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KEYWORDS Abstract The CRISPR/Cas9 system, originally derived from the prokaryotic adaptive immune
CRISPR/Cas9; system, has been developed as efficient genome editing tools. It enables precise gene manip-
Gene editing; ulation on chromosomal DNA through the specific binding of programmable sgRNA to target
Global transcription; DNA, and the Cas9 protein, which has endonuclease activity, will cut a double strand break
Nucleolus detention at specific locus. However, Cas9 is a foreign protein in mammalian cells, and the potential risks
signal; associated with its introduction into mammalian cells are not fully understood. In this study,
Translation we performed pull-down and mass spectrometry (MS) analysis of Streptococcus pyogenes

Cas9 (SpyCas9) interacting proteins in HEK293T cells and showed that the majority of Cas9-
associated proteins identified by MS were localized in the nucleolus. Interestingly, we further
discovered that the Cas9 protein contains a sequence encoding a nucleolus detention signal
(NoDS). Compared with wild-type (WT) Cas9, NoDS-mutated variants of Cas9 (mCas9) are less
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stable, although their gene editing activity is minimally affected. Overexpression of WT Cas9,
but not mCas9, causes general effects on transcription and protein translation in the host cell.
Overall, identification of NoDS in Cas9 will improve the understanding of Cas9’s biological func-
tion in vivo, and the removal of NoDS in Cas9 may enhance its safety for future clinical use.
Copyright © 2020, Chongging Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) is derived from the prokaryotic adaptive immune
system. It protects bacteria against exogenous genetic ele-
ments together with CRISPR-associated proteins (Cas).
CRISPR effectors with nuclease activity, such as Cas9 and
Cas12, have been optimized as genome editing tools for pre-
cise DNA and RNA editing.?”* This system is widely used for
gene sequencing,* ® determining compounds’ mode of ac-
tion,”’® and functional gene screening.” It is also adopted as a
highly potent therapeutic approach for some clinical dis-
eases,'”"" including genetic diseases,'? viral infection'® and
Car-Tcell therapy used for cancer.'* "> The Cas9 protein and a
20-nt sgRNA form a complex that targets the genome by
complementary base pairing, and the Cas9 protein scissors a
double-strand break on the host genome. The mammalian
cells fix this genomic double-strand break, eventually gener-
ating mutations by means of non-homologous end-joining
(NHEJ) or homology directed repair (HDR).?'®"” The in vitro
synthesized sgRNA and its precise binding to targeted DNA via
base pairing make this new technique a highly efficient and
precise genome editing tool that is widely used in a variety of
species for different purposes.

Although the CRISPR/Cas technology is a breakthrough in
gene editing field, some problems limit its use in clinical
and other settings.'® These include off-target effects, low
efficiency of precise genome editing and immune responses
triggered by Cas9 expression.'®?° The off-target effects of
CRISPR/Cas may create random indel mutations at unex-
pected genomic sites, causing unknown risks to the host
cell/organism through the unfaithful recognition by Cas9/
sgRNA complex of the unintended sites. Various Cas9 mu-
tants, including SpyCas9-HF1 (N497A/R661A/Q695A/
Q926A), eSpyCas9 (1.1) (K848A/K1003A/R1060A), and
HypaCas9 (N692A/M694A/Q695A/H698A),>' 2 have been
shown to improve CRISPR/Cas9 specificity by reducing off-
target effects. Moreover, the efficiency of HDR-dependent
precise genome editing can be significantly improved
through the inhibition of the NHEJ repairing pathway either
genetically or with small molecule inhibitors.>* Further-
more, a few studies have reported strategies for avoiding or
eliminating immune responses caused by CRISPR/Cas9 or
sgRNAs during genome editing in human cells." Recently, it
was shown that phosphatase treatment of in vitro tran-
scribed sgRNAs eliminates the sgRNA-triggered immune
response.””> Nevertheless, there have been no report on
Cas9 interacting proteins in host cells, and it is unclear
whether Cas9 overexpression can affect the host cell’s gene
expression or protein translation.

To explore the effect of Cas9 overexpression in host
cells, we identified the proteins that interact with Apo-
SpyCas9 in a mammalian cell line by tandem affinity puri-
fication (TAP). We characterized a Nucleolus Detention
Signal (NoDS) located at amino acid residues 220—226 in the
Cas9 protein. Mutation of the Cas9 NoDS changed the pro-
tein’s distribution in the nucleolus, minimally influenced
the genome editing efficiency, and significantly reduced
protein expression level. Moreover, overexpression of WT
Cas9 protein, but not mCas9 protein, led to transcriptome
changes and translation inhibition in host cells. These
findings supply a possible explanation for the side effects of
CRISPR/Cas9 and pave the way for future improvements in
Cas9 function.

Materials and methods
Cell culture

HEK293T, Hela, and U2-OS cells were cultured in DMEM
(Gibco, Massachusetts, USA) supplemented with 10% fetal
bovine serum and maintained in a humidified 5% CO, incu-
bator at 37 °C. Mycoplasma was monitored every two weeks
by PCR. All cells were maintained and stored in Professor
Yongjun Dang’s laboratory at the Shanghai Medical College
of Fudan University.

Tandem affinity purification

The Cas9-NLS gene was cloned into the pcDNA3.1 plasmid,
which contained protein A and streptavidin binding protein
(SBP) at the N-terminal of the multiple cloning site.
HEK293T cells were seeded at a density of 2.2 x 107 cells
per 15 cm dish in DMEM (Gibco) with 10% FBS (Gibco) at 24 h
before transfection. Transfection mixture was produced by
incubating 15—20 ng of plasmid with 37.5—50 pl PEIl in DMEM
with 10% FBS. One day after transfection, cells were har-
vested with lysis buffer that contained 50 mM Tris—HCl (pH
7.5), 125 mM NaCl, 0.2% NP-40, 5% glycerol, 1.5 mM MgCl,,
protease inhibitors (Sigma, Missouri, USA) and phosphatase
inhibitor cocktail (Sigma, Missouri, USA), and lysated by
sonication. The supernatant was incubated with 30 pl I1gG
beads (Sigma, Missouri, USA) for 2 h at 4 °C, and the IgG
beads were then incubated with 1.5 pl ACTEV protease (10
U/ul, Invitrogen, Massachusetts, USA) per tube at 4 °C
overnight. Eighty ul of streptavidin beads (Invitrogen,
Massachusetts, USA) per tube were equilibrated with SBP
buffer that contained 10 mM Tris—HCLl (pH 7.5), 100 mM
NaCl, and 0.2% NP-40. IgG beads treated with ACTEV were
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Identification of Cas9 interacting proteins in HEK293T cells. (A) A scheme for the interacting protein pull-down assay. A

CMV promoter was used to initiate the overexpression of Cas9 protein, and protein A and SBP tags were cloned to the N terminus of
the Cas9 protein. A TEV site was located between the protein A tag and the SBP tag for TEV digestion. An additional NLS tag was
cloned to the C terminus of the Cas9 protein in one design to promote the protein’s nuclear localization. (B) Silver staining of the
interacting protein pattern. Cas9 and Cas9 NLS indicated the HEK293T cells transfected with ApoCas9 and NLS tagged ApoCas9. Vector
showed the pull-down assay background without Cas9 overexpression. Cas9 was indicated by black arrow. (C) GO analysis of Cas9
interacting proteins identified by mass spectrometry. (D) Western blot verification of the Cas9 interacting proteins. NCL, ILF3, RPL7A,
RPL10A, RPL19 and RPL36A were detected in both cell lysate and pull down components; Cas9 protein was detected by Flag.

spun down, the supernatant was added to the streptavidin
beads, and the mixture was incubated at 4 °C for 4 h.
Streptavidin beads were finally spun down, boiled with
40 ul 2 x SDS sample buffer, and used for mass spectrom-
etry (MS) analysis.

Mass spectrometry

LC—MS/MS analysis of tryptic peptides was performed on
an LTQ linear ion trap mass spectrometer (ThermoFisher,
Massachusetts, USA) (in the Cas9 interactome experiment)
or an Obitrap Fusion mass spectrometer (ThermoFisher,
Massachusetts, USA). The LC—MS/MS data were analyzed
using Mascot (v2.3, Matrix Science Ltd., London, UK). Peak
lists were generated by Proteome Discoverer software
(v1.4, ThermoFisher, Massachusetts, USA). Precursor mass
tolerance for Mascot analysis was set at + 10 ppm, and
fragment mass tolerance was set at + 0.5 Da. The Mascot
emPAl (exponentially modified protein abundance index)
score was used for label-free protein quantification as
previously described.*’

Immunofluorescence

U2-0S cells were seeded on glass slides in a 24-well plate
(5 x 103 cells/well) and transfected with GFP-fused Cas9
plasmid using FUGENE (Promega, Wisconsin, USA) after cell
adherence. At 72 h after transfection, the slides were
gently washed with PBS and fixed in 4% paraformaldehyde,
then permeabilized in 0.5% Triton X-100 to perforate nu-
clear membranes. After blocking with 4% BSA, the samples
were incubated with anti-NCL antibody (1:1000) (Pro-
teintech, Illinois, USA) in PBS that contained 4% BSA at 4 °C
overnight or at 37 °C for 1 h. They were then stained with
Cy3-conjugated anti-rabbit secondary antibody (Jackson
Immunoresearch, Pennsylvania, USA) at 37 °C for 30 min.

Following extensive washing, the slides were coated with
mounting medium (ThermoFisher). Cell fluorescence was
visualized under a fluorescence microscope (Olympus Cor-
poration, Tokyo, Japan).

EGFP disruption assay

HelLa EGFP cells harboring a single integrated copy of an
LC3—EGFP fusion gene were cultured as described. For
transfection, 1.5 x 10° cells were cultured in a 6-well plate
until cell adherence, then 2 ug of PX330 plasmid and 0.2 ug of
RFP expression plasmid were co-transfected with sgRNA
targeting EGFP. Cells were analyzed 2 days post-transfection
by flow cytometry (Accuri C6, BD, California, USA).

Site-directed mutagenesis

Five amino acids of the NoDS domain were mutated to Ala
by four rounds of PCR (KOD, TOYOBO, Osaka, Japan) using
the primers listed in Table 1. The PCR products were puri-
fied, digested with Dpnl restriction enzyme to cleave the
methylated template DNA, and then transformed into E.
coli XL10 strain and plated on LB agar medium that con-
tained 100 nug/ml ampicillin. The mutant sequences was
confirmed by Sanger sequencing.

Cas9 protein expression and purification

The protein expression and purification procedures fol-
lowed those described in a previously published paper.*®
Briefly, the Cas9 encoding sequence was cloned into the
pET21a protein expression vector, which was then trans-
ferred into the Rosetta (DE3) strain and cultured in LB
medium with ampicillin and chloramphenicol. 0.1 mM IPTG
was added to induce protein expression, and the protein
was expressed at 16 °C for 20 h. Cells were then harvested
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Figure 2 Cas9 contains a nucleolus detention signal and targets nucleolus. (A) NoDS in the Cas9 coding sequence. A scheme showing
NoDS in Cas9 amino acid sequence, as well as mutations introduced to disrupt NoDS. ‘3 AA mutant’ harbors R to A mutation in R220
and R221, and L to A mutation in L222; ‘5AA mutant’ harbors mutations with R220, R221, L222, L225 and 1226 all mutant to A. (B)
Fluorescent images of cellular distribution of the WT Cas9 protein, 3AA mutant and 5AA mutant in U20S cells. (C) Co-localization of
Cas9 (green), NLS (red), and Nucleus (blue) in U20S cells was detected by immunofluorescence. Scale bar = 50 um.

and lysed at 10,000 psi in lysis buffer at 4 °C (20 mM HEPES, was then washed in a washing buffer that contained 30 mM
pH 7.5, 500 mM KCL, 1 mM PMSF). Following centrifugation, imidazole and eluted with an elution buffer that contained
the supernatant was incubated with Ni-NTA agarose (Qia- 100 mM imidazole. The protein was finally concentrated
gen, Hilden, Germany) for 1.5 h at 4 °C. The Ni-NTA agarose using a 100 kDa filter and stored at —80 °C for further use.

E 2
A B ) 1507 — WTCasg
WICis9  Ficae Cas9 mRNA Expression Level E —  CaSO
1.5 ®
- B8 WT Cas9 2 100+
S 8
Flag | wg B3R mCas9 8
? g 50
3 e 2 504
o o
3 S 2
o 4
3 g o T T )
GAPDH | “EN  — = 30 40 50 60
L4 Temperature (°C)

H2

. H1

Figure 3 NoDS mutated Cas9 display decreased stability in human cells. (A) Western blot detection of Cas9 protein levels in
HEK293T cells by Flag tag. GAPDH was used as internal control. (B) Transcription level of transfected Cas9 detected by qPCR
(N = 3). The ampicillin resistance gene was used as internal control. Relative expression of mutant Cas9 is normalized to that of WT
Cas9. (C) Structure of the Cas9 protein downloaded from the protein data bank (4CMP). The NoDS-containing helix is highlighted in
pink, and the adjacent helixes are highlighted in purple and white. (D) Close-up of the NoDS-containing helix and the adjacent
helix; the amino acid residues involved in hydrophobic interactions are highlighted in red. (E) Thermal shift assay of purified WT
Cas9 and mCas9. Purified Cas9 and mCas9 protein were mixed with SYPRO Orange in Tris buffer. Changes of SYPRO Orange fluo-
rescence intensity were collected while the protein was heated up. Melting temperature (Tm) was calculated with Boltzmann
fitting method. The Tm of WT Cas9 protein was 42 °C and Tm of mCas9 was 39 °C.
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Measurement of protein synthesis

HEK293T cells were grown in 6-well plates and transfected
with Cas9, mCas9, or vector. Cells were collected 60 hours
after transfection. The medium was replaced with methi-
onine-free DMEM with L-AHA and incubated for 30 min, and
the cell lysates were collected and subjected to a Click-iT
assay to measure the synthesis rate of nascent peptides.
Click-iT protein synthesis was carried out following the
manufacturer’s instructions (Click-iT™ AHA Alexa Fluor™
488 Protein Synthesis HCS Assay, ThermoFisher, Massachu-
setts, USA). Nascent peptides were scanned by Typhoon,
and total protein was evaluated by Coomassie blue
staining.

DNA cleavage assay

The DNA cleavage assay was performed as described in a
previous study.®

RNAseq and analysis

HEK293T cells were transfected by Cas9 or mCas9 for 48 h
and then total RNA was extracted by Trizol. mRNA was
purified using polyA magnetic beads. Raw data were aligned
to the human genome using a customized pipeline, and
annotation and cluster analysis were performed using
DAVID online tools (https://david.ncifcrf.gov/).
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Western Blot

Cells were washed twice with PBS before harvesting and
lysed in lysis buffer (500 mM NaCl, 1% NP40, 1% sodium
deoxycholate, 0.1% SDS, 50 mM Tris, pH 7.0). Total protein
concentrations were determined with BCA kit (Thermo-
Fisher). The lysate was mixed with sample buffer and
boiled at 100 °C for 10 min. Ten microgram of total protein
was loaded and separated by SDS-PAGE gel, and then
transferred to nitrocellulose membranes (Millipore, Massa-
chusetts, USA). After blocking, the membranes were incu-
bated overnight at 4 °C with antibodies specific to different
proteins, and then with secondary antibodies conjugated
with horseradish peroxidase. Immunoreactivity was visual-
ized by enhanced chemiluminescence (GE Healthcare, Illi-
nois, USA). Proteins were detected using the following
antibodies: Flag (Sigma, F1804, Missouri, USA), NCL (Pro-
teintech, 10556-1-AP, Illinois, USA), ILF3 (Abcam, ab225626
Cambridge, UK), RPL7A (Santa Cruz, sc-79043, Texas, USA),
RPL10A (Santa Cruz, sc-100827), RPL19 (Santa Cruz, sc-
100830), RPL36A (Santa Cruz, sc-100831), and GAPDH
(Sigma, g8795).

Thermal shift

Protein thermal shift assays were performed as described in
a previous study.” In each well of assay plate, 5 umol/L
Cas9 or mCas9 protein and 5 x SYPRO Orange (Invitrogen,
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NoDS-mutations minimally affect Cas9’s genome editing efficiency. (A) A plasmid expressing RFP was co-transfected

with lentiCRISPR VIl in a 1:10 ratio (WT or NoDS-mutated Cas9). GFP positive cells was analyzed by flow cytometry 60 h after
transfection. Representative figure of three independent experiment is shown. (B) The endonuclease activity of Cas9 detected by
purified Cas9 in vitro. Different concentrations of purified Cas9 protein were incubated with DNA fragments and sgRNA at 37 °C for
30 min, and then subjected to agarose gel electrophoresis. (C) Quantification of the agarose gel electrophoresis data. The grey
values of the bands in (B) were calculated using ImageJ software, and relative endonuclease activity was calculated using the
formula: (cut1+cut2)/uncut. *P < 0.1, **P < 0.05, **P < 0.01, Student’s t-test. (D) Characterization of mismatch tolerance of WT
Cas9 and mCas9. WT Cas9 and mCas9 were assessed by EGFP disruption assay when programmed with fully matched or partially
mismatched sgRNAs. PAM sequence was marked by light grey rectangle; matched base pairs on sgRNAs were marked as dark grey
rectangle; mismatched base pairs on the sgRNA was marked as red rectangle. Error bars represent SD. N = 3. Relative EGFP
disruption was normalized by EGFP disruption level of fully matched sgRNA paired with WT Cas9 or mCas9 separately.
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Cas9 but not NoDS-mutated Cas9 affects global protein translation in human cells. (A) Heatmap of transcriptional

changes triggered by Cas9 or mCas9 based on RNA-seq data of HEK293T cell transfected with WT Cas9 or mCas9. Genes with
expression level change greater than 1.5 fold than untreated cell were shown in heatmap. (B) Annotation and GO analysis of
differentially expressed genes identified by RNA-seq. (C) The grey values associated with the Click-iT assay were calculated using
ImageJ software, and the relative fluorescence intensities were calculated as the grey value of the labeled lane divided by the grey
value of the coomassie-blue-stained lane. ns P > 0.05, *P < 0.05, two-sided Student’s t-test.

Massachusetts, USA) were mixed in a total volume of 20 uL
in Tris buffer. The assay plate was heated from 25 °C to
95 °C at a ramp rate of 0.05 °C/s. The changes in SYPRO
Orange fluorescence intensity were monitored and
collected for further analysis. The melting temperature
(Tm) was calculated with the Boltzmann fitting method in
Protein Thermal Shift Software v1.2. The experiments were
performed three times independently.

qPCR

Total RNA was extracted from cells using Trizol
(ThermoFisher). For each sample, 1 ug total RNA was used
for reverse transcription with reverse transcriptase
(TaKaRa, Kyoto, Japan). qRT-PCR analysis was performed
on the LightCycler 480 Il PCR platform (Roche, Basel,
Switzerland) using the SYBR Green Supermix kit (Takara).
The PCR condition was as follows: 1 min of hot start at 95
°C, followed by 45 cycles of 95 °C for 10 s, 60 °C for 10 s,
and 72 °C for 10 s. Blank controls with no cDNA templates
were used to rule out contamination. The ampicillin resis-
tance gene on the plasmid was used as the internal control.
The specificity of the PCR product was confirmed by
melting curve analysis and gel electrophoresis. Gene
expression levels were normalized to the GAPDH house-
keeping gene. Relative expression levels were calculated by
the AACt method. The primers used were as follows:

AmpR-F: TTCTCAGAATGACTTGGTTG.
AmpR-R: GATCAAGGCGAGTTACATGA.
Cas9-F: GACATCGGCACCAACTCTG.
Cas9-R: TCCGGTTCTTCCGTCTGGT.

Results

Identification of Cas9 interacting proteins in
HEK293T cells

To investigate whether bacterial-derived Cas9 has interac-
tion partners in human cells, we ectopically overexpressed
ApoCas9 from Streptococcus pyogenes species, tagged with
protein A and streptavidin binding protein in HEK293T cells.
To determine whether the nuclear localization of Cas9
protein contributes to differences in its interaction part-
ners, we compared Cas9 with or without a C-terminal tag-
ged nuclear localization sequence (NLS), using the empty
vector as control (Fig. 1A). After TAP, the complex of Cas9
and its interaction partners were separated by SDS-PAGE.
Multiple interacting proteins were pulled down by Cas9-
NLS or Cas9, and the empty vector produced a clean
background. All bands were cut out and identified by MS
(Fig. 1A, B). GO analysis in the aspect of biological pro-
cessing of all proteins identified by MS (Table S1) indicated
that the majority of the Cas9 interacting proteins were
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associated with the biological processes of protein trans-
lation, ribosome biogenesis, and RNA processing (Fig. 1C).
Similarly, GO enrichment from other aspects agrees with
the biological processes that enriched to be associated with
Cas9 protein. For example, for which in the aspect of
cellular components, ribonucleoprotein complex and ribo-
some were enriched (Fig. S1A); the enrichment in the
aspect of molecular function has enriched functions related
to structural constituent of ribosome and RNA binding
(Fig. S1B). We did not observe a significant difference in
interaction protein lists for Cas9 protein with or without
NLS, although Cas9 without NLS clearly displayed stronger
bands on the SDS-PAGE gel.

We then performed Western blot to verify the interac-
tion proteins identified by MS. Due to the similarity of the
MS results for Cas9 and Cas9-NLS, we focused only on Cas9-
NLS in subsequent analyses. As indicated by the GO anal-
ysis, many Cas9 interaction partners were ribosome pro-
teins. Interestingly, ribosome biogenesis occurred in the
nucleolus, and some nucleolus localized proteins were also
detected by MS. We chose ribosome proteins RPL7a,
RPL10a, RPL19, RPL36a, the nucleolus localized proteins
ILF3 and nucleolin (NCL) for validation. As shown in
Figure 1D, all proteins could be detected in the Cas9-NLS
associated complex but not in the control. The finding
that Cas9 interacts with NCL and ribosomal proteins, which
are biomarkers of the nucleolus or assembled in the
nucleolus, suggests that Cas9 itself may be localized in the
nucleolus.

Cas9 contains a nucleolus detention signal and
targets the nucleolus

We thus looked for Cas9 protein localization in previous
published papers, and found Cas9 accumulates as some
*bright spots’ in nucleus,”?® which is highly possible to be
nucleolus. When we inspected the protein sequence of
SpyCas9, we found amino acids 220—222 (Arg-Arg-Leu) and
225—226 (Leu—lle) together met the characteristics of a
NoDS sequence (Fig. 2A). It has been reported that protein
with a NoDS can be trapped in the nucleolus,?’ 2’ because
NoDS consists of highly charged arginine or lysine residues
and it can directly bind to non-coding RNAs in the nucle-
olus.?® We did not find a classic NoDS sequence in Cas9
proteins from other species, such as SaCas9 or NmeCas9, or
in other effector proteins, such as Cpf1, C2c1, or C2c2. But
we did find from literature that several type Il CRISPR
effector proteins are likely to accumulate in the nucleolus,
such as SaCas9° and Cas13d.?" To validate this NoDS-like
sequence in Cas9 and its effects on Cas9 protein

localization, we made two Cas9 mutations, one with amino
acids 220—222 mutated to alanine (3 AA mutant) and the
other with amino acids 220—222 and 225—226 mutated to
alanine (5 AA mutant, mCas9). We fused EGFP to C-terminal
of Cas9 or the Cas9 mutants to help track Cas9 localization.
As shown in Figure 2B, both WT Cas9 and the 3 AA mutant
Cas9 accumulated in nucleus, observed as bright spots,
whereas the 5 AA mutant dispersed evenly inside the nu-
cleus. This result indicated that R220, R221, L222, L225,
and 1226 in SpyCas9 may serve as a NoDS that altered the
localization of Cas9 protein in the nucleus. To further un-
derstand whether NoDS target Cas9 protein to nucleolus, C
terminus EGFP fused WT or 5 AA mutant Cas9 (mCas9) was
transfected into U20S cells. Then the intracellular locali-
zation of Cas9-EGFP was monitored by fluorescence mi-
croscopy. The position of the nucleolus was determined by
immunostaining of NCL, which is a biomarker of the
nucleolus. As shown in Figure 2C, the majority of WT Cas9-
EGFP protein co-localized with NCL, but the mCas9 protein
did not. These results demonstrated that NoDS in Cas9
determines its nucleolus localization.

NoDS mutated Cas9 display decreased stability in
human cells

While performing the aforementioned experiments, we
accidently found out that the fluorescence of mCas9-EGFP
was much weaker than that of WT Cas9-EGFP (Fig. 2B, C).
By measuring their transcription and protein levels, we
found out that disrupting NoDS in Cas9 caused a significant
decrease in mCas9 protein accumulation (Fig. 3A) but not in
its mRNA level (Fig. 3B). We speculated that the NoDS
mutation may have altered the stability of the Cas9 pro-
tein, contributing to the lower protein accumulation.
Indeed, as we looked into the structure of the Cas9 protein,
we noticed that all the amino acids mutated in the Cas9
protein appeared to be in one a-helix (highlighted in pink in
Fig. 3C). The mutation of these highly hydrophobic amino
acids affects their hydrophobic interactions with other hy-
drophobic amino acids in adjacent helices (highlighted in
purple and white in Fig. 3C). For example, as shown in
Figure 3D, the hydrophobic interactions between L221 and
L246, L225 and L212, and 1226 and 1242 were impaired by
the L to A or | to A mutation, which was consistent with the
idea that the stability of the mCas9 protein was lower than
that of the WT Cas9 protein. We therefore performed a
thermal shift assay with purified WT Cas9 and mCas9 pro-
tein. The Tm value of the protein shifted from 42 °C to
39 °C, suggesting a decrease in the stability of mCas9
(Fig. 3E). In summary, these results suggested that the

Table 1  Primers for site-directed mutagenesis

R220A-F GCCAGACTGAGCAAGAGCGCACGGCTGGAAAATCTGATCGCC
R220A-R GATCAGATTTTCCAGCCGTGCGCTCTTGCTCAGTCTGGCAGA
R221A-F AGACTGAGCAAGAGCGCAGCGCTGGAAAATCTGATCGCCCAG
R221A-R GGCGATCAGATTTTCCAGCGCTGCGCTCTTGCTCAGTCTGGC
L222A-F CTGAGCAAGAGCGCAGCGGCGGAAAATCTGATCGCCCAGCTG
L222A-R CTGGGCGATCAGATTTTCCGCCGCTGCGCTCTTGCTCAGTCT

L225A, 1226A-F
L225A, 1226A-R

GCGGCGGAAAATGCGGCCGCCCAGCTGCCCGGCGAGAAGAAG
GGGCAGCTGGGCGGCCGCATTTTCCGCCGCTGCGCTCTTGCT
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removal of the NoDS from Cas9 leads to instability of Cas9
protein compared with the WT Cas9 protein and thereby
lowers the protein level in the host cell.

NoDS-mutations minimally affect Cas9’s genome
editing efficiency

In order to test the function of mCas9, especially its
genome editing efficiency, we employed EGFP disruption
assay.'” To make comparisons at the same transfection
level, we co-delivered the RFP plasmid with the sgEGFP-
Cas9 plasmid at a ratio of 1:10 and analyzed EGFP disrup-
tion in RFP positive cells. The result showed that the
genome editing efficiency of mCas9 (80.86 + 1.64%) was
only modestly reduced compared to WT Cas9
(90.83 + 1.55%) (Fig. 4A). Both decreased protein expres-
sion and reduced endonuclease activity of mCas9 may
contribute to the lower editing efficiency observed in host
cells. To investigate how the mutation causes a decrease in
Cas9 endonuclease activity with the same amount of pro-
tein, we employed an in vitro assay to examine the
endonuclease activity of Cas9 and mCas9 (Fig. 4B, C).>2 We
tested WT and mCas9 endonuclease activity at three
different concentrations. When Cas9 was present at
limited amounts in the reaction system (158 ng), mCas9
exhibited little endonuclease activity, and WT Cas9 had
about one-quarter of the endonuclease activity as of the
Cas9 alone control. As we added more Cas9 to system
(306 ng), mCas9 endonuclease activity increased to about
50%, and WT Cas9 endonuclease activity was almost 100%.
When we added sufficient Cas9 to system (612 ng), both
mCas9 and WT Cas9 exhibited approximately 100% endo-
nuclease activity. These results suggested that mCas9 has
lower endonuclease activity than Cas9 and that both ac-
tivities depend on the concentration of the enzyme
(Fig. 4B, C). In addition to genome editing efficiency, we
also tested the mismatch sgRNA tolerance of both WT Cas9
and the mCas9 by introducing mismatch mutations to
different positions on the sgRNA.> There was no significant
differences in mismatch tolerance between mCas9 and WT
Cas9 (Fig. 4D).

Cas9 but not NoDS-mutated Cas9 affects global
protein translation in human cells

To further investigate whether ApoCas9 overexpression
may cause global changes in transcription or translation in
mammalian cells, we performed RNAseq analysis and
measured total protein synthesis. As shown in Figure 5A,
transfection of HEK293T cells with WT Cas9 plasmid, in
comparison to transfection with empty vector, was associ-
ated with the differential expression (>1.5-fold difference)
of 498 genes—389 upregulated and 109 downregulated.
However, transfection with mCas9 plasmid resulted in dif-
ferential expression of only seven genes—three upregu-
lated and four downregulated. We performed gene
annotation and cluster analysis of the differentially
expressed genes in response to WT Cas9 transfection. The
result suggested that the differentially expressed genes
were involved in biological processes including translation,
nuclear-transcribed mRNA catabolic process, viral

transcription, rRNA processing, and translational initiation
(Fig. 5B). These results were consistent with the MS data,
which also detected translation-related biological pro-
cesses. The RNA-seq and cluster analysis further revealed
that the expression of genes associated with mitochondrial-
related translation, respiratory chain, and electron trans-
port were also affected by the presence of WT Cas9. Few
genes that were differentially expressed in response to
mCas9 transfection and were not enriched in any specific
biological processes.

To examine the effect of Cas9 expression on general
protein translation, we metabolically labeled nascent
peptides to compare the protein translation efficiency of
HEK293T cells expressing WT Cas9 or mCas9 protein®*. The
result revealed that there was a significant decrease in
global protein translation in WT Cas9-transfected cells but
not in mCas9-transfected cells (Fig. 5C, Fig. S2). This result
suggested that the expression of mCas9 protein has much
less impact on general protein translation than that of the
WT Cas9 protein in human cells.

Discussion

In this study, we focused on the effects of expression of
Streptococcus pyogenes Cas9 in mammalian cells. We first
demonstrated that Cas9 physically interacts with ribosomal
proteins and nucleolus-localized proteins such as ILF3 and
NCL (Fig. 1C, D). The nucleolus is involved in critical bio-
logical processes, including ribosome biogenesis, cell cycle
regulation, stress perception,*® and viral replication.
Recently, the nucleolus was found to have chaperone-like
properties and it can promote nuclear protein mainte-
nance under stress.>” We found out that Cas9 was localized
to the nucleolus in a NoDS sequence-dependent fashion
(Fig. 2B, C). Mutation of the NoDS in Cas9 not only disrupted
its nucleolar location but also reduced its steady-state
protein level in human cells (Fig. 2C, 3A, 3B) and the
thermal stability in vitro (Fig. 3E). Importantly, mCas9
remained as a highly robust gene editor, and it caused much
fewer transcriptional and translational changes in com-
parison to WT Cas9 in human cells (Fig. 4A, 5A).

In addition, Cas9 was recently reported to activate the
P53 pathway, resulting in the enrichment of mutant P53.38
The regulation of P53 and the sequestering of MDM2 by the
nucleolus have been widely studied.>*~*' Our findings of
Cas9 localization in the nucleolus may play an important
role in the enrichment of mutant P53 and therefore warrant
further study.

Furthermore, Cas9 is a foreign protein introduced into
eukaryotic cells. Understanding its behavior inside human
cells is crucial for both CRISPR-based basic research and
clinical applications such as the treatment of HIV,* cystic
fibrosis,*** and hereditary tyrosinemia.'”> The correct
dosage and properly control of CRISPR/Cas9 are important
for its safety use. Small molecule inhibitors* and light*
have been discussed as means to enable precise control
of CRISPR/Cas9 in host cells to avoid potential alteration
caused by long term exsitance of Cas9 in vitro. Our findings
clearly show that long-term and high-dose maintenance of
WT Cas9 in human cells is not preferable from the
perspective of host cell health. Importantly, our study also
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identified that mCas9 variant, which bears 5 amino acids
NoDS mutation, is evenly dispersed inside nucleus. This
mCas9 variant accumulates less in human cells and loses
the ability to interfere with cellular protein translation, but
remarkably maintains high genome editing capability.
Therefore, mCas9 can serve as a safer version of high-
efficiency gene editing tool.
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