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Mechano-sensitive TET1s inhibits
endothelial athero-susceptible phenotype
through regulating YAP phosphorylation
Atherosclerosis is a chronic progressive disease and one of
the major causes of cardio-cerebral vascular diseases.
Accumulating evidence indicates that endothelial dysfunc-
tion is the initiating step in atherosclerosis. The pattern of
local blood flow becomes disturbed (low and oscillatory
shear stress [OSS]) in the curved or branched segments of
the arterial tree, causing endothelial cells (ECs) to exhibit
athero-susceptible phenotypes, such as hyperproliferation
and inflammation. By contrast, laminar blood flow in the
straight parts of the arterial tree (high and unidirectional
laminar shear stress [LSS]) causes ECs to act in a way that
protects against atherosclerosis. The short isoform of Tet
methylcytosine dioxygenase 1 (TET1s)1,2 is implicated in
early embryonic development, cancer, and the mammalian
nervous system.1e3 However, whether TET1s expression in
ECs can regulate the initiation and development of
atherosclerosis has not been explored. In the present study,
we provided in vivo and in vitro evidence that atherogenic
OSS reduced TET1s expression in ECs. The reduction in
TET1s expression in turn induced the inflammatory and
proliferative responses of ECs and ultimately led to
atherosclerotic lesion formation. In addition, we demon-
strated that TET1s prevented the OSS-mediated nuclear
translocation of yes-associated protein (YAP) by increasing
its phosphorylation at serine 127. These findings support
the protective role of TET1s in modulating endothelial
athero-susceptible phenotypes and atherogenesis.

In vivo animal models and an in vitro parallel-plate flow
chamber system were used to evaluate the effect of
disturbed flow on TET1s expression. Especially, a partial
carotid ligation mouse model was used to show that TET1s
mRNA and protein expression were lower in the left carotid
artery (LCA, which had disturbed blood flow) than in the
contralateral right carotid artery (RCA, which retained
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unidirectional blood flow) 48 h post-ligation (Fig. 1A, B; Fig.
S1A, S1B). In addition, we demonstrated that TET1s mRNA
and protein levels were reduced in the in-vitro-cultured
human umbilical vein endothelial cells (HUVECs) placed
under OSS (Fig. 1C; Fig. S1C, D). To further investigate the
role of TET1s in atherogenesis, we obtained TET1 and TET1s
double-knockout mice (Tet1�/�), and TET1 knockout mice
(Tet1cs/cs) on an ApoE�/� background. These mice were fed
a high-fat diet (HFD) for 8 weeks to generate the athero-
sclerosis model. The ApoE�/� mice on an HFD were used as
the controls. Aortic-root staining showed that Tet1�/�

ApoE�/� mice had more lipid accumulation than the other
two groups (Fig. 1D, E), which indicated that TET1s might
influence hemodynamic force-related atherosclerosis.

A series of functional assays were then performed to
determine the role of TET1s in ECs. Knockdown of TET1s
with siRNA (Fig. S2A) markedly increased EC numbers
(Fig. 1F) and the proliferating cell nuclear antigen (PCNA)
protein levels (Fig. S2B). By contrast, adenovirus-induced
TET1s overexpression (Fig. S2C) reduced PCNA levels in ECs
(Fig. S2D). Application of OSS to HUVECs in vitro promoted
cell proliferation to a greater extent than when LSS was
applied (Fig. 1G). However, TET1s overexpression allevi-
ated the OSS-mediated abnormal proliferation of HUVECs
(Fig. 1G). We also found that the knockdown of TET1s up-
regulated the expression of intercellular adhesion molecule
1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)
(Fig. 1H; Fig. S2EeG). High ICAM-1 and VCAM-1 expression
in turn contributed to increased leukocyte adhesion and
endothelial inflammation (Fig. S2H). Moreover, the inflam-
matory state established following lipopolysaccharide (LPS)
treatment was attenuated on TET1s overexpression. This
was evidenced by lowered ICAM-1 and VCAM-1 expression
(Fig. 1I; Fig. S2IeK) and reduced THP-1 monocyte adhesion
behalf of KeAi Communications Co., Ltd. This is an open access
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Figure 1 Mechanosensitive TET1s prevents endothelial dysfunction in response to oscillatory shear stress (OSS) by dampening
YAP activity. (A) En face staining for TET1s in the carotid arteries of wildtype (WT) mice 48 h post-ligation; bar Z 10 mm. Mean
fluorescent intensity (MFI) of TET1s staining was quantified for statistical analysis; data are shown as the mean � SEM, **P < 0.01
(Student’s t-test), nZ 5. (B)Western blot analysis of TET1s expression in the right carotid artery (RCA) and left carotid artery (LCA)
after partial carotid ligation; data are shown as the mean � SEM, **P < 0.01 (Student’s t-test), n Z 3. (C) Immunofluorescence
staining of TET1s in HUVECs exposed to laminar shear stress (LSS) or OSS; bar Z 20 mm. (D) Representative images of Oil-red O
staining of aortic root sections. Dashed line indicates the plaque area; bar Z 500 mm. Enlarged view; bar Z 100 mm. (E) Quan-
tification of the Oil-red-O-positive area; data are shown as the mean� SEM, **P < 0.01 (one-way ANOVA with Tukey’s post hoc test).
ns, not significant, n � 6. (F) Cell density was quantified by counting nuclei 48 h post-transfection; barZ 100 mm. Data are shown as
the mean � SEM, **P < 0.01 (Student’s t-test), n Z 8. (G) Immunofluorescence staining of Ki67 in HUVECs exposed to LSS or OSS for
6 h; bar Z 50 mm. The proliferation rate of cells in the left panel was analyzed; data are shown are the mean � SEM,
**P < 0.01,****P < 0.0001 (one-way ANOVA with Tukey’s post hoc test). ns, not significant, nZ 5. (H)Western blot analysis of ICAM-1
expression HUVECs after TET1s knockdown; data are shown as the mean � SEM, **P < 0.01 (Student’s t-test), n Z 4. (I) Western
blot analysis of ICAM-1 expression in TET1s-overexpressing HUVECs; data are shown as the mean � SEM, ***P < 0.001 (Student’s t-
test), n Z 4. (J) Representative images of adhesive THP-1 cells (labeled with Hoechst 33342); bar Z 200 mm. Quantification of
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(Fig. 1J). Collectively, these results suggest that TET1s
exerted anti-proliferative and anti-inflammatory functions
in ECs upon OSS exposure.

Recent studies have linked YAP to the pathological pro-
cess of atherosclerosis.4 Therefore, to further understand
the underlying mechanisms of the TET1s-regulated function
of EC, we investigated the relationship between TET1s and
YAP. We found that YAP was more highly expressed in the
aortic arch (AA) of Tet1�/� ApoE�/� mice than in that of
Tet1cs/cs ApoE�/� mice (Fig. 1K, L) and that TET1s knock-
down increased YAP expression in ECs (Fig. S3A, C). More-
over, a physical interaction between TET1s and YAP was
confirmed by co-immunoprecipitation and immunofluores-
cence co-localization (Fig. 1M, N).

The cellular localization of YAP is regulated by shear
stress. Hence, we assessed how TET1s regulated YAP under
shear stress conditions and found that the nuclear trans-
location of YAP was markedly increased in ECs following
TET1s knockdown (Fig. S3A, B). Moreover, immunofluores-
cence staining showed that OSS significantly increased the
nuclear accumulation and expression of YAP, whereas LSS
had the opposite effect (Fig. 1O). Intriguingly, TET1s
overexpression inhibited the OSS-mediated nuclear trans-
location and expression of YAP (Fig. 1O).

The activation and cellular localization of YAP under
different conditions of shear stress are dependent on its
phosphorylation at specific amino-acid residues.5 We found
that the knockdown of TET1s significantly decreased YAP
phosphorylation at serine 127 (Fig. S4A). We next deter-
mined the phosphorylation of YAP serine 127 (p-YAPS127)
under shear stress and found that OSS induction reduced p-
YAPS127 levels, which were restored by TET1s overexpression
(Fig. 1P). Thus, our results indicate that TET1s modulated
the nuclear localization and expression of YAP by regulating
YAP phosphorylation in response to shear stress.

We then proceed to confirm the effect of TET1s on YAP
activation. The results showed that the expression of the
CTGF, CYR61, and ANKRD1 (YAP downstream target genes)
was increased in HUVECs after TET1s knockdown (Fig. 1Q)
but reduced in TET1s-overexpressing HUVECs (Fig. S4B).
adhesive THP-1 cell number per unit visual field; data are shown
Immunofluorescence staining of YAP in the aorta arch section of Tet
for 2 weeks; barZ 200 mm. Enlarged view, barZ 50 mm. (L) Quantit
as the mean � SEM, *P < 0.05 (Student’s t-test), n Z 6. (M) Dire
noprecipitation. (N) Immunofluorescence co-localization of TET1s
HUVECs exposed to LSS or OSS for 6 h, bar Z 40 mm. Right panel 1
Panel 2: Quantification of YAP MFI; data are shown as the mean � SE
Tukey’s post hoc test). ns, not significant, n Z 6. (P) Immunofluore
LSS or OSS for 6 h, bar Z 40 mm. Right panel: Quantification of p
**P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey’s post hoc test
the indicated siRNA for 48 h, with or without verteporfin (vp, a YAP i
PCR analysis of YAP target gene (CTGF, CYR61, and ANKRD1) expres
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 (one-way ANOV
Finally, we evaluated whether the inhibition of YAP activity
with verteporfin (vp) was sufficient to prevent the EC
dysfunction caused by TET1s deficiency. As expected, vp
treatment markedly suppressed the expression of CTGF,
CYR61, and ANKRD1 and reduced their up-regulation in
response to TET1s knockdown (Fig. 1Q). Meanwhile, vp also
attenuated the expression of PCNA, ICAM-1, and VCAM-1 in
ECs, following TET1s knockdown (Fig. S4C). Taken together,
these results indicate that TET1s mediated EC proliferation
and the inflammatory response to shear stress, at least in
part, by modulating YAP activity.

In the present study, we reported that TET1s was sen-
sitive to hemodynamic forces and modulated athero-
related endothelial phenotypes in ECs under disturbed flow.
Mechanistically, we showed that TET1s bound to and
inhibited YAP activity by increasing p-YAPS127 levels. This
subsequently repressed the expression of EC proliferation-
and inflammation-related genes, which are typically upre-
gulated in response to mechanical shear stress. Collec-
tively, our findings reveal a novel role for TET1s in the
regulation of athero-susceptible EC phenotypes, which may
contribute to the development of preventative and thera-
peutic strategies for atherosclerosis. Further mechanistic
insights into how TET1s modulates YAP activity under
different hemodynamic conditions are needed.
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