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7SL RNA and signal recognition particle
orchestrate a global cellular response to
acute thermal stress

Bojan Bujisic1,2, Hun-Goo Lee 1,2, Lilei Xu 1,2, Uri Weissbein1,2, Carlos Rivera1,2,
Ivan Topisirovic 3 & Jeannie T. Lee 1,2

Non-coding 7SL RNA is an ancestor tomammalian Alu and B1 SINE RNAs and is
thought to function exclusively within the Signal Recognition Particle (SRP),
aiding in the translocation of secretory proteins into the endoplasmic reticu-
lum for export. Here, we discover a function of 7SL/SRP unrelated to protein
secretion. Under acute heat shock, 7SL and SRP together selectively arrest
cellular transcription and translation machineries during early response to
stress. Under thermal stress, 7SL is upregulated, accumulates in the nucleus,
and binds to target genes repressed by heat shock. Concurrently, in the
cytosol, SRP binds to ribosomes and inhibits new protein synthesis. Transla-
tional suppression occurs independently of the signal peptide and is abro-
gated by depleting SRP. Translation inhibition extends to themitochondria, as
nuclear-encoded genes withmitochondrial functions are enriched among SRP
targets. Thus, apart from its role in protein export, 7SL/SRP orchestrates a
global response to acute stress that encompasses the nucleus, cytosol, and
mitochondria across transcription and translation.

Short Interspersed Nuclear Elements (SINEs) are a prominent group of
repetitive elements that constitute over 10% of the mammalian
genome1,2, the best characterized of which are human Alu’s andmouse
B1 and B2 elements3. These elements play crucial regulatory roles
under conditions of perturbed homeostasis, such as during viral
infection or heat shock4–7. Following exposure to stress, SINEs are
transcribed by RNA polymerase III (POL-III), giving rise to noncoding
transcripts that regulate the transcription and translation in response
to stress5,8–15. Upon heat shock, human Alu RNA binds to promoters
and negatively affects RNA Polymerase II (POL-II)-mediated
transcription13,15. Similarly, mouse B2 RNA plays a crucial role in the
heat-dependent regulation of POL-II activity. B2 RNA serves two pur-
poses with respect to transcription: It negatively regulates POL-II
transcription by generally inhibiting the formation of the preinitiation
complex9,11 and controlling POL-II pause-release at stress-response
genes14. Dynamic regulation of B2 RNA during acute stress thereby

enables the selective expression of stress-response genes while effec-
tively impeding pervasive POL-II transcription. Beyond their nuclear
role, SINE transcripts also give rise to shorter RNA species known as
small cytosolic Alu (scAlu) RNA in human16–18 and small cytosolic
B1(scB1) RNA in mouse17,19. Together with the signal recognition par-
ticle proteins 9 and 14 (SRP9 and SRP14), scAluRNAand scB1 RNA form
species-specific ribonucleoprotein particles (RNPs) that interact with
ribosomes and inhibit translation in a stress-dependent manner10,12.

Mouse B1 and human Alu SINEs have a common evolutionary
origin in a noncoding element known as 7SL (Fig. 1a).Mammalian7SL is
a ~300 nt noncoding RNA transcribed by POL-III20. Its central 7SL-
specific domain is flanked by Alu-like sequences (Fig. 1a and Supple-
mentary Fig. 1a). Over time, 7SL gave rise to FAM (fossil Alumonomer),
which thengave rise to FRAM(free right Alumonomer) andFLAM (free
left Alu monomer)—the precursors of primate Alu—as well as protoB1,
the precursor to rodent B1 (Fig. 1a, left panel)21,22. Primate Alu evolved
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Fig. 1 | Heat shock induces de novo 7SL expression, nuclear localization, and
binding to chromatin. a Schematic illustration of the evolutionary connection
between 7SL and 7SL-related ncRNA (left panel)21. 7SL gives rise to mammalian Alu
and B1 SINEs. Human Alu repeats originate from 7SL sequences that have lost their
central, 7SL-specific portion followed by Alu domain duplication (right panel)23.
Created in BioRender. Bujisic, B. (2025) https://BioRender.com/h93t574. b PRO-Seq
analysis40 of nascent 7SL transcription after exposure to 42 °C heat shock for indi-
cated periods of time in mouse embryonic fibroblasts (MEFs). Source data are
provided as a Source Data file. cCell fractionation experiment: 7SL Northern Blot of
the cytosolic, nuclear, or total NIH3T3 cells incubated at 37 °C or after 15min
exposure to 45 °C (HS) (upper panel). SYBR gold staining of the gel was used as a
loading control (lower panel).d 7SLRNA FISH at 37 °C (pre-HS) or after 1 h exposure

to 42 °C (post-HS) in mouse NIH3T3 cells. DAPI staining depicts nuclei. e Total
(input), cytosolic,membrane, and nuclear fractions were isolated fromNIH3T3 cells
incubated at 37 °C or after 15min exposure to 42, 43, 44, or 45 °C. Immunoblots
were performed for SRP72, SRP54, Tubulin (cytosolic marker), and H3K27me3
(nuclearmarker). f 7SLCHART-Seq tracksoverRn7s1 andRn7s2 loci on chromosome
12. Tracks represent the Antisense (AS) signal subtracted for Sense (S) signal for two
biological replicates in pre- and post-HS conditions. g Venn diagram demonstrating
the number of 7SL CHART-Seq peaks in pre- and post-HS conditions. Peaks were
called using MACS91 only if appeared in both biological replicates. h Proportion of
7SL CHART peaks with associated genomic features. Analysis performed using
ChIPSeeker92.
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from7SL through the deletion of the 7SL-specific domain and fusionof
the 5’ and 3’ regions23, followed by a duplication of the Alu-like
sequences (Fig. 1a, right panel). Unlike Alu and B1, however, 7SL is
produced only from 2 known loci, Rn7s1 and Rn7s224, in mammals and
is therefore not considered a repetitive SINE element. 7SL is recog-
nized primarily as the RNA component of the Signal Recognition Par-
ticle (SRP)25—an RNP comprising six interacting proteins SRP9, SRP14,
SRP19, SRP54, SRP68, and SRP72 which are together required for co-
translational targeting of secretory proteins across the endoplasmic
reticulum (ER) membrane26–29. When the secretory signal peptide (SP)
of newly synthetized proteins is exposed, the SRP binds to translating
ribosomes and guides them to the ER30.

Beyond this well-established role in ER translocation, we began to
suspect additional functions, given 7SL’s close evolutionary relation-
ship to the stress-response element, Alu. Interestingly, early in vitro
studies31–33 showed that the interaction between the SRP9-SRP14 sub-
units and ribosomes can cause inhibition of translation34–36. However,
the in vivo impact on translation has remained uncertain because
studies performed in yeast37,38 and mammalian cells39 have provided
opposing conclusions. 7SL has also not been previously implicated in
the stress response, andunlike Alu’s andB2’s, its total expression levels
are also thought to be stable during heat stress6. Here, we explore the
idea that the ancestral 7SL RNA also functions in stress and provide
pioneering evidence that 7SL and SRP together orchestrate tran-
scriptional and translational responses during heat shock as part of a
global mechanism to divert resources to manage stress.

Results
Heat shock induces de novo 7SL expression, nuclear accumula-
tion, and binding to chromatin
To test whether 7SL expression is upregulated in mouse fibroblasts
exposed to 42 °C for up to 60min, we examined nascent synthesis of
7SL RNA using a previously published PRO-Seq dataset40. We observed
increased de novo transcription within 2.5min of heat shock exposure
and lasting at least 60min (Fig. 1b). Thus, like B2 and Alu RNAs, heat
stress acutely induces de novo 7SL RNA synthesis. Unlike B2 and Alu,
however, 7SL is thought to bepredominantly cytosolic, in keepingwith
its function within the SRP. To investigate whether subcellular dis-
tribution of 7SL RNA is affected during stress, we fractionated cyto-
solic and nuclear compartments in cells before and after exposure to
heat shock and performed a Northern Blot analysis of each fraction to
examine changes in 7SL levels (Fig. 1c). These experiments revealed a
significant increase in 7SL in the nuclear fraction paralleled by a
reduction in the cytosolic fraction after heat shock (Fig. 1c). To
determine if new transcription is required for the nuclear accumula-
tion,we treated cells prior to heat exposurewith a potent transcription
inhibitor, Actinomycin D, at concentrations known to inhibit POL-III.
Interestingly, 7SL still accumulated in thenucleus despite transcription
inhibition (Supplementary Fig. 1b, right panel). In contrast, transcrip-
tion inhibition prevented heat-induced nuclear tRNA accumulation
(Supplementary Fig. 1b, left panel)—a phenomenon previously descri-
bed for tRNAduring thermal stress41. To further investigate 7SL nuclear
localization, we performed RNA fluorescence in situ hybridization
(FISH) (Fig. 1d, upper panels). Heat shock for 1 h at 42 °C resulted in a
strong increase in nuclear 7SL RNA signals as compared to the control
non-stressed condition (Fig. 1d, lower panels). To understand whether
7SL translocates from the cytosol alone, or together with interacting
SRP proteins, we fractionated cells following exposure to tempera-
tures ranging from 37 °C to 45 °C (Fig. 1e), and performed immuno-
blots for SRP72 and SRP54—two major protein constituents of the
signal recognition particle. We observed a dose-dependent nuclear
accumulation of both tested 7SL-binding proteins. Together, these
experiments demonstrate that, in addition to de novo transcription
induction of 7SL, there is a significant translocation of the 7SL and SRP
protein pool from the cytosol to the nucleus during heat shock.

Given this, we investigatedwhether 7SL associateswith chromatin
like other SINE RNA during heat shock (HS)14,15. To examine chromatin
binding in an unbiased manner and capture both, free 7SL and 7SL
within the ribonucleoprotein particle, we performed capture hybridi-
zation analysis of RNA targets sequencing (CHART-Seq; Supplemen-
tary Fig. 1c)42–44 of pre-HS cells (37 °C) and post-HS cells (1 h at 42 °C).
To avoid contamination with SINE RNA, biotinylated antisense capture
probes were designed to 7SL-specific sequences (Supplementary
Fig. 1d). The antisense probe was highly specific to 7SL RNA as
demonstrated by a prominent ~300 nt single band by Northern Blot
analysis (Supplementary Fig. 1e). Control experimentswereperformed
in parallel using a 7SL sense probe to rule out hybridization to theDNA
locus. As expected, the 7SL sense probe failed to produce a Northern
Blot signal (Supplementary Fig. 1e). 7SLRNA-targetDNAhybrids eluted
with RNAseH digestion and DNA libraries of two independent repli-
cates were prepared for sequencing. Statistically significant 7SL bind-
ing peaks were then called using MACS Software. Results from two
independent replicates were similar. Sense probes failed to demon-
strate enrichment shown for the antisense probe (Supplemen-
tary Fig. 1f).

As expected, CHART-seq detected a major RNA-binding signal at
Rn7s1 and Rn7s2, the sites of 7SL expression proximal to the Nemf and
Rps29 loci (Fig. 1f and Supplementary Fig. 1f). RNA signals were
observed both before and after HS. Intriguingly, in addition to these
loci, 7SL peaks were observed at 316 other chromatin sites in pre-HS
conditions (Fig. 1g, blue). In post-HS cells, 556 binding sites became
apparent—of which 246 sites were sharedwith pre-HS cells (Fig. 1g, red
and Supplementary Data 1). These data demonstrate that a total of 310
new 7SL peaks were acquired during heat shock stress. We note that
the genomic binding profiles of 7SL were different from those of two
other noncoding RNAs, TERRA42 and JPX24 (Supplementary Fig. 2a).
Importantly, 7SL binding sites were distinct from sites detected by JPX
and TERRA CHART probes. Reciprocally, JPX and TERRA sites were
distinct from sites detected by 7SL CHART probes. These exclusive
findings argue for the specificity of 7SL CHARTpulldowns. In both pre-
and post-HS cells, 7SL peak annotation analysis using ChIPSeeker
showed a major preference for promoters, specifically at a distance of
<1 kb from the promoter region (Fig. 1h). De novo motif search
revealed two motifs, one A-rich and one G-rich (Supplementary
Fig. 2b). Altogether, these data demonstrate that, during acute heat
shock, 7SL is upregulated, accumulates in the nucleus together with
SRP proteins, and binds chromatin specifically to promoter regions.

7SL-SRP bound genes are suppressed by heat shock
To understand the functional effects of 7SL-SRP binding to chromatin,
we asked if 7SL target genes respond to heat stress. Most POL-II-
transcribed genes are downregulated by heat shock as part of a global
response to conserve resources for stress management14,40. Here we
compared 7SL peak intensities pre- vs post-HS and found significantly
stronger signals in post-HS at 7SL-boundgenes (Fig. 2a). Augmentation
of 7SL RNA binding was notable in both independent replicates as
there was a significant shift to the right in the distribution frequencies
in both cases (Supplementary Fig. 3a). Gene Ontology analysis45

showed that 7SL predominantly bound genes involved in transcrip-
tional regulation (Fig. 2b), such as the POL-II transcription factor Btf3,
(Fig. 2c and Supplementary Fig. 3b) and themediator complex subunit
Med4 (Fig. 2d and Supplementary Fig. 3c). Notably, binding occurred
specifically to the promoter region of 7SL target genes.

Interestingly, POL-I-transcribed rRNA precursor locus Rn45s was
also targeted by 7SL (Supplementary Data 1). PRO-seq analysis showed
that, after 1 h of heat shock40, therewas a significant downregulation in
the synthesis of 28S and 18S rRNAs (Supplementary Fig. 3d). The
reduction coincided with an increase in 7SL expression (Fig. 1b) and
7SL binding over the corresponding rDNA locus Rn45s, as demon-
strated by increased CHART signals in post-HS cells (Fig. 2e and
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Supplementary Fig. 3e). CHARTRT-qPCR also demonstrated increased
7SL binding over 18S, 28S and External Transcribed Spacer 1 (ETS1)
rDNA loci (Fig. 2f). Thus, heat shock results in a substantial increase of
7SL binding to both POL-I and POL-II genes.

Next, we investigated the effect of increased 7SL binding on the
target genes during heat shock. We tried to delete the two 7SL loci or
knockdown nuclear 7SL using ASOs, but all attempts were

unsuccessful, likely due to the abundance and essential nature of the
7SL transcript for SRP assembly and function. To circumvent this issue,
we compared expression patterns of 7SL target genes relative to the
overall expression landscape after exposure to heat shock. As pre-
viously noted40,46, heat shock globally altered transcription profiles
after 1 h. Overall, 46.5 and 18.8% of genes were downregulated and
upregulated, respectively (Fig. 2g and Supplementary Data 2).
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However, among 7SL target genes, 66.1% were downregulated, while
only 11.9% were upregulated. Thus, 7SL binding correlates with tran-
scriptional downregulation during heat shock.We then comparedheat
shock-induced fold changes in expression levels for 7SL target genes
versus all other genes. Cumulative distribution function (CDF) analysis
demonstrated a significant shift of 7SL target genes to the left, indi-
cating a substantial downregulation of gene expression (Fig. 2h).
Overall, our data indicate that, during heat shock, 7SL increasingly
binds to both POL-I and POL-II genes, and this augmented interaction
correlates with downregulation of target genes. These data suggest
that 7SL-SRP may play a role in transcriptional suppression during
acute thermal stress.

SRP selectively arrests transcription during heat shock
Given that 7SL targets rDNA loci and other POL-I-transcribed genes, we
next investigated whether 7SL might localize within the nucleolus
during heat shock. Notably, RNA FISH indicated a diffuse presence of
7SL throughout the nucleus, including the nucleolus, prior to heat
shock (Fig. 1d). Upon heat shock, however, we also observed a major
upregulation and relocalization of 7SL in the nucleus, and its enrich-
ment in intranuclear foci resembling nucleoli (Fig. 1d). To determine if
these foci corresponded to nucleoli, we performed an RNA FISH cou-
pled with immunofluorescence to detect 7SL simultaneously with
nucleophosmin, a nucleolar marker. In pre-HS cells, a very modest
enrichment in nucleophosmin-stained nucleoli could be observed
(Supplementary Fig. 4), indicating that 7SL is indeed already present in
nucleoli prior to heat shock, consistent with its previously described
nucleolar localization and the role in SRP biogenesis47.Within 15min of
45 °C heat shock, the degree of 7SL enrichment within the nucleolus
became notable as demonstrated by considerable colocalization with
nucleophosmin (Fig. 3a), thus confirming the 7SL shift into the
nucleolus during acute heat shock. These data indicate that displace-
ment of 7SL into the nucleolus may aid 7SL’s suppressive effect on
POL-I genes, including rDNA.

This 7SL displacement was also intriguing, as the nucleolus is the
site of SRP biogenesis and where 7SL is assembled into the RNP28,47,48.
This raised the intriguing possibility that the SRP itself may play a role
in the response to heat stress. To investigate this, we examined the
effects of depleting an essential SRP subunit, SRP72, using siRNAs and
compared effects to that of a control, scrambled siRNA (siScr). Fol-
lowing 48 h knockdown, we subjected cells to acute and severe
(10min, 45 °C) heat shock and conducted RNA-Seq analysis of pre- and
post-HS cells. In control cells treated with scrambled siRNA (siScr),
there were no changes in SRP72 levels (Supplementary Fig. 4b). In
these cells, 10min of heat shock resulted in 2294downregulatedDEG’s
and 1831upregulatedDEG’s (Fig. 3b, c and SupplementaryData 3), with
more genes becoming downregulated, as expected. Intriguingly, these
transcriptomic changes were significantly blunted by SRP72 depletion
(Supplementary Fig. 4b): 10min of heat shock resulted in only 1265
downregulated DEG’s and 368 upregulated DEG’s as compared to pre-

HS SRP-depleted cells (Fig. 3b, c and Supplementary Data 4). Thus,
both 7SL RNA and the SRP critically contribute to transcriptional
reprogramming during acute heat shock.

Heat shock induces the binding of 7SL-SRP to ribosomes
Because 7SL and SRP are predominantly cytosolic, we next considered
the possibility that these factors—which are classically associated with
the translocation of secretory proteins49—might also play a role in
translation regulation during heat shock. This idea was particularly
attractive to us, as previous studies found that SRP9-SRP14 subunits
can cause inhibition of translation31–36, though the in vivo impact has
been controversial37–39. Furthermore, if 7SL regulated both transcrip-
tion and translation during stress, this ancestral noncoding RNAmight
have evolved to shut down gene expression on a global scale as a way
to divert resources during acute stress.

Here, to determine if the SRP complex associates with ribosomes
during stress, weperformed sucrose density gradient centrifugationof
the cytosol before and after heat shock. In line with previous results50,
RT-qPCR of 18S rRNA demonstrated depletion of ribosomes from
heavy gradient fractions (f10–f14) under heat shock, with a corre-
sponding accumulation in lighter fractions (f6–f9), indicative of a
reduction inmRNA translation rates under heat stress (Supplementary
Fig. 5a). Interestingly, heat shock also induced a significant association
of 7SL with ribosomes (Fig. 4a, b and Supplementary Fig. 5b), whereas
it did not induce a strong association for the related, similarly sized
noncoding RNA, 7SK51 (Fig. 4a, b and Supplementary Fig. 5b). Notably,
for 7SL, there was a shift from the soluble pool to the ribosome-
associated pool. We observed that protein components of the SRP
behaved similarly. For instance, SRP54 and SRP72 showed a similar
pattern of distribution across sucrose gradients as 7SL (Fig. 4c).
Indeed, heat stress redistributed SRP54 and SRP72 towards heavier,
ribosome-associated fractions marked by ribosomal subunits RPL23a
and RPS6.

Furthermore, UV-crosslink RNA immunoprecipitations (UV-RIP)
with RT-qPCR showed that 7SL’s interaction with RPL23a increased
significantly following heat shock, whereas no such increase was
observed for 7SK (Fig. 4d), suggesting that the 7SL-SRP complex
directly associates with ribosomes. These observations were sup-
ported by proximity ligation assay (PLA) for RPL23a and SRP54, which
demonstrated a significant increase in association between the two
proteins during heat stress (Fig. 4e and Supplementary Fig. 5c).
Together, these data demonstrate that the 7SL-SRP complex shifts
from the free cytosolic pool to become ribosome-bound during acute
thermal stress.

7SL-SRP acutely suppresses translation during heat shock
The apparent increase in SRP-ribosome association during heat shock
prompted us to investigate whether the SRPmay contribute to known
heat-mediated inhibition of translation. To study this, we depleted
SRP14 and SRP72 by siRNA and performed Click-iT labeling of nascent

Fig. 2 | 7SL target genes are suppressed by heat shock. a Heatmap shows the
intensity of 7SL CHART-seq signal over the binding site pre- and post-HS. The
indicated region represents the peak center −/+ 3 kb. b Gene Ontology analysis
(Biological process)45 was performed for 7SL CHART-Seq peaks detected in both
replicates in pre- or post-HS conditions. −Log10 Benjamini P value is indicated for
each term. BenjaminiP value is adjustedp value for themultiple testing corrections.
Source data are provided as a Source Data file. cGenomebrowser (IGV) view of 7SL
CHART-Seq signal covering a region of the Btf3 gene. Tracks represent the Anti-
sense (AS) signal subtracted for Sense (S) signal for two biological replicates pre-
and post-HS. d Genome browser (IGV) view of 7SL CHART-Seq signal covering a
region of theMed4 gene. Tracks represent the Antisense (AS) signal subtracted for
Sense (S) signal for two biological replicates pre- and post-HS. e Genome browser
(IGV) view of 7SL CHART-Seq signal covering a region of the pre-ribosomal Rn45s
gene. Tracks represent the Antisense (AS) signal subtracted for Sense (S) signal for

two biological replicates pre- and post-HS. f RT-qPCR analysis of the DNA eluate
following 7SL CHART pre- and post-HS. For each indicated genomic sequence the
enrichment ratio was calculated between the Antisense (AS) and Sense (S) 7SL
probe. Data were presented as mean values ± SD. Source data are provided as a
Source Data file. g Analysis of PRO-Seq expression patterns of 7SL target genes 1 h
after exposure to heat shock (42 °C). Distribution of the entire PRO-Seq data set
(blue) was compared to distribution of 7SL RNA-target genes (orange). Four dif-
ferent gene groups are shown based on the type of transcriptional regulation:
downregulated (DownReg), unexpressed (UnExp), unregulated (UnReg), or upre-
gulated (UpReg) genes. Source data are provided as a Source Data file.
h Cumulative distribution function (CDF) of the Log2 fold change following expo-
sure to heat shock for the entire PRO-Seq dataset (black line) and for 7SL RNA-
targetgenes (red line).P value is calculatedusingKolmogorov–Smirnov (KS), a two-
sided test. Source data are provided as a Source Data file.
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proteins in the presence or absence of heat shock (Fig. 5a, left panel).
Without heat shock, depleting SRP14 or SRP72 had no effect on
translation (Fig. 5a, right panel). In contrast, exposure to heat shock
strongly decreased protein synthesis (Fig. 5a, right panel, lane 4), as
expected. However, depleting SRP14 or SRP72 blunted the ability of
cells to suppress translation in response to heat shock—indicating that
the SRP is indeed required for the stress-induced block in translation
(Fig. 5a, right panel, lanes 5, 6).

Click-iT labeling requires methionine starvation (see Fig. 5a, left
panel, and Material and Methods) that could confound result inter-
pretation by triggering an additional layer of stress response. We thus

turned to an orthogonal method of labeling nascent peptides with
puromycin, an antibioticmimic of tyrosyl-tRNA52. The effects of SRP72
depletion and heat shock on protein synthesis monitored by pur-
omycylation and Click-iT labeling were comparable (Fig. 5b). To
exclude the possibility that the observed effects on attenuation of
translational repression during heat shock may be mediated by
SRP72’s function outside of SRP, we assessed SRP72 interaction with
other SRP subunits (SRP14-9) pre- and post-HS (Supplementary
Fig. 6a). Pull-down experiments did not show conspicuous alterations
in SRP72-SRP14-9 interaction before and after exposure to heat, sug-
gesting that the effects observed by SRP72 knock-down reflect the
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Fig. 3 | SRP selectively arrests transcription during heat shock. a 7SL RNA FISH
coupled with nucleophosmin immunostaining after 15min exposure to heat shock
(45 °C) inNIH3T3 cells. Nucleophosmin staining showsnucleoli. DAPI stainingdepicts
nuclei.bDESeq2 analysis of transcriptional changes following exposure to heat shock
(10min, 45 °C) in siScr-transfected NIH3T3 cells (upper panel). 4125 DEGs detected. P
adjusted value cutoff = 0.01. DESeq2 analysis of transcriptional changes following

exposure to heat shock (10min, 45 °C) in siSrp72 transfected cells (lower panel). 1633
DEGs detected. P adjusted value cutoff =0.01. P adjusted values were derived from
DESeq2 analysis and are based on Wald test with the adjustment by Benjamini and
Hochberg method for multiple testing corrections. c Venn diagrams represent the
overlap of heat shock-induced downregulated (left) or upregulated (right) differen-
tially expressed genes (DEGs) in siScr and siSrp72 transfected NIH3T3 cells.

Article https://doi.org/10.1038/s41467-025-56351-6

Nature Communications |         (2025) 16:1630 6

www.nature.com/naturecommunications


function of whole SRP. This was further confirmed using down-
regulation of SRP54, the most evolutionarily conserved SRP subunit
(Supplementary Fig. 6b). Collectively, these data indicate that SRP is
required for acute translation inhibition during heat shock.

We next sought to exclude the possibility that the effects of SRP54
and SRP72 depletion are mediated through SRP9/14-scAlu, an RNP that
contains small cytoplasmic Alu (scAlu) and shares two of the SRP

subunits, SRP9 and SRP1410,12,53. We depleted SRP14, SRP54 or SRP72
(Supplementary Fig. 6c) and performed Northern Blot analysis for full-
length Alu RNA and scAlu (Supplementary Fig. 6d). As expected, we
observed a heat shock-dependent increase in Alu RNA. On the other
hand, scAlu levels did not change except when siSrp14 was depleted
(Supplementary Fig. 6d), suggesting that the blunting of translation
inhibition in SRP54 or SRP72 depleted cells was not due to loss of scAlu.
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Yet another potential confounding factor is that, even in the
absence of heat shock, depletion of SRP54 can induce transcription
changes in heat shock-related genes54,55. To investigate whether the
depletion of SRP72 provoked similar perturbations, we monitored the
effects of SRP72 depletion on the transcriptome of NIH3T3 cells using
RNA-Seq. Depletion of SRP72 resulted only in minor perturbations in
the transcriptome as compared to siScr-transfected cells (Fig. 5c). Only
32 DEG’s were observed between siSrp72 and siScr cells, apart from
Srp72 itself, and none were known heat shock-related genes (Supple-
mentaryData 5) Additionally, SRP72 downregulation did not appear to
induce other types of stress responses (Fig. 5d and Supplementary
Fig. 6e). For instance, there was only a marginal overlap between
SRP72-depleted cells transcriptomic changes and those caused by
Activating Transcription Factor 4 (ATF4) and C/EBP homologous
protein (CHOP)56, two master transcriptional regulators induced dur-
ing the Integrated StressResponse (ISR)57. This overlap comprisedonly
two genes- Ero1l and Atf3 (Fig. 5d). Moreover, after intersection of
33 siSrp72 DEGs with 575 genes targeted by ATF4 or CHOP within 3 kb
from their transcription start site, only two additional genes over-
lapped—Car6 andRab39b (Supplementary Fig. 6e). Thesedata indicate
that SRP72 depletion does not cause a major stress response and that
pre-exposure to stress and tolerance acquisition58 are unlikely reasons
for loss of translation inhibition in siSrp72 cells during heat shock.

Cellular response to a variety of stressors (e.g., heat shock, ER
dysfunction, amino acid deprivation, viral infection, toxins, heme
deficiency) triggers ISR, which is centered on stress-sensing kinases
(PERK, PKR, HRI, or GCN2)-dependent phosphorylation of the α sub-
unit of the eukaryotic translation initiation factor eIF259. Phosphor-
ylation of eIF2α suppresses the GEF activity of eIF2B, thus limiting the
recycling of the ternary complex, which delivers initiator tRNA to the
ribosome59. This leads to a reduction of global protein synthesis, and
concomitant induction of proteins encodedbyupstreamopen reading
frame (uORF) containing mRNAs including ATF4 and CHOP59. Not-
withstanding that the transcriptional profiles of SRP72 depletion and
ATF4- and CHOP-driven ISR transcriptional responses were clearly
distinct (Fig. 5d and Supplementary Fig. 6e), we further sought to
establish the relationship between SRP and ISR. Depletion of SRP72 led
to slight increase in eIF2α phosphorylation at baseline as compared to
control (Fig. 5e). Heat shock however, led to a substantial increase in
eIF2α phosphorylation which appeared to be SRP72-independent
(Fig. 5e). Notwithstanding that eIF2α phosphorylation levels were
comparable between control and SRP72-depleted cells, the inhibitory
effects of heat shock on protein synthesis were alleviated only in
SRP72-depleted cells (Fig. 5e, compare lanes 5 and6). Finally, adding an
ISR inhibitor, ISRIB60 1 h prior to heat shock partially attenuated
translation inhibition under heat shock to a comparable level as SRP72
depletion (Fig. 5e). When ISRIB and SRP72 depletion were combined,
the two treatments additively attenuated translation inhibition under
the heat shock, resulting in a nearly complete recovery of global pro-
tein synthesis (Fig. 5e, compare lanes 6 and 7 with lane 8).

Collectively, these data suggest that SRP and ISR operate in par-
allel to shut downprotein synthesis during the heat shock response. In

light of this, we were curious to learn if SRPs affect cell survival under
heat stress (Fig. 5f). Following heat exposure, the viability of cells
transfected with siSrp54 or siSrp72 was compared to siScr-treated
cells. Intriguingly, our data demonstrate that SRP54 or SRP72 defi-
ciency promotes survival under heat shock. Thus, while SRPs help cells
cope with thermal stress, we suggest that they may either exact a
survival toll on cells with an overly aggressive heat shock response
and/or promote an adaptive response by inducing apoptosis in cells
that have been damaged by heat shock.

Ribo-Seq analysis reveals selective translational suppression
Of interest was whether SRP inhibition affected all mRNAs or only a
select group of translating mRNAs during acute thermal stress. To
address this, we performed Ribo-Seq61, a next-generation sequencing-
based method of detecting and actively translating mRNAs by quan-
tifying ribosome-protected fragments (RPFs). Prior to heat shock, we
observed comparable translatomes (i.e., collection of actively trans-
lated mRNAs on a transcriptome-wide scale) in both control (siScr)
cells and cells depleted of SRP72 (siSrp72) (Fig. 6a, left panels). This
was consistent with experiments showing that depletion of SRP72 in
the absence of stress does not exert a major effect on global protein
synthesis (Fig. 5). Meta-ORF analysis mapping reads between the TIS
(translation initiation site) and TTS (translation termination site)
showed that exposing cells to 10min of heat shock resulted in a
marked decrease in ribosome-protected mRNA footprints under con-
trol conditions (siScr), whereas depleting SRP72 blunted this effect
(Fig. 6a, right panels)—again consistent with above experiments
addressing nascent protein synthesis (Fig. 5). These data indicated a
loss of RPFs (active translation) under heat shock and their restoration
upon SRP72 depletion.

Using k-means clustering, we grouped mRNAs into two clusters
based on their RPF patterns with Cluster2 accounting for >90% of
mRNAs (Fig. 6a, b and Supplementary Data 6). Both clusters exhibited
a heat-induced drop in the RPF signal around the TIS and across the
entire meta-ORF, consistent with inhibition of translation initiation.
Notably, Cluster2 was distinguished from Cluster1 by a sensitivity to
SRP72 depletion (siSrp72) specifically during heat shock (Fig. 6b, red
versus black lines, bottom panel). Of note, in line with previous
observations37, under basal conditions, SRP72 knock-down did not
cause a noticeable change in translation. SRP, therefore, serves as a
heat shock-specific inhibitor of translation.

Given that 7SL regulates transcription (Figs. 1–3), we wished to
rule out thepossibility that the translational decreasewas secondary to
transcription suppression. We calculated the translation efficiency
(TE), a measure of translation that normalizes for changes in mRNA
levels by computing the number of RPFs per copy of a messenger
RNA62. Heat shock induced a substantial decrease in TE across a subset
of genes, which was in part alleviated by SRP72 depletion (Fig. 6d).
Importantly, SRP-dependent changes in TEwere specific to heat stress.
Overall, our data indicate that, during heat shock, SRP negatively
regulates protein synthesis not only by reducing transcriptional out-
puts, but also by reducing translation efficiency of a subset of mRNAs.

Fig. 4 | Heat shock induces the association of 7SL RNA and SRP proteins with
ribosomes. a RT-qPCR analysis of 7SL (top) and 7SK (bottom) RNAs in 14 sucrose
density gradient fractions pre- and post-HS (15min, 45 °C) in NIH3T3 cells (left).
Statistical analysis of the sumof 7SLRNA in ribosome-free and ribosome-associated
fractions (right). Datawere presented asmean values ± SD. P valueswere calculated
using an unpaired, two-sided t-test. Source data are provided as a Source Data file.
b Fold change of RNA levels in pre- and post-HS conditions calculated per sucrose
gradient fraction. P, calculated by unpaired, two-sided t-test, comparing 7SL to 7SK
RNA. Data were presented as mean values ± SD. Source data are provided as a
Source Data file. c TCA-precipitated proteins derived from 14 sucrose density
gradient fractions pre- and post-HS were analyzed by immunoblot for SRP54,
SRP72, RPL23a, and RPS6. d RT-qPCR enrichment analysis for 7SL and 7SK RNA

following RPL23a UV-RIP in pre- and post-HS conditions (15min, 45 °C) in NIH3T3
cells. To correct for putative 7SL and 7SK RNA interactions with free L23a,
enrichments were normalized by the percentage of 28S rRNA pulled down by L23a
(L23a interacting with 28S rRNA is within the large ribosomal subunit). Data were
presented as mean values ± SD. P values were calculated using an unpaired, two-
sided t-test. Source data are provided as a Source Data file. e SRP54-RPL23a
Proximity Ligation Analysis (PLA) pre- and post-HS (15min, 45 °C) in NIH3T3 cells.
Images were analyzed by confocal fluorescent microscopy (left) and quantified
(right). The boxplot displays the minimum to maximum values, with the boxes
showing the interquartile range (25th to 75th percentiles), and the center line
indicating the median. P values were calculated using a two-sided Welch’s t-test.
Source data are provided as a Source Data file.
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SRP preferentially suppresses the translation of nuclear-
encoded mitochondrial factors under heat stress
Next, to identify cohorts of mRNAs whose TEs were specifically affec-
ted by SRP72 depletion under heat shock, we performed a detailed,
transcriptome-wide analysis of changes in TEs in control vs. SRP72-
depleted NIH3T3 cells by calculating normalized RPF/RNA-seq read
log2 ratios for individual genes before and after heat shock.Wedefined

4 clusters based on their SRP72 dependency (Fig. 7a, Supplementary
Fig. 7a, b, and SupplementaryData 7). Clusters 1 and 2 genesweremore
difficult to disentangle for the effect of SRP72 on transcription and
translation. Cluster1 represents mRNAs whose translation was not
regulated by SRP, as SRP72 knock-down did not have a major effect on
TEs in pre- or post-HS conditions—i.e., translation remained propor-
tional to mRNA levels. Cluster2 mRNAs showed a small increase in
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translationefficiencyuponSRP72knock-down inbothpre- andpost-HS
cells, indicating that their translation is negatively regulated by SRP
under both conditions. On the other hand, Cluster3 mRNAs showed
transcriptional upregulation after SRP72 knock-down, but greater
mRNA abundance did not translate to more protein synthesis—con-
sistent with the idea of “translational buffering” wherein mRNA trans-
lation offsets the effects of alterations in transcription to maintain the
levels of corresponding proteins constant63. In contrast to the other
three clusters, Cluster4 comprised genes prominently regulated by
SRP solely at the level of translation and under thermal stress. Intri-
guingly, the Ribo-Seq signal of Cluster4mRNAswas elevated in siSrp72
cells under heat shock, without underlying changes in mRNA levels
(Fig. 7a). TE calculation further reinforced this observation by
demonstrating a significant, heat shock specific “recovery” in transla-
tion of this subset of mRNAs after SRP72 depletion (Fig. 7b).

We next analyzed Cluster4 genes by performing functional
annotation clustering45. Intriguingly, this analysis revealed that
“mitochondria” was the most highly enriched functional category
while the “isopeptide bond” and “endoplasmic reticulum” categories
scored significantly lower (Fig. 7c). Consistent with this observation,
when Cluster4 was evaluated by KEGG pathway analysis45, the
“metabolic pathway” category was identified as themost significantly
enriched (Supplementary Fig. 7c). We further investigated the dis-
tribution of nuclear-encoded mitochondrial genes (as defined by
MitoCarta3.064) across all four clusters by calculating the repre-
sentation factor—ameasure of the likelihoodof the observed number
of mitochondrial genes overlapping with each cluster, divided by the
expected number of overlapping mitochondrial genes if randomly
drawn.We observed a significant enrichment ofmitochondrial genes
within Cluster4 and confirmed their dependence on SRP for trans-
lational suppression during heat stress (Fig. 7d and Supplemen-
tary Fig. 7d).

We then performed the same analysis for proteins containing
signal peptides (SPs; as defined by http://www.signalpeptide.de65–67).
Intriguingly, these factors were enriched in Cluster3—the group of
transcriptionally upregulated genes (Cluster3) in siSrp72 cells—and
were under-represented in Cluster4, the group that underwent exclu-
sive translational regulation (Cluster4) (Fig. 7d and Supplementary
Fig. 7e). Accordingly, when compared to no-SP genes, the SP-genes did
not exhibit a significant change in TE after SRP72 depletion at basal or
during heat shock (Supplementary Fig. 7f). This indicated that SRP-
mediated translation suppression shows no preference for SP-
containing genes and is a separate phenomenon from SRP’s function
in protein secretion.

SRP-mediated regulation of nuclear-encoded mitochondrial gene
translation was confirmed by evaluating genome browser tracks of

representative genes coding for mitochondrial proteins- Cyc1 and
Apex1. Exposure to heat shock led to a loss of the RPF signal over the
Cyc1 and Apex1 ORF’s and these effects were attenuated in SRP72-
depleted cells (Fig. 7e and Supplementary Fig. 7g). On the other hand,
steady-state levels of these mRNAs did not show major alterations
(Fig. 7e and Supplementary Fig. 7g). Together, these data additionally
implicate the SRP in selective translational suppression of nuclear-
encoded mitochondrial mRNAs during heat shock. Thus, the SRP
integrates the heat shock response across the nucleus, cytosol, and
mitochondria and plays a maladaptive role under heat-induced
homeostasis alterations.

Discussion
Herein, we have identified 7SL RNA and SRP as regulators of tran-
scriptional and translational changes during heat shock. Once thought
to only control the translocation of the signal peptide-containing
proteins across the ERmembrane, our study unveils 7SL and the SRP in
the global regulation of transcription and translation across the
nucleus, cytosol, and mitochondria. 7SL/SRP is, therefore, part of a
cell-wide coordinated response to heat stress. On the basis of data
presented here, we propose that 7SL and SRP concurrently act in the
nucleus, cytosol, as well as mitochondria (via inhibiting translation of
nuclear-encoded mitochondrial proteins), during heat shock (Fig. 7f).
By suppressing transcription and translation of housekeeping genes,
cells in acute stress can conserve resources in order to mobilize
essential stress-response factors.

In the nucleus, heat shock induces both, transcription-dependent
and transcription-independent 7SL RNA accumulation, leading to
nucleolar enrichment aswell as global nuclear levels. The data we have
shown demonstrate that cytosolic 7SL and SRP proteins re-enter the
nucleus and significantly contribute to the overall nuclear increase.
Our CHART-Seq results indicate that 7SL increasingly binds the DNA
under stress, however, further studieswill be needed to clarifywhether
this interaction is mediated through free 7SL or 7SL within fully/par-
tially assembled SRP (therefore labeled as Ribonucleoprotein particle
(RNP) in Fig. 7f). The possibility that 7SL interacts with the genome as
an independent RNA could be explained by an imbalance between the
increasing 7SL levels and the non-changing amounts of the SRP pro-
teins duringheat exposure. This could result in a freepool of 7SL that is
not tethered to SRP. The increased pool of 7SL could then drive
binding to specific POL-I and POL-II target genes. Interestingly, various
SRP proteins have been proposed to interact with chromatin inde-
pendently of fully assembled SRP and regulate transcriptional
outcomes68,69. Therefore, further studies will be needed to clarify the
exact formof 7SL or SRP in which they interact with the genome in the
context of heat shock.

Fig. 5 | SRP inhibits protein synthesis under heat shock in an ISR-independent
manner. a Schematic representation of Click-iT™ AHA labeling of nascent proteins
(left panel). Following SRP14 and SRP72 knock down for 48h, Click-iT™ AHA
labeling was performed in human HCT8 cells in absence (10min at 37 °C pre-
treatment, followed by 25min of Click-iT™ AHA labeling at 37 °C) or presence of
heat shock (10min at 45 °C pretreatment, followed by 25min of Click-iT™ AHA
labeling at 45 °C). Immunoblots were done for Biotin, SRP72, SRP14, and Tubulin
(right panel). b Puromycilation of nascent proteins was analyzed in mouse NIH3T3
cells following 48 h SRP72 knockdown pre- (10min at 37 °C pretreatment, followed
by 25min of 10 µg/ml Puromycin labeling at 37 °C) and post-HS (10min at 45 °C
pretreatment, followed by 25min of 10 µg/ml Puromycin labeling at 45 °C).
Immunoblots for Puromycin, SRP72, and total-eIF2α are shown (see Material and
Methods for experimental details). c DESeq2 analysis of transcriptional changes
following siScr or siSrp72 transfection for 48h in NIH3T3 cells at basal conditions
(37 °C). Thirty-three significantly differentially expressed genes (DEGs) were
detected. P adjusted value cutoff = 0.01. P adjusted values were derived from
DESeq2 analysis and are based on the Wald test with the adjustment by Benjamini
and Hochberg method for multiple testing corrections. d Venn diagram

representing the intersection between 33 siSrp72-driven DEGs and 97 genes
directly regulated by ATF4/CHOP56. Atf3 and Ero1l genes were detected in both
datasets. e Following SRP72 knockdown for 48h, nascent translation was assessed
in mouse NIH3T3 cells in the presence or absence of an integrated stress response
inhibitor (ISRIB). After 1 h pretreatment with 500nM ISRIB at 37 °C, puromycilation
was performed pre- (10min at 37 °C pretreatment, followed by 25min of 10 µg/ml
Puromycin labeling at 37 °C) and post-HS (10min at 45 °C pretreatment, followed
by 25min of 10 µg/ml Puromycin labeling at 45 °C). Where indicated, ISRIB at
500 nM was maintained until cell harvest. Immunoblots were performed for Pur-
omycin, SRP72, phospho-eIF2α, and total-eIF2α. f Cell viability was assessed in heat
shock-treated HCT8 cells 48h after siRNA-mediated SRP54 or SRP72 knock-down.
Heat shock was performed at 45 °C for indicated times. Cell viability was assessed
following 24h recovery at 37 °C. Cell Counting Kit 8 (WST-8/CCK8) reagent was
added for 3 h, and viability was calculated as a percent change in 460 nm absor-
bance relative to pre-HS conditions. P values were calculated using an unpaired,
two-sided t-test. Data were presented as mean values ± SD. Source data are pro-
vided as a Source Data file.
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As the target genes are generally downregulated by heat shock,
we suggest that 7SL binding, leads to transcription inhibition of these
target genes. Notably, in addition to rRNA transcripts, genes that are
preferentially targeted by 7SL are enriched in regulators of transcrip-
tion. This suggests that bymodifying the expression of transcriptional
regulators, 7SL and SRP may also profoundly alter transcriptional
wiring in response to heat shock. Intriguingly, these chromatin-related
functions of 7SL RNA are akin to those described for other POL-III

transcripts that have been reported to interact with the genome and
regulate gene expression. For instance, short noncoding RNA species
transcribed by POL-III, such as Alu8,15, B29,14, and 7SK70 have been found
to negatively affect POL-II transcription. Interestingly, while global
POL-II and POL-I activity undergoes inhibition in heat stress40, POL-III
transcription of SINE-related sequences is elevated2,6. In conjunction
with these reports, our observations that heat shock increases 7SL
expression, nuclear accumulation, and its binding to POL-II and POL-I
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genes suggests that POL-III and its transcription products may be key
drivers of the stress response, with the capacity to regulate the two
other RNA polymerases and their genetic outputs.

Our data implicate SRP protein subunits in the regulation of
mRNA levels during heat stress, as there was a significant nuclear
accumulation (Fig. 1e) and blunting of transcription downregulation
when SRP72 is depleted (Fig. 3c).While this study does not address the

underlying mechanism of SRP-mediated downregulation of mRNA
levels during heat shock, it is plausible that the SRP-driven inhibition of
translation may lead to degradation of the underlying mRNA as sug-
gested by multiple studies that investigated mechanisms whereby
translation rates directly impact on half-life of mRNA71–73. Moreover,
7SL-mediated transcription downregulation and SRP-mediated mRNA
metabolism may represent a synchronous molecular mechanism by
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which the 7SL/SRP components fine-tune transcriptional outputs in a
coordinated fashion during heat shock and further orchestrate them
with translational programs to shape the proteome.

Importantly, the SRPhas alreadybeen implicated in the regulation
of the stability of mRNAs coding for SP-containing proteins through
Regulation of Aberrant Protein Production (RAPP)74—a protein quality
control mechanism where an adequate interaction between the nas-
cent SP-containing polypeptides and the SRP is needed to prevent the
destruction of the corresponding, actively translating mRNA. While,
through RAPP, depletion of SRP54 leads to failure in SP recognition
and degradationof the correspondingmRNA74, depletion of SRP72 did
not result in major global changes in mRNA abundances. Specifically,
SRP72 depletion altered levels of only 33 mRNAs (Fig. 5c). Also, in
contrast to SRP54 knock-down, SRP72 silencing failed to induce a
stress response (Fig. 5c, d). Notably, SRP54 is the major and the most
evolutionary conserved component of the signal recognition process,
as it recognizes and interacts with SP-containing proteins either as a
free polypeptide or as a part of the SRP75,76. On the other hand, the
SRP72 protein forms a structural bridge between the signal recogni-
tiondomain (SRP54) and the elongation arrest domain (SRP9/14)of the
Signal Recognition Particle36. Therefore, we speculate that upon SRP72
knock-down, a significant level of SRP54-mediated signal recognition is
still maintained either through the remaining SRP or through the
free SRP54.

Our study also demonstrates significant effects of 7SL/SRP in
the cytosol. Heat shock shifts the function of 7SL/SRP from trans-
location of secretory proteins to inhibition of peptide synthesis. 7SL/
SRP binds ribosomes and suppresses translational outputs. This
observation sheds new light on the physiological importance of SRP-
ribosome interaction and addresses a long-standing question37,38 of
whether the SRP binding to ribosomes can affect protein synthesis
in vivo. In agreement with a recent study37, under basal conditions,
we do not notice significant changes in translational activity upon
SRP54 or SRP72 depletion. However, under heat stress, SRP54 or
SRP72 depletion resulted in partial recovery of protein synthesis,
demonstrating that SRP regulates translation under stress condi-
tions. Moreover, our study suggests that SRP-mediated regulation of
translation is likely to be independent of eIF2α phosphorylation
and ISR.

We find that SRP preferentially regulates de novo synthesis of
nuclear-encoded mitochondrial proteins. Given the importance of
mitochondria in cell metabolism and energy production, we predict
that, in conditions of heat stress, the SRP inhibits de novo synthesis of
mitochondrial proteins and, therefore, impairs mitochondrial
function77. Interestingly, we also found that SRPs reduce the viability of
cells under heat stress, potentially in part due to mitochondrial dys-
function. When SRP54 and SRP72 were depleted, cell survival was
paradoxically enhanced under thermal shock. However, the improved
survivalmaybe adaptive, as apoptosis of cells that have been damaged
by heat shock may aid the overall survival of the organism. Finally, we
demonstrate that, under heat shock, the SRP-dependent regulation of
translation does not show a preference for the SP-containing proteins.

We speculate that exposure to heat shockmay reduce the specificity of
the SRP-mediated recognition of secretory and membrane proteins’
signal peptides, leading to a more promiscuous SRP binding to ribo-
somes and consequent inhibition of translation. Finally, it is plausible
that the dissociation of factors that bind to nascent peptide chains
(e.g., METAP2, chaperones, and NAC)may facilitate the binding of SRP
to ribosomes under heat shock78.

In summary, our study uncovers aspects of 7SL RNA and SRP
biology that go beyond signal peptide recognition and protein trans-
location to include a global response to acute stress. At the present
time, it is not known how the 7SL/SRP mechanism fits into the overall
molecular circuitry during the response to thermal stress79,80. Further
studies will be required to understand how 7SL/SRP interdigitates with
other major stress-response regulators such as stress granules81–83 for
translation and HSF140,84–86 and NELF87,88 pathways for transcription
regulation. The fact that 7SL is an ancestor to other stress-related SINEs
(Alu, B1) could suggest that 7SL ancestorsmay have initially evolved to
handle stress in an RNA world and that their function in protein
translocation was later usurped by SRP proteins. Notably, a past study
performed in barley suggested that, under heat shock, the SRP inhibits
the production of secretory proteins and leads to the degradation of
secretory messenger RNA89. While mechanisms remained elusive, this
research in plants suggests that the heat stress specific regulation of
protein synthesis by SRP could represent a phenomenon with cross-
kingdom conservation.

Methods
Cell culture and siRNA transfection
NIH3T3 cells were cultured in DMEMmedium supplemented with 10%
fetal bovine serum, 1% Penicilin-Streptomycin-Neomycin (PSN) anti-
biotic mixture, and 1% non-essential amino acids from GibcoTM. HCT8
cells were cultured in RPMI1640medium supplemented with 10% fetal
bovine serum, 1% Penicilin-Streptomycin-Neomycin (PSN) antibiotic
mixture and 1% non-essential amino acids from GibcoTM. All the siRNA
(listed in Supplementary Data 8) were ordered through DharmaconTM

and used at 20nM final concentration. siRNAs were delivered to cells
by two rounds of transfection using Lipofectamine® RNAiMAX Trans-
fection Reagent.

SRP pull down
About 100 × 103 HCT8 cells were seeded into six-well plates. The next
day, cells were transfected with 2.5 µg P14-9VN plasmid for over-
expressing human SRP14-9 heterodimer or pcDNA3.1 empty vector as
control using Lipofectamine™ 3000 (Thermo Fisher). p14-9VN was
created by Katharina Strub (Addgene plasmid # 50930). Twenty-four
hours later, cellswereexposed toheat shock (45 °C for 15min), washed
with cold 1 × PBS, and collected by cell scraper in 1 × PBS, 1 × cOm-
plete™, EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich). Cells
were lysed with sonication (5S ON, 30S OFF, 20% amplitude for two
times). Cell lysate was bound to Anti-FLAG® M2 Magnetic Beads
(Sigma-Aldrich), washed with 1 × PBS, 0.1% NP-40 and eluted with
1 × PBS, 0.1% NP-40, 0.8mg/mL FLAG peptide (Thermo Fisher).

Fig. 7 | Enrichment of mitochondrial mRNAs for translational suppression.
aHeatmap represents a parallel viewof RNA-Seq andRibo-Seq Log2 fold changes of
siScr/siSrp72 in pre- and post-HS conditions. Datasets were divided into four
clusters using k-means clustering. TSS stands for transcription start site. TES
represents the transcription end site. TIS signifies translation initiation site. TTS
represents the translation termination site. b Translation efficiency graph for
Cluster4 for indicated conditions. Cluster4 comprises 19% of all genes. The whis-
kers represent the 10th and 90th percentiles, the boxes show the interquartile
range (25th to 75th percentiles), and the center line indicates the median. P values
were determined using an unpaired, two-sided t-test. Source data are provided as a
Source Data file. c Functional annotation clustering for Cluster4 genes45.

Enrichment scores and −Log10 Benjamini P values are represented for each of the
top three represented terms. Benjamini P value is the adjusted p value for the
multiple testing correction. Source data are provided as a Source Data file. dGraph
of mitochondrial (left) and signal peptide-containing genes (right) representation
per TE cluster. Values above 1 indicate enrichment. Values below 1 indicate deple-
tion. Sourcedata are provided asa SourceDatafile. eGenomebrowser (IGV) viewof
RNA-Seq and Ribo-Seq signal covering Cyc1 and Apex1 genes in pre-HS (black) or
post-HS (red) conditions under siScr or siSrp72. Replicate 1. f Model: 7SL and SRP
orchestrate transcriptional and translational responses during heat shock. See
Discussion for description.
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Western blot
Protein lysates were prepared with NP-40 lysis buffer (1% NP-40,
137mM NaCl, 20mM Tris pH8, 2mM EDTA pH8) or, in the case of
Click-IT metabolic labeling, with SDS lysis buffer (1% SDS in 50mM
Tris-HCl, pH 7.5). Buffers were supplemented with cOmplete™, an
EDTA-free Protease Inhibitor Cocktail. Gel electrophoresis was per-
formed in 1X TBE using Bio-RadMini-PROTEAN® TGX™ Precast Protein
Gels and proteins were transferred to Immobilon-P membranes using
Hoefer Te77xp semi-dry apparatus. Membranes were blocked in 5%
non-fat dry milk for 30min and incubated with primary antibodies
overnight at 4 °C. Next day, membranes were washed three times in 1x
PBS, 0.05% Tween-20 and incubated with adequate HRP-containing
secondary antibodies for 1 h at room temperature. Membranes were
developed using Western Lightning Plus-ECL, Enhanced Chemilumi-
nescence Substrate (PerkinElmer). Uncropped Western Blot images
have been provided as a Source Data file. Antibodies used in this study
are listed in Supplementary Data 9.

RNA FISH
About 50 × 103 NIH3T3 cells were plated in 500ul of DMEMmediumon
top of isopropanol-sterilized and gelatin-coated coverslips. Two days
later, cells were exposed to heat shock (42 °C for 1 h, or 45 °C for
15min), washed with ice-cold 1x PBS, and pre-extracted for 5min using
CSKT buffer (100mM NaCl, 300mM sucrose, 10mM PIPES, 3mM
MgCl2, 0.5% Triton X-100, pH 6.8). Next, cells were fixed for 10min at
room temperature with 4% paraformaldehyde in 1x PBS, rinsed once
with 1x PBS, anddehydrated in70, 80, 90, and 100%EtOH for 2minper
step and air-dried. Coverslips were, then, incubated in humidified
chambers overnight at room temperature with 3′ FAM6—labeled 7SL
antisense (5′-AGTTTTGACCTGCTCCGTTTCCGAC-3′) or 7SL sense (5′-
GTCGGAAACGGAGCAGGTCAAAACT-3′) probe. The next day, samples
werewashed3 × 5min in25%Formamide, 2x SSCat room temperature,
and mounted using Vectashield mounting medium with Dapi.

RT-qPCR
Cells were lysed with TRIzolTM reagent and total RNA was isolated by
phenol/chloroform extraction. Random Primers (Promega, C1181) and
SuperScript™ III Reverse Transcriptase kit (Life Technologies,
18080085) were used for cDNA generation. Quantitative PCR was
performed using iTaq™ Universal SYBR® Green Supermix (BIO-RAD,
1725125). Oligo sequences utilized for RT-qPCR are shown in Supple-
mentary Data 10.

7SL RNA CHART-Seq
7SL RNA CHART-Seq was done as previously described90 with adap-
tations. Briefly, 26 × 106 NIH3T3 cells were used per condition. Cells
were resuspended in 2ml of DMEMprewarmed to 37 °C and incubated
for 1 h at 37 °C (pre-HS) or 42 °C (post-HS). Following formaldehyde
crosslinking and sonication steps, overnight hybridization was done at
room temperature with biotinylated 7SL sense/control probe (5′-
GTCGGAAACGGAGCAGGTCAAAACT/3BioTEG/-3′) or 7SL antisense
probe (5′-AGTTTTGACCTGCTCCGTTTCCGAC/3BioTEG/-3′). For
CHART enrichment, 120 µl of DEPC H2O washedMyOne™ Streptavidin
C1 beads (Life Technologies, 65-002), without previous blocking, were
incubated with hybridization reactions for 1 h at 37 °C with rotation.
Beads containing RNA-DNA hybrids were washed and eluted for RNA
(to demonstrate 7SL RNA pull-down specificity by RT-qPCR) and for
DNA in the presenceor absenceof RNaseH (NEB,M0297L). ElutedDNA
was further analyzedbyRT-qPCR to validate the pulldown. To calibrate
the library preparation steps, 2 pg of drosophila DNA was spiked-in to
each sample. Then, we prepared sequencing libraries using the NEB-
Next Ultra DNA Library Prep Kit for Illumina (E7370S, NEB) and
sequenced on Illumina Novaseq, creating 150 bp paired-end
sequencing reads.

CHART-Seq analysis
CHART reads were aligned to mouse mm10 reference genome with
Bowtie2, followed by removal of reads that aligned to more than one
position in the genome, duplicated reads, or reads with low mapping
quality score. Reads were also aligned to the drosophila reference
genome, and thenumber of aligned readswasobtained.Heatmaps and
BigWig files were created with Deeptools and tracks were normalized
according to the number of reads aligned to the drosophila genome.
Then, Sense track was subtracted from the Antisense track, indicated
as AS-S. Peak calling was performedwithMACS291 with a p value cutoff
of 05e-04. Peaks were called significant if appeared in both replicates
of the same condition. Annotation of peaks was performed with
ChIPseeker92.

De novo motif analysis
For de novo motif analysis within the 7SL RNA CHART-Seq peaks,
MEME Suite software93 https://meme-suite.org/meme/tools/meme
was used with following settings: Motif Site Distribution - ANR: Any
number of sites per sequence, Maximum Number of Motifs- 3, Motif
E-value Threshold - no limit, Minimum Motif Width – 6, Maximum
Motif Width – 50, Minimum Sites per Motif – 2, Maximum Sites per
Motif – 1000, Bias on Number of Sites - 0.8. The top two most sig-
nificantly enriched motifs were shown.

Proximity ligation assay
The cells were cultured on coverslips and subjected to a 15-min heat
shock at 45 °C. Subsequently, they were washed and fixed using 4%
Paraformaldehyde, followed by three washes with 1X PBS. To prevent
nuclear interference, cytoplasmic-specific permeabilization was per-
formed by treating the cells with 0.2% Saponin in 1X PBS at room
temperature for 7minutes. Antibodies against SRP54 and RPL23a were
used at a dilution of 1:500 for primary protein targeting prior to the
proximity ligation assay (PLA). The PLA was conducted according to
the manufacturer’s instructions using the Duolink® In Situ Starter Kit
Mouse/Rabbit (Sigma, DUO92101). However, certain modifications
were made: antibody incubations were carried out at room tempera-
ture for 2 h, ligation reactions were performed at 37 °C for 1 h, and
polymerization reactions were conducted at 37 °C for 2 h. Image
acquisition was performed using a Nikon 90i Microscope equipped
with a 603/1.4 NA VC Objective lens, Orca ER CCD Camera (Hama-
matsu), and Volocity Software (PerkinElmer). The acquisition time was
adjusted using the same parameters for all conditions and replicates.
Polymerized ligated spots were quantified for each field, normalized
by the total number of cells in thefield, and expressed as a PLA score or
interactions per cell. The results are presented as violin plots, where
the median is depicted as a continuous line and the quartiles as
dotted lines.

UV-RIP
About 20 × 106 cells were UV-crosslinked (200 µJ/cm2) in cold 1x PBS.
Subsequently, cells were spun for 5min at 450×g, resuspended in
800 µl of lysis buffer (1x PBS, 1% NP-40, 0.5% Sodium Deoxycholate,
400U/ml Protector RNase Inhibitor (Sigma-Aldrich Inc., 3335402001),
1x cOmplete™, EDTA-free Protease Inhibitor Cocktail) and rotated for
30min at 4 °C. 30U of TURBO™ DNase (2 U/µl) (Life Technologies,
AM2239) was added to the lysates and tubes were placed for 15min at
37 °C. Sampleswere, then, cleared for 15min at 12,500×g, supernatants
were collected, and protein concentration was measured. About
300 µg of proteins was combined with 5 µg of RPL23a or Normal rabbit
IgG antibody conjugated to 35 µl of Protein G Dynabeads (Life Tech-
nologies, 10003D), and reactions were rotated overnight at 4 °C.
About 30 µg of the lysateswas saved for 10% input. The next day, beads
were washed six times by pipetting 20x up and down in the first wash
buffer (1x PBS, 1% NP-40, 0.5% sodium deoxycholate, 150mM NaCl)
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followed by three washes by pipetting 20x up and down in the second
wash buffer (50mM Tris pH 7.5, 50mM NaCl, 10mM EDTA, 1% NP-40,
0.5% sodiumdeoxycholate). Samples and inputs were, then, incubated
for 30min at 55 °C with 100 µg ProteinaseK in 100 µl of ProteinaseK
buffer (100mM Tris pH 7.5, 50mM NaCl, 10mM EDTA, 0.5% SDS).
Subsequently, 900 µl of TRIzolTM reagent was added to each sample
and RNA was extracted in 100 µl of DEPC H2O using Direct-zol™ RNA
Miniprep Plus (Zymo Research, R2072). AboutT 10 µl of the RNA
extract was used for cDNA synthesis. Oligo sequences used for RT-
qPCR are shown in the Supplementary Data 10. Enrichments were
calculated relative to input and normalized to 28S rRNA enrichments
in RPL23a immunoprecipitations.

Sucrose density gradient fractionation
Sucrose gradients were prepared according to the previously
described94. Briefly, filtered 60% sucrose stock solution was combined
with H2O and 10x sucrose gradient buffer (200mMHepes pH 7.6, 1M
KCl, 50mM MgCl2, 100 µg/ml Cycloheximide, 1x cOmplete™, EDTA-
free Protease Inhibitor Cocktail, 100U/ml SUPERase-In (Life Technol-
ogies, AM2696) to achieve 5% and 50% sucrose in 1x sucrose gradient
buffer. Linear 5 to 50% sucrose gradients were formed in 14 × 89mm
ultracentrifuge tubes (Seton Scientific, 7030) using a Biocomp gra-
dient station. Cell pellets obtained from six confluent 15 cm tissue
culture plates were incubated for 15min at 37 °C or 45 °C in 2ml of cell
medium prewarmed to 37 °C. After two washes in cold 1x PBS, cell
pellets were lysed in 1ml of lysis buffer (100mM Tris pH 7.5, 50mM
KCl, 25mM MgCl2, 1mM DTT, 100 µg Cycloheximide, 1x cOmplete™,
EDTA-free Protease Inhibitor Cocktail, 1 U/µl SUPERase-In) and rotated
for 10min at 4 °C. Lysateswere cleared for 20min at 13,800×g and 1ml
of the supernatant was loaded on top of the sucrose gradients. Sam-
ples were subjected to 5 h ultracentrifugation at 107,000×g, 4 °C using
SW41i rotor and slow brake. Consequently, each gradient was divided
into 14 fractions using a Biocompgradient station. From each fraction,
100 µl was used for RNA extraction, and 500 µl was subjected to TCA
protein precipitation.

Click-iT™ AHA labeling of nascent proteins
HCT8 cells were washed three times in 1x PBS and incubated for 1 h at
37 °C in a methionine-free medium (RPMI, Thermo Fischer, A1451701).
Subsequently, cells were kept at 37 °C (pre-HS) or exposed to heat
shock for 10min at 45 °C in a methionine-free medium prewarmed to
45 °C. Next, Click-iT™ AHA (Life Technologies, C10102) labeling was
added to cells at 40 µM final concentration for an additional 25min at
37 °C or 45 °C. After Click-iT™ AHA labeling, cells were harvested in
SDS lysis buffer (1% SDS in 50mM Tris-HCl, pH 7.5) and protein bioti-
nylation was performed using Click-iT™ Protein Reaction Buffer Kit
(Life Technologies, C10276). Protein samples were separated using
Bio-Rad Mini-PROTEAN® TGX™ Precast Protein Gels, transferred to
Immobilon-P membrane, and developed with Streptavidin-HRP.

Northern blot
Total RNA was isolated according to manufacturer’s instruction using
TRIzolTM reagent and 2–5 µg of the RNA was loaded on 8M Urea/6%
PAGE gel. To evaluate RNA loading and integrity sampleswere stained in
1x TBE 1x SybrGold (Life Technologies, S-11494) for 5min. Gel pictures
were acquired using Amersham Imager 680. Following an overnight
transfer to AmershamHybond N+membrane (RPN303B), samples were
UV-crosslinked and incubated with a radiolabeled probe overnight at
58 °C. For 7SL Northern Blot detection, the following radiolabeled
probes were used: antisense (5′- AGTTTTGACCTGCTCCGTTTCCGAC-3′)
and control/sense (5′- GTCGGAAACGGAGCAGGTCAAAACT-3′). tRNA
Lys was detected using the following radiolabeled probe 5′- CCCTGA-
GATTAAGAGTCTCATGCTC-3′.

For Alu RNA Northern blot, the experimental design was identical
to Click-iT™ AHA labeling of nascent proteins (see above). Briefly,

humanHCT8 cells were starved in an amino acid-depletedmedium for
1 h. Then, cells were exposed to 10min heat shock pretreatment
(10min, 45 °C) followed by 25min at 45 °C in the presence of 40 µM
Click-iT™ AHA labeling. For Alu and scAlu RNA detection, we used the
following radiolabeled oligo probe 5′-GGATGGTCTCGATCTCCT-
GACCTC-3′. After an overnight probe hybridization at 58 °C, the
membrane was washed three times for 10min in 2X SSC, 0.1% SDS at
58 °C, exposed and analyzed using an Amersham Typhoon
Phosphoimager.

Puromycilation of nascent proteins
Cells were incubated at 37 °C (pre-HS) or exposed to heat shock for
10min at 45 °C in a corresponding cell medium prewarmed to 45 °C.
Next, Puromycin Dihydrochloride (Life Technologies, A1113803)
labeling was added to cells at 10 µg/ml final concentration for an
additional 25min at 37 or 45 °C. After Puromycin labeling, cells were
lysed and samples were separated using Bio-Rad Mini-PROTEAN®
TGX™Precast ProteinGels, transferred to Immobilon-Pmembrane and
incubated overnight at 4 °C with 1:1000 dilution of anti-Puromycin
primary antibody (Sigma-Aldrich Inc., MABE343). In experiments with
ISRIB (Sigma-Aldrich Inc., SML0843-5MG), the compound was admi-
nistered 1 h before heat shock exposure and during the heat shock
treatment. Blots were developed using secondary antibody Anti-
Mouse IgG (H + L), HRP Conjugate (Promega, PAW4021).

PRO-seq repeat enrichment analysis
Repeat enrichment analysis for 7SL RNA and 18S and 28S ribosomal
RNAs was performed by utilizing Repeat Enrichment Estimator95 and
Repeat Masker Database release 2015080796. Match counts for repeat
typeswerenormalized by the total number of reads of PRO-Seqpre-HS
and heat shock conditions40.

Ribo-seq
Ribo-seq was performed according to Ingolia et al.61 with several
adaptations. Briefly, 800 × 103 NIH3T3 cells were plated per well in a
six-well plate and transfected either with siScr or siSrp72. 24 h later
medium was replaced, and transfection was repeated. Twenty-four
hours later medium was removed, and cells were exposed to heat
shock (45 °C, 10min) or not (37 °C, 10min) in 1ml medium pre-
warmed to 37 °C or 45 °C. After the treatment, plates were placed on
ice, the medium was removed, and the cells were washed in 2ml per
well in cold 1X PBS without cycloheximide (CHX). PBS was removed,
and cells were lysed in 450 µl of lysis buffer. (*Polysome buffer:
20mM Tris pH 7.5, 150mM NaCl, 100 µg/ml CHX, 5mMMgCl2, 1mM
DTT. *Lysis buffer: Polysome buffer + 25U/ml TURBO™ DNase + 1%
Triton X-100. Cells were spun for 10min at 20,000×g, and the
supernatant was collected. About 300 µl of the lysate was used for
ribosome footprinting. After RNAseI treatment, samples were
layered on top of 900 µl of 1M sucrose in polysome buffer in Beck-
man polycarbonate tubes (No. 343778) and ultracentrifugation was
performed for 30min at 120,000×g using TLA120.2 rotor @ 4 °C.
Subsequently, supernatant was removed, and pellet was resus-
pended in 700 µl of Qiazol. RNA from ribosomal pellet was extracted
using miRneasy kit and eluted in 50 µl of RNAse-free water. Forward
library DNA primer was used as a lowermarker for footprint excision.
Following each precipitation step, pellets were additionally washed
with 500 µl of 70% EtOH to remove residual salts. Circularized cDNA
libraries were amplified eight cycles and three reactions were pooled
together for sequencing.

Ribo-seq analysis
Ribo-seq data analysis was conducted by following the protocol from
ref. 61 withminormodifications. Briefly, raw sequencing reads were pre-
processed by Trim-galore software (https://github.com/FelixKrueger/
TrimGalore), and trimmed sequences were aligned to rRNA sequence to
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filter out reads from rRNA. Collected non-rRNA sequence reads were
aligned to the mouse genome (mm10) by TopHat297 with the para-
meters “—no-novel-juncs” and “—b2-very-sensitive”. Meta-analysis for
coding-sequence regions was conducted by utilizing deepTools298. The
lengths of CDS regions for all genes were normalized to 100 for the
meta-analysis. Normalization by total number of reads (RPKM) was used
for clustering in Fig. 6a (and Supplementary Fig. 7a).

Elongation index (Elg idx) was calculated by taking the ratio of the
average signal intensity of gene body regions in 10–90% range of CDS
regions to the average signal intensity from the first 10% of 5′ CDS
regions.

Translation efficiency (TE) was defined by the ratio between
average Ribo-seq signal from CDS regions and average RNA-Seq signal
for each gene.

Representation factor analysis
Statistical significanceof the overlapbetween two groups of geneswas
calculated based on hypergeometric distribution. The representation
factors were defined by the observed number of overlapping genes
divided by the expected number of overlapping genes if randomly
drawn. List of Signal Peptide-containing proteins was derived from
http://www.signalpeptide.de65–67.

RNA-seq
RNAused for RNA-Seqwasobtained froma fraction of cell lysates used
for the Ribosome footprinting experiment. After cell lysis in 450 µl of
the lysis buffer, 70 µl of the lysate was mixed with 630 µl Qiazol. Total
RNA was extracted using a Direct-zol™ RNA Miniprep Plus kit. mRNA
was isolated from 100 to 200ng of total RNA with NEBNext® Poly(A)
mRNA Magnetic Isolation Module (NEB, E7490S). cDNA libraries were
prepared according to the protocol for NEBNext® Ultra™ II Directional
RNA Library Prep Kit for Illumina (NEB, E7760S). Libraries were
amplified 12 cycles and sent for Illumina sequencing. The experiment
was performed using two biological replicates.

DESeq2 analysis
Short-read sequencing by the NovaSeq 6000 system was performed by
Novogene. Trim-galore (https://github.com/FelixKrueger/TrimGalore)was
used for preprocessing of the raw reads, and TopHat297 was used to align
the RNA-Seq reads to mm10 genome with default parameters. Generated
bam files were further utilized by DESeq299, featureCounts100, and enhan-
cedVolcano (https://github.com/kevinblighe/EnhancedVolcano) for ana-
lyzing the differentially expressed genes. Normalization was done by a
total number of reads (RPKM). P adjusted values were derived from the
Wald test using the Benjamini and Hochberg method for multiple testing
corrections.

CCK8 viability assay
10K HCT8 cells was plated per well in a 96-well plate on top of a
transfection master mix containing siRNAs siSrp54, siSrp72, or a non-
targeting control (siScr). Twenty-four hours later, the medium was
replaced, and transfection was repeated. Twenty-four hours later,
plates were placed at 45 °C incubator for indicated time durations
(0–240min) and placed back in a 37 °C incubator after the treatment.
The next day, the medium was replaced with 100 µl of fresh RPMI
medium containing 10% Cell Counting Kit 8 (WST-8/CCK8) reagent
(ab228554). Three hours later, absorbance was measured at 460 nM.

Cell fractionation
About 30 × 106 was used for each fractionation. After 15min exposure
to 45 °C, cells were harvested and resuspended in 1ml of lysis buffer
(10mMTris pH8, 140mMNaCl, 1.5mMMgCl2, 0.5% NP-40, 1mMDTT,
andRNAse Inhibitor) by slowpipetting (50 “ups anddowns”) using 1ml
pipette. After spinning for 3min at 1000×g at 4 °C, supernatants

(cytoplasmic fractions) were harvested for RNA or protein extraction
and stored. Pelleted nuclear fractions were resuspended in 1ml of the
lysis buffer supplemented with 10% detergent stock (3.3% (w/v)
Sodium Deoxycholate, 6.6% (v/v) NP-40) and incubated for 5min
under slow vortexing. Samples were spun for 3min at 1000×g at 4 °C,
superanatants (post-nuclear/membrane fractions) were also tested in
Western Blots. Pellets were rinsed in 1ml of lysis buffer (10mM Tris
pH8, 140mM NaCl, 1.5mMMgCl2, 0.5% NP-40, 1mM DTT, and RNAse
Inhibitor) and spun again for 3min at 1000×g at 4 °C. Supernatants
were discarded and pellets were lysed in 1ml of TRIzolTM reagent for
RNA extractions or resuspended in lysis buffer (10mM Tris pH8,
140mM NaCl, 1.5mM MgCl2, 0.5% NP-40, 1mM DTT, and RNAse Inhi-
bitor) and sonicated for protein extraction. About 250 µl of the cyto-
solic fraction wasmixed with 750 µl TRIzolTM LS reagent and subjected
to phenol-chloroform RNA extraction. About 250 µl of the nuclear
fraction TRIzolTM reagent lysate was mixed with 750 µl TRIzolTM LS
reagent and subjected to phenol-chloroform RNA extraction.

Statistics and reproducibility
All experiments have been successfully repeated, and statistical ana-
lysis was performed using biologically independent replicates. The
Western Blot, Northern Blot, and microscopy images presented in the
manuscript are representative examples from three independent
experiments, all yielding consistent results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-Seq and Ribo-seq data generated in this study have been
deposited at GEO under accession code GSE243286. Pro-seq data
referenced in this study is available under code GSE71708. Source data
are provided with this paper.
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