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The Origin of Phenotypes

The central dogma of molecular biology 
states that, ‘DNA (the genome) makes 
RNA (the transcriptome) that makes 
protein (the proteome).’ However, 
research has clearly indicated that 
many biological systems are far more 
complex. From the beginning of life 
with one fertilised egg to the end with 
1012–1016 cells in the human body, 
the genome remains relatively static. 
However, the shape and form of the 
body, or the ‘phenome’ (the collection 
of all an organism’s phenotypes), 
changes dynamically in response to 
diverse functions. 

How can a finite genome produce an 
infinite phenome during a life-span? 
The key to answering this question is 
understanding how alternative RNA 
transcripts are produced from genes. 

We know that alternative transcripts 
coordinate information flow from 
genome to phenome in response 
to internal, external, universal and 
biotechnological environments. Indeed, 
a genome harbours a large number 
of DNA variants, most of which are 
silent. The only DNA mutations that 
may affect phenotypes include those 
located in regions that change protein 
expression or truncate proteins. In brief, 
functional DNA variants are those that 
potentially affect RNA transcription 
or structures. Recent research 
clearly points to the key role of RNA 
variants in the regulation of genome 
functions, but their contributions to 
the origin of phenotypes remain largely 
undetermined.

Generally speaking, RNA variants result 
from various mechanisms. Timely 
use of transcript variants is essential 
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for cell maturation (differentiation) 
and development, and response to 
environmental challenges. The misuse 
of alternative transcripts often causes 
defects, diseases and disorders that 
affect nearly every body system. As such, 
alternative transcripts can be used as 
biomarkers to improve early diagnosis of 
diseases, conditions and even cancers. 
They can also be used as targets for novel 
treatment options.  

The Analysis of RNA Variants

There is a number of different types 
of RNA that are classified as coding 
and non-coding due to their diverse 
functions in molecular biology. Transitory 
mRNAs (messenger RNAs) aided by tRNA 
(transfer RNAs) and ribosomes containing 
ribosomal proteins and rRNA (ribosomal 
RNAs) are responsible for the synthesis 
of proteins. Small nuclear RNAs (snRNAs) 
and snoRNAs (small nucleolar RNAs) are 
often involved in either mRNA or rRNA 
processing, while miRNAs (microRNAs) 
degrade mRNAs and even silence gene 
function at the DNA level. Long non-
coding RNAs (lncRNAs) are another type 
of RNA whose functions remain largely 
uncharacterised.
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Regardless of type, RNAs are usually 
converted in the laboratory into 
complementary DNA (cDNA) for 
sequencing. Nucleic acid sequencing 
determines the precise order of nucleic 
acids within a DNA or RNA molecule 
and establishes how amino acids are 
formed into proteins. DNA was first 
sequenced in the early 1970s and 
advances in technology have allowed 
scientists to decipher the entire genetic 
code of many different organisms faster 
and more efficiently. In the late 1990s, 
there were major advances in the speed 
at which machines could carry out 
sequencing reactions, as well as the 
length of the fragments that could be 
sequenced. In order to sequence RNAs 
from the transcriptional start site to 
transcriptional stop site, both next and 
third generation sequencing platforms 
have been developed. Basically, these 
methods were much quicker than 
previous sequencing methods. 

RNA sequencing (RNA-seq) is a next-
generation sequencing method that 
provides short reads, while isoform 
sequencing (Iso-seq) as a third-
generation sequencing method that 
produces long reads for transcriptome 
analysis. Because research studies 

revealed that transcriptome diversity 
is largely due to the use of alternative 
transcription start and termination 
sites, Dr Zhihua Jiang and his group 
at Washington State University have 
focused on the development of 
methods to capture both ends of RNA 
transcripts. 

A New Way to Sequence

Dr Jiang and his team of scientists have 
developed two cutting-edge techniques, 
known as whole transcriptome start 
site sequencing (WTSS-seq) and whole 
transcriptome termini site sequencing 
(WTTS-seq). These techniques offer a 
number of improvements over existing 
RNA sequencing technologies such as 
RNA-seq, producing sequences that 
cover the entire transcriptome in cells, 
tissues, organs and the whole body. 

The techniques developed in Dr Jiang’s 
lab have a number of advantages 
over current RNA-seq techniques. For 
example, WTTS-seq can easily detect 
the alternative polyadenylation (APA) 
sites that mark the end of a transcript, 
which is difficult to determine with 
RNA-seq. The WTTS-seq method is also 
at least 67% cheaper than RNA-seq. 
Other challenges with RNA-seq include 

the under-representation of shorter 
fragments or RNA molecules in the final 
sample. Short fragments are easily lost, 
resulting in larger fragments dominating 
the sample. Bias can also occur when 
one or a few transcripts in a given 
sample are expressed at extremely high 
levels, thereby downplaying the number 
of times other mRNA molecules are 
identified or read. 

RNA-seq often requires 10–20 times 
more reads than a typical sequencing 
method, thus creating challenges in 
analysis and computational methods 
due to the large amount of data that 
needs to be stored, retrieved and 
processed. In addition, RNA-seq cannot 
sufficiently detect genes or transcripts 
with low levels of expression. The 
process also remains inefficient due to 
the many steps involved in preparing 
the sequencing libraries. Dr Jiang 
stresses, however, that both WTTS-seq 
and RNA-seq can be used together to 
avoid further validation using other 
methods. 

Requiring only a minute amount of 
RNA, the WTTS-seq method starts with 
fragmentation or separation of total 
RNA, followed by enrichment of regions 
of polyadenylation, called poly(A)tails, 
located at the end of RNA fragments 
and by PCR (polymerase chain reaction) 
to amplify products for size selection. 
After these steps, the fragments can be 
analysed by the Ion Torrent, a popular 
sequencing platform.  

Recent examination of an online 
database revealed thousands of APA 
sites harboured in the genomes of 
humans, mice, rats and chickens that 
mark the end of transcripts. Using 
the whole transcriptome termini site 
sequencing (WTTS-seq) method, Dr 
Jiang first used a frog genome to 
demonstrate how the WTTS-seq method 
can unravel the APA patterns across 
diverse developmental stages. 

‘The WTTS-seq assay serves as a powerful tool for the 
research community to investigate transcriptomes 
and reveal poly(A) site usages specific to complex 

phenotypes, disease stages, or biological processes in 
humans, animals, and plants.’
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The Rules of Life via Alternative 
Polyadenylation

Using tissue collected from the frog 
species Xenopus tropicalis, Dr Jiang 
compared RNA transcripts between 
sexes in addition to their ages. The 
APAs were incorporated at different 
sites for males and females at similar 
ages. The researchers also observed 
striking differences in the use of APA 
sites on maternal and offspring RNA 
and between embryos and adults. 
Unravelling these differences in 
APA patterns generates a wealth of 
knowledge that can be used to predict 
how animals within the same species 
might express genes differently.

After the material was sequenced, 
statistical, visual and functional tools 
were used to study APA events. The 
team found striking differences in the 
use of APA sites between genes that 
went on to make protein and those that 
did not. Most coding genes had more 
than one APA site, with protein-coding 
genes containing an average of 5.87 
APA sites per gene. Usage of APA sites 
was different between adult males 
and females, with young males using 
thousands fewer APA sites than young 
females. The researchers also examined 
the APA sites of older adult animals 
using their WTSS-seq technique. At 
younger ages, females had more APA 

sites that coded for protein than males, 
but the trend was reversed in the older 
age group.  

In another study, the group used WTTS-
seq technology to study APA events 
in mice with a gene that had been 
‘knocked out’ or prevented from making 
protein, compared to mice that made 
the protein normally. These results 
indicated that both APA- and gene-
based analyses produce very different 
results. In particular, the gene-based 
approach could not explain the changes 
in muscle development between the 
two animal models. The gene-based 
analysis had much less power than the 
APA-based analysis. 

These results identified APA sites that 
were expressed differently in mice 
with the original gene intact. These 
differently-expressed APA (DE-APA) sites 
were located on the mRNA (that makes 
protein) in areas near the centre of the 
molecule and generated above-average 
protein levels. The researchers found 
that the DE-APA sites that generated 
lower levels of protein had APA sites 
located mostly in conventional 
locations, closer to the edges of the 
RNA molecule. They concluded that 
gene knockout may affect APA events, 
resulting in differences in the tissues of 
the mouse as it grows and develops, in 
this case, muscle.

Dr Jiang also recently published research 
in which his research group found distinct 
APA patterns associated with repair and 
inflammation of the uterus in healthy 
and unhealthy cows using WTTS-seq. 
Here, WTTS-seq also revealed essential 
microRNA genes that are involved in 
inflammation and anti-inflammation 
processes and dysregulated APA events in 
unhealthy cows in comparison to healthy 
cows. 

Moving Forward

Sequencing technology is rapidly 
advancing, and Dr Jiang believes the 
timing is right for the research community 
to assemble the whole transcriptomes 
of all species. ‘This analysis is also 
important because it provides the first 
steps toward functional characterisation 
and annotation of genes/genomes 
previously revealed by DNA sequencing,’ 
says Dr Jiang. ‘The WTTS-seq assay 
serves as a powerful tool for the research 
community to investigate transcriptomes 
and reveal poly(A) site usages specific to 
complex phenotypes, disease stages, or 
biological processes in humans, animals, 
and plants.’

In addition to WTTS-seq, his novel 
WTSS-seq method is also a sensitive and 
powerful technology that can be used 
to show how information flows from 
DNA (genome) to RNA (transcriptome) 
to protein (proteome) and can be used 
to explain the variety of altered physical 
outcomes (or phenotypes) seen in animal 
development in a number of different 
environments. The group has filed a 
provisional patent for their WTSS-seq 
method and Dr Jiang hopes that the 
technology can trigger interest from the 
wider scientific community to use these 
techniques to pursue their own studies. 
With both WTSS-seq and WTTS-seq, 
the group also plans to establish their 
own online resources for recording both 
alternative transcriptional start sites 
and termination sites in cattle, chicken, 
mouse, rat and the Xenopus tropicalis 
species of frog in the near future. 
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