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We appreciate the interest from Qian and Zhang (1) in
our recently published study on the role of codon us-
age in transcription in Neurospora (2). In our study, we
demonstrate that there is a clear genome-wide posi-
tive correlation between gene codon usage biases
and nuclear mRNA levels, meaning that genes with
optimal codon usage have high nuclear messenger
RNA (mRNA) levels. Qian and Zhang claim that we
draw the conclusion of a genome-wide influence of
codon usage on transcription based on this correlation
(1, 2). They raise several possibilities to explain the
correlation we observed, instead of the role of codon
usage on mRNA levels. It should be noted that these
possibilities are translation-dependent effects of co-
don usage. As we recently reviewed, codon usage
can have important effects on gene expression inde-
pendent of translation (3). The examination of nuclear
RNA levels allowed us to determine the translation-
independent transcriptional effect of codon usage.

Although we welcome criticism of our study, we
feel strongly that the criticism raised is not warranted,
because it ignores other results in the current and
previous studies. In addition to the genome-wide cor-
relation between codon usage and nuclear mRNA
level, our conclusion is also based onmultiple genetic,
molecular, and bioinformatic results. First and fore-
most, by examining multiple reporter and Neurospora
genes, we previously demonstrated that gene codon
usage can have a major impact on mRNA level due to
its effect on gene transcription, independent of trans-
lation and mRNA decay in Neurospora (4). The tran-
scriptional effect of codon usage was indicated by
altered RNA polymerase II binding, transcriptional

factor binding, and chromatin markers. Second, in
the current study, we show that there is a genome-
wide correlation between codon usage and RNA po-
lymerase II enrichment (2). Third, the comparison of
codon optimality and its association with RNA levels
between total and nuclear mRNA levels uncovers re-
markable similarities (2), suggesting that a common
mechanism mediates the codon usage effects on total
and nuclear mRNA levels. Finally, the identification
of multiple chromatin regulators in the genetic screen
performed in our study shows that their deletion results
in impaired codon usage effect on gene expression,
altered Pol II recruitment, and reduced genome-wide
correlation between codon usage and nuclear RNA lev-
els. Together, these results suggest codon usage has a
broad influence on gene transcription in Neurospora.

Further supporting our conclusion, we and others
have also demonstrated that the impacts of codon
usage bias on gene transcription and chromatin struc-
tures are conserved in Drosophila and human cells
(5–8). A genome-wide correlation between mRNA syn-
thesis rates and gene codon usage bias was also pre-
viously shown in yeast (9). We further show that this
correlation is stronger than that between codon usage
and mRNA half-life (2), suggesting that the impact of
codon usage on transcription might be stronger than
that on mRNA half-life (10). These results indicate the
existence of a conserved eukaryotic gene regulatory
mechanism mediated by gene coding sequences.
Our study is the initial attempt in uncovering themolecular
components in this mechanism. Future studies will
determine how these factors influence transcription in
a codon usage-dependent manner.

aDepartment of Physiology, University of Texas Southwestern Medical Center, Dallas, TX 75390
Author contributions: F.Z. and Y.L. analyzed data and wrote the paper.
The authors declare no competing interest.
Published under the PNAS license.
1To whom correspondence may be addressed. Email: Yi.Liu@UTsouthwestern.edu.
Published May 3, 2021.

PNAS 2021 Vol. 118 No. 20 e2104896118 https://doi.org/10.1073/pnas.2104896118 | 1 of 2

L
E
T
T
E
R

https://orcid.org/0000-0001-9124-0138
https://orcid.org/0000-0002-8801-9317
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2104896118&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:Yi.Liu@UTsouthwestern.edu
https://doi.org/10.1073/pnas.2104896118
https://doi.org/10.1073/pnas.2104896118


1 W. Qian, J. Zhang, Codon usage bias and nuclear mRNA concentration: Correlation vs. causation. Proc. Natl. Acad. Sci. U.S.A., 10.1073/pnas.2104714118 (2021).
2 F. Zhao et al., Genome-wide role of codon usage on transcription and identification of potential regulators. Proc. Natl. Acad. Sci. U.S.A. 118, e2022590118 (2021).
3 Y. Liu, Q. Yang, F. Zhao, Synonymous but not silent: The codon usage code for gene expression and protein folding. Annu. Rev. Biochem., 10.1146/annurev-
biochem-071320-112701 (2021).

4 Z. Zhou et al., Codon usage is an important determinant of gene expression levels largely through its effects on transcription. Proc. Natl. Acad. Sci. U.S.A. 113,
E6117–E6125 (2016).

5 G. Kudla, L. Lipinski, F. Caffin, A. Helwak, M. Zylicz, High guanine and cytosine content increases mRNA levels in mammalian cells. PLoS Biol. 4, e180 (2006).
6 Z. R. Newman, J. M. Young, N. T. Ingolia, G. M. Barton, Differences in codon bias and GC content contribute to the balanced expression of TLR7 and TLR9. Proc.
Natl. Acad. Sci. U.S.A. 113, E1362–E1371 (2016).

7 J. Fu, Y. Dang, C. Counter, Y. Liu, Codon usage regulates human KRAS expression at both transcriptional and translational levels. J. Biol. Chem. 293,
17929–17940 (2018).

8 Q. Yang, X. Lyu, F. Zhao, Y. Liu, Effects of codon usage on gene expression are promoter context dependent. Nucleic Acids Res. 49, 818–831 (2021).
9 Y. Harigaya, R. Parker, Analysis of the association between codon optimality and mRNA stability in Schizosaccharomyces pombe. BMC Genomics 17, 895 (2016).

10 V. Presnyak et al., Codon optimality is a major determinant of mRNA stability. Cell 160, 1111–1124 (2015).

2 of 2 | PNAS Zhao and Liu
https://doi.org/10.1073/pnas.2104896118 Reply to Qian and Zhang: Demonstration of the effect of codon usage on

transcription by multiple approaches from fungi to animal cells

https://doi.org/10.1073/pnas.2104896118

