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ABSTRACT (204 words) 29 

Commercially available targeted panels miss genomic regions frequently altered in hepatocellular 30 

carcinoma (HCC). We sought to design and benchmark a sequencing assay for genomic screening 31 

in HCC. We designed an AmpliSeq custom panel targeting all exons of 33 protein-coding and 2 long 32 

non-coding RNA genes frequently mutated in HCC, TERT promoter, and 9 genes with frequent 33 

copy number alterations (CNA). Using this panel, the profiling of DNA from fresh-frozen (n=10, 34 

1495x) and/or formalin-fixed paraffin-embedded (FFPE) tumors with low-input DNA (n=36, 530x) 35 

from 39 HCCs identified at least one somatic mutation in 90% of the cases. Median of 2.5 (0-74) 36 

and 3 (0-76) mutations were identified in fresh-frozen and FFPE tumors, respectively. Benchmarked 37 

against the mutations identified from Illumina whole-exome sequencing (WES) of the corresponding 38 

fresh-frozen tumors (105x), 98% (61/62) and 100% (104/104) of the mutations from WES were 39 

detected in the 10 fresh-frozen tumors and the 36 FFPE tumors, respectively, using the HCC panel. 40 

Additionally, we identified 18 and 70 somatic mutations in coding and non-coding genes, 41 

respectively, not found by WES using our HCC panel. CNAs between WES and our HCC panel 42 

showed an overall concordance of 86%. In conclusion, we established a cost-effective assay for the 43 

detection of genomic alterations in HCC. 44 

 45 

Keywords: Hepatocellular carcinoma; somatic mutation; copy number alteration; targeted 46 

sequencing. 47 

 48 

  49 
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INTRODUCTION 50 

Sequencing technologies have allowed the discovery of genetic alterations essential in the 51 

diagnosis and treatment of human cancer or approval of new targeted therapies.1 Additionally, the 52 

presence of subclonal mutations has direct implications in the development of drug resistance.2, 3 In 53 

the era of precision medicine, the development of rapid, accurate, high-throughput and cost-54 

effective genomic assays to accommodate the increasingly genotype-based therapeutic approaches 55 

is required.4, 5 Currently, the costs of whole-genome and whole-exome sequencing (WES) are still 56 

prohibitive in the clinical setting, especially for small institutions. Furthermore, while DNA from fresh-57 

frozen tissue is ideal for genomic screening, it is not part of routine diagnostic practice at most 58 

hospitals and institutions. Instead, DNA from formalin-fixed paraffin-embedded (FFPE) material is 59 

frequently the only option. Moreover, DNA from small tumors, after reserving materials for 60 

histopathologic analyses, may be extremely limited. For research institutes, being able to exploit 61 

and re-visit archival materials associated with long-term follow-up but whose DNA may potentially 62 

be degraded is also highly desirable. Given these limitations, PCR-based sequencing panels may 63 

be more broadly applicable than capture-based solutions. 64 

 65 

Existing commercial sequencing panels, such as the amplicon-based Ion Torrent Oncomine 66 

Comprehensive Assayâ v3 (Thermo Fisher Scientific, MA, USA) and the capture-based Foundation 67 

Medicine FoundationOne assay, are broadly applicable to common cancer types. Compared to 68 

other common cancer types, however, hepatocellular carcinoma (HCC) has a distinct mutational 69 

profile. While HCC driver genes TP53 and CTNNB1 are also frequently mutated in cancers such as 70 

those of the lungs, the breasts and colon,6 genes such as APOB, ALB, HNF1A, HNF4A are 71 

significantly mutated only in HCC.7-17 The distinct mutational landscape of HCC is likely a result of 72 

the unique biology of hepatocyte differentiation and liver functions. Importantly, the frequently 73 

altered APOB, ALB and HNF4A are not targeted by most commercial assays. In the non-coding 74 

regions, recent commercially available panels include TERT promoter mutation hotspot (c.-75 

124C>T). However, long non-coding RNA (lncRNA) genes frequently mutated in HCC, such 76 

MALAT1 and NEAT1,16 have yet to be included in commercial panels or in exome capture panels. 77 
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Recent whole-genome studies have also uncovered mutation clusters in promoter regions of genes 78 

such as MED16, WDR74 and TFPI216, 18 that are not covered in commercial panels. 79 

 80 

In this study, we designed a high-throughput and cost-effective amplicon-based sequencing panel 81 

specifically to screen for somatic mutations and copy number alterations (CNAs) in HCC. Our panel 82 

includes genes and regions frequently altered in HCC, including those not currently covered by 83 

commercial panels. We tested the sequencing panel using fresh-frozen and FFPE materials with 84 

low-input DNA to evaluate the feasibility of this panel in routine diagnostics. 85 

 86 

MATERIALS AND METHODS 87 

Targeted panel design and generation 88 

A custom targeted sequencing panel focusing on the most frequently altered genes in HCC7-18 was 89 

designed using Ion Ampliseq Designer (Thermo Fisher Scientific). The panel (hereafter the “HCC 90 

panel”) covers all exons of 33 protein-coding genes, recurrently mutated lncRNA genes MALAT1 91 

and NEAT1 and the recurrently mutated promoter regions of TERT, WDR74, MED16 and TFPI2 92 

(Figure 1A and Supplementary Table S1).7-18 Nine genes frequently altered by copy number 93 

alterations (CNAs) as well as mutation hotspots in seven cancer genes are also covered (Figure 1A 94 

and Supplementary Table S1).7-18 The HCC panel was designed using the FFPE option for smaller 95 

amplicon size. The nine genes for CNA profiling were designed to be covered by at least 10 non-96 

overlapping amplicons evenly distributed across the length of the genes. The designed panel was 97 

further inspected by the white glove service (Thermo Fisher Scientific) for primer specificity in a 98 

multiplex PCR reaction. The HCC panel consists of 2120 amplicons split into two primer pools and 99 

covers genomic regions of ~203kb. 100 

 101 

Tissue samples 102 

Human tissues were obtained from patients undergoing diagnostic liver biopsy at the University 103 

Hospital Basel, Basel, Switzerland. Written informed consent was obtained from all included 104 

patients. Ultrasound-guided needle biopsies were obtained from tumor lesion(s) and adjacent non-105 
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tumoral liver tissue (Figure 1B). The study was approved by the Ethics committee of the north-106 

western part of Switzerland (Protocol Number EKNZ 2014-099). For all patients except cases 2, 6, 7 107 

and 9, a single tumor biopsy was included (Supplementary Table S2). For cases 6 and 7, two tumor 108 

biopsies were included, and for cases 2 and 9, three tumor biopsies were included. A portion of 109 

each biopsy was formalin-fixed paraffin-embedded for clinical purposes and the remaining portion of 110 

each biopsy was snap-frozen and stored at -80° for research purposes. For this study, 45 fresh-111 

frozen tumor biopsies and 39 fresh-frozen non-tumor biopsies from 39 patients were included. FFPE 112 

tissue samples that remained after diagnostic routine (36 tumor biopsies and 31 non-tumor biopsies 113 

from 36 patients) were included. Pathologic assessment of tumor content was performed by two 114 

expert hepatopathologists (M.S.M. and L.M.T.) using diagnostic hematoxylin-and-eosin slides.  115 

 116 

DNA extraction 117 

DNA from fresh-frozen biopsies was extracted using the ZR-Duet DNA/RNA MiniPrep Plus kit 118 

(Zymo Research, CA, USA) following the manufacturer’s instructions. Prior to extraction, tissue 119 

samples were crushed in liquid nitrogen to facilitate lysis. For DNA extraction from FFPE samples, 120 

one 5µm-thick slide was cut directly in the tube and DNA extracted with the DNeasy Blood and 121 

Tissue Kit (Qiagen, Hilden, Germany) according to manufacturer’s instructions as previously 122 

described.19, 20 DNA was quantified using the Qubit Fluorometer (Thermo Fisher Scientific). 123 

 124 

Library preparation and deep sequencing using the HCC panel 125 

Library preparation for the HCC panel was performed using the Ion AmpliSeq library kit 2.0 (Thermo 126 

Fisher Scientific) according to the manufacturer’s guidelines. For cases 2, 6, 7, and 9, DNA 127 

extracted from multiple fresh-frozen tumor biopsies was pooled equimolar prior to library preparation 128 

(Supplementary Table S2). In total, 20 fresh-frozen samples (10 tumor samples and 10 non-tumoral 129 

counterparts) and 67 FFPE samples (36 tumor biopsies and 31 non-tumoral counterparts) were 130 

sequenced using the HCC panel.  131 

 132 

The HCC panel consists of two pools of amplification primers. 10ng of DNA per sample was used 133 
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for library preparation for each pool. Amplification was performed according to the manufacturer’s 134 

guidelines. The amplicons from the two pools were combined and treated to digest the primers and 135 

to phosphorylate the amplicons. The amplicons were then ligated to Ion Adapters (Thermo Fisher 136 

Scientific) using DNA ligase. Finally, cleaning and purification of the generated libraries were 137 

performed with Agencourt AMPure XP (Beckman Coulter, CA, USA) according to the 138 

manufacturer’s guidelines. Quantification and quality control were performed with Ion Library 139 

TaqMan Quantitation Kit (Thermo Fisher Scientific). Samples were diluted to reach the 140 

concentration of 40pmol and then were pooled for sequencing. 25µl of the pooled libraries was 141 

loaded on Ion 530 Chip (Thermo Fisher Scientific) and processed in Ion Chef Instrument (Thermo 142 

Fisher Scientific). Sequencing was performed on Ion S5 XL system (Thermo Fisher Scientific).  143 

 144 

Sequence data analysis for the HCC panel  145 

Sequence reads were aligned to the human reference genome hg19 using TMAP within the Torrent 146 

Suite Software (v5.4) for the Ion S5XL system. Coverage analysis was performed using Picard’s 147 

CollectTargetedPcrMetrics tool (http://broadinstitute.github.io/picard/, v2.4.1, Supplementary Table 148 

S3). Uniformity of sequencing was defined as the proportion of target bases covered at >20% of 149 

mean amplicon coverage for a given sample. Comparison of the coverage for the two primer pools 150 

was performed using paired Wilcoxon test.  151 

 152 

Somatic mutations were identified using Torrent Variant Caller (v5.0.3, Thermo Fisher Scientific). 153 

For fresh-frozen samples, the corresponding fresh-frozen non-tumoral samples were used as the 154 

germline control. For FFPE samples, FFPE non-tumoral samples were used as the matched 155 

germline sample where available. Where FFPE non-tumoral samples were not available, the 156 

corresponding fresh-frozen non-tumoral samples were used as germline control. Mutations at 157 

hotspot residues were white-listed.21, 22 We filtered out mutations supported by <8 reads, and/or 158 

those covered by <10 reads in the tumor or <10 reads in the matched non-tumoral counterpart. Only 159 

those for which the tumor variant allele fraction (VAF) was >10 times that of the matched non-160 

tumoral VAF were retained to ensure the somatic nature of the variants. Due to the repetitive nature 161 
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and the high GC content of the TERT promoter region, TERT mutation hotspots (chr5:1295228 and 162 

chr5:1295250) were additionally screened. TERT promoter mutations were considered present if 163 

supported by at least 5 reads or variant allele fraction of at least 5%. All mutations were manually 164 

inspected using the Integrative Genomics Viewer (v2.3.69).23 165 

 166 

CNAs were defined as follows. For each sample, end-to-end sequence reads were extracted 167 

separately for the two amplicon pools. A copy number reference for each pool was generated using 168 

all non-tumoral samples to estimate overall read depth, log2 ratio and variability using the ‘reference’ 169 

function from CNVkit (v0.9.0).24 Amplicons with <100 read depth, absolute log2 ratio >1.5 or spread 170 

>1 were removed from copy number analysis. Protein-coding genes for which the complete coding 171 

region was included in the panel or for which amplicons were specifically designed for copy number 172 

analysis were included. Samples with excessive residual copy number log2 ratio (segment 173 

interquartile range >0.8) were excluded, as previously described.25 174 

 175 

For each tumor/non-tumor pairs, log2 ratio was computed for each amplicon, separately for the two 176 

amplicon pools using Varscan2 (v2.4.3).26 Log2 ratios for the two pools were separately centered 177 

then merged for segmentation using circular binary segmentation.27 CNAs were determined 178 

adopting a previously described approach.20 In brief, standard deviation (SD) of the log2 ratios of the 179 

40% of the central positions ordered by their log2 ratios was computed. Copy number gains and 180 

amplifications/ high gains were defined as +2SDs and +6SDs, respectively. Copy number losses 181 

and deep deletions were defined as -2.5SDs and -7SDs, respectively. All gene amplifications and 182 

deep deletions were visually inspected using log2 ratio plots. 183 

 184 

To evaluate the impact of tumor purity on CNA analysis, we performed an in silico simulation on 12 185 

cases (6 frozen and 6 FFPE, selected on the basis of the presence of gene amplification/ high gain 186 

or deep deletion), by replacing tumor reads with reads sampled from the normal samples to 187 

simulate tumor content 5%, 10%, 20% up to the actual tumor content for the samples. CNA analysis 188 

was performed as described above. 189 
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 190 

Whole exome sequencing (WES) 191 

WES was performed for DNA extracted from the 45 tumor biopsies and 39 non-tumoral counterparts 192 

from the 39 patients (Supplementary Table S2). Whole exome capture was performed using the 193 

SureSelectXT Clinical Research Exome (Agilent, CA, USA) platform according to the 194 

manufacturer’s guidelines. Sequencing (2x101bp) was performed at the Genomics Facility of ETH 195 

Zurich Department of Biosystems Science and Engineering (Basel, Switzerland) using Illumina 196 

HiSeq 2500 (Illumina, CA, USA) according to the manufacturer’s guidelines. Sequence reads were 197 

aligned to the reference human genome GRCh37 using Burrows-Wheeler Aligner-MEM (v0.7.12).28 198 

Local realignment, duplicate removal and base quality adjustment were performed using the 199 

Genome Analysis Toolkit (v3.6)29 and Picard (http://broadinstitute.github.io/picard/, v2.4.1).  200 

 201 

For WES samples, sequence reads overlapping with the target regions of the HCC panel were 202 

extracted for further comparative analyses. Sequencing statistics were evaluated for the overlap of 203 

the target regions of the WES and the HCC panel. In addition, for cases 2, 6, 7, and 9, for which 204 

DNA from multiple fresh-frozen tumor biopsies was pooled prior to sequencing using the HCC 205 

panel, WES reads from the multiple biopsies were merged to facilitate downstream comparisons. 206 

For all four cases, the number of reads obtained from WES of individual biopsies was comparable 207 

(Supplementary Table S3).  208 

 209 

Somatic single nucleotide variants and small insertions and deletions were detected using MuTect 210 

(v1.1.4)30 and Strelka (v1.0.15)31, respectively. We filtered out single nucleotide variants, and small 211 

insertions and deletions outside of the target regions, those with variant allelic fraction of <1% 212 

and/or those supported by <3 reads. We only retained variants for which the tumor VAF was >5 213 

times that of the matched non-tumoral VAF. We further excluded variants identified in at least two of 214 

a panel of 123 non-tumoral liver tissue samples, including the 39 non-tumoral samples in the current 215 

study, captured and sequenced using the same protocols using the artifact detection mode of 216 

MuTect2 implemented in Genome Analysis Toolkit (v3.6).29 All indels were manually inspected 217 
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using the Integrative Genomics Viewer 23. Copy number analysis was performed using FACETS 218 

(v0.5.13),32 and genes targeted by amplifications or deep deletions defined using the same 219 

thresholds as above. 220 

 221 

Pairwise comparisons between mutations identified by whole exome sequencing, fresh 222 

frozen and formalin-fixed paraffin-embedded tissues 223 

Pairwise comparisons of the somatic mutations identified by WES and by the HCC panel were 224 

performed, according to the originating biopsies (Supplementary Table S2). Discordant variants 225 

were re-evaluated and interrogated for their presence by supplying Torrent Variant Caller (v5.0.3) 226 

with their positions as the ‘hotspot list’ (for Ion Torrent sequencing) or by Genome Analysis Toolkit 227 

(v3.6) Unified Genotyper using the GENOTYPE_GIVEN_ALLELES mode.  228 

 229 

Sanger sequencing 230 

To validate the discordant variants, Sanger sequencing was performed on both DNA from the fresh-231 

frozen and the corresponding FFPE tumor biopsies. PCR amplification of 5ng of genomic DNA was 232 

performed using the AmpliTaq 360 Master Mix Kit (Thermo Fisher Scientific) on a Veriti Thermal 233 

Cycler (Thermo Fisher Scientific) as previously described20 (Supplementary Table S4). PCR 234 

fragments were purified with ExoSAP-IT (Thermo Fisher Scientific). Sequencing reactions were 235 

performed on a 3500 Series Genetic Analyzer instrument using the ABI BigDye Terminator 236 

chemistry (v3.1, Thermo Fisher Scientific) according to manufacturer’s instructions. All analyses 237 

were performed in duplicate. Sequences of the forward and reverse strands were analyzed using 238 

MacVector software (MacVector, Inc, MA, USA).20 239 

 240 

Analysis of The Cancer Genome Atlas (TCGA) data 241 

To determine the frequencies of high-level copy number gains/ focal amplifications, and deep 242 

deletions/ focal homozygous deletions in HCC, we obtained the GISTIC 2.0 copy number calls for 243 

the TCGA HCC cohort from the cBioPortal.33 High-level gains and deep deletions were defined as 244 

those with GISTIC copy number state 2 and -2, respectively. Focal amplifications and focal 245 
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homozygous deletions were defined as high-level gains and deep deletions that affected <25% of a 246 

given chromosome arm. For the 37 genes included in the copy number analysis, we computed the 247 

frequencies of high-level gains/deep deletions and of focal amplifications/focal homozygous 248 

deletions. 249 

 250 

Statistical analysis 251 

Correlation analyses were performed using Pearson’s r and r2. Statistical analyses were performed 252 

in R (v3.4.2). 253 

 254 

RESULTS 255 

HCC-specific custom targeted sequencing panel design and quality assessment. 256 

We designed an HCC sequencing panel specifically targeting genes and genomic regions 257 

frequently altered in HCC7-18 (Figure 1A and Supplementary Table S1). The HCC panel consists of 258 

complete coding regions of 33 genes involved in several pathways implicated in HCC pathogenesis, 259 

including the WNT pathway (CTNNB1, AXIN1), chromatin remodelling (ARID1A, ARID2 and BAP1), 260 

cell cycle regulation (CDKN1A, CDKN2A, CDKN2B, CCND1, RPS6KA3, RB1 and TP53), 261 

inflammatory response (IL6R, IL6ST) and hepatocyte differentiation (ALB, APOB, HNF1A, HNF4A). 262 

Additionally, the HCC panel also targets recurrently mutated lncRNA genes MALAT1 and NEAT1 263 

and recurrently mutated promoter regions of TERT, WDR74, MED16 and TFPI2. Genes frequently 264 

altered by copy number alterations (CNAs, e.g. CCNE1, VEGFA, TERT), and mutation hotspots in 265 

BRAF, EEF1A1, HRAS, IL6ST, KRAS, NRAS and PIK3CA are also targeted. To enable the efficient 266 

profiling of DNA samples derived from potentially degraded FFPE materials, the panel was 267 

designed using the FFPE option for smaller amplicon size, with a mean amplicon size of 118bp 268 

(range 63bp-252bp, Figure 2A). We tested the HCC panel on the DNA extracted from 20 fresh-269 

frozen samples (10 from tumor biopsies and 10 from non-tumoral counterparts) and 67 FFPE 270 

samples (36 from tumor biopsies and 31 from non-tumoral counterparts) obtained from 39 patients 271 

(Figure 1B and Supplementary Table S2). 272 

 273 
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We first performed a coverage analysis of the HCC panel using the 10 fresh-frozen and 31 FFPE 274 

non-tumoral DNA samples. In the fresh-frozen and FFPE non-tumoral DNA samples, we achieved a 275 

mean coverage of 1478x (range 925x-2420x) and 580x (range 263x-1300x), respectively (Figure 2B 276 

and Supplementary Table S3). There was no difference between the depth of coverage of the two 277 

pools of amplicons (P=0.9879, paired Wilcoxon test, Supplementary Figure S1A). At least 96.8% 278 

and 91.1% of the amplicons were covered at >30x and at least 98.7% and 95.6% of the amplicons 279 

were covered at >10x in the fresh-frozen and FFPE non-tumor samples (Figure 2C and 280 

Supplementary Figure S1B). Median uniformity (defined as the proportion of target bases covered 281 

at >20% of the mean amplixcon coverage of a given sample) was 89.9% (range 86.8%-91.5%) in 282 

the fresh-frozen samples and 89.0% (range 73.3%-92.3%) in the FFPE samples (Figure 2D). As 283 

expected, depth of sequencing of the amplicons was associated with GC content, with reduced 284 

depth at extreme GC content (Figure 2E). 285 

 286 

HCC panel captured somatic mutations concordant with WES and identified additional 287 

mutations 288 

Next, we evaluated the somatic mutations identified using the 10 fresh-frozen tumor-non-tumoral 289 

pairs sequenced using the HCC panel. We achieved a median sequencing depth of 1495x (range 290 

1026x-1855x) in the tumor samples (Figure 2B, Supplementary Table S3). A median of 2.5 (range 291 

0-74) somatic mutations were identified, including a median of 2 (range 0-52) mutations in protein-292 

coding genes (Figure 3A and Supplementary Table S4). No somatic mutations were identified for 293 

2/10 cases (cases 3 and 12), although both cases had ≥50% tumor cell content (Supplementary 294 

Table S2). One case (case 9) exhibited a hypermutator phenotype with 74 somatic mutations 295 

identified.  296 

 297 

To evaluate the somatic mutations defined using the HCC panel, we used the somatic mutations 298 

derived from whole-exome sequencing (WES) using the orthogonal Illumina technology of the same 299 

DNA aliquots from the fresh-frozen tumors and matched non-tumor samples as our benchmark 300 

(Figure 1B). Considering only the coding regions covered by our HCC panel, the median depths of 301 
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WES was 114x (range 92x-345x) and 51x (range 45x-84x) in the fresh-frozen tumors and matched 302 

non-tumor samples, respectively (Supplementary Table S3). WES analysis confirmed that no 303 

mutations were present within the targeted protein coding regions in cases 3 and 12 and that case 9 304 

was hypermutated (Figure 3B). Of the 62 mutations in the coding region identified from WES 305 

analysis, 61 (98%) were also called by our HCC panel analysis (Figure 3B). One NRAS Q61K 306 

hotspot mutation (case 6) was missed using our HCC panel. Manual review of this position revealed 307 

that the mutation had variant allele fraction of 2.5% by WES and 2.0% by the HCC panel 308 

(Supplementary Figure S2 and Supplementary Table S4). It should, however, be noted that 2% is 309 

very close to the detection limit of the current sequencing technologies. 310 

 311 

Compared to the WES analysis, our HCC panel analysis revealed an additional six mutations in the 312 

coding regions, including five in case 9 and one in case 11 (Figure 3B). Manual review of the WES 313 

data revealed that all six mutations were in fact supported by at least one read in WES, but those 314 

positions were covered at reduced depth, with 4/6 covered by ≤40 reads (including 3 in LRP1B) and 315 

5/6 ≤80 reads (Supplementary Figure S2C and Supplementary Table S4). This suggests that the 316 

increased sensitivity in our HCC panel analysis is likely due to the increased depth achieved. 317 

 318 

Additional to the mutations in the protein coding regions, our HCC panel also targeted the lncRNA 319 

genes MALAT1 and NEAT1, as well as the promoter regions of TERT, WDR74, MED16 and TFPI2 320 

(Figure 1A). Within these non-coding regions, we identified an additional 32 mutations across the 10 321 

cases, representing a 48% gain of information compared to sequencing the protein coding genes 322 

alone (Figure 3B). TERT promoter mutations were found in 60% (6/10) of cases and 16 somatic 323 

mutations in the lncRNA gene NEAT1 were identified in 40% (4/10) of cases (Figure 3B and 324 

Supplementary Table S4).  325 

 326 

Taken together, for the protein coding genes frequently mutated in HCC, our HCC panel analysis 327 

produced highly reliable results compared to WES. Given the increased sequencing depth achieved 328 

using the HCC panel, we identified somatic mutations that were missed by WES. Importantly, our 329 
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HCC panel analysis enabled us to identify somatic mutations in promoter regions and frequently 330 

mutated lncRNA genes. 331 

 332 

HCC panel analysis identified somatic mutations in FFPE diagnostic biopsies with low input 333 

DNA 334 

Nucleic acids from diagnostic specimens are frequently derived from small FFPE samples. 335 

Therefore, we sought to determine whether our HCC panel could also be used for somatic 336 

mutational screening using low-input DNA (20ng) extracted from FFPE samples. We subjected the 337 

DNA extracted from 36 diagnostic FFPE tumor biopsies to HCC panel sequencing to a median 338 

depth of 530x (range 192x-1257x, Figures 1A and 2B-C, Supplementary Table S3). The median 339 

tumor content for these 36 cases was 90% (range 5%-100%, Supplementary Table S2), thus 340 

representative of the distribution of tumor content in diagnostic samples in clinical practice. We 341 

identified a median of 3 mutations (range 0-76) per sample, including a median of 2 (range 0-53) 342 

mutations in the coding regions (Figure 4, Supplementary Figure S3 and Supplementary Table S4). 343 

No somatic mutations were identified for 8% (3/36) of cases (cases 7, 12 and 37), indicating that at 344 

least one somatic mutation could be detected in 92% of HCC diagnostic samples. Of note, while we 345 

were unable to detect somatic mutations in the one biopsy with 5% tumor content, we were able to 346 

detect somatic alterations in samples with 30%-40% tumor content. 347 

 348 

We compared the mutations identified in protein-coding genes from these 36 FFPE diagnostic 349 

biopsies to those identified by WES of the DNA from the corresponding fresh-frozen biopsies. All 350 

104 mutations identified from WES analysis were also called based on our HCC panel analysis 351 

(Figure 4 and Supplementary Figure S3), with 21/36 (58%) of our cases harboring CTNNB1 352 

mutations, a higher proportion than the TCGA and other HCC cohorts that is likely due to the higher 353 

percentage of alcohol-associated HCC (Supplementary Tables S1 and S2).15 Additionally, we 354 

identified 18 mutations in the coding regions that were not found in the WES analysis in 11 cases. 355 

Of these 18, 13 were evident in WES but were not identified as mutations in the WES analysis, 356 

predominantly due to low sequencing depth (Supplementary Figures S2D and S3). The remaining 357 
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five mutations were verified to be present in the corresponding FFPE samples but absent in the 358 

fresh-frozen samples by Sanger sequencing (Supplementary Figure S4 and Supplementary Table 359 

S4), indicating that they were genuine discordances between the fresh-frozen and FFPE DNA and 360 

not false positive calls from the HCC panel assay. Of note, 2/5 mutations validated to be absent 361 

from the fresh-frozen DNA affected mutation hotspots in CTNNB1 (p.Asp32Asn and p.Ser45Ala, 362 

Figure 4 and Supplementary Figure S4). The increased number of detected mutations by our HCC 363 

panel analysis was likely due to a combination of intra-tumor heterogeneity and the higher 364 

sequencing depth achieved.  365 

 366 

Considering the 36 FFPE diagnostic biopsies, our HCC panel identified 70 somatic mutations in 367 

lncRNA genes and promoter regions, including 22 TERT promoter mutations (Figure 4 and 368 

Supplementary Table S4). Somatic mutations in lncRNA genes and promoter regions accounted for 369 

37% of the total number of somatic mutations identified in the FFPE samples.  370 

 371 

Compared to the very high correlation of VAF between the sequencing platforms used in the fresh-372 

frozen samples (r=0.89, r2=0.79, Pearson correlation), the correlation between WES from fresh-373 

frozen samples and HCC panel using FFPE samples was more modest (r=0.67, r2=0.45, Pearson 374 

correlation, Supplementary Figure S2A-B). We observed that mutations with large deviations in 375 

VAFs between the sequencing platforms used in the fresh-frozen samples tended to be covered at 376 

reduced depths on either platform (Supplementary Figure S2C). Similar observations could be 377 

made between VAFs of exome (fresh-frozen) and HCC panel (FFPE, Supplementary Figure S2D). 378 

The deviations in the latter may be more noticeable by the overall lower depth achieved in the FFPE 379 

samples compared to the HCC panel sequencing of the fresh-frozen samples. Intra-tumor 380 

heterogeneity between the fresh-frozen and FFPE aliquots likely contributed to the reduced 381 

correlation. 382 

 383 

 384 
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Taken together these results suggest that our HCC panel analysis has high specificity and 385 

sensitivity in somatic mutation detection. Furthermore, somatic mutations in promoter regions 386 

(TERT promoter) and lncRNA genes (MALAT1 and NEAT1) highly mutated in HCC can also be 387 

detected. 388 

 389 

Copy number analysis of the HCC panel reveals high concordance with WES 390 

We sought to determine whether our HCC panel could also be used to detect CNAs. Of the genes 391 

targeted on the panel, we evaluated our ability to detect CNAs in 42 genes (complete coding 392 

regions covered and genes with amplicons tiled across the length of the genes for CNA detection, 393 

Figure 1A and Supplementary Table S1). Using the 41 non-tumoral samples, we assessed the 394 

variability of the depth of coverage in the amplicons targeting the 42 genes (Methods). After 395 

removing amplicons with low depth of coverage or high variability, 1,483 amplicons were used for 396 

CNA profiling. To assess our ability to evaluate per-gene CNA detection, we further paired each 397 

non-tumoral sample with two others randomly selected, gender-matched non-tumoral samples. We 398 

observed that the copy number log2 ratio of five genes, namely LRP1B, ALB, BRD7, ACVR2A and 399 

IRF2, was variable (SD>0.3) and therefore these genes were excluded from further CNA analyses. 400 

37 genes were included in the CNA analysis. 401 

 402 

We compared the copy number profiles of matched fresh-frozen tumor-non-tumor pairs and those 403 

derived from WES. Of the 10 fresh-frozen pairs sequenced using the HCC panel, one was excluded 404 

for excessive residual copy number log2 ratio (segment interquartile range >0.8).25 For the nine 405 

evaluable samples, we found a correlation of r=0.80 (r2=0.64) between the copy number log2 ratio of 406 

the two platforms (Figure 5A). When we compared the copy number profiles of the 34 evaluable 407 

FFPE tumors with the matched profiles from WES, we observed a correlation of r=0.73 (r2=0.54) 408 

between the copy number log2 ratios (Figure 5A). Overall, 86% of the evaluable genes had 409 

concordant copy number states (Figure 5B). 410 

 411 
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It has previously been reported that tumor purity had an impact on the ability to make CNA calls.25, 34 412 

We therefore evaluated the impact of tumor purity on CNA analysis using an in silico simulation on 413 

12 cases (6 fresh-frozen and 6 FFPE, selected on the basis of the presence of gene amplification/ 414 

high gain or deep deletion), by replacing tumor reads with reads sampled from the normal samples 415 

to simulate tumor content 5%, 10%, 20% up to the actual tumor content for the samples. We 416 

observed that amplifications/ high gains were readily detected at 5% tumor content in many cases 417 

and at 20% in all cases (Supplementary Figure S5). In our cohort, deep deletions could not be 418 

detected at tumor content <40%. 419 

 420 

Taken together, our results demonstrate that, despite profiling only a small number of genes, our 421 

HCC panel is able to detect CNAs in genes frequently gained or lost in HCC in both fresh-frozen 422 

and FFPE tumor samples with low input DNA. 423 

 424 

DISCUSSION 425 

HCC has a distinct mutational landscape compared to the major tumor entities. Numerous genes 426 

have been found to be mutated frequently in HCC but rarely in other tumors, such as those 427 

important for hepatocyte differentiation (ALB, APOB, HNF1A, HNF4A) and inflammatory response 428 

(IL6R, IL6ST). Given the relative rarity of HCC, these genes are currently not targeted or are only 429 

partially targeted in commercial panels (e.g. Oncomine Comprehensive Panel v3â) and in panels 430 

used by sequencing services (e.g. FoundationOne assay, Supplementary Table S1). Thus, the 431 

currently available commercial assays for genomic profiling have suboptimal utility for HCC and a 432 

targeted sequencing panel specifically designed for HCC is warranted.  433 

 434 

In this study, we designed a custom Ion Torrent AmpliSeq sequencing panel, targeting all exons of 435 

33 protein-coding genes, two lncRNA genes, promoter regions of four genes previously found to be 436 

recurrently mutated in HCC, nine genes frequently affected by copy number alterations (CNAs), and 437 

mutation hotspots in seven cancer genes.7-17 Importantly, a number of the genes targeted using our 438 

HCC panel are not currently on these two commercial panels. Of the 39 cases profiled with the HCC 439 
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panel (including both fresh-frozen and FFPE samples), we detected at least one somatic mutation in 440 

90% (35/39) of cases. Of the mutations in coding genes found using our panel, 22% (42/189) would 441 

have missed by both Oncomine Comprehensive Panel v3â and the FoundationOne assay. 442 

Additionally, recent whole-genome studies of HCC have revealed frequent mutations in lncRNA 443 

genes NEAT1 and MALAT1, both of which are not currently targeted by commercial panels. In fact, 444 

we found that around 1/3 of the mutations on the HCC panel were within the promoter and lncRNA 445 

regions. 446 

 447 

We benchmarked our mutation screening and copy number profiling results from the HCC panel 448 

against those obtained from whole-exome sequencing (WES) by the orthogonal Illumina 449 

sequencing technology. We demonstrated that all but one mutation identified from WES were 450 

detected using our HCC panel. We identified an additional 10-15% of mutations within the coding 451 

regions. The majority of these additional mutations were in fact supported by few reads by WES, 452 

thus our increased sensitivity was likely a direct result of the increased sequencing depth of both the 453 

tumor and the matched normal samples achieved. Crucially, however, we found evidence of intra-454 

tumor genetic heterogeneity between the adjacent fresh-frozen and FFPE biopsies, including two 455 

CTNNB1 mutations, suggesting that in these cases, the CTNNB1 mutations were not trunk 456 

mutations. 457 

 458 

While CNA detection using capture-based methods has been successful for targeted sequencing 459 

panel of several hundred genes,35 CNA detection using amplicon-based targeted sequencing has 460 

proven more difficult. A recent study investigated the use of an amplicon-based sequencing strategy 461 

targeting all exons of 113 genes related to DNA repair.25 The authors demonstrated that, with an 462 

appropriate analysis strategy and quality control, amplicon-based sequencing strategy is feasible 463 

and cost-effective for CNA profiling in FFPE samples.25 In the current study, the strategy of 464 

computing and centering the log2 ratios for the primer two pools separately, prior to merging and 465 

segmentation proved to be an effective strategy in resolving issues associated with variable 466 

amplification efficiencies, with 86% of the genes showing concordant copy number states. 467 
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Considering the few studies investigating the use of small targeted sequencing panel for CNA 468 

profiling, further benchmarking studies comparing analysis strategies and including larger sample 469 

size will likely improve the accuracies.  470 

 471 

In the clinical setting, the quality, type and amount of input materials for genomic profiling are crucial 472 

considerations, particularly in light of the smaller tumors being detected in screening programs. 473 

Here we demonstrated that the HCC panel could be used for genomic screening with high 474 

sensitivity and specificity with very low input DNA (20ng) derived from FFPE samples without 475 

compromising the results. Although based on an analysis of the TCGA HCC cases, 92% and 85% 476 

of the cases would have exhibited at least 1 non-synonymous mutation using the FoundationOne 477 

and the Oncomine assays, respectively, our HCC panel holds the advantage of much lower input 478 

requirement than that required for commercial panels (e.g. >40micron tissue samples for the 479 

FoundationOne assay) and for capture-based targeted sequencing strategies.35 We further 480 

demonstrated that somatic genetic alterations (somatic mutations and amplifications) could be 481 

detected from tumor samples with as low as 30% tumor content. Considering that we could not 482 

detect mutations in the one sample with 5% tumor content, we contend that 30% may be the lower 483 

limit of successful genomic profiling. Although lower limits (~20%) have also been reported,36 we did 484 

not have the samples to verify this. The samples included in this study are de facto samples 485 

obtained from routine diagnostic practice and we demonstrated that our low input DNA requirement 486 

facilitates genomic profiling from very small biopsies. 487 

 488 

Driver genetic alterations have not yet become a tangible tool in clinical decision making for the 489 

treatment of HCC, thus the immediate clinical application of our panel may be limited. However, 490 

recent studies have described the association of TERT promoter and CTNNB1 exon 3 mutations 491 

with increased risk of malignant transformation of hepatocellular adenomas,37, 38 more frequent 492 

HNF1A and IL6ST mutations in hepatocellular adenomas than HCCs,37 as well as TP53 mutation as 493 

a poor prognostic indicator in HCC.39-41 These associations suggest a potential utility of genomic 494 

profiling in prognostication for hepatocellular adenomas and HCCs, in tissues or in even in cell-free 495 
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DNA.41, 42 In terms of potential targetable alterations, three somatic mutations identified in our cohort 496 

of HCC are molecular targets in other cancer types according to OncoKB.43 These include ATM loss 497 

of function mutation using olaparib in prostate cancer (level 4; biological evidence), NRAS hotspot 498 

mutation with binimetinib or in combination with ribociclib in melanoma (level 3; clinical evidence) 499 

and TSC2 mutation with everolimus in central nervous system cancer (level 2; standard of care).43 500 

Application of our panel in clinical decision may become feasible in the future.  501 

 502 

This study has several limitations. Firstly, the targeted nature of our HCC panel means that copy 503 

number profiling is not genome-wide and is restricted to the genes included on the panel. Clinically, 504 

focal amplifications, compared to gains of chromosome arm, are more likely to be true driver genetic 505 

event and may be considered drug targets. The targeted nature of the HCC panel means it may be 506 

difficult to distinguish the two scenarios. However, a re-analysis of the TCGA data suggests that  507 

high-level gains of chr11q13.3 (encompassing CCND1, FGF19, FGF3, FGF4) are almost always 508 

focal amplifications (>93%), while 50-70% of high-level gains of TERT and VEGFA are focal 509 

amplifications (Supplementary Table S5). By contrast, high-level gains of chr1q (SETDB1 and IL6R) 510 

and chr8q (NCOA2, MYC and PTK2) are frequently non-focal (<10%), consistent with the frequent 511 

high-level gain of entire arms of chr1q and chr8q.44 For deletions, most deep deletions are focal 512 

deletions, including all deletions (100%) in ARID2, AXIN1, CDKN2A/B, PTEN and TSC1/2. These 513 

results suggest that for CNAs affecting some of the most promising drug targets on the HCC panel 514 

are frequently true focal CNAs. Secondly, given that we identified a median of 2-3 mutations per 515 

tumor, we would not be able to accurately define tumor mutational burden, a putative biomarker for 516 

response to immune therapy.45 Thirdly, the HCC panel does not include unique molecular 517 

identifiers, which would be useful to assess library complexity, particularly for samples with low input 518 

DNA. We envisage that the addition of unique molecular identifiers would be particularly beneficial 519 

for the study of cell-free DNA from HCC patients.41, 42 Fourthly, we designed the panel specific for 520 

HCC. Recent studies have revealed that mixed HCC/cholangiocarcinoma and cholangiocarcinoma 521 

have recurrent mutations in genes such as IDH1/2,46 while FRK mutations decrease in frequency 522 

from hepatocellular adenoma to HCC.37 These genes are not covered by the HCC panel. However, 523 
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as an amplicon-based sequencing panel, adding amplicons to include genes that may assist in the 524 

differential diagnosis of HCC is straightforward.  525 

 526 

In conclusion, our study demonstrated that our HCC panel is a cost-effective strategy for mutation 527 

screening and copy number profiling for routine diagnostic HCC samples with low input DNA.  528 

 529 

  530 
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FIGURE LEGENDS 738 

Figure 1: Design of the HCC sequencing panel and the study. (A) Frequencies of somatic 739 

mutations and copy number alterations in the genes included on the HCC panel according to 740 

previously published studies. (B) Outline of the study with the number of samples for each analysis 741 

performed. CNA: copy number alteration; FFPE: formalin-fixed paraffin-embedded; HCC: 742 

hepatocellular carcinoma; prom: promoter; WES: whole-exome sequencing. 743 

 744 

Figure 2: Coverage analyses and statistics of the HCC panel. (A) Distribution of the amplicon 745 

sizes on the HCC panel. (B) Violin plots of the mean amplicon coverage across fresh-frozen 746 

non-tumor, fresh-frozen tumor, FFPE non-tumor and FFPE tumor samples. (C) Percentages 747 

of target regions covered at various depths (1x, 2x, 10x, 20x and 30x) across fresh-frozen 748 

non-tumor, fresh-frozen tumor, FFPE non-tumor and FFPE tumor samples. (D) Coverage 749 

uniformity, defined as the percentage of target bases covered at >20% of the mean 750 

coverage, in fresh-frozen and FFPE non-tumor samples. (E) Scatter plot of GC content and 751 

mean normalized coverage for all amplicons in fresh-frozen and FFPE samples. Color of the 752 

dots indicates the standard deviation of mean normalized coverage within each group. 753 

FFPE: formalin-fixed paraffin-embedded; SD: standard deviation. 754 

 755 
Figure 3: Comparison of somatic mutations defined by whole-exome sequencing and HCC 756 

panel in fresh frozen tissues. (A) Number of coding and non-coding mutations per case identified 757 

in 10 fresh-frozen biopsies using the HCC panel. (B) Comparison of somatic coding and non-coding 758 

mutations found by WES and the HCC panel in the fresh-frozen samples. Heatmaps indicate the 759 

variant allele fractions of the somatic mutations (blue, see color key) or their absence (grey) in the 8 760 

cases in which at least one somatic mutation was identified. Mutation types are indicated as colored 761 

dots according to the color key. Mutations that were not called by mutation caller but were 762 

supported by at least 1 sequencing read are indicated by an asterisk. HCC: hepatocellular 763 

carcinoma; WES: whole-exome sequencing. 764 
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 765 

Figure 4: Comparison of somatic mutations defined by whole-exome sequencing and HCC 766 

panel in FFPE tissue. Barplot illustrates the number of somatic coding and non-coding mutations 767 

found in 36 FFPE tumor biopsies using the HCC panel. In the main panel, each row represents a 768 

gene on the HCC panel and each column represents a sample. The mutations identified by WES in 769 

the fresh-frozen biopsies and those defined by sequencing the corresponding FFPE samples using 770 

the HCC panel are placed next to each other. Mutation types are color coded according to the color 771 

key. The presence of multiple mutations in the same gene is illustrated by an asterisk. Non-coding 772 

regions below the dotted line were not covered by WES. FFPE: formalin-fixed paraffin-embedded; 773 

WES: whole-exome sequencing. 774 

 775 

Figure 5: Copy number profiling using the HCC panel. (A) Scatter plots illustrate the copy 776 

number log2 ratio of WES and HCC panel sequencing of the fresh-frozen (left) and the FFPE (right) 777 

tumor samples. (B) Barplots illustrate the number of genes with concordant (dark grey) or 778 

discordant (light grey) copy number states, binned by the absolute difference in copy number log2 779 

ratio between WES and HCC panel sequencing of the fresh-frozen (left) and FFPE (right) samples. 780 

FFPE: formalin-fixed paraffin-embedded; HCC: hepatocellular carcinoma; WES: whole-exome 781 

sequencing. 782 


