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A B S T R A C T

Interferon stimulated gene 15 (ISG15) is one of the most highly upregulated proteins in response to viral infection and is involved in numerous pathways with
multiple mechanisms of actions. ISG15 deficiency has been reported to induce type I interferonopathy owing to defective negative regulation of IFN-I signalling as
well as enhanced antiviral protection. Here, we have generated ISG15 knockout clones from human iPSCs, which provide useful cell resources to study mechanisms of
ISG15 deficiency and gain more insight into the biological function of ISG15.

(continued )

1. Resource table
Unique stem cell lines
identifier
Alternative names of stem
cell lines
Institution
Contact information of
distributor
Type of cell lines
Origin
Cell Source
Clonality
Method of reprogramming
Multiline rationale
Gene modification
Type of modification
Associated disease
Gene/locus
Method of modification
Name of transgene or
resistance
Inducible/constitutive
system
Date archived/stock date
Cell line repository/bank

MHHi001-A-3
MHHi001-A-4
4_ISG15_C3
4_ISG15_C4
LEBAO, Hannover Medical School
merkert.sylvia@mh-hannover.de
olmer.ruth@mh-hannover.de
iPSC
Human
MHHi001-A
Clonal
Sendai virus, transgene free
Isogenic clones
YES
Targeted knockout generation
N/A
ISG15, 1p36.33
CRISPR/Cas9 plasmid transfection
N/A
N/A
December 2017
(continued on next column)

Ethical approval

https://hpscreg.eu/cell-line/MHHi001-A-3
https://hpscreg.eu/cell-line/MHHi001-A-4
The Local Ethics Committee of the MHH approved the
study (internal no. 409).

2. Resource utility
Interferon stimulated gene 15 (ISG15) deficiency is classified as
primary immunodeficiency marked by infectious, neurologic and
dermatologic features. Our ISG15 knockout clones provide ideal cell
resources to explore the mechanisms in ISG15 deficient patients and to
study the role of ISG15 within the context of viral infections.
3. Resource details
ISG15 is induced by type I interferon and plays a key role in the
innate immune response to viral infections. ISG15 deficiency has been
reported to induce type I interferonopathy owing to defective negative
regulation of IFN-I signalling as well as enhanced antiviral protection
(Speer et al., 2016). In order to explore the mechanism of skin ulcerations in ISG15 deficient patients (Martin-Fernandez et al., 2020) and to
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of 490 bp at the starting region of the ISG15 gene (Fig. 1A). Two suitable
guide RNAs were designed utilizing http://crispor.tefor.net/crispor.py
and cloned into the PX458_pSpCas9-2A-GFP plasmid, respectively. The
guide RNAs were chosen according to their localisation within the ISG15

study how ISG15 deficiency promotes viral resistance in humans, we
have generated ISG15 knockout clones from the human iPSC line
MHHi001-A (Haase et al., 2017). We designed a knockout strategy based
on the introduction of two double strand breaks, resulting in the deletion

Fig. 1. Generation and characterization of ISG15 knockout iPSC clones.
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Table 1
Summary of lines.
iPSC line names

Abbreviation in figures

Gender

Age

Ethnicity

Genotype of locus

Disease

MHHi001-A-3
MHHi001-A-4

MHHi001-A-3
MHHi001-A-4

Female
Female

0 (cord blood derived)
0 (cord blood derived)

N/A
N/A

ISG15 knockout
ISG15 knockout

N/A
N/A

gene and their low probability for off-target editing effects (Suppl.
Fig. A). Both plasmids were co-transfected into MHHi001-A iPSCs via
lipofection. After 3 days, eGFP positive cells were sorted by FACS,
seeded as single cells and 12 iPS single cell clones were established. PCR
analysis for the presence of the deletion as well as the absence of the 5′
and 3′ junction of the wild type allele of ISG15 confirmed the homozygous knockout in clone number 3 (MHHi001-A-3) and 4 (MHHi001-A-4)
(Suppl. Fig. B), which were both selected for further characterization
(Table 1). Sanger sequencing of the PCR fragment spanning the deletion
breakpoints revealed the deletion of approximately 34 amino acids of
ISG15 exon 2 as well as the splice acceptor site in both alleles for clone 3
and clone 4 (see Supplementary sequencing files). Both clones displayed
normal pluripotent stem cell morphology and immunostaining as well as
flow cytometry confirmed the high expression of the pluripotency
markers OCT4, NANOG, SSEA-4 and TRA-1-60 (Fig. 1B & C). Short
tandem repeat (STR) analysis proved their genetic identity to the mother
iPSC clone MHHi001-A. Spontaneous in vitro differentiation showed the
presence of cells of all thee germ layers including mesoderm (TNNT2 or
ACTN2), endoderm (SOX17 or AFP) and ectoderm (TUBB3) (Fig. 1D).
The clones maintained normal karyotype 46,XX at passage 20 and 24
after targeting, respectively (Fig. 1E), and were free of mycoplasma
contamination (Suppl. Fig. C). To check for ISG15 expression, the
knockout iPSC clones (ISG15KO) as well as their wild type mother clone
(ISG15WT) were differentiated into endothelial cells (EC) and stimulated
with IFN-α. Via Western Blot analysis, ISG15 protein expression could be
detected in ECs from the wild type clone but not in ECs from the
knockout clones (Fig. 1F). The characterization of both knockout iPSC
clones is summarized in Table 2. Scale bars in all microscopic pictures
represent 100 µm.

knockout serum replacement, 1 mM L-glutamine, 0.1 mM β-mercaptoethanol, 1% nonessential amino acid stock (all from Life Technologies)
and 10 ng/mL b-FGF at 37 ◦ C in a humidified atmosphere (5% CO2).
Cells were passaged once a week using Collagenase IV (ThermoFisher) in
a 1:10 split ratio.
4.2. Knockout generation
Two specific guide RNA sequences (2087 & 2089, Table 3) were
selected using the CRISPR web tool http://crispor.tefor.net/crispor.py
and each was cloned into PX458_pSpCas9-2A-GFP plasmid (Addgene
#48138) via FastDigest BbsI (ThermoFisher). Prior to targeting, iPSCs
were cultured in MEF-conditioned iPSC medium on Geltrex®-coated
culture flasks. One day prior transfection, the iPSCs were detached with
Accutase® (ThermoFisher) and 0.9x106 cells were seeded into a 6-cm
dish. The adherent cells were co-transfected with 2.75 µg of each
plasmid with Lipofectamine®3000 (ThermoFisher). On day 3 after
transfection, GFP positive cells were sorted and seeded in low density
onto irradiated MEFs in iPSC medium with RhoKinase inhibitor Y27632
(Tocris). Arising colonies were picked manually, transferred onto fresh
irradiated MEFs and expanded clonally.
4.3. PCR analysis and Sanger sequencing
Genomic DNA was prepared using QIAamp DNA Blood Mini Kit
(Qiagen) according to the manufacturer’s instructions. 100 ng genomic
DNA was used for PCR analysis with the primers listed in Table 3 and
Phusion™ High-Fidelity DNA Polymerase. PCR protocol: 98 ◦ C for 3
min; 35 cycles of 98 ◦ C for 30 sec, 60 ◦ C (or 68 ◦ C for deletion detection)
for 30 sec, 72 ◦ C for 30 sec; and 72 ◦ C for 5 min. PCR products were
sequenced by MicroSynth Company.

4. Materials and methods
4.1. Cell culture

4.4. Immunofluorescence staining

Human iPSCs were cultured on mouse embryonic fibroblasts (MEFs)
in iPSC medium composed of knockout-DMEM supplemented with 20%

Cultures of undifferentiated iPSCs and in vitro differentiations were
fixed with 4% paraformaldehyde (PFA) for 20 min at room temperature

Table 2
Characterization and validation.
Classification

Test

Result

Data

Morphology
Phenotype

Photography
Qualitative analysis
(Immunocytochemistry)
Quantitative analysis (Flow
cytometry)
Karyotype (Fluorescence R-banding)
and resolution
Microsatellite PCR (mPCR) OR
STR analysis

Both normal
Positive for OCT4, SSEA-4, TRA-1-60

Fig. 1 panel B
Fig. 1 panel B

MHHi001-A-3: OCT4: 97%, TRA-1–60: 99%, NANOG: 94%
MHHi001-A-4: OCT4: 95%, TRA-1–60: 99%, NANOG: 98%
Both 46 XX,
Resolution min 300 bands
not performed
STR profile for 16 specific sites tested, all matched

Fig. 1 panel C

Sequencing

Homozygous for deletion

Genotype
Identity
Mutation analysis
Microbiology and
virology
Differentiation
potential
Donor screening

Southern Blot OR WGS
Mycoplasma

N/A
negative

Embryoid body formation
HIV 1 + 2 Hepatitis B, Hepatitis C

Spontaneous FCS-based in vitro differentiation; positive for ectoderm (TUBB3),
mesoderm (TNNT2 or ACTN2) and endoderm (AFP or SOX17)
negative

Genotype additional
info

Blood group genotyping
HLA tissue typing

N/A
N/A

Fig. 1 panel E
submitted in archive with
journal
Supplementary sequencing
files
Suppl. Fig. panel C
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Fig. 1 panel D
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density of 3.2 × 104 cells/cm2. Cells were harvested with Accutase® and
either fixed with 1% PFA for 15 min or directly applied for staining with
directly labelled surface antibodies, for 15 min at 4 ◦ C. Fixed cells were
stained with directly labelled antibodies in solution B/FIX&PERM® for
20 min at RT. After washing, the cells were analysed with a MACSQuant
Analyzer 10 and FlowJo analysis software. Antibodies are listed in
Table 3.

Table 3
Reagents details.
Antibodies used for immunocytochemistry/flow-cytometry
Antibody
Dilution
Company Cat # and RRID
Pluripotency
Markers

Differentiation
Markers

Secondary
antibodies

mouse antiOCT4 (IgG2b)
mouse antiTRA-1-60 (IgM)
mouse antiSSEA-4 (IgG3)
RE antiOCT4_PE
RE antiNANOG_APC
RE anti-TRA-160_PE
mouse antiTUBB3 (IgG2a)
mouse anti-AFP
(IgG1)
mouse antiACTN2 (IgG1)
Goat antiSOX17 (IgG)
Mouse antiTTNT2 (IgG1)
Cy3TMAffiniPure
donkey antimouse IgG
Cy3TMAffiniPure
donkey antimouse IgM
Cy3TMAffiniPure
donkey antigoat IgG

1:100
1:100
1:100
1:25
1:25
1:25
1:400
1:300
1:800
1:200
1:100
1:200

1:200

Jackson ImmunoResearch Labs
Cat# 715-165-020, RRID:
AB_2340811

1:200

Jackson ImmunoResearch Labs
Cat# 705-165-147, RRID:
AB_230735

Antibodies used for Western Blot analysis
Primary
mouse anti1:500
antibodies
ISG15 (IgG1)
1:20000
anti-beta
Actin_HRP [AC15] (IgG1)
1:2500
Secondary
HRP_goat antiantibody
mouse IgG1,
Human ads
Primers
Deletion
detection and
sequencing
5′ junction wt
allele
3′ junction wt
allele

Santa Cruz Biotechnology Cat#
sc-5729, RRID:AB_628051
Abcam Cat# ab16288, RRID:
AB_778563
Hybridoma Bank Cat# MC-81370, RRID:AB_528477
Miltenyi Biotec Cat# 130-105554, RRID:AB_2653085
Miltenyi Biotec Cat# 130-105049, RRID:AB_2652991
Miltenyi Biotec Cat# 130-100347, RRID:AB_2654227
Millipore Cat# 05-559, RRID:
AB_309804
R&D Systems Cat# 189502,
RRID:AB_11127201
Sigma-Aldrich Cat#A7811,
RRID: AB_476766
R&D Systems Cat# AF1924,
RRIP:AB_355060
Thermo Fisher Scientific Cat#
MA5-12960, RRID:
AB_11000742
Jackson ImmunoResearch Labs
Cat# 715-165-150, RRID:
AB_2340813

Embryoid bodies (EBs) were generated by detaching iPSCs with a cell
scraper and transferring them into ultra-low attachment plates (Corning) in differentiation medium (IMDM supplemented with 20% fetal calf
serum, 1 mM L-glutamine, 0.1 mM β-mercaptoethanol and 1% nonessential amino acid stock) for 7 days. At this time, the EBs were transferred onto gelatine-coated cell culture plates, and cultured for another
14 days in differentiation medium. On day 21, cultures were fixed and
stained for specific markers of all three germ layers.
4.7. STR analysis
Genetic profiling was performed by Microsynth Company using 16
highly polymorphic short tandem repeat loci, which are listed in Supplementary Table 1.
4.8. Karyotype analysis
Metaphase preparation and Fluorescence R-banding was performed
at the department of Human Genetics at Hannover Medical School according to standard procedures. At least 14 metaphase spreads were
analysed at a minimum of 300 bands.
4.9. Mycoplasma analysis
The absence of mycoplasma infection was assessed by MycoAlert™
mycoplasma detection kit (Lonza), according to the manufacturer’s
instructions.

Santa Cruz Biotechnology Cat#
sc-166755, RRID:AB_2126308
Abcam Cat# ab49900, RRID:
AB_2223172

4.10. Endothelial cell differentiation

Southern Biotech Cat# 107005, RRID:AB_2650509

Target

Forward/Reverse primer (5′ -3′ )

ISG15 (378 bp
vs. 870 bp for
wt)
ISG15 exon 1
(388 bp)
ISG15 exon 2
(358 bp)

p1_1821_TTTCTTCCGCTCACTCTGGG
p2_1822_GTTCGTCGCATTTGTCCACC

Endothelial cell (EC) differentiation was induced in iPSC cultures
with 25 ng/mL BMP4 (R&D) and 7.5 µM CHIR90221 (Technical
Chemistry, Leibniz University Hannover) in N2B27 medium (ThermoFisher) for 2 days without replacing the medium. From day 3 to day 7,
cultures were maintained in StemPro-34 medium (ThermoFisher) supplemented with 260 ng/mL rhVEGF-A165 (Peprotech) and 2 µM Forskolin (Sigma-Aldrich) with daily replacement of the medium. On day 7
of differentiation, CD31 positive cells were purified by magneticactivated cell sorting (MACS) utilizing CD31 MicroBead Kit (Miltenyi
Biotec). Human iPSC-derived ECs were cultivated in EGM™-2 medium
(Lonza) on fibronectin-coated plates and were split every 3–4 days using
Accutase®.

p1_1821_TTTCTTCCGCTCACTCTGGG
p3_1832_GAGGATCTCAGGGGTGACCT
p4_1834_AGAGGACAGACAGGAGGGAG
p2_1822_GTTCGTCGCATTTGTCCACC

Guide RNA sequences
Target

Sequence without PAM (5′ -3′ )

left cutting site
right cutting site

2087_GGTAAGGCAGATGTCACAGG
2089_GCGCAGATCACCCAGAAGAT

ISG15
ISG15

4.6. In vitro differentiation by embryoid body formation assay

4.11. Western Blot

(RT). After permeabilization and blocking, the primary antibodies were
incubated over night at 4 ◦ C. Secondary antibodies were applied for 30
min at RT. Counterstaining with DAPI was performed afterwards for 15
min an RT. Image acquisition was performed with an AxioObserver A1
fluorescence microscope and ZENPro Sofware 3.0. Applied antibodies
are listed in Table 3.

Cells were plated on fibronectin (Corning) coated 6-well plates in
EGM-2 medium (PromoCell) and stimulated with 1000 IU/ml of IFN-α
(Peprotech) for 24 h. Cells were lysed in RIPA buffer on ice for 30 min
and protein concentrations of each sample were determined by BCA.
Subsequently, equal amounts of protein samples were taken and after
addition of sample buffer, cell lysates were heated at 95 ◦ C for 10 min,
centrifuged and resolved by SDS-PAGE using 15% gel at a constant
voltage of 100 V for 2 h. The separated protein bands were transferred to
nitrocellulose membrane (0.45 µm) using Trans-Blot SD semi-dry
transfer cell (Bio-Rad). Primary and secondary antibodies used for
immunoblotting are listed in Table 3. For detection, membranes were

4.5. Flow cytometry analysis
For flow cytometry analysis of pluripotency markers, cells were
cultured in iPS Brew XF medium on Geltrex®-coated culture flasks at a
4
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incubated with Amersham enhanced chemiluminescence western blot
detection reagent (GE Healthcare Science) and relative band intensities
were determined using an iNTAS imaging device (iNTAS Science
Imaging).
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