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Viruses are common causes of various diseases. These pathogens are nanometer-size 

infectious particles that replicate inside the viable cells of an organism and depend on host 

resources for their replication. According to an estimation of the International Committee on 

Taxonomy of Viruses, currently, there are more than 9,000 archived viral species 1. These 

viruses can infect nearly all domains of life, such as mammals, avians, fishes, reptiles, insects, 

plants, and even bacteria (i.e., by bacteriophages). Understanding virus-host interaction is 

important, as this defines how viruses replicate themselves within host organisms at different 

levels, such as at a molecular, cellular, and organismal level. At the molecular level, the central 

dogma of molecular biology defines the flow of genetic information. The dogma states that 

the genetic information is stored in the cellular DNA, and subsequently transcribed into RNA. 

RNA is finally translated into proteins that are effectors of the genetic information in cellular 

physiology. The central dogma is at the basis of modern life sciences, including virology. 

Viruses, however, are among the simplest microorganism in existence and do not have the 

transcription and/or translation machinery necessary to perform the actions contained in the 

central dogma and thus depend on the host cell for executing the flow of their genetic 

information. The viral particle (also known as virion) is an assembly of genetic material (in the 

form of DNA or RNA) and the viral genetic material-encapsulating capsids, whereas in certain 

viruses there is also a phospholipid bilayer envelope. Of note, the only heritable materials in 

virion are the viral DNA or RNA, which in essence is an assembly of genetic codes 2. The 

combination of genetic codes in a viral gene determines the amino acid sequence of 

corresponding proteins, such as the capsid or viral polymerases. Faithful and efficient 

decoding of the viral genetic information is crucial for viral reproduction and hence 

understanding of viral biology requires insights into the mechanisms that mediate this 

decoding. 

The course of viral infection generally follows six stages: attachment, penetration, uncoating, 

gene expression, replication, assembly, and release. Viral gene expression is crucial for viral 

replication and the following stages. Failure of this step in the viral life cycle will lead to the 

absence of production of viral proteins and consequently failure of viral propagation. In 

essence, viral gene expression is the translational decoding of the genetic codes presenting in 

the viral messenger RNA (mRNA). The translation of viral mRNAs into proteins takes place in 

the host ribosome and this process resembles the translation of the cellular mRNA into host 

proteins. In this context, it is important to consider zoonotic viruses, which jump from animals 

to humans. Translation decoding strategies show host specificity, especially concerning which 

codons are more efficiently translated and which codons are less efficiently translated. A virus 

that performs a species jump has to deal with the different translational environments of the 

new host species, even if the genetic codes are universal for all domains of life. Viruses 

jumping from one host to another may correspondingly be subject to evolutionary pressure 

to change their specific codon content. A virus with high translation efficiency will finally 

become dominant in its new host and cultivate into a new (quasi-)species, in turn provoking 

disease (e.g., zoonotic Hepatitis E virus infection) 3 or even provoke an infectious pandemic 
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(e.g., bat-to-human SARS-CoV-2) 4. Translational decoding is an important driving force in viral 

evolution and understanding its principles may open novel avenues for the rational treatment 

of this group of infectious diseases. 

Similar considerations apply for oncological disease (cancer), which is a type of host disease 

that involves uncontrolled cell growth. Almost all tissue-derived cells can transform into 

cancerous cells via the acquisition of mutations that allow escape from growth control 

mechanisms. The resulting mutations result in the formation of alternative codons that are 

potentially well-adapted to the translational context of the involved tumor cells and as a 

consequence, the translation of oncogenes may be very efficient. Thus, in practice, cancer 

transformation is not only dependent on the acquisition of oncogenic mutations but also the 

subsequent gene expression of the resulting cancer-promoting mRNAs. Hence translational 

decoding of oncogenes is a potential Achilles heel of cancer. It has to be keep in mind that 

concerning translational decoding in oncology, this disease progression requires a high 

expression of cancer-promoting genes but also reduces the expression of cancer-suppressive 

genes. Genes relevant in the context of cancer may include immune suppressors, immune co-

stimulatory molecules, cell growth factors, and apoptosis inhibiting factors of cancerous cells. 

Hence there is a clear need to understand translational decoding in the context of cancerous 

diseases. 

Understanding the role of host translation machinery in controlling viral infection and cancer 

development is a significant endeavor. Once we know how genes of a virus and oncogene(s) 

of cancer are translated 5, we might be able to develop corresponding antiviral drugs and novel 

anticancer therapies by targeting the key factors of the host translation machinery. In 

particular, the transfer RNA (tRNA) molecules that directly decode the mRNA of the viruses 

and oncogenes into corresponding proteins might constitute appealing targets in this respect 
6. tRNA is the fundamental unit in the decoding of mRNA codons for protein synthesis of any 

specific gene. However, the key factors of translational decoding that regulate viral infection 

and cancer development are not being well-studied, and diseases associated with hepatitis 

viruses and also liver cancer are important examples in this respect 7,8. 

Translational decoding of a gene 

Translational decoding is executed by ribosome, which constitutes the translation machinery 

that produces the cellular proteome by decoding mRNAs derived from either viruses or 

cancers 9. There are a host of factors that synchronize the efficiency and fidelity of translation, 

such as ribosome subunits, eukaryotic initiation /elongation/ termination factors, GTP, RNA-

binding proteins, a pool of amino acid-charging tRNAs, as well as the secondary structure, 

codon contexts, and base modifications of being translated mRNAs inside the ribosome 10,11. 

The direct interaction between mRNA codon and tRNA is essential as these two factors mainly 

determine the decoding efficiency and/ or fidelity 12,13 (Figure 1). 
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mRNA codon  

Following the discovery of the double helix DNA in 1953, the genetic codes hidden inside the 

DNA molecules were (partially) revealed by 1961 14. Soon after, the information represented 

by all 64-triplet genetic codes was established and the direct link between the RNA sequence 

and the corresponding protein sequence had been identified. Because twenty amino acids are 

specified by 61 codons (3 out of 64 codons are stop codons without coupling to any amino 

acid). While some genetic codes are redundant in which more than one codon (also known as 

synonymous codons) specifies a single amino acid; this feature is named codon degeneration. 

Codon degeneration frequently occurs at position 3 of a triplet codon. This implies that the 

first two positions of the triplet codon are the main determinants of the type of amino acid, 

the so-called “two-out-of-three” theory 15. However, not all 64 codons are equally used for 

coding amino acids, some appear more often in the exome as compared to others (a 

phenomenon named codon usage bias) and for some codons, there has been clear 

evolutionary pressure to avoid their use (also known as rare codons). Generally speaking, for 

the efficiency of mRNA translation into protein, the degree of codon usage bias present in an 

mRNA is a key rate-limiting factor. Therefore, strategies to increase the yield of recombinant 

protein in E.coli, an organism that is frequently employed for bulk production of recombinant 

proteins, involve deleting rare codons from the being expressed gene and replacing under-

represented synonymous codons with the over-represented ones (also known as codon 

optimization) 16. Conversely, viral codon deoptimization-based vaccines have been conceived 

that attenuates viral replication through replacing over-represented synonymous codons or 

codon pairs with the under-represented ones. Many attenuated vaccine candidates have now 

been successfully developed by this approach, including poliovirus, avian influenza virus, 

human respiratory syncytial virus, and many others 17-20. Collectively, the basic principle of 

these applications is to regulate the translation efficiency of involving genes of bacterial or 

virus 16. As a result, following inoculation viruses will reproduce slowly, giving the immune 

system the time to develop protective immune responses. If protein sequence-synonymous 

but “codon-optimized” pathogenic viruses infect the individual later, the immune system is 

already capable of recognizing the virus and can easily control infection. The success of this 

approach demonstrates the importance of translational decoding for understanding viral 

biology. 
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Figure 1. Illustration of translational decoding. Both viruses and cell-derived mRNAs are 
translated by the cellular ribosome. The triplet codons of the to-be-translated mRNA are 
decoded by a pool of amino acid-charging tRNAs. tRNAs can recognize all the 64 triplet codons 
after properly base pairing by its anticodon. tRNA, transfer RNA; mRNA, messenger RNA; aa, 
amino acid. 

Transfer RNA 

mRNA codons are decoded by mature tRNAs (equivalent to amino acid charging tRNA) that 

transfer specific amino acids to synthesize proteins 21. The decoding process mainly involves 

Watson-Crick base pairing (i.e., A=T & G=C) at the interface of mRNA codon and tRNA 

anticodon, as well as non-Watson-Crick base-pairing like wobbling or superwobblling 22. In the 

canonical interpretation, 61 aminoacyl-tRNAs and 3 suppressor tRNAs (that terminate 

translation) decode 64 triplet codons that specify the twenty amino acids. The resulting 

redundancies in the genetic codes give rise to the synonymous codons, and their decoding 

involves wobbling at position 3 of the codon. For each amino acid, the number of codons that 

can give rise to the incorporation of a specific amino acid in the nascent peptide chain varies 

from two to six. In parallel, the number of different tRNAs that can be charged with the specific 

amino acid (based on the identity of their anticodons) can also vary from two to six. 

Translational decoding of the mRNA codons is constrained by factors during codon-anticodon 
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recognition and often constitutes the rate-limiting step during protein synthesis. Besides the 

abundance of tRNA species, mRNA translational decoding is also regulated by nearly a hundred 

epigenetic tRNA modifications, especially at the wobble site of the tRNA anticodon 23. 

Accordingly, optimizing tRNA wobble and codon usage in mRNA can substantially enhance 

translation efficiency and accuracy 24. The implications of these fundamental mechanisms to 

the pathology remain often obscure at best, and improving this situation drove me to perform 

the works described in the present thesis. 

Hepatitis viruses 

Hepatitis viruses are common in both humans and animals, and important examples are the 

five human hepatitis viruses, categorized from hepatitis A virus (HAV) to hepatitis E virus (HEV), 

as well as animal hepatitis viruses like duck Hepatitis A virus (DHAV), duck Hepatitis B virus 

(DHBV), and probably DHCV, DHDV, DHEV 25. Different from human hepatitis viruses, the duck 

hepatitis viruses are not being well-studied as they pose no potential threat to public health. 

Among these (likely) five types of duck hepatitis viruses, only DHAV infection is highly fatal for 

birds when they are ducklings of two weeks or less, but mature ducks are not markedly 

affected by DHAV infection. DHBV infection is associated with duck liver cancer and especially 

hepatocellular carcinoma (HCC), and some cases of cholangiocellular carcinoma. As a similar 

etiology with human hepatitis B, the duck DHBV infection model has been proposed and was 

used for screening of anti-HBV drugs. However, the clinical presentation of hepatitis-related 

DHBV infection is not obvious, thus limiting its potential for hepatitis research in general. This 

has triggered researchers to identify new animal hepatotropic viruses (e.g., DHAV) that can 

induce liver disease, including acute and chronic hepatitis. This type of viral hepatitis animal 

models may allow monitoring the disease progression in real-time and help elucidate the 

underlying mechanisms of pathogenesis. Different from animal viral hepatitis, the impact of 

human viral hepatitis on public health is enormous. As WHO reported, there are 325 million 

people globally living with a hepatitis virus infection. All five human hepatitis viruses cause 

liver disease but have different modes of transmission, disease severity, and geographical 

distribution. In particular, human HBV and HCV lead to chronic hepatitis and are the most 

common cause of cirrhosis and liver cancer. While human HAV and HEV infections frequently 

cause acute viral hepatitis or fulminant hepatitis and in most cases is self-limiting 25,26.  

Duck hepatitis A virus 

DHAV-1, a member of the family Picornaviridae, was recently classified as the only member of 

the genus of Avihepatovirus 27. It is highly pathogenic to ducklings less than one-week old 

(morbidity and mortality, 100% and 95%, respectively) 28. This virus has a single-stranded 

positive RNA genome with the similar genomic organization of Picornavirus, including 5' 

untranslated regions (UTR) covalently linked by a VPg, a large open reading frame (ORF), 3'UTR 

polyadenylated by the PolyA tail (Figure 2). Once the viral RNA is released into the host cells, 

it serves as a template for both translation and replication followed by assembly of a large 

number of progeny DHAV virions. Different from the majority of host mRNA translation, a 
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single viral RNA will be translated into the entire viral proteome (that consists of ten different 

proteins) via proteolytic splitting of a resulting polyprotein, but the host mRNA is only 

translated by one specific protein. Vaccination with a live attenuated vaccine that was 

developed by serial passaging of the duck isolates in chicken embryos, can prevent infection 

of susceptible ducklings by DHAV. These protective effects not only attribute to its high 

immunogenicity, which is dependent on effectively translational decoding of the viral gene but 

also the reduced virulence after passaging of the virus in the chicken host, which may be 

caused by mutations, in form of synonymous or non-synonymous mutations. It would be 

interesting to study if this notion can be objectified by investigating codon changes in this virus 

changes before and after passaging it in the chicken host. One hypothesis driving the research 

described in this thesis is that understanding the role of viral codon variations will shed new 

insights into many aspects of viral translation that may further add a mechanistic explanation 

of the artificially viral-cross species infection. 

 
Figure 2. Schematic of the picornavirus genome, life cycle, and immune evasion. (a) The 
5'UTR is covalently bound to a short peptide, VPg, while the 3'UTR contains a polyA tail. The 
unique ORF is embedded between the two untranslated regions. All genes encoding structural 
and non-structural proteins are listed at the corresponding positions. The types of cis-acting 
elements are described at the 5’UTR and 3’UTR. (b) The viral life cycle is briefly displayed at 
the left bottom and categorized according to its basic biological processes, such as endocytosis, 
genome release, translation, replication, and viral assembly and release. Simultaneously, 
several strategies are depicted by picornavirus to evade host immunity and antiviral responses. 

Human hepatitis E virus 

Hepatitis E virus (HEV) infection represents an emerging global health issue, whereas the 

clinical outcomes of such infection vary dramatically between different populations 26. The 

severity of HEV infection is associated with the pregnancy status and the immune status of a 

patient. Concerning the latter, especially the use of immunosuppressants, as is for instance 

required following organ transplantation, is an important consideration. About the zoonotic 
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nature of HEV, the continuous transfer of animal HEV strains to humans remains a significant 

challenge to public health 29. Globally, it is estimated that 2.3 billion people have even exposed 

to this virus, and HEV is considered to be the prime cause of acute viral hepatitis. HEV, a single-

strand positive RNA virus, is currently classified in the genus Orthohepevirus of the family 

Hepeviridae 30. It contains three open reading frames (ORF1-3). ORF1 encodes non-structural 

proteins. ORF2 encodes capsid proteins. ORF3 overlaps ORF2 but not ORF1 (Figure 3). 

According to the types of host reservoirs, HEV is classified into four species, Orthohepevirus 

(A-D). In Orthohepevirus A, at least eight host species have been identified, in casu humans, 

pigs, wild boars, rabbits, camels, deer, moose, and mongooses 29. The virus is currently 

classified into eight distinct genotypes, denominated genotype 1 (gt1) to gt8. Little is known 

about the zoonotic factors that determine the risk for HEV cross-species infection. Previous 

studies have suggested that ORF1 was involved in HEV cross-species infection. Intergenotypic 

chimeric virus using ORF1 of human gt 1 HEV and ORF2 of the zoonotic gt 3 or 4 HEV fails to 

infect pigs 31. Substituting ORF1 of gt4 HEV with its counterpart from gt1 HEV induces the 

capacity of this virus to infect pig cell lines 32. Among all genotypes in Orthohepevirus A, gt3 

HEV has the broadest host spectrum, as it can infect humans, domestic pigs, wild boars, deer, 

rabbits, and mongooses 28. The variety of host species of HEV raises an intriguing question that 

how the virus manages itself to adapt to different translational contexts among multiple hosts 
29. 

 

Figure 3. Genome organization of human Hepatitis E virus. 

Coronaviruses 

The ongoing coronavirus disease 2019 (COVID-19) pandemic is caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2). Seven coronaviruses are known to infect 

humans, including four low-pathogenic (229E, NL63, OC43, and HKU1) and three high-

pathogenic coronaviruses (SARS-CoV-2, SARS-CoV, and MERS-CoV). For SARS-CoV-2, based on 

the sequence similarity, it was believed that the bats probably carried this virus and 

transmitted it to humans. As of Agu 31. 2021, over 211.73 million human cases have been 

confirmed globally. To understand cross-species dynamics better, in this thesis I concentrated 

on North America for which a lot of data is available. Over 81.82 million cases were from 

America at the time of the study, particularly hailed from North America 33. Better 

understanding the cross-species transmission of SARS-CoV-2 and its human-to-human 

transmission history may help to guide public health measures 33. It is well known that viral 

genetic codon variations are associated with many aspects of virology, most notably viral 

infectivity, and zoonotic transmission. Because the codon usage of a virus essentially regulates 
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the translation efficiency of a virus in a given host. It is interesting to see if codon usage of this 

zoonotic virus before and after jumping to another host is different. Understanding how the 

viral codons change and mode of mechanism will help public health surveillance by knowing 

the risk factors of the potentially viral zoonotic jump, that is, translation enhancement by 

codon recombination. 

Liver cancer 

Oncological diseases remain a major challenge to the health care system. Normally, human 

cells grow and multiply by cell division and eventually undergo programmed cell death when 

the cell is damaged or no longer useful, e.g. because of aging or if the cell has reached the top 

of the villus in the intestine. Cells precursor to cancer can escape this growth controlling 

mechanism and follow initial compartment expansion after acquiring mutations, consequently 

transforming into full-blown cancer. Many types of cancer have been recognized and 

collectively they provoke untold human misery. According to the Global Cancer Statistics 2020, 

liver cancer is one of the top three leading causes of cancer-related death, below lung cancer 

and colorectal cancer. Generally, liver cancer refers to at least two main types of cancer, 

hepatocellular carcinoma (HCC), an aggressive malignancy derived from hepatocytes, and 

cholangiocarcinoma (CCA), a hepatobiliary aggressive malignancy derived from biliary tract 

epithelium with a cholangiocyte aspect 34. Infection with hepatitis B, C, and D viruses is the 

leading cause of HCC on a global scale, in particular, the chronic infection following non-

resolved HBV infection (the Eastern World) and HCV (the Western World) are precursors to 

HCC. The mechanistic explanation as to why HBV and HCV predispose to HCC has not been 

fully resolved but involves the development of persistent and severe liver inflammation. If the 

immune response is not sufficient to eradicate the virus, chronic infection and persistent 

inflammation develop, in turn predisposing to cancer development 35. HCC and CCA are life-

threatening diseases and potentially curative treatment is only possible following early 

detection of these cancers and involves surgical resection, liver transplantation, 

radiofrequency ablation, chemotherapy, and immunotherapy. However, the prognosis is poor 

with a 5-year survival rate of 10 % to 18.4%, and a high risk for recurrence, in particular for 

CCA patients 36. Understanding the key interplay between the liver cells/inflammatory cells 

and the hepatitis viruses will pave new clues for novel therapies, and improved knowledge on 

translational efficiency should prove exceedingly useful handles in this respect. 

Implications of tRNA-codon decoding in viral infection and cancer 

development 

Dysregulation of gene expression is well-recognized in both viral infectious diseases and 

oncological diseases. For certain viral infections, the dysregulation of host translation 

machinery is mechanically related to an overall inhibition of host cap-dependent mRNA 

translation via the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2a), or the direct 

degradation of the host mRNA by viral genome-encoded RNases, as well as partially through 
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the remodeling of the host tRNA pool to facilitate the decoding efficiency of viral RNA 37. For 

cancers, dysregulation of tRNA decoders has been documented for certain types of cancer 38,39. 

Understanding the interaction between tRNA and protein-encoding mRNA derived from 

viruses and/or cancerous oncogenes is important because it determines the likelihood of 

propagation of the viruses and/ or the proliferation of the cancer cells. Unfortunately, however, 

knowledge of tRNA decoding biology is limited, and especially related to hepatitis virus 

infection, HCC, and CCA, and more information would advance the research field. 

Viral adaption is shaped by a variety of effectors, including the need to highjack the cellular 

protein-synthesizing machinery for the efficient translation of viral genes. Rate-limiting steps 

in the production of viral proteins are critically dependent on the availability of tRNAs that 

decode both cellular and viral codons. Accordingly, many viruses show adaptation concerning 

codon usage towards their host 40. Thus, studying the interplay between viral codons and 

cellular tRNA is essential for understanding infection biology. 

For cancers, the dysregulation of tRNAs has been implicated at least in breast cancer, lung 

cancer, and melanoma 39,41. By shaping the tRNA pool to match pro-tumorigenic mRNAs, the 

translation of oncogenes facilitated prime cancer development, such as highly up-regulated 

tRNA-Glu-UUC and tRNA-Arg-CCG in breast cancer 39. Besides regulation at the tRNA 

transcription level, modification of tRNA anticodon (U34) further supports tumorigenesis by 

up-regulating U34 enzymes and enhancing translation efficiency of tumor-promoting genes 

via wobble decoding 8. For example, a high level of the U34 enzyme promotes alternative 

translation and has been linked to the resistance of anti-BRAF therapy through wobble 

decoding of hypoxia-inducible factor 1A (HIF1A) mRNA in a codon-dependent manner 8. 

Furthermore, the amino acid metabolism and corresponding tRNA charging process are also 

important as they support the basic amino acid transfer function of tRNA per se and also 

require further investigation. 

Aim of this thesis 

This research is to investigate the role of translation decoding in viral infection and cancer 

development. The efficiency and productivity of translational decoding of the virus is a 

precondition for efficient viral infection and accordingly associates with the severity of the 

resulting disease. Also for cancer, protein synthesis of oncogenes and other cancer-relevant 

genes determines disease progression. Thus, it is important to gain a deep understanding of 

the translational decoding, in particular the tRNA- mRNA codon interactions, which are the 

main aims of this thesis. 
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Outline of this thesis 

All can be studied from the known to the unknown, and from the surface to the deep. From 

the sequenced individual genomes of humans and two important avian species (in casu the 

chicken and the duck), in Chapter 2, I performed a comparative analysis of the tRNA-encoding 

genome, identifying disparate and conserved elements that shed light on our thinking as to 

how evolutionary forces have shaped the tRNA landscape 42. To confirm the insights, 

experimentation is necessary but I was confronted by the lack of a robust and technology that 

allows easy determination of cellular tRNA levels. This prompted me to pursue a research 

direction, in Chapter 3, that aims to develop a simple tRNA detection approach by quantitative 

PCR 43. Using this novel methodology, I was able to observe that the hepatic tRNAome is 

remodeled by HEV infection. Further exploring this research line, I was also interested to learn 

about the mechanisms employed by cells to avoid erroneous translation. I discovered, however, 

that mRNA translation is not always perfect and errors in the amino acid composition may 

occur. In Chapter 4, I discuss the key origins of mistranslation by probing the tRNA decoding 

process 9. I found that such errors mainly derive from tRNA misdecoding and misacylation, 

especially when certain codon-pairing tRNA species are missing (see also Chapter 2). I was also 

able to develop my thoughts and discussion on this subject by identifying potential 

implications of erroneous decoding on viral evolution and cancer development, which show 

that mRNA translation is often the nexus of viral replication and cancer progression, 

sometimes even more than that provided by DNA and/ or RNA replication. 

Encouraged by the above, I decided to exploit the simple tRNA methodology I developed in 

Chapter 3, in Chapter 5 to map the tRNAome landscape in liver cancer patients and I explored 

potential therapeutic targets at the interface of charging amino acids with certain tRNA species 
38. The result is a new class of drugs potentially useful in this devastating disease.  

Viral hepatitis is a common disease in both humans and animals. Currently, there is a shortage 

of small animal models that allow experimental and translational studies to further human 

hepatology. In Chapter 6, I investigated the potential of the mature duck DHAV infection model 

for human acute and chronic hepatitis research 44. After inoculation with DHAV, the liver 

histopathology, serum biomarkers, fibrosis, viremia, and T cell responses were continually 

assessed during a period that ended 280-day post-infection. The clinical manifestations 

following infection of mature ducks with this virus were not obvious but were potentially 

consistent with chronic infection, while the virus-infected ducklings are suffering from the fatal 

disease with acute hepatitis as the primary trigger of this lethality. This deadly course of 

disease in ducklings does not occur following vaccination with living DHAV attenuated vaccine 

that was developed by serial passaging of the duck isolates in chicken embryos. To understand 

the role of codon variations in this artificially viral cross-species adaption (that is an approach 

generally used for the development of a live attenuated vaccine), In Chapter 7, I characterized 

the codon variations of DHAV duck isolates after passaging them in the chicken embryo and 

performed phylogenetic analysis 45. The research further supports the idea that codon 
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adaptation is an important element for attenuation of viral strains for vaccination purposes.   

During the global COVID pandemic, in Chapter 8, my research focus moved to SARS-CoV-2 and 

two historical coronaviruses, in casu SARS-CoV, and MERS-CoV 46. These three human 

coronaviruses are thought to have originated from bats. By investigating these naturally cross-

species infections, in this chapter, I have identified several genetic signatures including codon 

variations of these three pairs of bat-to-human coronavirus. To understand the early SARS-

CoV-2 transmission history in the North American human population, I further conducted a 

geographically stratified genome-wide association study (North American isolates and the 

remaining isolates) and a retrospective study. 

Thus overall, my thesis significantly enhances our understanding of translational decoding in 

virology and cancer biology. This knowledge may in turn allow better development of novel 

therapies against viruses and cancer by targeting specific molecules of the translation 

machinery.  
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Abstract 

Viral infection heavily relies on host transfer RNA (tRNA) for viral RNA decoding. 
Counterintuitively, not all tRNA species based on anticodon are matched to all 64-triplet 
codons during evolution. Life solves this problem by cognate tRNA species via wobbling 
decoding. We found that 14 out of 64 tRNA genes in humans and the main avian species 
(chicken and duck) were parallelly missing, including 8 tRNA-A34NN and 6 tRNA-G34NN species. 
By analyzing the conservation of key motifs in tRNA genes, we found that box A and B served 
as intragenic tRNA promoters were evolutionally conserved among human, chicken, and duck. 
Thus, decoding viral RNA by similar wobbling strategies and tRNA transcripts may be parallelly 
used by human, chicken, and duck. We envisioned that many basic mechanisms regarding viral 
RNA decoding were possibly conserved in these hosts and may consequently promote cross-
species infection. 

Keywords: tRNA, Viral decoding, Infection and evolution, Human, Avian 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work was supported by grants from the National Key Research and Development Program of China 
(2017YFD0500800), China Agricultural Research System (CARS-42-17), Sichuan Veterinary Medicine 
and Drug Innovation Group of China Agricultural Research System (CARS-SVDIP), Science and 
Technology Program of Sichuan Province (2020YJ0396), and Integration and Demonstration of Key 
Technologies for Goose Industrial Chain in Sichuan Province (2018NZ0005).  



Chapter 2 

 
21 | P a g e  

Highlights 

• The 8 tRNA - A34NN and 6 tRNA - G34NN are concurrently missing in humans (Homo 

sapiens), chicken (Gallus gallus), and duck (Anas platyrhynchos) during evolution. 

• Box A and B, the intragenic tRNA promoters, are evolutionally conserved between 

human, chicken, and duck. 

• Box A and B in human, chicken, and duck are TGGNNNAG(A)TGG and GGGTTCGANNCC, 

respectively. 
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Introduction 

Transfer RNAs (tRNAs) are essentially required for gene decoding. Despite the universal nature 

of genetic codon, not all tRNA genes are common to all organisms. Here, we would like to 

discuss fundamental problems and possible effects arising from the evolutionarily missing and 

conserved tRNA genes in human, chicken, and duck (Alkatib et al., 2012; Ou et al., 2019; 

Rogalski et al., 2008). Among these three organisms, viruses especially the avian influenza 

virus can crossly infect (Pepin et al., 2010). For multi-host viruses, similar viral RNA decoding 

strategies may be parallelly used by different hosts. Because viral cross-species infection 

heavily relies on host tRNAs of different species for viral RNA decoding (Ou et al., 2020; van 

Weringh et al., 2011). We envisioned that many basic mechanisms regarding viral RNA 

decoding were possibly conserved in these three hosts and may consequently promote cross-

species infection. 

Evolutionarily missing tRNA genes in human and avian 

In the ribosome, 61 amino acid charging tRNAs and 3 suppress tRNAs are theoretically needed 

to decode 64 genetic codons that specify 20 amino acids (Ou et al., 2019). However, we found 

that certain types of tRNA in humans and the main species of avian are missing during 

evolution. This triggers an interesting question that how the 64 genetic codons of cellular 

mRNA or viral RNA can be decoded by partially missing tRNAs. Recently, it has been verified 

that the number of obligatory tRNA species (based on anticodons) for decoding is substantially 

less than 64. Life solves this problem by wobbling that the unpaired codons are decoded by 

cognate tRNA species otherwise misdecoding (Ou et al., 2019; Rogalski et al., 2008). It has 

been proven in humans that 15 out of theoretically necessary 64 tRNA species, including 8 

tRNA-A34NN and 7 tRNA-G34NN, are missing confirmed by tRNAscan-SE (Lowe and Eddy, 1997) 

and tRNAome sequencing (Shigematsu et al., 2017; Zheng et al., 2015). Intriguingly, we also 

found that these missing tRNA species in main poultry, such as chicken (Gallus gallus) and 

duck (Anas platyrhynchos), matched 93.3% (14/15) to the missing types in human (Homo 

sapiens), including 8 tRNA - A34NN and 6 tRNA - G34NN species (Figure 1A). The wobbling 

decoding has also been extensively investigated in other organisms like plant and E coli, in 

which 25 tRNA species suffice protein biosynthesis (Alkatib et al., 2012). This evidence 

indicates that an evolutionarily conserved wobbling decoding mechanism is likely universal in 

human, chicken, and duck as the identically missing tRNA species (Ou et al., 2019).  

Conservation of tRNA promoter among human and avian 

Though tRNA genes are partially missing (based on anticodon), they are redundant by other 

criteria as multiple iso-decoders and iso-receptors exist, for instance, the 9 iso-decoders of 

tRNA-His-GUG in the human genome (Schimmel, 2018) (Table S1). As verified, the human 

tRNAs are encoded by more than 600 tRNA gene locus, and that is nearby 1-fold more than 

that in chicken (No.: 272) and duck (No.: 361) (Chan and Lowe, 2016) (Table S1). As for 
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transcription of the tRNA gene locus, box A and B serve as intragenic tRNA promoter that is 

distinct from the extragenic promoter of protein-encoding genes. These two boxes are 

constructively involved in the D loop and TΨC loop of tRNA. By comparing the conservation of 

key motifs in tRNA, we found that box A and B are evolutionally conserved among human and 

avian (Vassetzky and Kramerov, 2013) (Figure 1B). Specifically, box A and B of tRNA genes in 

human and avian are TGGNNNAG(A)TGG and GGGTTCGANNCC, respectively (Vassetzky and 

Kramerov, 2013). Strikingly, these two boxes are identical in chicken and duck, in which box A 

is TGGGCTAATGG and GGGTTCGATCCC for box B (Figure 1B).  

 

Figure 1 Evolutionarily missing and conserved tRNA genes in human and avian. (A) Sixty-four 
tRNA sets are summarized according to the order of human and avian (chicken and duck) and 
specified in parallel with numbers of tRNA gene locus. The identically missing types in human 
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and avian, including 8 tRNAA34NN (yellow text) and 6 tRNAG34NN (red text), are indicated. (B) 
Comparative analysis indicates that the boxes A and B of tRNA genes in human and avian are 
TGGNNNAG(A)TGG and GGGTTCGANNCC, respectively. These two boxes are identical in 
chicken and duck, in which box A is TGGGCTAATGG and GGGTTCGATCCC for box B. 
Conservation of tRNA genes (chicken & duck: 272: 361) were generated by multiple 
alignments and visualized by WebLogo 3.1 

The implication of evolutionarily missing and conserved tRNA genes for viral 

decoding 

Viral decoding is regulated by the landscape of tRNA – viral codons, probably through adapting 

to host codon usage or modulating the host tRNAome (Ou et al., 2020). It has been reported 

that codon usage bias is generally distinct between virus and host due to translational 

selection (Chen et al., 2020). For viral decoding in human, chicken, and duck, because the same 

tRNA species (based on the anticodon) are parallelly missing, the unpaired codons of viruses 

are obligately decoded by the cognate tRNA species through similar wobbling decoding 

strategies (Ou et al., 2019). Due to the difference in codon usage bias between virus and host, 

we speculate that efficient viral translation may require rewiring the host tRNAome. 

Supportively, we recently found that the expression landscape of hepatic tRNAome was 

remodeled by infection of the zoonotic hepatitis E virus (HEV) (Ou et al., 2020). Because of the 

conservation of the D loop and TΨC loop (Box A and B) of tRNA species, regulation of tRNAome 

at the transcriptional level is well possible though not all tRNA species are equally transcribed. 

Using similar wobbling decoding strategies or host tRNAome remodeling, viruses may adapt 

two or more hosts like human, chicken, and duck thus may contribute to viral cross-species 

infection. For the avian influenza virus, the evolutionally missing and conserved tRNA genes 

between human, chicken, and duck can possibly explain why this virus can crossly infect 

among these hosts. Because the similar tRNA transcripts and wobbling decoding strategies are 

used for RNA decoding of the avian influenza virus. Besides, the viral cross-species infection 

also links to the development of live attenuated vaccines, such as the Sabin vaccine, dengue 

vaccine, influenza vaccine, and mumps vaccine (Bhamarapravati and Sutee, 2000; Koprowski, 

1960). Because they were developed through a series of passages from one host to another. 

As tested in chicken and duck, we developed a live attenuated vaccine by serial passage of the 

virulent strain of duck hepatitis A virus in the chicken embryo (Ou et al., 2017; Ou et al., 2018).  

Collectively, we found those tRNA genes in humans and the main avian species were parallelly 

missing and evolutionally conserved. We envisioned that many basic mechanisms regarding 

viral RNA decoding were possibly conserved in these hosts. For viral cross-species infection in 

humans and avian, the investigation from the standpoint of tRNA-codon interaction will define 

novel mechanisms in this respect and decipher viral translation in many aspects (Schimmel, 

2018). 
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Abstract 

The landscape of tRNA-viral codons regulates viral adaption at translational level, presumably 

through adapting host codon usage or modulating host tRNAome. We found that the major 

zoonotic genotype of hepatitis E virus (HEV) has not adapted to host codon usage, prompting 

exploration of HEV infection on host tRNAome. However, tRNAome quantification is largely 

impeded by their extremely short sequence and redundant tRNA genes. Hereby, we present 

a length-extension and stepwise simplified qPCR method by utilizing a universally DNA/RNA 

hybrid tRNA adaptor and degenerate primers. Using this novel methodology, we observe that 

HEV infection dramatically reprograms the hepatic tRNAome that is likely to facilitate 

translation of viral RNAs. This tRNAome quantification method bears broad implications for 

future tRNA research and possibly tRNA-based diagnostics. 

Keywords: hepatitis E virus; length-extension and simplified qPCR method; tRNAome 
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Introduction 

Viral adaption is shaped by a variety of effectors, including the need to highjack the cellular 

protein synthesizing machinery for efficient translation of viral genes [1]. Rate-limiting steps 

in the production of viral proteins differ depending on host species and the virus involved. But 

in many cell types, efficiency of the translational machinery is critically dependent on the 

tRNAs availability that decode both cellular and viral codons [2,3]. Accordingly, many viruses 

show adaptation with respect to codon usage towards their host [4-7]. Conversely, it has been 

reported that interferons, the potent antiviral cytokines [8], can alter the availability of tRNAs 

to facilitate the production of antiviral proteins and to attenuate decoding of viral codons 

[9,10]. Thus, studying the interplay between viral codons and cellular tRNAome is essential for 

understanding the infection biology.  

tRNAs are the recognition modules that decode the mRNA in the ribosome and are covalently 

charged by amino acids [11]. Following recognition, the corresponding intramolecular bond is 

hydrolysed and the released amino acid is covalently linked to nascent peptide chain. The 

tRNAs encoded in genomic DNA are typically 70 to 90 base pairs in length often with multiple 

genomic copies of the same tRNA [12]. The human tRNAome is encoded by more than 600 

tRNA gene locus [12]. Following transcription, tRNAs are subjected to post-transcriptional 

modification, and a common CCA ribonucleotide sequence is added to the 3' end of tRNA [13]. 

Accurate detection of the mature tRNAome is technically challenging and especially hampered 

by the short length and redundant tRNA genes [14,15]. As the number of different tRNA 

sequences is relatively limited, we believe that optimized qPCR-based techniques hold 

possibility for quantifying tRNAs.  

Hepatitis E virus (HEV) is a ssRNA(+) virus and is the leading cause of acute viral hepatitis [16]. 

Globally, HEV causes annually 20 million infections with over 56,000 lethal cases and especially 

in pregnant women [17]. Among the major genotypes, genotype 1 and 2 HEV only infects 

human, whereas genotype 3 and 4 are zoonotic. Genotype 3 is highly prevalent in western 

countries with a broad host spectrum [18,19]. In this study, we aim to first develop a simplified 

qPCR method for quantifying mature tRNAs, and then to investigate how codon usage of the 

zoonotic HEV genotype relates to the human tRNAome composition. 

Materials and methods 

Experimental models  

For HEV infectious model, a full-length genotype 3 HEV genome (Kernow-C1 p6 clone, 

GenBank Accession Number: JQ679013) was used [20]. The human hepatoma Huh7 cell line 

was used to harbor the HEV genome and produce infectious virus particles for secondary 

infection of naïve Huh7 cells [21]. The HEV subgenomic model was based on Huh7 cells 

containing the subgenomic genotype 3 HEV sequence (Kernow-C1 p6/luc) coupled to a 
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Gaussia luciferase reporter gene [21,22]. The cell line was regularly checked for identity using 

STR verification as provided by the pathology department of the Erasmus MC. Key regents, 

viral strains and software used in this study were listed in Table S1. 

Bioinformatic analysis 

Codon usage bias and codon adaption index (CAI) of HEV ORF (1-3) and ISGs were analyzed by 

Codon W software (http://www.molbiol.ox.ac.uk/cu, version 1.4.2) using standard genetic 

codes. Correlation analysis were performed by Python Matplot package. Codon usage and 

tRNAome data were visualized by Hemi software with hierarchical clustering analysis 

(http://hemi.biocuckoo.org/). 

The qPCR protocol for quantifying mature tRNAs 

Preparation of samples and reagents ●TIMING 1d 

1| Prepare primary cells, cell lines or tissues to yield 1-4 µg total RNA for each sample. This 

amounts to roughly 105-106 mammalian cells. These values are rough guidelines for 

experimental design, but yields will vary according to the cell types and amounts.  

(Optional) Protocol can begin with isolated RNA samples. In this case, we recommend to 

adjust RNA concentration to 214 ng/µL. Then, mix 4 µL RNA sample with 1 µL 5×deacylation 

buffer (step 9) and incubate at 37 ℃ for 40 min, after that add 10 µL TE buffer for PH 

adjustment (step 10). Finally, 7 µL of the RNA containing deacylated tRNAs (400 ng ≈ 214 ng/µL 

× 4/15 ×7 µL) are ready for following annealing with U-adaptor (step 11).  

Total RNA isolation and tRNA deacylation ●TIMING 1.5-2h 

2| Wash cells. Remove cell medium, and wash cells with warm PBS buffer. 

3| Lyse cells. Add 350 µL of RA lysis buffer to each well, then suck up whole cell lysate into 1.5 

EP tube. All the reagents for RNA extraction except deacylation buffer are provided by 

NucleoSpin@ RNA kit. 

4| Adjust RNA binding condition. Add 350 µL 70% ethanol to the homogenized lysate and mix 

by pipetting up and down. (minimal 5 times) 

5| RNA binding. For each sample take one Nucleospin® RNA Column place in a collection tube. 

Pipette lysate up and down 2-3 times and load the lysate to the column. Centrifuge for 30 s at 

11,000×g. Place the column on a new collection tube (2 ml). 

6| Desalt silica membrane. Add 350 µL MDB (Membrane Desalting Buffer) and centrifuge at 

11,000×g for 1 min to dry the membranes. 
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7| Digest DNA. Prepare DNase reaction mixture in a sterile 1.5 ml tube. For each isolation, add 

10 µL DNase to 90 µL reaction buffer for DNase. Mix by flicking the tube. Add 95 µL DNase 

reaction mixture directly onto the center of the silica membrane of the column. Incubate at 

room temperature for 15 min. 

8| Wash and dry the silica membrane.  

   1st Wash: Add 200 µL RAW2 buffer to the Nucleospin® RNA Column. Centrifuge for 30 s at 

11,000×g. Place the column on a new collection tube (2 ml). 

   2nd Wash: Add 600 µL RA3 buffer to the Nucleospin® RNA Column. Centrifuge for 30 s at 

11,000×g. Place the column on a new collection tube (2 ml). 

   3rd Wash: Add 250 µL RA3 buffer to the Nucleospin® RNA Column. Centrifuge for 2 min at 

11,000×g to dry the membrane completely. Place the column on a new collection tube (2 ml). 

9| Deacylation. Prepare deacylation mixture. Add 2 µL of 5×Tris-HCl (100 mM, PH 9.0) into 8 

µL ddH2O; mix it by pipetting up and down (minimal 5 times). Add 10 µL Deacylation mixture 

to the Nucleospin® RNA Column. Incubate at 37 ℃ for 40 min. 

10| Elute RNA. Place the column on a new 1.5 EP tube. Elute the RNA by adding an additional 

20 µL TE buffer on the Nucleospin® RNA Column directly. Centrifuge for 1 min at 11,000×g.  

Adaptor ligation ●TIMING 1.5-2h 

11| Annealing. Measuring RNA concentration by Nanodrop. Prepare mixture of 400 ng RNA 

and 20 pm adaptor (2 µL); then the final volume is adjusted to 9 µL. Incubate at 90 ℃ for 3 

min. 

12| Add 1 µL 10×Tris-HCl (50 mM, PH8.0) annealing buffer at 37 ℃ for 20 min. 

13| Ligation reaction. 2 µL ligase buffer, 7.9 µL H2O and 0.1 µL T4 RNA ligase was added into 

the above mixture, then incubate at 37 ℃ for 1 h.  

Reverse Transcription ●TIMING 0.5h 

14| Annealing with mixture of specific tRNA reverse primers. 20 ul of above mixture is added 

with 3.42 µL (1.14 µL× 3 = 3.42 µL) of mixture of tRNA reverse primers (Table S2). Incubate 

the mixture at 65 ℃ for 5 min. Place on ice immediately. 

15| Co-reverse transcript with random and oligo dT Primers. Add 6 µL 5× Prime Script RT 

Master Mix and 0.58 µL H2O into the above tube. Mix by flicking the tube. Incubate the mixture 

at 37 ℃ for 15 min followed by 85 ℃ for 5 s. 

qPCR ●TIMING 1-2h 
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16| qPCR mix preparation (Table S3). Prepare qPCR mixture according to the following recipe 

(10 µL). To cover all 57 tRNA types, we recommend adding 220 µL ddH2O into above 30 µL of 

reverse transcription solution. 

Notice: Because of the large number of tRNA sets, it is recommended to prepare tRNA-X-R 

and tRNA-X-F primer mixture to minimize loading variation. For example, to prepare 80 times 

of tRNA-R/F mix, we recommend that 20 µL (10 pm) of tRNA-X-R and tRNA-X-F was diluted by 

200 µL ddH2O. Therefore, the finally used volume of tRNA primers mix is 3 µL.  

17| Perform qPCR with the designed cycling condition according to Table S4. 

Quantification 

The 2-Δ ΔCt was used to calculate the relative expression of each tRNA species, and the ΔCt 

values were determined by subtracting the average Ct values of the endogenous control gene 

GAPDH from the average Ct values of the each tRNA type.  

Statistical Analysis 

Linear correlations between the relative synonymous codon usage (RSCU) of human and 

animal HEV strains were estimated by Pearson coefficients. Statistical comparisons of 

tRNAome data were performed with Mann-Whitney U test for non-paired independent 

samples. *P < = 0.05 was indicated as significant. The statistical analysis was performed using 

the SPSS19.0 software. 

Results 

The codon usage of genotype 3 HEV has not adapted to its human host 

As in many biological systems tRNA availability [23] and codon context [24] constitute the rate 

limiting step for protein synthesis. Viruses are expected to adapt codon usage as to fit host 

codon usage patterns. With respect to the zoonotic genotype 3 HEV, however, this has not yet 

been analyzed. Hence, we compared the RSCU of three open reading frames (ORFs) of 

genotype 3 HEV isolated from human to the counterpart of the human host. Similar analysis 

was also performed for HEV strains isolated from animals, including swine, deer, mongoose 

and wild boar (Table 1). Strikingly, we did not find evidence that the codon usage of genotype 

3 HEV isolated from human and the animal host has adapted to the human codon usage 

pattern for any of the three ORFs investigated (Fig. 1). Because linear correlations between 

the RSCU of human and animal HEV strains are very poor (Pearson coefficients less than 0.40). 

Moreover, the RSCU analysis of HEV between the non-human primate (e.g., monkey) and 

human also indicated that the usage of major codons is similar except serine codon (UCU) (Fig. 

S1). Besides RSCU, the codon adaption index (CAI) has also been suggested to predict the 

efficiency of translation elongation [25]. Our results indicated that the CAI of HEV was similar 
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among different host species-derived strains, and much lower than that of human 

housekeeping gene (e.g., GAPDH) (Fig. 1). We conclude that there has been very little 

evolutionary pressure on genotype 3 HEV to adapt the codon usage of its human host. Thus, 

we decided to investigate how HEV infection regulates host tRNAome.  

Table 1. list of HEV genotype 3 strains used in this study. 

Host Source material Country of origin Collection data Accession # 

Homo sapiens Hepatocytes United Kingdom Jul-2010 JQ679013 

Sus domesticus Serum United States 1997 AF082843 

Sus scrofa Liver Germany 2006 FJ705359 

Cervus nippon Liver or serum Japan 22 Feb 2003 AB189071 

Herpestes javanicus Serum Japan 2002 AB236320 

Cynomolgus Serum Japan Nov-2009 JQ026407.1 

A simplified qPCR method for characterizing the human mature tRNAome 

To develop a novel qPCR method for easy quantification of mature tRNAs, we first designed a 

DNA/RNA hybrid adaptor (Universal adaptor, U-adaptor). It is compatible with all types of 

mature tRNAs with a common 3’ CCA acceptor (Fig. 2). Following binding of the adaptor to the 

tRNA molecule, the adaptor can be ligated to both the 5’ end and 3’ end of the mature tRNAs. 

Of note, the mature tRNAs are frequently charged by amino acids that hamper the above 

ligation reaction. Thus, a deaminoacylation reaction for the charged tRNA is needed during 

RNA isolation (see Materials and methods). Importantly, the adaptor is designed to form a 

loop and hybridize on tRNA itself. This hybridization is compatible for any types of base-pairs 

adjacent to 3’ CCA tail of tRNAs, as the pairing base of the U-adaptor involved is degenerately 

designed. The ligation reaction specifically links the 5’ end and 3’ end of the adaptor to the 

corresponding ends of tRNA molecule that is catalyzed by T4 RNA ligase (Fig. 2). Finally, a 

hybrid pseudocircular molecule, containing the deaminoacylated original mature tRNA 

molecule and the U-adaptor, is formed. This strategy serves two important ends: it extends 

length of tRNA for subsequent qPCR while simultaneously eliminating unmature tRNAs. 

Afterwards, tRNAs can be determined by conventional qPCR (see the experimental strategy 

Fig. 3).  

To this end, a mixture of tRNA specific reverse primers was used, which were designed to bind 

to the region between the anticodon loop and the D loop. A complication with regard to 

designing reverse primers for characterizing the tRNAome is that many iso-decoder tRNAs (i.e., 

tRNA with the same anticodon but vary in backbone) are responsible for decoding of the 

identical genetic codon [12]. We thus retrieved all 57-human genomic tRNA genes from the 

GtRNA 2.0 database and accordingly designed degenerate primers (Table S2). Using RNA 

obtained from Huh7 human liver cells, all primer pairs successfully amplified their iso-decoder 
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tRNA molecules in qPCR reactions (Fig. S2 and Fig. S3). We conclude that our approach 

employing the U-adaptor and degenerate primers allows easy quantification of cellular tRNA 

profiles. 

 

Fig. 1. Lack of adaptation of genotype 3 HEV codon usage to host codon usage. Codon usage 
of human HEV was correlated to overall human codon usage. The codon usage of swine, wild 
deer, mongoose and wild boar HEV was also related to human codon usage. For each possible 
codon and 64 in total, its RSCU in the human genome is plotted against the Y axis and the 
corresponding RSCU in the relevant viral ORF on the X axis. Results were shown for all three 
ORFs in the upper panels. In the lower panel, codon adaption index of genotype 3 HEV isolated 
from different host species were compared for ORF1-3. The CAI of GAPDH from deer, wild 
boar and human are also indicated. The CAI calculation was performed by Codon W software 
with Saccharomyces cerevisiae as reference set. 
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Fig. 2. A universal U-adaptor that interacts specifically with all mature tRNAs. A) More than 
600 tRNA-encoding genes can be transcribed by RNA polymerase III. After post-transcriptional 
processing, splicing and adding of ACC acceptor to these new tRNA transcripts. The resulting 
mature tRNAome is available for all cellular mRNA translation and also for viral RNA decoding. 
The final step in tRNA maturation is adding the CCA sequence to which the acylating amino 
acid is coupled. The CCA tail is thus common and specific to all mature tRNAs. B) A universal(U) 
DNA/RNA hybrid adaptor was designed. The -2 to -4 of 3’ terminal bases (TGG) of the U-
adaptor are specifically designed to pair CCA acceptor. To further improve the compatibility 
of U-adaptor to all mature tRNAs, the last 3’ terminal nucleotide was degenerately designed. 
The interface of U-adaptor and mature tRNA are detailed at the right of the panel. 

Normalization of tRNAome by reference gene 

In order to normalize tRNA level, tRNA specific reverse primers, random and oligo d(T) primers 

were concurrently used for reverse transcriptional reaction. GAPDH, a commonly accepted 

reference gene, is selected for tRNAome normalization [26]. tRNA-His-GUG is the only tRNA 

species capable of decoding Histidine codons (CAC & CAU), and thus we expect that its 

expression would be more stable. Indeed, we observed good correlation between levels of 

GAPDH mRNA and tRNA-His-GUG (Fig. S4). Comparing the U-adaptor and tRNA-histidine 

adaptor for ligation reaction, we found that the U-adaptor did not compromise the ligation 

efficiency as it caused only 0.11 variation calculated by ΔCt (Table S1). Efforts were made for 

further optimization of the protocol, for instance by combining steps involved annealing, but 

these efforts failed (Fig. S5). The final protocol (refer to Materials and methods) is organized 

in seventeen discrete steps and allows quantitative assessment of mature tRNAome.  
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profiles. 

 

Fig. 3. Workflow of quantifying tRNAome. First total RNA was extracted from the 
experimental systems involved according to a routine column-based RNA isolation protocol. 
Before elution the column is incubated with diacylation buffer at 37 °C for 40 min to remove 
acylating amino acids at tRNA CCA tail followed by elution with TE buffer. Subsequently, the 
tRNA and U-adaptor are linked by T4 RNA ligase followed by annealing with reverse primer 
mix. Finally, the cDNA of total mRNA and U-adaptor linked tRNAs are concurrently synthesized 
for qPCR amplification. The relative expression of tRNAs is calculated by 2-∆∆Ct method that 
can be normalized by housing keeping genes, such as GAPDH. The stepwise procedures are 
detailed by seventeen discrete steps in the Materials and Methods. 

HEV infection provokes remodeling of mature tRNAome in host cells 

Although viruses are considered to adapt codon usage to their host [3,27], we observe that 

HEV is not subject to such adaptation. Hence, we decided to compare tRNAome composition 

in the presence and absence of HEV infection. To this end Huh7 cells were infected with full 

length HEV or exposed to vehicle control (Fig. S4A), and the levels of different tRNAs were 

determined (Fig. S6A). We observed a major effect on tRNAome remodeling by HEV infection. 

29 out 57 tRNA species showed significant upregulation. The most marked example is tRNA-

Pro-GGG that shows 162 times higher expression in HEV-infected cells as compared to non-

infected cells. tRNA-Gly-CCC was approximately 50 times and tRNA-Pro-UGG was about 35 

times upregulated in HEV infected cells. Conversely, other tRNA species were downregulated 

following HEV infection.  tRNA-Leu-UAG is most prominently downregulated by approximately 
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70 %. We conclude that HEV infection provokes major remodeling of the mature tRNAome in 

cells capable of sustaining its replication. 

HEV infection triggered tRNAome remodeling is largely dependent on ORF2 

The capsid protein of HEV encoded by ORF2 features many ß-sheets in its secondary structure 

[28] and consequently requires incorporation of a multitude of Proline and Glycine residues 

during synthesis. By far the most prominent effects of HEV infection on the tRNAome are the 

upregulation of tRNAs supporting Proline and Glycine decoding (tRNA-Pro-GGG, tRNA-Pro-

UGG, and tRNA-Gly-CCC). Thus, we investigated the role of ORF2 in HEV-induced tRNA 

remodeling. We quantified tRNAome in cells carrying subgenomic HEV replicon with ORF2-

deletion. This subgenomic HEV replicon contains a luciferase reporter and viral replication can 

be quantified by luciferase activity (Fig. 4A). Intriguingly, although effects on tRNAome 

composition were still observed in the subgenomic replicon (Fig. S6B), they are much 

moderate as compared to that in the full-length HEV model (Fig. S6C). Effects on tRNA-Pro-

GGG, tRNA-Pro-UGG, and tRNA-Gly-CCC levels were not statistically significant in the 

subgenomic replicon.  

Further insight came from unsupervised clustering analysis of the tRNAome profiles [29]. 

Three biologically independent experiments were performed with naïve Huh7 cells, Huh7 cells 

infected by HEV with the full-length genome and cells carrying the subgenomic replicon. The 

experimental conditions segregated the profiles generated. As expected, the effects on 

tRNAome provoked by infection of HEV with full-length genome were much more pronounced 

as compared to those evoked by the subgenomic replicon (Fig. 4B). We thus conclude that 

ORF2 is essential for HEV-triggered tRNA remodelling. 

HEV-induced tRNA remodelling may counteract decoding of interferon-

stimulated genes 

Innate antiviral immunity, especially that mediated by the so-called interferon-stimulated 

genes (ISGs), is important for controlling HEV infection [30]. Interestingly, tRNAome 

remodeling by HEV mainly supported better decoding of ORF2 when compared to ORF1 and 

ORF3 (Fig. 4C, D). Hence, we analyzed the effects of tRNAome remodeling triggered by full-

length infectious HEV on the decoding of essential ISGs. We selected a panel of ISGs known to 

inhibit HEV infection. We found that HEV-provoked tRNA remodeling is not correlated to the 

RSCU of these ISGs (Fig. 4C and Table S5), whereas viral ORF2 translation per se is related to 

the same changes (Fig. 4C, D). We thus conclude that HEV infection reprograms cellular 

tRNAome that is likely to facilitate viral translation but hamper cellular antiviral immunity.  
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Fig. 4. tRNAome remodeling following HEV infection favors viral translation. A) For profiling 
tRNAome, human hepatoma Huh7 cells harboring the infectious HEV clone with full-length 
genome (Huh7-p6), the subgenomic replicon lacking of ORF2 (Huh7-p6-luc), and naïve Huh7 
cells were used (n = 3). B) Cluster analysis of the tRNAome profiles in the three cell models. C) 
Comparative analysis of the effects of HEV-induced tRNAome remodeling on codon usage of 
viral ORF (1-3) and a panel of antiviral interferon-stimulated genes (ISGs). D) Visualization of 
the effects of HEV infection on relative tRNA abundancies in relation to viral and host codon 
decoding. For each tRNA, the ratio of HEV codon usage over human codon usage is plotted on 
the X axis. A larger value indicates that a tRNA is more often used for human decoding as 
compared to viral decoding. The effect of HEV infection on tRNA abundancy is plotted on the 
Y axis. A positive value corresponds to upregulation of a tRNA following HEV infection. 



Chapter 3 

 
41 | P a g e  

Discussion 

The development of tRNA quantification methods has been greatly facilitated by the 

tRNAscan-SE program that allows accurate identification of genomic tRNA sequences. Earlier 

methods to detect tRNAs usually involve thin layer chromatography [31], liquid 

chromatography mass spectrometry [32], DNA arraying [33] and single tRNA-based qPCR [15]. 

Recently, quantification of the tRNAome at transcriptional level has become more efficient 

through high-throughput sequencing [14,34], but is dependent on programming and very 

specific reagents. In this study, we established a simplified qPCR method for rapid 

quantification of the mature tRNAome. This strategy is characterized by a length-extension 

step, a universally compatible adaptor and degenerate primers applicable for the entire 

mature tRNAome. The present study was only demonstrated in a human cell model, but we 

envision that it is applicable to other organisms by adjusting primer design.  

As a proof-of-principle, this qPCR methodology was used for characterizing the effects of HEV 

infection on host tRNAome. We observed substantial remodeling of tRNA composition 

following HEV infection. For example, the level of tRNA-Pro-GGG was increased by 162 times 

by HEV infection. Such regulations appear in a fashion that facilitates translation of viral 

proteins while simultaneously hampering the decoding of antiviral ISGs. Interestingly, these 

observed effects relate especially to HEV ORF2, which is the dominant ORF of this virus with 

respect to demands on the host translational machinery [35]. Our data suggest that 

counteracting HEV-dependent tRNA remodeling may constitute a novel avenue for supporting 

host defense in combating viral infection, but this will require further understanding of the 

molecular pathways involved. 

It has been reported that codon usage bias of the zoonotic genotypes 3 and 4 of HEV is much 

weaker than that of the non-zoonotic genotypes 1 [19]. This indicates that less bias of HEV 

codon usage may be involved in zoonotic infection. Consistently, we found that genotype 3 

HEV has not adapted codon usage to its human host. This suggests that an alternative pathway 

may be used by HEV to facilitate cross-species infection, such as remodeling of tRNAome. It is 

well-known that viral infection can highjack host cell physiology for corrupting host defense 

and facilitating viral protein synthesis which is dependent on cellular mature tRNAome.  

Recent studies have indicated that tRNAome disturbance has broad implications in many 

diseases, especially in cancer development and metastasis [23,36]. Further understanding the 

role of tRNAs in biology and pathogenesis requires easy techniques to detect and quantify 

these molecules. In this respect, the U-adapter strategy explored in the present study may 

provide new impetus and may form the basis of novel diagnostic possibilities. Hence, we 

envision that a convenient method, as the one presented in the current study, may prove 

instrumental for many aspects of contemporary biomedical research and practice with respect 

to tRNA biology. 
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Supplementary information 

Fig. S1. Comparative analysis of codon usage bias of HEV isolated from monkey and human. 
ORF1, ORF2 and ORF3 of genotype 3 HEV isolated from monkey and human are compared. 
The majority of codon usage bias are similar between monkey and human according to the 
index of RSCU.  
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Fig. S2. Usefulness of U-adaptor to detect 57 types of tRNA sets in human genome. RNA was 
isolated from Huh7 cells, deaminpacylated and ligated to the U-adaptor (see Fig. 3) before 
being subjected to PCR for specific tRNA species. A) Amplification of tRNA types 1-47 (see table 
S1). B) Amplification of tRNA type 48-57 (see table S1). The entire complement of 57 types of 
genomic tRNAs displayed Ct value less as 35 (threshold, 0.1) and we were able to calculate 
relative abundancy of the different tRNAs present in the RNA of Huh7 cells. 
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Fig. S3. Melt curves and variation analysis of 57 tRNA types. Amplicons of tRNA transcripts 
display single peaks and reproducible signals.  
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Fig. S4. Specific and quantifiable expression of tRNAs that can be related to HEV infection 
levels. Huh7 cells infected with HEV were subjected to the tRNAome detection protocol used 
in this study. A) Random primers do not allow amplification of products upon reverse 
transcription, suggesting that product formation is specific. Despite the deacylation, the RNA 
isolated allows following reverse transcription reproducible amplification of a GAPDH-specific 
product which allows normalization of samples based on mRNA levels. tRNA-His-GUG is the 
only tRNA species capable of decoding His-coding codons (CAA & CAU) and thus we considered 
its expression unlikely to be influenced by factors that would drive alternative expression of 
different tRNAs capable of decoding the same amino acid. The panel also shows reliable 
detection of this tRNA, which thus can serve for normalization purposes as well. B) HEV can 
also be detected in the same RNA preparation that allows detection of tRNA levels and GAPDH 
determinations and hence results can be linked to directly linked to HEV infection levels as 
well. C) The melt curves corresponding to the data presented in panel b shows the specific 
nature of the amplification involved.  
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Fig. S5. Failed efforts aimed at protocol optimization. A) Huh7 cells infected with HEV were 
subjected to the tRNAome determination, either by the original protocol or through a protocol 
in which step 11 and 12 were combined. The latter, however, increased mRNA degradation. 
B) Annealing temperature for reverse transcription has a slight impact on PCR efficiency. C) 
Comparative analysis of ∆Ct values by using different annealing temperatures for linked tRNA 
and specific reverse primers (65 ℃ and 37 ℃) had slight impact on PCR efficiency. 
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Fig. S6. Relative transcription levels of 57 tRNA types following infection with either full 
length HEV or an ORF2-lacking subgenomic replicon. In this figure a tRNA expression level of 
1 indicates that levels following experimental intervention are unchanged as compared to 
uninfected Huh7 cells, a value between 0 and 1 indicates downregulation of tRNA levels 
following infection, whereas values in excess of 1 indicate upregulation of the specific tRNA 
species. A) Following infection with full length HEV (upper half of the panel) major and highly 
significant remodeling the tRNAome occurs (note that Y axis runs up to 200). B) Following 
infection with the HEV subgenomic replicon (Huh7-p6-Luc; lower half of the panel) remodeling 
is much less pronounced (Y axis runs to 20), but significant upregulation and downregulation 
of various tRNA types is still present. C)  Compared to naïve Huh7 cells, tRNA-Gly-CCC, tRNA-
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Pro-GGG and tRNA-Pro-UGG are concurrently elevated while tRNA-Arg-CCU and tRNA-Val-TAC 
are concurrently downregulated following full-length and subgenomic HEV infection although 
magnitude of effects is substantially different. Statistical significance of differences observed 
was assessed by a Mann-Whitney U test (two tailed). *P ≤ 0.05 was indicated as significant. 
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Table S1. Key materials used in this study. 

 Reagent or Resource Source Identifier 
NEB-5-alpha Competent E. coli NEB Cat#: C2987I 

HEV Gt3 (Kernow-C1 P6 Clone) National Institute of Allergy 

and Infectious Diseases, 

National Institutes of 

Health, USA 

GenBank: 

JQ679013 

HEV p6-luc (Gaussia luciferase reporter 

gene) 

Wang et al., 2014 N/A 

Tris-HCl Sigma-Aldrich Cat#10812846001 

EDTA Sigma-Aldrich Cat#1233508 

MgCl2 Sigma-Aldrich Cat# M8266 

RNA isolation kit (NucleoSpin@ RNA) MACHEREY-NAGEL Cat#740955.250 

T4 RNA ligase (dsRNA ligase) NEB Cat#M0239L 

Prime Script RT Master Mix Takara Cat#RR036Q 

SYBR™ Green PCR Master Mix Applied Biosystems™ Cat#4344463 

Human: HuH7 (♂) Naïve Cell Line This paper N/A 

HEV infectious HuH-7 (♂) Cell Line  This paper N/A 

HEV replicon HuH-7 (♂) Cell Line  This paper N/A 

Primers for reverse transcription, see 

Table S1 

This paper N/A 

Primers for qPCR, see Table S1 This paper N/A 

U-adaptor: 

5phos/TCGTAGGGTCCGAGGTATTCACGATGrGrN 

Life technology N/A 

tRNA-histidine adaptor: 

5phos/TCGTAGGGTCCGAGGTATTCACGATGrGrU 

Life technology N/A 

CodonW 
John Peden et al. http://codonw.sou

rceforge.net/ 

HEMI 

Department of Biomedical 

Engineering, Huazhong 

University of Science and 

Technology 

http://hemi.biocuc

koo.org/ 

Python (Pandas, Seaborn, Matplot) Guido van Rossum et al. https://www.python

.org/ 

2(-Delta Delta C(T)) Method Livak et al.,2001 N/A 

Deacylation buffer: 5×Tris-HCl (100 

mM, PH 9.0) 

This paper N/A 
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Table S2. Primers used in mature tRNAome detection 

# Genes Forward primers (5’-3’) Reverse primer (5’-3’) 
1. tRNA-Leu-UAA RTRYCCGCGTGGGTTCGA CTTAAGTCCAACGCCTTAACCACTC 
2. tRNA-Leu-CAA TTCTGGTCTCCRBATGGAGGC GAGTCTGGCGCCTTAGACCA 
3. tRNA-Leu-AAG CTCCAGTCTCTTCGGRGGC AATCCAGCGCCTTAGACCGCTCGGCC 
4. tRNA-Leu-UAG GCTCCAGTCWYTTCGRDGGCG ATCCAGCGCCTTAGACCRCT 
5. tRNA-Leu-CAG GGTCGCAGTCTCCCCTG GAACGCAGCGCCTTAGACC 
6. tRNA-Ile-AAU TAACGCCAAGGTCGYGGGT TAGCACCACGCTCTRACCAACT 
7. tRNA-Ile-GAU ATAACACCAAGGTCGCGGG CAGCACCACGCTCTTACCAAC 
8. tRNA-Ile-UAU YRATGCCGAGGTTGTGAGTTC ATAAGTACCGCGCGCTAACC 
9. tRNA-iMet-CAU ATAACCCAGAGGTCGATGGATCGAAAC GGCCCAGCACGCTTCC 
10. tRNA-Met-CAU ARACTGACGCGCTGCCHG TAATCTGAARGTCSTGAGTTCRARCCTC 
11. tRNA-Stop-UUA ATCAGAGGGTCCAGGGTTCAA AGTCTGATGCTCTACCAACTGAACT 
12. tRNA-His-GUG CAGCAACCTCGGTTCGAATC CGCAGAGTACTAACCACTATACGATC 
13. tRNA-Phe-GAA AGATCTAAAGGTCCCTGGTTCRATCC CAGTCTAACGCTCTCCCAACTGA 
14. tRNA-Val-AAC CACGCGAAAGGTCCCCG TAGGCGAACGTGATAACCACTACAC 
15. tRNA-Val-UAC CACGCAGAAGGTCCTGGG AAAGCAGAYGTGATAACCACTACACTAT 
16. tRNA-Val-CAC CACGCGAAAGGTCCCCG TGAGGCGAACGTGATAACCACT 
17. tRNA-Ser-AGA AGAAATCCATTGGGGTYTCCC AGTCCATCGCCTTAACCACTCGGC 
18. tRNA-Ser-UGA AATCCATTGGGGTYTCCCCG AAGTCCAWCGCCTTAACCACTCG 
19. tRNA-Ser-CGA AAATCCAATGGGGKYTCCCCG GAGTCCAACRCCTTAACCACTC 
20. tRNA-Pro-AGG GGTGCGAGAGGTCCCGG TAAGCGAGAATCATACCCCTAGACCA 
21. tRNA-Pro-GGG GGCTGCTGATCCCAGGC CAGAGCGCACATTTCTAACCACTATG 
22. tRNA-Pro-UGG GTGCGAGAGGTCCCGGG AAAGCGAGAATCATACCCCTAGACC 
23. tRNA-Pro-CGG GGGTGYGAGAGGTCCCGG AAGCGAGAATCATACCCCTAGACC 
24. tRNA-Thr-AGU TAAACAGGAGATCCTGGGTTCGAATC CTAGACAGGCGCTTTAACCAGCTAA 
25. tRNA-Thr-UGU TAAACCAGGGGTCGCGAGTT CAAGACCAGYGCTCTAACCMCT 
26. tRNA-Thr-CGU CGTAAACMGRAGATCVYGGGTTC AGACMGRCGCYTTAACMAACTRRG 
27. tRNA-Ala-CGC ATGTRYGAGGYCCCGGGTTCR AAGCATGCGCTCTACCACTG 
28. tRNA-Ala-GGC CAAACAGGAGATGCTGGATTTCAATCC CAGACAAGTACTTTAACCCACAAAGCC 
29. tRNA-Ala-UGC YGTRTGAGGYCYCGGGTTCR AAGCATGCGCTCTACCACTG 
30. tRNA-Ala-AGC CATGYAYGAGGYCCYGG TAAGCAYGCGCTCYACCRCT 
31. tRNA-Tyr-AUA AATCTAAAGACAGAGGTCAAGVYCT ATAGTCTAATGCTTACTCAGCCATTTTACC 
32. tRNA-Tyr-GUA CATCCTTAGGTCGCTGGTTCGA GTCCTCCGCTCTACCARCTGA 
33. tRNA-Stop-CUA CATCCTTAGGTCGCTGGTTCGA GTCCTCCGCTCTACCARCTGA 
34. tRNA-Gln-UUG ATCCAGCRATCCGAGTTCRAAT AGTCCAGAGTGCTAACCATTACACC 
35. tRNA-Gln-CUG ATCCAGCGATCCGAGTTCRART AGTCCAGAGTGCTHACCATTACACC 
36. tRNA-Asn-AUU AACCGAACGGTGAGTAGTTCAAGA TAGCCGAACGCTCTGACCG 
37. tRNA-Asn-GUU ACYGAAAGATTRGTGGTKCRAG ACAGYCRAAYGCGCTAAC 
38. tRNA-Lys-UUU TTAATCTGAGGGTCCRGGGTTC AGTCTGATGCTCTACCRACTGAG 
39. tRNA-Lys-CUU TAATCYCAGGGTCGTGGGTTCG GAGTCYCATGCTCTACCGACTGAG 
40. tRNA-Asp-AUC CACGAGGTCTTGGGCTGATTC TGATAAGTACACTCTCTACCACTGAGCT 
41. tRNA-Asp-GUC TCACGCGGGAGACCGG AGGCGGGGATACTCACCACTA 
42. tRNA-Glu-UUC TTCACCSMSGYGGCCCG ARCSMSGAATCCTARCCRCTAGAC 
43. tRNA-Glu-CUC GATTCGGCGCTCTCACCG CTAACCACTAGACCACCAGGGA 
44. tRNA-Cys-ACA CTTTAAAGTCATATGTAGCTGGGTTCAA GTTACATAGCTTATAGAGTTGCTTTTGA 
45. tRNA-Cys-GCA GATCAAGAGGTCCCYGGTTCA AGTCAAATGCTCTACCMCTGAGC 
46. tRNA-Trp-CCA GATCAGAAGGTTGCGTGTTCAAATC GGAGTCAGACGCGCTACC 
47. tRNA-Arg-ACG GATCAGAAGATTCYAGGTTCGACTCC AGTCAGACGCGTTATCCATTGC 
48. tRNA-Arg-UCG GATCAGAAGATTGMRGGTTCGARTC AGTCAGACGCCTTATCCATTAGGC 
49. tRNA-Arg-CCG GAKCWGRRGATTGWGGGTTCGAGTCC ARKCWGAYGCCTTATCCATTAGGC 
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50. tRNA-Ser-ACU TAATGCCAGGGTCGAGGTTTCG AGCAGCACGCTCTAACCAAC 
51. tRNA-Ser-GCU AATCCATTGTGCTCTGCACGC AGTCCATCGCCTTAACCACTCG 
52. tRNA-Arg-UCU AATYCARAGGTTCYGGGTTCG AAGTCCARYGCGCTCRTC 
53. tRNA-Arg-CCU TAAGCCAGGGATTGTGGGTTC AGGCCARTGCCTTATCCATTAGG 
54. tRNA-Gly-GCC ACGCRGGAGGCCCRGGT CAGGCRAGAATTCTACCACTGAACC 
55. tRNA-Gly-UCC CAAGCAGTTGACCCGGGTTC AAGGCAGCTATGCTHACCACTATACC 
56. tRNA-Gly-CCC CKKGMGMCCCGGGTTCRA ARKCKWGMATKMTACCACTRMACC 
57. tRNA-seCys-UCA AAACCTGTAGCTGTCTAGYGACAGA AAGCCTGCACCCCAGACC 
U-adaptor 5phos/TCGTAGGGTCCGAGGTATTCACGATGrGrN 
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Table S3. Preparation of qPCR mix. 

Component Volume Final amount 

2×SYBRTM Green PCR Master Mix 5 µL  

tRNA-X-R/F 3 µL 0.25 pMol per primer 

cDNA 2 µL  

 

Table S4. Specifics of the qPCR analysis. 

Cycle Denaturation Annealing Extension Melt Curve 

1 95 ℃, 10 min    

2-51 95 ℃, 10 s 58 ℃, 30 s 72 ℃, 40 s  

52 95 ℃, 1 min    

53    65 ℃, 1 min 

≥54    +0.3 ℃/cycle, 15 s 

 

Table S5. Interferon stimulated genes (ISGs) used in this study. 

Genes GenBank # 

CH25H NM_003956 

IFITM NM_003641.4 

TRIM NM_016388.3 

OAS/RNaseL NM_022137.5 

Viperin AF442151.1 

Tetherin NM_003021.4 

STAT1 NM_007315.3 

STAT2 NM_005419.4 

RIG-I NM_014314.4 

cGAS NM_138441.3 

PKR NM_001135651.3 

IRF1 NM_002198.3 

IRF3 NM_001571.6 

IRF7 NM_001572.5 

IRF9 NM_006084.4 

SOCS NM_145071.2 

USP18 NM_017414.3 
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Abstract 

As the central dogma of molecular biology, genetic information flows from DNA through 

transcription into RNA followed by translation of the message into protein by transfer RNAs 

(tRNAs). However, mRNA translation is not always perfect and errors in the amino acid 

composition may occur. Mistranslation is generally well-tolerated, but once reaching super-

physiological levels, it can give rise to a plethora of diseases. The key causes of mistranslation 

are errors in translational decoding of the codons in mRNA. Such errors mainly derive from 

tRNA misdecoding and misacylation, especially when certain codon-paired tRNA species are 

missing. Substantial progress has recently been made with respect to the mechanistic basis of 

erroneous mRNA decoding as well as the resulting consequences for physiology and pathology. 

Here we aim to review this progress with emphasis on viral evolution and cancer development. 

Keywords: tRNA, translational decoding, viral evolution, cancer development 
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Introduction 

In all living organisms, DNA is transcribed into RNA and RNA is translated into protein. The 

latter process is executed by the ribosome, which constitutes the translation machinery that 

produces the cellular proteome by decoding mRNAs. Deciphering mRNA codons by tRNAs in 

the ribosome involves Watson-Crick base pairing (1). However, the translation machinery is 

not always perfect and errors in the amino acid composition may occur (2-5). The general 

error rates of genomic replication (≈10-8) are estimated to be approximately ten thousand-

fold lower than those of protein synthesis (≈10-4), and thus in most instances mRNA translation 

is the key process contributing to inaccuracy of the cellular proteome (6). The discrepancy 

between error rates in DNA replication and mRNA translation may partially relate to the fact 

that DNA replication occurs at the level of individual nucleotides (involving 41=4 possible 

permutations), whereas the translation machinery interprets mRNA codons in triplets 

(involving 43=64 possible permutations) (7).  

In the canonical interpretation, 61 aminoacyl-tRNAs and 3 suppress tRNAs decode 64 triplet 

codons that specify twenty amino acids (1). The resulting redundancies in the genetic code 

attribute to synonymous codons, which involve wobbling at position 3. For each amino acid, 

the number of codon usage varies from two to six according to codon degeneracy. In parallel, 

the numbers of certain amino acid specified tRNAs (based on recognition of anticodons) also 

vary from two to six box tRNA sets. Translational decoding of the mRNA codons is constrained 

by factors during codon-anticodon recognition and often constitutes the rate-limiting step 

during protein synthesis. Besides the abundance of tRNA species, mRNA translation is 

regulated by nearly a hundred of epigenetic tRNA modifications, especially at the wobble 

position (8, 9). The efficiency of mRNA decoding machinery is also essentially regulated by 

codon usages bias that is distinguished by over- or under-represented synonymous codons 

(10, 11). Accordingly, optimizing of tRNA wobble and codon usage in mRNA can substantially 

enhance translation efficiency and accuracy (10-12).  

Nevertheless, mistranslation universally occurs. Pre- or post- mRNA translation may indirectly 

introduce errors of protein synthesis during transcription and post-translational processing 

(13). However, the translation machinery can directly contribute to mistranslation by tRNA 

misdecoding (leading to misincorporation or stop codon readthrough), tRNA misacylation 

(leading to wrong tRNA-amino acid coupling), codon reassignment or ribosomal translocation-

provoked frameshifts (Fig 1) (13). It is becoming increasingly clear that such mistranslation has 

consequences on the pathophysiology of a variety of diseases (Fig 1) (Table 1), including 

multiple sclerosis, neurodegeneration, mitochondrial myopathy, encephalopathy, lactic 

acidosis, stroke-like episodes, Parkinson's disease and cancer (14-19). In this review, we aim 

to describe the key mechanisms that underlie mistranslation and illustrate potential 

implications using viral evolution and carcinogenesis as examples. 
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Fig 1. tRNA decoder regulates error ratio in translation decoding. In physiological conditions, 
errors in mRNA translation may occur but are generally well tolerated. However, the 
frequency of errors is dramatically increased in response to stresses. When amino acid 
misincorporation reaches intolerable levels, this contributes to dysfunction of cellular 
physiology and may cause pathogenesis. In general, the error ratio in translation decoding 
primarily depends on tRNA wobbling (cognate) and misdecoding (noncognate) as well as 
misacylation of tRNAs. aa, amino acid; iMet-tRNA, initiator tRNA Methionine; tRNA, transfer 
RNA. 

 

Fig 2. tRNA wobbling increases the risk of mistranslation. In the central dogma, DNA 
transcribes RNA and RNA translates protein. In the human mutation database, the major (57%) 
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mutation types are missense/nonsense (the right panel) that reflect the consequence of DNA 
errors at genomic level. Ribosome, as the translation machinery, essentially transduces 
genetic code to functional protein performed by aa-tRNAs. In human genome, 15 out of 64 
tRNA types are actually missing partially because of low confidence (score < 50), including 
eight tRNAANN and seven tRNAGNN. Because of these missing tRNAs and the expanding 
wobble rules, the mRNA codon can be decoded by cognate or noncognate tRNAs, leading to 
modulation of translation efficiency and misincorporation (the left panel). At the bottom, the 
revised wobble rules and the consequent wobble types are listed according to the wobble 
position 3 of triplet codon. As for eight tRNAANN, NNU codons will be decoded by NNG or 
NNU anticodon of tRNAs. As for seven tRNAGNN, NNC codons will be decoded by NNA(I) or 
NNU anticodon of tRNAs. For specific missing tRNAs, the consequent wobble (tRNA wobbling 
or misdecoding) are detailed in Fig 3. aa-tRNA, aminoacyl-tRNA; tRNA, transfer RNA. 

tRNA wobbling compensates for missing tRNA species 

In the ribosome, tRNAs detect appropriate mRNA codons using the anticodon loop and 

transfer proper amino acids to polypeptides. However, the number of obligatory tRNA species 

(based on anticodons) for mRNA translation is substantially smaller than the theoretically 

required 64 species necessary for fully codon matching (1). Life solves this problem by allowing 

wobbling or superwobbling (also known as the “four-way wobbling”) thus allowing less tRNA 

species to translate all mRNA codons (Table 1) (20-22). In the human genome, there are 

approximately tenfold excess of tRNA gene copies as compared to the number of possible 

codons (613 vs. 64) (23, 24). Nevertheless, the recently released GtRNAdb 2.0 database 

indicates that 15 out of theoretically necessary 64 tRNA species are missing, partially due to 

low confidence (scores < 50), including eight tRNAA34NN and seven tRNAG34NN (Fig 2) (23). 

How to decode these codons without fully paired tRNAs remains an intriguing question. 

Because of wobbling and superwobbling, it is possible to use 32 tRNA species for decoding all 

64 possible codons (1, 22). In plastid genomes, even 25 tRNA species suffice protein 

biosynthesis by “four-way wobbling” (21). tRNA species with an unmodified U at wobble site 

can decode all four triplets (NN/A, G, C and U). This relaxed wobble has been identified in 

Mycoplasma spp. and particular organelles, including mitochondria and, as mentioned, in 

plastids (21, 25, 26). Therefore, to decode those unpaired codons, cognate or non-cognate 

tRNAs are forced to wobble at position 3 of the codons by wobbling or superwobbling (Fig 3). 
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Fig 3. Errors in translation decoding are regulated by tRNA wobbling at all three codon 
positions. Sixty-four tRNA sets are summarized and specified in parallel with codon 
degeneracy (left bottom and central). Faithful or misincorporated protein can result from 
decoding by cognate or near-cognate tRNA at position 3. For eight missing tRNAANN (yellow 
text), NNU•tRNAUNN wobble-dependent misdecoding by near-cognate tRNAs mainly occurs 
at the two box (I–VI) and six box tRNA sets (arginine-serine misincorporation) (VII). For seven 
missing tRNAGNN (red text), NNC codons will be decoded by cognate tRNAs without amino 
acid misincorporation (VIII) because they happen at the four and six box tRNA sets. Since 
leucine and phenylalanine share UUN codon, leucine-phenylalanine misincorporation may 
occur across the six and two box tRNA sets. Besides wobbling at position 3, mRNA codons can 
be falsely decoded by “far-cognate” tRNA at position 1 and 2 (in the text). Missing tRNAs are 
indicated as question mark. Individual wobble and misdecoding are labeled as green and red 
text, respectively. tRNA, transfer RNA. 

Decoding unpaired codons by excessive tRNA wobbling  

Though tRNA wobbling enables translation compatibility, this also increases the probability of 

misdecoding by non-cognate tRNAs. Among the eight-missing species of tRNAANN, the NNU 

codons likely only pair with tRNAGNN, tRNAUNN and tRNAINN as dictated by the revised wobble 

rules (Table 2) (Fig 2). Because the tRNAANN is missing and so does tRNAINN (leading to wobbling 

with either adenine, cytosine or uridine) as conversion of tRNAANN to tRNAINN is catalyzed by 

the tRNA dependent adenosine deaminases 2 (ADAT2) (27). Specifically, if NNU codons pair 
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with tRNAGNN, it will lead to a G•U wobble pair without concomitant amino acid 

misincorporation as the same amino acid is coded by NNU and NNC (tRNAGNN) codons (Fig 3). 

If NNU codons pair with tRNAUNN, however, the resultant U•U pair will cause amino acid 

misincorporation. NNU and NNA (tRNAUNN) code for different amino acids at the two-fold 

degenerate codon box, resulting in Leu→Phe, Lys→Asn, Glu→Asp, Gln→His, Stop→Tyr and 

Selcys→Cys misdecoding (Fig 3). According to the original wobble hypothesis of Francis Crick, 

the codons decoded by the two box tRNA sets must distinguish either NNU/C or NNA/G (1). 

However, based on the revised wobble rules, NNU•tRNAUNN-mediated decoding is at bay with 

Crick’s assumption and might lead to misincorporation of amino acids. Leu→Phe, Lys→Asn 

and Gln→His misincorporations have been reported to occur in bacterial and mammalian cells 

when such cells suffer from Phe, Asn and His starvation, respectively (28-30). Misreading of 

codons by the “Two-out-of-three” hypothesis, which entails that the first two nucleotides in 

each codon are essential for anticodon recognition, has been suggested to pose a threat to 

translation fidelity (31). This type of misreading may occur in those two-fold degenerate 

codons as uniquely discriminated by wobble bases. It has been experimentally proven that 

tRNA superwobbling suffices to decode all four triplets of four-fold degenerate codons in 

plastids (21, 22). Interestingly, such superwobbling may allow the two-fold degenerate codons 

to cross-decode by NNU•tRNAUNN-mediated decoding (Fig 3).  

With respect to the seven-missing species of tRNAGNN, the NNC codons are expected to pair 

with tRNAANN, tRNAUNN and tRNAINN (Fig 2) (Table 2). All missing tRNAGNN can be decoded 

through wobble pairing without accompanying misincorporation of amino acids (Fig 3). 

Because they occur in four or six-fold degenerate tRNA boxes for which cognate tRNAs are 

available (Fig 3). However, misincorporation of amino acid may occur if NNC codons are 

misdecoded by non-cognate tRNAUNN where the amount of tRNAGNN is not limiting. Because 

NNC and NNA (tRNAUNN) code for different amino acids in twice-degenerated codons (Fig 3). 

Furthermore, codon UAU (tyrosine)-UAA (Stop) mismatch will truncate the elongation process 

of nascent peptide (Fig 3). Conversely, if the stop codon (UGA) is mismatched by a Selcys-

tRNAUCA this will lead to an excessively translation elongation (Fig 3). Arginine and serine share 

an AGN wobble (AGA and AGG for arginine; AGU and AGC for serine) and this predisposes 

organisms to a potential arginine→serine misincorporation (Fig 3). Importantly, such 

arginine→serine misincorporation affects the quality of therapeutic antibody production by 

Chinese hamster ovary cells, illustrating the relevance of mRNA misdecoding (32). In 

conclusion, unpaired codons are likely to be misdecoded by non-cognate tRNAs due to 

excessive tRNA wobbling, raising questions as to the consequences of such misdecoding for 

living organisms (33). 
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tRNA wobbling at three codon positions compromises the fidelity of the 

translation decoder  

Nonsense translation, so-called stop codon readthrough, can result from aberrant decoding 

of stop codons by non-cognate aminoacyl-tRNAs (examples are Gln(CAG/CAA), Tyr(UAU/UAC) 

and Lys(AAG/AAA) for the UAA and UAG stop codons respectively; Trp(UGG), Arg(AGA), and 

Cys(UGU/UGC) for the UGA stop codon) (2, 33). The occurrence of such readthrough highlights 

the possibility of position 3 and 1 wobbling in translational machinery and provides an 

indication as to how common translational misdecoding in living organisms is. In ciliates, 

ribosome profiling has demonstrated that all three stop codons can be misdecoded, while 

rates of such miscoding depend on the position within mRNA molecule (coding region or the 

end) (34). Position 1 wobbling not only occurs in stop codons, but also in sense codons, such 

as the misreading of Arg CGU/CGC codons as Cys UGU/UGC codons (35, 36). By using the 

prokaryote ortholog of elongation factor Tu (EF-Tu) for targeted mass spectrometry, it has 

been reported that even position 2 can be misdecoded by non-cognate tRNAs, as illustrated 

by the detection of the Arg CGU codon misdecoded by tRNAGAG-Leu (5). Thus, substantial 

misdecoding at all three positions is possible (2, 5) (Table 1). This consequently compromises 

the fidelity of the translation decoder.  

It has been reported that G•T mismatching occurs in both DNA and RNA duplex following 

tautomerization and ionization, and this plays important roles in replication and translation 

errors (37, 38). This Watson-Crick-like mismatch can evade fidelity checkpoints and appears 

to occur with probabilities (10−3 to 10−5) that strongly imply a universal role of this mismatch 

in translation errors (38). The rG•rT mismatch at position 3 may not lead to mistranslation in 

decoding center, because NNU and NNC (rG•rC/rU) code for the same amino acids in such 

twice-degenerated codons and the same holds true for NNG and NNA (rU•rA/rG) (Fig 3). 

However, more mistranslation results if rG•rT mismatch takes place at position 1 and 2 (5, 35, 

36). Hence, in toto a picture emerges that amino acid misincorporation in the nascent peptide 

chain is prone to occur mainly due to the absence of fully Watson-Crick pairing tRNAs and by 

excessive wobbling at all three codon positions (5).  

Table 2 Revised wobble rules 

Codon (XXN3) Anticodon (N34XX) 

A U, A, I, xo5U, xm5s2U, xm5Um, Um, xm5Um, k2C 
U A, I, G, U, xo5U 
G C, A, U, xo5U, xm5s2U, xm5Um, Um, xm5Um, m5C 
C G, A, U, I 
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Quality control of the translation machinery 

Faithful translation of the mRNA codons into protein is essential for cellular physiology. The 

fidelity of the translation machinery firstly depends on the specific coupling of amino acids to 

their cognate tRNA species, which is catalyzed by aminoacyl-tRNA synthetases (aaRSs) (Fig 4a-

b). aaRS is capable of discriminating its cognate substrates from structurally analogous tRNAs 

and amino acids (39). Subsequently, eukaryotic elongation factor (eEF)1A or prokaryotic EF-

Tu delivers the aminoacyl-tRNA to the ribosome A site for elongation of nascent peptide chain 

after proper codon-anticodon recognition (40). Thus, aaRSs are cardinal in protecting protein 

synthesis against misacylation (39), but their specificity is not absolute. For instance, in 

Escherichia coli, four types of misacylated-tRNA, including Cys-tRNAPro, Ser-tRNAThr, Glu-

tRNAGln, and Asp-tRNAAsn do not evoke a correctional reaction (41). In both mice and bacteria, 

serine is prone to be misacylated by alanyl-tRNA synthetases (AlaRSs) (42). In mycobacteria, 

an increase in the substitution of Glu→Gln and Asp→Asn by translational misincorporation 

has been linked to phenotypic resistance to rifampicin treatment (43). Thus, beneficial 

mistranslation in both prokaryotes and eukaryotes may exist and improve their survival or 

facilitate drug resistance (43-45). Apart from misdecoding, misacylation of amino acids to 

tRNA molecules is another important source of mistranslated proteins, despite the presence 

of mechanisms preventing such events.  

How could tRNA wobbling guarantee faithful decoding by the codon-anticodon duplex? 

During elongation, eEF-1A or EF-Tu delivers amino acid-coupled tRNA to the ribosome A site 

(40). Subsequently, the ribosome re-checks the codon-anticodon duplex that involves the 

highly conserved G530, A1492 and A1493 of 16S RNA via stabilization of the first two Watson-

Crick pairs of the duplex (31, 46). A correct confirmation of the codon-anticodon duplex will 

induce a conformational domain closure in the ribosome and result in the formation of the 

appropriate peptide bond and elongate the nascent protein (47). Analysis of X-ray structures 

suggests that the positions 1 and 2 of the A codon are obligatory Watson-Crick base pairs. In 

prokaryotes, when U●G and G●U wobbles at the first or second codon-anticodon position, 

the decoding center forces this pair to adopt the geometry close to that of a canonical C●G 

pair (40). Using nuclear magnetic resonance (NMR) relaxation dispersion, it has recently been 

revealed that dG•dT misincorporation during replication is likely mediated via 

tautomerization and ionization (37). As discussed, this Watson-Crick-like mismatches may 

further contribute to tRNA wobbling and consequently misdecoding (5). Although the 

hydrogen bond is the major force to form codon-anticodon pairs (1), the van der Waals forces, 

steric complementarity and shape acceptance may concurrently contribute to the codon-

anticodon recognition essentially for quality control (3, 40).  

mRNA mistranslation in physiology  

The integrity of mRNA translation sustains essential cellular physiology in all domains of life. 

Low level of mistranslation, however, is well-tolerated and even contributes to stress 
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responses as it creates a degree of diversity in the proteome (also known as “statistical 

proteome”) (4). Yeasts engineered to misincorporate serine at leucine CUG codon initially lose 

fitness, but quickly adapt by promoting the evolution of genome architecture (48). 

Experiments employing misacylated aa-tRNAs show that up to 10% of overall mistranslation 

in Escherichia coli does not compromise physiology of this organism and is even compatible 

with bacterial proliferation (41). aaRSs of mycoplasma with mutations in the editing domain 

provoke misacylation tRNAs with highly similar amino acids that contribute to antigen 

diversity as to escape host immune defenses (49). In mammalian cells, up to 10-fold 

methionyl-misacylation to non-Met-tRNAs will protect against reactive oxygen species (ROS)-

mediated damage when cells undergo oxidative stress, such as exposure to viral infections, 

Toll-like receptor ligands or xenobiotics (45).  

Rates of mistranslation vary dramatically between organisms and different environmental 

conditions (Table 1). An overall amino acid misincorporation rates of ≈ 3-5 ‰ during 

translation is regarded as compatible with normal physiology (50, 51). In contrast, exceeding 

1% misincorporation is usually deleterious and may provoke pathogenesis (43). For example, 

the 50% tRNAAla mischarging with Ser residues by an editing-defective alanyl tRNA 

synthetase (AlaRS) is associated with neurodegeneration (15). In addition, defective AlaRS is 

also related to cardioproteinopathy (52). However, the capacity of organisms to deal with 

mistranslation appears diverse and sub-physiological mistranslation is tolerant and even 

beneficial.  

Errors of translation and viral evolution  

Viral genomes are dynamically mutated with frequent emergence of new quasispecies. The 

spectrum for the hypermutation of viral genomes, sometimes denominate as mutant clouds 

(53). Mutation rates at genomic level (substitutions per nucleotide per cell infection, s/n/c) 

range from 10−8 to 10−6 s/n/c for DNA viruses and from 10−6 to 10−4 s/n/c for RNA viruses (54). 

Apparently, there is an error threshold to constrain viral evolution dependent on the genome 

size and permutations of errors (55). Within the virome, RNA viruses in particular mutate 

tremendously as a consequence of RNA-dependent RNA polymerases (RdRPs) being error-

prone. For instance, the mutation rate of RdRPs that mediate poliovirus and Foot-and-Mouth 

Disease Virus (FMDV) replication can further expand or reduce the quasispecies diversity by 

regulation of replication fidelity (56, 57). The consequences of the mutations highly depend 

on both the position and properties of the affected amino acid residues. To take FMDV as an 

example, a W237F mutation but not a W237I mutation in the polymerase leads to a high 

fidelity and thus contributes to the subsequent mutation rates (57). 

Little is known of the consequences of an error-prone translation machinery on viral evolution. 

As discussed, erroneous protein synthesis is prone to occur especially when cells suffer cellular 

stresses like viral infection. In this situation, the viral RNA is possibly mistranslated during the 

inaccurate translation (6). Several types of errors in the translational machinery have been 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerase
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linked to viral adaptability. An example is the apparent selective pressure exerted on fungal 

mitovirus to exclude UGA (Trp) codons from its coding sequence because of the lack of fidelity 

of decoding this codon by the host mitochondrion (58). Interestingly, when organisms are 

recoded to obtain non-assigned codons, compensatory mechanisms emerge including 

frameshifts and stop codon readthrough (59). In yeast, mistranslation has been demonstrated 

to provoke evolution of genomic architecture (48). Hence, genomic mutagenesis is 

substantially associated with mistranslation that promotes the likelihood of evolution (4). It is 

well possible that viruses also utilize mistranslated genome-copying machinery (e.g. RdRP) for 

viral evolution. Besides the classical mutations inherited from error-prone replication at 

genomic level, we propose that mistranslation may generate additional RdRP mutants at the 

protein level that are not inheritable. Except for negative-strand RNA viruses, there is no RdRP 

incorporated in the virion. Therefore, upon infection, translation of the viral genome is 

invariably ahead of its replication. Thus, when an RNA virus releases its genome into host cell 

after uncoating, errors in RdRP may be accidently introduced by mistranslation (58, 59). The 

resulting mixture of wild-type and mutated RdRP enzymes initiate replication associated with 

a spectrum of viral quasispecies (Fig 4c). Those species that possess the best viral fitness finally 

survive and become dominant.  

As for DNA viruses, the mechanisms driving viral mutation are more diverse and less well-

understood. Degradation of HIV-1 proviral DNA with G→A hypermutation has an important 

role in host responses to infection (60). This sublethal mutagenesis catalyzed by cytidine 

deaminases in family of apolipoprotein B RNA-editing catalytic polypeptide-like 3 (APOBEC3) 

can induce drug-resistant and generate immune-escape viruses (60, 61). In hepatitis B virus 

infected patients, however, such mutations may have undesired consequences with respect 

to the viral reverse transcriptase (e.g. the A181T and M204I mutations) and mediate adefovir 

resistance (62). Analogously, it has been reported that mutations in palm, finger and 3'-5' 

exonuclease domains of herpesviruses DNA polymerase are introduced as a consequence of 

nucleoside analogue-based therapy (63). Conceivably, mistranslation in DNA viruses can also 

generate viral proteins that are more prone to provoke mutations in the viral genome, but 

hard data for this notion is currently still lacking.  
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Fig 4. Fidelity and errors of translation decoding and the implications in viral evolution and 
cancer development. (a) aa-tRNAs are synthesized by sampling from the amino acid pool and 
tRNA pool and require catalysis by aaRSs. This process may accidently introduce misacylated 
aa-tRNAs, because the types of tRNAs and amino acids are difficult to be distinguished by 
involved aminoacyl synthetase because of analogous structures. (b) During elongation, tRNA 
wobbling will increase translation efficiency. Misincorporation can also be introduced because 
of tRNA misdecoding (amino acid misincorporation caused by excessive wobble decoding), 
especially when certain codon-paired tRNA species are missing. Finally, the fidelity of 
translation machinery will be impaired and produce mutated proteome, including RNA and 
DNA polymerases, aaRSs, and accessories. (c) Mistranslation of RdRP in RNA viruses will 
augment generation of a mutated virome (quasispecies) and facilitate viral evolution and 
adaption. (d) Similarly, mistranslation of cellular DNA replication-related enzymes and relative 
proteins amplifies mutagenesis in the genome and contributes to cancer development. aaRS, 
aminoacyl-tRNA synthetase; aa-tRNA, aminoacyl-tRNA; RdRP, RNA-dependent RNA 
polymerase; tRNA, transfer RNA. 

Errors of translation in cancer development 

Malignant transformation is usually associated with accumulation of large numbers of DNA 

mutations. Once occurring in essential oncogenes and tumor suppressors, these are also 

intimately associated with cancer development and progression (64, 65). The importance of 

DNA mutation-dependent alteration in protein composition is illustrated by the recent 

identification of ≈ 3400 driver mutations in tumor exomes (66). In the human mutation 

database, 57% of the mutations are missense/nonsense (Fig 2). This reflects the major 

consequences of DNA errors that are driven by either DNA replication errors or environmental 

factors. Apart from genomic alterations, mistranslation may also be important in cancer cells. 

It has been reported that DNA replication errors are responsible for two-third of the mutations 

observed in seventeen cancer types (67). Hence reduced fidelity of DNA replicating enzymes 

appears more important than environmental factors for generating cancer-associated 
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mutations. The implication of this notion is that if mistranslation of DNA replicating enzymes 

reduces replication fidelity, this would be expected to further advance cancer development 

(68). Of note, translation machinery is largely rewired during tumorigenesis (69). By shaping 

tRNA pool to match pro-tumorigenic mRNAs, the translation of oncogenes is facilitated to 

prime oncogenesis, such as highly upregulated tRNAGlu-UUC and tRNAArg-CCG in breast cancer 

(70, 71). Moreover, mutated components of ribosome are involved in carcinogenesis as well 

and may foster disease by compromising the ribosome (translation fidelity) to “translate” 

cancer (69). For example, missense mutations of the ribosomal protein RPS15, a component 

of the 40S ribosomal subunit, is involved in chronic lymphocytic leukemia (72). How the 

compromised translation machinery contributes to the nature of hypermutated tumor 

transformation at genomic level is an intriguing question. In analogy to RNA viruses, 

mistranslation of DNA polymerases and APOBEC3H in cancer may occur before genomic 

replication (68, 73-75). The cellular proteome in G1 phase of cell cycle must duplicate before 

S phase and the demand on the translational machinery may provoke errors with respect to 

mRNA decoding (76). The ribosomal fidelity in (pre-) malignant cells may become 

compromised, resulting in mistranslated DNA polymerase molecules which in turn drive 

further genomic instability (69, 75). This further contributes to hypermutation and 

consequently tumorigenesis (Fig 4d) (70, 77). In apparent support of this notion, 

mistranslation caused by Ser-to-Ala misreading tRNA has been shown to promote the 

development of epithelial cancer in mouse models (18). Moreover, mutated DNA polymerase 

ε (P286R) in mice model provokes ultra-mutagenesis that can rapidly develop into lethal 

cancers of diverse lineages (75). 

It is important to note that N→T missense mutations are widespread in cancer (66). This type 

of mutation increases translation efficiency through facilitating tRNA wobbling and 

superwobbling that provides the cancer cells with advantage to compete clones but will 

concomitantly provoke amino acids misincorporation, especially when the two box tRNA sets 

are involved (Fig 3). As described, epigenetic modification of tRNA (U34) further supports 

tumorigenesis by upregulating U34 enzymes and enhancing codon wobble of especially tumor 

promoting genes, an effect which prominently involves SOX9 and Elp3 (78, 79). High level of 

the U34 enzyme promotes alternative translation and has been linked to resistance to anti-

BRAF therapy through wobble decoding of HIF1A mRNA in a codon-specific manner (80). Thus, 

the error-prone translation machinery appears to contribute to mutagenesis during cancer 

development.  

Though mistranslation promotes carcinogenesis, it also offers possible target for anti-cancer 

therapeutics. Targeting enzymes catalyzing U34 tRNA modification has been demonstrated 

the potential for treating melanoma (81). Depletion of the U34-enzymes Elp3 or CTU1/2 

provokes cell death in patient-derived BRAFV600E melanoma cultures (80). Genetic 

incorporation of noncanonical amino acids by decoding specific codon is another approach 

(82). Misincorporations of p-acetylphenylalanine at target codons have been explored to 

develop bi-specific antibody-based therapy for breast cancer and acute myeloid leukemia (83, 
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84). Moreover, certain mutant peptides of human tumors can serve as T-cell epitopes for 

immunotherapy (85). These tumor-specific immunogens as potentially personalized vaccines 

have been shown to boost immune rejection to the tumors in mouse model (85, 86). 

Conclusion and perspective 

mRNA mistranslation universally occurs across all living organisms. It is generally well-

tolerated in physiology and even helps the organism adapt and withstand cell stresses. 

However, excessive mistranslation is pathogenic and implicated in many diseases. 

Mistranslation may also provide targets for drug and vaccine development, in particular 

against viral infection and cancer. 

Although mRNA mistranslation can be caused by a variety of mechanisms, tRNA misdecoding 

and tRNA misacylation are the key drivers. The former is largely attributed to the partially 

missing tRNAs and excessive wobbling decoding. Consequently, mRNA codons can be coupled 

to cognate or near-cognate tRNAs at position 3, leading to modulation of translation efficiency 

and misincorporation (33). By furthering wobbling at position 1 and 2, mRNA codon can be 

falsely decoded by “far-cognate” tRNAs. We speculate that, if wobbling or superwobbling 

concurrently occurs at all three positions, especially with regard to the codons decoded by the 

two box tRNA sets, no functional protein would likely be produced. 

The development of high-throughput sequencing and ribosome profiling technologies have 

greatly advanced our understanding of tRNA decoder (71). However, proteomic analysis at 

single molecular level remains technically infeasible. This hampers a detailed characterization 

of the protein “quasispecies” pool that results from mistranslation. In the future, deciphering 

single codon-anticodon decoding will help providing more mechanistic insights as to how tRNA 

decoding relates to translation fidelity.  
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Abstract 

Background & Aims: Mature transfer RNAs (tRNA) charged with amino acids decode mRNA to 

synthesize proteins. Dysregulation of translational machineries has a fundamental impact on 

cancer biology. This study aims to map the tRNAome landscape in liver cancer patients and to 

explore potential therapeutic targets at the interface of charging amino acid with tRNA. 

Methods: Resected tumour and paired tumour-free (TFL) tissues from hepatocellular 

carcinoma (HCC) patients (n = 69), and healthy liver tissues from organ transplant donors (n = 

21), HCC cell lines, and cholangiocarcinoma (CC) patient-derived tumour organoids were used. 

Results: The expression levels of different mature tRNAs were highly correlated and closely 

clustered within individual tissues, suggesting that different members of the tRNAome 

function cooperatively in protein translation. Interestingly, high expression of tRNA-Lys-CUU 

in HCC tumours was associated with more tumour recurrence (HR 1.1; P = .022) and worse 

patient survival (HR 1.1; P = .0037). The expression of Lysyl-tRNA Synthetase (KARS), the 

enzyme catalysing the charge of lysine to tRNALys-CUU, was significantly upregulated in HCC 

tumour tissues compared to tumourfree liver tissues. In HCC cell lines, lysine deprivation, 

KARS knockdown or treatment with the KARS inhibitor cladosporin effectively inhibited overall 

cell growth, single cell-based colony formation and cell migration. This was mechanistically 

mediated by cell cycling arrest and induction of apoptosis. Finally, these inhibitory effects 

were confirmed in 3D cultured patient-derived CC organoids. 

Conclusions: The biological process of charging tRNA-Lys-CUU with lysine sustains liver cancer 

cell growth and migration, and is clinically relevant in HCC patients. This process can be 

therapeutically targeted and represents an unexplored territory for developing novel 

treatment strategies against liver cancer. 

Keywords: cladosporin, liver cancer, lysine, Lysyl-tRNA Synthetase, tRNA-Lys-CUU, tRNAome 
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Lay summary 
Dysregulation of the protein synthesis machinery in cancer has a major impact on 

pathophysiology, including cancer development and progression. This study found that the 

biological process of charging lysine to the corresponding tRNA is altered in liver cancer 

patients. This in turn can be explored for developing potential therapeutic strategies to treat 

liver cancer. 
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Introduction 

Translation, the synthesis of protein from mRNA, is a fundamental biological process required 

for virtually all cellular functions.1 A key step in protein synthesis is the recognition of codons 

by the transfer RNAs (tRNA) charged with their corresponding amino acids.2,3 tRNAs are 

transcribed from genomic DNA, have a length of typically 70-90 base pairs and are subjected 

to post-transcriptional modification. The addition of a common CCA ribonucleotide sequence 

to the 3’ end of tRNA enables charging with an amino acid. Aminoacyl-tRNA synthetases (ARSs) 

catalyze the charging of amino acids to their cognate mature tRNAs, thereby providing the 

substrates for global protein synthesis.4 Theoretically, 61 types of aminoacyl-tRNAs would be 

required for decoding the 61 triplet codons that specify 20 amino acids. However, the 

minimally required tRNA species for decoding in real life is usually less than the theoretically 

calculated number.5 From the GtRNA 2.0 database, we have recently retrieved 57 human 

mature tRNA species constituting as the tRNAome.6  

Dysregulation of gene translation has been well-recognized in cancer development and 

progression.7,8 Involvement of tRNAs has been demonstrated in breast cancer, lung cancer 

and melanoma.9 However, despite the biological importance of tRNA, it has hardly been 

investigated in depth, which includes the setting of cancer research. One of the main 

challenges is that tRNAs are technically difficult to be quantified due to redundancy in genomic 

copies, extremely short sequences, rigid secondary structure and post-transcriptional 

modifications. A recent study has analyzed the global expression landscape of tRNAs across 

31 cancer types. They used the Cancer Genome Atlas database and analyzed tRNA profiles 

from miRNA-sequencing data, as an indirect interpretation of tRNA expression.10 However, 

the functional forms are the mature tRNAs charged with amino acids. Based on these unique 

characteristics, we have developed a simplified qRT-PCR assay to quantify the mature 

tRNAome.6   

Several enzymes participate in the modification and maturation of tRNAs. ARSs responsible 

for charging amino acids have evolutionarily conserved enzymatic properties. As protein 

synthesis is universally accelerated in proliferating malignant cells, the expression levels of 

many ARSs are increased.11 In contrast to tRNAs, the functions of ARSs have been widely 

investigated and various therapeutic approaches have been explored, including the 

development of pharmacological inhibitors targeting the catalytic sites.12 This has provided 

new avenues for identifying unexplored therapeutic targets and developing effective anti-

cancer therapeutics. 

Primary liver cancer, mainly consisting of hepatocellular carcinoma (HCC) and 

cholangiocarcinoma (CC), is among the leading causes of cancer-related deaths with limited 

treatment options available. In this study, we aim to profile the tRNAome landscape in tumors 

of HCC patients using our recently developed mature tRNA quantification assay.6 Secondly, 
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we aim to assess the therapeutic potential of targeting the interface of amino acid charging 

to tRNA in experimental models of liver cancer.  

Patients, Materials and Methods 

Patient tissues and information 

Fresh frozen tumor tissues and paired tumor-free liver (TFL) tissues, located at least 2 cm from 

the tumor, were collected after surgery or retrieved from the archives of the Department of 

Pathology, Erasmus Medical Center Rotterdam. The included patients underwent hepatic 

resection (n = 68) or liver transplantation (n = 1) for HCC at the Erasmus Medical Center 

between February 1995 and September 2017. Diagnosis of HCC was confirmed by 

histopathological examination and medical records were reviewed for clinicopathological 

characteristics including date of first recurrence, HCC-specific death, liver transplantation (if 

applicable), and last follow-up (Table 1; Supplementary Table 1). Tissue samples (n = 21) of 

healthy livers from organ donors that were used for liver transplantation were used as healthy 

controls. This study was approved by the Erasmus MC Medical Ethical Committee and adhered 

to the 1975 Declaration of Helsinki. 

Reagents 

The natural product cladosporin was synthesized at the CSIR-National Chemical Laboratory, 

India, and the NMR data of cladosporin are shown in Supplementary Figure 1. It was dissolved 

in dimethyl sulfoxide (DMSO) at a stock concentration of 100 mM. L-Arginine, N-acetylcysteine, 

gastrin, nicotinamide and 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide 

(MTT) were purchased from Sigma-Aldrich. Dulbecco’s modified Eagle’s medium (DMEM, 

#41965039) and DMEM for SILAC (#88364) were purchased from Life Technologies Europe BV. 

Advanced DMEM/F-12 (#12634-010) and SILAC Advanced DMEM/F-12 Flex Media, no L-Lysine, 

no L- Arginine, no glucose, no phenol red (#A2494301) were purchased from Gibco Life 

Technologies. L-Lysine was purchased from Bio-Connect BV. Matrigel was purchased from BD 

Bioscience. Cytokines, B27 and N2 were purchased from Invitrogen. EGF, FGF10, and HGF 

were purchased from Peprotech Company.  
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Cell culture and amino acid deprivation 

HCC cell lines, including Huh6, Huh7, PLC/PRF/5, SNU398, SNU449, SNU182, Hep3B, HepG2, 

and human embryonic kidney epithelial cell line 293T (HEK293T) were grown in DMEM (GIBCO 

Life Technologies), supplemented with 10% (v/v) fetal bovine serum (Hyclone Technologies), 

100 units/mL of penicillin and 100 µg/mL of streptomycin. To establish a lysine deprivation 

model, L-arginine (0.4 mM; the same concentration as in DMEM) was firstly added to "DMEM 

for SILAC" (L-lysine and L-arginine deficiency) medium, and then different concentrations of L-

lysine were added. All the cells were incubated at 37°C in a humidified atmosphere containing 

5% CO2. Authentication of all the cell lines was performed using the short tandem repeat 

genotyping assay at the Department of Pathology, Erasmus Medical Center Rotterdam. The 

mycoplasma-free status was regularly commercially checked and confirmed by GATC Biotech 

Konstanz, Germany. 

To further test the deprivation of each of the nine essential amino acids, culture medium was 

prepared with Earle Balanced Salt Solution (H9269, Sigma-Aldrich), Glucose and MEM vitamin 

solution (100x) (M6895, Sigma-Aldrich). Different amino acids except for the deprived one 

were then added, according to the concentrations of amino acids in regular complete DMEM 

medium (#41965, Gibco).13,14 

Organoid culture and lysine deprivation 

The establishment and maintenance of human normal liver and liver tumor organoids were 

performed as described.15 Three batches of normal liver organoids (HLO-1, HLO-2, HLO-3) 

were derived from intrahepatic biliary epithelial progenitor cells. Three batches of liver tumor 

organoids (CCO-1, CCO-2, CCO-3) were derived from tumor tissue of CC patients. The use of 

human organoids was approved by the Erasmus MC Medical Ethical Committee. To establish 

a lysine deprivation model, L-Arginine (0.7 mM; the same concentration as in Advanced 

DMEM/F-12 DMEM) was firstly added to "Advanced DMEM/F-12 without L-Lysine, L- Arginine 

and no-phenol red" medium, and then different concentrations of L-Lysine were added. The 

culture medium for human normal liver organoids and liver tumor organoids was basic 

medium (Advanced/F12 DMEM with 1% penicillin/streptomycin, 1% L-Glutamine and 10 mM  

HEPES) supplemented with 1:50 B27 supplement (without vitamin A), 1:100 N2 supplement, 

1 mM N-acetylcysteine, 10% (vol/vol) R-spondin 1 (conditioned medium), 10 mM 

nicotinamide, 10 nM recombinant human [Leu15]-gastrin I, 50 ng/ml recombinant human EGF, 

100 ng/ml recombinant human FGF10, 25 ng/ml recombinant human HGF, 10 µM Forskolin 

and 5 µM A83-01. The medium was replaced every 3 days and passage was performed 

according to the growth of organoids. 
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Lentiviral shRNA packaging and transduction 

To perform gene knockdown, pLKO.1-based lentiviral vectors (Sigma-Aldrich) targeting KARS 

and a scrambled control vector (shCTR) were obtained from the Erasmus Medical Center for 

Biomics. Lentiviral pseudoparticles were generated in HEK293T cells. After 2 days of 

transfection with the lentiviral particles, Huh7 and SNU398 cells were subsequently selected 

by 3 µg/mL puromycin (Sigma-Aldrich) for one week. The knockdown efficiency was confirmed 

by qRT-PCR and Western Blot. The target sequences of selected shRNAs are listed in 

Supplementary Table 2. 

RNA isolation and qRT-PCR 

RNA was isolated by the NucleoSpin® RNA isolation kit of Macherey-Nagel (Dueren, Germany) 

and reverse-transcribed into cDNA using the PrimeScript™ RT Master Mix (Perfect Real Time, 

Takara, cat# RR036A), according to the manufacturer’s instructions. mRNA quantification by 

qRT-PCR was performed using SYBR™ Green PCR Master Mix (ThermoFisher) in a 

StepOnePlus™ Real-Time PCR System (Applied Biosystems), using 12.5 ng cDNA per reaction, 

with the following conditions: 50°C for 2 min, 95°C for 2 min, then 38 cycles of 95°C for 15 s, 

58°C for 15 s, 72°C for 1 min, followed by the Melt Curve stage of 95°C for 15 s, 60°C for 1 min 

and a 0.7°C step-wise increase until 95°C was reached. Means of technical replicates were 

used for calculation of gene expression by 2-ΔΔT method. The geometric mean of three 

housekeeping genes (HPRT1, GUSB, PMM1) was used to normalize gene expression in patient 

samples. For experimental models, GAPDH was used as a reference gene to normalize target 

gene expression. Primer sequences used for qPCR of mRNA are included in Supplementary 

Table 3. For tRNA quantification, we used the isolation protocol and primer sequences that 

we previously described.6 

Western blotting 

Cells were lysed in Laemmli sample buffer with 0.1 M DTT and heated for 5-10 min at 95°C, 

followed by loading and separation on an 8-15% sodium dodecyl sulphate-polyacrylamide gels. 

After 90 min running at 100V, proteins were electrophoretically transferred onto a 

polyvinylidene difluoride membrane (Invitrogen) for 1.5 h with an electric current of 250 mA. 

Subsequently, the membrane was blocked with blocking buffer (Li-COR, Lincoln, USA) mixed 

with PBST in the ratio of 1:1. This was followed by overnight incubation with rabbit anti-KARS 

(Sanbio BV, #14951-1-AP), anti-Cleaved-Caspase 3 (CST, #9664S), and mouse anti-β-actin 

(Santa Cruz, #SC-47778) at 4°C. The membrane was washed 3 times with PBST, which was 

followed by incubation for 1 h with anti-rabbit (1:10000) or anti-mouse (1:5000) IRDye 

conjugated secondary antibodies (Li-COR, Lincoln, USA) at room temperature. Blots were 

assayed for actin content as standardization of sample loading and scanned and quantified by 

Odyssey infrared imaging (Li-COR, Lincoln, USA). The results were analyzed with Image Studio 

software. 
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Analysis of cell cycle  

Huh7 and SNU398 cells (5×105/well) were plated in 6-well plates and incubated overnight to 

attach to the bottom, and then serial concentrations of Lysine were added. After incubated 3 

days, cells were harvested and fixed in cold 70% ethanol for 2 h at 4°C. The cells were washed 

twice with PBS and incubated with 50 µL RNase (100 µg/ml) at 37°C for 30 min. Finally, cells 

were incubated with 250 µL Propidium Iodide (PI, 50 µg/ml) at room temperature for 5 min. 

The samples were analyzed immediately by flow cytometry using a FACS Canto (BD 

Biosciences), and the cell cycle was analyzed by using FlowJo_V10 software 

Colony and organoid formation assay  

For colony formation assay, HCC cells were harvested and suspended in medium, then seeded 

into 6-well plates (1000 cells/well) and the medium was refreshed every 4 days. After two 

weeks of culture, formed colonies were washed with PBS and fixed by 70% ethanol, followed 

by counterstaining with crystal violet (Sigma-Aldrich) and washed with PBS. Colony sizes were 

measured microscopically by digital image analysis.  

For the organoid formation assay, intact organoids were first digested into single cells, and 

then seeded into 48-well plates (3000-5000 cells/well). After two weeks, the sizes and 

numbers of formed organoids were calculated. 

MTT and Alamar Blue assays  

HCC cells were seeded in 96-well plates at a concentration of 3×103 cells/well in 100 µL 

medium. Upon indicated treatment, cell viability was analyzed by adding 5 mg/mL MTT for 4 

h. After discarding the cell supernatant, 100 µL DMSO was added followed by 10 min shaking. 

Absorbance was determined using the microplate absorbance reader (Bio-Rad, Hercules, CA, 

USA) at a wavelength of 490 nm.  

Organoids were split in the ratio of 1:10 for daily culture and seeded in 24-well plates. On the 

third or seventh day of indicated treatment, organoids were incubated with Alamar Blue 

(Invitrogen, 1:20 in Advanced/F12 DMEM) for 4 h, and the medium was collected for 

measurement of the metabolic activity of the organoids. Absorbance was determined by a 

fluorescence plate reader (CytoFluor® Series 4000, Perseptive Biosystems) at the excitation of 

530/25 nm and emission of 590/35 nm.  

Cell migration assay 

Cells (5×105 /well) were collected and suspended in 300 µL of serum-free medium after the 

indicated treatment for 48 h. Cells were placed into the upper chamber of a 24-transwell (8-

µm pore size; Corning, #353097), and 700 µL of DMEM containing 20% FBS was added into 

the lower chamber. Cells were allowed to migrate to the bottom chamber for 24 h. Next, cells 

that remained on the apical side of the chamber were gently scraped off using wetted cotton 
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swabs. Subsequently, cells were fixed with 4 % paraformaldehyde solution for 30 min and 

stained with 0.1% crystal violet for 30-60 min. Finally, the cells were observed with a 

microscope, and images were obtained. 

Statistics  

All statistical analyses were performed using Graphpad (Version 5 for Windows, San Diego, CA) 

and R Statistical software (Version 3.6.1 for Windows, Foundation for Statistical Computing, 

Vienna, Austria). The expression level of genes between HCC and TFL patient tissues were 

compared using the Wilcoxon matched pairs test. For functional experiments, potential 

differences between the experimental groups were analyzed using the Mann-Whitney test. 

The correlation analysis was performed in RStudio with the “corplot” package, using 

Spearman’s correlation coefficient. For creating heatmaps, RStudio was used with the “gplots” 

and “pheatmap” packages. Survival analysis was performed by the Kaplan-Meier method and 

the Cox proportional hazards model. Time to the event, either HCC-specific death or HCC-

recurrence, was calculated from the day of surgery. If the event of interest did not occur, data 

were censored at the time of the last follow-up, or if a patient underwent liver transplantation, 

at the time of liver transplantation. Used statistical tests are indicated in the figures. P-values 

< 0.05 were considered significant, and indicated with a single asterisk. P-values < 0.01 were 

indicated with double asterisks and P-values < 0.001 were indicated with triple asterisks. 

Results 

Profiling the tRNAome landscape in patient HCC tumors identified the 

potential clinical significance of tRNA-Lys-CUU 

Mature tRNAs with a CCA tail are charged with amino acids to elongate protein synthesis and 

are thus biologically most relevant. To focus on this functional species of tRNAs, we recently 

developed a specific qRT-PCR quantification assay involving the removal of attached amino 

acids and a universal adaptor ligated to the CCA tail.6 We profiled the tRNAome consisting of 

57 mature tRNA species in 69 pairs of tumors and matched TFL tissues of HCC patients. The 

heatmap depicted in Figure 1A shows the relative expression levels of 57 mature tRNAs in 69 

pairs of tumor and TFL tissues. Significantly differentially expressed tRNAs between tumor and 

TFL tissues were listed in Supplementary Table 4, showing that many tRNAs were down-

regulated in tumors. Interestingly, the patterns of tRNA expression were closely clustered and 

correlated based on the individual tissues (Supplementary Figure 2A), suggesting that 

different members of the tRNAome function cooperatively in protein translation. Next, the 

expression of each individual tRNA in tumor tissues was further analyzed to identify potential 

associations with clinical features. We found that tRNA-Lys-CUU has potential clinical 

relevance. Kaplan–Meier analysis showed that high expression of tRNA-Lys-CUU in tumor 

appears to associate with more tumor recurrence (Figure 1B) and worse patient survival late 

after tumor resection (Figure 1C), although not statistically significant. Interestingly, 
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univariate Cox regression analysis indicated that high levels of tRNA-Lys-CUU in tumor were 

significantly associated with increased rates of tumor recurrence (HR 1.1; p = 0.022) and HCC-

specific death (HR 1.1; p = 0.0037) (Figure 1B,C; lower panels). In multivariate analysis 

together with clinicopathological characteristics, tRNA-Lys-CUU expression in tumor was an 

independent negative prognostic factor for both HCC-specific survival and HCC recurrence 

(Supplementary Figure 2B). As TFL tissues from HCC patients often show various signs of liver 

pathology, we also included healthy controls of liver tissues obtained from organ donor livers. 

The expression of tRNA-Lys-CUU was significantly higher in HCC tumor tissues compared with 

the healthy liver tissues (Supplementary Figure 2C). 

Elevated expression of Lysyl-tRNA synthetase in patient HCC tissues 

Lysyl-tRNA synthetase (KARS), encoded by KARS1, catalyzes the charging of lysine to tRNA-Lys-

CUU and tRNA-Lys-UUU.16 We found that mRNA expression levels of KARS1 were significantly 

higher in HCC tumor tissues compared with paired TFL tissues (n = 59) (Figure 2A; 

Supplementary Figure 3A), and this was further confirmed by analysis of the publically 

available GEPIA database (Supplementary Figure 3B). When analyzing the association with 

clinical outcomes, we found no evidence for a relation with tumor recurrence (Figure 2B). 

However, there was a trend of association with patient survival. In univariate Cox regression 

analysis patients with high KARS1 expression seemed to have an increased death rate (HR 1.4; 

Figure 2C), although statistically not significant (p = 0.078). Importantly, multivariate analysis 

revealed a significantly increased risk of death for high KARS1 expressers (HR 1.66; p=0.021) 

(Supplementary Figure 3C). Altogether, these associations between the expression levels of 

tRNA-Lys-CUU and KARS1 in tumor tissues and prognosis of HCC patients indicate a potential 

clinical relevance for the interface of charging lysine with its tRNA in liver cancer. In addition, 

we found a significant positive correlation of tRNA-Lys-CUU and KARS1 in tumor tissues (Figure 

2F), but not in healthy liver tissues or TFL tissues (Figure 2D,E). This promoted us to further 

explore their functions in experimental models. 
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Figure 1 Profiling tRNAome in HCC patients identified tRNA-Lys-CUU having potential clinical 
significance. (A) Heatmap showing the mean expression(z-score normalized per tRNA species, 
represented in color, as indicated in the legend ) of 57 tRNA in tumor and TFL tissues, 
respectively. Both rows (tRNA) and columns (patient samples) of tRNAs expressed in tumors 
(left panel) are hierarchically clustered using correlation distance and complete linkage. Rows 
and columns of tRNAs expressed in TFL (right panel) were ordered according to the rows and 
columns in the tumor heatmap.(B-C) Kaplan Meier analysis and Cox regression analysis of 
tumor recurrence (B) and HCC-specific survival (C) in relation to tRNA-Lys-CUU expression. The 
panels below the survival graphs show the results of univariate Cox regression analysis. HR: 
Hazard Ratio; AAC: amino acid class. HCC: hepatocellular carcinoma; TFL: tumor free liver; CI: 
confidence interval. 
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Knockdown of KARS inhibits HCC cell growth 

To study the functionality of KARS in liver cancer cells, we first examined KARS1 expression at 

mRNA and protein levels (Figure 3A,B), and tRNA-Lys-CUU expression across eight HCC cell 

lines (Supplementary Figure 4A). All HCC cell lines expressed higher KARS1 RNA levels, and all 

except one expressed higher levels of tRNA-Lys-CUU than healthy liver organoids. Huh7 and 

SNU398 cell lines with high levels of KARS1 and tRNA-Lys-CUU expression were selected for 

further experimentation. We used the lentiviral RNA interference approach to investigate the 

effects of silencing KARS on HCC cells, and selected the two shRNAs with optimal efficiency 

for KARS knockdown (Supplementary Figure 4B,C; Figure 3C,D). KARS knockdown attenuated 

the overall growth of Huh7 and SNU398 cells (Figure 3E), and dramatically inhibited single cell-

based colony formation (Figure 3F). Silencing of KARS arrested cell cycling at the G0/G1 phase 

(Figure 3G) and induced cell apoptosis as indicated by drastically increased levels of cleaved-

Caspase 3 protein (Figure 3C).  

Lysine deprivation inhibits HCC cell growth and migration 

Lysine is the substrate which is ligated by KARS to tRNA-Lys-CUU. We first examined the effects 

of complete deprivation of each of the nine essential amino acids in SNU398 cells. We found 

that deprivation of any of the nine amino acids had some effects on cell growth, but lysine 

deprivation exerted the strongest inhibitory effect (Supplementary Figure 5A). In single cell-

based colony formation assay, deprivation of lysine, methionine or valine but not any of the 

other six amino acids had significant inhibition, and lysine deprivation again exerted the 

strongest effect (Supplementary Figure 5B). These results collectively indicated lysine is most 

essentially required.  Next, compared to the normal concentration (0.8 mM) of lysine in cell 

culture medium, lowering the concentration to 0.16 mM had minimal effects on HCC cell 

growth (Figure 4A). However, complete deprivation of lysine dramatically inhibited overall cell 

growth (Figure 4A) and single cell-based colony formation (Figure 4B). This was associated 

with increased G0/G1 cell cycle arrest (Figure 4C), and increased cell apoptosis indicated by 

the dramatic increase of Caspase 3 cleavage (Figure 4D). Interestingly, lysine deprivation also 

attenuated HCC cell migration in the transwell system, an assay recapitulating some features 

of cancer cell invasion and metastasis (Figure 4E, F).  
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Figure 2 KARS1 expression and clinical relevance in HCC patients. (A) mRNA expression of 
KARS1 in HCC tumors compared to paired TFL tissues (n = 59). (B-C) Kaplan Meier analysis of 
tumor recurrence (B) and HCC-specific survival (C) in relation to KARS1 expression in tumors. 
The panels below the survival graphs show the results of univariate Cox regression analysis. 
(D-F) Correlation analysis between the expression levels of tRNA-Lys-CUU and KARS1 in 
healthy organ donor liver tissues (D, n = 21), TFL (E) and paired HCC tissues (F, n = 59), 
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respectively. **P <0.01, by the Wilcoxon matched pairs test. KARS1: Lysyl-tRNA Synthetase; 
HCC: hepatocellular carcinoma; TFL: tumor free liver; HR: Hazard Ratio; CI: confidence interval. 

Cladosporin, a pharmacological inhibitor of KARS, inhibits HCC cell growth and 

migration  

As the biological process of charging lysine with tRNA sustains HCC cells, we next examined 

whether this can be therapeutically targeted. We evaluated the effects of the well-established 

KARS pharmacological inhibitor cladosporin, an antifungal antibiotic isolated from 

Cladosporium cladosporioides and Aspergillus flavus. Recently we accomplished a scalable 

synthesis of the active natural product cladosporin, producing more than 2 grams of the 

compound.17 We found the 50% inhibitory concentrations of cladosporin to be 104 µM and 

70 µM in Huh7 and SNU398 cells, respectively (Supplementary Figure 6). Treatment with 

different concentrations of cladosporin (0-200 µM) dose-dependently inhibited Huh7 and 

SNU398 cell growth (Figure 5A). Consistently, cladosporin significantly inhibited single cell-

based colony formation (Figure 5B), induced Caspase 3 cleavage (Figure 5C), and affected cell 

migration (Figure 5D, E). Combination of cladosporin treatment and KARS1 gene silencing 

further augmented the inhibitory effects (Supplementary Figure 7A, B). 
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Figure 3 The effects of KARS knockdown on HCC cell lines. (A) Relative expression of KARS1 
mRNA in HCC cell lines compared to SNU398 (n = 4-6). (B) KARS protein expression in HCC cell 
lines. (C) Protein expression levels of KARS and cleaved-Caspase 3 in Huh7 and SNU398 HCC 
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cells following shRNA mediated knockdown of KARS. The intensity was quantified relative to 
β-actin (n =4-8). (D) KARS1 mRNA expression following shRNA mediated knockdown 
quantified by qRT-PCR (n= 4-10). (E) Effects of KARS knockdown on cell growth measured by 
MTT assay following 1, 3 and 6 days of culture (n = 11, 22). (F) KARS knockdown affects the 
number of single cell formed colonies as assayed 2 weeks following seeding (n = 5). (G) The 
effect of KARS knockdown on cell cycling was measured by Propidium Iodide staining, and the 
fraction of cells in G0/G1 was quantified (n = 4-6). Quantification of C, D, and F data of 
knockdown groups were relative to the shCTR group. Data are presented as mean ± SEM. *P 
< 0.05; **P <0.01; ***P <0.001, by the Mann-Whitney test. HLO: healthy liver organoids; HCC: 
hepatocellular carcinoma; FC: fold change; KARS1: Lysyl-tRNA Synthetase.  

Clinical relevance of KARS expression in CC patients and inhibition of patient 

CC organoids growth by lysine deprivation or treatment with cladosporin  

We have included three batches of healthy human liver organoids and three batches of CC 

organoids. Because organoids are very difficult to be cultured from HCC tissues, we used liver 

tumor organoids cultured from CC patients,18 of which the KARS1 expression levels were 

shown in Figure 6A. Importantly, similar to what we found in HCC patients, KARS1 expression 

was significantly higher in patient CC tumor tissues based on the GEPIA database. However, in 

this small CC cohort, KARS1 expression was not significantly associated with patient’s 

prognosis (Supplementary Figure 8). Thus, we tested the effects of lysine deprivation or 

cladosporin on patient-derived CC organoids in 3D culture. We found significant growth 

inhibition of three independent batches of CC organoids, with the effects being more robust 

after 7 days of treatment (Figure 6B,C; Supplementary Figure 9A,B). In parallel, we examined 

the effects on three independent batches of healthy human liver organoids. Although lysine 

deprivation or cladosporin treatment also inhibited growth of the healthy liver organoids, the 

effects were significantly stronger on the CC organoids (Figure 6D,E; Supplementary Figure 

9C,D). Next, we tested the effects on organoid initiation. Lysine deprivation or cladosporin 

treatment significantly inhibited the number and the size of initiated CC organoids from single 

cells (Figure 6F,G; Supplementary Figure 9E-H). Interestingly, the responsiveness varies 

among organoids derived from different patients (Figure 6). Taken together, the biological 

process of charging tRNA with lysine sustains HCC cell growth and can be therapeutically 

targeted as demonstrated in cell culture and patient organoid models. 
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Figure 4 The effects of lysine on HCC cell lines. (A) The effects of lysine on cell growth 
measured by MTT assay following 1, 3 and 6 days of culture (n = 20). (B) Lysine affects the 
number of single cell-derived colonies as assayed 2 weeks following seeding (n = 6). (C) The 
effects of lysine on cell cycling was measured by Propidium Iodide staining, and the fraction 
of cells in G0/G1 was quantified (n = 6-9). (D) Protein expression levels of cleaved-Caspase 3 
in Huh7 and SNU398 HCC cells. The intensity was quantified relative to β-actin (n = 5). Huh7 
and SNU398 cells were cultured with or without lysine for 3 days. (E) Representative images 
of migrating cells with or without lysine and (F) quantification of the number of migrating cells 
(n = 10-20). Quantification of A, B, D and F data without lysine groups were relative to with 
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lysine group. Data are presented as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001, by the 
Mann-Whitney test. HCC: hepatocellular carcinoma; FC: fold change.  

 

Figure 5 The effects of cladosporin treatment on HCC cell lines. (A) Huh7 and SNU398 cells 
were treated with different concentrations of cladosporin for 3 days. Cell viability was 
measured by MTT assay (n = 12). (B) Cladosporin affects the number of single cell-derived 
colonies as assayed 2 weeks following seeding (n = 6-8). (C) Protein expression levels of 
cleaved-Caspase 3 in Huh7 and SNU398 cells, and the intensity was quantified relative to β-
actin (n = 5). Huh7 and SNU398 were treated with cladosporin for 3 days. (D) Representative 
images of migrating cells with cladosporin and (E) quantification of the number of migrating 
cells (n = 20-25). Quantification of all data were relative to the negative control group. Data 
are presented as mean ± SEM. *P<0.05; **P<0.01; ***P<0.001, by the Mann-Whitney test. 
HCC: hepatocellular carcinoma; FC: fold change. 
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Figure 6 Lysine deprivation or treatment with cladosporin affects the growth of patient-
devied CC organoids. (A) Relative expression of KARS1 mRNA in patient CC organoids and 
human healthy liver organoids (HLO) (n = 5-11). Effects of (B) lysine deprivation or (C) 
cladosporin treatment on cell viability were measured by Alamar blue assay after culturing 3 
or 7 days (n = 4-12). Organoids were treated with (D) lysine deprivation or (E) cladosporin (100 
µM) for 7 or 14 days. The results depicts the mean viability of CC organoids (CCO-1,CCO-2, 
CCO-3) compared with the mean viability of healthy liver organoids (HLO-1, HLO-2, HLO-3) (n 
= 18-24). (F) Lysine deprivation or (G) cladosporin treatment affects organoid initiation as 
assayed 2 weeks following seeding. The number (n = 4-10) and size (n = 18-45) of organoids 
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after culturing for 14 days were calculated. Quantification of the data target groups were 
relative to the negative control group. Data are presented as mean ± SEM and dots represent 
individual organoid cultures. *P<0.05, **P<0.01, ***P<0.001, by the Mann-Whitney test. CCO: 
cholangiocarcinoma organoid; HLO: human liver healthy organoid; FC: fold change. 

Discussion 

tRNAs perform central functions in protein synthesis. Intuitively, dysregulation of tRNA 

expression is expected to associate with pathogenesis, such as cancer development.19-21 

However, due to the intrinsic complexity and lack of easy techniques for quantification, the 

role of tRNAs in cancer has rarely been studied. The recently launched tRNAscan-SE program 

that can accurately identify genomic tRNA sequences has facilitated the development of tRNA-

based quantification methods.22 High-throughput sequencing techniques have been used to 

quantify the tRNAome at transcriptional level,23 but they are highly dependent on 

programming and very specialized reagents. We have recently developed a novel qPCR 

method that specifically quantifies mature tRNAs.6 We think this form of tRNAs is functionally 

most relevant as these mature tRNAs are directly charged with amino acids and thus facilitate 

protein synthesis.  

In this study, we first profiled the tRNAome consisting of 57 mature tRNA species in 69 pairs 

of tumors and matched TFL tissues of HCC patients. We surprisingly observed that many tRNAs 

are down-regulated in HCC tumor compared to TFL. This is different from previous studies 

comparing tRNA expression between cancer cell lines and noncancerous cell lines or human 

cancer and healthy non-cancer tissues.21 Of note, TFL tissues represent a unique intermediate 

state between healthy liver tissue and tumor tissue. In many HCC patients, TFL is chronically 

inflamed and cirrhotic (Table 1). Indeed, expression levels of tRNA-Lys-CUU in both tumors 

and tumor-free liver tissues of HCC patients were significantly enhanced compared to healthy 

livers. Interestingly, we found that the expression patterns of tRNAs were closely clustered 

and correlated within individual tissues, suggesting that they function cooperatively and 

collectively in protein synthesis. Among these tRNAs, we found that high expression of tRNA-

Lys-CUU in HCC tissue appears to associate with poor clinical outcomes, although the effects 

were moderate and our cohort is too small to draw firm conclusions. 

Recently, amino acid deprivation therapy has been widely explored as potential anti-cancer 

strategy. Among different approaches in interrupting amino acid metabolism in cancer cells, 

enzymatic depletion is the most promising strategy. This results in deprivation of these 

exogenously supplied nutrients, and thus inhibits tumor growth.24 Deprivation of amino acids 

including asparagine,25 arginine,26 glutamine,27 methionine,28,29 and phenylalanine30 has been 

tested for cancer treatment in experimental models. As we have observed that high 

expression levels of tRNA-Lys-CUU potentially associates with poor outcomes in HCC patients, 

we tested whether deprivation of the substrate lysine functionally affects HCC cells in 

experimental models. Lysine deprivation inhibited overall cell growth, migration and single 

cell-based colony formation, and induced cell cycling arrest and cell apoptosis in two HCC cell 
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line models. These effects were further confirmed in 3D cultured patient CC organoids. 

Importantly, we found HCC cells are more sensitive to deprivation of lysine compared to other 

essential amino acids. Our findings together with those of previous studies13,31 suggest the 

potential of developing anti-cancer strategies based on amino acid deprivation. However, the 

dependency of particular amino acid varies among different cancer types, and normal cells 

also require these amino acids to survive. Therefore, which amino acid to be targeted and 

which therapeutic modality to be used should be further studied.32  

The structures and functions of ARSs that catalyze the charging of amino acids to cognate 

tRNAs have been widely studied. A systematic analysis of the expression of ARSs has identified 

that many of them are highly expressed in tumors and form networks with cancer-associated 

genes. This also supports the fact that protein synthesis is universally accelerated in 

proliferating malignant cells.33,34 We found that the expression of KARS1 was significantly 

upregulated in HCC compared to TFL tissues. Similar results were also observed in CC patients. 

We postulate that the abundance of KARS will enhance the efficiency of catalyzing lysine to 

charge the tRNAs including tRNA-Lys-CUU. This will accelerate protein translation of genes 

enriched with cognate codons, therefore promoting cancer cell growth. This hypothesis is 

supported by our findings in two HCC cell lines that knockdown of KARS inhibited cell growth, 

migration and colony formation, and induced cell cycle arrest and apoptosis.  

ARSs targeted drug development has mainly been examined in the field of infectious diseases 

by exploiting species-specific structural diversity and catalytic activity.35 For example, ARS-

inhibitors mupirocin and AN2690 are FDA-approved for treatment of gram-positive bacterial 

skin infections and fungal nail infections, respectively.12 With respect to oncology, ARSs 

represent overlooked targets for therapeutic development against cancer.34 In this study, we 

tested a specific pharmacological KARS inhibitor cladosporin, an antifungal antibiotic isolated 

from Cladosporium cladosporioides and Aspergillus flavus.36,37 We found that cladosporin can 

effectively inhibit the growth of HCC cell lines and CC organoids, consistent with the results 

from KARS knockdown and lysine deprivation. Interestingly, the responsiveness to lysine 

deprivation or cladosporin varies among CC organoids derived from different patients. 

However, the activity of cladosporin towards human KARS is 100-fold lower than towards 

KARS of the malaria parasite.38-40. Cladosporin is currently explored as a potential treatment 

for malaria, but whether it is also applicable for treating cancer remains uncertain.17 Another 

important consideration is that ARSs are essentially required for maintaining the physiological 

functions of normal cells. Targeting human ARSs for treating cancer is expected to cause 

substantial side effects. Indeed, in healthy human liver organoids, we observed that both 

lysine deprivation and cladosporin treatment resulted in notable inhibitory effects, although 

to a lesser extent than those in CC organoids. Based on our HCC cell lines and CC organoids, 

cells expressing higher level of KARS appear to be more sensitive to KARS or lysine targeted 

inhibition. Collectively, our results support the notion that ARSs are viable targets for anti-

cancer drug development, but this is just the start in unveiling their biological functions in 

cancer and exploring possible therapeutic modalities. 
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In summary, we have profiled the tRNAome landscape in human HCC tumors and identified 

that high expression of tRNA-Lys-CUU in tumor is potentially associated with poor clinical 

outcomes. KARS expression is upregulated in both patient HCC and CC tumor tissues. In 

experimental models of HCC cell lines and CC patient-derived organoids, biological or 

pharmacological targeting the interface of charging lysine to tRNA-Lys-CUU inhibits cancer cell 

growth and migration. These findings bear important implications of exploring such 

unexplored territories for developing novel therapeutics against liver cancer.  
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Supplementary information 

1H NMR of Cladosporin in 400 MHz 

 
1H NMR (400 MHz, CDCl3) δ 11.08 (s, 1H), 6.29 (s, 1H), 6.16 (s, 1H), 4.68-4.66 (m, 1H), 4.11 (s, 1H), 4.00 

(s, 1H), 2.89 – 2.76 (m, 2H), 1.90 (dt, J = 23.0, 12.8 Hz, 2H), 1.68 (dd, J = 21.9, 12.2 Hz, 4H), 1.36 -1.34 (m, 2H), 
1.23 (d, J = 6.4 Hz, 3H). 

13C NMR of Cladosporin in 100 MHz 

 

 
13C NMR (100 MHz, CDCl3) δ 169.9, 164.3, 163.0, 141.8, 106.7, 102.0, 101.6, 76.3, 68.0, 66.5, 39.3, 33.6, 

30.9, 29.7, 18.9, 18.1 

 
Supplementary Figure 1 NMR for Cladosporin 
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Supplementary Figure 2  (A) Heatmap showing the correlation patterns of 57 tRNA species in 
69 pairs of human HCC and TFL tissues. (B) The expression of tRNA-Lys-CUU in organ donor 
liver tissues (n = 21), TFL and paired HCC tissues (n = 69), respectively. (C) Univariate and 
multivariate analysis of associations between clinicopathological risk factors and tRNA-Lys-
CUU expression in tumor tissue and HCC-specific patient survival rate and cancer recurrence 
rate (n=69) in our HCC patient cohort. ***P <0.001, by the Mann-Whitney test. TFL: tumor 
free liver; T:HCC tumor. 
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Supplementary Figure 3 The mRNA expression levels of KARS1, and their relation with 
clinical outcomes. (A) The mRNA expression levels of KARS1 in organ donor liver tissues (n = 
21), TFL and paired HCC tissues(n = 59).(B)The mRNA expression data of KARS1 from GEPIA 
database, and red boxplot showed HCC tumor samples (n = 369), black boxplot showed 
Normal healthy liver samples (n = 160). (C) Univariate and multivariate analysis of associations 
between clinicopathological risk factors and KARS1 expression in tumor tissue and HCC-
specific patient survival rate and cancer recurrence rate (n=59) in our HCC patient cohort. 
*P<0.05; **P<0.01; ***P<0.001, by the Mann-Whitney test. TFL: tumor free liver; T:HCC tumor. 
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Supplementary Figure 4 The expression level of tRNA-Lys-CUU and KARS1, and KARS 
knockdown efficiency. (A) The expression level of tRNA-Lys-CUU (left graph) and KARS1 (right 
graph) respectively, relative to GAPDH in HCC cell lines compared to normal healthy liver 
organoids (n = 4-7). (B-C) Knockdown in Huh7 and SNU398 was analyzed in (B) by western blot 
(upper graph), and the intensity was quantified relative to β-actin (lower graph) by image 
studio software. In (C) the expression of KARS1 mRNA upon knockdown was determined by 
qRT-PCR (mean ± SEM, n = 4-9). **P<0.01; ***P<0.001, by Mann-Whitney test. HLO: healthy 
liver organoids. 
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Supplementary Figure 5 Lysine deprivation exerts the strongest inhibitory effects on HCC 
cell lin growth. (A) The effects of  nine essential amino acid deprivation on SNU398 cell growth 
measured by MTT assay following 1, 3 and 6 days of culture (n = 8). (B) The effects of amino 
acid deprivation in SNU398 single cell-derived colony formation as assayed 2 weeks after 
seeding (n = 4). *P<0.05, by the Mann-Whitney test. AA: amino acid; “-” means deprivation. 
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Supplementary Figure 6 The 50% inhibitory concentration of cladosporin was determined 
by MTT for Huh7 (A) and SNU398 (B) cells following 3 days of treatment. The drug 
concentrations were 1, 10, 100 and 1000 μM. Data are presented as mean ± SEM.(C) SNU398 
cells are more sensitive than other HCC cell lines to treatment of 100 µM cladosporin (n = 6). 
**P<0.01, by the Mann-Whitney test. 
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Supplementary Figure 7 The effects  of combining cladosporin treatment with KARS silencing 
in SNU398 cells. Cell viability (A) and single-colony formation (B) were quantified when 
combining KARS1 knockdown and cladosporin treatment (n = 4 -16). *P<0.05; **P<0.01; 
***P<0.001, by the Mann-Whitney test. 
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Supplementary Figure 8 The expression level of KARS1 and association with patient survival 
in cholangiocarcinoma from the GEPIA database. (A)The boxplot shows expression level of 
KARS in CHOL (red color, n = 36). (B) and (C) indicated overall suvival and disease free survival 
in CHOL, respectivity. *P<0.05; CHOL: cholangiocarcinoma. 
  



Chapter 5 

 
109 | P a g e  

 
Supplementary Figure 9 Lysine deprivation or treatment with cladosporin affects the growth 
of patient CC organoids. (A-B)Images of organoids were treated with different concentrations 
of lysine (A) or cladosporin (B) for 7 days. (C-D) For cell viability of HLOs and CCOs were treated 
with lysine deprivation (C)  or cladosporin 200 µM (D), high expression of KARS1, CCO-3 more 
sensitive. (E-H) Images were taken after 14 days of culture. (G) and (H) show a 10x 
magnification highlighting the reduced organoid size after prolonged culture with lysine 
deprivation or cladosporin. CCO: cholangiocarcinoma organoid; HLO: human liver healthy 

organoid. *P<0.05；**P<0.01; ***P<0.001, by the Mann-Whitney test. 
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Supplementary Table 1 Patient characteristics 

Characteristic HCC patients (n=69) Healthy controls (n=21) 

Age at treatment (years)  

Mean ± SD 60 ± 16 51 ± 16.2 

Median (range) 64 (11-82) 52 (13-88) 

Sex – no. (%)  

Male 41 (59.4) 12 (57.1) 

Female 28 (40.6) 9 (42.9) 

Race – no. (%)  

White 58 (84.1) - 

African 6 (8.7) - 

Asian 4 (5.8) - 

Not reported 1 (1.4) 21 (100) 

Etiology – no. (%)  

No known liver 

disease 

20 (29.0) NA 

Alcohol 16 (23.2) NA 

NASH 8 (11.6) NA 

Hepatitis B 8 (11.6) NA 

Hepatitis C + Alcohol 5 (7.2) NA 

Hepatitis B + 

Alc/HepC/HepD/NASH 

4 (5.8) NA 

Hepatitis C 4 (5.8) NA 

Fibrolamellar HCC 3 (4.4) NA 

Other 1 (1.5) NA 

Hepatitis status – no. (%)  

Hepatitis B or C 

positive 

21 (30.4) 0 (0) 

Chronic Hepatitis B  12 (17.4) 0 (0) 

Chronic Hepatitis C 10 (14.5) 0 (0) 

Cirrhosis – no. (%)  

Yes 50 (72.5) 0 (0) 

No 19 (27.5) 21 (100) 

Differentiation grade – no. (%)  

Good 8 (11.6) NA 

Moderate 35 (50.7) NA 

Poor 14 (20.3) NA 

Unknown 12 (17.4) NA 

Number of lesions – no. (%)  

1 38 (55.1) NA 
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Supplementary Table 2 shRNA target sequences of lysyl-tRNA synthetase. 

targetSeq Oligoseq Gene ID Clone name Vector 

CGGCGAATCAA
CATGGTAGAA 

CCGGCGGCGAATCAACATGGTAGAACTCG
AGTTCTACCATGTTGATTCGCCGTTTTTG 

NM_005548.1 1214s1c1 pLKO.1 

GCCTTTCATCAC
TTATCACAA 

CCGGGCCTTTCATCACTTATCACAACTCGA
GTTGTGATAAGTGATGAAAGGCTTTTTG 

NM_005548.1 883s1c1 pLKO.1 

CCTGGAAGTGA
CTTGCATCAA 

CCGGCCTGGAAGTGACTTGCATCAACTCGA
GTAGTATTGATTTGGGTCCACGTTTTTG 

NM_005548.1 1393s1c1 pLKO.1 

CGTGGACCCAAT
CAA4TACTA 

CCGGCGTGGACCCAAATCAATACTACTCGA
GTAGTATTGATTTGGGTCCACGTTTTTG 

NM_005548.1 250s1c1 pLKO.1 

CCAGAGATACTT
GGACTTGAT 

CCGGCCAGAGATACTTGGACTTGATCTCGA
GATCAAGTCCAAGTATCTCTGGTTTTTG 

NM_005548.1 724s1c1 pLKO.1 

 

 

Supplementary Table 3 Primer sequences 

Genes Forward primers (5’-3’) Reverse primer (5’-3’) 

KARS1 GACGCACAATCCTGAGTTCACC AGGTGACCTTGTAACTGCCTGTA 

GUSB CAGGTGATGGAAGAAGTGG GTTGCTCACAAAGGTCACAG 

HPRT1 GCTATAAATTCTTTGCTGACCTGCTG AATTACTTTTATGTCCCCTGTTGACTGG 

PMM1 CGAGTTCTCCGAACTGGAC CTGTTTTCAGGGCTTCCAC 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

 

>1 31 (44.9) NA 

Median (range) 1 (1-11) NA 

Size of largest lesion (cm)  

Mean ± SD 7.5 ± 5.1 NA 

Median (range) 6.2 (1-24) NA 

AFP level before resection (ug/l)  

Mean ± SD 46679.2 ± 375310.5 NA 

Median (range) 9 (1-3118700) NA 
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Supplementary Table 4 List of tRNA expression comparison Differences of tRNA expression 

between tumor and TFL patient tissues (n=69) were analyzed using the Wilcoxon matched 

pairs test. *P<0.05, **P<0.01, ***P<0.001. TFL:tumor-free liver. Red: signficant up-

regulation in tumor; Green: signficant down-regulation in tumor; Black: no signficant 

difference.  
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Abstract 

Duck Hepatitis A Virus (DHAV) belongs to the Avihepatovirus, which is also classified into 

Picornaviridae with Hepatovirus, Hepatitis A Virus (HAV). In humans, the pathogenesis of HAV 

is not well understood because of limited work with animal models. Here, we investigated the 

progress of duck viral hepatitis caused by DHAV and their potential for dissecting the 

pathogenesis of HAV. During the course of infection, the duck model had undergone 

hepatocellular lesions (vacuolation, acidophilic degeneration and steatosis), lymphocytes 

recruitment (neutrophil granulocytes, heterophilic granulocytes and T cells or plasm cells) and 

repair (activation of hepatic stellate cells, fibrosis and regeneration). Coincident with liver 

injury, the serum biomarkers, aspartate aminotransferase and alanine transaminase were 

significantly increased. Moreover, comparatively lower CD4+ and CD8+ T-cells were recruited 

to the liver, which might lead to a persistent infection (40 wk). Because DHAV and HAV have 

similar genomic structure, biological phenotypes and can easily replicate in liver. And half of 

fibrosis-related genes had high homology between humans and ducks. Considering these 

similarities in pathological and virological phenotypes, we proposed that the ducks might be 

an alternatively small animal model that would provide insight into the pathogenesis of viral 

hepatitis, fibrosis and liver regeneration. 

Keywords: Duck Hepatitis A virus; viral hepatitis; liver injury; pathogenesis; viral-host 

interaction  
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Introduction 

Hepatitis A is a worldwide human liver disease caused by Hepatitis A Virus (HAV), especially in 

areas of lower socio-economic status and reduced sanitary conditions. HAV, a member of the 

Hepatovirus genus in the family of Picornaviridae, has an estimated 1.4 million cases occur 

each year [1]. However, there is a similar liver disease in ducks caused by Duck Hepatitis A 

virus (DHAV) [2, 3]. DHAV, a member of the Avihepatovirus genus within the same family 

Picornaviridae, causes a highly fatal, rapidly infectious disease in ducklings, characterized by 

swelling livers mottled with haemorrhages [3-6]. This type of viral hepatitis in ducklings should 

be classified as acute viral hepatitis, but the progressive pathogenesis caused by DHAV in 

mature ducks has been largely unexplored. 

Chronic Viral Hepatitis (CVH) is mainly caused by Hepatitis B Virus (HBV), Hepatitis C Virus 

(HCV), and Hepatitis D Virus (HDV), but humans infected with HAV do not progress to CVH [7-

10]. Briefly, CVH is transformed from Acute Viral Hepatitis (AVH) and is related to 

inflammatory responses, parenchymal cell necrosis or apoptosis and regeneration. Many 

human and animal model studies have revealed a correlation between inflammatory 

responses and fibrosis, which is caused by proliferation of hepatic stellate cells (HSCs) [11, 12]. 

Additionally, approximately 5%-10% of adult patients with CVH may progress to liver cirrhosis 

[13]. Hepatocytes are the major sources of matrix metalloproteinases (MMP), and their 

inhibitors are involved in liver extracellular cell matrix (ECM) deposition, which is involved in 

the pathogenesis of liver cirrhosis in CCL4-induced liver cirrhosis in rats [14]. The endothelial 

fenestrae is 150-175 nm in diameter and acts as a dynamic filter facilitating the exchange of 

nutrition and particles between parenchymal cells and the hepatic sinusoid. Many hepatitis 

viruses could result in defenestration and a decrease in the number of fenestrae [15]. 

Apoptosis or necrosis is the most common consequence of hepatocellular injury, followed by 

KCs engulfing apoptotic bodies and death ligands, including the Fas ligand and TNF-α, thereby 

promoting inflammation and fibrogenesis [16, 17]. Damaged hepatocytes will then induce 

activation of HSCs to stimulate the fibrogenic actions through release of reactive oxygen 

species (ROS) and fibrogenic mediators [18]. Hepatocyte apoptosis was also associated with 

expression of death receptors and activation of NF-κB in patients with steatohepatitis [19]. In 

addition, plentiful cytokines were involved in regulation of liver fibrosis, and most of them 

were widely used to attenuate the apoptotic and fibrotic effects [9, 15, 18, 20]. IFN-α was 

shown to reduce apoptotic effects on activated HSCs, and HSCs were also inactivated by IFN-

β and then decreased the synthesis of α-smooth muscle actin (SMA) and collagen through 

inhibition of the TGF-β and PDGF pathways [21]. Moreover, the activation of HSCs is also 

inhibited by IFN-γ to decrease ECM deposition through inhibiting TGFβ1/Smad3 signalling 

pathways [22, 23]. On the contrary, interleukin 1 (IL-1), a proinflammatory cytokine, produced 
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by KCs and sinusoidal endothelial cells (SECs) can activate HSCs to produce MMP-9, MMP-13 

and TIMP-1, resulting in liver fibrogenesis [11]. IL-6 can attenuate hepatocyte apoptosis and 

promote their regeneration through NF-κB signalling and the Ras-MAPK pathway [24, 25].  

Due to the crucial role of the animal model in understanding the pathogenesis and the 

development of therapeutic strategies for liver injury, fibrosis and cirrhosis, many types of 

mammal models have been developed in mice, rats, chimpanzees, rabbits, pigs and horses to 

mimic the process of liver injury [26-28]. However, owing to the proposed listing of the 

endangered primates and the inability to include them in research, optional duck models are 

essential, much more accessible, easier for laboratory management and also available for 

serial sampling of tissue in the volume required for detailed studies [29]. Previously, ducks 

have been widely used in Hepatitis B Virus preclinical trials and to elucidate their life cycle [30, 

31]. Duck Hepatitis B Virus (DHBV) infection cannot induce apparent liver injury and will 

process to hepatocellular carcinoma (HCC) [32]. However, avian hepatotropic virus (DHAV) 

can cause obvious liver disease characterized by swelling livers mottled with haemorrhages in 

ducklings. In this study, the course of hepatitis and host immune responses in mature ducks 

induced by DHAV were investigated to mimic the process of liver injury, fibrosis and 

regeneration. 

Materials and methods 

Ethics Statement 

The animal study was also performed in strict accordance with the recommendations in the 

ARRIVE guidelines (http://www.nc3rs.org.uk/arrive-guidelines). The animal experiment has 

been approved by the committee of experiment operational guidelines and animal welfare of 

Sichuan Agricultural University, China (the approved permit number is XF2014-18). All ducks 

were handled in compliance with the animal welfare regulations and maintained according to 

standard protocols.  

Virus and primary duck embryo liver cell preparation  

The DHAV-H strain (GenBank: JQ301467.1) was propagated in 9- to 11-day-old duck embryos 

by standard procedures. The embryos that died at 36-72 hpi were harvested. The homogenate 

of the allantoic fluid of duck embryos was stored at -80°C until use. The virus, at a 

concentration of 4.56 × 108 copies/ml as determined by quantitative real-time PCR (qPCR), 

was used to infect ducks [48].  

Duck embryo liver cells were prepared using 9- to 11-day-old duck embryonated eggs 

according to definitions within the program. The dispersed cells were dispensed into flat-

bottomed, 12-well culture plastic plates (Corning Inc., New York, USA) with cover slips. The 

cells were cultured in Dulbecco's modified Eagle’s medium with 10 % foetal bovine serum. 
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Then, the cells were maintained in another medium containing 3 % foetal bovine serum. Cells 

were maintained at 37°C with 5 % CO2. 

Experimental design 

One hundred and five female ducks were randomly divided into 21 groups. Group 1 to group 

20 received 1 ml of DHAV-H strain (Genebank: JQ301467) (4.56×108 copies/ml) by 

intramuscular injection, and group 21 was injected with an equal volume of 0.85% 

physiological saline as a negative control. The livers of 20 experimental groups were collected 

according to the time post-infection, including 1/2d, 1d, 2d, 4d, 6d, 8d, 10d, 12d, 14d, 21d, 

28d, 56d, 84d, 112d, 140d, 168d, 196d, 224d, 252d, and 280d. One hundred milligrams of liver 

specimens were weighed and then immediately cryopreserved in liquid nitrogen until 

processing for RNA isolation. The adjacent tissues were used for histopathological 

examination and immunohistochemistry. 

To identify the hepatocellular lesions caused by DHAV, duck embryos were also used to 

address this question. Twelve 6-day-old duck embryos were randomly divided into 4 groups. 

Group 1 to group 3 received 0.2 ml of virus (4.56×108 copies/ml) at the allantoic cavity, and 

group 4 was injected with an equal volume of 0.85% physiological saline as a negative control.  

The duck embryo liver cells were cultured in the 12-well culture plastic plates divided into 6 

groups. Group 2 to group 6 received 0.1 ml of virus (4.56×108 copies/ml), and group 1 received 

an equal volume of 0.85% physiological saline as a negative control. 

qPCR 

Total cellular RNA was isolated from 100 mg of liver tissue using the RNAiso plus Reagent 

(TaKaRa, Japan) according to the manufacturer’s protocols. The RNA isolated from each 

specimen needed to detect immune-related genes was used to carry out reverse transcription 

to produce cDNA with the PrimeScriptTM RT Reagent Kit according to the manufacturer’s 

instructions (TaKaRa, Janpan). Viral copies were detected by previously established methods 

in our laboratory [48]. Seventeen immune-related genes (IL-1β, IL-2, IL-4, IL-6, IFN-α, IFN-β, 

IFN-γ, MHC-I, MHC-II, CCL19, CCL-21, BAFF, TLR3, TLR7, β-defensin, RIG-1 and MDA5) and a 

housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase (GAPDH)) were also 

detected according to the previously established protocols [33]. 

HE and Masson staining 

After administering sodium pentobarbital anaesthesia, the livers from the same samples used 

for transcriptional analysis were fixed in 4% paraformaldehyde, dehydrated, embedded in 

paraffin, sectioned into 4-μm-thick sections and stained with haematoxylin and eosin (HE) and 

Masson using standard procedures. Additionally, the duck embryos and duck embryo liver 
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cells infected with the DHAV-H strain were fixed in 4% paraformaldehyde first, and then their 

liver tissues were also used for HE staining using standard procedures. 

Flow Cytometry Analysis 

To validate the identity of CD4+ and CD8a+ positive staining, the liver tissues used for IHC 

assays were also detected by flow cytometry (BD FACS VerseTM, San Jose, CA, USA). 

Uninfected liver tissues were used as a negative control. Briefly, the positive cells were 

incubated with mouse anti-duck CD4 or CD8а monoclonal antibody (8μg/ml) followed by FITC-

coupled goat anti mouse secondary antibody solutions (1:500 dilution) (Beyotime 

Biotechnology). Then, the percentage of FITC-positive cells were determined by flow 

cytometry. 

Immunohistochemistry 

Paraffin-embedded liver tissues were deparaffinized in xylene and rehydrated in graded 

alcohols. Briefly, the standard protocol were previously established for detecting viral capsid 

and 3D polymerase and also double IHC staining for detecting viral capsid and CD4+ or CD8+ 

T cells.[33]. 

Indirect immunofluorescence 

Following the 12 h, 24 h, 36 h, 48 h and 60 h incubation at 37°C after infection of the DHAV-H 

strain (100 μL), the cells were washed with phosphate buffered saline solution (PBS; 0.15 

mol/L, pH 7.2) and fixed for 30 min at room temperature (RT) with 4% paraformaldehyde. 

After fixation, the paraformaldehyde was removed and the cells were permeabilized with 0.5% 

Triton X-100 for 10 min at RT and incubated in blocking buffer (PBS, 5% BSA) for 30 min at RT. 

The primary rabbit anti DHAV polyclonal antibody was diluted in 0.5% BSA and incubated with 

cells for 1 h at RT. After being washed with PBS, the coverslips were incubated with goat anti-

rabbit Alexa Fluor® 488 conjugate (Life technologies, USA) diluted in 0.5% BSA for 1 h at RT. 

After counterstaining, coverslips were washed three times with PBS, mounted with 

fluorescence mounting media (KPL, Gaithersburg, MD), and examined with a Nikon 

Microscope. We used cells infected with PBS as a negative control. 

Phylogenetic analysis of DHAV and HAV and the fibrosis-related genes in 

humans and ducks 

The DHAV-related genus in the family of Picornavirdae was used to identify the neighbour 

genus. The sequences of fibrosis-related genes in human and duck were also used to compare 

their evolutionary relationship. The phylogenetic tree was constructed by Mega 6.0 with the 

neighbour-joining (NJ) method and 1000 bootstrap analysis [49]. The members of picornavirus 
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and fibrosis-related genes in ducks and humans used for phylogenetic analysis are listed in 

Table S3. 

Statistical analyses 

Relative gene expression data were analyzed using the 2-ΔΔCt method by comparing with the 

control group injected with 1 ml normal saline (NS) [50], and ΔCt values were determined by 

subtracting average Ct values of the endogenous control gene GAPDH from average Ct values 

of target genes. The photographs were generated using GraphPad Prism 5 software. In order 

to understand the impact of virulence on immune networks, the correlations of each pair of 

immune related genes were calculated using correlation analysis (Pearson) using SPSS 

software. Those correlated pairs of immune related genes were visualized as immune network 

by Cytoscape software. The significant levels in this study determined using Student’s t test 

(Two-tail, α=0.05). 

RESULTS 

Post-infection with DHAV in mature ducks was associated with acute and 

chronic hepatitis 

Liver tissues from infected breeding ducks had developed apparent liver injury with acute 

hepatitis at early infection and chronic hepatitis at later infection characterized by 

histopathological changes. At the early stage of infection, liver lesions were characterized by 

acidophilic degeneration, vacuolation and infiltration of neutrophil granulocytes (Figure 1). 

The liver had also developed apparent serious steatosis at 28-dpi (Figure 1). However, at the 

later stage of infection, acidophilic degeneration disappeared instead of serious vacuolation 

(ballooning degeneration). The intensity of steatosis, interface hepatitis and neutrophil 

granulocytes were temporarily elevated and gradually decreased in the last stage of infection. 

Of note, the changes of knodell Histological Activity Index (HAI) were highly coincident with 

the severity of liver injury (Table 1). Many more heterophilic granulocytes and plasma cells 

were strongly recruited to the liver until the occurrence of liver cell regeneration. 

Accompanying serious liver injury and inflammatory response, the fibrosis secreted by 

fibroblasts also took place from 10-dpi to the last stage of infection to make up the 

hepatocellular lesions (Figure S1).  
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Table 1: The hepatitis activity during the course of infection.  
Phases 

Factors 
Early hepatocellular injury Later hepatocellular injury 

Con 2d 6d 10d 21d 28d 56d 112d 140d 168d 224d 280d 

I, Periportal +/-bridging necrosis 0 1 1 1 1 1 3 4 5 4 5 1 

II, Intralobular degeneration and 
focal necrosis 

0 1 1 3 4 4 4 4 4 4 4 1 

III, Portal inflammation 0 1 3 3 3 3 4 4 4 3 4 1 

IV, Fibrosis 0 0 0 1 1 3 1 1 1 3 4 4 

Total scores 0 3 5 7 9 11 12 13 14 14 17 7 

The hepatitis activity scored by knodell Histological Activity Index (HAI) score system. The total score 
was calculated by four indexes, such as periportal +/- bridging necrosis, intralobular degeneration and 
focal necrosis, portal inflammation and fibrosis. The HAI scores were assessed by three diagnose 
pathologists. 

Additionally, the biochemical analysis of serum from infected ducks indicated that serum 

aspartate aminotransferase (AST), alanine transaminase (ALT) and total bilirubin (T-Bil) were 

increased and decreased successively in the course of infection (P< 0.05 ) (Figure 2). Moreover, 

the highly elevation of triacylglycerol levels at 28dpi was accord with serious steatosis 

identified by HE staining (Figure 1-2). The significantly decreased albumin indicated the liver 

protein synthesis was seriously impaired during the infection. Simultaneously, the increased 

globulin indicated humoral immunity might not be impaired by DHAV (Figure 2).  

Comparatively lower T-cells in liver was associated with chronic infection.  

T-cell immunity is crucial for viral clearance and also humoral immunity. At early stage of 

infection, the numbers of CD4+ T -cells (Ths) and CD8+ T-cells (Tcs) significantly increased at 

10dpi (Figure 3A/B/C). After that, both of them vanished from 28-dpi to 140-dpi and 

reoccurred at later stage of infection (Figure 3A/B/C). The numbers between Tcs and Ths at 

each interval were no significance (P>0.05) (Figure 3D). In addition, immunohistochemistry 

assays indicated that both Tcs and helper T-cells Ths were located at the portal area of liver 

(Figure S2/S3). In consistent with these observation, the dynamic changes in viral capsid load 

and viral RNA polymerases were also gradually increased and decreased during the later stage 

of infection (Figure S4/S5) and also consistent with the decline of viral RNA copies (Figure 4A). 

These results indicated that recruitment of the T-cells in liver was associated with viral 

clearance. However, the comparatively lower CD4+ and CD8+ T-cells and persistent 

disappearance of them might lead to a chronic infection (40wk).  
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Figure 1: Microscopic Lesions in mature ducks experimentally infected with DHAV-1 H strain. 
Representative liver HE staining from 1d to 280d post-infection with DHAV are displayed from 
two stages, early infection and later infection (n=5). (Con) represents pre-inoculation liver 
photomicrograph. The brightness and contrast are slightly modified to create a uniform 
background. 

 

Figure 2: Biochemical detection of serum from ducks infected with DHVA-H. Serum 
biochemical markers, ALT, AST, triglyceride, total Bilrubin, total protein, albumin, globulin and 
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ratio of albumin and globulin, were analysed by auto biochemical detector. The scope 
between two dash lines were the normal biochemical reference range in human. Data are 
presented as means ± SD (n=3). *P<0.05 indicates significant difference using student’s T-test. 

Figure 3: Flow cytometry analysis of CD4+ and CD8+ T-cells in liver (n=3). The percentage of 
CD4+ and CD8+ T-cells were detected by FITC-conjugated goat anti mouse IgG. A. Flow 
cytometry analysis of CD4+ and CD8+ T-cells from 10 dpi to 280dpi. B. Significant difference 
analysis of positive CD4+ T cells in the course of infection. C. Significant difference analysis of 
positive CD8+ T cells in the course of infection. D. Significant difference analysis of between 
positive CD4+ and CD8+ T cells in the course of infection. Data are presented as means ± SD 
(n=3). *P<0.05 indicates significant difference using student’s T-test. ns, no significance. 

Cytokine storms might be also associated with viral clearance  

Humoral and cellular immunity are strongly modulated by immune-related cytokines. In this 

study, the interferons (IFN-α/β/γ) and interleukins (IL-1β/2/4/6) were highly up-regulated 

from 2-dpi to 6-dpi (Figure 4A). Interestingly, the period of cytokine storms was similar to that 

in kidney infected with DHAV-1 [33]. Simultaneously, viral copies in liver were decreased 

under the course of cytokine storms (Figure 4A). Subsequently, the cytokine storms were 

transiently quitted down at 10-dpi that might be caused by newly viral replications (Figure S5). 

Consistently, the viral copies were significantly increased after the cytokine storms (Figure 4A). 

Additionally, Pearson correlation analysis indicated that the changes of interferons and 

interleukins were negatively correlated with the viral RNA copies, especially for IFN-γ (P<0.05) 

(Figure 4B). In this study, TLR7 was highly upregulated from 2-dpi to 6-dpi, whereas other 

members of the Pattern Recognition Receptors (PRRs), TLR3, MDA5 and RIG-1, were slightly 

upregulated from 8-dpi to 14-dpi. Those observations indicated that TLR7 might be involved 

in the early cytokine storms and the other PRRs might be involved in the later cytokine 

expressions. Comparative analysis indicated that IL-4 and IFN-γ were the top two highly up-

https://en.wikipedia.org/wiki/Humoral_immunity
https://en.wikipedia.org/wiki/Cell-mediated_immunity
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regulated cytokines from 12-dpi to 28-dpi (Figure S6). While, the expression patterns of the 

Major Histocompatibility Complex (MHC) and chemokines were quite different. MHC-I was 

slightly upregulated from the time of infection to 6-dpi. CCL21 but not CCL19 was strongly 

elevated from 1-dpi to 6-dpi and disappeared from 8-dpi to 28-dpi. Additionally, BAFF, a 

member of the tumour necrosis factor (TNF) family, was temporarily upregulated at 8-dpi. The 

expression pattern of β-defensin was highly similar to that of interferons and interleukins 

(Figure 4A). 

In order to understand their relationship, Pearson correlation analysis was used in this study. 

27 pairs of genes were highly correlated and enriched in IFNs and interleukins (P<0.05 at least) 

(Figure 4B). And we also identified that TLR7 was the top one PRRs correlated with both IFNs 

and interleukins (P<0.05) (Figure 4C). Those results indicated that the activation of TLR7 

pathway might be involved in early cytokine storms and viral clearance. 

Serious liver lesions in duck embryos were caused by infection of DHAV 

The duck embryos infected with DHAV progressed to liver lesion from apoptosis, cellular 

swelling to vacuolar degeneration (ballooning degeneration) and necrosis (Figure 5A). The 

normal liver cells had no histopathological change with many more mitotic cells. With 

prolonged time, then, the hepatocellular lesions were characterized by ballooning 

degeneration, and many more heterophilic granulocytes and neutrophile granulocytes were 

recruited to the liver at 8-hpi. However, they swelled, became round and even progressed to 

apoptosis after infection at 24-hpi. At the last stage of infection, all of the liver cells were 

characterized by necrosis, and plentiful neutrophil granulocytes were recruited to the liver. 

The histopathological changes were also accompanied with rapidly viral reproduction (Figure 

5B/C). Of note, the expression levels of viral polymerase (3D protein) was apparently higher 

in those serious infected cells than adjacent cells (Figure 5D/E). 

Activation of primary duck embryo HSCs was associated with hepatocellular 

lesions 

Cultured cells used for certain virus infections provided the potential for researchers to 

address the pathogenesis caused by the virus in vivo. Fortunately, primary duck embryo liver 

cells were available for DHAV infection. Meanwhile, infection of primary duck embryo liver 

cells could also induce activation of HSCs. As is shown in Figure 6, morphogenesis of quiet 

HSCs was significantly transformed to an activated type after hepatocellular lesion caused by 

DHAV. This process was associated with virus infection such that virions were adsorbed at the 

cell membrane at 12-hpi and then produced much more progeny virus in the cytoplasm from 

36-hpi to 60-hpi. Additionally, virus replication was also accompanied by serious cytopathic 

changes characterized by activation of HSCs and disappeared hepatocellular islands (Figure 

6A/B). It is interesting that activated HSCs numbers and viral replication were both gradually 

javascript:void(0);
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increased (Figure 6C/D), which may be involved in liver repair when undergo the infection of 

DHAV. 

 
Figure 4: Dynamic immune-related gene expression profiles induced by DHAV-H strain and 
also the viral loads in liver. A. Immune-related genes are displayed in each part according to 
their biological functions, such as the activation of innate immune responses (TLR7, TLR3, RIG-
1 and MDA5), effective interferons (IFN-α/β/γ) and interleukins (IL-1β/2/4/6), chemokines 
(CCL19/21), MHC-I and MHC-II, β-defensin, and B cell activating factor (BAFF). The relative 
values for each immune related genes were calculated by 2-ΔΔCt method by comparing with 
the non-infected group. The viral RNA copies (Log10/g) and their percentage in each group 
are displayed at the bottom right. Data are represented as mean +/- SD (n=5). B. In order to 
understand the impact of virulence on immune networks, the correlations of each pair of 
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immune related genes (P<0.05 at least) were calculated using correlation analysis (Pearson). 
C. Those correlated pairs of immune related genes were visualized as immune network by 
Cytoscape software.  

 
Figure 5: Microscopic lesions in the liver of duck embryos experimentally infected with 
DHAV-1 H strain. A. Representative liver HE staining from 8-hpi to 48-hpi of DHAV is displayed 
(n=3). Typical histopathological changes are exemplified at the corner of each photograph. 
(Con) represents pre-inoculation liver photomicrograph. B. Representative liver DHAV staining 
by IHC. C. The relative intensity of positive DHAV staining was calculated by Image-Pro Plus 
software. 100% Integral Optical Density (IOD ) was defined as the most positive staining in the 
course of infection. The significant levels of their expression were analysed by Student’s T-test, 
two way. D. The positive 3Dpro staining intensity of infected cells was significantly higher than 
the adjacent cells. E. Representative 3D protein staining at 24-hpi. The infected cells and 
adjacent cells were labelled. NS, No significance; *, P<0.05; **, P<0.01; ***, P<0.001. The 
brightness and contrast are slightly modified to create a uniform background. 
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Figure 6: Microscopic lesions and virus replication of duck embryo HSCs infected with DHAV-
1 H strain. A. Representative duck embryo HSC HE staining (n=2). B. Virus detection through 
indirect immunofluorescence after DHAV infection from 12-hpi to 60-hpi are displayed on the 
left and right (n=2). C. The relative cell numbers were calculated by Image-Pro Plus software. 
D.The intensity of positive staining were also calculated by Image-Pro Plus software. The 
significant levels of their expression or numbers were analysed by Student’s T-test. NS, No 
significance; *, P<0.05; **, P<0.01; ***, P<0.001. The relative cell numbers was calculated by 
comparing the slides with maximum cells (1.0). The 100% Integral Optical Density (IOD) 
intensity was defined as the slides with the most positive staining. The brightness and contrast 
are slightly modified to create a uniform background. 
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Phylogenetic analysis of DHAV and HAV genomes and fibrosis-related genes in 

humans and ducks 

To identify their sequence similarity, multiple alignments of DHAV and HAV were used for this 

purpose (https://blast.ncbi.nlm.nih.gov/Blast.cgi). They shared 50% nucleotide sequence 

identity with 20% protein sequence identity. Phylogenetic analysis provided curial information 

to understand the genetic relationship between different genera. In this analysis, though 

DHAV was related more closely to the genus Parechovirus, the avian hepatotropic virus, 

Avihepatovius, was also very close to the human Hepatitis A virus [34] (Figure 7A). Therefore, 

DHAV should be recognized as an HAV-related animal virus in birds.  

To find the potential of ducks as an animal model for liver fibrosis, fibrosis-related genes in 

the genomes of humans and ducks were used to construct a phylogenetic tree. It has been 

shown that approximately 50% (16/32) of fibrosis-related genes had high homology between 

humans and ducks (Figure 7B). This result indicated that the mechanism of fibrogenesis might 

be similar in mammal and avian species, at least in this study. 

DISCUSSION 

Non-primate hepatitis animal models would be beneficial due to the lower cost to maintain, 

the availability to house within laboratories, and especially for the great concern about the 

shortage of primate models and phase out of use of them in research. Optional rodent models 

for hepatotropic virus research are necessary. Unfortunately, the currently developed 

humanized mouse models have limited life cycles or no viral replication [35]. The most 

recently discovered horse model provided an alternative large animal model for chronicity 

studies over several years. However, their higher expense and the shortage of immunological 

and biochemical reagents were the major obstacles faced by researchers [27]. Here, we 

provide an alternative small animal model that remedied irreparable defects in the HBV-

related duck model owing to limited cytopathic effect. Fortunately, mature ducks infected 

with DHAV can induce acute and chronic hepatitis, which can be used to mimic the process of 

liver injury in the long term. Those advantages include the ability to perform acute hepatitis 

and chronic studies for fibrosis genesis, cirrhosis and hepatocellular regeneration and enough 

mass for serial liver biopsies. 
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Figure 7: Comparatively phylogenetic relationship with “Hepatitis A virus” and fibrosis-
related genes in humans and ducks and the process of liver injury and repair during DHAV 
infection. A. The phylogenetic tree of the DHAV-related genes was constructed from the 
complete genomic sequences of the picornaviruses using the neighbour-joining method. B. 
The complete amino acid sequences of the fibrosis-related genes in the genomes of humans 
and ducks were used to construct a phylogenetic tree using the neighbour-joining method. 
The percentage of replicate trees in which the associated taxa clustered together in the 
bootstrap test (1000 replicates) are shown above the branches. C. The duck has a similar liver 
disease caused by avian hepatropic virus (DHAV). This virus can also be cultured in duck 
embryos or its primary cells. During the period of infection, virus rapidly replicates to a high 
level, and then the transient cytokine storm reduces the virus to a comparatively lower level 
and gradually disappears until 280dpi. Hepatocellular injury was characterized as vacuolar 
degeneration, steatosis and apoptosis at early stage of infection. While those injured cells 
were replaced by collagenous fiber at later stage of infection. Those fibres may be secreted by 
myofibroblast when hepatic stellate cells were activated by injured liver cells. Meanwhile, 
strong recruitment of plasmocytes and heterophilic granulocytes were identified by HE assays. 
However, the comparatively lower CD4+ and CD8+ T-cells recruited to liver might lead to a 
persistent infection. Those immune cells may combine with interferons and interleukins to 
eradicate viral replication from liver.  

In this longitudinal study, experimental inoculation of mature ducks resulted in a course of 

liver lesions, repair, and regeneration similar to HAV in primates, especially in the early stage 

of infection [20, 36]. During the early stage of infection, liver injury was characterized by 
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vacuolation, acidophilic degeneration, steatosis and infiltration of neutrophil granulocytes. 

Coincident with liver injury, the serum biomarkers, ALT and AST, were significantly increased 

(P<0.05). Similarly, human acute viral hepatitis also resulted in hepatocellular acidophilic 

degeneration and recruitment of a plentiful of lymphocytes [17]. The histological lesions in 

ducks associated with acute viral hepatitis were very similar to that in EHCV and HAV infection 

[20, 27]. Viral RNAs can be sensed by cytosolic PRRs, including Toll-like receptor 7 (TLR7), TLR3, 

retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5) 

[37]. Activation of both types of PRRs by ssRNA or dsRNA was subjected to induce type I 

interferon and other inflammatory cytokines [38, 39]. However, except for TLR7, the other 

three members of the PRRs were only slightly up-regulated at 8-dpi to 14-dpi. This finding was 

supported by that the TLR3 signalling pathway was also disrupted through the cleavage of TRIF 

directed by a 3CD intermediate [40]. HAV infection also suppresses the production of Type I 

IFNs through the RIG-I/MDA5 pathway, through which signal transduction is blocked through 

the cleaving activity of 3ABC protease to Mitochondrial Antiviral Signalling Protein (MAVS) [40, 

41]. The infiltration of neutrophil granulocytes was accompanied by strong elevation of CCL21 

but not CCL19. This result was consistent with larger and more organized infiltrates directed 

by mouse ectopic expression of CCL21 [42]. Expression of CCL21 was also involved in the 

organization of inflammatory lymphoid tissue and the recruitment of T-cells, which may 

promote fibrogenesis via activation of chemokine receptor 7 (CCR7) on HSCs during chronic 

hepatitis C [43]. Previous studies indicated that recruitment of Tc and Th cells to the liver could 

increase the efficiency of viral clearance [44, 45]. In this study, however, the comparatively 

lower T-cell response may lead to a chronic DHAV infection.  

During the later stage of infection, liver lesions were characterized by serious vacuolation, 

steatosis, interface hepatitis and progressive fibrosis. Many T-cells, plasm cells and 

heterophilic granulocytes were recruited to the liver to resist viral infection until the last stage 

of virus clearance. During the sustained battle between virus and host, the injured liver cells 

were replaced either by fibrosis or regenerated parenchyma cells. Our data indicated that the 

time of sustained infection in the liver (40 wk) was very similar to that of HAV-infected 

chimpanzees (35 to >48 wk) and much longer than HCV infection (10-20 wk) [20]. The 

sustained expression of viral RNA polymerases reflects ongoing viral replication (Figure S5), 

which was consistent with viral RNA copies (Figure 2). Combined with these evidences, the 

ducks infected DHAV could progress to chronic viral hepatitis. Interestingly, viral RNA copies 

peaked at 2 wk, dramatically declined at 4 wk, and then gradually vanished until 280-dpi in 

liver. The dynamic changes were negatively related to the intensity of Tc responses, 

interferons and interleukins and positively correlated with liver injury. To further investigate 

the role of cytokines in fibrogenesis, conjoint analysis indicated that Th1/Th2 cytokines (IFN-

γ/IL-4) were inclined to Th2 immune responses from 14-dpi to 28-dpi, which was consistent 

with the progress of fibrosis (Figure S1/S6). These results indicated that the IL-4 might be the 

predominantly profibrogenic cytokines, which is consistent with CCl4-induced fibrosis in mice 

[12]. Those characteristics of liver injury, fibrosis and regeneration should be recognized as 
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chronic viral hepatitis. To understand the potential of Peking ducks as a small model for 

research on human acute and chronic hepatitis, phylogenetic analysis of the homology of 

avian hepatotropic virus (DHAV) and human hepatovirus indicated that although DHAV was 

close to the genus Parechovirus, it was also highly related to HAV in the family Picornaviridae 

[34]. Additionally, phylogenetic analysis of ECM deposition-related genes in ducks and humans 

suggested that half of them shared higher homology (Figure 7B). Those data indicated that 

DHAV, the HAV-related avian hepatotropic virus, could induce very similar liver injury in 

human caused by HBV or HCV. This small model may benefit the pathogenesis and 

development of therapeutic strategies for liver injury in humans [10, 46].  

Additionally, DHAV could be cultured in both duck embryos and primary duck embryo liver 

cells, which provided much more availability to address pathogenesis in vivo and in vitro. 

Serious liver injury caused by DHAV in duck embryos was characterized by apoptosis, cellular 

swelling to vacuolar degeneration (ballooning degeneration), apoptosis or necrosis, which was 

mainly caused by viral non-structural proteins, such as 2Apro and 3Cpro or their precursors [40, 

41, 47]. In addition, duck embryo HSCs could be stimulated and activated by DHAV infection 

(Figure 6). The activation of HSCs is involved in differentiation and proliferation of fibroblasts. 

Our data indicated that DHAV can be widely cultured in duck embryos and primary liver cells 

and can infect mature ducks progressing from acute hepatitis to chronic hepatitis.  

In summary, the avian hepatotropic virus (DHAV) can induce apparently liver injury in both 

mature ducks and their embryos. Due to similar phenotype of liver injury, the pathogenesis of 

avian hepatotropic virus might be similar to some of the human hepatotropic virus. This small 

animal model provides the potential to address the process of acute and chronic viral hepatitis, 

fibrosis and hepatocellular regeneration, in a manner that was economical and easy to acquire 

and house in the laboratory (Figure 7C). Comparative and correlation studies between the 

viral life cycle and liver injury and repair are likely to provide insight into the mechanisms of 

viral persistence or clearance in chronic HBV or HCV infection. 
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Supplementary information 

Figure S1: Liver fibrogenesis in mature ducks experimentally infected with DHAV-1 H strain. 
The representative liver Masson staining from 1d to 280d post-infection with DHAV are also 
displayed with two stages, early infection and later infection. Blue colour represents 
collagenous fibres. The brightness and contrast are slightly modified to create a uniform 
background. 
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Figure S2: Double staining of viral capsid and CD4+ positive T-cells in liver. Viral capsid and 
CD4+ T-cells were double stained by rabbit anti DHAV capsid antigen polyclonal antibody and 
mouse anti duck CD4 monoclonal antibody. Red colour and brown colour represent positive 
capsid antigens and CD4+ T-cells, respectively. (Con) represents liver without double primary 
antibody. The brightness and contrast are slightly modified to create a uniform background. 
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Figure S3: Double staining of viral capsid and CD8+ positive T-cells in liver. Viral capsid and 
CD8+ T-cells were double stained with rabbit and DHAV capsid antigen polyclonal antibody 
and mouse anti duck CD8α monoclonal antibody. Red colour and brown colour represent 
positive capsid antigens and CD8α+ T-cells, respectively. (Con) represents liver without double 
primary antibody. The brightness and contrast are slightly modified to create a uniform 
background. 
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Figure S4: Dynamic expression levels of viral capsid antigens in liver. Viral capsid is shown by 
rabbit and DHAV capsid antigen polyclonal antibody with blueviolet. 400× magnification of 
photograph matrices according to the time post-infection. Typical virus distribution was 
exemplified at the corner of each photograph. (Con) represents liver without primary antibody. 
The brightness and contrast are slightly modified to create a uniform background.  
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Figure S5: Dynamic expression level of viral RNA polymerases in liver. Viral replication was 
detected by rabbit anti DHAV RNA polymerase polyclonal antibody with blue-violet. (Con) 
represents liver without the primary antibody. The brightness and contrast are slightly 
modified to create a uniform background.  
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Figure S6: Comparative analysis of interferons and interleukins from 12-dpi to 28dpi. The 
relative values for each cytokine were calculated by 2-ΔΔCt method by comparing with the non-
infected group. The significant difference at different time points between IFN-γ and IL-4 were 
calculated by student’s T-test. *, P<0.05; **, P<0.01; ***, P<0.001.  
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Abstract 

Live attenuated vaccines are widely used to protect humans or animals from pathogen 

infections. We have previously developed a chicken embryo-attenuated Duck Hepatitis A Virus 

genotype 1 (DHAV-1) vaccine (CH60 strain). This study aims to understand the mechanisms 

that drive a virulent strain to an attenuated virus. Here, we systematically compared five 

DHAV-1 chicken embryo attenuated strains and sixty-eight virulent strains. Phylogenetic 

analysis indicated that duck virulent strains isolated from different geographic regions of 

China undergo a convergent evolution in the chicken embryos. Comparative analysis indicated 

that the codon usage bias of the attenuated strains was shaped by chicken codons usage bias, 

which essentially contributed to viral adaption in the unsuitable host driven by incompatible 

translation. Of note, the missense mutations in coding region and mutations in untranslated 

regions may also contribute to viral attenuation of DHAV-1 to some extent. Importantly, we 

have experimentally confirmed that the expression levels of four viral proteins (2A2pro, 

2A3pro, 3Cpro and 3Dpro) in the liver and kidney of ducks infected with an attenuated strain 

are significantly lower than that infected with a virulent strain, despite with similar virus load. 

Thus, the key mechanisms of viral attenuation revealed by this study may lead to innovative 

and easy approaches in designing live attenuated vaccines. 

Keywords: Duck hepatitis A virus, attenuation, RSCU, tRNA, translational selection, vaccine 
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Introduction 

Attributing to the effective immunogenicity and protection, live attenuated vaccines are 

widely used to protect humans or animals from certain pathogen infections since the recent 

half century (Bhamarapravati and Sutee, 2000;Belshe et al., 2007;Hviid et al., 2008;Song et al., 

2013;Minor, 2016). One of the successful examples is the development of attenuated strains 

of Duck Hepatitis A Virus genotype 1 (DHAV-1) through serial passaging in chick embryos, 

which can provide perfect protection in immune ducklings (Cheng et al., 1993;Ou et al., 2017a). 

DHAV-1, a member of the family Picornaviridae, was recently classified into the unique genus 

of Avihepatovirus (http://www.ictvonline.org/virusTaxInfo.asp). It is highly pathogenic to 

ducklings less than one week old (morbidity and mortality, 100% and 95%, respectively) 

(Salmon, 2013). We have previously established methods for virological and immunological 

detection of this virus and characterized the functions of several viral proteins (Cheng et al., 

2009;Cao et al., 2012;Wen et al., 2014;Shen et al., 2015;Cao et al., 2016;Hu et al., 2016;Mao 

et al., 2016;Ou et al., 2016;Ou et al., 2017b;Yang et al., 2017;Zhang et al., 2017). However, the 

mechanisms of viral attenuation for the successful development of the DHAV vaccine remain 

largely elusive.  

DHAV-1 is a single-stranded positive RNA virus with similar genomic organization of 

Picornavirus, including 5' untranslated regions (UTR) covalently linked by a VPg, a large open 

reading frame (ORF), 3'UTR polyadenyliced by the PolyA tail (Kim et al., 2006;Racaniello, 

2013;Sun et al., 2016). Once the viral RNA released into the host cells, it serves as a template 

for both translation and replication to assemble a huge number of progeny viruses (Tuthill et 

al., 2010;Racaniello, 2013;Wen et al., 2015). However, the expression of viral proteins largely 

relies on the host translation system. During passaging in chicken embryos, DHAV-1 triggers 

diverse pathological changes from slight to serious upon serial passaging (Hwang and E. 

Dougherty, 1962;Salmon, 2013). During this process, synonymous and non-synonymous 

mutations will emerge to make up the pressures from translation or function of viral proteins 

(Ran et al., 2014). The subsequent selections in the viral genome are the consequences of 

multiple host factors, including codon autocorrelation, clustering of rare codons, mRNA 

secondary structure, ribosomal density, relative abundance of wobble base pairs and modified 

tRNA (Novoa and de Pouplana, 2012). 

The missense mutations change certain amino acid and may lead to structural or functional 

alterations of the protein. These may contribute to fitness or defection of the virus (Nilsson et 

al., 2003;Appel et al., 2008;Voitenleitner et al., 2012). It has been reported that missense 

mutations in nonstructural protein of hepatitis A virus (2B protein and 2C protein) and 

hepatitis C virus (NS5A and NS5B) will increase viral adaptation (Emerson et al., 1992;Lohmann 

et al., 2001;Voitenleitner et al., 2012). In contrast, synonymous mutations do not change the 

protein sequence. But they are not necessary to be neutral, because prefect codon is 

translated more efficiently, resulting in high levels of protein expression. Thus, we hypothesize 

that synonymous and missense mutations occurred during the passage in chick embryo are 
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likely due to incompatibility of the host translation system. Because different types of hosts 

vary considerably in respect to the diversity of tRNA gene numbers, Relative Synonymous 

Codon Usage (RSCU) and tRNA modification enzymes (Novoa Eva Maria et al., 2012;Ran et al., 

2014;Powell and Dion, 2015).  

To address whether the incompatible translation system of the host causes viral attenuation, 

we first performed phylogenetic analysis of virulent and attenuated DHAV-1 strains to identify 

whether those attenuated strains undergo a similar evolution in chicken embryos. We then 

utilized the abundance of tRNA and RSCU in Gallus gallus and Anas Platyrhynchos genomes to 

understand the occurrence of those synonymous mutations upon serial passaging in chick 

embryos. Next, tertiary structural variations in structural and non-structural proteins of the 

virulent and attenuated strains were analyzed by homology modeling. Finally, we 

experimentally demonstrated the lower expression level of viral nonstructural proteins in the 

duck liver and kidney infected with the attenuated strains. 

Materials and methods 

Ethics Statement 

The 9-day-old specific pathogen free (SPF) chicken embryos used in passage study were 

purchased at Merial Company (http://www.merial.com.cn), and this study performed in strict 

accordance with the recommendations in the ARRIVE guidelines 

(http://www.nc3rs.org.uk/arrive-guidelines). The animal experiment has been approved by 

the committee of experiment operational guideline and animal welfare of Sichuan Agricultural 

University, China (The approved permit number is XF2014-18). All ducks were handled in 

compliance with the animal welfare regulations and maintained according to standard 

protocols. All surgeries performed on animals were under sodium pentobarbital anesthesia, 

and all efforts were made to minimize suffering.  

Sequences of virus and host 

The DHAV-1 CH60 attenuated strain is a commercial vaccine approved by Ministry of 

Agriculture (PRC). The attenuated strain, which was derived from the DHAV-1 CH strain in the 

allantoic cavities of 9-day-old specific pathogen free (SPF) chicken embryos after 60 passages, 

is a commercial vaccine developed by our laboratory. Other genomes of 72 Duck hepatitis A 

virus species were retrieved from GenBank (http://www.ncbi.nlm.nih.gov/genbank), 

including 4 strains of chicken embryo attenuated viruses, 68 strains of virulent viruses 

(Supplementary Table 1). The abundance of tRNA and RSCU of Gallus gallus and Anas 

Platyrhynchos were obtained from Genbank and Condon Usage Bias Databases, respectively 

(http://www.kazusa.or.jp/codon/). The ADAT2 reference sequences of Homo 

sapiens(NP_872309), Gallus gallus(XP_419709) and Anas platyrhynchos (XP_012962288) 

were obtained from Protein database from NCBI. 

https://www.baidu.com/link?url=wF4S-Pm1N2BFXpZXMCzDeRfh25OjJKZDmhLV2SWbM12JO9O4KaN2EuZGK5NJ_2FC&wd=&eqid=de964163001716a100000002576e2ead
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Phylogenetic analysis 

To elucidate the phylogenetic relationship between chick embryo attenuated strains and 

virulent strains, 68 virulent strains and 5 chick embryos attenuated strains were analyzed by 

Neighbor joining method using Mega 6.0 (Tamura et al., 2013).  

Codon usage indices 

Nucleotides frequencies at the third position of whole genome was calculated by bio-python 

software. The RSCU, Uracil at the 3rd codon position (U3s), A3s, G3s，C3s and the third 

synonymous codon position GC content (GC3s) were calculated by CodonW 

(http://www.molbiol.ox.ac.uk/cu, version 1.4.2) using Saccharomyces cerevisiae as reference. 

RSCU used by virulent and attenuated strains were visualized by Hemi software with 

hierarchical clustering analysis (http://hemi.biocuckoo.org/).  

Correlation analysis of RSCU and tRNA copies in chicken and duck genomes 

Those significant changed codons in chick embryo attenuated strains were correlated with 

RSCU and tRNA copies in chicken and duck, respectively. The corresponding codons in virulent 

strains were also analyzed by the above methods. Linear regression and significant 

correlations were calculated using IBM SPSS Statistic 20. The RSCU and tRNA copies used in 

chicken and duck genome were plotted by Graphpad Prim software. The NNA, NNT, NNG and 

NNC used in chicken and duck were compared by Wilcoxon matched-pairs signed-ranks test. 

tRNATNN, tRNAANN, tRNACNN and tRNAGNN were also compared. *P < 0.05, **P < 0.01 or ***P < 

0.001. 

Multiple sequences alignment 

Conforming nucleotide substitutions were identified by Mega 6.0 using Cluster W method 

(Tamura et al., 2013). The details of synonymous and non-synonymous mutations were listed 

in supplementary Table 2. The frequencies of nucleotides in ORF (68 virulent strain and 5 

attenuated strain) were calculated by biopython analysis. The nucleotide with the highest 

frequencies at each site was used to construct two conserved ORF sequence (virulent strain 

and attenuated strain).  

Secondary structural prediction of 5’UTR and 3’UTR 

The 5’UTR and 3’UTR of DHAV-1 virulent (ATCC, DRL-62 strain) and chick embryo attenuated 

virus (C80 strain) were imported into RNAfold web server to predict their secondary structures 

(Gruber et al., 2008). The sequences and CT files were visualized by Vienna VARNA package. 

In order to understand whether those fixed SNPs could significantly change the secondary 

structure of virulent strains, the 5’UTR and 3’UTR of artificial mutant 5’UTR or 3’UTR were also 
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imported into RNAfold web server to predict their secondary structure (Supplementary Table 

2).  

Experimental design and Immunohistochemistry (IHC) 

15 ducks were randomly divided into three groups. Group 1 (CH60 strain) and group 2 (H strain) 

received 1 ml of virus (4.56×108 copies/ml) by intramuscular injection, while group 3 was 

injected with an equal volume of 0.85% physiological saline as a negative control. The tissues 

of the liver and kidney from the mature ducks (160 days of age) inoculated with virulent strains 

and chicken embryo attenuated strains at 4 days post-inoculation were fixed in 4% 

paraformaldehyde, dehydrated, embedded in paraffin, sectioned into 4-μm thick sections and 

followed with previous established IHC protocol (Ou et al., 2017a).  

qRT-PCR 

Virus loads in liver and kidney were detected by real-time PCR assay according to the 

previously established method (Yang et al., 2008). Briefly, one hundred milligrams of each 

tissue were used for RNA isolation, then the viral RNA copies was detected by one step Real-

time PCR assay. The viral RNA copies in liver or kidney were translated by copies (Log10 /g). 

Homologous modeling 

Online homologous modeling software of SWISS-MODEL was used to analysis the structural 

variations resulted from missense mutations on Table S2 in the process of serial passages in 

chicken embryos (Biasini et al., 2014). It base sensitive Hidden Markov Models (HMM) to 

search against the SWISS-MODEL Template Library (SMTL). And those amino acid (aa) 

substitutes were demonstrated by the PyMOL molecular graphics system(DeLano, 

2002)(supplemental figure 2-4). Templates for homologous modeling are as follows, Ljiugan 

viral capsids (PDB:3Jb4: A/B/C) for modeling DHAV-1 VP1/0/3(Zhu et al., 2015), GTPase IMAP 

family member 7 (PDB: 3zjc.3.A) for 2A2 protein (Schwefel et al., 2013), Adipose 

phospholipase A (PDB: 4fa0.1.A) for 2A3 protein (Pang et al., 2012), Actin-related protein 2/3 

complex subunit 3(PDB: 4jd2.1.E) for 2B protein (Luan and Nolen, 2013), Minichromosome 

maintenance protein (MCM)(PDB: 4r7y.1.A) for 2C protein (Miller et al., 2014), AopB (PDB: 

3wxx.2.B) for 3A protein (Nguyen et al., 2015), iron-regulated surface determinant protein H 

(PDB: 2lhr.1.A) for 3B protein (Spirig et al., 2013), Enterovirus 71 3C protein (PDB: 3qzq.4.A) 

for 3C protein (Wang et al., 2011), Poliovirus 3D polymerase (PDB: 4nlr.1.A)for 3D protein 

(Sholders and Peersen, 2014).  

  

javascript:void(0);
javascript:void(0);
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RESULTS 

Convergent evolution of the virulent strains upon passaging in chicken 

embryos  

In general, virulent strains of DHAV-1 isolated from ducklings can be attenuated through series 

of passaging in chicken embryos, accompanied by histopathological injury from mild to severe 

(Figure 1a)(Hwang and E. Dougherty, 1962). Phylogenetic analysis indicated a convergent 

evolution of the virulent strains isolated from different regions under the host selection of 

chicken embryos (Figure 1b). Genomic and protein sequence alignment between chick 

embryo attenuated strains and duck virulent strains indicated that a large number of identical 

mutations were selected in those five attenuated strains (Supplementary data 1-2). next, the 

nucleotide frequencies at the third position were compared between attenuated and virulent 

strains (Figure 1c). To estimate the percentage of synonymous and non-synonymous, the 

frequencies of nucleotides at each site were used to construct two conserved viral ORFs 

(virulent strain and attenuated strain). As calculated, the total mutations in the ORF is 208, 

when compared to the above constructed sequence. Specifically, 30 out of 208 mutations will 

lead to 27 non-synonymous mutations. Therefore, the percentage of synonymous mutation is 

85.57% (178/208=0.8557). (Supplementary data 3). Those results indicated that codon usage 

bias was apparently changed after passaging in chick embryos. Specifically, Adenine at the 3rd 

codon position (A3s) and C3s in chicken embryo attenuated strains is much more abundant 

than that in virulent strains (P<0.01), but much less at T3s and G3s (Figure 1c). During the 

process of passaging, a number of SNPs were also acquired (Supplementary Table 2). These 

results indicated convergent evolution of genomic sequence and the pattern of codon usage 

of DHAV-1 during serial passage in chick embryo.  

Incompatible host translation shapes viral codon usage bias 

The virulent viruses insolated from duck are originally non-infectious to chicken. While after 

series of passages in chicken embryos, it indeed adapt the new host (Hwang and E. Dougherty, 

1962). When we inoculate back this chicken attenuated virus to their original host, duck, 

virulence is attenuated. In all organism, protein translation is the last step to readout genetic 

codons. While different host translation machinery uses different decoding strategy, the 

major reason is diversity of codon usage bias used by different host, as chicken and duck in 

this study. Importantly, it had been proven that the expression of viral genes largely relies on 

the host translation system, and bias codons that is compatible to their host can improve 

translation efficiencies and protein fold (Hanson and Coller, 2017).To elucidate the potential 

mechanism of codon bias in chick embryo attenuated strains, the corresponding codon 

frequencies and tRNA copies in chickens and ducks were simultaneously analysed with viral 

codon usage bias. The correlation analysis indicates that the codon frequencies in attenuated 

strains are higher (24.45%) in correlation with chicken codon frequencies than that in duck 

javascript:void(0);
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(Correlation index (0.570 vs 0.458)). But those codon frequencies are not correlated with tRNA 

copies in both chicken and duck genome (Figure 2a). Interestingly, the corresponding codon 

frequencies in virulent strains are also higher (30.70%) in correlation with chicken codon 

frequencies than that in duck (Correlation index (0.5163 vs 0.395)). Those codon frequencies 

in virulent strains are not correlated with tRNA copies in both chicken and duck genome 

(Figure 2b). In the genomes of both Gallus gallus and Anas platyrhynchos, the codon 

frequencies per thousand is positively correlated with the abundance of tRNA in its genome 

respectively (P<0.01) (Figure 2c). The corresponding codons, NNA, NNT, NNG and NNC, used 

in chicken are significantly higher than that in duck (P<0.05 at least) (Figure 2d). Since tRNA 

copies have significant impact on codon usage bias, the corresponding tRNA copies were also 

analyzed. tRNAANN and tRNACNN, but not tRNATNN and tRNAGNN, are significantly higher than 

that in duck (P<0.05) (Figure 2e). Altogether, the higher correlation of codon frequencies in 

chicken embryo attenuated strains and their new host (chicken) indicated that viral codon 

usage bias was shaped by incompatible host translation that duck insolated virus must adapt 

in chicken embryos by using this incompatible host translation. 

High variations in secondary structure of 5’UTR but not 3’UTR of the DHAV-1 

genome 

Because viral 5’UTR and 3’UTR are constructively needed for IRES-mediated translation. Their 

secondary structural variations could regulate the efficiency of viral translation. Therefore, the 

secondary structures of 5’UTR and 3’UTR of the DHAV-1 virulent strain (ATCC, DRL-62) and 

chick embryo attenuated strain (C80) were predicted by RNAfold web server according to the 

rule of minimum free energy (MFE) (Gruber et al., 2008). We next analyzed whether the 

confirmed mutations in supplementary Table 2 can lead to a secondary structural variations 

or not. We found that the secondary structure at 5’UTR was heavily changed during the 

process of serial passaging in chick embryos and this was consistent with DRL-62 mutation 

analysis (Supplementary Figure 1a). However, there was only one nucleotide substitution 

(145, A-G) occurred at 3’UTR which led to a slight extension of a central stem (Supplementary 

Figure 1b). 
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Figure 1 Overview of viral attenuation in chicken embryos and host selection on virus. a, Virulent 
strains isolated from ducklings can be attenuated through series passaging in chicken embryos, 
which accompanied by seriously histopathological injury after 60 passages(Hwang and E. 
Dougherty, 1962). b, Phylogenetic analysis indicated virulent strains isolated from different 
regions caused a convergent evolution under similar host selection-chicken embryos. In addition, 
genetic distance was much closer than virulent strains. The evolutionary tree was inferred using 
the Neighbor-Joining method with 1000 bootstrap test. c, Thymine at the 3rd codon position (T3s), 

A3s, G3s，C3s between the attenuated and virulent strains were compared in whole genome and 
sum (Left and right). The differences were calculated by N3s frequencies of attenuated strains 
minus N3s frequencies of virulent strains (Fre A-Fre V). The total N3s were also compared by 
Student T test. *P < 0.05, **P < 0.01 or ***P < 0.001. 
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Figure 2 Comparative analysis of codon usage frequencies and tRNA copies in chickens and 
ducks. To elucidate the potential mechanism of codons bias in chick embryo attenuated 
strains, the corresponding RSCU and tRNA copies in chickens and ducks were analyzed. a, 
Those significant changed codons in the attenuated strains were correlated with 
corresponding codon usage frequencies and tRNA copies in chicken and ducks. Correlation 
index (R) and significant levels (P values) were also listed. b, The counterparts in the virulent 
strains were also analyzed by the same methods. c, Correlation between codon usage 
frequencies and tRNA copies in chicken and duck were both significant correlated (P < 0.05). 
d, NNA, NNT, NNG and NNC used in chicken and duck were compared. e, tRNATNN, tRNAANN, 
tRNACNN and tRNAGNN used in chicken and ducks were compared. The difference of each 
groups were analysis by Wilcoxon matched-pairs signed-ranks test. *P < 0.05, **P < 0.01 or 
***P < 0.001.  
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Tertiary structural variations in both virulent strains and chicken embryo 

attenuated strains  

To further understand structural variations of viral proteome caused by those missense 

mutations, comparative homology modeling was used. In P1-coded viral capsid (P1), four 

substitutes (T3S, E205K, R217K, D234N) in the VP1 and three substitutes (P55L, T163A, A168T) 

in the VP0 were displayed in the supplementary Figure 2. These mutations are mainly located 

within the interface between VP1 and VP0. Except for the rest of P2 region, 2Cpro was the only 

one truncated into three fragments to build its tertiary structure, including 2C1-137 similar to 

Minichromosome Maintenance Protein (MCM) terminal, 2C138-264 to major MCM, 2C265-333 to 

central domain of MCM (supplementary Figure 3d). The mutation H142Y nearby G4 box in 

2A2
pro, which changed from a basic aa to an aromatic aa, may attribute to the effect of 

maladaptive chick embryos. In the P3-region, only one substitute (E30G) in 3Bpro and four 

substitutes (G46E, C89S, D91E and L434F) in 3Dpro were identified. Those mutations focus on 

the surface loop of 3Dpro except for the central alpha-helix of 2Bpro (Supplementary Figure 4d). 

Lower expression levels of viral nonstructural proteins in duck liver and kidney 

infected with chicken embryo attenuated DHAV-1 

To experimentally verify the impaired expression of viral proteins of the chicken embryo 

attenuated DHAV-1, we performed infection assay in ducks and evaluated the expression 

levels of nonstructural proteins in the liver and kidney. We observed significantly lower 

expression levels of four viral proteins in chicken embryo attenuated strains infected liver and 

kidney compared to virulent strains infected tissues, despite with similar virus loads (Figure 3 

a-s). The expression patterns of these viral nonstructural proteins in those two groups were 

also different, reflecting the stronger invasiveness of the virulent strains in the liver (Figure 3 

a-h). Additionally, clear steatosis was observed in the virulent virus infected liver but not in 

chicken embryo attenuated virus infected liver (Figure 3 a-h). 

DISCUSSION 

If viruses survived in an unsuitable host, they likely “endure” and then “enjoy” the selections. 

The remarkable adaptation of some viruses to new hosts is heavily dependent on the 

generation of de novo mutations. The mutation rates vary tremendously among different 

types of viruses. RNA viruses in particular with a single-stranded genome mutate faster than 

DNA viruses. As a positive single-stranded RNA virus, the virulent DHAV-1 strains isolated from 

different geographic regions indeed undergo a convergent evolution driven by passaging in 

chicken embryos revealed by our phylogenetic analysis. During this process, different types of 

mutations, including synonymous and non-synonymous mutations in the coding region and 

mutations in the UTR, have emerged. Conceivably, these mutations co-ordinately drive the 

adaptation to the environment (Figure 4).  
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In respect to the successful development of the live attenuated DHAV-1 vaccine, we believe 

that the rapid emerging of many synonymous mutations (85.57%) is essential. Although these 

mutations do not change the amino acid sequence of the viral proteins, they highly regulate 

the efficiency of gene translation according to codon usage bias. We have previously identified 

that virulent and attenuated DHAV-1 strains have different codon usage bias (Ou et al., 2017a). 

In this study, we further revealed a higher correlation between viral codon usage of the 

attenuated strains with chicken codon usage, compared to the counterpart of virulent strains 

with duck. The universal and basic driving force is translation, because viral gene expression 

highly depends on the codon usage bias of the hosts (Ran et al., 2014;Powell and Dion, 2015). 

Previous studies have also demonstrated that preferred codon frequencies in highly expressed 

genes correlate with tRNA abundances (Novoa and de Pouplana, 2012;Powell and Dion, 2015). 

We found that significant more A3s and C3s in attenuated than virulent strains indeed couple 

with more NNA and NNC codon frequencies in chicken, but the corresponding tRNA copies 

(tRNAUNN and tRNAGNN) were not higher in chicken. A possible explanation could be that 

tRNAANN gene copies may have part or indirect impact on codon usage bias.  

Importantly, we experimentally confirmed that viral protein expression in the liver and kidney 

is significantly lower with distinct expression patterns in ducks inoculated with the attenuated 

strain compared to the inoculation of virulent strain, despite with similar viral titers. Our 

findings are consistent with previous studies that viral virulence is decreased by the 

incompatible translation in the process of passages (Ou et al., 2017a) and preferred codon 

frequencies are correlated with high level of gene expression (Ran et al., 2014;Powell and Dion, 

2015). 

Besides, the missense mutations in coding region and mutations in UTR may also contribute 

to viral attenuation of DHAV-1. The previous study reported that that accumulated amino acid 

changes in capsid protein of Calicivirus resulted in disappearance of a helix structure, and thus 

a new phenotype (Nilsson et al., 2003). We observed that the capsid variations are mainly 

focus on the interface of VP1/0/3, which may lead to a variable spatial organization in viral 

morphologenisis (Nilsson et al., 2003;Wen et al., 2015). It has been reported that mutations 

in both 2B protein and 2C protein of hepatitis A virus are involved in adaptation in cell culture, 

especially in 3889 (Ala-Val), 4087 (Lys-Met), and 4222 (Phe-Ser) (Emerson et al., 1992). 

However, only one substitute Ala-Val (329, GCA-GTA) in 2A3 protein was identified in DHAV-

1 virulent strains that is very close to 2B protein or 2C protein. While a single surface mutation 

(Arg-Gly) in NS5B of hepatitis C virus which is similar to 3D polymerase of Picoranvirus 

increases the replication in cell line (Lohmann et al., 2001). As identified in this study, all these 

mutations take place at the surface of 3D polymerase (one in palm, one in thumb, two in 

fingers). These viral-coded proteases interact with other viral proteins or host cell factors, 

which are vital for viral survival and shunting down host immune responses (Yang et al., 

2007;Qu et al., 2011). The 5’UTR of Picornaviridae locates an Internal Ribosome Entry Site 

(IRES), which is vital for viral translation. We found that mutations in 5’UTR but not in 3’UTR 



Chapter 7 

 
155 | P a g e  

cause highly secondary structural variations, which may lead to a translation attenuation due 

to alterations of stem-loop structures (Ochs et al., 2003;Souii et al., 2013).  

 
Figure 3 Viral protein expression in virulent and attenuated strains infected liver and kidney. 
IHC staining of 2A2

pro, 2A3
pro, 3Cpro and 3Dpro (left to right in each row, respectively) in liver and 

kidney infected with virulent virus and chicken embryo attenuated virus respectively. The first 
and second rows display the above four viral protein expressions in liver infected with virulent 
virus (a-d) and attenuated virus (e-h). The third and fourth rows display those four viral protein 
expressions in kidney infected with virulent virus(i-l) and attenuated virus(m-p). The virus 
loads in both liver and kidney were not significantly different between two groups (q). 

https://en.wikipedia.org/wiki/Stem-loop
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However, the attenuated strain shows less viral protein expression in duck liver and kidney 
when compared to a virulent strain (r/s). 

 

Figure 4 Schematic model for viral attenuation in chicken embryos.  
Series of viral passaging in chicken embryo is very effective for development of an attenuated 
vaccine. During the passaging, different types of mutations will occur. Synonymous mutations 
do not change the amino acid sequences, but they significantly change the codon usage bias 
that highly regulate the efficiency of gene translation. In fact, codon usage bias of duck virulent 
strains skewed to the counterparts in chicken after series of passaging, which is essential to 
increasing viral gene expression in a given host. Of note, the missense mutations in coding 
region and mutations in untranslated regions may also contribute to viral attenuation of 
DHAV-1 to some extent. Consequently, the virulence will be attenuated when inoculate to 
duck, the origin host.  

Vaccine development is essential in combating infections in human and animals. The live 

attenuated vaccines developed by series of passages in a given host are widely used since the 

recent half century (Bhamarapravati and Sutee, 2000;Belshe et al., 2007;Hviid et al., 

2008;Song et al., 2013;Minor, 2016). However, developing such a vaccine is laborious and 

time-consuming. Thus, understanding the mechanisms of viral attenuation will hopefully 

provide a simple and universal way to vaccine development. In fact, codon deoptimization has 

been attempted in the development of live attenuated Influenza A and respiratory virus 

vaccines (Nogales et al., 2014;Cox et al., 2015;Fan et al., 2015;Stobart and Moore, 2015). 

However, these innovative approaches in vaccine development have been not widely 

explored and fundamental research is urgently required in parallel to further understand the 

mechanisms of viral attenuation.  

In summary, we have demonstrated that virulent DHAV-1 strains undergo a convergent 

evolution in the chicken embryos during passaging. Consequently, their codon usage bias 

skewed to the counterparts in Gallus gallus, which is essential to viral attenuation drive by 

incompatible translation. These knowledges are important for the future development of 

innovative approaches in designing live attenuated vaccines. 
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Supplementary information 

Supplementary Figure 1 Secondary structural variations of 5'UTR and 3'UTR in the process 
of serial passaging in chick embryos. (a) Online RNAfold web server was used to characteristic 
the secondary structural variation in chick embryo attenuated strains. In order to understand 
whether those fixed SNPs could significantly change the secondary structure of virulent strains, 
the 5’UTR of artificial mutant involved in the Table S2 were also imported into RNAfold web 
server to predict their secondary structure. (b) The same methods were also used to predict 
secondary structure of 3’UTR and their mutant. Apparently structural changes in 5’UTR but 
not in 3’UTR were identified in the DHAV-1 genome. 
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Supplementary Figure 2 Quarternary structural variations in capsid. Non-synonymous 
substitutes, such as T3S, were displayed using mesh model (purple to yellow) to indicated their 
spatial position. The color of number indicates where the non-synonymous substitutes take 
place, VP1(green), VP3(blue) or VP0(red). Due to the sequence difference with the modeling 
template, except T3S mutation of VP1, the other three C-terminal mutations (E205K, R217K 
and D234N) in spatial position were not available in this analysis. Three substitutes (P55L, 
T163A, A168T) of VP0 were also labeled. Those aa substitutes were mainly identified in the 
interface of VP1/0/3. All those modeling are predicted by SWISS-MODEL and visualized by 
Pymol software. 

E
205K ?  
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217K ? 

D
234N ? 
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Supplementary Figure 3 Tertiary structural variations in P2-nonstructural proteins. Those 
nonstructural proteins (2A2

pro,2A3
pro, 2Bpro and 2Cpro) coded in this region were well modeled 

with its template, except for 2C protein. Blue color indicates templates. a. Superposition of 
2A2 protein with its template (GTPase, PDB: 3zjc.3.A). G1-G5 motif were labeled by different 
color. The mutation H142Y nearby G4 box changed from a basic aa to an aromatic aa, may 
attribute to the effect of maladaptive chick embryos. b. Superposition of 2A3 protein with 
Adipose phospholipase A (PDB: 4fa0.1.A). c. Superposition of 2B protein with Actin-related 
protein (PDB: 4jd2.1.E). d. Superposition of 2C protein with Minichromosome maintenance 
protein (MCM)(PDB: 4r7y.1.A). Because 2C protein were not predicted in full length, the 
DHAV-1 2C protein was truncated as three fragments to build its tertiary structure. Non-
synonymous substitutes were also displayed using mesh model (purple to yellow) to indicated 
their spatial position. All those modeling are predicted by SWISS-MODEL and visualized by 
Pymol software. 

file:///E:/ç§�ç �å¦ä¹ æ��æ��/ç��ç�©ä¿¡æ�¯å��æ��/codenanalysis/3D%20structure/Swiss-model/V2A2_2015-12-03/model/01/templates/3zjc.3.A.pdb
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Supplementary Figure 4 Tertiary structural variations in P3 non-structure proteins. Blue 
color indicates templates. a. Superposition of 3A protein with its template (AopB, PDB: 
3wxx.2.B). There were no substitutes in 3A protein. b. Superposition of 3C protein with 
Enterovirus 71 3C protein (PDB: 3qzq.4.A). The catalytic resides and their distance were also 
labeled. There were no substitutes in 3C protein. c. Superposition of 3B protein with iron-
regulated surface determinant protein H (PDB: 2lhr.1.A). Non-synonymous substitutes were 
also displayed using mesh model (purple to yellow) to indicated their spatial position. The 
mutation of E30G at α-helix was labeled (purple to yellow). d. Superposition of 3D protein with 
Poliovirus 3D polymerase (PDB: 4nlr.1.A). Four substitutes (G46E, C89S, D91E and L434F) were 
identified on the surface loop of 3Dpro. All those modeling are predicted by SWISS-MODEL and 
visualized by Pymol software. 
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Supplementary Table 1 Representative viral strains in this study. 

Groups Strains Accession No. Comments 

Chicken embryo 

attenuated strains 

 

 

Virulent strains 

CH60 
C80 

FC64 
A66 
MY 

DRL-62 
R85952 

03D 
JX 
F 

5886 
H 

HP-1 
ZJ 
S 

CL 
YZ 

DHV-HS 
DHV-HSS 

JH2 
JH1 
YN 
FS 
ZZ 

DHAV-1 
GZ 

HDHV1-BJ 
HDHV1-JX 
HDHV1-SC 
HDHV1-GS 
HDHV1-HN 
HDHV1-SH 
HDHV1-GD 
HDHV1-HB 

LY0801 
FFZ05 
GFS06 
GQY07 

X 
GFS99 

SG 
NA 

C-LGJ 
C-XNH 
C-QYD 
SH-1 
SH 

Du/CH/LBJ 
Du/CH/LFJ 

duck/CH/LGD/100913 

KU923754.1 
DQ864514 
HQ232302 
DQ886445 

GU944671.1 
DQ219396.1 
DQ226541 
DQ249299 
EU371557 
EU264072 
DQ249301 

DQ249300 
EF151312 
EU841005 

EF417871.1 
EF427899.1 
EF427900.1 
DQ812094.2 
DQ812092.1 
EU395435.1 
EU395436.1 
EU395437 
EU395438 

EU395439.1 
EU395440.1 
EU888310 
FJ157172.1 
FJ157173.1 
FJ157174.1 
FJ157175.1 
FJ157177.1 
FJ157178.1 
FJ157179.1 
FJ157180.1 
FJ436047  
FJ496340 

FJ496341.1  
FJ496342.1 
FJ496343.1 
FJ496344.1 
FJ971623 

GQ130377 
GU066819 
GU066820 
GU066825 

HQ232303.1 
HQ265433.1 

JF828982 
JF828983 
JF828984 

60 passages (china, Sichuan) 
80 passages (china, ?) 

64 passages (china Fujian) 
66 passages (china, Anhui) 

86 passages (china, Xichang) 
ATCC(Korea) 
ATCC(Korea) 
China Taiwan 

China  
China Beijing 

USA 
UK 

China Ha’erbin 
China Zhanjiang 

China Beijing 
China Shandong 
China Yangzhou 

South Korea 
South Korea 

China Shandong 
China 
China 

China Foshan 
China Shandong 

China 
China Guangzhou 

China 
China 
China 
China 
China 
China 
China 
China 

China Shandong 
China Fujian 
China Fujian 

China Guangdong 
China Sichuan 

China Guangdong 
China Shandong 

China Fuzhou 
China 
China 
China 
China 

China Shanghai 
China 
China 
China 

http://www.ncbi.nlm.nih.gov/nuccore/DQ864514
http://www.ncbi.nlm.nih.gov/nuccore/DQ249301
http://www.ncbi.nlm.nih.gov/nuccore/DQ249300
http://www.ncbi.nlm.nih.gov/nuccore/EF151312
http://www.ncbi.nlm.nih.gov/nucleotide/126166096?report=genbank&log$=nucltop&blast_rank=49&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/149777735?report=genbank&log$=nucltop&blast_rank=44&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/149777739?report=genbank&log$=nucltop&blast_rank=76&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/156254054?report=genbank&log$=nucltop&blast_rank=68&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/111218933?report=genbank&log$=nucltop&blast_rank=75&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/167374782?report=genbank&log$=nucltop&blast_rank=22&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/167374784?report=genbank&log$=nucltop&blast_rank=33&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/167374790?report=genbank&log$=nucltop&blast_rank=51&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/167374792?report=genbank&log$=nucltop&blast_rank=32&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319756?report=genbank&log$=nucltop&blast_rank=18&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319758?report=genbank&log$=nucltop&blast_rank=47&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319760?report=genbank&log$=nucltop&blast_rank=29&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319762?report=genbank&log$=nucltop&blast_rank=31&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319766?report=genbank&log$=nucltop&blast_rank=21&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319768?report=genbank&log$=nucltop&blast_rank=20&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319770?report=genbank&log$=nucltop&blast_rank=56&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/205319772?report=genbank&log$=nucltop&blast_rank=50&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/219881805?report=genbank&log$=nucltop&blast_rank=60&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/219881807?report=genbank&log$=nucltop&blast_rank=58&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/219881809?report=genbank&log$=nucltop&blast_rank=36&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/219881811?report=genbank&log$=nucltop&blast_rank=41&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nuccore/GU066819
http://www.ncbi.nlm.nih.gov/nuccore/GU066820
http://www.ncbi.nlm.nih.gov/nuccore/GU066825
http://www.ncbi.nlm.nih.gov/nucleotide/308542831?report=genbank&log$=nucltop&blast_rank=61&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nucleotide/326415934?report=genbank&log$=nucltop&blast_rank=59&RID=N1RYH8BK015
http://www.ncbi.nlm.nih.gov/nuccore/JF828982
http://www.ncbi.nlm.nih.gov/nuccore/JF828983
http://www.ncbi.nlm.nih.gov/nuccore/JF828984
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duck/CH/LGD/100915 
duck/CH/LGD/100916 
duck/CH/LGD/100922 
duck/CH/LGD/100928 
duck/CH/LSD/090830 
duck/CH/LSD/101003 
duck/CH/LSD/101004 
duck/CH/LSD/101006 
duck/CH/LYN/080704 
duck/CH/LBJ/090809 

HB02 
Duck/LGD/111238 
Duck/LGD/111239 

FZ86 
FZ05 
FZ99 

FJ1220 
161/79/V 

R 
SY5 

Du/CH/JS2013 
GD 

CH2012 

JF828985 
JF828986 
JF828987 
JF828988 
JF828989 
JF828990 
JF828991 
JF828992 
JF828993 
JF828997 
JQ031262 
JQ804521 
JQ804522 
JX390982 
JX390983 
JX390984 
KC904272 
EU753359 
EF585200 

JQ808453 
KP721458 
KM017068 
KF953535 

China 
China 
China 
China 
China 
China 
China 
China 
China 
China 

China Hebei 
China 
China 

China Fuzhou 
China Fuzhou 
China Fuzhou 

China Fujian (Pigeon) 
China Jiangsu 

China Guangzhou 
China Zhejiang 
China Jiangshu 

China Guangdong 
China 

 

  

http://www.ncbi.nlm.nih.gov/nuccore/JF828984
http://www.ncbi.nlm.nih.gov/nuccore/JF828984
http://www.ncbi.nlm.nih.gov/nuccore/JF828984
http://www.ncbi.nlm.nih.gov/nuccore/JF828984
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Abstract 

Highly pathogenic coronaviruses, including SARS-CoV-2, SARS-CoV, and MERS-CoV, are 

thought to be transmitted from bats to humans, but the viral genetic signatures that 

contribute to bat-to-human transmission remain largely obscure. In this study, we identified 

an identical ribosomal frameshift motif among the three bat-human pairs of viruses and strong 

purifying selection after jumping from bats to humans. This represents genetic signatures of 

coronaviruses that are related to bat-to-human transmission. To further trace the early 

human-to-human transmission of SARS-CoV-2 in North America, a geographically stratified 

genome-wide association study (North American isolates and the remaining isolates) and a 

retrospective study were conducted. We determined that the single nucleotide 

polymorphisms (SNPs) 1059.C>T and 25563.G>T were significantly associated with 

approximately half of the North American SARS-CoV-2 isolates that accumulated largely 

during March 2020. Retrospectively tracing isolates with these two SNPs was used to 

reconstruct the early, reliable transmission history of North American SARS-CoV-2, and 

European isolates (February 26, 2020) showed transmission 3 days earlier than North 

American isolates and 17 days earlier than Asian isolates. Collectively, we identified the 

genetic signatures of the three pairs of coronaviruses and reconstructed an early transmission 

history of North American SARS-CoV-2. We envision that these genetic signatures are possibly 

diagnosable and predictable markers for public health surveillance. 

Keywords: genetic signatures; SARS-CoV-2; geographic transmission; GWAS 
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Introduction 

Since 2003, coronaviruses (CoVs), specifically, severe acute respiratory syndrome coronavirus 

2 (SARS-CoV-2), severe acute respiratory syndrome-related coronavirus (SARS-CoV, 2003) and 

Middle East respiratory syndrome-related coronavirus (MERS-CoV, 2012), have caused three 

epidemics in human populations worldwide, including the ongoing COVID-19 pandemic 

caused by SARS-CoV-2 (Perlman, 2020; P. Zhou et al., 2020). Interestingly, these CoVs are 

thought to be associated with bat CoVs; for instance, human SARS-CoV-2 shares 96% 

nucleotide identity with bat CoVs (W. Li et al., 2005; P. Zhou et al., 2020). Human-to-human 

transmission of SARS-CoV-2 was confirmed on 14 Jan 2020 (Wu, Leung, & Leung, 2020). On 11 

March 2020, the World Health Organization (WHO) officially declared that human COVID-19 

caused by SARS-CoV-2 was a global pandemic. As of May 31, over 5.93 million human cases 

have been confirmed globally, of which over 2.74 million cases were from America, 

particularly North America (Wu et al., 2020). Thus, it is very important to understand the cross-

species transmission of SARS-CoV-2 and its human-to-human transmission in America to 

inform public health measures (Ji, Ma, Peppelenbosch, & Pan, 2020). 

It is well known that viral genetic variations are associated with many aspects of virology, most 

notably viral infectivity, and zoonotic transfer (Ou, Cao, Cheng, Peppelenbosch, & Pan, 2019; 

J. H. Zhou et al., 2019). Identifying distinctive genetic signatures of CoVs common to those 

viruses found in different host species (human and bat) as well as different geographic regions 

(North America and the rest) may provide differential markers to support epidemiological 

surveillance. However, these distinctive signatures are currently unknown. SARS-CoV-2 

massively mutates, which hampers its transmission tracing (Tang et al., 2020). Herein, we 

aimed to identify the genetic signatures of three pairs of bat-to-human CoVs as well as those 

of the North American SARS-CoV-2 isolates associated with the early human-to human 

transmission history of COVID-19. The whole genomic sequences of three bat-human pairs of 

SARS-CoV-2 were analysed as well as bat-human pairs of SARS-CoV and MERS-CoV; the latter 

also included a MERS-CoV strain isolated from camel (Azhar et al., 2014). After a virus jumps 

to a human host, new mutations are fixed in the viral genome that may be geographically 

different. Identification of these fixed and common mutations remains a great challenge 

because of the complexity of these mutable viruses. In human population genetics studies, 

this type of complexity can be particularly addressed by genome-wide association studies 

(GWASs) (Power, Parkhill, & de Oliveira, 2017). Therefore, we aimed to use a geographically 

stratified GWAS to address the complexity of global SARS-CoV-2 isolates. 

We primarily found that the genomic organization of the three human CoVs was similar to 

that of their paired bat CoVs within lineages and underwent strong purifying selection after 

jumping to the human host. For the early human-to-human transmission of North American 

SARS-CoV-2, we identified that two SNPs of complete linkage disequilibrium were exclusively 

present in more than half of the North American SARS-CoV-2-dominated lineage B.1. By 
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retrospectively tracing isolates with these two SNPs, an early transmission history of North 

American SARS-CoV-2 isolates was reconstructed. 

Results 

Genomic organization of bat-human CoV pairs 

CoVs are positive single-stranded RNA viruses with a nonsegmented genome. The genome 

encodes a fixed array of necessary proteins (NPs), in the order ORF1ab, spike (S) protein, 

envelope (E) protein, membrane glycoprotein (M) protein, and nucleocapsid (N), as well as 

accessory proteins (APs) that differ by number and order among closely related CoVs (Fig. 1). 

We found that the genomic organization of each bat-human CoV pair was similar， as well as 

that of MERS-CoV between humans, bats and camels. For the NPs, the genomic organization 

among all three CoVs followed the same order (i.e., ORF1ab-S-E-M-N) (Fig. 1). The loci of the 

APs were largely different, which was likely caused by gene recombination (Fig. 1). Specifically, 

for SARS-CoV-2 and SARS-CoV, the ORF6, ORF7, and ORF8 genes are equally inserted between 

the M gene and the N gene. However, for MERS-CoV, this location has no gene insertion. 

For the APs, the phylogenetic analysis suggested that the APs of human SARS-CoV-2 are 

evolutionally close to those of bat SARS-CoV-2 (i.e., ORF3a, ORF6, ORF7a, and ORF8), in which 

ORF6 and ORF7a are also close to those of bat or human SARS-CoV (Fig. 1, Fig. S2 and S3). 

Strikingly, the human SARS-CoV-2 genome contains a novel ORF10 that is less related to any 

other human or bat CoV ORF. 

Identical ribosomal frameshift motif between bat-human CoV pairs 

For all CoVs, a programmed -1 ribosomal frameshift signal is essential, as it controls viral 

translation. The slippage signal is characterized by an X3Y3Z motif (X3, any three identical 

nucleotides; Y3, typically UUU or AAA; Z, A, C, or U). We found that the slippage signal, 

U_UUA_AAC, was identical among SARS-CoV-2, SARS-CoV, and MERS-CoV (Baranov et al., 

2005) (Fig. S4). The slippage of ribosomal frameshifting from U_UUA_AAC to UUU_AAA_C 

does not change the growing peptides, as they both encode identical dipeptides because of 

the degeneracy of codon position 3. For the two flanking motifs, the 5’ attenuator hairpin and 

3’ frameshift-stimulating three-stemmed pseudoknots are relatively conserved in both SARS-

CoV-2 and SARS-CoV. However, inside the second flanking motif of MERS-CoV, an insertion of 

the AAT codon (encoding asparagine) was newly identified (Fig. S4). Prior research conducted 

by mutating this slippage signal to C_CUC_AAC shows thorough inhibition of the ribosomal 

frameshift (Kelly et al., 2020). 
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FIG 1 Genomic signatures of bat-human SARS-CoV-2, SARS-CoV, and MERS-CoV pairs. For 
the three CoV pairs, the necessary proteins are encoded in the same order in the genome (i.e., 
ORF1ab-S-E-M-N). The accessory protein-encoding genes vary by locus. SARS-CoV-2 and SARS-
CoV have gene insertions between the M protein and N protein-coding genes, such as ORF6, 
ORF7a(b), and ORF8, while the same locus has no insertion in MERS-CoV. Of note, a novel 
ORF10 (yellow box) of human SARS-CoV-2 is less related to any human or CoV gene. 
Importantly, ORF6 and ORF7a of human SARS-CoV-2 are related to the equivalents of SARS-
CoV isolated from both bats and humans (lower panel). Two new hypothetical proteins (i.e., 
HP1 and HP2) (yellow box) of bat SARS-CoV-2 are evolutionarily close to ORF9a and ORF9b of 
SARS-CoV. Bat-SARS-CoV-2 #1 and #2 represent two related bat CoVs. The phylogenetic tree 
was constructed by the maximum likelihood method. The evolutionary distances are 
calculated by base differences per site. Confidence probability was estimated using the 
bootstrap test (100 replicates). 

Strong purifying selection of CoVs 

Zoonotic transfer of CoVs involves mutagenesis and directional selection (Forni, Cagliani, 

Clerici, & Sironi, 2017). During the 2002–2004 epidemic, SARS-CoV mutated extensively, which 

enhanced its virulence (Consortium, 2004). To measure which type of mutation is linked to 

CoV virulence, synonymous differences (dSs) and nonsynonymous differences (dNs) were 

analysed between intro- and extra-branches (Fig. 2). The number of dSs between CoVs of 

intro-branches is much higher than that of dNs, which is similar among all NPs (i.e., ORF1ab-

S-E-M-N) (Table S2-11, online). For instance, for ORF1ab, the number of dSs between bat and 

human SARS-CoV-2 (dS=1875.75) is approximately four times higher than the number of dNs 

(dN=441.25). The trend is the same for SARS-CoV and MERS-CoV. The number of dSs and dNs 

within intro-branches of CoVs is smaller than the number within extra-branches. This is 

consistent with the evolutionary distances of phylogenetic trees (Fig. 2). 

Because massively synonymous mutations do not modify the protein sequence but change 

the overall codon usage bias, we performed linear regression of relative synonymous codon 

usage (RSCU) to see if bat CoVs show codon usage bias to human CoVs. However, only a slight 

RSCU shift from bat to human CoVs was observed, as the slope of the linear regression was 

slightly smaller than 1 (Fig. S5). Collectively, the large synonymous mutations were augmented, 

which may enhance SARS-CoV-2 virulence, similar to SARS-CoV, 2003. 

The dN/dS ratio is a classic indicator of directional selection: a ratio above 1 implies positive 

selection (nature), a ratio less than 1 implies negative selection (purifying), and a ratio equal 

to 1 indicates no selection (neutral) (Kryazhimskiy & Plotkin, 2008). In contrast, purifying 

selection involves more synonymous mutations than nonsynonymous mutations. As discussed, 

this is true for the three bat-human CoV pairs (Table S2-11, online). Purifying selection 

primarily changes viral codon usage bias and thus can regulate viral virulence via optimization 

of a specific codon context (Coleman et al., 2008; Hanson & Coller, 2017). For ORF1ab, the 

dN/dS ratio between human and bat SARS-CoV-2 is 0.05, which is much lower than that of 

SARS-CoV-2 and MERS-CoV (Table S12-16, online). A similar trend was confirmed in the other 
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NPs. This is supported by a viral culture experiment, as SARS-CoV-2 grows better than SARS-

CoV and MERS-CoV in human cells (Perlman, 2020). Using the codon-based Z-test of selection, 

the statistic shows that human SARS-CoV-2 undergoes significantly strong purifying selection 

(Table S12-16, online). 

 

FIG 2 Evolutionary signatures of necessary protein-encoding genes of SARS-CoV-2. The 
differences between amino acid substitutions were used to construct phylogenetic trees (left 
panel). The same analysis was also performed by the differences in nucleotide substitutions 
(middle panel). dN/dS ratio matrixes are displayed (Table S12-16, online) (right panel). The 
sequential analysis of necessary proteins was performed from top to bottom (i.e., ORF1ab-S-
E-M-N). The phylogenetic tree was constructed by the maximum likelihood method. Bat-SARS-
CoV-2 #1 and #2 represent two related bat CoVs. The evolutionary distances are calculated by 
the differences between amino acid substitutions or nucleotide substitutions per site. 
Confidence probability was estimated using the bootstrap test (100 replicates). 
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Phylogenetics of global SARS-CoV-2 reveals that early North American isolates 

dominate lineage B.1 

To understand the early human-to-human transmission of SARS-CoV-2 in North America, a 

phylogenetic analysis of the global SARS-CoV-2 population (2599 strains with high confidence) 

was conducted. We found that global SARS-CoV-2 was rooted in two lineages, lineages A 

(n=413) and B (n=2186), in which North American isolates dominated lineage B (n=818) and 

lineage B.1 (n=691) (Fig. 3 and Table 1) (Rambaut et al., 2020). Importantly, the phylogenetic 

tree was inferred by producing mutations, and the identification of key mutations can provide 

clues for tracing the transmission route of SARS-CoV-2. 

Geographic GWAS reveals SNPs associated with North American isolates 

Calling key SNPs from massive mutations of the SARS-CoV-2 population requires a GWAS that 

has been learned from a human GWAS (Power et al., 2017). Because of the complexity of the 

phylogenetic tree, a phylogenetically stratified GWAS may not be feasible. Therefore, a 

geographically stratified GWAS was carried out, as the geographic location of individual 

isolates was reliable. The mutation features of SARS-CoV-2 between continents may reflect 

the incidence of emergence of a given viral population in different human hosts (Rambaut et 

al., 2020). By using a geographically stratified GWAS comparing North American isolates 

(n=1063) with the remaining isolates (n=1536), we found 21 significant SNPs or small insertion 

deletions (INDELs) out of 5312 (threshold p-value = 1.00 × 10-15) (Fig. 4A). Specifically, the top 

two SNPs (i.e., 1059.C>T and 25563.G>T) were present in approximately half of North 

American SARS-CoV-2 isolates (479/1063 = 45% and 574/1063 = 54%), particularly North 

American lineage B.1 (479/691 = 69% and 573/691 = 83%) (Table 1). Interestingly, the two 

SNPs were in complete linkage disequilibrium, suggesting that the two SNPs concurrently 

occurred in the North American dominating lineage B.1 (479/691, 69%) (Fig. 4B). Importantly, 

the two SNPs resulted in two mutations (i.e., Thr265 Ile and Gln57 His) in ORF1ab and ORF3a, 

respectively. 

Among these 21 SNPs, we also identified two previously reported SNPs, 8782.C>T and 

28144.T>C (p-value = 4.03 × 10-28 and 9.73 × 10-33), resulting in a synonymous mutation and a 

missense mutation (Leu 84 Ser) (Tang et al., 2020) (Table 1). Interestingly, three sequential 

SNP sites (28881-3.GGG>ACA) were fixed in 22% (207/951) of the European SARS-CoV-2 

isolates, resulting in a synonymous mutation and two missense mutations (Arg 203 Lys and 

Gly 204 Arg) (Table 1). Tracing these three SNPs showed that the recent reemergence of 

COVID-19 in the Xinfadi market in Beijing, China, was associated with European isolates 

(Wenjie et al., 2020). 
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SNP tracing reconstructed an early transmission history of North American 

isolates 

In the North American SARS-CoV-2 population, 45% of strains have these two SNPs, and 69% 

have these SNPs for North American lineage B.1 (Table 1). Because of the high occurrence of 

the two SNPs, tracing the two SNPs may provide a reliable transmission route of SARS-CoV-2 

in the major North American human population. We thus performed a retrospective tracing 

study in our high confidential datasets (2599 flittered strains) to identify the time order of 

isolates occurring at the two SNPs on all continents and in lineage B.1. We found that the first 

isolate started in Europe (Feb 26, 2020) 3 days earlier than the occurrence date of the North 

American isolates (Feb 29, 2020) and 17 days earlier than the Asian isolates (Taiwan China 

dominated) (Mar 13, 2020) (Fig. 5A). By further tracing the accumulating frequencies per day 

of the two SNPs during mid to late March, we found that North American lineage B.1 highly 

accumulated these two SNPs (Fig. 5B). In addition, the mean number of all accumulating SNPs 

during mid to late March was significantly lower than that before or after the same period (Fig. 

S6). This evidence indicated that the two SNPs were strongly selected in the North American 

SARS-CoV-2 isolates, in particular lineage B.1 from mid to late March. The accumulation of the 

two SNPs may explain the sharp increase in confirmed cases in North America before early 

April (WHO reported) (WHO, 2020). 

SARS-CoV-2 is thought to be transmitted from wildlife to humans before human-to-human 

transmission occurs (Andersen, Rambaut, Lipkin, Holmes, & Garry, 2020; Shi et al., 2020; Tang 

et al., 2020). We carefully checked whether bat or pangolin CoVs evolved with the two 

mutations before they jumped to the human species. However, we did not find either of these 

SNPs in the bat or pangolin-related CoVs (P. Zhou et al., 2020) (Fig. S7). Alternatively, in bat or 

pangolin CoVs, the 1059 site has no or a C>A variant, and the 25563 site has a G>A variant 

instead (Fig. S7). (P. Zhou et al., 2020) 
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FIG 3 Phylogenetic tree of early global SARS-CoV-2. The 2599 full-genome sequences were 
used to construct the phylogenetic tree via the maximum likelihood (ML) method using IQ-
TREE 2 software (version 2.1.2, model: GTR+Γ). Accordingly, the early SARS-CoV-2 isolates 
were rooted in two lineages, lineages A (n=413) and B (n=2186), in which North American 
isolates dominated lineage B (n=818) and sub-lineage B.1 (n=691). The constituents of the 
main lineages A and B as well as lineage B.1 are displayed by three pie charts. Specifically, 
North American and European isolates dominate lineage B.1. 
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FIG 4 GWAS and linkage disequilibrium (LD) analysis. (A) Manhattan plot comparing the 
North American SARS-CoV-2 isolates (n=1063) to the isolates from the remaining continents 
(n=1536). Genomic coordinates are displayed along the X-axis, and -log10 of the association 
p-value for each SNP is displayed on the Y-axis (threshold p-value = 1.00 × 10-15). Different 
blocks indicate the different protein-encoding regions. (B) Linkage disequilibrium between 
SNPs in SARS-CoV-2. LD plot of any two SNP pairs among the 21 sites. The number near slashes 
shows the genomic coordinates. The colour in the square is given by the standard (D'/LOD), 
and the number in the square is the r2 value. 
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FIG 5 Retrospectively tracing the early SARS-CoV-2 isolates with SNPs (1059.C>T & 
25563.G>T) of all continents and North American lineage B.1. (A) The time-dependent 
accumulating plot for frequencies of the two SNPs (1059.C>T & 25563.G>T) between 
continents. The continents are labelled by different colours, and the continents of the first 
occurrence of the two SNPs are indicated. (B) The time-dependent accumulation plot of North 
American lineage B.1. Of note, the two SNPs largely and concurrently accumulated during mid 
to late March and occurred most frequently in isolates of North American lineage B.1 (479/691, 
69.31%) (Table 1). 

Discussion 

Herein, we identified the genetic signatures of bat-to-human CoVs and specified an early 

transmission history of North American SARS-CoV-2. Although human CoVs are highly similar 

to bat CoVs by sequence and genome organization (Perlman, 2020; P. Zhou et al., 2020), 

several specific genetic signatures were newly identified in this study, such as a unique ORF10 

in human SARS-CoV-2, an identical ribosomal frameshift motif, and strong purifying selection 

after zoonotic transfer. In addition, we also found that the two causative SNPs that were 

present in approximately half of the North American SARS-CoV-2 isolates represented 69% of 

the isolates of North American lineage B.1 (Rambaut et al., 2020). The early transmission 

history of the major North American SARS-CoV-2 isolates was reconstructed by tracing the 

occurrence date of isolates with these two SNPs, and transmission started in Europe, North 

America, South America, and later Asia and Oceania. 

The genetic signature and its extent determine the bat-to-human cross-species transmission 

of CoVs, which is still largely undocumented. However, distinctive genetic signatures can 
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possibly predict and estimate the risk of zoonotic transmission. The unique ORF10 of human 

SARS-CoV-2 and the insertion of the AAT codon in the slippage signal of MERS-CoV could serve 

as novel targets for differential diagnosis. Importantly, human SARS-CoV-2 as well as SARS-

CoV and MERS-CoV undergo strong purifying selection. Strong purifying selection involving 

large synonymous mutations may promote fitness in the human system by regulating viral 

translation efficiency (Ou et al., 2018). Monitoring the mutation rate in particular synonymous 

mutations and its possible impact would help to predict the risk of zoonotic transfer of bat 

CoVs. 

Following zoonotic transfer, understanding the trend of SARS-CoV-2 geographic transmission 

is important for public measures (CDC-USA, 2020). This study was published as a BioRvix 

preprint and gained the attention of certain medical communities, such as the Centers for 

Disease Control and Prevention of the USA and Washington State Department of Health (CDC-

USA, 2020; health, 2020; Ou et al., 2020). Regardless of the early transmission history, the 

genetic signatures identified may help methodology development for precisely tracing viral 

transmission in real time, such as via the two causative SNPs. These two SNPs pose a great 

possibility for epidemiological surveillance in the North American population due to their high 

prevalence in the same population. In clinical diagnosis, these SNPs may improve 

methodology development to specifically detect North American isolates, such as via SNP-

based allele-specific polymerase chain reaction (ASPCR) (Corman et al., 2020; Ugozzoli & 

Wallace, 1991). It has been reported that SARS-CoV-2 with the D614G mutation in the S 

protein increases infectivity in human lung cells (Yurkovetskiy et al., 2020). The two SNPs we 

identified are responsible for two missense mutations that probably change the protein 

structure and function to some extent. More mechanical investigations of the functional 

impact caused by these two SNPs would be enhanced in this aspect, as they are possibly 

druggable targets. 

The hard lesson of the ongoing SARS-CoV-2 pandemic is its strain of the global public health 

system (Ji et al., 2020). Before the pandemic, researchers detected the proximal origin of 

SARS-CoV-2 in bats from 2015-2017 (Hu et al., 2018). However, its risks to public health were 

largely ignored. A platform for early surveillance and risk estimation of bat CoVs is very much 

needed. In the future, it is hoped that these exclusively genetic signatures may help public 

health surveillance and measures. 

Materials and methods 

Data acquisition 

Human SARS-CoV-2 isolated from Wuhan, China, was obtained from the NCBI database 

(GenBank No.: MN908947.3). To identify the phylogenetically closed bat CoVs associated with 

human SARS-CoV-2, the BLAST searching tool of the NCBI viral database was used. Based on 

the constructed phylogenetic tree, we identified two bat SARS-like CoVs (referred to here as 



Chapter 8 

 
183 | P a g e  

bat SARS-CoV-2) (GenBank No: MG772933.1 and MG772934.1) that were evolutionarily close 

to human SARS-CoV-2 (Table S1,) (Fig. S1). For human SARS-CoVs and MERS-CoVs, similar 

approaches were used to identify their bat CoV pairs; the camel MERS-CoV-related literature 

was also reviewed (Madani, Azhar, & Hashem, 2014). 

For the GWAS, full-genome sequences of global SARS-CoV-2 collected from 12 Dec 2019 to 24 

Apr 2020 (8:00 GMT + 8) were archived from the database of the GISAID Initiative EpiCoV 

platform (GISAID; https://www.epicov.org). A total of 8480 sequences were archived and 

filtered by criteria, including high coverage only (> 29,000 bp, 1X coverage of genome), 

exclusion of low coverage, and sequences with unconfident bases (N) inside. The PANGOLIN 

isolate (EPI_ISL_410539) and bat CoVRaTG13 isolate were also used for phylogenetic analysis. 

The identical sequences were further removed by CD-HIT software (version 4.8.1, parameters: 

-aL 1 -aS 1 -c 1 -s 1) (Huang, Niu, Gao, Fu, & Li, 2010). A final 2599 sequences were used in this 

study (online data file S1). 

Sequence alignment 

A codon-based Cluster W method was used for the multiple sequence alignment and 

identification of the ribosomal frameshift motifs among the three CoV bat-human pairs. The 

genomic organization of annotated CoVs was visualized by SnapGene (Version 4.2.4). 

Phylogenetic analysis 

For the accessory and necessary protein-coding genes, phylogenetic trees were constructed 

by the maximum likelihood method. The evolutionary distances were calculated by the 

differences between amino acid substitutions or nucleotide substitutions per site. Confidence 

probability was estimated by the bootstrap test (100 replicates). 

The 2599 full-genome sequences were aligned by MAFFT software (version 7.407, algorithm: 

FFT-NS-2) (Nakamura, Yamada, Tomii, & Katoh, 2018). The phylogenetic tree was constructed 

by IQ-TREE 2 (version 2.1.2, parameter: -nt -gtr -gamma) using the GTR+Γ model of nucleotide 

substitution (Minh et al., 2020). The phylogenetic tree was visualized by FigTree (version 1.4.4, 

http://tree.bio.ed.ac.uk/software/figtree/). Each descendant lineage was annotated 

according to criteria from recent publications (Rambaut et al., 2020). 

Mutation analysis 

Synonymous and nonsynonymous differences per sequence between human and bat CoVs 

were estimated using the Nei-Gojobori model by MEGA-X software (Table S2-11, online). The 

dN/dS ratio is an indicator of directional selection: a ratio above 1 implies positive selection 

(nature), a ratio less than 1 implies negative selection (purifying), and a ratio equal to 1 

https://www.epicov.org/
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indicates no selection (neutral). The dN/dS ratio (Table S12-16, online) is calculated by the 

following equations: 𝑑𝑁 = −
3
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Codon usage bias analysis 

Relative synonymous codon usage (RSCU) of CoV necessary protein-coding genes (i.e., 

ORF1ab-S-E-M-N) was analysed by CODONW software (http://www.molbiol.ox.ac.uk/cu, 

version 1.4.2) using standard genetic codes. The linear regression of RSCU between bat-

human CoV pairs was analysed by GraphPad Prism 8.0. 

SNP calling 

SNPs and INDEL polymorphisms were detected by MUMmer software (version 3.0, nucmer, 

show-snps) (Kurtz et al., 2004) using the Wuhan-Hu-1 strain (GISAID: EPI_ISL_402125, 

GenBank: NC_045512.2) as a reference genome. To validate the identity of the resulting 

polymorphisms, raw reads (40 out of 2599 strains, NCBI SRA database) were analysed by the 

bwa program (version 0.7.16a) (H. Li & Durbin, 2010) and the mpileup program of the 

SAMtools software (version 1.10) (H. Li, 2011). The validation was consistent with the 

polymorphisms detected by MUMmer software. 

GWAS and linkage disequilibrium (LD) analysis 

To identify causative SNPs in the population of North American SARS-CoV-2 (cases=1063, 

controls=1536), a geographically stratified genome-wide association study of 5312 mutations 

was performed using PLINK software (version 1.90) (Purcell et al., 2007). The empirical 

threshold of the p-value was suggested to be 9.41 × 10-6 (0.05/5312=9.41 × 10-6) calculated by 

the Benjamini & Hochberg method (1995) (Benjamini & Hochberg, 1995), but we further 

increased the threshold of the p-value to 1.00 × 10-15 to detect the most causative SNPs. The 

top 21 significant SNPs were listed (Table 1), and the LD of pairing SNPs was estimated and 

visualized by Haploview software (version 4.1) (Barrett, Fry, Maller, & Daly, 2005). 

SNP accumulating analysis 

To analyse the trend of SNP accumulation during March 2020, the frequencies of average SNP 

accumulation per day were counted. This same trend in 1059.C>T and 25563.G>T in North 

American SARS-CoV-2 and that of the other continents was traced by the date of occurrence 

of the two SNPs. The same analysis of these two SNPs in North American lineage B.1 was also 

conducted. These analyses were performed by Microsoft® Excel 2016 (data file S2, online). 

Statistical analysis 

The probability of rejecting the null hypothesis of strict neutrality (dN = dS) in favour of the 

alternative hypothesis (dN < dS) was calculated by the codon-based Z-test of purifying 
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selection. Data from the SNP accumulation analysis were plotted by GraphPad (Version 8.2.1). 

The mean differences of all types of SNP accumulation per day per strain were determined by 

the Mann-Whitney U test (interval = 10 days) (R version 3.6.2). P values less than 0.05 were 

considered significant. 
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Supplementary information 

 
Fig. S1 The phylogenetic tree of complete genome sequences of SARS-COV-2 
The human SARS-COV-2 and its related CoVs were selected based on the searching results 
using the BLAST tool. For human SARS-COV-2, only two bat SARS-like CoVs (Genbank: 
MG772933.1 and MG772934.1) are phylogenetically closed to the SARS-COV-2. Thus, the two 
bat SARS-like CoVs are tentatively referred by bat SARS-CoV-2 in the context for clearness.  
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Fig. S2 Alignment of ORF6 sequence at protein and nucleotide level (upper and lower 
panel) 

 

 
Fig. S3 Alignment of ORF7a sequence at protein and nucleotide level (upper and lower 
panel) 
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Fig. S4 The programmed -1 ribosomal frameshift signals among three CoVs 
The codon-based alignment of ribosomal frameshifting signals among the three pairing CoVs 
are shown. The slippery sites are highly conserved and are identical U_UUA_AAC motif. 
Moreover, there is a conserved deletion of AAT codon (encoding asparagine) followed by the 
slippage site in both SARS-CoV-2 and SARS-CoV instead of MERS-CoV. 
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Fig. S5 RSCU based linear regression between bat CoVs and human CoVs 
The RSCU data of bat CoVs and human CoVs are indicated by Y-axis and X-axis, respectively. 
For MERS-CoVs, the same linear regression of camel CoV and human CoV was also performed. 
The analysis of necessary protein-encoding genes is listed from top to bottom (i.e., ORF1ab-S 
-M-N). And the analysis of SARS-CoV-2, SARS-CoV, and MERS-CoV are displayed from left to 
right. The R coefficients and linear equations are shown correspondingly. Among all linear 
regressions, the slopes of linear equations are slightly lower than 1. This indicates that the 
RSCU of bat CoVs is slightly shifting to human CoVs to some extent. However, the slope of the 
linear equation for bat MERS-CoV and human MERS-CoV is a little higher than 1 (i.e., 1.113). 
RSCU, Relative Synonymous Codon Usage. 
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Fig. S6 All types of SNPs accumulation during mid to late March 2020 
The mean differences of all types of SNPs accumulation per day per strain were analyzed by 
the Mann-Whitney U test (Interval = 10 days). A p-value of less than 0.05 is considered as 
statistically significant. The mean numbers before or after mid to late March are much higher 
than those during the same period. 
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Fig. S7 SNPs calling in bat and pangolin related SARS-CoV-2 at 1059 and 25563 sites 
Sequence alignment between bat and pangolin related SARS-CoV-2 was displayed. The Human 
Wuhan-hu-1 strain was used as a reference genome. Strains from bat and pangolin were 
named with its host name. Differently, at 1059 site, there is only one SNP for pangolin P1E 
strain (C>A) but not C>T. And the 25563 site has another type of SNP (G>A) but not G>T. 
Wuhan-Hu-1 reference strain is indicated. 
  



Chapter 8 

 
195 | P a g e  

Supplemental Tables 

 

Table S1 Key source data of human and bat pairing coronaviruses  

Virus Host Country (sampling time) GenBank No. 

SARS-CoV-2 

Human China (Dec-2019) MN908947.3 

Bat China (2015-2017) 
MG772933.1 

MG772934.1 

SARS-CoV 
Human China (Feb-2003) AY278488.2 

Bat China (Mar-2004) DQ412042.1 

MERS-CoV 

Human Saudi Arabia (Jun-2012) KF958702 

Bat South Africa (2011) KC869678.4 

Camel UAE (Mar-2015) MF598621.1 
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Translational regulation bridges the cellular transcriptome and proteome, and this has 

become an overarching theme in modern biology and medicine 1. From this thesis, it has 

emerged that among all layers of translational regulations, regulation at the level of 

translational decoding may be the most vital. Because the process of translational decoding 

builds a direct association between cellular mRNAs and proteins; this shapes almost every 

aspect of life science. This connection relies on the physical recognition of tRNA anticodon and 

mRNA codon, which constitutes the center of translational decoding 2,3. As all domains of life 

science are subject to this basic principle, I feel it might be in practice the most important level 

of gene expression control, at least in eukaryotes. Thus driven, I investigated the key factors 

of translational decoding, tRNA molecules, and mRNA codon, and in Chapter 1 of this thesis, I 

performed a first attempted to decipher how these factors contribute to gene expression in 

the setting of certain viral infections and cancer development 4. From Chapter 2 to Chapter 5, 

I have tried to establish a comprehensive understanding of tRNA biology starting from the 

genomic identification of tRNA genes (see Chapter 2) to determining the levels of mature 

tRNAs (see Chapter 3), and I investigated remodeling of the tRNA landscape in cells infected 

with HEV, as well as tRNA dysregulation in the setting of liver cancer (see Chapter 5). The cell 

has impressive mechanisms to prevent mistranslation from happening, nevertheless, aberrant 

decoding of codons does occur. In Chapter 4, I discussed the potential mechanism underlying 

erroneous translation and established that the main causes are tRNA misdecoding and 

misacylation. I also highlighted the consequences of mistranslation for viral evolution and 

cancer development. Understanding the crucial and unique tRNA-codon interaction inside the 

hepatitis viruses infected liver cells may yield novel avenues for developing antiviral 

medications necessary to improve treatment of the associated diseases 5. Similarly, by 

targeting the key tRNA species that mediate the relevant oncogene expression during cancer 

development, novel medication for cancer therapy may be developed, and proof for this 

notion was provided in this thesis for HCC, the most important primary hepatocyte cancer.  

The instrumental role that animal models fulfill in our efforts for understanding the 

pathogenesis is exemplified by many mammal models, such as mice, rats, chimpanzees, 

rabbits, pigs, and horses. Nevertheless, all these models suffer from substantial limitations 

and additional models are necessary to advance the field. Thus, I propose in this thesis an 

alternative avian hepatotropic virus (DHAV) infection model. This virus can cause obvious liver 

disease characterized by swelling livers mottled with hemorrhages in ducklings. In Chapter 6, 

the course of hepatitis and host immune responses in mature ducks induced by DHAV was 

investigated by assessing liver cell damage, fibrosis, and hepatocyte regeneration. I could link 

symptoms of the disease provoked and also its severity, at least theoretically, to the 

effectiveness of translational decoding of viral genes and pathogenesis-contributing genes, as 

well as immune regulator genes, collectively highlighting the importance of translational 

decoding for understanding and modifying pathophysiology. 

By investigating another side of the translational decoding center, in Chapters 7 and 8, I have 

investigated the role of codon variations in artificial and natural viral adaption from one host 
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to another. The former artificial process has been widely applied for the development of 

attenuated vaccines, such as the DHAV live attenuated vaccine developed by passaging the 

duck isolated strains into chicken embryos (see Chapter 7). While the later naturally viral 

adaption involves the viral cross-species infection from one host to another, such as the bat-

to-human coronaviruses (see Chapter 8). Together my work has advanced and enhanced the 

awareness of the importance of translational decoding in medical biology. 

Role of tRNA biology in viral infection and cancer development 

In Chapter 1, I reviewed the current knowledge of tRNA decoding with viral gene expression 

and oncogenic gene expression, as well as corresponding implications for health and disease. 

Translation of the involved genes highly relies on the host tRNAs which mediate mRNA 

decoding and this observation, in turn, suggests alternative approaches to treat viral infection 

and cancer, especially targeting specific tRNA species that are uniquely used. In this chapter I 

discuss two important questions 1) how host tRNA is specifically regulated by viral infection? 
6 2) how dysregulation of tRNA biology is implicated in different cancer types and what are the 

potential underlying mechanisms? 7,8 

Host tRNAs are conserved genes that are indispensable molecules to decode all 64 genetic 

codons present in mRNA. For a virus that can infect multiple host species (for instance a 

zoonotic virus), the viral protein-encoding gene must be decoded by the host tRNA pool and 

failure of this step will result in the absent production of viral proteins and consequently 

failure of infection. If a virus breaks the host species barrier, it is theoretically true that the 

virus may still be properly decoded by different hosts, its tRNA repertoire may be similar. To 

understand the repertoire of tRNA genes in the genome of humans and two important avian 

species (in casu chickens and ducks), I performed a comparative analysis of the tRNA 

sequences among these three species. In Chapter 2, I established that certain tRNA species 

(based on the presence of specific anticodons) are concurrently missing in human and avian 

species, including 8 tRNA-A34NN and 6 tRNA-G34NN. Also, the specifically intragenic promoter 

of tRNA genes (i.e., Box A and Box B) is conserved between humans and the two birds, in which 

box A and B are identical when the chicken and duck genome are compared. These similarities 

of tRNA characteristics may support viral cross-species infection because similar tRNA 

decoding strategies in two distinct hosts are used to translate the same viral genes.  

At the transcriptional level of tRNA, currently, there is no easy-to-do approach for tRNA 

detection and quantification. Such analyses are largely impeded by the extremely short 

sequence of tRNA transcripts and the presence of redundant tRNA genes. Especially the levels 

of the mature (functional) type of tRNAs are difficult to determine. In Chapter 3, I developed 

a simple tRNA detection approach by the quantitative PCR method. Using this novel 

methodology, I observed that HEV infection dramatically reprograms the hepatic tRNAome 

that is likely to facilitate translation of the viral capsid-encoding gene instead of host antiviral 

genes, such as interferon stimulating genes.  



Chapter 9 

200 | P a g e  

Despite the existence of an impressive array of mechanisms to avoid erroneous translation of 

mRNA molecules, such mRNA translation is not always perfect and errors in the amino acid 

composition may occur. In Chapter 4, I discussed the key causes of mistranslation in the tRNA 

decoding process of the codons in mRNA. Such errors mainly derive from tRNA misdecoding 

(leading to misincorporation or stop codon readthrough) and misacylation (leading to wrong 

tRNA-amino acid coupling), especially when certain codon-paired tRNA species are missing 

(see Chapter 2). I also extended the discussion by adding potential implications on viral 

evolution and cancer development from the standpoint of protein synthesis instead of DNA 

and/ or RNA replication. Testing my ideas directly, however, was difficult in the absence of 

technological approaches that allow easy determination of the tRNA landscape in 

experimental samples. 

Encouraged by the development of the novel tRNA methodology in Chapter 3, in Chapter 5, I 

mapped the tRNAome landscape in liver cancer patients and explore potential therapeutic 

targets at the interface of charging amino acid with tRNA. Interestingly, high expression of 

tRNA-Lys-CUU in HCC tumors was associated with more tumor recurrence (HR 1.1; P = .022) 

and worse patient survival (HR 1.1; P = .0037). The expression of Lysyl-tRNA Synthetase (KARS), 

was significantly upregulated in HCC tumor tissues compared to tumor-free liver tissues. In 

HCC cell lines, lysine deprivation, KARS knockdown, or treatment with the KARS inhibitor 

cladosporin effectively inhibited overall cell growth, single cell-based colony formation, and 

cell migration. This was mechanistically mediated by cell cycling arrest and induction of 

apoptosis. Finally, these inhibitory effects were confirmed in 3D cultured patient-derived CC 

organoids. Overall, the tRNA-Lys-CUU charging process can be therapeutically targeted and 

represents unexplored territory for developing novel treatment strategies against liver cancer. 

However, this experimental study was performed on an in vitro cell model though the 

potential therapeutical effect on the tumor organoids is promising. In the future, it is 

interesting to test the effect on a mouse model. 

The implications of translational decoding in artificially and naturally viral 

cross-species infection  

In humans, the pathogenesis of acute and chronic hepatitis is not well understood because of 

the limitations of models in experimental animals. In Chapter 6, I investigated the progress of 

viral hepatitis in mature ducks that is caused by DHAV over a prolonged period, while 

simultaneously I measured the expression of viral proteins in the liver in situ. Following 

experimental infection, the duck model displayed hepatocellular lesions (vacuolation, 

acidophilic degeneration, and steatosis), lymphocyte recruitment (neutrophil granulocytes, 

heterophilic granulocytes, and T cells or plasm cells), and repair (activation of hepatic stellate 

cells, fibrosis, and regeneration). These pathological features are accompanied by increases in 

liver injury biomarkers, such as AST and ALT. Considering the similarities in pathological and 

virological phenotypes with human HAV infection, I envisioned that ducks might be an 

alternatively small animal model that would provide insight into the pathogenesis of viral 
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hepatitis, fibrosis, and liver regeneration. The success of this animal model is linked to high 

viral gene expression and dysregulation of liver function-related gene expression, as well as 

abnormal expression of immune regulators during disease progression.  

In its natural duck host, DHAV can replicate well and cause diverse symptoms, in particular in 

liver tissue. I observed that susceptible ducklings can be prevented by vaccination with a live 

attenuated vaccine, which was developed by serial passaging of the Duck Hepatitis A Virus in 

a chicken embryo. The artificial adaption of a virus in an unsuitable host has been widely used 

for vaccine development, including DHAV living but attenuated vaccines. To understand the 

role of codon variations in this type of artificially cross-species infection, in Chapter 7, I 

characterized the codon variations of DHAV duck isolates after passaging them in the chicken 

embryo. Phylogenetic analysis indicated that duck isolates from different geographic regions 

of China undergo a convergent evolution in the chicken embryos. This indicated that the same 

host translation system may contribute to the convergent evolution of duck-originated viruses 

in chickens. In support of this notion, my comparative analysis indicated that the codon usage 

bias of the attenuated strains was shaped by chicken codons usage bias, which appeared to 

be the driving force in viral adaption as a consequence of the incompatible translation present 

in the unsuitable host. I confirmed that the expression levels of four nonstructural proteins in 

the liver and kidney of ducks infected with an attenuated strain are significantly lower than 

those infected with a virulent strain, despite a similar virus load. Thus, the key mechanisms of 

viral attenuation revealed by this study may lead to innovative and easy approaches for 

designing live attenuated vaccines. 

Also inspired by the global COVID pandemic, in Chapter 8, my research focus moved to the 

codon variations of certain famous coronaviruses, specifically, SARS-CoV-2, SARS-CoV, and 

MERS-CoV. In this chapter, I first identified the genetic signatures including the codon 

variations of three pairs of bat-to-human coronavirus, and the strong selection bias for codon 

use which appeared after jumping from bats to humans. By focusing on the early SARS-CoV-2 

transmission in the North American human population, employing data obtained in a 

geographically stratified genome-wide association study (North American isolates and the 

remaining isolates), I was capable of performing a retrospective study. I established that the 

single nucleotide polymorphisms (SNPs) 1059.C>T and 25563.G>T were present in 

approximately half of the North American SARS-CoV-2 isolates that were obtained in March 

2020. Retrospectively tracing isolates with these two SNPs was used to reconstruct the early, 

reliable transmission history of North American SARS-CoV-2. My analysis showed European 

isolates (February 26, 2020) transmission occurs 3 days earlier than North American isolates 

and 17 days earlier than Asian isolates. Collectively, I identified the genetic signatures of the 

three pairs of coronaviruses and reconstructed an early transmission history of North 

American SARS-CoV-2. These genetic signatures are possibly diagnosable and predictable 

markers for public health surveillance.  
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Thus overall, my thesis largely enhances our understanding of translation decoding, especially 

the tRNA-mRNA codon interactions, in virology and cancer biology and holds great promise in 

developing novel antiviral strategies, anticancer therapy, and new attenuated vaccine 

development via harnessing the tRNA decoding system. 
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Het centrale dogma van de moleculaire biologie stelt dat genetisch informatie ligt in het DNA, 

dat die informatie wordt afgeschreven als messenger-RNA (mRNA) en dat dit mRNA weer 

wordt vertaald in eiwitten, die dan de uiteindelijke effectoren zijn van de genetisch informatie. 

Dit dogma ligt aan de basis van ons denken over gezondheid en ziekte. Het lijkt evident dat de 

vertaling van mRNA naar eiwit hierbij van eminent belang is. Toch is onze kennis over hoe 

deze vertaling tot stand komt relatief beperkt. Met dit proefschrift probeer ik hier verandering 

in aan te brengen en ook probeer ik de inzichten die ik daarbij verkrijg te gebruiken om tot 

betere behandeling te komen van virale hepatitis (leverontsteking) en van leverkanker. 

Het vertalen van mRNA in een eiwitstreng van aminozuren (translatie is een term die veel 

gebruikt wordt) gebeurt in kleine fabriekjes die we ribosomen noemen. Hier worden drie 

basen (ook wel de letters van de genetische code genoemd) van het mRNA vertaald in één 

aminozuur, waarna het ribosoom drie basen opschuift op het mRNA molecuul en het volgende 

groepje van drie basen gaat vertalen in één aminozuur. Zo’n groepje van drie basen/letters in 

het mRNA noemen we een codon. Het uitlezen van welk aminozuur bij welk codon hoort 

gebeurt door de transfer-RNA (tRNA) moleculen. Hoewel er 64 verschillende mRNA-codons 

zijn, zijn er geen 64 verschillende tRNA-moleculen. De verschillende tRNA moleculen die er 

wel zijn worden niet in gelijke mate aangemaakt door de cel. mRNA moleculen die codons 

bevatten waarvoor maar weinig tRNAs zijn, worden slecht afgeschreven en er zal dan maar 

weinig eiwit gevormd worden. De aanwezige kennis hierover vat ik samen in Hoofdstuk 1, 

waar ik ook drie vragen formuleer die ik in dit proefschrift wil beantwoorden: 1) hoe kunnen 

we het tRNA landschap (de relatieve hoeveelheden van de verschillende soorten tRNA 

moleculen) bepalen? 2) Wat betekenen de onregelmatigheden in het tRNA landschap voor 

ons denken over virale infectie en kanker? 3)  Kunnen we deze onregelmatigheden gebruiken 

om betere therapie te ontwikkelen tegen virale hepatitis en leverkanker? 

Net als mRNA moleculen, ligt de genetisch informatie die nodig is om tRNA moleculen te 

maken ook verscholen in het DNA. Een eerste inzicht over hoe tRNA landschappen er uit 

kunnen zien is dus te verkrijgen door het DNA in ons genoom te analyseren op de 

aanwezigheid van tRNA moleculen. Dit doe ik in Hoofdstuk 2, waar ik tRNA genen in mensen, 

kippen en eenden bekijk. Op genomisch niveau trof ik weinig verschillen aan wat betreft tRNA 

genen tussen deze soorten. Het tRNA landschap, echter, is wel heel anders in deze soorten. 

Dit resultaat geeft aan dat de verschillen in tRNA landschap niet hard verankerd zijn in het 

DNA maar het gevolg zijn van dynamische regulatie. Ik heb dit resultaat wereldkundig gemaakt 

middels publicatie in het vaktijdschrift Infection Genetics and Evolution. 

Nu ik vastgesteld had dat het tRNA landschap dynamisch geregeld wordt, wilde ik natuurlijk 

weten hoe dit landschap eruit zou zien onder verschillende omstandigheden. Er was echter 

geen technologie aanwezig om dit makkelijk te bepalen. In Hoofdstuk 3 beschrijf ik mijn 

inspanningen en resultaten die hebben geleid tot een bepalingsmethode die dat wel mogelijk 

maakt. Ik gebruik de methode om te laten zien dat infectie van levercellen met het Hepatis E-

virus ook dit landschap verandert. Het virus zorgt ervoor dat er tRNA moleculen verschijnen 
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in de levercel die helpen de virale mRNA moleculen af te schrijven. Een de voor de hand 

liggende implicatie van deze bevinding is dat als we dit ombouwen van het tRNA landschap 

door het virus kunnen remmen we ook de ernst van de Hepatitis E-virus infectie kunnen 

remmen. Deze resultaten zijn verspreid in de wetenschappelijke wereld middels een 

publicatie in het vaktijdschrif FEBS letters. 

Een interessant aspect van de tRNA biologie is dat het systeem ook wel eens fouten maakt: 

het verkeerde codon wordt gekoppeld aan het verkeerde aminozuur. Waarom dit gebeurt en 

hoe cel en virus met de fenomeen omgaan heb ik onderzocht in Hoofdstuk 4 van dit 

proefschrift, waarin ik aannemelijk maak dat juist dergelijke fouten van belang zijn bij het 

ontwikkelen van virale leverontsteking en bij het kankerproces. Ik kon deze resultaten 

publiceren in het vooraanstaande vaktijdschrift PLOS Genetics. 

In Hoofstuk 5 probeer ik vervolgens een praktische toepassing te vinden voor de kennis die ik 

in dit promotieonderzoek heb vergaard. Om hun werking in het vertalen van mRNA moleculen 

naar eiwitstrengen uit te kunnen voeren moeten tRNA moleculen binden aan de jusite 

aminozuren. In dit hoofdstuk ga ik kijken wat er gebeurt als één bepaald aminozuur niet langer 

aan haar tRNA molecuul kan binden. Ik laat zien dat leverkankercellen hier slecht tegen 

kunnen terwijl ook bewijs presenteer dat normale niet-kankercellen hier waarschijnlijk wel 

tegen kunnen. Deze bevinding zou de basis kunnen zijn van een geheel nieuwe vorm van 

therapie voor leverkanker. Ik kon deze bevindingen wereldkundig maken middels een 

publicatie in het vooraanstaande vaktijdschrift Liver International. 

Zoals gezegd zijn niet alle tRNA moleculen in gelijke mate in het tRNA landschap aanwezig. 

Het gevolg is dat codons in het mRNA die uitgelezen worden door zeldzame tRNA niet efficiënt 

vertaald worden en er ontstaatin zo’n geval dan weinig eiwit uit het betreffende mRNA. Een 

virus dat mRNA met veel zeldzame codons bevat zal dus verzwakt zijn en zich niet snel 

repliceren. Een dergelijk verzwakt virus is een makkelijke prooi voor het immuunsysteem, dat 

snel zal leren om dat virus te bestrijden. Heeft ons immuunsysteem eenmaal dit virus in de 

smiezen, dan zal het ook prima een variant van het virus met niet zeldzame codons aankunnen. 

In Hoofdstuk 7 laat ik zien dat dit in praktijk ook echt werkt en deze aanpak  een nieuwe 

waardevolle strategie kan zijn bij het ontwerpen van vaccins. Deze resultaten heb ik 

wereldkundig gemaakt middels een publicatie in Frontiers in Cellular and Infection 

Microbiology. In Hoofdstuk 8 werk ik de onderliggende processen nog verder uit en laat zien 

dat ook de inmiddels beruchte Coronavirussen hun codons hebben aangepast aan het 

menselijk tRNA landschap, wat het belang van dit landschap in het begrijpen van menselijke 

gezondheid en ziekte benadrukt. Ook deze resultaten heb ik weten te publiceren, in dit geval 

in het vaktijdschrift Transboundary and Emerging Diseases . 

Alles overziend heb ik het gevoel dat ik met proefschrift geslaagd ben in mijn ambitie het 

begrip te vergroten wat de vertaalslag van mRNA in eiwit kan betekenen voor ons denken over 

gezondheid en ziekte en ik werk deze gedacht verder uit in de discussie van mijn proefschrift 
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in Hoofdstuk 9. Hiermee hoop ik een verdere bijdrage te hebben geleverd aan de 

bewustwording van het concept dat translatie een belangrijk biologisch fenomeen is. 
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