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EXECUTIVE SUMMARY 
Genes perform multiple functions, in part owing to their mul-

tiple messenger RNA isoforms. Messenger RNA (mRNA) is a 
large family of RNA molecules that conveys genetic informa-
tion from DNA to the ribosome, where they specify the amino 
acid sequence of the protein products of gene expression. Alter-
native splicing produces multiple mRNA isoforms of genes that 
have important diverse roles such as regulation of gene expres-
sion, human heritable diseases, and response to environmental 
stresses. Alternative splicing is one mechanism that allows genes 
to perform multiple functions. Despite the diverse role of alterna-
tive splicing, very little has been done to assign functions at the 
mRNA isoform level. Therefore, differentiating the functions of 
mRNA isoforms is vital for understanding the underlying mech-
anisms of biological processes. 

The goal of this study is to develop a functional network and 
recommendation (recommender) system to predict tissue-specific 
mRNA isoform function and understand implications of such al-
ternate isoforms on metabolic pathways for the mouse and Arabi-
dopsis thaliana model systems. (Arabidopsis is a small flowering 
plant that is widely used as a model organism in plant biology.) 

Highlights from the research team’s outcomes include: (1) the 
processing of over 100 tissue-specific Arabidopsis RNA–Seq data 
sets as well as mRNA and protein sequence characterizations; (2) 
developing a random forest-based framework for mRNA-level 
functional network prediction; and (3) optimizing hyperparam-
eters for the recommender system. 

RESEARCH CHALLENGE
This research considered three major challenges in mRNA iso-

form function prediction. The first is the unavailability of mRNA 
isoform-level functional data, which is required to develop ma-
chine learning tools. However, the available data, even at the gene 
level, does not include all genes, further complicating the matter. 
The second challenge is the lack of information about tissue spec-
ificity in functional databases such as Gene Ontology, Kyoto En-
cyclopedia of Genes and Genomes, and UniProt. The third chal-
lenge is the lack of mRNA isoform-level “ground truth” function-
al annotation data. Therefore, the research team’s work includes 
using mRNA isoform and protein sequences, high-throughput 
RNA-sequencing data, and functional annotations at the gene 
level to develop computational methods for predicting functions 
for alternative spliced mRNA isoforms.

Some limitations of previous studies that have been overcome 
in the current work include: (1) predicting novel mRNA isoform 
interactions with no gene-level interaction information in cur-
rent biological databases, (2) predicting tissue-specific mRNA 
isoform-level functional networks and mRNA isoform func-
tion, (3) limiting bias in the machine learning model by using a 
more biologically sound way of defining nonfunctional (negative 
pairs) mRNA isoform pairs, (4) formulating the task of mRNA 
isoform-level functional network prediction as a simple super-
vised learning task and formulating the task of mRNA isoform 
function prediction as a recommendation system, and (5) incor-
porating the relations between the Gene Ontology terms apart 
from the obvious hierarchical relations.

METHODS & CODES
The team has used STAR [1] and StringTie [2], which are codes 

for high-performance alignment and assembly of RNA–Seq reads 
and expression analysis for transcripts, without compromising 
mapping accuracy. These scale almost linearly with an increas-
ing number of processing cores with a minimal increase in the 
memory requirement. Both tools are written entirely in C++ for 
higher efficiency and faster performance. All mRNA and protein 
sequence properties were calculated using R Bioconductor pack-
ages. These provide the means to calculate several diverse types 
of sequence properties. In addition, the team used TensorFlow 
and scikit-learn to build the machine learning systems.

RESULTS & IMPACT
One of the outcomes of this project was the evaluation and val-

idation of the team’s supervised learning-based machine learning 
framework for predicting tissue-specific mRNA isoform function-
al networks in Arabidopsis. Tissue-spEcific mrNa iSoform func-
tIonal Networks (TENSION) makes use of single mRNA-produc-
ing gene annotations and gene annotations tagged with “NOT” 
to create high-quality mRNA isoform-level functional data. The 
team uses these to train random forest algorithms to develop 
mRNA isoform functional network prediction models. By using 
a leave-one-tissue-out approach and incorporating tissue-specific 
mRNA isoform-level predictors along with those obtained from 
mRNA isoform and protein sequences, the team has developed 
mRNA isoform-level functional networks for Arabidopsis tissues.

Another outcome is the evaluation of different combinations 
of hyperparameters of the mRNA function recommendation sys-
tem (mFRecSys) for making tissue-specific function recommen-
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dations for mRNA isoforms. In mFRecSys, the team considers 
mRNA isoforms as “users” and Gene Ontology biological pro-
cess terms as “items.” By using explicit contexts for mRNA iso-
forms, Gene Ontology biological process terms, and tissue-spe-
cific mRNA isoform expression, mFRecSys is able to make tis-
sue-specific mRNA isoform function recommendations.

This work emphasizes the significance of incorporating diverse 
biological context to develop better machine learning tools for bi-
ology. It also highlights the use of simplified supervised learning 
methods for biological network prediction. The machine learning 
models and recommendation systems developed as part of this 
work also draw attention to the power of simple mRNA isoform 
sequence-based predictors to improve mRNA isoform function 
prediction. The methods developed have potential practical ap-
plications, for instance, as predictive models for distinguishing 
the functions of different mRNA isoforms of the same gene or 
identifying tissue-specific functions of mRNA isoforms.

WHY BLUE WATERS
Blue Waters was essential to the two research outcomes of this 

project, as they both involved extensive validation and optimi-
zation. The computational resources of Blue Waters allowed the 
research team to perform these experiments at scale, enabling 
the optimization of many different experimental settings. Fur-
thermore, conversations with the staff have been instrumental 
in improving job efficiency.
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