
Supplementary Figures Legend: 

Figure S1: Targeted Inactivation of the PRMT5 Gene: Generation of PRMT5 

conditional alleles (PRMT5F/F). (A) Schematic representation of the EUCOMM 

constructs used in the study (Figure adapted from the EUCOMM website: 

http://www.knockoutmouse.org. (B) Southern Blot M: λ DNA-HindIII Digested Marker; 

U: Undigested Prmt5+/F genomic DNA D: XhoI-Digested Prmt5+/F genomic DNA. The 

red arrow indicates the band at the expected size. (C) Efficiency of CRE recombination 

taking place specifically in the Brain. Intestine is used as a negative control. (D) PRMT5 

protein levels in the CNS of P10 Prmt5F/F and Prmt5F/FNes mice. Protein extracts from 

muscles were used as controls. (E) H&E coronal sections of Prmt5F/F and Prmt5F/FNes 

E15.5 brains. Cellularity of CP and VZ/SVZ zones are indicated in wt (black) and mutant 

(red) brains. MZ=Marginal Zone, CP=Cortical Plate, SP=Subplate, IZ=Intermediate 

Zone, SVZ=Sub Ventricular Zone, VZ=Ventricular Zone.  (F) Protein levels (Antibodies 

used are indicated on the left of each panel) in the CNS (whole brain) of P0 and P10 

Prmt5F/F and Prmt5F/FNes mice. 

Figure S2: (A) Functional annotation of differentially expressed genes. Clusters based on 

significantly up and down regulated genes in Prmt5F/FNes NPCs compared to Prmt5F/F 

are indicated as black and red bars respectively. Up-regulation of the p53-signaling and 

down regulation of cell cycle and DNA replication genes are indicated by arrows. (B) 

Gene expression analysis and functional annotation (RNA-seq data) of Prmt5F/FER 

NPCs, treated with either EtOH or OHT to delete Prmt5. The top upregulated gene in the 

p53 signaling pathway functional category is Ptprv, a known target upregulated in 

MDM4 deficient cells. 



Figure S3: (A) Expression of p53 up-regulated target gens in NPCs (EtOH/OHT) from 

Prmt5F/FER;p53wt (black/red), Prmt5F/FER;p53+/- (white/orange). Prmt5F/FER;p53-/- 

(grey/yellow). The activation of the genes is expressed as the average fold change of at 

least 3 embryos/NPCs, normalized against Prmt5F/F;p53wt and HK. (B) FACS analysis on 

Prmt5F/FER (EtOH/OHT) in the indicated p53 genetic backgrounds. Right panel: Cells 

were stained with BrdU and the percentage of cells that are actively replicating (BrdU+) 

or not (in the G1 or G2/M phase of the cell cycle) is indicated by the bar plot. Each bar is 

the average of three independent experiments. 

Figure S4: (A) PRMT5 depletion affects snRNP assembly. Prmt5F/FER NPCs were 

treated for 24 h with either Ethanol (E) or OHT (O) and cultured for 4 days before 35S 

pulse/chase assay. The cells were harvested and the snRNPs from total lysate were 

immunoprecipitated using anti-TMG antibody–coated beads or control IgG.  (B) 

Schematic representation of the events detected by the MATS software: The output of the 

analysis consists of the degree of confidence (FDR and pvalue) of the differences in 

ratios between 2 different isoforms. The MATS algorithm further distinguished between 

Skipped Exons (SE), Alternative 5’ Splice site selection (A5SS), Alternative 3’ Splice 

site selection (A3SS), Mutually exclusive exons (MXE). Bottom Panels: Quantification 

of the Alternative Splicing defects observed in wt (EtOH) vs mutant (OHT) NPCs. The 

specific Alternative Splicing events, as classified by MATS, are indicated by the bar 

plots, for each embryo. In red are the number of Excluded/Skipped events upon PRMT5 

deletion, while green indicates the included events (less abundant in PRMT5 wt 

conditions). (C) Network representation of the differentially spliced genes upon Prmt5 

deletion in NPCs. The Gene Ontology terms are represented as nodes based on their 



kappa score. The edges represent the relationships between the GO terms and the shared 

genes (D) PCR validation and relative quantification of the Skipped Exon (SE) events 

taking place on the indicated genes (classified by MATS as SE events), upon Prmt5 

deletion (E: Ethanol; O: OHT). Black/Red: p53 wt; Grey/Yellow: p53-/- background. (E) 

PCR validation and relative quantification of the Retained Intron (RI) events taking place 

on the indicated genes (classified by MATS as RI events), upon Prmt5 deletion (E: 

Ethanol; O: OHT). Black/Red: p53 wt; Grey/Yellow: p53-/- background. The affected 

exons/introns number and genomic coordinates are indicated in Table S2 (F) Left panel: 

H-Bond score (indicator for the capability to form H-bonds with U1 snRNA) of RI and 

SE events in the upper and lower panel respectively. At each splice site (with a 

significant splicing event upon Prmt5 depletion) we scored for the 3Bp within the exon 

and 8Bp within the intron. The result is drawn as calculated by a Gaussian kernel. In the 

right panel, MaxEntScan was used for scoring, comparing the altered splice sites upon 

Prmt5 depletion to a model based on all human canonical splice sites (3Bp in the exon 

direction and 6Bp in the intron direction were used for scoring) (G) Boxplot of intron 

lengths of the intron included in OHT RI splicing events and the two introns excluded in 

OHT SE splicing events.  

Figure S5: (A) Representative example using MATS analysis and Sashimi plots (for 

visualization) of Mdm4 gene alternatively spliced in Prmt5F/F ER derived NPCs with wt 

(Red) or deleted (Yellow) Prmt5. (B) Degree of sequence conservation across species of 

the indicated genomic region surrounding Mdm4 Exon7 (C) Polysome profiling of cells 

upon PRMT5 deletion (OHT). RNA is detected by semiquantitative PCR. p21, a short 

gene, was used as a control to exclude the possibility of a length bias between the Mdm4 



and Mdm4s distribution. (D) SmB/B’ expression levels as quantified by Real Time PCR 4 

days post-infection and 2 days selection in puromycin (0.2mg/ml) upon Knock Down 

with 4 different sh-RNA lentiviral constructs (KD1-4). Scr = Scrambled control sh-RNA. 

In the same experiment we have (E) Quantified Mdm4fl/Mdm4s splicing, (F) the 

expression levels of p53 targets and (G) the increase in SubG1 population in infected 

cells relative to scramble. 

Figure S6. PRMT5 depletion triggers Mdm4 AS and p53 activation in MEFs.  

(A) PRMT5, SmD1, SmD3 and SMN1 levels were assessed in MEFs depleted of PRMT5 

(OHT). Levels of Symmetric Arginine Dimethylation were assessed by staining SmB, 

SmD1 and SmD3 with SYM10 and Y12 antibodies (B) Total number of reads in genes 

(blue) or introns (red), expressed as fold change of the events in MEFs lacking PRMT5 

over control (wt PRMT5). A smooth density estimate is drawn as calculated by a 

Gaussian kernel. Right Venn diagram: Overlap between the affected genes in NPCs (total 

of 1682) vs MEFs (total of 391). (C) Shapiro (CV) score of 5’ donor sites of the RI (left) 

and SE (right) events in MEFs, identified by MATS. A smooth density estimate is drawn 

as calculated by a Gaussian kernel. The top panels depict the sequence logo of the 

5’donor sites as indicated by the arrows. (D) PCR validation and relative quantification of 

the SE event, taking place on the Mdm4 mRNA in MEFs upon PRMT5 deletion in p53 

wt (left) or p53-/- (right) genetic background. The quantification shows the percentage of 

exon 7 inclusion (E) Expression of p53 up-regulated target gens in MEFs from 

Prmt5F/FER;p53wt treated with EtOH/OHT (black/red) or Prmt5F/FER;p53-/- (grey/yellow). 

The activation of the genes is expressed as the average fold change of at least 3 

embryos/NPCs, normalized against HK and to the EtOH levels. (F) FACS analysis on 



Prmt5F/FER (EtOH/OHT) MEFs. Cells were stained with BrdU and propidium iodide and 

subjected to FACS.  The percentage of cells in the different phases of the cell cycle is 

indicated by the bar plot. Each bar is the average of three independent experiments. 

 (G) Growth curve of MEFs wt (EtOH) or PRMT5 deleted (OHT). PRMT5 deleted cells 

grow at a slower rate 

Figure S7. (A) Diagram of the Mdm4 minigenes. (B) MEFs cells (isolated from embryos 

I and II) transfected with the indicated constructs. Cells were treated with either EtOH or 

OHT and the total RNAs were analyzed by PCR to examine the transgenic Exon 7 

inclusion. Endogenous Mdm4 splicing is shown in the bottom panel. 

 





























Bezzi et al.      

Supplementary Materials and Methods 

 

Mouse strains and genotyping.  

The PRMT5 KO first mice were obtained from EUCOMM (http://www.knockoutmouse.org) To 

generate the PRMT5 FLOX allele, the bgal-neomycin cassette was removed by crossing PRMT5 

KO first mice with β-actin–Flpe transgenic mice (Rodriguez et al. 2000) [strain name: B6.Cg-

Tg(ACTFLPe) 9205Dym/J; stock no.: 005703; The Jackson Laboratory]. They were then crossed 

to Nestin-CRE (B6.Cg-Tg(Nes-cre)1Kln/J)(JAX Lab). 4-Hydroxytamoxifen (4-OHT)-inducible 

conditional knockouts were created by crossing PRMT5F/F mice with Rosa26-CreERT2 

transgenic mice (Hameyer et al. 2007) (in mixed C57BL/6 X 129S1/SvlmJ background). 

Mice were housed in compliance with the Institutional Animal Care and Use Committee 

(IACUC) guidelines. All procedures involving the use of mice were approved by the local 

Institutional Animal Care and Use Committee (IACUC) and were in agreement with ASTAR 

ACUC standards. 

Mouse genotyping was performed on genomic DNA using a standard protocol. Briefly DNA 

from tail was lysed in 500µL of lysis buffer (100mM sodium chloride, 10mM TRIS pH8.0, 

25mM EDTA, 0.5% SDS) and 2.5µL proteinase K (Promega, V302B) overnight, shaking at 50°C 

in a thermomixer. Samples were spun down at 13000rpm for 5 minutes and 500µL of supernatant 

was transferred to new eppendorf tubes containing 500µL of 2–propanol (EMSURE®, 

1.09634.2500).  Tubes were inverted a few times to mix well and then spun down at 13000rpm 

for 10 minutes. Supernatant were discarded and DNA pellets were left to dry for approximately 

10 minutes at 37°C heating block. 300µL of TRIS buffer pH 8.0 were added to the DNA pellet 

and samples were incubated for 30 minutes at 50°C. Embryos were genotyped using HotSHOT 

lysis (Truett et al. 2000). 

For PCR reactions, 12.5µL of DreamTaq Green PCR master mix 2X (Thermo Scientific 

(#K1082), 1.25µL of forward and reverse primers (see Table S2) and 5µL of RNAse free water 

and 5µL of DNA (approximately 100ng) were used. All PCRs except those involving Rosa26-

CreERT2 were performed with initial holding temperature of 95°C for 5 minutes, 35 cycles of 

denaturation at 95°C for 45s, annealing at 60°C for 30s and elonagation at 72°C for 40s and a 

final elongation temperature of 72°C for 4 minutes and 4°C holding temperature. For Rosa26-

CreERT2 primers, PCRs were performed with initial holding temperature of 95°C for 3 minutes 

95°C for 30s, annealing at 55°C for 30s and elongation at 72°C for 30s and a final elongation 

temperature of 72°C for 2 mintues and 4°C holding temperature. 1.5% agarose gels (agarose 



powder, 1st base, BIO-1000-500g, 1X TAE buffer 1st base,BUF-3000-50X4L) with 6µL of 

ethidium bromide (Promega, H5041) for every 100mL of agarose solution were prepared. PCR 

products were then loaded onto the gels and bands on gels were visualized using ImageQuant RT 

ECL imager (GE healthcare). 

 

Southern Blot.  

PRMT5F/+ genomic DNA was extracted from liver tissues using Dneasy blood & tissue kit 

(Cat#69504, Qiagen). Genomic DNA (20 ug) was digested overnight with 100 units of restriction 

enzyme (XhoI, Cat#R0146, NEB) in a 400 µL volume and then redigested with 100 units of 

enzyme for 4 hours. Digested genomic DNA was precipitated with isopropanol and resuspended 

in 20 µL water. Samples were then loaded on 0.7% TBE agarose gels and run for 16 hours at 

45mA in 1x TBE buffer. The gels were then denaturated for 1 hour in 1.5 M NaCl; 0.5 M NaOH, 

neutralized for 1 hour in 0.5 M Tris-HCl pH 7; 3 M NaCl, washed with 2× SSC, and blotted for 

24 h with 10× SSC on Hybond N+ membranes (Cat#RPN203B, GE Healthcare). The membranes 

were then washed with 2× SSC, UV-cross-linked, and stored at 4 °C. β-gal probe (510bp) was 

generated through PCR from the genomic DNA of PRMT5F/+; forward primer: 

TGGTCGCTGGGGAATGAATC; reverse primer: CTGCTGCTGGTGTTTTGCTT. Membranes 

were incubated for 2 hours at 65 °C with pre-hybridization buffer that contained 6x SSPE, 5x 

Denhardt’s reagent, 0.5% SDS and 50 ug/mL denatured salmon sperm DNA. Radioactive probes 

were generated using the High Prime DNA Labeling Kit (Cat#11585584001, Roche Applied 

Science), with 32P and then purified with illustra MicroSpin G-50 Columns (Cat#27-5330-01, GE 

healthcare). Labeled probes were heat denatured and added to the pre-hybridization buffer for 

overnight incubation at 65 °C in a rotating oven. Washing steps were done as follow: 2 times with 

2x SSPE, 0.1% SDS for 15 minutes each, followed by 2 times with 1x SSPE, 0.1% SDS for 30 

minutes each. All washing steps was performed at 65 °C with pre-warmed buffers under shaking. 

The membranes were then exposed to phosphor screen for few days before scanning with 

Molecular Imager PharosFX™ Plus System (Cat#170-9460, Bio-rad). 

 

Recombination PCR.  

In order to confirm the deletion of PRMT5 exon 7 upon CRE activation in mice and primary cell 

lines, genomic PCR were performed using the primers indicated in Table S2. Qiagen DNeasy 

Blood & Tissue Kit (69504) was used to extract DNA from cell pellets. DNA from different 

organs was extracted using the mouse genotyping protocol as mentioned above. PCR reactions 

and gels were prepared the same way as mentioned above. All PCRs were performed with initial 



holding temperature of 95°C for 5 mintues, 37 cycles of denaturation at 95°C for 45s, annealing 

at 60°C for 30s and elongation at 72°C for 55s and a final elongation temperature of 72°C for 4 

minutes and 4°C holding temperature.  

 

Histopathology and Immunohistochemistry. 

Haematoxylin and Eosin Slide preparation: 

After fixation in 4% paraformaldehyde (48 hours), the tissues were trimmed at the appropriate 

levels to a thickness of approximately 3mm and processed into paraffin wax using the Tissue-

Tek® VIP™5 tissue processor and embedded into paraffin blocks. Sections were cut at 5µm 

thickness and stained with Haematoxylin and Eosin. Brains were sectioned either midline sagittal 

or in cross section at the level of the mid cerebellum and the forebrain. Embryos were sectioned 

sagittaly close to midline. 

Immunohistochemistry (IHC) staining: 

Automated IHC staining and counterstaining was performed on the Leica Bond-MaxTM 

autostainer. Slides were de-waxed and rehydrated through a descending series of alcohols. Heat-

induced epitope retrieval was performed at either pH6 or pH9 followed by endogenous 

peroxidase blocking and washing. Slides were incubated with primary antibody at the appropriate 

concentration for 45 min. For rabbit primary antibodies, a secondary antibody polymer solution 

containing anti-rabbit poly-HRP-IgG in 10% animal serum was added for 10 min.  For mouse 

primary antibodies, a rabbit anti-mouse IgG in 10% animal serum was added for 3 min followed 

by a polymer containing anti-rabbit poly-HRP-IgG in 10% animal serum for 3 min. After 

washing the sections, the slides were developed in DAB solution for 3 mins. Hematoxylin was 

used as a nuclear counterstain and the sections were dehydrated and mounted in synthetic 

mounting media.  

Detailed protocol for each marker: 

Ki67. Slides were deparaffinized in BondTM Dewax Solution and rehydrated through 100% 

ethanol to 1X BondTM Wash Solution. Heat-induced epitope retrieval was performed using 

BondTM Epitope Retrieval Solution 1 (pH 6) for 40 min at 100oC. Slides were then cooled to room 

temperature with 4 washes of 1X BondTM Wash Solution. Endogenous peroxidase blocking was 

performed for 30 min at room temperature in 3-4% (v/v) H2O2, followed by 3 rinses in 1X 

BondTM Wash Solution. Slides were incubated with primary antibody at the appropriate 

concentration for 60 min. At the end of the incubation, the slides were rinsed 3 times in 1X 

BondTM Wash Solution. Post-primary solution containing rabbit anti-mouse IgG in 10% animal 

serum was added for 5 min, followed by 3 rinses in 1X BondTM Wash Solution. Polymer solution 



containing anti-rabbit poly-HRP-IgG in 10% animal serum was then added for 5 min. The slides 

were rinsed 4 times in 1X BondTM Wash Solution, and washed once in deionized water. BondTM 

Mixed DAB Refine is applied for 3 min, following which the slides were rinsed in deionized 

water to stop the DAB reaction. Counterstaining with hematoxylin was performed for 5 min. 

After which the slides were rinsed in deionized water and 1X BondTM Wash Solution. Slides were 

finally dehydrated and mounted in synthetic mounting media.  

SOX2. Manual IHC. Slides were deparaffinized in xylene and rehydrated through descending 

percentages of ethanol to water. Heat-induced epitope retrieval was performed using 10mM 

Citrate Buffer (Dako, S2369) for 40 min in  the pressure cooker (2100 retriever, >120oC). Slides 

were cooled to room temperature then washed 3 x 5 min in TBS-T. Endogenous peroxidase 

blocking was performed for 15 min in 3% (v/v) H2O2, followed by a rinse for 5 min in water and 

a rinse in TBS-T.  Serum block with 5% rabbit serum in PBS was performed for 30 min. Slides 

were incubated with primary antibody at the appropriate concentration for 60 min. At the end of 

the incubation, the slides were washed in gentle running deionized water for 10 min, followed by 

a rinse in TBS-T for 5 min. Secondary antibody incubation using rabbit anti-goat HRP (Dako, 

P0160, 1:100) was performed for 30 min. The slides were washed in gentle running deionized 

water for 10 min, followed by a rinse in TBS-T for 5 min. The slides were incubated with DAB 

detection reagent (DAKO, K3468) for 5 min, and then rinsed in deionized water for 5 min to stop 

the DAB reaction. The slides were then counterstained with hematoxylin, dehydrated, cleared and 

mounted in synthetic mounting media.  

Cleaved Caspase 3 (CC3). Slides were deparaffinized in BondTM Dewax Solution and rehydrated 

through 100% ethanol to 1X BondTM Wash Solution. Heat-induced epitope retrieval was 

performed using BondTM Epitope Retrieval Solution 1 (pH 6) for 40 min at 100oC. Slides were 

then cooled to room temperature with 4 washes of 1X BondTM Wash Solution. Endogenous 

peroxidase blocking was performed for 30 min at room temperature in 3-4% (v/v) H2O2, followed 

by 3 rinses in 1X BondTM Wash Solution. Serum block using 10% goat serum was performed for 

30 min. Slides were then incubated with primary antibody at the appropriate concentration for 45 

min. At the end of the incubation, the slides were rinsed 3 times in 1X BondTM Wash Solution. 

Polymer solution containing anti-rabbit poly-HRP-IgG in 10% animal serum was then added for 

10 min. The slides were rinsed 4 times in 1X BondTM Wash Solution, and washed once in 

deionized water. BondTM Mixed DAB Refine was applied for 5 min, following which the slides 

were rinsed in deionized water to stop the DAB reaction. Counterstaining with hematoxylin was 

performed for 5 min. After which the slides are rinsed in deionized water and 1X BondTM Wash 

Solution. Slides were finally dehydrated and mounted in synthetic mounting media.  



Cell culture. 

Neural Stem/Progenitors Cells (NPCs): Neurosphere cultures were established as previously 

described (Lim and Kaldis 2012). Briefly, E14.5 embryos were harvested and cortices carefully 

dissected in ice-cold PBS and incubated in trypsin (Invitrogen, 25300120) for 10 min at 37°C. 

The tissue was then mechanically dissociated into single cell suspension and passed through a 40 

µm cell strainer (BD Falcon, 352340) into complete NSC medium (DMEM, Life Technologies, 

11965118 + 2% B-27, Life Technologies, 17504-044), 1% penicillin-streptomycin (Life 

Technologies, 15140122), 20 ng/ml recombinant human epidermal growth factor (EGF, 

Peprotech, 100-15) and 20 ng/ml recombinant human fibroblast growth factor-basic (FGF-2, 

Peprotech, 100-18B). Serial passages: 3*10^5 cells were seeded at each passage in a T75 culture 

flask and the total number of viable cells was determined after 4 days using an automated cell 

counter (Z2 cell and particle counter, Beckman Coulter). PRMT5F/F ER day4 neurospheres were 

treated with either 50nM 4-OHT (H7904; Sigma) or the equivalent volume of ethanol for 24 

hours before splitting to induce PRMT5 knockout. 

Mouse Embryonic Fibroblasts (MEFs). Primary MEFs were prepared from E14.5 embryos as 

previously described (Xu 2005) and maintained in a humidified 5% CO2 atmosphere at 37°C in 

DMEM (Life Technologies, 11965118) supplemented with 10% fetal bovine serum (FBS, 

Hyclone, SH30070.03) and 1% penicillin-streptomycin (Life Technologies, 15140122). To 

induce PRMT5 knockout, MEFs (passage 1) were grown to confluence in 15 cm-dishes, and 

either 50nM 4-OHT (H7904; Sigma) or the equivalent volume of ethanol were 24 h before 

splitting. 3*10^5 cells were seeded in a 10 cm -culture dish and the total number of viable cells 

was determined after 4 days using an automated cell counter (Z2 cell and particle counter, 

Beckman Coulter).  

Human cell lines. HEK293T, Phoenix-Eco, A549, U87, U2OS, HCT116, were obtained from 

ATCC and were propagated according to ATCC data sheets.  

 

Vectors, Transfections and Infections. 

pMXs-IRES-Blasticidin Retroviral Vector (Cell Biolabs Inc., RTV-016) was used to overexpress 

PRMT5, PRMT5(AAA) and MDM4. To generate the catalytic dead PRMT5(AAA) we used 

pCEP4flag-PRMT5 (Wild-type) as a template and carried out side directed mutations to generate: 

pCEP4flag-PRMT5(R368A). This was then used as template for second SDM generating 

pCEP4flag-PRMT5(R368A)(G367A), which in turn was used as template for the 3rd SDM 

forming pCEP4flag-PRMT5 (R368A)(G367A)(G365A). The codon changes were as follows: 

GGA to GCA (G365A); GGA to GCA (G367A); CGG to GCG (R368A). To test the 



methyltransferase activity, both the WT and the triple mutant were expressed in Insect cells with 

flag-tags in conjunction (co-expression) with His-tagged WDR77 (MEP50). Flag purified protein 

preps (200nM) in 50mM Tris-Cl, pH7.5, 150mM NaCl, 10% glycerol, 1mM DTT were tested for 

arginine methyltransferase activity using Epigenase PRMT Methyltransferase (Type II-specific) 

Activity/Inhibition Assay Kit (cat # P-3088). Flag-tagged WT PRMT5 or 

PRMT5(G365A;G367A;R368A) were also expressed in HEK293 cells and purified using anti-

flag M2 resin.  

Phoenix-Eco packaging cells were transfected with the overexpressing vectors together with 

VsVg expressing plasmid. Cells were incubated for 18 h, then fresh medium was added to the 

cells. After 24 and 48 hours, the medium, containing the viral particles, was collected, filtered 

using a 0.22 µm filter and concentrated by ultracentrifugation for 2 hours at 4°C, 23000 RPM. 

The infected neural stem cells were selected using blasticidin (1µg/ml, Life Technologies, 

R21001) -containing medium for 6 days.  

pLKO-1 Mission lentiviral vectors (Sigma)  were used for PRMT5 knock down in human cell 

lines. The target sequence of the KD shRNA construct used was: 

“CCTCAAGAACTCCCTGGAATA”. For both human and mouse SmB/B’ knock down we used 

validated pLKO-1 Mission lentiviral vectors (Sigma).  A scrambled shRNA (Scr) was used as a 

control. HEK293T cells were transfected with pLKO vector together with packaging vectors. 

Cells were incubated for 18 h, then fresh medium was added to the cells. After 24 h, the medium 

containing the viral particles was collected, filtered using a 0.22 µm filter unit and added onto the 

target cells, supplemented with 10 µg ml−1 of polybrene (SIGMA, H9268). Twenty-four hours 

after the last infection, the medium was replaced with fresh growth medium containing 

puromycin (Merck-Calbiochem, 540411). Cells were selected for 4 days before harvesting.  

 

BrdU labeling and FACS analysis. 

MEFs were trypsinized and washed with PBS. Neurospheres were collected by centrifugation, 

washed with PBS and the cell pellet was thoroughly dissociated into single cells and passed 

through a 40µm cell strainer (BD Falcon, 352340). The collected cells were fixed in 70% ice-cold 

ethanol overnight at -20oC. Fixed cells were subsequently stained with 20 µg/mL Propidium 

Iodide, 0.1% Triton X-100/PBS, and 0.2 mg/mL RNAse A (Sigma- Aldrich, R6513) for 30 

minutes at 22oC. For BrdU staining, cells were fixed after 1 hour of incubation with 100 µM 

BrdU. Fixed cells were then incubated for 30 minutes at room temperature in 2M Hydrochloric 

acid/0.1% Triton X-100 to denature the DNA, followed by neutralization with 0.1M Sodium 

tetraborate, pH9.0. Cells were subsequently stained with anti-BrdU antibody conjugated with 



Alexa Fluor ® 488 (Cat#B35130, Life Technologies) in 0.5% Tween 20/PBS, 1% BSA for 1 hour 

at 22oC, followed by Propidium Iodide staining and FACS analysis (Beckton & Dickson LSRII 

Flow Cytometry Analyser). 

 

Immunofluorescence. 

Whole or mechanically dissociated neurospheres (single cells) were seeded onto poly-D-lysine 

coated glass slides. After 4 hours incubation at 37°C, cells were fixed with 4% PFA/PBS for 15 

min at room temperature, permeabilized with 0.25% Triton X-100/PBS, blocked with 1% BSA in 

0.1% Triton X-100/PBS and incubated with primary antibody against Cleaved Caspase 3 (see 

Table S2) overnight at 4°C. Secondary antibody incubation was done for 1 hours at room 

temperature using anti-rabbit Alexa Fluor ® 488. The slides were mounted with Vectashield 

mounting medium for fluorescence with DAPI (Vector Laboratories, Inc., H-1200). Images were 

captured using Lsm700 Zeiss laser scanning confocal microscope. 

 

Real Time qRT-PCR.  

Total RNA was isolated from the cells using PureLink RNA Mini Kit (Ambion, 12183-018A). 

1µg RNA was used to prepare cDNA using Vilo cDNA kit (Invitrogen). The cDNA prepared 

was subjected to qRT-PCR (ABI PRISM 7500), using SYBR Green PCR Supermix (Invitrogen). 

Data were expressed as relative mRNA levels normalized to housekeeper (TBP, GAPDH) 

expression levels in each sample. The primer sequences are in Table S2. 

 

Western blotting and Immunoprecipitation. 

Western Blotting: cells were lysed directly in 1X Laemmli Buffer and sonicated with 3 short 

pulses prior to loading on SDS-PolyAcrylimide Gels. Mouse tissues were lysed in RIPA buffer 

(50mM Tris-HCl pH7.4, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 150mM NaCl, 2mM 

EDTA, protease inhibitors) for 30 min on ice, and mechanically homogenized using a Polytron 

homogenizer (PT-MR 1600E, Kinematica AG). Protein concentration was determined using the 

RC DC Protein Assay (BIO-RAD). 15- 50 µg of protein extract were loaded on 6-15% SDS-

PAGE and subsequently transferred onto nitrocellulose membranes (Whatman PROTRAN, 

10401396) using a semi-dry system. The membranes were blocked either in 5%  dry milk 

(SIGMA, 70133)/PBS or 5% BSA (MP Biomedicals, 0219989890)/PBS and incubated overnight 

with primary antibodies, followed by secondary-HRP conjugated secondary antibodies (see 

Table S2). The blots were developed using SuperSignal West Pico Chemiluminescent Substrate 

(Thermo Scientific, 34080). 



Immunoprecipitation: neurospheres were collected by centrifugation, washed once in PBS and 

lysed on ice in IP Lysis Buffer (300mM NaCl, 50mM Tris pH8, 0.4% NP-40, 10mM MgCl2, 

2.5mM CaCl2) containing protease inhibitor (Merck-Calbiochem, 539134-IML) for 30min. The 

lysate were briefly sonicated and an equal volume of IP Dilution Buffer (50nM Tris pH8, 0.4% 

NP-40) was added. After incubation for 20 to 60min the lysate were centrifuged for 10min at 4°C 

at 14000 RPM. Antibodies (see Table S2) were added to the extract and incubated overnight on a 

rotating wheel at 4°C. Protein G-Sepharose beads (GE Healthcare cat#17-0618-02) were added to 

the mix and incubated for an additional 4 hours. The beads were pelleted, washed 5 times with IP 

buffer, and boiled in Laemmli buffer before loading onto SDS-PAGE. 

 

Microarray analysis. 

The expression data from quadruplicate Illumina MouseRef-8 V2 microarrays were quantile 

normalized using the beadarray package v2.8.1 in R (Dunning et al. 2007) and annotated with the 

illuminaMousev2.db package. Probes with the label bad or no match were excluded from the 

analysis. p-values were multiple testing corrected using Benjamini and Hochberg (Benjamini et 

al. 2001) control of the false positive rate. log2 fold changes were computed and only transcripts 

with an absolute fold change greater than 1.5 fold (1251 up and 2123 down) and a q-value of 

smaller than 0.01 were labelled as significantly differentially expressed. 

 

TMG pull down. 

The [35S]methionine and [35S]cysteine pulse-chase assay was performed as described previously 

(Winkler et al. 2005) with minor modifications. The chase time was reduced from 1 h to 45 min 

and NPC were grown as described above. The newly synthesized snRNPs were purified using 

anti-TMG antibody–coated beads from total extract as described in the Immunoprecipitation 

section above. 

 

RNA-Seq library preparation and splicing analysis. 

For RNA-Seq library preparation we followed the Illumina TruSeq RNA Sample Preparation Kit 

v2 manual. At least 70 million, 51bp long paired end reads were mapped to the NCBI37/mm9 

version of the mouse genome per replicate using tophat 2.03 (Trapnell et al. 2009) allowing for 2 

read miss matches. In total more than 40 million read could be aligned unambiguously per 

replicate. Differential expression analysis was performed using cuffdiff 2.01 (Trapnell et al. 

2012) and only genes with a p-value of less than 0.05 and a fold change of greater than 1.5 were 

labelled as significantly differentially expressed. 



To determine differential splicing events, MATS 3.0.6 (Shen et al. 2012) beta was used counting 

junction reads and reads falling into the tested region within ENSEMBL v65 gene definitions. 

Matching embryos were analysed individually and only significant events occurring in at least 

two replicates were considered. Splicing events were labelled significant if the sum of the reads 

supporting a specific event exceeded 10 reads, the p-value was lower than 0.05 and the minimum 

inclusion level difference as determined by MATS was higher than 0.2. All other parameters were 

left at the default value. Shapiro scores for donor sites were calculated as stated in (Shapiro and 

Senapathy 1987). Briefly, the frequency of the first 6Bp of the Intron and the first 3Bp of the 

Exon were compared to reference donors. As reference donors we utilized all known skipped 

exon events based on ENSEMBL v65 genome..  Alternatively, the strength of the 5’-Donor was 

calculated using MaxEntScan (Yeo and Burge 2004) and H-Bond (Freund et al. 

2003):http://www.uni-duesseldorf.de/rna/html/background.php  

Intron read maps were generated on merged read counts using the package TransView 1.4.1. in R. 

Read maps were generated omitting overlapping known exons and converted into RPKM per 

intron. Only introns with a length between 0.1kBp and 10kBp and a RPKM of at least 1 were 

considered. All fold change values were log2 converted and log2 fold change values of the 

surrounding gene were subtracted to normalize for expression changes. All sequencing and 

microarray data have been submitted to the GEO repository and are available under accession 

number GSE45285. 

 

Functional annotation  

The functional annotation of the significant Microarray and RNA-Seq genes was performed with 

DAVID (Huang da et al. 2009), using KEGG pathway (Kanehisa et al. 2012) representations. 

 

RNA sequencing validation. 

Primer were designed using CLC Main Workbench 5 (http://www.clcbio.com/)(see Table S2). 

All PCRs were performed with initial holding temperature of 95°C for 5 mintues, 26 cycles of 

denaturation at 95°C for 45s, annealing at 58°C for 30s and elonagation at 72°C for 40s and a 

final elongation temperature of 72°C for 4 mintues and 4°C holding temperature. PCR products 

were ran in a range of 1.7% to 2.5% agarose gels with 7µL of ethidium bromide for every 100mL 

of agarose solution were prepared. PCR products were then loaded onto the gels and bands on 

gels were visualized using ImageQuant RT ECL imager (GE healthcare). Band intensities were 

quantified using ImageJ sofware (Schneider et al. 2012). 

 



Polysome purification. 

Polysomes were isolated and separated as previously described (Zhang et al. 2012). Briefly, 2 

million cells were incubated for 10 minutes with 100ug/mL cyclohexamide (Sigma, Cat C4859). 

On harvesting, the cells were resuspended in 2XRSB (20 mM Tris-HCl, pH 7.4, 20 mM NaCl, 30 

mM MgCl2, 200ug/mL cycloheximide, 1000 unit/mL SUPERase•In - Ambion), and then lysed 

for 8 minutes on ice with 2X lysis buffer (20 mM Tris-HCl, pH 7.4, 20 mM NaCl, 300 mM 

MgCl2, 1 % Triton X-100, 2% Tween-20, 1% deoxycholate). Following centrifugation at 12,000g 

for 10 minutes, cell extracts were loaded onto linear 10 – 50 % sucrose gradients (prepared in 10 

mM Tris-HCl pH 7.4, 75 mM KCl and 1.5mM MgCl2), and centrifuged at 36 k rpm for 70 min at 

8 C in a SW60 rotor (Beckman Coulter). 6 fractions were collected from the top of the gradient 

using a piston gradient fractionator (BioComp Instruments). Following fractionation SDS was 

added to 1% and 5 uL of proteinase K (10 mg/mL Invitrogen) was added toeach fraction, and 

incubated for 30 min at 42 C. RNA was purified by phenolchloroform extraction followed by 

ethanol precipitation. cDNA was made using Superscript III with a mix of Random hexamers and 

Oligo dT. 

 

Tamoxifen injections. 

A single pulse of 2mg Tamoxifen (SIGMA, T5648) plus 1mg Progesteron (SIGMA, P8783) in 

mineral oil (SIGMA, M5904) was given to pregnant females at E10.5. Embryos were harvested 

and analyzed at E15.5 and E17.5. 

 

Minigene construction. 

The expression constructs used for the minigene construction was kindly provided by E.Makeyev. 

RI (drRed2-Intron) (Makeyev et al. 2007). It contains a CMV or CAGGS promoter driving 

transcription of the dsRed2 fluorescent protein coding sequence interrupted by an intron. We refer 

to this vector as "Empty". To generate the RI-Mdm4 plasmid, a fragment containing mouse 

Mdm4 exon 7 and parts of introns 6 and 7 were inserted into the intron of the RI vector at the 

PmeI-SpeI sites. The fragment was amplified by PRC (Platinum® Taq DNA Polymerase High 

Fidelity, Invitrogen) from C57BL/6 mouse genomic DNA using the following primers:  Forward: 

acacGTTTAAACaacatggctttgttgggtttg    

 Reverse: acacACTAGTAGCAAGTGACACCTCGTCATA .        

We refer to this vector as "Exon 7".  

Primers used to check for alternative splicing were as follow: 



dsRED primers 

 4651 CCGTGATGCAGAAGAAGAC        

 4630 ATTATGATCTAGAGTCGCGGC        

The minigene constructs were transfected into MEFs using Lipofectamine 2000 *Invitrogen, 

according to the manufacturer instructions. 
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