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Abstract

Despite extensive analysis of pRB phosphorylation in vitro, how this
modification influences development and homeostasis in vivo is
unclear. Here, we show that homozygous Rb%** and Rb2¥” knock-in
mice, in which either four or all seven phosphorylation sites in the
C-terminal region of pRb, respectively, have been abolished by Ser/
Thr-to-Ala substitutions, undergo normal embryogenesis and early
development, notwithstanding suppressed phosphorylation of
additional upstream sites. Whereas Rb*** mice exhibit telomere
attrition but no other abnormalities, Rb**” mice are smaller and
display additional hallmarks of premature aging including infertil-
ity, kyphosis, and diabetes, indicating an accumulative effect of
blocking pRb phospharylation. Diabetes in Rb**” mice is insulin-
sensitive and associated with failure of quiescent pancreatic p-cells
to re-enter the cell cycle in response to mitogens, resulting in
induction of DNA damage response (DDR), senescence-associated
secretory phenotype (SASP), and reduced pancreatic islet mass and
circulating insulin level. Pre-treatment with the epigenetic regula-
tor vitamin C reduces DDR, increases cell cycle re-entry, improves
islet morphology, and attenuates diabetes. These results have
direct implications for cell cycle regulation, CDK-inhibitor thera-
peutics, diabetes, and longevity.
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Introduction

The retinoblastoma tumor suppressor, pRB, regulates diverse biolog-
ical processes including cell cycle progression, survival, metabolism,
and differentiation and is frequently lost in cancer (Dyson, 2016;
Zacksenhaus et al, 2017; Dick et al, 2018; Kitajima et al, 2020). pRB
exerts its effects by binding to and modulating the activity of multi-
ple cellular proteins including members of the E2F family of tran-
scription factors (Kent & Leone, 2019). When bound to E2F1-3, pRB
represses transcription by hindering their trans-activation domains
and by recruiting chromatin-modifying enzymes. In cycling cells,
E2F-bound pRB transiently silences cell cycle genes by recruiting his-
tone deacetylases (Harbour & Dean, 2000), whereas in differentiating
cells, pRB engages histone methyltransferases and other histone
modifiers that stably suppress cell cycle genes, establishing an epige-
netic differentiation state that is more resistant to mitogenic signals
(Narita et al, 2003; Ait-Si-Ali et al, 2004; Uchida, 2016).

A major form of regulation of pRB activity is phosphorylation,
mediated by cyclin-dependent kinases (CDKs): pRB is mono-
phosphorylated at single sites by type D cyclins-CDK4/6 during most
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G1 phase of the cell cycle and then abruptly hyper-phosphorylated on
the remaining sites by E cyclins-CDK2 at the restriction point, just
prior to S phase (Narasimha et al, 2014). Hyper-phosphorylated pRB
dissociates from E2Fs, allowing transcriptional activation of genes
required for G1-to-S transition and cell cycle progression.

The RB gene is often disrupted in certain cancers by mutations,
deletions, or promoter silencing; in other cancers, RB is intact but
the pRB protein is inactivated by hyper-phosphorylation through
amplification/activation of D type Cyclins-CDK4/6 and E type
Cyclins/CDK2 complexes (Koboldt et al, 2012; Nik-Zainal et al,
2016). In the latter tumors, hyper-phosphorylated pRB can be re-
activated by CDK4/6 inhibitory drugs such as palbociclib that
improve survival outcome of cancer patients (Knudsen & Witkie-
wicz, 2017; Otto & Sicinski, 2017; Pernas et al, 2018; Turner et al,
2018; Roberts et al, 2020).

pRB phosphorylation is also implicated in tissue regeneration.
The CDK4/6 inhibitor p16™*** is induced in aging tissues including
pancreatic islets in mice (Janzen et al, 2006; Krishnamurthy et al,
2006; Molofsky et al, 2006) and humans (Nielsen et al, 1999; Kana-
varos et al, 2001; Chkhotua et al, 2003; Krishnamurthy et al, 2004;
Liu et al, 2011; Aguayo-Mazzucato et al, 2017) as well as in type 2
diabetes (T2D) (Kong et al, 2016). Other CDK inhibitors such as
p21°P! and p27"P! are induced by various genotoxic stresses to halt
cell cycle progression in part by blocking pRB phosphorylation
(Chicas et al, 2010; Chien et al, 2011; Kang et al, 2015; Georgakilas
et al, 2017). These CDK inhibitors act not only through pRB but also
through other targets (e.g., Kollmann et al, 2013; Klein et al, 2018;
Zhang et al, 2018), and therefore the specific impact of blocking
pRB phosphorylation on development and homeostasis, and
whether the consequences of inhibiting pRB phosphorylation can be
therapeutically mitigated are not known.

pRB has 14 CDK phospho-acceptor sites that are clustered in the
N terminus, spacer/linker region, and exon 23 at the C terminus
(Lees et al, 1991; Buckley et al, 1993; Mittnacht, 1998; Fu et al,
2004) (Fig 1A). These phosphorylation sites can be classified into
four groups on the basis of their effect on specific pRB-protein inter-
actions (Sanidas et al, 2019): S224-5243-T246, T350-T367-5601,
S605-5773-5781-5788, and S800-5804-T814-T819 (mouse pRb num-
bering; Fig 1A). Phosphorylation of the exon 23 cluster triggers a
conformation change that excludes E2F (Rubin, 2013) and destabi-
lizes interaction with chromatin-modifying enzymes, allowing G1-
to-S cell cycle progression (Goodrich et al, 1991; Knudsen & Wang,
1996, 1997; Connell-Crowley et al, 1997; Burkhart & Sage, 2008;
Rubin, 2013; Narasimha et al, 2014; Dick et al, 2018; Sanidas et al,
2019). Substitutions of all seven sites lead to constitutive repression
of E2F1-regulated genes in over-expression experiments in culture
(Brown et al, 1999).

To determine the role of pRb phosphorylation in vivo, we herein
engineered knock-in mice with Ser/Thr-to-Ala substitutions in the
four most distal or all seven sites in the C terminus of endogenous
Rb. Unexpectedly, homozygous Rb*** and Rb**” knock-in mice
developed normally during embryogenesis and early neonatal life.
However, thereafter, Rb®%” but not Rb*** mice exhibited various
signs of accelerated aging including diabetes, which was associated
with increased DNA damage response (DDR) and senescence, and
reduced islet cell organization and size. This defect was attributed
to inability of differentiated pancreatic Rb**” B-cells to re-enter the
cell cycle in response to mitogenic signals, pointing to a role for pRb

2 of 23 The EMBO journal 106825 | 2022

Zhe jiang et al

phosphorylation in the GO-to-G1 transition. Strikingly, the epigenetic
regulator vitamin C enhanced DNA demethylation and cell cycle re-
entry and attenuated the DDR and diabetes in Rb**” mice. Thus,
pRb status exerts a double-edged sword effect; loss of this tumor
suppressor enables cell proliferation/regeneration but also cancer,
whereas activation of this tumor suppressor by inhibition of its
phosphorylation suppresses cancer but also cell regeneration,
thereby accelerating hallmarks of aging.

Results

Rb“¥* knock-in mice exhibit short telomeres but apparent
normal development

To determine the effect of pRb phosphorylation in vivo, we first gen-
erated knock-in mice in which the four most distal Serine/Threonine
residues (S800, S804, T814, and T819) were substituted to Alanine,
a related but unphosphorylatable amino acid (Figs 1A and EV1A-
D). Homozygote Rb¥*K* mice (henceforth referred to as Rb**%)
were obtained with normal Mendelian inheritance and appeared
normal. Sequencing analysis confirmed the Ser/Thr-to-Ala substitu-
tions introduced into the Rb locus in these mice. pRb migrates on
SDS-PAGE gels as a hypo-phosphorylated protein of ~110 KDa as
well as slow-migrating phosphorylated species. The slow migration
and level of phosphorylation are inhibited by substitutions on
Ser800/Ser804 in vitro (Knudsen & Wang, 1996; Brown et al, 1999).
Consistent with this, lysates from Rb*** thymocytes exhibited a sin-
gle band of hypo-phosphorylated pRb (Fig 1B).

Despite the blockade of phosphorylation of these important sites,
homozygous Rb*** mice were fertile, showed apparent normal
myogenesis and T-cell development, and displayed no obvious exter-
nal or histo-pathological defects (Fig 1C and Appendix Fig S1A).

The four most distal Ser/Thr sites in exon 23, which are substituted
in Rb*** mice, were shown to mediate interaction with LxCxE-binding
factors through E2F1-dependent (e.g., HDAC1, SUV39H) and indepen-
dent (SUV4-20H) mechanisms. The latter interaction is critical for
trimethylation of H4K20 and telomere maintenance (Benetti et al,
2007). Indeed, triple knockout fibroblasts with mutations in Rb and its
two relatives, pl07 and p130 (Rb /" :p107 ¢ :p130 /"), exhibit
abnormally long telomeres (Garcia-Cao et al, 2002). To determine
telomere length in Rb*** mice, we backcrossed them six generations
into C57BL/6 mice, commonly used to analyze telomere length (Snow
et al, 2007). Metaphase spreads prepared from five pairs of spleno-
cytes from 3- to 4-month-old mice revealed that telomeres in Rb**
mice were significantly shorter compared to control littermates
(Mann-Whitney-Wilcoxon test P < 0.001; Fig 1D; Appendix Fig
S2A). GST-SUV4-20H1 and GST-SUV4-20H2 preferentially precipitated
hypo-phosphorylated, not hyper-phosphorylated pRb species from
wild-type thymocytes (Appendix Fig S2B), thus supporting the idea
that constitutive inhibition of H4K20 trimethylases by pRb*** through-
out the cell cycle underlies short telomeres in these mice (Discussion).

Rb**” knock-in mice also exhibit apparent normal embryogenesis
and early neonatal growth

Although phosphorylation of single CDK4/6 sites in pRb can affect
specific cellular functions in culture (Sanidas et al, 2019), there is
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Figure 1. Rb** knock-in mice develop normally but exhibit telomere attrition.

Zhe jiang et al

A Schematic structure of pRb, location of the 14 CDK sites, and the four Ser/Thr-to-Ala substitutions (denoted by *) in Rb*** knock-in mice in exon 23. Clustering of
phosphorylation sites is as per Sanidas et al (2019), based on protein interaction profiles of monophosphorylated pRb species. N, N terminus; A-B, pocket domain; L,

spacer/linker; C, C terminus which includes exon 23.

B Western blot analysis of Rb*** thymocytes with an antibody that recognizes both hyper-phosphorylated (ppRb) and hypo-phosphorylated pRb species.
C Representative flow cytometric profiles of thymocytes from 6-week-old Rb®** and control mice for CD3-, CD4- and CD8-positive cell populations. Bottomn, average of
CD3, CD4, and CD8 single- and double-positive cells in Rb** vs. control thymocytes showing no significant (n.s) difference by Student’s t-test. Bars represent

mean + SO (standard deviation); n = 6 biological replicates.

D short telomeres in Rb*** mice. Images of splenocyte metaphase spreads hybridized with the telomere repeat probe (pink). Note shorter telomeres in Rb**
splenocytes (arrows). Bottom, quantitative analysis of 10 splenocyte metaphases from one pair of Rb®** and control littermate; all five pairs are shown in Appendix

Fig 52 (P = 0.001 by two-tailed Mann-Whitney—Wilcoxon test).

Source data are available online for this figure.

clear evidence that inhibition of pRb phosphorylation on multiple
sites has an accumulative effect on its transcriptional repression in
vitro (Bremner et al, 1995; Brown et al, 1999). We therefore asked
whether disruption of all seven phosphorylation sites in exon 23
would impact normal development and homeostasis (Figs 2A and
EVIA-D). Surprisingly, like homozygote Rb*%* mice, Rb¥7/¥7
knocked-in mice (henceforth Rb**?) were obtained by interbreeding
Rb**?/* heterozygotes with the same Mendelian inheritance as
Rb** littermates (not shown).

BrdU incorporation analysis revealed robust cell proliferation in
multiple Rb**” embryonic tissues at comparable levels to those seen
in control RbWT littermates (Fig 2B). Moreover, Rb*¥” mice exhib-
ited apparent normal myogenesis in vivo and in vitro, as well as
early T-cell development (Figs 2C; Appendix Fig S1B). As germline
mutation in RB predisposes to retinoblastoma, we specifically ana-
lyzed the effect of Rb* on proliferation of retinal progenitors.
Staining for Ki67 (dividing cells), BrdU incorporation (S-phase
cells), or Serl0 phosphorylated histone 3 (PH3, mitotic cells)
revealed indistinguishable levels of progenitor cell proliferation in
Rb**? versus control retina (Fig 2D). Hematology and innate immu-
nity were also apparently normal in Rb**’ mice (Appendix Figs $3
and S4). Thus, expression of hypo-phosphorylated pRb**” at endog-
enous levels does not attenuate cell proliferation in multiple tissues.

Phospho-specific antibody analysis of lysates from proliferating
Rb™ thymocytes revealed that in addition to the substituted Ser-
ine/Threonine amino acids in exon 23 (e.g., Ser773), phosphoryla-
tion of upstream Thr350 and Ser601 sites was completely inhibited,
while Ser243/Thr246 and Ser605 remained phosphorylated (Fig 2E).
Interestingly, in Rb** thymocytes, Thr350 phosphorylation was
also completely suppressed, whereas Ser601 phosphorylation was
detectable at a low level (Fig 2F, arrowhead). Phospho-antibodies
for mouse Ser224- and Thr367-pRb, the remaining two sites, are not
currently available. Thus, phosphorylation of at least 9 of 14 CDK
sites in pRb (seven sites in exon 23 plus Thr350 and Ser601) is not
essential for embryogenesis or early neonatal growth.

Embryonic fibroblasts from Rb**” knock-in mice exhibit reduced
sensitivity to CDK2 inhibitors and increased spontaneous
senescence

One mechanism by which cells may escape cell cycle inhibition by
pRb** could be through compensating phosphorylation by other
kinases. To begin to address this possibility, we performed focused
kinome screens (360 drugs) on mouse embryonic fibroblasts (MEFs)
isolated from pRb2®? or control embryos. 32 drugs that showed
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some differential effects in the initial screen were subject to second-
ary screens, but no kinase inhibitor significantly suppressed the
growth of Rb*%” over control littermate MEFs (Fig 3A). As p38-
MAPKu« phosphorylates the N terminus of pRB (Gubern et al, 2016),
we examined the effect of inhibitors of this kinase. However, three
different inhibitors, SB-203580 (Fig 3A), VX-702, and SB-202190
(Fig 3B), which target p38a or p38a plus p38[2, respectively, had
no significant effects on Rb**” relative to control MEFs. In addition,
the CDK4/6 inhibitor palbociclib (PD-0332991), and the checkpoint
kinase CHK1 inhibitor, TCS-2312, had no differential effect on Rb**’
versus normal cells.

Instead, Rb®®” MEFs appeared more resistant to CDK2 inhibition.
Indeed, Rb**” MEFs were significantly more resistant to GW8510
(P =0.008) and showed a trend toward significant resistance to a
pan-CDK inhibitor, AT-751, which targets CDK2, as well as CDKI1,
CDK4, CDK6, and CDKS5 (P = 0.07; Fig 3B). The specific resistance
of Rb®7 MEFs to CDK2 inhibitors is in stark contrast to the
increased sensitivity of CyclinD1/D2/D3 triple-mutant MEFs to
CDK2 inhibition (Kozar et al, 2004). This uncovers a clear difference
between CyclinD1/2/3 null cells, in which pRb can be phosphory-
lated (by CDK2), and Rb**” cells in which phosphorylation of multi-
ple CDK sites is blocked by Ser/Thr-to-Ala substitutions, rendering
the cells resistant to CDK2 inhibition compared to control Rb" cells.

Early passage Rb**’ MEFs exhibited a slight but significant
increase in cell survival and a longer Gl-phase of the cell cycle
(Fig 3C and D). Moreover, whereas control MEFs became readily
immortalized after ~10 passages, Rb®*” MEFs underwent cell senes-
cence and failed to spawn colonies of immortalized cells (Fig 3E). In
accordance, Rb**” MEFs at passage 9 showed stronger senescence-
associated P-galactosidase (SA-PGAL) staining than control MEFs
(Fig 3F). Considering all SA-BGAL positive-stained cells (both low
and high), 82% of Rb**” MEFs were positive compared to 51.5% in
control MEFs (n = 4, P = 0.039 by 2-tailed Student t-test). Thus, in
accordance with its tumor-suppressive function, Rb**’ MEFs
showed modest but significantly reduced cell proliferation and apo-
ptosis and increased cellular senescence.

Rb**” mice exhibit severe diabetes and accelerated aging

Strikingly, as Rb%%” mice matured, they exhibited smaller size and
various signs of premature aging. On average, Rb** male mice
weighed 21% less than their littermates (Fig 4A). Males were infer-
tile, with small testes and reduced number of matured sperm, indi-
cating hyper-sensitivity of meiosis to constitutive expression of
hypo-phosphorylated pRb (Fig 4B-D). At 8-11 months of age,
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Figure 2. Rb“*’ knock-in mice exhibit near-normal embryogenesis and neonatal development.

A Schematic structure of pRb, location of 14 CDK sites and the seven Ser/Thr-to-Ala substitutions (denoted by *) in Rb® mice. Phosphorylation of upstream sites is
indicated: arrow, phosphorylated; blocking line, not phosphorylated in Rb** thymocytes.

B BrdU immunchistochemistry analysis of sagittal sections of E135 Rb*<

intensity of staining/cell proliferation.

and control littermate embryos. Arrows point to lateral ventricle and liver showing similar

C Left, representative flow cytometric analysis for CD3, CD4, and CD8, showing near normal T cell development in 10-day-old Rb®*" mice. Right, average of CD3, CD4,

and CD8 single- and double-positive cell populations in Rb*¥

mean + S0, n = 4 biological replicates.

vs. control thymocytes with no significant difference (n.s) by Student’s t-test. Results are presented as

D Left, images showing apparent normal division of retinal progenitors in Rb% mice. Mice were labeled with BrdU for 2 h; retinal sections from indicated genotypes
were stained with DAPI (blue), Ki67 (green), PH3 (red), or BrdU (red) to mark nuclei, all dividing cells, mitotic or 5-phase cells, respectively. Right, guantification of
staining showing no significant difference among the genotypes. Bars denote mean + 50; n = 3 biological replicates. Scale bar: 20 pum.

E Left, top, Western blot analysis of Rb® thymocytes with an antibody that recognizes bath hyper-phosphorylated (ppRb) and hypo-phosphorylated pRb species.
Right, phospho-specific immunaoblots showing absence of phosphorylation at upstream Thr350 and Ser601 or the substituted Ser773Ala site in Rb®* thymocytes.
Right, immuno-precipitation (IP)-Western blot analysis demonstrating phosphorylation of pRb®*” on Ser243/Thr246 (top) and Ser605 (bottom). n.s., non-specific band.

F  Phospho-specific immunoblots showing absence of phosphorylation at upstream Thr350, and reduced but not complete loss of phosphorylation at Ser601 (arrow) in

Rb*** thymocytes.

Source data are available online for this figure.

Rb**” mice became moribund with severe kyphosis (Fig 4E). Hair
regrowth two weeks post-plucking was delayed in Rb**" mice com-
pared to control littermates (Fig 4F). While hair follicles in control
mice were in both telogenic (resting) and anagenic (growing)
phases, hair follicles in Rb**” mice were mostly in the telogen phase
and expressed low levels of keratin 14 (a stem cell marker) and
PCNA (a cell cycle marker) relative to control (Fig 4G-I).

Most strikingly, adult Rb** mice developed severe diabetes, and
all mice succumbed to the disease by one year of age (Fig 4J). Dia-
betes was observed within a shorter window of time in males than
in females, and therefore, male mice were analyzed henceforward.
Blood glucose levels in fasting 8- to 12-month-old Rb**" males, but
not in as old as 18-month Rb** mice, was on average over 25 mM
compared to 6-8 mM in wild-type animals (n=6 each,
P=1.8 x 10°°). Complete pathological analysis of six Rb**" mice
with severe diabetes revealed mostly normal histology of other tis-
sues, with no evidence for gross abnormalities or cancer (not
shown). Thus, systemic inhibition of pRb phosphorylation does not
interfere with normal embryogenesis but attenuates cell prolifera-
tion and tissue regeneration and accelerates hallmarks of aging such
as diabetes in adult mice as further described below.

Diabetes in Rb**” mice is marked by reduced cell cycle re-entry
and reduplication of pancreatic p-cells

Diabetes is caused by defects in glucose metabolism, which is con-
trolled by pancreatic o- and p-islet cells that secrete glucagon or
insulin, respectively (Ashcroft & Rorsman, 2012; Talchai et al,
2012). Type 1 diabetes (T1D) is characterized by loss of B-cells
through autoimmune-mediated destruction and cellular senescence
(Thompson et al, 2019) and is insulin-sensitive, whereas type 2 dia-
betes (T2D) is characterized by failure of tissues such as muscle and
fat cells to absorb blood glucose in response to insulin, but also
involves senescence and progressive loss of B-cells (Kong et al,
2016; Aguayo-Mazzucato et al, 2019).

To determine the mechanism underlying high serum glucose in
Rb** knock-in mice, hyperglycemic animals were injected with
insulin. This led to a rapid decrease in blood glucose, indicating insu-
lin responsiveness and type 1-like diabetes (Fig 5A). Rb** mice
were also unable to clear blood glucose as efficiently as control mice
following exogenous glucose injection, and this deficiency became
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more severe with age (Fig 5B), suggesting a progressive degenera-
tion of insulin-producing pancreatic B-cells. The primary defect was
not in insulin secretion per se as revealed by Glucose-Stimulated
Insulin Secretion (GSIS) assays of young Rb**’ mice versus control
littermates (Fig 5C). Instead, pancreatic islets progressively deterio-
rated, becoming ~3 fold smaller in 1-year-old Rb®*" mice compared
to control littermates (Fig 5D, left, center; images below and Fig 6).
Rb™¥ islets were not only smaller but also disorganized, and insulin-
positive p-cells were larger with aberrant morphology. Length of
Rb*¥ insulin® B-cells was on average 1.73-fold greater than control
cells (Fig 5D, right). In addition, whereas control wild-type islets
stained relatively uniformly for Insulin, pancreatic B-cells from dia-
betic Rb**” mice exhibited a mixture of intensely and weakly stained
insulin® B-cells (Fig 5D, left). Finally, fasting circulating insulin
levels in 6- to 10-month-old diabetic Rb**” mice (17 mM average
blood glucose compared with 3.2 mM in control mice, n = 8 each,
P = 0.0001) was 1.5 fold lower than in control wild-type littermates
(0.13 vs. 0.2 ng/ml; P = 0.037, one-sided t-test; Fig SE).

Analysis of cell death ruled out apoptosis as the cause of pancre-
atic islet degeneration and reduced islet mass; there were very rare
TUNEL" apoptotic B-cells in control islets and even less in Rb**’
mice (Fig 5F). p-cells expand during embryogenesis and neonatal
growth through proliferation of progenitor cells, and in adults
through duplication of pre-existing p-cells (Dor et al, 2004; Nir et al,
2007; Teta et al, 2007; Smukler et al, 2011). Staining for phospho-
Serine 800/804-pRb, a site that is substituted to alanine in Rb*K’
mice, revealed positive B-cells in control but not, as expected,
knock-in islets, indicating active regulation of pRb phosphorylation
in dividing pancreatic p-cells (Fig SF). BrdU incorporation and
phospho-histone H3 staining showed significant reduction in cell
division in pancreatic Rb2*7 B-cells at 2-3 weeks of age compared to
control (Fig 5F and G). Decreased level of histone H3K36 trimethy-
lation (H3K36me3) coincides with short life span (Pu et al, 2015)
and reduced homologous recombination (HR) repair (Pai et al,
2017). Consistent with this, H3K36me3 expression was significantly
reduced in Rb* islets compared to control littermates (Fig 5F and
G).

To determine whether mature Rb**’ p-cells could be stimulated
to re-enter the cell cycle in vivo, BrdU incorporation analysis or ki67
staining was performed during pregnancy, which triggers B-cell pro-
liferation (Rieck & Kaestner, 2010), or after injecting adult mice with

@ 2022 The Authors

sajolle ss800y UadQ Joj 1daoxa ‘paiiwiad 10U A)1011s S| UOIINGIISIP pue 8sn-ay ‘[220Z/L0/vL] Uo -ssaid 093 Ag "Biossaidoquia'mmm//:sdny wolj papeojumod ‘0 '2z0Z 'S20Z09tL



Zhe jiang et al

-
w

Proliferation Index

0.5+

ctrl

RbAKY

UR+LR=39.8%

UR+LR=25.2%

AnnexinV-PE

80
D70
Q60
N
O 50

o010

o

The EMBO Journal

70, P=0.0035 ctrl

Relative % of cells

AnnexinV-PE live AnnexinV"
E
ctrl RbAK7 ctrl RbAK7
= z R T TR
of gl S g e - -‘.:::’ 4 S
O Fo) ¥ >y 82 : A S SR
Q2 ._ A < : l' : A, i‘i"::i’ ,:’4“-‘;; A
L . = % (D 3 - 5 ’-‘ " ’!*. x} 5
“— 2 A [eal . ) 5 y U 4'* P
c| 23 : b A
=) AN Vs e
o A n U S ey
: o x & ..."' A & - P _;"'i_.'
4 :' ¥ a L * . “t 2 ¥ ! ‘\\. 4 1

Figure 3. Rb*” MEFs exhibit enhanced resistance to CDK2 inhibitors and spontaneous senescence in vitro.

A Effects of selected kinase inhibitors with differential effects on Rb®< vs. control MEFs from initial kinome screens. Average proliferation rate of untreated MEFs is
shown on the right (white column). Arrows point to pan-CDK- and CDK2/7/9-inhibitors. Bars represent mean =+ SD, n = 3 independent MEFs.

B Increased resistance of Rb®* vs. control MEFs to CDK2 inhibition (P = 0.008 by two-tailed unpaired Student's t-test). Effect of a pan CDK inhibitor was near
significance (P = 0.07). Bars represent mean £ 5D, n = 3 independent MEFs.

C  Left, representative flow cytometric analysis with 7-AAD and AnnexinV, showing a significant decrease in apoptosis in R

bAK?

MEFs relative to control. Right, significant

differences in average percentage of live (7-AAD:AnnexinV~) vs. apoptotic (7-AAD™:AnnexinV") cells. Bars represent mean + SD; P value calculated by two-tailed
unpaired Student’s t-test; n = 3 independent MEFs.
D Increased G1 phase in Rb*" MEFs. Mean = SD of propidium iodide flow cytometry analysis showing a significant increase in G1 and decrease in S phase in
synchronized Rb**’ MEFs relative to control (n = 3 independent MEFs).
E Representative bright-field images of multi-passage MEFs showing immortalized control cells but large senescing Rb** cells (arrows, original magnification: 200x;

n=4-75)

F Representative images showing increased senescence in Rb®*’ MEFs (arrows) determined by senescence-associated -galactosidase assay (SA-BGAL); original
magnification: 200x; P = 0.0395 by two-tailed unpaired Student’s t-test, n = 4 technical replicates (see text).
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Exendin-4, a glucagon-like peptide-1, which stimulates glucose- cycle, whereas B-cells from Rb**” mice failed to reduplicate (Figs 5H
dependent insulin secretion and B-cell proliferation (Xu et al, 1999). and EV2A). Thus, the primary defect in Rb** islets can be attrib-
In both cases, B-cells from control wild-type mice re-entered the cell uted to a reduced capacity of pre-existing, differentiated B-cells to
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Figure 4. Rb**” adult mice display signs of premature aging and diabetes.

The EMBO Journal

A Reduced weight (in grams) of adult Rb*" (n = 11) vs. control littermate (n = 17) males. Results are presented as mean + SD; P values calculated by two-tailed

unpaired student's t-test.

B-D Infertility in Rb™ males: (B) number of litters from breeding of homozygous Rb® (n = 4) or control wild-type (n = 5) males with control wild-type females. Bars
represent mean = SD; P values calculated by two-tailed unpaired Student’s t-test. (C) Representative images of testes from two Rb®* mice compared with a
control littermate. (D) Sections through seminiferous tubules. Arrows point to mature spermatids in control testes that are lacking in Rb* adult testes. Scale bar,

20 pm.

E Kyphosis in Rb**" mice. Top, images of an eight-month-old Rb*” mouse with kyphosis (right) and control wild-type littermate (left). Bottom, radiographs of these
mice under anesthesia showing abnormal cervical curvature (arrows) in the Rb*< knock-in mouse.

F-I Delayed hair re-growth in eight-month-old Rb®*” mice two weeks post-hair plucking (F). (G) Abnormal skin histology in Rb™*’ mice relative to control. FCL,
subcutaneous fat cell layer, T, telogen; A, anagen. (H and 1) Representative immunostaining for keratin 14 and PCNA showing reduced expression in Rb®*” hair

follicles vs. controls. Scale bar, 50 pm.

J Hyperglycemia in Rb® but not Rb*** mice. Blood glucose in 10- to 12-month-old fasting Rb*¥” (left, n = 11) or 18-month-old fasting Rb*** (right, n = 15) mice
versus control littermates (n = 6 and n = 8, respectively). Mean + SD; P values by two-tailed unpaired Student's t-test.

re-enter the cell cycle and regenerate in response to mitogenic sig-
nals, leading to features of both TID (Thompson et al, 2019) and
T2D (Kong et al, 2016). These results demonstrate a critical role for
pRb phosphorylation during the transition of B-cells from a quies-
cent/differentiated state back into the cell cycle (G0-to-G1) in
response to mitogens in vivo.

bA K7

Pancreatic f-cells in R mice exhibit increased DDR and

senescence

To examine the fate of pancreatic B-cells in Rb** mice, we
conducted global gene expression profiling on isolated pancreatic
islets. Rb** islets are extremely fragile; using reduced collagenase
concentrations and pooled islets from several Rb**" mice, we were
nonetheless able to extract sufficient amount of RNA for dual-color
agilent microarray analysis from 8 Rb**” and 4 control mice in two
independent experiments: 1 (10 weeks of age) and 2 (4 weeks). 241
genes were differentially (> 2 fold) and significantly (P < 0.05)
expressed between Rb**” and control islets (228 up; 13 down;
Table EV1).

Most down-regulated in Rb**” islets were the islet regeneration
genes Reg3b and Reg3g (Xiong et al, 2011). Among upregulated
genes were RadS51 and Brca2, involved in DDR; GINS complex
subunit 2 and MCM-2, MCM-4, and MCM-5, involved in initiation of
DNA replication, DNA replication licensing, and progression of the
DNA replication fork; and aldehyde dehydrogenase family 1 (Al
and A3), TGFB2, TGFp3, and SOX9. Induction of some of these
genes is likely in response to DNA replication stress (Byun et al,
2005; Drissi et al, 2015) and “transcriptional noise”, observed in
aging pancreas (Enge et al, 2017), as well as compensatory mecha-
nisms to diminished B-cell proliferation in Rb* islets. Indeed,
S0X9, which is required for bi- and multi-potent pancreatic progeni-
tors, initiation of endocrine differentiation during embryogenesis
and maintenance of pancreatic ductal identity in adults (Seymour,
2014), was highly expressed as revealed by immuno-staining in duc-
tal epithelial but not islet cells in adult Rb**” pancreas relative to
control (Fig 5I; Appendix Fig S5A). MCM4, a DNA replication
licensing factor, and PDXI1, a transcription factor required for B-cell
maturation, were also elevated in pancreatic Rb** islets (Fig 5I;
Appendix Fig S5B).

In contrast to E2F1 /" mice (Annicotte et al, 2009) but in accor-
dance with normal insulin secretion in young Rb**’ mice (Fig 5C),
no significant difference in expression of Kir6-2, an inward-rectifier

@ 2022 The Authors

potassium ion channel, was observed by microarray profiling or
immunohistochemistry analysis between Rb**” and control islets
(Appendix Fig S5C). There was also no significant difference in
expression of p16™2 or its transcriptional regulator, Enhancer of
zeste homologue 2 (Ezh2; Table EV1).

To identify signaling pathways that are deregulated in Rb**’
islets, we performed Gene Set Enrichment Analysis (GSEA) with the
entire set of differentially regulated genes. Relative to control, Rb**”
islets exhibited elevated expression of pathways implicated in
integrin/extra-cellular matrix, adaptive immune response, wound
healing, cell motility, migration, cytokine—cytokine receptor interac-
tion, and cell adhesion (Fig 6A). Induction of similar pathways was
observed by g:Profiler using only the 241 genes that were differen-
tially expressed over 2 fold (P < 0.05) in Rb**" versus control islets
(Fig 6B). These pathways represent hallmarks of senescence-
associated secretory phenotype (SASP) in which senescent cells
secrete inflammatory cytokines, other immune modulators and
extracellular matrix-degrading enzymes that impact both cancer and
aging (Campisi, 2005; Coppe et al, 2008; Kuilman et al, 2008; Kirk-
land & Tchkonia, 2017).

In senescing mouse epithelial cells, SASP includes 37 proteins,
14 of which are regulated at the mRNA level (Coppe et al, 2010). Of
these 37 SASP genes, 24 were present on our microarray chip
including 6 of the 14 transcriptionally regulated mRNAs. Impor-
tantly, the majority of pathways that were significantly enriched in
Rb** islets were connected to 19 of the 24 SASP genes (Fisher’s
exact test P = 0.026; connections are marked by gray lines in Fig 6A
and B). Moreover, of the 6 transcriptionally regulated SASP genes, 5
(Mmp3, PF4/Cxcl-4, Cxcl-1, Ccl-2, and Ccl-11) were upregulated in
Rb*¥7 islets (Fig 6C). Four additional SASP genes (Vcam, Selp,
Igtbp3, and Csf2rb), which are not transcriptionally regulated in epi-
thelial SASP, as well as Cxcl12, were also upregulated in Rb*¥’
islets. To corroborate the SASP phenotype, we performed immuno-
fluorescent staining using antibodies for IL-6 and MMP-2, hallmarks
of SASP that are also induced in mouse models of T1D and T2D
(Aguayo-Mazzucato et al, 2019; Thompson et al, 2019), as well as
for Cxcll2, which is transcriptionally induced in Rb*¥ islets
(Fig 6C). In contrast to control wild-type mice, many Rb**? islet
cells strongly expressed IL-6, MMP2, and Cxcll2, demonstrating
bona fide SASP (Figs 6D and EV2B).

Induction of SASP in Rb2¥ islets was suggestive of DDR, which
activates Ataxia telangiectasia mutated (ATM) and ATR (ATM and
Rad3-related) (Ciccia & Elledge, 2010; Schumacher et al, 2021).
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Figure 5. Diabetes in R

A

b**” mice is associated with failure of pancreatic p-cells to re-enter the cell cycle.

Insulin tolerance test (ITT) demonstrating that hyperglycemic Rb®* mice are insulin-sensitive. Blood glucose in fasting Rb®*” mice (n = 6) vs. control littermates

(n = 6) following insulin injection. Error bars represent SD.

Glucose tolerance test (GTT) demonstrating progressive defect in clearance of blood glucose in Rb**” mice. 6-7 week (left) or 6-month (right)-old fasting Rb** mice
and control littermates (n = 5-6 each per group) were injected with glucose, and blood glucose was determined at indicated intervals. Error bars represent SD.
Glucose-stimulated insulin secretion (GSIS) analysis demonstrating near-normal insulin secretion in response to glucose injection in young Rb**” mice. Serum insulin
levels in 5- to 6-week-old fasting Rb**" vs. control mice (n = 4 each) after glucose injection determined by ELISA. P values were calculated by two-tailed unpaired
Student’s t-test. Bars represent mean =+ SD.

Rb*%” mice exhibit a progressive loss of pancreatic islet mass. Left to right, representative images of pancreatic islets of 1-year-old Rb®*7 vs. control mice stained for
insulin (green). Note the enlarged, irregular shape, and reduced number of pancreatic insulin® f-cells in Rb**” islets; Ratio of f-cell area to pancreatic area in 1-
month and 1-year-old Rb* vs. control mice determined by immunostaining for insulin followed by Image| analysis; relative length of pancreatic insulin® B-cells in
9-month-old Rb®* islets (n = 5) vs. control (n = 4) using > 8 determination per biological replicate, normalized for control length. P values calculated by two-tailed
unpaired Student’s t-test. Scale bar, 100 pm.

Reduced levels of circulating insulin in fasting 6- to 10-month-old diabetic Rb*” mice compared with control wild-type littermates (0.13 vs. 0.2 ng/ml; n = 8 for each
group). P value was calculated by one-tailed unpaired Student's t-test. Bars represent mean = SE. Average levels of blood glucose are indicated (17 mM in Rb*
compared with 3.2 in control mice; P = 0.0001 by two-tailed unpaired Student’s t-test).

Loss of pancreatic islet area in Rb®’ mice correlates with reduced proliferation and H3K36me3 histone marks, but not with increased cell death. TUNEL analysis
showing apoptosis in 10-day-old Rb**” islets is even lower than in control littermates. Arrow points to a rare apoptotic cell in control islet. Serine800/804
phosphorylation of pRb in B-cells from 10-day-old control but not Rb*¥ islets with a Ser-to-Ala substitution at this site. BrdU incorporation and PH3 staining
showing reduced S-phase and mitotic cells, respectively, in 2- and 3-week-old Rb®* vs. control islets. Reduced H3K36me3 staining in pancreatic islets from 3-week
old Rb*7 mice compared to control littermates (n = 3 for each experiment). Scale bar, 100 pm.

Quantification of BrdU incorporation, PH3 and H3K36me3 staining shown in panel (F). Mean + 5D, P values calculated by two-tailed unpaired Student's t-test.
Reduced ability of Rb** -cell- to re-enter the cell cycle in response to pregnancy (top) or mitogenic (bottom) signals. Top, cell proliferation in P14.5 pregnant Rb*<
islet B-cell vs. control was determined by double immunaostaining with BrdU and insulin (left); quantification (right). Results were normalized for the number of
BrdU/Insulin-positive cells in control islets. An independent experiment using ki67 to quantify cell cycle re-entry is shown in Fig EV2A. Bottom, cell proliferation in
Rb*%” B-cell vs. control islets following Exendin4 treatment was determined by immunostaining for Ki67; results were normalized for the number of positive cells in
control islets. Mean + 5D, P values by two-tailed unpaired Student’s t-test. Scale bar, 100 pm.

Representative immunostaining showing induction of PDX1 (islet), SOX9 (pancreatic epithelium), and MCM4 (islet) expression in Rb*%” vs. control mice. See also

The EMBO Journal

Appendix Fig 55. Scale bar, 100 pm.

Consistent with this, the ATM substrate, histone H2AX, was
robustly phosphorylated (y-H2A) in Rb**? B-cells compared with
control littermates (Fig 6E). Consistent with senescence, double
staining for yH2A and BrdU revealed that the yH2A" B-cells were
non-proliferating (i.e., BrdU-negative; Appendix Fig S6A).

A pan-anti-phospho-ATM/ATR-substrate antibody, which detects
phosphorylated ATM/ATR targets, revealed punctate staining in p-
cell nuclei in Rb®*” but not in control islets (Appendix Fig S6B).
Rb™* islets also showed increased Ser1981-ATM expression as well
as more intense staining for p53-binding protein 1 (p53BP1), a factor
that is recruited to the ATM complex to enhance DDR, and for
trimethylated Histone 3 lysine 9 (H3K9me3), a marker of senescence-
associated foci in human cells (Appendix Fig S6C and D). No obvious
differences were observed in expression of other DDR markers
(H3K27me3, phosphoSer15-p53, HP1-y; Appendix Fig S6E).

Vitamin C attenuates diabetes in Rb**” mice

The aforementioned results suggest that constitutive expression of
pRb2¥7 induces an irreversible terminal differentiation state, which,
upon mitogenic signals, elicits DDR (y-H2A) and senescence (SASP
markers) of pancreatic Rb**” B-cells. We therefore asked whether
the epigenetic modulator, vitamin C, which facilitates induction of
pluripotent stem cells (iPS) from adult cells, prevents p53-induced
replicative senescence, and exerts anti-aging effects (Kim et al,
2008; Esteban et al, 2010), would ameliorate this defect.

To determine whether vitamin C would prevent diabetes when
given before P-cells permanently exit the cell cycle, heterozygote
Rb*"/* breeders and their Rb*/* and Rb**” progenies were continu-
ously fed on vitamin C-supplemented diet (1%; Fig 6F). Under these
conditions, Rb**" mice fed on regular chow exhibited age-

@ 2022 The Authors

dependent diabetes (Fig 6G, left). Remarkably and in stark contrast,
Rb** mice exposed in utero and thereafter to vitamin C diet main-
tained near-normal glucose level (n =8 each; P<0.0001 at
9 months by ANOVA). This was confirmed with a larger cohort,
showing a dramatic reduction in serum glucose in ~9-month Rb*¥?
mice continuously fed on vitamin C diet compared with same age
Rb** mice fed on regular food (four groups, n > 30 per group;
P < 0.0001 by ANOVA; Fig 6G, right). Notably, no therapeutic bene-
fits were observed when weaned Rb**” mice, in which pancreatic p-
cells are already post-mitotic, were fed on vitamin C-rich diet, indi-
cating that vitamin C prevents but does not reverse diabetes.

One mechanism by which vitamin C diet could rescue diabetes in
Rb** mice could involve the induction of phosphorylation of
upstream sites such as Thr350, which are completely blocked in
Rb** thymocytes (Fig 2E). To test for this, we immunoblotted
lysates from Rb** and control thymocytes fed on normal vs. vita-
min C diet and found that Thr350-pRb**’ remained unphosphory-
lated under both conditions (Appendix Fig S6F). This suggests
vitamin C does not attenuate diabetes by inactivating pRb**’
through phosphorylation of upstream sites. Alternatively, vitamin C
could prevent diabetes through its activity as a cofactor for Fe(II) 2-
oxoglutarate dioxygenases such as Ten-Eleven Translocation (TET)
enzymes that demethylate DNA by converting 5-methyl-cytosine
(SmC; repressive mark) to 5-hydroxymethylcytosine (ShmC; tran-
scriptionally active mark) (Blaschke et al, 2013; Chen et al, 2013;
Cimmino et al, 2018). In accordance, pancreatic islets of vitamin C-
fed Rb® and control mice exhibited increased ShmC expression
compared with mice fed on regular diet (Fig 6H, left), demonstrat-
ing DNA demethylation in vivo.

Importantly, vitamin C-fed Rb®*” mice had larger islets with an
improved, normal-like morphology of insulin-positive [-cells
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Figure 6. Diabetes in Rb**” mice involves a DDR and senescence/SASP and is attenuated by vitamin C diet.
A Induction of SASP pathways in Rb®¥ islet cells. Pathway analysis by GSEA comparing Rb*” and control islets using expression data for all genes. Nodes (circles)

represent pathways significance at FDR < 0.01 with normalized enrichment scores of > 1.4; red indicates pathways enriched in up-regulated genes in R

b**" and blue

indicates pathways enriched in control for array 1 (node center) and array 2 (node border). Green line width between nodes corresponds to the number of shared
genes. Murine SASP genes (yellow triangle) are connected to enriched-pathways (yellow node center) by gray lines; line thickness indicates significance level
(proportional to log(P value), P < 0.05). Red font corresponds to pathways in common with the g:Profiler analysis in panel (B).

B g:Profiler analysis showing significantly enriched pathways (FDR < 0.05) using 228 genes that are significantly regulated in Rb** vs. control islets (> 2 fold: P < 0.05;
see panel (A) for details). In panels (&) and (B), murine SASP genes (yellow triangle) are connected to enriched pathways (yellow node center) by gray lines when the
gene overlap size estimated by a Fisher's exact test is significant at P < 0.05; line thickness is proportional to significance level. Red label font corresponds to
pathways in common between the GSEA analysis (panel A) and the g:Profiler analysis (panel B).

C Fold induction (log) of SASP genes in Rb**” vs. control littermates. Genes that overlap between the GSEA and G:profiler are highlighted in green. Yellow indicates
genes that are transcriptionally regulated in epithelial SASP. Cxcl12, chemokine (C-X-C motif) ligand 12, has not been previously implicated in SASP in epithelial cells
or fibroblasts, but is induced in Rb** islets. Log ratio is the difference between the mean of RbAK7 samples and the mean of control samples of the log2 normalized

values.

D Representative image of a pancreatic islet from a 9-month-old Rb*< mouse stained for the SASP marker IL-6 (red) and insulin (green). DAPI was used to mark nuclei
(blue). Arrows point to IL-6, insulin® pancreatic B-cells. Scale bar, 20 um. See Fig EV2B for wild-type control, MMP-2, and CXCL12 staining.

E Representative immunostaining for the DDR marker y-H2A in islets from 3-week-old R

b**" and control mice (left); statistical analysis (right; n = 5 each). Arrows point

to pancreatic y-H2A-positive Rb**” islet cells. Error bars represent SD; P value calculated by one-way ANOVA, Tukey's multiple comparisons test. Scale bar, 100 pm.
F A schematic outline for the vitamin C experiment in vivo. Rb*" heterozygous mice fed on regular or vitamin C diet were intercrossed. Progenies were genotyped to
identify Rb™" and Rb™ male mice, continuously maintained on the same diet, and monitored for blood glucose.
G Vitamin C-supplemental diet (1%) significantly delays diabetes in Rb**” mice. Shown are two independent experiments with 8 mice per group at indicated time
points (left), and 28 and 34 Rb®*’ mice or 37 and 20 control littermates in each group fed on regular or vitamin C diet, respectively (right). Blood glucose was
determined in fasting mice at indicated months (left) or at ~9 months (right). Bars denote mean + 5D. Adjusted P values were calculated using one-way ANOVA,

Tukey's multiple comparisons test.

H Vitamin C diet increases ShmC expression and improves B-cell morphology and islet size in Rb®” mice. Scale bar, 100 um.
| Vitamin C diet reduces the difference in y-H2A"™ f-cells in Rb*¥” vs. control pancreatic islets relative to regular diet by 3.74 folds. Bars indicate mean = SD. Adjusted P

values by one-way ANOVA, Tukey's multiple comparisons test.

| Vitamin C diet increases pancreatic islet cell cycle re-entry during pregnancy of Rb®*” mice relative to control pregnant mice (no statistical difference, n.s) or relative
to pregnant Rb*¥ vs. control mice fed on regular diet (P < 0.0001) by 3.8 folds. Bars represent mean + SD. Adjusted P values by one-way ANOVA, Tukey's multiple

comparisons test

(Fig 6H, right). Moreover, while y-H2A" B-cells were significantly
more widespread in islets from Rb** versus control mice when fed
regular diet (6.4 fold; Fig 6E and I), there was a dramatic reduction
in y-H2A" B-cells in Rb** islets relative to control in the vitamin C
fed group (1.88 fold; Fig 6I). Likewise, whereas cell cycle re-entry
(measured by ki67 staining) was significantly lower in pancreatic
islets of pregnant Rb** relative to control wild-type mice fed on
regular chow (P < 0.0001), cell cycle re-entry increased in pregnant
Rb** mice fed on vitamin C diet, leading to a non-significant differ-
ence relative to control mice (P = 0.0993; Figs 6] and EV2A). Over-
all, after normalizing for control levels, there was a 3.8-fold increase
in Ki67" cells in Rb**" mice fed on vitamin C vs. Rb**" mice fed on
regular diet. Thus, attenuation of diabetes in Rb%” mice by vitamin
C coincides with a significant reduction in DDR and induction of cell
cycle re-entry of pancreatic B-cells.

Ser243/Thr246- or Ser605-phosphorylated pRb** is not bound to
E2F1

To understand the mechanistic basis for its differential effect on dif-
ferent tissues, we next asked whether pRb*¥” is constitutively
bound to or dissociated from E2F1 when phosphorylated on
upstream sites in proliferating cells (Fig 2E). Immuno-precipitation
of pRb or pRb** from thymocytes using anti-pRb antibody followed
by immunoblotting for E2F1 revealed strong interaction of both pro-
teins with E2F1, confirming the functional activity of pRb*¥?
(Fig 7A, lanes 2-3, 11). Next, phosphorylated pRb species were
immuno-precipitated from proliferating Rb** or control thymocytes
using phospho-Ser243/Thr246-pRb or phospho-Ser605-pRb anti-
bodies, followed by immunoblotting for E2F1. In contrast to anti-
pRb antibodies, both pSer243/Thr246- and pSer605-pRb antibodies
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failed to co-precipitate E2F1 from either control or pRb** lysates

(Fig 7A, lanes 7-10). Ser243/Thr246 and Ser605 phosphorylated
pRb2¥” are not bound to E2F1 likely because pRb**” phosphoryla-
tion on these and other sites disrupts its interaction with E2F1, pro-
viding a plausible explanation for the apparent defect in GO0-to-G1
transition in pancreatic and other differentiated cells, yet near-
normal proliferation and development of most tissues in Rb*¥’
embryos and newborn mice (Discussion).

RbAK11 blocks proliferation in vivo and induces senescence in
vitro that can be attenuated by vitamin C

To determine the effect of Thr246 and Ser605 within pRbAK? in
vitro and in vivo, we used RbAK11 (Jiang & Zacksenhaus, 2002),
with Ser/Thr-to-Ala substitutions in (i) all the 7 sites in exon 23; (ii)
T350 and S601, which are not phosphorylated in Rb** mice; and
(iii) T246 and S605, which are still phosphorylated in proliferating
Rb* cells. Transduction of Rb-deficient mammary tumor cells
(Jiang et al, 2010) with a retrovirus vector encoding RbAK11, led to
a strong inhibition of cell proliferation and induction of senescence
as determined by SA-BGAL staining (Fig 7B).

Next, we transfected retinal cells from PO neonates or from E15.5
explants with GFP-tagged Rb-WT or RbAKI1 vectors and deter-
mined the effect on cell proliferation two days later (Fig 7C). Over-
expression of Rb™ had no effect. In contrast, over-expression of
Rb*K!! significantly reduced BrdU incorporation both in vivo and ex
vive to the same extent as over-expression the CDK4/6 inhibitor
p16™** (Fig 7D and E). As a positive control, transduction of
cyclin D1 induced cell cycle re-entry. Thus, while endogenous/phys-
iological levels of Rb**” and over-expression of wild-type pRb are
well tolerated in certain cell types, over-expression of RbAK11 with
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additional substitutions in Thr246 and Ser605 effectively suppresses
cell cycle progression under identical conditions.

Finally, we asked whether senescence induced by over-
expression of RbAK11 could also be attenuated in vitro by vitamin
C. For these studies, we used human diploid cells, IMR90, com-
monly employed to study cellular senescence (Serrano et al, 1997;
Narita et al, 2003). Retroviral transduction of these cells with
RbAK11 led to increased cellular senescence (Fig 7F). Addition of
vitamin C at the time of retrovirus-RbAK11 transduction signifi-
cantly reduced senescence, and this was accompanied by increased
ShmC-DNA modification. Collectively, these results demonstrate
that vitamin C can reduce senescence induced by RbAK11 in vitro
and attenuate the degeneration of pancreatic f-cells and diabetes in
Rb** mice in vivo (Fig 7G).

Discussion

Aging is instigated by diverse processes that promote cellular senes-
cence and local inflammation, resulting in exhaustion of resident
stem cells, tissue degeneration, and systemic organ failure (Rando &
Chang, 2012; Lopez-Otin et al, 2013; Imai & Guarente, 2014; John-
son & Imai, 2018). Inhibition of pRB phosphorylation in response to
increased expression of CDK inhibitors such as p16™“?* and p21°P!
is viewed as a major landmark in the onset of tissue degeneration
and aging (Janzen et al, 2006; Krishnamurthy et al, 2006; Molofsky
et al, 2006). Indeed, pRb is depicted at the center of biological pro-
cesses that dictate whether a cell undergoes proliferation, quies-
cence, or differentiation on the one hand, or cellular senescence on
the other hand (Lopez-Otin et al, 2013; Signer & Morrison, 2013;
Gorgoulis et al, 2019; Amaya-Montoya et al, 2020). However, so far,
no experimental evidence directly links pRb phosphorylation to the
control of homeostasis and aging in vivo. Here, we show for the first
time that inhibition of pRb phosphorylation in knock-in mice
induces diabetes and other hallmarks of accelerated aging, thus
establishing pRb phosphorylation as a central node that governs tis-
sue regeneration and aging.

Using knock-in mice with Ser/Thr-to-Ala substitutions in con-
served CDK sites, we show that blocking endogenous pRb phos-
phorylation on all seven C-terminal sites in exon 23 does not
interfere with embryogenesis or early neonatal development in
homozygous Rb**? mice. However, in accordance with its tumor
suppressor activity, Rb**”-derived MEFs show reduced cell prolifer-
ation and enhanced replicative senescence in culture. As Rb** mice
mature, they develop defects associated with reduced tissue regener-
ation: Males are infertile and both genders exhibit short telomeres,
reduced hair regeneration, kyphosis, and diabetes. Diabetes in
Rb**” mice is insulin-sensitive and associated with increased DDR
and senescence, abnormal islet morphology, cellular disorganiza-
tion, gradual loss of pancreatic B-cells, and reduced islet mass. Inter-
estingly, PDX-1, which interferes with p-cell function and insulin
secretion (Nasteska et al, 2021), is intensely expressed in adult pan-
creatic Rb**’ B-cells. Although insulin secretion is not the primary
defect in young Rb**” mice, high PDX-1 expression and senescence
of pancreatic islet cells in older Rb**? mice point to a gradual defect
not only in islet size and organization but also in B-cell function.
Indeed, diabetic Rb*” mice exhibit reduced circulating insulin
levels. We further show that pancreatic islet degeneration in these
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mice is due to failure of Rb**” PB-cells to transition through the
quiescent/G0-to-G1 phase and re-enter the cell cycle in response to
distinct mitogenic signals (pregnancy; exendind).

Remarkably, we found that the epigenetic regulator vitamin C,
provided in diet before pancreatic B-cells exit the cell cycle, reduced
the DDR, increased cell-cycle re-entry during pregnancy, and ame-
liorated diabetes in Rb**’ mice. Vitamin C also attenuated senes-
cence induced by over-expression of under-phosphorylatable
RbAK11 allele in cell culture. We propose that constitutive expres-
sion of pRb** establishes a stable pancreatic B-cell differentiation
that impedes re-entry into the cell cycle in response to mitogenic
cues (Fig 7G). When encountering mitogens, pRb**” in p-cells can-
not be inactivated by phosphorylation, triggering a DDR that culmi-
nates in cellular senescence, SASP, and tissue aging. Vitamin C, in
this view, preempts the permanent cell cycle exit imposed by
pRb*¥? and thereby the DDR, hypo-proliferation, and cellular senes-
cence induced by mitogenic signals in Rb**” mice.

Tissue degeneration was exclusively observed in Rb™™, not in
Rb*** mice. In both mouse strains, Thr350 phosphorylation is
completely blocked in proliferating thymocytes. In contrast, Ser601
phosphorylation is completely suppressed in proliferating Rb**” thy-
mocytes but slightly phosphorylated in Rb*** cells. Additional dif-
ferences, yet to be elucidated, in phosphorylation status and activity
of these phospho-pRb alleles likely account for the phenotypic dif-
ferences in these two mouse strains. Interestingly, phosphorylation
of Ser243/The246 and Ser605 (Ser249/The252 and Ser612 in
humans) persists in proliferating Rb2%” thymocytes. These sites are
phosphorylated by CDK4 and CDK2 (Zarkowska & Mittnacht, 1997),
as well as by other kinases in response to stress signals. Ser249/
The252 can be phosphorylated by p38 stress-activated protein
kinase (SAPK) (Gubern et al, 2016), whereas Ser612 by Chkl/2
(Inoue et al, 2007). We found no significant change in sensitivity of
Rb**” MEFs to p38o plus p38pB2 inhibitors, but additional analysis is
needed to define the role of this kinase family in Ser249/The252
phosphorylation in Rb2%7 mice. pRb phosphorylation involves the
docking of CyclinD-CDK4/6 to an alpha-Helix in its C terminus
(downstream of exon 23) and mutation in this Helix blocks pRb
phosphorylation (Topacio et al, 2019). Whether Rb**’ substitutions
affect interaction with CyclinD-CDK4/6 and which exact kinase
(p38-SAPK; Chk1/2, others) phosphorylates pRb*’ on Ser243/
The246 and Ser605 await further investigation.

Insulin® B-cells are larger in Rb**” compared to control mice, and
increased cell size is observed in all pancreatic B-cells, not only in
IL-6" or MMP-2" senescent cells, pointing to an intrinsic role for pRb
phosphorylation in cell size control. Both CDK4/6 and p38-MAPK
have been implicated in cell size homeostasis in vitro (Tan et al,
2021); Rb* mice provide a powerful tool to analyze cell size regu-
lation in vivo.

The diabetic phenotype in Rb**” mice resembles mouse models
of some but not all upstream regulators of pRb phosphorylation.
Thus, while CyclinD1 is essential for retinal and pregnancy-induced
mammary alveolar development (Sicinski et al, 1995) and CyclinD3
is needed for lymphocyte development (Sicinska et al, 2003),
CyclinD2 is uniquely required for pancreatic p-cell proliferation
(Sicinski et al, 1996; Kushner et al, 2005). Likewise, whereas CDK2
is essential for meiosis but not mitosis (Berthet et al, 2003) and
CDKG6 is non-essential, CDK4 is distinctively required for pancreatic
B-cell duplication (Rane et al, 1999). These results point to CyclinD2

bA}(?
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Figure 7. Vitamin C reduces senescence induced by over-expression of unphosphorylatable Rb allele in vitro.

A Both phosphorylated pRb and pRb*¥ do not co-precipitate with E2F1. Protein lysates from Rb** or contral wild-type thymocytes were immunoprecipitated with
antibodies for pRb, for pSer243/Thr246-pRb or for pSer605-pRb, followed by immunoblotting for pRb or E2F1. Anti-pRb antibody efficiently co-immunoprecipitated
E2F1 in control and Rb** cells (lanes 2-3, 11), whereas the two phospho-pRb antibodies failed to co-immunoprecipitate E2F1 in either cell (lanes 7-10).

B Left, top, effect of retrovirus-mediated transduction of under-phosphorylated RbAK11 (rRbAK11) on Rb-deficient mammary tumor cell proliferation as determined by
MTT assay (n = 4-5 technical replicates). Left, bottom, quantification of SA-BGAL in rRbAK11-transduced cells. Bars represent mean + SD; P value calculated by two-
tailed unpaired Student’s t-test. Right, representative images of SA-PGAL staining showing robust senescence (arrows) in rRbAK11-transduced cells. Original

magnification: 200x.

C  Schematic diagram illustrating how unphosphorylatable RbAK11 allele or control wild-type Rb DNA was introduced in vivo (top) or ex vivo (bottom) into retinal

pragenitors. iv.c. in vitro culture.

D Suppression of retinal progenitor division in vivo (grey bars) and ex vivo (black bars) by RbAK11 and p16 but not by wild-type pRb. Shown are quantification of BrdU™;
GFP" cells relative to all GFP™ cells in samples transfected with the indicated vectors (bars represent mean = SD; ** denotes P < 0.01; ***P < 0.001 by one-way

ANOVA and Tukey's multiple comparison analysis, n = 3 biological replicates).

E Representative images illustrating the effect of indicated plasmids. NBL: neuroblastic layer, GCL: ganglion cell layer; scale bar: 10 pm. Arrows point to yellow cells that

are Green" and BrdU™".

F Vitamin C reduces cellular senescence induced by retroviral-mediated over-expression of RbAK11. Top—images of SA-BCAL staining in human diploid cells, IMR90,
transduced with control or rRbAK1L virus with or without vitamin C added at the time of infection. Arrows point to SA-BGAL-positive cells. Bottom left, quantification
of SA-PGAL staining (bars represent mean + SEM; n = 4 biological replicates). P values by one-way ANOVA, Tukey's multiple comparisons test. Bottom right, dot-blot
analysis with antibody for ShmC on DNA extracted from IMRI0 cells treated or not with vitamin C. Original magnification: 200=.

G A schematic model for the induction of DDR, senescence and diabetes in Rb*<

mice and the effect of vitamin C diet. Normal pancreatic f-cells can re-enter the cell

cycle in response to mitogenic signals. In contrast, Rb®*’ p-cells display a repressive chromatin and stable differentiation state, which, in response to mitogenic
signals, elicits a DDR, cellular senescence, and SASP, leading to gradual islet degeneration. We propose that the epigenetic modifier, vitamin C, prevents the
establishment of a stable repressive state during differentiation of Rb®* fi-cells, thus reduces DDR and senescence in response to mitogens, facilitating cell cycle re-

entry/regeneration and alleviating diabetes in Rb*<

Source data are available online for this figure.

and CDK4 as chief regulators of pRb phosphorylation in pancreatic
B-cells. However, the CyclinD2-CDK4 complex controls G1-to-S pro-
gression, whereas our results implicate pRb phosphorylation in the
transition of pancreatic B-cells from a quiescent/differentiated state
(G0) back to cycle (G1). Further analysis is therefore needed to
determine the stage (GO-to-G1 or G-to-S transition) in which pRb
phosphorylation is critical for pancreatic -cell regeneration, and the
specific kinase that phosphorylates and inactivates pRb during f-cell
reduplication.

The cell cycle re-entry defect and diabetes in Rb** adult mice
are in sharp contrast to the apparent normal proliferation and devel-
opment of Rb**” embryos, suggesting that while certain adult quies-
cent/differentiated cells fail to phosphorylate and inactivate pRb2*7,
embryonic cells/stem cells can readily divide despite persistent
pRb** expression. These differences may reflect the high CDK
activity in embryonic stem cells as opposed to the low CDK activity
in differentiated cells (Kareta et al, 2015), and/or the fact that in
dividing cells, active pRb never establishes a stable, epigenetically
repressed chromatin characteristic of differentiated cells.

We previously demonstrated that targeted deletion of Rb in islet
progenitors leads to expansion of B-cell mass (Cai et al, 2013).
Together with results presented herein, B-cells appear particularly
sensitive to both the level of pRb and its phosphorylation status.
Additional tissues including testis and skin exhibit specific defects in
Rb**” mice. Other tissues in Rb** mice may show regeneration
defects only if directly challenged (e.g., by hepatectomy, muscle
injury, or mammary epithelial transplantation) or if followed up for a
longer period by suppressing the early onset of death from diabetes,
for example by targeting the expression of an Rb-shRNA transgene to
islet progenitors. Notably, tumors were not detected in 1-year-old
Rb™” mice. This is in contrast to the paradoxical development of
mammary tumors in MMTV-RbAK transgenic mice at ~1.5 years of
age (Jiang & Zacksenhaus, 2002), possibly as a result of inhibition of
apoptosis or induction of pro-tumorigenic senescence/SASP by
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mice. SC denotes senescent cell.

constitutively active pRbAK. Genetic rescuing of the diabetic defect or
sequential transplantation assays may reveal pro-tumorigenic effects
of persistent pRb**” expression on tumorigenesis.

Our observation that systemic inhibition of pRb phosphorylation
leads to telomere attrition indicates that the impact of pRb**? on tis-
sue regeneration may be more complex than its negative regulation
of cell proliferation. Telomere maintenance is crucial for aging;
hyper-long telomeres extend life span in mice (Munoz-Lorente et al,
2019), while short telomeres predict mortality and aging-related dis-
eases (Blackburn et al, 2015), including pancreatic B-cell destruction
in late-stage T2D (Guo et al, 2011). Thus, the effect of pRb**? on
telomere length alone may suffice to trigger replicative stress, senes-
cence, and aging. However, short telomeres were observed in
pRb*** mice, which do not exhibit any aging defect or diabetes,
indicating that telomere erosion alone may not account for the
homeostasis defects in pRb**” mice. Loss of all Rb family members
(Rb, p107, and p130) has previously been shown to increase telo-
mere length (Garcia-Cao et al, 2002). Thus, both Rb family loss
(Garcia-Cao et al, 2002) and pRb activation (this study) impact telo-
mere length, highlighting the importance of this tumor suppressor
in controlling chromosomal ends. We attributed short telomeres in
Rb** mice to its constitutive interaction with SUV4-20H1 and SUV4-
20H2, which regulate telomere replication (Benetti et al, 2007). In
addition, we previously demonstrated that pRB directly interacts
with the RNA polymerase II CTD phosphatase SSU72 (St-Pierre et
al, 2005). SS5U72 has recently been shown to function as a telomere
replication terminator (Escandell et al, 2019), suggesting another
mechanism by which pRb**” may control telomere maintenance.

Vitamin C is an epigenetic regulator that can reprogram the chro-
matin by demethylating the DNA via TET enzymes (Blaschke et al,
2013; Chen et al, 2013; Cimmino et al, 2018). Vitamin C diet was
shown to increase survival in mice, which synthesize this vitamin
(Massie et al, 1984). Humans are completely dependent on external
sources of vitamin C, and maintaining healthy vitamin C levels can
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protect against age-related cognitive decline and Alzheimer’s disease
(Harrison, 2012), mortality (Khaw et al, 2001), T1D (Ceriello et al,
2009, 2013), and T2D (Cunningham, 1998; Afkhami-Ardekani &
Shojaoddiny-Ardekani, 2007; Mason et al, 2019). The underlying
mechanism by which vitamin C exerts its effects is likely complex,
involving epigenetic reprograming as well as other processes (oxida-
tive stress, senescence, inflammation, etc.). Rb®*’ mice provide a
novel platform to assess potential new combinations of pro-
longevity supplements. Several agents such as senolytics that selec-
tively eliminate senescent cells (Chang et al, 2016; Xu et al, 2018;
Thompson et al, 2019), NAD" precursors (Zhang et al, 2016), PI3K
inhibitors (Johnson et al, 2013; Bitto et al, 2016), and aspirin
(Pietrocola et al, 2018) have been demonstrated to reverse aging
and/or extend life span in animal models. In particular, the senoly-
tics ABT-199 and ABT-263, specific inhibitors BC-L2 protein family,
were shown to clear senescent cells and ameliorate T1D- and T2D-
like diseases in mice (Aguayo-Mazzucato et al, 2019; Thompson et
al, 2019). Future experiments will determine whether vitamin C,
which prevents senescence, would synergize with ABT-199, ABT-
263, or other senolytics, which eliminate senescent cells, to cure dia-
betes and extend life span of Rb**" mice and other models of diabe-
tes and aging.

The complex effect of blocking pRb phosphorylation, uncov-
ered herein, should be taken into account whenever its activity is
manipulated. CDK4/6 inhibitors, which block pRb phosphoryla-
tion, show efficacious clinical results for the treatment of RB pro-
ficient tumors such as ER" breast cancer. Side effects associated
with anti-CDK4/6 therapy are not severe, yet, high doses of
palbociclib induce pancreatic B-cell failure in experimental young
rats (Sacaan et al, 2017). Given our observation that vitamin C
attenuates diabetes in Rb**” mice, it would be important to deter-
mine whether concurrent vitamin C diet would diminish such
adverse effects in conjunction with high-dose anti-CDK4,/6 cancer
therapy.

In summary, our results demonstrate that complete phosphoryla-
tion of endogenous pRb is not required for normal embryogenesis
but is crucial for telomere maintenance, male fertility, and regenera-
tion of several tissues, particularly pancreatic B-cells. Thus, persis-
tent expression of hypo-phosphorylated, active pRB blocks cancer
cell proliferation but also suppresses normal tissue regeneration,
leading to accelerated aging. We show that diabetes in Rb**” mice
can be mitigated at least in part by vitamin C diet, suggesting that
the deleterious effects of stress/aging-induced inhibition of pRB
phosphorylation may be amenable to prophylactic treatment.

Materials and Methods

Mouse analysis

Mouse experiments were conducted with approval of the University
Health Network (UHN) Animal Care Committee. Heterozygous
Rb™/* and Rb*/* knock-in mice were generated by homologous
recombination (Appendix) and identified initially by Southern blot
hybridization and then genotyped by PCR of tailed DNA. Homozy-
gous Rb*** and Rb**” were generated by crossing heterozygote
mice. Mice were fed on normal diet (Harlan Laboratories Teklad,
7912) or 1% vitamin C-supplemented pellet.
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Telomere length analysis

Primary mouse splenocytes were isolated and activated with anti-
CD3 antibody (BD Biosciences) as described (Snow et al, 2007). The
following day, the cultures were treated with 0.1 pg/ml Colcemid
(Roche) for 5-6 h, swollen in 0.075 M KCI hypotonic buffer, fixed in
a 3:1 volume of methanol-acetic acid, and dropped onto slides.
Quantitative fluorescence in situ hybridization (Q-FISH) of activated
splenocytes was performed as described previously (Blasco et al,
1997; Zijlmans et al, 1997). A Cy3-labeled (CCCTAA)3 peptide
nucleic acid (Applied Biosystems) was used as a probe. Chromo-
somes were counterstained with DAPI (4°,6’-diamidino-2-
phenylindole). Telomere fluorescence signal intensities were quanti-
fied using TFL-Telo Q-FISH software (version 2.1.04.1217; BC Cancer
Agency; Steven S. S. Poon and Peter M. Lansdorp). Telomere signal
intensities were compiled from at least 10 metaphases (1,600 telo-
meres) for each sample. Each set of knock-in and control littermates
as well as C57Cl/6 mice was analyzed at the same time. For statisti-
cal analysis, we combined all the WT samples (5 mice, n = 8,044
chromosome ends) and all K4/K4 samples (5 mice, n = 8,038 chro-
mosome ends) and performed two-tailed Mann—Whitney U-test; P-
value was < 0.001.

Histology, pathology, TUNEL, and immunohistochemistry

Adult mice were immersed in 10% paraffin and indicated tissues
were processed for pathological analysis. For timed-pregnancy, the
morning of vaginal plug observation was considered E0.5. Embryos
were fixed in fresh 4% paraformaldehyde in PBS at 4°C overnight,
dehydrated, paraffin-embedded, and sectioned at 4p. TUNEL analy-
sis was performed as described (Jiang et al, 2000). Antibodies for
IHC were used at 1:200 dilution: phospho-pRb-Ser807/811 anti-
bodies (Cell signaling, #9308), phospho-Rb-Ser612 (Affinity Biorea-
gents #0OPA1-03891), RbpSer/Thr-249/252 (BioSource #44-584G),
phospho-Rb-Ser773 (human Ser780; Cell Signaling), phospho-Rb-
Ser788 (Cell Signaling, #9307), phospho-Rb-Ser795 (Cell Signaling,
#9301), phospho-Rb-Ser-605 (human Ser612; Cyclex, clone 3C11
Cat# CY-M1013, and ABR Affinity Bioreagents Cat # OPA1-03891),
phospho-Rb-Ser601 (Cell signaling; #2181), phospho(Ser/Thr)-
ATM/ATR substrate (Cell Signaling #2851), phospho-ATM (Rock-
land, #200-301-500), mouse E2F1 (Invitrogen #32-1400), PDX1
(Millipore #AB3503), SOX9 (SantaCruz, sc-166505), p53BP1 (Cell
Signaling #4937), phospho-Histone H2A.X(Ser139) (Cell Signaling
#9718), phospho-p53(Ser15) (Cell Signaling #9284), H3K9me3 (Milli-
pore #07-442), PH3(Serl0) (Cell Signaling #9701), HPlg (Abcam
#ab10480), BrdU (Abcam #ab6326), monoclonal PCNA (Sigma),
CyclinD1 (MedCorp. #RB-9041), Ki67 (Biocare medical #CRM325);
MCM4 (Cell signaling #12973), Kir6.2 abcam; #ab79171 IL-6 Novus
Biological (clone 1270; # NBP2-44953, 1:80 dilution), CXCL12/SDF-1
(clone 79018; # MAB350-SP; 1:120); Insulin (Sigma, #12018) was
used at 1:1,000 dilution.

Kinase inhibitor screens

Robotic screens were performed at the SMART facility, Toronto,
using a Biomek FX liquid handler equipped with a pintool for auto-
mated compound dispensing. Passage 4 MEFs were plated at 1,000
cells per well in 384 plates. Compounds, resuspended in DMSO as
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1mM stock solutions, were added at a final concentration of 4uM.
As a reference for 100% activity, each plate included 32 wells with
cells treated with vehicle only; background was measured with
media in the absence of cells. Cell viability for screens was deter-
mined by alamar blue and confirmed by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) assays in 96-well
plates, read at 570 nm.

Blood glucose and insulin analysis

Glucose tolerance, insulin tolerance and glucose-stimulated insulin
secretion tests were performed on overnight-fasted (14-16 h) Rb*<,
Rb2** or control wild-type male mice exactly as described (Liadis et
al, 2005; Choi et al, 2010; Cai et al, 2013, 2014). For GTT and GSIS,
mice were injected with a single dose of 1g glucose/kg bodyweight.
For the ITT, mice received insulin at a dose of 1.5mM/1g body
weight.

Retrovirus preparation, infection, and f-galactosidase assay

1.5 x 10° to 2.0 x 10° phoenix cells were plated on 10 cm plates
containing 10 ml of DMEM (+ 10% FBS and 1x PEST) and incubated
overnight at 37°C and 5% CO,. The following day, 3 plasmids
(pHelper, pVSV-g, Rb pMXIE-empty, or pMXIE-RbAK?7) were mixed
with TransIT-LT1 in OPTI-MEM, incubated at room temperature for
30 min and added to phoenix cells. The next day, media was
replaced with 10 ml of virus-harvesting media (DMEM + 30% FBS +
1x PEST). After 24 h, medium was collected in polypropylene tubes.
1.5 x 10° tumor epithelial cells seeded onto 10 cm plates in 10 ml
DMEM with 10% FBS and 1x PEST were cultured overnight and
then infected with pMXIE-empty or pMXIE-RbAK? virus-containing
media (5 ml virus + 6 ml DMEM + polybrene, final conc. 8 ng/ml).
For p-galactosidase assay, 20,000 GFP-positive cells were plated
onto 6-well plates containing DMEM (+ 10% FBS and 1x PEST) and
allowed to grow for 4 days. After 4 days, media was removed, and
cells were washed twice with PBS, fixed in 3% formaldehyde at
room temperature for 4 min, and washed with PBS 3 times.
Senescence-associated B-galactosidase assay solution was added to
the plates and incubated at 37°C (without CO,) overnight in the
dark.

Retrovirus injection and retinal analysis

Rb**? or littermate mice were briefly anesthetized on ice and (1-2 pl)
plasmid DNA (1.5 pg/pl) was injected into the sub-retinal space
through a small corneal incision as previously described (Chen et al,
2009). With tweezer electrodes placed over the eyes, the mice were
immediately electroporated using a NEPA21 system (NEPAGENE,
Chiba, Japan) with the following settings: voltage, 80 V; pulse length,
50 ms; pulse interval, 950 ms; number of pulses: 5. The eyes were
harvested 2 days later (P2). For in vitro electroporation, the retinas
were dissected from E15.5 mouse embryos and electroporated in a
drop of plasmid DNA, placing the electrodes near the tissue. The
embryonic retinas were cultured ex vivo on filters for 2 days. Prior to
collecting all the retinas, mice were injected with BrdU (50 mg/kg) or
culture media were supplemented with BrdU (1 pg/ml) for 2 h. Reti-
nal tissue was fixed in 4% PFA overnight, dehydrated in 30%
sucrose, frozen, cryo-sectioned, and immunostained with the
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following antibodies: BrdU (1:500; Abcam Ab1893-125), Ki67 (1:300;
BD Pharmingen 550609), PH3 (1:500; Upstate 06-570), GFP (1:1,000;
Abcam Ab 6662) and counterstained with DAPI (200 ng/ml; Sigma),
as described (Pacal & Bremner, 2012). Three E16.5 and PO control/
Rb™* retinas from three different litters were quantified and at least
three different electroporated retinas. At least 400 GFP" cells were
scored for each indicated electroporated plasmid. Plasmids either
contained GFP (retroviral control pMXIE-IRES-GFP and pMXIE-IRES-
wt (mouse) Rb and RbAK7 vectors) or they were mixed with a control
pMXIE-IRES-GFP vector in 4:1 ratio (pECE-p16INK4a, pECE-Ccnd1).
Statistical analysis was based on one-way ANOVA followed by
Tukey’s multiple comparison tests.

Pancreatic islet preparation and microarray analysis

Islets were isolated from mice as previously described (Liadis et al,
2005; Choi et al, 2010), using 3 ml of 3 mg/ml collagenase (Sigma-
Aldrich) injected into the common bile duct for pancreatic digestion,
and islets were picked up under dissecting microscope in RPMI 1640
supplemented with 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin, and frozen immediately. RNA was
extracted using NucleoSpin® RNA II, Macherey-Nagel and under-
went PC and microarray analysis by Miltenyi Biotec. Briefly, 15 ng
of each total RNA sample was used to produce Cy3(control
samples)- and Cy5(experimental samples)-labeled cRNA, the RNA
samples were amplified and labeled using Agilent Low Input Quick
Amp Labeling Kit (Agilent Technologies). Next, 300 ng of the corre-
sponding Cy3- and Cy5-labeled fragmented cRNA were combined
and hybridized overnight (65°C) to Agilent Whole Mouse Genome
Oligo Microarrays 8 x 60 K. Fluorescence signals of the hybridized
Agilent Oligo Microarrays were detected using Agilent’s DNA micro-
array scanner (Agilent Technologies).

Bioinformatics analysis

Gene expression data were analyzed using GSEA with parameters
set to 2,000 gene-set permutations and gene-sets size between 15
and 500. Genes were ranked using the normalized Cy5/Cy3_logl0
ratios between Rb**’ (KI; Cy5) and wild-type control (WT; Cy3).
The gene-sets included in the GSEA analyses were obtained from
KEGG, MsigDB-c2, NCI, Biocarta, I0B, Netpath, HumanCyc, Reac-
tome and the Gene Ontology (GO) databases, updated September
2011 (http://baderlab.org/GeneSets). GSEA results were visualized
by enrichment map (Merico et al, 2010) (Cytoscape, version 1.2 of
Enrichment Map software) from array 1 and array 2 using enriched
gene sets with a nominal P-value < 0.001, FDR < 1% and overlap
coefficient set of 0.5. Gene set enrichment analysis was also
performed using a list of 228 genes that were up-regulated more
than 2 fold and with a P-value equal or less than 0.05 (g:Profiler
software; Reimand et al, 2011), using the options significant only,
ordered query and Generic Enrichment Map output type). An
enrichment map was generated using enriched gene sets with a P-
value < 0.05 and overlap coefficient set of 0.5. The “log ratio” repre-
sents the difference in expression between RbAK7 and control gene
expression. Thus, the array data were first normalized and then
log2 transformed. Log ratio is the difference between the mean of
RbAK?7 samples and the mean of control samples of the log2 normal-
ized values for any given gene.
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Data quantification

All studies were performed in three or more biological replicates as
indicated. Results are presented as mean + standard deviation (SD)
and statistical tests (two-tailed Mann-Whitney U-test, two-tailed
unpaired Student’s t-test, or one-way ANOVA) used to generate
error bars and P values are stated in each panel.

Additional Methods are available in the Appendix.

Data availability

Microarray data deposited in NCBI GEO Datasets: accession
GSE180507.

Expanded View for this article is available online.
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