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SUMMARY

Oncogene-induced senescence (OIS) is a tumor suppressive mechanism typified by stable
proliferative arrest, a persistent DNA damage response and the senescence-associated secretory
phenotype (SASP), which helps to maintain the senescent state and triggers bystander senescence
in a paracrine fashion. Here we demonstrate that the tumor suppressive histone variant
macroH2AL1 is a critical component of the positive feedback loop that maintains SASP gene
expression and triggers the induction of paracrine senescence. MacroH2A1 undergoes dramatic
genome-wide relocalization during OIS, including its removal from SASP gene chromatin. The
removal of macroH2A1 from SASP genes results from a negative feedback loop activated by
SASP-mediated endoplasmic reticulum stress. Endoplasmic reticulum stress leads to increased
reactive oxygen species and persistent DNA damage response including activation of ATM, which
mediates removal macroH2A1 from SASP genes. Together, our findings indicate that macroH2A1
is a critical control point for the regulation of SASP gene expression during senescence.

INTRODUCTION

In the absence of additional genomic insults, activation of an oncogene is often insufficient
to transform a cell (Land et al., 1982). Instead, oncogene-induced senescence (OIS), an
important tumor suppressive mechanism, is triggered leading to a stable proliferative arrest

Address correspondence to: Matthew J. Gamble, Department of Molecular Pharmacology, Albert Einstein College of Medicine, 1300
Morris Park Avenue, Golding 203, Bronx, NY 10461, USA. Phone: 718-430-2942; matthew.gamble@einstein.yu.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

ACCESSION NUMBERS
ChlP-seq data have been deposited in the Gene Expression Omnibus database under accession code GSE64601.

SUPPLEMENTAL INFORMATION
Supplemental information includes five figures, three tables and supplemental experimental procedures.

The authors declare no competing financial interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 2

(Gorgoulis and Halazonetis, 2010; Serrano et al., 1997). OIS is marked by a variety of
additional features including morphological changes, persistent DNA damage response
(DDR) and senescence-associated secretory phenotype (SASP) (Campisi, 2005). The SASP
is a complex pro-inflammatory transcriptional response made up of genes encoding
cytokines, chemokines and metalloproteases that mediate a variety of effects (Coppé et al.,
2010; Kuilman and Peeper, 2009). SASP factors help to maintain senescence in an autocrine
fashion by participating in a positive feedback loop that supports their expression (Acosta et
al., 2008a, 2008b). SASP can also function in a paracrine fashion to trigger senescence in
bystander cells (Acosta et al., 2013). The SASP helps to recruit immune cells that promote
the clearance of senescent cells from tissues (Xue et al., 2007). Not all of the effects of
SASP are tumor suppressive, as SASP has also been shown to promote cancer cell
proliferation and invasion (Coppé et al., 2008; Krtolica et al., 2001; Liu and Hornshy, 2007).

The SASP response is robustly regulated at the transcriptional level. Given the important
roles of the SASP in mediating the senescent phenotype, relatively little is known about how
the SASP transcriptional response is regulated. The transcription factors C/EBPp and NF-xB
both play positive roles in regulating SASP gene transcription (Acosta et al., 2008b;
Kuilman et al., 2008). Alterations in chromatin modifications, such as H3K9me2, have been
implicated in regulating SASP gene expression (Takahashi et al., 2012). Here, we
demonstrate an additional feature of chromatin, the histone variant macroH2A1, is a critical
control point in the transcriptional regulation of SASP genes.

Another feature of OIS and cellular senescence is persistent DDR (d’Adda di Fagagna,
2008; Schmitt et al., 2002). Several sources of DNA damage have been implicated in
triggering the senescence-associated DDR including DNA hyper-replication, depletion of
deoxyribonucleotide pools and increased production of reactive oxygen species (ROS)
(Mannava et al., 2013; Di Micco et al., 2006; Weyemi et al., 2012). Senescence-associated
DDR is mediated by activation of ataxia-telangiectasia, mutated (ATM), which catalyzes
phosphorylation and activation of its downstream effectors CHK1, CHK2, p53 and H2AX
contributing to proliferative arrest (Mallette et al., 2007). While H2AX phosphorylation
(YH2AX) is downstream of ATM activation, we show that another histone variant,
macroH2AL, is upstream of the activation of ATM and is critical for persistent DDR during
OIS. Interestingly, DDR has also been implicated in the induction of senescence and SASP
gene expression (Di Micco et al., 2006; Poele et al., 2002; Rodier et al., 2009; Takahashi et
al., 2012).

The expression of the histone variant macroH2A1 increases during OIS (Sporn et al., 2009).
MacroH2AL1 participates in formation of senescence-associated heterochromatic foci
(SAHF) (Zhang et al., 2005). MacroH2A1, which consists of an amino-terminal H2A-like
region fused to a macrodomain by a flexible linker, can replace H2A in a subset of
nucleosomes (Gamble and Kraus, 2010). MacroH2A1 plays important roles in either
positively or negatively regulating transcription by recruiting transcriptional coregulators
such as PARP-1, PELP1, CBP and HDACL1 (Chakravarthy et al., 2005; Chen et al., 2014;
Gamble et al., 2010; Hussey et al., 2014). MacroH2A1 functions in a variety of
physiological and pathological processes including senescence, tumor suppression,
inhibiting proliferation and inhibiting stem cell reprogramming (Cantarifio et al., 2013;
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Creppe et al., 2012; Gamble and Kraus, 2010; Kreiling et al., 2011; Novikov et al., 2011;
Sporn et al., 2009).

MacroH2A1’s splice variants, macroH2A1.1 and macroH2A1.2, have distinct functions.
MacroH2A1.1’s macrodomain can specifically interact with poly(ADP-ribose) (PAR)
produced by PAR polymerases (PARPs) (Kustatscher et al., 2005; Timinszky et al., 2009).
MacroH2A1.1 expression is lost in several cancer types probably due to its ability to inhibit
cancer cell proliferation (Novikov et al., 2011; Sporn and Jung, 2012; Sporn et al., 2009).
MacroH2A1.1 and macroH2A1.2 also have distinct roles in regulating transcriptional
responses and are enriched in distinct chromatin environments (Chen et al., 2014).
Additionally, macroH2A1.1 specifically regulates expression of its target genes by
regulating H2B acetylation in a manner that requires its interaction with PAR.

Here, we examine how the genome-wide pattern of macroH2A1 deposition changes during
OIS and how these alterations play a critical role in regulation of the transcriptional response
underlying the SASP. We found that macroH2A1 undergoes a dramatic genomic
relocalization during OIS, with SASP genes in particular undergoing a dramatic loss of
macroH2A1. While macroH2A1 is not required for OlS-mediated proliferative arrest, it is a
critical component of the positive feedback loop regulating SASP gene expression.
MacroH2AL1 is also required to render bystander cells susceptible to paracrine senescence.
Intriguingly, macroH2A1 is required for OlS-associated persistent DDR triggered by
endoplasmic reticulum (ER) stress. The activation of ATM in response to ER stress is at the
heart of a negative feedback loop that leads to the removal of macroH2A1 from SASP
genes, downregulating their expression. Overall, our results highlight the critical role
macroH2AL1 plays in coordinating SASP during OIS.

MacroH2A1 genome-wide occupancy is dramatically altered during OIS

Both increased macroH2A1 expression and altered macroH2A1 sub-nuclear localization
have been observed during OIS (Sporn et al., 2009; Zhang et al., 2005). However, the
alterations in the location of macroH2A1 along the two-dimensional genome have not been
studied in the context of senescence. Previously, we used ChlP-seq to determine the
genome-wide localization of macroH2A1 in IMR90 human primary lung fibroblasts (Chen
et al., 2014). To determine the genome-wide pattern of macroH2A1 incorporation upon OIS,
we performed ChlIP-seq for macroH2A1 from IMR90 cells two weeks after retroviral-
mediated expression of H-RasV12. The IMR90 cells demonstrated the typical hallmarks of
senescence including persistent growth arrest, increased senescence-associated -
galactosidase (SA-B-gal) activity (Figure 1A), increased levels of cell cycle inhibitors,
persistent DDR, increased levels of H3K9me3 and macroH2A1 (Figure 1B).

By comparing the pattern of macroH2A1 incorporation in normal and OIS cells, we found
that macroH2A1 undergoes a dramatic relocalization during senescence. Nearly 33% of
macroH2A1-containing genomic regions in normal cells are no longer enriched for
macroH2AL1 in senescent cells. Additionally, over 56% of macroH2A1-containing regions in
OIS cells were devoid of macroH2A1 in normal cells (Figure 1C). This corresponds to a
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45% increase in the proportion of the genome found in macroH2A1-enriched domains (from
33% to 46.9% of the genome). We confirmed the specificity of the macroH2AL1 antibody
and the ability of our ChlP-seq analysis to detect regions of chromatin where macroH2A1
association is gained or lost upon OIS, using loci-specific ChIP-gPCR (Figure S1).

We previously demonstrated that macroH2A1 participates in two physically and
functionally distinct chromatin environments either marked by H3K27me3 or a set of
histone acetylations including H2B acetylated at K12, K15, K20 and K120, H2A acetylated
at K5, H3 acetylated at K4, K14 and K18, and H4 acetylated at K91 (Chen et al., 2014). Co-
occupancy with these histone acetylations is a key determinant for gene regulation by
macroH2A1. By comparing our macroH2A1 ChiP-seq data from normal and OIS IMR90
cells to publically available data for 26 histone marks in IMR90 cells, we observed a striking
difference in the types of chromatin where macroH2A1 association is lost or gained (Figure
1D) Surprisingly, we found that macroH2A1 occupancy is globally reduced specifically at
sites of co-occupancy with the set of histone acetylations described above. In addition, we
observed an increased association of macroH2A1 in senescent cells with facultative and
constitutive heterochromatin marks, H3K27me3 and H3K9me3 respectively, which is
consistent with the involvement of macroH2AL in the formation of SAHF (Zhang et al.,
2005).

MacroH2A1 regulates SASP and persistent DDR during OIS

The genes composing the SASP are transcriptionally upregulated during senescence (Coppé
et al., 2008; Kuilman and Peeper, 2009). Interestingly, we found that macroH2A1 was
specifically enriched on SASP genes (Figures 1E and 1F). SASP genes are also enriched for
H2B acetylations typically seen on genes regulated by macroH2A1 (Figure S1) (Chen et al.,
2014). Additionally, we observed that macroH2A1 was specifically removed from SASP
genes during OIS (Figures 1E and 1F). Together, these observations led us to hypothesize
that macroH2A1 plays a role in the regulation of SASP gene expression.

In order to determine the function of macroH2A1 during OIS we infected either
macroH2A1-depleted or control cells with H-RasV12. Two weeks post-infection we found
that both control and macroH2A1-depleted cells had a similar preponderance of senescent
cells as monitored by SA-B-gal activity, increased expression of cell cycle inhibitors and
reduced fraction of cells in S phase (Figures 2A—2C, S2). Interestingly, there were major
differences in two key features of OIS. As assessed by S1981 phosphorylation, unlike
controls cells, macroH2A1-depleted cells did not have increased levels of activated ATM
(Figure 2C). Consistently, macroH2A1-depeleted senescent cells also did not accumulate
vH2AX compared to control senescent cells. In addition, we examined the expression of
several SASP genes in control and macroH2A1-depleted cells upon OIS by RT-gPCR. We
observed that loss of macroH2A1 significantly reduced the induction of SASP gene
transcription upon OIS (Figure 2D). Overall, this suggests that macroH2AL1 is required for
both the senescence-associated persistent DDR and the upregulation of SASP gene
expression, two senescence hallmarks.
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MacroH2AL1 is required for paracrine senescence

The SASP factors induced during senescence have been implicated in both pro-oncogenic
and tumor suppressive functions (Gorgoulis and Halazonetis, 2010). The SASP reinforces
the senescent phenotype in an autocrine fashion and can also stimulate paracrine senescence
in bystander cells by participating in a positive feedback loop that activates the transcription
of SASP genes (Acosta et al., 2008b, 2013; Coppé et al., 2008). Treatment of IMR9O0 cells
with conditioned media from OIS cells leads to a senescent phenotype typified by growth
arrest, SA-B-gal expression, increased macroH2A1 expression, upregulation of cell cycle
inhibitors, and a persistent DDR (Figure S2). However, unlike control cells, macroH2A1-
depleted cells do not senesce in response to SASP factor-containing conditioned media from
senescent cells (Figures 2A—2C). In addition, macroH2A1-depleted cells do not robustly
activate transcription of SASP genes in response to SASP factor-containing conditioned
media compared to controls (Figure 2E).

Several of the SASP factors can independently trigger senescence in a paracrine fashion
(Acosta et al., 2008b; Kortlever et al., 2006; Kuilman et al., 2008; Wajapeyee et al., 2008).
The ability of IL8, one of these SASP factors, to induce senescence is also abrogated in
when macroH2A1 is depleted (Figure S2). Consistently, the ability of L8, like SASP-
containing conditioned media, to cause senescence, activate a persistent DDR and activate
SASP gene expression is significantly abrogated in cells depleted of macroH2A1 (Figure
S2). Overall, this suggests that macroH2AL1 is a critical component of the SASP positive
feedback loop that helps to maintain senescence and render cells susceptible to paracrine
senescence.

MacroH2A1.1 together with PARP is sufficient to trigger SASP and senescence

MacroH2AL1 exists as either of two splice variants, macroH2A1.1 or macroH2A1.2, the
former of which can interact with poly(ADP-ribose)ylated factors and is often suppressed in
many types of cancer. MacroH2A1.1 plays a dominant role in regulating the expression of
genes found to harbor H2B acetylations on K12, K15, K20 and K120 (Chen et al., 2014).
While both macroH2A1.1 and macroH2A1.2 levels are elevated during senescence, many
SASP genes exist in H2B acetylated chromatin suggesting that macroH2A1.1 may play a
specific role in regulating these genes (Figure S1). When we ectopically expressed
macroH2A1.1, macroH2AL1.2 or either of two macroH2A1.1 point mutants that can no
longer interact with poly(ADP-ribose) (Kustatscher et al., 2005), we found that only ectopic
expression of macroH2A1.1 could stimulate senescence (Figure 3). The senescence
triggered by macroH2A1.1 exhibited SA-B-gal activity, increased levels of cell cycle
inhibitors and persistent DDR marked by activated ATM and yH2AX (Figures 3A—C). In
addition, ectopic expression of macroH2A1.1 led to increased macroH2A1 occupancy at
SASP genes, while not affecting overall nucleosome occupancy as assayed by H3 ChiIP
(Figures 3D and 3E). Consistent with a positive role for macroH2A1 in SASP gene
expression, ectopic expression of macroH2A1.1 led to a robust SASP transcriptional
response (Figure 3F).

A specific role for macroH2A1.1 in the regulation of SASP gene expression suggests that
PARPs may also play a role in this process. Indeed, PARP-1 has previously been shown to
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regulate SASP gene expression (Ohanna et al., 2011). Using the PARP inhibitor PJ34, we
determined that macroH2A1.1-mediated SASP expression requires PARP activity (Figure
3H). In addition PARP inhibition also blocks H-RasV12-induced persistent DDR and SASP
gene expression (Figures 3G and 3I). Overall, these results demonstrate a required role for
the macroH2A1.1—PARP-1 axis in the regulation of the SASP.

Senescence-associated ER stress and increased ROS requires macroH2A1

The secretory state of senescent cells has been shown to trigger an ER stress response
(Denoyelle et al., 2006; Dorr et al., 2013; Matos et al., 2014; Zhu et al., 2014). ER stress
triggers the activation of the unfolded protein response (UPR), which can be monitored by
RT-qPCR for spliced XBP1, which is spliced at the ER membrane upon ER stress, and
downstream UPR target genes, such as ATF4, GRP78 and GADD153, which are
transcriptionally upregulated upon ER stress (Hetz, 2012). We detected ER stress in
response to H-RasV12-mediated OIS, SASP-mediated paracrine senescence, or
macroH2A1.1-induced senescence (Figures 4A—4C). ER stress in response to either H-
RasV12 or SASP-containing conditioned media was abrogated in the absence of macroH2A1
(Figures 4A and 4B).

ER stress can lead to increased ROS which can in turn lead to DNA damage (Chen et al.,
2012; Higa and Chevet, 2012). Consistently, when macroH2AL1 is depleted and senescence-
associated ER stress is ameliorated, ROS levels and oxidative DNA damage are also
reduced (Figures 4D—4G). Overall, this data is consistent with a model in which
macroH2A1 promotes SASP gene expression which leads to enhanced ER stress and
consequently more ROS and oxidative DNA damage.

ER stress triggers a negative feedback loop regulating SASP gene expression

The lack of a persistent DDR in macroH2A1-depleted IMR90 cells undergoing OIS or
treatment with SASP factor-containing conditioned media is consistent with the conclusion
that the DDR is, at least in part, a consequence of ER stress caused by SASP gene
expression. Consistently, drug-induced ER stress with thapsigargin led to an increase in
yH2AX and activated ATM in IMR90 cells (Figure 5A). But, if macroH2AL1 is a positive
regulator of the SASP, why is it removed from SASP genes during OIS? We hypothesized
that the ER stress may be triggering a negative feedback loop attenuating SASP gene
transcription. To test this we treated cells undergoing OIS with thapsigargin to cause
additional and persistent ER stress unrelated to that caused by the SASP to determine the
effect on SASP gene transcription. We found that chemical induction of ER stress led to a
dramatic reduction in SASP gene transcription (Figure 5B).

We next focused on how the ER stress negative feedback signal might be transduced to the
nucleus. The connection between macroH2A1 and ER stress, increased ROS levels and
persistent DDR during OIS combined with the fact that ER stress leads to the generation of
ROS (Higa and Chevet, 2012; Jaronen et al., 2014), led us to test the role of ROS in
mediating the negative feedback signal from the ER to the nucleus. Treatment of cells
undergoing H-RasV12-mediated senescence with the antioxidant N-acetyl-cysteine (NAC)
simultaneously reduces the OlS-associated persistent DDR and augments SASP gene
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transcription during OIS and paracrine senescence (Figures 5C, 5D and S4). These results
demonstrate that an ER stress pathway transduced by elevated ROS levels exists to
negatively regulate SASP gene transcription and thereby attenuate ER stress.

ATM mediates ER stress-induced SASP gene repression by mobilizing macroH2A1

We hypothesized that ER-generated ROS-mediated repression of SASP genes might require
aspects of the persistent DDR seen during OIS. When we treated cells with ATM inhibitors,
caffeine or KU55933, concurrently with H-RasV12 ectopic expression, we found that
inhibition of ATM dramatically increased (hundreds of fold in some cases) the expression of
SASP genes during OIS (Figures 6A). Consistently, inhibition of ATM activity or depletion
of ATM during H-RasV12 or SASP-mediated senescence led to increased levels of ER stress
(Figures 4A, 4B and S3). We further confirmed the role of ATM in repressing SASP gene
transcription during OIS by either stably or transiently depleting ATM with three
independent shRNAs (Figures 6D and S5).

But, how does ATM activation suppresses SASP? Given the central role macroH2A1 plays
in the positive feedback loop maintaining SASP gene expression during senescence, we
hypothesized that ATM might repress SASP gene expression by antagonizing macroH2A1
function. Inhibition of ATM did not have an effect on macroH2A1 expression or nuclear
localization (Figure S5B). We monitored macroH2A1 occupancy at SASP genes during H-
RasV12-mediated OIS induction with or without inhibition of ATM activity. We found that
the typical reduction of macroH2A1 occupancy that occurs during senescence is abrogated
upon ATM inhibition (Figures 6B, 6C and S5). Additionally, experiments in macroH2A1-
depleted cells demonstrate that the increase in SASP gene expression seen when ATM is
inhibited during OIS requires macroH2A1 (Figures 6E and S5). Interestingly, ATM activity
is not only responsible for the removal of macroH2A1 from SASP genes but is also required
for its expanded incorporation into H3K27me3-marked chromatin (Figure S5). Overall,
these results indicate that ATM antagonizes macroH2A1-mediated expression of SASP
genes during senescence by triggering the removal of macroH2A1 from SASP genes and
establishes an ER stress pathway that functions to limit ER stress by repressing the
transcription of SASP genes through ROS-mediated DNA damage signaling and ATM.

DISCUSSION

Here we show that the genome-wide distribution of macroH2AL1 is dramatically altered
during OIS. The chromatin of senescent cells undergoes three-dimensional relocalization
during senescence where regions of heterochromatin containing macroH2A1, HMGAL, and
H3K9me3 or H3K27me3 form into dense SAHF (Narita et al., 2003, 2006; Zhang et al.,
2005). However, during OIS neither H3K27me3 nor H3K9me3 undergo large-scale changes
in their pattern of deposition along the linear genome (Chandra et al., 2012). In addition to
the three-dimensional alterations in macroH2A1 nuclear localization during OIS (Zhang et
al., 2005), macroH2A1 undergoes a large-scale rearrangement across the linear genome.
This suggests macroH2A1 deposition and removal from chromatin are dynamically
regulated. Little is known about the machinery that regulates macroH2A1 chromatin
incorporation and dissociation. The ATP-dependent chromatin remodeling enzyme ATRX

Mol Cell. Author manuscript; available in PMC 2016 September 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 8

plays a role in removing macroH2A1 from subtelomeric chromatin (Ratnakumar et al.,
2012). Here we demonstrate that ATM activation triggers a process that also leads to the
removal of macroH2A1. Future studies are required to determine the mechanism of ATM-
dependent removal of macroH2A1 from chromatin and if ATRX is required for this process.

The SASP factors maintain their own expression through a positive feedback loop. When
SASP gene transcription is induced, it leads to secretion of SASP factors, which can
function in an autocrine fashion. Both IL8 and CXCL1 can activate their receptor CXCR2
which not only leads to a proliferative arrest, but also to the transcriptional activation of
SASP genes (Acosta et al., 2008b). Our data demonstrate that macroH2A1 is a critical
component of the positive feedback loop supporting SASP gene expression during both OIS
and paracrine senescence (Figure 7). However, while macroH2A1 is required for the growth
arrest observed in SASP-mediated paracrine senescence, the histone variant is not required
for proliferative arrest during OIS. This is likely because H-RasY12 alone can mediate
stabilization of p53 in a manner that requires activation of PRAK kinase (Sun et al., 2007).
Alternatively, SASP autocrine and paracrine effects through CXCR2 have been suggested to
lead to proliferative arrest through generation of ROS, which leads to DDR and p53
stabilization (Guo et al., 2013). Our experiments demonstrate that macroH2AL1 is required
for persistent DDR during OIS or SASP-mediated paracrine senescence and together
explains why cells lacking macroH2A1 are not susceptible to paracrine senescence.
Expression of macroH2A1.1, the macroH2A1 variant sufficient to cause senescence and
SASP gene expression, is often downregulated in cancer (Novikov et al., 2011; Sporn and
Jung, 2012; Sporn et al., 2009). We hypothesize that loss of macroH2A1.1 may render
cancer cells resistant to SASP-mediated senescence and may explain their ability to bypass
cellular senescence, an important barrier to oncogenesis.

In addition to the macroH2A1-mediated positive feedback loop supporting SASP gene
expression, we demonstrate there is a negative feedback loop that limits ER stress during
senescence by suppressing SASP gene expression. ER stress is a feature of senescence
triggered by induced expression of the secreted factors involved in the SASP (Denoyelle et
al., 2006; Dorr et al., 2013; Matos et al., 2014; Zhu et al., 2014). The formation of correct
disulfide bonds is critical for many of the components of the SASP. For example CXC type
cytokines such as IL8 require the formation of two disulfide bonds for folding and function
(Fernandez and Lolis, 2002). The rearrangement of disulfide bonds is catalyzed in the ER by
protein disulfide isomerases (PDIs), which are critical for the folding of disulfide-containing
secreted factors (Higa and Chevet, 2012). Increased PDI activity due to unfolded protein can
lead to increased ROS though both its ability to regulate the NADPH oxidase NOX4 and
futile rounds of thiol-disulfide isomerization in coordination with the flavoreductase Erol
(Higa and Chevet, 2012; Jaronen et al., 2014). Consistently, NOX4 upregulation can trigger
senescence (Kodama et al., 2013; Weyemi et al., 2012).

Canonical UPR pathways seek to ameliorate ER stress through several mechanisms
including increased synthesis of ER chaperones, inhibition of translation and regulated
IRE1-dependent decay (RIDD) of mRNA (Hollien et al., 2009; Ron and Walter, 2007). The
increased level of ROS caused by ER stress leads to DNA damage, activating a DDR
involving ATM (Chen et al., 2012). Our data demonstrate that active ATM triggers a
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process leading to removal of macroH2A1 from SASP genes, which keeps ER stress in
check in a process we have termed the ROAMM (reactive oxygen and ATM-mediated
macroH2A1 mobilization) pathway (Figure 7). The ROAMM pathway explains why ATM
inhibition leads to dramatic increases in SASP gene expression and ER stress. In the absence
of ATM-mediated negative feedback from ER stress leading to the removal of macroH2A1
from SASP genes, the SASP positive feedback loop runs unopposed triggering a dramatic
increase in both SASP expression and ER stress.

Overall, our data demonstrate the central importance of macroH2A1 as a control point for
both positive and negative regulation of SASP gene expression. The SASP is an important
therapeutic target in cancer treatment and aging. In healthy individuals, the SASP aids in
recruitment of immune cells to clear senescent cells from tissues (Kang et al., 2011;
Krizhanovsky et al., 2008; Xue et al., 2007). In aging or immunocompromised individuals
SASP fails to lead to the clearance of senescent cells which may contribute to a persistent
inflammatory state (Baker et al., 2011; Schmitt, 2007). Treatment of cancer patients with
various chemotherapeutics can lead to senescence of a subset of cancer cells and induce
SASP which has been implicated in promoting oncogenesis, chemoresistance and metastasis
(Dorr et al., 2013; Fumagalli and d’Adda di Fagagna, 2009). Further understanding of the
mechanism by which macroH2A1 regulates SASP gene expression and how it is
antagonized by ER stress and ATM will lead to improved methods for treating post-therapy
“senescent” cancer cells and preventing relapse.

EXPERIMENTAL PROCEDURES

Cell culture

All cells used in this study were derived from IMR90 primary human fetal lung fibroblasts
(ATCC). The details of cell lines produced for and used in this study are presented in
Supplemental Experimental Procedures.

SA-B-Gal staining and fluorescence microscopy

Details of the SA-B-Gal staining, brdU incorporation, immunofluorescence and ROS
detection protocols are presented in Supplemental Experimental Procedures. Cells were
quantified over four separate fields containing at least 80 cells.

Immunoblots and acid-extraction of histones

Immunoblots and acid-extraction of histones were performed as previously described (Chen
et al., 2014). A list of antibodies is available in Table S1. Detailed methods are available in
Supplemental Experimental Procedures.

Chromatin Immunoprecipitation (ChlP)

Chromatin Immunoprecipitation (ChlP) was performed as previously described (Chen et al.,
2014). Primers used for ChIP-gPCR are listed in Table S2. Detailed ChlIP protocol is
presented in Supplemental Experimental Procedures.

Mol Cell. Author manuscript; available in PMC 2016 September 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

ChIP-Seq

Page 10

IMR90 cells were subjected to retroviral-mediated expression of H-Ras¥12 or empty vector
as a control. Following 14 days selection in 1 pg/ml puromycin, a portion of the cells were
stained for SA-B-Gal activity to confirm senescence. The cells were processed for ChlP-seq
as previously described (Chen et al., 2014). Reads mapped to the hg19 draft of the human
genome and ISOR processed data were uploaded to GEO (GSE64601). Our previous
macroH2A1 ChiP-seq from normally growing IMR90 cells is available from GEO
(GSE54847). ChIP-seq data for the 26 additional histone marks in IMR90 cells were
downloaded from the GEO website (GSE16256).

Expression microarray analysis

RT-gPCR

SASP genes were identified from previously published publically available expression
microarray data (GSE40349) according to the details in Supplemental Experimental
Procedures.

RNA purification and RT-gPCR were performed as described previously (Chen et al., 2014).
Expression primers used in this study are listed in Table S3. The detailed RT-gPCR method
is presented in Supplemental Experimental Procedures.

Statistical analysis

All SA-B-Gal staining, ROS detection, immunofluorescence, ChIP and RT-gPCR
experiments were repeated at least 3 times with independent biological samples. All
immunoblots were performed at least twice using independent biological samples. Results
are presented as means + s.e.m. Two-tailed Student’s t-tests were used to determine the
significance of differences between samples indicated in figures. For ChIP-Seq analysis,
Fisher exact tests have been applied to determine the significance of enrichment in count
data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MacroH2A1 undergoes large-scale genome-wide rearrangement upon OIS
(A) Left, representative SA-B-gal and DAPI counterstaining of IMR90 cells subjected to

retroviral-mediated expression of H-RasY12 or empty vector as a control for 14 days. Scale
bar represents 200 um. Right, histogram depicting the percentage of SA-B-gal positive cells.
Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05 from

two-tailed Student’s t-tests.

(B) Immunoblots for macroH2A1, various histone marks, DDR factors and cell cycle

inhibitors from IMR9O0 cells treated as in (A).
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(C) Two-way Venn diagrams depicting the overlap between ChlP-seq identified bound
regions for macroH2A1 in IMR90 cells treated as in (A). Numbers indicate the DNA
coverage (Gb) and percentage of DNA in each section.

(D) Heat map depicting the log,(odds ratio) for the overlap between macroH2Al1-enriched
domains identified in IMR9O0 cells treated as in (A) and 26 histone PTMs.

(E) Metagene analysis of ChIP-seq data for macroH2A1 from IMR90 cells treated as in (A).
Left, all autosomal protein coding genes. Right, fifty-one SASP genes defined from gene
expression microarray data. The data represent the average signal in ten 1-kb windows
upstream of the TSS, 30 windows spanning the gene body and ten 1-kb windows
downstream of the end of the gene. The location of the TSS and the end of the gene were
depicted by the left and right vertical dotted line respectively. Error bars, s.e.m. (n = 17,556
and 51 for red and black curves respectively).

(F) Heat map of macroH2A1 occupancy in IMR90 cells treated as in (A) for the 51
individual SASP genes. The data are represented as ten 1 kb windows upstream of the TSS,
30 windows spanning the gene body, and ten 1 kb windows downstream of the end of the
gene. See also Figure S1.
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Figure 2. MacroH2AL1 is required for SASP gene expression and persistent DDR during OIS and
paracrine senescence

(A) Representative SA-B-gal and DAPI counterstaining of IMR90 cells expressing an
shRNA against luciferase (Luc KD, as a control) or macroH2A1 (mH2A1 KD) subjected to
retroviral-mediated expression of H-Ras¥12 for OIS or empty vector as a control for 14 days
or subjected to paracrine senescence with cultured media from H-RasV1?-mediated
senescent IMR90 cells (OIS-CM) or cultured media from IMR90 cells expressing empty
vector (as a control, N-CM) for 14 days, as indicated. Scale bar represents 200 um.
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(B) Histogram depicting the percentage of SA-B-gal positive-staining of cells described in
(A). Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05
from two-tailed Student’s t-tests.

(C) Immunoblots for macroH2A1, DDR factors and p53 from cells as described in (A).

(D, E) Reverse transcription coupled to gPCR (RT-qPCR) of IMR90 cells described in (A)
for the indicated genes during OIS (D) or paracrine senescence (E). Error bars, s.e.m. (n=3
independent cell passages and retroviral infections). *p < 0.05 from two-tailed Student’s t-
tests. See also Figure S2.
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Figure 3. Ectopic expression of macroH2A1.1 specifically triggers senescence, SASP expression
and persistent DDR

(A) Representative SA-B-gal and DAPI counterstaining of IMR90 cells after retroviral
transduction with expression constructs for GFP (as a control), macroH2A1.1,
macroH2A1.2 or two macroH2A1.1 point mutants (G224E and G314E) that are incapable of
interacting with PAR isoforms, for 14 days.
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(B) Histogram depicting the percentage of SA-B-gal positive-staining of cells described in
(A). Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05
from two-tailed Student’s t-tests.

(C) Immunoblots for macroH2A1, various histone marks, DDR factors and cell cycle
inhibitors from IMR90 cells lines described in (A).

(D, E) ChIP-gPCR for macroH2A1 (D) and H3 (E) from IMR90 cells expressing GFP or
macroH21.1 at the indicated SASP genes. The horizontal dotted line indicates upper limit of
the 95% confidence interval of the signal from no-antibody control ChIPs. Error bars, s.e.m.
(n= 3 independent cell passages and retroviral infections). * p < 0.05 from a two-tailed
Student’s t-test.

(F) RT—gPCR for the indicated genes from IMR90 cells described in (D) for the indicated
SASP genes. Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections).
*p < 0.05 from two-tailed Student’s t-tests.

(G) Immunoblots for macroH2A1 and DDR factors from IMR90 cells subjected to
retroviral-mediated expression of H-RasV12 (+) for OIS or empty vector (-) as a control and
10 UM PJ34 (+) or DMSO (-) as a control as indicated for 3 days.

(H) RT-gPCR for the indicated genes from IMR90 cells after retroviral transduction with
expression constructs for macroH2A1.1 (+) or GFP (=) as a control and 10 uM PJ34 (+) or
DMSO (-) as a control as indicated for 3 days.

(1) RT-gPCR for the indicated genes from IMR90 cells treated as in (G).
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Figure 4. Senescence-associated ER stress, ROS and oxidative DNA damage requires
macroH2A1

(A) RT-gPCR for the indicated UPR genes from IMR90 cells expressing ShRNA against
luciferase as a control (=) or macroH2A1 (+) subjected to retroviral-mediated expression of
H-RasV12 (+) for OIS or empty vector (-) as a control. Where indicated cells were treated
with 10 pM of the ATM inhibitor KU55933 (+) or DMSO (-) as a control for 3 days. Error
bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05 from two-
tailed Student’s t-tests.
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(B) As for (A) except cells were treated with SASP-containing conditioned media from H-
RasV12-mediated senescent IMR90 cells (OIS-CM, +) or conditioned media from IMR90
cells transduced with empty vector (=) as a control.

(C) RT-gPCR for the indicated UPR genes from IMR90 cells after retroviral transduction
with expression constructs for GFP (=) as a control or macroH2A1.1 (+) for 14 days.

(D) Representative fluorescence microscopy images for ROS detection in IMR90 cells
expressing sShRNA against luciferase as a control (=) or macroH2A1 (+) subjected to
retroviral-mediated expression of H-Ras¥12 (+) for OIS or empty vector (=) as a control.
Cells were treated with 10 pM DHE for 30 min prior to collection and counterstained with
Hoechst. Scale bar represents 200 um.

(E) Histogram depicting the average fluorescence of cells described in (D). Error bars,
s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05 from two-tailed
Student’s t-tests.

(F) Representative immunofluorescence microscopy for 8-0xo-dG and counterstained with
DAPI in IMR90 cells treated as described in (D). Scale bar represents 200 pm.

(G) Histogram depicting the average fluorescence of cells described in (F). Error bars, s.e.m.
(n = 3 independent cell passages and retroviral infections). *p < 0.05 from two-tailed
Student’s t-tests.

See also Figure S3.
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Figure 5. ER stress represses SASP gene expression in a ROS dependent manner
(A) Immunoblots for macroH2A1 and the indicated DDR factors from IMR9O0 cells treated

with 0.25 pM of the ER stress inducing agent, thapsigargin, for the indicated times.

(B) RT-gPCR for the indicated SASP genes from IMR90 cells subjected to retroviral-
mediated expression of H-RasV12 (+) for OIS or empty vector (-) as a control and, where
indicated, treated with 0.25 uM of the ER stress inducer thapsigargin (+) or DMSO (=) for 3
days. Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05
from two-tailed Student’s t-tests.
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(C) Immunoblots for macroH2A1 and the indicated DDR factors from IMR90 cells
subjected to retroviral-mediated expression of H-RasV12 (+) for OIS or empty vector (-) as a
control and, where indicated, treated with 10 mM of the antioxidant N-acetyl-cysteine
(NAC, +) or DMSO (-) for 3 days.

(D) RT-gPCR for the indicated SASP genes from IMR90 cells treated as in (C). Error bars,
s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05 from two-tailed
Student’s t-tests.

See also Figure S4.
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Figure 6. ATM represses SASP expression during OIS by triggering removal of macroH2A1
from SASP genes

(A) RT-gPCR for the indicated SASP genes from IMR90 cells subjected to retroviral-
mediated expression of H-RasV12 (+) for OIS or empty vector (-) as a control and where
indicated cells were treated with 10 pM of the ATM inhibitor KU55933 (+) or DMSO (-) as
a control for 3 days. Error bars, s.e.m. (n = 3 independent cell passages and retroviral
infections). *p < 0.05 from two-tailed Student’s t-tests.
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(B,C) ChIP-gPCR for macroH2A1 (B) and H3 (C) from IMR90 cells treated as described in
(A). Error bars, s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05
from two-tailed Student’s t-tests.

(D) RT-gPCR for the indicated SASP genes from IMR90 cells expressing an shRNA against
ATM (+, shATM) or luciferase (-, shLuc) as a control subjected to retroviral-mediated
expression of H-RasV12 (+) for OIS or empty vector () as a control for 3 days. Error bars,
s.e.m. (n = 3 independent cell passages and retroviral infections). *p < 0.05 from two-tailed
Student’s t-tests. Inset, immunoblots for ATM and GAPDH from shLuc (=) and shATM (+)
IMR9O0 cells.

(E) RT-gPCR for the indicated SASP genes from IMR90 cells expressing an ShRNA against
macroH2A1 (+) or luciferase (=) as a control subjected to retroviral-mediated expression of
H-RasV12 for OIS for 3 days. Error bars, s.e.m. (n = 3 independent cell passages and
retroviral infections). *p < 0.05 from two-tailed Student’s t-tests.

See also Figure S5.
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Figure 7. Model depicting the role of macroH2AL1 as a critical control point in the regulation of
SASP gene expression

(1) Activated Ras both mediates a proliferative arrest and upregulates the expression of
macroH2ALl.

(2) Increased macroH2A1.1 levels promote the expression of SASP genes.

(3) Secreted SASP factors can act in an autocrine or paracrine fashion by engaging cell
surface receptors, such as CXCR2, which can upregulate the expression of macroH2A1,
forming a positive feedback loop which supports SASP gene expression.

(4) The SASP leads to ER stress which triggers ROAMM (reactive oxygen and ATM-
mediated macroH2A1 mobilization). The ROS-mediated DNA damage activates ATM
which triggers the removal of macroH2A1 from SASP gene chromatin, providing negative
feedback on the expression of SASP gene expression.

(5) The activation of ATM can also contribute to the senescent proliferative arrest in a
manner similar to activated Ras.
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