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Mechanisms governing the transcription of p16™%*?, one
of the master regulators of cellular senescence, have been
extensively studied. However, little is known about chro-
matin dynamics taking place at its promoter and distal
enhancer. Here, we report that Forkhead box Al protein
(FOXA1) is significantly upregulated in both replicative
and oncogene-induced senescence, and in turn activates
transcription of p16™*** through multiple mechanisms.
In addition to acting as a classic sequence-specific
transcriptional activator, FOXA1 binding leads to a
decrease in nucleosome density at the p16™<** promoter
in senescent fibroblasts. Moreover, FOXAI, itself a direct
target of Polycomb-mediated repression, antagonizes
Polycomb function at the p16™%** locus. Finally, a
systematic survey of putative FOXA1 binding sites in the
p16™%*? genomic region revealed an ~150kb distal
element that could loop back to the promoter and potenti-
ate p16™*** expression. Overall, our findings establish
several mechanisms by which FOXA1 controls p16™42
expression during cellular senescence.
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Introduction

Senescence is a permanent state of halted cellular prolifera-
tion, triggered by replicative exhaustion or elicited as homeo-
static defence mechanisms against DNA damage, oncogenic
activation, oxidative stresses and other detrimental growth
conditions (Hayflick and Moorhead, 1961; Hayflick, 1965;
Kuilman et al, 2010). Induction of senescence would not only
establish a barrier against malignant progression of tumour
cells, but also impose potential disruptions on tissue
structure and function with ageing (Rohme, 1981; Campisi,
2001a, b, 2005; Janzen et al, 2006; Krishnamurthy et al, 2006;
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Molofsky et al, 2006; Baker et al, 2011). In support of this
notion, investigations on senescent haematopoietic and
epidermal stem cells evidenced the inverse correlation
between tissue regeneration capacity and senescence
progression (Youn et al, 2004; Wang et al, 2006; Beltrami
et al, 2012). Moreover, suppression of senescence network
would improve the reprogramming efficiency for induced
pluripotent cell (iPS) generation dramatically, underscoring
potential deterioration of body functions by senescence
in vivo (Banito et al, 2009; Banito and Gil, 2010).

Cellular senescence is characterized by arrays of distinctive
phenotypes and biomarkers, such as large and flattened
morphology, increased senescence-associated -galactosidase
(SA-B-gal) activity, permanent Gl-phase arrest and accumu-
lation of senescence-associated heterochromatic foci (SAHF)
(Campisi, 1997; Ly et al, 2000; Narita et al, 2003; Kuilman
et al, 2010). Among them, upregulation of the p16™**? cyclin-
dependent kinase inhibitor is one of the pivotal nodes of
activated tumour suppressor network during senescence, as
inactivation of CDK4 by p16™*? disables the sensitivity of
senescent cells for mitogen signals permanently (Alcorta
et al, 1996; Kuilman et al, 2010). In view of the dominant
role of p16™¥42 in both senescence and tumour suppression,
tremendous investigations were applied to uncover the
genetic or epigenetic mechanisms driving its activation in
ageing or its inactivation in tumorigenesis (Brookes et al,
2004). In this regard, oncogenic factors including RAS
(Serrano et al, 1997), BRAF (Michaloglou et al, 2005), MYC
(Guney et al, 2006), transcriptional factors (TFs) such as AP1
(Passegue and Wagner, 2000), ETS2 (Ohtani et al, 2001), and
telomeric repeat-binding protein TRF2 (Smogorzewska and
de Lange 2002) were implicated in pl16™*? transcription
activation; helix-loop-helix(HLH) ID protein ID1 (Alani
et al, 2001), basic helix-loop-helix (bHLH) protein TAL1
(Hansson et al, 2003), T-box proteins TBX2 (Jacobs et al,
2000) and DNA replication origin binding protein CDC6 of
INK4 locus were identified as its repressors (Gonzalez et al,
2006). More recently, opposing functional histone
methylation, catalysed by MLL1 and DDB1-CUL4 complex
for H3 lysine 4 trimethylation (H3K4me3) and Polycomb
complex for H3 lysine 27 trimethylation (H3K27me3), was
reported to mark transcriptional activation or repression of
pl6™K4a respectively (Itahana et al, 2003; Bracken et al,
2007; Dietrich et al, 2007; Agherbi et al, 2009). In addition,
histone positioning at p16™%*® promoter was demonstrated
to be differentially associated with its transcriptional
outcome (Fatemi et al, 2005; Hinshelwood et al, 2009),
suggesting that chromatin remodelling would actively
participate in senescence progress through de-condensation
of p16™¥42 promoter.

Mammalian FOXA1, as a member of TF family character-
ized by ~100 amino acid Forkhead DNA-binding domain
(DBD), is implicated in endodermic and reproductive orga-
nogenesis of liver, pancreas, lung, prostate, and mammary
gland (Zaret, 1999; Carlsson and Mahlapuu, 2002; Katoh,
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2004; Lee et al, 2005; Wan et al, 2005; Gao et al, 2008; Augello
et al, 2011). FOXA family TFs were designated as ‘pioneer
factor’, because they could occupy distal regulatory
enhancers and create chromatin competency for subsequent
recruitment of collaborating TFs, instead of promoting
immediate transcription activation (McPherson et al, 1993;
Cirillo et al, 1998, 2002; Cirillo and Zaret, 1999; Carroll et al,
2005; Wang et al, 2009, 2011; Zaret and Carroll, 2011). This
specialized capacity for ATP-independent chromatin
remodelling is believed to be derived from the structural
similarity between its Forkhead domain and linker histone
H1 (Cirillo et al, 2002; Zaret and Carroll, 2011). Recent
progress on lineage-specific occupancy of FOXAl at
discrete genomic regions revealed the importance of active
chromatin context, including histone modification marks H3
lysine 4 mono- and di-methylation (H3K4mel/2) and DNA
hypomethylation on selective activation of FOXA1-dependent
cis-regulatory elements (Lupien et al, 2008; Serandour et al,
2011). Of particular interest, C. elegans PHA-4, which is
homologous to human Forkhead box A family of trans-
cription factors and required for embryonic development of
the worm pharynx, was recently demonstrated to be essential
for adult-specific regulation of diet restriction (DR)-mediated
longevity (Horner et al, 1998; Kalb et al, 1998; Panowski
et al, 2007).

In this manuscript, we demonstrated that FOXA1l was
upregulated in both replicative and oncogene-induced
senescence (OIS), and consequently drove p16™%4? activation
through sequence-dependent transcriptionally activating and
chromatin-dependent remodelling mechanisms. We also
identified the epigenetic signatures facilitating FOXA1 recruit-
ment on senescent chromatin and delineated the feedforward
loop between dismissal of Polycomb complex and FOXA1
binding for p16™X4? activation. Finally, an ~150kb away
distal regulatory element was evidenced to communicate
with p16™¥4 promoter and act as functional enhancer in a
FOXA1-dependent fashion.

Results

FOXAT1 is upregulated with senescence

To further characterize transcription factors that contribute to
the activation of tumour suppressor network in senescence,
we performed real-time reverse-transcriptase PCR (RT-qPCR)
to screen the Forkhead transcription factors with significant
expression changes in human 2BS diploid fibroblast cells
with increasing numbers of population doublings (PDs).
The result indicated FOXA subfamily members FOXA1 and
FOXA2 were most upregulated and their mRNA levels corre-
lated with increased p16™%*® (Figures 1A and B). Western
blotting results further confirmed robust induction of FOXA1
protein in senescent cells, compared with its barely detected
level in young cells (Figure 1B). In addition, increased mRNA
and protein level of FOXA1 could be observed in the onco-
genic Ras-induced premature 2BS cells (Figure 1C). To con-
solidate this observation, we assessed its expression in
human IMR90 diploid fibroblast cells that were derived
from a different ethnic origin and stably integrated with
a tamoxifen-regulated form of activated Ras (Tarutani
et al, 2003). Using the protein lysates from IMR90 cells over
a 4-hydroxytamoxifen (OHT) stimulation time course, we
observed marked elevation of FOXA1l accompanied by
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increased p16™X 4 activation, in accordance with the results

from 2BS cells (Figure 1D).

In order to examine the expression change of FOXA1 with
ageing in vivo, we compared its protein level in tissues from
young adult BALB/c mice (3 months of age) to those from
older ones (18 months). The results suggested that there was
significant increment of FOXA1 with age in kidney and brain,
and milder in the spleen, compared to the little changes in the
liver (Figure 1E).

FOXA1 promotes senescence and activates

expression of p16"4a

Increased FOXA1 expression in aged cells and mice implied
its potential involvement in senescence programs. To deter-
mine the functional role of FOXA1 in these processes, we
monitored phenotypic changes in 2BS cells with ectopic
FOXALI expression. Growth curve and crystal violet staining
assay indicated that 2BS cells transduced with retroviral
FOXA1 displayed lower proliferation rate, earlier growth
arrest and limited colony formation compared with cells
transduced with empty vector (Figure 2A). Meanwhile,
ectopic expression of FOXA1 induced morphological features
of senescence, including enlarged and flattened cell size,
accumulation of granular cytoplasmic inclusions and
elevated SA-B-galactosidase activity (Figure 2A). Immuno-
staining assays further support the pro-senescence action of
FOXA1 as reduced BrdU incorporation and the formation of
SAHF in ectopic FOXA1l-expressed cells (Figure 2A).

Next, we took a short hairpin RNAi (shRNA)-based knock-
down approach to examine the requirement of FOXA1 for
senescence progression. Middle-aged 2BS cells (PD40) were
transduced with two independent lentiviral shRNA against
FOXA1 or a non-silence control and the efficiency of FOXA1
depletion was validated by western blotting (Figure 2B). In
concert with the effect of ectopic FOXA1, its removal resulted
in reduced senescence and partial restoration of growth arrest
as indicated by elevated BrdU incorporation, augmented
colony formation, decreased presence of SAHF, and contin-
ued cell proliferation (Figure 2B).

Senescence is characterized by activation of a distinctive
tumour suppressor network; we therefore examined
expression changes of several key cell-cycle regulators and
senescence-associated genes when FOXA1 was overexpressed
in 2BS cells. We found that p16™%*?, but not other genes
such as p27kip1, p14ARF, plSINK4b, plSINK4c, plglNK4d, P53, or
PTEN, increased markedly upon ectopic FOXA1 expression
(Figure 2C). This point was further supported by the down-
regulation of phosphorylated Rb (pRb) (Figure 2C, left panel),
which could be negatively modulated by p16™¥4® (Serrano
et al, 1993). Besides, downregulation of PCNA, a reflection of
Rb-dependent repression of cell-cycle progression, was also
observed (Figure 2C).

To determine whether FOXA1 was required for pl
activation in replicative exhaustion and OIS, we knocked
down FOXA1l using lentiviral shRNA and examined the
resultant expression change of p16™*?. As expected, induc-
tion of p16™X4 protein at late passage was impaired in 2BS
cells which integrated with lentiviral shRNA for FOXA1 in
middle-aged stage (Figure 2B). In parallel, when we silenced
FOXA1 in Ras or BRAF V600E-induced 2BS cells, a similar
decline of p16™%42 could be detected by RT-gPCR or western
blotting (Figure 2D; Supplementary Figure 1B). Phenotypic

6INK4a
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Figure 1 Expression of FOXA1 increases with senescence. (A) Expression changes of Forkhead family genes and p16™*? in 2BS cells during
replicative senescence. The mRNA levels at indicated passages were first normalized with GAPDH and then divided by its level in PD22 cells.
The heat map was then produced based on these normalized results. The colour code indicative of fold changes was shown at bottom.
(B) FOXA1 was upregulated in replicative senescent 2BS cells. Total protein and RNA were extracted from 2BS cells with PD30 or 66, and
analysed for expression of FOXA1 and p16™¥*? by western blotting (upper panel) and RT-qPCR (lower panel). mRNA levels of indicated gene
were normalized with GAPDH. Each bar represents the mean + s.d. for triplicate experiments. (C) FOXA1 was upregulated in Ras-induced
senescent 2BS cells. Total proteins and RNAs were extracted from 2BS cells retrovirally transduced with control vector or H-Ras, and analysed
for expression of FOXA1 and p16™%*® by western blotting (upper panel) and RT-qPCR (lower panel). mRNA levels of indicated gene were
normalized with GAPDH. Each bar represents the mean + s.d. for triplicate experiments. (D) Induction of FOXA1l in IMR90 cells with
tamoxifen-inducible Ras expression. Protein levels of FOXA1 and p16'™%4? at different times (0, 1, 2, 3, 4, and 5 days) following OHT treatment
were determined by western blotting. GAPDH was used as loading control. (E) Protein levels of FOXA1 and p16™**? in indicated tissues of
young (3 months) and old (18 months) BALB/c mice were determined with western blotting. 3-Actin serves as loading control. Source data for
this figure is available on the online supplementary information page.

changes as elevated BrdU incorporation and less presence of
SAHF were also observed in OIS with FOXA1l ablation
(Figure 2D, right panel). In agreement with the removal of
senescence barrier following FOXA1 knockdown, overexpres-
sion of oncogenic Ras and EZH2 accompanied by FOXAl
depletion greatly promoted anchorage-independent growth in
soft agar relative to control RNAi (unpublished data). This
point was further consolidated as cancer gene expression
profile analysis revealed the inverse association of FOXA1
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with neoplastic progression in several cancer types, such as
gastric adenocarcinoma, desmoplastic medulloblastoma,
pancreatic ductal adenocarcinoma, and colon adenocarcinoma
(Supplementary Figure 7).

To determine the dependence of FOXA1’s pro-senescence
function on p16™**?, we performed an epistasis analysis by
co-expression of FOXA1 with a shRNA against p16™"*? or a
control vector in 2BS cells and measured DNA synthesis and
SAHF formation using BrdU incorporation and DAPI staining,
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Figure 2 FOXAI promotes senescence and activates expression of p16™%4?, (A) Ectopic expression of FOXA1 causes premature senescence.
2BS cells were infected with retrovirus expressing FOXA1 or control at early passage and expression of FOXA1 was determined by western
blotting (first panel on the left). The infected 2BS cells were selected and cultured for ~40 days with their growth curve monitored (second
panel on the left). PDs for each time point are the mean value of triplicate experiments. Percentage of the indicated cells positive for BrdU and
senescence-associated heterochromatin foci (SAHF) was shown (third panel on the left). Data represent the mean+s.d. for triplicate
experiments. Representative images of indicated cells stained for SA-B-gal activity (first panel on the right) and DAPI (second panel on the
right) were shown. 2BS cells were infected with indicated retroviruses, and seeded per 6-well plates for 10-15 days followed by fixation
and staining with crystal violet (third panel on the right). (B) Knockdown of FOXA1 impaired p16"™<*? activation and senescence progression.
2BS cells were transduced with two independent lentiviral sShRNAs against FOXA1 (shF-1 and shF-2) or a scramble control vector (shC) at
middle passage. About 1 month post infection, western blotting was performed for analysis of FOXA1 and p16™**® expression (upper panel in
the left). Growth curve monitoring, cell staining for BrdU and SAHF, and colony formation assay with crystal violet staining were performed as
in (A). Data represent the mean + s.d. for triplicate experiments. (C) Overexpression of FOXA1 upregulated p16™2, 2BS cells were infected
with retrovirus expressing FOXA1 or control as in (A). Total proteins extracted from infected 2BS cells were subjected to western blotting
analysis with indicated antibodies (left panel). mRNA analysis of indicated senescence-associated genes was determined by RT-qPCR (right
panel). Data represent the mean + s.d. for triplicate experiments. (D) Tow independent shRNAs against FOXA1 (shF-1, shF-2) or a control
shRNA(shC) were infected in IMR90 cells with tamoxifen-inducible Ras expression. Seven days following OHT treatment, western blotting
analysis was performed with indicated antibodies (left panel). Percentage of the indicated cells positive for BrdU and senescence-associated
heterochromatin foci (SAHF) was shown in the right panel. Data represent the mean+s.d. for triplicate experiments. (E) p16™%** was
indispensible for FOXA1 overexpression-induced senescence. 2BS cells were transduced with a combination of retroviral FOXA1 or empty
vector (V) and lentiviral shRNA against p16™K42 (shp16INK4a) or control shRNA (shC). The expression of FOXAl and pl16™¥*? was
determined by western blotting (left panel). Phenotypic differences in these cells were monitored through population doubling analysis (middle
panel), BrdU incorporation assay and SAHF formation assay (right panel) as done in (A). Data represent the mean+s.d. for triplicate
experiments. Source data for this figure is available on the online supplementary information page.

respectively. As shown in Figure 2E, growth arrest and
SAHF formation in FOXAl-overexpressed 2BS cells was
greatly reduced when p16™%** was removed, confirming
that FOXA1-regulated senescence was imparted by p16™f42,

p16™K*2 js a direct transcriptional target gene of FOXA1
We next sought to explore the molecular mechanism under-
lying FOXA1-mediated transcriptional activation of p16™%42,
To test the possibility that FOXA1 directly bound to its
cognate cis-regulatory element proximal to pl16™%%?, we

©2013 European Molecular Biology Organization

first performed chromatin immunoprecipitation assay fol-
lowed by quantitative PCR (ChIP-qPCR) to determine
FOXA1’s binding pattern within the INK4 locus in young
and aged 2BS cells. The results indicated significant enrich-
ment of FOXA1 in senescent cells surrounding pl6™<4?
transcription start site (TSS), in contrast to its barely detected
binding in young cells (Figure 3A). Notably, such association
was only observed at the p16™%*® promoter rather than the
remaining 11 regulatory regions throughout the INK4 locus,
in concert with specific transcriptional activation of p16™ 4?
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Figure 3 FOXAI activates p16™**? through directly binding on its promoter. (A) ChIP analysis of FOXA1 occupancy on the INK4 loci in young
and replicative senescent 2BS cells. The precipitated DNA was amplified by qPCR using primers illustrated in the left panel. Error bars represent
standard deviation from triplicate experiments. (B) FOXAl enhanced the transactivation of p16™*** promoter. Increasing amounts of
FOXA1 together with a luciferase construct harbouring 2070-bp fragment of p16™%** promoter were transfected in HeLa cells, and 48 h
after transfection cells were harvested for luciferase activity assay (left panel). MCF-7 cells were co-transfected with siRNA against FOXA1
(siFOXA1) or non-sense control (siNS), along with p16™&4 promoter reporter. Depletion of endogenous FOXA1 was confirmed by western
blotting (top panel, middle). Luciferase activity was shown below (bottom panel, middle). A series of luciferase reporters with various
spanning coverage of p16™%** promoter (2070, 1400, 870, 622, 370, and 70 base pairs in length) were constructed. These constructs were
co-transfected with FOXA1 or empty vector in HeLa cells, and 48 h after transfection the relative luciferase activity was measured (right panel).
Data represent the mean + s.d. for triplicate experiments. (C) The sequence logo for FOXA1 binding motif was retrieved from JASPAR database
(http://jaspar.genereg.net). Predication of FOXAI binding site on p16™<*® promoter was performed using JASPAR analysis tools with the
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promoter together with nuclear lysate from young (PD25) or old 2BS cells (PD60) (right panel). Inclusion of normal IgG or anti-FOXA1
antibody, and exceeded unlabelled wild-type probe (cold WT) or unlabelled mutant probe (cold MT) was indicated below. (D) A luciferase
reporter was constructed with substitution of the four most conserved thymine bases for cytosine in the predicted FOXA1 motif. This construct
(MT) and its parent (WT) were transfected in HeLa cells, and their responsiveness to FOXA1 was measured. Data represent the mean + s.d. for
triplicate experiments. Source data for this figure is available on the online supplementary information page.

The EMBO Journal VOL 32 | NO 6 | 2013 ©2013 European Molecular Biology Organization



but no other CDK inhibitors by FOXA1 (Figures 2C and 3A).
In addition, decreased H3K27me3 modification was also
observed at this region as previously described (Bracken
et al, 2007; Agherbi et al, 2009), implying an active
chromatin context accompanying FOXA1 recruitment during
senescence.

The association between FOXA1 recruitment and activation
of p16™¥*2 promoted us to test its trans-activating activity on
the promoter of p16™X4?, For this purpose, we co-transfected
HeLa cells with a p16™*? promoter-driven luciferase repor-
ter harbouring a 2070-bp fragment upstream of p16™¥4 TSS
and FOXA1 expression construct. As shown in Figure 3B,
overexpression of FOXAl was able to activate pl6™K4a
promoter in a dose-dependent manner (Figure 3B, left
panel). Furthermore, a weakened p16™¥*? promoter activity
was observed when FOXA1 was knocked down in MCF-7
cells, a breast cell line with relatively high level of endogen-
ous FOXA1 (Figure 3B, middle panel), indicating the require-
ment of FOXA1 for maintenance of pl16™ *® promoter
activity. In addition, luciferase activity analysis with domain
mutagenesis of FOXA1 indicated that DBD was essential for
p16™X4* promoter activation (Supplementary Figure 2B),
reinforcing the importance of sequence-specific association
between FOXA1 and p16™%*? promoter.

Luciferase reporter assay using a series of constructs with
various spanning coverage of p16™**? promoter indicated
that enforced expression of FOXA1 could activate the repor-
ters with 1400-, 870-, 622- and 370-bp fragments comparable
to the 2070-bp construct, in contrast to the disappeared
responsiveness of the 70-bp construct, suggesting a putative
binding site of FOXA1 might locate between 370 and 70 bp
upstream of pl16™K* TSS (Figure 3B, right panel).
Bioinformatics analysis on this region revealed an 11 base
pair sequence ranging from —314 to —304bp closely
resembled a putative FOXA1 binding motif (Figure 3C, left
panel). Coordinately, substitution of the four most conserved
thymine bases for cytosine in the predicted motif completely
abolished its responsiveness to FOXAL1 in the luciferase report
assay (Figure 3D). Electrophoretic mobility shift assay
(EMSA) experiments confirmed that recombinant FOXA1
protein was able to specifically bind to the p16™¥*® promoter
probes containing this element, since such occupancy was
dominated by unlabelled wild-type competitor probes, but
not by unlabelled probes with a mutation in this element
(Supplementary Figure 2A). EMSA with young and aged
nuclear lysates instead of purified FOXA1 protein further
consolidated this point, as old 2BS cell lysate but not young
ones could shift the labelled probe and incubation with
antibody against FOXA1 resulted in a super-shift of FOXA1-
DNA probe complex (Figure 3C, right panel). The binding
specificity was also confirmed with unlabelled competitors.
FOXA1 promotes nucleosome loss at p16"V*? promoter
In addition to the physical association and functional link
between p16™4? and FOXA1 on histone-free DNA template
in vitro, we sought to get further insight into the chromatin
dynamics underlying FOXAl-dependent p16™4? activation
at its cis-regulatory elements packed with nucleosomes, given
the structural similarity between its DBD domain and repres-
sive linker histones H1 (Clark et al, 1993; Cirillo et al, 1998;
Cirillo and Zaret, 2007). For this purpose, we employed a
previously developed high-resolution MNase mapping assay

©2013 European Molecular Biology Organization
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to analyse in vivo nucleosome positioning pattern at p16™<42

promoter along with replicative senescence (Sekinger et al,
2005; Petesch and Lis, 2008). In this assay, chromatin from
young and senescent 2BS fibroblast cells was isolated
and further digested with micrococcal nuclease (MNase),
and the resulting mono-nucleosome sized DNA fragments
were visualized and extracted through gel electrophoresis
(Figure 4A, left panel). The purified DNA samples were
subjected to qPCR with overlapping primer pairs spanning
~600bp DNA stretch totally at p16™ 4 promoter. We mea-
sured nucleosome density at a given region by the relative
ratio of the amount of digested DNA to the undigested
control, as the ability of a primer pair to amplify depends
on the amount of contiguous DNA between the primers that
remains after MNase digestion (Petesch and Lis, 2008).

As shown in Figure 4A, we observed four nucleosomes
positioned well on p16™¥*® promoter (namely —3, —2, —1,
and + 1 relative to the TSS) with no apparent gap in young
2BS cells. Interestingly, a specific decrease in DNA amount
was detected at the — 2 histone positioning site rather than
the other three nucleosomal regions in senescent cells,
indicating a specialized chromatin remodelling event oc-
curred at p16™¥*? promoter during senescence progression
(Figure 4A, right panel). To exclude the possibility that
chromatin structure changes measured after MNase proces-
sing might be derived from increased accessibility of the DNA
for MNase digestion, we performed traditional ChIP assay
with antibody against histone H3 and H1 to directly quantify
histone residence; and the results supported the occupancy
of both histone H3 and H1 decreased at p16™*? promoter in
senescent 2BS cells (Figure 4B).

Of note, — 2 histone positioning site contains the FOXA1’s
binding motif identified through ChIP, luciferase reporter
assay and EMSA as stated above (Figure 3), implying the
implication of ATP-independent chromatin remodelling activ-
ity of FOXALI for histone dynamic change at p16™*** promo-
ter. We therefore ectopically expressed FOXA1 in young 2BS
cells, and monitored histone density by MNase mapping
experiments. The results revealed a specific loss of —2
positional histone compared with its steady positioning at
other sites upon enforced FOXA1 expression, recapitulating
chromatin dynamics in natural senescence progression
(Figure 4C, upper panel). Independent approach as low-
resolution ChIP assay with antibody against histone H3 and
H1 further supported that FOXA1 could regulate chromatin
remodelling at p16™ 42 promoter other than distal regions
(Figure 4D, upper panel; Supplementary Figure 3B, upper
panel). Consistent with these gain-of-function experiments,
depletion of FOXA1 with two independent shRNA in senes-
cent 2BS cells was sufficient to eliminate such remodelling
events, evidenced by both MNase mapping (Figure 4C,
bottom panel) and ChIP assay (Figure 4D, bottom panel;
Supplementary Figure 3B, lower panel).

In view of kinetic chromatin state in replicative senescence,
measurement of DNA accessibility in OIS model revealed
active de-condensation at p16™*? promoter following onco-
genic stress (Supplementary Figure 3A). The open chromatin
context at FOXA1 binding region might be then exploited for
subsequent recruitment of collaborating TFs at pl6™<4?
promoter. This point was proved as Spl binding at p16™<4?
promoter increased when FOXA1 was introduced in young
2BS fibroblast cells (Figure 4D).
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Figure 4 FOXA1 promotes nucleosome loss at p16™%*? promoter. (A) Nucleosome positioning patterns in the vicinity of p16™**? TSS in young

versus old 2BS cells measured by MNase (micrococcal nuclease) mapping assay. Chromatin was isolated from 2BS cells followed by digestion
with increasing concentration of MNase as indicated (left panel). Mono-nucleosome sized DNAs were recovered from gel and used as PCR
template to determine nucleosomal DNA enrichment at the indicated positions of p16™%** promoter (upper panel on the right). Nucleosome
density at a given region was measured as the relative ratio of the amount of digested DNA to the undigested control. Data represent the
mean + s.d. for triplicate experiments. Overlapping primer pairs (typically spaced 30 bp apart) producing ~ 100 bp products individually and
the mapped nucleosomes were shown (bottom panel on the right). (B) ChIP experiments were performed in young and aged 2BS cells with
indicated antibodies to measure histone density by using the primer pair 6 as depicted in (A). Data represent the mean + s.d. for triplicate
experiments. (C) 2BS cells were transduced with retrovirus expressing FOXA1 or its control vector at early passage (PD25). The resultant
chromatin was extracted and subjected to MNase mapping assay as in (A) (upper panel). Middle-aged 2BS at PD40 cells was transduced
with two independent lentivirus expressing shRNA against FOXA1 (shF-1 and shF-2) or a non-silencing control. Approximately 30 days post
infection, the resultant chromatin was subjected to MNase mapping assay. Data represent the mean-+s.d. for triplicate experiments.
(D) Overexpression or knockdown of FOXA1 in 2BS cells was conducted with the same procedure in (C). The resultant chromatin was
extracted and subjected to ChIP assay with indicated antibodies followed by qPCR (bottom panel). The primer pairs to amplify — 1 kb, + 1 kb,
and — 300 bp regions relative to p16™4? TSS were illustrated in the upper panel. Data represent the mean + s.d. for triplicate experiments.
BS, binding site.
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FOXAT1 is an important player in the transcriptional
feedforward loop for p16™%*? activation induced by
PRC2 removal

In order to delineate the upstream signalling molecules
responsible for upregulation of FOXAl in senescence, we
challenged 2BS fibroblast cells with established senescence
inducers, including oxidative/DNA damage, nutrient over-
load and manipulation of key genes for senescence program.
Among them, elevated expression of FOXA1 was consistently
observed when the component of Polycomb Repressive
Complex 2 (PRC2) was removed (Figure 5A). In that
case, growing 2BS fibroblast cells were treated by
3-Deazaneplanocin A (DZNep), which effectively promotes
the depletion of cellular levels of PRC2 components and
inhibition of associated histone H3 lysine 27 trimethylation
(Fiskus et al, 2009). Similarly to the premature characteristics
of fibroblast cells depleted with PRC2 components (Bracken
et al, 2007; Wilson et al, 2010), administration of DZNep
induced senescence, as illustrated by increased expression of
p16™¥*? and high B-galactosidase activity (Figure S5A).
Importantly, we observed dramatically induced FOXA1 pro-
tein along with degradation of EZH2 upon DZNep treatment;
RT-qPCR results also supported that the induction was at
transcription level (Figure 5A). To exclude the possibility that
upregulation of FOXA1 was derived from non-specific phar-
maceutical effect of DZNep, we depleted SUZ12 component
of PRC2 with RNAi-based approach and observed increment
of FOXA1 protein following SUZ12 removal (Figure 5B). In
line with the results from loss-of-function experiment, over-
expression of EZH2 in Ras-mediated OIS blunted the upregu-
lation of FOXA1 (Figure 5E). These results were reasonable,
because FOXA1 as a developmental gene was transcription-
ally silenced by PRC2 in human embryonic stem cells
(Bracken et al, 2006; Lee et al, 2006; Schuettengruber et al,
2007).

ChIP-gPCR analyses in 2BS cells revealed prominent bind-
ing of EED and SUZ12 components and also the enrichment
of histone H3K27me3 modification on FOXA1 promoter in
young 2BS cells at all tested regions, compared to the control
IgG (Figure 5C). Importantly, in replicative senescent cells
almost all the tested regions experienced decreased binding
of EED and SUZ12 coupled with a loss of H3K27me3 mark,
especially at the most proximal region; and this result was
consistent with globally decreased protein levels of PRC2
members in aged cells (Figure 5C, lower panel). The barely
detected PRC2 subunits at the promoter region of MIPOL1, a
gene located adjacent to FOXA1l on the chromosome,
supported the regulation of FOXA1 by PRC2 was specific
(Figure 5C, lower panel).

The fact that p16™54? was tightly controlled by repressive
PRC2 (Bracken et al, 2007), promoted us to test the
convergence of PRC2-removal mediated de-repression and
FOXAl-dependent transcriptional activation at pl6™k4?
promoter. We therefore co-infected 2BS fibroblast cells with
retroviral-shRNA against EZH2 and lentiviral-shRNA against
FOXA1; and western blotting assay indicated that the protein
level of p16™**? increased when EZH2 was knocked down,
however, such effect was severely impaired after FOXA1 was
further depleted (Figure 5D). On the other hand, enforced
EZH2 overexpression weakened FOXAl-mediated pl16™K*a
upregulation in OIS model (Figure 5E), while ectopic expres-
sion of FOXA1 promoted the dismissal of PRC2 from p16™¥4a

©2013 European Molecular Biology Organization
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promoter (Figure 5F). These results pinpointed the mutual
elusive interplay between FOXA1 and Polycomb complex for
control of p16™X4? activation; however, co-immunoprecipita-
tion experiment did not support the physical interaction
between FOXA1l and PRC1/2 complex (Supplementary
Figure 4B), hence their functional exclusion was not likely
resulted from a direct effect. In order to determine whether
the chromatin context with the depletion of PRC2-deposited
repressive epigenetic code could facilitate FOXA1 recruitment
beyond the differential FOXA1l expression levels, we
co-transduced the 2BS cells with a combination of FLAG-
tagged exogenous FOXAl and shEZH2 or control shRNA.
ChIP experiments with antibody against FLAG confirmed
the contribution of chromatin context, as the enrichment of
FLAG-tagged FOXA1 increased following EZH2 depletion
(Figure 5G).

These results suggested that FOXA1 did not only respond to
depression of PRC2, but also was implicated in reinforcing the
active epigenetic remodelling at p16™¥* promoter to orches-
trate a feedforward loop governed by PRC2 removal for fully
activated p16™*4? transcription.

Identification of a distal FOXA1-bound region ~ 150 kb
away from TSS as a putative enhancer for p16"™ 42
Gene transcription requires collaborations between proximal
promoters and distal enhancers. However, to our knowledge,
there are few investigations on distal enhancer elements
compared to the overwhelming researches on promoter
regions for the studies of p16™¥%* activation during
senescence. In light of the prevalent chromosomal looping
mechanism of FOXA1 to promote nuclear receptor-mediated
gene transcription (Carroll et al, 2005; Lupien et al, 2008),
identification of FOXA1 as a putative activator for p16™¥4a
afforded us the opportunity to search for the potential
p16™¥42 enhancer elements. The candidates were chosen
based on both predicated FOXA1 motif score (Figure 3C)
and histone H3K4mel/H3K4me2 marks indicative of
enhancer elements in ENCODE database (Ohtani et al, 2001;
Heintzman et al, 2007). As a result, 27 sites scattered within
~200kb encompassing p16™¥* TSS were finally picked up
for further investigations.

ChIP-qPCR analysis at all the 27 sites in young and
replicative senescent 2BS cells revealed a unique site
~150kb away from p16™%*? TSS was significantly bound
by FOXAL1 in aged but not in young cells (Figure 6A). To test
whether this ~150kb away site could physically communi-
cate with p16™%*? promoter via chromosome looping, we
performed chromosome conformation capture (3C) experi-
ments to assess their interaction (Smogorzewska and de
Lange, 2002; Carroll et al, 2005). In this experiment, young
and replicative senescent 2BS cells were collected, and the
fixed chromatin was digested with a specific restriction
enzyme Xbal. The resulting DNA samples were diluted and
re-ligated by T4 DNA ligase to achieve maximal
intermolecular joining. After ligation, the crosslinking
was reversed and the recombinant DNA was purified. The
interaction frequency between this putative enhancer
element and p16™%** promoter was then measured by PCR
with the primer to amplify ligation products bridging these
two sites (Zhang et al, 2010). The results in Figure 6B illu-
strated a prominent band at expected position from senescent
2BS cells indicative of genuine interaction between the
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—150kb element and p16™*4® promoter, while such inter-
action was weaker in young cells. Sequencing result of these
PCR products confirmed their derivation, and the Xbal site
was also evidenced to be located at the joint (Figure 6B, lower
panel). To determine the sufficiency of FOXA1 to drive such
proximity, we overexpressed lentiviral FOXA1 in growing 2BS
fibroblast cells and performed 3C assay to examine the
resultant interacting frequency. As expected, enforced expres-
sion of FOXA1 alone could induce strong interaction between
these two sites comparable to that in replicative senescent
cells (Figure 6B, right upper panel). As a negative control, the
interaction between p16™¥4? promoter and a — 70 kb site was
not observed in both replicative senescent and FOXA1l-over-
expressed cells (Figure 6B, upper panel).

To further investigate the possibility that this 150kb
element can function as authentic enhancer, we inserted a
stretch of genomic sequence centred on this site into
the luciferase vector containing the p16™*** promoter and
co-transfected these constructs with FOXA1 expression plas-
mids into HeLa cells. As shown in Figure 6C, inclusion of the
putative enhancer sequences regardless of the direction
(‘E(T)’ and ’rE(T)’, see below) resulted in an additional
~3-fold increment of response to FOXA1l compared with
the sole promoter construct. Importantly, mutation of
FOXA1 binding site at promoter region completely abolished
the induced luciferase activity, underscoring that the function
of —150kb enhancer was dependent on its communication
with the promoter bridged by FOXA1 (Figure 6C).

DNA variant at the — 150 kb enhancer influences
FOXA1-dependent p16™%%2 activation

Detailed sequence analysis on the —150-kb enhancer
revealed a single-nucleotide polymorphism (SNP) site
rs10811661 (C/T) resides in the core region of predicted
FOXA1l binding motif and maps to sites of evolutionary
conservation among several mammals, implying its biologi-
cal relevance (Supplementary Figure 5). Interestingly, the risk
allele with polymorphism T was independently identified to
be associated with type 2 diabetes mellitus (T2D) in several
recent genome-wide association studies (GWAS) (Wen et al,
2010; Cugino et al, 2011; Bao et al, 2012). Since the FOXA
family proteins play crucial roles in pancreatic development
and glucose metabolism, it was reasonable to examine the
influence of C/T polymorphism on FOXA1l binding at this
— 150-kb enhancer element. We thus performed EMSA with
in vitro synthesized C or T containing probes to compare their
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affinity towards FOXA1; and the result indicated that T probe
was preferable to be bound by recombinant FOXA1 protein in
accordance with predicated binding preference (Figure 7A;
Supplementary Figure 6A). To determine whether the similar
scenario exists in vivo, two commercially available lympho-
cytic cell lines possessing T/T or C/C genotype of rs10811661
were utilized. Genotyping by direct DNA sequencing of PCR
products confirmed that GM10860 was homozygous for
rs10811661 T allele, while GM10851 was homozygous for C
allele (Supplementary Figure 6B). We lentivirally overex-
pressed FOXAT1 in these two cell lines and ChIP-qPCR analysis
indicated that FOXA1 was more readily to be detected on this
— 150-kb enhancer region in GM10860 (T/T) cells than that
in GM10851 (C/C) cells (Figure 7B), in concert with higher
p16™4a Jevel in the T/T cells responding to enforced FOXA1
expression (Figure 7C). Interestingly, although 2BS fibroblast
cells were heterozygous for rs10811661, sequencing results of
FOXA1 bound DNA fragments in ChIP experiments
(Figure G6A) revealed their inclination for T allele as
the ratio of T-allele clones versus C-allele clones was 8:2.
Moreover, in agreement with our observation, a recent pub-
lication on breast cancer risk-associated SNPs identified an
allele with 1rs4784227-T variant at the same position as
rs10811661 (Supplementary Figure 6) in FOXA1l binding
motif could favour its recruitment over rs4784227 C allele
(Cowper-Sal lari et al, 2012).

To test the functional significance of rs10811661, we
performed site-directed mutagenesis to introduce the variant
C allele to the established enhancer luciferase construct
carrying T allele. As shown in Figure 6C, the C-allele construct
had little enhancer activity responding to enforced FOXAl
expression, correlating with its lower affinity to FOXA1. In
order to examine the importance of rs10811661 on FOXA1-
regulated senescence, it should be a better choice of pairing
cell lines with similar genetic background but harbouring
homozygous allele for T or C. However, the available cell
lines are generally transformed with pRB inactivated, imped-
ing our examination on cell proliferation and cell-cycle exit.
Alternatively, we assembled a transgenic construct hosted on
self-inactivating retrovirus-derived vector with defective 3’
long terminal repeat (LTR) element, which was suitable for
transcription regulation study due to the absence of enhancer
and promoter sequences in both LTRs of the integrated
provirus (Yu et al, 1986). On the other hand, the p16™K4?
protein derived from the transgenic construct should not be
complicated by its endogenous counterpart, we therefore

Figure 5 FOXALI is an important player in the transcriptional feedforward loop for p16™**® activation induced by PRC2 removal. (A) FOXA1
was upregulated following DZNep-mediated degradation of EZH2. 2BS cells were treated with 5 uM DZNep for 48 h followed by an extended
culture for 2 weeks. The cells were then harvested for western blotting (left panel), RT-qPCR (middle panel), and SA-B-gal activity analysis
(right panel). Data represent the mean + s.d. for triplicate experiments. (B) Early-passage 2BS cells were infected with retroviral sShRNA against
SUZ12 (shSUZ12) or a non-silencing control (shC). Total cell lysates were harvested for western blotting analysis with indicated antibodies.
(C) ChIP analysis of SUZ12, EED, and histone H3 lysine 27 trimethylation (H3K27me3) enrichment on FOXA1 promoter in young (PD30) and
old (PD62) 2BS cells was performed. The primer pairs used for PCR on FOXA1 promoter (designated as ‘a’, ‘b’, ‘c’, and ‘d’) and MIPOL1
promoter were illustrated at the top panel. Data represent the mean + s.d. for triplicate experiments. The protein level of EZH2 and SUZ12 in
young and aged 2BS cells was determined by western blotting assay (bottom panel on the right). (D) FOXA1 was required for EZH2 silence-
mediated p16™¥** activation. Young 2BS cells infected with shRNA against EZH2 (shE), or a combination of shE and shRNA against FOXA1
(shF-1 or shF-2) were subjected to western blotting (left panel) and RT-qPCR analysis (right panel). Data represent the mean + s.d. for triplicate
experiments. (E) Western blotting analysis was performed in 2BS cells transduced with empty vector (V), Ras or a combination of Ras and
EZH2 using indicated antibodies. (F) ChIP analysis of EZH2, SUZ12, and H3K27me3 enrichment on p16™%*? promoter was performed in empty
vector- or FOXAl-infected 2BS cells. Data represent the mean + s.d. for triplicate experiments. (G) 2BS cells were transduced with empty vector
(V), or a combination of retroviral FLAG-FOXA1 and shRNA against EZH2 (shE) or non-silencing control (shC). Western blotting analysis with
indicated antibodies was shown in the left panel. ChIP analysis with anti-FLAG antibody on p16™%** promoter was shown in the right panel.
Data represent the mean + s.d. for triplicate experiments. Source data for this figure is available on the online supplementary information page.
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Figure 6 Identification of a distal FOXAl-bound region ~150kb away from TSS as a putative enhancer for p16™%*?, (A) ChIP analysis
of FOXA1 enrichment on candidate enhancer regions was performed in young (upper panel) and senescent (lower panel) 2BS cells. The
prominent binding of FOXA1 at the region ~150kb away from p16™K42 TSS was highlighted by a red box. Data represent the mean + s.d. for
triplicate experiments. (B) Chromosome conformation capture (3C) assay confirmed the communication between p16™¥4? promoter and the
putative enhancer element highlighted in (A). In this experiment, chromatin extracted from young and replicative senescent 2BS cells was
subjected to 3C assay with ‘pro-150kb’ or ‘pro-70kb’ primers, which were used to amplify the re-ligated products composed of p16™K+2
promoter as the ‘constant fragment’ and DNA stretches — 150 or —70kb away from TSS as ‘candidate interacting fragment’ (left panel).
Fragments within two adjacent Xbal sites were amplified as a loading control. 3C-PCR product with the ‘pro-150 kb’ primer was sequenced as
shown in the bottom panel and the Xbal site linking two fragments was underlined. 3C assay was also performed in retroviral FOXA1- or
control-infected 2BS cells (right panel). (C) The indicated reporter constructs were introduced into HeLa cells for testing their responsiveness to
FOXAIL. Data represent the mean+s.d. for triplicate experiments. Firefly, luciferase gene; P, p16™"* promoter; Pm, p16"™<** promoter
with mutated FOXA1 binding site; E(T), — 150 kb enhancer with rs10811661-T (see below); rE(T), reversed E(T); E(C), — 150 kb enhancer with
r510811661-C (see below). Source data for this figure is available on the online supplementary information page.

designed a FLAG-tagged and p16™¥*®-RNAi resistant open
reading frame (ORF) called as resp16™%*?, The final retroviral
construct was composed of p16™*® promoter, respl6™ 42,
and — 150-kb enhancer element carrying C or T allele, and

868 The EMBO Journal VOL 32 | NO 6 | 2013

thus termed as pSIR-tgpl6™¥*2.C and pSIR-tgpl6™r 4T,
respectively  (Figure 7D). We co-transduced growing
2BS cells with lentivirual-FOXA1, shp16™¥*  and
pSIR-tgp16™K4.C or pSIR-tgp16™K42.T; and western blotting

©2013 European Molecular Biology Organization



Regulation of p16'™*** by FOXA1
Q Li et al

A D
5LTR
— > Enhancer (T or C)
Promoter
pSIR-tgp16!NKaa RNAi-resistant CDS
Pha
FOXA1 + o+ + o+ o+ + o+ + + o+
Probewith T ———""_1] - - - - - [
robe wi "9(779
Probewithc - - - - - _4-'
0lgG 0FOXAT
B . g ‘ T c < 705 Vector
5 W Vector E ¥ Vector v__F __V__F & 601 w FOXA1
2 "[uroa g rerou ol I I L
= 3 °
3 3 = o 40
=3 3 E
3 3 B 30
[ Q 8
2 ° T 20
5 g —
- o - 8
g g 2 2 10
o 2 ST S | o

Shp16|NK4a

N
> > N
Q
C Vector
5
3 pSIR-
INK4a_
; tgp16 T
[
€
[l
=
kol
[}
o
pSIR-
GM10851 GM10860 tgp16INKda.C
(C/C) (T/)

Young /_

FOXAT off P16 OFF

Senescence

p16INK43 ON

Figure 7 DNA variant at the —150kb enhancer influences FOXAl-dependent p16™K*? activation. (A) FOXAl possessed higher affinity
towards T-allele binding site located in the — 150 kb enhancer. EMSA was performed with recombinant FOXA1 protein and increasing amount
of biotin labelled probe. The probe harbours a DNA variant rs10811661 for Tor C, which is enclosed in the predicted FOXA1 binding motif at the
— 150kb enhancer. (B) ChIP analysis of FOXA1 enrichment at the — 150 kb enhancer was performed in FOXA1- or control vector-infected
GM10851 (carrying C allele) and GM10860 (carrying T allele) lymphocytes. Data represent the mean+s.d. for triplicate experiments.
(C) GM10851 and GM10860 lymphocytes were transduced with lentiviral FOXA1 or control vector. RT-qPCR analysis for p16™*? was
conducted in these cells. Data represent the mean +s.d. for triplicate experiments. (D) A transgenic construct designated as pSIR-tgp16™4?
hosted on a self-inactivating retrovirus-derived vectors was demonstrated in the top panel. RNAi-resistant CDS, FLAG-tagged full-length
p16™¥4? coding sequence with synonymous mutations to abolish its pairing with shp16™*?; promoter, p16™**® promoter with 370 bp DNA
sequence upstream from its TSS; enhancer (Tor C), — 150kb enhancer with DNA variant rs10811661 for T or C. Py, promoter for histone H4.
Early-passage 2BS cells with endogenous p16™**? silenced by its targeting shRNA (shp16™*?) were co-transduced with pSIR-tgp16™K4a
(Tor C) and retroviral FOXAL1 or control vector. The cells were selected and cultured for 2 weeks. Western blotting analysis was performed with
indicated antibodies (middle panel, left). Phenotypic differences in these cells were monitored through BrdU incorporation assay (middle
panel, right) and SA-B-gal activity analysis (bottom panel). Data represent the mean +s.d. for triplicate experiments. (E) A model depicts
the molecular mechanism underlying FOXA1-mediated p16™%*? activation during senescence. Source data for this figure is available on the
online supplementary information page.
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results confirmed the successful expression of FOXA1 and
depletion of endogenous p16™¥*? by shp16™¥* (Figure 7D,
middle panel). Importantly, when co-infected with
lentiviral-FOXA1, 2BS cells with pSIR-tgpl6™ 2T showed
higher induction of FLAG-tagged p16™¥*? relative to pSIR-
tgp16™¥*2-C, consistent with the results from luciferase re-
porter assays (Figure 7D, middle panel). And consequently,
pSIR-tgp16™X*2.T transduced 2BS cells displayed stronger
SA-B-galactosidase activity and lower proportion of
BrdU-positive cells (Figure 7D, bottom panel).

Discussion

In this study, we initially observed that FOXA1 was the most
induced transcription factor of Forkhead family proteins during
replicative senescence and also was accumulated in aged
mouse (Figure 1). Further biochemical and phenotypic experi-
ments suggested that FOXA1 exerts its pro-senescence function
through direct transcriptional activation of p16™<*? (Figure 7E).
Interestingly, a previous genome-wide RNAi-based screening
for target genes required for oncogenic BRAF-activated senes-
cence barrier identified FOXA1 as an essential component for
p16™K4a activation (Wajapeyee et al, 2008).

FOXA2 as a close paralogue of FOXAl was similarly
identified to be upregulated in replicative senescence
(Figure 1A); however, enforced expression of FOXA1l but
not FOXA2 drove the induction of p16™¥® in 2BS fibroblast
cells consistently (Supplementary Figure 1A). Although the
molecular basis for this differential regulation was currently
unknown and correlation of FOXA2 and p16™¥*? in other
biological context was not determined in this study, distinct
sets of target genes of these paralogues were recently demon-
strated in the adult liver through genome-wide location
analysis and such functional diversification was proposed
to confer the maintenance of both genes during evolution
(Bochkis et al, 2012). Intriguingly, while FOXA homologue
PHA-4 in C. elegans was reported to be involved in
DR-mediated longevity, FOXAl-regulated ageing process in
mammals should be more complicated due to the presence of
evolved INK4 family proteins, which are lacked in C. elegans
(Gil and Peters, 2006). On the other hand, the functional role
of FOXA1l in neoplastic transformation should not be
restricted to its ‘pioneering’ collaborations with extra
oncogenic factors, such as oestrogen or androgen receptors;
the pl6™¥a.centred tumour suppressor network as a
senescence barrier, which might be imposed by FOXAl
activation, should be further examined in the context
of FOXAl-associated tumour progression. In support of this
notion, although FOXA1 was reported to be involved
in initiating breast and prostate cancers, downregulation of
FOXA1 was proposed to be an unfavourable prognostic
signature in progressive prostate cancer accompanied by
aberrant cell cycles (Wang et al, 2009, 2011).

Consistent with previous reports that transcriptional
activation of p16™X4? correlated with loss of histone binding
at its promoter (Fatemi et al, 2005; Hinshelwood et al, 2009),
we observed —2 positioned nucleosome was specifically
removed during replicative senescence (Figure 7E). Reduced
histone H3 and H1 binding when FOXA1l ectopically
expressed and retention of these histones in aged cells
when FOXA1l knocked down (Figure 4), suggested that
FOXA1 was a crucial regulator for chromatin remodelling at
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p16™¥4 promoter, likely through an similar mechanism in

liver development (Cirillo et al, 1998, 2002; Cirillo and Zaret,
1999). Interestingly, the specific loss of —2 positioned
nucleosome renders pl16™"** fall into the category of
occupied proximal-nucleosome (OPN) genes relative to
depleted proximal-nucleosome (DPN) genes (Zheng et al,
2004). The OPN set of genes, which exhibit relatively high
nucleosome occupancy close to the TSS (— 100 to 0) coupled
with relatively low occupancy at a more distal region ( — 400
to —150), tend to have high transcriptional plasticity and
dynamic nucleosome positioning compared with DPN genes.
These characteristics are compatible with varied expression
level and dynamic regulation of pl16™¥*® responding
to manifold cellular stimuli (Gil and Peters, 2006). Thus,
beyond activation of histone-free DNA template of p16™K4a
promoter (Figure 3A-D), FOXA1 would augment the respon-
siveness of endogenous chromatinized cis-regulatory
elements to other TFs, such as Spl in our case, by
sequence-specific chromatin remodelling (Figure 4D, left
panel), and this mechanism should be tested in a broader
way to comprehensively understand other signalling
pathways to invoke the activation of p16™&42,

Depletion of FOXA1 severely impaired PRC2 removal
coupled p16™X*? activation (Figure 5D), indicating that
FOXA1 was an essential component of a feedforward regula-
tory circuit linking PRC2 relayed signalling pathway and
senescence. In addition to p16™¥*?, FOXA1’s promoter was
evidenced to be another arena for PRC-involved cell-fate
determinations (Figures 5 and 7E). Although FOXA1l was
observed to potentiate p16™¥? activation in the presence
of PRC2 (Figure 2A; Supplementary Figure 4A), both tran-
scriptional repression of FOXA1 itself by RPC2 and enhanced
FOXA1 recruitment at p16™**? promoter in favour of chro-
matin context with PRC2 depletion suggested the dominance
of Polycomb complex’s repression over FOXA1’s activation
for p16™¥4* activation (Figure 5). It is conceivable that such
‘dominance’ strategy might have significant biological mean-
ings when p16™4? is intended to be protected from aberrant
activation under the circumstance of high FOXA1 expression.
In line with this, insulin production was demonstrated to
require not only FOXA1 for expansion and differentiation of
the pancreatic primordial (Gao et al, 2008, 2010), but also
PRC2 to maintain normal  cell expansion and regeneration
by transcriptional repression of p16™%*® (Huang et al, 2009;
Chen et al, 2011).

Combined bioinformatics survey, biochemistry analysis,
and functional evaluation led us to obtain a FOXA1l-bound
element ~ 150 kb away from p16™%4? promoter communicat-
ing with its proximal region in aged fibroblast cell and serving
as a FOXAl-dependent enhancer (Figure 6). This newly
identified distal element could be further investigated under
other cellular defence models confronted with diverse
homeostatic challenges, such as DNA damage, oxidative
stress, and even induced pluripotent reprogramming.
Notably, given the critical role of FOXA family factors in
early pancreatic development and islet B cell functionalities,
the finding of SNP rs10811661 associated with T2D residing
within FOXA1 binding motif at this — 150kb enhancer
implied a tempting aetiological interpretation for sub-
population of T2D patients with T-containing allele in favour
of FOXA1 binding, whose insulin secreting  cells might be
subject to premature functional decline by abuse of FOXA1
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factor to upregulate p16™¥*? transcription with the assistance
of distal enhanceosome. Besides the insulin producing organ,
FOXA family factors are implicated in glucose sensing and
homeostasis in liver (Kaestner et al, 1999; Shih et al, 1999);
therefore, it is also plausible that FOXA1-p16™4? axis might
be deregulated to result in aberrant hepatic gluconeogenesis.
Overall, the results of present work revealed pleiotropic
mechanisms underlying FOXA1-based regulatory strategy to
translate epigenetic signature on cis-regulatory elements
of p16™¥? into an actual senescence program (Figure 7E).

Materials and methods

Measurement of senescence-associated phenotypes

For the SA-B-gal staining experiment, cells fixed with formaldehyde
were incubated in a freshly prepared SA-B-gal staining solution at
37°C overnight followed by photomicrography as described
previously (Dimri et al, 1995). For colony formation assay, 3 x 10°
cells were seeded on 6-well plates, selected and followed by fixation
with formaldehyde and staining with crystal violet (Sigma). For
population-doubling analysis, cell number was counted and
~4 x10°cells were plated on 10cm plates every 3-4 days. The
cumulative PDs were summed by the APD as in the formula
APD =log, (Cy/C;), with cells derived from the primary culture
considered to be at PD =0, where C; is the number of cells when
inoculated and G, is the number of cells when harvested per round
of split and passage. For BrdU incorporation analysis, cells were
incubated at 37°C with the addition of 5-Bromo-2’-deoxyuridine and
5-fluor-2’-deoxyuridine followed by fixation, permeabilization,
denaturation, and blocking. Immunostaining was then performed
with antibody against BrdU (Pharmingen) overnight at 4°C followed
by incubation with FITC-conjugated antibody. For SAHF formation
assay, the cells were stained with 1 pg/ml DAPI and then examined
by using TCS SP2 confocal microscope (Leica). Quantitative
results of BrdU and SAHF assays were presented as mean+s.d.
for triplicated experiments.

Chromosome conformation capture assay (3C)

The 3C assay was done essentially as described (Tolhuis et al, 2002)
with minor modifications. Briefly, collected cell pellets were washed
with PBS buffer and then crosslinked with formaldehyde (Sigma)
to achieve a final concentration of 2%. After a 10-min incubation at
37°C, glycine (0.125M final concentration) was added to stop the
reaction. The pellet was then subjected to cold lysis buffer with
protease inhibitors (Roche Applied Science), homogenized with a
Dounce homogenizer on ice, and centrifuged to pellet the nuclei. To
remove non-crosslinked proteins from DNA, SDS was added to a
final concentration of 0.3%. For Xbal digestion, Triton X-100 was
added to a final concentration of 1% to sequester excess SDS. A 5-pl
aliquot of the sample was kept as an undigested genomic DNA
control. Xbal (New England Biolabs) restriction enzyme was added
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was subjected to PCR amplification with site-specific primer pairs,
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as shown in Figure 6B. The primer sequences used in this assay are
listed below:

pro-150 kb: GACGGACTCCATTCTCAAAGTC (forward) and TCCA
ACAGGATCTGTTCACG (reverse);
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