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Abstract

Primary cilia are sensory organelles that provide a feedback mechanism to restrict Wnt signaling
in the absence of endogenous Wnt activators. Abnormal Wnt signaling has been shown to result
in polycystic kidney disease (PKD) although the exact mechanism has been debated. Previously,
we reported that the calcium channel CaV1.2 functions in primary cilia. In this study, we show
that CaV1.2 expression level is regulated by Wnt signaling. This occurs through modulation of
mitochondrial mass and activity resulting in increased reactive oxygen species which generate
oxidative DNA lesions. We found that the subsequent cellular DNA damage response triggers
increased CaV1.2 expression. In the absence of primary cilia where Wnt signaling is upregulated,
we found that CaV1.2 is overexpressed as a compensatory mechanism. We show for the first

time that CaVV1.2 knockdown in zebrafish results in classic primary cilia defects including renal
cyst formation, hydrocephalus, and left-right asymmetry defects. Our study shows that suppressed
Whnt signaling prevents CaV1.2 expression ultimately resulting in PKD phenotypes. Thus, CaV1.2
expression is tightly regulated through Wnt signaling and plays an essential sensory role in
primary cilia necessary for cellular homeostasis.

Whnt signaling is an important regulator of cellular development and proliferation. In the
absence of Wnt ligands, a complex consisting of Axin, adenomatous polyposis coli (APC),
and glycogen synthase kinase 3p (GSK3p) induces B-catenin for ubiquitylation by SCF E3
ligases and eventual proteasomal degradation (Aberle et al., 1997). Wnt signal transduction
occurs when secreted Wnt ligands bind Frizzled receptors resulting in phosphorylation of
LRP5/6. The Axin-APC-GSK3p complex is then recruited to LRP5/6 at the cell membrane
which prevents p-catenin from being degraded. The accumulated p-catenin translocates to
the nucleus and activates transcription of Wnt target genes (Muntean et al., 2012).

Primary cilia are non-motile sensory organelles present as a single copy on most
differentiated cells in the body. Calcium signaling through primary cilium is essential for
renal epithelial homeostasis (Nauli et al., 2003; Jin et al., 2013). Cilia extend from the cell
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surface through the basal body via intraflagellar transport (Moyer et al., 1994). The most
common pathologies resulting from cilia dysfunction include polycystic kidney (Wilson,
2004), hypertension (Nauli et al., 2008; AbouAlaiwi et al., 2009), aneurysm (Aboualaiwi
et al., 2013), hydrocephalus (Carter et al., 2012), and left-right asymmetry defects (Norris,
2012).

Abnormal Wnt signaling has also been linked to polycystic kidney disease (PKD) (Lancaster
et al., 2009). For example, increased cytosolic and nuclear p-catenin accumulation has been
shown in various cilia mutant cells (Gerdes et al., 2007; Lancaster et al., 2011). Thus,
primary cilia are thought to provide a feedback mechanism that restricts Wnt signaling in the
absence of appropriate ligands (Gerdes et al., 2007; Lancaster et al., 2009, 2011).

We recently showed that voltage-gated L-type calcium channel CaV1.2 localized to primary
cilia in renal epithelia (Jin et al., 2013). Because Wnt signaling has also been reported to
modulate mitochondrial physiology (Yoon et al., 2010), we hypothesized that primary cilia
play a role in Wnt regulation of mitochondria through CaV1.2. We show that although
CaV1.2 is not required for cilia formation, Wnt increases mitochondria mass and activity

in CaV1.2 deficient renal epithelial cells. This increases mitochondria reactive oxidative
species (ROS) and DNA damage, resulting in PKD phenotypes. Thus, our study suggests
that primary cilia may play a role in CaV1.2 expression level through Wnt regulation of
mitochondria.

Materials and Methods

Cell culture

The experimental use of zebrafish was approved by The University of Toledo’s Institutional
Animal Care and Use Committee (IACUC). The use of lentiviral components was approved
by the Institutional Biosafety Committee of The University of Toledo.

Immortalized mouse renal epithelial wild-type and 7g7372/P/0/PK cells were cultured in
Dulbecco’s Modified Eagle Medium (Corning Cellgro) supplemented with 10% fetal bovine
serum (HyClone Laboratories, Logan, Utah) and 1% penicillin/streptomycin (Corning
Cellgro) at 39°C in 5% CO», as previously described (Aboualaiwi et al., 2013). Prior

to experiments, cells were treated with 100 ng/ml recombinant Wnt3a (R&D Systems,
Minneapolis, MN) for 3 days and serum starved for 24 h.

RNAIi knockdown cells

shRNA lentiviral vectors specific to Cacnalc (Origene, pGFP-C-shLenti clone ID:
TL500242) were transfected into HEK293T cells. Viral supernatants were collected after

48 h, centrifuged, and passed through a 0.45 pm filter. Cells were then spin-inoculated with
pseudoviral particles containing 8 pg/ml polybrene at 2,500 rpm for 30 min at 30°C and then
cultured for up to 1 week. CaV1.2 knockdown was verified through Western blot analysis.
Stable knockdown cell lines were obtained through puromycin selection. The following
shRNA sequences were used (Table 1).
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Immunostaining studies

Cells were grown to confluence on collagen-coated glass coverslips and differentiated in
serum-free media for 24 h. Cells were then fixed in 4% paraformaldehyde in PBS containing
2% sucrose, permeabilized in 10% triton X-100, incubated sequentially with primary
followed by secondary antibodies for 1 h each, and finally mounted on a slide with DAPI
hard set mounting media (Vector Laboratories, Burlingame, CA). The following primary
antibody dilutions were used: acetylated-a-tubulin 1:10,000 (Sigma-Aldrich, St. Louis, MO)
and CaV1.2 1:50 (Alomone Labs, Jerusalem, Israel). Anti-mouse Texas Red and anti-rabbit
FITC fluorescent conjugated secondary antibodies were used at 1:500 (VectorLabs).

Mitochondrial studies

MitoTracker Green FM and MitoTracker Red CMXRos (Cell Signaling Technology) were
incubated with cells at 100 nM for 30 min at 37°C. MitoSOX (Life Technologies) was
incubated with cells at 5 uM for 10 min at 37°C. After staining, cells were washed three
times with PBS and analyzed immediately through microscopy or flow cytometry. For
microscopic analysis, cells were grown on custom glass-bottom cell culture plates and
imaged under a Nikon Eclipse TE2000-U microscope controlled by MetaMorph software
with a 100x objective lens. For flow cytometry studies, cells were detached with trypsin,
washed, and analyzed.

DNA damage assessment

Oxidative DNA lesions were detected with an 8-oxoguanine antibody (Santa Cruz).
Detached cells were fixed in 4% formaldehyde for 10 min at 37°C and permeabilized in
ice-cold 90% methanol for 30 min on ice. After washing with PBS, cells were incubated in
PBS containing anti-8-oxoguanine antibody (1:50), 0.5% Tween-20, and 5% FBS for 1 h.
Cells were washed and incubated in PBS containing anti-mouse Texas Red antibody (1:500),
0.5% Tween-20, and 5% FBS for 1 h. Cells were then washed and analyzed with flow
cytometer.

Mitochondrial DNA and mRNA measurement

Total cellular DNA was obtained using the DNeasy Blood & Tissue Kit (Qiagen) and

used for detection with PCR primers listed below to quantify the nuclear (18S rRNA) to
mitochondrial DNA (Coj) ratio as described (Brown and Clayton, 2002; Bai et al., 2004).
Total cellular RNA was obtained using TRIzol (Life Technologies) and reverse transcribed
to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems).
PCR detection of expression genes was performed using the primers listed below comparing
mitochondrial encoded oxidative phosphorylation genes (A7P5y1 and CytC) to nuclear
encoded B-Actinas described (Yoon et al., 2010) (Table 2).

Western blot analysis

Cells were scraped from culture plates in the presence of RIPA buffer supplemented with
Complete Protease Inhibitor (Roche, New York, NY), incubated on ice with frequent
vortexing, and centrifuged. Supernatants were subjected to protein quantification and PAGE
on 6-10% SDS gels followed by wet transfer to PVDF membranes and detection using
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[B-catenin 1:1,000, CaV1.2 1:200, NF-xB p65 1:200, and GAPDH 1:1,000 (Cell Signaling
Technology, Danvers, MA).

Adult wild-type AB zebrafish were obtained from the Zebrafish International Resource
Center (Eugene, OR) and used for breeding. Embryos were injected with 1 mM antisense
translation blocking morpholino oligos (MO; GeneTools) at the 1-2 cell stage. Zebrafish
embryos were then cultured at 28.5°C in sterile egg water (Muntean et al., 2010). The
following MO sequences were used: control MO:5’-CCT CTT ACC TCA GTT ACA ATT
TAT A-3', cav1.2 MO:5’-ACA TGT TTT TGC TTT CAT TTA CCA T-3', pkd2 MO:
5"-AGG ACG AAC GCG ACT GGA GCT CAT C-3.

Knockdown of CaV1.2 was verified through Western blot analysis. Briefly, zebrafish
embryos were dechorionated at 28 h postfertilization and homogenized in RIPA buffer to
obtain protein extracts. Western was performed on 50 ug total protein using CaV1.2 (1:200)
and GAPDH (1:1,000) antibodies.

Histological examination was used to measure renal cyst formation and hydrocephalus

at 3 days postfertilization. Embryos were fixed in a PBS solution containing 4%
paraformaldehyde and 2% sucrose overnight at 4°C, dehydrated through an ethanol
gradient, and embedded in JB4 resin (Polysciences, Inc., Warrington, PA) as specified in
manufacturer’s protocol. A Reichert Jung microtome was used to cut 5 um sections which
were subsequently hematoxylin and eosin stained. Heart looping was assessed at 48 h
postfertilization by positioning zebrafish on their dorsal axis and recording heart beat to
reveal the respective relative locations of the atrium and the ventricle.

Data analysis

Results

Data are reported as the mean =+ standard error of the mean. All image analysis was
performed using ImageJ. All flow cytometry data were analyzed with BD Accuri C6
software and were presented without any compensation gating. All data were analyzed
using IBM SPSS Statistics Version 21 software by performing the student #test for two
group comparison or ANOVA test followed by Tukey’s post-test for three or more group
comparison. Statistical significance is reported with a statistical power greater than 0.8 at P
<0.05.

CaVl.2 is not required for primary cilia assembly

We recently reported that the voltage gated L-type calcium channel CaV1.2 localized to
primary cilia in bovine LLCPK cells (Jin et al., 2013). We performed immunostaining to
verify this finding in mouse renal epithelial cells (Fig. 1). The mouse 7g737°"Pk/0rok ce|| line
contains a hypomorphic mutation in an intraflagellar transport gene (//z88) that is required
for cells to assemble primary cilia (Moyer et al., 1994). Thus, the 7g7370/Pk/0Iok system is

a well-established model for studying cells without longer primary cilia, as verified through
our immunostaining. We next asked if CaV1.2 played a role in primary cilia assembly.
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We generated a stable CaV1.2 shRNA knockdown mouse renal epithelial cell line and
immunostaining studies revealed that primary cilia were similar to that of scrambled shRNA.

Wnt3a induces mitochondrial biogenesis in CaV1.2-deficient but not cilia-deficient cells

Whnt signaling has recently been reported to regulate mitochondrial physiology (Yoon et al.,
2010). To assess mitochondrial mass, cells were stained with Mito Tracker Green (MTG)
and observed live using fluorescence microscopy. When treated with recombinant Wnt3a,
mitochondrial mass increased (Fig. 2a). However, the mitochondrial mass in 7g7370/Pk/ook
cells was unchanged after Wnt3a treatment. We next performed this experiment in CaV1.2
shRNA cells and the results were similar to that of the scrambled control. To quantify

these findings, MTG fluorescence was recorded using flow cytometry which confirmed

our fluorescent observation (Fig. 2b). Our MTG studies were further validated using a
common technique by comparing mitochondrial DNA (Coi) to nuclear DNA (18S rRNA)
(Brown and Clayton, 2002; Bai et al., 2004). As expected, Wnt3a did indeed statistically
increase mitochondrial biogenesis in scrambled and CaV1.2 sShRNA but not in 797370P%
9Pk cells (Fig. 2c). Our immunofluorescence study showed that Wnt3a did not alter CaV1.2
localization to cilia (Table 3).

Wnt3a increases mitochondrial activity in CaV1.2-deficient cells while decreasing activity
in cilia-deficient cells

We next asked if Wnt3a would have an effect on mitochondrial oxidative phosphorylation
(activity) in 7g7370/PK/ook cells. Similar to before, we stained cells with Mito Tracker Red
(MTR). Unlike MTG, MTR staining is dependent on the mitochondrial membrane potential
(Poot and Pierce, 2001; Pendergrass et al., 2004). Therefore, increased staining correlates
to increased oxidative phosphorylation. As expected, Wnt3a increased MTR staining

in scrambled and CaV1.2 shRNA cells when observed using fluorescence microscopy
(Fig. 3a). However, mitochondrial activity decreased in 7g7370/PK/0Iok cells. We again
quantified our findings using flow cytometry (Fig. 3b). Wnt3a significantly increased
mitochondrial activity in scrambled and CaV1.2 shRNA while significantly decreasing
activity in 7g7370/Pk/oipk cells. To verify these results, we compared expression of two
key mitochondrial encoded oxidative phosphorylation genes (ATP Synthase 51 and
Cytochrome ¢) relative to that of nuclear encoded B-actin (Fig. 3c).

Wnt3a increases ROS and DNA damage in CaV1.2-deficient but not in cilia-deficient cells

An inevitable consequence of oxidative phosphorylation is the generation of reactive oxygen
species (ROS) (Boveris et al., 1972; Boveris and Chance, 1973). MitoSOX is a cell
permeable red fluorescent indicator specific for mitochondrial ROS. We therefore stained
cells with MitoSOX and observed a significant increase in mitochondrial ROS in scrambled
and CaV1.2 shRNA after treatment with Wnt3a (Fig. 4a). A significant decrease in staining
was observed in 7g7370/Pk/oIpk ce|ls (Fig. 4b). Genomic DNA can be damaged by ROS

to form DNA lesions resulting from mismatched repairs (Kasai et al., 1984). Thus, we
quantified the levels of 8-Oxoguanine, a common DNA lesion formed by mismatched
Adenine (Kasai, 1997). Treatment with Wnt3a was found to increase 8-Oxoguanine in
scrambled and CaV1.2 sShRNA while no change was observed in 7g7370/Pk/0iok ce|ls (Fig.
4c).
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Cilia modulates Wnt signaling to regulate CaV1.2 expression

As previously reported, Wnt3a treatment induced B-catenin expression in all cells (Aberle et
al., 1997). We confirmed this in our system, including in 7g737°Pk/0/ok and CaV1.2 sShRNA
cells (Fig. 5). Consistent with previous study (Corbit et al., 2008), 7g7370/PK0rPK ce||s
showed a higher basal level of p-catenin than control. Further, Wnt3a treatment increased
CaV1.2 expression in scrambled shRNA while decreasing CaV1.2 in 7g7370/Pk0Ipk cel|s,
Of note is that CaV1.2 expression was not detectable in CaV1.2 shRNA cells, confirming
knockdown of CaV1.2 in our stable cell line.

The DNA damage response (DDR) is a cellular mechanism to recover from DNA lesions,
such as 8-Oxoguanine (Kasai et al., 1984; Jackson and Bartek, 2009). One arm of this

cell survival pathway is the activation of nuclear factor xB p65 (NFxB p65) (Janssens and
Tschopp, 2006). Through Western blot analysis, we also found that Wnt3a induced NFxB
p65 expression in scrambled and CaV1.2 shRNA (Fig. 5). On the other hand, 7g7370/Pk/orpk
cells expressed a high basal level of NFxB p65 which decreased in response to Wnt3a. In
addition, CaV1.2 expression was found to correlate with NFxB p65.

CaV1.2 knockdown zebrafish develop PKD phenotypes

We have shown that CaV1.2 localizes to primary cilia and have now elucidated the
mechanism by which CaV1.2 expression is regulated in renal epithelial cells. To assess

the biological significance of CaV1.2 expression, we used antisense morpholinos to
knockdown CaV1.2 in zebrafish. Knockdown of the ciliary calcium channel polycystin-2
in zebrafish has been reported to result in PKD phenotypes including renal cyst formation,
hydrocephalus, and left-right asymmetry (Obara et al., 2006). Our study showed that
knockdown of pkaZincreased CaV1.2 expression (Fig. 6). This slight increase in CaV1.2
was significant compared to the control morpholino. Interestingly, similar phenotypes were
observed in CaV1.2 morpholino (cav1.2 MO) zebrafish. Compared with a non-specific
control morpholino (control MO) injection, cavi.2 MO zebrafish developed renal cysts
(Fig. 7a), hydrocephalus (Fig. 7b) and various heart-looping defects (Fig. 7c). As generally
accepted (Bakkers, 2011), left-right asymmetry was assessed by measuring the relative
position of the cardiac atrium and ventricle with respect to the dorsal axis (Supplemental
Movie 1).

Discussion

Non-motile primary cilia have been found to play a critical role in Wnt signaling by
restricting p-catenin accumulation. Overexpression of polycystin-1 (a ciliary signaling
receptor) inhibits GSK3p and stabilizes p- catenin (Kim et al., 1999). Polycystin-2 (encoded
by Pkd?) is calcium channel forming protein found in primary cilia. In Pka2/~ embryos,
cilia length was found to be decreased while p-catenin was upregulated (Kim et al.,

2009). Interestingly, transgenic mice overexpressing B-catenin also developed cystic kidneys
(Saadi-Kheddouci et al., 2001). Further, LRP6~/~ (a component of the Wnt receptor
complex) mouse embryos die in utero with cystic kidneys (Pinson et al., 2000). Thus,
primary cilia and Wnt signaling play a crucial role in PKD (Corbit et al., 2008).
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Given that Wnt signaling also modulates mitochondrial physiology (Yoon et al., 2010), we
examined the role of cilia in regards to mitochondria. 7g7379/Pk/0Ibk contains an intron
insertion at the 3" end of the intraflagellar transport 88 (//t88) gene which results in a
hypomorphic mutation that prevents ciliogenesis (Moyer et al., 1994). We used 7g737°"Pk/
Pk cells as a model for a cilia-deficient system. Through immunostaining, we confirmed the
absence of cilia in 7g7370/Pk/oiok cells compared with control (Fig. 1). The voltage-gated L-
type calcium channel CaV1.2 also localized to primary cilia. We generated a stable CaV1.2
shRNA cell line and observed no changes in primary cilia compared with control. Further,
treatment with Wnt3a had no effect on cilia number or length in scrambled or CaV1.2
shRNA cells (data not shown). Thus, CaV1.2 does not seem to play a role in ciliogenesis.

Mitochondrial biogenesis, oxidative phosphorylation, and generation of reactive oxidative
species (ROS) were increased in response to Wnt3a in control renal epithelial cells (Figures
2-4). The elevated levels of oxidative stress increased the formation of DNA lesions

and the cellular DNA damage response (DDR). An interesting aspect of this response

was an increase in expression of CaV1.2 (Fig. 5). In CaV1.2 knockdown cells, Wnt3a
induced a similar effect on mitochondria and DDR. This data suggests that CaV1.2 is a
downstream effector in regard to Wnt signaling. In cilia-deficient cells, Wnt3a was unable
to induce mitochondrial biogenesis and decreased mitochondrial activity, ROS production,
and DDR. CaV1.2 was found to be overexpressed in cilia-deficient cells as a compensatory
mechanism; however, its expression decreased following Wnt3a treatment. Therefore, cilia
length plays a role in regulating CaV1.2 expression through modulation of Wnt signaling.

Defective primary cilia, indicated by either depletion of key ciliary proteins or fundamental
changes in structure/length, results in PKD phenotypes (Wilson, 2004). Here we show

that CaV1.2 is a biologically significant ciliary protein. In the absence of CaV1.2 in
zebrafish (Fig. 6), PKD phenotypes including renal cyst formation, hydrocephalus, and
left-right asymmetry defects were observed (Fig. 7). Moreover, CaV1.2 was found to be
overexpressed in pka2 knockdown zebrafish. This is intriguing given that both CaV1.2 and
PC2 are calcium channel forming proteins in the primary cilium, which further suggests

a role for CaVv1.2 in PKD pathogenesis. Therefore, CaV1.2 not only localizes to renal
epithelial primary cilia, but it is also required for cilia function.

Although it has been known that abnormal Wnt signaling leads to renal cyst formation
(Lancaster et al., 2009), the underlying mechanism has been unclear. One proposed
explanation is that Wnt signaling regulates renal cell proliferation and planar cell polarity to
maintain renal tubule homeostasis (Happe et al., 2009). Our present study further suggests
that cilia regulate Wnt signaling which ultimately controls CaV1.2 expression. Therefore,
in the absence of CaV1.2, ciliary function is compromised leading to formation of renal
cysts. In addition, our study also shows a previously unrecognized relationship between
primary cilia and mitochondrial function. Overall, we propose that Wnt3a induces p-catenin
accumulation in a cilia-dependent manner. This in turn increases mitochondrial biogenesis,
oxidative phosphorylation, and generation of ROS that cause genomic DNA damage. The
DDR triggers NFxB p65 expression ultimately resulting in increased CaV'1.2 expression.
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Fig. 1.
Localization of CaV1.2 to renal epithelial cilia is not required for primary cilia assembly.

Immunofluorescence revealed that CaV1.2 localized to primary cilia in renal epithelial cells
(scrambled shRNA) when compared with cilia-deficient cells (Tg737°PK/0PK) The presence
of primary cilia was confirmed in CaV1.2 shRNA cells. Acetylated-a.-tubulin was used as

a ciliary marker. Arrow indicates the presence of primary cilium, except in cilia-deficient
cells. Bar = 20 pm.
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Fig. 2.

Wnt3a induces mitochondrial biogenesis in CaV1.2 shRNA but not Tg73707Pk/orpk cells, a:
Mitochondrial mass was assessed by staining cells with Mito Tracker Green. Wnt3a was
found to induce mitochondrial mass in scrambled and CaV1.2 shRNA cells but had no effect
on Tg737°PKlorpk when examined using fluorescence microscopy (bar = 20 um). b: Results
were quantified using flow cytometry. ¢: Mitochondrial DNA was measured using PCR by
taking the ratio of a mitochondrial gene (Coi) to a nuclear gene (18S rRNA) (N = 3).
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Fig. 3.

Whnt3a increases mitochondrial activity in CaV1.2 shRNA but decreasing activity in
Tg7370rPklomk cells. a: Mitochondrial oxidative phosphorylation was used to indicate
activity through Mito Tracker Red staining. Wnt3a was found to increase oxidative
phosphorylation in scrambled and CaV1.2 shRNA cells while decreasing oxidative
phosphorylation in Tg737°7Pk/oPk \when examined using fluorescence microscopy (bar =
20 pm). b: Results were quantified using flow cytometry. c: Two mitochondrial mMRNAs
encoded oxidative phosphorylation genes (CytC and ATP5+y1) were measured using PCR
normalized to nuclear encoded B-actin (N = 3).
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Fig. 4.

Wht3a increases ROS and DNA damage in CaV/1.2 ShRNA but not in Tg737°rPklorpk

cells. a: Mitochondrial ROS was assessed by staining cells with MitoSOX. Wnt3a was
found to increase ROS in scrambled and CaV1.2 shRNA cells while decreasing ROS in
Tg737°"Pkorpk \when examined using fluorescence microscopy (bar = 20 pm). b: Results
were quantified using flow cytometry. c: Wnt3a increased formation of the oxidative DNA
lesion 8-Oxoguanine in scrambled and CaV1.2 shRNA cells but had no effect on Tg737°PK/
orpk cells (N = 3).
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Fig. 5.

Ci?ia modulates Wnt signaling to regulate CaV1.2 expression. Western blotting was
performed on cellular protein extracts. Wnt3a treatment increased B-catenin accumulation
in all cells, however, Tg7370PKlork ce|ls displayed high basal levels of B-catenin. NF-xB
p65 was blotted as a readout for DNA damage response (DDR) to ROS induced DNA
lesions. Wnt3a induced NF-xB p65 expression in scrambled and CaV1.2 shRNA cells but
decreased NF-xB p65 in Tg737°PK/orPK cells. CaV/1.2 was overexpressed in Tg737°rPk/orpk
cells. Wnt3a treatment induced CaV1.2 expression in scrambled shRNA while decreasing
expression in Tg737°"PK/orpk cels, Data normalized to GAPDH for analysis (N = 3).
Asterisks indicate significant difference from the corresponding control group (P < 0.05).
# signs denote significant difference from the corresponding scrambled shRNA group (P <
0.05).
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Fig. 6.
pkd2 knockdown increases CaV1.2 expression in zebrafish. Embryonic zebrafish protein

extracts were obtained at 28 h postfertilization. Western blotting showed that cav1.2MO
effectively reduced CaV1.2 expression compared with controlMO. pkd2MO zebrafish were
used to further verify morpholino specificity. Results were quantified through one-way
ANOVA with Tukey post-test. Statistical significance is reported with a mean difference at
the 0.05 level and denoted with an asterisk (N = 3).
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Fig. 7.

CaV1.2 knockdown zebrafish develop renal cysts, hydrocephalus, and left-right asymmetry
defects. CaV1.2 was knocked down in zebrafish (cav1l.2 MO) using morpholino
microinjection and compared to a scrambled control morpholino (control MO) to

assess phenotypes. Renal cyst formation (a) and hydrocephalus (b) were measured at 3
days postfertilization through standard H&E staining as indicated by arrows. Left-right
asymmetry was determined by measuring heart looping (c) at 2 days postfertilization under
live microscopy.
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shRNA sequences

TABLE 1.

Descriptions

Sequences

Scrambled control  5’-TGACCACCCTGACCTACGGCGTGCAGTGC-3’
Cacnalc 5'-TCAGAAGTGCCTCACTGTTCTCGTGACCT-3’
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TABLE 2.

Primer sequences

Descriptions Sequences

CoiF 5-GCCCCAGATATAGCATTCCC-3’
CoiR 5 -GTTCATCCTGTTCCTGCTCC-3’
18SIRNAF 5 -TAGAGGGACAAGTGGCGTTC-3’
I8SIRNAR  5'-CGCTGAGCCAGTCAGTGT-3’
ATP5y1F 5 -AGTTGGTGTGGCTGGATCA-3’
ATPy1R 5 -GCTGCTTGAGAGATGGGTTC-3’
CytCF 5 -GGAGGCAAGCATAAGACTGG-3’
CytCR 5 -TCCATCAGGGTATCCTCTCC-3’
B-actinF 5-TGTTACCAACTGGGACGACA-3’
B-actinR 5 -GGGGTGTTGAAGGTCTCAAA-3’
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TABLE 3.

CaV1.2 ciliary localization

% CaV1z2localizationtocilia N

PBS (control)
Scramble shRNA
Tg7370PkOmk
CaV1.2shRNA

Whnt3a (100 ng/ml)
Scramble shRNA
Ty7370mkloipk
CaV1.2shRNA

91.1 45
91.7 36
0.0 41
90.4 52
92.3 39
0.0 46
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