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The senescence-associated secretory phenotype (SASP) is
a major trait of senescent cells, but the molecular regula-
tors of SASP factor secretion are poorly understood. Mass
spectrometry analysis revealed that secretory carrier
membrane protein 4 (SCAMP4) levels were strikingly ele-
vated on the surface of senescent cells compared with
proliferating cells. Interestingly, silencing SCAMP4 in
senescent fibroblasts reduced the secretion of SASP fac-
tors, including interleukin 6 (IL6), IL8, growth differentia-
tion factor 15 (GDF-15), C-X-C motif chemokine ligand 1
(CXCL1), and IL7, while, conversely, SCAMP4 overex-
pression in proliferating fibroblasts increased SASP factor
secretion. Our results indicate that SCAMP4 accumulates
on the surface of senescent cells, promotes SASP factor
secretion, and critically enhances the SASP phenotype.
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Cellular senescence is a state of indefinite growth arrest
triggered in response to sublethal stresses such as telo-
mere shortening, DNA damage, oxidative injury, onco-
gene activation, and hypoxia (Kuilman et al. 2010).
Compared with proliferating cells, senescent cells have
flattened and enlarged morphology, display heterochro-
matic DNA foci, and express distinct subsets of proteins,
including the enzyme p-galactosidase (Goldstein et al.
1990; Dimri et al. 1995; Cristofalo et al. 1998). In addition,
they display a major trait known as SASP (senescence-
associated secretory phenotype), encompassing a broad
spectrum of secreted proteins such as proinflammatory
cytokines, lymphokines, growth factors, angiogenic fac-
tors, and matrix metalloproteases that comprise the sen-
escent cell secretome (Kuilman and Peeper 2009; Coppé
etal. 2010). Through the SASP, senescent cells can change
tissue function by promoting angiogenesis, recruiting im-
mune cells, and remodeling the extracellular matrix
(Acosta et al. 2013). In turn, these changes can alter organ
function and accelerate the aging process.
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Cellular senescence is necessary in developmental mor-
phogenesis, wound repair, the prevention of organ fibrosis,
and tumor suppression in young individuals (Prieur and
Peeper 2008; Storer et al. 2013; Demaria et al. 2014;
Munoz-Espin and Serrano 2014). However, it can also
have detrimental effects as senescent cells accumulate
in tissues with advancing age, contributing to age-related
diseases such as cancer, cataracts, sarcopenia, and athero-
sclerosis (Ovadya and Krizhanovsky 2014; Sikora et al.
2014). Additionally, the age-associated accumulation of
senescent cells has been linked to the heightened levels
of SASP factors, which contributed to chronic inflamma-
tion and arthritis (Baker et al. 2008, 2011; Mufioz-Espin
and Serrano 2014). SASP-associated proinflammatory cy-
tokines and growth factors were further proposed to pro-
mote tumor growth by enhancing angiogenesis and
tumor cell proliferation (Krtolica et al. 2001; Liu and
Hornsby 2007; Coppé et al. 2008).

Supporting the notion that senescent cells exacerbate
age-associated declines and diseases, the elimination of
senescent cells in mice using genetic and pharmacological
means led to improvements in age-related conditions
such as cataracts, sarcopenia, loss of adipose tissue, and
atherosclerosis and extended overall health span (Baker
et al. 2011; Childs et al. 2017). A search for novel targets
to detect and possibly intervene in senescence led us to
identify dipeptidyl peptidase 4 (DPP4) as a membrane-as-
sociated protein highly expressed in senescent cells that
enabled their selective elimination by natural killer cells
(Kim et al. 2017). Here, we report the discovery of a plasma
membrane-resident protein robustly up-regulated in sen-
escent cells, SCAMP4 (secretory carrier membrane pro-
tein 4). We describe the mechanisms that suppress
SCAMP4 production in proliferating cells and identify a
critical function for SCAMP4 as a mediator of SASP factor
secretion in senescent cells.

Results and Discussion

Identification of SCAMP4 as a novel cell surface protein
highly enriched in senescent cells

We recently surveyed cell surface proteins differentially
expressed in WI-38 human diploid fibroblasts that were ei-
ther proliferating (at population doubling levels [PDLs]
20-25) or senescent following extended culture (PDLs
50-59); senescent cells displayed the characteristic flat-
tened morphology and senescence-associated p-galactosi-
dase (SA-B-gal) activity (Fig. 1A; Kim et al. 2017). In
keeping with typical senescent traits, SASP factors inter-
leukin 6 (IL6), IL8 (C-X-C motif chemokine ligand 8
[CXCL8]), IL1B (IL-1p), growth differentiation factor 15
(GDEF-15), and C-C motif chemokine ligand 2 (CCL2)
were among those strongly up-regulated in senescent rel-
ative to proliferating populations (Fig. 1B). As reported
(Kim et al. 2017), our survey identified several proteins
differentially expressed on the plasma membrane of
senescent compared with proliferating cells. Given that
members of the SCAMP protein family had been implicat-
ed in cytokine secretion and exocytosis (Lin et al. 2005;
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Figure 1. Identification of SCAMP4 as a cell surface protein selec-
tively elevated in senescent WI-38 fibroblasts. (A) SA-B-gal analysis
of proliferating (P; PDL 20) and senescent (S; PDL 50) WI-38 human
diploid fibroblasts. (B) ELISA measurement of secreted IL6, ILS,
GDF-15, CCL2, and IL1B in conditioned media from proliferating
and senescent WI-38 cells, normalized to cell number. (ND) Not
detectable. (C-E) Western blot analysis of SCAMP4 levels in whole-
celllysate (WCL)(C), membrane and cytosolic lysates (D), and cell sur-
face (E) from proliferating and senescent WI-38 fibroblasts. Senescence
markers SIRT1, p53, pl6, and p21; cytosolic marker HSP90; plasma
membrane protein markers CAV1 (Caveolin-1) and EGFR; and loading
control GAPDH were also assayed. (F) Proliferating and senescent WI-
38 cells were fixed with 100% methanol, and endogenous SCAMP4
protein was detected by confocal microscopy. Merged signals. (Blue)
Nuclei stained with DAPI; (red) SCAMPA4. (G) Detached WI-38 (prolif-
erating and senescent) cells were incubated with anti-SCAMP4-biotin
or control human IgG-biotin antibodies and then incubated with
streptavidin-APC antibodies. SCAMP4-positive cells were analyzed
by flow cytometry; mean fluorescence intensity (MFI) of SCAMP4-
APC in proliferating and senescent cells was quantified. (H) Steady-
state SCAMP4 mRNA levels were measured by reverse transcription
followed by quantitative PCR (RT-qPCR) analysis. p16 and p21
mRNAs were included as senescent cell markers, and ACTB mRNA
was included as a loading control; mRNA levels were normalized to
18S rRNA levels in each sample; mRNAs in proliferating cells were
set as 1. Graphs in B, G, and H represent the means = SEM from three
independent experiments; (**) P-value <0.01.

Han et al. 2009), we sought to investigate in depth one of
the proteins most strikingly up-regulated in senescent
cells: SCAMP4.

We confirmed that SCAMP4 protein was selectively
abundant in senescent WI-38 fibroblasts by Western blot
analysis of proteins in whole-cell lysates, the membrane
fraction, and the cell surface fraction (Fig. 1C-E). The lev-
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els of other SCAMP family proteins (SCAMP1-3) were
also increased in senescent WI-38 fibroblasts, while
SCAMP5 was not expressed in WI-38 fibroblasts (Supple-
mental Fig. S1). The localization of SCAMP4 on the plas-
ma membrane of senescent WI-38 fibroblasts was further
analyzed by immunofluorescence staining using metha-
nol fixation without permeabilization to preserve the
plasma membrane intact (Fig. 1F) and by flow cytometry
analysis using a SCAMP4-biotin antibody, also without
fixation or permeabilization (Fig. 1G; Materials and Meth-
ods). While these assays collectively confirmed that
SCAMP4 increased on the plasma membrane outer sur-
face of senescent cells, the levels of SCAMP4 mRNA, as
measured by reverse transcription followed by quantita-
tive PCR (RT-qPCR|) analysis, did not change significantly
in senescent cells relative to proliferating cells (Fig. 1H).

To test whether SCAMP4 levels increased similarly in
other senescent models, we analyzed additional models
of cell senescence. Ten days after exposing proliferating
WI-38 and IMR-90 fibroblasts, human aortic endothelial
cells (HAECs), and human umbilical vein endothelial
cells (HUVECS) to ionizing radiation (IR), cells were ren-
dered senescent, as confirmed by their positive SA-p-gal
activity (Supplemental Fig. S2A-C). Western blot analyses
revealed that SCAMP4 was up-regulated in each senes-
cent population (Supplemental Fig. S2A-D). SCAMP4
also increased in doxorubicin (Doxo)-induced and onco-
gene-induced senescent WI-38 cells, as determined by
Western blot analysis (Supplemental Fig. S2E,F). In each
of these senescence models, SCAMP4 mRNA levels, as as-
sessed by RT-qPCR analysis, did not change significantly
(Supplemental Fig. S2).

Together, these data indicate that SCAMP4 protein is
highly elevated on the surface of senescent cells without
significant changes in SCAMP4 mRNA levels.

SCAMP4 is constitutively degraded in proliferating cells
through the ubiquitin-proteasome system

To investigate how SCAMP4 protein levels increased in
senescent cells compared with proliferating cells in the
absence of changes in SCAMP4 mRNA levels, we first
tested whether SCAMP4 protein was more actively trans-
lated in senescent fibroblasts. Polysomes present in ly-
sates from proliferating (PDL 21) and senescent (PDL 54)
fibroblasts were fractionated by centrifugation through
linear 10%-50% sucrose gradients to separate ribosome
subunits and monosomes (40S/60S/80S) from polysomes
of low molecular weight (LMW) and high molecular
weight (HMW) (Fig. 2A, left)]. RNA was isolated from
each fraction and quantified by RT-qPCR analysis to
determine the relative distribution of SCAMP4 mRNA
and a control transcript, ACTB mRNA, encoding the
housekeeping protein ACTB (B-Actin). As shown (Fig.
2A, right), SCAMP4 mRNA, like ACTB mRNA, was dis-
tributed very similarly in proliferating and senescent cells
and was largely found associated with polysomes, indicat-
ing that higher SCAMP4 translation did not explain the
rise in SCAMP4 levels in senescent cells.

We thus examined instead whether SCAMP4 protein
stability might differ between proliferating and senescent
cells by measuring SCAMP4 protein half-life in WI-38 fi-
broblasts treated with the translation inhibitor cyclohex-
imide (CHX). Blocking protein translation led to a rapid
decline in SCAMP4 in proliferating cells, as determined
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Figure 2. In proliferating cells, SCAMP4 is degraded by the ubiqui-
tin-proteasome pathway. (A) Analysis of polysomes in proliferating
(P) and senescent (S) cells. Lysates of proliferating and senescent
WI-38 cells were loaded onto 10%-50% linear sucrose gradients,
and the relative distributions of SCAMP4 mRNA and ACTB (control)
mRNA were calculated after RT-qPCR analysis in each fraction. (B)
The stability of the SCAMP4 protein in proliferating and senescent
cells. (Left) Western blot analysis of the levels of SCAMP4 and loading
control ACTB in cells harvested after treatment with the protein syn-
thesis inhibitor cycloheximide (CHX) for the times shown. (Right)
Quantification of SCAMP4 signals normalized to ACTB signals.
Data are the means+SEM from two independent experiments.
(C) Proliferating WI-38 fibroblasts (PDLs 22-25) were incubated
with either vehicle (ethanol) or 10 uM MG132 for 4 or 6 h. (Top) West-
ern blot analysis of SCAMP4 levels in WI-38 fibroblasts treated with
MG132 for 4 or 6 h. (p21) Marker of proteasome inhibition; (ACTB)
loading control. (Bottom) ELISA measurement of secreted IL6, ILS,
and MIF. (D) Immunoprecipitation using anti-SCAMP4 or rIgG (con-
trol) antibodies in proliferating cells with or without MG132 for 3
h. After lysis, ubiquitinated SCAMP4 was detected by Western blot
analysis using anti-ubiquitin antibody. ACTB was detected in lysates
(Input) used in immunoprecipitation reactions. (**) P-value < 0.01; (*)
P-value < 0.05; (N.S.) not significant.

by Western blot analysis (with an apparent half-life of
~1.5 h), while SCAMP4 was quite stable in senescent
cells; the control protein ACTB was stable in both popula-
tions (Fig. 2B). To distinguish between two major path-
ways of protein stability (the ubiquitin-proteasome
degradation system [UPS| and autophagy), proliferating
and senescent cells were treated with the proteasome in-
hibitor MG132 or the autophagy inhibitor bafilomycin
Al. Cells were harvested 24 h later, and SCAMP4 protein
was found to accumulate when the proteasome was inhib-
ited in proliferating cells but not in senescent cells, as de-

SCAMP4 promotes SASP factor secretion

termined by Western blot analysis (Supplemental Fig.
S3A). The levels of senescence markers and secreted
SASP factors increased after MG132 treatment (Supple-
mental Fig. S3A,B). To address whether SCAMP4 might
be stabilized when the proteasome was inhibited but be-
fore cells reached senescence, we measured SCAMP4 lev-
els after short-term treatment with MG132. Western blot
analysis revealed that SCAMP4 accumulated after
MGI132 treatment by 4 h, before SASP factor secretion
was widely induced (Fig. 2C); there was no increase by 2
h (data not shown). In contrast, SCAMP4 accumulated
in both proliferating and senescent cells after inhibiting
autophagy (Supplemental Fig. S3C), indicating that UPS,
but not autophagy, was responsible for the selective re-
duction of SCAMP4 in proliferating cells.

In keeping with the finding that SCAMP4 was ubiquiti-
nated on Lys4 and Lys185 in lung cancer cells (Wu et al.
2015), we found that SCAMP4 was ubiquitinated in
MG132-treated proliferating WI-38 cells, as determined
by SCAMP4 immunoprecipitation followed by Western
blot analysis of ubiquitinated (Ub) proteins (Fig. 2D).
These results indicate that SCAMP4 protein was selec-
tively unstable and degraded by ubiquitin-mediated prote-
olysis in proliferating cells, while, in senescent cells,
SCAMP4 was stable and accumulated to high levels.

Silencing SCAMP4 reduces the production and secretion
of SASP factors

Given earlier evidence that SCAMP5, a member of the
SCAMP protein family, promoted cytokine secretion in
human epithelial cancer cells and human monocytes
(Han et al. 2009), we tested whether SCAMP4 might affect
senescence traits, particularly SASP. SCAMP4 was si-
lenced in presenescent fibroblasts by transfecting siRNAs;
72 h later, RT-qPCR analysis revealed moderate reduc-
tions in the levels of mMRNAs encoding some well-known
SASP factors (IL1A and IL1IB mRNAs, encoding IL1A
[IL-1a] and IL1B [IL-1p], respectively) but no changes for
IL6 or IL8 mRNAs (Fig. 3A). Importantly, senescence
markers SA-B-gal activity, p53 and p21 protein levels
(Fig. 3B,C), and the levels of SASP factor IL1B all decreased
in SCAMP4 silenced WI-38 cells. Considering that IL1A
can regulate SASP secretion (Orjalo et al. 2009) and that
SCAMPS5 affects CCL5 secretion (Han et al. 2009), we
sought to study comprehensively whether SCAMP4
might regulate cytokine secretion. Interestingly, analysis
of conditioned medium from fibroblasts using a cytokine
array revealed that the secretion of many cytokines de-
creased after silencing SCAMP4 (Fig. 3D). To validate
these results, we measured the levels of several major
SASP factors (IL6, IL8, GDF-15, IL1B, and CCL2) secreted
into the culture medium using ELISA; indeed, by 72 h after
silencing SCAMP4, several cytokines were markedly re-
duced in the culture medium of presenescent cells, includ-
ing IL8, MIF, and IL1B (Supplemental Fig. S3D).

To test whether SCAMP4 affects SASP secretion in
senescent cells, we triggered WI-38 senescence by expo-
sure to IR, subsequently silenced SCAMP4, and measured
the secretion of SASP factors into the culture medium
by ELISA (Fig. 3E). As shown in Figure 3F, the secretion
of several SASP factors by senescent cells declined if
SCAMP4 was silenced, further supporting a role for
SCAMP4 in enhancing SASP factor secretion in senescent
cells.
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Figure 3. Silencing SCAMP4 in WI-38 fibroblasts reduces the secre-
tion of SASP factors. (A-D) Seventy-two hours after transfection with
control (Ctrl) siRNA or SCAMP4 siRNA, presenescent WI-38 cells
(PDLs 39-42) were analyzed. (A) Levels of p16, p21, IL1A, IL1B, IL6,
IL8, and ACTB mRNAs, as measured by RT-qPCR analysis and nor-
malized to 18S rRNA levels. (B) Western blot analysis to assess the
levels of SCAMP4, p53, pl6, SIRT1, p21, IL1B, and ACTB in whole-
cell lysates. (C) SA-B-gal-stained cells (the percentage of p-gal positive
cells is shown). (D) Cytokine array analysis of the secreted factors
(Ieft) and array signal quantification (right). (E) Experimental scheme
(Ieft) and Western blot analysis of SCAMP4 levels (right). (F) ELISA to
quantify the levels of secreted IL6, IL8, GDF-15, CCL2, CXCLI,
CCL7, IL7, angiogenin, and MIF. Graphs in A and F represent the
means + SEM from three independent experiments. (**) P-value <
0.01; (*) P-value < 0.05.

SCAMP4 overexpression promotes the secretion of SASP
factors

Given that secretion of SASP factors was reduced in
SCAMP4-depleted cells, we asked whether, conversely,
elevating SCAMP4 might promote the secretion of SASP
factors. To test this possibility, we overexpressed
SCAMP4 in proliferating WI-38 cells (PDL 25) by infection
with a lentivirus that expressed SCAMP4-Myc; control vi-
ral particles expressed only the Myc tag. After selecting
the infected cells in 1 pg/mL puromycin for 20 d, RT-
qPCR analysis revealed that the levels of senescent mark-
ers p16 mRNA and mRNAs encoding SASP factors IL1B,
IL6, and IL8 were higher in cells overexpressing SCAMP4
(Fig. 4A). SA-B-gal signals also increased after overexpress-
ing SCAMP4 (Fig. 4B), and Western blot analysis similarly
confirmed that the levels of senescent markers p53 and
p16 as well as SASP factors IL1A and IL1B increased after
expressing SCAMP4-Myc (Fig. 4C). In addition, IL1A
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mRNA was more actively translated in SCAMP4-Myc-ex-
pressing fibroblasts, as determined by analyzing its associ-
ation with heavy polysomes (Supplemental Fig. S4A).
SCAMP4 overexpression also affected cell proliferation,
as revealed by the reduced incorporation of [*HJ-thymi-
dine in cells overexpressing SCAMP4 relative to control
cells (Fig. 4D). In addition, the levels of IL6, IL8, GDF-
15, IL1B, CXCL1, and IL7 secreted in the medium in-
creased in SCAMP4-overexpressing cells compared with
control cells (Fig. 4E).

Short-term SCAMP4 overexpression similarly affected
SASP secretion and senescence. By 3 d of SCAMP4-Myc
overexpression in proliferating WI-38 cells (Supplemental
Fig. S4B), RT-qPCR analysis revealed increased levels of
the mRNAs encoding pl6 and SASP factors GDF-15,
MIF, IL1A, IL1B, IL6, IL8, and CXCL1 (Supplemental
Fig. S4C), while ELISA indicated higher secretion of IL6,
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Figure 4. SCAMP4 promotes secretion of SASP factors. (A-E) Prolif-
erating WI-38 cells were transduced with lentiviral particles to ex-
press either Myc tag alone or SCAMP4-Myc. Twenty days later,
RT-qPCR analysis was used to measure the steady-state levels of
plé, p21, IL1A, IL1B, IL6, IL8, and ACTB mRNAs (normalized to
18S rRNA levels) (A); SA-B-gal activity was assessed (B); Western
blot analysis was performed to assess the levels of SCAMP4-Myc (us-
ing anti-SCAMP4 antibody or anti-Myc antibody), p53, IL1A, IL1B,
p21, 1316, SIRT1, and GAPDH (loading control) in whole-cell lysates
(C); [’H]-thymidine incorporation was measured (D); and the secre-
tion of IL6, IL8, GDF-15, IL1B, CXCL1, and IL7 was measured by
ELISA (E). Graphs in A, D, and E represent the means + SEM from
three independent experiments. (**) P-value <0.01; (*) P-value <0.05.
(F) Proposed model. In proliferating cells, SCAMP4 is rapidly degrad-
ed by the ubiquitin-proteasome degradation system. In senescent
cells, SCAMP4 is stable and localizes to the cell surface, in turn pro-
moting the secretion of SASP factors during senescence.
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IL8, GDF-15, CXCL1, and MIF in SCAMP4-overexpress-
ing cells (Supplemental Fig. S4D).

In summary, our data indicate that SCAMP4, a cell sur-
face protein highly up-regulated in senescent cells, can
promote the secretion of SASP factors. Accordingly, we
suggest a model in which SCAMP4 protein is rapidly
degraded by the ubiquitin—proteasome pathway in prolif-
erating cells, while it is stable in senescent cells, accumu-
lates, localizes on the cell surface, and stimulates SASP
factor secretion. By promoting the secretion of SASP fac-
tors, we propose that SCAMP4 enables one of the major
phenotypes of cellular senescence and further enhances
local cell senescence (Fig. 4F), given the autocrine actions
of several SASP factors (Lunyak et al. 2017).

Implications of SCAMP4 on senescence and aging

The impact of senescent cells in physiology (e.g., wound
repair and morphogenesis) and pathology (e.g., cancer, ar-
thritis, cataracts, and atherosclerosis) has been attributed
to factors present in the SASP, the senescent cell secre-
tome. Several levels of regulation of the senescent secre-
tome have been reported. Upstream regulatory events
include activation of signaling cascades by factors includ-
ing the prominent regulator IRAK-1 and downstream
mitogen-activated protein kinases p38 and JNK. These in-
ducers activate prominent transcriptional regulators of
SASP factor production in senescent cells, notably NF-xB
and C/EBPB, which induce the transcription of SASP genes
such as IL6 and IL8 (Orjalo et al. 2009). At the post-tran-
scriptional level, numerous regulators of the stability
and translation of mRNAs encoding SASP factors have
also been identified, including several RN A-binding pro-
teins (e.g., ILF3/NF-90), microRNAs (e.g.,, miR-146a/b,
miR-335, miR-15b, and miR-34a), long noncoding RNAs
(e.g., THRIL, NEATI1, Lethe, etc), and circular RNAs
(e.g., CircPVT1 and Circ-Foxo3) (Tominaga-Yamanaka
et al. 2012; Steri et al. 2017; for review, see Panda et al.
2017). However, the mechanisms by which cytokines are
secreted by senescent cells are not well understood, al-
though there is evidence that they include exocytosis, di-
rect protein secretion, and secretion via vesicles such as
exosomes.

In this regard, among the ubiquitous SCAMP family
members (Fernidndez-Chacén and Stidhof 2000; Han
et al. 2009), SCAMP1, SCAMP2, and SCAMP3 have N-ter-
minal cytoplasmic NPF (Arg-Pro-Phe) repeats, transmem-
brane regions (TMRs), and a cytoplasmic tail involved in
endocytosis through trafficking Golgi to the plasma mem-
brane (Castle and Castle 2005). However, SCAMP4 and
SCAMPS5 lack the cytoplasmic NPF repeats and localize
on plasma membranes. SCAMP5 was found to promote
the secretion of CCL5, a cytokine containing a signal pep-
tide regulated by calcium, in response to signals that pro-
mote calcium influx in human epithelial and immune
cells (Han et al. 2009). SCAMP5 regulated the secretion
of CCL5 via interaction with SNARE (soluble N-ethylma-
leimide-sensitive factor attachment protein receptors)
proteins. Whether SCAMP4 also functions in the secretion
of specific cytokines through the SNARE machinery (Stan-
ley and Lacy 2010), facilitates exosome release, or pro-
motes direct secretion of targets such as IL1B, MIF, and
IL8 is unknown. Studies are under way to identify
SCAMP4-interacting proteins in order to uncover possible
mediators of its secretory function.

SCAMP4 promotes SASP factor secretion

In light of the profound impact of senescent cells upon
organ physiology and disease and the prominence of the
senescent cell secretome, the finding that SCAMP4 in-
duces SASP factor secretion (Figs. 3, 4) underscores the po-
tential value of SCAMP4 as a target of therapeutic
intervention. Enhancing SCAMP4 function thus might
be advantageous in situations in which senescent cells
are beneficial, such as wound healing and fibrosis preven-
tion. Conversely, suppressing SCAMP4 function may
thwart the detrimental actions of senescent cells in
many age-associated conditions, including chronic in-
flammation, arthritis, sarcopenia, diabetes, and cancer.

Materials and methods

Cell culture, establishment of senescence, transfection,
and SA-B-gal activity

Human diploid fibroblasts WI-38 (Coriell Cell Repositories) and other sen-
escence models were cultured as described in the Supplemental Material.
Proliferating WI-38 human diploid fibroblasts were used at PDLs ranging
between PDL 20 and 26, and senescent WI-38 human diploid fibroblasts
were used after additional culture (PDLs 50-59). Gene silencing and over-
expression analyses are described in the Supplemental Material. Control
(UUCUCCGAACGUGUCACGU) (IDT) and SCAMP4 (ACAGAACCCG
UGUUCAUCU]J (Thermo Scientific) siRNAs were transfected at 50 nM
using Lipofectamine 2000 (Thermo Scientific). Lentiviruses were used to
overexpress either SCAMP4-Myc or Myc (GeneCopoeia, Inc.). Thymidine
incorporation and flow cytometric analyses are described (Supplemental
Material).

Protein analysis

Proteins on the cell membrane, on the cell surface, and in whole-cell ly-
sates were analyzed by Western blot analysis using primary antibodies
that were detected by secondary antibodies and visualized using enhanced
chemiluminescence (Supplemental Material; Noh et al. 2016). Protein
stability was assessed by incubating WI-38 cells with 100 ng/mL CHX
(Calbiochem). Following immunoprecipitation of WI-38 cell lysates, the
presence of bound proteins was assessed by Western blot analysis as
described (Supplemental Material).

Analysis of secreted proteins: cytokine arrays and ELISA

Conditioned medium (CM) was prepared by washing cells twice with 1x
PBS, adding fresh DMEM with 0.2% FBS, incubating cells for an additional
24-36 h, and collecting the CM for further analysis. Individual cytokines
secreted into the culture medium were measured using either human
Quantikine ELISA kits (R&D Systems) or cytokine arrays (RayBiotech)
(Supplemental Material).

RNA isolation and RT-gPCR analysis

Total RNA was extracted using TriPure isolation reagent (Roche). RT-qPCR
analysis was used to measure the levels of specific mRNAs using gene-spe-
cific primer pairs (Supplemental Material), SYBR Green master mix (Kapa
Biosystems), and an Applied Biosystems 7300 instrument. Polysome frac-
tionation and analysis of polysome-associated RNA were performed as de-
scribed in the Supplemental Material and Tominaga-Yamanaka et al. (2012).

Immunofluorescence microscopy

Confocal microscopy was performed as described (Supplemental Material;
Kim et al. 2017).
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