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Abstract

Dysregulation of Sonic hedgehog (SHH) signaling drives the growth of distinct cancer subtypes, 

including medulloblastoma (MB). Such cancers have been treated in the clinic with a number 

of clinically relevant SHH inhibitors, the majority of which target the upstream SHH regulator, 

Smoothened (SMO). Despite considerable efficacy, many of these patients develop resistance to 

these drugs, primarily due to mutations in SMO. Therefore, it is essential to identify druggable, 

signaling components downstream of SMO to target in SMO inhibitor resistant cancers. We 

utilized an integrated functional genomics approach to identify epigenetic regulators of SHH- 

signaling and identified a novel complex of Ubiquitin-like with PHD and RING finger domains 1 

(UHRF1), DNA methyltransferase 1 (DNMT1), and GLI proteins. We show that this complex is 

distinct from previously described UHRF1/DNMT1 complexes, suggesting that it works in concert 

to regulate GLI activity in SHH driven tumors. Importantly, we show that UHRF1/DNMT1/GLI 

complex stability is targeted by a repurposed FDA-approved therapy, with a subsequent reduction 

in the growth of SHH-dependent MB ex vivo and in vivo.
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INTRODUCTION

Medulloblastoma is the most common malignant, pediatric brain tumor [1]. Large-scale 

genomic analyses have been used to stratify MB patients, based on their molecular 

drivers, into four major molecular subgroups WNT, SHH, group 3, and group 4 [1–

3], and numerous subtypes within each subgroup [4]. SHH subgroup MB (SHH-MB) 

accounts for ~30% of MB cases and is characterized by hyperactivation of SHH signaling 

[5]. Although SHH-MB patients have an approximately 75% 5-year survival rate under 

standard of care treatment (surgery, radiation, and cytotoxic chemotherapy) (reviewed in 

[6]), many of them exhibit treatment-induced long-term sequelae, including neurocognitive 

difficulties, endocrinopathies and secondary malignancies [7]. Further, SHH-MB comprises 

four molecular subtypes (α, β, γ and δ) with distinct prognosis [4]. Of these subtypes, 

SHH α and β are associated with the worst outcome (5-year survival rates below 70%), 

likely due to their higher rate of TP53 mutation (SHH α) or increased metastases (SHH 

β) [4]. These clinical challenges highlight a significant need for targeted therapies that 

reduce the toxicity and long-term treatment induced sequelae of SHH-MB patients and 

improves the survival of subsets of this cohort with significantly poorer outcomes. Targeted 

therapeutics for SHH-MB patients have been undergoing evaluation in the clinic, including 

those capable of directly blocking SHH signaling [8–11]. Although these SHH inhibitors 

showed significant efficacy in SHH-MB patients, rapid drug resistance was also observed [8, 

10]. Such work highlighted both the promise and challenges of inhibiting SHH signaling in 

MB patients.

SHH binding to its receptor, the main component of which is the multi-transmembrane 

protein Patched 1 (PTCH1), initiates its signaling [12, 13] (and reviewed in [14]) . PTCH1 

functions as a negative regulator of the SHH pathway [15, 16], consistent with its role 
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as a common tumor suppressor in basal cell carcinoma, MB, and rhabdomyosarcoma 

[17]. Ligand-bound PTCH1 releases its inhibition on the pivotal positive regulator of the 

SHH signaling pathway, SMO [18], a seven transmembrane protein that also functions 

as the target for three FDA approved small-molecule inhibitors [19–21]. SMO ultimately 

acts to regulate the activity, localization, and stability of the GLI family of transcription 

factors (GLI1-3) [14]. The three GLI transcription factors function as the ultimate effector, 

among which GLI1 and GLI2 are the dominant transcriptional activators, to regulate the 

expression of GLI target genes, including GLI1 [14]. In the absence of SHH, activation 

of GLI is prevented via their association with the negative regulator SUFU [22, 23]. 

GLI proteins also function in conjunction with various other transcriptional co-activator 

and co-repressor proteins [24]. Such proteins include Histone deacetylase 1 (HDAC1) and 

Histone deacetylase 2 (HDAC2), which enhance GLI transcriptional activity by removing 

their acetylate modifications [25]; Bromodomain containing 4 (BRD4), which coactivates 

the transcription of GLI-target genes [26, 27]; and Polycomb repressive complex 2 

(PRC2) or lysine demethylase 6B (KDM6B/JMJD3), which interacts with GLI proteins 

to epigenetically mediate inhibition or activation of GLI-target genes respectively [28].

Given that rapid resistance to SMO inhibitors is driven mostly by mutations in SMO itself 

[29, 30], we set out to identify novel, druggable components of the SHH pathway that act 

downstream of SMO. We performed an epigenetic regulator focused siRNA-based screen 

and identified UHRF1 and DNMT1 as potential positive GLI regulators. Meta-analyses of 

MB genomic data showed that increased expression of either gene correlated with poor 

SHH-MB patient outcome. We also showed that both gene-products do indeed regulate SHH 

signaling downstream of SMO. Using SHH-MB sphere cultures, we provide evidence that 

UHRF1 and DNMT1 exist in complexes with GLI proteins, where they act to regulate the 

GLI activity that drives SHH-MB cell growth. Importantly, we also show that a clinically 

relevant DNMT1 inhibitor is able to inhibit the progression of MB in a SHH-MB orthotopic 

mouse model.

METHODS

Cell culture and constructs

Light2 (RRID:CVCL_2721), an NIH-3T3-derived cell line stably expressing a GLI-driven 

Firefly luciferase and a constitutive TK-driven Renilla luciferase reporter gene, was a gift 

of Dr. Philip A. Beachy (Stanford University, CA, USA) and was cultured in DMEM 

with 10% newborn calf serum (NCS), 1% penicillin/streptomycin, 0.2 μg/μl G418, and 0.1 

μg/μl Zeocin [31]. Light2 cells were functionally authenticated for hedgehog responsiveness, 

using the SMO agonist SAG and a known SMO inhibitor (Vismodegib), but not molecularly 

authenticated. Immortalized Sufu−/− mouse embryonic fibroblasts (iMEFs) were a gift of 

Dr. Rune Tofgard (Karolinska Institute, Stockholm, Sweden) and cultured in DMEM with 

10% FBS [32]. All immortalized cell lines were used for experiments between passage 20 

and 30. MB4 and MB2 tumors were isolated from a spontaneous MB in Ptch1+/− (MB4 

tumor) or Ptch1+/−;Trp53+/− (MB2 tumor) mice respectively [33, 34]. These tumors were 

further enriched in the flank of CD1-Foxn1nu mice and were never cultured ex vivo. MB 

sphere cultures (MSC4) (Ptch1−/−) and MSC2 (Ptch1−/−;Trp53−/−) were isolated from MB4 
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and MB2 tumors and cultured ex vivo (in DMEM/F12 with 2% B27, and 1% penicillin/

streptomycin) as described before [35, 36]. MB propagating cells (MPC4) (Ptch1−/−) and 

MPC2 (Ptch1−/−;Trp53−/−) were similarly isolated from MB4 and MB2 tumors respectively, 

and selected in MPC enrichment culture (Neurobasal serum-free medium with 2% B27, 1% 

Glutamax, 1% N2, 25 ng/ml epidermal growth factor, 25 ng/ml fibroblast growth factor and 

1% penicillin/streptomycin) as described before [37, 38]. MSCs and MPCs were genotyped 

by Transnetyx (Cordova, TN), and maintained in culture for less than 10 passages. The 

granular cell precursors (GCPs) were isolated from P4-6 C57BL/6 mice and cultured as 

described before [36]. The lab uses a mycoplasma sentinel monitoring system, in which a 

different lab member tests their cells for mycoplasma monthly using a MycoAlert detection 

kit (Lonza).

FLAG-tagged GLI1 and GLI2 plasmids were purchased from Addgene (Cat# 

84922, RRID:Addgene_84922; Cat# 84920, RRID:Addgene_84920). Smart-pool siRNA 

targeting specific genes (Uhrf1, Smc1a, Dnmt1, Hdac7, Ddx39a, Gli2, Brd4) were 

purchased (Dharmacon). Individual siRNA targeting Uhrf1 were purchased from 

Dharmacon (#13: A-055507-13-0005; #14: A-055507-14-0005; #15: A-055507-15-0005; 

#16: A-055507-16-0005). All lentiviral shRNA constructs were purchased from 

Dharmacon as premade viral particles or as a bacterial glycerol stock expressing 

the relevant packaging plasmid and lentivirus generated as per manufacturer’s 

instructions (shUhrf1: V3SM11241-233453003; shDnmt1: #34:V3SM11241-234560879, 

#49:V3SM11241-236301813, #83:V3SM11241-234084147).

Transfection, transduction, and drug treatment

For the siRNA screen, 5 x 103 Light2 cells/well were seeded on 96-well plates. 100 nM 

pooled siRNA picked from a Mouse Druggable Genome siRNA Library v1.0 (Qiagen) were 

transfected the next day using Lipofectamine 2000 (Invitrogen) as per the manufacturer’s 

instructions. Three days later, 100 nM of the SMO agonist SAG (Selleckchem), was added 

to the cells in the presence of 0.5 % new born calf serum for 1 day. In all other experiments, 

Light2 cells and Sufu−/− iMEFs, were seeded at <40% confluency and then transfected using 

Lipofectamine 2000 (Invitrogen) or Lipofectamine RNAiMAX (Invitrogen), for plasmids 

or siRNA respectively, following the manufacturer’s instructions. For SAG treatment, in 

all experiments other than the siRNA screen, 100 nM SAG treatment was performed 48 

h post-transfection in the presence of 0.5 % serum for 24 h. For MPC4 and MPC2, 

Lipofectamine 2000 (Invitrogen) and siGENOME smartpool siRNAs (Dharmacon) were 

used for gene knockdown. Briefly, spheres were digested in Accutase (Gibco) for 3 min 

and then 2 μL Lipofectamine 2000 was used to transfect siRNA, at a final concentration of 

50 nM, into 3 x 105 cells. For MSC4 and MSC2, Accell smartpool siRNAs (Dharmacon) 

were used for gene knockdown. Spheres were similarly digested in Accutase (Gibco), and 

4 x 105 cells resuspended in the mixture of Accell siRNA Delivery Media (Dharmacon) 

and siRNA at the final siRNA concentration at 1 μM. Cells were supplemented with 

B27 (Gibco) 24 h later, and additional complete media added 48 h later. Transduction 

for ex vivo experiments was initiated by infecting MSC4 cells via centrifugation in 

the presence of the lentivirus (MOI=1) for 2 h at 2,000 rpm, at room temperature. 

The infected cells were selected in 200 ng/mL puromycin (Invitrogen) for 3 days. For 
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ex vivo drug treatments, 5-aza (Selleckchem), 5-aza-dCR (Selleckchem), GSK3484862 

(MedChemExpress), cycloheximide (MilliporeSigma), and MG132 (Selleckchem) were 

used.

Assays

For analyses of gene expression, total RNA was extracted from cells using RNeasy Plus 

mini kit (Qiagene). RNA was converted into cDNA (Applied Biosystems) and analyzed 

using real-time qPCR (RT-qPCR) and TaqMan probes (Invitrogen). Gapdh expression was 

used for normalization.

Reduction of 3-(4,5-dimethyl-2-thiazolyl) 2,5-diphenyl-2H-tetrazolium bromide (MTT) to 

formazan [36] or CellTiter-Glo (Promega) was used to determine cell viability. EdU 

incorporation assays were performed using the Click-iT EdU Cell Proliferation Kit (Thermo 

Fisher Scientific), as per the manufacturer’s instructions.

For proximity ligation assays (PLA), sphere cultures were digested in Accutase (Gibco) 

for 3 min and 5 x 105 cells subsequently seeded on poly-L-Lysine pre-coated coverslips 

(Corning), in a 24-well plate, by centrifugation at 2000 rpm for 5min. PLA was then 

performed on these cells using a Duolink Proximity Ligation Assay (MilliporeSigma) as 

described by the manufacturer. The following antibodies were used for PLA: UHRF1 

(Cat# sc-373750, Santa Cruz Biotechnology, RRID:AB_10947236), DNMT1 (Cat# 5032, 

Cell Signaling Technology, RRID:AB_10548197), GLI1 (prepared as described before 

[39]), GLI2 (Cat# AF3635, R&D Systems, RRID:AB_2111902), rabbit IgG (Cat# 12370, 

MilliporeSigma), mouse IgG (Cat# sc2025, Santa Cruz Biotechnology). DAPI co-stain was 

done using ProLong Gold Antifade Mountant with DAPI (Invitrogen)

Biochemistry

Cellular protein was extracted using RIPA buffer (Thermo Fisher Scientific) containing 

protease inhibitors cocktail (Thermo Fisher) and subjected to immunoblotting with the 

following antibodies: GLI1 (Cat# 2643, Cell Signaling Technology, RRID:AB_2294746), 

GLI2 (Cat# AF3635, R&D Systems, RRID:AB_2111902), UHRF1 (Cat# sc-373750, 

Santa Cruz Biotechnology, RRID:AB_10947236), DNMT1 (Cat# 5032, Cell Signaling 

Technology, RRID:AB_10548197), GAPDH (Cat# 5174, Cell Signaling Technology, 

RRID:AB_10622025), PCNA (Cat# 2586, Cell Signaling Technology, RRID:AB_2160343), 

cleaved Caspase 3 (Cat# 9661, Cell Signaling Technology, RRID:AB_2341188), HDAC1 

(Cat# 59581, Cell Signaling Technology, RRID:AB_2799568). Protein levels were 

quantified using ImageJ (RRID:SCR_003070). Reporter activity of Light2 cells was 

determined using the Dual-Luciferase Reporter Assay kit (Promega).

Subcellular fractions for direct immunoblot or immunoprecipitation were prepared 

essentially as described before [40]. Briefly, cells were lysed in buffer A (10 mM HEPES 

pH 7.5, 1.5 mM MgCl2, 10 mM KCl, 0.4% NP-40, 1X protease inhibitor cocktail (Thermo 

Fisher) for 2 min on ice. These lysates were centrifuged for 10 min at 2000 g at 4 °C, and 

the supernatant saved as a cytoplasmic enriched fraction. The resultant pellets were washed 

twice, resuspended in buffer B (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM EDTA, 1% 

NP-40, 1X protease inhibitor cocktail (Thermo Fisher) for 10 min on ice. These extracts 
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were centrifuged for 10 min at 10,000g at 4°C, and the supernatant saved as a nuclear 

enriched fraction. For immunoprecipitations from the subcellular fractions, the cytoplasmic 

and nuclear enriched fractions were equilibrated in an equal volume of buffer B and buffer 

A, respectively. The fractions were subsequently pre-cleared in 20 μl Protein A/G magnetic 

beads (Thermo Fisher) and incubated with 2 μg of antibodies or IgG for 2 h at 4 °C. 20 

μl Protein A/G magnetic beads (Thermo Fisher) were then added and incubated overnight 

at 4 °C. The beads were subsequently isolated and washed three times for 10 min, at 4 °C. 

The resulting beads were resuspended in Laemmli sample buffer (Biorad), boiled for 5 min, 

and subjected to immunoblotting. For immunoprecipitations from whole cell lysates, cells 

were directly lysed in buffer B (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 1 mM EDTA, 

1% NP-40, 1X protease inhibitor cocktail (Thermo Fisher), then subjected to the same 

procedure. The following antibodies were used for immunoprecipitation: GLI1 (prepared 

as described before [39]), GLI2 (Cat# AF3526, R&D Systems, RRID:AB_2279108), rabbit 

IgG (Cat# 12370, MilliporeSigma), sheep IgG (Cat# 5-001-A, R&D Systems).

For the size-exclusion chromatography, a Superose 6 Increase 10/300 size-exclusion 

chromatography column (Cytiva) was calibrated with a high molecular weight calibration 

kit (Cytiva) in 150 mM NaCl, 40 mM Tris·HCl pH 7.4, 1 mM EDTA, 0.5 mM DTT, 

1% glycerol, 0.001% NP-40, using an AKTA Purifier FPLC (GE Healthsciences). Nuclear 

enriched fractions of MSC4 cells were prepared as described before [41] and 500 μL of 

sample at 2 mg/mL (adjusted using the column buffer) was loaded onto the column. The 

various fractions were subsequently analyzed by immunoblotting.

Immunohistochemical staining

Immunohistochemical analysis of the patient-derived MB TMA (#BC17012c, Biomax) 

and mouse tumor sections used the UHRF1 antibody (Cat# sc-373750, Santa Cruz 

Biotechnology, RRID:AB_10947236) or GLI1 antibody (Cat# MA5-26638, Thermo Fisher 

Scientific, RRID:AB_2724371) and the previously described procedure [36]. Blinded 

quantification of the Immunohistochemical TMA staining was performed by Dr. Nadji, 

(University of Miami) who is board-certificated in Anatomic and Clinical Pathology, using 

the following scoring system: 0 (negative), 1+ (< 10% of cells), 2+ (11-50% of cells), 3+ 

(>50% of cells).

Mouse experiments

All mouse experiments were conducted in accordance with protocols approved by 

the Institutional Animal Care and Use Committee at the University of Miami and 

Medical University of South Carolina. Ptch1+/− (Ptch1tm1Mps/J, RRID:IMSR_JAX:003081)

[33] and Trp53+/− (B6.129S2-Trp53tm1Tyj/J, RRID:IMSR_JAX:002101)[34] mice (Jackson 

laboratory) were mated to generate breeding colonies. Spontaneous tumors from the 

Ptch1+/− mice or the Ptch1+/−;Trp53+/− mice were digested using Accutase (Gibco) for 15 

minutes, and single cell suspensions obtained by serial passages through a 100 μm and a 70 

μm mesh. The resulting cells were further expanded in vivo as allografts using 6-week-old 

CD1-Foxn1nu mice (Charles River Laboratories), or ex vivo as MSC and MPC cultures. 

A patient derived orthotopic xenograft, from a patient with medulloblastoma possessing a 

TP53 germline missense mutation (A138P) and MYCN amplification, SJSHHMB-14-7196, 
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was a kind gift of Dr. Roussel before publication (St Jude Children Research Hospital 

(Memphis)) [36] and was maintained in CD1-Foxn1nu mice. Orthotopic implantation 

methods and tissue processing were performed as described before [37].

For the orthotopic MSC4 implantation experiment, MSC4 cells were infected with Firefly 

luciferase expressing lentivirus (Cellomics Technology) and lentivirus carrying either a 

control shRNA or a Uhrf1 targeting shRNA via centrifugation in the presence of lentivirus 

(MOI=1) particles for 2 h at 2,000 rpm, at room temperature. The infected cells were 

allowed to recover overnight. 4 x 104 transduced cells were subsequently implanted into the 

cerebella of CD1-Foxn1nu mice, as described before [37]. D-Luciferin (Perkin Elmer) was 

administrated intraperitoneally at a concentration of 150 mg/kg 10 minutes before imaging. 

IVIS imaging was performed using a Caliper/Xenogen IVIS SPECTRUM. Bioluminescence 

intensity was quantified using a Living Image Advanced In Vivo Imaging Software (Perkin 

Elmer).

For the 5-Azacytidine (5-aza) treatment experiment, 2 x 106 MB4 tumor derived cells 

(which were never cultured ex vivo) were subcutaneously implanted into the flanks of 

CD1-Foxn1nu mice. When tumors reached ~100 mm3, mice were treated with 5 mg/kg 

5-aza (Selleckchem) or vehicle (PBS) every other day through IV injections for a total 

of 4 doses. Tumors were collected 6 h after their last treatment. For the 5-aza treatment 

experiment in an orthotopic tumor model, 3 x 105 MB4 tumor derived cells were implanted 

orthotopically into 6-week-old CD1-Foxn1nu mice (Charles River Laboratories). Fourteen 

days after implantation, these mice were treated with 5 mg/kg 5-aza (Selleckchem) or 

vehicle (PBS) every three days through IV injections for a total of 6 doses. The mice were 

sacrificed 6 h after their last treatment and their brain tissues isolated and analyzed.

Bioinformatics and statistics

The gene dependence data of patient-derived cancer cell lines retrieved from Depmap 

(depmap.org/portal) were analyzed using GraphPad Prism (RRID:SCR_002798). The 

survival and expression data were retrieved from previous studies [4, 42–45], and analyzed 

using the GlioVis platform (gliovis.bioinfo.cnio.es) [46] and GraphPad Prism.

Unless otherwise indicated, results from ex vivo analyses show the mean of at least 

3 independent experiments ± SEM. For EdU staining, 4 fields per condition from 3 

independent experiments were quantified. For tumor size studies, the results shown represent 

the mean ± SEM of 7 mice for the shUHRF1 experiment or the mean ± SEM of 4 mice 

for the 5-aza experiment per experimental condition. The number of positive cells for 

IHC staining was quantitated from 4 fields for each mouse and summarized in bar graphs 

as the mean ± SEM of 4 mice per experimental condition. Statistical significance was 

determined by Student’s t test for 2-sample analyses, or Chi-square test for correlation, or 

log-rank Mantel-Cox test for analyzing Kaplan-Meier survival curves, or two-way ANOVA 

for 2-group analyses. p < 0.05 was considered as statistically significant and labelled with 

one asterisk.
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Data availability

Data were generated by the authors are available within the paper and its supplementary files 

or from the authors on request. The bioinformatics data analyzed in this study was obtained 

as described in the “Bioinformatics analysis” section above.

RESULTS

Identification of GLI regulators

To screen for novel GLI regulators we selected siRNA targeting 577 transcriptional 

modulators from a siRNA library (Supplemental Table S1) and determined their ability 

to reduce GLI activity using a well-established GLI-dependent reporter cell line (Light2 

cells) [31]. These cells were transfected with the individual siRNA and subsequently treated 

with the SMO agonist SAG to induce GLI activity (Fig. 1A and B). Focusing on those 

candidates whose knockdown reduced activity by greater than 50% relative to a control 

siRNA (Fig. 1C and Supplemental Fig. S1), we identified 83 potential regulators of GLI 

signaling (Supplemental Table S2). Amongst these candidates, 8 were previously reported to 

positively modulate SHH signaling (Supplemental Table S2) [28, 47–52], providing internal 

validation of our screen. We next used a bioinformatic analysis to further stratify these 

83 candidates [4], and identified 8 whose expression correlates exclusively with SHH-MB 

patient outcome: UHRF1, Structural maintenance of chromosomes 1A (SMC1A), DNMT1, 

HDAC7, LIM homeobox 5 (LHX5), RNA polymerase II subunit D (POLR2D), RNA 

polymerase II subunit J (POLR2J) and DExD-box helicase 39A (DDX39A) (Table 1, Fig. 

1D and E). This linkage again implicates them as potential regulators of GLI activity.

We next utilized Sufu−/− iMEFs to further prioritize these candidates based on their ability to 

act downstream of SMO (Fig. 1F), as GLI signaling is constitutively activated independently 

of SMO in such cells [32] (Fig. 1A). Among the remaining candidates only knockdown 

of Uhrf1 or Dnmt1 attenuated the expression of the GLI target gene Gli1, consistent with 

their regulation of GLI activity functioning downstream of SMO (Fig. 1F). Furthermore, 

knockdown of Uhrf1 or Dnmt1 also attenuated GLI activity in Light2 cells in which SHH 

signaling was induced by transfecting cells with exogenous Gli1 or Gli2 (Fig. 1G). Together, 

these results implicated UHRF1 and DNMT1 as potential regulators of GLI signaling 

downstream of SMO.

UHRF1 is overexpressed in SHH-MB

Given that UHRF1 was our top candidate in these initial analyses (Table 1 and Fig. 1D–G) 
and is a novel GLI regulator that has not been previously described (Supplemental Table 

S2), we focused on characterization of its role in SHH-MB. Meta-analysis across four 

published MB patient derived microarray datasets [42–45] showed that UHRF1 expression 

is significantly higher in MB tissue than normal brain tissue (Fig. 2A). We also utilized 

the RNAi/shRNA screening datasets from the DepMap project at the Broad Institute [53] 

to analyze UHRF1 dependency scores across a panel of 712 cancer cell lines. These 

data showed that MB cell lines are more dependent on UHRF1 than cell lines from 

other types of cancer (Fig. 2B), implicating UHRF1 in patient-derived MB cell growth. 

Moreover, our follow-up meta-analysis showed that UHRF1 expression is significantly 
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higher in the tumors derived from the two subtypes of SHH-MB (α and β) that have 

the worst patient outcome in SHH-MB [4] (Fig. 2C). Consistent with our gene expression-

based pan-MB patient survival analysis (Table 1 and Fig. 1D), these data indicated that 

UHRF1 overexpression may contribute to the deterioration of SHH-subgroup MB patients. 

Consistent with our findings, UHRF1 protein was previously reported to enriched in patient 

derived SHH-MB tissues [54]. We next determined UHRF1 protein levels in SHH-MB 

mouse models harboring mutations in known MB drivers, loss of Ptch1 (Fig. 2D), increased 

expression of a constitutively active Smo mutant (Fig. 2E), and a patient derived MB model 

characterized by a MYCN amplification and TP53 mutation [36] (Fig. 2F). SHH-MB tissue 

from all three of these mouse SHH-MB models exhibited high levels of UHRF1 staining, 

localized predominantly in the nucleus, relative to adjacent normal cerebellar tissues. 

We also determined UHRF1 and GLI1 levels in a patient-derived MB tissue microarray 

(Supplemental Fig. S2 A and B). We consistently observed increased levels of UHRF1 in 

MB tissues (Supplemental Fig. S2A and C). Moreover, we show for the first time that MB 

tissues with high levels of GLI1 also have higher levels of UHRF1 (Supplemental Fig. S2D), 
suggesting that UHRF1 is overexpressed in SHH-MB in a manner that may regulate GLI 

activity.

SHH-MB growth requires UHRF1

We used MB sphere cultures (MSCs) isolated from spontaneous MBs in Ptch1+/− 

mice (MSC4, Ptch1−/−) or Ptch1+/−;Trp53+/− mice (MSC2, Ptch1−/−;Trp53−/−) to further 

determine the role of UHRF1 in SHH-MB, all of which are SHH activity dependent [35, 

36]. Knockdown of Uhrf1 expression by distinct or pooled siRNA reduced cell viability 

in MB sphere cultures, regardless of Trp53 status, suggesting that UHRF1 positively 

regulates SHH-MB growth (Fig. 3A and Supplemental Fig. S3A). We also utilized 

MB sphere cultures known to be SMO inhibitor-resistant, MPC4 (Ptch1−/−) and MPC2 

(Ptch1−/−;Trp53−/−) [37]. Interestingly, Uhrf1 knockdown also inhibited the growth of these 

SMO inhibitor-resistant MB sphere cultures (Fig. 3B), providing further evidence that 

UHRF1 acts downstream of SMO. Consistent with UHRF1 acting to regulate GLI signaling 

in MB sphere cultures, knockdown of Uhrf1 reduced the expression of the GLI target gene 

Gli1 (Fig. 3C and D) as well as overall GLI1 protein levels (Fig. 3E). We next examined 

the level of cell proliferation in order to better understand the cause of the decreased 

cell viability observed subsequent to Uhrf1 knockdown. Knockdown of Uhrf1 reduced the 

levels of the G1/S cell cycle biomarker Proliferating cell nuclear antigen (PCNA) (Fig. 3E) 
and the extent of EdU (5-ethynyl-2´-deoxyuridine) incorporation (Supplemental Fig. S4), 
indicating that UHRF1 promotes MB cell proliferation. Uhrf1 knockdown also increased the 

cleavage of the effector Caspase, Caspase 3, (Fig. 3E) suggesting that increased apoptosis 

may also contribute to the observed decrease in cell viability. We next determined the 

role UHRF1 plays in regulating SHH-MB growth in vivo. MSC4 cells transduced with an 

shRNA targeting Uhrf1, or a scrambled shRNA control, were implanted orthotopically into 

the cerebellum of mice. Similar to our ex vivo data, knockdown of Uhrf1 inhibited SHH-MB 

growth in vivo (Fig. 3F and G). Together, these results suggest that UHRF1 functions to 

potentiate SHH-MB growth.
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UHRF1/DNMT1/GLI protein complexes

We noted that our other top GLI regulator candidate, DNMT1 (Fig. 1E–G), is a well-

described UHRF1 interactor [55]. We thus hypothesized that DNMT1 might function 

together with UHRF1 to regulate SHH-MB growth. To test this hypothesis, we first 

determined DNMT1 RNA expression in MB tissue using the meta-analysis described in 

Fig. 2, and found an enrichment of DNMT1 in MB tissues compared to normal brain tissues 

(Supplemental Fig. S5A). Although, this analysis indicated that there is in general less 

DNMT1 RNA expression in SHH-MB tissue than other MB subtypes of MB (Supplemental 

Fig. S5C), DNMT1 protein levels do appear to enrich in SHH-MB tissue [56]. However, 

based on analysis using DepMap, DNMT1 appears to be an essential gene across cell lines 

derived from many types of cancer (Supplemental Fig. S5B). To explore its role in our 

SHH-MB sphere cultures, we knocked down DNMT1 and noted a reduction in the viability 

of the SHH-MB cells (Fig. 4A and Supplemental Fig. S3B) and in the expression of the 

GLI target gene, Gli1 (Fig. 4B and Supplemental Fig. S3C). We also observed a reduction 

of EdU incorporation in SHH-MB cells upon Dnmt1 knockdown, consistent with DNMT1 

regulating the proliferation of SHH-MB cells (Supplemental Fig. S4).

As UHRF1 and DNMT1 both regulate GLI activity (Fig. 3C–E and 4B; Supplemental 

Fig. S3C) and SHH-MB cell growth (Fig. 3A–B and 4A; Supplemental Fig. S3A–B), 

and are known to interact with one another [55], we hypothesized that they interact 

with GLI proteins to directly regulate GLI function in SHH-MB. To test this model, 

we immunoprecipitated GLI1 (Fig. 4C) or GLI2 (Fig. 4D) from cytoplasm- or nucleus-

enriched subcellular fractions of SHH-MB sphere cultures, followed by immunoblotting 

for potential interacting proteins. We show that GLI1 and GLI2 associate with UHRF1 

and DNMT1 in the nuclear fraction of SHH-MB sphere cultures (Fig. 4C and D). We 

next used size-exclusion chromatography of a nuclear enriched SHH-MB cell extract 

(Fig. 4E left) to show that UHRF1 and DNMT1 co-migrate in similar sized fractions 

(#21-23) to that of GLI proteins. PCNA, another well-known interactor of UHRF1 and 

DNMT1 [55], did not show substantial overlap with GLI proteins (Fig. 4E left), suggesting 

that a UHRF1/DNMT1/GLI complex may be distinct from the PCNA/UHRF1/DNMT1 

complex that regulates untargeted DNA methylation [57, 58]. Importantly, the presence 

of a UHRF1/DNMT1/GLI1 complex in these fractions (#22-23) was also validated in 

GLI1 immunoprecipitates from these fractions (Fig. 4E right). Moreover, we found the 

interactions between the components of the UHRF1/DNMT1/GLI complex tend to be 

relatively direct, as they detected by a Proximity ligation assay (PLA) (Fig. 4F) that 

only recognizes interactions at distances <40 nm [59, 60]. We next used sepharose beads 

conjugated to scrambled oligonucleotides (SC) or oligonucleotides containing a defined 

GLI-binding (GACCACCCA) site [61] (GLI) to isolate proteins from SHH-MB sphere 

culture extracts that enrich on GLI DNA consensus sites (Fig. 4G). GLI-binding site beads 

enriched a GLI/UHRF1/DNMT1 complex, but not PCNA, relative to SC beads (Fig. 4G). 

These results provide evidence that GLI proteins can recruit UHRF1 and DNMT1 onto 

DNA.
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A DNMT1 inhibitor attenuates SHH-MB progression

As UHRF1 and DNMT1 appear to function together in a complex to regulate SHH-MB 

growth, we wanted to disrupt the activity of this complex using UHRF1 or DNMT1 

inhibitors. We noted that although several UHRF1 inhibitors have been previously described, 

none of them are yet clinically relevant [62–64]. However, two DNMT1 inhibitors are 

already FDA approved (5-Azacytidine (5-aza) and 5-aza-2’ deoxycytidine (5-aza-dCR)) 

[65]. We therefore evaluated the efficacy of 5-aza and 5-aza-dCR in SHH-MB cells, and 

showed that both inhibitors attenuate the growth of SHH-MB cells (Fig. 5A). We noted that 

5-aza shows a greater efficacy than 5-aza-dCR in attenuating the viability SHH-MB cells 

(Fig. 5A), similar to observations described in acute myeloid leukemia (AML) cells [66]. 

Interestingly, a recently developed DNMT1 specific non-covalent inhibitor, GSK3484862 

[67], was also able to attenuate the viability of SHH-MB cells (Fig. 5A), supporting the 

idea that DNMT1 specific inhibition is a reasonable therapeutic strategy for SHH-MB. 

To evaluate the specificity of DNMT1 inhibition on SHH signaling we utilized granule 

cell precursors (GCPs), whose proliferation is dependent on SHH activity [68–70]. While 

the SMO agonist SAG induced the proliferation of GCPs, this activity was significantly 

inhibited by 5-aza, again suggesting that DNMT1 positively regulates the activity of the 

SHH signaling pathway (Supplemental Fig. S6). As 5-aza was the most efficacious inhibitor 

among the three DNMT1 inhibitors we evaluated, and a previous report that 5-aza-dCR 

treatment alone had no effect on MB development in a SHH-MB mouse model [71], we 

focused on the evaluation of 5-aza to inhibit SHH-MB growth. We showed that 5-aza 

attenuated the growth of MSC4 cells with an IC50 of 2.0 μM (Fig. 5B). Importantly, this 

IC50 is similar to that previously reported to inhibit the growth of AML cells [66], for 

which 5-aza is FDA approved. Moreover, we confirmed that 5-aza attenuates the viability of 

SHH-MB cells through DNMT1, as knockdown of DNMT1 rendered these cells resistant to 

5-aza treatment (Fig. 5C).

5-aza was able to reduce the levels of its target protein DNMT1 in a dose-dependent manner 

(Fig. 5D and E), as previously described [72]. Consistent with DNMT1 potentiating GLI 

activity, its inhibition by 5-aza also reduced the levels of the GLI target gene product GLI1 

(Fig. 5D and E). 5-aza mediated degradation of DNMTs is thought to occur indirectly, 

incorporating into DNA and subsequently forming irreversible covalent complexes with 

DNMTs that are subsequently degraded by the proteasome [73]. Thus, it remained possible 

that 5-aza treatment inhibits GLI activity via proteasomal degradation of the UHRF1/

DNMT1/GLI complex. However, while 5-aza significantly reduced DNMT1 and GLI1 

levels (Fig. 5D and E), it did not result in GLI2 and UHRF1 degradation (Fig. 5D and E). 
Further, while 5-aza was able to reduce the half-life of DNMT1 protein in a proteasome 

dependent manner, it had minimal effect on the half-life of GLI1 (in an 8-hour treatment) 

and UHRF1 (Supplemental Fig. S7). 5-aza also significantly reduced the stability of the 

UHRF1/DNMT1/GLI2 complex (Fig. 5F and G). Together, these findings suggest that 

5-aza does not result in the proteasomal degradation of the entire UHRF1/DNMT1/GLI 

complex, but acts rather by decreasing the levels of DNMT1 able to incorporate into 

and potentially scaffold this GLI complex. Moreover, the evidence that 5-aza is able to 

disrupt the UHRF1/DNMT1/GLI complex (Fig. 5F and G), supports the model in which the 

UHRF1/DNMT1/GLI complex potentiates SHH signaling and SHH-MB growth.
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To extend the translational relevance of our findings we next evaluated the ability of 5-aza 

to act on-target in MB tissue in vivo. Cells from a Ptch1+/−; Trp53+/+ driven mouse MB 

tumor were subcutaneously implanted in mice and subsequently treated with 5-aza once 

those tumors reached ~100 mm3. Consistent with our ex vivo result (Fig. 5D and E), 5-aza 

effectively reduced the levels of GLI1 and DNMT1 in these MB tumors (Fig. 6A and B). 
To examine the ability of 5-aza to attenuate SHH-MB growth in vivo, similar SHH-MB 

cells were orthotopically implanted into the cerebellum of mice and those mice subsequently 

treated with 5-aza 14 days after implantation. 5-aza treatment significantly attenuated MB 

growth in these mice (Fig. 6C and D). DNMT1 inhibition also reduced cell proliferation 

and induced apoptosis in these tumors, as determined by Ki67 immunostaining and cleaved 

Caspase 3 levels, respectively (Fig. 6E and F). Thus, we conclude that 5-aza effectively 

restrains SHH-MB growth in vivo, and does so in an on-target manner. Collectively, these 

results support the existence of a druggable UHRF1/DNMT1/GLI complex that regulates 

SHH-MB growth, and can be targeted using a clinically relevant DNMT1 inhibitor.

DISCUSSION

In this study we use an epigenetic focused siRNA screen to identify 83 potential positive 

regulators of GLI signaling. UHRF1 and DNMT1 were prioritized as the top candidates 

from this screen as their expression was correlated with SHH-MB patient outcome, they 

function downstream of SMO, and have been previously implicated in MB progression 

[54, 71, 74]. In this work we show for the first time that UHRF1 and DNMT1 promote 

SHH-MB growth via a novel UHRF1/DNMT/GLI multi-protein complex. Though there 

are no clinically relevant UHRF1 inhibitors available (reviewed in [75]), we show that an 

FDA-approved DNMT1 inhibitor, 5-aza, is able to disrupt the stability of the complex and 

attenuate SHH-MB growth. Taken together, we describe a druggable UHRF1/DNMT1/GLI 

complex that functions to regulate GLI activity in SHH dependent tumor growth.

Besides functioning in DNA methylation inheritance via association with PCNA [57], 

UHRF1 and DNMT1 also function as transcriptional repressors that associate with specific 

transcription factors to mediate target gene methylation and subsequently silencing [58, 

76, 77]. Although we do not yet fully understand the mechanism by which UHRF1 and 

DNMT1 regulate GLI activity, our results do suggest that UHRF1 and DNMT1 function as 

positive regulators of GLI signaling and that they do so by interacting with and regulating 

GLI proteins. To account for these findings in the context of UHRF1/DNMT1 acting 

primarily to silence gene expression, we suggest a model in which UHRF1 and DNMT1 

form a corepressor complex with GLI proteins to attenuate expression of a subset of 

GLI target genes that function as repressors of GLI signaling. Consistent with such a 

model, the expression of two GLI-target genes that encode repressors of SHH signaling 

(reviewed in [14]), PTCH1 and HHIP, is transcriptionally repressed by DNMT1 [78] or the 

UHRF1/DNMT1 complex [79], respectively. However, we cannot exclude the possibility 

that UHRF1 and DNMT1 function as transcriptional coactivators for GLI proteins, as 

in certain scenarios DNMT mediated DNA methylation increases the binding of specific 

transcription factors to increase the transcription of a subset of target genes [80–82].
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A growing interest in discovering the oncogenic role of UHRF1 in distinct cancers has 

stimulated efforts to identify and develop UHRF1 inhibitors (reviewed in [75]). Rather than 

directly targeting UHRF1 protein, these inhibitors mainly function by reducing UHRF1 

levels via alternative mechanisms, such as 17AAG degrading UHRF1 through inhibiting 

HSP90 [62] and polyphenols attenuating UHRF1 expression through the p53/p21/p16 

signaling axis [75]. Unlike these UHRF1 inhibitors, which are not advanced clinically, 

several DNMT1 specific inhibitors have already been evaluated in clinic trails [65]. Among 

these inhibitors, 5-aza and 5-aza-dCR are FDA approved for myelodysplastic syndromes 

(MDS) and acute myeloid leukemia (AML) [65]. Interestingly, one study showed that 

5-aza-dCR treatment alone had no effect on MB development in Ptch1+/− mice, however, in 

combination with the HDAC inhibitor valproic acid (VPA), 5-aza-dCR was able to inhibit 

MB growth [71]. Though 5-aza and 5-aza-dCR are structurally similar (reviewed in [65]), 

the two compounds induce different responses in various types of tumor cells [66, 83, 

84]. Here, we observed that 5-aza is less potent but more efficacious than 5-aza-dCR in 

inhibiting the viability of SHH-MB cells, consistent with similar observations in AML cells 

[66]. Although we did not evaluate 5-aza-dCR in SHH-MB in vivo, we show for the first 

time that 5-aza monotherapy effectively inhibits tumor growth in a SHH-MB orthotopic 

model. Moreover, several clinical evaluations have been done to provide the pediatric 

dosage of 5-aza (NCT02450877, NCT01861002 and NCT02447666), which could benefit 

the application of this drug in SHH-MB pediatric patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

This work describes a novel, druggable UHRF1/DNMT1/GLI complex that regulates 

SHH-dependent tumor growth, and highlights an FDA-approved drug capable of 

disrupting this complex to attenuate tumor growth.
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Figure 1. A focused siRNA screen identifies novel regulators of SHH signaling.
(A) A simplified schematic of the SHH signaling pathway, with positive regulators labeled 

in green and negative regulators labeled in red. GLIA: GLI activator form. (B) A schematic 

outlining the design of our siRNA-based screen. Light2 cells were seeded in 96-well plates, 

followed by transfection of pooled siRNAs (a mix of four distinct siRNA) from a siRNA 

library for 72h. The cells were then treated with the SMO agonist SAG in 0.5% serum for 

another 24h. Cells were then collected and GLI-driven Firefly luciferase activity determined 

and normalized to that of TK-driven Renilla luciferase. (C) Data from a representative plate 
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in the siRNA screen. The normalized luciferase activity of each sample was compared to 

that of a scramble siRNA control (siControl) treated sample. The siRNA targets whose 

reduction in expression attenuated luciferase activity more than 50% were identified as 

positive hits and labeled in red. siRNA targeting Gli2 was included as a positive control. 

Cells that were treated with control siRNA (siControl) without SAG induction (No SAG) 

were included as an additional control. Using the data from Cavalli et al [4], the expression 

level of (D)UHFR1 and (E)DNMT1 in patient derived MB tissue was assigned to a high 

or low expression group based on the median values of UHRF1 expression, and each 

group’s 5-year survival determined across the four major MB subgroups. (F) Sufu−/− 

iMEFs were transfected with pooled siRNA targeting the indicated prioritized genes for 

96 h. The expression of the siRNA-target (Target) and the SHH-dependent target gene 

Gli1 were determined. These data were normalized to that from siControl treated cells and 

presented as relative gene expression. LHX5 was not detected in MEFs and two candidates 

encoding subunits of RNA polymerase II (Polr2d and Polr2j) were not pursued further. 

(G) Light2 cells were transfected with the indicated pooled siRNA for 2 days, followed 

by transfection of the indicated plasmids for another 2 days. Cells were then collected 

and GLI-driven Firefly luciferase activity determined and normalized to TK-driven Renilla 

luciferase activity. Normalized reporter activity was then compared to the control samples 

and presented as relative reporter activity.

Yang et al. Page 20

Mol Cancer Res. Author manuscript; available in PMC 2023 May 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. UHRF1 is overexpressed in SHH-MB.
(A) Meta-analysis comparing the expression of UHRF1 between normal brain tissue (NT) 

and patient derived MB tissue (MB) using the four indicated microarray datasets [42–45]. 

(B) The dependency on UHRF1 for patient-derived cancer cell line viability was compared 

between MB cell lines (MB) and non-MB cancer cell lines (Others) using the data from the 

DepMap project (Broad Institute). (C) Meta-analysis comparing the expression of UHRF1 
among the four SHH subtypes (SHH α, β, γ and δ) and other subgroups of MB (Others), 

using microarray data from Cavalli et al [4]. (D) Normal mouse cerebella or SHH-MB 

tissue from Ptch1+/− mice were isolated and immunoblotted to determine the levels of 

GLI1, UHRF1 and GAPDH (n=3 mice per group). MB tissue from (E) ND2:SmoA1 or (F) 
patient-derived TRP53-mutant, MYCN-amplified MB xenograft (SJSHHMB-14-7196) mice 

were immunostained for UHRF1. Representative images are shown (n=3).
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Figure 3. SHH-MB growth requires UHRF1.
(A and B) The indicated SHH-MB sphere cultures were transfected with a scramble siRNA 

control (siControl) or pooled siRNA targeting Uhrf1 or Gli1. The number of viable cells 

were determined 5 days later using an MTT reduction assay and the data normalized to 

results from siControl transfected cells. (C and D) The indicated SHH-MB sphere cultures 

were transfected with control or pooled siRNA targeting Uhrf1 for 4 days. The expression 

of Uhrf1 and Gli1 was then determined by RT-qPCR, initially normalized to the expression 

of Gapdh and then to the results from siControl transfected cells. (E) MSC4 cells were 
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transfected with the indicated siRNA for 4 days and the resultant cell lysates immunoblotted 

for the indicated proteins. A representative blot is shown (n=3). (F) MSC4 cells expressing 

Firefly luciferase were transduced with a scramble shRNA control (shControl) or shRNA 

targeting Uhrf1 (shUhrf1) overnight. The next day, these transduced MSC4 cells were 

orthotopically implanted into the cerebella of CD1-Foxn1nu mice and tumor burden imaged 

10 days later by IVIS. Representative IVIS imaging is shown (n=7 mice per group). (G) 
Bioluminescence quantification of all the mice in this cohort is shown (n=7 mice per group).
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Figure 4. DNMT1 forms complexes with UHRF1 and GLI to regulate the viability of SHH-MB 
sphere cultures.
(A) The indicated SHH-MB sphere cultures were transfected with a scramble siRNA 

control (siControl) or pooled siRNA targeting Dnmt1 or Gli1. The number of viable cells 

was determined 5 days later using an MTT reduction assay and the data normalized to 

results from siControl transfected cells. (B) MSC4 cells were transfected with a scramble 

siRNA control (siControl) or pooled siRNA targeting Dnmt1 for 4 days. The expression of 

Dnmt1 and Gli1 was then determined by RT-qPCR, initially normalized to the expression 

of Gapdh and then to the results from siControl transfected cells. MSC4 cells were 

fractionated into nuclear (N) and cytoplasmic (C) enriched fractions, and GLI1 (C) or 

GLI2 (D) subsequently immunoprecipitated from such lysates. The immunoprecipitates 

were analyzed by immunoblotting for the indicated proteins. GAPDH is a cytoplasmic 

loading control and HDAC1, a known interactor of GLI1 and GLI2 [25], is a nuclear loading 
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control. Representative blots are shown (n=3). (E) The nuclear enriched fraction of MB4 

tumor cells was fractionated over a size-exclusion chromatography column. The various 

fractions were analyzed by immunoblotting for the indicated proteins (Left), or subjected 

to immunoprecipitation and immunoblotting for the indicated proteins (Right). The elution 

peaks of the indicated protein standards used to calibrate this gel filtration column are 

indicated with an arrow above the immunoblot. A representative blot is shown (n=3). (F) 
MSC4 cells were seeded on cover slips and subsequently subjected to a Proximity Ligation 

Assay (PLA) to detect potential direct interactions between the indicated proteins (red) 

with DAPI co-stained (blue). No antibody and IgG controls were included. Representative 

images are shown (n=3). (G) MSC4 cell lysates were used in a DNA pull-down assay 

with beads coupled to oligonucleotides containing either a GLI-binding site (GLI) or a 

scrambled control (SC) sequence. The bead-enriched proteins were then immunoblotted for 

the indicated proteins. A representative blot is shown (n=3) (Left). The level of UHRF1 or 

DNMT1 in the GLI-binding site pulldown was quantitated and normalized to that of the 

control lane (SC) to calculate relative UHRF1 or DNMT1 levels (n=3) (Right).
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Figure 5. The DNMT1 inhibitor, 5-aza, attenuates the viability of SHH-MB cells via degradation 
of DNMT1.
(A) MSC4 cells were treated with 5-aza, 5-aza-dCR or GSK3484862 at the indicated 

concentrations for 72h. The number of viable cells was then determined using a CellTiter-

Glo assay and normalized to results from DMSO treated cells. (B) MSC4 cells were 

treated with the indicated concentrations of 5-aza for 48h. The number of viable cells 

was determined using an MTT reduction assay. (C) MSC4 cells were transduced with a 

control shRNA (shControl) or shRNA targeting Dnmt1 (shDnmt1) and 3 days later selected 

in puromycin for 4 days. The transduced MSCs was subsequently treated with DMSO or 2 

μM 5-aza for 48h. Cellular viability was then determined using a CellTiter-Glo assay and 

normalized to results from DMSO treated shControl cells. (D) MSC4 cells were treated with 

the indicated concentrations of 5-aza for 24h followed by immunoblotting of the resultant 

lysates for the indicated proteins. A representative blot is shown (n=6). (E) The level of 

the indicated proteins in (D) was quantitated and normalized to that of GAPDH and then 

to results from DMSO treated samples to calculate relative protein levels (n=6). (F) MSC4 
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cells were treated with DMSO (D) or 200 nM 5-aza (A) for 24h, and GLI2 subsequently 

immunoprecipitated from the resultant lysates. A representative blot is shown (n=3). (G) 
The level of DNMT1 and UHRF1 in the GLI2-immunoprecipatation of the 5-aza lane (A) 

was quantitated and normalized to that of GLI2, and then normalized to results from the 

DMSO lane (D) to calculate the relative interaction intensity with GLI2 (n=3).
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Figure 6. 5-aza attenuates SHH-MB progression in vivo.
(A) Murine MB cells, derived from a primary MB that had never been cultured ex vivo, were 

subcutaneously implanted into the flank of 10 CD1-Foxn1nu mice. When tumors reached 

~ 100 mm3, these mice (n=5 mice per group) were treated with vehicle or 5-aza (5 mg/kg 

IV in PBS) every other day for up to 8 days. Residual tumor tissues were harvested 6 

hours after the last injection, and subjected to immunoblotting of the resultant tumors for 

the indicated proteins (n=5 mice per group). (B) The level of DNMT1 (Left) or GLI1 

(Right) was quantitated and normalized to that of GAPDH to calculate normalized protein 

level in each treatment group (n=5 mice per group). (C) Same MB cells as used in (A) 

were orthotopically implanted into the cerebella of CD1-Foxn1nu mice. These mice were 

treated 14 days after implantation with vehicle or 5-aza (5 mg/kg IV in PBS) every three 

days for 18 days. Representative H&E staining of the cerebella from these mice is shown 

(n=5 mice per group). (D) Tumor area was calculated from 4 independent mice per group 

and the results summarized in a bar graph. (E) Brain sections from the same mice were 

subjected to immunohistochemical staining for Ki67 or cleaved Caspase 3. Representative 

figures are shown (n=4 mice per group). (F) The number of Ki67 positive cells (Left) or 

cleaved Caspase 3 positive cells (Right) were quantitated in 4 random high magnification 

fields from each of the 4 mice in each group and the results summarized in bar graphs.
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Table 1.
The expression of eight GLI regulator candidates is associated with poor SHH-MB 
patient outcome.

Using outcome data from Cavalli et al [4], logrank tests of the 83 GLI regulator candidates identified in our 

siRNA-based screen were performed to determine if the expression level of each candidate was associated 

with patient outcome (5-year survival curve) across the four major subgroups of MB. Significant p values 

(<0.05) are highlighted in green. Only candidate genes whose expression was significantly associated with 

poor SHH-MB patient outcome are shown.

Genes
p values (Logrank test)

SHH WNT Group 3 Group 4

UHRF1 0.004 0.509 0.119 0.227

SMC1A 0.010 0.302 0.144 0.779

DNMT1 0.020 0.545 0.854 0.074

HDAC7 0.020 0.812 0.449 0.778

LHX5 0.024 0.317 0.635 0.123

POLR2D 0.034 0.283 0.082 0.209

POLR2J 0.044 0.197 0.764 0.806

DDX39A 0.049 0.163 0.573 0.385
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