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ABSTRACT
While intratumor heterogeneity contributes to disease progression, metastasis, and resistance to
chemotherapy, it also provides a route to understanding the evolution and drivers of disease. Defects in
epigenetic landscapes are intimately linked to pathogenesis of a variety of human diseases, with
epigenetic deregulation promoting tumorigenesis. Understanding epigenetic heterogeneity is crucial in
hepatocellular carcinoma (HCC), where epigenetic alterations are frequent, early, and pathogenic events.
We determined genome-wide DNA methylation and copy number variation leveraging the Infinium 450K
in a series of regenerative nodules from within single patient livers. Bioinformatics strategies were used to
ascertain within-patient heterogeneity, link epigenetic changes to clinical features, and determine their
relevance to disease pathogenesis. Our data demonstrate that DNA methylation and copy number
alterations evolve during the pre-neoplastic phase of HCC and independently segregate regenerative
nodules into distinct clusters. Regenerative nodules with a high frequency of epigenetic changes have
significantly lower copy number variation, suggesting that individual nodules have differential enrichment
of epigenetic and genetic components, with both contributing to disease progression. Regenerative
nodules were scored based on ‘epigenetic progression’ with higher scores associated with increased
proliferation measured by Ki67 staining. Early events observed in epigenetically ‘aggressive’ nodules are
enriched for genes involved in liver cancer. Our study demonstrates that marked epigenetic and genetic
heterogeneity exists in early pre-neoplastic liver tissue within individual patients, emphasizing the
potential contributions of each mechanism to driving liver disease progression, and it unveils strategies
for identifying epigenetic drivers of hepatocellular carcinoma.
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Introduction

Hepatocellular carcinoma (HCC) is the 3rd leading cause of
cancer-related death worldwide. HCC incidence has more than
doubled in the United States during the last 20 years and is
expected to continue increasing due in part to the growing
number of patients with advanced hepatitis C virus (HCV)
infection and metabolic syndrome.1 Based on current projec-
tions, HCC will surpass colorectal and breast cancer to become
the 3rd leading cancer-killer in the United States by 2030.2 One
and 3-year survival rates are a grim 29% and 8%, respectively,
due in large part to the advanced stage at diagnosis and lack of
curative therapies.1 Hepatitis and cirrhosis arising from chronic
hepatitis B virus (HBV) and/or HCV infection of the liver are
major predisposing factors to HCC.3

Most HCCs appear to develop through a progressive pathway
from premalignant nodular lesions in the context of liver cirrhosis,
with more than 80% of HCC patients having underlying cirrhosis.4

Within cirrhotic liver both regenerative (RN) and dysplastic (DN,
low and high grade) nodules can be identified, typically at a ratio of
»10:1. A recent study comparing large regenerative nodules (LRN,

>5 mm) to dysplastic nodules revealed a higher frequency of nod-
ule enlargement for DN (33% DN/16% LRN), a higher rate of
transformation to HCC for DN (75%DN/32% LRN at 100months
follow-up), andmore frequent progression of DN toHCC, suggest-
ing LRN are low-risk and DN high-risk premalignant lesions.5

HCC also shows an evolution, with early/small HCCs (< 2 cm in
diameter) generally containing one or more nodules of mixed
grade and differentiation status, while later/large HCCs (> 2 cm in
diameter) generally lack the differentiated cell component observed
in early HCCs.4

Genetic and epigenetic mechanisms generally work in concert
to deregulate key growth regulatory pathways.6 hTERT promoter
mutations activating telomerase expression are among the most
common alterations in HCC (59%) and pre-neoplastic liver nod-
ules (25%).7,8 Copy number variation (CNV) also increased in
frequency from regenerative, low- to high-grade dysplastic nod-
ules, and to HCC.9 Deregulated DNA methylation (5mC) pat-
terns, characterized by global hypomethylation and gene-specific
hypermethylation, are a hallmark of tumor cells, including
HCC.10-12 5mC targeted to promoters and enhancers is linked to

CONTACT Keith D. Robertson, Ph.D. Professor robertson.keith@mayo.edu Molecular Pharmacology & Experimental Therapeutics, Center for Individualized
Medicine, Epigenomics Program, Stabile 12–70.

Supplemental data for this article can be accessed on the publisher’s website.
© 2017 Taylor & Francis Group, LLC

EPIGENETICS
2017, VOL. 12, NO. 3, 215–225
http://dx.doi.org/10.1080/15592294.2016.1277297

http://dx.doi.org/10.1080/15592294.2016.1277297
http://dx.doi.org/10.1080/15592294.2016.1277297


transcriptional repression, while 5mC within gene bodies is linked
positively to transcription. Methylation is regulated not only by the
DNA methyltransferases (DNMTs) and their unique and overlap-
ping specificities,13 but also by the Ten-eleven-translocation
(TET)-driven oxidation of 5mC to 5-hydroxymethylcytosine
(5hmC).14 DNAmethylation signatures have been linked to grade,
differentiation status, progression, and survival,11,15 although none
have made their way into clinical use. Most changes during the
pre-neoplastic cirrhotic phase appear to be epigenetic in
nature.11,12,16 In HCC, DNA hypomethylation predominates glob-
ally, while hypermethylation events are centered on promoters,
CpG islands (CGI), and CGI shores.12,15 While candidate gene-
based studies have shown that RASSF1A, APC, and SOCS1 are
hypermethylated in early RN and DN lesions, little is known about
the full extent of 5mC changes in early premalignant nodular liver
lesions, thus limiting our knowledge about when epigenetic
changes occur and how they participate in disease progression.17-19

At the pathologic level, intratumoral phenotypic heterogene-
ity, typically assessed through immunohistochemical stains, has
been recognized since the 1800s.20 Only recently has this phe-
notypic heterogeneity been linked to underlying genetic, epige-
netic, and transcriptional alterations.21 Intratumoral
heterogeneity is a defining characteristic of human tumors.
Cells within a tumor possess discrete differences in proliferative
and metastatic capacity, as well as response to treatment.22

Multiple mechanisms likely underlie this heterogeneity, includ-
ing genetic and epigenetic determinants. For some tumors, the
extent of heterogeneity correlates with invasion, poor outcome,
metastatic progression, acquisition of drug resistance and likely
also contributes to the difficulty in identifying or confirming
reliable cancer biomarkers.22,23 Intratumoral heterogeneity is
beginning to be examined at the genetic, and, to a lesser extent,
the epigenetic levels, in several tumor types, including glioma,
renal, and prostate cancer.24-29 In renal cancer, for example,25

phylogenetic reconstruction of intratumoral mutational pat-
terns revealed that only »35% of mutations were found in all
regions of the tumor.

We recently investigated the impact of two of the major envi-
ronmental insults that contribute to HCC development on the
liver epigenome, chronic HCV infection and alcohol abuse,
revealing both etiology-specific and shared DNA methylation
alterations occurring over large regions of the genome. Changes
in DNA methylation were also temporally distinct, with HCV
infected livers demonstrating more changes at the cirrhosis stage
and chronic alcoholic livers showing more 5mC changes after
HCC development.12 Effects of viral infection and alcohol abuse
likely contribute to HCC heterogeneity at all levels. Major ques-
tions remain, however, including when during progression to
HCC do epigenetic changes occur, what is the extent of epige-
netic heterogeneity in liver disease, and does epigenetic heteroge-
neity contribute to disease progression? In the current study we
begin to address these issues by defining genome-wide 5mC pat-
terns in multiple spatially distinct early proliferative lesions (RN)
in individual livers derived from patients undergoing transplant
for end-stage liver disease. Phylogenetic reconstruction of DNA
methylation and copy number data reveal extensive heterogene-
ity in 5mC patterns between individual nodules and allow us to
build a measure of ‘epigenetic progression’ of premalignant nod-
ular lesions toward HCC.

Results

Characterization of patient samples

Case 1 is a 56 year-old male with cirrhosis including hepati-
tis C infection and chronic alcoholism. Case 1 had two
benign smooth-lined biliary cysts with clear serous fluid
measuring less than 1.5 cm on the inferior right and left
lobes, a reactive lymph node, no significant steatosis, and
no intracytoplasmic inclusions based on PAS or PAS-D
stains. Case 2 tissue originates from a 56 year-old male
with diffusely nodular cirrhosis induced by HCV infection.
Similar to case 1, a reactive lymph node was present with
no cytoplasmic inclusions or significant steatosis. The
patient presented with bile-ductular proliferation and mod-
erate to severe iron deposition within hepatocytes. Case 3 is
a 56 year-old male with moderately differentiated hepatocel-
lular carcinoma (found incidentally, after pathologic exami-
nation) and background cirrhosis due to HCV infection.
The HCC was multifocal with the largest tumor measuring
1.1 cm at the greatest dimension. Severe cholestasis and bile
ductular proliferation were observed with increased deposi-
tion of iron into hepatocytes and Kuppfer cells. No intracy-
toplasmic inclusions were observed. Additional clinical
features are listed in Table 1. Each liver was sectioned into
2.0 cm slices. Ten distinct spatially separated cirrhotic nod-
ules were identified for sample collection (example shown
in Fig. 1A). Hematoxylin and Eosin (H&E) and Ki67 stain-
ing was performed on each of the 10 nodules from all three
cases as well as the tumor from case 3. A pathologist con-
firmed through H&E and gross pathology that all nodules
were regenerative hepatic nodules. Histologically there was
no difference among all of the nodules examined (represen-
tative examples are shown in Fig. 1B–D).

Genetic and epigenetic heterogeneity in cirrhotic nodules

To assess the genetic and epigenetic heterogeneity in the cir-
rhotic nodules, we performed genome-wide DNA methylation
profiling and copy-number analysis using the multiple sam-
plings taken throughout the liver of three HCV-driven cirrhosis
patients through application of the Infinium HumanMethyla-
tion450 Beadchip (450K array). This yielded genetic and epige-
netic landscapes for 30 cirrhotic nodules (n D 10/patient) and
one HCC (case 3 only). While all three patients were of the
same gender, we focused on 5mC sites on autosomes for conti-
nuity, as methylation data from females is included in down-
stream analysis, and we excluded CpGs associated with single
nucleotide polymorphisms, yielding 411,237 CpG sites for 5-
methylcytosine and copy number assessment after initial filter-
ing of data and quality control.

We first performed unsupervised hierarchical clustering of
DNA methylation patterns from each case using the 5,000
most variable 5mC probes across nodules on the 450K array
(Fig. 2). We also performed principal component analysis
(PCA) for each case (Fig. S1). This analysis showed a surprising
level of heterogeneity among nodules considering their similar-
ity based on histologic analysis. Aberrant 5mC profiles from
individual patients are shared among a subset of the cirrhotic
nodules. Case 1 had a single outlier (nodule 6) that displayed a
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much higher frequency of DNA methylation changes com-
pared with the other nine nodules, chiefly in the form of hypo-
methylation (Table 1, Fig. 2A). Case 2 showed two distinct
clusters, with nodules 1, 2, 5, and 9 forming one distinct group
that on average displayed more DNA methylation changes
when compared with normal liver and in contrast to the

remaining six nodules (P D 0.005 for total changes, P D 0.0005
for hypomethylation, Fig. 2B, orange on the dendrogram). The
final sample set, case 3, consisted of 10 nodules and one HCC.
Overall, the number of changes observed in this patient was rel-
atively uniform but substantially higher in number than the
other two cases (hypermethylation: P D 1.54E-8,

Figure 1. Tissue dissection and sample pathologic characterization. (A) Liver dissection with coronal sections shown from case 2. Positions of nodules isolated for analysis
throughout the liver are indicated with white circles. (B-D) Representative H&E staining for three nodules demonstrating overall similarity of regenerative nodules.

Figure 2. Unbiased analysis of DNA methylation and copy number heterogeneity in regenerative nodules. (A-C) Unsupervised hierarchical clustering of the 5,000 most
variable CpGs for each case, where ‘outlier’ samples are color coded in orange and the remainder in green. The tumor for case 3 is labeled red. A color bar is shown to
depict a range of methylation from low (blue, b D 0) to high (yellow, bD 1). (D-F) Frequency plots for copy number alterations in cases 1–3 where the relative proportion
of samples with a gain (green) or loss (red) is shown for chromosomes 1–22 (chromosomes separated by dashed lines). Specific regions where green or red bars approach
1/-1 are conserved gains/losses across nodules. Case 3 includes the singular tumor.
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hypomethylation: P D 0.002, total: P D 3.8E-6, Fig. 2C). While
all samples from case 3 were more epigenetically divergent
from normal liver, we still observed distinct clusters of nodules
based on the most variable CpGs, with nodules 3, 4, 7, 8, and 9
demonstrating more aberrant events (P D 0.01), mimicking the
tumor sample (Fig. 2C). The most variable CpGs within
patients were spread throughout the genome, with a subset tar-
geting key regulatory regions such as gene promoters and liver-
specific enhancers in multiple samples (Fig. S2, S3).

An advantage of the 450K array is the ability to infer copy
number changes.26,30 Therefore, we examined chromosomal
abnormalities for all three cases (Fig. 2D–F) relative to a repre-
sentative normal liver control (no cancer or cirrhosis). Case 1
had the fewest copy number changes, case 2 had a moderate
increase in the number of CNVs, and case 3 had a relatively sta-
ble genome with the exception of one nodule (Table 1). Specifi-
cally, nodule 9 from case 3 had a much higher frequency of
CNV relative to any other nodule. The tumor from case 3 was
marked by chromosomal amplifications and relatively few losses.
Very few common copy number alterations were observed
between more than one nodule from each patient, suggesting
marked genetic heterogeneity also exists in these nodules.

Evolution of DNA methylation changes in pre-neoplastic
liver disease

Other groups have shown that phylogenetic trees provide
insight into the evolution of DNA methylation changes during
tumorigenesis and tumor recurrence.27-29 Therefore, to deter-
mine if these DNA methylation alterations have a shared evolu-
tion, we performed phylogenetic reconstruction from DNA
methylation and copy number variation using the R package
‘ape’, similar to analyses reported previously examining the
clonal evolution of prostate cancer.27,31 Phylogenetic trees from
DNA methylation data (Fig. 3A–C) are similar to observations
from unsupervised hierarchical clustering, highlighting the

outlier nodule in case 1 (nodule 6) and the distinct clusters in
cases 2 and 3. Interestingly, when we performed analysis using
the chromosomal breakpoints identified from inference of
CNV on the 450K array, we observed a strikingly similar struc-
ture for case 2, with the same four nodules forming a distinct
group (Fig. 3E). We observe an outlier group from DNA meth-
ylation comprising nodules 1, 2, 5, and 9, with the same four
nodules separating off in the CNV phylogenetic tree for case 2.
However, closer examination reveals that DNA methylation
changes are more pronounced in these outlier nodules (P D
0.005), while copy number changes are significantly fewer (P D
0.019). This trend is consistent for nodules from case 1 as well,
with nodule 6 having the most aberrant methylation changes
and the fewest copy number changes. Case 3 had a strong epi-
genetic component, but relatively few genetic changes, except
for nodule 9, which had more CNVs than any other nodule
(Figs. 3C, F, Table 1). Taken together, these data suggest that
DNA methylation and CNV may, in some cases, evolve inde-
pendently during the early phases of hepatocarcinogenesis, and
poise specific nodules for eventual dysplasia and/or transforma-
tion through distinct mechanisms.

Due to the distinct clustering that we observed in phylo-
genetic trees constructed from DNA methylation, we
hypothesized that these epigenetic changes might reflect the
potential for specific nodules to progress toward dysplasia
and/or tumorigenesis. To test this, we incorporated DNA
methylation landscapes from the 450K array from our pre-
vious publication 12 as well as publically available data from
The Cancer Genome Atlas, into our analysis. In total, we
compiled samples from normal (n D 30), cirrhosis (n D
30), and HCC (n D 46) livers, all obtained from patients
with chronic HCV infection (the same etiology common to
all nodules from cases 1–3). We examined the top 5,000
hyper- and hypo-methylation events in tumors relative to
normal controls and plotted the phylogenetic tree (Fig. 4A).
Single nucleotide polymorphisms were removed to ensure
observed changes were due to DNA methylation. We

Figure 3. Phylogenetic trees based on DNA methylation landscapes and copy number variation. (A-C) Phylogenetic trees from the top 5,000 most variable 5mC
sites from cases 1–3. (D-F) Phylogenetic trees from chromosomal aberrations identified in cases 1–3. Distinct groups and unique samples are labeled orange,
with the remaining regenerative nodules in green, and the tumor for case 3 in red. Individual branches are color coded in the same manner as the dendro-
grams in Fig. 2.
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observed that the resulting phylogenetic tree had three dis-
tinct clusters correlating with disease stage: normal liver
(blue, no cirrhosis or HCC), cirrhosis (green), and HCC
(red). Normal samples clustered closely together, while cir-
rhotic tissues were less similar, and tumors were the most
divergent based on the Euclidean distance relative to the
average of normal liver. The average Euclidean distance for
normal (relative to the average of all normal tissues), cir-
rhotic, and HCC livers was 6.0, 8.1, and 35.8, respectively.
Comparisons between the three groups were significantly
different, indicating a stepwise increase in Euclidean dis-
tance from normal to cirrhotic to HCC liver tissues (P <

5E-9 for all comparisons). We took advantage of this phe-
nomenon of increased Euclidean distance significantly cor-
relating with disease stage to create a surrogate measure of
nodule ‘aggressiveness’ or progression, which we term an
‘Epigenetic Progression’ (EP) score (Table 1, expanded
upon further below).

We next examined these differentially methylated CpGs
(hyper- and hypo-methylated) between normal liver and HCC
to determine if these frequent targets of aberrant DNA methyl-
ation in hepatocarcinogenesis are also the ones targeted for epi-
genetic deregulation in the pre-neoplastic nodular lesions. As
an added measure to increase the likelihood that individual
5mC sites are relevant, we performed singular value decompo-
sition (SVD) on this subset of CpGs for each case to determine
if they were capable of separating nodules into the previously
observed clusters, thereby implying the clusters have relevance
to HCC-specific epigenetic changes (Fig. 4B, Fig. S4). In princi-
ple, this method determines which events have the greatest
impact on the structure of the tree, allowing one to identify
events most likely to be relevant to pathogenesis. Plotting these
CpGs (n D 696, 216, and 298 CpGs for cases 1–3, respectively,
Fig. 4C, Fig. S5) shows that specific nodule clusters appear
more similar to either the average of normal (n D 30) or
tumors (n D 46). Indeed, these aberrant DNA methylation
events segregated the outlier from case 1 from the remainder of
the nodules with an EP score of 5.06 compared with an average

of 2.93, with tumor having an EP score of 8.62 (Table 1,
Fig. 4C–D). The same group of four sampled regions from case
2 (nodules 1, 2, 5, and 9) clustered independently with an aver-
age EP score of 0.82 higher than the other six regions, an
increase of more than 50% (P<0.001, Fig. 4E). Importantly, the
structure of the trees in cases 1 and 2 demonstrate that tumor
associates more closely with the outliers. Case 3 is unique as we
have the matching tumor from the same patient for compari-
son, and again we observe that the cirrhotic nodules form two
clusters, one of which is more similar to the tumor (Fig. 4F).
Our results therefore indicate that a set of DNA methylation
changes that typify HCC are strongly reflected in the heteroge-
neity observed during early liver disease, which are also linked
to the proliferative capacity of individual nodules.

Linking epigenetic phenotypes to the biology of liver
disease

To investigate whether cirrhotic nodules that are less similar to
normal liver are indeed more ‘aggressive’ and/or have a greater
chance to progress to a more advanced state (e.g., RN to DN),
we performed Ki67 immunohistochemistry on all of the sam-
ples analyzed for DNA methylation from cases 1–3. The outlier
nodule from case 1 had the highest Ki67 score [8 cells per high
powered field (HPF)] compared with an average of 2.4 for the
other nodules (Fig. 4D, Table 1). Similarly, the four outlier nod-
ules for case 2 averaged 9.5 cells/HPF relative to 4.0 for the
other six nodules (P D 0.0036, Fig. 4E, Table 1). Case 3, which
also showed the highest number of aberrant DNA methylation
events, had relatively consistent Ki67 scores across nodules,
with higher Ki67-positivity in the tumor (Fig. 4F, Table 1). All
together, the 5mC changes identified here that drive nodule
clustering into groups defined by Ki67 score suggest that indi-
vidual cirrhotic nodules have already acquired epigenetic
changes characteristic of hepatocellular cancers, which may
predispose them toward transformation or sow the seeds for
progression when combined with additional genetic and/or epi-
genetic lesions.

Figure 4. DNA methylation-based phylogenetic trees delineate disease stages. (A) A phylogenetic tree created using the R package ‘ape’ using normal (blue, n D 30), cir-
rhotic (green, n D 30), and HCC liver (red, n D 46). (B) Singular value decomposition based on CpGs from (A) performed on DNA methylation data from case 1. The origi-
nal data set is filtered down to 696 CpGs by this method. (C) A heatmap of the 696 CpGs from (B, case 1) with the average of HCCs (red, n D 46), normal liver (blue, n D
30), the outlier nodule (N6, orange) and other nodules (N1–6; 7–10, green) indicated (D-F). Phylogenetic trees constructed after SVD analysis of CpGs identified from (A)
for cases 1–3. The average of normal liver (n D 30) and HCC (n D 46) is shown for cases 1 and 2, while the tumor from case 3 (C3T1) is used in panel F.
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DNA methylation heterogeneity in cirrhosis converges on
key liver cancer related pathways

We performed Ingenuity Pathway Analysis (IPA) on the genes
associated with the most variable CpGs from unsupervised hierar-
chical clustering in Fig. 1, as well as the CpGs identified from SVD
in Fig. 4. As case 2 exhibited two distinct groups, we focused on
this patient as a proof-of-principle. Ingenuity pathway analysis
using the 5,000 most variable CpGs from case 2 showed that the
most enriched term was ‘Cancer’ (Fig. 5A). More in-depth analysis
revealed specific links to liver disease and liver cancer genes with
pathway terms that include ‘liver cancer’ (most significant category
under ‘cancer’) and ‘gastrointestinal cancer’ (Fig. 5B). Similarly,
IPA analysis of genes linked to singular value decomposition-
selected CpGs included terms like ‘Cancer’ and ‘Hepatic System
Disease’ (Fig. 5C). Other specific pathway enrichments include dif-
ferent cancers (skin, pancreas, liver), immortalization, and malig-
nant tissue (Fig. 5D). Examination of specific loci reveals regions
targeted for specific methylation gain/loss events in gene regulatory
regions (Fig. 5E–F). Two such regions within the GSTO2 and
UPB1 promoters demonstrate hyper- and hypo-methylation,
respectively in the ‘aggressive’ nodules from case 2, suggesting that
these changes are early initiators of disease progression. These data
collectively implicate epigenetic changes as early events that may
predispose select genes for deregulation, which in turn may facili-
tate progression of nodules tomore advanced dysplasia or HCC.

Discussion

In this study, we observed substantial epigenetic heterogeneity at
the earliest stage of premalignant liver disease progression

toward hepatocellular cancer. By constructing phylogenetic trees
based on DNA methylation and CNV data, we inferred genetic
and epigenetic heterogeneity that created distinct clusters of
samples derived from individual patients despite their similarity
at the histopathologic level. In one case, genetic- and epigenetic-
based phylogenetic trees formed markedly similar structures,
suggesting that genetic and epigenetic aberrations evolve in par-
allel in hepatocarcinogenesis. DNA methylation-based phyloge-
netic trees derived from all stages of disease show a linear
progression from normal to cirrhotic to HCC liver states, indi-
cating this method can link epigenetic patterns to tumorigenic
potential. Indeed, through this method we showed that early
aberrant epigenetic deregulation events were associated with
increased proliferation based on Ki67 staining. Many of these
early methylation changes target genes and pathways involved
in hepatocarcinogenesis, implying they are functionally relevant.
Overall, these results reveal that specific nodules may be epige-
netically predisposed to advance to dysplasia and/or HCC and
that the 5mC changes that delineate the more ‘progressed’
lesions might be particularly important for surveillance and/or
the ability to predict liver disease progression.

We identified a subset of regenerative nodules with
increased Ki67 staining that correlated with aberrant DNA
methylation events and our epigenetic progression score.
This phenomenon is particularly important as pathologists
typically only refer to histologic analysis when determining
whether liver nodules are regenerative or dysplastic. Com-
bining H&E staining with epigenetic signatures such as
those identified here could facilitate our ability to differenti-
ate regenerative from dysplastic nodules and early HCC by
identifying key molecular changes missed with histologic

Figure 5. Gene ontology analysis of hypervariable CpG sites in case 2. (A) Ingenuity pathway analysis of diseases and disorders enriched in the top 5,000 most variable
CpGs. (B) A cobblestone plot of processes associated with genes in (A). The color of the rectangle reflects the associated Z-score for the term, while the size represents
the number of genes enriched. (C) Ingenuity pathway analysis based upon genes associated with CpGs (n D 216) identified from singular value decomposition of hyper-
and hypo-methylated CpGs in HCC from case 2. (D) A cobblestone plot of processes associated with genes in (C). (E-F) UCSC genome browser views of the GSTO2 and
UPB1 genes, depicting regions of hyper- and hypo-methylation in case 2 nodules 1, 2, 5, and 9 relative to the other nodules.
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and morphologic criteria alone. Much like the importance
of molecular subtypes in cancer, assigning pre-neoplastic
lesions into groups that are more or less prone to progress
could facilitate identification of the earliest cells responsible
for disease progression based on inherent signatures, and
permit identification of key drivers of disease initiation and
progression. Epigenetic heterogeneity studies of topographi-
cally distinct sites in cancer reflect the history of the
tumor’s origins and should facilitate identification of aber-
rantly regulated genes.27 Indeed, analysis of epigenetic het-
erogeneity in glioma identified the TP73 gene as a potential
driver.29 It is well established that HCC frequently displays
heterogeneous growth patterns and/or cytological features
within individual tumors,32 which may prove equally
important early in disease based on evidence from our
study. To our knowledge, our study is the first to integrate
genetic and epigenetic heterogeneity in HCC at a genome-
wide level within individual patients. A recent analysis of
HBV-associated HCCs at the genetic level revealed marked
intratumoral heterogeneity between patients (8–68% muta-
tions in common between regions of the same tumor) with
larger tumors having more heterogeneity.33 The potential
importance of epigenetic events in progression to HCC is
highlighted by studies showing that experimentally targeting
DNA methylation defects to specific growth regulatory
genes accelerates cell proliferation and drives spontaneous
tumor formation.34,35

Our data, although derived from a limited number of
samples, shows that while genetic and epigenetic alterations
are prevalent in the early pre-neoplastic phases of HCC,
one mechanism appears to predominate within an individ-
ual lesion. In all three cases examined, phylogenetic tree
structure was similar based on DNA methylation- and copy
number alteration-derived data, yet changes in the methyl-
ome occurred more frequently in nodules with fewer CNV
events. As a parallel to this observation, epigenetic altera-
tions in pediatric CNS tumors are the most frequent type
of ‘mutation’, suggesting that pediatric ependymomas are
almost exclusively driven by epigenetic defects; in contrast,
other cancers have a very strong genetic component.36-38

There is robust evidence that changes in DNA methylation
directly result in tumorigenesis, as demonstrated by Yu
et al. with targeted hypermethylation of p16INK4A and subse-
quent induction of spontaneous tumor formation.34 In addi-
tion, tumor progression and metastasis is intimately linked
to epigenetic modifications.39,40 The genetic and epigenetic
contributions to carcinogenesis are difficult to separate since
many tumors have cross-talk between genetic and epigenetic
mechanisms, such as mutation of the IDH1 and SETD2
genes leading to distinct DNA methylation profiles that
impact patient outcome,41,42 and epigenetic regulatory genes
themselves (e.g., TET2 and DNMT3A) being targeted for
mutation.43-45 While these findings link the genome to the
epigenome bi-directionally, they also emphasize the impor-
tance of dissecting the individual contributions of each type
of molecular event to carcinogenesis.

Since cirrhotic nodules implanted into mice do not form
tumors, they cannot be tested directly for malignant poten-
tial in this conventional functional assay and therefore,

surrogate methods must be used to infer this potential. To
this end, heterogeneity of both genetic and epigenetic muta-
tions lends insight into the history of the disease, allowing
one to trace back to the initial events (drivers) promoting
growth advantage and metastatic potential, and also yield
information on the cell-of-origin, age, and other features of
the patient and/or disease. While we observe distinct meth-
ylation patterns in subsets of nodules obtained from each
patient, the normal liver also demonstrates epigenetic het-
erogeneity, especially in enhancer regions marked by
H3K4me1.46 This suggests that the stochastic nature of the
epigenome in the liver may inadvertently lead to DNA
methylation landscapes predisposed to progression toward
regenerative nodule formation and ultimately carcinogene-
sis, particularly when exposed to chronic environmental
insults including hepatitis C viral infection. Our data sug-
gest that early epigenetic changes could fuel progression to
a more advanced proliferative state with increased propen-
sity toward dysplasia and carcinogenesis when combined
with additional lesions (epigenetic or genetic), or environ-
mental insults that interfere with maintenance of cell-spe-
cific DNA methylation landscapes, such as inflammation.

We demonstrate here that pre-neoplastic lesions are
enriched for DNA methylation changes associated with
liver-specific cancer pathways in a distinct subset of nod-
ules within the same patient. Further study of this process
should not only facilitate stratification of early disease and
permit better prediction of which nodules can/will advance
to later disease stages, but also yield potential mechanisms
underlying the poor response of HCC to chemotherapy.
Frontline chemotherapy for HCC results in modest
improvements in survival, with sorafenib conveying only a
3-month survival benefit on average in a phase III clinical
trial.47 Currently, most clinical trials do not account for
intratumoral heterogeneity.48 Epigenetic heterogeneity too
may influence response to chemotherapy.49 In contrast to
genetic and epigenetic heterogeneity, transcriptome level
analyses revealed that premalignant liver lesions (DN) had
minor changes in expression and were relatively homoge-
neous; extensive alteration of cancer-related pathways
occurred late in HCC progression.50 This and other obser-
vations collectively highlight that: 1) epigenetic changes
may precede and predispose to transcriptional changes; 2)
epigenetic changes may serve as better prognostic/diagnos-
tic markers since they occur before transcriptional and
gross morphological changes; 3) use of early epigenetic
changes could facilitate determination of whether a partic-
ular nodular lesion will progress to HCC; and 4) a more
in-depth assessment of spatially separated tumor sections
in a larger patient population is required to fully assess
the role heterogeneity in HCC progression and response to
treatment.

Materials and methods

Sample collection

Liver tissue from three 56-year-old male hepatitis C infected
patients was collected as part of liver transplant surgery
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performed at the University of Florida Shands Hospital
between March and September of 2014 (Table 1). An experi-
enced liver pathologist sectioned the livers and micro-dissected
10 spatially separated cirrhotic nodules from all three cases;
one case had an incidental finding of hepatocellular carcinoma
after pathologic examination that had not been identified
through imaging (Fig. 1). The freshly dissected liver tissues
were stored at ¡80�C. A portion of the frozen tissue was used
for DNA isolation, and a portion of tissue was fixed in formalin
for routine histological examination. Protocols for tissue collec-
tion are approved by the Institutional Review Board and patient
consent was obtained.

Genome-wide DNA methylation profiling

Genomic DNA was isolated using a standard phenol-chloro-
form protocol. Resultant DNA was quantified using the Quant-
iT PicoGreen dsDNA Assay Kit (ThermoFisher) and checked
for quality using a custom TaqMan probe. Five hundred micro-
grams of input DNA was used with the manufacturer’s proto-
cols to bisulfite treat and hybridize to the Infinium
HumanMethylation450 BeadChip (450K; Illumina, San Diego,
CA).

Data processing

Quality control of resultant 450K array data was performed
using two methods: Genome Studio Methylation Module (Illu-
mina, San Diego, CA) and the R bioconductor package ‘minfi’.
Methylation data was normalized through subset within-array
quantile normalization (SWAN) as described previously.12

Copy number variations were also obtained from the 450K
array through the R package ‘ChAMP’, which infers copy num-
ber changes using intensity of individual and surrounding
probes.30 Only events that reached a minimum threshold of
j0.3j were included in downstream analysis. Heatmaps and
phylogenetic trees were constructed using R with the
‘heatmap.30 and ‘ape’ (Analyses of Phylogenetics and Evolu-
tion) packages. ‘Ape’ is a minimal evolution algorithm used to
estimate trees with distance-based methods (Euclidean distance
was used herein).31 We identified CpGs that have the largest
impact on tree structure through singular value decomposition
(SVD),29 which summarizes the main ways mean-centered data
deviate from zero, allowing us to identify events that most
influence the tree structure and thus are most likely to be
important for disease pathogenesis. Gene ontology analysis was
performed using Ingenuity Pathway Analysis (Qiagen, Red-
wood City, CA). Infinium 450K data are available in the NCBI
GEO repository (GSE87056).
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