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Somatic genome changes are associated with various diseases

/—< Emerging Hallmarks ﬁ

Deregulating cellular a Q Avoiding immune
energetics destruction

z A S
Genome instability N Tumor-promoting
and mutation «» Inflammation

]
Enabling Characteristics)—/

Learning Disability e Many different gene mutations and structural abnormalities

* Mosaic chromosomal structural abnormalities
'Schizophrenia e Aneuploidy of chromosome 1, 18 and X in brain
'Alzheimer's disease e Trisomy 21, or mutations in presinilin 1
'Huntington’s disease * Triplet repeat expansion

'Friedreich's ataxia * Triplet repeat expansion
'Ataxia-telangiectasia e Chromosome 14-specific breaks, rearrangements
'Primary biliary cirrhosis * Mosaic monosomy of chromosome X

Autoimmune thyroid disease * Mosaic monosomy of chromosome X




Cancer risk increases with age

Colorectal cancer incidence rates per 100,000 population, by age group — USA, 2008
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Mutations accumulate during the lifetime of a person due to
environmental and endogenous factors
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Mutation load

Environmental
mutagens

Endogenous factors
(e.g. DNA replication and transcription)



Mutations accumulate during the lifetime of a person due to
environmental and endogenous factors
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Mutation load

Exposure varies across
the body

Environmental
mutagens

Vary depending on tissue’s biological
features e.g. replication potential

Endogenous factors
(e.g. DNA replication and transcription)



tation load and spectra
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Base substitutions in cancers range from




Mutation load and signatures vary across the body in healthy
individuals

BRAIN
» ~1000 mutations per neuron.
» No increase with age.

» C->T changes at CpG motif % .
LIVER
Lodato et al. Science. 2015 » 1000-2000 mutations per cell.
» Linear increase with age.
» Unknown mutation signature.
SMALL INTESTINE and COLON
» 1000-3000 mutations per cell.
SKIN » Linear increase with age
» Deep sequencing of 74 genes - 3760 » C->T changes at CpG motif
mutations found across the 234

samples from four individuals.
» C->T changes and CC>TT changes — Blokzijl et al., Nature. 2016
UV signature

Martincorena et al., Science. 2015



. What is the genome wide magnitude, spectrum and landscape of genomic changes
accumulated in a healthy person?

. Does exposure to an environmental DNA damaging agent affect mutation load?

. What is the relative impact of environmental and endogenous factors to the
mutation burden?




Schematics of sample collection

1. Skin sample 2. Isolate single fibroblast 3. Sequence
collection and grow into clonal lineage DNA
Blood =
® o
- o —Pp e — ) .. > o (
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Subjects: Caucasian males,

ages 58 and 62 yr



Schematics of sample collection

1. Skin sample 2. Isolate single fibroblast 3. Sequence
collection and grow into clonal lineage DNA
Blood '
o o> S —» —> U
o O
O Fibroblasts from dermis

of forearm are exposed

e s to more UVA radiation
red /
Subjects: Caucasian males, / e

ages 58 and 62 yr ]
Dermis

S—




Accurate minimum estimate of somatic mutation load in a clone

Align to hgl9 genome;
Call mutations

¢ §J N

GATK Haplotype Caller MuTect VarScan2
(Broad Institute) (Broad Institute) (Washington University)
\ Y J
Filter: Consensus calls

» heterozygous =45 % - 55%
» homozygous > 90%

» Not in dbSNP database

» Not in simple repeats

[N Ssomatic mutations]= [N Total calls] — [N Germline polymorphisms]

Germline polymorphisms = identified from blood (mix of cells)
Approx 5 to 7 million calls

4

Validate a subset by PCR/Sanger sequencing




Filtering by allele frequency removes mutations added during
growth of the cells in culture

Mutations in original cell

Allele frequency for: -
Heterozygous allele = 50%
Homozygous allele = 100%
Mutations arising during
culture
- ' 4
- Allele frequency for:
Heterozygous allele < 50%
Homozygous allele < 100%
’ \
\4 o s Y
L
Allele frequency for: V4 P4 Allele frequency for:
Heterozygous allele = 45 - 50% - L 4 Heterozygous allele <50%
Homozygous allele =90 - 100% - Homozygous allele <100%




Percent of total SNVs
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65.1%

D1-L-F2
66.9%

Majority of the consensus SNVs are clonal
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~1000 somatic base substitutions and at least 1
rearrangement are present in normal skin fibroblasts

Mutations Rearrangements

Donorl Right hip D1-R-H1 1373 1
Right hip D1-R-H2 707 4
Left hip D1-L-H 581 3
Right forearm D1-R-F 1056 5 h
Left forearm D1-L-F1 5309 25
Left forearm D1-L-F2 3879 5 D
Donor2 Right hip D2-R-H 1981 1
Left hip D2-L-H 4612 2
[ Right forearm  D2-R-F 12743 5
Left forearm D2-L-F 8600 8 )

» Similar to median mutation load in cancers
» Mutations in forearms are more than mutations in hips



Mutation load depends on replication timing and chromatin status

2 slope = 0.5961 47 .
S 4 slope = 0.6238
o 34
S 3 .
E 2
S 24
= 1.
= 14 ®
(1]
Q
E 0 | | 1 T 1 0 L] L] | L 1
0 1 2 3 4 5 0 1 2 3 4 5
Replication timing DNase | Hypersensitivity
Open Closed
Chromatin Chromatin

Mechanisms leading to mutations in healthy fibroblasts are
similar to cancers.




Telomere length as a proxy for number of cell divisions in
human cells

Telomerase Activity

. - Trophectoderm mEEmummm:
-I—J ,'1111;,,‘,
® e "
GJ & - '..-.rlf::::'.'.'
() t =& == Stem Cells
-
GEJ Oocytes Somatic Cells
O /v/y , Cancer Cells
=

Fertilization Birth

Gestation Adulthood

—_——

# cell divisions

Kalmbach et al. Fertility and Sterility, 2013



Estimation of telomere length in clones

Estimated telomere
length (kb)

| DI1-L-H R 2.25
| DI-RF U 2.25
| D2LH G 2.40
| D2-L-F [T 2.07

Software used : Telseq



Telomere length as a proxy for number of cell divisions in

Skin
fibroblast at
birth

human cells

50 — 100bp telomeres lost per cell division.

At birth average telomere length is 10.5 -11kb.

- -

Skin fibroblast
isolated from Donor Clonal population
at age 58 — 62y sequenced



Telomere length as a proxy for number of cell divisions in

human cells

 50-100bp telomeres lost per cell division.

e At birth average telomere length is 10.5 -11kb.

- -

Skin Skin fibroblast
fibroblast at isolated from Donor Clonal population
birth at age 58 — 62y sequenced
20 cell
divisions

Telomere size
~4kb

Telomere size
~2kb




Telomere length as a proxy for number of cell divisions in
human cells

 50-100bp telomeres lost per cell division.

e At birth average telomere length is 10.5 -11kb.

- \
= ) = )
&
-
Skin Skin fibroblast
fibroblast at isolated from Donor Clonal population
birth at age 58 — 62y sequenced
20 cell
divisions
Telomere size Telomere size Telomere size
~11kb ~4kb ~2kb
65-70
cell

divisions




Somatic mutation rates per cell division in clones

. Number of cell
m Estimated telomere divisions
length (kb .

gth (kb) from birth
D1-R-H1 1373 3.04 60 23
D1-L-H 581 2.25 67 9
D1-R-F 1056 2.25 68 16
D1-L-F1 5309 2.29 67 79
D1-L-F2 3879 2.03 70 56
D2-L-H 4612 2.40 66 70
D2-L-F 8600 2.07 69 124

Estimates are maximal mutations/genome/cell division.
Number of cell divisions from zygote to newborn are not known.

Software used : Telseq



Example of rearrangements seen in the clones

Green = Deletion,
* Red = Translocation

Blue = Inversion
-< A

* Black = Duplication
(T T
7 'f/'/ .
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D1-L-F1

e CNV — 10
e CNV = 310

Red dots = Position of LOH/Homozygous mutations

Black dots = heterozygous mutations




Example of rearrangements seen in the clones

*  Green = Deletion,

5
£ * Red = Translocation
= »  Blue = Inversion
g - < . . Bl -

& . - ack = Duplication

Chromosome 19 ,** g UD

)

N

Chromosome 20

| |‘
+
log2-copy number

01 2 3 4 5 6
Genomic Position x 107

o
» @

D1-L-F1
Red dots = Position of LOH/Homozygous mutations

Black dots = heterozygous mutations

e CNV — 1N
e CNV — 3N




Rearrangements were often in vicinity of common fragile sites
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C—>T changes are prevalent in all samples
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Are there more mutations in a motif
than expected from random mutagenesis?

Calculating fold enrichment with mutations in a motif

C
C
a

\_

/ffgttgcccaggctgggattthggtgtgagccactgcactg\
cagcacttggaacggtcggcCagctccaacggcccagggca

catttagctctgcttcctcCtgtcccaaatacgttccate
aggtacctgggaagagactCgtgctgtttcttacataccg
aggcctatgccagtctaatCatgtgatctctagagttgca

J

Mutations(nd_,yTn) X Context

Enrichment =

Mutationsc_,ry X Context ycn)
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UV induces C=> T mutations in a di-pyrimidine context and T2>C
mutations in a TT context

5’-Py-C-3’ 5'-T-T-3’
/ \ CPD formation by UV
1 1 1 1
5.y-C-3’  5-C-C-3' 5’-y-mC-G-3’ 5'-T-T-3’
Deamination ‘1, \1, ‘1,
1 1 1
5.y-U-3’  5-U-U-3’ 5-y-T-G-3’
‘1, ‘1, Bypass of damage
v
5-y-T-3  5-T-T-3 5-y-T-G-3’ 5'-C-T-3’

C>T CC>TT C>T T->C




Minimum mutation load

Forearm samples have increased UV-signature mutations

1 1 1
5'-Py-C-3 —> 5-py-T-3’ 5-T-T-3 =—> 5-CT-3 5-C-C-3 =—> 5-T-T-3’
c>T T>C CCOTT
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Model organisms, and biochemistry with Pol 1 = 3’'T mutated in TT dimers

5 tTh 3’ 2 5’tCn 3’

in vivo ’ | in vitro — CPD bypass
. uman Po
— E. coli, M13mp7L1 phage a pmn
Table 2. Nucleotide sequence data from SOS-induced cells of " El Undamaged . CPD
SMHI10 transfected with vectors carrying either isomer 1 or 500
isomer 2 (Dewar valence isomer) of the pyrimidine-pyrimidone(6-
4) adduct located at the T-T target site in the sequence 190 390
5'-GCAAGTTGGAG-3’ "g 375 +
Sequences, no. (%) ‘;
Isomer 2 :g 250 +
Isomer 1 Sample 1 Sample 2 - 170
S 140 120
T-T 16 (9) 17 31) 49 (58) w1251 s il 5 ob 67
AT 0 5(9) 4(5) | e " A
C-T 2(1) 36) 7(13) | 10 28| 5% 2 e
0. - -
G-T 2(D) 12 1) Alc Ie A ' G 1 +
T-A 0 3(5 4 (5) —
[T=C 158 (85) 23 (42) 11.(13) ] 3’ T to: qTto: Ins/del
T-G 1(4) 12 22 .
e Lo @ 2@ S. Solfataricus
Double’ 5(3) 2(4) 7 (8)
Othert 0 0 0 Dpo4 Jndafnaged M cro
Total 185 55 85 1,200
LeClerc et.al , PNAS (1991) 1,000
?; 900
- 720
X
— yeast £ 6009 52
1262-1267 Nucleic Acids Research, 2002, Vol. 30, No. 5 © 2002 Oxford University Press g
Ll L Ll Ll Ll L‘I:l 300 i
UV-induced T—C transition at a TT photoproduct site is Lol 00 1316*3630 '5515 2’;*?110 542
dependent on Saccharomyces cerevisiae polymerase 1 0 I = S =
in vivo Al C |G A C G -1+
Hong Zhang and Wolfram Siede* Gl o L nsaeE

McCulloch SD et.al , Nature (2004)



Model organisms, and biochemistry with Pol n = 3’T mutated in TT dimers
5" tTn 3’ = 5’tCn 3’

in vivo | in vitro — CPD bypass
. Human Po

— E. coli, M13mp7L1 phage a Poln
Table 2. Nucleotide sequence data from SOS-induced cells of " D Undamaged . CPD
SMHI10 transfected with vectors carrying either isomer 1 or 500
isomer 2 (Dewar valence isomer) of the pyrimidine-pyrimidone(6-
4) adduct located at the T-T target site in the sequence 1400 390
5'-GCAAGTTGGAG-3’ *'g 375

Sequences, no. (%) ‘;
Isomer 2 E 250 1

Is the bias towards 5’'T mutated within TT-dimers
in humans due to enrichment of 5’'tTt3’ motifs in
the dataset?

—tnerT U 0 U =
Total 185 55 85 1,200
LeClerc et.al , PNAS (1991) 1,000
i 9001
')-( 720
— yeast £ 6009 52
1262-1267 Nucleic Acids Research, 2002, Vol. 30, No. 5 © 2002 Oxford University Press g
Ll L Ll Ll Ll m 300 i
UV-induced T—C transition at a TT photoproduct site is Lol 00 1315*3630 ’5615 261”’110 542
dependent on Saccharomyces cerevisiae polymerase 1 0 = S W
in vivo Al C |G A C G -1 #
Hong Zhang and Wolfram Siede* Gl S to: Me/cial=

McCulloch SD et.al , Nature (2004)




Enrichment

Analysis of +1 nt in nTt 2 nCt mutation signature reveals
higher mutation loads by rTt 2 rCt

r=aorg, y=torc

-Enrichmentth -Min_mutth
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Melanoma data from: Fredriksson et al. Nature Genetics 2014; 46:1258-1263



UV mutation signature in human skin fibroblasts

nTt=>nCt

(Predominantly rTt>rCt)

yCn—2>yTn




UV-signature mutations demonstrate a bias towards the
coding strand

Mutations ‘ l Repair

5000- % Coding A"‘*\

TTTT] ~ [TTTT
Noncoding TC-NER
4000- *
MutationsT *Repair
3000+

Mutation load

, NN

uv signatur'e mutations  other m'utations

O Forearms, mutations in coding strand

@ Forearms, mutations in noncoding strand
3 Hips, mutations in coding strand

B3 Hips, mutations in noncoding strand



Exomes from bulk fibroblasts — Allele frequencies
Majority of alleles are at ~10-20%

D1-L-F-bulk D1-L-H-bulk D1-R-F-bulk D1-R-H-bulk

600-

400-

200-
c
3 D2-L-F-bulk D2-L-H-bulk D2-R-F-bulk D2-R-H-bulk
& _

600-

400- ] _

1 Al

000 025 050 075 1.000.00 025 050 075 1.000.00 025 050 0.75 1.00000 0.25 050 075  1.00
Allele_Frequency



Many of SNVs in clones were identical to those in the bulk
samples and at ~10% frequency

D1-L-F2

: : D1-L-F2 - bulk
Mutations in exons only F2 - bu



Skin biopsies were made up of at least 10 clonal lineages

197 12 120

125 10 100
179 7 70
485 41 410
560 23 230
576 55 550
2030 109 1090

2286 83 830




Forearm samples show increased UV-signature mutations

even in exome datasets

1 1 1
5-y-C-n-3 —>» 5-y-T-n-3’ 5-n-T-T-3 =—> 5'-n-C-T-3’ 5-C-C-3 =—> 5-T-T-3’
C>T T>C CCOTT
15+ 800-
E 800- 747 12 . 678
= o
S 600- _S 600+
5 2
S 4001 S 4001
E 163 E 168
S 200- 56 | ..coinfeeees © 200+ 43 | psaageeofenns
E 16 S 12
c [
E P ERTTITTIL h . 0 TTTTTITE iLs :
0&*' @}*. 0"}*' ~o‘§b ‘0‘}*' ‘3)\‘. ‘°¢}$ ‘°§
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N ko@’b N Ko@’b N kO@ SV’ *9@
O\/ o‘l,/ 0\/ Qq,/




Conclusions

Magnitude

~1000 - 13000 somatic
mutations

1-25 gross chromosomal
rearrangements

Landscape

» Enriched in late replicating
heterochromatin
containing regions

» Rearrangements are
associated with common
fragile sites

Spectrum

» UV mutations — caused by
sunlight exposure

» Universal presence of
CpG~> TpG signature




Future

1. Define “normal” and “pathological” levels of somatic genome instability in
humans.

2. Assess genetic and environmental factors that impact mutagenesis in normal
somatic cells as well as in cancers.

3. Develop strategies for using somatic mutation data for individuals as a
“dosimeter” of lifetime genotoxic exposures.
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