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Intronic polyadenylation (IPA) isoforms, which contain alternative last exons, are widely regulated in various biological pro-
cesses and by many factors. However, little is known about their cytoplasmic regulation and translational status. In this
study, we provide the first evidence that the genome-wide patterns of IPA isoform regulation during a biological process
can be very distinct between the transcriptome and translatome, and between the nucleus and cytosol. Indeed, by 3'-seq
analyses on breast cancer cells, we show that the genotoxic anticancer drug, doxorubicin, preferentially down-regulates
the IPA to the last-exon (IPA:LE) isoform ratio in whole cells (as previously reported) but preferentially up-regulates it
in polysomes. We further show that in nuclei, doxorubicin almost exclusively down-regulates the IPA:LE ratio, whereas
in the cytosol, it preferentially up-regulates the isoform ratio, as in polysomes. Then, focusing on IPA isoforms that are
up-regulated by doxorubicin in the cytosol and highly translated (up-regulated and/or abundant in polysomes), we identify
several IPA isoforms that promote cell survival to doxorubicin. Mechanistically, by using an original approach of condition-
and compartment-specific CLIP-seq (CCS-iCLIP) to analyze ELAVLI-RNA interactions in the nucleus and cytosol in the pres-
ence and absence of doxorubicin, as well as 3’-seq analyses upon ELAVLI depletion, we show that the RN A-binding protein
ELAVLI mediates both nuclear down-regulation and cytosolic up-regulation of the IPA:LE isoform ratio in distinct sets of
genes in response to doxorubicin. Altogether, these findings reveal differential regulation of the IPA:LE isoform ratio across

subcellular compartments during drug response and its coordination by an RNA-binding protein.

[Supplemental material is available for this article.]

The main pathway of eukaryotic pre-messenger RNA (pre-mRNA)
3’-end processing consists in transcript cleavage at the polyaden-
ylation site, followed by the addition of a poly(A) tail at the 3’
end (Ogorodnikov et al. 2016; Tian and Manley 2017; Gruber
and Zavolan 2019). The regulation of alternative polyadenylation
(APA) sites within the last exon of genes, leading to mRNA iso-
forms with a longer or shorter 3’ untranslated region (3" UTR), of-
ten called 3’ UTR-APA or tandem APA isoforms, has been widely
studied (Ogorodnikov et al. 2016; Tian and Manley 2017; Gruber
and Zavolan 2019). In addition, intronic polyadenylation (IPA),
also called splicing-dependent APA, generates mRNA isoforms
that terminate in proximal alternative last exons (ALEs), as op-
posed to mRNA isoforms ending in the last exon (LE) of genes
and thus often impacts the coding region of mRNAs
(Ogorodnikov et al. 2016; Tian and Manley 2017; Gruber and
Zavolan 2019). The expression level of IPA isoforms relative to
gene or LE expression levels is widely regulated in the transcrip-
tome during several biological processes, such as cell proliferation
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(Sandberg et al. 2008; Elkon et al. 2012), cell differentiation
(Cheng et al. 2020; Chen et al. 2021), and cancer (Lee et al.
2018; Singh et al. 2018). The IPA:LE isoform ratio is also regulated
in many genes in response to DNA-damaging (genotoxic) agents
and other stress inducers, with preferential up-regulation in the
case of ultraviolet (UV-C) irradiation, preferential down-regulation
for doxorubicin and anisomycin, and equal proportions of both
patterns for camptothecin (Dutertre et al. 2014; Devany et al.
2016; Hollerer et al. 2016; Williamson et al. 2017). Conversely,
the expression of many genes involved in the DNA damage re-
sponse (DDR) is regulated at the IPA level, thus revealing a cross
talk between IPA and the DDR (Dutertre et al. 2021).

The mechanisms of IPA isoform regulation have been mainly
studied at the levels of pre-mRNA synthesis and maturation, with
various regulatory factors identified, including transcription elon-
gation, the U1 snRNP, cleavage/polyadenylation factors, and RNA-
binding proteins (Ogorodnikov et al. 2016; Tian and Manley 2017;
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Gruber and Zavolan 2019). For example, IPA isoform regulation by
UV-Cis mediated at least in part by the inhibition of transcription
elongation and of the U1 snRNP (Devany et al. 2016; Williamson
etal. 2017). In addition, two studies have identified sets of IPA iso-
forms that were actively degraded in the nucleus (Ogami et al.
2017; Chiu et al. 2018). In contrast, very little is known about
the cytoplasmic regulation and translation status of IPA isoforms.
Genes with different IPA:LE isoform ratio in the cytosol versus
nucleus were identified (Neve et al. 2016), and differential transla-
tion efficiency was associated with ALEs (Sterne-Weiler et al.
2013). Only two studies analyzed the dynamic regulation (upon
DICER1 knockdown and during colon cancer progression) of the
IPA:LE isoform ratio in the cytosol and nucleus, and similar pat-
terns of regulation were found in both compartments (Neve
et al. 2016; Fischl et al. 2019). Moreover, there was no study of dy-
namic regulation of IPA isoform abundance in the translatome
(translation output) and of their translation efficiency. Thus,
whether the IPA:LE isoform ratio may be differentially regulated
genome-wide during biological processes, in the cytosol versus nu-
cleus or in the translatome versus transcriptome, remains to be
investigated.

Doxorubicin (Doxo), a topoisomerase II inhibitor and DNA-
damaging agent widely used in breast cancer treatment, down-reg-
ulates the IPA:LE isoform ratio in many genes in whole-cells tran-
scriptome, and its regulation of CENPN isoforms is mediated by an
effect on nuclear transcript processing by the RNA-binding protein
ELAV-like RNA binding protein 1 (ELAVL1), which is also known
as Hu antigen R (HuR) (Dutertre et al. 2014). In the present study,
in the context of breast cancer cell response to Doxo, we aimed to
(1) determine the genome-wide regulation of IPA and LE isoforms
in different cellular fractions and compartments (whole cells [tran-
scriptome], nucleus, cytosol, and polysomes [translatome]); (2)
identify Doxo-regulated IPA isoforms that are highly translated
and that impact cell survival to Doxo; and (3) investigate whether
ELAVL1 may coordinate IPA:LE isoform regulation in several
compartments.

Results

Doxo widely regulates the IPA:LE isoform ratio in the
transcriptome, with a global trend for down-regulation

A previous exon-array analysis identified 100 ALE events regulated
by Doxo treatment in MCF-7 cells, and in 90% of events, Doxo
down-regulated the proximal ALE (IPA) isoform compared to the
LE isoform (Dutertre et al. 2014). To investigate more extensively
IPA isoform regulation by Doxo in whole-cells transcriptome, we
used the 3’-seq technique, which is more efficient than exon-ar-
rays and RNA-seq for this type of event, and consists in targeted se-
quencing of the 3’ end of polyadenylated transcripts upstream of
the poly(A) tail (Lianoglou et al. 2013). We analyzed whole-cell
RNA from MCEF-7 cells treated with either Doxo or vehicle for 6
h. Because 3'-seq analysis can give rise to internal priming artifacts,
we used several approaches to identify genuine IPA isoform regula-
tion events. First, focusing on abundant IPA isoforms (at least 5%
of the LE isoform from the same gene), we identified 3400 IPA sites
regulated by Doxo (P<0.05), including 932 (27%) and 2468 (73%)
cases of up- and down-regulation of the IPA:LE isoform ratio, re-
spectively (Fig. 1A; Supplemental Table S1). Second, focusing on
annotated IPA sites (Wang et al. 2018; Herrmann et al. 2020), we
identified 1207 regulated IPA events, including 421 (35%) and
786 (65%) cases of up- and down-regulation of the IPA:LE isoform

ratio, respectively (Supplemental Fig. S1A; Supplemental Table S1).
In addition, we validated by RT-qPCR various up-regulation events
identified by 3’-seq (Supplemental Fig. S1C, and see below). These
data confirm and largely extend the previously reported trend for
IPA:LE isoform ratio down-regulation by Doxo in the transcrip-
tome (Dutertre et al. 2014). However, they also reveal that a signif-
icant subset of Doxo-regulated IPA:LE events are up-regulation
events.

IPA:LE isoform ratio up-regulation by Doxo is more prevalent
in the translatome than in the transcriptome

Then, to investigate IPA regulation by Doxo in the translatome, we
carried out 3’-seq analysis on polysome-associated RNA. Focusing
on abundant IPA isoforms, we identified 661 IPA sites regulated
by Doxo (P<0.05), including 493 (75%) and 168 (25%) cases of
up- and down-regulation of the IPA:LE isoform ratio, respectively
(Fig. 1B; Supplemental Table S2). Focusing on annotated IPA sites,
we identified 679 regulated IPA events, including 440 (65%) and
239 (35%) cases of up- and down-regulation of the IPA:LE isoform
ratio, respectively (Supplemental Fig. S1B; Supplemental Table S2).
Thus, the proportion of up- versus down-regulation of the IPA:LE
isoform ratio by Doxo was much higher in the translatome (about
70%) than in the transcriptome (about 30%) (Fig. 1A,B;
Supplemental Fig. STA,B). Most cases of IPA:LE isoform ratio up-
regulation that were found in the translatome were not found in
the transcriptome (Fig. 1C).

We validated by RT-qPCR several events of IPA:LE isoform ra-
tio up-regulation identified in polysomes by 3’-seq. For example, in
the HOMEZ gene, 3'-seq detected a nonannotated yet highly ex-
pressed IPA (Fig. 1D). Total-RNA-seq confirmed the high expression
of this isoform and identified the exon (proximal ALE) that is asso-
ciated with this IPA (Fig. 1D, bottom). By RT-qPCR, the HOMEZ IPA:
LE isoform ratio was increased by 6.1-fold by Doxo in polysomal
RNA and was not affected in whole-cell RNA (Fig. 1E). Additional
examples in the LDLRAD4, ADARB1, HAPSTR1 (also known as
Cl6orf72), and CCNL2 genes are shown in Figure 1F and
Supplemental Figure S1, D-H. Altogether, our data indicate that
up-regulation (compared to down-regulation) of the IPA:LE iso-
form ratio by Doxo is more prevalent in the translatome than in
the transcriptome.

IPA:LE isoform ratio up-regulation by Doxo is more prevalent
in the cytosol than in the nucleus

The higher prevalence of IPA:LE isoform ratio up-regulation by
Doxo in the translatome than in the transcriptome may be due
to a difference in regulation pattern either between the nucleus
and cytosol, or between the cytosol and polysomes (implying a
regulation at the level of translation efficiency) (see below). To in-
vestigate the first hypothesis, we carried out 3’-seq analysis on
both nuclear and cytosolic fractions of MCF-7 cells treated with ei-
ther Doxo or vehicle for 6 h. When focusing on annotated IPA
sites, looking at IPA:LE isoform ratio regulation by Doxo, only
2% (11/448) of events found in the nucleus were up-regulation
events (Supplemental Fig. S2A, left panel; Supplemental Table
S3). In contrast, 60% (618/1032) of events found in the cytosol
were up-regulation events (Supplemental Fig. S2A, middle panel;
Supplemental Table S4). This difference between nucleus and cyto-
sol was not due to a delay in nucleo-cytosolic export of down-reg-
ulated IPA isoforms, because 63% (709/1134) of events found in
the cytosol at 18 h of Doxo treatment were up-regulation events
(Supplemental Fig. S2A, right panel; Supplemental Table S5).
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Figure 1.

IPA:LE isoform ratio up-regulation by Doxo is more prevalent in the translatome than in the transcriptome. (A, B) Identification of IPA isoforms

regulated by Doxo relative to matched last-exon isoform (IPA:LE ratio) by 3’-seq on whole MCF-7 cells and polysomes. Only abundant IPA isoforms (equal-
izing at least 5% of matched LE isoform) are shown. (C) Venn diagram comparing IPA:LE regulation events by Doxo in whole cells and polysomes. (D)
Visualization of 3’-seq and total-RNA-seq data for the HOMEZ gene in the UCSC Genome Browser and Integrative Genomics Viewer, respectively. (E,F)
RT-qPCR analysis of IPA:LE isoform ratio regulation by Doxo in the indicated genes in whole cells and in polysomes. Data on individual isoforms are

also shown for HOMEZ. (*) P < 0.05; (***) P < 0.001.

We then analyzed abundant IPA isoforms. For this, because
nuclear RNA is expected to be more prone to 3'-seq artifacts than
cytosolic RNA due to internal priming on intronic stretches of A,
we only considered those nuclear regulation events that were
also found in the cytosol and compared them with cytosol-specific
regulation events. Whereas 71% (1281/1797) of cytosol-specific
IPA:LE regulation events were up-regulation events (Fig. 2A, right
panel, “Cyto not Nuc”), only 7% (8/123) of the IPA:LE regulation
events found in both the nucleus and cytosol were up-regulation
events (Fig. 2A, left panel, “Cyto and Nuc”). Thus, IPA:LE isoform
ratio up-regulation appears to be almost exclusively found in the
cytosol, not in the nucleus. We validated events belonging to
this category by RT-qPCR analysis on the HOMEZ, LDLRAD4,
ADARBI, HAPSTR1, and CCNL2 genes. In MCEF-7 cells, Doxo up-
regulated the IPA:LE isoform ratio in the cytosol but not in the nu-

cleus, where it was often decreased (Fig. 2B,C; Supplemental Fig.
S2B). Similarly, in JIMT1 cells, RT-qPCR analysis of these five genes
showed that Doxo down-regulated the IPA:LE isoform ratio in the
nucleus and tended to up-regulate it in the cytosol (Supplemental
Fig. S2C). We validated additional events of IPA:LE ratio up-regula-
tion in the cytosol of MCF-7 cells (see below, Fig. 6D).

Thus, our 3'-seq analyses on nucleus and cytosol identified
two markedly different patterns of IPA:LE isoform ratio regulation
in response to Doxo (Fig. 2A). The first pattern (hereafter referred
to as “Nuc IPA:LE down”) is down-regulation of the IPA:LE isoform
ratio in both the nucleus and cytosol (Supplemental Table S6), sug-
gesting a nuclear mechanism, as previously described for CENPN
(Dutertre et al. 2014). The second pattern (“Cyto IPA:LE up”) is
up-regulation of the IPA:LE isoform ratio in the cytosol but not
in the nucleus (Supplemental Table S7). In addition, our 3'-seq
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Figure 2. [PA:LE isoform ratio up-regulation by Doxo is more prevalent
in the cytosol than in the nucleus. (A) Identification by 3’-seq on MCF-7
cells of abundant IPA isoforms that are regulated by Doxo relative to
matched last-exon isoform (IPA:LE ratio) in both cytosol (Cyto) and nucle-
us (Nuc) or in the cytosol only. The three most prevalent patterns of reg-
ulation are indicated. (B,C) RT-gPCR analysis of IPA:LE isoform ratio
regulation by Doxo in the indicated genes in the nucleus and cytosol of
MCE-7 cells. Data on individual isoforms are also shown for HOMEZ.
(*) P< 0.05; (**) P< 0.01; (***) P< 0.001.

analyses identified a third pattern (“Cyto IPA:LE down”) that is
down-regulation of the IPA:LE isoform ratio in the cytosol but
not in the nucleus (Fig. 2A; Supplemental Table S8). Analysis of
gene function enrichment indicated that all three patterns were
enriched to some extent in functions related to the DDR and cell
cycle (Supplemental Fig. S2D), suggesting that they may all con-
tribute to cell responses to Doxo.

Identification and function of Doxo-up-regulated IPA isoforms
that are highly translated

To determine whether the higher prevalence of IPA:LE isoform
ratio up-regulation by Doxo in the translatome than in the tran-
scriptome (Fig. 1A,B; Supplemental Fig. S3A) can be explained in
part by its higher prevalence in the cytosol than in the nucleus

(Fig. 2A; Supplemental Fig. S2A), we compared the IPA isoforms
that were regulated in the cytosol with the IPA isoforms that
were regulated in polysomes. Out of 762 abundant IPA isoforms
that were up-regulated (relative to LE isoform) in polysomes at ei-
ther 6 or 18 h of Doxo treatment (Supplemental Tables S2, S9),
197 (26%) were also up-regulated by Doxo in the cytosol (Fig.
3A; Supplemental Table S10). Examples that we validated by
RT-qPCR are found in the LDLRAD4, ADARBI, HAPSTRI,
CCNL2, and HOMEZ genes (Fig. 3B). Thus, the higher prevalence
of IPA:LE isoform ratio up-regulation by Doxo in the translatome
than in the transcriptome can be explained in part by its higher
prevalence in the cytosol than in the nucleus. It may also be due
in part to differences between IPA and LE isoforms in terms of
regulation at the level of translation efficiency, because 565
abundant IPA isoforms were up-regulated by Doxo (relative to
LE) in polysomes but not in the cytosol (Fig. 3A). An example
that we validated by RT-qPCR is found in the WNK2 gene
(Supplemental Fig. S3B).

Because little is known about the translation of IPA isoforms
on a genome-wide scale, we sought to identify IPA isoforms that
were efficiently translated. About 90% of the IPA sites regulated
by Doxo in polysomes lie within the annotated coding sequence
(CDS) of the corresponding genes (Supplemental Tables S2, S9).
Using the ratio of isoform abundance in polysomes versus cytosol
as a proxy for translation efficiency as in previous studies
(Boussemart et al. 2014), we found that the majority of detected
IPA isoforms were at least as efficiently (rarely more) translated as
the matched LE isoform (Fig. 3C; Supplemental Fig. S3C;
Supplemental Tables S11-S13). Among 1281 IPA isoforms that
were up-regulated (relative to LE) by Doxo in the cytosol, 344
were highly translated; indeed, when compared to the matched
LE isoform, they were nearly as efficiently translated and nearly
as abundant in polysomes, at least at one time point (Fig. 3D;
Supplemental Table S14). This is illustrated by RT-qPCR analysis
of the LDLRAD4, ADARB1, HAPSTR1, CCNL2, and HOMEZ genes,
for which the IPA:LE isoform ratio was close to 1 in polysomes fol-
lowing Doxo treatment for 18 h (Fig. 3B). The 197 and 344 IPA iso-
forms identified in Figure 3, A and D, respectively, were enriched in
genes involved in specific functions, especially transcription regu-
lation, DNA binding, chromatin binding, chromosome, and cen-
trosome (Supplemental Fig. S3D,E).

To identify IPA isoforms that may have a function in cell re-
sponse to Doxo, we designed isoform-specific siRNAs targeting
nine IPA isoforms (within their last exon, which is absent in the
corresponding LE isoform) that are up-regulated by Doxo in the cy-
tosol and that are up-regulated and/or abundant in polysomes. For
eight IPA isoforms, we obtained two independent siRNAs that effi-
ciently depleted the isoform (Fig. 3E). In addition, for two genes
(PATZ1 and MAP3KS5), we were able to detect abundant and
siRNA-sensitive IPA isoforms at the protein level by western blot
(Supplemental Fig. S3F). We then determined the effects of IPA-tar-
geting siRNAs on cell viability in the absence and presence of
Doxo. For three IPA isoforms (HOMEZ, CCNL2, PATZ1), both
siRNAs significantly decreased cell growth in the absence of
Doxo, when compared to a control siRNA (Fig. 3F). More impor-
tantly, for five IPA isoforms, both siRNAs decreased cell survival
to Doxo (i.e., cell viability in the presence of Doxo normalized to
cell viability in the absence of the drug) either slightly (in the
case of ADARB1, HOMEZ, and PATZ1) or strongly (BRWD1 and
SYDE2) when compared to the control siRNA (Fig. 3G). These
data identify IPA isoforms that are up-regulated by Doxo, are high-
ly translated, and promote cell survival to Doxo.
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Figure 3. Identification and function of Doxo-up-regulated IPA isoforms that are highly translated. (A) Venn diagram comparing IPA:LE up-regulation
events by Doxo in the cytosol (not nucleus) and in polysomes, at either 6 or 18 h of Doxo treatment. (B) RT-qPCR analysis of IPA:LE isoform ratio regulation
by Doxo in the indicated genes in the cytosol and polysomes at 0, 6, or 18 h of Doxo treatment. The data represent the relative abundance of IPA to LE
isoforms. (C) Relative translation efficiency (TE), that is the polysome to cytosol ratio of abundance, of IPA and LE isoforms measured by 3’-seq at 0, 6, or 18
h of Doxo treatment. Only IPA isoforms whose abundance equalizes at least 5% of matched LE isoforms are shown. (D) Venn diagram comparing IPA:LE up-
regulation events by Doxo in the cytosol to IPA isoforms that have a high TE and are at least 25% as abundant as matched LE isoform in polysomes at either
0, 6, or 18 h of Doxo treatment. (E-G) Effects of siRNAs targeting IPA isoforms of the indicated genes in MCF-7 cells. Two independent siRNAs (silPA#1 and
#2) were tested for each isoform. In panels £ and F, the data in the presence of a negative-control siRNA (siCTRL) were set to 100%. The statistical tests are
comparing silPA data to siCTRL data. (E) Effects of siRNAs on IPA isoform abundance, as measured by RT-gPCR and normalized to TBP levels. (F) Effects
of siRNAs on cell viability in the absence of Doxo, as measured by WST-1 assay. (G) Cell survival to Doxo, as measured by cell viability in the presence
of Doxo normalized to cell viability in the absence of drug. For PATZ1, P-value is below 0.05 when combining data from both siRNAs. (*) P=0.06;
(**) P<0.01; (***) P<0.001.
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Altogether, our data identify a set of IPA isoforms that were
up-regulated by Doxo (relative to the LE isoform) in the cytosol, in-
cluding a subset that were efficiently translated. We then sought to
identify molecular mechanisms underlying cytosol-specific up-
regulation of the IPA:LE isoform ratio. Because nuclear down-reg-
ulation of the IPA:LE isoform ratio in the CENPN gene in response
to Doxo was mediated at least in part by ELAVL1 acting at the level
of pre-mRNA processing (Dutertre et al. 2014), and because
ELAVLI can regulate additional steps of mRNA metabolism (e.g.,
cytoplasmic stability, nuclear export) through binding to mRNAs
especially in their 3" UTRs (Grammatikakis et al. 2017), we decided
to investigate whether ELAVL1 may mediate IPA:LE isoform ratio
regulation in response to Doxo at both nuclear and cytoplasmic
levels.

The IPA:LE isoform ratio is widely and directly regulated
by ELAVLI

Toward this aim, and because little is known about IPA isoform reg-
ulation by ELAVL1 besides its effect on CENPN, we first analyzed
on a genome-wide scale the impact of ELAVL1 on the IPA:LE iso-
form ratio in the absence of Doxo. For this, MCF-7 cells were trans-
fected for 48 h with an siRNA targeting ELAVLI (siELAVL1),
resulting in strong depletion of ELAVL1 at the protein level
when compared to cells transfected with a negative-control
siRNA (Fig. 4A). 3’-seq analysis on whole-cell RNA identified
1266 and 1206 abundant (297 and 406 annotated) IPA iso-
forms that were up- and down-regulated compared to the LE iso-
form by ELAVL1 depletion, respectively (Fig. 4B; Supplemental
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Figure4. TheIPA:LEisoform ratio is widely and directly regulated by ELAVL1. (A) Western blot analysis of ELAVL1 protein levels in MCF-7 cells transfected
with an siRNA targeting ELAVL1 (siELAVL1) or a negative-control siRNA (siCTRL). (B) Identification by 3’-seq on whole MCF-7 cells of abundant IPA isoforms,
for which the IPA:LE ratio is regulated by siELAVLT when compared to siCTRL. (C) Venn diagram comparing the peaks found in two biological replicates of
ELAVL1 iCLIP in whole MCF-7 cells. Overlapping peaks were considered ELAVL1 binding sites. The most enriched motif is shown. (D) Venn diagram com-
paring the peaks found in two biological replicates of iCLIP using nonspecificimmunoglobulin (IgG). (E) Density of ELAVL1 binding sites in exons, introns, 3’
UTRs overlapping introns, and 3’ UTRs overlapping the last exon of genes. (F) Fraction of genes that have an ELAVL1 binding site in the indicated IPA or LE
region, among the genes that are either up- or down-regulated by siELAVL1 at the level of IPA:LE isoform ratio. (G) RT-qPCR analysis of the effect of ELAVLT
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Fig. S4A; Supplemental Table S15). The functional annotation of
the genes bearing these regulation events showed some overlap
with Doxo regulation events (Supplemental Fig. S4B).

To determine whether these effects may be mediated by
ELAVL1 binding to target RNAs, we carried out iCLIP analysis of
ELAVL1 on whole-cell RNA. Two replicates were made, thus iden-
tifying 121,344 reproducible ELAVL1 binding sites, with enrich-
ment in a U-rich motif, in agreement with previous studies (Fig.
4C; Kishore et al. 2011; Lebedeva et al. 2011; Mukherjee et al.
2011). In parallel, we carried out our iCLIP procedure with a non-
specific IgG (Supplemental Fig. S4C-E), which yielded only 2771
reproducible peaks (Fig. 4D), thus supporting the specificity of
our ELAVL1 iCLIP.

Mapping of ELAVL1 binding sites showed a twofold enrich-
ment in LE-associated 3’ UTRs relative to exons on a genome-
wide scale (Fig. 4E), which is consistent with previous genome-
wide CLIP studies and with the known ability of ELAVL1 to regu-
late post-transcriptional gene expression through binding to LE-
associated 3" UTRs (Grammatikakis et al. 2017). We also found a
similar twofold enrichment of ELAVL1 binding in IPA-associated
3" UTRs relative to introns (Fig. 4E). To determine whether
ELAVL1 regulation of the IPA:LE isoform ratio (Fig. 4B) might be
due to direct binding to either IPA or LE regions, we crossed our
3’-seq and iCLIP data sets. For this, the “LE region” was defined
as the whole LE, and the “IPA region” was defined as the region
from the upstream exon-intron boundary to the IPA site (Fig.
4F). About 50% of IPA:LE events that were regulated (either up or
down) by siELAVL1 in 3’-seq had ELAVL1 binding sites in the
IPA region in iCLIP (Fig. 4F, left panel), and a similar proportion
had ELAVL1 binding sites in the LE region (Fig. 4F, right panel;
Supplemental Fig. S4F). These data suggest that ELAVL1 can regu-
late the IPA:LE isoform ratio by directly binding to either the IPA or
LE region. In some genes, ELAVL1 bound both the IPA and LE re-
gions, as illustrated by the CELSRI gene, where siELAVL1 up-regu-
lates an IPA within annotated intron 1 relative to LE and ELAVL1
specifically binds both the IPA and LE regions, but no other re-
gions in the gene (Fig. 4G,H).

Altogether, the data from this part show that ELAVL1 regu-
lates the IPA:LE isoform ratio in many genes and suggest that these
regulations may be mediated by ELAVL1 binding in either IPA or
LE regions. We then sought to determine the global role of
ELAVL1 in IPA:LE isoform ratio regulation in response to Doxo.

Doxo globally rewires ELAVLI binding to RNA within cells, with a
shift toward exonic and cytosolic RNA

ELAVL1 has been involved in cell responses to several genotoxic
agents (Latorre et al. 2012; Grammatikakis et al. 2017). ELAVL1
depletion with two independent siRNAs decreased MCEF-7 cell
growth and, more importantly for this study, the amplitude of
cell growth inhibition by Doxo (Fig. 5A). In addition, in response
to Doxo, ELAVL1 was partially translocated from the nucleus to
cytosol (Fig. 5B), in agreement with previous studies (Latorre
et al. 2012; Dutertre et al. 2014).

To determine whether ELAVL1 may mediate cytosolic up-reg-
ulation of the IPA:LE isoform ratio by Doxo in some genes, in ad-
dition to mediating nuclear down-regulation of the IPA:LE isoform
ratio in other genes (Dutertre et al. 2014), we used several genome-
wide approaches based on iCLIP and 3’-seq. In particular, we set up
a condition- and compartment-specific CLIP-seq analysis (CCS-
iCLIP) to determine the effects of Doxo treatment on ELAVL1
binding to transcripts (e.g., in IPA and LE regions) in several cell

fractions, namely whole cells (total), nucleus, and cytosol (Fig.
5C). For this, MCF-7 cells were treated with Doxo or vehicle for 6
h, and ELAVL1 iCLIP experiments were carried out on two biolog-
ical replicates for every condition (Doxo and vehicle) and cell frac-
tion (Supplemental Fig. SSA-C) (it should be noted that the iCLIP
data in vehicle-treated total cells, which were presented above in
Fig. 4, are part of this large iCLIP data set).

As this CCS-iCLIP data set is quite extensive and unique, we
first made a broad analysis of ELAVL1-RNA interactions across
compartments and conditions before focusing on the link be-
tween ELAVL1 binding and IPA:LE isoform regulation. In the ab-
sence of Doxo, there were about seven times more ELAVL1
binding sites in the nucleus than in the cytosol (Fig. 5D;
Supplemental Fig. S5C) (of note, many nuclear binding sites
were not detected in total, likely due to dilution of the nuclear ma-
terial in total lysate). This result is consistent with the fact that
ELAVL1 was mainly localized in the nucleus (Fig. 5B) and with
the large number of binding sites in introns (Fig. SE) (in this panel,
introns are underrepresented because they are about 18 times lon-
ger than exons and data are plotted per kb; thus, the strong differ-
ence between nucleus and cytosol for introns in panel E explains
the strong difference between nucleus and cytosol in panel D).
In the three fractions, there were more ELAVL1 binding sites that
were up-regulated by Doxo (adjusted P<0.05) than down-regulat-
ed ones (Fig. 5F). (In Fig. SF, the data are given as percentages, ex-
plaining why total is not the sum of nucleus and cytosol; the
percentage of regulated binding sites is lower in total, probably
because many binding sites are preferentially regulated in one
compartment; and the high percentage of regulated binding sites
in cytosol is not seen in total because there are only few binding
sites in cytosol when compared to total.) The proportion of up-
versus down-regulated binding sites was higher in the cytosol
than in the nucleus (twofold vs. 1.5-fold) (Fig. SF). This indicates
that in response to Doxo, ELAVL1 binding partially shifted from
the nucleus to the cytosol, which is consistent with the partial
relocalization of ELAVL1 to the cytosol (Fig. 5B). In addition, in
both whole cells and nuclei, the proportion of up- versus down-
regulated binding sites (by Doxo) was higher in exons than in in-
trons (Fig. SG, showing data per kb; Supplemental Fig. SSD,E). Asa
result, ELAVL1 binding partially shifted from introns to exons
(Supplemental Fig. S5F). Thus, Doxo globally rewires ELAVL1
binding to RNA within cells, with a shift toward exonic and cyto-
solic RNA.

We also looked at ELAVL1 binding sites in IPA- and LE-associ-
ated 3’ UTRs. In total cells, either vehicle- or Doxo-treated, ELAVL1
binding sites were enriched in both IPA- and LE-associated 3' UTRs,
when compared to introns and exons, respectively (Supplemental
Fig. S5F). In addition, in both whole cells and nuclei, ELAVL1 bind-
ing events that were up-regulated by Doxo—but not down-regulat-
ed ones—were enriched in IPA-associated 3’ UTRs compared to
introns, and in LE-associated 3" UTRs compared to exons (Fig.
5G; Supplemental Fig. S5D,E). Thus, ELAVL1 binding to both
IPA- and LE-associated 3' UTRs was more often up- than down-reg-
ulated in response to Doxo (Fig. 5G).

ELAVLI coordinately regulates IPA isoforms in the nucleus and
cytosol in response to Doxo

Then, to determine whether Doxo regulation of the IPA:LE isoform
ratio in the nucleus and cytosol may be explained by Doxo-regulat-
ed binding of ELAVLI1 to either IPA or LE regions in these compart-
ments, we crossed our CCS-iCLIP data sets (Fig. 5) with our three
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Figure 5. Doxo globally rewires ELAVL1 binding to RNA within cells, with a shift toward exonic and cytosolic RNA. (A) MCF-7 cell growth following trans-
fection with siRNAs targeting ELAVL1 (SiELAVLT) or a negative-control siRNA (siCTRL) and subsequent treatment with Doxo or vehicle for the indicated time
point. Cells proliferate more in the siCTRL-Doxo condition than in the other ones. (B) Western blot analysis of ELAVL1 protein levels in nuclear and cytosolic
fractions of MCF-7 cells transfected with the indicated siRNAs and treated with Doxo or vehicle for 6 h. GAPDH and lamins were used as cytosolic and
nuclear markers, respectively. (C) Experimental design of CCS-iCLIP analyses of ELAVL1-RNA interactions in different fractions of MCF-7 cells treated
with Doxo or vehicle for 6 h. (Tot) Total cells (whole cells), (Nuc) nucleus, (Cyto) cytosol. (D) Number of ELAVL1 binding sites (peaks found in two biologjical
replicates) identified in each fraction of vehicle-treated cells. (E) Density of nuclear and cytosolic ELAVL1 binding sites from vehicle-treated cells in exons,
introns, 3’ UTRs overlapping introns, and 3’ UTRs overlapping the last exon of genes. (F) Proportion of ELAVL1 binding sites from each fraction that are
either up- or down-regulated by Doxo treatment. (G) Density of Doxo up- and down-regulated ELAVL1 binding sites from total cells in exons, introns,
3’ UTRs overlapping introns, and 3’ UTRs overlapping the last exon of genes.

main types of IPA:LE isoform ratio regulation by Doxo in 3'-seq:
Nuc IPA:LE down, Cyto IPA:LE up, and Cyto IPA:LE down (Fig.
2A). For this, we used the same windows as in Figure 4F for the
IPA and LE regions. In each compartment, we analyzed four poten-
tial patterns of ELAVL1-RNA binding regulation in response to
Doxo: up- and down-regulation of ELAVL1 binding in the IPA re-
gion, and up- and down-regulation of ELAVL1 binding in the LE
region (Fig. 6A).

For those IPA:LE regulation events by Doxo that occur in the
nucleus (Nuc IPA:LE down events), we focused our analysis of
ELAVL1 binding regulation on the nucleus. Among the four po-
tential binding regulation patterns, only one—that is, down-regu-
lated binding in the IPA region—was specifically enriched in
nuclear IPA:LE down-regulation events, when compared to Cyto
IPA:LE up and down events (Fig. 6A, left panel; Supplemental
Table S16). This finding is consistent with the previous report
that Doxo decreases ELAVL1 binding to the IPA region of the
CENPN gene, in which the nuclear IPA:LE isoform ratio was de-

creased by either Doxo treatment or ELAVL1 depletion (Dutertre
et al. 2014). (We also noted that nuclear ELAVL1 binding sites
were frequently up-regulated in the LE region, but the relevance
of this pattern is less clear, because it was also frequent among
Cyto IPA:LE up and down events [Fig. 6A, left panel].) Thus, our
data identify a set of genes where Doxo may down-regulate the
IPA:LE isoform ratio in the nucleus through decreased binding of
ELAVLI to the IPA region in the nucleus, as we previously de-
scribed for the CENPN gene (Dutertre et al. 2014).

For those IPA:LE regulation events by Doxo that occur in the
cytosol (Cyto IPA:LE up and Cyto IPA:LE down events), we focused
our analysis of ELAVL1 binding regulation on the cytosol. Among
the four potential binding regulation patterns, only one—that is,
down-regulated binding in the LE region—was specifically en-
riched in Cyto IPA:LE up events when compared to Cyto IPA:LE
down and Nuc IPA:LE down events (Fig. 6A, right panel; 127
events listed in Supplemental Table S17). Conversely, up-regulated
cytosolic binding in the LE region was slightly enriched in Cyto
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Figure 6.

ELAVL1 coordinately regulates IPA isoforms in the nucleus and cytosol in response to Doxo. (A) Intersection of the three main categories of

Doxo-regulated IPAs (Cyto IPA:LE up, Cyto IPA:LE down, and Nuc IPA:LE down, as identified by 3’-seq in Fig. 2A) with nuclear and cytosolic Doxo-regulated
ELAVL1 binding sites located in IPA and LE regions (as indicated at the bottom). Plotted is the percentage of Doxo-regulated IPAs of each category that have
a Doxo-regulated ELAVL1 binding site in the indicated region. (B) Identification of abundant IPA isoforms for which the IPA:LE ratio is regulated by siELAVL1
when compared to siCTRL, by 3'-seq analysis on cytosol of MCF-7 cells grown either without or with Doxo. (C) Intersection of the three main categories of
Doxo-regulated IPAs (Cyto IPA:LE up, Cyto IPA:LE down, and Nuc IPA:LE down) with siELAVL1-regulated IPAs. (D) RT-gPCR analysis of the effects of Doxo
and siELAVL1 on the cytosolic IPA:LE isoform ratio in the indicated genes. (*) P=0.06; (**) P < 0.01.

IPA:LE down events when compared to Cyto IPA:LE up events (Fig.
6A, right panel). These patterns of ELAVL1 binding regulation by
Doxo are consistent with the well-known ability of ELAVL1 to in-
crease cytoplasmic mRNA stability upon binding to the 3’ UTR (see
Discussion), but in principle, they could be either a cause or a con-
sequence of isoform abundance regulation by Doxo.

Thus, to determine whether the regulation of ELAVL1 bind-
ing by Doxo observed above may mediate IPA:LE isoform regula-
tion by Doxo, we carried out 3’-seq on the cytosol of cells
transfected for 48 h with siELAVL1 or a negative-control siRNA,
and treated for 6 h with or without Doxo. This analysis identified
610 and 458 abundant (642 and 554 annotated) IPA isoforms that
were regulated by siELAVL1 when compared to siCtrl cells in the
absence and presence of Doxo, respectively, with approximately
equal numbers of up- and down-regulation events (Fig. 6B;
Supplemental Fig. S6A; Supplemental Tables S18, S19). Between
21% and 31% of the IPA:LE regulation events induced by Doxo (ei-
ther Nuc IPA:LE down, Cyto IPA:LE up, or Cyto IPA:LE down) were
also regulated by siELAVL1 (Fig. 6C; Supplemental Table S20).
Focusing on the 127 cytosolic events, where Doxo up-regulated

the IPA:LE isoform ratio and down-regulated ELAVL1 binding to
LE (Fig. 6A), 39 (31%) of them were regulated by siELAVL1 (Fig.
6C, right panel), suggesting that ELAVL1 mediates the Doxo effect
on the isoform ratio. From these 39 events, we validated by RT-
qPCR for five genes (out of six tested), including PATZI,
BRWD1, GAREM1, HOMEZ, and SYDE2, that Doxo up-regulated
the IPA:LE isoform ratio in the cytosol, and that this effect was pre-
vented at least partially by ELAVL1 depletion (Fig. 6D). Altogether,
our data show that Doxo regulates the IPA:LE isoform ratio of dif-
ferent sets of genes at nuclear and cytosolic levels and that ELAVL1
coordinates a considerable fraction of both the nuclear and cyto-
solic effects of Doxo.

Discussion

Although IPA isoforms are widely regulated at the level of nuclear
RNA processing and in various biological conditions, such as cell
response to genotoxic agents, little is known about their cytoplas-
mic and translational regulation during biological processes. In
this study, we show that Doxo elicits different global patterns of
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IPA:LE isoform regulation in different subcellular compartments
or fractions (e.g., preferential down-regulation in whole cells and
nucleus, and preferential up-regulation in cytosol and polysomes)
and that the RNA-binding protein ELAVL1 coordinates in part the
nuclear and cytosolic effects of Doxo on IPA:LE isoform ratio.

The up-regulation of the IPA:LE isoform ratio in the cytosol,
but not in the nucleus, that we observed in response to Doxo
and that appears to be mediated by ELAVLI in a subset of cases,
could be mediated by the regulation of various RNA processes
that need to be explored in future studies. A first potential mecha-
nism, especially for the frequent cases where Doxo decreases
ELAVLI1 binding to the LE in the cytosol, would be that Doxo de-
stabilizes the LE (not the IPA) isoform in the cytosol. Indeed, this
fits with the well-known ability of ELAVL1 to increase the stability
of many mRNAs by binding to their 3’ UTR (Grammatikakis et al.
2017). A second, related mechanism would be that Doxo stabilizes
the IPA (not the LE) isoform in the cytosol. This would not be me-
diated by ELAVL1, because Doxo did not frequently up-regulate
ELAVL1 binding to the IPA region in the cytosol (Fig. 6A); but
Doxo may regulate IPA isoform binding to other factors (e.g.,
RNA-binding proteins or microRNAs) that regulate mRNA stabil-
ity. To test these two hypotheses pertaining to mRNA isoform
stability, we treated cells with or without Doxo for 6 h and then
with or without actinomycin D (a transcription inhibitor) for an-
other 6 h, and analyzed by RT-qPCR the IPA:LE isoform ratio in
five genes that have a Doxo-induced IPA:LE ratio, including three
genes where Doxo either decreases (PATZ1, GAREM]1) or increases
(CELSR1) ELAVL1 binding to the LE in the cytosol. In some genes
(CELSR1, GAREM1), the IPA:LE isoform ratio was increased by acti-
nomycin D alone, suggesting a higher stability of the IPA than LE
isoform transcript (Supplemental Fig. S6B). However, for the five
tested genes, Doxo pretreatment did not increase the actinomycin
D effect on the IPA:LE isoform ratio, suggesting that Doxo does
not destabilize the LE isoform or stabilize the IPA isoform
(Supplemental Fig. S6B).

A third mechanism would be that Doxo regulates the export
of transcript isoforms. For example, in the many cases where Doxo
increases ELAVL1 binding to the LE in the nucleus (Fig. 6A), Doxo
might decrease the export of the LE isoform, although ELAVL1 was
previously shown to promote the nuclear export of mRNAs
(Gallouzi and Steitz 2001). APA was shown to impact mRNA export
through 3’ UTR binding to SR proteins and nuclear RNA export fac-
tor 1 (NXF1) (Miller-McNicoll et al. 2016). A fourth mechanism
would be that Doxo regulates the cytosolic stability of an mRNA
isoform (LE or IPA) by regulating the choice between alternative
(tandem) poly(A) sites within its last exon, thus modifying its 3’
UTR length. Along these lines, in many cases of cyto-specific IPA
up, Doxo up-regulated nuclear ELAVL1 binding in the LE (Fig.
6A, left); this might favor a longer, less stable transcript. Finally,
because the IPA:LE isoform ratio in nuclear and cytosolic extracts
can be impacted by many processes (including transcription, splic-
ing, tandem and intronic polyadenylation, nuclear export, nuclear
and cytosolic stability), many of which can involve ELAVL1
(Kishore et al. 2011; Lebedeva et al. 2011; Mukherjee et al. 2011;
Grammatikakis et al. 2017), Doxo regulation of the IPA:LE isoform
ratio in a given gene could be mediated by several of these process-
es, thus complicating the analysis of their contribution (e.g., in our
actinomycin D experiments mentioned above). Thus, future stud-
ies will be necessary to thoroughly investigate these multiple po-
tential mechanisms.

Our finding that ELAVL1 regulates the IPA:LE isoform ratio in
many genes is consistent with a recent study showing that

Drosophila neuronal ELAV/Hu factors (and potentially their hu-
man counterparts) widely regulate ALEs in neurons (Lee et al.
2021). Our finding that ELAVL1-RNA interactions are globally
(yet partially) shifted from introns toward 3’ UTRs in response to
Doxo (Fig. 5G; Supplemental Fig. S5D,F) is consistent with a simi-
lar recent finding in the context of innate immune response,
where this shift of ELAVL1 binding led to the regulation of
mRNA stability of specific genes (Rothamel et al. 2021). In both
cases, this phenomenon is accompanied by a partial redistribution
of ELAVL1 from nucleus to cytosol, and our data further show that
Doxo partially shifts ELAVL1 from nuclear toward cytosolic RNAs
(Fig. 5F), which is consistent with the shift from introns toward 3’
UTRs. Thus, ELAVL1 redistribution from nuclear intronic RNA to
cytoplasmic 3’ UTRs may be a recurrent theme in stress responses.
In addition to this global trend, our data show that Doxo regulates
ELAVL1 binding to the IPA and LE regions of specific genes in the
nucleus and cytosol, underlying IPA:LE isoform ratio regulation in
both compartments (Fig. 6). This global rewiring of ELAVL1 bind-
ing to RNAs may be due in part to its complex post-translational
modifications in stress responses (Grammatikakis et al. 2017).
Our data also suggest that, although ELAVL1 coordinated the nu-
clear and cytosolic regulation of IPA:LE isoform ratio in response to
Doxo, it did not seem to mediate the isoform-specific regulation of
translation efficiency by the drug, that is, IPA:LE ratio up-regula-
tion events found in polysomes but not cytosol (Fig. 3A;
Supplemental Fig. S6C).

Finally, in this study, we identify several IPA isoforms (in the
ADARBI1, BRWD1, HOMEZ, PATZ1, and SYDEZ2 genes) that are up-
regulated relative to matched LE isoform in response to Doxo, are
highly translated, and promote cell survival to this genotoxic drug
(Fig. 3). Only one of these five genes was previously linked to the
DDR. Indeed, the full-length protein isoform of POZ/BTB and AT
hook containing zinc finger 1 (PATZ1) was shown to homodimer-
ize through its N-terminal region (which is present in the IPA iso-
form), interact with the TP53 protein (encoded by the TP53 gene)
through its C-terminal region (which is absent in the IPA isoform),
and inhibit TP53 transcriptional activity (Keskin et al. 2015). As
TPS53 is a key DDR factor, the promotion of cell survival by the
PATZ1 IPA isoform in the presence of Doxo might be mediated
by regulation of TP53 transcriptional activity. Regarding adeno-
sine deaminase RNA specific B1 (ADARB1), it is an RNA editing en-
zyme related to ADAR1. ADAR1 was reported to edit the mRNA
encoding the DNA repair protein NEIL1, thereby modifying its
protein sequence and its repair activity (Yeo et al. 2010), and two
recent studies in cancer cells showed that ADAR1 impacts the
mRNA stability of several DDR genes, the activation of the DDR,
and genome stability (Sagredo et al. 2020; Shiromoto et al.
2021). Thus, our data on ADARBI extend the emerging link be-
tween RNA-editing enzymes and DNA damage.

In conclusion, although many studies have shown wide-
spread regulation of IPA isoforms in various biological processes,
little was known about their regulation beyond nuclear metabo-
lism. In this study, our genome-wide analyses on subcellular com-
partments and fractions reveal that Doxo differentially regulates
IPA isoforms in the transcriptome and translatome, and in the nu-
cleus and cytosol. We also show that the RNA-binding protein
ELAVL1 widely regulates IPA isoforms and coordinates the nuclear
and cytosolic regulation of the IPA:LE isoform ratio in response to a
stress. Of note, the CCS-iCLIP approach that we are describing for
ELAVLI could be applied to study other RNA-binding proteins.
Finally, we identify IPA isoforms that are up-regulated by Doxo
and highly translated, and provide evidence for their function in
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cell survival to Doxo. These findings beg for future analyses of cy-
tosolic and translational levels of IPA isoform regulation in the var-
ious physiological and pathological processes, where IPA isoforms
are widely regulated.

Methods

Cell culture, transfection, and treatment

MCF-7 and JIMT1 breast cancer cells were cultured in High Glucose
DMEM (Eurobio Scientific) supplemented with 10% (v/v) fetal bo-
vine serum (PAN Biotech) and 2 mM L-glutamine (Eurobio
Scientific), and maintained at 37°C in 5% CO,. Doxorubicin hy-
drochloride (Sigma-Aldrich) was resuspended in water to treat cells
at 3.5 pM for 6 or 18 h. Actinomycin D (Sigma-Aldrich) was resus-
pended in DMSO and used to treat cells at 5 ug/mL for 6 h. Reverse
transfection of siRNAs (Eurogentec) was performed at a final
concentration of 25 or 100 nM for ELAVL1 and IPA isoform
depletion, respectively, using Lipofectamine RNAimax (Thermo
Fisher Scientific) and following the manufacturer’s instructions.
siRNA sequences are listed in Supplemental Table S21.

Cell viability assays

For Figure 3, Fand G, MCF-7 cells were transfected with siRNAs and
seeded at 4000 cells/well in 96-well plates, with six replicates per
siRNA condition; 48 h later, triplicates were treated or not with
3.5 uM Doxo; 48 h later, cell viability was assayed using WST-1
(Sigma-Aldrich) according to the manufacturer’s instructions. For
Figure SA, MCF-7 cells (2 x 10%) were transfected with siRNAs and
plated in 12-well plates (two replicates per condition), 3.5 uM
Doxo was added after 48 h, and cells were harvested by trypsiniza-
tion for trypan blue count after 24 or 48 h.

Cell fractionation

For preparation of cytosolic and nuclear extracts, cells were washed
twice with ice-cold phosphate buffer saline (PBS) and harvested by
scraping. Cells from each plate were pelleted in microfuge tubes,
resuspended in 200 pL lysis buffer (10 mM Tris-HCI, pH 8140
mM NaCl, 1.5 mM MgCl,, 10 mM EDTA, 0.5% NP-40, and prote-
ase inhibitor cocktail) and incubated on ice for 5 min followed by
centrifugation at 470g for 5 min at 4°C. The supernatant was stored
as the cytosolic fraction, and the pellet was washed twice gently
with lysis buffer before being resuspended in lysis buffer as the nu-
clear fraction. For total cell lysates, cells were lysed directly by pi-
petting in lysis buffer. The cell lysate fractions were then
sonicated (12 cycles, 30:30) on a Diagenode sonicator and used
for RNA isolation or western blot.

Polysome profiling was performed as described previously
(Boussemart et al. 2014). Briefly, MCF-7 cells treated or not with
Doxo for 6 or 18 h were incubated for 5 min at 37°C with 100
ug/mL cycloheximide in fresh medium. Cells were then washed,
scraped into ice-cold PBS supplemented with 100 ug/mL cyclohex-
imide, and centrifuged at 3000 rpm for 5 min. The cell pellets were
resuspended in 400 pL of LSB buffer (20 mM Tris, pH 7.4, 100 mM
NacCl, 3 mM MgCl,, 0.5 M sucrose, 1 mM DTT, 100 U/mL RNasin,
and 100 pg/mL cycloheximide). After homogenization, 400 uL. LSB
buffer supplemented with 0.2% Triton X-100, and 0.25 M sucrose
was added. Samples were kept on ice for 30 min and centrifuged at
12,000¢ for 15 min at 4°C to pellet the nuclei. The supernatant (cy-
tosolic extract) was adjusted to 5 M NaCl and 1 M MgCl,. The ly-
sates were then loaded onto a 5%-50% sucrose density gradient
and centrifuged in an SW41 Ti rotor (Beckman) at 36,000 rpm
for 2 h at 4°C. Fractions were monitored and collected using a gra-

dient fractionation system (Isco). RNA was extracted from the four
heaviest polysomal fractions (pooled).

RNA extraction

RNA from whole or fractionated cell lysates was extracted with
TRIzol Reagent (TRIzol-LS for polysomes; Thermo Fisher
Scientific) according to the manufacturer’s instructions, and 1 pL
of GlycoBlue (Thermo Fisher Scientific) was added for RNA precip-
itation. RNA was treated with TURBO DNase I (Thermo Fisher
Scientific) and quantified using a NanoDrop 2000 spectrophotom-
eter (Thermo Fisher Scientific). For sequencing, RNA samples were
analyzed using an RNA 2100 Bioanalyzer (Agilent).

RT-qPCR

Reverse transcription was performed on RNA using SuperScript 111
Reverse Transcriptase (Thermo Fisher Scientific) and random prim-
ers, except in Figure 3G where oligo(dT) primers were used.
Quantitative PCR (qPCR) was performed using Power SYBR
Green PCR Master Mix (Thermo Fisher Scientific) on a CFX96
Real-Time PCR Detection System (Bio-Rad). Primer sequences are
listed in Supplemental Table S21.

Western blot

For immunoblotting, RIPA buffer (150 mM NaCl, 50 mM Tris HCl,
pH 8, 0.1% SDS, 1% Nonidet P-40, 0.5% sodium deoxycholate,
and protease inhibitor cocktail [Roche]) was added to cell fractions
or whole cells in lysis buffer for 30 min on ice and pelleted. Protein
concentration was determined using a BCA protein assay kit
(Thermo Fisher Scientific). Proteins were separated in NuPAGE
4%-12% Bis-Tris mini protein gels (Thermo Fisher Scientific) and
electro-transferred onto PVDF membranes using iBlot 2 (Thermo
Fisher Scientific). Membranes were blocked with 5% milk in TBS
with Tween-20 for 2 h and incubated overnight at 4°C with prima-
ry antibodies—anti-ELAVL1 (3A2, sc-5261, Santa Cruz Biotechnol-
ogy), anti-GAPDH (G8795, Sigma-Aldrich), anti-Lamin A + Lamin
C (EPR4100, Abcam), anti-PATZ1 (sc390577, Santa Cruz Biotech-
nology), and anti-MAP3KS (SAB4300398, Sigma-Aldrich). Mem-
branes were washed and incubated with horseradish peroxidase-
conjugated goat antimouse or antirabbit antibodies (A3682 and
A9169, Sigma-Aldrich). After washing, proteins were detected
with ECL reagent (Bio-Rad), according to the manufacturer’s
protocol.

Total RNA-seq

For total RNA-seq, total RNA from whole MCEF-7 cells treated or not
with Doxo (two biological replicates of each condition) was sub-
jected to DNase I treatment. Five hundred nanograms of good
quality RNA (RIN>9) were used for Illumina compatible library
preparation using the TruSeq Stranded total RNA protocol allow-
ing to take into account strand information. A first step of ribosom-
al RNA depletion was performed using the RiboZero Gold kit
(Illumina). After fragmentation, cDNA synthesis was performed
and resulting fragments were used for dA-tailing, followed by liga-
tion of TruSeq indexed adapters. PCR amplification was finally
achieved to generate the final barcoded cDNA libraries. Libraries
were equimolarly pooled and subjected to qPCR quantification us-
ing the KAPA library quantification kit (Roche). Sequencing was
carried out on the NovaSeq 6000 instrument from Illumina based
on a 2x100 cycle mode (paired-end reads, 100 bases) using an S1
flow cell in order to obtain around 100 million clusters (200 mil-
lion raw paired-end reads) per sample. FASTQ files were generated
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from raw sequencing data using bcl2fastq where demultiplexing
was performed according to barcodes.

3’-seq experiments

3’-seq libraries were prepared with a QuantSeq 3’ mRNA-Seq
Library Prep kit REV for Illumina (Lexogen) using 250 ng (for poly-
somal RNA) or 500 ng (for all other samples) of DNase I treated
RNA (n=3 for each condition) following the manufacturer’s in-
structions. Purified libraries were quantified with a Quant-iT
Picogreen dsDNA kit (Thermo Fisher Scientific) and run on an
Experion automated electrophoresis system (Bio-Rad). Pooled li-
braries were quantitated by qPCR (KAPA Library Quantification
kits, Illumina Platforms, Roche), diluted to 12 pM, and subjected
to single-end, 50-bp sequencing using the HiSeq 2500 machine
(INlumina).

3’-seq bioinformatic analysis

For each sample, raw reads were trimmed to remove uninformative
nucleotides due to primer sequences. Trimmed reads of 25 bp or
more were aligned on the human reference genome (hg19) using
Bowtie 2 (version 2.2.5) (Langmead and Salzberg 2012). Aligning
reads to the more recent genome version, GRCh38, would not sig-
nificantly affect the conclusions of this study because we are main-
ly analyzing coding genes and we are not analyzing genetic
variants. Only reads with a mapping quality score (MAPQ) of 20
or more were retained (SAMtools, version 1.1) for downstream anal-
ysis (Li etal. 2009). Reads were then clustered along the genome us-
ing BEDTools (version 2.17.0) (Quinlan and Hall 2010), allowing a
maximum distance of 50 bp and a minimum number of five reads
per peak. Peaks with a stretch of six consecutive As (or 8 As out of 9
nucleotides) within 50 bp downstream were filtered out, as they are
likely due to internal priming of oligo(dT). Overlapping peaks from
all samples of the compared conditions were merged to define a
common set of genomic windows corresponding to poly(A) sites.
To annotate peak location within genes, gene coordinates were ob-
tained on the basis of overlapping RefSeq transcripts with the same
gene symbol. Peaks overlapping any intronic region of a gene were
classified as intronic poly(A) (IPA) peaks. Peaks overlapping the last
exon of a gene were classified as LE peaks. Differential analyses be-
tween two conditions were done using three independent biologi-
cal replicates per condition. To compare the regulation of each IPA
to the regulation of the gene’s last exon (taken as the sum of the
peaks in this exon), we used DESeq2 (version 1.4.5) (Love et al.
2014) and the following statistical model:

Yii =],L+Li +C] + (LC)” +Eii ,

where Yj; is the normalized counts of peak i in biological condition
j, wis the mean, L; is the peak localization (IPA or LE), C; is the bi-
ological condition, (LC);; is the interaction between peak localiza-
tion and biological condition, and E;; is the residual. P-values and
adjusted P-values (Benjamini-Hochberg) were calculated. Data
with P<0.05 are shown. The complete bioinformatics pipeline
(3’-SMART package) described above can be freely downloaded at
GitHub (https://github.com/InstitutCurie/3-SMART) and can be
run through a configuration file and a simple command line.
Annotated polyadenylation sites were retrieved from the
PolyA_DB 3 and PolyASite 2.0 databases (Wang et al. 2018;
Herrmann et al. 2020).

iCLIP and CCS-iCLIP experiments

Individual-nucleotide resolution cross-linking and immunopre-
cipitation (iCLIP) experiments were performed as described

(Huppertz et al. 2014) (with minor modifications as detailed be-
low) but using three cell fractions (whole cells, nuclei, and cytosol)
from MCEF-7 cells treated or not with Doxo for 6 h (two replicates
per condition). Briefly, 85%-90% confluent MCF-7 cells in 10-
cm dishes were irradiated with UV-light (254 nM) at 400 mJ/cm?
to cross-link protein-RNA interactions using Stratalinker 1800
(Stratagene). After washing cells with ice-cold PBS, cell fractions
were obtained as described above. The lysates were sonicated, incu-
bated with 800 pL RIPA buffer for 30 min, and 10 puL RNase I
(1:250) was added along with 2 pL of turbo DNase and incubated
for 3 min at 37°C at 1100 rpm in a table-top Thermomixer
(Thermo Fisher Scientific), followed by incubation on ice for 3
min. RNase inhibitor (Thermo Fisher Scientific) was added and
the lysates were centrifuged at 22,000 rcf for 10 min at 4°C to re-
move debris. Immunoprecipitation of ELAVL1-RNA complexes
was performed using 5 pg of anti-ELAVL1 antibody (3A2, sc-
5261, Santa Cruz Biotechnology) coupled to protein G dynabeads
(Thermo Fisher Scientific). IP with normal mouse IgG (sc-2025,
Santa Cruz Biotechnology) was used as negative control. After
washing twice with high-salt buffer RIPA-S (50 mM Tris-HCI, pH
7.4, 1 M NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, and 0.5%
sodium deoxycholate) and once with PNK washing buffer (20
mM Tris-HCI, pH 7.4, 10 mM MgCl,, 0.2% Tween-20), one-tenth
of the sample was labeled with 3*P-ATP using PNK, whereas an
RNA linker was ligated to the rest of the sample after RNA dephos-
phorylation. RNA-protein complexes were separated by electro-
phoresis (SDS-Page) and transferred to nitrocellulose membranes.
ELAVL1-RNA complexes higher than 55 kDa were marked after vi-
sualization by autoradiography. RNA extraction was performed by
incubating the nitrocellulose fragment for 10 min at 37°C with
Proteinase K in PK buffer (100 mM Tris-HCI, pH 7.5, 50 mM
NaCl, and 10 mM EDTA). Two hundred microliters of PK buffer
containing urea (7 M) were added to each sample and further incu-
bated for 20 min at 37°C. RNA was isolated by acid-phenol/chloro-
form extraction and ethanol precipitation. RNA was reverse-
transcribed into cDNA using RCLIP primers and SuperScript III re-
verse transcriptase. After cDNA purification using 6% TBE-urea
gels, cDNA was circularized and amplified by PCR using Solexa
P5/P7 primers (Illumina). cDNA libraries from independent exper-
iments were prepared, purified using Agencourt AMPure XP
(Beckman Coulter) magnetic beads, quantified with a Quant-iT
Picogreen dsDNA kit (Thermo Fisher Scientific), and run on an
Experion automated electrophoresis system (Bio-Rad). Pooled li-
braries were quantitated by qPCR (KAPA Library Quantification
kits, Illumina Platforms, Roche), diluted to 12 pM, and subjected
to single-end, 50-bp sequencing using the HiSeq 2500 machine
(Nlumina).

iCLIP and CCS-iCLIP bioinformatic analyses

For each sample, raw reads were trimmed in their 5" and 3’ ends to
remove uninformative nucleotides. Trimmed reads were aligned
on the human reference genome (hg19) using Bowtie 2 (version
2.2.5) (Langmead and Salzberg 2012). Only reads with a mapping
quality score (MAPQ) of 20 or more were retained (SAMtools, ver-
sion 1.1) for downstream analysis (Li et al. 2009). Duplicated reads
were removed using Picard tools. Peaks were identified using
Piranha (Uren et al. 2012) using a cutoff of 0.95. For each group,
corresponding to a given cellular fraction (whole cells, nuclei, or
cytosol) and biological condition (Doxo or vehicle), only peaks
found in both replicates (overlapping peaks) were kept for further
analysis. Differential analysis of peaks between two groups was
done using DESeq2 (version 1.4.5) (Love et al. 2014) and two inde-
pendent biological replicates per group. Of note, even if a peak is
detected in only one condition, reads were counted in this
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genomic window in all four samples. Adjusted P-values
(Benjamini-Hochberg) were calculated and a cutoff of 0.05 was
used. The complete bioinformatics pipeline described above can
be freely downloaded at GitHub (https://github.com/bioinfo-pf-
curie/clip-seq) and can be run through a configuration file and a
simple command line. Motif analysis was done using MEME-
ChlIP (version 4.12.0, classic mode, RNA motifs, width: 6-15, num-
ber of motifs: 10, number of sites: 2-600) (Machanick and Bailey
2011).

Other bioinformatic and statistical analyses

Intersections involving peak lists were done using BEDTools
Intersect (version 2.17.0) (Quinlan and Hall 2010), allowing a
maximum distance of 150 bp when crossing two lists of 3'-seq
peaks. 3’ UTR-intron regions were defined as regions that overlap
with both a 3’ UTR and an intron from RefSeq transcripts; 3’
UTR-LE regions were defined as regions that overlap with both a
RefSeq 3’ UTR and the last exon of a gene. The 3'-seq, RNA-seq,
and iCLIP data sets were visualized in the UCSC Genome
Browser and Integrative Genomics Viewer (Kent et al. 2002;
Robinson et al. 2011). Functional gene annotation analyses were
done using the DAVID software (Huang et al. 2009a,b) using the
human genome as a reference. For each experimental analysis, at
least three independent experiments were performed. In all bar
charts, error bars represent the standard error of the mean (SEM)
that is the standard deviation divided by the square root of sample
number. A Student’s paired t-test was used for all bar charts; tests
were considered significant if P<0.05 ([*] P<0.05, [**] P<0.01,
[***] P<0.001).

Data access

The data sets generated in this study have been deposited in the
UCSC Genome Browser (https://genome.ucsc.edu/s/clabbe/
visuDoxoPaper_Dutertre2021). All raw and processed sequencing
data generated in this study have been submitted to the NCBI
Gene Expression Omnibus repository (GEO; https://www.ncbi
.nlm.nih.gov/geo/) under accession number GSE180850. The bio-
informatics pipelines for 3’-seq analysis of IPAs (3'-SMART pack-
age) and iCLIP analysis are available at GitHub (https://github
.com/InstitutCurie/3-SMART and https://github.com/bioinfo-pf-
curie/clip-seq, respectively) and as Supplemental Code. Other bio-
informatics scripts used in this study are provided in the
Supplemental Material (Supplemental Code).
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