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ABSTRACT
Tripeptidyl peptidase II (TPPII or TPP2) degrades N-terminal
tripeptides from proteins and peptides. Studies in both humans and
mice have shown that TPPII deficiency is linked to cellular immune-
senescence, lifespan regulation and the aging process. However, the
mechanism of how TPPII participates in these processes is less clear.
In this study, we established a chemical probe-based assay and found
that although the mRNA and protein levels of TPPII were not altered
during senescence, its enzymatic activity was reduced in senescent
human fibroblasts. We also showed that elevation of the levels of the
serine protease inhibitor serpinB2 reduced TPPII activity in senescent
cells. Moreover, suppression of TPPII led to elevation in the amount of
lysosomal contents as in well as TPPI (TPP1) and β-galactosidase
activities, suggesting that lysosome biogenesis is induced to
compensate for the reduction of TPPII activity in senescent cells.
Together, this study discloses a critical role of the serpinB2-TPPII
signaling pathway in proteostasis during senescence. Since serpinB2
levels can be increased by a variety of cellular stresses, reduction of
TPPII activity through activation of serpinB2 might represent a
common pathway for cells to respond to different stress conditions.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
Tripeptidyl peptidases (TPPs) are enzymes that degrade N-terminal
tripeptides from oligopeptides generated by other proteases
(Tomkinson, 1999). Two types of tripeptidyl peptidases, TPPI and
TPPII (also known as TPP1 and TPP2, respectively), exist in
eukaryotic cells. TPPI is a lysosomal acidic protease, responsible
mainly for lysosomal protein degradation. A notable case of TPPI
dysfunction in humans is its association with a lysosomal storage
disease called neuronal ceroid lipofuscinosis (NCL). In particular,
mutations in TPPI develop a classical late-infantile NCL, an inherited
neurodegenerative disorder of childhood (Cárcel-Trullols et al.,

2015). Although the detailed mechanisms are unknown, TPPI might
also have a role in macro-autophagy, endocytosis and TNF-α (also
known as TNF)-induced apoptosis (Autefage et al., 2009; Micsenyi
et al., 2013; Vidal-Donet et al., 2013). TPPII, on the other hand, is a
cytosolic protease that is known to function downstream of the
proteasome-ubiquitin pathway for protein degradation (Tomkinson,
1999). It forms a large oligomeric complex (∼5–6 MDa) with a
spindle-like shape (Rockel et al., 2012). Because TPPII levels are
high in immune cells (Balow et al., 1986; Huai et al., 2008),
mutations in TPPII have been shown to selectively affect immune
system by impairing the function of adaptive and innate immunity
(Huai et al., 2008; Stepensky et al., 2014). As a result, deficiency of
TPPII is linked to autoimmune cytopenia in Evans syndrome, which
shows severe immune deficiencies (Stepensky et al., 2014). In
addition to cellular immune senescence, analyses of the Tpp2−/−

knockout cells andmice also suggest that TPPII is involved in several
vital cellular processes, such as cell proliferation and survival, and in
diseases such as muscle wasting, obesity and cancer (Huai et al.,
2008; Rockel et al., 2012; Tomkinson, 1999). In another example,
TPPII contributes to the survival of Burkett’s lymphoma (BL) cells
that had been treated with proteasome inhibitors (Gavioli et al.,
2001). These results suggest that TPPII is upregulated in response to
the loss of the proteasome degradation pathway in BL cells.

Normal human diploid fibroblasts enter the terminally
non-dividing state after ∼60–80 population doublings (PDs). This
limited proliferative capacity of normal fibroblasts is termed
replicative senescence or cellular senescence (Hayflick, 1965;
Hayflick and Moorhead, 1961). Cellular senescence is caused
by progressive telomere shortening after repeated cycles of cell
divisions (Allsopp et al., 1995; Bodnar et al., 1998). Senescence can
also be induced by a variety of factors ranging from inadequate
culturing conditions to overexpression of oncogenes (Serrano et al.,
1997; Sherr and DePinho, 2000). This category of senescence,
caused by cultural or mitotic shocks, is independent of telomere
length. Nowadays, senescence is well recognized as a state of cell
cycle arrest in response to various types of stress (Campisi and
d’Adda di Fagagna, 2007). In addition to proliferation cessation,
senescent cells show distinct morphological changes (Salama et al.,
2014). Senescent cells usually become larger, flattened and
vacuolized, and show increased lysosomal mass. The most widely
used assay for senescence is the histochemical detection of
β-galactosidase activity at pH 6.0, which is known as senescence-
associated β-galactosidase (SA-β-gal) (Dimri et al., 1995). The
increased levels of SA-β-gal are caused by the increased lysosomal
content of senescent cells (Kurz et al., 2000; Lee et al., 2006).
However, unlike cessation of cell proliferation, the mechanisms
underlying diverse phenotypic alterations of senescent cells remain
less clear. The involvement of TPPII in senescence has been
previously inferred by using genetic inactivation of TPPII. It was
found in both human and mice that depletion of TPPII is sufficient
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to induce elevated levels of SA-β-gal activities in both immune cells
and fibroblasts (Huai et al., 2008; Stepensky et al., 2014).
Nevertheless, how TPPII participates in senescence and the
mechanism of how TPPII-depleted cells induce senescence were
not clear and demand further investigations.
In this study, we peculiarly observed that both the mRNA and

protein levels of TPPII were not altered during senescence. This
seemingly contradictory observation was puzzling. We therefore set
out to establish a chemical probe-based activity assay to measure
TPPII activity during senescence (Kuo et al., 2010). Interestingly, we
found TPPII activity was decreased in senescent cells. We later found
that suppression of TPPII activitywas sufficient to induce senescence.
More importantly, we found serine protease inhibitor serpinB2
interacts with TPPII and inhibited its activity. These critical results
helped to reveal a novel signaling axis that depicts a post-translational
regulation of TPPII activity by serpinB2 during senescence. We
further demonstrate that inactivation of TPPII impairs proteostasis,
leading to an increase in lysosome content as well as elevation of
lysosomal TPPI and SA-β-gal activities. Since the serpinB2 level was
also found to be elevated by different stresses in various cell types
(Schroder et al., 2010; Zhang et al., 2015, 2009), results from this
study further suggest that the serpinB2-TPPII signaling axis might be
a pivotal mechanism for cellular stress response.

RESULTS
TPPII activity is suppressed in senescent cells
The normal human lung fibroblast line IMR90 was used as the
model in this study. IMR90 cells were passaged continuously until
the doubling rate became slow and they eventually stopped
proliferating (Fig. 1A). The senescent cells are generally larger,
less motile and have a lower saturation density. As shown in Fig. 1B,
these cells also showed increased expression of SA-β-gal (Dimri
et al., 1995). In this study, the cells at PD 5 and 20 were used to
represent young and senescent cells, respectively. To test whether
TPPII expression level was altered in senescent cells, the mRNA
and protein levels of TPPII were determined by quantitative real-
time RT-PCR (qRT-PCR) (Fig. 1C) and immunoblotting (Fig. 1D),
respectively. It was to our surprise that the expression level of TPPII
only fluctuated to a minor extent during senescence. This result
seems to contradict previous reports suggesting that TPPII is
involved in senescence.
Since proteases are strictly regulated to ensure their cellular

functions, the possibility of alteration of TPPII activity in
senescence was next investigated. To determine the protease
activity of TPPII, here we applied a chemical probe-based assay
protocol that has previously been exploited to measure designated
protease, tyrosine phosphatase and kinase activities in proteomic
samples (Chu et al., 2012; Hsu et al., 2016; Kuo et al., 2010; Sieber
et al., 2004). A typical activity-based probe consists of a properly
positioned reactive group, which is responsible for covalent bond
formation with the target enzymes, and a reporter for visualization
and/or purification of the covalently bound proteins. Here, we
exploited probe 1 in this study (Fig. 1E). Probe 1 carries a
benzylphosphonofluoridate as the reactive group and a biotin
reporter group. It is anticipated that upon nucleophilic attack by the
active site serine residue, the fluoride on probe 1 will depart and a
stable biotinylated adduct will be formed.
To test the labeling property of probe 1, the labeling reaction was

first evaluated using trypsin (a serine protease) as a model. We
found that probe 1 effectively labeled trypsin in an activity-
dependent manner (Fig. 1F,G). The labeling reaction also appeared
to be very robust as sub-micromolar concentrations of probe 1 was

sufficient to label trypsin. Heat denatured or PMSF (a serine
hydrolase inhibitor)-treated trypsin could not be labeled by probe 1.
The labeling reaction also appeared to be very robust as sub-
micromolar concentrations of probe 1 was sufficient to label trypsin
(Fig. S1A). The labeling reaction was next evaluated on other family
of proteases. probe 1 effectively labeled serine hydrolases including
trypsin, chymotrypsin and elastase. By contrast, no labeling was
detected on aspartic proteases (pepsin and rennin), cysteine
proteases (papain and bromelain) and the metalloprotease
thermolysin (Fig. S1B). Data also showed that probe 1 could
effectively label other members of serine hydrolases including
esterase, chymotrypsin and elastase. Irrelevant targets such as
glucosidase, phosphorylase b, protein tyrosine phosphatase PTP1B,
γ-globulin, RNase A, lysozyme and carbonic anhydrase were not
labeled by probe 1 (data not shown). Together these results
indicated that probe 1 is a selective activity-based probe for serine
hydrolases. More importantly, the labeling intensity reflects the
enzymatic activity.

To enable the activity measurement of TPPII, we established an
assay protocol that combines the use of probe 1with a target specific
antibody (Chu et al., 2012; Hsu et al., 2016; Kuo et al., 2010; Sieber
et al., 2004). In this assay (Fig. 1H), the cell extracts were prepared
and incubated with probe 1 to accomplish labeling of active serine
hydrolases. After the labeling event, both forms of TPPII (labeled
and unlabeled) were separated from the mixture through
immunoprecipitation with a TPPII-specific antibody.
Immunoblotting analyses were then conducted using antibodies
against TPPII and biotin, respectively, to reveal the amounts of total
TPPII and probe 1-labeled TPPII. Using this assay protocol, we
found the protein level of TPPII was not significantly altered, yet its
activity was reduced during senescence (Fig. 1I). The results
strongly imply that TPPII activity is suppressed in senescent cells by
an unidentified inhibitor.

Probe 1 was also used to perform protein profiling during
senescence. Total cell extracts were prepared from IMR90 cells at
PD 5 and 20, and labeled with probe 1. The probe 1-labeled proteins
were then enriched by streptavidin beads and subjected to mass
spectrometry analysis. Comparative proteomic analysis of probe 1-
labeled proteins identified more than 20 serine hydrolases of which
the activities were altered in senescent cells (Table S1). Consistent
with the probe 1-based activity assay, TPPII was identified as
showing reduced activities in senescent cells. Taken together, our
results indicate that the expression level of TPPII in senescent cells
is not altered, yet the activity of TPPII is dramatically decreased.

Depletion of TPPII induces senescence phenotypes
To study the role of TPPII in senescence, we used shRNA to
suppress the expression of the TPPII gene in normal fibroblasts. The
TPPII levels were reduced in the shRNA-treated cells by 70% to
90% (Fig. 2A). The cellular effects of suppressing TPPII expression
were then evaluated for these fibroblasts. The proliferation potential
of the normal cells subjected to TPPII depletion was first examined.
As shown in Fig. 2B, the number of TPPII-depleting cells did not
increase after infection, indicating that TPPII-depletion inhibited
proliferation of the cells. In addition, changes in the morphology of
the TPPII-depleting fibroblasts were also observed. At 4 days after
infection, the TPPII-depleting cells appeared to be flattened and
enlarged, a phenotype similar to that of senescent cells (Fig. 2C).
These results suggest that TPPII-depletion induces a senescence-
like phenotype in normal fibroblasts. To confirm this observation,
other senescence-associated features were also assessed in the
TPPII-depleted fibroblasts. Senescence-associated β-galactosidase
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(SA-β-gal) activity (Dimri et al., 1995) was therefore assessed in
TPPII-depleted IMR90 cells. IMR90 cells with reduced TPPII
levels showed an induction of SA-β-gal activity (Fig. 2C). The
percentage of SA-β-gal-positive cells among GFP-only-expressing
control cells was ∼5%. In contrast, over 20% of the TPPII-depleted
cells stained positive for SA-β-gal activities. Consistent with this
observation, the proportion of BrdU-incorporating cells (Wei and
Sedivy, 1999) was also reduced from ∼38% for shLuc control cells
to ∼20% for TPPII-depleted cells (Fig. 2D; Fig. S2).
It is known that senescent cells secrete immune modulators and

inflammatory cytokines to reinforce senescence in an autocrine and

paracrine manner (Sharpless and Sherr, 2015). The senescence-
associated secretory phenotype (SASP) was thus analyzed in TPPII-
depleted cells. We found the cellular senescence induced by TPPII-
depletion also induced several signature SASP components,
including interleukin (IL)6, IL8 and IL1α (Fig. 2E), suggesting
that reduced TPPII level is sufficient to induce a secretory
phenotype that is similar to senescence. Senescent cells also
display a signature heterochromatin foci formation (Narita et al.,
2003), which can be identified through elevated levels of histone 3
trimethylated at K9 (H3K9me3) or HP-1α. The TPPII-depleted
cells were analyzed for formation of senescence-associated

Fig. 1. See next page for legend.
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heterochromatin foci (SAHF) by immunostaining using anti-HP1α
antibody. As shown in Fig. S3, the TPPII-depleted cells did not
display SAHF.
To gain insight into the molecular basis of TPPII-induced growth

arrest and senescence in normal fibroblasts, the expression pattern
of several key cell cycle regulators that are involved in senescence
were examined using immunoblotting analysis. We found TPPII-
depleting did not appear to induce p53 (also known as Tp53)
expression. Although p21 and p16 (encoded by Cdkn1a and
Cdkn2a, respectively) have been implicated as key mediators
in senescence (Sharpless and Sherr, 2015), the levels of these two
proteins were not altered in IMR90 cells. Interestingly, protein
phosphorylation of Rb (also known as Rb1) was inhibited in IMR90
cells (Fig. S4A). These results suggest that reduction of Rb protein
phosphorylation is involved in TPPII-induced senescence.
Nevertheless, our results suggest that neither the DNA damage-
induced p53 nor the p21- or p16-mediated senescence pathway was
activated in response to TPPII depletion in these normal cells.
Consistent with these observations, no DNA damage response was
induced in TPPII-depleting cells (Fig. S4B). Thus, these results
suggest that TPPII depletion did not induce senescence through
stimulating the conventional DNA damage response pathway.
The growth inhibition and phenotype changes accompanying

TPPII depletion were not limited to normal lung fibroblast. Human
normal skin fibroblast Detroit 551 also showed growth inhibition,
activation of the SA-β-gal activity and reduction of BrdU
incorporation upon TPPII depletion (Fig. 2F–I; Fig. S5A). Similar
to what was observed in IMR90 cells, TPPII depletion did not induce

the DNA damage response and its downstream p53, p21 or p16
pathway (Fig. S5B,C). It is well documented that telomere shortening
is the main cause of replicative senescence (Allsopp et al., 1995;
Bodnar et al., 1998). To assess whether TPPII depletion induced such
a mechanism, we performed TPPII depletion study on telomerase-
positive human normal fibroblast (BJ-hTERT) cells (Fig. 2J,K). The
results showed that suppression of TPPII was able to induce
senescence in BJ-hTERT cells, suggesting that TPPII does not
induce senescence by affecting telomere length or telomerase activity.

SerpinB2 binds to TPPII and inhibits its activity
SerpinB2, also known as plasminogen activator inhibitor type 2
(PAI-2), is a serine protease inhibitor. It can extracellularly inhibit
urokinase plasminogen activator (uPA, encoded by PLAU) and
tissue plasminogen activator (tPA, encoded by PLAT) (Kruithof
et al., 1986; Thorsen et al., 1988). In addition, serpinB2 participates
in many cellular processes, including inflammation, fibrinolysis,
extracellular matrix degradation, cell migration and invasion,
wound healing and cleavage of specific cell surface proteins
(Schroder et al., 2010). Recently, we demonstrated that serpinB2 has
a direct role in senescence as we found that serpinB2 is upregulated
in senescent cells and elevated levels of serpinB2 can induce
senescence (Hsieh et al., 2017). These results were consistent with a
previous reports on the involvement of serpinB2 in senescent
human skin fibroblasts (Chen et al., 2004; Kumar et al., 1992; West
et al., 1996; Zhang et al., 2003). Given that serpinB2 is a serine
protease inhibitor, it is reasonable to speculate that serpinB2 might
promote senescence by inhibiting its unidentified intracellular target
serine proteases.

To test whether serpinB2 has a role in inhibiting TPPII activity
during senescence, the interaction between TPPII and serpinB2 was
first examined. Total cell extracts prepared from senescent IMR90
cells were immunoprecipitated with antibodies against TPPII and
serpinB2, respectively. After PAGE and immunoblotting assays,
the results from both co-immunoprecipitation experiments clearly
confirmed that serpinB2 interacts with TPPII (Fig. 3A). To evaluate
the functional consequence of the serpinB2–TPPII interaction, we
first generated and purified recombinant serpinB2 from Escherichia
coli (Fig. 3B). Applying the probe-based activity assay described
above, we found that addition of recombinant serpinB2 to the cell
extracts diminished the labeling of TPPII by probe 1 (Fig. 3C),
indicating that TPPII activity is inhibited by serpinB2.

To determine whether an elevated level of serpinB2 inhibits
TPPII in cells, serpinB2 was introduced into IMR90 cells and the
TPPII activity was assessed via the activity assay described above.
As shown in Fig. 3D, introducing the serpinB2-encoding gene into
IMR90 cells resulted in decreased TPPII activities. It is also
anticipated that lowering the serpinB2 level would lead to elevation
of TPPII activity. To test this hypothesis, we depleted serpinB2 in
IMR90 cells and determined the TPPII activity. We found TPPII
activity was indeed increased in cells with lowed serpinB2 levels
(Fig. 3E). Taken together, these results strongly support that TPPII
is an intracellular target of serpinB2, and upregulation of serpinB2
suppresses TPPII activity in senescent cells.

TPPII inhibition activates TPPI activity
Interestingly, comparative proteomic analysis on senescent cells
also revealed that the activity of TPPI, a lysosomal enzyme, was also
increased (Table S1). This observation was in line with previous
reports showing that the lysosomal enzyme activity is overactivated
when cells are subjected to deletion or mutations of TPPII (Huai
et al., 2008; Lu et al., 2014). We then proceeded to verify whether

Fig. 1. TPPII activity is activated in senescent cells. (A) Population
doublings (PDs) of IMR90 cells. Normal human lung fibroblasts IMR90 was
continuously grown. After 20 PDs, the growth of IMR90 was slow and
eventually cells stopped proliferating. Arrows indicated the proliferating cells at
PD5 and senescent cells at PD20. Results representative of three repeats.
(B) Senescence phenotype of IMR90 cells. The IMR90 cells at PD5 and PD20
were analyzed by SA-β-gal activity staining. Photographs of the X-gal-stained
cells are shown (left). Quantification of the number of SA-β-gal-positive-stained
cells was conducted (right). Results were obtained from the average of three
independent experiments. *P<0.05 (P=0.00003; paired two-tailed Student’s t-
test). (C) The mRNA levels of TPPII in young and senescent IMR90 cells. RNA
from IMR90 cells with PD at 4, 8, 12, 16, and 20were prepared and analyzed by
qRT-PCR. GAPDH was used as an internal control and all samples were
normalized to GAPDH. The values were obtained from the average of four
independent experiments. Error bars represent s.d. (D) The protein levels of
TPPI in young and senescent cells. Cell lysates prepared from IMR90 cells at
PD5 (young) and PD20 (senescent) were separated by 10% SDS-PAGE and
immunoblotted with antibody against TPPII or tubulin. (E) Structure of probe 1.
Probe 1 carries a benzylphosphonofluoridate and a biotin as the reactive and
reporter group, respectively. (F) Efficient labeling of trypsin by probe 1. 1 µg of
trypsin was incubated with 1 µM probe 1 at 25°C for the indicated times and
separated by 10% SDS-PAGE. The gels were stained with Coomassie Blue or
subjected to immunoblotting analysis using anti-biotin antibody. Preheating of
trypsin or addition of PMSFwas used as a control. Quantification of the amount
of labeled proteins was plotted (bottom panels). The values were obtained from
the average of three independent experiments. Error bars represent s.d. (G) 1
µg of each of the indicated proteins was incubated with PMSF (1 mM) for 1 h.
The treated protein was then incubated with probe 1 (3 µM) at 25°C for 10 min.
(H) Schematic presentation of activity-based activity analysis of TPPII using
probe 1. The cell extracts are first incubated with probe 1 to label active TPPII.
The probe 1-labeled TPPII was immunoprecipitated (IP) by anti-TPPII
antibody. The immunoprecipitated protein and activity of TPPII are determined
by immunoblotted with anti-TPPII and biotin antibodies, respectively. (I)
Immunoblots of experiment as in H. Input represents 10% of protein used for
IP. Numbers below the blots represent normalized optical density of three
independent experiments. Blot images in D, G and I are representative of three
repeats.
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TPPI is a downstream partner in the TPPII-mediated signaling axis.
To test this hypothesis, we first evaluated the expression and activity
of TPPI during senescence. As shown in Fig. 4A, the TPPI mRNA
was slightly increased during senescence. By using the probe 1-

based activity assay protocol, we found that although the TPPI
protein level was moderately increased, the activity of TPPI was
significantly increased in senescent cells (Fig. 4B). Next, the effect
of reducing levels of TPPII on TPPI was assessed. As shown in

Fig. 2. See next page for legend.
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Fig. 4C, the TPPI mRNA levels were moderately elevated in cells in
TPPII knockdown conditions. Since TPPI is synthesized as a
precursor protein and then auto-activated to form a mature enzyme
at low pH (Lin et al., 2001), the TPPI protein level and the ratio
between mature and precursor forms were measured. As shown in
Fig. 4D,E, the TPPI protein levels were increased in cells with
reduced TPPII levels. No apparent differences in the ratio of mature-
to-precursor TPPI were found, indicating that TPPII does not affect
TPPI maturation (Fig. 4F). The TPPI activity was also assessed
using probe 1-based activity assays. We found the TPPI activity was
significantly increased in TPPII-depleted cells (Fig. 4G,H). Taken
together, these results suggest that activation of TPPI activity is a
consequence of TPPII reduction in senescent cells.
To study the role of TPPI in normal cells, we used an adenoviral

delivering system to elevate the TPPI expression in normal
fibroblasts. The TPPI levels in the TPPI-overexpressing cells were
increased ∼3-fold (Fig. 4I). The cellular effects of increased TPPI
expression were then evaluated in these normal fibroblasts. The
proliferation potential was first examined. As shown in Fig. 4J, TPPI
overexpression did not affect the proliferation of normal cells. At 4
days after infection, the morphology of TPPI-overexpressing cells
appeared to be similar to that of proliferating cells (Fig. 4K, left
panel). In line with this observation, the SA-β-gal activity was
analyzed. The percentage of SA-β-gal positive cells was similar to
that of mock-control and GFP-only-expressing cells (Fig. 4K, right
panel). These results suggest that TPPI overexpression does not
induce a senescence-like phenotype in normal fibroblasts. Thus, we
conclude that TPPI is a downstream effector of TPPII and its
activation is not sufficient to induce senescence.

The cellular lysosomal content has been reported to increase in
human senescent fibroblasts (Comings and Okada, 1970; Lipetz and
Cristofalo, 1972; Robbins et al., 1970). The same phenomenon has
also been observed in senescent human umbilical vein endothelial
cells (Kurz et al., 2000). Knowing the role of TPPII in proteostasis
and that its suppression leads to activation of lysosomal TPPI, we
thus evaluated the role of TPPII in lysosome homeostasis. The
lysosomal contents of both young and senescent cells were
determined by staining the cells with Lysotracker®. As shown in
Fig. 5A, senescent cells showed higher lysosomal fluorescence
intensity. The result is consistent with the published works showing
that there is higher lysosomal contents in senescent cells. Similarly,
the serpinB2-expressed senescent fibroblasts also showed a
∼2.5-fold lysosomal fluorescence intensity increase (Fig. 5B). It
is important to note that the lysosomal fluorescent intensity was
increased in TPPII-knockdown cells (Fig. 5C), supporting an
inhibitory role of TPPII on the amount of lysosome contents.
Therefore, these results show that TPPII also participates in
regulating lysosome homeostasis.

DISCUSSION
Over the years, investigations have been performed on the alterations
of mRNAs, microRNAs, proteins and phosphoproteins, as well as
protein secretion, to discover novel factors involved in the senescent
process (Acosta et al., 2008; Campisi and d’Adda di Fagagna, 2007;
Chen et al., 2004; de Graaf et al., 2014; Grillari and Grillari-
Voglauer, 2010; James et al., 2015; Kuilman et al., 2008; Kuilman
and Peeper, 2009; Succoio et al., 2015; Zhang et al., 2003). Some
success has indeed been achieved utilizing these conventional
technical platforms. Nevertheless, these methods cannot address the
dynamic alteration of enzymatic activities. The ability to identify
activity alterations is especially important because many enzyme
families participating in signaling pathways, including protein
kinases, phosphatases, and serine proteases, are regulated post-
translationally. These regulation events could be conducted through
various processes such as protein–protein interactions, covalent
modifications, cellular compartmentalization and proteolysis.
Application of activity-based probes in profiling the alteration of
enzymatic activities provides a powerful tool to identify important
enzymes involved in cellular processes. By applying such a chemical
proteomic approach, this study has successfully identified and
elucidated the role of TPPII in senescence. Since the alterations of
activities in other enzyme families during senescence are mostly
uncharacterized, further development and application of chemical
probes that target other enzyme families would greatly facilitate our
understanding in senescence.

It has long been noted that serpinB2 expression level is elevated
in senescent cells (Chen et al., 2004; Kumar et al., 1992; West et al.,
1996; Zhang et al., 2003). It is a direct target of p53, which can be
activated through a DNA damage response pathway (Hsieh et al.,
2017). We have previously demonstrated that serpinB2 participates
in the stabilization of p21 to inhibit cell proliferation in senescent
cells (Hsieh et al., 2017). In this study, we further uncovered a new
mode of action for serpinB2 in senescence. We found that serpinB2
can bind to TPPII and inhibit its activity, subsequently leading to the
elevation of lysosomal content as well as activation of TPPI and β-
galactosidase activities (Fig. 5D). Thus, this study reveals a
signaling axis mediated through serpinB2-TPPII regulates
lysosomal activity and proteostasis in senescence. Given that the
serpinB2 level has also been found to be elevated upon application
of different stresses in various cell types (Schroder et al., 2010;
Zhang et al., 2015, 2009), our results imply that the newly unveiled

Fig. 2. Decreasing TPPII level induces senescence in IMR90 cells.
(A) IMR90 cells were infected with shRNAs against TPPII (shTPPII) or Luc
(shLuc). At 2 days after infection, puromycin (2 µg/ml) was added, followed by
a further 2 days of incubation. Cell extracts were prepared from these cells and
then separated using SDS-PAGE (8% gels). Immunoblotting analyses were
conducted using antibodies against TPPII or actin. (B) Relative cell numbers
were determined at the indicated times for the indicated knockdown cells.
Results were obtained from the average of three independent experiments.
(C) shTPPII- or shGFP-transduced cells were analyzed by SA-β-gal activity
staining. Photographs of the X-gal-stained cells are shown (left). Quantification
of the percentage of SA-β-gal positive-stained cells (right). Results were
obtained from the average of three independent experiments. (D) The cells
were cultured in medium containing BrdU, fixed and stained with anti-BrdU
antibody. The cells were also stained with DAPI and visualized under a
fluorescence microscope. The percentage of BrdU-positive cells is presented.
Results were obtained from the average of three independent experiments.
(E) Increased SASP upon SerpinB2 expression. IMR90 cells were transduced
with adenovirus carrying SerpinB2 or LacZ. The cells were lysed and the
mRNA levels were analyzed by qRT-PCR. The level of mRNA in LacZ-treated
cells was set as 1. *P<0.05. (F) Normal skin fibroblast Detroit 551 cells were
infected with shRNAs against TPPII or Luc. Total cell extracts were prepared
3 days after infection and analyzed by immunoblotting assays using antibodies
against TPPII or GAPDH. (G) The relative cell numbers of infected Detroit 551
cells were determined using Trypan Blue assays. (H) The senescence
phenotype of infected Detroit 551 cells was analyzed by SA-β-gal assays
3 days after infection. The percentages of SA-β-gal-positive cells were
quantified. (I) The percentage of infected Detroit 551 cells the were BrdU
positive were quantified. (J) Telomerase immortalized BJ-hTERT cells were
infected with shRNAs against TPPII or Luc. The cell lysates were separated
and analyzed by SDS-PAGE (10%) followed by immunoblotting analysis using
antibodies against TPPII or GAPDH. (K) The relative cell numbers for cells as
in J were counted at the times indicated. Values show the average of three
experiments. Quantification of results present in E, G, H, I and K were
conducted from three to four independent experiments. Blot images in A, F and
J are representative of three repeats. *P<0.05; **P<0.01 (paired two-tailed
Student’s t-test).
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serpinB2-TPPII signaling axis may also have roles in response to
different stresses. It is also interesting to note that TPPII-depleted
cells did not induce DNA damage response, nor activate a p53-,
p21- or p16-mediated pathway. The results are consistent with our
finding that TPPII functions downstream of serpinB2 to regulate
senescence.
One of the most characteristic changes observed in senescent

fibroblasts is the increase in lysosomal number and size (Comings
and Okada, 1970; Lipetz and Cristofalo, 1972; Robbins et al.,
1970). As a result, lysosomal β-galactosidase levels are elevated
in senescent cells (SA-β-gal), and this has become the most
extensively utilized biomarker of senescent or aged cells (Dimri
et al., 1995; Kurz et al., 2000; Lee et al., 2006). In this study, we
found that inactivation of TPPII by serpinB2 could lead to increased
lysosome contents as well as elevation of lysosomal enzymes
including TPPI and SA-β-gal. These results might provide
explanation for a long-standing puzzle of how SA-β-gal activity is
activated in senescent cells. Interestingly, a previous report has also
revealed a role for TPPII in lysosomal activation (Lu et al., 2014). It
showed that TPPII mutations caused defects in amino acid
homeostasis, leading to lysosomal overactivity and reduced
glycolysis in human T cells. Data in this study further established
that TPPII has a role in cellular senescence and that its reduction is
sufficient to induce senescence in normal human fibroblasts,
confirming the pivotal role of TPPII in lysosomal activation and

proteostasis. The finding is also consistent with the general notion
that failed maintenance of protein homeostasis or proteostasis can
cause stress in cells to induce senescence or aging (Kaushik and
Cuervo, 2015).

The mechanism of how TPPI is activated is less clear. Given that
cells with TPPII mutations are characterized by defects in
proteostasis (Lu et al., 2014), elevation of TPPI protein level and
activity might be simply due to an adaptive effect to compensate for
defect in protein homeostasis. This notion is supported by studies
showing that TPPI is a downstream target of transcription factor EB
(TFEB) and inactivation of TPPII induces translocation of TFEB
into nucleus (Lu et al., 2014; Sardiello et al., 2009). Thus, it is likely
that the elevated TPPI expression is due to activation of TFEB
upon TPPII inhibition in senescent cells. Alternatively, global
genome analysis for p53-binding sites has found that TPPI is a
direct downstream target gene of p53, whose level can be activated
by DNA damaging agents (Kenzelmann Broz et al., 2013). Thus,
activation of p53 might also contribute to TPPI activation in
senescent cells.

In summary, we have applied a chemical proteomic approach to
identify serine proteases whose activities were altered during
senescence. We have also showed that TPPII is an intracellular
target of serpinB2 and that its activity is inhibited when serpinB2
level is elevated in senescent cells. Importantly, we found that the
serpinB2-TPPII signaling axis is involved in downstream

Fig. 3. SerpinB2 binds and inhibits TPPII. (A) Total cell extracts prepared from senescent IMR90 cells were immunoprecipitated with antibodies against TPPII or
serpinB2. Immunoblotting assays were then conducted using antibodies against TPPII or serpinB2. (B) The 6-His tagged recombinant serpinB2 was expressed
and isolated from E. coli. 1 µg of isolated serpinB2 proteins (rSerpinB2, recombinant SerpinB2) were separated by SDS-PAGE (10% gel) and stained with
Coomassie Blue. (C) IMR90 cell extracts (80 µg) were treated with indicated amount of recombinant serpinB2 protein and then incubated with probe 1 (50 µM) at
25°C for 1 h. The probe-labeled proteins were immunoprecipitated with anti-TPPII antibody and then analyzed by immunoblotting assays using antibodies against
biotin or TPPII. Blot image is representative of three repeats. (D) Cell lysates prepared from IMR90 cells expressing GFPor serpinB2, and were labeled with probe
1 (50 µM) at 25°C for 1 h. The probe 1-labeled TPPII was immunoprecipitated by anti-TPPII antibody. The immunoprecipitated protein and activity of TPPII were
assessed by immunoblotting with anti-TPPII and biotin antibodies, respectively. Quantification of the TPPII activities was assessed relative to the level of shLuc,
which was set as 1. Results were obtained from the average of three independent experiments. (E) Cell extracts were prepared from IMR90 cells that had been
transfected with shLuc or shSerpinB2. The TPPII activities were then analyzed as in D. *P<0.05 (paired two-tailed Student’s t-test). Input lanes in C–E represent
10% of protein used for IP. w/, with; w/o, without; o/e, overexpressing.

7

RESEARCH ARTICLE Journal of Cell Science (2022) 135, jcs259513. doi:10.1242/jcs.259513

Jo
u
rn
al

o
f
Ce

ll
Sc
ie
n
ce



Fig. 4. Activation of TPPI activity by TPPII depletion. (A) ThemRNA levels of TPPI in young and senescent IMR90 cells. RNA from IMR90 cells with PD at 4, 8,
12, 16, and 20 were prepared and analyzed by qRT-PCR. GAPDH was used as an internal control and all samples were normalized to GAPDH. The values were
obtained from the average of four independent experiments. Error bars represent s.d. (B) Cell lysates prepared from IMR90 cells at PD5 (young) and PD20
(senescent) were labeled with probe 1 (50 µM) at 25°C for 1 h. The probe 1-labeled TPPI was pulled down by streptavidin beads, eluted with 2% SDS, and then
separated by SDS-PAGE (10% gels). The activity levels of TPPI proteins (numbers below blots) were determined by immunoblotting analysis using anti-TPPI
antibody, and represent normalized optical density of three independent experiments. (C) The mRNA levels of TPPI in TPPII-depleted (shTPPII) IMR90 cells.
Total mRNAs were prepared 4 days after infecting IMR90 cells with shRNAs against TPPII or Luc and analyzed by qRT-PCR. GAPDH was used as an internal
control and all samples were normalized to GAPDH. The values were obtained from the average of three independent experiments. Error bars represent s.d. (D)
As in C, immunoblotting assays were used to analyze the protein levels of TPPII, TPPI or GAPDH for the indicated cells. (E) Quantification of the mature TPPI
protein levels. (F) The relative levels of mature and precursor forms of TPPI were quantified for the indicated cells. (G) Total cell extracts were prepared fromTPPII-
depleted IMR90 cells. These cell lysates were labeled with probe 1 (50 µM) at 25°C for 1 h. The probe 1-labeled TPPI was pulled down by anti-biotin antibody,
eluted with 2% SDS, and then separated by SDS-PAGE (10% gels). The activity levels of TPPI proteins were determined by immunoblotting analysis using anti-
TPPI antibody. (H) Quantification of TPPI activity in TPPII-depleted cells. The values were obtained from the average of four independent experiments. Error bars
represent s.d. *P<0.05 (paired two-tailed Student’s t-test). (I) IMR90 cells were infected with adenovirus carrying GFPor TPPI. (o/e; overexpressing). Cell extracts
were prepared from these cells and then separated using 10% SDS-PAGE. Immunoblotting analyses were conducted using antibodies against TPPI or GAPDH.
(J) The relative cell numbers for cells as in I were determined at the indicated times. Results were obtained from the average of three independent experiments.
(K) TPPI- or GFP-overexpressing cells were analyzed by SA-β-gal activity staining. Photographs of the X-gal-stained cells are shown (left). Quantification of the
percentage of SA-β-gal positive-stained cells was conducted (right). Results were obtained from the average of three independent experiments. Blot images in B,
D, G and I are representative of three repeats. Input lanes in B and G represent 10% of protein used for IP.
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physiological changes in senescence. Given that serpinB2 is a direct
downstream target of p53, which is frequently activated by many
stressors, this study further implies that the serpinB2-TPPII signaling
axis could serve as a pivotal mechanism to relay the stress signals.

MATERIALS AND METHODS
Labeling reactions of probe 1
The synthesis of probe 1 and the detailed experimental procedures are as
described in Liao, 2009. In labeling purified proteins, 1 µg protein was
incubated with 1 or 3 µM of probe 1 in reaction buffer containing 50 mM
Tris-HCl pH 8.0, 1 mM EDTA and 50 mM NaCl at 25°C for 10 min. The
reaction products were separated by SDS-PAGE (10% gels) and transferred
onto a nitrocellulose membrane. The membrane was blocked with 10%
nonfat dry milk, washed with 0.05% Tween-20, 20 mM Tris-HCl pH 7.6,
137 mM NaCl (TTBS), and then treated with a streptavidin-horseradish
peroxidase conjugate (Amersham-Pharmacia, 1:2000 dilution) in TTBS
with 1% nonfat dry milk for 1 h at 25°C. Visualization of bound
streptavidin-horseradish peroxidase conjugate was achieved by treating
the membrane with ECL chemiluminescence reagents (Amersham-
Pharmacia) and exposed to film for 0.5–30 min before development. For
labeling cell extracts, IMR90 cells were washed with cold PBS and then
resuspended in buffer containing 50 mM Tris-HCl pH7.5, 100 mM NaCl,
0.1% SDS, 1% Triton X-100 and 5 mMEDTA and then sonicated to disrupt
the cells. Total cell extracts were then collected by centrifugation under
16,000 g at 4°C for 10 min. The concentration of protein in cell extracts was
determined using a Bio-Rad protein assay kit with bovine serine albumin as
a standard. Cell extracts were then incubated with 50 µM of probe 1 at 25°C
for 1 h.

Cell lines and cell culture
The normal human lung fibroblast line IMR90, normal human skin fibroblast
line Detroit 551, and telomerase-immortalized human normal skin fibroblast
line BJ-hTERT were purchased from the Food Industry Research and
Development Institute (Taiwan). The human embryonic kidney cell line
HEK293T was a gift from the lab of Dr Helene M. Liu (Biochemistry and
Molecular Biology, National Taiwan University College of Medicine). The
AD293 cell line (derived from the standard HEK293 cell line) was purchased
fromAgilent Technolobies. IMR90 and Detroit 551 cells were maintained in
minimum essential medium (MEM, Gibco Thermo Fisher Scientific Inc.)
containing 10% fetal bovine serum (FBS). BJ-hTERT, HEK293T and
AD293 cells were maintained in Dulbecco’s modified Eagle medium
(DMEM, Gibco Thermo Fisher Scientific Inc.) containing 10% FBS. The
purchased IMR90 cells and Detroit 551 cells could be cultured for additional
∼20 passages and ∼15 passages before showing sign of senescence,
respectively. In this study, both proliferation rate and senescence-associated
β-galactosidase activity (SA-β-gal) were used to evaluate the senescence
status of IMR90 and Detroit 551. If the percentage of SA-β-gal-positive cells
was less than 10%, cells were considered ‘young’. Cells were classed as
‘senescent’ when over 30% were positive for SA-β-gal.

Gene knockdown by shRNAs
The shRNAs used in this study were purchased from RNA Technology
Platform and Gene Manipulation core (RNAi core) at Academia Sinica,
Taiwan. In typical knockdown experiments, cells were transduced with
shRNAs against target or control genes. The infected cells were then
recovered with fresh growth medium for 1 day, and selected with
0.8 μg/ml puromycin for another 2 days before analysis. The sequences

Fig. 5. Depleting of TPPII induces an increase in
lysosomecontent. (A) IMR90 cells with PD at 6 and 16were
analyzed for lysosome content using Lysotracker (red).
These cells were also stainedwith DAPI to locate the position
of nuclei (blue). Images of the cells were taken by a confocal
microscope (left). The Lysotracker fluorescence signals were
quantified and the relative lysosome content were
determined relative to cells at PD6, set at 1 (right). Results
were obtained from the average of three independent
experiments. (B) Overexpression (o/e) of serpinB2 induced
an increase in lysosome content. IMR90 cells were
transduced with adenovirus carrying the SerpinB2 or GFP.
The SerpinB2- or GFP-transduced cells were analyzed for
lysosome content. The Lysotracker fluorescence signals
were quantified and the relative lysosome content was
determined relative to cells expressing GFP, which was set
as 1 (right). Results were obtained from the average of three
independent experiments. (C) IMR90 cells carrying shRNAs
against TPPII or Luc were analyzed for lysosome content.
The images (left) and relative lysosome content (right) are
presented. The relative lysosome contents were determined
relative to cells carrying shLuc, which was set as 1. Results
were obtained from the average of three independent
experiments. (D) Model for the involvement of serpinB2-
TPPII in senescence.
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for the target genes are: shTPPII-1, 5′-GCTGGATTCTAGTGACATTTA-
3′; shTPPII-2, 5′-CGCCTTAAAGACCTTCCATTT-3′; shTPPII-3, 5′-
CCTGATCCTTTCAGGTCTGAA-3′; shSerpinB2, 5′-GCAGATCCA-
GAAGGGTAGTTA-3′; shLuc, 5′-CTTCGAAATGTCCGTTCGGTT-3′;
and shGFP, 5′-CCCGACCACATGAAGCAGCAC-3′.

Gene overexpression via the adenoviral expression system
The AdEasy Adenoviral Vector System (Agilent Technologies) was used to
prepare adenoviral expressed genes. Briefly, the cDNA of GFP, serpimB2 or
TPPI was amplified from cDNA prepared from IMR90 cells, and cloned
into pShuttle-CMV plasmid. The resulting constructs were then transformed
into E. coli BJ5183-AD-1 cells to prepare the recombinant viral DNA
plasmids. These recombined viral DNA plasmids were then linearized with
PacI and transfected into AD293 cells to assemble recombinant viral
particles. In the overexpression experiments, cells were infected with
recombinant adenovirus for 2 days and then analyzed.

Activity probe-based protease activity analysis
Total cell lysates prepared from PD5 (young) and PD20 (senescent)
IMR90 cells were adjusted to 1 mg/ml protein concentration with the
Tris buffer and then incubated with probe 1 for labeling. In a typical
reaction, 500 µg of cell extract was incubated with 50 µM probe 1 at 25°C
for 1 h. Streptavidin beads were added to pull down probe 1-labeled
proteins. The pulled down proteins were separated by 10% SDS-PAGE.
The amount and the activity of the corresponding protease was determined
by immunoblotting analysis using anti-target and anti-biotin antibody,
respectively. For TPPII, antibody (3 µg; 1:2000, 14120-1-AP, Proteintech)
against TPPII was added into the reaction mixtures at 4°C for 2 h to
immunoprecipitate TPPII. The precipitated proteins were then separated by
10% SDS-PAGE. Detection of TPPII precipitation efficiency and the extent
of probe 1 labeling were conducted using immunoblotting analysis as
described earlier.

For the inhibition analysis of TPPII activity by serpinB2, the 6-His
tagged recombinant serpinB2 was isolated from E. coli and used in
the analysis as described previously (Hsieh et al., 2017). Cell extracts
prepared from PD5 IMR90 cells (80 µg) were mixed with recombinant
serpinB2 protein (0.8 or 3.2 µg) and then incubated with probe 1 (50 µM)
at 25°C for 1 h. The probe-labeled proteins were immunoprecipitated
with anti-TPPII antibodies and then separated by 10% SDS-PAGE.
Immunoblotting analyses were conducted using antibodies against biotin
or TPPII.

Growth curves
The proliferative capacity of cells was monitored by seeding 7.5×105 cells
into a 100-mm dish containing 10% FBS. Cell numbers were determined by
digesting the cells with trypsin, stained with 0.2% Trypan Blue, and counted
using a hemocytometer.

BrdU incorporation analysis
Cells were cultured in medium containing 10 µM BrdU for 24 h. After
labeling, the cells were fixed and stained with anti-BrdU antibody. BrdU-
positive cells were detected by counterstaining with DAPI and visualized
under a fluorescence microscope.

SA-β-galactosidase staining
Cells were washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, pH 7.4) and fixed for 10 min in 2%
formaldehyde and 0.2% glutaraldehyde. The fixed cells were then
incubated with staining solution (40 mM citrate, 5 mM potassium
ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, 2 mM MgCl2
and sodium phosphate, pH 6.0) containing 1 mg/ml 5-bromo-4-chloro-3-
indolyl-β-D-galactoside (X-Gal) at 37°C for 16–24 h. At least 250 cells
were counted in randomly chosen fields for each sample.

Lysosome content determination
About 2×104 IMR90 cells were incubated with 100 nM LysoTracker® (Life
Technologies) at 37°C for 5 h. The cells were then fixed with 2%

formaldehyde and counterstained with DAPI. For the TPPII-knockdown
cells, 8×104 IMR90 cells were infected with shRNAs against luciferase or
TPPII. The infected cells were selected with 0.8 µg/ml puromycin and then
stained with LysoTracker®. For serpinB2 overexpression experiments,
IMR90 cells were infected with adenovirus containing GFP or SerpinB2 and
then stained with LysoTracker®. The cells were then observed under a
confocal microscope (Leica TCS SP5). The excitation wavelengths for
Lysotracker Red and DAPI were 561 nm and 405 nm, respectively. The
images were collected and processed by LAS X Life Science Microscope
software. The Lysotracker Red intensity was analyzed and quantified by
software ImageJ.

Labeling and identification of probe 1-labeled proteins by mass
spectrometry
Cell lysates from young and senescent IMR90 cells were labeled with
50 µM of probe 1 for 1 h at 25°C. Unbound free probes were removed by
PD-10 column and the probe 1-labeled proteins were then pulled down by
streptavidin-coated magnetic beads (GE Healthcare). The labeled proteins
were then eluted with 2%SDS and heated at 95°C for 5 min followed by gel-
assisted digestion (Han et al., 2008). In brief, the proteins were reduced by
5 mM tris(2-carboxyethyl)phosphine (TCEP) at 37°C for 30 min and
alkylated by 10 mM iodoacetamide (IAM) at 37°C for 1 h in the dark. To
incorporate proteins into a gel directly in the Eppendorf vial, the volume
ratio (14:5:0.7:0.3) of sample:acrylamide/bisacrylamide solution (40%, v/v,
29:1): 10% (w/v) APS: 100% TEMED was then added, and the gels were
allowed to stand at room temperature for at least 30 min. The gels were cut
into small pieces and washed several times with 1 ml of 20 mM TEABC
containing 50% (v/v) CH3CN. The gel samples were further dehydrated
with 100% CH3CN and then completely dried with a SpeedVac. The gel
was resuspended in 25 mM TEABC and then incubated with trypsin
(protein/trypsin=10/1, w/w) at 37°C overnight. Peptides were further
extracted from the gel using 5% (v/v) formic acid (FA) in 50%CH3CN twice
and 100% CH3CN. The peptides were combined, concentrated in a
SpeedVac, and desalted by C18 Ziptip (Millipore).

LC-MS/MS analysis and protein identification
Nano-liquid chromatography none-electrospray ionization tandem mass
spectrometry (NanoLC-nanoESI-MS/MS) analysis was performed on a
nanoAcquity system (Waters, Milford, MA) connected to the Orbitrap Velos
hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany)
equipped with a PicoView nanospray interface (New Objective, Woburn,
MA). Peptide mixtures were loaded onto a 75 µm internal diameter (ID),
25 cm length C18 BEH column (Waters, Milford, MA) packed with 1.7 µm
particles with a pore with of 130 Å, and were separated using a segmented
gradient in 120 min from 5% to 40% solvent B (CH3CN with 0.1% FA) at a
flow rate of 300 nl/min and a column temperature of 35°C. Solvent A was
0.1% FA in water. The mass spectrometer was operated in the data-
dependent mode. Briefly, survey full scan MS spectra were acquired in the
orbitrap (m/z 350–1600) with the resolution set to 60 K at m/z 400 and
automatic gain control (AGC) target at 106. The 20most intense peptide ions
with charge states≥2 were sequentially isolated to a target value of 5000 and
fragmented in the high-pressure linear ion trap by low-energy collision-
induced dissociation (CID) with normalized collision energy of 35%. The
resulting fragments were scanned out in the low-pressure ion trap at the
normal scan rate and recorded with the secondary electron multipliers. The
ion selection threshold was 2000 counts for MS/MS, and the maximum
allowed ion accumulation times were 200 ms for full scans and 50 ms for
CID-MS/MS measurements in the LTQ. An activation q=0.25 and
activation time of 10 ms were used. The raw data were processed by using
Proteome Discoverer 2.1 (PD2.1; Thermo Fisher Scientific), and peptide
identification was performed by Mascot search engine (version 2.3.2) and
SEQUEST search engine against the Swiss-Prot database (v2015_12, total
20,193 sequences from human) with a percolator [strict false discovery rate
(FDR) of 0.01 and a relaxed FDR of 0.05]. The protease was specified as
trypsin with two maximum missing cleavage sites. Mass tolerance for
precursor ion mass was 10 ppm with the fragment ion tolerance as 0.1 Da.
Oxidation at methionine, carbamidomethyl at cysteine, and deamidation at
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asparagine or glutamine, were selected as variable modifications. Peptides
were considered to be identified if their individual ion score was higher than
the identity score (P<0.05). To evaluate the FDR (<1%) in protein
identification, a decoy database search against a randomized decoy database
created by PD2.1 using identical search parameters and validation criteria
was also performed. Peptide-spectrum matches (PSMs) with at least high
confidence and a strict maximum parsimony principle (target FDR <0.01)
were applied for the protein level. For label-free quantitation, the peak area
(i.e. area under the curve) of each precursor ion was calculated from
extracted ion chromatogram during data processing by using the Precursor
Ions Area Detector node with mass precision 2 ppm. The abundance of
identified protein was calculated from top three of all unique and razor
peptides in Peptide and Protein Quantifier node. The relative quantitation
was further compared with the protein abundance from young and senescent
samples.

Immunoblotting analysis
Cells were lysed in RIPA buffer (Tris-HCl pH 7.4 50 mM, NP-40 1%,
sodium deoxycholate 0.5%, SDS 0.1%, NaCl 150 mM) containing 1 mM
PMSF and protease inhibitor cocktail (539134, Calbiochem) and the
proteins were separated by SDS-PAGE (8%, 10%, 12% or 15% gels). The
proteins were transferred onto nitrocellulose membranes and probed with
anti-biotin (1:5000, ab53494, Abcam), anti-TPPI (1:2000, sc-365838, Santa
Cruz Biotechnology), or anti-TPPII (1:2000, 14120-1-AP, Proteintech).
Bound antibodies were visualized by chemiluminescence using an ECL kit
(Amersham Biosciences). The luminescence intensities were determined by
ImageJ. Quantification of the relative levels was determined from at least
three independent experiments.

qRT-PCR
The total amount of RNAwas extracted by GENEzol™ Reagent (Geneaid).
First-strand cDNA was synthesized from 0.5 µg of total RNA with
RevertAid RT Reverse Transcription Kit (Thermo Scientific). Real-time
PCR was then performed using SYBR Green Master Mix (Roche) and
StepOne Real-Time PCR System (Applied Biosystems). The primer pairs
are: TPPI, 5′-GGCAGGACTCTTTGATGTAACC-3′ and 5′-TGATAGGA-
AAGGGTCAGGGGT-3′; TPPII, 5′-GTCTGGAGAGCCTGCATTGA-3′
and 5′-CTCAGCTGTGCCAAAAGAGC-3′; IL6, 5′-CAGGAGCCCAGC-
TATGAACT-3′ and 5′-GAAGGCAGCAGGCAACAC-3′; IL8, 5′-GAG-
TGGACCACACTGCGCCA-3′ and 5′-TCCACAACCCTCTGCACCC-
AGT-3′; IL1α, 5′-GCTGAAGGAGATGCCTGAGAT-3 and 5′-GCAC-
ACCCAGTAGTCTTGCTT-3; and GAPDH, 5′-GAAGGTGAAGGT-
CGGAGTCAA-3′ and 5′-CGTTCTCAGCCTTGACGGT-3′).
GAPDH was used as an internal control and all samples were normalized
to GAPDH.

Statistical analysis
A paired two-tailed Student’s t-test was applied to assess whether the means
of two groups are statistically different from each other. We consider P<0.05
as significant.
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Fig. S1. Labeling property of probe 1. (A) In parallel experiments, one µg each of trypsin was 

incubated with indicated amounts of probe 1 at 25oC for 10 mins and separated on a 10% 

SDS-polyacrylamide gel. One gel was stained with Coomassie blue and the other was subjected 

to immunoblotting analysis using anti-biotin antibody. Quantification of the labeled proteins were 

plotted (bottom panels). The values were obtained from the average of three independent 

experiments. Error bars represent standard deviation (SD). (B) One µg each of the indicated 

proteases was labeled with probe 1 (3 µM) at 25oC for 10 min. The labeled proteins were 

separated on a 10% SDS-polyacrylamide gel and then stained with Coomassie blue (top panel) 

followed by immunoblotting analysis using anti-biotin antibody (bottom panel). 
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Fig. S2. IMR90 cells were infected with lentivirus carrying TPPII- or Luciferase-targeting 

shRNA sequences. Three days after infection, cells were re-seeded on cover slide. One 

day later, cells were incubated with 40 μM BrdU for 16 h, fixed, and then stained with 

anti-BrdU antibody (red) and DAPI (blue). The scale bar represents 50  μm. 
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Fig. S3. IMR90 cells were infected with lentivirus carrying TPPII- or Luciferase-

targeting shRNA sequences. (A) Three days after infection, cells were re-seeded on cover 

slide, fixed, and then stained with anti-HP1α antibody (red) and DAPI (blue). The 

average numbers of HP1α puncta per cell and the percentage of cells with >15 puncta 

were quantified in (B) and (C), respectively. Quantification results in (B, C) were 

conducted from the average of 3 independent experiments. 
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Fig. S4. IMR90 cells were infected with lentivirus carrying TPPII- or Luciferase-targeting 

shRNA sequences. (A) Cell extracts were prepared four days after infection and then 

analyzed by immunoblots using the indicated antibodies. (B) Immunofluorescence assays 

were also performed using anti-γH2AX antibody (green). The cell nuclei were stained with 

DAPI (blue).  
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Fig. S5. Detroit551 cells were infected with lentivirus carrying TPPII- or Luciferase-

targeting shRNA sequences. (A) Cells were incubated with 40μM BrdU for 16 h, fixed, and 

then stained with anti-BrdU antibody (green) and DAPI (blue). (B) In another experiment, 

cells were immunostained with anti-γH2AX antibody. (C) Cell extracts were prepared four 

days after infection and then analyzed by immunoblots using the indicated antibodies. 
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Table S1. Serine hydrolases with altered activities in senescence. 

Gene Protein Name Ratio1) 

Increased in senescent cells 

ACOT2 Acyl-coenzyme A thioesterase 2  100 

PREP Prolyl endopeptidase  100 

LYPLA2 Lysophospholipase II/Acyl-protein thioesterase 2  17.14 

ABHD14B Abhydrolase domain-containing protein 14B  1.98 

TPP1 Tripeptidyl-peptidase 1  1.92 

ABHD12 Abhydrolase domain-containing 12/Monoacylglycerol lipase 1.79 

LACTB Lactamase Beta/Serine beta-lactamase-like protein LACTB  1.47 

SIAE Sialate O-acetylesterase  1.27 

Decreased in senescent cells 

FASN Fatty acid synthase  0.80 

TPP2 Tripeptidyl-peptidase 2  0.78 

ACOT1 Acyl-coenzyme A thioesterase 1  0.76 

PNPLA6 
Patatin like phospholipase domain containing 6/Neuropathy 

target esterase  
0.75 

ABHD10 Abhydrolase domain containing 10 0.73 

NCEH1 Neutral cholesterol ester hydrolase 1  0.73 

PPME1 Protein phosphatase methylesterase 1  0.70 

LYPLA1 Lysophospholipase 1/Acyl-protein thioesterase 1  0.58 

MGLL Monoglyceride lipase  0.55 

PAFAH1B3 Platelet-activating factor acetylhydrolase 1b catalytic subunit 3 0.52 

ESD Esterase D/Formylglutathione hydrolase  0.50 

PAFAH2 Platelet-activating factor acetylhydrolase 2 0.49 

uPA Urokinase-type plasminogen activator  0.01 

1) Comparison of protein abundance by senescent/young cells; 100 and 0.01 represented the detection

of proteins only in senescent and proliferating cells, respectively.
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