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ABSTRACT

The reprogramming of gene expression in heat
stress is a key determinant to organism survival.
Gene expression is downregulated through transla-
tion initiation inhibition and release of free mRNPs
that are rapidly degraded or stored. In mammals,
heat also triggers 5′-ribosome pausing preferentially
on transcripts coding for HSC/HSP70 chaperone
targets, but the impact of such phenomenon on
mRNA fate remains unknown. Here, we provide ev-
idence that, in Arabidopsis thaliana, heat provokes
5′-ribosome pausing leading to the XRN4-mediated
5′-directed decay of translating mRNAs. We also
show that hindering HSC/HSP70 activity at 20◦C re-
capitulates heat effects by inducing ribosome paus-
ing and co-translational mRNA turnover. Strikingly,
co-translational decay targets encode proteins with
high HSC/HSP70 binding scores and hydrophobic
N-termini, two characteristics that were previously
observed for transcripts most prone to pausing in
animals. This work suggests for the first time that
stress-induced variation of translation elongation
rate is an evolutionarily conserved process leading
to the polysomal degradation of thousands of ‘non-
aberrant’ mRNAs.

INTRODUCTION

At the cellular level, heat exposure triggers a global down-
regulation of gene expression while promoting the selec-
tive synthesis of stress-related proteins (1). At the organ-
ism level, these changes allow for the setting up of new
metabolic programs that enable acclimation and survival

(2,3). Translation, which consumes a lion’s share of en-
ergy, is one of the first processes to be downregulated upon
temperature increase. Translation inhibition is commen-
surate to stress intensity and duration and is the conse-
quence of translation initiation impediment through molec-
ular determinants that yet remain unclear in plants (4,5).
In mammalian cells, heat and proteotoxic stresses also af-
fect translation at the elongation step. Stress-induced alter-
ations of the cellular environment, especially the increased
accumulation of misfolded proteins, provoke a ribosome
trapping mechanism or ‘5′-ribosome pausing’ (6,7). This
phenomenon, which temporarily arrests elongation around
codon 65, is seemingly the direct consequence of the de-
creased availability at polysomes of HSC70/HSP70 chap-
erones (6,7), which act to assist the co-translational folding
of emerging polypeptides at the ribosome exit tunnel (6–10).

In the cytoplasm, the general mRNA turnover process
occurs through an evolutionarily conserved deadenylation-
dependent mechanism. After poly(A) tail shortening, the
body of the transcript is degraded exonucleolytically
from its 3′ and/or 5′ end (11–14). The 5′-turnover pro-
cess involves, following deadenylation, a decapping step
through which the 5′-m7Gpp protecting structure is ex-
cised gaining access to the cytoplasmic 5′–3′ exoribonu-
clease XRN1 (XRN4 in Arabidopsis) (15–18). So far, the
main decapping activity was found to be carried by the
DCP1/HEDLS(AtVCS)/DCP2 holoenzyme (19), and its
functional homolog was identified in Arabidopsis (20,21).
mRNA stability control and reprogramming play an im-
portant role in the adaptation of the cell to stressful condi-
tions (22). We recently provided evidence that, in Arabidop-
sis thaliana, heat exposure induces a Heat-Stress Mediated
Decay (H-SMD), which we proposed to be at least in part
responsible for the downregulation through destabilization
of several thousand mRNAs (representing 25% of the plant
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transcriptome) mostly coding for housekeeping functions
(23). We posit a model in which baits of the H-SMD are tar-
geted to a rapid 5′–3′ oriented degradation, catalyzed dur-
ing heat stress by a functionally reprogrammed XRN4 en-
zyme (23).

Translation and mRNA degradation are intertwined and
have long been thought to simply be inversely correlated; the
model being that translating mRNAs were protected from
degradation (24,25). Consistently, stress-induced transla-
tion initiation impediment releases free mRNPs which ag-
gregate into p-body (processing body) granules that concen-
trate mRNA decapping and degradation factors and cofac-
tors (26,27). While p-bodies are decapping and degradation
centers of mRNPs (28) and their increase in size and num-
ber fits with an increased mRNA turnover activity in stress
situation, things are not always as straightforward (24,25).
Indeed, translation initiation inhibition and polysome dis-
engagement are not systematically synonymous to mRNA
decay in particular in response to stress situation where
mRNPs can also be transiently stored as ribosome-free
complexes in p-bodies or as pre-initiation complexes in
stress granule (SG) (29–31). Moreover, full polysome disso-
ciation is not always a prerequisite for mRNA degradation.
Studies conducted in Saccharomyces cerevisiae revealed the
existence of a co-translational decay mechanism in which
non-aberrant transcripts can be decapped and subsequently
5′-digested by Xrn1p while ribosomes are finishing elonga-
tion (32). Consistently with the putative existence of such
process in other eukaryotes, actors of the 5′-decay apparatus
were found to associate with translating ribosomes in mam-
mals (33) and higher plants (23). Nevertheless although it
seems to be evolutionarily conserved neither the cellular im-
portance nor target specificity of this process is clearly de-
fined at present.

In the present study, we investigate the involvement of
XRN4 in the putative heat triggered polysomal degrada-
tion of mRNAs in A. thaliana. We conducted RNA-seq
analyses to qualitatively and quantitatively assess the re-
quirement of XRN4 for the heat-induced downregulation
of mRNAs in polysomes. Our analyses show that more than
85% of transcripts downregulated at 38◦C in polysomes ac-
cumulate to higher levels in an xrn4 mutant background.
Using randomly chosen mRNAs, we demonstrate that heat
and XRN4 depletion induce the overaccumulation of de-
capped intermediates in polysomes. We present data sup-
porting that, as it is the case in mammals, heat provokes a
5′-ribosome pausing phenomenon and show that a drug-
mediated inhibition of HSC70/HSP70 chaperone activi-
ties also induces pausing and XRN4 catalyzed polysomal
degradation at 20◦C. Overall, we provide strong evidence
that, for a subclass of mRNAs preferentially coding for
proteins with highly hydrophobic N-termini targeted by
HSC70/HSP70, heat triggers 5′-ribosome pausing which in
turn induces XRN4-mediated polysomal decay.

MATERIALS AND METHODS

Arabidopsis growth and treatments

We used either wild-type Columbia 0 or xrn4-5
(SAIL 681E01) full knock-out mutant (18). Analyses
were carried out with 21 day old whole seedlings grown on

synthetic Murashige and Skoog (MS) medium (MS0213
from Duchefa) containing 1% sucrose and 0.8% plant agar
at 20◦C under continuous light. Heat stress was carried
as follow: six to eight plantlets were transferred to 5 ml
liquid MS medium-1% sucrose. Light-grown plants were
incubated for 30 min at 38◦C while control plants were kept
at 20◦C for 30 min. For HSP70 inhibition, VER-155008
(Sigma SML0271) resuspended in DMSO was used at a
final concentration of 100 �M. Plants were incubated as
described above in the presence of inhibitor or with 0.1%
DMSO (control treatment) for 60 min at 20◦C.

Polysome profile analysis, input and polysomal RNA purifi-
cation

Polysome extraction was performed as described previously
(23,34) with few modifications. Heparin was systematically
omitted from the polysomal extraction buffer. Polysomal
extracts (1.2 g equivalent biomass) were resolved on a 15–
60% sucrose gradient (27 ml) centrifuged for 3.5 h at 30 000
rpm with rotor SW32 Ti. Polysome profile analyses were
performed with an ISCO absorbance detector at 254 nm
and sucrose gradient collected into 16 fractions of 2 ml
each: fractions 1–4 containing free mRNPs, fractions 5–8
free ribosomes and 80S and fractions 9–16 polyribosomes.
Values of absorbance at 254 nm were recorded with the
Peak Track software, and polysome profiles represented as
graphs with the Excel software. To determine the content in
light polysome fractions relative to the total polysome con-
tent, the area covered beneath the peak(s) of interest was
measured with Image J.

To extract RNA from sucrose gradient fractions (polyso-
mal RNA) or crude polysomal extract (Input RNA),
samples were homogenized with two volumes of 8M
guanidium-HCl buffer (35) and three volumes of absolute
ethanol and precipitated overnight at −20◦C. After cen-
trifugation (45 min at 16 000 rpm), pellets were homoge-
nized in RLT buffer (RNeasy Mini Kit, Qiagen) and purifi-
cation conducted according to manufacturer’s instructions.
Polyribosomal RNAs were extracted from pooled fractions
10 to 15 of the gradient, light and heavy polysomal RNAs
from pooled fractions 10–12 and 13–15, respectively.

RNA-seq, qRT-PCR and SL-RT-PCR analyses

RNA-seq analyses were conducted in duplicate either on
RNA extracted from total crude extract (Input) or from to-
tal polyribosomes (Polysomal) and are detailed in Supple-
mentary Figure S1 and supplemental methods. For qRT-
PCR, reverse transcription was conducted on 0.5 �g of
DNase treated RNAs (Turbo DNase Ambion) using the
Superscript III (Invitrogen) and an oligo(dT18) for prim-
ing. Real-time PCRs were performed in a LC 480 384-
well device as in (23). qPCR results were obtained from
three independent biological samples always conducted in
technical replicates. Splinted Ligation Reverse Transcrip-
tion PCRs (SL-RT-PCRs) were performed as described pre-
viously (36). For a detailed protocol and design of the splint
DNA primers, see the supplemental methods. For both
qRT-PCR and SL-RT-PCR primer sequences, see Supple-
mentary Table S2.
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Hydrophobicity and HSC/HSP70 scores

Hydrophobicity and HSC/HSP70 scoring were performed
as in (7). Protein sequences encoded by class I and class
III mRNAs that are specific targets of XRN4 in input and
polysomes respectively were downloaded from TAIR10 and
scores were calculated. Briefly, Kyte-doolittle hydrophobic-
ity scores and HSC/HSP70 binding scores were respectively
calculated on 13 amino acid long windows that were slided
by 1 amino acid from N- to C-terminus of the first 80 amino
acids of every proteins encoded by class I and class III genes.
Mean values were calculated respectively in each class out
of the values obtained for each gene and curves were fitted
with the cubic spline interpolation mathematical function.
A t-test was performed between each pair of population.

RESULTS

We prepared polysomal extracts from wild-type and xrn4-
5 null seedlings incubated for 30 min, either at 20◦C for
non-stressed or 38◦C for heat stress conditions. RNA-seq
analyses were subsequently performed on poly(A) purified
RNA extracted either from the total crude extracts (Input)
or from fractions containing the polyribosomes collected
after sucrose gradient separation (Polysomal) (see Supple-
mentary Figure S1 and supplemental methods). After fil-
tering, we retrieved more than 19 200 mRNAs with above
threshold signal in the input and polysomal libraries, cov-
ering more than 70% of the predicted number of Arabidop-
sis genes (Supplementary Table S1). Each set of experiment
was found to be reproducible as demonstrated by plotting
read counts pairwise between replicates (with 0.84<R2<1)
(Supplementary Figure S2A–H). To assess the impact of the
heat treatment on mRNA levels, we calculated a fold (F)
obtained by dividing the number of reads at 38◦C (q38◦

) by
the number of reads at 20◦C (q20◦

) and retained mRNAs
with F>2 for up- and F<0.5 for downregulation criteria.
Since we observed a good reproducibility of the folds be-
tween replicates (Supplementary Figure S2I–L), we used the
average of the fold values between replicates (avF) for all our
analyses. As expected, heat induces the overaccumulation of
4% of the detected transcripts, which mostly code for heat
and abiotic stress response factors. XRN4 does not seem to
have a major regulatory impact on this effect, as shown by
analyses of the upregulation response in the xrn4-5 back-
ground (Supplementary Table S1 and data not shown). We
therefore focused our attention on the impact of XRN4 in
the heat triggered downregulation process.

Heat induces a massive XRN4-dependent downregulation re-
sponse in input and polysomes

In polysomes from wild-type seedlings, heat stress triggers
the downregulation of some 4000 mRNAs (precisely 4012
mRNAs Supplementary Table S1, Figure 1A). Their fold
(avF) change ranging between 0.5 and 0.007 (mean of 0.33),
with 90% of them displaying an avF between 0.5 and 0.2.
In polysomes from xrn4-5 seedlings, 56.8% of them remain
significantly decreased (i.e. with avFxrn4-5<0.5) while 41.6%
have an avFxrn4-5 between 0.5 and 1 and 1.6% an avFxrn4-5

>1 (Supplementary Table S1, Figure 1B). A direct compar-
ison of their fold change in xrn4-5 and wild-type polysomes

through calculation of the log2(avFWT/avFxrn4-5) shows that
almost 85% have a negative log2 value (Figure 1B and D).
At 20◦C, XRN4 has globally no impact on the accumula-
tion of these mRNAs in polysomes (Supplementary Figure
S3A) but at 38◦C, their levels are globally higher in xrn4-
5 than in wild-type (Supplementary Table S1 and Figure
S3B). All these results suggest that the heat-induced under-
accumulation of transcripts in polysomes is, at least in part,
dependent upon XRN4 function.

In the input fraction from wild-type seedlings, almost
4500 mRNAs (precisely 4343 mRNAs) are downregulated
by heat (Figure 1A, Supplementary Table S1). Their fold
(avF) change ranging between 0.5 and 0.017 (mean of 0.33),
with 94% of them displaying an avF between 0.5 and 0.2.
The extent and magnitude of this effect are both consistent
with our previous study (23) and 58% of the present dataset
significantly overlaps (P-value 5.8.10E-4, calculated testing
the hypergeometric distribution) with the former one (Sup-
plementary Figure S3C), despite the fact that stress con-
ditions were partly distinct. Indeed in our former analy-
sis plantlets were heat stressed in the dark (23), while in
the present study we focused more precisely on the im-
pact of heat alone. Heat stress was performed by treating
seedlings at 38◦C but with the same light conditions as the
control conditions. As for the polysomal mRNAs, we eval-
uated the impact of XRN4 knockout on the input frac-
tion and observed that 46.5% of the heat targets remain
significantly decreased while 49.5% display fold change be-
tween 0.5 and 1 and 4% an avFxrn4-5 >1 (Supplementary
Table S1). In addition, most of them (86%) have a nega-
tive log2(avFWT/avFxrn4-5) value (Figure 1C and D). At 20◦C,
XRN4 has globally no impact on their quantities (Supple-
mentary Figure S3D) but at 38◦C, their levels are globally
higher in xrn4-5 than in wild-type (Supplementary Table
S1 and Figure S3E). Hence, in input also, the heat-induced
downregulation appears to be, at least in part, dependent
upon XRN4 function.

We next compared the lists of mRNAs sensitive to XRN4
in input and in polysomes, and found three classes of tran-
scripts. Class I and class III encompass transcripts which
avF is higher in xrn4-5 seedlings than in wild-type in in-
put and polysomes, respectively, while class II encompass
transcripts which avF is increased by XRN4 knockout in
both fractions (Figure 1D, Supplementary Table S1). Al-
though the input fraction is a total extract encompassing
cytoplasmic, polysomal and nuclear transcripts, class I mR-
NAs must be affected by XRN4 depletion mainly outside
polysomes (otherwise an effect would show on polysomal
libraries) and for direct targets of the exoribonuclease prob-
ably in the cytoplasm, since XRN4 is mainly a cytoplas-
mic enzyme (16,17,27). Class III transcripts are only signif-
icantly affected by XRN4 inactivation in polysomes, while
class II mRNAs are affected either exclusively in polysomes
but with a strong enough magnitude to also be detected in
the total fraction, or both in polysomes and cytoplasm.

To further strengthen these observations, we monitored
the fold change (q38◦C/q20◦C) in mRNA levels by quantita-
tive RT-PCR (qRT-PCR) (Figure 1E, Supplementary Fig-
ure S3F). Input and polysomal RNAs were purified as for
the transcriptomic analyses but from a new set of biological
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Figure 1. Heat stress triggers an XRN4-dependent mRNA downregulation in polysomes. (A) Venn diagram representation of the number of genes down-
regulated more than 2-fold in Polysomal (green) and/or Input (pink) fractions. Comparison of the fold (q38◦

/ q20◦
) in wild-type and in xrn4-5 for genes

downregulated by heat in Polysomal (B) or Input fractions (C). The x axis is the gene index and the y axis is the value for the log2(avFWT/avFxrn4-5). (D)
Venn diagram representation of the number of genes downregulated in polysomes and sensitive to xrn4 knockout (with log2(avFWT/avFxrn4-5)>0) (in green)
and/or gene downregulated in input and sensitive to xrn4 knockout (in pink). (E) qRT-PCR analyses of fold (q38◦

/ q20◦
) variations for randomly chosen

mRNAs from class I, II or III plus a control transcript (At3g14420) in wild-type (solid bars) or xrn4-5 (hatched bars) in input (pink bars) or polysomes
(green bars). qRT-PCR values were normalized to ACTIN 7 (At5g09810) and calculated as q = 2(CtRef-CtGene). Values reported are the mean values of the
folds, respectively, calculated from three biologically independent experiments. Standard deviations are shown.
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samples, prepared in triplicate. We assessed level variations
for 12 mRNAs randomly chosen from all three classes (four
from each class) plus for a control transcript not targeted by
XRN4 during heat stress (Figure 1E, Supplementary Fig-
ure S3F). Observation of the solid bars (corresponding to
the wild-type background) on the histograms shows that
mRNA levels decrease at least 2-fold, as predicted by RNA-
seq analyses. The loss of XRN4 (hatched bars) has a sig-
nificant impact only in the input fraction for class I, in the
polysomal fraction for class III and in both for class II.
Transcript levels are not systematically reestablished to that
of unstressed levels in xrn4-5 seedlings, supporting the ex-
istence of an XRN4-independent downregulation process.
We also confirm that, as predicted by the RNA-seq data,
At3g14420 is not a target of XRN4 in input nor in polyso-
mal fractions.

In summary these data show that the heat-induced de-
crease of mRNA levels in input and polysomes is directly or
indirectly dependent upon XRN4 function. The impact of
XRN4 is major although not exclusive, as more than 85% of
the genes see their levels increase at 38◦C in xrn4-5 seedlings.
Given our previous demonstration of the existence of an
H-SMD (23), we postulate that XRN4 mediates the rapid
degradation of these transcripts following a short exposure
at 38◦C.

Heat stress triggers the formation of polysome-associated de-
capped mRNA intermediates

In heat stress, the polysomal concentration of participants
in cytoplasmic 5′-mRNA turnover such as XRN4, its heat-
specific cofactor LARP1 but also the decapping holoen-
zyme (DCP1/DCP2), is increased while translation is glob-
ally repressed (23). This observation prompts us to postu-
late that the XRN4-mediated underaccumulation of mR-
NAs in polysomes might be the direct result of a co-
translational degradative process. If this is indeed the case,
we reasoned that decay intermediates (i.e. decapped mR-
NAs) should overaccumulate at 38◦C in the polysomes of
xrn4-5 seedlings. To test this hypothesis we used an SL-RT-
PCR assay (36). Briefly, an RNA anchor is ligated to the
5′-monophosphate extremity of decapped mRNAs. The lig-
ation is guided by a complementary splint DNA oligonu-
cleotide, which bridges the 5′-end of the transcript of inter-
est to the 3′-extremity of the anchor and allows the use of
DNA rather than RNA ligase. After ligation, the splint is
digested, the RNA reverse transcribed with a gene-specific
primer (GSP, see Figure 2C) located at the 3′-end of the
transcript, and cDNAs detected by PCR. Since only 5′-
monophosphate molecules that fully hybridized with the
mRNA-specific portion of the splint will be ligated to the
anchor, a PCR signal with Pa (anchor primer) will be am-
plified only for decapped molecules. This technique hence
allows the accurate and quantitative detection of the de-
capped (i.e. full length 5′-monophosphate forms) molecules
in the total pool of a transcript of interest. We tested the
accumulation of decapped decay intermediates for three in-
put (class I) and three polysomal (class III) specific mR-
NAs (Figure 2 and Supplementary Figure S4A). We ran
our assays on input and polysomal extracts prepared from
control or heat stressed seedlings from either wild-type or

xrn4-5 backgrounds. No specific PCR signal is detected in
any wild-type condition (Figure 2 and Supplementary Fig-
ure S4A, lanes 1, 2, 5, 6) whereas the TAP controls and in-
ternal PCRs are positive. This is expected since decapped
forms if any are likely to be degraded by 5′–3′ exoribonu-
clease activity of XRN4 (16). Except for At3g48410 which
shows a faint PCR signal, inactivation of XRN4 at 20◦C
does not allow detection of decapped mRNAs in the in-
put nor in polysomal fractions (Figure 2 and Supplemen-
tary Figure S4A, lanes 3 and 7), suggesting that the tested
mRNAs are not decapped and/or below detection using
a PCR-based approach at this temperature. By contrast,
XRN4 depletion induces the accumulation (or overaccumu-
lation in the case of At3g48410) of class I mRNAs PCR sig-
nals for ‘splint assays’ in the input, but not in the polysomal
fraction (Figure 2A and Supplementary Figure S4A, lanes 4
and 8) and vice versa for class III transcripts (Figure 2B and
Supplementary Figure S4A, lanes 4 and 8). Since the nega-
tive ‘no ligase’ controls do not allow any specific PCR sig-
nal to be detected, these amplifications actually reflect the
presence of decapped mRNAs. These results show that de-
cay intermediates overaccumulate in an XRN4-dependent
manner at 38◦C either in the input or polysomal fraction
in agreement with the sub-cytoplasmic location where the
transcripts were found to be sensitive to XRN4 depletion
(Figure 1E and Supplementary Figure S3F). We previously
demonstrated through direct measurement of mRNA half-
lives that transcripts in the total fraction are downregulated
by heat through an accelerated degradation mediated by
XRN4 (23). The results of the SL-RT-PCR assays are con-
sistent with these data and strongly support that, at least for
the tested transcripts, the XRN4-mediated downregulation
of mRNAs in polysomes upon heat stress is through direct
5′–3′ degradation.

Heat exposure induces ribosome pausing and concomitant co-
translational decay

Perturbations of the translational activity can be visualized
on polysome profiles obtained following sucrose gradient
separation. Observation of ‘polysome traces’ (Figure 3A)
shows that heat induces a global decrease in polyribosomes
and a concurrent increase in 80S monosomes and free ri-
bosomal subunits consistently with impediment of transla-
tion initiation. This phenotype is proportional to the stress
duration: the longer the exposure to heat, the stronger the
polysome profile is altered (Figure 3B). An increased mag-
nification of the region of the polysome profile encompass-
ing peaks 1–4 shows that the light polysomes (which cor-
respond to mRNAs loaded with two to five ribosomes)
do not drop and are even more abundant at 38◦C than at
20◦C (Figure 3A). We can observe similar polysome pro-
files in the xrn4-5 genetic background (compare left to right
panel of Figure 3A), suggesting that the loss of XRN4 has
no measurable impact on global polysomal profile, at least
at this level of resolution. We next run a time course by
exposing xrn4-5 seedlings for 10, 20 and 30 min at 38◦C
and quantified the amounts of light and total polyribo-
somes relative to amounts at 20◦C (Figure 3B–D). Since
absorbance at 254 nm directly correlates with amount of
nucleic and amino acids present in the sample, the rela-
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Figure 2. Heat triggers the overaccumulation of decapped mRNAs in xrn4-5 seedlings. Splint Ligation(SL)-RT-PCR assays for a class I At1g52690 (A)
and two class III (At3g61113, At1g50290) (B) mRNAs. Assays were conducted on input (lanes 1–4) and polysomal (lanes 5–8) RNAs prepared from the
same crude extract from seedlings (wild-type or xrn4-5) either control (20◦C, odd lanes) or heat treated for 30 min at 38◦C (even lanes). From a same
preparation, RNAs were either mock treated (splint assay) or TAP treated (TAP) before SL-RT-PCR, or ligase was omitted during the SL step (no ligase).
After SL, RTs were primed with GSP. Subsequently, PCRs were conducted with primers Pa and P2 or P1 and P2. Red arrows mark the positions of the
specific PCR products and asterisks mark the position of nonspecific primer dimers signal. (C) Diagram representing the positions of the primers used to
detect cDNAs produced from decapped mRNAs or from the total pool of mRNA. The GSP was used for reverse transcription after ligation of the splint
DNA. PCR with (Pa+P2) or (Pa+P3) allows to detect cDNA with an anchor sequence: corresponding to decapped mRNA. PCR with (P1+P2) is used to
monitor the presence of cDNA with or without anchor representing the whole pool (capped plus decapped) of a given transcript.

tive amount of polysomes can be estimated through mea-
surement of the area covered between the polysome profile
curve and the basal line (Figure 3C). For each time point,
we calculated independently the area covered by peaks 1–
4 (the light polysomes) and by the total polyribosomes. To
clearly evaluate the impact of temperature increase, we nor-
malized each stress value to its corresponding unstressed
value (Figure 3C). As expected, the total amount of polyri-
bosomes shows a constant decrease over the time of expo-
sure at 38◦C. By contrast the amount of two, three and four
ribosomes containing polysomes (peaks 1, 2 and 3) over-
accumulate as soon as 10 min after heat stress induction.

Between 20 and 30 min, the amount of light polysomes pro-
gressively decrease but the amount of mRNAs engaged with
two polysomes (peak 1) still remains more important af-
ter 30 min at 38◦C compared to the 20◦C reference. Also,
the decrease rate of light polysomes, including peak num-
ber 4, is slower than that of the total polysomes. To con-
firm this result another way, we normalized the area cov-
ered by each peak to that covered by total polyribosomes
(to directly quantify the relative contribution of each light
polysomal species to the whole polyribosomes amount at
38◦C) and again draw a comparison to the unstressed val-
ues by setting those values to 1 (Figure 3D). We observe
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Figure 3. Heat triggers ribosome pausing and co-translational decay. (A) Polysome profiles were determined using sucrose gradient sedimentation and
OD254nm measurement for wild-type (left panel) or xrn4-5 (right panel) seedlings incubated 30 min at 20◦C (blue and green profiles) or 38◦C (red and
purple profiles). A magnification of the profiles around light polysomes is shown above each graph. (B) Polysome profiles from xrn4-5 seedlings either
control (20◦) or treated 10, 20 or 30 min at 38◦C. The positions of the light (L) and heavy (H) polysomes are shown on the graph. (C, D) Amounts of
light polysomes (peaks 1, 2, 3 and 4 representing mRNAs loaded with 2, 3, 4 and 5 ribosomes) and total polyribosomes normalized to the corresponding
values at 20◦C. Amount of polysomes were estimated by measurement of the area comprised between the polysome profile and the basal line (hatched
areas shown in the magnified window). (C) Area values were either normalized to 20◦C values or (D) calculated as a percentage of the total polyribosomes
and normalized to the corresponding percentage at 20◦C. (E) SL-RT-PCR assays conducted on RNAs extracted from light (L: odd lanes) and heavy (H:
even lanes) xrn4-5 polysome fractions collected after sucrose gradients which profiles are shown in B. From a same preparation, RNAs were either mock
treated (Splint assay) or TAP treated (TAP) before SL-RT-PCR, or ligase was omitted before the SL step (data not shown). Assays were performed for two
class III (At3g61113 and At1g50290) and a control (At3g14420) mRNA. Names of the primers are as in Figure 2. Red arrows mark the positions of the
specific PCR products and asterisks mark the position of nonspecific primer dimers signal.
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that, under conditions where the total amount of polysomes
is dropping rapidly, the relative areas covered by peaks 1–3
are increasing over time, while that covered by peak 4 re-
mains constant. This proves that light polysomes are clearly
overrepresented at 38◦C (this is particularly obvious after 20
and 30 min of treatment) and that consequently the propor-
tion of heavy polysomes is dropping faster than that of light
polysomes during heat stress. This suggests that in plants
like in animals, heat alters elongation rates differentially
along the transcript. Amongst various possible scenarios we
postulate that we are observing a 5′-ribosome pausing phe-
nomenon (see the Discussion), which results in an accumu-
lation of ribosomes upstream and depletion of ribosomes
downstream of the trapping point (6,7).

It is not yet clear at present how mRNAs still actively
translated can be at the same time target for degradation
(25). We postulate that alterations of elongation rates might
favor polysomal decay by inducing decapping and degrada-
tion. If this is the case, then full length decapped decay in-
termediates should preferentially appear in light polysome
fractions in xrn4-5. To test this hypothesis, we separately
purified RNAs from light and heavy fractions prepared
from control (20◦C) and 38◦C exposed xrn4-5 seedlings and
checked 5′-decay intermediates accumulation by SL-RT-
PCR assay (Figure 3E, Supplementary Figure S4B). While
no decapped transcript can be detected in any polysomal
fraction at 20◦C (lanes 1 and 2, Figure 3E, Supplementary
Figure S4B), 5′-unprotected mRNAs are detected at 38◦C
as soon as 10 min after beginning of the stress treatment
(lanes 3 and 4, Figure 3E, Supplementary Figure S4B). Both
polysome specific XRN4-targets (At3g61113, At1g50290
and At5g49480) accumulate more decapped molecules in
the light than heavy fractions after 10 and 20 min at 38◦C
(Figure 3E and Supplementary Figure S4B). The control
At3g14420 mRNA, that is not a target of XRN4 (Fig-
ure 1E), does not show any 5′-unprotected transcript accu-
mulation in any polysomal fraction (Figure 3E).

All in all, these data suggest that transcripts that are de-
graded in polysomes accumulate preferentially in light than
in heavy fractions. Also, the kinetic analysis shows that de-
cay intermediates can be detected very early in the course
of stress exposure, concomitantly with ribosome pausing.
These observations support the hypothesis of a direct link
between the heat induced 5′-ribosome slowing phenomenon
and the co-translational decay process.

HSP70 inactivation results in ribosome pausing and co-
translational decay

We next sought to get a better understanding of why an
mRNA would be preferentially degraded in polysomes. A
Gene Ontology search revealed that class III is enriched
for mRNA coding for proteins predicted to be part of the
endomembrane system (P-value 4.7 10E-8) (Supplementary
Figure S5A). This is not the case for class I mRNAs that
do not show any highly significant term enrichment for
this ‘Cellular Component’ category (Supplementary Figure
S5B). Work from Shalgi et al. (7) and Liu et al. (6) demon-
strated that stress triggered 5′-ribosome pausing is prefer-
entially set up on mRNAs that code for products with hy-
drophobic N-termini and tend to be more dependent upon

HSC70/HSP70 chaperone activities. We hence determined
the hydrophobicity and HSC70/HSP70 affinity scores of N-
terminal peptides of class III and class I gene products (Fig-
ure 4A and B). We found that mRNAs targeted by XRN4
in polysomes are associated with higher hydrophobicity (t-
test P-value of 3.9.10E-3) and better HSC70/HSP70 bind-
ing scores (t-test P-value of 1.2.E-10) than those only tar-
geted in the cytoplasm (Figure 4A and B). These results
are consistent with the enrichment we found for mRNAs
coding for endomembrane proteins in class III, and sug-
gest that, in Arabidopsis also, pausing might be related
to the hydrophobic status of N-terminal peptides and to
HSC/HSP70 dependency. VER-155008 is an adenosine-
derived specific inhibitor of the HSC70 and HSP70 pro-
teins. It does not affect their interaction with cochaper-
ones but acts through direct inhibition of their ATPase
activity by inserting into their nucleotide-binding site and
competing with ATP (37,38). Co-crystal structure analyses
demonstrated that VER-155008 fits between two residues
and forms hydrogen bounding with three residues, all highly
conserved, of the ATP binding pocket of HSP70 ((37,38),
Supplementary Figure S5C and D). Its mode of action is
hence highly specific and likely evolutionarily conserved.
The Arabidopsis genome encodes three constitutive cyto-
plasmic HSC70 and two heat inducible HSP70 proteins,
which have a very high level of sequence identity with their
human orthologues (Supplementary Figure S5C). In par-
ticular, the residues found to be involved in VER-155008
binding are 100% conserved in plant proteins. We found
that seedlings germinated in the dark remain etiolated when
treated with VER-155008 and that heat-treated seedlings
exposed to VER-155008 do not recover as well as mock-
treated plants (data not shown). These and the specific se-
quence conservation of their ATPase domain (other chap-
erones such as HSP90 and HSP101 have a very different
ATPase domain) support that VER-155008 also acts as a
specific inhibitor of HSC/HSP70 in Arabidopsis. To ana-
lyze the impact of inhibiting HSC/HSP70 chaperone activ-
ity on 5′-ribosome pausing, we incubated xrn4-5 seedlings
for 60 min at 20◦C in liquid medium containing either
100�M VER-155008 (VER) or 0.1% DMSO as control
treatment, prepared polysomal extracts and ran analyti-
cal sucrose gradients. Polysome profile analyses conducted
in three independent replicates ((Figure 4C) and data not
shown) show that VER treatment induces a reproducible
decrease in heavy polysome fractions and an increase in
light polysomes (peaks 1–4). This can be also visualized by
subtracting the VER sample Optical Density (OD) values
from control sample (orange curve on polysome profile of
Figure 4C). In contrast to the heat stress treatment (Fig-
ure 3A), the drug treatment does not appear to influence
the translation initiation step since the drop in polyribo-
some levels is not accompanied by an increase in mono-
somes nor free ribosomes. Accordingly, treatment for 60
min with 100 �M VER does not induce the formation of
SG in contrast to the heat treatment (Supplementary Fig-
ure S5E). All this suggests that HSC/HSP70 chaperone ac-
tivity inhibition affects translation but most likely at a post-
initiation step. In addition, as it is the case in mammals (6,7),
this also seems to induce differential alterations of the elon-
gation rates along the open reading frame.
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Figure 4. HSC/HSP70 inactivation triggers ribosome pausing and XRN4-mediated co-translational decay. (A) Hydrophobicity and (B) HSC/HSP70
binding scores for the first 80 amino acids encoded by genes specifically targeted by XRN4 in input (class I) (pink) or in polysomes (class III) (green).
Scores were calculated for 13 amino acids long windows sliding by one amino acid along the first 80 amino acids of the proteins coded by class I and class
III genes. The mean values calculated between members of each subgroup are reported. T-test P-values for the differences between the mean scores of
XRN4 input and polysome targets were 3.9.10E3 for hydrophobicity and 1.2.10E10 for HSC/HSP70 binding. (C) Polysome profiles determined by sucrose
gradient sedimentation and OD254nm measurement for wild-type seedlings treated at 20◦C for 60 min with 100 �M VER15508 (pink line) of with DMSO
(control; blue line). Orange profile shown at the bottom of the graph corresponds to the subtraction of the VER-155008 profile from the control profile. The
y axis for this subtraction profile is shown on the right-hand side. (D–G) Monitoring of decapped species accumulation. Crude polysomal extracts were
prepared from xrn4-5 seedlings either DMSO (control: (0)) or 100 �M VER155008 (VER) treated for 60 min at 20◦C. SL-RT-PCR assays were performed
on RNAs recovered from crude extracts (Input) or from Light and Heavy polysomes following sucrose gradients separation. For each RNA sample, a
positive TAP treated reaction (TAP) and a negative ‘no ligase’ (Supplementary Figure S6) reaction have been conducted. (D) Results for a class I mRNA
(At1g52690) in input and polysomes, (E, F) results for class III (At3g61113 and At1g50290) mRNAs in input and polysomes, (G) results for the control
At3g14420 mRNA in polysomes. Names of the primers are as in Figure 2. Red arrows mark the positions of the specific PCR products.
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If our working model is correct, VER-155008 treatment
should not only induce ribosome pausing but also polyso-
mal degradation of transcripts in which translation elonga-
tion is altered. We explored this hypothesis by conducting
SL-RT-PCR experiments to detect decay intermediates in
the input, light and heavy polysome fractions prepared from
xrn4-5 seedlings either mock or VER treated at 20◦C for 60
min (Figure 4D–F and Supplementary Figure S6A). The
class III At3g61113 (Figure 4E, lanes 4 and 6), At1g50290
(Figure 4F, lanes 6, 8) and At5g49480 (Supplementary Fig-
ure S6A, lanes 4 and 6) transcripts show a clear overac-
cumulation of decapped molecules in the light and heavy
polysome samples following VER-mediated hindering of
HSC/HSP70 activity. The appearance of 5′-decay interme-
diates is specific to polysomal fractions, as no PCR signal
is detected when probing the input samples either mock-
or VER -treated (Figure 4E, F and Supplementary Fig-
ure S6A, lanes 1 and 2). Moreover, neither the input spe-
cific target of XRN4 (At1g52690) nor the nonsensitive con-
trol mRNA (At3g14420) shows accumulation of decapped
molecules following drug treatment whatever the sample
analyzed (Figure 4D and G). Samples where ligase was
omitted (i.e. without an anchor ligated) show no PCR sig-
nal, except when the internal control primers (P1–P2) were
used (Supplementary Figure S6), demonstrating that the
PCR signal observed are specific to accumulating decapped
forms. In conclusion these SL-RT-PCR experiments show
that VER treatment triggers at 20◦C the accumulation of 5′-
decay intermediates in polysomes for transcripts we found
to be co-translationally degraded during heat stress.

Overall, our results suggest that 5′-ribosome pausing,
whether induced by heat or by inhibiting HSC/HSP70 ac-
tivity, favors degradation of specific mRNAs in polysomes.

DISCUSSION

The data we present here support that XRN4 is a stress re-
sponsive protein which function is reprogrammed by heat
sensing. While its loss of function appears to affect only
a limited number of poly(A)-affinity purified mRNAs at
20◦C, several thousand transcripts see their levels increase
at 38◦C, supporting the global involvement of XRN4 in the
H-SMD (23). We also provide evidence that the H-SMD
mechanism requires an initial decapping step prior to the
5′-directed digestion of the heat targeted transcripts. Our
results also strongly suggest that H-SMD not only takes
place in the cytoplasm but also on mRNAs still engaged
in polysomes.

Heat stress induces a reduction in cellular transla-
tional activity that expectedly results in a diminution of
the amount of mRNAs associated with polyribosomes
(5,39,40). What is more unexpected is our observation that
this downregulation is globally (although not exclusively)
dependent upon the presence of the XRN4 exoribonucle-
ase. Based on this result, we propose that heat not only
directly affects mRNA engagement in polysomes through
translation initiation inhibition but also triggers their co-
translational decay. We provide a direct proof of this by
detecting 5′-decay intermediates of randomly chosen tran-
scripts in polysomes of XRN4-depleted seedlings. It is un-
likely that the observed XRN4-mediated increase of tran-

scripts in polysomes is non-specifically linked to sedimen-
tation of p-bodies RNP aggregates in the high-density lay-
ers of the sucrose gradient. Indeed if this were the case,
we would not be able to observe an overaccumulation of
polysomal decapped mRNAs following VER155008 treat-
ment as this drug does not inhibit translation initiation
a condition required to stimulate the formation of RNP
granules of p-bodies and SG type (data not shown and
Supplementary Figure S5E). Moreover, we have demon-
strated previously that, despite a general diminution of
polyribosome levels, there is a higher fraction of XRN4 and
DCP1/DCP2 specifically associated with translating mR-
NAs in heat stress, supporting a direct role for these factors
in polysomes (23). All in all, our data support the hypothesis
that heat provokes a co-translational decay process through
which mRNAs are digested by XRN4, most likely follow-
ing a decapping step. The existence of a co-translational
decay process was previously established in yeast (32) but
we provide here the first demonstration that it can affect
a large number of endogenous mRNAs and that it likely
plays a role in the cellular adaptation to stress. Previous re-
ports not only detected a polysomal association for several
mRNA decay factors or cofactors either in human (33) or
yeast (41,42) but also showed that their polysomal concen-
tration increases when translation decreases in salt stress
(42) or at diauxic shift (41). This suggests that the stress-
induced co-translational decay might be an evolutionarily
conserved phenomenon with significant physiological con-
sequences.

Like in animals, heat seems to have an elaborate impact
on translation in A. thaliana, not only by blocking initi-
ation but also by differentially affecting elongation along
the coding region of the messenger. One could imagine that
the increase in light ribosomes we observed after 30 min of
heat stress is simply due to mRNAs shifting to lighter frac-
tions of the sucrose gradient because ribosomes are run-
ning off and are not reloaded as translation initiation is
blocked. However, based on Arabidopsis CDS sizes (75%
being shorter than 2000 bp (TAIR10: ftp://ftp.arabidopsis.
org/home/tair/Sequences/)) and on the normal rate of trans-
lation (5–6 amino acids per second (8)), no ribosome should
remain on most mRNAs, 2 min following translation inhi-
bition. Therefore, the presence of numerous transcripts still
engaged with ribosomes 30 min after heat stress is likely the
result of a slowdown in translation elongation rate. Since
these mRNAs are mainly engaged with two to five ribo-
somes as in (6,7) and since an eukaryotic ribosome protects
some 30 nucleotides (43), we deem likely that this slowdown
in translation elongation rate occurs, in plants as in animals,
around codon 65. We cannot exclude that the elongation
rate after this position is increased by stress, but for the very
same mathematical calculation as before, translation veloc-
ity has to be severely reduced for the light polysome frac-
tions to remain at such high levels after 30 min of stress ex-
posure.

We also show that chemically hindering HSC/HSP70
chaperone activity has similar impact on elongation rates
as heat, without affecting primarily translation initiation.
Moreover, we found that plant cytosolic HSC/HSP70 pro-
teins associate with polysomes (data not shown). This, to-
gether with the fact that the requirement for HSC/HSP70
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for proper folding of the nascent polypeptide is con-
served from yeast to human (8,44), suggests that plant
HSC/HSP70 chaperoning also acts at the ribosome exit
tunnel. All in all, our data support a model in which, in
plants as in animal cells, heat triggers a 5′-ribosome pausing
phenomenon leading to the modulation of translation elon-
gation due, at least in part, to an HSC/HSP70-dependent
sensing activity.

Hindering HSC/HSP70 activity causes 5′-ribosome
pausing and allows the polysomal accumulation of decay
intermediates only for class III mRNAs. In heat situation,
there is a concomitant appearance of paused ribosomes
and 5′-decay intermediates in polysomes. Class III mRNAs
code for proteins with biochemical properties (hydropho-
bicity, HSC/HSP70 binding score) similar to those found
to be most sensitive to heat induced pausing in animals
(7). Put together these data strongly support that, in re-
sponse to stress inducing 5′-ribosome pausing, mRNAs are
recognized for decapping and XRN4 digested. Under our
heat stress condition, XRN4-mediated decay is unlikely to
take place after paused ribosomes are dissociated, as it is
the case for aberrant mRNA degradation (of No-Go and
Non-Stop decays) (45,46), otherwise XRN4 sensitive tran-
scripts would not increase in polysomal fractions. Since heat
and proteotoxic stresses likely slow rather than stall elonga-
tion (6,7), XRN4, once recruited at the 5′-end of decapped
molecules, could simply degrade these mRNAs simultane-
ously as ribosomes slowly move along the transcript.

In summary, our work provides evidence that the co-
translational mRNA degradation process first found to ex-
ist in S. cerevisiae on a limited number of transcripts (32) is
physiologically relevant in response to heat stress and af-
fects several thousand mRNAs. We show that it is inter-
twined with the HSP70-dependent ribosome pausing phe-
nomenon which we propose to constitute the signal that
targets mRNAs for polysomal degradation. Translation ac-
tivity and mRNA fate are interrelated. Translation stalling
is now clearly defined as the signal that marks an aberrant
transcript for degradation (46). Our data support that trans-
lation efficiency also governs the fate of a large number of
otherwise non-aberrant mRNAs marking them for rapid
decay as part of the cellular response to stress. Finally, our
work also rises the exciting possibility that inappropriate
folding of emerging polypeptides could directly feedback
on the stability of their coding transcripts and posits the
HSC/HSP70 chaperone as a stress sensing hub dispatching
signal to reprogram mRNA stability.
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