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Abstract

Zfp423 encodes a 30-zinc finger transcription factor that intersects several canonical signal-
ing pathways. Zfp423 mutations result in ciliopathy-related phenotypes, including agenesis
of the cerebellar vermis in mice and Joubert syndrome (JBTS19) and nephronophthisis
(NPHP14) in humans. Unlike most ciliopathy genes, Zfp423 encodes a nuclear protein and
its developmental expression is complex, leading to alternative proposals for cellular mecha-
nisms. Here we show that Zfp423 is expressed by cerebellar granule cell precursors, that
loss of Zfp423 in these precursors leads to cell-intrinsic reduction in proliferation, loss of
response to Shh, and primary cilia abnormalities that include diminished frequency of both
Smoothened and IFT88 localization. Loss of Zfp423 alters expression of several genes
encoding key cilium components, including increased expression of Tulp3. Tulp3is a direct
binding target of Zfp423 and reducing the overexpression of Tulp3 in Zfp423-deficient cells
suppresses Smoothened translocation defects. These results define Zfp423 deficiency as a
bona fide ciliopathy, acting upstream of Shh signaling, and indicate a mechanism intrinsic to
granule cell precursors for the resulting cerebellar hypoplasia.

Author Summary

Ciliopathies are a broad group of individually rare genetic disorders that share overlapping
phenotypes and mutations in genes that make components of the primary cilium. Muta-
tions in ZNF423 are an exception. Patients and mouse models show characteristic hypo-
plasia of the cerebellar midline (Joubert syndrome), but the gene encodes a nuclear
transcription factor. The mouse gene, Zfp423, is expressed in a dynamic developmental
pattern, leaving the cellular mechanism for this brain malformation unresolved. One
report suggested reduced Purkinje cell expression of Shh, a key mitogen for cerebellar
granule cell precursors (GCPs) whose signal transduction occurs at the primary cilium, as
the key event. We show that Zfp423 mutants expressed normal Shh levels, but that Zfp423-
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depleted GCPs were unable to respond to Shh. Primary cilia on Zfp423-mutant GCPs in
situ typically had a wider base and longer extension. ZNF423-depletion in a human cell
culture model resulted in diminished translocation of Smoothened, a key event in Shh sig-
naling, and of the intraflagellar transport protein IFT88. RNA-Seq and RT-qPCR experi-
ments identified known ciliopathy genes as potential conserved targets of ZNF423 and
Zfp423. One of these, TULP3, was both up-regulated in ZNF423/Zfp423-deficient cells and
directly bound by Zfp423 in granule cell precursors. Reversing the overexpression of
TULP3 in ZNF423-depleted human cell culture model reversed the defect in Smoothened
translocation.

Introduction

Cerebellar granule cell precursors (GCPs) are both an important model for neuronal develop-
ment and a site of clinically important developmental abnormalities. GCP proliferation is
highly responsive to Purkinje cell-derived sonic hedgehog (Shh) over a wide dynamic range
[1-3]. Increasing or decreasing developmental Shh signaling can alter GCP dynamics suffi-
ciently to reshape the cerebellum [4]. Correspondingly, ligand-independent signaling through
the Shh pathway is a common feature in medulloblastoma, the most common pediatric brain
tumor [5-7], and the Shh signaling pathway is a focal point of therapeutic development [8-10].
Shh signaling at primary cilia, where multiple components are trafficked to create a focused
signaling module [11-14], is required for GCP expansion [15]. How Shh signaling is integrated
with other signals that impact GCP proliferation, migration, and differentiation is not fully
understood.

Through alternative interactions with multiple signaling and transcriptional pathways,
Zfp423 (and its human ortholog, ZNF423) is well positioned to integrate extracellular signals
into a coherent developmental response. Zfp423 was first described (as Roaz) through inhibi-
tory interaction with EBF (Olf1) helix-loop-helix transcription factors [16]. Zfp423 is also a
coactivator for BMP-activated SMADs [17, 18], retinoic acid receptors [19, 20], and Notch
intracellular domain [21]. Intriguingly, Zfp423 activities on EBF and ligand-activated factors
appear to be mutually inhibitory, further suggesting an integrative network function. ZNF423
also appears to be a target of some cancers and low expression in neuroblastoma [20] or
epigenetic silencing by Polycomb repressive complex 2 in glioma [22] is associated with poor
prognosis.

Zfp423-deficient mice have a variety of developmental defects, including fully penetrant
loss of cerebellar vermis [23-25] and variable loss of cerebellar hemispheres dependent on
modifier genes and other factors [26]. Zfp423-deficient animals are also defective in forebrain
development-including hypoplasia of the hippocampus and incomplete corpus callosum [23,
24], in olfactory neurogenesis [27], and in induction of adipose tissue [28, 29]. Mechanistically,
literature to date has focused on physical interactions between Z{p423 and other transcription
factors. Alternative levels of integration, such as alterations to cellular signaling centers, have
not been well explored.

Hildebrandt and co-workers identified mutations in human ZNF423 among patients with
ciliopathy diagnoses [30]. Patients from all three ZNF423 families reported had cerebellar ver-
mis hypoplasia or Joubert Syndrome, while two also had nephronophthisis and other clinical
features. Cellular assays with patient mutations showed effects on proliferation and DNA dam-
age response, presenting a new pathogenic mechanism in ciliopathy disorders, but did not
assess cilium structure or function. This raises the question of whether ZNF423 and Zfp423
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mutations phenocopy ciliopathies by acting on downstream signaling events or represent bona
fide ciliopathies by affecting cilium function upstream of signaling.

Results here provide new insights into Zfp423-dependent developmental mechanisms. Dis-
tinctly different models have been proposed for the cerebellar hypoplasia in Zfp423 mice and,
by extension, human patients. Based on Zfp423 gene-trap expression in postnatal Purkinje
cells, one group proposed a non-autonomous mechanism mediated by diminished Shh pro-
duction [25], as seen in some Purkinje cell-selective mutations [31]. In situ hybridization, how-
ever, showed Zfp423 expression in both the ventricular zone and the external germinal layer
(EGL) in developing cerebellum, equally consistent with a GCP-intrinsic mechanism [23, 24].
We show that GCPs express Zfp423 protein in situ and in primary culture, that loss of Z{p423
blocked their ability to respond to Shh, altered cilium morphologies, decreased Smoothened
translocation, and increased expression of several cilium-related genes, including Tulp3.
Reversing the Tulp3 overexpression restored the frequency of Smoothened translocation. Our
results demonstrate a GCP-intrinsic role for Zfp423 upstream of Shh signaling and suggest
excess expression of target genes such as Tulp3 as targets to improve function in ZNF423/
Zfp423-deficient cells.

Results
Zfp423is expressed in granule cell precursors

In situ hybridization had previously shown Zfp423 RNA expression in ventricular zone, exter-
nal germinal layer, and rhombic lip [23, 24], while lacZ reporter expression in a gene trap line
suggested expression restricted to Purkinje cells [25], leading to different proposals for devel-
opmental defects in mutant embryos. To resolve which cells express Zfp423 in developing cere-
bellum, we examined Zfp423 protein expression and RNA in isolated cell populations (Fig 1).
Zfp423 immunoreactivity showed strong, nuclear-limited signal in postmitotic Purkinje cells
and most migrating GCPs in the rhombic lip and external germinal layer (EGL), with some-
what less intense staining in a fraction of ventricular zone cells (Fig 1A). Comparing sections
from control (+/+) and Zfp423 null mutant (nur12) congenic littermates that were processed in
parallel on single slides demonstrated both specificity and sensitivity of the signal. Similar
results have been obtained with two additional, independent antibodies developed against
Z{p423 or its human ortholog (L. Flores-Garcia and B.A.H.). As a further test of cell type distri-
bution, we monitored by reverse transcription and quantitative polymerase chain reaction
(RT-qPCR) the expression of Zfp423 and several cell-type selective markers in cerebellar cells
isolated by Percoll gradient centrifugation at E18.5 (Fig 1B and 1C). These data indicated that
highly enriched GCP cultures retain Zfp423 expression but not Purkinje cell selective markers
such as Rora and Shh. Furthermore, RT-qPCR experiments showed similar RNA levels of Shh,
the primary mitogen for GCPs, in Zfp423-mutant and control cerebellum among several inde-
pendent samples (Fig 1D and S1 Table). These experiments demonstrate nuclear Zfp423
expression in GCPs in situ, with continued expression in primary culture, and support the
potential for a cell-intrinsic role for Zfp423 in the granule cell deficits seen in pr423’/ “animals.

Zfp423is required for ex vivo proliferation and Shh responsiveness

To test whether GCP-intrinsic Zfp423 expression is relevant to their proliferation phenotype,
we transfected purified GCPs with shRNA vectors (Fig 2) that we previously validated for
reducing Zfp423 levels [32]. Transfected GCPs were identified by fluorescence of an enhanced
green fluorescent protein (EGFP) reporter in the vector. Cells entering S phase were marked by
BrdU incorporation (A). The proportion of EGFP" cells that were also BrdU" was taken as a
mitotic index specific for transfected cells. As predicted from Zfp423 mutant animals [23],
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Fig 1. Zfp423 is expressed in cerebellar granule cell precursors. (A) Antibody staining at E16.5 shows nuclear expression of Zfp423 in cells of the
rhombic lip (rl) and external germinal layer (egl), as well as ventricular zone (VZ) derivatives in control, but not in Zfp423™'2 mutant cerebellum. (B)
E18.5 granule cell precursors purified by Percoll gradient centrifugation retain Zfp423 expression. Quantitative RT-PCR shows co-expression of Zfp423
with granule-specific Afoh1 and Barhl1 RNAs, with loss of Purkinje cell marker Rora. Histogram shows average expression ratio among technical
replicates from a single purification, normalized to Gapdh and expressed relative to whole cerebellum. Cb, whole cerebellum; GC, granule cell/precursor
fraction; P/G, Purkinje cell and Glial fraction. Rora level expressed relative to P/G fraction; Cb fraction not run. (C) Quantitative RT-PCR with hydrolysis
probes (TagMan) assays shows expression of Zfp423in the granule cell precursor fraction of a second independent purification. In contrast, no
amplification from the granule cell preparation is detected for Shh, a GCP mitogen expressed by Purkinje cells. (D) RT-gPCR for Shh expression in whole
cerebellum from control and nur12 mutant animals dissected on P3. Mean values from technical replicates were normalized to Gapdh and expressed as
a fraction of a control sample for 7 control and 5 mutant embryos. Similar results were obtained when normalized to Ppia cyclophilin. Group means were
not significantly different (p = 0.55, t-test).

doi:10.1371/journal.pgen.1006357.9001
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Fig 2. Zfp423 shRNA blocks proliferation and Shh response of purified granule cell precursors. (A) Examples of GCPs transfected with
scrambled control or Zfp423-targeted shRNA constructs, in the presence of 3 ug/ml Shh. Transfected cells express EGFP from the shRNA vector
(green). Proliferating cells are labeled by BrdU incorporation for 6 hr, at 48 hr after transfection (red). Control panels show dividing transfected cells (left-
slanting closed arrowheads) and a non-dividing, non-transfected, cell (open arrowhead). Zfp423 (shRNA mZ1) panels show a dividing non-transfected
cell (right-slanting closed arrowhead) and a non-diving transfected cell (open arrowhead). At least two transfections for each of three independent DNA
preparations were assayed for each construct. Channel levels were adjusted for merged images. (B) The proportion of EGFP* cells labeled by BrdU is
plotted for each replicate culture in the presence of 3 ug/ml Shh. shRNA sequence was a highly significant factor (p < 2.2 x 107'6, ANOVA), with each
Zfp423 shRNA construct different from every control shRNA (p < 1077 for each pair-wise comparison, Tukey Honest Significant Difference (HSD) test
after ANOVA). Controls were not significantly different from each other (p > 0.4), nor were the two Zfp423 hairpin sequences (p > 0.4). Empty, pLKO
vector with no hairpin sequence; luc, luciferase; scr, scrambled sequence control; mZ1 and mZ2 are non-overlapping shRNA sequences designed
against Zfp423from the RNAi consortium collection. (C) GCP cultures were transfected with control (scr) or Zfp423-targeted (mZ1) shRNA constructs
and treated with 0—10 pg/ml Shh. Transfected cells were recognized by EGFP fluorescence, replicating cells by BrdU incorporation. Plotted points
indicate mitotic index of transfected cells for each of four replicate experiments at each of the indicated Shh concentrations. A minimum of three
independent DNA preparations was used for transfection in each condition. The effect of Zfp423-targeting shRNA, Shh concentration, and the interaction
between hairpin identity and Shh concentration were each strongly supported statistically (p =9.3x 107'°, 2.0 x 107, and 6.4 x 1076 respectively, two-
factor ANOVA).

doi:10.1371/journal.pgen.1006357.9g002
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shRNA significantly reduced this index relative to the corresponding index of non-transfected
(EGFP") cells in the same cultures (p = 0.040-0.0014, paired ¢ tests) and to approximately one-
third the level of cells transfected by empty vector, irrelevant target (luciferase), or scrambled
sequence shRNA controls (Fig 2B and S2 Table; p<10~7, one-factor ANOVA with post-hoc
Tukey HSD test). Because the transfection efficiency in primary GCPs is modest (~15%), most
transfected cells were surrounded by non-transfected cells. This minimizes the likelihood of
any confounding effects secondary to disrupted cell interactions. These data show that Zfp423
has a cell-intrinsic effect on GCP proliferation ex vivo and suggest that the effect might be cell
autonomous within a population of GCPs, as proliferation phenotype does not appear to
depend on the status of adjacent cells in the culture.

Because previous reports showed that Shh is the principal mitogen for GCP proliferation in
vivo and in culture, with a wide dynamic range, we next tested whether Z{p423 depletion in
GCPs might alter the dose-response curve for exogenous Shh treatment (Fig 2C and S3 Table).
We exposed Zfp423-knockdown and control GCPs to a range of 0-10 pug/ml recombinant Shh
concentrations and measured the resulting mitotic index for replicate cultures at each concen-
tration. Two-factor ANOVA on the full set of resulting cell count data showed significant effects
of Shh dose (p =2.0x 107%), Zfp423 vs. control shRNA treatment groups (p = 9.3 x 10719, and
the interaction between dose and shRNA (p = 6.4 x 10~°). Remarkably, Zfp423-shRNA cells
were refractory to Shh levels more than an order of magnitude greater than that required to
stimulate proliferation of control-shRNA cells. These results indicate a Zfp423-dependent step
critical to Shh signal transduction in GCPs.

Zfp423-deficient precursors have abnormal distribution of cilium
morphology

Because Shh signaling is transduced through components localized to the primary cilium, we
next asked whether Zfp423-deficient GCPs made cilia and basal bodies in normal frequency
and quality (Fig 3). Cerebellum sections from E18.5 mice showed both structures intact among
cells in the EGL and with comparable frequency per cell between Zfp423™"*-homozygous and
littermate controls by double label immunofluorescence for acetylated o-tubulin (Ac-oTub) in
the cilium and y-tubulin (yTub) in the basal body (Fig 3A). Volume measurements extracted
from optical sections, however, showed a significant increase in cilium volume in Zfp423™*?
EGL compared to littermate controls (Fig 3B and S4 Table). As replicate measurements did not
follow a normal distribution within or between biological samples, we made several assess-
ments using non-parametric tests. Among co-processed sections from eight littermate pairs,
typical volumes were larger in the mutant than in the control animal for all eight comparisons
(p = 0.0078, Wilcoxon signed rank test, two tailed). The distribution of volumes between geno-
types for all 499 discrete measurements irrespective of pairing was also highly significant
(p = 8.7 x 1075, Kolmogorov-Smirnov test). Mutant cilia also had substantially higher variance
than those in control littermates (0.89 vs. 0.33; p = 1.3 x 10~%, Ansari-Bradley test). Similar
analysis of basal bodies (Fig 3C and S5 Table) did not support a difference between paired sam-
ples (p = 1), but did nominally support a slightly lower distribution of basal body volumes over
662 individual measurements irrespective of pairs (p = 0.031) without significant difference in
variances (p = 0.19). Mean voxel values for acetylated o-tubulin were 1.02 in control, 1.37 in
mutant sections. Mean voxel values for y-tubulin were 1.35 in control, 1.11 in mutant sections.
To understand better the basis for these volume differences, we measured discrete parame-
ters by structured illumination “super-resolution” microscopy of cilia from mutant and control
littermate animals (Fig 4). We obtained similar results using either Ac-o'Tub (Fig 4A-4C and
S6 Table) or Arl13b (Fig 4D-4F and S7 Table) as a marker protein. In Ac-oTub measurements,
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Fig 3. Confocal images show altered primary cilium volumes in Zfp423™"'2 EGL. (A) Confocal
micrographs show representative projection images showing ciliary axoneme (anti-acetylated a-tubulin, Ac-
aTub) and basal bodies (anti-y-tubulin, yTub) in sections of E18.5 cerebellum from animals of the indicated
Zfp423 genotypes. All images are from sagittal sections, 0.7—-0.9 mm from the midline. Scale bar, 2 um. (B,
C) Measured volumes for each of 499 axonemes (B) and 662 basal bodies (C) identified by the Volocity
program from reconstructed optical sections. Measurements from paired mutant and control animals are
color coded in the scatter plot. The differences in overall distributions between mutant and control are
significant for both axonemes (p = 8.7 x 1076) and basal bodies (p = 0.031, Kolmogorov-Smirnov test) in
pooled data from eight pairs of animals.

doi:10.1371/journal.pgen.1006357.9003

mutant cilia tended to be longer (Fig 4B), but this effect did not reach conventional statistical
threshold (p = 0.079, Wilcoxon rank sum test, two tails), while mutant cilia had a significantly
wider base compared with control (Fig 4C, p = 0.0091). Structured illumination measurements
for Arl13b, associated with the ciliary membrane, showed significant increases in both length
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Fig 4. Structured illumination microscopy shows altered cilium dimensions in Zfp423™"'2 EGL. (A) Super-resolution images show axoneme
(Ac-aTub) and basal body (yTub). Scale bar, 2 um. (B,C) Box and scatter plots show distributions of cilium length (B) and base width (C)
measurements. Significance was assessed from paired littermate samples. Length, p = 0.079, base width p = 0.0091, Wilcoxon rank sum test with
two tails. (D) Structured illumination micrographs of cilia in the EGL. Arl13b and y-tubulin in green, acetylated a-tubulin in red. (E) Length
measurements from Arl13b signal in consecutively imaged cilia showed a shift toward greater length in nur12 (p = 0.028, Wilcoxon rank sum test).
(F) Width of the cilium base was also increased in nur12 (p = 0.013, Wilcoxon rank sum test).

doi:10.1371/journal.pgen.1006357.9g004
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(Fig 4E, p = 0.028) and base width (Fig 4F, p = 0.013) of GCP cilia in an independent set of ani-
mals. Taken together, these observations indicate a cellular basis for ciliopathy-related pheno-
types of Zfp423-deficient mice.

ZNF423is required for quantitative Smoothened translocation during
Shh signaling

Because Zfp423 was required for Shh response and affected the distribution of cilium morphol-
ogies, we asked whether it also affected trafficking of Smoothened, using a cell culture model
(Fig 5). DAQY is a human medulloblastoma-derived cell line that expresses markers consistent
with a GCP lineage [33, 34] and ZNF423, the human homologue of Zfp423 (Fig 5A). DAOY
cells were infected with a pseudotyped lentivirus expressing both a Smoothened-enhanced
green fluorescent protein (EGFP) fusion protein and shRNA to either human ZNF423 or a
non-targeting control (Fig 5B). Cells were examined after serum starvation to produce a high
percentage of cells with a definitive primary cilium. Two non-overlapping ZNF423 shRNA
were each effective in reducing its level of expression relative to multiple controls, a representa-
tive image is shown in Fig 5C. Quantification of fluorescence Western blots showed that,
relative to control shRNAs, ZNF423 knockdown cultures expressed ~30% ZNF423, but
approximately normal acetylated o-tubulin (~110%), and IFT88 (~95%) levels scaled to either
GAPDH or B-actin as internal loading controls. We then tested the effect of ZNF423 knock-
down on Smoothened localization to the cilium. Infected DAQY cells were treated with 0.1 pg/
ml Shh as a low dose sufficient for signaling [1]. Cells were fixed 6 hr after stimulation and pro-
cessed for immunofluorescence to visualize localization of the EGFP tag on Smoothened and
acetylated a-tubulin as a marker of cilium location. Only EGFP" cells were included to avoid
measurements from uninfected cells. To compare localization of Smoothened-EGFP relative to
acetylated o-tubulin, immunofluorescence micrographs (Fig 5D) presented in randomized
order were assessed categorically by five observers blinded to experimental conditions, for
>800 cilia across five independent experiments. Summary results (Fig 5E and S8 Table)
showed significantly less Smoothened-EGFP translocation in ZNF423-depleted cells (1.2x107"?,
chi-square test). Results showed significant differences in each independent experiment

(p = 0.0058 t0 2.9x107).

Mean fluorescence intensities along the length of each cilium were also calculated from the
raw image files as a second analytical approach to the same experiments. Cilium annotations
and measurements were performed blind to treatment group on images in randomized order.
ZNF423-depleted cells showed ~30% reduction in both mean and median Smoothened-

EGFP intensities in cilia, with a highly significant population shift between shRNA groups
(p = 7.0x10"", Wilcoxon rank sum test; each of five replicates was independently significant,
p<0.025). Ratios of Smoothened-EGEFP to acetylated o-tubulin showed even stronger differ-
ence between groups (p<2.2x10™'®), owing to an increase in acetylated o-tubulin signal in
knockdown cells. These results strongly support a ZNF423-dependent step in Shh signaling
upstream of Smoothened translocation in human DAOY cells.

ZNF423 deficiency reduces IFT88 translocation in primary cilia

Because Smoothened is thought to use the intraflagellar transport (IFT) system for transloca-
tion into cilia [35, 36], we tested whether IFT88 localization was affected by loss of ZNF423 in
the DAOY culture model or Zfp423 mutation in vivo (Fig 6). IFT88 is an essential component
of the IFT-B complex required for quantitative hedgehog signaling in mice [11] and important
for cerebellum development [37]. DAOY cells were infected with viruses described in Fig 5B
and selected for cilium expression of the EGFP marker by direct fluorescence after fixation and
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Fig 5. ZNF423 knockdown quantitatively alters Smoothened translocation. (A) RT-PCR shows Zfp423
expression in mouse P19 cells [32] and ZNF423 RNA expression in DAOY medulloblastoma cells. GAPDH
was used as a positive control. M, size marker. (B) Structure of pLKO-derived lentivirus constructs,
expressing a shRNA from a U6 promoter (purple arrow) and Smoothened-EGFP fusion (smoGFP, dark
green) from a human PGK promoter (light green). Vector backbone elements are indicated in blue. (C)
Western blots show reduced expression of ZNF423 protein in DAQY cells infected with lentivirus expressing
a ZNF423 shRNA (hZ3) relative to control (Ctl). (D) Color-inverted images of immunofluorescence for both
GFP (red) and acetylated a-tubulin (blue) show Smoothened translocation phenotypes of cells infected with
lentivirus expressing both smoGFP and an shRNA. Channel layers were shifted diagonally to allow
independent view of each. Three categorical phenotypes were observed, (1) strong acetylated a-tubulin with
little to no detected Smoothened, (2) intermediate levels, or (3) stronger Smoothened signal relative to
acetylated a-tubulin. (E) Stacked histogram of cilium phenotypes summarizes five replicate experiments.
Phenotypes are color-coded and numbered as in (D). Number of cilia scored in each group (n), ZNF423-
directed (ZNF) or control (Ctl) shRNAs, and chi-square p-value for the difference between groups are
indicated.

doi:10.1371/journal.pgen.1006357.9005

staining. This necessarily restricted the analysis to the subpopulation of cells with strong
Smoothened-EGFP translocation, as direct fluorescence is less sensitive than antibody staining
and ZNF423-knockdown cells had a higher proportion of cilia near the detection limit. Among
these cells, those transduced with ZNF423-directed shRNA showed both increased acetylated
o-tubulin intensity relative to control (as predicted by Figs 4 and 5) and dramatically decreased
ciliary IFT88 intensity (Fig 6A). The differences between ZNF423 and control shRNAs reached
very high statistical support for both mean intensities and ratios in cilia (Fig 6B-6E and S9
Table, p<2.2x10™'°, Kruskal-Wallis and Wilcoxon rank sum tests for full and pair-wise com-
parisons, respectively, in each measure), despite similar overall IFT88 protein levels in cellular
extracts after ZNF423 knockdown, as shown in Fig 5C. Strikingly, the IFT88 signal was also
reduced relative to Smoothened-EGFP signal in ZNF423-knockdown cells compared to control
(Fig 6E), suggesting that reduction in IFT88 staining was not a consequence of selection for the
high Smoothened-EGFP population or comparison to acetylated a-tubulin levels.

To determine whether similar conditions affect granule precursor cells in situ, we examined
the relative distributions of IFT88 and acetylated o-tubulin in the EGL of Zfp423™"'? and con-
trol littermate mice (Fig 6F-6G). While most cilia from control littermates showed robust
IFT88 staining in the cilium, many cilia in mutant EGL had little or no detectable IFT88 (Fig
6F). The proportion of cilia with little or no IFT88 staining was approximately three times
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o ©®
@ : PLOS | GENETICS Zfp423 Regulates Cilium Function in Shh Signaling

A B C
Ac-o.Tub SmoGFP IFT88 Merge 3 | p<2.2x107 s | p<22¢t07
— S | ol S |
< ™
3 _
o S 8] o & -
€ = ® &
5 3 3 =
O i 8 i L—L o o
o 8 1 ! 3
|| 8 1 ] (]
53\ - o &*
o »P L »NP Y
N (SN O
V
'8
S D o |pe22xtoe E p<2.2x10¢
o) O v |
|| > w -
— % o (3
1
o Q E o
. < . =
S 2 : 3
L — o - ©w:
N oy SR P
N 2 =
oL L |FLL
Ac-oTub smoGFP IFT88 ;P SPL
o _ H
| Ac-oTub IFT88 Merge .. °
— p=2.2x10""%
[o0] -]
8 o] °
5 g |
© 2 4 o
¥ e ] S 2% o
o ~ 7 e x
= (= 1
g ; T E:_ Q ] : T Tr 1
Q. = ! Yoy
— 2 o 3 : . i
a3 S IR= i AV A R
o E ko [ '
5 = nE .
(% - 1
Q +n12 1
3 o & I
& IFT88 distribution o i I
N none detected
L1 baseortip IR SN BN I B BN N BN R

Ac-oTub IFT88 DAPI B full axoneme [ control [ nur12 |

Fig 6. Reduced frequency and intensity of ciliary IFT88 in Zfp423-deificent cells. (A) Confocal micrographs of DAQY cells transduced
with the indicated shRNA and Smoothened-EGFP. Immunofluorescence for acetylated a-tubulin and IFT88 and direct fluorescence of EGFP in
representative images are shown. Scale bar, 5 um. Distributions of mean axonemal measurements for (B) acetylated a-tubulin intensity, (C)
IFT88 intensity, (D) ratio of IFT88 to acetylated a-tubulin and (E) ratio of IFT88 to Smoothened-EGFP fluorescence across three independent
experiments with each shRNA in DAQY cells are plotted. For each plot, differences are highly significant among shRNA treatments
(p<2.2x107'®, Kruskal-Wallis test) and between the 6 ZNF423 and control populations (p<2.2x10~'6, Wilcoxon rank sum test with continuity
correction). (F) Confocal images of GCP cilia from EGL of control littermate and Zfp423 null mutant (nur12) mice. Scale bar, 2 um. (G)
Localization of IFT88 relative to acetylated a-tubulin in cilia from five littermate pairs shows a lower proportion of mutant cilia with IFT88
throughout their length; p = 3.7x1078, chi-square test. (H) Mean axonemal intensities of IFT88 are significantly reduced compared to littermate
controls. Differences between each littermate pair were independently significant. Difference between genotypes for summed data of 5 pairs is
highly significant (p = 2.2x10™'®, Wilcoxon rank sum test).

doi:10.1371/journal.pgen.1006357.9006
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Fig 7. Tulp3 is an expression target of Zfp423 deficiency. (A) RNA-Seq data from knockdown and control
DAOY cells identified several canonical cilium genes at high confidence. TULP3was among the largest
magnitude changes and highest statistical confidence. (B) RT-gPCR from acutely isolated GCPs confirmed
significantly increased expression of Tulp3, Nek9, and Arl4din mutant relative to non-mutant controls among
7 littermate pairs (P0-P1). Nonparametric p-values from the Wilcoxon signed rank test are shown.

doi:10.1371/journal.pgen.1006357.9007

greater among mutant animals than among their control littermates (Fig 6G and S10 Table).
Similarly, the overall intensity of IFT88 within the cilium was significantly reduced in GCPs
within the EGL of nur12 animals compared with littermate controls (Fig 6H and S11 Table).
Both measures showed highly significant Zfp423-dependence across five littermate pairs

(p = 3.7 x 10~® for proportion, chi-square test; p = 2.2 x 10~ for signal intensities, Wilcoxon
rank sum test with continuity correction). IFT88 translocation or retention thus appears
impaired both in the human DAOY cell culture model and in mouse granule cell precursors in
tissue sections, suggesting diminished opportunity to translocate Smoothened as a proximate
cause for diminished Shh signaling both ex vivo and in situ.

TULPS3 overexpression is a functional target of ZNF423 depletion

To link the functional requirement for human ZNF423 and mouse Zfp423 to potential target
genes required for Shh response via cilia, we performed high-throughput cDNA sequencing
(RNA-Seq) on the DAOY cell model, followed by confirmation of specific genes in freshly iso-
lated mouse GCPs (Fig 7). RNA-Seq data were processed for normalized counts of annotated
genes and then assessed for significant differences between ZNF423 and control knockdown
samples in three biological replicates, using tools in the HOMER software package [38, 39].
Gene set enrichment analysis [40, 41] did not identify any highly enriched pathways, but
showed a strong relationship to genes up-regulated in DAOY cells after knockdown of PCGF2,
a polycomb repressor complex protein [42]. Of >1000 genes that passed this initial threshold,
12 stood out for their known roles in primary cilia (Fig 7A). To determine whether these differ-
ences were conserved between the human medulloblastoma cell line model and mouse GCPs,
we measured expression of mouse orthologs to five genes that had FDR < 0.01 and clean assays
by RT-qPCR using freshly isolated GCPs from Zfp423™"? and littermate controls (Fig 7B and
S12 Table). Tulp3, Nek9, and Arl4d showed significantly elevated expression in mutant GCPs,
as predicted by the DAOY cell knockdown model, while the other two were not significantly
different between genotypes. In both DAOY and GCP cells, TULP3/Tulp3 showed the most
significant difference, being overexpressed >2-fold in each context.

Chromatin immunoprecipitation (ChIP) experiments with independent antibodies demon-
strated physical interaction of Zfp423 with the Tulp3 gene in GCPs. Previous ChIP experiments
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Fig 8. Chromatin immunoprecipitation detects Zfp423 binding in Tulp3intron 1. (A) UCSC browser window on Arl4dlocus shows
location of the ChIP-PCR assay (Arl4d_1) and a ChlP-Seq peak call from P19 cells (chr11-190), 7 kb 5’ to the annotated transcript
(Arl4d). The peak notation indicates the 190" best-supported peak on chromosome 11 in that experiment [32]. (B) Similar window on
Tulp3locus includes 5 potential peaks from P19 ChIP-Seq data, three of which supported reliable quantitative PCR assays (Tulp3_1, _2
and _3) within 150 bp of the peak. (C) Graphs show fold enrichment relative to an IgG control for a control locus and the four candidate
binding sites. Colored dots indicate measured values from independent biological replicates, bars indicate median values for each locus.
A commercial anti-Zfp423 antibody developed in goat (green dots) showed modest but significant enrichment for Tulp3_3. A custom
antibody developed in rabbit and affinity purified against the immunogen (blue dots) showed strong enrichment for Tulp3_3 and possible
enrichment for Tulp3_2, 3 kb away. Non-parametric analysis of the combined data provides strong and conservative statistical support for
binding at Tulp3_3 (p = 0.0087, Wilcoxon rank sum test with Bonferroni correction).

doi:10.1371/journal.pgen.1006357.g008

quantified by high-throughput sequencing (ChIP-Seq) from a P19 cell culture model that
expressed high levels of Zfp423, provided only modest read depth relative to cell number [32].
However, these data provided suggestive support for binding ~7 kb 5’ to Arl4d (Fig 8A) and for
sites within and around Tulp3 (Fig 8B). Because of the low yield in ChIP-Seq experiments and
desire to test biological replicate samples, we quantified ChIP at these candidate sites relative to
a previously described marker locus, 259C14S [43, 44], by ChIP-qPCR. Both a commercial
antibody (goat) and a custom, affinity-purified antibody (rabbit) were previously characterized
by Western blotting and immunofluorescence [32]. Both antibodies supported ChIP enrich-
ment of a site in Tulp3 intron 1 (Tulp3_3) that also had the strongest support in the previous
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Fig 9. Tulp3 is a functional target of Zfp423. (A) Western blot shows loss of ZNF423 and increase of TULP3 levels in DAOY cells infected with
lentiviral sShRNA vectors targeting ZNF423. Relative amounts are compared to control shRNA infections after normalization to -actin and GAPDH. (B)
Western blot shows the effect of dual infection by ZNF423 and three independent TULP3 shRNA vectors on TULP3 protein. Only shRNAs T2 and T3
reduced TULP3 levels compared with control vector. (C) Co-infection with ZNF423 and TULP3 shRNA reverses the decrease in Shh-stimulated
Smoothened GFP translocation into cilia seen with shRNA to ZNF423 and either scrambled control or an ineffective TULP3 shRNA. Graphs indicate high
(red), medium (purple) and low (blue) translocation as in Fig 5D and 5E. Dashed lines indicate values from Fig 5E for ZNF423 knockdown alone (orange
dashes) and non-targeting controls (black dashes). Chi-square p-values are shown.

doi:10.1371/journal.pgen.1006357.9009

ChIP-Seq data (Fig 8C and S13 Table). Although enrichment over background was modest
with the commercial antibody, it was also uniquely significant at the Tulp3_3 site (p = 0.037,
Tukey HSD test after one-factor ANOVA). Enrichment with the custom antibody showed
stronger support for the same site (p = 0.012) and a non-significant trend at the Tulp3_2 site
(p = 0.28). Non-parametric analysis of pooled data from both antibodies supported the same
result (p = 0.0087, Wilcoxon rank sum test for Tulp3_3 vs. control site after Bonferroni correc-
tion, with no other pairwise combination p>0.2). Neither antibody showed enrichment for the
other two candidate sites. Taken together, six independent ChIP experiments from primary
GCPs support a direct and selective physical association of Zfp423 with sequences in Tulp3
intron 1.

To test the functional importance of TULP3 overexpression in effecting ZNF423 depletion
phenotype, we compared knockdown of ZNF423 to simultaneous knockdown of both ZNF423
and TULP3, using the same approach and directly comparable to ZNF423 knockdown in Fig 5.
Combinations of targeting or control shRNAs were delivered to DAOY cells using lentiviral
vectors. Knockdown of ZNF423 with either of two non-overlapping shRNA depleted ZNF423
protein to ~50% of control levels (by Western blot) and produced ~2-fold increase in TULP3
protein in each culture (Fig 9A), even though only 60-75% cells appeared to be productively
infected based on the fluorescent reporter protein. Of three sShRNAs directed against TULP3,
only T2 and T3 were effective in reducing measured TULP3 protein level (Fig 9B). T2 and T3
reduced TULP3 levels in ZNF423-knockdown cells to 70-90% of levels in control cells with full
ZNF423 expression. We then compared Smoothened-EGFP translocation in doubly-infected
cells, with ~100 cilia per group in each of two independent experiments (Fig 9C and S14
Table). Simultaneous knockdown of TULP3 significantly reversed the reduction in Smooth-
ened-EGFP translocation caused by knockdown ZNF423 in each replicate experiment
(p = 0.0023-6.2x107°, Pearson’s chi-squared test, 2 degrees of freedom for high vs. low
TULP3). Each of the effective TULP3 shRNAs showed similar result on Smoothened-EGFP
distribution. These results indicate a functional role for TULP3 overexpression in mediating
defective signaling in the primary cilium of ZNF423-deficient cells.

PLOS Genetics | DOI:10.1371/journal.pgen.1006357 October 11,2016 12/24



@'PLOS | GENETICS

Zfp423 Regulates Cilium Function in Shh Signaling

Discussion

Our work provides, in both mouse brain and human cell culture models, the first mechanistic
connection between ZNF423/Zfp423 ciliopathy-related phenotypes and function of the pri-
mary cilium. While phenotype severity and range of organ involvement vary, cerebellar vermis
hypoplasia is a uniquely consistent feature among three reported ZNF423 deficient patients
[30] and five Zfp423 mouse mutations on a variety of strain backgrounds [23-26]. Previous
work in mice demonstrated loss of precursor proliferation [23], though the site of action has
remained unresolved between competing proposals for cell intrinsic (potentially cell-autono-
mous) mechanisms in the granule cell lineage and non-autonomous mechanisms mediated by
Shh expression in Purkinje cells. Analysis of cell culture models previously uncovered defective
DNA damage response as a novel cellular mechanism in ZNF423 patient-derived mutations
[30], but did not assess effects on primary cilia and left open the question of whether ZNF423
might also act upstream of the cilium to regulate its function or downstream by mitigating its
effects. Results presented here demonstrate a role for human and mouse homologs in cilium
function and in intrinsic properties of granule cell precursors, acting—at least in part—through
elevated expression of TULP3. In context, our work further unites cilium function and DNA
damage response mechanisms by demonstrating that defects in both can occur through muta-
tions for the same molecular component.

Four lines of evidence implicate Zfp423 as a bona fide ciliopathy gene. First, both recessive
loss of function and potentially dominant mutations produce phenotypes within the ciliopathy
spectrum, including cerebellar vermis hypoplasia in both mice and humans, nephronophthisis
in humans, and a variable degree of other consequences that may reflect allele strength or
genetic, environmental, or stochastic modifiers [23, 24, 26, 30]. Second, our imaging analyses
show that while Zfp423-null animals make primary cilia at a normal frequency, loss of Z{p423
results in an abnormal distribution of morphologies. As imaged with two marker proteins, cilia
on mutant GCPs, as a group, appear wider near the base (Figs 3 and 4), where several Joubert
Syndrome and nephronophthisis proteins are localized [45-48], and tend to be longer. Struc-
tures at the base act to regulate traffic of signaling cargoes into and out of the cilium [49, 50].
This striking difference in cilium morphologies could be explained by an altered temporal pro-
file of dynamic states, as the ranges of measurements largely overlap between genotypes despite
having different distributions. Although it is possible that some portion of the shift in Ac-
oTub-based measures could be due to changes in the local concentration of this modification
in mice, knockdown of ZNF423 in the DAOY model does not dramatically change the overall
level of Ac-aTub (Fig 5C). Additionally, any change in local Ac-aTub level would in itself indi-
cate a functional change in cilium dynamics, as acetylation stabilizes the axonemal microtu-
bules and de-acetylation is required for disassembly [51, 52]. Third, signaling through the
primary cilium is functionally defective after loss of Zfp423 activity. Zfp423-depleted primary
GCPs are refractory to exogenous Shh (Fig 2). ZNF423-depleted DAOY medulloblastoma cells
are reproducibly deficient in translocation into the cilium of both Smoothened (Fig 5) and
IFT88 (Fig 6), which are required for normal signal processing [12, 13, 53-55] and specifically
for expansion of GCPs [15]. Diminished IFT88 translocation was also seen in mouse GCPs in
situ (Fig 6), although the increased length distribution we observed is in contrast to the absence
or severe shortening seen in Ift88 deficient cells [56, 57]. Fourth, we find expression level
changes in key cilium components that are consistent between ZNF423-knockdown DAOY
cells and Zfp423-mutant GCPs and indicative of disrupted signaling, at least one of which is
functionally important and likely due to direct regulation. TULP3 was the best-supported
target of Zfp423 in our analysis. TULP3 is an inhibitor of Shh signaling and loss of Tulp3 in
mice results in increased Shh signaling [58-60]. At a cellular level, TULP3 regulates ciliary
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trafficking at both retrograde transport and cilium entry through its interaction with IFT-A
[61, 62]. ChIP experiments in primary GCPs with two different antibodies against Zfp423 both
showed significant enrichment of a site in Tulp3 intron 1 that was predicted from an earlier
analysis in a P19 cell culture model [32]. Functionally, reversing the overexpression of TULP3
caused by ZNF423 depletion in the DAOY model significantly reversed the Smoothened trans-
location defects of ZNF423 knockdown cells (Fig 9).

Although Zfp423 is required for mitogenic response to Shh ex vivo, residual proliferation
both in knockdown cells and in the EGL of null animals away from the midline shows that
Z{p423 is not strictly required for all mitogenic response by GCPs. Moreover, the DAOY
model shows residual translocation of both IFT88 and Smoothened-EGFP in knockdown cells.
One possibility might be that mitogenic response by GCPs is more sensitive to loss of Zfp423
when cultured ex vivo than either GCPs in situ or the transformed DAOY model-and it is not
unreasonable to expect that both environmental factors and intrinsic cell differences relevant
to establishment of a cell line might enhance proliferative response. Alternatively (or addition-
ally), it may be that IFT-independent diffusion of Smoothened into the cilium [50] provides a
modest level of signaling that is saturated at lower levels of Shh than the translocation-depen-
dent pathway, as might be suggested by the difference in sensitivity of Smoothened-EGFP and
IFT88 localization to DAOY cell cilia (Fig 6E).

Tulp3 overexpression may be a surprising candidate for limiting Smoothened translocation.
Although Tulp3 antagonizes Shh signaling, loss of Tulp3 does not affect Smoothened traffick-
ing [61, 63]. Rather, Tulp3 is thought to inhibit Shh signaling through localization of Gpr161,
whose activation elevates cAMP level to promote cleavage of Gli proteins to their repressor
forms [62]. However, this well-documented mechanism is based on Tulp3 loss-of-function
may not be the only inhibitory effect when Tulp3 is expressed substantially above its normal
level, as in ZNF423/Zfp423 deficient cells (Figs 7 and 9). Excess Tulp3 could in principle recruit
additional inhibitory molecules to the cilium or titrate limiting components that promote
Smoothened trafficking, such as Gprasp2 or Pifo [64, 65]. It is also possible that excess Tulp3
affects cell state in a way that indirectly affects IFT88 and Smoothened translocation to or con-
centration in the primary cilium. More work is needed to test such hypotheses, which are not
mutually exclusive. In addition, since Zfp423 contributes to regulation of several ciliopathy-
related genes, the full extent of molecular consequences is likely to be more complex and inter-
play among dysregulated components may be required to fully resolve molecular mechanisms
behind the anatomical phenotypes seen in both patients and mouse models.

Our results have some similarities to those with ciliogenic transcription factors of the RFX
family and Foxjl [66, 67], but also important differences. RFX proteins are highly conserved
regulators that activate core components for formation of motile cilia and loss of REX activity
results in loss or truncation of cilia [68-72]. Fox;j1 is a Shh target gene that also activates com-
ponents to allow formation of motile cilia and is sufficient to drive their formation, with addi-
tional effects on primary cilia in some settings [73-76]. Restoring expression of target genes
partially mitigates cell phenotypes [77]. By contrast, ZNF423 patients and Zfp423 mouse mod-
els present phenotypes more typical of defects in non-motile cilia, especially cerebellum vermis
hypoplasia [23, 24, 30] and Z{p423 is not required for appearance of cilia. Zfp423 is required
for efficient signaling through cilia in cerebellum and in the cell models we tested. Z{p423
appears to modulate components, often as a negative regulator, and we found improvement of
one cellular phenotype by mitigating the overexpression of the best-supported repression tar-
get, TULP3, in a DAOY cell model.

The results here demonstrate a signaling mechanism, complementary to the DNA damage
response (DDR) mechanism demonstrated by Chaki et al. [30], for neurodevelopmental phe-
notypes in ZNF423-deficient patients and orthologous Zfp423 mutant mice. In addition to
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providing a structural and functional basis for diminished Shh signaling in granule cell precur-
sors, our results point to loss of Zfp423 repressive functions on Tulp3 and potentially other
genes as a key component of the phenotype. Establishment of both DDR and signaling mecha-
nisms provides a more comprehensive basis for understanding both the variety and variability
of disease presentations in this ciliopathy, and potentially in others.

Materials and Methods
Mice
The nur12 mutation and BALB/c-Zfp423™"'? and C57BL/6-Zfp423™"' congenic mice have

been previously described [23, 26, 78]. For timed matings, midnight on the night of conception
was considered to be E0.0.

Antibodies

Anti-BrdU antibody (mouse monoclonal B44) was purchased from BD Biosciences. anti-GFP
antibody (A11122) purchased from Molecular Probes. Antibodies against acetylated o-tubulin
(mouse monoclonal 6-11B-1, T6793) and y-tubulin (rabbit polyclonal, T5192) were purchased
from Sigma-Aldrich. Rabbit anti-IFT88 (13967-1-AP), TULP3 (13637-1-AP), and Arl13b
(17711-1-AP) were purchased from Proteintech. Mouse anti-GAPDH antibody (GT239) was
purchased from GeneTex. Rabbit antiserum against Human ZNF423 (amino acid residues
247-407 relative to reference sequence NP_055884.2), was prepared and affinity-purified
against the immunogen [32]. Commercial antibodies against ZNF423 (Santa Cruz Biotechnol-
ogy sc-48785, aa 1-105; Sigma-Aldrich SAB2104426, aa 1234-1283) showed similar pattern (L.
Flores-Garcia and B.A.H.). Western blots were developed with infrared-conjugated secondary
antibodies (Rockland), detected on a Li-Cor Odyssey Imaging Station, and quantified in the
Image] software package.

Primary cell culture and mitotic index

Primary GCPs were isolated from E18.5 cerebella of BALB/c mice by Percoll gradient centrifu-
gation essentially as described [79, 80], but omitting the adhesion step. Cells were transfected
immediately after isolation and plated in the indicated concentration of Shh. A minimum of
three independent DNA preparations was used for replication of measurements for each plas-
mid construct. 48 hr after transfection, cells were exposed to 4 ug/ml BrdU (Sigma-Aldrich) for
6 hr prior to fixation with 4% paraformaldehyde. Recombinant Shh was purchased from R&D
Systems. TRC shRNAs 708 and 709 directed against mouse Zfp423 were obtained from Sigma
(Table 1).

Gene expression assays. Quantitative RT-PCR was carried out on a Bio-Rad CFX-96 using
SYBR Green fluorescence as described [43]. TagMan hydrolysis probe assays (Life Technolo-
gies; Shh assay Mm00436528_ml1, Zfp423 assay Mm00473699_m1, Gapdh assay 4352339E)
were performed on the same instrument, following manufacturer’s recommended conditions.
Relative quantification used the AACt method and comparisons across isolated cell fractions
were expressed relative to the same ratio in whole cerebellum.

Immunofluorescence and cilium measurements

For tissues, 10 pm sections were prepared from 4% paraformaldehyde fixed animals at age
E18.5. Confocal (Olympus FV1000) and structured illumination “super resolution” microscopy
(Applied Precision OMX) were performed in the UCSD School of Medicine Light Microscopy
Facility. Volume measurements on the acquired images were calculated in Volocity software
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Table 1. shRNA sequences.

shRNA |Target

mZ1

mZ2

hZ3

hz4

T1

T2

T3

luc

Scr

species
mouse

mouse

human

human

human

human

human

Source

TRC/
Sigma
TRC/
Sigma
TRC/
Sigma
TRC/
Sigma
TRC/
Sigma
TRC/
Sigma
TRC/
Sigma
TRC/
Sigma

TRC/
Sigma

Lab

name

708

709

8173

8174

45

46

47

luc

non-
human or
mouse

doi:10.1371/journal.pgen.1006357.t1001

Full name

TRCNO0000084708

TRCNO0000084709

TRCNO0000018173

TRCNO0000018174

TRCNO0000078045

TRCN0000078046

TRCNO0000078047

SHCO007

SHC002

Sequence
CCGGCCCTGAATGTAACGTGAAGTTCTCGAGAACTTCACGTTACATTCAGGGTTTTT
CCGGCGGTGCATTACATGACTACATCTCGAGATGTAGTCATGTAATGCACCGTTTTT
CCGGGCAACGTTTGTTCACGGACTTCTCGAGAAGTCCGTGAACAAACGTTGCTTTTT
CCGGCCACATGATTGAGGAAGGCATCTCGAGATGCCTTCCTCAATCATGTGGTTTTT
CCGGCCTACTATATGTACTTGGAAACTCGAGTTTCCAAGTACATATAGTAGGTTTTT
CCGGCCCAGTCAGCATGTTTAGAAACTCGAGTTTCTAAACATGCTGACTGGGTTTTT
CCGGCCAGTTGATTTATCTCGTGAACTCGAGTTCACGAGATAAATCAACTGGTTTTT
CCGGCGCTGAGTACTTCGAAATGTCCTCGAGGACATTTCGAAGTACTCAGCGTTTTT

CCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCATCTTGTTGTTTTT

(PerkinElmer) from signal intensities across the full stack of images for each object, using the
same intensity thresholds for co-processed mutant and control samples. For Smoothened

translocation measurements, a Smoothened-EGFP fusion gene [81] was obtained from
Addgene and cloned into pLKO.1 vector (Sigma), along with shRNA constructs targeting
either ZNF423, scrambled control, or irrelevant sequence controls directed against reporter
genes not used in this study. Human medulloblastoma-derived DAOY cells were obtained
from Dr. Robert Wechsler-Reya. TRC shRNA directed against human ZNF423 were obtained
from Sigma (Table 1). Virus particles were packaged by co-transfection of 293FT cells with
pCMVdAR8.2 dvpr and pCMV-VSV-G (Addgene plasmid 8455 and 8454) as described [82].
Replicate cultures of DAOY cells were infected with each virus for 5 hr., cultured 7 days and

serum starved for 24 hr prior to treatment with 0.1 pg/ml Shh for 24 hrs. Cells were fixed in 4%
paraformaldehyde and imaged by confocal microscopy. Sixty-two to 100 consecutive images
were collected for each sample and images from paired samples randomly ordered (knockdown
vs. control) into a grid by the flip of a coin. Distribution of Smoothened-EGFP relative to acety-
lated a-tubulin was assessed as a nominal-scale variable by 5 different investigators blinded to
genotype and experimental condition. Mean Intensity along the cilium was measured in each
channel using Image] (National Institute of Health, USA).

RNA-seq

ZNF423 knockdown and control DAOY cells were generated with a modified pLKO lentivirus
that expressed shRNA to ZNF423 or a non-targeting control and co-expressed the fluorescent
protein mCherry. Cells expressing high level of mCherry were enriched by flow cytometryand
cultured in three replicate plates per virus. Bar-coded RNA libraries were prepared for sequenc-
ing using strand specific dUTP protocols [39] with minor modifications. Briefly, total RNA
was harvested using Trizol reagent. Poly(A)" RNA was enriched with Dynabeads mRNA Puri-
fication Kit (Life Technologies, Cat#61006). For each library, 500 ng poly(A)* RNA was pre-
mixed with 0.2 pg of Oligo(dT) and random hexamer primer, heated to 70°C for 10 min., and
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chilled on ice. Reverse transcription reactions were incubated at room temperature for 10 min.,
42°C 1h and 50°C 20 min. First-strand cDNA was ethanol precipitated with 0.5 volumes 5 M
ammonium acetate. After second-strand cDNA synthesis, sequencing libraries were con-
structed as described [38]. 250 to 500 bp size-selected, adaptor-ligated cDNA was incubated
with 1 U USER (NEB) at 37°C for 15 min. followed by 5 min. at 95°C before PCR with Phusion
High-Fidelity DNA polymerase. High-throughput sequencing was performed by UCSD IGM
Genomics Center. Reads were aligned to the human hg19 transcriptome using STAR version
2.3.1f[83]. Data analysis was performed using HOMER [38] and the Bioconductor package
edgeR [84, 85]. Gene set enrichment was performed in GSEA [40, 41]

Chromatin Immunoprecipitation

ChIP was performed as described [32]. Briefly, 5-10 x 10° purified primary GCPs were cross-
linked in 1% formaldehyde, sonicated, and subjected to standard ChIP purification with the
indicated antibodies at ~2 pug. Quantitative PCR from ChIP samples used 0.5% input fraction
and ChIP with pre-immune IgG for relative quantification among samples.

Statistical tests

Standard statistical procedures were performed in the R base environment (R 2.8.1 32-bit
(5301) or R 3.0.3 64-bit (6660)). Normality (Shapiro-Wilk test) and equal variance (F test) of
each data set was assessed prior to selecting parametric (ANOVA, f) or non-parametric (Krus-
kal-Wallis, Wilcoxon) tests. Tukey box-and-whisker plots indicate median (heavy line), quar-
tile (box), and 1.5 times interquartile range (whiskers). Notches where shown indicate +1.58
times the interquartile range/square root of n.

Ethics statement

Mice were euthanized by CO2 inhalation or by perfusion or organ removal under deep anes-
thesia with tribromoethanol (avertin). All vertebrate animal procedures were approved by the
University of California San Diego Institutional Animal Care and Use Committee (IACUC).
The University of California San Diego is AAALAC accredited, AAALAC institutional number
000503.

Accession numbers

RNA-seq data have been submitted and can be accessed by the Gene Expression Omnibus
(GEO) accession number GSE59598.

Supporting Information

S1 Table. RT-qPCR data for Fig 1D. RT-qPCR measures and technical replicate standard
deviations for Shh RNA relative to either Gapdh or Ppia internal control standards are shown

for each sample.
(TXT)

S2 Table. Mitotic index data for Fig 2B. For each shRNA, three independent DNA prepara-
tions were used in multiple transfections as replicate samples. Numbers of EGFP and BrdU
double-positive, EGFP positive BrdU negative, EGFP negative BrdU positive, and double nega-
tive cells scored in each transfection is given.

(TXT)
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S3 Table. Mitotic index data for Fig 2C. For each indicated Shh (ug/ml), shRNA, DNA prepa-
ration, and transfection experiment, EGFP positive (transfected) cells were counted as BrdU
positive (Brdu) or BrdU unlabeled (Un).

(TXT)

$4 Table. Acetylated a-tubulin volume measures for Fig 3B. Columns indicate the littermate
pair, animal, nur12 (n) or wild-type (w) genotype and cilium voxel measurement from acety-
lated a-tubulin immunofluorescence.

(TXT)

S5 Table. Basal body y-tubulin volume measures for Fig 3C. Columns indicate the littermate
pair, animal, nurl2 (n) or wild-type (w) genotype and basal body voxel measurement from y-
tubulin immunofluorescence.

(TXT)

S6 Table. Structured illumination measures of cilium acetylated a-tubulin for Fig 4B and
4C. Genotype of nur12 (n12) or +/+ littermate (wt), measured cilium length and base width
are tabulated as graphed in Fig 4B and 4C.

(TXT)

§7 Table. Structured illumination measures of cilium Arl13b for Fig 4E and 4F. Genotype
of nur12 (nurl2) or +/+ littermate (control), measured cilium length and base width are tabu-
lated as graphed in Fig 4F and 4F.

(TXT)

S8 Table. Smoothened-EGFP translocation scores Fig 5E. For five independent trials the
index image, shRNA to ZNF423 (n) or control (wt), and the median of categorical scores (Fig
5D) given by independent reviewers are tabulated.

(TXT)

S9 Table. Immunofluorescence measures for Fig 6B-6E. For three independent trials, the
shRNA and its target (and an overall classifier for target, shRNA and trial number) are given
with image values for IFT88, Smoothened-EGFP, and acetylated a-tubulin for each cilium.
(TXT)

$10 Table. Ift88 distribution data for Fig 6G. For paired littermates, the pair number,
Zfp423 genotype (wt or nur12 homozygous) and frequency of Ift88 staining at tips only,
throughout the full cilium, or not detected (nd) and total number of cilia imaged for each ani-

mal are given.
(TXT)

S11 Table. Ift88 intensity data for Fig 6H. Littermate pair, Zfp423 genotype, and Ift88 inten-
sity measures are shown.
(TXT)

$12 Table. Paired RT-qPCR measures for Fig 7B. For paired littermate tissue samples, nor-
malized RT-qPCR values are given for the Zfp423™"'? mutant and its control littermate for
each of the five genes tested.

(TXT)

$13 Table. ChIP-qPCR data for Fig 8C. For each of five indicated PCR assays, the antibody
used, experimental trial, Cq and ACq values, and measured level normalized to input and IgG
control are provided.

(TXT)
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$14 Table. Smoothened-EGFP translocation scores for Fig 9C. For doubly transfected cells,
each shRNA virus used, the categorical translocation score assigned by five independent raters
along with the median and mean scores are given.

(TXT)
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