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Figure 1 Multiple types of TERT alterations
in HCC. Mutual exclusivity of HBV genome

HBV positive (7 = 79)

Percentage of tumors
with an event

ATRX mutation

HBYV integration |

TERT focal amplification
TERT promoter mutation
WNT pathway mutation

integration at the TERT locus, TERT focal
amplification and TERT promoter mutation in
HBV-positive (top), HCV-positive (middle) and
non-HBV, non-HCV (bottom) cases. AXIN1,
CTNNB1 and APC mutations were included
as WNT pathway mutations. TERT promoter
mutation significantly co-occurred with WNT
pathway mutation in HBV-negative cases

(*P < 0.001, x2 test). HBV-positive cases
without virus capture analysis (41 samples)
were excluded (Supplementary Table 28).

ATRX mutation

TERT focal amplification

TERT promoter mutation
WNT pathway mutation

or blood. This cohort contained 212 HCV-
positive, 117 HBV-positive and 150 non-virus
cases. The US cohort contained European-
ancestry (55%), Asian (defined as US-Asian
hereafter; 16%) and African-American (12%)
cases. The clinical backgrounds for this cohort
are shown in Supplementary Table 1.

The exons and surrounding noncod-
ing genomic regions of protein-coding genes were captured in 452
pairs of tumor and non-cancerous liver tissues. Oncoviral genomes,
including for HBV, human papillomavirus (HPV-16 and HPV-18)
and human T-lymphotrophic virus 1 (HTLV1) (91 kb in total;
Supplementary Table 2), were also captured in 198 cases. Whole-
genome sequencing was conducted in 22 HCC pairs, including
9 exome-sequenced cases, and targeted resequencing of liver cancer
genes was carried out for 38 cases. To minimize multicenter study
bias due to differences in exome sequencing platform or data analysis
pipeline, we optimized the somatic mutation detection algorithms
and filtering conditions for three centers using Japanese cohort
samples. High concordance (>87%) with a validation rate of >97% in
somatic mutation detection was achieved, and substitution patterns
among the three centers were consistent (Supplementary Figs. 1
and 2). We also confirmed that similar mutation spectra were
observed in the same cases in whole-genome sequence and whole-
exome sequence (Supplementary Fig. 3).

The average mutation rate was 2.8 mutations per megabase, and T>C
and C>T substitutions were dominant in this cohort (Supplementary
Fig. 4). Eight (1.7%) outlier tumors harboring more than 4.3 muta-
tions per megabase showed substitution patterns distinctive from
those of other cases and had somatic nonsense or missense muta-
tions in mismatch repair (MSH3, MSH4, MSH5 and MSHé6), DNA
polymerase (POLAI, POLK, POLE and POLL) or nucleotide excision
repair (ERCCI and ERCC2) genes (Supplementary Fig. 5).

ATRX mutation

TERT focal amplification
TERT promoter mutation
WNT pathway mutation

Panoramic view of ploidy, copy number and virus integration

We evaluated copy number alteration (CNA) by comparing the
sequence depth for paired samples and allelic imbalance in the
captured area (Supplementary Fig. 6). This digital assessment of
CNA and allelic imbalance was consistent with SNP array data in
cases analyzed by both methods (Supplementary Fig. 7). We also
imputed deviation in the allele frequency of heterozygous single-
nucleotide variation to predict the tumor purity and ploidy for
each sample (H.U,, S.Y., K.T. and H.A., unpublished data). A large
fraction of cases (28.9%) represented whole-genome duplication with
gross chromosomal loss (average ploidy was 3.87, and the average
number of CNAs was 11.58) (Supplementary Fig. 8), whereas the
remainder showed more stable copy number status (average ploidy
was 2.08, and the average number of CNAs was 7.56). Tetraploidy was

TERT promoter—independent 25%
activation: 30%

1 13.8%

f e

Total TERT
1 |7.6% alteration
' 88.4%

WNT pathway: jaxivt [cTanar fapc

16% 7.6% 20%

P =0.351

HCV positive (n = 188)

| Total TERT
alteration

88.1%

5.9%

P <0.001

Y Y Y
28% 35%" 6.4% 26%

Non-HBV, non-HCV (n = 149)

2.0%

8.1% 7} Total TERT
alteration

59% 88.8%

10%

Y Y

Y
31% 28%" 7.4% 26% P =0.0059

more frequently observed in higher-grade tumors (P = 0.039, Fisher’s
exact test; Supplementary Fig. 9).

We observed recurrent arm-level gains (1q, 5p, 6p and 8q) and
losses (1p, 4q, 6q, 8p and 17p), as previously described for HCC®
(Supplementary Fig. 10). Recurrent focal amplifications were
detected in 25% of cases, including for TERT and CCNDI1-FGFI9.
Homozygous deletions were less frequent events (detected in 17.4%
of cases). Recurrent homozygous deletion was observed for 28 genes,
including CDKN2A-CDKN2B, MAP2K3 and PTEN (Supplementary
Figs. 11 and 12).

Using paired-end reads mapped to the HBV viral and human
genomes, respectively, we detected 628 HBV virus integrations in
68 HBV-positive cases from which viral genomes were captured
(9.2 integrations per case) (Supplementary Table 3), reflecting a detec-
tion rate that was 2—4 times more sensitive than in previous whole-
genome sequencing studies!®!1. Genes close to (less than 10 kb away
from) the recurrent HBV integrations included TERT (n = 17 cases),
KMT2B (MLL4; n = 6 cases), and ALOX5, ZFPM2, SENP5, MYO19
and RGS22 (n = 2 cases each). Recurrent non-genic HBV integrations
were observed near the centromere, especially on chromosomes 1p, 8p
and 10q. A significant fraction of HBV integrations were colocalized
with (less than 500 kb away from) DNA copy number breakpoints
(10.7%; P < 1 x 107%, randomization test) (Supplementary Figs. 13
and 14). Despite intimate association between HBV genome integra-
tion and CNA breakpoints, the frequency of CNA was not different
among the viral subtypes (P = 0.29, ANOVA test; Supplementary
Fig. 15 and Supplementary Table 4).

Multiple types of TERT genetic alteration in HCC

Somatic mutations in the transcriptional regulatory region of the TERT
gene have been reported in a range of cancers, including HCC1213. By
combining captured noncoding sequence data with capillary sequenc-
ing validation, we detected TERT promoter mutations in 254 cases of
the 469 cases analyzed (54% in total). The frequency of these muta-
tions was highest in HCV-positive cases (121/188; 64%), with lower
frequencies in non-viral cases (88/149; 59%) and HBV-positive cases
(44/120; 37%) (Supplementary Table 5). As reported!3, the muta-
tion located 124 bp upstream of the ATG start site (c.-124C>T, on
the opposite strand; 93%) was more frequent than the ¢.-146C>T
(4.3%) and c.-57A>C (1.6%) mutations (Supplementary Table 6).
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Figure 2 Significant cancer driver genes in a b
HCC. An overview of significant driver genes
in HCC. Shown are genes with statistically
significant mutations or focal CNAs (a) and
their alterations in each sample classified
by the status of hepatitis virus infection (b).
Genes were sorted by significant g value
(Supplementary Note).

Additionally, TERT focal amplification was
detected in 6.7% of the cases in total, and

GALNT1

integration of the HBV genome in the TERT § ey

locus was observed in 22% of HBV-positive E] ARID1A
1 . § CDKN2A
samples for which integration was analyzed. CDKN2B
TERT promoter mutations were mutually ;Z;’gggs
exclusive with HBV genome integration { necort
in the TERT locus in integration-analyzed lggg:‘i
HBV-positive samples and were almost | FonL
mutually exclusive with TERT focal ampli- HNRNPA2B1
CYP2E1

fications, both of which were considered to AT
cause higher TERT expression!* (Fig. 1). 7SC1 x
Alterations of ATRX have also been reported ThEMS9

HBV HCV HBV + HCV  Non-HBV, non-HCV IHCC

to induce telomerase-independent telomere . \entical p?f::te, mutation
maintenance’®, Altogether, more than 68% of ~  [2enieaimssense mutation
the HCC cases had alterations in either TERT g Foca ampification

or ATRX, representing the most frequent & Other mutation
molecular event reported (Supplementary

Table 5). In contrast, no TERT promoter mutations were detected
in 13 THCC cases (Fig. 2). TERT promoter mutations significantly
co-occurred with WNT pathway gene alterations, such as CTNNBI,
AXINI or APC, in HCV-positive and non-virus cases, suggesting a
cooperative oncogenic activity between TERT promoter mutation and
the WNT pathway!® in these subgroups (Fig. 1).

Significantly altered genes in HCC

To identify significantly altered genes in HCC, we used a combination
of MutSigCV'7, an aggregated somatic alteration method that aggre-
gates somatic substitutions, short indels, homozygous deletions and
focal amplifications, and an inactivation bias method that calculates

Missense mutation
[ In-frame indel

Identical missense mutation
B Frameshift indel
Bl Homozygous deletion

TERT promoter or 5" UTR mutation
[ Nonsense mutation - [ Splice site
Focal amplification

inactivating mutation bias (Supplementary Fig. 16, Supplementary
Tables 7-10 and Supplementary Note). Furthermore, we eliminated
mutated genes that exhibited sequencing center bias and subclone
bias as sources of possible false discovery (Supplementary Tables 11
and 12). These steps led to a final list of 30 candidate driver genes
(Fig. 2, Supplementary Fig. 17 and Supplementary Tables 13-15),
including 13 that were not recurrently mutated in previous cohorts!8-20
(Supplementary Table 16). These 13 genes included BRD7, a compo-
nent of the SWI/SNF nucleosome-remodeling machinery, and MENI,
a putative tumor suppressor somatically mutated in neuroendocrine
tumors—neither of which has been reported in HCC. Mutations in
TSC2, SRCAP and NCORI have been reported as singletons in other

a B-catenin pathway , P53-Rb pathway Chromatin remodeling (altered in 67%, PI3K-mTOR pathway (altered in 45%,
{altered in 6%, 51% by SG) | (altered in 72%, 68% by SG) . "RGORT " 41% by SG) . 26% by SG)
F I 2A |14 TP53 : v
'“A}ébh}‘ 0% [8% | /3;0/ 7 e / HB! o
%R | . '\ PSGKAS" 2 SMARCCT: | b m """
R v\ g ls%) 1%[4%]
{ f CDKN1A | 1 T
{ o
! "' Apoptosis
A Ll SMARCE! pacin. A1 | koMeA  P%IZR] 1 ...
; f {GONET 'y [ EBXW7 " i ‘Taoula)nares ¥ ...
Wit CCNDT 20"' }—_0% [0% [2% ] h_.d% CUERERISERE SMARCAZ: ) L s
n o A : .
target yanceri fon 1 ! L N Histone Proliferation,
genes P Cell cycle progression Nucleosome remodeling modification survival
b TGene Percent of cases Nrf2-Keap1 pathway
230 altered cases (51%) > L 1 (altered in 19%, 5% by SG)

CTNNB1 mutation i
AXINT mutation '
APC mutation
CCND1-FGF19 amplmcahon
NCORT mutation
7 mutation
CDKN1A mutation

# Truncating mutation

Missense mutation 8 Amplification (24 copies)

& Amplification (=8 copies)

Mutation ONA Inactivated Activated

v
Inhibition Activation Switchable
component

' fmm‘ﬁ

Oxidative stress response

Figure 3 Oncogenic network in HCC. (a) Major signaling pathways involving genetic alterations in HCC. Key genes in each pathway are indicated by
rectangles, with the percentages of somatic mutations and CNAs shown in the left and right portions of each rectangle, respectively. Significantly
altered genes (SG; MutSigCV, P < 0.05 or GISTIC, gvalue < 0.1; percentages are underlined for alterations meeting either criterion) are bounded by
solid lines, whereas other key genes in each pathway are bounded by dashed lines. (b) Mutual exclusivity plot of genes relevant to the WNT signaling
pathway. The plot indicates that somatic mutations in WNT-related genes might contribute to the activation of WNT signaling in over half of all HCCs.
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Figure 4 Somatic substitution patterns a
were associated with ancestry. (a) Principal-
component analysis of the 96 substitution

patterns in the HCC genome by ancestry

group (left), sex (middle) and hepatitis virus

group (right). (b) Average frequency of the 96
substitution patterns in each sample group

(ancestry group, sex and virus group). The top

© Japanese

Principal component 2

O US Asian
O African

-] Europf_ean ancestry _

© HBY
OHCV
. © Male < ® Non-HBV, .
P=22x10"8 ©Female  p_gs5x108 non-HCV P=035.

legend shows the bases immediately 5” and 3" b
to each substitution. The y axis indicates the
frequency of the 96 substitution patterns.

Principal component 1

BAA BAC ©AG BAT ECA ECC ®CG mCT
ZICGA BIGC BGG 2GT BTA ®TC TG &TT

Principal component 1 Principal component 1

BAA BAC WIAG WAT ¥CA CC @CG mCT
ZCA BGC GG HGT BTA BTC =TG &TT

0.1
HBV
0.1
studies, but these genes were shown here to I""’pa”ese male o~ ATA=ACA
be significantly mutated. Some of the dif- 04 e . ols = e -
ference in results might be attributed to the o, OA GG CT TAL 6 TG CA GG T-A  T>C  T>G
. e . " | Japanese female ©HCV
greatly increased statistical power with our L
503-case population, but some of the differ- o e e e o alabde LA Eea "
ence might also reflect contribution from the 01 0.1
vy . . *" | European-ancestry male *" }Non-HBV, non-HCV
ancestry composition of the cohorts in this N
study. Several genes demonstrated differences 0 -sé% - LR S B e abobde e
in mutational frequency among virus sub- 011 European-ancesiry female
types (Fig. 2b and Supplementary Table 17). F i
AXINI was more frequently mutated in HBV- o lasarctu oo bt -
positive cases in comparison with HCV- 0.1 Us-Asian male
positive and non-virus HCC (P = 0.0055, “é'—CT&CAG
Fisher’s exact test), indicating that different 0 Ls WUPTE TS TN T
viral etiologies might activate WNT signaling 0.1 1 Us-Asian female
in distinct ways. ARID1A was more frequently _ é«é
altered in non-virus cases (P = 0.009). oMol _odpl alsae

Alterations of drug target kinases were
rarely found in HCC; low-level recurrent
mutations of FGFR2 (mutated in 1.8% of cases), KIT (1.3%), FGFR3
(0.9%), FGFR1 (0.9%), JAK1 (0.9%) and EGFR (0.4%) and focal ampli-
fication of MET (0.5%) were detected. The specific mutations in these
receptor tyrosine kinases were not generally observed in other can-
cers, with the exception of two JAKI mutations (encoding p.Ser703lle
and p.Leu910Pro substitutions), which were previously observed
in a liver cancer sequencing study?’. The liver has a central role in
many metabolic processes. Our study identified recurrent mutations
of metabolic enzyme genes in HCC (Fig. 2b and Supplementary
Tables 7 and 13). These included CYP2EI (2.0%); ADHIB (1.8%),
encoding alcohol dehydrogenase 1B; and G6PC (1.8%), encoding a
glucose-6-phophatase catalytic subunit, whose aberrations could be
linked to metabolomic changes in HCC.

Significant oncogenic pathways in HCC
Oncogenic pathways were further explored by aggregating the
alterations of each gene within a particular pathway (Fig. 3a).

TP53-RB pathway. Inactivation of the tumor-suppressor TP53-
RB pathway was a consistent theme in HCC. TP53 mutations were
observed in 31% of tumors, and two genes encoding p53-activating
kinases, ATM and RPS6KA 3, were also recurrently mutated. The RBI
gene was mutated in 4.4% of cases. The CDKN2A gene encoding the
RB regulator p16INK4A was subject to frequent focal homozygous
deletion, and the p53 target and RB regulator CDKNIA (encoding
p21CP1) was significantly mutated. Overall, 72% of cases had altera-
tions in component genes of one or both of these pathways.

WNT pathway. In addition to activating CTNNBI mutations,
inactivating mutations were frequently observed in WNT regulators,
including AXINI and APC. CCNDI is a key downstream target of
WNT signaling?!, and FGF19 has been shown to activate CTNNBI
transcriptional functions??. Mutual exclusivity of CTNNBI, AXIN1

and APC mutations and CCNDI1-FGF19 amplification supports the
functional role of these genes in altering WNT signaling (Fig. 3b).
Overall, 66% of HCCs showed WNT pathway-related alterations.

Chromatin and transcription modulators. A large proportion
of the genes on the list of significantly mutated genes encoded
chromatin modulators or transcriptional regulators. Frequent
alterations in NFE2L2, encoding a transcriptional regulator that
activates antioxidant and cytoprotective target genes??, and its
negative regulators KEAPI and CUL3 (ref. 24) were noted. Also
mutated were the nucleosome remodelers ARIDIA, ARID2 and
BRD7, with CNAs and mutations in six additional members of
the SWI/SNF complex (Fig. 3a), SRCAP and the transcriptional
corepressor NCORI, both of which have roles in steroid receptor—
mediated transcription. These genes displayed primarily
inactivating frameshift and nonsense mutations that suggest a
tumor-suppressor gene function in HCC (Supplementary Fig. 18
and Supplementary Table 9). NCORI has been shown to directly
suppress CTNNBI function?® and exhibits mutual exclusivity
for mutations with other WNT pathway genes (Fig. 3b).
SRCAP encodes an Snf2-related CREBBP activator in several
pathways, including NOTCH?6 and steroid receptors?’. Truncating
SRCAP mutations cause a rare hereditary disease with developmen-
tal defects and early-onset tumor formation?%2?, highlighting its
potential function as a tumor-suppressor gene.

mTOR-PIK3CA pathway. Recurrent inactivating mutations in
TSCI-TSC2 and activating mutations and copy gain in PIK3CA were
observed (Fig. 3a). Other modulators involved with this pathway, such
as NFI, PTEN, INPP4B and STK11, were also affected, and, in total,
45% of cases had alterations in the mTOR-PIK3CA pathway. Somatic
TSCI mutation was reported as a potential predictive biomarker of
an mTOR inhibitor3?, and TSCI-mutated HCC cell lines showed
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Figure 5 Ancestry-specific mutational a
signatures with transcriptional strand bias in the

C>A C>G C>T T>A T>C T>G b

# Signature B # Signature A # Signature C

HCC genome. (a) The 3 mutational signatures Signature A
in the HCC genome are shown according to 0.05 4

the frequencies of 96 substitution types.

The y axis indicates the frequency of each of 0 Autisieadulis
the 96 substitution patterns. (b) Contribution 0109 signature B

of the three mutational signatures to each
tumor. The y axis indicates the percentage of
mutations comprised in each signature. The x
axis indicates tumors classified in each ancestry 07
group and by sex. (¢c) Contribution of the three Signature G
mutational signatures to tumors from each
ancestry group and sex. The y axis indicates
the percentage of mutations comprised in

Frequency

Japanese male Japanese European US Asian

each signature. (d) Transcriptional strand bias
in mutational signatures. Each signature is
displayed with 192 mutation patterns based on
the 96 substitution types with transcriptional
strand information. The mutation types are
shown on the x axis, and the y axis indicates the
frequency of each of the 192 mutation types
contributing to each signature.

Percentage of mutations

higher sensitivity to an mTOR kinase inhibi-
tor (BEZ235) in comparison to cell lines with
wild-type TSCI (Supplementary Fig. 19).
To identify networking among the onco-
genic pathways in HCC, we developed a
pathway compression algorithm and applied
it to the significantly altered genes. We identified 11 core oncogenic
network modules in HCC (Supplementary Table 18). To visualize
these modules in the context of a biological network, we constructed
a schematic view of the modules and the additional nodes that can
connect them (Supplementary Fig. 20). The nodes were typically
classified into two types; one type was closely connected to neighbor-
ing nodes (with higher value for centrality; Supplementary Table 19)
and the other type had long-range edges that reached distant nodes,
which can be used to measure the effect of each module alteration
on the total network. Further comparison of the association between
these module alterations and background clinical factors showed that
the mTOR module was significantly different (P < 0.05, Cochran-
Mantel-Haenszel test) in Asian and European-ancestry populations
with respect to mutational frequencies (Supplementary Fig. 21).

Ancestry-dependent diversity in HCC mutation signatures
Somatic mutation patterns in human cancer are closely associated
with epidemiological factors®!-34 however, their association with
ancestry remains unexplored. We integrated genomic data from
an additional 105 HCC cases sequenced by TCGA along with the
503 cases sequenced by us (Supplementary Table 1) and compared
somatic substitution patterns according to epidemiological data and
ancestry group. Because mutation patterns in hypermutated cases and
IHCC were distinctive (Supplementary Figs. 4 and 22), these two
groups were excluded from further mutation pattern analysis.
Principal-component analysis of the 96 possible nucleotide triplets,
dependent on the bases immediately 5" and 3’ to each substitution,
showed that the constitution of substitution patterns with these triplets
was significantly different by ancestry group (Japanese, US Asian and
European ancestry; P=2.2 x 10716, Wilks’ test) and by sex (P=9.5x 1078)
(Fig. 4a). Notably, substitution patterns were not significantly asso-
ciated with viral status (HBV, HCV and non-viral, P = 0.35; Fig. 4a
and Supplementary Fig. 23). T>C substitutions, particularly in an

female  ancestry
] 010 Signature A ¥ Transcribed  # Untranscribed
# Signature B # Signature A & Signature C %
g 0.05 L
i
R
0 FINIYN i Aot b HENEHT 3 i
0.10 - Signature B
E
2
€ 0.05
o
o
w 0 bt fanba 43
0.10 - Signature C
0.05 -
0 cesnaaiisl sad »g’éiﬁiﬁﬁ; sceeds oo b g

ATA context, were specifically increased in Japanese male samples,
and T>A substitutions (most frequently in a CTG context) were
specifically increased in US-Asian male and female samples. The
distributions of the frequencies for the 96 substitution types were
similar among Japanese female samples and European-ancestry male
and female samples (Fig. 4b).

We applied non-negative matrix factorization (NMF) analysis to
the 96-substitution pattern®? and identified 3 mutation signatures
(HCC signatures A-C; Fig. 5a and Supplementary Fig. 24). Each
signature was composed of context-specific substitutions: HCC
signature A was characterized by dominant T>C mutations, espe-
cially in an AT(A/G/T) context, whereas HCC signature B contained
dominant T>A mutations, with a sharp increase in frequency for
a CTG context. HCC signature C contained dominant C>T muta-
tions, especially in an (A/C/G)CG context. The distribution of these
signatures was associated with ancestry and sex but not with the
virus status (Supplementary Table 20). Among the different ances-
try groups, HCC signatures A and B more frequently contributed to
Japanese male (odds ratio (OR) = 2.2; P = 0.0025, Fisher’s exact test)
and US-Asian (OR = 2.5; P = 0.00036) cases, respectively, whereas
HCC signature C was common across all ancestry groups and in both
sexes (Fig. 5b,c and Supplementary Fig. 25). Remarkable differ-
ences in mutation prevalence between the transcribed and untran-
scribed strands were observed for T>C substitutions, especially in an
AT(A/G/T) context (P="7.4 x 10-152, 42 test), in HCC signature A and
for T>A substitutions, especially in a CTG context (P = 3.3 x 1078),
in HCC signature B (Fig. 5d). These significant strand biases imply
the involvement of transcription-coupled repair, which is tightly
associated with known carcinogens in other tumor types3!-34. There
was no significant association between the signature distribution
and the ALDH2 SNP rs671, which is associated with alcohol metab-
olism and is a more frequent genotype in the Asian population3?
(Supplementary Table 21).
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To collect large amounts of cancer genome data from different
ancestry groups and epidemiological backgrounds, we currently
need to combine data from multiple institutes that apply individual
analytical platforms. An important caveat in multicenter trans-
ancestry analysis has been the possibility that ancestry-specific sig-
natures can be biased by experimental or analytical differences. To
avoid this potential bias, we processed the DNA from 99 Japanese
HCC cases using the sequencing and analysis pipeline at the United
States-based Baylor College of Medicine. Using this data set from a
single center, we replicated exactly the same signatures in each pop-
ulation (Supplementary Fig. 26). We also examined the distribu-
tion of signatures among three centers using Japanese male samples
and confirmed that similar distributions were seen among the three
centers (Supplementary Fig. 27). Furthermore, we analyzed whole-
genome sequencing data for 88 Chinese HCC samples!® and success-
fully identified HCC signatures B and C in this independent data set
(Supplementary Fig. 28).

Outcome analysis from mutational signatures

We analyzed the derived NMF signatures to determine whether any
signature or signature component was associated with differences
in outcome in the HCC cohort. NMF signature values were merged
with annotated clinical data. We performed calculations using
standardized signature values to control for differences in the mutation
rate between the subjects. Multivariate analysis with the Cox propor-
tional hazards model (Supplementary Fig. 29 and Supplementary
Tables 22-26) indicated that histological grade, HCC signature B
and the interaction with HCC signature A (but not with HCC
signature C) were significant predictors of outcome.

DISCUSSION

The present trans-ancestry liver cancer genome study first identified
mutational signatures that are independent of hepatitis virus infec-
tion and contribute more to the Asian cases than to ones of European
ancestry (Supplementary Tables 27). One signature, characterized by
AT>AC mutations, was predominant in Japanese males, whereas the
other, featuring CTG>CAG mutations, was found more frequently
in tumors from Asians living in the United States. These correlations
may highlight deeper intra-ancestry diversity and/or environmental
contributions, and sex bias might further affect downstream target
genes and molecular features in HCC3. As several genetic loci are
associated with individual HCC risk together with HBV and/or HCV
infection7-38, somatic and germline genome interaction might also
be important to consider. Notably, these signatures were not evident
in JHCC for Japanese cases (data not shown), suggesting that they
are unique properties of HCC. The causes of these signatures remain
unknown, but skewed transcriptional strand biases in characteristic
sequence contexts strongly imply the presence of specific, previously
unexplored mutational processes, which profoundly influence tumor
genome constitution and behavior.

With 503 cases, this study is the largest liver cancer genome analysis
thus far, enabling the formation of a more thorough picture of the
mutational landscape of HCC than ever before. In addition to iden-
tifying a large number of significantly mutated genes, we have also
identified recurrent alterations of 9 of the 14 core genes making up the
SWI/SNF complex. We also find a combination of hotspot TERT pro-
moter and ATRX mutations, along with focal amplification and virus
genome integration in the TERT locus, in more than 68% of HCC
cases regardless of virus subtype. These findings show that TERT is a
central driver gene and a promising molecular target®® in HCC. The
targeting of high-prevalence mTOR-PIK3CA pathway activation and

antiproliferative activity in HCC cells by chemical inhibition should
also offer new therapeutic opportunities. In addition, newly identi-
fied alterations in the chromatin-remodeling complex and metabolic
enzymes are expected to be associated with cancer-specific epigenetic
and metabolomic features.

URLs. DNAcopy, http://www.bioconductor.org/packages/2.13/bioc/
html/DNAcopy.htmi; R software, http://www.R-project.org/; R survival
package, htip//CRAN.R-project.org/package=survival/; HGSC
Mercury analysis pipeline, hitps//www.hgsc.bem.edu/software/
mercury; GRCh38 human reference genome, htip://www.ncbinlm.nih,
goviprojects/genome/assembly/grc/human/; BWA2, http://bio-bwa.
sourceforge.net/; GATK4, http://www.broadinstitute.org/gatk/.

METHODS
Methods and any associated references are available in the ouline
version of the papern

Accession codes. Sequence data have been deposited in the European
Genome-phenome Archive (EGA) under accession EGASO0001000389,
the ICGC database (http://www.icgcorg/) and the database of
Genotypes and Phenotypes (dbGaP) under accession phst00509.

Note: Any Supplementary Information and Source Data files are available in the
osnline version of the paper.
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ONLINE METHODS

DNA preparation, DNA capture and sequencing. The tissues and clinical
information used in this study were obtained under informed consent and
approval of the institutional review boards of each institute. DNA was extracted
from liver cancer tissue and matched non-cancerous liver tissues or blood
using a general protocol for genome sequencing. Exome capture was carried
out using the SureSelect Human All Exon V3 or V4 plus kit depending on the
samples (Supplementary Table 28). Preparation of sequencing libraries, DNA
capture methods and Illumina sequencing were carried out as described in
the Supplementary Note.

Mutation calling. Mutation calling (National Cancer Center Research Institute).
Paired-end reads were aligned to the human reference genome (GRCh37)
using the Burrows-Wheeler Aligner (BWA) for both tumor and normal
samples. Probable PCR duplications, for which paired-end reads aligned to
the same genomic position, were removed, and pileup files were generated
using SAMtools?! and a program developed in house. Details on our filtering
conditions are provided in Supplementary Tables 29 and 30.

Mutation calling (Research Center for Advanced Science and Technology).
Next-generation sequencing reads were mapped to the human genome (hg19)
using BWA and Novoalign independently. Reads with a minimal editing dis-
tance to the reference genome were taken to represent optimal alignments.
Then, bam files were locally realigned with SRMA. Normal-tumor pair bam
files were processed using an in-house genotyper (karkinos), with the variants
further filtered to remove all variants observed fewer than four times or present
at an allele frequency of less than 0.12 after adjustment for tumor sample purity.
The variants also had to have a score of greater than Q20 (representing the root
mean square of mapping quality). In addition, reads harboring the variant had
to be observed in both forward and reverse orientation. If a variant was present
in reads of only one orientation, we checked for strand bias using a ¢ test com-
paring these reads to the reads without the variant, and variants with a P value
of <0.03 for strand bias were rejected. Variants also had to be called in different
sequence cycles and have at least one call that was outside of 3% of read ends.
Variants could not be located within 5 bp of an indel call, and variants where the
mean base quality of the supporting reads was lower than 10 on the Phred scale
were removed. Germline variants having an allelic frequency of greater than
0.1 were collected for 50 normal liver exome samples and used as the panel of
normal variants. Any variant that was observed in this panel with a population
frequency of greater than 2% was filtered out. Finally, variants also observed in
the paired normal sample with an allelic frequency of greater than 3% and sites
registered in dbSNP Build 134 with validated status were removed.

Mutation calling (Baylor College of Medicine). Initial sequence analysis was
performed using the Human Genome Sequencing Center (HGSC) Mercury
analysis pipeline. First, the primary analysis software on the instrument pro-
duced bdl files that were transferred off the instrument to the HGSC analysis
infrastructure by the HiSeq Real-Time Analysis module. Once each run was
complete and all bcl files were transferred, Mercury ran the vendor’s pri-
mary analysis software (CASAVA), which demultiplexed pooled samples and
generated sequence reads and base call confidence values (qualities). In the
next step, reads were mapped to the GRCh37 human reference genome using
BWA (BWA?2), producing a bam3 (binary alignment/map) file. The third step
involved quality recalibration (using GATK4) and, where necessary, the merg-
ing of bam files for separate sequence events into a single sample-level bam
file. Sorting of bam files, duplicate read marking and realignment to improve
indel discovery all occurred at this step.

Processing the significantly mutated genes. The significantly mutated genes
for this study were identified through three separate tests as described below
(an aggregated somatic alteration method, MutSigCV#? and an inactivation
bias method), and the resulting gene lists were combined in a final table of
significantly mutated genes (Supplementary Table 13).We also developed
two tests to detect bias in the mutation list that could be a source of artifact
(K.R.C,E.S,,L.A.D. and D.A.W,, unpublished data). One of these tests exam-
ined sequencing center bias, and the other examined bias in mutation allele
fraction, which if consistently low would suggest that a gene was a passenger
rather than a driver. Genes in the final combined table that failed these bias
tests were removed from the final list of significantly mutated genes. Data

from each process are shown in Supplementary Tables 7-12, and the steps
are shown schematically in Supplementary Figure 16.

Aggregated somatic alteration method. We identified significantly altered
genes by aggregating somatic substitutions, short indels, homozygous deletions
and focal amplifications. We initially estimated the expected number of each
alteration in each gene as follows.

First, the substitution rate was estimated by dividing the number of syn-
onymous mutations in a sample by the number of synonymous sites in the
genome. For each gene, the expected number of substitutions was calculated
by multiplying the substitution rate by the number of nonsynonymous sites
and splice sites in the gene. Because the substitution rate at CpG sites was
much higher than that in other regions, the substitution rates and expected
numbers of substitutions at CpG and non-CpG sites were estimated separately
using the following equation:

n
Mcg, XNog  Mycg, X N
N = 2( ¢ X Neg | Mg, NCG]

i\ ScexG Snee X G

where 1 is the number of samples, Mcg; is the number of synonymous muta-
tions at CpG sites in the ith sample, Mycg; is the number of synonymous
mutations in non-CpG sites in the ith sample, Scg is the number of synony-
mous sites at CpG sites in the genome, Sxcg is the number of synonymous
sites at non-CpG sites in the genome, N¢g is the number of nonsynonymous
sites and splice sites at CpG sites in a gene, Nycg is the number of nonsyn-
onymous sites and splice sites at non-CpG sites in a gene, C; is the fraction
of sequence coverage in the genome in the ith sample (usually the fraction
of coding regions that have more than 20x sequence depth for whole-exome
sequencing) and EN is the expected number of nonsynonymous and splice-
site substitutions in a gene.

Second, the coding indel rate was estimated by dividing the number of cod-
ing indels in a sample by the number of coding sites in the genome. For each
gene, the expected number was calculated by multiplying the coding indel rate
by the coding length of a gene as follows:

L xL
El= !
stCz'

i=1

where I; is the number of coding indels in the ith sample, S is the number of
coding sites in the genome, L is the coding length of the gene and EI is the
expected number of coding indels in a gene.

Third, as regions of focal amplification and homozygous deletion are much
broader than gene regions, the number of focal amplifications and homozygous
deletions affecting a gene in a sample is 0 or 1 and is not influenced by gene
length. Therefore, the expected number of these events is the same for all
genes. The expected numbers of focal amplifications and homozygous dele-
tions were estimated separately by dividing the total length of the focal amplifi-
cation or homozygous deletion region in a sample by the length of the genome
as follows:

n
EA= 4
= GXC;
i=1
n
D
ED= 2
ZGXCi

i=1
where A, is the total length of focal amplifications in the ith sample, D; is the
total length of homozygous deletions in the ith sample, G is the length of the
genome, EA is the expected number of focal amplifications in the gene and ED
is the expected number of homozygous deletions in the gene.

Fourth, the expected number of protein-altering mutations was calculated
by aggregating the expected numbers of nonsynonymous and splice-site sub-
stitutions in CpG and non-CpG sites, coding indels, focal amplifications and
homozygous deletions as follows:

E=EN+EI+EA+ED

where E is the expected number of protein-altering mutations in a gene.
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Fifth, tests of the significance of each gene were performed by assuming a
Poisson distribution of mutation number. Adjustment for multiple testing was
performed using the Benjamini-Hochberg method?.

Inactivation bias method. The number of missense mutations was compared
to the number of inactivating mutations (nonsense, frameshift and splice site)
using a x? test.

Analysis of sequencing center bias. Because multiple centers participated in
this study, we sought to control for the influence of differences in mutation
calling strategy, which might promote a gene to significance merely because of
a bias in the variant callers used. Many studies do not use multiple callers and
therefore have no way to control for these biases. For each gene with more than
five variants, we counted the number of subjects for whom the gene was called
for each center. These counts were compared to the total number of subjects
using the 2 test. The results of the analysis for center bias are presented in
Supplementary Table 11.

Analysis of subclone bias. Oncogenic driver events in a given tumor should
exhibit allele fractions that are roughly the same as the mean allele fraction
for the entire sample for any given subject. We separated oncogenic (driver)
events from recurrent passenger events by comparing the allele fraction of
mutations in candidate genes to the matched mean allele fraction of the sam-
ple, across all samples in the cohort. First, the mean somatic allele fraction
was calculated for each subject (AFs). Next, for each variant in each gene, the
allele fraction for the variant (AFg) was compared to the AFs in the respec-
tive subject. We calculated the fraction of events where AFg was less than AFs
and generated a P value using a one-sided pairwise Wilcoxon test where the
alternative hypothesis was that AFg was less than AFs (always with respect
to the relevant subject). The histogram of all allele fraction biases
(sum(AFg < AFs)/n, where n is variant count) is shown in Supplementary
Figure 30. Selected significantly mutated genes are plotted individually to
show how known drivers are distributed by this test. Note that several tumor-
suppressor genes exhibited enrichment above the average allele fractions
(for example, RBI and TP53). In these cases, the genes were typically both
mutated and underwent loss of heterozygosity (LOH) for the wild-type allele.
The results of subclone bias testing for all genes with more than five mutations
are presented in Supplementary Table 12.

Copy number analysis, tumor purity and adjustment of mutated allele
frequency. Initial copy number estimates were obtained by comparing read
depth information for tumor and normal samples using VarScan2 (ref. 43).
Depth estimates were then segmented using circular binary segmentation
(CBS) as implemented in the DNAcopy package in R*. We used the JISTIC*
program to generate a combined copy number matrix file. The VCRome2.1
probe locations were used as marker positions for copy number analysis. We
then used JISTIC to calculate the significance for copy number gains and
losses. Focal amplification at the TERT locus was determined using the average
read depth of each captured target region.

Evaluation of tumor ploidy and purity. Using bam files from normal and
tumor samples, read depth was calculated for each captured target region.
After normalization by the number of total reads and GC content using regres-
sion analysis, the tumor/normal depth ratio was calculated, and values were
smoothed using the moving average. Copy number peaks were then estimated
using wavelet analysis, and each peak was approximated using Gaussian models.
Hidden Markov models (HMMs) with the calculated Gaussian peaks were
constructed, and copy number peaks were linked to genomic regions. The
allelic imbalance for each copy number peak was calculated on the basis of
heterozygous SNPs within the assigned region, and imbalance information
and peak distances were further analyzed by model fitting where the optimal
solution for a copy number peak was determined using vector matching, yield-
ing estimated copy number and tumor purity and ploidy data simultaneously.
Detailed algorithms will be described elsewhere (H.U,, S.Y,, K.T. and H.A.,
unpublished data).

HBV integration analysis. HBV integration detection. Viral genomes
NC_001436) were downloaded from NCBI and included ir;the reference files
when reads were mapped by BWA. No read was mapped to a virus other
than HBV. To achieve more precise HBV mapping, we mapped all reads to

the HBV reference sequence using the g-gram and Smith-Waterman method.
An 11-mer g-gram was first applied to both strands of the HBV reference, and
reads with 15 or more hits were subjected to Smith-Waterman alignment. The
other end of each read was mapped to the hg19 human sequence using BWA.
Finally, HBV integration sites were clustered by genomic position with a win-
dow size of 300 bp (approximately equal to the library fragment size), and sites
with more than three supporting reads were used in the analysis.

Randomization test of HBV integration and copy number breakpoints. The
7,891 copy number breakpoints and 1,039 HBV integration sites were detected
in 70 HBV-positive samples. Coexistence of the copy number breakpoints and
HBYV integration sites was examined using a 500-kb window size. To show
statistical significance, we performed a randomization test by switching the
position of the HBV integration sites to the same number of integration sites
observed in the normal sample of other cases. We repeated this switching
100,000 times to yield distributions and estimated the P value.

Verification of single-nucleotide variation. We validated our mutation calls
for frequently mutated genes (Supplementary Table 31) by resequencing sam-
ples using the Ion Proton sequencer (Life Technologies). Details are provided
in the Supplementary Note.

Sanger sequencing of the TERT promoter. Bidirectional sequencing of
the TERT promoter region was completed for 519 HCC samples. PCR runs
were set up using 20 ng of genomic DNA, 10 pM manually designed prim-
ers (Supplementary Table 32) and KAPA HiFi DNA polymerase (Kapa
Biosystems, KK2612). Touchdown PCR was performed with the following
parameters: an initial denaturation at 98 °C for 5 min followed by 10 cycles
of 98 °C for 30 s, 72 °C for 30 s and 72 °C for 1 min (decreasing the annealing
temperature by 1 °C per cycle). The reaction then continued with 30 cycles of
98 °C for 30 s, 63 °C for 30 s and 72 °C for 1 min followed by a final extension
at 72 °C for 5 min. The PCR products were purified with a 1:15 dilution of
Exo-SAP, diluted by 0.6x and cycle sequenced for 25 cycles using a 1:64
dilution of BigDye Terminator v3.1 reaction mix (Applied Biosystems,
4337456). Finally, reactions were precipitated with ethanol, resuspended in
0.1 mM EDTA and analyzed on ABI 3730xl sequencing instruments using
the Rapid36 run module and 3xx base-caller. SNPs were identified using SNP
Detector software and were validated visually with Consed.

Analysis of mutation patterns and signatures. Mutation patterns for cases
with hypermutation and IHCC cases were distinct from those for HCC cases
(Supplementary Figs. 4 and 21), and cases with a small number of mutations
cannot accurately represent the frequency of mutational patterns; therefore,
cases with hypermutation, IHCC cases and cases with fewer than 40 mutations
were excluded from further mutation pattern analysis.

The number of each of 96 possible somatic substitution types, C>A/G>T,
C>G/G>C, C>T/G>A, T>A/A>T, T>C/A>G and T>G/A>C with the bases
immediately 5" and 3’ to each substitution in coding regions, was counted for
each sample. The frequency of each of these substitutions was determined by
dividing each count by the total number of substitutions, and the resulting
frequencies were used for principal-component analysis. Principal-component
analysis was implemented using the R command prcomp with the scaling
option on. We used Wilks’ A test to evaluate the significance of the mean
vector differences in different populations. We applied NMF to the
96-substitution pattern using published software!3, running 1,000 iterations
of NMF with each NMF run iterated until convergence was achieved (10,000
iterations without change) or until the maximum number of 1,000,000 itera-
tions was reached. We used another published software package* for model
selection in NMF (selecting the input number of mutational signatures).
Details on model selection for our NMF analysis are provided in the
Supplementary Note and Supplementary Figures 31-35.

Pathway analysis. We used gene sets from MsigDB C2.all as pathway data
sets. To assign P values representing the enrichment of mutations in pathways,
we first checked whether a gene had at least one non-silent mutation or over-
lapped with focal CNAs for each sample in a given pathway (gene set). If so, we
referred to such a gene as a ‘mutated gene’ for a sample. We then computed a
population frequency for pathways with at least one mutated gene in the given
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pathway and divided the frequency by the total length of the unioned exons
of all genes in the pathway to correct for the greater number of mutations in
longer genes. This quotient was used as a test statistic. We used a bootstrapping
approach to calculate P values. In the bootstrapping approach, we randomly
selected as many genes as in the given pathway from all genes in the genome
and then calculated the statistic. We repeated this sampling 2,000 times, cal-
culating a fraction corresponding to the number of sampling results in which
a statistic value was greater than or equal to the value in the observed data.
This fraction was used as a P value.

To find intensively mutated gene modules in liver cancer tissue using the
identified significantly mutated gene sets from MsigDB analysis, we used
Pathway Commons!® data for the whole unbiased human gene network and
integrated the gene sets into this network. All pairs of gene relationships were
weighted by how many mutated genes were shared by the two genes (shared
ratio). These gene relationships constituted the gene network. The whole
network was split into one large connected network and some isolated small
networks. To extract gene modules, we recursively eliminated edges with low
shared ratio values and distinguished into the smaller modules. Although
the recursive edge elimination procedure gradually clarifies tightly connected
gene modules, gene modules were rarely isolated from the whole network.
Using this compression process and some additional manual curation, we
finally selected ten representative modules that were intensively mutated in
liver cancer tissues. We took essentially the same approach as described above
to calculate P values for mutation enrichment and mutual exclusivity for a gene
pair or combination of modules. For mutation enrichment, we used all genes in

a pair of modules. For mutual exclusivity, if a module had at least one mutated
gene, we referred to such a module as an ‘impaired module’ and computed a
frequency of impaired modules for each sample.

Outcome analysis from non-negative matrix factorization signatures. NMF
signature values were merged with annotated clinical data for our cohort. We
performed calculations using standardized signature values to control for dif-
ferences in mutational rate among the subjects. For the standardized data, the
contributions of each signature within a subject summed to 1. We performed
Cox proportional hazards analysis®* using the R* survival package, factoring
in all three signature components (signature A, signature B and signature C),
age at diagnosis and histological tumor grade.
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Cytochrome c oxidase (CcO) is the only enzyme that uses oxygen
to produce a proton gradient for ATP production during mitochon-
drial oxidative phosphorylation. Although CcO activity increases in
response to hypoxia, the underlying regulatory mechanism remains
elusive. By screening for hypoxia-inducible genes in cardiomyocytes,
we identified hypoxia inducible domain family, member 1A (Higd1a)
as a positive regulator of CcO. Recombinant Higd1a directly inte-
grated into highly purified CcO and increased its activity. Resonance
Raman analysis revealed that Higdla caused structural changes
around heme a, the active center that drives the proton pump.
Using a mitochondria-targeted ATP biosensor, we showed that
knockdown of endogenous Higd1la reduced oxygen consumption
and subsequent mitochondrial ATP synthesis, leading to increased
cell death in response to hypoxia; all of these phenotypes were
rescued by exogenous Higd1ia. These results suggest that Higd1la
is a previously unidentified regulatory component of CcO, and rep-
resents a therapeutic target for diseases associated with reduced
CcO activity.

cytochrome ¢ oxidase | oxidative phosphorylation | resonance Raman
spectroscopy | ATP | oxygen

ytochrome ¢ oxidase (CcO) (ferrocytochrome c: oxygen ox-

idoreductase, EC 1. 9. 3. 1) is the terminal component of the
mitochondrial electron transfer system. CcO couples the oxygen-
reducing reaction with the process of proton pumping. Aerobic
organisms use this reaction to form a proton gradient across the
mitochondrial inner membrane, which is ultimately used by the
F,F1-ATP synthase to produce ATP.

Mammalian CcO is composed of 13 different subunits (1)
containing four redox-active metal centers, two copper sites, and
two heme a groups. These active centers accept electrons from
cytochrome ¢ and sequentially donate them to dioxygen. Our
group and others have extensively analyzed the link between the
oxygen reduction process and proton pumping at the active
centers using crystallography, resonance Raman spectroscopy,
and Fourier transform infrared spectroscopy (2-4). The metal
ions in the copper sites and heme groups in the active centers are
individually coordinated by the surrounding amino acids. We
have shown that changes in the redox state cause 3D structural
changes around the active centers, which in turn leads to alter-
ation of the proton pump mediated by specific amino acid chains
that coordinate each metal group (5). Thus, binding of an allo-
steric regulator close to the active centers might change the ef-
ficiency of both electron transfer to oxygen and proton pumping.

Several proteins involved in oxygen supply or metabolism are
transcriptionally regulated by intracellular oxygen concentration:
vascular endothelial growth factor (VEGF) (6), erythropoietin
(EPO) (7), and GO0/G1 switch gene 2 (G0s2) for F F;-ATP synthase,

www.pnas.org/cgi/doi/10.1073/pnas. 1419767112

as we recently revealed (8). Because CcO is the only enzyme in
the body that can use oxygen for energy transduction, it has been
suggested that the regulatory mechanism of CcO is dependent on
oxygen concentration (9-12); however, this has yet to be dem-
onstrated. In this study, we aimed to identify a regulator of CcO
driven by low oxygen concentration.

In this study, by screening for hypoxia-inducible genes, we
discovered that hypoxia inducible domain family, member 1A
(Higdla) is a positive regulator of CcO. Furthermore, using our
recently established ATP-sensitive fluorescence resonance en-
ergy transfer (FRET) probe, we demonstrated that Higdla in-
creased mitochondrial ATP production. We also showed that
Higdla directly bound CcO and changed the structure of its
active center.

Results

Higd1a Expression Is Induced Early in the Response to Hypoxia.
During the first few hours of hypoxia, CcO and oxidative phos-
phorylation (OXPHOS) activity is activated, presumably to fully
use any remaining oxygen (12). At later time points, metabolism
shifts toward glycolysis. Therefore, we hypothesized that a positive
regulator of CcO must be up-regulated during an early stage of
hypoxia, but down-regulated when glycolysis-related genes be-
come elevated. To identify early hypoxia responsive genes that
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might regulate CcO activity, we analyzed gene-expression profiles
of neonatal rat cardiomyocytes, one of the most mitochondria-rich
cell types, exposed to hypoxic conditions (1% oxygen for 0, 4, or
12 h). Focusing on the genes whose expression was induced more
than two-fold at 4 h relative to the prestimulation stage, but then
decreased by 12 h, we identified three genes (Fig. 14 and Fig. S14
and B). Next, we prioritized genes that were () well conserved
among eukaryotes and (i) listed in MitoCarta (13); only one gene,
Higdla, satisfied both criteria. To analyze the endogenous ex-
pression levels of Higdla in rat cardiomyocytes, we raised a spe-
cific antibody against Higd1a and confirmed its specificity (Fig. S2
A and B). In cardiomyocytes exposed to hypoxia, Higdla protein
levels increased gradually from O to 12 h and then decreased by
24 h (Fig. 1B). Immunofluorescence revealed that both endogenous
and exogenous Higdla localized in the mitochondria (Fig. S2C).

Higd1a Directly Integrates into the CcO Macromolecular Complex.
Because Rcfla, the yeast homolog of Higdla, associates with
CcO (9-11), we first tested whether mammalian Higdla binds to
CcO in vivo. Indeed, endogenous binding between Higdla and CcO
in rat cardiomyocytes was confirmed by immunocapture with
an anti-Higdla antibody (Fig. S34) and verified by reciprocal
coimmunoprecipitation with an anti-Cox4 antibody (Fig. S3B).
This in vivo interaction was further validated by blue native
PAGE (BN-PAGE) of mitochondrial fractions from rat car-
diomyocytes (Fig. S3C).

Because preparation of the CcO macromolecular complex,
which consists of 13 subunits, is technically demanding, it has
remained unclear whether Refla/Higdla binding to CcO is di-
rect. To address this issue, we performed an in vitro pull-down
assay using highly purified bovine CcO (hpCcO), which we
prepared by dissolving microcrystals used for X-ray structural
analysis (14). Notably, recombinant maltose binding protein-
fused bovine Higdla (MBP-Higdla) (Fig. S4) directly associated
with hpCcO (Fig. 1C). Furthermore, to assess macromolecular
complex formation, we performed BN-PAGE followed by im-
munoblotting with an antibody against Higdla, demonstrating
that recombinant Higdla indeed integrated into hpCcO (Fig.
1D). With these results, we conclude that Higdla directly asso-
ciates and integrates into the CcO macromolecular complex.

Higd1a Causes Structural Changes in CcO and Influences the Active
Center of Heme a. To explore the relevance of the interaction
between Higdla and CcO, we investigated whether recombi-
nant Higdla affects hpCcO enzymatic activity. Strikingly, direct

addition of MBP-Higdla to hpCcO significantly increased CcO
activity to twice that of hpCcO alone or hpCcO mixed with MBP
(Fig. 24). This significant increase in hpCcO activity stimulated
by Higdla led us to speculate that Higdla causes a structural
change at the active centers of CcO.

Therefore, we next investigated whether Higdla changes the
intensity of the visible part of the absorption spectrum of oxi-
dized CcO. MBP alone, used as a negative control, did not cause
a significant change in the absorption spectra (Fig. S5). By
contrast, MBP-Higdla caused significant spectral changes at 413
nm and 432 nm (Fig. 2B), wavelengths that reflect conforma-
tional changes around the hemes in oxidized CcO (15).

To obtain further structural insights, we performed resonance
Raman spectroscopy, a powerful and sensitive method for detect-
ing kinetic structural changes that cannot be assessed by X-ray
crystal structural analysis. Fig. 2C depicts the resonance Raman
spectra of CcO with and without MBP-Higdla, focusing on the
heme structure by using 413 nm excitation. The resonance Raman
band at 1,372 em™ in (a: hpCcO) and (b: hpCcO + Higdla) is
assignable to the v, mode of heme and is indicative of ferric heme.
After the addition of recombinant Higdla, the resonance Raman
spectra demonstrated two sets of different peaks (or band shifts) at
1,562/1,592 cm™t (the v, mode; a marker for the spin state of
heme) (16) and 1,673/1,644 cm™ (the vy — o mode of the formyl
group of heme a) (17). Importantly, the frequency shift of the band
at 1,592 cm™ to 1,562 cm ! is attributable to partial conversion of
heme from a low-spin to a high-spin state. In oxidized CcO, only
heme a includes low-spin iron; therefore, heme a, but not heme a3,
is responsible for the band shift (16). These data suggest that the
binding of Higla to CcO caused structural changes at heme a, the
active center of CcO.

Higd1a Positively Regulates CcO Activity and Subsequent Mitochondrial
OXPHOS. Next, we investigated whether Higdla truly regulates CcO
activity in vivo. To this end, we assessed biochemical CcO activity in
rat cardiomyocytes with modified expression of Higdla. Notably, we
observed a significant decrease in CcO activity in Higdla knock-
down cells. This effect was rescued by overexpression of Higdla,
eliminating the possibility of off-target effects in the RNAI experi-
ment (Fig. 34, Leff). Moreover, overexpression of Higdla alone
increased the basal CcO activity (Fig. 34, Right). These data suggest
that Higdla is an endogenous and positive regulator of CcO.

To assess the effect of Higdla on cellular respiration, we
continuously measured the oxygen consumption rate (OCR)
using a XF96 Extracellular Flux Analyzer (Seahorse Bioscience).
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Fig. 1. Hypoxia-inducible Higd1a directly binds to highly purified cytochrome c oxidase (hpCcO). (A) Heat map of three genes (Upper) identified as relatively
rapid and transiently induced in response to hypoxia in rat neonatal cardiomyocytes, compared with genes known to be hypoxia inducible (Pfkl, Hk2, Hmox1,
and Vegfa) (Lower). (B) Expression of the Higd1a protein was elevated in response to hypoxia. (C) In vitro pull-down assay with amylose resin revealed direct
binding between MBP-Higd1a and the hpCcO from bovine heart. Loading controls for the hpCcO and MBP-fusion proteins are shown in immunoblots for anti-CcO
subunits and CBB staining, respectively. (D) MBP-Higd1a directly integrates into hpCcO. Mixed MBP-fusion proteins and hpCcO containing 0.2% n-decyl-B-p-
maltoside (DM) were resolved by blue native PAGE (BN-PAGE), followed by immunoblotting with anti-Cox4 to detect CcO and anti-Higd1a to detect Higd1a.
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Fig. 2. Higdla regulates CcO activity through the structural change of the
active center in CcO. (4) CcO activity of hpCcO and hpCcO with either
recombinant MBP or recombinant MBP-Higd1a. MBP-Higd1a causes an increase
in CcO activity by almost twofold. Data represent the means + SEM of five in-
dividual experiments. **P < 0.01, compared with MBP. (B) The difference in
absorption spectra between MBP-Higd1a and oxidized hpCcO. MBP-Higd1a
caused spectral changes at 413 and 432 nm. Intensity changes of oxidized hpCcO
spectra are plotted at 1 min (red), 5 min (brown), 10 min (dark yellow), 15 min
(green), 20 min (light blue), 25 min (blue), and 30 min (purple) after adding MPB-
Higd1a. (C) Resonance Raman spectra of oxidized hpCcO at 0-5 min [spectrum
(a)] and oxidized hpCcO mixed with MBP-Higd1a at 0-5 min [spectrum (b)]. The
Inset shows the difference of the spectra [(b) — (a)].

Knockdown of Higdla caused a significant decrease in both
basal (Fig. 564, Left) and maximum OCR, and these effects were
rescued by exogenous expression of Higdla (Fig. 3B, Left).
Moreover, overexpression of Higdla significantly increased both
basal and maximum OCR (Fig. S64, Right and Fig. 3B, Right).

Because the electron transport chain creates a proton gradient
that drives F,F;-ATP synthase (complex V), ATP production is
the overall outcome of mitochondrial OXPHOS. To determine
whether modulation of CcO activity by Higdla affects ATP
production, we performed the mitochondrial activity of strepto-
lysin O permeabilized cells (MASC) assay, a sensitive means of
measuring the mitochondrial ATP production rate in semi-intact
cells (18). Indeed, Higdla knockdown caused a significant de-
crease in the ATP production rate relative to the control (Fig.
3C), whereas overexpression of Higdla increased it (Fig. 3D).
These results suggest that Higdla modulates mitochondrial
OXPHOS through CcO.

Higd1a Protects Cardiomyocytes Under Hypoxic Conditions by
Increasing ATP Production. We reasoned that endogenous in-
duction of Higdla by hypoxia serves to maintain ATP production in
mitochondria to the greatest extent possible when oxygen supply
is limited. The intramitochondrial matrix ATP concentration
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([ATP]mito) reflects mitochondrial ATP production far more sen-
sitively than the cytosolic ATP concentration (8). Therefore, we
next assessed the effect of Higdla on ATP production in living cells
using the FRET-based mitochondrial ATP biosensor Mit-ATeam
(19). First, we examined the effect of KCN, an inhibitor of CcO.
KCN significantly reduced the [ATP]ny (Fig. S7), suggesting that
Mit-ATeam provides an effective means to monitor the functional
consequences of changes in CcO activity. We then confirmed that
hypoxia caused a gradual decline in [ATP]n,. Overexpression of
Higdla alleviated the decline in [ATP]; during hypoxia, whereas
knockdown of Higdla accelerated the decrease in [ATP] o rela-
tive to the control (Fig. 44).

The yeast homolog Rcfl plays a role in respiratory super-
complex stability, and the same is true for Higd2a, but not Higdla
(11). We investigated whether Higdla affects respiratory super-
complex stability Higdla-knockdown or -overexpressing cells. As
shown in Fig. S8, there was no significant change in the abundance
or composition of the respiratory supercomplex, suggesting that the
effect of Higdla described above is not a result of changes in
supercomplex stability.

Finally, to test whether the effects of Higdla on mitochondrial
ATP synthesis affected overall cell viability, we analyzed the viability
of cardiomyocytes subjected to hypoxia. Under hypoxic conditions,
Higdla-knockdown cells showed a significant increase in cell death,
and this effect was rescued by exogenous expression of Higdla (Fig.
4B and Fig. S94). In addition, overexpression of Higdla alone
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Fig. 3. Higd1a positively modulates mitochondrial respiration by altering CcO
activity. (4, Left) Mitochondrial fraction from rat cardiomyocytes expressing
shLacZ (shLz), shHigd1a (shHig), or both shHig and adHigdla (adHig) were
subjected to the CcO activity assay. (Right) CcO activity was measured in car-
diomyocytes treated with either adlacZ (adlZ) or adHig. Data represent the
means of four individual experiments. (B, Leff) The maximum oxygen con-
sumption rate (max OCR) in rat cardiomyocytes transfected with the indicated
adenovirus was measured after treatment with oligomycin A and fluorocarbonyl
cyanide phenylhydrazone (FCCP). Knockdown of Higd1a resulted in a significant
decrease in max OCR, which was rescued by exogenously expressed Higd1a.
(Right) Overexpression of Higdla significantly increased max OCR compared
with the cells with adLZ (n = 20 for each group). (C) The relative ATP production
rate of cardiomyocytes treated with shLZ or shHig was measured by the MASC
assay (n = 6). A numerical value of ATP production at 10 min in shLZ groups is
regarded as 1.0. (D) The relative ATP production rate of cardiomyocytes treated
with adlLZ or adHig was measured by MASC assay (n = 5). A numerical value of
ATP production at 10 min in adLZ groups is regarded as 1.0. Data represent the
means + SEM; *P < 0.05, **P < 0.01.
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(A) Representative sequential YFP/CFP ratiometric images of Mit-ATeam fluorescence in cardiomyocytes expressing corresponding adenovirus during

hypoxia (n = 12 for adLZ, n = 23 for shHig, n = 18 for adHig). All of the measurements were normalized to the ratio at time 0 and compared between adlLZ and
adHig or shHig. (Scale bar, 20 pm.) (B) Cell death of cardiomyocytes treated with shHig was significantly increased compared with the control, which was
rescued by addition of adHig under hypoxic conditions for 24 h (n = 12 for each group). Data represent the means of three independent cultures, + SEM;

*P < 0.05, **P < 0.01, compared with control (adLZ or shLZ).

increased cellular tolerance to hypoxia (Fig. S98). On the basis of
these findings, we conclude that Higdla positively regulates CcO
activity and subsequently increases mitochondrial ATP production,
thereby protecting cardiomyocytes against hypoxia.

Discussion

In this study, we demonstrated that recombinant Higdla pro-
duced in Escherichia coli was incorporated into CcO complex
purified from bovine heart. The data suggest that Higd1a directly
bound to the already assembled CcO complex and increased its
activity. Together with the fact that Higdla expression was rap-
idly increased by hypoxia, this observation indicated that Higdla
is a positive regulator of CcO that preserves the proton-motive
force under hypoxic cellular stress. Physiologically, Higdla pre-
served ATP production in healthy cardiomyocytes under hypoxic
conditions, which protected them from an energy crisis leading
to cell death.

We demonstrated that Higdla incorporated into the CcO
complex and increased its activity. It remains unclear which part
of CcO is essential for this change. Higdla binding may affect the
interaction of cytochrome ¢ with CcO, modulate internal elec-
tron/proton transfer, or modify K4/K;, for O, binding to Cug/
heme a3. In fact, the resonance Raman spectroscopy experiment
provided us with a clue to this question. First, we discovered that
Higdla markedly shifted the maximum Soret peak around 413
nm absorption, suggesting the occurrence of structural changes
in heme that are usually observed during the reduction and ox-
idation process of CcO. This shift in absorbance prompted us to
perform resonance Raman analysis at 413 nm excitation, a pow-
erful tool for investigating the structure of heme and its vicinity.
Higdla induced a frequency shift of the band at 1,592 cm™ to
1,562 cm™ and 1,673/1,644 em™Y; the former frequency is at-
tributed to partial conversion of heme from a low-spin to a high-
spin state. In oxidized CcO, only heme a includes low-spin iron
(16); therefore, heme a, but not heme a3, is responsible for this
band shift.

X-ray structural and mutational analyses for bovine heart
CcO have demonstrated that protons are pumped through the
hydrogen-bond network across the CcO molecule, designated
the H pathway, located near heme a (20). The driving force for
active proton transport is electrostatic repulsion between the
proton in the hydrogen-bond network and the net positive charge
of heme a. One of the critical sites for repulsion is the formyl
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group of heme g, which is hydrogen bonded to Arg38 of the CcO
subunit I (21). In our study, resonance Raman spectroscopy
revealed specific band shifts from 1,644 cm™! to 1,673 em™,
which can be attributed to the vibration of the formyl group of
heme a. This observation suggests that Higdla binding causes
structural changes, particularly around heme a, weakening the
hydrogen bond between the formyl group and Arg38 of the CcO
subunit I, thereby leading to the acceleration of proton pumping
efficiency (22). Thus, both band shifts suggest that structural
change occurs in the vicinity of heme a rather than as.
Following the resonance Raman analysis, we sought to determine
the Higd1la-CcO binding site via simulation with the COOT soft-
ware (23), using the previously reported structures of CcO (14) and
Higdla (24). From our structural analysis, CcO contains a cleft
composed of relatively few protein subunits near the active centers
(Fig. S104). Notably, Higdla was predicted to integrate into the
cleft of CcO near heme @ and Arg38 (Fig. S10), consistent with the

Higdta

Fig. 5. Higd1a acts on the H pathway. Model depicting our docking simu-
lation (side view) and its relationship with the H pathway. The model shows
the location of Higd1a (magenta) in the CcO complex (white) and its re-
lationship to R38 of cytochrome ¢ oxidase subunit | and the formyl group of
heme a, a component of the H pathway (red arrow).
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results of the resonance Raman analysis. Thus, it is likely that
Higdla bound to the cleft of CcO, leading to swift structural change
around heme a and Arg38 and accelerating the proton-pumping H
pathway, thereby increasing CcO activity (Fig. 5). Furthermore,
when we retrospectively reviewed the purification process of the
CcO complex, comprising 13 subunits from the bovine heart, we
found that Higdla remained associated with CcO up to the final
step, which required detergent exchange (14). This led us to spec-
ulate that Higdla represents a 14th identified subunit of CcO that is
endogenously induced by hypoxia and integrates into the open cleft
of CcO to positively regulate its activity. Although the resonance
Raman data and docking model simulation are consistent with the
idea that Higdla binding causes structural change around heme a,
these data are limited because of their speculative nature. There-
fore, to confirm these findings, we are currently trying to crystallize
the CcO-Higdla complex to reveal the conformational changes of
CcO, particularly around the heme a site.

Higdla was originally identified as a mitochondrial inner
membrane protein whose expression is induced by hypoxia (25).
Higdla augments cell survival under hypoxic stress in pancreatic
cells (26), and it exerts its protective effect by induction of mi-
tochondrial fission (27). The precise relationship between these
reports and our data is not clear. However, our results suggest
that the elevation of CcO activity by Higdla preserves the pro-
ton-motive force, which is prerequisite for mitochondria func-
tion, thereby leading to increased mitochondrial fission and/or
the prevention of apoptosis.

The existence of a direct CcO allosteric activator suggests that
there is a structural basis for the intrinsic activation in the CcO
complex. To explore this idea further, a screen for small com-
pounds that simply increase the activity of highly purified CcO in
vitro has been initiated. Compounds that mimic the effect of
Higdla can preserve ATP production even under hypoxic con-
dition, and hence are expected to exert cellular protective effects
particularly when OXPHOS activity is reduced. Recent work
showed that lowering the activity of OXPHOS causes the cellular
senescence (28), diabetes mellitus (29), and neurodegenerative
diseases (30). In addition, several currently intractable mito-
chondrial diseases are caused by mutations in mitochondrial
genes or nuclear genes that lead to dysfunction in mitochondrial
OXPHOS. Notably, decreased CcO activity is most frequently
observed among patients with mitochondrial diseases (31).
Therefore, small compounds that mimic the effect of Higdla will
have therapeutic potential for various acute and chronic diseases
including ischemic, metabolic, and mitochondrial diseases.

Materials and Methods

Purification of Recombinant Higd1a Protein. The full-length bovine Higd7a
cDNA was purchased from GE Healthcare. Then the coding sequence of
bovine Higd7a was cloned in-frame with an ATG start codon, in the pET21a
expression vector (Novagen for overexpression in E. coli). A MBP was fused
in-frame at the amino terminus for purification. The resulting plasmid was
transformed into BL21-Star (DE3; Invitrogen), and the addition of 0.5 mM
isopropyl B-p-1-thiogalactopyranoside caused the expression of MBP-Higd1a
protein. The cells were sonicated and solubilized by 1% n-decyl-p-b-maito-
side (DM). The recombinant protein was purified with amylose resin (New
England Biolabs), and eluted by 20 mM maltose (pH 6.8 or 8.0, 100 mM
sodium phosphate buffer containing 0.2% DM). The eluted protein was
concentrated and maltose removed using Amicon Ultra-0.5 10K (Millipore).

Resonance Raman Spectroscopy. Absorption spectra of the samples were
measured by a spectrophotometer (Hitachi, U3310) with the path length of
2 mm in 100 mM sodium phosphate buffer (pH 8.0) containing 0.2% DM. The

1. Tsukihara T, et al. (1996) The whole structure of the 13-subunit oxidized cytochrome
c oxidase at 2.8 A, Science 272(5265):1136-1144.

2. Morgan JE, Vakkasoglu AS, Lanyi JK, Gennis RB, Maeda A (2010) Coordinating the
structural rearrangements associated with unidirectional proton transfer in the bac-
teriorhodopsin photocycle induced by deprotonation of the proton-release group:
A time-resolved difference FTIR spectroscopic study. Biochemistry 49(15):3273-3281.

Hayashi et al.

reaction mixture was measured immediately and spectra were recorded every
5 min for 30 min. The protein concentration was 8 uM.

Raman scattering of the samples were measured in a cylindrical spinning
cell with excitation at 413.1 nm with a Kr* laser (Spectra Physics, model 2060),
and the incident power was 500 pW. The detector was a liquid Ny-cooled
CCD detector (Roper Scientific, Spec-10: 400B/LN). Raman shifts were cali-
brated with indene as the frequency standard. Raman spectrum was divided
by the “white light” spectrum that was determined by measuring the scat-
tered radiation of an incandescent lamp by a white paper to compensate for
the sensitivity difference of each CCD pixel and transmission curve of the
notch filter to reject Rayleigh scattering. The accuracy of the peak position
of well-defined Raman bands was +1 cm™', The protein concentration
was 20 pM, and the reaction mixture was incubated for 30 min, before
Raman measurements. :

Measurement of CcO Activity. CcO activity was measured spectrophotomet-
rically (Shimazu, UV-2450) using a cytochrome ¢ oxidase activity kit (Bio-
chain). A total of 25 pg of mitochondrial pellets from cardiomyocytes was
lysed with 1% n-dodecyl-p-b-maltoside (DDM), and subjected to measure-
ment according to the manufacturer’s instructions (32). Concentrations of
reduced/oxidized cytochrome ¢ were determined using the extinction co-
efficient at 550 nm of 21.84 mM~'cm™. For in vitro measurement, cyto-
chrome c (Sigma) was reduced by ascorbic acid (Wako). Recombinant MBP-
Higd1a (20 M) and hpCcO (20 pM) were incubated at 25 °C for 30 min in the
presence of 0.2% DM. After incubation, the mixture and reduced cyto-
chrome ¢ were added into the assay buffer, then subjected to measurement
at 30 °C (Agilent Technologies, cary300). Slopes of ODsso for 1 min were
calculated and corrected by a value of hpCcO.

FRET-Based Measurement of Mitochondrial ATP Concentration. FRET-based
measurement of mitochondrial ATP concentration in cardiomyocytes was
measured as previously described (8, 33). Briefly, FRET signal was measured
in cardiomyocytes infected with adenovirus encoding mit-AT1.03 with an
Olympus IX-81 inverted fluorescence microscope (Olympus) using a PL APO
60x%, 1.35 N.A., oil immersion objective lens (Olympus). Fluorescence emission

from Mit-ATeam was imaged by using a dual cooled CCD camera (ORCA-D2;

Hamamatsu Photonics) with a dichroic mirror (510 nm) and two emission
filters (483/32 nm for CFP and 542/27 nm for YFP; A11400-03; Hamamatsu
Photonics). Cells were illuminated using the CoolLED pE-1 excitation system
(CoolLED) with a wavelength of 425 nm. Image analysis was performed
using MetaMorph (Molecular Devices). The YFP/CFP emission ratio was cal-
culated by dividing pixel by pixel (a YFP image with a CFP image after
background subtraction).

Statistical Analyses. The comparison between two groups was made by t test
(two tailed). For MASC assay, comparison was made by repeated two-way
ANOVA. A value of P < 0.05 was considered statistically significant. Data
represent mean + SEM.

Further methods are found in S/ Materials and Methods.
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Complement Clg-induced activation of B-catenin
signalling causes hypertensive arterial remodelling
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Hypertension induces structural remodelling of arteries, which leads to arteriosclerosis and
end-organ damage. Hyperplasia of vascular smooth muscle cells (VSMCs) and infiltration of
immune cells are the hallmark of hypertensive arterial remodelling. However, the precise
molecular mechanisms of arterial remodelling remain elusive. We have recently reported that
complement Clqg activates B-catenin signalling independent of Wnts. Here, we show a critical
role of complement Cl-induced activation of B-catenin signalling in hypertensive arterial
remodelling. Activation of B-catenin and proliferation of VSMCs were observed after
blood-pressure elevation, which were prevented by genetic and chemical inhibition of
B-catenin signalling. Macrophage depletion and Clga gene deletion attenuated the hyper-
tension-induced PB-catenin signalling, proliferation of VSMCs and pathological arterial
remodelling. Our findings unveil the link between complement C1 and arterial remodelling and
suggest that Cl-induced activation of B-catenin signalling becomes a novel therapeutic target
to prevent arteriosclerosis in patients with hypertension.
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i ypertension, as the leading risk factor for various
cardiovascular diseases, caused 9.4 million deaths in
2010 (ref. 1). In 2000, nearly one billion people have
hypertension worldwide, and that number is estimated to increase
to 1.5 billion by 2025 (ref. 2). One direct physiological
consequence of blood-pressure elevation is the structural
remodelling of the arteries. Prolonged high blood pressure
causes arterial degeneration due to lack of capability of
optimized remodelling, leading to pathological conditions
such as arteriosclerosis and end-organ damage>*. Hypertrophy/
hyperplasia of vascular smooth muscle cells (VSMCs) and
infiltration of inflammatory cells are the characteristics of
pathological arterial remodelling®. A variety of humoral
factors such as growth factors, proteases and cytokines, secreted
by infiltrated immune cells, have been reported to be involved in
VSMC proliferation®’, however, precise molecular and cellular
mechanisms of how hypertensive arterial remodelling is
developed remain elusive.

Wnt/B-catenin signalling is an evolutionarily conserved
intracellular signalling that plays an important role in embryonic
development and various diseases”®. The Wnt/B-catenin pathway
is the most well-understood signalling cascade initiated by Wnt
proteins and acts as a mitogenic signal during the development of
multiple organs, and the aberrant activation of Wnt/B-catenin
signalling pathway is often associated with cancer”!l. Wnt/p-
catenin signalling regulates the proliferation and differentiation of
smooth muscle cells during embryonic and postnatal
angiogenesis'>!3, Furthermore, activation of Wnt/B-catenin
signalling is implicated in VSMC proliferation during intimal
thickening after vascular injury'1°.

Recently, we have reported that complement protein Clg, an
initiator of the classical complement pathway, activates canonical
Whnt signalling in a complement cascade-independent manner?®,
Given that the major source of complement Clq is monocyte-
derived cells'” and that macrophages (M¢s) within the aortic wall
play a vital role in pathogenesis of arterial remodelling, we
hypothesized that aortic M¢-derived Clq activates B-catenin
signalling and induces proliferation of VSMCs. In the present
study, we elucidated that complement Clq, which is mainly
secreted by alternatively activated aortic Mds, is involved in
hypertensive arterial remodelling via activation of B-catenin
signalling.

Results

VSMC proliferation as an early event in hypertension. Infusion
of angiotensin 1T (Angll) (1.8 ugkg ™! min ~!) to male C57BL/6
mice increased blood pressure by ~70mmHg and promoted
arterial remodelling characterized by thickening and dilation of
the abdominal aorta at 6 weeks after Angll infusion (Fig. la—c), as
reported previously'®. The number of 5-bromo-2'deoxyuridine
(BrdU)-positive, proliferating VSMCs was significantly increased
as early as 1 week after Angll infusion (Fig. 1d), when the gross
structural remodelling of the arteries was not observed. These
results suggest that VSMC proliferation is one of the earliest
events that occur in response to Angll-induced blood-pressure
elevation.

B-catenin signalling is activated at early hypertension. Various
growth factors and G-protein-coupled receptor agonists induce
VSMC proliferation””, and their mitogenic effects are often
given by the activation of the mitogen-activated protein kinases,
especially the extracellular signal regulated kinase (ERK)
signalling pathway®?°. Therefore, we first examined whether
ERK signalling was activated concurrently with VSMC
proliferation after AnglI infusion, and found that there was no
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Figure 1 | Proliferation of VSMCs is observed at the initial stage of Angli-
induced arterial remodelling. (a) Haematoxylin and eosin staining and
immunostaining for a-smooth muscle actin (¢SMA) of the abdominal aorta
from 1-week saline-infused mice (saline 1wk), 1-week Angll-infused mice
(Angll Twk) and 6-week Angli-infused mice (Angll 6wk) (n=5-7). Scale
bar, 100 pm. (b,e) Morphometric analysis. (b) Medial thickness and (c)
vessel diameter were calculated using ImagelJ. **P<0.01, **P<0.001
versus saline-infused mice (n=5-9). (d) Aortic tissues were
immunostained for BrdU (green) and aSMA (red). Scale bar, 100 um. The
number of double-positive (BrdU(+ )/aSMA(+)) cells per section is
shown. **P<0.01 versus saline-infused mice (n=>5-7). Statistical
significance was determined using one-way analysis of variance with
Turkey's post hoc test for b and ¢, and the unpaired two-tailed Student’s
t-test for d. Results are represented as mean £ s.d.

increase in the phosphorylation levels of ERK1/2 (Supplementary
Fig. 1a). Moreover, AnglI activated ERK1/2 but had no effect on
proliferation of cultured human aortic smooth muscle cells
(HASMCs) (Supplementary Fig. 1b,c), suggesting that signalling
pathways other than the ERK pathway play a key role in VSMC
proliferation at the early stage of Angll-induced hypertension.
Wnt/B-catenin signalling has been reported to regulate
proliferation and differentiation of smooth muscle cells during
embryonic and postnatal angiogenesis'>!> and intimal thickening
after vascular injury!*!5. We therefore tested whether B-catenin
signalling was involved in  VSMC proliferation after Angll
infusion. Activation of [-catenin signalling upregulates the
expression of Wnt/B-catenin target genes including Axin2
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(vef. 10). At 1 week after AngllI infusion, the number of LacZ-
positive VSMCs was increased in Wnt reporter Axin2"? micel!
(Fig. 2a) and the aortic VSMCs were strongly stained for B-
catenin and Axin2 in wild-type mice (Fig. 2b; Supplementary
Fig. 2a,b). Western blot (WB) analysis revealed that the amount
of non-phosphorylated, active B-catenin (ABC)?! was increased
(Fig. 2¢), and gene expression analysis also showed upregulation
of Wnt/B-catenin target genes in aortic tissue (Fig. 2d). Although
B-catenin was also expressed in-endothelial cells of aorta
(Supplementary Fig. 2c), Axin2 expression was not induced in
endothelial cells 1 week after Angll infusion (Fig. 2ab;
Supplementary Fig. 2b), suggesting that B-catenin signalling was
more potently activated in aortic VSMCs rather than endothelial
cells at the early stage of hypertension. Both activation of -
catenin signalling and proliferation of VSMCs were attenuated
when we normalized blood pressure in Angll-infused mice by
oral administration of hydralazine (Supplementary Fig. 3a-c).
Taken together, these results suggested that the elevation of blood
pressure was responsible in part for activation of B-catenin
signalling in the aortic VSMCs during hypertensive arterial
remodelling.

B-catenin signal activation induces VSMC proliferation. To
determine whether the activation of B-catenin signalling induces
proliferation of VSMCs, we first treated cultured HASMCs with
Wnt3A, a canonical Wnt ligand, or lithium chloride, which
stabilizes P-catenin by inhibiting glycogen synthase kinase-3.
Both Wnt3A and lithium chloride treatment activated p-catenin
signalling and induced proliferation of HASMCs (Fig. 3a,b).
Moreover, overexpression of constitutively ABC also induced

a b

Saline

Angll

proliferation of HASMCs (Fig. 3c), suggesting that activation of
f-catenin signalling is sufficient to induce VSMC proliferation
in vitro. On the other hand, Angll treatment did not induce
activation of B-catenin signalling or proliferation of HASMCs
(Supplementary Figs 1c and 3d), but induced cellular hypertrophy
of HASMCs (Supplementary Fig. 3e). We next examined whether
activation of B-catenin signalling was required for AnglIl-induced
VSMC proliferation in vivo. Intraperitoneal injection of
PKF115-584, a small-molecule inhibitor of B-catenin signallingzz,
suppressed VSMC proliferation without lowering blood pressure
at 1 week after AnglI infusion (Fig. 3d; Supplementary Fig. 3f). To
further determine the role of the B-catenin signal in VSMCs, we
generated smooth muscle cell-specific, tamoxifen-inducible,
B-catenin knockout mice by crossing SMMHC-CreERT? mice?®
with Ctnnbrflox/flox  pjce (SMMHC/B-catenin CKO). The
expression levels of P-catenin and Axin2 in aortic tissue were
downregulated when they were treated with tamoxifen (Fig. 4a-
¢). There was no change in systolic blood pressure of SMMHC/B-
catenin CKO mice as compared with control mice (Fig. 4d). TdT-
mediated dUTP nick end labelling staining revealed that there
was no change in cell death and cell density in aortic media after
tamoxifen treatment (Fig. 4e,(f). There was less proliferation of
VSMCs after AnglI infusion in SMMHC/B-catenin CKO mice as
compared with control mice (Fig. 4g), suggesting that activation
of P-catenin signalling substantially contributes to enhanced
proliferation of VSMCs at the early phase of hypertensive arterial
remodelling.

Recruitment of Ms is essential for f-catenin signalling. Ms
were recruited to the aortic adventitia by 1 week after Angll
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Figure 2 | B-catenin signalling is activated in the aortic media at the early stage of hypertension. (a) -galactosidase staining of the aortic tissue from
1-week saline- or Angll-infused Axin2'2Z mice. Arrowheads indicate B-galactosidase-positive nuclei. Scale bar, 50 pm. The number of LacZ-positive cells in
the aortic media from Axin212Z mice is shown. *P<0.05 versus saline-infused mice (n=5). (b) Aortic tissues from 1-week saline- or Angll-infused mice
were immunostained for Axin2 (green) and B-catenin (red). Scale bar, 100 um. () Western blot analysis for non-phosphorylated active B-catenin (ABC) in
the aortic tissues from 1-week saline- or Angll-infused mice. Activation of B-catenin signalling was quantified by measuring the relative level of ABC
over actin. The values are shown as fold induction over saline-infused mice. **P<0.01 versus saline-infused mice (n= 16, 7). (d) Real-time PCR analysis for
the expression levels of the B-catenin target genes (Axin2, B-TrCP, cyclin D1 (CyD1), Wispl and Wisp2) in the aortic tissue from 1-week saline- or
Angll-infused mice. The values are shown as fold induction over saline-infused mice. *P<0.05, **P<0.01 versus saline (n=6). Statistical significance was
determined using the unpaired two-tailed Mann-Whitney U-test for a, € and d. Results are represented as mean * s.d. DAPI, 4',6-diamidino-2-phenylindole.
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Figure 3 | Activation of B-catenin signalling induces VSMC proliferation.
(a) Western blot analysis. HASMCs were treated with LiCl (10 mm) or
Wnt3A (80 ng ml~"), and the amount of ABC and cytosolic B-catenin was
analysed. Activation of B-catenin signalling was quantified by measuring the
relative level of ABC over actin. (b) The number of BrdU(+ ) HASMCs after
LICl (10 mm) or Wnt3A (80 ngml—1) treatment. The values are shown as
fold induction over non-treated HASMCs (Con). **P<0.01 versus non-
treated HASMCs (n=4). (¢) The number of BrdU(+-) HASMCs after
infection with control retrovirus (vector control) or with constitutively
active B-catenin (CA B-catenin) whose phosphorylation sites at the N
terminus are all mutated. The values are shown as fold induction over
control vector-transfected HASMCs. *P<0.05 versus control vector-
transfected HASMCs (n=3). (d) The number of double-positive
(BrdU(+)/aSMA(+)) cells per aortic section from saline-infused mice,
Angll-infused mice treated with DMSO (solvent), and Angll-infused mice
treated with PKF115-584. **P<0.01 versus Angll-infused mice treated with
DMSO (n=8). Statistical significance was determined using one-way
analysis of variance with Turkey's post hoc test for b, the unpaired two-tailed
Student's t-test for ¢ and the Kruskal-Wallis test with Dunn'’s correction for
multiple comparisons for d. Results are represented as mean * s.d.

infusion (Fig. 5a; Supplementary Fig. 4a). To elucidate the role
of these Mds, we injected liposomes containing clodronate
(Clo-Lip)** before AnglI infusion to deplete the cells of monocyte
lineage. Clo-Lip treatment reduced the number of infiltrating
Mos (Fig. 5b; Supplementary Fig. 4a), and strongly suppressed

activation of B-catenin signalling and proliferation of VSMCs at 1
week after Angll infusion (Fig. 5c—e). These results suggest that
infiltrating Mds play critical roles in activation of B-catenin
signalling and proliferation of VSMCs at the early phase of
arterial remodelling.

M2 Mds secrete a potent activator of f-catenin signalling. Mds
change their phenotypes in response to various environmental
factors. Classically activated Mds or M1 Mdos are induced by
lipopolysaccharide (LPS), interferon-y and tumour necrosis fac-
tor, and secrete pro-inflammatory cytokines to increase their
killing ability. On the other hand, alternatively activated Ms or
M2 M¢s are induced by interleukin (IL)-4 and IL-13, and con-
tribute to tissue remodelling and wound healing?®. To determine
the phenotype of Mds that accumulate into the aortic wall at the
early stage of arterial remodelling, we used flow cytometric
analysis to characterize Ml-type M¢ for Ly6c expression and
M2-type M for CD206 expression®. Approximately 40% of the
aortic Md¢s from Angll-infused mice expressed CD206
(CD11b + F4/80 4+ CD206 + Ly6c —: M2 type) and ~10% of
them expressed Ly6c (CD11b+ F4/80+ CD206-Ly6c+: Ml
type) (Fig. 6a; Supplementary Fig. 4b). Immunofluorescent
analysis also showed large numbers of CD206-positive Mds in
aortic adventitia (Fig. 6b). These results prompted us to postulate
that M2-type Mds secrete humoral factors that activate B-catenin
signalling and induce proliferation of VSMCs. To test this
hypothesis, we first examined the effects of humoral factors
secreted by M2 M¢s on VSMCs. The M1 or M2 phenotype was
elicited in vitro by treating Raw264.7 cells with LPS or IL-4,
respectively. Conditioned media (CM) from Raw264.7 cells
treated with PBS (Con Raw264.7 CM), LPS (LPS Raw264.7
CM) or IL-4 (IL-4 Raw264.7 CM) were added to HASMCs.
IL-4 Raw264.7 CM activated B-catenin signalling and promoted
cell proliferation in HASMCs more potently than Con Raw264.7
CM or LPS Raw264.7 CM (Fig. 6¢c,d). As Raw264.7 cells are
known to be already activated, we performed the same
experiments using bone marrow-derived M¢s (BMDMs), and
found that CM from IL-4-treated BMDMs (IL-4 BMDM CM)
activated [-catenin signalling and induced proliferation of
VSMCs more than CM from PBS-treated BMDMs (Con
BMDM CM) or LPS-treated BMDMs (LPS BMDM CM)
(Supplementary Fig. 4c,d). These results collectively suggest
that M2 Mds, recruited to the vessel wall in response to blood-
pressure elevation, secrete a substance that activates P-catenin
signalling in VSMCs, thereby inducing VSMC proliferation
in a paracrine manner. Expression levels of canonical Wnt
ligands (Wntl, 2, 2b,3, 3a, 7a, 7b, 8a, 8b, 10a and 10b), which
could activate the B-catenin signalling pathway!'®?72%, were not
upregulated in Raw264.7 cells or BMDMs by IL-4-induced M2
polarization (Supplementary Fig. 4e.f).

Complement Clq is a M¢-derived P-catenin signal activator.
We have recently reported that complement protein Clqg, an
initiator of the classical complement pathway, activates B-catenin
signalling and induces aging-associated impairment of skeletal
muscle regeneration!®, Given that monocyte/Md linea%e has
been shown to be the major source of Clq biosynthesis'’ and
tumour-associated Mds have been reported to produce
complement C1¢>°, we examined whether B-catenin signalling
was activated in VSMCs by M2 Md¢-derived Clq. In vitro,
M2-polarized Raw264.7 Mds by IL-4 treatment markedly
increased Clga gene expression compared with PBS-treated
or LPS-treated Raw264.7 Mds (Fig. 7a). To examine whether
Clq is predominantly produced by M2 Mds rather than MO or
M1 Mdos in vivo, we sorted MO-type (CD11b+ F4/80+
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Figure 4 | p-catenin signal activation is responsible for VSMC proliferation after Angll infusion. (a) Western blot analysis. The amounts of B-catenin in
the aortic tissues from SMMHC-CreERT2:Ctrmb1 T/ + mice (SMMHC-B-catenin wild type (WT)) and SMMHC-CreERT2:Ctnnb1flox/fiox mice (SMMHC-B-
catenin CKO) were analysed in aortic tissues isolated 6 days after the final tamoxifen treatment. (b) PCR analysis of aortic tissue DNA. DNA extracted
from aortic tissues of tamoxifen-treated SMMHC-B-catenin WT and SMMHC-B-catenin CKO mice were amplified with a PCR primer set designed for
detecting the null allele. (€) Real-time PCR analysis for the expression level of the Axin2 gene (one of the major Wnt/B-catenin target genes) in the
aortic tissue isolated from tamoxifen-treated SMMHC-p-catenin WT and SMMHC-B-catenin CKO mice. The values are shown as fold induction over
SMMHC-B-catenin WT mice. **P<0.01 versus SMMHC-B-catenin WT mice. (d) Systolic blood pressure before and after Angll infusion for 7 week. There
was no difference in systolic blood pressure between SMMHC-B-catenin WT mice and SMMHC-B-catenin CKO mice before and after Angll infusion.
**P<0.01 versus Post Twk Angll infusion, (e) TdT-mediated dUTP nick end labelling (TUNEL) staining of aortic tissue and percentage of TUNEL-positive
cells. TUNEL staining of aortic tissue from SMMHC-B-catenin WT and SMMHC-B-catenin CKO mice 1 week after Angll infusion. The DNase (TACS
nuclease)-treated section is presented as a positive control. Percentage of TUNEL-positive cells per total cells in aortic media was calculated. Scale bar,
50 um. (f) Cell density of aortic media was calculated by measuring the number of aSMA-positive cells per field of view size (40 x 40 pm?). (g) The
number of double-positive (BrdU(+)/aSMA(+)) cells per aortic section from 1-week saline-infused SMMHC-CreERT2:Ctnnb1*/+ mice (SMMHC-p-
catenin WT +saline), 1-week Angll-infused SMMHC-CreERT4:Ctnnb1+/ + mice (SMMHC-B-catenin WT + Angll) and SMMHC-CreERTZ:Ctnnbiflox/flox
mice (SMMHC-B-catenin CKO + Angll). *P<0.05 versus SMMHC-f-catenin WT + Angll (n=12). The values are shown as fold induction over SMMHC-
f3-catenin WT mice (n=5). Statistical significance was determined using the unpaired two-tailed Student's t-test for ¢, e and f, two-way analysis of variance
followed by Sidak's multiple comparisons test for d and the Kruskal-Wallis test with Dunn’s correction for multiple comparisons for g. Results are
represented as mean £ s.d. NS, not significant.

CD206 —Ly6c—),  Ml-type  (CD11b + F4/80 4+ CD206 — The direct effect of Clq on HASMCs was examined in vitro.
Ly6c+) and M2-type (CD11b+F4/80+ CD206+Ly6c—) Clq protein activated B-catenin signalling and promoted
M¢s from aortic tissue and compared the expression levels of proliferation of cultured HASMCs in a dose-dependent
Clq among three types of M¢s, and found that M2-type M¢s manner, and these effects were suppressed by Cl-inhibitor
expressed more Clq than MO- or Ml-type Mds (Fig. 7b; (CI1-INH), an endogenous inhibitor of Clr and Cls (Fig. 7¢,d;
Supplementary Fig. 4b). Supplementary Fig. 5a). Moreover, treatment with the Cl
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