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OriGene, the largest gene-centric tool supplier, provides cDNA clones, recombinant proteins 

and antibodies for all human/mouse/rat genes. Cited in thousands of scientific publications, 

OriGene enjoys a great reputation of high-quality products and technical service.

With the exciting discovery of CRISPR technology, OriGene was one of the very first 

companies to help researchers to fully capture the power of this revolutionary technology, 

supplying multiple ready-to-use reagents and creating educational CRISPR YouTube videos.

• Genome-wide gene knockout kits

• All-in-one pCAS-Guide vectors 

• AAVS1 targeting vectors

• gRNA and donor vector cloning service

Accelerate your genome editing project with OriGene’s CRISPR tools.

www.origene.com/crispr-cas9   

O
nly rarely do scientific fields experience the meteoric rise 

to fame and global interest of CRISPR–Cas. Originally 

identified as an immunity system for bacteria and archaea to 

defend against foreign DNA, the realization that this system 

can be engineered for recruitment to almost any genomic site in diverse 

species has opened up an exciting range of potential applications in basic 

research, biotechnology and therapeutics. Nature Reviews Genetics, 

Nature Reviews Molecular Cell Biology and Nature Reviews Microbiology 

are delighted to bring you a CRISPR-themed calendar for 2017 that 

showcases insightful and high-impact artwork from recent Review articles, 

covering the underlying biology and applications of CRISPR. At the end 

of the calendar we have included the details of the original papers and 

an events list of some of the key scientific meetings and courses that will 

take place in 2017. We hope that you enjoy using the calendar, which we 

were able to produce thanks to the support of OriGene. As always, Nature 

Research retains sole responsibility for all editorial content.

LIST OF ABBREVIATIONS USED IN THE CALENDAR

Calendar compiled and edited by Darren Burgess
Copyedited by Giulio Fiaschetti
Designed by Neil Smith

Cas, CRISPR-associated; CRISPR, clustered regularly interspaced short palindromic 

repeats; CRISPRa, CRISPR-mediated transcriptional activation; CRISPRi, 

CRISPR-mediated transcriptional inhibition; crRNA, CRISPR RNA; crRNP, CRISPR 

ribonucleoprotein; dCas9, nuclease-dead Cas9; DSB, double-strand break; dsDNA, 

double-stranded DNA; dsODN, double-stranded oligodeoxynucleotide; gRNA, guide 

RNA; H3K27ac, histone H3 lysine 27 acetylation; H3K4me1, histone H3 lysine 4 

monomethylation; LAM-PCR, linear amplification-mediated PCR; LSD1, lysine-specific 

histone demethylase 1; MCP, MS2 coat protein; MOI, multiplicity of infection; p65AD, 

nuclear factor-κB transactivating subunit activation domain; PAM, protospacer-adjacent 

motif; RNAi, RNA interference; scFV, single-chain variable fragment; sfGFP, super-folder 

GFP; sgRNA, single-guide RNA; ssRNA, single-stranded RNA.
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CRISPR locus

Acquisition

Expression

Interference

Leader

cas genes
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SpacerRepeat

Transcription

Repair and/or recombination enzymes

Target degradation

Cas6
or

?

Pre-crRNA

RNase III

RNase

The steps of CRISPR–Cas adaptive immunity. Acquisition occurs following the entry of an invading mobile genetic 
element such as a viral genome. The invading DNA is fragmented and a new protospacer (green) is selected, processed 
and integrated as a new spacer at the leader end of the CRISPR array. In the expression stage the CRISPR locus is 
transcribed and processed into small crRNAs. The mature crRNAs and Cas proteins form a crRNP complex, which, during 
the interference stage, scans invading DNA for complementary nucleic acid targets for degradation by Cas nucleases.
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Overview of the CRISPR–Cas system
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p65AD HSF1

VP64 p65AD

MXI1 KRAB SID4X

SunTag array 
10 copies of a small peptide epitope
recognized by a cognate scFV fused 
to sfGFP and VP64

Synergistic tripartite activation method (VPR)
A fusion of VP64, p65 and Rta 

VP64
VP64

Rta

VP64

VP64 p65

Peptide
array

scFV

Enhanced transcription activation

MCP

Synergistic activation mediator (SAM)
The two MS2 RNA aptamers added to the tetraloop and
second stem–loop of the sgRNA recruit p65AD and HSF1
through MCP. Additionally, VP64 is fused to dCas9.  
 

Aptamer-based recruitment

Epigenetic regulation
p300Core

Epigenetic activation
H3K27me3 → H3K27ac

Epigenetic repression
H3K4me2 → H3K4

Proximal and distal regulatory elements  Distal enhancer

Basic transcription activation

Transcription repression

Me Ac

VP64

LSD1

N C

NCNC

C

p65ADHSF1

MS2 RNA aptamer
on tetraloop

MS2 RNA aptamer 
on stem–loop 2

Transcriptional modulation through dCas9 fusion proteins recruited to target sites by sgRNAs. Transcription repression can 
be improved by fusing dCas9 with different repressor domains (red dashed ovals). Initial strategies for transcription 
activation included fusing dCas9 with different activation domains (green dashed ovals) and using multiple sgRNAs. For 
enhanced transcription activation, one sgRNA–dCas9 complex per target gene uses multiple transcription activation 
domains. The aptamer-based system uses engineered loops in the sgRNA to recruit transcriptional activators. Epigenetic 
regulation can be achieved by fusion of epigenetic regulators to dCas9. 
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CRISPRi and CRISPRa for transcription modulation
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Molecular differences between strategies for gene expression modulation. In RNAi (left), a short hairpin RNA (shRNA) or microRNA-based 
shRNA (shRNAmir) is processed into small interfering RNA (siRNA). In the RNA-induced silencing complex (RISC), the siRNA mediates 
degradation and/or translational inhibition of the target RNA. In Cas9 gene editing (centre), Cas9 generates DSBs at the genomic target 
site. Error-prone repair by non-homologous end-joining (NHEJ) can cause a frameshift mutation and a dysfunctional protein product. In 
dCas9-mediated transcriptional modulation (right), a dCas9-fused transcriptional modulator alters transcription at the target site. 
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RNAi, Cas9 and dCas9 for gene function analysis

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Type I Cas6

Pre-crRNA
processing

Effector module (crRNA and target binding) Target cleavage Spacer insertion Regulation

Expression

C
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 1
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 2

Interference Adaptation Ancillary

Helper or 
role unknown

RNase III Cas9 Cas1 Cas2

Cas1 Cas2

Cas1 Cas2

Cas4

Cas1 Cas2 Cas4

Cas4

Csn2

SS*Cas7

Cas7

Cas5 Cas8 (LS) HD Cas3ʹʹ Cas3ʹ

Type II

Type III Cas6 SS

SS

Cas5

Cas5

Cas10 (LS) CARF

Type IV Cas7 Csf1 (LS)

Cpf1

DinG

Type V

An evolutionary classification system for CRISPR–Cas systems. For each class and type of system, the constituent proteins 
are coloured according to their stage of action in CRISPR–Cas immunity, with multiple colours indicating that these 
proteins contribute to different stages of the CRISPR–Cas response. LS denotes large subunit and SS denotes small 
subunit. An asterisk indicates that the putative SS protein is instead fused to Cas8 (the type I system LS) in several type I 
subtypes. Dispensable components are indicated by dashed outlines. 
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Functional classification of Cas proteins
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Enrichment and/or dropout screening

Assay type 
(for example, for proliferation, 
differentiation or metabolism)

Transcription factors
Functionally important DNA elements
(for example, for binding of 
accessory proteins, DNA looping and 
chromatin structure)

H3K4me1 H3K27Ac

?

Enhancer region

Transcription factor
binding sites

Functionally important
enhancer element

sgRNA

To gain detailed understanding of functionally important DNA elements (represented by the question mark) within 
enhancers, such as those important for binding of transcription factors or mediating DNA looping, all PAM sites within a 
selected enhancer are identified by bioinformatics, and sgRNAs densely covering (tiling) the region are produced and used 
for screening by an assay of interest. Following screening, the abundance of sgRNAs in the final cell population can be used 
to infer key elements that are required for the function of the enhancer, such as novel transcription factor binding sites. 
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High-resolution dissection of enhancer sequences
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DSB

‘prey’ DSB

‘bait’ DSB

Enrich and high-throughput sequencing

In vitro DSB

Whole-genome sequencing

IDLV dsDNA

IDLV
dsODN

Biotin

IDLV integration in live cells Tag integration in live cells

dsDNA in
cell genome

In situ adapter ligation

Isolate and
permeabilize

nuclei

Fix cells

dsDNA in
cell genome

LAM-PCR and
enrichment

LAM-PCR Tag-specific amplification

dsODN tag

High-throughput sequencing

High-throughput sequencing

High-throughput sequencing

DSB

DSB

DSB

Streptavidin

BLESS Digenome-seqHTGTS

IDLV capture GUIDE-seq

Adapter ligation

Methods for characterizing on-target and off-target Cas9 DSBs. Integrase-defective lentiviral vector (IDLV) capture and 
genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq) detect DSBs that integrate viral DNA or 
an end-protected dsODN, respectively. High-throughput genome-wide translocation sequencing (HTGTS) detects 
translocations between ‘prey’ and ‘bait’ DSBs caused by two nucleases. Breaks labelling, enrichment on streptavidin and 
next-generation sequencing (BLESS) involves ligating sequencing adapters to transient DSBs in situ. Digested genome 
sequencing (Digenome-seq) infers DSBs from whole-genome sequencing coverage. 
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Genome-wide profiling of Cas9 cleavage sites

©
 
2017

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



C C T G T A G C T A C A G T G G A G G T T A C T G A T C C C A C C T C T G T T G C T A G A G T A

G T C A C C T C C A A T G A C T A G G G G U U U U A G A G C U A U G C U G U U U U G

C C T G T A G C T A C A G T G G A G G T T A C T G A T C C C A C C T C T G T T G C T A G A G T A

G T C A C C T C C A A T G A C T A G G G G U U U U A G A G C U A G

5′ 3′

C G A U A C G A C A A A A C U U A C C A A G G
G A A

Cas9

Guide sequence (20 bp)

A

U

G

U A A A A U U

U A A A A U U

tracrRNA
Stem–loop 1

Stem–loop 3

Tetraloopp

PAM (NGG)

G G A C A T C G A T G T C A C C T C C A A T G A C T A G G G T G G A G A C A A C G A T C T C A T

3′

3′

5′

5′ 3′

5′

crRNA

5′ 3′

C G A U A

Cas9

Guide sequence (20 bp)
A
A

PAM (NGG)

G G A C A T C G A T G T C A C C T C C A A T G A C T A G G G T G G A G A C A A C G A T C T C A T

3′ 5′

5′

sgRNA

Non-complementary strand

Non-complementary strand

Complementary strand

Complementary strand

C G G A

G C C G U U A U C A A C U U G

A G C C A C G U G A A A

U C G G U G C U U U U

U
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A
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U
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A
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Stem–loop 2–loop 2

Stem–loop 2–loop 2

Schematic representations of Cas9–RNA complexes binding to a target DNA locus are shown. In the naturally occurring 
situation (top), Cas9 is guided to its target site by a crRNA and a trans-activating crRNA (tracrRNA). For typical genome 
engineering applications (bottom) Cas9 is guided by a single guide RNA (sgRNA), which is an engineered single-chain 
mimic of the crRNA–tracrRNA pair. The guide sequence in the crRNA or sgRNA is complementary to a 20-bp target DNA 
sequence known as protospacer, which is next to the 5′-NGG-3′ (where N represents any nucleotide) sequence known as 
the PAM. Grey dots indicate weak bonding.
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Mechanism of Cas9-mediated target recognition
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Pluripotent stem cell

Differentiated 
cell type B

Differentiated 
cell type A

Direct cell
reprogramming

Rtap65VP192

OCT4

VP64VP64

Myod1

VP64

NGN2 and
NEUROD1

+

VPR

SOX2
KLF4
LIN28
MYC
p53 KD

Transcriptional activation of cell-state genes by dCas9 fusions can mediate cell reprogramming and differentiation. The 
targeted activation of OCT4 with dCas9–VP192 (12 repeats of VP16) reprograms differentiated cells to pluripotent stem 
cells, but this also requires the expression of SOX2, KLF4, LIN28 and MYC, and the knockdown (KD) of p53. Fusion of two 
VP64 domains to dCas9 induced Myod1 expression in mouse embryo fibroblasts and caused direct reprogramming into 
skeletal myocytes. Activation of NGN2 and NEUROD1, using dCas9–VPR and a mixed pool of sgRNAs, directed the 
differentiation of pluripotent stem cells into neuron-like cells.
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Directing cell differentiation using CRISPR–dCas9
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C-terminal α-helical domainCas1 Cas2

N-terminal
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Metal-binding site

Putative metal- binding site 

The figure shows crystal structures of Cas1 (from Pseudomonas aeruginosa) and Cas2 (from Desulfovibrio vulgaris), which 
are the two main endonucleases that are involved in spacer acquisition. 
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Crystal structures of Cas1 and Cas2
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Target sites 

CRISPR-targeting
endonuclease

CRISPR-targeting
endonuclease

CRISPR-targeting
endonuclease

CRISPR-targeting
endonuclease

CRISPR-targeting
endonuclease

CRISPR-targeting
endonuclease

gRNA gRNA gRNA gRNA gRNARecoded essential gene 

gRNA gRNA gRNA gRNA gRNARecoded essential gene 

gRNA gRNA gRNA Recoded essential gene 

gRNA gRNA gRNA gRNA gRNARecoded essential gene Payload
gene 2

Payload
gene 2

Payload
gene 2

gRNA gRNA gRNA Recoded essential gene 

gRNA gRNA gRNA Recoded essential gene 

gRNA gRNA 

Payload
gene

Payload
gene

Payload
gene

Recoded essential gene 

Homologous
chromosome

RNA-guided
drive

Reversal drive 

Homologous chromosome with RNA-guided drive

Payload
gene gRNA CRISPR-targeting

endonuclease

Homology-directed repair 

Homology-directed repair 

The schematic shows proposed applications of CRISPR–Cas for gene drives to manipulate wild insect populations. 
A CRISPR-based homing endonuclease gene (HEG) cassette (top panel) can be integrated at a target site through the 
action of the encoded Cas nuclease (green) and gRNAs (blue). The cassette, including its intended payload gene, can be 
propagated to the homologous chromosome by Cas-mediated cleavage and homology-directed repair. The initial 
payload gene may be removed from a population by designing a reversal drive encoding a gRNA that targets the 
previous generation drive (bottom panel).
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Potential applications of CRISPR–Cas in gene drives
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Low-MOI transduction

The figure shows arrayed (left) and pooled (right) formats for CRISPR-based high-throughput genetic screens. In 
arrayed screens, reagents are separately synthesized and screening occurs in multiwell plates, where separate 
reagents are delivered to cells using either transfection or viral transduction. Readout is based on phenotypic 
measurements in individual wells. In pooled screens, reagents are usually synthesized and constructed as a pool. Viral 
transduction enables readout based on the comparison of the abundance of the different genomically integrated 
transgene reagents between samples.
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Strategies for high-throughput functional genomics
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Target

NGG

gRNA

NGG

gRNA

Cas9 Cas9

3′
5′

3′
5′

5′
3′

5′
3′

tru-gRNAFull-length gRNA

GGN

gRNA

NGG

gRNA
Cas9n

Cas9n

5′
3′

NGG

gRNA

Cas9

3′
5′

5′
3′

gRNA extension

NGG

gRNA

Cas9

3′
5′

5′
3′

Engineered variants

3′
5′

GGN

gRNA

NGG

gRNA
dCas9

dCas9

5′
3′

3′
5′

FokI

FokI

Paired nickases

RFNs

Non-target

∗ ∗ ∗ ∗

∗ ∗ ∗

GG

Alterations to full-length gRNA, to generate either a truncated gRNA (tru-gRNA) or an extended gRNA can enhance 
specificity. In the paired nickase strategy, one of the two nuclease domains of Cas9 is catalytically inactivated. 
Co-localization of a pair of nickases (Cas9n), each nicking one strand, results in efficient double-stranded breaks. 
Alternatively, paired nicks can be generated by the FokI domains of dimeric RNA-guided FokI–dCas9 nucleases (RFNs). 
Finally, engineered point mutations in Cas9 — in regions that contact the target or non-target DNA strand — can improve 
specificity. The different catalytic activities of Cas9 variants are indicated by the different shades.
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Improving CRISPR–Cas9 target site specificity
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Overview of the CRISPR–Cas system CRISPRi and CRISPRa for transcription modulation

JANUARY FEBRUARY
Adapted from van der Oost, J. et al. Unravelling the structural 
and mechanistic basis of CRISPR–Cas systems. Nat. Rev. 
Microbiol. 12, 479–492 (2014)

The steps of CRISPR–Cas adaptive immunity. Acquisition 
occurs following the entry of an invading mobile genetic 
element such as a viral genome. The invading DNA is 
fragmented and a new protospacer (green) is selected, 
processed and integrated as a new spacer at the leader end of 
the CRISPR array. In the expression stage the CRISPR locus is 
transcribed and processed into small crRNAs. The mature 
crRNAs and Cas proteins form a crRNP complex, which, during 
the interference stage, scans invading DNA for complementary 
nucleic acid targets for degradation by Cas nucleases.

Adapted from Dominguez, A. A., Lim, W. A. & Qi, L. S. Beyond 
editing: repurposing CRISPR–Cas9 for precision genome 
regulation and interrogation. Nat. Rev. Mol. Cell Biol. 17, 5–15 (2016)

Transcriptional modulation through dCas9 fusion proteins 
recruited to target sites by sgRNAs. Transcription repression can 
be improved by fusing dCas9 with different repressor domains 
(red dashed ovals). Initial strategies for transcription activation 
included fusing dCas9 with different activation domains (green 
dashed ovals) and using multiple sgRNAs. For enhanced 
transcription activation, one sgRNA–dCas9 complex per target 
gene uses multiple transcription activation domains. The 
aptamer-based system uses engineered loops in the sgRNA to 
recruit transcriptional activators. Epigenetic regulation can be 
achieved by fusion of epigenetic regulators to dCas9. 

RNAi, Cas9 and dCas9 for gene function analysis Functional classification of Cas proteins

MARCH APRIL
Adapted from Shalem, O., Sanjana N. E. & Zhang, F. High-
throughput functional genomics using CRISPR–Cas9. Nat. Rev. 
Genet. 16, 299–311 (2015)

Molecular differences between strategies for gene expression 
modulation. In RNAi (left), a short hairpin RNA (shRNA) or 
microRNA-based shRNA (shRNAmir) is processed into small 
interfering RNA (siRNA). In the RNA-induced silencing complex 
(RISC), the siRNA mediates degradation and/or translational 
inhibition of the target RNA. In Cas9 gene editing (centre), Cas9 
generates DSBs at the genomic target site. Error-prone repair by 
non-homologous end-joining (NHEJ) can cause a frameshift 
mutation and a dysfunctional protein product. In dCas9-
mediated transcriptional modulation (right), a dCas9-fused 
transcriptional modulator alters transcription at the target site. 

High-resolution dissection of enhancer sequences Genome-wide profiling of Cas9 cleavage sites

MAY JUNE
Adapted from Lopes, R., Korkmaz, G. & Agami, R. Applying 
CRISPR–Cas9 tools to identify and characterize transcriptional 
enhancers. Nat. Rev. Mol. Cell Biol. 17, 597–604 (2016)

To gain detailed understanding of functionally important DNA 
elements (represented by the question mark) within enhancers, 
such as those important for binding of transcription factors or 
mediating DNA looping, all PAM sites within a selected 
enhancer are identified by bioinformatics, and sgRNAs densely 
covering (tiling) the region are produced and used for screening 
by an assay of interest. Following screening, the abundance of 
sgRNAs in the final cell population can be used to infer key 
elements that are required for the function of the enhancer, 
such as novel transcription factor binding sites. 

Adapted from Tsai, S. Q. & Joung, J. K. Defining and improving 
the genome-wide specificities of CRISPR–Cas9 nucleases. Nat. 
Rev. Genet. 17, 300–312 (2016)

Methods for characterizing on-target and off-target Cas9 DSBs. 
Integrase-defective lentiviral vector (IDLV) capture and genome-
wide unbiased identification of DSBs enabled by sequencing 
(GUIDE-seq) detect DSBs that integrate viral DNA or an end-
protected dsODN, respectively. High-throughput genome-wide 
translocation sequencing (HTGTS) detects translocations 
between ‘prey’ and ‘bait’ DSBs caused by two nucleases. Breaks 
labelling, enrichment on streptavidin and next-generation 
sequencing (BLESS) involves ligating sequencing adapters to 
transient DSBs in situ. Digested genome sequencing (Digenome-
seq) infers DSBs from whole-genome sequencing coverage. 

Adapted from Makarova, K. S. et al. An updated evolutionary 
classification of CRISPR–Cas systems. Nat. Rev. Microbiol. 13, 
722–736 (2015)

An evolutionary classification system for CRISPR–Cas systems. 
For each class and type of system, the constituent proteins are 
coloured according to their stage of action in CRISPR–Cas 
immunity, with multiple colours indicating that these proteins 
contribute to different stages of the CRISPR–Cas response. LS 
denotes large subunit and SS denotes small subunit. An asterisk 
indicates that the putative SS protein is instead fused to Cas8 
(the type I system LS) in several type I subtypes. Dispensable 
components are indicated by dashed outlines. 
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Mechanism of Cas9-mediated target recognition Directing cell differentiation using CRISPR–dCas9

JULY AUGUST
Adapted from Kim, H. & Kim, J. S. A guide to genome 
engineering with programmable nucleases. Nat. Rev. Genet. 15, 
321–334 (2014)

Schematic representations of Cas9–RNA complexes binding to 
a target DNA locus are shown. In the naturally occurring 
situation (top), Cas9 is guided to its target site by a crRNA and a 
trans-activating crRNA (tracrRNA). For typical genome 
engineering applications (bottom) Cas9 is guided by a single 
guide RNA (sgRNA), which is an engineered single-chain mimic 
of the crRNA–tracrRNA pair. The guide sequence in the crRNA 
or sgRNA is complementary to a 20-bp target DNA sequence 
known as protospacer, which is next to the 5′-NGG-3′ (where N 
represents any nucleotide) sequence known as the PAM. Grey 
dots indicate weak bonding.

Adapted from Dominguez, A. A., Lim, W. A. & Qi, L. S. Beyond 
editing: repurposing CRISPR–Cas9 for precision genome 
regulation and interrogation. Nat. Rev. Mol. Cell Biol. 17, 5–15 (2016)

Transcriptional activation of cell-state genes by dCas9 fusions 
can mediate cell reprogramming and differentiation. The 
targeted activation of OCT4 with dCas9–VP192 (12 repeats of 
VP16) reprograms differentiated cells to pluripotent stem cells, 
but this also requires the expression of SOX2, KLF4, LIN28 and 
MYC, and the knockdown (KD) of p53. Fusion of two VP64 
domains to dCas9 induced Myod1 expression in mouse embryo 
fibroblasts and caused direct reprogramming into skeletal 
myocytes. Activation of NGN2 and NEUROD1, using dCas9–VPR 
and a mixed pool of sgRNAs, directed the differentiation of 
pluripotent stem cells into neuron-like cells.

Crystal structures of Cas1 and Cas2 Potential applications of CRISPR–Cas in gene drives

SEPTEMBER OCTOBER
Adapted from van der Oost, J. et al. Unravelling the structural 
and mechanistic basis of CRISPR–Cas systems. Nat. Rev. 
Microbiol. 12, 479–492 (2014)

The figure shows crystal structures of Cas1 (from Pseudomonas 
aeruginosa) and Cas2 (from Desulfovibrio vulgaris), which are the 
two main endonucleases that are involved in spacer acquisition. 

Strategies for high-throughput functional genomics Improving CRISPR–Cas9 target site specificity

NOVEMBER DECEMBER
Adapted from Shalem, O., Sanjana N. E. and Zhang, F. High-
throughput functional genomics using CRISPR–Cas9. Nat. Rev. 
Genet. 16, 299–311 (2015)

The figure shows arrayed (left) and pooled (right) formats for 
CRISPR-based high-throughput genetic screens. In arrayed 
screens, reagents are separately synthesized and screening 
occurs in multiwell plates, where separate reagents are 
delivered to cells using either transfection or viral 
transduction. Readout is based on phenotypic measurements 
in individual wells. In pooled screens, reagents are usually 
synthesized and constructed as a pool. Viral transduction 
enables readout based on the comparison of the abundance 
of the different genomically integrated transgene reagents 
between samples.

Adapted from Tsai, S. Q. & Joung, J. K. Defining and improving 
the genome-wide specificities of CRISPR–Cas9 nucleases. Nat. 
Rev. Genet. 17, 300–312 (2016)

Alterations to full-length gRNA, to generate either a truncated 
gRNA (tru-gRNA) or an extended gRNA can enhance specificity. 
In the paired nickase strategy, one of the two nuclease domains 
of Cas9 is catalytically inactivated. Co-localization of a pair of 
nickases (Cas9n), each nicking one strand, results in efficient 
double-stranded breaks. Alternatively, paired nicks can be 
generated by the FokI domains of dimeric RNA-guided FokI–
dCas9 nucleases (RFNs). Finally, engineered point mutations in 
Cas9 — in regions that contact the target or non-target DNA 
strand — can improve specificity. The different catalytic 
activities of Cas9 variants are indicated by the different shades.

Adapted from Champer, J., Buchman, A. & Akbari, O. S. Cheating 
evolution: engineering gene drives to manipulate the fate of 
wild populations. Nat. Rev. Genet. 17, 146–159 (2016)

The schematic shows proposed applications of CRISPR–Cas 
for gene drives to manipulate wild insect populations. 
A CRISPR-based homing endonuclease gene (HEG) cassette 
(top panel) can be integrated at a target site through the 
action of the encoded Cas nuclease (green) and gRNAs (blue). 
The cassette, including its intended payload gene, can be 
propagated to the homologous chromosome by Cas-
mediated cleavage and homology-directed repair. The initial 
payload gene may be removed from a population by designing 
a reversal drive encoding a gRNA that targets the previous 
generation drive (bottom panel).
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EMBL Course: Genome Engineering CRISPR/Cas, Heidelberg, Germany

CRISPR Precision† New Frontiers in CRISPR-based Gene Editing, California, USA
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The CRISPR–Cas Revolution, New York, USA
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