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SUPPLEMENTARY MATERIALS AND METHODS 

 

Cell culture and lentivirus-mediated transduction 

The HEK-293T, HeLa, U2OS and T98G cell lines were obtained from the American Type 

Culture Collection (www.atcc.org). E14 (129/Ola) mouse embryonic stem cells (mESCs) 

were kindly provided by Maria Pia Cosma’s laboratory (CRG). Human cells were cultured in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine 

serum (FBS) and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin). mESCs 

were cultured in 0.1% gelatin coated plates, with DMEM supplemented with 15% FBS, 2 mM 

L–glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 0.5 mM 2-

mercaptoethanol, 1000 U/mL ESGRO recombinant mouse Leukemia Inhibitory Factor and 

antibiotics. For serum starvation, T98G cells were grown in DMEM without FBS for 16-48 h. 

All cell lines were grown at 37 ºC and in a 5% CO2 atmosphere. 

Lentiviral stocks were generated by transfecting HEK-293T cells by the calcium 

phosphate precipitation method with pCMV-VSV-G (Addgene #8454) envelope plasmid, 

pCMV-dR8.91 packaging construct, and pLKO-based Sigma Mission plasmids expressing 

short hairpin (sh)RNAs, either a non-targeting vector (shControl, Sigma #SHC016) or two 

shRNAs directed against DYRKA: DYRK1A.1 (TRCN0000022999) and DYRK1A.2 

(TRCN0000199464). Lentivirus-containing supernatants were harvested 48 h and 72 h after 

transfection, and concentrated by ultracentrifugation (87,500 xg, 2 h, 4 ºC). For cell 

transduction, the virus was added to the medium with the cells in suspension, and replaced 

with DMEM 24 h after infection and seeding. Infected cells were selected by adding 1.25 

µg/ml of puromycin (Sigma) for 48-72 h, and the cells were allowed to recover in the 

absence of puromycin for 24 h. 

 

Cell cycle profile and cell volume determination 



	 3 

T98G cell pellets were fixed by dropwise addition of cold 70% ethanol and their DNA was 

stained with 4’,6-diamino-2-phenylindole (1 µg/mL, Roche), 0.1% Triton X-100 in phosphate-

buffered saline (PBS). Cells were analyzed with a LSR II flow cytometer (Becton Dickinson) 

with FACSDivaTM software v6.1.2 (Becton Dickinson). Cell volume was determined with the 

Beckman Coulter Z2 Cell and Particle Counter. Cells were harvested by trypsinization, 

washed in cold PBS and measured in triplicate. Cell-type dependent cursor settings were 

used to discriminate between vital and dead cells/cell debris. 

 

Western blotting 

To prepare the total cell lysates, cells were resuspended in SDS-lysis buffer (25 mM Tris-

HCl pH 7.5, 1% sodium dodecyl sulfate [SDS], 1 mM ethylenediaminetetraacetic acid 

[EDTA], 10 mM Na4P2O7, 20 mM β-glycerol phosphate) and heated for 10 min at 98 ºC. The 

protein extracted was quantified with the BCA Protein Assay Kit (Pierce-Thermo Scientific). 

For Western blotting (WB), cell lysates were resolved on SDS-polyacrylamide gels (SDS-

PAGE) and transferred onto Hybond-ECL nitrocellulose membranes (Amersham 

Biosciences). The membranes were blocked for 1 h at room temperature with 10% non-fat 

milk (Cell Signaling Technologies) diluted in TBS-T (10 mM Tris-HCl pH 7.5, 100 mM NaCl, 

0.1% Tween-20) and then incubated for 16 h at 4 ºC with the primary antibodies (Table S1) 

diluted in TBS-T containing 5% non-fat milk (or bovine serum albumin [BSA] for the 

phosphospecific antibodies). After several washes in TBS-T, the membranes were incubated 

with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature 

diluted in TBS-T containing 5% non-fat milk. After washing in TBS-T, the chemiluminiscence 

signal was revealed with Western Lightning® Plus ECL (Perkin Elmer) and measured in a 

LAS-3000 image analyzer (Fuji PhotoFilm) with the LAS3000-Pro software. Band intensities 

were quantified with the ImageQuantTM TL software (GE Healthcare Life Sciences) or 

ImageStudioTM Lite (Li-Cor), and the relative protein levels were calculated using α-tubulin or 

vinculin as loading controls. 

 

Mass spectrometry (MS) 

Sample preparation: Ribosome-enriched pellets were washed three times with 100 mM 

ammonium bicarbonate (ABC) and resuspended in 6 M Urea-100 mM ABC. Extracts (10 µg) 

were incubated for 1 h at 37 ºC in the presence of 0.3 mM DTT, followed by incubation with 

0.6 mM iodoacetamide (Sigma) for 30 min at room temperature in the dark. Proteins were 

digested for 16 h at 37 ºC with Lys-C endoprotease (1 µg: Wako) and then incubated for 8 h 

at 37 ºC with sequence-grade trypsin (1 µg: Promega). Peptides were desalted on Ultra 

Micro Spin Columns C18 (The Nest Group INC) prior to liquid chromatography (LC)-MS/MS. 
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Chromatographic and MS analysis: Samples were analyzed on a LTQ-Orbitrap Fusion 

Lumos mass spectrometer (Thermo Scientific) coupled to an Easy-nLC 1000 (Thermo 

Scientific, Proxeon) at the CRG/UPF Proteomics Unit. Peptides were loaded onto the 

analytical column and separated by reversed-phase chromatography on a 50 cm column 

with an inner diameter of 75 µm, packed with 2 µm C18 particles (Thermo Scientific). 

Chromatographic gradients started at 95% buffer A (0.1% formic acid in water) and 5% 

buffer B (0.1% formic acid in acetonitrile) with a flow rate of 300 nL/min for 5 min, and they 

gradually increased to 78% buffer A - 22% buffer B in 79 min, and then to 65% buffer A - 

35% buffer B in 11 min. After each analysis, the column was washed with 10% buffer A - 

90% buffer B for 10 min. The mass spectrometer was operated in positive ionization mode 

with nanospray voltage set at 2.4 kV and the source temperature at 275 °C. Ultramark 1621 

was used for external calibration of the FT mass analyzer and an internal calibration was 

performed using the background polysiloxane ion signal at m/z 445.1200. Acquisition was 

performed in data dependent acquisition (DDA) mode and full MS scans with 1 micro scans 

were used at a resolution of 120,000 over a mass range of m/z 350-1500. Auto gain control 

(AGC) was set to 1E5 and charge state filtering that disqualifies single charged peptides was 

activated. In each cycle of DDA analysis, the most intense ions above a threshold ion count 

of 10,000 were selected for fragmentation following each survey scan. The number of 

selected precursor ions for fragmentation was determined by the “Top Speed” acquisition 

algorithm with a dynamic exclusion of 60 s. Fragment ion spectra were produced via high-

energy collision dissociation at a normalized collision energy of 28% and they were acquired 

in the ion trap mass analyzer. AGC was set to 1E4, using an isolation window of 1.6 m/z and 

a maximum injection time of 200 ms. All data were acquired with Xcalibur software 

v4.1.31.9. Digested BSA (New England Biolabs) was analyzed between each sample to 

avoid sample carry over and to assure the stability of the instrument. QCloud [67] was used 

to control the instrument’s longitudinal performance. The spectra acquired were analyzed 

with the Proteome Discoverer software suite (v2.3, Thermo Fisher Scientific) and the Mascot 

search engine (v2.6, Matrix Science) [68]. The data was used to search the SwissProt 

human database (February 2020), including a list of common contaminants and the 

corresponding decoy entries. 

 

ChIP-Seq 

Sample preparation: Formaldehyde-crosslinked cells were washed twice with cold PBS, 

resuspended in 1 mL of Lysis buffer I (5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 

protease inhibitor cocktail [cOmplete Mini, Roche Diagnostic]) and incubated on ice for 10 

min. After centrifugation (800 xg, 5 min, 4 ºC), the cell pellets were resuspended in 0.6 mL of 

Lysis buffer II (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.0, protease inhibitor cocktail) 
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and incubated for additional 10 min on ice. Chromatin was sonicated to an average size of 

0.2-0.5 kb with a Bioruptor (Diagenode) and the chromatin corresponding to 150 µg DNA 

was diluted in 1 mL of Buffer III (300 mM NaCl, 200 mM Tris-HCl pH 8, 10 mM EDTA, 1% 

SDS, 5% Triton X-100) and the samples were incubated with specific antibodies (Table S1) 

or control rabbit IgGs (Santa Cruz sc-2027) for 16 h at 4 °C with rotation. The 

immunocomplexes were recovered by incubating with 30 µl of Protein A-Sepharose beads 

(GE Healthcare) for 3 h at 4 °C with rotation, and the beads were then washed three times 

with low salt buffer (50 mM HEPES pH 7.4, 140 mM NaCl, 1% Triton X-100), once with high 

salt buffer (50 mM HEPES pH 7.4, 500 mM NaCl, 1% Triton X-100), once with LiCl buffer 

(10 mM Tris-HCl pH 8, 250 mM LiCl, 1% NP-40, 1% deoxycholic acid, 1 mM EDTA), and 

once with TE buffer (100 mM Tris-HCl pH 7.5, 50 mM EDTA). All wash buffers were 

supplemented with the protease inhibitor cocktail. DNA was eluted by incubation in elution 

buffer (1% SDS, 100 mM NaHCO3) in two steps of 30 min, each at 65 ºC, and crosslinking 

was reverted by an additional incubation in 200 mM NaCl for 16 h at 65 ºC. Finally, 

chromatin-associated proteins were degraded by adding Proteinase K (1.6 U, New England 

Biolabs) for 2 h at 45 ºC, and the DNA was purified by phenol/chloroform extraction and 

ethanol-precipitation. The DNA was quantified with the Qubit® dsDNA HS Assay Kit 

(Thermo Fisher Scientific). 

Library generation and sequencing: DNA libraries were generated with the Ovation® 

Ultralow Library System V2 (NuGEN) and sequenced on an Illumina Hiseq-2500 sequencer 

at the CRG Genomics Unit, with 50 bp single end reads. The quality of the sequenced reads 

was controlled using with FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc). 

Reads were mapped to the human or mouse genome assemblies (hg38 and mm9, 

respectively) using Bowtie [69], and p-values for the significance of ChIP-Seq counts were 

calculated relative to the input DNA [33], using a threshold of 10-8 and FDR <1%. 

 

RNA-Seq 

Sample preparation: RNA was isolated with the RNeasy extraction kit and samples were 

treated for 30 min at 37 ºC with DNase I (2 U/µL, Ambion). RNA was quantified with 

NanoDrop and quality-controlled on a Bioanalyzer 2100 (Agilent). For T98G cells spike-in 

normalization, an equal number of T98G cells for each condition were mixed with a fixed 

number of Drosophila melanogaster Kc167 cells (1:4 ratio). For reverse transcription RT, 

0.5-1 µg RNA was subjected to cDNA synthesis with Superscript II Reverse Transcriptase 

(Invitrogen) and random primers. 
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Library generation and sequencing: Libraries were prepared with the TruSeq Stranded 

mRNA Sample Prep Kit v2 and sequenced with Illumina Hiseq-2500 to obtain 125 bp pair-

ended reads. 

Data analysis: Genomic reads were mapped and counted using STAR [70], plotting T98G 

reads against the human and fly genomes (hg38 and dm3, respectively) or HeLa reads 

against the human genome alone. Those reads that could not be uniquely mapped to just 

one region were discarded. Differential gene expression was assessed with the DESeq2 

package in R, filtering genes that had >10 average normalized counts per million [35]. In the 

case of T98G RNA-Seq, the size factor of each replicate was calculated according to 

exogenous Drosophila spike-in reads. Expression was considered to be altered when adj p-

value ≤0.05, and a log2FC above 0.7 and below -0.7 for up- and downregulated genes, 

respectively. To measure RPG expression levels in U2OS cells, the GSE117212 dataset 

was analyzed in the same manner (GSM3274834, GSM3274835, GSM3274837; [71]), 

obtained from the NCBI’s Gene Expression Omnibus (GEO) repository 

(https://www.ncbi.nlm.nih.gov/geo/). To analyze the expression of RPGs in Down syndrome 

individuals, the GEO dataset GSE5390 [72] was analyzed with GEO2R 

(https://www.ncbi.nlm.nih.gov/geo/geo2r/) using the default parameters. 

 

Other computational tools 

The Integrated Genomics Browser v9.0.0 [73] was used to visualize the ChIP-Seq data sets 

and an in-house gene and promoter annotation pipeline was used for peak annotation. The 

script uses data from a consensus position weight matrix (PWM) for the presence of the 

DYRK1A motif [20], and the University of California Santa Cruz (UCSC) genome browser 

software (http://genome.ucsc.edu/) via the UCSC Table Browser for Ensembl/NCBI gene 

and transcript annotation. Extra annotations were provided using Biomart [74]. BEDTools 

[75] was used to create overlaps of significant peaks with genomic annotated regions with 

the “BEDtools intersect” command. Density plots and heatmaps to profile the average 

binding of the factors analyzed on defined genomic intervals were generated with 

computeMatrix and plotHeatmap tools from deepTools v3.0.0 [76]. Four genes (RPL10L, 

RPL3L, RPS18 and RPS4Y2) were excluded from the analysis because they were not 

bound by any of the factors. The DYRK1A-PWM [20] was used to define RPG promoters 

containing the DYRK1A consensus motif within a -1000 bp to +100 bp region from TSS 

using the FIMO package [77] with p-values ≤ 3x10-4. The p-value was converted to a q-value 

following the method of Benjamini and Hochberg [78]. Bona-fide motifs were considered 

when p-value < 10-4 and degenerated motifs were those with 10-4 < p-value < 3X10-4. 

CentriMo [37] was used to identify the significant preference of the DYRK1A motif for 

particular locations within DYRK1A binding RPGs over a ±250 bp region of ChIP-Seq peaks 
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summit. To identify RPG promoters harboring the TCT-motif [13], sequences from -50 to +50 

(relative to the C+1 transcription start site) were retrieved from the Eukaryotic Promoter 

Database EPD (https://epd.epfl.ch//index.php; accessed on 1 January 2021) and analyzed 

using the MEME tool in the MEME Suite (http://meme-suite.org). The Jaspar database [79] 

was used to retrieve known transcription factor binding profiles (http://jaspar.genereg.net/; 

accessed on 1 January 2021). The Jaspar-associated Myc-PWM MA0147.3 was used to 

define RPG promoters containing the Myc motif within a -1000 bp to +100 bp region from 

TSS using the FIMO package [77] with p-values ≤ 1x10-4. The Enrichr webtool 

(https://maayanlab.cloud/Enrichr/; [80]) was used to identify pathways enriched in the 

proteomics datasets (KEGG 2019 Human). BioVenn (https://www.biovenn.nl/) was used to 

overlap gene/protein targets from different datasets. Human orthologs of the Drosophila 

proteins were found in FlyBase (release FB2018_06; https://flybase.org/). 

Scatter and box plots were generated with the R package ggplot2. For the box plots, 

the bottom and top of the box are the first and third quartiles, and the band inside the box is 

the median. The ends of the whiskers represent the lowest data point still within a 1.5 

interquartile range (IQR) of the lower quartile, and the highest data point still within 1.5 IQR 

of the upper quartile. Any data not included between the whiskers is plotted as an outlier 

with a dot. Bar graphs were generated with Microsoft Excel v15.33. 
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