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Figure S1. TXNDC5 expression is significantly upregulated in endothelial cells 
exposed to disturbed flow. (A) qRT-PCR (n=12) and (B) immunoblotting (n=9) 
showed upregulation of TXNDC5 transcript and protein levels, accompanied by 
downregulation of NOS3/eNOS and KLF2, in HAEC subjected to 24-hr athero-
susceptible disturbed flow (DF) when compared to those in cells under 24-hr athero-
protective unidirectional flow (UF). (C) En face staining of the mouse aorta showed 
decreased eNOS expression in the endothelium of aortic arch (AA, inner curvature) 
compared to that of descending thoracic aorta (DA) in C57BL/6 mice (n=4). (* denotes 
p<0.05, ** denotes p<0.01, *** denotes p<0.001 determined using two-tailed Mann-



Whitney U test). 
  



Figure S2. No change of plasma lipid profile or inflammatory markers by Txndc5 
deletion in ApoE-/- mice. (A) Plasma levels of total cholesterol and triglyceride were 
similar in DKO and ApoE-/- mice fed with HFD (n=6-9). Wild type (WT): C57BL/6 
mice (B) Plasma levels of IL1β and C-reactive protein (CRP) were indistinguishable 
between ApoE-/- and DKO mice fed with HFD (n=15-18). (*** denotes p<0.001, 
n.s.=non-significant determined using two-tailed Mann-Whitney U test). 
 
  



 



Figure S3. Endothelial deletion of disturbed flow-induced Txndc5 significantly 
reduces atherosclerosis in vivo. (A-B) Txndc5 was efficiently deleted in the 
endothelium-enriched intima of contralateral (RNA expression) (n=6-13) and ligated 
carotid arteries (protein expression using IF staining, intensity measured along the 
vessel lumen, n=3-4) from Cdh5-Cre/ERT2::Txndc5fl/fl (Txndc5∆ECKO) mice upon 
tamoxifen injection. (C) Endothelial-specific deletion of Txndc5 by Cdh5-Cre 
recombinase significantly reduced DF-induced atherosclerosis in the ligated LCA in 
hypercholesterolemic Cdh5-Cre/ERT2::Txndc5fl/fl (Txndc5∆ECKO) mice compared to 
tamoxifen-treated Cdh5-Cre/ERT2 controls in the ApoE-/- background (n=6-9). (D) 
Endothelium-specific deletion of Txndc5 significantly reduced atherosclerotic lesions 
at aortic sinus in hypercholesterolemic Txndc5∆ECKO mice compared to tamoxifen-
treated Cdh5-Cre/ERT2 controls. Hypercholesterolemia was induced by PCSK9-
overexpression (one tail vein injection of AAV9-PCSK9, 1x1011 VG) and 3-month 
HFD (n=4-5). (E) No significant differences in total plasma cholesterol levels were 
observed in Txndc5∆ECKO and Cdh5-Cre/ERT2 mice subjected to AAV9-PCSK9 
injection and fed with 3-month HFD (n=4-5) (* denotes p<0.05, *** denotes p<0.001, 
n.s.=non-significant determined using two-tailed Mann-Whitney U test). 
  



 

Figure S4. TXNDC5-mediated endothelial dysfunction and atherosclerosis are 
eNOS/nitric oxide-dependent. (A) Nitric oxide (NO) production was significantly 
increased in TXNDC5-knockdowned (with shRNA, shTXNDC5), whereas decreased in 
TXNDC5-overexpressed (TXNDC5 vector), HAEC (n=8). (B) Knockdown of TXNDC5 
increased, while overexpression of TXNDC5 reduced, transendothelial electrical 
resistance (TEER) measured in HAEC. TXNDC5 knockdown-induced increase in 
TEER was blocked by the treatment of NOS inhibitor L-NG-nitroarginine methyl ester 



(L-NAME, 200 µM), whereas TXNDC5 overexpression-mediated TEER reduction was 
mitigated by the treatment with an NO donor S-Nitroso-N-Acetyl-D, L-Penicillamine 
(SNAP, 2µM) in HAEC (n=3). (C) Global Txndc5 deletion significantly reduced DF-
induced atherosclerosis in the ligated carotid artery in DKO (Txndc5-/-::ApoE-/-) mice 
compared to ApoE-/- mice. Inhibition of eNOS activity in vivo using L-NAME 
(4.3mmol/L in drinking water) simultaneously with HFD abrogated the reduction of 
atherosclerotic plaques caused by Txndc5 deletion in ApoE-/- mice following 2-week 
PCAL+HFD (n=8-9). (*denotes p<0.05, ***denotes p<0.001, n.s.=non-significant 
determined using two-tailed Mann-Whitney U test in Figure A and C, and unpaired t-
test in Figure B). 
  



 
Figure S5. RNA sequencing analysis identifies heat shock response regulated by 
TXNDC5 depletion. (A) Co-immunoprecipitation (Co-IP) experiments showed no 
physical interaction between TXNDC5 and eNOS. (B) Gene ontology (GO) and (C) 
pathway analyses of the transcripts that were upregulated in TXNDC5-depleted 
(siTXNDC5) HAEC exposed to DF revealed a significant enrichment of genes that are 
involved in heat shock response, including regulation of HSF1 (heat shock factor 1)-
mediated heat shock responses, cellular response to heat/external stimuli, and response 
to unfolded protein. siScr: non-targeting scrambled control. 
  



  

Figure S6. TXNDC5 downregulates eNOS by transcriptional regulation of HSP90. 



(A) HSP90 protein expression was reduced in DF-exposed, compared to UF-exposed, 
HAEC (n=4). (B) TXNDC5 knockdown increased, whereas TXNDC5 overexpression 
decreased, HSP90AA1 mRNA in HAEC (n=9-11). (C) Pharmacological inhibition of 
HSP90 with geldanamycin (GA, 1 µmol/L) abolished TXNDC5 depletion-induced 
eNOS upregulation in HAEC (n=4-5). (D) Endothelium-specific deletion of Txndc5 by 
Cdh5-Cre/ERT2 restored eNOS expression (intensity measured along the vessel lumen) 
in the ligated LCA in Txndc5∆ECKO mice (n=6). (* denotes p<0.05, ** denotes p<0.01, 
*** denotes p<0.001, n.s.=non-significant determined using two-tailed Mann-Whitney 
U test). 
  



 
Figure S7. TXNDC5 increases ubiquitin-dependent HSF1 degradation without 
affecting its transcripts. (A) HSF1 protein expression was reduced in DF-exposed, 
compared to UF-exposed, HAEC (n=7). (B) Endothelial HSF1 transcript level was 
unaffected by athero-relevant hemodynamic forces (n=12). (C) Neither knockdown nor 
overexpression of TXNDC5 altered HSF1 transcript level in HAEC (n=9-11). (D) 
Immunoblots of HSF1 pulled-down protein lysates showed markedly increased 
ubiquitination of HSF1 in TXNDC5-overexpressed, compared to mock treated, HAEC 



(n=2). (** denotes p<0.01, *** denotes p<0.001, n.s.=non-significant determined using 
two-tailed Mann-Whitney U test). 
  



 
Figure S8. Efficiency of KLF2 overexpression and its binding sites at TXNDC5 
promoter region. (A) Scheme of the possible KLF2 binding site at human and mouse 
TXNDC5 promoter region. (B) Robust overexpression of KLF2 was achieved in KLF2 
wild-type transcript (KLF2 OE) and untranslated KLF2 transcript (Mock) compared to 
empty control (n=4) (* denotes p<0.05 using two-tailed Mann-Whitney U test). 
  



 
Figure S9. Efficient and specific deletion of endothelial TXNDC5 by nanoparticle-
delivered, CRISPR-Cas9-mediated endothelial genome editing in vivo. Txndc5 was 
efficiently and specifically depleted in the endothelium-enriched intima without 
affecting the Txndc5 level in the media and adventitia (M+A), of aortic arch from ApoE-

/- mice 9 days after single injection of endothelial Txndc5 deletion nanoparticles (n=5-
6). The formulation of the nanoparticles carrying CDH5-driven CRISPR/Cas9 is 
described in Figure 7A. (** denotes p<0.01, n.s.=non-significant determined using two-
tailed Mann-Whitney U test).  
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Table S2. Primer list 
Gene   

 

Primer sequence 
Human 
HPRT  F: 5’ CGTCTTGCTCGAGATGTGATG 3’ 

R: 5’ GCACACAGAGGGCTACAATGTG 3’ 
β-actin F: 5’ TCCCTGGAGAAGAGCTACGA 3’ 

R: 5’ AGGAAGGAAGGCTGGAAGAG 3’ 
GAPDH F: 5’ TGCACCACCAACTGCTTAGC 3’ 

R: 5’ GGCATGGACTGTGGTCATGAG 3’ 
Ubiquitin F: 5’ ATTTAGGGGCGGTTGGCTTT 3’ 

R: 5’ TGCATTTTGACCTGTTAGCGG 3’ 
TXNDC5 F: 5’ CGCACAGCAAGCACCTGTA 3’ 

R: 5’ GCGCGAAGAACATGACGAAG 3’ 
NOS3 F: 5’ GAACCCATCCTGCCGTCCTT 3’ 

R: 5’ CACGCTGTTGAGGTCGTCG 3’ 
KLF2 F: 5’ GCACGCACACAGGTGAGAAG 3’ 

R: 5’ ACCAGTCACAGTTTGGGAGGG 3’ 
HSP90AA1 F: 5’ AAGTCTGGGACCAAAGCGTTC 3’ 

R: 5’ GTTCCACGACCCATAGGTTCAC 3’ 
HSF1 F: 5’ TCTCACTGGTGCAGTCAAAC 3’ 

R: 5’ GGCTATACTTGGGCATGGAAT 3’ 
Mouse 
Hprt  F: 5’ TAATCACGACGCTGGGACTG 3’ 

R: 5’ GTTGGGCTTACCTCACTGCT 3’ 
β-Actin F: 5’ GATCAAGATCATTGCTCCTCCTG 3’ 

R: 5’ AGGGTGTAAAACGCAGCTCA 3’ 
Gapdh F: 5’ TGCACCACCAACTGCTTAGC 3’ 

R: 5’ GGCATGGACTGTGGTCATGAG 3’ 
Ubiquitin F: 5’ AGTGACGAGAGGCTTTGTCC 3’ 

R: 5’ CGAAGATCTGCATTTTGACCTGT 3’ 
Txndc5 F: 5’ AGGATACCCCACCCTGAAGT 3’ 

R: 5’ GCTCAAAGTTGTTGGCCGAG 3’ 
Txndc5_exon2-
3 

F: 5’ GTGGACTGCACGGCTGATTC 3’ 
R: 5’ GCAGCATCCAGTTTTCCAGTG 3’ 

Nos3 F: 5’ GAAGGCGTTTGATCCCCGGGTCCTG 3’ 
R: 5’ CAGCTCCTCCAGCCTTGTGTCCAC 3’ 

Klf2 F: 5’ GCGTACACACACAGGTGAGA 3’ 
R: 5’ GCACAAGTGGCACTGAAAGG 3’ 



Hsp90aa1 F: 5’ AATGCTTAGAACTATTTACTGAACTAGCAGAA 3’ 
R: 5’ GTCCTCGTGAATTCCAAGCTTT 3’ 

Pecam-1  F: 5’ AGCCTAGTGTGGAAGCCAAC 3’ 
R: 5’ CTGTACACCGTCTCTGTGGC 3’ 

Acta2  F: 5’ TTTCCAAATCATTCCTGCCC 3’ 
R: 5’ CDCTCTCAAATACCCCGTTT 3’ 

 
  



Table S3. Antibody list 
Target antigen Vendor Cat 

number 
Species Working 

concentration 
β-actin Abcam, Cambridge, UK ab6276 Mouse WB: 1:3000 
CD-11b BioLegend, CA, USA 420301 Rat Flow cytometry 

1:100 
phospho-eNOS, 
Ser 1177 

BD biosciences, NJ, 
USA 

612393 
 

Mouse WB: 1:1000 

total-eNOS Cell Signaling 
Technology, MA, USA 

32027 Rabbit WB: 1:1000 
IF: 1:50-100 

HSF-1 Cell Signaling 
Technology, MA, USA 

4356 Rabbit WB: 1:1000 

HSP90 BD Biosciences, NJ, 
USA 

610418 Mouse WB: 1:4000 

TXNDC5 Proteintech, IL, USA 19834-1-
AP 

Rabbit WB: 1:50000 
IF: 1:500-1000 

Ubiquitin Cell Signaling 
Technology, MA, USA 

3936 Mouse WB: 1:1000 

VE-Cadherin BD Biosciences, NJ, 
USA 

555289 Rat IF: 1:50-100 

IF: immunofluorescence, IHC: immunohistochemistry, WB: western blotting 
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