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ABSTRACT 

BACKGROUND & AIMS: No targeted therapies have been found to be effective 

against hepatocellular carcinoma (HCC), possibly due to the large degree of intratumor 

heterogeneity. We performed genetic analyses of different regions of HCCs to evaluate 

levels of intratumor heterogeneity and associate alterations with responses to different 

pharmacologic agents. 

METHODS: We obtained samples of HCCs (associated with hepatitis B virus infection) 

from 10 patients undergoing curative resection, before adjuvant therapy, at hospitals in 

China. We collected 4–9 spatially distinct samples from each tumor (55 regions total), 

performed histologic analyses, isolated cancer cells, and carried them low-passage culture. 

We performed whole-exome sequencing, copy-number analysis and high-throughput 

screening of the cultured primary cancer cells. We tested responses of an additional 105 

liver cancer cell lines to a FGFR4 inhibitor. 

RESULTS: We identified a total of 3670 non-silent mutations (3192 missense, 94 

splice-site variants, and 222 indels) in the tumor samples. We observed considerable 

intratumor heterogeneity and branched evolution in all 10 tumors; the average percentage 

of heterogeneous mutations in each tumor was 39.7% (range, 12.9%–68.5%). We found 

significant mutation shifts toward C>T and C>G substitutions in branches of 

phylogenetic trees among samples from each tumor (P < .0001). Of note, 14 of the 26 

oncogenic alterations (53.8%) varied among subclones that mapped to different branches. 

Genetic alterations that can be targeted by existing pharmacologic agents (such as those 

in FGF19, DDR2, PDGFRA and TOP1) were identified in intratumor subregions from 4 

HCCs and were associated with sensitivity to these agents. However, cells from the 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

5 

 

remaining subregions, which did not have these alterations, were not sensitive to these 

drugs. High-throughput screening identified pharmacologic agents to which these cells 

were sensitive, however. Overexpression of FGF19 correlated with sensitivity of cells to 

an inhibitor of FGFR4; this observation was validated in 105 liver cancer cell lines 

(P=.0024). 

CONCLUSIONS: By analyzing genetic alterations in different tumor regions of 10 

HCCs, we observed extensive intratumor heterogeneity. Our patient-derived cell 

line-based model, integrating genetic and pharmacologic data from multi-regional cancer 

samples, provides a platform to elucidate how intratumor heterogeneity affects sensitivity 

to different therapeutic agents.  

 

KEY WORDS:  Liver cancer; next-generation sequencing; patient-derived cell lines; 

targeted therapy. 
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INTRODUCTION 

Hepatocellular carcinoma (HCC) is the second leading cause of cancer deaths with 

increasing incidence and mortality worldwide.1 Most HCC patients are diagnosed at 

intermediate or advanced stages, making them ineligible for curative therapy.2 In the era 

of precision medicine, molecularly targeted therapy has improved clinical outcome in 

many cancer types. In contrast, targeted therapy has so far been dismal in HCC, and only 

sorafenib could improve overall survival by a median of 3 months.3 After sorafenib, up to 

seven randomized phase III clinical trials investigating other molecularly targeted 

therapies in HCC have reported negative results. Among other potential reasons, 

intratumor heterogeneity (ITH) has been proposed as a major obstacle for effective drug 

development in HCC.3 

Recently, multi-regional deep-sequencing on tumor tissues has revealed considerable 

ITH with substantial prognostic, therapeutic and biological implications for many human 

cancers.4-7 In HCC, although deep-sequencing has been applied on over 1,000 patient 

samples, uncovering a group of driver genetic alterations,8-13 the landscape of spatial and 

temporal ITH remains elusive. Moreover, whether ITH in HCC patients is driven by 

different driver alterations, which requires different treatments, or alternatively ITH only 

reflects passenger changes without significant impact on drug-specific responses remain 

elusive. Simultaneous genetic profiling of and pharmacological testing on multi-regional 

tumor cells is a straightforward approach to figure out how ITH impacts on drug 

sensitivity. However, such hypothesis cannot be directly tested on the nonviable tumor 

tissues. It is noteworthy that patient-derived primary cancer cells (PDPCs) obtained by 

single sampling were innovatively used for drug discovery to overcome resistance in lung 
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cancer.14 Therefore, PDPCs are not only attractive for testing drug response, but also 

preferable for genomic sequencing, given their population purity and stability.  

To give a comprehensive view of intratumor genomic diversity and evaluate how the 

ITH can influence therapeutic responses in HCC, we combined multi-regional sampling, 

primary culture, genomic profiling and pharmacological screening in 10 resected 

HBV-related HCCs. We established a multi-regional cell culture model derived from 

geographical sampling of different intratumor regions that integrates cancer genetics with 

pharmacologic interrogation. This strategy provides a pipeline for the discovery and 

validation of clinically relevant precise therapy for HCC.  

 

PATIENTS AND METHODS 

Patients and Sample Collection  

To investigate ITH, samples were collected from 10 patients diagnosed with 

HBV-related HCC who underwent curative resection prior to any adjuvant therapy 

(Figure 1A and Supplementary Table 1). The primary tumors were evenly sliced to 

pieces and spatially separated samples from each cut face were obtained immediately 

after resection. Representative spatially separated regions of each tumor were sent for 

H&E staining and primary culture. Typically, the culture took one month to establish 

low-passage PDPCs, which were further subjected to genetic and pharmacologic 

evaluations. The study was approved by the Research Ethics Committee of Zhongshan 

Hospital with written informed consent from each patient. 

 

Whole-Exome Sequencing (WES), Mutation calling, HBV integration and Sanger 
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Validation  

Genomic DNA was extracted from PDPCs, matched tissue and blood samples from 

the 10 HCC patients using DNeasy kit (Qiagen). WES of DNA samples was captured by 

Agilent SureSelect Human All Exon V4 kits and sequenced using Illumina HiSeq 2000 

system. Paired-end sequencing (2 × 101 bp) was carried out using standard Illumina 

protocols. WES, Mutation calling, HBV integration detection and Sanger validation are 

detailed in Supplementary method. 

 

Phylogenetic and Mutation Spectrum Analyses 

Binary distributions of mutations were used to reconstruct the maximum 

parsimonious phylogenetic tree using Wagner method implemented in Penny of PHYLIP 

package.5 The difference of mutation spectrum was examined in the distribution of trunks 

and non-trunks. P values of each mutation type were corrected for multiple testing by the 

Benjamini-Hochberg method.4 Details of these analyses are described in Supplementary 

method. 

 

Copy Number Alterations 

DNA was processed and hybridized to Affymetrix CytoScan® HD array according to 

the manufacturer’s protocol and described in Supplementary method. Quality control, 

gender verification, signal normalization and segmentation were conducted. The absolute 

copy numbers are inferred based on the extrapolation algorithm of TAPS. 

 

Drug Screening, Real-Time RT-PCR and Immunoblotting Assays 
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The compounds and PCR primers used are listed in Supplementary Tables 3 and 4 

respectively. Details of the experimental procedures are described in Supplementary 

method.  

 

Cell Lines for Testing FGFR inhibitor 

A total of 105 liver cancer cell lines, independent of the 10 patients used for 

evaluating ITH, were used to test the sensitivity of FGFR inhibitor. The 105 lines 

consisted of 83 in-house established lines and 22 commercially available lines 

(Supplementary Table 2). In total, 83 liver cancer cell lines were established in our lab, 

authenticated and employed for drug testing. Each cell line was derived from one HCC 

patient and cultured for at least 30-50 passages. The 22 commercial liver cancer cell lines 

were grown in recommended media and authenticated by STR analysis.  

 

Statistical Analysis 

Statistical analysis was performed using SPSS 19.0 (SPSS, IBM), except where 

specifically indicated. Data were presented as the means ± standard deviation. The χ
2 test, 

Fisher's exact test, Students' t test and Mann-Whitney U test were used as appropriate. 

Two-tailed P value < 0.05 indicates statistical significance. 

 

RESULTS 

Establishment of Multi-regional PDPCs from HCC Specimens 

To illustrate ITH in HCC, we collected fresh tissues from 55 spatially distinct tumor 

regions (ranging of 4-9 per case) in 10 resected HBV-related HCC. The 10 patients with 
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stages T1 (n=4), T2 (n=5) and T3 (n=1) were treatment naive before operation 

(Supplementary Table 1). To test the sensitivity of these tumor cells to targeted 

therapeutics, we developed a short-term primary culture protocol that was amenable to 

high-throughput screening. Each tumor region was subjected to primary culture, followed 

by WES, CytoScan® HD Array and high-throughput screening (Figure 1A). WES was 

performed at mean depth of 89.0× (58-125.8± 12.5) on those 55 PDPCs 

(Supplementary Table 5). Due to culture enrichment, analyzing the tumor cell purity of 

low-passage PDPCs base on WES data revealed a mean of 98.6% (range of 88.1%-100%) 

purity, with 46 out of the 55 cell lines above 99%. The results were confirmed by 

immunohistochemical staining of a panel of HCC-related biomarkers, including serum 

α-fetoprotein (AFP), pan-CK, Hepar-1, ɑ-SAM and Vimentin, on serial passaging, which 

also showed that our PDPCs were almost 100% cancer cells (data not shown). The 

average ploidy of those PDPCs was 3.20, ranging from 2.00-4.48 (Supplementary 

Figure 1), consistent with previous reports in HCC.8, 10, 13 Totally, we identified 3,670 

non-silent mutations, including 3,192 missense, 94 splice-site variants, and 222 indels 

(Supplementary Table 6). The median number of non-silent mutations was 93 per tumor, 

comparable to the results in three previous reports using single-biopsy HCC samples (67, 

85, and 58 respectively; Supplementary Figure 2). We confirmed 92.2% of the 881 

randomly selected non-silent mutations by Sanger sequencing (Supplementary Table 7). 

 

Intratumor Heterogeneity and Clonal Evolution of HCC 

To illustrate the extent of spatial and temporal ITH in HCC, phylogenetic trees based 

on non-silent somatic mutations of the 55 PDPCs were constructed for each of the 10 
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tumors. Each tree contains trunk, branches and private brunches. The trunk represents 

mutations shared in all regions, branch stands for heterogeneous mutations that present in 

at least 2 regions, and private brunch represents mutations only identified in one region in 

an individual tumor (Supplementary Figure 3).4, 5 Notably, all the 10 tumors displayed 

clear evidence of branched evolution and intratumor mutational heterogeneity (Figure 

1B). The average percentage of heterogeneous mutations (branch and private) was 39.7% 

(range of 12.9%-68.5%) (Figure 2A). This was substantially higher than the ITH 

measured by 1 or 2 gene mutation as reported in a recent study where a heterogeneous 

intratumor mutational status of TP53 and CTNNB1 were found in 22% of HCC.15 Next, 

we focused on and characterized the genes that were reported to be recurrently altered in 

HCC, possibly acting as the driver genes.8-13 In the 10 HCCs, a total of 26 such kind of 

driver genes were identified (including 7 amplified or deleted genes as discussed below) 

(Supplementary Table 8). We further mapped the 26 drivers to each phylogenetic tree 

and found that less than half of the driver alterations were trunk events that occurred 

early during HCC evolution (Figure 1B). Of note, 14 (53.8%) drivers were subclonal that 

mapped to branches in 8 out of the 10 cases, highlighting the need to target tumor 

subclonal compositions. TERT promoter mutations, one of the earliest genetic alterations 

in HCC,16 were detected as trunk event in 5 cases and as branch event in one case. TP53, 

the top gene among the coding mutations in HCC, was mutated in all the 10 HCCs with 

various mutation types (Figure 1B and Supplementary Table 6). For example, cases 554, 

703, 893 and 1900 harbored the R249S mutation which was typical of HBV-related HCC 

affected by aflatoxin B1.17 Cases 307, 1026 and 1233 had stop-gained mutation (E300X), 

splicing mutation, and frameshift deletion (aa 202-206) respectively. Considering that 
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TP53 mutations occurred in about 27% of all HCC population and were most prevalent in 

HBV-related HCC,8-13 the 10 cases examined here may represent a TP53-mutated 

subgroup of HCC related to HBV infection.  

HBV integration is a well-known casual event during hepatocarcinogenesis. Based on 

the WES data, we identified 2 candidate HBV integration sites from cases 213 and 1900 

(Supplementary Figure 4). These two integration sites were both located at the promoter 

region of the TERT gene, which was shown to be the most prevalent gene integrated by 

HBV in HCC.18 For both of the two patients, the breakpoints in the HBV genome were 

located at the gene X, consistent with the previous findings.18 For case 213, 5 of the 5 

tumor regions had the exact same integration site, indicating that HBV integration event 

was an early driving event. In case 1900, we only identified one tumor region (R4) 

having the integration at TERT promoter, possibly due to ITH or the limitations of WES 

that primarily cover the coding sequences. 

We also investigated somatic copy number aberrations by CytoScan® HD array in the 

55 PDPCs. Similar to the findings in lung and breast cancers,5, 19 there were no obvious 

differences in large-scale chromosome alterations, and the log2 ratio profiling highly 

resembled among distinct regions from individual tumors (Supplementary Figure 5). 

Examining the altered small segments identified heterogeneous distribution within each 

tumor, including segments containing 7 potential driver genes (FCRL1, DDR2, CCND1, 

FGF19, BRD7, ADH1B and CDKN2A) (Supplementary Figure 6). The 7 potential 

drivers with amplification or deletion were mapped to the phylogenetic trees, with 

CDKN2A deletion in the trunk and the remaining 6 genes in the branches (Figure 1B). 
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Mutation Spectra of Trunk and Branch Mutations 

We further analyzed the mutation spectra of the 10 HCCs. In all the 10 tumors 

(combining trunk and non-trunk), C>A transversion and C>T and T>C transitions were 

the predominant changes (Figure 2B-C). C>T transition is prevalent in many cancers,4, 5 

while C>A and T>C changes are considered as the characteristic signatures of HCC 

genome.8-13 These results supported the notion that our PDPCs inherited the mutation 

patterns from original HCC tissues. Moreover, the proportions of C>T transition and 

C>G transversion increased dramatically in non-trunk in all 10 tumors either when 

considered in a combined fashion (q = 0.00012 and 0.0132 respectively, Figure 2B) or 

individually (Figure 2C). This pattern of mutation shift was prevalent in many human 

cancer types,4, 5 implying a common feature of cancer evolution. Data have accumulating 

that APOBEC cytosine deaminase activity is a major source for C>T and C>G mutations 

that fuels intratumor genetic heterogeneity.20 However, no association between the 

mutation shift and APOBEC activity was detected, indicating that APOBEC-catalyzed 

deamination was not the main source of DNA damage in this subgroup of HBV-related 

HCC.  

Moreover, hierarchical clustering by mutation spectra classified the 10 HCCs into two 

groups (Figure 2D). Analyzing the relationship of clinicopathologic features between the 

two groups, like serum AFP level, tumor size, tumor differentiation, microscopic vascular 

invasion and tumor stage was then made. Only serum AFP level showed significant 

difference between groups I versus II (P = .016 for trunk grouping; Figure 2E). This may 

have important clinical implications, given that AFP is a diagnostic and prognostic 

biomarker for HCC. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

 

Identification of Combination Therapies Based on Genetic Analysis and 

Pharmacologic Evaluation  

The impact of ITH on drug response could not be directly tested on clinical samples. 

Our multi-regional PDPC model provided an opportunity to evaluate this effect. We first 

tested the first-in class drugs (sorafenib and oxaliplatin) of HCC in those 55 regional 

PDPCs. However, no PDPCs showed sensitivity to sorafenib or oxaliplatin 

(Supplementary Figure 7). The suggested genomic biomarkers (like ARAF mutations, 

and VEGFA or FGF3/FGF4 amplifications, etc.) 21-23 for sorafenib sensitivity were 

absent in the 55 PDPCs. The resistance to the first-in class drugs prompted us to focus on 

the cases with druggable genetic alterations. Although previous HCC sequencing data 

have revealed limited druggable alterations, we indeed detected such druggable changes 

in 2 of 10 HCCs (20%). However, unlike lung cancer where most known druggable 

changes occur early in tumor evolution, we observed that our HCC druggable alterations 

only occurred in subclonal groups (brunches and private brunches), including FGF19 

amplification in case 307 and DDR2 amplification in case 703. 

Case 307 harbored FGF19 amplification in R4, R5, R6, R8, R9, R10 and R12, but not 

in R1 and R3 (Figure 1B and Supplementary Figure 8). Since FGF19 amplification is a 

putative driver in HCC9-11 and a potential biomarker for FGFR inhibitors13, 24, the 

pan-FGFRs (FGFR1-4) inhibitor LY2874455 was applied to those 9 regional PDPCs 

without abnormalities in FGFRs. Only R6, R10 and R12 were sensitive to LY2874455, 

while FGF19 amplified R4, R5, R8 and R9 showed resistant pattern alike unamplified R1 

and R3 (Figure 3A, left panel). The mRNA levels of FGF19 were then examined in those 

PDPCs (Figure 3A, middle panel) and the resistant regions uniformly showed 
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low/middle expression of FGF19, regardless of amplification or not, while the sensitive 

regions had consistently high FGF19 mRNA levels (Figure 3A, right panel). IC50s of 

FGF19 high expression group significantly differed with low/middle groups (P < 0.01; 

Figure 3A, right panel). The concentrations to inhibit FGFR and ERK phosphorylation 

were much lower in the FGF19-high group than that in the FGF19-low/middle groups (30 

nM vs 300 nM or higher) (Supplementary Figure 9). Overall, in case 307, despite 64.7% 

ITH (56.4% ITH in sensitive group), “biomarker-oriented heterogeneity” (i.e., FGF19 

overexpression) determined the sensitivity to predicted targeted therapeutics (Figure 3B). 

Furthermore, another 105 independent liver cancer cell lines (22 commercial lines and 83 

lines established in house), the largest panel of liver cancer lines hitherto, were classified 

into high versus low/middle groups according to FGF19 mRNA levels (Supplementary 

Table 2). It was revealed that IC50s in FGF19-high group were dramatically lower than 

that in low/middle groups (P = .0024) (Figure 3C), authenticating the findings in case 

307. Since the 6 resistant PDPCs in case 307 harbored no actionable variants, we then 

screened them with in-house compound library (Supplementary Table 3). Indeed, they 

were found to be responsive to JQ-1 (BRD4 inhibitor), elesclomol (HSP70 inhibitor), etc. 

(Figure 3D), implying potential combination therapies for this patient.  

To further evaluate the effect of such combinational treatment, LY2874455 and JQ-1 

were added to the cell mixture of FGF19 high and low expression PDPCs from case 307. 

The FGF19 high expression cells were labeled with Qtracker 605 (pink) and total cells 

were stained by Hoechst 33342 (blue). The co-treatment of the two compound led to the 

maximal reduction in cell population compared to those treated with either compound 

alone (24.6% vs 58.7% or 37.0%, on day 3) (Figure 3E). The population change of 
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LY2874455 sensitive cells (FGF19 high expression, labeled in pink) was examined 

during the treatment. Compared to DMSO control, the percentage of FGF19-high cells 

dramatically decreased on days 3 and 4 with 100 nM LY2874455 treatment, but showed 

no significant changes when co-treated with 100 nM LY2874455 and 1 µM JQ1, whereas 

remarkably increased with 1 µM JQ1 treatment, despite the reduction of total cell 

population (Figure 3F and Supplementary Figure 10). These results strongly suggested 

that case 307 may be benefit from the combined therapy. 

Likewise, case 1233 had a DDR2 amplification in R5, and R5 cells consequently 

showed sensitivity to dasatinib, an agent known to block over-active DDR225, 26, while 

the unamplified R3, R4 and R6 were dasatinib refractory, even with the ITH low to 12.9% 

in this case (Figure 4A). Accordingly, unamplified PDPCs in case 1233 were screened 

for potential combination therapy and elesclomol (HSP70 inhibitor) was identified 

(Supplementary Figure 11).  

Next, for cases without druggable genomic alterations, mRNA expression of a panel 

of targetable genes (Supplementary Table 4) were evaluated on the multiregional 

PDPCs to identify cases with heterogeneous expression patterns. Heterogeneous 

expression of PDGFRA and TOP1 were identified in cases 61 and 703 respectively. For 

PDGFRA, we applied crenolanib recommended by the MD Anderson Cancer Center 

(http://pct.mdanderson.org). For TOP1, camptothecin and its derivative irinotecan 

approved for treating colon cancer by the US-FDA were employed. Similar to the 

findings in cases 307 and 1233, “biomarker-oriented heterogeneity” (drug target 

overexpression) determined sensitivity in each subregion (Figure 4B-C) despite various 

ITH (68.5% in case 61 and 36.4% in case 703). Screening the resistant PDPCs in cases 
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61 and 703 revealed that they were sensitive to YM-155 (Survivin inhibitor) and 

BMS-754807 (IGF-1R inhibitor) among others respectively (Supplementary Figure 11). 

The current genomic profiling seems difficult to explain the sensitivity of 

biomarker-absent PDPCs to the agents in our screening, and the underlying mechanisms 

need further investigation. Nevertheless, this model combining genetic annotations of and 

pharmacologic testing on multi-regional PDPCs within a tumor allowed us to identify 

druggable therapeutic strategies. 

 

Comparison of Genetic Profile between PDPCs and Matched Tumor Tissues 

To what extent the low-passage PDPCs represent and maintain genomic profiles of 

original tumors is crucial for their utility. Case 307 with subclonal FGF19-amplification 

was selected for such comparison using WES and CytoScan® HD array. High levels of 

similarity in mutations and evolutionary architecture between tumor tissues and matched 

PDPCs were found. There were no significant differences in mutation spectra and 

mutation types between PDPCs and matched tumor tissues, and mutation shifts toward 

C>T and C>G substitutions in non-trunk were reproduced in tumor tissues 

(Supplementary Figure 12). In particular, FGF19 amplification and over 70% (range of 

51.3%-91.4%) of the mutations were identical among matched tissues and PDPCs 

(Supplementary Figure 13).  

In addition to case 307, the mutations identified from WES data and validated by 

Sanger sequencing in PDPCs of the remaining cases were recalled by Sanger sequencing 

in their original tumor regions, if fresh tumor tissues were available. Again, the results 

showed that 78.2% (range of 50.0%-94.4%) of the mutations were shared by the original 
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tumor regions and corresponding PDPCs (n=19) (Supplementary Figure 14A). 

Furthermore, to evaluate the genetic stability of our PDPCs, mutations in each case were 

compared between the 55 PDPCs at early and late passages by Sanger sequencing. 

Importantly, the results showed that 98.9% (range of 94.0%-100%) of the mutations were 

shared by the primary cell lines at early and late passages (Supplementary Figure 14B). 

Altogether, although some differences existed, our PDPCs veritably inherited ITH from 

original tumor tissues and remained genetically stable, and thus may serve as an ideal in 

vitro model to evaluate how ITH affected drug sensitivity. 

 

DISCUSSION 

Genomic sequencing has identified several hundred cancer driver alterations across 

multiple human cancers including HCC.9, 27 Of note, two deep-sequencing analyses of 

HCC revealed that 28% of HCCs harbored potentially targetable genetic alterations, with 

a prevalence of 0.4%-6% for single alteration 8, 13. The two reports, along with others 9-12, 

are pivotal to identifying targeted therapies for HCC to achieve better patient prognoses. 

Further investigating the spatial and temporal genomic heterogeneity in HCC may offer 

additional insights into therapeutic response, tumor evolutionary history and clinical trial 

design. Herein, using multi-regional WES on 10 HBV-related HCC, we revealed 

considerable intratumor heterogeneity in mutational profiles and copy number alterations 

and a branched evolution in all tumors. Of importance, 53.8% of the driver alterations 

were revealed to be subclonal events, underscoring the need to refine precision medicine 

based on cancer driver annotations. Considering that our multi-regional profiling was 

only conducted on a small fraction of the whole tumor, it is quite possible that even this 
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study underestimates the true extent of intratumor genetic diversity and subclonal 

compositions within HCC.  

The assumption that different subclones found before therapy may contribute to 

treatment resistance still needs in-depth validation. Recently, computational modeling has 

showed that combination drug regimens can maximize tumor-killing effects and 

minimize the outgrowth of subclones.28, 29 In this study, we described a patient-derived 

cell line-based model that enabled direct testing the impact of ITH on therapeutic 

response. Our data demonstrated that “biomarker-oriented heterogeneity” determined 

drug sensitivity of each subclone, while additional high-throughput screening of 

biomarker-absent subclones optimized therapeutic combinations. Thus, our 

multi-regional PDPC model, integrating genetic and pharmacologic data, may provide an 

avenue to guide precision cancer therapy. However, potential drug-drug interactions, 

toxicity interactions, tumor dynamics and tumor microenvironmental regulations may 

undoubtedly add to the complexity of drug combination optimization. Despite great 

challenges ahead, we were encouraged by the findings of others suggesting that quick 

culture of patient or xenograft-derived cancer cells 14, 30, 31 could guide drug discovery to 

abrogate resistance. Further multi-omic annotations like metabolic, transcriptomic and 

epigenetic profiling of multi-regional PDPCs will accelerate the discovery of 

patient-matched drug combinations for better treatment outcomes. 

PDPC has previously been used for dissecting genomic landscape of solid tumors 

due to high tumor cell purity and minimal normal contamination.32, 33 In this study, the 

regional PDPCs harbored typical HCC genetic alterations and mutation spectra. Although 

some differences were evident, PDPCs showed globally similar genetic alterations and 
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architecture of phylogenetic tree to original tumor tissues. In particular, multi-regional 

PDPCs maintained substantial genomic heterogeneity and subclonal diversity. 

Importantly, high-throughput screening on the PDPC model revealed drug response 

patterns that were not predictable by genetic analysis alone. For an additional example, 

although FGF19 amplification reciprocates with Wnt/β-catenin signaling activation,10 the 

FGF19-amplified FGFR4-resistant PDPCs in case 307 showed no responses to GSK3β 

inhibitors Tideglusib, CHIR-99021 and LY2090314 (data not shown). As such, the data 

strongly supported that this strategy could provide a comprehensive genetic landscape 

and simultaneously facilitate the design of combinational treatment strategies.  

The optimal therapy should be directed against trunk mutations shared by all 

subpopulations within a tumor. Such scenario was more likely present in other solid 

tumors, such as lung (EGFR mutation) and breast (HER2 overexpression) cancer, rather 

than HCC. In this study, the 4 druggable alterations were all located in branches of the 

phylogenetic tree, implying a subclonal event. Consistently, Schulze et al. 13 reported that 

druggable genetic alterations, like FGF3, FGF4, FGF19 and CCND1, appeared at more 

advanced stages in HCC. Subclonal mutations may become important later in therapy if 

they enable subclones to resist treatment or confer metastatic capacity. In addition, nearly 

half of HCC patients harbor multiple lesions, either developed as intrahepatic metastases 

or as multiple occurrences. Several recent studies comparing the genetic profiles among 

those multiple lesions within the liver indicated that the presence of multifocal tumors 

greatly complicated genomic landscape and confounded HCC treatment34-36. Collectively, 

the data may partly explain why targeted therapy has so far been disappointing in HCC.  

Currently, genomic profiling has not been integrated into the therapeutic 
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decision-making and clinical management of HCC patients. ITH adds new levels of 

complexity in the molecular understanding of HCC, leading to primary and secondary 

resistance to targeted therapies. Accurate assessment of intratumor genetic heterogeneity 

based on patient-derived models in HCC is pivotal to design treatment strategies that aim 

to control resistance. 
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FIGURE LEGENDS 

Figure 1. Spatial and temporal diversity in human HCC revealed by multi-regional 

deep-sequencing. (A) Flowchart of study design. Multiple spatially separated tumor 

regions were sampled for primary culture. The enriched cancer cells were then subjected 

to whole-exome sequencing and DNA copy analysis. According to the genomic profiling, 

biomarker-present cancer cells were treated with predicted compounds, while 

biomarker-absent cells underwent high-throughput screening for potential precision 

treatment. (B) Phylogenetic trees based on the non-silent mutations. The trunk, branch, 

and private branch were represented with blue, green and red lines respectively. The 

evolution distance of each tree was labeled individually, with lengths scaled to the 

numbers of mutations. Altered driver genes of HCC were mapped to the trunks and 

branches as indicated. Gene symbols in black, blue and red denote mutations, 

amplifications and deletions respectively. TERT promoter mutations were detected by 

Sanger sequencing and were labeled in purple. 

 

Figure 2. Intratumor heterogeneity of somatic mutations and mutation spectrum in 

human HCC. (A) Bar plot showing the ratio of heterogeneous nonsynonymous mutations 

(number of branch and private branch mutation/number of total mutation) in each tumor, 

ranging from 12.9%-68.5%. (B and C) Mutation spectra of nonsynonymous mutations in 

trunk versus non-trunk (branch and private branch) combined across all 10 cases (B) and 

per case (C). Number of mutations was indicated on the top of each bar. The differences 

between trunk and non-trunk were calculated using χ
2 test. For specific mutation type, 

Fisher’s exact test was used and corrected by Benjamini-Hochberg method where q 
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values were displayed if P < 0.05. (D) Hierarchical clustering based on the mutation 

spectra of trunk and non-trunk of the 10 HCC respectively. Patients were divided into 

two groups each (I and II as indicated). (E) Dot plot showing differences in serum AFP 

(alpha-fetoprotein) levels between patient groups as indicated in panel D. Significant 

difference was detected in groups I versus II clustered by the spectra of trunk but no 

non-trunk. NS, not significant.  

 

Figure 3. Combinatorial drug targeting of FGFR-inhibitor sensitive and resistant 

subclones in case 307. (A) Relationship between FGF19 amplification/overexpression 

and sensitivity to the pan-FGFR inhibitor. Left panel: Response to the pan-FGFR 

inhibitor, LY2874455, in all regional PDPCs with or without FGF19 amplification. 

Broken line indicates the reference IC50. Middle panel: Relative FGF19 mRNA levels in 

all regional PDPCs with or without FGF19 amplification. Arrow indicates regional cells 

with high expression of FGF19 that were sensitive to LY2874455. Right panel: IC50s to 

LY2874455 were compared among high, middle and low groups based on mRNA level 

of FGF19. IC50s in high group were significantly lower than that in other two groups.  

(B) Phylogenetic tree integrating response to LY2874455, FGF19 amplification and 

expression in case 307. The biomarker-oriented intratumor heterogeneity, i.e. FGF19 

high expression, determined drug response of each subclone. Amp, amplification; exp., 

expression. (C) High FGF19 expression predicted sensitivity to LY2874455 in a panel of 

HCC cell lines. 105 HCC cell lines were grouped (high versus low/middle) according to 

their FGF19 mRNA levels, with the cutoff based on the results in case 307. (D) Resistant 

regional PDPCs in case 307 were screened for potential therapeutic combination. Y axis 
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value was presented as relative IC50 (real IC50/reference IC50). The dots in 6 colors 

stand for 6 different regions. The red broken line indicates relative IC50=1, dots below 

which were considered as sensitive. (E) Total cell confluence upon the indicated 

treatment. The confluence of DMSO group on each day was set to 100%. (F) Population 

change of LY2874455 sensitive cells during the indicated treatment. The percentage of 

LY2874455 sensitive cells in DMSO group on each day was set to 100% (see details in 

Supplementary Figure 10). Error bars: standard deviation. **, P < .01. ***, P < .001. 

 

Figure 4. Personalized drug combinations revealed by biomarker-guided therapeutics and 

high-throughput screening. Heterogeneous alterations in DDR2 (A), PDGFRA (B) and 

TOP1 (C) were detected in cases 1233, 61 and 703 respectively. In each case, the 

biomarker-present subclones were sensitive to their corresponding compounds (Dasatinib 

to DDR2 amplification, Crenolanib to PDGFRA overexpression, and Campthotecin or 

Irinotecan to TOP1 overexpression), while the biomarker-absent subclones showed 

resistance. Red broken lines denote the reference IC50s for each indicated compound. 

Phylogenetic trees integrating drug response and status of biomarkers were drawn for 

each case. The resistant subclones in each case were high-throughput screened for 

personalized drug combinations to overcome intratumor heterogeneity, a result not 

predicted by genetic analysis alone (see details in Supplementary Figure 9). Error bars: 

standard deviation. Amp, amplification; exp., expression. 
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