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Natural and synthetic strategies for DNA maintenance and recording

Abstract

As the sole guardian of the necessary knowledge for the creation of life (as we know), the
genomic DNA is carefully protected by extremely diligent repair pathways. Highlighting the
importance of these repair processes are thousands of genetic diseases that are caused by just
a single nucleotide mutation (in genomes that are made of billions of nucleotides). On the other
hand, adaptation, which is at the very core of the concept of life, relies on the ability of living cells
to incorporate value-added information to the genome. Thus, mutations (which provide substrates
for adaptation) are also essential and permitted to occur naturally. The dynamic interplay between
the DNA damaging/modifying agents/enzymes and the DNA repair machinery determines the
editing outcome of the book of life. Therefore, genomic DNA can be considered as a biological
hard drive in living cells, where information can be added, saved or erased by two competing
processes. The continued quest to better understand the mechanisms underlying cellular DNA
repair processes on one hand, and the technological advances that allow us to dynamically write
arbitrary information into the genome, on the other hand, are the keys to understanding and
controlling the flow of information into this biological hard drive. Here, | first present our current
outlook to the genome maintenance and DNA repair processes. | then discuss various DNA
writing strategies. In addition, | will outline how the interplay between DNA repair machinery and
these technologies can be leveraged to both dynamically and precisely control the flow of
information into the genomic DNA, as well as better understand the underlying mechanisms of
DNA repair pathways. The synergic advances in these areas could ultimately let us gain control
over the book of life, with applications ranging from the study of human biology and diseases to

programming cellular phenotypes.

vii



Chapter 1. DNA maintenance



Introduction

DNA, the genetic material of almost every living system, holds the information necessary for
making the living from mere atoms. Having the most difficult task of guarding the essential
biological information, DNA was once assumed to be very stable. However, in the 1960s, the
natural vulnerability of DNA was discovered (Lindahl 2016). Later it became clear that DNA can
be damaged by many exogenous (e.g., chemicals, radiation, certain drugs, etc.), as well as
endogenous (e.g., normal byproducts of cellular processes, natural decay of DNA, errors in DNA
processes, etc.) factors; even DNA replication, itself, can cause DNA damage. To prevent these
inevitable damages from leading to loss or alteration of the genetic information, intricate strategies
for sensing and repairing them have been evolved. Without these strategies life as we know it

would not have been possible.

DNA repair strategies require the activation and recruitment of a complex system, where the
exact timing of activation and recruitment of the players are critical in determining the outcome of
the repair. Any defects in this system can lead to devastating diseases such as Alzheimer’s,
Parkinson’s and cancer. Despite their crucial role, the details of many of these repair pathways
have remained largely unknown. Moreover, the variety of DNA lesions and the sophistication of
their dedicated repair pathways suggest that there are many repair systems that remain
uncovered. Indeed, more and more complicated DNA lesions with their own dedicated repair
strategies are being discovered. Uncovering the details of these strategies can pave the way to
new therapeutics that can help improve or boost the repair system in cases where they become

defective.

In this chapter, | will discuss our current knowledge of the DNA repair pathways, the
implications of our discoveries and the remaining questions in the field, beginning with the
molecular mechanism of the five core DNA repair pathways: base excision repair (BER),
nucleotide excision repair (NER), mismatch repair (MMR), non-homologous end joining (NHEJ)
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and homologous recombination (HR). Then, | will discuss how these core repair pathways work
together to repair more complex DNA lesions, such as DNA interstrand crosslinks (ICLs), DNA
protein crosslinks (DPCs) and clustered DNA damage (CDD). While many aspects of these repair
pathways are conserved, prokaryotic and eukaryotic repair systems can be distinct. As the
eukaryotic versions are usually more comprehensive and at the same time more relevant to

human health, in this chapter, | will focus on the eukaryotic DNA repair systems.

Genome maintenance

Our DNA is continuously under attack by various endogenous and exogenous factors with the
estimated rate of 200,000 events per cell per day (Barnes and Lindahl 2004; Ciccia and Elledge
2010). Even DNA replication can introduce DNA lesions (Swenberg et al. 2011; Hoeijmakers
2001). This is mostly due to the random incorporations of mismatched bases or ribonucleotides
(instead of deoxy-ribonucleotides) by the DNA polymerases. In addition, DNA polymerases
become more error-prone when replicating repeats, especially short tandem repeats. These
errors can expand or shorten the repeats with some leading to disorders such as Huntington’s
and ALS (Amyotrophic Lateral Sclerosis)! (Jones, Houlden, and Tabrizi 2017). Another
endogenous source of DNA damage is the natural decay of DNA (Lindahl 1993). For example,
spontaneous depurination/depyrimidination and cytosine deamination happen with estimated
rates of 10,000 and 100 - 500 per cell per day, respectively (Ciccia and Elledge 2010). On the
other hand, methylation and oxidation of DNA by byproducts of cellular reactions lead to
approximately, 40,000 and 400-1500 lesions per cell per day, respectively (Ciccia and Elledge
2010). If not faithfully repaired, these lesions can lead to mutations which in turn can cause, cell

death, cancer, or any of the other thousands of genetic disorders.

1 As these disorders are caused by trinucleotide repeat expansions, they have been termed “the
trinucleotide repeat disorders” (Jones, Houlden, and Tabrizi 2017).



Besides endogenous factors, DNA lesions can be caused by exogenous factors such as UV
radiation, ionizing radiation, and chemicals (Wang and Lindahl 2016). With the estimated rate of
more than 4000 lesions per cell per hour in peak sunlight, UV radiation is the most common
mutagen and the major risk factor for skin cancer (Ciccia and Elledge 2010). The most prominent
DNA damage by UV radiation is the covalent attachment of adjacent pyrimidine bases which can
create 6-4 pyrimidine pyrimidone photoproducts (6-4PPs) and cyclobutane-pyrimidine dimers
(CPDs). By distorting the DNA helix and preventing proper base pairing, these intrastrand
crosslinks can interfere with various DNA functions, as well as introduce mutations during
replication. On the other hand, ionizing radiations?, such as X rays and gamma rays, have much
higher energy levels and can introduce various types of DNA damage, including single and double
strand breaks. Among these lesions, double strand breaks (DSBs) are the most deleterious. If not
repaired in a timely fashion, DSBs can result in deletions, insertions, duplications, inversions, and
translocations of small or large portions of the DNA.2 Finally, chemical factors, such as base
analogs, intercalating agents, reactive oxygen and nitrogen species, and alkylating factors usually
act by modifying bases.* These modifications can then lead to base changes, formation of abasic

sites or attachments of bulky groups to the DNA.

Importantly, DNA lesions cause structural and chemical alterations to the DNA with different
levels of severity. If they persist in the DNA, they can interfere with essential cellular functions

(e.g., DNA replication and transcription) and lead to mutations. To avoid these harmful effects,

2 They can be from a variety of sources such as nuclear reactions, radioactive material, solar
flares, medical procedures and consumer products.

3 The estimated number of DSBs (per cell per day) created by the Hiroshima and Nagasaki atomic
bombs, space missions, airline travels and CT scans (computed tomography scan) are 0.2 — 160,
2, 0.0028, 0.28 respectively (Ciccia and Elledge 2010).

4They can be from a variety of sources including laboratory reagents, chemical weapons, peanuts
and food borne fungi. In addition, reactive oxygen and nitrogen species and alkylating factors can
also be produced as byproducts of cellular metabolism or stress.



cells have evolved different strategies for maintaining genome integrity (Figure 1.1). For example,
DNA polymerases have an estimated error rate of 1 in 10° bases. However, due to their incorrect
base pairing, these misincorporations are often recognized and repaired quickly by the mismatch
repair pathway (discussed in detail below). This improves the error rate of DNA replication by
more than 1000 fold. Besides this pathway, there are many other pathways that have evolved to

repair DNA lesions. In the cells, they work together to maintain the genome integrity.

Figure 1.1 Different types of DNA damage and their repair pathways

Different mutagens (from exogenous or endogenous sources) can cause different types of
damage in the DNA. These damages can be identified and repaired by different repair
pathways. The more common DNA lesions have dedicated repair pathways which constitute
the core repair pathways. The less common DNA lesions need more complex repair strategies
which employ several core repair pathways. NTP (ribonucleotide triphosphate), DSB (double
strand break), SSB (single strand break), BER (base excision repair), NER (nucleotide excision
repair), MMR (mismatch repair), NHEJ (non-homologous end joining), HR (homologous

recombination), TLS (translesion synthesis), FA (Fanconi anemia pathway).
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Core DNA repair pathways

Although there are many different types of DNA damage, the most common forms are
ribonucleotide incorporations, base mismatches, base modifications (including attachments of
small or bulky adducts to the base), abasic sites and DNA breaks (including single stranded and
double stranded breaks). These common DNA lesions have specialized repair mechanisms which
constitute the core DNA repair pathways. The core repair pathways have been studied extensively
and their molecular mechanisms are very well understood. In this section, | will discuss our current

knowledge of these repair pathways.

Base excision repair

First identified by Tomas Lindahl in 1974, base excision repair (BER), which is thought to be
essential, protects us against premature aging, cancer and neurodegeneration (Bernstein and
Bernstein 2015; Do et al. 2014; Farkas et al. 2014; Bayraktar and Kreutz 2018). BER is a well-
conserved mechanism (found in all three domains of life) for the repair of small nhon-distorting
base damages usually caused by oxidation, deamination or alkylation of a base (Schermerhorn
and Delaney 2014). These damages comprise the majority of endogenous DNA damage (caused
for example by natural DNA decay) (Lindahl 1993). However, they can also be caused by

exogenous factors such as chemicals, drugs, and radiation (Wallace 2014).

As it can be inferred from its name, base excision repair removes damaged bases from the
DNA.® In BER, substrate-specific DNA glycosylases search the DNA for these hidden damaged
bases and cleave them from the backbone (Friedman and Stivers 2010). In humans, there are 11
known glycosylases each identifying a few related damages (and some have overlapping

specificities). Based on their substrate, glycosylases can be divided into three groups: 1)

5 The downstream steps of BER can also repair single strand DNA breaks.



glycosylases that recognize oxidative damages (six glycosylases), 2) glycosylases that identify
mispaired uracils and thymines (four glycosylases), and 3) glycosylases that recognize alkylated
bases (one glycosylase) (Brooks et al. 2013; Balliano and Hayes 2015). After finding a specific
damage, it is thought that the dedicated glycosylase flips the base out of the DNA double helix®
and cuts the N-glycosidic bond that attaches it to the backbone (Figure 1.2.1). This results in the
production of an apurinic/apyrimidinic (AP) site (Slupphaug et al. 1996; Huffman, Sundheim, and

Tainer 2005).

Glycosylases have also been categorized based on their mechanism of action into two groups
of monofunctional (which includes the glycosylases that identify alkylated bases or mispaired
uracils and thymines) and bifunctional (which includes the glycosylases that are dedicated to
identifying oxidative damages) (Dalhus et al. 2009). While monofunctional glycosylases leave the
DNA sugar-phosphate backbone intact, bifunctional glycosylases cut the backbone at the AP site
(by their AP lyase activity, leaving behind the remainder of the AP site at the nick) (Stivers and
Jiang 2003). After the creation of an AP site by monofunctional glycosylases, AP endonuclease
1 (APE1) hydrolyses the DNA backbone at the AP site, creating an entry point for the DNA
polymerases (Figure 1.2.2). In the case of bifunctional glycosylases, B-elimination or [(0-
elimination of the AP site (by the glycosylase B-lyase or fd-lyase activities) result in a nick in the
backbone. While B-elimination leaves a 3’ unsaturated hydroxyaldehyde, which has to be further
processed by APE1, Bd-elimination only leaves a 3’ phosphate, which can be removed by
polynucleotide kinase circumventing a need for APE1” (Fromme, Banerjee, and Verdine 2004;

Svilar et al. 2011; Dianov and Hubscher 2013).

6 It has also been suggested that rather than actively flipping the damaged bases, glycosylases
catch them when they stochastically flip (Stivers 2008; Cao et al. 2004).

7 Although APEL is not needed, it can also remove this remaining phosphate.



The subsequent steps, which include synthesis and ligation, have been compared to passing
of a baton and could be either through short patch repair (which only replaces the damaged
nucleotide) or long patch repair (which leads to the replacement of 2 to 12 nucleotides) (Figure
1.2.3) (Krokan and Bjoras 2013; Jacobs and Schar 2012; Dianov and Hubscher 2013). In short
patch repair, polymerase 3 (Pol B), which is a repair DNA polymerase, both removes the leftover
sugar from the AP nucleotide?® (still attached to the 5’ of the nick), and fills in the one nucleotide
gap that is created (Figure 1.2.4a) (Robertson et al. 2009; Svilar et al. 2011; Hegde, Hazra, and
Mitra 2008). The short patch repair can also be redirected to the long patch repair, usually as a
result of Pol B not being able to efficiently remove the remaining sugar. In long patch repair,
replicative polymerases 0/¢ take over and displace the DNA strand that contains the damage
(Figure 1.2.4b). This flap is then removed by the flap endonuclease 1 (FEN1) (Figure 1.2.5b) (Liu
et al. 2005; Sun et al. 2017). The remaining nick in the DNA is then ligated by DNA ligase | in long
patch repair, or DNA ligase llla/XRCC1 (X-ray repair cross-complementing protein 1) in both short
and long patch repair pathways (Figure 1.2.5a and 1.2.6b) (Parsons et al. 2005; Fan and Wilson

2005).

Although the short patch repair is usually the dominant pathway, the decision between short
and long patch repair pathways can depend on the type of damage, the organism, cell type, the
cell cycle phase and the accessibility of BER factors (Fortini and Dogliotti 2007; Gellon et al.
2008). For example, some DNA damage such as oxidized or reduced AP sites cannot be removed
by Pol 8, and therefore, have to be redirected to the long patch repair pathway. Moreover, while
the short patch repair can be efficiently performed in both proliferating and nonproliferating cells,
since long patch repair depends on replicative factors such as pol &/¢ and FEN1, it can only be

performed in proliferating cells (Akbari et al. 2009).

8 In the case of bifunctional glycosylases, this lyase activity is not required.



Figure 1.2 Base excision repair (BER) mechanism

1) BER, which removes small non-distorting base damages, is initiated when a substrate specific
glycosylase finds the damage in the DNA. After detection, the glycosylase cleaves out the
damaged base creating an apurinic/apyrimidinic (AP) site. 2) The APEL nuclease cleaves the
DNA backbone at the AP site. 3) This incision creates an entry point for DNA polymerases. The
remainder of the repair could be performed either by: a) short patch repair (which only replaces a
single nucleotide), or b) long patch repair (which replaces 2-12 nucleotides). 4a) In short patch
repair, the repair polymerase, Pol 3, loads from the nick, and 5a) both removes the leftover sugar
from the AP site and fills in the one nucleotide gap created by this removal. 6a) Ligation of the
remaining nick completes the repair process. 4b) In long patch repair pathway, the replicative
polymerases, pol &/¢, and their sliding clamp PCNA are loaded onto the DNA from the nick that
APEL1 has created. 5b) Pol &/ both displace the damaged strand and resynthesize the DNA. 6b)
The displaced strand is then removed by FEN1. 7b) As in short patch repair, ligation of the

remaining nick completes the repair process.

10



Short Patch / Long Patch
. ) <A
Pol B Repair Repair (.)@
a W

| |
D@GTITITITITITI'ITDGDQI WmTlmmW

Figure 1.2 (Continued)

11



Nucleotide excision repair

Discovered in 1964 by the Setlow, Howard-Flanders, Painter and Hanawalt groups, nucleotide
excision repair (NER) mends distorting DNA damage (such as those generated by UV radiation)
(Setlow and Carrier 1964; Boyce and Howard-Flanders 1964; Pettijohn and Hanawalt 1964;
Rasmussen and Painter 1964). As can be inferred from the severe conditions caused by the
defects in NER (e.g., Xeroderma Pigmentosum, Cockayne's Syndrome and
Trichothiodystrophy?), this pathway is extremely important in genome maintenance. NER is a
complex pathway employing more than 30 proteins among which are 9 major proteins: XPA, XPB,
XPC, XPD, XPE, XPF, XPG (all of which cause Xeroderma Pigmentosum, if mutated, and are
named after this disorder), CSA and CSB (mutations of the CS proteins cause Cockayne’s
Syndrome, and are named after this disorder) (DiGiovanna and Kraemer 2012; Lehmann 2003;
Gillet and Scharer 2006). After the discovery that NER repairs the damages on the transcribed
strands with a higher rate, NER was divided into two subpathways (which only differ in their
damage detection capabilities): global genome NER (GG-NER), which can identify lesions
anywhere in the genome, and transcription-coupled NER (TC-NER), which can identify the lesions
in the transcribed strands (Figure 1.3.1) (Spivak and Ganesan 2014; Gillet and Scharer 2006;

Spivak 2015).

In GG-NER, the DNA distortion caused by damage is recognized by the XPC complex (XPC,
RAD23B, and centrin2) which binds to the opposite strand of the damage (Figure 1.3.2). By
avoiding to bind directly to the damage, XPC significantly increases its capacity for recognizing
diverse DNA lesions (Lee et al. 2014; Maillard, Solyom, and Naegeli 2007; Min and Pavletich

2007). After binding, the XPC complex melts the DNA around the damage and recruits the

9 These severe conditions include an extremely high risk of cancer and developmental and
neurological abnormalities.
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downstream factors (i.e. TFIIH complex) (Figure 1.3.3). In cases where the lesion does not induce
a significant DNA distortion, the DNA damage binding complex (DDB complex, which comprise
of DDB1 and DDB2 (XPE)) binds to the lesion and creates a kink in the DNA that can be identified

by XPC (Tang and Chu 2002; Zhu and Wani 2017).

In TC-NER, blockage of a transcribing RNA polymerase due to a lesion initiates the repair
(Figure 1.3.2). Upon RNA polymerase stalling, CSB (Cockayne's syndrome group B protein),
which is a transcription elongation factor that travels with the RNA polymerase, recruits CSA
(Cockayne's syndrome group A protein) and the NER repair factors (i.e. TFIIH complex) (Figure
1.3.3). In this pathway, after completion of the repair, CSA mediated degradation of CSB is

necessary for the resumption of the RNA synthesis (Marteijn et al. 2014).

After the initiation step, recruitment of the TFIIH complex (which is comprised of ten proteins)
converges the two subpathways (i.e. GG-NER and TC-NER). XPB and XPD, two components of
the TFIIH complex, are helicases that in addition to creating a bubble around the lesion, act as a
secondary verification step for the presence of the lesion (Ziani et al. 2014; Compe and Egly
2012). They move along the DNA in the 5’ — 3’ direction (Mathieu et al. 2013; Coin, Oksenych,
and Egly 2007; Winkler et al. 2000). If they stall due to a lesion, they recruit RPA, XPA, and XPG,
which form the pre-incision complex (Figure 1.3.4) (Mathieu et al. 2013; Marteijn, Hoeijmakers,
and Vermeulen 2015; Araujo, Nigg, and Wood 2001). In this complex RPA, which is the single
stranded DNA binding protein, forms a polymer on the undamaged strand in the bubble and
protects it from nuclease activity (de Laat et al. 1998). XPA recruits XPF-ERCC1 endonuclease
which cleaves the 5’ of the bubble (Figure 1.3.5) (Sijbers et al. 1996; Orelli et al. 2010; Li,
Peterson, et al. 1995). After the 5’ incision, XPG makes a cut at the 3’ of the bubble® (Fagbemi,

Orelli, and Scharer 2011; Araujo, Nigg, and Wood 2001; Dunand-Sauthier et al. 2005). These

10 This is in addition to XPG'’s role in providing structural support for the TFIIH complex
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dual incisions release the 24 - 32 nucleotide oligo that contains the damage and generate an
entry point for DNA polymerases (Figure 1.3.6). The replicative DNA polymerases &/¢ are then
loaded onto the DNA and fill in the created gap (Figure 1.3.7). Finally, similar to BER, DNA ligase
I (only in replicating cells) or DNA ligase Illa/XRCC1 (in both replicating and nonreplicating cells)
ligate the remaining nick, restoring the DNA double helix structure (Figure 1.3.8) (Shiviji et al.

1995; Koch et al. 2016).

Figure 1.3 Nucleotide excision repair (NER) mechanism

1) NER removes DNA lesions that either block the transcription machinery (transcription
coupled NER) or are helix distorting (global genome NER). 2) In transcription coupled NER,
after an RNA polymerase is stalled by the damage, transcription factors CSA and CSB initiate
the repair. In global genome NER, the XPC complex (composed of XPC, Centrin2 and
RAD23B) recognizes the DNA helix distortion due to the damage and initiates the repair
process. 3) After detection of the damage, the TFIIH complex is recruited. Two components of
the TFIIH complex, XPB and XPD, are helicases that create a bubble around the damage. 4)
XPB and XPD also move along the DNA and by stalling at the site of the damage confirm its
presence. This allows the continuation of the repair process by recruiting RPA, XPA and XPG.
RPA (small blue circle) is the single stranded binding protein that covers the undamaged strand
and protects it from nuclease activity. 5) XPA further recruits the XPF-ERCC1 endonuclease,
which creates a cut at the 5’ side of the bubble. XPG completes the excision of the damaged
region by cutting the 3’ of the bubble. 6) The replicative polymerases, pol d/¢, and their sliding
clamp, PCNA, are then loaded onto the DNA from the 3’ end and synthesize the excited region
using the undamaged strand as template. 7) Ligation of the remaining nick completes the repair

process.
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Mismatch repair

The third and final pathway for repairing single stranded DNA damage is the highly conserved
mismatch repair (MMR) pathway (Groothuizen and Sixma 2016). This pathway, which has a
crucial role in the repair of mismatches (as well as small insertions and deletions) introduced by
replication and recombination, was proposed as a notion by Robin Holliday in 1964 and
discovered by the Meselson group in 1975 (Holliday 1964; Wildenberg and Meselson 1975;

Wagner and Meselson 1976).

MMR is especially important for repairing the errors that scape proofreading during DNA
replication. In this pathway, MutSa (MSH2-MSHG6) or MutSB (MSH2-MSH3) detect the lesions
based on the weakened base pair bond in the mismatch and the slight helix distortion caused by
it (Figure 1.4.2) (Dalhus et al. 2009). While MutSa detects 1-2 nucleotide damages (mismatches
and small loops), MutSB can recognize the larger insertion and deletion loops (Kunz, Saito, and
Schar 2009). Detection of the lesion recruits MutLa (which is a heterodimer of MLH1 and PMS2)

to the site of the damage (Figure 1.4.3).

As in BER and NER, after detection of the damage, MMR degrades and resynthesizes the
region that contains the lesion. However, since the damage is a mismatched base or region,
rather than a chemical modification, MMR has to decide which one of the strands contains the
mutation. Since the mutations are mostly due to replication errors, MMR has been programmed
to assume that the nascent strand is the damaged one. MMR distinguishes the nascent strands
based on the discontinuities (nicks and gaps) that are present in the newly synthesized DNA (e.g.,
gaps between the Okazaki fragments or nicks created during the excision of ribonucleotides)
(Pavlov, Mian, and Kunkel 2003; Ghodgaonkar et al. 2013). To find these discontinuities, MutSa/
and MutLa translocate along the DNA. If the nick (or gap) is located 5’ of the damage, Exo1 (which
is a 5-3' exonuclease) degrades the region containing the damage (Figure 1.4.5). DNA
polymerase d/¢ then load from the 3’ end and synthesize the DNA using the other strand (Figure
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1.4.6) (Jiricny 2006; Tishkoff et al. 1997; Genschel, Bazemore, and Modrich 2002)**. However, if
the nick (or gap) is located 3’ of the damage, DNA polymerase /¢ are loaded from the nick and
degrade the damaged region (through their 3’'>5’ exonuclease activity), as well as resynthesize
it (Tran, Gordenin, and Resnick 1999). If there are not any pre-existing nicks or gaps, MutLa cuts
both sides of the damage on the nascent strand based on the position and orientation of RFC,
PCNA, and RPA. Then, Exol degrades the damaged region and polymerase &/ resynthesize it

(Jiricny 2006).

Figure 1.4 Mismatch repair (MMR) mechanism

1) MMR removes base mismatches, as well as insertions and deletions. 2) MutSa (composed
of MSH2 and MSH6) detects the damage based on the helix distortion and weakened base
pairing at the site. 3) After detection of the damage MutLa (composed of MLH1 and PMS2) is
recruited. 4) If there are not any pre-existing nicks or gaps in the DNA, MutLa nicks the DNA
creating an entry point for Exol. 5) While Exol degrades the damaged region, RPA (small blue
circle) protects the single stranded DNA that has been created. 6) The replicative polymerases,
pol &/, and their sliding clamp PCNA are loaded onto the DNA from the 3’ end and synthesize

the excited region. 7) Ligation of the remaining nick completes the repair process.

11 |t is also possible for the DNA polymerase &/¢ to load from the 5’ nick and displace, as well as
resynthesize the damaged region (Kadyrov et al. 2009).
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Although for the most part different players are involved in detection and repair of single strand
damages, the general repair strategy is shared between BER, NER and MMR. In this strategy,
the damaged region, which is recognized based on helix distortion, is excised from the DNA. The
undamaged strand is then used as template for resynthesis of the excised region. The final step,
which is the ligation of the remaining nick by DNA ligases restores the DNA double helix structure

(Figure 1.5).

Detection based on the helix distortion

! DDA
Excision of the damaged region 1

IIIIIIIIIIII]NM

Resynthesis from the undamaged strand 1

Ligation 1

DD p A

Figure 1.5 The general strategy for single strand DNA damage repair

The three core DNA repair pathways dedicated to repairing the single strand damages share
the same strategy. In this strategy, the damage is detected based on its effect on DNA structure.
After detection the damaged region is excised and resynthesized from the undamaged strand.

Ligation of the remaining nick completes the repair process
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Double strand DNA break repair

A complete break in the DNA helix, known as the double strand break (DBS) is amongst the
most dangerous forms of DNA damage. DSBs, which can be due to exogenous (e.g., ionizing
radiation) or endogenous (e.g., replication fork collapse and V(D)J recombination) sources, are
either repaired by non-homologous end joining (NHEJ) or homologous recombination (HR)
(Figure 1.6). To choose between these two pathways, cells take into account a variety of factors
including the structure of DNA at the site of the break and the presence of a homologous template.
As this decision is critical in determining the outcome of the repair, it is highly regulated (Aylon,
Liefshitz, and Kupiec 2004; Ira et al. 2004; Mahaney et al. 2013). Although HR is the dominant
DSB repair pathway in some organisms (e.g. Saccharomyces cerevisiae), NHEJ is the
predominant DSB repair pathway in mammals. The preference for NHEJ in the latter group is
thought to be due to the deleterious effects of loss of heterozygosity (especially in recessive

mutations of antioncogenes) which can result from mitotic HR (Knudson 1993).
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Figure 1.6 Strategies for double stand break repair

Double strand breaks can be repaired by two core DNA repair pathways: non-homologous end
joining (NHEJ) and homologous recombination (HR). While HR uses a homologous sequence
as template for repairing the damage, NHEJ repairs the break by ligating the ends together. As
such, NHEJ is highly prone to introducing mutations at the site (shown in red). Many factors
including the structure of the break and the presence of a homologous template factor in the

decision between the two pathways. However, resection of the ends commits the repair to HR.
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Non homologous end joining

The predominant outcome of the decision between the DSB repair pathways is the
evolutionary conserved non-homologous end joining (NHEJ). NHEJ is a fast and crude
mechanism for ligation of the broken ends of the DNA together (Chiruvella, Liang, and Wilson
2013; Radhakrishnan, Jette, and Lees-Miller 2014; Guirouilh-Barbat et al. 2004). Moore and
Haber coined the term “non-homologous end joining”, since in contrast to homologous
recombination (discussed in detail in the next section), this pathway does not require a
homologous DNA sequence as a template for guiding the repair (Moore and Haber 1996).
Instead, this pathway uses microhomologies (i.e. short homologous DNA sequences) near the

broken ends (usually in the single stranded overhangs) as its guide for repair.

If the overhangs of the broken ends are compatible, NHEJ can repair the DSB accurately
(Moore and Haber 1996; Boulton and Jackson 1996; Budman and Chu 2005). However, if the
overhangs are not compatible or the broken ends are damaged, NHEJ employs a variety of
strategies for cleaning the ends (Ma et al. 2005; Waters et al. 2014). This can introduce different
types of mutations (including insertions and deletions) to the genome or even ligate the wrong
DNA ends, causing DNA translocation or telomere fusion (Espejel et al. 2002). Indeed, the broken
ends of DSBs located in the same topological domain have been shown to frequently ligate
together (Alt et al. 2013; Zhang et al. 2012; Zarrin et al. 2007). To avoid losing the broken ends
and ligating the wrong DNA ends, the broken ends are tethered together by one of the early
responders to DSB, the MRN complex (which consist of MRE11, RAD50 and NBS1), as well as
DNA dependent protein kinase (DNA-PK) (Zha, Boboila, and Alt 2009; Hammel et al. 2010;

Cottarel et al. 2013).

NHEJ is initiated by sliding of Ku (composed of Ku70 and Ku80) onto the DNA ends (Figure
1.7.2a) (Walker, Corpina, and Goldberg 2001). Ku then recruits the DNA-PK catalytic subunit
(DNA-PKcs) and together they form the DNA-PK holoenzyme (Figure 1.7.3a). DNA-PK then
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phosphorylates itself and several other NHEJ factors, and protects the DNA ends from excessive

resection (Jiang et al. 2015).

Based on the physical and chemical condition of the broken ends, different enzymes, such as
DNA polymerases B, A and p, PNK (polynucleotide kinase), aprataxin, MRN, terminal
deoxynucleotidyl transferase and SNM1C/artemis (which is a nuclease), are employed to make
the incompatible, and damaged ends compatible (Figure 1.7.4a) (Menon and Povirk 2016; Waters
et al. 2014). This processing, however, can cause mutations in the genome. The DNA ends are
then ligated by ligase IV-XRCC4 (X-ray repair cross-complementing protein 4) (Figure 1.7.5a)
(Critchlow, Bowater, and Jackson 1997; Grawunder et al. 1997; Li, Otevrel, et al. 1995). In
addition, XLF (XRCC4 like factor), a homolog of XRCC4, binds to XRCC4 and Ku and stimulates

the ligation process (Yano et al. 2011; Mahaney et al. 2013).

Homologous recombination

By using undamaged homologous sequences as template, homologous recombination (HR)
is capable of repairing the DSB without introducing mutations. To this end, the broken ends are
resected in the 5°-3’ direction, creating 3’ overhangs which can then invade the homologous
region on the sister chromatid. Therefore, resection plays a critical role in the decision between
NHEJ and HR, as it commits the cells to HR and inhibits NHEJ (Shibata et al. 2014). BRCAl
(breast cancer type 1 susceptibility protein) promotes the initiation of resection by the MRN
complex (which as mentioned above is one of the first responders to the site of DSB and a key
regulator of the DNA end resection) and its binding partner, CtIP (Figure 1.7.2b) (Stracker and

Petrini 2011; Limbo et al. 2007; Mimitou and Symington 2008; Prakash et al. 2015).

After the initial resection by MRN-CtIP, the exonucleases EXO1 and DNAZ2 further resect the
5 ends of the DSB to produce more extended 3’ overhangs (Figure 1.7.3b) (Mimitou and

Symington 2011). While EXO1 does not require the help of a helicase for resection, DNA2
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exonuclease activity is dependent on the RecQ family of helicases, including the Bloom complex
(which consists of Bloom helicase, Rmil, Rmi2, and Topoisomerase llla) or the Werner syndrome
helicases (WRN) (Mimitou and Symington 2008). The created ssDNA 3’ overhangs are stabilized
by the replication protein A (RPA). BRCAL also recruits PALB2 (partner and localizer of BRCAZ2),
which in turn recruits BRCAZ2 (breast cancer type 2 susceptibility protein) (Prakash et al. 2015).
BRCAZ2, then, mediates the replacement of RPA on the 3’ overhangs by the recombinase RAD51
(Figure 1.7.4b) (Holloman 2011). Interestingly, Rad51 paralogs, RAD51B, RAD51C, RAD51D and
XRCC2 also form a complex (BCDX2) that plays a role in RAD51 recruitment, assembly and
stabilization on the 3’ overhangs, through a mechanism that is not well understood (Chun,

Buechelmaier, and Powell 2013; Suwaki, Klare, and Tarsounas 2011).

After replacing RPA on the 3’ overhangs, Rad51 enables homologous pairing and strand
invasion of the 3’ overhangs which forms the displacement loop (D-loop) (Figure 1.7.5b). The
invading ssDNA can now get extended by DNA polymerases copying the information from the
undamaged homologous template (Figure 1.7.6b). Capturing the second 3’ overhang by the D-
loop creates a double Holiday junction (Figure 1.5.7b) (West 2009). The Holliday junction can
then get resolved by the assistance of BLM, GEN1 and the SLX4-MUS81-EME1-SLX1 nucleases
(Figure 1.7.8b) (Tacconi and Tarsounas 2015). However, if the incisions are made on the wrong

strands, this step can lead to sister chromatid exchange (Tacconi and Tarsounas 2015).
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Figure 1.7 Double strand break repair mechanisms

1) Double strand breaks can be repaired either by: a) non-homologous end joining (NHEJ) or
b) homologous recombination (HR). 2a) NHEJ is initiated by sliding of the Ku complex onto the
DNA ends. 3a) Ku then recruits DNA-PKCc to the ends. 4a) Based on the condition of the ends
(e.g., compatibility of the ends or presence of other damages), different DNA processing
enzymes such as DNA polymerases, PNK (polynucleotide kinase), aprataxin, APLF (aprataxin
and PNK like factor), MRN (complex of MRE11, RAD50 and NBS1) and its binding partner
CtIP, TdT (terminal deoxynucleotidyl transferase) and SNM1C/artemis (which is a nuclease),
get recruited to the site. 5a) The compatible DNA ends are ligated by Ligase IV-XRCC4, while
XLF stimulates the ligation. 6a) Due to the processing of the ends, NHEJ will likely introduce

mutations at the site of damage.

2b) By promoting the resection of the broken ends by MRN and its binding partner CtIP, BRCA1
commits the repair pathway to HR. 3b) After this initial resection, EXO1 and DNA2 with the help
of RecQ family of helicases (e.g., Bloom complex and WRN) further resect the ends producing
more extended 3’ overhangs. RPA (small blue circle) protects the 3’ overhangs from damage.
4b) BRCAZ facilitates the replacement of RPA with RAD51, which 5b) promotes invasion of the
3’ overhangs into a homologous sequence and formation of the displacement loop (D-loop).
6b) DNA polymerases now can extend the 3’ overhangs by copying the information from the
undamaged homologous sequence. 7b) Capturing the 5’ ends of the broken DNA, leads to the
formation of a double Holliday junction which is resolved by resolvases. 8b) This completes the
repair pathway and restores the DNA structure. Unlike NHEJ, HR does not introduce mutations

at the site of damage.
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Translesion DNA synthesis

Unrepaired DNA damage can hinder replication forks, which in turn can start a series of
signaling that initiate DNA repair. If the damage is not repaired in a timely manner, the replication
fork may collapse. Fork collapse can have extremely deleterious effects and may lead to cell
death (Waters et al. 2009). Considering these deleterious effects, tolerating the damage by
replicating past it (termed translesion synthesis (TLS)) can help the cells survive in these
situations. As such, TLS is a coping mechanism rather than a repair mechanism. In fact, TLS
leaves the damage to be repaired after the passage of the replication fork, when the time

constraint is less severe (Friedberg 2005).

During TLS, the replicative polymerases (pol d/€) are replaced with translesion polymerases
which have a more accommodating active site, can synthesize the DNA across a damaged
template, lack proofreading and as a result have lower fidelity (Yang and Woodgate 2007). So far
five major translesion polymerases: Rev1, pol k, pol 1, pol n and pol ¢ (Rev3/Rev7) have been
identified in eukaryotes. All the known translesion polymerases, except pol {, belong to the Y
family of DNA polymerases. Interestingly, Pol C is from the B family of DNA polymerases which
contains the replicative polymerases (Goodman and Woodgate 2013; Lawrence 2004; Ohmori et
al. 2001). Translesion synthesis usually requires two translesion polymerases, the first
polymerase inserts a nucleotide across from the damage and the second polymerase further
extends the DNA until it dissociates, and is replaced with the replicative polymerases (Shachar et

al. 2009).

Complex DNA repair pathways

In addition to the common DNA lesions, there are other less frequent forms of DNA damage,
including interstrand crosslinks (which covalently attach the two strands of DNA together), DNA-

protein crosslinks (which are caused by formation of a covalent bond between a protein and DNA),
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and clustered damages (which consists of multiple DNA lesions occurring within one or two turns
in the DNA helix). These damages require more complex repair strategies necessitating the
collaboration of different core repair pathways. In this section, | will discuss how different repair
pathways work together to repair these complex damages. Although the detail of these pathways
are still under investigation and many of their aspects remain enigmatic, here | will discuss our

current knowledge of the field and the remaining questions.

DNA Interstrand crosslink repair

By preventing unwinding of DNA strands, interstrand cross-links (ICLs) introduce a barrier to
transcription and replication and therefore are one of the most deleterious forms of DNA damage.
It has been shown that, if they stay unrepaired, only one ICL can kill bacterial and yeast cells, and
approximately 20-40 ICLs can kill a mammalian cell (Grossmann et al. 2001; Lawley and Phillips
1996; Muniandy et al. 2010; McVey 2010). In addition, the repair of ICLs can be very error-prone
which can lead to genome instability. These lesions can be produced as a result of endogenous
events such as lipid peroxidation or exogenous agents such as anticancer drugs (Figure 1.8)

(Noll, Mason, and Miller 2006).
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Figure 1.8 DNA interstrand crosslinks (ICLs)

DNA interstrand crosslinks (ICLs), which covalently bind the two strands of DNA together, can
be produced by a variety of endogenous (e.g., metabolic byproducts) and exogenous (e.g.,
common chemotherapeutics) factors. By preventing the unwinding of DNA, they act as a barrier

for essential cellular processes such as replication and transcription.
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During different phases of the cell cycle, different pathways are activated for the repair of ICLs
(Williams, Gottesman, and Gautier 2013). The main mechanism of ICL repair is thought to be
dependent on DNA replication which occurs during the S-phase (Raschle et al. 2008). However,
ICLs can also be repaired outside of the S-phase by a replication-independent pathway. This
mode of repair is critical for the repair of ICLs in non-dividing or terminally differentiated cells
(Figure 1.9) (Sarkar et al. 2006; Hlavin et al. 2010; Muniandy et al. 2009; Shen et al. 2006; Zheng

et al. 2003; Williams, Gottesman, and Gautier 2012; Ben-Yehoyada et al. 2009; Kato et al. 2017).

Figure 1.9 DNA interstrand crosslinks (ICLs) are detected and repaired by different

mechanisms during different phases of cell cycle

Cells have developed different strategies for repairing ICLs during the different phases of cell
cycle. During the S phase, ICLs are predominantly detected by converging replication forks,
accordingly the repair pathway employed in this phase has been termed the replication
dependent pathway. Since outside of the S phase, ICLs are detected either through collision of
transcription machinery or by factors detecting helix distortion (and do not involve replication
forks), this pathway has been termed replication independent pathway. After detection, in both
pathways, separation of the two strands (i.e., unhooking) happens by incisions on either side of
the ICL. While in the replication independent pathway, this unhooking creates a gap that can be
filled by trasnlesion polymerases, in replication dependent pathway, unhooking creates a DSB
that requires both HR and translesion synthesis for repair. Finally, removal of the remaining
adduct by NER restores the DNA integrity. It is important to note that many of these steps and
factors involved in them are under investigation and future studies are required to establish or

amend these pathways.
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Sources of DNA interstrand crosslinks

Developed by Fritz Haber, nitrogen mustard, which is an ICL inducing agent, was originally
used as a chemical weapon during World War 1. In an effort to find the antidote, researchers
discovered that nitrogen mustard had reduced the number of immune cells in the people exposed
to this chemical (Goodman, Wintrobe, and et al. 1946; Einhorn 1985). This led to the idea of using
it as a drug for the treatment of leukemia. Therefore, a derivative of nitrogen mustard,
mechlorethamine, was developed as the first chemotherapeutic drug (Goodman, Wintrobe, and
et al. 1946). However, it was not until the 1940s that the mechanism of action of nitrogen mustard
was attributed to the generation of ICLs (Goldacre, Loveless, and Ross 1949). Due to their
effectiveness in preventing DNA replication (and thus cellular proliferation), even today ICL
inducing agents are widely used for cancer treatment (Deans and West 2011). However, many
cancer cells become resistant to these treatments by mechanisms that are still elusive. By better
understanding the repair pathways that allow resistance to ICLs, we might be able to design more

effective cancer therapies.

In addition to Nitrogen mustard, a variety of bifunctional crosslinking agents such as cisplatin,
psoralens, mitomycin C, deoxybutane and their derivatives can also induce ICLs. However, the
structure of the ICLs produced by these agents, as well as the degree to which they distort the
DNA helix can be very different. For example, mitomycin C, psoralen and nitrogen mustard do
not distort the helix greatly, while cisplatin causes a more pronounced distortion in the DNA. These
differences depend on several factors such as the sequence preference of the crosslinking agents
and the distance between the crosslinked bases. In fact, these physical differences can greatly
influence the detection and repair of ICLs. In addition to ICLs, these crosslinking agents can cause
DNA protein crosslinks, DNA monoadducts and intrastrand crosslinks, although to varying
degrees. For example, mitomycin C produces approximately 15% ICLs, 50% monoadducts and

35% intrastrand crosslinks (Lopez-Martinez, Liang, and Cohn 2016; Dronkert and Kanaar 2001).
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ICLs can also be generated endogenously by the byproducts of metabolic reactions. For
example, reactive aldehydes (e.g., formaldehyde and acetaldehyde, which are byproducts of
carbohydrates metabolism, histone demethylation and biosynthesis of purines and amino acids),
malondialdehyde and unsaturated aldehydes (e.g., acrolein and crotonaldehyde, which are
byproducts of lipid peroxidation during oxidative stress), and nitric oxide can also produce ICLs
(Garaycoechea et al. 2012). In addition, ICLs can form spontaneously between abasic site (which
are present in cells at a steady state level of 50,000-200,000, due to the natural decay of DNA or
as repair intermediates) (Price et al. 2014; Dianov and Hubscher 2013). Finally, environmental
factors such as psoralens and furocoumarins (found in plants such as bergamot, celery, and
parsley), as well as Mitomycin C (produced by Streptomyces caespitosus) can also cause ICLs
(Deans and West 2009). Therefore, ICLs are formed regularly in natural conditions and their repair
deficiency can lead to several genetic disorders, including Fanconi anemia and karyomegalic
interstitial nephritis. As such, understanding this repair pathway may help develop treatments for

these patients.

Replication-dependent interstrand crosslink repair

In the replication-dependent ICL repair pathway, the collision of the replication forks with the
ICL*? activates a series of repair processes mediated by Fanconi anemia proteins (see below)
(Wang 2007; Raschle et al. 2008; Knipscheer et al. 2009). The replication forks stall behind the

CMG replicative helicase (comprised of Cdc45, MCM2-7, and GINS), which unwinds the DNA

12 Although several studies, in Xenopus egg extract and mammalian cells, have shown that a
single fork can initiate repair (Le Breton et al. 2011; Nakanishi et al. 2011; Mutreja et al. 2018;
Rohleder et al. 2016; Huang et al. 2013), Zhang et al. show that if only one fork hits the ICL, CMG
is not unloaded and repair fails (Zhang et al. 2015). The preference between these two models
has been debated extensively and remains controversial (Deans and West 2011; Kottemann and
Smogorzewska 2013; Muniandy et al. 2010; Williams, Gottesman, and Gautier 2013; Bunting and
Nussenzweig 2010; Clauson, Scharer, and Niedernhofer 2013; Legerski 2010; Walden and
Deans 2014; Zhang and Walter 2014).
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ahead of the DNA polymerase (Figure 1.10.2) (Fu et al. 2011). Soon after forks stall at the ICL,
the nascent lagging strands undergo 5' - 3' resection (Figure 1.10.3). This likely leads to the
activation of the ATR checkpoint signaling pathway, whose activity depends on the presence of
ssDNA (Zou and Elledge 2003). Dissociation of the helicases?®® allows one of the leading strands
to resume synthesis until it reaches the ICL* (Figure 1.10.3) (Fu et al. 2011; Long et al. 2014).
Next, endonucleases cut both sides of the ICL on the non-template parental strand of the
approached fork (Figure 1.10.4). Incisions lead to a double stranded break (DSB)! in one
chromatid and unhooking of the ICL (which remains attached to the other strand) (Figure 1.10.5).
Now, translesion DNA polymerases can bypass the crosslink by inserting one nucleotide across
from the ICL adduct. Further extension of this bypassed strand by TLS polymerases completes
the replication of one chromatid (Figure 1.10.5). The DSB in the other chromatid undergoes
resection, preparing it for repair by homologous recombination between the two sister chromatids
(Figure 1.10.6). Finally, the remaining adduct is removed by NER, restoring the correct form of

the DNA double helix (Figure 1.10.7).

13 The ubiquitin mediated unloading of CMG, which is essential for repair, is regulated by BRCA1-
BARD1 complex, and requires the assistance of an active DNA polymerase (Long et al. 2014).

14 Based on the lack of errors in this synthesis, it has been suggested that the replicative
polymerases are able to approach the ICL till -1 position (Budzowska et al. 2015). However, it is
possible that based on the structure of the ICL other polymerases would be needed for this step
(Ho et al. 2011).

15 It is not known how the decision between the two replication forks is made.
16 DSBs have been one of the early observations of the replication dependent ICL repair (De Silva

et al. 2000) and depend on the ubiquitination of a Fanconi anemia protein FANCD2 (see below)
(Knipscheer et al. 2009).
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Figure 1.10 Replication-dependent interstrand crosslink (ICL) repair mechanism

1) By crosslinking the two strands of DNA together, ICLs create a barrier for essential DNA
functions, such as transcription and replication. 2) The replication dependent ICL repair starts
when replication forks collide with the ICL. The stalled replication forks recruit FANCM, which in
turn recruits the rest of the Fanconi anemia (FA) core complex. 3) Fork stalling also causes the
resection of lagging strands by exonucleases. This leads to creation of single stranded DNA and
activation of the ATR checkpoint kinase. Unloading of the replicative helicases (CMG), by an
unknown mechanism, allows for the approach of one of the DNA polymerases to the ICL. 4) After
its recruitment, the FA core complex activates the FANCI-FANCD2 heterodimer by mono-
ubiquitinating them. This is further facilitated by phosphorylation of FANCI by the activated ATR
kinase. The activated FANCI-FANCD?2 control the rest of the pathway including the recruitment
of the endonucleases that unhook the ICL by making incisions at either side of the ICL. SLX4 is
a large scaffold protein that is thought to both help recruit the endonucleases, as well as orient
them for making the correct incisions. It has been shown that XPF performs at least one of the
incisions, while the endonuclease responsible for the second incision is still unknown. 5) Although
the incisions liberate the two strands from each other, they leave an oligo adduct attached to one
of the strands and create a DSB in the other one. Since replicative polymerases are not able to
use the adducted template for synthesis, translesion polymerases are recruited to complete the
replication of one of the strands. Further resection of the DSB ends in the sister chromatid creates
longer 3’ overhangs. Rad51 (small light blue circle) replaces the RPA (small dark blue circles) on
the overhangs. 6) Rad51 facilitates strand invasion to the sister chromatid. Homologous
recombination (HR) repairs the DSB. 7) Finally the remaining adduct is thought to be removed by

nucleotide excision repair (NER) pathway.
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Factors involved in replication-dependent ICL repair

Genetic studies have identified four general groups of factors involved in replication-
dependent ICL repair: 1) the Fanconi anemia factors which are the master regulators of the
pathway, 2) nucleases, which can be divided into two groups a) endonucleases responsible for
unhooking the ICL and resolving the HR intermediates, and b) exonucleases responsible for
resection of the lagging strands as well as the DSB ends, 3) translesion polymerases which are
able to synthesize DNA across from the remaining ICL adduct, and 4) factors involved in

homologous recombination?”.

The Fanconi anemia pathway

Fanconi anemia (FA), which is a rare hereditary human disease!® causing bone marrow
failure, cancer predisposition, developmental defects, and genomic instability, was first described
by a Swiss physician, Guido Fanconi, in 1927 (Fanconi 1927; Lobitz and Velleuer 2006; Alter
2014). However, it was not until the 1970s that the cause of FA was suggested to be the increased
sensitivity of FA cells to ICL inducing agents, signifying a deficiency in the repair of ICLs (specially
ICLs made by endogenous factors such as aldehydes) as the underlying cause of this condition
(Sasaki and Tonomura 1973; Auerbach and Wolman 1976)*°. We now know that FA is caused by

biallelic mutations in the Fanconi proteins, 21 of which have been identified so far (FANCA, B, C,

7 The HR factors have been discussed earlier in the chapter.

8 In the US, the estimated occurrence of FA is 1 out of 360000 live births, with 1 out of 181 people
being a carrier (Rosenberg, Tamary, and Alter 2011).

19 This discovery is still being used for diagnosis of FA, based on the rate of accumulation of
chromosomal abnormalities after treatment of cells with an ICL inducing agent, diepoxybutane.
This is especially important since diagnosis of this heterogeneous disease based on the
symptoms alone is very difficult (Auerbach 1988). However, the deficiency in ICL repair still has
not been established as the sole cause of all FA symptoms (Bagby and Olson 2003)
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D1,D2,E,F,G,I,J,L,M,N,O,P,Q,R, S, T, Uand V%) (Wang 2007; Mamrak, Shimamura, and
Howlett 2017; Kottemann and Smogorzewska 2013; Ceccaldi, Sarangi, and D'Andrea 2016;
Walden and Deans 2014). The FA proteins are only activated during the S-phase?! in the
presence of active replication and as such, they are only involved in the replication-dependent

repair of ICLs (Rothfuss and Grompe 2004; Taniguchi et al. 2002).

The Fanconi anemia pathway, which is activated upon stalling of the replication forks, employs
the FA proteins for regulation of different steps of ICL repair (such as damage recognition and
recruitment of nucleases and repair polymerases to the site of damage for ICL unhooking and
HR). The FA proteins can be divided into three main groups. The first group includes FANCA, B,
C,E F, G, L, and M, and the Fanconi associated proteins: FAAP20, FAAP24 and FAAP100, and
MHF1 and MHF2. Together, they make up the FA core complex, which is an E3 ubiquitin ligase
(Kim et al. 2008; Qiao, Moss, and Kupfer 2001). From this group, the FANCM subcomplex
(including FANCM, FAAP24, MHF1, and MHF2) is one of the first responders to the site of
damage and recruits the rest of the core complex by binding to FANCF (Huang et al. 2010; Huang
et al. 2013; Singh et al. 2010). In addition to the FANCM subcomplex, the core complex includes
three other subcomplexes: a catalytic subcomplex (FANCB, FANCL and FAAP100) and two
subcomplexes that assist with the binding of the catalytic subcomplex to the DNA (one consisting
of FANCA, FANCG, and FAAP20, and the other made up of FANCC, FANCE and FANCF)

(Huang et al. 2014; Yuan et al. 2012; Leung et al. 2012).

Upon recruitment to the ICL, FANCL from the catalytic subcomplex (with the help of

UBE2T/FANCT which is the E2 ubiquitin-conjugating enzyme in this reaction but not part of the

20 FANCH complementation group was found to be analogous to FANCA complementation group
and therefore was removed (Joenje et al. 2000; Joenje et al. 1997).

21 FANCM, the first link of the FA pathway, is hyperphosphorylated during mitosis. This has been
suggested to inhibit FA pathway outside of the S-phase (Kim et al. 2008).
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core complex (Rickman et al. 2015; Virts et al. 2015; Alpi et al. 2008)) mono-ubiquitinates its only
known substrates, the heterodimer of FANCI and FANCD?2 (ID2)??(Garcia-Higuera et al. 2001;
Smogorzewska et al. 2007; Huang et al. 2014; Longerich et al. 2014; Sato et al. 2012; Alpi et al.
2008). FANCI and FANCD2, which constitute the second group of the FA proteins, are highly
conserved (Joo et al. 2011). Ubiquitination of ID2 stabilizes its interaction with DNA (specifically
at sites with stalled replication fork structure (Liang et al. 2016)) allowing it to coordinate the

downstream repair steps?? through the third group of FA proteins.

The third group of FA proteins can be subdivided into two groups: 1) factors involved in
incisions and unhooking of the ICL: XPF/FANCQ (an endonuclease that works with its regulatory
subunit ERCC1) and SLX4/FANCP (a large scaffolding protein that binds several endonucleases
such as SLX1, MUS81 and XPF, and is thought to interact with FANCD2 through its UBZ (ubiquitin
binding zinc finger domain), and 2) the homologous recombination factors: RAD51/FANCR (a
strand transfer catalyst), RAD51C/FANCO (a RAD51 paralog), XRCC2/FANCU (a RAD51
paralog), BRCAL/FANCS (a homologous recombination enhancer), BRIP/FANCJ (a BRCA1-
interacting helicase), BRCA2/FANCD1 (which enhances RAD51 mediated strand invasion),

PALB2/FANCN (a BRCA2 regulator), and REV7/FANCYV (a translesion DNA polymerase) (Klein

22 While the replication forks are stalled, the lagging strands are resected generating ssDNA.
Since ssDNA is a signal for DNA damage, it activates the ATR (ataxia telangiectasia and Rad3-
related protein) kinase which is one the most upstream kinases in the DNA Damage Response
(Zou and Elledge 2003). ATR phosphorylates ID2 heterodimer, further facilitating its ubiquitination
and activation by the Fanconi core complex (Andreassen, D'Andrea, and Taniguchi 2004;
Pichierri and Rosselli 2004).

23 Ubiquitination of FANCD2 seems to have a more important role in ICL repair, since a mutant
version of FANCI lacking the ubiquitination site can partially rescue FANCI knock out cells
(Garcia-Higuera et al. 2001; Matsushita et al. 2005; Timmers et al. 2001; Ishiai et al. 2008;
Smogorzewska et al. 2007). The main role of FANCI seems to be in promoting FANCD2
ubiquitination (Sato et al. 2012; Longerich et al. 2014; Smogorzewska et al. 2007).
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Douwel et al. 2014; Bogliolo et al. 2013; Stoepker et al. 2011; Sawyer et al. 2015; Park et al.

2016)%.

Nucleases

Nucleases are one of the major classes of factors that have been shown to be involved in
various repair pathways (e.g., DSB repair) including different stages of ICL repair: resection of
the stalled lagging strands, incisions that lead to ICL unhooking, trimming of the unhooked ICL
adduct, resection of the DSB, resolution of the Holliday junctions created during HR, and removal
of the ICL adduct. As such, many nucleases have been implicated in ICL repair including XPF-

ERCC1, SLX4-SLX1, MUS81-EME1, FAN1, CTIP, MRE11, EXO1, DNA2, SNM1A, and SNM1B.

Endonucleases

Unhooking of the ICL, which liberates the two strands from each other, is a crucial step in all
ICL repair pathways and is performed by structure-specific endonucleases. Several nucleases
have been suggested to be involved in incisions including XPF-ERCC1, SLX4-SLX1, MUS81-
EME1, and FAN1 (Hanada et al. 2006; Trujillo et al. 2012; Svendsen et al. 2009; Kratz et al. 2010;

Kuraoka et al. 2000).

Recently, it was shown that at least one of the incisions during unhooking is made by XPF-
ERCC1 (Klein Douwel et al. 2014; Klein Douwel et al. 2017). The XPF-ERCCL1 heterodimer can
cleave the dsDNA on the 3’ arm/flap side, near its junction with ssDNA in DNA structures

(Tsodikov et al. 2005; de Laat et al. 1998; Bowles et al. 2012)?5. SLX4/FANCP which is a scaffold

24 Deubiquitination of ID2 after the completion of repair by a complex of USP1 and UAF1 (USP1
associated factor 1) is important for regulation of ICL repair (Cohn et al. 2007; Nijman et al. 2005;
Oestergaard et al. 2007; Smogorzewska et al. 2007; Kim et al. 2009).

25 The XPF-ERCCL1 heterodimer is composed of XPF/FANCQ, the catalytic subunit (which
contains a ERCC4 (excision repair cross-complementation group 4) domain), and ERCC1,
(excision repair cross-complementation group 1) the regulatory subunit required for substrate
specificity in which the nuclease domain is inactive. XPF-ERCC1 has been studied extensively in
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protein for nucleases (including SLX1, XPF-ERCC1, and MUS81-EME1) is thought to recruit XPF-
ERCC1 (Klein Douwel et al. 2014)?. It is also possible that when XPF-ERCC1 or SLX4 are not
recruited to the ICL, MUS81-EME1, FAN1l or other endonucleases perform the incisions
necessary for unhooking. Interestingly, although FAN1 deficiency leads to ICL sensitivity, FAN1
and the FA pathway are not epistatic and mutations in FAN1 lead to karyomegalic interstitial
nephritis (KIN) rather than Fanconi anemia (Yoshikiyo et al. 2010; Zhou et al. 2012; Trujillo et al.
2012). This suggests that FAN1 is involved in a FA-independent ICL repair pathway. However,

its role in ICL repair remains enigmatic.

Although the exact mechanism of recruitment of endonucleases is unknown, they are thought
to be recruited and controlled by the ubiquitinylated ID2 complex, which is localized at the site of
damage (Taniguchi et al. 2002; Klein Douwel et al. 2014; Klein Douwel et al. 2017)?’. For example,
FAN1 and SLX4 interaction with ubiquitinylated ID2 complex through their UBZ domain has been
shown to be important for their recruitment (Kratz et al. 2010; Liu et al. 2010; MacKay et al. 2010;
Smogorzewska et al. 2010). ID2 is also believed to direct the incisions during unhooking. This is
perhaps the most important step during the repair process as aberrant incisions (e.g., incisions
on both parental strands) not only would lead to repair failure, it could cause extreme genome

rearrangement.

Exonucleases

The main function of exonucleases in DNA repair is thought to be through resection and

processing of the DNA ends at the site of damage. In replication-dependent ICL repair, they are

the context of NER (see section on NER) (Tsodikov et al. 2005; de Laat et al. 1998; Bowles et al.
2012).

26 SLX4 also enhances XPF activity (Hodskinson et al. 2014).

2T FANCI-D2 has been shown to have a preference for binding branched DNA structures (with the
ability to accommodate an ICL), allowing it to locally control the repair process (Joo et al. 2011).
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involved in resection of the lagging strands (of stalled replication forks), as well as the new 5’ ends
of the DSB formed after ICL unhooking (Long et al. 2011). These resections are required for both
activation of ATR?2, one of the early stages of the ICL repair pathway, as well as the initiation of
homologous recombination, one of the final steps of ICL repair. Therefore, it is not surprising that
several nucleases including MRE11, CTIP, EXO1, and DNA2 have been implicated in ICL repair

(Duquette et al. 2012; Karanja et al. 2012; Suhasini et al. 2013).

Although the role of exonucleases in DSB repair has been studied extensively, their role in
ICL repair and the mechanism by which they are recruited and regulated during ICL repair are
still largely unknown. For example, it is not clear if they have redundant roles or each has a distinct
role in the repair process (e.g., if the exonucleases involved in the early resection of the lagging
strands are different from those involved in the later resection of the DSB). In addition, since
overproduction of ssDNA can lead to genome rearrangement and clustered mutagenesis (Karanja
et al. 2014), over-resection can be extremely toxic. As such, regulation of the activity of
exonucleases has to be strictly regulated during the repair process. However, the factors that

activate and regulate the nucleases are largely unknown.

The molecular mechanism by which exonucleases are recruited to ICL is also still largely
unknown. Two recent publications suggest that ubiquitinated FANCD2 interacts with and recruits
CtlIP to ICLs (Murina et al. 2014; Unno et al. 2014). However, these results are mainly based on
low-resolution co-localization experiments and the exact mechanism by which FANCD2 recruits
CtIP is not clear. In addition, it is not clear how MRE11, EXO1, and DNA2 are recruited to the
ICL. Since different exonucleases might be involved in different stages of ICL repair, their

recruitment might be regulated through different mechanisms. Especially since lagging strand

28 ATR is activated by ssDNA and promotes ID2 ubiquitination and activation.
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resection is assumed to happen before FANCD?2 activation, the exonucleases involved in this

process are not likely recruited by FANCD2. A potential candidate for this role is FANCM.

An additional role for exonucleases during ICL repair is processing of the unhooked ICL
adduct to a one nucleotide adduct (monoadduct). This digestion is thought to be required for filling
of the gap by TLS polymerases (Ho et al. 2011; Minko et al. 2008). Two members of the 3-CASP
subfamily of metallo-B-lactamase related nucleases (which have 5-3’ exonuclease activity),
SNM1A and SNM1B, have been implicated in this step (Allerston et al. 2015; Sengerova et al.
2012; Cattell, Sengerova, and McHugh 2010)?°. Depletion of either of the nucleases causes
cellular sensitivity to ICL inducing agents, although SNM1A depletion causes greater sensitivity
(Hemphill et al. 2008; Bae et al. 2008; Mason and Sekiguchi 2011). In addition, both have been
shown to digest past an ICL in vitro, with SNM1A showing higher activity, suggesting that these
nucleases are involved in trimming the remaining adduct (Wang et al. 2011; Sengerova et al.
2012). Another possibility is that after the & incision during unhooking, SNM1A or SNM1B load
from the nick and digest past the ICL removing the requirement for a second endonuclease to
perform the 3’ incision (Sengerova et al. 2012). In another study, depletion of SNM1B inhibited
FANCD?2 localization on the ICLs, suggesting an earlier role for SNM1B such as remodeling of

the replication fork (Mason and Sekiguchi 2011; Mason et al. 2013).

Translesion polymerases

Interestingly, cells from patients with Fanconi anemia have fewer point mutations than healthy
cells (Niedernhofer, Lalai, and Hoeijmakers 2005; Niedzwiedz et al. 2004). This has been
suggested to be due to the role of the translesion (TLS) polymerases in several steps of the FA
dependent ICL repair including the insertion of a nucleotide across from the adduct and extension

beyond the adduct both after unhooking and the HR repair of the DSB in the sister chromatid. In

29 The third member of the SNM1 family, SNM1C/Artemis, is involved in NHEJ but not ICL repair.
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comparison to replicative polymerases, TLS polymerases have a higher error rate. Therefore,
there is a higher chance of mutations during synthesis by TLS polymerases, which decreases the
fidelity of the ICL repair. These error-prone polymerases have been shown to be recruited to the
ICL by the FA core complex (Budzowska et al. 2015; Niedzwiedz et al. 2004; Mirchandani,

McCaffrey, and D'Andrea 2008; Kim et al. 2012).

Several TLS polymerases including Revl, pol Z, n, v and k have been implicated in ICL repair
(Enoiu, Jiricny, and Scharer 2012; Williams, Gottesman, and Gautier 2012; Sarkar et al. 2006;
Niedzwiedz et al. 2004; Roy and Scharer 2016). Rev1%° can interact with PCNA, as well as pol ,
n, 1, and K. As such, it is thought to have the role of a landing pad for TLS polymerases, enhancing
the switch from replicative polymerases to TLS polymerases during ICL repair (Budzowska et al.
2015). Although, it is believed that different TLS polymerases perform the insertion (adding one
nucleotide across from the adduct) and extension (synthesizing the strand after insertion) steps,
it not clear which TLS polymerases are involved in these steps (Raschle et al. 2008). It is highly
likely that the choice between the TLS polymerases is highly dependent on the structure of the
ICL and the unhooked adduct (Raschle et al. 2008; Yamanaka et al. 2010; Minko et al. 2008; Klug
et al. 2012; Ho et al. 2011). It is also possible that replicative polymerases have the ablity to
perform the insertion step (maybe with lower efficiencies) but require a TLS polymerase for the

extension since they will not be able to extend from a mispaired primer.

Alternative replication-dependent interstrand crosslink repair pathways

ICLs can be formed by diverse crosslinking agents between different nucleotides that are
separated by various distances or are located in different DNA structures such as major or minor

grooves. As such, ICLs are very heterogeneous in their chemical and physical characteristics.

30 Revl is a dCMP transferase and is able to insert a dCMP across from abasic sites or modified
guanine bases.
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Therefore, cells may require different strategies for detecting and repairing different types of ICLs
(Deans and West 2011; Ho et al. 2011). In addition, based on the state of the cells and the
availability of the factors involved, different factors or pathways may substitute the steps explained
above. For example, the DSB formed after unhooking may get repaired by NHEJ instead of HR
(McHugh, Sones, and Hartley 2000; Aggarwal et al. 2013). Finally, although the replication-
dependent pathway is thought to be the main mechanism of ICL repair, during the other phases
of cell cycle, ICLs still can be detected and repaired by other mechanisms3! (Muniandy et al. 2010;

Williams, Gottesman, and Gautier 2013).

Interstrand crosslink traverse model

Recent observations in mammalian systems have challenged the belief that ICLs completely
block the replication (and their repair requires the convergence of two replication forks to the site
of damage). By using single-molecule studies in Chinese hamster ovary cells, it was
demonstrated that 60% of the replication forks can rapidly bypass a 4,5',8 trimethylpsoralen ICL
without unhooking it, albeit with some short pausing (Huang et al. 2013; Rohleder et al. 2016).
This mechanism has been termed the replication traverse model (Huang et al. 2013). Although
this mechanism is still largely uncharacterized, it has been shown to depend on the DNA binding
and translocase activities of FANCM (which is able to remodel stalled replication forks) (Huang et
al. 2013), interaction of FANCM and PCNA (which is the DNA replication processivity factor)
(Rohleder et al. 2016), Bloom syndrome complex (which consists of Bloom helicase, DNA
topoisomerase llla, RMI1 and RMI2) (Ling et al. 2016), RAD51(which is an HR factor) and ATR

(which is the DNA replication checkpoint kinase) (Mutreja et al. 2018), and it is not dependent on

31 For example during the GO/1 phase, ICLs can be detected by stalled transcription machinery
or by the NER, BER or MMR pathways due to DNA distortion. After detection they are repaired
by replication-independent mechanisms that are dependent on unhooking of the ICL (by incisions
at 3’ and 5’ of ICL) followed by translesion DNA synthesis across the unhooked adduct.
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other FA pathway proteins (Rohleder et al. 2016). In this model, upon encountering an ICL, the
stalled replication fork is reversed (through a mechanism that depends on FANCM, Bloom,
RAD51, and ATR) creating a four-way junction (Huang et al. 2013; Rohleder et al. 2016; Mutreja
et al. 2018). Replication fork restart results in a quick bypass of the ICL (without the need for ICL
repair)®2. However, it is not known whether the CMG bypasses the ICL or a different helicase is
loaded. This mechanism helps to maintain genome integrity by avoiding stalled replication forks
and fork-associated repair. The subsequent repair steps (which happen after the replication) are

thought to be the same and are initiated by FANCM (Huang et al. 2013).

Glycosylase dependent interstrand crosslink repair

In addition to nucleotide excision repair and homologous recombination, base excision repair
has also been implicated in ICL repair (Berquist and Wilson 2012; Wilson and Seidman 2010).
For example, glycosylases: AAG (Maor-Shoshani et al. 2008) and NEIL1 (Mace-Aime et al. 2010)
were shown to protect cells against psoralen ICLs. More recently, it was shown that psoralen and
abasic site ICLs, but not cisplatin ICLs, can undergo replication-dependent repair independently
of the FA pathway (Semlow et al. 2016). In this pathway, glycosylase NEIL333 cleaves one of the
glycosidic bonds in the crosslink, liberating the two DNA strands and allowing the resumption of
replication by translesion DNA polymerases. Interestingly this pathway does not require CMG
unloading or incisions and thus avoids DSB and HR. However, if this pathway is inhibited, the
repair is rerouted to the FA pathway. Therefore, although the replication machinery detects
diverse ICLs, the choice of repair pathway depends on the chemical and physical characteristics

of the ICL and the availability of different repair factors.

32 FANCM recruits the ssDNA binding protein RPA, which might help melt the DNA around the
damage (Huang et al. 2010).

33 Interestingly, although NEIL3 is a bifunctional glycosylase, in this context it seems to acts as a
monofunctional glycosylase.
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Replication-independent interstrand crosslink repair

Although the replication-dependent ICL repair mechanism has attracted a lot of attention,
largely due to its importance in cancer therapy, ICLs can also be repaired in the absence of
replication (e.g., during the G1 phase of cell cycle) (Sarkar et al. 2006; Hlavin et al. 2010;
Muniandy et al. 2009; Shen et al. 2006; Zheng et al. 2003; Williams, Gottesman, and Gautier
2012; Smeaton et al. 2008; Ben-Yehoyada et al. 2009; Kato et al. 2017). In fact, this mode of
repair can be crucial for non-dividing or slowly dividing cells (e.g., neurons) during treatment with

ICL inducing anticancer agents, or may even help cancerous cells acquire drug resistance.

Replication-independent ICL repair (RIR) was originally thought to be achieved by two rounds
of excision repair (Cole 1973). In line with this belief, genetic studies have revealed two major
groups of proteins involved in RIR: excision repair factors (involved in BER, NER or MMR) and
TLS polymerases (Muniandy et al. 2009; Sarkar et al. 2006; McHugh, Sones, and Hartley 2000;
Thoma et al. 2005; Wood 2010; Zhao et al. 2009; Noll, Mason, and Miller 2006; Huang et al.

2011). However, their exact mechanism of action remains unknown.

In the absence of replication, ICLs could be detected either by stalled transcription machinery,
or factors that detect distortion of the DNA double helix such as NER and MMR damage sensors
(Figure 1.11.1) (Enoiu, Jiricny, and Scharer 2012; Wang et al. 2001; Ben-Yehoyada et al. 2009).
Interestingly, as in NER, the efficiency of ICL repair is higher if they are located in actively
transcribing regions (Zheng et al. 2003; Islas, Vos, and Hanawalt 1991). In these regions, the
stalled transcription machinery recruits the NER factors through CSA or CSB (with the same

mechanism as TC-NER) (Hlavin et al. 2010; Zheng et al. 2003; Enoiu, Jiricny, and Scharer 2012).

In the absence of replication or transcription, ICLs can still be detected by DNA damage
surveillance factors that can sense the distortion in DNA structure. XPC, which is the GG-NER

surveillance factor, have been shown to detect the less distorting psoralen and mitomycin C
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induced ICLs (Thoma et al. 2005; Muniandy et al. 2009; Zheng et al. 2003; Wood 2010). While,
the MMR surveillance factors, MutSa and MutS@, can recognize the more distorting ICLs such as
cisplatin, cisplatin-D, O6-methylguanine, and O4-methylthymine, as well as psoralen ICLs

(Duckett et al. 1996; Yamada et al. 1997; Vasquez 2010; Zhang et al. 2002; Kato et al. 2017).

Upon recognition, the ICL is thought to be unhooked by incisions on both sides of the lesion,
leading to the formation of a gap in one of the DNA strands (Figure 1.11.2). It has been shown
that in mammalian cell extracts, in the absence of replication, the NER endonucleases, XPF and
XPG, incise 5’ to the ICL (Smeaton et al. 2009; Wang et al. 2001; Sarkar et al. 2006). In order to
unhook the ICL, an incision has to also be made 3’ of the ICL. Several endonucleases including
CtIP, XPF, SLX4-SLX1, FAN1, and SNM1A have been implicated in this step (Klein Douwel et al.

2014; Sengerova et al. 2012). However, the nuclease performing this step is still unknown.

After unhooking, the ICL adduct (likely attached to an oligonucleotide) remains connected to
one of the strands. Digestion of this remaining adduct to a one-nucleotide adduct (monoadduct)
is likely required to enable DNA synthesis across from it (Figure 1.11.3). It has been shown that
SNMI1A is able to digest an oligonucleotide attached by an ICL, leaving behind a monoadduct
(Sengerova et al. 2012; Roy et al. 2016; Wang et al. 2011)34. This suggests that SNM1A is
involved in further processing of the adduct, which is left after unhooking of the ICL. Now, a DNA
polymerase (either a TLS or a replicative polymerase) would be able to insert a nucleotide across
from the monoadduct (Figure 1.11.4). However, extension beyond the monoadduct, which
requires the use of a distorted primer-terminus (caused by the incompatibility between the 3'-

terminal nucleotide and the template base carrying the monoadduct), most likely will not be

34 Although FANL1 is also able to process an ICL-attached oligonucleotide, the remaining adduct
is 3 nucleotides in size (Takahashi et al. 2015). Since FAN1 leaves a 3-nucleotide adduct which
probably requires further processing, FANL1 is likely involved in the unhooking step and not in the
processing of the remaining adduct.
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possible by a replicative polymerase. This can result in stalling of the replicative polymerase and
ubiquitylation of the PCNA which recruits TLS polymerases to the site of damage (Plosky et al.
2006). TLS polymerases are then able to extend the DNA from a terminal mismatch and fill the
gap (Figure 1.11.4). Although several TLS polymerases, including revl, pol ¢, pol n, and pol K,
have been implicated in RIR, it is not clear which one performs this gap-filling step (Enoiu, Jiricny,
and Scharer 2012; Williams, Gottesman, and Gautier 2012; Sarkar et al. 2006). It is also possible
that several TLS polymerases have redundant functions and are able to perform the extension
step. Finally, after gap filling likely by a TLS polymerase, ligation to the other side finishes the

repair. The remaining monoadduct is believed to be removed by NER (Figure 1.11.5).

Despite its potentially crucial role in postmitotic cells, such as heart muscle cells and neurons,
as well as cells with deficient replication-dependent ICL repair pathways (e.g., Fanconi anemia
cells), the detailed molecular mechanism of replication-independent ICL repair pathway(s) has
remained largely enigmatic. In addition, structurally different ICLs can be detected and repaired
by different replication independent mechanisms (and different efficiencies) adding to the
complexity of studying this mode of repair (Hlavin et al. 2010; Yamada et al. 1997; Smeaton et al.

2009; Roy et al. 2016).
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Figure 1.11 Replication-independent interstrand crosslink (ICL) repair mechanism

1) In the absence of replication, interstrand crosslinks (ICLs) can be detected either by stalling
of the transcription machinery or by factors that detect DNA distortion. 2) After detection,
incisions at either side of the ICL unhook the crosslink. This leads to the creation of a gap in
one strand and the liberation of the ICL, which stays attached to the other strand as an adduct.
3) Digestion of the ICL adduct to a mono-adduct is likely necessary for allowing the DNA
polymerases to use this strand as template. 4) DNA polymerases are loaded onto the 3’ of the
gap and fill in the region using the strand carrying the mono-adduct as template. This step likely
requires translesion polymerases, as proper base pairing with the nucleotide carrying the
adduct is not possible. 5) The remaining adduct is thought to be removed by the nucleotide

excision repair (NER) pathway.

50



N/

@ Detection

@ Unhooking I -

® Digestion of ¥ T TTI>arT] | TI><CITI><
the adduct r__
t

5 3

@ Bypass I > LTI >

© ner I > T T T><CT

Figure 1.11 (Continued)

51



DNA-protein crosslink repair

Almost all DNA processes (e.g., replication, transcription, regulation and packaging) are
performed by proteins. Exogenous and endogenous crosslinking factors, such as ionizing
radiation (e.g., ultraviolet light, X-rays and y-rays) and chemical crosslinking factors (e.g.,
aldehydes, heavy metal ions and chemotherapeutics), can covalently attach these DNA
associated proteins to the DNA (Nakano et al. 2017; Xie et al. 2016; Ewig and Kohn 1977). In
addition, DNA processing enzymes that form covalent bonds with DNA during intermediate
reaction steps (such as topoisomerases, DNA methyltransferases, DNA polymerases and
glycosylases) can get trapped in these intermediate steps and create DPCs (Pommier et al. 2014;
Liu et al. 2003; Prasad et al. 2014; Quinones and Demple 2016). The steric hindrance of these
large DNA-protein crosslinks (DPCs) prevents essential cellular functions such as DNA
replication, transcription and even DNA repair. Therefore, if not repaired these frequent DNA

lesions can be extremely toxic.

DPCs inhibit different DNA processes with different efficiencies, which depend on the structure
and strength of the DNA processing machinery, as well as the size and orientation of the DPC.
For example, replicative helicases are inhibited by DPCs larger than 14.1 kD in vitro, suggesting
that their central channel is large enough to allow the passage of small DPCs (Nakano et al.
2013). In addition, while replicative DNA polymerases are completely inhibited by DPCs in vitro,
translesion DNA polymerases n, k, v and 1 can replicate over small 10 amino acids (but not larger)
DPCs (Novakova et al. 2003; Nakano et al. 2012; Yeo et al. 2014; Yamanaka et al. 2010)3%.
Interestingly, the T7 RNA polymerase does not get completely blocked by DPCs no matter the

size of the DPC but becomes very error prone after bypassing the DPC (with 40—75% of the

35 The complete inhibition of plasmid replication by a DPC containing a DNA methyl transferase,
histone fragments, or a T4 endonuclease V in E. coli cells suggest that DPCs completely inhibit
replication forks in vivo (Nakano et al. 2007; Kuo, Griffith, and Kreuzer 2007; Kumari et al. 2010).
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transcripts containing mutations) (Nakano et al. 2012). It is thought that the trailing RNA
polymerases help the leading RNA polymerase bypass the DPC by a factor of 5.2 — 17 (Nakano
et al. 2012). Finally, in all the above-mentioned scenarios, the DPC is located on the translocating
strand. DPCs located on the non-translocating strands have not been observed to cause any

hindrance to the DNA processing machinery.

Due to the heterogeneous nature of DPCs, various mechanisms have been evolved for their
repair. For example, common DPCs caused by enzymatic reactions such as trapped
topoisomerases have dedicated repair mechanisms. In the case of topoisomerases, tyrosyl DNA
phosphodiesterase (TDP) relieves the trapped topoisomerase by cleaving the bond between the
tyrosine residue in its active site and the nicked DNA (Pommier et al. 2014). Moreover, enzymatic
DPCs located at the DSBs (e.g., meiotic recombinases) are removed during the resection of DSB
ends by MRE11-CtIP (Hartsuiker et al. 2009). In addition to DSB repair, NER has been shown to
remove the majority DPCs, especially DPCs located on the template strand of transcribed genes
(Nakano et al. 2007; Fornace 1982; Stingele et al. 2014). However, NER is only able to remove
small DPCs (< 11kDa) (Nakano et al. 2009; Baker et al. 2007). Therefore, it is thought that first
either proteasome or Spartan (SPRTN, which is a DPC dedicated protease), processes larger
DPCs that have been marked by ubiquitin®®, making them suitable for removal by NER (Baker et
al. 2007; Maskey et al. 2017; Morocz et al. 2017). This proteolysis processing of DPCs is part of
the replication-coupled DPC repair pathway that is initiated by the collision of the replication fork

with the DPC (Stingele and Jentsch 2015).

Similar to ICLs, DPCs can be detected and processed after their collision with a replication

fork (Figure 1.12.1). This collision, initiates the proteolysis of the DPC either by proteasome or

36 Marking the DPCs by ubiquitin is likely a necessary strategy for avoiding the unwanted
proteolysis of DNA associated proteins (Stingele and Jentsch 2015).
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SPRTN, which is recruited to the DPC by ubiquitinylated PCNA (Figure 1.12.2). Proteolysis of the
DPC to a small peptide allows the bypass of the CMG helicase (Figure 1.12.3). However, the
replicative DNA polymerases still are not able to pass the DPC (Figure 1.12.4) and require the
assistance of TLS polymerases (Figure 1.12.5) (Duxin et al. 2014; Centore et al. 2012). After
bypassing the peptide, replicative polymerases replace the TLS and complete the DNA replication
(Figure 1.12.6). The remaining peptide is then thought to be removed by NER (Figure 1.12.7). It
is thought that if the proteolysis fails, cleavage or collapse of the stalled replication fork redirects
the repair to HR (Stingele and Jentsch 2015). Interestingly, Fanconi anemia pathway seems to
be involved in DPC tolerance and repair especially in cases where the DPC prevents DNA
unwinding (e.g., DPCs that encircle the DNA or are crosslinked to both strands) (Rosado et al.
2011; Langevin et al. 2011; Garaycoechea et al. 2012). However, the details of this pathway
remain enigmatic and deserve further characterization, especially since many chemotherapeutics

induce DPCs.
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Figure 1.12 DNA-protein crosslink (DPC) repair mechanism

1) Similar to ICLs, DPCs can be detected upon collision with a replication fork. 2) After
detection, the DPC is degraded by a protease (proteasome or SPRTN). 3) This proteolysis
leaves a small peptide attached to the DNA. 4) Although, the replicative helicase (CMG) is
capable of bypassing the adduct, the replicative polymerases (pol &/€) are not. 5) To prevent
fork stalling and collapse, translesion polymerases (TLS), which are capable of synthesizing
past the adduct, are recruited. 6) After bypassing the lesion, pol &/¢ replace the TLS
polymerases, and 7) complete the DNA replication. 8) The leftover peptide adduct is later

removed by NER.
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Clustered DNA damage

Clustered DNA damage are defined as multiple DNA lesions (mostly abasic sites, breaks,
oxidized bases or their combination) located within one or two turns of the DNA helix (Ward 1994,
Goodhead 1994). In the 1980s, separate studies by Ward and Goodhead brought the importance
and deleterious effects of these complex DNA damage to light (Ward, Blakely, and Joner 1985;
Goodhead et al. 1980; Ward 1981). Although these damages can have endogenous causes such
as oxidative stress, they have a very low likelihood of arising endogenously and are considered
a signature of ionizing radiation (Eccles, O'Neill, and Lomax 2011; Goodhead 1994; Georgakilas

et al. 2004; Bennett et al. 2005).

Based on their composition, clustered DNA damage can be divided into two groups of complex
double strand breaks (DSBs) and non-DSB clusters. As discussed the previous sections, the
DSBs can be repaired either by NHEJ or HR. However, the presence of other DNA lesions in the
vicinity of the DSBs can lead to lower efficiency and accuracy of the repair. On the other hand,
non-DSB clusters constitute more than 80% of the CDDs (Box, Dawidzik, and Budzinski 2001,
Lomax, Gulston, and O'Neill 2002; Douki, Riviere, and Cadet 2002). Since most of the non-DSB
clustered damages affect DNA bases, BER usually plays an important role in their repair.
However, its efficiency has been shown to be highly dependent on the spatial organization of
damages (Barzilay and Hickson 1995; Nilsen et al. 2012; Lomax, Cunniffe, and O'Neill 2004). For
examples, some CDDs are resistant or very slow to repair, because their configuration inhibits
glycosylates or nucleases (Tsao et al. 2007; Georgakilas et al. 2004). In these cases, the
persistence of the DNA damage can lead to mutations, fork collapse, chromosomal breakage,
and cell death. In addition, based on the type and location of these damages other pathways have
also been observed to get involved. For example, if the damages are located on opposite strands
their repair can lead to double strand breaks which require NHEJ or HR for repair (Mourgues,

Lomax, and O'Neill 2007; Singh and Das 2013). Even if the damages on the opposite strands do
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not lead to double strand breaks, they will force the DNA polymerases (usually required in these
repair pathways to replace the excised damaged region) to use a damaged template. As a result,
it has been suggested that the translesion polymerases play a role in the repair of this type of
damage. However, in the absence of an intact template, the introduction of mutations at the region

is inevitable (Belousova and Lavrik 2015).

In these clusters, each lesion can affect the detection and repair of the nearby lesions by
altering the structure and chemistry of DNA. Therefore, in addition to the types of damages, their
spatial organization (i.e. their orientation and distance) can greatly affect the outcome
(Georgakilas, Bennett, and Sutherland 2002; Semenenko, Stewart, and Ackerman 2005; Sage
and Harrison 2011). In addition, the genome level distribution of damages can affect the
availability of repair factors, as well as the accuracy of repair especially for DSB (Rydberg 1996;
Hlatky et al. 2002; Holley and Chatterjee 1996). CDDs are thought to be repaired simultaneously
or sequentially by multiple repair pathways. Since each step can change the structure of the DNA
(which will affect the efficiency of the subsequent steps), the repair outcome of the clusters is
highly dependent on the first responders that set the path for the repair, as well as the order of
recruitment of different factors (Belousova and Lavrik 2015; Singh and Das 2013). Although
recently several studies have started to tackle the repair problem of CDDs, many aspects of their
repair are still enigmatic. As radiation therapy (e.g., for cancer treatment) is becoming more
common, understanding the details of these repair pathways is necessary to ameliorate the

adverse effects of this treatment on patients.
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Discussion

Despite the significant progress we have made in characterizing different pathways that have
evolved for the identification and repair of different forms of DNA damage, there are still many
unknowns in the field. As we explore the new frontiers of the field, we are realizing more and more
that DNA damage repair pathways are not as rigid as once imagined. In fact, they are much more
fluid; they can overlap and collaborate for identifying and repairing different damages in the cell
with many factors that were once thought to be involved in one repair pathway, now being realized
to play roles in multiple pathways. This is especially apparent in the case of complex DNA damage

such as DNA interstrand crosslinks and DNA protein crosslinks.

In addition to their primary role in DNA repair, many repair pathways have additional roles that
go beyond genome maintenance in living cells (Figure 1.13). For example, BER is also involved
in regulating gene expression, RNA metabolism (e.g., many repair proteins including APE1 have
been shown to interact with various RNA species), and immunoglobulin class switch, as well as
mediating epigenetic marks (e.g., erasing DNA methyl marks). In addition, HR allows the
exchange of information between chromosomes during meiosis, V(D)J recombination during the
development of adaptive immunity and immunoglobulin heavy chain class switch in mature B
lymphocytes (Neale and Keeney 2006; Alt et al. 2013). NHEJ has also been shown to be
important in immune system development, neurodevelopment and memory formation (Ferguson
and Alt 2001; Frank et al. 1998; Gao et al. 1998; Sekiguchi et al. 1999; Suberbielle et al. 2015).
Therefore, in contrast to their primary role in guarding the information in the genome, they can be

leveraged by the cells to manipulate this information.
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Figure 1.13 Other functions and applications of DNA repair pathways

Although the primary role of DNA repair pathways is guarding the information stored in the
DNA, they are also involved in various other cellular processes. Interestingly, cells have
developed strategies to convince these pathways to help manipulate the information stored in
the genome or epigenome in much faster time scales than allowed by evolution (e.g., during
processes such as mediating epigenetic marks, V(D)J recombination, Ig class switch, RNA
metabolism, controlling neural activity and memory formation in the brain). Inspired by these
natural roles of DNA repair pathways, in recent years we have begun to develop technologies
for writing and recording artificial information such as biological and environmental cues — that
are not naturally stored in the genome — into the genomic DNA (discussed in the second

chapter).
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Notably, recent findings point to the DSB formation and repair as an important factor in brain
development, physiology and function (Wei et al. 2016; Wei et al. 2018; Madabhushi et al. 2015;
Suberbielle et al. 2013; Crowe et al. 2006). In fact, neural diversity of the brain (such as the
genomic copy humber variation in the frontal cortex) is thought to be, at least partly, due to the
repeated DSBs and genetic modifications in mature neurons, as well as during neurodevelopment
(McConnell et al. 2013; McConnell et al. 2017; Poduri et al. 2013; Wei et al. 2016).%" Interestingly,
these events happen especially in genes involved in synaptogenesis and neural functions, which
have been associated with autism, schizophrenia and brain cancers (McConnell et al. 2013;
Northcott et al. 2012; Rausch et al. 2012; Frattini et al. 2013; Wei et al. 2018). For example,
activity-induced DSBs have been shown to activate early response genes which are mostly
involved in memory formation and learning (Madabhushi et al. 2015; West and Greenberg 2011,
Cholewa-Waclaw et al. 2016; Suberbielle et al. 2013). As these DSBs can lead to the
accumulation of mutation in these regions over the life span of individuals, they might be the
reason behind aging-associated cognitive decline (Alt and Schwer 2018). However, their exact
repair mechanism in neurons is still unknown. Discovering how these DSBs are controlled and
repaired might hold the key to understanding brain functions and why it malfunctions in
neurological diseases (that affect over a billion people worldwide) such as Alzheimer’'s and
autism. This can potentially help design effective diagnosis and treatments tailored to each

specific condition.

It is now a century past from the discovery of DNA as the keeper of the blueprint of life. We
have come a long way from the time that the existence of DNA repair pathways and the

importance of studying DNA damage were faced with skepticism. We now know that we are

37 These DSBs, which have a variety of sources such as neural activation, oxidative stress,
replication and transcription, have been suggested to lead to exon shuffling or alternative splicing
(Alt and Schwer 2018).
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constantly dealing with the adverse effects of DNA damage, from simple sunburns to devastating
diseases such as cancer, Fanconi anemia, Xeroderma pigmentosum, and Alzheimer’s.
Discoveries in the field of DNA repair has helped us design treatments that can ameliorate the
symptoms of different diseases caused by DNA repair defects. However, we still have a long way
to go before we can completely understand these repair pathways and use our knowledge to

design treatments for curing these diseases.
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Chapter 2. Bio-molecular recording and bio-computation
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Introduction

Over the course of evolution, genomic DNA has emerged as the unit of information storage in
living cells. Since extensive changes could have catastrophic effects on a cell’s fitness and
survival, the information encoded in this medium is guarded by various repair pathways.
Therefore, with a few exceptions (e.g., during B-cell and T-cell receptor maturation in immune
cells), natural mutations occur very infrequently during the lifespan of a cell. Over longer
timescales, however, significant levels of mutations could accumulate in a genome due to errors
in replication and repair, as well as recombination events. These mutations serve as the
substrates for evolutionary processes and adaption (with some of them stabilizing in the genome
of organisms over many years). Thus, in a broad sense, genomic DNA can be considered as a
read-only biological information storage medium in short timescales, and a read-and-write storage

medium in evolutionary timescales.

Much like a hard drive, a genomic read-and-write storage medium can be used to capture
biological events. Indeed, the mutations that have accumulated over evolutionary timescales in
genomic DNA of different species have been traditionally used as molecular records for inferring
the evolutionary history of species (Woese and Fox 1977). This further highlights the power of
genomic DNA as a medium to capture biological events. Advances in molecular biology and
genome engineering technologies have made it possible to introduce targeted mutations (i.e.,
write) into the genomic DNA. In the traditional genome engineering technologies, DNA writing
was coupled with the delivery of genetic materials into the cells, and as a result, it was not possible
to couple DNA writing with biological events (e.g., changes in transcription). The more recent
generations of DNA writing technologies, however, enable more dynamic control over DNA writing
operations (Farzadfard and Lu 2014; Cong et al. 2013; Mali et al. 2013; Farzadfard et al. 2018;
Perli, Cui, and Lu 2016; Roquet et al. 2016; Komor et al. 2016). These DNA writing technologies,

which are often inspired by and exploit natural DNA writing systems, open up the possibility of
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using genome as a dynamic information storage medium in living cells in timescales much shorter
than previously was possible (e.g., within one generation). Additionally, DNA writing events
enabled by these technologies can be coupled to transient biological events of interest allowing
the permanent storage of that information in the form of mutational signatures in the DNA, thus
expanding the types of information that can be recorded and the breadth of applications that can

be achieved by these technologies.

Dynamic DNA writing technologies rely on various forms of addressable DNA
damaging/modifying enzymes that can introduce targeted mutations into the genomic loci of
interest. The two processes of DNA writing (adding new information to genomic DNA) and DNA
repair (removing erroneous information) often work on opposite directions. Any mutation that is
introduced by DNA writers to a genome could potentially be identified by the cellular repair
machinery and removed. The dynamic interplay between these DNA writers and the cellular repair
machinery determines the mutational outcomes of these processes and the overall performance
of DNA-based recording. Thus, the processes of DNA writing and DNA repair are deeply
interconnected; on one hand, better understanding and engineering repair pathways could help
us to design and implement better DNA writing systems, and on the other hand, by offering to
introduce targeted and precise lesions into a genome, DNA writing systems could provide

valuable tools to study repair mechanisms in living cells (Figure 2.1).

In this chapter, | will discuss recent advances in the dynamic DNA writing technologies and
their applications for information storage and processing in different contexts and present
example routines that can be used to retrieve the recorded information. | also discuss various
strategies that can be used to better control the outcome of DNA writers and improve their
performance by engineering cellular repair machinery. Finally, | discuss the current limitations
and future directions of these technologies and postulate on the avenues at the interface of

dynamic genome engineering and DNA repair that can be explored to improve the performance
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of DNA writers and molecular recorders and pave the way towards building sophisticated genome

surgery technologies for biotechnological and biomedical applications.

Passive and global writing: Dynamic and targeted writing:
Endogenous or exogenous mutagens Targeted DNA manipulating enzymes

I I
v
DNA Writing
DDA, = ——— DX

DNA repair

Figure 2.1 The interplay between DNA writers and DNA repair mechanisms

Information is added to the DNA in the form of mutations either passively and globally (though
endogenous or exogenous mutagens) or triggered in an active and targeted manner via
specialized enzymes. DNA repair machinery tries to minimize these often erroneous information
(i.e., mutations) and reverse them back to the original sequence. Thus, encoding information via

DNA writing requires careful engineering and tuning of DNA writing and repair processes.
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Writing on the DNA of living cells and its applications

While the majority of mutations in living cells occur passively due to unregulated mechanisms
(e.g., errors in replication and repair), examples of active and targeted mutagenesis can be found
in nature. For example, natural systems that benefit from DNA writing include CRISPR spacer
acquisition and phase variation in bacteria, and B-cell and T-cell receptor maturation in the
vertebrate immune system (Sternberg et al. 2016; van der Woude and Baumler 2004). In all these
cases, a confined genomic locus is actively mutagenized within a very short time period (e.g., less
than one cell generation) using dedicated and addressable DNA modifying enzymes and
repurposed repair factors. These processes often give an organism the ability to generate large
genetic diversity that helps the organism add valuable information to its genome (without
compromising the risk of elevated mutations in its entire genome), which in turn helps the

organism to adapt faster than possible by natural mutation.

By engineering and repurposing the natural DNA writers, bioengineers have started to utilize
genomic DNA as a dynamic medium for information processing and storage in living cells. The
ability to dynamically write on the DNA of living cells has profound implications that go beyond
what natural DNA writers have been evolved to do and makes many biotechnological and
biomedical applications possible. For example, DNA writing can be used to record various types
of transient biomolecular information, such as signaling events, interactions, and lineage
progression into the DNA. In these technologies, which collectively are referred to as molecular
recording, a transient signal (e.g., transcriptional activity) or an event of interest (lineage
progression) is linked to the activity of a DNA writer which captures and permanently records the
signal in the form of targeted mutations in the DNA. These mutational signatures, generated by
the DNA writer as a result of the linked activity, can then be retrieved by sequencing and used to
infer the recorded information (Figure 2.2). As such, molecular recording technologies could help

to better study and understand how living cells sense and process internal and external
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information over time, a task that has remained challenging owing to the transient nature of
biological events. The DNA writing technologies could also be used to rationally program cellular
behavior and engineer cells that dynamically respond to information that they receive (e.g.
concentration of small molecules) in desired and predictable ways (Figure 2.3). Such control over
the order and timing of cellular responses could have broad biomedical and biotechnological

applications, from the study of human disease conditions to engineering cell-based therapeutics.
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Figure 2.2 Using genomic DNA as a medium for storing biological information

A desired signal can be coupled with a dynamic DNA writer, which introduces mutations into
genomic DNA as a function of the input signal. The accumulated mutations in a single-cell (bottom

left) or a cell population (bottom-right) can be retrieved by sequencing and used to infer the

dynamics of the original signal.
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Figure 2.3 Using genomic DNA for information processing and computation in living cells

In addition to molecular recording, genomic DNA can be used as a medium to integrate multiple
recorded signals and generate appropriate phenotypic responses (outputs). This capacity
enables us to implement various forms of computation and logic in living cells to control the
sequence and timing of molecular events (e.g., gene expression) in living cells based on

combination and order of the inputs that the cells receive.
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Based on their mode of action and dependence on templates for writing, DNA writers can be
categorized into two classes: template-dependent and template-independent DNA writers (Figure
2.4). Template-dependent DNA writers are DNA-modifying enzymes that can incorporate (i.e.,
write) information encoded on templates (e.g., dsDNA, ssDNA, or RNA) into the genomic DNA.
On the other hand, template-independent DNA writers are capable of introducing de novo
targeted mutations into the genomic DNA without the requirement for any templates. Some of
these DNA writers heavily rely on cellular DNA replication and repair machinery, while others can
achieve DNA writing without the requirement for any of the host-encoded factors. Several
technologies based on each of these two classes of DNA writers have been described so far.
Each of these technologies offers a distinct set of features and dependencies on host-encoded
factors, and thus are suitable for certain applications. Here, | review the current DNA writing
technologies for each of these two classes of DNA writers and discuss their modes of action, host-

factor dependencies, features, and potential applications.
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Figure 2.4 Classes of DNA writers based on their mode of action

Template-dependent DNA writers (left) enable writing of information from a trans-encoded
oligonucleotide into a target DNA. On the other hand, template-independent writers can initiate

de novo mutations in DNA without a requirement for templates.
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Template-dependent molecular recording

Various strategies for template-dependent DNA writing and molecular recording have been
described so far. In these strategies, an (often exogenously-provided) oligonucleotide (i.e., RNA,
ssDNA or dsDNA) is provided in-trans to serve as a template for modification of the locus of
interest. Although the majority of template-dependent DNA writers employ homologous
recombination for site-specific incorporation of the exogenous sequence into the target locus,
there are other mechanisms that exploit cis-encoded elements on the target to gain site-
specificity. Depending on the type of DNA writer, the writing events could result in predetermined

or random mutational outcomes in the target DNA.

Retroelement-based DNA writers

Retroelements are genetic elements that can amplify via reverse transcription of RNA
intermediates (Boeke and Stoye 1997). Retroviruses and retrotransposons are examples of
retroelements in nature. DNA writing by retroelements often involves three major steps:
transcription of a template DNA into RNA, reverse transcription of the RNA into ssDNA, and an
optional step involving the writing of sSSDNA into the genome either non-specifically or in a targeted
fashion which can be based on sequence homology (via homologous recombination) or via target-
specific genetic elements (e.g., retrohoming). Various stages of the process can be potentially
regulated by placing the components of the system under the control of inducible promoters, thus
allowing to perform conditional writing and molecular recording. Several DNA writing systems
based on retroelements have been described so far. These DNA writing systems take advantage
of a bacterial class of retroelements called retron for intracellular production of ssDNAs. The
produced ssDNAs are then incorporated into a specific genomic locus based on homology via
recombineering (e.g., SCRIBE (Farzadfard and Lu 2014)) or CRISPR-assisted technologies (e.g.

CRISPEY (Sharon et al. 2018)).
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SCRIBE

By leveraging a bacterial class of retroelements called retron, Farzadfard et al. developed a
synthetic system for DNA writing and molecular recording in bacteria (Farzadfard and Lu 2014).
In this system, the retron cassette is composed of three components: a reverse transcriptase
(RT), a template for reverse transcription (msd) and a primer RNA (msr). These factors work
together to produce a hybrid RNA-ssDNA molecule called multi-copy single-stranded DNA
(msDNA) in vivo (Lim and Maas 1989). Natural msDNA is expressed as an episome and does
not integrate into the bacterial genome. Thus, it cannot be considered a DNA writer. To build a
reverse transcriptase-mediated DNA writer, the authors first engineered the msd template
sequence and demonstrated that the middle part of msd can be removed to express ssDNAs of
interest. The authors then took advantage of a specific recombinase (called beta-recombinase),
which was previously demonstrated to promote recombination of synthetic ssDNAs to their
homologous genomic sites through a process referred to as recombineering. They demonstrated
that the intracellular expression of ssDNA by the retron cassette followed by beta-mediated
recombineering can be used to write the information encoded in the retron template into its
homologous genomic loci. In this process, the writing of SSDNA into its target occurs solely based
on sequence homology without the need for additional target-encoded genetic elements (Figure

2.5).

By placing the expression of the engineered retron and beta-recombinase cassettes into a
synthetic operon and coupling the expression of this synthetic operon with an inducible promoters,
the authors demonstrated that the activity (i.e., intensity and duration of expression) of that
promoter can be recorded in the DNA in the form of precise mutations that accumulate in a target
genomic loci in an entire cell population. As such, this system (termed SCRIBE for Synthetic
Cellular Recorders Integrating Biological Events) offers a molecular recorder with a wide-

dynamic-range. Using this system, the authors demonstrated that analog information such as
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signal intensity and duration can be recorded into permanent DNA records within cell populations.
Since the ssDNAs can be targeted based on homology, the SCRIBE system can potentially target
and use any genomic loci for recording. Thus high levels of storage capacity can be achieved.
The written information can then be retrieved by sequencing. Alternatively, DNA writing can be
targeted to functional outputs and reporter genes to achieve functional readouts (e.g., different

cellular phenotypes).

In a follow-up study, Farzadfard et al. (in preparation) further improved the DNA writing
efficiency of the SCRIBE system by knocking out the exonucleases responsible for depleting the
cellular ssDNA pool. They demonstrated that this improved system, termed HiSCRIBE (High-
efficiency Synthetic Cellular Recorders Integrating Biological Events), enables editing E. coli
genome with up to ~100% editing efficiency within bacterial communities. In addition, using
barcoded libraries of HISCRIBE, the author demonstrated that cell-cell interactions between
bacterial mating pairs (spatial information) can be recorded in the DNA of interacting partners in
the form of unique DNA barcodes. This strategy could be potentially used to map the organization
of bacterial (and possibly other) cell communities in a high-throughput and high-resolution fashion.
Finally, they demonstrated that random libraries of HISCRIBE can be used to continuously
diversify desired genomic loci connected to the phenotypes of interest. By linking this genetic
diversity generation system to cellular fitness and an appropriate selective pressure, they
demonstrated that this technology can be used to continuously tune a cellular phenotype of
interest. HISCRIBE offers a highly-efficient, scarless, and cis-element independent molecular
recorder. However, it is only applicable to systems with highly efficient ssDNA-mediated

recombineering such as some bacteria and yeast.
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Figure 2.5 Mechanism of DNA writing by SCRIBE (an example of retroelement-based DNA

ssDNA

writers)

Expression of the SCRIBE cassette (which is composed of the retron and beta recombinase) is
placed under the control of a promoter responding to a signal of interest. At the presence of the
signal, the template dsDNA (part of the retron cassette) is first transcribe into RNA which is then
reverse transcribed into ssDNA via the retron-encoded reverse transcriptase (RT). The ssDNA is
then recombined into its homologous genomic loci through the beta-mediated recombineering

process, resulting in writing of the template-encoded mutation into the genome.



CRISPR-based DNA writers

Recent advances in dynamic genome engineering, especially those based on CRISPR
technology (Cong et al. 2013; Mali et al. 2013), have ushered a new era in biology. CRISPR
(clustered regularly interspaced short palindromic repeat) is an ancient prokaryotic adaptive
immune system (that protects the cells against foreign DNA, such as viruses, plasmids, and other
mobile genetic elements) and is found in more than 40% of sequenced bacteria and 90% of
archaea (Horvath and Barrangou 2010). CRISPR system is mainly composed of two modules: a
spacer acquisition module (required for CRISPR adaptation) and an effector module (required for
destroying the foreign DNA). Many proteins that comprise these two modules are specialized
DNA and RNA processing enzymes. As discussed below, proteins involved in spacer acquisition
such as Casl and Cas2, and RNA-programmable effector proteins such as Cas9 and Cas12 have
been engineered into powerful DNA writers for molecular recording in living cells. Ongoing efforts
for characterization of other DNA and RNA processing protein families found in various classes
of CRISPR systems hope to expand the possibilities of these systems. Owing to their
programmability and other unique features, many of these proteins could offer valuable additions

to the genome engineering and DNA (or RNA) writing toolbox.

CRISPR spacer acquisition

Spacer acquisition by the Cas1-Cas2 complex in the CRISPR adaptive immunity system is
an example of natural template-dependent DNA writing. In this system, the Cas1-Cas2 complex
is responsible for the expansion of the CRISPR array by sampling the intracellular ssDNA pool in
bacteria and incorporating short DNA fragments (called spacers) into the CRISPR array (made of
acquired spacers interspaced with the repeat elements). The spacer acquisition meditates
adaptation through acquiring small pieces of invading DNAs and incorporating them into
genomically encoded DNA array. Various sources could contribute to the intracellular ssDNA pool
(e.g., DNA, plasmids, phages, and electroporated oligos). However, DNAs originated from
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episomal sources (i.e., plasmids, phages, and oligos) are preferred. Thus, spacer acquisition

serves as a form of adaptive immunity against invading DNA molecules.

In this system, Casl-Cas2 complex preferentially and unidirectionally adds (writes) new
spacers to the upstream side of the array. As a result, the chronological order of the addition of
spacers is preserved within the array. Thus, the information encoded in the CRISPR array can
serve as a form of memory and a molecular record of exposure of that cell to various DNA
molecules (which are often originated from invading genetic elements). The spacers encoded in
the CRISPR array locus can be transcribed and processed into small RNAs which can then guide
the CRISPR effector modules (e.g. Cas9 protein) toward the original DNA sequence, thus

providing some form of immunity to that invading DNA molecule.

Shipman et al. (Shipman et al. 2016) leveraged the memory formation characteristic of this
natural DNA writing system to build a molecular recorder that could record the intensity and
duration of a given signal in the length of a CRISPR spacer array. They achieved this, by placing
the Cas1-Cas2 expression under an inducible promoter (for the desired signal) and providing the
ssDNA pool as transformed oligonucleotides (Figure 2.6). Later, they demonstrated that arbitrary
digital information such as a small digital file (here a 2.6 kilobytes animated image) can be
encoded in the CRISPR array composition of bacterial populations (Shipman et al. 2017). To
achieve this, they first encoded the binary information of the individual frames into pools of
oligonucleotides and DNA barcodes. The pools corresponding to each frame were then
sequentially introduced into a population of E. coli cells overexpressing the Casl-Cas2 complex.
The authors then sequenced the CRISPR array in the cells in bulk and showed that the spacers
collectively recorded in the CRISPR locus of the entire population can be used to faithfully

reconstruct the original movie (i.e., the individual frames and their chronological order).

78



Signal

OO O
\g\ R NV
Casl Cas2
Template
= N\A/ y
M —
CRISPR array

5’

§ - - ———

Older Unidirectional spacer acquisition Newer spacers
spacers

Figure 2.6 DNA writing by Cas1-Cas2 spacer acquisition system

Intracellular ssDNAs are captured by the Cas1-Cas2 complex and preferentially added to the 5’-

side of the array, thus resulting in a temporal record of the intracellular ssDNA pool.
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The abovementioned studies demonstrated the potential of CRISPR spacer acquisition
system for molecular recording and information storage. However, these systems still rely on the
exogenously-delivered templates for writing. To eliminate the need for exogenous ssDNA pools,
Sheth et al. designed a system that allowed the modulation of the intracellular pool of ssSDNAs by
transcriptional signals (Sheth et al. 2017). To achieve this, they took advantage of copy-number
variable plasmids. By placing the expression of the genetic element responsible for the copy
number control of these plasmid under the control of an inducible promoter, they were able to
dynamically modulate and control the copy number of the template plasmids and thus the
intracellular ssDNA pool (as the increase in the copy number leads to the increase in plasmid
degradation and natural plasmid assimilation). Using this system, termed TRACE (temporal
recording in arrays by CRISPR expansion), they were able to record the temporal exposure
history of up to three signals, as well as bacterial population lineage information in the composition

of the CRISPR array.

In addition to the Casl1-Cas2 systems that can incorporate ssDNA into CRISPR array, some
variants of Casl are fused to reverse transcriptase domains. It has been demonstrated that these
RT-Casl fusions along with their cognate Cas2 proteins are able to reverse transcribe and
incorporate fragments of cellular RNA into CRISPR array (Silas et al. 2016). Very recently, it was
demonstrated that these systems could work in orthogonal bacterial hosts and are able to record
the temporal dynamics of highly-expressed genes in the CRISPR array (Figure 2.7) (Schmidt,

Cherepkova, and Platt 2018).
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Figure 2.7 DNA writing by RT-Cas1-Cas2 spacer acquisition system

Intracellular RNAs are captured by the RT-Casl1-Cas2 complex, reverse transcribed to ssdNA
and preferentially added to the 5’-side of the array, thus resulting in a temporal record of the

intracellular RNA pool.
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The spacer acquisition systems provide valuable tools for molecular recording, arbitrary
information storage, and lineage tracing applications. In addition, the insertional nature of
mutations introduced by these DNA writers offers a high recording capacity. Importantly, since
spacers are added in a chronical order that can be accurately traced back, they are especially
useful for lineage tracing applications, as well as recording temporal information (Sheth et al.
2017; Schmidt, Cherepkova, and Platt 2018). The capacity to record the dynamics of transcription
in a highly-multiplexed fashion by the Cas1-RT fusion system could provide a valuable tool for
the study of genome-wide transcription. Especially, unlike the current RNA-seq measurements
that only provide snapshots in time, this system could be used to record dynamics of transcription
in a highly multiplexed manner and provide longitudinal insight into biological processes (e.g., in

disease conditions) from single time-point measurements.

While these proof-of-concept studies demonstrate the potential of CRISPR spacer acquisition
systems for recording technologies, further development is needed to make these molecular
recorders and DNA writers practical and useful for biotechnological and biomedical applications.
For example, these systems are currently limited to prokaryotic hosts and their application to other
hosts requires a better understanding of the extent to which spacer acquisition relies on the host
proteins. Additionally, the stability of the recorded information (repeats) in other hosts (especially
eukaryotic systems) needs to be carefully assessed and extended, especially for using these
systems for long-term information storage. Furthermore, it remains to be determined whether the
temporal recording resolution of these systems can be increased. Finally, to convert the Cas1-RT
system into an ideal dynamic and multiplexed transcriptional recording device, the sources of bias

of this system toward highly-expressed genes need to be investigated and minimized.
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Cas9-based systems

Due to their efficiency, programmability, and ease of use in various organisms, the effector
proteins of the CRISPR systems have been engineered into powerful DNA writing tools in
molecular biology (Cong et al. 2013; Mali et al. 2013; Jinek et al. 2012). The Cas9 protein from
Streptococcus pyogenes (SpCas9) is the first characterized and the most widely used member of
the effector proteins in the CRISPR systems. Cas9 protein is an RNA-addressable DNA
endonuclease where the specificity of the protein can be defined based on homology using a
short RNA complementary to a target. In the natural system, the CRISPR array is transcribed and
processed into individual spacers called crRNA. The crRNA (that carries homologous sequences
to the target DNA) forms a complex with trans-activating crRNA (tracrRNA), which can then bind
to Cas9 and guide it to the target DNA. Cas9 first binds to a common sequence in the DNA, called
protospacer adjacent motif or PAM (NGG in the case of SpCas9). After binding to the PAM, Cas9
unwinds the DNA and facilitate the formation of an R-loop between the crRNA and the target. If
the correct sequence is found, a stable R-loop is formed allowing Cas9 to create a DSB at the
site (by nicking both DNA strands with its two nickase domains). By replacing the spacer DNA
with a desired DNA sequence, any locus can be targeted and cut with CRISPR/Cas9 (both in vitro
and in vivo). To simplify the system, crRNA and tracrRNA can be linked together to form a
chimera, termed single guide RNA (sgRNA, or gRNA), which was shown to be able to guide Cas9

to the target sequence (Jinek et al. 2012).

The DSB generated by Cas9 is predominantly repaired by non-homologous end joining
(NHEJ), which introduces various mutations at the site of damage. This characteristic can be used
to knock out genes of interest. Alternatively, by providing the system with DNA molecules with
homology to the DSB ends, a fraction of DSBs can be redirected to the homologous recombination
(HR) pathway (Mali et al. 2013; Cong et al. 2013). Through HR, the provided DNA will be

incorporated at the site of damage, adding the provided sequence to the target site, thus enabling
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template-dependent DNA writing. Template-dependent DNA writing by Cas9 nuclease has been
mainly used for genome engineering applications. However, in principle, signal recording and
conditional DNA writing can be achieved by placing the expression of Cas9 or its gRNA under the

control of a signal inducible promoters.

Very recently, by taking advantage of the retron mediated ssSDNA expression, CRISPR/Cas9
nuclease, and the host proficient homologous recombination machinery, Sharon et al. (Sharon et
al. 2018) developed a DNA writing system in Saccharomyces cerevisiae. In this system, the retron
template (msd) is fused to the gRNA. The gRNA-msd fusion allows localization of the ssDNA
(made by the retron reverse transcription) to the site of Cas9-generated DSB. This localized in
vivo generated ssDNA (which is also complementary to the target but carries a desired mutation)
can then be used by the yeast repair machinery as a template for HR-mediated repair of the DSB.
This allows template-dependent writing of information encoded in the retron template (msd) into
the target genomic loci via HR (Figure 2.8). The authors used this system, termed CRISPEY
(Cas9 retron precise parallel editing via homology), for high-throughput fitness screening of
thousands of specific variants in yeast. Unlike SCRIBE that relies on beta recombinase for ssDNA
recombination, this system takes advantages of the proficient homologous recombination
machinery in yeast for ssDNA integration and DNA writing. This makes CRISPEY only applicable

to yeast and a few other organisms.
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Figure 2.8 Retroelement- and Cas9-mediated DNA writing by CRISPEY

In the CRISPEY system, a gRNA-msd fusion provides both a gRNA for guiding the Cas9 and the
template for retron mediated synthesis of sSDNA. The msd is designed to be homologous to the
Cas9 target site. As a result, the produced ssDNA can serve as a template for the HR-mediated
repair of the DSB generated by Cas9. Upon binding of Cas9 and cleavage of its target site, the
DSB is repaired by the yeast homologous recombination machinery, resulting in a template-

dependent writing of the msd template into the target genome.
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Introducing mutations into one or both of the endonuclease catalytic sites of Cas9, converts
this enzyme to an RNA-addressable nickase (nCas9) or DNA binding protein (dCas9),
respectively. These non-cutting variants of Cas9 offer attractive options for achieving more
precise DNA writing operations that do not require DSBs (especially since DSBs often result in
uncontrollable and stochastic mutational outcomes). Other effector domains also can be fused to
these Cas9 variants to achieve more functionalities. Some of the examples of such chimeric
Cas9-effector proteins include base editors (discussed below), transcriptional activators,
repressors and epigenetic modulators (for controlling gene expression), and Cas9-GFP fusions
(or other fluorescent proteins, for visualization of the genome architecture or acquiring the

topological information of our desired DNA sequence).
Template-independent molecular recording

Template-independent DNA writers are DNA modifying systems capable of generating de
novo targeted mutations without requiring a template. Depending on the type of the DNA writer,
the writing events could result in predetermined or random mutational outcomes in the target

DNA.

Site-specific recombinases as molecular recorders

Due to their high precision and efficiency in integrating, deleting or inverting a predefined DNA
segment based on the orientation of their recognition sites encompassing the region, site-specific
recombinases have been extensively used for creating transgenic model organisms (Stark 2017).
However, by viewing each change as a unit of information storage, recombinases can be
considered as highly-efficient molecular recorders (i.e., each recombinase is able to act as a
binary memory switch that can create permanent memory by inverting, deleting or integrating a
DNA segment, analogous to switching between the “0” and “1” memory states) (Figure 2.9). For

example, Yang et al. used 11 orthogonal recombinases to build a memory array capable of
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recording 2048 distinct memory states in the genome of E. coli (Yang et al. 2014). DNA changes
made by site-specific recombinases are permanent and unidirectional, however, it has been
demonstrated that by coupling the integrase and excisionase functions (in a technology termed
RAD for rewritable recombinase addressable data) or by using invertases with opposite
directionality, these changes can be reset (Bonnet, Subsoontorn, and Endy 2012; Fernandez-

Rodriguez et al. 2015).
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Figure 2.9 Template-independent DNA writing by site-specific recombinases

Site-specific DNA recombinases can efficiently excise (left) or invert (right) pieces of DNA placed
between their cognate recognition sites. By coupling the expression of the recombinase protein
to a signal of interest, presence or absence of that signal can be recorded as permanent changes

in the DNA.
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In addition to providing memory, multiple recombinases could be layered to provide data
processing and computation in living cells. One of the earliest works in this area is by Friedland
et al., who built the DNA invertase cascade (DIC) counter, able to count up to three events in E.
coli (Friedland et al. 2009). Building on these results, recombinases were used to build synthetic
logic circuits and recombinase-based state machines (RSMs) capable of performing Boolean
functions in E. coli and mammalian cells (Siuti, Yazbek, and Lu 2013; Roquet et al. 2016; Bonnet,
Subsoontorn, and Endy 2012; Bonnet et al. 2013). Courbet et al. used these logic circuits for
building bacterial biosensors (termed bactosensors) capable of detecting biomarkers in human
urine and serum samples (Courbet et al. 2015). Shur et al. built a recombinase-based gene circuit
capable of sequential integration of different sequences of DNA depending on the signal that it
receives (this concept is similar to the ticker tape molecular recorder concept discussed below)

(Shur and Murray 2017).

Applicability of recombinase-based molecular recorders to other bacterial and mammalian
systems has also been demonstrated. Mimee et. al. used recombinases for information storage
in Bacteroides thetaiotaomicron, which is a common bacteria in the human gut microbiome
(Mimee et al. 2015). In addition, Weinberg et al. demonstrated that recombinase-based memory
and computation is applicable to mammalian systems, by engineering BLADE (Boolean logic and

arithmetic through DNA excision) in human HEK 293T cells (Weinberg et al. 2017).

Although recombinases are efficient, precise and applicable to both prokaryotic and
eukaryotic systems, they need pre-engineered recognition sites, their storage capacity is low (i.e.
each site is limited to one cycle of recording) and their scalability is limited to the number of
available recombinases. In addition, expressing multiple orthogonal recombinase systems, highly
increases the metabolic burden of the cells, thus limiting the number of memory states that can

be encoded in a single cell.
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CRISPR/Cas9-based molecular recorders

This class of DNA writers relies on the fact that in the absence of a homologous template, the
site-specific DSBs created by CRISPR/Cas9 are repaired by NHEJ. NHEJ can introduce a variety
of almost random mutations at the site of damage (see section on NHEJ in chapter 1), which can
be used as cellular barcodes (Figure 2.10). McKenna et al. used an array of 10 target sites to
develop a method, termed GESTALT (Genome Editing of Synthetic Target Arrays for Lineage
Tracing) that enabled them to trace cellular lineages during zebrafish development (McKenna et
al. 2016). The authors injected Cas9 and multiple gRNAs to zebrafish embryo and monitored the
accumulation of mutations during development. By enabling multiple recording cycles in the same
cell, the array accumulates diversity over time and during cell proliferation (Figure 2.11). Analysis
of these mutational patterns allows lineage tracing (based on shared mutational signatures).
Several other relevant studies have developed similar technologies for lineage tracing in zebrafish
(Junker et al. 2017; Alemany et al. 2018). For example, in a technology, termed Scartrace, to
avoid adverse effects on viability, the authors targeted the GFP locus in a histone-GFP transgenic
zebrafish by injecting them with Cas9 (protein or mRNA) and GFP gRNA during the single cell
stage. They observed hundreds of unique mutations in the GFP locus, enabling them to perform

lineage tracing during the zebrafish development and fin regeneration.
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Figure 2.10 Cas9-mediated DNA writing

Targeting Cas9 nuclease to a locus of interest followed by error-prone repair of the generated
DSB results in template-independent and stochastic writing into that locus. The DNA writer’s
components can be optionally expressed from inducible promoters to achieve more control over

the writing operations.
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Frieda et al. modified the system by placing an array of target sites (to increase the recording
capacity) with DNA barcodes (termed scratchpad) downstream of a promoter (Frieda et al. 2016).
In this system, termed MEMOIR (Memory by Engineered Mutagenesis with Optical In situ
Readout), since the scratchpad is transcribed, the state of the array (after DNA writing) and the
barcode can be accessed using smFISH (multiplexed single-molecule RNA hybridization). The
authors used this system to map the lineage information of mouse embryonic stem cells. In
addition, by placing the gRNA under the control of an inducible promoter (here Wnt-responsive
promoter), the authors were able to use the system for recording the signal activity (i.e., the level
of gene expression over time). MEMOIR is able to provide lineage and topological information,

as well as event histories with single-cell in situ readout.

CRISPR/Cas9-based evolving barcodes

In the previous class, although using an array of gRNA target sites increases the recording
capacity, simultaneous DSB in a repeat array could lead to the deletion of intervening repeats
(and loss of recorded information). Furthermore, in the abovementioned DNA memory
architectures after undergoing one successful DNA writing cycle, each target site is destroyed
and becomes irresponsive to additional rounds of writing. These limitations were addressed by
the development of self-targeting gRNA (stgRNA) (Perli, Cui, and Lu 2016) or homing gRNA
(hgRNA)38 (Kalhor, Mali, and Church 2017) that can undergo multiple cycles of DSBs and NHEJ
and thus offer extended recording capacity (Figure 2.12). This continuous mutagenesis of sStgRNA
is achieved by placing a protospacer adjacent motif (PAM) in the stgRNA encoding locus.
Although, in each cycle, the stgRNA sequence changes (which generates a new barcode), it still
will be able to target itself and therefore, can go through multiple cycles of recording. This feature

allows the creation of a large and diverse set of DNA barcodes over time. By encoding 60 different

38 here | will be referring to this class of gRNAs as stgRNA
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stgRNA in the mouse genome, Kalhor et al. used this memory architecture to trace cellular
lineages during the early stages of development in mouse embryos (Kalhor et al. 2018). Besides
creating barcodes for lineage tracing, if the expression of Cas9 or stgRNA is placed under a
signal-inducible promoter, the system can be used for recording analog information such as signal
intensity and duration. Perli et al. used this strategy to build mSCRIBE (mammalian synthetic
cellular recorder integrating biological events). They showed that, by placing the expression of
Cas9 under the NF-kB inducible promoter, they can record the intensity and duration of

lipopolysaccharide-induced inflammation in mice (Perli, Cui, and Lu 2016).

While the stgRNA memory architecture increases the recording capacity over the previous
group, and their simplicity makes them readily adaptable, they are only applicable to organisms
that have efficient NHEJ. In addition, new mutations created in each cycle may destroy PAM, the
previous recordings or the RNA scaffold. Moreover, multiple rounds of deletions (which are the
predominant mutation during NHEJ) can shorten the stgRNA limiting the number of recording
cycles. This last limitation can be partially overcome by using stgRNAs that are longer than the
canonical 20 nucleotide gRNAs (which also could result in a higher level of diversity) (Perli, Cui,
and Lu 2016). In addition, undesirable chromosomal rearrangement and cellular toxicity could be

a major caveat that may limit the use of DSB-dependent DNA writers for long-term recording.
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Figure 2.12 Extended template-independent molecular recording by CRISPR/Cas9

mediated evolving barcodes

The number of recording cycles by Cas9-mediated DNA writers can be extended by engineering
a PAM inside the gRNA. In this memory architecture, termed self-targeting gRNA (stgRNA), Cas9
is recruited to the stgRNA encoding locus in a successive manner (as the sequence of the stgRNA
and its target both change simultaneously). By placing the expression of stgRNA under the control
of an inducible promoter, the signal intensity and duration can be recorded in the degree of
mutations in the population. Furthermore, the large number of variants that are generated by this
mechanism can be used as barcodes for tracing cellular lineages. In this system, however, new
mutations may overwrite previous recordings. In addition, deletions, which are the predominant
outcome of NHEJ, can shorten stgRNA, erase recordings or remove functional motifs of the

stgRNA, limiting the recoding capacity of the system.
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Base editors

CRISPR/Cas9-based base editors

In contrast to the Cas9 nuclease DNA writers that generate semi-random mutations, base
editors can create precise and minimally-disruptive point mutations (Komor et al. 2016; Nishida
et al. 2016). This class of DNA writers were built by fusing a base editor, such as a cytidine
deaminase (Komor et al. 2016) or an adenosine deaminase (Gaudelli et al. 2017), to a nuclease
dead Cas9 (dCas9), which can be addressed to any location on the DNA using a desired gRNA.
Upon binding of the base editor to its target, the base editing process starts by deamination of
accessible bases in the write window, thus resulting in the conversion of C to U (in the case of
cytidine deaminase) or A to | (in the case of adenosine deaminase). If left unrepaired, the
deaminated nucleobases can form base pairs with non-cognate bases and lead to mutations
during replication and repair processes. Through this process, the deaminase moiety can thus
introduce transition mutations C to T (or G to A on the complementary strand) in the case of a
cytidine deaminase, and A to G (or T to C on the complementary strand) in the case of adenosine
deaminase. Since these deaminases can only act on ssDNA, they can only function on a small
accessible ssDNA window that is generated upon R-loop formation between gRNA and its target
strand. This requirement limits the window of activity of base editors to a narrow window in the

vicinity of gRNA binding site.

Since cytidine deamination occurs both naturally and by mutagenic agents, cells have evolved
efficient mechanisms for detecting and repairing these deamination events. These repair
mechanisms limit the efficiency of DNA writing. Therefore, by inhibiting these pathways the
efficiency of base editors can be improved. For example, Komor et al showed that by fusing Uracil
DNA-Glycosylase inhibitor peptide (UGI, which inhibits the glycosylase responsible for detection
of Uracils in the DNA and initiation of the base excision repair pathway) to dCas9, the DNA writing
efficiency of base editors can be significantly improved (Komor et al. 2016). Furthermore using
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Cas9 nickase (instead of dCas9), which nicks the opposite strand of the target, helps trick cellular
mismatch repair machinery to use the edited strand as the template for repair. This helps redirect

the outcome of repair towards the desired edited allele (Figure 2.13) (Komor et al. 2016).

Figure 2.13 CRSISPR/Cas9-based base editors

By fusing non-cutting variants of Cas9 (either nCas9 or dCas9) to ssDNA-specific deaminases
(either cytidine deaminase or adenosine deaminase) and targeting the fusion protein to the locus
of interest by a desired gRNA, nucleotide-resolution DNA writing (in the formof Cto Tor Ato G
mutations can be achieved). The efficiency of DNA writing can be improved by using nCas9
instead of dCas9 to trick the mismatch repair system to use the edited strand as template and
thus diverting the outcome of the repair towards the edited allele. Furthermore, in the case of
cytidine deaminase base editors, addition of uracil glycosylase inhibitor (UGI) peptide to nCas9
helps inhibit the base excision repair pathway responsible for identification and removal of
deaminated cytidine from genomic DNA. Conditional DNA writing can be achieved by controlling
the expression of the gRNA using inducible promoters. Due to the precise nature of the mutational
outcome of these writers, these recorders can be interconnected and placed in cascades where
the output of some operators serve as the input for downstream operators. Alternatively, the
output (i.e. mutational signature) can target functional elements (e.g., start codon, stop codon,
ribosome binding site, promoter, active sites, etc.). These features enables us to build more

complex forms of memory and logic operations in living cells.
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By using signal-inducible promoters to control the expression of the components of the base
editor system, Tang et al. built a molecular recording device called CAMERAZ2 (CRISPR-mediated
analog multi-event recording apparatus) (Tang and Liu 2018). CAMERAZ is able to record signal
presence, as well as its intensity and duration based on the frequency of mutants in the
populations of E. coli and mammalian cells. Furthermore, they demonstrated that since these
recorders are not dependent on the formation of deleterious DSBs, multiple recorders can be

used to record multiple signals in the same cell.

Using the base editing technology, Farzadfard et al. developed a more sophisticated memory
architecture, termed DOMINO (DNA-based Ordered Memory and Iteration Network Operator), for
recording transcriptional signals in a programmable fashion, as well as encoding logic and
memory in living cells (Farzadfard et al. 2018). They demonstrated that by controlling the
expression of the gRNA using inducible promoters, the intensity and duration of exposure to that
signal can be recorded over the course of multiple days (in the form of targeted and precise dC
to dT mutations that accumulate in the designed target site). Furthermore, they showed that
multiple recorders can be used to record multiple signals in the form of mutational signatures in
nearby target loci. This feature was further leveraged to device memory architectures for encoding
various forms of logic functions, such as sequence-independent, sequential, and temporal logic
which enable recording of the combination, order, and timing of the signals that cells receive.
They further showed that these DOMINO logic operators can be used to rationally design and
build genetic programs to control the sequence and timing of molecular events in living cells in a
robust and scalable fashion. Finally, they demonstrated that this system can be used to build
artificial learning gene circuits (where the output of the circuit is reinforced gradually upon longer
exposure to biological signals of interest). This circuit allowed them to engineer cells with the
ability to learn and remember their history of exposure to inputs, and respond accordingly during

future encounters. In addition, this genetic circuit can be used as an online state reporter to
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continuously monitor signaling dynamics without the need for sequencing as readout (which

necessitates stopping the recording).

Base editor DNA writers and molecular recorders can overcome some of the limitations of the
other genetic memory architectures, such as limited recording capacity and scalability. In addition,
in contrast to the previous classes which due to their disruptive nature and requirement for special
DNA repair mechanisms were not suitable for long-term recording or applicable to many
organisms, base editor molecular recorders are applicable to both prokaryotic and eukaryotic
systems. Combining the base editor DNA writer system with the stgRNA system could pave the
way towards high-capacity molecular recording systems that could be especially useful for lineage
tracing applications. Furthermore, by combining cytidine and adenine deaminase base editors,
bidirectional DNA writing systems (which can perform writing, as well as erasing) could be
designed, enabling the implementation of more sophisticated DNA-based computation and

memory operations in living cells.

RNA Polymerase-base editor fusions

Due to the fixed position of the base editor in respect to a given gRNA and thus the
corresponding R-loop, the Cas9-based base editors are limited to a narrow window in the vicinity
of gRNA binding site. By fusing a deaminase to an RNA polymerase, on the other hand, point
mutations can be introduced in a much wider window along the entire transcribed region. Moore
et al. used this strategy to build a system for in vivo continuous site-directed mutagenesis (Moore,
Papa, and Shoulders 2018). They fused a cytidine deaminase to a T7 RNA polymerase and
demonstrated that mutations continuously accumulate in a region placed under the control of a
T7 promoter (Figure 2.14). In the system the gene of interest can be placed under the control of
the T7 promoter and continuously mutagenized. This library of variants can then be subjected to
a selection to evolve characteristics of interest in that protein. Alternatively, if the RNA
polymerase-base editor chimera is placed under the control of a signal-inducible promoter, the
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system can be used as a molecular recorder to store the signal intensity and duration in the form
of point mutations that accumulate in the transcribed region. However, in order for these strategies
to result in efficient DNA writing, cellular repair machinery responsible for the repair of deaminated
bases have to be inhibited. Specially since, unlike CRISPR-based base editors, polymerase-

deaminase fusions have a very short residence time on their targets.
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Figure 2.14 DNA writing by RNA polymerase-base editor fusion

The writing window of base editors can be extended by fusing the deaminase protein to an RNA
polymerase which can carry over the deaminase over a long distance and thus achieve an
extended writing window. To limit the writing to one or a few transcriptional units and minimize
non-specific writing, an orthogonal RNA polymerase such as T7 RNA polymerase and its cognate

promoter can be used.
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Polymerase-based DNA writers

CRISPR/Cas9 - DNA polymerase fusion

Systems that enable targeted mutagenesis within a specified window while avoiding to
increase the mutation rate of other parts of the genome could enable powerful strategies for
evolutionary engineering applications. Towards this goal, Halprin et al. developed a DNA writing
technology, termed EvolvR, which enables mutagenesis of a desired region of DNA by targeting
an error-prone DNA polymerase to a target locus while simultaneously generating priming site for
the polymerase by the Cas9 nickase (Halperin et al. 2018). The EvolvR DNA writer is composed
of nCas9 fused to poll3M, an error-prone version of DNA polymerase | (that is engineered to have
higher misincorporation and processivity rates, and lack proofreading activity). After being
targeted to a specific site on the DNA by its guide RNA, nCas9 creates a nick on the
complementary DNA strand of the guide RNA. After nCas9 dissociation, Poll3M loads onto the
DNA from the nick and replaces a ~56 nucleotide region by both DNA synthesis and degradation
of the displaced DNA (Figure 2.15). If the introduced mutations do not prevent targeting of nCas9
to the region, EvolvR could repeat this mutagenesis cycle. Using this system, the authors were
able to introduce mutations in an editing window of up to 350 nucleotides and increase the
mutation rate up to seven orders of magnitude in E. coli. Unlike base editors that are only able to
generate a certain set of point mutations (i.e., transition mutations), EvolvR strategy enables to
generate all the possible forms of point mutations (i.e., both transition and transversion
mutations). However, similar to RNA polymerase-base editor fusions, it may be necessary to
inhibit cellular repair machinery responsible for the repair of single nucleotide DNA damage (i.e.,
NER, BER, and MMR) to increase the efficiency of these writers. The performance of EvolvR
DNA writer in other organisms and the degree that it relies on host-encoded factors to execute its

mutagenesis function remains to be determined. Nevertheless, this strategy could inspire new
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generations of DNA writers with broad mutational spectrum and tunable writing window for

targeted in vivo mutagenesis and continuous evolution applications.
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Figure 2.15 Template-independent DNA writing by DNA polymerases via EvolvR system

A fusion of nCas9 and an error-prone polymerase are directed to a desired genomic locus by a
gRNA complementary to the target. Nicking the target site by nCas9 initiates the writing process.
Loading of the polymerase onto the nick leads to error-prone DNA synthesis at the vicinity of the
nick, resulting in localized mutagenesis in that region. The expression of the writer components
(i.e., the nCas9-polymerase fusion and the gRNA) can be optionally placed under the control of

signals of interest to enable recording of those signals in the DNA.
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Polymerase-based ticker tapes

Due to their ability to manipulate information encoded in DNA with fast kinetics, error-prone
DNA polymerases offer attractive DNA writing strategies for recording molecular events that occur
very fast. It has been suggested that by engineering a DNA polymerase with a fidelity sensitive to
changes in ion concentrations (e.g., calcium), temporal dynamics of such changes can be
recorded as misincorporation patterns during the synthesis of a template (Figure 2.16). Such a
molecular recording system, termed a molecular ticker tape, would be a highly valuable tool for
recording the dynamics of highly transient signals such as neural activities (Kording 2011).
Several studies have explored the possibility of engineering such a system that allows recording
of the concentration of cations (which could be used as a proxy for neural activity) through DNA
synthesis in vitro (Glaser et al. 2013). However, the performance of these systems are far from
practical and none of these systems have been applied to living organisms. Future development
of polymerase-based DNA writers and engineering of signal responsive modules (e.g., Calcium
responsive peptides) into EvolvR or analogous systems may pave the way towards building

molecular recorders with high temporal resolution.
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Figure 2.16 DNA polymerase-mediated molecular ticker tape

Engineering a DNA polymerase with a tunable fidelity could pave the way towards building a
molecular recorder with high temporal resolution. In such a system, conditional decrease in the
fidelity of a replicating DNA polymerase can be recorded in the form of mutational patterns in the
DNA. Since DNA synthesis occurs with a fast kinetics in living cells (~1 kb per second), such a
system could potentially allow recording of highly transient molecular events such as neural

signaling in the DNA.
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Discussion

With various dedicated repair pathways protecting the genomic DNA from unwanted
mutations, DNA has mainly served as a read-only memory medium for information storage in
living cells (at least in short timescales). Recent advances in targeted genome engineering
technologies along with our ever-increasing ability to tune and control the outcome of the cellular
pathways has made it possible to dynamically write biologically-relevant information into the
genomic DNA. Due to these technological advances, genomic DNA is no longer viewed as a read-
only information medium and one can now utilize it as a read-write memory for processing and
storing various type of information in living cells. Future development of DNA writers with minimal
fithess costs and precise and well-controlled mutational outcomes could pave the way toward
more advanced memory architectures with more flexible read and write operations. This, in turn,
would enable many biomedical and biotechnological applications ranging from the study of basic

biology and mechanisms of diseases to engineering logic and computations in living cells.

Due to the interplay between DNA writers and the cellular repair and replications machinery,
DNA writing technologies would immensely benefit from technologies that allow to tune and better
control cellular repair pathways. Such strategies would allow directing mutational signatures
generated by the DNA writers toward desired outcomes, reducing off-target writing, and
minimizing fitness cost associated with DNA writing. This, in turn, would allow designing more
robust recorders capable of monitoring signaling dynamics over long periods in vivo. On the other
hand, by enabling to introduce targeted and precise mutations in vivo, DNA writers could offer
valuable tools for the study of molecular mechanisms of repair pathway. For example,
CRISPR/Cas9 DNA writers were recently used to study the outcome of repair of DSBs after NHEJ.
By introducing many DSBs across the genome of human cells using CRISPR/Cas9, it was found
that the outcome of NHEJ is not entirely random and more deterministic than once thought (Shen

et al. 2018). Other types of DNA writer can also be used in analogous ways to better understand
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mechanisms underlying various repair pathways involved in the corresponding DNA writing

system.

By enabling to dynamically manipulate the blueprint of life, DNA writing technologies allow to
reverse the flow of information (from what is expected in central dogma) and directly add new
information to this medium on the fly. As such, they can be used to both dynamically record
biological information and at the same time, perform computation and a set of inputs, and control
and tune cellular phenotypes. The current DNA writing and molecular recording technologies,
however, suffer from low temporal resolution and cannot record events that occur in fast time-
scales as discrete events. Alternative DNA writing architectures with higher temporal resolution
are needed to record highly transient biological events such as neural pulses and protein-protein
interactions. Additionally, more robust and expanded biosensor toolbox (e.g., signal-responsive
promoters) is needed in order to unleash the utility of molecular recorders in biology as the
applicability and performance of these recorders to great extent depends on the performance of

the molecular sensor that drives their expression.

While DNA has been mainly used as the main medium for molecular recording applications
so far, with the advance of the in vivo RNA writing technologies (Cox et al. 2017; Konermann et
al. 2018), cellular RNAs can also potentially be used as an alternative medium for dynamic
information processing and molecular recording. The dynamic nature of cellular RNAs and
independence of RNA writing form cellular repair mechanisms could be advantageous, for
example, for building molecular recorders with higher temporal resolution and faster recorder
kinetics. However, due to the short half-life of cellular RNAs, this medium can only be used for
short-term storage applications and might be better suited for recording information in non-
dividing cells. It might be possible to convert information recorded in RNA to long-lasting DNA
records (e.g., via reverse transcription-mediated DNA writers such as HiSCRIBE and Casl-

RT/Cas2 systems).
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Future advancements of these technologies and other complementary technologies
developed in recent years could democratize the use of genomic DNA as a read-and-write
medium for processing biological information and interrogation of cellular functions in a high-
throughput and resolution fashion. These advances ultimately could provide a clearer picture of
the signaling dynamics and factors involved in various biological processes, and revolutionize our

ability to rationally program and dynamically control cellular phenotypes.
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