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38

39 SUMMARY

40  Genomic abnormalities, including structural variation (SV), copy number variation

41 (CNV), single-nucleotide polymorphism (SNP), homogenously staining regions (HSR)
42  and extrachromosoma DNA (ecDNA), are strongly associated with cancer, rare
43  diseases and infertility. A robust technology to simultaneously detect these genomic
44  abnormalities is highly desired for clinical diagnosis and basic research. In this study,

45 we developed a simple and cost-effective method — multiple genetic abnormality
46 sequencing (MGA-Seqg) — to simultaneously detect SNPs, CNVs, SVs, ecDNA and

47  HSRsin asingle tube. This method has been successfully applied in both cancer cell

48 lines and clinical tumour samples and revealed that focal amplification in tumour

49  tissue is substantialy heterogeneous. Notably, we delineated the architecture of focal

50 amplification and the ecDNA network by MGA-Seq, which facilitated the exploration
51  of the regulation of gene expression in ecDNA. This method could be extensively
52 applied for diagnosis and may greatly facilitate the investigation of the genomic
53  mechanism for genetic diseases.

54
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61  INTRODUCTION

62  Genomic abnormalities, including structural variation (SV), copy number variation
63 (CNV), focal amplification (FA) (1), and single-nucleotide polymorphisms (SNPs),
64 are strongly associated with the development and progression of cancer (2, 3), rare
65 diseases (RDs) (4) and infertility (5, 6). Accumulating data have demonstrated that
66  numerous cancer cells contain extrachromosomal DNA (ecDNA), a form of FA (7).
67  The copy number of oncogenes can be highly elevated by ecDNA-based amplification.
68  Moreover, the chromatin architecture of ecDNA is usualy highly accessible (8),
69 which dramatically increases the expression level of oncogenes. ecDNAs can be
70  gpatially close to each other and cluster together to form ecDNA hubs (8-10), which
71 perform enhancer-like functions and increase the expression of proto-oncogenes
72 through intermolecular interactions (8, 9, 11). Intriguingly, in response to antitumor
73 drug treatment, ecDNA can reintegrate back into the chromosome in another form of
74  FA, homogenously staining regions (HSRs), via a myriad of mechanisms (12).
75 Increasing evidence suggests that ecDNA is associated with cancer progression and
76  can be used as a diagnostic marker (13, 14). However, there is no method thus far to
77  simultaneously detect diverse types of genomic abnormalities, which greatly hampers
78  the precise diagnosis and understanding of the molecular mechanism of cancer and
79  genetic disease.

80

81  Second-generation sequencing-based whole exome sequencing (WES) and whole
82  genome sequencing (WGS) can efficiently detect single-nucleotide variants (SNV's)
83 and small indels (< 50 bp). However, due to the limitations of short read length, it is
84  extremely challenging to identify larger inversions, translocations, insertions (>1 Mb)
85 (15), and ecDNA. To improve the detection capability of complex genomic structural
86 variation, several new technologies have been developed (15, 16). These technologies
87 can be generaly divided into two categories. one is based on single molecule long
88 fragment sequencing or detection, such as Pacific Biosciences (PacBio) SMRT
89  seguencing (17, 18), Oxford Nanopore Technologies (ONT) sequencing (16, 19, 20),
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90 and Bionano (21); the other is based on long DNA sequence reconstruction using
91  short read sequencing, such as strand-seq (22, 23), 10x Genomics linked-reads (24-
92  26), and Hi-C (27, 28). Due to the high cost, tedious experimental steps, and large
93 amount of initial sample, these technologies are mostly applied in scientific research,
94  such as genome assembly (29-31), full-length transcriptome sequencing (32), and
95  gene transcription regulation (33), but not for clinic diagnosis.

96

97 Based on WGS datasets, researchers developed the FA prediction software
98  AmpliconArchitect (34) and delineated the focal amplifications and general structure
99 of ecDNA in different types of tumours (35). Due to the natura disadvantage of the
100 short read length of next-generation sequencing datasets, the accuracy of
101 AmpliconArchitect prediction results is limited, and there is no spatial structural
102  information of ecDNA hubs. Recently, a multiomics strategy based on second-
103  generation sequencing, third-generation sequencing, and Hi-C has been developed to
104  decode the spatial architecture of ecDNA hubs in detail (9, 36). This integrated
105 analysis strategy can effectively decode the circular structure and spatial mobility of
106 ecDNA. However, this strategy requires expensive multiple sequencing library
107  construction and sequencing from the same sample, which limits its clinical
108  application for precise diagnosis. Thus, a simple method for the simultaneous
109  detection of different types of genomic abnormalities is crucial and highly desired for
110  precise diagnosis and understanding the molecular mechanism of cancer and genetic
111 disease.

112

113 In this study, we sought to develop an efficient and cost-effective method, multiple
114  genetic abnormality sequencing (MGA-Seq), to simultaneously detect SNPs, CNVs,
115 SVs, and the spatial architecture of FA and distinguish ecDNA from HSR. Using
116  MGA-Seq, we successfully identified SNPs, CNVs, specific chromosomal
117  translocation types and breakpoints with single-base resolution in cancer cells and
118 blood samples from infertile patients. As MGA-Seq can locate the approximate

119  location of genomic structural variation, it can facilitate breakpoint searching. We
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120  demonstrated that MGA-Seq can indeed distinguish HSR and ecDNA and construct
121 gpatial structure and interaction networks of focal amplification regions that could be
122  extensively applied for precise diagnosis and the investigation of the molecular
123 mechanism of cancer and genetic disease.

124

125

126 Reaults

127 Overview of MGA-Seq

128 To maintain the spatial architecture of the genome, the nuclei are first fixed by
129  formaldehyde in multiple genetic abnormality sequencing (MGA-Seq). The genomeis
130 digested in situ by restriction endonuclease followed by 5° DNA overhang fill-in by
131 DNA polymerase |. Next, the spatially adjacent chromatin fragments are proximity
132  ligated using T4 DNA ligase and then fragmented into a high-throughput sequencing
133 library (Fig. 1A). This library contains two kinds of sequencing reads. The reads
134  without proximity ligation junctions were used to detect SNPs, CNV's, small inserts
135 and deletions (< 50 bp), focal amplification (FA), and genomic breakpoints (Fig. 1A
136  and fig. S1). As the reads with proximity ligation junctions contain spatially adjacent
137  chromosome fragment contact information of the genome, they can be used to decode
138  chromosome structure. Thus, the integrated analysis of all the sequencing reads can
139  identify large chromosome structura variation, such as balanced and unbalanced
140 translocations, extrachromosomal DNA (ecDNA), and intrachromosomal
141 homogenously staining regions (HSRs). Notably, all MGA-Seq steps are carried out
142  inthe same tube and do not require buffer replacement, which takes only 9 hours and
143  costsjust 56 dollars (Fig. 1B).

144

145  ldentification of SNPsand indels by MGA-Seq

146  To evauate the SNP and indel detection capability, we performed MGA-Seq on the
147  colorectal cancer cell line SW480 as described in Fig. 1A. After sequencing, we
148  obtained 194,167,430 read pairs, of which 2,982,113 (1.5%) read pairs contained
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149 “AAGCTAGCTT” ligation junction sequences. To avoid false-positives caused by
150  ligation junctions, we filtered out this part of the reads for SNP and indel detection
151  (see Methods) and analysed the remaining reads by the Genome Analysis Toolkit
152  (GATK). To evaluate the SNP and indel variation calling efficacy, we used the SW480
153  cdl line to generate standard WGS datasets and downloaded the SW480 in situ Hi-C
154  datasets (37) for comparison with the same parameters (see Methods). As shown in
155  Fig. 2A, MGA-Seq identified 2,722,682 variants, including 2,446,823 SNPs, 130,087
156  insertions, and 145,772 deletions. A total of 82.8% of these variants were consistent
157  with WGS (Fig. 2B). Hi-C found only 1,166,315 variants, which is much lower than
158  that identified by MGA-Seq and WGS (Fig. 2A). Furthermore, the seguencing
159  coverage and depth of MGA-Seq were also much higher than those of Hi-C (fig. S2,
160 A-C).

161

162  Detection of chromosome copy number variation by M GA-Seq

163  To test the CNV detection capability of MGA-Seq, we plotted the log, ratio of
164  average read depths in 50 Kb bins across the genome, as shown in Fig. 2C. Our data
165  showed that the genome coverage and uniformity of MGA-Seq are highly consistent
166  with the gold standard WGS datasets and much higher than those of the Hi-C datasets.
167  After zooming in on chromosome 3, we observed that Hi-C roughly divided
168  chromosome 3 into two CNV intervals, whereas MGA-Seq accurately identified al
169  the small copy number variation across the whole chromosome (Fig. 2D). Next, we
170  systematically analysed the size and number of CNVs identified by these three
171 methods (Fig. 2, E-G) and found that it was extremely difficult to detect CNV's less
172 than 10 Mb by Hi-C (Fig. 2, E and F). In this scenario, the CNV detection capability
173  of MGA-Seq is much better than that of Hi-C, especially for micro-CNVs (<1 Mb),
174 whichis highly consistent with WGS (Fig. 2, E and G).

175

176  ldentification of chromosomal trandocations and breakpoints by M GA-Seq with
177  single base-pair resolution

178 By using SW480 MGA-Seq sequencing datasets, we obtained the genome-wide
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179  chromosome contact matrix. As shown in Fig. 3, A and B, we identified 8
180 translocations and 1 inversion. Although MGA-Seq only used 190 million raw reads,
181  the structural variants detected by MGA-Seq were completely consistent with in situ
182  Hi-C with 300 million raw reads (Fig. 3A). To further identify the chromosomal
183  translocation types and breakpoints of these translocations, we combined chromosome
184  contact matrix, CNV, and split read information from MGA-Seq datasets and
185  performed integrated analysis. Taking T(2;12)(g35;g12) as an example, from the CNV
186  data, we observed that the copy number of chromosome 12 was increased, whereas
187  the copy number of chromosome 2 was decreased downstream of the chromosome
188  breakpoint (Fig. 3C), suggesting that unbalanced translocation occurred between
189  chromosomes 2 and 12.

190 Based on the split reads information in MGA-Seq, we further identified that the
191  translocation breakpoint is located at chr2: 220,857,416 and chrl2: 43,120,970 (Fig.
192  3C). In contrast, due to the low genome coverage and depth of Hi-C, it is not feasible
193  to precisely determine the type and breakpoint of translocation (Fig. 3, B and D). In
194  this scenario, MGA-Seq identified that all 8 chromosomal translocations in the
195  SWA480 cell line were unbalanced translocations. Notably, we were able to pinpoint
196  the breakpoints of 6 out of 8 translocations sites at single-base resolution (75.0 %).
197  We also used WGS data with the same segquencing depth as MGA-Seq to identify the
198  translocations. As there is no chromosome interaction information in this dataset,
199  none of the chromosomal translocations were found (Fig. 3B). Moreover, we verified
200 the T(2;12)(935;012) translocation by two-colour DNA fluorescence in situ
201 hybridization (FISH). As shown in Fig. 3E, chromosomes 2 and 12 were indeed fused
202  together in SW480 cells, supporting the integrity of MGA-Seq.

203  Furthermore, to test the chromosomal translocation detection capability of MGA-Seq
204  in clinical samples, we collected peripheral blood from two infertile patients with
205 known translocation sites and constructed an MGA-Seq library. By combining the
206  chromosome interaction matrix and CNV data, we detected a T(10;22)(p12;q13)
207  translocation in sample 1 (fig. S3A) and a T(9;11)(g21;p14) translocation in sample 2
208 (fig. S3B), which are consistent with the known translocation sites identified by
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209 karyotyping. In addition, based on the split reads, we pinpointed the precise location
210  of the breakpoints with single base-pair resolution (fig. S3, A and B). Next, we
211 analysed the CNV information of these two samples based on the MGA-Seq data to
212 determine the translocation type. Our data showed that there are no chromosome copy
213  number changes around the translocation breakpoint, meaning that both infertile
214  patients carry balanced translocations. Together, these data demonstrated that M GA-
215  Seq can detect specific chromosomal translocation types and the corresponding
216  breakpoint with high efficacy and low cost.

217

218  Detection of ecDNA and HSR by MGA-Seq

219  There are two types of focal amplifications, extrachromosomal DNA (ecDNA) and
220  intrachromosomal HSRs. Due to the high mobility and dramatic amplification amount
221 of ecDNA, we speculated that ecDNA can randomly interact with each chromosome
222  with a significantly higher interaction frequency than the normal interchromosome
223  interaction, while HSRs only interact strongly within the specific chromosomes (Fig.
224 4A). To prove this hypothesis, we selected the ecDNA-positive cell line COLO320-
225 DM (7) and the HSR-positive cell line SW480 (38) for MGA-Seq analysis. First,
226  MYC amplifications in the form of ecDNA in COLO320-DM cells and in the form of
227  HSR in SW480 cells were confirmed by DNA FISH (Fig. 4, B and C). In comparison
228 to HSR-positive SW480 cells, ecDNA-positive COLO320-DM cells showed MYC
229  amplification throughout the nucleus (Fig. 4, D and E). Furthermore, CNV analysis
230 based on the MGA-Seq dataset accurately located the MY C amplification regions in
231 thesetwo cell lines (Fig. 4, F-I).

232 Next, we constructed the chromatin interaction matrix using MGA-Seq data. Since the
233 amplified ecDNAs were randomly distributed in the nucleus (Fig. 4D), the ecDNA
234  fragments were unbiasedly ligated to al the chromatin fragments upon proximity
235 ligation and thus presented a strip-like structure in the whole chromatin contact matrix
236  (Fig. $4A). In contrast, as HSR is amplified on specific chromosomal regions (Fig. 4,
237 C and E), it only shows strong interchromosomal interactions on certain

238 chromosomes (fig. $4B), which is consistent with our hypothesis (Fig. 4A). In
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239 addition, we observed the same interchromosomal interaction pattern in ecDNA-
240 postive cel lines TR14 and SUN16 (7, 9) (fig. 4, C and D). From the
241 interchromosomal interaction matrix of SW480, we found that the MYC foca
242  amplification region has a strong interaction with 19913.3, indicating that MYC is
243  likely to be amplified on chrl9 (fig. 4, E and F). Thisfinding is consistent with a
244  previousreport (38).

245  Since the judgement dependent on the naked eye is subjective and differs among
246  individuals, we performed genome-wide interaction fluctuation analysis (GWIFA) on
247  thefocal amplification regions (Fig. 4, J-O) for more objective identification of HSR
248 and ecDNA (see Methods). First, we divided the genome into fixed-size bins and
249  calculated the interaction intensity between the amplified region and each bin (Fig. 4,
250 J and K). The cumulative interaction intensity curve was then plotted as shown in Fig.
251 4, L and M. Next, second-order backwards difference (SOBD) analysis was applied
252  to evauate the fluctuation of the cumulative interaction intensity curve (Fig. 4, N and
253 0). As HSR is amplified on the specific chromosome, the value of SOBD fluctuates
254  dramatically at specific genomic locations (Fig. 40). However, ecDNA has strong
255  interactions with distinct strengths across the whole genome. Thus, the value of
256  SOBD fluctuates greatly throughout the whole genome (Fig. 4N, and fig. $4, G and
257  H).

258

259  Delineation of the architecture of focal amplification in K562 cells

260 Our MGA-Seq analysis of K562 cells identified an abnormal increase in chromosome
261  copy number on specific regions on chromosomes 9, 13, and 22 (fig. SbA). After
262  zooming in on the abnormally amplified regions, we identified six precisely amplified
263  subregions, one on chromosome 9, four on chromosome 13, and one on chromosome
264 22, which were named “A” to “F’, respectively (Fig. 5A). Based on genome-wide
265 interaction fluctuation analysis (GWIFA), we found that these regions were amplified
266  in K562 cellsin the form of HSR rather than ecDNA (fig. S5B). Notably, we observed
267  strong interactions between these amplified regions, suggesting that these regions are

268  gpatialy close together, which likely originate from the same HSR (Fig. 5B). Taking
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269 the“B”,“C”, and “D” amplified regions of chromosome 13 as examples, these three
270  regions are in high contact with each other and form a high-density topologically
271  associating domain (TAD)-like structure (39) (Fig. 5C). Such abnorma genome
272 amplification and TAD-like structures were absent in healthy human peripheral blood
273  cdls(Fig. 5D).

274  Since the MGA-Seq dataset contains whole-genome sequencing information, we
275  extracted the split reads located at the boundaries of these six amplified regions (table
276  S1) and assembled the structure of HSR. In the K562 cell line, ABL1 in the “A”
277  amplification region, GPC5 in the “B” amplification region, GPC6 in the “D”
278 amplification region, and DGCR8 and BCR in the “F’ amplification region were
279  spliced to form a repeating HSR (Fig. 5E and fig. S6). To validate the HSR structure
280 predicted by MGA-Seq, we compared our predicted results with published K562
281  third-generation sequencing data (36). Our analysis showed that ABL1 in chromosome
282 9, GPC5 and GPC6 in chromosome 13, and DGCR8 and BCR in chromosome 22
283 indeed come from the same scaffold, which is highly consistent with our results.
284  Finaly, we applied DNA FISH to verify the spatial location of the ABL1 amplification
285  region on Chr9 and the BCR amplification region on chromosome 22. As shown in
286  Fig. 5F, ABL1 and BCR indeed come from the same HSR.

287

288 ldentification of focal amplification in tumour tissue

289  Next, we applied MGA-Seq to tumour samples and detected 40 focal amplification
290 regions in one rena cancer tissue (fig. S7 and table S2). The length distribution of
291  these regions varies from 4.2 Kb to 2.53 Mb (table S2). These amplified regions
292  contain alarge number of immune genes, oncogenes, and enhancers, such as CHDIL,
293 BCL6, JAK2, PD-L1, and CDK4 (Fig. 6A and table S2). In addition, the RNA
294  transcription level of these genes within the amplified region was significantly higher
295  than that of the normal kidney tissue control (Fig. 6A and fig. S8A). Through MGA-
296  Seg chromatin contact matrix and GWIFA (fig. S8, B and C), we identified that these
297  FA regions are amplified in the form of HSR. Of note, these amplified regions are not
298  independent but contact each other at the spatial level (Fig. 6B).
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299  FA intumour tissueis highly heterogeneous compared to single-cell-derived cell lines.
300 Taking the PD-L1 amplification region on chromosome 9 in this tumour as an
301 example, this region can be spliced with multiple FA regions, as indicated by the split
302 readsin the MGA-Seq dataset, suggesting that multiple types of HSR coexist in this
303  heterogeneous tumour tissue (Fig. 6C). To verify this result, we performed single-
304 molecule nanopore sequencing on the same tumour sample, which revealed highly
305 consistent inter- and intrachromosomal structural variation as with the MGA-Seq
306 dataset (fig. S8D). The inter- and intrachromosomal interaction analysis of chrl, chr9,
307 and chrl2 amplification regions based on the MGA-Seq chromatin contact matrix
308 (Fig. 6D) identified highly complicated and heterogeneous spatial architectures of
309 these FA regions. For example, chrl and chrl2 show an “uneven amplification”
310 pattern, meaning that in a certain chromosome interval, only some regions were
311 amplified, such as the regions containing proto-oncogenes, immune genes, and some
312  regulatory elements (Fig. 6, A and D). These genes and regulatory elements are
313  spliced together and eventually form a variety of HSRs (Fig. 6E). Based on the
314  chromatin contact information and split reads, we constructed an interaction network
315  of these amplified oncogenes, in which the TNFSF18 region was connected with 11

316 amplified regions as supported by the split reads (Fig. 6F).
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317  Discussion

318  The occurrence of tumours, infertility, and rare diseases are closely related to focal
319 amplification (34) and structural variation (4, 5). These genetic diseases affect
320 hundreds of millions of people around the world and have become a major human
321  hedlth concern. An effective multiple genetic abnormality detection method is highly
322 desired for clinical diagnosis. In this study, we developed multiple genetic
323  abnormality sequencing (MGA-Seq) to simultaneously detect SNPs, CNVs, SVs, and
324  the spatial architecture of FAs and distinguish ecDNA from HSR. Taking advantage of
325 the versatility of reaction buffers, all the MGA-Seq library construction steps are
326 carried out in a single tube, which can minimize sample loss due to buffer exchanges
327 and smplify the operation. Notably, MGA-Seq takes only 9 hours and costs just 56
328 dollars to complete al the sequencing library construction steps. It demonstrated
329  robust detection capability for both small (SNPs and INDELS) and large (CNV, SV,
330 HSR, and ecDNA) genomic abnormalities and has great potential for clinical and
331  scientific research applications.

332

333 ecDNA is prevalent in at least 30L/different cancer types, is closely associated with
334  cancer progression (11, 40), and might be used as a potential prognostic marker.
335 However, thereis still alack of an unbiased and efficient detection method in clinical
336  practice. While AmpliconArchitect can be used for ecDNA prediction (34), the
337 identification of ecDNA based on the WGS dataset generally has a high false-positive
338 rate. For instance, in the cell line K562 in this study, due to the head-to-tail tandem
339  duplication HSR structure (Fig. 5E), a large number of split reads also presented a
340 circle junction-like structure. Circle-Seq can effectively analyse the structure of
341  circular DNAs (41, 42). However, the DNA extraction process of this method can
342  easily destroy the circular structure of ecDNA. Moreover, Circle-Seq is based on
343  rolling-circle DNA amplification; it preferentially amplifies smaller circular DNAS,
344  resulting in biased amplification results. Here, we demonstrated that MGA-Seq can
345 unbiasedly detect the presence of ecDNA in both cell lines and clinical samples.
346  Importantly, we proposed an ecDNA detection algorithm, GWIFA, and successfully
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347  differentiated ecDNA and HSR. Of note, MGA-Seq can reveal trans interactions
348  between ecDNA and the genome and decode the ecDNA network, which could
349 facilitate the exploration of the potential regulation of the expression inside of the
350 ecDNA.

351

352  Chromosomal translocations can be divided into unbalanced and balanced
353 translocations. Unbalanced translocation usually occurs with an altered chromosomal
354  copy number at the breakpoint (gain or loss of genetic material), resulting in abnormal
355 gene expression. A large number of unbalanced translocations have been found in
356  cancer cells (43, 44), especially in blood tumour genomes (45, 46). Baanced
357 translocations do not have any genetic material changes. These translocation carriers
358 usually have normal phenotypes and intelligence but can produce various unbalanced
359 rearranged gametes during germ cell meiosis, resulting in infertility, abortion,
360  illbirth, and multiple malformations (6, 47, 48). Thus far, it is still chalenging to
361 precisely identify the specific translocation types by a simple and cost-effective
362 method. As MGA-Seq contains CNV and chromatin contact information, it can guide
363 translocation breakpoint searching and facilitate to identifying translocation types and
364  breakpoints. Here, we revealed the translocation types and breakpoints of infertile
365  couples by MGA-Seg. With this important information, high-quality blastocysts can
366 be quickly screened by PCR before blastocyst transfer during in vitro fertilization,
367  which greatly reduces the cost and time of traditional whole genome sequencing for
368  each blastocyst.

369

370 Together, we developed a simple, cost-effective and robust MGA-Seq to
371 simultaneously detect SNPs, CNVs, SVs, and the spatia architecture of FA and
372  distinguish ecDNA from HSR in a single tube experiment. We successfully identified
373  small SNPYINDELSs and large genomic structural variations in clinical and cell line
374  samples, decoded the focal amplification spatial structure in SW480, COLO320-DM,
375 and K562 cell lines, and constructed interaction networks of the amplified proto-

376  oncogenes in a clinical kidney cancer tissue sample. Our data revealed that focal
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377  amplification is highly diverse in tumour tissue compared to single-cell-derived
378  cancer cell lines. In the future, it would be important to develop single-cell MGA-Seq
379 for diverse ecDNA detection in single cells or highly heterogeneous cancer cells. With
380 its multifunctional and cost-effective advantages, we expect MGA-Seq to be
381 extensively applied for the diagnosis of cancer, infertility, and rare diseases and may

382  greatly facilitate the investigation of the genomic mechanism for genetic diseases.

383
384
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35 Figurelegend

386 Figure 1. Experimental procedure, time, and cost of multiple genetic
387  abnormalities sequencing (MGA-Seq). (A) Howchart of MGA-Seq. Nuclei were
388  crosslinked with 0.5% formaldehyde and then digested with Hindlll. 5 DNA
389 overhangs of digested chromatin fragments were filled in by DNA polymerase and
390 then proximity ligated by T4 DNA ligase. The proximity ligation products were
391  fragmented and then subjected to high-throughput sequencing library construction.
392  After sequencing, all the reads were used to generate chromatin contact matrix for
393 genome structural variation calling. In the sequencing library, the reads without
394  ligation junction “AAGCTAGCTT” were used for the detection of CNV, SNP, small
395 indels (< 50bp), region of focal amplification, and genome breakpoints. By combining
396 al information, the types and breakpoints of structural variation can be decoded.
397  Notably, MGA-Seq can distinguish ecDNA and HSR, predict the structure of simple
398 focal amplification regions, and construct the interaction network of focal
399 amplificated genes. (B) The main steps, time, and cost of MGA-Seq.

400

401  Figure 2. Detection of SNPs, inddls, and CNVs by M GA-Seq. (A) Comparison of
402  the numbers of SNPs and indels (< 50bp, include insertions and deletions) identified
403 by WGS, MGA-Seq, and Hi-C. (B) Overlap of the SNPs and indels between MGA-
404  Seg, WGS, and Hi-C. (C) Comparison of log, copy ratios calculated using reads
405 coverage between Hi-C, MGA-Seq, and WGS. (D) Comparison of the CNVs on
406  chromosome 3 identified by Hi-C, MGA-Seq, and WGS. (E) Statistics of the number
407 and size distribution of CNVs identified by Hi-C, MGA-Seq, and WGS. (F)
408  Consistency of the CNV segments (categorized by size) detected by Hi-C and WGS.
409  Overdl, Hi-C cannot detect CNV with length less than 20 Mb. (G) Consistency of the
410  CNV segments detected by MGA-Seq and WGS. The number and size distribution of
411 CNV segments detected by M GA-Seq and WGS are highly consistent, especially for
412 micro-CNVs (< 1IMb).

413
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414  Figure 3. Identification of translocation types and breakpoints in SW480 at
415  single base-pair resolution by M GA-Seq. (A) Dentification of translocation in the
416 SW480 cell line by genomic contact matrix constructed with MGA-Seq datasets. The
417  detected structural variations are indicated by arrows. (B) Translocation types and
418  breakpoint information defined by MGA-Seq. (C) Application of integrated
419  chromatin contact matrix, CNVs, and split reads analysis to identify translocation
420  types and breakpoints between chr 2 and chr 12 at single base-pair resolution using
421  MGA-Seq datasets. (D) Identification of translocation types and breakpoints between
422 chr 2 and chr 12 using Hi-C datasets. (E) Validation of the T(2;12)(g35;912)
423  translocation in SW480 cells by DNA FISH. FISH probes for 1212 and 2935 were
424 directly labeled with Alexa Fluor 555 (red) and Alexa Fluor 488 (green), respectively.
425 K562 cells without the T(2;12)(g35;012) translocation were used as a control.

426

427  Figure 4. Identification of ecDNA and HSR by M GA-Seq. (A) Putative diagram of
428  inter-chromosomal interaction pattern differences between ecDNA and HSR positive
429  cdl line. (B-E) Vaidation of MYC amplification in COLO320-DM and SW480 cell
430 lines by DNA FISH. The red signal represents MYC and the green signal represents
431  the centromere of chr 8. (F and G) Copy number variation analysis of chr 8 in
432  COLO320-DM and SW480 cell lines. Gains and losses of copy number are shown in
433  red and blue, respectively. (H and 1) Location of the MYC amplification region in
434  COLO320-DM and SW480 cell lines. (J and K) Interaction intensity between the
435 focal amplified region and whole genome. (L and M) Cumulative interaction
436 intensity curve of COLO320-DM and SW480 cell lines. The x-axis represents the
437 genome position, 100 kb bin size. The Y axis represents the accumulation of
438 interaction intensity. (N and O) Plotted the second order backward difference (SOBD)
439  vaue across the genome of COLO320-DM and SW480 cell linesin 100-kb bin size.
440

441  Figure 5. Deciphering the spatial structure of homogenously staining region
442  (HSR) in K562 cdl line. (A) Location of the amplification region on chr 9, 13, and
443  22. (B) Circos plots of the chromatin interactions mediated by amplification regions
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444  across al 23 chromosomes in K562 cell lines. The interactions between chromosomes
445 9,13, and 22 are marked with red lines. (C and D) Comparison of chromatin contact
446  matrix of amplification region (Chrl3:90423781-92475244, Chrl3:92943122-
447 93351872, and Chrl3:93848028-94027981) between K562 cell line and healthy
448  human peripheral blood cells (control). (E) Assembling the amplified regions from
449  "A" to "F" with split reads. The breakpoint of the amplification regions is marked in
450 the figure. (F) Metaphase analysis and DNA FISH to validate the location of the
451 ABL1 amplification region and the BCR amplification region in K562 cell line. FISH
452  probes for the ABL1 amplification region and the BCR amplification region were
453  directly labeled with Alexa Fluor 555 (red) and Alexa Fluor 488 (green), respectively.

454

455  Figure 6. Heterogeneity of focal amplification in renal cancer tissue. (A)
456  Seguencing reads coverage and RNA expression level in typical focal amplification
457  regions of arenal cancer tissue sample. (B) Circos plots of the chromatin interactions
458 mediated by focal amplification regions across al 23 chromosomes in renal cancer
459  tissue. (C) Circos plots of the split reads mediated by focal amplification regions
460 across all 23 chromosomes. The split reads aligned to the PD-L1 amplified region are
461  marked with red lines. (D) Chromatin contact matrix between the amplified regions of
462  chrl, chr9, and chr12, and sequencing reads coverage within these amplified regions.
463 (E) Diverse structures of HSR in the renal cancer tissue sample. (F) Interaction
464  network of amplified oncogenes in the renal cancer tissue sample. Different amplified
465  oncogenes are assembled by split reads. The thickness of the line indicates the
466  chromatin contact strength.

467

468  Figure Sl. Flow-chart of M GA-Seq data analysis. After sequencing, all sequencing
469 reads were used to generate chromatin contact matrix by juicer pipeline. The reads
470  without proximity ligation junction were used to detect small indels and SNPs (<
471 50bp), CNVs, split reads, and genomic amplification regions. With the integrated
472  anaysis of chromatin contact matrix, these datasets can be used to decode the type
473  and breakpoints of translocations, distinguish ecDNA from HSR, predict the focal
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474  amplification structure, and construct FA region interaction network.

475

476  Figure S2. Comparison of the sequencing depth and cover age of MGA-Seq, WGS,
477  and Hi-C. (A) Scatter plot of sequencing depth and coverage for each chromosome.
478  Blue points represent MGA-Seq, yellow points represent MGA-Seq, green points
479  represent Hi-C. X-axis represents coverage, and Y-axis represents sequencing depth.
480 (B) Histogram of coverage for each chromosome. Blue represents MGA-Seq, yellow
481  represents MGA-Seq, and green represents Hi-C. (C) Histogram of sequencing depth
482  for each chromosome. Blue represents MGA-Seq, yellow represents MGA-Seq, and
483  green represents Hi-C.

484

485  Figure S3. I dentification of translocation types and breakpoints by MGA-Seg. (A)
486  Identification of balance translocation T(10;22)(p12;q13) and genome breakpoint in
487 patient 1. (B) Identification of balance translocation T(9;11)(g21;p14) and genome
488  breakpoint in patient 2.

489

490 Figure $4. Chromatin contact matrix and genome-wide interaction fluctuation
491  analysis (GWIFA) of ecDNA-positive cdll lines. (A-D) Genome-wide chromatin
492  contact matrix of COLO320-DM, SW480, TR14, and SUN16 cell lines. The
493  amplified regions are marked with arrows. (E) The chromatin interaction matrix of
494  SW480 cell line between chr 8 and chr 19. The MYC amplified region is marked with
495 adashed line in the figure. (F) MYC is amplified in the form of HSR on chr 19. (G
496 and H) The second order backward difference (SOBD) value across the genome of
497  TR14 and SUN16 cell linesin 100-kb bin size.

498

499  Figure Sb. Copy number variation (CNV) analysis of K562 cdl line. (A) CNV
500 analysis of chromosomes 9, 13, and 22 in K562 cell line. Gains and losses of copy
501  number are shown in red and blue, respectively. Representative genes located in
502 amplification region are marked with arrows. (B) The second order backward

503 difference (SOBD) value across the genome of K562 cell linein 100-kb bin size.
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504

505 Figure S6. Sequence and breakpoints of split reads used to assemble HSR in
506 K562 cdlls.

507

508 Figure S7. CNV analysis of renal cancer tissue. CNV analysis of chromosomes
509  with abnormal amplification in renal cancer tissue. Gains and losses of copy number
510 areshownin red and blue, respectively. Representative genes located in amplification
511  region are marked with arrows.

512

513  Figure S8. Verification of inter and intra chromosomal inter action between focal
514  amplification regions in renal cancer tissue by nanopore. (A) Volcano plots of
515  differential expression genes between renal cancer tissue and normal kidney tissue
516  control. (B) Genome-wide chromatin contact matrix of renal cancer tissue. Potential
517  HSR regions are marked with arrows in the figure. The inter-chromosomal contacts
518  between the focal amplification regions and Chrl and Chr12 are zoomed in. (C) The
519 second order backward difference (SOBD) value across the genome of the renal
520 cancer tissue in 100-kb bin size. (D) Validation of split reads and chromatin
521  interactions across focal amplification regions with Nanopore long reads.

522

523  Figure $9. Distribution of fluctuation score (FS) in different cell lines. Blue bars
524  indicate HSR-positive cell lines and yellow bars indicate ecDNA-positive cell lines.
525  TheY axis represents the value of FS.

526

527  Table S1. The split reads located at the boundaries of focally amplified regionsin
528 K562 cdlls.

529

530 Table S2. Theregions of focal amplification in the renal cancer tissue.

531
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532 METHODS

533 MGA-Seq library construction

534 1. Preparation of cell suspension

535  For tumor tissue, 0.5 cm® tissue blocks were used and minced through a 40 pm
536  strainer to obtain single cell suspension. For blood samples, we directly took 1 ml of
537  anticoagulated whole blood, and centrifuged at 1500 g/min for 10 min to collect blood
538 cdlls.

539 2. Nuclei preparation

540  Cells were cross-linked with 0.5 % formaldehyde (Sigma) for 10 mins. The cross-
541  linking reaction was terminated by glycine at a final concentration of 200 mM and
542  lysed in lysis buffer (PBS contain 0.2% SDS) at room temperature for 5 min. After
543  incubation, the nuclei were pelleted by centrifugation at 2,000 g/min for 5 min. The
544  nuclel weretransferred to 1.5 ml tubes and washed twice with PBS.

545 3. Insitu digestion

546  For in situ restriction enzyme digestion, 140 ul of ddH20, 20 ul of 10% Triton X-100,
547 20 ul of 10x NEBuffer 2.1, and 20 ul of Hindlll (NEB, 20 units/ul) were added to the
548 nucle pellet and digested for 1.5 h at 37 °C in thermomixer (Eppendorf) with rotation
549  at 1000 r.p.m.

550 4. Endfilling-in

551  Add 5 pl of dNTP mix (10 mM each) and 5 ul of DNA polymerase | Klenow
552  fragment (NEB, M0210) to the reaction system, place the sample in thermomixer with
553  rotation at 37 °C at 1000 r.p.m for 30 mins.

554 5. Insitu proximity ligation

555  Add 27.5 ul of H2O, 3 ul of ATP (adenosine-triphosphate, 10mM), and 10 ul of T4
556  DNA ligase (Thermo, ELO011) to the reaction system, and placed the tube on the
557  rotating mixers for 2 h at room temperature with rotation at 20 r.p.m.

558 6. Reversal of cross-linking and DNA purification
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559  Add 20 pl of proteinase K (20 pug/ml) to the proximity ligation system, and then
560 incubate at 60 °C for 2 hours. After digestion, the DNA was directly extracted using
561  PCR Purification Kits (Zymo, D4013).

562 7. Sequencing library construction

563 DNA sequencing libraries were prepared using the VAHTS Universal Plus DNA
564  Library Prep Kit (NDM627) according to the manufacturer’s protocol.

565

566  Metaphase analysis and DNA fluorescencein situ hybridization (FI SH) assay

567 SW480 and COLO320-DM cell lines were treated with colchicine at final
568 concentration 8 pg/ml for 24 hours. After cultivation, cells were collected by
569  centrifugation a 1000 g/min for 10 minutes. Next, 10 ml of hypotonic KCI solution
570  (0.075 M) were added to the cell pellet to resuspend the cells. After 30 min incubation
571 a 37 °C, 2 ml of fixative (3:1 methanol:glacia acetic acid) were added to the cell
572  suspension. The cell pellet was re-collected by centrifugation at 1000 g/min for 10
573  min and then resuspend in 5 ml of fixative (3:1 methanol:glacia acetic acid). After 5
574  min incubation, the cell pellet was re-collected by centrifugation at 1000 g/min for 10
575  minutes and resuspend in 1 ml of fixative. After fixation, 10 ul of the suspension were
576  dropped on the glass slide and incubated in the prewarmed 2x SSC at 60 1 for 30 min.
577  The cells were dehydrated sequentially in 70%, 85%, 100% ethanol solution. After
578  ethanol dehydration, the cells were heated on a hot plate at 82 °C for 10 min in 80 %
579  formamide (Sigma) and 2xSSC for DNA denaturation. Next, cells were incubated for
580 12 hours in hybridization solution with 2 uM DNA probes (MY C and CEP8, Spatial
581  FISH Co. Ltd.) in the presence of 50 % formamide, 8% dextran sulfate sodium salt
582  (Sigma), and 2x SSC. After hybridization, the cells were washing for three times with
583 20 % formamide and 3 times with 2xSSC. Finally, the slides were stained with DAPI
584  (Life Technologies) and observed under super-resolution microscope (Nikon, N-SIM).
585

586 RNA-Seq library preparation

587 RNA was extracted using the RNAiso Plus (Takara, 9109) according to the

588 manufacturer’s protocol. Sequencing libraries were prepared using the VAHTS
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589  Stranded MRNA-Seq Library Prep Kit (Vazyme, NR602-02) according to the
590  manufacturer’s protocol.

591

592

593 ldentification of SNP, indel, split reads, and CNV using M GA-Seq datasets

594 1. Pre-analysis

595 FastQC (version: 0.11.5) (49) was used to assess the quality of raw reads. FASTP
596 (version: 0.23.2) (50) was used to filter out the low-quality bases and adapter
597  sequences. The clean read pairs which contained proximity ligation junction
598  sequences “AAGCTAGCTT” were filtered out by Linux command line utility “grep”.
599  Theremaining reads were used for SNPs, indels, split reads, and CNV calling.

600 2. SNPand indd calling

601 The remaining reads were aligned to the reference genome (hgl9) and generated
602 BAM file using BWA-MEM (version 0.7.17) (51). The BAM file was sorted by
603 SAMtools (version 1.15.1) (52) and deduplicated by Sambamba (53) (version 0.6.6).
604 Next, we used BaseRecadlibrator (GATK, version 4.2.2) (54) to calibrate the base
605 quality scores, and HaplotypeCaller (GATK, version 4.2.2) to detect SNPs and indels.
606 3. Split readscalling

607 The deduplicated BAM file generated in SNP and indel calling step were used to
608 identify split reads. The split alignment reads were extracted by SAMtools (version
609 1.15.1) with command line “samtools view test_deduplicated.bam | grep SA >
610  test split_reads.txt”.

611 4. CNV calling

612  BIC-seq2(55) was used to derive CNV segments from reads coverage data. For more
613  details, refer to the software manual “http://www.compbio.med.harvard.edu/BIC-
614  seg/”. For the segmentation step, parameters were designed as binsize. =150,000 bp
615 and L[ =12 to determine the final CNV breakpoints.

616

617  Construction of genome-wide chromatin interaction matrix using MGA-Seq

618  datasets
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619  FastQC (version: 0.11.5) was used to assess the quality of raw reads. FASTP (version:
620 0.23.2) was used to filter out the low-quality bases and adapter sequences. All the
621 remaining read pairs were used to generate the chromatin contacts matrix file (.hic)
622 using Juicer software(56). For more details, refer to the software manual
623  “https://github.com/aidenlab/juicer”.

624

625 ldentification of translocations types and breakpoints using M GA-Seq datasets
626  The chromatin contacts matrix file (.hic) was imported into Juicerbox (version: 1.9.8,
627  https://github.com/aidenlab/Juicebox) software for visualization. The translocations
628 and large structural variations were identified according to the inter-/intra-
629  chromosome interaction patterns (15, 57). The types and breakpoints of translocations
630 were identified according to the split reads and CNV information. For unbalanced
631  translocations, the chromosomal copy number at the breakpoint were usually altered,
632  while balanced translocations do not have any chromosomal copy number changes.
633

634 ldentification of SNPand indel using in situ Hi-C datasets

635 The in situ Hi-C datasets of SW480 cell line (37) were downloaded from Gene
636  Expression Omnibus (GEO Accession: GSM 3930294 and GSM3930295). The Hi-C
637 ligation junction sequence “GATCGATC” and bases behind ligation junction were
638 removed by FASTP (version: 0.23.2). An example command lineis as follows:

639 1) fastp-iinsitu_sw480 1.fq-otrim sw480 1.fq-w 15 --adapter_sequence

640 GATCGATC

641 2) fastp-iinsitu_sw480_2.fq -o trim_sw480_2.fq -w 15 --adapter_sequence

642 GATCGATC

643 Trimmed readsl and reads?2 were merged together by command line “cat
644  trim_sw480_1.fg trim_sw480 2.fq >sw480_1 2.fq". The merged reads file was used
645  toidentify SNPs and indels using the same parameters as MGA-Seqg.

646

647  ldentification of CNV and translocation by in situ Hi-C datasets
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648  All the raw Hi-C read pairs were used to detect CNVs. FastQC (version: 0.11.5) was
649  used to assess the quality of raw reads, and FASTP (version: 0.23.2) was used to filter
650 out the low-quality bases and adapter sequences. The CNV calling was carried out by
651  BIC-seqg2 (55). The observed values were the residuals from GAM Poisson regression,
652 and the expected values were set to zero. Translocation detection was performed by
653 HINT-TL as implemented in HINT (58), a computational method for detecting CNV's
654  and translocations based on Hi-C data.

655

656 |dentification of SNP, indel, and translocations using WGS datasets

657 FastQC (version: 0.11.5) was used to evaluate the quality of raw reads. FASTP
658  (version: 0.23.2) was used to filter out the low-quality bases and adapter sequences.
659  The trimmed reads pairs were used to identify SNPs and indels. The parameters are
660  exactly the same as MGA-Seqg.

661  Structural variation identification were carried out using Delly2 (59) (version: 0.8.6)
662 and Gridss (60) (version: 2.12.2) with default parameters. One WGS data from
663 healthy person was served as control. Translocations that passed the internal quality
664  control were merged with SURVIVOR (version: 1.0.7, parameters: 1000 1 1 1 0 30)
665 (61). Only translocations supported by at least one definite split alignment read were
666  retained.

667

668 Genome-wideinteraction fluctuation analysis (GWIFA)

669 According to the inter-chromosomal interaction feature of ecDNA and HSR, we
670 designed a genome-wide interaction fluctuation anaysis (GWIFA) to further
671 characterize the inter-chromosomal interaction fluctuation of the focal amplification
672  regions and defined a fluctuation score (FS) to distinguished ecDNA from HSR.

673  Firstly, we divided genome into fixed-sized bins (100 kb), and calculated the
674 cumulative interaction intensity (Cll) between the focal amplified regions and the

675 whole genome (Fig. 4, J-M).
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x
C[Ix = Z Ci
i=1

676 Inthe formula, x represents the genome position measured by the number of bin, and
677  C; represents the number of contact counts inside the ith bin. We recommend a linear
678 fit on CIl, which can eliminate the abnormal fluctuations caused by uneven
679  sequencing.

680 Next, second order backward difference (SOBD) was introduced to further
681  characterize the fluctuation of interactions across the genome (Fig. 4, N and O).

682  Denoting OBD of Cll as OBDc.

yx C: — J?;h_ C:
OBDCx=( i=x—h+1%1 hz j=x-2h+1 ])

683 Intheformula, hisa customizable space, default is 3.
684  We then defined a fluctuation score (FS) to distinguished ecDNA from HSR.

n
10
Y,
_ Hij=1"1
A
j=1-]j
685 In the formula, S is descending sorted distribution of |OBDc| (absolute value of
686 OBDcC), n is the quantity of OBDc, T is a customizable parameter (T<1). After
687  multiple rounds of testing, our suggested T is 0.6 (fig. S9).

688  ecDNA and HSR can be distinguished as follow:

689
Discrimination = {ecDNA, FS<T
| HSR, FS>T
690
691 The complete analysis pipeline is available in:

692  https://github.com/yanyanzou0721/GWIFA.

693
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694 Long-read sequencing (Nanopore) data analysis

695 The nanopore sequencing reads with quality score more than 7 were mapped to the
696 reference genome hgl9 using minimap2 (version: 2.17 , -ax map-ont) (62). Structural
697  variants were called using NanoSV (63) (version: 1.2.4) with default parameters. Only
698 SV supported by at least one definite split aignment read were retained for
699  subsequent statistics.

700

701  RNA-seq data analysis

702  FastQC (version: 0.11.5) was used to assess the quality of the raw reads. FASTP
703  (version: 0.23.2) was used to filter out the low-quality bases and adapter sequences.
704  The clean reads were aigned to the hgl9 using BWA-MEM (version: 0.7.17) with
705  default parameters and sorted by Samtools (version: 1.15.1). Gene expression levels
706  were assessed using featureCounts (version: 2.0.0) (64). Differential gene expression

707  analysis was performed using DEseg2 (version: 1.20.0) (65). The complete analysis

708 pipelineisavailablein https:/github.com/GangCaolLab/NGS-pipelines/tree/master/RNA-

709  Seq.

710

711 Data availability

712  Datahave been deposited in the Gene Expression Omnibus (GEO). To review GEO
713  accession GSE205293, go to

714  https://www.ncbi.nlm.nih.gov/geo/query/acc.cai 7acc=GSE205293, and enter token

715 “epgtysmkzvuftmp” into the box.

716
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Figure 1. Experimental procedure, time, and cost of multiple genetic abnormalities sequencing (MGA-Seq).
(A) Flowchart of MGA-Seq. Nuclei were cross-linked with 0.5% formaldehyde and then digested with Hindlll. 5
DNA overhangs of digested chromatin fragments were filled in by DNA polymerase and then proximity ligated
by T4 DNA ligase. The proximity ligation products were fragmented and then subjected to high-throughput
sequencing library construction. After sequencing, all the reads were used to generate chromatin contact
matrix for genome structural variation calling. In the sequencing library, the reads without ligation junction
“AAGCTAGCTT” were used for the detection of CNV, SNP, small indels (< 50bp), region of focal amplification,
and genome breakpoints. By combining all information, the types and breakpoints of structural variation can
be decoded. Notably, MGA-Seq can distinguish ecDNA and HSR, predict the structure of simple focal amplifica-
tion regions, and construct the interaction network of focal amplificated genes. (B) The main steps, time, and

cost of MGA-Seq.
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Figure 2. Detection of SNPs, indels, and CNVs by MGA-Seq. (A) Comparison of the numbers of SNPs and
indels (< 50bp, include insertions and deletions) identified by WGS, MGA-Seq, and Hi-C. (B) Overlap of the
SNPs and indels between MGA-Seq, WGS, and Hi-C. (C) Comparison of log: copy ratios calculated using reads
coverage between Hi-C, MGA-Seq, and WGS. (D) Comparison of the CNVs on chromosome 3 identified by Hi-C,
MGA-Seq, and WGS. (E) Statistics of the number and size distribution of CNVs identified by Hi-C, MGA-Seq, and
WGS. (F) Consistency of the CNV segments (categorized by size) detected by Hi-C and WGS. Overall, Hi-C
cannot detect CNV with length less than 20 Mb. (G) Consistency of the CNV segments detected by MGA-Seq
and WGS. The number and size distribution of CNV segments detected by MGA-Seq and WGS are highly
consistent, especially for micro-CNVs (< 1Mb).
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Figure 3. Identification of translocation types and breakpoints in SW480 at single base-pair resolution by
MGA-Seq. (A) Dentification of translocation in the SW480 cell line by genomic contact matrix constructed with
MGA-Seq datasets. The detected structural variations are indicated by arrows. (B) Translocation types and break-
point information defined by MGA-Seq. (C) Application of integrated chromatin contact matrix, CNVs, and split
reads analysis to identify translocation types and breakpoints between chr 2 and chr 12 at single base-pair
resolution using MGA-Seq datasets. (D) Identification of translocation types and breakpoints between chr 2 and
chr 12 using Hi-C datasets. (E) Validation of the T(2;12)(g35;912) translocation in SW480 cells by DNA FISH. FISH
probes for 12912 and 2935 were directly labeled with Alexa Fluor 555 (red) and Alexa Fluor 488 (green), respec-
tively. K562 cells without the T(2;12)(g35;912) translocation were used as a control.
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Figure 4. Identification of ecDNA and HSR by MGA-Seq. (A) Putative diagram of inter-chromosomal interac-
tion pattern differences between ecDNA and HSR positive cell line. (B-E) Validation of MYC amplification in
COLO320-DM and SW480 cell lines by DNA FISH. The red signal represents MYC and the green signal
represents the centromere of chr 8. (F and G) Copy number variation analysis of chr 8 in COLO320-DM and
SW480 cell lines. Gains and losses of copy number are shown in red and blue, respectively. (H and 1) Location
of the MYC amplification region in COLO320-DM and SW480 cell lines. (J and K) Interaction intensity
between the focal amplified region and whole genome. (L and M) Cumulative interaction intensity curve of
COLO320-DM and SW480 cell lines. The x-axis represents the genome position, 100 kb bin size. The Y axis
represents the accumulation of interaction intensity. (N and O) Plotted the second order backward differ-
ence (SOBD) value across the genome of COLO320-DM and SW480 cell lines in 100-kb bin size.
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Figure 5. Deciphering the spatial structure of homogenously staining region (HSR) in K562 cell line. (A) Loca-
tion of the amplification region on chr 9, 13, and 22. (B) Circos plots of the chromatin interactions mediated by
amplification regions across all 23 chromosomes in K562 cell lines. The interactions between chromosomes 9,
13, and 22 are marked with red lines. (C and D) Comparison of chromatin contact matrix of amplification region
(Chr13:90423781-92475244, Chr13:92943122-93351872, and Chr13:93848028-94027981) between K562 cell
line and healthy human peripheral blood cells (control). (E) Assembling the amplified regions from "A" to "F"
with split reads. The breakpoint of the amplification regions is marked in the figure. (F) Metaphase analysis and
DNA FISH to validate the location of the ABL1 amplification region and the BCR amplification region in K562 cell
line. FISH probes for the ABL1 amplification region and the BCR amplification region were directly labeled with
Alexa Fluor 555 (red) and Alexa Fluor 488 (green), respectively.
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Figure 6. Heterogeneity of focal amplification in renal cancer tissue. (A) Sequencing reads coverage and RNA
expression level in typical focal amplification regions of a renal cancer tissue sample. (B) Circos plots of the chro-
matin interactions mediated by focal amplification regions across all 23 chromosomes in renal cancer tissue. (C)
Circos plots of the split reads mediated by focal amplification regions across all 23 chromosomes. The split reads
aligned to the PD-L1 amplified region are marked with red lines. (D) Chromatin contact matrix between the
amplified regions of chrl, chr9, and chr12, and sequencing reads coverage within these amplified regions. (E)
Diverse structures of HSR in the renal cancer tissue sample. (F) Interaction network of amplified oncogenes in
the renal cancer tissue sample. Different amplified oncogenes are assembled by split reads. The thickness of the
line indicates the chromatin contact strength.
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