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Abstract

The expression of yeast long non-coding (lnc)RNAs is restricted by RNA surveillance 

machineries, including the cytoplasmic 5’-3’ exonuclease Xrn1 which targets a conserved family 

of lncRNAs defined as XUTs, and that are mainly antisense to protein-coding genes. However, 

the co-factors involved in the degradation of these transcripts and the underlying molecular 

mechanisms remain largely unknown. Here, we show that two RNA helicases, Dbp2 and Mtr4, act 

as global regulators of XUTs expression. Using RNA-Seq, we found that most of them accumulate 

upon Dbp2 inactivation or Mtr4 depletion. Mutants of the cytoplasmic RNA helicases Ecm32, 

Ski2, Slh1, Dbp1, and Dhh1 did not recapitulate this global stabilization of XUTs, suggesting that 

XUTs decay is specifically controlled by Dbp2 and Mtr4. Notably, Dbp2 and Mtr4 affect XUTs 
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independently of their configuration relative to their paired-sense mRNAs. Finally, we show that 

the effect of Dbp2 on XUTs depends on a cytoplasmic localization. Overall, our data indicate 

that Dbp2 and Mtr4 are global regulators of lncRNAs expression and contribute to shape the 

non-coding transcriptome together with RNA decay machineries.
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Introduction

The pervasive transcription of eukaryotic genomes produces plenty of long non-coding 

(lnc)RNAs, the identification and characterization of which have been subject to intense 

research for more than a decade (Jarroux et al., 2017). Besides the question of their 

functional significance which is still the matter of an ongoing debate (Ponting and Haerty, 

2022), the molecular mechanisms controlling their biogenesis and expression remain poorly 

understood to date.

In organisms with compact genomes such as the budding yeast Saccharomyces cerevisiae 
(Goffeau et al., 1996), a large proportion of lncRNAs arise from the DNA strand antisense 

(as) to protein-coding genes. Apart from their regulatory potential (Camblong et al., 2007; 

Camblong et al., 2009; Van Dijk et al., 2011; Pelechano and Steinmetz, 2013; Wery et 

al., 2018a), one peculiarity of aslncRNAs is their low cellular abundance. In fact, previous 

works revealed that these transcripts are extensively degraded by the nuclear exosome and 

the cytoplasmic 5’-3’ exoribonuclease Xrn1 (Tisseur et al., 2011). The sensitivity to these 

decay machineries has been used to define families of lncRNAs, including the Cryptic 

Unstable Transcripts (CUTs) which are targeted by the exosome (Neil et al., 2009; Xu et 

al., 2009), and the Xrn1-sensitive Unstable Transcripts (XUTs) which are degraded by Xrn1 

(Van Dijk et al., 2011). Notably, these families of lncRNAs are conserved in other yeast 

species which unlike S. cerevisiae have maintained a functional RNA interference (RNAi) 

pathway, including the budding yeast Naumovozyma castellii (Szachnowski et al., 2019) and 

the distant fission yeast Schizosaccharomyces pombe (Atkinson et al., 2018; Wery et al., 

2018b; Watts et al., 2018).

In addition to CUTs and XUTs, Nrd1-Unterminated Transcripts (NUTs) were shown to 

accumulate upon nuclear depletion of the RNA-binding factor Nrd1 (Schulz et al., 2013), 

and Stable Unannotated Transcripts (SUTs) were defined as exosome-insensitive lncRNAs 

that are detectable in WT cells (Xu et al., 2009), but some isoforms overlap with the XUT 

family distinct by their 3’ extension (Wery et al., 2016).

Mechanistically, the instability of CUTs largely depends on their transcription termination 

by the Nrd1-Nab3-Sen1 (NNS) complex, which recruits the TRAMP4 complex (Trf4-

Air2/1-Mtr4) through a direct interaction between Nrd1 and the non-canonical poly(A)-

polymerase Trf4 (Tudek et al., 2014). The short poly(A) tail added by Trf4 to the target RNA 

then promotes the recruitment of the exosome and the degradation of the transcript (LaCava 

et al., 2005). In contrast, XUTs are poly-adenylated by the canonical poly(A) polymerase 
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Pap1, like mRNAs (Van Dijk et al., 2011; Wery et al., 2016). XUTs are produced as 

capped transcripts and therefore need to be decapped before being degraded by Xrn1 (Wery 

et al., 2016). Interestingly, most of them are targeted to Xrn1 by the Nonsense-Mediated 

mRNA Decay (NMD) pathway (Malabat et al., 2015; Wery et al., 2016), a conserved 

translation-dependent RNA decay pathway known to degrade aberrant mRNAs bearing a 

premature stop codon within the coding sequence (Losson and Lacroute, 1979; Muhlrad and 

Parker, 1994) as well as mRNAs with a long 3’ untranslated region (Muhlrad and Parker, 

1999; Amrani et al., 2004; Celik et al., 2017). On the other hand, asXUTs were shown 

to form double-stranded (ds)RNA structures in vivo with the paired-sense mRNAs, which 

modulates their sensitivity to NMD (Wery et al., 2016), suggesting that the dynamics of 

pairing with the sense mRNAs is critical for the post-transcriptional fate of the interacting 

aslncRNAs. In this context, we previously identified the RNA helicases Dbp2 and Mtr4 

as potential actors involved in the degradation of asXUTs, possibly by promoting dsRNA 

unwinding (Wery et al., 2016). Dbp2 belongs to the DEAD-box RNA helicase family and 

is highly conserved among eukaryotes (Xing et al., 2019). Its human ortholog (DDX5) has 

been functionally associated to cancers (Secchi et al., 2022). Dbp2/DDX5 impacts RNA 

metabolism by different way, including RNA decay and NMD. In fact, Dbp2 was reported 

to physically interact with the NMD core factor Upf1 (Bond et al., 2001). Although Dbp2 

is predominantly nuclear, it can localize in the cytoplasm under particular conditions (Beck 

et al., 2014). Mtr4 is a nuclear DExH-box RNA helicase endowed with an ATP-dependent 

3’–5’ helicase activity which could unwind dsRNA with a 3’ extension (Bernstein et al., 

2008), as proposed for XUTs (Wery et al., 2016).

This idea that Dbp2 and Mtr4 could contribute to regulate the expression of XUTs was based 

on the observation that two of them, namely, XUT0741 and XUT1678 (antisense to the 

ADH2 and ARG1 mRNAs, respectively), accumulate in dbp2Δ cells or upon depletion of 

Mtr4 (Wery et al., 2016). However, the effect of these helicases on the entire XUTs family 

remained unexplored.

Here, we report that Dbp2 and Mtr4 are global regulators of XUTs expression. Using RNA-

Seq, we show that most XUTs accumulate upon Dbp2 loss or Mtr4 depletion. This effect is 

not a common feature of RNA helicase mutants since XUTs levels remained unchanged in 

cells lacking the Ecm32, Ski2, Slh1, Dbp1 or Dhh1 helicases. Notably, the effect of Dbp2 

and Mtr4 is independent of the configuration of XUTs relative to their sense-paired mRNAs. 

Finally, we show that nuclear depletion of Dbp2 does not affect XUTs expression, indicating 

that the effect of Dbp2 on XUTs depends on a cytoplasmic localization.

Altogether, our data indicate that Dbp2 and Mtr4 are important factors that globally 

contribute to the control of lncRNAs expression and the shaping of the non-coding 

transcriptome.

Materials and methods

Yeast strains and media

All the experiments have been performed using strains of the closely related S288C 

and W303/BMA64-1A genetic backgrounds (Supplementary Table S2). Cells were grown 
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to mid-log phase in YPD medium at 30°C. For Mtr4-depletion, WT (YAM115) and 

tetOFF::MTR4(YAM997) cells were grown to mid-log phase in YPD at 30°C, before 

addition of doxycycline at 10 μg/mL (final concentration) for 6 h. During this treatment, 

cells were maintained to mid-log phase (OD600 0.5) by dilution into preheated YPD medium 

with 10 μg/mL doxycyline. For the Dbp2 anchor-away experiment, parental (YAM2672) and 

Dbp2-FRB-GFP (YAM2673) cells were grown to mid-log phase in YPD at 30°C, before 

addition of rapamycin at 1 μg/mL (final concentration) for 1 h.

Total RNA extraction

Total RNA was extracted from cells grown to mid-log phase (OD600 0.5) using standard hot 

phenol procedure. Extracted RNA was ethanol-precipitated, resuspended in nuclease-free 

H2O (Ambion) and quantified using a NanoDrop 2000c spectrophotometer and/or a Qubit 

fluorometer with the Qubit RNA HS Assay kit (Life Technologies).

Strand-specific RT-qPCR

Strand-specific RT-qPCR experiments were performed from three biological replicates, 

using 1 μg of total RNA and the SuperScript II Reverse Transcriptase (Invitrogen) in the 

presence of 6.25 μg/mL actinomycin D, as previously described (Wery et al., 2018a). The 

oligonucleotides used are listed in Supplementary Table S3.

Total RNA-Seq

For each strain/condition, total RNA-Seq was performed from two biological replicates. For 

each sample, 1 μg of total RNA was mixed with 2 μL of diluted ERCC RNA spike-in 

mix (1:100 dilution in nuclease-free H2O; Invitrogen). Ribosomal (r)RNAs were depleted 

using the RiboMinus Eukaryote v2 kit (Ambion), and rRNA-depleted RNAs were then 

concentrated using the RiboMinus Concentration Module (Invitrogen).

For dbp2Δ, dbp2-AA and tetOFF::MTR4 (and their respective WT control), strand-specific 

RNA-seq libraries were prepared from 125 ng of rRNA-depleted RNAs using the TruSeq 

Stranded Total RNA kit (Illumina). Libraries concentration was determined using the Qubit 

DNA HS Assay kit (Life Technologies), and their quality was controlled upon analysis on 

a High Sensitivity DNA Assay chip in a 2100 bioanalyzer (Agilent). Paired-end sequencing 

(50 nt + 50 nt) of the libraries was performed on a HiSeq 2500 sequencer (Illumina).

Libraries preparation for the ecm32Δ, slh1Δ, ski2Δ, dbp1Δ and dhh1Δ mutants (and the 

isogenic WT control) was similar, except that they were constructed from 50 ng of rRNA-

depleted RNAs using the TruSeq Stranded mRNA kit (Illumina). Paired-end sequencing (50 

nt + 50 nt) was performed on a NovaSeq 6000 system (Illumina).

Total RNA-Seq data processing and analysis

Briefly, reads were trimmed using Trim Galore (https://github.com/FelixKrueger/

TrimGalore). They were then mapped on the S288C reference genome (R64-2-1, including 

the 2-micron plasmid), with addition of ERCC RNA spike-in sequences (Ambion) using 

version 2.2.0 of Hisat (Kim et al., 2019), with default parameters and a maximum size for 

introns of 5000 nt. Uniquely mapped reads were used for all subsequent analyses.
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Gene counts were determined using featureCounts v2.0.0 (Liao et al., 2014), and then 

normalized using the estimate Size factorsForMatrix function of DESeq2 (Love et al., 2014). 

Tag densities were obtained as: normalized gene count/gene length.

Given the effect of Dbp2 inactivation and Mtr4 depletion on snoRNAs (Supplementary 

Figures S1A, S1B), the corresponding RNA-Seq data were normalized on the ERCC RNA 

spike-in signal. In contrast, since inactivation of Ecm32, Slh1, Ski2, Dbp1 and Dhh1 had 

no effect on them, snoRNAs levels were used for normalization of RNA-Seq signals, 

as previously described (Wery et al., 2016; Wery et al., 2018b; Andjus et al., 2022). 

Normalization factors can be found in Supplementary Table S4.

Significantly up-regulated XUTs were determined as previously described (Andjus et al., 

2022), using i) a minimal fold-change of 2 in the condition of interest vs. the corresponding 

WT/control and ii) an adjusted p-value ≤ 0.05 upon differential expression analysis using 

DESeq2 (Love et al., 2014).

Results

Most XUTs accumulate upon inactivation of Dbp2 and Mtr4

In a previous analysis, we found that two XUTs accumulate upon inactivation of Dbp2 

or depletion of Mtr4 (Wery et al., 2016). In order to extend these observations at the 

genome-wide level, we performed RNA-seq analysis using biological duplicates of a dbp2Δ 
strain deleted for DBP2 and the isogenic WT control. In the case of Mtr4 (which is an 

essential gene), we used a conditional tetOFF::MTR4 mutant, where MTR4 is under the 

control of a tetOFF promoter, repressed in the presence of doxycycline (dox). Both the 

conditional mutant and its isogenic WT were treated with dox for 6 h, which is the time 

necessary to deplete the helicase but keeping the cells alive and growing (Wery et al., 2016).

Dbp2 and Mtr4 participate in transcriptome regulation and their inactivation alters several 

families of transcripts (Beck et al., 2014). For instance, snoRNAs which we classically used 

to normalize xrn1Δ RNA-seq data because they are insensitive to Xrn1 (Wery et al., 2016), 

are deregulated upon Mtr4 inactivation (van Hoof et al., 2000). For this reason, we decided 

to add a spike-in to the total RNA used to prepare the libraries and use it to normalize the 

RNA-seq signals.

Our RNA-seq data show that XUTs are globally sensitive to Dbp2 and Mtr4 (Figure 1A; 

see also Supplementary Figures S1A, S1B). Strikingly, the mean fold enrichment of XUTs 

was higher in Mtr4-depleted cells than in the dbp2Δ mutant (Figures 1B, C; see also 

Supplementary Figures S1C, S1D). In contrast, the stabilization of protein-coding transcripts 

was very similar between the two conditions (Figures 1B, C; see also Supplementary Figure 

S1C). We also noted that the global sensitivity of XUTs to Dbp2 is significantly lower than 

their sensitivity to NMD (Upf1) and Xrn1 (Supplementary Figure S1D). Strikingly, CUTs 

and NUTs display the highest sensitivity to Mtr4 (Figure 1C; Supplementary Figure S1C), 

which is consistent with the role of this helicase in their decay (Bernstein et al., 2010). As 

discussed below, the fact that many XUTs overlap CUTs and/or NUTs probably explains (at 

least partially) the high sensitivity of XUTs to Mtr4 (Supplementary Figure S1D).
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The number of Dbp2-and Mtr4-sensitive XUTs was determined using a minimal fold-change 

of 2 and a p-value < 0.05 upon differential expression analysis using DESeq2 (Love et al., 

2014), showing that 1077 (64.7%) and 1547 (92.9%) XUTs are sensitive to Dbp2 and Mtr4, 

respectively (Figures 1D, E; see also Supplementary Table S1). A comparison between 

the targets of each helicase revealed that 1040 XUTs (62.5% of the total) are sensitive to 

both helicases; 507 and 37 XUTs are Mtr4- and Dbp2-specific, respectively (Figures 1D, 

E; see also Supplementary Table S1). Statistical analysis shows that the number of XUTs 

targeted by both Dbp2 and Mtr4 is significantly higher than expected by chance (p < 0.001, 

Chi-square test of independence), indicating that when a XUT is targeted by one helicase, it 

is also more prone to be targeted by the second.

In order to validate the results obtained by RNA-seq, four XUTs were selected for 

quantification using strand-specific RT-qPCR. According to the RNA-seq data, three of 

these XUTs (XUT1051, XUT0745 and XUT0420) are sensitive to both helicases, while 

the last (XUT0007) is specific to Mtr4 (see Supplementary Table S1). The results obtained 

by RT-qPCR correlate with the RNA-Seq, thereby validating the observations made at the 

genome-wide level (see Supplementary Figures S1E, S1F).

Together, these results indicate that Dbp2 and Mtr4 globally control the expression of XUTs, 

many of them being targeted by both helicases, suggesting a possible redundancy between 

them.

XUTs are globally insensitive to the cytoplasmic helicases Ecm32, Ski2, Slh1, Dbp1 and 
Dhh1

The RNA-Seq analysis described above revealed the role of Dbp2 and Mtr4 in the control 

of XUTs expression. We asked whether other helicases could also be implicated. Since 

XUTs are degraded in the cytoplasm and given the role of NMD and translation in their 

metabolism (Wery et al., 2016; Andjus et al., 2022), we decided to focus on five cytoplasmic 

RNA helicases, including Ecm32, Ski2, Slh1, Dbp1 and Dhh1, involved in translation 

regulation and/or mRNA decay.

Ecm32 (also known as Mtt1) is an Upf1-like helicase associated to polysomes and shown 

to interact with the translation termination factor eRF3 (Czaplinski et al., 2000). Ski2 is a 

component of the Ski complex, mediating 3’-5’ mRNA degradation by the cytoplasmic form 

of the exosome (Anderson and Parker, 1998). Slh1 is a Ski2-like helicase and is part of the 

ribosome-associated quality control trigger (RQT) complex (Sitron et al., 2017). Dbp1 is a 

DEAD-box RNA helicase promoting translation initiation (Sen et al., 2019). Dhh1 belongs 

to the same family of DEAD box helicases and stimulates mRNA decapping (Coller et al., 

2001).

To assess the potential effect of these helicases on XUTs expression, we performed RNA-

Seq in ecm32Δ, ski2Δ, slh1Δ, dbp1Δ and dhh1Δ mutant cells (Figures 2A, B). In sharp 

contrast to Dbp2 and Mtr4, we identified no differentially expressed XUT in the ecm32Δ 
and s1h1Δmutants (Supplementary Figures S2A, S2B). Globally, XUTs levels even slightly 

decreased in absence of Slh1 (Figure 2B; p = 1.20e-03, two-sided Wilcoxon rank-sum test). 

Inactivation of Ski2, Dbp1 and Dhh1 led to a significant accumulation of 2, 8 and 7 
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XUTs, respectively (Supplementary Figure S2C–S2E; see also Supplementary Table S1), 

but these effects remain marginal in comparison to the impact of Dbp2 inactivation and 

Mtr4 depletion (Figures 2A, B). Interestingly, 185 XUTs were significantly down-regulated 

in dhh1Δ cells (Supplementary Figure S2E; see also Supplementary Table S1), suggesting 

that Dhh1 does not act by promoting the degradation of XUTs but rather contributes to 

stabilize them. Consistent with this idea, the global levels of XUTs significantly decrease in 

Dhh1-lacking cells (Figure 2B; p = 2.83e-51, two-sided Wilcoxon rank-sum test).

In conclusion, the effect of the cytoplasmic RNA helicases Ecm32, Slh1, Ski2, Dbp1 and 

Dhh1 on XUTs decay is marginal in comparison to Dbp2 and Mtr4. Our data suggest that 

Dhh1 could even have an opposite effect, contributing to protect XUTs from decay.

The Mtr4-sensitivity of a subset of XUTs probably reflects an effect on the overlapping 
CUTs/NUTs

Mtr4 depletion results in a strong accumulation of CUTs and NUTs (Figure 1C). These 

transcripts are degraded by the nuclear exosome, assisted by the TRAMP4 complex which 

contains Mtr4 (LaCava et al., 2005). This probably explains the accumulation of CUTs 

and NUTs upon Mtr4 depletion. Given the overlap between some XUTs and CUTs/NUTs 

(Wery et al., 2016), the global accumulation of XUTs could actually reflect an effect on the 

overlapping CUTs/NUTs. To overcome this problem, we separated XUTs into two subsets, 

based on the absence (XUTa) or existence (XUTb) of overlap (>1 nt) with a CUT or NUT. 

As one could expect, the two subsets of XUTs display different sensitivity to Mtr4, the 

XUTb subset showing a stronger stabilization upon Mtr4 depletion (close to that of CUTs/

NUTs), whereas XUTashowed a moderate stabilization (Supplementary Figures S3A, S3B).

The subsequent analyses were therefore performed using the XUTa subset only.

Dbp2 and Mtr4 target XUTs independently of their configuration to protein-coding genes

In a previous report, we proposed that asXUTs displaying a single-stranded (ss) 3’ extension 

would be preferentially targeted by NMD (Wery et al., 2016). This prompted us to 

investigate the configuration of Dbp2-sensitive and Mtr4-sensitive XUTs.

XUTs were separated in five types according to the possibility of their 5’- and 3’-ends 

to engage in a dsRNA structure with the paired-sense mRNA (Figure 3A). The observed 

number of Dbp2-sensitive XUTs displaying a free 3’-end (types 4 and 5) was slightly 

higher than expected, whereas the number of those fully engaged in dsRNA with the 

paired-end sense mRNA (type 2) was slightly lower (Figure 3B). Surprisingly, the number 

of “solo” Dbp2-sensitive XUTs (type 1) was higher than expected by chance. However, 

these differences were not significant (p = 0.073, Chi-square test of independence), thereby 

indicating that Dbp2 does not preferentially target one type of XUTs.

We performed a similar analysis using the Mtr4-sensitive XUTs among the XUTa subset 

and reached the same conclusion (Figure 3C, p = 0.913, Chi-square test of independence). 

Further indicating that Dbp2 and Mtr4 target XUTs independently of their configuration 

relative to sense mRNA, the mean and median fold-change was similar for the different 

types of XUTs (Supplementary Figures S3C, S3D).
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These observations therefore lead us to conclude that Dbp2 and Mtr4 regulate XUTs 

expression, regardless their configuration relative to the paired-sense mRNAs.

Dbp2 acts on XUTs in the cytoplasm

Dbp2 has a predominant nuclear localization, and it has been proposed to repress cryptic 

antisense transcription (Cloutier et al., 2012). However, it can also localize in the cytoplasm 

under some conditions. Furthermore, it can physically interact with the NMD core factor 

Upf1 (Bond et al., 2001), which is localized in the cytoplasm.

The data described above show that Dbp2 inactivation results in a global accumulation of 

XUTs. However, whether Dbp2 acts on XUTs in the nucleus (possibly at the transcriptional 

level) or in the cytoplasm remains unclear.

In order to address this question, we decided to use the anchor-away technique (Haruki 

et al., 2008), which enables to deplete from the nucleus a protein fused to a FKBP12 

rapamycin-binding (FRB) domain upon treatment with rapamycin (Figure 4A). We used 

a published Dbp2-FRB-GFP strain and depleted Dbp2 from the nucleus using a 60 min 

treatment with rapamycin, as previously described (Cloutier et al., 2016).

The nuclear depletion of the protein was validated by fluorescence microscopy on living 

cells. Before rapamycin treatment, the Dbp2-FRB-GFP protein appeared as a clear single 

spot within the cell, but 60 min after rapamycin addition, the protein showed a diffuse 

signal within the cells (Supplementary Figure S4A), consistent with previously published 

observations (Cloutier et al., 2016).

In a first time, we tested the effect of the nuclear depletion of Dbp2 on three Dbp2-sensitive 

XUTs using RT-qPCR. This analysis was performed in Dbp2-FRB-GFP (dbp2-AA) cells 

and the isogenic parental strain, with or without rapamycin treatment, so that we could 

also assess the effect of FRB- and GFP-tagging on the activity of Dbp2. Notably, none of 

the three tested XUTs significantly accumulated following nuclear depletion of Dbp2, their 

levels being similar before and after the treatment with rapamycin (Figure 4B). However, we 

noted that the levels of the three XUTs significantly increased in the Dbp2-FRB-GFP strain 

in absence of rapamycin treatment, compared to the parental strain in the same condition 

(Supplementary Figure S4B). This indicates that Dbp2 tagging partially impacts the activity 

of Dbp2.

These observations were then extended at the genome-wide level using RNA-Seq, showing 

that XUTs levels remain unchanged upon nuclear depletion of Dbp2 (Figures 4C, D; see also 

Supplementary Table S1; Supplementary Figures S4C, S4D).

From these experiments, we conclude that nuclear depletion of Dbp2 does not affect XUTs 

expression, which is consistent with the idea that Dbp2 targets them in the cytoplasm.

Discussion

In yeast, lncRNAs expression is restricted by RNA decay machineries, including the 5’-3’ 

exoribonuclease Xrn1 which degrades a conserved class of cytoplasmic lncRNAs defined 

Wery et al. Page 8

Front RNA Res. Author manuscript; available in PMC 2023 September 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



as XUTs, predominantly antisense to protein-coding genes. Interestingly, the stabilization 

of XUTs correlates with the transcriptional attenuation of a subset of genes in S. cerevisiae 
(Van Dijk et al., 2011) and also in S. pombe (Wery et al., 2018a), suggesting that XUTs 

could be involved in the regulation of gene expression.

Besides their regulatory potential, previous studies revealed that a large fraction of XUTs are 

targeted to Xrn1 by the NMD pathway, and that this sensitivity to NMD can be modulated 

by the formation of dsRNA structures (Wery et al., 2016). In this context, here we show 

that two RNA helicases act as additional regulators of XUTs expression. RNA-Seq analyses 

revealed that most XUTs accumulate in cells lacking Dbp2 or depleted for Mtr4. The 

majority of them are targeted by both Dbp2 and Mtr4, suggesting a redundancy between the 

two helicases. Whether the two helicases compete for the same XUTs or cooperate to ensure 

that they are properly targeted to the decay remains unknown. However, we noted that the 

mean fold-enrichment for XUTs was significantly higher in Mtr4-depleted than in dbp2Δ 
cells, even after filtering out those XUTs overlapping highly Mtr4-sensitive CUTs and NUTs 

(XUTa subset). This indicates that XUTs might be preferentially targeted by Mtr4.

In terms of subcellular localization, Mtr4 is nuclear (LaCava et al., 2005), suggesting that 

it acts on XUTs before their export to the cytoplasm. On the other hand, even if Dbp2 is 

predominantly nuclear, it can be redistributed into the cytoplasm (Beck et al., 2014). Dbp2 

has also been reported to physically interact with the NMD core factor Upf1, which are 

localized in the cytoplasm (Sheth and Parker, 2006). Taken together, these observations 

lead us to propose a model where Mtr4 would be the first helicase acting on XUTs in the 

nucleus. Dbp2 would act in a second time, after export of XUTs to the cytoplasm. This 

scenario is supported by the observation that nuclear depletion of Dbp2 does not result into 

XUTs accumulation, indicating that the effect of Dbp2 on XUTs does not involve a nuclear 

localization.

Further experiments are required to decipher the molecular mechanism by which the two 

RNA helicases act on XUTs and understand the biological importance of their action for 

the cell. Dbp2 has been proposed to repress cryptic transcription (Cloutier et al., 2012). 

According to this model, the inactivation of Dbp2 could increase XUTs expression at the 

transcriptional level. Our RNA-Seq approach does not allow to determine whether the higher 

abundance of XUTs in dbp2Δ cells reflects a transcriptional and/or post-transcriptional 

effect. However, the anchor-away experiment showed that delocalizing Dbp2 out of the 

nucleus does not result into accumulation of XUTs, which is not in favor of a model 

where Dbp2 would act at the level of transcription by repressing XUTs expression. 

Native Elongating Transcript sequencing (NET-Seq) experiments in dbp2Δ cells could be 

considered to specifically address this question (Wery et al., 2018b).

Finally, it remains to be tested whether the effect of Dbp2 and Mtr4 on XUTs depends on 

their respective helicase activity. In fact, the observations that both helicases target XUTs 

independently of their configuration to the paired-sense mRNAs, and in particular “solo” 

XUTs, raise the question of the requirement of the helicase activity. Construction and 

functional characterization of mutant strains carrying point mutations in the ATP-dependent 

helicase domain of Dbp2 and Mtr4 would help to address this.
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Overall, by identifying two additional regulators of Xrn1-sensitive lncRNAs expression, 

our work provides insight into the pathway by which the cell regulates and shapes the non-

coding transcriptome. The high degree of conservation of the actors identified in yeast opens 

exciting perspectives regarding their potential contribution in regulating the expression of 

lncRNAs in other eukaryotic models, including human cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Identification of Dbp2-and Mtr4-sensitive XUTs. (A) Total RNA-Seq was performed using 

total RNA extracted from two biological replicates of exponentially growing YAM1 (WT) 

and YAM2627 (dbp2Δ) cells, as well as YAM115 (WT) and YAM997 (tetOFF::MTR4) 

cells grown in the same conditions and then treated for 6 h with doxycycline (dox, 10 

μg/mL final concentration). The data are presented as densities (tag/nt, log2 scale) for XUTs. 

The indicated p-values were obtained upon two-sided Wilcoxon rank-sum test (adjusted 

for multiple testing with the Benjamini–Hochberg procedure). (B) Density-plot of the 
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expression fold-change (ratio of tag densities, log2 scale) for mRNAs (grey), snoRNAs 

(black), CUTs/NUTs (green) and XUTs (red). (C) Same as above for tet-MTR4 + dox/WT 

+ dox. (D) Heatmap of the expression fold-change (log2) for the Dbp2-and/or Mtr4-sensitive 

XUTs in cells lacking Dbp2 (dbp2Δ) or depleted for Mtr4 (tet-MTR4 + dox), relative to the 

isogenic WT control. (E) Venn diagram showing the number of Dbp2-sensitive (1077) and 

Mtr4-sensitive XUTs (1547). The p-value obtained upon Chi-square test of independence is 

indicated. See also Supplementary Table S1.
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Figure 2. 
XUTs do not globally accumulate upon inactivation of the Ecm32, Ski2, Slh1, Dbp1 and 

Dhh1 RNA helicases. (A) Total RNA-Seq was performed using total RNA extracted from 

two biological replicates of exponentially growing YAM1 (WT), YAM2834 (ecm32Δ), 

YAM2628 (ski2Δ), YAM2835 (slh1Δ), YAM2630 (dbp1Δ) and YAM2632 (dhh1Δ). Data are 

presented as a heatmap of XUTs expression fold-change (ratio of tag densities, log2 scale) 

for each mutant relative to the WT control. The fold-change for XUTs in Dbp2-lacking and 

Mtr4-depleted cells is shown for comparison. (B) Box-plot showing densities (tag/nt, log2 

scale) for XUTs in WT, ecm32Δ, ski2Δ, slh1Δ, dbp1Δ and dhh1Δ cells. The indicated p-

values were obtained upon two-sided Wilcoxon rank-sum test (adjusted for multiple testing 

with the Benjamini–Hochberg procedure).
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Figure 3. 
Dbp2 and Mtr4 target XUTs independently of their configuration to protein-coding genes. 

(A) Schematic representation of the five types of XUTs, defined according to their 

configuration relative to sense mRNAs. The red and blue arrows represent the XUT and 

the paired-sense mRNA, respectively. (B) Bar-plot showing the number of XUTs of each 

type among the set of Dbp2-sensitive XUTs. The black and red bars indicate the numbers 

expected by chance and observed experimentally by RNA-Seq, respectively. (C) Same as 

above for the Mtr4-sensitive XUTsa subset.
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Figure 4. 
XUTs are insensitive to Dbp2 nuclear depletion. (A) Schematic representation of the Dbp2 

anchor-away experiment. (B) YAM2673 (dbp2-AA) cells were grown to mid-log phase, at 

30°C, in YPD medium and then treated for 60 min with 1 μg/mL (final concentration) of 

rapamycin. After total RNA extraction, the levels of XUT0420, XUT0745 and XUT1051 
were assessed by strand-specific RT-qPCR, and then normalized on the PMA1 mRNA 

(unaffected housekeeping gene). The normalized level of each XUT in the untreated 

condition was set to 1. Mean and SD values were calculated from three independent 
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biological replicates. ns, not significant upon t-test. (C) Total RNA-Seq was performed 

using total RNA extracted from YAM2672 (parental) and YAM2673 (dbp2-AA) cells grown 

as above. The data are presented as a heatmap of the expression fold-change (log2) for XUTs 

in WT and dbp2-AA cells following rapamycin treatment relative to the untreated control 

condition. (D) RNA-Seq signals in YAM2673 (dbp2-AA) cells grown as above and treated 

or not with rapamycin. The data are presented as densities (tag/nt, log2 scale) for mRNAs 

(light grey), XUTs (dark grey) and snoRNAs (black) upon normalization on the ERCC 

spike-in (yellow).
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