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Supplementary S1: R code for the main figures

Figure 1B
ggplot(v3,mapping = aes(x = group,y="Circle length(bp)",fill=group),)+
geom_violin()+
theme_classic()+
theme(text = element_text(size=16,family = "sans"))+
scale y log10(breaks = c¢(10, 100, 1000,10000,100000),
label = ¢("10", "100", "1000","10000","100000"))

Figrue 1C
geplot(NT,aes(x=log10(" Circle length (bp)"),color=group,fill=group))+
geom_density(alpha=0.5)+
theme_classic()+
labs( y="Estimated dentisy",x="Circle Length", size=10)+
theme(text = element_text(family = "sans",
size=16))+
scale_x_continuous(breaks = ¢(1,2,3,4,5),
labels = ¢("10",'100','1000','10000','100000"))+
scale_y continuous(breaks = ¢(0,0.5,1,1.5,2),
labels = ¢("0",'0.05','0.1",'0.15",'0.2"))

Figure 1D

ggplot(Ecclist_byindividual)+
geom_bar(aes(x=sample_list,y=copies,fill=group),width = 0.5 stat = 'identity")+
theme_classic()+
theme(text = element_text(size=16,family = "sans"))+
scale_x_discrete(labels = c¢("copies of eccDNA1" = "Nitrogen ratel"))+
theme(text = element_text(size=16,family = "sans"))+
scale_y logl0(breaks = ¢(100,1000,10000,100000),

labels = ¢('100','1000','10000','100000"))+

coord_cartesian(ylim = ¢(100,100000 ))+
ylab("Detected eccDNA")+
xlab("")

Figure 2A
plot.params <- getDefaultPlotParams(plot.type=2)
plot.paramsS$ideogramheight <- 80
kp <- plotKaryotype(genome="hg38", plot.type=2,plot.params = plot.params)
kpDataBackground(kp, data.panel = 1, r0=0.1, r1=0.7)
kpDataBackground(kp, data.panel = 1, r0=0.8, r1=1.4)
kpAxis(kp, ymin=2, ymax=8, 10=0.2, r1=0.8, col="gray50", numticks=2,cex=0.5,text.col = 'white')
kpAxis(kp, ymin=2, ymax=8, 10=0.9, r1=1.5, col="gray50", numticks=2,cex=0.5,text.col = 'white')
kpBars(kp, chr=Norm_sum$chr, x0=Norm_sum$start, x1=Norm_sum$end, y1 =
Norm_sum$norm_copy number,

ymin=2, ymax=8, r0=0.2, r1=0.8, data.panel = 1, border="#F8766D" )
kpBars(kp, chr=Tumor_sum$chr, x0=Tumor_sum$start, x1=Tumor_sumS$end, y1 =
Tumor_sum$norm_copy_number,

col="#AADDAA", ymin=2, ymax=8, r0=0.9, r1=1.5, data.panel = 1, border="#00BFC4" )
legend(x = "bottomright", fill = c("#F8766D", "#00BFC4"), legend = c("Norm", "Tumor"),box.col="white")

Figure 2B
anno_Tumor 2 <- annotatePeak(Tumor,tssRegion = c¢(-500,500),



TxDb = TxDb.Hsapiens.UCSC.hg38.knownGene)
plotAnnoPie(anno_Tumor 2,ndigit=1)
anno_norm_2 <- annotatePeak(Norm,tssRegion = ¢(-500,500),
TxDb = TxDb.Hsapiens.UCSC.hg38 knownGene)
plotAnnoPie(anno_norm_2,ndigit=1)

Figure 2C
plotAnnoBar(list_all,ndigit=1)+
theme(text = element_text(size=16,family = "sans"))

Figure 2D
plotPeakProf2(peak = list(Norm,Tumor), upstream = rel(0.2), downstream = rel(0.2),
by = "gene", type = "body", nbin = 800,
TxDb = TxDb.Hsapiens.UCSC.hg38.knownGene, weightCol = "V5" ignore_strand = T,
ylab = "eccDNA Read Count Frequency",conf = 1)+
theme(text = element_text(size=16,family = "sans"))

Figure 3A
geplot(NT,aes(y=counts_per Mb,x=V1,fill=group))+
geom_bar(stat = "identity', position = 'dodge")+
theme_classic()+
ylab("counts per Mb")+
scale_y_continuous(expand = ¢(0,0),limits = ¢(0,500),
sec.axis = sec_axis(~./12,
name = 'Protein coding gene density / Mb',
breaks = seq(0,40,10)))+
geom_line(mapping = aes(x= V1,
y=V2%*12),
linetype=3,cex=0.5,group=1)+
geom_point(mapping = aes(x= V1,
y=V2%*12),
color="black',size=2)

Figure 4
Mainly following tutorial
https://www.bioconductor.org/packages/release/workflows/vignettes/rnaseqGene/inst/doc/rnaseqGene.R

Figure 5SA
plot.params <- getDefaultPlotParams(plot.type=2)
plot.paramsS$ideogramheight <- 10
kp <- plotKaryotype(genome="hg38", plot.type=2,plot.params = plot.params,chromosomes = c¢("chr22"))
kpAddCytobandLabels(kp, cex=0.5, force.all=TRUE)
kpPlotDensity(kp,data = gr0,window.size = 1¢6,r0=0.15, r1=0,data.panel=2,ymin = 0,ymax = 60)
kpAxis(kp, data.panel = 2, ymin=0, ymax=40, r0=0.15, r1=0, col="gray50", numticks=3,cex=0.8,text.col =
'black’,labels = ¢(0,30,60))
for (i in 1:length(sample_list)) {

kpPlotDensity(kp,data = Eccgr[[i]],window.size = 1¢6,r0=0.02+(i-1)*0.08,
r1=0.02+1*0.08,data.panel=1,ymin = 0,ymax = 100000,col=Ecc_color][i])

kpAxis(kp, ymin=0, ymax=8, r0=0.02+(i-1)*0.08, r1=0.02+i*0.08, col="gray50",
numticks=2,cex=0.5,text.col = 'white")

kpAddLabels(kp, sample_list 1[i], label.margin=0.01, side="left", offset=0, r0=0.02+(i-1)*0.08,
r1=0.02+i*0.08)
H



for (i in 1:length(Ecclist)) {
Ecclist_chr20[[i]] <- Ecclist[[i]] %>%
filter(V1=="chr22") %>%
select(c(1:3,5)) %>%
mutate(copy number=log2(V5)) %>%
mutate(norm_copy number=copy_number) %>%
‘colnames<-"(c('chr','start','end’,'splite_read','copy_number','"norm_number'))
kpBars(kp, chr=Ecclist_chr20[[i]]$chr, x0=Ecclist_chr20[[i]]$start, x1=Ecclist chr20[[i]]$end,
y1 = Ecclist_chr20[[i]]$norm_number,
ymin=0, ymax=8, 10=1.55-(i-1)*0.08, r1=1.55-1*0.08, data.panel = 2, border=Ecc_color[i])
kpAxis(kp, ymin=0, ymax=8, r0=1.55-(i-1)*0.08, r1=1.55-1*0.08, col="gray50", numticks=2,cex=0.5,text.col
= 'white',data.panel = 2)
kpAddLabels(kp, sample_list 1[i], label.margin=0.01, side="left", offset=0, r0=1.55-(i-1)*0.08, r1=1.55-
1*0.08,data.panel = 2)
H

Figure 6A
upset(Ecclist_bygene full over3,
sets = c('Ecc_22T',

'Ecc_24T',

'Ecc 28T,

'Ecc_50T",

'Ecc_77T',

'Ecc_80T",

'Ecc_81T',

'Ecc_83T"),
mainbar.y.label = "Genes in common",
mb.ratio = ¢(0.65, 0.35),
sets.x.label = "Gene Counts",
matrix.color = "gray23",
sets.bar.color = "#00BFC4",
main.bar.color = "#00BFC4",
text.scale=c(2,2,2,2,1.6,2))
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Figure S1. (A) QC passed reads in HCC and the adjacent non-tumor tissues. (B) The heatmap of
significantly differential expressed genes (Fold change >2, FDR q value < 0.05, t test) in HCC
tissue and the adjacent non-tumor tissue.
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Figure S2. Protein coding genes (upper panel) were grouped into bins of 1-Mb step-wise across
chromosome 13, 14,15 (A-C). EccDNAs clustering patterns (lower panel) were similar with that of protein
coding gene patterns across all samples.
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Figure S3. The relation analysis of the eccDNA counts per gene and the average transcription level of the

eight HCC and adjacent tissue samples.
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Figure S4. Two genes related to eccDNA showed higher expression levels and are associated with lower
survival rates in public HCC cohorts. (A, C) Meta-analysis. Published microarray and RNA-seq data were
downloaded from Gene Expression Omnibus (GEO), including accession numbers GSE76311 (1) and
GSE89377 (2), as well as Bioproject, including accession numbers PRINA310654 (3), PRINA371753 (4),
PRINAS512451 (5) and PRINA762641 (6). We used limma (v3.46.0) to process microarray data following
the standard procedure (7). After calculation of the logarithmic ratio of the gene expression level between
tumor tissue and non-tumor tissue as well as its standard error for each viable study, we used the
DerSimonian-Laird random effects model to perform the meta-analysis using R packages meta (v5.2-0) (8).
We selected the random effects model a priori, as we expected significant study heterogeneity. Gene
expression levels were combined using a random effects model. The size of each square represents the
weight of that study. Microarray-derived and high-throughput sequencing gene expression levels in tumors
tissues versus adjacent non-tumor liver tissues were shown. The results indicated that the standardized mean
differences (SMDs) between tumor and non-tumor samples were -1.08 (95% CI -0.99 ~ -0.35) and -1.20
(95% CI -1.80 ~ -1.20) for SLC16A3 and BAIAP2L2, respectively. (B, D) Kaplan-Meier analysis
comparing HCC patient survival rates with different gene expression levels in TCGA cohort. Patient
survival plot was drawn based on the information summarized by the UCSC Xena (http://xena.ucsc.edu/)
database. We used the GDC TCGA Liver Cancer (LIHC) project data and divided samples into two groups
based on gene expression in quartiles. Two indicated genes including SLC16A3 and BAIAP2L2, showed
higher expression levels and were associated with lower survival rates in HCC.



Supplementary Table S1: Clinical annotation of patients anal

yzed with Circle-seq and RNA-seq.

Patient ID Age Sex Tissue BCLC CNLC Serum HBsAg |
#22 66 Male TINT A Ib (+)
#24 70 Male T/NT A Ib (-)
#28 67 Male T/NT A la (+)
#50 61 Male T/NT A Ib (+)
#r7 65 Female T/NT B llb (+)
#80 56 Male TINT A la (-)
#81 56 Male T/NT A Ib (+)
#83 67 Male T/NT A Ib (+)

Supplementary Table S2: Primers used for PCR and San

er DNA sequencing

Name Description Sequence (5°-3)
#83T_BAIAP2L2-F PCR of circle junction in#83 T | ACCCATCTCTGGGCCTCAGT
#83T_BAIAP2L2-R | PCR of circle junction in#83 T | GGCAACTTGTCCAAAGTCACAAAGC

Supplementary Table S3: All eccDNAs identified in at least two or more tissues in the eight adjacent

tissues
chrom start end length (bp) meancov sample
chr11 64582047 64582240 194 16.3;13.1; 50NT;83NT;
chr12 120707029 | 120707224 196 150.6;194.7; 22NT;80NT;
chr12 131098129 | 131098188 60 16.3;8.6; 28NT;50NT;
chr1 228547392 | 228548604 1213 14.4,63.3; 22NT;80NT;
chr12 49877510 49877621 112 4.8;60.4; 28NT;77NT;
chr1 55002911 55003057 147 146.6;65.4; 22NT;77NT;
chr15 75104289 75104508 220 29.7;18.4; 28NT;50NT;
chr17 41632758 41633278 521 65.2;77.8; 24NT;80NT;
chr17 80024304 80024653 350 72.6;46.3;40.2; 24NT;77NT;83NT;
chr20 43696476 43697013 538 13.1;117.3; 22NT;83NT;
chr3 195110258 | 195110895 638 23.0;215.6; 22NT;77NT;
chr9 43333269 43334072 804 196.6;470.0;357.1;75.3; | 22NT;77NT;80NT;83NT;
chr9 76230379 76230727 349 7.9;9.0; 28NT;50NT;
chrY 10670737 10674059 3323 615.0;315.6; 50NT;80NT;
chrY 11048306 11048620 315 47.6;32.7; 22NT;81NT;
Supplementary Table S4: All eccDNAs identified in at least two or more tissues in the eight HCC tissues
chrom start end length (bp) meancov sample
chr10 131176467 131177157 691 76.9;63.2; 77T;80T;
chr11 132125730 132125790 61 232.8;54.1;68.5; | 22T;77T;80T;
chr12 49877510 49877621 112 28.8;47.0; 77T;80T;
chr1 30488722 30488829 108 41.3;32.7; 77T;80T;
chr1 3176048 3176298 251 14.2;26.0; 22T;77T;
chr1 55002896 55003056 161 69.9;85.2;47.2; | 22T;77T;83T;
chr16 88349723 88349887 165 251.0;16.1; 22T,;80T;
chr17 41632758 41633278 521 85.2;91.8; 80T;83T;
chr17 41632758 41633279 522 24.4;193.3; 24T;77T;
chr17 41632779 41633279 501 24 .5;85.4; 24T;80T;
chr17 80024304 80024653 350 64.1;35.3; 77T;80T;
chr19 38750196 38750320 125 33.3;8.2; 22T,;24T;
chr19 7331320 7331580 261 11.8;12.4; 22T;77T;
chr20 63913065 63913104 40 35.5;98.3; 22T;80T;
chré 157238333 157238374 42 23.8;12.8; 22T;77T;




chré 168270045 168270260 216 224.8;22.4; 22T;80T;
chr8 138691548 138692217 670 24.0;6.6; 77T,80T;
chr9 133254915 133255391 477 37.7;10.2; 22T;77T;
chr9 34681484 34681981 498 9.2,27.7; 28T;80T,;
chrY 10670733 10674059 3327 4008.5;366.2; 24T;50T;
chrY 10670742 10674059 3318 426.2;3961.2; 80T;81T,;

Supplementary Table S5: The most abundant circular DNA detected in each tissue sample. Tab separated
file containing the chromosomal coordinates and coverage statistics of the detected circular DNA. Ordered from
left to right, the columns contain the following information: 1,chromosome; 2, start coordinate; 3, end coordinate; 4,
number of discordant read pairs; 5, number of split reads; 6, mean coverage within the detected coordinates; 7,
standard deviation of the coverage within the detected coordinates; 8, read coverage ratio at the start coordinate;
9, read coverage ratio at the end coordinates; 10, fraction of reference bases not covered by sequencing reads
within the detection; 11, sample type.

chr | start end discor | soft- meanco | Standard | start rati | end _rati | contin | sample
om dant clipping | v deviation | o o] uity

reads reads
chr | 669841 | 669845 | 11 224 403.282 | 46.95389 | 0.95090 | 0.97474 | O #22T
11 60 81 6603 57 7778 8731
chr | 193709 | 193716 | 9 230 581.380 | 87.94501 | 0.99117 | 0.99937 | O #24T
20 79 26 2164 291 1824 7482
chr | 463944 | 463950 | 14 1381 31045.9 | 6985.011 | 0.74690 | 0.50468 | O #28T
16 58 66 9013 646 2461 1592
chr | 197489 | 197490 | 6 137 535.700 | 105.9972 | 0.99330 | 0.99863 | 0 #50T
3 467 186 9736 099 5751 8385
chr | 151229 | 151229 | 10 199 219591 | 1220.466 | 0.99377 | 0.99731 | O #ITT
1 108 441 2913 497 4857 5686
chr | 695727 | 695733 | 9 98 97.8695 | 7.641182 | 0.92265 | 0.94157 | O #80T
8 34 32 6522 437 2901 3756
chr | 133177 | 133177 | O 74 309.055 | 175.2498 | 0.36929 | 0.99447 | O #81T
10 535 643 5556 657 044 0828
chr | 642231 | 642241 | 14 156 301.887 | 49.38600 | 0.99049 | 0.99997 | O #83T
1 86 11 5676 641 3732 5026
chr | 675813 | 675815 | 17 119 355 29.37083 | 0.99997 | 1 0 #22NT
5 79 06 025 2567
chr | 492978 | 493015 | 26 77 363.335 | 147.8760 | 0.59906 | 0.99902 | O #24NT
X 85 92 0418 954 2381 167
chr | 184826 | 184826 | 3674 10817 275719 | 3101.117 | 0.99998 | 0.99966 | O #28NT
3 499 923 2217 478 1388 4445
chr | 277587 | 277619 | 22 316 488.144 | 40.16111 | 0.96764 | 0.98158 | O #50NT
17 2 8 1718 051 4048 548
chr | 470662 | 470663 | O 154 1047.79 | 25.95786 | 0.94777 | 0.94777 | O H#TTNT
17 67 01 4118 111 5886 5886
chr | 528247 | 528278 | 5 135 571.269 | 136.8402 | 0.96091 | 0.99996 | O #BONT
19 41 90 927 519 8665 5425
chr | 452394 | 452429 | 6 192 379.072 | 78.52213 | 0.72277 | 0.65510 | O #81NT
19 35 32 9196 807 5412 502
chr | 128454 | 128455 | 7 117 539.119 | 292.4763 | 0.29090 | 0.97923 | O #83NT
2 967 176 6172 435 4385 0029

Supplementary Table S6: Genes that harbored eccDNA in at least three tumor samples. Tab separated file
containing the chromosomal coordinates and coverage statistics of the detected circular DNA. Ordered from left to
right, the columns contain the following information: 1,gene name; 2.chromosome; 3, start coordinate; 4, end
coordinate; 5, number of discordant read pairs; 6, number of split reads; 7, sample type.

Gene chrom | start end discordant | soft- sample
reads clipping
reads
LAMB3 chr1 209643261 | 209643707 | 14 20 #22T
chr1 209637186 | 209637667 | 4 12 #28T




chr1 | 209638820 | 209640218 | 16 71 #HITT
NTAQ1 chr8 | 123435750 | 123435908 | 4 46 #22T
chr8 | 123443276 | 123443776 | 0 8 #28T
chr8 | 123459114 | 123459597 | 11 18 #HITT
PAK3 chrX | 110947727 | 110949064 | 1 2 #22T
chrX | 111106295 | 111106523 | O 6 #28T
chrX | 111130645 | 111131726 | 0 8 #HITT
chrX | 111140649 | 111143250 | O 2 #80T
RHEX chr1 | 206095741 | 206095922 | 0 2 #22T
chr1 | 206074135 | 206074414 | 0 80 #28T
chr1 | 206076416 | 206077499 | 0 9 #28T
chr1 | 206070187 | 206070476 | 9 61 #HITT
VWF chr22 | 5949639 5950614 0 6 #22T
chr22 | 6066228 6066586 1 8 #22T
chr22 | 6056612 6056754 0 7 #50T
chr22 | 6052132 6053607 2 4 #80T
SLC16A3 | chr17 | 82252370 82252758 0 2 #22T
chr17 | 82242979 | 82243702 | 0 4 #28T
chr17 | 82245355 | 82245926 | O 3 #28T
chr17 | 82260371 | 82262910 |0 2 #I7T
BAIAP2L2 | chr22 | 38091157 | 38091552 | 8 56 #28T
chr22 | 38101323 | 38105290 | O 4 #80T
chr22 | 38099051 | 38099303 | 4 6 #83T
DIO2 chr14 | 80224449 | 80224797 | 12 17 #28T
chr14 | 80308770 | 80309965 | 8 32 #HITT
chr14 | 80336413 | 80337072 |0 6 #80T
GPC3 chrX | 133784231 | 133784513 | 0 7 #28T
chrX | 133800579 | 133800769 | O 4 #28T
chrX | 133634340 | 133638589 | 14 43 #I7T
chrX | 133858277 | 133859028 | 24 4 #HITT
chrX | 133858278 | 133859028 | 18 22 #80T
SGIP1 chri | 66700048 | 66700341 0 2 #28T
chri | 66726736 | 66728212 |0 4 #I7T
chri | 66552874 | 66553703 | 4 2 #80T
chr1 | 66647568 | 66650015 |9 19 #80T
SULF1 chr8 | 69556469 69556562 | 4 5 #28T
chr8 | 69556470 | 69556562 | O 23 #28T
chr8 | 69596154 | 69596464 | 0 79 #28T
chr8 | 69584303 | 69585219 | 0 2 #HITT
chr8 | 69572734 | 69573332 |9 98 #80T
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