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ABSTRACT

In order to elucidate the functional organization of
the genome, it is vital to directly visualize the interac-
tions between genomic elements in living cells. For
this purpose, we engineered the Cas9 protein from
Staphylococcus aureus (SaCas9) for the imaging of
endogenous genomic loci, which showed a simi-
lar robustness and efficiency as previously reported
for Streptococcus pyogenes Cas9 (SpCas9). Imag-
ing readouts allowed us to characterize the DNA-
binding activity of SaCas9 and to optimize its sgRNA
scaffold. Combining SaCas9 and SpCas9, we demon-
strated two-color CRISPR imaging with the capability
to resolve genomic loci spaced by <300 kb. Com-
binatorial color-mixing further enabled us to code
multiple genomic elements in the same cell. Our re-
sults highlight the potential of combining SpCas9
and SaCas9 for multiplexed CRISPR-Cas9 applica-
tions, such as imaging and genome engineering.

INTRODUCTION

The type II CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas (CRISPR-associated) sys-
tems have been adapted to enable efficient genome editing
in a wide range of cultured cells and organisms [(1–8); for re-
views, see (9–12)]. Its most widely used form consists of the
Cas9 nuclease and a single guide RNA (sgRNA) (1–3,13)
that mimics the natural hybrid of the CRISPR RNA (cr-
RNA) and the trans-activating CRISPR RNA (tracrRNA)
(14). The 3′ end of sgRNA is the crRNA:tracrRNA scaf-

fold that interacts with Cas9 (15–18). Target recognition
by the Cas9-sgRNA complex requires Watson–Crick base
pairing with the 5′ end of the sgRNA (≈20 nt) as well as
a short protospacer-adjacent motif (PAM) located imme-
diately downstream of the target DNA sequence (13,19–
21). The PAM sequences are diverse among orthologous
CRISPR-Cas systems. In particular, the widely used Strep-
tococcus pyogenes Cas9 (SpCas9) recognizes a short 5′-
NGG-3′ PAM (13,22). Cas9 contains two conserved en-
donuclease domains, HNH and RuvC, that cleave the two
strands of the target DNA, respectively (13,21). Inactivat-
ing both catalytic active sites via point mutations results in
‘nuclease-dead’ Cas9 (dCas9), which retains full DNA bind-
ing activity but does not cleave DNA (13,23). The repro-
grammable binding capability of dCas9 has enabled more
applications such as gene expression regulation (23–29),
chromatin imaging (30–33) and chromatin (34) and RNA
(35) pull-down.

By expressing dCas9 from Streptococcus pyogenes (dSp-
Cas9) fused to a fluorescent protein and the correspond-
ing sgRNAs, both repetitive and non-repetitive DNA se-
quences can be labeled and imaged. This CRISPR imag-
ing technique has allowed live cell examination of telomere
length, gene (chromosome) copy number and the dynamics
of genes in interphase as well as mitosis (30). To further ex-
pand its application in investigating the functional genome
organization (36), multi-color imaging capability would be
instrumental. The reported collection of Cas9 orthologs,
with distinct DNA binding specificity and PAM recogni-
tion (1,37–40), constitutes a large source of CRISPR-Cas9
systems for expanding targeting flexibility and simultane-
ous imaging of multiple genomic loci in one cell. Sev-
eral orthologous CRISPR-Cas9 systems from different bac-
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terial species, including Neisseria meningitidis (NmCas9)
and Streptococcus thermophilus 1 (St1Cas9), have been ap-
plied for genome editing in human cells (1,37,38). A multi-
color CRISPR system has recently been reported, using
three dCas9 orthologs, dSpCas9, dNmCas9 and dSt1Cas9,
fused to different fluorescent proteins (32). However, both
NmCas9 and St1Cas9 require longer PAMs, such as 5′-
NNNNGATT-3′ for NmCas9 (38,39), which can poten-
tially improve the targeting specificity but limit the range of
sequences that Cas9 orthologs can target. Thus, it is highly
desirable to explore more Cas9 orthologs to use for more
robust and versatile CRISPR-based genome visualization.

Recently, a smaller Cas9 ortholog from Staphylococcus
aureus (SaCas9), recognizing 5′-NNGRRT-3′ PAM (R rep-
resents A or G), has been effectively used for in vivo genome
editing using single guide RNAs (41). Given the smaller size
of SaCas9, it can be more easily delivered with viral expres-
sion vectors, which is critical for both basic research and
therapeutic applications. Here, we show that SaCas9 can be
engineered as a tool for CRISPR imaging that is as effi-
cient and robust as SpCas9. We further perform CRISPR
imaging to gain insights into the targeting specificity of
SaCas9 and the determinants that influence SaCas9 DNA-
binding activity, which has not yet been fully characterized.
Paired with dSpCas9, we demonstrate the capability of two-
color CRISPR imaging to resolve two genomic elements
spaced by <300 kb, and to color-code more than two loci
for simultaneous tracking. Together these results suggest
that SpCas9 and SaCas9 can be co-introduced to enable
efficient multiplexed CRISPR-Cas9 functionalities beyond
CRISPR imaging, such as simultaneous upregulation and
downregulation of gene expression.

MATERIALS AND METHODS

dCas9 constructs

The construction of dSpCas9-EGFP has been described in
our previous study (30). Similar strategies have been used
to build dSaCas9-EGFP and dSaCas9-mCherry constructs.
Plasmid containing dSaCas9 DNA fragment was kindly
provided by Dr. Feng Zhang (MIT). The DNA sequence en-
coding dSaCas9 protein with D10A and N580A mutations
was fused with EGFP or mCherry and two copies of SV40
NLS. Using In-Fusion HD (Clontech), we cloned these fu-
sion proteins into a lentiviral vector containing an inducible
promoter PTRE3G (Tet-on 3G inducible expression system,
Clontech). The DNA sequence encoding dSaCas9-EGFP
protein are shown in Supplementary Table S1.

sgRNA design

dSpCas9 target sequences were designed as previously de-
scribed (42). To select the target sequences of dSaCas9, we
searched for 5′-GN(16–23)-NNGRRT-3′ to target the tem-
plate DNA strand. NNGRRT is the PAM sequence recog-
nized by S. aureus Cas9 protein which was reported by a
recent study (41). To target the non-template DNA strand,
we searched for 5′-AYYCNN- N(16–23) C-3′. The reverse-
complementary sequence of N(16–23) C was used as guide in
the sgRNA. The guide sequences of sgRNAs used in this
paper are listed in Supplementary Table S2.

sgRNA cloning

For single color CRISPR imaging, sgRNAs were
cloned into a lentiviral mouse U6 expression vector
derived from pSico, which coexpress mCherry and
a puromycin resistance cassette from a CMV pro-
moter (43). To clone Sp sgRNAs, forward primer (5′-
ggagaaCCACCTTGTTGNxGTTTAAGAGCTATGCT
GGAAACA-3′, where GNX is the guide sequence; BstXI
restriction site is underlined) and a common reverse primer
(5′- ctagtaCTCGAGAAAAAAAAGCACCGACTCGG
TGCCAC-3′, where the XhoI restriction site is underlined)
were used to PCR the sgRNA fragments and cloned into
the sgRNA vector by Quick T4 DNA ligase. Sa sgRNAs
were cloned in the same way using the following primers:
Forward primers 5′- ggagaaCCACCTTGTTGNxGT
TTTAGTACTCTGGAAACAGAATC-3′ and a com-
mon reverse primer 5′- ctagtaCTCGAGAAAAAAAA
TCTCGCCAACAAGTTG-3′). Forward primers (5′-
ggagaaCCACCTTGTTGNxGTTATAGTACTCTG
GAAACAGAATC -3′) were used to clone optimized
Sa sgRNAs to increase sgRNA expression. For two-color
CRISPR imaging, mTagBFP was used to replace the
mCherry tag in the sgRNA vector. A second sgRNA
fragment (e.g. Sa sgRNA) together with the human U6
promoter sequence was clone into the lentiviral vector
which carried a sgRNA (e.g. Sp sgRNA) expressed from a
mouse U6 promoter. Thus, two sgRNAs (Sp and Sa) were
expressed driven by two different U6 promoters in a same
vector. The sequence of the dual-sgRNA expression system
is shown in Supplementary Table S3. According to our
results, mouse U6 promoter can drive sgRNA expression
at a slightly higher level than human U6 promoter.

Cell culture

Human embryonic kidney (HEK) cell line HEK293T
was maintained in Dulbecco’s modified Eagle medium
(DMEM) with high glucose (UCSF Cell Culture Facility) in
10% Tet System Approved FBS (Clontech). Human retinal
pigment epithelium (RPE) cells were maintained in DMEM
with GlutaMAX1 (Life Technologies) in 10% Tet System
Approved FBS. Two types of RPE cells were used in this
study. One was purchased directly from American Type
Culture Collection (ATCC, CRL-4000), which ATCC re-
ported as a near-diploid karyotype, with a 2N chromosome
number of 46. Another aneuploid RPE cell line, which has
been confirmed in our previous study (30), contains up to
4 copies of each chromosome, with a total of 73 chromo-
somes at 2N. All cells were grown at 37◦C and 5% CO2 in a
humidified incubator.

Lentiviral production

HEK293T cells were plated into 6-well plates one day prior
to transfection. 110 ng of pMD2.G plasmid, 890 ng of
pCMV-dR8.91 and 1000 ng of the lentiviral vector (Tet-on
3G, dCas9-EGFP/mCherry or sgRNA) were cotransfected
into HEK293T in each well using FuGENE (Promega) fol-
lowing the manufacturer’s recommended protocol. Virus
was harvested 48 h after transfection.
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Generation of dual-dCas9 stable cell line

For two-color CRISPR imaging, we first infected RPE cells
with dSpCas9-EGFP and Tet-on 3G lentiviruses. We then
isolated clonal cell lines which expressed dSpCas9-EGFP
at a suitable level to perform CRISPR imaging with high
labeling efficiency and low background signal. A more de-
tailed protocol to isolate clonal cell lines of dCas9-FP has
been described (42). Next, we infected a selected dSpCas9-
EGFP clonal cell line with the dSaCas9-mCherry lentivirus.
Variation in dSaCas9-mCherry basal expression level was
relatively small, which may be attributed to clonal Tet-on
3G transactivator expression. Thus, a second round of sin-
gle cell clone selection is optional. An alternative strategy is
to infect the cells with dSpCas9-EGFP, dSaCas9-mCherry
and Tet-on 3G lentiviruses simultaneously and then isolate
a clonal cell line with suitable expression levels of the two
Cas9 proteins.

sgRNA expression

One day before transduction, dCas9-FP expressing cells
were seeded into 8-well chambered coverglass (Lab-Tek II).
The cells were infected by sgRNA lentivirus (by 1:6, 1:3 or
1:2 dilution) supplemented with 5 �g/ml polybrene (#TR-
1003-G, Millipore) in each well. The virus dilution factor
is dependent on the sgRNA efficacy and the copy number
of target sites. In general, high sgRNA lentivirus dosage
achieves better labeling efficiency. After 12 h, the virus-
containing medium was replaced by fresh growth medium
without phenol-red. 48 h post-transduction, the cells are
ready for imaging. All imaging experiments were performed
without doxycycline induction.

Northern blotting

Total RNA was extracted from RPE cells transduced
with different sgRNA expression constructs using TRIzol
(Thermo Fisher Scientific) and Direct-zol RNA Miniprep
kit (Zymo Research) following manufacturer’s instructions.
5 �g of total RNA samples were resolved on Novex
10% TBE-Urea PAGE gels (Life Technologies) in 0.5X
TBE buffer at 120V. Equal sample loading was con-
firmed by staining gels with SYBR Safe prior to elec-
troblotting (5S rRNA, 120 nt). Samples on gel were trans-
ferred to Hybond NX membranes (GE Healthcare) in
0.5X TBE for 1.5 h at 250 mA using a Mini Protean
Tetra Cell apparatus (Bio-Rad) and UV crosslinked on a
Stratalinker (Stratagene) twice at 120 �J/cm2. Membranes
were probed with a 5′-32P-labeled DNA oligonucleotide
5′- GATAAACACGGCATTTTGCCTT-3′ diluted in mod-
ified Church-Gilbert buffer (0.5 M phosphate pH 7.2, 7%
(w/v) SDS, 10 mM EDTA) with overnight incubation at
42◦C. Blots were washed 2X for 30 min at 50◦C in 2X SSC,
0.2% SDS before exposure with a storage phosphoscreen
(GE Healthcare). A negative control RNA sample lacking
the sgRNA expression cassette gave no detectable probe
hybridization. Images were obtained on a Typhoon 9410
scanner (GE Healthcare) after exposure durations of 4 h
to overnight. sgRNA expression levels were calculated from
band intensities measured with ImageJ (44).

Identification of chromosome-specific repeats

The Tandem Repeat Finder bioinformatics tools (45) was
used to identify tandem repeats in the genome. The hu-
man reference genome hg19 was downloaded from the
UCSC genome browser (genome.ucsc.edu) for analysis.
Unique, highly conserved repeats (Percent matches > 70)
with copy number >30 located in a defined site but
<5 copies in all other places of the genome were se-
lected as candidates. We further selected candidates with
>10 targetable sequences and designed multiple sgR-
NAs in order to ensure high CRISPR imaging effi-
ciency. The following regions were selected for CRISPR
imaging in this study: Ch1R (chromosome 1:1011233–
1014805); Ch2R (chromosome 2: 242744740–242749183);
Ch3R (chromosome 3: 195502236–195504816); Ch7R
(chromosome 7: 158122661–158135328); Ch15R (chromo-
some 15: 101094498–101098864); Ch17R (chromosome 17:
1642092–1645402); Ch19R (chromosome 19: 59050388–
59054262); Ch22R (chromosome 22: 49661285–49662360).
Details of all guide sequences for dSpCa9 or dSaCas9 tar-
geting are listed in Supplementary Table S2.

Fluorescence microscopy

Single-color CRISPR data were acquired on a Nikon Ti-E
inverted wide-field fluorescence microscope equipped with
an LED light source (Excelitas X-Cite XLED1), a 100x NA
1.40 PlanApo oil immersion objective, an motorized stage
(ASI) with stage incubator (Tokai Hit), and an sCMOS
camera (Hamamatsu Flash 4.0). Two-color CRISPR imag-
ing were performed at UCSF Nikon Imaging Center using
a Nikon Ti-E inverted wide-field fluorescence microscope
equipped with an LED light source (Lumincor Spectra X),
a 100x NA 1.40 PlanApo oil immersion objective, a motor-
ized stage (ASI) and an sCMOS camera (Andor Zyla 5.2).
Acquisitions were controlled by MicroManager. All images
were taken as Z stacks at 0.4 �m steps and with a total of
15 steps. Maximum intensity projects were displayed in the
figures and supplementary figures. Imaging data were ana-
lyzed with ImageJ (44) or CellProfiler (46).

RESULTS

CRISPR imaging using SaCas9

To engineer SaCas9 for visualizing specific genomic
sequences, we tagged the nuclease-deficient SaCas9
(dSaCas9) (containing D10A and N580A mutations) with
EGFP and two copies of nuclear localization signal (NLS)
sequences. To reduce the background and cell heterogene-
ity, we generated clonal human retina pigment epithelial
(RPE) cell lines expressing dSaCas9-EGFP at the basal
level of the inducible Tet-on 3G system (Supplementary
Figure S1A). Similar to dSpCas9, dSaCas9-EGFP without
sgRNA was enriched in the nucleolus (Supplementary
Figure S1B), suggesting that apo dCas9 (not bound to
sgRNA) may nonspecifically interact with ribosomal RNA
or nucleolar proteins. In contrast, lentiviral expression of
sgRNAs targeting either telomeres or a tandem repeat in
exon 2 of MUC4 gene, MUC4E (30,47) (Figure 1A), led
to fluorescence puncta at telomeres or MUC4 loci, with a
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Figure 1. Comparison of SaCas9 and SpCas9 systems for CRISPR imaging. (A) sgRNA designs for targeting human telomeres and MUC4E. (B) CRISPR
labeling of telomere, MUC4 gene, 5S rDNA, centromere alpha satellite, centromere 48 bp satellite and a chromosome 1 tandem repeat in aneuploid RPE
cells, and MUC4 in diploid RPE (RPEDiploid) cells. All images are maximum intensity projections from z stacks. Scale bars: 5 �m. (C) Histograms of
telomere counts per cell detected by PNA FISH or the two Cas9s (n = 20). (D) Histograms of MUC4 loci counts by CRISPR labeling in the two RPE
cells. At least 25 cells were analyzed for each case. (E) Comparing the robustness of dSpCas9 and dSaCas9 systems as the fraction of functional sgRNAs
for each locus. (F) Direct comparison of dSpCas9/dSaCas9 labeling efficiency by targeting the same DNA sequences. The PAM that allows targeting by
both Cas9 systems are indicated in red. Labeling efficiency is defined by quantifying the percentage of cells (n = 30 cells) containing 3 or 6 CRISPR spots
and by measuring the signal intensity of CRISPR spots (n = 55 spots). Error bars report ±SEM.
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corresponding loss of dSaCas9-EGP signal at the nucleolus
(Figure 1B). This reduction of nucleolar dCas9 signal is
likely due to the assembly of Cas9-sgRNA complex which
diminishes Cas9’s affinity toward nucleolar components.
Thus, the distribution of dCas9-EGFP can be used as an
indicator of functional Cas9-sgRNA complex assembly.
Both dSaCas9 and dSpCas9 could detect a similar number
of telomeres over the fluorescence background, indicating
that they have a comparable efficiency (Figure 1C). Consis-
tently, both Cas9 systems detected 3 or 6 copies of MUC4
gene in >80% of the cells, consistent with their karyotype
of chromosome 3 trisomy (30) (Figure 1D). When we
switched to a diploid RPE-1 cell line (32), 2 copies of
MUC4 gene were identified in both cases (Figure 1B).

Next, to assess the number of target sites that are min-
imally required for the efficient detection of a given ge-
nomic locus, we examined the imaging of a number of tan-
dem repetitive loci with 10 to 90 copies of perfect repeats
using either dSaCas9 or dSpCas9 (Supplementary Figure
S2). We were able to detect as few as 17 copies of exact
repeats by dSaCas9 in the tandem array of 5S ribosomal
DNA (5S rDNA) on chromosome 1 (48), and 18 copies of
exact repeats by dSpCas9 in another locus on chromosome
22 (Ch22R). Notably, we found no correlation between the
copy number of exact repeats and the signal-to-background
ratio, defined as the ratio between the peak intensity of flu-
orescent puncta at the target sites to the intensity of dif-
fusive dCas9-EGFP signal from the nucleus. For example,
a chromosome 3 locus (Ch3R) containing 70 copies of ex-
act repeats generates lower signal compared to several other
loci with fewer exact repeats. These findings illustrate that
CRISPR imaging efficiency is not simply determined by the
copy number of target sites. Indeed, many studies have re-
vealed that molecular features of target sequences can influ-
ence sgRNA stability, activity and loading into Cas9 (49–
53). In addition, chromatin accessibility is suggested to be
a major determinant of dCas9 binding in vivo (54–56).

Comparison of SaCas9 and SpCas9 on DNA-labeling

In CRISPR-Cas9 gene editing, the editing efficiency varies
with the target sequence. As the result, multiple sgRNAs
are often designed and tested for each target loci to ensure
successful editing. We can then use the fraction of success-
ful (functional) designs as a robustness metric. In imag-
ing applications, the number of loci labeled and the sig-
nal brightness further represent the Cas9 DNA-binding ac-
tivity. Using these metrics, we compared SaCas9 and Sp-
Cas9 in imaging a variety of targets: telomeres, MUC4E,
5S rDNA, centromeric repetitive DNAs (including alpha,
beta and 48-bp satellite DNAs) and a unique tandem re-
peat on chromosome 1 (Ch1R) (Figure 1B). We found that
the functional fraction of target sequences was very close
between dSaCas9 and dSpCas9 (Figure 1E). Because the
composition of target sequence can influence sgRNA effi-
cacy, we chose 6 sites with PAM sequence recognizable by
both SaCas9 and SpCas9 (‘NGGRRT’) to precisely com-
pare their targeting activity on exactly the same sequence.
We found that three of these sites can be labeled by both
Cas9s, whereas the other three can be labeled by neither one.
For the three functional sites, the fraction of cells showing

full labeling (3 or 6 spots for MUC4, 5S rDNA and Ch1R)
and the average intensity of fluorescent puncta were similar
between the two Cas9s (Figure 1F). Taken together, these
data demonstrated that dSaCas9 and dSpCas9 can label ge-
nomic DNA with very similar robustness and efficiencies.

Characterization of the target sequence requirement for
SaCas9

Previous studies of SaCas9-mediated genome editing have
reported the optimal guide length and PAM sequence for ef-
ficient DNA cleavage (41). However, the determinants that
influence dSaCas9 DNA-binding activity and specificity re-
mains largely unknown. Thus, we characterized the target
sequence requirement for dSaCas9 imaging. We first exam-
ined the guide length requirement by targeting MUC4E and
a repeat on chromosome 19 (Ch19R) with guide lengths
from 5 to 22 nucleotides (Figure 2A, Supplementary Figure
S3A). Using the same metrics as described earlier, we found
that dSaCas9 achieved similar labeling efficiency with 11–21
nt guides for MUC4 and 11–22 nt for Ch19R. Although the
9 nt guide generated the same number of MUC4 spots, the
fluorescence intensity per spot was reduced by about 50%,
which may be due to the unstable binding of Cas9-sgRNA
to the target DNA. Despite the short guide length, we did
not observe off-target labeling, which might be attributed
to the requirement of multiple copies of dCas9 at the target
loci to create a detectable signal. When the guide length tar-
geting MUC4 is further shortened to 5 nt, no specific spots
representing MUC4 loci were detected. Instead, dSaCas9
was mostly enriched in the nucleolus, potentially caused
by poor Cas9-sgRNA complex formation with this trun-
cated sgRNA. Our results thus suggest a minimum guide
length of 11 nt for efficient SaCas9 DNA-binding activity.
Next, we characterized the PAM recognition efficiency of
SaCas9. We observed that sites with NNGRRT are more
efficiently labeled than those with NNGRRG (Figure 2B),
which is consistent with previous result from gene editing
(41). Thus, NNGRRT should be the preferred PAM for
SaCas9 sgRNA (Sa sgRNA) design.

A series of studies showed that the targeting specificity of
SpCas9 is mainly determined by the ‘seed sequence’ (57,58),
a stretch of ≈8–12 nt at the 3′ end of the target sequence
(PAM-proximal) (1,5,13,22). To assess the Cas9 specificity,
several groups have created variant sgRNAs bearing one to
four nucleotide mismatches in the complementary region
and then examined the abilities of these sgRNAs to direct
Cas9 activity (1,13,59–61). We used the same approach to
explore SaCas9’s DNA-binding specificity. We found that a
mismatch at the first base from the PAM completely abol-
ished CRISPR spots targeting both MUC4 and Ch19R. For
MUC4 loci targeting, single nucleotide mismatches at posi-
tions 3, 5, 7, 9 and 11 could be tolerated but substantially
reduced the imaging efficiency, whereas even multiple mis-
matches further away from the PAM did not affect the la-
beling efficiency (Figure 2C). For Ch19R targeting, simi-
lar effects were observed (Supplementary Figure S3B). We
further examined MUC4 labeling efficiency using 27 mis-
matched sgRNAs, containing all possible single-nucleotide
in positions 1, 3, 5, 7, 9, 11, 13, 15 and 19 (Figure 2D). We
observed that the degree of tolerance varied with the iden-
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Figure 2. Characterization of dSaCas9 DNA-binding activity. (A) Effect of sgRNA guide length on the labeling efficiency of MUC4E. The labeling
efficiency was measured by the percentage of cells (n ≥ 30 cells) containing 3 or 6 CRISPR spots and the signal intensity of CRISPR spots (n ≥ 55 spots).
Error bars report ±SEM. (B) Comparison of dSaCas9 labeling efficiency with NNGRRT and NNGRRG PAMs. The labeling efficiency was measured
by the percentage of cells (n ≥ 30 cells) containing 3 or 6 CRISPR spots and the ratio of CRISPR signal to the background signal (n = 60 spots). (C)
Effect of sgRNA–DNA mismatches on dSaCas9 activity. The positions and identities of base transition are indicated in yellow. The labeling efficiency
was determined in the same way as in (B). (D)MUC4 labeling efficiency illuminated by signal-to-background ratio after transformation of all possible
nucleotides at each position within MUC4 target sequence. 20 nucleotides of the protospacer sequence is shown. A least 60 CRISPR spots are measured.
All images are maximum intensity projections from z stacks. Scale bars: 5 �m.
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tity of a particular mismatch in the PAM-proximal region
(positions 1, 3, 5, 7, 9 and 11) but is consistently high at
the PAM-distal region (positions 13, 15 and 19). These re-
sults indicate that SaCas9 DNA-binding activity is sensi-
tive to sgRNA-DNA pairing in the first 11 nucleotides, but
may partially tolerate single-base mismatches dependent on
the identity of mismatched bases. The seed sequence length
we identified by direct visualization of dSaCas9 targeting is
longer than that by chromatin immunoprecipitation (ChIP)
(7–8 nt) (41). A broader sample of targets and different sgR-
NAs need to be analyzed for a more comprehensive under-
standing of SaCas9 targeting specificity.

Improvement of the sgRNA scaffold for SaCas9

The sgRNA was constructed by fusing the crRNA and
tracrRNA, with different scaffold designs resulting in
different targeting efficiencies (10,30,60). For example,
the sgRNA for SaCas9 (Sa sgRNA) was optimized for
DNA cleavage activity by shortening the length of cr-
RNA:tracrRNA repeat/anti-repeat stem loop included in
the resulting fusion RNA (41). However, we frequently ob-
served strong accumulation of dSaCas9-EGFP in the nu-
cleolus using this scaffold in our imaging system. Similar
to dSpCas9, increasing the dosage of sgRNA-expressing
lentivirus reduced the nucleolar signal from dSaCas9-
EGFP and increased the labeling efficiency (Supplemen-
tary Figure S4). Considering the low expression level of
dSaCas9-GFP, this result suggests that sgRNA is the lim-
iting factor in imaging efficiency. To further improve the
sgRNA scaffold, we removed a putative RNA Pol III ter-
minator sequence (4 consecutive U’s) (62) from the stem
loop via A-U flip (Figure 3A). We performed Northern blot
to measure sgRNA abundance in cells. sgRNAs level of all
four different A-U flip configurations were found to be ≈5-
fold higher than the original Sa sgRNA scaffold (Figure
3B), suggesting that poly-U tract in the stem loop might
induce premature termination of sgRNA transcription. We
then directly compared the labeling efficiency of these A-
U flip modifications to the original sgRNA scaffold de-
sign. Imaging of telomeres and 48 bp centromeric satellite
showed that flipping the 3rd A-U pair increased telomere
puncta number and substantially decreased the nucleolar
signal most dramatically (Figure 3C, D and E). We also ob-
served mild effects with other A-U flips, which might be due
to their different effects on Cas9-sgRNA complex forma-
tion or DNA targeting. We further confirmed the improve-
ment in labeling with the 3rd A-U flip by testing two more
sgRNAs to label beta satellite DNA and 5S rDNA, which
can only be weakly labeled with the original design (Sup-
plementary Figure S5). It is important to note that the nu-
cleolar signal was also greatly reduced with the optimized
sgRNA, creating a clean background for genomic loci de-
tection. We expect this improved sgRNA design will benefit
CRISPR applications with SaCas9 not only for imaging but
also for gene editing and gene expression regulation.

Dual-color CRISPR imaging using dSaCas9 and dSpCas9

To perform dual-color imaging, we used a lentiviral vec-
tor to co-express Sp and Sa sgRNAs using mouse and hu-

man U6 promoters (Supplementary Figure S6A). We gen-
erated a stable cell line expressing both dSpCas9-EGFP
and dSaCas9-mCherry under Tet-on 3G promoter (Figure
4A, Supplementary Figure S6B). With two sgRNAs target-
ing the same loci (telomere or MUC4E), we observed per-
fect co-localization of EGFP and mCherry puncta (Figure
4B, Supplementary Figure S7A), demonstrating their com-
patibility for simultaneous imaging. When targeting well-
isolated loci (MUC4E and 5S rDNA, or MUC1 exon 1 and
MUC4E), we observed no cross-reactivity (Figure 4B, Sup-
plementary Figure S7B). To demonstrate the capability of
dual color CRISPR imaging to study the physical interac-
tion between genomic elements, we labeled MUC4E and an-
other unique repetitive region at about ≈272 kb upstream
of MUC4, denoted as MUC4E−272kb, or MUC4E and a tan-
dem repeat in intron 3 of MUC4 gene, MUC4I. We were
able to resolve the pair of two spots from MUC4E and
MUC4E−272kb, whereas spots from MUC4E and MUC4I,
with their mid-point separated by ≈7 kb in the DNA se-
quences, overlap partially (Figure 4C). Finally, we con-
firmed that dSaCas9 and dSpCas9 have very similar effi-
ciencies when both proteins are present (Figure 4D, E), and
expressing both sgRNAs from the same vector is similar
in efficiency to using two separate sgRNA vectors (Figure
4F). Together, these experiments indicate that SpCas9 and
SaCas9 can be applied to efficiently target distinct DNA se-
quences in the same cell.

Color-coding multiple genomic elements by dSpCas9 and
dSaCas9

With two orthogonal colors for CRISPR imaging, we can
further expand the palette size through color mixing (Fig-
ure 5A). As an example, in the same RPE cells we la-
beled 5S rDNA on chromosome 1 and MUC4I on chromo-
some 3 both with dSpCas9-EGFP as well as the chromo-
some 17 tandem repeat Ch17R and MUC4E with dSaCas9-
mCherry. The four sgRNAs were expressed from two vec-
tors as indicated (Figure 5B). In the two-color image, we
were able to identify 5S rDNA as 3 green foci, Ch17R as
3 red foci and MUC4 gene as 3 pairs of overlapping green
and red foci (Figure 5B). In a second case, we labeled three
loci from three different chromosomes (Chromosomes 1, 7
and 19) with dSpCas9-EGFP, dSaCas9-mCherry and both,
respectively (Figure 5C). The number of green, red and yel-
low (overlapping green and red) spots in the two-channel
image exactly matched the chromosome copy number from
our previous karyotype analysis of this cell line (30). Collec-
tively, the similarity of SaCas9 and SpCas9 systems in label-
ing efficiency and PAM flexibility makes them an ideal pair
of orthogonal Cas9/sgRNA combinations for two-color
imaging, while our color mixing scheme expands the num-
ber of loci that can be monitored simultaneously.

DISCUSSION

In this study, we characterized the S. aureus CRISPR-Cas9
system for CRISPR imaging. Specifically, we used a two-
step procedure to express dCas9-EGFP and sgRNA: first
generating a clonal dCas9-EGFP stable cell line with op-
timal dCas9 expression level, and then expressing sgRNA
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Figure 3. Optimization of sgRNA scaffold for SaCas9. (A) Sequences of the original and modified sgRNA scaffolds with A-U pair flip at different positions.
(B) Northern blotting to detect S. aureus sgRNA abundance in RPE cells. Total RNA samples from cells expressing either wild-type or A-U flipped sgRNAs
were analyzed by Northern blot using a sgRNA-specific probe to determine in vivo steady-state sgRNA levels. Band intensities relative to wild-type sample
are shown below. 5S rRNA was imaged by gel staining as loading control. sgRNA design for targeting human telomeres and 48-bp family satellite DNA
using dSaCas9. (C) CRISPR imaging of telomeres and 48-bp satellite DNA by dSaCas9-EGFP with original and optimized sgRNA scaffold. Arrowheads:
nucleolar puncta. Scale bars: 5 �m. (D) Histograms of telomere counts per cell detected by dSaCas9-EGFP with the original and four modified sgRNAs
(n = 20 cells). (E) Percentage of cells contain nucleolar puncta with different sgRNA scaffolds targeting telomeres. n ≥ 50 cells. (F) Percentage of cells
containing nucleolar puncta with different sgRNA scaffolds targeting 48-bp satellite DNA. n ≥ 58 cells.
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Figure 4. Two-color CRISPR imaging using dSaCas9 and dSpCas9. (A) Schematic of two-color CRISPR imaging. (B) Co-labeling of human telomeres
or two loci on different chromosomes (5S rDNA and MUC4) by dSpCas9-EGFP and dSaCas9-mCherry in the same cell. (C) Simultaneous labeling
of two close-by loci, separated by ≈272 kb and ≈7 kb, respectively. All images are maximum intensity projections from z stacks. Scale bars: 5 �m. (D)
Histograms of the counts of dSpCas9-EGFP spots indicating MUC4I and dSaCas9-mCherry spots indicating MUC4E. Sp sgMUC4I controlled by mouse
U6 promoter and Sa sgMUC4E controlled by human U6 promoter were expressed from a same vector. (E) Histograms of the counts of dSpCas9-EGFP
spots indicating 5S rDNA loci and dSaCas9-mCherry spots indicating MUC4E. Sp sg5S rDNA and Sa sgMUC4E were also expressed from a same vector
driven by two U6 promoters. (F) Histograms of the counts of dSpCas9-EGFP spots indicating MUC4 intron region (MUC4I) and dSaCas9-mCherry spots
indicating MUC4 exon region (MUC4E). Two sgRNAs were expressed from two separate vectors, both driven by mouse U6 promoter. Aneuploid RPE
cells with three copies of chromosome 1 (where MUC4 is localized) and chromosome 3 (where 5S rDNA is localized) were used to perform all the CRISPR
labeling experiments in this figure.

from lentiviral vectors. This procedure provides an ideal
platform with minimal Cas9 expression variation in order
to characterize and compare the efficacy of sgRNAs. On the
other hand, CRISPR imaging by transient co-expression of
dCas9 and sgRNA is faster and easier, but the labeling effi-
ciency can be relatively low and varies substantially across
cell populations (data not shown).

Increasing sgRNA expression can drive dCas9 translo-
cation from nucleolus to nucleoplasm, leading to higher
targeting efficiency (Supplemental Figure S4). However,

dSaCas9 is enriched in nucleolus even with co-expression
of some guide RNAs, suggesting that efficient dSaCas9-
sgRNA complex formation is counteracted by an intrin-
sic affinity of dSaCas9 to nucleolar proteins or RNA. The
bright nucleolar puncta can interfere with adequate imag-
ing of labeled genomic loci. Therefore, controlling sgRNA
abundance through enhanced expression and stability is
particularly useful for CRISPR imaging. We have improved
Sa sgRNA by removing the poly-U tract in the 5′ scaf-
fold region, similarly to the strategy successfully applied
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Figure 5. Color-coding of genomic elements. (A) Schematic of color-coding to distinguish three genomic elements by two color labeling and imaging.
(B) Imaging of three loci (MUC4, 5S rDNA and Ch17R) from chromosomes 1, 3 and 17, respectively, in the aneuploid RPE cell. The chromosome
copy numbers from visual karyotyping are listed on the right. (C) Imaging of three loci (5S rDNA, Ch7R and Ch19R) from chromosomes 1, 7 and 19,
respectively, in the aneuploidy RPE cell. Chromosomes 1 and 19 have trisomy whereas chromosome 17 has 4 copies. All images are maximum intensity
projections from z stacks. Scale bars: 5 �m.
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to Sp sgRNA (30). Optimized Sa sgRNAs enable more ef-
ficient labeling, accompanied by significant reductions of
noise from nucleolus. Together with other studies (54,63),
we suggest that poly-U tracts should also be avoided in the
guide portion of the sgRNA.

A number of studies have demonstrated that the molec-
ular features of target sites and the sgRNA secondary ar-
chitecture influence sgRNA activity (49,52,53,63). Conse-
quently, the efficiency of Cas9 targeting for a genomic locus
is strongly affected by the sgRNA used. Consistent with pre-
vious findings, only a fraction of sgRNAs that we designed
for a given locus are functional (Figure 1E). Intriguingly, all
the genomic regions that can be labeled by dSpCas9 can also
be detected by dSaCas9, although the percentage of active
sgRNAs are different. It is notable that these two orthologs
behave similarly when targeting exactly the same sequence
(Figure 1F), revealing that the molecular features of target
sites are indeed a critical determinants of CRISPR activity.
Our results also show that a functional sgRNA can always
be obtained by testing a number of sgRNAs as long as other
factors, such as the number of repeats influencing signal and
chromatin structure permissive to sgRNA binding, are in
favor of efficient labeling by CRISPR systems.

By using imaging as a readout to determine sgRNA tar-
geting efficiency, we suggest a minimum guide length of 11
nt for efficient DNA binding of dSaCas9. Varying guide
lengths between 11 and 22 nt led to similar imaging ef-
ficiency, which is different from the optimal guide length
defined by cleavage induced indels (21–23 nt) (41). Two
groups have mapped genome-wide binding sites of dSpCas9
and revealed that most of sites bound by Cas9 do not re-
sult in cleavage (54,55). These findings support a proposed
two-state model (54) that pairing of the seed region trig-
gers Cas9 binding but extensive paring with target DNA is
required for Cas9 cleavage, which was also demonstrated
by structural and biochemical studies (17). Therefore, al-
though Cas9 targeting characteristics has been extensively
explored by genome editing studies, our results provide ad-
ditional guidelines for chromatin imaging and other appli-
cations that rely on dCas9 binding, such as gene regulation
by CRISPRi/a (23,61) and Cas9-based purification strate-
gies.

We identified a seed sequence of 10–12 nucleotides in the
PAM-proximal region which is critical for SaCas9 binding
specificity. However, the degree of effects at each position
is dependent on the base identities and the molecular fea-
tures of target sequence (Figure 2D, Supplementary Figure
S3B). These properties are similar to that of SpCas9 (9–12).
Our findings demonstrate that sequences with mismatches
in the PAM-distal region can still be labeled efficiently in
cells. However, it is important to note that CRISPR imag-
ing is less affected by off-target binding than genome edit-
ing since multiple copies of dCas9 are required at the target
locus to generate a detectable signal over the background.
Our characterization results may also provide guidelines for
target sequence choice for other SaCas9 applications, such
as genome engineering.

Orthologous CRISPR systems, with their different PAM
requirements, provide a powerful platform for achieving
multiplex functional outputs. While this paper was under
review, a Cpf1-based CRISPR system was reported to me-

diate robust DNA cleavage in human cells with features dis-
tinct from Cas9 (64). An alternative to fusing the fluorescent
protein to dCas9 protein is to recruit fluorescent proteins
directly to the sgRNA using well-defined RNA-protein in-
teraction pairs, which can then dramatically expand the
number of separate channels while using the same dCas9
protein (28,65,66). Thus, the natural diversity of CRISPR
systems, the ability to engineer Cas9/Cpf1 derivatives with
altered PAM specificities (67,68) and sgRNA scaffold en-
gineering provide a wealth of opportunities for expand-
ing the repertoire of CRISPR-based genome imaging tools.
These capabilities would enable applications such as the
characterization of chromatin compaction (69), tracking of
chromosome translocation events (70) and the visualiza-
tion of chromatin contacts and loops (71) at endogenous,
unmodified loci in living cells. It is worth noting that we
have demonstrated the ability to resolve genomic elements
at the scale of ≈100 kb (Figure 3C) which is compara-
ble to the current resolution of chromatin conformation
capture (particularly Hi-C) experiments (71). Therefore, we
envision that dynamic CRISPR live imaging will comple-
ment classic chromosomal topology mapping approaches in
understanding the relationship between three-dimensional
genome organization and regulation of gene expression.
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