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Protease-inhibitor triple therapy after LDLT

n=115
Simeprevir Telaprevir
n=79 n=36
Discontinued Discontinued
n=21 n=8
Adverse event #1= 10 Adverse event n=7
Noresponse n=7 Noresponse n=1
Breakthrough n1=4 Breakthrough n=0

! !

Completed treatment Completed treatment
n=58 n=28

! |

SVR12 SVR12
n= 44179 (56%) n=25136 (69%)

Figure 1 Flow diagram showing the outcomes of 115 patients
treated with simeprevir or telaprevir with peginterferon and riba-
virin after living-donor Hver transplantation (LDLT). The numbers
of patients who discontinued the treatment protocol (and their
reasons for discontinuation), completed the weatment protocol,
and achieved sustained virological response at week 12 (SVR12)
after the termination of wreatment are shown.

than telaprevir-based wiple therapy, but the differences
were not statistically significant.

Safety and tolerability

Adverse events that occurred during the triple therapies are
summarized in Table 2. Adverse events occurred in 62%
and 72% of patients, including serious adverse events in
11% and 25%, and death in 3% and 3% in the simeprevir-
and telaprevir-based wiple therapy groups, respectively.
Treatment was discontinued due to adverse events in 13%
and 19% of patients in the simeprevir and telaprevir groups,
respectively. Dose modification of the DAAs, peginterferon,
or ribavirin was required in 78 of 79 patients (99%]) in the
simeprevir group and in all patients (100%) in the telaprevir
group. All patients, except for 10 patients {13%) who
discontinued the weatment protocol, started receiving
simeprevir wriple therapy at the standard dose (100 mg/
day) and continued the same dose until 12 weeks. Telaprevir
was started at a reduced dose (1500 mg/day) in 34 {94%) of
36 patients and was discontinued in 8 patients (22%] until
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Figure 2 Virological responses in 115 patients treated with
simeprevir- or telaprevir-based uiple therapy (black and white
bars, respectively) after living-donor liver transplantation. Rapid
virological response (RVR), complete early virological response
{¢EVR), and end-of-treatment response (ETR) are defined as unde-
tectable hepatitis C virus RNA in serum at 4 weeks, 12 weceks, and
end of treatment, respectively. Sustained virological response at
12 weeks (SVR12) is defined as the absence of hepatitis C virus
RNA in the serum for »>12 weeks after the termination of
treatment.

12 weeks of treatment. The reduced dose of peginterferon
at treatment initiation was used in 6 (8%) and 4 (11%)
patients, and a reduction from the initial dose during the
treatment was required in 22 (28%) and 13 (36%) patients
in the simeprevir and telaprevir groups, respectively. A
reduced dose of ribavirin compared to the standard dose at
reatment initiation was given in 63 (80%) and 35 (97%)
patients, and a reduction in the ribavirin dose from the ini-
tial dose during treatment was required in 59 (75%) and
30 (83%) patients, including discontinuation in 31 {39%
and 13 (36%) patiemts, in the simeprevir and telaprevir
groups, respectively.

There was no statistically significant difference in the rate
of adverse events between the simeprevir and telaprevir
groups, although serious adverse events tended to be more
frequent in the telaprevir group than in the simeprevir
group. The rate of patients who received blood cell transfu-
sion and erythropoietin due to anemia were significantly
higher in the telaprevir group than in the simeprevir group.
Renal insufficiency, defined when the estimated glomeru-
lar fltration rate decreased >30 ml/min/1.73 m® from
the baseline estimated glomerular filration rate, was
significantly less common in the simeprevir group than
in the telaprevir group. Immune-mediated graft dysfunc-
ton occutred in 6 patients during simeprevir-based triple
therapy, including 3 with acute cellular rejection, 2 with
veno-occlusive disease, and 1 with chronic rejection. In
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the telaprevir group, 16D occurred in 4 patients, and all
had plasma cell hepatits. Infection was observed in 3
patients in the simeprevir group (2 with a cytomegalovirus
infection and 1 with pneumonia), whereas | patient had
cholangitis in the telaprevir group, In the simeprevir
group, 2 patients died of graft failure caused by chronic
rejection 5 weeks after the termination of 31 weeks of weat-
ment, and graft failure by infection at 2 weeks of treatment.
One patient died of brain hemorrhage at 25 weeks of
telaprevir-based triple therapy.

Factors predictive of SVR12 with
simeprevir-based triple therapy

Baseline factors that could predict SVR12 with simeprevir-
based wriple therapy were analyzed by comparing patients
in the SVR group (11=44) with those in the non-SVR group
(n=35) (Table 3). Three factors, male sex (P=0.040), the
presence of prior dual therapy with peginterferon and riba-
virin (P=0.001), and non-responders to the prior dual
therapy (P < 0.001), were identified as significant predic-
tive factors for non-SVR. Associations of prior dual therapy
with the efficacy of simeprevir- and telaprevir-based tiple
therapy are shown in Figure 3. In patients who received
simeprevir-based triple therapy, the SVRI12 rates were
94% in treatmaent-naive patients, and 68%, 67%, and
34% in patients with relapse, withdrawal, and no response
to the prior dual therapy, respectively. Differences between
treatment-naive patients and non-responders of prior dual
therapy (P< 0.001), and between relapsers and non-
responders (P7=0.013) were statistically significant. The
impact of prior dual therapy on the treatment response
of triple therapy was observed in both the telaprevir and
simeprevir groups, although the difference was not signifi-
cant in the telaprevir group.

DISCUSSION

Ix\ THE CURRENT study, we showed the efficacy and
safety of second-generation NS3/4A inhibitor simeprevir
with peginterferon and ribavirin in patients with recurrent
hepatitis C after LDLT. The SVR12 rate of simeprevir-
based riple therapy was 56% overall, but it was 94% in
treatment-naive patients, indicating that simeprevir-based
triple therapy is very effective when patients are selected
according to their experience with prior therapy.

‘The efficacy and safety of first-generation NS3/4A inhibitors
telaprevir and boceprevir in liver transplant recipients have
been reported mainly in patients after deceased-donor liver
transplantation (DDLT).""® Most studies have shown that
triple therapy with telaprevir or boceprevir with peginterferon
and ribavirin increased the SYR rate, but this resulted in many

~1

Simeprevir-based triple therapy after LDLT

Simeprevir Telaprevir
F<0.001
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Figure 3 Rate of sustained virological response at 12 weeks
(SVR12) after the termination of weatment with simeprevir- or
telaprevir-based tiple therapy following living-donor liver trans-
plantation in treatment-naive patients and relapsers, patients
who withdrew, and non-responders to the prior dual therapy. P-
values are shown if the differences are statistically significant
(P< 0.05).

adverse events. In the present study, the SYR rate of telaprevir-
based triple therapy was 69% in patients after LDLT, which is
similar to the reported SVR rate of 50-63% in patients after
DDLL ' Severe adverse events, including anemia and renal
insufficiency, which have been reported in a previous study on
patients after DDLT, also occurred in the present study. These
results indicate that the efficacy and safety of telaprevir-based
triple therapy in patients after LDLT are similar 10 those in
patients after DDLT.

Compared to telaprevir-based triple therapy, simeprevir-
based triple therapy can be more easily administered o
transplant recipients because no clinically significant inter-
actions between simeprevir and calcineurin inhibitors
have been observed.’"?! Although the overall incidence
of adverse events was not significantly different between
telaprevir and simeprevir, simeprevir tended 10 be associated
with fewer serious adverse events than telaprevir. Blood cell
tansfusion and erythropoietin were less frequently used in
the simeprevir group than in the telaprevir group, suggesting
that less intensive management for anemia was needed

% 2016 The Japan Society of Hepatology
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during simeprevir-based therapy. Moreover, the rate of renal
insufficiency was significantly less in the simeprevir group
than in the telaprevir group. Furthermore, 1GD, induding
acute cellular rejection, chronic rejection, and plasma cell
hepatitis, is one of the major adverse events of interferon-
containing therapy in patients after liver transplantation.’?
In this study, there was no difference in the incidence of
1GD between the simeprevir and telaprevir groups. Therefore,
in terms of safety, simeprevir-based triple therapy is superior
10 telaprevir-based triple therapy.

The efficacy of simeprevir-based uiple therapy was not
satisfactory; the SVR rate was 56%. The virological re-
sponses, incuding the RVR, ¢EVR, ETR, and SVR12, of
simeprevir-based triple therapy tended to be lower than
those of telaprevir-based triple therapy. To achieve a higher
efficacy of simeprevir-based triple therapy in liver transplant
recipients, it is necessary 1o select patients before treatment.
An analysis of the predictive factors associated with SVR
showed that the presence and efficacy of prior dual therapy
are important for predicting the efficacy of simeprevir-based
triple therapy. Notably, 94% of treatment-naive patients
achieved SVRIZ with simeprevirbased wiple therapy,
whereas the SVR12 rate in non-responders 1o prior dual
therapy was only 34%. Similar results have been shown in
Japanese phase 111 trials on patients in non-transplant set-
tings; the SVR12 rates of simeprevir-based wiple therapy
were §8.6%, 95.9%, and 52.8% in treatment-naive patients,
relapsers, and non-responders to prior interferon-based
therapy, respectively.”*® As the efficacy of dual therapy
is determined by multiple factors, including host 1L28B
genotypes and HCV genomic mutations, these factors
may also affect the efficacy of simeprevir-based wiple
therapy, resulting in the low efficacy of simeprevir-based
triple therapy in non-responders to dual therapy. In our
study, female patients had a significantly higher SVR12
rate with simeprevir-based triple therapy compared to
male patients, although the reason for this difference is
unknown. These predictive factors may help in selecting
patients before administering simeprevir-based triple ther-
apy, and the efficacy may be higher by selecting patients ac-
cording to the status of prior dual therapy and sex.

Recent reports have indicated a higher efficacy and safety
of interferon-free therapy in liver wansplant recipients
compared to second-generation NS3/4A inhibitor-based
triple therapy clarified in the present study.**~ Therefore,
interferon-free therapy should be used as first-line therapy
for recurrent hepatitis C after liver ransplantation, accord-
ing 1o the recent recommendation for hepatitis C treat-
ment.* The SVR rate of interferon-free therapy in liver
transplant recipients is reportedly 70-97%,""%? and
resistance-associated variants to DAAs were detected in

© 2016 The Japan Society of Hepatology
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most of the remaining non-SVR patients.””*! Second-line
therapy with interferon-free therapy for non-SVR patients
has not yet been established. As interferon’s broad antivi-
ral activity will help clear DAA-resistant HCV, interferon-
containing therapy would be one of the choices as
second-line therapy for hepatitis C after liver transplanta-
tion. Therefore, the efficacy and safety of simeprevir-based
therapy clarified in the present study will provide useful
information even in the interferon-free therapy era.

In conclusion, simeprevir-based triple therapy for recur-
rent hepatitis C after LDLT resulted in an SVR rate of 56%
and good wlerability. Although this therapy is not recom-
mended for non-responders 1o prior dual therapy because
of low efficacy, simeprevir-based triple therapy may be one
of the options for treatment-naive patients. An individual-
ized treatment strategy that predicts the efficacy and safety
of treatment will result in more effective and safer weat-
ment for liver transplant recipients in the DAA era.
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Abstract

Understanding intratumor heterogeneity is clinically important because it could cause thera-
peutic failure by fostering evolutionary adaptation. To this end, we profiled the genome and
epigenome in multiple regions within each of nine colorectal tumors. Extensive intertumor
heterogeneity is observed, from which we inferred the evolutionary history of the tumors.
First, clonally shared alterations appeared, in which C>T transitions at CpG site and CpG
island hypermethylation were relatively enriched. Correlation between mutation counts
and patients’ ages suggests that the early-acquired alterations resulted from aging. In the
late phase, a parental clone was branched into numerous subclones. Known driver alter-
ations were observed frequently in the early-acquired alterations, but rarely in the late-
acquired alterations. Consistently, our computational simulation of the branching evolution
suggests that extensive intratumor heterogeneity could be generated by neutral evolution.

PLOS Genetics | DOL:10.1371/journal.pgen.1005778  February 18,2016
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Collectively, we propose a new mode! of colorectal cancer evolution, which is useful for
understanding and confronting this heterogeneous disease.

Author Summary

Cancer is heterogeneous disease; each tumor in different patients has different cancer
genomes. Furthermore, another level of heterogeneity exists: even a single tumor harbors
multiple genetically distinct subclones. This intratumor heterogeneity is presumably one
of causes of therapeutic difficulty, and its understanding is clinically necessary. In this
study, we investigated intratumor heterogeneity in colorectal cancer by analyzing sample
obtained from geographically separated regions of 9 colorectal tumors. Our integrated
data analyses combined with computational simulation strongly suggest that, after clonally
shared alterations were accumulated by aging, numerous subclones were generated by
neutral evolution. Importantly, this view can explain the robustness and evolvability of
cancer: therapeutic action inducing an environmental change would convert some of the
numerous neutral mutations to driver genes that confer therapeutic resistance. We believe
that this study not only provides insights into colorectal cancer pathogenesis, but also con-
stitutes a new basis for designing therapeutic strategies.

Introduction

Cancer is a heterogeneous disease. Recent cancer genomics studies have revealed extensive
genetic diversity among patients. Moreover, even a clonal tumor in one patient often harbors
multiple subclones. This phenomenon is called intratumor heterogeneity (ITH) and is presum-
ably generated by branching clonal evolution of cancer cells. Understanding of ITH is clinically
important, since the existence of multiple subclones presumably boosts the evolutionary adap-
tation of tumors against therapies, constituting a source of resistant clones [1].

Recently, a multiregional sequencing approach, which sequences DNA sampled from geo-
graphically separated regions of a single tumor, has revealed branched evolution and ITH.
Yachida et al. [2] investigated the genomic evolution of pancreatic cancer, establishing two cat-
egories of mutations: “founder” and “progressor” mutations are present in all regions and a
subset of regions, respectively. Founder mutations are assumed to appear in the early phase of
clonal evolution, We refer to the clone that has accumulated all the founder mutations as the
parental clone (or the most recent common ancestor). The parental clone then branches into
subclones by accumulating progressor mutations, which shape ITH.

Several studies employing multiregional exome sequencing have revealed the occurrence of
branched evolution and ITH in several other types of cancers, including clear cell renal cell car-
cinomas and non-small cell lung cancers. ITH of clear cell renal cell carcinomas is character-
ized by parallel evolution, in which the same driver gene is independently mutated in different
branches of evolutionary trees [3]. In contrast, no evidence of parallel evolution has been
reported for non-small cell lung cancer [4, 5]. In addition to genetic aberrations, epigenetic
aberrations are also a hallmark of cancer; as for DNA methylation, a few groups have also per-
formed multiregional epigenomic analyses [6, 7]. However, the types of cancers that have been
subjected to multiregional analyses remain limited, and ITH of genomes and epigenomes has
been poorly studied in an integrated way.

PLOS Genetics | DOL:10.1371/journal.pgen. 1005778  February 18,2016 2/24
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In this study, we present genetic and epigenetic analysis of ITH in a series of nine colorectal
cancers. Following multiregional sampling, we performed exome sequencing and copy number
(CN), methylation, and mRNA expression array profiling. Our integrated analysis revealed not
only extensive ITH, but also the evolutionary histories of the nine tumors. Finally, we also per-
formed computational simulation of cancer evolution, which suggested a possible evolutionary
principle underlying the extensive ITH.

Results

Multiregional exome sequencing unveils extensive ITH and branched
evolution

To study I'TH in colorectal cancer, we performed genomic analysis of samples from geo-
graphically separated regions from nine colorectal tumors (51 Table). In this study, we
referred to the nine patients by the term “case” and to multiregional samples in each case
by the term “sample”. From each of the nine tumor, we obtained 5-21 multiregional sam-
ples, which were 75 samples in total, together with 9 paired normal mucosa samples (52
Table). For two cases, samples from liver metastases were obtained. Our multiregional
exome sequencing of the nine cases found 16857 mutations in total, for an average of 58~
1195 mutations per sample ($3 Table). From these values, the mutation rates for each case
were estimated to be 1.57~20.2 mutations per megabase. All cases, except for case 9, fall ina
range typical for non-hypermutated colorectal cancer [8]. Mutational profiles obtained from
the multiregional sequencing demonstrated high genetic I'TH for all nine colorectal tumors
(Fig 1).

Each of the multiregional mutation profiles harbored founder and progressor mutations;
founder mutations are shared by all regions while progressor mutations are not. We further
divided progressor mutations into two subcategories: “unique” and “shared” mutations,
which are unique to a single specific sample and shared by multiple but not all samples,
respectively. Targeted deep sequencing validated 100% (5068/5068), 93.9% (1745/1857) and
95.4% (1362/1427) of founder, shared, and unique mutations, respectively. We can assume
that founder, shared, and unique mutations are acquired in this order during cancer evolu-
tion. Applying the maximum parsimony method [9] to the multiregional mutation profiles
allowed us to depict the evolutionary trees of the nine tumors (¥ig 2). Comparison between
the evolutionary trees and geographical positions of each of the samples showed that sub-
clones were generally separated in geographically correlated ways, demonstrating that geo-
graphical relations are maintained as the evolution of colorectal cancer proceeds. On the
other hand, our analysis of the deep sequencing data revealed that some regions in two cases
harbor intermixed subclones from separated regions, which confirmed a recent finding by
Sottoriva et al. (S2 Fig) [10].

We found that mutations in well-known driver genes such as APC, KRAS, and FEWX7 were
acquired as founder mutations during the establishment of the parental clones (Fig 34). Path-
way-level analysis also showed that founder mutations disrupted the WNT and RTK/RAS
pathways, consistently with their principal roles in colorectal tumorigenesis (83 Fig). Once the
parental clones were established, these clones branched into subclones by accumulating pro-
gressor mutations. We found that mutations in PIK3CA recurrently occurred as progressor
mutations, suggesting that PIK3CA mutations are a late event in the evolution of colorectal
cancer. On the other hand, we did not find any evidence of paralle] evolution, as has been
observed in studies of clear cell renal cell carcinomas [3].
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Analysis of genetic ITH suggests that early-acquired mutations resuits
from aging

We counted each category of mutation and then identified a correlation between the number
of founder mutations and the age of the patients (Fig 3B, 54 and $5 Figs), Our findings are con-
sistent with the model of founder mutations accumulating from aging, and similar correlations
have also been observed in other types of solid tumors, such as pancreatic cancer and clear cell
renal cell carcinomas (S5 Fig). To investigate the temporal signatures embedded in the muta-
tions, we then compared mutational signatures between founder mutations and progressor
mutations (Fig 3C). Our analysis showed that C > T transitions at CpG sites are more promi-
nent in founder mutations than in progressor mutations. Next, we calculated the fraction of
cancer cells harboring each category of mutation from variant allele frequency (VAF), read
depth and CN data (Fig D). We found that the cancer cell fractions decreased while proceed-
ing from founder to shared and unique mutations; that is, founder and progressor mutations
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doi:10.1371/journal pgen. 1005778 9003

tend to exist as clonal and subclonal mutations in each sample, respectively. In our multire-
gional sampling, we estimated that the cell population sizes of each sample are about 10° from
the amount of DNA, while those of each case as a whole are from 10” to 10'° based on tumor
size. This observation suggests that ITH is extremely extensive and the resolution of our multi-
regional sampling remains insufficient to reveal its totality.

PLOS Genetics | DOI:10.1371/journal.pgen. 1005778  February 18,2016
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This result also prompted us to estimate founder and progressor mutations in single sample
sequencing data (56 Fig); from The Cancer Genome Atlas (TCGA) colon and rectum adeno-
carcinoma exome sequencing data [8], we obtained clonal and subclonal mutations as surro-
gates of founder and progressor mutations, respectively. Using this data, we confirmed that
clonal mutations are increased with patients’ ages and that they have a higher proportion of
C>T transitions at CpG sites than do subclonal mutations (Fig 3C and 3F and 57 Fig). A recent
pan-cancer analysis reported that C>T transitions at CpG sites are positively correlated with
patients’ ages [11]. Consistently, we confirmed that C>T transitions at CpG sites are increased
with patients” ages in the TCGA data (57 Fig). Taken together, the TCGA data analysis sup-
ported the hypothesis that founder mutations enriched with C>T transitions at CpG sites were
accumulated during aging.

In addition to the exome sequencing, we also performed single-nucleotide polymorphism
(SNP) array-based CN profiling for all cases except case 1 (Fig I and $9 Fig). The multiregional
CN profiles showed that amplifications of 7p, 13q, 10q, 20p, and 20q frequently occurred
across all samples in multiple tumors, namely as founder CN alterations (Fig 34). We also
found that, compared with the degrees of mutational ITH, those of CN ITH were variable
among cases. For example, cases 2, 3, and 7 showed relatively high CN ITH, which was
acquired in a manner that correlated with mutational ITH, as shown by cluster analysis (59
Fig). In addition to founder CN alterations, we identified CN alterations that occurred along
the mutation-based evolutionary trees as progressor CN alterations. We found that arm-level
gains tended to occur in founder CN alterations, while focal deletions tended to occur as pro-
gressor CN alterations (Fig 3F).

Analysis of epigenetic ITH shows that CpG island hypermethylation
occurs early in the evolution

To examine epigenetic ITH, we obtained DNA methylation array data for eight cases. Cluster
analysis of the multiregional methylation profiles revealed tight clustering of each case, indicat-
ing that intertumor heterogeneity (i.e., heterogencity among cases) is dominant over I'TH (Fig
4A). However, we did observe substantial I'TH for each case and, to analyze epigenetic ITH, we
focused on variance in methylation levels of each probe in multiregional methylation profiles.
Note that the total variance can be decomposed into variance among cases and within cases
(hereafter referred as to inter- and intratumor variance, respectively). Notably, we found that
different categories of methylation probes contribute differently to the two types of variance
(Fig 4B, 510 Fig). We categorized probes based on positional information: relative distances to
CpG istands and whether the probes are located in promoter regions. We found that probes
within CpG islands tended to show higher intertumor variance than those outside CpG islands.
This is consistent with the fact that CpG island hypermethylation marks epigenetic subtypes in
colorectal cancer [12]; in our study, cases 5 and 9 appeared to fall into the CpG island methyla-
tor phenotype (CIMP) subtype as shown by cluster analysis combined with TCGA samples
(S11 Fig). On the other hand, methylation probes outside CpG islands tended to show higher
intratumor variance than those within CpG islands. This observation possibly reflects the
unstable nature of methylations outside CpG islands, and indicates that methylation alterations
outside CpG islands are a main contributor to epigenetic ITH. We also performed similar anal-
ysis using classification of chromosomat regions based epigenetic status in normal colon tissue
(S12 Fig)[13]. We found that the bivalent domains, which are marked by the H3 lysine 4 and
H3 lysine 27 methylation and reportedly involved in cellar differentiation, were associated with
high intertumor variance. On the other hand, no clear association existed between any specific
region category and intratumor variance, suggesting no functionality of epigenetic ITH.
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To further investigate I'TH and evolution in the colorectal cancer epigenomes, we identified
founder and progressor methylations, as done for genetic alterations (513 Fig). We also differ-
entiated hyper- and hypomethylations by reference to methylation levels in paired normal
mucosa samples. Founder methylations are defined as hyper- or hypomethylations that com-
monly occur across all samples within each case. As expected, we found that the loss of epige-
netic gatekeepers such as SFRPs, GATA4, and GATAS [14] is incurred by founder
hypermethylation in many cases (S14 Fig). We also identified hyper- or hypomethylations that
occurred along the mutation-based evolutionary trees as progressor methylations. We then
deduced temporal signatures from the multiregional methylation data by combining the three
types of categorizations: founder and progressor methylation; hyper- and hypomethylation;
and positional categories of methylation probes (Fig 4C). Our data showed that hypermethyla-
tions in CpG islands were more prominent in founder methylations than in progressor methyl-
ations, suggesting that CpG island hypermethylations mainly occur in the early phase of
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colorectal cancer evolution. Intriguingly, connections between epigenetic aberration and aging
have been reported [15], and our analysis of TCGA data also demonstrated that patients” ages
were correlated with the number of hypermethylated probes, but not with that of hypomethy-
lated probes (515 Fig). Collectively, our results suggest that CpG island hypermethylations, as
early events in the evolution of colorectal cancer, result from aging, consistent with our find-
ings regarding mutations. On the other hand, enrichment of hypomethylations in progressor
methylations suggests that global hypomethylation starts at a relatively late stage in the evolu-
tion, and shapes a substantial part of epigenetic ITH.

An integrated view of ITH tells a cancer’s life history

By combining mutation, CN, and methylation profiles, we obtained integrated views of ITH in
a series of colorectal cancer samples (Fig 1). For case 3, we additionally obtained mRNA
expression profiles. From these integrated views, as well as from evolutionary trees, we can
envision the life history of each tumor. Here, we describe that of case 3 as an example. In the
founder phase, the parental clone accumulated founder mutations together with CN gain and
loss and hyper- and hypomethylation. The founder mutation contains driver mutations repre-
sented by mutations in APC, KRAS, and FBWX?7. In the progressor phase, the parental clone
divided into two major subclones. One major subclone had focal MYC amplification, suggest-
ing that this major subclone was shaped by positive natural selection. Although not having a
clear driver alteration, the other major subclone had several shared CN alterations, such as 20p
amplification and 1p deletion. Then, each of the two major subclones branched into minor
subclones, while accumulating many progressor alterations. During this process generating
ITH, mutation accumulations, CN alterations, and methylation alterations appeared to occur
in a correlated manner. We also found ITH in the transcriptome; notably, the major subclone
harboring MYC amplification showed upregulation of the MYC expression signature together
with other signatures related to cancer malignancy. The case 3 tumor also contains a sample
from liver metastasis, and the evolutionary tree suggests that the liver metastasis occurred late
in the evolution, from a polypoid-like part containing the pol sample. The metastatic sample
of case 3 is contained by the major subclone showing a lower activity of the MYC expression
signature, which is unexpected if we assume that metastasis results from the acquisition of a
malignant phenotype during the evolution. In case 2, which also contains liver metastatic sam-
ples, the metastatic samples branched out early in the evolution. Although we need more cases
to form a general rule regarding metastasis, our data demonstrate that the multiregional
approach is effective to obtain information about the manner in which metastatic clones
evolve.

Simulation of cancer evolution suggests that extensive ITH is generated
by neutral evolution

As described so far, our genomic analysis revealed a heterogeneous evolution of colorectal can-
cer. We found that PIK3CA mutations and MYC amplification occurred in the progressor
phase, suggesting that a fraction of ITH is generated by positive natural selection. However,
most of the branches in the evolutionary trees had no clear evidence of such positive natural
selection, and our clonality analysis of mutations suggests that ITH exists even in each of the
multiregional samples (Fig 31 and $6 Fig). To clarify the principle underlying the extensive
ITH, we performed computer simulation of a branching evolutionary process (BEP) in cancer
evolution (516 Fig)[16]. In our BEP simulation, cells proliferate while accumulating random
mutations in multiple genes. Among the genes, we assume the existence of driver genes whose
mutations confer a growth advantage to cells. In the course of tumor growth, cells having
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mutations in driver genes are evolutionarily selected and, depending on parameter settings,
cells accumulate different combinations of mutations to reproduce ITH. Through a parameter
fitting analysis, we found that the BEP simulation can generate heterogeneous mutation pro-
files similar to the real experimental data, if a high mutation rate, a sufficient number and suffi-
cient strength of driver genes are assumed. (517 and 518 Figs). We simulated tumor evolution
with such a parameter setting and then performed multiregional sequencing of the simulated
tumor in silico. Similarly to those of our 9 cases, the simulated multiregional mutation profile
harbored founder, shared, and unique mutations while the heterogeneity were well correlated
with geographical positions (Fig 5A-3C), Moreover, the VAF of each type of mutation tended
to decrease while proceeding from founder to shared and unique mutations (Fig 510). Note that
the VAF is equal to the cancer cell fraction in which the mutation occurs, since the simulated
tumors have the haploid genome and no contamination of normal cells. Namely, this result
reproduced the local ITH within each of the multiregional samples (Fig 31). Most importantly,
our BEP simulation identified a possible evolutionary principle underlying the extensive ITH.
The simulated multiregional mutation profile demonstrated that, while founder mutations
occurred in most of the driver genes, progressor mutations rarely occurred in driver genes;
namely, most of the progressor mutations were neutral mutations that do not confer a growth
advantage (¥ig 5E). Taken together with our observation that most of the branches in the evo-
lutionary trees lacked apparent driver alteration, our data suggest that most of the I'TH is gen-
erated by neutral evolution. It should be noted that our BEP simulation could explain an origin
of intertumor heterogeneity. For a probabilistic nature of the model, independent simulation
trials even with the same parameter setting generated different multiregional mutation profiles,
which remind us of the multiregional mutation profiles unique to each of the nine cases (Fig 1
and 819 Fig).

Discussion

In this study, our integrated multiregional analysis revealed the ITH and evolutionary history
of a series of nine colorectal tumors. In particular, by focusing on founder and progressor
mutations, we identified clues for decoding the life history of the tumors. For example, we
found that founder mutations included established driver mutations such as APC, KRAS, and
FBWX7, and their counts correlated with the ages of patients, suggesting that accumulation of
alterations in the carly phase resuits from aging.

It is a well-accepted dogma that cancer results from aging [17]. Moreover, associations
between somatic mutations and aging have been studied recently. Welch et al. {18] found that
acute myeloid leukemia (AML) genomes accumulate mutations as a function of age; further-
more, they also confirmed age-dependent mutation accumulation in hematopoietic stem/pro-
genitor cells. Other recent studies report that somatic mosaicism in blood increases in an age-
dependent way, and it also has a positive association with cancer risk [19, 20]. Although the
association between somatic mutations and aging has been poorly studied in the context of
solid tumors, our findings indicate that an association between somatic mutations and patients’
ages exists in colorectal cancer. During aging, a colorectal stem/progenitor cell presumably
accumulates somatic mutations, some of which could unfortunately be driver mutations that
transform the normal cell to a parental clone. This view is also consistent with a recent report
that a high division rate of colorectal stem/progenitor cells well explains a high lifetime risk of
colorectal cancer {21].

Through mutational signature analysis, we also found that CpG transitions at CpG sites
more frequently occur in founder mutations than in progressor mutations. This mutational
signature is related to spontaneous deamination of 5-methyl-cytosine at CpG dinucleotides
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Fig 5. Simulation of cancer evolution. (A) A simulated tumor. Different colors represent different clones. White rectangles labeled with alphabets indicate
regions subjected to multiregional sampling. (B) A simulated single-cell mutation profile matrix. Columns represent 500 celis sampled from the simulated
tumor, and the top colored bars label each clone. Rows represent mutated genes and driver genes are indicated by left blue bars. (C) A simulated
multiregional mutation profile matrix. VAFs of each gene were caiculated for cell subpopulations from the 8 regions indicated in (A). (D and E) Distribution of
VAFs (D) and Proportion of driver genes (E) in different categories of mutations. The mutations were obtained from 20 muitiregional mutation profile matrices
generated by independent simulation trials. In (E), the width of each bar is proportional to the count of each category of mutations. Therefore, the area of each
bar is proportional to the count of driver genes that belong to each category of mutations.

doit10.1371journal pgen. 1005778.g005

and is most predominantly observed in various cancer types. A recent pan-cancer analysis [11]
and our TCGA data analysis showed that this mutational signature is positively correlated with
patients’ ages, which is consistent with our finding that founder mutations marked by this sig-
nature increased with patients’ ages. As for DNA methylation, hypermethylation in CpG
islands was more prominent in founder methylation than in progressor methylation. We also
found that the number of hypermethylated probes is correlated with patients’ ages in TGCA
samples. Taken together, we speculate that CpG island hypermethylation incurred by aging
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also predisposes a colorectal stem/progenitor cell to tumorigenesis in collaboration with
somatic mutations.

Thus, genetic and epigenetic alterations are accumulated during aging, and some of them
act as driver alterations that transform the normal cell to a parental clone. Once the parental
clone is established, it undergoes branched evolution in a geographically consistent way. In
addition to ITH of mutations and CN alterations, we found that epigenetic ITH marked by
global hypomethylations is prevalent. Our integrated analysis also showed that the genetic and
epigenetic ITH are correlated with each other. In contrast to founder alterations, progressor
alterations appeared not to have any known driver alterations, with the exception of a few
examples such as PIK3CA mutation and MYC amplification. There also existed no parallel evo-
lution, which is conspicuous in clear cell renal cell carcinomas [3]. Namely, we found little evi-
dence that positive natural selection shaped the extensive ITH, similar to the findings of recent
non-small cell lung cancer studies [4, 5]. Moreover, our clonality analysis of mutations sug-
gested that subclones existed even in each of the multiregional samples. It should be noted that
such local ITH is consistent with a recent breast cancer study in which single-cell sequencing
identified subclonal mutations occurring at low frequencies [22].

In pursuit of the unknown principles generating such extensive ITH, we performed the BEP
simulation. Intriguingly, our simulation suggests that neutral evolution can shape extensive
ITH as observed in our multiregional mutation profiles. Notably, our simulation also well
explained the local ITH within each of the multiregional samples. Although a single-cell muta-
tion profile showed that a simulated tumor actually harbored numerous subclones, snapshots
of the simulated evolution suggested that “macroscopic” subclones, which can be captured by
the resolution of multiregional sequencing, were generated by genetic drift in the course of the
neutral evolution ($20 Fig). A possible mechanism that boosts the neutral mutations is a high
mutation rate, as assumed in our sitnulation. We speculate that genetic instability is incurred
and the mutation rate increases before the branched evolution, which is also indicated by the
temporal change of mutational signatures. Our computational analysis also suggests that a can-
cer stem cell hierarchy can boost the neutral evolution [16]. Most importantly, our view that a
tumor harbors numerous neutral mutations can explain the robustness and evolvability of can-
cer. A therapeutic action induces an environmental change, which would convert some of the
numerous neutral mutations to driver genes that confer therapeutic resistance. Consistent with
this idea, it has recently been reported that resistance to some targeted cancer drugs may result
from the outgrowth of preexisting low-frequency subclones [23].

Collectively, this work presents a new model of colorectal cancer evolution; aging leads to
the accumulation of genetic and epigenetic alterations in the early phase, while neutral evolu-
tion shapes extensive I'TH in the late phase (Fig 6). Colorectal cancer has been an attractive
subject for studying cancer evolution and its evolution have been addressed from various view-
points [24-28]. Recently, Sottoriva et al. have also proposed that ITH is mainly shaped by neu-
tral evolution, based on uniformly high ITH, subclonal mixing in distant sites and a power-law
distribution of VAFs [10, 29]. Along with these works, this study is unique in that it not only
unveiled the extensive I'TH, but also explained the underlying principle. We believe that our
model not only provides insights into colorectal cancer pathogenesis, but also constitute a new
basis for designing therapeutic strategies.

Materials and Methods
Sample collection and preparation

Nine patients who provided written informed consent were enrolled in this study. Detailed
information about participants is provided in St Table. The study protocol was reviewed and
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Fig 6. Our mode! of colorectal cancer evolution. First, founder alterations containing a set of drive alterations are accumulated in the genome and
epigenome as a resuit of aging. After establishment of a parental clone, extensive ITH is generated by neutral evolution, although a few driver alterations are
acquired as progressor alterations. Note that this iliustration is based on the evolutionary tree of case 3 (Fig 2). However, an actual tumor should harbor
numerous subclones, as suggested by the local ITH data (Fig 50) and simulated single-cell mutation profile (Fig 58).
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approved by Kyushu University and cooperative institutes. All samples were obtained during
surgery from patients who underwent radical resection of primary and/or liver metastatic
tumors at Kyushu University Beppu Hospital, Kyushu University Hospital and Osaka Univer-
sity Hospital. DNA and RNA were extracted from fresh frozen multiregional tumor samples
and adjacent normal intestinal mucosa with AllPrep DNA/RNA Mini Kit {Qiagen, Hiden, Ger-
many). For case 1-3, high-purity tumor samples were obtained using a laser microdissection
system (Leica Laser Microdissection System; Leica Microsystems, Wetzlar, Germany). A
detailed protocol of sample preparation was described previously [30].

Ethics statement

The study design was approved by the institutional review boards and ethics committees of
hospitals that made the practice of patient (Kyushu University Hospital Institutional Review
Board: Protocol Number 486-01, Osaka University Institutional Review Board: Protocol Num-
ber 12-27). The study was conducted according to the principles expressed in the Declaration
of Helsinki. We obtained written informed consent from all the parents in this study. There
was no animal experiment in the study.

Whole exome sequencing (WES)

Whole exome capture was performed with The SureSelct Human All Exon 50Mb kit (Agilent
technologies) was used for all samples. The captured targets were subjected to massive
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sequencing using HiSeq 2000 (Illumina, San Diego, CA, USA) with the pair end 75-100 bp
read option. Information of read depth is provided in 81 Fig and 82 Table.

Mutation calling

The sequence data were processed through an in-house pipeline (hitp:/¢
exome/). The sequencing reads were aligned to the NCBI Human Reference Genome Build 37
hgl19 with BWA version 0.5.10 using default parameters (hitp://bio-bwa sourceforge.net/).
PCR duplicate reads were removed with Picard (hitp://www.picardsourceforge.net). Mutation
calling was performed using the EBcall algorithm [31] with following parameters:

cnomonhgcip/

1. Mapping Quality score > 30
. Base Quality score > 15

. Both the tumor and normal depths > 8

F oY

. Variant reads in tumors > 4

wr

. VAFs in tumor samples 2> 0.08

6. VAF in normal samples < 0.1

Identification of founder and progressor mutations

For each case, the variants that are called in any samples and whose positions have read

depths > 10 in all the samples were obtained and their VAFs in all the samples were calculated
by mpileup of samtools-0.1.18. Then, variants whose VAF > 0.05 were finally obtained as
somatic mutations. This step rescued mutations that were presumably shared among samples,
but missed by EBcall due to disagreement with the above parameter conditions, and also filtered
out variants that potentially have false negatives in any samples due to low coverage. This proce-
dure was applied for each case to obtain a multiregional mutation profile, from which we identi-
fied mutations shared by all the samples as founder mutations, and others as progressor
mutations. Progressor mutations were further divided into shared mutations, which were shared
by a subset of samples, and unique mutations, which were unique to a single sample. The muta-
tions were annotated by ANNOVAR (hitp://www openbioinformatics.org/annovar/). Informa-
tion of reported driver genes was based on the TCGA colon and rectum adenocarcinoma
(COADREAD) study [8]. Information of all the mutations is provided in §3 Table. The multire-
gional mutation profile obtained for each case is visualized as a heat map whose intensities rep-
resent VAFs. [n the heat map, founder mutations were ordered along chromosomal positions,
shared mutations were ordered by a hierarchical clustering, and unique mutations were sorted
for samples and VAFs. From multiregional mutation profiles, maximum parsimony trees were
constructed using the maximum likelihood algorithm in the MEGAG6 package [9].

Color-coding schemes of sample colors

From the multiregional mutation profile of each case, we also deduced a color-coding scheme to
prepare color labels of samples. The multiregional mutation profile were regarded as an i x m
matrix, whose n columns and m rows indexed n mutational positions and m samples, respec-
tively. We applied principle component analysis to the multiregional mutation profile and
obtained the first, second and third loading vectors. By multiplying these loading vectors, n-
dimensional vectors representing mutational profiles of each sample were reduced into three-
dimensional vectors. RGB colors used for sample labels are finally papered by mixing red, green
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and blue proportionally to the three vector elements. In a color-coding scheme deduced by this
approach, color similarity reflects similarity of mutation profiles between samples.

Validation of the mutations by targeted deep sequencing

We validated WES-derived mutations by targeted deep sequencing. Preamplified cDNA library
prepared for WES were captured by a custom-designed SureSelect bait library, which included:

1. All progressor mutations in case2-8.

2. At most 100 nonsynonymous mutations randomly selected from founder mutations in each
of case2-9.

Enriched targets were sequenced and Sequencing reads were aligned to the NCBI Human
Reference Genome Build 37 as done for WES. After the reads that had either mapping quality
of <285, base quality of < 30, or > 5 mismatched bases were excluded, mutation calling was
performed using following criteria:

1. Both the tumor and normal depths > 100
2. Fisher's exact test P values < 0.01

Results of the targeted deep sequencing are provided in 83 Table.

CN profiling

DNA was processed and hybridized to the HumanOmniExpress BeadChip Kit (Illumina). Illu-
mina's GenomeStudio software was used to obtain B allele frequencies (BAF) and log R ratios
(LRR) from the raw output data. BAF and LRR were input into the ASCAT algorithm [32] to
estimate purity and allele-specific absolute CN, which are used for calculation of CCF. Seg-
mented LRR was also obtained from ASCAT and used for subsequent analyses after the median
was shift to 0.

ldentification of founder and progressor CN alterations

To obtain founder and progressor CN alterations, we focused on chromosomal regions sub-
jected to arm-level and focal alterations recurrent among patients, which were reported by the
TCGA study [8]. For all the samples in each case, we obtained LRR averaged along each of the
chromosomal regions. We assumed that chromosomal regions subjected to founder CN alter-
ations have [LRR| > 0.12 at least in one sample and |LRR]| > 0.06 in all the samples. To identify
progressor CN alterations, we searched for differentially altered chromosomal regions among
every pair of sample groups divided by mutation-based evolutionary tree. The groups were pre-
pared by focusing on branching points in the tree. Note that, except for the first branching
point that joins the trunk and branches, each branching point divided samples into two groups:
those branching out from the point and the others. For each of the chromosomal regions, we
obtained difference of mean LRR between every pair of such groups, and the maximum differ-
ence as a statistic, ALRR. We then obtained chromosomal regions whose |ALRR| > 0.06 as
those subjected to progressor CN alterations. For founder and progressor CN alterations iden-
tified in this manner, if a chromosomal region subjected to a focal CN alteration is contained
by that subjected to an arm-level alteration of the same category, we discarded the former.

Calculation of cancer cell fraction

Cancer cell fraction (CCF) in which each mutation occurs was estimated by modifying a previ-
ously reported approach [33]. Consider a mutation observed in m of n sequencing reads on a
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locus of allele-specific absolute CN of g, and g, in a sample of purity a. The expected allele-
fraction fof a mutation present in p copy in a fraction ¢ of cancer cells is calculated by f (¢, p, ,
Go» Q) = 0cp(2(1-0)+ax(q+qp)), with c€[0.01, 1]. Then P(c|n, m, &, g, qu) o Binom(mln, flc, p,
& Gar Gu)YP(Plgas 4u)PLe). For calculating P(p|q., 45), we obtained every possible configuration
of p from g, and g;, and assumed that they are equally probable. For example, when q,, = g, =
1, P(p=1) = 1. When q,, = 1 and g, = 2, P(p = 1) = 2/3 and P(p = 2) = 1/3, because a mutation
could occur in one copy of allele a, one copy or two copies of allele b. P(c) is a prior probably of
cand we assumed a uniform prior. P(c|n, m, &, 4., 45) was then obtained by calculating these
values over a regular grid of 100 ¢ values and reported after normalization. We defined the
median of P(c|n, m, &, 4, q) as CCF.

In this study, 7 ad n were obtained from WES data while &, g, and ¢, were obtained by
ASCAT analysis on SNP array data. For deducing Fig 313, CCFs were calculated for mutations
which occur in sample of which @ > 0.6. CCF is alse used for obtaining clonal and subclonal
mutations from single sample sequencing data; we assumed mutations of which CCF exceed
0.8 as clonal mutations, and others as subclonal mutations.

Mutation analysis using TCGA data

TCGA WES data were processed by the same pipeline used for our WES data. Because only
BAM files were available for TCGA data, we first convert BAM files to fastq files. BAM files for
COADREAD paired tumor/normal samples were downloaded from Iittps;//cghub.ucsc.edu/
with the accession no. 26594-6, which were first converted back to fastq files, where the ‘read1’
and ‘read?’ entries in fastq files were reconstructed based on pair-read information. For reverse
strand reads, we generated complemented bases and assigned BaseQuality accordingly. In this
process, the reads that had Flag of “not primary alignment”, “read fails platform/vendor quality
checks” or “supplementary alignment” were discarded using samtools-0.1.18. Then, the fastq
file were input into our WES analysis pipeline to call mutations,

SNP 6.0 array data of COADREAD paired tumor/normal samples were also obtained from
hitps:/ -data.ncinih.gov/icgal, The probe-level signal intensities were converted to BAF
and LLR as follows: BAF = I, /(I + I) and LLR = I, + I, where [, and I, were signal intensities
for A and B alleles. Then, BAF and LLR were input into the ASCAT algorithm to estimate
purity and allele-specific absolute CN. In total, 295 COAD and 110 READ TCGA patient sam-
ples were available for both the mutation and CN data.

From these data, CCFs were calculated for each mutation to obtain clonal and subclonal
mutations. In the analyses of mutational signatures and correlation between patients’ ages and
mutation rates, 53 COAD and 5 READ samples whose mutation rates > 10 Mb were separately
analyzed, assuming that they belong to the hypermutated subtype.

Methylation profiling

Genomic DNA was bisulfite treated using the EZ-96 DNA Methylation Kit (Zymo Research
Corporation, Orange, CA) and genome-wide DNA methylation were profile with the Ilumina
HumanMethylation450 BeadChip (Illumina). A methylation level of each probe was then
obtained as a B-value. In this study, we focused on only the probes designed for autosomal
sequences. In analyses of methylation variance and signature, Positional categories were based
on probe information of the HumanMethylation450 BeadChip.

Identification of founder and progressor methylations

For each probes, differential methylation was quantified with each tumor samples and matched
normal tissue by the difference of f-values (AB = tumor B value-normal § value), For each case,
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