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Figure S1. Details of CTCF/cohesin insulators, Related to Figure 1

(A) Length distributions shown for insulators, CTCF-CTCF loops, TADs and TAD boundaries. The
median length of insulators is 2 kb. (B) Upset plot to represent the number of overlapping CTCF/co-
hesin insulators between CTCF ChlA-PET and cohesin ChlA-PET data. Yellow colors represent the

conserved constitutive CTCF/cohes

in insulators used in this study.



A Predicted CTCF motif-disruption due to SNVs
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Figure S2. CTCF motif-disrupting mutations, Related to Figure 1

(A) Schematic representation of a SNV predicted to disrupt CTCF motifs and its tri-nucleotide con-
text. (B) Fraction of disrupted CTCF motifs relative to total disrupted motifs for all transcription
factors (TFs). Horizontal dashed line is the proportion of CTCF motifs among the total number of TF
motifs within ENCODE ChlIP-Seq or DHS peaks. Purple is for cancer types showing significant
enrichment of disrupted CTCF motifs. Colon cancer samples are divided into mismatch-repair-defi-
cient (MMRD) and mismatch-repair-efficient (MMRE). (C) Observed tri-nucleotide distribution of
CTCF motif-disrupting mutations for each cancer type. (D) Matrix depicting cosine similarity between
the CTCF motif-disrupting distributions per cancer type and the COSMIC mutational signatures.
Bigger size and darker color of the grey square-points indicates higher similarity. Cosine similarity =
70% with mutational signature reported for the corresponding cancer type is denoted by blue cross.
Mutations at all CTCF binding sites were considered for this analysis. BLCA: Bladder urothelial
carcinoma; GBM: Glioblastoma; LGG: Lower grade glioma; BRCA: Breast invasive carcinoma; CLL:
Chronic lymphocytic leukemia; UCEC: Uterine corpus endometrial carcinoma; ESAD: Esophageal
adenocarcinoma; HNSC: Head and Neck squamous cell carcinoma; LUAD: Lung adenocarcinoma;
LUSC: Lung squamous cell carcinoma; THCA: Thyroid carcinoma.
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Figure S3. Aggregate mutation rate at CTCF motifs within insulators, Related to Figure 1

For each panel the solid red line represents the observed rate of mutations that disrupt CTCF motifs and
dotted red line represents the expected rate. The observed rate is higher than expected for all cancer
types. For comparison, the observed rate of mutations that are not predicted to disrupt CTCF motifs is
shown by solid grey lines and the dotted grey corresponds to their expected rate. Only cancer types with
more than 500 mutations predicted to cause CTCF motif-disruption within insulator regions are shown.
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Figure S4. QQ plots of coding sequence (CDS) from CNCDriver, Related to Figure 1

QQ plots of CDS showing expected versus observed P values from CNCDriver. Candidates with Q

value < 0.1 are labeled and shown in red.
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Figure S5. QQ plots of promoters, Related to Figure 1

(A) CNCDiriver results: QQ plots of promoters showing expected versus observed P values from
CNCDriver. Candidates with Q value < 0.1 are labeled and shown in red. In melanoma, KDM5A,
RPL13A, GDAP1, RPL34 were further filtered due to extended TTCCG mutational signature
(Fredriksson et al., 2017). (B) OncoDriveFML result: QQ plot of OncodriveFML promoter result in
melanoma. Candidates with Q value < 0.1 are shown in red. OncodriveFML predicted 2,057
significant candidates with Q value < 0.1. Lambda value is 2.771 vs. the value of 1.313 for mela-
noma QQ plot from CNCDriver.
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Figure S6. QQ plots of enhancers from CNCDriver, Related to Figure 1
QQ plots of enhancers showing expected versus observed P values from CNCDriver. Candidates
with Q value < 0.1 are labeled and shown in red.



Observed -logso(p) Observed -logso(p) Observed -logio(p) Observed -logio(p) Observed -logro(p)

Observed -logio(p)

PilocyticAstrocytoma

6
4
2
0 f i
0 6
Expected Iogm()
6
4
2
0le”” :
0 6
Expected Iogm()
BLCA
6
4
2 /‘
0 .
0 6
Expected Iogm()
Ovarian
6
4
2 /
0 .
0 6
Expected —Iogm(p)
UCEC
g oM RP11-108M9.6
4 RP11-28H5.2
2 LINC00558
0 %6191.4  ~RP11-1030E3.1
2 4 6
Expected —logo(p)
Melanoma
6 RP11-727A23.5 _ RP11-34N191
RP11-1023P17.2
41 rrs-1124A11.1
) CASC17
0 AC073236.3

0 2 4 6
Expected —logyo(p)

Observed -logio(p)

o N A~ O
o\\
N

Observed -logio(p)

oN b O

Observed -logio(p)

o N MO
0&1
|

Observed -logio(p)

Observed -logio(p)

RP11-374A4.1

6

Expected —logio(p)

HNSC

MALATA
AC074138.3
CTD-2384A14.2
RP11-707P2®RP11-243A14.2

2 4 6
Expected —logio(p)

Renal

AF146191.4
AC006116.21

1-13K12.2 " LINC00936

2 4 6
Expected —logyo(p)

LUAD

RP11-1127D7.1

6
RP13-81N3.2
4 RP11-527H14.1
5 RP11-482E14.1
RP 14 146N18:1
LINC00158
0 -
0 6
Expected —Iog10(p)
Liver
G RP11-108Mo8 - MIRGGIA
CTD-2291D10.3
4
5 RP11-930P14.2
0 r - T
2 4 6
Expected —logyo(p)

Observed -logio(p) Observed -logo(p) Observed -logro(p) Observed -logro(p)

Observed -logio(p)

THCA
6
4
. /
0 . ' -
0 2 4 6
Expected —logio(p)

MalignantLymphoma

6 NEAT1
4 MALAT1
2
0 . ' -
0 2 4 6
Expected —logio(p)
BRCA
6 RPi1-108Mo6
44 FoFiafr1 - RP11-727A235
5 RP11-42110.1
449081
0 -
6
Expected —Iog10(p)
Pancreatic
6
4 »
LINC0O
2 /
0 . -
o 2 6
Expected —logio(p)
ESAD
6
4
. /
0 . -
0 2 6
Expected —logio(p)

Observed -logio(p) Observed -logio(p) Observed -logro(p) Observed -logro(p)

Observed -logio(p)

Figure S7. QQ plots of lincRNAs from CNCDriver, Related to Figure 1

QQ plots showing expected versus observed P values from lincRNA results of CNCDriver. Candi-

Medulloblastoma

6
4
2 /
0 -
6
Expected Iog10( )
6
4
5 p RP11-211G3.2
0 -
0 6
Expected —Iog10(p)
Prostate
6 cTo-2619013.14
4 | RP11-48025 — CROCCP2
LINC00p68
5 RP11-262H14.1
0200
0 r - T
2 4 6
Expected —logyo(p)
LUSC
6 RP11-82L.2.1
4
RP11-21401.2
2 97M9.2
0 -
6
Expected —Iog10(p)
Colon
6 MALAT1
4
XXbac-BPG#b8K3.6
2
0 -
6
Expected —Iog10(p)

dates with Q value < 0.1 are labeled and shown in red. We note that NEAT1 and MALAT1 show
enrichment of mutations due to AID somatic hypermutation in malignant lymphoma and their
mutations are likely not drivers.
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Figure S8. QQ plots of CTCF/cohesin insulators, Related to Figure 1

(A) CNCDiriver results: QQ plots show p-values follow a uniform distribution. Candidates with Q
value < 0.1 are labeled and shown in red. 10 out of 21 cancer types show at least one significant-
ly mutated insulator. (B) OncoDriveFML results: QQ plots shown for the three cancer types with
highest enrichment of disrupted CTCF motifs (see Figure S2B). Candidates with Q value < 0.1
are shown in red. Inflated QQ plots observed for esophageal cancer (ESAD) with 61 significant
candidates, melanoma with 201 significant candidates and liver cancer with 18 significant candi-
dates.
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Figure S9. Landscape of mutation rate in insulators, Related to Figure 1

Complete landscape view for the fraction of mutated samples per insulator along the genome
shown in the circos plot (light grey bars). The scale corresponds to the maximum fraction of
mutated samples for each cancer type (up to 36% in Melanoma, 24% in BLCA, 21% in Colon,
18% in ESAD, 15% in UCEC, 13% in LUAD, 10% in Ovarian, 9% in Renal, 4% in BRCA, 7% in
Liver and 5% in Pancreatic). Concentric circles correspond to different cancer types (see Figure
S2 legend for cancer type abbreviations). CNCDriver identifies significantly mutated insulators that
are highlighted as thicker bars in the corresponding cancer’s color and in dark grey for pan-cancer
analysis. In total, there are 21 significantly mutated insulators.
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Figure S10. Clonality status of the mutations in the
candidates predicted by CNCDriver, Related to Figures 1
(A) Workflow to assess the clonality status. Reference allelic
read counts [r], alternative allelic read counts [a], cancer cell
fraction [CCFi] within the uniform vector of 100 i values [0.01,
1], expected variant allelic fraction [VAFexp] given purity [p]
and copy number [cn], [VAFobs] observed variant allele
fraction given allelic read count. (B) Examples of posterior
probability curve for clonal and subclonal mutations. For
clonal mutations, the posterior probability curve tends to
support higher CCF for a given mutation VAFobs. For sub-
clonal mutations, for a given mutation VAFobs, lower CCF
has higher probability in the posterior probability curve. (C)
CCEF distribution for mutations in candidates for each
element: promoter, coding sequence (CDS), enhancer,
insulator and lincRNA. (D) Proportion of clonal and sub-clon-
al mutations in driver candidates for each element (Marked
with * p-value < 0.05, Fisher’s exact test).
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Figure S11. Mutations in predicted insulator drivers, Related to Figure 1

(A-H) Top: Graphical representation of the possible new loops formation (gray: alternate loops,
dotted: predicted loops) associated with significantly mutated insulators. Original CTCF-CTCF
loops predicted to be disrupted are shown in red. Black solid triangle represents CTCF motif in
the forward orientation and white triangle represents CTCF motif in the reverse orientation. Dark
grey bars represent a topological associated domain (TAD) and light grey represent a TAD
boundary. Bottom: Zoom-in needle plots to show the location of each mutation within the signifi-
cantly mutated insulator and the number of mutated samples at each position. The regions of
CTCF ChIP-seq peaks are labeled in blue color. Here, we show driver candidates with recurrent
mutations in the insulator regions. 5 out of 21 predicted drivers do not contain CTCF motifs in the
convergent orientation at original disrupted boundary pairs and were excluded from loop predic-
tions. Detailed information of genes involved in the predicted loop-rewiring events is in supple-
mentary table S8.



mRNA expression (z-score)

Samples

Pancancer, TGFB1

n=198 n=22
P =0.005
Q=0.029

WT MUT

Pancancer mutations, chr19:41,767,305-41,771,623

Tumor Type
Colon
LUAD
, Melanoma D

UCEC

=

S @

&8

£

Melanoma relapse
o Melanoma primary
» Melanoma metastasis
o« LUAD

Colon
o Liver

UCEC
o Prostate

ESAD

F

Melanoma mutations within insulator B

304

()
>
<

Melanoma samples

—— Constitutive loop
w/ mutated boundary
» Forward CTCF motif
<] Reverse CTCF motif

B
chrl9 41,700 41,750 | 41,800 41,850 kb
ChlP-seq « ‘ .
T " 'S
®° A 0%, o€
& SR
A%JM n\d:.a\ x"ﬁ‘\u"‘;
| CTCF motif,” "~ /. ELK4 motif
i /PQCCCQCTCT :;\, /¢-¢ _r_\,_\.: I
| GGACGCCCTCCAGTGGCGG CTETTTCCGGTT |
! snv4 snv8 !
1 23 5 67 812 1321 2 |
41768,000 41,769,000 41,770,000 41,771,000

Proportion of mutated samples per cohort

e Num of Mut Mut frequency
© Samples  frequency  at hotspots
* Relapse 20 15% 10%
o A Primary 59 12% 8%
* o Metastasis 125 19% 17%
Total 204 16% 13%
Q N N N
< X O ®
(oo} Oy Q- N+
,\6 ,\‘o /\/\ /\’\
N No No N
Y ™ ™ v

Mutated position

Figure S12. Mutations in TGFB1 associated insulator, Related to Figures 1 and 2

(A) Box plot of TGFB1 differential expression between tumor samples with mutations (MUT) and
those without mutations (WT) in the significantly mutated insulator (chr19:41,767,305-41,771,623) in
pan-cancer analysis. (B) The zoom-in to the significantly mutated insulator in pan-cancer analysis.
(C) Loop conformation in A375 melanoma cells around the TGFB1 associated insulator region B. (D)
The zoom-in to the significantly mutated insulator B shows the corresponding CTCF peak and co-lo-
cated ELK4 and YY1 peaks. Locations of the CTCF and ELK4 motifs are also shown. (E) Single
nucleotide variant (SNV) positions are shown. SNVs are numbered starting from left to right. There
are 7 hotspot positions (recurrently mutated in multiple samples) (chr19: 41,768,332; 41,769,771,
41,769,772; 41,769,800; 41,769,821; 41,770,065; and 41,770,083). The mutations predicted as
clonal are shown in green and subclonal in purple. (F) Summary table of proportion of mutated sam-
ples in each melanoma cohort.



A Examples of CRISPR-Cas9 mutational spectrum for SNV4
snv4-2  snv4-1

5 snv4 35
GGAGAAACCCTTGGCAGCGCCCGGACGCCCTCCAGTGGCGGCTCCTGAGAACC

e CCC?CT sV .

CTCF motif

Reference sequence

[~ GGAGAAACCCTTGGCAGCGCCCGGACGC--TCCAGTGGCGGCTCCTTAGAACC
GGAGAAACCCTTGGCAGCGCCCGGAC--CCTCCAGTGGCGGCTCCTGAGAACC

. GGAGAAACCCTTGGCAGCGCCCGGA-GCCCTCCAGTGGCGGCTCCTGAGAACC
Sequencing reads

GGAGAAACCCTTGGCAGCGCCCGGAC----- CCAGTGGCGGCTCCTGAGAACC
from samples GGAGAAACCCTTGGCAGCGCCCGGAC------ CAGTGGCGGCTCCTGAGAACC
transduced with GGAGAAACCCTTGGCAGCGCCC------~-- TCCAGTGGCGGCTCCTGAGAACC
snv4-1 sgRNA GGAGAAACCCTTGGCAGCGCCCGGAC------- AGTGGCGGCTCCTGAGAACC

GGAGAAACCCTTGGCAGCGCCCGGACGC----- AGTGGCGGCTCCTGAGAACC

GGAGAAACCCTTGGCAGCGCC--------- TCCAGTGGCGGCTCCTGAGAACC

L_ GGAGAAACCCTTGGCAGCGCCCGGACG------- GTGGCGGCTCCTGAGAACC

[~ GGAGAAACCCTTGGCAGCGCCCGGA-GCCCTCCAGTGGCGGCTCCTGAGAACC
GGAGAAACCCTTGGCAGCGCCCGG-CGCCCTCCAGTGGCGGCTCCTGAGAACC

) GGAGAAACCCTTGGCAGCGCCCG--CGCCCTCCAGTGGCGGCTCCTGAGAACC
Sequencing reads

GGAGAAACCCTTGGCAGCGCCC--=-=--~-~-~ TCCAGTGGCGGCTCCTGAGAACC
from samples GGAGAAACCCTTGGCAGCGCCCG----CCCTCCAGTGGCGGCTCCTGAGAACC
transduced with GGAGAAACCCTTGGCAGCGCCCGG----~----~-~ GTGGAGGCTCCTGAGAACC
snv4-2 sgRNA GGAGAAACCCTTGGCAGCGCC--------- TCCAGTGGCGGCTCCTGAGAACC

GGAGAAACCCTTGGCAGCGCCCG------------ TGGCGGCTCCTGAGAACC

GGAGAAACCCTTGGCAGCGCCCGG-=--=-=-=-~-=-=-~-~ TGGCGGCTCCTGAGAACC

L GGAGAAACCCTTGGCAGCGCCCGGACG-----=---- GGCGGCTCCTGAGAACC
B Examples of CRISPR-Cas9 mutational spectrum for SNV8
snv8-1 snv8-2

Snv

vir ; 3)
AGGGGCGGGCTCCTGGTGAATTCATCTCTTTCCGGTTTCTTAAAGGCAACAGG

5>
Reference sequence

~=AQ .

ELK4 motif

[~ AGGGGCGGGCTCCTGGTGAATTCATCT-TTTCCGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCATC-CATTCCGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCATCT--TTCCGGTTTCTTAAAGGCAACAGG

Sequencing reads AGGGGCGGGCTCCTGGTGAATTCAT----- TCCGGTTTCTTAAAGGCAACAGG

from samples
transduced with

AGGGGCGGGCTCCTGGTGAATTCATCT---TCCGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCAT---TTTCCGGTTTCTTAAAGGCAACAGG

snv8-1 sgRNA AGGGGCGGGCTCCTGGTGAATTCAT----TTCCGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCA- - - - - - CCGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCATC- - - - - CCGGTTTCTTAAAGGCAACAGG

| AGGGGCGGGCTCCTGGTGAATTCATCTC---CCGGTTTCTTAAAGGCAACAGG

™ AGGGGCGGGCTCCTGGTGAATTC- === -~ CGGTTTCTTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCATCTCTT-CCGGTTTCTTAAAGGCAACAGG

, AGGGGCGGGCTCCTGGTGA- -~ -~~~ TTCCGGTTTCTTAAAGGCAACAGG
Sequencing reads AGGGGCGGGCTCCTGGTGAATTC =~~~ ===~~~ - CTTAAAGGCAACAGG
from samples AGGGGCGGGCTCCTGGTGAATTC---mmmmmm oo - o - - TTAAAGGCAACAGG
transduced with AGGGGCGGGCTCCTGET ~ = - =~ = = = == = TCCGGTTTCTTAAAGGCAACAGG
snv8-2 sgRNA AGGGGCGGGCTCCTGGTGAATTCn - m = mmmmm o e m oo - TAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCATCT - == ===~ - - - TTAAAGGCAACAGG
AGGGGCGGGCTCCTGGTGAATTCAT -~~~ = ===~~~ - - TTAAAGGCAACAGG

| AGGGGCGGGCTCCTGGTGAATTCAT -~ - -=- -~~~ TAAAGGCAACAGG

Figure S13. Deep sequencing of indel mutations at each CRISPR guided RNA target site,
Related to Figure 3

(A-B) We targeted two mutations (SNV4 and SNV8) in the chr19 insulator and designed 2
sgRNAs for each. We performed deep sequencing to determine the resulting indel distribution of
each sgRNA. (A) sgRNAs SNV4-1 and SNV4-2 target SNV4 located in a CTCF motif. (B)
sgRNAs SNV8-1 and SNV8-2 target SNV8 which is located in an ELK4 motif.
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