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Functional genomics in human cells

Lecture 1 
Toolkit for manipulating gene function 
in human cells 
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Causation
Correlation

• Whole organism • Model system

• Can be underdetermined • Controlled experiment

Perturb gene function

Functional consequence

Observe mutations, 
gene expression, 
other ‘omics data 

Phenotypes, diseases

Human Genetics, 
Genomics, …omics

Functional Genomics

GENES HUMAN BIOLOGY & DISEASE
?



Forward Genetics 

Reverse Genetics

Phenotype of interest > Genes? 

Gene of interest > Phenotype?

vs.



The human genome
Ploidy 
•Diploid (except: haploid gametes, a few polyploid cell types, 

aneuploid cancer cells) 

Chromosomes 
•Diploid cell: 2 x 22 autosomes + 2 sex chromosomes (XX or XY) 

+ 100-10,000 copies of mitochondrial DNA (maternally inherited) 

Genome size 
•Haploid genome size: 3 Gb (compare budding yeast: 12 Mb) 

Number of protein-coding genes 
•20,000 (compare budding yeast: 6,000, poplar tree: 40,000) 

2% protein-coding, 98% “Junk DNA” ? 
• Large introns, 3’ untranslated regions 
• Non-coding RNA transcripts 
• Regulatory + structural DNA elements 
• Pseudogenes 
• Repetitive DNA



Manipulating gene function in human cells

Altering the genome 

• Random mutagenesis 
• Chemical: alkylating agents DMS, ENU 
• Insertional: Transposon mutagenesis, gene traps 

• Site-directed mutagenesis / editing 
• Homologous recombination 
• Cutting + homologous recombination or non-homologous end joining 

• ZFNs, TALENs 
• CRISPR/Cas9



Manipulating gene function in human cells
Manipulating gene expression 

• Manipulation of transcription 
• Activation or repression of endogenous promoters 

• TALE-fusions 
• CRISPRi / CRISPRa 

• Expression of transgenes (transient transfection / viral transduction)  

• Degradation of transcripts 
• RNAi 
• CRISPR ? 

• Protein degradation by degrons

Manipulating gene product function 
• Pharmacological targeting of gene products



Site-specific cutting of genomic DNA

Gaj et al (2015) Trends Biotech 31:397the utility of this approach. Following the discovery that
induction of a DSB increases the frequency of HDR by
several orders of magnitude, targeted nucleases have
emerged as the method of choice for improving the efficien-
cy of HDR-mediated genetic alterations. By co-delivering a
site-specific nuclease with a donor plasmid bearing locus-
specific homology arms [34], single or multiple transgenes
can be efficiently integrated into an endogenous locus
(Figure 2A). Linear donor sequences with <50 bp of homol-
ogy [35], as well as single-stranded DNA oligonucleotides
[36], can also be used to induce mutations, deletions, or
insertions at the target site. Significantly, nuclease-medi-
ated targeted integration normalizes for positional effects
that typically confound many types of genetic analysis and
enables study of structure–function relations in the com-
plex and native chromosomal environment. In addition to
their role in facilitating HDR, site-specific nucleases also
allow rapid generation of cell lines and organisms with null
phenotypes; NHEJ-mediated repair of a nuclease-induced
DSB leads to the introduction of small insertions or dele-
tions at the targeted site, resulting in knockout of gene
function via frameshift mutations [37] (Figure 2B). Site-
specific nucleases can also induce deletions of large chro-
mosomal segments [38,39]. This method has been shown to
support large chromosomal inversions [40] and transloca-
tions [41]. Finally, by synchronizing nuclease-mediated
cleavage of donor DNA with the chromosomal target, large
transgenes (up to 14 kb) have been introduced into various
endogenous loci via NHEJ-mediated ligation [42,43]. To-
gether, these approaches support the study of gene func-
tion and the modeling of disease states by altering genes to
mimic both known and as yet uncharacterized genotypes.
Many of these approaches have been extended to progeni-
tor cell types, including embryonic stem (ES) cells [44] and
induced pluripotent stem (iPS) cells [45,46], encouraging
their further development for modeling a broad range of
genetic conditions [47,48] (Table 1). Extension of this
technology to study the role of noncoding DNA in the
regulation and expression of coding genes can also be

envisioned [49,50], including the use of multiplexed
approaches as a means to identify unknown regulatory
sites for genes of interest [51].

Improving the performance of site-specific nucleases
In order for customizable nucleases to carry relevance for
genetic analysis and clinical application, they must dem-
onstrate strict specificity toward their intended DNA tar-
gets. Complex genomes, however, often contain multiple
copies of sequences that are identical or highly homologous
to the intended DNA target, leading to off-target activity
and cellular toxicity. To address this problem, structure
[52,53] and selection-based [54,55] approaches have been
used to generate improved ZFN and TALEN heterodimers
with optimized cleavage specificity and reduced toxicity.
Our laboratory has utilized directed evolution to generate
a hyperactivated variant of the FokI cleavage domain,
Sharkey, that exhibits a >15-fold increase in cleavage
activity in comparison to traditional ZFNs [55], and is
directly compatible with various ZFN architectures [54].
Furthermore, there is mounting evidence to suggest that
4–6 zinc-finger domains for each ZFN half enzyme signifi-
cantly enhances activity and specificity [13,55–57]. Addi-
tional methods for improving ZFN activity include the use
of transient hypothermic culture conditions to increase
nuclease expression levels [58], co-delivery of site-specific
nucleases with DNA end-processing enzymes [59], and the
use of fluorescent surrogate reporter vectors that allow for
the enrichment of ZFN- and TALEN-modified cells [60].
The specificity of ZFN-mediated genome editing has been
further refined by the development of zinc-finger nickases
(ZFNickases) [61–63], which take advantage of the finding
that induction of nicked DNA stimulates HDR [64] without
activating the error-prone NHEJ repair pathway. Conse-
quently, this approach leads to fewer off-target mutagene-
sis events than conventional DSB-induced methods for
genome editing; however, the frequency of HDR by
ZFNickases remains lower than those achieved with
traditional ZFNs. Finally, conventional DNA- and
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Figure 2. Overview of possible genome editing outcomes using site-specific nucleases. Nuclease-induced DNA double-strand breaks (DSBs) can be repaired by homology-
directed repair (HDR) or error-prone nonhomologous end joining (NHEJ). (A) In the presence of donor plasmid with extended homology arms, HDR can lead to the
introduction of single or multiple transgenes to correct or replace existing genes. (B) In the absence of donor plasmid, NHEJ-mediated repair yields small insertion or
deletion mutations at the target that cause gene disruption. In the presence of double-stranded oligonucleotides or in vivo linearized donor plasmid, DNA fragments up to
14 kb have been inserted via NHEJ-mediated ligation. Simultaneous induction of two DSBs can lead to deletions, inversions and translocations of the intervening segment.
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the utility of this approach. Following the discovery that
induction of a DSB increases the frequency of HDR by
several orders of magnitude, targeted nucleases have
emerged as the method of choice for improving the efficien-
cy of HDR-mediated genetic alterations. By co-delivering a
site-specific nuclease with a donor plasmid bearing locus-
specific homology arms [34], single or multiple transgenes
can be efficiently integrated into an endogenous locus
(Figure 2A). Linear donor sequences with <50 bp of homol-
ogy [35], as well as single-stranded DNA oligonucleotides
[36], can also be used to induce mutations, deletions, or
insertions at the target site. Significantly, nuclease-medi-
ated targeted integration normalizes for positional effects
that typically confound many types of genetic analysis and
enables study of structure–function relations in the com-
plex and native chromosomal environment. In addition to
their role in facilitating HDR, site-specific nucleases also
allow rapid generation of cell lines and organisms with null
phenotypes; NHEJ-mediated repair of a nuclease-induced
DSB leads to the introduction of small insertions or dele-
tions at the targeted site, resulting in knockout of gene
function via frameshift mutations [37] (Figure 2B). Site-
specific nucleases can also induce deletions of large chro-
mosomal segments [38,39]. This method has been shown to
support large chromosomal inversions [40] and transloca-
tions [41]. Finally, by synchronizing nuclease-mediated
cleavage of donor DNA with the chromosomal target, large
transgenes (up to 14 kb) have been introduced into various
endogenous loci via NHEJ-mediated ligation [42,43]. To-
gether, these approaches support the study of gene func-
tion and the modeling of disease states by altering genes to
mimic both known and as yet uncharacterized genotypes.
Many of these approaches have been extended to progeni-
tor cell types, including embryonic stem (ES) cells [44] and
induced pluripotent stem (iPS) cells [45,46], encouraging
their further development for modeling a broad range of
genetic conditions [47,48] (Table 1). Extension of this
technology to study the role of noncoding DNA in the
regulation and expression of coding genes can also be

envisioned [49,50], including the use of multiplexed
approaches as a means to identify unknown regulatory
sites for genes of interest [51].

Improving the performance of site-specific nucleases
In order for customizable nucleases to carry relevance for
genetic analysis and clinical application, they must dem-
onstrate strict specificity toward their intended DNA tar-
gets. Complex genomes, however, often contain multiple
copies of sequences that are identical or highly homologous
to the intended DNA target, leading to off-target activity
and cellular toxicity. To address this problem, structure
[52,53] and selection-based [54,55] approaches have been
used to generate improved ZFN and TALEN heterodimers
with optimized cleavage specificity and reduced toxicity.
Our laboratory has utilized directed evolution to generate
a hyperactivated variant of the FokI cleavage domain,
Sharkey, that exhibits a >15-fold increase in cleavage
activity in comparison to traditional ZFNs [55], and is
directly compatible with various ZFN architectures [54].
Furthermore, there is mounting evidence to suggest that
4–6 zinc-finger domains for each ZFN half enzyme signifi-
cantly enhances activity and specificity [13,55–57]. Addi-
tional methods for improving ZFN activity include the use
of transient hypothermic culture conditions to increase
nuclease expression levels [58], co-delivery of site-specific
nucleases with DNA end-processing enzymes [59], and the
use of fluorescent surrogate reporter vectors that allow for
the enrichment of ZFN- and TALEN-modified cells [60].
The specificity of ZFN-mediated genome editing has been
further refined by the development of zinc-finger nickases
(ZFNickases) [61–63], which take advantage of the finding
that induction of nicked DNA stimulates HDR [64] without
activating the error-prone NHEJ repair pathway. Conse-
quently, this approach leads to fewer off-target mutagene-
sis events than conventional DSB-induced methods for
genome editing; however, the frequency of HDR by
ZFNickases remains lower than those achieved with
traditional ZFNs. Finally, conventional DNA- and
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Figure 2. Overview of possible genome editing outcomes using site-specific nucleases. Nuclease-induced DNA double-strand breaks (DSBs) can be repaired by homology-
directed repair (HDR) or error-prone nonhomologous end joining (NHEJ). (A) In the presence of donor plasmid with extended homology arms, HDR can lead to the
introduction of single or multiple transgenes to correct or replace existing genes. (B) In the absence of donor plasmid, NHEJ-mediated repair yields small insertion or
deletion mutations at the target that cause gene disruption. In the presence of double-stranded oligonucleotides or in vivo linearized donor plasmid, DNA fragments up to
14 kb have been inserted via NHEJ-mediated ligation. Simultaneous induction of two DSBs can lead to deletions, inversions and translocations of the intervening segment.
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Zinc-finger nucleases 
(ZFNs)

Gaj et al (2015) Trends Biotech 31:397

text-dependency to assemble longer arrays by modular
assembly [18,19]. For many years, zinc-finger protein tech-
nology was the only approach available to create custom
site-specific DNA-binding proteins and enzymes. Engi-
neered zinc fingers are also available commercially; San-
gamo Biosciences (Richmond, CA, USA) has developed a
propriety platform (CompoZr) for zinc-finger construction
in partnership with Sigma–Aldrich (St. Louis, MO, USA),
allowing investigators to bypass zinc-finger construction
and validation altogether, and many thousands of proteins
are already available. Broadly, zinc-finger protein technol-
ogy enables targeting of virtually any sequence.

TALEs
The recent discovery of a simple modular DNA recognition
code by TALE proteins [20,21] has led to the explosive
expansion of an alternative platform for engineering pro-
grammable DNA-binding proteins. TALEs are naturally
occurring proteins from the plant pathogenic bacteria
genus Xanthomonas, and contain DNA-binding domains
composed of a series of 33–35-amino-acid repeat domains
that each recognizes a single base pair (Figure 1B). TALE
specificity is determined by two hypervariable amino acids
that are known as the repeat-variable di-residues (RVDs)
[22,23]. Like zinc fingers, modular TALE repeats are
linked together to recognize contiguous DNA sequences.
However, in contrast to zinc-finger proteins, there was no
re-engineering of the linkage between repeats necessary to
construct long arrays of TALEs with the ability of targeting
single sites in a genome. Following nearly two decades of
pioneering work based on zinc-finger proteins, numerous
effector domains have been made available to fuse to TALE
repeats for targeted genetic modifications, including

nucleases [24–26], transcriptional activators [26,27], and
site-specific recombinases [28]. Although the single base
recognition of TALE–DNA binding repeats affords greater
design flexibility than triplet-confined zinc-finger proteins,
the cloning of repeat TALE arrays presents an elevated
technical challenge due to extensive identical repeat
sequences. To overcome this issue, several methods have
been developed that enable rapid assembly of custom
TALE arrays. These strategies include ‘Golden Gate’ mo-
lecular cloning [29], high-throughput solid-phase assembly
[30,31], and ligation-independent cloning techniques [32].
Several large, systematic studies utilizing various assem-
bly methods have indicated that TALE repeats can be
combined to recognize virtually any user-defined sequence
[30,32]. The only targeting limitation for TALE arrays for
which there is consensus in the literature is that TALE
binding sites should start with a T base. Indeed, the ease
with which TALE repeats can be assembled is evident in a
recent study reporting the construction of a library of
TALENs targeting 18 740 human protein-coding genes
[33]; a technological feat that will not only facilitate nu-
merous new studies, but will also encourage other, equally
ambitious endeavors. Custom-designed TALE arrays are
also commercially available through Cellectis Bioresearch
(Paris, France), Transposagen Biopharmaceuticals (Lex-
ington, KY, USA), and Life Technologies (Grand Island,
NY, USA).

Genome editing with site-specific nucleases
Historically, targeted gene inactivation, replacement, or
addition has been achieved by homologous recombination;
however, the low efficiency of homologous recombination in
mammalian cells and model organisms dramatically limits

(A)

(B)

(C)Cys

Right ZFP

Cleavage
domain

Cleavage
domain

Cleavage
domainCleavage

domain

Le! ZFP

Le! TALE

Right TALE

-N
C-

-C

-NC-
-C

N-

NG
Key:

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

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

RV
D NI

HD
HN or NK

N-

Fokl
Fokl

Fokl
Fokl

His Cys

His

6
3

2
-1 12

13

Zn2+

(D)

TRENDS in Biotechnology 

Figure 1. Structure of zinc-finger and transcription activator-like effectors (TALEs). (A) (Top) Designed zinc-finger protein in complex with target DNA (grey) (PDB ID: 2I13).
Each zinc-finger consists of approximately 30 amino acids in an bba arrangement (inset). Surface residues (-1, 2, 3 and 6) that contact DNA are shown as sticks. Each zinc-
finger domain contacts 3 or 4 bp in the major groove of DNA. The side chains of the conserved Cys and His residues are depicted as sticks in complex with a Zn2+ ion
(purple). (B) Cartoon of a zinc-finger nuclease (ZFN) dimer bound to DNA. ZFN target sites consist of two zinc-finger binding sites separated by a 5–7-bp spacer sequence
recognized by the FokI cleavage domain. Zinc-finger proteins can be designed to recognize unique ‘left’ and ‘right’ half-sites. (C) (Top) TALE protein in complex with target
DNA (grey) (PDB ID: 3UGM). Individual TALE repeats contain 33–35 amino acids that recognize a single base pair via two hypervariable residues (repeat-variable diresidues;
RVDs) (shown as sticks) (inset). (D) Cartoon of a TALE nuclease (TALEN) dimer bound to DNA. TALEN target sites consist of two TALE binding sites separated by a spacer
sequence of varying length (12–20 bp). TALEs can be designed to recognize unique left and right half-sites. RVD compositions are indicated.
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Transcription activator-like 
effector nucleases 

(TALENs)

text-dependency to assemble longer arrays by modular
assembly [18,19]. For many years, zinc-finger protein tech-
nology was the only approach available to create custom
site-specific DNA-binding proteins and enzymes. Engi-
neered zinc fingers are also available commercially; San-
gamo Biosciences (Richmond, CA, USA) has developed a
propriety platform (CompoZr) for zinc-finger construction
in partnership with Sigma–Aldrich (St. Louis, MO, USA),
allowing investigators to bypass zinc-finger construction
and validation altogether, and many thousands of proteins
are already available. Broadly, zinc-finger protein technol-
ogy enables targeting of virtually any sequence.

TALEs
The recent discovery of a simple modular DNA recognition
code by TALE proteins [20,21] has led to the explosive
expansion of an alternative platform for engineering pro-
grammable DNA-binding proteins. TALEs are naturally
occurring proteins from the plant pathogenic bacteria
genus Xanthomonas, and contain DNA-binding domains
composed of a series of 33–35-amino-acid repeat domains
that each recognizes a single base pair (Figure 1B). TALE
specificity is determined by two hypervariable amino acids
that are known as the repeat-variable di-residues (RVDs)
[22,23]. Like zinc fingers, modular TALE repeats are
linked together to recognize contiguous DNA sequences.
However, in contrast to zinc-finger proteins, there was no
re-engineering of the linkage between repeats necessary to
construct long arrays of TALEs with the ability of targeting
single sites in a genome. Following nearly two decades of
pioneering work based on zinc-finger proteins, numerous
effector domains have been made available to fuse to TALE
repeats for targeted genetic modifications, including

nucleases [24–26], transcriptional activators [26,27], and
site-specific recombinases [28]. Although the single base
recognition of TALE–DNA binding repeats affords greater
design flexibility than triplet-confined zinc-finger proteins,
the cloning of repeat TALE arrays presents an elevated
technical challenge due to extensive identical repeat
sequences. To overcome this issue, several methods have
been developed that enable rapid assembly of custom
TALE arrays. These strategies include ‘Golden Gate’ mo-
lecular cloning [29], high-throughput solid-phase assembly
[30,31], and ligation-independent cloning techniques [32].
Several large, systematic studies utilizing various assem-
bly methods have indicated that TALE repeats can be
combined to recognize virtually any user-defined sequence
[30,32]. The only targeting limitation for TALE arrays for
which there is consensus in the literature is that TALE
binding sites should start with a T base. Indeed, the ease
with which TALE repeats can be assembled is evident in a
recent study reporting the construction of a library of
TALENs targeting 18 740 human protein-coding genes
[33]; a technological feat that will not only facilitate nu-
merous new studies, but will also encourage other, equally
ambitious endeavors. Custom-designed TALE arrays are
also commercially available through Cellectis Bioresearch
(Paris, France), Transposagen Biopharmaceuticals (Lex-
ington, KY, USA), and Life Technologies (Grand Island,
NY, USA).

Genome editing with site-specific nucleases
Historically, targeted gene inactivation, replacement, or
addition has been achieved by homologous recombination;
however, the low efficiency of homologous recombination in
mammalian cells and model organisms dramatically limits
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Figure 1. Structure of zinc-finger and transcription activator-like effectors (TALEs). (A) (Top) Designed zinc-finger protein in complex with target DNA (grey) (PDB ID: 2I13).
Each zinc-finger consists of approximately 30 amino acids in an bba arrangement (inset). Surface residues (-1, 2, 3 and 6) that contact DNA are shown as sticks. Each zinc-
finger domain contacts 3 or 4 bp in the major groove of DNA. The side chains of the conserved Cys and His residues are depicted as sticks in complex with a Zn2+ ion
(purple). (B) Cartoon of a zinc-finger nuclease (ZFN) dimer bound to DNA. ZFN target sites consist of two zinc-finger binding sites separated by a 5–7-bp spacer sequence
recognized by the FokI cleavage domain. Zinc-finger proteins can be designed to recognize unique ‘left’ and ‘right’ half-sites. (C) (Top) TALE protein in complex with target
DNA (grey) (PDB ID: 3UGM). Individual TALE repeats contain 33–35 amino acids that recognize a single base pair via two hypervariable residues (repeat-variable diresidues;
RVDs) (shown as sticks) (inset). (D) Cartoon of a TALE nuclease (TALEN) dimer bound to DNA. TALEN target sites consist of two TALE binding sites separated by a spacer
sequence of varying length (12–20 bp). TALEs can be designed to recognize unique left and right half-sites. RVD compositions are indicated.

Review Trends in Biotechnology July 2013, Vol. 31, No. 7

399



Clustered regularly-interspaced short 
palindromic repeats (CRISPR)

Wright et al (2015) Cell 164:25



Cas9 + sgRNA = programmable DNAse

Jinek et al (2012) Science 337:816



Tanenbaum et al. Cell 2014
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RNA interference

Mello & Conte (2004) Nature 431:338



RNAi CRISPRn CRISPRi

Inactivation Knockdown Complete Null 
(but with limited 

efficacy)

Knockdown

Reversible Yes No Yes

Specific Off-targets (Yes) Yes

Toxic No NoDNA damage

Target ncRNAs YesDifficultDifficult

Number of components 1 2 2

Comparison of loss-of-function approaches



“Nuts and bolts”
Vectors 
• Transient transfection (lipid-based / nucleofection) 
• Viral transduction 

• Random integration into host genome (retroviral, lentiviral) 
•  Selective integration into host genome (Adeno-Associated Virus) 
• Extra-chromosomal maintenance (modified Adeno-Associated Virus) 
• Consider: size, pseudotyping, replication incompetence  

• Transposon-based (PiggyBAC) 
• Transfection with siRNAs, Cas9-sgRNA complexes 

Promoters 
• Endogenous (constitutive / inducible / cell type specific)  
•  Viral (CMV, SFFV) 
• Synthetic (CAGG) 
• Inducible (Tet-ON, Tet-OFF, light-controlled, …) 

Selection markers 
• Drug resistance (puromycin, neomycin, hygromycin, blasticidine…)  
• Fluorescent proteins 
• Cell surface antigens



Manipulating gene expression 
• Manipulation of transcription 

• Activation/repression of endogenous promoters 
• TALE-fusions 
• CRISPRi / CRISPRa 

• Expression of transgenes 
• Degradation of transcripts by RNAi 
• Protein degradation by degrons

Manipulating gene product function 
• Pharmacological targeting of gene products

Altering the genome 
• Random mutagenesis 

• Chemical 
• Insertional 

• Site-directed mutagenesis / editing 
• Homologous recombination 
• Cutting + HR or NHEJ 

• ZFNs, TALENs 
• CRISPR/Cas9

Forward 
genetics

Reverse 
genetics

🚫 (👍)😩
🚫 (👍)🙂

🚫(👍)😖

🚫👍)😐
👍)😃 (👍)😀

(🚫)👍)😐

(👍)😡👍)🙂
(👍)🙂 (👍)🙂

(🚫)(👍)🙂

👍)😃 (👍)😃

(👍)😃 🚫



Puzzle for next week

• You want to identify essential genes in two cancer cell lines, A and B. 

•  You conduct a CRISPRn screen and a CRISPRi screen in parallel. 
The results you get from both screens are mostly overlapping. 

• A few genes are specific to cell lines A or B. However, you notice 
one strange pattern: 

 sgRNAs targeting Genes W, X, Y and Z are killing cell line A, but 
not cell line B in the CRISPRn screen. 
 In the CRISPRi screen, none of the sgRNAs targeting the Genes W, 
X, Y and Z are killing cells.  
 W, X, Y and Z are neighboring genes on a chromosome. 

➡ What is a possible explanation, and how would you test it 
experimentally or bioinformatically?


