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Supplementary Fig. 1: G4 motifs are enriched around splice sites of cold-repressed exons 

(CRE).   

a Distribution of G-content in sequences within four regions (Fig. 1b) of CRE, CIE and NT in 

HEK293T cells (35°C vs. 39°C). The sample number of CIE (n=3020), NT(n=4835) and CRE 

(n=923) were indicated in the figure. The box displays the interquartile range (IQR) with the 

median line. Whiskers extend to the most extreme data points within 1.5×IQR of the box. 

Significance was estimated by Wilcox test and indicated where significant. ****, P < 0.0001. 

b Schematic illustrating Hela cells cultured at 32°C, 37°C and 40°C.  

c Distribution of G-content in sequence within four regions (Fig. 1b) of CRE, CIE and NT in 

Hela cells (37°C vs. 40°C). The sample number of CIE (n=1877), NT(n=2588) and CRE 

(n=1038) were indicated in the figure. The box displays the interquartile range (IQR) with the 

median line. Whiskers extend to the most extreme data points within 1.5×IQR of the box. 

Significance was estimated by Wilcox test and indicated where significant. 



d The frequency of exons with rG4 peaks around splice sites of cassette exons from rG4-seq data 

of Hela cells treated with K+ and PDS or K+ alone (see bioinformatics Method).  

Supplementary Fig. 2: G4 stabilizers reduce the inclusion of cold-repressed exons.  

a, d and g The evolutionary conservation of G-rich motifs within the conserved regulatory 

elements (CREs) near splice sites across multiple mammalian species: (a) the 5′ splice site of 

CDK4 exon 2, (d) the 3′ splice site of IQSEC exon 8, and (g) both the 3′ splice site (left) and 5′ 

splice site (right) of FKBP15 exon 9, illustrated by a derived consensus sequence, the aligned 

sequences, and a sequence Logo representation (see bioinformatics method).  

b, c, e, f, i and j Quantification of percent spliced-in (PSI) values for CREs in CDK4, IQSEC1, 

and FKBP15 in HEK293T (b, e, i) and HeLa cells (c, f, j) treated with DMSO or the G4 



stabilizer PDS at various temperatures. panel b and c: n=4 independent biological replicates; 

panel e: n=3 (ctr at 35°C and 40°C), n=4 (others);  panel f: n=3; panel i: n=5 (ctr at 33°C, PDS 

treatment at 40°C); n=4 (ctr at 40°C ), n=6 (others); panel j: n=4. In panel b, p=0.0181 (ctr vs. 

PDS) at 33°C, p=0.0404 at 35°C, p<0.0001 at 37°C, p<0.0001 at 40°C, p<0.0001; in panel c, 

p=0.0003 (ctr vs. PDS) at 33°C,p<0.0001 at 35°C，p=0.0003 at 35°C，p<0.0001 at 35°C; in 

panel e, p=0.0115 (ctr vs. PDS) at 35°C，p=0.0048 at 37°C，p=0.0225 at 40°C; in panel f, 

p=0.0022 at 37°C, p=0.0177 at 40°C; in panel i: p=0.0013 (ctr vs. PDS) at 33°C，p<0.0001 at 

35°C，p=0.0022 at 37°C，p=0.0126 at 40°C; in panel j: p<0.0001 (ctr vs. PDS) at 33°C，

p<0.0001 at 35°C，p=0.0191 at 37°C，p=0.0009 at 40°C. 

h Representative RT-PCR gel images showing the inclusion levels of FKBP15 CRE exon 9 after 

PDS treatment in HEK293T and HeLa cells. Quantification of these results is shown in panels i 

(HEK293T) and j (HeLa). Individual data points and mean ± SD are shown. In this figure, 

statistical analysis was performed using two-tailed unpaired t test. ns denotes no significance, * 

denotes P ≤ 0.05, ** denotes P ≤ 0.01, *** denotes P ≤ 0.001 and **** denotes P ≤ 0.0001. 

Source data are provided as a Source Data file.   



Supplementary Fig. 3: G4 ligands regulate alternative splicing of temperature sensitive rG4 

containing exons in HEK293 cells. 

a, c, e and g Representative gel of CRE inclusion level of CDK4 (a), IQSEC1 (c), RBM3 (e) and 

RBM3 minigene (g) treated with DMSO or G4 ligands (10 µM for the NMM, Phen-DC3 and 

PDS, 50 mM for KCl) at indicated temperatures for 48 hrs in HEK293 cells. A representative gel 

image is shown. PCR products and sizes are indicated near the gel.  

b, d, f and h Quantification results of a, c, e and g respectively.  Individual data points and 

mean ± SD are shown. In panel b and d, n=4 independent biological replicates, p<0.0001 (Ctr vs. 

Phen-DC3) in CDK4 (b), p=0.0138 (Ctr vs. Phen-DC3) in IQSEC1(d) ; in panel f, n=5 at 33°C; 

n=4 at 37°C, p=0.0007 (Ctr vs. Phen-DC3 at 37°C); in panel h, n=3, p=0.0148 (DMSO vs. Phen-

DC3), p<0.0001(DMSO vs. PDS), p<0.0001 (H2O vs. KCl).  In this figure, statistical analysis 

was performed using two-tailed unpaired t test. ns denotes no significance, * denotes P ≤ 0.05, 

** denotes P ≤ 0.01, **** P ≤ 0.001. Source data are provided as a Source Data file. 

 



Supplementary Fig. 4: Decreased inclusion of RBM3 exon 3a in the mutant of the 

conserved R1 and R3 elements.  

a Illustration of positions of G-rich elements adjacent to the splice sites of RBM3 exon 3a. R1, 

R2, R3, R4 and R5 represent the position of each G-rich element, respectively.  

b WT sequences and their corresponding G-rich element mutants shown in (a). G-rich elements 

are highlighted in yellow. Constructs labeled R1-1G, R2-1G, R3-1G, R4-1G, and R5-1G contain 

a single G-to-C mutation in each G4 tract relative to the corresponding WT sequence. Constructs 

R1-2G, R2-2G, R3-2G, R4-2G, and R5-2G carry GG-to-CC mutations in each G4 tract. 

c-d Inclusion levels of RBM3 exon 3a in WT and mutant mRBM3 minigenes at 37°C in 

HEK293T (c) and N2a (d) cells (n=2 independent biological replicates). A representative gel 

image is shown in the upper part. PCR products and sizes are indicated on the left. Quantification 

results are shown below the gel.  

e Splice site strength predictions for the 3’-splice site of RBM3 exon 3a WT and mutants using 

MaxEntScan (see bioinformatics Method). 



f Inclusion level of mRBM3 R13-2G minigene treated with DMSO or G4 ligands (10 µM for 

the PDS, Phen-DC3 and NMM, 50 mM for KCl) at 37°C for 48 hrs in HEK293 cells (n=3 

independent biological replicates). A representative gel image is shown. PCR products and 

sizes are indicated on the right.  

 

g Quantification results of f. Individual data points and mean ± SD are shown (n=3 independent 

biological replicates). In this figure, statistical analysis was performed using two-tailed unpaired 

t test. ns denotes no significance. Source data are provided as a Source Data file. 

  



Supplementary Fig. 5: G-rich elements regulate temperature-sensitive alternative splicing. 

a Schematic of MINX minigenes containing part of the RBM3 pre-mRNA. A segment of the 

RBM3 gene starting with exon 3a, including either the WT or mutated G-rich R1 element, was 

cloned in the MINX minigene. The construct contains only the splice sites and G-rich sequences 

within exon 3a but no other exonic splicing splicing regulatory sequences. MINX sequence is 

highlighted in black, RBM3 sequence in orange. 

b Representative splicing results of the MINX minigenes from (a) by radioactive RT-PCR (n=3 

independent biological replicates). The minigenes were transfected into HEK293T cells 

overnight, followed by different temperature treatments for another 24hrs.  

c Quantification of (b), individual data points and mean ± SD are shown (n=3 independent 

biological replicates). p=0.0014 (33°C vs. 39°C for WT)，p=0.0093 (33°C vs. 39°C for MUT). 

d Schematic of the fluorescent minigene reporter containing R1 and/or R3 G-rich elements. The 

R1 and/or R3 elements were cloned near the splice sites of the cassette exon of the reporter gene1. 

The inserted cassette exon introduces a frameshift in DsRed and lacks a stop codon upstream of 

GFP, resulting in GFP expression but no DsRed expression. However, if the cassette is skipped, 

DsRed is expressed, and the stop codon prevents GFP expression. R1R denotes the replacement 



of the sequence near the splice sites of the cassette exon in the minigene with R1, while the 

others represent the insertion of R1 and/or R3 near the splice sites. 

(e) Reprehensive confocal images of HEK293 cells transfected with different fluorescent 

minigene reporters from (d). The minigenes were transfected into HEK293 cells overnight, 

followed by different temperature treatment for another 24hrs.  

(f) Quantification of images in (e). The mean fluorescent intensity in each image was 

automatically quantified by Fiji. Individual datapoints and mean ± SD are shown (n=3 

independent biological replicates). p=0.5786 (37°C vs. 39°C) for WT, p=0.0208 for R1R, 

p=0.0001 for R1, p=0.0036 for R3, p=0.0081 for R1R+R3, p=0.0495 for R1+R3. Statistical 

analysis was performed using two-tailed unpaired t test. ns denotes no significance, * denotes P 

≤ 0.05, ** denotes P ≤ 0.01, ***P ≤ 0.001. Source data are provided as a Source Data file.   



Supplementary Fig. 6: G4-specific immunostaining shows temperature and potassium 

dependent G-quadruplex formation in live cells. 

a, c and e Representative confocal images showing G4-specific staining under different 

temperatures and treatment conditions in HEK293 cells (a, c) and HT22 cells (e). Panel (a) 

presents 10× magnification images, while panel (b) shows corresponding 20× magnification 

images, as indicated in the figure. Cells were treated at different temperatures for 48hrs, followed 

by PBS or benzonase treatment and immunostaining with G4 specific antibody and Hoechst, 

then confocal imaging. Glutamate treatment can induce membrane depolarization in HT22 cells, 

activating the voltage-gated potassium channel and can mimic the neuronal injury2. Voltage-

gated potassium channel blocker (AFP, Amifampridine) is used to increase intracellular 

potassium in the glutamate-depolarized/-excited HT22 cells.  

 
b, d and f Quantifications of (a), (c) and (e) respectively with Fiji. Quantifications were based on 

three independent biological replicate images, with signal intensity measured in 18-32 cells (in b: 

n=32 cells at 37°C, n=30 cells at 33°C (PBS), n=21 cells at 33°C (Benzonase) per image; in d: 



n=21 cells at 37°C, n=18 cells at 33°C (PBS), n=22 cells (Benzonase); in f: for 10X 

magnification (n=17 cells for Glut and Glut+AFP), for 20X magnification (n=20 cells for Glut, 

n=25 cells for Glut+AFP). p<0.0001 in all comparisons in this figures. Each dot represents the 

average intensity of G4 in a single cell. The scatter dot plots are shown as the mean ± SD. Each 

individual data point is shown. Statistical analysis was performed using two-tailed unpaired t test. 

**** denotes P ≤ 0.0001. Source data are provided as a Source Data file. 

  



Supplementary Fig. 7: SHAPE-MaP probing shows temperature dependent G-quadruplex 

formation of RBM3 exon3a in living cells. 

a and b Representative sanger sequencing results of gel-purified SHAPE-modified products near 

the 5’ (RBM3-R1) and 3’ (RBM3-R3) splice sites of RBM3 cold-repressed exon 3a containing 

putative rG4. The indel percentage labeled in the figure is quantified by TIDE software3. Source 

data are provided as a Source Data file. 

 



Supplementary Fig. 8: SHAPE-MaP probing shows temperature-dependent G-quadruplex 

formation of CDK4 and FKBP15 in living cells. 

a and c Representative sanger sequencing results of gel-purified SHAPE-modified products near 

the splice sites of cold-repressed exons containing putative rG4 in CDK4 and FKBP15. 

 

b and d Quantified indel percentage of sanger sequencing data from (a and c). The indel 

percentages were quantified using TIDE software3 within the 50 bp upstream and downstream 

regions of the putative rG43. In b, n=3 independent biological replicates for PDS, n=4 for others, 

p=0.0280 (37°C vs. 33°C), p= 0.0003 (37°C vs. PDS)，p=0.0004 (37°C vs. Phen-DC3); in d, 

n=3, p=0.0099 (37°C vs. 33°C), p=0.0271(37°C vs. PDS)，p=0.0241 (37°C vs. Phen-DC3). The 

scatter dot plots are shown as the mean ± SD. Statistical analysis was performed using two-tailed 

unpaired t test. * denotes P ≤ 0.05, ** denotes P ≤ 0.01 and ***P ≤ 0.001. Source data are 

provided as a Source Data file. 



 
Supplementary Fig. 9: RBM3-mediated neuronal protection by 4-AP in the hemin-induced 

cell model.  

a Representative immunostaining of nuclear marker DAPI, neuronal marker NeuN, RBM3 and 

merged images from treatments as in Fig. 6a.  

b Relative RBM3 expression was quantified in images as shown in (a) (n=3 independent 

biological replicate images). p<0.0001 in all comparisons.  

c and d Relative RBM3 expression after lentiviral overexpression in hemin- and control-treated 

HT22 cells. RBM3 mRNA expression was assessed by qPCR in (c) (n=3 independent biological 

replicates), while RBM3 protein expression was measured by Western blot in (d). Below the gel, 

quantification relative to GAPDH is shown (see Method, n=3 independent biological replicates). 

In c: p<0.0001 (OE-NC vs. OE-RBM3, OE-RBM3 vs. OE-RBM3+Hemin), p=0.0048 (OE-NC 

vs. OE-NC+Hemin), p=0.0067 (OE-NC+Hemin vs. OE-RBM3+Hemin); In d: p=0.0019 (OE-

NC vs. OE-NC+Hemin), p= 0.0104 (OE-NC+Hemin vs. OE-RBM3+Hemin). 

e Cell viability in treatments as in (c), quantified by CCK-8 assay in HT22 cells (n=6 

independent biological replicates). p<0.0001 (OE-NC vs. OE-NC+Hemin, OE-RBM3 vs. OE-

RBM3+Hemin)， p=0.0001 (OE-NC+Hemin vs. OE-RBM3+Hemin) 



f-g The percentage of dead cells in treatments as in (c). Stained images for dead/live cells are 

presented in (f), with quantification of dead cells in (g) (see Method, n=3 independent biological 

replicate images). p<0.0001 (OE-NC vs. OE-NC+Hemi), p=0.0050 (OE-RBM3 vs. OE-

RBM3+Hemin)， p=0.0017 (OE-NC+Hemin vs. OE-RBM3+Hemin). In this figure, the scatter 

dot plots are shown as the mean ± SD. Statistical analysis was conducted using ordinary one-way 

ANOVA followed by Šídák’s multiple comparisons test (b: Dunnett’s multiple comparisons test) 

with a single pooled variance. ns denotes no significance, * denotes P ≤ 0.05, ** denotes P ≤ 

0.01, ***P ≤ 0.001 and **** denotes P ≤ 0.0001. Source data are provided as a Source Data.   



 
Supplementary Fig. 10: RBM3-mediated neuronal protection by 4-AP in the SAH mouse 

model.  

a and b RBM3 exon 3a inclusion and the ratio of RBM3 exon 3a to total RBM3 following 4AP 

administration in the cortical region (Fig. 7b) of the SAH mouse model. RBM3 exon 3a qPCR 

primer-1 (a) and RBM3 exon 3a qPCR primer-2 (b) were used to quantify RBM3 exon 3a 

inclusion, respectively. In panel (a), mouse GAPDH was used as normalized control. In panel (b), 

the left graph shows RBM3 exon 3a expression normalized to mGAPDH, while the right graph 

displays the ratio of RBM3 exon 3a to total RBM3 transcript levels (see Method, n=3 mice). In 

panel a, p= 0.0312(Sham vs. SAH)， p=0.3229 (SAH vs. SAH+4-AP)， p=0.9910 (SAH+4-AP 

vs. SAH+4-AP+sh-NC); in panel b (left), p=0.1408 ( sham vs. SAH)， p=0.0185 (SAH vs. 

SAH+4-AP)，p>0.9999 (SAH+4-AP vs. SAH+4-AP+sh-NC); in panel b (right), p=0.0128 



(sham vs. SAH), p =0.0086 (SAH vs. SAH+4-AP), p=0.9997 (SAH+4-AP vs. SAH+4-AP+sh-

NC). 

c Representative immunostaining images in the cortical region (Fig. 7b) of the SAH injected 

with lenti-shRBM3 and lenti-NC and sham mouse model in vivo after 4-AP and control 

administration. Quantification data is in Fig. 7f and h (also see Method, n=5 mice).  

d Representative immunostaining images of DAPI, NeuN and TUNEL of the cortical region (Fig. 

7b) in the mice treated as Fig. 7a. Quantification data is in Fig. 7g (n=5 mice). 

e Representative Nissl-stained images of the cortical region (Fig. 7b) of the mice treated as 

described in Fig. 7a (n=5).  

f Quantified number of Nissl substance-positive cells with normal morphology in (e) (n=5 mice). 

p=0.0001(Sham vs. SAH)，p=0.0456  (SAH vs. SAH+4-AP)，p=0.0113 (SAH+4-AP+sh-NC 

vs. SAH+4-AP+sh-RBM3), p=0.9948 (SAH+4-AP vs. SAH+4-AP+sh-NC). Supplementary Fig. 

10f is presented as box and whisker plots with min to max showing all points of biological 

replicates. Others are the scatter dot plots shown as the mean ± SD. Statistical analysis was 

conducted using ordinary one-way ANOVA followed by Šídák’s multiple comparisons test with 

a single pooled variance. ns denotes no significance, * denotes p≤ 0.05, ** denotes p≤ 0.01, *** 

denotes p≤ 0.01. Source data are provided as a Source Data file. 

 



Supplementary Fig. 11: Overexpression of RBM3 confers neuronal protection in the SAH 

mouse model.  

a RBM3 mRNA expression of the SAH injected with lenti-OE-RBM3 and lenti-NC and sham 

mouse model in vivo (also see Fig. 7a and Method, n=3 mice). p=0.0613 (Sham vs. SAH), p= 

0.9917  (SAH vs. SAH+OE-NC) ， p=0.0053 (SAH vs. SAH+OE-RBM3) ， p=0.0090 

(SAH+OE-NC vs. SAH+OE-RBM3). 

b Representative HE stainings in the cortical region (Fig. 7b) of the mice treated as described in 

(a) and Fig. 7a. Representative healthy neurons are denoted by black arrows, damaged neurons 

by red arrows and endothelial cells in the capillary by blue arrows (n=5 mice).  

c Quantified Spongiosis score of HE staining in (b) (n=5 mice). Spongiosis was scored on a scale 

of 0–4 based on the degree of intercellular edema and vesicle/bullae formation: 0=absent, 1= 

minimal, 2=mild, 3=moderate, 4=severe (more details, also see Method).  p<0.0001 (Sham vs. 

SAH)， p=0.7022 (SAH vs. SAH+OE-NC) ，p=0.0089 (SAH+OE-NC vs. SAH+OE-RBM3). 

d Healthy neuronal count of the HE staining shown in (b) (n=5 mice). Healthy neurons are 

identified by round or oval cell bodies with lightly eosinophilic cytoplasm, centrally located 

nuclei, and prominent nucleoli. Unhealthy neurons are identified by eosinophilic necrosis, 

exhibiting cell body shrinkage, intensely stained eosinophilic cytoplasm, and darkly stained 



pyknotic nuclei. p<0.0001 (Sham vs. SAH), p=0.9814 (SAH vs. SAH+OE-NC), p=0.0019 

(SAH+OE-NC vs. SAH+OE-RBM3). 

e Representative images of Nissl staining in the cortical region (Fig. 7b) of the mice treated as (a) 

(also see Fig. 7a and Method, n=5 mice).  

f Quantified number of Nissl substance-positive cells with normal morphology in (e) (n=5 mice). 

p<0.0001 (Sham vs. SAH)，  p=0.3843 (SAH vs. SAH+OE-NC)，  p<0.0001 (SAH vs. 

SAH+OE-RBM3)， p=0.0011 (SAH+OE-NC vs. SAH+OE-RBM3). 

g Modified Garcia score assessing neurological function in mice treated as (a). This composite 

score evaluates spontaneous activity, limb symmetry, forepaw outstretching, climbing, body 

proprioception, and response to vibrissae stimulation (see Method55, n=10 mice). p<0.0001 

(Sham vs. SAH)， p=0.9831 (SAH vs. SAH+OE-NC)， p=0.0241 (SAH+OE-NC vs. SAH+OE-

RBM3). 

h Latency to fall of the mice treated as (a) in the Rotarod Test (see Method, n=10 mice). 

p<0.0001 (Sham vs. SAH)， p>0.9999 (SAH vs. SAH+OE-NC), p=0.0823 (SAH+OE-NC vs. 

SAH+OE-RBM3). Supplementary Fig. 11c and 11f are shown as box and whisker plots with min 

to max showing all points of biological replicates. Others are the scatter dot plots shown as the 

mean ± SD. Statistical analysis was conducted using ordinary one-way ANOVA followed by 

Šídák’s multiple comparisons test with a single pooled variance. ns denotes no significance, * 

denotes P ≤ 0.05, ** denotes P ≤ 0.01, and **** denotes P ≤ 0.0001. Source data are provided as 

a Source Data. 

  



Component Description Score Range

Spontaneous Activity

0: No spontaneous activity; 1: Minimal
spontaneous activity with no coordination
or purposeful movement; 2: Moderate
spontaneous activity with some
coordination and purposeful movement; 3:
Normal spontaneous activity, with full
coordination and purposeful movement.

0-3

Symmetry in the Movement of Four Limbs

0: No movement of four limbs; 1:
Asymmetric movement or no movement in
one or more limbs; 2: Slightly asymmetric
movement in all four limbs; 3: Symmetric
movement in all four limbs.

0-3

Climbing on an Incline

0: Unable to climb on an inclined surface;
1: Partially successful attempt to climb on
an inclined surface; 2: Successful climb on
an inclined surface with some hesitation or
difficulty; 3: Successful climb on an
inclined surface without hesitation or
difficulty.

0-3

Symmetry of the Forelimbs Outstretching

0: No forelimbs outstretching; 1:
Asymmetric forelimbs outstretching; 2:
Slightly asymmetric forelimbs
outstretching; 3: Symmetric forelimbs
outstretching.

0-3

Touch Response

0: No response to touch stimuli; 1:
Minimal response or delayed response to
touch stimuli; 2: Moderate response to
touch stimuli; 3: Normal response to touch
stimuli.

0-3

Proprioception Response

0: No proprioception response; 1: Partial
or delayed proprioception response; 2:
Slight reduction in proprioception
response; 3: Normal proprioception
response.

0-3

Supplementary Table 1

 

Supplementary Table 1: Modified Garcia scoring system for neurological assessment in 

mice. 

This table outlines the components and scoring criteria used to assess neurological function 

following experimental intervention. Each parameter—spontaneous activity, limb movement 

symmetry, climbing ability, forelimb outstretching, touch response, and proprioception 

response—is scored on a scale of 0–3, with higher scores indicating better neurological function. 



Detailed descriptions for each score category are provided to ensure reproducibility and 

consistent evaluation across experiments.   
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