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tures 1-6. Each of the 96 mutation types is annotated with a dominant direction: leading (pointing up),

igna

tional si

irec

D

Fig. S1

or lagging (pointing down). Asterisks indicate mutation types exceeding 20%.
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tures 7-13. Each of the 96 mutation types is annotated with a dominant direction: leading (pointing

igna

tional si
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Fig. S2

up), or lagging (pointing down). Asterisks indicate mutation types exceeding 20%.
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tures 14-19. Each of the 96 mutation types is annotated with a dominant direction: leading (pointing

igna

tional si
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Fig. S3

up), or lagging (pointing down). Asterisks indicate mutation types exceeding 20%.



m m m
pm alL WoLL oIl
Emy oL Em
L I I
119 115 119
919 219 919 919
319 319
V19 V19 V19 (@)
110 110 110 110 A
91 WoD oD
50 b1} pIb] 503 -
(78] V15
v Ly
oLy a1y a1y
b b
V1V ViV V1V
11 i jim
911 o1 EITI o11
L1 b Em p1i
Vil . v Vil
119 119 Jin) 119
919 oo PYE]
319 119 519 509 U
v19 v19 V19 19
D 119 JuE] A
919 91 90 919 -
D o BIE]
¥ Y Y0
1V Ly v 1w
pikg a1V 91V a1V
pilg pIkg pIk piL )
Wyl 1Y 1Y 1Y
in im i
91 911 911 911
B L oL
v Wil [
119 119 119
919 9219 919
719 719 519 319 <
V19 [3E) 2%
1 19 1 JiE] A
219 91 219 91 -
b 319 bIm]
vid V1o V1D VD
Ll Ly Ly
oLv oy 91v oLy
b v VN
Viv VIV Vv
101 101 101
o)l m 931 931
YL L 1
YoL voL ¥oL
129 - 139 19
93 59 9%
b Eb%) BEE)
¥39 ¥39 ¥29 T
1) m 1 A
979 97 97 )
327 B55] BEST | pes) BBS)
¥ V) v o) v
1% v 197 1V
oW 97 99 9 BEd |
Jov v v 27 v il
VoV Vv VoV VoV VOV
1L 0L 131 11 191 11
221 231 FENY
0L 221 2L 2oL L 3L
AN WL WL ks woL an
19 19 19 1 19
929 929 929 929
53] peo) 22 22 22 0]
¥ (25} ¥ v
1m 1m 1 1 17 17 A
53] E53) 90
b3 M s} m M (&)
Fa3) v ¥ ¥ [as) ¥
10 1ov 1oV 10 1oV
9 9
¥ v v ¥
W Vv vv v v
Bl 11 1L 101 e 101
3 931 o 3 b 3 90 ] et 91 4 3 ] et 931 ]
S L T © 71 s L © L o 9 WL T © 331 ©
oL —= oL = vaL = vaL = oL = ¥aL -
o | s a o 199 =3 a 19 =3 o =3 o 1390 =3 o 139 =3
= 955 £ £ 979 £ = 279 e £ 239 £ £ 979 e £ 579 £
o] 209 o] BR5] o] 279 o] 739 o] 779 O BEo)
- v g =l v39 3 ] v 3 - v g ] mvo g - v 3 M
— ) 1m 19 WL mio
2 Won o on 979 on on 979 o on 5 on on 5% on on 97 on )
= k) £ = 39 R = 39 k= = peal k= = BE5) A= = pi5) A=)
o Wy on O ¥2) on O ¥2) on O (%5} -] v M on T ¥ on
S 197 o @ 1% on @ v on  @© on @ 1 on  @® 19 on
[} 23% ] (] [0} [0} ] Q (] (7] 97 ] [P} 2% o]
- oW - - oW - - 20% - - 20V - - 20V - - 20% -
7 YW | 7 YW | 7 Yov | l YOV | l oy | 7 ¥Ov |
5] ° SIS o SRS o S o SIS o SRS o 5]

0c 24

njeusis

1 Z @Jnjeusis

77 9Jnjeusis

€7 2.4njeusis

GZ 2.4njeusis

97 94njeusis

tures 20-26. Each of the 96 mutation types is annotated with a dominant direction: leading (pointing

igna

tional si

irec

D

Fig. S4

up), or lagging (pointing down). Asterisks indicate mutation types exceeding 20%.
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Directional signatures 28 and N1-N4. Each of the 96 mutation types is annotated with a dominant direction: leading

Fig. S5

(pointing up), or lagging (pointing down). Asterisks indicate mutation types exceeding 20%.
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Fig. S6: Mis-clustering was avoided by manual examination (and whenever necessary re-assignment) of all signatures in all
clusters: joining two clusters corresponding to signature 10, joining two clusters corresponding to signature 1, splitting one
cluster into clusters corresponding to signature 6, signature 14, and signature 15, and finally splitting one cluster into signature

12 and N4.
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Fig. S7: Most mutational signatures exhibit a significant replication strand asymmetry and/or correlation with replication
timing. (A) The log,-transformed ratio of matching and inverse exposure is computed for each sample and signature. For each
signature, the median value of these ratios (in samples exposed to this signature) is plotted against -log;, g-value (signtest of
strand asymmetry per sample; with Benjamini-Hochberg correction). (B) Correlation of exposures with replication timing. The
20 kbp replication domains were divided into four quartiles by their average replication timing (early-replicated in the first
quartile, late-replicated in the last quartile) and exposures to signatures were computed in each quartile. Median log,-
transformed fold change from average exposure in early (first quartile) to late (last quartile) is plotted on the x-axis, i.e. values

on the right denote more mutations in late-replicated regions, values on the left reflect more mutations in early replicating



regions. The y-axis represents significance of the correlation of signature with replication timing in individual samples (signtest

of correlation slope per sample; with Benjamini-Hochberg correction).
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Fig. S8: Mean replication strand asymmetry per signature and cancer type (z-score normalised per sample). Red represents
matching strand asymmetry between signature and sample, blue represents inverse asymmetry. Only significant values are

shown (non-significant are in grey). Asterisks represent values that also pass Bonferroni correction for multiple testing.
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Fig. S9: Inclusion of protein coding genes, exclusion of all or non-protein coding genes, and both methods of estimating
direction of replication result in very similar mutation strand asymmetries. Comparison of the method 1 (x axis; protein-
coding genes and regions with low mappability were excluded; the direction of replication is derived from replication timing (20
kbp bins annotated as in Haradhvala et al.)) with three alternatives on the y-axis: with all regions included (first row), without
any genes, including non-protein coding ones, and without regions with low mappability (second row), and with direction of
replication derived from measurements of ORIs using NS-seq (1 kbp bins, see Methods; the absolute values of exposures are

different between the two methods since regions around ORIs cover fewer bases, and therefore also fewer mutations) (third



row). Each dot represents mean value per signature (first column), median value per signature (second column), or mean log2

fold-change between early and late replicating regions (third column).
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Fig. S10: The strand asymmetry is lost in randomized origins and replication timing domains. Histograms of distributions of

strand asymmetry in individual signatures in randomized origins: a list or origins with random locations in the human genome

were generated, such that the numbers of origins in individual chromosomes corresponded to the numbers detected using the

main method (from replication timing). Up to 100 regions of 20kbp on both sides were taken into account into the analysis. For

each signature, ranksum test was used to evaluate strand asymmetry, and Bonferroni correction for multiple testing applied; all

resulting p-values in this figure were non-significant (n.s.).
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Fig. S11: The correlation with replication timing is lost in randomized origins and replication timing domains. Average
correlation of exposures (matching and inverse separately) with replication timing in individual signatures using randomized
origins, generated as described in Fig. 2—figure supplement 3. The original values of replication timing in the individual regions

were randomly permuted in the generated domains.
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Fig. S12: Replication strand asymmetry and replication timing in APOBEC signatures. Columns show directional signature
(column 1), distribution around timing transition regions (column 2) and around replication origins (column 3), per-patient
mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored histogram) and correlation with

replication timing (column 5), as described in Fig 3.
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Fig. S14: Replication strand asymmetry and replication timing in MMR signatures in microsatellite stable samples (MSS).

Columns show directional signature (column 1), distribution around timing transition regions (column 2) and around replication

origins (column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored

histogram) and correlation with replication timing (column 5), as described in Fig 3.
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(column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored histogram)

and correlation with replication timing (column 5), as described in Fig 3.



1
leading template

« 0.0044*) p=0.180
=) ¢ 350 v nen=14 i
- 3 5 5 Lo
2 2 T siope = 17334
o g & g0l
w
‘E’-. § £ 300 & H Pllagers5%
o
g g 250 % g’ 200
~
lagging template 200
5 0 5 early late
x10°
0.227 10° 0070
I leading template g it © mn=8 @ 150 oo
2 2 o 3464
[ w g g & 100 [ -
3 ..,,._____§ 8 8 8 1 8 sope 8109
© & &% &
c I c e 50
x] g 60 ¢ | g
U |lagging template G = i ®
1 -0.5 o 0.5 1 early late
%10° 5
000 150 10 pe0289
oo | leading template 0 g0 o ° n=8 M
= 5 5 ]
¢ yi : 2
2 puw 8 . 8
© -3 & &
c © s °
o T 4 H H
Y | lagging template L i N .
1.5 1 05 0 05 1 15 early late
%10° 3
" 120 o Lileo
oo |leading template o & o
o 2 3 3
< w 210 g g
2|y A3 8 8 5
g ¢ w ¢ ¢
o g g :
W | lagging template o ¥

@ . 3 .
-1Mbp left/right transition +1Mbp

y 6O A v C O ORI +1Mbp 2 1 0 1 2 early late
IV A AT R RS
¢ g e « plus strand fnve i i natchingo® B matching
«  minus strand matching - inverse exposure -fﬂvefse

Fig. S17: Evaluation of robustness to noise: replication strand asymmetry and replication timing in signatures detected in
POLE-M samples. Results of evaluation of robustness to noise in signature exposures using 1000 perturbations (see Methods).
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histogram) and correlation with replication timing (column 5), as described in Fig 3.
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Fig. S18: Evaluation of robustness to noise: replication strand asymmetry and replication timing in signatures 10, 14, 18, and

28, in POLE-WT samples. Results of evaluation of robustness to noise in signature exposures using 1000 perturbations (see

Methods). Columns show directional signature (column 1), distribution around timing transition regions (column 2) and around

replication origins (column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-

colored histogram) and correlation with replication timing (column 5), as described in Fig 3.
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Fig. S19: Replication strand asymmetry and replication timing in three mutagen signatures (4 in lung cancer samples, 7 in skin
cancer samples, 22 in kidney cancer samples) and two signatures with unknown etiology: 17 (oesophagus and gastric cancer
samples) and N3 (skin cancer samples). Columns show directional signature (column 1), distribution around timing transition
regions (column 2) and around replication origins (column 3), per-patient mutation strand asymmetry (column 4; non-
significant asymmetry is shown in light-colored histogram) and correlation with replication timing (column 5), as described in

Fig 3.
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Fig. S20: Replication strand asymmetry and replication timing in signatures 4, 7, 17, 22, and N3 shown in other than their

dominant tissue. Columns show directional signature (column 1), distribution around timing transition regions (column 2) and

around replication origins (column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown

in light-colored histogram) and correlation with replication timing (column 5), as described in Fig 3.
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Fig. S21: Replication strand asymmetry and replication timing in liver-associated signatures. Columns show directional

signature (column 1), distribution around timing transition regions (column 2) and around replication origins (column 3), per-



patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored histogram) and correlation

with replication timing (column 5), as described in Fig 3.
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Fig. S22: Replication strand asymmetry and replication timing in signatures 1, 3, 9, N1, N2. Columns show directional
signature (column 1), distribution around timing transition regions (column 2) and around replication origins (column 3), per-
patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored histogram) and correlation

with replication timing (column 5), as described in Fig 3.
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Fig. S23: Replication strand asymmetry and replication timing in the four new signatures: N1, N2, N3, and N4. Columns show
directional signature (column 1), distribution around timing transition regions (column 2) and around replication origins
(column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored histogram)

and correlation with replication timing (column 5), as described in Fig 3.
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Fig. S24: Replication strand asymmetry and replication timing in signatures with little or no asymmetry: 5, 8, 19, 23, and 25.
Columns show directional signature (column 1), distribution around timing transition regions (column 2) and around replication
origins (column 3), per-patient mutation strand asymmetry (column 4; non-significant asymmetry is shown in light-colored

histogram) and correlation with replication timing (column 5), as described in Fig 3.
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Fig. $25: Comparison of effects of replication timing on mutational signatures in MSI and MSS samples. Average exposure to
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analysis was performed on tissues with MSI samples: gastric, colorectum, oesophageal adenocarcinoma. The asterisks denote
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Fig. S26: Comparison of effects of replication timing on mutational signatures in MSI and MSS samples. The boxplots show

distribution of slope of correlation of signature exposure with replication timing in individual patients, grouped by the MSI

status. The analysis was performed on tissues with MSI samples: gastric, colorectum, oesophageal adenocarcinoma. The values

below the signature names show number of samples (n), Benjamini-Hochberg corrected p-values (signtest of the slopes), the

percentage of samples with a positive slope, and comparison of slopes in MSI vs MSS samples (ranksum test of slopes in the

two groups; Benjamini-Hochberg corrected).
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Fig. S27: MMR signatures 6 and N4 have increased exposures around ORIs both in MSI and MSS samples. Based on SNS-seq of
ORI, exposures to signatures were compared in regions close to ORI (at most 250 kbp) and distant from ORI (between 500 kbp

and 1 Mbp). The difference was evaluated with signtest, p < 0.05 was considered significant.
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Fig. S28: Inverse exposure of signature 10 in POLE-MUT vs. POLE-WT samples. Frequency of mutations in TCT>A, TCG>T, and
TTT>G, the three major components of signature 10, is higher on the lagging strand than on the leading strand in POLE-WT
samples, whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 10 (exposure above 10)

are shown. Signtest was used to evaluate the mutation frequency difference between the leading and lagging strands.
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Fig. S29: Inverse exposure of signature 14 in POLE-MUT vs. POLE-WT samples. Frequency of mutations in CCT>A, GCT>A, and

TCT>A, the three major components of signature 14, is higher on the lagging strand than on the leading strand in POLE-WT

samples, whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 14 (exposure above 10)

are shown. Signtest was used to evaluate the mutation frequency difference between the leading and lagging strands.
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Fig. S30: Inverse exposure of signature 18 in POLE-MUT vs. POLE-WT samples. Frequency of mutations in CCA>A, GCA>A,

GCT>A, and TCT>A, the four major components of signature 18, in POLE-WT and POLE-MUT. Only samples exposed to signature

18 (exposure above 10) are shown. Signtest was used to evaluate the mutation frequency difference between the leading and

lagging strands.
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Fig. S31: Inverse exposure of signature 28 in POLE-MUT vs. POLE-WT samples. Frequency of mutations in ATT>G, CTT>G, and

TTT>G, the three major components of signature 28, is higher on the lagging strand than on the leading strand in POLE-WT

samples, whereas it is higher on the leading strand in POLE-MUT. Only samples exposed to signature 28 (exposure above 10)

are shown. Signtest was used to evaluate the mutation frequency difference between the leading and lagging strands.
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Fig. S32: Comparison of effects of replication timing on mutational signatures in MSI, MSS, POLE-MUT, and POLE-WT
samples. Average exposure to mutational signatures with respect to replication timing quartiles: early (first bin) to late (last
bin). Samples are grouped according to their MSI status: MMR proficient POLE-WT in green (first row), MMR deficient POLE-WT
in orange (second row), MMR deficient POLE-MUT in purple (third row), and MMR proficient POLE-MUT in carmine red (fourth
row). The error bars represent standard error of the mean. Signatures with exposure of at least 10 in at least 4 POLE-MUT
samples were included. The asterisks denote signatures with significant effect of replication timing (signtest of the slopes,

Benjamini-Hochberg corrected).



10t

— M55
M|
bMMRD
6 POLE
5
P
g
o 3=
a
=
-
. . - e
0 1 | | | |
Signature 10 Signature 14 Signature 18 Signature 21 Signature 28
n 125 2 12 166 6 2 4 290 9 2 6 80 0 z 4 173 3 2 8
q-value 0.015 0 0625 017 be-08 5 0635 0781 fe-42  0.020 1000 0365 0576 1 0625 1.000 2019 X 0625  0.176
) e og =
positive (%) 62% 0% 0% 83% 2% 69%  100%  75% 91% 100%  50% 83% 54% 50%  100% 50% 85% 67% 100%  88%
q-value 0.452 0.040 7e-04 0.185 0.040 0.111 0.042 0.447 0.009 0.834 0.094 1.000 0.991 0.164 1e-03
M Lo el : o o e

Fig. S33: Comparison of effects of replication timing on mutational signatures in MSS, MSI, and POLE-MUT samples. The
boxplots show distribution of slope of correlation of signature exposure with replication timing in individual patients, grouped
by the MSI and POLE-MUT status (bMMRD: biallelic mismatch repair deficient POLE-MUT samples). The values below the
signature names show number of samples (n), Benjamini-Hochberg corrected p-values (signtest of the slopes), the percentage
of samples with a positive slope, and comparison of slopes in MSI vs MSS samples (ranksum test of slopes in the two groups;

Benjamini-Hochberg corrected).



