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Lab Resource: Genetically-Modified Single Cell Line 

Syndromic RNA polymerase II insufficiency: Generation of a human 
induced pluripotent stem cell line (UUIGPi002A-5) with a heterozygous 
disruption of POLR2A 

Jens Schuster *, Claudia de Guidi, Ambrin Fatima 1, Maria Sobol, Niklas Dahl * 

Uppsala University, Department of Immunology, Genetics and Pathology and Science for Life Laboratory, Uppsala, Sweden  

A B S T R A C T   

Heterozygous variants in POLR2A, encoding the largest subunit of RNA polymerase II, cause severe neurodevelopmental and multisystem abnormalities in humans. 
Using CRISPR/Cas9 we generated the human iPSC line KICRi002A-5 with a heterozygous truncating 4 bp insertion in exon 5 of the POLR2A gene. Analysis using qRT- 
PCR confirmed reduced POLR2A mRNA in KICRi002A-5 vs. the isogenic WT iPSC line. The edited iPSC line expressed pluripotency markers and exhibited differ-
entiation capacity into the three germ layers. Assessment of genomic integrity revealed a normal karyotype and OFF-target editing was excluded. The iPSC line 
KICRi002A-5 provides a useful resource to study mechanisms underlying developmental defects caused by RBP1 insufficiency.   

1. Resource table  

Unique stem cell line identifier KICRi002-A-5 

Alternative name(s) of stem cell 
line 

UUIGPi012-A-510-I POLR2A K.D.2 

Institution Uppsala University, Uppsala, Sweden 
Contact information of the 

reported cell line distributor 
Jens Schuster, jens.schuster@igp.uu.se 
Niklas Dahl, niklas.dahl@igp.uu.se 

Type of cell line iPSC 
Origin Human 
Additional origin info  
Cell Source iPSC line KICRi002A 
Method of reprogramming (Sendai Virus for parental line KICRi002A) 
Clonality Clonal, FACS and expansion of single cell 

clone 
Evidence of the reprogramming 

transgene loss (including 
genomic copy if applicable) 

N/A 

Cell culture system used Feeder-free maintenance on LN521 coated 
dishes in Essential®8-medium 

Type of Genetic Modification Targeted gene knock-down using Cas9 
Associated disease Neurodevelopmental disorder with 

dysmorphisms, intellectual disability, 
seizures and behavioral abnormalities (OMIM 
#618603) 

Gene/locus RNA-polymerase II, subunit A (POLR2A)/ 
chr17: 7,484,365–7,514,615 
CRISPR-Cas9 

(continued on next column)  

(continued ) 

Unique stem cell line identifier KICRi002-A-5 

Method of modification/site- 
specific nuclease used 

Site-specific nuclease (SSN) 
delivery method 

Plasmid transfection 

All genetic material introduced 
into the cells 

gRNA-Cas9-GFP plasmid (Addgene) 

Analysis of the nuclease- 
targeted allele status 

Sequencing of the targeted allele 
(deconvolution of heterozygous alleles by TA 
cloning of PCR products) 

Method of the off-target 
nuclease activity surveillance 

Targeted PCR/sequencing (all targets, n ¼ 1) 

Name of transgene N/A 
Eukaryotic selective agent 

resistance (including 
inducible/gene expressing 
cell-specific) 

N/A 

Inducible/constitutive system 
details 

N/A 

Date archived/stock date December 2020 
Cell line repository/bank https://hpscreg. 

eu/user/cellline/edit/KICRi002-A-5 
Ethical/GMO work approvals The study was approved by the Regional 

Ethics Committee Uppsala 2016 (Registration: 
Dnr 2016/209). 

Addgene/public access 
repository recombinant DNA 
sources’ disclaimers 

pSpCas9 (BB)-2A-GFP (PX458), Addgene 
plasmid #48138 
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2. Resource utility 

The generated iPSC line UUIGPi012A-5 provides a useful resource to 
model and study mechanisms underlying the various human develop-
mental defects caused by heterozygous variants in the POLR2A gene. 

3. Resource details 

The RNA polymerase II (Pol II) enzyme is a ubiquitously expressed, 
multi-subunit protein complex essential for transcribing all protein 
coding genes and a number of non-coding RNA genes. The POLR2A gene 
encodes the largest Pol II subunit RPB1 that participates in all aspects of 
transcription such as initiation, elongation and termination (Wang et al., 
2006; Steurer et al., 2018). Heterozygous germ-line variants in the 
POLR2A gene were recently shown to cause a severe developmental 
phenotype in human (Haijes et al., 2019; Hansen et al., 2021). Specif-
ically, missense and truncating POLR2A variants were identified in cases 
with variable multi-systemic features, developmental delayand severe 
neurological symptoms (Haijes et al., 2019; Hansen et al., 2021). 
However, the mechanisms underlying the clinical variability caused by 
POLR2A variants remain elusive. 

The POLR2A gene consists of 29 exons that are translated into a 
protein of 1970 amino acids. We applied CRISPR/Cas9 genome editing 
using one gRNA targeting exon 5 of human POLR2A gene to generate a 
human iPSC line KICRi002A-5 with a heterozygous disruption of the 
POLR2A reading frame (Table 1). A construct, encompassing the gRNA 
(Table 2) and Cas9 linked to GFP, was introduced into the parental line 
KICRi002A by nucleofection followed by sorting of single cells 
expressing GFP using fluorescence-activated cell sorting (FACS). Single 
GFP expressing cells were subsequently expanded and analysed by 

sequencing for variants in POLR2A. The analysis of the clonal line 
KICRi002A-5 revealed a 4 bp insertion in exon 5 (chr17: 
g.7′496′870insTAGA; p.Tyr199fs*6; Fig. 1A) of POLR2A resulting in a 
premature termination codon. Sanger sequencing excluded editing of 
the predicted OFF-target sequence (Supplementary Fig. 1). Continued 
culture of the iPSC line KICRi002A-5 yielded a stable cell line growing in 
tight colonies with light boarders consisting of cells with high nucleus- 
to-cytoplasm ratio, visualized by bright field microscopy (Fig. 1B, 
scale bar 100 µm). The KICRi002A-5 line was tested positive for 
expression of the pluripotency markers NANOG and SOX2 when ana-
lysed by immunoimaging, as well as for expression of TRA-1–60 and 
SSEA4 using flow cytometry (Fig. 1C and D). Furthermore, gene 
expression of markers for self-renewal, pluripotency and differentiation 
in KICRi002A-5 was comparable to that in a set of 23 pluripotent stem 
cell lines using scorecard analysis (Fig. 1E). 

To further characterise the KICRi002A-5 line, we assessed genome 
integrity using G-banding of metaphase chromosomes. The analysis 
showed a normal 46,XY karyotype without detectable structural gains or 
losses (Fig. 1E). Furthermore, the expression level of POLR2A mRNA was 
significantly reduced in the edited iPSC line KICRi002A-5 when 
compared to the parental iPSC line (p-value = 0.01654) when analysed 
by quantitative real-time PCR (qRT-PCR; Fig. 1G). The analysis was 
repeated three times and POLR2A expression was normalized to the 
average expression of the housekeeping genes Glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) and beta-actin (ACTB). 

We further evaluated the differentiation capacity of the KICRi002A2- 
5 iPSC line by embryoid body formation and subsequent non-directed 
differentiation. Expression of pluripotency and differentiation markers 
analysed by scorecard at day 28 of differentiation showed a marked up- 
regulated expression of markers specific for the ectoderm, mesoderm 

Table 1 
Characterization and validation of human iPSC line KICRi002A-5.  

Classification 
(optional italicized) 

Test Result Data 

Morphology Photography KICRi002A-5 displays typical primed pluripotent human 
stem cell morphology 

Bright-Field image with phase- 
contrast; Fig. 1 panel B 

Pluripotency status evidence for the 
described cell line 

Qualitative analysis 
(immunofluorescence) 

Assessment of staining of pluripotency markers (P35): 
positive for NANOG and SOX2 

Fig. 1 panel C 

Quantitative analysis (Flow cytometry) The iPSC line (P35) is positive for TRA 1–60: 99,4% and 
SSEA4: 99,5% 

Fig. 1 panel D 

Quantitative analysis (TaqMan® hPSC 
ScorecardTM) 

Undifferentiated and pluripotent compared to reference 
set of 23 hPSC lines (P31) 

Fig. 1 panel E 

Karyotype Karyotype (G-banding) and resolution 46,XY (resolution 400 bphs), P35 Fig. 1 panel F 
Genotyping for the desired genomic 

alteration/allelic status of the gene of 
interest 

PCR and Sanger sequencing across the 
edited site 

KICRi002A-5 carries a 4 bp insertion in exon 5 of the 
POLR2A gene 

Fig. 1 panel A 

Quantitative real-time PCR POLR2A mRNA expression is significantly reduced in 
KICRi002A-5 iPSC line compared to expression in the 
parental line (p-value: 0.01654) 

Fig. 1 panel G 

Transgene-specific PCR N/A N/A 
Verification of the absence of random 

plasmid integration events 
PCR No detection of gRNA-Cas9-GFP expression vector in 

KICRi002A-5 
Supplementary Fig. 1B 

Parental and modified cell line genetic 
identity evidence 

STR analysis (AmpLSTRTM Identifiler PCR 
Amplication Kit) 

Matched DNA profile of 16 polymorphic markers Supplementary file 2, 
submitted in the archive with 
journal 

Mutagenesis/genetic modification 
outcome analysis 

Sequencing (genomic DNA PCR) KICRi002A-5 carries a heterozygous 4 bp insertion in exon 
5 of POLR2A genes 

Fig. 1 panel A 

PCR-based analyses N/A  
Southern Blot or WGS; western blotting 
(for knock-outs, KOs) 

N/A  

Off-target nuclease analysis- PCR and Sanger sequencing of predicted 
likely off-target site 

Likely off-target site showed wt sequence Supplementray Fig. 1A 

Specific pathogen-free status Mycoplasma testing by luminescence 
(MycoAlertTM Mycoplasma Detection Kit) 

Negative Supplementary file 1 

Multilineage differentiation potential Embryoid body formation and 
differentiation followed by Scorecard 
analysis 

KICRi002A5 (P31) demonstrates the ability to 
differentiate into derivatives of all 3 germ layers 

Fig. 1 panel H 

Donor screening (OPTIONAL) HIV 1 + 2 Hepatitis B, Hepatitis C N/A  
Genotype - additional histocompatibility 

info (OPTIONAL) 
Blood group genotyping N/A  
HLA tissue typing N/A   

J. Schuster et al.                                                                                                                                                                                                                                



Stem Cell Research 57 (2021) 102577

3

and endoderm, demonstrating that the iPSC line retained the differen-
tiation capacity of pluripotent stem cells (Fig. 1H). Finally, the iPSC line 
tested negative for mycoplasma infection (Supplementary File 1). 

Taken together, we generated an iPSC line KICRi002A-5 with a 
heterozygous truncating POLR2A variant resulting in reduced POLR2A 
mRNA levels. This iPSC line is available for investigations of mecha-
nisms underlying human developmental syndromes caused by RPB1 
insufficiency and perturbed Pol II function. 

4. Materials and methods 

4.1. Cell culture 

Human iPS cells were cultured in Essential-8™ medium, 
ThermoFisher-Scientific on human Laminin-521 coated plates, Bio-
lamina (5% CO2, 37 ◦C) and passaged 1:10 when 80% confluent as single 
cells with TrypLE™-Express, and Defined Trypsin Inhibitor, 
ThermoFisher-Scientific. For embryoid body (EB) formation, iPSCs were 
dissociated with TrypLE™-Express, seeded into a 96-well ultra-low 
attachment plate, Sigma in DMEM/F12, 20% Knock-out serum 
replacement, 3% FBS, 2 mM GlutaMAX™, 1x non-essential amino acids 
and 1% penicillin/streptomycin, supplemented with 10 μM Rho-kinase 
inhibitor Y27632, Stem Cell Technologies. The next day, formed EBs 
were transferred to non-adherent culture plates for 28 days of 
differentiation. 

4.2. CRISPR/Cas9-mediated POLR2A gene editing 

The CRISPR-direct tool (https://crispr.dbcls.jp/) was used to design 
the gRNA with high specificity to target a POLR2A site within exon 5 and 
with only one predicted OFF-target site. The gRNA sequence (Table 2) 

was introduced into pSpCas9 (BB)-2A-GFP (PX458). The resulting vec-
tor, containing sequences for the POLR2A gRNA and Cas9-GFP, was 
transfected into the parental iPSC line KICRi002A using Human Stem 
Cell Nucleofector® Kit 1 and Amaxa Nucleofector II (Lonza; program B- 
016). Recovered cells were plated on LN521 coated culture dishes. Cells 
were harvested 24 h post-transfection and GFP expressing single cells 
were isolated using fluorescence-activated cell sorting (FACS; BD Aria II) 
and plated in individual wells of LN521 coated 96-well plates in E8 
medium supplemented with 10 µM Y-27632. Colonies derived from 
single cells were passaged at day 10, expanded and subsequently 
analyzed for gene editing by Sanger sequencing. 

4.3. Cell authentication 

Genomic DNA was isolated using NucleoSpin® Gel and PCR Clean- 
up kit, Macherey-Nagel. Cell authentication of DNA from iPSC lines 
KICRi002A and KICRi002A-5 was performed using AmpFLSTR™ Iden-
tifiler™ PCR Amplification Kit, ThermoFisher Scientific and the ampli-
fied products were separated on a SeqStudio Genetic Analyzer, Applied 
Biosystems. Fragment lengths were analyzed using GeneMapper™ 
Software v5. 

4.4. Genome stability 

To assess the genome stability and chromosomal integrity we kar-
yotyped individual metaphases stained by Giemsa (G) solution. Analysis 
of G-banded chromosomes was performed on 20 fixed metaphases using 
the Metafer slide scanning platform and Ikaros software, MetaSystems. 

Table 2 
Reagents details.  

Antibodies and stains used for immunocytochemistry/flow-cytometry  

Antibody Dilution Company Cat # and RRID 

Pluripotency Markers Mouse IgG anti-NANOG 1:200 Millipore Cat#MABD24, RRID:AB_11203826 
Pluripotency Markers Mouse IgG anti-SSEA4 1:100 Thermo Fisher Scientific Cat#41–4000, RRID: 

AB_2533506 
Pluripotency Markers Mouse IgM anti-TRA-1–60 1:100 Thermo Fisher Scientific Cat#41–1000, RRID: 

AB_2533494 
Pluripotency Markers Goat IgG anti-SOX2 1:500 RnD Systems Cat# AF2018, RRID:AB_355110 
Secondary Antibody AF488 Goat anti-mouse IgG 1:1000 Thermo Fisher Scientific Cat# A11001, RRID: 

AB_2534069 
Secondary Antibody AF555 Goat anti-mouse IgM 1:1000 Thermo Fisher Scientific Cat# A21426, RRID: 

AB_2535847 
Secondary Antibody AF647 Donkey anti-mouse IgG 1:1000 Thermo Fisher Scientific Cat# A31571, RRID: 

AB_162542 
Secondary Antibody AF488 Donkey anti-goat IgG 1:1000 Thermo Fisher Scientific Cat# A11055, RRID: 

AB_2534102  

Site-specific nuclease 
Nuclease information Cas9 (S. pyogenes)  
Delivery method Transfection/nucelofection  
Selection/enrichment 

strategy 
FACS (GFP positive)   

Primers and Oligonucleotides used in this study  

Target Forward/Reverse primer (5′-3′) 
POLR2A/gRNA RNA polymerase II subunit A CACCGGCCTAGAGTTGTATGCGGAA/ 

AAACTTCCGCATACAACTCTAGGCC 
GAPDH (qPCR) Glyceraldehyde-3-phosphate dehydrogenase (normalization) GAAGGTGAAGGTCGGAGTC/ 

GAAGATGGTGATGGGATTTC 
ACTB (qPCR) Beta-Actin (normalization) TGACGGGGTCACCCACACTGTGCCCATCTA/ 

CTAGAAGCATTTGCGGTGGACGATGGAGGG 
POLR2A (qPCR) RNA polymerase II subunit A ACGCTGCTCTTCAACATCCA/ 

GGCAGACACACCAGCATAGT 
POLR2A OFF-target chr9:136728696–136728710 GAACCGGAGACAGAGAGGAG/ 

CTTCATCAGCTGCTCGTGAC 
Vector test For/ Vector test 

Rev 
Targeting position 172–702 in plasmid pSpCas9(BB)-2A-GFP (#48138, 
Addgene) 

GACTATCATATGCTTACCGTAAC/ 
CGTAGATGTACTGCCAAGTAGG  
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Fig. 1. Characterisation of human iPSC line KICRi002A-5.  
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4.5. Reverse transcription quantitative Real-time PCR (qRT-PCR) and 
PCR 

RNA was isolated using miRNeasy micro kit, Qiagen. CDNA was 
synthesized using High Capacity cDNA Synthesis kit, ThermoFisher 
Scientific from 1 μg of total RNA. Quantitative real-time PCR (qRT-PCR) 
was performed on cDNA using SYBR® Green Real-Time PCR Master mix, 
Sigma, on StepOnePlus™ Real-Time PCR System (Applied Biosystems). 
POLR2A gene expression was normalized to the average of expression of 
GAPDH and ACTB. 

A standard PCR (5 min @ 95C; 30 cycles: 30 sec @ 95C, 1 min @ 50C, 
1 min @ 72C; 10 min @ 72C; BIORAD MyCycler) using Platinum-Taq 
DNA polymerase and 1 M Betaine was employed to analyse for presence 
of gRNA/Cas9 expressing vector in the generated KICRi002A-5 line 
using primers Vector test For and Rev (Table 2). 

4.6. Immunofluorescence 

Cells were fixed in 4% formaldehyde for 5 min, washed three times in 
1xPBS followed by pre-incubation in 1xPBS, 1%BSA and 0,3% Tri-
tonX100. Primary antibodies (mouse anti-NANOG, rabbit anti-SOX2; 
Table 2) were diluted in pre-incubation buffer and incubated at 4 ◦C 
overnight. Next day following three washing steps with 1xPBS, sec-
ondary antibodies (donkey anti-mouse AF647, donkey anti-goat AF488; 
Table 2) were incubated at room temperature for 60 min. The nuclear 
marker, DAPI (1 μg/ml), Sigma was incubated for 10 min at room 
temperature and specimens were mounted onto microscope slides using 
ProLong™ Glass Antifade Mountant, Invitrogen. Cells were imaged 
using an AxioImager (Zeiss). 

4.7. Flow cytometry 

IPSCs were harvested with TrypLE™ Express and washed in 1%BSA/ 
1xPBS. Primary antibodies (mouse-IgG anti-SSEA4, mouse-IgM anti 
TRA-1–60; Table 2) were incubated at room temperature for 30 min. 
Secondary antibodies (goat anti-mouse IgM AF488, goat anti-mouse IgG 
AF555; Table 2) were incubated for 20 min at room temperature. Pos-
itive staining of single cells was detected on an LSR-FORTESSA (BD) and 
analyzed using software FlowJo v10.7.2 

4.8. Scorecard assay 

Total RNA (see above) quality was assured by BioAnalyzer (Agilet; 
RIN > 8) and samples were run on TaqMan® hPSC Scorecard™ kit, 
ThermoFisher Scientific following manufacturer’s protocol. Scorecards 
were analyzed and data extracted using the company’s software at htt 
ps://apps.thermofisher.com/hPSCscorecard/home.htm. 

4.9. Mycoplasma 

Presence of mycoplasma in the KICRi002A-5 iPSC line was assessed 
on cell culture supernatants using MycoAlert™ Mycoplasma Detection 
kit, Lonza following manufacturer’s protocols. 
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