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Abstract
Cellular senescence is a fundamental cell fate playing significant and complex
roles during tumorigenesis and natural aging process. However, the molecular
determinants distinguishing senescence from other temporary and permanent cell-cycle
arrest states such as quiescence and post-mitotic state and the specified mechanisms
underlying cell-fate decisions towards senescence versus cell death in response to cellular
stress stimuli remain less understood. In our studies, we aimed to employ multi-omics
approaches to deepen our understanding of cellular senescence, in particular, regarding
the specific molecular determinants distinguishing cellular senescence from other nondividing cell fates.
Notably, one of the most prominent features of cellular senescence differing from
other non-dividing cell fates is the increased expression of senescence-associated betagalactosidase.

Because

5-Dodecanoylaminofluorescein

Di-β-D-Galactopyranoside

(C12FDG) is known as the substrate catalyzed by beta-galactosidase for producing a
green fluorescent product, we applied this compound to the cells undergoing G1 cell-cycle
arrest (a mixture of senescent and quiescent cells). Employing fluorescence-activated cell
sorting, we separated and collected senescent and quiescent cell populations based on
green fluorescence intensity. As cellular senescence is more than just the non-dividing
cell fate, we therefore systematically compared the gene expression between senescence
and quiescence to provide insights into the specific features underlying senescence
programming beyond cell cycle arrest. Following this strategy for the comparative gene
expression analysis, we identified and characterized several genes critically involved in
iv

the program of cellular senescence, and one of the major findings was to identify IMMP2L,
a nuclear-encoded mitochondrial intermembrane peptidase, can act as a molecular switch
for determining the cell fates of healthy living, cell death, and senescence.
Inhibiting IMMP2L signaling through either the suicidal protease inhibitor
SERPINB4 or transcriptional downregulation was sufficient to initiate cellular senescence
by reprogramming the mitochondria functionality. Employing proteomics, we identified at
least two mitochondrial target proteins processed by IMMP2L, including metabolic enzyme
GPD2 and cell death regulator/electron transport chain complex I component AIF.
Functional study suggests that, in healthy cells, the IMMP2L-GPD2 axis catalyzes redox
reactions to produce phospholipid precursor Glycerol 3-phosphate; while under oxidative
stress, IMMP2L cleaves AIF into its truncated pro-apoptotic form leading to cell death
initiation to remove cells with irreparable damage. For cells programmed to senesce, the
IMMP2L-GPD2 axis is switched off to block phospholipid biosynthesis leading to reduced
availability of membrane building blocks for cell growth together with the disruption of
mitochondrial localization of certain phospholipid-binding kinases, such as protein kinase
C-δ (PKC-δ) and its downstream signaling. These alterations in mitochondria-associated
metabolism and signaling network promote entry into a senescent state featuring high
levels of reactive oxygen species (ROS). Simultaneously, blockage of pro-apoptotic AIF
generation, which is due to the loss of IMMP2L, ensures the viability of senescent cells
under ROS-mediated oxidative stress. Taken together, we have mechanistically
uncovered IMMP2L-mediated signaling as a key regulatory pathway in the control of fates
of healthy, apoptotic, and senescent cells.

v

In the physiological conditions, we observed that IMMP2L is downregulated in the
muscle tissues and the blood samples of geriatric groups compared to that from young
cohorts. Besides, centenarians display better genomic integrity at the IMMP2L locus when
compared with the general population. Taken together, it suggests IMMP2L could also be
an important player associated with the natural aging process.
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1. Introduction
The Main parts of this dissertation are based on the research articles I published
as both the first author and co-author in the following journals:
1. Yuan, L., Zhai, L., Qian, L., Huang, D., Ding, Y., Xiang, H., Liu, X., Thompson, W., Liu,
J., He, Y.-H., Chen, X.-Q., Hu, J., Kong, Q.-P., Tan, M., Wang, X.-F. (2018) Switching off
IMMP2L signaling drives senescence via simultaneous metabolic alteration and blockage
of cell death. Cell Res., 28, 625-643. (Cover article of Volume 28 Issue 6, June 2018).
PMID: 29808012; Previewed in Kroemer et al. PMID: 29844577
2. Chong, M., Yin, T., Chen, R., Xiang, H., Yuan, L., Ding, Y., Pan, C., Tang, Z., Alexander,
P., Li, Q.-J., Wang, X.-F. (2018) CD36 initiates the secretory phenotype during the
establishment of cellular senescence. EMBO Reports, PMID: 29777051
3. Xiang H., Yuan, L., Gao, X., Alexander, P., Lopez, O., Lau, C., Ding, Y., Chong, M.,
Sun, T., Chen, R., Liu, S.-Q., Wu, H., Wan, Y., Randell, S.H., Li, Q.-J., Wang, X.-F. (2017)
UHRF1 is required for basal stem cell proliferation in response to airway injury. Cell
Discov. 13, 17019-17028. PMID: 28626588
4.Alexander, P., Yuan, L., Yang, P., Sun, T., Chen, R., Xiang, H., Chen, J., Wu, H.,
Radiloff, D., Wang, X.-F. (2015) EGF promotes mammalian cell growth by suppressing
cellular senescence. Cell Res. 25, 135-138. PMID: 25367123

1.1 Cellular Senescence
1.1.1 Overview of Cellular Senescence
Cellular senescence is one of the fundamental cellular fates underlying the living
of organisms. Among choices of cell fates beneath the normal growth condition, cells
would undergo proliferation, quiescence, and differentiation. Conversely, in response to
the stress stimuli, cells with irreparable damage would then permanently exit from cell
cycle towards the state of either senescence or cell death. Initially, the phenomenon of
cellular senescence was identified when cultured primary cells were shown to undergo
limited cell division in vitro (Hayflick 1965). Nowadays, built upon the course of decades
1

of continuing studies, a clearer picture of cellular senescence has emerged that this aged
cell fate, which can be triggered by multiple types of cellular stress, would remain
metabolically active and appear to be a long-lasting viable non-dividing state with the
profound physiological impacts on cancer and aging (Figure 1).

Figure 1: Senescence-Associated Stimuli and Effector Pathways.
Senescence is the cellular response to stress stimuli. Upon exposed to stresses, activation
of p53 and p16ink4a pathways would lead to cell cycle arrest. If the stress persists or the
2

damage cannot be repaired, cells would enter the senescent state featuring stable cell
cycle arrest and SASP. Notably, while p53 and p16ink4a represent the master regulators of
senescence, many other pathways and biological processes act collaboratively to
determine the complex phenotypes of senescence. (Adapted from ((van Deursen 2014)
with permission of the publisher)

1.1.2 Causes of Cellular Senescence
Cellular senescence plays as the cellular response to stress insults. For the
aforementioned replicative exhaustion of cultured primary cells, it is now understood to be
triggered by telomere erosion, which can elicit the DNA damage response (DDR) when
telomeres become critically short and dysfunctional after multiple rounds of cell division
(d'Adda di Fagagna et al. 2003, Harley, Futcher, and Greider 1990). In addition to telomere
shortening, irradiation, oxidative stress, and other DNA damage agents can also stimulate
potent DDR signaling to induce cellular senescence (Nakamura et al. 2008). Furthermore,
epigenetic-associated interference can induce cellular senescence in a DDR-independent
manner. For example, polycomb repressive complex 2 (PRC2) creates an inactive
chromatin environment for cyclin-dependent kinase Inhibitor 2A (CDKN2A) locus, which
is partly mediated by PRC2’s histone lysine methyltransferase EZH2. During the induction
of cellular senescence, the epigenetic disruptions of PRC2 functionality lead to decreased
levels of trimethylation of lysine 27 on histone H3 (H3K27me3) of CDKN2A locus. As a
result, the transcription of p16INK4a from CDKN2A locus, which is an important tumor
suppressor and a biomarker of aging, will be activated to mediate the initiation of cellular
senescence (Bracken et al. 2007). Furthermore, oncogenic signaling activation represents
one of the most prominent inducers for senescence termed oncogene-induced
senescence (OIS). The first report of oncogene-induced senescence showed that
3

oncogenic HRAS induction in primary cells provoked a permanent G1 arrest instead of
transforming cells into a tumorigenic state (Serrano et al. 1997). After that, several other
oncogenic signals including oncogenic KRAS, NRAS, BRAF, activation of AKT, and loss
of PTEN have been shown to be capable of triggering cellular senescence (Collado and
Serrano 2010), that collectively suggest cellular senescence represents an important
tumor suppressor pathway. Besides the alterations in genetic and epigenetic levels,
reprogramming of the cellular metabolism represents another prominent initiator of cellular
senescence. For example, mitochondrial dysfunction can lead to overproduction of
reactive oxygen species (ROS), causatively leading to the onset of cellular senescence
(Jiang et al. 2013). Additionally, mitochondrial dysfunction decreases the cytosolic
NAD+/NADH ratio (Wiley et al. 2016). Consequently, 5′ AMP-activated protein kinase
(AMPK) is activated leading to the phosphorylation and stabilization of p53 for inducing
profound cell cycle arrest.

1.1.3 Effector Pathways of Cellular Senescence
Senescence-associated stimuli lead to the activation of either or both of the p53p21 and p16INK4a-pRB signaling pathways, which initiate and maintain the senescence
state (Campisi 2013). In particular, the genomic damage can activate the DDR signaling
towards activating p53-p21 signaling axis, which prevents the inactivation of RB and
thereby blocks cell proliferation. Meanwhile, activated RB signaling can also be mediated
by p16ink4a via its targeted interference with the formation of cyclin D–CDK4 and cyclin D–
CDK6 complexes, which are the upstream suppressive regulators of RB. Notably, while
p53 and p16INK4a associated signaling pathways represent the primary regulators of
4

cellular senescence, many other pathways work in parallel or in a complementary fashion
to promote senescence. For example, activated RB can bind to the E2F-responsive
promoters and in conjunction with histone methyltransferase Suv39h1, to induce
heterochromatin formation associated with methylation of histone H3 lysine 9 (H3K9me),
termed senescence-associated heterochromatic foci (SAHF). Consequently, the
formation of SAHF to suppress pro-proliferation gene expression can lead to the
permanent cell cycle arrest underlying senescence. Also, the formation of SAHF on proproliferation gene locus is a unique feature of senescence distinguished from reversible
arrested cell state such as quiescence (Narita et al. 2003, Braig et al. 2005).
To support the irreversible cell cycle arrest, senescent cells also reprogram the
metabolic pathways. For example, in the context of oncogene-induced senescence,
decreased phosphorylation of pyruvate dehydrogenase complex (PDH) can increase
pyruvate usage in the TCA cycle, leading to the accelerated catabolic metabolism as well
as the redox stress generation. These collectively promote a cell cycle arrest against the
malignant transformation (Kaplon et al. 2013). In addition to the irreversible cell cycle
arrest, a prominent characteristic of cellular senescence is the highly active production
and secretion of numerous pro-inflammatory cytokines, proteases, growth factors, and
other proteins termed senescence-associated secretory phenotype (SASP) (Kuilman et
al. 2008, Acosta et al. 2008). Recent studies suggest that the innate immunity cGAS (cyclic
GMP-AMP synthase)-STING (stimulator of interferon genes) pathway is critically involved
in this process (Yang et al. 2017, Dou et al. 2017, Gluck et al. 2017). Briefly, upon the
senescence induction, partially due to the compromised integrity of the nuclear envelope,
chromatin fragments are released from the nucleus into the cytoplasm. These are
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recognized by the cytosolic DNA sensor cGAS, which activates the STING pathway,
leading to NF-kB-mediated production of inflammatory cytokines.
In addition to various molecular signaling pathways, multiple biological processes
are altered, which supports the senescent cell fate. For example, autophagy plays
complex roles during senescence, being both pro-senescence and anti-senescence.
During the onset of cellular senescence, the general autophagy mediator autolysosome
and the mammalian target of rapamycin (mTOR) work together to form the TORautophagy spatial coupling compartment (TASCC). Recycled amino acids derived from
the autophagy are then used for mTOR-mediated biosynthesis of SASP factors (Narita et
al. 2011). In contrast with this pro-senescence role of general autophagy, a selective form
of autophagy needs to be switched off to stabilize GATA4, which is a key factor in cellular
senescence (Kang et al. 2015). Briefly, GATA4 functions as the transcription factor
responsible for the activation of NF-kB and the SASP. Under normal condition, GATA4 is
degraded by selective autophagy mediated by p62. Suppression of this degradative
machinery during cellular senescence can lead to enhanced stabilization of GATA4,
initiating SASP, and senescence. Activation of unfolded protein response (UPR) is also
associated with senescence, partly due to its contribution to SASP (Catanzaro et al. 2014).
Briefly, during the oncogene-induced senescence, upregulation of the Clade B serine
protease inhibitor 3 (SERPINB3) and 4 (SERPINB4) compomise protein turnover in both
lysosomal and proteasomal manners. As a result, the enhanced ER stress and UPR can
then trigger the production of SASP factors.
While p53-p21 and p16INK4a-pRB pathways represent the main pathways of
senescence, many additional signaling pathways and biological processes mold the
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complex characteristics of cellular senescence. However, because pathways involved in
senescence can also play crucial functions in other cell fates including quiescence,
terminal differentiation, and cell death. Accordingly, there is a need to further characterize
the specific molecular determinants driving cellular senescence rather than the other nondividing cell fates.

1.1.4 The Characteristics of Cellular Senescence
Cells undergoing senescence display multiple senescence-associated features.
Although no single characteristic is specific to senescence, the simultaneous display of
several markers can be sufficient to define senescence (Sharpless and Sherr 2015). In
general, the fundamental characteristic of senescence is a permanent cell cycle arrest,
under which cells cannot reenter the cell cycle through physiological stimulations. In
addition, senescent cells exhibit a flattened morphology and increased cell size. Notably,
histochemical staining, termed senescence-associated beta-galactosidase (SA-ß-Gal)
activity staining, is widely used to detect senescent cells both in culture and in tissues.
This staining method is based on the activity of GLB1-encoded gene lysosomal betagalactosidase, whose expression would be increased upon senescence induction
(Debacq-Chainiaux et al. 2009). Persistent DNA damage foci can also be observed when
senescence is induced by genomic damage. Some senescent cells also contain a
heterochromatic structure termed senescence-associated heterochromatic foci (SAHF),
which can help establish and maintain cell cycle arrest through suppressing the
expression of proliferation-related genes (Narita et al. 2003). Finally, unlike dormant cell
fate, senescent cells remain highly active in metabolism and microenvironment
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modulation. These cells develop the senescence-associated secretory phenotype (SASP)
, which leads to robust secretion of numerous pro-inflammatory cytokines, proteases,
growth factors and other proteins (Acosta et al. 2008, Kuilman et al. 2008). Importantly,
the potent autocrine and paracrine activities of SASP are causatively associated with the
physiological impacts of cellular senescence on cancer and aging that will be further
discussed in the sections below.
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Figure 2: Complex Roles of Cellular Senescence in Tumorigenesis.
In the premalignant stage, cellular senescence functions as the barrier against malignant
transformation through both intrinsic and extrinsic regulations. In the later stage of
tumorigenesis, the senescent cell would conversely promote the growth of established
cancer cells mainly through its production and secretion of SASP factors. (Adapted from
(Frey et al. 2017) with permission of the publisher)

1.2 Cellular Senescence and Cancer
1.2.1 Cellular Senescence Functions as a Barrier Against Malignant
Transformation
Cellular senescence plays complex roles throughout the process of tumor
development as illustrated in Figure 2. For the initiation stage of tumorigenesis, OIS acts
as the prominent barrier against cancer progression. TOIS was first reported two decades
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ago. Introducing a single causative mutation for tumorigenesis, HrasG12V, into primary
cells provoked cell cycle arrest and cellular senescence instead of malignancy (Serrano
et al. 1997). A variety of alterations in oncogenic signaling and tumor suppressor
regulations are now known to trigger cellular senescence in vitro and in vivo (Gorgoulis
and Halazonetis 2010). Induction of cellular senescence can inhibit early-stage tumor
progression through both intrinsic and extrinsic mechanisms, suggesting that cellular
senescence is a prominent tumor suppression pathway. These oncogenic stimuli activate
the p53 and p16INK4a signaling pathways, that can induce cell cycle arrest to block tumor
initiation. OIS can also reprogram the endogenous metabolic state favoring the
proliferative arrest. For example, induction of OIS through either BRAFV600E or
HrasG12V enhances the activity of mitochondrial pyruvate dehydrogenase to advance the
flux of pyruvate into the tricarboxylic acid (TCA) cycle. Consequently, increased catabolic
metabolism/anabolic metabolism ratio along with high levels of ROS within mitochondria
would collectively establish the new metabolic foundation less supportive for cell
proliferation (Kaplon et al. 2013).
In contrast to intracellular regulation, induction of SASP can also be tumor
suppressive. SASP factors IL-1a, IL-6, and IL-8 can secrete to form a positive loop
reinforcing the senescence program that includes the upregulation of cell cycle inhibitor
p15INK4b, sustaining pro-inflammatory network (Kuilman et al. 2008, Acosta et al. 2008).
Secreted SASP factor Plasminogen activator inhibitor-1 (PAI-1) also plays crucial roles in
senescence-associated cell cycle arrest, which is partly through its interference with
growth factor-mediated mitogenic signaling (Kortlever, Higgins, and Bernards 2006, Elzi
et al. 2012). SASP factors also modulate the microenvironment to active the
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immunesurveillance program leading to the clearance of senescent cells. For example,
the secretion of certain SASP factors can elicit an innate immune response that involves
the recruitments of macrophages, neutrophils and natural killer cells for eliminating the
senescent cells (Xue et al. 2007). In addition to recruitment of immune cells responsible
for innate immune response, SASP can activate an adaptive immune response that
involves the infiltration of CD4+ T cells and professional antigen presenting cells (APCs),
such as monocytes/macrophages, to clear the pre-malignant senescent cells expressing
specific antigens (Kang et al. 2011).

1.2.2 Cellular Senescence Promotes Tumor Progression at Later Stage
In contrast to functioning as the barrier against tumor progression, cellular
senescence can conversely advance tumorigenesis. While SASP can activate the
immunesurveillance program to eliminate cells, a decline in capacity of the
immunesurveillance system may instead allow SASP factors to promote tumor growth.
For example, aforementioned core SASP components IL-6 and IL-8 can contribute to
epithelial-mesenchymal transition (EMT) and stemness (Ortiz-Montero, Londono-Vallejo,
and Vernot 2017). SASPs can also modulate the microenvironment to the benefit of
cancer cells through secretion of vascular endothelial growth factor (VEGF) for
angiogenesis (Coppe et al. 2006) or matrix metalloproteinases (MMPs) for promoting cell
invasion (Hassona et al. 2014, Kim et al. 2017). Furthermore, cellular senescence can
also modulate the immunesurveillance system to prevent the clearance of cancer cells.
As mentioned earlier, SASP enables precancerous senescent cells to be recognized and
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eliminated by the immune response. However, in the later stage of cancer development
where senescent cells and malignant cancer cells co-exist in the same microenvironment,
secretome of senescent cells would reversely recruit and guide immunosuppressive
myeloid cells to protect established cancer cells from immune clearance (Eggert et al.
2016). In this regard, the distinct impacts of cellular senescence on immune response
towards tumor clearance versus progression are largely dependent on the stage of
tumorigenesis.

1.2.3 Cellular Senescence and Anti-Cancer Treatment
Because cellular senescence represents the state of profound and long-lasting cell
cycle arrest in addition to featuring SASP-mediated immune clearance, pro-senescence
induction is considered as the promising and emerging therapeutic strategy for cancer
treatment (Acosta and Gil 2012). Multiple strategies have been tested to safely and
effectively induce cancer cells into senescence state based on known inducer of
senescence and its effector pathways (Acosta and Gil 2012). Specifically, it comprises
telomerase inhibition, CDK blockage, PTEN suppression, mutant p53 reactivation, and
p53 stabilization. Among these, the selective inhibitor targeting CDK4/6, namely
palbociclib, is showing promising outcomes of blocking tumor growth and senescence
induction.

These results led to the recent approval by the U.S. Food and Drug

Administration (FDA) for palbociclib in the treatment of advanced hormone receptor
positive (HR+) breast cancer, with additional clinical trials in other types of cancer
underway (Anders et al. 2011, Sherr, Beach, and Shapiro 2016, Vijayaraghavan et al.
2017).
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Figure 3: Comparison of Percentage of Population (Age > 65) between 2015
and 2050 (Projection).
The percentage of the world population with age over 65 is projected to be doubled in next
few decades increasing from 8.5 percent to 16.7 percent in 2050. Adapted from Report of
An Aging World: 2015, U.S. Census Bureau with permission.
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1.3 Cellular Senescence and Aging
1.3.1 The World’s Population Is Rapidly Aging
The aged population is continuously growing at the fast rate worldwide. According
to the current report released from the U.S. Census Bureau (Figure 3), while 8.5 percent
of the global population are aged 65 and older in 2015, and the older population is
projected to be nearly doubled in 2050 representing 16.7 percent of the total world
population.
In particular, Europe would remain as the oldest region given that the aged
population is projected to jump from 17.4 percent in 2015 to 27.8 percent in 2050.
Regarding the United States, the predicted 65-and-older population will make up nearly
one-quarter of the total population by 2060. Notably, in the year around 2035, it would be
the first time in the U.S. history that the older adults above the age of 65 will outnumber
children under 18. Naturally, aging is a complex function-decline process that
progressively occurs at many levels ranging from gene expression to body operation
throughout the lifespan of living organisms. In the developed countries, aging is
considered as the primary risk factor associated with the development of chronic diseases
underlying severe illness and mortality in later life, which includes type 2 diabetes mellitus,
cancer, neurodegeneration and cardiovascular disease (Niccoli and Partridge 2012).
Accordingly, the constant increase in the aged population would bring many challenges
related to the well-being of the people and the prosperity of the society.
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In the last few decades, benefiting from the ongoing revolution and evolution of
healthcare, the human life expectancy has significantly increased around the world.
Particularly, the average life expectancy for the male born in the U.S. has progressively
increased nearly ten years since the 1960s (Dong, Milholland, and Vijg 2016). However,
the increased lifespan cannot adequately translate into the active and healthy years of
living. Instead of that, many years of lifespan at the later stage are often accompanied by
ill health (DALYs and Collaborators 2017). For instance, An U.S. male born in 1990 was
projected to live until 72 with nine years of poor health conditions. By 2016, the life
expectancy for the male in the U.S. has increased to 76 that is, nevertheless, coupled with
ten years of living in functional health loss.
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Figure 4: Overview of Population’s Lifespan and Healthspan at Age 65 in
European Countries in 2012.
The life expectancy beyond age 65 (LE) comprises of healthy life years expectancy
(HALE) and life with activity limitations. In this regard, French women have the longest life
expectancy. However, Norway women have the best healthspan performance compared
to all counterparts. In all, a large gap between life expectancy and healthy life expectancy
prevails across the world. Adapted from Report of An Aging World: 2015, U.S. Census
Bureau with permission.
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Across the world, the large gap between lifespan and healthspan appears to be a
common issue (Figure 4). To provide the satisfactory supports meeting the needs of
graying world, the aging-associated research and clinical practices need to aim for
effectively increasing the healthy and productive years of living for the elder populations.
Furthermore, the prevalent chronic diseases including cancer, dementia, diabetes, heart
diseases, and osteoporosis are all regarded as aging-associated diseases that are now
being investigated and treated separately. Thereby, in-depth understanding of aging in
molecular levels may hold the great potential leading to the development of geriatric
medicine to intervene the aging process with the goal of simultaneously preventing the
onset and progression of every aging-related disease (Kaeberlein, Rabinovitch, and
Martin 2015).

1.3.2 Cellular Senescence as a Hallmark of Aging
Illustrated in Figure 5, among all the current identified cellular and molecular
characteristics underlying the complex aging process, cellular senescence is regarded as
one of the hallmarks critically contributing to aging-related phenotypes and disorders
(Lopez-Otin et al. 2013). Since the discovery of cellular senescence in cultured primary
cells more than five decades ago, significant efforts have been made to characterize
cellular senescence in the molecular level. Accordingly, several senescence-associated
markers have been established enabling the detection of cellular senescence in vivo. In
this regard, recent studies indicate that, during the course of natural aging, senescent cells
would accumulate in many tissues of rodents, primates, and human beings (Herbig et al.
2006, Wang, Jurk, et al. 2009, Burd et al. 2013, Kang et al. 2015).
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Figure 5: The Hallmarks of Aging.
Cellular senescence represents one of the hallmarks of aging. (Adapted from
(Lopez-Otin et al. 2013)with permission from the publisher)
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The continuous research aims to explore whether the accumulation of senescent
cells is merely the consequence of aging or that those senescent cells indeed are
causatively involved in the aging pathologies. While the impacts of accumulated
senescent cells on many age-related diseases need to be further investigated, emerging
studies depict that cellular senescence could contribute to age-related disorders from
multiple aspects as determined by its molecular features. In the context of sarcopenia,
that is the phenotype of declined mass and strength of skeletal muscle representing the
prominent sign of advanced aging (Doherty 2003), the muscle stem cells responsible for
muscle regeneration would switch the cell fate into cellular senescence at the geriatric
stage. In an autonomous-manner, senescence would render those stem cells into
profound and irreversible cell cycle arrest consequently leading to largely declined
capacity in muscle regeneration (Sousa-Victor et al. 2014). Additionally, the causative
roles of cellular senescence for aging-related disorders can also be attributed to SASP
factors in a paracrine fashion. For instance, in the developed counties, Atherosclerosis
leads as the most common cause of mortality and disability, and the mechanisms
underlying the disease is due to the development of atheromatous plaques, which are the
degenerative materials residing in and pathogenically remodeling the arteries. The current
study reveals that those atherosclerotic lesions consist of senescent cells, the presence
of which would be detrimental for advancing atherosclerosis. Regarding the paracrine
manner, those senescent cells would secret SASP factors such as IL-1 to the
microenvironment to amplify the inflammation in the plaques. Meanwhile, the secreted
proteolytic MMP factors may destabilize the plaques leading to potential rupture and
subsequent thrombosis (Childs et al. 2016).
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1.3.3 Eliminating or Suppressing Cellular Senescence Towards
Healthy Lifespan Extension
Although transient activation of cellular senescence would be beneficial such as
suppressing the onset of tumorigenesis, the accumulation of viable senescent cells in vivo
partly due to declined immunesurveillance is deleterious and subsequently contribute to
many aging-related disorders as being described above. Accordingly, efficient elimination
of senescent cells in tissues and organs may represent the promising therapeutic
strategies to prevent the onsets of chronic diseases and extend the healthy lifespan. The
very first proof-of-concept study conducted in premature aging mice model suggested that
selective clearance of p16INK4a expressing senescent cells using genetic approach would
delay and ameliorate many aging-related pathologies (Baker et al. 2011). A few years
later, consistent results were obtained in the naturally aged mice model that genetic
elimination of those p16INK4a positive cells preserves the functionality of multiple types of
organs at the late stage and prolongs both the lifespan and healthspan (Baker et al. 2016).
Built upon these promising results linking clearance of senescent cells to the healthy aging
acquisition, the continued research attempted to identify and develop potential therapeutic
interventions targeting senescent cells in vivo with the goal of preserving body fitness
throughout the aging process. Several approaches have currently been conceived that
mainly focus on employing pharmacological agents termed senolytic drugs to induce cell
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death of senescent cells (Zhu et al. 2015, Fuhrmann-Stroissnigg et al. 2017, Baar et al.
2017). One of the prominent first-in-class compounds identified for this purpose is
ABT263, which is a potent inhibitor of the anti-apoptotic proteins BCL-2, BCL-XL, and
BCL-W, that can kill senescent cells residing in sublethally irradiated or naturally aged
mice leading to rejuvenation in certain stem cell populations (Chang et al. 2016). In all,
initiating from the characterization of the detrimental impacts of cellular senescence on
aging-related pathologies, the ongoing inventions in senolytic therapeutics centered on
effectively and safely eliminating senescent cells hold the great promise to provide
fundamental support for healthy aging.
In addition to the pharmaceutical elimination of the detrimental senescent cells,
suppressing the onset of cellular senescence could represent the additional avenue
leading to the health preservation. The current study suggests that the natural polyamine
agent named spermidine, which exists in the daily nutrition, could be beneficial in
senescence suppression (Garcia-Prat et al. 2016) and thus represents a fruitful
intervention awaiting further exploration. Briefly, the induction of senescence in muscle
stem cells would compromise the muscle regeneration capacity towards the onset of
sarcopenia, which is a hallmark of aging. In the geriatric mouse model, the spermidine
administration could trigger the autophagy and decrease the protein aggregation in those
muscle stem cells. Consequently, the arrested muscle stem cells would restore their
regenerative capacity. It remains to be further explored whether the increased uptake of
this daily nutrient can suppress senescence and thereby benefit the human health.
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1.4 Background Information of the Molecular Factors Involved in
Our Newly Identified Senescence-associated Pathway
1.4.1 Overview
The major findings reported in this dissertation is the illumination of a signaling
hierarchy orchestrated by a nuclear-encoded mitochondrial intermembrane peptidase
IMMP2L, which acts as a switch in determining whether a cell undergoes senescence or
other fates. This signaling pathway comprises multiple players including SERPINB4,
IMMP2L, GPD2, PKC-δ, PDK, PDH, and AIF. In particular, the loss of IMMP2L signaling
is crucially involved in the cellular senescence during the natural aging process. Here I will
review the molecular factors engaged in this newly identified signaling network.

1.4.2 SERPINB4 Acts as a Protease Inhibitor
SERPINB4 belongs to the clade B of serine protease inhibitors (serpin)
superfamily, which is the only subfamily of serpins lacking secretion signal peptides and
thus resides primarily within cells(Silverman et al. 2004b). Notably, serpins are a specific
group of protease inhibitors employing a unique mechanism to inhibit protease activity.
Specifically, the C-terminal domain of serpins has a reaction center loop (RCL) that acts
as a “bait” for the target protease (Law et al. 2006). Upon binding, serpin traps the protease
in a covalent-bound complex to irreversibly block protease activity.
Previously, members of the serpin superfamily have been suggested to play
important roles in cellular senescence. For instance, plasminogen activator inhibitor-1
(PAI-1), a secreted SERPINE family member, can inhibit the secreted proteases uPA and
t-PA， resulting in decreased bioavailability of growth factors and increased stability of a
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secreted mediator of senescence IGFBP3 underlying the senescence induction (Elzi et al.
2012, Kortlever, Higgins, and Bernards 2006). As is mentioned earlier, SERPINB3 and
SERPINB4 are found to be upregulated during oncogene-induced senescence, which can
lead to the impairment of protein turnover in both lysosomal and proteasomal manners.
As a result, ER stress and UPR are enhanced, triggering the production of SASP factors
(Catanzaro et al. 2014). Studies also suggest SERPINB4 is associated with many
interesting phenotypes in the physiological conditions. For example, SERPINB4 is
upregulated in patients with asthma, and mice lacking Serpinb3a, the murine homolog of
human SERPINB4, exhibit attenuated asthma-associated characteristics when asthma is
induced (Sivaprasad et al. 2011). In the context of cancer immunotherapy, somatic
mutation in SERPINB4 is associated with better survival of melanoma patients treated
with anti-CTLA immunotherapy, although the underlying mechanism needs to be further
investigated (Riaz et al. 2016) .
Considering the significant impacts of SERPINB4 in both cellular and physiological
conditions, it is crucial to understand how SERPINB4 works at the molecular level. Prior
to our study, it has been found that three different proteases can be blocked by SERPINB4
that include cathepsin G, human mast cell chymase and granzyme M (de Koning et al.
2011, Schick et al. 1997). However, all targets are known to have a cell-type-specific
distribution. For example, Cathepsin G is a major component of the neutrophil azurophilic
granules (Burster et al. 2010), and human mast cell chymase is primarily expressed in
mast cells (Caughey 2007). Furthermore, granzyme M is inside the cytolytic granules of
cytotoxic lymphocytes (Kelly et al. 2004). In the context of cellular senescence, the
intracellular target trapped and inhibited by SERPINB4 presumably is not these proteins.
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Additionally, in many contexts such as the aforementioned oncogene-induced
senescence, both SERPINB3 and SERPINB4 are upregulated (Catanzaro et al. 2014),
and the functional difference between SERPINB3 and SERPINB4 underlying cellular
senescence remain less understood. Through our study, we suggest SERPINB4 is more
potent than SERPINB3 in inducing senescence. Most importantly, we have now identified
IMMP2L as a critical target of SERPINB4 in a senescence response.

1.4.3 IMMP2L and the Mitochondrial Protein Processing Machinery
IMMP2L is a nuclear-encoded mitochondrial peptidase that belongs to the
mitochondrial protein processing machinery. Of the 1000 or more proteins within the
mammalian mitochondria, the majority are synthesized in the cytoplasm and then imported
into mitochondria (Mossmann, Meisinger, and Vogtle 2012, Schmidt, Pfanner, and
Meisinger 2010) . Mechanisms underlying mitochondrial protein import are mainly studied
in model organism yeast (Saccharomyces cerevisiae). Based on discoveries from yeast,
many of those nuclear-encoded mitochondrial proteins contain the N-terminal
presequences that can be recognized by surface receptors on the mitochondria, leading
to their import into mitochondria (Chacinska et al. 2009). Regarding the processing after
the import, mitochondrial processing peptidase (MPP) located in matrix serves as the
pivotal peptidase responsible for removing the N-terminal targeting peptides of most
precursor proteins, enabling the proteins to become functionally mature (Gakh, Cavadini,
and Isaya 2002). Besides the predominant MPP, additional peptidases including Icp55,
Oct1, m-AAA protease, Pcp1, Imp1, and Imp2 are assumed to have specific substrates
for processing and thus collaboratively regulate the maturation, stability, and functional
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properties of numerous mitochondrial substrates comprising N-terminal presequences
(Schmidt, Pfanner, and Meisinger 2010). IMMP2L identified in our study is the mammalian
homolog of yeast Imp2.
Interestingly, the significance of IMMP2L on the mammalian system was originally
identified through the in vivo screen in mice (Lu et al. 2008). Briefly, a random transgenic
insertional mutagenesis strategy was employed to identify molecular factors involved in
reproduction. One line of mutant mice, which displayed decreased fertility, turned out to
harbor a large deletion located within the intron of the Immp2l locus. Subsequent research
suggested that these Immp2l-mutant mice display the early onsets of many age-related
disorders in addition to reproduction failure (George et al. 2011). Mechanistically, the
increased oxidative stress plays a causative role beneath the age-related disorders
observed in the Immp2l-mutant mice (Liu, Li, and Lu 2016). Notably, while the impaired
processing of GPD2 is also observed in Immp2l-mutant mice, its implication on observed
aging phenotype remained less understood (Bharadwaj et al. 2014). In the human context,
previous studies have found that IMMP2L is a susceptibility gene implicated in several
neurological diseases (Gimelli et al. 2014, Maestrini et al. 2010, Patel et al. 2011, Elia et
al. 2010, Petek et al. 2001). For instance, copy number variations (CNVs) leading to
IMMP2L intragenic deletions have been observed in patients with Tourette syndrome (TS)
(Bertelsen et al. 2014).
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1.4.4 GPD2 and Metabolism Regulation
GPD2 is a critical component of the glycerol phosphate shuttle that connects
cytoplasmic and mitochondrial metabolism, catalyzing the reduction of dihydroxyacetone
phosphate (DHAP) to Glycerol 3-phosphate, which is coupled with oxidation of NADH(Lee
et al. 2012). The mechanistic study conducted in yeast system suggests that the
enzymatic activity of GPD2 can be regulated by posttranslational modification such as
phosphorylation (Lee et al. 2012). Briefly, upon dephosphorylation, GPD2 would be
activated, leading to Glycerol 3-phosphate production. In the yeast context, Glycerol 3phosphate is an important metabolite, playing protective roles in ensuring the cell growth
under the osmotic-stress condition (Albertyn et al. 1994). In addition, Glycerol 3-phosphate
also serves as a precursor for phospholipid biosynthesis. However, the research linking
GPD2 and phospholipid biosynthesis remains incomplete.
In the mammalian context, the expression of GPD2 varies among different types
of tissues and organs. In the mice, brown adipose tissue and muscle contain the highest
levels of GPD2 (Koza et al. 1996). Also, Gpd2-knockout mice display the early onsets of
many age-related characteristics, including decreased body weight, adiposity, and fertility
(Brown et al. 2002). While GPD2 was shown to have the highest expression in the brown
adipose tissue, mice lacking GPD2 have normal thermogenesis. In this regard, the
mechanisms underlying observed aging phenotype need to be further investigated.
Furthermore, littermates from the Gpd2-knockout mice displayed around a 50% reduction
in viability when compared to wild-type ones (Brown et al. 2002), and we would discuss
this notion in the conclusion section.
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Although the relationship between GPD2 and phospholipid biosynthesis remains
less studied, it is well known that Glycerol 3-phosphate, the product of GPD2, is a critical
precursor used for biosynthesis of phospholipids that include phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol, and their derivatives
(Vance 2015). These various types of phospholipids are the major structural building
blocks for the cell membrane in addition to sterols and sphingolipids (van Meer, Voelker,
and Feigenson 2008, Wu, Shi, and Xu 2016). In addition, phospholipids and their
derivatives are also very important signaling molecules acting in various contexts. For
example, phosphatidylinositol and its phosphorylated derivatives can directly modulate
protein kinase activity or serve as important precursors involved in the generation of
second messengers (Fernandis and Wenk 2007, Bunney and Katan 2010). Importantly,
the cellular locations of phospholipid synthesis are typically restricted to specific
compartments, mainly the endoplasmic reticulum (ER) and mitochondria (Tamura, Sesaki,
and Endo 2014). Collectively, those previous findings inspired us to explore the possibility
that activated mitochondrial GPD2 signaling could regulate phospholipid-associated
metabolism and signaling network.

27

1.4.5 PKC-δ in Regulation of Mitochondria Pyruvate Dehydrogenase
PKC-δ belongs to the PKC family that contains multiple serine/threonine kinases
involved in regulating cellular processes of cell proliferation, cell differentiation as well as
cell death (Igumenova 2015). Notably, all PKCs share very similar kinase catalytic domain.
In contrast, the regulatory domains of these kinases are divergent, which regulate kinase
activity as well as their subcellular localization. 3D reconstruction analysis suggested that
PKC-δ can use its regulatory C1A domain to interact with the lipid monolayers
(Solodukhin, Kretsinger, and Sando 2007), presumably mediating PKC-δ’s recruitment to
the membrane to initiate the kinase signaling network. Regarding the substrates
underlying PKC-δ-mediated phosphorylation, it was been suggested that PKC-δ can
translocate to mitochondria to phosphorylate PDK(s) leading to the subsequent
phosphorylation of PDH during heart attack (Churchill et al. 2005, Qvit et al. 2016).
Consequently, the activity of PDH is blocked, and pyruvate cannot effectively enter the
TCA cycle to promote redox reactions.
Notably, enhanced PDH activity due to its dephosphorylation is recognized as a
causative event in the execution of oncogene-induced (Kaplon et al. 2013). Briefly,
dephosphorylated PDH promotes the entry of pyruvate into the TCA cycle. As a result,
catabolic metabolism is enhanced as well as the redox stress, which collectively suppress
oncogene-driven cell proliferation. While the decline of PDH phosphorylation is crucial for
oncogene-induced senescence, how PDA is phosphorylated remains to be fully
elucidated. Based on our research reported here, we show that the PKC-δ-PDK axis acts
upstream of PDH phosphorylation.
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1.4.6 AIF in Cell Death Regulation
AIF plays complex roles in regulating cell survival, proliferation, and differentiation
(Sevrioukova 2011). As being a nuclear-encoded protein, the mitochondrial localization
signal of AIF preprotein is removed upon mitochondrial import, generating the mature 62
kDa protein. This mature form of AIF is localized inside the intermembrane space of
mitochondria while its N-terminus is anchored in the inner mitochondrial membrane
(Modjtahedi et al. 2006). It has been suggested that the mature AIF can function as NADHdependent oxidase and play an indispensable roles in regulating mitochondrial respiration
in terminally differentiated neurons (Hangen et al. 2010). Conversely, AIF may function as
a cell death regulator. When exposing cells to certain types of death stimuli, the anchored
N-terminus of mature AIF is further cleaved by peptidase, generating a soluble truncated
57 kDa AIF with pro-apoptotic activity (Otera et al. 2005). The truncated AIF(tAIF) is
released from mitochondria into the cytoplasm upon mitochondrial outer membrane
permeabilization , and ultimately transports inside nucleus where it triggers DNA
fragmentation and chromatin condensation (Susin et al. 1999). Notably, while cells can be
programmed into a cell death fate by multiple types of pathways driven by mitochondria,
it was suggested that AIF, rather than other mitochondria-associated death effectors,
plays an essential role in oxidative-stress-mediated cell death (Barbouti et al. 2007, Son
et al. 2009, Yu et al. 2012).
Although the N-terminal proteolysis of mature AIF is critical for switching AIF from
a pro-survival regulator into a pro-apoptotic factor, the crucial peptidase involved in this
processing remains less understood. Previous studies using the cell-free system revealed
that mitochondrial 𝜇-calpain, which is a calcium-dependent protease, can process AIF into
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apoptotic format upon its activation (Polster et al. 2005, Mizukoshi et al. 2010, Norberg et
al. 2008). However, the involvement of 𝜇 -calpain for in vivo processing of AIF was
debatable, as studies have shown the activation of 𝜇-calpain in vivo cannot result in AIF
cleavage and blockage of 𝜇-calpain fails to suppress the generation of pro-apoptotic AIF
upon particular death stimuli (Joshi, Bondada, and Geddes 2009, Wang, Kim, et al. 2009).
The results collectively indicate that the critical modulator mediating the conversion of the
pro-survival AIF into the pro-apoptotic AIF is less understood. In our study reported in
chapter 2, we identified IMMP2L as the responsible peptidase processing AIF into the proapoptotic form. Moreover, during the cellular senescence featuring high levels of ROS, the
blockage of the IMMP2L-AIF axis suppresses the oxidative-stress-induced cell death,
promoting the survival of senescent cells under such stress condition.
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2. Identification of Molecular Determinants of Cellular
Senescence

2.1 Introduction
As being introduced earlier, cellular senescence is an irreversible cell cycle arrest
state that can be triggered by multiple types of cellular stress including irreparable DNA
damage, telomere attrition, oncogenic mutation, deregulated metabolism and oxidative
stress(Collado, Blasco, and Serrano 2007, Campisi 2013). Senescent cells share a
combination of characteristics, including enlarged and flatten morphology, loss of
proliferative capacity, increased senescence-associated ß-galactosidase (SA-ß-gal)
activity,

and

pro-inflammatory

senescence-associated

secretory

phenotype

(SASP)(Rodier and Campisi 2011). Physiologically, cellular senescence plays complex
roles in many biological processes such as development, wound healing, tumorigenesis
and aging(Munoz-Espin et al. 2013, Storer et al. 2013, Jun and Lau 2010, Xue et al. 2007,
Herbig et al. 2006). During the natural aging process that takes place for decades, the
senescent program is triggered in response to a series of multivariable stress challenges.
Some of the senescent cells remain viable and accumulate in tissues and organs due to
the potential aging-related decline in immune surveillance, and they would act as
detrimental factors significantly accelerating the aging process via impairing tissue
regeneration and reinforcing prolonged inflammatory response(van Deursen 2014). Aging
is the primary risk factor for multiple types of geriatric diseases including cardiovascular
disorder, stroke, diabetes, neurodegeneration and cancer(Lopez-Otin et al. 2013), and
emerging evidence suggests that selectively killing senescent cells could alleviate aging31

related disorders in vivo(Chang et al. 2016, Baker et al. 2016, Baar et al. 2017, Jeon et al.
2017).
Because of the significant impacts of cellular senescence on cancer and aging, the
vast amount of efforts has been made to reveal the mechanisms underlying this aged cell
fate. Built upon the current knowledge, the continued research needs to further elucidate
the unique and specified program orchestrating the onset of this distinct cell fate. That is
because many current defined characteristics implicated in senescence are also shared
by other important cell fates and activities including cell cycle arrest, production of
inflammatory factors, and activated stress responses. The detailed comparisons are listed
in table 1, that indicates urgent needs of identifying the unique and specific program that
can distinguish cellular senescence from other cell fate.
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Table 1: Specific Molecular Determinant(s) of Cellular Senescence Is Less
Understood.

Cell cycle
arrest

Stress
Activated
Response

Secretome
(SASPs)

✔

✔

✔

?

✔

X

X

X

✔

✔

X

X

X

X

✔

X

Senescent cells

Quiescent cells
&
Terminal
Differentiated
Cells
Dying Cells

Immune cells
(macrophages
and mast cells)

Senescence
Specific
Features

Previously, we found that epidermal growth factor (EGF) could act as a natural
senescence-suppressor for normal human epithelial cells grown in culture, besides its
traditional role as a mitogen to stimulate cell proliferation. The profound impact of EGFR
signaling inhibition on inducing cell cycle arrest and senescence initiation in primary
normal human bronchial epithelial (NHBE) cells prompted us to use this experimental
condition as a tool to identify signaling pathways mediating the onset of cellular
senescence program. Furthermore, EGFR inhibitor Erlotinib is prescribed as the targeted
therapy treating solid tumors such as certain types of non-small cell lung cancer addicted
to EGFR signaling for tumor progression. However, the usage of the inhibitor would cause
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a wide range of adverse effects on normal tissues and organs leading to diarrhea, skin
disorders and Interstitial lung disease (Kiyohara, Yamazaki, and Kishi 2013, Cataldo et al.
2011), the persistence and progression of which may consequently result in treatment
interruption and even progressively become life-threatening. Consistent with this notion,
through daily Erlotinib administration via oral gavage, we have noticed pronounced
anatomical deficiencies in several mouse tissues (Figure 6). In this regard, understanding
the senescence program triggered by blockage of EGFR signaling in primary cells may
provide potential insights to ultimately resolve the challenges underlying the clinical use
of EGFR inhibitors.

Figure 6: EGFR Inhibitor Treatment Induces Physiological Disorders in
Mice.
BALB/c nude mice were treated with either vehicle or erlotinib (50 mg/kg/day) for 4 weeks.
(A) H&E staining indicates reduced epidermal thickness and fat content resulting from
EGFR inhibition. E, epidermis; D, dermis; F, fat; M, muscle. Scale bar, 250 μm. (B)
Reduced weight of mice treated with daily erlotinib. (C) Representative photograph and
X-ray of BALB/c nude mice treated with vehicle or erlotinib. Note the reduced size,
kyphosis, and generally aged appearance of the erlotinib-treated mouse. (D) Spleen
atrophy in erlotinib-treated mice. Peter Alexander, Lifeng Yuan, and Pengyuan Yang
conducted the study.
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2.2 Results
2.2.1 Exploration of the Early Cellular Events Associated with Onset
of Senescence Rather Than Quiescence
In the experimental setting, short-term EGFR inhibitor Erlotinib treatment could
induce a strong G1 cell cycle arrest in NHBE cells to lead them to senescence or
quiescence, which can be distinguished by SA-ß-Gal staining (Figure 7). Therefore,
comparing the gene expression profiles among normal proliferating NHBE cells versus
senescent and quiescent cells collected from the same EGFR inhibition treatment
condition allowed us to identify genes potentially playing a more specific role in
senescence programming beyond regulating cell cycle arrest.

Figure 7: Flow Cytometry Scatter Pattern for the Identification of Senescent
and Quiescent Populations.
For the cultured NHBE cells, after EGFR blockage by Erlotinib (1uM) for 20 hours,
C12FDG was added for producing the SA-ß-gal associated green fluorescent signal.
Senescent NHBE cell population was identified by SA-ß-Gal (+). Both proliferating and
quiescent cell populations would be SA-ß-Gal (-), data shown representative of thrice
repeated experiments.
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As illustrated in Figure 8, after EGFR inhibitor treatment, we subsequently added
to the culture a compound C12FDG that could be catalyzed into a green fluorescent
product by the SA-ß-gal enzyme present at a high level in senescent cells(DebacqChainiaux et al. 2009, Alexander et al. 2015). Employing fluorescence-activated cell
sorting (FACS), we were able to separately collect two different cell populations based on
green fluorescence intensity.

Figure 8: Schematic Depiction of the Strategy How the Quiescent and
Senescent Populations Can be Separately Collected from Same Group of
Treatment.
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NHBE cells were cultured with EGFR inhibitor Erlotinib (1 μM) for 20 hours. After the
treatment, arrested cells continued to be incubated with C12FDG (33 μM) for 1 hours.
Senescent cells would then produce the stronger green fluorescence signal. In the
subsequent cell sorting, FSC versus SSC set helped to exclude the dead cells and then
the green fluorescence gating based on relative β-gal activity was used to separately sort
out quiescent (β-gal negative) and senescent (β-gal positive) population derived from the
Erlotinib-treated group.

As a validation of our experimental approach, we found that the cell population
exhibiting stronger fluorescence (senescent cell population) displayed multiple
characteristics of cellular senescence in contrast to the cell population representing
quiescent cells. For example, green fluorescence positive population displays higher
induction of CDKN2B (Figure 9A), which is a senescence marker involved in the cell cycle
inhibition. Also, while both the post-sorting fluorescence positive and negative populations
re-cultured in the fresh growth medium without EGFR inhibitor, fluorescence positive
population’s proliferative capacity cannot be recovered reflecting the feature of irreversible
cell cycle arrest of senescent cells (Figure 9B).
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Figure 9: Validation of Successful Quiescent and Senescent Cells
Separation and Collection Based on the SA-ß-Gap Activity.
(A) Real-time PCR examination of CDKN2B expression among populations post FACS
sorting. Both quiescent and senescent population displayed cell cycle arrest based on
upregulated CDKN2B. Data are mean ± s.d.; Two-tailed, unpaired t-test was used.
(B)Examination of cell proliferation capacity for each population. FACS sorted cell
populations have been cultured in fresh medium without EGFR inhibitor for 24 hours,
which was followed by Edu proliferation assay. Quiescent population re-entered the cell
cycle while the senescent population remained less rate of DNA replication indicating the
enrichment of senescent cells in that group. Data are mean ± s.d.; Two-tailed, unpaired ttest was used.

Based on those observations, we then performed a transcriptomics analysis aimed
to identify potential factors specifically implicated in senescence initiation. Principal
component analysis (PCA) of the transcriptomics data indicated that the senescent
populations displayed a unique transcriptional signature compared with proliferating and
quiescent cells (Figure 10). To identify molecular factors specifically associated with
cellular senescence, for the comparative gene expression analysis among cell populations
undergoing proliferation, quiescence, and senescence, we were interested in the genes
displaying one of the following patterns: 1. Over 1.5-fold higher expression in senescent
cell population compared to cells undergoing either quiescence or proliferation; 2. Over
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1.5-fold lower expression in senescent cell population compared to cells undergoing either
quiescence or proliferation. Accordingly, we have subsequently identified over 300 genes
following this strategy, which were then considered as the ones specifically associated
with senescence (Appendix A).

Figure 10: Principal Component Analysis (PCA) of Transcriptional Profiling
Reveals Distinct Signature of Senescent Cells.
PCA analysis was based on the comparative transcriptional profiling among control,
quiescent and senescent cell populations. Each sphere represented a biological replicate.
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2.2.2 Identification of UHRF1 and CD36 as Important Players Involved
in Cellular Senescence
2.2.2.1 Identification of UHRF1 as a Crucial Mediator of Cell Proliferation
Among over 300 genes identified from our transcriptional profiling, we paid special
interest to epigenetic modulators considering that epigenetic reprogramming, in principle,
would have profound impacts on cell fate determination. In this regard, the epigenetic
modulator Ubiquitin-like with PHD and Ring Finger Domains 1 (UHRF1) draw our special
attention as its expression is significantly downregulated in our EGFR-inhibition
experimental setting as well as in other important contexts of cellular senescence (Figure
11A), indicative of its universal association with cellular senescence.

A

B

C

Figure 11: Downregulation of UHRF1 Is Both Universal and Critical for
Cellular Senescence.
(A) Whole cell lysates were collected from Indicated senescent contexts for immunoblots.
(B) Edu cell proliferation assay indicates the strong cell cycle arrest upon UHRF1
knockdown. (C) Representative images of SA-ß-gal staining in control and UHRF1
knockdown NHBE cells. Handan Xiang performed the experiments.
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Moreover, downregulation of UHRF1 is sufficient to recapitulate many features of
cellular senescence such as profound cell cycle arrest and enhanced SA-ß-gal staining
(Figure 11B and 11C). Collectively, it indicates the universal necessity of UHRF1
downregulation for initiation of cellular senescence. Because we observed that UHRF1 is
present in the replication factory together with proliferating cell nuclear antigen (PCNA) in
the proliferating cells while in the cells lacking UHRF1 expression, PCNA immunostaining
is diffuse throughout the nucleus (Figure 12), we postulated that one possible function of
UHRF1 is to participate in the formation of DNA replication factories in order to initiate
DNA synthesis. Conversely, loss of UHRF1 could disrupt the formation of DNA replication
factories leading to profound cell cycle arrest, that would partially explain why loss-ofUHRF1 could be a necessary event associated with cellular senescence. However, the
critical roles of the loss of UHRF1 underlying cellular senescence need more systematic
and in-depth investigation.

Figure 12: UHRF1 is Associated with DNA Replication Factories Formation.
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Formation of DNA replication factories can be visualized by the punctate immunostaining
pattern of the DNA clamp PCNA. UHRF1 and PCNA colocalize in the nuclei of control
cells while PCNA immunostaining is diffuse throughout the nucleus upon UHRF1
knockdown in NHBE cells. Handan Xiang performed the experiments.
2.2.2.2 Identification of CD36 as an important modulator of SASP underlying
cellular senescence

Figure 13: CD36 Dependent Regulation of SASP During Cellular Senescence.
During the initiation of cellular senescence, the scavenger receptor CD36 would be
upregulated and activated by its ligand Amyloid beta. Consequently, the NF-κB pathway
is induced to promote the manifestation of SASP. The sustained secretion of SASP factors
leads to the reinforcement of cellular senescence. The Schematic synopsis is designed
by EMBO reports, and the study is led by Mengyang Chong and Tao Yin.

SASP represents one of the most prominent features of cellular senescence.
Mechanistically, the activation of the SASP program leading to secretion of proinflammatory cytokines, chemokines, growth factors and proteases is in part regulated by
transcription factor NF-κB mediated signaling pathways (Acosta et al. 2008). However,
the upstream inputs that can trigger the activation of this transcription program towards
SASP in the context of cellular senescence remain less understood. Accordingly, we
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attempted to explore if any upstream regulator of NF-kB would be identified in our screen,
that would potentially and possibly function as the SASP modulator. Driven by this
strategy, we have found the expression of a scavenger receptor CD36, a known upstream
regulator of NF-kB(Kennedy et al. 2011), is rapidly upregulated in the sorted senescent
population based on our transcriptional profiling results. After a series of experimental
tests, we now reveal that, during the cellular senescence, upregulated CD36 could interact
with its ligand amyloid-beta 1-42 (Aß) to promote the activation of Src-MAPK-NF-kB
signaling axis towards the establishment of SASP.

2.2.3 Identification of SERPINB4 as a Critical Mediator of Cellular
Senescence
2.2.3.1 GO Analysis Indicates Negative Regulation of Endopeptidase Activity is a
Prominent Process Activated upon Senescence Induction
From our transcriptional profiling, in addition to employing the hypothesis-driven
strategy to identify senescence players, we also conducted the unbiased gene ontology
(GO) analysis for genes significantly and specifically altered in the senescent population.
Among the top enriched pathways (Figure 14), a majority of them were associated with
cell cycle regulation and DNA replication, reflecting the fact that the genes captured in the
screen participate in the initiation and establishment of irreversible cell cycle arrest.
Notably, since this experimental setting was aimed mainly to explore the early driving
events of cellular senescence, we collected the cells at the earliest time point when those
EGFR inhibitor-treated cells displayed significantly increased SA-ß-gal activity.
Accordingly, at this very early stage, the senescent population has not fully developed the
profound pro-inflammatory phenotype based on our transcriptional analysis, which was
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expected as notable upregulation of SASP factors occurs at the late stage of senescence
program(Young et al. 2009).

Figure 14: Gene Ontology (GO) Analysis of All genes Specifically Altered in
the Senescent Population.
GO analysis was conducted for the genes, of which the expression was significantly
altered during cellular senescence based on our aforementioned transcriptional profiling.

Based on the GO analysis (Figure 14), our attention was drawn to the pathway of
negative regulation of endopeptidase activity that contains members of the clade B serine
protease inhibitor (SERPIN) superfamily that includes SERPINB1, B4, B7, B9 and B13,
with their expression significantly upregulated in the senescence-positive NHBE cell
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population (Figure 15), suggesting its potential association with the establishment of
senescent cell fate.

Figure 15: Heatmap of all SERPIN genes involved in endopeptidase
regulation based on GO analysis.

2.2.3.2 A Negative Regulator of Endopeptidase SERPINB4 Is Sufficient and
Required in Driving Senescence Initiation
Certain members of the SERPIN family have been previously implicated in
senescence such as plasminogen activator inhibitor-1 (PAI-1), a secreted SERPINE family
member involved in senescence induction (Elzi et al. 2012, Kortlever, Higgins, and
Bernards 2006). Furthermore, transcription of the SERPINB3 and SERPINB4 loci has
been found to be activated in oncogenic HRas-induced senescence leading to UPR
induction and the onset of SASP (Catanzaro et al. 2014). However, the functional
difference between SERPINB3 and SERPINB4 along with their inhibitory targets remain
less understood in the context of senescence.
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To systematically explore the potential function of all these up-regulated SERPINs
in the context of senescence initiation, we ectopically expressed each of the five SERPIN
genes in NHBE cells, and only SERPINB4 was able to exert a potent impact on
senescence programming as determined by SA-ß-gal staining (Figure 16). Regarding the
aforementioned SERPINB3, based on our transcriptional profiling, it was upregulated
upon cell cycle arrest but displayed similar expression levels in senescence and
quiescence contexts and thus was not considered as the gene specifically associated with
senescence. Furthermore, ectopic expression of SERPINB3 also failed to induce
senescence when compared with SERPINB4 (Figure 16). In all, we postulated SERPINB4
represents one of the most prominent factors identified in our screen involved in the
program driving cellular senescence.

A

B
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Figure 16: Only SERPINB4 Displays Potent Impacts on Senescence Induction.
(A) Left: Senescent NHBE cells were being detected by the SA-ß-Gal assay. NHBE cells
carrying a Dox-inducible (Tet-On) vector expressing target genes were grown with Dox
1ug/ml for 7days, and then the SA-ß-Gal staining was performed. Scale bar: 50 μm. Right:
Quantification of senescent cells in indicated groups. Data are mean ± s.d.; Two-tailed,
unpaired t-test was used. Data are representative of five independent areas.
(B) Left: Senescent NHBE cells were being detected by the SA-ß-Gal assay. NHBE cells
carrying a Dox-inducible (Tet-On) vector expressing either SERPINB3 and SERPINB4
were grown with Dox 1ug/ml for 7 days, and then SA-ß-Gal staining was performed. Scale
bar: 50 μm. Right: Quantification of SA-ß-Gal stained cells indicated SERPINB4’s pivotal
role on senescence induction compared with SERPINB3. Data are mean ± s.d.; Twotailed, unpaired t-test was used. Data are representative of five independent areas.

To explore this further, we also employed IMR-90 cells, a type of commonly used
human diploid fibroblasts for senescence research throughout our subsequent studies.
Consistent with the initial observation of a potent effect of SERPINB4 in inducing
senescence in NHBE cells, we detected the appearance of several important hallmarks of
cellular senescence that include enlarged cell morphology, strong SA-ß-gal staining
(Figure 17A-B), markedly decreased proliferation capacity (Figure 17C) along with
induction of the cyclin-dependent kinase inhibitor p16Ink4a (Figure 17D).
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Figure 17: Ectopic Expression of SERPINB4 Is Sufficient to Induce
Senescence.
(A) Ectopic expression of SERPINB4 is sufficient to induce cellular senescence in IMR-90
cells as determined by SA-ß-Gal assay. IMR-90 cells carrying a Dox-inducible (Tet-On)
vector expressing Luciferase and SERPINB4 were grown with or without Dox 1ug/ml for
7 days, and then SA-ß-Gal staining was performed. Scale bar: 50 μm. (B) Quantification
of senescent cells in each group. Data are mean ± s.d.; Two-tailed, unpaired t-test was
used. Data are representative of five independent areas (A). (C) Pronounced cell cycle
arrest has been observed upon SERPINB4 overexpression in both IMR-90 (Left) and
NHBE (right) cells. 10um Edu has been added into the medium for 2 hours prior to
detection of Alexa Fluor 647-labeled Edu using flow cytometry. Data are mean ± s.d.; Twotailed, unpaired t-test was used. (D) Immunoblot for detecting upregulation of 16Ink4a in
both NHBE and IMR-90 cells upon SERPINB4 ectopic expression, immunoblots are
representative of twice repeated experiments.
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Importantly, blockage of SERPINB4 upregulation through shRNA knockdown
(Figure 18A) could suppress the induction of senescence in NHBE cells with EGFR
inhibition (Figure 18B and 18C), indicating the necessity of SERPINB4 induction in the
initiation of senescence in this context. Together with the observation of SERPINB4’s
upregulation in lung-associated cells undergoing different types of senescence (Figure
22), these results suggest that induction of SERPINB4 represents a crucial event for the
initiation of senescence programming.

A

B

C

Figure 18: Blockage of SERPINB4 Upregulation Suppress the Induction of
Cellular Senescence by EGFR Inhibitor.
(A) SERPINB4 was been stably knocked down by shRNAs as determined by qPCR in
NHBE cells. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. (B) Quantification
of SA-ß-Gal stained cells indicated SERPINB4 knockdown suppressed the senescence
induction upon blockage of EGFR. Data are mean ± s.d.; Two-tailed, unpaired t-test was
used. Data are representative of five independent areas (C). (C) SERPINB4 is required
for Erlotinib-mediated senescence induction. Cells undergoing SERPINB4 shRNA
49

knockdown have been treated with Erlotinib for 48 hours, which was followed by SA-ßGal staining. Scale bar: 50 μm.

2.2.4 SERPINB4 Directly Traps and Inhibits Nuclear-encoded
Mitochondrial Peptidase IMMP2L to Trigger Senescence Initiation
2.2.4.1 IMMP2L Represents a Crucial Target Inhibited by SERPINB4

Considering SERPINB4 as a serine protease inhibitor, we proceeded to identify
the direct protease/peptidase substrate(s) inhibited by SERPINB4. As mentioned,
SERPINB4 belongs to the clade B of SERPIN superfamily, which is the only subfamily of
SERPINs lacking a signal peptide and thus resides primarily within cells(Silverman et al.
2004a). Therefore, SERPINB4 could carry out its function by blocking the activity of an
intracellular serine peptidase and/or protease(s). Previously, three different proteases
were found inhibited by SERPINB4, including cathepsin G, human mast cell chymase and
granzyme M(Schick et al. 1997, de Koning et al. 2011). However, most of those
experiments were conducted in cell-free systems, and these proteases are also known to
have a cell type-specific distribution, being mainly expressed in immune cells. More
importantly, SERPINB1, which could inhibit these same proteases as SERPINB4(Cooley
et al. 2001), failed to induce senescence upon overexpression (Figure 16). Accordingly,
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we postulated that the primary intracellular target(s) of SERPINB4 for driving the cellular
senescence process remained unknown.
Biochemically, SERPINs belong to the specific group of protease inhibitors
employing a unique mechanism to inhibit protease activity. In each SERPIN’s C-terminal
domain, a reactive center loop (RCL) acts as a “bait” which is attacked by the target
protease, and the SERPIN would suicidally trap the protease to form a covalently bound
complex to irreversibly block the target protease activity. Such a protein complex is
assumed to be stable under SDS-PAGE and remains detectable upon Western blot
analysis(de Koning et al. 2011), with the presumed process illustrated in Figure 19.

Figure 19: Schematic description of the presumed inhibitory machinery of
SERPINB4.
SERPINB4 is assumed to trap its target peptidase forming a covalently bound complex to
irreversibly block the target protease activity. This complex is stable under SDS-PAGE.
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To identify the potential protease target(s) of SERPINB4, we employed an
SERPINB4 antibody that is capable of recognizing the covalent complex formed between
SERPINB4 and its known target cathepsin G. Using this antibody, we were able to detect
a protein band representing SERPINB4 and a specific band with a larger size than
SERPINB4 in the SERPINB4-upregulated senescent cells that presumably represents a
covalently-bound complex formed by SERPINB4 and its target protease/peptidase (Figure
20).

Figure 20: Detection of Potential Covalent-Bound Complex Formed by
SERPINB4 and its target protease using SERPINB4 antibody.
NHBE cells were treated with EGFR inhibitor Erlotinib 1um for 48 hours for senescence
induction prior to cell lysate preparation and immunoblot by SERPINB4 antibody, data
shown representative of thrice repeated experiments.

We subsequently developed a strategy aiming to identify the target trapped in this
complex as illustrated in Figure 21. In brief, the immunoblot suggested the molecular
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weight of this potential complex to be less than 65 kDa (Figure 20). Considering the
assumed size of SERPINB4 fragment within the SERPIN-protease complex to be about
40 kDa(de Koning et al. 2011), we estimated that the molecular weight of the
protease/peptidase trapped by SERPINB4 should be less than 25 kDa, so this designated
protein size was used as our primary criterion to explore the potential protease target(s)
of SERPINB4. Based on two protease databases, MEROPS and Degradome(Rawlings,
Barrett, and Bateman 2012, Quesada et al. 2009), over 600 human proteases and
peptidases have been identified so far with only 19 of them smaller than 25 kDa.

Figure 21: Identification of IMMP2L to be the potential peptidase trapped
and inhibited by SERPINB4.
Left: The Flowchart of the strategy to identify the target peptidase trapped and inhibited
by SERPINB4. Right: Immunoblot detection of IMMP2L within the SERPINB4-target
peptidase complex using IMMP2L antibody, data shown representative of thrice repeated
experiments.

Moreover, the primary targets of SERPINs are thought to be serine
proteases/peptidases that further reduce the finalists into four peptidases/proteases.
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Theoretically, the covalent complex should be detected by antibodies for both SERPINB4
and the target protease in immunoblotting. Among the four candidates on the shortlist,
mitochondrial inner membrane protease subunit 2 (IMMP2L) and signal peptidase
complex catalytic subunit 11A (SEC11A) were chosen for the test mainly considering their
potential functional relevance(Oue et al. 2014, Lu et al. 2008). As shown in Figure 21, we
found that only the anti-IMMP2L antibody could detect the protein complex with the same
pattern as the anti-SERPINB4 antibody, indicating one of the potential protease(s) trapped
by SERPINB4 within the complex to be IMMP2L.
Furthermore, the inactive covalently bound complex is often degraded via
proteasome-mediated degradation to ensure irreversible inhibition of the protease(Hirst et
al. 2003, Bhatia et al. 2011). Thereby, SERPINB4-mediated inhibition of its target
endopeptidase eventually leads to the degradation of the enzyme, a pattern that was
observed for IMMP2L during both replicative senescence and oncogene-induced
senescence (Figure 22). Thus, loss of IMMP2L activity and/or expression represents a
fundamental and universal event under a wide range of senescence contexts.
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Figure 22: Loss of IMMP2L Is a Fundamental Event of Senescence
Programming.
NHBE cells undergoing replicative senescence and IMR-90 cells undergoing oncogenic
Hras-induced senescence have been used for the immunoblot. Oncogenic Hras (Tet-On)
was induced to express by adding Dox 1ug/ml for 7days, data shown representative of
thrice repeated experiments.

2.2.4.2 Loss of IMMP2L Is a Crucial Event Associated with Cellular Senescence

IMMP2L is a nuclear-encoded peptidase known to be involved in processing
signaling peptides of mitochondrial intermembrane proteins(Schmidt, Pfanner, and
Meisinger 2010). Hence, we reasoned that blockage and subsequent degradation of
IMMP2L by SERPINB4 could negatively impact the functions of certain mitochondrial
proteins due to the failed pro-peptide cleavage, consequently reprogramming the
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mitochondrial functionality underpinning senescence initiation. In agreement with this
notion, mice harboring a non-coding intron mutation in the Immp2l locus display early
onsets of age-related disorders (George et al. 2011, Lu et al. 2008), implicating a potential
role for IMMP2L in regulating cellular senescence although the mechanism underlying the
mouse phenotype was not adequately explored.
To test whether suppressing the expression of IMMP2L, mimicking the inhibition
of its activity by SERPINB4, could recapitulate the senescent features observed in our
earlier studies, both NHBE and IMR90 cells were treated with two different shRNAs for
IMMP2L knockdown. Consistent with our hypothesis, knockdown of IMMP2L in these cells
led to the display of multiple features of cellular senescence, including enhanced SA-βgal staining (Figure 23A), significantly decreased proliferation capacity (Figure 23B) along
with induction of p16Ink4a and SASPs (Figure 23C and 23D).

56

A

B

C

D

Figure 23: Downregulation of IMMP2L Is Sufficient to Induce Cellular
Senescence.
(A) IMMP2L knockdown was sufficient to induce cellular senescence as determined by
SA-ß-Gal staining assay. Left: Representative images of SA-ß-Gal staining in both NHBE
and IMR-90 cells. Right: Quantification of senescent cells in each group. Data are mean
± s.d.; Two-tailed, unpaired t-test was used. Data are representative of five independent
areas. Scale bar: 50 μm. (B) Cell cycle arrest can be induced by IMMP2L knockdown.
IMMP2L has been stably knocked down in IMR-90 cells, and 10um Edu has been added
into medium for 2 hours prior to detection of Alexa Fluor 647-labeled Edu using flow
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cytometry. Data are mean ± s.d.; Two-tailed, unpaired t-test was used. (C) Immunoblots
for detecting upregulation of 16Ink4a in both NHBE and IMR-90 cells upon IMMP2L
knockdown, data shown representative of twice repeated experiments. (D) IMMP2L
knockdown in IMR-90 cells induced the production of SASP factors, represented by three
cytokines, as determined by qPCR examination. Data are mean ± s.d.; Two-tailed,
unpaired t-test was used.

Furthermore, ectopic expression of IMMP2L could partially suppress the
SERPINB4-induced senescent phenotype as shown by decreased production of several
critical components of SASP and reduced SA-β-gal staining (Figure 24).

A

B

Figure 24: Ectopic Expression of IMMP2L Can Partly Suppress the Senescence
Induction.
Induction of SERPINB4 expression by adding Dox has been used as a tool for activating
senescence in IMR-90 cells. (A) Suppression of senescence initiation by IMMP2L ectopic
expression was being determined by SA-ß-Gal staining. (B) Simultaneous overexpression
of IMMP2L can partly suppress the senescence initiation as determined by qPCR
examination on SASP factors. Data are mean ± s.d.; Two-tailed, unpaired t-test was used.
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Importantly, expression of IMMP2L was not altered in quiescent cells that also
feature a profound cell cycle arrest as determined by an increase in the level of cyclindependent kinase inhibitor p27 (Figure 25), suggesting that the prominent impact of
IMMP2L on senescence induction occurs beyond solely regulating the cell cycle. Taken
together, our initial screen to identify signaling pathways playing a fundamental and
universal role in the mediation of the onset of cellular senescence led to the discovery of
IMMP2L as a central component whose activity or expression is directly and uniquely
associated with the senescent program.

Figure 25: Loss of IMMP2L is specified for the state of senescence, not
quiescence as determined by immunoblot.
Quiescence marker, p27; senescence marker 16Ink4a. Growth to confluence has been used
for quiescence induction. Replicative-senescent IMR-90 cells have been used as
senescence context, immunoblot shown representative of twice repeated experiments.

Although our study identified SERPINB4 as a senescence modulator based on the
initial screen in NHBE cells, this peptidase inhibitor’s expression appears to be restricted
in several specific types of cells and tissues such as lung-associated bronchial cells,
whereas IMMP2L is universally expressed across different cell types and organs(Uhlen et
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al. 2015, Calabrese et al. 2012, Sivaprasad et al. 2011). Thus, the regulation of IMMP2L
expression/activity can be possibly achieved in multiple ways at both transcriptional and
post-transcriptional levels that largely depend on the contexts of cell types and
senescence stimuli, and inhibition of IMMP2L by SERPINB4 represents merely one of the
regulatory pathways to switch off IMMP2L signaling in a specific context such as NHBE
cells. Hence, with an aim to explore the universal process associated with the control of
senescence initiation, our subsequent effort has focused on the exploration of the
mechanisms by which alterations of IMMP2L activity serve as the focal point for
senescence initiation and/or maintenance in the wide-range biological contexts.

Figure 26：Schematic Illumination of the Model of Stress-induced
Senescence Program Involving Inhibitory Axis Blocking IMMP2L Pathway.
Under normal growth condition, IMMP2L would transport from the cytoplasm into
mitochondria for processing and activating certain mitochondrial proteins towards
supporting normal mitochondria function. During the senescence initiation, either
transcriptional downregulation of IMMP2L or targeted inhibition by SERPINB4 would
switch off IMMP2L-mediated processing machinery that is needed for activating certain
mitochondria proteins. Consequently, mitochondria would be reprogrammed for
senescence initiation.
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2.2.5 Systematical Identification of the Critical Mitochondrial Substrate(s)
Regulated by IMMP2L-mediated Processing Machinery
2.2.5.1 Employment of TAILS Technology for Identifying IMMP2L’s Mitochondrial
Substrate(s)
IMMP2L is a nuclear-encoded mitochondrial peptidase that belongs to the
mitochondrial protein processing machinery. For over a thousand proteins within the
mammalian mitochondria, the majority of them are synthesized in the cytoplasm and then
imported into mitochondria(Mossmann, Meisinger, and Vogtle 2012, Schmidt, Pfanner,
and Meisinger 2010). Mechanisms underlying mitochondrial protein import have been
mainly studied in the model organism budding yeast Saccharomyces cerevisiae. Based
on those studies, many of these nuclear-encoded mitochondrial proteins contain the Nterminal pre-sequences that can be recognized by surface receptors on the mitochondria,
leading them to be imported into destined sites(Chacinska et al. 2009). Regarding the
processing after the import, mitochondrial processing peptidase (MPP) located in matrix
serves as the pivotal peptidase responsible for removing the targeting peptides of most
precursor proteins enabling them to become functionally mature (Gakh, Cavadini, and
Isaya 2002). Besides the predominant MPP, additional peptidases including Icp55, Oct1,
m-AAA protease, Pcp1, Imp1 and Imp2, and all those peptidases together proteolytically
and comprehensively regulate maturation, stability and functional properties of numerous
mitochondrial substrates comprising N-terminal presequences (Schmidt, Pfanner, and
Meisinger 2010). IMMP2L is the mammalian homolog for yeast Imp2, so we postulated
that failure in N-terminal transit peptide processing of certain specific mitochondrial
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proteins due to loss of responsible peptidase IMMP2L would disrupt their activities and
trigger the onset of cellular senescence (Figure 26).
To comprehensively understand the crucial function of mammalian IMMP2L on
cell fate determination and to examine the impact of IMMP2L-associated cellular
senescence on the natural aging process, we need first to illuminate the substrates
processed by IMMP2L, which remain largely unknown in the mammalian system. In order
to address this question, we employed and further customized a SILAC-associated
proteomics technology named terminal amine isotopic labeling of substrates (TAILS)
(Kleifeld et al. 2010, Kleifeld et al. 2011) to systematically identify the mitochondrial
substrates of IMMP2L in a proteome-wide screen (a schematic description of our substrate
identification strategy is shown in Figure 27). Theoretically, we expected that ectopically
expressing extra IMMP2L would further facilitate its target mitochondrial proteins being
processed, and hence IMMP2L’s mitochondrial substrates will predominantly exist in
processed from within ectopic expression group. In contrast, the control group solely
expressing endogenous IMMP2L may process the target substrates in a relatively less
efficient manner resulting in the comparatively fewer production of processed substrates.
Since peptidase IMMP2L is assumed to be responsible for protein processing instead of
degradation, we expect the total protein levels of IMMP2L’s target substrates counting
both unprocessed and processed forms should remain similar level upon IMMP2L ectopic
expression.
Regarding the experimental flow depicted in Figure 27, control and the IMMP2Lectopic-expression samples have been isotopically labeled with “heavy” and “light’ amino
acids, respectively. During the TAILS processing, for mitochondrial fractions isolated from
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those two groups, the free (α)-primary amines on the N-terminal region of all mitochondrial
proteins would be labeled with dimethylation. Following subsequent digestion, filtering,
and enrichment, only those dimethylated N-terminus peptides would be enriched and
collected for tandem mass spectrometry (MS) analysis. In the meantime, we would also
collect the total mitochondrial protein fractions from the control and IMMP2Loverexpression group for the comparative MS proteomic profiling to compare the
mitochondrial protein abundance between two samples. In all, we conducted two sets of
MS analysis, one mainly focused on the abundance of N-terminal peptides representing
the mitochondria proteins in processed form (TAILS MS analysis), and the other one would
help us explore the total protein abundance comprising both the processed and
unprocessed forms. Based on those acquired datasets, we conceived a multi-factor
assessment approach for identifying the IMMP2L-processed substrates.
First, for the TAILS MS analysis, for all the identified and quantified N-terminal
peptides representing the mitochondrial proteins in processed form, we were interested in
the ones displaying higher abundance inside the IMMP2L-ectopic-expression sample than
that in the control group. Besides, based on the total mitochondria protein abundance
analysis, IMMP2L-processed substrates comprising processed and unprocessed forms
supposed to display similar intensity between control and overexpression group. Notably,
we would primarily focus on the proteins localized inside the mitochondrial intermembrane
space considering it is the presumed site where IMMP2L conduct its catalytic activity (Ieva
et al. 2013), that comprises over 100 proteins (Hung et al. 2014).
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Figure 27: Schematic Drawing of the TAILS Experimental Work Flow.
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Control and the IMMP2L-ectopic-expression HeLa cells have been isotopically labeled
with “heavy” and “light’ amino acids. Exogenous IMMP2L was induced to express via
adding doxycycline in medium for 48 hours. Mitochondria were subsequently isolated from
the two types of the cells and mixed with a one-to-one ratio of protein volume. Part of the
mixed samples was used for total mitochondrial protein identification and quantification
analysis. The other part of the sample was used for the TAILS MS analysis. Briefly, the
free (α)-primary amines on the N-terminal region of all mitochondrial proteins would be
labeled with dimethylation. Following subsequent digestion, filtering, and enrichment, only
those dimethylated N-terminus peptides would be enriched and collected for tandem MS
analysis. Built upon from those two MS datasets, we conceived a multi-factor assessment
approach for identifying the IMMP2L-processed substrates.

2.2.5.2 Identification of GPD2 and AIF as the Substrates of IMMP2L
Based on all the criteria described in Figure 27, two mitochondrial intermembrane
space proteins, GPD2 and AIF, were identified as substrates of IMMP2L. With regard to
GPD2, the whole mitochondrial proteomic profiling analysis indicated that the total protein
levels of GPD2 remain similar in both control and IMMP2L-ectopic-expression samples
(Figure 28A).
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Figure 28: Identification of GPD2 as One of Substrate of IMMP2L.
(A) Quantification of total GPD2 protein abundance between control and IMMP2L-induced
group. Left: The average relative abundance of all GPD2-associated peptides between
two groups is similar. Right: MS1 spectrum of a representative GPD2-related peptide
(LAFLNVQAAEEALPR) shows similar abundance between control and induced group.
(B) Specified comparison of processed GPD2 abundance between IMMP2L-induced and
control group. Left: the total extracted ion chromatogram (XIC) of TAILS labeled N-terminal
peptide (ADCISEPVNR) of processed GPD2 in two groups. Right: the relative higher
abundance of the N-terminal peptide of GPD2 observed in the IMMP2L-induced group
indicates more GPD2 exist in processed form under IMMP2L ectopic expression.
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Regarding the abundance of TAILS-labeled N-terminus standing for the processed
GPD2, we could detect those peptides in higher intensity in the IMMP2L-overexpression
group (Figure 28B). Therefore, GPD2 represents one of the prominent substrates of
IMMP2L.
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Figure 29: Identification of AIF as the Other Substrate of IMMP2L.
(A) Quantification of total AIF protein abundance of control and IMMP2L-induced group.
Left: The average relative abundance of all AIF-associated peptides between two groups
is similar. Right: MS1 spectrum of a representative AIF-related peptide
(TGGLEIDSDFGGFR) shows similar abundance between control and induced group.
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(B) Specified comparison of processed AIF abundance between IMMP2L-induced and
control group. Left: the total extracted ion chromatogram (XIC) of TAILS labeled N-terminal
peptide (SEGEEVPQDKAPSHVPFLLIGGGTAAFAAAR) of processed AIF in IMMP2L and
control
(non-detected)
group.
Right:
TAILS
labeled
peptide
(SEGEEVPQDKAPSHVPFLLIGGGTAAFAAAR) representing truncated AIF can only be
identified in the IMMP2L-induced group indicating supplementary of extra IMMP2L could
facilitate the conversion of mature AIF into truncated AIF.

Regarding the other substrate identified from our screen, AIF; the whole
mitochondrial proteomic profiling analysis indicated the similar result as GPD2 that the
total protein levels of AIF remain similar in both control and IMMP2L-ectopic-expression
samples (Figure 29A). For the results of TAILS-MS, it indicated that a significant increase
of processed AIF upon IMMP2L ectopic expression whereas the processing was much
less efficient under the endogenous condition (Figure 29B).

Figure 30: Validation of TAILS Findings via Immunoblots.
GPD2 and AIF antibodies, capable of detecting both unprocessed and processed forms,
were employed for the experiments. Ectopic IMMP2L expression was induced using the
same method as in TAILS in comparison to control cells. Left: total cell lysates from Hela
cells. Right: total cell lysates from IMR-90 cells, immunoblots are representative of thrice
repeated experiments.
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The proteomic results of identifying GPD2 and AIF as the substrates of IMMP2L
have been further validated through subsequent immunoblotting. In both the primary cells
IMR-90 as well as HeLa cell line, we observed that ectopic expression of IMMP2L would
promote the conversion of GPD2 and AIF into the processed form (Figure 30). Taken
together, these results strongly suggest that we have identified at least two substrates of
IMMP2L including GPD2 and AIF that could potentially play roles in the IMMP2L signaling
network. Because our earlier results suggested that loss of IMMP2L is critically associated
with cellular senescence, our continued research is to investigate whether IMMP2L-GPD2
axis and IMMP2L-AIF would play important roles for cell fate determination.
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2.2.6 Alteration of IMMP2L-GPD2 Signaling Axis Reprograms the
Metabolic State and Signaling Network Associated with the
Initiation of Cellular Senescence
2.2.6.1 IMMP2L-mediated Processing Activates the Activity of GPD2
Consistent with our identification of GPD2 as one of the substrates of IMMP2L
using human cells, a previous study reported that impaired processing of GPD2 was
observed in Immp2l-mutant mice(Lu et al. 2008), indicating that processing GPD2 by
IMMP2L is conserved in the mammalian system, although it was unclear whether
IMMP2L-mediated processing was critical in regulating the activity of GPD2. More
importantly, it remains largely unknown whether GPD2 represents the critical downstream
target of IMMP2L responsible for IMMP2L’s impacts on cell fate determination and the
aging phenotype observed in mice(Bharadwaj et al. 2014).

Figure 31: Schematic Illustration of Postulated IMMP2L-GPD2 Axis on
Metabolic Regulation.
IMMP2L could process and activate metabolic enzyme GPD2. Consequently, GPD2 can
then catalyze the reduction of dihydroxyacetone phosphate (DHAP) to Glycerol 3phosphate, which is coupled with oxidation of NADH. During the cellular senescence, the
IMMP2L-GPD2 axis will be switched off.
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As illustrated in Figure 31, GPD2 is a critical component of the glycerol phosphate
shuttle that connects cytoplasmic and mitochondrial metabolism, catalyzing the reduction
of dihydroxyacetone phosphate (DHAP) to Glycerol 3-phosphate, which is coupled with
oxidation of NADH(Lee et al. 2012). Considering our earlier finding that ectopic expression
of IMMP2L could further facilitate the processing of GPD2 into its mature form, we probed
its impact on cell metabolism regulation. From the metabolic profiling analysis, Glycerol 3phosphate is one of the major metabolites displaying a significant increase in abundance
among all molecules detected in the assay upon IMMP2L overexpression (Figure 32).

Figure 32: The level of Glycerol 3-phosphate was increased in IMR-90 cells
with IMMP2L overexpression.
Left: Volcano plot for visualization of metabolites profiling comparing IMR-90 cells with or
without IMMP2L overexpression. Log2 of the IMMP2L overexpression/control ratios of the
quantifiable metabolites were used for X-axis and -log10 of P value for each metabolite
for Y-axis. All metabolites showing over 1.3-fold difference (P<0.05) in the IMMP2L
overexpression group over the control are blue-labeled except glycerol 3-phosphate,
which is labeled in red. The rest of the metabolites are marked by black dots. Right:
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Relative abundance of Glycerol 3-phosphate in control and IMMP2L overexpression
group. Data are mean ± s.d.; Two-tailed, unpaired t-test was used.

Moreover, metabolite set enrichment analysis for all increased metabolites using
MetaboAnalyst (Xia et al. 2015) also indicated that metabolic pathways involving NAD+
synthesis and utilization of Glycerol 3-phosphate are the prevailing ones activated upon
boosting the IMMP2L-mediated processing of GPD2 (Figure 33). These findings suggest
that IMMP2L-mediated processing is essential to activate GPD2 enzymatically and GPD2
also represents the critical substrate of IMMP2L from the aspect of metabolic control.
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Glycerol 3-Phosphate is shown in Figure 34

Figure 33: Metabolic Pathways Involved in NAD+ Synthesis and Utilization of
Glycerol 3-phosphate Are the Major Ones Reinforced by Boosting IMMP2L-GPD2
Axis.
(A) Metabolite set enrichment analysis suggests pathways (labeled in purple) involved in
NAD+ synthesis and utilization of Glycerol 3-phosphate are the major ones reinforced by
boosting IMMP2L-GPD2 axis. All metabolites significantly upregulated (>1.3 Fold, P
value<0.05) have been used for the analysis. (B-C) Quantification of identified metabolites
involved in NAD+ and phospholipid synthesis. Data are mean ± s.d.; Two-tailed, unpaired
t-test was used.
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2.2.6.1 Downregulated IMMP2L-GPD2 Axis Is Critical for Cellular Senescence

Our study suggested that IMMP2L could process and activate metabolic enzyme
GPD2. Because loss of IMMP2L is critically involved in cellular senescence, we would like
to continue to investigate impacts of the IMMP2L-GPD2 axis on senescent cell fate. We
first examined different cell fates and found that downregulated IMMP2L-GPD2 axis was
only observed during cellular senescence rather than quiescence (Figure 34) indicating
that shutdown of the IMMP2L-GPD2 axis was specifically associated with the onset of
senescence program instead of all types of non-dividing cell fates. GPD2 processing was
also decreased upon IMMP2L knockdown in both NHBE and IMR-90 cells (Figure 34).

B
A

Figure 34: IMMP2L-GPD2 Axis Is Downregulated in Cellular Senescence.
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(A) Processing of GPD2 was impaired upon IMMP2L knockdown mediated by shRNA #1
shown earlier. Left: NHBE cells; right: IMR-90 cells. (B) Loss of IMMP2L-GPD2 axis is
specifically associated with senescence but not quiescence as indicated by changes in
various components determined via immunoblots. p16Ink4a and IL-6 were used as markers
of cellular senescence. Phosphorylated Rb was used to assess the state of cell
proliferation. IMR-90 cells were grown to confluence to induce cell cycle exit in the
quiescent state. Senescence was induced by expression of oncogenic Hras (Tet-on).
Immunoblots shown here are representative of twice repeated experiments.

Notably, we observed that, in both types of cells with a longer term knockdown of
IMMP2L or within senescence contexts, even the unprocessed GPD2 was diminished
together with the loss of IMMP2L and processed GPD2, suggesting that a complete
shutdown of the IMMP2L-GPD2 axis may require blockage of both expression and
processing of components within this pathway. Moreover, knockdown of GPD2 with
shRNAs could sufficiently induce cellular senescence recapitulating many features of
IMMP2L knockdown cells (Figure 35). Together, these data suggest that the shutdown of
the IMMP2L-GPD2 axis is critically associated with the cellular senescence.
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Figure 35: GPD2 Knockdown Is Sufficient to Induce Cellular Senescence.
(A) Immunoblot for detecting upregulation of p16Ink4a in IMR-90 cells with GPD2
knockdown by two different shRNAs. Immunoblots shown here are representative of thrice
repeated experiments. (B) Pronounced cell cycle arrest was observed upon GPD2
knockdown in IMR-90 cells. 10um Edu was added into medium for 2 hours prior to
detection of Alexa Fluor 647-labeled Edu using flow cytometry. Data are mean ± s.d.; Twotailed, unpaired t-test was used. (C) GPD2 knockdown in IMR-90 cells induced the
production of several SASP factors as determined by qPCR examination. Data are mean
± s.d.; Two-tailed, unpaired t-test was used. (D) SA-ß-Gal staining and its quantification
of the same batches of IMR-90 cells. Data are representative of five independent areas in
each group. Data are mean ± s.d., Two-tailed, unpaired t-test was used. Scale bar: 50 μm.
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2.2.6.3 Alteration of IMMP2L-GPD2 Signaling Axis Reprograms the Phospholipid
Associated Metabolic State Underlying the Initiation of Cellular Senescence
Our continued study aimed to further explore, for what reason, that the loss of
IMMP2L-GPD2 axis can be critically involved in senescence. In general, NAD+ and
Glycerol 3-phosphate are the metabolites derived from the activity of the mitochondrial
IMMP2L-GPD2 signaling axis. In our research, we only observed a mild increase of NAD+
level upon boosting the activity of the IMMP2L-GPD2 axis (Figure 36). Additionally,
multiple types of biosynthetic pathways available can be used for NAD+ biosynthesis
(Verdin 2015). As a result, although NAD+ metabolism has been shown to be critically
involved in aging and cellular senescence(Wiley et al. 2016, Zhang et al. 2016), it may not
adequately account for the critical and unique roles of the IMMP2L-GPD2 axis in
regulating metabolism for cell fate regulation.

Figure 36: Cytosolic NAD/NADH levels Were Increased upon IMMP2L
Overexpression.
NAD/NADH levels were determined in cytosolic fractions of IMR-90 cells using a
NAD/NADH quantification assay. Data are mean ± s.d.; Two-tailed, unpaired t-test was
used.
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In this regard, our focus was then centered on Glycerol 3-phosphate, which serves
as a critical precursor for phospholipids biosynthesis(Vance 2015). Since mitochondria
are also regarded as one of the major cellular compartments responsible for phospholipid
production(Tamura, Sesaki, and Endo 2014), we then conducted an unbiased lipidomics
profiling to systematically examine the impact of mitochondrial IMMP2L-GPD2 signaling
axis on the status of lipid metabolism. IMR-90 cells with three different contexts were
employed including cells ectopically expressing IMMP2L to boost the activity of IMMP2LGPD2 axis towards overproduction of Glycerol 3-phosphate, normal proliferating cells, and
senescent cells with intrinsically downregulated IMMP2L-GPD2 signaling.
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Figure 37: IMMP2L-GPD2-Glycerol-3-phosphate Axis Regulates
Phospholipid Biosynthesis.
(A) Principal component analysis (PCA) of lipidomics profiling focusing on the IMMP2LGPD2 axis. IMMP2L(Tet-On) overexpression was achieved in IMR-90 cells by adding Dox
1ug/ml for 48 hours. Normal proliferating (marked as control) and Hras-induced senescent
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IMR-90 cells were used in the same experiment. (B) Examine the impact of IMMP2LGPD2 signaling on the lipidome. IMR-90 cells with induced exogenous IMMP2L
expression, normal proliferating cells as the control, and cells with Hras-induced
senescence are marked as the three groups of cells employed in the experiment. Each
point represents one of the lipid molecules that were quantified, aggregated for ESI+ and
ESI -. Red dots represent the lipid molecules identified with abundance displaying a
pattern of IMMP2L ≥ control > senescence among the three groups of cells. The rest of
the lipid molecules are labeled in blue. For all the red dots, the vast majority of them were
phospholipids as shown in the chart on the right for the 96 lipid species. (C) Heatmap of
all significantly altered lipid molecules in IMR-90 cells with the three conditions as
indicated in panel (B), the abundance of which follow the order of IMMP2L overexpression
≥ control > senescence. Majority of them are phospholipids.

As illustrated in Figure 37A, each of these groups of samples displayed a distinct
lipid signature. For over 1,000 lipid compounds identified, we paid special attention to the
lipids that were specifically decreased in the context of senescence but were present at a
similar or higher abundance in the context when the IMMP2L-GPD2 axis was further
reinforced. Remarkably, over 90% of the lipid molecules fitting this specified criterion
turned out to belong to different classes of phospholipids instead of other types of lipids
(Figure 37B and 37C). These data suggest that the mitochondrial IMMP2L-GPD2 axis is
critically involved in phospholipid production by providing its precursor glycerol-3phosphate, and inhibition of this pathway could lead to profound cell-cycle arrest state due
to the shortage of essential constituents for new membrane biogenesis.
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2.2.6.4 Alteration of IMMP2L-GPD2 Signaling Axis Reprograms the Phospholipid
Associated Signaling Network Underlying the Initiation of Cellular Senescence
Moreover, phospholipids are known to serve as pathway regulators through their
membrane-based recruitment of cytosolic proteins containing phospholipid-binding
domains(Lemmon 2008), which could thereby play a role to program mitochondrial
signaling pathways for cell fate control.

A

B

Figure 38: IMMP2L-GPD2 Axis Control the Recruitment of phospholipidbinding kinase PKC-δ onto Mitochondria.
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(A) PKC-δ was identified as a phospholipid-binding candidate whose mitochondrial
localization is regulated by IMMP2L-GPD2 signaling. Left, Scatter plot showing results of
quantitative proteomic profiling of proteins collected from isolated mitochondria of control
and IMMP2L-overexpressing HeLa cells. Log2 of the overexpression/control ratios of all
the quantifiable proteins were used for X-axis and log10 of summed peptide intensities
(heavy plus light) for each protein for Y-axis. All proteins showing over the 1.5-fold
increase in the IMMP2L overexpression group are red-labeled, and the rest of the proteins
are marked by black dots. Right, Relative abundance of PKC-δ between control and
IMMP2L overexpression group based on the profiling. (B) Immunoblots to examine the
abundance of IMMP2L-GPD2-PKC-δ associated with mitochondria. Mitochondria were
isolated from IMR-90 cells with different contexts as indicated: IMMP2L overexpression,
IMMP2L knockdown, undergone replicative senescence. COX IV was used as a loading
control. Immunoblots shown here are representative of experiments being repeated at
least two times.

To probe this possibility, we isolated mitochondria for proteome-wide profiling with
a specific interest in any cytosolic phospholipid-binding proteins that become more
enriched in mitochondrial fractions upon boosting IMMP2L-GPD2 signaling. In this regard,
we have identified PKC-δ as one of the top candidates fitting the criteria (Figure 38A),
which was subsequently validated by immunoblotting since either reinforcement or
shutdown of IMMP2L-GPD2 signaling could alter the abundance of PKC-δ associated with
mitochondria (Figure 38B). We also isolated mitochondria from cells that have undergone
cellular senescence and found the loss of IMMP2L-GPD2 signaling to be linked with a
decrease in the level of mitochondria-associated PKC-δ (Figure 38B).
PKC-δ is a serine/threonine kinase(Rosse et al. 2010), and thus its decreased
presence in mitochondria could reduce the phosphorylation level and hence alter the
activities of its substrates within the organelle towards establishing a new metabolic and
signaling landscape favoring cellular senescence. In this regard, we found the enhanced
production of ROS as one of the primary consequences arising from loss-of-IMMP2L81

mediated mitochondrial reprogramming (Figure 39), which is the condition known to act
as a fundamental force driving the cell fate towards senescence(Jiang et al. 2013).

Figure 39: Excessive Generation of ROS Can Be Detected in IMR-90 cells
with IMMP2L or GPD2 Knockdown.
The cells were stained with 5 μM of CellROX Deep Red Reagent by adding the probe to
the medium for 30 minutes. The cells were then collected and analyzed using flow
cytometry.

Moreover, we attempted to identify the specific protein(s) phosphorylated by PKCδ that may serve as downstream effectors of this newly discovered pathway in the context
of cellular senescence. PKC-δ has previously been shown to directly phosphorylate
pyruvate dehydrogenase kinase (PDK) leading to phosphorylation-dependent inhibition of
mitochondrial pyruvate dehydrogenase (PDH), a key regulator mediating pyruvate’s
entrance into the tricarboxylic acid (TCA) cycle(Churchill et al. 2005, Qvit et al. 2016).
Notably, enhanced PDH activity due to its dephosphorylation is recognized as the
causative event critically implicated in the execution of oncogene-induced senescence to
suppress tumor initiation as well as cancer progression(Kaplon et al. 2013). Accordingly,
we explored the possibility that IMMP2L signaling-mediated recruitment of PKC-δ to the
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mitochondria may serve as the upstream event responsible for modulating PDH
phosphorylation in response to oncogenic insults and tumorigenesis.

Figure 40: IMMP2L-GPD2-PKC-δ Axis Could Modulate Mitochondriaassociated PDHE1a phosphorylation.
Mitochondria were isolated from IMR-90 cells with Hras-induced senescence or HeLa cells
with IMMP2L overexpression for immunoblots of indicated proteins. Immunoblots shown
here are representative of thrice repeated experiments.

Mitochondria isolated from IMR-90 cells were probed, and PDH dephosphorylation
was found to be coupled with the absence of PKC-δ on the mitochondria due to activation
of the senescence program to switch off IMMP2L signaling against oncogenic
transformation (Figure 40). Conversely, for the transformed HeLa cells, boosting the
IMMP2L signaling to facilitate the recruitment of PKC-δ on the mitochondria can lead to a
profound increase of PDH phosphorylation (Figure 40). Collectively, starting from
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revealing GPD2 as a critical substrate of IMMP2L, we have systematically identified a new
signaling hierarchy underlying the activity of IMMP2L-GPD2 axis for cell fate regulation.

2.2.7 Failure in the Generation of Pro-Apoptotic AIF Due to Loss of
IMMP2L Confers Resistance to Oxidative Stress and Survival of
Senescent Cells
2.2.7.1 IMMP2L Processes and Converts AIF from Pro-Survival Form into the ProApoptotic Form Initiating Oxidative-Stress Induced Cell Death
Having illuminated the critical roles of the IMMP2L-GPD2 axis in programing
metabolism and signaling network for cell fate regulation, we turned our attention to the
decision-making question. In particular, we are interested in how cells can be specifically
instructed into senescence but not cell death in response to high levels of ROS, which is
a stress condition known to represent the driving force for both of those two distinct cell
fates and derived from the shutdown of the IMMP2L-GPD2 signaling axis.
We reasoned that there must be specified molecular machinery underlying the
senescence program to guide the cells to avoid the fate of oxidative stress-induced cell
death, which may also involve the regulation of IMMP2L along with the other substrate of
this peptidase identified in the aforementioned TAILS-MS proteomics screen, AIF, due to
its functional relevance. Previous studies suggested that the mature AIF (mAIF) acts as
an NADH-dependent oxidase and plays pivotal roles in regulating mitochondrial
respiration in healthy cells such as terminally differentiated neurons(Hangen et al. 2010).
In response to certain cytotoxic insults, however, the N-terminus of mAIF is cleaved to
generate the soluble truncated version of AIF (tAIF) possessing a pro-apoptotic activity,
which can translocate into the nucleus to execute the lethal function(Otera et al. 2005).
84

While the N-terminal proteolysis of mAIF into tAIF is critical for switching AIF from a prosurvival regulator of mitochondrial respiration into a pro-apoptotic factor, the specific
peptidase involved in this processing remained largely unknown. In this regard, previous
studies using cell-free systems have revealed that mitochondrial 𝜇-calpain, which is a
calcium-dependent protease, can process AIF into the pro-apoptotic form upon its
activation(Polster et al. 2005, Mizukoshi et al. 2010, Norberg et al. 2008). However, the
involvement and necessity of 𝜇-calpain for in vivo processing of AIF remain to be further
scrutinized(Joshi, Bondada, and Geddes 2009, Wang, Kim, et al. 2009).
As shown here, we have now identified IMMP2L as a peptidase capable of
catalyzing this in vivo pro-apoptotic conversion. To probe the cell death angle further, we
also tested whether IMMP2L could act as a peptidase for the processing of other
mitochondrial pro-apoptotic factors known to contain transit peptides(Kroemer, Galluzzi,
and Brenner 2007), including SMAC, HtrA2 and Endonuclease G, and found that IMMP2L
displayed a substrate-specificity in processing the only mAIF (Figure 41).
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Figure 41: IMMP2L Exclusively Process AIF Rather Than Other Mitochondrial
Death Effectors.
Immunoblot to examine the impact of IMMP2L on the processing of mitochondriaassociated cell death effectors. Ectopic IMMP2L expression was induced by addition of
Dox for 2 days. Antibodies capable of detecting specific proteins in both unprocessed and
processed forms were used as indicated. Immunoblots shown here are representative of
twice repeated experiments.

Notably, it was suggested that AIF, rather than other aforementioned mitochondrial
death effectors, plays an essential role in oxidative-stress-mediated cell death(Barbouti et
al. 2007, Son et al. 2009, Yu et al. 2012). Thereby, we reasoned that the IMMP2L-AIF axis
likely represents the key regulatory pathway determining the susceptibility to oxidativestress-mediated cell death that needs to be switched off during the onset of cellular
senescence. To better imitate the persistent presence of oxidative stress, glucose oxidase
(GO) was employed as the stimulus, which can continuously generate H2O2 as illustrated
in Figure 6b. Cell viability assay indicated that cells with IMMP2L ectopic expression
became more vulnerable under oxidative stress in comparison to control cells (Figure 6c
and 6d).
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Figure 42: The IMMP2L-AIF Axis Mediates Oxidative Stress-induced Cell
Death.
(A) Schematic description of the approach for oxidative stress imitation. (B) IMR-90 cells
with or without induced IMMP2L overexpression were grown for 48 hours prior to
replacement with fresh medium with or without the addition of the oxidative stress-inducing
agent glucose oxidase (50mU/ml) for 2 hours. Cells were then labeled with Annexin V and
PI, and further analyzed by flow cytometry. Representative plots are shown. The
frequency of Annexin V and/or PI-positive labeling was recorded as percentage of cell
death. (C) Quantification of cell death rate based on flow cytometry analysis of data
presented in panel (B). Data are mean ± s.d.; Two-tailed, unpaired t-test was used.

Mechanistically, increased levels of IMMP2L could facilitate the conversion of
mAIF to soluble tAIF. Under the short-term GO treatment for cells with enforced IMMP2L
expression, the oxidative stress was capable of disrupting mitochondrial outer membrane
and enabling the release of a large portion of soluble pro-apoptotic tAIF from mitochondria
to induce cell death (Figure 43).
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Figure 43: The release of pro-apoptotic tAIF from mitochondria in control or
cells with IMMP2L overexpression upon exposure to oxidative stress.
IMR-90 cells with or without induced IMMP2L overexpression were grown in medium with
or without the addition of the oxidative stress-inducing agent glucose oxidase (50mU/ml)
for 2 hours. Cells were then fractionated into membrane and cytosolic fractions and
immunoblots conducted for each fraction using indicated antibodies. Mitochondrial
enrichment was seen with mitochondrial marker COX IV. Immunoblots are representative
of twice repeated experiments.

2.2.7.2 Blockage of IMMP2L-AIF Axis Ensures the Survival of Senescent Cells
Under Oxidative Stress
Under the senescence program, however, the shutdown of IMMP2L signaling is thereby
expected to ensure AIF remaining in its pro-survival form and thus drive cells into
senescence but not cell death in the presence of high levels of ROS, which is one of the
consequences from blockage of the IMMP2L-GPD2 axis as demonstrated earlier.
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Figure 44: Loss of IMMP2L Preserves AIF in Pro-Survival Form Under
Oxidative Stress.
Prolonged oxidative stress facilitates the endogenous IMMP2L-mediated cleavage of
endogenous AIF, which was suppressed due to loss of IMMP2L in cells with a senescent
state. (A) Early passage and replicative senescent IMR-90 cell were exposed to glucose
oxidase (50mU/ml) for 6 hours as defined as the long-term oxidative stress condition
before immunoblot analysis. (B) Loss of IMMP2L blocks the cleavage of AIF under
oxidative stress. Left: IMMP2L knockdown in IMR-90 cells suppress the generation of
truncated AIF under oxidative stress. Right: Immunoblot for control and replicativesenescent NHBE cells under oxidative stress. Oxidative stress: glucose oxidase 50mU/ml
for 4 (short-term) and 6 (long-term) hours, respectively. Immunoblots are representative
of experiments being repeated at least two times.
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Indeed, we found that oxidative stress in healthy cells could activate endogenous
IMMP2L towards generating tAIF for cell death initiation (Figure 44). In contrast, with the
same oxidative insult in cells undergoing either senescence or with IMMP2L knockdown,
AIF remains in its pro-survival mature form without pro-apoptotic conversion generally
catalyzed by its processing peptidase IMMP2L (Figure 44), leading to enhanced survival
capacity of senescent cells (Figure 45). Taken together, these data demonstrate the
critical role of IMMP2L for regulating AIF towards the execution of a cell death pathway in
response to oxidative insult, and its shutdown under the senescence program can ensure
the high levels of ROS to drive the cell fate towards senescence instead of cell death.
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Figure 45: Senescent Cells Acquire Resistance Against Oxidative Stress.
Early passage and senescent IMR-90 cells were challenged by oxidative stress. Cells
were then labeled with Annexin V and PI, and further analyzed by flow cytometry. Left:
Representative plots are shown. The frequency of Annexin V and PI-negative labeling was
recorded as percentage of cell viability. Right: Quantification of cell viability based on flow
cytometry analysis. Data are mean ± s.d.; Two-tailed, unpaired t-test was used.
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2.2.8 IMMP2L Signaling and Natural Aging
2.2.8.1 Declined IMMP2L Signaling Can Be Observed During Natural Mammalian
Aging Process
For the natural aging process taking place throughout mammalian lifetime, cells
within the body are confronted with a series of multivariable stress ranging from oncogenic
activation to telomere shortening-induced replicative stress and DNA damage, leading to
the generation of senescent cells which accumulate at least partly due to decline in
immune clearance through chronological aging(van Deursen 2014). Considering our indepth mechanistic studies revealing IMMP2L’s critical roles in mediating cellular
senescence regardless of its triggering origin, we investigated if the decline of IMMP2L
functionality is broadly implicated throughout the progressive function-declining process
of natural aging.

A

B

Figure 46: Loss of IMMP2L Signaling Is Associated with Mice Aging
Process
(A) Skeletal muscle tissue taken from young and geriatric C57BL/6 mice were used for
immunoblot. Immunoblots are representative of thrice repeated experiments. (B) Lipid
profiling for skeletal muscle tissue taken from young and geriatric C57BL/6 mice. All lipid
molecules significantly declined in geriatric mice were shown (P-value < 0.05). Data are
mean ± s.d.; Two-tailed, unpaired t-test was used.
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Our initial examination focused on mouse skeletal muscle mainly because the
symptom of declined skeletal muscle function is commonly associated with advanced
aging(Doherty 2003) and a recent study has uncovered that muscle stem cells switch their
cell fate from quiescence into senescence state at geriatric stage(Sousa-Victor et al.
2014). We assessed the expression profile of components within the IMMP2L-associated
pathways in wild-type mice of 2-3 (young) and 25-32 (geriatric) months of age. As shown
in Figure 46A, expression of the p16Ink4a, which is also a biomarker of mammalian aging
besides being a senescence marker(Liu et al. 2009), is increased in the geriatric group as
expected. Conversely, IMMP2L was markedly diminished at the geriatric stage. For GPD2,
which needs to be processed by IMMP2L to become enzymatically active, we have
observed that its total level was significantly decreased in aged animals, further supporting
the notion that shutdown of the IMMP2L-GPD2 axis is universally implicated in cellular
senescence both in vitro and in vivo. Considering that decline in the signaling of IMMP2LGPD2 axis could predominantly suppress the biosynthesis of phospholipids based on our
earlier in vitro studies, we examined aging-associated lipid metabolic alterations in skeletal
muscle. Consistently, for all the lipid metabolites significantly decreased during the
chronological aging process, the vast majority of them were various types of phospholipids
(Figure 46B).
Intrigued by those results, we then extended the study into the context of human
aging via using the whole blood samples from vigorous young and relatively fragile old
adults. Importantly, significant elevation of p16Ink4a and downregulation of IMMP2L could
be observed in samples from the aged cohort (Figure 47). Collectively, these pieces of
physiological evidence suggest that loss of IMMP2L signaling is a fundamental event
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underlying cellular senescence during the mammalian natural aging process across
tissues and species.

Figure 47: IMMP2L Signaling Is Downregulated in Human Aging Process.
Expression of indicated genes was measured by RT-qPCR. White blood cell samples from
the indicated group are used for the experiment. Data are mean ± s.d.; Two-tailed,
unpaired t-test was used.

2.2.8.2 Genomic Integrity of IMMP2L Locus Is Associated with Healthy Longevity
Healthy longevity of centenarians (CENs) represents a complex phenotype, with
underlying contributions by environmental influence, genetic variations and environmentgenome interactions(Erikson et al. 2016, Christensen, Johnson, and Vaupel 2006,
Murabito, Yuan, and Lunetta 2012, Brooks-Wilson 2013). Previously, our study revealed
that CENs possessed distinct genetic characteristics related to mitochondria(He et al.
2014), which prompted us to investigate if distinct patterns on the genomic locus of
mitochondrial peptidase IMMP2L also exist in cohorts of CENs. Because copy number
variations (CNVs) leading to intragenic deletions at the IMMP2L locus were observed in
patients with neurological diseases(Gimelli et al. 2014, Bertelsen et al. 2014), we explored
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whether the disease-resistant CENs would display a different CNV profile from the general
population at the IMMP2L locus. Accordingly, we employed the genomic samples of
CENs, first-degree offspring (F1) of CENs and spouses of their offspring (F1SP), and
conducted CNVs examinations on the IMMP2L locus with a focus on regions shown to
contain prevalent deletions based on analysis of aforementioned diseases (Figure 48A).

A

B

Figure 48: Cohorts of Healthy Longevity Group Display Integrated IMMP2L
Locus.
Deletions within intron 3 of IMMP2L genomic locus were detected by the CNVs assay in
general populations compared with longevity group. (A) Schematic view of the IMMP2L
genomic locus. qPCR probes corresponding to the intron region are marked with arrows.
(B) Detection of intron deletions using CNV probe No.1; n=10; Data are mean ± s.d.; Twotailed, unpaired t-test was used.
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Interestingly, we found that F1SPs seem to have more frequent deletions within
intron 3 of IMMP2L when compared with CENs (Figure 48B and Appendix A). Considering
that the offspring of centenarians inherit a potential advantage in the delay of developing
age-related diseases(Terry et al. 2004), the incidence of IMMP2L intron deletions among
those individuals appears to be slightly lower than their spouses’ group representing the
general population. These results of genetic correlation analysis indicate that the
centenarians display characteristics of better genomic integrity at the IMMP2L locus when
compared with the general population which may be associated with their healthy
longevity.
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3. Materials and Methods
3.1 Cell Culture
IMR-90 fetal lung fibroblasts, HeLa, and HEK293T cells were obtained from ATCC.
Normal Human Bronchial Epithelial Cells (NHBE) derived from healthy donors were
obtained from LONZA. IMR-90 and HeLa cells were cultured in Eagle's Minimum Essential
Medium (EMEM) supplemented with 10% FBS and 1X Penicillin Streptomycin. NHBE cells
were kept in BEGM Basal Epithelial Growth Medium. HEK293T cells were maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% FBS. For cells
undergoing replicative senescence, IMR-90 cells and NHBE cells were kept passaging for
over 90 days and 40 days respectively when senescence was confirmed by cell cycle
arrest, SA-β-gal activity and changes in morphology. For oncogenic Hras-induced
senescence, IMR-90 cells carrying a Dox-inducible (Tet-One) vector expressing HrasV12
were grown with Dox 1ug/ml for 9 days.
For SILAC labeling, constructed inducible IMMP2L-expression HeLa cells were
divided into two parts and cultured in light DMEM medium containing
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C614N2‐Lys (K0)

and 12C614N4‐Arg (R0) or heavy DMEM medium containing 13C614N2‐Lys (K6) and 13C615N4‐
Arg (R10), respectively. Cells were cultured and passaged until the labeling efficiency
reached 98%. Then exogenous IMMP2L was induced to express in light medium via
adding Dox 1ug/ml for 48 hours.
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3.2 Human Whole Blood Samples
Individuals from longevity families were recruited from Hainan province, China for
the study. The research protocol was approved by the Ethics Committee at Kunming
Institute of Zoology, Chinese Academy of Sciences. Informed consent was obtained from
all participants prior to the study, and all individuals were generally healthy. Peripheral
blood samples were obtained from venipuncture.

3.3 Mouse Experiments
Wild-type C57BL/6 were used at different ages. Mice with 2-3 months old were
considered as young ones and 25-32 months old mice were regarded as geriatric. All
experiments were approved by the Duke Institutional Animal Care and Use Committee.

3.4 Fluorescence Activated Cell Sorting for Collecting Senescent
Cells
NHBE cells were cultured with DMSO or EGFR inhibitor Erlotinib (1 μM) for 20
hours. After the treatment, cells continued to be incubated with C12FDG (33 μM) for 1
hours. Cells were then suspending in ice-cold FACS buffer (2% FBS, 2mM EDTA in PBS).
FSC versus SSC set helped to exclude the dead cells, and then the green fluorescence
gating based on relative β-gal activity is used to separately sort out quiescent (β-gal
negative) and senescent (β-gal positive) population derived from the Erlotinib-treated
group. Cells treated with DMSO only were also collected using the gating criteria for the
quiescent cell population. Cell sorting was carried out using the Beckman MoFlo Astrios
EQ sorter.
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3.5 Transcriptional Profiling and Quantitative PCR
RNAs from control, quiescence, senescence groups were extracted by QIAGEN
RNeasy Mini Kit. RNA processing and microarray analysis were done by Duke
Sequencing and Genomic Technologies Core facility using GeneChip Human Genome
U133 Plus 2.0 Array (Affymetrix). Based on data analysis using Partek Genomics Suite,
genes with p-value less than 0.05 and fold change more than 1.5 comparing senescence
group with non-senescence groups (both control and quiescence groups) were
considered as genes specifically enriched for senescence program, which were then being
used for gene ontology analysis using MetaCore.
For RNA quantitative PCR for cultured cells, primers DNA oligos were
synthesized from IDT that have been listed in Appendix C, total RNAs from each sample
were reversely transcribed by advanced iScript cDNA synthesis kit (Bio-Rad), and further
mixed with primers and SYBR green mix (Affymetrix) followed by qPCR analysis using
Mastercycler Realplex system (Eppendorf). For RNA quantitative PCR using human
peripheral blood samples. Blood samples of 33 subjects containing geriatric group
containing 18 centenarians (CEN), young group containing 15 second-degree offspring
(F2) were treated with red blood cell lysis buffer (Tiangen) and then centrifuged at 4000
rpm for 10 min to isolate white blood cells. Total RNA from white blood cells was extracted
using Trizol reagent (Invitrogen). The synthesized cDNA was then used for qPCR analysis
using the CFX Connect Real-Time System (Bio-Rad) with GoTaq qPCR Master Mix
(Promega).
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3.6 Copy Number Variation Assay
Blood samples of 30 subjects containing 10 centenarians (CEN), 10 their firstdegree offspring (F1), 10 spouses of their offspring (F1SP) were randomly chosen for copy
number assay. Genomic DNA (gDNA) was extracted using the AxyPrep Blood Genomic
DNA Miniprep Kit (Axygen). gDNA with an A260/A280 ratio of greater than 1.7 was
qualified and then diluted to 5 ng/μL using nuclease-free water to make 5× stock solution.
The reaction was performed on a 384-well plate using a copy number assay kit (Applied
Biosystems). Four replicates of each sample were used for statistical analysis. Copy
number was analyzed using the CopyCaller™ Software (Applied Biosystems). Probes for
different locations of the target gene IMMP2L were from Applied Biosystems and listed in
Appendix C.

3.7 Lentivirus Production and Transduction
The lentiviral inducible expression vector pCDH-TetOne-MCS-EF1-Puro (Hu et al.
2016) carrying SERPINB4, IMMP2L, Luciferase, SERPINB1, SERPINB3, SERPINB7,
SERPINB9, SERPINB13 ORFs were individually cotransfected with the packaging
plasmids psPAX2, pCI-VSVG using Lipofectamine LTX into HEK293T cells. For NHBE
cells, lentiviral supernatant was concentrated using Lenti-X concentrator (Clontech) and
then applied for 8 hours with 2 μg/ml polybrene. For viral transduction in IMR-90 cells,
cells were infected with viruses for 24 hours with 4 μg/ml polybrene. 48 hours post virus
transduction; both NHBE and IMR-90 cells were cultured in selection medium containing
1ug/ml puromycin for two days. After selection, 1ug/ml Dox was added into medium to
induce gene expression, and cells were then collected for subsequent experiment. For
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control and the shRNA constructs (Appendix B) targeting SERPINB4, IMMP2L and GPD2,
all the virus production and transduction procedures remain the same as for ectopic
expression.

3.8 SA-β-gal Assay
SA-β-gal assay was conducted using Senescence β-Galactosidase Staining Kit
(Cell Signaling). In general, indicated groups of cells were washed twice in PBS and then
fixed using 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 minutes at room
temperature. After further rinse in PBS again, cells will be stained with β-Galactosidase
Staining Solution at 37 °C ranging from 8 hours to overnight. Microscopic analyses were
performed using an Olympus CK40 microscope with DP20 camera.

3.9 Flow Cytometry Analysis
Detection of SA-β-gal activity using flow cytometry. Erlotinib-induced senescent
cells have been treated with C12FDG prior to detection of SA-β-gal positive cells using
flow cytometry. For measuring cell proliferation, indicated groups of cells were incubated
with 10uM EdU for 2 hours, and the subsequent processing and labeling were performed
using Click-iT EdU flow cytometry assay kit (Thermo Fisher). For measuring the levels of
ROS, the cells were stained with 5 μM of CellROX Deep Red Reagent (Thermo Fisher)
by adding the probe to the medium for 30 minutes. The cells were then collected and
analyzed using flow cytometry. Regarding the cell death measurement, indicated groups
of cells were harvested and immediately stained using Dead Cell Apoptosis Kit (Thermo
Fisher). All flow cytometry analyses were performed on BD FACSCanto IIs. Data were
analyzed using the Flow Jo software.
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3.10 Western Blot Analyses
For immunoblot assay, cell culture related protein samples were prepared using
lysis buffer (20mM Tris-Cl, 100mM NaCl, 0.5mM EDTA) containing protease and
phosphatase inhibitors with sonication. For protein samples from tissue, samples were
mixed with T-PER buffer (Thermo Scientific) and further homogenized using TissueRuptor
(QIAGEN). All samples were collected and boiled in loading buffer for 10 mins. Protein
concentrations were determined with the BCA Protein Assay (Pierce). Cell lysates were
loaded on NuPAGE Bis-Tris protein gel (Thermo Scientific) and transferred to PVDF
membrane (Millipore). Membranes were blocked with 5% BSA and visualized with
Supersignal West Pico Chemiluminescent Substrate Kit (Thermo Fisher).
The following antibodies were used for immunoblots. UHRF1 (BD, 612264, 1:1
000),Beta-Actin (Sigma, A5316, 1:5000), p16 (BD, 551154, 1:1000), SERPINB4 (Aviva,
ARP42085_P050, 1:1000), IMMP2L (Abcam, ab103326, 1:1000), SEC11A (Proteintech,
14753-1-AP, 1:1000), IMMP2L (Aviva, ARP60563_P050, 1:1000), AIF (Santa Cruz, sc13116, 1:1000), GPD2 (Santa Cruz, sc-393620, 1:1000), Phospho-Rb (Cell Signaling,
8516S, 1:1000), Rb (BD, 554136, 1:1000), IL-6 (Cell Signaling, 12153, 1:1000), SMAC
(Cell Signaling, 15108, 1:1000), HtrA2 (Santa Cruz, sc-271528, 1:1000), ENDOG (Santa
Cruz, sc-365359, 1:1000), COX IV (Cell Signaling, 4850P, 1:1000), GAPDH (Cell
Signaling, 5174, 1:5000), Mouse HRP (Thermo Fisher, G-21040, 1:5000), Rabbit HRP
(Thermo Fisher, G-21234, 1:5000), PKC-δ (Cell Signaling, 9616S, 1:1000), PKC-δ
(LSBio, C98923, 1:1000), Phospho-PDHE1a (Millipore Sigma, AP1064, 1: 5000),
PDHE1a (Cell Signaling, 3205S, 1:1000).
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3.11 Immunofluorescence Staining
For PCNA staining, NHBE cells transduced with either scramble or UHRF1targeting shRNA were fixed in ice-cold methanol for 5 min in room temperature. Cells were
blocked with serum-free buffer (DAKO) with 0.1% Triton X-100 and incubated with the
following antibodies: primary anti-PCNA (Santa Cruz, sc-7907, 1:200), anti-UHRF1 (Santa
Cruz, sc-373750, 1:100) and secondary antibody conjugated with different Alexa
fluorophores (Invitrogen). All immunofluorescent images were recorded by Zeiss 780
confocal upright fixed stage confocal microscope with 20×/0.80 Dry Zeiss PlanApochromat objective or 63×/1.4 Oil Zeiss Plan-Apochromat objective at room
temperature. The acquisitions were performed with Zen software (Carl Zeiss). Subsequent
images were rotated, cropped and contrast adjusted using the ImageJ software.

3.12 Mitochondrial-based Proteome Profiling and TAILS
Experiment
Isolated mitochondrial pellets were resuspended in lysis buffer (100mM HEPES
(pH 8.0), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 1 mM
PMSF) containing protease inhibitor cocktail (1 tablet per 10 mL buffer) and sonicated on
ice for 3 min. The lysates were clarified by centrifugation at 21,130 g for 10 min at 4 °C,
and then the supernatant was collected. The amount of mitochondria proteins was
quantified by standard BCA protein assay kit. For quantitative analysis, 200 µg proteins of
both samples were combined prior to subsequent procedures. Guanidine hydrochloride
was added to the lysate to a final concentration of 4M for mitochondrial protein denature.
Then the proteins were reduced with 5mM dithiothreitol (DTT) at 56 °C for 30 min and
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alkylated with 15 mM iodoacetamide (IAA) in the dark at room temperature for 30 min. The
alkylation was quenched by DTT at the final concentration of 20 mM at room temperature.
For SILAC-labeled proteome profiling experiment, 100 µg protein mixture was
transferred to the 30kD molecular weight cut-off filter, spun down and washed twice with
100 mM HEPES buffer (pH 8.0). Then the proteins were resuspended in 100 μL 50mM
HEPES (pH 8.0) in the filter and digested by trypsin at a protein to enzyme ratio of 50:1
(w/w) (overnight, 37 °C). Then the digested peptides were filtered, desalted, and
fractionated into 6 fractions using home-made C18 Stage-Tip (Wisniewski, Zougman, and
Mann 2009). Peptide samples were vacuum dried for HPLC−MS/MS analysis.
For the TAILS experiment(Kleifeld et al. 2011)(Kleifeld et al. 2011)(Kleifeld et al.
2011)(Kleifeld et al. 2011)(Kleifeld et al. 2011)(Kleifeld et al. 2011)(Kleifeld et al. 2011),
300 µg protein mixture was extracted. Then the primary amines were blocked at the
protein level with 40 mM formaldehyde and 20 mM sodium cyanoborohydride (overnight,
pH 6.5, 37 °C). The dimethyl labeling reaction was quenched with 100mM Tris-HCl (pH
6.8) at 37 °C for 4 hours. The mixture was digested with trypsin. The tryptic peptides were
incubated with hyperbranched polyglycerol-aldehydes polymer at a polymer : peptide ratio
of 5:1(w/w) and with 20 mM sodium cyanoborohydride (pH 7, overnight, 37 °C). The
reaction was quenched with 100 mM Tris-HCl (pH 6.8) at 37 °C for 30 min, and the
peptides with demethylation-blocked N-terminal were recovered by ultrafiltration. The
filtered peptides were desalted and fractionated into 3 fractions by home-made C18 StageTip, and vacuum dried for HPLC−MS/MS analysis.
For the HPLC-MS/MS analysis, the peptides were analyzed on an Orbitrap
Fusion mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with
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an EASY-nLC 1000 ultra-high-pressure liquid chromatography(HPLC) system (Thermo
Fisher Scientific, Waltham, MA, USA). The peptides were dissolved in mobile phase buffer
A (0.1% formic acid (FA), 2% acetonitrile in water) and loaded onto an in-home made
capillary column (75 μm ID ×15 cm) with C18 resin (3 μm, 100 Å, Dikma, China) by an
autosampler. Then the peptides were separated and eluted with a linear gradient of 832% of mobile phase buffer B (0.1% FA in 90% acetonitrile) for 50 min, 32-48% buffer B
for 5 min and 48-80% buffer B for 5 min at the flow rate of 300 nL/min on HPLC system.
The eluted peptides were ionized under high voltage (2.2 kV) and detected by Orbitrap
Fusion using nano-spray ion source (NSI). For MS1 scan, peptides with 350-1,300 m/z
were detected in the Orbitrap at the resolution 70,000 at m/z 200. The automatic gain
control (AGC) target was set to 5×105, and maximum ion injection time was set to 50 ms.
The ions with intensity above 5×103 were subjected to fragmentation via high energy
collision induced dissociation (HCD) with 32% normalized collision energy (NCE). The
fragmented ions were analyzed in LTQ. The AGC target in the ion trap was set to 7×103,
and the isolation width was 2 m/z.
Regarding the database search, for the SILAC labeled proteome profiling, the
raw data were searched with MaxQuant software (version 1.4.1.2) based on Andromeda
search engine against a composite target/decoy database to estimate false discovery rate
(FDR). The target Human database (version 20170507, 88817 protein sequences) was
downloaded from UniProt database (http://www.uniprot.org/), and the decoy database
was derived from pseudoreversed sequences of the target proteins. Lys0 and Arg0 were
set as “light label”, Lys6 and Arg10 were set as “Heavy labels”. Enzyme specificity with
trypsin was used, and maximum missing cleavages was set as 2. The mass error
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tolerance for precursor ions was 20 ppm and fragment ions was 0.5 Da. The fixed
modification was set as Carbamidomethyl (C) and variable modifications were oxidation
(M), acetylation (Protein N-term). False discovery rate (FDR) thresholds for protein and
peptide were set at 0.01.
For the TAILS analysis, the raw data were searched with Proteome Discoverer
software (version 1.4; Thermo Fisher Scientific Inc.) based on Mascot search engine
(version 2.3.01; Matrix Science, London, UK) with percolator. The strategy of target/decoy
database search was used to estimate false discovery rate (FDR). The target Human
database was downloaded from UniProt database, and the decoy database was derived
from pseudoreversed sequences of the target proteins. Enzyme specificity with trypsin
was used, and maximum missing cleavages was set as 2. The mass error tolerance for
precursor ions was 20 ppm and fragment ions was 0.5 Da. The fixed modification was set
as Carbamidomethyl (C) and variable modifications were oxidation (M), acetylation
(Protein N-term), dimethylation (K), dimethylation (N-term), stable isotope labeled Lys
(+6.02013 Da), stable isotope labeled Arg (+8.02013 Da). At peptide level, the FDR was
set as 1%. At the protein level, peptide-spectrum match (PSM) with at least high
confidence and a strict maximum parsimony principle were applied. The peptides with
Mascot score lower than 20 were removed. For quantitative analysis, the area of extracted
ion currents (XICs) of the corresponding peptides were calculated and compared between
control and IMMP2L overexpression samples. The Neo-N-termini peptides with H/L ratio
lower than 0.67, or only identified in IMMP2L overexpression samples were picked out,
which indicated that these peptides were generated by IMMP2L cleavage. Also the mature
protein N-terminal peptides with H/L ratio higher than 1.5, or only identified in the control
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sample were picked out, which indicated the corresponding proteins might be the
substrate of IMMP2L. Quantitative result of each candidate was manually checked and
recalculated.

3.13 Mitochondrial Isolation and Cell Fractionation
For proteome profiling and TAILS experiment, mitochondria have been isolated
using the QProteome mitochondria isolation kit (QIAGEN). For all the immunoblot
analysis, mitochondria isolation kit (Miltenyibiotec) was used for the isolation. For
experiment involving the usage of subcellular fractions, cells were fractionated using the
Subcellular Protein Fractionation Kit (Thermo Fisher) according to the manufacturer's
instruction.

3.14 NAD/NADH Quantification Assay
The cytosolic fractions obtained from subcellular fraction assay were used for
quantifying NAD/NADH using a NAD/NADH Quantification Kit (Promega), as described by
the manufacturer.

3.15 Polar Metabolite Profiling
IMR-90 cell pellets were dissolved in 1ml pre-cooled 80% methanol/water and
incubate for 15 mins in -80 °C, the supernatants collected post centrifuge were then split
and transferred to two new Eppendorf tubes (one tube is for back up) and dried in vacuum
concentrator at room temperature. The dry pellets were reconstituted into 30 ul sample
solvent (water:methanol:acetonitrile, 2:1:1, v/v) and 3 ul was further analyzed by liquid
chromatography-mass spectrometry (LC-MS). Ultimate 3000 UHPLC (Dionex) is coupled
to Q Exactive Plus-Mass spectrometer (QE-MS, Thermo Scientific) for metabolite profiling.
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A hydrophilic interaction chromatography method (HILIC) employing an Xbridge amide
column (100 x 2.1 mm i.d., 3.5 um; Waters) is used for polar metabolite separation.
Metabolomics data analysis- LC-MS peak extraction and integration were
performed using commercially available software Sieve 2.2 (Thermo Scientific). The peak
area was used to represent the relative abundance of each metabolite in different
samples.

3.16 Lipidomics Profiling in IMR-90 Cells
Flash-frozen cell pellets including control and IMMP2L-overexpressing IMR-90
cells together with senescent IMR-90 cells (oncogenic Hras-induced senescence) were
homogenized in a minimum volume (100 uL) 50 mM ammonium bicarbonate (AmBic) with
probe sonication, and concentration normalized based on a Bradford assay. To 115 ul of
each sample lysate, 200 uL MeOH containing 1:100 dilution of the SPLASH LipidoMix
(Avanti Polar Lipids) deuterated internal standards was added, and samples were mixed
at 25 °C on Thermomixer for 5 minutes. An additional 600 uL of MTBE was added to each
well, and samples were mixed on a thermomixer at room temperature for 60 minutes.
Samples were centrifuged to perform phase separation, 2000 rcf for 10 minutes at room
temperature. 800 uL of the upper organic layer was transferred to glass LC vials and dried
under N2 evaporation. Samples were resuspended in 50 uL of 4/3/1 v/v/v 2propanol/MeCN/water, with shaking for 10 mins at 37°C. The samples were then
immediately placed in the autosampler for analysis. The samples were analyzed using
Ultraperformance

Liquid

Chromatography/Electrospray

Ionization/Tandem

Mass

Spectrometry (UPLC/ESI/MS/MS) using a method allowing chromatographic resolution of
many of the lipids by class and chain length/unsaturation. 5 uL injections were used in
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ESI+ mode and 10 uL in ESI- mode, and UPLC separation of the lipids was performed on
a Waters Acquity UPLC (Milford, MA) using a Waters Acquity 2.1 mm x 10 mm 1.7 μm
CSH C18 column. Mobile phase A was 10 mM ammonium formate and 0.1% formic acid
in 40/60 v/v water/MeCN. Mobile phase B was 0.1% formic acid in 10/90 v/v MeCN/2propanol. Samples were introduced into a Synapt G2 HDMS mass spectrometer (Waters)
and analyzed in acquisition Sensitivity mode (~15,000 Rs), with 0.4 sec MS full scan
followed by one 0.4 second data-dependent MS/MS scan. Dynamic exclusion was
enabled within 1.2 Da for 30 seconds.
Raw data were imported into Progenesis QI (Nonlinear Dynamics) for peak-picking
and data alignment between samples. This approach allows the same lipid ‘features’ (as
determined based on an accurate mass and retention time coordinate) to be quantified
across all samples, resulting in minimal missing data for any sample. Raw data were
aligned using default parameters, with the exception that lockmass correction was enabled
using Leucine-Ekephalin (556.2771 ESI+, 554.2615 ESI-). ESI+ ion adducts allowed were
M+H, M+NH4, and M+Na. For ESI-, ion adducts allowed were M-H, M+Cl, M-2H, and MH20-H. Raw peak intensities (without intensity scaling) as well as the robust mean scaled
intensities for each analysis are reported for all lipid “compounds” detected. All lipid
“compounds”, which consist of an accurate mass, retention time, and MS/MS spectra as
available, were subjected to metabolite database searching against the LipidMAPS
(http://www.lipidmaps.org/). A series of curation steps were undertaken in order to provide
the set of lipid metabolites which were robustly quantified and subsequently an estimation
of those which were differentially expressed; This curation process suggests that there
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are approximately 1000 robustly quantified lipid species in the ESI+ data, and
approximately 500 in the ESI- data.

3.17 Lipid Profiling in Mice Skeletal Muscle
Weighed about 7 mg skeletal muscle tissue in a new 2ml Eppendorf tube on ice.
Added 200ul ice cold 80% methanol (HPLC grade) and stirred using TissueRuptor
(QIAGEN) until tissue was well mixed with solvent. Added another 200 ul ice cold 80%
methanol, vortex for 1 min. Added 960 ul ice cold MTBE and vortex for 1min. Added 240
ul ice cold water, vortex for 2 min. The final extraction solvent composition is
MeOH/MTBE/H2O 1:3:1 (v/v/v, all HPLC grade). Centrifuge at 3500 rcf 4°C for 10 min,
two layers formed. Top layer contains lipids, while bottom layer contains polar metabolites.
Take the top layer supernatant that contains lipids, and transfer into two tubes so that
each tube had 2.5-3 mg tissue. Dried the top layer supernatant in vacuum concentrator at
room temperature. The dry pellets were reconstituted into 50 ul isopropanol (IPA) (per 3
mg tissue). Vortexed for 1 min and centrifuged at 20000 rcf at 5 °C. 3 ul supernatant was
injected and further analyzed by liquid chromatography-mass spectrometry (LC-MS).
Ultimate 3000 UHPLC (Dionex) is coupled to Q Exactive Plus-Mass spectrometer (QEMS, Thermo Scientific) for lipids profiling. A reversed phase liquid chromatography method
(RPLC) employing an Xbridge BEH C18 column (100 x 2.1 mm i.d., 2.5 um; Waters) at 40
°C is used for lipids separation. The mobile phase A is 60:40 (v/v) acetonitrile:water with
0.1% formic acid and 10 mM ammonium formate. The mobile phase B is 90:10 (v/v)
isopropanol:acetonitrile with 0.1% formic acid and 10 mM ammonium formate. The linear
gradient used is as follows: 0 min, 40% B; 1.5 min, 40% B, 5 min, 85% B; 12 min, 97% B,
16 min, 97% B, 16.5 min, 40% B, 20.5 min, 40% B. The flow rate was 0.2 mL/min. LC110

MS peak extraction and integration were performed using commercially available software
Sieve 2.2 (Thermo Scientific). The peak area was used to represent the relative
abundance of each metabolite in different samples.

3.18 Statistical information.
Statistical Analyses were performed using GraphPad Prism software. Significance
was tested by unpaired two-tailed student t-test. A p value less than 0.05 was considered
significant. * p<0.05, ** P<0.01, *** P < 0.001, **** P < 0.0001.
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4. Conclusions
4.1 Research Summary

Cellular senescence is one of the fundamental cell fates playing important and
complex roles in tumorigenesis and aging. However, the distinct signaling program
controlling this cell fate has remained less understood as many associated characteristics
of cellular senescence, including cell cycle arrest, pro-inflammatory factor secretion, and
active response to stress, are also shared by other important cell fates including
quiescence, terminal differentiation, and cell death. We therefore sought to identify the
specific molecular determinants distinguishing cellular senescence from other nondividing cell fates. In this regard, besides participating in the course of identification of
UHRF1 and CD36 as critical molecules involved in cellular senescence, my major findings
that bridge mechanistic studies to genetic analysis ranging from cellular organelle to
human populations have uncovered a new signaling hierarchy centered on IMMP2L.
Mechanistically, IMMP2L signaling appears to be an important part of the switch
controlling the cell fate decisions of healthy, senescent and apoptotic cells, which involves
the collaboration between IMMP2L-GPD2 and IMMP2L-AIF signaling pathways centered
on programming mitochondrial functionality as illustrated in Figure 49.
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Figure 49: Model of IMMP2L-mediated Signaling on Cell Fate Regulation
In healthy cells growing in normal condition, IMMP2L could regulate metabolic enzyme
GPD2 towards achieving metabolic and signaling fitness associated with mitochondria.
Upon exposure to oxidative stress, IMMP2L could then process AIF into its truncated form
with pro-apoptotic activity, leading to clearance of irreparably damaged cells. Conversely,
the shutdown of the IMMP2L-GPD2 axis could establish the metabolic and signaling
foundation for the cell fate favoring senescence with high levels of ROS, while
simultaneous blockage of IMMP2L-AIF signaling could secure the survival of senescent
cells in such stress condition.
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4.2 IMMP2L-GPD2 Axis Controls Mitochondrial Phospholipid
Metabolism and Signaling Network Underlying Cell Fate
Regulation

In the aftermath of encountering various types of stress stimuli, senescent cells
remain viable and metabolically active, and this long-lasting state needs to be initiated and
maintained by a specific metabolic program (Kaplon et al. 2013). In healthy cells, IMMP2L
processes and activates GPD2, leading to catalyzing redox reaction to produce
phospholipid precursor Glycerol 3-phosphate. During the initiation of cellular senescence,
suppression of the IMMP2L-GPD2 axis would lead to reducing the supplies of
phospholipid needed for both cell membrane synthesis and regulation of certain
phospholipid-binding kinase pathways such as PKC-δ-associated signaling. These
alterations could act in concert to maintain cells in a long-term stable cell-cycle arrest state
featuring high levels of ROS. Currently, metabolic interventions and supplementations
have been tested aiming to increase both health span and lifespan of the human
population(Lopez-Otin et al. 2016). For example, therapeutic strategies to restore NAD+
levels have been shown to ameliorate some aging-related disorders (Zhang et al. 2016).
Considering that blockage of the IMMP2L-GPD2 axis is critically involved in the initiation
of cellular senescence and GPD2 is highly expressed in muscle compared with other
tissues (Koza et al. 1996), it will be of value to explore whether a combination of nutrition
supplementations, which focus on achieving GPD2-related metabolic fitness regarding
levels of both NAD+ and phospholipids, and specialized physical exercise/training modes,
that aim at improving GPD2-associated mitochondrial functionality within skeletal muscle,
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could systematically protect cells against stress and thus may be potentially developed
into geriatric medicine benefiting elderly populations.

4.3 Shutdown of IMMP2L-AIF Confers Senescent Cells Survival
Advantage Against Oxidative Stress

In addition to elucidating a role for IMMP2L in the metabolic programming of
senescence, our study also found that IMMP2L is concurrently involved in cell death
pathways to maintain the survival of senescent cells under oxidative stress. When healthy
cells are exposed to oxidative stress, IMMP2L can process AIF into its pro-apoptotic form
to initiate cell death, which may help remove cells with irreparable damage to maintain
both cell and tissue homeostasis. In contrast, under oxidative stress stimuli, loss of
IMMP2L switches off the path towards cell death due to the deficiency in the generation
of pro-apoptotic AIF, consequently ensuring the damaged cells to be programmed into the
senescent state and avoiding the fate of cell death. Considering that loss of IMMP2L can
be physiologically observed across tissues and species, the decline in the rates of
IMMP2L-AIF-dependent cell death in favor of cellular senescence may represent an
additional mechanism accounting for the accumulation of viable senescent cells in tissues
throughout the aging process, in addition to the acknowledged progressive incompetency
of immune clearance.
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4.4 Pro-Survival IMMP2L-GPD2 Axis Versus Pro-Apoptotic
IMMP2L-AIF Axis

Furthermore, while cooperative blockage of the IMMP2L-GPD2 and the IMMP2LAIF signaling pathways promote a senescent state, activation of these two signaling
branches under the control of master regulator IMMP2L may need to be mutually exclusive
in a physiological context. Activated IMMP2L-GPD2 axis represents the pro-survival arm
that maintains the cellular fitness of mitochondria-associated metabolism and signaling
network. The other pro-apoptotic arm involving IMMP2L-mediated truncation of AIF is to
remove cells with irreparable damage upon oxidative stress exposure. Indeed, our
attempts to probe the functional effect of enhancing the expression of IMMP2L on cellular
senescence have yielded results with limited impact, although they are consistent with our
main conclusion about the critical role of this pathway in the determination of this cell fate
versus cell death. The future study focused on illuminating the mechanisms underlying the
dynamic regulation of IMMP2L’s catalytic activity towards processing either GPD2 or AIF
will further advance the understanding how IMMP2L, sitting in the crossroads, to play
pivotal roles in the control of fates of healthy, senescent, and apoptotic cells.

116

4.5 The IMMP2L Signaling Hierarchy Was a New Angle to
Understand Cellular Senescence and Cell Fate Regulation
We reported that the IMMP2L signaling pathway is a critical cell fate switch, which
provides a new angle to decipher cell fate determination. First, metabolites would not only
serve as the building blocks and nutrients for the designated cell fate but can also act as
the regulator of the signaling network. Our study revealed that the mitochondrial IMMP2LGPD2 axis could regulate the phospholipid biosynthesis and thus control the
mitochondria-associated recruitment of phospholipid-binding kinases such as PKC-δ.
Upon the cellular senescence initiation, suppression of the IMMP2L-GPD2 axis would,
therefore, lead to the impaired recruitment of PKC-δ to mitochondria, which subsequently
can alter the signaling network in the downstream of this kinase for inducing senescence.
We postulated that IMMP2L-GPD2-PKC-δ axis represents an excellent example whereby
certain types of metabolite such as phospholipids can act as both the building blocks and
the signaling regulators towards collectively determining the cell fate. Furthermore, it is
expected that, in addition to PKC-δ identified in this study, the recruitment of many other
phospholipid-binding proteins comprising kinases, transporters, and other cellular factors
to the mitochondria may be significantly changed due to the mitochondria membrane
reconstruction during the transition from healthy cell fate to cellular senescence. Our
ongoing study aims to identify additional phospholipid-binding proteins, of which the
mitochondrial recruitment would be important for the organelle’s functionality as well as
the cell fate determination.
Our study on IMMP2L signaling also holds the potential to advance the
understanding of the relationship between senescence and cell death, both of which are
117

considered as the cellular response to stress insults. As mentioned earlier, we found that
the pro-apoptotic IMMP2L-AIF signaling axis is switched off during cellular senescence,
perhaps to ensure that the senescent cells can survive under high levels of ROS. Built
upon this discovery, our future study aims to systematically investigate that, under different
types of cellular stresses ranging from DNA damage to disrupted metabolism, whether
blockage of the relevant cell death pathways could ultimately lead to the onset of cellular
senescence. Additionally, our study indicated that senescent cells might develop certain
secondary pro-survival machinery to ensure their viability under stress conditions such as
the shutdown of the IMMP2L-AIF axis. In this regard, senescent cells may represent the
ideal study model for cell death research centered on identifying various new anti-cell
death pathways, the possibility of which is worth further extensive exploration.

4.6 IMMP2L Signaling and Killing of Senescent Cells

Given that the aging population is rapidly increasing worldwide (Beard and Bloom
2015), it is crucial to advance the development of geriatric medicine to extend healthy
lifespan and ultimately support active and healthy aging(Kaeberlein, Rabinovitch, and
Martin 2015). Previous studies suggested that selective killing of senescent cells in vivo
would be a beneficial strategy to prevent the onsets of aging-associated disorders and
facilitate the rejuvenation of individuals(Jeon et al. 2017, Chang et al. 2016, Baker et al.
2016, Baar et al. 2017). Because cell fate decision towards senescence is a complex
process that involves the collaborations of multiple signaling pathways, which includes
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both senescence-unique and non-dividing cell fates-shared mechanisms, further in-depth
understanding of the distinct mechanisms specifically underpinning the senescence
program is critical to develop targeted therapeutics harnessing cellular senescence with
minimum side effects on normal proliferating, quiescent and post-mitotic cells. In this
regard, we have demonstrated that shutdown of IMMP2L signaling is uniquely associated
with senescence along with illustrating its crucial implication on conferring the senescent
cell that against the fate of cell death, which could potentially inspire the development of
drugs targeting senescent cells.

4.7 IMMP2L Signaling with Aging and Healthy Longevity

A major challenge in the aging field remains the lack of a definite and universal
functional biomarker of identifying cellular senescence in vivo beyond p16Ink4a (He and
Sharpless 2017, Sharpless and Sherr 2015). In this study, we have found that loss of
IMMP2L is specifically and critically involved in cellular senescence and the decrease of
IMMP2L is also observed in aged cohorts compared to young ones. Given that mice
harboring a non-coding intron mutation in the Immp2l locus also display early onsets of
age-related disorders (George et al. 2011, Lu et al. 2008), collectively, loss of IMMP2L
may be worth further exploration for its candidacy being a biomarker for in vivo
senescence, as well as an indicator of aging at the molecular level.
Notably, because the exact genetic alteration associated with Immp2l mutant mice
is a large deletion located within the sixth intron (Lu et al. 2008), further thorough
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investigation needs to be conducted to illuminate whether the early onset of aging
phenotypes observed in this Immp2l-mutant mice is due to either the disruption of IMMP2L
expression or the enzyme activity associated with IMMP2L. Meanwhile, it would be of
interest to create an Immp2l-knockout transgenic mouse model to examine if it can
recapitulate the aging-related disorders observed in Immp2l- mutant mice.
In our study, GPD2 is identified as one of the critical downstream effectors of
IMMP2L signaling, and suppressing the IMMP2L-GPD2 axis plays important roles in
cellular senescence. Importantly, in the physiological condition, Gpd2-knockout transgenic
mice have been shown to have the decreased body weight, adiposity, and fertility
compared to the wild-type counterparts (Brown et al. 2002), the phenotypes of which are
compatible with that observed in the Immp2l-mutant mice. GPD2 may thus represent a
critical downstream effector of IMMP2L in both cellular and physiological conditions along
with playing as an important mediator underlying IMMP2L’s impact on natural aging.
Additionally, Gpd2-knockout mice also display an interesting phenotype not observed in
Immp2l-mutant mice, namely they exhibit a 50% reduction in viability. Based on this
notion, we postulate that since AIF has been identified in our study as the other important
substrate of IMMP2L in addition to GPD2, Gpd2-knockout mice can still have the intact
IMMP2L-AIF signaling responsible for cell death initiation. Accordingly, it would be of
interest to explore if the cell death induction driven by IMMP2L-AIF axis represents the
mechanism underlying the reduced viability of Gpd2-knockout mice.
Finally, understanding the genetic basis associated with human longevity and
healthy aging could provide significant biological insights towards the identification of
protective factors and developing rejuvenated therapeutics for age-related disorders. In
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this regard, we have found that the integrity of the genomic locus of IMMP2L is associated
with healthy longevity. It will be of interest to conduct detailed investigations to understand
if genomic integrity is the underlying mechanism to control the regulation of IMMP2L with
a proper manner towards maintaining tissue and organ homeostasis and integrity
throughout the aging process, ultimately contributing to healthy longevity.

4.8 Sequential Interventions Coupling Senescence and Cell
Death Induction for Cancer Treatment

Pro-senescence induction represents an emerging strategy for cancer treatment
considering its prominent effects on provoking profound cell cycle arrest as well as
activation of the immunesurveillance program. However, if the therapy-induced senescent
cancer cells persist in surviving in the body without being effectively eliminated, it would
potentially lead to many detrimental consequences. For example, the continuous
production and secretion of SASP factors would presumably result in a pro-inflammatory
microenvironment. The incidence of secondary mutations in senescence-associated
effector pathways may put the senescent cancer cells at risk of re-entry into cell cycle
underlying treatment relapse. Based on our work on IMMP2L signaling hierarchy,
senescent cells potentially would acquire pro-survival competence against the stress
condition, that is, however, not required for keeping healthy cells alive. In this regard, it
would be of interest to explore the strategy of sequential interventions to treat cancer in a
two-step fashion. First, inducing senescence in cancer cells by targeting GPD2 pathway
instead of IMMP2L, as this would also suppress the generation of pro-apoptotic AIF, and
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might promote cancer cell survival. Once the cancer cells enter the senescent stage,
secondary treatment would then be applied focused on interference with specific antiapoptotic pathway exclusively needed for the survival of senescent cancer cells.
Meanwhile, this strategy would bring additional benefits if applied in vivo considering the
possibility that non-cancer senescent cells may be killed simultaneously. In this regard,
this coordinated treatment strategy may hold the prospects worth further investigation.
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Appendix A: List of Senescence-associated Genes
Gene Symbol
A2ML1
ABAT
ABAT
ABCA12
ABHD6
ABHD6
ABLIM3
ADAP2
ADH7
AGMAT
AIM1L
ALDH3B2
ALOX15B
ANGPTL4
ANKRD10
ANXA1
AQP3
AQP3
ARHGAP18
ARHGAP18
ARHGAP29
ARHGAP32
ARHGAP32
ARHGEF37
ARL4C
ASNS
ATAD2
ATAD2
ATP10B
BBOX1
BCAT1
BCAT1
BCAT1

Senescence V.S. Quiescence Senescence V.S. Proliferation
1.86105
2.54465
1.87054
5.16533
1.65711
2.59834
1.93295
2.37059
1.54149
1.93105
1.53305
2.19523
1.62855
2.10301
1.77231
2.17733
2.78048
8.35943
-1.57073
0.351966
1.59623
2.65343
2.45405
4.13363
2.07289
2.4971
1.61514
2.10875
-1.79781
0.502782
1.5445
1.73125
1.62569
3.37503
1.69686
3.57672
-1.57677
0.392887
-1.50746
0.391649
-1.54098
0.518972
1.53673
2.22506
1.547
1.79391
1.91812
5.31208
-1.5972
0.313263
-2.1109
0.534139
-1.50364
0.324023
-1.51404
0.373976
1.55547
2.13919
2.01346
3.18005
-1.5617
0.376902
-2.34227
0.320866
-2.16399
0.309996
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BLNK
BNIPL
C10orf99
C10orf99
C15orf48
C1orf74
C7orf10
CA12
CA2
CALML3
CAPN3
CBX5
CCNE2
CCNE2
CCNG2
CD36
CDC6
CDCA7
CDCA7L
CDH26
CDK5R1
CDKN2B
CDKN3
CDKN3
CEACAM1
CEBPA
CEBPD
CENPH
CENPV
CES2
CES2
CES2
CLCA2
CLCA2
CLCA4
CLDN11

1.6058
1.72553
3.91249
3.53341
1.99194
1.92674
1.91511
1.56142
2.29499
1.98592
1.52749
-1.51976
-1.71966
-1.63132
1.52623
1.66595
-1.58712
-2.04594
-1.81263
1.57072
1.50968
1.78531
-1.6361
-1.63628
2.13193
1.5475
1.69852
-1.50108
-1.6094
1.86601
1.99444
1.83313
1.5092
1.6381
2.12716
-2.10136

4.50752
1.93434
6.13091
8.23995
4.1409
4.08534
1.77835
1.87637
5.45374
4.38688
1.80343
0.666626
0.254504
0.303729
2.64235
2.21761
0.202072
0.249519
0.331609
2.44883
2.00852
4.34275
0.364683
0.377993
2.25407
2.21998
3.91469
0.485006
0.296162
3.0748
2.80482
2.7968
2.94888
2.73677
3.09573
0.121961
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CLDN4
CLIC3
COBL
COBL
CRABP2
CRCT1
CRYAB
CSTB
CTH
CTSC
CXCL10
CXCL14
CYFIP2
CYP4B1
CYP4F3
CYR61
CYR61
D4S234E
D4S234E
DEFB1
DKK1
DSC2
DSC2
DSC2
DSG3
DSG3
DTL
DTL
DUOX1
DUOXA1
EPHA4
EPHB3
EPHB3
EPPK1
EPPK1
EPPK1

2.25004
2.18691
1.5442
1.54828
1.89964
2.13784
1.88331
2.54663
-1.60457
1.96231
1.65678
3.31066
1.66944
2.16698
1.78584
-1.63948
-1.64398
2.31929
2.09329
1.53368
-1.63284
1.67111
2.0539
1.9038
1.87101
1.69371
-2.1568
-1.91427
1.53559
1.76461
1.98157
1.57445
1.54402
1.55669
1.53455
1.65255

4.81084
8.41628
2.18812
4.8199
4.21561
3.07874
3.48641
3.71972
0.459763
1.52089
2.1957
12.4485
2.21152
2.74845
2.06541
0.553753
0.494833
3.34885
2.77288
1.86729
0.62314
2.96942
3.99401
3.2783
4.71446
4.38466
0.16548
0.130794
2.31571
2.94785
2.72093
2.44626
2.29605
3.16954
3.82806
3.87982
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EPS8L1
FA2H
FABP5
FAM107B
FAM198B
FAM201A
FAM83A
FAM83A
FAM83A
FAM83C
FAM84A
FAM84A
FAM89A
FIGNL1
FKBP1ASDCBP2
FOXN1
FYB
GABRP
GANC
GBP6
GDA
GINS2
GJB6
GLTP
GLTP
GPNMB
GPR110
GPR110
GPR110
GRHL1
GRHL1
GRHL3
MIR675
HELLS
HELLS

1.58933
1.58093
1.59721
-1.52217
1.50608
-1.50979
1.86828
2.14987
1.66798
1.60787
1.53871
1.83788
1.72063
-1.52908

1.76345
2.36189
1.61158
0.459517
1.97573
0.570469
2.30099
2.69059
1.95441
1.87579
2.08941
2.53762
2.63501
0.25401

1.67256
1.93897
1.66459
1.57501
1.50942
1.53121
1.62903
-1.61058
1.95446
1.74607
1.51344
1.58188
1.63084
1.67678
1.60149
2.00578
2.14255
2.35789
2.63831
-1.64627
-1.54268

3.5537
3.28468
3.02407
1.54944
2.5171
2.6258
1.81521
0.296723
4.68689
2.62794
2.23732
6.05604
3.11879
3.71794
3.89451
3.17596
4.53935
6.54794
10.2302
0.34413
0.435739
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HELLS
HES1
HES1
HES2
HES4
HILPDA
HILPDA
HIST2H2AA3
HIST2H2AA3
HIST2H2BE
HMOX1
HOXA3
HS3ST1
HS3ST6
HTRA1
ID1
IFI27
IFITM10
IKZF2
IL1R1
IL1RN
IL1RN
IL1RN
IL33
ITM2A
IVL
KANK4
KIFC2
KLF4
KLK10
KLK10
KLK11
KLK8
KLRG2
KLRG2
KMO

-1.51598
1.53094
1.51742
1.85391
1.50197
1.67877
1.5393
1.90966
1.50414
1.66587
2.32695
-1.52275
1.74089
1.58285
1.56403
1.7766
1.76921
1.55681
1.68309
1.53065
1.82976
2.04301
2.09944
2.48129
1.63069
3.83661
2.6291
1.66793
1.50172
1.80517
1.74114
1.63377
1.51319
1.63969
2.02513
1.75997

0.404088
2.4224
2.15517
2.79219
1.75344
1.81774
1.6116
2.33362
1.90867
2.17461
4.15057
0.509336
3.1914
2.23424
2.06802
3.60199
3.47079
2.95519
3.37951
2.40308
5.44048
6.50065
6.57889
6.55708
2.89518
9.7556
3.32623
2.12578
3.02545
5.58182
3.45801
3.53182
2.38979
2.28203
2.53625
4.67303
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KMO
KRT4
KSR1
LGALSL
LMO7
LMO7
SPON2
MATN2
LOC728978
LYPD3
MAF
MAFB
MALL
MAMDC2
MAP3K8
MCM10
MCM2
MCM3
MCM4
MCM4
MCM5
MCM5
MCM6
METRNL
MFAP5
MFAP5
MFAP5
MICB
MMP28
MMP28
MUC1
MUC1
MUC15
MUC15
MUC20
NCRNA00185

1.76937
2.29498
1.51172
1.77785
1.76441
1.59494
2.52454
1.70262
1.67509
1.87405
1.87686
2.02923
1.52277
-1.62833
1.88174
-1.54039
-1.71589
-1.60452
-1.51766
-1.54388
-1.58928
-1.85058
-1.8288
2.16507
1.87751
2.1204
1.9998
-1.56792
1.70668
1.53673
1.68894
1.50344
2.19715
1.68763
1.61797
1.5144

4.84292
5.22794
1.84027
6.50647
3.66287
3.92519
5.53294
2.90721
2.88059
4.29827
6.97393
3.26582
2.10938
0.239782
3.21
0.289665
0.337355
0.364696
0.36805
0.400179
0.3929
0.300694
0.326216
4.34519
3.59017
2.70944
3.28891
0.315457
4.43582
3.13071
4.69119
3.98022
3.96529
2.41134
2.20587
2.02356
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NIPAL4
NOTCH3
NPAS2
NPL
OCA2
ODZ2
ORC1
OVOL1
PAMR1
PERP
PHACTR3
PI3
PI3
PION
PITX1
PITX1
PKP1
PLAC2
PLAU
PLLP
PNLIPRP3
POLE2
PORCN
PRIM1
PRODH
PSAT1
PSAT1
PSIP1
PTGER4
PTPRZ1
PVRL4
RAB11B-AS1
RAB11FIP1
RAB24
RDH13
RFXAP

1.72286
2.08995
1.5964
1.5616
3.18262
1.60887
-1.56447
1.60965
1.66022
1.81631
1.7883
1.79688
1.85305
1.50577
1.9074
1.55308
1.52554
1.8007
1.55698
-1.56065
1.65616
-1.64141
1.52253
-1.72978
1.959
-1.88105
-1.78934
-1.5957
-1.64883
1.65069
1.91962
1.51472
1.66767
1.53291
1.65979
-1.51524

2.05323
3.09134
2.32622
2.68593
4.93709
3.38337
0.337497
1.82469
3.76966
3.97689
5.06726
2.08399
2.24934
2.15875
2.89317
2.21853
3.19343
2.41731
1.9212
0.235451
1.80711
0.310865
2.17847
0.302088
3.68012
0.603303
0.574935
0.52199
0.583006
3.79727
3.29693
2.08832
2.11938
1.86997
1.60207
0.390481
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RHBDL2
RHBDL2
RHCG
RHOD
RORA
RRAD
RRAD
S100A8
S100A9
S100P
SCD5
SDPR
SDPR
SEMA6A
SERPINB1
SERPINB1
SERPINB1
SERPINB13

1.55282
1.52398
2.74678
1.5581
1.6676
3.0284
3.46955
2.65389
2.89658
2.61734
2.26436
-1.57732
-1.53039
1.61774
2.64343
2.59688
2.92315
1.91674

2.54366
2.46417
4.39153
2.20424
5.71474
7.00754
10.301
8.7401
7.86722
9.68578
5.12888
1.53314
2.31984
2.06203
3.04909
3.36577
3.75339
6.8183

SERPINB4
SERPINB4
SERPINB7
SERPINB9
SGPP2
SGPP2
SLC16A4
SLC22A23
SLC2A1
SLC6A14
SLFN11
SLPI
SPINK5
SPRR2B
SPRR3
STC2
STEAP4
SULT2B1

2.69013
3.20885
1.53346
2.87733
1.5031
3.15139
1.60624
1.59709
1.72816
3.60959
-1.81684
2.78473
1.54517
3.69372
2.31
-1.53743
1.65847
2.2285

6.58884
6.08047
2.58724
3.37215
1.7319
3.89174
3.31239
4.05345
4.42196
8.61657
0.193027
10.4673
2.03665
13.3339
6.69752
0.461494
2.16012
3.28081
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SYNE2
TGM1
THBD
TMCC1
TMEM200B
TMEM45B
TMEM79
TNFSF10
TNFSF10
TP53INP1
TRIM29
TTC9
TUBA1A
TYMP
TYMP
UCP2
UHRF1
ULBP2
UPK1B
UPK1B
VCAN
VCAN
VCAN
VGLL1
WFDC5
WHSC1
WNT4
XG
ZFP36L2
ZNF185

1.60258
2.94212
3.53408
1.52079
-1.53578
1.95544
2.21133
1.57485
1.66065
1.55401
1.58689
1.71891
1.7509
1.50696
2.09071
1.7442
-1.76098
1.56063
2.14649
2.61969
1.55365
1.63582
1.62688
2.86776
1.54355
-1.50669
1.68869
2.04768
1.51394
1.64825

3.959
10.02
12.3863
2.18256
0.457943
2.23812
2.84811
2.88407
2.96557
4.40245
3.56385
2.44322
1.52712
2.0792
6.0882
3.07551
0.258207
2.05367
3.91197
5.89101
1.64652
1.67475
1.59111
5.7703
2.91724
0.421393
3.30364
3.8773
2.79752
2.19766
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Appendix B: Copy Number Variation Analysis of the
IMMP2L Genomic Locus, Related to Figure 48.
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Appendix C: List of Oligonucleotides and Probes for
IMMP2L Copy Number Variation Assay
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Appendix D: Data Availability
The RNA transcriptional profiling data involved in this study has been uploaded to
NCBI GEO datasets (GSE100014). The proteomics raw data have been uploaded to the
ProteomeXchange Consortium(Vizcaino et al. 2016) with the dataset identifier
PXD006602 (ID: reviewer44025@ebi.ac.uk; password: E26iAcnV).

134

Appendix E: Additional Work
In addition to the work described in Chapters 1-4 centering on mechanistic
dissection of cellular senescence in cancer and aging, I am also involved in additional
studies working with other lab members leading to two additional publications:
1. Alexander, P., Chen, R., Gong, C., Yuan, L., Jasper, J. S., Ding, Y., Markowitz, G. J.,
Yang, P., Xu, X., McDonnell, D. P., Song, E., Wang, X.-F. (2017) Distinct RTK subsets
mediate anti-HER2 drug resistance in breast cancer. J. Biol. Chem., 292,748-759. PMID
27903634
2. Hu, J., Sun, T., Wang, H., Chen, Z., Wang, S., Yuan, L., Liu, T., Li, H.-R., Wang, P.,
Feng, Y., Wang, Q., McLendon, R. E., Friedman, A. H., Keir, S. T., Bigner, D. D., Rathmell,
J., Fu, X.-D., Li, Q.-J., Wang, H., Wang, X.-F. (2016) MiR-215 is induced posttranscriptionally via HIF-Drosha complex and mediates glioma-initiating cell adaptation to
hypoxia by targeting KDM1B. Cancer Cell, 29, 49-60. PMID: 26766590
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