
Article
FBW7Mediates Senescen
ce and Pulmonary Fibrosis
through Telomere Uncapping
Graphical Abstract
Highlights
d Stress-induced pulmonary senescence (SIPS) and fibrosis

are mediated by FBW7

d FBW7 triggers telomere uncapping and DNA damage

response through TPP1 degradation

d FBW7 KO or TPP1 OE increases telomere capping,

preventing SIPS and fibrogenesis

d TELODIN disrupts FBW7 binding to TPP1 for pulmonary

resistance to SIPS and fibrosis
Wang et al., 2020, Cell Metabolism 32, 860–877
November 3, 2020 ª 2020 Elsevier Inc.
https://doi.org/10.1016/j.cmet.2020.10.004
Authors

Lihui Wang, Ruping Chen, Guo Li,

Zhiguo Wang, Jun Liu, Ying Liang,

Jun-Ping Liu

Correspondence
jun-ping.liu@monash.edu

In Brief

Environmental stressors such as

bacterial toxins and radiation can cause

premature aging and fibrosis. Wang et al.

reveal that in mice exposed to radiation or

the bacterial toxin bleomycin, the tumor

suppressor protein FBW7 marks the

telomere protein TPP1 for degradation,

triggering telomere uncapping and

shortening, cancer or stem cell aging, and

pulmonary fibrosis. Targeting FBW7 by

an 8-mer synthetic peptide mimetic

protects telomeres, enhances pulmonary

respiratory function, and prevents stress-

induced lung premature aging and

fibrosis.
ll

mailto:jun-ping.liu@monash.�edu
https://doi.org/10.1016/j.cmet.2020.10.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cmet.2020.10.004&domain=pdf


ll
Article

FBW7 Mediates Senescence and Pulmonary
Fibrosis through Telomere Uncapping
Lihui Wang,1,5 Ruping Chen,1,5 Guo Li,1,5 Zhiguo Wang,1 Jun Liu,1 Ying Liang,1 and Jun-Ping Liu1,2,3,4,6,*
1Institute of Ageing Research, Hangzhou Normal University, School of Medicine, Hangzhou, Zhejiang Province 311121, China
2Hangzhou Duanli Biotechnology Company Limited, Hangzhou, Zhejiang Province 311121, China
3Department of Immunology, Monash University Faculty of Medicine, Prahran, VIC 3181, Australia
4Hudson Institute of Medical Research, and Monash University Department of Molecular and Translational Science, Clayton, VIC 3168,
Australia
5These authors contributed equally
6Lead Contact

*Correspondence: jun-ping.liu@monash.edu
https://doi.org/10.1016/j.cmet.2020.10.004
SUMMARY
Tissue stem cells undergo premature senescence under stress, promoting age-related diseases; however,
the associated mechanisms remain unclear. Here, we report that in response to radiation, oxidative stress,
or bleomycin, the E3 ubiquitin ligase FBW7 mediates cell senescence and tissue fibrosis through telomere
uncapping. FBW7 binding to telomere protection protein 1 (TPP1) facilitates TPP1 multisite poly-
ubiquitination and accelerates degradation, triggering telomere uncapping and DNA damage response.
Overexpressing TPP1 or inhibiting FBW7 by genetic ablation, epigenetic interference, or peptidomimetic
telomere dysfunction inhibitor (TELODIN) reduces telomere uncapping and shortening, expanding the pul-
monary alveolar AEC2 stem cell population in mice. TELODIN, synthesized from the seventh b strand blade
of FBW7 WD40 propeller domain, increases TPP1 stability, lung respiratory function, and resistance to
senescence and fibrosis in animals chronically exposed to environmental stress. Our findings elucidate a
pivotal mechanism underlying stress-induced pulmonary epithelial stem cell senescence and fibrosis,
providing a framework for aging-related disorder interventions.
INTRODUCTION

Pulmonary fibrosis is a lethal condition characterized by cell

senescence in the lung epithelium and fibrogenesis in the lung in-

terstitium. Patients diagnosed with idiopathic pulmonary fibrosis

(IPF) have a median survival time of less than 3 years. Although

the precise molecular mechanisms remain largely unknown,

considerable evidence indicates that IPF stems from pulmonary

alveolar stem cell DNA damage with oxidative stress insults (Yu

et al., 2018) and compromised protection mechanisms (Liang

et al., 2016). Multiple factors in the internal milieu, as well as

the genes, including those required for telomere homeostasis,

such as telomerase reverse transcriptase (TERT), telomerase

RNA component (TERC), poly(A)-specific ribonuclease (PARN),

and regulator of telomere length 1 (RTEL1), which is an essential

helicase (Dressen et al., 2018), have been implicated in sporadic

IPF. Mutations in the telomerase subunit genes (Armanios et al.,

2007; King et al., 2011; Sousa et al., 2018; Stuart et al., 2015;

Tsakiri et al., 2007), alveolar epithelial stem cell surfactant protein

(SP) C, or SPA (Cottin et al., 2011; Nathan et al., 2016; Nogee

et al., 2001) are linked to patients with familial IPF and have

been associated with pulmonary alveolar epithelial type 2

(AEC2) stem cell senescence and transdifferentiation to myofi-
860 Cell Metabolism 32, 860–877, November 3, 2020 ª 2020 Elsevie
broblasts in IPF (Alder et al., 2015; Lee et al., 2009; Razdan

et al., 2018).

Telomere dysfunction—a potential cause of aging-related dis-

eases (Blackburn et al., 2015)—results from mutations in shel-

terin proteins (de Lange, 2005), and telomerase (Chen et al.,

2015; Xie et al., 2015), which protect cells from the telomere

DNA damage response (DDR) (d’Adda di Fagagna et al., 2003;

Denchi and de Lange, 2007; Deng et al., 2009; Karlseder et al.,

2002; Rivera et al., 2017) and from entering senescence (Chen

et al., 2015; Greider, 1998; Xie et al., 2015). Genetic mutagenesis

of the shelterin component, telomere repeat binding factor 2

(TRF2) or telomerase genes, induces pulmonary fibrosis (Alder

et al., 2015; Chen et al., 2015), whereas transgenic expression

of the telomerase catalytic subunit TERT is a potential therapeu-

tic strategy for alleviating pulmonary fibrosis (Povedano et al.,

2018). Moreover, mutations in the ACD gene coding for the shel-

terin component TPP1, which caps telomere ends and recruits

telomerase (Miyoshi et al., 2008; Nandakumar et al., 2012;

Palm and de Lange, 2008; Schmidt et al., 2016; Wang et al.,

2007; Xin et al., 2007; Zhong et al., 2012), cause stem cell dis-

eases such as aplastic anemia with bone marrow failure (Guo

et al., 2014) and Hoyeraal-Hreidarsson syndrome (Kocak et al.,

2014). Moreover, TPP1 levels were recently shown to be
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Figure 1. FBW7 Deficiency Promotes Lung Respiratory Function and Resistance to Stress-Induced Senescence and Fibrogenesis in Mice

(A and B) Five types of pulmonary stem cell populations from the lungs of mice exposed to BLM (A) or IR (B). The air bubble symbols with each mean value

represent individual data values of the samples. Each experiment was repeated R3 times. *p < 0.05, **p < 0.01, ***p < 0.001.

(legend continued on next page)
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significantly reduced in the lung tissue of patients with chronic

obstructive pulmonary disease (COPD) (Ahmad et al., 2017).

By interacting with genetic factors, environmental stressors

such as the DNA damaging antibiotic bleomycin (BLM) (Aitken

et al., 1989; Santrach et al., 1989), ionizing radiation (IR) (Desai

et al., 2014; Gross, 1977; Parfrey et al., 2010), and oxidative

metabolite reactive oxygen species (Anathy et al., 2018; Borok

et al., 1991; Chung et al., 2019; Demedts et al., 2005; Yu et al.,

2018) have been shown to cause pulmonary fibrogenesis. BLM

(Alder et al., 2015; Guan et al., 1993; Povedano et al., 2015), IR

(Cornforth et al., 1989; Fumagalli et al., 2012; Metcalfe et al.,

1996), and H2O2 (Gorbunova et al., 2002; Petersen et al., 1998;

Qian et al., 2019; von Zglinicki, 2002) also cause telomere short-

ening; however, the associated mechanisms remain largely un-

defined. Notably, stress-induced telomeric damage appears to

be rapid and more abundant than that of non-telomeric regions

in the genome (Qian et al., 2019; Wu et al., 2018); as they occur

irrespective of telomerase activity and are irreparable in terms of

DNA repair, they result in persistent DDR and cellular senes-

cence (Coluzzi et al., 2014; Degryse et al., 2012; Fumagalli

et al., 2012; Hewitt et al., 2012).

As a stress responsive E3 ubiquitin-protein ligase (Kourtis

et al., 2015; Sionov et al., 2013; Xu et al., 2014), FBW7 (F-box

and WD40 repeat domain-containing 7; also termed FBXW7,

Sel-10, hCDC4, or hAgo) directs a number of proto-oncoproteins

including c-Myc, N-Myc, Notch, cyclin E, c-Jun, Aurora-A, and

mTOR for degradation (Buckley et al., 2012; Davis et al., 2014;

Gallo et al., 2017; Kanatsu-Shinohara et al., 2014; Sancho

et al., 2014; Wang et al., 2011). By mediating the turnover of mul-

tiple proto-oncoproteins, FBW7 regulates oncogenic cell prolif-

eration (Davis et al., 2014). However, it is one of the most

frequently mutated genes in human cancers, with FBW7 found

in a large range of human cancers, underpinning tumorigenesis

(Bonilla et al., 2016; King et al., 2013; Mao et al., 2008; Ojesina

et al., 2014). Genetic inactivation of FBW7 results in tissue

stem cell expansion in the pancreatic epithelia (Sancho et al.,

2014), bone marrow hematopoietic (Matsuoka et al., 2008),

and testicular spermatogonial tissues (Kanatsu-Shinohara

et al., 2014) through mechanisms that are yet to be fully

elucidated.

In the present study, the mechanisms associated with how

environmental stressors induce telomere dysfunction, and

accelerate aging and actuate fibrosis, were investigated at a

multi-system level. Using fluorescence labeling, fluorescence-

activated cell sorting (FACS), and microimaging, protein kinases

and ubiquitin E3 ligases were examined in the nucleus respond-
(C and D) Effect of Fbw7 CKO on AEC2 stem cells by IF staining for BrdU (C) or P

stained for BrdU and SPC from 15 fields (C), or PCNA and SPC (D). Arrows: repl

(E) Effect of Fbw7 CKO on p16INK4a gene expression (left panel) by qPCR and AE

(F) Effect of Fbw7CKO onBLM-exposed AEC2 stem cell proliferation and senesce

with significant difference at p < 0.05.

(G) Effect of Fbw7 CKO on lung expiratory flux and tidal and minute ventilation v

eSpira Maneuvers System.

(H and I) Effect of Fbw7 CKO on BLM-induced lung senescence and fibrosis by H

and b-Gal, and Masson’s trichrome stainings in pulmonary sections (I) of mice (S

(J) Effect of Fbw7 CKO on the gene expressions in sorted AEC2 cells of mice (SP

(K) Effect of tamoxifen-induced Fbw7 CKO on the gene expressions by qPCR in

(L) Effect of tamoxifen-induced Fbw7 CKO on IR-stimulated SPC and HP1gby IB

stem cells by IF in the lung sections of mice (ERT:cre;Fbw7floxflox) exposed to IR
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ing to stress in cancer, murine pulmonary epithelial stem/pro-

genitor, and human lung normal epithelial cells. We found that

FBW7a and g, downstream of GSK3b kinase, mediate cellular

senescence by accelerating TPP1 turnover via multisite poly-

ubiquitination, triggering telomere uncapping and shorting. Us-

ing a model system of Fbw7 conditional knockout (CKO) in

AEC2 stem cells of mice, we demonstrated that Fbw7 KO pre-

vents BLM- or IR-induced telomere uncapping, pulmonary

senescence, and fibrosis in a manner dependent on TPP1 stabil-

ity. Moreover, via binding analysis, testing synthetic peptides,

and molecular dynamics (MD) simulation, we demonstrated the

capacity of a small peptidomimetic to specifically inhibit FBW7

binding to TPP1, thereby attenuating telomere uncapping. By

screening numerous synthetic peptides complementary to

different regions of FBW7, we observed that the peptidomimetic

telomere dysfunction inhibitor (TELODIN), representing the 7th b

strand blade of FBW7 WD40 propeller domain, prevented TPP1

degradation, telomere shortening, alveolar stem cell senes-

cence, and pulmonary fibrosis in mice exposed to BLM or IR.

RESULTS

FBW7Mediates Stress-Induced Pulmonary Senescence
and Fibrosis
To investigate pulmonary stem cell senescence in response to

stress, we analyzed five different types of stem cells in the lungs

under stress conditions. Results show that AEC2 stem cells were

significantly reduced—consistent with AEC2 stem cell senes-

cence induced by stress (Alder et al., 2015; Lee et al., 2009)—

whereas bronchioalveolar stem cells (BASCs), Clara cells, basal

cells (BCs), and distal airway stem cells (DASCs) remained un-

changed in mice exposed to intratracheal BLM (3 U/kg body

weight) or IR (5 Gy) (Figures 1A, 1B, and S1A–S1H). We then as-

sessed a potential role for different stress responsive E3 ubiquitin

ligases, and found that FBW7 deficiency in AEC2 stem cells

significantly increased cell proliferation under resting conditions,

bycrossingmicecarrying the floxedFbw7genewith theSPApro-

moter-driven cre allele for Fbw7 CKO (Figures 1C and 1D). We

found that chronic exposure of wild-type (WT) mice to BLM

(3 U/kg body weight) for 21 days resulted in a significant increase

in p16INK4a (p16) gene expression levels in AEC2 stem cells,

which was abolished in Fbw7 CKO animals (Figure 1E). Notably,

the Fbw7 CKO mice exhibited a significant increase in the AEC2

stem cell population under basal conditions and complete inhibi-

tionof theBLM-induceddecrease inAEC2stemcells (Figures 1E,

1F, and S1I–S1L). In examining the subpopulations of AEC2 stem
CNA (D). After BrdU (100 mg/kg, i.p., 24 h), AEC2 stem cells were sorted and

icating AEC2 stem cells.

C2 stem cell population (right panel) sorted by FACS.

nce, quantitated by IF in the lungs of mice. * versusWT/PBS. # versusWT/BLM

olumes of Fbw7 CKO mice (SPA:cre;Fbw7floxflox) by spirometry analysis using

YP content in lung tissue extracts (left panel, H), a-SMA IF (right panel, H), p16,

PA:cre;Fbw7floxflox).

A:cre;Fbw7floxflox) using the Fluidigm BioMark HD system.

the lung of mice (ERT:cre;Fbw7floxflox) exposed to BLM.

(left panel) and on HP1g+ AEC2 (middle panel) and gH2AX+ AEC2 (right panel)

(8 Gy).



Figure 2. FBW7 Mediates TPP1 Multisite Polyubiquitination and Turnover via GSK3b Signaling in Stress Response

(A) Effect of various E3 ubiquitin ligase gene KDs on TPP1 in A549 cells exposed to H2O2, BLM, or IR by IB. Cells transfected for 48 h were exposed to BLM

(200 mM, 16 h), H2O2 (1 mM), or IR (8 Gy).

(legend continued on next page)
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cells after Fbw7CKO, we found that the Ki67+ proliferative AEC2

stem cells increased significantly, whereas HP1g+ senescent

AEC2 stem cells decreased significantly, compared to controls

(Figure 1F). Moreover, Fbw7 CKO significantly inhibited the

BLM-induced decrease in Ki67+ AEC2 stem cells and increase

inHP1g+ AEC2 stemcells, as comparedwith controls (Figure 1F).

Remarkably, Fbw7 CKO mice showed not only an expanded

AEC2 stem cell population (Figures 1C–1F) but also significantly

enhanced lung respiratory function (Figure 1G). They also ex-

hibited elevated expiratory influxes as well as tidal and minute

ventilation volumes under resting conditions (Figures 1G and

S1M–S1Q). BLM treatment for 21 days resulted in pulmonary

fibrosis in WT animals; however, its effect on pulmonary senes-

cence and fibrosis was inhibited by FBW7 CKO (Figures 1H–1K

and S1P). Furthermore, BLM increased levels of the fibrotic

markers a-smooth muscle actin (a-SMA) and hydroxyproline

(HYP), and the senescent markers p16 and b-galactosidase

(b-Gal), along with significant Masson’s trichrome staining, all

of which was inhibited by Fbw7 CKO (Figures 1H–1K and S1P).

Consistent with this observation, Fbw7CKO increased the levels

of cell-proliferative genes and decreased cell-cycle-inhibitory

and a-SMA genes in AEC2 stem cells, while inhibiting the

BLM-induced decrease in SPC and increase in fibrotic marker

genes in the lungs (Figures 1J and 1K; Tables S1 and S2). These

results indicate that FBW7 restricts AEC2 stem cell proliferation

and mediates stress-induced AEC2 stem cell senescence and

pulmonary fibrogenesis.

To verify the effects of Fbw7 CKO on IR-induced AEC2 stem

cell senescence and tissue fibrogenesis in an inducible gene

KO model, mice carrying a tamoxifen-inducible cre allele were

crossed with Fbw7flox/flox mice, followed by tamoxifen-induced

cre-mediated gene targeting before treating the Fbw7 CKO

mice with IR. Consistent with the abovementioned findings,

tamoxifen-induced FBW7 CKOmice demonstrated a marked in-

hibition of IR-induced HP1g+ AEC2 stem cells and gH2AX+ DDR

in AEC2 cells of mice exposed to different dosages of IR (Fig-

ure 1L). Consistent with the inhibition of AEC2 stem cell senes-

cence and DDR, Fbw7 CKO decreased TIF levels, as well as

gH2AX+/HP1g+ AEC2 cells, and b-Gal staining in the lungs of

mice exposed to IR compared with WT mice (Figures 1L and

S1Q–S1S). Likewise, mice with inducible Fbw7 CKO showed a

significant resistance to BLM-induced pulmonary senescence

compared with that of WT (Figure S1T). These findings suggest

that FBW7 initiates DDR in IR- or BLM-induced AEC2 stem cell

senescence and pulmonary fibrosis.

FBW7 Facilitates TPP1 Multisite Polyubiquitination and
Degradation
Next, we investigated themechanisms bywhich FBW7mediates

stress-induced cell senescence. The telomere shelterin protein
(B and C) Effect of FBW7 KD on TPP1 turnover accelerated by H2O2 (1 mM) or B

(D) Effect of FBW7a or g OE on TPP1 in the presence or absence of MG132 (20 mM

293T cells.

(E) Effect of protein kinase silencing andGSK3b inhibitors CHIR 99021 (10 mM, 4 h)

293T cells transfected for 36 h (right panel).

(F) FBW7 mediates stress-stimulated TPP1 multisite polyubiquitination. 293T ce

treated with BLM (200 mM), before MG132 (20 mM, 6 h).

(G) Effect of substituting TPP1 putative ubiquitination sites on FBW7a-mediated
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TPP1 was found to be significantly unstable in the presence of

H2O2, BLM, or IR, undergoing rapid degradation in human pul-

monary A549 cells (Figure 2A). Having confirmed the specificities

of detecting shelterin proteins TPP1, TIN2, TRF1, TRF2, and

Rap1 using commercially available antibodies (Figures S2A

and S2B), we found that TPP1 turnover was accelerated and un-

derwent degradation in a regulated manner. Knockdown (KD) of

the different E3 ubiquitin ligases revealed that stress induced

TPP1 deficiency in an FBW7-dependent manner (Figures 2A

and S2C–S2F; Table S3). Of the three FBW7 isoforms (Davis

et al., 2014; Gallo et al., 2017; Sionov et al., 2013), nuclear

FBW7a and g accelerated TPP1 degradation in a stress- and

FBW7 expression-dependent manner (Figure 2D). Moreover,

the H2O2- or BLM-accelerated TPP1 half-life was extended

from 5–6 h to 15–18 h by silencing Fbw7, whereas TPP1 defi-

ciency was accelerated by Fbw7 overexpression (OE) and in-

hibited by the proteasome inhibitor MG132 (Figures 2B–2D

and S2G–S2K). FBW7 KD extended the half-life of TPP1 by

�3-fold compared with that of the control (Figures 2B, 2C, and

S2H–S2J). In contrast, FBW7a or g OE decreased the half-life

from >9 to 3 h, i.e., �75% of control, leading to TPP1 deficiency

(Figures 2D and S2K). To investigate the specific pathway up-

stream of FBW7-mediated TPP1 deficiency, we silenced 40

various nuclear protein kinases by RNAi and identified a role

for GSK3b in IR-induced TPP1 degradation (Figure 2E, left panel;

Table S4). Pharmacological inhibition with the selective GSK3b

inhibitors CHIR99021 and TC-G24 blocked the FBW7a-medi-

ated degradation of TPP1 in human embryonic kidney (HEK)

293T cells (Figure 2E, right panel). These results indicate that

FBW7 facilitates TPP1 turnover via proteasomes in response

to environmental stress stimuli and GSK3b signaling.

To further explore the mechanisms by which FBW7 facilitates

TPP1 turnover, we determined whether FBW7 mediates TPP1

ubiquitination in response to BLM treatment in cultured human

cells. Interestingly, BLM stimulated TPP1 polyubiquitination,

while FBW7a OE induced a marked increase in TPP1 poly-

ubiquitination and potentiated the BLM-induced TPP1 poly-

ubiquitination (Figure 2F). To determine the amino acid (aa)

residue(s) are ubiquitinated, we carried out aa substitutions of

different lysine residues with arginine across the TPP1 domains

by site-directedmutagenesis. We identified three lysine residues

at 299, 453, and 459 that are polyubiquitinated as mutation of

each reduced FBW7a-mediated polyubiquitination by �30% of

overall ubiquitination (Figure 2G). In contrast to the inhibition of

FBW7a-mediated ubiquitination by mutations at 299K, 453K,

and 459K, we found that mutation of the 232K residue resulted

in a significant increase in FBW7 OE-induced TPP1 ubiquitina-

tion, indicating that 232K plays a regulatory role in opposing

FBW7-mediated TPP1 multisite polyubiquitination and degrada-

tion. This finding is consistent with previous studies
LM (200 mM) in A549 cells transfected for 48 h.

, 6 h) (upper panel) or cycloheximide (CHX, 100 mg/mL, 0–9 h) (lower panel) in

and TC-G24 (1 mM, 4 h) in HeLa cells transfected for 48 h before IR (left panel) or

lls expressing HA-ubiquitin and FLAG-TPP1 were transfected with FBW7a or

TPP1 ubiquitination in 293T cells transfected and treated MG132 (20 mM, 6 h).
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ll
Article

Cell Metabolism 32, 860–877, November 3, 2020 865



ll
Article
demonstrating that RNF8mediates the ubiquitination of 232K and

stabilization of TPP1 (Rai et al., 2011). Overall, our findings indi-

cate that FBW7 mediates stress-accelerated TPP1 turnover by

facilitating TPP1 polyubiquitination at the 299K, 453K, and 459K

residues, which is regulated by TPP1 ubiquitination at the 232K

residue.

We further characterized the structure-function relationship

between FBW7 and TPP1 (Figure 3A). Both endogenous and re-

combinant TPP1 were found to bind to FBW7a or g by co-immu-

noprecipitation (coIP) in 293T cells (Figures 3B and S2L); howev-

er, FBW7a did not bind to Pot1, which is another component of

shelterin (Figure S2M). In mapping the sites of aa residues medi-

ating this binding, we found that single aa mutations of the 465R,
479R, or 505R residues in the WD40 domain of FBW7a, mimicking

FBW7 gene mutations in human cancers (Gallo et al., 2017),

disabled FBW7 binding to and degradation of TPP1 (Figures

3C, S2N, and S2O; Table S2). Deletion of the C-terminal 49 aa

(FBW7 1–658), but not the F-box, abolished FBW7a binding to

TPP1, whereas the recombinant FBW7 WD40 domain (362–

707) bound to TPP1 directly (Figures 3D and 3E),

indicating that the FBW7 C-terminal 49 aa sequence

mediates FBW7 binding to TPP1. Moreover, removal of the

TPP1 serine/threonine (S/T) region (aa 341–482) that contains

the putative Cdc4 phosphodegron (CPD) site (Davis et al.,

2014; Gallo et al., 2017) inhibited TPP1 binding to the FBW7

WD40 domain (Figure 3E). Similarly, mutations of the TPP1
354S or 358S residues at the putative CPD site inhibited TPP1

binding to FBW7a (Figure 3F), identifying a CPD in TPP1. To vali-

date the direct binding between FBW7 and TPP1 in vivo, we em-

ployed a yeast two-hybrid system. TPP1 was found engaged by

FBW7a under various stringent conditions of reporter gene

expression (Figure S2P). FBW7a was co-localized with TPP1 in

cultured HeLa cells, as evidenced by confocal microscopy (Fig-

ure S2Q). Thus, our results indicate that the FBW7 C-terminal tail

region in the WD40 domain binds to the CPD containing phos-

phorylated 354S and 358S residues in the S/T region of TPP1,
Figure 3. FBW7 Triggers Telomere Uncapping, DDR, and Cell-Cycle A

(A) The domain structures, mutations, and deletion sites of TPP1 and FBW7.

(B and C) FBW7a or g binding to TPP1 and the effect of single aa mutations in FBW

transfected with FLAG-FBW7 isoforms (B) or mutants (C), and treated with MG1

(D) Effect of FBW7 domain deletions on FBW7a binding to TPP1. 293T cells expres

deletion mutant of FLAG-FBW7a, or WD40 domain of FLAG-FBW7a, and treated

(E) Effect of the TPP1 S/T region deletion on FBW7 WD40 domain binding to TPP

293T cells expressing HA-TPP1 or HA-TPP1 void of the S/T region.

(F) Effect of site-directed mutagenesis of the S354/358 motif in the CPD of the S/T

HA-TPP1 and FLAG-FBW7a, with MG132 treatment.

(G) FBW7 TPP1-dependent co-localization with telomeres by IF-FISH using telo

antibodies for endogenous and recombinant FBW7, respectively, in HeLa cells.

(H) Association of FBW7 with telomeres by ChIP and dot blotting in 293T cells tran

followed by ChIP and dot blotting.

(I) Metaphase FISH showing the effect of FBW7 on telomere loss in HT1080 cells st

loss. (I00) Representative images: white arrow, short telomeres; pink arrows, miss

(J) Effect of FBW7a on telomere fragility and fusion. Metaphase FISH showing te

telomeric signals (MTS) (red arrow) in stably transfected HeLa cells. Quantitation

(K) Effect of FBW7a on TIFs and non-telomeric DNA damage foci by metaphas

percentage of total chromosomes (K0). Yellow and green arrows indicate TIFs an

(L) FBW7a or g OE results in telomeric DDR. gH2AX recruitment to telomeric D

blotting (left panel) and IB (right panel).

(M) FBW7a or gOE results in cell-cycle arrest in G2/M. Human lung normal epithel

24 h, and labeled for flow cytometry.
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mediating TPP1 multisite polyubiquitination at the 299K, 453K,

and 459K residues and accelerated turnover (Figure S2R).

Telomere Uncapping Is Induced by FBW7 In Vitro and
In Vivo

We next probed the potential regulation of telomeres by FBW7

and found that nuclear FBW7 co-localized with telomeres in

>20% of cells in a TPP1-dependent manner, as evidenced by

immunofluorescence and fluorescence in situ hybridization

(IF-FISH) (Figures 3G and S3A–S3D). Chromatin IP (ChIP) fol-

lowed by dot blotting using specific antibodies and telomeric

DNA-specific probes showed that FBW7a or g co-precipitated

with telomeric DNA, which was abolished by a single aa substi-

tution of R465H or R505L (Figure 3H). Moreover, FBW7a or g

OE caused a marked increase (7- to 10-fold compared with

control) in undetectable telomeres at the chromosome ends,

as evidenced by metaphase quantitative FISH (Q-FISH) (Fig-

ures 3I and S3E). Accordingly, FBW7a or g OE increased telo-

mere fragility and fusion, telomere dysfunction-induced foci

(TIFs), and telomere shortening (Figures 3I–3K, S3E–S3I, S3K,

and S3L) in cultured HeLa cells compared with that of control.

Whereas non-telomere DNA damage foci were observed in

chromosomes with shortened telomeres, no significant in-

crease in these foci beyond telomeres was found in chromo-

somes without telomere shortening (Figures 3K and S3F), indi-

cating that telomere uncapping and shortening trigger non-

telomeric DNA damage. In addition to the widespread telomere

deprotection induced by FBW7a or g OE (Figures 3I–3K and

S3E–S3L), we observed telomeric DDR with increased gH2AX

binding, increased levels of p16 and p21, decreased c-Myc,

cell-cycle arrest at the G2/M phase, and cellular senescence

with increased HP1g and b-Gal staining (Figures 3L, 3M, and

S4A–S4J). These results indicate that FBW7 triggers telomere

uncapping, resulting in telomere shortening as well as subse-

quent non-telomeric DNA damage, DDR, G2/M phase cell-cy-

cle arrest, and subsequent cell senescence.
rrest through WD40 Domain Binding to TPP1 S/T Region CPD

7 C-terminal region, by reciprocal coIP. 293T cells expressing HA-TPP1 were

32 (20 mM, 6 h).

sing HA-TPP1were transfected with the F-box deletion mutant, WD40 domain

with MG132 (20 mM, 6 h).

1 in vitro. GST-FBW7 WD40 fusion proteins were incubated with the lysates of

region of TPP1 on FBW7a binding to TPP1 in 293T cells expressing the mutant

meric PNA probes, and FBW7-specific (left panel) or anti-FLAG (right panel)

Positively stained cells were counted as percentages of totals.

sfected with FLAG-TRF1 as a positive control or FLAG-FBW7 variants for 48 h,

ably expressing FBW7a or g. (I0 ) Quantitation of FBW7 expression and telomere

ing telomeres.

lomere shortening (white arrow), fusion (yellow arrow), and fragility with multi-

: percentages of total chromosomes.

e IF-FISH in FBW7a stably transfected HeLa cells. Foci were quantified as a

d non-telomeric foci, respectively (K00).
NA was determined in HT1080 cells expressing FBW7 isoforms by ChIP-dot

ial BEAS-2B cells were transfected with FBW7 for 48 h, incubated with BrdU for



Figure 4. FBW7 Regulates Telomere Uncapping and Cell Proliferation in Response to H2O2 or IR in a TPP1-Dependent Manner

(A) Effect of FBW7 KD on TIFs determined by IF-FISH in HeLa cells transfected with the indicated siRNAs for 48 h.

(B andC) Effect of FBW7KDon telomere length by flow-FISH in HT1080 cells (B) and on telomere numbers bymetaphase FISH per chromosome in HeLa cells (C).

(legend continued on next page)
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Whereas the effects of FBW7 OE mirrored that of IR in causing

increased TIFs (Figure S3G), FBW7 KD markedly inhibited the

basal levels of TIFs, increased telomere length, and decreased

the incidence of undetectable telomeres (Figures 4A–4C and

S4K–S4N), suggesting that FBW7 controls a reversible mecha-

nism of telomere capping/uncapping and length control. To test

the specificity of FBW7 KD-induced decrease in telomere uncap-

ping and determine if FBW7 KD blocks stress-induced telomere

uncapping, we examined TIFs after silencing FBW7 and a number

of other E3 ubiquitin-protein ligases.We found that FBW7KDwas

the only condition associated with reduced basal levels of TIF

among the ligases tested (Figures 4D and S2C), and that FBW7

KD abolished the increase in TIFs induced by either H2O2 or IR

(Figures 4D and S4O), indicating that FBW7 mediates not only

TPP1 turnover but also rapid uncapping of telomeres in cultured

cells under stress. In contrast to knocking down other E3 ubiquitin

ligases, RNF8 KD significantly increased TIF basal levels and

potentiated the H2O2- or IR-induced increase in TIFs (Figure 4D),

consistent with previous studies where RNF8-mediated TPP1

ubiquitination at 232K stabilizes TPP1 (Rai et al., 2011), and our

data, which demonstrates that 232K ubiquitination inhibited

FBW7-mediated multisite polyubiquitination and degradation of

TPP1 (Figure 2G). These results indicate that telomere capping

and uncapping are regulated by TPP1 ubiquitination at different

aa residues by RNF8 and FBW7, with RNF8-mediated 232K ubiq-

uitination for TPP1 stability and FBW7-mediated poly-

ubiquitination at 299K, 453K, and 459K for TPP1 turnover.

To evidence a role for FBW7 in telomere uncapping in normal

epithelial cells of human and rodent lungs, we observed the ef-

fect of FBW7 insufficiency on telomeres in human lung epithelial

BEAS-2B cells and rat AEC2 RLE-6TN cells. FBW7 KD

decreased the levels of telomere uncapping; p21 and p16, how-

ever, increased cell proliferation in the cultured cells (Figures 4E,

4F, and S4P–S4T). FBW7 KD also abolished the IR-induced in-

crease in telomere uncapping, p21, and p16, and decrease in

cell proliferation (Figures 4E, 4F, and S4P–S4T). Leading to

increased TPP1, FBW7 CKO inhibited telomere uncapping

induced by BLM (Figures S4U and S4V) or IR (Figures S4W–

S4Y). Overall, our findings indicate that FBW7 exerts a significant

effect on TPP1 deficiency, telomere uncapping, and shortening

under basal and stress conditions in cultured human cells

and mice.

TPP1 Rescues FBW7-Mediated Telomere Uncapping,
Cell Senescence, and Tissue Fibrosis
Next, we examined the intermediately dependent role of TPP1

deficiency in FBW7-induced telomere uncapping, cell senes-

cence, and pulmonary fibrosis. While FBW7a or g triggered telo-

mere dysfunction and induced cell senescence in the presence
(D) Effect of E3 ubiquitin-protein ligase KD on stress-induced TIF levels in pulmo

(right panel).

(E and F) Effect of FBW7 KD on TIF and cell proliferation of BEAS-2B cells transfec

further cultured for 24 h in the presence of BrdU (10 mM) for DNA replication (F).

(G and H) TPP1 OE abolishes FBW7a-induced pulmonary respiratory dysfunc

administered and monitored by IB (G) and spirometry analysis (H).

(I and J) Effect of TPP1 OE on FBW7a-induced AEC2 stem cell exhaustion. FACS (

senescent fraction for 20 fields per lung (J, pie chart and insets).

(K and L) Assessment of telomere lengths by Q-FISH (K), fibrotic markers of HYP
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or absence of IR, TPP1 OE inhibited the IR- or FBW7-induced in-

crease in TIFs and b-Gal staining in cultured cells (Figures S5A–

S5D). In vivo, FBW7a OE induced TPP1 deficiency, telomere

shortening, and AEC2 stem cell senescence, with senescence-

associated secretory phenotype (SASP), ultimately causing pul-

monary fibrosis and respiratory dysfunction (Figures 4G–4L and

S5E–S5G). However, intratracheal TPP1 OE improved respira-

tory function and increased the AEC2 stem cell population

(Figures 4H and 4I) under resting conditions, preventing the

FBW7-induced decrease in AEC2 stem cell number, as well as

the increase in HP1g+ cells (Figures 4I and 4J). Increasing

TPP1 completely inhibited FBW7-induced telomere shortening

and pulmonary fibrosis (Figures 4K, 4L, S5E, and S5F). Similarly,

TPP1 OE inhibited BLM-induced pulmonary fibrosis and respira-

tory dysfunction, expanded the AEC2 stem cell population,

reduced HP1g+ cells and TIFs, lengthened telomeres, and in-

hibited pulmonary fibrogenesis (Figures S6A–S6L). These results

suggest that TPP1 functions to underpin AEC2 stem cell prolifer-

ation, pulmonary respiratory function, and resistance to prema-

ture senescence and fibrosis induced by stress.

To determine if TPP1KD alone is sufficient to cause pulmonary

senescence and fibrosis, we delivered intratracheal TPP1 short

hairpin RNA (shRNA) to mice. Subsequently, AEC2 stem cells

were decreased and pulmonary fibrosis with compromised res-

piratory function developed (Figures 5A–5H). Similar to the ef-

fects of BLM, TPP1 KD decreased telomere length and total

AEC2 cells, increased HP1g+ AEC2 cells, and resulted in pulmo-

nary fibrosis with increased p21, a-SMA (Acta2), and Col1a1

gene levels (Figures 5I–5K). These findings indicate that TPP1 fa-

cilitates AEC2 stem cell renewal and proliferation that underpins

lung respiratory function under physiological conditions, with

high TPP1 levels increasing AEC2 stem cells, improving pulmo-

nary function, and counteracting stress-induced telomere

dysfunction, AEC2 cell senescence, and pulmonary fibrogene-

sis. These findings, which show that TPP1 deficiency alone

can cause AEC2 stem cell senescence and pulmonary fibrosis,

while TPP1 OE prevents lung injury induced by BLM, IR, or

FBW7OE, indicate that TPP1 represents a pivotal target respon-

sible for stress-induced pulmonary fibrotic lesion in mice.

Peptidomimetic TELODIN Attenuates FBW7-Mediated
AEC2 Stem Cell Senescence and Pulmonary Fibrosis
To investigate a potential strategy for interrupting FBW7 bind-

ing with TPP1, we screened a number of synthetic peptides

with the different FBW7 regions (Table S5) using IR-induced

TIFs as a readout in cultured cells (Figures S7A–S7D). One pep-

tide that resembled a C-terminal loop-like structure linking two

b sheets in the FBW7 WD40 domain inhibited basal TIF by

more than 50%, and completely prevented IR-induced TIF in
nary A549 cells transfected for 48 h prior to H2O2 (overnight, left panel) or IR

ted for 48 h, treated with IR (5 Gy), and recovered for 1 h for TIF analysis (E), or

tion in mice. TPP1- and FBW7a-expressing lentiviruses were intratracheally

I and J, left panel) or IF (J, right panel) showing AEC2 total stem cells and HP1g+

content (L, left panel), and gene expression by qPCR (L, right panel).



Figure 5. TPP1 KD Causes Telomere Shortening, AEC2 Stem Cell Senescence, and Pulmonary Fibrosis in Mice

(A–G) TPP1 or FBW7 KD by weekly intratracheal shRNA lentiviruses for 4 times, before IB (A), FACS (B and C), examinations of lung function (D–F), and fibrotic

marker HYP content (G).

(H–J)Masson’s trichrome staining (H), telomere Q-FISH of 300–500 AEC2 cells (I), and IF for SPC-positive AEC2 cells (J) and HP1g-positive AEC2 cells (insets in J)

in lung sections from 3 animals per group (20 fields per lung). *p < 0.05 versus control shRNA.

(K) qPCR for FBW7, SPC, p21, a-SMA, and Col1a1 gene expression in the lung with TPP1 or FBW7 deficiency.
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cultured cells (Figures 6A–6C and S7A). This telomere dysfunc-

tion inhibitor or TELODIN peptide structurally presents as a

b-turn protuberance on the top surface of the FBW7 WD40

domain (Figure 6A) with all aa (except glycine) polar side chains

exhibiting strong hydrophilicity (Figure 6B). A 300 ns MD simu-

lation of TELODIN showed a b-turn protruding structure with

flexible conformational changes occurring primarily on the aa

side chains (Figure 6C). The TIF inhibitory activity of TELODIN

was sequence dependent with the core structure correspond-

ing to the C-terminal 688–695 aa sequence of the FBW7

WD40 domain harboring the 689R residue frequently mutated

in human cancers (Gallo et al., 2017) (Figures 3A, S7B, and

S7C). Being smaller than an antigenic epitope, the 8-aa TELO-

DIN in native or retro-inverso (reversed, inversed in dextral aa)

configuration significantly inhibited TIFs (Figure S7D). Concom-
itantly, TELODIN inhibited FBW7a binding to TPP1, telomere

uncapping, and DDR in human epithelial or rat AEC2 cells (Fig-

ures 6D–6I). Measurement of telomere lengths showed that TE-

LODIN treatment resulted in elongated telomeres by flow-FISH

in human lung normal epithelial BEAS-2B cells and cancer

A549 cells, and by southern blotting for TRFs (telomeric restric-

tion fragments) in A549 cells (Figures 6E and 6F). Inhibition of

FBW7a binding to TPP1 by TELODIN was specific as FBW7a

bindings to five other substrates, c-Myc, mTOR, Notch1, c-

Jun, or Aurora A, were not affected in four different cell types

(293T, A549, BEAS-2B cells of human lung normal epithelial

origin, and RLE-6TN cells of rat pulmonary alveolar stem cell

origin) (Figures 6D and 6G). In addition to attenuating IR-

induced telomere shortening (Figure 6E), TELODIN inhibited

the IR-induced increase in telomere uncapping, and cell-cycle
Cell Metabolism 32, 860–877, November 3, 2020 869



Figure 6. Peptidomimetic TELODIN Inhibits FBW7 Binding to TPP1 and Telomere Uncapping in Human Lung Epithelial Cells

(A–C) Structure of TELODIN. FBW7 F-box and WD40 domains with the TELODIN motif colored in purple (PDB: 2OVP) (A), TELODIN in FBW7 WD40 domain (B),

and synthetic TELODIN equilibrated conformation under a 300 ns MD simulation (C).

(legend continued on next page)
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arrest at G2/M, while stimulating cell proliferation in human lung

epithelial cells and rat AEC2 stem cell cultures (Figures 6J–6O).

To examine whether TELODIN can inhibit stress-induced pul-

monary senescence and fibrosis by targeting FBW7, we deter-

mined the effects of TELODIN on FBW7aOE-induced lung injury

in mice. A single intratracheal administration of the 8-mer TELO-

DIN peptide (1 mg/kg) enhanced lung respiratory function of

mice at rest (Scheme 1 in Figure 7A; Figures S7E–S7I) and

increased the SPC+ AEC2 stem cell population with elongated

telomeres (Figures S7J and S7K). TELODIN protected the lungs

from FBW7a-induced lung respiratory dysfunction (Figures

S7G–S7I) and inhibited FBW7a-induced TPP1 deficiency, telo-

mere shortening, and decrease in the AEC2 stem cell population

(Figures S7J–S7L). All biomarkers examined for fibrosis along-

side Masson’s trichrome staining indicated that TELODIN in-

hibited FBW7a-induced pulmonary fibrosis (Figures S7L–S7N).

Similarly, a single dosage of TELODIN attenuated the BLM-

induced short breaths, inhibited FBW7, stabilized TPP1,

increased telomere lengths, and expanded the AEC2 stem cell

population (Scheme 2 in Figures 7A–7D), subsequently inhibiting

BLM-induced pulmonary fibrosis (Figures 7E and 7F).

We further tested the 21-mer peptide TELODIN containing an

11 aa sequence corresponding to the TAT (47–57) cell mem-

brane permeable sequence (Figure S7A) and found similar ef-

fects as those of the 8-mer TELODIN at rest and on BLM-

induced telomere shortening and reduction in AEC2 stem cell

number (Figures 7G–7J). Moreover, the 21-mer TELODIN mark-

edly inhibited the BLM-induced increase in p16 levels, pulmo-

nary fibrogenesis, and respiratory dysfunction (Figures 7K–7O).

These findings demonstrate that targeting FBW7 with the small

peptidomimetic TELODIN can inhibit stress-induced AEC2

stem cell senescence and fibrogenesis.

DISCUSSION

Identification of FBW7 as a Driver of Pulmonary
Premature Senescence and Fibrosis
Stress-induced pulmonary fibrosis is known to involve telomere

damage; however, how this damage occurs is relatively un-

known. The present study demonstrated that pulmonary fibrosis

initiated by BLM or IR chronic stress in mouse models is medi-

ated by the tumor suppressor protein FBW7. FBW7 was found

to be a key enzyme in mediating the DNA damage-induced
(D) Effect of TELODIN on FBW7 binding to its substrates. Cells were transfected fo

in dextral aa; 100 mM) for 6 h, before IP at 4�C in the presence of TELODIN (100

(E) Effect of TELODIN on telomere lengths by flow-FISH. BEAS-2B cells were treat

cultured for 72 h. A549 cells were cultured for 8 weeks with IR once per week an

(F) Telomere lengths measurement by TRF southern blotting. A549 cells were tre

H1299 cells were stably transfected with FBW7a (right panel) for 4 weeks before

(G) TELODIN does not inhibit FBW7a binding to c-Myc, Notch, mTOR, or Aurora

TELODIN (Table S5, YK21, inversed in dextral aa; 100 mM, 6 h).

(H and I) Effect of TELODIN on FBW7-induced telomere uncapping by metaphas

(Table S5, YK21, inversed in dextral aa; 100 mM, 6 h). Red arrows, telomeric fusi

(J and K) Effect of TELODIN on IR-induced telomere uncapping and cell-cycle arre

dextral aa; 10 mM, 2 h) before IR, by IF-FISH (J). IB (K, left) and the cell cycle by

(L) Effect of TELODIN on cell proliferation in AEC2 RLE-6TN cells (left) and epithel

BrdU (10 mM) for 24 h.

(M–O) Effect of TELODIN on IR-induced cell proliferation and telomere uncapping

TELODIN (10 mM) 2 h prior to IR, IF (M and N), and IF-FISH (O).
AEC2 stem cell senescence and tissue fibrosis in association

with lung respiratory dysfunction. Genetic ablation, epigenetic

RNAi, or protein mimetic inhibition of FBW7 increased the

AEC2 stem cell population, improved lung respiratory function,

and attenuating stress-induced stem cell senescence and pul-

monary fibrotic lesions. These lesions exhibited a reduced

AEC2 stem cell population and increased myofibroblasts with

an increase in the cell replicative senescence markers HP1g,

p16, and b-Gal in AEC2 stem cells, as well as the fibrotic markers

a-SMA, Col1a1, and hydroxyproline, and trichrome Masson’s

staining in the lungs, characteristic of pulmonary premature

senescence and fibrosis. In contrast, overexpressing FBW7

induced pulmonary senescence and fibrosis, indicating a revers-

ible pathway for FBW7, which was elicited by stress stimuli

including BLM (Aitken et al., 1989; Alder et al., 2015; Guan

et al., 1993; Povedano et al., 2015; Santrach et al., 1989), IR (De-

sai et al., 2014; Fumagalli et al., 2012; Gross, 1977; Parfrey et al.,

2010), and reactive oxygen species (Anathy et al., 2018; Borok

et al., 1991; Chung et al., 2019; Demedts et al., 2005; Gorbunova

et al., 2002; Petersen et al., 1998; von Zglinicki, 2002; Yu et al.,

2018), representing a commonmechanism for inducing epithelial

tissue stem cell senescence and fibrogenesis.

FBW7 Drives Cell Senescence and Tissue Fibrogenesis
by Triggering Telomere Uncapping and DDR
The cellular mechanism by which FBW7mediates stress-induced

pulmonary senescence and fibrogenesis appears to bea telomere

uncapping event, resulting in telomere shortening with increased

telomere fragility, and fusion, as well as subsequent non-telomere

DNAdamage inAEC2 stemcells. These findings show, for the first

time, how telomere uncapping is initiated under in vivo physiolog-

ical conditions, and are consistentwith previous observations that

telomere capping is regulated (Yanget al., 2017) and that telomere

plays a crucial role in AEC2 stem cell senescence and pulmonary

fibrotic pathogenesis in patients with telomere syndromes (Alder

et al., 2008, 2011, 2015; Armanios, 2012; Armanios et al., 2007;

Stuart et al., 2015; Tsakiri et al., 2007). Discernible telomere un-

capping events were found widespread across chromosomes in

cells with increased FBW7 activity, concurrent with DDR showing

gH2AX and 53BP binding to telomeres; increased p53, p21, and

p16 levels; G2/M cell-cycle arrest; and cellular replicative senes-

cence. Thus, our findings provide insights into the rapid and pref-

erential damage to telomeres by stressors, explaining unresolved
r 48 h and treated with MG132 (20 mM) and TELODIN (Table S5, YK21, inversed

mM) overnight.

ed with TELODIN (Table S5, ST8, inversed in dextral aa; 10 mM, 2 h) and IR, and

d TELODIN (TLDN) 2 h before IR.

ated with TELODIN (Table S5, ST8, inversed in dextral aa; 10 mM) (left panel).

TRF southern blotting.

A by IP. Cells expressing FLAG-FBW7a were treated with MG132 (20 mM) and

e- (H) or IF-FISH (I). HeLa cells expressing FBW7a were treated with TELODIN

on. Green arrows, telomeric shortening. Yellow arrows, telomeric DDR.

st in rat AEC2 RLE-6TN cells treated with TELODIN (Table S5, ST8, inversed in

FACS (K, right) were in 1-h cell recovery from IR.

ial BEAS-2B cells (right) treated with TELODIN 2 h prior to IR in the presence of

in AEC2 RLE-6TN cells (M) or epithelial BEAS-2B cells (N and O) treated with
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DDR, durable cell-cycle arrest, and cell replicative senescence

(Fumagalli et al., 2012; Hewitt et al., 2012; Qian et al., 2019).

The FBW7-triggered, telomere DDR-mediated, stress-induced

premature senescence (SIPS) in alveolar stem cells differs from

that of oncogene-induced senescence (OIS), as SIPS is associ-

ated with decreased c-Myc levels (Figures S6A and 2E), at which

OIS shows increased levels of c-Myc (Campaner et al., 2010) and

mTOR (Laberge et al., 2015) that are targeted for degradation by

FBW7 (Buckley et al., 2012; Davis et al., 2014; Gallo et al., 2017;

Iriuchishima et al., 2011; Kanatsu-Shinohara et al., 2014; Sancho

et al., 2014; Wang et al., 2011). FBW7 CKO or KD abolished

chronic stress-induced AEC2 stem cell senescence by lowering

the basal levels of telomere uncapping and inducing AEC2 stem

cell population expansion, supporting the notion that SIPS is

mediated by telomere uncapping. These findings indicate that

FBW7 has a physiological role in regulating telomere capping

and uncapping, dictating the switch between proliferation and

senescence in tissue stem cell fate. This is supported by previous

studies where FBW7 deficiency was found to expand stem cell

populations in pancreatic epithelial (Sancho et al., 2014), bone

marrow hematopoietic (Matsuoka et al., 2008), and testicular

spermatogonial tissues (Kanatsu-Shinohara et al., 2014). Thus,

FBW7 acts as a molecular rheostat regulating telomere capping

under physiological conditions to regulate stem cell proliferative

potential, or to inducedurable telomere uncapping and cell senes-

cence depending on the intensity of stress signaling that involves

GSK3b. When stress signaling becomes intense and chronic,

increased FBW7 levels maintain telomere uncapping, driving cell

replicative senescence and fibrotic transdifferentiation.

FBW7 Uncaps Telomeres by Mediating TPP1 Multisite
Polyubiquitination
The molecular mechanism by which FBW7 triggers telomere un-

capping involves FBW7 targeting of TPP1 for multisite poly-

ubiquitination and accelerated degradation. TPP1 is ubiquitinated

at multiple lysine residues in its oligonucleotide/oligosaccharide-

binding (OB) domain and C-terminal region (Zemp and Lingner,

2014). For instance, ubiquitination of 232K in the OB-fold domain

by RNF8 stabilizes TPP1 (Rai et al., 2011). Here, we further

demonstrated a distinct set of polyubiquitination sites that mark

TPP1 for degradation. FBW7 binds TPP1, mediating stress-

induced TPP1 multisite polyubiquitination at 299K, 453K, and
459K, causing TPP1 degradation and telomere uncapping.Consis-

tent with TPP1 genetic deletion-induced telomere uncapping and

DDR (Deng et al., 2009; Else et al., 2007; Hockemeyer et al., 2007),

we showed that TPP1deficiency can indeed take place as a result

of specific stress signaling, and can recapitulate—while OE pre-
Figure 7. TELODIN Inhibits Pulmonary Senescence and Fibrosis in Mic

(A) Schematic of TELODIN treatment schedule in pulmonary fibrosis induced by

intratracheally.

(B) Spirometry analysis of TELODIN inhibition of BLM-induced respiratory dysfun

(C) TELODIN inhibition of BLM-induced TPP1 deficiency determined by IB (left p

(D) TELODIN inhibition of the BLM-induced reduction in AEC2 stem cells determ

(E) TELODIN inhibition of BLM-induced pulmonary fibrosis as evidenced by stain

(F) TELODIN inhibition of BLM-induced increases in pulmonary fibrotic marker g

(G–L) TELODIN inhibited BLM-induced telomere shortening by Q-FISH (G), AEC2

fibrotic marker HYP increase (L) in the mouse lungs (Scheme 2 in A).

(M–O) Effect of TELODIN on BLM-induced pulmonary fibrosis determined via H&

(N), oxygen, and carbon dioxide exchange (O) ventilation volumes in mice.
vented—telomere shortening and lung fibrosis induced by BLM,

IR, and reactive oxygen species. Thus, the stress-induced,

FBW7 selective targeting TPP1 for degradation represents the

‘‘Achilles heel’’ of the shelterin maintenance of telomeres, causing

stress-related telomere dysfunction.

We also found that TPP1multisite polyubiquitination at the 299K,
453K, and 459K residues is negatively regulated byTPP1ubiquitina-

tion at 232K residue for stability. Consistent with previous findings

demonstrating that 232K ubiquitination by RNF8 stabilizes TPP1

(Rai et al., 2011), mutagenic substitution at 232K increased TPP1

multisite polyubiquitination at 299K, 453K, and 459K, while RNF8

KD caused telomere uncapping. Thus, RNF8 ubiquitination of

TPP1 at 232K has an inhibitory role in TPP1 turnover and telomere

uncapping through an intra-molecular inhibitory mechanism of

FBW7 ubiquitination of TPP1 at the 299K, 453K, and 459K residues.

The intra-molecularmutual restrictionmechanism forTPP1ubiqui-

tination at different sites may relay different pathways of signaling

to restrain or relieve telomere capping andmaintenance, reflecting

a sensitive and vulnerable switch-like checkpoint role for TPP1 in

telomeremaintenanceunder different physiological andpatholog-

ical conditions. This is consistent with the key roles of TPP1 in

capping the highly dynamic telomeres (de Lange, 2005; O’Connor

et al., 2006; Schmidt et al., 2016) that frequently initiate DDR (Karl-

seder et al., 1999, 2002), and in recruiting telomerase to lengthen

telomeres (Miyoshi et al., 2008; Nandakumar et al., 2012; Wang

et al., 2007; Xin et al., 2007; Zhong et al., 2012).

Furthermore, we showed that the regulatory mechanism of

FBW7-mediatedTPP1multisite polyubiquitination involvesprotein

phosphorylation.Asaphosphoprotein, TPP1 isphosphorylatedby

Cdk1 at serine-111 N terminal to the TEL-patch in the OB-fold

domain (Zhang et al., 2013). Herein, we found that the 354–359

aa C-terminal S/T region of TPP1 functions as a CPD for FBW7

and that 354S and 358Swere required for phosphorylation.Mutation

of either 354S or 358S inhibited TPP1 binding by FBW7a, indicating

that the S/T region is important for TPP1 proteostasis. It is thus

possible thatTPP1ubiquitinationatdifferentsitesbydifferentubiq-

uitin ligases, e.g., FBW7 versus RNF8, is controlled by differential

phosphorylation in the S/T region. Together, our findings indicate

that under different conditions, FBW7 reversibly induces TPP1

multisite polyubiquitination/degradation, and triggers increased

telomere uncapping and sustained DDR, driving cellular senes-

cenceandfibrogenesis in the lungunderchronic stressconditions.

Targeting FBW7 with TELODIN to Prevent Pulmonary
Senescence and Fibrosis
The mechanism underlying FBW7 stipulation of different sub-

strates is largely unclear (Schapira et al., 2017). Here, we
e

FBW7a or BLM in mice. FBW7a, BLM, and TELODIN (1 mg/kg) were injected

ction.

anel) and telomere shortening by Q-FISH in 300–500 AEC2 cells (right panel).

ined by FACS.

s of lung sections.

ene expression determined by qPCR.

stem cell reduction by FACS (H and I) and by IF (J), p16 increase by IHC (K), and

E staining (M), and lung functional declines of 1/2 expiratory flux, tidal, minimal
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demonstrated that binding between FBW7 and TPP1 involves not

only the arginine-rich clusters (465R,479R,505R, and 689R) in the

FBW7 WD40 domain, but also the CPD (351LIASPPSSPS) in the

TPP1S/T rich region. This is consistentwith the electrostatic inter-

actionmodel between phosphorylation sites of theCPD canonical

signature ((L)-X-pT/pS-P-P-X-pS/pT/E/D) and the positively

charged arginine residues in certain b strand blade(s) of the

WD40 propeller domain (Gallo et al., 2017; Orlicky et al., 2003).

More importantly, while attempting to decipher the key structural

motif mediating FBW7 binding to TPP1, we found that the pepti-

domimetic TELODIN corresponding to the b strand of blade 7—

containing the 689R residue frequently mutated in the WD40 pro-

peller domain in cancer—specifically inhibits FBW7 binding to

TPP1, suggesting that the seventh b strand blade of FBW7

WD40 propeller domain has a key role in binding to TPP1.

Remarkably, TELODIN protected against FBW7-mediated degra-

dation of TPP1 and telomere uncapping, promoting alveolar stem

cell proliferation and lung resistance to stress-induced pulmonary

senescence and fibrosis. To our knowledge, this peptide is the

first small telomere dysfunction inhibitor molecule that induces

increased telomere capping and lengthening. Finally, targeted in-

hibition of FBW7 by TELODIN recapitulated the FBW7 CKO effect

on the stress-induced acceleration of TPP1 turnover, telomere un-

capping, DDR, pulmonary senescence, and fibrosis in mice.

Consistent with TPP1 deficiency reported recently in the lungs

of patients with COPD (Ahmad et al., 2017), accelerated TPP1

turnover has emerged to be a critical molecular mechanism un-

derlying aging and related disorders, highlighting TPP1 protection

as a novel effective approach for intervention strategies.

In conclusion, we demonstrated a key mechanism underlying

stress-induced telomere dysfunction, pulmonary alveolar stem

cell senescence, and fibrogenesis, providing a novel framework

for prophylactic and therapeutic interventions in stress-induced

premature aging and related disorders. Our findings show that

the FBW7/TPP1 axis functions in the regulation of telomere ho-

meostasis, capping, and uncapping, thereby governing stem

cell fate switching. The direct interaction between FBW7 and

TPP1 was found to involve poly-arginine clusters in the FBW7

WD40 domain, phosphorylated CPD in the TPP1 S/T rich region,

and various TPP1 ubiquitination sites, providing molecular in-

sights into the regulation of stem cell proliferation and interven-

tion of neoplastic development. Finally, administration of TELO-

DIN to mouse models of pulmonary senescence and fibrosis

provides a proof of concept for targeting FBW7 to prevent

stress-induced aging and related disease conditions.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-53BP1 antibody Abcam Cat#ab36823

Anti-Aurora-A antibody Sigma Cat#07-648

Anti-Brdu antibody Thermo Cat#MA3-071

Anti-CCSP antibody Santa Cruz Cat#sc-9772

Anti-CD16/32 antibody Biolegend Cat#101303

Anti-CD31 antibody Biolegend Cat#102404

Anti-CD45 antibody Biolegend Cat#103132

Anti-c-Myc antibody Santa Cruz Biotechnology Cat#sc-40

Anti-EpCAM antibody Biolegend Cat#118208

Anti-FBW7 antibody BETHYL Cat#A301-721A

Anti-Flag antibody Sigma Cat#F1804

Anti-GAL AD antibody Clontech Cat#630402

Anti-GAL4DNA-BD antibody Clontech Cat#630403

Anti-GAPDH antibody Sigma Cat#G9545

Anti-GST antibody Cell Signaling Technology Cat#2622

Anti-HA antibody Sigma Cat#H9658

Anti-HP g antibody Cell Signaling Technology Cat#2619

Anti-Integrin b4 antibody Biolegend Cat#123603

Anti-Keratin 5 (Krt5) antibody Abcam Cat#ab53121

Anti-Ki67 antibody Abcam Cat#ab92742

Anti-IL-6 antibody Abcam Cat#ab6672

Anti-Ly6A/E (Sca-1) antibody Biolegend Cat#108108

Anti-mouse IgG (H+L), Superclonal

Recombinant Secondary Antibody, Alexa

Fluor 488

Thermo Cat#A28175

Anti-mouse IgG (H+L), Superclonal

Recombinant Secondary Antibody, Alexa

Fluor 555

Thermo Cat#A28180

Anti-mouse IgG-Peroxidase antibody

produced in goat

Sigma Cat#A4416

Anti-mTOR antibody Abcam Cat#ab25880

Anti-Notch1 antibody Cell Signaling Technology Cat#3439

Anti-p16 antibody (for

immunohistochemistry)

Proteintech Cat#10883-1-AP

Anti-p16 antibody (for western blot) Abcam Cat#ab108349

Anti-p21 antibody Cell Signaling Technology Cat#2947

Anti-p53 antibody Santa Cruz Biotechnology Cat#sc-126

Anti-p63 antibody Abcam Cat#ab735

Anti-PCNA antibody Santa Cruz Biotechnology Cat#sc-56

Anti-phospho-Histone H2A.X (Ser139)

antibody (for immunofluorescence)

Millipore Cat#05-636

Anti-phospho-Histone H2A.X (Ser139)

antibody (for western blot)

Cell Signaling Technology Cat#2577

Anti-POT1 antibody Abcam Cat#ab194480

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Anti-rabbit IgG (H+L), Superclonal

Recombinant Secondary Antibody, Alexa

Fluor 488

Thermo Cat#A27034

Anti-rabbit IgG (H+L), Superclonal

Recombinant Secondary Antibody, Alexa

Fluor 555

Thermo Cat#A27039

Anti-rabbit IgG-Peroxidase antibody

produced in goat

Sigma Cat#A6154

Anti-Rap1 antibody IMGENEX Cat#IMG-289

Anti-SP-C antibody (for western blot) Abcam Cat#ab90716

Anti-SP-C antibody (for

immunofluorescence)

Santa Cruz Biotechnology Cat#sc-7706

Anti-T1a antibody Biolegend Cat#127408

Anti-Ter119 antibody Biolegend Cat#116204

Anti-TIN2 antibody GeneTex Cat#59B388

Anti-TPP1 antibody (for

immunofluorescence)

Novus Cat#NBP2-45475

Anti-TPP1 antibody (for western blot) Abcam Cat#ab112050 and ab54685

Anti-TRF1 antibody Cell Signaling Technology Cat#3529

Anti-TRF2 antibody Novus Cat#NB100-56506

Anti-a-SMA antibody Sigma Cat#A2547

Anti-a-Tubulin antibody Cell Signaling Technology Cat#2144

Peroxidase-AffiniPure goat anti mouse IgG Jackson Cat#115-035-062

Bacterial and Virus Strains

Cre lentivirus Genomeditech Cat#GM-0220CR02

E. coli (DH5a) TransGen Biotech Cat#CD201-01

pEF-1a-TPP1 lentivirus GenePharma N/A

pLMCS-FBW7a lentivirus Invitrogen (Shanghai) N/A

pLMCS-FBW7g lentivirus Invitrogen (Shanghai) N/A

Chemicals, Peptides, and Recombinant Proteins

Bleomycin Sigma Cat#5507

BrdU Sigma Cat#B5002

CHIR99021 Sigma Cat#SML1046

Colcemid Thermo Cat# 15212012

Cycloheximide Sigma Cat#239763

Digoxin Roche Cat#11585614910

Dispase II Sigma Cat#4942078001

DMSO Sigma Cat#D8418

Dynabeads MyOne streptavidin T1

magnetic beads

Thermo Cat#65601

Flag-coupled magnetic beads Sigma Cat#M8823

Glutathione-Sepharose 4B Sigma Cat#GE17-0756-01

H2O2 (3%) Sigma Cat#88597

Lipofectamine 2000 Thermo Cat#11668019

Masson Trichrome Sigma Cat#HT153

MG132 Sigma Cat#M8699

Peptides KE BIOCHEM See Table S5

PNA probe Panagene Cat#F1001,F1002

Streptavidin-PE Biolegend Cat#405204

TC-G24 TOCRIS Cat#4353

(Continued on next page)
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Trizol Thermo Cat# 15596026

Critical Commercial Assays

BrdU PI double staining kit MultiSciences Cat#CP001-01

HiFiScriptcDNA first chain synthesis kit CWBIO Cat#CW2569M

Hydroxyproline assay kit Sigma Cat#MAK008

IL-10 ELISA kit MSKBIO Cat#69-99847

IL-1a ELISA kit MSKBIO Cat# 69-99851

IL-6 ELISA kit MSKBIO Cat#69-99854

IL-8 ELISA kit MSKBIO Cat#69-21138

Monarch Genomic DNA Purification Kit NEB Cat#T3010S

One step homologous recombination

cloning kit

Vazyme Cat#C115

Senescence b-gal staining kit Sigma Cat#CS0030

Ultra SYBR Green mixture (with low ROX) CWBIO Cat#CW2601M

Experimental Models: Cell Lines

A549 ATCC Cat#CCL-185

BEAS-2B EK-Bioscience Cat#CC-Y1066

H1299 ATCC Cat#CRL-5803

HEK293T ATCC Cat#CRL-3216

HeLa ATCC Cat#CCL-2

HT1080 ATCC Cat#CCL-121

RLE-6TN EK-Bioscience Cat#CC-Y3044

Experimental Models: Organisms/Strains

Mouse: Fbw7flox Jackson Laboratory Cat#017563

Mouse: R26CreER Jackson Laboratory Cat#004847

Mouse: SPA:Cre Academy of Military Medical Sciences of

China, Xiao Yang lab

N/A

Oligonucleotides

Quantitative PCR primers Generay See Table S1

shRNAs Sigma See Table S4

siRNAs GenePharma See Table S3

TaqMan gene expression assay Thermo See Table S2

Recombinant DNA

FBW7 shRNA-1 Jun-Ping Liu Lab N/A

FBW7 shRNA-2 Jun-Ping Liu Lab N/A

FLAG-FBW7a Ping Wang Lab N/A

FLAG-FBW7a (1-658aa) Jun-Ping Liu Lab N/A

FLAG-FBW7a (R465H) Jun-Ping Liu Lab N/A

FLAG-FBW7a (R479G) Jun-Ping Liu Lab N/A

FLAG-FBW7a (R505L) Jun-Ping Liu Lab N/A

FLAG-FBW7b Ping Wang Lab N/A

FLAG-FBW7g Ping Wang Lab N/A

FLAG-TPP1 (Wild type and mutants) Jun-Ping Liu Lab N/A

FLAG-WD40 Ping Wang Lab N/A

FLAG-DF Ping Wang Lab N/A

FLAG-DWD40 Ping Wang Lab N/A

HA-TPP1 (Wild type and mutants) Jun-Ping Liu Lab N/A

HA-Ub Ping Wang Lab N/A

pcDNA- FBW7a Jun-Ping Liu Lab N/A
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pcDNA-Pot1 Jun-Ping Liu Lab N/A

pGADT7-53 Clontech Cat#630489

pGADT7-TPP1 Jun-Ping Liu Lab N/A

pGBKT7- FBW7a Jun-Ping Liu Lab N/A

pGBKT7-lam Clontech Cat#630489

pGBKT7-T Clontech Cat#630489

GST-WD40 Jun-Ping Liu Lab N/A

Software and Algorithms

FlowJo Treestar https://www.flowjo.com

GraphPad Prism 7 GraphPad Prism http://www.graphpad.com/scientific-

siftware/orusm/

Heml 1.0 Biocuckoo http://hemi.biocuckoo.org/

ImageJ ImageJ http://www.imagej.net/Welcome

ll
Article
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Jun-Ping

Liu (jun-ping.liu@monash.edu).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability
This study did not generate datasets.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Fbw7 conditional knockout mice (017563, B6;129-Fbxw7tm1Iaai/J) and ERT:Cre (004847, B6;129-Gt(ROSA)26Sortm1(cre/ERT)Nat/

J) were purchased from Jackson Laboratory. SPA:Cre mice were from Academy of Military Medical Sciences of China. Animals were

randomly assigned to experimental and control group. Mice (equal male and female) between 3-5 months were used in this study.

Mice were bred and housed at 25�C, 12:12 h light:dark cycle under specific pathogen-free conditions at Animal center of Hangzhou

Normal University. Mice had free access to food and water. All experiments were approved by Ethics Committee of Hangzhou

Normal University.

Cell Lines
Normal human bronchial epithelium BEAS-2B cells and rat alveolar Type II RLE-6TN cells were purchased from EK-Bioscience

(Shanghai, China) and maintained in DMEM supplemented with 10% FBS and RPMI1640 supplemented with 10% FBS respectively

at 37�C in humidified 5% CO2 incubator. HeLa, HEK293T, A549, H1299 and HT1080 cells were obtained from ATCC. HeLa,

HEK293T, H1299 and HT1080 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS) and A549 cells

were cultured in RPMI 1640 supplemented with 10% FBS at 37�C in humidified 5% CO2 incubator.

METHOD DETAILS

Mouse Genetic Engineering
To conditionally delete Fbw7 in alveolar epithelial cells, homozygous Fbw7flox/flox mice were crossed with transgenic mice expression

Cre under the control of SPA promotor. Heterozygous Fbw7flox/+; SPAmice were crossed with Fbw7flox/flox mice to obtain Fbw7flox/flox;

SPA mice.

Bleomycin, Peptides and Lentivirus Treatment
Bleomycin (3 U/kg body weight) was intratracheally administered in mice. Three weeks after the inoculation, mice were sacrificed.

Peptides (1 mg/kg body weight) were intratracheally injected into mice 4 h before BLM treatment, with or without a second injection
Cell Metabolism 32, 860–877.e1–e9, November 3, 2020 e4
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24 h post BLM. All peptides were synthesized on solid phase and purified to be > 95% pure in HPLC (KE BIOCHEM company,

Shanghai, China. http://www.kebiochem.com/). Specific shRNAs targeting FBW7, or TPP1, or lentiviruses overexpressing FBW7,

TPP1, or Cre (2 3 108 MOI/kg weight) were intratracheally injected into mice every three days for 4 times.

Histopathology, Immunohistochemistry and Immunofluorescence
Histopathological analysis of paraffin-embedded lungs was performed in lung sections stained with H&E and Masson trichrome

(Sigma) using standard procedures. For immunofluorescence, antibodies used were SPC (sc-7706, Santa Cruz Biotechnology),

a-SMA (A2547, Sigma), IL-6 (ab6672, Abcam), Ki67 (ab92742, Abcam), HP1g (2619, Cell Signaling Technology), p21 (2947, Cell

Signaling Technology) and gH2AX (05-536, Millipore). For immunohistochemistry, antibodies used were p16-INK4A (10883-1-AP,

Proteintech) and ACD (TPP1, NBP2-45475, Novus).

Spirometry Analysis
Mice were placed into a head-out single chamber plethysmograph for 3-5 min. Data acquisition was performed by eSpiratm Forced

Manoeuvers System.

Bronchoalveolar Lavage
Bronchoalveolar lavage fluid (BALF) samples were collected by injection of 1 mL PBS via a tracheal polyethylene catheter. The BALF

was centrifuged at 1400 rpm for 5 min. The supernatant was harvested and cytokine expressions were determined by ELISA kit

(MSKBIO, Wuhan, China) according to manufacturer’s instruction.

Mouse Real-time Metabolic Monitoring
The dO2, dCO2 and respiratory exchange ratio (RER) were measured by the TSE PhenoMaster system. After treatment (BLM or pep-

tide inoculation), mice were weighed and placed in themetabolic cages of the STE PhenoMaster system (Germany, https://www.tse-

systems.com/product-details/phenomaster/). Data were continuously collected throughout 24 h.

Cell Transfection
Plasmids or siRNAs were transfected to cells with Lipofectamine 2000 according manufacturer’s instruction.

Cell Cycle Synchronization and Flow Cytometry Analysis
G1 synchronization was carried out by double thymidine treatment. HeLa cells were grown to low confluence (20%–30%) and sup-

plemented with thymidine for 18 h, thereafter cells were washed twice with PBS and supplemented with fresh medium containing

10% serum tomake the cells proceed through cell cycle phases for 10 h. Another thymidine treatment was given to synchronize cells

in G1 phase for 18 h. Cells harvested were fixed by addition of 75% ethanol at �20�C. Fixed cells were rinsed twice with PBS, re-

suspended in PBS containing 40 mg/mL RNase A (Sigma) and incubated at 37�C for 30 min. Propidium iodide (PI) staining solution

was added to the cell suspension (40 mg/mL) in dark for 30min. Stained DNAwas analyzed by a FACScan flow cytometer and FlowJo

analysis software (Becton–Dickinson, CA). BrdU and PI double stainings were performed using an assay kit purchased from Multi-

Sciences (CP001-01, Hangzhou, China) according to manufacturer’s instruction. Briefly, cells were collected and fixed by 70%

ethanol at �20�C overnight. After washing the cells, FITC anti-BrdU antibodies were added and incubated for 1 h at room temper-

ature. Cells were incubated with PI/RNase staining buffer for 30 min. Cell cycle distribution was determined by flow cytometry.

BrdU Incorporation and Cell Proliferation Assay
Cells were treated with BrdU (10 mM, 24 h), fixed in 4% formaldehyde for 15 min at room temperature, denatured by 2 M HCl for

20 min, and neutralized by 0.1 M sodium borate. After blocking with 2%BSA, BrdU antibody was added to cells and incubated over-

night at 4�C. Alexa Fluor 488 conjugated secondary antibody was used to detect the positive staining of BrdU. For BrdU/PI double

staining, cells were collected and fixed by 70% ethanol at �20�C overnight. BrdU/PI double staining was performed by BrdU cell

proliferation assay kit (CP001, Multi Sciences, China) according to manufacturer’s instructions. In vivo, mice received intraperitoneal

injection of BrdU (100 mg/kg, 24 h), and the lung tissues were collected and AEC2 cell were isolated by flow cytometer. Cells were

fixed and stained by BrdU as above.

Cycloheximide Chase Protein Degradation Experiment
Cells were transfected with HA-tagged TPP1 alone or in combination with Flag-FBW7. After 30 h, cycloheximide was added to cell

cultures to a final concentration of 10 mM.Cellular protein samples were collected at 0, 3, 6 and 9 h or as indicated for immunoblotting.

Pulmonary Stem Cell Analyses and Isolations
For alveolar epithelial type 2 (AEC2) stem cells, isolation protocols were established as described previously (Chen et al., 2015) and

published protocols (Lee et al., 2006; Reddy et al., 2004; Sinha and Lowell, 2016). Briefly, mice were anesthetized with 1% of sodium

pentobarbital through intra-peritoneal injection (70 ml/10 g). The abdominal aorta was intersected and each mouse was perfused

through the right ventricle with 10 mL PBS to reduce lung blood content. Dispase (1 ml, 0.25% in DMEM) was injected into the

lung to initiate tissue digestion. The lungs were removed from the chest, separated from the heart and thymus, cleaned of connective
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tissue, and immerged in 1mL 0.25%dispase for incubation at 37�C for 2 h. The pulmonary lobeswere dissected into small pieces and

filtered with nylon membrane. The total pulmonary cells were stained with APC-labeled EpCAM (Biolegend), PE-CY5.5-CD45 (Bio-

sciences) and PE-T1a (Podoplanin) antibodies (Biolegend), followed by red blood cell elimination using lysis buffer (BD Biosciences).

Cells were then sorted by FACS in flow cytometer (Influx, BD Biosciences). AEC2 cells were captured as EpCAM-positive, CD45-

negative and podoplanin-negative cells for further analysis. Alternatively, permeabilized cells were incubated with biotinylated

antibodies against lineage (Lin) markers (anti-CD45, anti-CD16/32, anti-CD31, anti-Ter119, anti-integrin b4 antibodies), followed

bymagnetic separation with DynabeadsMyOne streptavidin T1magnetic beads. Cells were incubated with streptavidin-PE (to place

all the lineage marker positive cells in the PE channel) and EpCAM-APC (to stain all epithelial cells), followed by sorting for FSChi

SSChi, Lin- and EpCAM+ AEC2 cells.

For other pulmonary stem cells, single cell suspensions were prepared as AEC2 isolation. For Clara/club cell (CCSP+, Cyp2f2+)

isolation, total pulmonary cells were incubated with CCSP antibody (Santa Cruz, sc-9772) (4�C, 1 h) after washing with PBS, cells

were incubated with goat anti-mouse IgG (H+L), Alex Fulor 488 conjugated secondary antibody (4�C, 1 h) (Wang et al., 2012), fol-

lowed by FACS in flow cytometer (Influx, BD Biosciences). For Bronchioalveolar stem cell (BASC: CCSP+ and SPC+) isolation, total

pulmonary cells were incubated with PE anti-mouse Ly-6A/E (Sca-1) (Biolegend, 108108) and FITC anti-mouse EpCAM (Thermo

Fisher, 1-5791-82), followed by sorting for PE+ and FITC+ cells as BASCs (Kim et al., 2005). For basal cells (BCs) positive for

Trp63 (p63) and distal airway stem cells (DASCs) expressing both p63 and keratin 5 (Krt5), total pulmonary cells were incubated

with p63 (Abcam, ab735) and Krt5 (Abcam, ab53121) antibodies (4�C, 1 h), and after washing with PBS, cells were further incubated

with goat anti-mouse IgG (H+L), Alex Fulor 488 and goat anti-rabbit IgG (H+L), and Alex Fulor 555 conjugated secondary antibodies

(4�C, 1 h), before sorting for p63 positive cells as BCs, p63 and Krt5 double positive DASCs (Zuo et al., 2015).

Gene Expression and RNA Interference
Cells were transfectedwith specific plasmids or RNA oligonucleotide duplexes by Lipofectamine 2000, according themanufacturer’s

directions. The pcDNA plasmids encoding flag-tagged human FBW7a and g, HA-tagged TPP1, or as indicated, were sub-cloned,

sequencing verified and transfected into cells. The siRNAs and shRNAs were purchased from GenePharma (Shanghai, China.

http://www.genepharma.com/) and Sigma respectively. All siRNAs and shRNAs used were listed in Tables S3 and S4.

Quantitative PCR
Cellular total RNA was extracted using TRIzol reagent, and cDNA was generated using HiFiScriptcDNA first chain synthesis kit

(CWBIO, Beijing, China. https://www.cwbiotech.com). Quantitative PCR was performed using Ultra SYBR Mixture (Low ROX,

CWBIO, Beijing, China. https://www.cwbiotech.com) and b-actin was used as references.). The primers were listed in Table S1.

For telomere length, DNA was extracted from isolated AEC2 or the whole lung of mice. The method was used to measure the relative

average telomere lengths in gDNA by determining the ratio of telomere repeat copy number to single copy gene (36B4) number (T/S

ratio) in experimental samples relative to a reference sample (Cawthon, 2002). All samples were measured in triplicate, and mean

values were presented. Cells were then analyzed by flow cytometer (Fotessa, BD Biosciences).

Single Cell Gene Expression Analysis System
RNA was extracted from pulmonary AEC2 stem cells by Trizol and reversed transcribed to cDNA that was be pre-amplified by Fluid-

igm Preamp Master Mix. TaqMan gene expression assays (The gene symbol and assay ID were shown in Table S3) were purchased

from Thermo Fisher. Gene expression was detected by Fluidigm BioMark HD system. Heat-map was generated by HemI 1.0

software.

Co-immunoprecipitation and GST Pull-down Assay
Cell extracts were made using IP lysis buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.5% Nonidet P-40, 10% glycerol and 1mM

EDTA) and fresh protease inhibitors. Lysates were pre-cleared by centrifugation for 10 min. Ten percent of the supernatants was

taken to monitor protein input and the remaining was incubated with flag-coupled magnetic beads (Sigma) overnight at 4�C on a ro-

tator wheel. Following five 10min washes with lysis buffer, the immune complex beads were boiled in 13 loading buffer (75 mMTris-

HCl at pH 6.8, 10% glycerol, 2% SDS, 0.05% bromophenol blue, 2.5% b-mercaptoethanol) prior to loading on 8% or 10% SDS-

PAGE gels. After electrophoresis, separated proteins were transferred to PVDF membranes in transfer buffer (25 mM Tris,

0.192 M glycine, 20% methanol) and the transferred membranes were immunoblotted with antibodies. For GST pull-down, HA-

TPP1 was expressed in HEK293T cells. Transfected cells were lysed and cleared by centrifugation. The cDNA coding GST-WD40

(362-707aa) was cloned into pGEX-4T-1 from FLAG-FBW7a. GST-WD40 was expressed and affinity purified from E. coli using gluta-

thione-Sepharose 4B (Amersham Biosciences). Ten micrograms of purified GST and GST-WD40 proteins were incubated individu-

ally with TPP1 cell lysates for 2 h. Bound TPP1 was detected by immunoblotting.

Chromatin Immunoprecipitation (ChIP)
ChIP was performed as described previously (Xu et al., 2008), with minor modifications. Cells were fixed in medium with 1% PFA for

15 min at room temperature. Glycine (0.125 M) was added to stop the cross-linking. Cells were scraped, pelleted by centrifugation

and washed once with cold PBS. Cells were re-suspended in cell lysis buffer (10 mM HEPES, pH 7.9, 1 mM EDTA, 0.5 mM EGTA,

0.25%Triton X-100, and freshly added complete protease inhibitors). Following vortex and centrifuge on amicrocentrifuge at 1,500 g
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(4�C, 5 min), the supernatant was discarded and this step was repeated with 1 mL of Solution B (10 mMHEPES, pH 7.9, 1 mM EDTA,

0.5 mM EGTA, 200 mM NaCl, and freshly added complete protease inhibitors). Then Solution C (1 ml) was added to the pellets and

vortexed to mix well for sonication. After sonication (10+30 s, 8 cycles, pause and 30+30 s, 6 cycles), the lysates were centrifuged at

15,000 rpm (4�C, 10min). Ten percent of each supernatant was taken as input and the remaining supernatant was incubatedwith pre-

washed flag-antibody-coupled magnetic beads, or gH2AX antibody and protein A beads (Millipore). Antigen binding was allowed

overnight at 4�C on rotation. Immunoprecipitated DNA was collected and washed using an 8-tube magnetic separation rack (Milli-

pore). After gently aspirating the supernatant, 1 mL ChIP I buffer was added (0.1% sodium deoxycholate, 150mMNaCl, 1% Triton X-

100, 2 mM EDTA, and 50 mM HEPES, pH7.5, with complete protease inhibitors and DTT added immediately before use), and then

washed with ChIP II buffer (0.1% sodium deoxycholate, 500 mM NaCl, 1% Triton X-100, 2 mM EDTA, and 50 mM HEPES, pH 7.5,

with complete protease inhibitors and DTT added immediately before use) and ChIP III buffer (0.5% sodium deoxycholate, 0.25 M

LiCl, 0.5% NP-40, 1 mM EDTA, and 10 mM Tris–HCl, pH 8.0, with complete protease inhibitors and DTT added immediately before

use). After a final wash with TE/DTT buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA pH 8.0, and 1 mMDTT, with DTT added immediately

before use), DNA was eluted by Elution Buffer (0.5% SDS and 0.1 MNaHCO3, made freshly from 10%SDS and 1 MNaHCO3 before

use) and precipitated with 1/25 (v:v) of 5MNaCl after reversal of the cross-links. TheDNA samples were dissolved in TE, blotted using

a slot blotter, and hybridized with an Alu probe or digoxin-labeled (TTAGGG)4 probe, followed by autoradiography.

Ubiquitination Assay
Plasmids coding for flag-tagged protein substrateswere co-transfected into 293T cells with HA-ubiquitin and pcDNA3.1-FBW7, or as

indicated. Transfected cells were treatedwith proteasome inhibitionMG132 (20 mM, 5 h) plus orminus Bleomycin (200 mM, 6 h) before

harvesting. Cells were lysed in 600 mL 1%NP40 IP lysis buffer. Ten percent supernatants were taken as input and the remaining was

incubated with Anti-FLAG M2 Magnetic Beads for overnight at 4�C. Ubiquitinated proteins were detected by immunoblotting using

anti-HA antibody.

Southern Blotting Analysis of Telomeric Restriction Fragments (TRF)
Genomic DNA was extracted using the Monarch Genomic DNA Purification Kit (NEB, Cat#:T3010S). DNA concentration was esti-

mated by the Nanodrop8000 (Thermo Fisher). Genomic DNA (5 mg) was digested by restriction endonucleases, RsaI (Thermo,

FD1124) and HinfI (Thermo, FD0804), overnight and released telomeric DNA was separated by electrophoresis in 0.6% agarose

gel (1 3 TBE) with 4V/cm for 4 h. The gel was treated with 0.25 M Hydrochloric Acid to depurinate for 30 min with gentle shaking,

followed by alkaline denaturation treatment (1.5 M NaCl and 0.5 M NaOH) for 30 min with gentle shaking. The gel was further treated

with neutralization buffer (3M NaCl and 0.5M Tris-HCL pH 7.0) for 30 min with gentle shaking. Capillary transfer overnight with 10 3

SSCwas used to transfer DNA in gel onto the positive charged nylonmembrane (GE healthcare, Cat#:RPN303B). DNA onmembrane

was cross-linked by UV (150 mJ energy) for 4 min. After the probe was prepared with human telomere TTAGGG sequence obtained

by EcoRI digestion of the plasmid Sty11 (Addgene, Cat#:12401) (de Lange, 1992) and labeled by Digoxin and detected as per man-

ufacturer’s instructions (Roche, Cat#: 11585614910), the blot was hybridized at 42�C with the probe overnight and washed once for

5 min with 23 SSC buffer containing 0.1% SDS at room temperature and twice with 0.23 SSC buffer containing 0.1% SDS at 50�C.
The blot was then merged with anti-DIG-AP working solution for 30 min and incubated with detection buffer for 10 min before expo-

sure with substrate buffer. Average telomere length was calculated by the Quantity One software.

Quantitative-FISH and Metaphase-FISH
Telomeres were determined by (Quantitative-FISH (Q-FISH) essentially as previously described (Chen et al., 2015; Nicholls et al.,

2012). Briefly, cells were incubated with 100 mg/mL colcemid (37�C, 6 h), fixed in methanol/acetic acid (3:1) and processed for meta-

phase chromosome spreads. Chromosomes were staining using Cy3-OO-(CCCTTA)3-peptide nucleic acid (PNA) probe (Panagene)

and DAPI. For metaphase FISH, cells were incubated with colcemid overnight, suspended cells were collected, 75 mM KCl added,

and then cells were incubated at 37�C for 15 min. After centrifugation, cell pellets were resuspended and attached to microscope

glass slides using cytospin machine (Thermo), and fixed at �20�C in 100% cold methanol for 10 min. The subsequent procedures

were the same as for the Q-FISH protocol.

Flow FISH
Cells were divided into four tubes, with two for negative controls and other two for positive signals, and incubated with Hybridization

mixture (1 M Tris-HCl pH 7.1, 1 M NaCl, 10% BSA, and deionized formamide) with or without FAM-labeled PNA at 87�C for 15 min,

followed by a further incubation for 2 h at room temperature. Cells were then washed with wash solution I (1 M Tris-HCl pH 7.1,10%

BSA, 10% Tween 20, and 75% formamide) twice and wash solution II (5% dextrose, 100 mMHEPES, 10%BSA and 10% Tween 20)

twice. Cells were incubated with flag antibody (4�C, 40 min), followed by incubation with tetramethylrhodamine-labeled anti-mouse

secondary antibody for 30min. Samples were loaded by FACScan flow cytometer and cells were analyzed from Flag-positive gating.

Mean fluorescence signals of telomeres from negative controls were subtracted from those of positive tubes to obtain the relative

signal for every sample.
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Immunofluorescence and Telomere PNA FISH Analysis (IF-FISH)
IF-FISH was carried out as described elsewhere (Chen et al., 2015). In brief, cells were fixed for 10 min in 2% paraformaldehyde,

followed by PBS wash. Coverslips were blocked for 30 min in blocking solution (1 mg/mL BSA, 3% goat serum, 0.1% Triton X-

100, 1 mM EDTA pH 8.0). Cells were incubated with 53BP1 antibody (Abcam, ab36923) for 1 h at room temperature. After PBS

washes, coverslips were incubatedwith secondary antibody (Alexa Fluor 488 conjugate) for 30min at room temperature, andwashed

in PBS. Next, the coverslips were fixed with 2% paraformaldehyde for 5 min and washed in PBS. A hybridizing mix (70% (v/v) form-

amide, 0.5% blocking reagent, 10 mM Tris-HCl pH 7.2) containing the PNA 50 Cy3-OO-(CCCTTA)3-peptide nucleic acid (PNA) probe

was added to each coverslip. Cells were denatured by heating (80�C, 3 min). After overnight incubation at 4�C in dark, cells were

washed twice with 70% (v/v) formamide, 10 mM Tris-HCl pH 7.2, followed by three washes in PBS. DNA was counterstained

with DAPI.

For metaphase TIF assay, we used the methods as previously described (Hayashi et al., 2012). Briefly, cells were treated with

20 ng/mL colcemid for 30-120 min, collected by trypsinization, resuspended in 0.2% (w/v) KCl and 0.2% (w/v) trisodium citrate hy-

potonic buffer at room temperature for 5-10 min, and cytocentrifuged onto SuperFrost Plus glass slides (MenzelGlaser) at 2000 rpm

for 10 min in a Shandon Cytospin 4. The slides were fixed at room temperature for 10 min in 1 3 PBS with 4% (v/v) formaldehyde,

permeabilizing for 10 min at room temperature in KCM buffer (120mMKCl, 20 mMNaCl, 10 mMTris-HCl, pH 7.5 and 0.1% v/v Triton

X-100) and blocked with blocking solution at room temperature for 30 min. The slides were incubated with primary antibody (phos-

phoH2AX) diluted in blocking solution for 1 h at room temperature, washed in 13PBST (13PBSwith 0.1% v/v Tween-20), incubated

themwith secondary antibody diluted in blocking solution for 30min at room temperature, washedwith 13PBST and fixed for 10min

in 1 3 PBS with 4% (v/v) formaldehyde at room temperature. The following steps were the same as IF-FISH.

Yeast Two-Hybrid Assay
Matchmaker Gold Yeast Two-Hybrid System (Clontech, Cat#: 630489) was used to test protein-protein interactionswith four reporter

genes, HIS3, ADE2, MEL1 and AUR1-C, to maximally reduce false positives. Human FBW7a and TPP1 coding sequences flanked by

EcoRI and BamHI restriction sites were cloned into pGBKT7-DNA-BD (BD) and pGADT7-AD (AD) vectors by one-step homologous

recombination cloning kit (C115, Vazyme), respectively. BD- FBW7a and AD-TPP1 plasmids were transformed into yeast haploid

strains Y2HGold and Y187, respectively. Y2HGold-BD-FBW7a and Y187-AD-TPP1 strains weremated overnight in 23YPDmedium

and selected with minus leucine and tryptophan plates to obtain diploid strains. Diploid strains were cultured with minus leucine and

tryptophan synthetic complete medium overnight at 30�Cwith 220 rpm constant shaking. One A600nm unit cells were collected and

washed twice with sterile distilled water and followed by 10-fold serial dilution, 5 ml dilutions were spotted onto different plates and

incubated at 30�C for 7 days before photographing. Total protein extracts were prepared as described previously (Liu et al., 2013) and

separated with 8% SDS-PAGE gel. BD-FBW7a and AD-TPP1 fusion protein expressions were examined by GAL4 DNA-BD Mono-

clonal Antibody (630403, Clontech, 0.5 mg/mL), Gal4 AD Monoclonal Antibody (630402, Clontech, 0.5 mg/mL) and secondary anti-

body Peroxidase-AffiniPure Goat Anti-Mouse IgG (115-035-062, Jackson ImmunoResearch, 1:10000 dilution).

Immunoblotting
Cells or lung tissues were lysed on ice in RIPA buffer. Protein concentration was determined by the Bradford method. Equal amounts

(50 mg) of cell extracts were subjected to SDS-PAGE and transferred to PVDFmembranes (Millipore) for antibody blotting. Antibodies

used were: Flag (F1804, Sigma), HA (H9658, Sigma), TPP1 (112050, Abcam), p21 (2947, Cell Signaling), p16 (108349, Abcam), p53

(sc-126, Santa Cruze), SPC (ab90716, Abcam), FBW7 (A301-721, Bethyl Laboratories), phospho-Histone H2AX (Ser139) (2577, Cell

Signaling), c-Myc (sc-40, Santa Cruz), POT1 (ab194480, Abcam), GST (2622, Cell Signaling), Tubulin (2144, Cell Signaling), a-SMA

(A2547, Sigma) and GAPDH (G9545, Sigma).

b-Galactosidase Activity by Flow Cytometry and b-gal Staining
b-Galactosidase activity in cells was determined by flow cytometry using fluorogenic substrate C12FDG as membrane permeable

and non-fluorescent substrate of b-galactosidase, with emission of green fluorescence after hydrolysis of the galactosyl residues

within senescent cells (Kurz et al., 2000). Cells were incubated with C12FDG (37�C, 20min). Incubation was terminated by pre-chilled

PBS. Cells were then loaded on Fotessa flow cytometer (Becton Dickinson). Data were acquired and analyzed with FlowJo software.

Cultured cells and tissue sections were subjected to b-gal staining using senescence b-gal staining kit (Sigma-Aldrich), according to

manufacturer’s directions.

Hydroxyproline Assay
Cellular contents of hydroxyproline were measured by Hydroxyproline assay kit purchased from Sigma (MAK008).

Molecular Dynamics Simulation
The structure of TELODIN was built from the crystal structure of FBW7 (PDB: 2OVP) (Hao et al., 2007). Amber 12 program coupled

with the ff14SB force field was employed for molecular dynamics (MD) simulation (Case et al., 2005). TELODIN was first solved by

TIP3Pwaters in a truncated octahedron boxwith amargin distance of 10.0 Å and then neutralized by adding counter ions. The cutoffs

for the van der Waals and electrostatic interactions were set to 10.0 Å, and the particle mesh Ewald (PME) (Essmann et al., 1995)

algorithm was employed to handle long-range electrostatic interactions. The system was successively subjected to the steepest
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descent minimization for 5000 steps with a restraint of 50 kcal∙mol�1∙Å�2 on TELODIN, conjugate gradient minimization for 5000

steps with no restraint, gradual heating from 0 to 300 K for 500 ps with a weak restraint of 10 kcal∙mol�1∙Å�2 on TELODIN in the

NVT ensemble, and 1000 ps of constant pressure equilibration at 300K. A 300-ns production MD simulation was performed in the

NPT (1 atm and 300 K) ensemble to obtain the equilibrium conformation. Periodic boundary conditions were applied, system tem-

perature was kept at 300 K with the Langevin thermostat, and isotropic constant pressure was maintained by Berendsen pressure

coupling algorithm with the time constant of 1 ps. All covalent bonds involving hydrogen atoms were constrained with the SHAKE

algorithm (Ryckaert et al., 1977). The time step was set to 2 fs and the coordinates were saved every 1 ps.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was repeated at least three times. Data were presented as mean ± SD or SEM of at least three independent exper-

iments. Differences among variables were assessed by two-tailed Student’s t test. A p value of less than 0.05 was considered sta-

tistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). Details on specific statistical tests and exact value of n can be found in each

figure legend. All statistical analyses were performed on GraphPad Prism 7.
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Figure S1. Pulmonary Stem Cell Populations, and Effect of FBW7 CKO on AEC2 Stem Cells and 

Pulmonary Respiratory Function.  

(A-H) AEC2 stem cells were sorted by EpCAM+ and Sca1- by FACS. The bronchioalveolar stem cells 

(BASCs) were sorted by EpCAM+ and Sca1+ double positivity, and verified for CCSP positivity by IF 

(A-C). For Clara cells, CCSP+ and Lin- cells were sorted and verified by IF (D, E). For basal cells (BCs) 

and the distal airway stem cells (DASCs), p63+ BCs and p63+ and Krt5+ double positive DASCs were 

sorted and verified as indicated (F-H).  

(I-L) FBW7 deficiency determined by quantitative PCR in the lung tissues of FBW7 CKO mice (I). 

AEC2 stem cell population determined by FACS (J,K), and by IF with goat anti-SPC antibodies from 

total of 20 fields per lung tissue (L) in the WT and FBW7 CKO mice. 

(M-O) O2 and CO2 volumes and respiratory exchange ratio (RER) of WT and FBW7 CKO mice treated 

with or without BLM were measured for 24 h using the TSE PhenoMaster system.  

(P) FBW7 CKO inhibition of pulmonary senescence and fibrosis induced by BLM in mice. Lung tissue 

sections were stained by H&E staining of the WT and FBW7 CKO mice treated with or without BLM.  

(Q) Effect of FBW7 CKO on IR-induced TIFs in AEC2 stem cells in mice. AEC2 cells were isolated 

by FACS from the lungs of WT and FBW7 CKO mice (n=3) with or without IR, and were followed by 

IF-FISH. 

(R, S) Tamoxifen-induced FBW7 CKO and inhibition of pulmonary senescence and fibrosis induced by 

IR. Lung tissue sections were examined by β-Gal and Masson’s trichrome stainings of the lung tissue 

sections of the WT and FBW7 CKO mice at rest or exposed to IR.  

(T) Effect of tamoxifen-induced FBW7 CKO on resting and BLM-stimulated β-Gal positive cells in 

lung tissue sections from the WT and FBW7 CKO mice exposed to BLM. 
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Figure S2. FBW7 Binds to TPP1 and Mediates Stress-accelerated TPP1 Degradation.  

(A, B) Detection of TPP1 specific immunoreactivity by IB in human A549 (A) and HeLa (B) cells 

transfected with control or TPP1siRNAs using Lipofectamine 2000 overnight and Opti-MEM on day 2 

for 24 h. The transformants were subjected to IB using specific antibodies against the indicated 

shelterin components.  

(C) Expression of various E3 ubiquitin ligases in A549 cells determined by quantitative PCR in HeLa 

cells transfected with the indicated siRNAs using Lipofectamine 2000 and Opti-MEM for twice within 

48 h.  

(D-J) Effect of various E3 ubiquitin ligase KD (D-F) and silencing FBW7 (G-J) on TPP1 

immunoreactivity determined by IB in A549 cells treated with or without H2O2, BLM or IR for the 

indicated time periods. 

(K) Effect of FBW7α or γ OE on TPP1 turnover in 293T cells in the presence or absence of 

cycloheximide (CHX, 100 μg/ml, 9 h). Data were presented as the quantitative estimation of changes in 

TPP1 immunoreactivity at different time points.  

(L) Co-IP of endogenous FBW7 with endogenous TPP1 in AEC2 isolated by FACS, using normal 

rabbit IgG or anti-FBW7 antibody.  

(M) No binding between FBW7 and Pot1 in 293T cells transiently transfected with Pot1 and different 

FBW7 isoforms, determined by co-IP with the indicated specific antibodies.  

(N, O) Effect of FBW7 gene mutations on TPP1 in 293T cells. Cells were transfected with FBW7 WT 

and mutants as indicated for 48 h before IB analysis.  

(P) Yeast two-hybrid test for in vivo interactions between the proteins determined by IB (left panel); 

positive interactions indicate that growing clones survived with activated reporter genes, imparting 

resistance to different restricted conditional media (right panel). 

(Q) IF staining of endogenous FBW7 and TPP1 using specific antibodies. Co-staining is indicated by 

arrows. 

(R) Schematic of FBW7 mediation of stress-induced TPP1 multisite polyubiquitination and 

degradation in the proteasome. 
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Figure S3. FBW7 OE or KD Regulates Telomere Capping and Lengths in Human Normal 

Epithelial Cells.  

(A, B) Gene expression of FBW7 monitored by quantitative PCR (A) and IB (B) in 293T cells 

transfected with FBW7α or γ cDNAs.  

(C, D) Representative images of FBW7 co-localizing with telomeric DNA in a TPP1-dependent 

manner in HeLa cells. Cells were transfected with FBW7α cDNA plus or minus TPP1 siRNA for 48 h. 

IF-FISH was performed using anti-FBW7 specific antibodies and Cy3-conjugated telomere PNA probe. 

Arrows indicate co-staining.  

(E-G) Effect of FBW7α on telomeres determined by metaphase (E, F) and interphase (G) IF-FISH. 

Telomere loss was quantitated as the number count of telomere per chromosome in metaphase FISH 

(E). Representative images indicate telomeric and non-telomeric DNA damage by yellow and green 

arrows, respectively in response to FBW7α over-expression and compared with control in HeLa cells 

(F). Red arrows indicate short telomeres and white arrows indicate missing telomere (F). Effect of IR 



 

 Page 6 

on TIFs in the control and FBW7α or γ transfected cells (G).  

(H-L) Telomere length measurement in human normal and cancer epithelial cells over- or 

under-expressing FBW7. Telomeres were determined by FISH (H) and flow-FISH (I) in transiently 

transfected HeLa cells (H) and stably transfected HT1080 (I) cells with empty plasmids or FBW7. 

Telomeric restriction fragments (TRF) were measured by Southern blotting in various types of normal 

epithelial or cancerous cells with stable under- (J) or over-expression of FBW7 (K, L). 
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Figure S4. FBW7 OE Induces Cell Senescence, but Deficiency Reduces Telomere Uncapping and 

Shortening In Vitro and In Vivo.  

(A-D) Effect of FBW7α or γ OE on c-Myc determined by IB (A), p21 and HP1γ by IF (B), and β-Gal 

staining (C, D) in cultured HeLa cells with stable gene expression.  

(E-J) Effect of FBW7α or γ OE on p21 determined by IB and -Gal staining in human lung cancer 

H1299 cells (E-G) and fibrosarcoma HT1080 cells (H-J). Transient gene expression was carried out for 

48 h.  

(K, L) Effect of FBW7 KD on telomere lengths determined by Q-FISH in H1299 cells expressing 

FBW7 shRNA for 36 h (control shRNA, n=290 cells; FBW7 shRNA, n=336 cells). 

(M-O) Effects of FBW7 KD on TIFs in HeLa cells (M-N) and in A549 cells exposed to IR. Cells were 

transfected with the indicated siRNAs for 48 h. Gene expressions were from quantitative PCR (M) and 

TIFs by IF-FISH (N, O).  

(P-T) Effect of FBW7 KD on telomere uncapping, DDR and cell proliferation in rat AEC2 cells. 

RLE-6TN cells transfected with control or FBW7 siRNA for 48 h were subjected to IR (5 Gy), before 

cell collection for IB (P) or fixation for TIFs after 1 h recovery (Q, R). Cell proliferation was 

determined in 24 h of BrdU (10 M) incorporation by IF with specific antibodies (S, T).  

(U,V) Effect of FBW7 CKO or BLM on TIFs in the lungs of mice. WT or FBW7 CKO mice were 

treated with BLM and analyzed for TPP1 and α-SMA by IB (U), and TIFs by IF-FISH (V) in the lungs 

in 21 days.  

(W-Y) Effect of FBW7 CKO or IR on TIFs and telomere lengths in the lungs of mice. WT or FBW7 

CKO mice were treated with IR and analyzed for TPP1, TIFs, and telomere lengths in the lungs in 3 

days of IR. TPP1 was quantitated from IHC (W), TIFs by IF-FISH (X), and telomere lengths by 

Q-FISH (Y). 
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Figure S5. TPP1 OE Inhibits FBW7- or IR-induced Telomere Uncapping and Cell Senescence.  

(A-D) Effect of TPP1 OE on the FBW7α- and IR-induced increases in TIFs (A, B) and β-Gal staining 

(C, D). HeLa cells stably expressing FBW7α or FBW7γ were treated with IR, followed by IF-FISH 

using 53BP1 antibodies and telomere PNA probe and β-Gal staining. Arrows: TIFs (white, in B); 

senescent cells (blue, in D). 

(E, F) Masson’s trichrome staining (E), H&E stainings, and α-SMA IF (F) for pulmonary fibrosis in the 

lung sections of mice intratracheally administered FBW7α and TPP1 lentiviruses weekly for 4 weeks. 

(G) FBW7α OE resulted in SASP with increased IL-1α, IL-6, IL-8, and IL-10 in the bronchioalveolar 

lavage fluid (BALF). The cytokines were determined by ELISA using specific antibodies in the lungs 

of mice 4 weeks following FBW7 OE lentiviral administration. 
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Figure S6. TPP1 OE Inhibits Stress-induced Telomere Uncapping and Shortening, AEC2 Stem 

Cell Senescence and Pulmonary Fibrosis.  

Mice were treated with intratracheal TPP1 lentivirus on day 1, 13 and 19 with intratracheal BLM on 

day 2 before lung examination on day 21.  

(A-C) Effect of TPP1 OE on BLM-induced lung respiratory dysfunction. 

(D-F) Total AEC2 stem cells determined by FACS (D) with the HP1γ+ and SPC+ double positive AEC2 

cells determined by IF of 20 fields per lung tissue sample (inset in E). A representative profile of AEC2 

sorting is shown (F).  

(G, H) TIFs and telomere lengths in 200-300 AEC2 cell in lung sections determined by IF-FISH and 

Q-FISH respectively in the lung sections.  

(I-L) Effect of intratracheal TPP1 on BLM-induced pulmonary fibrosis with α-SMA expression 

determined by IF (I), H&E and Masson’s trichrome staining (J), HYP content (K), and lung fibrotic 

marker gene expression (L) in the lungs of mice treated with intratracheal TPP1 lentivirus plus or 

minus BLM. 

  



 

 Page 10 

 

 

Figure S7. Identification and Characterization of FBW7 Peptidomimetic TELODIN in Cultured 

Cells and Mouse Lungs.  

Synthetic peptides (Table S5), including TELODIN (Table S5, ST8; 1 mg/kg) or control (Table S5, 

GE8; 1 mg/kg), were tested in cultured HeLa cells or administered before FBW7 transfection in mice 

aged 3-5 months (Scheme 1, Figure 7A).  

(A, B) Identification of TELODIN (YK21) and the effect on TIFs in HeLa cells treated with the 

indicated peptides linked with TAT (47-57) cell membrane permeable 11-mer peptide (1 M, 4 h) 

before IR (5 Gy).  

(C, D) Effect of TELODIN on TIFs induced by IR was determined in HeLa cells incubated with 

different peptides including the 21-mer and 8-mer TELODIN (Table S5, YK21 and ST8) at 1 M or as 
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indicated for 4 h before IR (5 Gy). * vs. control in the absence of IR. # vs. control in the presence of 5 

Gy IR. $ vs. control at a higher concentration in the presence of 5 Gy IR. 

(E) Schematic of fluorescence-labeled TELODIN inhibiting FBW7 C-terminal tail region binding to 

TPP1 through nuclear translocation. 

(F) Microimaging of fluorescence-labeled TELODIN in cultured cells and the lungs of mice. 

Cy3-labeled TELODIN or control peptide (1 M) was added into HeLa cell cultures for the time 

periods from 5 min to 4 hours, and administered intratracheally to mice for 6-24 h. Images were from 

the cultured cells and lung sections examined by fluorescence microscopy. 

(G-I) Spirometry analysis of TELODIN inhibition of FBW7α-mediated lung dysfunction. 

(J, K) TELODIN inhibition of FBW7α-mediated reduction in AEC2 cell number (J) and telomere 

shortening (K). AEC2 population was determined by tissue IF using anti-SPC antibodies; telomere 

lengths were determined by Q-FISH of 300-500 AEC2 cells in lung tissue sections (20 fields were 

analyzed in each lung sample, n=3).  

(L) TELODIN inhibition of FBW7α-induced changes in FBW7, TPP1, SPC, and α-SMA levels 

determined by IB. 

(M) Representative images of fibrotic staining via Masson’s trichrome stain (left panel), H&E (middle 

panel), and IF α-SMA (right panel) in tissue sections from FBW7 overexpressed and TELODIN 

treated mouse lungs.  

(N) Real-time PCR of fibrotic markers using total mRNA from mice with or without FBW7α 

over-expression. * vs. PBS/Ctrl. # vs. FBW7α/Ctrl. TLDN: TELODIN. 
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Table S1. List of primers; Related to STAR Methods, and Figure 1 

No. Name Sequence 

1 ACD (TPP1)-F CCCGCAGAGTTCTATCTCCA 

2 ACD (TPP1)-R GGACAGTGATAGGCCTGCAT 

3 ACTB-F TCCCTGGAGAAGAGCTACGA 

4 ACTB–R  AGCACTGTGTTGGCGTACAG 

5 Actb–F GGCTGTATTCCCCTCCATCG 3 

6 Actb-R CCAGTTGGTAACAATGCCATGT 

7 CHIP-F  AGCAGGGCAATCGTCTGTTC 

8 CHIP-R  CAAGGCCCGGTTGGTGTAATA 

9 Col1-F  GCTCCTCTTAGGGGCCACT 

10 Col1-R ATTGGGGACCCTTAGGCCAT 

11 Col6a-F TGCCAAGGACTTCATCATCA 

12 Col6a-R  ACGTGCTCTTGCATCTGGTT 

13 Cre-F (for genotyping) TCTTGCGAACCTCATCACTC 

14 Cre-R1 (for 

genotyping) AAGGGAGCTGCAGTGGAGTA 

15 Cre-R2 (for 

genotyping) CCGAAAATCTGTGGGAAGTC 

16 FBW7 R465H-F CTTCCACTGTGCATTGTATGCATC 

17 FBW7 R465H-R TATGCCCATATAAGGTGTGTATACA 

18 FBW7 R479G-F TTAGCGGTTCTGGAGATGCCACT 

19 FBW7 R479G-R CAACTCTTTTTTCATGAAGATGCAT 

20 FBW7 R505L-F TGCAGCAGTCCTCTGTGTTCAA      

21 FBW7 R505L-R ACATGACCCATCAAAACATGTAAAC 

22 FBW7 

R658Terminate-F GTGAATTTATTTGAAACCTAGTCAC    

23 FBW7 

R658Terminate-R CCGTTTTCAAGTCCCATAGTTTTA 

24 FBW7-F GACGCCGAATTACATCTGTC 

25 FBW7-R GTAGCAGGTCTTTGGGTTC 

26 Fbw7-F  CCCGGAGCTGTGCAGCAA 

27 Fbw7-R  CAGATGTAATTCGGCGTCGTT 

28 Fbw7-F (for 

genotyping) ATT GAT ACA AAC TGG AGA CGA GG 

29 Fbw7-R (for 

genotyping) ATA GTA ATC CTC CTG CCT TGG C 

30 FBX4-F  TGATCTGTGTCAGTTGGGAAGT 

31 FBX4-R  CCAAACATAGCAAATCGTGGTTC 

32 GST-FBW7 WD40-F GAATTCGATACTAACTGGAGGCGAGGAGA 

33 GST-FBW7 WD40-R GCGGCCGCTCACTTCATGTCCACATCAAAG 

34 HA-TPP1 (ΔS/T)-F GAGCCCTGCTCTGTCTGGGAA 

35 HA-TPP1 (ΔS/T)-R TGGTGGGGGCAGCTCAGG 
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36 HA-TPP1-F CCGGAATTCATGCCTGGCCGCTGTCAGA 

37 HA-TPP1-R CCGCTCGAGTCACATCGGAGTTGGCTCAGA 

38 HDM2-F  GAATCATCGGACTCAGGTACATC 

39 HDM2-R  TCTGTCTCACTAATTGCTCTCCT 

40 Hp1-F  ACTGGACCGTCGTGTAGTGAA 

41 Hp1-R  GCCCCTTGGTTTGTCAGCA 

42 MKRN1-F  CATGGGGTTTGTAAGGAAGGAG 

43 MKRN1-R  GCACACTACACTATACGGACTGT 

44 Mmp3-F  GACTCAAGGGTGGATGCTGT 

45 Mmp3-R  CAACTGCGAAGATCCACTGA 

46 p21-F  CCTGGTGATGTCCGACCTG 

47 p21-R  CCATGAGCGCATCGCAATC 

48 RNF8-F  CCCGGCTTCTTCGTCACAG 

49 RNF8-R  ACCTCGCACCCATCTTCCA 

50 S100a4-F  TGAGCAACTTGGACAGCAACA 

51 S100a4-R  CTTCTTCCGGGGCTCCTTATC 

52 SIAH2-F TCTTCGAGTGTCCGGTCTG 

53 SIAH2-R CGGCATTGGTTACACACCAG 

54 Spa Cre-F (for 

genotyping) GCCTGCATTACCGGTCGATGC 

55 Spa Cre-R (for 

genotyping) CAGGGTGTTATAAGCAATCCC 

56 Spc-F  CAAACGCCTTCTCATCGTGGTTGT 

57 Spc-R  TTTCTGAGTTTCCGGTGCTCCGAT 

58 T1-F  ACCGTGCCAGTGTTGTTCTG 

59 T1-R  AGCACCTGTGGTTGTTATTTTGT 

60 Tpp1-F  GGGCCGTGTTACTTGTGTCA 

61 Tpp1-R  CAGCAGGTTAAAGCGATCCAC 

62 TPP1-S354A-F GCTCCTCCTTCCTCACCCAGT 

63 TPP1-S354A-R GGCTATGAGGGTCAGAGATAGG 

64 TPP1-S358A-F GCACCCAGTTCCTCAGGAACC 

65 TPP1-S358A-R GGAAGGAGGAGAGGCTATGAG 

66 Vimentin-F  CGGCTGCGAGAGAAATTGC 

67 Vimentin-R  CCACTTTCCGTTCAAGGTCAAG 

68 -Sma-F  ATTGTGCTGGACTCTGGAGATGGT 

69 -Sma-R TGATGTCACGGACAATCTCACGCT 
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Table S2. Genes assay ID in TaqMan gene expression assay; Related to Figure 1  

No. gene symbol assay ID 

1 ATM Mm01177457_m1  

2 Bax Mm00432051_m1 

3 CDK1 Mm00772472_m1 

4 CyclinD1 Mm00432359_m1 

5 FBW7 Mm00504452_m1 

6 GAPDH Mm99999915_g1  

7 Klf4 Mm00516104_m1 

8 Myc Mm00487804_m1 

9 p15 Mm00483241_m1 

10 p27 Mm00438167_g1 

11 PCNA Mm00448100_g1 

12 Pdpn Mm01348912_g1 

13 Rb1 Mm00485586_m1  

14 Sox2 Mm03053810_s1 

15 SPC Mm00488144_m1 

16 -SMA Mm00725412_s1 
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Table S3. siRNA sequences for E3 ubiquitin ligases and TPP1; Related to Figure 

2 

No. Gene name Sequence 

1 CHIP GCAGTCTGTGAAGGCGCACTT 

2 Dyrk2 GGTGCTATCACATCTATAT 

3 FBW7-1 GCATATGATTTTATGGTAA 

4 FBW7-2 CGGGTGAATTTATTCGAAA 

5 FBX4 CCGATTGATGTACAGCTATAT 

6 hDM2 TCAGCAGGAATCATCGGAC 

7 MKRN1 CGTATAGTGTAGTGTGCAAGTT 

8 Negative control TTCTCCGAACGTGTCACGT 

9 RNF8 AGAATGAGCTCCAATGTAT 

10 SAIH2 CCAATGCCGCCAGAAGTTG 

11 TPP1 GCAGCTGCTTGAGGTACTA 
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Table S4. shRNA sequences for protein kinases; Related to Figure 2 

No. Gene name shRNA sequence 

1 BUB1 shRNA1 GCAACAACAATACAGGTTATT 

2 BUB1 shRNA2 TACAACAGTGACCTCCATCAA 

3 BUB1B shRNA1 GTGGAACACTGAAACTGTATG 

4 BUB1B shRNA2 CCAGTTCTGTTTGTCAAGTAA 

5 CHK1 shRNA1 GTAAACAGTGCTTCTAGTGAA 

6 CHK1 shRNA2 GACAGAATAGAGCCAGACATA 

7 CHK2 shRNA1 CGCCGTCCTTTGAATAACAAT 

8 CHK2 shRNA2 ACGATGCCAAACTCCAGCCAG 

9 CKII shRNA1 TGGAATATTTCATGGACAAAT 

10 CKII shRNA2 ATTACCTGCAGGTGGAATATT 

11 CLK1 shRNA1 GATATGCAAGTCTGTGAATTT 

12 CLK1 shRNA2 GCTGCAAATACAATCACTCTA 

13 CTL shRNA1 pLKO.1 – TRC control 

14 CTL shRNA2 pLKO.1 – scramble shRNA 

15 DAPK3 shRNA1 CGTCTGAAGGAGTACACCATC 

16 DAPK3 shRNA2 CAACCCACGAATCAAGCTCAT 

17 DNAPK shRNA1 GCAGATAGAAAGCATTACATT 

18 DNAPK shRNA2 CCGGTAAAGATCCTAATTCTA 

19 FASTK shRNA1 GGTGGTTCAGGAAACGCAACT 

20 FASTK shRNA2 AGTCAGCTCATCATCCGAAAC 

21 FBW7 shRNA1 AAACAGGACAGTGTTTACAAA 

22 FBW7 shRNA2 CGGGTGAATTTATTCGAAA 

23 Fbw7 shRNA (mouse) CCGAAACCTCGTCACATTG 

24 GSK3β shRNA1 GCTGAGCTGTTACTAGGACAA 

25 GSK3β shRNA2 CCCAAACTACACAGAATTTAA 

26 GWL shRNA1 CCCATTCATTGTCCATTTGTA 

27 GWL shRNA2 GTGAAGTGTCTAACTTCTAAT 

28 MPS1 shRNA1 GCAAGGCTTCCTGAACTACTA 

29 MPS1 shRNA2 CCATCGACCTTCAACCTCTTT 

30 NLK shRNA1 GCAACTGTGTTCTAAAGATTT 

31 NLK shRNA2 CGGATAGACCTATTGGATATG 

32 PIM1 shRNA1 ACATCCTTATCGACCTCAATC 

33 PIM1 shRNA2 CCATAGCTGCTGCCCTAGTTT 

34 PIM2 shRNA1 GATGAACCCTACACTGACTTT 

35 PIM2 shRNA2 GCTTGACTGGTTTGAGACACA 

36 PINK1 shRNA1 CGGCTGGAGGAGTATCTGATA 

37 PINK1 shRNA2 GAAGCCACCATGCCTACATTG 

38 PLK2 shRNA1 GAGCAGCTGAGCACATCATTT 

39 PLK2 shRNA2 GTAGAAGGTCAATGGCTCATA 

40 PRKX shRNA1 CAAGATAGCTGGTGACGGCGA 

41 PRKX shRNA2 CCTACTGTGATGTCTTGGTTT 
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42 SGK2 shRNA1 TGAAGACACCACATCCACATT 

43 SGK2 shRNA2 CAACGAGAAGCAGGTTTATTT 

44 SRPK1 shRNA1 GAACAACACATTAGCCAACTT 

45 SRPK1 shRNA2 GTGGATCATCAAATCCAATTA 

46 SRPK2 shRNA1 TCCCAGTACATTGGACCTAAA 

47 SRPK2 shRNA2 GCAGAAAGTGATTACACATAT 

48 SRPK3 shRNA1 GCTCGTCCAATCAGCGAGAGA 

49 SRPK3 shRNA2 GAGGTCTTGCAGACCGGTAAG 

50 STK1 shRNA1 GCTGTAGAAGTGAGTTTGTAA 

51 STK1 shRNA2 GAAACTGATCTAGAGGTTATA 

52 STK10 shRNA1 GTGAAGAGTGAGGTTGAGAAA 

53 STK10 shRNA2 CAAGAATGACAATGACTTAAA 

54 STK11 shRNA1 GATCCTCAAGAAGAAGAAGTT 

55 STK11 shRNA2 GCCAACGTGAAGAAGGAAATT 

56 STK13 shRNA1 CCCAATATCCTGCGCCTGTAT 

57 STK13 shRNA2 GCTGCCTCCCTGTGCTCAGAT 

58 STK16 shRNA1 GAGCAGGAGAATGTGTAACAA 

59 STK16 shRNA2 AGGTACGCTGTGGAATGAGAT 

60 STK18 shRNA1 GCATCTCAAGAATATGTGAAA 

61 STK18 shRNA2 GACCTTATTCACCAGTTACTT 

62 STK19 shRNA1 TTGGATGCCCATGGAATTATC 

63 STK19 shRNA2 GGAGATTCATCAAGTACTTTG 

64 STK2 shRNA1 GTAGTCCAACTTCACAAATTG 

65 STK2 shRNA2 GATGTGGATTTACCTTATCCC 

66 STK21 shRNA1 CGGAAGTATTCCGACACCATA 

67 STK21 shRNA2 GCGTCCTCATACCAGGATAAA 

68 STK23 shRNA1 AGATCGGCGACGTGTTCAATG 

69 STK23 shRNA2 TCAGGATCTCAGGAGTCAATG 

70 STK24 shRNA1 CCCACTGCTAAGGAGTTATTG 

71 STK24 shRNA2 TGCAGAGTTGAAGGAGAAGAG 

72 STK3 shRNA1 CGGATGAAGATGAGCTGGATT 

73 STK3 shRNA2 CCGGTCAAGTTGTCGCAATTA 

74 STK38 shRNA1 GTATTAGCCATAGACTCTATT 

75 STK38 shRNA2 CAGCAAGGGCCATGTGAAACT 

76 STK4 shRNA1 CCGGCCAGATTGTTGCTATTA 

77 STK4 shRNA2 CCAGAGCTATGGTCAGATAAC 

78 STK9 shRNA1 GATATTGTCCATCGAGATATA 

79 STK9 shRNA2 CAGAGTCGGCATAGCTATATT 

80 STYK1 shRNA1 CAAGTATATCACATCGGAAAG 

81 STYK1 shRNA2 GCCCATCTTTCGAGCCAATAT 

82 TAK1 shRNA1 GCAGTGATTCTTGGATTGTTT 

83 TAK1 shRNA2 CCCGTGTGAACCATCCTAATA 

84 TPP1 shRNA1 GCTGTAGAAGTGAGTTTGTAA 
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85 TPP1 shRNA2 GAAACTGATCTAGAGGTTATA 

86 Tpp1 shRNA (mouse) CAGAGAGGCATCGTGATACTT 

87 WEE1 shRNA1 TTCTCATGTAGTTCGATATTT 

88 WEE1 shRNA2 GTGGGCAGAAGATGATCATAT 
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Table S5. Synthetic peptides tested; Related to Figure 6 and 7 

No. Name Sequence 

1 DKY21 (TELODIN) KTEETGNRSGRRRQRRKKRGY 

2 DYK21 (TELODIN) YGRKKRRQRRRGSRNGTEETK 

3 GE8 GSRNGTEE 

4 GK10 GSRNGTE ETK 

5 GT9 GSRNGTEET 

6 KY21 (TELODIN) KTEETGNRSGRRRQRRKKRGY 

7 SE7 SRNGTEE 

8 ST8 (TELODIN) SRNGTEET 

9 YA19 YGRKKRRQRRRGPNKHQSA  

10 YG26 YGRKKRRQRRRGSTDRTLKVWNAETG  

11 YG27 YGRKKRRQRRRAVTGKCLRTLVGHTGG 

12 YH26 YGRKKRRQRRRGELKSPKVLKGHDDH 

13 YK19 YGRKKRRQRRRGAYDFMVK 

14 YK21 (TELODIN) YGRKKRRQRRRGSRNGTEETK 

15 YK21a (TELODIN) YGRKKRRQRRRRNGTEETK 

16 YK21b  YGRKKRRQRRRGSNGTEETK 

17 YK21c (TELODIN) YGRKKRRQRRRGSRGTEETK 

18 YK21d YGRKKRRQRRRGSRNGTEET 

19 YK21e YGRKKRRQRRRGSRNGTEE 

20 YK21f YGRKKRRQRRRGSRNGTETK 

21 YK21g YGRKKRRQRRRGDRNGTEETK 

22 YK21h YGRKKRRQRRRGERNGTEETK 

23 YK29 YGRKKRRQRRRKEEGIDEPLHIKRRKVIK 

24 YK32 YGRKKRRQRRRGSRNGTEETKLLVLDFDVDMK 

25 YR18 YGRKKRRQRRRGHTSTVR 

26 YR21 YGRKKRRQRRRKRRRTGGSLR 
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