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Colorectal cancer (CRC) is the third most common cancer
worldwide, and liver metastasis presents a major cause of
CRC-associated death. Extensive genomic analysis has pro-
vided valuable insight into the pathogenesis and progression
of CRC; however, a comprehensive proteogenomic character-
ization of CRC liver metastasis (CLM) has yet to be reported.
Here, we analyzed the proteomes of 44 paired normal colorectal
tissues and CRC tissues with or without liver metastasis, as well
as analyzed genomics of CRC characterized previously by The
Cancer Genome Atlas (TCGA) to conduct integrated proteoge-
nomic analyses. We identified a total of 2,170 significantly de-
regulated proteins associated with CLM, 14.88% of which were
involved in metabolic pathways. The mutated peptide number
was found to have potential prognosis value, and somatic var-
iants revealed two metabolism-related genes UQCR5 and
FDFT1 that frequently mutated only in the liver metastatic
cohort and displayed dysregulated protein abundance with bio-
logical function and clinical significance in CLM. Proteoge-
nomic characterization and integrative and comparative
genomic analysis provides functional context and prognostic
value to annotate genomic abnormalities and affords a new
paradigm for understanding human colon and rectal cancer
liver metastasis.

INTRODUCTION

Colorectal cancer (CRC) is a significant contributor of cancer
morbidity and mortality.' Almost half of CRC patients die within
5 years of diagnosis due to the development of recurrent disease
and metastasis.*® Therefore, it is important to illuminate the molec-
ular basis of CRC liver metastasis (CLM) in hopes of developing new
effective treatment modalities. The Cancer Genome Atlas (TCGA)
has characterized the genomic features of many types of human can-
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cers, including CRC,””"" and the Clinical Proteomic Tumor Analysis
Consortium has also performed CRC-integrated proteomic ana-
lyses.'”"'> However, the primary genetic basis of CLM has not been
fully elucidated. Understanding the genetic and proteogenomic dif-
ferences between primary colon cancer and associated metastases to
the liver is essential for discovering metastasis-specific molecular bio-
markers and for devising a better therapeutic approach for this
disease.

RESULTS AND DISCUSSION

To identify protein variants associated with CLM, we collected tumor
samples and paired normal colorectal tissues (PNs) from 44 CRC
tumor samples with (MT, n = 23) or without liver metastasis (NM,
n = 21) in comparison with PNs (Table S1) to perform liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS)-based shotgun
proteomics profiling (Figure S1). A total of 12,177,738 spectra were
used in the Andromeda engine search, and 63,720 unique peptides
were identified in an assembly of 5,758 protein groups with a pro-
tein-level false discovery rate (FDR) of 1.0%. Ingenuity pathway anal-
ysis with all 5,758 identified proteins showed that about 55% of the
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Figure 1. Differently Expressed Protein and mRNA-Protein Correlation Analysis

(A) Numbers of differently expressed proteins (> 2-fold difference; p < 0.05 with a FDR g value < 0.05) between the 44 CRC and paired PN samples, and the 23 MT and 21
NM samples. (B) Significantly changed proteins among three groups from LC-MS/MS data. (C) KEGG pathway analysis of the 2,170 differentially expressed proteins.
(D) Significantly changed genes among three groups from RNA-sequencing data. (E) 444 significantly changed genes showed significant mRNA-protein correlation, with a
mean Spearman’s correlation coefficient of 0.71. Among these, 57 genes were enriched in metabolism pathways.

proteins were from the cytoplasm, 28% were from the nucleus, 7%
were from the plasma membrane, and 2% were from the extracellular
space, whereas 8% of proteins remained unclassified (Figure S2A).
The random predicted cellular distribution of the proteins supports
the quality of the sample preparation. A scatterplot of protein abun-
dance between CRC tissues and PNs showed that there was a great
variation between the NM or MT tumors and PN (Figures S2B and
S2C). However, the protein expression between the MT and NM
group was positively correlated (R? = 0.86) (Figure S2D). These re-
sults suggest that metastatic and non-metastatic CRCs share similar
protein profiles and that there are common molecular alterations at
each stage of tumor development.'®'®

Among the 5,758 proteins, a total of 1,679 proteins were significantly
altered between CRC tissue and normal colorectal tissues (Figure 1A,
left bars). There were 2,170 proteins with significant differences in
MT tissues when compared with PNs or NM tissues (Figures 1A, mid-
dle and right bars, and 1B). To explore the functions of proteins that
are dysregulated in CLM, we used DAVID (Database for Annotation,
Visualization and Integrated Discovery) analysis software to classify
the gene ontology of the 2,170 significantly altered proteins in MT

tissues'” (Figures S3A-S3C). Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) analysis of differentially expressed proteins®’ revealed
that metabolic pathways were altered in the MT samples, with 323
significantly differentially expressed proteins (14.88%) involved in
metabolic pathways (Figure S3D), which suggests that metabolism-
related pathways may play important roles in the liver metastasis
of CRC***

We performed unsupervised hierarchical clustering of the expression
data from RNA-sequencing data to evaluate the genetic diversity be-
tween the primary and metastatic CRCs, based on the assumption
that genetically similar CRCs and their matched metastatic foci would
be closely related.>> " As expected, the results showed that the MT
and LM tissues had closely related expression profiles, indicating
clonal and genetic similarity for these pairs. However, the NM sam-
ples were more distantly related, suggesting distinct genetic relation-
ships between patients with and without metastasis (Figure S4A). A
total of 2,299 genes from the RNA-sequencing were significantly
changed in CLM (Figure S4B). KEGG pathway classification enrich-
ment analysis indicated that 915 genes (39.8%) were enriched in
metabolism pathways (Figure 1C), which was similar to the findings
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Figure 2. Numbers of SAAVs in Paired PN, NM, or MT Samples

(A) The proportion of mutated proteins and amino acids in CRC samples were calculated by comparing LC-MS/MS data for the standard protein library and SAAV library. (B)
The mutated and non-mutated peptides numbers of 44 paired CRC tissues. (C) Numbers of SAAVs in 21 NM, 23 MT, and their PNs. (D) Numbers of NM-specific,
MT-specific, and NM- and MT-shared SAAVs. The mutated peptides were identified by comparing LC-MS/MS data for the standard protein library and SAAV library.

of the protein analysis (Figure S3D). These results provide additional
confirmation that metabolism pathways may play a role in the carci-
nogenesis and development of CRC.””

For further confirmation of these results, we analyzed RNA-
sequencing data from TCGA portal. A total of 6,585 significantly
changed genes in CRC tissues were identified (Figure 1D). When
compared with the 2,170 significantly changed CLM-associated pro-
teins identified by LC-MS/MS, 444 significantly changed genes
showed significant positive mRNA-protein correlation (Figure 1E,
left two panels). To determine whether the concordance between pro-
tein and mRNA variation is related to the biological function of the
gene product, we performed KEGG enrichment analysis, which indi-
cated that among the 444 significantly deregulated genes or proteins,
57 are enriched in metabolic pathways (p = 2.38E—7) (Figure 1E,
right panel). These findings further verify the role of metabolic
pathway genes in CLM.

To examine the clinical significance of our findings, we evaluated the
clinical characters data of 374 CRC patients from TCGA database for
the 444 significantly deregulated genes or proteins (Table S2). Our re-
sults showed that 17 dysregulated genes were significantly associated
with overall survival (OS) and progression-free survival (PFS) of CRC
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patients. Among them, high expression of four upregulated genes,
BGN, EHD2, UQCR5, or COL1A2, was associated with poor survival
of CRC patients.””** Furthermore, high expression of FDFT1 signif-
icantly prolongs the OS and PFS of CRC patients relative to low
expression of FDFTI (Table S3).

A fundamental goal of proteogenomics is to identify protein-coding
alterations that are expressed at the protein level.””*° However,
standard database search approaches cannot identify variant pep-
tides from MS/MS data.’* > Therefore, we created a customized
mutation database to search for single amino acid variants (SAAVs)
in CRC. A SAAV library was prepared using 113,844 mutated sites
in CRC tissues from cBioport, and 16,581 mutated proteins were
identified, which constitutes 82.08% of 20,201 proteins in the hu-
man protein library (Figure 2A). We determined the total numbers
of mutated and non-mutated peptides and tumor-specific mutant
peptides (Figure 2B) and found that mutated peptide numbers in
MT samples were significantly increased (Figure 2C), which indi-
cates that the mutated peptide number has potential predictive value
for CLM.

Among those, 140 SAAVs in 131 proteins occurred only in NM
patients (Figure 2D; Table S4), and 223 proteins in 18 MT patients



www.moleculartherapy.org

A Primary T without Iiver
metastasis in 5 year

Primary T with liver
metastasis in 5 years (n=23)

S
©
©
w0
-

FDFT1 |
UQCRS5
IGSF3
GASS
LILRB3
MAGECH1
MUC4
MUC6
CHIT1
NFKB1
PRG4
USP8 : :

FDFT1

1.0 T €D LS LISy nu,—n—x‘
E * A.f ?‘u i

Scaled Probabilities
for Entire Protein_SIFT

w T E‘;:‘ ] 1 [
cg »n |
05 c2 ] E S
=E A 5 = I<
3% E> P AL
»538 4 [
b
5 = T546 T424T644
258 T892i 1783 +T67oi T |
BE 2
8 E |
SE® 0 50 100 150 200 250 300 350 400 417 aa
Helix ® Turn Beta strand PDB Structure

Altered
samples
value of
FSin TCGA
Mutation
in COSMIC
I Listin cceD
Copy number
variation
Protein level
mRNA level

NPNNMNNNMNNNDNNDNRA®

*A
+D

aH
aK
=M
=P

T
oW

T510 T453 T778
v T546 v
0 50 100 150 200 250 274aa

Ubiq-Cytc-red_N = UCR_TM Rieske domain

Figure 3. The Frequency and Distribution of Mutational Proteins Specifically Altered in MT for 44 CRC
(A) Heatmap comparing the frequency and distribution of 12 mutational proteins in 44 CRC (including 23 MT and 21 NM). Red, amplification or high expression; green,
deletion or low expression. (B) Scaled probabilities for entire protein score of predicted mutation using SIFT and PolyPhen2 for FDFT1 and UQCR5 mutations.

had 256 SAAVs, of which 110 SAAVs in 100 proteins occurred
in both NM and MT samples (Figure 2D; Table S5), and 203
SAAVs in 184 proteins only occurred in MT samples (Figure 2D;
Table S6). Similarly to single nucleotide variants (SNVs), some
mutations reported previously, such as those in TP53, antigen-pre-
senting cells (APCs), vascular endothelial growth factor (VEGF),
and SMAD4 were found.”>*> Among these, two mRNA-protein
positively changed and metabolism-related proteins, FDFTI, a
47-kDa membrane-associated enzyme located at a branch point
in the mevalonate pathway involved in the replication stage of
the hepatitis virus C (HCV) life cycle** and paclitaxel sensitivity
in hypopharynx cancer cell,*> and UQCRS5, a component of the
ubiquinol-cytochrome ¢ reductase complex, amplifying in primary

: 46-48
breast cancer core biopsy samples

and overexpressing in
were found to be an occurrence of somatic
alterations, which was validated with Sanger sequencing, in the

18.2% (8/44) and 9.1% (4/44) of CRC, and are specific to CLM

gastric cancer,*

(Figure 3A). Mutation in FDFT1 was predicted to lose the func-
tion; however, mutation in UQCR5 was predicted to gain the
function, and increased copy number enhanced UQCR5 gene
expression and lead to increased protein expression when
scale-invariant feature transform (SIFT) and PolyPhen2 were
used for predicted function of FDFT1 and UQCR5 mutations
(Figure 3B).

Moreover, FDFT1 knockdown (Figures S5A and S5B) or UQCR5
overexpression (Figures S5C and S5D) led to a significant increase
of migrated distance (Figure 4A) and an obvious increase in ma-
trigel invasion (Figure 4B). FDFT1 was found to downregulate in
CRC tissues when compared with normal colorectal tissues (Fig-
ure 4C). Determination of UQCR5 gene expression identified
overexpression (Figure 4D) and negatively correlated with
FDFT1 expression in normal colorectal tissues and CRC tissues
(Figure 4E).
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Figure 4. The Biological Function and Clinical Significance of FDFT1 and UQCR5 in CRC
Wound-healing assay (A) and migration abilities (B) of the parental and shFDFT1 or UQCRS overexpressed SW480 cells. LC-MS/MS to quantify FDFT1 (C) and UQCR5
(D) levels in 44 paired CRC (including 23 MT and 21 NM) and normal colorectal tissues. (E) The expression correlation between FDFT1 and UQCR5 expression levels in 44

adjacently normal colorectal tissues or CRC tissues.

Patients with lower FDFT1 expression were found to have shorter
median OS (Figures S6A and S7A) and PFS (Figures S6B and S7B),
and high UQCRS5 expression was an important risk factor for OS
(Figure S6A and S7A) and PFS (Figures S6B and S7B). Moreover,
concomitant low expression of FDFT1 and high expression of
UQCRS5 correlated with a shorter median OS (Figures S6A and
S7A) and PES (Figures S6B and S7B) in CRC patients. These
studies provide direct evidence for contribution of metabolism-
related genes.

To the best of our knowledge, this is the first comprehensive study to
use proteogenomic profiling of primary CRCs from patients with or
without liver metastasis to define the dominant events of metastatic
lesions in terms of their expression and mutation. Our comprehensive
integrative analysis of 44 colorectal tumors and normal pairs provides
a number of insights into the biology of CLM and identifies potential
therapeutic targets. Moreover, our characterization of the annotated
metastatic CRC proteome clarifies the power of integrating genomics
(SNVs) and proteomics (SAAVs). This approach provides new in-
sights into the roles of these protein alterations in CLM, which can
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be broadly extended to understand the roles of protein mutation in
other cancers.

MATERIALS AND METHODS

Details of sample preparation and analysis are described in the Sup-
plemental Materials and Methods. The study was examined and
approved by the Ethics Committee of the Shanghai Tenth People’s
Hospital, Tongji University School of Medicine. This study was regis-
tered with ClinicalTrials.gov: NCT02917707). Forty-four paired fresh
primary tumors from the colorectal and PNs were used for proteoge-
nomic analysis. The reliability of the exome analysis and somatic
variant identification strategies was assessed using PCR and Sanger
sequencing. Nine specimens from three CRC patients with metastasis
and three specimens from three CRC patients without liver metastasis
were obtained for RNA-sequencing analysis. Human CRC cell line
SW480 was used for scratch-wound and in vitro invasion assays.
All calculations were performed with SPSS 20.0 software.

Whole-exome sequencing data from this study are available for
download through NCBI Sequence Read Archive: PRINA358865.
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All RNA-sequencing data have been deposited in the Gene Expres-
sion Omnibus: GSE92914. All of the MS proteomics data have been
deposited to iProX (https://www.iprox.org/index): IPX00083203
and IPX00083210.
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Figure S1. Mass-spectrometry-based proteomics workflow. Protein was extracted
from 44 CRC and paired PN tissues and was used to generate tryptic digests. The
resulting tryptic peptides were fractionated using off-line bRPLC Collected fractions
were pooled and used with a Thermo Orbitrap-Velos MS instrument. Raw data were
processed by Perseus software and then used for database and spectral library
evaluation using the Andromeda peptide search engine. Identified peptides were
assembled using Maxquant software. bRPLC, basic reverse-phase (high-pressure)

liquid chromatography; CRC, colorectal cancer; PN paracarcinoma normal tissue.
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Figure S2. Peptide and protein identification of 44 paired CRC samples. A, The
cellular distribution is shown for 5758 proteins identified from 44 CRC patients by
mass spectrometry, with a false discovery rate of 1.0 %. Correlation analysis of
protein expression between 21 NM and paired PN samples (B), 23 MT and paired PN

samples (C), or 23 MT and 21 NM samples (D).
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Figure S3. GO and KEGG pathway analysis of differently expressed protein.
Gene Ontology using STRING online analysis software classified the 2170
differentially expressed proteins in CLM according to their biological process (A),

cellular component (B) and molecular function (C). D, KEGG pathway analysis of the

2170 differentially expressed proteins.



B Down-regulated genes

MT vs. PN
372
28 12
1
MT vs. NM LM vs. MT

406 21 196

Up-regulated genes

MT vs. PN
539
16 27
8
MT vs. NM LMvs. MT

30 4 a7

Figure S4. RNA sequencing and identification of differently expressed mRNAs. A,
Hierarchical clustering for RNA-sequencing data of 12 samples. B, Significantly

changed genes among three groups from RNA-sequencing data of 12 samples.
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Figure S5. gRT-PCR and Western blot to quantify FDFT1 and UQCRS5 levels in
SW480 cells. A, gRT-PCR measurement of the levels of FDFT1 mRNA in SW480
cells treated with negative control or shFDFT1. A, Western blot measurement of the
levels of FDFT1 protein in SW480 cells treated with negative control or shFDFT1. C,
gRT-PCR measurement of the levels of UQCR5 mRNA in SW480 cells treated with
negative control or UQCRS5 overexpression plasmid. D, Western blot measurement of
the levels of UQCRS5 protein in SW480 cells treated with negative control or UQCR5
overexpression plasmid. Data shown are the means & SD of three independent
experiments. Statistical analyses were performed with one-way ANOVA (** = P <

0.01).
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Figure S6. Clinical significance of FDFT1 and UQCRS5 in 44 CRC. Kaplan-Meier
survival analysis to evaluate the prognostic value of FDFT1 or/and UQCR5

expression for OS (A) and PFS (B) of 44 CRC patients.
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Figure S7. Clinical significance of FDFT1 and UQCRS5 in 379 CRC patients from
TCGA portal. Kaplan-Meier survival analysis was used to evaluate the prognostic
value of FDFT1 and/or UQCR5 expression in 379 CRC patients from TCGA portal

for OS (A) and PFS (B).



Table S1. Summary of CRC patients demographic and clinical characteristics.

Non-metastatic (N = 21)

Metastatic to liver (N = 23)

Factor Variables Number (%) Number (%)
Age > 60 14 (66.7%) 11 (47.8%)
< 60 7 (33.3%) 12 (52.2%)
Gender Male 11 (52.4%) 10 (43.5%)
Female 10 (47.6%) 13 (56.5%)
Primary site Colon 9 (42.9%) 14 (60.9%)
Rectum 12 (57.1%) 9 (39.1%)
Differentiation Well 0 (0.0%) 0 (0.0%)
Moderately 16 (76.2%) 16 (69.6%)
Poorly 5 (23.8%) 7 (30.4%)
Completeness RO 21 (100.0%) 23 (100.0%)
R1 0 (0.0%) 0 (0.0%)
Diameter >5cm 10 (47.6%) 10 (43.5%)
<5cm 11 (52.4%) 13 (56.5%)
Number of primary foci Multiple 8 (38.1%) 9 (39.1%)
Single 13 (61.9%) 14 (60.9%)
TNM stage I 10 (47.6%) 2 (8.7%)
I 6 (28.6%) 3(13.0%)
I 5 (23.8%) 12 (52.2%)
v 0 (0.0%) 6 (26.1%)



Necrosis Yes 11 (52.4%) 10 (43.5%)
No 10 (47.6%) 13 (56.5%)




Table S2. Prognosis analysis based on clinical characteristics of 374 CRC patients.

Overall survival

Progression free survival

Hazard Ratio

Factor Variable N Months 959% ClI Months 95% CI Hazard 959% CI
P value P value ) o P value
(Mean) (Mean) (Mean) (Mean) Ratio (univariate)
A > 60 245  30.89 26.32 - 34.21 0.825 30.26 26.89 - 34.54 0.779 1.21 1.03-1.61  0.438
e
g <60 129 3152 26.12 - 34.93 31.02 26.55 - 34.83
cend Male 206 3111 27.27 - 33.94 0.147 30.12 26.33 - 35.04 0.196 1.11 093-1.22  0.798
endaer
Female 168  31.87 26.01 - 35.74 31.29 25.76 - 34.83
Lymphnode  Positive 169  27.34 25.43-2958  <0.001 28.02 26.04-30.96  <0.001 2.31 1.49-3.61  0.021
Meastasis — \jegative 205 3128 29.72-33.87 3133  29.26-33.41
NM HI-1V 307  26.69 24.36 - 29.83 0.012 26.04 2433-2998  <0.001 2.52 1.94-421  <0.001
stage
J I-11 67 31.58 26.19 - 33.48 31.96 26.87 - 34.56
Lympho- Positive 101  29.67 27.89 - 32.26 0.058 30.09 26.89 - 32.76 0.066 1.89 0.93-252  0.068
vascular  Negative 228 3103 26.74-3452 3153  26.24-33.75
VaSION  Unknown 45 2931  27.65- 35.43 2931  27.65- 35.43
Positive 76 28.39 26.45 - 30.33 0.045 27.95 24.36 - 30.85 0.038 2.59 1.69-3.97  <0.001
Vascular
invasion Negative 247  31.04 28.71 - 34.31 30.83 26.77 - 33.61
Unknown 51 29.33 27.58 - 33.46 29.34 26.62 - 33.41
Siamet >2cm 168  26.86 2439-2901 <0001 2656 2421-30.04 <0.001 2.69 1.88-4.05 <0.001
lameter
<2cm 206 2986 27.39 - 33.01 29.35 27.86 - 33.21

Table S3. Association between deregulated genes expression and clinicopathological characteristics in 374 CRC patients.



BGN EHD2 UQCR5 COL1A2 FDFT1
Factor Variable N Exp. P val Exp. P val Exp. P val EXxp. P val Exp. P val
7382.77 = 988.15 + 2306.19 + 44266.64 + 4859.76 +
> 60 245 0.059 0.096 0.355 0.143 0.691
57.51 106.822 77.25 4471.07 278.89
Age
5913.18 + 1158.61 + 2218.22 + 36716.91 = 4973.92 +
<60 129
83.25 89.22 105.94 5477.49 273.91
6482.14 + 996.25 + 2312.88. = 40475.24 = 4820.44 +
Male 206 0.593 0.087 0.229 0.967 0.449
685.82 94.87 98.64 4459.14 283.99
Gender
6886.32 + 1171.99 + 2197.98 + 40691.79 = 5037.77 =
Female 168
776.09 104 82.15 5589.24 266.55
8056.72 + 1242.81 + 2396.53 + 4744241 = 4249.89 +
Lymph Positive 169 0.005 0.009 0.005 0.042 0.001
672.64 96.23 98.44 4783.17 272.39
node
5769.78 + 953.42 + 2100.17 = 36080.96 + 5241.01 =
metastasis Negative 205
804.92 106.12 84.66 5487.47 246.66
7180.22 + 1138.28 + 2380.39 + 43495.06 = 4748.09 £
TNM stage n-1v 307 0.002 0.008 0.033 0.014 0.012
700.48 104.19 81.34 5095.37 283.47
4116.95 + 784.39 + 2141.84 + 26943.58 + 5682.63 =
I-11 67
754.57 91.94 99.18 4842.12 267.95
Lympho- Positive 101 916455+ 0.001 1387.15+ 0.001 2319.57 = 0.018 53918.21 + 0.008  4117.85+ 0.001
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0.039

0.022

4884.51
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0.034

0.017
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4264.56 =
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5022.76
266.55
5020.36 *
265.45
2802.45
312.14
5200.36 *
251.85

0.031

0.023




Supplementary Table 4. SAAVs in NM-specific sample.

\::::t]s Accession number  Protein_Change Exon RefSeq Chrs Position cDNA_Change SIFT Score PolyPhenVv2
ABCA4 P78363 p.W1479X exon30 NM_000350 1 94495103 c.4437G>A 0 0.735
ACTR10 QINZ32 p.1258V exonl0 NM_018477 14 58690558 C.772A>G 1 0
ACTRT1 Q8TDG2 p.L70M exonl NM_138289 X 127185978 €.208T>A 0.01 0.004
ETNPPL Q8TBG4 p.G118V exon5 NM_001146627 4 109674142 €.353G>T 0 0.997
AKAP1 Q92667 p.S651N exon4 NM_003488 17 55189262 €.1952G>A 0.95 0
ALDH18A1 P54886 p.Q4X exon2 NM_001017423 10 97413125 c.10C>T 0.13 0.728
ANKRD11 Q6UB99 p.S56C exon4 NM_013275 16 89371674 c.166A>T 0 0.053
ANO1 Q5XXA6 p.G154R exon3 NM_018043 11 69949190 c.460G>A 0.37
ARHGAP20 Q9P2F6 p.A995V exonl6 NM_020809 11 110450686 €.2984C>T 0.26 0.001
ARHGAP36 Q6ZRI18 p.T126P exond NM_144967 X 130217764 c.376A>C 0.02 0.899
ARMC9 Q7Z3E5 p.R405C exonl4 NM_025139 2 232137670 €.1213C>T 0 1
BAI1 014514 p.A214T exonl NM_001702 143546199 C.640G>A 1
BMP10 095393 p.E420K exon2 NM_014482 69092780 €.1258G>A 0.07 0.206
C160rf70 Q9BSU1 p.G113A exon5 NM_025187 16 67166411 €.338G>C 0 0.998
CCDC189 AlA4V9 p.C145F exon4 NM_001014979 16 30771640 c.434G>T 0.98 0.999
TMEM249 Q2WGJ8 p.R206H exon5 NM_001252402 8 145577099 C.617G>A 0
CABIN1 Q9Y6J0 p.G75S exon5 NM_001199281 22 24437599 €.223G>A 0.25 0.405
CACNAI1H 095180 p.T1615P exon27 NM_021098 16 1263845 c.4843A>C 0
CCDC120 Q96HB5 p.A559G exonl0 NM_001163323 48925467 €.1676C>G 0.41 0
CCDC39 Q9UFE4 p.E81K exon3 NM_181426 180379765 C.241G>A 0
CCDC39 Q9UFE4 p.Q660H exonl4 NM_181426 180349275 €.1980G>T 0
CCNK 075909 p.H406P exonll NM_001099402 14 99976593 c.1217A>C 0.09
CD109 Q6YHK3 p.K556X exonl4 NM_133493 6 74477946 C.1666A>T 0.13 0.693
CD3G P09693 p.L110R exon4 NM_000073 11 118221288 €.329T>G 0 0.992
CETP P11597 p.D487N exonl6 NM_000078 16 57017555 €.1459G>A 0.18 0.726
CHST6 Q9GZX3 p.R155Q exon3 NM_021615 16 75513263 C.464G>A 0.83 0.027
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Supplementary Table 5. SAAVs in NM & MT-share sample.

Protein Accession . .
. Protein_Change Exon RefSeq Chrs Position cDNA_Change SIFT Score PolyPhenV?2
Variants number
Al1BG P04217 p.T278P exon5 NM_130786 19 58862835 €.832A>C 0 0.735
ADGRG6 Q86SQ4 p.W789C exonl? NM_001032394 6 1.43E+08 €.2367G>C 1 0
AGTR2 P50052 p.R182X exon3 NM_000686 1.15E+08 c.544C>T 0.01 0.004
AKAP13 Q12802 p.T2795P exon36 NM_006738 15 86287035 €.8383A>C 0 0.997
ANAPC1 Q9H1A4 p.Q451H exonll NM_022662 2 1.13E+08 €.1353G>C 0.95 0
APC2 095996 p.F2256S exonl15 NM_005883 19 1470067 €.6767T>C 0.13 0.728
AQP7 014520 p.E202D exon? NM_001170 9 33385784 €.606G>C 0 0.053
ASB7 Q9H672 p.HI1R exon5 NM_024708 15 1.01E+08 C.272A>G 0.37
ASL P04424 p.E214D exons8 NM_001024944 7 65552360 €.642G>T 0.26 0.001
ATP8A2 QINTI2 p.L624F exon22 NM_016529 13 26153950 €.1872G>T 0.02 0.899
ATRNL1 Q5VV63 p.C961G exonl8 NM_207303 10 1.17E+08 €.2881T>G 0 1
BRD8 Q9HOE9 p.G298C exonl10 NM_006696 5 1.38E+08 €.892G>T 1
BTBD16 Q32M84 p.T297N exonl10 NM_144587 10 1.24E+08 €.890C>A 0.07 0.206
C200rf96 Q9NUD7 p.P8H exon2 NM_153269 20 270946 €.23C>A 0 0.998
C220rf39 Q6P5X5 p.R25G exonl NM_001166242 22 19435250 €.73C>G 0.98 0.999
C2CD2 Q9Y426 p.A79G exonl NM_015500 21 43373522 €.236C>G 0
C2CD3 Q4ACY4 p.Y1745D exon27 NM_015531 11 73760510 €.5233T>G 0.25 0.405
CACNA1H 095180 p.T1615P exon27 NM_021098 16 1263845 C.4843A>C 0
CAPN12 Q6ZSI19 p.R413G exonl10 NM_144691 19 39227921 €.1237C>G 0.41 0
CASK 014936 p.G306C exonl10 NM_001126054 X 41485956 €.916G>T 0
CCDC180 Q9P179 p.L536M exonl4 NM_020893 9 1E+08 c.1606C>A 0
CCDC60 Q8IWA6 p.D33E exon2 NM_178499 12 1.2E+08 €.99C>A 0.09
CENPV Q7Z7K6 p.S35G exonl NM_181716 17 16256648 c.103A>G 0.13 0.693
CFAP91 Q7Z4T9 p.Q533K exonl3 NM_033364 1.19E+08 ¢.1597C>A 0 0.992
CFH P08603 p.P346T exon8 NM_000186 1.97E+08 €.1036C>A 0.18 0.726
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Supplementary Table 6. SAAVs in MT-specific sample.

Protein Accession i .
i Protein_Change Chrs Exon Position cDNA_Change SIFT Score PolyPhenV2
Variants number
ABCA7 Q8lzY2 p.T1883M 19 exon42 1062248 €.5648C>T 0 0.999
ACTN1 P12814 p.Q634H 14 exonl6 69349226 c.1902G>T 0.04 0.007
AEBP2 Q6ZN18 p.C297X 12 exon3 19626193 c.891C>A 0
AFF1 P51825 p.Q733K 4 exonl2 88036182 c.2197C>A 0.55 0.444
ANKRD33B AGNCL7 p.Q115P 5 exonl 10564923 c.344A>C 0.1
ANKS1A Q92625 p.G49S 6 exonl 34857324 c.145G>A 0.65 0
APC P25054 p.Q775X 5 exonl4 1.12E+08 €.2323C>T 0.17 0.733
ARMC12 Q5T9G4 p.L172P 6 exon3 35706285 c.515T>C 0.12 0.877
ASTN2 075129 p.A226S 9 exon5 1.19E+08 €.676G>T 0.01 0.445
BRE 075150 p.T284R 2 exonl0 28464260 .851C>G 0.06 0.121
BTRC Q9Y297 p.L556F 10 exonl3 1.03E+08 €.1666C>T 0.32 0
Cl60rf62 Q72332 p.V71G 16 exonl 19566996 €.212T>G 0
CACHD1 Q5VU97 p.11035M 1 exon24 65145291 €.3105C>G 0.24 0.032
CASKIN2 Q8WXEO p.E487G 17 exonl4 73500303 ¢.1460A>G 0 0.932
CCDC63 Q8NA47 p.D13N 12 exon3 1.11E+08 c.37G>A 0.41 0.006
CES5A Q6NT32 p.E475K 16 exonll 55883536 c.1423G>A 0.41
CNTD1 Q8N815 p.Q94K 17 exon3 40956277 €.280C>A 0.75 0.365
CNTN5 094779 p.R53X 11 exon4 99690376 c.157C>T 1
COL5A2 P05997 p.G321V 2 exonl5 1.9E+08 €.962G>T 0 0.996
COPS6 Q7L5N1 p.T294S 7 exonl0 99689309 .881C>G 0.01 0.002
COPZ2 Q9P299 p.G22A 17 exonl 46115075 €.65G>C
CRELD2 Q6UXH1 p.A243T 22 exon? 50316920 C.727G>A 0.35 0.023
CUBN 060494 p.L2370I 10 exon46 16957922 c.7108C>A 0.23 0.085
CYP27B1 015528 p.DA18E 12 exon8 58157553 c.1254C>A 0.02 0.998
DDX51 Q8N8AG p.G114E 12 exon2 1.33E+08 c.341G>A 0.45 0.001
DIAPH?2 060879 p.L751l X exon20 96354696 €.2251C>A 0.01 0.782
DPP6 P42658 p.A20T 7 exonl 1.54E+08 c.58G>A 0.01
DPYSL3 Q14195 p.P305T 5 exon9 1.47E+08 c.913C>A 0 1
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Extended Experimental Procedures
Patient specimen acquisition

The study was examined and approved by the Ethics Committee of the Shanghai Tenth
People’s Hospital, Tongji University School of Medicine (SHSY-IEC-PAP-16-24). This study was
registered with ClinicalTrials.gov, number NCT02917707. Follow-up data and statistics were
recorded for all patients through Dec. 31, 2017.

DNA and RNA extraction.

Using a co-isolation protocol, DNA and RNA were purified simultaneously using the QIAGEN
All Prep DNA/RNA Micro Kit (Qiagen, CA, USA) according to the manufacturer’s instructions
[1]. The nucleic acid concentration was determined using a Nanodrop1000 spectrophotometer
(Thermo Fisher Scientific; Waltham, MA, USA) [2], and the RNA purity was verified using 1.5%
denaturing agarose gels.

Protein extraction and analysis by LC-MS/MS.

Forty four paired fresh primary tumors from the colorectal and paired normal colorectal tissues
(PN) independently confirmed by two experienced pathologists Z.Y.C. and H.Q.Y., were used for
proteogenomic analysis (Table S1). Three different parts of the same lesions for every sample
were compared for data analysis and measurement of the variation caused by random biological
effects. The tissues were homogenized in 4 % SDS and 0.1 M DTT in 0.1 M Tris-HCI, pH 7.6 on
ice, sonicated 10 times (80 w; 10 s sonication/5 s suspension), incubated for 3 min at 95<C, and
briefly sonicated. The protein concentrations of clarified lysates were determined using a
fluorescence assay and then 200 pg of clarified lysates were proteolyzed on a 10 kDa filter (PALL
Life Sciences, Shanghai, China) using the filter-aided sample preparation method [3]. The peptide
samples were then desalted onto a solid-phase extraction cartridge. The lyophilized peptide
mixture was re-suspended in water with 0.1% formic acid (v/v), and its content was estimated by

ultraviolet light spectral density at 280 nm [4]. Then, 3 ug of the digest sample was analyzed by



nano-liquid chromatography-tandem mass spectrometry on a LTQ Orbitrap Velos Pro mass
spectrometer as previously described [5].

The acquired data from mass spectrometry runs were combined and searched against the
UniProt Human database (05/2016, 153652 entrys) using Maxquant software (version 1.3.0.5;
http://maxquant.org/) as described [6]. Proteins were identified using the Andromeda peptide
search engine integrated into the Maxquant platform [7]. The required minimum peptide length
for identification was 7 amino acids, and the false discovery rate at the protein level, peptide level
and site were set to 0.01. The normalized spectral protein intensity values were calculated for
each protein group.

The Maxqguant peptide and protein quantification results files were imported into Perseus
software (version 1.5.1.6) to identify the differentially expressed proteins [8-10]. After importing
the gquantitative data from ProteinGroups.txt into Perseus, a filtering criterion is set to keep the
identified proteins with the quantified values of all ten reporter ions (no missing value) in the final
identification list. The protein intensities are log,-transformed and normalized by subtracting the
median intensity in each column/sample. Principal component analysis (PCA) is performed based
on protein intensities to differentiate groups [11]. Two-samples t-tests coupled with
Benjamini—Hochberg (FDR cutoff of 0.05) correction are performed to identify the differentially
expressed proteins [12].

Validation of point mutations by PCR and Sanger sequencing.

The reliability of the exome analysis and somatic variant identification strategies was assessed
using PCR and Sanger sequencing. PCR was performed using the GeneAmp PCR System 9700
(Applied Biosystems, Foster City, CA, USA). About 20 ng template DNA from each sample was
used per reaction. The products were sequenced, and all sequences were analyzed with the
Sequencing Analysis Software Version 5.2 (Applied Biosystems) [13].

RNA sequencing analysis.



Of the 44 samples described in this study, 9 specimens from 3 CRC patients with metastasis
(comprised of triplet sets of PN, primary MT, and synchronously matched liver metastases sample)
and 3 specimens from 3 CRC patients without liver metastasis were obtained for RNA sequencing
analysis. The mRNA libraries were separately generated from total RNA and constructed
according to the standard Illumina RNA library preparation protocol (lllumina Inc, USA) [14].
Sequencing was performed on the lllumina Nextseq 500 platform according to the manufacturer’s
instructions [15]. Images generated by Nextseq 500 were converted into nucleotide sequences
using a base call pipeline and stored in FASTQ format, and the raw reads were filtered prior to
analyzing the data [16]. Clean reads were mapped to reference Homo sapiens transcriptome
sequences from the UCSC website (hg19) using Bowtie 2 and Tophat 2.0.1 software [17-19].

To annotate gene expression, reads per kilobases per million read values of each gene were
calculated, and differentially expressed genes were extracted using this value. The formula for
calculating these values was defined as: reads per kilobases per million read values = total exon
reads / (mapped reads [millions] > exon length [kbp]). RNA-Seq generated from 7,256,241 to
368,134,260 reads that were aligned to the human reference GRCh37.p5/hg19, representing an
average genome-coverage of 105x.

Hierarchical clustering, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis.

Hierarchical clustering was performed using MEV software (http://mev.tm4.org/, v4.7.0, TIGR)
[20]. The matrix was presented graphically by colouring each expression result on the basis of
measured colour range: lower limit ‘0.0’ was coloured green, upper limit ‘369.5” was coloured red
and midpoint value ’37.5” was coloured black. Pearson correlation was used as distance metric
and the complete linkage method was used.

To identify genes/proteins that are specifically dysregulated in CLM, we fixed the cutoff at

2-fold with a P value less than 0.05 with a FDR g-value < 0.05. Dysregulated genes/proteins were



subjected to GO analysis and KEGG pathway analysis by DAVID (http://david.ncifcrf.gov) and
STRING (https://string-db.org/) online analysis software [21-23].
TCGA data acquisition and processing.

We downloaded RNA-sequencing data from 379 CRC patients from TCGA portal
(https://cancergenome.nih.gov/), 12 of which had liver metastasis at the time of diagnosis or
during the five-year follow-up period, and 367 of which had CRC without metastasis to the liver.
The mRNA expression levels were investigated in 379 CRC tissues and 32 PN tissues in TCGA
datasets by Illumina HiSeq 2000 RNA Sequencing Version 2 analysis and normalized by the
RSEM algorithm. Whole-exome sequencing mutation datasets were downloaded from TCGA
data set to create a customized CRC mutation database. The clinical information recorded,
including the patient’s characteristics, tumor characteristics, and overall and progression-free
survival was assessed.

Cell lines and transfection

Human CRC cell line SW480 were purchased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM media (Invitrogen, Carlsbad, USA) and
supplemented with 10 % (v/v) fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml
streptomycin. SW480 cell lines were routinely tested for mycoplasma contamination, and have
been authenticated with short-tandem repeat analysis. Cell culture was conducted at 37 T in a
humidified 5% CO; incubator.

FDFT1 shRNA sequences were cloned into the plvx-shRNA plasmid. The non-silencing
lentiviral ShRNA vector was used as a control. The lentivirus was packaged using psPAX2 and
pMD2G, a three-plasmid system. To obtain stable cell lines, lentivirus supernatant was added to
SW480 cells, followed by screening with 1 pg/ml puromycin for 2 weeks. For UQCRS
over-expression, the human full length UQCR5 cDNA was cloned into the pMSCV-hygro vector.

The SW480 cells with stable over-expression of UQCR5 were polyclonal derivatives with



hygromycin selection to avoid clonal variations in functional assays.
Scratch-Wound Assay

The human CRC SW480 cells were conducted at 37 <C in a humidified 5% CO, incubator and
cells were grown into confluency in 6-well plates. The monolayer was artificially injured by
scratching across the plate with a 200 ul pipette tip. The wells were washed 3 times to remove
detached cells or cell debris. After 12 hours, digital images were captured using a
camera-equipped, inverted microscope (Carl Zeiss, Inc., Thorwood, NY, USA) and wound width
measurements were subtracted from wound width at time zero to obtain the net wound closure.

In vitro invasion assays

Corning Costar Transwell 24-well plates with 8-um-pore-size polycarbonate membrane filters
(Costar, Cambridge, MA) coated with BD Matrigel matrix (Becton Dickinson, Bedford, MA)
were maintained for 1 h at 37<C, followed by the addition of 1x10° transfected cells suspended in
200 i medium with 1% serum into the top of each well insert [24-26]. Normal growth medium
was added to the bottom wells. The cells were allowed to migrate for 24 h at 37<C. The migrated
cells were fixed with 10% methanol for 15 min. The invading cells on the lower surface of the
membrane were stained with 0.5% crystal violet for 5 min at room temperature. Random fields
were photographed and the stained cells were counted under a microscope (Nikon Corporation).
Statistical analysis.

Data were expressed as means *standard deviations. Categorical data were reported as
numbers and percentages. F tests were used to assess the equality of variances for comparable
groups. Paired t test, One-way analysis of variance (ANOVA), Kruskal-Wallis test, and XZ tests
were used to analyze mRNA expression. For time-to-event analyses, survival estimates were
calculated by the Kaplan-Meier analysis, and groups were compared with the log-rank test.
Clinical variables that were considered for single variable analyses were previously identified as

confounding variables with impact on the prognosis of patients with colorectal cancer. The



Spearman’s correlation coefficient was used to test the relationship of two independent groups. To
identify genes/proteins that are specifically dysregulated in CLM, we fixed the cutoff at 2-fold
with a P value less than 0.05 with a FDR g-value < 0.05. All calculations were performed with

SPSS 20.0 software (SPSS Inc, Chicago, IL, USA).
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