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Abstract

Cellular senescence is a terminal stress-activated program controlled by the p53 and p16!NK4a
tumor suppressor proteins. A striking feature of senescence is the senescence-associated secretory
phenotype (SASP), a pro-inflammatory response linked to tumor promotion and aging. We have
identified the transcription factor GATA4 as a senescence and SASP regulator. GATA4 is
stabilized in cells undergoing senescence and is required for the SASP. Normally, GATA4 is
degraded by p62-mediated selective autophagy, but this regulation is suppressed during
senescence, thereby stabilizing GATA4. GATA4 in turn activates the transcription factor NF-«xB to
initiate the SASP and facilitate senescence. GATA4 activation depends on the DNA damage
response regulators ATM and ATR, but not on p53 or p16'NK4a GATA4 accumulates in multiple
tissues, including the aging brain, and could contribute to aging and its associated inflammation.

GATA4 functions as a key switch in the senescence regulatory network to
activate the SASP

The non-senescent state is maintained by inhibitory barriers that prevent cell cycle arrest and
inflammation. Upon senescence-inducing signals, ATM and ATR relieve inhibition of the p53 and
p16!NK4a pathways to induce growth arrest and also block p62-dependent autophagic degradation
of GATAA4, resulting in NF-xB activation and SASP induction.
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Cellular senescence is a program triggered by stresses that prevent abnormal cells from
further proliferation. Multiple distinct stimuli associated with aging—including short
telomeres caused by recurrent proliferation, DNA damage, and expression of activated
oncogenes—cause mammalian cells to enter into an essentially irreversible growth arrest
and acquire the morphological and behavioral features of senescent cells. Cellular
senescence decreases the regenerative capacity of cells and tissues and is thought to
contribute to the aging process (1-6). Elimination of senescent cells reduces certain aging-
associated phenotypes in a mouse model of accelerated aging. However, knowledge about
the regulatory network that receives senescence signals and initiates the senescence response
is still lacking.

In addition to their well-studied growth arrest, senescent cells display extensive changes in
gene expression, including the expression and secretion of many proinflammatory cytokines,
chemokines, growth factors, and proteases; collectively these features are termed the
senescence-associated secretory phenotype (SASP) (2, 7-10). Depending on the
physiological context, SASP factors can either reinforce senescence growth arrest in an
autocrine manner or relay the senescence phenotype to surrounding cells in a paracrine
manner (11-13). Senescent cells can also stimulate adjacent premalignant and malignant
cells to proliferate and form tumors (14). On the other hand, these secreted factors can
stimulate the immune system to both suppress tumorigenesis and promote optimal repair of
damaged tissues when senescent cells are removed after their beneficial actions (15-17).
Lastly, factors secreted by senescent cells may directly or indirectly promote chronic
inflammation that is thought to be a major factor in many, if not all, age-related diseases (2,
9, 10).

Despite the wide range of biological activities attributed to the SASP, little is known about
how it is regulated beyond the activation of NF-xB and the classical regulators of
inflammation associated with NF-xB activity, such as CCAAT/ enhancer-binding protein 3
(C/EBPB), interleukin-1a (IL-1a), and p38 mitogen-activated protein Kinase (p38 MAPK)
(2, 18-20). How the NF-xB inflammatory response becomes activated under senescence-
inducing conditions is not known. In contrast to senescence growth arrest, in which the p53
and p16'NK4a/Rb tumor suppressor pathways have a crucial role (21-25), the SASP does not
depend on either p53 or p16'NK42 which suggests that it is controlled by an independent
branch of the senescence regulatory network (2, 10, 20, 26). In contrast to normal
inflammatory responses that develop acutely, the SASP develops relatively slowly, normally
taking several days after initiation of the senescence growth arrest to manifest; this would
suggest a senescence-specific mechanism of activation.
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In addition to transcriptional regulation, macro-autophagy (hereafter referred to as
autophagy)—a tightly regulated major lysosomal degradation pathway (27-30)—has been
implicated in establishing the SASP through the target of rapamycin (TOR) autophagy
spatial coupling compartment (TASCC). The TASCC may facilitate the synthesis of
secretory proteins (31, 32) by coupling autolysosome-derived amino acids with mechanistic
TOR (MTOR) activation to stimulate protein synthesis. However, other findings indicate that
autophagy inhibition promotes senescence in some contexts (33). Thus, the relationship
between autophagy and senescence is unclear.

GATA4, a novel senescence regulator

In an effort to develop new markers for senescence, we analyzed microRNA expression in
nonsenescent and senescent human fibroblasts (strain IMR-90 from fetal lung). We induced
senescence by replicative exhaustion and found miR-146a to be highly expressed by
senescent but not nonsenescent cells (fig. SLA), a result also reported for human foreskin
fibroblasts (HCAZ2) (34). Given its abundant expression, we suspected that miR-146a
regulation occurs primarily at the level of transcription. We therefore generated a 1.5-kb
miR-146a promoter fragment fused to green fluorescent protein (PmiR-146a-GFP).
Expression of this reporter construct was significantly increased in response to several
senescence-inducing stimuli, including replicative exhaustion, ionizing radiation (IR; 12
Gy), and expression of oncogenic RAS (fig. S1B). Using the Evolutionarily Conserved
Regions browser (35), we found that the miR-146a promoter contains two evolutionarily
conserved regions, ECR1 and ECR2. ECR2 was critical for reporter activity (fig. S1C).
Because ECR2 has a putative NF-xB binding site and NF-xB is known to regulate miR-146a
(36), we inhibited NF-xB either pharmacologically (with an inhibitor of 1xB kinase,
Bay11-7082) or genetically [with short interfering RNAs (siRNAs) targeting the NF-xB
family member RELA (p65)] in fully senescent SASP-expressing cells. NF-xB inhibition
only partially decreased reporter activity in senescent cells (fig. S1D). These results indicate
that other transcription factors also contribute to senescence-dependent activation of the
miR-146a reporter.

To identify additional transcription factors responsible for the reporter activity, we searched
for ones that were predicted to bind to ECR2 (see Materials and Methods). We individually
overexpressed each candidate and examined reporter activity. Of 13 transcription factors
selected, only GATA4, but not other GATA family members, activated the reporter (Fig. 1A
and fig. S2, A and B). Depletion of GATA4 with siRNAs showed that it was required for
reporter activation during senescence (Fig. 1B). Chromatin immunoprecipitation combined
with quantitative polymerase chain reaction (ChIP-gPCR) revealed that exogenously
expressed GATA4 bound directly the miR-146a ECR2 region (fig. S2C). These results
indicate that GATA4 contributes to activation of the miR-146a promoter in senescent cells.

GATA4 is a zinc finger transcription factor essential for the development of various organs,
including heart, testis, foregut, liver, and ventral pancreas (37). To examine whether GATA4
functions in senescence, we examined the effects of ectopic expression or depletion during
the senescence response of human diploid fibroblasts. Ectopic expression of GATA4 induced
senescence in human foreskin fibroblasts (strain BJ; Fig. 1C) and IMR-90 fibroblasts (fig.
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S3, A and B), as shown by increased senescence-associated -galactosidase (SA-p-Gal)
activity and decreased 5-bromo-2’-deoxyuridine (BrdU) incorporation. More important,
depletion of GATA4 with stably expressed short hairpin RNAs (ShRNAs) partially decreased
IR-induced SA-B-Gal activity (Fig. 1D and fig. S3C) and delayed replicative senescence
(Fig. 1E). We confirmed these results by CRISPR mutation of GATA4 (fig. S3D). These data
indicate that GATA4 is a positive regulator of senescence. Consistent with a regulatory role
in senescence, GATA4 is frequently silenced in lung, colon, prostate, ovarian, and breast
cancer (38, 39).

Selective autophagy suppresses GATA4 and senescence

While examining the efficiency of GATA4 siRNAs (Fig. 1B), we noticed that the amount of
GATA4 increased in senescent cells. Indeed, abundance of the GATA4 protein, but not
MRNA, increased during IR- and oncogene-induced senescence and replicative senescence
(Fig. 2A). This increase was primarily due to increased protein stability, as indicated by the
measurement of protein stability in the presence of cycloheximide (Fig. 2B) and by global
protein stability profiling (40) (fig. S4A).

Two major pathways in eukaryotic cells mediate protein degradation: the ubiquitin-
proteasome and autophagy-lysosome pathways. Inhibition of the proteasome by MG-132, a
proteasome inhibitor, had no effect on GATA4 abundance, whereas GATA4 protein was
stabilized in cells treated with distinct lysosomal inhibitors known to block autophagy:
bafilomycin Al (a selective inhibitor of the vacuolar-type H*—adenosine triphosphatase) or
E64d and pepstatin (lysosomal protease inhibitors) (Fig. 2, C and D). These findings suggest
the autophagy-lysosome pathway, not the ubiquitin-proteasome pathway, regulates GATA4.
Consistent with this interpretation, depletion of the autophagy components ATG5 or ATG7
also increased the abundance of GATA4 protein (Fig. 2E). Autophagy can selectively
degrade certain substrates, mediated by specific autophagic adaptors (41-43). Indeed,
depletion of the autophagic adaptor p62 increased the abundance of GATA4 protein (Fig.
2F). Exogenously expressed and endogenous GATA4 physically interacted with p62, and the
interaction was reduced during senescence (Fig. 2G and fig. S4B). Thus, GATA4 appears to
be targeted for autophagic degradation through its association with p62 under normal
conditions but becomes stabilized during senescence, possibly through reduced association
with p62.

The relationship between senescence and autophagy is unclear. Autophagy is reported to be
required for the establishment of senescence (31, 32, 44) or to inhibit senescence (33). Our
results can reconcile these conflicting reports. Selective autophagy might prevent senescence
by suppressing positive senescence regulators such as GATA4. However, senescence-
inducing stimuli cause GATA4 to escape selective autophagy. Subsequently, general
autophagy may be activated, which then contributes to establishment of senescence. Hence,
selective autophagy for GATA4 may be a negative senescence regulator, whereas general
autophagy is a positive regulator of senescence. If so, transiently inhibiting autophagy
should induce senescence.
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To test this, we used doxycycline (Dox)—inducible ShRNAs to deplete ATG5 or ATG7 and
transiently inhibit autophagy (45), allowing GATA4 to accumulate, and then restored
autophagy by removing Dox, returning the cell to a senescence-permissive state. Transient
inhibition of autophagy (GATA4 abundance high, autophagy on) induced senescence more
effectively than did continuous inhibition (GATA4 abundance high, autophagy off); this
effect, at least in part, depended on GATA4 (Fig. 2, H and I, and fig. S4C). Continuous and
transient inhibition of autophagy increased GATA4 abundance to similar extents, but
continuous inhibition failed to induce senescence (Fig. 21). Consistent with this finding, p62
depletion induced senescence even more effectively than did depletion of the core autophagy
regulators ATG7 or ATG5 under normal conditions (fig. S4D). Thus, selective autophagy for
GATA4 appears to function as an anti-senescence mechanism, whereas general autophagy
functions as a pro-senescence mechanism.

GATA4 regulates the SASP

To investigate the mechanisms through which GATA4 regulates senescence, we explored
how GATA4 influences gene expression in human fibroblasts. Because GATA4 induces
senescence when ectopically expressed, we performed transcriptional profiling with RNA
sequencing (RNA-seq) before and after GATA4 expression using a Dox-inducible GATA4
vector. We used Gene Ontology (GO) analysis to systematically characterize the cellular
processes affected by GATA4 (46). Genes showing increased expression in response to
GATA4 showed significant enrichment for the terms “immune response,” “inflammatory
response,” and “response to wounding,” whereas genes with decreased expression were
mostly enriched for biological processes related to the cell cycle, which correlated well with
terms previously linked to senescence (Fig. 3A and table S1). We compared the GATA4-
regulated gene set (GATA4-regulated set) with a gene set differentially regulated during
replicative senescence (Senescent set). Both up-regulated and down-regulated genes
overlapped significantly, with greater statistical significance for the up-regulated genes (P=
2.46 x 10749), consistent with the fact that GATA4 acts mostly as a transcriptional activator
(Fig. 3B). These results suggest that GATA4 might activate a major portion of senescence-

associated genes.

Among the GATA4-regulated, senescence-associated genes, we found several SASP genes,
including those encoding IL6, IL8, C-X-C motif ligand 1 (CXCL1), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and extracellular matrix (ECM) proteases
and inhibitors (7). Because inflammatory and immunemodulatory cytokines and chemokines
secreted by senescent cells can reinforce senescence arrest and alter the microenvironment
(1, 2, 10), GATA4 might indirectly regulate other senescent phenotypes, notably growth
arrest, through the SASP. We confirmed that ectopic expression of GATA4 induces the
expression of genes associated with the SASP by reverse transcription gPCR (RT-gPCR)
(Fig. 3C). More important, depletion of GATA4 suppressed the expression of several SASP
genes during the establishment of senescence (Fig. 3D), indicating that GATA4 indeed
controls many SASP genes. Ectopic expression of GATA3—another GATA family member
predicted to be a strong tumor suppressor (47, 48)—did not increase expression of genes
associated with the SASP. Likewise, ectopic expression of GATA3 did not increase
expression of TRAF3IP2 [tumor necrosis factor receptor—associated factor (TRAF)
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interacting protein 2], a key GATA4 downstream target (see below), although it is
functionally active, as shown by its ability to activate its well-known target IL13 (fig. S5A).
These results support a specific role for GATA4 in SASP regulation. However, we cannot
rule out the possibility that other GATA factors including GATA3 may have a similar role in
other cell types.

GATA4 regulates NF-xB

NF-xB has a crucial role in controlling the SASP (18, 19, 49) (Fig. 3D), yet little is known
about how NF-«B is activated during senescence. To examine the relationship between
GATA4 and NF-xB in regulating the SASP, we tested how suppression of the essential NF-
«B component RELA affected the GATA4-induced SASP. RELA depletion inhibited the
expression of genes associated with the SASP in response to GATA4 (Fig. 4A). GATA4
expression triggered NF-xB activation, and GATA4 depletion inhibited NF-xB activation
during senescence (Fig. 4B); these findings suggest that GATA4 acts upstream of NF-xB in
regulating the SASP.

To understand how GATA4 activates NF-«xB, we searched promoters bound by GATA4 in
genome-wide ChIP experiments (50) to find associated genes that function as NF-xB
activators, and examined their regulation by GATA4. GATA4 induced the expression of
TRAF3IP2, an E3 ubiquitin ligase for TRAF6 (51) (Fig. 4C), and TRAF3IP2 depletion
partially blocked GATA4 activation of NF-xB, as assessed by the expression of SASP genes
(Fig. 4D). Furthermore, ectopic expression of TRAF3IP2 partially rescued the reduced
SASP caused by GATA4 depletion in IR-induced senescent cells (Fig. 4E). Note that certain
SASP factors, such as IL6 and CXCL3, were resistant to TRAF3IP2 depletion; this result
suggests that GATA4 regulates them in a TRAF3IP2-independent manner, either directly or
indirectly through its other downstream targets.

RELA depletion almost completely blocked the activation of SASP genes by GATA4, with
the exception of IL1A (Fig. 4A). IL1A, a SASP component, is thought to form a
feedforward activation loop with NF-xB in SASP regulation (13, 52). Thus, IL1A might
cooperate with TRAF3IP2 during GATA4-dependent production of the SASP. Consistent
with this idea, depletion of IL1A reduced GATA4 activation of NF-kB, as assessed by the
expression of SASP genes (fig. S5B). Furthermore, activation of SASP-associated genes was
transmitted to cells lacking GATA4 induction by conditioned medium from GATA4-induced
cells (fig. S5C). Thus, GATA4 appears to act, at least in part, through TRAF3IP2 and IL1A
to activate NF-xB in activating the SASP.

TRAF3IP2 depletion also partially blocked GATA4-induced senescence, as determined from
SA-B-Gal activity (Fig. 4F). Unlike GATA4 expression, however, TRAF3IP2 expression
alone was not sufficient to induce SA-B-Gal activity (fig. S6A), despite activating expression
of a number of SASP-associated genes (fig. S6C). Moreover, ectopic expression of
TRAF3IP2 together with IL1A was still not sufficient to induce SA-B-Gal activity, in
contrast to that of GATAA4 (fig. S6B). Thus, the SASP may not be the only mechanism
through which GATAA4 regulates senescence. Indeed, previously identified regulators of
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senescence, such as promyelocytic leukemia protein (PML) and yippee-like 3 (YPEL3), are
among GATA4-induced genes (fig. S6D) (53).

GATAA4, a new branch of the senescence regulatory pathway

To more completely understand how GATA4 regulates senescence responses, we examined
the effects of two core senescence-regulating pathways, the p53 andp16'NK4pathways. The
effects of GATA4 on senescence (SA-B-Gal activity) were independent of p53 and the
p16!NK4a/Rb pathway, as shown in cells depleted of p53 or p53 and Rb by shRNAs or
expression of HPV E6 and E7 proteins (Fig. 5, A and B). Conversely, GATA4 activation in
response to a senescence-inducing dose of IR remained intact in cells deficient in p53 or p53
and Rb (Fig. 5C). Further, neither p53 activation by nutlin nor p16/NK4a activation by Dox-
induced expression was sufficient to activate GATA4 (Fig. 5D). Thus, GATA4 appears to
function independently of p53 and the p16'NK4a/Rb pathway in regulating senescent
phenotypes, consistent with the observation that the SASP is p53- and p16!NK4a_independent
(2, 10, 20, 26). Even in nutlin-treated cells, in which GATA4 was not initially activated, IR
activated GATA4 and NF-«xB (Fig. 5E), which suggests that the DNA damage response
(DDR) acts upstream of this pathway (1, 2, 20, 54, 55). Indeed, inhibition of the DDR
regulators ATM (ataxia telan-giectasia mutated) and ATR (ataxia telangiectasia and Rad3—
related) suppressed activation of the GATA4 pathway during senescence (Fig. 5F). Thus, the
GATA4 pathway that induced the SASP appears to be an independent branch of the DDR.
How the DDR inhibits the basal autophagy-mediated degradation of GATA4 remains a key
question for future experimentation.

GATA4’s role in senescence in vivo

To test whether GATA4 activity and regulation is conserved and occurs in vivo, we
examined Gata4 in mouse embryonic fibroblasts induced to senesce by IR under conditions
of physiological O, (56, 57) (Fig. 6A). The abundance of Gata4 increased in response to
senescence-inducing IR and was required for the induction of several Gata4 target genes,
including those that encode Traf3ip2 and the SASP factors 116, 111A, and Cxcl1. Thus, the
GATA4 pathway that regulates senescent phenotypes is conserved in mice.

To determine whether GATA4 responds to senescence induction in mice in vivo, we
examined irradiated mice, which show senescent cells in multiple tissues (58). The
abundance of Gata4 increased in response to senescence-inducing amounts of IR in the skin
and liver (Fig. 6B). Thus, GATA4 accumulates during DNA damage—induced senescence in
Vivo.

Senescent cells accumulate with age in mice and humans (2, 3, 5). We examined young and
old mice (age 6 months and 22 months, respectively) and found increased accumulation of
Gata4 in the livers and kidneys of aged mice relative to the same organs of young animals;
this accumulation correlated with the amounts of p16!NK42 (Fig. 6C and fig. S6, E and F).
Moreover, aged but not young mouse livers showed NF-xB activation, as determined by
RELA phosphorylation, consistent with our cell culture results (Fig. 6C).
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We also examined GATA4 abundance in the human brain (59). The abundance of GATA4
increased in prefrontal cortex samples from older humans, as did the abundance of p16!NK4a
(Fig. 6D). To corroborate these results, we examined the spatial correlation between GATA4
and p16!NK4a jn sections of prefrontal cortex from young and old humans by
immunofluorescence microscopy (Fig. 6E). GATA4 and p16/NK4a \were more abundant in
aged human brains than in young brains. Moreover, we found a significant spatial
correlation between GATA4 and p16'NK4a in oligodendrocytes, pyramidal neurons, and
astrocytes from older humans, further supporting the role of GATA4 in senescence during
human aging (Fig. 6E). Thus, GATA4 may contribute to cellular senescence and the
resulting inflammation during mouse and human aging.

Our results indicate that autophagy is both a negative and a positive regulator of senescence,
resolving apparently contradictory reports in the literature (31-33, 44). Degradation of
GATA4 by selective autophagy is relieved in cells responding to senescence-inducing
signals, which contributes to growth arrest and accumulation of senescence markers. In
response to IR, these senescent phenotypes depend on the DDR signaling kinases ATM and
ATR, as does senescence-associated expression of p53 and p16'NK4a However, the GATA4
pathway is independent of p53 and p16!NK4a thus establishing a new branch of the DDR
pathway. This role of GATA4 in regulating cellular senescence operates in part through its
effect on the SASP. In doing so, GATA4 acts as an upstream regulator of NF-xB through
TRAF3IP2 and IL1A to initiate and maintain NF-«B activity (Fig. 5G).

GATA4 also activates expression of miR-146a, which dampens the activation of NF-xB (17).
This GATA4-miR-146a—NF-xB circuit forms an incoherent type 1 feedforward loop (60)
that, after the initial burst of SASP gene expression, could limit the extent of the
inflammatory response. However, it clearly does not extinguish the inflammatory response,
as senescent cells maintain the SASP despite high levels of miR-146a. miR-146a could also
act to prevent accidental activation of this pathway as a result of stochastic fluctuations in
the abundance of GATA4 or other factors under normal conditions.

Together, our results indicate that GATA4 is a key regulator of crucial senescent phenotypes,
and connects autophagy and the DDR to senescence and inflammation through IL1A and
TRAF3IP2 activation of NF-xB. More important, the GATA4 pathway is completely
independent of p53 and p16'NK4a, Cellular senescence has been shown to have both
beneficial and deleterious effects in organisms. This pathway can positively contribute to
normal development and wound healing (15, 17, 61, 62). However, the accumulation of
senescent cells as organisms age is thought to promote aging-related phenotypes and aging-
associated diseases, including cancer and neurodegeneration, in a cell-nonautonomous
manner (2, 3, 10). Thus, understanding the circuitry underlying control of senescence has
important implications for human health. Modulating the GATA4 pathway might provide an
avenue for therapeutic intervention into multiple age-related pathologies.
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Materials and methods

Cell culture, viral transduction, and senescence induction

Human diploid fibroblasts (IMR90 and BJ) were obtained from the American Tissue Type
Collection. Human and mouse cells were maintained in 3% O, and cultured in Dulbecco’s
modified Eagle’s medium supplemented with 15% fetal bovine serum, penicillin-
streptomycin, 2 mM glutamine, and 0.1 mM nonessential amino acids (Invitrogen).
Retroviral and lentiviral gene delivery was performed as described (63). Infected cells were
selected using puromycin (2 pg/ml; Clontech) for 3 days, neomycin (100 pg/ml; Invitrogen)
for 7 days, or blasticidin (10 pg/ml; Invitrogen) for 4 days. For co-infection, cells were
sequentially selected. Senescence was induced by replicative exhaustion, ionizing radiation
(12 Gy), or retrovirally delivered oncogenic RAS.

Growth curves and SA-B-gal assays

Population doublings were monitored using a Coulter Counter. SA-B-gal activity was
determined using the Senescent Cell Staining Kit (Sigma) according to manufacturer
instructions, with 4’,6-diamidino-2-phenylindole (DAPI) staining to identify nuclei.

BrdU incorporation assays

Cells were plated on Lab-Tek Il chamber slides and labeled with BrdU (100 pg/ml, BD
Science) for 4 hours. Nuclei incorporating BrdU were visualized by immunofluorescence
using an antibody to BrdU (BD Science) according to manufacturer instructions.

Gene expression profiling

For the senescent set, total RNA from proliferating (PD = 30) and senescent (PD = 70)
IMR90 cells was isolated using the acidic phenol extraction method. Ribosomal RNA was
depleted using the Ribo-Minus kit (Invitrogen). Ribo-depleted RNA was then fragmented,
adaptor-ligated, reverse-transcribed, PCR-amplified, and sequenced on an Illumina GA2
sequencer. For the GATA4-regulated set, cells expressing Tet (Dox)—inducible GATA4 were
cultured with or without doxycycline (Dox; 1 pg/ml) for 2.5 days. Three independent
experiments were performed, giving a total of six samples for mRNA-seq analysis. Total
RNA was isolated using the RNAeasy Mini Kit (Qiagen). mRNA-seq was performed at the
Harvard Medical School Biopolymer Facility. Briefly, poly(A) mRNA was isolated from
total RNA and fragmented, followed by adapter ligation, cDNA synthesis, and library
preparation using the Apollo 324 system (IntegenX) for lllumina sequencing. mMRNA-seq
reads were mapped tothe human genome (NCBI v36, hg18) and gene expression profiling
was analyzed using SeqMonk (Babraham Bioinformatics).

In silico transcription factor binding sites analysis

The miR-146a promoter region (1.5 kb upstream from its transcriptional start site) was
analyzed by the ECR browser (ecrbrowser.dcode.org) to identify potential transcription
factor binding sites according to the program’s instructions. Briefly, evolutionary conserved
regions between human and opossum were selected and transcription factor binding sites
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were analyzed by rVista 2.0 using TRANSFAC professional V10.2 library with matrix
similarity predefined as 0.8.

Gene Ontology (GO) analysis

The Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 was
used for GO term analysis (http://david.abcc.ncifcrf.gov).

Comparison of gene expression profiles

To compare gene expression profiles between the GATA4-regulated set (GATA4-induced/
noninduced, MRNA-seq) and Senescent set (senescent/proliferating, total RNA-seq), genes
with a total count less than 10 under both conditions were discarded and gene counts were
normalized by the total number of mapped reads. After normalization, only genes sequenced
between the two sets were selected, followed by calculation of the relative change in log,
units between the two samples (GATA4-induced versus GATA4-noninduced and senescent
versus proliferating) within each set. Finally, the relative change in log, units was compared
between the GATA4-regulated and Senescent sets.

Quantitative RT-gPCR

Total RNA was isolated using the RNAeasy Mini Kit (Qiagen), and cDNA was synthesized
using SuperScript 111 (Invitrogen) according to manufacturer instructions. Quantitative RT-
gPCR was performed in triplicate using the Gene Expression Assay (Applied Biosystems)
on an Applied Biosystems Fast 7500 machine with GAPDH as an endogenous normalization
control. Primer sequences are available upon request.

Antibodies

Antibodies used were anti-GATA4 (Santa Cruz and Abcam), anti-p53 (Calbiochem), anti-
p21 (Cal-biochem), anti-p62 (BD Biosciences), anti-ATG7 (Cell Signaling), anti-ATG5
(Cell Signaling), anti-LC3B (Cell Signaling), anti-GAPDH (Santa Cruz), anti-phospho p65
(Cell Signaling), anti-p65 (Santa Cruz), anti-phospho IxB (Cell Signaling), anti-IxB (Cell
Signaling), anti-TRAF3IP2 (Santa Cruz), anti-p16 (Santa Cruz), anti-RB (BD Biosciences),
and anti-FLAG-peroxidase (Sigma).

Retroviral vectors and siRNAs

Retroviral vectors used in this study were ShRNAs targeting GATA4, ATG5, and ATG7
subcloned from the GIPZ shRNA library (Open Biosystems) into either pMSCV-PM or
pinducer 10 vectors (45, 63). The shRNA targeting sequences are as follows: GATA4
shRNA1, CCAA-CATCTCTCAAAATAA; GATA4 shRNA2, GGAA-
AGAAGACGACTGCTA; mouse Gata4 shRNA, GG-CCTCTATCACAAGATGA; ATG5
shRNAL, TGAAA-GAAGCTGATGCTTT,; ATG5 shRNA2, TGGAATAT-
CCTGCAGAAGA,; ATG5 shRNA3, CCCATCTTTC-CTTAACGAA; ATG7 shRNAL,
AGCATCATCTTC-GAAGTGA; ATG7 shRNA2, AAGAGAAAGCTGGT-CATCA,; p53
SshRNA, AATGTCAGTCTGAGTCAG-GCCC; firefly luciferase (used as a control) shRNA,
CCCGCCTGAAGTCTCTGATTAA. The GATA4 and p53 cDNAs were obtained from Open
Biosystems and subcloned into either pInducer 20 or pMSCV vectors. cDNAs for other open
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reading frames (ORFs) used in this study were from the human ORFeome library V8.1 (64).
siRNAs were transfected into cells at 20 nM for the individual siRNA and 50 nM for pools
using Lipofectamine RNAIMAX transfection reagents (Invitrogen) according to
manufacturer instructions. The following siRNAs were used: firefly luciferase siRNA,
CGUAC-GCGGAAUACUUCGAUU; GATA4 siRNA #1, CGA-
CUUCUCAGAAGGCAGALt; GATA4 siRNA #2, CG-AUAUGUUUGACGACUUC; ATG5
SiRNA #1, CAU-CUGAGCUACCCGGAUA; ATG5 siRNA #2, GACA-
AGAAGACAUUAGUGA,; ATG5 siRNA #3, CAAU-UGGUUUGCUAUUUGA; ATG7
SiRNA #1, GAU-CAAAGGUUUUCACUAA,; ATG7 siRNA #2, GAA-
GAUAACAAUUGGUGUA; ATG7 siRNA #3, CAAC-AUCCCUGGUUACAAG; NBR1
SiIGENOME siRNA pool, Dharmacon, MU-010522-01-0002; NDP52 siGENOME siRNA
pool, Dharmacon, MU-010637-01-0002; BNIP3L siGENOME siRNA pool, Dharmacon,
MU-011815-01-0002; WDFY 3 siGENOME siRNA pool, Dharmacon,
MU-012924-01-0002; p62 siRNA #1, GAUCUGCGAUGGCUGCAAU; p62 siRNA #2,
GCAUUGAAGUUGAUAUCGA,; p62 siRNA #3, GAAGUGGACCCGUCUACAG;
TRAF3IP2 siRNA #1, GAGCAUGGCUUACAUACUA; RELA siRNA #1, GA-
UUGAGGAGAAACGUAAA; IL1A siRNA #1, GAU-CAUCUGUCUCUGAAUC; IL1A
SiRNA #2, GAAAUC-CUUCUAUCAUGUA.

CRISPR targeting

A guide RNA (gRNA) targeting the sequence GCTGTGGCGCCGCAATGCGGAGG in
exon 4 of human GATA4 was cloned into lentiCRISPR puro (Addgene plasmid #49535) by
annealing the following oligos and ligating into the BsmBI sites: Fwd,
CACCGCTGTGGCGCCGCAATGCGG; Rev, AAACCCGCATTGCGGCGCCACAGC.

A control gRNA targeting the AAVS1 locus GTCCCCTCCACCCCACAGTGGGG (65) was
cloned into lentiCRISPR puro via the BsmBI sites by annealing and ligating the following
annealed oligos: Fwd, CACCGTCCCCTCCACCCCACAGTG; Reyv,
AAACCACTGTGGGGTGGAGGGGAC.

GATA4 CRISPR targeting was confirmed by PCR and Sanger sequencing of targeting
genomic region with following primers: Fwd, AGCCCCGGT-
CAGTTCTCCTCTCAGGAGAA; Rev, TAAGGTAGG-AGGTAGAGGTCATGCTTTCC.

Chromatin immunoprecipitation (ChiIP)

Chromatin immunoprecipitation experiments were performed with the ChiP-IT Express kit
(Active Motif) according to manufacturer instructions. Briefly, cells expressing HA/FLAG-
tagged GATA4 were fixed in 1% formaldehyde for 10 min at room temperature. The cross-
linking reaction was quenched with Glycine Stop-Fix Solution. The pellet was resuspended
in ice-cold lysis buffer and dounced on ice with ~10 to 15 strokes to aid in nuclei release.
The nuclei were resuspended in shearing buffer and the chromatin sheared by sonication.
The sheared chromatin was centrifuged for 10 min at 15,000 rpm at 4°C and supernatants
incubated with Flag-M2-magnetic beads for 3 hours at 4°C. The beads were washed three
times with ChIP buffer and the DNA was eluted and reverse cross-linked. The DNA was
subjected to the QIAquick PCR purification kit (Qiagen) before real-time PCR.
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Brain sample procurement and Western blotting

Postmortem human brain tissue was procured from the Rush University Medical Center,
University of Maryland, Duke University, Brigham and Women’s Hospital, and
Massachusetts General Hospital in accordance with institutional guidelines governed by
approved protocols. Frozen specimens used in this study were from the prefrontal cortical
gray matter (Brodmann areas 9 and 10) and were snap-frozen and stored at —140°C.
Samples included tissue from young adults without neurological abnormalities and aged
subjects without a diagnosis of Alzheimer’s disease or other neurodegenerative disease and
neuropathological results within the normal range for age. Tissues were homogenized using
dounce homogenizer, and cells were lysed at 4°C using RIPA-DOC buffer supplemented
with protease and phosphatase inhibitors (Complete and Phosphostop, Roche). Sonication
was performed prior to centrifugation at 10,000 rpm for 10 min at 4°C. The supernatant was
removed and the protein concentration determined (BioRad protein assay). SDS sample
buffer containing p-mercaptoethanol was added and 20 g of protein was loaded per lane.

Immunohistochemistry analysis of human brain

Immunofluorescence analysis using paraffin-embedded brain sections was performed in the
prefrontal cortex. Paraffin-embedded tissue sections were first deparaffinized in xylene, then
re-hydrated with decreasing concentrations of ethanol and placed in water. Sections then
underwent antigen retrieval using the Diva decloaker (BioCare, USA). They were then
washed and blocked with 3% bovine serum albumin (BSA), 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 1 hour at room temperature. Primary antibodies were
diluted in 2% BSA, 0.1% Triton in PBS. The following primary antibodies were used:
GATA4 (mouse, Abcam); GATA4 (rabbit, Novus); GATA4 (goat, R&D systems); p16
(rabbit, Abcam); p16 (mouse, Thermo Scientific); p16 (rabbit, Bethyl); GFAP (goat,
Abcam). Analysis of GATA4 and p16 expression by immunofluorescence with antibodies
obtained from these sources led to similar conclusions. After overnight incubations, sections
were washed three times with PBS. Secondary antibodies, diluted in 2% BSA, 0.1% Triton
in PBS, were coupled to Alexa fluorophores (1:300, Invitrogen). After washes in PBS,
sections were incubated with 1% Sudan Black in 70% ethanol for 10 min to suppress
lipofuscin autofluorescence. Sections were mounted using ProLong anti-fade mounting
medium containing DAPI (Life Technologies) and imaged using confocal microscopy.
Images were randomly acquired in the prefrontal cortex for quantification of
immunofluorescence. Oligodendrocytes were distinguished from the white matter where
they are the predominant cell type by their location (densely distributed in a linear pattern
along axonal tracts) and small nuclei size. Pyramidal neurons were identified from the gray
matter by their characteristic morphology (pyramid shape), size (the largest cells in the gray
matter), and distinctive pattern of DAPI staining (diffuse). Astrocytes were identified by
costaining with the astrocytic marker GFAP. Nuclei were selected using the Metamorph
image analysis system and the average signal intensity measured. Values were corrected by
subtracting the average slide background intensity (measured outside of cells). The
investigator was blinded to sample origin or diagnosis.
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Aged mice

C57BL/6J mice of 6 and 22 months of age were obtained from the National Institute on
Aging mouse aging colony. Mice were acclimated for at least 1 week before killing. All
animal studies followed the guidelines of and were approved by institutional animal care and
use committees. Protein extracts were obtained by lysis in ice-cold lysis buffer (Cell
Signaling) supplemented with a cocktail of protease and phosphatase inhibitors (Roche).
Protein content was determined by the BCA protein assay kit (Pierce), and 20 to 30 pg of
proteins were subjected to SDS—polyacrylamide gel electrophoresis.

Mouse senescence model experiments

For IR-induced senescence, C57BL/6J mice (8 weeks of age) were mock-irradiated or
exposed to IR (7 Gy) and tissues were collected 90 days later. Mice were maintained in the
AALAC-accredited Buck Institute for Research on Aging (Novato, CA) animal facility. All
procedures were approved by the institutional animal care and use committee.

Statistical analysis

Statistical significance was calculated by two-tailed Student’s #test unless otherwise
indicated. The y2 test was used to compare gene expression profiling between the GATA4-
regulated set and Senescent set. Prism 6 software was used to generate graphs and statistical
analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. GATA4 regulates cellular senescence
(A) Left: IMR90 cells expressing the miR-146a GFP reporter were infected with either

vector control or GATA4-expressing viruses, and GFP fluorescence was measured by
fluorescence-activated cell sorter (FACS) (AFU, arbitrary fluorescence units). Data are
shown as percentage of maximum expression (i.e., the number of cells in each bin divided
by the number of cells in the bin that contains the largest number of cells) for normalization.
Right: Median fluorescence intensity (MFI) was computed and normalized to vector control.
Data are mean £ SEM. (B) Left: IMR90 cells expressing the miR-146a GFP reporter and
transfected with the indicated siRNAs were exposed to IR (12 Gy), and GFP fluorescence
was measured by FACS; cont denotes the firefly luciferase siRNA control. Center: MFI was
computed and normalized to control siRNA (-IR); data are mean £ SEM. Right:
Immunoblotting analysis shows the efficiency of GATA4 depletion. (C) BJ cells carrying
either a Dox-inducible (Tet-On) vector expressing GATA4 (Tet-GATA4) or an empty vector
(Tet-Vector) were grown with or without Dox, and SA-B-Gal staining (left) and BrdU
incorporation (right) were analyzed. Data are mean = SEM. (D) BJ cells carrying either a
vector expressing a control sShRNA targeting firefly luciferase or a GATA4 shRNA were
exposed to IR (8 Gy), and 7 days later immunoblotting analysis (left) and SA-B-Gal staining
(right) were performed. Data are mean £ SEM; one-way analysis of variance (ANOVA) was
used for the statistical analysis. (E) Replicative senescence was assessed by cell growth
analysis of BJ cells expressing either control or GATA4 shRNAs. Left: Population doubling
analysis Right: Quantification of SA-B-Gal staining. Data are mean + SEM; one-way
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ANOVA was used for the statistical analysis. Data are representative of four (A) or three
[(B) to (E)] independent experiments.
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Fig. 2. Selective autophagy degrades GATA4 in a p62-dependent manner to prevent senescence
(A) Western blot showing abundance of GATA4 protein during IR-induced senescence (top),

oncogene (RASV12)—induced senescence (middle left), or replicative senescence (middle
right); abundance of GATA4 mRNA during IR-induced senescence is shown at the bottom.
PD denotes population doubling. Relative abundance of GATA4 mRNA is expressed as
change with respect to expression in cells without IR treatment. (B) GATA4 protein stability
was examined in the presence of cycloheximide (CHX) in proliferating (-=IR) or IR-induced
senescent cells [+IR, 7 days after exposure to IR (12 Gy)]. Shown are representative
immunoblots (top) and quantification from three independent experiments (bottom). Data
are mean + SEM. (C) IMR90 cells were treated with the proteasomal inhibitor MG-132 for
the indicated times, and proteins were analyzed by Western blotting. p21 served as a positive
control for MG-132. (D) IMR90 cells were treated with the indicated autophagy inhibitory
agents for the indicated times, and proteins were analyzed by immunoblotting with the
indicated antibodies. Shown are representative immunoblots (left) and quantification from
four independent experiments (right, 24 hours of treatment). Data are mean + SEM; one-way
ANOVA was used for the statistical analysis. (E and F) IMR90 cells were transfected with
the indicated siRNAs, and proteins were analyzed by Western blotting 79 hours after
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transfection; cont denotes firefly luciferase siRNA. (G) Immunoblotting of Flag-GATA4
immunoprecipitates from proliferating (-IR) or IR-induced senescent IMR90 cells [+IR, 7
days after exposure to IR (12 Gy)]. Six days after IR, cells were treated with either dimethyl
sulfoxide (DMSO) or Baf Al for 24 hours before sampling to block GATA4 and p62
degradation. (H) IMR90 cells expressing the indicated Dox-inducible shRNAs were treated
with Dox, and SA-B-Gal staining was performed (-Dox, 16 days off Dox; +Dox, 16 days on
Dox; wash, 12 days on Dox then 4 days off Dox); cont denotes the control sShRNA targeting
firefly luciferase. (1) IMR90 cells carrying a Dox-inducible vector expressing an ATG7
shRNA and either control shRNA or GATA4 shRNA were treated with Dox, and
immunoblotting analysis (top), SA-B-Gal staining (middle), and BrdU incorporation
(bottom) were performed. Labels are as in (H); data are mean £ SEM.Two-way ANOVA was
used for the statistical analysis. Data are representative of three [(A), (B), (E)], four (D), or
two [(C), (F), (G), (H), ()] independent experiments.
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Fig. 3. Gene expression profiling revealsthat GATA4 controlsthe SASP
(A) Left: mRNA expression profiling from IMR90 cells carrying a Dox-inducible vector

expressing GATA4 untreated or treated with Dox identified genes that were significantly up-
regulated (green, more than 200% expression of control, Q < 0.05) or down-regulated (red,
less than 50% expression of control, Q < 0.05) upon GATA4 expression for 2.5 days. Right:
GO term analysis of the up-regulated (green) or down-regulated (red) genes. Data are from
three independent experiments. (B) Overlap between GATA4-regulated genes (GATA4-
regulated set) and replicative senescence-regulated genes (Senescent set) for genes with
more than 200% expression or less than 50% expression of control. The x2 test was used for
statistical analysis. (C) IMR90 cells bearing a Dox-inducible vector expressing GATA4 or an
empty vector control were untreated or treated with Dox for 2 days, and abundance of
mRNAs for the indicated genes was quantified by RT-qPCR. Relative abundance of the
indicated mRNAs is expressed as change with respect to expression in cells with the empty
vector control without Dox treatment. (D) IMR90 cells transfected with the indicated
SiRNAs were exposed to IR (12 Gy) and incubated for 7 days. Abundance of mMRNA was
quantified as in (C). Relative abundance of the indicated mRNAs is expressed as change
with respect to expression in cells transfected with control siRNA without IR treatment.
Data are representative of four (C) or three (D) independent experiments.
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Fig. 4. GATA4 regulates NF-xB
(A) IMR90 cells were transfected with the indicated siRNAs; 2 days after transfection, cells

were untreated or treated with Dox for 2 days to induce GATA4. mRNA abundance was
quantified by gPCR. Relative abundance of the indicated mMRNA is expressed as change with
respect to expression in cells transfected with control siRNA without GATA4 induction. (B)
Immunocytochemistry of nuclear NF-kB/RELA accumulation (left) or immunoblotting
(center) in IMR90 cells expressing GATA4. Immunoblotting analysis (right) was performed
in IMR9O0 cells transfected with the indicated siRNAs during IR-induced senescence. (C)
IMR90 cells expressing GATA4 were treated with Dox for 2 days, and abundance of mMRNA
for the indicated genes was quantified by RT-gPCR. Relative abundance of the indicated
MRNA is expressed as change with respect to expression in cells without Dox treatment.
Inset: Immunoblotting analysis for TRAF3IP2. (D) IMR90 cells were transfected with the
indicated siRNAs; 1 day later, GATA4 was induced for 2 days and the abundance of the
indicated proteins (left) or mRNAs (right) was analyzed. Relative abundance of the indicated
mMRNA is expressed as change with respect to expression in cells transfected with control
SiRNA without GATA4 induction. (E) One day after exposure to IR (12 Gy), IMR90 cells
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were transfected with the indicated siRNAs. Three days after transfection, TRAF3IP2 driven
by the TRE promoter was induced for 5 days with Dox. Cells were retransfected with the
indicated siRNAs 1 day after TRAF3IP2 induction to reinforce depletion. Abundance of
mRNA was analyzed using RT-qPCR, and relative abundance of the indicated mRNAS is
expressed as change with respect to expression in cells transfected with control sSiRNA
without IR and TRAF3IP2 induction; cont refers to the firefly luciferase siRNA control. (F)
One day after transfection of the indicated SiRNAs,GATA4 was induced for 3.5 days and
cells were quantified for SA-B-Gal staining. Two-way ANOVAwas used for the statistical
analysis. Data are representative of three [(A), (B), (D), (F)] or two [(C), (E)] independent
experiments.
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Fig. 5. The GATA4 pathway functionsindependently of the p53 and p16 pathwaysand is
regulated by the DDR kinases ATM and ATR

(A) BJ cells expressing either control or p53 shRNAs were treated with Dox for 4 days to
induce GATA4 driven by the TRE promoter. Immunoblotting analysis (left) and SA-B-Gal
staining (right) were performed. Data are mean + SEM; cont refers to the control ShRNA
targeting firefly luciferase. (B) BJ cells expressing either HPV E6 or E6 and E7 were treated
with Dox for 3.5 days to induce GATA4 driven by the Tet promoter, and SA-B-Gal staining
was performed. Data are mean + SEM. (C) Abundance of the GATA4 protein was examined
in control (—=IR) or IR-treated [+IR, 7 days after exposure to IR (12 Gy)] cells expressing
either HPV EG6 or E6 and E7. (D) Top: BJ and IMR90 cells were treated with 10 mM
nutlin-3 for 7 days. Media were refreshed every 2 days. Bottom: p16 driven by the TRE
promoter was induced for either 4 or 7 days. Media were refreshed every 2 days. Abundance
of the indicated proteins was analyzed by Western blotting. (E) IMR9O0 cells were pretreated
with 10 mM nutlin-3 for 7 days and nutlin-3 was washed out before exposure to IR (12 Gy).
Abundance of the indicated protein was analyzed by Western blotting 7 days after IR. (F)
IMR9O0 cells were pretreated with caffeine (ATM and ATR inhibitor, 1 mM) (left) or ATM
inhibitor (ku55933, 10 mM), ATR inhibitor (VE-821, 10 mM), or both (right) for 1 hour
before exposure to IR (12 Gy). Media were refreshed every 2 days for 7 days, and
abundance of the indicated proteins was analyzed by Western blotting. Data are
representative of three [(A), (E), (F)] or two [(B), (C), (D)] independent experiments. (G)
Model of how GATA4 links autophagy and the DDR to SASP and cellular senescence. See
text for details.
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Fig. 6. GATA4 accumulates during mouse aging, human aging, and mouse | R-induced
senescence

(A) Mouse embryonic fibroblasts (MEFs) were exposed to IR (12 Gy), and Western blotting
(left) and immunofluorescence (center) were performed for GATA4 protein. MEF cells
expressing either control or GATA4 shRNA were exposed to IR (12 Gy); after 7 days,
abundance of mMRNA for the indicated genes was quantified by RT-qPCR (right). Relative
abundance of the indicated mMRNA is expressed as change with respect to expression in cells
without IR treatment. Data are representative of two independent experiments. (B) Left:
Liver and skin tissues were collected from control (-IR) and IR-treated [+IR, 3 months after
total body irradiation (TBI) of 7 Gy] C57BL/6 mice and analyzed by Western blotting.
Right: Densitometric analysis was performed to determine the GATA4/GAPDH ratio. Data
are mean + SEM. (C) Left: Liver tissues were taken from young (6-month-old) and old (22-
month-old) C57BL/6 mice and analyzed by Western blotting. Right: Densitometric analysis
as in (B). Data are mean + SEM. (D) Left: Abundance of GATA4 protein in extracts of
prefrontal cortex (PFC) from young and aged individuals were analyzed by Western blotting.
Age in years and sex (F = female, M = male) for each sample are given. Right:
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Densitometric analysis as in (B). Data are mean + SEM. In (B) to (D), each lane represents
an individual case. (E) Left: Confocal immunofluorescence labeling for GATA4 (red), p16
(green), GFAP (white), and DNA (DAPI, blue) in the prefrontal cortex of representative
young and aged cases. Upper right: Quantitative analysis of immunofluorescence for
oligodendrocytes (young, 7= 8; aged, n= 8), pyramidal neurons (young, 7= 8; aged, 7= 8),
and astrocytes (young, n=>5; aged, 7= 6). AFU values are shown as mean = SEM. Lower
right: Correlation analysis of abundance of GATA4 and p16 protein. Each point represents
an individual cell (oligodendrocytes, 7= 633; pyramidal neurons, /7= 505; astrocytes, 7=
411). Spearman correlation coefficient (/) and P value are shown for cells from aged
individuals.
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