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potential driver
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Intrahepatic cholangiocarcinoma (ICC) is the second most common primary
hepatic malignancy after hepatocellular carcinoma, with poor prognosis and
limited treatment options. The genomic features of ICC in Chinese patients
remain largely unknown. In this study, we perform deep whole-exome
sequencing of 204 Chinese primary ICCs and characterize genomic alterations
and clonal evolution, and reveal their associations with patient outcomes. We
identify six mutational signatures, including Signatures A and F, which are
highly similar to previously described signatures linked to aristolochic acid
and aflatoxin exposures, respectively. We also identify 13 significantly mutated
genes in the ICC samples, including SAVI. We find that SAVI was mutated in
2.9% (20/672) of 672 ICC samples. SAVI mutation is associated with lower SAV1
protein levels, higher rates of tumor recurrence, and shorter overall patient
survival. Biofunctional investigations reveal a tumor-suppressor role of SAVI:
its inactivation suppresses Hippo signaling, leading to YAP activation, thereby
promoting tumor growth and metastasis. Collectively, our results delineate
the genomic landscape of Chinese ICCs and identify SAV1 as a potential dri-
ver of ICC.

Intrahepatic cholangiocarcinoma (ICC) is the second most common
primary hepatic malignancy after hepatocellular carcinoma (HCC) and
has an increasing incidence worldwide”. Advances in diagnostic
modalities and clinical screening have made early detection and
curative resection of ICC possible; however, long-term patient survival
is still poor because of high relapse rates®*. Recently, several pio-
neering studies expanded our understanding of ICC pathogenesis at
the molecular level by delineating the landscape of genetic alterations
that underlie ICC carcinogenesis™ . However, most of these studies
contained limited numbers of ICC samples, and the patients were from

multiple countries with different epidemiological and ancestral back-
grounds. Furthermore, most of the studies used targeted sequencing,
and whole-exome sequencing (WES) or whole-genome sequencing was
only performed with low coverage. More importantly, exhaustive
follow-up was performed on very few of the patients. These short-
comings may impede the discovery of potential drivers of ICC, as well
as hinder the exploration of potential etiological factors contribute to
genetic alterations and their association with patient outcomes.

In this work, we aim to systematically define genomic alterations
in Chinese patients with ICC. We perform deep WES on 204 Chinese
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primary ICCs and analyze the associations of genomic alterations with
tumor progression and patient outcomes. Focusing on a potential
driver of ICC, SAVI, we perform Sanger sequencing to evaluate all the
SAV1 coding exons in an additional 468 ICC specimens. We also
investigate the functional effects and associated mechanisms of SAV1
on tumor growth and metastasis. Collectively, our results delineate the
genomic landscape of Chinese ICCs and identify SAVI as a potential
driver of ICC.

Results

Overview of genomic alterations in patients with primary ICC
To discover the genomic alterations in Chinese patients with ICC, we
performed WES of tumor and matched non-cancerous liver-tissue
samples from 204 patients with ICC. The average sequencing depth
was 445.9-fold for tumors and 138.7-fold for normal tissues (Supple-
mentary Data 1). We identified a total of 21,772 somatic coding SNVs
and 1302 indels, with 2-1628 mutations per tumor genome (Supple-
mentary Data 2). We performed Sanger sequencing to validate 1756
randomly selected somatic non-synonymous mutations, which
revealed a high true-discovery rate (95.9%). There was an average of
3.77 (range = 0.07-54.27) somatic coding mutations per Mb (Fig. 1A).

The WES results indicated that C > A transversions and C>T and
T > C transitions were ubiquitous in all of the ICCs (Fig. 1A), a feature
shared by other ICC cohorts®*". In addition, we identified 17 amplified
segments, which harbored several known oncogenes, including MYC,
ERBB2, and CCNDI. We also identified 24 lost segments, which har-
bored tumor suppressors such as TP53 (17p13) and CDKN2A/B (9q21)
(Fig. 1A; Supplementary Fig. 1A, B; Supplementary Data 3). In addition,
we identified whole-genome doubling in 44 (21.6%) of the 204 tumors
(Supplementary Data 4).

We correlated the tumor mutation burden (TMB) and copy
number variation (CNV) burden with patient prognosis. The results
showed that high TMB was predictive of low recurrence-free survival
(RFS) but had no ability to predict OS. In addition, CNV burden showed
no associations with patient prognosis, either for OS or RFS (Supple-
mentary Fig. 1C).

Mutational signatures
We applied NMF and identified six mutation signatures in the 204 ICC
samples (Signatures A-F; Fig. 1B, C; Supplementary Fig. 2A; Supple-
mentary Data 5). Signature A was characterized by dominant T >A
mutations and was highly similar to the previously described Signature
22 (cosine correlation similarity = 0.99), which is known to result from
exposure to aristolochic acid and to be associated with a high muta-
tional burden'. Consistent with that, Signature A was a predominant
signature in the hypermutated ICC samples. Signature B, characterized
by C > G mutations, was similar to the previously described Signature
13, which has been proposed as an APOBEC-driven hypermutated
phenotype. Signatures C and E were highly similar to the previously
described signatures 1 and 5, respectively (correlation coefficient =
0.96 and 0.93, respectively), which have been associated with aging.
Signature D showed similarity to the previously described Signature 20
(correlation similarity = 0.85), which was previously confirmed to be
driven by defective DNA mismatch repair and associated with high
numbers of indels at mono/polynucleotide repeats. Consistent with
that, Signature D was mainly identified in four ICCs with high numbers
of indels. Signature F, characterized by C > A mutations, showed strong
similarity to the previously described Signature 24 (correlation simi-
larity = 0.94), which is associated with exposure to aflatoxin in cancers.
Hierarchical clustering, based on the prevalence of the mutation
signatures, identified nine groups of tumors (Msig-clusters 1-9; Fig. 1C)
characterized by enrichment of specific mutation signatures. For
example, Msig-clusters 1 and 6 were characterized by Signature A, as
they contained more mutations that fit Signature A than other clusters.
Furthermore, Msig-cluster 3 was characterized by Signature D, Msig-

cluster 4 was characterized by signature F, and Msig-cluster 5 was
characterized by Signature B. Associations between the signature-
based clusters and clinical background and genetic alterations were
also revealed (Supplementary Fig. 2B). Msig-clusters 1 and 6 exhibited
significant correlations with higher TMB (P=0.029 and P=0.003,
respectively), while Msig-clusters 8 and 9 were correlated with lower
TMB (P=9.59 x107 and P=0.021, respectively). Msig-clusters 4 and 5
demonstrated higher TMB (P=8.97 x 107 and P=0.003, respectively)
and higher CNV burden (P=0.038 and P=0.035, respectively). Espe-
cially, we confirmed correlations between Msig-cluster 5 and the pre-
sence of hepatolithiasis (P=0.017), implicating AID/APOBEC enzymes
in cholangitis-induced tumorigenesis. In addition, Msig-clusters 3 and
9 respectively exhibited correlations with the presence of ARIDIA
mutations or /DHI mutations (P=0.005 and P=0.027, respectively).

Significantly mutated protein-coding genes and associations
with patient outcomes

We used MutSigCV to identify cancer driver genes™. Thirteen genes
were significantly enriched with damaging mutations (q < 0.1; Fig. 2A;
Supplementary Data 6): TP53, KRAS, IDHI, ELF3, SAV1, BAP1, ARIDIA,
PBRM]1, PTEN, ARID2, BRD7, CDKN2A, and ACVR2A. We also identified
oncogenes (MYC, ERBB2, and CCNDI) with copy-number amplifica-
tion and tumor-suppressor genes (CDKN2A and CDKN2B) with copy-
number deletion. We then compared the mutation frequencies in the
13 genes to those in a combined TCGA (n=30) and MSK (n=158)
cohort. We found that the mutation frequencies in several of the 13
genes were higher in our ICC cohort than in the TCGA and MSK
cohort, including TP53 (30% versus 16%), KRAS (14% versus 6%), ELF3
(5% versus 1%), and SAVI (3% versus 0%), whereas the mutation fre-
quencies of IDHI (10% versus 26%) and PBRML1 (7% versus 13%) were
slightly lower in our ICC cohort than in the TCGA and MSK
cohort (Fig. 2B).

We next correlated somatic mutations in specific genes with
patient outcomes. We found that somatic mutations in TP53, KRAS,
ELF3, and SAVI were correlated with patient OS and/or RFS (Supple-
mentary Fig. 3). When we looked at the combination of these four
genes (TP53, KRAS, ELF3, and SAVI; Fig. 2C), the cumulative recurrence
rate was highest (92.9%) in patients with mutations in two or more of
the four genes, which was significantly higher than the cumulative
recurrence rate in patients with mutation in only one of the four genes
(76.3%) or in none of the four genes (60.9%; Fig. 2D). Similarly, the
5-year OS among patients with mutations in two or more of the four
genes was 7.7%, which was significantly lower than that among patients
with mutation in only one of the four genes (27.2%) or in none of the
four genes (45.3%; Fig. 2E).

Clonal diversity and evolution of recurrent somatic mutations
To estimate genetic diversity based on WES of all the ICC samples, we
used an analysis pipeline described in a previous study'* to compute a
Shannon index for each patient™¢, which estimates not only the
number of clones, but also their relative abundance. A patient with a
single clone would have a Shannon index of 0, with increasing Shannon
index corresponding to a greater number of clones and a smaller
dispersal of CCFs (Fig. 3A). We divided the patients into a “clonal
equilibrium” group, defined by a Shannon index higher than the
median value among all patients, and a “clonal dominance” group,
defined by a Shannon index below the median value (Fig. 3A).
Kaplan-Meier survival analysis showed that clonal dominance was
associated with significantly shorter OS and RFS compared with clonal
equilibrium. Univariate and multivariate analyses revealed that the
Shannon index was an independent prognostic factor for both OS and
RFS (Fig. 3B; Supplementary Data 7).

We next deduced the approximate sequential order in which the
somatic alterations occurred during ICC development by calculating
how often a recurrent non-synonymous mutation resided on a clonal
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in each patient (bottom panel). B Patterns of six mutation signatures (Signatures A,
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Fig. 2 | Significantly mutated protein-coding genes and associations with
patient outcome. A Thirteen genes with statistically significant levels of mutation
(MutSigCV, FDR < 0.1), together with EPHA2, CDKNIB, and ATM with FDR < 0.2, and
significant copy number alterations in likely cancer driver genes are shown.

B Comparison of mutation frequencies for 13 significantly mutated genes between
the 204 ICCs in our cohort and ICCs from other cohorts, Chi-square test.

Months after operation Months after operation

C Proportions of 204 ICCs carrying TP53, KRAS, ELF3, and SAVI mutations. D Tumor
recurrence rates in patients with HCC carrying different numbers of mutated genes
(TP53, KRAS, ELF3, and SAVI). E Kaplan-Meier survival analysis showing overall
survival and recurrence-free survival based on TP53, KRAS, ELF3, and SAVI muta-
tions. P: log-rank test, two-sided. TNM tumor node metastasis, LN lymph node, TMB
tumor mutational burden. Source data are provided as a Source Data file.

event versus a subclonal event. This analysis confirmed that BAPI,
ARIDIA, and TP53 mutations were the earliest mutations to evolve,
followed by PBRM1I, ELF3, and KRAS mutations. By contrast, ARID2 and
IDH1/2 mutations were mostly restricted to subclonal events, which
occurred at later time points (Fig. 3C).

Somatic mutation of SAVI was associated with reduced SAV1
expression and predictive of patient outcomes after curative
resection

We evaluated all coding exons of SAVI in an additional 468 pairs of
ICCs and normal tissue samples by Sanger sequencing. We identified
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fraction (CCF) measures the proportion of the tumor population that harbors the
mutation. TNM tumor node metastasis, LN lymph node, CCF cancer cell fraction.

SAVI somatic mutations in 14 of the 468 ICCs. Thus, in the overall total
of 672 ICCs included in our study, we identified 20 SAVI somatic
mutations in 20 different patients (Fig. 4A; Supplementary Fig. 4;
Supplementary Data 8). Specifically, 14 (70%) of the 20 SAVI mutations
were truncating mutations, which suggested a possible tumor-
suppressor role of SAVI in ICC.

We further evaluated SAV1 expression by immunohistochemistry
in all 672 ICCs. The results showed that SAV1 expression was down-
regulated among all the tumor samples compared with that in the
matched non-tumor liver samples (Fig. 4B). Moreover, the patients

with SAVI somatic mutation showed a further decrease in tumor SAV1
expression (Fig. 4B).

We then correlated SAVI somatic mutation and expression with
the patients’ clinical characteristics and outcomes. SAVI somatic
mutation was correlated with increased tumor size and poor tumor
differentiation. The SAV1 expression level was correlated with higher
CA19-9 and GGT levels, increased tumor size, and lymphatic metastasis
(Supplementary Data 9). Among the 672 patients with ICC, those with
SAVI1 somatic mutation or reduced SAVI1 expression exhibited shorter
OS and RFS compared with patients without those features (Fig. 4C).
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Univariate and multivariate analyses confirmed that SAV1 somatic
mutation and low expression were independent prognostic factors for
OS and RFS (Supplementary Data 10).

Structural analysis of the effects of SAVI mutations on protein
structure

We obtained the full-length structure of human SAVI based on the
prediction provided in the AlphaFold predicted-structure database
(https://alphafold.ebi.ac.uk/), and showed the structure of 198-383
residues region in this study. We also built a structural model of the
SAVI-MST2 heterotetramer to more intuitively understand the sig-
nificance of dimerization of the WW12 domain to the function of SAV1
(Supplementary Methods).

The structural and biochemical results of a recent study con-
firmed that SAV1 can interact with MST2 and form a heterodimer
through the SARAH domain”, which is essential for the interaction
between SAV1 and MST kinase'®. Two SAV1 molecules interact through
their WW12 domains, composed of WW1 and WW2, to form a homo-
dimer; WW2 is mostly responsible for the formation of the dimer
interaction interface”. Furthermore, two SAVI-MST2 heterodimers
further dimerize through the SAV1 WW12 domain to form a hetero-
tetramer, which phosphorylates the downstream LATS/MOB complex
and promotes Hippo activation”.

The R47X, N58fs, E154fs, and P203fs mutations in our ICC samples
caused deletion of the WWI12 and SARAH domains. The deletion of
WW12 is predicted to hinder the formation of the SAV1 homodimer, and
the absence of the SARAH domain is likely to impede the interaction
between SAVI and MST kinase to form a heterodimer (Supplementary
Fig. 5B). In addition, the L231fs, R233X, R242X, and E247X mutations in
our ICC samples is predicted to destroy the integrity of the WW2

domain and caused deletion of the SARAH domain. Deletion of WW2 is
expected to cause SAV1 to fail to form a homodimer (Supplementary
Fig. 5B). The absence of the SARAH domain is predicted to impede the
interaction between SAV1 and MST kinase. Similarly, the P271fs, Y273fs,
R313X, R318X, and T334fs mutations caused the deletion of the SARAH
domain, which is essential for the interaction between SAVI and MST
kinase (Supplementary Fig. 5B). Therefore, all of the above mutations
could affect SAVl-mediated downstream signal transduction.

SAVI functions as a tumor-suppressor gene in ICC

Our results suggested a possible tumor-suppressor role for SAVI in
ICC. To test that hypothesis, we performed WES on five ICC cell lines
(HuCCT1, CCLP1, RBE, HCCC-9810, and SG231). All of the ICC cell lines
were identified as having WT SAV1 using the same filter criteria used
for the ICC samples. The WES results for the cell lines were validated by
Sanger sequencing. Western blots and qRT-PCR confirmed that SAV1
mRNA and protein levels in the five ICC cell lines, especially HCCC-
9810 and SG231, were lower than those in H-69 cells (Fig. 5A).

Next, we knocked down SAV1 in HUCCTI1 cells (Fig. 5A). Biofunc-
tional investigations revealed that the knockdown of SAVI resulted in
an increase in ICC cell proliferation, colony formation, and invasive
ability (Fig. 5B-D). In vivo ICC mouse models showed that SAV1
knockdown accelerated tumor growth and metastasis (Fig. SE).

We generated lentiviral constructs to re-express WT and selected
mutant SAVI variants in SG231 cells (Fig. 5A). The results showed that
overexpression of WT SAVI substantially suppressed ICC cell pro-
liferation, colony formation, and invasion ability. By contrast, expres-
sion of the SAV1 mutants failed to cause these effects in whole or in
part, suggesting that these SAVI mutations were inactivating muta-
tions (Fig. 5B-D).
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Fig. 5 | Identification of SAVI as a tumor-suppressor gene in ICC. A SAV1
expression examined by qRT-PCR and western blot in five ICC cell lines (HuCCT1,
CCLP1, RBE, HCCC-9810, and SG231), one human immortalized nonmalignant
cholangiocyte cell line (H-69), and stably transfected cells, n =3, errors are in +SD.
(B) Proliferation of HuCCT1 cells after SAV1 knockdown and SG231 cells expressing
wild-type or mutant SAV1 compared with that of controls, n =4, errors are in £SD.
C Colony formation activity of HuCCT1 cells after SAV1 knockdown and SG231 cells
expressing wild-type or mutant SAV1 compared with that of controls. The bar
graphs illustrate quantification of the colony formation assay. Student’s ¢-test, two-
sided, *P<0.05, *P<0.01, **P<0.001, n= 6, errors are in +SD. Scale bar: 400 pm.

D Invasion of HUCCT]1 cells after SAV1 knockdown and SG231 cells expressing wild-
type or mutant SAV1 compared with that of controls. The graphs depict the number
of invasive cells after 48 h. Student’s t-test, two-sided, *P < 0.05, **P<0.01,

***P < 0.001, n=6, errors are in +SD. Scale bar: 100 um. E Representative biolumi-
nescence images of mouse liver tumors and pulmonary metastasis, and H&E
stained images of metastatic nodules in lungs. The color-scale bar depicts the
photon flux emitted from the mice. Student’s t-test, two-sided, *P < 0.05, **P < 0.01,
***P < 0.001, n =6, errors are in £SD. Scale bar: 100 pm. Con control, WT wild-type,
sh short hairpin RNA. Source data are provided as a Source Data file.
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Fig. 6 | SAV1 inactivation suppresses Hippo signaling, leading to YAP activa-
tion. A Western blot showed the expression of p-YAP, YAP, and the YAP upstream
kinases pMST1/2, MSTI, pLATS], and LATSI in ICC cells upon alteration of SAV1
expression. B, C Immunofluorescence staining showing subcellular YAP localiza-
tion in the indicated cells. The graphs depict the percentages of cells with exclu-
sively nuclear (N) YAP and with both nuclear and cytoplasmic (N + C) YAP. No cells
showed YAP that was localized exclusively in the cytoplasm, n =3, errors are in +SD.
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Scale bar: 20 pm. D Representative SAV1 and YAP staining in tumor tissues with
wild-type or mutant SAVI1. Scale bars =50 pm. The graphs depict the correlation
between YAP nuclear localization and SAVI mutation in ICC specimens. The sub-
cellular localization of YAP was scored from 1 to 5, with 1 representing exclusive
nuclear localization and 5 representing exclusive cytoplasmic localization. Stu-
dent’s t-test, two-sided. sh short hairpin RNA, WT wild-type, MT mutation-type.
Source data are provided as a Source Data file.

Next, we used the SAVI mutants together with WT SAV1 for in vivo
study. In agreement with the in vitro results, WT SAV1 significantly
suppressed tumor growth and metastasis, whereas the SAV1 mutants
yielded a larger tumor volume and increased metastasis compared
with the WT SAVI1 (Fig. 5E). These results further suggested that the
SAVI mutations were inactivating types, supporting the notion that
SAVI is a tumor-suppressor gene in ICC and that certain somatic
mutations abolish its function and its tumor-inhibitory effect.

SAV1 inactivation suppresses Hippo signaling, leading to YAP
activation

In mammals, the scaffold protein SAV1 promotes activation of the
Hippo kinase cascade®. Therefore, we tested the effect of SAV1 on
Hippo signaling in ICC cells. Western blot analysis showed that

knockdown of SAVI1 in HUCCT1 cells reduced YAP Ser127 phosphor-
ylation. Conversely, ectopic expression of SAVI increased YAP Ser127
phosphorylation in SG231 cells (Fig. 6A). Consistent with the YAP
phosphorylation, the phosphorylation of the cytosolic kinases
upstream of YAP (MST1, MST2, and LATSI) was also decreased in
HuCCT1 cells after knockdown of SAVI, whereas it was increased in
SG231 cells after restoration of SAV1 expression (Fig. 6A). Immuno-
fluorescence staining showed that knockdown of SAVI resulted in
nuclear accumulation of YAP in HuCCT1 cells, whereas overexpression
of SAVI in SG231 cells led to increased levels of cytoplasmic YAP and
reduced levels of nuclear YAP (Fig. 6B, C). These results suggested that
SAVI1 triggers a Hippo kinase cascade that leads to phosphorylation,
cytoplasmic retention, and inactivation of YAP. We also confirmed that
compared with WT SAV1, mutated SAVI failed to trigger this kinase
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Fig. 7 | SAV1 inactivation promotes ICC growth and metastasis by

activating YAP. A Western blot showed the expression of SAV1 and YAP in stably
transfected ICC cells. B Proliferation of YAP knockdown or verteporfin (1 pg/ml)
-treated HUCCT1 cells following SAV1 knockdown and of SG231 cells expressing
wild-type YAP or S112A YAP following SAV1 overexpression compared with that of
controls. Student’s t-test, two-sided, **P < 0.01, **P< 0.001, n =4, errors are in +SD.
C Colony formation activity of YAP-knockdown or verteporfin-treated HuCCT1 cells
following SAV1 knockdown and of SG231 cells expressing wild-type YAP or S112A
YAP following SAV1 overexpression compared with that of controls. The bar graphs
illustrate quantification of the colony formation assay. Student’s t-test, two-sided,
**P<0.01, **P<0.001, n=6, errors are in +SD. Scale bar: 400 pm. D Invasion

activity of YAP-knockdown or verteporfin-treated HuCCT1 cells following SAV1
knockdown and of SG231 cells expressing wild-type YAP or S112A YAP following
SAV1 overexpression compared with that of controls. The graphs depict the
number of invasive cells after 48 h. Student’s ¢-test, two-sided, *P < 0.05, **P < 0.01,
**P<0.001, n=6, errors are in +SD. Scale bar: 100 um. E, F Representative biolu-
minescence images of mouse liver tumors and pulmonary metastasis, and H&E
stained images of metastatic nodules in lungs. The color-scale bar depicts the
photon flux emitted from the mice. Student’s t-test, two-sided, **P< 0.01,

***P < 0.001, n=6, errors are in +SD. Scale bar: 100 pm. sh short hairpin RNA, WT
wild-type, MT mutation-type. Source data are provided as a Source Data file.

cascade, which suggests that SAVI positively modulates Hippo sig-
naling and that its inactivation due to mutation suppresses Hippo
signaling, leading to YAP activation in ICC cells (Fig. 6A-C). Clinical ICC
samples with SAV1 somatic mutation tended to display nuclear accu-
mulation of YAP, as revealed by immunohistochemistry staining
(Fig. 6D), which further indicated that SAVI inactivation suppresses
Hippo signaling and leads to YAP activation in ICC cells. Furthermore,
YAP knockdown or verteporfin (a YAP inhibitor) treatment alleviated
the SAVI knockdown-induced increases in in vitro cell proliferation,
colony formation, and invasion (Fig. 7A-D) and in vivo tumor growth
and metastasis in HUCCT1 cells (Fig. 7E, F). Moreover, in SG231 cells,
overexpression of S112A mutant YAP (a nonphosphorylatable YAP
mutant), but not that of WT YAP, reversed the inhibitory effect of SAV1

oninvitro cell proliferation, colony formation, and invasion and in vivo
tumor growth and metastasis (Fig. 7B-F). These results suggest that
SAVI inactivation promotes ICC growth and metastasis by activat-
ing YAP.

Discussion

In this study, we delineated the genomic landscape, including somatic
SNVs/indels and CNV, in 204 patients with ICC. Through NMF and
hierarchical clustering, we identified the Msig-cluster 1 and 6 groups,
which were characterized by Signature A, and the Msig-cluster 4 group,
which was characterized by Signature F. Signatures A and F were highly
similar to the previously described Signature 22 (aristolochic acid) and
24 (aflatoxin), respectively, which is different than the results of
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previous ICC cohort studies conducted in other countries and
regions’ ™. Exposures to aristolochic acid or aflatoxin have been
revealed as important environmental risk factors for HCC develop-
ment, especially in China, and are known to contribute to hypermu-
tation in cancer™*?, Our results confirm that exposures to aristolochic
acid or aflatoxin are also important environmental risk factors for ICC
development in China, and that the SNV burden is higher in ICCs
potentially linked to aristolochic acid or aflatoxin exposure than in
other ICCs. In addition, we identified Signature D mainly in four ICC
samples with higher numbers of indels, indicating similarity to the
previously described Signature 20, which was confirmed to be driven
by defective DNA mismatch repair. Hence, we propose that the four
patients with Signature D would likely benefit from immunotherapy.

We identified 13 genes that were significantly mutated in ICC.
About half of these genes, including TP53, KRAS, and IDH1, presented a
different mutation frequency in our ICC cohort than in a combined
TCGA and MSK cohort. We propose that this might be due to differ-
ences in racial or etiological factors. We also identified mutations in
TP53, KRAS, ELF3, and SAVI that were correlated with patient OS and/or
RFS. The combined mutational profile of these four genes showed
strong predictive value and correlated with OS and RFS. Although
some other genes such as IDHI, BAPI and PBRMI have been confirmed
as drivers of ICC, they have no ability to predict ICC prognosis. Our
results suggest that TP53, KRAS, ELF3, and SAVI may play roles in ICC
growth and metastasis.

We also demonstrated the role of clonal diversity in predicting
ICC outcomes. We showed that clonal dominance could independently
confer a higher risk of recurrence and shorter OS, which is consistent
with the results of previous studies'?. Although some other studies
found that higher numbers of clones were associated with worse
patient prognosis®?**, they did not investigate the contribution of
relative clone size to prognosis, which might explain the contradiction
between previous findings and our results. We propose that the pre-
sence of a dominant clone at the time of diagnosis could reflect the
capacity of ICC to undergo rapid clonal turnover upon acquisition of a
newly acquired adaptive mutation, leading to tumor recurrence'.

Among the genes whose mutational frequency correlated with
patient OS and/or RFS, SAV1, which was mutated in about 3% of the 672
ICC samples in our cohort, was not previously known as a driver of ICC.
We did not find SAVI to be significantly mutated in the TCGA cohort,
possibly because of limited sample size, low sequencing coverage, or
differences in racial or etiological factors. A search of cancer genomics
datasets available at www.cbioportal.org showed that apart from two
nonsense mutations (C697T and C724T), the other SAVI somatic
mutations were identified in our ICC cohort. Furthermore, we found
that the majority of SAVI mutations in our cohort were truncating or
splice-site mutations. Although lack of biochemical experiments to
support our structure model, through structural analysis and infer-
ence, we speculatively predicted that these mutations can block the
normal downstream signal transduction process.

In addition to these truncating or splice-site mutations, we also
identified 3 missense mutations: S94F, H229, and T363. H229 is located
near the junction between the WW1 and WW2 domains. In wild-type
(WT) SAV], the side chain of H229 interacts with L199 and L231 through
two stable hydrogen bonds (Supplementary Fig. 5A). L199 is located at
the beginning of the WW1 domain, and the interaction between L199
and H229 contributes to the stability of WW1 conformation. L231,
along with H229, is located in a loop region that also contains the R233
residue, which is important for the dimerization function of WW2
(Supplementary Fig. 5A, B)"’. An R233Q mutation was previously shown
to weaken the dimerization of WW12". Similarly, in the H229R mutant
that we identified in ICC, the flexibility of the side chain of the sub-
stituted R229 residue is predicted to weaken the ability of the residue
to form stable hydrogen bonds with L199 and L231. The resulting lack
of hydrogen bond interaction between R229 and L199 probably

weakens the conformational stability of the WW1 domain. Moreover,
the lack of interaction between R229 and L231 is predicted to affect the
stability of the loop where R233 is located (Supplementary Fig. 5A, B),
thus affecting the ability of R233 to stabilize the dimerization of WW2
and preventing SAV1 from forming a stable heterotetramer with MST2.
The reduced phosphorylation function of the unstable heterotetramer
results in disruption of the normal downstream signal transduction
process.

T363 is located in the middle of the SARAH domain. The side chain
of T363 interacts with the Q359 residue through a stable hydrogen
bond (Supplementary Fig. 5A). Although T363 is not a part of the
interface where SAV1 interacts with MST2, the hydrogen bond between
T363 and Q359 is important for the secondary structure stability of the
o-helix of the SARAH domain, which supports the hydrophobic inter-
action between L361 and L365 of SAV1 and L448 and L452 of MST2".
Moreover, previous studies showed that the stability of the SARAH
structure is essential for the interaction between SAV1 and MST
kinase'™. In the T363K mutant, K363 is predicted not to form a stable
hydrogen bond with Q359, which is expected to weaken the secondary
structure stability of the SARAH domain, further weaken the stability of
the interaction between SAV1 and MST2 to form a heterotetramer, and
thus influence the activation of the Hippo pathway.

SAVI is a human homolog of Salvador that acts as a scaffolding
protein and contains two protein-protein interaction modules known
as WW domains'. Down-regulation of SAV1 in several types of cancer
including HCC?, clear cell renal cell carcinoma®, and colorectal
cancer” can promote cell proliferation, anti-apoptosis, migration, and
invasion. Furthermore, previous studies in fish and flies have shown a
cholangio-suppressive role of SAV1 orthologs®%. The functional
impact of genetic mechanisms affecting SAV1 is still unknown, how-
ever, especially in cancers such as ICC. Although a previous TCGA
publication identified SAVI deletions in 5% of ICC patients, the sample
size was small, with only two SAVI deletions identified in two
patients®’. Another previous study revealed focal deletions at 14q22.1,
which contain coding regions of SAVI and occur in 12% of ICCs*, our
results did not identify recurrent genomic deletions involving SAVI
(Supplementary Fig. 1A, B; Supplementary Data 3), which suggests that
CNV might not the main factor that leads to SAVI inactivation.
Nevertheless, we showed that SAVI was significantly mut