Mitochondrial tRNA mutations may be
infrequent in hepatocellular carcinoma
patients
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ABSTRACT. Mitochondrial DNA mutations have been shown to play
important roles in the pathogenesis of hepatocellular carcinoma (HCC). In
particular, genes encoding mitochondrial tRNA (mt-tRNA) are hotspots
for pathogenic mutations associated with HCC. Recently, an increasing
number of studies have reported the involvement of such mutations in this
disease. As aresult, several mt-tRNA mutations associated with HCC have
been described. Some of these are neutral polymorphisms and may not
cause mitochondrial dysfunction. Moreover, the molecular mechanisms
by which these pathogenic mutations result in HCC remain unclear.
To address this problem, we evaluated five mt-tRNA variants (tRNAY!
T1659C, tRNAA® G5650A, tRNA*® T10463C, tRNAS" A14679G, and
tRNAP* C15975T) implicated in the clinical manifestation of HCC in
humans. We performed evolutionary conservation analysis and used a
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bioinformatic tool to predict the secondary structure of the mt-tRNAs
carrying these mutations. Using an established pathogenicity scoring
system, we classified T10463C and A14679G as neutral polymorphisms,
and determined that the T1659C, G5650A, and C15975T variants should
be regarded as pathogenic mutations. To the best of our knowledge, this
is the first report to establish the pathogenicity of HCC-associated mt-
tRNA mutations.
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INTRODUCTION

Worldwide, liver cancer constitutes the fifth and seventh most common cancer in
men (523,000 cases/year, accounting for 7.9% of all cancers) and women (226,000 cases/
year, accounting for 6.5% of all cancers), respectively (Ferlay et al., 2010). Hepatocellular
carcinoma (HCC) is one of the most common forms of liver cancer and is ranked third in
terms of cancer-related mortality. However, the molecular mechanism responsible for HCC
remains largely unknown. Several risk factors, including viral hepatitis, cigarette smoking, and
alcohol consumption are known to contribute to the development of HCC (Schiitte et al., 2009).
Moreover, genetic variations, such as hepatitis B virus C1653T, T1753V, and A1762T/G1764A,
UGTIAI*28 (TA),, and the ¢.1564A>T mutation in the MDRI gene, have been found to be
associated with this disease (Wan et al., 2014; Marku et al., 2015; Yang et al., 2015).

However, the mutations identified to date mainly involve nuclear genes. In contrast,
the molecular role that mitochondrial (mt) DNA mutations play in HCC remains poorly
understood. Human mtDNA is a double-stranded, circular molecule encoding 13 polypeptides
and 24 RNA transcripts (2 rRNAs and 22 tRNAs) responsible for the translation of protein-
coding sequences (Schon et al., 1997). Three hotspots for HCC-associated mtDNA mutations
have been identified: the D-loop (Wheelhouse et al., 2005), the common deletion spanning the
protein-coding regions (Yin et al., 2004), and the mt-tRNA genes important for mitochondrial
protein synthesis (Abbott et al., 2014).

Variations in mt-tRNA genes have been reported to be associated with a wide range of
clinical diseases, including cardiomyopathy, deafness, and Leber’s hereditary optic neuropathy.
Nevertheless, low genotype-phenotype correlations are very common, for instance, the mt-
tRNAUUR T3291C mutation (Ding and Leng, 2012) may not alter the secondary tRNA
structure and achieves a low rating on the pathogenicity scoring system, besides being poorly
conserved (Yarham et al., 2011). To better understand the molecular mechanisms implicating
mt-tRNA mutations in HCC, we evaluate here five such HCC-associated sequence variants
(tRNAY T1659C, tRNA*" G5650A, tRNAA® T10463C, tRNAS™ A14679G, and tRNA™™
C15975T), and briefly discuss their functional significance.

MATERIAL AND METHODS
Data collection

To identify published articles concerning the association between mt-tRNA mutations
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and HCC, we performed a search of PubMed Central and other public databases using a
combination of the following key words: “mt-tRNA mutation; hepatocellular carcinoma”
or “mitochondrial tRNA variant; hepatocellular carcinoma”. Studies were included if they
consisted of full-text articles in English describing a case-control investigation. By contrast,
articles in which crucial data were not reported in the original paper, or inaccurate reporting
was considered to be highly probable were excluded.

Analysis of evolutionary conservation of HCC-associated mt-tRNA mutations

With the aim of elucidating the molecular mechanism through which mt-tRNA
mutations might cause HCC, we analyzed the evolutionary conservation of these sequence
variants. In brief, we chose 15 vertebrate species and measured the conservation index (CI)
for each mt-tRNA mutation. We considered a CI greater than 70% to indicate functional
relevance.

Prediction of the minimum free energy (MFE) of mt-tRNAs with and without
mutations

The secondary structure of mt-tRNA typically comprises acceptor, D-, anticodon, and
T-stems. To establish whether mutations cause thermodynamic changes in mt-tRNA, we used
the m-fold program to predict the MFE of such structures with and without these sequence
variations (http://unafold.rna.albany.edu/?q=mfold; Mathews and Turner, 2006).

Analysis of mt-tRNA mutation haplogroups

We used PhyloTree (http://www.phylotree.org/tree/main.htm; van Oven and Kayser,
2009) to identify haplogroups associated with the mt-tRNA mutations under investigation.

Assessment of the pathogenic status of each mt-tRNA mutation

We also applied the pathogenicity scoring system originally proposed by Yarham et
al. (2011) to each mt-tRNA mutation. According to this classification, an mt-tRNA mutation
with a total score greater than 11 points is regarded as “definitely pathogenic”, while scores
of 7 to 10 points denote “possibly pathogenic” variants, and those less than 6 points signify a
“neutral polymorphism”.

RESULTS
Study characterization

By searching the literature, we retrieved three studies concerning the association
between mt-tRNA mutations and HCC (Wong et al., 2004; Vivekanandan et al., 2010; Yin et
al., 2010), from which we identified five sequence variants. These mutations included tRNAY
T1659C (CI = 88.5%), tRNA*" G5650A (CI = 88.5%), tRNAA® T10463C (CI = 94.2%),
tRNAS" A14679G (CI = 65.4%), and tRNAP® C15975T (CI = 94.2%). The features of each
study are shown in Table 1.
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Table 1. Characterization of mt-tRNA mutations.

Mutation Location Reported homoplasmy or heteroplasmy? MFE (wild type; kcal/mol) MFE (mutant; kcal/mol) CI

T1659C T-loop Heteroplasmy -13.88 -12.81 88.5%
G5650A Acceptor stem Heteroplasmy -18.47 -15.13 88.5%
T10463C Acceptor stem Homoplasmy -10.58 -10.86 94.2%
C15975T | T-stem Heteroplasmy -19.00 -18.97 94.2%
Al14679G | T-stem Homoplasmic -20.35 -19.56 65.4%

CI = conservation index.

MFE prediction

We then used the m-fold program to predict the MFE structure of each mt-tRNA
with and without the mutations identified. The molecular characterization of each mt-tRNA
mutation is given in Table 2. The T10463C, A14679G, and C15975T variants appeared to result
in a slight change of entropy when comparing wild-type and mutant sequences. However,
this change was significantly larger when considering the T1659C and G5650A mutations,
suggesting a potential pathogenic role in carcinogenesis.

Table 2. Pathogenicity scoring system for T10463C and A14679G mutations.

Scoring criteria T10463C mutation | Score/20 A14679G mutation | Score/20 | Classification
More than one independent report Yes 2 Yes 2 <6 points: neutral polymorphisms;
Evolutionary conservation of the base pair Two changes 1 One change 2 7~10 points: possibly pathogenic;
Variant heteroplasmy No 0 No 0 11-13 points (not including evidence fyom single fiber,
Segregation of the mutation with disease No 0 No 0 i‘le‘l‘dy'?“l“e ’levlelt)i:' p"‘:bably 1’_‘:‘1“}’1%3‘”“1‘9 | eybrid
Histochemical evidence of mi ial disease No evidence 0 No evidence 0 ;mdipe:;:";;&:?é;;ﬁ[;:z:ﬂ?& ochondrial cybri
ical defect in complex I, 11, or IV No 0 No 0
Evidence of mutation segregation with biochemical defect from No 0 No 0
single-fiber studies
Mutant mt-tRNA steady-state level or evidence of pathogenicity No evidence 0 No evidence 0
in trans-mitochondrial cybrid studies
imum score 3 4 Neutral pol

Determining haplogroup-specific variants

To distinguish pathogenic mutations from neutral polymorphisms, we used Phy-
loTree to determine the haplogroup distribution of the mt-tRNA sequence variants un-
der examination. We found T10463C to be a J1clbla-specific variant (Figure 1), while
T1659C, G5650A, A14679G, and C15975T were not associated with particular hap-
logroups. This finding indicates that the T10463C variant should be classified as a neutral
polymorphism.

Assessing the pathogenicity of each mt-tRNA mutation

Subsequently, we utilized the updated version of an established pathogenicity scoring
system to assess each mt-tRNA mutation. The T10463C and A14679G mutations were assigned
total scores of 3 and 4 points, respectively (Table 3), suggesting that they constitute “neutral
polymorphisms”. However, the T1659C (11 points), G5650A (12 points), and C15975T (12
points) variants were associated with higher scores, implying pathogenicity.
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Figure 1. Phylogenetic analysis of the T10463C polymorphism, indicating its place in the human mitochondrial

haplogroup, J1clbla.

Table 3. Pathogenicity scoring of the T10463C and A14679G variants.

Scoring criterion T10463C Score/20 Al14679G Score/20 | CI
More than one i report Yes 2 Yes 2 <6 points: neutral polymorphisms;
Evolutionary conservation of the base pair Two changes 1 One change 2 7-10 points: possibly pathogenic;
Variant No 0 No 0 11-13 points (not including evidence from single fiber or steady-state level
ion of the mutation with disease No 0 No 0 studies): probably pathogenic;
Histochemical evidence of mitochondrial disease No evidence 0 No evidence 0 >11 points (including trans-mitochondrial cybrid studies): definitely pathogenic.
Biochemical defect in complex I, I1I, or IV, No 0 No 0
Evidence of mutation segregation with biochemical defect from No 0 No 0
single-fiber studies
Mutant mt-tRNA steady-state level or evidence of pathogenicity | No evidence 0 No evidence 0
in tr: i drial cybrid studies
score 3 4 Neutral p

mt-tRNA = mitochondrial tRNA.
DISCUSSION

Due to its high mutation rate, sequence variations may occur at any of the 73 base-pairs
making up the cloverleaf structure of mt-tRNA. It is generally believed that such mutations
can alter steady-state levels of functional mt-tRNAs, and consequently result in a failure of
mt-tRNA metabolism, including aminoacylation, mitochondrial respiratory chain dysfunction,
and increased reactive oxygen species production (Servidei, 2003). Thus, alterations to mt-
tRNA genes are commonly regarded as potential causes of diseases such as cardiomyopathy,
chronic progressive external ophthalmoplegia, and cancer (Schon et al., 1997). However, there
exist a number of mt-tRNA mutations in databases such as MITOMAP and mtDB whose
pathogenicity remains to be established, owing to a lack of functional or bioinformatic analysis.

In this study, we analyzed the possible role of five HCC-associated mt-tRNA
mutations. Of these, T1659C, G5650A, and C15975T have been reported to be associated
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with mitochondrial diseases and may be classified as “definitely pathogenic” (Finnild et al.,
2001; Blakely et al., 2004; McFarland et al., 2008; Da Pozzo et al., 2009). At the molecular
level, these mutations decrease the stability and aminoacylation ability of the corresponding
tRNAs. The tRNAY T1659C mutation was first described in a child with learning difficulties,
hemiplegia, and a movement disorder. This heteroplasmic mutation located on the T-stem
of tRNAY interrupts a conserved Watson-Crick base pair and causes a failure of tRNAY!
metabolism. Moreover, the tRNAA® G5650A mutation has been reported in a patient suffering
cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(Finnilé et al., 2001; McFarland et al., 2008). This sequence variation occurs at the site of
tRNA*" recognized by mitochondrial alanyl-tRNA synthetase, which serves a vital function in
tRNAAR aminoacylation, an essential prerequisite for protein translation (Park and Schimmel,
1988). The heteroplasmic C15975T mutation was originally reported in a 56-year-old woman
with a history of progressive walking difficulty, and was shown to be absent in healthy controls
(Da Pozzo et al., 2009). This mutation introduces a C-A mispair into the T-stem region that
may have an effect on tRNA aminoacylation. Functional analysis of this mutation highlighted
its pathogenicity, revealing its role in complex I deficiency (Da Pozzo et al., 2009).

The homoplasmic T10463C mutation is located on the acceptor arm of tRNAA%, and
belongs to haplogroup Jlclbla (van Oven and Kayser, 2009; Figure 1). It is interesting to
note that mitochondrial haplogroup plays an important role in the development of breast,
colorectal, and thyroid cancers (Fang et al., 2010). In addition, a recent report showed that
certain mitochondrial haplogroups and somatic mutations are associated with lung cancer in the
Han Chinese population (Fang et al., 2015). Since T10463C is a haplogroup-specific variant,
it should be regarded as a polymorphism. The A14679G mutation, meanwhile, is located at
position 66 in the acceptor stem of tRNAS", Bioinformatic analysis showed that this mutation
causes only a slight MFE change in tRNAS", and the pathogenicity scoring system employed
returned total scores of 3 and 4 points for T10463C and A14679G, respectively (Table 3).
From this, it seems clear that these variations should be considered neutral polymorphisms.

Taken together, our results provide direct evidence regarding the pathogenicity of five
mt-tRNA mutations associated with HCC. However, our study is limited by a lack of functional
analysis, for example, the use of cybrid cells containing these mt-tRNA mutations to examine
tRNA stability and protein synthesis defects. We recommend the phylogenetic approach as a useful
tool to distinguish neutral single nucleotide polymorphisms from pathogenic mutations. Moreover,
we propose that a more careful assessment of mt-tRNA mutations is necessary in cancer studies.
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