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ABSTRACT

Multifocal tumors developed either as independent tumors or as intrahepatic
metastases, are very common in primary liver cancer. However, their molecular
pathogenesis remains elusive. Herein, a patient with synchronous two hepatocellular
carcinoma (HCC, designated as HCC-A and HCC-B) and one intrahepatic
cholangiocarcinoma (ICC), as well as two postoperative recurrent tumors, was
enrolled. Multiregional whole-exome sequencing was applied to these tumors to
delineate the clonality and heterogeneity. The three primary tumors showed almost
no overlaps in mutations and copy number variations. Within each tumor, multiregional
sequencing data showed varied intratumoral heterogeneity (21.6% in HCC-A, 20.4% in
HCC-B, 53.2% in ICC). The mutational profile of two recurrent tumors showed obvious
similarity with HCC-A (86.7% and 86.6% respectively), rather than others, indicating
that they originated from HCC-A. The evolutionary history of the two recurrent tumors
indicated that intrahepatic micro-metastasis could be an early event during HCC
progression. Notably, FAT4 was the only gene mutated in two primary HCCs and the
recurrences. Mutation prevalence screen and functional experiments showed that FAT4,
harboring somatic coding mutations in 26.7% of HCC, could potently inhibit growth
and invasion of HCC cells. In HCC patients, both FAT4 expression and FAT4 mutational
status significantly correlated with patient prognosis. Together, our findings suggest
that spatial and temporal dissection of genomic alterations during the progression of
multifocal liver cancer may help to elucidate the basis for its dismal prognosis. FAT4
acts as a putative tumor suppressor that is frequently inactivated in human HCC.

INTRODUCTION cancer worldwide [1]. Different from other cancers,
multifocal tumors are very common in PLC [2, 3]. A

Primary liver cancer (PLC), mainly hepatocellular recent national survey in Japan showed that half of the
carcinoma (HCC) and intrahepatic cholangiocarcinoma PLCs, especially HCC, were multiple lesions [4]. Chronic
(ICC), is the second most deadly and fourth most common liver damage, such as that caused by chronic hepatitis and
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liver cirrhosis, is closely associated with the occurrence
of both HCC and ICC [5]. As HCC and ICC have shared
susceptibility factors, a particular type of multiple PLC is
the coexistence of independent HCC and ICC in the liver,
with an estimated incidence of 0.25% [6].

Multifocal PLCs, arising either synchronously or
metachronously, may develop as independent tumors (i.c.,
multicentric occurrence) or as intrahepatic metastases
(IMs) of the primary cancer [3, 7]. It is important to
differentiate the two types of multifocal PLCs due to
the significant differences in the pathogenesis, prognosis
and treatment planning [8]. For example, patients with
IMs could be treated by targeting the driver events of
the primary tumor [9], while patients with multicentric
tumors may be benefited from chemoprevention [10].
Clinicopathologic discriminators, such as tumor size,
grade, nodule locations, vascular invasion and timing
of recurrence, provide some crude values to clinical
practice. Many studies have explored other genetic
information, including HBV integration sites, 7P53
mutations and chromosomal aberrations, in differentiating
IM from multiclonal PLCs but with limited success [2,
3]. Moreover, the molecular pathogenesis and genetic
variability of multifocal PLC remains largely unknown,
bringing a great challenge to effective molecularly targeted
therapies in those patients. In this regard, next-generation
sequencing was advocated to determine the genetic
heterogeneity in different tumor sites or in multiple tumors
to identify any driver event that may have functional,
prognostic, and therapeutic implications [11].

Based on the above considerations, herein, we
performed multiregional whole-exome sequencing
(WES) on the synchronous multifocal PLCs and the
metachronous recurrent tumors in one patient. Our results
demonstrated that WES could delineate the clonality and
heterogeneity of multifocal PLCs, as well as the evolution
of the recurrent tumors. In addition, we identified FAT4 as
a putative tumor suppressor in HCC that was recurrently
mutated, significantly down-regulated and had profound
functional and prognostic importance.

RESULTS

Intertumor and intratumor heterogeneity
among multifocal PLCs

WES was performed on synchronous multifocal
PLC (2 HCC tumors, HCC-A and HCC-B; 1 ICC
tumor; Figure 1A and Supplementary Figure 1) and two
intrahepatic recurrent tumors (IM1 and IM2; Figure 1A
and Supplementary Figure 2) of a patient for genetic
comparisons (Supplementary Table 1 ). First, we
combined the multiregional mutation data to evaluate
intertumor heterogeneity among the three primary
tumors. Significantly higher number of somatic single

nucleotide variants (SNVs) was observed in HCC-A (n
= 365) than that in HCC-B (n = 191) or ICC (n = 68)
respectively (Figure 1B; Supplementary Tables 2-3).
The numbers of indels were similar among them (33, 25
and 26 indels in HCC-A, HCC-B and ICC, respectively).
The transition frequencies of HCC-A, HCC-B and ICC
were ~52%, ~55% and >60%, respectively (Figure 1C).
The majority of the somatic mutations, 82.1% (327/398),
67.1% (145/216) and 22.3% (21/94) in HCC-A, HCC-B
and ICC respectively, were unique to each tumor (Figure
2A). The similar result was reported by Fujimoto et al.
that no common somatic mutations were identified in
the multicentric tumor pairs in HCC [12]. The heatmap
of variant allele frequencies (VAF) of the SNVs revealed
3 clear blocks corresponding to SNVs only discovered
in HCC-A, HCC-B and ICC, respectively (Figure 2B).
Therefore, the results suggested that tumor cells at
each primary tumor were vastly different and they may
evolve under highly different carcinogenic processes.
Furthermore, allelic specific copy number variation
(ASCNV) analysis authenticated that the three tumors
showed high degree of heterogeneity (Figure 2C and
Supplementary Table 4). HCC-A harbored copy number
gains on chromosomes 1q, 5p (containing 7ER7, a known
driver in HCC [13]), 5q, 8q, 10p, 10q, 19p, 19q and 20q,
and deletions on chromosomes 8p and 16q. Interestingly,
for chromosome 14, the total copy numbers of HCC-A
largely remained to be 2, but one copy of the 14q was
actually duplicated and the other copy was deleted.
In contrast, we only identified a copy number gain on
chromosome 1q for HCC-B and no large CNVs for ICC.

The primary tumors showed various level of
heterogeneity. Within individual tumors, 78.4% (312/398),
79.6% (172/216) and 46.8% (44/94) somatic mutations
in HCC-A, HCC-B and ICC were common to their sub-
regions, respectively (Supplementary Figure 3A). In
HCC-A, HCC-A1 sub-region had distinct mutation
profile comparing with HCC-A2 and HCC-A3 sub-
regions (Supplementary Figure 3B). For most of the SNVs
discovered in only HCC-A2 or HCC-A3, HCC-A1 had
no reads supporting the alternative alleles (i.e. VAFs =
0). Considering that most SNVs at the three HCC-A sub-
regions were common, there was probably only one major
clone in HCC-A tumor at early stage and this founding clone
subsequently evolved to at least 2 subclones (corresponding
to HCC-A1 and HCC-A2/A3). HCC-B showed less level
of heterogeneity than HCC-A and its VAF also showed no
clear pattern (Supplementary Figure 3C). The VAF plot
of ICC-C did not show any clear pattern (Supplementary
Figure 3D), although ICC-C sub-regions had less common
somatic mutations than HCC-A and HCC-B. This might
be due to high level of normal contamination levels in
ICC-C. In fact, ASCNV analysis showed that the normal
contamination levels for ICC-C were >60%, for HCC-B
were ~50% and for HCC-A were <30%.
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Relationship of the primary and recurrent
tumors

Recurrence of HCC after resection is attributed
to either micro-metastasis within the remnant liver or
occurrence of de novo primary lesions. Currently, there
is lack of well-defined markers for differentiation of the
two types of recurrence. Our WES data identified 344 and
350 somatic alterations for the recurrent tumors IM1 and
IM2, respectively. The percentages of non-synonymous
SNVs were 32.3% (104/322) and 31.8% (103/324) for
IM1 and IM2, respectively. The majority of these somatic
alterations (89.1% [327/367]) were shared by IM1 and IM2
(Supplementary Figure 4A), indicating that IM1 and IM2
may be derived from a common precursor. Interestingly,
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there were 86.1% (316/367), 15.2% (56/367) and 15.8%
(58/367) of IM1/2 somatic alterations overlapping with
HCC-A, HCC-B and ICC (Figure 2A) respectively,
suggesting that IM1 and IM2 were most likely evolved
from HCC-A. In fact, IM1 and IM2 genomes had almost
zero VAFs for the most of HCC-B and ICC somatic SNVs
(Figure 2B). ASCNYV analysis also demonstrated that the
genomes of the two intrahepatic recurrences were most
similar to HCC-A genomes (Figure 2C).

On the other hand, 51 and 99 somatic SNVs were
unique to IM1/2 and HCC-A, respectively. Among these,
IM1 and IM2 had 46 and 47 SNVs not discovered in the
HCC-A, while HCC-A1, HCC-A2, and HCC-A3 harbored
50, 64, and 65 somatic alterations not discovered in the
IMs, respectively (Supplementary Figure 4A). Likewise,
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Figure 1: Selection of a male HBV case with multifocal liver cancer. A. Schematic diagram of the three synchronous primary
tumors and the two metachronous intrahepatic recurrent tumors. Dash line indicates liver resection. See Supplementary Figures 1-2 for the
radiological and histological images. B. The total number of somatic mutations (SNVs and Indels) and exonic somatic mutations detected
for each sample. C. Distribution of transition and transversion types for each sample.
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the VAF plot showed that the HCC-A had almost no
supporting reads for the most of the IM-specific SNVs
and vice versa (Figure 2B; Supplementary Figure 4B).
In particular, the three HCC-A sub-regions had a shared
mutation at the oncogene AXINI, but the two IMs did
not have this mutation and their VAFs were zero on this
mutation (Figure 2B; Supplementary Figure 4C—4H).
ASCNV analysis revealed that the copy number loss
on chromosome 16 in HCC-A1 was absent in IM1 and
IM2, and the small deletion on chromosome 11 in IM1
and IM2 were absent in HCC-A sub-regions (Figure 2C).
Collectively, we concluded that IM1/2 and HCC-A were
probably siblings that originated from the same founding
clone (Figure 2D-2E), indicating that intrahepatic
micro-metastasis could be an early event during HCC
progression.

Identification of cancer drivers common to the
PLCs and IMs

Next, we tried to detect potential driver mutations
in this special case. Figure 2D showed genes with non-
synonymous somatic alterations of all samples. The

genes in red are listed as census cancer genes in the
Catalogue of Somatic Mutations in Cancer (COSMIC)
database [14]. Among the cancer genes, only AXINI
is recurrently mutated in HCC according to COSMIC.
The ICC-C1 harbored a somatic SNV at the oncogene
NRAS, whose mutation frequency was around 5% in
ICC. To further reveal the functional impact of these
mutations, we performed functional annotation analysis
using DAVID [15] (Supplementary Table 5 ). The top
two enriched functional terms for HCC-A mutations
were glycoprotein (P = 1.65 x 107%) and EGF-like domain
(P = 6.5 x 1075, including FAT4, HSPG2, etc). The top
enriched functional term for IM1/2 mutations was also
EGF-like domain (P = 2.6 x 107) including FAT4. The top
two enriched functional terms of HCC-B mutations were
phosphoprotein (P = 3.7 x 107) and cell adhesion (P =2.3
x 107%; including FAT4, CDH?7, etc). For ICC, DAVID did
not report any significantly altered functional terms.
Notably, the only gene that was commonly mutated
among the two primary HCCs and two IMs was FAT4,
which recurrently mutated in several other cancers and
possibly acted as a tumor suppressor [16—19]. In our
samples, three HCC-A sub-regions and IM1/2 had the
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Figure 2: Intertumor genetic heterogeneity among the three primary tumors. A. The Venn diagram of somatic mutations
among the HCC-A, HCC-B, ICC and IM tumors. B. The VAF heatmap for the HCC-A, HCC-B, ICC, and IM tumors. VAFs of all non-
synonymous SNVs with sequencing coverage above 10 across all samples were shown. The color keys correspond to mutations detected in
different samples. C. The ASCNYV of each sample. The two rows of each sample represent the copy numbers of the two alleles. D. The genes
with nonsynonymous somatic mutations in the 12 different samples. Blue regions were mutations detected in a sample. The genes in red
are known cancer-related genes. The clustering analysis was performed with the hierarchical clustering method. E. The phylogenetic tree
constructed based on the somatic mutations detected with the in-house mutation detection method. The numbers indicate common somatic
mutations shared by the tumors that were leafs of the branch. Mutations in the cirrhotic liver tissue provided a carcinogenic background,
where three independent tumors occurred with profound intratumor heterogeneity.
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¢.G2530A mutation, while three HCC-B sub-regions
had the c.A14804C mutation (all were Sanger validated)
(Supplementary Figure 5). Although the putative effects of
FAT4 mutations in HCC has not been reported, our findings
that the missense mutations of F474 on ¢.G2530A and
¢.A14804C were located within an extracellular cadherin
repeat and the cytoplasmic region respectively, implicated
that FAT4 may act as a tumor suppressor gene regulating
cell contact and signal transduction, thus, the somatic
inactivation of F474 may be a key tumorigenic event in
HCC. In addition, we performed immunohistochemical
analyses on FAT4 protein levels in HCC-A, HCC-B and
ICC. In Supplementary Figure 6, there were no significant
differences of FAT4 expression levels in HCC-A and
HCC-B (Score 1), and however, the expression level in
ICC (Score 2) is higher than that in HCC. We further
Sanger sequenced all protein-coding exons of FAT4
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gene in another 60 HBV-associated HCCs with paired
normal controls as well as 25 HCC cell lines. In total, we
identified 16 somatic nonsynonymous FA474 mutations
in 16 of 60 HCCs (26.7%), comprising 15 missense
variants and 1 nonsense variants, among which 2 were
homozygous and 3 have been documented in COSMIC
(Supplementary Table 6). In addition, 14 of 25 HCC cell
lines had FAT4 mutations, including 3 mutations that were
not detected in the 60 HCC samples (Supplementary Table
7). FAT4 mutations were located in the cadherin domains,
the Laminin G like domain, or in the cytoplasmic region
(Figure 3A). PolyPhen-2 analyses [20] revealed that
55% (11/20) of the missense mutations were predicted
to adversely affect protein function. Structural modeling
revealed that the mutations may undermine F474 protein
stability and thereby functions. For examples, G151R
and G445R, located at the coil between two [B-strands,
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Figure 3: Identification of FAT4 as a tumor suppressor gene in HCC. A. Schematics of protein alterations in FAT4 caused by
somatic mutations. B. Structural modeling showing locations of the mutations G151R, G445R, G1998D, and R4672S. C. Protein blots
showing FAT4 knockdown with shRNA and overexpression with TALE in indicated cells, compared with their respective controls. D
Growth curves showing accelerated growth with FAT4 knockdown and decelerated growth with FAT4 overexpression in indicated cells.
E. Colony formation showing increased clones with FAT4 knockdown and decreased clones with FAT4 overexpression in indicated cells.
F. Cell migration showing elevated migration with FAT4 knockdown and reduced migration with FAT4 overexpression in indicated cells.
Experiments were performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
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were predicted to destabilize the protein. G1998, together
with K1996 and N1997, constituted the P-turn that
connected two B-strands, and thus G1998D substitution
would severely break the stability or abrogated protein
expression. In particular, R4726S substitution would
definitely break the salt bridge formed between R4726
and E4720, disrupting interaction with the MPDZ domain
(Figure 3B). Clinically, F4T4 mutations were significantly
enriched in patients with vascular invasion (P = 0.032) and
advanced tumor stages (P = 0.088) (Supplementary Table
8 ), and correlated with increased recurrence (P = 0.041)
(Supplementary Figure 7). An across database survey
revealed that F474 was mutated or deleted in various
human cancers [21, 22] (Supplementary Figure 8).

Functional significance and clinical implications
of the FAT4 driver

Next, we aimed to uncover the biological role of
FAT4, if any, in human HCC. We fist showed that all 25
human HCC cell lines constitutively expressed FAT4
mRNA (Supplementary Table 7), whose expression
level in HCC ranked as the top 9 among 35 cancer

types in the CCLE database [23] (Supplementary Figure
9). Furthermore, we evaluated the impact of altered
expression of FAT4 in two HCC cell lines with wild
type FAT4. FAT4 knockdown by shRNA in SNU449 and
SMMC-7721 cells significantly promoted in vitro cell
proliferation, colony formation and migration compared to
the controls (Figure 3C-3F). Over-expression of FAT4 by
Transcription activator like effectors (TALE) in SNU449
and SMMC-7721 cells showed markedly attenuated cell
proliferation, as well as colony formation and migration
in vitro as compared with controls (Figure 3C-3F). The
results indicated that F47T4 may function as a negative
regulator of HCC cell growth and motility.

We then investigated clinical significance of FAT4
expression in HCC patients. Among the 60 paired HCC
and normal tissue samples, 70% (42/60) of the tumor
showed down-regulation of F474 mRNA by Qualitative
RT-PCR analysis (P = 0.005) (Figure 4A). However,
there were no obvious differences in F474 mRNA levels
between tumors with FA74 mutations (n = 16) and those
with WT (n = 44) (Figure 4B). Available public data
showed that FAT4 expression was universally down-
regulated in various human cancers (Supplementary

Figure 4: FAT4 was down-regulated in HCC and correlated with clinical outcome. A. Bar plot showing F474 mRNA
expression in paired HCC and normal liver tissues (n = 60). B. Quantitative RT-PCR showing the difference in £474 mRNA level between
tumors with FAT4 mutations (z = 16) and those with WT (n = 44). C. Representative immunostaining images of FAT4 protein in HCC and
normal liver tissues. Scale bar, 100 um. D. Kaplan-Meier curves showing increased recurrence and dismal survival in HCC patients with

low versus high FAT4 expression (log-rank test).
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