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Cellular senescence defines an irreversible cell growth arrest state
linked to loss of tissue function and aging in mammals. This transition
from proliferation to senescence is typically characterized by in-
creased expression of the cell-cycle inhibitor p16™*4® and formation
of senescence-associated heterochromatin foci (SAHF). SAHF forma-
tion depends on HIRA-mediated nucleosome assembly of histone
H3.3, which is regulated by the serine/threonine protein kinase
Pak2. However, it is unknown if Pak2 contributes to cellular senes-
cence. Here, we show that depletion of Pak2 delayed oncogene-
induced senescence in IMR90 human fibroblasts and oxidative
stress-induced senescence of mouse embryonic fibroblasts (MEFs),
whereas overexpression of Pak2 accelerated senescence of IMR90
cells. Importantly, depletion of Pak2 in BubR1 progeroid mice attenu-
ated the onset of aging-associated phenotypes and extended life
span. Pak2 is required for expression of genes involved in cellular
senescence and regulated the deposition of newly synthesized
H3.3 onto chromatin in senescent cells. Together, our results demon-
strate that Pak2 is an important regulator of cellular senescence and
organismal aging, in part through the regulation of gene expression
and H3.3 nucleosome assembly.
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ellular senescence is a cell growth arrest state associated with

loss of tissue function in mammals (1-5). Senescence can be
induced prematurely by various cellular stresses. For example,
excessive expression of certain oncogenes induces premature
cellular senescence in a process referred to as oncogene-induced
senescence (OIS) (5-7). Additionally, mouse embryonic fibro-
blasts (MEFs) undergo senescence under standard culture condi-
tions with 20% oxygen due to DNA damage caused by oxidative
stress (8). Cellular senescence has been directly linked to aging (9),
and recent studies have demonstrated that the accumulation of
senescent cells in tissues leads to organismal aging (2). BubR1
hypomorphic mice exhibit growth retardation, a shortened life
span, and development of progeroid and age-related phenotypes,
including cachectic dwarfism, lordokyphosis, cataracts, loss of sub-
cutaneous fat, and impaired wound healing (10, 11). Interestingly,
elimination of cells expressing pl6™%4 a senescence biomarker,
significantly attenuates the progression of age-related disorders in
these mice (11). Furthermore, removal of p16™**"expressing cells
from naturally aged wild-type mice also leads to healthy life span
extension (12), indicating that the accumulation of senescent cells
has a negative influence on longevity and health span.

Chromatin is one principal carrier of epigenetic information in
cells, and its reorganization plays a key role in cellular senes-
cence. Generally, senescent cells exhibit extensive alterations to
chromatin structures and gene expression profiles (6, 13, 14).
The structure and function of chromatin is significantly affected by
nucleosome occupancy during replicative aging in yeast and cel-
lular senescence in human cells. Aged Saccharomyces cerevisiae
cells exhibit decreased expression of core histones, which is cou-
pled to decreased nucleosome density and aberrant up-regulation
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of associated genes (15). Notably, senescence in human cells can
be accompanied by a global condensation of chromatin, wherein
chromosomes are packaged into condensed structures known as
senescence-associated heterochromatin foci (SAHF) (6). Func-
tionally, SAHF silence genes that promote cell proliferation, such
as E2F-regulated target genes, thereby contributing to the onset
and maintenance of senescence-associated cell cycle arrest (6).
Hence, studying the regulation of histone variant H3.3 and its
chaperones, including the HIRA complex, in cellular senescence is
important. Several lines of evidence indicate that the exchange and
deposition of histones onto chromatin is implicated in cellular se-
nescence. First, primary human cells that ectopically express HIRA,
a subunit of the histone H3.3 chaperone complex composed of
HIRA, ubinuclein 1 (UBN1), and calcineurin binding protein 1
(CABIN1), undergo senescence with increased SAHF formation
(16, 17). Second, ectopic expression of histone variant H3.3 and its
proteolytically cleaved form induces cellular senescence, most likely
through stress-inducing mechanisms (18). Third, canonical histone
H3.3 chaperone HIRA regulates senescent cell gene expression
(14). Thus, HIRA-mediated nucleosome assembly of H3.3 promotes
chromosome condensation and gene expression changes associated
with cellular senescence, impacting SAHF formation.

The HIRA-mediated nucleosome assembly pathway is regu-
lated by multiple mechanisms. We previously reported that
Pak2 regulates HIRA-mediated nucleosome assembly through
phosphorylation of histone H4 serine 47 (H4S47ph) to promote
HIRA-mediated nucleosome assembly of histone H3.3 (19).

Significance

Nucleosome assembly is regulated at multiple levels to im-
pact distinct cellular processes. Defects in H3.3 incorporation
into the chromatin of senescent cells lead to transcriptional
reprogramming that alters gene expression. Therefore, it is
important to determine how nucleosome assembly of H3.3 is
controlled in senescent cells. In this paper, we provide evidence
of a link between the nucleosome assembly regulator Pak2
kinase and cellular senescence and organismal aging.
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Pak2 is an autoinhibitory kinase and a member of the p21
(Cdc42/Rac)-activated  serine/threonine protein kinase (Pak)
family (20, 21). Pak2 is activated by oncogenic Ras via the RAS/
ERK/PAK2 pathway in rat pheochromocytoma (PC12) cells
(22). Cdc42, a member of the Rho GTPase family, regulates
proinflammatory gene expression in senescent human endothelial
cells in vitro and promotes senescence-associated inflammation in
worms and mice in vivo (23). These findings led us to postulate that
Pak2 has a role in cellular senescence, in part through regulating
HIRA-mediated H3.3 incorporation. To test this hypothesis, we uti-
lize 3 senescence model systems, OIS in normal human fibroblasts,
oxidative stress-induced senescence during culturing of mouse em-
bryonic cells (MEFs), and the BubR1 hypomorphic progeroid mouse
model. Results from all of these models demonstrate an important
role for Pak2 in promoting gene expression and nucleosome as-
sembly of H3.3 during cellular senescence and organismal aging.

Results

Pak2 Depletion Attenuates OIS. Since Pak2 regulates HIRA-
mediated nucleosome assembly of H3.3, a process promoting cel-
lular changes associated with cellular senescence, we hypothesized
that Pak2 may participate in the process of cellular senescence. To
test this hypothesis, we first evaluated if Pak2 regulated OIS. Ex-
ogenous expression of oncogenic Ras in human fibroblasts
promotes OIS, with cells exhibiting increased pl6™<* expression
and characteristically displaying one large nucleolus with het-
erochromatic foci at the periphery (called SAHF) as visualized
by DAPI staining (5, 6). We transduced H-Ras®'*V-inducible
IMR90 cells with short-hairpin RNA (shRNA) targeting Pak2
(shPak2). After transduction and selection, we treated cells
with 4-hydroxytamoxifen (4OHT) to induce H-Ras®'?Y expression
(SI Appendix, Fig. S14) and monitored senescence-associated
B-galactosidase (SA-B-gal) activity, DAPI-positive SAHF, and
p16™%42 expression, all well-known senescence markers (6, 13,
24, 25). In control cells transduced with nontargeting control (NC)
shRNA, the percentage of SA-B-gal-positive cells increased beginning
at day 4 following H-Ras®'?Y induction and reached ~60% at day
6, whereas ~40% of Pak2-depleted cells exhibited positive SA-
p-gal staining on day 6, indicating that entry into OIS was atten-
uated with Pak2 depletion (Fig. 1 A and B). Consistent with this
idea, we observed that Pak2-depleted cells had significantly
fewer SAHF-positive cells than control cells on day 6 (Fig. 1.4 and
C). Furthermore, Pak2 depletion wusing 2 indepen-
dent shRNAs tar%eting Pak2 compromised H-Ras®'*Y-induced
expression of pl6™%*? (Fig. 1 D and E and SI Appendix,
Fig. S1 B and C). We also observed that Pak2 depletion significantly
reduced the expression of interleukin 6 (IL-6), but not IL-8 (Fig. 1F
and SI Appendix, Fig. S1D), 2 proinflammatory cytokines associated
with the senescence-associated secretory phenotype (SASP), on day
6 following H-Ras®'?" induction. Altogether, these results indicate
that Pak2 contributes to OIS, likely through regulating a subset of
genes involved in senescence.

Pak2 Expression Level Increases During OIS, and Its Overexpression
Promotes Cellular Senescence. We found that Pak2 expression in-
creased during oncogenic Ras-induced senescence (Fig. 1E and
SI Appendix, Fig. S1 E and F). Therefore, we tested whether
Pak2 overexpression promoted cellular senescence in normal
human fibroblasts using an established senescence protocol (26).
We transduced cells with a lentivirus encoding an empty vector, a
vector expressing wild-type Pak2, and a vector expressing Pak2
(T402A) kinase dead mutant. Wide-type Pak2 overexpression
(e-Pak2) resulted in increased p16™X* expression as detected
by immunoblotting and mRNA quantification compared with
empty vector (e-EV) (Fig. 2 4 and B). Furthermore, we observed
a decreased incorporation of EAU (5-ethynyl-2’-deoxyuridine) in
S phase cells on day 6 after overexpression of Pak2 (Fig. 2 C and
D), suggesting decreased proliferation and cell cycle arrest.
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Additionally, the percentage of SAHF-positive cells was dra-
matically increased in e-Pak2 cells (Fig. 2 E and F). Interestingly,
cells with ectopic expression of the Pak2 kinase dead mutant
(e-Pak2 KD) exhibited a less profound effect on p16™54* ex-
pression, the percentage of EdU-positive cells, and SAHF for-
mation than overexpression of wild-type (WT) Pak2 kinase.
Thus, overexpression of Pak2 is sufficient to promote cellular
senescence in normal human fibroblasts in a manner dependent
on the kinase activity of Pak2.

Pak2 Is Required for de Novo H3.3 Deposition in Senescence Cells.
The histone H3 variant H3.3 is localized at genic regions, in-
cluding promoters and enhancers, to regulate gene expression (27—
29). Pak?2 regulates HIRA-mediated nucleosome assembly of H3.3
(19); therefore, we tested whether Pak2 regulates H3.3 occupancy
during oncogenic Ras-induced senescence. We found that H3.3
occupancy at the pl6™%* promoter and IL-6 enhancer increased
on day 6 after Ras induction (Fig. 3 A and B), consistent with the
increased expression of pl6™<** and IL-6 during this time frame
(Fig. 1 D and F). Importantly, we observed that depletion of Pak2
resulted in reduced H3.3 occupancy at the p16™5* promoter and
IL-6 enhancer. These results support the idea that Pak2 affects gene
expression, likely through its regulation of H3.3 occupancy at gene
promoters and/or enhancers.

Next, we tested whether Pak2 was generally required for
H3.3 nucleosome assembly in senescent cells because these cells
depend on the HIRA-mediated nucleosome assembly of H3.3 at
actively transcribed genes (13, 14). To monitor nucleosome as-
sembly of H3.3 in senescent cells, we ectopically overexpressed
SNAP-tagged histone H3.3 in IMR90 cells. After transduction
and selection, cells were transduced with a lentivirus encoding a
control sShRNA or shRNA to knock down Pak2 or HIRA (as a
control) (Fig. 3C). We examined the deposition of newly syn-
thesized H3.3 in senescent cells by performing the “quench-
chase—pulse” SNAP labeling assay (26, 30). We observed a
dramatic loss of ectopic H3.3 expression upon HIRA depletion
during senescence progression (Fig. 3D). This was not surprising
as others have reported that senescent cells lacking the HIRA
chaperone exhibit loss of H3.3 due to the instability of the un-
incorporated histone substrate (14). Interestingly, we observed
that the loss of ectopic H3.3 upon Pak2 depletion is similar to
that of HIRA depletion (Fig. 3D). Furthermore, analysis of the
fluorescence intensity of individual cells revealed that depletion
of Pak2, like HIRA, resulted in a marked reduction in H3.3 de-
position (about 50%) compared with control cells (Fig. 3 E and
F). Together, these results indicate that Pak2 is required for
H3.3 incorporation in senescent cells.

Mouse Pak2 Is Required for the Stress-Induced Cellular Senescence in
MEFs. To further investigate the role of Pak2 in senescence, we
tested whether Pak2 was involved in stress-induced premature
senescence. Since complete knockout of Pak2 is embryonically
lethal in mice (31, 32), we generated a Pak2 knockdown mouse
line using a gene trap strategy (referring to H/H as homozygous
for the gene trap allele) (Fig. 4 A and B). Pak2'™™ MEFs
expressed 30-40% of normal Pak2 levels compared with WT
MEFs (Fig. 4C). To determine if these hypomorphic MEFs al-
tered the acquisition of senescence, we passaged WT and
Pak2™™ MEFs under standard culture conditions (20% oxygen),
which induces MEF senescence due to oxidative stress (8), and
monitored SA-B-gal activity, replicative potential (EdU staining),
and pl6™¥ expression. We found that the expression of
Pak2 increased during MEF passaging (Fig. 4C). Moreover, the
percentage of SA-p-gal-positive cells in WT Pak2 MEFs in-
creased by passage 5 and reached about 40% by passage 7 (Fig. 4
D and E). In contrast, Pak2'"™ MEF cultures contained con-
siderably fewer SA-B-gal-positive cells (about 15% at passage 7)
(Fig. 4 D and E), indicating that Pak2 depletion compromised

Lee et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903847116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903847116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1903847116

L T

/

1\

=y

A shPak2
NC H-Ras shPak2 +H-Ras
i 1 T 1 1 1001 o NC
:::-.\. g0 = HRas
P -+ shPak2
-+ shPak2+H-Ras

Do
DAPI

% SA p-gal positive cells (JOJ
N - -]
3 8 8
o

o

Do D2 D4 D6
Post selection (Days)

O

g 100, -e NC
@ 0
< 3 80 -% H-Ras
@ e - shPak2
= 601 = shPak2+H-Ras
8% g :
-3 o 40 H
I
% 20
=
ol . . .
Do D2 D4 D6

Post selection (Days)

* i .
§ 1 mmne 40HT - - + +
w - - -
8 BN H-Ras shPakz - + + +
g
g 300 shPak2 ERRasinduction 0 0 2 4 6246 246 2 4 6 Days
z shPak2+H-Ras Pak2 | ——— |
o 20
s I H-rasV1? .“ -"_
T 10 .
e T piginkta R
w
o "
DO D2 D4 D6 a-tubulin | —=— I
Post selection (Days)
F *k
c 6
2 | HRas
3 shPak2+H-Ras
$4
> T
k-]
L
22
® b
©
[3
g, I
= 0- T .
DO D6

Post selection (Days)

Fig. 1. Pak2 expression level increases in cells undergoing senescence, and its depletion attenuates OIS. (A-C) IMR90 cells containing NC, H-Ras, shPak2, and

H-Ras+shPak2 were stained for SA-p-gal activity followed by DAPI staining for cell counting and SAHF detection at 0, 2, 4, and 6 d postselection. The per-
centage of cells containing DNA foci (SAHF positive) is reported at the indicated postselection days. Results from 3 independent experiments are shown (n =3,
mean + SEM, **P < 0.01). (D and E) Pak2 expression level increases with senescence, and Pak2 depletion decreases p16"™ 4? accumulation during OIS. (D) The
p16'N%42 mRNA level was determined by qRT-PCR (n = 3, mean + SEM, *P < 0.05). Values were normalized to GAPDH. Relative fold expression was calculated
by normalizing to DO NC values. (E) H-ras"'?, Pak2, and p16™*4? protein expression level was tested by Western blot using lysates from IMR90 cells containing
empty vector, H-Ras, shPak2, and H-Ras+shPak2. a-Tubulin was used as a loading control. (F) IL-6 mRNA expression level was determined by qRT-PCR (n = 3,

mean + SEM, **P < 0.01). Relative fold expression was calculated by normalizing to DO NC values.

oxidative stress—induced senescence. Consistent with this in-
terpretation, while WT and Pak2™™ MEFs at passage 3 pos-
sessed similar percentages of EdU-positive cells, Pak2""™ MEFs
had significantly more EdU-positive cells at passage 7 (Fig. 4 F
and G) and exhibited reduced p16™5** protein and mRNA levels
(Fig. 4 H and I). These results indicate that Pak2 participates in
oxidative stress—induced senescence.

Depletion of Pak2 Alters Expression of Cellular Senescence-Associated
Genes. To gain further mechanistic insight into how Pak2 regulates
senescence, we performed RNA-sequencing (RNA-seq) analysis
on WT and Pak2™™ MEFs at 2 different passages (P3 and P7),
which represent the proliferating and senescent states of WT
MEFs, respectively (Fig. 54). We identified 757 up-regulated
genes and 501 down-regulated genes when WT MEF cells un-

Lee et al.

derwent senescence from passage 3 (P3) to passage 7 (P7). Sim-
ilarly, 707 genes were up-regulated, and 486 were down-regulated
in Pak2™™ MEF cells (SI Appendix, Table S1). Those genes with
altered expression in both WT and Pak2%™ cells largely over-
lapped, suggesting that Pak2 depletion does not affect the overall
gene expression program during passaging of MEFs. Of note,
expression of several E2F target genes involved in the cell cycle
and DNA repair and replication were down-regulated in WT
MEFs at P7 and showed partial rescue in the context of
Pak2 depletion (S Appendix, Table S2). For instance, expression
of several cell cycle regulators, including Prcl, Cks2, Cdc20, and
Mybl2, decreased with senescence in both WT and Pak2 depletion
cells. However, these genes were expressed in Pak2 depletion cells
at least 2-fold higher than WT cells at P7. In addition, expression
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(F, **P < 0.01). Depletion of HIRA was used as a control.

cell adhesion were markedly different between WT and Pak2™!
ME-Fs in senescence, suggesting that Pak2 depletion affects ex-
pression of a subset of genes during senescence (Fig. 5B).

Based on the published datasets, including the CSGene and
Ingenuity Pathway Analysis databases (33), we identified
619 genes implicated in cellular senescence previously. Using
this gene set, we found that the genes that were differentially
expressed between P7 and P3 in both WT and Pak2™ cells
were significantly enriched for these cellular senescence genes
(Fig. 5C and SI Appendix, Fig. S2A4), suggesting that genes
involved in senescence we identified in MEFs are likely also
altered in other senescence models. As expected, most of the
senescence-associated genes in WT and Pak2™™ cells were
changed in a similar direction but not to the same degree. For
instance, Mybl2 (B-Myb), an E2F target gene involved in cell
cycle regulation, expression level decreased in both WT and
Pak2"™ cells during senescence. However, its expression in
Pak2™™ cells was about 3-fold greater than in WT cells at P7.

Lee et al.

We did not detect induction of any major SASP genes, in-
cluding IL-6 and IL-8, during senescence, consistent with the
observation that MEFs undergo senescence without activation
of SASP under standard cell culture conditions, which include
20% oxygen (34). Interestingly, of all of the senescence-
associated genes altered in either WT or Pak2™™ cells
(120 genes), 34 genes §28%) were differentially expressed
between WT and Pak2™™ MEFs during senescence. For ex-
ample, the senescence inducers insulin-like growth factor 1
(IGF1) and IGF-binding protein (IGFBPS5) were up-regulated
in WT MEFs but not in Pak2"™* cells during senescence (Fig.
5D and SI Appendix, Fig. S2B). On the other hand, genes that
were down-regulated in WT MEFs during senescence, such as
Id1 and Hmgal, were up-regulated upon Pak2 depletion (Fig.
5D and SI Appendix, Fig. S2C). These results provide addi-
tional support for the idea that Pak2 depletion deregulated
expression of some, but not all, genes involved in cellular
senescence. Together, our results strongly support the idea
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Fig. 4. Pak2 depletion attenuates oxidative stress-induced cellular senescence. (A) Schematic representation of the Pak2 gene-trapping strategy. The Pak2 gene-trap
cassette was inserted into the intronic sequence between exon 2 and exon 3 of the Pak2 gene. The gene-trap cassette includes a splicing acceptor (SA), f-geo marker
(B-gal and neomycin fusion), and a polyadenylation site. The arrows with numbers indicate primers used for genotyping. (B) PCR genotyping analysis of MEFs with the
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Pak2*™ and Pak2"" MEFs at various passages. Pak2 mRNA level was determined by qRT-PCR (mean + SEM, **P < 0.01, n = 3 independent MEF lines for each genotype
at each passage). Values were normalized to B-actin. (D and E) SA-B-galactosidase staining in MEF cells. The percentage of SA-B-gal-positive cells was determined for
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(H) Pak2 and p16™<4? protein expression level was tested by Western blotting using lysates from each genotype at each passage. a-Tubulin was used as a loading
control. (/) The p16™*® mRNA level was determined by gRT-PCR (n = 3 independent MEF lines for each genotype at each passage, mean + SEM, **P < 0.01).
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Fig. 5.

Pak2 regulates the expression of cellular senescence genes. (A) Experimental design for analyzing gene expression changes during oxidative stress—

induced cellular senescence. RNA from Pak2 WT MEFs and Pak2""" MEFs was collected at passages P3 and P7, representing proliferating and senescent states
of WT MEF cells, respectively, for RNA-seq analysis. (B) Pathway enrichment analysis by METACORE between Pak2 WT MEFs and Pak2"" MEFs during se-
nescence (P7/P3 for each genotype), demonstrating enrichment of genes involved in cell cycle, cell adhesion, and development (Top). Bottom shows gene sets
for which there was no enrichment. (C) Venn diagram showing the overlap between genes altered during senescence of WT MEFs and those associated with
cell senescence (gene set from CSGene and Ingenuity Pathway Analysis). (D) Heat map showing gene expression changes of 120 senescence-associated genes
as determined by RNA-seq in oxidative stress—induced senescence with and without Pak2 depletion; 34 genes (28%) are differentially expressed between

Pak2"* MEFs and Pak2"™ MEFs during senescence.

depletion of Pak2 delayed phenotypes associated with premature
senescence. Since cellular senescence is causally linked to tissue
aging in mammals, we hypothesized that Pak2 insufficiency slows
the onset of phenotypes associated with aging in vivo. To test this
idea, we utilized the BubR1 hypomorphic (BubRI"™™) pre-
mature aging (progeroid) mouse model, which has been used
to demonstrate a link between accumulation of senescent cells
and development of early onset aging pheno%es (10). We
crossed BubR1 hypomorphic mice onto a Pak2™""" background
(Pak2"™;BubRI"™" mice) and examined the impact on proge-
roid phenotypes, including cataracts, body fat mass, and life

span. Compared with control (Pak2**;BubR1™™) mice,
Pak2™"™; BubRI™™ mice had an approximate 30% life span
extension (Fig. 64). Furthermore, Pak2 insufficiency induced a
modest, yet significant, delay in the latency of cataract formation
in BubRI"™™ mice (Fig. 6 B and C). Histological examination
confirmed that Pak2™"™;BubRI™ lenses contained fewer pos-
teriorly located epithelial cells than Pak2"*;BubRI1™™ lenses
(Fig. 6 D and F). Another early aging-associated phenotype
of BubR1 hypomorphic mice is the loss of fat tissue due
to accumulation of senescent cells. Quantitative NMR on
16-wk-old  Pak2*'*;BubRI™Y,  Pak2™™;BubRI™Y, and
WT mice revealed that while the percentage of body fat of
Pak2"*;BubRI"™™ mice was reduced by about 3% con}llpared
with WT mice (SI Appendix, Fig. S34), Pak2™";BubR1™™ mice

Lee et al.

retained a normal body fat content (S Appendix, Fig. S34). Further,
histological analysis showed that the average area of individual fat
cells in inguinal adipose tissue (IAT) of Pak2*"*;BubRI™™ mice
declined significantly, while Pak2 insufficiency rescued this
phenotype (Fig. 6 E-G). We also examined the effects of
Pak2 deficiency on the expression of p16"™%** in eye and IAT
tissues collected from experimental and control cohorts by RT-
qPCR and Western blotting. Tissue from compound mutants
exhibited a significant decrease in p16™%** expression compared
with that from BubR1 hypomorphic mice (Fig. 6 H and I and SI
Appendix, Fig. S3 B and C). Interestingly, several progeroid
phenotypes observed in BubR1 hypomorphic mice remained
unchanged following loss of Pak2, including dwarfism, infertil-
ity, and physical function. These results indicate that Pak2 de-
pletion rescued some, but not all, aging-associated phenotypes
of the progeroid mouse model, consistent with the idea that
Pak2 regulates expression of a subset of genes involved in
cellular senescence.

Discussion

Here, we describe a function for Pak2, a kinase-regulating
HIRA-mediated nucleosome assembly, in cellular senescence
and organismal aging. First, depletion of Pak2 in human fibro-
blasts (IMR90) delayed oncogenic Ras-induced premature se-
nescence as detected by p16™~** expression, SAHF formation,
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Fig. 6. Pak2 depletion delays the onset of aging phenotypes and increases life span in a mouse model of accelerated aging. (A) Overall survival curves
for Pak2*"*:BubR1"" (n = 28) and Pak2"":BubR1™"" (n = 27) mice. The median overall survival of combined Pak2™"":BubR1"" mice is 159 d, about a 30%
extension in life span compared with Pak2**:BubR1™"" mice. (**P < 0.01.) (B and C) Incidence of cataract formation in Pak2*"*;BubR1™"" (n = 18) and
Pak2"M:BubR1"™ (n = 16) mice. (*P < 0.05.) (D and F) Cross section of a cataractous lens from 4-mo-old Pak2**:BubR1"" and Pak2"":BubR1™"" mice stained
with hematoxylin and eosin (H&E). Hematoxylin stain, showing blues in bottom images, indicates posteriorly located epithelial cells (mean + SEM, **P < 0.01,
n = 4 independent biological replicates). (E and G) Cross section of IAT from 4-mo-old Pak2**;BubR1"" and Pak2"™;BubR1"" mice stained with H&E. Cross-
sectional area was obtained using Image)J software (mean + SEM, n = 4 independent biological replicates). (**P < 0.01.) (H and /) Western blots of eye and IAT
extracts from 4-mo-old Pak2**;BubR 1", Pak2"™;BubR 1" and wild-type mice probed with Pak2 and p16™X“® antibody. a-Tubulin served as loading control.

MEF lysates were used as an antibody-specific band control.

and SA-B-gal activity. Second, overexpression of Pak2 promoted
cellular senescence in IMR90 cells. Furthermore, depletion of
Pak2 in MEFs delayed oxidative stress—induced senescence. Al-
together, we show, using 2 different in vitro senescence models,
that Pak2 is a regulator of cellular senescence. To determine
the biological consequence of Pak2 depletion, we analyzed aging
phenotypes in the BubR1 hypomorphic mouse model. We found
that depletion of Pak2 in vivo delayed eye and body fat aging
phenotypes in addition to increasing animal life span. Taken
together, these results support the idea that Pak2 is an important
regulator of cell senescence and organismal aging.

How does Pak2 regulate cellular senescence? Previously, we
proposed that one Pak2 substrate is histone H4 serine 47. We
have shown that H4S47ph increases the association of HIRA
with H3.3-H4, thereby promoting nucleosome assembly of
H3.3-H4S47ph by HIRA (19). HIRA is known to promote cel-
lular senescence via deposition of H3.3 and formation of SAHF
in vitro. A recent study identified that the HIRA chaperone is re-
quired for incorporation of histones H3.3-H4 into chromatin in

13318 | www.pnas.org/cgi/doi/10.1073/pnas.1903847116

senescent cells (14). Nonproliferating senescent cells do not engage
in the S phase of the cell cycle, thus limiting histone turnover and
incorporation by replication-coupled nucleosome assembly. There-
fore, senescent cells have an active DNA replication-independent
nucleosome assembly pathway. The effect of Pak2 depletion and
overexpression on cellular senescence is similar to published results
on HIRA (14, 16-18, 30). Moreover, we showed that Pak2 is re-
quired for incorporation of H3.3-H4 into chromatin during the
induction of premature senescence by oncogenic Ras. Therefore, it
is tempting to speculate that Pak2 functions in cellular senescence
at least in part through regulating HIRA-mediated nucleosome
assembly of H3.3.

Although senescence is characterized by several nonexclusive
markers, there is no universal marker of senescence to date due
to the transcriptional heterogeneity of senescent cells (25). Our
results from 2 different model systems with different senescent
stimuli, oncogenic Ras-induced human normal fibroblasts, and
oxidative stress-induced MEFs indicate that Pak2 depletion
likely affects expression of a subset of genes involved in cellular
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senescence. First, Pak2 depletion consistently altered the expres-
sion of p16™*** during senescence at least in part through regu-
lating H3.3 deposition at the p16™* promoter. In agreement
with this observation, RNA-seq analysis of Pak2 hypomorphic
MEFs shows that the expression of some E2F target genes, the
direct downstream events of the p16™**/Rb pathway, is partially
rescued in Pak2 depletion cells during oxidative stress-induced
senescence. This would, at least in part, explain why Pak2 de-
pletion delays stress-induced cellular senescence and why Pak2
insufficiency in vivo delayed the onset of aging phenotypes but not
fully rescue. Note that although we observed altered IL-6 gene
expression upon Pak2 depletion during senescence in oncogenic
Ras-induced human IMR90s, under our conditions, MEFs do not
likely activate SASP (34). Taken together, it would be interesting
to determine how Pak2 regulates expression of a subset of genes
involved in p16™%4/Rb and E2F axis as well as the SASP pathway
during cellular senescence in different settings.

Senescent cells accumulate in aged tissues and contribute to
age-related disease. Thus, removal of senescent cells is a po-
tential candidate for the treatment of aging and age-related
diseases. Indeed, recent animal studies have provided evidence
that clearance of senescent cells delays features of aging (11, 12,
35, 36). For instance, studies using genetically engineered mice
showed that removal of pl16™**.expressing senescent cells
delayed aging and protected the mice against age-related dis-
eases (11, 12). In addition, treatment with 2 senolytic drugs
(ABT-263 and ABT-737) selectively kills senescent cells in mice,
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rejuvenating aged tissues (35, 36). Here, we showed that de-
ficiency of Pak?2 in vivo increased life span and health span, with
delayed cataract formation and increased body fat mass of the
BubR1 progeroid mouse models. Therefore, we speculate that
Pak2 may be a target for attenuating senescence and aging and
age-related disease.

Materials and Methods

SI Appendix provides a detailed discussion of materials and methods used in
this study. The RNA-seq dataset was deposited to the Gene Expression
Omnibus (GEO) database, https://www.ncbi.nIm.nih.gov/geo (accession no.
GSE108081).

Cell Culture. IMR90 (ATCC) cells and MEFs were maintained according to
standard protocols. Detailed information on cell culture and gene transfer is
described in S/ Appendix.

H3-SNAP Staining and Chromatin Immunoprecipitation Assay and Real-Time
PCR. These assays were performed as described in S/ Appendix. Primer sets
used for chromatin immunoprecipitation (ChIP)-PCR are listed in S/ Appen-
dix, Table S3.

Immunofluorescence and Senescence Assays. A detailed protocol is provided in
SI Appendix.
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