
1)	Information	(DNA/genotype)	and	function	(protein/phenotype)	are	hierarchically	separate	in	biology.

2)	The	existence	of	a	specialized	information	system	(DNA)	is	critical	for	genetic	engineering	because	
information	systems	are	optimized	for	propagation,	manipulation,	and	transfer.	These	are	the	same	
features	that	make	something	engineerable.

4)	We	are	able	to	manipulate	DNA	in	a	test	tube	and	put	it	back	into	cells	to	achieve	new	function.

5)	We	are	seeing	a	revolution	in	our	ability	to	manipulate	DNA	directly	in	vivo,	through	gene	editing	(i.e.
CRISPR)	and	delivery.

Outline	and	Argument	for	this	Lecture

3)	The	existence	of	a	specialized	information	system	(DNA)	that	encodes	function	(proteins)	is	critical	for	
genetic	engineering	because	it	elevates	the	manipulation	of	DNA	as	THE	way	to	engineer	biological	
function.



1)	Information	(DNA/genotype)	and	function	(protein/phenotype)	are	
hierarchically	separate	in	biology.
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2)	The	existence	of	a	specialized	information	system	(DNA)	is	critical	for	
genetic	engineering	because	information	systems	are	optimized	for	
propagation,	manipulation,	and	transfer.	These	are	the	same	features	that	
make	something	engineerable.



1)	It	is	specialized	for	replication.	
(Base	pairing	and	a	repeated	
reaction	for	polymerization)

Techniques	such	as	PCR	allow	us	to	
amplify	DNA
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As we saw in Chapter 2 (Panel 2–6, pp. 76–77), nucleotides are com-
posed of a nitrogen-containing base and a five-carbon sugar, to which 
is attached  one or more phosphate groups. For the nucleotides in DNA, 
the sugar is deoxyribose (hence the name deoxyribonucleic acid), and the 
base can be either adenine (A), cytosine (C), guanine (G), or thymine (T). The 
nucleotides are covalently linked together in a chain through the sugars 
and phosphates, which thus form a backbone of alternating sugar–phos-
phate–sugar–phosphate (see Figure 5–2B). Because it is only the base that 
differs in each of the four types of subunits, each polynucleotide chain 
in DNA can be thought of as a necklace: a sugar–phosphate backbone 
strung with four types of beads (the four bases A, C, G, and T). These 
same symbols (A, C, G, and T) are also commonly used to denote the 
four different nucleotides—that is, the bases with their attached sugar 
phosphates.

The way in which the nucleotide subunits are linked together gives a 
DNA strand a chemical polarity. If we imagine that each nucleotide has a 
knob (the phosphate) and a hole (see Figure 5–2A), each strand, formed 
by interlocking knobs with holes, will have all of its subunits lined up 
in the same orientation. Moreover, the two ends of the strand can be 
easily distinguished, as one will have a hole (the 3’ hydroxyl) and the 
other a knob (the 5’ phosphate). This polarity in a DNA strand is indicated 
by referring to one end as the 3’ end and the other as the 5’ end. This 
convention is based on the details of the chemical linkage between the 
nucleotide subunits.

The two polynucleotide chains in the DNA double helix are held together 
by hydrogen-bonding between the bases on the different strands. All the 
bases are therefore on the inside of the double helix, with the sugar–phos-
phate backbones on the outside (see Figure 5–2D). The bases do not pair 
at random, however: A always pairs with T, and G always pairs with C  
(Figure 5–6). In each case, a bulkier two-ring base (a purine, see Panel 2–6, 
pp. 76–77) is paired with a single-ring base (a pyrimidine). Each purine–
pyrimidine pair is called a base pair, and this complementary base-pairing 
enables the base pairs to be packed in the energetically most favorable 
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Figure 5–6 The two strands of the 
DNA double helix are held together by 
hydrogen bonds between complementary 
base pairs. (A) The shapes and chemical 
structure of the bases allow hydrogen 
bonds to form efficiently only between A 
and T and between G and C, where atoms 
that are able to form hydrogen bonds (see 
Panel 2–2, pp. 68–69) can be brought close 
together without perturbing the double 
helix. Two hydrogen bonds form between 
A and T, whereas three form between 
G and C. The bases can pair in this way 
only if the two polynucleotide chains that 
contain them are antiparallel—that is, 
oriented in opposite directions. (B) A short 
section of the double helix viewed from 
its side. Four base pairs are shown. The 
nucleotides are linked together covalently 
by phosphodiester bonds through the 
3’-hydroxyl (–OH) group of one sugar 
and the 5’-phosphate (–OPO3) of the 
next (see Panel 2–6, pp. 76–77, to review 
how the carbon atoms in the sugar ring 
are numbered). This linkage gives each 
polynucleotide strand a chemical polarity; 
that is, its two ends are chemically different. 
The 3’ end carries an unlinked –OH group 
attached to the 3’ position on the sugar 
ring; the 5’ end carries a free phosphate 
group attached to the 5’ position on the 
sugar ring.

The Structure of DNA         

What	features	of	DNA	make	it	optimal	for	genetic	engineering?



2)	It	is	regular!	Double-stranded	
DNA	forms	a	B-form	helix	regardless
of	sequence.

As	a	result,	chemistries	for	DNA	
synthesis,	manipulation,	and	
sequences	can	be	general	to	any	
gene.

What	features	of	DNA	make	it	optimal	for	genetic	engineering?



3)	The	existence	of	a	specialized	information	system	(DNA)	that	encodes	
function	(proteins)	is	critical	for	genetic	engineering	because	it	elevates	the	
manipulation	of	DNA	as	THE	way	to	engineer	biological	function.
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1)	Information	(DNA/genotype)	and	function	(protein/phenotype)	are	hierarchically	separate	in	biology.

2)	The	existence	of	a	specialized	information	system	(DNA)	is	critical	for	genetic	engineering	because	
information	systems	are	optimized	for	propagation,	manipulation,	and	transfer.	These	are	the	same	
features	that	make	something	engineerable.

4)	We	are	able	to	manipulate	DNA	in	a	test	tube	and	put	it	back	into	cells	to	achieve	new	function.

5)	We	are	seeing	a	revolution	in	our	ability	to	manipulate	DNA	directly	in	vivo,	through	gene	editing	(i.e.
CRISPR)	and	delivery.

Outline	and	Argument	for	this	Lecture

3)	The	existence	of	a	specialized	information	system	(DNA)	that	encodes	function	(proteins)	is	critical	for	
genetic	engineering	because	it	elevates	the	manipulation	of	DNA	as	THE	way	to	engineer	biological	
function.

Mandate	is:	figure	out	how	to	engineer	DNA



4)	We	are	able	to	manipulate	DNA	in	a	test	tube	and	put	it	back	into	cells	
to	achieve	new	function.

Example	on	the	board	of	how	we	might	clone	a	gene	into	a	bacterial	cell	for	
overproduction



5)	We	are	seeing	a	revolution	in	our	ability	to	manipulate	DNA	directly	in	
vivo,	through	gene	editing	(i.e. CRISPR)	and	delivery.
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What	is	CRISPR/Cas9?

This	is	an	adaptive immune	system	that	bacteria	have	evolved!
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Bacterial Immunity 

Mali et al. Nature Methods 2013 

What	is	CRISPR/Cas9?



If	any	guide	RNA	derived	from	viral	DNA	can	tell	Cas9	where	to	cut,	
we	can	program	cutting	ourselves!	



CRISPR Targeting 

Zooming	in:



CRISPR/Cas/DNA Complex 

Mali et al. Nature Methods 2013 

Zooming	in:



If	we	express	Cas9	in	a	cell	and	also	express	a	guide	RNA	whose	
sequence	targets	a	region	of	the	genome	we	want	it	to,	then	we	can	

hit	any	genomic	sequence	in	any	organism	by	our	choice

This	has	largely	been	the	case



What	happens	after	you	make	a	double	stranded	DNA	break	in	the	genome?



What	happens	after	you	make	a	double	stranded	DNA	break	in	the	genome?

You	fix	the	DNA,	but	you	eventually	
delete	stuff	– you	lose	information.

This	disables	the	gene.

Possibility	1:	NHEJ



What	happens	after	you	make	a	double	stranded	DNA	break	in	the	genome?

Note	the	location	of	the	break	is	fixed	
from	the	homologous	(red)	DNA.

So	you	fix	the	DNA	from	a	homologous	
copy:	you	insert	information	you	want	if	
you	control	what	the	red	DNA	is	(if	you	
don’t	it	can	be	the	other	chromosome	if	
it	is	nearby).

This	changes	the	gene	in	a	defined	
manner.

Possibility	2:	Homologous	Recombination



There	are	many	many	possibilities!!!



genes. The top two thirds of our predictions ex-
hibited threefold higher efficacy than that of the
remaining fraction, confirming the accuracy of
the algorithm.

Using this algorithm, we designed a whole-
genome sgRNA library consisting of sequences
predicted to have higher efficacy (table S8). As
with the sgRNA pool used in our screens, this
new collection was also filtered for potential off-
target matches. This reference set of sgRNAsmay
be useful both for targeting single genes as well
as large-scale sgRNA screening.

Taken together, these results demonstrate the
utility of CRISPR-Cas9 for conducting large-scale
genetic screens in mammalian cells. On the basis
of our initial experiments, this system appears to
offer several powerful features that together pro-
vide substantial advantages over current func-
tional screening methods.

First, CRISPR-Cas9 inactivates genes at the
DNA level, making it possible to study pheno-
types that require a complete loss of gene func-
tion to be elicited. In addition, the system should
also enable functional interrogation of nontran-
scribed elements, which are inaccessible bymeans
of RNAi.

Second, a large proportion of sgRNAs suc-
cessfully generate mutations at their target sites.
Although this parameter is difficult to directly
assess in pooled screens, we can obtain an esti-
mate by examining the “hit rate” at known genes.
Applying a z score analysis of our positive se-
lection screens, we found that over 75% (46 of
60) of sgRNAs score at a significance threshold
that perfectly separates true and false positives on
a gene level (fig. S5, A to D). Together, these
results show that the effective coverage of our
library is very high and that the rate of false neg-
atives should be low, even in a large-scale screen.

Third, off-target effects do not appear to se-
riously hamper our screens, according to several
lines of evidence. Direct sequencing of potential
off-target loci detected minimal cleavage at sec-
ondary sites, which typically reside in noncoding
regions and do not affect gene function. More-
over, in the 6-TG screens the 20 most abundant
sgRNAs all targeted one of the four members of
the MMR pathway. In total, they represented over
30% of the final pool, which is a fraction greater
the next 400 sgRNAs combined. In the etoposide
screen, the two top genes scored far above back-
ground levels (P values 100-fold smaller than that
of the next best gene), enabling clear discrimina-
tion between true and false-positive hits. Last, new
versions of the CRISPR-Cas9 system have re-
cently been developed that substantially decrease
off-target activity (30, 31).

Although we limited our investigation to
proliferation-based phenotypes, our approach can
be applied to a much wider range of biological
phenomena. With appropriate sgRNA libraries, the
method should enable genetic analyses of mamma-
lian cells to be conductedwith a degree of rigor and
completeness currently possible only in the study of
microorganisms.
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Genome-Scale CRISPR-Cas9 Knockout
Screening in Human Cells
Ophir Shalem,1,2* Neville E. Sanjana,1,2* Ella Hartenian,1 Xi Shi,1,3

David A. Scott,1,2 Tarjei S. Mikkelsen,1 Dirk Heckl,4 Benjamin L. Ebert,4 David E. Root,1

John G. Doench,1 Feng Zhang1,2†

The simplicity of programming the CRISPR (clustered regularly interspaced short palindromic
repeats)–associated nuclease Cas9 to modify specific genomic loci suggests a new way to interrogate
gene function on a genome-wide scale. We show that lentiviral delivery of a genome-scale CRISPR-Cas9
knockout (GeCKO) library targeting 18,080 genes with 64,751 unique guide sequences enables both
negative and positive selection screening in human cells. First, we used the GeCKO library to identify
genes essential for cell viability in cancer and pluripotent stem cells. Next, in a melanoma model,
we screened for genes whose loss is involved in resistance to vemurafenib, a therapeutic RAF inhibitor.
Our highest-ranking candidates include previously validated genes NF1 and MED12, as well as novel hits
NF2, CUL3, TADA2B, and TADA1. We observe a high level of consistency between independent guide
RNAs targeting the same gene and a high rate of hit confirmation, demonstrating the promise of
genome-scale screening with Cas9.

Amajor goal since the completion of the
Human Genome Project is the functional
characterization of all annotated genetic

elements in normal biological processes and dis-

ease (1). Genome-scale loss-of-function screens
have provided a wealth of information in diverse
model systems (2–5). In mammalian cells, RNA
interference (RNAi) is the predominant method
for genome-wide loss-of-function screening (2, 3),
but its utility is limited by the inherent incom-
pleteness of protein depletion by RNAi and con-
founding off-target effects (6, 7).

The RNA-guided CRISPR (clustered regularly
interspaced short palindrome repeats)–associated
nuclease Cas9 provides an effective means of in-
troducing targeted loss-of-function mutations at
specific sites in the genome (8, 9). Cas9 can be pro-
grammed to induce DNA double-strand breaks
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CRISPR/Cas9 β-globin gene targeting in 
human haematopoietic stem cells
Daniel P. Dever1*, Rasmus O. Bak1*, Andreas Reinisch2, Joab Camarena1, Gabriel Washington1, Carmencita E. Nicolas1, 
Mara Pavel-Dinu1, Nivi Saxena1, Alec B. Wilkens1, Sruthi Mantri1, Nobuko Uchida3†, Ayal Hendel1, Anupama Narla4, 
Ravindra Majeti2, Kenneth I. Weinberg1 & Matthew H. Porteus1

Allogeneic haematopoietic stem-cell transplantation demonstrates 
that transplantation of haematopoietic stem cells (HSCs) with only 
a single wild-type HBB gene can cure the β -haemoglobinopathies. 
However, this transplantation technique is limited because of graft-
versus-host disease and a lack of immunologically matched donors. An 
 alternative to using allogeneic HSCs to cure the β - haemoglobinopathies 
is to use homologous recombination to modify the HBB gene directly 
in autologous HSCs1,2. In 1985, Smithies and colleagues3 were able 
to modify the human HBB gene by homologous recombination in 
a human embryonic carcinoma cell line, albeit at an extremely low 
 frequency (10−6). The subsequent discoveries that a site- specific 
DNA  double-strand break (DSB) could stimulate homologous- 
recombination-mediated correction of a reporter gene and that 
engineered nucleases could be used to induce this DSB, formed the 
foundation of using  homologous-recombination-mediated genome 
editing using engineered nucleases to modify the HBB gene directly4,5. 
The ease of engineering as well as the robust activity of the CRISPR/
Cas9 RNA-guided endonuclease system makes it a promising tool 
to apply to the continuing challenge of developing effective and 
safe homologous- recombination-mediated genome editing to cure  
β - haemoglobinopathies6,7.

The CRISPR/Cas9 complex consists of the Cas9 endonuclease 
and a 100-nucleotide single-guide RNA (sgRNA). Target identifica-
tion relies first on recognition of a 3-base-pair protospacer adjacent 
motif (PAM) and then on hybridization between a 20-nucleotide 
stretch of the sgRNA and the DNA target site, which triggers Cas9 
to cleave both DNA strands8. DSB formation activates two highly  
conserved repair mechanisms: canonical non-homologous end-joining 
(NHEJ) and homologous recombination9. Through iterative cycles of 
break and NHEJ repair, insertions and/or deletions (INDELs) can be 

created at the site of the break. By contrast, genome editing by homo-
logous recombination requires the delivery of a DNA donor molecule 
to serve as a homologous template, which the cellular recombination 
machinery uses to repair the break by a ‘copy and paste’ method10. For 
gene-editing purposes, the homologous recombination pathway can be 
exploited to make precise nucleotide changes in the genome4. One of 
the key features of precise genome editing, in contrast to viral-vector-
based gene transfer methods, is that endogenous promoters, regulatory 
elements, and enhancers can be preserved to mediate  spatiotemporal 
gene expression1,11–13. The CRISPR/Cas9 system is highly effective 
at stimulating DSBs in primary human haematopoietic stem and 
 progenitor cells (HSPCs) when the sgRNA is synthesized with  chemical 
modifications, and then electroporated into cells14.

HSCs have the ability to repopulate an entire haematopoietic 
 system15, and several genetic16–18 and acquired19 diseases of the 
blood could potentially be cured by genome editing of HSCs. Recent 
 studies have demonstrated efficient targeted integration in HSPCs by 
 combining zinc-finger nuclease (ZFN) expression with exogenous 
homologous recombination donors delivered via single-stranded 
 oligonucleotides20, integrase-defective lentiviral vectors21, or recom-
binant adeno-associated viral vectors of serotype 6 (rAAV6)22,23. 
While showing very positive results in vitro, collectively, these studies 
also suggested that targeting HSCs by homologous recombination at 
 disease-causing loci is difficult in clinically relevant HSPCs.

In this study, we achieve efficient homologous-recombination- 
mediated editing frequencies at the HBB locus in CD34+ HSPCs 
derived from mobilized peripheral blood using Cas9 ribonucleo-
proteins combined with rAAV6 homologous donor delivery. In brief, 
we demonstrate: (1) Cas9- and rAAV6-mediated HBB targeting in 
HSCs characterized by the identification of modified human cells in 

The β-haemoglobinopathies, such as sickle cell disease and β-thalassaemia, are caused by mutations in the β-globin 
(HBB) gene and affect millions of people worldwide. Ex vivo gene correction in patient-derived haematopoietic stem 
cells followed by autologous transplantation could be used to cure β-haemoglobinopathies. Here we present a CRISPR/
Cas9 gene-editing system that combines Cas9 ribonucleoproteins and adeno-associated viral vector delivery of a 
homologous donor to achieve homologous recombination at the HBB gene in haematopoietic stem cells. Notably, we 
devise an enrichment model to purify a population of haematopoietic stem and progenitor cells with more than 90% 
targeted integration. We also show efficient correction of the Glu6Val mutation responsible for sickle cell disease by using 
patient-derived stem and progenitor cells that, after differentiation into erythrocytes, express adult β-globin (HbA) 
messenger RNA, which confirms intact transcriptional regulation of edited HBB alleles. Collectively, these preclinical 
studies outline a CRISPR-based methodology for targeting haematopoietic stem cells by homologous recombination at 
the HBB locus to advance the development of next-generation therapies for β-haemoglobinopathies.

1Department of Pediatrics, Stanford University, Stanford, California 94305, USA. 2Department of Medicine, Division of Hematology, Cancer Institute, and Institute for Stem Cell Biology and 
Regenerative Medicine, Stanford University, Stanford, California 94305, USA. 3Stem Cells, Inc. 7707 Gateway Blvd., Suite 140, Newark, California 94560, USA. 4Division of Hematology/Oncology, 
Department of Pediatrics, Stanford University School of Medicine, Stanford, California 94035, USA. †Present address: Institute of Stem Cell Biology and Regenerative Medicine, Stanford University, 
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genes is the target of recurrent translocations
in lymphoma (32–34). Enhancers of the cor-
responding three gene loci all show a high level
of bromodomain containing 4 (BRD4) occu-
pancy in Ly1 cells, a related diffuse large B cell
lymphoma cell line, suggesting bromodomain
inhibitors such as JQ1 as potential treatments
(35). Other selectively essential genes included
MEF2B—a transcriptional activator of BCL6—
and CCND3, both of which are frequently mu-
tated and implicated in the pathogenesis of
various lymphomas (36). Intriguingly, the top
two hits, CHM and RPP25L, do not appear to
have specific roles in B cells; rather, their dif-
ferential essentiality is likely explained by the
lack of expression of their paralogs, CHML and
RPP25, in both of the Burkitt’s lymphoma cell
lines studied (fig. S6D).
We used two complementary and concordant

approaches, CRISPR and gene trap, to define the
cell-essential genes in the human genome. Al-
though the gene-trap method is suitable only
for loss-of-function screening in rare haploid
cell lines, the CRISPR method is broadly appli-
cable. Extending our analysis across different cell
lines and tumor types, we developed a frame-
work to assess differential gene essentiality and
identify potential drivers of the malignant state.
The method can be readily applied to more cell
lines per cancer type so as to eliminate idio-
syncrasies particular to a given cell line and to
more cancer types so as to systematically uncover
tumor-specific liabilities that might be exploited
for targeted therapies.
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GENOME EDITING

Genome-wide inactivation of porcine
endogenous retroviruses (PERVs)
Luhan Yang,1,2,3*† Marc Güell,1,2,3† Dong Niu,1,4† Haydy George,1† Emal Lesha,1

Dennis Grishin,1 John Aach,1 Ellen Shrock,1 Weihong Xu,6 Jürgen Poci,1

Rebeca Cortazio,1 Robert A. Wilkinson,5 Jay A. Fishman,5 George Church1,2,3*

The shortage of organs for transplantation is a major barrier to the treatment of organ
failure. Although porcine organs are considered promising, their use has been checked
by concerns about the transmission of porcine endogenous retroviruses (PERVs) to
humans. Here we describe the eradication of all PERVs in a porcine kidney epithelial
cell line (PK15). We first determined the PK15 PERV copy number to be 62. Using
CRISPR-Cas9, we disrupted all copies of the PERV pol gene and demonstrated a
>1000-fold reduction in PERV transmission to human cells, using our engineered cells.
Our study shows that CRISPR-Cas9 multiplexability can be as high as 62 and demonstrates
the possibility that PERVs can be inactivated for clinical application of porcine-to-human
xenotransplantation.

P
ig genomes contain from a few to several
dozen copies of PERV elements (1). Unlike
other zoonotic pathogens, PERVs cannot
be eliminated by biosecure breeding (2).
Prior strategies for reducing the risk of

PERV transmission to humans have included
small interfering RNAs (RNAi), vaccines (3–5),
and PERV elimination using zinc finger nucle-
ases (6) or TAL effector nucleases (7), but these
have had limited success. Here we report the
successful use of the CRISPR-Cas9 RNA-guided
nuclease system (8–10) to inactivate all copies

of the PERV pol gene and effect a 1000-fold
reduction of PERV infectivity of human cells.
To design Cas9 guide RNAs (gRNAs) that spe-

cifically target PERVs, we analyzed the sequences
of publicly available PERVs and other endoge-
nous retroviruses in pigs (methods). Using drop-
let digital polymerase chain reaction (PCR), we
identified a distinct clade of PERV elements (Fig.
1A) and determined that there were 62 copies of
PERVs in PK15 cells (a porcine kidney epithelial
cell line) (Fig. 1B). We then designed two Cas9
gRNAs that targeted the highly conserved cat-
alytic center (11) of the pol gene on PERVs (Fig.
1C and fig. S1). The pol gene product functions as
a reverse transcriptase (RT) and is thus essential
for viral replication and infection.We determined
that these gRNAs targeted all PERVs but no other
endogenous retrovirus or other sequences in the
pig genome (methods).
Initial experiments showed inefficient PERV

editing when Cas9 and the gRNAs were tran-
siently transfected (fig. S2). Thus, we used a
PiggyBac transposon (12) system to deliver a
doxycycline-inducible Cas9 and the two gRNAs
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Editing	an	ecosystem:	CRISPR-based	gene	drives!



Editing	an	ecosystem:	CRISPR-based	gene	drives!

Esvelt,	Church,	Bier,	James	et	al.



Gene	Editing

Targeting	right	location	in	the	genome

Cutting

Replacing	(or	deleting)

Gene	Therapy

Delivery

Targeting	right	location	in	the	genome

Cutting

Replacing	(or	deleting)

Basically	completely	
solved	by	recent	
CRISPR/Cas9	

discovery/revolution
Pretty	much	solved	for	
most	relevant	systems

Solved	in	many	cases	
but	not	in	many	others



Delivery	methods

If	we	deliver	into	embryos,	this	can	be	done	ex	vivo	and	the	embryo	implanted.	This	
is	mostly	solved.

If	we	wish	to	engineer	populations	of	cells	that	are	then	transplanted	back	into	
patients,	delivery	is	done	ex	vivo.	This	is	partially	solved	– efficiency	boosts	needed.

If	we	wish	to	engineer	cells	in	the	patient,	we	need	to	inject	the	vector	directly	into	
patients.	This	is	more	complicated	– targeting,	efficiency,	and	the	immune	system	
are	all	problems	in	this	case.
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HOME GENE THERAPY GENE DELIVERY: TOOLS OF THE TRADE

Genes are made of DNA. Successful gene delivery requires an efficient way to
get the DNA into cells and to make it work. Scientists refer to these DNA delivery
"vehicles" as vectors.

There is no "perfect vector" that can treat every disorder. Like any type of
medical treatment, a gene therapy vector must be customized to address the
unique features of the disorder. Part of the challenge in gene therapy is
choosing the most suitable vector for treating the disorder.

To be successful, a vector must:

TARGET the right cells. If you want to deliver a gene into cells of the liver, it

Gene Delivery: Tools Of The Trade

Gene Delivery

Delivery	vehicles

Viral

Non-Viral

Retrovirus Adenovirus AAV HSV

Liposome Naked	DNA



Considerations

Cell	targeting

Capacity	of	DNA	carried

Activation	– does	the	gene	get	to	the	right	place,	where	gene	editing	machinery	
can	change	the	genome?

Do	we	risk	integration	into	the	genome?	If	so	where?

Side	effects	– immune	system



1)	Information	(DNA/genotype)	and	function	(protein/phenotype)	are	hierarchically	separate	in	biology.

2)	The	existence	of	a	specialized	information	system	(DNA)	is	critical	for	genetic	engineering	because	
information	systems	are	optimized	for	propagation,	manipulation,	and	transfer.	These	are	the	same	
features	that	make	something	engineerable.

4)	We	are	able	to	manipulate	DNA	in	a	test	tube	and	put	it	back	into	cells	to	achieve	new	function.

5)	We	are	seeing	a	revolution	in	our	ability	to	manipulate	DNA	directly	in	vivo,	through	gene	editing	(i.e.
CRISPR)	and	delivery.

Outline	and	Argument	for	this	Lecture

3)	The	existence	of	a	specialized	information	system	(DNA)	that	encodes	function	(proteins)	is	critical	for	
genetic	engineering	because	it	elevates	the	manipulation	of	DNA	as	THE	way	to	engineer	biological	
function.



The	map	between	sequence	and	function	is	still	largely	unsolved.

We	can	build	well,	but	can	we	design?

A	Critical	Challenge


