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PDLIM3 supports hedgehog signaling in medulloblastoma by

facilitating cilia formation
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Elevated levels of PDLIM3 expression are frequently detected in sonic hedgehog (SHH) group of medulloblastoma (MB). However,
the possible role of PDLIM3 in MB tumorigenesis is still unknown. Here, we found that PDLIM3 expression is necessary for hedgehog
(Hh) pathway activation in MB cells. PDLIM3 is present in primary cilia of MB cells and fibroblasts, and such cilia localization is
mediated by the PDZ domain of PDLIM3 protein. Deletion of PDLIM3 significantly compromised cilia formation and interfered the
Hh signaling transduction in MB cells, suggesting that PDLIM3 promotes the Hh signaling through supporting the ciliogenesis.
PDLIM3 protein physically interacts with cholesterol, a critical molecule for cilia formation and hedgehog signaling. The disruption
of cilia formation and Hh signaling in PDLIM3 null MB cells or fibroblasts, was significantly rescued by treatment with exogenous
cholesterol, demonstrating that PDLIM3 facilitates the ciliogenesis through cholesterol provision. Finally, deletion of PDLIM3 in MB
cells significantly inhibited their proliferation and repressed tumor growth, suggesting that PDLIM3 is necessary for MB
tumorigenesis. Our studies elucidate the critical functions of PDLIM3 in the ciliogenesis and Hh signaling transduction in SHH-MB
cells, supporting to utilize PDLIM3 as a molecular marker for defining SHH group of MB in clinics.
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INTRODUCTION
Medulloblastoma (MB) is the most common malignant brain tumor
in children. Human MB consists of at least four main groups: WNT,
SHH, group 3 and group 4 [1]. Each group is characterized by
distinct transcriptional and mutational signatures, epigenetic
profiles and clinical features. The SHH group accounts for
approximately 30% of human MB, which is further classified into
four clinically and cytogenetically distinct subgroups including SHH
a, SHH B, SHH y and SHH &. Infant SHH tumors are mainly
distributed across SHH 3 and SHH y, whereas SHH & are primarily
composed of adults [2]. Previous studies showed that SHH-MB
originates from cerebellar granule neuron precursors (GNPs).
Normal proliferation and differentiation of GNPs is supported by
the SHH pathway in the developing cerebellum [3, 4]. However,
overactivation of SHH pathway in GNPs leads to MB formation [5, 6].
SHH pathway signaling plays a crucial role in normal develop-
ment of many tissues and organs [7, 8]. Aberrant activation of the
SHH pathway is associated with many human malignancies such
as MB and basal cell carcinoma. The key players of the Hh
pathway, including SHH ligand, Patched1 (Ptch1, the antagonizing
receptor), Smoothened (Smo, a G protein-coupled-like receptor),
Suppressor of fused (Sufu) and the glioma-associated transcrip-
tional factor (Gli1, Gli2 and Gli3). Activation of the SHH pathway is
triggered by the binding of SHH ligand with Ptch1, resulting in the
release and activation of Smo. Activated Smo transduces SHH

signaling across the cytomembrane to activate Gli1/2 that involve
dissociating Gli from a suppressive complex containing Sufu. The
above molecular events mainly occur in primary cilia, a
microtubule-based projection of the cell membrane that generally
functions in vertebrates as a sensor of various extracellular
signaling pathways, including the SHH pathway [9].

PDZ and LIM Domain 3 (PDLIM3) belongs to a large family of
proteins containing an N-terminal PDZ domain and a C-terminal
LIM domain. PDZ domains (~90 amino acids) are small protein-
protein interaction domains widely conserved from yeast to
human, which typically interact with the C-terminal peptide
motif of partner proteins [10, 11]. Recent studies revealed that
PDZ domains also bind to phospholipids and cholesterol
[12, 13]. The LIM domain is defined by a cysteine-rich consensus,
which is also considered as a protein-interaction module [14].
However, recognition motifs for the LIM domain have not been
established. PDLIM3 is expressed at high levels in skeletal
muscle and is believed to be involved in the organization of
actin-filament arrays within muscle cells [15, 16]. It was
previously reported that PDLIM3 binds the spectrin-like repeats
of a-actinin-2 and co-localizes with a-actinin-2 at the Z lines of
skeletal muscle [17]. Interestingly, PDLIM3 was found associated
with SHH group MB based on transcriptomic profiling of human
MB [18, 19]. However, it is still unknown whether PDLIM3 plays a
role in the tumorigenesis of SHH-MB.
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Here, our studies reveal that PDLIM3 is upregulated in SHH
group MB in human and mice. PDLIM3 is required for SHH
pathway activation in MB cells. We further show that PDLIM3 can
bind with cholesterol via the PDZ domain. Moreover, PDLIM3
localizes in primary cilia and promotes ciliogenesis by tethering
cholesterol in the cilium. Finally, we found that deletion of
PDLIM3 significantly represses MB cell proliferation and inhibits
MB growth. Our findings demonstrate the critical functions of
PDLIM3 in SHH signaling and tumorigenesis of SHH group MB.

MATERIAL AND METHODS

Animals

Ptch1 heterozygous mice (Ptch1+/— mice) and wild type mice (C57BL/6
mice) were purchased from the Institute of Model Animals at Nanjing
University. Math1-Cre Mice, Ptch1™ mice, Cas9 mice and CB17/SCID mice
were purchased from the Jackson's laboratory, and maintained in the
Laboratory Animal Facility (LAF) at Fox Chase Cancer Center. All experiments
were performed in accordance with procedures approved by the laboratory
animal committee at Soochow University and Fox Chase Cancer Center.

Cell culture
NIH3T3 and 293T cells were purchased from American Type Culture
Collection. Both cells were cultured in DMEM containing 10% fetal bovine
serum (FBS, Gibco) and 1% Pen/Strep. All cell lines were regularly tested for
mycoplasma infection (MycoAlert Mycoplasma Detection Kit, Lonza).
Primary mouse embryonic fibroblasts (MEFs) were prepared from
embryos (E10) of wild type mice, Ptch1™ mice or SmoM2 mice as
described in our previous studies [20]. Dissociated MEFs were cultured in
DMEM supplemented with 20% FBS, 1 mmol/L sodium pyruvate, 2 mmol/L
L-glutamine, 1g/L glucose, 100 U/mL penicillin/streptomycin, and 1%
nonessential amino acids (all from Life Technologies, unless noted
otherwise). GNPs were isolated from wild-type C57BL/6 mice, and MB
cells were isolated from Ptch1+/— mice or Math1-Cre/ Ptch1™ mice. The
cerebellar or tumor tissue was digested with papain solution to obtain a
single-cell suspension, followed by gradient centrifugation at 35% and
65% Percoll. 35-65% of the cells at the interface were suspended in
Dulbecco’s PBS (DPBS) with 0.5% BSA. Cells were then suspended in NB-
B27 (Neurobasal with 1mM sodium pyruvate, 2 mM L-glutamine,
B27 supplement and 1% Pen/Strep) (Invitrogen) and plated on a poly
D-Lysine (PDL) coated coverslips.

Immunofluorescence and western blotting

For immunofluorescence, cells were fixed for 15 mins with 4% parafor-
maldehyde (PFA), permeabilized in 0.1% Triton X-100 for 10 min. Cells were
then blocked for 1 hr with PBS containing 0.1% Triton X-100 and 1% BSA,
and incubated with primary antibodies overnight at 4 °C, and incubated
with secondary antibodies for 2hrs at room temperature. Cells were
counterstained with DAPI and mounted with Fluoromount-G before being
visualized using a Nikon microscopy (Eclipse Ti).

For western blot analysis, cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer (Solarbio) supplemented with protease inhibitors (5 mg/
mL PMSF and cocktails) and then centrifuged at 12,000 x g for 15 mins at
4°C. Total lysate containing equal amount of protein were separated by
SDS-PAGE gel and subsequently transferred onto PVDF membrane.
Membranes were then subjected to probe with antibodies. Uncropped
western blots are provided in Supplemental Material.

For beads binding assay, cell lysates or synthesized protein (20 pg) were
mixed with beads covalently coated with cholesterol (50 pl, Echelon
Biosciences) and incubated overnight at 4 °C. The beads were then washed
with lysis buffer, pelleted and re-suspended in 30 pl protein sample buffer
and subjected to western blot analysis.

Primary antibodies used in this study include: anti-PDLIM3 (1:1000 for
western blotting, NOVUS), anti-GFP (1:500 for immunofluorescent staining,
Invitrogen; 1:1000 for western blotting, Clontech), anti-Arl13b (1:500,
Proteintech), anti-B-tubulin (1:5000, Proteintech), anti-Ki67 (1:500, Abcam),
anti-Gli1 (1:1000, CST), anti-His (1:1000, Proteintech), anti-HA (1:1000,
Proteintech) and anti-NeuN (1:200, abcam).

SHH treatment and cholesterol treatment
SHH-CM were prepared from HEK293-shh cells (stably transfected with
secreting form of SHH) as previously described [21]. HEK293 cells were
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seeded in 10cm dishes and were grown to ~90% confluency. Culture
medium was replaced with fresh DMEM medium and incubated for 24 hrs.
SHH-enriched conditioned medium was then collected, filtered (pore size,
0.22um) and stored at —80°C in small aliquots. For SHH treatment
experiments, NIH3T3 cells were seeded in 6-well plates (10° cells/ml/well).
After cell density reached ~80% confluency, NIH3T3 cells were starved for
24 hrs in the presence of 0.5% fetal bovine serum (FBS). 50% SHH-CM was
added into cell culture for 24 hrs before collection for western blot or
Q-PCR.

For cholesterol treatment experiments, NIH3T3 cells were plated on the
coverslips in 3.5cm plates at 4 x10° cells per well and were grown to
60~70% confluency. Cells were starved in the presence of 0.5% FBS for
24 hrs, and then incubated with 50 uM water-soluble cholesterol (WSC,
C27H460, Sigma) in 0.5% FBS for 24 hrs. Cells were fixed with 4%
paraformaldehyde for 30 mins at room temperature, and stained with
freshly prepared 2 mg/mL filipin (Sigma-Aldrich) in PBS for 2 hrs at room
temperature.

Cilia induction

For primary cilia studies, NIH3T3 cells or MB cells were plated on coverslips
(4 x10° cells per coverslip) and were grown to 60~70% confluency. Cells
were then starved in the presence of 0.5% FBS for 24 hrs. Cilia were
detected by immunofluorescence with an antibody specific for Arl13b, and
ciliated cells were visualized and counted under a Nikon microscopy
system (Nikon Eclipse Ti, Japan), equipped with a NIS-elements software
(NIS-Elements BR 4.50). The cilia length was measured by the NIS-Elements
software.

Tryptophan (Trp) fluorescence quenching assays

PDLIM3 was used at a final concentration of 2 uM in the buffer: 120 mM
NaCl, 20 mM NaH,PO,4/Na,HPO,, pH 7.4 and 1% DMSO, with addition of
WS cholesterol at various concentrations. Data were collected with sample
size of 800 pL, in triplicate. All experiments were carried out using Photon
Technology International (PTI) spectrophotometer with 4 X 10 mm quartz
cuvettes. The excitation wavelength was set to 290 nm with 1 nm band-
width and the emission wavelength was set to 337 nm (where Trp has the
highest fluorescence intensity), with 6 nm light pass-width. The sample
was pre-incubated for 10 mins prior to measurement. Fluorescence was
measured continuously for 60s. The average fluorescence intensity over
the cholesterol concentrations was plotted to determine the binding
affinity between PDLIM3 and cholesterol.

Deletion of PDLIM3 using the CRISPR technique
To delete PDLIM3 gene in NIH3T3 cells by CRISPR, the exon 3 of PDLIM3
was selected for gRNA design. Single-guide RNA (gRNAs) for PDLIM3
genome editing, were designed using the online CRISPR Design Tool
(http://crispr.mit.edu/). The candidate gRNAs were inserted into a pLKO-
puro construct. NIH3T3 cells were co-infected with a lentivirus carrying
gRNA and a lentivirus with Cas-9. Monoclones were sorted by flow
cytometry and cultured on 96-well plates. Two weeks later, surviving cells
were harvested to detect the PDLIM3 deletion by sequencing. Sequences
of gRNAs for PDLIM3 deletion are as following:

PDLIM3-Cas9-1: AATATCCAAGACGCGCTCCA

PDLIM3-Cas9-2: AGCTATTGATGGCTTTGGTA

To delete PDLIM3 gene in MB cells, we crossed Math1-Cre/Ptch1™! mice
with Cas-9 mice, to generate Math1-Cre/Ptch1"/Cas-9 mice in which
tumor cells universally express Cas-9. Tumor cells isolated from Math1-Cre/
Ptch1¥"/Cas-9 mice, were infected with a lentivirus carrying mcherry-
tagged gRNAs specific for PDLIM3 (as above), or an empty vector as a
control. At 48 hrs following the infection, tumor cells were harvested to
verify the deletion of PDLIM3 by western blotting. To investigate the
tumorigenesis of MB cells after PDLIM3 knockout, CB17/SCID mice were
intracranially transplanted with PDLIM3 knockout cells or control cells
(infected with an empty vector), 5 X 10° cells/recipient mouse.

Protein synthesis and purification

PDLIM3 (1-316aa) or PDZ (1-218aa) was cloned into a pET28-MHL vector,
resulting in the N-terminal His-fusion protein, which were used to transfect
BL21 (DE3) cells. Transfected cells were cultured at 15 °C for 24 hrs upon
induction with 0.25mM Isopropyl-beta-D-thiogalactopyranoside (IPTG).
Cell lysates were harvested and purified by affinity chromatography on Ni-
nitrilotriacetate resin (Qiagen). The proteins were further purified by
Superdex75 or Superdex200 gel-filtration column (GE Healthcare, NJ) at
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Fig. 1 PDLIM3 expression is upregulated in GNPs and MB cells with SHH pathway activation. Box/dot plots showing the expression levels

of PDLIM3 in WNT, SHH, Group 3 and Group 4 subgroup of human MB (A Pfister-223-MAS5.0-u133p2; B, C GSE85217), which were analyzed
using the on-line tool from R2: Genomics Analysis and Visualization Platform (http://r2platform.com). The black dots represent the PDLIM3
expression levels of each tumor sample. A, B PDLIM3 expression levels across 4 different groups of human MB. C PDLIM3 expression levels
across 4 subtypes of SHH-MB. GLI1 and PDLIM3 proteins (D) and mRNAs (E) in MB cells from Math1-Cre/Ptch1™" mice at 8 weeks of age, and
cerebellar GNPs from wild type mice at postnatal day 6 (P6), examined by western blotting and g-PCR, respectively. p-tubulin protein
expression was used as a loading control. Gli1 and PDLIM3 protein and mRNA expressions in cerebellar GNPs isolated from wild type mice at
designated ages, examined by western blotting (F), and g-PCR (G). MB cells and GNPs were freshly isolated from rom Math1-Cre/Ptch1”" mice
at 8 weeks of age (H and J), and from wild type mice at P6 (I and K), respectively. H, | PDLIM3 mRNA expression in differentiated cells (TAG1+)
and their undifferentiated counterparts (TAG1—), examined by g-PCR. Time course of PDLIM3 mRNA expression in MB cells (J) and GNPs (K)

after being cultured in vitro.

4°C, which was concentrated to 40~80 uM in a buffer containing 20 mM
Tris-HCI, pH 7.5, 150 mM NaCl and 1 mM DTT, and then stored at —80 °C.
Protein concentrations were determined using theoretical molar extinction
coefficients at 280 nm.

Lentiviral production and PDLIM3 knockdown
HEK293 cells were seeded in 10 cm dishes and transfected with pMD2.G,
psPAX2 (Addgene) to produce lentiviruses carrying PDLIM3 shRNAs and
scrambled shRNA (Genechem, GIEL0133053), pLV-AcGFP-PDLIM3, pLUT
Gli1-HA or pLV-gRNA-mcherry plasmids, in accordance with the standard
protocol. After 48 hrs in culture, lentiviruses-enriched media was collected,
filtered (pore size, 0.22 um) and stored at —80 °C.

Sequences for shRNAs are as following:

Scrambled shRNA: TTCTCCGAACGTGTCACGT

PDLIM3 shRNA1: ACTGTAACCTCAACCTCAA

PDLIM3 shRNA3: GGCTCTATTCAACTAGCAA

q-PCR

Total RNA was isolated from cells using the TRizol reagent (Thermo Fisher
Scientific), and cDNA was synthesized using oligo (dT) and Superscript II
reverse transcriptase (Takara). Q-PCR reactions were performed in triplicate
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using SYBR gPCR Master Mix and ABI 7500 Real-Time PCR Detection
System. Primers specific to GAPDH, PDLIM3, GLI1, Sfrpland Ptch2 are
available upon request.

Statistical analysis

All graphs in the paper were prepared using GraphPad Prism 8. Data (from
at least 3 biological replicates) were analyzed for statistical significance
using Student’s t test unless otherwise stated. Difference in the survival of
CB17/SCID mice after cell transplantation was assessed using the Kaplan-
Meier survival analysis and the mantel-Cox log-rank test was used to assess
the difference between the survival of two cohorts of mice. *p < 0.05;
**p <0.01; ***p <0.001; ns, not significant.

RESULTS

PDLIM3 expression correlates with SHH pathway activation in
MB cells and GNPs

To assess PDLIM3 mRNA expression in human MB, we inter-
rogated the microarray expression data of a cohort of 223 human
MB samples (Pfister-223-MAS5.0-u133p2) (Fig. 1A), and a cohort of
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763 human patient MB samples (GSE85217) (Fig. 1B, C). As shown
in Fig. 1A, B, levels of PDLIM3 are significantly upregulated in SHH-
MB, compared with the other three groups including WNT, group
3 and group 4 (p<0.001). We further examined PDLIM3
expression levels in subgroups of Shh-MB (223 samples). High
expression levels of PDLIM3 were observed across all four
subgroups of SHH-MB (Fig. 1C). However, PDLIM3 expression in
SHH-MB appears to be subgroup-dependent, with the highest
expression in SHH-§, and lowest expression in SHH-y (p < 0.05).
Consistent with previous reports [18, 19], these data suggest that
PDLIM3 expression is particularly associated with SHH group MB.
However, no significant correlation was found between the
expression levels of PDLIM3 and the survival of SHH-MB patients
(data not shown).

We next examined mRNA and protein expression of PDLIM3 in
mouse MB cells and their normal counterparts, cerebellar GNPs. As
expected, levels of Gli1 protein, a target protein of SHH pathway,
were significantly increased in MB cells compared with GNPs
(Fig. 1D), confirming the overactivation of SHH pathway in MB
cells. Elevated expression levels of PDLIM3 protein and mRNA
were detected in MB cells compared with GNPs (Fig. 1D, E). We
then harvested GNPs in developing cerebella at various stages
from postnatal day 1 (P1) to day 13 (P13), and examined Gli1 and
PDLIM3 proteins by Western blotting. As shown in Fig. 1F, Gli1
protein levels in GNPs progressively increased from P1 to P7. After
this, the level of Gli1 protein gradually declined until P13. These
expression patterns are consistent with the temporal activation of
the SHH pathway observed in developing cerebella [3, 4]. In
parallel with Gli1 expression, PDLIM3 protein levels increased in
the GNPs from P1 to P7, and then declined until P13. Similar
patterns of PDLIM3 mRNA expression were detected in GNPs from
developing cerebella (Fig. 1G). These data indicate that PDLIM3
expression correlates with SHH pathway activation in MB cells and
GNPs from developing cerebella.

We previously reported that GNPs and MB cells can undergo
terminal differentiation in vivo and in vitro [22, 23]. Differentiated
GNPs and MB cells express TAG1 protein, in which SHH pathway
activation is suppressed, as in our previous studies [22, 23] and in
supplementary fig. S1. Reduced levels of PDLIM3 were detected in
differentiated MB cells and GNPs, purified from tumor tissues and
cerebella (Fig. TH, I). PDLIM3 mRNA expression also decreased
significantly as they differentiated in vitro (Fig. 1J, K). These data
suggest that the expression of PDLIM3 mRNA and protein is
downregulated in differentiated MB cells and GNPs as SHH
pathway is repressed in these cells.

Collectively, these data confirm that PDLIM3 expression is
associated with SHH pathway activation in MB cells or GNPs,
suggesting that PDLIM3 may be involved in the regulation of SHH
signaling transduction.

PDLIMS3 is required for SHH pathway activation

To investigate the possible role of PDLIM3 in regulating SHH
pathway activation, we utilized NIH3T3 cells that are commonly
used to study SHH signaling transduction. NIH3T3 cells were
cultured for 24 hrs in the absence or presence of SHH-containing
culture medium (SHH-CM). Comparable levels of PDLIM3 mRNA
expression were detected under both conditions (Fig. 2A),
suggesting that PDLIM3 is not a direct target gene of SHH
pathway. To examine the function of PDLIM3 in SHH signaling
transduction, we knocked out PDLIM3 in NIH3T3 cells using the
CRISPR technique (Fig. 2B). No cell death or apoptosis was
observed in NIH3T3 cells after PDLIM3 deletion (data not shown).
Wild type NIH3T3 cells or PDLIM3-null NIH3T3 cells were cultured
for 24h in the absence or presence of SHH-CM. As shown in
Fig. 2C, basal levels of Gli1 protein expression were repressed in
NIH3T3 cells after PDLIM3 deletion. As expected, Gli1 protein
expression was elevated in wild type NIH3T3 cells following
treatment with SHH-CM. However, SHH-CM failed to increase Gli1
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protein levels in PDLIM3-null NIH3T3 cells. These data suggest that
PDLIM3 deletion in NIH3T3 cells compromises SHH pathway
activation. We further examined mRNA expression of Hh pathway
target genes, including GLI1, PTCH2 and SFRP1, in NIH3T3 cells. As
expected, upregulation of GLI1, PTCH2 or SFRP1 was detected in
NIH3T3 cells cultured in SHH-CM, compared with control CM.
However, no significant alterations in the expression of SHH
pathway target genes were observed in PDLIM3-null cells
following SHH-CM treatment (Fig. 2D-F). These results demon-
strate that PDLIM3 is necessary for SHH pathway activation in
NIH3T3 cells.

We then overexpressed PDLIM3 in NIH3T3 cells by transfection
with a vector encoding GFP-PDLIM3 or an empty GFP vector as a
control. No significant difference in the level of GLI1 protein was
observed between PDLIM3-overexpressing NIH3T3 cells and
control cells without SHH treatment (Fig. 2G). Upon SHH
treatment, levels of GLI1 proteins were significantly elevated in
NIH3T3 cells transfected with PDLIM3, compared with control cells
(Fig. 2G, H). These data suggest that forced expression of PDLIM3
augments SHH pathway activation in NIH3T3 cells.

In summary, all the above data demonstrate that PDLIM3 is
required for SHH pathway activation and PDLIM3 enhances SHH
signaling transduction in NIH3T3 cells.

PDLIM3 regulates SHH signaling transduction above the level
of Gli1

We next sought to define which component of SHH pathway is
regulated by PDLIM3. For this purpose, we examined whether
PDLIM3 deficiency affects the SHH signaling in mouse embryonic
fibroblasts (MEFs) after activating SHH pathway at different levels
by means of SHH treatment, PTCH1 deletion, SMO activation,
SUFU deletion or GLI1 overexpression (Fig. 3A). We prepared
MEFs from wild type mice, which were then transfected with a
construct carrying shRNAs specific for PDLIM3, or a scrambled
shRNA (Fig. 3B). Transfected MEFs were cultured in SHH-CM for
24 h. Consistent with our findings in Fig. 2C-F, the expression of
GLIT and PTCH2 mRNAs was significantly downregulated in
PDLIM3-deficient MEFs, compared with MEFs transduced with
scrambled shRNA (Fig. 3C), suggesting that PDLIM3 knockdown
inhibits SHH pathway activation in MEFs induced by SHH
treatment. We then prepared MEFs from mice carrying condi-
tional alleles of Ptch1 (Ptch1™® mice) [24], or from mice carrying a
conditional allele of constitutively activated Smo (SmoM2 mice)
[25], and generated Ptch1—/— MEFs and SmoM2 MEFs by
infection with a viral vector encoding Cre recombinase, as in
our previous studies [20]. Ptch1—/— MEFs and SmoM2 MEFs were
then transfected with PDLIM3 shRNA or scrambled shRNA. As
shown in Fig. 3D, E, the expression levels of GLIT and PTCH2 were
significantly depressed in Ptch1—/— MEFs or SmoM2 MEFs after
PDLIM3 knockdown. Repressed SHH signaling by PDLIM3 knock-
down was also observed in SUFU—/— MEFs (Fig. 3F). These data
suggest that PDLIM3 deficiency compromises the SHH pathway
activation induced by Ptch1 deletion, Smo activation or Sufu
deletion.

Finally, we transfected wild type MEFs with a construct
encoding Gli1l, which were then transfected with
PDLIM3 shRNAs or scrambled shRNA as above. Comparable
levels of GLIT and PTCH2 mRNA expression were found in Gli1-
overexpressed MEFs transduced with PDLIM3 shRNAs or
scrambled shRNA (Fig. 3G), suggesting that forced expression
of Gli1 overrides the regulation of PDLIM3 on SHH pathway
in MEFs.

Together these observations suggest that PDLIM3 affects SHH
signaling at a level upstream from Glil. Ptch1, Smo and Sufu
regulate hedgehog signaling mainly in primary cilia. PDLIM3
deficiency counteracts the activating effects of Ptch1 deletion,
Smo activation or Sufu deletion, on Hh pathway, implying that
PDLIM3 may influence ciliatransduced formation and/or stability.
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Fig. 2 PDLIM3 is required for SHH signaling transduction in NIH

3T3 cells. A mRNA expression of Gli1 and PDLIM3 in NIH3T3 cells after

treatment with SHH-CM for 24 hrs, examined by g-PCR. B, C PDLIM3 protein in NIH3T3 cells (control) or in two lines of NIH3T3 cells after
PDLIM3 knockout by CRISPR (PDLIM3 null cells, KO-1 and KO-2), examined by western blotting (B). Gli1 and PDLIM3 proteins in NIH3T3 cells
(control, KO-1 and KO-2) in the presence/absence of SHH-CM, examined by western blotting (C). mRNA expression of SHH pathway genes
including Gli1 (D), Ptch2 (E) and Sfrp1 (F) in control NIH3T3 cells and PDLIM3 null cells (KO-1 and KO-2), examined by g-PCR. PDLIM3 and Gli1

proteins in NIH3T3 cells infected with a construct encoding GFP-PD
were quantified in H.

PDLIMS is localized to the cilia of NIH3T3 cells and MB cells

We next examined the intracellular distribution of PDLIM3 by
introducing a construct encoding a GFP-fused PDLIM3 or an
empty GFP vector into NIH3T3 cells. As shown in Fig. 4A, GFP
fluorescence was distributed throughout the cytoplasm
and nuclei of NIH3T3 cells after transfection with GFP alone.
However, the GFP signal was enriched in stress fibers
(phalloidin+) of NIH3T3 cells transfected with the PDLIM3-GFP
construct (Supplementary Fig. S2), in agreement with previous
studies revealing the cytoskeletal localization of PDLIM3 [26, 271.
Importantly, PDLIM3-GFP protein was also detected in the cilia
(Arl13b+) of NIH3T3 cells (Fig. 4A, B), whereas no ciliary GFP was
found in NIH3T3 cells transfected with GFP alone (Fig. 4A, B).
Similarly, GFP signal was found in the cilia of MB cells after
transfection with the PDLIM3-GFP construct, but no ciliary GFP
was present in MB cells transfected with the GFP alone (Fig. 4C, D).
These data reveal the cilia localization of PDLIM3 in NIH3T3 cells
and MB cells.

Cell Death & Differentiation

LIM3 or GFP alone as a control, examined by western blotting (G), which

PDLIM3 contains at least three conserved domains: a PDZ
domain, a ZM domain and a LIM domain [27, 28]. To determine
which domain of PDLIM3 is responsible for its cilia localization, we
generated constructs encoding a GFP fusion protein with the full-
length construct, PDZ domain, ZM domain or LIM domain of
PDLIM3 (Fig. 4E, F), which were then introduced into NIH3T3 cells
by transfection. Based on the GFP signal, both the full-length and
PDZ domain of PDLIM3 were found in the cilia of transfected
NIH3T3 cells (Fig. 4G). However, the isolated ZM or LIM domains
were absent in the cilia (Fig. 4G). These data indicate that the PDZ
domain predominantly mediates the cilia localization of PDLIM3 in
NIH3T3 cells.

PDLIM3 deletion impairs cilia formation in NIH3T3 cells

To investigate possible functions of PDLIM3 in cilia, we
examined the cilia formation in NIH3T3 cells after deletion of
PDLIM3 by CRISPR (Fig. 5A). As shown in Fig. 5A, cilia were
readily detected in the control NIH3T3 cells. However, the

SPRINGER NATURE
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Fig.3 PDLIMS3 regulates SHH pathway activation upstream of Gli1. A A schematic diagram of SHH pathway. In the cilia, SHH ligand binds to
its negative receptor Ptch1, releasing and activating Smo, which consequently activates Gli1. The activation of Gli1 is normally repressed by
Sufu. Activated Gli1 then translocates to the cell nucleus to induce the transcription of hedgehog pathway target genes such as Gli1, Gli2 and
Ptch2. The functions of PDLIM3 were examined in MEFs after activating hedgehog pathway at different levels (in red boxes). B PDLIM3 protein
expression in MEFs cells from wild type mice, after infection with shRNAs specific for PDLIM3 (shPD#1 or shPD#3) or scrambled shRNA (shCtrl),
examined by western blotting. MEFs were prepared from wild type mice (C and G), Ptch1™"" mice (D), SmoM2 mice (E) and Sufu mutant mice
(F). mRNA expression of Gli1 and Ptch2 in MEFs in the presence/absence of SHH-CM (C), following infection with Cre recombinase or control
infection (D, E) or in Sufu mutant MEFs, examined by g-PCR. Wild type MEFs were infected with a lentivius carrying Gli1 expressing vector, or
an empty vector as a control. mRNA expression of Gli2 and Ptch2 in MEFs after forced expression of Gli1 or an empty vector, examined by
g-PCR (G).
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percentage of ciliated cells was significantly decreased after
PDLIM3 deletion (Fig. 5B). Moreover, the cilia in PDLIM3-null
cells were significantly shorter than in control cells (Fig. 5C, D).
These data suggest that PDLIM3 deletion interferes with cilia
formation in NIH3T3 cells.

SPRINGER NATURE

We next restored PDLIM3 expression in PDLIM3-null cells by
transfection with a construct of full-length PDLIM3, PDZ domain
only, a mutant form of PDLIM3 lacking the PDZ domain (FLAPDZ),
or an empty GFP construct as a control (Fig. 5E). As expected, the
percentage of ciliated cells was significantly increased in PDLIM3-
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Fig. 5 PDLIM3 promotes cilia formation in NIH3T3 cells. A, B Cilia of control NIH3T3 cells (WT) and PDLIM3 null cells were detected by
Immunofluorescence (ARL13B in red). Cells were counterstained with DAPI (A). The percentage of ciliated cells in total cells was quantified in
B. Scale bars: 10um. C, D Ciliar length was shown in 3 randomly selected control NIH3T3 cells (WT) and PDLIM3 null cells after
immunofluorescence of ARL13B in red and counterstained with DAPI (C). The length of cilia from control NIH3T3 cells (WT, n = 67) and PDLIM3
null cells (KO, n = 33) was quantified in D. Scale bars: 5 pm. E-H PDLIM3 null NIH3T3 cells were transduced with a GFP-tagged plasmid carrying
an empty vector (GFP) or full-length PDLIM3 (PDLIM3), PDZ domain only (PDZ) or full-length PDLIM3 lacking PDZ domain (FLAPDZ). Cilia of
NIH3T3 cells were detected by immunofluorescence ((ARL13B in red, E). The percentage of ciliated cells in transduced cells (GFP+), and the
length of cilia in transduced cells were quantified in F and G (GFP, n = 53; PDLIM3, n =70, PDZ, n =42, and FLAPDZ, n = 37), respectively. GLI1
protein in PDLIM3 null NIH3T3 cells transduced with GFP, PDZ or FLAPDZ, in the presence/absence of SHH-CM, was examined by western

blotting (H). Scale bars: 10 pm.
«

null cells upon transfection with the full-length PDLIM3 or the PDZ
domain compared with the control transfection (Fig. 5F). More-
over, the cilia were significantly elongated in PDLIM3-null cells
after restoration of the full-length PDLIM3 expression or the PDZ
domain of PDLIM3 (Fig. 5G). However, no significant alterations in
the number of cilia or cilia length were observed in PDLIM3-null
cells transduced with the mutant PDLIM3 lacking the PDZ domain
(Fig. 5E-G). These data confirm that compromised cilia formation
in PDLIM3-null cells is indeed due to lack of PDLIM3, and the
critical function of PDLIM3 in cilia formation is predominately
mediated by the PDZ domain. In addition, we examined GLI1
protein in PDLIM3-null NIH3T3 cells transduced with the PDZ
domain, FLAPDZ or an empty GFP vector, in the presence/absence
of SHH-CM. The GLIT protein level was significantly increased in
PDLIM3-null cells after transfection with the PDZ domain, but not
with the GFP vector or the FLAPDZ construct (Fig. 5H). These data
confirm that the PDZ domain of PDLIM3 is critical for SHH
signaling transduction.

PDLIM3 mediates ciliary delivery of cholesterol in NIH3T3 cells
and MB cells

It was previously reported that many PDZ domain-containing
scaffold proteins can modulate cell signaling through interaction
with cholesterol [13]. Moreover, cholesterol is essential for
hedgehog signaling transduction [29-32]. In order to test whether
PDLIM3 can interact with cholesterol as well, we performed pull-
down experiments using beads covalently coupled with choles-
terol. Cholesterol beads were incubated with lysates from NIH3T3
cells transduced with GFP or GFP fused to the full length (GFP-
PDLIM3), PDZ domain (GFP-PDZ) or LIM domain (GFP-LIM) of
PDLIM3 (Fig. 6A). As shown in Fig. 6B, both the full-length PDLIM3
protein and the PDZ domain were pulled down by the cholesterol
beads. However, we found no evidence for cholesterol binding in
the case of lysates of NIH3T3 cells transfected with GFP alone or
LIM domain of the PDLIM3. These data suggest that PDLIM3 can
bind cholesterol, and that such interaction is mediated by the PDZ
domain. To further test the physical interaction between
cholesterol and PDLIM3 or its PDZ domain of PDLIM3, we
expressed full-length PDLIM3 or the PDZ domain in E. coli
(supplementary fig. S3). Harvested full-length PDLIM3 and the PDZ
domain were captured by cholesterol beads, but not by control
beads (Fig. 6C, D). We next performed cholesterol competition
experiments by incubating PDLIM3 or the PDZ domain with
cholesterol beads in the presence of water-soluble (WS) choles-
terol. As shown in Fig. 6E, F, the addition of cholesterol
significantly reduced the amount of PDLIM3 or PDZ domain
captured by the cholesterol beads. These data demonstrated that
PDLIM3 can directly bind with cholesterol through the PDZ
domain. In an effort to obtain more quantitative information on
binding affinity and stoichiometry, we monitored the changes in
intrinsic fluorescence of PDLIM3 and its isolated PDZ domain upon
addition of WS cholesterol. As shown in Fig. 6G, titration of
cholesterol against a 5 uM solution of full-length PDLIM3 resulted
in a sharp decrease in fluorescence at low cholesterol concentra-
tions followed by a plateau at concentrations above 5 uM. This
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behavior is fully consistent with a 1:1 binding equilibrium with
dissociation constant, K4 « 5 uM, as documented by the quality of
the non-linear least-squares fit of this model (solid line in Fig. 6G).
When we repeated this experiment for the isolated PDZ domain,
we observed a similar decrease in tryptophan fluorescence. This
observation confirms that cholesterol binds to a specific site on
PDZ, giving rise to a significant decrease in fluorescence emission
of tryptophan, either due to a direct contact or a secondary
conformational change resulting in enhanced fluorescence
quenching.

Having observed the physical interaction between cholesterol
and PDLIM3, we next tested whether the disrupted ciliogenesis
in PDLIM3-null cells is due to lack of cholesterol in the cilia. As shown
in Fig. 6H, cholesterol was readily detected in the cilium of NIH3T3
cells by the filipin staining, which is consistent with previous findings
that cholesterol is enriched in primary cilia [33, 34]. However, in
PDLIM3-null cells, the intensity of filipin signal was markedly
reduced in the cilia (Fig. 6H). Moreover, ciliary cholesterol was
restored in the PDLIM3-null cells by forced expression of PDLIM3
(Fig. 6H). These data suggest that the presence of ciliary cholesterol
relies on PDLIM3 expression in NIH3T3 cells. We then treated
PDLIM3 null NIH3T3 cells with WS cholesterol. As expected,
cholesterol was found in the cilia of PDLIM3-null cells in the
presence of WS cholesterol. More importantly, the percentage of
ciliated cells was significantly increased (Fig. 6l), and cilia length was
increased in PDLIM3 null NIH3T3 cells after treatment with WS
cholesterol (Fig. 6J), suggesting that WS cholesterol treatment
rescued the deficiency of cilia formation in PDLIM3 null NIH3T3 cells.
These data suggest that PDLIM3 may support ciliogenesis by
recruiting cholesterol to cilia.

PDLIMS3 is necessary for MB cells proliferation and tumor
growth

To test the possible role of PDLIM3 in MB progression, we decided
to examine the growth of MB cells after deletion of PDLIM3. For
this purpose, we crossed conditional Ptch1 knockout mice (Math1-
Cre/Ptch1™ mice) with Cas9 mice that constitutively express
CRISPR associated protein (Cas9) endonuclease [35]. MB cells
isolated from Math1-Cre/Ptch1™™ /Cas9 mice, were infected with a
lentivirus carrying mCherry-tagged guide RNA specific for PDLIM3,
or an empty mCherry vector (Fig. 7A). The percentage of
proliferative cells (Ki67+) was significantly reduced in MB cells
infected with PDLIM3 guide RNA, compared to infection with
control virus (Fig. 7B, C). These data suggest that PDLIM3 deletion
in MB cells represses their proliferation. Expression levels of GLI1
and PTCH2 mRNAs were significantly reduced in MB cells infected
with the PDLIM3 gRNA, compared with control virus (Fig. 7D),
suggesting that PDLIM3 deletion inhibited SHH signaling in MB
cells. We then intracranially transplanted MB cells infected with
virus containing mCherry-tagged PDLIM3 gRNA or an empty
vector, into CB17/SCID mice as in our previous studies [20]. At
2 weeks after the transplantation, majority of control tumor cells
(tranduced with the empty vector) were found positive for Ki67
(Fig. 7E), suggesting that these cells were extensively proliferative.
However, almost no Ki674 cells were found in tumor cells
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transduced with PDLIM3 gRNA (Fig. 7E), and most of those PDLIM3
null tumor cells expressed NeuN, suggesting that PDLIM3 null
tumor cells have differentiated after the transplantation. No
significant alterations in the apoptosis were detected between
PDLIM3 null tumor cells and control tumor cells (data not shown).
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GLIT mRNA expression levels were significantly reduced in
recipient cerebella transplanted with PDLIM3 null cells, compared
with those in the cerebella transplanted with control tumor cells
(Fig. 7F). These data further confirm that PDLIM3 deletion
represses MB cell proliferation. Finally, tumor cells infected with
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Fig. 6 PDLIM3 tethers cholesterol in the cilia of NIH3T3 cells. A, B Lysate of NIH3T3 cells transduced with the PDLIM3-GFP, PDZ-GFP or LIM-
GFP construct, were used for cholesterol binding assays using beads coated with cholesterol. Input (A) and captured proteins (B) were
examined by western blotting using an antibody against GFP. C-F Synthesized proteins of full-length PDLIM3 (C) or PDZ domain (D) were
used for cholesterol binding assays using beads coated with cholesterol or control beads (C, D). In E and F, synthesized proteins were
incubated with cholesterol-coated beads in the absence/presence of 50 UM WS cholesterol. Captured proteins were examined by western
blotting using anti-His antibody. G Tryptophan (Trp) fluorescence quenching assay to examine the direct interaction between PDLIM3 and
cholesterol. Trp fluorescence levels of full length PDLIM3 (left image) or PDZ domain (right image) in the presence of WS cholesterol.
H-J Immunocytochemistry analyses of primary cilia in NIH3T3 cells transfected with GFP control, PDLIM3 knockout (KO) cells with or without
PDLIM3 overexpression, or PDLIM3 KO cells treated with WS cholesterol. Primary cilia were immunostained with the ARL13B antibody (red),
and cholesterol was labeled with filipin (blue). Boxed regions in left images are magnified at the right. (KO, n = 26; KO/Cholesterol, n = 34).
Scale bars: 3 pm. Percentage of ciliated cells (I, n = 200) and the length of cilia (J; KO cells: n = 26; KO cells with cholesterol treatment: n =34) in
PDLIM3-KO cells with/without cholesterol treatment.
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Fig. 7 PDLIMS3 is required for MB growth. A-D MB cells were infected by control virus (with an empty mCherry vector) or a virus carrying
PDLIM3 gRNA for 48 h. Western blot analysis of PDLIM3 protein in infected MB cells (A); and (B) Immunofluorescence analyses of cell
proliferation (Ki67+) in infected MB cells (mCherry+). Scale bars: 20 pm. The percentage of proliferative cells in infected MB cells was
quantified in C. mRNA expressions of Gli1 and Ptch2 in infected MB cells were examined by g-PCR (D). E-G Cerebellar sections were prepared
from recipient mice after two weeks following the transplantation (E). Injected tumor cells were identified based on the mCherry signal
(circled by dotted lines). DAPI was used to counterstain cell nuclei. Cerebellar sections were immunostained for Ki67 and NeuN. Magnified
view of tumor cells are shown in the right panels. Scale bars: 40 pm. Gli1 mRNA expression in the recipient cerebella was examined by g-PCR
(F). Survival curves of CB17/SCID mice transplanted with tumor cells virally transduced with PDLIM3-gRNA or an empty vector (control) (G).
Median survival: control, 50 days; PDLIM3-gRNA, undefined.

Cell Death & Differentiation SPRINGER NATURE

11



J. Zhang et al.

12

the empty virus developed tumors in recipient mice with 100%
penetrance (Fig. 7G). However, the tumor latency of PDLIM3 null
MB cells was significantly prolonged (p < 0.01). These data indicate
that PDLIM3 deletion significantly inhibits tumor growth. The
above results demonstrate the important functions of PDLIM3 in
the proliferation and tumorigenicity of MB cells.

DISCUSSION

Previous studies of PDLIM3 have been limited to muscle cells.
PDLIM3 knockout in mice causes ventricular chamber dilation and
dysfunction during embryonic development, which was due to
destabilization of actin anchorage sites in cardiac muscle [36].
Although PDLIM3 is considered a diagnostic marker for SHH-
group MB, its functions in the tumorigenesis of MB are not well
understood. Here we have thoroughly analyzed the PDLIM3
expression during the development of cerebellar GNPs (the
putative origin for SHH-MB) and the differentiation of MB cells,
and found that PDLIM3 expression in GNPs and MB cells closely
correlates with the levels of SHH pathway activation in these cells.
These observations suggest that PDLIM3 plays an important role
in  regulating SHH signaling transduction. Deletion of
PDLIM3 significantly repressed SHH signaling and inhibited the
proliferation of MB cells, further confirming that PDLIM3 is
required for SHH signaling transduction and proliferation in MB
cells. These studies demonstrate the critical functions of PDLIM3 in
the tumorigenesis of SHH-MB, further supporting the use of
PDLIM3 as a biomarker for subgrouping SHH-MB in the clinic.

PDLIM3 deficiency compromised Hh pathway activation in MEFs
upon SHH treatment, Ptchl deletion, Smo activation or Sufu
deletion, but failed to interfere with SHH signaling in MEFs after
forced expression of Glil. These results suggest that PDLIM3
impinges on hedgehog signaling transduction at a level above the
Gli1, presumably during the formation of cilia, where Ptch1, Smo or
Sufu regulates hedgehog signaling. Indeed, deletion of PDLIM3 by
CRISPR significantly inhibited cilia formation and shorten the cilia
length in NIH3T3 cells and MB cells, which was rescued by the
restoration of PDLIM3 expression. These findings reveal that PDLIM3
is required for cilia formation. It is well established that cholesterol is
essential for the formation and stability of cilia [31, 33, 37]. Using
beads covalently coated with cholesterol, we further demonstrate
that both endogenous and synthesized PDLIM3 can bind choles-
terol. Moreover, exogenous cholesterol significantly enhanced cilia
formation and elongation in PDLIM3 null cells. These data suggest
that PDLIM3 promotes ciliogenesis through cholesterol delivery. We
cannot completely exclude the possibility that PDLIM3 may affect
the ciliogenesis and/or cilia functions through interaction with other
cilia associated proteins, such as intraflagellar transport proteins and
kinesin superfamily proteins [38, 39].

It is well established that cholesterol is indispensable for
hedgehog signaling transduction [29, 30, 32, 40, 41]. Both Smo
and Ptch proteins are found to physically interact with cholesterol,
which regulate the activities of these two proteins through
conformational changes. However, it is still unknown how the
highly hydrophobic cholesterol can access Ptch1l or Smo to
regulate the hedgehog pathway activation in cilia. It was
previously postulated that an unidentified lipid transfer protein
may deliver the cholesterol to Smo [41]. Our studies suggest that
PDLIM3 may serve this role, based on its cilia localization and
ability to bind cholesterol through its PDZ domain. In agreement
with our findings, many PDZ domain-containing proteins includ-
ing NHERF1/EBP50, 3 syntrophin isoforms (a, 32 and y2), tamalin,
PDZK2, PSD95 and SAP97, were found to interact with cholesterol
and have cholesterol binding sites [13]. Interestingly, Chong et al.
reported that DIg5 (encoded by Discs large homolog 5) can
physically interact with Smo through the PDZ domain [42]. These
reports support the hypothesis that PDLIM3 may regulate the
activity of Smo and Ptch1 by cholesterol delivery.
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Disrupted ciliogenesis in PDLIM3 null cells was rescued by
treatment with WS cholesterol, suggesting that impaired cilia
formation in these cells is predominantly due to lack of ciliary
cholesterol. These findings are consistent with recent studies that
disruption in cilia transportation of cholesterol resulted in
impaired ciliogenesis in hereditary Zellweger syndrome [34]. In
addition, pharmacological cholesterol depletion or disruption of
cholesterol metabolism disturbs the formation of primary cilia
[37, 43]. Although cholesterol is enriched in the cilia, the source of
cholesterol in cilia is still not clear. In our studies, PDLIM3 was
found to reside both in cilia and cytoskeletal fibers that are
responsible for transferring cholesterol from cytoplasm to cilia
[34, 44]. Therefore, it is likely that PDLIM3 is involved in the cilia
transportation of cholesterol from the cytoplasm into cilia.
However, recent studies revealed that membrane cholesterol is
the main source of ciliary cholesterol [31, 33]. It remains possible
that PDLIM3 tethers membrane cholesterol to facilitate cilia
formation and regulate Hh signaling. Future studies are warranted
to explore these possibilities.

The critical role of SHH signaling in MB tumorigenesis makes
this pathway an attractive therapeutic target for MB treatment.
Currently most hedgehog pathway inhibitors such as vismodegib
and sonidegib target Smo, appear to be ineffective in MB cells
with mutations downstream of Smo [45]. Moreover, these Smo
antagonists often cause drug resistance in MB cells due to the
conformational changes of Smo [46-48]. Therefore, alternative
targets are still needed to inhibit the SHH pathway in MB cells.
Here our studies revealed that PDLIM3 is critical for SHH signal
transduction in MB cells, and deletion of PDLIM3 significantly
represses tumor growth in vivo. Therefore, PDLIM3 is a promising
therapeutic target for MB treatment. Because PDLIM3 deficiency
represses Hh signaling by interfering with cilia formation,
approaches for targeting PDLIM3 protein or inhibiting PDLIM3
expression could provide a valuable tool to overcome anti-Smo
resistance (intrinsic and acquired) of MB cells.
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