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ABSTRACT

The steady state levels of RNAs, often referred to as
expression levels, result from a well-balanced com-
bination of RNA transcription and decay. Alterations
in RNA levels will therefore result from tight regula-
tion of transcription rates, decay rates or both. Here,
we explore the role of RNA stability in achieving bal-
anced gene expression and present genome-wide
RNA stabilities in Drosophila melanogaster male and
female cells as well as male cells depleted of proteins
essential for dosage compensation. We identify two
distinct RNA-stability mediated responses involved
in regulation of gene expression. The first of these
responds to acute and global changes in transcrip-
tion and thus counteracts potentially harmful gene
mis-expression by shifting the RNA stability in the
direction opposite to the transcriptional change. The
second response enhances inter-individual differen-
tial gene expression by adjusting the RNA stability in
the same direction as a transcriptional change. Both
mechanisms are global, act on housekeeping as well
as non-housekeeping genes and were observed in
both flies and mammals. Additionally, we show that,
in contrast to mammals, modulation of RNA stability
does not detectably contribute to dosage compensa-
tion of the sex-chromosomes in D. melanogaster.

INTRODUCTION

The term gene expression is used liberally to refer to any-
thing from the steady state levels of gene products, either
mRNA as an intermediate stage or protein as the final ef-
fector molecule, to the generation of gene products, thereby
describing measures of transcription or translation output.
Commonly, the term refers to the steady state levels of
RNA. However, the dynamics of gene expression require
additional steps that are often overlooked: the decay of the

RNAs and the decay of the proteins, since the steady state
levels of a molecule are defined by both its production and
its decay rate, which are equally important (1). In fact, it
was brought forward that the modulation of RNA stability
is essential in order to quickly down-regulate otherwise sta-
ble RNAs after a change in conditions because such down-
regulation cannot be explained solely by a complete tran-
scriptional shut-off (2,3).

The maintenance of balanced gene expression is central
for the fitness of an organism, and multiple mechanisms
across all levels of gene expression must cooperate and ac-
commodate for changes in gene dosage in order to con-
tribute to the final harmony. In cases of failure, the alterna-
tive gene dose will not be passed on to the next generation.
The broad definition of dosage compensation englobes the
consequences of mechanisms whose purpose is to restore
the ‘original expression levels’ following a change in gene
dose. This difference in gene dose can be acquired across a
long timescale through evolution, as is the case for the het-
eromorphic sex chromosomes. Alternatively, these changes
can occur rapidly following segmental chromosomal dupli-
cation or deletion (or even monosomies and trisomies, when
these conditions are viable, such as trisomy 21 in humans
and monosomy or trisomy of the fourth chromosome in D.
melanogaster). The latter form of compensation is gener-
ally referred to as buffering, and it can also include com-
pensation for gene mis-expression following, for example,
single mutations in transcription factors with broad targets
(4–6). Our view is that buffering is not expected to be ef-
fected through a single mechanism, but rather the result
of a set of strategies aiming toward the same goal: min-
imizing the differences in final gene expression, and can
therefore occur both at the RNA level and at the protein
level.

Dosage compensation of the sex chromosomes in
XX/XY systems aims to rebalance gene expression be-
tween the X-chromosome and the autosomes and also
between males and females subsequent to the evolution
of the sex chromosomes where males have lost one gene
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dose of most X-linked genes through the degeneration of
the Y-chromosome (7,8). In mammals, this is achieved
through the random inactivation of one of the two fe-
male X-chromosomes (9), potentially accompanied by,
a still controversial 2-fold increase in expression from
the X-chromosome in both sexes (10–16). Recent anal-
yses, focused on regulation of expression beyond tran-
script levels in mammals, suggest that higher RNA stabil-
ity and higher translation rates of the X-chromosome con-
tribute to such chromosome specific increase in expression
(17,18).

In D. melanogaster, where it is widely accepted that
there is a 2-fold increase in RNA levels from the male
X-chromosome (19–21), dosage compensation of the sex
chromosomes is thought to result from a combination of
general buffering effects that act on all monosomic re-
gions and the specific targeting and stimulation of tran-
scription of the male single X-chromosome by the male-
specific lethal (MSL) complex (5,21–24). However, it is
still not clear whether the increase in transcription is
due to increased transcriptional elongation, initiation or
a combination of both (25–27). It should be noted that
a large proportion of genes have been reported to be
dosage compensated without being targeted by the MSL
complex (4).

In the current study, we aim to explore the role of RNA
stability in establishing balanced genome-wide expression
and to provide the community with genome-wide data on
RNA stability in D. melanogaster. To accomplish this, we
determined RNA half-lives for transcripts from 60 to 70%
of all genes expressed in D. melanogaster male and fe-
male cells. Our approach is based on BRIC-seq, a non-
destructive method for the estimation of the physiological
decay rates of RNAs genome-wide (28). We analyzed dif-
ferences in RNA half-lives and ribosome densities to de-
termine whether and how differential RNA stability and
translational activity are mechanisms involved in maintain-
ing balanced expression.

Here, we uncover two RNA stability mediated responses
for the regulation of gene expression. The first is a gen-
eral response that buffers RNA levels following an induced
change in transcription output and acts on all chromosomes
by modulating RNA stability in order to counteract both
induced decreases and increases in transcription. The sec-
ond acts on adapted differential expression and enhances,
for example cell type specific adapted expression that is es-
tablished at the transcriptional level. Additionally, we find
no evidence of a role for RNA stability in X-chromosome
dosage compensation in flies.

MATERIALS AND METHODS

Cell lines and cell culture

Schneider’s Drosophila line 2, S2 DRSC (male) and Kc167
(female) cell lines were cultivated in Schneider’s medium
modified with L-glutamine (Lonza) and supplemented with
10% Fetal Bovine Serum, 100 units/ml penicillin and 100
�g/ml streptomycin. The S2 cells were grown in T-flasks at
25◦C and the Kc167 cells were grown in suspension in Er-
lenmeyer glass flasks in a cabinet at 23◦C.

RNAi treatment of Drosophila cells

The DNA templates used to make the dsRNA for msl2 and
mle RNAi were obtained by PCR using genomic DNA from
wild type Oregon R flies and the following primers:

Fmsl2: TAATACGACTCACTATAGGGAGAGTTGG
CTGTGCTGGCTG,

Rmsl2: TAATACGACTCACTATAGGGAGATGTTG
GCTCGTCACTGTC,

Fmle: TAATACGAACTCACTATAGGGGCAACAG
GATGGCGAAAAA,

Rmle: TAATACGACTCACTATAGGGTCTGGGTA
GTCTTTCCGCAC.

The DNA template used to make the dsRNA for yfp
RNAi was obtained by PCR using pEYFP-N1 plasmid
DNA (Clontech) and the following primers to introduce the
T7 promoter:

FeYFP: TAATACGACTCACTATAGGGAGAGGTGA
GCAAGGGCGAGGAGCT,

ReYFP: TAATACGACTCACTATAGGGAGATCTTG
AAGTTCACCTTGATGCCG.

The DNA templates were purified and dsRNA was gen-
erated using the T7 RiboMAX Express Large Scale RNA
production system (Promega) or the T7 High Yield RNA
Synthesis Kit (NEB) according to the manufacturer’s in-
structions.

BRIC (Bromouridine Immunoprecipitation Chase)

Our BRIC protocol is based on a protocol from (28) which
we have adapted to the two D. melanogaster cell lines used.
Briefly, all RNAs of a cell are labeled with the uridine ana-
log 5-bromouridine (BrU). Next, the cells are washed and
resuspended in fresh media without BrU. From this point
(t = 0) on, the cells are allowed to continue growing in nor-
mal conditions and the RNAs that are degraded will be
replaced over time by newly synthesized unlabeled RNAs.
Cell samples are collected at multiple time points and the
BrU labeled RNAs are separated by immunoprecipitation
using an anti-BrU antibody. The BrU labeled RNAs are
then sequenced, and the individual RNA half-lives can be
deduced from the rate at which transcripts leave the BrU
labeled fraction of RNAs.

RNAi and BrU labeling

A total of 2 × 106 (S2, DRSC) living cells/ml per time point
were seeded in 6-well plates or cell culture flasks and incu-
bated for 15–60 min at 25◦C to allow the cells to attach to
the surface. For the RNAi experiment, 2 × 106 live cells/ml
were collected and resuspended in serum-free antibiotic-
free medium. About 20 �g dsRNA/ml were added to the
cell culture, followed by 30 min incubation at room temper-
ature. Then the cell cultures were diluted 1:1 with medium
containing 20% fetal bovine serum, 200 units/ml penicillin
and 200 �g/ml streptomycin and incubated at 25◦C in
flasks/plates for 4 days. The RNAi treatment was repeated
as above on the same cells resuspended at 2 × 106 live
cells/ml and incubated for 1 more day. For western blot
analysis, protein extracts were run on a 10% SDS–PAGE
gel and thereafter transferred to a PVDF membrane for 2
h 30 min at 25 V. Primary and secondary antibodies [rabbit
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anti-MLE (1:10 000) and donkey anti rabbit-HPR (Jackson
ImmunoResearch, 1:10 000), mouse anti-tubulin (SIGMA,
T5168, 1:10 000) and goat anti mouse-HPR (Thermo Sci-
entific, 1:10 000)] were diluted in 1× PBS, 1% BSA, 0.05%
Tween-20. Note that MSL2 was not assessed by western
blot due to the poor performance of our MSL2 antibodies
in that assay. For the labeling, Bromouridine (BrU) (Sigma
or Alfa Aesar) dissolved in culture medium was added to the
samples to a final concentration of 10 mM every third hour
for 24 h (for the RNAi experiments, dsRNA was also added
every third hour to a final concentration of 10 �g/ml).

For labeling the Kc167 cells, cells were resuspended at a
concentration of 1 × 106 cells/ml in an Erlenmeyer flask
with shaking and incubated for 24 h with a first addition of
fresh BrU at a final concentration of 400 �M at the begin-
ning and a second addition of fresh BrU after 12 h.

Sample collection

After 24 h of BrU labeling, all cells were washed twice with
fresh medium (or PBS). Samples of 2 ml for the S2 cells
and 10 ml for the Kc167 cells were collected at specific time
points (0, 1, 2, 4, 8, 12 and 16 h) by removing the media and
resuspending the cells in appropriate amount of TRIzol LS
(Ambion Life Technology) for storage at −80◦C.

RNA preparation and immunoprecipitation

RNA was extracted by the alternative protocol provided by
the manufacturer of TRIzol LS (Ambion Life Technology)
that uses 1-bromo-3-chloropropane (BCP) instead of chlo-
roform. According to the manufacturer, BCP reduces the
risk of DNA contamination of RNA samples and is less
toxic than chloroform. The RNA was resuspended in 20
�l of RNAse-free water and incubated at 55–60◦C for 10–
15 min and the concentrations were measured with a Nan-
oDrop (Thermo Scientific). Immunoprecipitation of BrU
labeled RNA from S2 cells was done according to the pro-
tocol described in (28) while we used a BRIC-kit (MBL) for
the Kc167 samples and followed the manufacturer’s proto-
col.

Library preparation and sequencing

The sequencing libraries were made with TruSeq RNA
Sample Preparation v2 (Illumina) according to the man-
ufacturer’s instructions. The samples were sequenced at
different times, all on Illumina sequencing machines
(HiSeq2500 or NovaSeq6000) with paired-end sequenc-
ing and a read length of 126 and 151 nucleotides respec-
tively. All sequencing data were mapped to D. melanogaster
genome version 6.33 using STAR version 2.7.0e and de-
fault parameters. For each gene and each time point, reads
were counted using HTSeq version 0.9.1. The BRIC-seq
and RNA-seq data reported in this paper have been de-
posited in the European Nucleotide Archive with accession
number PRJEB15335.

Half-life calculation

To remove genes expressed at low levels from our dataset,
genes with a sum of raw read counts below 10 as well

as genes with a cpm (count per million as determined by
EdgeR) below 2, for time point t = 0, t = 1 or t = 2 h were
filtered out. For genes with rapidly decaying transcripts, the
latest time points give very low read counts and the signal is
mainly noise, therefore we filtered out all time points with
a cpm below 0.5 as well as the period of time coming after
a filtered out time point. For the latest time points, in some
cases the cpm values increase again due to the fact that the
composition is biased toward stable genes. If the increase
from one time point to the next is >200%, then the later
time point is removed together with all the subsequent time
points. In order to correct for biased gene composition at
later time points, we calculated and applied normalization
factors. To do this, only genes with data for all time points
were sequentially fitted to an exponential decay curve us-
ing the nls function from the nls2 package in R. Correc-
tion coefficients that turn the gene decay curve into a per-
fect exponential decay curve were collected for each gene
and each time point and averaged per time point to form
the normalization factors. These factors were applied to the
full dataset.

To calculate half-lives, the available time points for each
gene were fitted to an exponential decay curve using nls with
the formula a*exp(-b*t) and the half-lives were calculated as
ln(2)/b. The replicates were pooled together by calculating
the average if both values were between 0 and 16 h. Half-
life values above 16 h or negative indicate that the RNAs
are very stable and these genes were arbitrarily given a 16 h
half-life. Of the genes classified as expressed, we were able to
determine the half-life for 60–70%. For the remaining genes,
the decay curve could not be fitted because either its shape
was very different from a first order exponential decay or we
did not have enough valid time points due to the very rapid
decay of some weakly expressed genes.

GeTMM calculations

GeTMM was chosen to calculate and compare transcript
levels because it performs well for both intrasample and in-
tersample comparisons, and the GeTMM values were cal-
culated as presented in (29). Briefly, these values are ob-
tained by inputting TPMs instead of raw read counts into
the edgeR normalization method TMM (Trimmed Mean of
M-values). In this way, gene length is taken into account in
normalization. Genes were defined as expressed, and were
thus included, if the transcript level was > 0.2 GeTMM in
both our male (S2) and female (Kc167) samples.

Ribosome density calculations

The RNA-seq and ribo-seq data were generated by (30)
and the read counts for coding sequence (CDS) were down-
loaded from GEO accession numbers GSM2845525 and
GSM2845527. TPMs for both experiments were calculated
as described in (29) using the sum of non-overlapping CDS
as gene length. Genes having a raw read count for the ribo-
seq data < 10, a raw read count for the RNA-seq data < 50,
a TPM value for the ribo-seq data < 2 or a TPM value for
the RNA-seq data < 5 were filtered out. For the remaining
genes, the ribosome density was calculated for each gene, as
the ratio of the TPM from the ribo-seq experiment over the
TPM from the RNA-seq experiment.
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Correlation with poly(A) tail length

The poly(A) tail length dataset was generated by (31) us-
ing their method called PAL-seq. Data were retrieved from
GEO with the accession number GSM1316798. FlyBase
transcript IDs were matched with the corresponding Fly-
Base gene IDs and merged with our RNA stability data. In
our graphs, the mean poly(A) tail length is used.

Classification into housekeeping genes and non-housekeeping
genes

Genes with > 6 as the expression level in all 12 FlyAtlas-
specified tissue types (32) were defined as housekeeping
genes and genes with > 6 expression levels in 11 or fewer
tissue types were defined as non-housekeeping genes.

Differential expression analysis

For the BRIC experiments, the time point t = 0 for each
sample was used for differential expression analysis be-
cause the BrU labeling procedure may affect gene expres-
sion slightly and since we compare differential expression
with our calculated half-lives that require BrU labeling, the
t = 0 time point constitutes a better control than RNA-seq
of unlabeled sample. Genes for which the sum of raw counts
across all experiments was below 10 were excluded from the
analysis. Fold-differences in expression between either msl2
RNAi or mle RNAi and yfp RNAi (control) were calculated
using the DESeq2 R software package.

Gene ontology analysis

To identify the biological themes enriched in the long and
short half-life RNAs, we performed Gene Ontology (GO)
term enrichment analysis for the 20% least stable gene tran-
scripts and the 20% most stable gene transcripts for the
two different cell lines. We used the Functional Annotation
Tool in the Database for Annotation, Visualization and In-
tegrated Discovery (DAVID) v6.8 (33) to extract the top 5
most significant GO terms enriched for biological process,
cellular component and molecular function.

Definitions

In this study, all data and calculations referring to ‘auto-
some’ or ‘A’ represent the merged data for the main auto-
some arms 2L, 2R, 3L and 3R. We exclude chromosome
4 from the autosome group due to its role as an ances-
tral sex chromosome (34,35). The term ‘transcript levels’
includes all transcripts for each gene. In all figures except
the one showing ribo-seq data, ‘RNA length’ is defined as
the sum of non-overlapping exons. Throughout the text the
term ‘RNA stability’ refers to the stability of the RNAs we
could measure, which are polyadenylated RNAs which in-
clude mostly mRNAs and lncRNAs.

Bioinformatics and visualization

All calculations and statistical analysis were performed us-
ing R-4.0.3 and the ggplot2 package was used to generate
plots. Adobe Illustrator was used to build the figures. The

existing BRIC-seq data in UPF1 depleted mammalian cells
(36) was kindly provided by Dr Akimitsu and the RNA sta-
bility data in lymphoblastoid cell line data (37) was kindly
provided by Dr Duan. The half-life values and RNA level
values for the biological and technical replicates for each
of the seven lymphoblastoid cell line samples were averaged
since they had a high degree of correlation in the original
study. The data were annotated using the ‘GeneID’ and ‘ref-
seq mrna’ attribute of BiomaRt. We annotated 10 280 genes
among the already filtered genes as being expressed in the
original study and the BiomaRt gene biotypes ‘lncRNA’
and ‘protein coding’. The log2 ratios for the half-life and
RNA level values were computed for each pair of samples.

RESULTS

Transcript stability is linked to gene function and conserved
through evolution

To determine RNA stability genome-wide in D.
melanogaster, we chose a non-destructive method to
minimize the disturbance of the natural physiology of the
cell. We adapted our protocol from the BRIC-seq method
which was developed for mammalian cells by (28). Briefly,
all RNAs are labeled with BrU, the BrU is then removed
from the media and samples are collected at different time
points. The labeled and non-labeled RNAs are separated
by immunoprecipitation and the decline of the proportion
of labeled RNAs over time is used to determine decay
curves that are used to calculate the half-lives. The dataset
we generated consists of genome-wide RNA half-life data
for male cells (S2), for female cells (Kc167), and for three
RNAi treated male cell samples (S2): msl2 and mle to
explore the role of the dosage compensation complex, and
yfp as an RNAi control sample (Supplementary Table
S1). Both the S2 and the Kc167 cell lines originate from
embryonic tissues and are among the most commonly used,
therefore they were considered to be the most appropriate
lines for comparison of expression. The efficiency of the
RNAi treatment was confirmed with western blot for MLE
and differential expression of RNA-seq for mle and msl2
(Supplementary Figure S1 and Supplementary Table S2).
Moreover, the reduction of the average X-chromosome
expression in our RNAi experiments was comparable
to what has previously been observed both following
RNAi-mediated depletion of MSL proteins and also in
flies mutant for components in the dosage compensation
system (6,38–41). The two replicates for each condition
correlate appropriately (Supplementary Figure S2A) and
the calculated half-lives were merged. The female cells
(Kc167) tolerated less BrU, leading to more noise as com-
pared to our male (S2) samples, and this is likely to explain
the lower correlation observed for the female (Kc167)
replicates. It should be noted that as a consequence of
the complex procedure; including immunoprecipitations,
several time points and curve fitting of the data; calculated
half-lives are more variable between replicates as compared
to standard RNA-seq (42). We therefore base our analysis
on comparing gene groups (according to characteristics
such as chromosomes, RNA levels, ribosome density and
binnings of some of these values) and not individual genes.
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We calculated the RNA half-lives for RNAs from 60 to
70% of all expressed genes (Supplementary Tables S1 and
S3) and close to 100% of all housekeeping genes (Supple-
mentary Figure S2B). The transcripts from the female cell
line (Kc167) are on average consistently more stable than
the transcripts from the male cell line (S2) (Figure 1A and
Supplementary Figure S2C). This is in contrast to our pre-
vious analysis of human cells, where chromosomal average
mRNA half-life in male and female lymphoblastoid cell
lines did not reveal any significant difference between the
two sexes (18).

It has previously been shown that in mammalian and
yeast cells certain categories of genes tend to have either
long-lived or short-lived RNAs (28,37,43–46). To assess
whether RNA stability is also coupled to gene function in D.
melanogaster, we analyzed gene ontology (GO) enrichments
for genes encoding the 20% most stable RNAs and the 20%
least stable RNAs in male (S2) cells and female (Kc167)
cells. The results show that RNAs from genes defined by
GO terms like translation and mitochondrion are long-lived
while genes defined by GO terms such as transcription reg-
ulation are enriched in short lived RNAs, in both male cells
(S2) and female cells (Kc167) (Table 1 and Supplementary
Table S4). An analogous analysis, conducted in mammalian
cells by (28), gave similar results. Moreover, (44) found a
very good correlation of half-lives ratios between orthologs
in mouse and human cell lines. Taken together, this indi-
cates that the relationship between gene function and RNA
stability, either classified as stable or unstable has been con-
served in the course of evolution.

Next, to check whether transcripts from housekeep-
ing genes were consistently more stable than transcripts
from non-housekeeping genes, we calculated and plotted
the average RNA half-life per chromosome for these two
groups, for both female (Kc167) and male (S2) cells (Fig-
ure 1B). The results confirm that RNAs from housekeep-
ing genes are significantly more stable than RNAs from
non-housekeeping genes both in male cells (S2) and in
female cells (Kc167), overall as well as when analysed
chromosome-wise (Figure 1C and D). Additionally, they
suggest that the difference in average RNA half-lives be-
tween male and female cells is caused mainly by greater
stability of housekeeping gene transcripts in the female
Kc167 cells (Figure 1B). Still, the Mann–Whitney U tests
returned significant differences between the sexes for both
non-housekeeping genes (P = 1.90*10–8) and housekeep-
ing genes (P = 1.19*10–11), indicating significant differ-
ences in the distributions. We therefore asked whether
RNA stability exhibits gene specificity or cell-type speci-
ficity and plotted the gene-wise differences in RNA sta-
bility between males and females in increasing order. The
curves confirm the statistical test results and show that
a large fraction of genes is differentially stable between
S2 and Kc167 cells, for both housekeeping (Figure 1E)
and non-housekeeping genes (Figure 1F). The distribu-
tion is more unbalanced for housekeeping genes; as an ex-
ample, 553 genes have a >5 h longer half-life in females
compared to males whereas only 53 genes have a >5 h
longer half-life in males compared to females. As a com-
parison, among non-housekeeping genes, 171 genes have a

>5 h longer half-life in females whereas 82 genes do so in
males.

We conclude that RNA stabilities are related to gene
functions and the ‘stable’ or ‘unstable’ ranges for RNA sta-
bility have been conserved during evolution. However, the
observed differential RNA stability of genes between male
and female cells suggests that RNA stability is not an en-
tirely intrinsic character based on the RNA sequence but
adapts to the cellular and genetic context.

RNA stability correlates positively with steady state RNA
levels and negatively with RNA length while gene function de-
termines the correlation with poly(A) tail length

We and others have previously shown that, in mammalian
cells, RNA stability correlates with basic characteristics of
individual RNAs, such as transcript levels, RNA length and
poly(A) tail length (18,45,47,48). mRNA stability has also
been shown to correlate with RNA levels in S. pombe and S.
cerevisiae but not in E. coli (45). We therefore asked whether
these correlations are conserved during evolution and ob-
servable in D. melanogaster too. To assess the relationship
between transcript levels and RNA stability, the genes were
divided into 5 bins of equal numbers, based on their in-
creasing transcript levels. We then calculated the average
RNA half-life for the autosomes and the X-chromosome
separately and for each cell line (Figure 2A). In contrast
to what we previously observed in mammalian cells (18),
for most bins there is no significant difference in aver-
age RNA half-life between autosomal transcripts and X-
chromosomal transcripts. We observe a general positive cor-
relation between RNA half-life and gene expression, in both
male (S2) cells and female (Kc167) cells. To detect any po-
tential chromosome-specific difference in RNA stability, we
also plotted the chromosome-wise average for RNA half-
life and RNA levels for males (S2 cells) (Figure 2B) and
females (Kc167 cells) (Figure 2C). We observed less vari-
ation in average steady state transcript levels between chro-
mosomes in females (Kc167 cells) compared to males (S2
cells) and in our experimental conditions the female tran-
script levels are overall slightly lower. The chromosome-
wise averages also follow the positive correlation trend
observed at the gene level, i.e. the average chromosomal
transcript levels correlate positively with the average RNA
half-life.

Next, to assess the relationship between gene length and
RNA stability, we divided the genes into 5 bins of increas-
ing gene length and with an equal number of genes per bin.
We further classified the genes as housekeeping and non-
housekeeping. We then calculated the average RNA half-
life for each bin (Figure 2D). We found that RNA half-
life correlates negatively with gene length in both males (S2
cells) and females (Kc167 cells) which is consistent with re-
sults obtained in mammals and E. coli but not in S. cere-
visiae (18,48). To detect any potential chromosome speci-
ficity, we plotted the X-chromosomal and autosomal av-
erages of RNA half-life and RNA length for male (S2)
cells and female (Kc167) cells (Figure 2E and F). As ex-
pected, we observe that X-linked genes have on average
longer RNAs but in contrast to the main autosome arms,
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Figure 1. RNA stabilities are regulated and related to gene functions. (A) Average RNA half-life per chromosome and for the autosomes for S2 cells
(blue) and Kc167 cells (pink). (B) Average RNA half-lives for chromosome X and autosomes, for S2 cells (blue) and Kc167 cells (pink), divided into
housekeeping and non-housekeeping genes. (C and D) Differences in RNA half-lives between S2 cells and Kc167 cells for housekeeping genes (C) and for
non-housekeeping genes (D). (E and F) Differential RNA half-lives between males and females in increasing order. The vertical line represents the median.
Genes with RNAs more stable in females are on the left side of the curve and those more stable in males are on the right. All error bars indicate the 95%
confidence interval of the mean.

this does not equate with significantly shorter half-lives even
though the chromosome-wise Spearman correlations are
within similar ranges. For the individual autosome arms,
the chromosome-wise averages also follow the negative cor-
relation trend observed at the gene level.

Finally, to assess the relationship between poly(A) tail
length and RNA stability we divided the genes into 5 bins
of increasing poly(A) tail length and with an equal num-
ber of genes per bin for males (S2 cells) (poly(A) tail length
data for Kc167 cells were not available). We further classi-
fied the genes as housekeeping and non-housekeeping (Fig-
ure 2G). The results show that mRNA half-life correlates

negatively with poly(A) tail length in housekeeping genes
while the correlation is positive for non-housekeeping genes
(Figure 2G). This contrasts with the positive correlation be-
tween poly(A) tail length and mRNA stability reported in
human cells (49). The correlation for individual autosome
arms between average poly(A) tail length and average RNA
half-life is positive (Figure 2H).

We conclude that RNA stability correlates positively
with steady state transcript levels and negatively with RNA
length. Intriguingly, RNA stability correlates negatively and
positively with poly(A) tail length for housekeeping and
non-housekeeping genes, respectively.
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Table 1. Top 5 ranked significantly enriched Gene Ontology Biological Process terms for long and short half-life in S2 and Kc167 cells. The 20% most
stable RNAs are classified as long half-life RNAs and the 20% least stable RNAs are classified as short half-life RNAs

GO term Definition
Number of
GO term

Fold
enrichment

Adjusted
p-value

S2 long half-life RNAs
GO:0002181 Cytoplasmic translation 79 9.105702 8.53E-64
GO:0006120 Mitochondrial electron transport, NADH to

ubiquinone
26 8.099496 1.34E-18

GO:0006412 Translation 108 2.071265 1.67E-13
GO:0032543 Mitochondrial translation 30 3.974554 7.85E-11
GO:0015992 Proton transport 15 6.649734 4.41E-09

S2 short half-life RNAs
GO:0022008 Neurogenesis 124 2.592139 5.46E-24
GO:0000462 Maturation of SSU-rRNA from tricistronic

rRNA transcript
16 6.299177 3.35E-09

GO:0006351 Transcription, DNA-templated 66 2.0732 1.60E-08
GO:0006261 DNA-dependent DNA replication 11 8.120032 8.93E-08
GO:0016567 Protein ubiquitination 34 2.750497 1.24E-07

Kc167 long half-life RNAs
GO:0002181 Cytoplasmic translation 69 7.757914 3.23E-48
GO:0006120 Mitochondrial electron transport, NADH to

ubiquinone
23 6.989112 1.51E-14

GO:0015992 Proton transport 15 6.48655 6.09E-09
GO:0006457 Protein folding 31 3.227259 9.39E-09
GO:0006412 Translation 93 1.73982 1.03E-07

Kc167 short half-life RNAs
GO:0006351 Transcription, DNA-templated 91 2.828125 2.81E-20
GO:0022008 Neurogenesis 97 2.006173 2.41E-11
GO:0006357 Regulation of transcription from RNA

polymerase II promoter
40 2.701836 1.30E-08

GO:0006355 Regulation of transcription, DNA-templated 68 1.981571 5.81E-08
GO:0045944 Positive regulation of transcription from

RNA polymerase II promoter
46 2.357589 7.44E-08

Knock-down of the MSL complex results in perturbations of
both RNA levels and RNA stabilities

We have previously shown that differential RNA stability
between chromosomes contributes to dosage compensation
in mammals (18). We therefore decided to investigate fur-
ther the role, if any, of the MSL complex in the regula-
tion of RNA stability in D. melanogaster even though we
did not find any statistically significant difference in RNA
half-life between the X-chromosome and the autosomes. To
this end we knocked down two components of the MSL
complex using RNAi: msl2 encoding the core component
MSL2 which is required for the complex to form, and mle
encoding the RNA helicase MLE whose absence decreases
proper spreading of the complex (21). The RNAi efficiency
was confirmed by western blot and RNA-seq (Supplemen-
tary Figure S1 and Supplementary Table S2). As expected,
both knock-downs cause a significant relative decrease in
steady state RNA levels from the male X-chromosome, in
line with impaired dosage compensation, and the effect is
stronger with msl2 RNAi as compared to mle RNAi (Fig-
ure 3A).

To test whether RNA stability is affected by an impaired
MSL complex, we calculated the average RNA half-lives for
the X-chromosome, the fourth chromosome, and the au-
tosomes after RNAi knockdown (Figure 3B). Surprisingly,
depletion of MSL2 significantly increases the average RNA
half-life of the X-chromosome transcripts and causes a

striking, significant decrease in average RNA half-life of the
fourth chromosome transcripts compared to the autosomal
transcripts. The depletion of MLE (which causes a lesser de-
crease in X-chromosome transcript levels) does not result in
any statistically significant difference in RNA half-life be-
tween the X-chromosome and the autosomes, nor between
the fourth chromosome and the autosomes (Figure 3B). The
density plots of half-lives for the X-chromosome, the auto-
somes and the fourth chromosome show clear destabiliza-
tion of chromosome 4 transcripts with msl2 RNAi, while
the distributions of half-lives for both the X-chromosome
and the autosomes have shifted toward more stable half-
lives, the X-chromosome’s shift being larger (Figure 3C).
Next, we separated the housekeeping genes from the non-
housekeeping genes and plotted the distribution of the log2
differences in RNA half-life between the msl2 RNAi sam-
ple and the yfp RNAi sample to test whether one of the
two groups was causing the shift (Figure 3D). The results
suggest that the stabilization of the X-chromosome tran-
scripts is driven mainly by non-housekeeping genes. We
then checked whether the stabilization of X-chromosome
transcripts was over-represented among genes having sim-
ilar steady state transcript levels. We split all genes into 5
bins of equal numbers of genes and increasing transcript
levels and plotted the average RNA half-life for the X-
chromosome and the autosomes (Figure 3E). Similar to the
results obtained from untreated S2 cells (Figure 2A), the
RNA stability correlates with the transcript levels but the
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Figure 2. RNA stability correlates positively with steady state transcript levels and negatively with mRNA length; correlations with poly(A) tail length
depend on gene function. (A) Average RNA half-life for the X-chromosome (black) and the autosomes (orange) for bins with equal numbers of genes and
of increasing transcript levels (GeTMM) for S2 cells (left) and Kc167 cells (right). (B and C) Average transcript levels (GeTMM) per chromosome and for
the main autosome arms plotted against their respective average RNA half-life in S2 cells (B) and in Kc167 cells (C). (D) Average RNA half-life for S2 cells
(blue) and Kc167 cells (pink) for bins of equal numbers of genes and of increasing RNA length (bp) for housekeeping genes (left) and non-housekeeping
genes (right). (E) Average RNA length (bp) per chromosome and for the main autosome arms plotted against average RNA half-life in S2 cells. The
Spearman correlations between RNA length and RNA half-life are: -0.23 (P = 1.66*10–13) and -0.25 (P-value = 5.94*10–70) for the X-chromosome
and autosomes respectively. (F) Average RNA length (bp) per chromosome and for all autosomes plotted against average RNA half-life in Kc167 cells.
The Spearman correlations between RNA length and RNA half-life are: -0.29 (P = 2.09*10–21) and -0.33 (P = 2.09*10–121) for the X-chromosome and
autosomes respectively. (G) Average RNA half-life for the X-chromosome (black) and the autosomes (orange) for 5 bins with equal numbers of genes
and of increasing poly(A) tail length for housekeeping genes (left) and non-housekeeping genes (right). The Spearman correlation between poly(A) tail
length and RNA half-life for housekeeping genes is -0.14 (P = 1.8*10–15) and it is 0.10 (P = 5.10*10–5) for non-housekeeping genes. The overall Spearman
correlation is -0.08 (P = 5.46*10–9). (H) Average poly(A) tail length per chromosome and for all autosomes plotted against average RNA half-life in S2
cells. All error bars represent the 95% confidence interval of the mean.

relative stabilization of transcripts of the X-chromosome is
observed only in MSL2 depleted cells (Figure 3E).

Finally, we calculated the log2 ratios of half-lives of our
samples, using yfp RNAi as a reference (Figure 3F). We
note that the RNAi treatment itself causes a slight relative
increase in the half-life of the X-chromosome transcripts.
However, msl2 RNAi results in a larger and statistically sig-
nificant increase in the X-chromosome half-lives while mle
RNAi does not reveal any convincing difference.

We conclude that impairing the function of the MSL
complex via msl2 knock-down leads to a relative increase
in the chromosomal average RNA half-life of the X-
chromosome’s transcripts and a relative decrease in the

chromosomal average RNA half-life of the fourth chro-
mosome’s transcripts specifically. Additionally, the non-
housekeeping genes of the X-chromosome seem to drive the
shift in RNA stability.

RNA stability counteracts induced transcriptional distur-
bances and enhances adapted differential transcription both
in Drosophila and human cells

The shift in RNA stability observed with msl2 RNAi (Fig-
ure 3B) could be explained by two different scenarios. First,
higher stability of RNAs from the X-chromosome com-
pared to autosomes may have had a role in dosage com-
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Figure 3. msl2 knockdown leads to increased RNA stability of X-chromosomal transcripts and decreased RNA stability of fourth chromosomal transcripts.
(A) Log2 ratios of transcript levels for the X-chromosome (black) and the autosomes (orange) with yfp RNAi as a reference. (B) Average RNA half-life for
the X chromosome ‘X’, the main autosome arms ‘A’, and the fourth chromosome ‘4’, respectively, with msl2, mle and yfp RNAi. The P-values correspond
to the Mann–Whitney U-test. (C) Density plots of RNA half-lives for all three RNAi experiments and for the X-chromosome (black), the main autosome
arms (orange) and the fourth chromosome (yellow). The peak at 16 h represents all the RNAs that have a half-life equal to or above 16 h. (D) Density
plots showing ratios of half-lives between the msl2 RNAi sample and the yfp RNAi sample on log2 scale, separated between housekeeping genes (left) and
non-housekeeping genes (right) for the X-chromosome (black), the autosomes (orange) and the fourth chromosome (yellow). (E) Average RNA half-life
for the X-chromosome (black) and the autosomes (orange), in all three RNAi samples, for bins with equal numbers of genes with increasing transcript
levels (GeTMM). (F) Log2 ratios of RNA half-lives for the X-chromosome (black) and the autosomes (orange) with yfp RNAi as a reference. S2 represents
S2 cells without any RNAi treatment. All error bars indicate the 95% confidence interval of the mean.

pensation prior to the existence of the chromosome-specific
targeting of a fully functional MSL complex and what we
observe are the evolutionary remains of such an ancient
function. If so, the differential RNA stabilities should be
specific to the X-chromosome. Alternatively, RNA stability
may counteract induced changes in transcription output re-
gardless of chromosome and the observed larger effect on
the X-chromosome in msl2 RNAi compared to autosomes
is due to the fact that knock-down of MSL2 mainly down
regulates transcription from the X-chromosome.

To test these two different hypotheses, we took advan-
tage of the fact that msl2 RNAi leads to globally differ-
ential transcript levels, mainly affecting the X-chromosome
but indirectly also the autosomes. We therefore compared
differential RNA stabilities to differential transcript lev-
els. We divided all genes into 10 bins of equal numbers
of genes, based on increasing differential transcript levels,
and calculated the average differential RNA half-life for
the X-chromosome and the autosomes (Figure 4A–C), the
housekeeping and non-housekeeping genes (Figure 4D–F),
quartiles of increasing RNA length (Supplementary Figure
S3A–C) and quartiles of increasing poly(A) tail length (Sup-
plementary Figure S3D–F).

Comparing msl2 RNAi to yfp RNAi, we observe a
consequent and statistically significant negative correla-

tion between differential RNA stabilities and differential
RNA levels, for both the X-chromosome and the auto-
somes (Figure 4A) as well as for housekeeping and non-
housekeeping genes (Figure 4D). The negative correlation
holds true when genes are separated into quartiles of in-
creasing RNA length or poly(A) tail length (Supplemen-
tary Figure S3A and S3D, respectively). The results show
that, upon induced transcriptional differences using msl2
RNAi, RNA under-transcription is counteracted by RNA
stabilization, and reciprocally, RNA over-transcription is
counteracted by RNA destabilization. We observed simi-
lar correlations for mle RNAi, although, as expected the
amplitude was reduced (Figure 4B and E; Supplementary
Figure S3B and E). Next, to check if similar correlations
could be found in mammalian cells we used a BRIC-seq
data set with depletion of UPF1 (Upstream frameshift 1)
(50). UPF1 is an ATP-dependent RNA helicase and a core
factor of nonsense-mediated mRNA decay (NMD) (51,52).
It has previously been shown that UPF1 RNAi causes
global changes in both RNA stabilities and transcription
(18,36,53,54) and we therefore asked whether the RNAi-
induced global differences in RNA stability and RNA levels
correlate. In line with the results obtained in Drosophila, we
observed a general negative correlation between differen-
tial RNA levels and differential RNA stability upon knock-
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down of UPF1 in HeLa cells (Supplementary Figure S4A)
that holds true for housekeeping and non-housekeeping
genes (Supplementary Figure S4B).

Our results show that differential RNA stability counter-
acts induced disturbances in transcription output both in
Drosophila S2 cells and mammalian HeLa cells. Conversely,
it has been shown in yeast that strains deficient for mRNA
degradation factors compensate the dysfunctional decay by
altering their mRNA synthesis rates (55).

We next asked whether and how RNA stability differs be-
tween male and female cells for genes with assumed adapted
differential expression. To do this, we plotted the differen-
tial transcript levels between males (S2 cells) and females
(Kc167 cells) against their differential RNA stability val-
ues (Figure 4C and F; Supplementary Figure S3C and F).
Intriguingly, we observe a positive correlation in this case,
which means that genes with lower RNA levels in male
cells compared to female cells also have less stable RNAs,
while genes whose RNAs are more abundant in male cells
compared to female cells have more stable RNAs, for both
the X-chromosome and the autosomes (Figure 4C) and for

the housekeeping and non-housekeeping genes (Figure 4F).
To test if the observed relationship between RNA stabil-
ity and adapted RNA levels holds true also in mammals
we analyzed available data from 7 lymphoblastoid cell lines
(37). We plotted differential RNA stability for 10 bins of
increasing differential expression, for the X-chromosome
and the autosomes, pairwise using all cell lines (3 females
and 4 males) (Supplementary Figure S4 C-W). We observe
positive correlations of varying degrees for both the X-
chromosome and the autosomes in all pairwise compar-
isons. Notably, the correlations are observed both for male-
female comparisons as well as comparisons of two different
lines of the same sex (Supplementary Table S5).

By correlating differential half-life with differential RNA
levels in different conditions, we draw two conclusions.
First, the regulation of RNA stability counteracts induced
transcriptional disturbances in both autosomes and sex
chromosomes, in both flies and mammals. Second, it con-
tributes to the adapted differential transcript levels between
S2 cells and Kc167 cells but also between any two indepen-
dent human lymphoblastoid cell lines.
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Ribosome density varies across chromosomes and gene func-
tions

We have previously shown that, in mammals, RNA stability
as well as ribosome density are significantly higher for the
X-chromosome compared to autosomes and that these two
factors contribute to dosage compensation (18). As RNA
stability doesn´t seem to contribute to dosage compensa-
tion in D. melanogaster, we asked how ribosome density re-
lates to RNA stability. To address this question, we analysed
paired ribo-seq and RNA-seq data from (30) and calculated
ribosome densities for all expressed genes.

We found that the average ribosome density is signifi-
cantly lower for the X-chromosome compared to the au-
tosomes (Figure 5A). This result contrasts with our previ-
ous findings in mammalian cells (18) but is in agreement
with a Drosophila study reporting that X-linked transcripts
have approximately 20% lower ribosome densities than au-
tosomal transcripts, not only in S2 cells but also in early
embryos, eggs and mature oocytes (56). Here, we analyzed
data from S2 cells only, using matching ribo-seq and RNA-
seq datasets originating from the same laboratory and cell
stock, and found an average of 23% lower ribosome den-
sity for the X-chromosome compared to the autosomes. In
addition, we observed that the average ribosome density is
significantly higher for the fourth chromosome compared
to the autosomes (Figure 5A). More specifically, there are
on average 1.05, 1.29 and 2.01 ribosomes per kilobase of
transcript for genes encoded on the X-chromosome, the au-
tosomes, and the fourth chromosome respectively (Supple-
mentary Figure S5).

Next, to characterize the relationship between ribosome
density and RNA stability, we divided all genes where there
were data for both RNA stability and ribosome density
into 5 bins with equal numbers of genes and increasing ri-
bosome density. We further divided the genes into auto-
somes and X-chromosome and plotted the groups’ average
RNA half-lives (Figure 5B). We observe a positive corre-
lation between half-life and ribosome density for both the
X-chromosome and the autosomes. Plotting chromosome-
wise average RNA half-lives against chromosome-wise av-
erage ribosome densities grouped by chromosome and
housekeeping status shows a proportionally higher RNA
half-life and higher ribosome density for the housekeep-
ing genes on each chromosome compared to the non-
housekeeping genes (Figure 5C and D).

To delineate potential correlations between ribosome
density and transcript levels, we divided the genes into 5 bins
based on increasing transcript levels (TPM calculated using
the RNA-seq data coupled with the ribo-seq data) and cal-
culated the average ribosome density per bin for the auto-
somes and the X-chromosome (Figure 5E). We note a pos-
itive correlation for both the X-chromosome and the auto-
somes, and the average ribosome density is significantly dif-
ferent between the X-chromosome and the autosomes for
genes with low to medium transcript levels (bins 1–3) (Fig-
ure 5E).

Given that mRNAs from the X-chromosome are on av-
erage longer compared to mRNAs from the autosomes and
that generally, the ribosome density decreases as the RNA
length increases, we asked whether this could explain the

lower ribosome density observed for the X-chromosome.
We therefore compared ribosome density averages for bins
with identical transcript length ranges (Figure 5F). Our re-
sults indicate that the different average mRNA lengths be-
tween the X-chromosome and the autosomes do not cause
the difference in ribosome density because the ribosome
density of the X-chromosome transcripts is still lower com-
pared to autosomes within the same mRNA length bin. Ad-
ditionally, we find that the correlation between ribosome
density and mRNA length is statistically significant for both
the X-chromosome and the autosomes.

Finally, it has been shown that changes in poly(A)
tail length participate in translational regulation and that
poly(A) shortening acts as a timer for RNA decay (57). We
therefore checked whether the lengths of poly(A) tails cor-
relate with ribosome densities. We divided the genes into
5 bins based on increasing poly(A) tail length and calcu-
lated the average ribosome density per bin for both the X-
chromosome and the autosomes (Figure 5G). We find that
the average ribosome density for the autosomes is signifi-
cantly different from the average ribosome density for the
X-chromosome for all poly(A) tail length bins (Wilcoxon
rank sum test, all P < 0.05) and that there is no obvious
correlation between the two variables (Figure 5G).

We conclude that ribosome density is greater on tran-
scripts from housekeeping genes compared to transcripts
from non-housekeeping genes and it is consistently lower on
transcripts of the X-chromosome compared to transcripts
of the autosomes. This decreased ribosome density on tran-
scripts of the X-chromosome is not explained by X-specific
gene characteristics. Intriguingly, we observe a significantly
higher average ribosome density for the fourth chromo-
some.

DISCUSSION

Three main conclusions can be drawn from our analy-
sis. First, the modulation of RNA stability counteracts
widespread, acute disturbances in transcription output by
increasing half-life upon down-regulation of transcription
and vice versa both in flies and mammalian cell lines. Sec-
ond, differential gene expression between two distinct cell
lines is partly mediated via modulation of RNA stability,
both in flies and mammals. Third, contrary to what has been
reported in mammals, there is no evidence for a role of RNA
stability regulation in dosage compensation of the sex chro-
mosomes in flies.

Physiological genome-wide RNA stability in Drosophila
melanogaster

The BRIC-seq method (28) is superior to transcriptional
shut-off methods using drugs such as Actinomycin-D since
it measures the RNA stability in cells under normal physio-
logical conditions (58). We observed that transcripts from
the female cell line (Kc167) are consistently more stable
than those from the male cell line (S2). This difference may
result from a cell-type difference and may not be dependent
on the sex. Moreover, it has been reported that no two cell
lines have similar expression patterns, and they reflect, with
some attenuation, the expression patterns of the individual
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cells from which they originate, combined with the conse-
quences of chromosomal rearrangements they underwent
to reach immortality (59,60). In addition, it is likely that the
BrU labeling was more stressful to the Kc167 cells than the
S2 cells; indeed, we observed cell toxicity at lower BrU con-
centrations in Kc167 compared to S2 cells and this could
slightly alter global RNA stabilities. In support of this hy-
pothesis, it has recently been shown that stress conditions
leading to global transcription attenuation such as UV ex-
posure can provoke general stabilization of cellular mRNAs
in mammals (61). In our case, the incorporation of BrU into
transcripts could potentially affect transcription dynamics,
and thereafter RNA stability.

We show that RNA stability is linked to gene function,
which is in line with previous observations in mammals and
yeast, i.e. housekeeping genes have greater RNA stability
compared to genes having functions in e.g. transcription
regulation or apoptosis (28,43,46). Differential RNA sta-
bility of individual gene transcripts is beneficial for the cell
as it allows rapid changes in key RNA levels in response to
changing conditions while saving the energy required to re-
new transcripts that are meant to be expressed continuously
at stable levels (2,43,62). Our results expand the relationship
between RNA stability and gene function to flies and sug-
gest that it is conserved across species.

Finally, contrary to the results obtained in mammals (18),
we did not find any convincing difference between the sta-
bility of the X-chromosome and autosomal transcripts, nei-
ther in male cells (S2) nor in female cells (Kc167), which
indicates that the role of RNA stability in dosage compen-
sation in D. melanogaster is at most minimal.

Significantly higher RNA stability is observed for highly ex-
pressed genes, genes coding for shorter mRNAs and house-
keeping genes with shorter poly(A) tail length

The correlation of RNA stability with transcript levels was
expected, partly because RNA stability contributes to mea-
sured transcript levels. At equal transcription rates, a longer
RNA half-life leads to higher RNA levels. Furthermore,
RNAs that are constantly required at high levels are likely
selected to be more stable, saving the energetic costs of tran-
scribing and degrading transcripts.

We find that transcripts from long genes are in general
less stable than those from short genes in D. melanogaster.
It has been hypothesized that long genes are more likely to
undergo mechanical damage or random endonucleolytic at-
tacks than short genes simply due to their length (48). Ad-
ditionally, long RNAs are statistically more likely to har-
bor transcription errors that would target them for decay.
We found a slight but significant general negative correla-
tion between RNA stability and poly(A) tail length in S2
cells, consistent with the findings in HeLa cells and 3T3
cells from (31). This negative correlation contradicts the
prevailing idea that the longer a poly(A) tail the more sta-
ble the transcript (57). However, this view is being refined
with the development of methods that measure poly(A)
tail length genome-wide. It has been reported that mRNAs
coding for ribosomal proteins or other housekeeping genes
are enriched in shorter poly(A) tail lengths in humans, fly,
yeast, zebrafish and plants (31,63). Interestingly, when we

separated genes into housekeeping and non-housekeeping,
it appeared that the two groups had an opposite, stronger
correlation between RNA half-life and poly(A) tail length.
Taken together, this suggests that the poly(A) tail length of
housekeeping gene transcripts is regulated specifically. This
is supported by (64), who discovered a sequence-encoded
enhancer–core-promoter specificity that separates the reg-
ulatory programs of developmental genes from those of
housekeeping genes in Drosophila. It is plausible that these
transcriptional programs include factors influencing the
length and modifications of the poly(A) tail of the tran-
script that they activate, and thus carry information about
the associated stability. Moreover, it has been proposed
that short-tailed housekeeping genes could be locked in a
closed loop state that promotes translation and stabilizes
the RNA, favoring constitutive expression (63).

The modulation of RNA stability buffers RNA levels genome-
wide upon induced changes in transcription output and partic-
ipates to differential RNA expression between individuals

We describe two RNA stability mediated responses to al-
terations in gene expression. The first one buffers sudden
perturbations in transcription by shifting RNA stability in
the opposite direction of the transcriptional change and
was observed both in insect and mammalian cells. Our
finding is supported by a recent study in mammals that
found that global alterations in transcriptional dynamics
led cells to rapidly and specifically adjust the expression
of their RNA degradation machinery in order to coun-
teract the changes and buffer mRNA levels (61). More-
over, our observations are in line with previous observa-
tions of buffering in D. melanogaster (4–6). The response of
RNA stability to transcript level change appears more pro-
nounced for non-housekeeping genes compared to house-
keeping genes. Interestingly, we have previously shown us-
ing microarray analyses in flies that in monosomic regions,
non-housekeeping genes are more strongly buffered than
housekeeping genes, i.e. their RNA levels are closer to the
wild-type levels (5,65). This parallel suggests that upon im-
pairment of the MSL complex, the same, general, non-
MSL-complex-dependent buffering mechanism still oper-
ates (or takes over), prioritising stabilization of the RNAs
of non-housekeeping genes, that are often short-lived in re-
lation to their function. We speculate that changes in RNA
stability constitute a general response that partially buffers
acute disturbances in transcript levels such as those re-
sulting from loss of a chromosome segment, an impaired
dosage compensation mechanism or a new mutation that
broadly alters RNA levels. There is evidence that mRNA
decay is coupled to translation, which is coupled to mRNA
export, maturation and transcription (66–68), and these bi-
ological links could constitute the foundations for a mech-
anism that modulates RNA stability in relation to changes
of its transcription output. The increase in RNA stability
upon loss of MSL2, buffers the RNA levels and may ex-
plain why, experimentally, a knockdown of the MSL com-
plex does not result in a two-fold decrease in transcript lev-
els (6,38–41,69). The increased RNA stability is not suffi-
cient to rescue lost MSL complex function but might have
been enough to transiently alleviate the negative pheno-
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types associated with the progressive degeneration of the Y-
chromosome. This way it could have allowed the evolution
of the more effective and specific MSL complex dependent
mechanism.

The second response supports and strengthens the inter-
individual differential gene expression. We correlated dif-
ferential RNA stability with differential RNA levels of two
embryo derived insect cell lines S2 (male) and Kc167 (fe-
male) cells and of seven human lymphoblastoid cell lines
of mixed sexes. The RNA stability response shows no sex-
chromosome bias and leads to greater stability in the case
of genes exhibiting higher RNA levels in a specific cell line.
This response (in contrast to buffering that minimizes the
differences in transcript levels) will contribute to the differ-
ential transcript levels measured here. Finally, we speculate
that RNA stability could also be used among other mecha-
nisms to control adaptive expression during speciation.

The fourth chromosome is much smaller than the other
chromosome arms and has fewer genes, thus it is challeng-
ing to detect significant differences compared to the other
chromosomes. Still, we find that with msl2 RNAi, the fourth
chromosome has a much, and highly significantly, lower
RNA stability compared to the autosomes. It is unclear as
to why this happens, and we speculate that elements of the
answer lie within one or several of its unique characteristics.
The fourth chromosome is enriched in repetitive elements,
it is replicated late, and in principle, the entire chromosome
can be considered heterochromatic (70,71). Despite its het-
erochromatic nature, we and others have previously shown
that average transcript levels from the fourth chromosome
are comparable to, or even higher than, those of genes on
other chromosomes (72,73). In addition, the fourth chro-
mosome displays unusually high tolerance of dosage differ-
ences and mis-expression (5,73–76) and it has been shown
that it was ancestrally an X-chromosome that has reverted
to being an autosome (34,35,77).

Gene expression from the X-chromosome and fourth chromo-
some is regulated at the translational level on a chromosome
specific basis

We observe a lower ribosome density on transcripts from
the X-chromosome in untreated male cells (S2) which con-
firms previous findings (56). They hypothesized that the
reduced ribosome density is consistent with slower trans-
lation initiation and not faster translation elongation be-
cause X-linked transcripts have stronger mRNA structures
near start codons and longer 5´UTRs, both features being
known to slow translation initiation (56). The cited article
also confirms previous findings that X-chromosome tran-
scripts in Drosophila have a higher codon usage bias than
those from other chromosomes (78). Codon optimality has
been shown to facilitate translation elongation in yeast (79–
81). Ribosome density is used here as a proxy for transla-
tional activity, but it is an imperfect measure because ribo-
some densities can be used to compare the translation ef-
ficiency of genes only if their translation elongation rates
are equal (82). A recent study showed that optimal codons
speed up translation elongation in a Drosophila cell-free sys-
tem (83), and if this also occurs in vivo, it favours the faster
translation elongation hypothesis for the X-chromosome

transcripts. If translation elongation is indeed faster for
transcripts from the Drosophila X-chromosome, this is in
line with our observed lower ribosome density.

Additionally, we find a significantly higher ribosome den-
sity on the transcripts of the fourth chromosome. The
fourth chromosome of Drosophila has a low codon usage
bias and a high level of repetitive sequences and is highly
heterochromatic (77). According to the findings of (83),
a low codon usage bias slows down translation elonga-
tion and could thus explain the higher ribosome density
we observe. In particular, a low ribosome density in un-
treated cells corresponds to increased RNA stability with
msl2 RNAi (X-chromosome) and a high ribosome density
in untreated cells corresponds to decreased RNA stability
with msl2 RNAi (chromosome 4). It is plausible that in msl2
RNAi cells, the reduced number of X-chromosome tran-
scripts leads to increased translation initiation rates driven
by feedback loop regulation processes, which in turn in-
creases RNA stability. The opposite effect may apply for the
fourth chromosome.

Ribosome densities on the X-chromosomal and the au-
tosomal RNAs differ significantly for genes with low to
medium transcript levels but not for genes with high tran-
script levels. This suggests that genes with low to medium
transcript levels are more likely to be regulated at the trans-
lational level than genes with high transcript levels, because
the latter are likely to be saturated at the translational level.

The chromosome-wise average RNA half-lives are not
significantly different from each other; however, the ribo-
some densities are. Even though ribosome density correlates
negatively with gene length, and the X-chromosome has,
on average longer genes, for each gene length bin, the X-
chromosome still has a lower ribosome density on its tran-
scripts than the autosomes. This suggests that the chromo-
some specific regulation (dosage compensation) of gene ex-
pression is acting mainly at the transcriptional and trans-
lational levels rather than through the regulation of RNA
stability in Drosophila melanogaster.

In summary, we postulate that the regulation of RNA sta-
bility constitutes a versatile tool for the cell, used to con-
trol gene expression in several ways. Firstly, it can be used
rapidly to buffer shifts in transcription output, provoked by
e.g. some mutation that results in broad alterations of tran-
scription such as for general transcription factors or genes
involved in dosage compensation, and thus minimize the ef-
fects of faulty transcription output. Second, the modulation
of RNA stability has a supporting role to establish differen-
tial RNA levels between individuals or cell types genome-
wide. Lastly, as shown in mammals by (2), it can be used to
accelerate the operation of expression off-switches (devel-
opmental or in response to stress) by selectively increasing
the rate of decay of unwanted RNAs.
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Darzacq,X. and Choder,M. (2013) Gene expression is circular:
factors for mRNA degradation also foster mRNA synthesis. Cell,
153, 1000–1011.

67. Komili,S. and Silver,P.A. (2008) Coupling and coordination in gene
expression processes: a systems biology view. Nat. Rev. Genet., 9,
38–48.

68. Gilbertson,S., Federspiel,J.D., Hartenian,E., Cristea,I.M. and
Glaunsinger,B. (2018) Changes in mRNA abundance drive shuttling
of RNA binding proteins, linking cytoplasmic RNA degradation to
transcription. Elife, 7, e37663.

69. Vaquerizas,J.M., Cavalli,F.M., Conrad,T., Akhtar,A. and
Luscombe,N.M. (2013) Response to comments on “Drosophila
dosage compensation involves enhanced Pol II recruitment to male
X-linked promoters”. Science, 340, 273.

70. Riddle,N.C. and Elgin,S.C. (2006) The dot chromosome of
Drosophila: insights into chromatin states and their change over
evolutionary time. Chromosome Res., 14, 405–416.

71. Filion,G.J., van Bemmel,J.G., Braunschweig,U., Talhout,W., Kind,J.,
Ward,L.D., Brugman,W., de Castro,I.J., Kerkhoven,R.M.,
Bussemaker,H.J. et al. (2010) Systematic protein location mapping
reveals five principal chromatin types in Drosophila cells. Cell, 143,
212–224.

72. Haddrill,P.R., Waldron,F.M. and Charlesworth,B. (2008) Elevated
levels of expression associated with regions of the Drosophila genome
that lack crossing over. Biol. Lett., 4, 758–761.

73. Johansson,A.-M., Stenberg,P., Allgardsson,A. and Larsson,J. (2012)
POF regulates the expression of genes on the fourth chromosome in
Drosophila melanogaster by binding to nascent RNA. Mol. Cell. Biol.,
32, 2121–2134.

74. Hochman,B. (1976) In: Ashburner,M. and Novitski,E. (eds). The
Genetics and biology of Drosophila. Academic Press, NY, Vol. 1B, pp.
903–928.

75. Johansson,A.M., Stenberg,P., Bernhardsson,C. and Larsson,J. (2007)
Painting of fourth and chromosome-wide regulation of the 4th

chromosome in Drosophila melanogaster. EMBO J., 26, 2307–2316.
76. Johansson,A.M., Stenberg,P., Pettersson,F. and Larsson,J. (2007)

POF and HP1 bind expressed exons, suggesting a balancing
mechanism for gene regulation. PLoS Genet., 3, e209.



4388 Nucleic Acids Research, 2022, Vol. 50, No. 8

77. Riddle,N.C. and Elgin,S.C.R. (2018) The Drosophila dot
chromosome: where genes flourish amidst repeats. Genetics, 210, 757.

78. Singh,N.D., Davis,J.C. and Petrov,D.A. (2005) X-linked genes evolve
higher codon bias in Drosophila and Caenorhabditis. Genetics, 171,
145–155.

79. Tuller,T., Waldman,Y.Y., Kupiec,M. and Ruppin,E. (2010)
Translation efficiency is determined by both codon bias and folding
energy. Proc. Natl. Acad. Sci. U.S.A., 107, 3645–3650.

80. Presnyak,V., Alhusaini,N., Chen,Y.H., Martin,S., Morris,N.,
Kline,N., Olson,S., Weinberg,D., Baker,K.E., Graveley,B.R. et al.
(2015) Codon optimality is a major determinant of mRNA stability.
Cell, 160, 1111–1124.

81. Hanson,G., Alhusaini,N., Morris,N., Sweet,T. and Coller,J. (2018)
Translation elongation and mRNA stability are coupled through the
ribosomal A-site. RNA, 24, 1377–1389.

82. Quax,T.E.F., Claassens,N.J., Söll,D. and van der Oost,J. (2015)
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