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Cancer: a disease of DNA

D. Ferguson and F. Alt




Homologous recombination
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Themes / conclusions

NHEJ evolved to repair DSBs when homologous recombination is
disadvantageous.

NHEJ proteins act by re-annealing and joining short overhangs.

NHEJ yields efficient and accurate repair of DSBs.

End processing activities exist to deal with terminal damage
- iIncompatible ends are a secondary phenomenon.

There is an inherent order to the NHEJ process.




What is a DSB?
Simple overhangs

Restriction enzymes
Rare damage-induced DSBs

“Simple Religation”
“Precise NHEJ” (a.k.a. “accurate”)

Result = genome restoration




The “suicide deletion” assay

|-Scel cleavage site 28 bp
ADE?2 l GAL 1 direct ADEZ

EMet ; repeat coding
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NHEJ = ADEZ2 = white (~5%)




Suicide deletion: genome-wide screen
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Cell cycle-dependent stimulators of NHEJ efficiency

diploid haploid
4N (paired) 2N (paired)
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@ NHEJ is stimulated in haploid cells.
(2) NHEJ is stimulated in nutritionally

deprived cells. — )
Doal: ubiquitin degradation

Mckl: GSK-3 family kinase
Fyv6: uncharacterized
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Yeast NHEJ varies as a function of the cell cycle
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Doal: involved in ubiquitin-mediated degradation
Mckl: GSK-3 family protein kinase

Fyv6: largely uncharacterized
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The NHEJ puzzle




Systematic NHEJ 2-hybrid analysis
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Systematic NHEJ 2-hybrid analysis

Glu-His, 3 day




NHEJ — our current view




What is a DSB?
Simple overhangs

Restriction enzymes
Rare damage-induced DSBs

“Simple Religation”
“Precise NHEJ” (a.k.a “accurate”)

Result = genome restoration




Oligonucleotide Modified Plasmid Assay (OMP)

= =
ligated oligos

CEN URAS

Reconstitution of ADE2 requires:
1) Ligation of both oligonucleotide pairs
2) Repair by NHEJ




DSB rejoining as a function of overhang length
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DSB rejoining at long overhangs is
NHEJ independent but Rad52 dependent

3’ overhang 5’ overhang
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NHEJ as a function of overhang GC content
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DSB rejoining as a function of overhang length:
summary
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What is a DSB?
Overhang misalignment

5!
“Processed NHEJ”
“Imprecise NHEJ”

Result = frameshift mutation




NHEJ is fundamentally accurate (but not quite)
- a “worst case” scenario

inferred
join alignment wild type

AA CGCGTT
M(+2 £8 0.19 %
™2 Trecec an ° >5-fold

AACGCGTT bias

M(0) TTGCGCAL 1.1%




What is a DSB?
Incompatible overhangs

Two incorrectly paired DSBs
(Single resected DSB)

“Processed NHEJ”
NOT “Imprecise NHEJ"!

Result = Rearrangement




Rejoining of long overhangs is very precise
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Accuracy

— GTAGAGACTATCCACAAGGACA — O 8 1
— CATCTCTGATAGGTGTTCCTGT — -

pTW423-34

— GTAGAGACTATCCACAAGGACA — 1.00
— CATCTCTGATAGGTGTTCCTGT —

pTW423-313

— GTAGAGACTATCCACAAGGACA — O 20
—CA GGTGTTCCTGT — ’

pTW423-313/4

— GTAGAGACTATCCAC CA—
—ca GGTGTTCCTGT
pTW423-313/9




What is a DSB?
Missing and damaged terminal nucleotides

Typical damage-induced DSB
AP endonucleases, lyase etc.

“Processed NHEJ”
“Precise NHEJ”

Result = genome restoration

NOT mutagenic!




The PolX Family of DNA Polymerases
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Pol4 mediates a subset of processed NHEJ events

inferred pold fold
join alignment polarity reduction
. G
Pol4: . .
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Modular Evolution of Polyhucleotide Kinase Domains

3 phosphatase

o' kinase

Human, S. pombe, etc.
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Tppl is a robust and specific 3’ phosphatase

AP endo Tpp1/PNKP
Y east (and most organisms) substrates substrates

have 2 AP endos.
Apnl (Endo IV-like)
Apn2 (Exo l11-like)

GST-Tppl GST-Apnl
010s30s1 5 10 010s30s 1 5 10

1234567 8 9 101112 1314




Tppl is not required for NHEJ at 3’ phosphates

BER NHEJ

{ wt, ippl, apnl
apn2, tppl apn2

tppl apnl
apnl apn2
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3' phosphate / 3' hydroxyl

0.01 tppl apnl apn2

0.001




M. tuberculosis NHEJ operon

Mt-Ku
Rv0937c¢c

homodimeric Ku

Mt-Lig
Rv0938
LigD

Polymerase Nuclease Ligase
* * *

D137A H373A K481A

multifunctional polypeptide




Reconstitution of simple religation NHEJ

% gene conversion

% precise NHEJ
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Ku and ligase are species-specific partners
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Mtb NHEJ is very precise

HO cleavage site
ADE2  GAL1 l ADE?

M coding

lGaI induction

|_>M in frame
— | —@

NHEJ, +2 reading frame

OR
M outof frame

— 777777 }+—@

NHEJ, 0 or +1 reading frame

% +2 of total NHEJ
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