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Abstract

Early detection improves hepatocellular carcinoma (HCC) outcomes, but better noninvasive
surveillance tools are needed. We aimed to identify and validate methylated DNA markers
(MDMs) for HCC detection. Reduced representation bisulfite sequencing was performed on DNA
extracted from 18 HCC and 35 control tissues. Candidate MDMs were confirmed by quantitative
methylation specific PCR in DNA from independent tissues (74 HCC, 29 controls). A phase |
plasma pilot incorporated quantitative allele-specific real time target and signal amplification
assays on independent plasma-extracted DNA from 21 HCC cases and 30 cirrhotic controls. A
phase Il plasma study was then performed in 95 HCC cases, 51 cirrhosis controls, and 98 healthy
controls using target enrichment long-probe quantitative amplified signal (TELQAS) assays.
Recursive partitioning identified best MDM combinations. The entire MDM panel was statistically
cross-validated by randomly splitting the data 2:1 for training and testing. Random forest
regression models performed on the training set predicted disease status in the testing set; the
median AUC (and 95% CI) were reported after 500 iterations. In phase Il, a 6-marker MDM panel
(HOXA1, EMX1, AK055957, ECE1, PFKP and CLEC11A, normalized by B3GALTE level
yielded a best fit AUC of 0.96 (95% CI, 0.93-0.99) with HCC sensitivity of 95% (88-98%) at
specificity of 92% (86-96%). The panel detected 3/4 (75%) stage 0, 39/42 (93%) stage A, 13/14
(93%) ge B, 28/28 (100%) stage C and 7/7 (100%) stage D HCC. The AUC value for AFP was
0.80 (0.74-0.87) compared to 0.94 (0.9-0.97) for the cross-validated MDM panel, P<0.0001.

Conclusion: Novel MDMs identified in this study proved to accurately detect HCC via plasma
testing. Further optimization and clinical testing of this promising approach are indicated.
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INTRODUCTORY STATEMENT

Liver cancer is currently the 2nd leading cause of cancer death worldwide(1) and 6th leading
cause in the United States (US), with hepatocellular carcinoma (HCC) being the most
common form. (2) Incidence and mortality of HCC in the US has been steadily rising over
the last 20 years (3) primarily due to epidemic rises in hepatitis C (HCV) infection and non-
alcoholic fatty liver disease (NAFLD).(4) As a consequence, liver cancer is projected to
become the 3" leading cause of cancer deaths in the US by 2030.(5)

High-risk groups for HCC include chronic carriers of hepatitis B virus (HBV) and cirrhotic
stage infectious, metabolic or alcoholic liver disease, in whom the annual incidence of HCC
is 2-4% per year.(6) Among HBV carriers in China, a randomized controlled trial showed a
near 40% reduction in mortality among patients offered surveillance for HCC.(7) There are
also compelling observational data which show that HCC surveillance is associated with
earlier stage detection, receipt of curative therapy, and improved overall survival.(8) For
those at risk, the American Association for the Study of Liver Diseases recommends
semiannual HCC surveillance by ultrasound imaging with or without alpha-fetoprotein
(AFP).(9)

There are several limitations to this practice. First, despite reported moderate to high
specificities (85-98%), ultrasound has low sensitivity for curable-stage disease, particularly
those meeting Milan criteria for liver transplantation (63% pooled sensitivity, range 23—
91%).(10) Second, surveillance is under-utilized, with up to 50% patient non-compliance.
(11) Consequently, there is a strong rationale for the application of accurate biomarkers for
HCC surveillance and potential for greater accessibility, lower cost and greater reporting
objectivity. Currently available biomarkers include serum AFP, which remains the most
commonly used surveillance tool world-wide. While AFP sensitivity for early stage HCC
appears similar to ultrasound (66%), specificity may be lower (82%),(12) likely due to
fluctuation of AFP levels in association with inflammation, sex and liver disease type.(13)
Newer multi-protein, multi-variate models, notably GALAD, which incorporates gender,
age, lectin-bound AFP, AFP and des-y carboxyprothromobin; appear to improve specificity;
however, GALAD still misses about 30% of potentially curable HCC.(14)

Non-protein biomarkers for HCC include so-called “liquid biopsy” of circulating tumor cells
and circulating DNA or exosome products.(15) Of these, methylated DNA of liver(16) or
HCC tumor origin(17) appears to reliably distinguish HCC patients from healthy controls.
Aberrantly methylated DNA sequences represent broadly informative potential markers of
neoplasia(18). Methylated DNA markers were critical components of a multi-target stool
DNA test, FDA-approved for average risk colorectal cancer screening.(19)
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Our group and others have applied next-generation sequencing techniques to expand the list
of candidate methylated DNA markers (MDMs) of gastro-intestinal and hepatobiliary
cancers and have demonstrated feasibility of this approach in phase I clinical applications.
(20, 21) Additionally, novel normalization methods and assay chemistry appear to achieve
very high analytical sensitivity for circulating DNA in plasma,(21, 22) yet this approach has
not yet been applied to HCC.

We hypothesized that: 1) next-generation DNA sequencing would identify novel and highly
discriminant MDMs for HCC; 2) MDMs would be confirmed in independent tissues; 3.)
MDMs would show strong clinical feasibility for detection of HCC when assayed from
plasma-extracted DNA,; and 4.) novel assay and normalization techniques could be applied
to validate clinical feasibility of best performing MDMs in a larger, phase 1l case-control
study.

EXPERIMENTAL PROCEDURES

Overview

The study was conducted in 4 sequential case-control experiments (Figure 1). Briefly, we
first performed discovery using reduced representation bisulfite sequencing (RRBS) &
technically validated sequencing-derived candidate MDMs using methylation specific PCR
(MSP) on DNA extracted from frozen primary tumor and control samples, in addition to
normal buffy coat control samples. Candidate regions were selected where there was
differential hypermethylation between cases referent to liver controls and between cases and
buffy coat controls; to select candidates for a ctDNA assay, we sumed that background
plasma DNA would primarily originate from leukocytes. Technically validated MDM
candidates were then biologically validated on /ndependent formalin-fixed paraffin-
embedded (FFPE) tissue samples. Additional MDMs from other GI cancers were also tested
on the basis of 1) hypermethylation in at least two other GI cancer types 2) AUC values in
excess of 0.9 and 3) minimal cross-reactivity (<2% methylation) in leukocyte DNA. Selected
MDMs were then tested using quantitative allele-specific target and signal amplification
assays (QUARTS) on DNA extracted from archival plasma samples of HCC case and control
patients (phase | plasma study). Lastly, a phase Il plasma study was performed in which
MDMs were assayed on DNA extracted from independent archival plasma samples using the
Target Enrichment Long-probe Quantitative Amplified Signal (TELQAS™, Exact Sciences,
Madison WI) say. TELQAS products were normalized by plasma volume and a target
sequence of BSGALTS, which is methylated in normal liver, HCC primary tumor tissues and
leukocytes.

All experiments were performed by blinded personnel. For the phase Il plasma study, all
clinical data were reviewed and confirmed by a single clinician (JBK) prior to unblinding of
laboratory data by the lead statistician (DWM).

Human Subjects

All study procedures were conducted after approval from the Mayo Clinic Institutional
Review Board. No prisoners or institutionalized persons were asked to participate. Tissues
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used in RRBS & technical validation were obtained from the International Hepatobiliary
Neoplasia Registry and Biorepository (IHNB, Pl LRR) which has enrolled patients with
HCC and cholangiocarcinoma, under informed consent, since January 2002. HCC tumor
tissue was sampled at the time of segmental surgical resection from patients free from
exposure to local/regional therapy or systemic emotherapy. Control tissues were non-
adjacent, matched cirrhotic or non-cirrhotic liver parenchyma from HCC-affected
individuals or tissues from individuals without HCC, balanced on age and sex to the HCC
cases. Additional de-identified waste buffy coat samples were also sequenced to control for
background leukocyte DNA. FFPE sues used for biological validation were obtained from
the Mayo Clinic Tissue Registry, an archive of waste clinical tissue specimens maintained by
the Mayo Clinic Department of Anatomic Pathology. All frozen and FFPE tissues underwent
research histopathology review by one of two expert gastrointestinal pathologists (TCS or
JTL) prior to macro-dissection and DNA extraction.

Plasma samples (=1 mL, EDTA preserved) from HCC patients and controls with cirrhosis
were obtained from the IHNB. HCC diagnosis was made by radiographic criteria. Referent
to the time of plasma collection, patients were free from HCC treatment. All stages of HCC
were included with a bias towards Barcelona Clinic Liver Cancer stage B or lower.(23)
Cirrhosis controls were required to have at least two consecutive imaging studies free from
HCC or indeterminate liver nodules. Sample selection was biased toward compensated liver
disease (Child-Pugh A or B) to reflect the intended surveillance population.(9) Healthy
control plasma, age- and sex-balanced to the HCC cases was obtained from a separate
archive of patients without cancer (Pl DAA) which has used informed consent to enroll from
a 7-county regional population since September 2015. All patients were verified by a
medical record review to be free from other cancers for =5 years. All plasma samples were
processed and stored according to standardized institutional protocols in the central
repository of the Mayo Clinic Biospecimens Accession and Processing laboratory.

Marker Identification

Discovery & Technical validation—RRBS discovery and gMSP technical validation
were performed as previously described (Supplemental Methods).(20) Briefly, DNA from
frozen liver tissue samples and buffy coat was isolated and quantitated. After MSPI
digestion, DNA fragments were repaired and ligated to an indexing label. The product was
bisulfite converted and size selected before sequencing on the HiSeq 2000 (Illumina, San
Diego CA) in the Mayo Sequencing Core facility. Sequencing reads were called by standard
[llumina pipeline software and aligned via SAAP-RRBS.(24) From this point forward short-
sequence or fragmented DNA sequences were targeted by methylation-specific assays. We
therefore used the term MDM for these candidate biomarkers rather than DMR which refers
to genomic regional methylation differences.

Technical validation of these MDMs was performed using quantitative methylation specific
PCR (MSP) assays on the discovery sample set, as previously described.(25)
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Biological tissue validation—The same MSP assays were run on DNA extracted from
independent FFPE case and control tissues. DNA was extracted using the Qiagen kit and
bisulfite treated with the Zymo kit as above.

Phase 1 plasma study—Top MDM candidates from MSP testing were re-assessed using
higher sensitivity QUARTS triplex assays, as previously described.(18, 26) In this study, 12
cycles of multiplex PCR reactions were first performed on bisulfite converted DNA followed
by triplex QUARTS assays Triplexes were assayed on the LightCycler 480 (Roche) and all
results were normalized to the g-actin product amplified from the same sample.

Phase Il plasma study—*For the MDMSs with results that met the pre-specified criteria,
below, additional MDM assay designs were developed using TELQAS chemistry, to allow
for greater analytical sensitivity. The TELQAS chemistry is a modification to the QUARTS
assay that utilizes probes that are longer and run at a higher temperature. MDMs
interrogated in the phase | plasma study were assayed from independent plasma samples in
phase 11, following DNA extraction and bisulfite conversion (as above), using the TELQAS
assay. TELQAS assays were normalized by products of a DNA region, B3GALT6 as
previously described,(22) after verification from the RRBS library that this sequence was
methylated in HCC, control tissues, and buffy coat.

For TELQAS, a limited number of cycles (12 cycles) multiplex PCR amplification of the
MDMs as well as B3GALT6 was performed on the bisulfite converted DNA. The PCR
products were then diluted 10-fold with a 10 mM Tris-HCI, 0.1 mM EDTA solution; 10 pL
of the diluted amplicons were used in triplex LQAS assays in which two MDMs plus the
B3GALTG6 reference gene were quantified. TELQAS reactions were performed on ABI
7500DX equipment (Applied Biosystems, Foster City CA).

Statistical Analysis

Discovery & technical validation—From the RRBS data set, the difference in
methylation percentage was mpared between HCC cases, tissue controls and buffy coat
controls; a tiled reading frame within 100 base pairs of each mapped CpG was used to
identify DMRs where ntrol methylation was <5%; DMRs were only analyzed if the total
depth of coverage was 10 reads per subject on average and the variance across subgroups
was >0. The sample size requirements were estimated as previously reported.(20) Assuming
a biologically relevant increase in the odds ratio of >3x and a coverage depth of 10 reads, 8
samples per group were required to achieve 80% power with a two-sided test at a
significance level of 5% and assuming binomial variance inflation factor of 1.

Following regression, DMRs were ranked by p-value, area under the receiver operating
characteristic curve (AUC) and fold-change difference between cases and all controls. No
adjustments for false discovery were made during this phase as independent validation was
planned a priori. From these results, DMRs on the /in silico genomic map were used to define
the sequences targeted as MDMs in subsequent experiments.

Biological tissue validation—For confirmation of each MDM in FFPE samples, we
aimed to achieve a 95% confidence interval £10% around a specificity estimate of 95%; a
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minimum of 30 controls were required. To ensure that the 95% confidence interval was
within £10% for a sensitivity of 90%, a minimum of 70 cases were required (split equally
between HCC cases with and without cirrhosis). To examine combinations of markers, a
methylation intensity map was created by selecting a single MDM with the highest
sensitivity at the % percentile value for each MDM in controls. Secondary MDMs were
considered additive when additional cases were positive at the 100" percentile value in the
controls (thus preserving an overall specificity for the panel of 95%). MDM combinations
were limited to 5 predictors to minimize potential overfitting.

Phase | plasma study—It was estimated that a minimum of 20 patients in the case group
would provide 80% power to distinguish an AUC of =70% from a null value of 0.5 with a
one-sided one-sample proportion test at the 5% level. Marker combinations were studied
using recursive partitioning trees (rPart) which first selected a single MDM that provided the
greatest separation between cases and controls (branch split). Then, rPart searched for
additional MDMs that provided the greatest separation between cases and controls under
each branch. This process continued iteratively until a pre-specified cross-validated stopping
rule was reached to avoid overfitting.

Phase Il plasma study—With 100 HCC patients, 50 cirrhosis controls and 100 healthy
controls, there was >80% power to distinguish an AUC of =70% from a null value of 0.5
with a one-sided Bonferroni corrected significance level of 5%/15 for each MDM. For
combinations of markers, two techniques were used. First, the rPart technique was applied to
the entire MDM set and limited to combinations of 10 MDMs, upon which an rPart
predicted probability of cancer was calculated. The second approach used random forest
regression (rForest) which generated 500 individual rPart models that were fit to boot strap
samples of the original data (roughly 2/3 of the data for training) and used to estimate the
cross-validation error (1/3 of the data for testing) of the entire MDM panel and was repeated
500 times to avoid spurious splits that either under- or overestimate the true cross-validation
metrics. Results were then averaged across the 500 iterations. Separate models were
performed for data standardized to plasma sample volume, and to sample B3GALT6 product
level.

Serum AFP values were available for HCC cases and cirrhosis controls only. To mpare
MDMs to AFP, two methods were used. First an AUC curve from the rPart model of
TELQAS-assayed MDMs was assembled from a data set restricted HCC ses and cirrhosis
controls; the AUC value estimated from AFP in the same patients. The second approach
accounted for the unmeasured AFP (27) in the controls without cirrhosis using 500 iterations
with imputation of AFP values from a log normal distribution with mean 3 and standard
deviation of 1.9.(28) In the imputed data model, AUC values of the MDM panel were
compared to that of the imputed AFP and to the combination of MDMs and AFP using
rForest.

Estimates were reported with 95% confidence intervals (95% CI). The method of DelLong,
DeLong and Clarke-Pearson was used to estimate the 95% CI of the area under the receiver
operating characteristics curve and compare AUC values between MDMs.(29) Spearman’s
correlation or Wilcoxon rank sum tests were used to assess the relationship of the rPart score
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with BCLC stage. The effect of group imbalance of underlying liver disease, age, and sex on
the diagnostic accuracy of the rPart score was investigated by comparing stratified AUC
values.

To further assess the functional relevance of the markers assayed in the phase 11 plasma
study, the RNA-Seq by Expectation Maximization values were obtained from publically
available data sets of RNA expression from HCC primary tumor samples (The Cancer
Genome Atlas) and normal liver tissues (Genotype Tissue Expression Project) using the
XENA browser (30); within XENA, the DESeq2 analysis was used to compare RNA
expression between cases and controls(31).

Discovery & technical validation

Frozen liver tissue was available from 18 HCC patients and 35 controls. Additionally, buffy
coat samples from 16 patients were included in the RRBS experiment.

Sequencing yielded 5.4 million CpGs mapped per sample with 2.8 million CpGs having 10X
or greater coverage. From these, 1163 DMRs were mapped; 302 with AUCs greater than
0.75 with fold changes against normal liver ranging from 20-623 and against normal buffy
coat from 3-120. Additionally, we identified 89 regions which contained hypermethylated
CpGs in cancer samples as compared to buffy coat (leukocyte) derived DNA samples,
irrespective of the methylation status of control tissues. We selected 30 non-overlapping
DMRs with the highest AUCs and fold changes to undergo gMSP testing in the technical
validation phase. Following technical validation, 14 DMRs had either lower AUCs or lower
fold changes (or both) than earlier ults and were eliminated. The remaining 16 DMR
sequences were chosen as candidate MDMs to carry forward to biological validation in
independent tissues (Supplemental Table 1).

Biological tissue validation

The 16 candidate MDMs were tested by qMSP on DNA extracted from 103 FFPE liver
tissues including 74 HCC cases (38 from cirrhotic livers, 36 from non-cirrhotic livers) and
29 controls (16 cirrhotic livers without HCC, 13 normal livers). We also tested 11 MDMs
identified in our previous RRBS discovery and tissue validations studies in other Gl cancers,
including colorectal, esophageal, pancreatic, biliary and gastric. In the independent FFPE
sample set, AUC values of the 27 MDM s ranged from 0.64 or 0.94 with fold changes of 1.5-
90. At specificity cut-off values of 95% set from normal and cirrhotic liver controls, a
combination of 5 MDMs was positive in 70/74 (95% (95% CI, 87-99%)) of the HCC case
tissues; these included AK055957, DABZ2IF, EMX1, TBX15and TSPYLS5 (Figure 3).

Phase | plasma pilot

The 12 MDMs we selected for further testing in plasma included 10 from the biological
validation (ACPI1, AK055957, CLEC11A, DABZIF, DBNL, EMX1, HOXA1, LRRC4,
SPINTZ and TSPYL5). AK055957, DAB2IF, EMX1, and TSPYL5all had tissue AUCs >
0.90 and low cross-reactivity in leukocyte DNA. HOXAZ had a lower AUC (0.80) but
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complemented other MDMs and had the lowest leukocyte signal in the panel. LRRC4and
DBNL had smaller fold changes with respect to normal liver DNA, but showed
hypermethylation in the tissue samples (Supplemental Figure 1). Two additional markers,
BDH1 and EFNBZ, were identified in comparison of the HCC sequencing data to other
RRBS data sets and selected for high specificity for liver cancer.

These candidate MDMs also annotate to genes which are known to play causal roles in
tumorigenesis, (32) specifically transcriptional regulation, growth modulation and cell
signaling (Table 1).

From the candidate MDMs selected from MSP tissue data, additional assays using the
higher sensitivity QUARTSs method were performed on unique plasma samples in a small
pilot comprising 21 HCC cases and 30 cirrhosis controls. After standardizing all MDMs to
the B-actin internal control, individual MDMs had AUCs of 0.65-0.90. The best performing
single MDM in plasma, EMX1, had an AUC of 0.90 (95% ClI, 0.80-0.99) with 76% (95%
Cl, 53-92%) sensitivity at 100% (95% CI, 88-100%) specificity. The combination of EMXZ
and CLECI1Ahad an AUC of 0.91 (95% ClI, 0.83-1.00); this corresponded to 86% (95%
Cl, 64-97%) sensitivity at 87% (95% CI, 69-96%) specificity.

Underlying liver diseases among HCC cases in the Discovery, Biological validation and
Phase | plasma study are listed in Supplemental Table 2.

Phase Il plasma study

Nine candidates were carried forward from phase | to phase Il (ACP1, AK055957,
CLEC11A, DAB2IF, EMX1, EFNB2, HOXA1, SPINTZ2, and TSPYLJ5). However, results of
the phase | study also suggested a low contribution to HCC detection from BDHI1, DBNL
and LRRC4. A further interrogation of the original RRBS data against other GI cancer
methylation sequencing libraries suggested that CCNJ 3124, CCNJ 3707, ECE1, PKFPand
SCRNI were found in strong association with HCC. These markers were then biologically
validated in the FFPE tissue samples and moved forward to plasma testing at phase Il
(Supplemental Table 3) because DNA from phase | samples had been exhausted. Thus, we
selected 14 candidate MDMs for the larger phase Il study (ACPI, AK055957, CCNJ_3707,
CCNJ 3124, CLEC11A, DAB2IP, ECE1, EFNBZ, EMX1, HOXAI, PFKF, SPINTZ,
SCRNI1 and TSPYL5)and the normalizer B3GALTS6. The panel was assayed on each
eligible patient sample with at least 1 mL plasma.

We studied 244 eligible patients including 95 HCC cases and 149 controls (51 with cirrhosis
free from HCC and 98 healthy volunteers (Table 2). Age and sex were similar between HCC
patients and healthy controls; however, cirrhotic control patients were younger and more
likely to be women. HCC patients were more likely to be current smokers and healthy
controls were more likely to be actively consuming alcohol. Only 7% of HCC and 2% of
cirrhosis controls had decompensated liver disease (ChildPugh C). The majority of HCC
patients had BCLC stage B cancer or earlier disease; 44% were stage A.

Distribution plots of candidate MDM s illustrate individual discrimination for HCC
(Supplemental Figure 2). By rPart analysis, a combination of 6 MDMs achieved an AUC of
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0.96 (95% ClI, 0.93-0.99) (Figure 4A); this corresponded to a sensitivity for HCC of 95%
(95% ClI, 88-98%) at an overall specificity of 92% (95% CI, 86-96%) in all controls, 95%
(88-98%) in healthy controls, 86% (73-94%) in cirrhotic controls). Cross validation of the
panel performance averaged across the 500 iterations of training and test sets yielded an
AUC of 0.94 (0.90-0.97) (Figure 4A); sensitivity for HCC was 85% (81-89%) at a
specificity of 91% (90-91%).

Limiting the data to that from HCC cases and cirrhosis controls, the MDM panel had an
AUC of 0.93 (0.89-0.98); the AUC of AFP alone in the same two groups was 0.74 (0.66—
0.82). Using the imputed data model for missing AFP values in non-cirrhosis controls, AFP
was compared against the MDM panel (Figure 4B). The AUC value for AFP was 0.80 (95%
Cl, 0.74-0.87) compared to 0.94 (0.9-0.97) for the MDM panel, P<0.0001. In this group,
AFP yielded a sensitivity for HCC of 60% (50-71%) at 91% specificity (80-98%) using a
10 ng/mL cut-off. Addition of AFP did not statistically improve the overall accuracy of the
MDM panel (Figure 4B). None of the 5 HCCs missed by the MDM panel were AFP
positive.

Based on plots of composite scores for the 6 MDM panel, marker levels increased with
BCLC stage of HCC, p=0.02 (Figure 4C). Using the rPart model to assess HCC detection
accuracy by stage, the panel detected 3/4 (75%) stage 0, 39/42 (93%) stage A, 13/14 (93%)
stage B, 28/28 (100%) stage C and 7/7 (100%) stage D HCC at 92% specificity (Figure 4D).

The overall accuracies of the panel of markers for both assay normalization techniques
(including plasma volume and B3GALTé6to correct MDM TELQAS products) were
compared across the 500 iterations of the training and test set modeling. The average
classification error for HCC with each approach was 13% and 11% respectively (p=0.4).

Due to significant differences in baseline variables, the rPart model score was plotted against
healthy control and cirrhotic control distributions for age, sex, and baseline imbalance in the
proportion of patients with hepatitis C infection. Importantly, there were no significant
differences in the accuracy of the best fit rPart model after these stratifications (Table 3).

Publically available RNA expression data was obtained for 12 of the 14 MDMs which could
be annotated to unique coding regions; AK055957 is non-coding and CCNJ 3707 &
CCNJ_3124 annotate to the same region. The XENA browser could cess RNA expression
data from 396 primary HCC tumors and 108 normal liver tissues. Significant differences in
RNA levels were seen for 11/12 regions when comparing cases to controls. CLEC11A and
TSPYL5 were significantly down regulated in tumors, whereas ACPI, DAB2IF, ECE1,
EFNBZ2, EMX1, HOXA1, PFKP, SPINT2and SCRNI were up-regulated (Supplemental
Table 4).

DISCUSSION

We report a panel of novel MDMs that, when assayed from plasma, highly discriminate
HCC cases from both healthy and cirrhotic controls. Following a whole methylome
sequencing discovery and biological confirmation on independent tissues, candidate MDMs
were then tested on plasma in phase | and phase Il case-control studies to substantiate the
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clinical feasibility of MDMs for early detection of HCC. The panel was superior to AFP,
despite potential cross-sectional design biases, including patients who may have been
referred on the basis of elevated AFP. The phase 11 plasma study was biased towards early-
stage HCC and compensated cirrhosis to best reflect the intended surveillance population.

There are formidable challenges in developing a clinically useful early cancer detection test
from circulating tumor DNA (ctDNA). Because plasma levels of ctDNA are correlated with
increasing cancer stage.(33) the clinical applications utilizing ctDNA have focused on
monitoring for relapse in patients with known cancers.(34) Advances in assay technology,
including BEAMing,(34) digital droplet PCR,(35) and QUARTS(22) have progressively
increased the ability to detect an intended mutant or methylated DNA target among the total
DNA in a clinical sample. This is the first report of a clinical feasibility study in human
cancers using TELQAS assay chemistry, a novel modification of the QUARTS assay that has
a theoretical analytical sensitivity threshold of just 2—4 strands per mL of plasma. Based on
the observations of the present study; it is anticipated that TELQAS will be well-suited to
applications using ctDNA for early cancer detection. While the FDA-approved QUARTS
stool DNA assay uses B-actin as the internal reference, this may be sub-optimal in ctDNA
assays as hon-methylated sequences will sustain greater damage during bisulfite conversion.
It was for this reason that we previously identified, applied and reported B3GALT6 as a
novel internal reference gene for ctDNA assays (22) and adapted this to HCC detection by
the TELQAS method.

To detect early HCC, an unbiased marker selection approach was used to account for the
potential heterogeneity in epigenetic profiles among primary liver tumors and underlying
liver disease.(36) We have previously shown that DNA methylation is more broadly
informative than DNA mutation in colorectal cancer.(18) With this in mind, our discovery
strategy was directed to identify MDMs with the greatest representation in HCC tumors,
while controlling for epigenetic differences due to underlying cirrhosis or non-cirrhotic liver
disease.

We also controlled for the epigenetic signatures of white blood cells, which contribute the
largest proportion of circulating DNA in plasma.(16) We also studied a sub-set of MDMs
that were methylated in both HCC and control liver tissue but not in white blood cells. These
could potentially indicate HCC vascular invasion, or hepatocyte cell death.(16)

In addition to using an analytically sensitive platform, the detection of ctDNA in plasma
from curable stage HCC appears feasible for several strong biological reasons. The liver
receives roughly 25% of cardiac output.(37) The highly vascular architecture of the liver
may result in multiple foci for entry of apoptotic and necrotic DNA. Unlike the other
visceral and glandular GI organs which might exfoliate DNA into portal circulation, nucleic
acids of hepatic origin can enter systemic circulation via hepatic venous outflow. As a result,
a recent analysis using a methylation deconvolution process estimated that 10-13% of
circulating cfDNA in plasma originates from the normal liver and rises to 1944% when
cancer is present.(16) These phenomena may explain why primary liver tumors were
detected at a higher rate than other tumor types in a recent non-invasive multi-analyte multi-
cancer detection study.(38) Our findings build on these by reporting high sensitivity (93%)
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for stage A and B HCC, high specificity even among cirrhotic ntrols and superiority of
methylated DNA analytes over AFP.

Though the MDM markers were identified without consideration of biological function,
these were subsequently annotated to genes with clear roles in the tumorigenic cascade. Of
the 27 MDM s in our tissue validation, at least 17 are involved in mechanistic pathways
which regulate cellular growth and division. Referent to the UCSC browser, almost all
MDMs lie within CpG islands in association with known regulatory signposts such as ChiP-
seq transcription factors, altered histone modifications, and ENCODE RRBS-derived
methylation sites.(32) Additionally, public database interrogation of RNA expression levels
in HCC and control liver tissues shows that genes to which the MDMSs annotate are up- or
down-regulated in cancers. These findings are similar to those reported in other solid tumors
(Supplemental Table 4), strengthening the functional importance of DNA methylation at
these sites. While causality in tumorigeneses is best ascertained through functional studies,
these strong mechanistic associations with the MDMs in our panel provide further
contextual validity, strengthen the biologic plausibility of the findings and argue against
over-fitting during this large genome-wide biomarker discovery effort.

Despite these encouraging early results, there are several potential limitations to the present
study. First, patients were enrolled from a single referral center. Sample sizes within each
study phase were not sufficiently large enough to study associations between individual
candidate MDMs and specific etiologies of cirrhosis and HCC. However, the most common
diseases which predispose to HCC were represented at each stage. In Discovery and
Biological validation steps, there were a relatively large proportion of patients who did not
have cirrhosis or were not found to have an underlying liver disease at the time that they
presented for surgical resection of their HCC. However confirmation of the MDMs in
multiple downstream validation steps, the large case sample size in the phase Il study and
the inclusion of common underlying liver diseases help to generalize the findings. Second,
definitive exclusion of HCC in the rhosis controls is clinically difficult since surveillance
ultrasound may be insensitive for early-stage HCC.(10) We also anticipate that overall
sensitivity for early stage disease will be improved with optimized methods of sample
collection; these include obtaining larger blood volumes, utilization of collection tubes
specifically designed for ctDNA recovery, and standardization of blood processing.

In conclusion, a novel MDM panel was highly accurate for the detection of HCC, including
early stage lesions. The panel was significantly more accurate than AFP. Specificity was
high among both cirrhotic controls free from HCC and healthy controls free from known
underlying liver disease. This promising approach will require further refinement and
confirmation in a larger phase 11 design using optimized sample collection and processing
methods to establish firm MDM cut-off values prior to clinical validation in a phase 111
prospective cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Repeated
500 times

Statistical methods for phase 11 plasma study cross-validation. The original data set was
randomly sampled so training and test sets were created in 2:1 proportions. Random forest
fits of 500 trees each were modeled on the training set data and applied to the test set data;

this process was repeated 500 times.
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Methylation intensity of candidates confirmed in independent tissue samples: Increasing
intensity of yellow-red color spectrum indicates methylation strand counts in decile values
above the 95t percentile values for the control groups (normal liver and cirrhotic liver
combined) of each candidate (rows) in each tissue sample (columns). Black boxes indicate
values falling below the 95t percentile in controls.
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Figure 4.
Results of phase Il plasma pilot include: A) areas under the curve (AUC) and 95%

confidence intervals of B3GALT6-corrected logistic fit model and boot strapped aggregating
statistical cross-validation; B) comparison of methylated DNA markers (MDMs) with and
without inclusion of alpha-fetoprotein (AFP) and AFP alone; C) RPart fit score estimated
the probability of cancer for the given methylation distributions across normal controls,
cirrhotic controls and HCC cases by BCLC stage, where gray shaded area depicts values
above 92% specificity threshold; and, D) sensitivity and 95% confidence intervals of logistic
fit score by BCLC stage at 92% specificity.
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Table 1.

Biological roles of candidates confirmed in independent tissue samples

Methylated DNA Marker

Biological Role

- . *
Genomic Coordinates

ACF1
AK055957
CLECIIA
DABZIP
DBNL
EMX1
HOXAI
LRRC4
SPINT2
TSPYLS5

Tyrosine phosphatase activity/cell growth modulation
Uncharacterized

Growth factor

Cell growth modulation

Receptor-mediated endocytosis/immune cell activation
Transcriptional regulation

Transcriptional regulation

Protein kinase inhibitor

Serine protease inhibitor

Cell growth modulation

chr2:264087-264151
chr12:133484978-133485739
chr19:51228217-51228732
chr9:124461305-124461420
chr7:44080227-44080310
chr2:73147710-73147772
chr7:27136145-27136425
chr7:127671993-127672310
chr19:38755130-38755164
chr8:98289858-98290220

*
GRCh37/hg19 assembly
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Patient characteristics of phase Il clinical study

Table 2.

HCC (n=95) Cirrhosis controls (n=51)  Healthy controls (n=98) p-value
Median Age (IQR), years 64 (57-70) 58 (54-63) 62 (56-68) 0.09
Men (%) 75 (79) 30 (59) 67 (68) 0.03
Tobacco
Current (%) 21 (22) 4(8) 15 (15) 0.05
Former (%) 38 (40) 20 (39) 43 (44)
Never (%) 31(33) 26 (51) 40 (41)
Alcohol intake *
Current (%) 35 (37) 20 (40) 84 (86) <0.001
Former (%) 38 (40) 25 (49) 0 (0)
Never (%) 9(9) 5 (9) 14 (14)
Child-Pugh class
A (%) 68 (72) 23 (45) - <0.001
B (%) 18 (19) 27 (53) -
C (%) (M) 129 -
Median AFP ng/mL (IQR) 17 (4.3-207) 4.3 (2.5-6.5) - 0.153
Underlying liver disease, n (%) Hepatitis C 33 (35) 8 (16) 0.025
Alcohol 23 (24) 16 (31) 0.462
NAFLD 21 (22) 17 (34) 0.189
Other 24 (25) 11 (22) 0.867
BCLC stage
0 (%) 4(4) - -
A (%) 42 (44) - -
B (%) 14 (15) - -
C (%) 28 (30) - -
D (%) 7(7) - -
Milan transplantation criteria 7(% within) 44 (47) - -

*
Tobacco and alcohol exposure was not reported by all patients

7. . -
Single tumor <5cm in diameter or < 3 or fewer tumors <3 cm in diameter

AFP, alpha-fetorprotein
BCLC, Barcelona Clinic Liver Cancer
HCC, hepatocellular carcinoma

IQR, inter-quartile range
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RPart fit area under the curve and 95% confidence intervals stratified by clinical co-variates with baseline

Table 3.
differences
Yes No p-value
Age >60 0.96 (0.92-0.99)  0.97 (0.94-1.00) 0.9
Male sex 0.95(0.91-0.98) 0.9 (0.97-1.00) 0.98
Current smoking 0.97 (0.94-1.00) 0.95(0.92-0.99) 0.99
Current alcohol intake  0.97 (0.93-1.00) 0.93(0.87-0.98) 0.97
Child-Pugh Bor C 0.97 (0.93-1.00)  0.89(0.81-0.97) 0.95
Hepatitis C 0.87 (0.71-1.00)  0.98 (0.96-0.99)  0.93
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