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Introduction
Endothelial cell (EC) activation is characterized by the increased expression of  adhesion molecules and 
chemokines that promote vascular inflammation (1). EC senescence is associated with EC activation, 
also known as senescence-associated secretory phenotype (SASP) (2). Telomere (TL) shortening con-
tributes to EC senescence, which is associated with the development of  atherosclerotic plaques (3, 4). It 
is well known that disturbed (as opposed to laminar) blood flow (d-flow) induces both EC activation and 
senescence (5, 6), but how these 2 pathological conditions are concomitantly upregulated by d-flow and 
subsequently lead to vascular plaque formation are poorly understood. The shelterin complex (TRF1, 
TRF2, TERF2IP, POT1, TPP1, and TIN2) of  the mammalian TL (7) is known to maintain TL length. 
The complex appears to prevent TLs from shortening rather than to promote telomerase activity (8). In 
fact, telomerase activity is absent or very low in most adult tissues (7), and substantial evidence indi-
cates that TL shortening, which is induced by depletion of  the shelterin complex, is associated with cel-
lular senescence (9, 10). However, whether the shelterin complex plays a role in atherogenesis is unclear. 
TERF2IP is a member of  the shelterin complex of  the mammalian TL and can bind both telomeric and 
nontelomeric chromatin (7), and it is involved in the protection of  TLs (7). TERF2IP forms a complex 

The interplay among signaling events for endothelial cell (EC) senescence, apoptosis, and activation 
and how these pathological conditions promote atherosclerosis in the area exposed to disturbed 
flow (d-flow) in concert remain unclear. The aim of this study was to determine whether telomeric 
repeat-binding factor 2–interacting protein (TERF2IP), a member of the shelterin complex at the 
telomere, can regulate EC senescence, apoptosis, and activation simultaneously, and if so, by 
what molecular mechanisms. We found that d-flow induced p90RSK and TERF2IP interaction in a 
p90RSK kinase activity–dependent manner. An in vitro kinase assay revealed that p90RSK directly 
phosphorylated TERF2IP at the serine 205 (S205) residue, and d-flow increased TERF2IP S205 
phosphorylation as well as EC senescence, apoptosis, and activation by activating p90RSK. TERF2IP 
phosphorylation was crucial for nuclear export of the TERF2IP-TRF2 complex, which led to EC 
activation by cytosolic TERF2IP-mediated NF-κB activation and also to senescence and apoptosis 
of ECs by depleting TRF2 from the nucleus. Lastly, using EC-specific TERF2IP-knockout (TERF2IP-
KO) mice, we found that the depletion of TERF2IP inhibited d-flow–induced EC senescence, 
apoptosis, and activation, as well as atherosclerotic plaque formation. These findings demonstrate 
that TERF2IP is an important molecular switch that simultaneously accelerates EC senescence, 
apoptosis, and activation by S205 phosphorylation.
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with TRF2 (11), and the TERF2IP-TRF2 complex represses telomeric recombination, fragility, and 
shortening via its association with TLs (12).

Targeted TERF2IP deletion in stratified epithelia did not affect mouse viability, but it led to 
skin hyperpigmentation and shorter TLs in skin cells (13). The natural ends of  chromosomes have a 
mechanism that prevents misdirected double-strand break repair, such as nonhomologous end joining 
(NHEJ) and homology-directed repair (HDR). These forms of  repair can induce TL shortening and 
fragility, leading to DNA damage response and genome instability (14, 15). NHEJ causes dicen-
tric chromosomes, which interfere with chromosome segregation during mitosis and can initiate the 
breakage-fusion-bridge cycle. HDR can result in unequal alterations among sister TLs and can be 
deleterious to cells that inherit a shortened TL (16). Both NHEJ and HDR can be repressed by TRF2 
(15, 17). TERF2IP is required to repress HDR-mediated TL recombination (only in cells lacking 
Ku70) (12) but is dispensable for preventing NHEJ (12, 13). Therefore, it was suggested (7, 14) that 
deletion of  TRF2 produces a more drastic phenotype (embryonic lethal) (18) than does deletion of  
TERF2IP (no effect on viability or fertility) in mice (12). It appears, however, that the role of  TER-
F2IP in regulating TL length and senescence is context dependent. For example, Platt et al. report 
that TERF2IP significantly induced TL shortening by inhibiting histone-encoding genes and that 
the depletion of  TERF2IP inhibited senescence in Saccharomyces cerevisiae (19). In contrast, Kabir et 
al. (14) report that, in immortalized human cell lines, the depletion of  TERF2IP did not induce TL 
length changes and did not affect on the modification of  telomeric histones and other TL defects (15). 
These authors suggest that TERF2IP conservation may reflect its transcriptional rather than telomer-
ic function. Furthermore, the relationship between the TERF2IP-TRF2 complex and TL length can 
be intricate, and the role of  the TERF2IP-TRF2 complex association with TLs may have other effects 
in addition to modulating TL length.

TERF2IP is not only found in TLs, but is also involved in NF-κB signaling in the cytosol, as it 
is required for the binding between NF-κB p65 and IκB kinases (20). TERF2IP stability in cells has 
been shown to depend on its association with TRF2, while TRF2 is stable without TERF2IP (12, 21). 
Therefore, Kabir et al. proposed that TERF2IP forms a stable complex with TRF2 inside cells. They 
further proposed that this complex shuttles between the nucleus and the cytosol (14). However, to our 
knowledge, this shuttling model has not been tested. Controversial data on the roles of  TRF2 and 
TERF2IP in TL protection and DNA damage response have been reported (12, 13, 20). Martinez et 
al. (13) suggest that the amount of  the TERF2IP-TRF2 complex that is bound vs. unbound depends 
on cell types, differentiation states, and experimental conditions and that deletion of  TERF2IP vs. 
deletion of  TRF2 produces different phenotypes in different cell types (7).

The aim of  this study was to determine how the TERF2IP-TRF2 complex regulates both EC acti-
vation and senescence. Previously, we found a crucial role of  p90RSK in regulating d-flow–induced 
EC inflammation and apoptosis (22). Therefore, we investigated the functional relationship between 
p90RSK and the TERF2IP-TRF2 complex under d-flow. We report here that d-flow induced p90RSK 
activation and upregulated TERF2IP serine 205 (S205) phosphorylation and that overexpression of  
kinase-dead p90RSK (KD-p90RSK) in ECs inhibited the TL shortening and NF-κB activation that 
were induced by d-flow. Mutation of  the TERF2IP S205 phosphorylation site attenuated NF-κB acti-
vation in ECs by d-flow and also inhibited d-flow–elicited senescence and TL shortening. The deple-
tion of  TERF2IP inhibited d-flow–induced TRF2 nuclear export, and the TERF2IP S205A mutation 
attenuated the nuclear export of  both TERF2IP and TRF2, suggesting that TERF2IP S205 phosphor-
ylation has a crucial role in regulating nuclear export of  both TERF2IP and TRF2.

The nuclear TERF2IP-TRF2 complex — in particular, nuclear TRF2 — protects TLs (23), while 
cytosolic TERF2IP plays a role in NF-κB activation (7, 14, 20). We found that the depletion of  
TERF2IP in ECs inhibited TRF2 nuclear export and protected TLs from d-flow–induced shorten-
ing. Lastly, we found that d-flow–induced atherosclerotic plaque formation seen in the mouse par-
tial carotid ligation model was significantly inhibited in EC-specific TERF2IP-KO mice. Therefore, 
these results indicate that p90RSK mediates TL shortening and NF-κB activation by the following 
2 molecular mechanisms: (a) TERF2IP and TRF2 nuclear export and (b) activation of  NF-κB by 
TERF2IP S205 phosphorylation.
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Results
Overexpression of  KD-p90RSK and depletion of  TERF2IP abolish d-flow–induced apoptosis and senescence in ECs. 
Previously, we reported that p90RSK activation has a crucial role in d-flow–induced EC apoptosis (22), 
but its role in senescence remains unclear. It has been reported that 2’-deoxyguanosine is the only one of  
the 4 native nucleotides of  TLs that can be oxidized to form 8-hydroxy-2’-deoxyguanosine (8-oxo-dG), 
which is a marker of  TL dysfunction and leads to increased genomic DNA damage and apoptosis (24). 
Therefore, we first tested whether d-flow causes 8-oxo-dG generation and TL shortening and then wheth-
er transduction of  adenovirus containing KD-p90RSK (Ad-KD-p90RSK) could inhibit these d-flow–
induced detrimental events in TLs. We found that d-flow indeed increased the level of  8-oxo-dG (Figure 
1, A and B) and reduced TL lengths in ECs (Figure 1C). In addition, we found that these d-flow effects 
were significantly inhibited in Ad-KD-p90RSK–transduced ECs compared with Ad-LacZ–transduced 
control cells (Figure 1, A–C). We also compared d-flow–induced 8-oxo-dG induction in bovine aortic 
ECs and HUVECs in Figure 1, A and B, and found similar tendencies of  KD-p90RSK–mediated inhi-
bition of  d-flow–induced 8-oxo-dG, also suggesting that HUVECs can recapitulate the d-flow–mediated 
biology in ECs isolated from the aorta.

Loss of  protection by the shelterin complex accelerated oxidative damage in both TLs and 
genomic DNA. To examine the role of  TERF2IP in d-flow–induced EC apoptosis and TL dysfunc-
tion, we depleted TERF2IP using siRNA in ECs, which were then exposed to d-flow. Interestingly, 
TERF2IP depletion inhibited d-flow–induced apoptosis (Figure 1, D–G) and TL dysfunction (Fig-
ure 1, H–J).

Depletion of  TERF2IP inhibits d-f low–induced EC activation. To further understand the function of  
TERF2IP in ECs, we isolated total RNAs from human aortic ECs (HAECs) transfected with control 
or TERF2IP siRNA (Supplemental Figure 1A; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.124867DS1) and performed transcriptional profiling. We 
performed an unpaired 1-way ANOVA with a statistical threshold of  P < 0.05 and 1.5-fold change 
restriction to identify differentially expressed genes in control and TERF2IP siRNA–transfected 
cells that were not stimulated in any manner. We found that the top-ranked canonical pathway was 
neuroinflammation signaling. Six of  31 genes on the list belonged to this category, and all of  them 
were expressed at lower levels in TERF2IP siRNA–transfected cells than in control cells (z-score, 
–2.449; P = 8.52 × 10–7) (Supplemental Figure 1B). Following Ingenuity Pathway Analysis network 
generation, function and disease gene enrichment was carried out; the activation of  granulocytes 
was the highest scoring regulator effect network on the basis of  the results of  a right-tailed Fisher 
exact test (consistency core = 598.131; Supplemental Figure 1C), consistent with the previously sug-
gested role of  TERF2IP in granulocyte activation (25).

Next, we investigated the role of  TERF2IP in d-flow–induced NF-κB activation and subsequent 
inflammatory gene expression. As shown in Supplemental Figure 1D, the depletion of  TERF2IP com-
pletely inhibited d-flow–induced NF-κB activation, while TNF-α–induced NF-κB activation was only 
partially inhibited. We also found that d-flow–induced adhesion molecule expression was significantly 
decreased by the depletion of  TERF2IP (Supplemental Figure 1E). These results indicate a key role for 
TERF2IP in EC activation, especially d-flow–induced EC activation.

p90RSK associates with the TERF2IP Myb domain and phosphorylates TERF2IP S205. Having found 
that p90RSK and TERF2IP are key molecules involved in d-flow–induced EC senescence and acti-
vation (Figure 1 and Supplemental Figure 1) and because both molecules can shuttle between the 
nucleus and the cytoplasm (14), we next investigated whether p90RSK can associate with TERF2IP. 
Using co-IP studies, we found that d-flow increased p90RSK association with TERF2IP (Figure 
2A), which was dependent on p90RSK activation (Figure 2B). Using a mammalian 2-hybrid assay, 
we also found that p90RSK and TERF2IP were able to interact directly and that TNF-α stimulation 
increased this association (Figure 2C).

TERF2IP has 4 functional domains: a BRCA1 C-terminal domain, a Myb HTH motif, a coiled region, 
and a C-terminal protein interaction domain (23). The protein interaction domain is the binding site for 
TRF2, and the TERF2IP-TRF2 complex associates with TLs (11, 23, 26). The TERF2IP Myb domain 
may be involved in protein interactions (11). Indeed, using a mammalian 2-hybrid assay, we found that the 
Myb domain (aa 133–191) is a p90RSK binding site (Figure 2D). Overexpression of  the TERF2IP-Myb 
fragment inhibited the association between p90RSK and TERF2IP (Figure 2E). Furthermore, this fragment 
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Figure 1. Expression of DNA damage response elements 8-oxo-2’-deoxyguanosine (8-oxo-dG) and γ-H2AX and 
apoptosis are upregulated by d-flow and inhibited by Ad-KD-p90RSK transduction and deletion of TERF2IP. (A 
and B) Flow cytometric analysis of 8-oxo-dG staining in bovine aortic endothelial cells (BAECs) or Human umblical 
vein endothelial cells (HUVEC) exposed to d-flow (8 hours). Graphs in A (BAEC) and B (HUVEC) show percentages 
of 8-oxo-dG–positive BAECs transduced with Ad-LacZ or Ad-KD-p90RSK and exposed to d-flow (8 hours). Error 
bars represent mean ± SD, n = 3–5, **P < 0.01. (C) Flow cytometric analysis of TL shortening in HUVECs exposed 
to d-flow (24 hours). HUVECs were transduced by Ad-KD-p90RSK or Ad-LacZ, and TL length was assayed using 
the TL PNA kit/FITC for flow cytometry. The mean fluorescence intensity was used to estimate the relative TL 
length. Data were analyzed using FlowJo software. Error bars represent mean ± SD, n = 3. (D) HUVECs were trans-
fected with TERF2IP or control siRNA and exposed to d-flow. Apoptosis was detected by Western blotting with 
anti–cleaved caspase 3. Images shown are representative of 3 independent experiments. (E) Quantification of the 
cleaved caspase 3 level is shown after normalization by total protein levels. Data represent mean ± SD, n = 3–4. 
(F) Percentage of annexin V–positive HUVECs exposed to d-flow (24 hours) after transfection with control siRNA 
(siCont) and siTERF2IP was determined by flow cytometry. Data represent mean ± SD, n = 3–4, *P < 0.05, **P < 
0.01. (G–J) HUVECs were transfected with TERF2IP or control siRNA and then stimulated by d-flow or no flow for 
24 hours (G, H, and I) or 8 hours (J), followed by TUNEL (G), γ-H2AX (H), or 8-oxo-dG (I) staining and TL length (J) 
measurements, as described above. Data represent the mean ± SD, n = 3–5, *P < 0.05, **P < 0.01. All statistical 
analyses in this figure were done by 1-way ANOVA followed by Bonferroni post hoc test.
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completely abolished p90RSK-induced NF-κB activation (Figure 2F). These results suggest that p90RSK 
and TERF2IP are capable of  associating and that this binding is of  functional importance.

Since p90RSK is a kinase, we also examined whether p90RSK can phosphorylate TERF2IP. Based 
on publicly available datasets for system-wide characterization of  parallel quantitative proteomic and 
phospho-proteomic analyses (http://www.nextprot.org/db/entry/NX_Q9NYB0/sequence) and GPS 
2.0 analysis (27), TERF2IP S205 is predicted to be a putative site for phosphorylation by p90RSK. 
We thus overexpressed a TERF2IP S205A or S205D mutant in ECs that were made to also overex-
press p90RSK (to increase the basal level of  p90RSK activity) (28). We found that the S205A mutation 

Figure 2. p90RSK associates with TERF2IP, and the p90RSK-TERF2IP Myb domain interaction has a critical role in regulating NF-κB activation. (A) 
HUVECs were exposed to d-flow for various lengths of time, as indicated, and cell lysates were immunoprecipitated with anti-TERF2IP or control IgG and 
immunoblotted with anti-p90RSK. Total cell lysates were immunoblotted with the indicated antibodies. Upper panel shows representative data from 
3 independent experiments. Lower panel shows densitometric quantification of coimmunoprecipitated p90RSK with TERF2IP, which was normalized 
by total TERF2IP protein levels. Data represent mean ± SD, n = 3, **P < 0.01. (B) HUVECs were pretreated with FMK-MEA and exposed to d-flow for 10 
minutes. TERF2IP and p90RSK binding was detected as described in A. Data represent mean ± SD, n = 3, **P < 0.01. Quantification analysis was also 
performed (lower panel). (C–E) HUVECs were transfected with plasmids containing Gal4-p90RSK WT, VP16-TERF2IP-FL (full length) (C), VP16-TERF2IP 
Myb fragment (D), Flag-tagged TEERF2IP Myb fragment (Flag-Myb) (E), or empty vector and Gal4-responsive luciferase reporter pG5-luc for 24 hours. 
Cells were stimulated with or without TNF for 2 hours (C), and luciferase activities were quantified. Data represent mean ± SD, n = 6–12. (F) HUVECs were 
transfected with plasmids containing WT p90RSK, VP16-TERF2IP Myb fragment, or VP16-empty vector (Cont) with the NF-κB activity reporter gene. 
After 24 hours of transfection, NF-κB activity was detected by a luciferase assay. Data represent mean ± SD, n = 5. All statistical analyses in this figure 
were done by 1-way ANOVA followed by Bonferroni post hoc test.
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inhibited and the S205D mutation accelerated p90RSK-induced NF-κB activation (Figure 3, A and B, 
respectively). Using TERF2IP S205 phospho-specific rabbit polyclonal antibodies (Figure 3, C–E; made 
in-house), whose specificity was established by Western blotting (Figure 3C), we further showed that 
d-flow–induced endogenous TERF2IP S205 phosphorylation was inhibited by Ad-KD-p90RSK trans-
duction (Figure 3, D and E). Furthermore, we performed an in vitro kinase assay by using recombi-
nant p90RSK and immunoprecipitated TERF2IP and showed that p90RSK can directly phosphorylate 
TERF2IP S205 (Figure 3, F and G). Our findings suggest that p90RSK can both directly phosphorylate 
TERF2IP S205 and regulate its function.

TERF2IP S205 phosphorylation coinitiates EC senescence and activation. Having found the involvement of  
TERF2IP in cellular senescence (Figure 1), we next investigated whether TERF2IP S205 phosphorylation 
is involved in EC senescence. We first asked whether overexpression of p90RSK can induce EC senescence 
and whether reduced expression of TERF2IP can inhibit EC senescence induced by p90RSK overexpres-
sion. Transduction of Ad-WT-p90RSK significantly increased the number of senescence-associated β-gal+ 
(SA–β-gal+) ECs, and the depletion of TERF2IP significantly decreased such positive ECs (Figure 4, A–C).

Next, we transduced HAECs with Ad-TERF2IP S205A mutant or Ad-TERF2IP WT, exposed 
them to d-flow, and employed SA–β-gal staining to identify senescent cells. As shown in Figure 4D, 
d-flow increased the number of  SA–β-gal+ ECs in those transduced with Ad-TERF2IP WT, but this 
increase was completely abolished in Ad-TERF2IP S205A–transduced ECs. We confirmed equal 
expression levels of  TERF2IP WT and TERF2IP S205A (Figure 4, D and E). We also found that 
d-flow–induced apoptosis, as detected by both annexin V expression and TUNEL staining in Ad-TER-
F2IP WT, S205A, and S205D-transduced ECs, was significantly reduced in TERF2IP S205A–trans-
duced cells (Figure 4, F, H, and I) and accelerated in S205D-transduced cells (Figure 4G). These 
results suggest a crucial role for TERF2IP S205 phosphorylation in EC senescence and apoptosis 
induced by p90RSK activation and d-flow.

Next, we evaluated the role of  TERF2IP in regulating NF-κB and subsequent inflammatory genes 
expression. We found that the depletion of  TERF2IP in HAECs or HUVECs significantly inhibited 
d-flow–induced expression of  adhesion molecules (Supplemental Figure 1E and Supplemental Figure 
2A). We also found the crucial role of  TERF2IP in d-flow–induced expression of  adhesion molecules 
in HUVECs (Supplemental Figure 2A). To determine whether TERF2IP S205 phosphorylation is also 
involved in NF-κB activation by TNF-α, we transfected HUVECs with TERF2IP S205A or TERF2IP 
WT, exposed the cells to TNF-α (Supplemental Figure 2Β) or d-flow (Supplemental Figure 2C), and 
examined NF-κB activation as well as expression of  inflammatory genes regulated by NF-κB. NF-κB 
activation by TNF-α or by d-flow was inhibited in cells expressing TERF2IP S205A compared with cells 
expressing WT TERF2IP (Supplemental Figure 2, B and C), supporting the key role of  TERF2IP S205 
phosphorylation in EC activation. Taken together, these results suggest the crucial role of  TERF2IP S205 
phosphorylation in upregulating EC senescence, apoptosis, and activation.

TERF2IP S205 phosphorylation is required for d-flow–induced TERF2IP nuclear export. Next, we investi-
gated the role of  TERF2IP S205 phosphorylation in regulating TERF2IP nuclear export. We found that 
D-flow significantly increased endogenous TERF2IP nuclear export (Figure 5, A and B). It has been 
reported that TERF2IP is an IKK binding protein, and activated IKKs localize in the perinuclear area, 
especially around the centrosome (29). Therefore, to associate with IKKs in the cytosol, it is possible that 
cytosolic TERF2IP has a perinuclear location. To detect whether TERF2IP S205 phosphorylation played 
a role in TERF2IP nuclear export, we overexpressed the Flag-tagged WT or S205A mutant of  TERF2IP 
in ECs and exposed them to d-flow. As shown in Figure 5C, both TERF2IP WT and S205A mutant 
localized in the nucleus under the static condition. After d-flow, however, Flag-tagged TERF2IP WT was 
detected in the cytoplasm, while TERF2IP S205A stayed in the nucleus, indicating that TERF2IP S205 
phosphorylation is necessary for d-flow–induced TERF2IP nuclear export (Figure 5, C and D).

We next examined endothelial TERF2IP expression and localization in vivo and found that 
TERF2IP is expressed in the d-flow area at the aortic arch, especially in the cytosol. In contrast, 
TERF2IP expression in the laminar flow (l-flow) area was much lower (Figure 6, A and B). Previous-
ly, we reported that both p90RSK phosphorylation and signaling were increased in the d-flow area 
(22). Therefore, we evaluated endothelial TERF2IP S205 phosphorylation in vivo by using en face 
confocal microscopy; we found that the anti-phospho–specific TERF2IP S205 staining intensity was 
much higher in the d-flow area than that in the l-flow area (Figure 6, C and D).
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D-flow induces nuclear export of  the TERF2IP-TRF2 complex. The complex formation between TER-
F2IP and TRF2 and its critical role in regulating cellular senescence have been reported (14). We 
therefore investigated how d-flow regulates TERF2IP and TRF2 nuclear exports. We also found an 
association between TERF2IP and TRF2, but this interaction was significantly inhibited after 60 
minutes of  d-flow (Figure 7, A and B). It has been reported that cytoplasmic TERF2IP is not asso-
ciated with TRF2 (21). This observation may be supportive of  our result that TERF2IP is exported 
from the nucleus in ECs under d-flow. The crucial role of  TRF2 in TERF2IP protein stability has 
also been reported (11, 30). In fact, the decrease of  TERF2IP expression and NF-κB activation that 
we observed after siTRF2 transfection (Figure 7, C and D) supports this notion. Although the role 

Figure 3. p90RSK phosphorylates TERF2IP S205 and increases NF-κB activation. (A and B) After 24 hours of transfection of NF-κB activity reporter gene 
and either TERF2IP WT or an S205A mutant treated with and without p90RSK or LacZ as a control (A), or S205D (B) mutant with and without d-flow, NF-κB 
activity was detected by luciferase assay. Expression of TERF2IP WT, TERF2IP-S205D, and tubulin was determined by Western blotting and with and without 
d-flow (B, left panel). Data represent mean ± SD, n = 5, **P < 0.01. (C and D) Protein expression of p-TERF2IP-S205, TERF2IP, and tubulin (loading control) (C) 
and Flag-KD-p90RSK (D) in lysates of HUVECs transduced with Ad-Flag-TERF2IP WT or -S205A mutant (C) or KD-p90RSK (D) and exposed to H2O2 (200 μM) (C) 
or d-flow (D) was assessed by Western blotting. Graph (E) shows densitometric quantification of phosphorylated TERF2IP-S205, which was normalized by total 
TERF2IP protein levels. Shown are representative data from 3 independent experiments. Data represent mean ± SD, n = 3–5, **P < 0.01. (F) An in vitro kinase 
assay was performed using immunoprecipitated TERF2IP in the absence or presence of recombinant p90RSK followed by immunoblotting with anti–p-TERF2IP 
(S205) (upper panel). The same amount of recombinant TERF2IP was immunoprecipitated by anti-TERF2IP, as indicated by anti-TERF2IP immunoblotting 
(lower panel). (G) Graph shows densitometric quantification of phosphorylated TERF2IP-S205, which was normalized by total TERF2IP protein levels. Data 
represent mean ± SD, n = 3, **P < 0.01. Statistical analyses in A–F were done by 1-way ANOVA followed by Bonferroni post hoc test, and statistical analysis in G 
was performed by unpaired 2-tailed t test.
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Figure 4. TERF2IP S205 phosphorylation plays a crucial role in EC senescence. (A–C) Human aortic endothelial cells (HAECs) were incubated with TER-
F2IP or control siRNA for 48 hours and transduced by adenovirus containing p90RSK (Ad-WT-p90RSK) or GFP (Ad-GFP) for 24 hours. (A) EC senescence 
was evaluated by SA–β-gal staining. Scale bars: 100 μm. (B) Reduced expression of TERF2IP after siRNA transfection and expression levels of exoge-
nous p90RSK were detected by Western blotting. (C) The percentages of cells positive for SA–β-gal staining are shown. More than 200 cells/sample 
were counted. The data represent mean ± SD, n = 3. (D–F) HUVECs were transduced by Ad-TERF2IP WT or Ad-TERF2IP S205A mutant for 24 hours and 
then exposed to d-flow for 16 hours. (D) Cell senescence was evaluated by SA–β-gal staining and quantified as in C. The data represent mean ± SD, n = 
3. (E) Expression of TERF2IP WT and S205A and β-actin as determined by Western blotting. (F) Graph shows fold increase of annexin V–positive cells 
analyzed by flow cytometry among Ad-TERF2IP WT–transduced HUVECs exposed to d-flow (24 hours) compared with similarly treated cells expressing 
the Ad-TERF2IP S205A mutant. The data represent mean ± SD, n = 3–5. (G) Annexin V–positive cells among Ad-TERF2IP WT– and -S205D–transfected 
HUVECs were detected. The data represent mean ± SD, n = 3–5. (H and I) HUVECs were transduced with Ad-TERF2IP WT or Ad-TERF2IP S205A for 18 
hours and then stimulated by d-flow or no flow for 36 hours, followed by TUNEL staining. DAPI staining was used to identify nuclei. Quantification of 
apoptosis is shown as the percentage of TUNEL-positive cells (I). More than 200 cells were counted for each category. Data represent mean ± SD, n = 5, 
**P < 0.01, *P < 0.05. All statistical analyses in this figure were done by 1-way ANOVA followed by Bonferroni post hoc test.
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of  TERF2IP in regulating TL length is somewhat controversial, TRF2’s role in TL length regulation 
and end protection is well established; the depletion of  TRF2 causes massive NHEJ pathway–medi-
ated end-to-end chromosome fusion and severe DNA damage (17, 31). In ECs, we also found that 
TRF2 depletion induced apoptosis and enhanced d-flow–induced apoptosis (Figure 7E). Further-
more, TRF2 depletion caused a significant decrease in TL length (Figure 7F). Taken together, these 
data suggest the potential role of  nuclear export of  the TERF2IP-TRF2 complex and subsequent loss 
of  nuclear TRF2 in engendering TL shortening and apoptosis.

Shuttling of  the TERF2IP-TRF2 complex between the nucleus and the cytosol has been proposed 
(14), but to our knowledge, it has not been tested. Although TERF2IP and TRF2 form a complex, each 
molecule plays a distinct role in regulating TL length and apoptosis. Therefore, we investigated TRF2 
intracellular localization in ECs after depleting TERF2IP or overexpressing the TERF2IP S205A mutant. 
In control cells, we found that both TERF2IP (Figure 5, A and B) and TRF2 (Figure 7, G and H) trans-
located to the cytosol from the nucleus when ECs were exposed to d-flow, but TRF2 nuclear export was 
completely inhibited in TERF2IP-depleted cells (Figure 7, G and H). In addition, overexpression of  the 

Figure 5. TERF2IP S205 phosphorylation is crucial for d-flow–induced nuclear export of TERF2IP. (A) HUVECs were exposed to d-flow for 4 hours 
and stained with anti-TERF2IP and DAPI. Single confocal optical sections roughly 5 μm above the substrate plane were captured using an Olympus 
confocal microscope (FV1200 MPE) with a 60× objective lens (NA 1.35na Oil). Faint but detectable anti-TERF2IP staining in the cytoplasm can be 
detected in cells exposed to d-flow. Scale bars: 20 μm. The percentages of cells with cytoplasmic staining were calculated and presented in B. More 
than 200 cells from 3 independent experiments were scored for each group. Data are presented as mean ± SD **P < 0.01 by unpaired 2-tailed t 
test. Scale bars: 20 μm. (C) HUVECs were transduced with adenovirus containing Flag-TERF2IP (Ad-Flag-TERF2IP WT) or Flag-TERF2IP S205A and 
stimulated with or without d-flow for 3 hours. After fixation, cells were then stained by anti-Flag and DAPI and imaged as in A. Note that a portion 
of exogenously expressed WT TERF2IP, which was localized in the nucleus in static cells, translocated into the cytoplasm only when cells were 
exposed to d-flow. This d-flow–dependent TERF2IP extranuclearization was not observed in cells expressing the S205A mutant. The percentages 
of cells with cytoplasmic staining were quantified by counting >200 cells/group from 3 independent experiments and are shown in D. Data are 
presented as mean ± SD **P < 0.01 by 1-way ANOVA followed by Bonferroni post hoc test.
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Figure 6. TERF2IP expression 
and S205 phosphorylation 
increase in the d-flow area 
in vivo. (A and C) En face 
preparations of the aortic arch 
of 7-week-old WT C57BL/6 
mice were triple-stained with 
anti–vascular endothelial 
cadherin (as an EC marker), 
anti-TERF2IP (A), anti–p-TER-
F2IP S205 (C), and DAPI. Scale 
bars: 20 μm. Representative 
images from 3 independent 
experiments are shown. (B 
and D) The histograms show 
the increased mean inten-
sity of anti-TERF2IP (B) and 
anti–p-TERF2IP S205 (D) 
staining in the d-flow area. 
Data are presented as mean 
± SD **P < 0.01 by unpaired 
2-tailed t test.
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TERF2IP S205A mutant, which could not translocate to the cytosol (Figure 5, C and D), inhibited TRF2 
nuclear export after d-flow (Figure 7, I and J). Taken together, these results show that d-flow–induced 
TERF2IP S205 phosphorylation is essential for both TERF2IP and TRF2 nuclear export. It is possible 
that TRF2 extranuclear translocation is achieved by a piggy-back mechanism with TERF2IP (Figure 
7K). Since TRF2 is indispensable for protecting TL ends and inhibiting apoptosis, our data suggest that 
depletion of  TERF2IP or inhibition of  TERF2IP S205 phosphorylation protects TLs and suppresses 
d-flow–induced apoptosis by inhibiting TRF2 nuclear export (Figure 7K).

TERF2IP simultaneously regulates EC activation and senescence and subsequent d-flow–induced atherosclerotic 
plaque formation. To specifically study the role of  TERF2IP in ECs in vivo, we generated EC-specific het-
erozygous and homozygous Terf2ip-KO mice using mice that expressed Cre-recombinase under the reg-
ulation of  the vascular endothelial-cadherin (VE-Cad) promoter (22) (VE-Cad-Cre Tg [Terf2ipfl/+ or Ter-
f2ipfl/fl]; herein referred to as Terf2iphet–EC-specific knockout (EKO) or Terf2iphomo-EKO, respectively). As 
controls, we used nontransgenic littermates (nonlittermate control [NLC]: VE-Cad-Cre+/– Tg [Terf2ip+/+] 
or VE-Cad-Cre–/– Tg [Terf2ipfl/+ or Terf2ipfl/fl]). First, we established primary cultures of  mouse lung ECs 
(MLECs) and mouse aortic ECs (MAoECs) from Terf2iphomo-EKO mice and exposed them to d-flow. EC 
activation (NF-κB activation and expression of  VCAM-1, and intracellular adhesion molecule-1 [ICAM-
1]), EC senescence (TL shortening), and apoptosis (annexin V) induced by d-flow (MLECs, Figure 8, 
A–C) or by overexpression of  p90RSK (Figure 8, D–F, MLECs; Supplemental Figure 3, MAoECs) were 
all attenuated in ECs isolated from Terf2iphomo-EKO mice.

To determine the role of  TERF2IP in EC activation and apoptosis in vivo, we isolated aortas from 
7-week-old male Ldlr (C57BL/6) and Terf2iphet-EKO/Ldlr mice that had been fed normal chow for 2 
weeks. En face preparations of  aortas were immunostained with anti–VE-cadherin and anti–VCAM-1 
or anti–cleaved caspase 3. DAPI was used to label nuclei. VCAM-1 expression and cleaved caspase 
3 signals were significantly higher in the d-flow area for Ldlr mice than for Terf2iphet-EKO/Ldlr mice 
(Figure 9, A–D). These results suggest that EC TERF2IP has a crucial role in both d-flow–induced 
activation and apoptosis in vivo.

Lastly, to explore the role of  endothelial TERF2IP in d-flow–induced atherogenesis, we employed 
partial ligation of  the left carotid artery in NLC/Ldlr–/– and Terf2iphet-EKO/Ldlr–/– mice, which were 
then fed a high-fat diet. We chose to use Terf2iphet-EKO rather than Terf2iphomo-EKO because it would 
be rare that complete depletion of  TERF2IP in mice would occur in nature. The partial left carotid 
artery ligation (PLCL) mouse model has been used to experimentally generate an area of  d-flow where 
atherogenic responses are induced in a short period of  time (32–34). We found no notable difference in 
cholesterol levels among these mice after partial ligation (Supplemental Figure 4). Plaque formation in 
Terf2iphet-EKO/Ldlr–/– mice was suppressed compared with that in NLC/Ldlr–/– mice (Figure 9, E–G). 
These results demonstrate that endothelial TERF2IP has a atherogenic role.

We also performed PLCL in Terf2iphomo-EKO/Ldlr mice and found no difference in lesion sizes 
between Terf2iphomo-EKO/Ldlr and control mice, and the homozygosity did not show further atheropro-
tective effects compared with those shown in Terf2iphet-EKO/Ldlr mice (Figure 9H). It has been reported 

Figure 7. TERF2IP S205 phosphorylation is required for nuclear export of the TERF2IP-TRF2 complex. (A) HUVECs were exposed to d-flow for 0–90 
min.; binding between TERF2IP and TRF2 was analyzed by co-IP with anti-TRF2, followed by Western blotting with anti-TERF2IP. Total TERF2IP in each 
sample is shown (bottom). Representative images from 3 independent experiments are shown. (B) Quantification of TERF2IP-TRF2 binding is shown 
after normalization to levels at 0 min. n = 3–4. (C) Reduced expression of TERF2IP and TRF2 following transfection with TERF2IP and TRF2 siRNA was 
detected by Western blotting. Representative images from 3 independent experiments are shown. (D) After 24 hours of transfection with the NF-κB 
reporter gene together with control or TRF2 siRNA, HUVECs were exposed to d-flow for 24 hours, and NF-κB activity was measured by the luciferase 
assay (left). TRF2 and tubulin expression were detected by Western blotting (right). n = 4. (E and F) FITC annexin V–positive cells (E) and TL length (F) 
in HUVECs transfected with TRF2 or control siRNA were determined after 24 hours of d-flow or static culture. (G and H) After 48 hours of TERF2IP or 
control siRNA transfection, HUVECs were exposed to d-flow for 4 hours and stained with anti-TRF2 and DAPI. (G) In ECs exposed to d-flow, anti-TRF2 
staining became detectable in control cells but not siTERF2IP-treated cells. Scale bars: 50 μm. (H) Extranuclear localization of TRF2 (%) was calculated 
by counting more than 200 cells/sample for each group. n = 3. (I) After transduction with Ad-TERF2IP WT and -S205A, HUVECs were exposed to d-flow 
for 4 hours and stained with anti-TRF2 and DAPI. Note d-flow–induced translocation of TRF2 into the cytoplasm. Scale bars: 50 μm. (J) Extranuclear 
localization of TRF2 (%) was calculated by counting more than 200 cells/sample for each group. n = 3. Data represent mean of percentages ± SD. **P 
< 0.01, *P < 0.05. All statistical analyses were done by 1-way ANOVA followed by Bonferroni post hoc test. (K) Proposed scheme of the TERF2IP-TRF2 
complex nuclear export. Nuclear TRF2 is critical for protecting TLs from shortening. TERF2IP can deliver TRF2 to the cytoplasm. TERF2IP S205 phos-
phorylation causes the TERF2IP-TRF2 complex to move out of the nucleus and induces TL shortening and subsequent apoptosis (middle 2 panels). Both 
depletion of TERF2IP and inhibition of TERF2IP S205 phosphorylation prevent TRF2 nuclear export and protect TLs (bottom 2 panels). 
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that targeted TERF2IP deletion in stratified epithelial tissue led to shorter TLs in skin cells (13). There-
fore, it is possible that the total TERF2IP depletion in Terf2iphomo-EKO/Ldlr cannot completely inhibit 
d-flow–induced TL shortening and subsequent apoptosis, which is mediated by nuclear TRF2.

Discussion
In this study, we found that TERF2IP has a crucial role in concurrently regulating EC activation and senes-
cence. Our findings suggest that phosphorylation of TERF2IP at S205 provokes nuclear export of TERF2IP, 
which is accompanied by TRF2. The association of extranuclear TERF2IP increases NF-κB activation to 
induce EC activation. Furthermore, the cotransport into the cytoplasm of TERF2IP with TRF2 removes 
the latter from the nucleus, thereby promoting TL shortening, senescence, and subsequent apoptosis. Thus, 
inflammatory signaling and TL shortening are coupled through this mechanism, providing a new explanation 
for the linkage between the SASP and TL shortening (35). In addition, we found that the depletion of endo-
thelial TERF2IP inhibited d-flow–induced plaque formation in mice. Together, these data suggest that TER-
F2IP simultaneously regulates EC activation, apoptosis, and senescence and exacerbates plaque formation.

It has been suggested that TL shortening is not involved in atherosclerosis but, rather, that short 
TLs inhibit atherosclerosis (36). This idea is based on the results of  2 separate papers that reported 
that proinflammatory stress and atherosclerosis caused increased TERT expression (37) and reduced 
atherosclerosis lesion formation in RNA component of  telomerase, TERC-apoE–double-KO mice, 
although the TL length was shorter in these mice than in control mice (38). However, these experi-
mental results could be interpreted in a different way. Nontelomeric roles for telomerase — including 
activation of  transcription factor E2F (39) as a transcriptional modulator, which increases cell prolifer-
ation — have been well established (7, 40–42). In addition, the absence of  TERC abolishes the prolifer-
ative effect of  TERT overexpression (43, 44). Therefore, it is possible that the inhibition of  atheroscle-
rosis in TERC-KO mice is due to the systemic effect of  telomerase on cell proliferation. As mentioned 
above, TERT can directly associate with p65 and increase NF-κB activity and inflammation, which 
also play significant roles in promoting atherogenesis. Thus, the contribution of  TL length to athero-
sclerotic plaque formation cannot be rejected by the data obtained from telomerase-KO mice because 
the depletion of  telomerase can also inhibit both proliferation and EC activation. In the current study, 
we found that TERF2IP coordinately regulated EC senescence and activation and the depletion of  
endothelial TERF2IP significantly reduced d-flow–induced atherosclerosis, supporting the role of  EC 
senescence and activation in atherosclerosis. Further studies are necessary to specifically clarify the 
role of  EC senescence and activation in atherosclerosis.

The crucial role of  TERF2IP in regulating lipopolysaccharide- or TNF-α–induced cytokine produc-
tion in THP-1 cells has been reported by Cai et al. (25). However, these authors found no effects of  TER-
F2IP on proinflammatory gene expression in HUVECs and MLECs induced by LPS, TNF-α, and IL-1β. 
We found that, under the unstimulated condition, TERF2IP was mainly localized in the nucleus, but after 
stimulation by d-flow or TNF-α, TERF2IP was exported from the nucleus to the cytosol, and this cytoso-
lic TERF2IP had proinflammatory effects. In contrast, Cai et al. show significant cytosolic expression of  
TERF2IP levels in unstimulated cells, suggesting that additional TERF2IP nuclear export might not have 
a significant impact under their experimental condition, and they were unable to detect a significant effect 
of  cytoplasmic TERF2IP.

The role of NF-κB activation in regulating TERF2IP expression has been reported (20). Since d-flow 
increases and l-flow decreases NF-κB activation, it is very reasonable that we found a higher expression level 

Figure 8. Depletion of TERF2IP inhibits EC senescence and activation in vitro. (A–C) Mouse lung endothelial cells (MLECs) were isolated from WT or 
Terf2iphomo–EC-specific KO (EKO) mice. After treatment of cells with d-flow or static conditions for 12 hours, protein expression was analyzed by Western 
blotting using specific antibodies as indicated A, and the level of each protein expression under different conditions was quantified B. Data represent 
mean ± SD, n = 3. (C) Cell apoptosis, TL length, and NF-κB activity were quantified. Data represent mean ± SD, n = 3–6, **P < 0.01. (D) MLECs were 
isolated from WT or Terf2iphomo–EKO (TERF2IP-EKO) mice. After transduction of Ad-p90RSK WT or Ad-GFP as a control for 12 hours, Western blotting 
was performed using specific antibodies as indicated. (E) Graphs represent densitometry data of immunoblots from 3 independent experiments. Data 
represent mean ± SD. (F) Left and middle panels show that, after transduction with Ad-p90RSK-WT or Ad-GFP as a control for 12 hours, MLECs were 
assayed and quantified for apoptosis by FITC annexin V staining (left) and for telomere lengths (middle). Data represent mean ± SD, n = 6. Right panel 
shows that MLECs were transfected with the NF-κB reporter gene for 24 hours, followed by transduction with Ad-p90RSK WT or Ad-GFP as a control for 
12 hours. NF-κB activity was assayed using the dual-luciferase reporter assay. Data represent mean ± SD, n = 6, **P < 0.01. All statistical analyses in this 
figure were done by 1-way ANOVA followed by Bonferroni post hoc test.
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of TERF2IP expression in the d-flow area than in the l-flow area. In our in vitro study, we did not observe 
a significance difference in TERF2IP expression between d-flow and static conditions, potentially because 
the increase of TERF2IP expression by d-flow–induced NF-κB activation could be canceled by the effect of  
TERF2IP degradation after nuclear export, which is relevant to the condition after TRF2 depletion (Figure 
7C). In contrast, in vivo, we compared TERF2IP expression between d-flow and l-flow areas. Therefore, 
the increase of TERF2IP expression induced by d-flow via increasing NF-κB activation and the decrease of  
TERF2IP expression induced by l-flow via inhibiting NF-κB activation may become more apparent than the 
comparisons in d-flow vs. static conditions in vitro. We will investigate this possibility in our future study.

Figure 9. Endothelial activation 
and apoptosis, as well as subse-
quent atherosclerosis formation, 
were decreased in Terf2iphet-EKO/
Ldlr mice in vivo. (A and B) En face 
preparations of mouse aortas were 
coimmunostained with antibodies 
against vascular endothelial–cad-
herin (VE-Cad) and VCAM-1 (A) 
or cleaved caspase 3 (CCS3) (B). 
Fluorescent images of VCAM-1 and 
CCS3 expression in areas exposed 
to d-flow were recorded using an 
Olympus confocal laser scanning 
microscope (FV1200 MPE) with a 
60× objective lens (NA 1.35na Oil) 
(left). Scale bars: 20 μm. (C and D) 
The histogram shows the reduced 
intensity of anti–VCAM-1 (C) and 
anti-CC3 (D) staining in the d-flow 
region of the Terf2iphet-EKO/Ldlr 
mice. Data are presented as mean 
± SD (n = 4/group), **P < 0.01, *P < 
0.05 by unpaired 2-tailed t test. (E–
H) Mice were fed a high-fat diet for 
2 weeks, and PLCL surgery was per-
formed. Four weeks after the sur-
gery, the gross plaque size (plaque 
length/total left carotid length) in 
the Terf2iphet-EKO/Ldlr mice (E and 
G, top) and in the Terf2iphomo-EKO/
Ldlr mice (H) were measured. Data 
are shown as mean ± SD, n = 9–12, 
*P < 0.05 by unpaired 2-tailed t 
test. (F) Representative images of 
H&E-stained sections of the left 
carotid artery (LCA) and right carotid 
artery (RCA), obtained from Ldlr 
or Terf2iphet-EKO/Ldlr mice after 4 
weeks of partial LCA ligation. After 
ligation, neointima formation in the 
LCA of WT mice occurred, which 
was inhibited in Terf2iphet-EKO/
Ldlr mice. Scale bars: 200 μm. (G, 
bottom) The LCA plaque size (inti-
ma + media)/RCA media ratios in 
H&E-stained LCA and RCA sections 
were calculated as described in the 
Methods. Data are presented as 
mean ± SD, n = 9–12, *P < 0.05 by 
unpaired 2-tailed t test.
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We could not exclude the indirect effect of  apoptotic genomic DNA degradation on TL shortening. 
However, although the depletion of  TERF2IP almost completely inhibited d-flow–induced TL shorten-
ing, depletion of  TERF2IP partially inhibited the γ-H2AX increase induced by d-flow, suggesting a direct 
effect of  TERF2IP on TL shortening that is independent of  apoptotic genomic DNA degradation.

In summary, we provide evidence that TERF2IP S205 phosphorylation promotes the nuclear export 
of  the TERF2IP-TRF2 complex. This, in turn, leads to a proinflammatory and prosenescence phenotype 
in ECs, which contributes to atherosclerotic plaque formation. Future studies are necessary to determine 
how nuclear export of  TERF2IP TRF2 contributes to the regulation of  a distinct gene set that causes EC 
activation and senescence.

Methods
Additional details of  the experimental procedures are included in the online Supplemental Methods.

Mice and left carotid artery partial ligation. Mice were maintained in the vivaria of  the Texas A&M Insti-
tute of  Bioscience and Technology and The University of  Texas MD Anderson Cancer Center. All animals 
were housed in a temperature-controlled room under a light (12-hour)/dark (12-hour) cycle and patho-
gen-free conditions. EC-specific TERF2IP-KO mice were generated using mice expressing Cre-recombinase 
under the regulation of  VE-cadherin promoter (C57BL/6 background), as described previously (28). These 
mice were crossed with B6;129-Terf2iptm1.1Tdl/J mice (stock no. 012346; The Jackson Laboratory). Geno-
typing of  pups was performed by PCR using a tail clipping. DNA was extracted with a Zymo kit (Zymo 
Research) as per product protocol, and PCR was performed with GoTaq Green Master Mix (Promega) as 
per product protocol. To confirm the TERF2IP-null condition, we isolated ECs from homozygous mice 
and determined the KO effect on EC senescence and inflammation in vitro.

To show the functional role of  endothelial TERF2IP in vivo, we used heterozygous mice. To our 
knowledge, total knockdown of  TERF2IP expression does not exist in nature; therefore, heterozygous 
mice should exhibit more physiological in vivo responses than homozygous mice. Animals were chal-
lenged with a high-fat diet (TD.88137, Envigo) for 2 weeks, and then partial left carotid artery ligation 
was performed. In brief, 3 of  the 4 caudal branches of  the left carotid artery (left external carotid, inter-
nal carotid, and superior thyroid artery) were ligated with a 6–0 silk suture, while the occipital artery 
was left intact (45).

Monitoring of  mice after surgery. After surgery, mice were monitored until recovery in a chamber on a 
heating pad. We injected postoperative analgesia as needed for additional pain relief. We supported the 
mice with (a) warmth by placing them in a prewarmed cage (on a heating pad) and (b) fluids (prewarmed 
normal saline [37°C, 5 ml per 100 g body weight], given s.c.). We checked on the mice every 10 minutes 
until they were awake and moving, then daily for the first 3 days, and then once per week until the con-
clusion of  the study, as described in our protocols.

Histologic type and evaluation of  atherosclerotic lesions after partial carotid ligation. Four weeks after 
surgery, the left and the right carotid arteries of  the mice were harvested, fixed, paraffin embedded, 
serially sectioned (5 μm), and stained with H&E, as we described previously (22). Plaque formation 
was evaluated by detecting the intima and media areas and quantifying them using ImageJ software 
(http://imagej.nih.gov/ij/), as we described previously (22). The intima area was calculated by sub-
tracting the lumen area from the area circumscribed by the internal elastic lamina, and the media 
area was determined by the area between the internal and external elastic laminae. We conducted a 
double-blind, randomized study; the researchers who evaluated the sizes of  plaques were blinded to 
the study groups until the data analysis was complete.

Real-time PCR. At the end of  experiments, ECs were washed 3 times with PBS and lysed in RLT Plus 
RNeasy lysis buffer (74136; QIAGEN). The resulting cell lysates were loaded onto a QIAshredder col-
umn (79656; QIAGEN) and spun down to collect the eluted lysates. Total RNA was then isolated from 
this lysate using an RNeasy Plus Mini Kit (74136; QIAGEN) following the manufacturer’s instructions. 
cDNA reverse transcription was performed with a 50 μl reaction mixture containing 1 μg of  purified RNA, 
5 μl of  10× buffer, 11 μl of  MgCl2, 10 μl of  dNTPs, 2.5 μl of  a random hexamer, 1.25 μl of  oligo-dT, 1 
μl of  RNase inhibitor, and 0.75 μl of  a reverse transcriptase enzyme using TaqMan Reverse Transcrip-
tion Reagents (N808-0234; made for Applied Biosystems by Roche Molecular Diagnostics). First-strand 
cDNA was reverse transcribed from total RNA by incubating reaction mixtures at 25°C for 10 minutes 
followed by 37°C for 60 minutes, 42°C for 60 minutes, and 95°C for 5 minutes before soaking at 4°C in a 
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PCR cycler. Target cDNA levels were quantified using a CFX Connect Real-Time System (Bio-Rad). Each 
reaction mixture (10 μl) contained cDNA synthesized from 20 ng of  total RNA, 5 μl of  iQ SYBR Green 
Supermix (1708882; Bio-Rad), and 0.5 μmol/l each of  forward and reverse primer, purchased from Ori-
gene with qSTAR quantitative PCR (qPCR) primers shown in Supplemental Table 2). Real-time PCR was 
carried out using MyiQTM2 Two-Color Real Time PCR System (Bio-Rad) and SYBR Green (Bio-Rad) at 
thermal activation for 10 minutes at 95°C and 40 cycles of  PCR (melting for 15 seconds at 95°C, followed 
by annealing/extension for 1 minute at 60°C). The ΔΔCt method was used to calculate fold changes in 
expression of  target RNAs: ΔCt = Ct (target gene) – Ct (housekeeping gene, GAPDH); ΔΔCt = ΔCt (treat-
ment) – ΔCt (control); and fold change = 2(–ΔΔCt).

TUNEL assay. Cell apoptosis was measured using the TUNEL assay (Roche Diagnostics). HUVECs were 
exposed to d-flow for 24 hours and fixed with 4% paraformaldehyde. After fixation, cells were washed with 
PBS, chilled in an ice bath for 2 minutes with permeabilization solution, washed again with PBS, and incu-
bated with a TUNEL mixture of terminal deoxynucleotidyl transferase and dUTP in DNA-labeling solu-
tion for 1 hour at 37°C. Cells were then rinsed twice with PBS and incubated with 50 μl of enzyme-labeled 
anti-fluorescein antibody solution in the dark for another 30 minutes. After the cells had been rinsed with PBS, 
3,3-diaminobenzidine was added for color development, and H&E was used for counterstaining. For each 
experimental group, a total of 400 cells from 5 high-power field images was examined under a microscope.

Flow cytometric analysis of  apoptotic cells for determining EC purity. Following various treatments (as 
indicated in the figures), cells were washed 3 times with PBS and harvested using 10 mM EDTA (pH 
8.0) solution at room temperature, and stained for apoptotic marker annexin V using annexin V–FITC 
Apoptosis Detection Reagent (ab14082; Abcam) as per the manufacturer’s instructions. Briefly, cell pel-
lets were resuspended in 1× annexin V Binding Buffer, and baseline measurements were taken using 
unstained control cells. Then, cells were stained with annexin V–FITC (ab14083; Abcam) at room tem-
perature for 5 minutes in the dark. For detecting EC purity, cells were stained with FITC conjugated 
anti–mouse CD31 (102405; BioLegend). Measurements for all samples were carried out using an Accuri 
C6 flow cytometer (BD Biosciences). Ten thousand cells were counted based on forward and side scatter 
characteristics. Results were analyzed using FlowJo software (version 10.5.0, FlowJo LLC).

TL length assay. TL length was measured using the TL PNA kit with FITC (DAKO), per the manufac-
turer’s instructions. In brief, cells were suspended in PBS and heated to 82°C for 10 minutes, either in the 
hybridization solution containing the fluorescein-conjugated PNA TL probe or in the hybridization solu-
tion without the probe. Hybridization was allowed to proceed in the dark at room temperature overnight. 
Cells were then washed twice, for 10 minutes each, using the washing solution supplied with the kit at 40°C. 
Cells were resuspended in the DNA staining buffer and incubated for 1 hour at room temperature. After 
being washed, cells were analyzed with a BD Accuri C6 flow cytometer using the FL-1 channel to detect 
the FITC signal and the FL-3 channel for propidium iodide. We used the human 1301 cell line (T-cell leu-
kemia, 01151619-1VL, MilliporeSigma) as a control cell line because these cells have unusually long TLs. 
These cells were cultured in RPMI 1640 containing 2 mM L-glutamine and 10% FBS, and the TL signal 
was measured as described above. After the flow cytometric analysis, the data obtained were used to deter-
mine the relative TL length, and the relative TL length was calculated as the ratio between the TL signal of  
each sample and the control cell (1301 cell line), with correction for the DNA index of  G0/1 cells.

NF-κB activity assay. NF-κB activity was measured using a luciferase assay with a reporter gene con-
taining 5 NF-κB binding sites as an enhancer (pLuc-MCS with 5 repeated NF-κB binding sites [TGGG-
GACTTTCCGC]; Stratagene). A transfection mixture was made using GIBCO Opti-MEM Reduced Serum 
Medium (31985070; Thermo Fisher Scientific) to which DEAE-DEXTRAN (final concentration, 0.375 μg/
μl, D9885; MilliporeSigma), a reporter vector, and a pRL-CMV vector (Promega) were added, and the mix-
ture was incubated for 10 minutes at 37°C. pRL-CMV was used as an internal control for Renilla luciferase 
activity. Next, culture medium was removed, cells were washed with PBS, and the transfection mixture was 
added. After 90 minutes of incubation, cold Opti-MEM Reduced Serum Medium containing 5% DMSO 
was added to the cells, and the mixture was incubated for an additional 5 minutes. Cells were then washed 
once with PBS and cultured in normal extracellular matrix (ECM). At the completion of experiments, cells 
were harvested in a passive lysis buffer (E1960; Promega), and the NF-κB activity was determined by using 
a GloMax 20/20 Luminometer (Promega) to measure luciferase activity in resulting cell lysates (dual-lucif-
erase reporter assay system; E1960, Promega). Relative NF-κB activity was calculated by normalizing firefly 
luciferase activity to Renilla luciferase activity (firefly/Renilla luciferase activity ratio).
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Gene expression profiling. Total RNA was obtained using RNeasy columns (QIAGEN) with DNA 
digest, according to the manufacturer’s instructions, and hybridized to Affymetrix GeneChip Human 
Transcriptome Array 2.0 (Affymetrix). The array data were incorporated into the Transcriptome Analy-
sis Console 3.0 software program (Affymetrix); GeneChip data were normalized using Tukey’s biweight 
average algorithm and represented as a biweight average on a log2 scale. Significant differences between 
2 groups were identified using an unpaired ANOVA (P < 0.05) with log2-transformed normalized inten-
sities, and transcripts with more than 2-fold differences in expression and P < 0.05 were selected for each 
specific comparison analyzed. Data were analyzed using Ingenuity Pathway Analysis application build 
377306M (2016-03-16) and content version 27216297 (2016-03-16; QIAGEN). We identified statistically 
significant and activation states of  (a) canonical pathways, (b) biological functions and disease, and (c) pre-
dicted upstream transcriptional regulators (http://pages.ingenuity.com/rs/ingenuity/images/0812%20
downstream_effects_analysis_whitepaper.pdf) using Fisher’s exact test enrichment scoring and predicated 
activity states with z-score calculations, which were based on the correlation between gene expression 
changes and literature-substantiated gene effects. Interaction networks were based on gene or molecule 
connectivity with other genes and molecules in the analyzed dataset (46). All molecular interactions and 
relationships of  molecules to function or disease were based on curated findings in the literature, which 
are stored in the Ingenuity Knowledge Base (QIAGEN).

Data availability. The microarray data are available in a public repository from the NCBI website 
under the GEO accession number GSE119407. The authors declare that all of  the other data supporting 
the findings of  this study are available in the article, in the supplemental material, or from the corre-
sponding author upon request.

Statistics. Data are presented as the mean ± SD. Differences between 2 independent groups were 
determined using the Student t test (2-tailed) and, when applicable, 1-way ANOVA, followed by Bon-
ferroni post hoc testing for multiple group comparisons using Prism software (version 5.0; GraphPad 
Software). When groups exhibited unequal variances, Welch’s ANOVA was used to perform multiple 
group comparisons. P < 0.05 were considered statistically significant and are indicated by an asterisk in 
the figures. P < 0.01 are indicated by 2 asterisks.

Study approval. All animal and human cells procedures were approved by the University Committee 
on Animal Resources of  the Texas A&M Institute of  Bioscience and Technology (2014-0231, 2017-0154) 
and by the MD Anderson IACUC (00001652, 00001109) and the MD Anderson IRB (PA17-0383).
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