., 1998) to obtain 
AP-3–deficient animals carrying the Vangl2-GFP transgene. The 
Vangl2-GFP transgenic animals carry two copies of the transgene that 
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are under the control of Vangl2 regulatory elements and do not have 
any detectable cochlear or vestibular phenotypes (Qian et al., 2007). 
The subcellular localization of Vangl2-GFP is identical to that of the 
endogenous Vangl2 observed (Montcouquiol et al., 2006; Qian et al., 
2007; Belotti et al., 2012), affording us a tool to examine Vangl2 local-
ization in vivo.

Membrane or membrane-associated PCP proteins normally 
show a polarized membrane localization at cellular junctions in the 
cochlear epithelium at postnatal day 0 (P0), and disruption of the 
membrane localization of Vangl2 and other PCP proteins results in 
misorientation of sensory hair cells and cellular patterning defects 
from abnormal CE (Kibar et al., 2001; Montcouquiol et al., 2003; 
Wang et al., 2005). As expected, Vangl2 appears on the apical 
cellular boundaries in control littermates (Figure 4, A, C, and E). In 
Ap3d1mh/mh animals, the plasma membrane levels of Vangl2 are 
drastically reduced across the length of the cochlear duct (Figure 4, 
B, D, and F), a phenotype reminiscent of the GFP-Vangl2 pheno-
types observed in AP-3 down-regulated cells (Figure 3, D–F′).

We also performed antibody staining for Vangl2 and adherens 
junctional protein E-cadherin (Figure 4, G–J). We found a similar 
reduction of Vangl2 in AP-3–deficient mice (Figure 4, H and J) while 
the adherens junctional structure, revealed by staining for both E-

cadherin and cortical F-actin associated with cellular junctional struc-
tures, appeared normal in AP-3–deficient mice (Figure 4, G and I). 
The loss or reduction of Vangl2 on the cell membrane in AP-3–defi-
cient mice is likely to cause an alteration of PCP signaling, which will 
affect the polarized localization of other membrane or membrane-
associated PCP proteins (Iliescu et al., 2011). Furthermore, interac-
tions between membrane PCP protein complexes at the cellular 
boundaries reinforce the polarized distribution of these proteins 
(Axelrod, 2009). We tested the possibility of AP-3 loss having an ef-
fect on other membrane PCP proteins. We evaluated the distribu-
tion of Fz3 in the cochlea at P0 (Figure 5). In control cochleae, Fz3 
asymmetric staining is apparent and readily detectable at the cellu-
lar boundaries on the medial side of the hair cell membrane (Wang 
et al., 2006a) (Figure 5, A–C). Confocal analysis of AP-3 mutant co-
chlea showed a reduction in Fz3 membrane localization (Figure 5, 
D–F). These results suggest that AP-3 is required for the membrane 
localization of Vangl2 at the apical cellular boundaries and that AP-3 
deficiency influences Fz3 either directly or via the indirect effort of 
the loss of AP-3 on Vangl2 membrane targeting and PCP signaling.

AP-3 mutants exhibit characteristic PCP defects in the 
cochlea and are deaf
A morphogenetic readout for epithelial PCP in the cochlea is the 
formation of a precisely polarized hair bundle on the apical surface of 
each hair cell and coordinated polarity of all hair cells across the 
entire cochlea (Kelly and Chen, 2009). We further explored the hy-
pothesis that AP-3 deficiencies will have an effect on hair bundle 
morphology and orientation (Figure 6). In AP-3–deficient cochleae, 
there was a bundle misorientation phenotype as well as structural 
deformation of hair bundles where the hair bundles no longer 
formed a symmetric “V” shape (Figure 6, A–E). The hair bundles 
often appeared irregularly shaped, which was noticeable in the inner 
and outer third of hair cell rows in the organ of Corti of AP-3 mutants 
but not of control animals (Figures 5 and 6, A–C and E). The kinocil-
ium remained near the cortex of the V-shaped stereociliary bundle 
even in misoriented hair cells (Figure 5, G and J). We measured the 
hair bundle orientation and plotted the cumulative probability of 
the hair bundle orientation. We found that the difference in angle 
distribution between control and AP-3–deficient animals is statisti-
cally significant using the Kolmogorov-Smirnov (KS) test (Figure 6D). 
Similarly, we performed statistical analysis for the malformation of 
hair bundles using Student’s t test and found that the difference be-
tween control and AP-3–deficient animals is significant (Figure 6E).

Examination of the cochleae at the onset of hearing showed that 
the general structure of the cochlea is maintained in AP-3–deficient 
animals (Supplemental Figure S3). Hair cell loss was evident in older 
animals (Supplemental Figure S3), consistent with a previous report 
(Rolfsen and Erway, 1984). We found that the AP-3–deficient ani-
mals are profoundly deaf (Supplemental Figure S6A), potentially 
caused by both defects in hair bundles and loss of hair cells.

The vertebrate PCP pathway regulates CE, a type of polarized 
cellular rearrangement that drives the tissue to converge along one 
axis and extend along a perpendicular axis (Wallingford et al., 2001; 
Goto and Keller, 2002). In addition to regulating hair bundle 
morphology and orientation, essential vertebrate PCP genes also 
regulate CE in the terminally differentiating cochlea (Keller, 2002; 
Montcouquiol et al., 2003; Torban et al., 2004; Wang et al., 2005). 
Defects in PCP signaling and defective CE lead to cellular pattern-
ing defects in the cochlea, including a shortened cochlea with ad-
ditional rows of sensory hair cells in a widened sensory epithelium, 
known as the organ of Corti (Montcouquiol and Kelley, 2003; Wang 
et al., 2005). In more than 60% of the Ap3d1mh/mh animals, we 

FIGURE 2: Vangl2 interacts with AP-3. (A) HEK293 cells were 
transiently transfected with GFP-Vangl2. Cell lysates were incubated 
at 4°C in the presence or absence of a cross-linker, DSP, and were 
immunoprecipitated with an anti–AP-3 SA4 delta antibody (A). Lanes 
1 and 2 are input lanes (A,B). The resulting immune complexes were 
resolved by SDS–PAGE, and their compositions were assessed by 
immunoblot with antibodies against GFP, AP-3 beta, or transferrin 
receptor. Vangl2 was specifically pulled down by AP-3 antibody (lanes 
7 and 8), and AP-3–specific peptide competition abolished the 
interaction between AP-3 and Vangl2 (lanes 9 and 10). (B) Brain 
protein extracts from neonatal control animals and animals expressing 
Vangl2-GFP were used for immunoprecipitations with an anti–AP-3 
SA4 antibody. After incubation, the bound Vangl2 was detected by 
immunoblot using an anti-GFP antibody. AP-3 peptide competition 
abolished the interaction between AP-3 and Vangl2 (lanes 9 and 10). 
An antibody against HA served as an antibody control (lanes 5 and 6).
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observed extra rows of hair cells (Figure 6C). In addition, the co-
chlear duct was shorter in some of the Ap3d1mh/mh cochleae com-
pared with the control cochleae (Figure 6F).

Together, the data (Figure 4) indicate that AP-3 is required for 
membrane localization of Vangl2 at the cellular boundaries in the 
cochlea. The reduction of Vangl2 membrane localization in AP-3–
deficient mice likely contributes to the abnormality in hair cell pat-
terning and hair bundle polarity (Figure 6, B–E). The morphological 
abnormality observed in stereociliary bundles (Figure 6) may be 
caused by additional cargoes of AP-3 that are essential for the 
formation of stereociliary bundles. AP-3 is an essential gene for 
cochlear development, maturation, and function (Figure 6 and 
Supplemental Figures S3 and S4).

AP-3 mutants have characteristic PCP defects in the 
vestibular sensory organ
Ap3d1mh/mh mice exhibited head tilt and circling behavior (Jones 
et al., 2004). The underlying morphological and cellular defects, 
however, are not known. The tilted-head behavior in AP-3–deficient 
mice and the head bobbing observed in the Vangl2 loop-tail mutant 
animals (Strong and Hollander, 1949) are both consistent with ves-
tibular abnormalities. We performed a number of behavioral tests to 
see whether the AP-3–deficient animals have additional behavior 

abnormalities indicative of a vestibular defect. We noticed that 
Ap3d1mh/mh mice performed poorly in walking assessments in com-
parison to littermate controls, while both Ap3d1+/mh animals and 
wild-type animals performed to the same normal capacity (Supple-
mental Figure S4B). In addition, Ap3d1mh/mh animals were unable to 
swim and had to be immediately rescued from drowning (Supple-
mental Figure S4C). These phenotypes are often associated with 
defects in the vestibule (Hoffman et al., 2006; Zhao et al., 2008).

Given the PCP defects in the cochlea in AP-3–deficient mice 
(Figure 6) and the vestibular behavioral abnormalities (Supplemental 
Figure S4), we performed morphological characterization of the ves-
tibular organs from these animals to see whether there is similarly a 
PCP-related defect in the vestibule. In control animals, all the hair 
cells were oriented in the same direction in the posterior crista 
(Figure 7, B and D, arrows). In Ap3d1mh/mh animals, hair cells were 
oriented in various directions (Figure 7, B and D, arrows). Together, 
these data suggest that the loss of function of AP-3 leads to a 
PCP-dependent developmental defect in hair cell orientation in the 
posterior crista.

DISCUSSION
An essential feature of PCP signaling, the coordinated polarization 
of cells within the group, is achieved by membrane PCP protein 

FIGURE 3: Knockdown of AP-3δ redistributes Vangl2 from the plasma membrane. HEK293 cells were infected with 
lentiviral shRNA against nontargeting shRNA (scrambled) (A–C, C′) or with shRNA against AP-3δ subunit (D–F, F′) for 72 h 
before puromycin selection was started. Cells were then transfected with GFP-Vangl2 for 48 h; this was followed by a 
quick staining with WGA-594 to mark cell membranes. Vangl2 was not detected on the membrane and was observed in 
punctuate structures throughout the cell in most cells depleted of AP-3δ. C′ and F′ are large views of the boxed regions in 
C and F, respectively. The cultures were confluent for both scrambled and AP-3 shRNA conditions. Cultures with less 
confluency (Supplemental Figure S4) showed similar results. (G) Cell lysates were collected and subjected to Western blot 
analysis of protein lysates using anti–AP-3δ SA4 antibody, revealing a reduction of > 95% in AP-3 levels by shRNA against 
AP-3. (F) The percent of Vangl2 redistribution in AP-3–depleted cells was quantified (H). The numbers of cells with Vangl2 
on the membrane were significantly lower than that of controls. One hundred cells were counted per condition in each 
experimental set, and the experiments were repeated three times. Vangl2 membrane localization was quantified by 
measuring Pearson’s coefficient of Vangl2 and WGA in shRNA Scrambled and shRNA AP-3 cells (I). N = 3; 50 cells 
analyzed. Scale bars: 19 μm. p < 0.002. Error bars represent SD.
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FIGURE 4: Disruption of Vangl2 membrane localization in AP-3–deficient cochlea. (A–F) Confocal images of cochlear whole 
mounts isolated at P0 from control mice (A, C, E) and AP-3–deficient mocha (Ap3d1mh/mh) mice (B, D, F) expressing 
Vangl2-GFP. Vangl2-GFP signal at the cellular junctions was much reduced in homozygous AP-3–deficient mocha mutants 
(B), in comparison to the littermate controls (A). The orthogonal images of the confocal scans of the control (C, E) and 
AP-3–deficient (D, F) littermates indicated by the white arrowhead (C, D) and by the white arrow (E, F) were shown to 
visualize the distribution of Vangl2 protein throughout the cells. The red and yellow arrows mark Vangl2 membrane 
enrichment in comparable regions in the control (A) and AP-3 mutant (B) organ of Corti. Scale bars: 10 μm. (G–J) Confocal 
images of cochlear whole mounts isolated at P0 from control mice (G, H) and AP-3–deficient mocha (Ap3d1mh/mh) mice 
(I, J) stained with antibodies against E-cadherin (blue) and Vangl2 (green) and phalloidin for F-actin (red). Note that Vangl2 
asymmetric localization (indicated by arrows) was detected by the antibody against Vangl2, but the intensity of Vangl2 
signaling in Ap3d1mh/mh mice was much reduced. The brackets mark the outer hair cell region, while the asterisks mark the 
inner hair cell region. E-cadherin showed a distinct boundary excluded from the inner hair cell region.
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complexes formed at cellular boundaries asymmetrically in a polar-
ized manner to mediate the polarity coordination between neigh-
boring cells (Peng and Axelrod, 2012; Singh and Mlodzik, 2012). 
Limited studies have suggested the requirement of specific traffick-
ing of core PCP components for establishment of PCP (Yu et al., 
2007; Mottola et al., 2010; Strutt et al., 2011). However, the network 
of trafficking machinery that contributes to the asymmetry distribu-
tion of membrane or membrane-associated PCP proteins is not 
clearly defined. Here, we showed that AP-3–dependent endosome 
traffic pathway is involved in membrane localization of Vangl2 in vitro 
and in vivo, supporting endosome traffic mechanisms in PCP 
regulation.

Vangl2 as a novel cargo of AP-3
Most membrane proteins are synthesized at the endoplasmic reticu-
lum (ER), sorted by the COPII coating machinery into COPII vesicles, 
and exported from ER to the Golgi as the first trafficking event 

FIGURE 5: Distribution of Frizzled 3 in the organ of Corti of AP-3 deficient animals. 
(A–F) Immunostaining for Frizzled 3 (Fz3, red) in whole mounts of the organ of Corti at postnatal 
day 0 (P0) from basal regions of control (A–C) and Ap3d1mh/mh (D–F) cochleae. The level of Fz3 
staining at the cell–cell junctional membranes is reduced in Ap3d1mh/mh mutants (D–F). Images in 
C and F are larger views of the boxed areas in A and D, respectively. The signal intensity of the 
boxed area (D) was enhanced (F) in order to illustrate the remaining junctional localizations of 
Fz3 in Ap3d1mh/mh mutants (arrowheads, F). Yellow arrows and asterisks (*) mark misoriented hair 
bundles and deformed hair bundles, respectively (E). IHC: inner hair cells; OHC1: outer hair cell 
row 1; OHC2: outer hair cell row 2; OHC3: outer hair cell row 3. (B, E). (G–J) Immunostaining for 
Arl13b (red), which visualizes the kinocilia, and F-actin (green) in whole mounts of the organ of 
Corti at postnatal day 0 (P0) from basal region of control (G, H) and Ap3d1mh/mh (I, J) cochleae. 
Images in H and J are larger views of the boxed areas in G and I, respectively. White 
arrowheads denote Fz3 localization. Note that the hair bundle morphology in Ap3d1mh/mh 
cochleae (I) appeared not as uniform as in control cochleae (G), and that the kinocilium remained 
at the vertex of the stereocilia bundle in normal and misoriented hair cells from Ap3d1mh/mh 
cochleae (I, J).

(Paczkowski et al., 2015). After passage 
through the Golgi complex, proteins are 
packaged into vesicles that bud off the TGN 
and are delivered either to endosomal com-
partments or to the cell membrane (Yap and 
Winckler, 2015).

Two previous studies established the in-
teraction between Vangl2 and Sec24b, a 
component of the COPII coat. (Merte et al., 
2010; Wansleeben et al., 2010). In this 
study, we examined the role of endosome 
trafficking mechanisms in Vangl2 mem-
brane localization. AP complexes play cru-
cial roles in the transport of proteins to dis-
tinct cellular compartments within the 
endomembrane system, including sorting 
and assembling cargoes into endocytic ves-
icles at the TGN for membrane protein traf-
ficking, by interactions through tyrosine- 
and dileucine-based sorting signals in the 
cytoplasmic tails of cargo proteins (Badol-
ato and Parolini, 2007; Park and Guo, 2014). 
The AP-3 coat complex has been shown to 
function on endosomes and aid in traffick-
ing of membrane proteins from endosomes 
(Peden et al., 2004). A number of proteins 
have been identified as AP-3 cargoes, in-
cluding TI-VAMP7 (Martinez-Arca et al., 
2003), CLC-3 and ZnT3 (Salazar et al., 
2004a, 2005a,b), phophatidylinositol-4-ki-
nase type II α (Salazar et al., 2004a, 2005b; 
Craige et al., 2008), and tyrosinase (Theos 
et al., 2005; Di Pietro et al., 2006; Setty 
et al., 2007; Sitaram et al., 2012). Here, we 
propose that Vangl2 is a new AP-3 cargo. 
This model is supported by the coprecipita-
tion of recombinant Vangl2 with endoge-
nous AP-3, redistribution of Vangl2 away 
from the cell surface in AP-3–deplected 
cells in culture or in the cochlea from AP-3 
mutant mice (Figures 2, 3, and 4), and phe-
notypes commonly associated with PCP 
mutants in AP-3–null cochleae and vesti-
bules (Figures 5–7).

Roles of AP-3 in PCP protein membrane localization 
in vivo and in the formation and function of inner ear 
sensory organs
The mechanism of trafficking or sorting in the partition of PCP com-
ponents has been explored by several recent studies. These studies 
identified a small repertoire of trafficking components such as Ra-
benosyn 5, Rab23, SEC24b, the adaptor complex AP-1, Arfaptin, 
and Arf1 (Mottola et al., 2010; Pataki et al., 2010; Wansleeben et al., 
2010; Guo et al., 2013; Carvajal-Gonzalez et al., 2015). Disruption in 
the protein trafficking pathways regulated by Sec24b or AP-1 leads 
to several PCP mutant phenotypes in vivo, including inner ear de-
fects and failure of Vangl2 to reach cell membrane (Merte et al., 
2010; Wansleeben et al., 2010). In particular, the studies of the role of 
AP-1 in PCP protein trafficking in Drosophila and zebrafish revealed 
loss of polarized distribution of Fz and Vang when AP-1 function is 
compromised (Carvajal-Gonzalez et al., 2015). In this study, we found 
that membrane localization of Vangl2 is mediated by AP-3 endocytic 
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pathways in cultured cells, as loss of AP-3 led to reduction of Vangl2 
on the plasma membrane (Figure 3). We did note accumulation of 
Vangl2 into intracellular structures, and it would be important to 
further examine the destination of the missorted Vangl2. There a lack 
of overlap between Vangl2 with Rab4 and Rab5 in AP-3–depleted 
cells, which might suggest that Vangl2 is missorted away from the 
endosome (potentially into lysosomes) (unpublished data). Although 
we do not directly determine which pool of Vangl2 (newly synthe-
sized or recycling) is being trafficked in this route, we provide evi-
dence suggesting that the Rab4 endosome may play a role (Supple-
mental Figure S2). A study by Ma et al. (2018) demonstrates a distinct 
packaging of Vangl2 separate from Frizzled 6, events upstream of the 
endosomal pathway. Furthermore, the levels of Vangl2 on cellular 
junctions in the organ of Corti were greatly reduced in AP-3–deficient 
mice (Figure 4). This phenotype resembles another bona fide cargo, 
ZNT3, whose cellular content in neurons is reduced in AP-3 mocha 
animals (Kantheti et al., 1998; Salazar et al., 2004a,b). The results 
indicate AP-3 plays a role in Vangl2 membrane localization in vitro 
and in vivo.

Furthermore, we observed cochlear and vestibular morphologi-
cal defects that are consistent with defective PCP signaling in AP-3–
deficient mice (Figures 4–7) and may underlie the hearing and ves-
tibular functional defects observed in such mice (Supplemental 

Figures S5 and S6). Previous studies show that Ap3d1mh/mh animals 
are deaf by testing hearing using the pinna response and report hair 
cell loss in older animals (Lane and Deol, 1974). In the vestibule, 
otoconial variations were seen in these animals (Rolfsen and Erway, 
1984; Jones et al., 2004). In the current study, we found that the 
general structure of the cochlea is normal at onset of hearing, while 
the morphogenesis of the hair bundles and the patterning of the 
hair cells in the cochlea are affected in AP-3–deficient mice (Figure 
6 and Supplemental Figure S3). The young AP-3–deficient animals 
are profoundly deaf, while littermates have normal hearing onset, as 
shown by auditory brainstem response (ABR) (Supplemental Figure 
S4). The PCP-like cellular defects likely contribute to the hearing 
defect in the cochlea. The loss of hair cells may be secondary to the 
loss of activity of hair cells, as hair cells remain in Vglut3 mutant mice 
that are deaf (Ruel et al., 2008; Akil et al., 2012). A hair cell polarity 
defect was also observed in the vestibule (Figure 7), which may con-
tribute to the functional defects in the vestibule (Supplemental 
Figure S4). In addition to a CE and hair bundle polarity abnormality 
in AP-3–deficient animals, there are also apparent abnormalities in 
hair bundle morphology (Figures 5–7).

The apical enrichment of an F-actin–associated protein appears 
to be abnormal in AP-3 mutants (Figure 7). It is possible that addi-
tional cargoes of AP-3 could contribute to the abnormal bundle 

FIGURE 6: Polarity and patterning defects in Ap3d1mh/mh organ of Corti. (A–C) Cochleae at P0 from Ap3d1+/mh (A) and 
Ap3d1mh/mh (B, C) animals were stained for actin (phalloidin). The asterisks mark irregular hair bundles. IHC, inner hair 
cells; OHC1, outer hair cell row 1; OHC2, outer hair cell row 2; OHC3, outer hair cell row 3. Scale bars: 10 μm. 
(D, E). Quantification of OHC3 stereociliary bundle orientation from basal and medial regions of cochleae (D) and 
malformation of the bundles (E). We measured the orientation of hair bundles from Ap3d1+/mh and Ap3d1mh/mh animals 
and plotted the distribution of the angles (D, insert) and the cumulative probability of the angles (D). We also quantified 
the percentage of hair cells from the basal region of Ap3d1+/mh and Ap3d1mh/mh animals with abnormally flattened or 
deformed bundles (E). The statistical significance of the cumulative probability of angle distribution was performed 
using KS test (D). The statistic significance of the percentage of hair bundle malformation was performed using 
Student’s t test (E). Data obtained from three animals per genotype. p < 0.0001 (bundle orientation); p < 0.02 (bundle 
morphology). (F) Ap3d1mh/mh animals have a smaller inner ear than control animals. The brackets mark the cochleae of 
inner ears in F.
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morphology and apical F-actin–associated protein enrichment. The 
published evidence suggests that apical-basal polarity can be 
established in cells lacking functional AP-3 complexes. Our results in 
neurons (Larimore et al., 2011) and the data by Junking et al. (2014) 
in epithelial cells indicate that markers such as cadherins retain their 
polarized apical–basal distribution despite clear indications of de-
fective AP-3–dependent cargo sorting. We have also observed nor-
mal E-cadherin localization in the cochlea in AP-3 mutants (Figure 4). 
Moreover, ultrastructural studies of AP-3–null mouse kidney tubule 
cells indicate that there are no evident apical-basal polarity defects 
(Zhen et al., 1999). These reports are consistent with our observa-
tions that cellular junctional structures, such as E-cadherin adherens 
junctions and cortical F-actin, appear normal in AP-3–deficient 
cochlea (Figure 4 and Supplemental Figure S4). Additional cargoes 
that are affected in AP-3–deficient mutants may regulate actin dy-
namics in hair bundle morphogenesis and the apical actin network 
in the cochlea.

MATERIALS AND METHODS
Mouse strains and animal care
Animal care and usage was in accordance with U.S. National Insti-
tutes of Health (NIH, Bethesda, MD) guidelines and was approved 
by the Animal Care and Use Committee of Emory University under 

FIGURE 7: PCP defects in the posterior crista from AP-3 mutant mice. Posterior crista from P0 
control (A, B) and Ap3d1mh/mh (C, D) littermates were analyzed for hair cell orientation by staining with 
α-spectrin to visualize the position of the kinocilium (green). In Ap3d1mh/mh posterior crista, uniform 
hair cell orientation was disrupted and hair cells point in different directions (D, arrows) compared 
with the littermate control (B). The asterisks in D mark cells with spotty apical α-spectrin staining. 
Scale bars: 10 μm. (E) The misorientation of hair cells was quantified and plotted as described in 
Materials and Methods.

the IACUC protocol no.: DAR-2001963-
082815BN. The transgenic, Vangl2-
GFP animals were generated as previ-
ously reported (Qian et al., 2007). AP-3 
mutant mice were purchased from 
Jackson Laboratories (stock no.: 
000279, gr +/+ Ap3d1mh/mh dmh/J) and 
are referred to as the Ap3d1mh allele. 
The Ap3d1mh allele is a functional null 
allele of AP-3d1 (Kantheti et al., 1998).

Antibodies and other reagents
The following antibodies and dyes were 
used in this study: affinity-purified anti-
VAMP7 (a gift from Andrew Peden, 
Cambridge Institute for Research, Cam-
bridge, UK); polyclonal anti–phosphati-
dylinositol-4-kianse type II α (PI4KIIα) 
(Guo et al., 2003); monoclonal anti–
AP-3 δ (SA4) (Developmental Studies 
Hybridoma Bank, University of Iowa, 
Iowa City, IA); polyclonal anti–AP-3 beta 
(cat. no. 13384-1-AP, Protein Tech 
Group, Chicago, IL); monoclonal anti–
AP2 α-adaptin and anti-actin (cat. 
nos. A4325 and A5441, Sigma-Aldrich, 
St. Louis, MO); anti-hemagglutinin 
(HA; cat. no. A190108A, Bethyl Labora-
tories, Montgomery, TX); polyclonal 
anti-GFP (cat. no. 132002, Synaptic 
Systems, Goettingen, Germany); anti–
α-spectrin (MAB1622, Chemicon); Rho-
damine- or Alexa Fluor 488–conjugated 
phalloidin (Invitrogen); the antibody 
against Fz3 (a gift from J. Nathans, 
Johns Hopkins University, Baltimore, 
MD). Lipofectamine (cat. no. 11668-
019) and puromycin (cat. no. 540411) 
were purchased from Invitrogen and 

Millipore, respectively. Anti-Vangl2 Clone 2G4 rat monoclonal 
antibody (gift from Jean-Paul Borg, INSERM-CNRS-Institut Paoli-
Calmettes-Aix-Marseille Université, Marseille, France). Anti–E- 
cadherin monoclonal antibody was from BD Biosciences (cat. no. 
610181, San Jose, CA). Anti-Rab11a rabbit antibody was from Cell 
Signaling (cat. no. 2413S, Danvers, MA). Anti-Rab4 and Rab5 anti-
bodies were from Abcam (cat. nos. ab13252 and ab13253, 
Cambridge, MA). WGA, Alexa Fluor 594 conjugate was from Thermo-
Fisher Scientific (cat. no. W11262, Grand Island, NY). LY294002 (cat. 
no. L9908-1MG) was from Sigma-Aldrich.

DNA constructs, oligonucleotides, and peptides
GFP-tagged Vangl2 (GFP-Vangl2) was obtained from Randy Schek-
man (University of California, Berkeley, CA). The pmCherry-C1-
tagged Rab21 and pmCherry C2-Rab4aS22N were gifts from Eliza-
beth Sztul (University of Alabama at Birmingham, Birmingham, AL). 
pmCherry-C2-Rab4a wild-type was a gift from James Goldenring 
(Vanderbilt University Medical Center, Nashville, TN). DsRed-
Rab11a wild-type (plasmid 12679) and mRFP-Rab5 wild-type plas-
mid (plasmid 14437) were from Addgene (Cambridge, MA) 
(Choudhury et al., 2002; Sharma et al., 2003; Vonderheit and 
Helenius, 2005). The oligonucleotides for AP-3δ (RHS4533-
NM_003938) shRNA in a pLKO.1 vector for lentiviral infection were 
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obtained from Open Biosystems (Huntsville, AL) and used to si-
lence expression of human AP-3. The scramble control shRNA in 
pLKO.1 was obtained from Addgene (vector 1864). The peptide of 
AP-3δ SA4 (AQQVDIVTEEMPENALPSDEDDKDPNDPYRA) (Salazar 
et al., 2009) was purchased from Invitrogen (EvoQuest Team, Carls-
bad, CA). The plasmid, μ2-HA-WT, was purchased from Addgene 
(plasmid 32752) (Nesterov et al., 1999).

Cell cultures, transfections, and lentiviral infections
Mouse IMCD3s were grown in DMEM/Ham’s F12 50/50 (cat. no. 
MT10092 CVRF, Invitrogen) mix with l-glutamine supplemented 
with 10% fetal bovine serum (cat. no. S11150, Atlanta Biologicals) 
and 100 U/ml penicillin/100 μg/ml streptomycin (cat. no. 15140122, 
Invitrogen) in a 37°C incubator with 5% CO2. PC12 cells were cul-
tured as previously described (Newell-Litwa et al., 2007). Hek293T 
cells seeded in 35-mm plates were infected with 3 μl of lentivirus 
containing the shRNA constructs described earlier. After 24 h of be-
ing infected cells were incubated for up to 6 d in culture media 
supplemented with 4 μg/ml puromycin for selection as described in 
(Zlatic et al., 2011). Hek293 cells were then transfected with lipo-
fectamine 2000 (Invitrogen) with 2 μg of DNA for 48 h.

Immunoprecipitations and Western blot analysis
Standard methods were used for protein extraction and Western 
blotting (Craige et al., 2008). Total protein concentrations were 
determined using the Bio-Rad protein assay (cat. no. 5000006). 
Proteins were separated by SDS–PAGE under reducing conditions 
and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. Membranes were blocked in 5% dry milk and probed with 
specific primary antibodies and horseradish peroxidase–conjugated 
secondary antibodies.

Inner ear dissection, immunostaining, and imaging
Standard procedures were used for inner ear dissection, staining, 
and images (Jones and Chen, 2008). Inner ears were isolated with or 
without decalcification, fixed in 4% paraformaldehyde for 1 h either 
at room temperature or overnight at 4°C. The cochlear or vestibular 
epithelia were dissected and subjected to antibody staining as 
described previously (Wang et al., 2006a; Ren et al., 2013).

Time-lapse imaging was performed on a Nikon A1R confocal 
scope. Images were acquired for at least 15 s at 4 frames/s using NIS 
Elements (Nikon Instruments). Movies were then exported into 
Quicktime (Adobe Systems, San Jose, CA), and sequential still frames 
were taken from Quicktime movies. Localization and morphology im-
ages were captured using a Leica confocal imaging system. Further 
image analysis was done using Adobe Photoshop CS5.1 Extended, 
Image J (NIH), MetaMorph software (Sunnyvale, CA), or Volocity soft-
ware programs. Confocal images were obtained using Nikon A1R, 
Olympus SzX12, Olympus FV1000/TIRF, or Zeiss LSM510.

For WGA, Alexa Fluor 594 labeling, cells were fixed in 4% parafor-
maldehyde for 15 min at room temperature; this was followed by 
three washes with Hank’s balanced salt solution (HBSS). Cells were in-
cubated with 5 μg/ml WGA diluted in phosphate-buffered saline (PBS) 
for 10 min at room temperature. Cells were then washed with HBSS 
two times and with PBS. Cells were permeabilized with 0.1% Triton 
X-100 in PBS for 7 min. The coverslips were then washed with PBS-T 
(PBS containing 0.2% Tween-20), and nuclei were stained with Hoechst 
for 5 min and washed with PBS before cells were mounted on slides.

ABR tests
Tone-burst ABR is an objective measurement of hearing thresholds 
at specific frequencies to detect hearing impairment sensitively. 

ABR tests were performed as previously described (Ahmad et al., 
2007; Chang et al., 2015). Briefly, sound stimuli of particular 
frequencies from 4 to 32 kHz generated by the BioSig software 
package (Tucker-Davis Technologies, Alachua, FL) were delivered to 
anesthetized mice, and ABR responses were recorded and analyzed 
as previously described (Ahmad et al., 2007).

Quantification of protein colocalization and morphology 
phenotype
We quantified colocalization using PCC, which quantifies how varia-
tions in two channels conform to each other irrespective of the gain. 
In-focus image planes were background subtracted with a 10-pixel 
rolling-ball algorithm in Fiji (ImageJ). A region of interest (ROI) 
immediately surrounding an individual cell was selected, and the 
Pearson coefficient was calculated by the Coloc 2 plug-in. Standard 
image rotation of 15° was used as a control to assess whether low 
colocalization values are just spurious channel overlap (Dunn et al., 
2011). In all the analyses, the whole cell was included in the ROI.

For quantification of the number of Rab4a-enlarged endosomes 
in DMSO- or LY294002-treated cells, endosome size was measured 
based on exogenous cherry-Rab4a expression and endogenous 
EEA1 staining. Each segmented endosome was marked as an ROI 
using the image segmentation tool in ImageJ that defines endo-
somes based on signal intensity. Size was measured for each ROI/
endosome (n = 30) for each cell (n = 25). Endosomes falling in the 
0.5- to 4.5-μm range were considered small compared with larger 
endosomes with sizes from 5 μm and up.

For determination of the V-shaped hair bundle orientation in the 
cochlea, a line was drawn from the position of the kinocilium through 
the middle of the V-shaped stereocilia (bisecting line). We defined 
the angle of orientation as the angle formed between the bisecting 
line and the line parallel to the medial to lateral axis of the cochlear 
duct. Normally, this angle is close to 0°. Each row of hair cells was 
divided into three groups according to its position along the 
longitudinal axis of the cochlea (base, middle, and apex) owing to 
the presence of a differentiation gradient within the cochlea during 
development. Hair cells from the base and middle regions were 
included for quantification, and hair cells from comparable regions 
within the cochleae were used for comparison among different 
genotypes. Hair cells in the apex region of the cochlear duct are less 
developed and not included for quantification. At least 25 hair cells 
were quantified for each sample at each region of the cochlea and 
at least 3 animals per genotype were analyzed.

To quantify hair cell orientation in the posterior crista, we mea-
sured hair cell orientation throughout the length of the cristae with 
the use of alpha-Spectrin staining to highlight the position of the 
fonticulus, or the bare region devoid of F-actin and alpha-Spectrin. 
Orientation differences between neighboring cells were observed in 
four quadrants. Angle deviations of 30° from the axis perpendicular 
to the long axis of the crista were considered misoriented. The 
tissues may be stretched during mounting, and the long axis was 
adjusted to correct the twist caused by stretching. The cells in each 
quadrant with misorientation were counted and recorded. The data 
from 3 cristae per genotype were averaged and plotted.

Statistics
A KS comparison was used to test statistical significance of the cu-
mulative probability of hair bundle angle distributions between con-
trol and mutant animals using the engine www.physics.csbsju.edu/
stats/KS-test.n.plot_form.html or the software package StatPlus 
Mac Built 5.6.0pre/Universal (AnalystSoft). A p value < 0.05 is con-
sidered to be significant. For the percentage of malformed hair 
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bundles in the control and mutant animals, the data are presented 
as average ± SD. Student’s t tests were used to determine statistical 
significance of data obtained from control and mutant animals. A 
p value < 0.05 is considered significant.
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