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Exome and deep sequencing of cells treated with a panel of
lentiviral guide RNA demonstrate that both on- and off-target
editing proceed in a time-dependent manner. Thus, methods to
temporally control Cas9 activity would be beneficial. To
address this need, we describe a “self-inactivating CRISPR
(SiC)” system consisting of a single guide RNA that deactivates
the Streptococcus pyogenes Cas9 nuclease in a doxycycline-
dependent manner. This enables defined, temporal control of
Cas9 activity in any cell type and also in vivo. Results show
that SiC may enable a reduction in off-target editing, with
less effect on on-target editing rates. This tool facilitates diverse
applications including (1) the timed regulation of genetic
knockouts in hard-to-transfect cells using lentivirus, in-
cluding human leukocytes for the identification of glycogenes
regulating leukocyte-endothelial cell adhesion; (2) genome-
wide lentiviral sgRNA (single guide RNA) library applications
where Cas9 activity is ablated after allowing pre-determined ed-
iting times. Thus, stable knockout cell pools are created for
functional screens; and (3) temporal control of Cas9-mediated
editing of myeloid and lymphoid cells in vivo, both in mouse
peripheral blood and bone marrow. Overall, SiC enables
temporal control of gene editing and may be applied in diverse
application including studies that aim to reduce off-target
genome editing.
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INTRODUCTION
The CRISPR-Cas9 system is widely used for genome editing due to its
simplicity, versatility, and efficiency. Among the endonucleases used
in such applications, the Streptococcus pyogenesCas9 (“Cas9”) is com-
mon as it efficiently induces site-directed double stranded breaks to
enable either site-specific indel (insertion-deletion) formation during
non-homologous end joining (NHEJ) or nucleotide insertion during
homology-dependent repair (HDR). Although efficient, a number of
studies suggest that CRISPR-Cas9 applications can have unintended
off-target effects (OTEs).1,2 Such OTEs are particularly unacceptable
in the context of human clinical applications. Because Cas9 tolerates a
few base mismatches, the OTEs can also accumulate in forward
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genetic screen applications where sgRNA (single guide RNA) and
Cas9 are stably integrated into the chromosome.

To improve editing specificity, new software tools have been developed
to control sgRNA guanine-cytosine (GC) content, optimize/minimize
base (mis)match scores for guide sequences at the 50 or 30 ends, or apply
additional weighting criteria.3–8 Additionally, Cas9 has been engineered
by (1) designing Cas9 nickase (Cas9n) with single active endonuclease
domains induplex to create paired offset edits;9 (2) fusing Fok1nuclease
with inactive Cas9 so that editing is dimerization-dependent requiring
the paired juxtapositioning of sgRNA partners;10,11 (3) rationally engi-
neering CRISPR-Cas9 complexes so that the homology-based interac-
tion of CRISPR-Cas9 complex with target DNA is more stringent and
less tolerant of mismatches;12,13 (4) designing Cas9 variants with
enhanced specificity;14–17 or (5) splitting Cas9 into two polypeptides
for post-translational assembly.18 Finally, a variety of approaches have
been developed to limit Cas9 or sgRNA activity in a defined time win-
dow using 4-hydroxytamoxifen (4-HT)-based induction of Cas9 activ-
ity,19 intein-based nuclease regulation,20 small-molecule-controlled
Streptococcus pyogenes Cas9 activity or stability,21–23 destabilized
Cas9,24,25 light application,26,27 doxycycline (Dox)-dependent control
of Cas9,28–31 pulsed sgRNA application,30,32,33 or in vitro assembled
Cas9-sgRNA ribonucleoprotein complexes (RNPs).34 Although these
methods are designed to reduce OTEs, none of them are absolute,
and complete absence of OTEs is difficult to guarantee. Further,
many of these engineering approaches have drawbacks in that their
design reduces native Cas9 editing efficiency, limits the number of
genome sequences that can be targeted by the nuclease, or are not
feasible for library screening applications.

This manuscript aims to improve the specificity and efficiency of
genome editing in instances where the stable integration of Cas9 is
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Figure 1. Self-Inactivating CRISPR-Cas9 System, SiC

(A) Lentiviral vector with two constructs: SiC-V1 and SiC-V2. SgRNA editing Cas9 are numbered G1–G10, along with their site of action (top). Experiment schematic is shown

at the bottom. (B) sgRNA G1–G10 were cloned individually into SiC-V2, and transiently transfected into HEK-Cas9dTomato cells, which stably express Cas9 and dTomato.

Following 72 h with and without 2.5 mg/mL Dox, the Surveyor assay was performed. Percent of gene editing was quantified using densitometry. “U” indicates untransfected

(wild-type) HEK cells. Arrows indicate indels. sgRNAG7 in the Rec1 lobe was most efficient at editing Cas9. Data are representative of 2–4 repeats for each sgRNA. (C) HEK-

Cas9dTomato cells were either transiently transfected (left half of gel) or stably transduced (right half) to express SiC-V2-Cas9G7 (SiC-V2 with guide G7). The latter stably

transduced cells are called “HEK-Cas9dTomato-Cas9G7. Dox concentration was varied over 72 h prior to Surveyor assay to monitor Cas9 editing. Cas9 editing is strictly

Dox-dependent upon lentiviral transduction. Data are representative of 3–4 repeats. (D–F) Time course studies of Cas9 activity performed using “HEK-Cas9dTomato-

Cas9G7” cells. dTomato reporter fluorescence measured using cytometry decreased gradually over 10 days in the presence of 1 mg/mL Dox (D). Genome editing rate was

independent of Dox concentration in the range tested (0.5–10 mg/mL, E) Microscopy image shows >90% loss of dTomato signal after 10 days of Dox (F). Data are

representative of >10 repeats. See also Figures S1 and S2.
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a necessary part of the protocol, for example in applications involving
library/genetic screens;35–38 those using lentivirus on hard-to-trans-
fect cells like peripheral blood and bone-marrow-derived leukocytes,
endothelial cells, neurons, rare cell types, and other primary
cells;33,39,40 and in vivo applications where Cas9 is part of the
host.41 In such usages, it would be attractive to turn off the nuclease
activity using Dox or similar drugs after providing a predefined time
window for genome editing. With the goal of developing such a
system, we describe here a “self-inactivating CRISPR (SiC)” system,
which contains an efficient sgRNA that targets and knocks out the
Cas9 gene on-demand. The SiC vector is tightly regulated by Dox
with no detectable leakage or OTEs. Its function may be delivered
on an independent plasmid or in the context of vectors carrying entire
30 Molecular Therapy Vol. 28 No 1 January 2020
sgRNA libraries. The utility of this system to perform genome editing
in a time-dependent manner is illustrated for studies involving (1)
hard-to-transfect cells in the context of leukocyte-endothelial cell
adhesion biology, (2) creation of stable knockout cell pools in sgRNA
library screen applications, and (3) in vivomouse studies that involve
leukocytes in peripheral blood and bone marrow.

RESULTS
Self-Inactivating CRISPR (SiC) to Knock Out Cas9-Mediated

Editing

A lentiviral system was developed where the S. pyogenes Cas9 gene
could be self-edited upon Dox addition and its activity knocked out
(Figure 1). The system consists of two multicistronic vectors
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(Figure 1A; Table S1A): (1) SiC-V1 derived from lentiCRISPR v2,35

which carries Cas9, a dTomato reporter and an sgRNA targeting
any gene of interest; and (2) SiC-V2, with a Tet-repressor, Cerulean
reporter, and tetracycline/Dox-inducible sgRNA targeting Cas9.

A panel of ten sgRNAs targeting different parts of Cas9 was selected
in order to identify the most efficient editing sequence (Figure 1A; Ta-
ble S1B). To this end, a control scramble (Scr) sgRNA, with nearest
target having a 4-base mismatch in the human genome, was cloned
into SiC-V1 (Tables S2 and S3). This was stably expressed in
HEK293T cells using lentivirus to generate “HEK-Cas9dTomato”
cells. The ten sgRNAs (G1–G10) were cloned into SiC-V2 and tran-
siently transfected into HEK-Cas9dTomato cells. Dox was added in
some cases. Surveyor assay performed at 72 h demonstrated highest
editing by sgRNA G7 (“Cas9G7,” �30%) targeting the Rec1 domain
(Figures 1A and 1B). Cas9G7 has low homology within the human
genome, with the closest sequence having a 4-base mismatch (Table
S3). Here, some Cas9 editing was noted even in the absence of Dox.

We hypothesized that theDox-independent Cas9 editingmay be due to
the nature of transient transfection, since sgRNA expressionmay occur
before sufficient production of Tet repressor protein. This may not
occur in lentivirus-transduced cells. Thus, “HEK-Cas9dTomato” cells
were transduced with SiC-V2-Cas9G7 virus (SiC-V2 carrying
Cas9G7) to generate stable “HEK-Cas9dTomato-Cas9G7” cells (Fig-
ure 1C). Here, consistent with the above hypothesis, Dox-independent
editing was completely absent upon lentiviral transduction (Figure 1C,
left versus right gel at 0 mg/mL Dox concentration). Gene editing upon
transduction was efficient, with �40% editing being measured using
the Surveyor assay within 3 days independent of Dox concentration
from 0.5 to 10 mg/mL. Time course studies that monitored dTomato
fluorescence as a surrogate reporter of Cas9 activity showed that 17%
of the cells were dTomato-negative at day 2 following Dox addition,
with this increasing to 31% and 87% at days 4 and 10 (Figure 1D).
Such loss of dTomato signal was independent of Dox dosage from
0.5 to 10 mg/mL (Figure 1E). Fluorescence microscopy confirmed these
observations since Cas9G7 abolished dTomato fluorescence upon Dox
addition, without affecting Cerulean (Figure 1F). The observation that
Cas9 editing was independent of Dox concentration in the range from
0.25 to 1 mg/mL was also noted in Figure S1, where >80% Cas9 editing
was measured using deep sequencing within 4 days of Dox addition.
Here, the extent of Cas9 editing measured using deep sequencing
(Figure S1C) correlated with the magnitude of dTomato signal loss
(Figure S1A), only both processes occurred at different timescales.
Additionally, Cas9 editing was absent whenDox was omitted, and edit-
ing percentage was low (<0.5%) at three top computationally predicted
Cas9G7 off-target sites (Figure S1D). Finally, some Dox dose response
was observed between 1 and 10 ng/mL Dox, in studies that focused on
lower drug dosages (Figure S1B).

In a control experiment, dTomato fluorescence was unchanged in
the absence of Cas9G7 lentivirus or upon transduction of HEK-
Cas9-dTomato cells with Scr sgRNA lentivirus (SiC-V2-Scr, Figures
S2A and S2B). Further, CRISPR-Cas9 genome editing was low in
the self-inactivated, dTomato-negative cells upon transient transfec-
tion of a functional sgRNA targeting human MGAT1, while
dTomato-positive cells displayed 30%–40% editing under identical
conditions (Figure S2C). Minor MGAT1 editing is noted in this assay
because these are an unsorted population and some Cas9/dTomato-
positive cells remain. Overall, the Dox-dependent self-editing of
Cas9 using SiC abolishes dTomato fluorescence and this correlates
with Cas9 nuclease activity. Dox-independent Cas9-deactivation or
“vector leakage” was not detected in this system. In order to remain
consistent, all remaining studies used 1 mg/mL Dox to deactivate
Cas9.

Effect of Timed Cas9 Inactivation on Off- versus On-Target

Editing

Exome sequencing-based studies were undertaken in order to deter-
mine the time course of on-target and off-target editing in an
unbiased manner (Figure 2). To this end, the HEK-Cas9dTomato-
Cas9G7 cells were transduced with an equimolar lentivirus pool
encoding for five promiscuous sgRNA that target human EMX1,
C1GALT1C1, MGAT1, ST3GAL4, and ZSCAN1, along with blue
fluorescence protein/BFP reporter and puromycin selection marker
(Table S4). Following viral transduction at an MOI of 0.8–1, puromy-
cin selection was initiated at 24 h. Doxycycline was added at various
times to knockout Cas9: 18 h prior to transduction, at the time of
transduction (day 0), or at day 2. One sample did not receive Dox,
and another control sample remained untransduced. As expected,
Cas9-related dTomato fluorescence decreased in a Dox-time-depen-
dent manner (Figure 2B). Exome sequencing was performed on
genomic DNA isolated on day 15. Although data analysis was initially
attempted for the entire human exome, conclusions were difficult to
draw as it is complicated to distinguish between relatively rare
off-target edits, spontaneous mutations that are independent of the
expressed sgRNA, and Illumina sequencing errors. Thus, detailed
search for on- and off-target indels was restricted to the region 3–5
bases upstream of the protospacer adjacent motif (PAM) sequence,
in the computationally predicted off-target sites (Figure S3; Tables
S5–S9). Such analysis revealed that both on- and off-target edits
proceed over the entire 15-day time course, with off-target editing
being ten times less prevalent even for the most promiscuous
guides (Figure 2C). While 1–2 days was sufficient to obtain maximum
on-target edits in the case of some genes, others required more
time (Figure 2D). Exome sequencing coverage (i.e., number of
reads) was insufficient to draw conclusions for EMX1 and MGAT1.

In order to overcome the limitation of exome sequencing, which had
low sequence coverage, we attempted to PCR amplify 57 regions of
the genomic DNA products from the above study, including the 5
target regions and 52 off-target sites (primers and expected amplicon
sequences listed in Figures S10 and S11). All 57 primer pairs were
pooled prior to PCR in this study, due to the large number of
treatments and time points. A clean PCR product that migrated as
a single band was observed for each of the samples. These were
multiplexed with barcodes and unique molecular identifiers (UMIs)
and sequenced using Illumina MiSeq platform. Upon analysis, 27 of
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Figure 2. Time-Dependent On- and Off-Target

Editing Assessed Using Exome and Deep

Sequencing

(A) HEK-Cas9dTomato-Cas9G7 cells were transduced

with a pool of five lentivirus carrying promiscuous sgRNA

targeting human EMX1, C1GalT1C1, MGAT1, ST3Gal4,

or ZSCAN2. Cells were red due to Cas9dTomato, cyan

due to Cas9G7 sgRNA, which was co-expressed with a

Cerulean reporter, and blue due to BFP co-expression by

the virus carrying the promiscuous sgRNA. 1 mg/mL Dox

was added either 18 h prior to viral transduction, at day

0 (0 day) or at day 2 (2 day) in order to self-inactivate Cas9

(A). Dox was absent in one case, and control cells re-

mained untransduced (without Dox). 1 mg/mL puromycin

was added to select for transduced cells starting at day 1

(1 day). Genomic DNA was purified at day 15 for exome

sequencing (results in C and D). Selected on- and off-

target sites were also amplified from genomic DNA, and

indels were quantified using deep sequencing (results in

E). (B) Cas9 expression (dTomato, red), presence of

sgRNA-library (BFP, blue), and Cas9G7 sgRNA (Cerulean,

Cyan) expression were monitored at various times using

surrogate fluorescence reporters. Note that some

decrease in dTomato fluorescence is observed in No Dox

sample at day 15 as the cells were cultured to over-

confluence, but there is no Dox editing in these cells

based on deep-sequencing. (C and D) In exome

sequencing runs, data are presented as mean ± SD for

indel formation on 3 on-target genes (C1GalT1C1,

ST3Gal4, ZSCAN2) and 32 putative off-target genes.

Among the 32, 30 are exonic off-target edits and 2 are

intronic. Here, both on-target and off-target editing

increased if Dox addition was delayed. Low levels of off-

target editing (0.27%) and no on-target editing (0%) was

detected in the no-virus control sample, and thus the

study design contains only low levels of basal noise. In

general, off-target editing was �10-fold lower compared

to on-target (C). (D) On-target editing percent for three genes based on triplicate runs at each time point. Here, whereas some genes were edited at early times, indels

accumulated in others over a period of days (D). (E) In deep-sequencing runs, also, on- and off-target editing increased upon delaying Dox addition. Here, “-T” denotes on-

target and “-OT” denotes off-target editing. Samples at each time were analyzed in triplicate as noted using red symbols. Samples with lower duration of Dox treatment are

indicated using darker red symbols and these appear to the right in the individual plots. Untransduced cells and cells with earlier Dox addition time points appear to the left. A

blue line links the mean “%indel values” of each of the samples, starting with “No virus, No Dox,” to earlier Dox to later, No Dox treatment samples. Percent indel was higher in

some runs (left panel) compared to others (right panel), with no editing seen in EMX1-OT10. See also Figure S3.
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the 57 amplicon products were represented in the sequencing
data, with indels being detected in nine of the products (Figure 2E).
Here, highly consistent with the previously described exome
sequencing data, both on- and off-target editing proceeded in a
time-dependent manner. In some cases like ST3Gal4, 25% on-
target editing was measured in the first few days and this increased
to 45% over 2 weeks. The corresponding off-target (ST3Gal4-
OT22) proceeded more slowly and the editing of this site
persisted throughout the time course of the study. Here, off-
target editing was low at 4%–5% at initial times, but increased to
�25% over the 2-week time course. In addition to this, we
observed that addition of Dox at early times reduced subsequent
editing, consistent with the notion that the SiC system provides
a facile strategy to regulate genome editing in a drug-dependent
manner.
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Because the off-target sites in the above study often contained 3+ base
mismatches, we decided to analyze previously described promiscuous
sgRNA targeting EMX1 and VEGFA that differ from the target
sequence by only two base mismatches (Table S2; Figure 3).42 Thus,
these guides were stably expressed using SiC-V1 (red) in HEK cells
that already express SiC-V2-Cas9G7 (Cerulean). Dox was added to
a portion of the cells at 48 h to knock out Cas9. Specific on- and
off-target editing efficiency was then quantified on day 13 using Indel
Detection by Amplicon Analysis (Figure 3B; primers listed in Table
S2). Here, the EMX1 on-target/off-target editing efficiency
ratio improved from 0.8 (= 53.3/62.8) when Dox was absent to 1.3
(= 51.6/40.6) upon addition of Dox. This ratio improved from 2.0
to 4.0 when VEGFA was the target. In both cases, Dox had a minor
effect on on-target editing as this proceeded within 2 days. Off-target
editing, however, required more time and was higher in absence of



Figure 3. SiC Reduces Off-Target Editing

(A) HEK293T cells stably expressing vector SiC-V2 with Cas9-G7 were transduced

with SiC-V1 carrying previously established promiscuous sgRNA targeting either

EMX1 or VEGFA. Both guides have well-established on-target (T) and off-target (OT)

editing sites. 48 h post transduction, the cells were divided into two groups with one

group receiving 1 mg/mL Dox for another 13 days. Genomic DNA was prepared

from these four types of cells at the end point and also control untransduced

HEK293T-Cas9G7cells cultured with Dox. (B) 6-FAM labeled PCR products

generated for EMX1 and VEGFA, on-target and off-target sites, on day 15 were

resolved using capillary electrophoresis. Vertical red line indicates unedited PCR

fragment from control cells (top row). Numbers in individual panels indicate percent

editing based on electrophoresis area-under-the-curve calculations. Off-target

editing is reduced upon Dox addition (B, middle versus bottom row). Data are

representative of duplicate runs.
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Dox. Overall, SiC enables the temporal regulation of genome editing,
with the potential that such an approach may reduce OTEs.
SiC Regulates Gene Editing in Hard-to-Transfect Human

Leukocytes

We tested whether SiC may aid the study of hematopoietic cells,
because these hard-to-transfect cells often require lentivirus applica-
tion for transgene expression. Such studies edited the human a(2,3)
sialyltransferase ST3Gal4, a critical regulator of selectin-dependent
leukocyte adhesion in the human inflammatory cell adhesion cascade
(Figure 4).43 Here, Cerulean-positive promyeloid HL-60 leukocytes
stably transduced with SiC-V2-Cas9G7 (Cerulean) were subsequently
transduced with SiC-V2-dTomato (red) virus carrying sgRNA
targeting either ST3Gal4 or Scr (Figure 4A). Red and Cerulean,
dual-positive fluorescent cells expressing both viruses were fluores-
cence-activated cell sorting (FACS) sorted on day 3, Dox was added
to a portion on day 4, and culture was carried out to day 14. All cells
remained >95%–98% viable based on LDS-751 live cell staining, and
cell apoptosis was absent based on Annexin-V binding.

The Surveyor assay demonstrated robust glycogene editing only in
cells carrying ST3Gal4-sgRNA but not Scr (Figure 4B, top). Cas9 in-
dels were only observed upon Dox addition and no Dox-independent
leakage was observed at any time point, up to 14 days, using the
Surveyor assay (Figure 4B, bottom). Most ST3Gal4 on-target editing
was complete by day 4. These observations are consistent with micro-
scopy (Figure 4C) and cytometer studies that noted Cas9 editing/
dTomato loss only in the Dox-treated samples (Figure S4). In func-
tional studies, 51%–66% of the cells that expressed ST3Gal4-sgRNA
displayed both an abrogation of sialyl Lewis-X/sLeX epitope expres-
sion as measured using mAb HECA-452 and diminished binding to
L-, E-, and P-selectin (bottom half, Figure 4D). The results are consis-
tent with microfluidics-based cell adhesion assays where ST3Gal4
editing resulted in reduced leukocyte attachment to P-, E-, and
L-selectin (Figure 4E). Overall, SiC may be applied to abolish Cas9
activity in hard-to-transfect leukocytes, after 3–4 days when on-target
editing is largely complete. This approach provides a rapid and simple
method to generate genome-edited leukocytic cell lines.

Use of Cas9 Self-Inactivation in Genome-wide Screens

We determined whether SiC can allow temporal control of Cas9
activity in genome-wide CRISPR screens, using two approaches.

First, a “SiC-dual-V2” vector was developed. This vector is identical
to SiC-V2, only it contains a second constitutively active U6-driven
sgRNA downstream of Cerulean (Figure 5A). SgRNA targeting any
gene of interest can be cloned into this second site. As an example,
in this study, we cloned sgRNA targeting either the Core-1 b3-gal-
actosyltransferase chaperone COSMC or Scr control. Thus, while
the second guide (COSMC/Scr) is always active, Cas9 deactivation
can be triggered using Dox, enabling gene editing in a defined win-
dow. To test this, following transduction of Cas9dTomato+ HL60
cells (red) with SiC-dual-V2 virus targeting COSMC/Scr, Dox was
added to deactivate Cas9 at different times (Figure 5B). Flow cytom-
etry analysis on day 9 confirmed that the extent of Cas9 deactiva-
tion, measured based on loss of dTomato signal, depended on
Dox treatment duration. 65% editing occurring in cells cultured
with Dox beginning day 0, 45% if Dox was introduced on day 4,
and 0% when Dox was omitted (Figure 5C). Consistent with the
notion that on-target Crispr-Cas9 editing occurs rapidly, COSMC
editing inferred based on VVA (Vicia villosa agglutinin)-lectin
binding40 was 22% (= 16.3% + 5.3%) independent of the time of
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Figure 4. ST3Gal4 Knockout in Human Leukocytes Abolishes Selectin-Dependent Leukocyte Rolling

(A) HL-60s were stably transduced with SiC-V2-Cas9G7 virus to create Cerulean-positive cells. These were subsequently transduced with SiC-V1 virus carrying either

scramble-sgRNA or ST3Gal4-sgRNA. Following sorting of dTomato+Cerulean+ cells at day 3, 1 mg/mL Dox was added from days 4 to 14. (B) The Surveyor assay monitored

ST3Gal4 (top) and Cas9 (bottom) indels. (C) Fluorescence microscopy at day 14 measured dTomato reporter. Dox treatment resulted in Cas9 editing and loss of red

fluorescence. (D) Flow cytometry measured cell surface sialyl Lewis-X expression (using mAb HECA-452), and also P-, E-, and L-selectin binding function (treatments same

as C). Loss of ST3Gal4 activity reduced sLeX expression and selectin binding (events in bottom-left quadrant of each sub-plot). (E) No Dox cells from (C) were perfused over

selectin substrates in microfluidic flow cell at wall shear stress of 2 dynes/cm2. Cells lacking ST3Gal4 displayed minimal interaction with selectin substrates in bright field.

Controls used function blocking mAbs against P- (clone G1), E- (P2H3), and L- (DREG-56) selectin. See also Figure S4.
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Dox addition (Figures 5C and 5D). VVA+dTomato� cells lacking
both COSMC and Cas9 were noted in Figure 5D (marked by
blue arrow). These may be sorted for functional studies because
OTEs will not propagate in them. Extending this method,
entire sgRNA libraries may be cloned into SiC-dual-V2 at the U6
site for library screening applications in cells constitutively express-
ing Cas9.

Second, a human genome-wide library with �91,000 sgRNA mem-
bers37 was transduced into Cas9-dTomato+ HL-60 s at �1/3 MOI
(Figure 5E). Puromycin was added at day 2 to remove untrans-
duced cells, followed by electroporation of Cas9G7 sgRNA at day
4 to edit Cas9. 10 days later, a Cas9-dTomatoBFP+ population is
seen (arrow in Figure 5E), corresponding to cells that have
members of the genome-wide screen but that lack Cas9-dTomato.
Such cells have to be sorted for functional assays, because Cas9 is
not deactivated in all cells. Thus, as an alternative to using
the Dox-regulated SiC system, we demonstrate that the potent
Cas9G7 sgRNA validated above may also be electroporated in
order to shut off CRISPR-Cas9 editing in library screening
applications.

Regulation of Cas9 Expression In Vivo Using SiC

We applied SiC-V2 to regulate Cas9 expression in mouse hemato-
poietic stem/progenitor cells (HSPCs) (Figure 6). In one study,
lineage-negative (Lin�) bone marrow progenitors were purified
from Cas9-GFP mice.41,44 These cells were transduced using
SiC-V2 vector carrying either Cas9G7 sgRNA or Scr. 40%–45%
of the transduced Cas9-GFP cells were CFP+ after 2 days of
ex vivo culture, at which time Dox was added to a portion (Fig-
ure 6A). GFP levels were reduced in �25% of the CFP-positive,
Cas9G7 carrying cells by 5 days post Dox addition (Figure 6B).
Genome editing was absent in the absence of Dox and upon use
of Scr sgRNA. GFP-negative cells remained viable for >2 weeks
ex vivo.

In a second study, Lin� cells from Cas9-GFP donors were trans-
duced with SiC-V2 carrying Cas9G7 overnight, and then trans-
planted into sub-lethally irradiated syngeneic B6.SJL recipients.
Starting 1 day after transplant, mice were fed with standard chow
or Dox chow (Figure 6C). Donor and host bone marrow are
CD45.2+ and CD45.1+, respectively, and thus CD45.2 mAbs identi-
fied the transplanted cells. In serial peripheral blood analysis, mice
fed with Dox exhibited a significant reduction in GFP signal in
the CD45.2+ CD11b+ population (Figure 6C). GFP signal reduction
persisted through the experiment. Four weeks post-transplantation,
GFP signal was measured in terminally differentiated and hemato-
poietic stem cells (HSCs) collected from the bone marrow (Fig-
ure 6D; Figure S5). In mice fed with Dox chow, there was a trend
toward a decreased GFP signal in the HSC population (defined as
Lin�, c-kit+, Sca-1+, CD150+, CD48�).45 Significant reductions in
the GFP signal in myeloid (CD11b+/Gr-1+) and lymphoid (B220+/
CD3+) bone marrow populations was also observed. Overall, the
SiC vectors may be regulated in vivo by supplementing Dox into
the mouse diet. This function may be useful in future studies of he-
matopoietic cell biology.

DISCUSSION
The Cas9 nuclease can tolerate base mismatches. Due to this, the high
efficiency of CRISPR-Cas9 editing may be accompanied by promiscu-
ous off-target editing. Both on- and off-target editing proceed in a
time-dependent manner, and thus it would be desirable to have a sys-
tem to dial in the duration of Cas9 activity. We address this issue by
developing SiC vectors that efficiently target and self-inactivate Cas9.
Such deactivation can be deliberately timed using Dox and can be effi-
cient since >80%–90% of the Cas9 activity is lost upon prolonged Dox
treatment. Indeed, while others have proposed complementary
methods to reduce Cas9 activity,46–49 Cas9 inactivation is not timed
in these publications because it starts immediately following transfec-
tion/transduction. This both limits the amount of Cas9 that is
expressed and creates competition between the target sgRNA and
Cas9 sgRNA thus limiting the utility of these previous systems to
only the most efficient sgRNA.

The SiC system is based on the key observation that sufficient Tet
repressor protein is produced prior to Cas9 sgRNA production only
when the SiC-V2 vector is applied in lentivirus format, but not
upon transient transfection. Here, it is critical to place the Cas9
nuclease and Cas9 sgRNA on different plasmid vectors, because their
co-expression on the same plasmid would result in unwanted Cas9
inactivation during virus production in the packaging cells. The
development of the two vector system is also advantageous in that
the SiC-V2 vector can now be used in combination with almost any
freely-available genome-scale sgRNA library from resources like
Addgene, for both humans and other species.35 In such studies,
Cas9G7 available in SiC-V2 can be activated during the course of
genome-wide screens in a timed manner, to create stable cell pools
that can be further selected for desired phenotype. Such timed
inactivation of Cas9 is important for genome-wide screens because
the selection of the desired phenotype can take several weeks.37,50

The knocking out of Cas9 in such instances also enables the creation
of a stable cell pool that can be repeatedly screened for different end-
points and applications.

The current study demonstrates the application of Cas9 self-inactiva-
tion in a variety of systems. This includes the following: (1) studies
using hard-to-transfect HL60s, where knocking out the human
a(2,3) sialyltransferase ST3Gal4 abolished cell adhesion via selectins.
While such experiments previously took many months to perform,40

the SiC expression system expedites the process to 1–2 weeks.
Extending this approach, it is also possible to create stable cells
carrying SiC-V2-Cas9G7, followed by transduction using a pooled
CRISPR library for forward genetic screens. (2) In addition to imple-
menting SiC via lentivirus, self-inactivation is also possible by
electroporating Cas9G7 sgRNA into cells as illustrated in the library
screening study. Here, Cas9 inactivation is only �50% efficient even
under optimized conditions though it is readily possible to sort for
the desired cells using the fluorescence reporter. (3) While Cas9G7
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Figure 5. Use of Cas9G7 in Small- and Genome- Scale CRISPR Screens

(A) SiC-dual-V2 contains two sgRNA, one of which targets Cas9 and other against a target gene. (B) HL-60s were transduced with SiC-V1-Scr virus to create Cas9dTomato

cells (red). Titers were adjusted so that 30% of the cells were untransduced (dTomato�), as these serve as internal controls. These cells were then transduced with

either Cerulean+ SiC-dual-V2-scramble or SiC-dual-V2-COSMC lentivirus to abolish O-glycan biosynthesis. 1 mg/mL Dox was added on either day 0, 1, 2, 3, or 4 to knockout

Cas9. Dox was removed 2 days prior to cytometry analysis on day 9 in order to reduce Dox-induced autofluorescence. U, untransduced cells; -, transduced cells without

Dox. (C) On day 9, cells cultured with Dox displayed decreased dTomato signal, indicating Cas9 inactivation (top panels). A portion of the SiC-dual-V2-COSMC transduced

cells displayed VVA-FITC binding due to COSMC-knockout (arrow, bottom panel). (D) Dot plot comparing 1 mg/mL Dox treatment for scramble versus COSMC depict a

population of COSMC edited cells at day 9, without residual Cas9/dTomato activity (blue arrow). (E) Cas9+ dTomato HL60s were transduced with genome-scale library

with �90,000 sgRNA in a vector containing BFP and puromycin selection marker. 35% of the cells were BFP-positive corresponding to �1 sgRNA/cell (left panel,

day 2). BFP+ cells were selected by addition of 1 mg/mL puromycin at day 2 (middle panel, day 4). Cas9G7 sgRNA was electroporated on day 4 to inactivate Cas9. A BFP+

dTomato� population was observed on day 14 (blue arrow). Data in (A)–(D) are representative of three repeats.
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sgRNA can be used for nuclease inactivation ex vivo, SiC-V2 virus was
necessary in vivo in the Cas9-EGFP knockin mouse. Here, Cas9 edit-
ing was strictly Dox dependent in HSPCs. CD11b myeloid and B220
lymphoid cells were also edited. Further development of the technol-
ogy is necessary in order to target HSCs and enable serial transplan-
tation. (4) Finally, a SiC-dual V2 vector was developed in order to co-
express both the target and Cas9G7 sgRNA in any cell. Cloning entire
pooled libraries of sgRNA is possible into this vector in order to create
SiC libraries that allow precise and specific genomic screens in any
currently available Cas9+ model cell line.
36 Molecular Therapy Vol. 28 No 1 January 2020
Overall, the manuscript developed tools that enable the strict
control of genome editing using CRISPR-Cas9 in a Dox-dependent
manner. This temporal regulatory feature is important when
using pooled sgRNA for studies, as some of the weaker but
specific guides may require longer/variable gene-editing windows.
Although this concept is illustrated using Tet-repressor-based
feedback regulation of Cas9 sgRNA expression, similar methods
may also be developed for transactivator (tTA or rtTA)-based
Dox-inducible systems.51,52 Additionally, although illustrated
for Streptococcus pyogenes Cas9 in the current study, specific SiC



Figure 6. SiC Vector Application in Mouse

(A) HSPCs isolated from transgenic Cas9-EGFPmouse bonemarrow were transduced with SiC-V2-Scr (control) or SiC-V2-Cas9G7 at�40%–45% efficiency (based on CFP

signal). 1 mg/mL Dox was added to a portion of the cells on day 2. (B) Cytometry analysis at day 7 shows 25% Cas9 editing (i.e., low GFP signal) upon Dox treatment of

SiC-V2-Cas9G7 transduced cells. (C and D) Donor Cas9-EGFP mouse HSPCs (CD45.2+) transduced with SiC-V2-Cas9G7 overnight were transplanted into recipient

B6.SJL (CD45.1+) mice. Animals received standard (n = 5) or Dox chow (n = 6). (C) Flow cytometry analysis was performed on peripheral blood cells 1 to 3 weeks

post-transplant. Representative dot plot of CD45.2+ CD11b+ peripheral blood cells 1 week post-transplant (left). Percent GFP� CD45.2+ CD11b+ cells at different times

in mice fed with standard or Dox chow (right). (D) Bone marrow was analyzed at 4 weeks. Representative dot plot showing appearance of GFP� CD45.2+ CD11b+/Gr-1+

granulocytes upon Dox treatment (left). GFP� CD45.2+ LSK SLAM, CD11b/Gr-1, and B220/CD3 cells in mice fed with standard or Dox chow (right). *p% 0.05; **p% 0.01

(Student’s unpaired, two-tailed t tests). See also Figure S5.
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sgRNAs may also be designed to extend this method to
other CRISPR nucleases like cpf1, SaCas9, or engineered Streptocc-
cus pyogenes Cas9 variants designed to reduce OTEs. Finally, in
addition to hematopoietic systems described here, SiC may also
be applied to control editing in vivo in instances where lentivirus
are applied locally in specific organs.53,54
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MATERIALS AND METHODS
Cell Culture

HEK293T cells were cultured in DMEM with 10% FBS. HL60 cells
(ATCC, Manassas, VA, USA) were maintained in Iscove’s modified
Dulbecco’s medium (IMDM) with 10% FBS. SiC vectors were gener-
ated using standard molecular biology methods, and lentivirus pro-
duction method was adapted from a prior publication (Supplemental
Methods; Tables S1–S3).55 All reagents were from Thermo Fisher or
Sigma Chemicals, unless otherwise mentioned.
Application of SiC Virus to Cells

Cells cultured to 50%–60% confluence were transduced with various
lentiviruses in the presence of polybrene (Supplemental Methods).55

Dox was used to inactivate Cas9 activity. Although Dox concentration
was varied in some initial studies, the drug concentration was set at
1 mg/mL for a majority of investigations.
Surveyor Assay and Indel Detection by Amplicon Analysis

For the surveyor assay, genomic DNA was prepared from cell pellet
using the PureLink Genomic DNA mini kit. 250–400 bp regions
spanning the editing site were PCR amplified using specific primer
pairs (Table S2), denatured, reannealed, and then incubated with
the Surveyor nuclease, enhancer, and MgCl2 for 30 min at 42�C
(Integrated DNA Technologies). The final product was separated us-
ing a 2.5% Metaphor agarose gel (Lonza, Walkersville, MD, USA)
made in 0.5X TBE to detect DNA fragments. In the case of the indel
detection by Amplicon Analysis (IDAA) method, the above genomic
DNA was used as a template and a tri-primer PCR amplification was
performed using the following: (1) 6-FAM labeled “universal forward
primer,” (2) gene-specific forward primer containing overhang-bind-
ing site for the universal forward primer, and (3) template-specific
reverse primer as described previously (Table S2).56 Such PCR ampli-
fication was performed both for on- and off-target sites. 1 mL of the 6-
FAM labeled PCR product formed in this manner was mixed with
0.5 mL of GeneScan-500LIZ size standard (Applied Biosystems/
ABI) and 10 mL HiDi Formamide (ABI). Products formed were
analysis using a 3130xl Genetic Analyzer (ABI) and Peak Scanner 2
software (ABI).
Exome Sequencing to Analyze On- and Off-Target Editing

Studies were performed using HEK-Cas9dTomato-Cas9G7 cells,
which stably express both Cas9-dTomato and an efficient Dox-regu-
lated sgRNA that self-inactivates Cas9 (Cas9G7). Promiscuous
sgRNA targeting EMX1, C1GalT1C1, MGAT1, ST3Gal4, and
ZSCAN2 were cloned into pKLV2U6sgRNA(BbsI)PGK-Puro-
2A-BFP lentiviral vector (Table S4).37 The selected sgRNA are
computationally predicted to have several exonic off-target sites using
CCTop software (the input sequence for the interrogated gene and
parameters for guide selection, as well as details of targets and off-tar-
gets being investigated are provided in Tables S5–S9).57 The above
plasmids were pooled in equimolar amounts and used to generate
lentivirus that were applied to the HEK-Cas9dTomato-Cas9G7 cells
at an MOI of 0.8–1. Puromycin selection (1 mg/mL) was initiated
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24 h post-transduction. 1 mg/ml Dox was added in some cases
at �18 h (before pooled viral transduction), 0 days (at the time of
transduction), or 2 days (2 days post-transduction). Dox was absent
in other samples and gene editing continued unabated. HEK-Cas9d-
Tomato-Cas9G7 without the pooled sgRNA-library served as control.
Flow cytometry was used to continuously monitor Cas9G7 expression
based on Cerulean fluorescence, Cas9 protein expression using
dTomato signal, and sgRNA-library transduction/selection using
BFP reporter. 15 days post-transduction, genomic DNA was purified
using PureLink Genomic DNA Mini kit and prepared for exome
sequencing using the Nextera Rapid Capture Exome Library Prep
kit (Illumina). The quality of the library was confirmed using the
Advanced Analytical Fragment Analyzer and Qubit reagents for con-
centrations. Captured libraries were pooled and quantified using the
Kapa Biosystems Universal qPCR kit. Libraries were diluted to 1.8 pM
and loaded onto an Illumina NextSeq 500 sequencer (2 � 75 base
paired end sequencing, total reads approximately 130 � 106).

During data analysis, whole-exome reads were aligned to the human
genome hg19 version using the BWA aligner.58 On-target editing sites
and computationally predicted off-target sites were compiled into
bed-formatted tables. These were intersected against the whole-
exome sequencing results using bedtools.59 Custom scripts were
written in Linux command line to analyze CIGAR strings to detect
for indels 3–5 bases upstream of the PAM (code available at https://
github.com/neel-lab/MolTher2019). For each gene, indel frequency
was calculated by dividing total indel counts by number of gene reads.
Indels were only counted when target regions for each gene were
sequenced >5 times per sample. Average on-target and off-target ed-
iting efficiency data were plotted, only for genes that contained
measurable indels.

Deep Sequencing (Next-Generation Sequencing)

In two studies, genomic DNA regions surrounding putative on-/off-
target editing sites were PCR amplified, indexed, and analyzed using
deep sequencing. In the first case, genomic DNA was isolated from
HEK-Cas9dTomato-Cas9G7 cells treated with different concentra-
tion of Dox, in a time series. Amplicons were generated for regions
surrounding the Cas9 on-target and top three computationally
predicted off target sites (list generated using Cas-offinder;60 primers
used listed in Table S11). In the second case, genomic DNA isolated
from the above exome sequencing study samples was used as tem-
plate, and selected on- and off-target sites listed in Table S10 were
amplified. In both case, primers designed to amplify both on- and
off-target regions for each sample were pooled. Thus, each first-step
PCR reaction for the first study contained a pool of 4 primer-pairs
while the second study contained a mixture of 57 primer-pairs. The
length of the genomic region amplified in each case varied
from 181 to 265 bp (Table S11), and all amplicon products were
appended with Nextera transposase adaptor overhangs, including
Read sequences and 6-base unique molecular identifiers (UMIs),
i.e., Read1/Fwd primer overhang: 50-TCGTCGGCAGCGTCAG
ATGTGTATAAGAGACAG(N)6-30; Read2/Rev primer overhangs
50-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG(N)6-30.

https://github.com/neel-lab/MolTher2019
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A second, low-cycle PCR step was then performed on each of these
reactions individually to add the P5 and P7 handles, as well as Nextera
DNA combinatorial dual indexes, i.e., using Nextera_P5_index_fwd:
50-AATGATACGGCGACCACCGAGATCTACAC[i5]TCGTCGGC
AGCGTC-30 and Nextera_P7_index_rev 50-CAAGCAGAAGACG
GCATACGAGAT[i7]GTCTCGTGGGCTCGG-30. All samples were
then pooled. Amplicon size and quality was verified using D1000
Screentape, run on Agilent Tapestation 4200. Amplicon concentra-
tion was determined using Kapa Biosystems qPCR quantitation kit
for Illumina systems. The sample was loaded at 12 pM final
concentration with 5% PhiX control library added. Sequencing was
performed using a v2 Micro Flow Cell on an Illumina MiSeq
sequencer with 150 cycle paired-end sequencing to generate 9.86
million reads.

Following index de-multiplexing, the .fastq data files were analyzed
using a custom script written in MATLAB (available at https://
github.com/neel-lab/MolTher2019). Here, overlapping regions of
forward and reverse reads were merged to generate the original am-
plicon sequence. Following this, in order to reduce noise due to
sequencing errors, indels were counted based on the number of
unique UMIs that satisfied two criteria: (1) they contain base inser-
tions/deletions within the putative sgRNA on-target/off-target
sequence; and (2) the measured amplicon length differs from the
expected product length of unedited amplicons. Similarly, unedited
reads were those that did not satisfy both the above criteria. % indel =
100*[number of indel UMIs]/[number of indel UMIs + number of
unedited UMIs].

Flow Cytometry

Cells were washed and suspended in HEPES buffer (30 mM
HEPES, 10 mM Glucose, 110 mM NaCl, 10 mM KCl, 1 mM
MgCl2, pH 7.2). In some cases, during the lectin binding assays,
2 � 106 cells/mL in HEPES buffer with 0.1% human serum albu-
min (HSA) and 1.5 mM CaCl2 were incubated on ice for 20 min
with fluorescent conjugated lectins at concentrations recommen-
ded by the manufacturer (Vector Laboratories, Burlingame, CA,
USA). Samples were then analyzed using a BD LSRFortessa X-20
flow cytometer. In other cases, for measuring selectin-ligand
binding function, 3 mg/mL P-, E-, or L-selectin-human immuno-
globulin G1 (IgG1) conjugate (R&D Systems, Minneapolis, MN,
USA) was pre-incubated with 10 mg/mL goat-anti-human IgG-
PerCP Ab (Jackson ImmunoResearch, West Grove, PA, USA) for
10 min at room temperature in HEPES buffer containing
1.5 mM CaCl2 and 1% goat serum.61 106 cells/mL were then added
to this mixture for an additional 10 min at room temperature, in
the presence or absence of 0.5 mg/mL HECA-452 efluor660 (eBio-
science-Thermo), prior to cytometry analysis. Selectin binding
specificity was confirmed in this assay by incubating the selectin-
IgG proteins with blocking mAbs against P- (G1, Ancell, Bayport,
MN, USA), E- (P2H3, Affymetrix, Santa Clara, CA, USA), or
L- (DREG-56, BD PharMingen, San Jose, CA, USA) selectin dur-
ing the above runs. The data was analyzed using FCS Express 6
Flow Research Edition.
Microfluidics Assay

Selectin-dependent cell adhesion studies under fluid shear were per-
formed as described previously.43
Murine Studies

All mouse protocols were approved by the Institutional Animal Care
and Use Committee of the Roswell Park Comprehensive Cancer Cen-
ter (Buffalo, NY). Lineage-negative (Lin�) bone-marrow progenitor
cells were isolated from femur and tibia of male “Cas9-GFP” mice
(i.e., Rosa26-floxed STOP-Cas9 knock-in C57BL6/J mice).44 Lin�

cells were cultured overnight in Stemspan serum-free media (Stem
Cell Technologies) supplemented with 10 ng/mL recombinant mouse
stem cell factor (SCF), thrombopoietin (TPO), Flt3 ligand (Flt3L),
and interleukin-3 (IL-3) (Peprotech). The following day, Lin� cells
were transduced with SiC-V2 lentivirus for 2 h and re-plated in fresh
media overnight. In some cases, transduced cells were maintained for
an additional 2 weeks in StemSpan media containing the above
growth supplements. In other cases, 3 � 105 of the transduced cells
were injected intravenously into the tail vein of sub-lethally irradiated
(650 cGy) 6- to 8-week-old male B6.SJL-Ptprca Pepcb/BoyJ mice. Mice
were fed a standard or 625 mg/kg Dox hyclate diet (Envigo Teklad)
starting the day after transplant and were maintained on this diet
for the remainder of the experiment.

Mouse peripheral blood and bone marrow analysis used a panel of
anti-mouse mAbs from Biolegend (San Diego, CA, USA) as follows:
PE-conjugated CD45.2 (clone 104), APC-conjugates CD45.1 (A20),
and PE-Cy7-conjugated CD11b (M1/70) for peripheral blood; Alexa
Fluor 700-conugated CD45.2, BV785-conjugated CD45.1, BV605-
conjugated CD11b/Gr-1 (RB6-8C5), APC-conjugated B220 (RA3-
6B2)/CD3 (17A2), APC-eFluor780-conjugated anti-C-kit (2B8),
PE-conjugated anti-Sca-1 (D7), PE-Cy7-conjugated anti-CD150
(TC15-12F12.2), and PerCp-eFluor710-conjugated anti-CD48 (93)
for bone marrow. For these runs, erythrocytes were lysed using
ACK lysis buffer, and mAb staining was performed for 20 min on
ice prior to flow cytometry analysis. The data were analyzed using
FlowJo v9.7.6 (TreeStar, Ashland, OR, USA).
Availability

All reagents are available from Addgene. Source code is deposited at
https://github.com/neel-lab/MolTher2019. Exome data are available
from SRA: https://www.ncbi.nlm.nih.gov/bioproject/561932.
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Supplemental Methods 

Vector construction: cDNA corresponding to the P2A self-cleaving peptide was formed by 

annealing oligos P2A-1 and P2A-2 (Supplemental Table S1A) containing 5’-NheI and 3’-MluI, a 

process that also introduces new HpaI and SpeI sites 3’ of P2A. This product was inserted into 

LentiCRISPRV1 (Addgene, Plasmid# 49535) to replace the original P2A-Puromycin cassette, 

located between NheI and MluI. Next, dTomato was amplified from template vector using dT-F 

and dT-R primers with 5’-HpaI and 3’-SpeI overhangs (Supplemental Table S1A), and the 

product was cloned into the above vector to create ‘LentiCRISPR-dTomato’. LentiCRISPR-

dTomato was then digested with EcoRV and SacII creating a 3,606 bp fragment spanning the 3’ 

end of Cas9 though the 5’ end of the WPRE motif, and this fragment was cloned in 

LentiCRISPRV2 (Addgene plasmid 52961, 1) digested with the same enzyme-pair. This final 

constructs is called ‘SiC-V1’. Various guides targeting the genes ST3G4, EMX1 and VEGFA 

(Supplemental Table S1C) were selected from previous publications 2, 3. These were derived by 

annealing complementary oligos with BsmBI sites and cloned into ‘SiC-V1’. A scramble guide 

with no homology to humans served as control (Supplementary Tables S2, S3). 

To create ‘SiC-V2’, the IRES-puro cassette in Tet-pLKO-puro (Addgene plasmid 21915, 

4) was excised using SmaI and KpnI, and this was replaced by a P2A encoding cDNA by 

annealing oligos P2A-3 and P2A-4 (Table S1A). In addition to preserving the previous enzyme 

sites, this cloning step also introduced HpaI immediately 5’ of KpnI. Cerulean was then 

amplified using primers Cer-F and Cer-R from template plasmid (Addgene plasmid 64847, 5) 

with 5’-HpaI and 3’-KpnI sites for insertion at this site. This final product is called ‘SiC-V2’. 

CRISPR guides G1-G10 (Supplemental Table S1B) to edit the Cas9 gene were designed using 

CRISPR design tool (www.crispr.mit.edu/). Here, following annealing of complementary oligos 

for each target sequence, the product was gel extracted and cloned into the AgeI/EcoRI sites of 

‘SiC-V2’ immediately following the H1/TetO promoter. All clones were confirmed by Sanger 

sequencing. Plasmids were prepared using Nucleobond Xtra Midi EF kit (Macherey Nagel, 

Bethlehem, PA) to obtain endotoxin-free DNA for cellular transfections. 

Lentivirus preparation: HEK 293T cells were plated in 5-10, 15cm dishes 1-day prior to 

transfection. Lentiviral constructs along with pMD2.G and psPAX2 (Addgene plasmid #12259 

and #12260) packaging plasmids was transfected into cells at 50-60% confluency, using calcium 



phosphate method 6. 6-8h post-transfection, medium was changed to Opti-MEM with 

GlutaMAX. The 1st virus batch was collected 18-20h thereafter, with additional growth medium 

being added along with 10mM sodium butyrate. A 2nd virus batch was then subsequently 

collected after 18-20h. Both batches were pooled, centrifuged at 1000g for 5 min to remove cell 

debris and the supernatant was passed through a 0.45μm filter. Following, ultracentrifugal 

concentration at 50,000xg for 2h, viral pellets were resuspended in 50-60μl IMDM medium to 

make a 500X virus. This reagent was aliquoted and stored at -800C until use. Transduction was 

done in the presence of 8μg/ml Polybrene as previously described 6. Doxycycline (Clontech, 

Mountain View, CA) was added to cells at times and concentrations stated in Results. 
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Supplemental Table S1A. Primers used to create SiC vector system
Oligo 
Name Sequence

P2A-1
5’-CTAGCGGCAGCGGCGCCACCAACTTCAGCCTGCTGAAGCAGG
CCGGCGACGTGGAGGAGAACCCCGGCCCCGTTAACACTAGTA-3’ 

P2A-2
5’-CGCGTACTAGTGTTAACGGGGCCGGGGTTCTCCTCCACGTCG
CCGGCCTGCTTCAGCAGGCTGAAGTTGGTGGCGCCGCTGCCG-3’

P2A-3

5’-GGGAGTTCGCTAGCGGCAGCGGCGCCACCAACTTCAGCCTGC
TGAAGCAGGCCGGCGACGTGGAGGAGAACCCCGGCCCCGTTAAC
GGTAC-3’

P2A-4

5’-GGTACCGTTAACGGGGCCGGGGTTCTCCTCCACGTCGCCGGC
CTGCTTCAGCAGGCTGAAGTTGGTGGCGCCGCTGCCGCTAGCGA
ACTCCC-3’

dT-F 5’- GCATTAGTTAACATGGTGAGCAAGGGCGAGGAG-3’
dT-R 5’-GCATTAACTAGTTTACTTGTACAGCTCGTCCAT-3’
Cer-F 5’- GCATTAGTTAACATGGTGAGCAAGGGCGAGGAG-3’
Cer-R 5'-GCATTACCATGGAATGAACATGTCGAGCAGGTA-3'

Kelkar et al.
Supplemental Table S1

Supplemental Table S1B: Target sequences for Cas9 gene and PCR primers used for Surveyor 
assay

Guide Target sequence-
PAM (5’ – 3’)

Target
Strand

Forward primer * 
(5’ – 3’)

Reverse primer *
(5’ – 3’)

% Editing  
in  
presence 
of Dox

G1 CTTGTACTCGTCGG
TGATCA-CGG

Antisense ACACAGGACCGG
TTCTAGAGC

CAGATCCGGTTCTTCC
GTCTG

8

G2 TACAGCATCGGCCT
GGACAT-CGG

Sense ACACAGGACCGG
TTCTAGAGC

CAGATCCGGTTCTTCC
GTCTG

16

G3 GACATCGGCACCAA
CTCTGT-GGG

Sense ACACAGGACCGG
TTCTAGAGC

CAGATCCGGTTCTTCC
GTCTG

10

G4 GCTGGGCACCTTGT
ACTCGT-CGG

Antisense ACACAGGACCGG
TTCTAGAGC

CAGATCCGGTTCTTCC
GTCTG

18

G5 CTTCTTGATGCTGTG
CCGGT-CGG

Antisense ACACAGGACCGG
TTCTAGAGC

CAGATCCGGTTCTTCC
GTCTG

10

G6 GCCCACATGATCAA
GTTCCG-GGG

Sense GTGGCCTACCAC
GAGAAGTACCC

GCAGACAGGATGGCC
TTGGCG

20

G7** TACGCCGGCTACAT
TGACGG-CGG

Sense ATACGACGAGC
ACCACCAGG

GGGATGCTGCCGTTGT
CGAAG

30

G8 TTTGGTCAGCTCGTT
ATACA-CGG

Antisense TGGTGGACAAGG
GCGCTTCC

TCCACGGAGTCGAAGC
ACTCG

8

G9 GTTGAACCGATCTTC
CACGC-CGG

Antisense GCGAGCAGAAAA
AGGCCATCGTG

CAGCCGTTCCTCGATC
ATCTCTCT

10

G10 GAATGGGCGGGATA
TGTACG-TGG

Sense AGCGGATCGAAG
AGGGCATCA

ACCTCTTCGGAGGGCA
CGTT

20

* Same primer sets was used for G1‐G5 as these sgRNA are proximal in Exon‐1. Additional primers amplify other target sites. 
** sgRNA sequence used in this study and referred to as ‘Cas9G7 sgRNA’.



Supplemental Table S2:  SgRNA binding sites and PCR primers used for fragment analysis or surveyor 
assay

Guide Target sequence-
PAM (5’ – 3’)

Target
Strand

Forward primer with 5’ universal primer 
overhang (5’ – 3’) *

Reverse primer 
(5’ – 3’)

EMX1-T GAGTCCGAGCAGAAG
AAGAA-GGG

Sense AGCTGACCGCGACGAAAATTGGGC
CCCTAACCCTATGTAGCCTCAG

CTGCCCTCGTGGGTTT
GTGGTTG

EMX1-OT ** GAGTTAGAGCAGAAG
AAGAA-AGG

Sense
AGCTGACCGCGACGAAAATTGCAAAG
AAATGCCCAATCATTGATGC

CCCCGCTTGTCCATGT
CTAGG

VEGFA-T GACCCCCTCCACCCC
GCCTC-CGG

Antisense AGCTGACCGCGACGAAAATTGGTGA
GTGACCTGCTTTTGGGGG

GCTAGCACTTCTCGCG
GCTC

VEGFA-OT ** GACCCCCCCCACCCC
GCCCC-CGG

Sense AGCTGACCGCGACGAAAATTGGGC
AAGATTCTGGAAGGGTCTTG

GCAGAAGCAACCCTCA
GCACC

6-FAM 
universal 
forward primer

NA NA 6-FAM-
AGCTGACCGCGACGAAAATTG

NA

Scramble guide 
(Scr)

GCGTCGTCCGTCGCT
ACACA

NA NA NA

MGAT1 GTGGGGCGCTATCCT
CTTTG-TGG

Sense GCATCCCTAGGACTGCGGGC CGCCATCGAGAGCGCT
GACT

ST3Gal4 AGAAATAATCCTCAAG
CCGC-AGG

Antisense ATTAGTCATGGGCCTAACCCTAC TGGACGGCAGAGAATA
GGAAG

COSMC GAGTCTTTGGGCTGC
AGTAA-AGG

Sense NA NA

* Underlined sequences indicate universal primer overhang used to amplify 6-FAM PCR reaction
** Red, underlined text indicates nucleotides that differ between on-target and off-target sequences

Kelkar et al.
Supplemental Table S2



Supplemental Table S3A: Off-target profile of Cas9G7 and Scr to reference human 
genome, as predicted by Cas Offinder

No. of 
Mismatches

Scr
GCGTCGTCCGTCGCTACACA‐NGG

Cas9G7
TACGCCGGCTACATTGACGG‐NGG

1 0 0

2 0 0

3 0 0

4 4 5

5 83 91

Kelkar et al.
Supplemental Table S3

Supplemental Table S3B: Cas9 G7 on-target (T) sequence and five top off-target (OT) 
sequences, with mismatched nucleotides red underlined.*

Cas9G7 Target(T)/
Off Target (OT)

Sequence Chromosome Position Direction

Cas9G7_T TACGCCGGCTACATTGACGG NA NA NA

Cas9G7_OT1 TACTCTGGCTACATTAGCGG Chr12 54525245 +

Cas9G7_OT2 TAGGGCGTCTACATTCACGG Chr7 1.52E+08 +

Cas9G7_OT3 TACTCAGGCCACATTGAGGG Chr5 33639836 ‐

Cas9G7_OT4 TGAGCAGGCTACATTGAGGG Chr10 37828244 ‐

Cas9G7_OT5 TACGCCGAGTAAATTGAAGG Chr9 80632708 +

* Abbreviation NA: not applicable; additional primer information provided in Table S11
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Supplemental Table S4:  SgRNA on‐target sites for promiscuous sgRNA‐library used 

for exome sequencing study

Guide Target sequence‐PAM (5’ – 3’) Target Strand

EMX1 GCCCTCGCAGCTGCTGCGGCTGG Sense

C1GalT1C GTAGGTGATGATGCTCATGGTGG Sense

ZSCAN2 ATACATCAGCGAATCCACACTGG Sense

MGAT1 CGGCTGGGCGGGAGGGGCCGCGG Sense

ST3Gal4 GGGGATGGAGGAGCTGGTGATGG Antisense



Kelkar et al.
Supplemental Table S5‐S9

Provided in separate excel workbook (all related to experiment in Figure 2)

Table S5‐S9 legend: These tables contain the target gene sequence (human EMX1, ZSCAN2,
MGAT1, ST3Gal4 or C1GalT1C) and a defined target length of 20 bases as predicted by CCTop
software. The core/seed length is specified to include 12 bases from the PAM sequence, and
these are flanked by square brackets in the alignment field (‘[ ]’). Potential off‐targets were
identified by parsing the human genome (GRCh37/hg19) to identify intronic and exonic regions
with 0‐2 base mismatches in the core/seed region and up to 4 total mismatches in the 20 base
target sequence. For each of these putative off‐targets, the Table provides: i. gene name, gene
id, strand information and chromosome location including start and end positions; ii. Number of
mismatches, with the symbol ‘|’ identifying matched bases and ‘‐’ mismatched bases. iii.
“distance" specifies how far the predicted off‐target event is from the nearest gene, in the case
of intergenic and intronic off‐target predictions. The on‐target and selected off‐target sites from
these tables were also amplified using PCR, and amplicons analyzed using deep sequencing. The
on‐ and off‐target sequences selected for such analysis are marked using bold fonts in Tables
S5‐S9, and listed together in Table S10. Full PCR amplicons are listed in Table S11.

Table S10 legend: On‐target and off‐target gene sequences and summary data for human
EMX1, ZSCAN2, MGAT1, ST3Gal4 and C1GalT1C, investigated in the deep sequencing NGS
experiment. This table is filtered from Tables S5‐S9. On‐ and off‐target editing at these sites was
quantified using multiplex PCR amplification followed by NGS.

Table S11 legend: Table lists all forward and reverse primers, target sequences and other data
used to generate amplicons that were multiplexed and analyzed using NGS.
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Figure S1 (Related to Fig 1). Cas9 on‐ and off‐target editing. a‐b. ‘HEK‐Cas9dTomato‐Cas9G7’ cells from
Fig. 1 were treated with different concentrations of doxycycline (Dox) in two independent experiments
shown in panels a‐b. 90% of the cells did not express dTomato fluorescence by day 11 when Dox was
>0.01µg/ml. Dox dose dependence is noted in panel b between 1‐10ng/mL. c‐d. Genomic DNA was
isolated from study in panel a. PCR was performed to amplify the region surrounding the on‐target editing
site in Cas9 (panel c) and also three off‐target sites (panel d). The target sequences are listed in
Supplemental Table S3B and details about primers are provided in Table S11. 150bp paired‐end
sequencing of PCR amplicons was performed to detect indels. >80% Cas9 gene editing was measured by
4‐days. Off target editing was <0.5% in all cases. Data in panels c, d are from triplicate runs, with error
bars being too small to be visible in many instances.
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Figure S2 (Related to Fig 1). Dox‐dependent editing by SiC‐Cas9G7 abrogates CRISPR‐based editing. a.
HEK‐Cas9‐dTomato+ cells (from Fig. 1) were either untransduced, transduced with SiC‐V2 with scramble
sgRNA (Sic‐V2‐Scr) or Cas9G7 sgRNA (Sic‐V2‐Cas9G7). On day 2, the cells were split into two groups with
1μg/ml Dox being added to half of them for another 9 days. b. Flow cytometer analysis on day 11
confirmed dTomato‐loss/Cas9‐editing in Sic‐V2‐Cas9G7 transduced cells (dashed rectangle) upon Dox
addition. c. Sic‐V2‐Cas9G7 transduced cells with and without Dox were transfected on day 14 with
plasmid fragment containing a U6 promoter that drives a sgRNA previously shown to target MGAT1
(Stolfa et al. Sci Rep. 6:30392, 2016, Addgene 80009). Untransfected cells served as control. Five days
post‐transfection (day 19), Mgat1 editing was measured based on surveyor (top right) and reduction in
PHA‐L‐FITC (Phytohemagglutinin‐L‐FITC) lectin binding (bottom right). In the absence of Dox, 40% MGAT1
editing was measured using the surveryor assay and 30% of the cells displayed reduced PHA‐L‐FITC
binding (red arrow). Dox‐treatment reduced MGAT1 activity (Surveyor assay) and prevented loss of PHA‐L
binding (flow cytometry) to 8‐10%. (Notes: i. PHA‐L binds branched N‐glycans that are absent upon
knocking out Mgat1; ii. plasmid fragment for above study was obtained by gel purification of BglII
digested plasmid Addgene# 80009).
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Supplemental Fig S3 (Related to Fig 2). Counting indels during exome analysis. To detect for indels,
we parsed for “D” (deletion) or “I” (insertion) in the predicted on‐ and off‐target regions of the
exome CIGAR string. Valid indels (shown in green), that were counted, had insertions/deletions 3‐5
bases upstream of the PAM sequence, in the computational predicted on/off‐target site. This is
shown using the overlap of blue bars. Indels that were further away (shown in red) were not included
in the analysis.

Kelkar et al.
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Day 14

Figure S4 (Related to Fig. 4). SiC results in specific loss of dTomato reporters in HL60 cells treated
with Dox. HL‐60 cells were transduced with SiC‐V2‐Cas9G7 and either Sic‐V1‐Scr (top half) or SiC‐
V1‐ST3Gal4 sgRNA lentivirus (bottom half). Cells expressing both constructs (dTomato+ CFP +) were
sorted on day 3 (left column). Dox was added to half the sorted cells on day 4 and both
population were evaluated by flow cytometer for CFP and dTomato signal at day 9 (middle
column) and day 14 (right). Loss of dTomato signal is observed in the presence of Dox in both
cases. Some dTomato negative cells are seen even without Dox, since bulk flow sorting results in a
heterogenous population of cells with some cells expressing relatively low dTomato expression.
Cas9 editing is however absent in these cells as confirmed using the surveyor assay (Fig. 4b, main
manuscript).

1
μ
g
/m

l D
o
x

N
o
 D
o
x

1
μ
g
/m

l D
o
x

N
o
 D
o
x

Sc
r‐
d
To

m
a
to

ST
3
G
a
l4
‐d
To

m
a
to

Day 9Day 3
d
To

m
a
to

(M
FI
)

Cerulean  (MFI)

Kelkar et al.
Supplemental Fig S4

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

37%0%

63%0%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

24%0%

76%0%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

0% 24%

0% 76%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

0% 72%

0% 28%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

0% 90%

0% 10%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

4%

2% 93%

1%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

55%0%

45%0%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

5%

89%1%

4%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

0% 18%

0% 82%

-10
1

10
2

10
3

10
4

10
5

-10
2

10
3

10
4

10
5

72%0%

28%0%



Figure S5 (Related to Fig. 6). Gating strategy for analysis of hematopoietic stem cells (HSCs; LSK 
SLAM) and terminally‐differentiated populations in mouse bone marrow. 
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