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Abstract

Copy number variations (CNVs) in cell-free DNA (cfDNA) are emerging as noninvasive
biomarkers for various cancers. However, multiple-level analysis of cfDNA CNVs for
hepatocellular carcinoma (HCC) patients with radical treatments remains uninvesti-
gated. Here, CNVs at genome-wide, chromosomal-arm, and bin levels were analyzed
in cfDNA from 117 HCC patients receiving radical treatments. Then, the relation-
ship between cfDNA CNVs and clinical outcomes was explored. Our results showed
that a concordant profile of CNVs was observed between cfDNA and tumor tissue
DNA. Three genome-wide CNV indicators including tumor fraction (TFx), prediction
score (P-score), and stability score (S-score) were calculated and demonstrated to
exhibit significant correlation with poorer overall survival (OS) and recurrence-free
survival (RFS). Furthermore, the high-frequency cfDNA CNVs at chromosomal-arm
level including the loss of 4q, 17p, and 19p and the gain of 8q and 1q clearly predicted
HCC prognosis. Finally, a bin-level risk score was constructed to improve the ability
of CNVs in predicting prognosis. Altogether, our study indicates that the multiple-
level cfDNA CNVs are significantly associated with OS and RFS in HCC patients with
radical treatments, suggesting that cfDNA CNVs detected by low-coverage whole-
genome sequencing (WGS) may be used as potential prognostic biomarkers of HCC

patients.

Abbreviations: AFP, alpha fetoprotein; AUCs, areas under the ROC curve; cfDNA, circulating free DNA; CNVs, copy number variations; CTP class, Child-Turcotte-Pugh class; HCC,
hepatocellular carcinoma; LASSO, least absolute shrinkage and selection operator; OS, overall survival; P-score, prediction score; RFS, recurrence-free survival; ROC, receiver operating
characteristic; S-score, stability score; TCGA, The Cancer Genome Atlas; TFx, tumor fraction; WBC, white blood cell; NGS, next generation sequencing; UCSC, University of California
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1 | INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common can-
cers and a leading cause of death worldwide.> More than 75% HCC
patients are etiologically associated with chronic hepatitis B virus
(HBV) infection in the Asia-Pacific region.3 Radical treatment, in-
cluding surgery and radio frequency ablation, is the mainstay cura-
tive treatment for early-stage HCC patients.* Unfortunately, tumor
recurrence and metastasis still greatly contribute to the poor prog-
nosis of HCC, partially due to the lack of effective biomarkers.>¢
Therefore, it is of primary importance to identify prognostic bio-
markers for guiding treatment decisions, especially in patients with
radical treatments. Currently, some new biomarkers, such as miR-
181a-5p’ and VEGFA,® have been reported as potential prognostic
indicators of HCC patients. However, these biomarkers still need
further validation for clinical applications. To date, the only clinically
available blood-based biomarker for HCC surveillance is alpha feto-
protein (AFP), whereas its clinical utility is severely limited by low
sensitivity and specificity.9 Hence, there remains an urgent unmet
need to develop novel prognostic biomarkers for HCC patients.

Cell-free DNA (cfDNA) in tumor patients containing the frag-
mented circulating tumor DNA, which carries the comprehensive
information of tumor genome profiles, such as methylations, point
mutations, and copy number variations (CNVs), can be used as a
surrogate source of tumor tissue DNA. 112 Several studies have re-
ported the significant promise of cfDNA as a novel biomarker for
HCC by assessing its methylation status and point mutations.*>%*
However, the high cost and complex detection pipeline limit the
wide application of methylation-based assay. Meanwhile, only a
small fraction of mutations presented in both tumor tissue and
plasma, which greatly hinders their clinical utility. CNV profiling
offers several advantages over methylation or mutation analysis
for cancer detection, including larger genomic region span and the
ability for detecting structural genomic alterations.!®> Moreover, the
detection of cfDNA CNVs by ultralow coverage sequencing makes
it a cost-effective approach for potential clinical applications.*
Previous studies have suggested the prognostic utility of cfDNA
CNVs in HCC patients treated with Sorafenib.!” Furthermore, Cai
et al have reported that plasma CNV indicator (tumor fraction, TFx)
at genome-wide level are dynamically correlated with tumor burden
in a relatively small cohort (n = 34) of HCC patients receiving surgical
resection.'® Recent multiple-level analysis of CNVs in triple-negative
breast cancer patients shed light on a more appropriate and compre-
hensive way in the analysis of cfDNA CNVs.'° Nevertheless, little
has been addressed on cfDNA CNVs at multiple levels for HCC pa-
tients who received radical treatments.

Here, CNVs at genome-wide, chromosomal-arm, and bin levels
were analyzed in plasma cfDNA from 117 HBV-HCC patients by

low-coverage whole-genome sequencing (WGS). Then, the rela-
tionship between cfDNA CNVs and clinical outcomes was explored.
Our study indicates that the multiple-level cfDNA CNVs are sig-
nificantly associated with overall survival (OS) and recurrence-free
survival (RFS) in HCC patients with radical treatments, suggesting
that cfDNA CNVs detected by low-coverage WGS may be used as
potential prognostic biomarkers for HCC patients.

2 | MATERIALS AND METHODS
2.1 | Patients and sample collection

A total of 117 HBV-HCC patients were recruited between May 2016
and July 2017 from the Department of Hepatobiliary Surgery at Xijing
Hospital, Fourth Military Medical University, Xi'an, China (Figure 1A).
Only HBV-related HCC patients were enrolled. None of the patients had
received any therapy prior to radical treatment. About 5 mL of periph-
eral blood sample was collected in EDTA tubes (BD) from each patient
before treatment. Fresh HCC tumor tissue samples were also obtained
from available cases. All patients were followed up every 6 months after
the radical treatment, ending in February, 2020. Follow-up informa-
tion was obtained from 115 patients, with a median follow-up time of
32 months (ranging from 1 to 45 months). During the follow-up period,
33 patients died of HCC and 66 patients developed recurrence.

2.2 | Plasma processing and cfDNA extraction

To separate plasma, peripheral blood was firstly centrifuged at 240
g at 4°C for 10 minutes. The resultant plasma supernatant was fur-
ther purified by centrifugation at 9391 g at 4°C for 15 minutes. The
plasma was stored at —~80°C until use. Plasma cfDNA was extracted
using the QlAamp Circulating Nucleic Acid Kit (Qiagen) according
to the manufacturer's protocol. The quantity and quality of cfDNA
samples were evaluated using Qubit3.0 (Thermo) and Agilent 2100
bioanalyzer (Agilent).

2.3 | Tumor tissue collection and DNA extraction

A total of 19 HCC tissue samples were selected for further analy-
sis. H&E staining was carefully reviewed by a pathologist to ensure
that the cancer cell content was >70%. Tissue DNA was extracted
from frozen tumor samples using the ENZA tissue DNA kit (Omega)
according to the manufacturer's protocol. The quantity and quality
of tissue DNA samples were evaluated using NanoDrop 2000 and
Agilent 2100 bioanalyzer (Agilent).
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FIGURE 1 Overview of the study. A, Flow diagram of the study design. HBV, hepatitis B virus; HCC, hepatocellular carcinoma. B, The
distribution of tumor fraction (TFx), P-score, S-score, and concentration (100 ng/mL) (n = 117). C, A scatter plot of the chromosomal-arm
level copy number variation (CNV) frequency measured in circulating free DNA (cfDNA) (n = 117). The top four most frequent chromosomal
arms harboring gain or loss are marked as red. D, The distribution of bin frequency of copy number gains (red) and losses (blue) alter among
patients (n = 117) across the genome. E, Correlation analysis of genome-wide CNV indicators (r, Spearman correlation). The size of the circles

and the darkness of the color are proportional to the strength of the correlation. Red and blue colors represent the positive and negative
direction, respectively
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2.4 | Library preparation and WGS

The construction of WGS library for tissue DNA and plasma cfDNA
samples was performed using the NEBNext Ultra Il DNA Library
Prep Kit for lllumina (NEB) according to the manufacturer's protocol
as previously described.*>* The resulting libraries were sequenced
to about 5x genome-wide depths for cfDNA and about 40x genome-
wide depths for tissue DNA on an lllumina HiSeq X Ten platform in
150-bp paired-end mode.

2.5 | Sequencing data analysis

The raw paired-end reads were mapped to the human reference
genome GRCh37 with BWA-0.7.4 and the BAM files were analyzed
using Picard tools-1.9.2 (https://broadinstitute.github.io/picard/)
to mark and remove the duplicate reads. Quality control was per-
formed using QPLOT to analyze the genome-level statistics. Then,
ichorCNA was used to profile the CNVs across the genome for
further multiple-level analysis using default algorithm parameters
(available at https://github.t:om/broadinstitute/ichorCNA).16 In ad-
dition, the copy number data of 370 HCC patients from The Cancer
Genome Atlas (TCGA) database was obtained through the UCSC
Genome Browser (http://xena.ucsc.edu/).

2.6 | Calculation of genome-wide CNV indicators

To quantify the genome-wide CNVs in plasma cfDNA, three indica-
tors were calculated based on three different algorithms. TFx was
directly estimated by ichorCNA algorithm with default parameters.'¢
In addition, a prediction score (P-score) was calculated as previously
reported, which was based on the random forest (RF) model of HBV-
HCC and cancer-free HBV patients using the genome-wide CNV
profiles.!® This P-score was further used for prognostic assessment.
Thirdly, we defined a novel stability score (S-score), which was in-
tended to reflect the extent of CNV deviation from diploid genome
and was calculated using the following formula:

[ 2 Xi-0)?
S_score = —

where Xi means the log, ratio of the bin-specific value calculated by
ichorCNA, O represents a desirable log, ratio value of diploid genome,
and n is the number of bins (n = 2475).

2.7 | Chromosomal-arm level CNV analysis

First, the genome was divided into nonoverlapping bins of 1-Mb size.
Bins with corrected copy number greater than 2 were defined as
bin gain, and bins with corrected copy number smaller than 2 were

defined as bin loss. Chromosomal-arm gain or loss was defined when

H 4775
Cancer Science S is s e«

more than 50% region of the entire chromosome arm was identified
as bin gain or bin loss. The frequency of each chromosome arm with
gain or loss was calculated as the number of patients with specific
chromosomal-arm gain or loss divided by the total patient number

and used for subsequent analysis.

2.8 | Construction of bin-level risk score

A univariable Cox proportional hazard regression analysis was per-
formed on all 1-Mb bins to select the significant bin candidates, and
the least absolute shrinkage and selection operator (LASSO) regres-
sion model was used to further screen the candidate bins with prog-
nostic significance (iteration = 10 000). The LASSO regression was
analyzed using “glmnet” package from R (version 3.6.2).2° Next, the
multivariate Cox proportional hazard regression model was used to

construct the bin-level risk score, which was defined as below:
n
Bin score = Z (Bi x Cnvi)
i

where fi represents the coefficient value, and Cnv i represents the log,

ratio of each bin calculated by ichorCNA algorithm.

2.9 | Statistical analysis

Correlations were evaluated using Spearman’s correlation coef-
ficients. Consistency between paired cfDNA and tumor DNA
samples was estimated by calculating the proportion of paired
samples with consistent CNVs at each bin or chromosomal arm.
Associations between clinical variables and multiple-level CNV
indicators were assessed using either chi-square test or Fisher's
exact test. Survival analysis was performed using the Kaplan-Meier
log-rank test. Univariable and multivariable Cox proportional haz-
ard models were used to examine the association between the CNV
indicators and death or recurrence in HCC patients. The ROC curve
was adopted to assess the performance of the CNV-related indi-
cators using “survival ROC” package. All above statistical analyses
were carried out in R package (version 3.6.2). The P-value of <.05
was considered statistically significant, and all probabilities were

two-tailed.

3 | RESULTS

3.1 | Clinical characteristics of 117 HBV-related
HCC patients

The clinical characteristics of the HCC patients are shown in Table 1.
Briefly, the median age of patients was 55 years old, and 102 patients
were male. There were 61, 44, and 12 patients with American Joint

Committee on Cancer (AJCC) stage |, stage Il, and stage Il diseases,
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respectively, while 98 and 19 of the patients with Barcelona Clinic
Liver Cancer (BCLC) stage 0-A and B-C, respectively.

3.2 | Multiple-level CNV analysis of cfDNA

The WGS was carried out at a mean depth of 4.01x (range, 2.78 to
7.86) for plasma cfDNA samples and 29.51x (range, 18.42 to 49.23)
for tissue DNA samples. The sequencing data information was sum-
marized in Table S1, showing good sequencing quality. The TFx,
P-score, and S-score were calculated based on CNV analysis. The
different distribution of TFx, P-score, S-score, and cfDNA concen-
tration was shown in Figure 1B. Statistically significant positive cor-
relation was observed among TFx, P-score, and S-score (Figure 1E).
The top four most frequent gains of 20p, 8q, and 1q, 20g and the
top four most frequent losses of 17p, 4q, 19p, and 16q were identi-
fied in 117 HBV-HCC patients (Figure 1C). Furthermore, significant
negative correlation was found between gain and loss frequencies
(Spearman r = -0.862, P < .001, Figure 1C), indicating that CNVs at
chromosomal-arm level preferred either gain or loss, but rarely both.
In addition, the bin-level (1 Mb) CNVs were obtained from ichorCNA,
and the bin frequencies altered across the genome among HBV-HCC

patients are exhibited in Figure 1D.

3.3 | Concordant profile of CNVs was observed
between cfDNA and tumor tissue DNA

To estimate the concordance between cfDNA and tissue DNA,
the frequency of CNVs at bin level or chromosomal-arm level was
analyzed among the cfDNA, tissue DNA in our cohort, and tissue
DNA from TCGA database. Similar patterns of CNVs at both bin and
chromosomal-arm level were observed between cfDNA and tissue
DNA (Figure 2A and Figure S1A). CNV signature of tumor DNA and
cfDNA obtained from the same patients was analyzed. Four repre-
sentative cases are shown in Figure S1B. The altered segments in
tumor tissues were detected in cfDNA with the overall sensitivity
and specificity at 0.76 and 0.94. The sensitivity and specificity of
CNV gain was 0.73 and 0.93. The sensitivity and specificity of CNV
loss was 0.79 and 0.95. Moreover, our data indicated that the fre-
quency of CNVs at bin level in cfDNA was significantly correlated
with that in matched tumor tissue DNA (gain: r = 0.649, P < .001;
loss: r = 0.856, P < .001. n = 19; Figure 2B). When analyzed at
chromosomal-arm level, the frequency of CNVs in cfDNA was also
significantly correlated with that in matched tumor tissue DNA (gain:
r=0.779, P < .001; loss: r = 0.912, P < .001. Figure 2C). In addi-
tion, the CNV frequency in TCGA tissue DNA was significantly cor-
related with the CNV frequency in both tissue DNA (gain: r = 0.739;
P < .001, loss: r = 0.692; P < .001. Figure 2C) and cfDNA (gain:
r=0.718; P <.001, loss: r = 0.666; P < .001. Figure 2C) in our cohort.
Overall, our data indicated the concordant profile of CNVs between
cfDNA and tissue DNA, suggesting the possibility of cfDNA as a bi-

opsy surrogate in HCC-related clinical practices.

3.4 | Association of cfDNA CNVs with clinical
characteristics in HCC patients

The association of demographic and clinical characteristics with
CNVs detected at different levels and concentrations of cfDNA is
presented in Table 1 and Tables S2-S5, respectively. Patients were
categorized into two groups by the cutoff values of TFx, P-score, S-
score, and cfDNA concentration determined by maximizing Youden
index (Table 1). The results indicated that patients with high TFx,
P-score, and S-score exhibited a significantly higher proportion at
late stage (stage Ill) and with large tumor size (25 cm) than those
with low TFx, P-score, and S-score, respectively (All P < .05). In ad-
dition, an obvious trend was observed that TFx, P-score, and S-score
were associated with microvascular invasion (MVI) and BCLC stage,
although only P-score attained statistical significance (P < .05).
Importantly, patients with high TFx, P-score, and S-score exhibited
a significantly higher recurrence and death risk than those with low
TFx, P-score, and S-score, respectively (All P < .05). Similar results
were observed in patients with gains of 8q and 1q (Table S2), losses
of 17p, 19p, and 16q (Table S3), high bin score (Table S4), and high
cfDNA concentration (Table S5).

3.5 | Genome-wide indicators of cfDNA CNVs
were significantly associated with prognosis of HCC
patients receiving radical treatments

As shown in Table S6, the univariable Cox regression analysis indicated
that BCLC stage, AJCC stage, and tumor size were associated with OS
and RFS of HCC patients receiving radical treatment, which is greatly
consistent with previous reports.21 Furthermore, HCC patients were
respectively stratified by cutoff value of three genome-wide CNV
indicators determined by maximizing Youden index. Kaplan-Meier
analysis showed that the patients with high TFx, P-score, S-score, and
cfDNA concentration exhibited a significantly poorer OS and RFS than
those with low TFx, P-score, S-score, and cfDNA concentration, re-
spectively (All P < .05. Figure 3). Similar results were observed when
median values of TFx, P-score, and S-score were used as cutoff values
(all P < .05. Figure S2A-C). However, no significant difference was ob-
served between patients with high and low cfDNA concentration in
OS (P = .117) and RFS (P = .731, Figure S2D) when the median value
was used as the cutoff for stratification. After adjusting for gender,
age, BCLC stage, MVI, and AFP, the multivariable Cox proportional
hazard regression analysis indicated that the three genome-wide CNV
indicators were significantly associated with death risk of HCC pa-
tients receiving radical treatments, with hazard ratio (HR) of 4.02 (95%
confidence interval [Cl], 1.87-8.64), 3.70 (95% Cl, 1.67-8.17), 3.72 (95%
Cl, 1.70-8.14), and 3.95 (95% Cl, 1.89-8.27) for S-score, P-score, TFx,
and cfDNA concentration, respectively (Table 2). Similar results were
observed in the associations of the cfDNA indicators with recurrence
risk, with HR of 2.55 (95% Cl, 1.52-4.30), 2.06 (95% Cl, 1.21-3.51), 2.78
(95% Cl, 1.64-4.70), and 1.97 (95% Cl, 1.08-3.59) for S-score, P-score,
TFx, and cfDNA concentration, respectively (Table 2).
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TABLE 1 Clinicopathologic characteristics and genome-wide copy number variation (CNV) indicators of hepatocellular carcinoma (HCC)

patients
All
patients
Variables n=117
Age
<55 58 (50)
255 59 (50)
Gender
Male 102 (87)
Female 15(13)
AJCC stage
| 61 (52)
I 44 (38)
] 12 (10)
AFP
<20 ng/ 55 (47)
mL
220 ng/ 62 (53)
mL
Tumor size
<3cm 30 (26)
3-5cm 50 (43)
>5cm 37 (32)
MVI
No 74 (63)
Yes 37 (32)
Unknown 6 (5)
BCLC stage
0/A 98 (84)
B/C 19 (16)
CTP class
A 112 (96)
B 5(4)
Recurrence
No 51 (44)
Yes 64 (55)
Lost 2(2)
Vital status
Alive 82 (70)
Deceased 33(28)
Lost 2(2)

S-score

Low High
n=73 n=44
33 (45) 25(57)
40 (55) 19 (43)
63 (86) 39 (89)
10 (14) 5(11)
46 (63) 15 (34)
24 (33) 20 (46)
3(4) 9 (20)
35 (48) 19 (43)
38(52) 25 (57)
26 (35) 4(9)
35 (48) 15 (34)
12 (17) 25(57)
50 (69) 24 (55)
19 (26) 18 (41)
4 (5) 2 (4)
65 (89) 33(75)
8(11) 11 (25)
70 (96) 42 (95)
3(4) 2(5)
42 (57) 9 (20)
31(43) 33(75)
0(0) 2(5)
62 (85) 20 (45)
11 (15) 22 (50)
0(0) 2 (5)

.255

.783

.020*

.703

.001*

.103

.069

1.000

<.001*

<.001*

P-score

Low High
n=69 n=48
31 (45) 27 (56)
38(55) 21 (44)
59 (86) 43 (90)
10 (14) 5(10)
47 (68) 14 (29)
20(29) 24 (50)
2(3) 10(21)
35 (51) 20 (42)
34 (49) 28 (58)
26 (37) 4(8)
31 (45) 19 (40)
12 (18) 25(52)
48 (70) 26 (54)
16 (23) 21 (44)
5(7) 1(2)
62 (89) 36 (75)
7 (11) 12 (25)
66 (96) 46 (96)
3(4) 2(4)
39 (56) 12 (25)
29 (43) 35(73)
1(1) 1(2)
58 (84) 24 (50)
10 (15) 23 (48)
1(1) 1(2)

.262

.585

<.001*

853

<.001*

.041*

.069

1.000

.001*

<.001*

TFx

Low High
n=68 n=49
29 (43) 29 (59)
39 (57) 20 (41)
60 (88) 42 (86)
8(12) 7 (14)
43 (63) 18 (37)
23 (34) 21 (43)
3(3) 10 (20)
33 (49) 22 (45)
35(51) 27 (55)
26 (38) 4(8)
30 (44) 20 (41)
12 (18) 25 (51)
45 (66) 29 (59)
18 (27) 19 (39)
5(7) 1(2)
61 (90) 37 (76)
7 (10) 12 (24)
65 (96) 47 (96)
3(4) 2(4)
41 (60) 10 (20)
27 (40) 37 (76)
0(0) 2(4)
58 (85) 24 (49)
10 (15) 23 (47)
0(0) 2(4)

.093

.782

.020*

712

<.001*

.232

.046"

1.000

<.001*

<.001*

Note: Data presented as No. (%) unless otherwise noted. The cutoff points of S-score, P-score, and TFx were determined by the maximizing Youden
index of classifying 1-y recurrence.

Abbreviations: AFP, alpha-fetoprotein; AJCC, American Joint Committee on Cancer; BCLC, Barcelona Clinic Liver Cancer; CTP class, Child-Turcotte-

Pugh class; MVI, microvascular invasion; P-score, prediction score; S-score, stability score; TFx, tumor fraction.
" P value has statistical significane ( < 0.05).
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number gains (red) and losses (blue) altering among patients are exhibited. B, The correlation between CNV frequency of each bin in cfDNA
and in tissue DNA (n = 19, pair-matched. r, Spearman correlation). C, The correlation of CNV frequency of each arm between cfDNA and
tissue DNA from our cohort, tissue DNA from our cohort and The Cancer Genome Atlas (TCGA), and cfDNA and tissue DNA from TCGA (r,

Spearman correlation)

Furthermore, the receiver operating characteristic (ROC) curves
were used to characterize the discrimination potential of TFx, P-
score, S-score, cfDNA concentration, MVI, and BCLC stage for 3-
year or 1-year survival. The results showed that the TFx, S-score, and
P-score had similar areas under the ROC curve (AUCs) and exhibited

a slightly better performance than cfDNA concentration, BCLC, and

MVI, irrespective of 3-year survival or 1-year survival (Figure 3). It

should be noted that the ROC curves of the concentration lay across

the diagonal line, which may be due to an unstable estimation using

concentration.
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FIGURE 3 Prognostic values of
genome-wide copy number variation
(CNV) indicators and concentration for
hepatocellular carcinoma (HCC) patients.
Kaplan-Meier curves for the low group
and high group of HCC patients according
to the genome-wide CNV indicators: (A)
S-score, (B) P-score, (C) tumor fraction
(TFx), and (D) concentration. Cases are
stratified by cutoff value determined by
maximizing Youden index. The Mantel-
Cox log-rank significance value is shown
for each. Cutoff value: TFx: 0.02, P-score:
0.74, S-score: 0.04, concentration:

48.49 ng/mL. Receiver operating
characteristic (ROC) curve for (E) 1-y
survival and (F) 3-y survival predicted

by TFx, P-score, S-score, concentration
(Con.), MVI, and Barcelona Clinic Liver
Cancer (BCLC) stage. The AUCs are shown
in corresponding brackets
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TABLE 2 Multivariable Cox

HR of death HR of recurrence . R .
Variables (95%CI)? p (95%CI)? p proportional hazard regression analysis
of genome-wide copy number variation
S-score (CNV) indicators for overall survival (OS)
<0.04 Ref <.001* Ref <.001* and recurrence-free survival (RFS)
20.04 4.02 (1.87-8.64) 2.55(1.52-4.30)
P-score
<0.74 Ref .001* Ref <.008*
20.74 3.70 (1.67-8.17) 2.06 (1.21-3.51)
TFx
<0.02 Ref .001* Ref <.001*
20.02 3.72(1.70-8.14) 2.78 (1.64-4.70)
Concentration
<48.49 ng/mL Ref <.001* Ref .027*

248.49 ng/mL

3.95(1.89-8.27)

1.97 (1.08-3.59)

Abbreviations: Cl, confidence interval; HR, Hazard Ratio; P-score, prediction score; S-score,

stability score; TFx, tumor fraction.

2Adjusted by age, gender, microvascular invasion (MVI), alpha fetoprotein (AFP), and Barcelona

Clinic Liver Cancer (BCLC) stage.
" P value has statistical significane (< 0.05).

3.6 | High frequency cfDNA CNVs at chromosomal-
arm level predicted prognosis of HCC patients

To evaluate the prognostic value of cfDNA CNVs at chromosomal-
arm level in HCC patients receiving radical treatments, the top four
most frequent gains or losses were used. The Kaplan-Meier survival
analysis (Figure S3) showed that patients with the loss of 4q, 17p,
19p, and 16q and the gain of 8q, 1q, and 20q exhibited significantly
poorer OS and RFS than those without corresponding chromosomal-
arm loss and gain, respectively (All P < .05). Moreover, 20p gain
was only related to recurrence (P = .002) but not death (P = .105).
Multivariate Cox regression analysis showed that the loss of 4q, 17p,
and 19p and the gain of 8q and1q were independent prognostic fac-
tors for OS and RFS. The 20p gain and 20q gain were only observed
to be associated with recurrence risk (all P < .05. Table 3). Further,
as shown in Figure S4, the combination of 8q gain and 17p loss sig-
nificantly improved the efficiency for prognosis prediction. These
results suggest that high-frequency cfDNA CNVs at chromosomal-
arm level may be used as prognostic biomarkers for HCC patients,
and the combination of indicators at chromosomal-arm level may be

a better strategy.

3.7 | Abin-level risk score improved the ability of
CNVs in predicting prognosis

To investigate the prognostic value of cfDNA CNVs at bin (1 M) level
in HCC patients, 1406 prognosis-associated candidate bins were
selected from a total of 2475 bins by a univariable Cox regression
analysis for further screening based on the LASSO model and mul-

tivariable Cox regression model. Finally, three bins were chosen to

construct the bin-level risk score (simplified as bin score) according
to the coefficients from the multivariable Cox regression analysis
(Figures 4A, B and S5B). The distribution of patients with the low
and high bin score, survival status of patients, and heat map of CNVs
of the three hub bins are shown in Figure S5A. Two of three bins
were located on chr8q (gain) and chr17q (loss), respectively. Another
one was located on chré6q12, which could be found in TCGA copy
number dataset from cBioPortal (Figure S5B). When HCC patients
were stratified into two groups by the median value of bin score,
the results showed that patients with high bin score had a signifi-
cantly poorer OS than those with low bin score (log rank P < .001.
Figure 4C). Similarly, the patients with high bin score were more
likely to suffer recurrence than those with low bin score (P = .002.
Figure S5C). The multivariable Cox regression analysis confirmed
that the bin score was a prognosis biomarker independent of gender,
age, BCLC stage, MVI, and AFP (OS: P < .001, HR = 1.09, 95%Cl,
1.04-1.15; RFS: P = .004, HR = 2.16, 95%Cl, 1.26-3.70. Table S7).
The AUCs of bin score in predicting 1-year and 3-year survival were
0.820 and 0.746, respectively (Figure 4D), which was superior to the
genome-wide cfDNA CNV indicators, high-frequency cfDNA CNVs
at chromosomal-arm level, BCLC stage, and MVI. Furthermore, the
bin score could also predict the prognosis in the patients whose TFx
value was zero (Figure S5D). These findings suggest that the predic-
tion ability of cfDNA CNVs for HCC prognosis may be improved by

screening the most relevant CNV regions.

4 | DISSCUSSION

Here, we comprehensively presented the genomic characteriza-
tion of plasma cfDNA from a large cohort of HCC patients receiv-

ing radical treatments at multiple levels. Remarkably similar CNV



WANG ET AL.

TABLE 3 Multivariable Cox
proportional hazard regression analysis

of copy number variations (CNVs) at
chromosomal-arm level for overall survival
(OS) and recurrence-free survival (RFS) No

Variables

4q loss

Yes
17p loss
No
Yes
19p loss
No
Yes
16q loss
No
Yes
20p gain
No
Yes
8q gain
No
Yes
1q gain
No
Yes
20q gain
No

Yes
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HR of death HR of recurrence

(95%ClI)* P (95%Cl)? P

Ref .001* Ref .035*
3.55(1.66-7.56) 1.81(1.04-3.14)

Ref <.001* Ref <.001*
4.31(2.02-9.20) 2.74 (1.59-4.73)

Ref .002* Ref <.001*
3.49 (1.59-7.68) 3.27 (1.82-5.85)

Ref 109 Ref .056
1.89 (0.87-4.17) 1.76 (0.99-3.15)

Ref 143 Ref .039*
1.74 (0.83-3.64) 1.76 (1.03-3.01)

Ref .003* Ref .001*
3.20(1.49-6.87) 2.49 (1.44-4.31)

Ref .019* Ref .033*
2.55(1.16-5.59) 1.84 (1.05-3.21)

Ref 169 Ref .017*

1.69 (0.80-3.56)

1.96 (1.13-3.39)

Abbreviations: Cl, confidence interval; HR, hazard ratio.

2Adjusted by age, gender, microvascular invasion (MVI), alpha fetoprotein (AFP), and Barcelona
Clinic Liver Cancer (BCLC) stage.

" P value has statistical significane (< 0.05).

profiles were observed between cfDNA and tissue DNA of HCC
patients, indicating the creditable implication of liquid biopsy for
tumor detection. Using an NGS-based approach, indicators at
genome-wide, chromosomal-arm, and bin levels were developed.
Genome-wide CNV indicators including TFx, P-score, and S-score
contain comprehensive information of variations at genome-wide
level. However, CNV indicators at chromosomal-arm and bin level
can identify the prognosis-predicting CNVs in a more concentrated
area: chromosomal-arm and 1-Mb bin. We demonstrated that indi-
cators based on cfDNA CNVs at different levels could be used as
independent noninvasive prognostic biomarkers for HCC patients
with radical treatments. Moreover, the bin-level indicator could also
further improve the prognostic prediction ability of HCC. Therefore,
it is more feasible and cost effective to analyze the prognostic value
of cfDNA CNVs at bin level.

The consistency of genomic copy number between the cfDNA
and tumor tissue DNA has been demonstrated in previous stud-
ies.1%1¢ |n this study, the consistency of CNV profiles between the
tissue DNA of our cohort and TCGA indicated the reliability of our

sequencing data. Moreover, our results exhibited remarkably simi-
lar CNV profiles between cfDNA and tissue DNA at both bin level
and chromosomal-arm level, suggesting that the cfDNA was an al-
ternative sample source of tissue DNA for sequencing. It should be
noted that the frequency of CNVs in cfDNA was significantly lower
than that in tissue DNA samples. A possible explanation is that the
detectable CNVs were diluted by predominantly normal cfDNA as
background from white blood cell (WBC).?? Further comparison of
CNV profiles between cfDNA and WBC DNA will broaden our un-
derstanding on the influence of normal cfDNA in detecting CNVs. 2

To analyze the association between cfDNA CNVs and HCC prog-
nosis, genome-wide CNVs were taken into consideration firstly. As
reported in previous studies, TFx could be used as a prognostic bio-
marker for HCC patients who received surgical resection and adju-
vant therapies.18 Based on an extended sample size, similar result
was also observed in the present study. In our previous study, a RF
model has been constructed for the detection of early-stage HCC
patients. The current study further estimated the prognosis predic-

tion capacity of the P-score calculated based on the RF model. As
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expected, the high P-score was found to be significantly associated
with poor outcomes in HCC patients with radical treatments. The
S-score, newly developed to estimate the genome stability, was also
shown as an independent prognostic biomarker for HCC patients.
Furthermore, no significant difference was observed among three
genome-wide CNV indicators in prognosis prediction, possibly due
to the high correlations among them, although they were calculated
using different algorithms. In comparison, the predictive ability of
cfDNA concentration was observed not very stable in distinguished
patients with different prognosis. This is presumably due to the
fact that the cfDNA concentration was influenced by experimental
operation errors in cfDNA extraction and quantification or by the
patients’ status at the time of blood extraction.?*?® In addition, vari-
ations in cfDNA concentration have been commonly found in differ-
ent laboratories.'”% In general, all the genome-wide CNV indicators
were shown to be independent prognostic factors, exhibiting more
superior efficacy to the cfDNA concentration and current evaluation
variables.

Next, the cfDNA CNVs at chromosomal-arm level were inves-
tigated. A series of previous studies have reported that CNVs at
chromosomal-arm level are commonly observed in HCC tissues.
Copy number gains at 1q, 6p, 8q, and 20q and copy number losses
at 16q, 17p, 19p, 19q, 4q, 1p, 8p, 13q, and 22g have commonly
been identified in HCC tissue samples.?’2® Our results highlighted
the top four frequent gain arms (20p, 8q, 1q, 20q) and the top four
frequent loss arms (17p, 4q, 19p, 16q) in cfDNA of HCC patients.
Several regions, such as gain of 1q, 8924, and 20q13.12-13.33

50 75
100%-Specificity(%)

100

and loss of 17p, have been reported to be related with the prog-
nosis of HCC patients.??33% In the present study, we focused on
CNVs at chromosomal-arm level. These arms characterized by high-
frequency CNVs were observed to be associated with prognosis in
HCC patients, among which gain of 20p and 20q could only serve
as independent prognostic factors for predicting recurrence. In
addition, the 20p gain was easier to be detected in cfDNA than in
primary tissue DNA, which further highlighted the complementary
role of cfDNA in the detection of HCC-related CNVs. A series of
studies have demonstrated that the analysis of CNV loss or gain
contributes to clarifying the potential molecular mechanisms in he-
patocarcinogenesis. Gain of 1q has been suggested as an early ge-
nomic lesion during HCC progression. ALC1 gene, which is located
on 1q, has been reported to promote the proliferation of HCC cells
by downregulating p53 expression.34 Moreover, overexpression of
PTK2 and EIF3S3, which are located on Chr8q, has been reported
to result in HCC progression.35 Previous studies have also described
the PRDM5 gene located on 4q as a major microenvironment-
dependent and epigenetically regulated lineage-commitment factor
in HCC.%¢ Furthermore, underlying mechanisms how the loss or gain
of CNV affects the prognosis of hepatocellular carcinoma need to be
further explored.

Finally, the prognostic value of cfDNA CNVs was evaluated at bin
level. Three bins were selected to construct a bin score. Our result
indicated that the bin score was an independent prognostic factor
and superior to clinical factors, genome-wide CNV indicators and

chromosomal-arm CNVs, which provided a new way for developing
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the cfDNA CNVs as new prognostic biomarkers. The bin score could
also distinguish the patients with undetectable TFx into high and
low risk of death and recurrence, indicating the wide application of
the bin score in prognosis prediction of HCC patients. Moreover, we
also analyzed the potential candidate genes in these regions. Briefly,
CYP5D2, a member of the cytochrome P450 family, was located at
17p13.2. Previous studies have demonstrated the downregulation
of CYP5D2 is associated with breast cancer progression, suggest-
ing that CYP5D2 might be a potential cancer suppressor gene.®’
Another candidate gene, PREX2, was located at chr8q13.2, which
has previously been reported to be associated with poor survival of
HCC patients.38 PTP4A1, located at chr6q12, was also identified as
candidate gene, which has previously been reported to enhance the
migration and invasion of HCC cells.?’ These findings suggest that
screening the most relevant prognostic regions may improve the
predicting capacity of cfDNA CNVs. Moreover, the detection of fo-
cused regions can further help select the potential candidate genes
related to the prognosis of HCC.

In practical application, each of these “levels” was demonstrated
to have its own advantage. Among them, our present study suggests
that the CNV indicator at bin level may be most valuable for the
prognostic prediction of HCC patients. On the one hand, it exhibited
the greatest AUC among all CNV indicators. On the other hand, the
CNV indicator at bin level can also predict the prognosis of the pa-
tients whose TFx value was zero, while other CNV indicators cannot.
As there may be partial information overlaps between these levels, it
may be not appropriate to perform the combination across different
levels. However, we have observed an increased efficacy by combin-
ing the indicators at chromosomal-arm level, which suggests that the
combination of indicators at chromosomal-arm level may be an opti-
mal approach. Our study is also to some extent limited by a relatively
small sample size. An independent data set is needed to validate the
performance of cfDNA CNVs at three levels in predicting prognosis
of HCC patients.

Taken together, a framework of multiple-level cfDNA CNV anal-
ysis is illustrated in this study. Our results provide a comprehensive
genomic profile of cfDNA CNVs from HCC patients. We demon-
strate that cfDNA CNV indicators at different levels provide import-
ant prognosis information for HCC patients with radical treatments
beyond clinicopathologic factors and cfDNA concentration. This
approach is helpful for broadening the applicable strategy to reveal

clinically useful biomarkers based on cfDNA CNV analysis.
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