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Glucocorticoids (GC) like dexamethasone (Dex) are potent anti-inflammatory agents with diverse
cellular functions including the potentiation of the activity of AU-rich elements (AREs). AREs are
cis-acting instability sequence elements located in the 3'UTRs of many inflammatory mediator
mRNAs. Here, available RNA-seq data were used to investigate the effect of GCs on the ARE-mRNA-
transcriptome. At a global scale, ARE-mRNAs had a tendency to be downregulated after GC-treatment
of the A549 lung cancer cell-line, but with notable cases of upregulation. mRNA stability experiments
indicated that not only the downregulated, but also the upregulated ARE-mRNAs are destabilized by
Dex-treatment. Several of the most upregulated ARE-mRNAs code for anti-inflammatory mediators
including the established GC targets DUSP1 and ZFP36; both code for proteins that target ARE-
containing mRNAs for destruction. GCs are widely used in the treatment of COVID-19 patients; we
show that ARE-mRNAs are more likely to regulate in opposite directions between Dex-treatment
and SARS-CoV-2 infections compared to non-ARE mRNAs. The effect of GC treatment on ARE-
mRNA abundance was also investigated in blood monocytes of COVID-19 patients. The results were
heterogeneous; however, in agreement with in vitro observations, ZFP36 and DUSP1 were often
amongst the most differentially expressed mRNAs. The results of this study propose a universal
destabilization of ARE-mRNAs by GCs, but a diverse overall outcome in vitro likely due to induced
transcription or due to the heterogeneity of COVID-19 patient’s responses in vivo.

Inflammation is a highly regulated intracellular and extracellular process. At the cellular level, a complex net-
work of signaling pathways regulate the transcription and post-transcription of inflammatory mediators'. At the
post-transcriptional level, the function of AU-rich elements (AREs) located in many inflammatory mRNAs is of
particular importance. AREs are composed of a single or overlapping repeat(s) of the AUUUA pentamer located
in the 3'UTR of up to 22.4% of human mRNAs”. AREs repress translation and confer instability of cis-mRNAs.
They can also respond to inflammatory stimuli especially the p38/MK2/ZFP36 MAP Kinase phosphorylation
pathway that is triggered during inflammation®. ZFP36 also called Tristetraprolin (TTP) is an ARE-binding
protein that inhibits mRNA translation and induces its decay. At the onset of inflammation, ZFP36 is strongly
induced but also immediately inhibited through phosphorylation by p38/MK2. This allows the stabilization and
translation of inflammatory cytokines mRNAs early on during inflammation, but also, ensures their decay later on
by de-phosphorylated and re-activated ZFP36*”". This “interrupted” negative feedback loop ensures an efficient
but transient expression of inflammatory mediators to initiate inflammation. The phosphatase DUSP1 that is
also induced during inflammation is a component of this negative feedback loop since it de-phosphorylates and
deactivates p38 leading to the de-phosphorylation and re-activation of ZFP36-!!. Ultimately, the ARE-dependent
post-transcriptional process allows an efficient but transient expression of master inflammatory cytokines like
TNF and IL17'%

Negative feedback loops in inflammation are not restricted to intracellular mechanisms. At the organism
level, TNF and IL1 also induce the production and release of glucocorticoids (GCs) into the bloodstream by
the hypothalamic-pituitary-adrenal axis to end inflammation; their anti-inflammatory effects are complex and
affect several types of cells and organs'?. Synthetic GCs such as Dexamethasone (Dex) are widely used clinically
to treat allergies, autoimmunity, chronic inflammation and COVID-19413,
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Importantly, GCs trigger cellular events that target AU-rich elements, for instance, they induce ZFP36. How-
ever, unlike inflammatory stimuli, GC-induced ZFP36 protein should remain un-phosphorylated and therefore
active. GCs do not co-activate p38 signaling, instead they induce the phosphatase DUSP1, which reduces p38
MAPK activity. Active ZFP36 that is induced by GCs binds AREs of inflammatory mRNAs leading to reduced
translation, enhanced decay, and subsequently reduced inflammation without interruption®'¢2!. In fact, it has
been proposed that post-transcriptional control plays a major effect in GC response, since the Knock-Out of
Zfp36 in mice affects up to 85% of genes whose expression are modulated by GCs*.

Here, the analysis of available transcriptomic RNAseq data allowed a global view and improved understand-
ing of the effect of GC treatment on ARE-mRNAs abundance in human cells. Comparative analysis between
transcriptomic responses to GCs and to SARS-CoV-2 infections suggest that ARE-dependent post-transcriptional
response is a likely factor in COVID-19 treatment.

Results

A global analysis of ARE-mRNA response to Dex-treatment

Published RNAseq data were used to investigate the global response of ARE-mRNAs to Dex-treatment in the
A549 lung cancer cell-line. MacDowell et al. treated A549 cells with Dex for several time points in replicates along
with time specific vehicle controls (GSE104714)*. The DESeq2 software was used to identify transcripts that
were differentially expressed in A549 cells treated for 3, 5,7, 9, and 11 h by combining all time points and repli-
cates in a single paired analysis. This allowed the identification of transcripts that were differentially expressed
across the entire time course. DEGs with Padj < 0.05 (Benjamini and Hochberg adjustment for multiple testing),
from DESeq2 results, were considered differentially expressed with statistical significance. In an independent
similar investigation, A459 cells were treated with another GC, hydrocortisone, for 8 h in duplicate, DESeq2
was again used to identify differentially expressed genes (GSE159546)*. The differentially expressed transcripts
from both datasets were crossed with the ARED-plus database to select the ARE-mRNAs (Supp. Tables S1 and
S2). The Log2 Fold Changes (Log2FC) of ARE and non-ARE-mRNAs were plotted (Fig. 1A). ARE-mRNAs had
a tendency to be downregulated at a global scale compared to non-ARE mRNAs (Medians from GSE104714:
ARE Log2FC - 0.17 (25th Percentile — 0.53, 75th Percentile 0.6) versus non-ARE 0.25 (25th Percentile — 0.47,
75th Percentile 0.74), and Medians from GSE159546: ARE — 0.3213 (25th Percentile — 0.7081, 75th percentile
0.45) versus non-ARE 0.19 (25th Percentile — 0.57, 75th percentile 0.72). Next, we determined the fraction of
ARE-containing transcripts within the 500 most upregulated and 500 most downregulated transcripts. It turned
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Figure 1. Global analysis of AU-rich mRNA response to GCs in A549 cells. Available RNA-seq data from
GSE104714 or GSE159546 were analyzed in DESeq2 to select significantly differentially expressed mRNAs after
Dex or hydrocortisone treatment of A549 cells (padj <0.05). The transcripts were split between ARE-containing
and non-ARE. (A) Dex-dependent Log2 Fold Change dot plot is displayed with median and interquartile range
of ARE and non-ARE mRNAs, Man-Whitney test **** P <0.0001. (B) Displayed is the percent of ARE-mRNAs
within the 500 most upregulated transcripts and the 500 most downregulated transcripts by Dex. The line at
22.4% represents the percent of ARE-mRNAs in the whole transcriptome. The significance of the difference in
population proportions was tested by two sided fisher’s exact test P <0.0001 ****, P>0.05 ns. (C) Volcano plots
of ARE-mRNAs that are significantly differentially expressed in response to GC-treatment. In red are the 25
most significantly differentially expressed ARE-mRNAs. Other significantly differentially expressed mRNAs that
are previously reported to be modulated by GC treatment or targeted by ZFP36 are labelled in green.
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out that from GSE104714 dataset 25% (125/500 mRNAs) of the upregulated group are ARE-mRNAs while 40.6%
(203/500 mRNAs) of the downregulated group are ARE-mRNAs. The 40.6% is a highly significant enrichment
of ARE-mRNAs compared to the 22.4% in the whole transcriptome (fisher’s exact test p.val<0.0001), again
indicating a preferential downregulation of ARE-mRNAs by Dex-treatment. Similar observations were made
with the GSE159546 (Fig. 1B).

Unexpectedly, a volcano plot shows that 21 of the 25 most significantly differentially expressed ARE-mRNAs
after Dex-treatment are upregulated in the GSE104714 (Fig. 1C, left panel). The combined above observations
indicate a general global tendency of ARE-mRNAs to be downregulated in response to the glucocorticoid treat-
ment, but with few cases of extreme upregulation. Several of the observed most upregulated ARE-mRNAs are
well-established glucocorticoid targets like ZFP36, DUSPI and NFKBIA that have anti-inflammatory functions
and can be considered a validation of the RNA-seq data'®**?**>_ Several of significantly downregulated ARE-
mRNAs are also known or expected pro-inflammatory GC targets like IL11, CXCL1, CXCL8, PTGS2, TNFSF15
and CCL2 (Fig. 1C, left panel)**-%. Also, several of the ARE-mRNAs that were modulated by Dex-treatment in
A549 cells were previously identified as top 20 ZFP36/TTP targets, like DUSP1, GDF15, TNFAIP3, NFKBIA,
IER3, TNFSF9, CDKNI1A and CCL2 (Fig. 1C)1#. A volcano plot from GSE159546 dataset contains genes that
were similarly differential regulated like DNAJC15, NFKBIA, BIRC3, PTGS2, TFCP2L1, ZFP36 and DUSPI
(Fig. 1C, right panel). The two independent datasets had comparable results. Further investigations were based
on dataset GSE104714 due to the higher number of replicates over a time course.

Both the upregulated and downregulated mRNAs are destabilized by Dex

Dex-treatment leads to the destabilization of ARE-containing mRNAs of TNF and CXCL8, and PTGS2 in cancer
cells'®'#2! This is in agreement with the downregulating effect observed here; CXCL8 and PTGS2 were amongst
the significantly downregulated mRNAs (Fig. 1C, left panel). The RNAseq observations were reconfirmed by
a qRT-PCR time-course with candidate ARE-mRNAs that were down-regulated by Dex like CXCLS8, PTGS2,
CXCL1, ENCI and IER3 (Fig. 2A). Some upregulated ARE-mRNAs were also selected like ZFP36, DUSPI,
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Figure 2. Steady-state levels and stability of ARE containing mRNAs after Dexamethasone treatment. (A)
A549 cells were treated with Dexamethasone (Dex) for the indicated time points. The relative levels of ten
mRNAs were evaluated by qRT-PCR. The data is shown in fold of untreated 0 h control in Log2 scale. (B)
Actinomycin-D chase experiments for the assessment of mRNA stability 2 h after Dex-treatment. (C) A549
cells were treated with 3ng/ml IL1 for indicated time points, mnRNAs of ZFP36, PTGER4 and DUSPI were
measured by real time PCR. (D) A549 cells were treated with 100nM of Dex for the indicated time points and
western blot analysis was performed to assess ZFP36 and GAPDH levels. (E) A549 cells were treated with either
100 nM of Dex or 3 ng/ml IL1 for the indicated time points and western blot analysis was performed to assess
ZFP36, phosphorylated p38 (P-p38), p38 and GAPDH levels. Uncropped western blots available supplemental
file F1 (D) The western blot experiments were repeated three times and ZFP36 and P-p38 bands were quantified
by Image Lab (BioRad) and normalized to GAPDH. Mean with SEM are displayed. Two way ANOVA with
Dunnett’s repeated measures test (For each time point compared to DMSO control) with* p <0.05, ** p<0.01,
¢ p<0.001, ¥ P<0.0001.
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PTGER4, DNAJC15 and TFCP2LI and their upregulation was also confirmed by qRT-PCR (Fig. 2A). ZFP36,
DUSP1, PTGER4 were modestly upregulated for two and up to fourfold. While the upregulation of DNAJC15 and
TFCP2L1 was stronger up to 12- and 22-fold respectively (Fig. 2A). Next, the stability of the selected mRNAs was
investigated by Actinomycin-D chase experiments. In agreement with previous reports, the stability of CXCLS,
CXCLI, and PTGS2 mRNAs was reduced by Dex-treatment. However, the moderately upregulated transcripts
DUSPI1, ZPP36 and PTGER4 were also destabilized by Dex-treatment. The highly upregulated DNAJC15 and
TFCP2L1 mRNAs had very stable transcripts, suggesting that their predicted AREs are not functional and sub-
sequently not affected by Dex-treatment (Fig. 2B). DUSPI and ZFP36 can be induced by inflammatory stimuli
like IL1%%%!, For comparison, A549 cells were treated with IL1 and a time course of ZFP36, DUSPI and PTGER4
mRNA levels was assessed by qRT-PCR. Their inductions by IL1 were stronger but transient (Fig. 2A,C). In
agreement, the induction of ZFP36 protein by IL1 was also transient but much stronger than Dex induction,
as assessed by western blot analysis (Fig. 2D-F). As expected, IL1 but not Dex led to the phosphorylation of
p38MAPK, implying that Dex-induced ZFP36 is not phosphorylated and active (Fig. 2E,F). The observations
suggests that the very low level of Dex-induced ZFP36 is sufficient to trigger increased mRNA decay, in agree-
ment with a previous observation®.

ARE-mRNAs that are downregulated by Dex tend to be upregulated by SARS-CoV-2 infection
in A549 cells

Abhay Sharma reported that a set of genes regulate in opposite directions between SARS-CoV-2 infections and
Dex-treatment®. Based on this finding, we tested if ARE-containing genes are more likely to regulate in opposite
directions compared to non-ARE mRNAs between Dex-treatment and SARS-CoV-2 infections. The observa-
tions made in Fig. 2 suggest that AREs should always lead to destabilization after Dex-treatment even when the
ARE-containing mRNA is upregulated. Therefore, a destabilizing Dex effect on AREs that is independent of
transcriptional noise could only be observed in the downregulated ARE-mRNAs. Consequently, mRNAs were
separated between downregulated and upregulated groups after Dex-treatment. The significantly downregulated
genes in Dex treated cells were selected and crossed with genes that were significantly differentially expressed
in SARS-CoV-2 infected A549 cells (Padj <0.05). The SARS-CoV-2-dependent differential expression was from
Blanco-Melo et al.>. The authors performed four different types of infections: (i) unmodified A549 cells were
infected with SARS-CoV-2, or (ii) A549 cells overexpressing the ACE2 receptor with Low Multiplicity of infec-
tion (Lo MOI) or (iii) cells expressing ACE2 with high MOI, or (iv) cells expressing ACE2 Hi MOI treated with
interferon signaling inhibitor Ruxolitinib (Ruxo). Crossing the mRNAs that were downregulated by Dex and
those that are differentially expressed in the different reiterations of A549 infections by SARS-CoV-2 resulted
with a lists of common transcripts (Fig. 3A upper panel). The spearman correlations between the downregu-
lated mRNAs in Dex-treated and SARS-CoV-2 infected A549 cells were determined and displayed in a graph
(Fig. 3A, lower panel). A tendency to a weak negative correlation was observed when all transcripts were analyzed
(Fig. 3A, lower panel, black). Next, we determined the correlations with ARE-mRNAs they turned out to be
slightly more negative compared to all transcripts (Fig. 3A, lower panel, red). The strongest negative correlation
was with complex ARE-mRNAs that are of clusters 2+ that have two or more overlapping AUUUA pentamers
(down to — 0.49 in SARS-CoV-2 and ACE Lo MOI) (Fig. 3A, lower panel, green). The correlation of non-ARE
mRNAs was either not significant or weak (Fig. 3A, lower panel, blue). Comparable and reproducible results
were observed with the four different types on SARS-CoV-2 infections: SARS-CoV-2, ACE2 Lo MOI, ACE2 Hi
MOI and ACE2 Hi MOI Ruxo (Fig. 3A lower panel). On the other hand, transcripts that were upregulated by
Dex positively correlated with transcripts that were differentially expressed after SARS-CoV-2 infections but to
a weaker extent, presumably due to transcriptional induction (Fig. 3B). The gene symbols and Log2FCs of the
2+ ARE-mRNAs that are downregulated in Dex-treated and differentially expressed in SARS-CoV-2 infected
cells are available in supp. Table S3a.

ARE-mRNAs that are downregulated by Dex in A549 cells tend to be upregulated in COVID-19
patients

ARE-mRNAs are more likely to be upregulated in the blood of COVID-19 patients than the rest of the
transcriptome®*®°. In a large transcriptomic clinical study, Bibert et al. classified COVID-19 patients into four
groups according to the level of respiratory failure: no oxygen support requirements (OXY0), received oxygen
but no need for mechanical ventilation (OXY1), required mechanical ventilation within the first 7 days in hos-
pital (TUBE early) and were sampled after 7 days (TUBE late). A similar analysis to the one described above
was performed with patient RNA-seq data. The COVID-19-dependent differentially expressed mRNAs were
crossed with the significantly downregulated genes after Dex-treatment in A549 cells (Fig. 4A upper panel). The
common mRNAs had weak negative correlations between Dex-treatments and their levels in all four COVID-
19 patient groups (Fig. 4A lower panel, black). ARE-mRNAs had also a tendency to negatively correlate espe-
cially in OXYO0 and OXY1, the mildest forms of the disease (Fig. 4A lower panel, red). The ARE2+ mRNAs
that have two or more overlapping AUUUA pentamers had a higher tendency to negatively correlate between
Dex-treatment and COVID-19 infections, especially in OXY1 (p=- 0.35) (Fig. 4A lower panel, green). Non-
ARE mRNAs abundance had weak and not significant correlations between Dex-treatments and their levels in
all four COVID-19 patient groups (Fig. 4A lower panel, blue). The significantly upregulated transcripts by Dex
in A549 cells, including ARE-mRNAs, had weak and not significant correlations with their differential levels in
COVID-19 patients (Fig. 4A lower panel). The gene symbols and Log2FC of the downregulated 2+ ARE-mRNAs
in Dex-treated and differentially expressed in COVID-19 patients is available in supp. Table S3b. Overall, the
results of COVID-19 patients are weaker than in SARS-CoV-2 infected A549 cells but with similar patterns. In
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Figure 3. ARE-mRNAs that are downregulated by Dex tend to be upregulated by SARS-CoV-2 infection in
A549 cells. (A) Upper panel. Venn diagrams depicting the cross between the significantly downregulated ARE
mRNAs after Dex treatment in A549 cells and mRNAs that were differentially expressed in different forms of
SARS-CoV-2 infected A549. As labelled; SARS-CoV-2 A549 cells were directly infected with SARS-CoV-2,
“ACE2 Lo MOT” refers to A549 cells expressing the ACE2 receptor and infected with Low Multiplicity of
infection. ACE2 Hi MOI refers to A549 cells expressing the ACE2 receptor and infected with High Multiplicity
of infection. ACE2 “Hi MOI Ruxo” were treated with Ruxolitinib. Lower panel: the spearman correlations
between mRNAs in Dex-treated and SARS-CoV-2 infected A459 cells were determined and displayed in the
graph. “All” refers to all common mRNAs. “ARE” refer to mRNAs that contain AREs. “ARE2+” refer to mRNAs
that are of clusters 2 + containing two or more overlapping AUUUA pentamers, “non-ARE” refers to mRNAs
that do not contain AREs. (B) Same as A but with genes that were upregulated by Dex-treatment. The sample
numbers and significance of the spearman correlations are displayed ns p>0.05, * p<0.05, ** p<0.01, ***
p<0.001.

both case the ARE2+ group displayed the highest negative correlations between mRNAs that were reduced by
Dex-treatment and SARS-CoV-2 infections. (Figs. 3 and 4).

The effect of GC treatment on ARE-mRNAs in COVID-19 patients

Jeong et al. performed a single cell (sc) RNAseq study on the blood of COVID-19 patients treated with GCs
(either Methylprednisolone or Dex). The study included six patients that were sampled pre and post glucocor-
ticoid treatment, designated as PTF1, PTF2, PTF4, PTF5, PTM1 and PTM4 (GSE188172). Blood samples were
labeled with patient symbol and an additional one letter suffix; for instance, PTF1 treated for 2 days with GC
is labelled as PTF1a. The authors reported that the highest levels of GC-dependent differential expression was
observed in monocytes compared to other immune cells*. Therefore, the ARE-mRNA analysis was performed
in monocytes. We used the ICARUS 2.0 portal to determine the fold change of mRNAs after GC treatment in
monocytes”. The authors reported overall high levels of heterogeneity and variations in the response to GCs
among individual patients. In agreement, the differential expression of ARE-mRNAs responses investigated
here was also highly heterogeneous between patients (Fig. 5A, supp. Fig. S1). Still, some interesting observations
could be made, from instance, in patient PTF1, ZFP36 and DUSPI were amongst the mRNAs that are most sig-
nificantly upregulated after daily GC treatments for 2, 4, 8, 11, and 15 days, similar to in vitro data in A549 cells
(Fig. 5A, supp. Fig. S1). The upregulation of ZFP36 and DUSPI however did not correspond with a preferential
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Figure 4. ARE-mRNAs that are downregulated by Dex in A549 tend to be upregulated in COVID-19 patients.
(A) Upper panel. Venn diagrams depicting the cross between the significantly downregulated ARE mRNAs after
Dex treatment in A549 cells and significantly differentially expressed genes in COVID-19 patients compared

to healthy individuals. The patients were split into four groups according to the level of respiratory failure:

no oxygen support requirements (OXY0), received oxygen but no need for mechanical ventilation (OXY1),
required mechanical ventilation within the first 7 days in hospital (TUBE early) and were sampled after 7

days (TUBE late). Lower panel: the spearman correlations between the differential expression of mRNAs in
Dex-treated A549 cells and COVID-19 patients were determined and displayed in the graph as indicated. The
numbers of common transcripts (n) are displayed; “all” refers to all common mRNAs, “ARE” refers to common
mRNAs that contain AREs, “ARE2+” refers to common mRNAs that have two or more overlapping AUUUA
pentamers. Non-ARE refers to common mRNAs that do not contain AREs. (B) Same as A but with mRNAs that
were upregulated by Dex-treatment. The significance of the correlations are displayed ns p>0.05, *p <0.05, **
p<0.01, *** p<0.001.

down-regulation of ARE-mRNAs. In PTF2, ZFP36 and DUSP1 were also differentially expressed, but were sur-
prisingly downregulated after GC treatment (Fig. 5B, supp. Fig. S1). This correlated with an expected comparative
upregulation of ARE-mRNAs especially after 2 days of treatment (Fig. 5B). In PTF4, PTM1 and PTM4 the levels
of ZFP36 and DUSPI were weakly or not significantly differentially expressed after GC treatment corresponding
with no major differential expression of ARE mRNAs (Supp. Fig. S2). For patient PTF5, scRNA seq is available 1
day after GC treatment (PTF5C/PTF5B). ZFP36 and DUSPI were among the mRNAs that were most significantly
upregulated. In addition, ARE-mRNAs were more downregulated compared to non-ARE mRNAs (Fig. 5C). In
conclusion, the results from GC-treated patients are highly variable and heterogeneous, however, some aspects
were similar to the in vitro findings like the differential expression of ZFP36 and DUSP1 mRNAs. This did not
always correlate with the expected effects on ARE-mRNAs probably due to the complex nature of the response
to the infection and treatments where other multiple factors may be involved.

Discussion

The molecular mechanism of the destabilizing effect of GCs on cellular ARE-containing mRNAs is well inves-
tigated and understood; they induce the un-phosphorylated and active form of the ARE-binding and decay
promoting protein ZFP36. This results in accelerated decay and reduced translation of several pro-inflammatory
ARE-containing mRNAs. Typically, such effects were discovered on model ARE-containing mRNAs like TNE
CXCL8 and PTGS2'¢-1822:2830,

Here, publically available RNAseq data were used to conduct a transcriptomic study on the effect of Dex-
treatment on ARE-containing mRNAs in human A549 lung cancer cells. At a global scale, ARE-mRNAs had a
tendency to be more downregulated compared to mRNAs that lack AREs. Still, a proportion of ARE-mRNAs
were upregulated by Dex-treatment like ZFP36, DUSPI1 and PTGER4. mRNA stability experiments by ActD
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Figure 5. Differential expression of DUSP1, ZFP36 and ARE-mRNAs in COVID-19 patients treated with

GCs. (A-C) scRNA-seq data from blood monocytes of three COVID-19 patients (PTF1, PTF2 and PTF5b)
treated with daily GCs doses for different days as indicated (PTF1a, PTF2a, PTF5c). Significantly differentially
expressed mRNAs between untreated and GC treated samples (padj <0.05) were selected and split between
ARE-containing (ARE) and those that do not contain AREs (Non-ARE). The significantly differentially
expressed ARE-mRNAs were subjected to a volcano plot (-Log 10 of padj vs Log2 Fold Change) (upper panel),
the dotted line represents log10 padj=4. DUSPI and ZFP36 were among the significantly differentially expressed
mRNAs and are labelled and colored in red. (Lower panel) Dex-dependent Log2 Fold Change dot plot is
displayed with median and interquartile range of ARE and non-ARE mRNAs. ns not significant P >0.05, ****
P<0.0001.

chase implied that also the upregulated mRNAs are destabilized by Dex. The chase experiments were initiated 2
h after Dex-treatment and were completed 2 h post ActD treatment, spanning a total of 4 h. During this period,
the stability of the induced ARE-mRNAs was reduced. The time course experiments on the other hand, show that
during the same 4-h time-period the steady state levels of ZFP36, DUSP1 and PTGER4 mRNAs were increas-
ing. Therefore, the observed increase must be due to Dex-dependent increase in transcription; its impact must
be stronger than destabilization and is masking its effects. On the other hand, Dex destabilizes and reduces the
levels of the pro-inflammatory ARE containing mRNAs like CXCL8, CXCL1 and PTGS2%*%*. It appears that
the same ZFP36/DUSP1-dependent mechanism that destabilizes and reduces the levels of pro-inflammatory
ARE-mRNAs ends up also destabilizing induced ARE-mRNAs that express anti-inflammatory mediators. This
destabilization appears counterproductive for the anti-inflammatory drugs; a possible explanation is that the
GC-induced destabilization is an inevitable default process that targets all ARE-mRNAs even if not desired.
Alternatively, excessive sustained induction of ZFP36, DUSP1, PTGER4 and other ARE-mRNAs by Dex may be
detrimental. Therefore, it is tightly regulated at the post-transcriptional level to counter transcription, result-
ing in mild induction. As a result, Dex ends up downregulating many pro-inflammatory ARE-mRNAs and
upregulating several that reduce inflammation. Inflammatory stimuli like IL1 on the other hand, induce both
the pro-inflammatory and anti-inflammatory ARE-mRNA.

Tiedje et al. used the iCLIP technique to identify ZFP36/T TP targets in bone marrow-derived mouse mac-
rophages at a transcriptomic scale. The authors compared the affinity to AREs of wild type ZFP36 with the ZFP36-
AA mutant. This mutant has two serine to alanine substitutions at two MK2 phosphorylation sites and therefore
cannot be phosphorylated/inhibited by MK2. Twenty top mRNAs that are targets of ZFP36 were identified, 16 of
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which contained AREs. Interestingly, ten of the 16 were also modified by Dex-treatment according to the obser-
vations here namely CCL2, CDKNI1A, CXCL2, DUSP1, GDF15, IER3, MDM2, NFKBIA, TNFAIP3 and TNFSF9.
Remarkably, those targets were more likely to bind ZFP36-AA compared to WT-ZFP36. This is in agreement
with the observations of this study since ZFP36 that is induced by Dex is presumably not phosphorylated and
should act like ZFP36-AA™.

The observations discussed above imply that an “isolated” post-transcriptional effect of Dex on ARE-mRNAs
should be detectable only in the downregulated group, since upregulation is likely the result of transcription that
masks destabilization. Therefore, mRNAs that were downregulated by Dex were investigated separately from
mRNAs than that were upregulated by Dex. Indeed, opposite directions of regulation between Dex and SARS-
CoV-2 infections were only significant in ARE-mRNAs that were downregulated by Dex. The highest negative
correlations were observed with complex clusters 2+ AREs that have two or more overlapping AUUUA repeats
are more likely to respond to stimuli.

At a global scale, the ARE-mRNA upregulation response appeared more pronounced in COVID-19 patients
with mild disease (OXY0)*. However, the negative correlation between ARE2+ mRNAs that were downregu-
lated by Dex and induced by COVID-19 was strongest in patients with more severe disease. These observations
suggest that Dex could be reducing the levels of key mRNAs at the post-transcriptional level that are especially
upregulated in patients with severe COVID-19.

The effect of GC treatment on the ARE-transcriptome of the COVID-19 patients was variable and heterogene-
ous. In three out of six patients, ZPF36 and DUSP1 were amongst the ARE-mRNAs that were most significantly
induced after GC. However, only in one patient this upregulation correlated with a preferential downregulation
of ARE-mRNAs compared to non-ARE. In contrast with the in vitro results, DUSPI and ZFP36 mRNAs were
downregulated in one patient after GC treatment, this correlated with an expected comparative upregulation of
ARE-mRNAs. These observations highlight variable, patient-specific responses to GC treatments and a likely
complex dynamic balance between the effects of infection and GC treatments.

This analysis of available transcriptomic RNA-seq data provides a global view and improved understanding
of the effect of GCs on ARE-mRNAs levels in human cells. GCs are likely to have a universal destabilizing effect
on ARE-mRNAs, but a heterogeneous overall outcome on their abundance due to variations in response to
infections and the combined effects of transcription and post-transcription.

Methods

RNA-seq data sources on glucocorticoid response

The lung cancer cell line A549 has been extensively used for the investigation of glucocorticoid response in
human cells. An NCBI search with the terms “A549 and glucocorticoid” retrieves 425 publications, 67 of which
had GEO depositions. Further search refinements for “RNA-seq, A549 and glucocorticoid” in Gene Expression
Omnibus (GEO) resulted in 15 records. Two datasets contained relevant direct analysis of the effect of GCs
on global mRNA levels: GSE104714 and GSE159546%*** (Supplemental Flowchart 1). The GSE104714 dataset
contained densely sampled mapped read counts of A549 cells treated with Dex. Specifically, A549 cells were
treated with Dex at 3, 5,7, 9, and 11 h in two replicates for each time point along with time-specific ethanol
vehicle controls®. The DESeq2 version 1.38.3 in R, was used to identify differentially expressed mRNAs. All
time point replicates and corresponding controls were combined in a single paired analysis comprising a total
of ten Dex-treatments and ten ethanol treatment controls (DESeq2 results, design matrix and code available in
supplemental Table S1). Genes with Padj < 0.05 Benjamini and Hochberg adjustment for multiple testing, from
DESeq2 results, were considered differentially expressed with statistical significance*®*!. Dataset GSE159546
contained mapped read counts of two control and treatment replicates incubated for 8 h with hydrocortisone.
This dataset was processed similarly in DESeq2 (supplemental Table S2)?*. The ARED-plus AU-rich element
database was used to select ARE genes.

Correlations between glucocorticoid treatments and COVID-19 infections

The differential expression of mRNAs (Log2FC values) were correlated between Dex treatment and COVID-19
infections by spearman correlation. RNA-seq data from A549 cells infected with SARS-CoV-2 virus were from
GSE147507. We previously used DESeq?2 to determine differentially expressed genes®’. RNA-seq data from the
blood of COVID-19 patients with different severity levels were from Bibert et al. The authors deposited the
mapped counts in (data.mendeley.com/datasets/8wxhhykfnh/2)*. We previously used the deposited data from
this study to compute the Log2 Fold Changes and significance®. The Dex-response data from GSE104714 was
available with transcript identity; the ENSEMBL portal was used to assign gene names for each transcript (Sup-
plemental Table 1). In some cases, several transcripts were assigned to a single gene. The different transcripts
of the same genes had very similar Dex-repsonse patterns. Therefore, we selected the differentially expressed
transcript with the highest statistical significance (Lowest padj) as a representative of the gene. Lists of common
genes with significant Log2FC values between the two conditions (Dex treatment and SARS-CoV-2 infection)
were prepared and spearman correlations with its significance were determined in graph prism.

COVID-19 patients treated with GCs

Single cell RNA-seq data of COVID-19 patients treated with GCs were from (GSE188172)*. The mapped mRNA
counts from patients’ sampled pre and post GC treatment (PTF1, PTF2, PTF4, PTF5, PTM1 and PTM4) were
downloaded from NCBI GEO database GSE188172. The ICARUS 2.0 portal was used to compute differential
expression in blood monocytes®’. Default functions for data integration and corrections were applied. Monocytes
were labeled using Single R and DICE immune cell expression data. The ARED-plus AU-rich element database
was used to select ARE genes?®.
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Statistical analysis and display

The GraphPad Prism software was used for data display and statistical analysis. Non-parametric Man-Whitney
test was used to assess the significance of differentially expressed ARE and non-ARE mRNAs. Differences in
ARE-mRNA proportions were tested by two sided fisher’s exact test in graph prism. Spearman correlations of
transcript levels after Dex treatments or SARS-CoV-2 infections were determined in Graph Prism. Western blot
bands were quantified in Image Lab (BioRad). Venn diagrams were performed in (https://bioinformatics.psb.
ugent.be/webtools/Venn/).

Cells, treatments, protein lysates and western blotting

A549 cells were purchased from American Type Culture Collection (ATCC) and cultured in DMEM (Invitrogen),
supplemented with 10% FBS and antibiotics (Invitrogen). Dexamethasone sodium phosphate 4 mg/ml was from
Simplist/USA. Dilutions were made in cell culture medium to reach a final concentration of 100 nM treatments.
For western blots, cells were directly lysed in 1 x SDS sample buffer (Invitrogen). Lysates were sonicated to
shear DNA, and equivalent lysate levels were loaded onto SDS PAGE gel, blotted to nitrocellulose membrane,
and probed with antibodies to ZFP36, and GAPDH. Affinity-purified ZFP36 rabbit polyclonal antibody was
custom-made with Genescript and was used previously’. GAPDH, Phspho-p38 antibody was purchased from
Cell Signaling. P38 antibody was purchased from Santa Cruz. IL1 alpha was from R&D systems, and was used
to treat the cells at a 3ng/ml concentration.

RNA preparation, real-time PCR, and actinomycin-D chase

Total RNA was extracted with TRI reagent (Sigma). Reverse transcription was performed using Superscript
II and Oligo dT primer (Invitrogen). Real-time PCR TagMan primer sets including the FAM-labeled ZFP36,
PTGS2, CXCL8, CXCLI1, DUSP1, PTGER4, TFCP2L1, DNAJCI5, IER3, ENCI as Target genes and VIC-labeled
GAPDH as internal control were purchased from Applied Biosystems. Real-time PCR was performed using the
CFX96 cycler (BioRad). For mRNA half-life determination, the cells were treated with 100 nM Dexamethasone
for 2 h. After 2 h of treatment, Actinomycin-D (10ug/ml) was added to shut off transcription at different time
point, and then total RNA was extracted with TRI reagent and qRT-PCR was performed as above. Decay curves
were plotted using GraphPad Prism software, mRNA half-life was estimated by one phase exponential decay.

Data availability
The datasets used and/or analysed during the current study are available in this published article and its sup-
plementary information files and from the corresponding author on reasonable request.

Received: 24 August 2023; Accepted: 2 January 2024
Published online: 09 January 2024

References

1. Zhao, H. et al. Inflammation and tumor progression: Signaling pathways and targeted intervention. Signal Transduct. Target Ther.
6, 263. https://doi.org/10.1038/s41392-021-00658-5 (2021).

2. Bakheet, T, Hitti, E. & Khabar, K. S. A. ARED-Plus: An updated and expanded database of AU-rich element-containing mRNAs
and pre-mRNAs. Nucleic Acids Res. 46, D218-D220. https://doi.org/10.1093/nar/gkx975 (2018).

3. Uchida, Y., Chiba, T., Kurimoto, R. & Asahara, H. Post-transcriptional regulation of inflammation by RNA-binding proteins via
cis-elements of mRNAs. J. Biochem. 166, 375-382. https://doi.org/10.1093/jb/mvz067 (2019).

4. Hitti, E. et al. Mitogen-activated protein kinase-activated protein kinase 2 regulates tumor necrosis factor mRNA stability and
translation mainly by altering tristetraprolin expression, stability, and binding to adenine/uridine-rich element. Mol. Cell Biol. 26,
2399-2407. https://doi.org/10.1128/ MCB.26.6.2399-2407.2006 (2006).

5. Mahmoud, L., Moghrabi, W., Khabar, K. S. A. & Hitti, E. G. Bi-phased regulation of the post-transcriptional inflammatory response
by tristetraprolin levels. RNA Biol. 16, 309-319. https://doi.org/10.1080/15476286.2019.1572437 (2019).

6. Rappl, P, Brune, B. & Schmid, T. Role of tristetraprolin in the resolution of inflammation. Biology https://doi.org/10.3390/biolo
gy10010066 (2021).

7. Tiedje, C. et al. The p38/MK2-driven exchange between tristetraprolin and HuR regulates AU-rich element-dependent translation.
PLoS Genet. 8, €1002977. https://doi.org/10.1371/journal.pgen.1002977 (2012).

8. Hoppstadter, J. & Ammit, A. J. Role of dual-specificity phosphatase 1 in glucocorticoid-driven anti-inflammatory responses. Front.
Immunol. 10, 1446. https://doi.org/10.3389/fimmu.2019.01446 (2019).

9. Abraham, S. M. & Clark, A. R. Dual-specificity phosphatase 1: A critical regulator of innate immune responses. Biochem. Soc.
Trans. 34, 1018-1023. https://doi.org/10.1042/BST0341018 (2006).

10. Hammer, M. et al. Dual specificity phosphatase 1 (DUSP1) regulates a subset of LPS-induced genes and protects mice from lethal
endotoxin shock. J. Exp. Med. 203, 15-20. https://doi.org/10.1084/jem.20051753 (2006).

11. Tiedje, C. et al. The RNA-binding protein TTP is a global post-transcriptional regulator of feedback control in inflammation.
Nucleic Acids Res. 44, 7418-7440. https://doi.org/10.1093/nar/gkw474 (2016).

12. Sneezum, L. et al. Context-dependent IL-1 mRNA-destabilization by TTP prevents dysregulation of immune homeostasis under
steady state conditions. Front. Immunol. 11, 1398. https://doi.org/10.3389/fimmu.2020.01398 (2020).

13. Chrousos, G. P. The hypothalamic-pituitary-adrenal axis and immune-mediated inflammation. N. Engl. . Med. 332, 1351-1362.
https://doi.org/10.1056/NEJM199505183322008 (1995).

14. Shimba, A. & Ikuta, K. Control of immunity by glucocorticoids in health and disease. Semin. Immunopathol. 42, 669-680. https://
doi.org/10.1007/500281-020-00827-8 (2020).

15. Group, R. C. et al. Dexamethasone in hospitalized patients with Covid-19. N. Engl. J. Med. 384, 693-704. https://doi.org/10.1056/
NEJMo0a2021436 (2021).

16. Ristimaki, A., Narko, K. & Hla, T. Down-regulation of cytokine-induced cyclo-oxygenase-2 transcript isoforms by dexamethasone:
Evidence for post-transcriptional regulation. Biochem. J. 318(Pt 1), 325-331. https://doi.org/10.1042/bj3180325 (1996).

17. Shi, J. X. et al. Tristetraprolin is involved in the glucocorticoid-mediated interleukin 8 repression. Int. Immunopharmacol. 22,
480-485. https://doi.org/10.1016/j.intimp.2014.07.031 (2014).

Scientific Reports |

(2024) 14:913 | https://doi.org/10.1038/s41598-024-51301-6 nature portfolio


https://bioinformatics.psb.ugent.be/webtools/Venn/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://doi.org/10.1038/s41392-021-00658-5
https://doi.org/10.1093/nar/gkx975
https://doi.org/10.1093/jb/mvz067
https://doi.org/10.1128/MCB.26.6.2399-2407.2006
https://doi.org/10.1080/15476286.2019.1572437
https://doi.org/10.3390/biology10010066
https://doi.org/10.3390/biology10010066
https://doi.org/10.1371/journal.pgen.1002977
https://doi.org/10.3389/fimmu.2019.01446
https://doi.org/10.1042/BST0341018
https://doi.org/10.1084/jem.20051753
https://doi.org/10.1093/nar/gkw474
https://doi.org/10.3389/fimmu.2020.01398
https://doi.org/10.1056/NEJM199505183322008
https://doi.org/10.1007/s00281-020-00827-8
https://doi.org/10.1007/s00281-020-00827-8
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1042/bj3180325
https://doi.org/10.1016/j.intimp.2014.07.031

www.nature.com/scientificreports/

18. Smoak, K. & Cidlowski, J. A. Glucocorticoids regulate tristetraprolin synthesis and posttranscriptionally regulate tumor necrosis
factor alpha inflammatory signaling. Mol. Cell Biol. 26, 9126-9135. https://doi.org/10.1128/MCB.00679-06 (2006).

19. Abraham, S. M. et al. Antiinflammatory effects of dexamethasone are partly dependent on induction of dual specificity phosphatase
1. J. Exp. Med. 203, 1883-1889. https://doi.org/10.1084/jem.20060336 (2006).

20. Clark, A. R. MAP kinase phosphatase 1: A novel mediator of biological effects of glucocorticoids?. J. Endocrinol. 178, 5-12. https://
doi.org/10.1677/j0e.0.1780005 (2003).

21. Lasa, M., Abraham, S. M., Boucheron, C., Saklatvala, J. & Clark, A. R. Dexamethasone causes sustained expression of mitogen-
activated protein kinase (MAPK) phosphatase 1 and phosphatase-mediated inhibition of MAPK p38. Mol. Cell Biol. 22, 7802-7811.
https://doi.org/10.1128/MCB.22.22.7802-7811.2002 (2002).

22. Ishmael, E. T. et al. Role of the RNA-binding protein tristetraprolin in glucocorticoid-mediated gene regulation. J. Immunol. 180,
8342-8353. https://doi.org/10.4049/jimmunol.180.12.8342 (2008).

23. McDowell, I. C. et al. Clustering gene expression time series data using an infinite Gaussian process mixture model. PLoS Comput.
Biol. 14, €1005896. https://doi.org/10.1371/journal.pcbi.1005896 (2018).

24. Prekovic, S. et al. Glucocorticoid receptor triggers a reversible drug-tolerant dormancy state with acquired therapeutic vulner-
abilities in lung cancer. Nat. Commun. 12, 4360. https://doi.org/10.1038/s41467-021-24537-3 (2021).

25. Auphan, N., DiDonato, J. A., Rosette, C., Helmberg, A. & Karin, M. Immunosuppression by glucocorticoids: Inhibition of NF-kappa
B activity through induction of I kappa B synthesis. Science 270, 286-290. https://doi.org/10.1126/science.270.5234.286 (1995).

26. Wang, J., Zhu, Z., Nolfo, R. & Elias, . A. Dexamethasone regulation of lung epithelial cell and fibroblast interleukin-11 production.
Am. J. Physiol. 276, L175-185. https://doi.org/10.1152/ajplung.1999.276.1.L175 (1999).

27. Chang, M. M., Juarez, M., Hyde, D. M. & Wu, R. Mechanism of dexamethasone-mediated interleukin-8 gene suppression in
cultured airway epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol. 280, L107-115. https://doi.org/10.1152/ajplung.2001.280.1.
L107 (2001).

28. Lasa, M., Brook, M., Saklatvala, J. & Clark, A. R. Dexamethasone destabilizes cyclooxygenase 2 mRNA by inhibiting mitogen-
activated protein kinase p38. Mol. Cell Biol. 21, 771-780. https://doi.org/10.1128/ MCB.21.3.771-780.2001 (2001).

29. Al-Haj, L., Blackshear, P. . & Khabar, K. S. Regulation of p21/CIP1/WAF-1 mediated cell-cycle arrest by RNase L and tristetraprolin,
and involvement of AU-rich elements. Nucleic Acids Res. 40, 7739-7752. https://doi.org/10.1093/nar/gks545 (2012).

30. Shah, S., Mostafa, M. M., McWhae, A., Traves, S. L. & Newton, R. Negative feed-forward control of tumor necrosis factor (TNF) by
tristetraprolin (ZFP36) is limited by the mitogen-activated protein kinase phosphatase, dual-specificity phosphatase 1 (DUSP1):
Implications for regulation by glucocorticoids. J. Biol. Chem. 291, 110-125. https://doi.org/10.1074/jbc.M115.697599 (2016).

31. Newton, R., Shah, S., Altonsy, M. O. & Gerber, A. N. Glucocorticoid and cytokine crosstalk: Feedback, feedforward, and co-
regulatory interactions determine repression or resistance. J. Biol. Chem. 292, 7163-7172. https://doi.org/10.1074/jbc.R117.777318
(2017).

32. Sharma, A. Inferring molecular mechanisms of dexamethasone therapy in severe COVID-19 from existing transcriptomic data.
Gene 788, 145665. https://doi.org/10.1016/j.gene.2021.145665 (2021).

33. Blanco-Melo, D. et al. Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 181, 1036-1045.€1039.
https://doi.org/10.1016/j.cell.2020.04.026 (2020).

34. Bibert, S. et al. Transcriptomic signature differences between SARS-CoV-2 and influenza virus infected patients. Front. Immunol.
12, 666163. https://doi.org/10.3389/fimmu.2021.666163 (2021).

35. Bakheet, T., Khabar, K. S. A. & Hitti, E. G. Differential upregulation of AU-rich element-containing mRNAs in COVID-19. Hum.
Genomics 16, 59. https://doi.org/10.1186/s40246-022-00433-9 (2022).

36. Jeong, H. W. et al. Corticosteroids reduce pathologic interferon responses by downregulating STAT1 in patients with high-risk
COVID-19. Exp. Mol. Med. 55, 653-664. https://doi.org/10.1038/s12276-023-00964-8 (2023).

37. Jiang, A., Lehnert, K., You, L. & Snell, R. G. ICARUS, an interactive web server for single cell RNA-seq analysis. Nucleic Acids Res.
50, W427-W433. https://doi.org/10.1093/nar/gkac322 (2022).

38. Makita, S., Takatori, H. & Nakajima, H. Post-transcriptional regulation of immune responses and inflammatory diseases by RNA-
binding ZFP36 family proteins. Front. Immunol. 12, 711633. https://doi.org/10.3389/fimmu.2021.711633 (2021).

39. Tang, E. H.,, Libby, P,, Vanhoutte, P. M. & Xu, A. Anti-inflammation therapy by activation of prostaglandin EP4 receptor in cardio-
vascular and other inflammatory diseases. J. Cardiovasc. Pharmacol. 59, 116-123. https://doi.org/10.1097/FJC.0b013e3182244a12
(2012).

40. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15, 550. https://doi.org/10.1186/s13059-014-0550-8 (2014).

41. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B (Methodol.) 57, 289-300. https://doi.org/10.1111/j.2517-6161.1995.tb02031.x (1995).

Acknowledgements
Intramural funding of King Faisal Specialist Hospital and Research Centre [grant number 2200017, 2020] sup-
ported this work.

Author contributions

Z.M. conducted and analyzed experiments and prepared figures. W.M. performed and analyzed experiments and
corrected manuscript. T.B. performed bioinformatics analysis and edited manuscript. L.M. and M.H. supported
in methodology and resources. K.K. edited and corrected manuscript. E.H. conceived the idea of the study,
analyzed data and wrote manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-51301-6.

Correspondence and requests for materials should be addressed to E.G.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:913 | https://doi.org/10.1038/s41598-024-51301-6 nature portfolio


https://doi.org/10.1128/MCB.00679-06
https://doi.org/10.1084/jem.20060336
https://doi.org/10.1677/joe.0.1780005
https://doi.org/10.1677/joe.0.1780005
https://doi.org/10.1128/MCB.22.22.7802-7811.2002
https://doi.org/10.4049/jimmunol.180.12.8342
https://doi.org/10.1371/journal.pcbi.1005896
https://doi.org/10.1038/s41467-021-24537-3
https://doi.org/10.1126/science.270.5234.286
https://doi.org/10.1152/ajplung.1999.276.1.L175
https://doi.org/10.1152/ajplung.2001.280.1.L107
https://doi.org/10.1152/ajplung.2001.280.1.L107
https://doi.org/10.1128/MCB.21.3.771-780.2001
https://doi.org/10.1093/nar/gks545
https://doi.org/10.1074/jbc.M115.697599
https://doi.org/10.1074/jbc.R117.777318
https://doi.org/10.1016/j.gene.2021.145665
https://doi.org/10.1016/j.cell.2020.04.026
https://doi.org/10.3389/fimmu.2021.666163
https://doi.org/10.1186/s40246-022-00433-9
https://doi.org/10.1038/s12276-023-00964-8
https://doi.org/10.1093/nar/gkac322
https://doi.org/10.3389/fimmu.2021.711633
https://doi.org/10.1097/FJC.0b013e3182244a12
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1038/s41598-024-51301-6
https://doi.org/10.1038/s41598-024-51301-6
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:913 | https://doi.org/10.1038/s41598-024-51301-6 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Global analysis of the abundance of AU-rich mRNAs in response to glucocorticoid treatment
	Results
	A global analysis of ARE-mRNA response to Dex-treatment
	Both the upregulated and downregulated mRNAs are destabilized by Dex
	ARE-mRNAs that are downregulated by Dex tend to be upregulated by SARS-CoV-2 infection in A549 cells
	ARE-mRNAs that are downregulated by Dex in A549 cells tend to be upregulated in COVID-19 patients
	The effect of GC treatment on ARE-mRNAs in COVID-19 patients

	Discussion
	Methods
	RNA-seq data sources on glucocorticoid response
	Correlations between glucocorticoid treatments and COVID-19 infections
	COVID-19 patients treated with GCs
	Statistical analysis and display
	Cells, treatments, protein lysates and western blotting
	RNA preparation, real-time PCR, and actinomycin-D chase

	References
	Acknowledgements


