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ABSTRACT

Objective The biological heterogeneity of
hepatocellular carcinoma (HCC) makes prognosis difficult.
We translate the results of a genome-wide high-
throughput analysis into a tool that accurately predicts at
presentation tumour growth and survival of patients with
HCC.

Design Ultrasound surveillance identified HCC in 78
(training set) and 54 (validation set) consecutive patients
with cirrhosis. Patients underwent two CT scans 6 weeks
apart (no treatment in-between) to determine tumour
volumes (Vo and V;) and calculate HCC doubling time.
Baseline-paired HCC and surrounding tissue biopsies for
microarray study (Agilent Whole Human Genome Oligo
Microarrays) were also obtained. Predictors of survival
were assessed by multivariate Cox model.

Results Calculated tumour doubling times ranged from
30 to 621 days (mean, 107+91 days; median, 83 days)
and were divided into quartiles: <53 days (n=19),
54-82 days (n=20), 83—110 days (n=20) and >111 days
(n=19). Median survival according to doubling time was
significantly lower for the first quartile versus the others
(11 vs 41 months, 42, and 47 months, respectively)
(p<0.0001). A five-gene transcriptomic hepatic signature
including angiopoietin-2 (ANGPT2), delta-like ligand 4
(DLL4), neuropilin (NRP)/tolloid (TLL)-like 2 (NETO2),
endothelial cell-specific molecule-1 (ESM1), and nuclear
receptor subfamily 4, group A, member 1 (VR4A7) was
found to accurately identify rapidly growing HCCs of the
first quartile (ROC AUC: 0.961; 95% C1 0.919 to 1.000;
p<0.0001) and to be an independent factor for mortality
(HR: 3.987; 95% Cl 1.941 to 8.193, p<0.0001).
Conclusions The hepatic five-gene signature was able
to predict HCC growth in individual patient and the
consequent risk of death. This implies a role of this
molecular tool in the future therapeutic management of
patients with HCC.

Trial registration number ClinicalTrials.gov Identifier:
NCT01657695.

INTRODUCTION
There are several staging systems that have been
developed for the classification of patients with

Significance of this study

What is already known on this subject?

» Hepatocellular carcinoma (HCC) is a cancer
particularly difficult to classify because of the
highly heterogeneous natural history. Barcelona
Clinic Liver Cancer (BCLC) staging score currently
is the most used algorithm to choose the
therapeutic strategy and predict the clinical
outcome.

» Decision-making process in HCC mainly ruled
by BCLC classification is mostly based on
clinical and imaging characteristics performed
at the time of diagnosis.

» The major limit in this daily clinical life is
represented by the ‘snapshot’ quality of this
analysis, which overlooks the dynamic
progression of the disease.

What are the new findings?

» About 25% of newly diagnosed HCCs identified
on surveillance have very rapid growth, with a
doubling time <2 months regardless of initial
BCLC classification.

» A five-gene transcriptomic hepatic signature
including angiopoietin-2 (ANGPT2), delta-like
ligand 4 (DLL4), neuropilin (NRP)/tolloid
(TLL)-like 2 (METO2), endothelial cell-specific
molecule-1 (ESM1), and nuclear receptor
subfamily 4, group A, member 1 (NR4AT)
identifies with high sensitivity and specificity
rapidly growing HCCs.

» This signature is also an accurate indicator of
survival.

How might it impact on clinical practice in

the foreseeable future?

» The addition of the identified molecular
signature to the clinical and radiological
parameters indicated by current guidelines
would have significant implication for the
therapeutic management of patients with HCC,
allowing a drastic refinement of prognosis.
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hepatocellular carcinoma (HCC).'™* However, none of the pro-
posed staging systems encompass the biological and clinical het-
erogeneity exhibited by HCCs. First, they include descriptive
variables at baseline, which may only be weakly representative
of tumour growth behaviour, residual hepatic function and
overall health status of the patient. Second, these predictive
algorithms consider HCCs to be static rather than dynamic
entities. They account for the size and number of neoplastic
lesions at the time of presentation, yet do not take into account
their growth behaviour during follow-up, such as tumour doub-
ling time (DT). Third, molecular characteristics and tumour
pathobiology (eg, local and micro vascular invasion, angiogen-
esis and vasculogenesis) are not accounted for in scoring systems
that only consider clinical features. Indeed, these relevant bio-
logical variables may profoundly impact tumour growth,
tumour responsiveness to treatment and ultimately patient
survival.

Microarray technology has led to the identification of several
molecular signatures in HCC, associated with deregulation of
specific genes and molecular pathways, including the extracellu-
lar matrix, cytoskeleton, oncogenes, tumour suppressor genes,
immune response-related genes, apoptosis-related genes and
signal transduction/translational regulatory genes (WNT, TGFp,
MAPK, EGFR, IGF-R, and MET/HGF).>"!! These signatures
were able to predict prognosis,’ © survival” ® and early recur-
rence after treatment’ ! in selected HCC cohorts, allowing
stratification of HCC into several clinically relevant subgroups,
unrecognisable by conventional diagnostic methods.

The goal of this study was to prospectively test the hypothesis,
in a consecutive series of patients at first diagnosis of HCC, that
HCC:s have different growth patterns marked by specific molecu-
lar signatures, which can be used to predict tumour progression
and patient survival in individual cases at first diagnosis.

METHODS

Patients and samples

A training set consisted of tissue samples obtained from patients
with Child—Pugh class A liver cirrhosis of any aetiology who
were followed up in our Gastroenterology Unit with ultrasound
(US) surveillance at 6-month interval. Patients who received,
between September 2008 and December 2010, a new diagnosis
of HCC at US surveillance were eligible if they had a clinical
condition that allowed a US-guided liver biopsy of a focal
lesion, with the largest lesion biopsied in case of multifocality.
To further confirm HCC diagnosis, a CT scan was performed.
To measure the growth of lesions, a second CT was performed
by either of two dedicated radiologists (SC, CC) 6 weeks later.
This interval was chosen as previous data from our group indi-
cated that a relevant difference in size could be demonstrated
within this very short time interval.'? '* During the 6-week
interval, patients did not undergo any specific treatment. This
interval is much shorter than the average time to treatment after
HCC diagnosis'* ** and therefore no ethical issues were raised
by IRB. After the second CT, patients were treated according to
international guidelines’ and were monitored every 3 months
unless their clinical condition required more frequent monitor-
ing. At the time of diagnosis (eg, baseline), US-guided liver
biopsy was performed both inside the lesion and in the sur-
rounding tissue. Tumour and non-tumour (NT) liver samples
were collected in cold RNA later (Qiagen, Milan, Italy)
and immediately processed for gene expression analysis.
Portions of biopsies were also fixed in 10% formaldehyde,
paraffin-embedded and stained with H&E. The diagnosis of
HCC was based on established histological criteria.'® The study

endpoint was death, liver transplant (LT) or completion of this
study. Results were analysed with the intention to treat.

The study was conducted according to the guidelines of the
Declaration of Helsinki and Good Clinical Practice in clinical
trials. All patients provided written informed consent.

Validation cohort

The validation set consisted of tissue samples from patients with
Child-Pugh class A liver cirrhosis of any aetiology enrolled in
semi-annual US surveillance who consecutively presented at the
Modena Gastroenterology Unit between January 2011 and July
2012 with a new HCC diagnosis. These patients underwent the
same imaging protocol with the same two radiologists as the
training set. Quantitative reverse transcriptase PCR was per-
formed instead of microarrays to evaluate the five-gene signature.

Radiological protocol

CT scans were performed using a 64-detector machine
(Lightspeed VCT, GE Healthcare, Milwaukee, Wisconsin, USA)
as detailed in the online supplementary methods imaging.
Postprocessing of CT data was used to obtain the volume of
each nodule detected in CTO and CT1. Each single HCC
nodule was reconstructed by the same radiologist (GM) in three
orthogonal planes, with two orthogonal diameters drawn on
every plane. The six resulting diameters were used to calculate
the two volumes using the formula: 4/3nr>. The DT for each
single mass was determined using the following formula:

DT = Ti log2/ log(V1,/V0)

where Ti is the time interval in days, VO is the volume of the
tumour at CTO0 and V1 is the volume of the tumour at CT1."7
Based on these values, tumour growth was classified according
to quartiles of the fastest to slowest tumour growth, respectively.

Analysis of gene expression

Microarray experiments and bioinformatic analysis are detailed
in the online supplementary methods gene expression. Total
RNA was isolated from NT and tumour (T) liver tissues using
Trizol (Invitrogen, Carlsbad, California, USA), according to the
manufacturer’s directions. The quality and quantity of the RNA
samples obtained was checked using an Agilent Model 2100
Bioanalyzer (Agilent Technologies, Palo Alto, California, USA)
and an ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, Delaware, USA), respectively.

Upregulated and downregulated genes were identified for the
first DT quartile (eg, the rapidly growing tumours) versus the
three other quartiles. Only genes with an uncorrected p value
that was <0.01 and an at least twofold expression difference
were selected (see online supplementary table S2). Gene expres-
sion data are available at the Gene Expression Omnibus website
(http:/www.ncbi.nlm.nih.gov/geo) under the accession number:
GSES54236.

Real-time reverse transcription PCR

The microarray data were validated in an independent cohort
by real-time reverse transcription PCR (qQRT-PCR) as detailed in
online supplementary methods_gene expression.'®

Risk score calculation

Risk score was calculated for both training and validation
cohorts as detailed in online supplementary methods gene
expression. '’
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Statistical analysis

Survival at 1vyear was chosen as the outcome to calculate
sample size. Assuming a 30% difference in the 1-year survival
between the fast-growing (20%) and slow-growing HCC (50%),
and 5% o error and 20% B error, 39 patients were needed in
each group.

Dichotomous and continuous variables were compared using
Fisher’s exact test and the non-parametric Mann—Whitney
U test, respectively. Logistic regression analysis was performed
to identify variables independently associated with faster
growth. Candidate risk factors for faster growth were sex, age,
aetiology of cirrhosis (viral vs non-viral), Edmondson-Steiner
grading, presence of macrovascular invasion assessed by CT
scan, volume of the tumour at baseline, multifocality at baseline,
platelets level, o-fetoprotein levels and identified five-gene signa-
ture. The dependent variable (eg, rapid growth) was coded as 1
(present) vs 0 (absent). To visualise the capacity of the risk sig-
nature to discriminate between fast-growing and slow-growing
HCCs, we summarised the data in a receiver operating charac-
teristic curve.’

The Kaplan—-Meier method was used to estimate the cumula-
tive probability of overall survival. Patients were censored at the
time of LT, death or last available follow-up. Differences in
observed probability were assessed using the log-rank test.

The Cox proportional method was used to identify risk
factors for overall survival. The same independent variables
assessed for growth speed were also used for survival analysis,
with albumin, creatinine and bilirubin, used as additional inde-
pendent variables. To avoid the effect of colinearity in the logis-
tic regression and Cox models, the individual components of
the scores evaluated (Child—Pugh; Barcelona Clinic Liver
Cancer, BCLC) were included in the multivariate models separ-
ately. Variables with a p value <0.10 in univariate analyses were
included in the final multivariate model. Internal assessment of
the accuracy of the survival prognostic model was performed by
data splitting and by bootstrapping.*'

The PASW Statistics V.20 program (IBM, Armonk, New York,
USA) was used for statistical analyses.

RESULTS

A total of 117 consecutive patients, undergoing US surveillance
for HCC, had HCC detected. Of these, 39 were excluded (see
online supplementary figure S1), resulting in 78 patients
enrolled as a training set. Additional 71 consecutive patients
with HCC were evaluated for enrolment as the validation set.
Seventeen were excluded, resulting in a validation cohort of
54 patients (see online supplementary figure S1). Online supple-
mentary table S1 summarises the clinical characteristics of each
cohort at enrolment in surveillance. Data were censored in
August 2012 for the training cohort (mean follow-up 24.1
+12.8 months) and in December 2013 for the validation cohort
(mean follow-up 15.6+11.0 months).

Baseline characteristics and growth patterns for HCCs
of the training cohort
In the training cohort, the incidence of a single nodule of HCC
was 54/78 (69.2%), while the incidence of two nodules was
12/78 (15.4%) and three or more nodules was 12/78 (15.49).
Mean volume at presentation was 12.1%+19.7 em’® (median,
4.9 cm?®; range, 1-59.2 cm®) (table 1).

Tumour DT was found to range from 30 to 621 days (mean,
107+91 days; median, 83 days) for the training cohort. Patients
were grouped into four quartiles according to increasing DT:

Table 1 Characteristics of HCCs at presentation
Training Validation
cohort cohort

Variable n=78 n=>54 p Value
Tumour volume (cm®) (M+SD) ~ 12.1+19.7 9.9+14.8 0.465
Multifocality at baseline 12 (15.4) 8 (14.8) 0.999
AFP >400, n (%) (ng/mL) 7 (9.6) 3 (5.5) 0.525
Macrovascular invasion, n (%) 9 (11.5) 4 (7.4) 0.558
BCLC class, n (%)

A 56 (71.8) 43 (79.6)

B 13 (16.6) 7 (13.0) 0.690

C 9 (11.5) 4 (7.4)
Edmondson—Steiner Grade, n (%)

1 24 (30.8) 23 (42.6)

2 30 (38.4) 20 (37.0) 0.293

3 24 (30.8) 11 (20.4)
Treatment, n (%)

Supportive care 9 (11.5) 6(11.1)

Liver transplant 8(10.3) 4 (7.4)

Resection 6 (7.7) 7 (13.0)

TACE 14 (17.9) 13 (24.0) 0.475

RFA 8 (10.3) 5(9.3)

Sorafenib 13 (16.6) 4 (7.4)

Sequential treatments 20 (25.6) 15 (27.8)

AFP, a-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; HCC, hepatocellular
carcinoma; RFA, radiofrequency ablation; TACE, transarterial chemoembolisation.

<53 days (n=19), 54-82 days (n=20), 83-110 days (n=20) and
>111days (n=19), respectively. Clinical characteristics of
patients and HCC features according to growth speed are sum-
marised in table 2. A representative example of a fast-growing
tumour is displayed in online supplementary figure S2. The inci-
dence of multifocal HCC was 9/19 for patients in the first quar-
tile versus 0/20, 1/20 and 2/19 for the other three quartiles,
respectively (p=0.001). The size of the individual lesions did
not significantly differ between the patients with monofocalities,
bifocalities or multifocalities (p=0.717). More patients were
categorised as BCLC C in the fast-growing subgroup as a conse-
quence of the significantly higher presence of portal vein throm-
bosis (5/19 vs 4/59, p=0.034).

Expression profile of HCC tissues from the training cohort

To determine whether genes were differentially expressed in
relation with tumour growth, a discriminatory gene analysis was
performed on normalised log2 gene expression values. Each
tumour sample was individually compared with the combined
group of NT samples. By doing so, we identified a number of
genes that deviated from normality for multiple tumour
samples, but not necessarily for all of them. We used these data
to perform discrimination between the fastest-growing quartile
versus the other slow-growing quartiles of the tumour samples.
An in-between groups t test (unpaired, two-tailed, unequal var-
iances) between the fast and the slow groups was performed.
This analysis identified 86 genes exhibiting higher levels of
expression and 157 genes exhibiting lower levels of expression
in rapidly growing tumours relative to slow-growing tumours
(see online supplementary table S2).

These genes were ranked on the basis of their predictive
power for survival (univariate z score), with a negative score
associated with longer overall survival and a positive score asso-
ciated with shorter overall survival. The genes with an absolute
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Table 2 Clinical characteristics of patients and HCC features at presentation according to fast (first quartile) or slow (other quartiles) growth =
speed 5
Training cohort (n=78) Validation cohort (n=54) §

Fast growing Slow growing Fast growing Slow growing %

Variable n=19 n=59 p Value n=15 n=39 p Value g—
Male, n (%) 15 (78.9) 46 (78.0) 1.000 9 (60.0) 30 (76.9) 0.214 %
Median age, y (range) 73 (45-82) 67 (44-88) 0.360 66 (45-76) 67 (32-84) 0.900 HIN
Aetiology, n (%) )
HCV 9 (47.4) 35(59.3) 6 (54.5) 24 (61.6) (_g
HBV 1(5.3) 9 (15.3) 1(9.1) 5(12.8) E«
Alcohol 3 (15.8) 9 (15.3) 0.123 2 (18.2) 4(10.3) 0.765 :.3;
Dysmetabolic 6 (31.6) 6(10.2) 2 (18.2) 6 (15.4) 8
AFP >400 ng/mL 4 (23.5) 3 (5.4) 0.027 2 (13.3) 1(2.6) 0.140 »
Performance status, n (%) §
0 18 (94.7) 56 (94.9) 14 (93.4) 37 (94.9) o%

1 1(5.3) 3 (5.0) 1.000 1 (6.6) 2 (5.1) 0.939 ‘8’
MELD 9.7£3.1 11.0+£3.9 0.141 10.1+£2.8 10.5+3.6 0.917 =}
Tumour characteristics :
Mean doubling time (days) 40+6 128+96 <0.0001 39+11 210+167 <0.0001 g
Tumour volume (cm?) 24.2+9.5 9.7+11.3 0.649 25.5+5.0 12.4+12.2 0.730 g
Multifocality at baseline 9 (47.4) 3 (5.1) <0.0001 6 (54.5) 2 (5.3) <0.0001 S
Macrovascular Invasion, n (%) 5(26.3) 4 (6.8) 0.034 2 (20.0) 2 (5.4) 0.194 B
Edmondson-Steiner grading, n (%) G
1 1(5.3) 23 (39.0) 2 (13.3) 21 (53.8) U

2 10 (52.6) 20 (33.9) 0.022 8 (53.3) 12 (30.8) 0.025 g

3 8 (42.1) 16 (27.1) 5(33.3) 6 (15.4) %
BCLC class, n (%) g_
A 8 (42.1) 48 (81.4) 12 (80.0) 31 (79.5) 8

B 6 (31.6) 7(11.9) 0.004 0 7(17.9) 0.027 8 g‘

C 5(26.3) 4 (6.8) 3 (20.0) 1(2.6) E 3
Treatment, n (%) & =
Supportive care 3 (15.8) 6(10.2) 2 (14.3) 4(10.3) Eg
Liver transplant 0 8(13.6) 0 4(10.3) <Q
Resection 3 (15.8) 3 (5.1) 2 (14.3) 5(12.8) 5-’
TACE 2 (10.5) 12 (15.3) 0.093 6 (15.8) 7(17.9) 0.324 é
RFA 0 8 (13.6) 0 5(12.8) 8
Sorafenib 6 (31.6) 7(11.9) 2(53) 26.1) 3
Sequential treatments 5(26.3) 15 (25.4) 3(21.4) 12 (30.8) 8
Biochemistry panel, M+SD %>
Hb (g%) 12.9+2.1 13.3+£15 0.466 12.6+1.9 13.2+1.8 0.655 =
Platelets (x103/mm?) 126+66 106+62 0.264 114+14 150+69 0.374 G
White blood cells (x103/mm?3) 5.4+2.7 5.3+2.2 0.831 5.4+2.8 5.6+1.6 0.867 ]\)
Blood glucose (mg/dL) 115+32 114+28 0.889 112+10 113+26 0.932 §
Cholesterol (mg/dL) 149+43 147+44 0.842 138+39 140+31 0.931 1
Blood iron (ng/mL) 79+46 127+70 0.022 12192 106+59 0.420 E
Ferritin (ng/mL) 504+183 305+140 0.443 4324312 273+253 0.204 :23
Albumin (g/dL) 3.6+0.7 3.6+0.5 0.344 3.3+0.6 3.3+0.6 0.905 g
Creatinine (mg/dL) 0.8+0.24 0.9+0.3 0.394 0.8+0.3 0.9+0.5 0.728 5‘
Bilirubin (mg/dL) 1.2+0.9 1.8+1.3 0.191 1.3+0.9 1.5+£1.0 0.164 v}
INR 1.2£0.3 1.3£0.1 0.752 1.2£0.1 1.3+0.3 0.337 E
AST (IU/mL) 75+49 94+79 0.331 106+77 61+27 0.396 s
ALT (IU/mL) 61+49 72+65 0.470 60+34 51+26 0.661 §,
GGT (IU/mL) 128+138 132+188 0.926 195+205 108+109 0.402 o]
ALP (IU/mL) 147103 184+156 0.253 147+49 13071 0.702 %
Na (mEg/L) 138+3.9 138+3.7 0.767 139+4.8 140+4.5 0.720 §
AFP, a-fetoprotein; ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; BCLC, Barcelona Clinic Liver Cancer; GGT, gamma-glutamyl transpeptidase; o
Hb, haemoglobin; HCC, hepatocellular carcinoma; INR, International Normalised Ratio; MELD, Model For End-Stage Liver Disease; Na, sodium; RFA, radiofrequency ablation; TACE, 3
transarterial chemoembolisation. ;:;’_,
v

univariate z score =*2.5 were MCM10, DLL4, NR4Al, model, with overall survival as the dependent variable. The fol- %
NETO2, ANGPT2, ESM1, NCAPH. We then subjected these lowing genes were independently related to survival: ANGPT?2, %
genes to a multivariate Cox proportional-hazards regression DLL4, NETO2, NR4A1, ESM1. The risk index was defined as g
<

864 Villa E, et al. Gut 2016;65:861-869. doi:10.1136/gutjnl-2014-308483


http://gut.bmj.com/

Hepatology

1.0

0.8

0.6

0.4

Sensitivity (%)

0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

1 - Specificity (%)

Figure 1 Receiver operating characteristic (ROC) curve analysis to
evaluate the diagnostic power of the five-gene signature. The area
under the ROC curves (AUCs) was analysed using the Hanley and
McNeil method.?® The AUC value was 0.961 (95% CI 0.919 to 1.000;
p<0.0001).

a linear combination of the log2 gene expression values for the
top genes identified by univariate Cox proportional hazard
regression modelling weighted by their estimated regression
coefficients (1.294xANGPT2; 0.966xDLL4; 0.726 XxNETO2;
0.624xNR4A1; 0.557xESMT1). The distribution of risk index
values calculated in the training set was examined to determine
an appropriate cut-point to distinguish high and low risk. We
examined a continuum of cut-points (ranging from the 50th to
80th percentile). The 70th percentile cut-point had the best dis-
criminatory power. This five-gene risk signature identified
rapidly growing tumours with high specificity and sensitivity
(figure 1). Only one case with rapid growth did not bear the
complete five-gene signature, while two of the second quartile
did (one of these had 54 days as DT). None of the patients in
the third and fourth quartile bore the five-gene signature.

Fast growth was associated at univariate analysis with aeti-
ology of cirrhosis, Edmondson-Steiner grading, presence of

macrovascular invasion, tumour volume at baseline, multifocal-
ity at baseline and five-gene risk signature. Only five-gene risk
signature (OR 4.253; 95% CI 2.030 to 8.910, p<0.0001) was
independently associated at multivariate logistic regression ana-
lysis (table 3).

Prediction of survival for the training cohort

No significant difference was present between quartiles regard-
ing Child-Pugh class (p=0.330) or Model For End-Stage Liver
Disease score (p=0.237) at the time of HCC diagnosis.

A total of 40/78 (51.2%) patients died during follow-up:
17/19 (98.4%) patients in the first quartile versus 23/59
(38.9%) patients in the other three quartiles (p<0.0001). The
difference was significant for the first quartile versus each of the
others (17/19 (89.4%) versus 8/20 (40.0%), 7/19 (36.8%) and
8/19 (42.1%), respectively (p=0.0013, p=0.0005 and
p=0.0021, respectively)). Moreover, death due to neoplastic
invasion of the liver occurred significantly more often in the
first quartile (see online supplementary table S3) (p=0.001).
The overall mean and median survival for the training cohort
was 24.1+x12.8 months and 38 months, respectively. The
patients with rapidly growing tumours had mean and median
survival periods of 14.0+10.4 months and 11 months, respect-
ively, while the mean and median survival periods for patients
in the second, third and fourth quartiles were 25.5+10.9 and
41 months, 26.3+11.1 and 42 months and 30.5+13.4 and
47 months, respectively. Correspondingly, Kaplan—-Meier curve
analysis of survival showed a significantly lower survival rate for
HCC cases stratified by rapid growth (<53 days) compared with
the other quartiles (figure 2A; p<0.0001) or by gene risk signa-
ture (figure 2C, p<0.0001).

Cox regression analysis identified the five-gene risk signa-
ture (HR: 3.987; 95% CI 1.941 to 8.193, p<0.0001),
macrovascular invasion (HR: 3.885, 95% CI 1.491 to
10.123, p=0.005), treatment (HR: 0.460, 95% CI 0.213 to
0.997; p=0.049) and serum albumin levels (HR: 0.403, 95%
CI 0.211 to 0.769, p=0.006) as independent risk factors for
mortality (table 4).

Treatment was performed according to internationally
accepted guidelines." Only nine patients received the best
supportive care (three in the first quartile, one in the second,
one in the third and four in the fourth, p=0.153). Treatment
had a significant impact on survival for the training cohort
(table 4). However, when treatment was stratified according to
growth speed, patients with slow growth gained a significant

Table 3 Univariate and multivariate logistic regression analysis of baseline factors associated with rapid growth

Univariate analysis

Multivariate analysis

Variables OR (95% Cl) p Value OR (95% ClI) p Value
Gender* 0.944 (0.267 to 3.337) 0.928
Age, years 1.029 (0.971 to 1.091) 0.326
Aetiology 2.640 (0.902 to 7.731) 0.077 1.097 (0.696 to 1.731) 0.690
Edmondson-Steiner grading 2.126 (1.021 to 4.427) 0.044 1.506 (0.412 to 5.509) 0.536
Macrovascular Invasion 4.911 (1.164 to 20.722) 0.030 2.343 (0.136 to 15.763) 0.558
Tumour Volume at Baseline 1.557 (0.855 to 2.835) 0.148
Multifocality at Baseline 4.865 (1.621 to 14.606) 0.005 3.533 (0.445 to 19.021) 0.232
Platelets (x10%/mm?) 1.001 (0.984 to 1.019) 0.880
AFP (ng/mL) 1.002 (0.990 to 1.020) 0.811
Five-gene risk signature 5.331 (2.522 to 11.268) 0.001 4.253 (2.030 to 8.910) <0.0001
*Male gender used as reference.
AFP, o-fetoprotein.
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Figure 2 Kaplan—Meier plots for survival of patients with hepatocellular carcinoma (HCC). Patients were grouped according to quartiles of HCC
growth (solid line: <53 days; dashed-dot line: 54-82 days; dashed line: 83—110 days; dotted line: >111 days) (A: training and B: validation cohort,
respectively) or according to the five-gene risk signature (C: training and D: validation cohort) (solid line: high-risk signature; dotted line: low-risk
signature).

advantage with treatment (median survival of no treatment vs
treatment: 13 vs 42 months, respectively; p=0.017). In contrast,
patients with fast-growing tumours had a marginal survival

advantage that did not reach statistical significance (median sur-
vival of no treatment vs treatment: 5 vs 11 months, respectively;
p=0.088).

Table 4 Cox regression analysis of baseline factors associated with mortality in the training cohort

Univariate analysis Multivariate analysis

Variables HR (95% Cl) p Value HR (95% Cl) p Value
Gender* 0.687 (0.302 to 1.564) 0.371

Age, years 0.989 (0.956 to 1.024) 0.540

Aetiology 1.587 (0.845 to 2.980) 0.151

Treatment (yes/no)t 0.919 (0.844 to 1.000) 0.051 0.460 (0. 0.213 to 0.997) 0.049

Edmondson-Steiner grading 1.443 (1.571 to 2.398) 0.036 1.438 (0.882 to 2.345) 0.145

Macrovascular invasion 4.818 (2.140 to 10.846) <0.0001 3.885 (1.491 to 10.123) 0.005

Tumour volume at baseline 1.003 (0.518 to 1.944) 0.993

Platelets (x10%/mm?) 0.586 (0.271 to 1.268) 0.586

Albumin (g/dL) 0.492 (0.253 to 0.882) 0.017 0.403 (0.211 to 0.769) 0.006

Creatinine (mg/dL) 1.111 (0.515 to 2.397) 0.788

Bilirubin (mg/dL) 1.069 (0.964 to 1.185) 0.207

AFP (ng/mL) 1.153 (0.776 to 1.712) 0.481

Five-gene risk signature 1.548 (1.296 to 1.849) <0.0001 3.987 (1.941 to 8.193) <0.0001

*Male gender used as reference.

tNo treatment used as reference.

AFP, o-fetoprotein.
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Validation of the five-gene risk signature

Univariate analysis identified number of nodules at baseline
(OR: 3.839; 95% CI 1.363 to 10.814; p=0.011) and the five-
gene signature (OR: 2.994; 95% CI 1.465 to 6.122; p=0.003)
as independent predictors of rapid tumour growth. At multivari-
ate analysis, only the five-gene signature was identified as an
independent factor for rapid tumour growth (OR: 3.467; 95%
CI 1.494 to 8.047; p=0.004).

Seventeen patients out of 54 (31.5%) died during follow-up,
8/15 (53.3%) in the fast-growing group and 9/39 (23.0%) in
the slow-growing group (p=0.032). Death in the high-risk
cluster was, as in the training cohort, more frequently due to
HCC progression versus other causes (see online supplementary
table S3, p=0.005). The patients with rapidly growing tumours
had mean and median survival periods of 12.2+8.1 months and
9 months, respectively, while the mean and median survival
periods for patients in the second, third and fourth quartiles
were 26.8+10.9 and 24 months, 25.6+8.1 months and 30.3
+27 and 24 months, respectively (figure 2B, p=0.002).
Kaplan—Meier curve analysis of survival showed a significantly
lower survival rate for HCC cases when stratified by gene risk
signature (p=0.001) (figure 2D).

To assess the internal validity of the survival model the
data-splitting and bootstrapping validation methods were per-
formed. Univariate analysis found the significant prognostic
factors for survival including Edmondson—Steiner grading (HR:
2.678; 95% CI 1.317 to 5.444, p=0.007), macrovascular invasion
(HR: 5.149; 95% CI 1.378 to 19.241; p=0.082), treatment (HR:
0.127; 95% CI 0.034 to 0.474; p=0.002), albumin levels (HR:
0.214; 95% CI 0.62 to 0.742, p=0.015) and the five-gene signa-
ture (HR: 6.896; 95% CI:1.820-26.128; p=0.004). At multivari-
ate analysis, only Edmondson-Steiner grading (HR: 4.489; 1.635
to 12.329, p=0.004), identified treatment (HR: 0.197; 95% CI
0.039 to 0.995; p=0.048), albumin levels (HR: 0.161; 95% CI
0.033 to 0.783, p=0.024) and the five-gene signature (HR:
5.798; 95% CI 1.510 to 22.260; p=0.010) were independent
factors related to survival. A validation of the survival model
carried out by bootstrapping identified the same prognostic factors
as the training cohort plus Edmondson-Steiner grading (see online
supplementary table S4).

DISCUSSION

In this prospective study of patients with compensated liver cir-
rhosis on US surveillance at first identification of HCC, we have
shown that a five-gene hepatic transcriptomic signature
(Angiopoietin-2, NETO2, DLL4, ESM1, NR4A1) is able to
identify patients with extremely rapid tumour growth (ie, a DT
of <53 days as determined by two CT scans performed at
6-week interval) and ominous prognosis (median survival of
11 months vs more than 41 months in patients with slowly
growing tumours).

The biological characterisation of these fast-growing tumours
is quite novel in comparison with other reported prognostic sig-
natures.’ "' Although many of these signatures were very
informative in regard to prognosis, recurrence rate and survival,
it should be underlined that all these studies used frozen or
paraffin-embedded archival samples obtained at resection. This
rather limits the generalisability to all HCCs as not more than
5% of them are suitable for resection, as degree of portal hyper-
tension, number and size of lesions, macrovascular involvement,
greatly restrict the indications for surgery.

In the present study, although many genes involved in cell
cycle control and proliferation were upregulated, five (ANGPT2,

NETO2, ESM1, NR4A1, and DLL4) that have roles in endothe-
lial cell migration, angiogenesis and blood vessel morphogenesis
were also related with survival. ANGPT2 was the most signifi-
cantly upregulated gene. Its product is secreted by endothelial
cells at sites of active vascular remodelling.”* Levels of ANGPT2
mRNA and protein have also been found to correlate with micro-
vessel density?® and highly vascular and poorly differentiated
HCGs, respectively.”* #° Correspondingly, the injection of an
HCC cell line overexpressing angiopoietin-2 into nude mice
resulted in faster tumour growth that was associated with greater
vessel density.?® Experimentally, its blockade provides an effect-
ive anti-angiogenic therapy.>” 2® The results of previous studies
also suggest that functional relationship occurs among genes
characterising the signature identified in this study. For example,
DLL4 is a vascular-specific ligand of Notch and plays a critical
role in the angiogenesis of several types of tumours.”” > Under
ischaemic conditions, upregulation of both ANGPT-2/Tie2 and
DLL4 may represent a compensatory mechanism for local ischae-
mia, eventually favouring neo-angiogenesis.>' ESM1 is expressed
by the vascular endothelium and participates in the regulation of
cell adhesion, inflammatory disorders and tumour progression.*?
Moreover, in some experimental models of cancer, ESM1 expres-
sion has been identified as one of the main switches for the
induction of a dormant tumour to a rapidly growing tumour
with increased angiogenesis.>* NR4A1 is a member of the nuclear
orphan hormone receptor-1 family, is a direct target of vascular
endothelial growth factor and is able to induce endothelial cell
proliferation and migration.** ** NETO2 encodes a transmem-
brane protein that is highly upregulated, along with ANGPT2, in
proliferating infantile haemangiomas.*® Thus, we hypothesise
that the upregulation of these genes plays a pathogenic role in the
rapid growth pattern of the tumours included in the first quartile
of this study.

The five-gene signature, specific treatment and serum albumin
emerged as independent predictors for survival in patients with
liver cirrhosis and HCC both in training and in validation
cohorts. Although only one of the three laboratory parameters
that compose the Child-Pugh score (eg, albumin, bilirubin and
International Normalised Ratio, INR) was identified as a signifi-
cant factor in a multivariate analysis, this can be explained by
the evidence that our patients with HCC represent very early
cases identified on surveillance in whom bilirubin and INR
values (indicators of more advanced stage of disease) were near
normal. These results further confirm that in patients with cir-
rhosis and HCC, in addition to cancer-related features (eg, the
five-gene signature), underlying liver function is relevant in risk
modelling.

Impact of treatment on survival was clear-cut only in HCCs
with slow growth as for patients with rapidly growing HCC,
early detection of the tumour on US surveillance did not
improve prognosis. In those with fast growth, further tumour
growth was only marginally influenced by therapeutic interven-
tions (p=0.088). None of these patients (irrespective of belong-
ing to training or validation set) had the chance of being
transplanted as, in the period between HCC discovery and
listing for transplant, HCC had already exceeded transplant cri-
teria. Considering that curative therapies should be offered to
the sickest patients, there should be an attempt to verify
whether extreme prioritisation for access to transplant for
patients with the five-gene signature would be a successful strat-
egy. However, the biological aggressiveness of these tumours
could increase the risk of post-transplant recurrence. Indeed, in
a retrospective evaluation of HCC recurrence after liver trans-
plantation by Hanouneh et al,>” 58% of patients with rapidly
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growing HCC experienced recurrence. The reliability of the
prognostic model described is strengthened by the validation
performed in an independent series of patients with similar fea-
tures. Nevertheless, larger prospective studies are still needed to
confirm these results in order to obtain more conclusive argu-
ments for treatment recommendation.

In conclusion, growth patterns of HCC were characterised by
applying a five-gene transcriptomic signature at presentation.
This high-risk signature identified a subgroup of patients with
rapidly growing HCCs, which prevented their access to LT and
indicated a poor prognosis. With this study, we provided evi-
dence on the importance of evaluating HCCs statically (as
simple number and size of nodules) and dynamically, that is, as
growing lesions with extremely different growth patterns. Based
on these results and in a more general sense for a better perso-
nalised management and therapy of HCC,*® adding the prog-
nostic information of the identified five-gene signature to
clinical and radiological parameters already indicated by the
current guidelines, would have significant implication for the
therapeutic management of patients with HCC.
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Supplemental Methods

Analysis of gene expression

Total RNA was isolated from non-tumour (NT) and tumour (T) liver tissues using Trizol (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s directions. The quality and quantity of the
RNA samples obtained was checked using an Agilent Model 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA) and a ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA), respectively.

RNA was processed using 4x44K whole genome oligonucleotide-based gene expression
microarrays (Agilent Technologies, Palo Alto, CA; Genomics Service Department of Miltenyi Biotec
GmbH Bergisch Gladbach, Germany). Labeling and hybridization procedures were performed
according to the instructions provided by Agilent using the Quick Amp Labeling Kit and the One
Color Microarray-Based Gene Expression Analysis Protocol. RNA integrity number (RIN) values
were between 6-0 and 9 for all samples. Briefly, in a first step 500 ng of total RNA were converted
into cDNA using a T7 promoter primer. In a second labelling and amplification step, cDNA was
converted into cRNA and labelled with Cy3-CTP. After purification, labelled cRNAs were hybridized
to Agilent Whole Human Genome Oligo Microarrays 4x44K using reagents and protocols provided
by the manufacturer. After washing, fluorescent signals of the hybridized Agilent Microarrays were
detected using Agilent’s Microarray Scanner System (Agilent Technologies). Feature extraction
software provided by Agilent was used to quantify the intensity of fluorescent images and to
normalize the results using a linear lowness method according to the manufacturer. All of the data
were imported into Resolver software (Rosetta Biosoftware, Kirkland, WA) for database
management, quality control, and analysis. Up-regulated and down-regulated genes were
identified for the first doubling time quartile (e.g., fast-growing tumours) versus the three other
quartiles. Only genes with an uncorrected p-value that was less than 0.01 and a 2-fold expression
difference were selected. Gene expression data are available at the Gene Expression Omnibus

website (www.ncbi.nlm.nih.gov/geo) under accession number: GSE54236.

Discriminatory gene analysis (DGA)

To determine if there were genes differentially expressed between the fastest and slowest quartiles
of all tumor samples, it was performed a discriminatory gene analysis (DGA).

In order to address this issue, each tumor sample was compared individually to the combined
group of non-tumor samples. By doing so, we identified a number of genes that deviated from
normality for multiple tumor samples, but not necessarily for all of them. We used these data to
perform a discrimination between the fastest-growing and slowest-growing quartiles of the tumor

samples.



For the detection of genes that discriminate between fast and slow growing tumors, an in between
groups t- test between the fastest and slowest quartiles has been performed.

Thus, a t-test (unpaired, two tailed, unequal variances) was performed between the fastest and
slowest growing tumor samples. Besides the t-test, the average expression difference between the
two groups was also assessed as a non-statistical criterion. On the basis of these two criteria, a
subset of discriminatory genes was extracted by requiring the (uncorrected) discrimination p-value
to be better than 0.01. The resulting list was composed by 243 discriminatory genes sorted by
increasing "fast vs slow" ratio. The discriminatory genes appeared to have some interesting
biological relations, which were subsequently elucidated in a biological pathway analysis.
Functional Annotation and Biological Pathway Analysis

The functional annotation and all subsequent data analyses were performed by the bioinformatics
service of Miltenyi Biotec (Genomics Service Department of Miltenyi Biotec GmbH Bergisch
Gladbach, Germany).

First, annotations derived from fundamentally different sources [Gene Ontology (GO), gene
families, sequence motifs, cell-type specific markers, surface markers, transcription factor targets,
defined chromosomal regions, and a number of Miltenyi-curated gene collections derived from
literature mining, public transcriptomics data , etc. ] was scored simultaneously for each given
group of genes, resulting in a joint statistical significance value. Besides the functional annotation
procedure, the gene sets were also subjected to a manually curated biological pathway analysis.
The gene sets were separately tested for a significant enrichment of biological annotations and
terms using the Tree Ranker software (Miltenyi Biotec GmbH).

The enrichment of biological annotation was performed to identify GO categories that might be
enriched by the up or down regulated genes. The statistical significance (p-values) of enrichment
was computed with Fisher’s exact test, followed by Benjamini-Ochberg correction for multiple
testing. The enrichment of a particular annotation was judged based on a p-value threshold of 0.05
and a minimal enrichment factor of 2 (meaning that the term is at least twice as frequent as
expected by chance alone). This procedure identified groups of significantly regulated genes that
are linked in terms of their importance in specific biological functions (e.g. angiogenesis).

The next step included a targeted analysis of selected gene sets belonging to relevant
biological classes. Among the most discriminatory genes were angiopoietin-2 (ANGPT2) and
several genes encoding cell surface receptors and extracellular matrix proteins. Five genes of the
list are annotated as being involved in angiogenesis (ANGPT2, ESM1, NETO2, NR4A1, DLL4).

Risk Score Calculation

To determine whether gene expression profiles signature could predict growth speed of HCC at

presentation, the differently upregulated and downregulated genes according to growth speed



(Supplemental table 2) were ranked on the basis of their predictive power (univariate z
score)(according to Lossos et al., Prediction of survival in diffuse large-B-cell lymphoma based on
the expression of six genes, N Engl J Med 2004;350:1828-37). Univariate Cox proportional-
hazards analysis was performed, with survival as the dependent variable. Subsequently, genes
with an absolute univariate z score greater than 2,5 or less than -2,5 were analyzed in a
multivariate Cox proportional-hazards regression model, with survival as the dependent variable.
Two-sided p values of less than 0.01 were considered to indicate statistical significance. The risk
index was defined as a linear combination of the gene expression values for the top genes
identified by univariate Cox proportional hazard regression modeling weighted by their estimated
regression coefficients (1.294 x Angpt2; 0.966 x DLL4; 0.726 x Neto2; 0.624 x NR4A1; 0.557 x
ESM1). The distribution of risk index values calculated in the training set was examined to
determine an appropriate cut point to distinguish high and low risk. We examined a continuum of
cut-points (ranging from the 50th to 80th percentile). The results are reported for the 70th
percentile cut point as this the best discriminatory power. Kaplan-Meier analysis and log rank tests
were then used to validate the risk score in the training set.

The same procedure was repeated to calculate the risk score in the validation cohort, using gene

expression values obtained at qRT/PCR.

Real Time gRT-PCR Assays

The microarray data were validated in an independent cohort by real time Reverse Transcription
PCR (qRT-PCR).

gRT- PCR using the RealTime Ready Custom Single Assay (Roche Diagnostics Spa) was
performed with the LightCycler® 480 Instrument (Roche) and using the LightCycler® 480 Probes
Master (Roche) in 20 ul reaction, at a volume of 14 ng cDNA/RNA concentration.

Reaction conditions were: 95°C for 10 minutes, 45 cycles of 95°C for 10 seconds, 60°C for 30
seconds, 72°C for 1 second (with acquisition single) followed by 40°C for 30 seconds final cooling.
The experiments were carried out in duplicated for each sample. Relative gene expression

was calculated according to the 24°T method (7) with double normalization to ACTB and GAPDH
levels as endogenous references. Using this method, we obtained the fold changes in gene
expression normalized to two internal control genes and relative to the corresponding cirrhotic

non tumor liver tissue.

List of genes and RT-PCR assay IDs (Roche Diagnostics) used in this study

Gene symbol Gene Name Chromosome | Assay ID

ANGPT2 angiopoietin 2 8 103305
NETO2 neuropilin (NRP) and tolloid (TLL)-like 2 16 144124




DLL4 delta-like 4 (Drosophila) 15 116339
NR4A1 nuclear receptor subfamily 4, group A, member 1 12 138061
ESM1 endothelial cell-specific molecule 1 5 144130
ACTB actin beta 7 101125
GAPDH glyceraldehyde-3-phosphate dehydrogenase 12 101128




Supplemental Methods - Imaging protocol

CT scans were performed using a 64-detector machine (Lightspeed VCT, GE Healthcare,
Milwaukee, WI)(Supplementary Appendix). All images were reconstructed and viewed through an
Advantage Workstation v. 4-4 (GE Healthcare, Milwaukee, WI). Scanning parameters were as
follows: 64 x 1:25 mm section detector collimation, 2-5 mm helical thickness, 120 kVp, max 400
mA, 0-984:1 pitch and automated noise index. Noise index is an automatic attenuation-based dose
modulation chosen by the radiologist to balance radiation dose and image quality and noise. Each
examination started with an unenhanced scan, followed by the administration of 120 ml of
intravenous non-ionic contrast material (lomeprol, lomeron; Bracco Imaging, Milan, Italy) at 2
mL/kg at 3 mL/sec. followed by a flush of 40 ml of saline solution using a Stellant® CT Injection

Systems (Bayer Schering Pharma, Berlin, Germany).

To obtain optimal enhancement and to produce comparable scans we used an optional software
upgrade (SmartPrep; GE Medical Systems), which allows visual monitoring of the time-
enhancement tracking curve by means of a series of very-low-milli amperage scans and region-of-
interest measurements. The region of interest was placed on the descending aorta, and the
threshold to begin arterial phase image acquisition was triggered at >100 HU. Two more
abdominal scans with respectively 20 and 30 seconds delays were then performed. Post-
processing of CT data was used to obtain the volume of each nodule detected in CT0 and CT1.
Each HCC nodule was reconstructed by the same radiologist (G.M.) in three orthogonal planes,
with two orthogonal diameters drawn on every plane. The six resulting diameters were used to
calculate the two volumes (using the formula: 4/37r®) and the doubling time (DT) for each single
mass using the following formula: DT = Ti xlog2/logV1- logV0 where Ti=time interval in days,
V0=volume of the tumor at CTO, and V1=volume of the tumor at CT1 (6). Based on these values,
tumor growth was classified according to quartiles of the fastest to slowest tumor growth,

respectively.



Patients diagnosed with HCC

(n=117)
Excluded (n =39)
‘J - Consent for biopsy denied (n = 12)
/ - Biopsy impossible (n = 9)
Training cohort - Regenerf‘mve nodules at biopsy (n = 8)
- CCC at biopsy (n =6)
(n=78) - Treatment before 2" CT (n = 4)
Validation cohort Excluded (n = 17)
_ - Consent for biopsy denied (n = 5)
(n 54) - Biopsy impossible (n = 4)
- Regenerative nodules at biopsy (n = 3)

N
- CCC at biopsy (n =3)

- Treatment before 2" CT (n = 1)
- Transplant before 2" CT (n = 1)

Patients diagnosed with HCC
(n=71)

Supplemental Figure 1 - Details of patients enrolled in the training and in the validation sets:
reasons for exclusion from the study are indicated in the boxes on the right



Az, Policlinico Modena Az, Policlinico Modena Az, Policlinico Modena

TC ADDOME SUPERIORE SE TC ADDOME SUPERIORE SE TC TORACE SENZA E CON
mdc mdc MDC

23/10/2013 17.03.58
31396641 /_\3:406041 31484362

LOC: -116 LOC: -73,50 LOC: -204

THK: 2,50 THK: 2,50 THK: 2,50
FFS FFS FFS

@ =

RD: 351 RD: 360
Tilt: 0 Z:1 |Tilt: 0 Z:1 | Tilt: 0 - z:1

ma: 162 Ci167 | ma: 127 Ci188 | mA:i110 e e Ci60
Kvp: 120 P Wi 413 | Kvp: 120 S I o - Wi 411 | Kvp: 120 Wi 302
Acqno: 1 b _DBFOWV:39,3x39,3cm | Acg no: 1 DFOV:35,1x35,1cm | Acg no: 1 DFOV:36x36cm

Page: 15 of 189 IM: 29 SE: 3 | Page: 27 of 360 IM: 47 SE: 2 | Page: 48 of 329 IM: 90 SE: 3
Lo o by v by by gem Lo Lo by Ly em L b b Ly em

TC ADDOME SUPERIORE SE TC ADDOME SUPERIORE SE TC TORACE SENZA E CON
Immagini elaborate Immagini elaborate Immagini elaborate
21/05/2014 17.22.17
31396641 31406041 31484362

LOC: 34,45 LOC: 8,79

THK: 13,05

FFS / » ,
\ ‘i

LOC: -7,4,

THK: 3,03 THK: 13,3
FFS . FF,
! byl

- . X1 |--- 2: 1 |--- Zi1
mA: 252 C: 146 | mA: 192 C: 139 | mA: 129 C: 118
K¥p: 120 Wi S03 | KVp: 120 W: 377 | Kvp: 120 W: 412
Acqno: 1 DFOV:39,3x39,3cm | Acg no: 1 DFOV:35,1x35,1cm | Acqg no: 1 DFOV:36x36cm

Page: 1 of 1 IM: 1 SE: 350 | Page: 1 of 1 IM: 1 SE: 252 | Page: 1 of 1 IM: 1 SE: 350

Supplemental Figure 2 - Representative CTs of a HCC patient (on regular US-surveillance; last negative US March 2013) with fast tumor
growth: no therapy (for refusal of the patient to undergo treatment) was performed. Doubling time was 30 and 38 days between CTO/CT1
and CT1/CT2, respectively. Overall, in the 7 months of observation, tumor volume increased from 3.09 cm3 (panel A & C) to 11,77 cm3
(CT2: panel B & E) ) to 57,55 cm3 (CT3: panel C & F).

A, B, C: standard axial images; D, E, F: multiplanar reformations (MPR) on a oblique plane (13 mm slices).




Supplemental Table 1 - Demographic characteristics of the patients with Child-Pugh A
liver cirrhosis in the Training and Validation cohorts at enrolment in surveillance. No

significant difference was present between the two cohorts in any of the reported

parameters.
Training Validation
Variable Cohort Cohort
n=78 n = 54
Male, n (%) 61 (78.2) 39 (72.2)
Median age, y (range) 66 (44-88) 65 (31-84)
Etiology, n (%)
HCV 44 (56.4) 32 (59.2)
HBV 10 (12.8) 6(11.1)
Alcohol 12 (15.4) 6(11.1)
Dysmetabolic 12 (15.4) 10 (18.5)
Performance status, n (%)
0 74 (94.9) 50 (96.1)
1 4 (5.1) 1(3.9)
MELD 10.7+3.0 9.5+2.2
Biochemistry panel, mean * SD
Hb (g%) 13.2+1.7 132 +1.8
Platelets (x10°/mm>) 111 + 64 115 + 66
White blood cells (x10°/mm?) 53+23 55+1.5
Blood glucose (mg/dL) 114 + 29 113+ 24
Cholesterol (mg/dL) 147 + 44 145 + 31
Blood iron (ng/mL) 117 + 69 112 + 57
Ferritin (ng/mL) 347 + 56 325 + 240
Albumin (g/dL) 3.8+0.5 3.9+07
Creatinine (mg/dL) 09=+0.6 1.0+ 0.5
Bilirubin (mg/dL) 1.1+£0.9 0.9=+1.1
INR 1.21 +0.33 1.26 = 0.41
AST (IU/mL) 87 +72 71+41
ALT (IU/mL) 66 + 61 61 + 28
GGT (IU/mL) 111+ 126 155 = 160
ALP (IU/mL) 175 = 145 152 + 66
Na (mEq/L) 139 £ 2.7 139 +£1.2

Abbreviations: HCV, hepatitis C virus; HBV, hepatitis B virus; MELD: Hb, Hemoglobin;
INR, International Normalized Ratio; AST, aspartate aminotransferase; ALT, Alanine
aminotransferase; GGT, Gamma-glutamyl transferase; ALP, alkaline phosphatase; Na,
sodium; AFP, alpha-fetoprotein.



Supplemental Table 2

Discriminatory genes for fastest vs. slow growing tumours. Genes were extracted on the
basis of an (uncorrected) discrimination p-value better than 0.01 and of an at least two-fold
regulation difference. The average expression difference between the fast and the slow
groups is indicated in the “difference” column. The column “% invalid” reports the
proportion of 'invalid observations', i.e. those whose associated signal intensities were low.

n. Gene Symbol p Average % invalid
expression
difference

Down-regulated genes

1 CLEC1B 0.0000 -6,63 21

2 ISX 0.0000 -6,60 37

3 CXCL14 0.0035 -6,08 15

4 CLEC4G 0.0001 -5,30 0

5 OIT3 0.0000 -4,57 7

6 MARCO 0.0022 -4,57 0

7 AK124396 0.0089 -4,39 23

8 FCN2 0.0001 -4,30 5

9 RSPO3 0.0014 -4,10 26

10 FCN3 0.0000 -4,05 0

1 CYP26A1 0.0010 -3,95 5

2 DEFA3 0.0038 -3,77 1

3 FCN2 0.0002 -3,70 1

4 CRHBP 0.0000 -3,67 0

5 MME 0.0004 -3,65 22

6 MME 0.0010 -3,62 16

7 CLEC4M 0.0001 -3,55 23

8 TIMD4 0.0008 -3,47 4

9 C140rf68 0.0006 -3,46 0

20 DHRS2 0.0054 -3,38 0

1 CLRN3 0.0010 -3,34 6

2 CNDP1 0.0021 -3,33 2

3 ITLN1 0.0001 -3,12 4

4 STAB2 0.0026 -3,09 2

5 AKR1D1 0.0056 -3,06 9

6 DBH 0.0008 -3,04 5

7 CD5L 0.0028 -3,04 4

8 KANK4 0.0008 -3,01 18

9 UROC1 0.0001 -2,99 6

30 THC2344914 0.0086 -2,98 30

1 CAMK2B 0.0001 -2,95 21

2 UROC1 0.0001 -2,93 4

3 THC2728035 0.0014 -2,92 7

4 IL13RA2 0.0045 -2,75 5

5 TMEM27 0.0004 -2,73 0

6 IGF2 0.0018 -2,72 0

7 CLEC4M 0.0000 -2,72 0

8 JCLN 0.0046 -2,71 1




9 HAO2 0.0057 -2,70 5
40 GDF2 0.0001 -2,67 10
1 IGFALS 0.0010 -2,67 0
2 CLEC4M 0.0000 -2,65 26
3 U85992 0.0053 -2,65 18
4 SLC39A5 0.0006 -2,64 0
5 VIPR1 0.0000 -2,55 12
6 EY892390 0.0069 -2,55 15
7 CDH16 0.0054 -2,52 15
8 SEC14L3 0.0023 -2,51 16
9 SLITRK6 0.0011 -2,48 40
50 AF085962 0.0033 -2,47 1
1 CXCL12 0.0023 -2,46 0
2 SLC3A1 0.0027 -2,46 0
3 A 32 P212958 0.0013 -2,42 10
4 ANKRD55 0.0001 -2,42 43
5 Al311458 0.0004 -2,41 5
6 CETP 0.0005 -2,37 0
7 PLACS8 0.0012 -2,36 1
8 BC104421 0.0052 -2,35 1
9 CFP 0.0001 -2,34 0
60 AKR1D1 0.0042 -2,34 6
1 CYP2C19 0.0040 -2,33 0
2 PLACS8 0.0009 -2,21 0
3 ACE2 0.0076 -2,17 10
4 PCDH24 0.0002 -2,11 0
5 FLJ22763 0.0029 -2,05 10
6 RSPO3 0.0006 -2,04 2
7 FAM65C 0.0026 -2,02 20
8 CYP1A2 0.0086 -2,02 9
9 ST6GALNAC1 0.0014 -2,02 22
70 GABRE 0.0012 -2,00 0
1 PTH1R 0.0076 -1,99 4
2 LOC284422 0.0099 -1,99 15
3 IP6K3 0.0020 -1,97 7
4 FAM9B 0.0048 -1,96 10
5 LOC643037 0.0072 -1,94 7
6 COLEC10 0.0005 -1,87 21
7 SuUsD4 0.0020 -1,86 15
8 BMPER 0.0001 -1,84 54
9 CCL23 0.0006 -1,84 7
80 C18o0rf23 0.0063 -1,81 32
1 PLEK2 0.0097 -1,78 1
2 CYP2B6 0.0075 -1,76 0
3 ATRNLA1 0.0086 -1,74 48
4 CFHR5 0.0056 -1,73 2
5 FCN1 0.0004 -1,73 0
6 GNMT 0.0033 -1,72 0
7 GPD1 0.0071 -1,71 0




8 CYP4A11 0.0091 -1,71 0
9 DNASE1L3 0.0017 -1,70 0
90 CRTAC1 0.0072 -1,69 46
1 LY6E 0.0057 -1,67 0
2 CD209 0.0006 -1,67 1
3 GRIA3 0.0031 -1,66 29
4 WNT2 0.0083 -1,65 55
5 MFSD2 0.0021 -1,62 0
6 SDR42E1 0.0053 -1,61 6
7 SLC17A2 0.0029 -1,60 1
8 SAMD11 0.0072 -1,59 1
9 RAMP3 0.0021 -1,58 0
100 NAT8B 0.0018 -1,56 0
1 GMPR 0.0052 -1,56 0
2 THC2340568 0.0029 -1,56 0
3 GCGR 0.0088 -1,54 0
4 ANGPTL6 0.0001 -1,53 0
5 GJC3 0.0078 -1,53 0
6 RP1-21018.1 0.0075 -1,53 2
7 PDE4DIP 0.0014 -1,53 1
8 LIFR 0.0053 -1,52 0
9 GSTA2 0.0064 -1,50 0
110 BC047230 0.0080 -1,49 7
1 ECM1 0.0098 -1,47 0
2 GALNT14 0.0012 -1,47 0
3 GHR 0.0075 -1,45 0
4 EIF4E3 0.0059 -1,45 16
5 C1orf21 0.0006 -1,44 0
6 SERPINA7 0.0051 -1,44 0
7 BG572381 0.0047 -1,43 0
8 C200rf132 0.0056 -1,42 0
9 CYP2C19 0.0032 -1,41 0
120 NUDT10 0.0097 -1,39 7
1 GHR 0.0062 -1,38 0
2 ELMO3 0.0083 -1,35 0
3 TMPRSS6 0.0094 -1,35 0
4 SDR42E1 0.0065 -1,34 29
5 EHD3 0.0007 -1,33 0
6 THC2767659 0.0072 -1,32 83
7 TSPAN7 0.0085 -1,31 1
8 SYTL5 0.0076 -1,29 10
9 GPD1 0.0082 -1,29 0
130 TPPP2 0.0091 -1,29 2
1 RFPL1 0.0065 -1,28 21
2 KCNAB1 0.0099 -1,25 30
3 LCAT 0.0049 -1,25 0
4 DPF3 0.0017 -1,21 0
5 C140rf73 0.0017 -1,21 0
6 KLKB1 0.0025 -1,20 0




7 PHYHD1 0.0054 -1,20 0
8 AK124080 0.0036 -1,20 7
9 CCL15 0.0083 -1,19 0
140 BDH2 0.0042 -1,18 1
1 FEZ1 0.0070 -1,18 18
2 PCK1 0.0028 -1,17 0
3 ITGAD 0.0011 -1,16 4
4 CYP2C9 0.0078 -1,14 0
5 SLC44A1 0.0056 -1,09 0
6 WFDC10B 0.0088 -1,08 76
7 NXF3 0.0004 -1,08 0
8 SEZ6L 0.0035 -1,07 73
9 GPR182 0.0056 -1,07 1
150 SMADG6 0.0011 -1,07 1
1 CLEC3B 0.0096 -1,05 0
2 SLC36A4 0.0042 -1,04 0
3 TREML1 0.0080 -1,04 0
4 BX093444 0.0057 -1,03 0
5 NATS8 0.0078 -1,01 0
6 LOC100128626 0.0073 -1,01 20
7 PDE2A 0.0061 -1,01 0
Up-regulated genes
1 TRIM3 0.0037 1,02 73
2 POLQ 0.0055 1,03 11
3 ESCO2 0.0078 1,04 6
4 HBS1L 0.0011 1,06 35
5 NUSAP1 0.0092 1,06 1
6 GCUD2 0.0045 1,06 2
7 C170rf53 0.0047 1,07 5
8 AF232216 0.0075 1,08 49
9 MVD 0.0069 1,08 0
10 GSPT1 0.0039 1,10 50
1 CR599788 0.0012 1,10 0
2 CENPO 0.0039 1,10 0
3 ARHGAP11A 0.0079 1,10 76
4 A_32_P16989 0.0044 1,11 46
5 NCRNAO00152 0.0003 1,11 7
6 NCAPH 0.0037 1,14 0
7 A_24 P367282 0.0061 1,15 16
8 LOC100131929 0.0083 1,15 74
9 ENST00000330495 0.0019 1,15 96
20 ECT2 0.0015 1,16 6
1 CXorf36 0.0073 1,16 26
2 FAM54A 0.0019 1,17 4
3 SGOL2 0.0014 1,18 6
4 A_23 P51966 0.0001 1,19 9
5 NEK2 0.0052 1,20 12
6 LOC154822 0.0072 1,20 29
7 ATAD5 0.0021 1,20 35




8 LOC400756 0.0082 1,21 13
9 DLL4 0.0048 1,21 7
30 C6orf199 0.0007 1,25 21
1 AF086154 0.0083 1,26 55
2 SSX3 0.0033 1,26 37
3 ZNF681 0.0075 1,27 33
4 CENPI 0.0009 1,28 30
5 AF119908 0.0016 1,28 40
6 BC035666 0.0005 1,29 41
7 BUB1 0.0093 1,29 9
8 NR4A1 0.0020 1,29 0
9 NETO2 0.0039 1,32 5
40 CKAP2L 0.0037 1,35 15
1 ANLN 0.0019 1,37 13
2 CENPA 0.0045 1,39 17
3 SSX7 0.0030 1,39 71
4 ARHGAP28 0.0098 1,40 76
5 CCNA2 0.0078 1,40 5
6 CSGALNACT1 0.0018 1,40 32
7 CXorf36 0.0034 1,40 28
8 THC2659040 0.0060 1,41 80
9 ENST00000377334 0.0000 1,41 83
50 KIF24 0.0039 1,43 18
1 KIF18A 0.0057 1,43 30
2 A_32_P31021 0.0020 1,43 74
3 CSMD1 0.0018 1,43 41
4 PLK4 0.0023 1,44 16
5 ERCC6L 0.0031 1,48 29
6 AVT749257 0.0019 1,49 46
7 PTX3 0.0079 1,50 5
8 MCM10 0.0038 1,52 2
9 BBS9 0.0004 1,53 63
60 C18orf24 0.0035 1,58 23
1 CR620185 0.0021 1,59 60
2 Cé6orf167 0.0046 1,62 78
3 COLEC12 0.0043 1,62 21
4 C200rf117 0.0032 1,63 34
5 PDEGA 0.0092 1,64 70
6 NIPA1 0.0050 1,65 27
7 SSX4B 0.0045 1,68 54
8 ANGPT2_35 0.0004 1,75 0
9 HJURP 0.0097 1,75 11
70 SPDYA 0.0001 1,75 66
1 NUF2 0.0058 1,76 2
2 BG719660 0.0004 1,77 41
3 HAPLN1 0.0082 1,78 57
4 TTK 0.0036 1,89 22
5 SPINK5 0.0018 1,92 12
6 RBM24 0.0010 1,92 33




7 RHOXF2 0.0066 1,93 54
8 THC2671102 0.0078 1,93 66
9 ESM1 0.0024 1,99 8
80  KIF18B 0.0059 2,15 21
1 ANGPT2_79 0.0012 2,19 0
2 LOC641518 0.0044 2,24 60
3 PSMD9 0.0000 2,46 56
4 SEMA3A 0.0066 2,50 45
5 VCX3A 0.0095 3,52 29
6 MAGEA2B 0.0042 3,77 48




Supplemental Table 3 — Causes of death on the training and in the validation cohorts stratified

according to fast or slow HCC growth pattern.

Growth pattern Neoplastic | Terminal Sepsis Renal/cardiac Other
invasion Liver failure causes® p
failure
Training Cohort (n=78)
Fast growth (n=19) 9 5 0 2 1 17
Slow growth (n=59) 5 9 3 4 2 23 0.001
Total 14 14 3 6 3 40
Validation Cohort (n=54)
Fast growth (n=15) 5 2 1 0 0 8
Slow growth (n=39) 0 5 3 1 0 9 0.005
Total 5 7 4 1 0 17

Hemoperitoneum (n = 1); complications of TACE (n = 1); car accident (n = 1).




Supplemental Table 4 — Bootstrap analysis on 132 HCC patients (training and validation cohorts)

Cox regression analysis of baseline factors associated with mortality

Variable coeff HR 95%CI p
Five-gene risk signature 1.3395 3.8 20-72 < 0.0001
Edmondson -Steiner score

1vs.2 -0.0002 1.0 05-1.9 1
1vs.3 0.7352 2.1 1.0-4.3 0.0430
Macrovascular invasion 1.2866 3.6 1.7-79 0.0012
(yes/no)

Treatment (yes/no) -0.8945 04 0.2-07 0.0050
Albumin (continuous) -0.7582 0.5 0.3-07 0.0034

Bootstrap validation:

Variable coeff Boot. bias Boot. Boot. HR Boot. Std. dev Boot. mean Boot. p value Boot. mean p
mean HR 95%CI 95%CI value

Five-gene risk signature 1.3395 1.4114 -0.071 4.10 2.0-8.2 0.35 0.7-2.1 0.84 <0.0001

Edmondson -Steiner score

1vs2 -0.0002 -0.0133 0.0131 0.98 04-22 0.41 -0.8-0.7 0.97 0.97

1vs 3 0.7352 0.7632 -0.0279 2.14 0.9-4.6 0.38 -0.1-1.5 0.94 0.05

Macrovascular invasion 1.2866 1.4050 -0.1183 4.07 1.6-10.4 0.47 04-23 0.80 0.003

(yes/no)

Treatment (yes/no) -0.8945 -0.9536 0.059 0.38 0.2-0.8 0.39 -1.7--0.2 0.88 0.015

Albumin (continuous) -0.7582 -0.7789 0.0207 0.45 0.3-0.8 0.28 -1.3--0.2 0.94 0.006
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