bioRxiv preprint doi: https://doi.org/10.1101/2022.09.27.509553; this version posted September 28, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

The RNA binding proteins ZFP36L1 and ZFP36L2 modulate
transcriptional and post-transcriptional genome-wide effects of
glucocorticoids

Jennifer Rynne', Elena Ortiz-Zapater?#, Paniz Khooshemehri!, Nicole O.
Ponde'!, Giselda Bucca®, Andrew Hesketh®, Manuela Platé*, Rachel
Chambers*, Colin Smith?, Rocio T. Martinez-Nunez' "

' Dept Infectious Diseases, School of Immunology and Microbial Sciences,
King's College London, London, United Kingdom

2 Randall Centre for Cell & Molecular Biophysics, King's College London,
London, United Kingdom. 3 University of Brighton, Brighton, School of Applied
Sciences, United Kingdom.

4 Centre for Inflammation and Tissue Repair, University College London,
London United Kingdom

# Present address: Department of Biochemistry and Molecular Biology, School
of Medicine, University of Valencia, Valencia, Spain.

* Corresponding author. Email: rocio.martinez_nunez@kcl.ac.uk

Abstract

Glucocorticoids (GCs) are one of the most used anti-inflammatory drugs
worldwide. Despite their widespread use, our understanding of their post-
transcriptional effects remains poorly understood. The tristetraprolin (TTP) RNA
binding protein (RBP) family (ZFP36, ZFP36L1 and ZFP36L2) has been
implicated in inflammation regulation via binding to AU-rich elements (ARE) in
mRNAs, with TTP being implicated in GC modulation. We hypothesised that
ZFP36L1 and ZFP36L2 are part of the GC pathway and tested this hypothesis
in bronchial epithelium, which commonly encounters GC in vivo upon
inhalation. Our data show that dexamethasone, a commonly used GC,
modulated the levels, subcellular localisation and RNA binding of ZFP36L1/L2.
Employing Frac-seq (subcellular fractionation and RNA-sequencing), we show
that GC modulated distinct subsets of RNAs in a subcellular-dependent
manner. In addition to their mostly known transcriptional effects (116
differentially expressed genes, DEGs), GCs modified the binding to
monosomes of myriad mRNAs (83 differentially bound genes, DBGs). We also
demonstrate that ZFP36L1/L2 modulated gene expression mainly at the total
cytoplasmic and polyribosome binding levels. ZFP36L1/L2 down-regulation led
to an increase in ARE-containing mRNAs and a pronounced modification of the
effects of GC on gene expression. We observed a small overlap of genes
modulated by GCs when comparing control and ZFP36L1/L2 knockdown cells,
in a subcellular-dependent manner Our data also suggest a novel role for these
RBPs and GCs in epithelial biology via regulation of mMRNAs encoding proteins
important for epithelial cell function including cellular structure. We believe that
our data has further implications in how we investigate gene expression. We
show the power of employing sub-cellular fractionation when analysing
genome-wide effects for known ‘transcriptional modulators’ such as GCs, as
well as a tool to demonstrate the extent of the effect of RBPs on gene
expression modulation beyond total RNA levels.
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Introduction

Glucocorticoids (GCs) are steroid hormones involved in regulating multiple
physiological processes, including metabolism and inflammation. GCs such as
dexamethasone, fluticasone, budesonide, hydrocortisone or prednisolone are
some of the most prescribed drugs in the world due to their potent anti-
inflammatory action, with estimations from 14% (1) to 3% (2) of the adult
population taking oral GCs. Respiratory diseases such as asthma account for
40% oral GC prescriptions (3). In addition to their anti-inflammatory effects,
long-term use of GCs leads to multiple side effects including diabetes, obesity
or depression (4). The action of GCs relies on binding to the glucocorticoid
receptor (GR), which is a steroid-hormone nuclear receptor present in most
human tissues (5). GR has two GR isoforms, GRa and GRp (6) and can be
phosphorylated by MAP kinases and cyclin-dependent kinases at its serine
residues in a ligand-dependent and independent manner (7).

GCs are mainly known as transcriptional regulators. Binding of GCs to
cytoplasmic GR induces a phosphorylation and conformational change leading
to GR dissociation from its chaperones, heat shock protein (Hsp) 70, 90 and
p23 (8). Subsequently, GR translocates to the nucleus where it homodimerizes
and binds to DNA glucocorticoid response elements (GREs), acting as a
transcription factor (9). Its activity as transcription factor depends on the GRE
sequence, activity of co-factors and chromatin accessibility (10, 11). GCs can
also act via protein-protein interactions, for example by repressing transcription
factors such as the nuclear factor kappa B (NF-kB), activator protein 1 (AP-1)
or signal transducer and activator of transcription (STAT) family (9). GCs also
possess post-transcriptional effects, mostly circumscribed to AU-rich (ARE)-
mediated decay via induction of mitogen-activated protein (MAP) kinase
phosphatase 1 (MKP-1) and tristetraprolin (TTP) expression (12). Many genes
are regulated post-transcriptionally by GCs through mRNA stability including
COX2, CCND3, CCL11, GMCSF, IFNB, IL1, IL6 or CXCL8 (13). In addition,
GR has been shown to function as an RNA binding protein itself (14, 15) and it
was recently associated with glucocorticoid mediated decay (GMD), which
requires a ligand, the loading of GR onto a target mMRNA, upstream frameshift
1 (UPF1) and proline-rich nuclear receptor coregulatory protein 2 (PNRC2)
(16). Unlike other decay pathways such as nonsense mediated decay, GMD
does not appear to rely on translation (17). Additionally, GCs can act via non-
genomic signalling pathways via membrane-associated receptors and second
messengers. The characteristics of non-genomic effects include a short time
frame, a different pharmacological profile because the effects are insensitive to
transcriptional and translational inhibitors, efficacy on non-nucleated cells such
as platelets, and the ability of steroid analogues that cannot enter intracellular
compartments to elicit a response (13). However, despite their wide use and
effects, coupling transcriptional with post-transcriptional effects of GCs remains
poorly described and understood.

The TTP family is comprised of three CCCH zinc finger proteins (ZFP), namely
ZFP36 (alias TTP or TIS11), ZFP36L1 (alias TIS11B and BRF1) and ZFP36L2
(alias TIS11D or BRF2) (18). Although structurally similar, these family
members have distinct functions and targets. (19). The most studied member
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of the family, TTP, binds to AUUUA sequence repeats in the 3' UTR
(Untranslated Region) of its targets, promoting deadenylation of the poly(A) tail,
RNA instability and degradation (20). ZFP36, ZFP36L1 and ZFP36L2 have
different patterns of expression and effects. ZFP36L1 and ZFP36L2 can
modulate mMRNA levels in different manners, from ribosome association (21) to
decay via deadenylation (22). These RBPs have been implicated in the
regulation of B and T cell biology and immunity (21, 23-25). Changes in single
nucleotide polymorphisms (SNPs) and/or in the expression of ZFP36L1 and
ZFP36L2 have been associated with multiple inflammatory disorders (26).
There is some evidence of GCs modulating ZFP36L1 and/or ZFP36L2
expression levels (27), but the role of these RBPs in the effects of GCs genome-
wide has not been characterised.

Based on the above, we hypothesised that GCs act via ZFP36L1 and ZFP36L2
and we set out to investigate their transcriptional vs post-transcriptional effects
in bronchial epithelial cells. We chose this cell type because they sit at the
interface between the airways and the environment in the lungs, being the main
cells in central airways that GCs will encounter when inhaled. Our data show
that GCs modulate the levels, subcellular localisation and transcript binding
affinity of ZFP36L1 and ZFP36L2. We performed Frac-seq (subcellular
fractionation and RNA-sequencing) in primary bronchial epithelial cells
depleted of ZFP36L1 and ZFP36L2 and stimulated with GCs, which allowed us
to examine mRNA expression levels in three subcellular fractions: total
cytoplasmic (Total), monosome-bound mRNAs (80S) and polyribosome-bound
MRNAs (Poly). These experiments revealed novel findings. Firstly, we found
an unprecedented level of regulation of MRNA expression by GCs, not only
transcriptionally but also at the level of monosome binding. In addition, we
demonstrate that ZFP36L1 and ZFP36L2 modulated distinct mRNA targets in
a sub-cellular dependent manner, with cytoplasmic RNA levels being the main
target and secondly the polyribosome association of a distinct set of mMRNAs.
ZFP36L1/L2 downregulation caused an increase in ARE-containing mRNAs in
both total and polyribosome compartments, as well as an over-representation
of previously reported ZFP36L2-bound transcripts. Moreover, ZFP36L1/L2
depletion transformed the transcriptional and post-transcriptional effects of GC,
in many cases causing opposite effects on gene expression modulation,
particularly at the Total and 80S binding levels. Our data highlight the value of
performing sub-cellular analysis when investigating RBP effects and reveal how
GCs act via and modulate the activity of ZFP36L1 and ZFP36L2.

Results

ZFP36L1 and ZFP36L2 expression and localisation are modulated by
glucocorticoids

We firstly set out to determine if GCs modulated the expression of ZFP36L1
and ZFP36L2 in bronchial epithelial cells. BEAS-2B cells were plated, starved
overnight, stimulated with 10-"M dexamethasone (GC herein) and harvested at
different time points. Both ZFP36L1 and ZFP36L2 mRNAs were significantly
induced early after 2h stimulation; this was sustained at 24h for ZFP36L2
(Figures 1A and 1B). 6h stimulation with dexamethasone significantly induced
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ZFP36L2 mRNA (Figure 1B) and ZFP36L1 mRNA showed a trend towards
increased levels (Figure 1A). Glucocorticoid-induced leucine zipper (GILZ)
MRNA expression was assessed as a positive control for GC effects, since it is
a known GC target in airway epithelium (28). As expected, GILZ mRNA was
significantly increased at all time points (Figure 1C). At the protein level, GC
upregulated ZFP36L1 and ZFP36L2 at 2h (Figures 1D and 1E, respectively)
with a trend towards upregulation for ZFP36L2 at 24h (Figure 1E), while GR
expression significantly decreased at 24h (Figure 1F) as previously shown in
HelLa cells (29). To further confirm our data, we determined the expression of
ZFP36L1 and ZFP36L2 mRNAs in HBEC3-KT (3KT) cells, another bronchial
epithelial cell line with the ability to differentiate into ciliated epithelium in air-
liquid interface cultures (30). Figure 1G shows that the mRNA expression of
ZFP36L1 and ZFP36L2 was also increased by GCs in 3KT cells at different
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Figure 1. Dexamethasone modulates ZFP36L1 and ZFP36L2 expression in bronchial
epithelial cells. BEAS-2B cells were stimulated with 107 M dexamethasone (DEX), harvested
and analysed at different time points. Results demonstrate treatment compared to vehicle. A-
C. Bar graphs representing mean fold change of mMRNA expression (+ SEM) as determined by
RT-qPCR amplifying ZFP36L1 (A), ZFP36L2 (B) and GILZ (C). Values were normalised to 18S.
n=4. Statistical significance was assessed by two-tailed t-tests on log transformed data. D-F:
Representative images of western blot protein analysis probing for ZFP36L1 (D), ZFP36L2 (E)
and GR (F). Bar graphs underneath represent mean densitometry quantification of band
intensity (+ SEM) normalised to GAPDH. n=3-5. Statistical significance was assessed by one-
tailed t-tests. G. Bar graphs representing mean fold change of mMRNA expression (+ SEM) of
3KT cells stimulated with 10 M dexamethasone of ZFP36L1 and ZFP36L2 normalised to 188,
n = 3-5 independent experiments. p < 0.5 *, p < 0.01 ** p < 0.001 ***,

Taken together, our data show that dexamethasone increased the expression
of ZFP36L1 and ZFP36L2, suggesting a potential role for ZFP36L1 and
ZFP36L2 in GC effects.
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Glucocorticoids modulate binding of ZFP36L1/L2 and GR to target mRNAs

We next investigated the potential for GCs to modulate the binding of ZFP36L1
and ZFP36L2 (ZFP36L1/L2 herein) to their targets. To this end, we employed
RNA immunoprecipitation (RIP) of ZFP36L1/L2 as well as that of GR and
assessed several candidate mRNAs. Rabbit IgG was used as a negative
control to account for unspecific binding. We employed a dual ZFP36L1/L2
antibody (BRF1/2, Cell Signaling Technology) which has been previously
shown to be selective for Zfp36/1 in mice (25), and others have used it to
immunoprecipitate ZFP36L1 in 293 T cells (22). In our hands, the dual
ZFP36L1/L2 immunoprecipitated ZFP36L2 and likely ZFP36L1 in BEAS-2B
cells (Supplemental Figure 1) and thus we refer to the immunoprecipitated RNA
as ‘ZFP36L1/L2" bound without distinction between the two RBPs.

BEAS-2B cells were stimulated with GC and 24h later RIP was performed. We
considered ‘bound’ those mMRNAs that showed statistically significant
enrichment when compared to their corresponding IgG control to account for
potential unspecific binding to immunoglobulin or beads. Thus, we compared
ZFP36L1/L2 no GC vs IgG no GC and ZFP36L1/L2 + GC vs IgG + GC. We
also took into consideration the effects of GC on the levels of the assessed
target mMRNAs (INPUT in Figure 2). Figure 2A shows the levels of mMRNAs that
were bound by ZFP36L1/L2 following a similar pattern to that of the
corresponding input levels. IL6 mMRNA was decreased by GC (top panel,
INPUT), while its binding to ZFP36L1/L2 showed a similar trend. CXCL8 (/L8
herein) transcripts did not show regulation by dexamethasone treatment
(INPUT) and were similarly bound by ZFP36L1/L2 in the presence and absence
of dexamethasone (Figure 2, middle graphs). VEGF, which has been shown to
be bound by ZFP36L1 (22) also showed binding to ZFP36L1/L2 in bronchial
epithelial cells, and this binding was similar with/without dexamethasone. In our
hands, none of these transcripts were directly bound by GR, either in the
absence or presence of GC (blue bars in Figure 2A), except for ZFP36L1 and
ZFP36L2 mRNAs (Supplemental Figure 2).

We also found that dexamethasone potentially modified the binding of
ZFP36L1/L2 to some mRNAs. TGFBR2 and GILZ mRNA levels were
statistically increased by dexamethasone (Figure 2B upper and middle panels),
while their binding to ZFP36L1/L2 remained the same and did not reflect this
increase. CSF2 (GM-CSF herein) mRNA was bound by ZFP36L1/L2; upon
dexamethasone treatment GM-CSF mRNA levels were significantly decreased
and showed no statistically significant binding to ZFP36L1/L2 (Figure 2B lower
panels). Amongst all these transcripts, GR appeared to only bind TGFBR2
mRNA in the absence of steroid (Figure 2B, upper panel blue bars) with a clear
trend also in GC stimulated cells. Taken together, our data show that GC
stimulation can modulate the binding of ZFP36L1/L2 and GR to their targets,
and that the effects of GC transcriptionally may not reflect post-transcriptional
processing of those mRNAs.
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Figure 2. GC modulates ZFP36L1/L2 and GR binding to their mRNA targets.

BEAS-2B cells were stimulated 107 M dexamethasone (+DEX) or vehicle (-DEX) for 24 hours
and lysed for RNA immunoprecipitation. Bar graphs on the left represent the mean fold change
of mMRNA expression (+ SEM) of the input samples. Bar graphs on the right represent mean
fold change of MRNA expression (+ SEM) over the respective IgG control (+ or -DEX). A depict
mRNA candidates whose binding follow the pattern of expression triggered by GC stimulation:
IL6 (upper), IL8 (middle) and VEGF (bottom) panels. B depict candidates whose biding does
not reflect the changes triggered by GC and thus potentially modulated by GC: TGFBR2
(upper), GILZ (middle) and GM-CSF (bottom). Summary data from three to four independent
experiments. Statistical significance was assessed by multiple two-tailed t-tests on log
transformed data comparing L1L2 immunoprecipitated mRNAs to their condition-matched (-/+
DEX) IgG control. p< 0.5 *, p <0.01 ** p <0.001 ***,

Glucocorticoids exert transcriptional and post-transcriptional effects

Having established that GCs modulated both the levels and binding of
ZFP36L1/L2 to their targets (Figures 1 and 2), we set out to determine their
genome-wide role in the presence and absence of GCs. To that end, we used
Frac-seq (subcellular fractionation and RNA-sequencing) (31). This allowed us
to compare total mMRNA, monosome-bound and polyribosome-bound mRNAs.
Monosome-bound mRNAs may represent transcripts that have lower half-life,
that require constant low-level translation into protein or that are undergoing
elongation (32) while polyribosome (in our case more than five ribosomes)
represent MRNAs engaged in translation. We chose to deplete both RBPs
together, as they can regulate their own mRNAs considering that ZFP36L 1 and
ZFP36L2 mRNAs precipitated with ZFP36L1/L2 in bronchial epithelial cells
(Supplemental Figure 2) and contain AREs. Human primary bronchial epithelial
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cells (BECs) were depleted of ZFP36L1 and ZFP36L2 employing siRNAs or
siControl (scrambled siRNAs) as control, and both control and knockdown cells
were treated with 10”7 M dexamethasone before being subjected to Frac-seq.
Our polyribosome profiles showed that we could capture up to nine intact
polyribosome peaks (Figure 3A and Supplemental Figure 3). Efficient
knockdown of ZFP36L1 and ZFP36L2 was demonstrated at the total mMRNA
level by RT-gPCR (Figure 3B).

A 805 siControl siL1/L2 B
® - sic 28 -
@@ siC + DEX 5
—— untreated . sz —— untreated = SiC + DEX
B3 siLi12+ DEX § 2 - sz
021 — DEX 3 02 FEDEX 8 o stz +0ex
8 8 5
c { c > 1.
o POLYRIBOSOMES I3 °
£ | e £ 3
o 4 { o
2 ot I @ @ 4x5x6x 2 f:'é :
< @ eeee < s
zo
0.0 AN
15 % sucrose 45 ZFP36L1  ZFP36L2
C D E DEGs 80S

10.0

Differentially Expressed Genes

0.0

-4 4 8 FC80S FC total FC poly

(log2FoldChange)
Figure 3. Frac-seq reveals that GC modulate transcription and 80S binding of distinct
mRNAs

Primary BECs were transfected with siRNA control (siControl=blue lines) or siRNAs against
ZFP36L1 and ZFP36L2 (siL1/L2=red lines) and stimulated with 107 M dexamethasone (DEX)
or vehicle overnight. Cells were harvested and subjected to polyribosome fractionation and
RNA sequencing. A. Representative polyribosome profiles from Frac-seq in primary BECs. Line
graphs represent absorbance at 280 nm of mRNAs bound to ribosomes (Y-axis) across a
density gradient (X-axis). Ribosomal subunits, units and polyribosome peaks (P1 onwards) are
depicted. B. Total mMRNA expression of ZFP36L1 and ZFP36L2 as quantified by RT-gPCR. Bar
graphs represent fold changes (+ SEM) of the five biological replicates sequenced, normalised
to GAPDH. Values are relative to the untreated vehicle control. Statistical significance was
assessed by two-tailed multiple t-tests on log transformed data. C. Venn diagram depicting the
overlap of DEGs in response to dexamethasone in each fraction. Total = total mRNA, 80S =
monosome-bound mRNA, Poly = polyribosome-bound mRNA. D. Volcano plot representing the
DEGs (p-adjusted <0.1) in the 80S fraction in response to 107 M dexamethasone in control
samples. Upregulated = red, downregulated = blue, grey = ns. E. Heatmap showing the fold
change of DBGs in the 80S fraction (FC 80S, p-adjusted <0.1) in response to 107 M
dexamethasone and their corresponding fold changes in total (FC total) and polyribosome (FC
poly) fractions. p < 0.05 *, p < 0.01 ** p < 0.001 ***

Firstly, we set out to establish the transcriptional and post-transcriptional
signatures exerted by GCs on primary BECs. We thus compared the effects of
dexamethasone analyzing the samples from BECs transfected with siRNA
control, in a fraction-dependent manner. The differentially expressed genes
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(DEGs, Supplemental Table 1) or differentially bound genes (DBGs,
Supplemental Tables 2 and 3) were largely unique to each fraction (Figure 3C),
with only three DEGs or DBGs (FKBPS5, DUSP1 and ZBTB16) in all three
fractions upon dexamethasone treatment. These genes have previously been
shown to be regulated by GCs (27). The Volcano plot on Figure 3D represents
the transcriptional signature exerted by dexamethasone in these cells (which
mapped to IL-4/IL-13/TGF-B/Wnt signalling when analysed using the Reactome
database (33); these are all pathways known to be modulated by GCs at the
level of transcription. GC did not appear to have a stark influence in
polyribosome-bound mRNAs, with only 16 DBGs in that fraction.

Our previous Frac-seq work centred on comparing total vs polyribosome-bound
mRNAs (31, 34), where we avoided isolating monosomes. Considering the
addition of 80S to our analysis, we firstly validated that monosomes indeed
contained a distinct population of transcripts. Previous work has shown that
monosomes are able to translate mRNAs with low half-life and that
monosome/polyribosome ratio serves as a measure of elongation rather than
initiation (32). We firstly divided the baseMean counts from DESeq2 (in this
case, the comparisons of dexamethasone effects in siControl transfected cells)
to obtain an 80S/polyribosome ratio. We next filtered for genes that had more
than 50 counts in monosomes and analysed the top and bottom 10% transcripts
according to their monosome/polyribosome ratios. Supplemental Figure 4
shows that mMRNAs with a low 80S/Poly ratio contained more than 99% protein-
coding genes, while transcripts that showed a high 80S/polyribosome ratio had
just 67.6% protein containing transcripts. This is consistent with previous
reports showing that IncRNAs can bind to ribosomes where they may produce
small peptides (35, 36) or be more prone to degradation (37). Thus, our 80S
fraction consists of a distinct population of mMRNAs and thus we analysed it as
an independent fraction hereafter.

We discovered a high number of transcripts (83) regulated by dexamethasone
in the 80S or monosomal fraction. 77% of monosome DBGs (64/83) were
downregulated, and these corresponded to transcripts that were mostly
increased in the total mMRNA fraction (see changes from blue to red in the
heatmap in Figure 3E).

ZFP36L1/L.2 exert distinct effects transcriptionally and post-transcriptionally in
bronchial epithelial cells

We next analysed the changes exerted genome-wide by ZFP36L1/L2
depletion. We observed a large number of mMRNAs modulated by ZFF36L1/L2
depletion (p-adjusted < 0.1) at the level of Total (662 DEGs) and polyribosome
binding (133 DBGs) but very few at the level of 80S binding (9 DBGs),
represented as volcano plots in Figure 4A. These data suggest that
ZFP36L1/L2 exert distinct effects in a sub-cellular dependent manner, with a
major role in cytoplasmic RNA levels and steady translation. Since ZFP36L1
and ZFP36L2 preferentially bind mRNAs containing AREs, we sought to
explore if there was an enrichment for transcripts containing AREs upon
ZFP36L1/L2 depletion, in a subcellular-dependent manner. We detected an
enrichment of ARE-containing genes when compared to the expected
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frequency genome-wide at the total and polyribosome-binding levels (Figure
4B) based on the latest data available (38). We set out the expected frequency
of ARE-containing genes at 25.55%, considering the ARE database (38) and
19,116 human protein coding genes (39). Considering only upregulated DEGs
or DBGs, 35.8% DEGs in Total had AREs, while 33.3% and 32% were ARE-
containing DBGs in the 80S and Poly fractions, respectively. The dysregulated
ARE-containing genes upon ZFP36L1/L2 depletion also differed between
fractions, highlighted in the Venn diagram in Figure 4C. Thus, ZFP36L1/L2
modulate ARE-containing gene expression altering their total RNA levels and
also their binding to polyribosomes.
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Figure 4. Frac-seq reveals that ZFP36L1/2 exert sub-cellular dependent effects

A. Volcano plots depicting DEGs (padj <0.1) in response to knock down of ZFP36L1/L2 in the
total mRNA fraction (Total, left), the 80S fraction (80S, middle) and the polyribosome fraction
(Poly, right). Upregulated = red, downregulated = blue, grey = ns. B. Percentage of
dysregulated genes in Total, 80S and Poly that contain ARE elements. The red dotted line
represents the ARE frequency in the human genome. Statistics were done using a one-tailed
binomial test. C. Venn diagram highlighting the overlap of ARE-containing genes dysregulated
from (A) in Total and Poly with the ARE database (38). D. Bar graph showing the percentage
of transcripts that are modulated by ZFP36L1/L2 knock down that map to ‘epithelium’ in Gene
Ontology per sub-cellular fraction. The red dotted line represents expected frequency genome-
wide. Binomial two tailed test. p < 0.05*, p < 0.01 ** p < 0.001 ***

ZFP36L1/L2 are best known for modulating immune-mediated processes (20,
21, 23, 25, 26, 40). We set out to determine if they play a role in the regulation
of epithelial-related genes. To that end, we sought for the Gene Ontology term
‘epithelium’ in AmiGO2 (41-43) and we performed an enrichment analysis with
the modulated candidates upon ZFP36L1/L2 down regulation, over the
‘expected’ frequency of these genes in the human genome (1,332 in 19,116
genes as per (39)). We detected an over-representation in total DEGs and
polyribosome-bound DBGs (Figure 4D) suggesting that ZFP36L1/L2 can
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modulate the expression of epithelial-related genes such as ankyrin proteins,
galectin like proteins and cadherins (for example CDH16 and PCDH1).

Glucocorticoids exert transcriptional and post-transcriptional effects in a
ZFP36L 1/L2-dependent manner

After analysing the genome-wide effects of GCs (Figure 3) and ZFP36L1/L2
depletion (Figure 4), we explored the possible interplay between ZFP36L1/L2
and GCs. GC binding to GR causes its nuclear translocation (9) and ZFP36L1
and ZFP36L2 can shuttle between nucleus and cytoplasm (44). Considering
that GC appeared to regulate the binding of ZFP36L1/L2 to their targets (Figure
2B), we set out to determine if they modulated their subcellular localisation.
BEAS-2B cells were stimulated with GC and immunofluorescence was
undertaken at different time points, employing the dual ZFP36L1/L2 antibody.
Figure 5A shows that ZFP36L1/L2 translocated to the nucleus in a time- and
GC-dependent manner, suggesting a potential role for ZFP36L1/L2 in GC-
mediated effects.

We then analysed the presence of ZFP36L1/L2 targets upon dexamethasone
stimulation and compared them with those of vehicle treated cells. The
enrichment in ARE-containing DEGs and DBGs in Total and Poly upon
ZFP36L1/L2 depletion (Figure 4B) was abolished by GC stimulation (Figure
5B). Although both Total (siControl and siL1L2) appeared the same,
percentage-wise, the differences rely on the power of the analysis, i.e. 30% of
662 genes is more powerful statistically than 30% of 120 genes and this needs
consideration when interpreting our data. Likewise, the ZFP36L2 targets from
(40) were found significantly depleted in Total and Poly upon GC stimulation in
ZFP36L1/L2 depleted samples (Figure 5C) while those in the 80S samples
remained unmodulated. We also detected a depletion in the proportion of
epithelial-related genes regulated by ZFP36L1/L2 (Figure 5D) in polyribosome-
bound RNAs upon dexamethasone treatment, signifying the biological
relevance of some of the mRNAs modulated by ZFP36L1/L2 in a GC-
dependent manner.

To determine the dependence of GC action on ZFP36L1/L2 levels, we firstly
analysed the overlap between the genes modulated by GC when comparing
control to ZFP36L1/L2 depleted cells in a sub-cellular dependent manner
(Supplemental Figure 5). We detected little overlap, with 31% of GC modulated
genes in control cells also modulated upon ZFP36L1/L2 knockdown in Total,
7.2% in 80S and 43.8% in Poly. We then determined if the better-established
transcriptional response to GCs was modulated by ZFP36L1/L2 levels in a sub-
cellular dependent manner. We analysed the effects of GCs stimulation in Total
(siControl Total comparing vehicle vs dexamethasone) and analysed the
change exerted by GCs in those same DEGs in a sub-cellular and ZFP36L1/L2-
dependent manner. Figure 5E shows a heatmap depicting these fold-changes
in each fraction and transfection condition. As in Figure 3, we detected that GC
differentially modulated mRNAs in a sub-cellular dependent manner (compare
the first, second and third columns). Upon ZFP36L1/L2 depletion, GC exerted
the opposite effects in myriad mMRNAs (see change of colour from red to blue
or blue to red between columns 1 vs 4, 5 or 6). Lastly, and considering the
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major role that we observed in GC modulating association to monosomes
(Figure 3E), we analysed the DBGs to 80S upon GC stimulation from siControl
cells with those in ZFP36L1/L2 depleted cells. Figure 5F shows that the
widespread monosome association changes that GCs exerted showed a
different pattern of modulation upon ZFP36L1/L2 knockdown. These data
demonstrate that many of the sub-cellular dependent effects of GC (Figure 3)
were modulated by ZFP36L1/L2 depletion in a sub-cellular dependent manner.
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Figure 5. Frac-seq reveals that ZFP36L1/2 exert sub-cellular dependent effects and
modulate GC action. A. Heatmap representing fold change in response to 107 M
dexamethasone in all samples in each subcellular Upregulation by dexamethasone is depicted
in red, while downregulation is depicted in blue. siControl = control-transfected; siL1L2:
ZFP36L1/L2 knockdown. B. Confocal images of BEAS-2B cells after different exposure times
to dexamethasone (DEX). Cells were stained with ZFP36L1/L2 antibody (L1L2, magenta), actin
(phalloidin, cyan) and nucleus (DAPI, blue). The graph (mean + SEM) shows the quantification
of nuclear staining, pooling 3 different independent experiments. Each point in the graph
represents a field with an average of 50 cells/field. A two-way ANOVA was used to compare
the treatment groups. C: Bar graph showing the percentage of dysregulated genes in
ZFP36L1/L2 knockdown cells in Total, 80S and Poly that contained ARE elements, in the
absence (white, comparing siControl vs siL1L2) or presence (black, comparing siControl + DEX
vs siL1L2 + DEX) of dexamethasone. The red dotted line represents the ARE frequency in the
human genome. Statistics were done using a one-tailed binomial test. The red dotted line
represents the % ARE-containing genes genome-wide. D. Bar graph showing the effect of
dexamethasone in the proportion of ZFP36L2 targets in Total, 80S and Poly in ZFP36L1/L2
depleted cells. Comparisons were done employing a two-sided Fisher’s exact test. E. Bar graph
showing the effects of dexamethasone in ZFP36L1/L2 modulated genes that relate to epithelial
cell function. The red dotted line represents the expected frequency genome-wide. Observed
vs expected (genome-wide) frequencies comparisons were done employing a binomial two-
tailed test. FC: fold change. p < 0.05 *, p < 0.01 ** p < 0.001 ***

Discussion

We present a new role for the RNA binding proteins ZFP36L1 and ZFP36L2 in
the modulation of GC effects in bronchial epithelial cells, both transcriptionally
and post-transcriptionally. GC modulated the levels of ZFP36L1 and ZFP36L2
in bronchial epithelium (Figure 1), their binding to specific transcripts (Figure 2)
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and increased their nuclear localisation (Figure 5A). Frac-seq revealed that
gene expression regulation by GC mainly affects cytoplasmic levels and
monosome association of distinct groups of mRNAs (Figure 3). Upon
ZFP36L1/L2 depletion, the effects of GCs were modified genome-wide in a
subcellular-dependent manner (Figures 5E and 5F). Our work uncovers that
GCs are able to modify the proportions of both ARE-containing genes and
known ZFP36L2 targets that are dependent on ZFP36L1/L2 levels (Figures 5B
and 5C). Together, our data strongly suggest that GC and ZFP36L1/L2 are part
of an intricate transcriptional and post-transcriptional network and uncover a
new role for sub-cellular dependent effects of GCs on gene expression
modulation via RBP regulation.

GCs are one of the most prescribed anti-inflammatory drugs worldwide. At the
molecular level, GCs have been mainly described as transcriptional regulators,
via binding to the GR and modulating the expression of genes that contain
GREs in their promoters (8, 9, 27, 45). There is an increased appreciation of
the role of GCs as post-transcriptional modulators, directly via GR as an RBP
or via other RBPs such as ZFP36 or ZFP36L2 (12-14, 40, 46). There is also
previous evidence that ZFP36L1 and ZFP36L2 mRNA or protein are
upregulated in response to dexamethasone in some cell types (40, 47-49), but
not bronchial epithelial cells so far. However, the effects of GCs, either
transcriptional or post-transcriptional, have mostly being studied by assessing
total MRNA levels. Considering the poor correlation between mRNA and
protein levels (50-52) with polyribosome profiling showing a better proxy for
protein production (53), we analysed the effects of GCs in different subcellular
fractions, namely Total, 80S and Poly.

Our data revealed that GCs modulate cytoplasmic mRNA levels and
association to monosomes, while polyribosome binding was only modified for
a few genes (Figure 3). We performed further bioinformatic analysis seeking to
determine potential mechanisms underlying the regulation of the 80S DBGs.
We firstly assessed which DBGs had been previously described as GMD (16).
We only found one hit, NCF2, whose binding to 80S was downregulated upon
GC stimulation. Thus, GMD does not seem to drive the broad downregulation
that we observed in monosome binding, although we cannot exclude the
possibility that human BECs may have other GMD candidates. We also
analysed if any DBGs in monosomes had been previously demonstrated to be
directly bound by GR as per (14), however, we did not see any targets.
Considering the discrepancy between the modulation of the levels of these
genes by dexamethasone in the different fractions (Figure 3E), GC stimulation
appeared to modulate monosome binding independently of total mMRNA levels,
suggesting that it has distinct transcriptional and post-transcriptional effects.
Since the mammalian target of rapamycin (mTOR) is a major regulator of
translation and there is some evidence of GC/GR crosstalk with mTOR (54, 55)
we also analysed if DBGs in 80S had TOP (terminal oligopyrimidine) motifs
(56), typically present in mRNAs regulated by mTOR. However, we did not see
any TOP-containing mRNAs modulated by dexamethasone. Likewise, we
detected no enrichment of IRES- (internal ribosome entry site) containing
mMRNAs in the 80S fraction over genome-wide levels (binomial test, p > 0.9999)
(57). Considering that monosome association may serve as a readout for short
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lived RNAs (32), and that the majority of downregulated 80S DBGs appeared
up-regulated in Total, 80S association may be used as a proxy for increased
RNA decay. Based on the above, it is tempting to hypothesise that GCs
modulate the stability of mMRNA subsets via modulation of their 80S association.

Our data also allowed us to explore other roles for not only GCs but also for
ZFP36L1/L2. ZFP36L1 and ZFP36L2 depletion appeared to modulate total
cytoplasmic mRNA levels and association to polyribosomes, with little
alterations in monosome association (Figure 4), in line with previous reports
that these RBPs mainly modulate cytoplasmic RNA levels (stability) as well as
translation (21, 22). We further interrogated the targets modulated by
ZFP36L1/L2 and searched for epithelial related genes based on Gene Ontology
and AmiGO2 (41-43) (Figures 4D and 5D). Our data suggest that ZFP36L1/L2
may modulate the expression of mRNAs that encode for epithelial-related
functions. We understand that pathway analysis can be informative, but also
have caveats and thus we also compared our datasets to previously published
work. While we did not find many exact matches (e.g. SRM in Total DEGs, as
in (23)), but genes upregulated upon Zfp36/1/I2 deletion in mice thymus cells
such as Lrp1, Ptpn14, Notch1, Hes1 and Lrp1 had family members upregulated
in our dataset (PTPN1, LRP8, HES4, HES5, NOTCH2NLC). We also found
KLF2 upregulated upon ZFP36L1/L2 depletion as previous work on Zfp36/2
over-expression on CD4+ T cells in mice (26). Moreover, we found family
members of galectin like proteins, ankyrin proteins and cadherin proteins
modulated in both our dataset and that of Vogel et al. (25). We also found that
in ZFP36L1/L2 depleted samples, DEGs and DBGs were mapped to cell cycle
pathways in line with previous findings (25, 58). Together, these data suggest
a possible conservation of biological functions for ZFP36L1/L2 through
modulation of tissue-specific gene family members in regulating cell integrity
and structure.

GCs also appeared to modulate ZFP36L1/L2 binding to some transcripts
(Figure 2). To our knowledge, our work is the first time this phenomenon has
been assessed by RNA immunoprecipitation and that GILZ and TGFBRZ2 have
been identified as ZFP36L1/L2 targets. Our data also show how ZFP36L1/L2
can modulate their own encoding transcripts (Supplemental Figure 2). GR also
showed significant binding to ZFP36L1 and ZFP36L2 mRNA in the absence of
dexamethasone (Supplemental Figure 2) and a trend towards association upon
dexamethasone stimulation. GC treatment caused a similar number of DEGs
and DBGs in control and ZFP36L1/L2 depleted samples; however, the overlap
between them was little (Supplemental Figure 5), particularly in the Total and
80S fractions. Moreover, our data strongly suggest that GC modulated the
ZFP36L1/L2-dependent ARE-containing transcripts and previously published
ZFP36L2 targets genome-wide (Figures 5B and 5C) in a sub-cellular
dependent manner.

Together, our data suggest that ZFP36L1/L2 depletion impacted GC-mediated
responses in a subcellular dependent manner, where nearly 70% of DEGs by
GC in Total and over 90% of DBGs in 80S were no longer modulated by GC
upon ZFP36L1/L2 depletion (Supplementary Figure 5). Thus, the most studied
fraction to understand GC effects, Total, overlooks the effects that GC causes
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in other subcellular compartments, and these changes are dependent on
ZFP36L1/L2 levels (Figure S5E). Concomitantly, we observed a shift towards
nuclear localisation for ZFP36L1/L2 (Figure 5A) suggesting that GC modulate
gene expression not only via effects on GREs or decay, but also via subcellular
compartmentalisation of these RBPs.

In summary, our work demonstrates that GC exert subcellular dependent
effects, with monosome binding as a novel subcellular compartment modulated
by GC. ZFP36L1/L2 levels are able to modulate the genome-wide response of
GCs, both transcriptional and post-transcriptionally. Improving our
understanding of these RBPs may lead to an improvement in GC effectiveness,
GC-response biomarker discovery and/or potential tailoring of GC therapy. Our
data show the relevance and feasibility of employing sub-cellular fractionation
to fully understand the role of RBPs in genome-wide regulation of mRNA
expression, and to reveal novel pathways and effects of stimuli that are
‘classical’ transcriptional mediators.

Materials and Methods

Cell culture

BEAS-2B cells (American Type Culture Collection; ATCC) were grown in
Roswell Park Memorial Institute (RPMI) (Invitrogen) medium with GlutaMAX
supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich). Primary
bronchial epithelial cells (BECs) we obtained under ethical approval (REC
Number 06/Q0505/12) and grown in airway epithelial cell medium (Promo Cell)
supplemented bovine pituitary extract, epidermal growth factor, insulin,
hydrocortisone, epinephrine, triiodo-L-thyronine, transferrin, and retinoic acid
on collagen-coated plates. All cells were incubated at 37 °C in 5% CO2 and
were passaged when 80% confluent. Prior to stimulation, BEAS-2B cells were
serum starved in 2% FBS RPMI overnight and BECs in complete medium
minus hydrocortisone. Unless otherwise stated, 107 M Dexamethasone was
used for GC treatment.

siRNA transfections

siRNAs (Silencer Select, ThermoFisher Scientific) were used at a final
concentration of 25 nM. Interferin (Polyplus) was used as a transfection reagent
following manufacturer’s instructions. Cells were incubated in the transfection
mix for 4 hours before being replenished in 2% FBS RPMI or BEC medium
without hydrocortisone in preparation for stimulation with 107 M
dexamethasone 24h later.

Reverse transcription and quantitative PCR (RT-qPCR)

RNA was extracted using TRIzol (Invitrogen) or TRIzol LS (Sigma-Aldrich) and
reverse transcribed employing RNAse H Minus Reverse Transcriptase,
Ribolock and random hexamers (ThermoFisher Scientific). qPCR was
performed using NEB Luna buffer (New England Biolabs) and TagMan assays
(ThermoFisher Scientific). Gene expression was normalised against GAPDH
(Primer Design).

Western blot analysis
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Cells were lysed on ice in protein lysis buffer (0.5% NP40, 20mM Tris HCI pH
7.5, 100mM KCI, 10mM MgClz) supplemented with fresh protease inhibitor
cocktail (Cell Signalling). Lysate was loaded and resolved by SDS-PAGE on a
12% Bis-Acrylamide gel and electrophoresis was carried out at using NUPAGE
MES SDS running buffer (ThermoFisher Scientific). The separated proteins
were transferred onto a nitrocellulose membrane (BioRad Laboratories) at 40V
for 90 minutes using a wet transfer system and NuPAGE transfer buffer
(ThermoFisher Scientific) containing 20% methanol. The membrane was
incubated in blocking buffer (Amersham Biosciences) for 60 minutes at room
temperature and in primary antibody (BRF1/2: CST#2119, GR: CST#3660,
GAPDH: Santa Cruz sc32233) overnight at 4°C. This was followed by
incubation with the appropriate anti-rabbit or anti-mouse IgG antibody
conjugated to horseradish peroxidase (Dako) for 60 minutes at room
temperature. All washes and antibody dilutions were performed in TBS-0.05%
Tween. Immunoreactive proteins were detected wusing the ECL
immunodetection system (ThermoFisher Scientific) and visualised using the
ChemiDoc MP Imaging System (BioRad) and ImageLab software for analysis.

Immunofluorescence

Cells on coated coverslips were plated, and 24 hours later there were washed
with PBS, fixed with 4% PFA in PBS for 10 min and permeabilised with 0.2%
TritonX-100 for 10 min. Cells were incubated with primary antibodies overnight
and appropriate secondary antibodies and Phalloidin conjugated to Alexafluor
568 or 633 for 1 hour. Cells were mounted onto slides using FluorSave ®
(Millipore). Confocal microscopy was performed using a Nikon A1R inverted
confocal laser scanning microscope with a 60x oil objective and laser excitation
wavelength of 488 nm (for GFP or Alexafluor-488), 561 nm (for Alexafluor-568)
and 633 nm (for Alexafluor-633 and cy5). Images were exported from the Nikon
Elements software (Nikon) for further analysis in ImagedJ software (U. S.
National Institutes of Health, Bethesda, MD, USA).

RNA immunoprecipitation (RIP)

RIP was performed with 1 pg antibody. Antibodies used were: BRF1/2 (Cell
Signaling Technology #2119), GR (Cell Signaling Technology #3660) and
Rabbit IgG (Merck, #03198) per 1.5 million cells. Cell lysates were prepared
from BEAS-2B cells treated with or without dexamethasone and lysed on ice in
RIP lysis buffer (100 mM KCI, 25 mM Tris pH 7.4, 5 mM EDTA, 0.5 mM DTT,
0.5% NP40, 100 U/mL Ribolock RNase inhibitor (ThermoFisher Scientific), 1X
protease inhibitor cocktail (Cell Signaling Technology). 10% of lysate volume
was kept as the input. Dynabeads Protein A magnetic beads (ThermoFisher
Scientific) were utilised for antibody binding and the antibody-bead complex
was incubated on a rotating shaker for 10 minutes at room temperature. Cell
lysates were immunoprecipitated with the antibody-bead complex on a rotating
shaker overnight at 4°C with the addition of 100 U/mL Ribolock (ThermoFisher
Scientific). RNA was extracted from beads by using TRIzol (ThermoFisher
Scientific) and RNA presence was measured by RT-qgPCR.

Co-Immunoprecipitation
Following stimulation with dexamethasone overnight, BEAS-2B cells were
washed with ice-cold PBS and lysed with 1 X Cell Lysis Buffer (Cell Signaling
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Technologies) supplemented with fresh protease inhibitor cocktail (Cell
Signaling Technologies). Cells were left on ice for 5 mins, lysates passed
through a 23G needle three times and then spun at 14,000 x g for 10 mins at
4°C. Approximately 10% of total lysate was saved for use as loading controls
and the remainder was precleared with 20 yL of Protein A Dynabeads
(ThermoFisher Scientific). Precleared lysates were immunoprecipitated with
BRF1/2 antibody (#2119, Cell Signaling Technology), Glucocorticoid Receptor
antibody (#3660, Cell Signalling Technology) or control IgG antibody (#03-198,
Merck Millipore) and incubated for 1 h at room temperature whilst rotating. 50
ul of Protein A Dynabeads were added to each immunoprecipitation sample
and incubated for 20 mins at room temperature. Samples were separated using
a magnetic rack and washed three times with ice cold lysis buffer. Protein was
eluted in 30 L of protein loading buffer and heated at 95°C for 5 min. Eluted
proteins were separated by SDS-PAGE, and analyzed by western blotting as
described above.

Polyribosome profiling

Polyribosome profiling was performed as described previously (31). Briefly
BECs were transfected with siRNAs and stimulated with 10" M dexamethasone
(Sigma Aldrich). 500 pg/ml cyclohexamide (Sigma-Aldrich) was added for 10
minutes prior to lysing. Supernatants were carefully removed and kept for
cytokine analysis. BECs were lysed in polyribosome lysis buffer (0.5% NP40,
20mM Tris HCI pH 7.5, 100mM KCI, 10mM MgCI2, 1X protease inhibitor
cocktail (Cell Signalling, 5871S), 100 ug/mL cycloheximide) on ice for 7 minutes
and passed through a 23G needle three times. Cytoplasmic extracts were spun
at 8000 rpm at 4°C for 7 minutes. 10% of cell lysate was saved for cytoplasmic
(Total) RNA extraction; the rest was carefully loaded onto 15-45% sucrose
gradients and then ultracentrifuged using TH-641 swinging buckets in a Hitachi
ultracentrifuge at 40,000 rpm at 4°C for 1 hour 25 minutes. Preparation of the
gradients, reading of polyribosome profiles, and extraction of individual
polyribosome peaks were all done employing a Gradient Station (BioComp
Instruments, Fredericton, NB, Canada) equipped with a Triax. Polyribosome
profiles were generated reading the absorbance at 260 nm of spun gradients
immediately after ultracentrifugation. Fractions corresponding to each
ribosomal peak were fractionated and extracted using TRIzol LS (Sigma-
Aldrich) following manufacturer’s instructions. The RNA from fractions P5 (6
ribosomes) onwards was pooled to constitute the Polyribosome fraction and
was sequenced along with the total RNA and 80S monosomal fractions.

Library preparation and RNA-sequencing

RNA was digested on-column using DNase (Qiagen) prior to library preparation
using the NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (New
England Biolabs) with poly(A) mRNA selection and dual-index primers. 10 ng
RNA was used as a starting input. Libraries were sequenced on a
NovaSeq6000 (lllumina) utilising 150 bp sequencing to a depth of 40 M paired-
end reads.

RNA-seq analysis
Cancer Genomics Cloud (CGC) was used for data analysis. Sequencing data
quality control was carried out with FastQC. Trimmomatic (59) was used to
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remove adapter sequences. Salmon index and Salmon quant from salmon (60)
were used for alignment to the genome (v37). R studio was used to perform
DESeq2 (61) for analysis of differential gene expression and all downstream
data visualisation. Data was generated from five biological replicates. Gene
levels were expressed as log2FoldChange and p-adjusted <0.1 (p-adj) was
considered as significantly regulated. Datasets are available at GEO at the
Reviewers’ request.

Statistical analysis

GraphPad Prism and R studio software was used for the generation of graphs
and analysis of data. All packages are available at CRAN and the code
employed at GitHub https://github.com/rynne94?tab=repositories. Data is
shown as mean + standard error of the mean. Data was tested for normality
using a Shapiro-Wilk normality test. Data was log transformed for normalisation
and statistical analysis was performed using t-tests on the log transformed data
(unless otherwise stated) to determine statistical significance between
conditions. Where stated, a paired ratio test was performed. Enrichment
analysis was performed using binomial tests. In all cases, p < 0.05 *, p < 0.01
** p <0.001 ***. RNA-seq analysis was evaluated using the DESeq2 package
for differential gene expression, using an adjusted p-value of p-adj < 0.1.
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