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Abstract

Aging in mammals is the gradual decline of an organism’s physical, mental, and physiologi-
cal capacity. Aging leads to increased risk for disease and eventually to death. Here, we
show that Brd2 haploinsufficiency (Brd2+/-) extends lifespan and increases healthspan in
C57B6/J mice. In Brd2+/- mice, longevity is increased by 23% (p<0.0001), and, relative to
wildtype animals (Brd2+/+), cancer incidence is reduced by 43% (p<0.001). In addition, rela-
tive to age-matched wildtype mice, Brd2 heterozygotes show healthier aging including:
improved grooming, extended period of fertility, and lack of age-related decline in kidney
function and morphology. Our data support a role for haploinsufficiency of Brd2in promoting
healthy aging. We hypothesize that Brd2 affects aging by protecting against the accumula-
tion of molecular and cellular damage. Given the recent advances in the development of
BET inhibitors, our research provides impetus to test drugs that target BRD2 as a way to
understand and treat/prevent age-related diseases.

Introduction

Inherent in the aging process is a gradual decline in physical, cognitive, and physiological
capacity, an increasing risk of disease, and ultimately death. Although it is thought that aging
results from the cumulative effects of molecular and cellular damage, we serendipitously dis-
covered that a Brd2-haploinsufficient (Brd2+/-; denoted HET) mouse model we developed to
study epilepsy [1-3] had a much longer lifespan compared to wild type (Brd2+/+; denoted
WT) mice. In pursuing the mechanism by which BRD2, a bromodomain (BET) protein, pre-
disposed to epilepsy [4, 5], we found that HETSs, which are overtly normal [1, 3], not only have
significantly longer lifespans but also show healthier-aging phenotypes, including reduced can-
cer incidence and improved kidney function, as compared to wildtype mice.
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To date, there are only a handful of candidate longevity genes for C57B6/] mice. Of particu-
lar interest is Cisd2, which is perhaps the most well-known longevity gene in C57B6/] mice [6,
7]. Cisd2, which is chiefly concerned with the maintenance of mitochondrial integrity,
increases lifespan in C57B6/] mice when overexpressed. The Cisd2-/- mouse (which is viable)
has a shortened lifespan [7].

BRD2 and longevity

There are several genes and molecular processes that are known to influence longevity in mice.
Many of those genes are in turn influenced by Brd2. For example, Brd2 haploinsufficiency
downregulates IGF signaling [8], and IGF signaling is decreased in calorically restricted
mice—a dietary intervention that increases lifespan [9, 10]. Similarly, Brd2 haploinsufficiency
up-regulates genes in the Sirtuin pathway [11], and up-regulation of the Sirtuin pathway is
associated with increased lifespan [12, 13]. Specifically, Sirtuin 1 (SIRT1) and its homologs reg-
ulate longevity-related processes such as DNA repair, genome stability, inflammation, apopto-
sis, cell cycle progression and mitochondrial respiration [14-16]. Reduced expression of Brd2
also increases p53, Nqol, and Hmox1 expression [11], all of which reduce oxidative stress. In
addition, upregulation of p53 increases genomic stability, promotes DNA repair, and increases
lifespan [17, 18]. Because Brd2 haploinsufficiency is tied to multiple longevity-related

genes and molecular processes, reduced expression of Brd2 could be a fundamental—and heri-
table—factor influencing lifespan.

BRD2 and cancer

Whereas decreased Brd2 expression is associated with longevity-promoting processes, increased
Brd2 expression can promote cancer in murine hematopoietic cells and in B-lymphocytes [19].
Furthermore, work from The Cancer Genome Atlas (TCGA) shows that BRD2 expression is
elevated across 32 distinct tumor types and establishes BRD2 as a promising drug target for
human cancers. Also, reducing the expression of BRD2 in HeLa cells leads to a 60% increase in
tumor-suppressing p53 levels [20], which supports the notion that increased BRD2 promotes
cancer growth. Hence, the overexpression of BRD2 is oncogenic, whereas inhibiting the activity
of BRD2 limits cancer progression. Furthermore, the overexpression of BET proteins in general
promotes cancer in mice [19, 21, 22], and reduced BET expression (via BET inhibitors) is cur-
rently being tested as a treatment for cancer in both pre-clinical models and clinical trials [23-
25]. Because cancer is a major cause of age-related morbidity and mortality, we hypothesize
that Brd2’s reduced expression could also increase healthspan by reducing cancer risk.

This report is the first demonstration that reducing Brd2 at the genetic level in a whole ani-
mal produces the same effects described above. We describe: 1) notable differences between
Brd2 heterozygous and wildtype mice in aging-related phenotypes, including cancer incidence,
kidney function, lifespan, and other aging-related measures, and, 2) evidence supporting the
hypothesis that Brd2-haploinsufficiency increases lifespan and healthspan, in part, through the
upregulation of cytoprotective genes.

Materials and methods

All animal procedures were reviewed and approved under IACUC protocol (AR12-00016) at
Nationwide Children’s Hospital, Columbus, OH.

Mouse model development and husbandry

Brd2+/- mice that express half the normal amount of Brd2 [3] were generated according to
previously described methods. Briefly, we performed targeted mutagenesis in SV129
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embryonic stem cells (obtained from Baygenomics). Specifically, we used a Brd2 mutant
embryonic stem cell line (RRE050) containing a gene trap vector pGT01 inserted into the first
intron after the translational start site. This insertion abolished the epression of endogenous
Brd2. We created Brd2+/- heterozygotes that carried one normal Brd2 allele (+) and one loss-
of-function Brd2 allele (-). (A total loss of Brd2 is embryonic lethal [3, 26]. These animals were
then backcrossed to wild-type C57BL/6] mice for at least 10 generations to ensure a uniform
genetic background. The mice were housed in a pathogen-free barrier environment for the
duration of the study. Mice were kept at 72°F, with a 12/12-h light/dark cycle and had free
access to water and rodent standard chow, containing 18.4% protein and 9.5% lipid. Heterozy-
gous mice showed no difference in fecundity as compared to wildtype animals. The research
team evaluated mice at least once a week, monitored the survival of each mouse daily. Addi-
tional clinical signs were monitored weekly including body weight, general body condition,
pattern of respiration, dehydration, posture, movement, response to stimuli, and condition of
coat hair. The husbandry staft monitored all mice during routine maintenance/health checks
and contacted the attending veterinarian as needed. Trained husbandry personnel detected
signs of illness/moribundness in mice (as noted above). Sick animals were immediately
brought to the attention of the veterinarian and the research staff, who then evaluated whether
the mice should be euthanized according to institutional animal care and use committee
(IACUC) procedures. All animal procedures were reviewed and approved under our IACUC
protocol (AR12-00016). Dates of birth and death were recorded, irrespective of whether an
animal was found dead or euthanized.

Mouse phenotyping at time of necropsy

All deceased mice were carefully screened for tumors (e.g. head and neck, liver, and kidney)
and rectal prolapse at time of necropsy. The presence/absence of cataract was noted. Inflam-
mation-related pathologies were determined at necropsy by inspection including swollen
spleen, alopecia, skin lesions (e.g. dermatitis), and hardened kidney capsules. Inflammation in
the kidney and other renal pathologies were later confirmed with microscopy. Specifically, for-
malin-fixed, paraffin embedded kidney samples from Brd2"~ and wildtype mice were stained
using routine hematoxylin and eosin, Periodic acid-Schiff (PAS), or trichrome staining proce-
dures prior to histological analyses. Histopathology of liver, spleen, and testes was analysed
using hematoxylin and eosin staining.

Mouse epigenetic aging clock

Genomic DNA was isolated from liver tissue samples from WT and HET mice using Quick
DNA universal kit (Zymo Research). Evaluation of the biological age of these samples was
done using the Mouse DNAge Epigenetic Aging Clock service offered by Zymo Research. This
is a mouse biological age predictor based on DNA methylation levels of a small set of CpG
sites [27]. This method is based on Hovrath’s aging clock [28] and uses the Simplified Whole-
panel Amplification Reaction Method.

Nqgol, Hmox1 and Sirtl mRNA expression

Given that Brd2 regulates cytoprotective genes and pathways, we looked for differential gene
expression in selected cytoprotective genes. Total RNA was extracted from kidney tissue using
an RNeasy mini kit (Qiagen), per manufacturer’s instructions. Extracted RNA was then treated
with DNAse I (Turbo DNA free, Invitrogen). Total RNA was reverse transcribed using iScript
Reverse Transcription Supermix (Bio-Rad). Quantitative RT-PCR was performed using an
Eppendorf thermocycler with TagMan Gene Expression master mix (Applied Biosystems).
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Table 1. Genes analyzed by quantitative RT-PCR.

Gene IDT assay ID

Nqol Mm.PT.58.10871473
Hmox1 Mm.PT.58.8600055
Sirtl Mm.PT.58.7263242
Gapdh Mm.PT.39a.1

https://doi.org/10.1371/journal.pone.0234910.t001

Relative expression of the target genes was calculated with respect to a housekeeping gene (i.e.
mGapdh). Assay identification numbers are listed in Table 1.

p53 immunoblotting

P53 protein expression is strongly associated with tumor suppression [29], and we see reduced
tumor incidence in our HET mice relative to wildtype. This observation led us to measure p53
expression in liver. Protein was extracted from the liver tissue of Brd2 wildtype and heterozy-
gous mice using RIPA buffer (Pierce) and total protein was quantified using BCA protein
assays (Pierce). The protein samples were resolved on Mini-protean TGX stain-free gels (Bio-
Rad) and transferred to a PVDF membrane. Primary antibodies directed against wild type p53
(Millipore Sigma, 1:1000) and Gapdh (loading control, Calbiochem, 1: 10,000) were used to
probe the PVDF membrane and were detected by appropriate alkaline phosphatase-coupled
antibodies (Santa Cruz Biotechnology). The resulting immunoblots were developed on a
Typhoon FLA 9500 (GE Healthcare) imager after the addition of ECF substrate (GE
Healthcare).

Statistical procedures used in the analyses

To test differences in survival between WT and HET mice, we compared standard Kaplan-
Meier estimates of the survivor functions using log-rank tests. To test whether the correlation
between Brd2 and longevity depends on the presence or absence of tumor, we implemented a
standard bootstrap procedure within groups (wildtype with tumors: WT+, wildtype without
tumors: WT-, heterozygotes with tumors: HET+, heterozygotes without tumors: HET-). Spe-
cifically, for each bootstrap resample we computed the difference in median survival between
WT+ and HET+, and the difference in median survival between WT- and HET-. Then, we
constructed a confidence interval for the change in the difference of medians to test the null
hypothesis of independence. Lastly, t-tests were used to compare differences in gene expres-
sion between WT and HET animals.

Results
Brd2-haploinsufficient mice show increased longevity

In our colony of Brd2 heterozygous and wildtype mice, Brd2+/- mice showed a significant life-
span extension as compared to WT controls (Fig 1A). The median survival of HET mice was
954.5 days, ~ 23% longer than median survival of wildtype animals (775 days; p<0.0001). The
longest-lived mouse was a Brd2 heterozygous animal that survived 1,528 days, and notably,
this mouse had no tumors at necropsy. Moreover, the extended lifespan of HET mice was not
affected by the presence or absence of tumors at necropsy (p = 0.6), i.e., overall, HET mice
with tumors lived as long as HET mice without. However, there is suggestive evidence that sex
influenced the degree to which lifespan increased in Brd2+/- mice compared to wildtype,

(Fig 1B and 1C; bootstrap analysis; p = 0.068). Specifically, HET females showed a 46%
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Fig 1. Life span analysis of Brd2 HET mice. Brd2 haploinsufficiency prolongs the life span in our mice colony (A). Panels B and C show the increase
survival rates of both female (B) and male (C) mice separately (p<0.0001 for all groups). The figures in the square bracket indicate median lifespan.

https://doi.org/10.1371/journal.pone.0234910.9001

extension in median life span compared to WT females (1,023 vs. 702 days). In contrast, HET
males showed a 19% extension in median lifespan (925 vs 781 days).

Brd2-haploinsufficient mice are biologically younger

We used Horvath’s epigenetic clock (aka the Zymo clock) to determine the biological ages of 2
WT and 2 HET mice from biopsied liver samples; all 4 mice were age-matched (770 days).
HET mice showed significantly younger liver tissue than WT (Table 1; p<0.012, SEM(WT):
4.5 and SEM(HET): 7.1). The biological age of the liver samples from the HET mice suggests
that HET livers are less than half the biological age of WT livers. This is corroborated by liver
histology, which reveals the loss of cytoarchitecture and inflammation in WT but maintenance
of liver health histologically in HETSs (S3 Fig). These data provide further confirmation that
Brd2 haplo-insufficiency increases lifespan and healthspan, and that it does so at a fundamen-
tal biological level.

Brd2-haploinsufficient mice exhibit delayed aging

We confirmed haploinsufficiency of Brd2 transcripts by qPCR in a broad spectrum of tissues
(S1 Fig).

Necropsy data suggested that Brd2 heterozygous animals have delayed onset of aging.
Because this mouse strain typically show signs of aging around 500 days, we examined the overt
health of wildtype and heterozygous mice at this timepoint. At about 500 days, wildtype animals
began to show symptoms of aging: reduced and slower movement, an “unkempt” appearance,
hunching posture, declining health activity over the course of weeks, exhibiting an increasing
decline in body condition, and slowly becoming hunched and lethargic. In contrast, HETS at the
same age were youthfully active and remained healthy and fit in appearance until within about a
week before death. These observations suggest that relative to WT, long-lived HET mice mani-
fest age-related changes at a much older age and for a shorter period of time before death.

We also observed skin lesions in WT mice such as alopecia, dermatitis, and scarring at
about 500 days. Age-matched HET mice showed sleek fur and no lesions. On necropsy, the
elderly WT mice also had enlarged spleens (indicating chronic infection), an increased inci-
dence of neoplastic lesions, and rectal prolapse compared to age-matched HET mice (Table 2).
Next, we totaled the presence/absence of all 5 factors noted in Table 2: Dermatitis, Nephropa-
thy, Rectal Prolapse, Lethargy and Moribund, and Ocular Lesions, (Table 2) and used this as a
surrogate measure of health. Then, we performed logistic regression to test this measure for
association with genotype while accounting for differences in lifespan. Based on this analysis,
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Table 2. Estimated biological age as determined by DNAge methylation clock.

Chronological age (Days) Biological age (DNAge) (Days)
WT Female 770 595
WT Male 770 532
Het Female 770 147.7
Het Male 770 247.1

https://doi.org/10.1371/journal.pone.0234910.t002

it is clear that HET mice have fewer pathologies by the time of death than WT mice and the
difference is highly statistically significant (p<0.00011).

Interestingly, the weights of the HET's and WT mice were comparable throughout their
lives (see S2 Fig).

Pathologies present in the wildtype mice included: tumor, inflammation (including derma-
titis), ocular lesions (e.g cataract, tumors, etc.), and nephropathy, which are all typical of the
C57BL/6 strain (Table 3) [30]. By contrast, overt morbidities were reduced in Brd2 heterozy-
gous animals, with the most marked decreases being in tumor incidence and nephropathology
(Table 3).

Fertility differences between HET and WT

Preliminary experiments examining breeding performance of our HET males indicates that
HET males remain fertile longer than WT males. In a preliminary experiment involving 8
month old males, we mated 6 WT and 6 HET males to normal cycling WT females. Of the 12
WT females mated to the 6 (8 month old) WT males only 1 female was impregnated, whereas,
of the 12 WT females mated to the 6 (8 month old) HET males, all 12 females were impregnated
(Fisher’s Exact Test: p = 0.015). Furthermore, we mated the same 6 WT males (above) to the 12
WT females originally impregnated by the 6 HET males (ie, proven fertile WT females); and
none of the 12 WT females were impregnated by the WT males, providing added confirmation
that at 8 month old WT males are no longer fertile but same-aged HET males are fertile.

Opverall, the above observations on health status and fecundity demonstrate that, in addition
to having a longer lifespan than WT mice, HET mice also have increased healthspan.

HET mice have a lower incidence of cancer at necropsy

We observed a significant reduction in solid-tumor incidence in HET mice (13 out of 62) as
compared to WTs (38 out of 59) for any solid tumor (p = 0.0000014); this reduction was inde-
pendent of sex (Table 3). The spectrum of types of cancer did not differ between HET and WT
mice and included tumors associated with the liver and gastrointenstinal tract, as well as head

Table 3. Major contributing causes of death in mice evaluated at end of life.

WT HET
n (%) n (%)
Tumors 38/59 (64.4) 13/62 (20.96)
Dermatitis 25/59 (42.37) 10/62 (16.12)
Nephropathy 32/59 (54.23) 9/62 (14.51)
Rectal prolapse 14/59 (23.72) 10/62 (16.12)
Lethargy and moribund 28/59 (47.45) 12/62 (19.35)
Ocular lesions 18/59 (30.5) 15/62 (24.19)
No Apparent Pathology 19/59 (32.2) 36/62 (58.06)

https://doi.org/10.1371/journal.pone.0234910.t003
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and neck tumors. Among the mice with grossly visible neoplastic disease at necropsy, HET
mice with visible solid tumors (median survival 925 days) showed longer lifespan than WT
mice with visible solid tumors (median survival 781 days). The reduced tumor burden at death
in the HET mice suggests that they are tumor-resistant as compared to WT mice. There was
reduced cancer incidence in HET mice despite the increased time for tumor growth afforded
by the 23% increase in lifespan. Moreover, the effect of Brd2 haploinsufficiency in extending
lifespan in HET mice is independent of the presence or absence of tumors, since HET mice
with tumors lived as long as HET mice without.

Kidney pathology and function in HETs and WTs

Because kidney pathology is an age-related pathology in both mice and humans, we evaluated
age-related histological changes to the kidney. We observed a much lower incidence of
nephropathies in HET mice than WT (Table 2). WT mice at 500 days showed the expected
age-appropriate renal pathologies [31] including elevated inflammatory cell foci (often lym-
phocytes and neutrophils) (p = 0.0001) and tubular cytoplasmic vacuolation (Fig 2A). We
observed glomerulonephropathy with hyaline material expanding the mesangium (PAS posi-
tive), dilation of renal tubules and proteinaceous casts in aged WT (Fig 2C) mice. Additionally,
levels of renal fibrosis were markedly increased in aged WT mice (Fig 2E). Not only were these
pathologies not seen in age-matched HET mice (Fig 2B, 2D and 2F), but HET's also maintain
healthier kidney function than their age-matched WT littermates. Specifically, blood urea
nitrogen and creatinine levels of HET mice were lower than that of WT's (Fig 3A and 3B).

We chose to focus on kidney-related pathologies for two reasons. First, because the protec-
tive effect of Brd2 haploinsufficiency was most pronounced in kidney (Table 3), and second,
because the expression of cytoprotective genes in kidney allowed us to test our hypothesis that
upregulation of cytoprotective genes leads to increased lifespan in HETs. However, in addition
to the aforementioned kidney-related pathologies seen in WT mice, we also observed notable
pathologies in other organs of the WT mice not seen in the HET mice. These included hyper-
plasia and cysts in liver, lymphoid hyperplasia in spleen, and testicular degeneration (S3 Fig).

Upregulation of cytoprotective genes in Brd2 HET kidneys

It is well-recognized that the kidney aging process is accompanied by increased oxidative stress
[32]. To test the effect of cytoprotective genes in HET's versus WTs, we evaluated expression of
four cytoprotective genes in kidney: heme oxygenase (HO)-1, NADPH quinone oxidoreductase
1 (Ngol), Sirtl, and p53. We selected these genes because they are reported to be, in part, regu-
lated by Brd2 [11, 20, 33]. The steady state mRNA levels of HO-1 and Nqo1, which are antioxi-
dant proteins, were higher in HET kidneys as compared to WT kidneys. This suggests that the
increased protection of kidney structure and function in HET' arises from the upregulation of
their antioxidant defense system (Fig 3C and 3D). Sirtl, which also has a reno-protective effect
[34], showed increased mRNA levels in HET kidneys as compared to WT kidneys (Fig 3E).
Evaluation of p53, another cytoprotective gene, showed higher protein levels in HET kidneys
compared to WT kidneys (Fig 3F). These observations support the hypothesis that Brd2 hap-
loinsufficiency may influence longevity through the upregulation of cytoprotective genes.

Discussion

Our Brd2 haploinsufficient mouse model provides experimental evidence that reduced expres-
sion of Brd2—a gene closely tied to DNA, histones, chromatin structure, transcription, splic-
ing, and possibly DNA methylation—can significantly alter the aging process, provide
resistance to tumorigenesis, and delay the development of age-related pathologies in the
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Fig 2. Histological differences in representative renal sections from age-matched WT (n = 6) and HET (n = 6) mice at 18
months. (A & B): Hematoxylin and Eosin staining in WT (A) and HET (B) kidneys showing evidence of increased inflammatory cell
fociin WT (p = 0.0001) (Black arrows) as compared to HET animals. Original magnification 4X. Scale bar; 100 um. (C & D):
Periodic acid-Schiff (PAS) staining showing larger and more numerous intraluminal proteinaceous casts in WT (C) as compared to
HET (D) mice (yellow arrow). Insert shows glomerulonephropathy (thickening of Bowman’s capsule) in WT (green arrow) versus
HET mice. (E & F): Masson-Trichrome staining of WT (E) and HET (F) kidney sections showing increased fibrosis indicated by the
blue staining in WTs (Black arrows) as compared to HET mice. Original magnification for C, D, E and F: 20X. Scale bar; 50 um.

https://doi.org/10.1371/journal.pone.0234910.9002
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Fig 3. Biochemical and molecular changes in aged WT and HET mice: (A-B): Blood urea nitrogen (A) and serum creatinine levels (B) in WT and HET
mice (n = 6/group) showing a significant increase in WT as compared to HET animals (p < 0.05). (C-E): Steady state levels NqoI, HmoxI and Sirt1
mRNA (n = 5/group) in WT and HET kidneys, showing upregulation of these cytoprotective genes in samples from HET mice (p <0.05). (F):
Representative immunoblot showing elevated p53 levels in HET livers (n = 6/each group).

https://doi.org/10.1371/journal.pone.0234910.9003

kidneys. Our Brd2 haploinsufficient (HET) mice show significant lifespan extension and
delays in age-related pathologies. Compared to WT mice, HETs displayed: (1) increased lon-
gevity (with or without tumors at necropsy), (2) reduced incidence of cancer at necropsy, (3)
more youthful kidney structure and function, (4) increased expression of cytoprotective genes,
and (5) a notable delay in age-related postural and behavioral phenotypes, (6) and extended
fertility.

We hypothesize that healthspan and lifespan in humans could be increased by a reduction
in BRD2 expression, in much the same way that our HET's show increased healthspan and life-
span relative to WTs. Support for this hypothesis follows from several observations. First, Brd2
is overexpressed in several human tumors (TCGA database), and overexpression of Brd2 (and
other BET proteins) promotes cancer in mice [19, 21, 22]. Second, the persuit of cancer-related
clinical trials for BET inhibitors [23-25, 35] suggests that Brd2 haploinsufficiency reduces can-
cer incidence in humans, just as our HET mice showed markedly reduced cancer incidence
compared to WT (Table 3). Thus, inhibiting the activity of BRD2 in humans may increase lon-
gevity (and/or healthier aging) by reducing cancer incidence.

Interestingly, the decision to pursue Cisd2 as a candidate longevity gene was motivated by a
human family study of extremely old siblings [36]. Similarly, the decision to pursue BRD2 was
motivated by a family study of human epilepsy. Given that Cisd2 and Brd2 appear to have a
heritable influence on longevity in humans, and given that both genes increase lifespan in
C57BJ/6 mice, Cisd2 and Brd2 should be considered among the top candidate genes for
longevity.

It is important to note that, while three independent mouse models show reduced levels of
Brd2, the Wang et al. [37] haploinsufficient model gives rise to obese mice—a phenotype not
seen in our mice [3] nor in the mice of Gyuris et al. [26]. Furthermore, the Wang et al. (2009)
[37] mice also show residual Brd2 expression among BRD2""” double knockout mice. By con-
trast, our mouse model [3]and the mouse model of Gyuris et al. (2009) [26] gave rise to the
same phenotype, namely dysmorphic brain development in homozygous knockout mice. Both
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models used the same gene trap (ES cell RRE050); our mice also showed seizure susceptibility
and changes in brain structure in HETS [1, 2].

We did not observe appreciable difference in the median lifespans of our WT males and the
Jackson Lab (JAX) C57BL/6] mouse colony. In our longevity tabulations we included all mice
that died before adulthood, which Jackson labs does not. Furthermore, there is notable varia-
tions in average lifespan of this strain of mice across vivaria, especially differences in deciding
when and with what pathologies aging mice should be euthanized [38, 39]. Furthermore,
although the salient comparison is the one between our HET's and our WTs, it is also true that
our HETs live longer (on average) than Jackson Labs C57BL/6] WT mice (p<0.002) [40].

Molecular mechanisms for Brd2-related aging

As noted in Introduction, there are several speculated mechanisms for mammalian aging that
have received considerable attention. However it is unlikely that any one of them (in isolation)
explains Brd2’s wide-range of effects on aging. Furthermore, Brd2’s effect on aging is at a most
basic level, as evidenced by the striking differences in biological ages between HET and WT
age-matched mice as measured by the “methylation clock”. As such, we believe that the Brd2
HET mouse is an excellent place to start unraveling the combined effects of multiple age-
related mechanisms while possibly uncovering novel mechanisms as well that could explain
the differences we see in lifespan and healthspan.

The significance of cancer reduction in Brd2 HET mice

We observed a lower incidence of tumors in HET mice, suggesting that these animals are pro-
tected from developing tumors. Furthermore, we find that tumor bearing HET mice live longer,
not only than tumor-bearing WT mice, but also longer than WT mice without tumors. This sug-
gests that either the onset of tumors begins later in HET mice, or the growth of tumors is slower
in tumor bearing HET mice than in tumor bearing WT mice. In our earlier work, cell cycle anal-
ysis of mouse embryonic fibroblasts derived from double knockout embryos (Brd2”, i.e.,
embryos lacking all Brd2), resulted in cell cycle delay at the G1-S transition [3]. Thus, the appar-
ent tumor-inhibition in the HET mice could be due to Brd2’s function as an important cell cycle
regulator. Because HETS live longer than WT mice whether cancer is present or not, cell cycle-
related phenomena alone cannot explain the increase in longevity. Alternatively, many cytopro-
tective genes (e.g. p53, Sirtuinl, and NRF2) overlap with aging-related pathways that BRD2 is
known to regulate [11, 20, 33]. These cytoprotective pathways include: IGF-Insulin, mTOR, p53,
and DNA damage signaling. Therefore, we hypothesize that heightened expression of cytopro-
tective genes is crucial mechanism explaining Brd2-induced increases in healthspan and lifespan.

Oxidative stress and reduced kidney pathology

Oxidative stress is a major contributor to kidney damage [41], and increased levels of BRD2
induce oxidative stress [33] in human cells. Therefore, Brd2 haploinsufficiency, which reduces
oxidative stress, could result in the healthier kidneys seen in HETs compared to WTs mice.
This idea is supported by our results, and the results of others [33], showing upregulation of
these antioxidants: Ngol and Hmox1 in HET kidneys. Our histopathological and kidney func-
tion results confirm this prediction. The youthful kidney anatomy seen in aged HET mice
likely results, in part, from reduced renal oxidative stress.

Longevity genes and kidney pathology

Some reno-protective genes are also reported to longevity-related (e.g. Klotho, PPARy) [42,
43]. An example is SIRT1 [12, 44-46], whose upregulation protects the kidney by reducing
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inflammation [47, 48], and whose over-expression has also been associated with longevity
[12]. We observed upregulation of SIRT! and reduced inflammation in the kidneys of our
long-lived HET mice. These data suggest that Brd2 haploinsufficiency promotes kidney youth
by reducing inflammation through the upregulation of SIRT1 [11]. Crucially, Sirt1 is associ-
ated with anti-aging effects in hypothalamus [49], cortex, striatum [50-53], hippocampus [54,
55], as well as the kidney [56].

Chronic inflammation accelerates aging [57] and is one of the determinants of mortality
[58]. It is interesting that BET proteins are critical for inflammatory response and Brd2 is
essential for pro-inflammatory cytokine production [59]. Emerging preclinical and clinical evi-
dence show a number of small molecule BET inhibitors with a potent anti-inflammatory activ-
ity [60, 61]. Thus, the reduced inflammation observed in HET kidneys could be due to Brd2’s
up-regulation of cytoprotective genes when it is haplodeficient, but it could also be due to a
down-regulation of pro-inflammatory genes. Extreme longevity observed in our model could
be the result of either the production of anti-inflammatory cytoprotective genes or a direct
effect of on inflammatory genes, but in either case, caused by Brd2 haploinsufficiency.

Taken together, our data implicate Brd2 as a gene influencing longevity and healthspan.
Brd2 haploinsufficiency significantly reduces the incidence of cancer at necropsy and facili-
tates healthier aging. The decrease in Brd2 is positively correlated with increased cytoprotective
signaling through pathways like p53-, Sirtl- and Nrf2. These pathways regulate aging-related
processes such as cellular senescence, apoptosis, genome maintenance, inflammation and cel-
lular stress mitigation. Furthermore, since Brd2 has both genetic and epigenetic functions
[62], it suggests that interconnected genetic, and likely epigenetic, mechanisms are involved in
the regulation of longevity. We hypothesize that the extreme longevity seen in our HET mice
is mediated by Brd2 haploinsufficiency through the up-regulation of cytoprotective genes.

Our results demonstrate—for the first time—a pronounced role of Brd2 in healthier murine
aging, making Brd2 an excellent target for increasing both the lifespan and healthspan of
mammals.

Supporting information

S1 Fig. qPCR analysis of tissue and MEFs from WT and Brd2+/- mice measuring the levels
of Brd2 transcript.
(DOCX)

S2 Fig. Although it is well known that caloric restriction is associated with increased life-
span in C57B6/J mice, we do not see any evidence in support of body weight differences in
our HET and WT mice.

(DOCX)

S3 Fig. Histological differences in representative liver, spleen and testis sections from age
matched WT and HET mice (n = 6) at 18 months. (A & B): Hematoxylin & Eosin staining in
WT liver (A) showing inflammation (thin black arrows) and more macrovascular vacuolation
(thick, black arrow) in WT than HET (B). (C & D) Hematoxylin & Eosin staining in WT
spleen (C) and HET(B) showing disorganization of the splenic structure in WT. (E & F)
Hematoxylin & Eosin staining in WT (A) and HET(B) testes showing increased vacuolation in
WT (C) as compared to HETs (D).

(DOCX)

S1 Data.
(XLSX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0234910  June 19, 2020 11/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234910.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234910.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234910.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234910.s004
https://doi.org/10.1371/journal.pone.0234910

PLOS ONE

Brd2 haploinsufficiency extends lifespan

S1 Raw images.
(DOCX)

Acknowledgments

The authors thank Dr. Meng Wang for the statistical analysis of data. We would like to
acknowledge Ms. Emily Cameron and Mr. Vraj Patel for assistance with data collection and

genotyping.

Author Contributions

Conceptualization: Shilpa Pathak, David A. Greenberg.
Data curation: Shilpa Pathak.

Formal analysis: Shilpa Pathak, William C. L. Stewart.
Investigation: Shilpa Pathak.

Project administration: Shilpa Pathak, David A. Greenberg.
Supervision: William C. L. Stewart, David A. Greenberg.
Writing - original draft: Shilpa Pathak, David A. Greenberg.

Writing - review & editing: Shilpa Pathak, William C. L. Stewart, Christin E. Burd, Mark E.
Hester, David A. Greenberg.

References

1. Velisek L, Shang E, Veliskova J, Chachua T, Macchiarulo S, Maglakelidze G, et al. GABAergic neuron
deficit as an idiopathic generalized epilepsy mechanism: the role of BRD2 haploinsufficiency in juvenile
myoclonic epilepsy. PLoS One. 2011; 6(8):e23656. https://doi.org/10.1371/journal.pone.0023656
PMID: 21887291

2. ChachuaT, Goletiani C, Maglakelidze G, Sidyelyeva G, Daniel M, Morris E, et al. Sex-specific behav-
ioral traits in the Brd2 mouse model of juvenile myoclonic epilepsy. Genes Brain Behav. 2014; 13
(7):702—12. https://doi.org/10.1111/gbb.12160 PMID: 25130458

3. ShangE, Wang X, Wen D, Greenberg DA, Wolgemuth DJ. Double bromodomain-containing gene Brd2
is essential for embryonic development in mouse. Dev Dyn. 2009; 238(4):908—-17. https://doi.org/10.
1002/dvdy.21911 PMID: 19301389

4. Greenberg DA, Delgado-Escueta AV, Maldonado HM, Widelitz H. Segregation analysis of juvenile myo-
clonic epilepsy. Genet Epidemiol. 1988; 5(2):81-94. https://doi.org/10.1002/gepi. 1370050204 PMID:
3136050

5. Pal DK, Evgrafov OV, Tabares P, Zhang F, Durner M, Greenberg DA. BRD2 (RING3) is a probable
major susceptibility gene for common juvenile myoclonic epilepsy. Am J Hum Genet. 2003; 73(2):261—
70. https://doi.org/10.1086/377006 PMID: 12830434

6. WuCY, Chen YF, Wang CH, Kao CH, Zhuang HW, Chen CC, et al. A persistent level of Cisd2 extends
healthy lifespan and delays aging in mice. Hum Mol Genet. 2012; 21(18):3956—68. https://doi.org/10.
1093/hmg/dds210 PMID: 22661501

7. Chen YF, Kao CH, Chen YT, Wang CH, Wu CY, Tsai CY, et al. Cisd2 deficiency drives premature

aging and causes mitochondria-mediated defects in mice. Genes Dev. 2009; 23(10):1183-94. https://
doi.org/10.1101/gad.1779509 PMID: 19451219

8. Loganathan SN, Tang N, Fleming JT, Ma Y, Guo Y, Borinstein SC, et al. BET bromodomain inhibitors
suppress EWS-FLI1-dependent transcription and the IGF1 autocrine mechanism in Ewing sarcoma.
Oncotarget. 2016; 7(28):43504—17. https://doi.org/10.18632/oncotarget.9762 PMID: 27259270

9. Bonkowski MS, Rocha JS, Masternak MM, Al Regaiey KA, Bartke A. Targeted disruption of growth hor-
mone receptor interferes with the beneficial actions of calorie restriction. Proc Natl Acad Sci U S A.
2006; 103(20):7901-5. https://doi.org/10.1073/pnas.0600161103 PMID: 16682650

PLOS ONE | https://doi.org/10.1371/journal.pone.0234910  June 19, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234910.s005
https://doi.org/10.1371/journal.pone.0023656
http://www.ncbi.nlm.nih.gov/pubmed/21887291
https://doi.org/10.1111/gbb.12160
http://www.ncbi.nlm.nih.gov/pubmed/25130458
https://doi.org/10.1002/dvdy.21911
https://doi.org/10.1002/dvdy.21911
http://www.ncbi.nlm.nih.gov/pubmed/19301389
https://doi.org/10.1002/gepi.1370050204
http://www.ncbi.nlm.nih.gov/pubmed/3136050
https://doi.org/10.1086/377006
http://www.ncbi.nlm.nih.gov/pubmed/12830434
https://doi.org/10.1093/hmg/dds210
https://doi.org/10.1093/hmg/dds210
http://www.ncbi.nlm.nih.gov/pubmed/22661501
https://doi.org/10.1101/gad.1779509
https://doi.org/10.1101/gad.1779509
http://www.ncbi.nlm.nih.gov/pubmed/19451219
https://doi.org/10.18632/oncotarget.9762
http://www.ncbi.nlm.nih.gov/pubmed/27259270
https://doi.org/10.1073/pnas.0600161103
http://www.ncbi.nlm.nih.gov/pubmed/16682650
https://doi.org/10.1371/journal.pone.0234910

PLOS ONE

Brd2 haploinsufficiency extends lifespan

10.

1.

12

13.

14.

15.

16.

17.
18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.
32.

Sun LY, Spong A, Swindell WR, Fang Y, Hill C, Huber JA, et al. Growth hormone-releasing hormone
disruption extends lifespan and regulates response to caloric restriction in mice. Elife. 2013; 2:e01098.
https://doi.org/10.7554/eLife.01098 PMID: 24175087

Kokkola T, Suuronen T, Pesonen M, Filippakopoulos P, Salminen A, Jarho EM, et al. BET Inhibition
Upregulates SIRT1 and Alleviates Inflammatory Responses. Chembiochem. 2015; 16(14):1997-2001.
https://doi.org/10.1002/cbic.201500272 PMID: 26212199

Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog ED, et al. Sirt1 extends life span and
delays aging in mice through the regulation of Nk2 homeobox 1 in the DMH and LH. Cell Metab. 2013;
18(3):416-30. https://doi.org/10.1016/j.cmet.2013.07.013 PMID: 24011076

Liao CY, Kennedy BK. Will the real aging Sirtuin please stand up? Cell Res. 2012; 22(8):1215-7.
https://doi.org/10.1038/cr.2012.62 PMID: 22508266

Watroba M, Szukiewicz D. The role of sirtuins in aging and age-related diseases. Adv Med Sci. 2016;
61(1):52-62. https://doi.org/10.1016/j.advms.2015.09.003 PMID: 26521204

Moskalev AA, Aliper AM, Smit-McBride Z, Buzdin A, Zhavoronkov A. Genetics and epigenetics of aging
and longevity. Cell Cycle. 2014; 13(7):1063—77. https://doi.org/10.4161/cc.28433 PMID: 24603410

Li X, Kazgan N. Mammalian sirtuins and energy metabolism. Int J Biol Sci. 2011; 7(5):575-87. hitps://
doi.org/10.7150/ijbs.7.575 PMID: 21614150

Eischen CM. Genome Stability Requires p53. Cold Spring Harb Perspect Med. 2016; 6(6).

Zhao Y, Wu L, Yue X, Zhang C, Wang J, Li J, et al. A polymorphism in the tumor suppressor p53 affects
aging and longevity in mouse models. Elife. 2018; 7.

Belkina AC, Blanton WP, Nikolajczyk BS, Denis GV. The double bromodomain protein Brd2 promotes
B cell expansion and mitogenesis. J Leukoc Biol. 2014; 95(3):451-60. https://doi.org/10.1189/jlb.
1112588 PMID: 24319289

Hnilicova J, Hozeifi S, Stejskalova E, Duskova E, Poser I, Humpolickova J, et al. The C-terminal domain
of Brd2 is important for chromatin interaction and regulation of transcription and alternative splicing. Mol
Biol Cell. 2013; 24(22):3557-68. https://doi.org/10.1091/mbc.E13-06-0303 PMID: 24048450

Greenwald RJ, Tumang JR, Sinha A, Currier N, Cardiff RD, Rothstein TL, et al. E mu-BRD2 transgenic
mice develop B-cell lymphoma and leukemia. Blood. 2004; 103(4):1475-84. https://doi.org/10.1182/
blood-2003-06-2116 PMID: 14563639

Lenburg ME, Sinha A, Faller DV, Denis GV. Tumor-specific and proliferation-specific gene expression
typifies murine transgenic B cell ymphomagenesis. J Biol Chem. 2007; 282(7):4803-11. https://doi.org/
10.1074/jbc.M605870200 PMID: 17166848

Puissant A, Frumm SM, Alexe G, Bassil CF, Qi J, Chanthery YH, et al. Targeting MYCN in neuroblas-
toma by BET bromodomain inhibition. Cancer Discov. 2013; 3(3):308-23. https://doi.org/10.1158/2159-
8290.CD-12-0418 PMID: 23430699

Berthon C, Raffoux E, Thomas X, Vey N, Gomez-Roca C, Yee K, et al. Bromodomain inhibitor OTX015
in patients with acute leukaemia: a dose-escalation, phase 1 study. Lancet Haematol. 2016; 3(4):e186—
95. https://doi.org/10.1016/S2352-3026(15)00247-1 PMID: 27063977

Amorim S, Stathis A, Gleeson M, lyengar S, Magarotto V, Leleu X, et al. Bromodomain inhibitor
OTX015 in patients with lymphoma or multiple myeloma: a dose-escalation, open-label, pharmacoki-
netic, phase 1 study. Lancet Haematol. 2016; 3(4):e196—204. https://doi.org/10.1016/52352-3026(16)
00021-1 PMID: 27063978

Gyuris A, Donovan DJ, Seymour KA, Lovasco LA, Smilowitz NR, Halperin AL, et al. The chromatin-tar-
geting protein Brd2 is required for neural tube closure and embryogenesis. Biochim Biophys Acta.
2009; 1789(5):413-21. https://doi.org/10.1016/j.bbagrm.2009.03.005 PMID: 19362612

Petkovich DA, Podolskiy DI, Lobanov AV, Lee SG, Miller RA, Gladyshev VN. Using DNA Methylation
Profiling to Evaluate Biological Age and Longevity Interventions. Cell Metab. 2017; 25(4):954—60 e6.
https://doi.org/10.1016/j.cmet.2017.03.016 PMID: 28380383

Horvath S. DNA methylation age of human tissues and cell types. Genome Biol. 2013; 14(10):R115.
https://doi.org/10.1186/gb-2013-14-10-r115 PMID: 24138928

Zilfou JT, Lowe SW. Tumor suppressive functions of p53. Cold Spring Harb Perspect Biol. 2009; 1(5):
a001883. https://doi.org/10.1101/cshperspect.a001883 PMID: 20066118

Marx JO, Brice AK, Boston RC, Smith AL. Incidence rates of spontaneous disease in laboratory mice
used at a large biomedical research institution. J Am Assoc Lab Anim Sci. 2013; 52(6):782—91. PMID:
24351767

Pettan-Brewer C, Treuting PM. Practical pathology of aging mice. Pathobiol Aging Age Relat Dis. 2011; 1.

Gomes P, Simao S, Silva E, Pinto V, Amaral JS, Afonso J, et al. Aging increases oxidative stress and
renal expression of oxidant and antioxidant enzymes that are associated with an increased trend in

PLOS ONE | https://doi.org/10.1371/journal.pone.0234910  June 19, 2020 13/15


https://doi.org/10.7554/eLife.01098
http://www.ncbi.nlm.nih.gov/pubmed/24175087
https://doi.org/10.1002/cbic.201500272
http://www.ncbi.nlm.nih.gov/pubmed/26212199
https://doi.org/10.1016/j.cmet.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/24011076
https://doi.org/10.1038/cr.2012.62
http://www.ncbi.nlm.nih.gov/pubmed/22508266
https://doi.org/10.1016/j.advms.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26521204
https://doi.org/10.4161/cc.28433
http://www.ncbi.nlm.nih.gov/pubmed/24603410
https://doi.org/10.7150/ijbs.7.575
https://doi.org/10.7150/ijbs.7.575
http://www.ncbi.nlm.nih.gov/pubmed/21614150
https://doi.org/10.1189/jlb.1112588
https://doi.org/10.1189/jlb.1112588
http://www.ncbi.nlm.nih.gov/pubmed/24319289
https://doi.org/10.1091/mbc.E13-06-0303
http://www.ncbi.nlm.nih.gov/pubmed/24048450
https://doi.org/10.1182/blood-2003-06-2116
https://doi.org/10.1182/blood-2003-06-2116
http://www.ncbi.nlm.nih.gov/pubmed/14563639
https://doi.org/10.1074/jbc.M605870200
https://doi.org/10.1074/jbc.M605870200
http://www.ncbi.nlm.nih.gov/pubmed/17166848
https://doi.org/10.1158/2159-8290.CD-12-0418
https://doi.org/10.1158/2159-8290.CD-12-0418
http://www.ncbi.nlm.nih.gov/pubmed/23430699
https://doi.org/10.1016/S2352-3026(15)00247-1
http://www.ncbi.nlm.nih.gov/pubmed/27063977
https://doi.org/10.1016/S2352-3026(16)00021-1
https://doi.org/10.1016/S2352-3026(16)00021-1
http://www.ncbi.nlm.nih.gov/pubmed/27063978
https://doi.org/10.1016/j.bbagrm.2009.03.005
http://www.ncbi.nlm.nih.gov/pubmed/19362612
https://doi.org/10.1016/j.cmet.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28380383
https://doi.org/10.1186/gb-2013-14-10-r115
http://www.ncbi.nlm.nih.gov/pubmed/24138928
https://doi.org/10.1101/cshperspect.a001883
http://www.ncbi.nlm.nih.gov/pubmed/20066118
http://www.ncbi.nlm.nih.gov/pubmed/24351767
https://doi.org/10.1371/journal.pone.0234910

PLOS ONE

Brd2 haploinsufficiency extends lifespan

33.

34.
35.

36.

37.

38.

39.

40.
41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

systolic blood pressure. Oxid Med Cell Longev. 2009; 2(3):138—45. https://doi.org/10.4161/0xim.2.3.
8819 PMID: 20592768

Michaeloudes C, Mercado N, Clarke C, Bhavsar PK, Adcock IM, Barnes PJ, et al. Bromodomain and
extraterminal proteins suppress NF-E2-related factor 2-mediated antioxidant gene expression. J Immu-
nol. 2014; 192(10):4913-20. https://doi.org/10.4049/jimmunol.1301984 PMID: 24733848

Guan Y, Hao CM. SIRT1 and Kidney Function. Kidney Dis (Basel). 2016; 1(4):258-65.

Andrieu G, Belkina AC, Denis GV. Clinical trials for BET inhibitors run ahead of the science. Drug Discov
Today Technol. 2016; 19:45-50. https://doi.org/10.1016/j.ddtec.2016.06.004 PMID: 27769357

Puca AA, Daly MJ, Brewster SJ, Matise TC, Barrett J, Shea-Drinkwater M, et al. A genome-wide scan
for linkage to human exceptional longevity identifies a locus on chromosome 4. Proc Natl Acad SciU S
A. 2001; 98(18):10505-8. https://doi.org/10.1073/pnas. 181337598 PMID: 11526246

Wang F, Liu H, Blanton WP, Belkina A, Lebrasseur NK, Denis GV. Brd2 disruption in mice causes
severe obesity without Type 2 diabetes. Biochem J. 2009; 425(1):71-83. https://doi.org/10.1042/
BJ20090928 PMID: 19883376

Yuan R, Peters LL, Paigen B. Mice as a mammalian model for research on the genetics of aging. ILAR
J. 2011;52(1):4—15. https://doi.org/10.1093/ilar.52.1.4 PMID: 21411853

Yuan R, Tsaih SW, Petkova SB, Marin de Evsikova C, Xing S, Marion MA, et al. Aging in inbred strains
of mice: study design and interim report on median lifespans and circulating IGF1 levels. Aging Cell.
20009; 8(3):277-87. https://doi.org/10.1111/j.1474-9726.2009.00478.x PMID: 19627267

Flurkey K. The Mouse in Biomedical Research. 2nd Edition ed. Burlington, MA: Elsevier; 2007.

Lim JH, Kim EN, Kim MY, Chung S, Shin SJ, Kim HW, et al. Age-associated molecular changes in the
kidney in aged mice. Oxid Med Cell Longev. 2012; 2012:171383. https://doi.org/10.1155/2012/171383
PMID: 23326623

Zou D, WuW, HeY, Ma S, Gao J. The role of klotho in chronic kidney disease. BMC Nephrol. 2018; 19
(1):285. https://doi.org/10.1186/s12882-018-1094-z PMID: 30348110

Erol A. The Functions of PPARs in Aging and Longevity. PPAR Res. 2007; 2007:39654. https://doi.org/
10.1155/2007/39654 PMID: 18317516

Boily G, Seifert EL, Bevilacqua L, He XH, Sabourin G, Estey C, et al. SirT1 regulates energy metabolism
and response to caloric restriction in mice. PLoS One. 2008; 3(3):e1759. https://doi.org/10.1371/
journal.pone.0001759 PMID: 18335035

LiY, Xu W, McBurney MW, Longo VD. SirT1 inhibition reduces IGF-I/IRS-2/Ras/ERK1/2 signaling and pro-
tects neurons. Cell Metab. 2008; 8(1):38—48. https://doi.org/10.1016/j.cmet.2008.05.004 PMID: 18590691

Mercken EM, Hu J, Krzysik-Walker S, Wei M, Li Y, McBurney MW, et al. SIRT1 but not its increased
expression is essential for lifespan extension in caloric-restricted mice. Aging Cell. 2014; 13(1):193-6.
https://doi.org/10.1111/acel.12151 PMID: 23941528

Yoshizaki T, Schenk S, Imamura T, Babendure JL, Sonoda N, Bae EJ, et al. SIRT1 inhibits inflamma-
tory pathways in macrophages and modulates insulin sensitivity. Am J Physiol Endocrinol Metab. 2010;
298(3):E419-28. https://doi.org/10.1152/ajpendo.00417.2009 PMID: 19996381

Yang H, Zhang W, Pan H, Feldser HG, Lainez E, Miller C, et al. SIRT1 activators suppress inflammatory
responses through promotion of p65 deacetylation and inhibition of NF-kappaB activity. PLoS One.
2012; 7(9):e46364. https://doi.org/10.1371/journal.pone.0046364 PMID: 23029496

Herskovits AZ, Guarente L. SIRT1 in neurodevelopment and brain senescence. Neuron. 2014; 81
(3):471-83. https://doi.org/10.1016/j.neuron.2014.01.028 PMID: 24507186

Kim D, Nguyen MD, Dobbin MM, Fischer A, Sananbenesi F, Rodgers JT, et al. SIRT1 deacetylase pro-
tects against neurodegeneration in models for Alzheimer’s disease and amyotrophic lateral sclerosis.
EMBO J. 2007; 26(13):3169-79. https://doi.org/10.1038/sj.emboj.7601758 PMID: 17581637

Donmez G, Wang D, Cohen DE, Guarente L. SIRT1 suppresses beta-amyloid production by activating
the alpha-secretase gene ADAM10. Cell. 2010; 142(2):320-32. https://doi.org/10.1016/j.cell.2010.06.
020 PMID: 20655472

Min SW, Cho SH, Zhou Y, Schroeder S, Haroutunian V, Seeley WW, et al. Acetylation of tau inhibits its
degradation and contributes to tauopathy. Neuron. 2010; 67(6):953-66. https://doi.org/10.1016/].
neuron.2010.08.044 PMID: 20869593

Jeong H, Cohen DE, Cui L, Supinski A, Savas JN, Mazzulli JR, et al. Sirt1 mediates neuroprotection
from mutant huntingtin by activation of the TORC1 and CREB transcriptional pathway. Nat Med. 2011;
18(1):159-65. https://doi.org/10.1038/nm.2559 PMID: 22179316

Gao J, Wang WY, Mao YW, Graff J, Guan JS, Pan L, et al. A novel pathway regulates memory and
plasticity via SIRT1 and miR-134. Nature. 2010; 466(7310):1105-9. https://doi.org/10.1038/
nature09271 PMID: 20622856

PLOS ONE | https://doi.org/10.1371/journal.pone.0234910  June 19, 2020 14/15


https://doi.org/10.4161/oxim.2.3.8819
https://doi.org/10.4161/oxim.2.3.8819
http://www.ncbi.nlm.nih.gov/pubmed/20592768
https://doi.org/10.4049/jimmunol.1301984
http://www.ncbi.nlm.nih.gov/pubmed/24733848
https://doi.org/10.1016/j.ddtec.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27769357
https://doi.org/10.1073/pnas.181337598
http://www.ncbi.nlm.nih.gov/pubmed/11526246
https://doi.org/10.1042/BJ20090928
https://doi.org/10.1042/BJ20090928
http://www.ncbi.nlm.nih.gov/pubmed/19883376
https://doi.org/10.1093/ilar.52.1.4
http://www.ncbi.nlm.nih.gov/pubmed/21411853
https://doi.org/10.1111/j.1474-9726.2009.00478.x
http://www.ncbi.nlm.nih.gov/pubmed/19627267
https://doi.org/10.1155/2012/171383
http://www.ncbi.nlm.nih.gov/pubmed/23326623
https://doi.org/10.1186/s12882-018-1094-z
http://www.ncbi.nlm.nih.gov/pubmed/30348110
https://doi.org/10.1155/2007/39654
https://doi.org/10.1155/2007/39654
http://www.ncbi.nlm.nih.gov/pubmed/18317516
https://doi.org/10.1371/journal.pone.0001759
https://doi.org/10.1371/journal.pone.0001759
http://www.ncbi.nlm.nih.gov/pubmed/18335035
https://doi.org/10.1016/j.cmet.2008.05.004
http://www.ncbi.nlm.nih.gov/pubmed/18590691
https://doi.org/10.1111/acel.12151
http://www.ncbi.nlm.nih.gov/pubmed/23941528
https://doi.org/10.1152/ajpendo.00417.2009
http://www.ncbi.nlm.nih.gov/pubmed/19996381
https://doi.org/10.1371/journal.pone.0046364
http://www.ncbi.nlm.nih.gov/pubmed/23029496
https://doi.org/10.1016/j.neuron.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24507186
https://doi.org/10.1038/sj.emboj.7601758
http://www.ncbi.nlm.nih.gov/pubmed/17581637
https://doi.org/10.1016/j.cell.2010.06.020
https://doi.org/10.1016/j.cell.2010.06.020
http://www.ncbi.nlm.nih.gov/pubmed/20655472
https://doi.org/10.1016/j.neuron.2010.08.044
https://doi.org/10.1016/j.neuron.2010.08.044
http://www.ncbi.nlm.nih.gov/pubmed/20869593
https://doi.org/10.1038/nm.2559
http://www.ncbi.nlm.nih.gov/pubmed/22179316
https://doi.org/10.1038/nature09271
https://doi.org/10.1038/nature09271
http://www.ncbi.nlm.nih.gov/pubmed/20622856
https://doi.org/10.1371/journal.pone.0234910

PLOS ONE

Brd2 haploinsufficiency extends lifespan

55.

56.

57.

58.

59.

60.

61.

62.

Michan S, Li Y, Chou MM, Parrella E, Ge H, Long JM, et al. SIRT1 is essential for normal cognitive func-
tion and synaptic plasticity. J Neurosci. 2010; 30(29):9695-707. https://doi.org/10.1523/JNEUROSCI.
0027-10.2010 PMID: 20660252

Hasegawa K, Wakino S, Simic P, Sakamaki Y, Minakuchi H, Fujimura K, et al. Renal tubular Sirt1 atten-
uates diabetic albuminuria by epigenetically suppressing Claudin-1 overexpression in podocytes. Nat
Med. 2013; 19(11):1496-504. https://doi.org/10.1038/nm.3363 PMID: 24141423

Jurk D, Wilson C, Passos JF, Oakley F, Correia-Melo C, Greaves L, et al. Chronic inflammation induces
telomere dysfunction and accelerates ageing in mice. Nat Commun. 2014; 2:4172. https://doi.org/10.
1038/ncomms5172 PMID: 24960204

Arai Y, Martin-Ruiz CM, Takayama M, Abe Y, Takebayashi T, Koyasu S, et al. Inflammation, But Not
Telomere Length, Predicts Successful Ageing at Extreme Old Age: A Longitudinal Study of Semi-super-
centenarians. EBioMedicine. 2015; 2(10):1549-58. https://doi.org/10.1016/j.ebiom.2015.07.029 PMID:
26629551

Belkina AC, Nikolajczyk BS, Denis GV. BET protein function is required for inflammation: Brd2 genetic
disruption and BET inhibitor JQ1 impair mouse macrophage inflammatory responses. J Immunol. 2013;
190(7):3670-8. https://doi.org/10.4049/jimmunol.1202838 PMID: 23420887

Nicodeme E, Jeffrey KL, Schaefer U, Beinke S, Dewell S, Chung CW, et al. Suppression of inflamma-
tion by a synthetic histone mimic. Nature. 2010; 468(7327):1119-23. https://doi.org/10.1038/
nature09589 PMID: 21068722

Jahagirdar R, Attwell S, Marusic S, Bendele A, Shenoy N, McLure KG, et al. RVX-297, a BET Bromodo-
main Inhibitor, Has Therapeutic Effects in Preclinical Models of Acute Inflammation and Autoimmune
Disease. Mol Pharmacol. 2017; 92(6):694—706. https://doi.org/10.1124/mol.117.110379 PMID:
28974538

Porcher C. Toward a BETter grasp of acetyl-lysine readers. Blood. 2015; 125(18):2739—41. hitps://doi.
org/10.1182/blood-2015-03-630830 PMID: 25931578

PLOS ONE | https://doi.org/10.1371/journal.pone.0234910  June 19, 2020 15/15


https://doi.org/10.1523/JNEUROSCI.0027-10.2010
https://doi.org/10.1523/JNEUROSCI.0027-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20660252
https://doi.org/10.1038/nm.3363
http://www.ncbi.nlm.nih.gov/pubmed/24141423
https://doi.org/10.1038/ncomms5172
https://doi.org/10.1038/ncomms5172
http://www.ncbi.nlm.nih.gov/pubmed/24960204
https://doi.org/10.1016/j.ebiom.2015.07.029
http://www.ncbi.nlm.nih.gov/pubmed/26629551
https://doi.org/10.4049/jimmunol.1202838
http://www.ncbi.nlm.nih.gov/pubmed/23420887
https://doi.org/10.1038/nature09589
https://doi.org/10.1038/nature09589
http://www.ncbi.nlm.nih.gov/pubmed/21068722
https://doi.org/10.1124/mol.117.110379
http://www.ncbi.nlm.nih.gov/pubmed/28974538
https://doi.org/10.1182/blood-2015-03-630830
https://doi.org/10.1182/blood-2015-03-630830
http://www.ncbi.nlm.nih.gov/pubmed/25931578
https://doi.org/10.1371/journal.pone.0234910

