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Fig.4. Heat acts on HSF1 via direct binding. (A) MEF cells with (Heat ASO) or without (Con ASO) Heat knockdown were subject to heat shock stress (42 °C 1 h)
followed by recovery at 37 °C for various times. ChIP analysis was performed using HSF1 antibody and followed by RT-qPCR analysis targeting the Hspala
promoter. Error bars, mean + SEM; *P < 0.05; n = 3, biological replicates. (B) MEF cells with or without Heat knockdown were subject to heat shock stress (42
°C, 1 h) followed by recovery at 37 °C for various times. Whole-cell lysates were used for immunoblotting using antibodies indicated. The differential mi-
gration of HSF1 indicates the phosphorylation status. N, no heat shock. Whole-cell lysates were immunoblotted using antibodies indicated. (C, Left) Schematic
of zero-distance cross-linking methodology. s4U-labeled RNAs were cross-linked to directly associated proteins using 365 nm ultraviolet light (UV). HSF1-
associated RNA were purified followed by RT-qPCR analysis. (Right) RT-gPCR analysis of HSF1 immunoprecipitated RNAs (HSF1 IP) compared to IgG immu-
noprecipitated RNAs (IgG IP). Error bars, mean + SEM; *P < 0.05; n = 3, biological replicates. (D, Left) EMSA shows HSF1 binds Heat directly. Increasing
concentration of recombinant HSF1 was incubated with 25 nM Heat or FAM-labeled double stranded DNA probes containing HSE. (Right) K4 values were
calculated by saturation binding curves. Error bars, mean + SEM; n = 3, biological replicates. (E) Recombinant HSF1 (0.1 pM) was preincubated with 5 nM HSE
before various concentration of Heat was added. Signals from FAM-labeled HSE were recorded using a ChemiDoc imaging system (Bio-Rad). Gel was then

stained with ethidium bromide to show the position of Heat.

supercomplexes. We hypothesize that Heat uses HSF1 as a
carrier to target stress genes but relies on other mechanisms to
suppress transcription.

Heat Represses Transcription in an m°A-Dependent Manner. Many
IncRNAs have been demonstrated to regulate gene expression via
chromatin interaction (23). We next examined whether the forced
presence of Heat on the promoter of housekeeping genes would
have similar effects as on stress genes. To address this question, we
employed CRISPR-Display to deploy Heat to different genomic loci
(Fig. 54). MEF cells were cotransfected with plasmids encoding
dCas9 and Heat fused to single guide RNA (sgRNA) targeting ei-
ther Hspala or Gapdh promoters. Nascent RNA measurement
revealed that Gapdh-localized Heat exhibited little effects on gene
transcription. Only Heat targeting Hspala reduced the expression
Hspala in heat-stressed cells (Fig. 54). The negligible effect of Heat
on Gapdh transcription further supports the notion that Heat relies
on HSF1 to attenuate stress gene expression.

As an independent validation, we repeated this experiment
using Heat RNA and sgRNAs synthesized in vitro. To our surprise,
RNA transfection resulted in modest effects on Hspala expression
(Fig. 5B). One of the key differences between plasmid and RNA
transfection is that RNA molecules transcribed inside cells are
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subject to chemical modifications. In particular, RNA modifica-
tion in the form of m°A primarily occurs in a cotranscriptional
manner (24). Intriguingly, Heat contains multiple m®A sites with
the consensus sequence motif RRACH (in which R represents A
or G, and H represents A, C, or U). We conducted m"A-seq of
chrRNAs and confirmed at least eight methylation sites on Heat
(81 Appendix, Fig. S5A4), which was verified by RT-qPCR of
mCA-enriched fragments using individual oligos (SI Appendix, Fig.
S5B). Remarkably, when randomly methylated Heat was synthe-
sized and delivered into cells, we observed a significant repression
of heat stress—induced gene expression like Hspala and Hsphl
(Fig. 5B). The differential effect of methylated and nonmethylated
Heat was particularly evident on heat stress-induced Hsp70 pro-
tein levels (Fig. 5C). It appears that Heat represses stress gene
expression in a m°A-dependent manner.

METTL3 Mediates Transcriptional Attenuation of Stress Genes. Many
nascent RNAs are subject to m°A installation in a cotranscriép—
tional manner by METTLZ3, the core methyltransferase of m’A
(24). An in vitro methylation assay confirms METTL3/14-me-
diated Heat methylation, even in the absence of HSF1 (SI Ap-
pendix, Fig. S5C). To examine the role of m°A in Heat-mediated
stress gene silencing, we established an MEF cell line lacking
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Fig. 5. Heat represses transcription in a m®A-dependent manner. (A, Left) Schematic illustration of CRISPR-Display system: Heat is targeted to a specific DNA
locus via sgRNA sequences and dCas9 protein. (Right) Heat was targeted to either Hspala gene locus (sgHspala + Heat) or Gapdh gene locus (sgGapdh + Heat)
in MEF cells. After 1 h heat stress and various times of recovery, nascent RNA was pulsed with s4U, captured, and followed by RT-qPCR analysis. Error bars,
mean + SEM; *P < 0.05; n = 3, biological replicates. (B) In vitro transcribed Heat with or without mP®A modification was targeted to Hspala gene locus in MEF
cells. After 1 h heat stress and various times of recovery, nascent RNA was pulsed with s4U, captured, and followed by RT-gPCR analysis. Error bars, mean +
SEM; *P < 0.05, **P < 0.01; n = 3, biological replicates. (C) Whole-cell lysates from the same sample as B were immunoblotted using antibodies indicated. (D)
MEF cells with or without METTL3 knockdown were subject to heat shock stress (42 °C, 1 h) followed by recovery at 37 °C for various times. N, no heat shock.
Total RNA was extracted followed by RT-qPCR analysis. Error bars, mean + SEM; *P < 0.05, **P < 0.01; n = 3, biological replicates. (E) Whole-cell lysates from
the same sample as D were immunoblotted using antibodies indicated. (F) MEF cells with or without METTL3 knockdown were subject to heat shock stress (42
°C, 1 h) followed by recovery at 37 °C for various times. ChIP analysis was performed using an HSF1 antibody and followed by RT-qPCR analysis targeting the
Hspala promoter. Error bars, mean + SEM; *P < 0.05; n = 3, biological replicates. (G) MEF cells with or without METTL3 knockdown were transfected with
plasmids encoding a Fluc reporter driven by the Hspala promoter. Transfected cells were subject to heat shock stress (42 °C, 1 h) followed by recovery at 37 °C
for various times. Fluc activities were determined by luminometry. Error bars, mean + SEM; **P < 0.01; n = 3, biological replicates.

METTL3. METTL3 knockdown reduces m°A levels across YTHDC1 Mediates Transcriptional Attenuation of Stress Genes. m°A

chrRNAs, including Heat (SI Appendix, Fig. S5D). Upon heat
shock stress, the majority of stress genes showed higher induction
in the absence of METTL3 as evidenced by cytRNA-seq and
chrRNA-seq (SI Appendix, Fig. SSE). RT-qPCR validated the
enhanced stress gene induction as exemplified by Hspala and
Hsphl (Fig. 5D). As a result, the induction of Hsp70 was
markedly enhanced in the absence of METTL3 (Fig. 5E). A
similar observation was seen in MEFs lacking METTL14 (SI
Appendix, Fig. S5 F and G). Direct measurement of Hspala
turnover revealed little difference in cells with or without
METTL3 knockdown (SI Appendix, Fig. SSH), thereby excluding
the possibility that the increased stress mRNA abundancy is due
to impaired turnover. Further supporting the crucial role of m°A
in the transcription of stress genes, ChIP assays revealed in-
creased HSF1 binding to the Hspala promoter in MEFs lacking
METTL3 (Fig. 5F). Additionally, METTL3 knockdown also
enhanced Fluc levels driven by the Hspala promoter (Fig. 5G).
These results support the crucial role of m°A in Heat-mediated
stress gene silencing.
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could affect RNA secondary structures, thereby influencing the
interaction of RNA-binding proteins. However, EMSA assays of
HSF1 revealed comparable binding affinities between methylated
and nonmethylated Heat (SI Appendix, Fig. S64). Alternatively,
mCA executes its functionality via “reader” proteins such as YTH
proteins. A recent study reported that methylation of chromatin-
associated RNAs regulates transcription via YTHDCI, a nuclear
mCA reader (18). Indeed, IP of endogenous YTHDCI1 readily pull
down Heat from stressed MEFs (Fig. 64). Like METTL3 silenc-
ing, knocking down YTHDCI1 from MEFs resulted in an up-
regulation of stress genes such as Hspala in response to heat
stress as evidenced by nascent RNA measurement (Fig. 6B) and
immunoblotting (Fig. 6C). Once again, YTHDCI depletion did
not affect the stability of Heat and Hspala (SI Appendix, Fig. S6B).

The nuclear m®A reader YTHDC]1 has been shown to regulate
nuclear export of methylated mRNAs (25). However, many stress-
responsive transcripts are capable of escaping the nuclear export
quality control (26). Indeed, silencing YTHDC1 did not affect the
cytosol/nuclear ratio for both Hspala and Hsphl mRNA:s, albeit
their steady-state levels were increased (SI Appendix, Fig. S6C). A
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Fig. 6. YTHDC1 mediates transcriptional attenuation of stress genes. (A) YTHDC1-enriched Heat were analyzed by RT-qPCR. Regions detected by gqPCR
primers are shown in S/ Appendix, Fig. S5A. Error bars, mean + SEM; n = 3, biological replicates. (B) MEF cells with or without YTHDC1 knockdown were
subject to heat shock stress (42 °C, 1 h) followed by recovery at 37 °C for various times. N, no heat shock. Nascent RNA was pulsed with s4U, captured, and
followed by RT-qPCR analysis. Error bars, mean + SEM; *P < 0.05; n = 3, biological replicates. (C) MEF cells with or without YTHDC1 knockdown were subject to
heat shock stress (42 °C, 1 h) followed by recovery at 37 °C for various times. N: no heat shock. Whole-cell lysates were immunoblotted using antibodies
indicated. (D) MEF cells with or without YTHDC1 knockdown were subject to heat shock stress (42 °C, 1 h) followed by recovery at 37 °C for various times. ChIP
analysis was performed using an HSF1 antibody and followed by RT-gPCR analysis. Error bars, mean + SEM; *P < 0.05; n = 3, biological replicates. (E) Whole-
cell lysates from MEF cells were immunoprecipitated by anti-YTHDC1 antibodies followed by immunoblotting using antibodies as indicated. (F) MEF cells with
or without Heat knockdown were subject to heat shock stress (45 °C, 20 min) followed by recovery at 37 °C for 36 h. Cell viability was measured by cell
counting. Error bars, mean + SEM; **P < 0.01; n = 3, biological replicates. (G) A proposed model for Heat-mediated attenuation of HSR. In response to heat
shock stress, activated HSF1 not only induces Hsph1 but also triggers expression of a IncRNA Heat from the same promoter. Heat is heavily methylated in the
form of mPA and targets stress genes by directly binding to HSF1. The m®A mark recruits YTHDC1 and forms a transcriptional silencing complex, thereby
attenuating stress gene expression during stress recovery.

previous study reported that YTHDCI also regulates mRNA
splicing (27). Since Hspala is intronless, we focused on Hsphl and
found that YTHDCI1 knockdown led to an increased exon skip-
ping for at least one exon (SI Appendix, Fig. S6D). The finding
potentially explains the discrepancy between Hsphl mRNA and
protein levels in the absence of YTHDC1 (Fig. 6C). Nevertheless, it
is clear that YTHDC1 knockdown increases stress gene expression.
Supporting this notion, silencing YTHDC1 enhanced HSF1 binding
to the Hspala promoter (Fig. 6D), a strong indication of
transcriptional up-regulation.

YTHDCI has been shown to recruit regulatory components to
silence X chromosome (17). In particular, analysis of the YTHDC1
interaction database identified components of the polycomb re-
pressive complex 1 (PRC1) and 2 (PRC2) (28). Indeed, endogenous
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YTHDCI readily pull down the EZH2 subunit of PRC2 (Fig. 6E).
We conclude that Heat relies on YTHDCI to form a silencing
complex, thereby attenuating stress gene expression. Given the
prolonged stress gene induction in cells lacking Heat, we reasoned
that those cells would be more resistant to heat stress. This was
indeed the case. Upon exposure to severe heat stress (45 °C), more
cells were survived in the absence of Heat (Fig. 6F).

Discussion

One of the most amazing aspects of HSR is its complex, dynamic,
and temporal regulation at both transcriptional and translational
levels (1). Numerous factors act as transcriptional and post-
transcriptional checkpoints to ensure that the magnitude and
duration of HSR is rigorously controlled. Since prolonged HSR
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is detrimental to cell physiology (29), cells also need to turn off
HSR in a timely manner (30). By focusing on the transcription
factor HSF1, enormous progress has been made in delineating
how this transcriptional program is induced and attenuated (4).
Mammalian genomes also encode regulatory RNAs that control
gene expression during development and stress response (6, 8).
While the role of microRNAs in these processes is well estab-
lished, how IncRNAs influence HSR is still poorly understood.

In this study, we demonstrate that a PROMPT from Hsphl lo-
cus, Heat, contributes to the attenuation of stress gene expression
in mouse cells (Fig. 6G). Unlike IncRNAs emerging from repetitive
genomic regions, Heat is induced by HSF1 and transcribed by Pol
II. Despite the presence of a 5’ cap and 3’ poly(A) tail, Heat is not
actively translated presumably due to its nuclear localization.
Functional characterization of Heat clearly suggests its role as a
transcriptional brake to restrain stress gene expression. Using both
loss-of-function and gain-of-function approaches, we have obtained
critical insights into the biological functions of Heat. Depletion of
stress-induced Heat resulted in an augmented stress gene expres-
sion, which was not limited to the neighboring protein-coding gene
Hsphl. The apparent trans-acting feature of Heat is interesting.
The mechanism whereby many IncRNAs specially localize to their
target genomic loci to regulate gene expression remains poorly
understood. Some IncRNAs, such as NEATI and MALATI, in-
teract with nascent pre-mRNAs at specific genomic loci (31). The
IncRNAs like PARTICLE and MEG3 target DNA sequences by
forming higher-order DNA-RNA triplex structures (32, 33). In-
stead of relying on specific base pairing with either DNA or
mRNA, Heat uses HSF1 as a carrier by forming a ribonucleopro-
tein complex. Supporting this model, forced presence of Heat at
nonstress genes by CRISPR-Display did not repress the targeted
gene expression. This finding implies that Heat is not only induced
by HSF1 but also relies on HSF1 for its functionality, forming a
self-regulatory mechanism to fine-tune HSR.

Notably, the promoter of human HSPH] also undergoes divergent
transcription as evidenced by PRO-seq (34). However, the promoter
upstream noncoding RNA (annotated as LOCI05370148) has no
sequence homology compared to the mouse Heat (SI Appendix, Fig.
S74). Although LOCI05370148 was up-regulated in response to
heat shock stress (SI Appendix, Fig. STB), silencing LOC105370148
using ASO did not seem to enhance HSPAIA expression (SI Ap-
pendix, Fig. S7C). The lack of human HEAT could potentially
explain the differential basal levels of HSPs between human and
rodent cells. We cannot exclude the possibility that some not-
yet-identified IncRNAs may act like Heat in attenuating HSR in
human cells.

In addition to identifying physiologic functions for Heat, we
provide mechanistic insights into how Heat controls stress gene
expression. Although many IncRNAs influence transcription by
affecting chromatin accessibility, Heat relies on the m®A mark to
silence target genes. This mechanism is reminiscent of XIS7-
mediated gene silencing, which involves m®A modification and
the nuclear m°A reader protein YTHDCI (17). Indeed, knock-
ing out either the methyltransferase METTL3 or YTHDC1
resulted in enhanced stress gene expression after heat shock,
resembling Heat depletion. These results provide compelling
evidence for the functional connection between Heat and m°A.
Given the pleiotropic effects of m°A (16), we cannot be certain
that all of these effects are due to the loss of Heat function. A
recent study reported that the transcription activation induced by
mC®A depletion is coupled with the accumulation of chromatin-
associated regulatory RNAs (18). However, this mechanism does
not explain the action of IncRNAs that negatively regulate gene
transcription. Our study lends further credence to the idea that
the m®A mark could regulate gene expression in a highly specific
manner by coordinating distinct IncRNAs. For IncRNAs like
Heat, the installed m®A does not promote RNA decay but rather
recruits additional regulators via YTHDCI1. Notably, the
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divergent effects of m®A on transcriptional and translational
regulation of stress gene expression is compatible with the
unique timing of HSR. Upon heat stress, the increased 5'un-
translated region (5UTR) methylation facilitates cap-
independent translation of stress proteins in the cytosol (35).
During recovery, the excess m®A signal in the nucleus turns off
stress gene expression in a timely manner. Coordination of
spatial and temporal regulation of gene expression ensures that
the magnitude and duration of HSR are rigorously controlled.
Therefore, nascent RNA modification acts as an important
component of the molecular circuitry to prevent constitutive
activation of stress genes.

In summary, we have employed detailed molecular and ge-
netic approaches to demonstrate that the heat stress-induced
IncRNA Heat contributes to the attenuation of HSR via direct
HSF1 interaction. The functional connection between Heat and
mCA acts as an important component of the molecular circuitry
to prevent prolonged stress response. The insights obtained from
this study further advance our understanding of the physiological
roles of IncRNAs by interweaving with RNA modifications. With
the newly identified IncRNAs on the rise and the growing ap-
preciation of epitranscriptomics, uncovering additional layers of
gene regulation would lead to a better understanding of stress
response pathways.

Materials and Methods

Cell Lines and Reagents. MEF and Hela cells were maintained in Dulbecco’s
Modified Eagle’s Medium with 10% fetal bovine serum. Antibodies used in
the immunoblotting are as follows: anti-Hsp70/Hsp72 (VWR SPA-810), anti-
Hsp105/Hsp110 (Abcam ab109624), anti-p-Actin (Sigma A5441), anti-U1
snRNP70 (Santa Cruz sc-390899), anti-Histone H2B (Cell Signaling Technol-
ogy 8135), anti-HSF1 (Cell Signaling Technology 4356S), anti-METTL3 (Abcam
ab195352), anti-METTL14 (Sigma 038002), anti-YTHDC1 (Cell Signaling
Technology 81504S), anti-m°A (Millipore ABE572 and Synaptic Systems
202 003), anti-YTHDF2 (Proteintech 24744-1-AP), anti-H3K9me3 (Epigentek
A-4036-025), and anti-H3K27me3 (Abcam ab192985).

Plasmid Constructions. The promoter of mouse Hspala and Actb were am-
plified by PCR using genomic DNA extracted from MEFs and cloned into Mlu
I and Hind Il sites of pcDNA3.1-luciferase. For construction of CRISPR-Display
plasmids, Bbs | sites were first added to pCMV/3’ Box_(GLuc)_TOP1 (Addgene
68434) by Q5 Site-Directed Mutagenesis Kit (New England Biolabs [NEB]
E0554S). Genes encoding Heat were amplified by RT-PCR using total RNA
extracted from heat-stressed MEFs and subcloned into the resulting pCMV/3’
Box using Gibson assembly (NEB E2611S) to obtain pCMV-Heat plasmid.
sgRNAs were inserted into Bbs | site of pCMV-Heat. To generate pcDNA3.1-
APEX2-HSF1, genes encoding APEX2 were amplified by PCR from pcDNA3.1-
APEX2, which was obtained from ref. 36 and subcloned into pcDNA3.1-HSF1
(30) by Gibson assembly. The primers used are in S/ Appendix, Table S1.

Lentiviral shRNAs. shRNA targeting sequences are in S/ Appendix, Table S1. All
the shRNA targeting sequences were cloned into DECIPHER pRSI9-U6-(sh)-
UbiC-TagRFP-2A-Puro (Cellecta). Lenti-X 293T cells (Clontech) were used to
package lentiviral particles. The supernatants containing virus were col-
lected and filtered at 48 h after transfection. For infection, the lentivirus was
added to MEF cells for 24 h. After selection by 2 mg/mL puromycin, YTHDC1
knockdown MEF cells were collected and characterized.

Cell Fractionation. MEF cells were fractionated according to a previously
published procedure (37). Briefly, 1 x 10 cells were centrifuged with 500 g to
collect the cell pellet and washed with phosphate-buffered saline (PBS) buffer.
To lysate the cells, 200 pL ice-cold cytoplasmic lysis buffer (10 mM Tris-HCl pH
7.5, 0.15% Nonidet P-40, 150 mM NadCl, 25 uM a-amanitin, 10 U SUPERase In,
and protease inhibitor mix) was added and incubated on ice for 5 min. The cell
lysates were gently transferred to 500 pL ice-cold sucrose buffer (25% sucrose,
10 mM Tris-HCl pH 7.5, 0.15% Nonidet P-40, 150 mM Nacl, 25 pM a-amanitin,
10 U SUPERase In, and protease inhibitor mix) and centrifuged at 4 °C with
16,000 g for 5 min. The supernatant was collected as cytoplasmic fraction.
Then, nuclei pellets were washed by 500 pL ice-cold nuclei wash buffer (0.1%
Triton X-100, 1 mM EDTA, in 1x PBS, 25 uM a-amanitin, 10 U SUPERase In, and
protease inhibitor mix) followed by centrifugation at 4 °C with 1,150 g for
2 min. After removing the supernatant, the nuclei pellet was resuspended in
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200 plL ice-cold glycerol buffer (20 mM Tris-HCI pH 8.0, 75 mM NacCl, 0.5 mM
EDTA, 0.85 mM dithiotheitol (DTT), 50% glycerol, 10 U SUPERase In, and
protease inhibitor mix). The nuclei suspension was mixed with 200 pL nuclei
lysis buffer (1% Nonidet P-40, 20 mM Hepes pH 7.5, 300 mM NacCl, 1 M Urea,
0.2 mM EDTA, 1 mM DTT, 25 pM a-amanitin, 10 U SUPERase In, and protease
inhibitor mix) for 2 min followed by centrifugation at 4 °C with 18,500 g for
2 min to obtain soluble nucleoplasm fraction and insoluble chromotin-
associated fraction.

Immunoblotting. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) gel was used to separate proteins with different mass. Then, pro-
teins were transferred from SDS-PAGE to PVDF membranes (Fisher). Mem-
branes were blocked in blocking buffer containing Tris-buffered saline (TBS),
5% nonfat milk, and 0.1% Tween-20 for 30 min at room temperature with
shaking. Primary antibodies were diluted in blocking buffer (1:1,000) and added
to membrane overnight at 4 °C. The membrane was washed with Tris-buffered
saline with 0.1% Tween 20 (TBST) three times followed by incubation with
horseradish peroxidase-coupled secondary antibodies for 1 h at room tem-
perature. The membrane was washed by TBST three times, and immunoblots
were visualized using enhanced chemiluminescence (ECL-Plus, GE Healthcare).

mRNA Stability Measurement. Cells were treated with actinomycin D (10 mg/
mL) for different times before trypsinization and collection. For different
samples, an equal amount of RNA spike-in control was added for normali-
zation. Total RNA was isolated by TRIzol Reagent (Invitrogen). After reverse
transcription (see Real-Time gPCR), the mRNA levels of transcripts of interest
were measured by real-time gPCR.

Real-Time qPCR. The complementary DNA (cDNA) was obtained by reverse
transcription using a High Capacity cDNA Reverse Transcription Kit (Invi-
trogen). Real-time PCR was performed using Power SYBR Green PCR Master
Mix (Applied Biosystems) and run on a LightCycler 480 Real-Time PCR System
(Roche Applied Science). Primers are listed in S/ Appendix, Table S1.

Nascent Real-Time gPCR. Nascent RNA was labeled by 1 mM 4-Thiouridine
(s4U) for 10 min. Nuclei was extracted immediately as mentioned above (see
Cell Fractionation), and TRIzol was added to extract nuclear RNA. s4U-
labeled nascent RNA was enriched according to a previously published
procedure with some modifications (38). Briefly, 5 to 10 pg s4U-labeled
nuclear RNA was biotinylated with 5 ng MTSEA biotin-XX (Biotium 90066)
in the biotinylation buffer (25 mM Tris pH 7.4, 2.5 mM EDTA) at room
temperature for 1.5 h. Unbound MTSEA biotin-XX was removed by equal
volume of chloroform/isoamyl alcohol (24:1) (Sigma C0549), and RNA was
precipitated for 30 min at 4 °C with 1:10 volume of 5 M NaCl and an equal
volume of isopropanol. RNA pellet was obtained by centrifugation at
13,000 rpm for 15 min. After washing with 75% ethanol, the RNA pellet was
resuspended in 100 pL RNase-free H,O. Purified RNA was denatured at 65 °C
for 10 min, followed by rapid cooling on ice for 5 min. 4sU-labeled and
unlabeled RNA was separated by using Dynabeads M-280 Streptavidin
(Invitrogen 11206D). Nascent RNA was eluted with 200 pL 0.1 M DTT and
precipitated with 20 pL 3 M NaAc, 2 pL glycogen, and 0.6 mL ice-cold eth-
anol. Finally, the purified 4sU-labeled nascent RNA was used for reverse
transcription and real-time PCR. Primers are specific to exon—intron junction
regions of nascent RNAs, which are listed in S/ Appendix, Table S1.

ASO Knockdown. ASO transfections targeting mouse Heat RNA or human
LOC105370148 RNA were conducted using Lipofectamine 2000 Transfection
Reagent (Invitrogen 11668-500). In brief, cells were treated with locked nucleic
acid (LNA) with a final concentration 50 nM for 6 h before downstream ex-
periments. The LNA sequences are listed in S/ Appendix, Table S1.

Real-Time Luciferase Assay. Cells grown in 35-mm dishes were transfected with
1 pg plasmid containing the luciferase gene for 6 h. After 1 h heat stress (42
°Q), cells were incubated at 37 °C, and 1 mM luciferase substrate D-luciferin
(Registech 360223) was added into the culture medium. Luciferase activity was
monitored and recorded using Kronos Dio Luminometer (Atto).

CRISPR-Display (Plasmid/RNA). CRISPR-Display experiments were performed
according to a previously published procedure (39) with some modifications.
For plasmid version, pCMV-dCas9 plasmid and pCMV-sgRNA-Heat plasmid were
transfected into cells. After 18 h, cells were subject to heat stress (42 °C, 1 h) and
recovery (37 °C) for different times. For RNA version, the pCMV-sgRNA-Heat
plasmid was used as the templates to generate sgRNA-Heat RNA using the
MEGAscript T7 Kit (Invitrogen AM1334). To obtain sgRNA-Heat with the
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adenosine replaced with mPA, in vitro transcription was conducted in a reaction
in which 5% of the adenosine was replaced with N®-methyladenosine. Cells
were first transfected with pCMV-dCas9 for 18 h followed by a second trans-
fection with sgRNA-Heat or sgRNA-Heat (m°A). After 3 h, cells were subject to
heat stress (42 °C, 1 h) and recovery (37 °C) for different times. sgRNA targeting
sequences are listed in S/ Appendix, Table S1.

ChIP. Cells were cross-linked using 1% formaldehyde for 10 min at room tem-
perature, and the reaction was quenched by addition of 250 mM Glycine for
5 min. A total of 500 uL hypotonic buffer (5 mM Hepes pH 8.0, 85 mM KCl, 0.5%
Nonidet P-40, and protease inhibitor mix) was added to cell pellets. After
centrifugation at 1,000 g for 5 min at 4 °C, the supernatant containing cyto-
plasmic fraction was removed. The chromatin fraction was resuspended in
400 pL radioimmunoprecipitation assay buffer (PBS, 1% Nonidet P-40, 0.1%
SDS, 0.5% sodium deoxycholate, and protease inhibitor mix). After 20 min of
incubation on ice, chromatin was fractionated by sonication (Bioruptor) for 30 s
on and 30 s off for a of total 15 min at the highest setting to achieve a mean
DNA fragment size of 200 to 1,000 base pair. After centrifugation for 15 min at
21,000 g at 4 °C, the supernatant was collected followed by antibody addition
(1: 100 ratio) and rotated overnight. Protein A/G beads were precleared with
100 pg bovine serum albumin and 100 pg sonicated sperm DNA followed by
incubation with the lysates for 3 h. The beads were washed in a sequential
manner by lysis buffer, high salt buffer (1% TrionX-100, 0.1% sodium deoxy-
cholate, 50 mM Tris-HCl pH 8.0, 0.5 M NaCl, and 5 mM EDTA), LiCl immune
complex wash buffer (0.25 M LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxy-
cholate, 10 mM Tris-HCl pH 8.0, and 1mM EDTA), and TE buffer (10 mM Tris-HCl
pH 8.0 and 1mM EDTA). Finally, the complex was eluted by 200 pL elution
buffer (1% SDS and 0.1 M NaHCO3) at room temperature for 15 min. Then,
10 pL 5M NaCl was added to reverse the cross-link within the antibody-DNA
complex at 65 °C for 4 h, followed by addition of 10 pL 0.5M EDTA, 20 pL Tris-
HCl pH 8.0, 1 pL proteinase K, and RNase A at 50 °C for 1 h. DNA was purified by
phenol/chloroform and chloroform extraction and isopropanol precipitation.
The primers used for downstream qPCR are listed in S/ Appendix, Table S1.

RNA-Binding Protein IP. For zero-distance cross-linking, cells were pretreated
with 100 pM s4U for 14 h followed by heat shock stress (42 °C for 1 h and
37 °C for 1 h). Cells were washed with PBS once and irradiated at 0.15 J cm™2
total energy of 365 nm ultraviolet light in a Stratalinker 2400. Cells were
collected in lysis buffer (20 mM Tris-HCl pH 7.4, 150 mM NacCl, 5 mM MgCl,,
1 mM DTT, 1% Triton X-100, and 40 U/mL RNaseOUT, protease inhibitor mix)
followed by sonication (Bioruptor) for 30 s on and 30 s off for 15 min at the
highest setting. Lysates were then clarified by centrifugation at 21,000 g at
4 °C for 15 min, and the supernatant was collected. HSF1 or YTHDC1 anti-
bodies were added into the lysates for 2 h at 4 °C. IgG agarose beads were
then added into the mixture for 3 h, and the beads were washed by lysis
buffer three times. Washed beads were treated with 0.1 U uL~" DNase |
(ThermoFisher Scientific EN0521) at 37 °C for 30 min and 1 pg uL™" pro-
teinase K (ThermoFisher Scientific AM2548) at 50 °C for 30 min, followed by
RNA extraction and RT-gPCR. qPCR primers are listed in S/ Appendix,
Table S1.

Biotin-Phenol Labeling in Live Cells. Biotin-phenol labeling was performed as
described before (40). Briefly, genes encoding APEX2 were transfected into MEF
cells. After 24 h, cells were incubated with 0.5 mM Biotinyl tyramide (Sigma
SML2135) for 30 min at 37 °C. The biotinylation reaction was initiated by the
addition of 1 mM H,0, for 1 min. The reaction was stopped with quenching
buffer containing 10 mM sodium azide, 10 mM sodium ascorbate, and 5 mM
Trolox. Cells were washed three times with ice-cold PBS. For Western blotting,
SDS-PAGE loading buffer was added to cell pellets and streptavidin-horseradish
peroxidase (HRP) was used to detect biotinylated proteins. For RNA assay, cells
were lysated in lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM Nacl, 0.5% sodium
deoxycholate, 1% Triton X-100, 10 mM sodium azide, 10 mM sodium ascorbate,
5 mM Trolox, and 40 U/mL RNaseOUT, protease inhibitor mix) for 15 min on ice.
After centrifugation at 13,000 rpm for 10 min at 4 °C, the supernatant was
incubated with 100 pL Dynabeads M-280 Streptavidin (Invitrogen 11206D) at
4 °C for 2 h. Beads were then washed with lysis buffer six times, and RNA was
extracted by the TRIzol Reagent.

Recombinant Protein Purification. Recombinant elF4E-GST and Hisg-mHSF1
proteins were purified from E. coli bacteria BL21 (DE3) (Agilent Technology
200131) transformed by pGEX-6p-1-elF4E (41) and pET28a-Hiss-mHSF1, respec-
tively. To induce protein expression, 0.5 mM IPTG was added at 20 °C for 12 h.
For elFAE purification, cells were lysed in lysis buffer (20 mM Tris-HCl pH 7.5,
300 mM Nadl, 10% glycerol, 5 mM DTT, and 0.5 mM PMSF) and sonicated for
10 min. Cell debris was removed by centrifugation at 15,000 rpm for 30 min.
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The supernatant was incubated with 2 mL equilibrated Pierce Glutathione
Agarose for 2 h at 4 °C. The resin was washed five times with lysis buffer and
used in GST pull-down assay. For mHSF1 purification, cells were lysed in lysis
buffer (20 mM Tris-HCl pH 7.5, 300 mM Nadl, 10% glycerol, 5 mM DTT, and
0.5 mM PMSF) containing 10 mM imidazole. After sonication and centrifuga-
tion, the supernatant was incubated with 1 mL Ni-NTA Agarose (Qigen 30210)
for 1 h at 4 °C. The resin was washed five times with lysis buffer containing
20 mM imidazole, and proteins were eluted in lysis buffer containing 250 mM
imidazole. The eluted Hise-mHSF1 was then dialyzed and concentrated in EMSA
reaction buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol, 40 U/mL
RNaseOUT) using Amicon Ultra 15 mL Filters (30 kDa; Sigma, UFC9030).

In Vitro Methylation Assay. Fusion proteins of METTL3/METTLM 14 (M3/M14)
and HSF1 were purified from E. coli. The in vitro methylation assay was
performed in a 50 pL reaction mixture containing 400 nM in vitro transcribed
Heat RNA, 20 mM Tris pH 7.5, 50 pM ZnCl, 1 mM DTT, 0.01% Triton X, 0.2 U/
pL RNaseOUT, 1% glycerol, 0.5 pCi (methyl-3H)AdoMet (PerkinElmer), and
200 nM M3/M14, with or without 1 uM HSF1. The mixture was incubated at
30 °C for 1 h and then stopped by adding TRIzol Reagent (Invitrogen). RNA
after reaction was precipitated and purified using sodium acetate at —20 °C
for at least 2 h. The precipitated RNA was subjected to radioactivity mea-
surement using scintillation counting (Beckman).

Measurement of Exon Skipping. Total RNA was extracted from MEF cells using
TRIzol Reagent (Invitrogen). For PCR detecting alternative splicing changes,
cDNA was synthesized using SuperScript Ill Reverse Transcriptase (Thermo Fisher
Scientific, 18080044) with Oligo dT primers based on the manufacturer’s pro-
tocol. PCR reactions were carried out using Taq DNA Polymerase (Genescript,
E00101) on a Mastercycler nexus gradient PCR machine (Eppendorf,
2231000765) in 25 pL reaction volume and 35 cycles. The primers used are listed
in SI Appendix, Table S1.

EMSA. The m®A-unmodified or -modified Heat was synthesized by using
MEGAscript T7 Kit (Invitrogen AM1334). FAM-HSE DNA oligonucleotides were
synthesized from Integrated DNA Technologies. Forward (5'-6-FAM-AACGA-
GAATGTTCGCGAAGTTTCTGGCT) and reverse (AGCCAGAAACTTCGCGAACAT-
TCTCGTT) strands were mixed and denatured at 85 °C for 5 min and slowly
cooled down to form double stranded DNA. The purified HSF1 and Heat or
FAM-HSE were incubated on ice for 10 min in binding buffer containing 10
mM Tris-HCl, pH 7.5, 100 mM NadCl, 10% glycerol, and 40 U/mL RNaseOUT. The
RNA-protein mixture was loaded on 1% agarose gel and run at 100 V on ice
for 20 min. FAM signal was recorded at its corresponding excitation wave-
length using a ChemiDoc imaging system (Bio-Rad). Heat RNA was detected by
staining the gel with ethidium bromide for 10 min.

Polysome Profiling Analysis. Sucrose solutions were made in polysome buffer
containing 100 mM KCl, 10 mM Hepes, pH 7.4, 5 mM MgCl,, and 100 mg/mL
cycloheximide. A 15 to 45% (weight/volume) sucrose density gradient was
prepared in an SW41 pLtracentrifuge tube (Backman) using a Gradient Master
(BioComp Instruments). Cells were lysed in polysome lysis buffer (polysome
buffer and 2% Triton X-100) followed by centrifugation at 14,000 rpm for
10 min at 4 °C to remove cell debris. Then, 500 pL supernatant was added onto
the top of sucrose gradients followed by centrifugation for 2.5 h at 38,000 rpm
4 °C in an SW41 rotor. Samples were fractionated using an automated frac-
tionation system (Isco) that continually monitors OD254 values at 750 pL/min.

RNA-Seq. Total RNA was fragmented with fragmentation buffer (10 mM Tris-
HCl, pH 7.0, and 10 mM ZnCl,) at 94 °C for 5 min. To stop the reaction,
50 mM EDTA was added immediately. RNA-seq library construction was
performed as described before with changes (42). Briefly, 4 pg fragmented
RNA was dephosphorylation in the 15 pL mixture containing 1 x T4 poly-
nucleotide kinase buffer, 10 U SUPERase In, and 20 U T4 polynucleotide ki-
nase at 37 °C for 1 h. RNA was separated on a 15% polyacrylamide TBE-urea
gel (Invitrogen). Gels corresponding to 40 to 60 nucleotides (nt) were excised
and dissolved in 400 pL RNA elution buffer (300 mM NaOAc, pH 5.5, 1 mM
EDTA, and 0.1 U mL™" SUPERase In) overnight. After removal of gel debris
using Spin-X column (Corning), RNA was precipitated by one-tenth volumes
of 3 M sodium acetate (pH 5.2), 100 pg mL~" glycogen, and 3 volumes of
100% ethanol overnight. RNA pellets were precipitated by centrifuging at
15,000 rpm for 20 min and washed by 75% ethanol. Then, RNA was dissolved
in 3 pL nuclease-free H,0. A total of 1 puL 0.15 pg/uL library construction (LC)-
linker (S/ Appendix, Table S1) was mixed with RNAs at 70 °C for 90 s followed
by cooling down to room temperature. Ligation was performed in a 12 pL
mixture containing 1x T4 RNL2 reaction buffer, 10 U SUPERase In, 15%
PEG8000, and 20 U T4 RNA ligase 2 truncated at 22 °C for 4 h. For reverse
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transcription reaction, 1 uL 2.5 uM LC-RT primer (S/ Appendix, Table S1) was
added to the ligation products and denatured at 80 °C for 2 min and cooled
down on ice for 5 min. The linker ligated RNA was then mixed with 0.5 mM
dNTP, 20 mM Tris-HCl pH 8.4, 50 mM KCl, 5 mM MgCl,, 10 mM DTT, 40 U
RNaseOUT, and 200 U SuperScript IIl at 50 °C for 1 h, followed by 70 °C for
3 min. The cDNA was ethanol precipitated and dissolved in 15 pL nuclease-
free H,0. Circularization reaction was performed in a mixture containing 1x
CircLigase buffer, 2.5 mM MnCl,, 1 M Betaine, and 100 U CircLigase Il (Epi-
center) at 60 °C for 1 h. The reaction was heat inactivated at 80 °C for 10 min
followed by ethanol precipitation. PCR was performed in a 20 pL mixture
containing 1x HF buffer, 0.2 mM dNTP, 0.5 pM PCR primers (LC-PCR-F1/R1, S/
Appendix, Table S1), and 0.5 U Phusion polymerase. The PCR was initiated at
98 °C for 30s, then 98 °C for 10's, 65 °C for 20 s, 72 °C for 20 s for 12 cycles.
PCR products were separated on a nondenaturing 8% polyacrylamide TBE
gel. Expected DNA at 180 bp was excised and soaked by 400 uL DNA elution
buffer (300 mM NaOAc, pH 5.5, 1 mM EDTA, 20 U mL~' SUPERase In)
overnight. After removal of gel debris using Spin-X column, samples were
ethanol precipitated and dissolved in 15 pL nuclease-free H,O. Finally,
samples were sequenced (lllumina HiSeq) by using sequencing primer
(LC-Seqg-R, S/ Appendix, Table S1)

mP°A-Seq. For capturing m®A containing RNAs, 400 pg fragmented RNA was
incubated with 5 pg anti-mPA antibody (Millipore ABE572) and 5 pg anti-
m°A antibody (Synaptic Systems 200 203) in the IP buffer (10 mM Tris-HCI, pH
7.4, 150 mM NaCl, and 0.1% Nonidet P-40) for 2 h at 4 °C. Then Protein A/G
beads were added for 2 h at 4 °C. After washing with IP buffer three times,
bound RNA was eluted by elution buffer (6.7 mM N°-mthyladenosine 5'-
monophosphate sodium salt in IP buffer), followed by ethanol precipita-
tion. RNA was dissolved in 10 pL nuclease-free H,O and used for library
construction. m®A-seq library construction was performed as described be-
fore with minor changes (35). Briefly, RNA was dephosphorylated (see RNA-
Seq) and polyA tailed in a 20-pL mixture containing 1x poly(A) polymerase
buffer, 1 mM ATP, 0.1 U mL~" SUPERase In, and 3 U E. coli poly(A) poly-
merase at 37 °C for 45 min. For reverse transcription, 1 pL 2.5 uM RT primers
(MCAO02, LGT03, YAGO04, HTCO5; SI Appendix, Table S1) were added to the
ligation products and denatured at 80 °C for 2 min and cooled down on ice
for 5 min. Reverse transcription, circularization, and PCR were performed as
described above (see RNA-Seq). Expected DNA at 140 bp was excised, and
DNA was obtained as mentioned above (see RNA-Seq). PCR primers (qNTI200
and gNTI201) and sequencing primer (LC-seq-R) are listed in S/ Appendix,
Table S1.

Reads Alignment. Low quality reads and 3’ adaptors were trimmed by Cutadapt
(43). For chrRNA-seq and cytRNA-seq, reads were aligned to mm10 using
TopHat (44) with the following parameters: -bowtie 1-no-novel-juncs. Anno-
tation file was obtained from Ensembl (GRCm38.83). Only unique aligning
reads (NH:i:1) were used. PCR duplicates were removed based on unique
molecular identifiers (UMI, 4 random nucleotides at the 5’ end of sequencing
reads). That is, for the reads with the same length and aligning position, one
read was retained arbitrarily; the others with same UMI were removed.

Measurement of Expression Level. For chrRNA-seq and cytRNA-seq, reads per
kilo base per million mapped reads (RPKM) was calculated by dividing
aligning reads by gene length and sample size. Stress-induced genes were
defined as the genes with chrRNA fold change upon heat shock higher
than 2.

Calculation of Exon/Intron Ratio. For each gene, reads aligned to exon and intron
regions were counted, respectively. For overlapping exons, the most upstream
exon was used. To avoid misinterpretations due to insufficient information,
genes with exon or intron in length < 1,000 nt or total aligning reads < 100
were excluded.

Statistical Analysis and Graphics. All statistical analyses were performed using
the R. Hierarchical clustering was performed by the R function hclust. The
heatmap was made by the R package gplots.

Data Availability. Sequencing data have been deposited in Gene Expression
Omnibus with the accession GSE173517.
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