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Abstract

In an effort to identify the functional alleles associated with hepatocellular carcinoma (HCC),
we investigated 152 genes found in the 4921-25 region that exhibited loss of heterozygosity
(LOH). A total of 2,293 pairs of primers were designed for 1,449 exonic and upstream pro-
moter regions to amplify and sequence 76.8—114 Mb on human chromosome 4. Based on
the results from analyzing 12 HCC patients and 12 healthy human controls, we discovered
1,574 sequence variations. Among the 99 variants associated with HCC (p < 0.05), four are
from the Dickkopf 2 (DKK2) gene: three in the promoter region (g.-967A>T, g.-923C>A, and
g.-441T>G) and one in the 5’UTR (c.550T>C). To verify the results, we expanded the sub-
ject cohort to 47 HCC cases and 88 healthy controls for conducting haplotype analysis.
Eight haplotypes were detected in the non-tumor liver tissue samples, but one major haplo-
type (TAGC) was found in the tumor tissue samples. Using a reporter assay, this HCC-
associated allele registered the lowest level of promoter activity among all the tested haplo-
type sequences. Retention of this allele in LOH was associated with reduced DKK2 tran-
scription in the HCC tumor tissues. In HuH-7 cells, DKK2 functioned in the Wnt/B3-catenin
signaling pathway, as an antagonist of Wnt3a, in a dose-dependent manner that inhibited
Wnt3a-induced cell proliferation. Taken together, the genotyping and functional findings are
consistent with the hypothesis that DKK2 is a tumor suppressor; by selectively retaining a
transcriptionally inactive DKK2 allele, the reduction of DKK2 function results in unchecked
Whnt/B-catenin signaling, contributing to HCC oncogenesis. Thus our study reveals a new
mechanism through which a tumor suppressor gene in a LOH region loses its function by
allelic selection.
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Author Summary

Liver cancer is one of the most lethal human cancers. Identifying functional alleles associ-
ated with liver cancer can provide new insights into the disease’s pathogenesis and help to
advance the development of new therapeutic approaches. We conducted re-sequencing of
the 4q21-25 region that frequently showed loss of heterozygosity (LOH) in liver cancer.
Among the 99 variants associated with liver cancer, four are found within the Dickkopf 2
(DKK2) gene. We conducted haplotype analysis of the DKK2 promoter sequence and
found that a transcriptionally inactive DKK2 allele was selectively retained in the tumor
tissues. Additionally, by sequencing individual molecular clones, we detected 7-mer
CCTCCCT sites within the DKK2 promoter region that are involved in PRDM9 binding,
pinpointing hotspots for recombination and genome instability. Furthermore, we demon-
strated that DKK2 functioned as an antagonist within the Wnt/B-catenin signaling path-
way. Our findings have led to the discovery of a new mechanism whereby a tumor
suppressor gene in a LOH region loses its function by allelic selection.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide, and the third
leading cause of cancer-related mortality, contributing to over 660,000 annual deaths world-
wide [1, 2]. HCC exhibits a distinct geographic distribution of over 80% of HCC cases occur-
ring in Southeast Asia and sub-Saharan Africa. It should also be noted that the incidence of
HCC has recently increased significantly in the United States of America [3].

Late-stage HCC cases typically display more genetic alterations than hyperplasia or dyspla-
sia lesions; these alterations include chromosomal instability, DNA rearrangements, DNA
methylation, and DNA hypomethylation [4]. Several studies have identified recurrent chromo-
somal instability regions associated with HCC by comparative genomic hybridization (CGH)
or loss of heterozygosity (LOH) mapping [5-10]. The chromosomal gain regions involve 1q,
5q, 6p; 8q, 10q, 11q, 17q, and 20q, while the chromosomal loss regions involve 1p, 4q, 6q, 8p,
10q, 13q, 16q, and 17p [11]. Several cancer genes have been identified and validated in these
chromosomal instability regions. However, the mechanisms by which these genomic alter-
ations at multiple chromosomal segments of potential oncogenes and tumor suppressor genes
lead to hepatocarcinogenesis remain undetermined.

The Wnt/B-catenin pathway is involved in homeostasis, cell proliferation, differentiation,
motility, and apoptosis [12]. Activation of the Wnt/B-catenin pathway frequently occurs in
HCC [13, 14]. B-catenin overexpression and mutations related to this have been described dur-
ing early-stage HCC development and HCC progression [15-17]. More B-catenin mutations
are manifested in hepatitis C virus-associated HCC than in hepatitis B virus-related HCC [17-
19]. It is interesting that B-catenin mutations are typically seen in HCC with a low-level geno-
mic instability [20], indicating that the Wnt/B-catenin pathway could represent an alternative
route to hepatocarcinogenesis.

Accumulation of B-catenin in the nucleus has been observed in 40% to 70% of HCC cases
[10, 21]. Several secreted proteins are known to negatively regulate the Wnt/B-catenin pathway.
These Wnt antagonists can be divided into two functional classes [22]. One involves the Wise,
sclerostin and Dickkopf (DKK) families that bind directly to LRP5/6. The other consists of
Whnt inhibitory factors and secreted frizzled-related proteins that bind directly to soluble Wnt
ligands. The DKK family consists of secreted proteins that contain two cysteine-rich domains
[23] and of four members (DKK1 to DKK4) that are able to inhibit the Wnt co-receptors
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LRP5/6 and Kreman 1/2 [24, 25]. Down-regulation of the DKK family, when observed in
HCC, usually involves epigenetic inactivation either by methylation or via silencing by miRNA
[22,26].

Results
LOH of 4922-25 in HCC

On the basis of CGH and LOH studies, approximately 30% to 70% of HCC patients showed
genetic alterations in bands 21-25 of chromosome 4q [27-29]. Chromosome 4q21-25 loss is
involved in early HCC development [29]. To delineate the LOH pattern in chromosome 4q22-
25, we used ten STR markers from 92.5 Mb to 117.5 Mb on human chromosome 4 to deter-
mine the minimal critical region of LOH for 47 HCC cases. As shown in Fig 1, 28 cases (59.6%)
were determined to have LOH within chromosome 4q22-25 region, while the other cases were
either non-informative or heterozygous. The result is consistent with the overall LOH frequen-
cies for chromosome 4q22-25 obtained from other studies.

Detection of variant sequences associated with HCC

According to the Knudsen’s two-hit theory [30], cancer develops when a tumor suppressor
gene mutation occurs in one allele, followed by the loss of the other allele, reflecting as LOH in
the genetic analysis. Thus, detection of variant sequences specifically associated with LOH in
the tumor tissue is one method of identifying candidate tumor suppressor genes. We have
taken a re-sequencing approach in an attempt to discover significant sequence variations in the
genes on chromosome 4q21-25. A total of 2,293 pairs of primers were designed for PCR to
amplify target sequences; these include 1,449 exonic and upstream promoter regions of 152
known and predicted genes that reside in the interval from 76.8 Mb to 114 Mb on human chro-
mosome 4 (NCBI, build 33). In the pilot study using a sample panel consisting of 12 HCC
patients and 12 healthy human controls, we identified a total of 1,574 sequence variations, con-
sisting of 1,462 substitutions, 43 insertions, and 69 deletions. Among these variations, 99
sequence variations of 62 genes were found to be significantly associated with HCC (p < 0.05)
(S1 Table).

Using allelic retention status in the HCC tumor as a criterion, three genes (UNC5C, DKK2,
and ZGRF1I) from the LOH region were evaluated for further investigation (Fig 2). UNC5C,
which encodes ntetrin-1receptor, has been reported to function as tumor suppressor gene in
human colon cancer [31, 32]. The DKK family is able to inhibit the Wnt signaling pathway in
several cell types and is usually down-regulated in several different cancers [33]. ZGRF1, whose
identity and function were not yet known at the time that we conducted the genotype analysis,
is now grouped as a zinc finger gene in the database. Interestingly, 6 of the 12 cases showed
LOH in the ZGFR1 sequence and the tumors invariably retained the G-A-C-G haplotype for
the four SNPs.

Of these variations that were associated with HCC, four that belong to the human DKK2
gene were of particular interest due to their location within the regulatory region of the gene;
these consisted of three in the promoter region (g.-967A>T, g.-923C>A, and g.-441T>G) and
one in the 5’UTR (¢.550T>C). To further investigate the association with HCC, we increased
the subject number to 47 HCC cases and 88 healthy controls to analyze these four variations.
The results are summarized in Table 1. The association remained significant for DKK2_-967,
DKK2_-923, and DKK2_+550 (p < 0.05). Note that the two SNPs at the promoter region
(nucleotides positions -967 and -923) are in linkage disequilibrium, therefore, the allele fre-
quency is the same between the two sites.
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Fig 1. LOH of human chromosome 4¢22-25 in HCC patients. The genotype status of ten STR markers from
D4S414 to D4S2989 was determined for 47 cases collected from two hospitals. A solid circle indicates LOH and
an open circle indicates non-LOH. A slash denotes a non-informative case.

doi:10.1371/journal.pgen.1006051.g001

DKK?2 haplotypes associated with HCC

Genetic studies based on haplotypes have provided greater statistical power than those based
on the underlying SNPs [34]. To investigate whether or not there were specific DKK2
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Fig 2. Selection of candidate genes based on allelic retention status. Genotype differences between non-tumor
(designated N) and tumor (T) tissues were shown for the SNP markers of UNC5C, DKK2, and ZGRF1 genes located in
the chromosome 4 region. LOH is indicated by the shaded regions. Blue indicates the variant sequences were retained in
the tumor sample, while pink denotes that the reference sequences were present in the two UNC5C SNPs for the sample
SYS12. Note that there appear to be bias in the allelic sequences in the tumor samples.

doi:10.1371/journal.pgen.1006051.9002

haplotypes that are associated with HCC, we determined the haplotypes of 88 healthy controls
using GENECOUNTING 2.2. A total of four haplotypes that had a probability higher than
0.02% were predicted (Table 2). Among them, two major haplotypes-haplotype 2 (ACTT) and
haplotype 3 (TATT)-had a combined frequency of nearly 76% in the studied subjects; haplo-
type 2 was the dominant haplotype (44.9%). We also performed direct sequencing to determine
the haplotypes of individually cloned genomic DNA fragments from the blood, tumor adjacent
tissue, and tumor tissue of 16 HCC patients who were heterozygous for DKK2. Of 13 HCC

Table 1. Allele frequencies of the four variations in DKK2 for the HCC specimens and the healthy human control specimens.

Region Nucleotide position Variation Allele frequency? Control® (n = 88) Patient® (n = 47) p value
Promoter -967 A—T 103/73 (41.5%) 42/52 (55.3%) 0.04
Promoter -923 C—A 103/73 (41.5%) 42/52 (55.3%) 0.04
Promoter -441 T—-G 133/43 (24.4%) 63/31 (33.0%) 0.153

5 UTR +550 T—-C 153/23 (13.1%) 63/31 (33.0%) 2x 107
@ The allele frequency of the healthy human control specimens was determined by sequencing leukocyte DNA. The allele frequency of the HCC
specimens was determined by sequencing tumor tissue DNA.
® The genotypes of the 88 blood samples were used to compute the haplotypes shown in Table 2.

° The 47 HCC tumors were the same as those in Fig 1.
doi:10.1371/journal.pgen.1006051.1001
PLOS Genetics | DOI:10.1371/journal.pgen.1006051 May 20, 2016 5/16
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Table 2. Predicted haplotype structure for DKK2.

Haplotype ID

haplotype 1
haplotype 2
haplotype 3
haplotype 4
haplotype 5
haplotype 6
haplotype 7
haplotype 8

2 Probability is based on haplotype analysis of 88 healthy human controls.

doi:10.1371/journal.pgen.1006051.t002

Table 3. Haplotypes analysis of 16 HCC cases heterozygous for DKK?2.
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cases, eight haplotypes were identified, including four recombinant haplotypes: haplotype 5
(TAGT), haplotype 6 (ACTC), haplotype 7 (TATC) and haplotype 8 (ACGT). Interestingly,
these additional haplotypes were only detected in the non-neoplastic tissues but were absent
from both the blood samples and tumor tissue samples (Table 3). Notably, haplotype 1
(TAGC) was the most frequently observed haplotype in the tumor tissue samples from these

HCC cases, observed in 13 out of 16 samples.

When we compared the haplotypes of blood, tumor adjacent tissue and tumor tissue from
the same patients, we unexpectedly found that there were more than two haplotypes in the
tumor adjacent tissues. However, there was only one major allele, haplotype 1, retained in the
tumor tissue. These results indicated that there had been frequent recombination events

Blood Non-neoplastic portion Tumor part

Sample ID 1 2 3 1 2 3 4 5 6 7 8 1 3 4 5 7 8
SYS-02 + + - + + + + + + + + + - - - - -
SYS-03 + - + + - + - - - - - + - - - - -
SYS-05 + + - + + + + + - - - - -
SYS-08 + + - + + + + + + + + - - - - -
SYS-14 + - + + - + - + - + - + - - - - -
SYS-17 + + - + + + + + + + - - - - - - -
SYS-22 + - + + + + + + + + - - - - - -
SYS-29 + - + + + + + + + + + - - - - -
CG-08 nd nd nd + + + + + + - + + - - - - -
CG-10 nd nd nd + - + - + - - + - - - - -
CG-11 nd nd nd + - + - + - + - + - - - - -
CG-14 nd nd nd + + - - - - - - - - - - - -
CG-17 nd nd nd + - + - + - + - + - - - - -
CG-19 nd nd nd + + - - - - - - + - - - - -
CG-20 nd nd nd + - - - + - + - - - - -
CG-22 nd nd nd + - - - - + - - - - -
nd: not determined

doi:10.1371/journal.pgen.1006051.1003
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affecting DKK2 during HCC tumorigenesis and that the DKK2 haplotype 1 had been selectively
retained in the tumors.

Transcriptional activity of the HCC-associated DKK2 haplotype

Three of the four identified DKK2 SNPs were located in the promoter region of this gene, while
the fourth was in the 5’UTR. We speculated that the various DKK2 haplotypes might show dif-
ferences in transcriptional activity. To address this issue, we measured the reporter activity of a
luciferase gene that was driven by the promoter sequences of the DKK2 haplotype alleles. A
promoterless construct was used as a negative control, and the transcriptional activity was nor-
malized against the transfection efficiency determined by B-galactosidase activity. Haplotype 2
(ACTT), which was found most frequently in the healthy controls, drove the expression of
luciferase at a rate that was 10 fold higher than that of the promoterless construct (Fig 3A).
Similarly, haplotype 3 (TATT), which is referred to as wild type in the NCBI public database,
drove the expression of luciferase at a rate 8 fold higher than the reference level. In contrast,
haplotype 1 (TAGC) was found most frequently in the tumor samples and showed significantly
lower transcriptional activity when compared to the other seven haplotypes (p < 0.001). To
demonstrate that DKK2 haplotypes effect DKK2 expression and to confirm observations from
in vitro studies, relative DKK2 expression levels between the tumor tissues and the non-tumor
counterparts from 30 pairs HCC samples were analyzed by reverse transcription quantitative
PCR (RT-qPCR). The relative expression levels were classified into three categories, deter-
mined by the presence of chromosome 4q24-25 LOH and/or DKK2 TAGC haplotype (Fig 3B).
The difference between the two groups, non-LOH and LOH without TAGC, was not signifi-
cant (p = 0.229). However, the cohort with both chromosome 4q24-25 LOH and DKK2 TAGC
haplotype showed significantly lower DKK2 expression levels than the other two cohorts: with-
out chromosome 4q24-25 LOH (p < 0.001) and with chromosome 4q24-25 LOH but no
DKK2 TAGC haplotype (p < 0.001). Taken together with the genotyping data, our results indi-
cate that this transcriptionally inactive DKK2 allele was being selectively retained in the tumor
when heterozygous HCC patients exhibited a LOH during tumorigenesis.

DKK2 functions as tumor suppressor

To investigate the function of DKK2 as part of the Wnt/B-catenin signaling pathway in hepato-
cytes, we incubated HuH-7 cells that had been transiently transfected with the TCF reporter
plasmid with variable amounts of recombinant Wnt3a and DKK2. The plasmid contains multi-
ple TCF binding sites upstream of the promoter, and the luciferase activity within the cells
reflected the B-catenin concentration in the nucleus [35]. As shown in Fig 4A, luciferase gene
expression was correlated with Wnt3a concentration in a dose-dependent manner (p < 0.05).
With Wnt3a stimulation, there was significant association between the luciferase activity and
DKK?2 concentrations above 200 ng/ml (p < 0.05) and DKK2 down-regulated Wnt3a-
enhanced luciferase gene expression in a dose-dependent manner (p < 0.05). This effect was
paralleled between the luciferase assay and the cell proliferation assay (Fig 4A and 4B). Consis-
tently, by abrogating the Wnt and receptor interaction at the cell surface, DKK2 inhibited B-
catenin translocation from the cytosol to the nucleus (Fig 4C). The data confirmed that signal-
ing molecules of the Wnt/B-catenin pathway are involved in oncogenesis by controling cell
proliferation [36]. Thus, the results of our DKK2 functional studies are consistent with previ-
ous reports whereby members of the DKK family are able to play a role in development and
disease by modulating the Wnt/B-catenin pathway [22].

PLOS Genetics | DOI:10.1371/journal.pgen.1006051 May 20, 2016 7/16
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Fig 3. DKK2 expression is down-regulated in tumor tissues with chromosome 4q24-25 LOH and
DKK2 TAGC haplotype. (A) Luciferase activity of the various DKK2 haplotypes in HuH-7 cells. A reporter
assay was performed to test the sequences that cover the DKK2 promoter region from 1,135 bp upstream to
667 bp downstream of the transcription initiation site. The coding sequence of the luciferase was fused to the
DKK2 promoter and 5’UTR sequence. The promoter function of each DKK2 haplotype sequence was
assessed using luciferase activity, and the data obtained was normalized against the expression level of the
cotransfected B-galasctosidase gene. The position of the four SNPs (at -967, -923, -441, and +550) is shown
relative to the transcription initiation site. The promoter activity of the TAGC haplotype was significantly
reduced relative to the other haplotypes. No significant effect on cell viability post transfection was observed
for the reporter plasmids containing different DKK2 haplotypes. (B) Relative DKK2 mRNA expression levels
of the tumor (T) tissues and the non-tumor (N) counterparts (n = 30) were assayed by RT-qPCR and
classified into three categories determined by the presence of chromosome 4g24-25 LOH and/or DKK2
TAGC haplotype. The group with chromosome 4g24-25 LOH and DKK2 TAGC haplotype (LOH with TAGC,
n = 8) showed significantly lower DKK2 expression in tumor tissue than the other two groups: without
chromosome 4g24-25 LOH (non-LOH, n = 13) and with chromosome 4g24-25 LOH but no DKK2 TAGC
haplotype (LOH w/o TAGC, n=9). *** p < 0.001

doi:10.1371/journal.pgen.1006051.g003

Genetic alteration at the DKK2 locus

To address possible mechanisms of LOH for the DKK2 gene, we analyzed the cytogenetic
changes in eight HCC cases that were heterozygous for DKK2 haplotype 1 in their tumor adja-
cent tissue. All eight HCC cases had chromosomal deletions of band 4q2l, and six cases showed
LOH for 4q22-25 (S2 Table). Interestingly, three of the cases were polysomic and one was diso-
mic for chromosome 4 with loss of 4q21, as determined by dual-color FISH. An example is
shown in Fig 5. Sequencing of the DKK2 gene in the tumor tissue of these cases indicated that
only haplotype 1 was retained in the tumor tissue, regardless of the copy number of 4q21 sig-
nals. These results support the idea that, during HCC tumorigenesis, chromosome amplifica-
tion occurs at the DKK2 locus prior to LOH (Fig 6).
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Fig 4. DKK2 inhibits Wnt3a-induced Wnt/B-catenin signaling. HuH-7 cells were transiently transfected
with a TCF reporter plasmid and were then incubated with various concentrations of Wnt3a and/or DKK2 (ng/
ml). The presence of the Wnt3a ligands activated the Wnt signaling pathway in a dose-dependent manner, as
measured by elevation in the luciferase reporter activity (A). Consistently, cell proliferation increased in HuH-
7 cells when they were cultured in the presence of Wnt3a ligands (B). Nuclear translocation of 3-catenin was
analyzed in (C), and GAPDH and Histone H3 were used to indicate cytoplasmic or nuclear fractions,
respectively. Note that DKK2 addition abrogated the effects of Wnt3a significantly. * p < 0.05, ** p <0.01
when compared to DKK2 stimulation in their respective Wnt3a levels.

doi:10.1371/journal.pgen.1006051.g004

Discussion

In this study, we have taken a genetic approach to investigate the LOH region of human chro-
mosome 4 and its role in HCC oncogenesis. By scrutinizing the genetic variants in a 37.2 Mb
region of common chromosomal loss that affects nearly 60% of the HCC cases, we have uncov-
ered the tumor suppressor function of DKK2 in the liver. Additionally, our study provides new
insights regarding LOH in HCC.

First, we have shown that DKK2 function was compromised in HCC by the removal of
active DKK2 alleles. The Wnt signaling pathway plays an important role in liver cancer, and
extensive studies have revealed that Wnt antagonists can be inactivated by epigenetic modifica-
tion of the DKK coding genes [22, 26]. By way of contrast, our finding provides a new mecha-
nism whereby DKK2 loses its function through selective retention of an inactive allele (Fig 6).
Thus, our data supports that this principle is also applicable to hepatocarcinogenesis.
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Fig 5. Polysomy of chromosome 4 and DKK2 deletion in a HCC case. The arrow indicates hybridization
signals from a centromeric probe for chromosome 4. The arrowhead indicates hybridization signals from a
4921 YAC probe. Note that there are three signals from the centromere but only two for 4g21.

doi:10.1371/journal.pgen.1006051.g005

Secondly, re-sequencing the LOH region allowed us to discover functional variants associ-
ated with hepatocarcinogenesis. By detecting the differential distribution of haplotypes
between blood, non-tumor tissue, and tumor tissue (Table 3), we were able to identify signifi-
cant genetic changes in the chromosomal regions showing genomic instability. Selective reten-
tion of a functional allele, in theory, could also give rise to overexpression of an oncogene.
Allelic imbalance in combination with DNA amplification has been detected in the HCC
genome. Given the frequent and extensive genomic changes associated with HCC, other tumor
suppressor genes might also be inactivated through a similar mechanism. For example,
UNCS5C is a known tumor suppressor gene [31, 32]. Within the 4q21-25 region, UNC5C dis-
played a nonrandom distribution of alleles in the HCC tumors when LOH has occurred. The
functional significance of the ZGFR1I gene showing LOH is currently unknown.

Thirdly, by taking a comprehensive approach on a focused region, our analysis revealed that
there was hyper-recombination in the promoter region of the DKK2 sequence (Table 3). We
identified more than two haplotypes in the adjacent non-tumor liver tissues, yet most HCC
cases retained haplotype 1 in the tumor tissues. Myers et al. (2008) reported that two DNA
motifs are associated with recombination hot spots: the 7-mer CCTCCCT and the 13-mer
CCNCCNTNNCCNC; these are clustered in breakpoint regions and act as a driver of genome
instability [37]. We scanned the DKK2-1.5 kb to +1 kb region and found two CCTCCCT
motifs in the DKK2 exon 1 sequence at +640 to +646 and +644 to +650 (S1 Fig). Furthermore,
we searched ReDB (http://www.bioinf.seu.edu.cn/ReDatabase/), a recombination rate database
to investigate the DKK2 locus. Interestingly, the recombination rate of the DKK2-437 to -4,276
promoter region was dramatically increased from average of 0.02% to 14.73% (S3 Table). Thus,
the results of the sequence analysis support the scheme shown in Fig 6. As the cell proliferation
rate is elevated in the pre-cancerous tissues, DNA breakage is likely to occur near the recombi-
nation hotspots in the DKK2 promoter region and this will lead to loss of DKK2 alleles. At the
same time, those cells with low transcriptional activity of the DKK2 haplotype 1 allele are
selected for clonal amplification during tumorigenesis.

Finally, our genetic and functional data confirms that DKK2 functions as a tumor suppres-
sor in the liver. The results from the functional analysis using cultured liver cancer cell support

PLOS Genetics | DOI:10.1371/journal.pgen.1006051 May 20, 2016 10/16
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Fig 6. A model of HCC tumorigenesis showing the selective retention of the low transcriptional activity of DKK2 haplotype 1 (TAGC) allele. The
cell proliferation rate is elevated in the pre-cancerous liver tissues, and a DNA break occurs near the recombination hotspots in the DKK2 promoter region,
which leads to loss of the DKK2 alleles. In this scheme, those cells with low DKK2 transcriptional activity are selected for clonal amplification as a result of
unchecked Wnt signaling.

doi:10.1371/journal.pgen.1006051.9g006

the hypothesis that DKK2 acts through the canonical Wnt pathway and antagonize the cell
proliferation elicited by the Wnt3a ligand (Fig 4). While this study was in progress, others
studying different cancer types have reported that DKK2 functions as a tumor suppressor gene
[38-40]. Of particular relevance to liver cancer, Maass et al. (2015) recently published that a
Dkk2 deletion in mice is associated with liver carcinogenesis and enrichment of stem cell prop-
erties [41]. Thus, DKK2 might work through both Wnt-dependent and independent mecha-
nisms during hepatocarcinogenesis. Considering the role of DKK2 in HCC oncogenesis, genes
affected by DKK2 modulation could possibly serve as biomarkers in epidemiological studies.
Additional work is warranted to address the implications of these findings with respect to dis-
ease classification and clinical management.

Materials and Methods
Ethics statement

The study was approved by the Research Ethics Committee of National Health Research Insti-
tutes (Permit Number: EC1030201-E) and informed consent was obtained from each partici-
pant. Human subjects were recruited from the Koo Foundation Sun Yat-Sen Cancer Center
and Chang Gung Memorial Hospital. These human specimens were collected under informed
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consent in accordance with the recommendations of Research Ethics Committee of National
Health Research Institutes.

Specimen preparation

Genomic DNA and total RNA were isolated using the single-step method [42] from tumor tis-
sues of the HCC patients as well as from their adjacent non-tumor tissues that appeared
normal.

Sequencing reactions and data analysis

Primers specifically targeting each genomic fragment were designed using Primer3. Primer
sequence information on the 2,293 amplicons is available on request. PCR was initiated at 95°C
for 10 minutes, followed by 45 cycles of 95°C for 30 seconds, annealing at various temperatures
as appropriate to the primer pair for 30 seconds, and extension at 72°C for 45 seconds. The
final step was at 72°C for 3 minutes. The optimal annealing temperature for each pair of primer
was pre-tested. The PCR products were treated with exonuclease I in order to remove
unreacted primers. DNA sequencing reactions were performed using Dye-terminator (Applied
Biosystems Inc., Foster, CA) and the same primers were used for the PCR amplification. The
products were separated by electrophoresis on an automated ABI 3700 PRISM DNA sequencer
to determine the sequence of amplified fragments. The results were analyzed using Phrap-
Phred and PolyPhred (ver. 10) software [43]. Heterozygous variations were identified by the
presence of double peaks at single nucleotide positions.

Haplotyping of the DKK2 gene

The forward primer 5-TTTGCTTGGAAAGTCTCGC-3' and the reverse primer 5-AGGGG
TGGGAATGCAAAG-3' were used for PCR amplification of the -1,135 to +667 genomic
region of the DKK2 gene. The PCR products were subjected to TA cloning using the pGEM-T
vector (Promega). After transformation, 96 colonies were individually selected for direct
sequencing.

Transcriptional activity assay

A DNA fragment, -1,135 to +667 of the DKK2 gene, was amplified using genomic DNA from
each of the HCC cases with different haplotypes. Sequence of the PCR product was verified
before cloning into the pGL3 vector. In total, 4 ug of pGL3-DKK2 promoter plasmid DNA and
0.8 pg of pcDNA3.1-His-LacZ plasmid DNA were co-transfected into HuH-7 cells. After 48
hours, the cells were lyzed and the luciferase activity was detected by LucLite Kit (Packard Bio-
Science) following the manufacture’s instruction. To report the relative activity, the measured
luciferase activity was normalized against the activity of B-galactosidase activity, which served
as a transfection control.

Quantitative analysis of DKK2 expression

Relative DKK2 expression levels between the tumor (T) tissues and the non-tumor (N) coun-
terpart were determined using RT-qPCR. Total RNA from 30 pairs of HCC samples were
reverse-transcribed to cDNA using SuperScriptll (Invitrogen) according to the manufacturer's
instructions. Subsequent qPCR reactions for DKK2 and B-actin were performed in triplicates
on ABI StepOne real-time PCR system, using KAPA SYBR FAST ABI Prism 2X qPCR Master
Mix (Kapa Biosystems). The sequences of the primers used for RT-qPCR were as follows: for
DKK2,5- GCAATAATGGCATCTGTATC (forward) and 5- GTCTGATGATCGTAGGCAG
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(reverse) and for B-actin, 5- ATCCGCAAAGACCTGTAC (forward) and 5- GGAGGAG
CAATGATCTTG (reverse). All samples were analyzed and normalized with expression level
of the internal control gene, B-actin. Relative quantification of fold-change was performed,
comparing ACT of tumor tissues and ACT of tumor adjacent tissues.

TOPflash assay

For the TOPflash assay [35], 2 ug of TCF reporter plasmid DNA and 0.5 pg of pcDNA3.1-His-
LacZ plasmid DNA were co-transfected into HuH-7 cells. After 24 hours, the cells were starved
with DMEM medium containing 0.1% FBS for another 24 hours. Then, the cells were cultured
for 48 hours with medium that contained Wnt3a and/or DKK2 recombinant protein (ng/ml)
(Peprotech). The TOPflash activity was measured by luciferase activity using the Dual-Lucifer-
ase Reporter Assay Kit (Promega). The data was normalized against -galactosidase activity.

Cell proliferation assay

HuH-7 cells were plated in the 24 well plates (2x10* cells per well) for 24 hours before the cells
underwent serum starvation. After 24 hours, the cells were cultured with DMEM medium con-
taining Wnt3a and/or DKK2 recombinant protein (ng/ml) for 48 hours. The cell proliferation
assay was performed using alamarBlue cell viability reagent (Thermo Scientific) according to
the user manual.

Western blot

HuH-7 cells were serum-starved and stimulated with Wnt3a and/or DKK2 recombinant pro-
tein, as described above. But, after 6 hours, the nucleus and cytoplasm were separated using the
Proteo]ET Cytoplasmic and Nuclear Protein Extraction Kit (Fermentas). Protein samples,
loaded with 20 ug per lane, were separated by electrophoresis on a 10% SDS-PAGE gel and
transferred onto a membrane. Then, the membrane was probed with primary antibodies at
optimal dilutions, followed by secondary antibody detection. The primary antibodies used for
the current study were anti-B-catenin (Cell Signaling) and anti-GAPDH (Novus Biologicals)
and anti-Histone H3 (Cell Signaling).

Fluorescence in situ hybridization

Touch slide preparations, probe preparations and fluorescence in situ hybridization were per-
formed according to published protocols [44]. In brief, a biotin-labeled 964 a_2 YAC probe
specific to chromosome band 4q2l was cohybridized with a digoxigenin-labeled centromeric
probe for chromosome 4. Signal detection was accomplished using avidin-FITC and rhoda-
mine antidigoxigenin. Nuclear counterstaining was carried out using 0.1 pug/ml DAPI in anti-
fade solution.

Statistical analysis

To confirm significance of the data obtained from in vivo studies, Kruskal-Wallis H test was
implemented to determine if the clusters were significantly different. After significance was
established, Mann-Whitney U tests were used to identify which cluster exhibited the greatest
significance. For in vitro data, variance pre-test was analyzed using the F test of equality of vari-
ances. Once the data sets were determined to show homoscedasticity, Student's t test was per-
formed to test the significance of the differences between the sample conditions. To verify
dose-dependence of cell proliferation rate, ANOVA for regression analysis was used.
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S1 Fig. The motif of the recombination hot spot in the DKK2-1.5 kb to +1 kb region. There
are two CCTCCCT motifs in the DKK2 exonl1 at +640 to +646 and +644 to +650. The
sequences that are labeled in red represent the CCTCCCT motif and the black underlines indi-
cate TCCCT motif 1 and CCTCCCT motif 2.
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S1 Table. Significant variations within human chromosome 4q21-25.
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§2 Table. Cytogenetic changes in eight HCC cases that were heterozygous for DKK2 haplo-
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