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Generation of ribonuclease H2 A subunit (RH2A)-knockout HEK293 cells and analysis of the

ribonucleotide content of their genomic DNA
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Mammalian ribonuclease (RNase) H2 is a trimeric protein consisting of three subunits (catalytic
A and accessory B and C). RNase H2 is involved in the removal of misincorporated ribonucleotides
from genomic DNA and RNA strands from RNA/DNA hybrids. In humans, mutations in RNase H2
gene have been linked to a severe neuroinflammatory disorder, Aicardi-Goutiéres syndrome (AGS).
Here, we constructed RNase H2 A subunit (RH2A) knockout human embryonic kidney 293
(HEK293) cells. Knockout cells lacked the RNase H2 activity. However, unlike our previous results
with mouse fibroblast NIH3T3 cells, the knockout HEK293 cells did not exhibit an accumulation of
ribonucleotides in genomic DNA. These results suggest that the effects of knockout of RNase H2 on

accumulation of ribonucleotides differ depending on cell species.
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Introduction A subunit and accessory B and C subunits [4—7].
Ribonuclease H (RNase H) [EC 3.1.26.4] The misincorporation of ribonucleotides into
degrades RNA strand of RNA/DNA hybrids by genomic DNA by replicative DNA polymerases
specifically hydrolyzing the 5’-phosphodiester leads to genomic instability, causing endogenous
bonds of the RNA in a sequence-nonspecific DNA damage such as double strand break. RNase
manner. RNase H is classified into types 1 and 2. H2 removes such ribonucleotides by working
For activity, type 1 requires at least four together with flap endonuclease (FEN-1), DNA
consecutive ribonucleotides, while type 2 requires polymerase 8, and DNA ligase 1 [4, 7]; this is
only single ribonucleotide [1-3]. RNase H3 called the ribonucleotide excision repair (RER)
belongs to type 2 but has type 1-like activity. mechanism [4, 7].
Eukaryotic type 2 RNase H (RNase H2) is a In mammals, RNase H2 plays an essential
complex containing three protein units, catalytic physiological role at both individual and cellular

levels. In humans, mutations of Rnaseh2A, 2B, or

*Correspondence author: Kiyoshi Yasukawa. 2C cause a severe neuroinflammatory disorder,
Phone: +81-75-753-6266 Aicardi-Goutieres syndrome (AGS) [8, 9] and
E-mail: yasukawa.kiyoshi.7v@kyoto-u.ac.jp systemic lupus erythematosus (SLE) [10]. In
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mice, knockout of Rnaseh2A, 2B, or 2C causes
embryonic death [11-13]. In cells derived from
patients with AGS [14] and RNase H2 A subunit
(RH2A) knockout (KO) mice [11], micronuclei
accumulated in the cytoplasm, cyclic GMP-AMP
synthase (cGAS)/stimulator of interferon genes
(STING) pathway was activated, interferon-
stimulated genes (ISGs) mRNA expression was
elevated, and the amount of ribonucleotide in
genomic DNA increased. These events are known
as AGS-related cellular events. In human cervical
cancer HeLa cells, depletion of RNase H2
induced accumulation of ribonucleotides in the
genomic DNA [14]. In mouse embryonic
fibroblasts (MEFs) isolated from tamoxifen-
inducible RNase H2 KO mice, induced KO of
Rnaseh2A exhibited AGS-related events [15]. We
reported that RH2A-KO mouse fibroblast
NIH3T3 cells exhibited an accumulation of
ribonucleotides in genomic DNA, although they
did not exhibit elevated ISGs expression [16].
Together with other previous reports [17-20], our
results suggested that the accumulation of
ribonucleotides in genomic DNA is closely
related to the absence of RNase H2, but the
degree of subsequent cellular events depend on
various factors other than RNase H2,

To explore the molecular mechanism of
RNase H2 in AGS, the activity and stability of 36
RNase H2 variants with AGS-causing mutation
(18 variants for A, 10 variants for B, and 8
variants for C subunit) were reported [9, 21-23].
Reports show that the activities of A-G37S
(Gly37 in the A subunit is replaced with Ser), A-
A178V, A-186W, and A-R235Q were less than
1% of that of the wild-type enzyme (WT),
whereas those of the other variants were 10—
120%. As for stability, the melting temperature
(Tw) of the CD- or fluorescence-based assay of B-
FO5L was lower than that of WT by 9°C, whereas

those of other variants were equal to or lower by
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0.1-3.3°C than WT.

Based on these results, A-G37S was used as
a representative variant with markedly low
activity. This residue is located close to the active
site. We recently reported that when a mouse
RH2A variant with a mutation corresponding to
the AGS-causing mutation A-G37S was
transiently expressed in RH2A-KO NIH3T3 cells,
RNase H2 activity in the cellular extract did not
increase and ribonucleotide amount in genomic
DNA did not decrease. However, when a mouse
RH2A variant with a mutation corresponding to
another AGS-causing mutation A-N2131 or A-
R293H, RNase H2 activity increased and
ribonucleotide amount decreased [24]. These
results suggested that the AGS-causing
mechanism of the A-G37S mutation might be
ascribed to a decrease in activity, whereas those of
other mutations, including A-N2131 and A-
R293H, remain unknown. In this study, to explore
whether these findings also apply to other cells,
we constructed human embryonic kidney 293
(HEK293) RH2A-KO cells and characterized

them.

Materials and Methods

Construction of plasmid For the
construction of Cas9-sgRNA expression plasmid,
pGuide-it-ZsGreen1-hRNaseH2A, the annealing
reaction was carried out in 10 uL of 1 uM oligo-1,
1 uM oligo-2 (Table 1), and 80% v/v Guide-it
oligo annealing buffer (Takara Bio, Kusatsu,
Japan) at 95°C for 2 min followed by room
temperature for 10 min and 4°C for 30 min. The
ligation reaction was carried out in 5 uL of 1.5
pg/uL linearized pGuide-it plasmid (Takara Bio),
10 nM annealing products, and 50% v/v DNA
Ligation Mighty Mix (Takara Bio) at 16°C for 30
min followed by the transfection into Stellar™
Competent Cells (Takara Bio).

For the construction of human RH2A
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expression plasmid, pPCMV-hRNaseH2AWT, the
DNA fragment corresponding to the vector
sequence of pCMV-S_FLAG was amplified by
PCR from pCMV-mRNaseH2A [24] using
primers pCMV_for2 and pCMV _rev2 (Table 1)
and recombinant KOD-Plus-Neo (Toyobo, Osaka,
Japan) under 35 cycles at 98°C for 10 s and 68°C
for 5 min. The DNA fragment encoding human
RH2A was from pCMV-hRNaseH2A using
primers phRH2Afor2 and phRH2Arev2 (Table 1)
under 35 cycles at 98°C for 10 s and 68°C for 1
min. These two amplified two fragments were
ligated using In-Fusion HD Cloning Kit (Takara
Bio), to give pPCMV-hRNaseH2A.

Table 1. Oligonucleotide.

Primers Sequences (5'-3")
oligo-1 CCGGGGAGGCGCCGGCTCCACGCT
oligo-2 AAACAGCGTGGAGCCGGCGCCTCC
pCMV _for2 CTAGAGGCCCTATTCTATAGTG
pCMV rev2 CGGCCGCGTTATCGTCATCG
phRH2Afor2 GACGATAAGGCGGCCGCTAT
GGATCTCAGCGAGCT
phRH2Arev2 GAATAGGGCCTCTAGACTAGA
GGGCTGGTTGCTGA

primer F  CAGGGATGAATGGCAACTTT
primer R GTGTACTATGTCGGTGACCC

primer | GTTCTTGCAGCTGGTGGTGG
primer 2  ATTTGACCCTGTGGTGGGGA
primer 3 TGCATTCATTTATGTTTCAGG
primer4 TTGTGATGCTCGTCAGGGGG

Construction of RH2A-KO cells using
CRISPR Cas9 method HEK293 cells (Cell
Resource Center for Biomedical Research,
Institute of Development, Aging and Cancer,
Tohoku University) were cultured in 500 pL
RPMI 1640 medium containing 10% fetal bovine
serum, penicillin, streptomycin and L-glutamine
to 50-60% confluency in 12-well microplates
with 5% CO; incubator in a humidified
atmosphere at 37°C. pGuide-it-ZsGreen1-
hRNaseH2A (2.5 pg) was transfected using Xfect

Transfection Reagent (Clontech, Mountain View,
CA). The cells were cultured for 2 days to 100%
confluency and cloned by limiting dilution in 96-
well microplates.

After 1 month, colonies originating from
single cells were transferred to 12-well
microplates for expansion. Genomic DNA was
prepared from the non-transfected and transfected
HEK293 cells using GenElute™ Mammalian
Genomic DNA Miniprep Kits (Sigma, St. Louis,
MO). The 517-bp fragment was amplified by
PCR using primer F and primer R and
recombinant KOD-Plus-Neo under 30 cycles of
45 s at 95°C, 30 s at 68°C. The Ncol digestion of
the PCR products was performed with 1 U Ncol at
37°C for 1 h. The products were applied to 2.0%
w/v agarose gel and the gel was stained with
ethidium bromide (1 pg/mL).

Construction of RH2A-KO cells using
VIKING method Plasmid construction and
transfection were carried out by Setsuro Tech Inc.
(Tokyo Japan) as described previously [25, 27].
Transfected cells were cultured in the presence of
1 pg/mL puromycin and cloned by limiting
dilution in 96-well microplates. After 1-3 weeks,
colonies originating from single cells were
transferred to 12-well microplates for expansion.
Genomic DNA was prepared from the non-
transfected and transfected HEK293 cells. The
291- and 828-bp fragments were amplified by
PCR using primers 1 and 4 and primers 2 and 3
respectively (Table 1) and recombinant KOD-
Plus-Neo under 30 s at 95°C followed by 34
cycles of 10 s at 95°C, 30 s at 58 °C, and 30 s at
68°C. The products were applied to 2.0% w/v
agarose gel and the gel was stained with ethidium
bromide (1 pg/mL).

Expression of RH2A in RH2A-KO cells
HEK?293 cells were cultured to 50-60%
confluency in 500 pL of RPMI 1640 medium.
pCMV-hRNaseH2AWT, pCM V-
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hRNaseH2AG37S, pCMV-hRNaseH2AN2121, or
pCMV-hRNaseH2AR291H (each 2.5 pg) was
transfected into HEK293 cell, using Xfect
Transfection Reagent.

MTT assay MTT assay was performed
using MTT Cell Count Kit (Nacalai Tesque,
Kyoto, Japan) as described previously [16].
Briefly, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT) solution and color
development solution were added to the HEK293
cells cultured in 96-well microplates (5 x 103
cells/mL, 100 puL/well) at indicated time points.
The absorbance at 570 nm was measured with
EnSight (PerkinElmer, Waltham, MA) with the
reference of 650 nm.

Preparation of cell extract Cells (5 x 107
cells) were washed with PBS (-) two times and
suspended with 1 mL of 50 mM Tris-HCI (pH
8.0) buffer containing 60 mM KCl, 0.1% v/v
Triton X-100, 100-fold diluted Protease Inhibitor
Cocktail (Nacalai Tesque) followed by sonication.
After centrifugation at 15,000 x g at 4°C for 20
min, the supernatant was collected. Protein
concentration was determined by the
bicinchoninic acid (BCA) method using Protein
Assay Bicinchoninate kit (Nacalai Tesque) with
bovine serum albumin (Nacalai Tesque) as a
standard.

Western blot Twenty uL of the cell extract
was mixed with 4 uL of the SDS-PAGE sample
buffer (0.25 M Tris-HCI buffer (pH 6.8), 50% v/v
glycerol, 10% w/v SDS, 0.6 M dithiothreitol 5%
v/v 2-mercaptoethanol, 0.05% w/v bromophenol
blue) and was boiled for 10 min. The solution (20
puL) was applied to 12.5% w/v SDS-
polyacrylamide gel and was run at 40 mA for 40
min. Pre-stained Protein Markers (Nacalai
Tesque) consisting of B-galactosidase (112 kDa),
bovine serum albumin (87 kDa), glutamine
dehydrogenase (59 kDa), ovalbumin (47 kDa),
carbonic anhydrase (33 kDa), myoglobin (27
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kDa), and lysozyme (20 kDa) was used for
marker proteins. After separation, the proteins
were transferred by electroblotting onto a
polyvinylidene difluoride (PVDF) membrane
Sequi- Blot™ PVDF (BioRad, Hercules, CA) in
25 mM Tris-HCI buffer (pH 8.3), 192 mM
glycine, 20% v/v methanol at 25 V for 50 min.
After blotting, the membrane was washed with 50
mM Tris-HCI buffer (pH 8.3), 138 mM NacCl, 2.7
mM KCI, 0.05% Tween 20 (TBS-T), blocked with
TBS-T containing 2% w/v skim milk, and
incubated with mouse anti human RH2A
polyclonal antibody, Anti RNASEH2A
(Proteintech, Rosemont, IL, 1:1000 in TBS-T
containing 1% w/v skim milk). Then, the
membrane was incubated with HRP-conjugated
goat anti-rabbit immunoglobulins (Agilent
Technologies, Santa Clara, CA, 1:1000 in TBS-T
containing 1% w/v skim milk). After washing
with TBS-T for three times, the protein bands
were visualized using a Peroxidase Stain Kit
(Nacalai Tesque).

RNase H2 activity assay RNase H2 activity
assay was performed as described previously [24].
Briefly, 5'-terminus of DNAs-RNA-DNAg (5'-
GACACCTGATTC-3") (named 1R) was labeled
using [y->?P]ATP (370 MBg/ml; 111 Bg/pmol)
(PerkinElmer). Then, a hybrid consisting of the
5°-[*2P]-labelled 1R and unlabeled
complementary DNA (named 1R/12D) was
prepared. The reaction (10 puL) was carried out
with indicated concentrations of the cell extracts
and 200 nM 1R/12D in 50 mM Tris—HCI buffer
(pH 8.0) containing 60 mM KCl and 5 mM
MgCl, at 25°C for indicated time. The reaction
was stopped and analyzed and applied to
denaturing 20% polyacrylamide gel and was run.
After the electrophoresis, the gel was analyzed by
a Typhoon FLA 9500 (GE Healthcare,
Buckinghamshire, UK) using the program
ImageQuant TL (GE Healthcare). Recombinant
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human RNase H2, expressed in Escherichia coli
and purified from the cells [23, 25, 26], was used
as a positive control.

Alkaline hydrolysis and electrophoresis of
genomic DNA The procedure was according to
our previous report [24]. Briefly, genomic DNA
was prepared from the cells using GenElute™
Mammalian Genomic DNA Miniprep Kits

(Sigma). The alkaline hydrolysis reaction was

carried out in 26 pL of 0.23 pg/uL genomic DNA,

0.23 M KOH at 55°C for 2 h. After adding
alkaline sample-loading buffer (4 pL of 300 mM
KOH, 6 mM EDTA, pH 8.0, 18 % glycerol,

0.15 % bromocresol green, 0.25 % xylene cyanol
FF), the solution (30 uL) was applied to 1% w/v
alkaline agarose gel in 50 mM NaOH, 1 mM
EDTA and was run at 20 V for 13 h. After
neutralization with 1 M Tris-HCI buffer (pH 7.6)
containing 1.5 M NaCl for 3 h, the gel was
stained with SYBR Gold (Thermo Fisher
Scientific, Waltham, MA) diluted 10,000-fold
with 1 x TAE.

Results

Establishment of RH2A-KO HEK293 cells by
CRISPR/Cas9

We analyzed the nucleotide sequence of the
subunit A (accession number NM_006397.3)
using CRISPRdirect (https:/crispr.dbels.jp/), and
selected exon 1 (67 bp) of RH2A gene as a target

sequence where Cas9 cleaves double-stranded
DNA. The exon 1 has CCCATGG comprising the
PAM sequence (CCC) and the Ncol recognition
site (CCATGQ) at the 5’ terminus (Fig. 1A).
Figure 1B shows the sequence of the 517-bp
fragment containing the entire exon 1 amplified
by PCR from the genomic DNA of the wild-type
HEK293 (WT) cells. It has the Ncol recognition
site at the position 68. Figure 1C shows pGuide-
it-ZsGreen1-hRNaseH2A, which we constructed
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as the expression plasmid of sgRNA and Cas9.
The 517-bp fragment containing the entire exon 1
was amplified from the genomic DNA of WT or

each clone.

5’-[CCC A'T'G'G'T'CTI\CGC’C’A’T“CTGfT’A’L———GCAG 3
3'-|G6G TACCAGATGCGGTAGACAAT‘————CGTC 57

""""""""" 43bp

1 CTTTCACGGGCTCAGTGATTGGACCCCGGCTGCCAGAAAACTGACACCCCTTCTCCCCAG

61 GOCCCATGGTCTACGCCATCTGT TATTGTCCOCTGCCTCACCTGGCAGATCTGGAGGCGC

121  TGAAAGTGGCAGGTGAGCCCGAGGTGTGCGTCTGGGGAAGGGATTCCTGGGTATGTGCAG

181 GGGCAGGTGAGAACTGAAAGGGGAGGGCAGGAACTGGGAGAACCAGCTGTTCCCCTTCTC

241  TTCCAAACCTCCTCCCAGACTGAAAGACCCTATTGGAGAGCGAGCGGGAAAGGCTGTTTG
301 CGAAAATGGAGGACACGGACTTTGTCGGCTGGGCGCTGGATGTGCTGTCTCCAAAGGTCA
361 TCTCTACCAGCATGCTTGGGCGGTGAGGGGT CCCCGGGAGGGGCAGCCAGCATGGGCTGA
421 CCAAGCTTTGTTCCTAGAATGAGATTAACTGGGCTCTGTTCCCCACCACAGGGTCAAATA

481  CAACCTGAACTCCCTGTCACATGATACAGCCACTGGG

sgRNA

Target sequence

scafold, - .- S-_ "2 "__“-__
ATGGTCTACGCCATCTGTTA
TACCAGATGCGGTAGACAATI

ZsGreen1
_-Bidirectional CMV promoter
Cas9

pGuide-it-ZsGreen1-hRNaseH2A

UB promoter

Fig. 1. Knockout of Rnaseh2a gene of HEK293
cells with the CRISPR/Cas9 system.

(A) Target site in the Rnaseh2a gene coding
the RNase H2 A subunit. (B) Nucleotide sequence
of the PCR product amplified from the genomic
DNA of the wild-type HEK293 (WT) cells with
a primer combination of primer F and primer R.
The PAM and target sequences are indicated by
a box with solid and dashed lines, respectively.
The Ncol recognition site, primer binding sites
and nucleotide sequences of the exon 1 are
indicated by solid, dashed, and double
underlines, respectively. The solid arrow
indicates the Cas9 cleavage site. (C) Plasmid for
the expression of sgRNA and Cas9. The PAM
and target sequences are indicated by a box with
solid and dashed lines, respectively.
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Figure 2A shows the agarose gel
electrophoresis of the Ncol-untreated or treated
fragments. In the WT and clones 1, 3, 5, 6
8, and 9, 450 bp-band was detected, which was
thought to be the fragment resulted from the
cleavage by Ncol. In clone 7, only 517 bp-band
was detected, suggesting that it was homo Ncol
site-deleted clones. Figure 2B shows the sequence
of clone 7 near the cleavage site. Two overlapping
profiles were observed, showing that deletion
occurred at different sites in two Rnaseh2a genes.

We selected clone 7 for the subsequent analysis.

A

Clone No.

Microscopic image and growth curve of
HEK?293 cells

In microscopic analysis (Fig. 3A), there is no
difference in size and shape between HEK293
wild-type (WT) and RH2A-KO cells. In MTT
assay (Fig. 3B), the absorbance at 570 nm (A4s70)
of the culture medium to which MTT reagent was
added at indicated time points increased with time
and reached the highest at day 2.5 in the WT cells
and at day 4 in the RH2A-KO cells. This
indicated that the growth rate of the RH2A-KO
cells was lower than that of the WT cells. The
slopes of the line expressing the loga(4570) values
(y) at day x of the WT and RH2A-KO cells were

1.3 and 0.8, suggesting that the growth rate of the
RH2A-KO cells was 60% of that of the WT cells.

(bp)

1500
1000

500

Cleavage by Cas9

220 230 l 240
TAGACCATGCCTGGGGAGA,—\

pSwnanafaialannfinfn
WT

220 230 240
TAGACTTGGGGCGGGGGGAAAGG

Clone 7

Fig. 2. Screening of Rnaseh2a-/- homozygote
HEK293 cells.

(A) Patterns of agarose gel electrophoresis.
PCR products amplified from the genomic DNA of
the WT and clones 1, 3, and 5-9 cells were
digested with Ncol and applied to 2% w/v agarose
gel. The arrow indicates the 517-bp band
corresponding to the PCR product which was not
cleaved by Ncol. The solid arrow indicates the 451-
bp band corresponding to the PCR product which
was cleaved. (B) Nucleotide sequences of the exon
1 of the Rnaseh2a gene in the WT and clone 7 (KO)
cells. The solid underline in WT indicates the
sequence which was deleted in clone 4, and the red
arrow triangle in Clone 7 indicates the site at which
the deletion occurred. The PAM sequence is
indicated by a box.
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Time-course analysis of protein level of RNase
H2 in the cellular extract

To examine the effect of transient expression
of RNase H2, we constructed the expression
plasmid for RH2A (Fig. 4A), which contains the
CMYV promoter followed by a DNA sequence
encoding human RH2A. We transfected it in
RH2A-KO HEK293 cells. Western blot analysis
was performed to assess the protein existence of
RH2A (Fig. 4B). In recombinant N-terminally
(His)¢-tagged human RNase H2 and WT cells, an
about 35 kDa protein band corresponding to
RH2A and a 45 kDa band corresponding to -
actin were detected. In RH2A-KO cells, the
former was not detected, but the latter was
detected, indicating that the RH2A-KO cells did
not express RH2A. In the RH2A-KO cells
transfected with expression plasmid for N-
terminally FLAG-tagged human RH2A, a 40-kDa
protein band corresponding to RH2A and a 45-
kDa band corresponding to f-actin were detected

between days 1-10. The reason for the difference
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Fig. 3. Microscopic image and growth curve of
HEK?293 WT and RH2A-KO cells.

(A) Microscopic images. WT (left panel) and
RH2A-KO (right panel) cells at X200
magnification are shown. (B) Growth curves. WT
(upper panel) and RH2A-KO cells (lower panel)
were added to 96-well microplates and cultured. At
the time indicated, MTT reduction was measured.
Error bars indicate SD values for eight-time
measurements. Vertical axis in upper panel is
changed to a logarithmic scale in lower panel. In
the lower panel, the plot at day 3 was not used to
make a line.

in molecular mass between WT cells (35 kDa)
and transfected RH2A-KO cells (40 kDa) is
unknown. These results indicate that RH2A was
expressed in the transfected RH2A-KO cells for
10 days after transfection with the expression
plasmid for RH2A. As with our previous study on
RH2A-KO NIH3T3 cells [24], RNA/DNA hybrid
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NeoR

SV40 early promoter
pCMV-hRNaseH2AWT

Xbal

[ Tag] Human RNase H2 A subunit

CCATGGACTACAAGGACGATGACGATAAGGCGGCCGCT
MDYKDDDTDEKAAA

ATGGATCTCAGCGAGCTGGAGAGAGACAATACA
MDLSELERDNT
1

B KO+WT

(kba) MC WTKO 1 2 3 4 5 6 7 10

TTCCTGGAACGCGGCCTGGAGTCAGCAACCAGCCTCTAGTCTAGA
FLERGLESATSL *
299

— B -actin

A subunit

Fig. 4. Expression of RH2A.

(A) Expression plasmid for human RH2A.
The construction of pCMV-hRNaseH2AWT is
shown. The asterisk indicates the termination
codon. Notl and Xbal sites are underlined. The
number indicates the amino acid number of RH2A.
(B) Western blot analysis. Extracts of WT cells,
RH2A-KO cells, or RH2A-KO cells transfected
with pCMV-hRNaseH2AWT and cultured for
indicated days (1-10 days) were applied to 12.5%
w/v SDS-polyacrylamide gel. As a positive control,
340 ng of purified recombinant human RNase H2
was used instead of extracts. After transferring the
protein onto a PVDF membrane, the membrane
was incubated with anti B-actin antibody or anti-
RH2A antibody as a primary antibody and HRP-
conjugated rabbit anti-mouse antibody or HRP-
conjugated goat anti-rabbit antibody as a
secondary antibody. The open and solid arrows
indicate the bands corresponding to RH2A and B-
actin, respectively.

(1R/12D) consisting of a 5°-[*?P]-labelled DNAs-
RNA-DNA¢ (1R) and an unlabeled
complementary DNA (12D) was used as a
substrate. This substrate is designed to produce a
5°-[32P]-labelled 5-nt DNA when RNase H2
cleaves it.

Figure 5 shows the denatured PAGE analysis
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of the products obtained from the reaction

under various conditions. In the reaction with
recombinant human RNase H2, only the 5-nt band
was detected, indicating that recombinant human
RNase H2 cleaved 1R/12D completely. The 5-nt

band was detected clearly at 1 pg protein amount

A RH2A-KO cells
WT Untrans After transfection (day)
cells fected 1 2 3
el el il - ittt
. a8s B8 » , B
e * -
b 4
B =
RH2A-KO cells N
Q0
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4 5 6 71 10 &
WS P R B (gt |
ps 9% BB% gas

11

i - ® - & »

Fig. 5. Expression of RH2A.

RNase H2 activity in the RH2A-KO cells
transfected with RNase H2 expression plasmid.

The reaction (7.5 pL) was carried out with
200 nM 1R/12D in the presence of 100 ng, 1 pg, or
10 pg of extracts of WT cells, RH2A-KO cells, or
RH2A-KO cells transfected with pCMV-
hRNaseH2AWT and then cultured for indicated
days (1-10 days), at pH 8.0 at 25°C for 20 min. As
a positive control, 8.6 ng of purified recombinant
human RNase H2 was used instead of extracts.
Then, the reaction solutions were applied to 20%
w/v denaturing polyacrylamide gel. The open and
solid arrows indicate the bands corresponding to
the 12-nt RNA fragment and cleavage products,
respectively.

for WT cells whereas it was faintly detected at 10
pg protein amount for RH2A-KO cells, In the
reaction with the RH2A-KO cells transfected with
expression plasmid for RH2A, the 5-nt band at 10
pg protein amount was stably detected between
days 1-10, indicating that KO cells exhibited
RNase H2 activity for at least 10 days after

transfection of expression plasmid for RH2A.

Expression of RH2A variant with an AGS-
causing mutation

effects of transient
expression of human RH2A variants, G37S, N212I,
and R291H (corresponding to mouse G37S N2131
and R293H), in the RH2A-KO cells. Figure 6A and
B show the RNase H2 activity in the cell extract.

We analyzed the

The 5-nt band was detected faintly at 1 ug and
clearly at 10 pg protein amount for WT cells,
whereas it was not detected at 1 pg and faintly
detected at 10 pg protein amount for RH2A-KO
cells. The RH2A-KO cells transfected with the
expression plasmid or G37S exhibited the similar
pattern as untransfected RH2A-KO cells, whereas
those transfected with the expression plasmid
N212I or R291H exhibited the similar pattern as
WT cells.

Figure 6C and D show the amounts of
ribonucleotides in the genomic DNA. RH2A-KO
cells exhibited slightly increased mobility
compared to that of the WT cells. Unlike the case
with the RNase H2A activity, there were almost
no difference in ribonucleotide accumulation
among the RH2A-KO cells and the RH2A-KO
cells transfected with the expression plasmid for
the wild-type RH2A, G37S, N212I or R291H.

Establishment of RH2A-KO HEK?293 cells by
VIKING method

As described above, the RH2A-knockout
HEK293 cells established by CRISPR/Cas9

system did not exhibit an accumulation of
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Fig. 6. Expression of RH2A variants with AGS-
causing mutation in RH2A-KO cells.

RH2A-KO cells were transfected with either
pCMV_S-FLAG (Mock), pPCMV-hRNaseH2AWT,
pCMV-hRNaseH2AG37S, pCMV-
hRNaseH2AN212I, or pPCMV-hRNaseH2AR291H
and then cultured for 2 days. (A, B) RNase H2
activity. The reaction (7.5 pL) was carried out with

41

200 nM 1R/12D in the presence of 100 ng, 1 pg, or
10 pg of extracts of transfected cells at pH 8.0 at
25°C for 20 min. As a positive control, 8.6 ng of
purified recombinant human RNase H2 was used
instead of extracts. Then, the reaction solutions
were applied to 20% w/v  denaturing
polyacrylamide gel. (A) Image scanning. The open
and solid arrows indicate the bands corresponding
to the 12-nt RNA fragment and cleavage products,
respectively. (B) Image] analysis of the reaction
products in the presence of 10 pg of extracts of the
transfected RH2A-KO cells. (C, D) Alkaline
agarose gel electrophoresis. Alkaline-treated
genomic DNA of the transfected RH2A-KO
HEK293 cells was applied to 1% w/v alkaline
agarose gel. (C) SYBR Gold-stained gel. (D)
Densitometry scanning of the lanes in (C). One of
the  representative  results of triplicate
determination is shown.

ribonucleotides in genomic DNA. To further
address this issue, we attempted to construct
RH2A-knockout HEK293 cells using the
VIKING method and characterize them.

As shown in Fig. 7A, we selected three target
sequences, Target 1 in exon 1 and Targets 2 and 3
in exon 3. In the VIKING method, the donor
vector contains a puromycin resistance gene.
After the transfection of the target gene-cleaving
vectors containing Target 1, 2 or 3 sequence, the
cells were cultured in the presence of puromycin.
After the cloning, two clones were obtained from
the cells transfected with the vector containing
Target 3 sequence. Figure 7B shows the design of
PCR used for the screening. In Target 3, the PCR
products 1 2, 3, 4, and 5 were designed to be 356,
291, 763, 828, and 786 bp. As shown in Fig. 7C,
only PCR products 2, 4, and 5 appeared in Clone
1 while all five PCR products appeared in Clone
2. This suggested that the vectors were inversely
inserted in the RH2A genes in Clone 1 while the
vectors were positively and inversely inserted in
the RH2A gene in Clone 2. Figure 7D shows the
results of western blot analysis. In recombinant
human RNase H2, WT cells, and Clone 2, a
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Fig. 7. Knockout of Rnaseh2a gene of HEK293

cells with the VIKING system.

(A) Design of knockout of Rnaseh2a gene of
HEK?293 cells. Target-site sequences are shown.
(B) Target sites of Primers 1-4. (C) Patterns of
agarose gel electrophoresis. PCR products
amplified from the genomic DNA of Clones 1 and
2 were applied to 2.0% w/v agarose gel. (D)
Western blot. Cellular extracts of WT, Clone 1, and
Clone 2 cells were applied to 12.5% w/v SDS-
polyacrylamide gel. As a positive control, 215 ng
of purified recombinant human RNase H2
containing N-terminal (His)e at each subunit was
used instead of extracts (lane RH2). After
transferring the protein onto a PVDF membrane,
RH2A and B-actin were detected using rabbit anti-
RNase H2 polyclonal antiserum and mouse anti-f-
actin monoclonal antibodies, respectively.

protein band corresponding to RH2 A was detected,
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while in Clone 1, it was not detected. This
indicated that Clone 1 has an intact RNase H2 gene,
suggesting that HEK293 has more than two RH2A
genes.

Figure 8A and B show the RNase H2 activity
in the cell extract. The 5-nt band was detected
faintly at 1 ug and clearly at 10 pg protein amount
for WT and Clone 2 cells, whereas it was not
detected at 1 pg and faintly detected at 10 pg
protein amount for Clone 1 cells. Figure 8C and D
show the amounts of ribonucleotides in the
genomic DNA. There were almost no difference in
ribonucleotide accumulation among the WT,
Clone 1, and Clone 2 cells. These results indicated
that like the case with the RH2A-KO HEK293
cells established by CRISPR/Cas9 system, the
RH2A-KO HEK293 cells established by VIKING
method lacked the RNase H2 activity, but did not

exhibit an accumulation of ribonucleotide in the

genomic DNA.

Discussion

Decreased RH2 activity was observed in
RH2A-KO HEK293 cells (Fig. 5). However,
increased ribonucleotide content in genomic DNA
was not observed (Fig. 6). In the absence of RH2,
topoisomerase is responsible for removing
ribonucleotides from the genomic DNA [6, 29].
Our results suggest a possibility that the degree of
RH2-independent RER activity is higher in
HEK?293 cells than in NIH3T3 cells. However,
Zimmermann et al. reported that topoisomerase
increases endogenous DNA double strand break
in RNase H2-deficient cells, declining this
possibility [30].

RH2A-KO HEK293 cells exhibit the same
morphology—but slower growth— than WT
HEK?293 cells (Fig. 3). These results agreed with
our previous results generated using NIH3T3
cells. Pizzi et al. reported that RNA interference-
mediated RNase H2 (RH2) depletion impaired
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Fig. 8. Characterization of RH2A-KO cells.

(A, B) RNase H2 activity. (A) Image
scanning. The open and solid arrows indicate the
bands corresponding to the 12-nt RNA fragment
and cleavage products, respectively. (B) Image]
analysis of the reaction products in the presence of
10 pg of extracts of the transfected RH2A-KO cells.
(C, D) Alkaline agarose gel electrophoresis.
Alkaline-treated genomic DNA was applied to 1%
w/v alkaline agarose gel. (C) SYBR Gold-stained
gel. (D) Densitometry scanning of the lanes in (C).
One of the representative results of triplicate
determination is shown.

cell growth, a phenomenon that they ascribed to
defects in completing the S-phase and to G2/M
arrest [14]. We speculate that RH2A knockout
would induce similar replication stress in
HEK?293 and NIH3T3 cells.

When an RH2A variant (G37S) with an
AGS-causing mutation was expressed in RH2A-
KO HEK293 cells, no increase in RH2 activity in
cell extracts was observed (Fig. 6A and B). By
contrast, increase in RH2 activity was observed
upon expression of N212I and R291H (Fig. 7A
and B). This raises the question “how do the
N212I and R291H mutations—and probably a
number of other AGS-causing mutations that do
not appreciably affect activity—cause AGS?”.
Cristini ef al. recently used chromatin
immunoprecipitation with an anti-RH2 antibody
to show that RH2 is recruited to a specific subset
of genes in a transcription-dependent manner and
that it suppresses the accumulation of R-loops in
cells [31]. We speculate that some AGS
mutations, including RH2A N212I and R291H
variants, cause AGS by impairing the protein-
protein interactions required for such cellular
events.

In conclusion, RH2A-KO HEK293 cells
lacked hydrolytic activity toward single
ribonucleotides in duplex DNA and exhibited
retarded growth, but not presented higher

ribonucleotide content in genomic DNA than WT
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cells. Our results suggest that decrease in RNase

H2 activity does not necessarily lead to

accumulation of ribonucleotides.
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