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The lysine deacetylase Sirtuin 1 modulates the
localization and function of the Notch1 receptor in
regulatory T cells
Nimi Marcel,1,2* Lakshmi R. Perumalsamy,1*† Sanjay K. Shukla,1,2* Apurva Sarin1,3‡

The ability to tune cellular functions in response to nutrient availability has important consequences for im-
mune homeostasis. The activity of the receptor Notch in regulatory T (Treg) cells, which suppress the functions
of effector T cells, is indispensable for Treg cell survival under conditions of diminished nutrient supply. Anti-
apoptotic signaling induced by the Notch1 intracellular domain (NIC) originates from the cytoplasm and is spa-
tially decoupled from the nuclear, largely transcriptional functions of NIC. We showed that Sirtuin 1 (Sirt1), which is
an NAD+ (nicotinamide adenine dinucleotide)–dependent lysine deacetylase that inhibits NIC-dependent gene
transcription, stabilized NIC proximal to the plasma membrane to promote the survival and function of activated
Treg cells. Sirt1 was required for NIC-dependent protection from apoptosis in cell lines but not for the activity of the
anti-apoptotic protein Bcl-xL. In addition, a variant NIC protein in which four lysines were mutated to arginines
(NIC4KR) retained anti-apoptotic activity, but was not regulated by Sirt1, and reconstituted the functions of non-
nuclear NIC in Notch1-deficient Treg cells. Loss of Sirt1 compromised Treg cell survival, resulting in antigen-induced
T cell proliferation and inflammation in two mouse models. Thus, the Sirt1-Notch interaction may constitute an
important checkpoint that tunes noncanonical Notch1 signaling.
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INTRODUCTION

Several lines of evidence suggest that posttranslational modifications
of key signaling nodes influence the outcome of signaling networks
(1–4). Sirtuin 1 (Sirt1), an NAD+ (nicotinamide adenine dinucleotide)–
dependent deacetylase, regulates signaling pathways by modifying target
proteins. Sirt1 is highly conserved and catalyzes the deacetylation of his-
tones and of multiple nonhistone proteins, including Notch (5–11).
Sirt1 inhibits Notch-mediated transcription either by directly repressing
Notch targets (7, 12, 13) or by targeting the Notch intracellular domain
(NIC) for degradation (6, 14).

The Notch pathway signals through evolutionarily conserved ele-
ments to regulate diverse processes, including cell survival. The pathway
is activated upon binding of one of five ligands (Jagged 1 and 2, and
Delta-like 1, 2, and 4) to the receptor proteins Notch1 to Notch4, which
stimulates successive proteolytic cleavage events that result in the release
of NIC from the full-length receptor. In the canonical pathway, NIC
localizes to the nucleus and interacts with its transcriptional cofactors
RBPJ-k (recombination signal binding protein for immunoglobulin
kappa J) and MAML1 (mastermind-like transcriptional coactivator 1)
to promote the transcription of target genes. Signaling through Notch1
is obligatory for the acquisition of T cell fate, although inputs from the
Notch pathway are modulated during T cell development (15, 16).
Emerging evidence has revealed a requirement for Notch proteins in
the effector functions of mature T cells (17–19). Studies have also high-
lighted differences in the Notch dependency of natural regulatory
T (nTreg) cells and induced Treg (iTreg) cells, with Notch activity being
essential for the expression of the gene encoding Foxp3 (forkhead box
P3), a master regulator of Treg cell identity in iTreg cells but not nTreg
cells (20–24). In another difference from iTreg cells, activated nTreg cells
generated by being stimulated throughCD3andCD28 in vitro are char-
acterized by the nonnuclear localization of NIC (25).

Sirtuin activity is stimulated in nutrient-limiting conditions (26–28).
Building on previous work, which demonstrated a requirement for
Notch1 activity in promoting Treg cell survival in response to nutri-
ent withdrawal (25), we asked whether Sirt1 modulated NIC activity.
We present evidence implicating the Sirt1-NIC signaling axis in the
anti-apoptotic activity in Treg cells and other cell types. We showed
that the nonnuclear NIC localization was dependent on the deacetylase
activity of Sirt1. We mapped the target sites of Sirt1 with recombinant
Notch1 proteins to recapitulate these interactions in cell lines. Finally,
we explored the consequences of this interaction for Treg cell function.
RESULTS
Sirt1 controls NIC localization in Treg cells
Activated mouse Treg cells, which were generated through the stimula-
tion of freshly isolated CD4+CD25+Foxp3+ Treg cells with beads coated
with antibodies against CD3 and CD28 (see Materials and Methods),
survived withdrawal of the cytokine interleukin-2 (IL-2) for 6 hours
in culture (Fig. 1A). Under these conditions, Treg cells showed increased
abundance of Sirt1 (Fig. 1, B and C, and fig. S1, A and B), and treatment
with the Sirt inhibitor CHIC-35 abrogated Treg cell survival (Fig. 1A).
We then investigated potential interactions between Sirt1 andNIC. The
unusual localization of NIC in plasma membrane–proximal complexes
in Treg cells is critical for its anti-apoptotic activity (25, 29). We found
that the localization of NIC, which was detected by total internal
reflection (TIRF) microscopy, was disrupted in CHIC-35–treated Treg

cells in culture, with near-complete loss of signal at the plasma mem-
brane for both NIC and the protein Rictor (Fig. 1D and fig. S1C) and a
concomitant increase in the amounts of NIC and Rictor in the nucleus
(Fig. 1E and fig. S1D). However, the localization of phosphatidylinositol
3-kinase (PI3K), amembrane-proximal lipid kinase also associatedwith
NIC,was unchanged byCHIC-35 (Fig. 1, F andG, and fig. S1, C andD),
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indicating that the inhibitor did not cause a generalized disruption of
protein localization. We confirmed that the effects of CHIC-35 were
not reversed in the short-term experiments with washout cultures
(fig. S1E). Furthermore, we checked the effect of CHIC-35 on the dis-
tribution of NIC in activated effector T cells or iTreg cells, which are
derived from naïve T cells and exhibit predominantly nuclear localiza-
tion of NIC (25). We found that CHIC-35 did not change the localiza-
tion of NIC in effector T cells or iTreg cells and did not modify the
abundance of Foxp3 in iTreg cells (fig. S1F).

Consistent with the relocalization of NIC in activated Treg cells in
which Sirt1 was inhibited, phosphorylation of the serine and threonine
kinase Akt at Ser473, which is a consequence of nonnuclear NIC activity
in Treg cells, was reduced in cells treated with CHIC-35 compared to
that in control cells (Fig. 1H). A concomitant increase in the abundance
of Hes1 protein, which is encoded by the transcriptional target of NIC
Hes1, in Treg cells treated with CHIC-35 suggested that NIC was not
degraded, because readouts associated with its activity in the nucleus
were not compromised (Fig. 1I). Consistently, the abundance of NIC
in CHIC-35–treated cells was similar to that in control cells (Fig. 1J).

Sirt1 interacts with NIC in Treg cells
Next, we transducedTreg cells with retroviruses expressing short hairpin
RNA (shRNA) specific for Sirt1 or a scrambled control shRNA during
activation, which was followed by antibiotic-based selection to enrich
the transduced cells. The distribution of endogenous NIC in the two
selected groups of cells was then analyzed by confocal microscopy with
an antibody specific for cleavedNotch1. Cells inwhich Sirt1was knocked
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
down showed increased localization of NIC to the nucleus (Fig. 2A, top
right, and fig. S2).Despite having increased amounts of nuclearNIC, cells
in which Sirt1 was knocked down were viable in IL-2–containing medi-
um (Fig. 2B, dark bars). However, the cells expressing Sirt1-specific
shRNA (Fig. 2A, bottom right, and fig. S2) underwent apoptosis after
IL-2withdrawal (Fig. 2B),whichwas accompaniedby a loss ofNIC stain-
ing intensity. Thus, the effects of shRNA-mediated Sirt1 ablation were
consistent with those from the CHIC-35 experiments and suggested that
Sirt1 promotes the accumulation of cytoplasmic NIC in Treg cells.

The possibility that NIC physically associated with Sirt1 was next
tested. In activated Treg cells cultured under conditions that increased
the abundance of Sirt1 (cytokine withdrawal for 6 hours), Notch1
coimmunoprecipitated with Sirt1, as assessed by Western blotting
analysis (Fig. 2C). To ascertain whether the NIC-Sirt1 interaction de-
pended on Notch processing, which precedes the release of NIC from
the full-length receptor, we treated cells with a g-secretase inhibitor
(GSI-X) for 5 to 6 hours to inhibit Notch processing before immuno-
precipitations were performed. These experiments showed that Sirt1
did not associate with Notch1, because Sirt1 was not detected in the
complex, although PI3K was detected in the same immunoprecipitates
from cells treated with GSI (Fig. 2D). This indicated that, unlike PI3K,
Sirt1 associated only with processed Notch1. GSI did not disrupt the
increased Sirt1 abundance in IL-2–deprived cells, because the protein
was detected in whole-cell lysates, albeit at slightly reduced amounts
compared to those in control cells (Fig. 2, C and D). Immunostaining
of GSI-treated and control cells with an anti-Notch1 antibody (which
was also used for the immunoprecipitations) showed that unprocessed
Fig. 1. Sirt1 promotes the plasma membrane–proximal localization of NIC. (A) Analysis of apoptotic damage in activated Treg cells cultured with or without IL-2 for
18 hours. CHIC-35 was added (where indicated) at the onset of the assay. Data are means ± SD from three experiments. (B) Treg cells activated for 48 hours were
cultured for 6 hours in the absence or presence of IL-2 (T6). The cells were fixed, permeabilized, and incubated with an anti-Sirt1 antibody (green) and counterstained
with Hoechst 33342 (blue) to detect nuclei before being analyzed by confocal microscopy. Images are representative of three experiments. Scale bar, 2 mm. (C) Treg cells
treated as described in (B) were analyzed by Western blotting with antibodies against the indicated proteins. Western blots are representative of three experiments.
Right: Bar graph shows densitometric analysis of the indicated proteins. Data are means ± SD of three experiments. (D to G) Activated Treg cells were cultured with or
without IL-2 for 6 hours in the presence or absence of 500 nM CHIC-35 and then were imaged by TIRF microscopy (D and F) and wide-field microscopy (inset) and by
confocal microscopy (E and G) after being stained with antibodies for NIC (mNIA, red) and either Rictor (green) or PI3K (green). Scale bars, 5 mm. Images are repre-
sentative of three experiments. (H to J) Activated Treg cells were cultured with or without IL-2 for 6 hours in the presence or absence of 500 nM CHIC-35 before being
analyzed by Western blotting with antibodies against the indicated proteins. Actin and tubulin were used as loading controls. Western blots are representative of three
experiments. Right: Bar graph shows densitometric analysis of the indicated proteins. Data are means ± SD of three experiments.
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Notch1 was localized mostly to the outer margins of the cytoplasm in
GSI-treated cells (Fig. 2E). This change in spatial distribution resulted
from the inhibition of Notch processing by GSI. As expected, the as-
sociation between Sirt1 and NIC was not observed in activated Treg cells
cultured in the presence of IL-2 (Fig. 2F, T6), because the abundance of
Sirt1 was negligible in these nutrient-rich conditions (Fig. 1C). In all
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
conditions, the association between NIC and PI3K was readily detected,
which served as an experimental control (Fig. 2, C, D, and F). Together,
these results suggest that Sirt1 tunes NIC-mediated anti-apoptotic ac-
tivity in Treg cells and that its deacetylase activity is required for this
function. This mode of regulation was next explored in mammalian cell
lines in which NIC-mediated anti-apoptotic activity has been described
previously (30).

Sirt1-mediated deacetylation of NIC is required for
NIC-mediated anti-apoptotic activity
The expression of NIC in various cell lines protects them from diverse
apoptotic stimuli (30–32). We found that the NIC-mediated inhibition
of staurosporine (STS)–induced apoptosis in human embryonic kidney
(HEK) cells was abrogated byCHIC-35 (Fig. 3A). Similarly, using either
shRNA or small interfering RNA (siRNA) from different sources,
knockdown of Sirt1 attenuated NIC-mediated anti-apoptotic activity
(Fig. 3B and fig. S3A). Consistent with previous studies (6, 14), we con-
firmed that CHIC-35 enhanced NIC-mediated transcription in a
promoter reporter assay using theHes1 promoter (Fig. 3C). NIC blocks
apoptosis stimulated by the Bcl-2 family proteins Bak and Bax, which
form heteromeric complexes and cause the release of apoptogenic mol-
ecules sequestered in themitochondria. These proapoptotic proteins are
kept in check by the activity of endogenous antagonists, such as Bcl-2
and Bcl-xL (33). Because the knockdown of Sirt1 abrogatedNIC activity
(Fig. 3D and fig. S3B), we determined whether a generalized regulation
of mitochondrial function underlies the regulation of NIC by Sirt1.
However, knockdown of Sirt1 did not attenuate the anti-apoptotic activ-
ity of Bcl-xL (Fig. 3D and fig. S3B).

The requirement for the deacetylase activity of Sirt1 was next as-
sessed in experiments withwild-type (WT) or kinase-deficient Sirt1 pro-
teins (8, 9). Sirt1 was coexpressed with NIC and Bak in separate groups
of transfected cells, which were then incubated in the presence or ab-
sence of CHIC-35. The attenuation of NIC-mediated anti-apoptotic ac-
tivity by CHIC-35 was rescued in cells that coexpressed Sirt1 (Fig. 3E).
However, in cells expressing the kinase-deficient Sirt1_H363Y protein,
the extent of apoptosis was comparable to that in cells that did not ex-
press NIC (Fig. 3E). Western blotting analysis established that the WT
and mutant Sirt1 proteins were present in the cells at comparable
amounts (Fig. 3E) and that they did not independently block Bak-
induced apoptosis (fig. S3C).

Together, the experiments with the cell lines suggest that Sirt1
specifically modulates NIC-mediated anti-apoptotic activity and that
its deacetylase activity is required for this function. Although NIC is
a known target of Sirt1 (6, 14), this has not been tested in the context
of NIC-mediated anti-apoptotic activity. We reasoned that specific ly-
sine residues in NIC would be required for this interaction. Hence,
NIC proteins with site-directed substitutions of specific lysine residues
(which were likely targets of Sirt1) were screened for resistance to
CHIC-35 in anti-apoptotic assays.

Specific lysine residues in NIC are targets for modification
by Sirt1
A cluster of lysine residues (K2157, K2160, K2164, and K2174) in NIC1
were identified as putative target sites for Sirt1 activity (Fig. 4A). These
lysine residues were sequentially modified to the nonacetylatable
residue arginine (R) to preserve charge, and the resulting NIC variants
were screened for their sensitivity to the effects of CHIC-35.Whereas all
four variantsNIC_K2164→R(NIC1KR),NIC_1KR+K2157→R+K2160→R
(NIC3KR), and NIC_3KR+K2174→R (NIC4KR) inhibited apoptosis in
A B

C D

E F

No IL-2

Fig. 2. Analysis of the Sirt1-NIC interaction in Treg cells. (A) Activated Treg cells
transduced with retroviruses expressing scrambled control (Scr) shRNA or Sirt1-
specifc shRNA were cultured with or without IL-2 for 6 hours. The cells were then
fixed, permeabilized, and stained with antibody specific for cleaved NIC (clone Val
1744, red) and with Hoechst 33342 to stain nuclei (blue) before being analyzed by
confocal microscopy. Images are of the central plane and are representative of 15
to 20 cells per experimental condition. Scale bars, 5 mm. (B) Activated Treg cells
expressing shRNAs as described in (A) were cultured for 15 hours with or without
IL-2 before being analyzed to assess apoptotic damage. Data are means ± SD of
three independent experiments. Bottom: The same cells were also analyzed by
Western blotting with antibodies against the indicated proteins. Western blots
are representative of three experiments. (C and D) Activated Treg cells were
cultured without IL-2 for 6 hours in the absence (C) or presence (D) of 10 mM
GSI-X. Whole-cell lysate (WCL) was prepared and subjected to immuno-
precipitation (IP) with antibody specific for Notch1 (mNIA) or with mIgG (isotype
control) and Western blotting analysis with antibodies against the indicated pro-
teins. Western blots are representative of two experiments. (E) Activated Treg cells
were cultured for 6 hours in the absence of IL-2 and either with or without 10 mM
GSI-X. The cells were then stained for Notch1 (clone mNIA, red) and counter-
stained with Hoechst 33342 to mark nuclei (blue) before being analyzed by con-
focal microscopy. Scale bars, 5 mm. Images are representative of 15 to 20 cells per
experimental condition. (F) Freshly activated Treg cells were lysed and subjected
to immunoprecipitation with anti-Notch1 antibody (mNIA) or mIgG (isotype con-
trol) and then analyzed by Western blotting with antibodies against the indicated
proteins. Western blots are representative of two experiments. HC, heavy chain.
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CHIC-35–treated HEK cells, only cells expressing the NIC4KR protein
were resistant to the effects of CHIC-35 (Fig. 4B) or the siRNA-
mediated silencing of Sirt1 (Fig. 4C). NIC4KR retained the capability
to mediate C-promoter binding factor 1 (CBF1)–dependent Hes1
promoter activity, which was used as a readout of NIC-mediated tran-
scriptional function, as assessed by a luciferase-based promoter reporter
assay (Fig. 4D). To rule out the acquisition of any anomalous activity,
we confirmed that NIC4KR-mediated anti-apoptotic activity was abro-
gated by coexpressing Numb, a well-characterized negative regulator of
Notch activity (Fig. 4E). Despite the marked effects of Sirt1 on the spa-
tial distribution ofNIC in Treg cells, in theHEK cell line, exogenousNIC
and NIC4KR were localized to the nucleus (Fig. 4F).
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
The NIC-Sirt1 interaction was also tested in the LTG fibroblast cell
line, which is protected from apoptosis induced by nutrient withdrawal
by NIC (30). The LTG cell line survives serum deprivation; however,
replacing the culture medium with buffered saline stimulates apoptotic
damage. We found that nutrient deprivation–induced apoptosis was
inhibited by ectopic expression of NIC or NIC4KR (Fig. 4G). As before,
NIC-mediated protection from apoptosis was attenuated by CHIC-35,
whereas the anti-apoptotic function of NIC4KR was preserved in the
presence of the inhibitor (Fig. 4G). Together, these experiments suggest
that specific lysine residues in NIC1 are targets of Sirt1, because the
NIC4KR variant protein was unaffected by Sirt1. Because a change in
the spatial localization of NIC by CHIC-35 was not observed in the cell
lines, we characterized the localization and function of NIC4KR in ac-
tivated Treg cells.

Sirt1 is required for the nonnuclear localization of
NIC in Treg cells
WTTreg cells transduced with retroviruses expressing NIC or NIC4KR
were protected from apoptosis after cytokine withdrawal (Fig. 5A).
CHIC-35 compromised survival in cells transduced with either empty
retrovirus or retrovirus expressing NIC, whereas Treg cells transduced
with retrovirus encoding NIC4KRwere resistant to CHIC-35 (Fig. 5A).
We next compared NIC and NIC4KR in activated Treg cells generated
from mice with a conditional deletion of Notch1 (Notch1−/− Treg cells)
under the control of the Cd4 promoter (16). We found that Notch1−/−

Treg cells underwent apoptosis after cytokinewithdrawal (Fig. 5B, inset);
however, expression of either NIC or NIC4KR protected these cells from
death (Fig. 5B). Furthermore, CHIC-35 attenuated the anti-apoptotic
activity of NIC, but not NIC4KR (Fig. 5, A and B), confirming the Sirt1
dependence of NIC function in Treg cells.

We next analyzed the localization ofNIC andNIC4KR inNotch1−/−

Treg cells. Activated Notch1−/− Treg cells transduced with retroviruses
encoding NIC or NIC4KR were cultured for a short period (5 to
6 hours) with cytokine or without IL-2 in the presence or absence of
CHIC-35 before being subjected to immunohistochemical analysis with
a NIC-specific antibody. We found that exogenous NIC was more or
less equally distributed in the nucleus and cytoplasm in Notch1−/− Treg

cells (Fig. 5C and fig. S4A). However, treatment of IL-2–deprived cells
with CHIC-35 enriched nuclear staining of NIC (Fig. 5C and fig. S4A).
On the other hand, in cells expressing NIC4KR, NIC staining was en-
riched in the cytoplasm and was unchanged even when the cells were
cultured with CHIC-35 (Fig. 5C and fig. S4A). As seen in other experi-
ments, the localization of PI3Kwas not affected by CHIC-35 in the cells
expressing either NIC or NIC4KR (Fig. 5D and fig. S4B). The immuno-
staining analysis was quantified and indicated that ~42 and ~58% of
total staining for NIC was detected in the nucleus and cytoplasm, re-
spectively, in cells transfected with plasmid encoding NIC (Fig. 5E).
In contrast, in cells expressing NIC4KR, NIC was highly enriched in
the cytoplasm (~80%of total) (Fig. 5E). The difference in the twogroups
was even more apparent in the response of the cells to CHIC-35, where
nuclear signalswere enhanced in cells expressingNIC (~79%of the total
staining), but remained unchanged in cells expressing NIC4KR (Fig.
5E). Similar results were obtained with activated Treg cells isolated from
WT C57BL/6 mice (fig. S4, C and D).

As a readout of the nonnuclear activity of NIC, and confirming that
exogenous NIC functioned similarly to endogenous NIC, the abun-
dance of Akt phosphorylated at Ser473 was reduced inCHIC-35–treated,
NIC-expressing cells but not in CHIC-35–treated, NIC4KR-expressing
cells (Fig. 5F).Consistentwith theCHIC-35–dependentnuclear enrichment
Fig. 3. Sirt1 is required for the NIC-mediated protection of cells from apoptosis.
(A and B) HEK cells transfected with plasmids expressing the indicated proteins alone
(A) or in the presence of the indicated siRNAs (B) were incubated with 10 mM STS (to
induce apoptosis) in the presence or absence of 500 nM CHIC-35. The cells were then
analyzed to determine the percentages of green fluorescent protein (GFP)–
expressing cells with apoptotic nuclei. (B) Bottom: Cells transfected with the indicated
siRNAs were analyzed by Western blotting with antibodies specific for Sirt1 and tu-
bulin. Blots are representative of three experiments. (C) HEK cells were cotransfected
with plasmids expressing red fluorescent protein (RFP) or NIC-RFP and the Hes1-Luc
construct and the Renilla-Luc coreporter construct as described in Materials and
Methods. The cells were cultured for 36 hours in the presence or absence of 500 nM
CHIC-35 before the luciferase activity of the Hes1 reporter construct was measured. Data
are means ± SD of the fold induction in luciferase activity in NIC-RFP relative to RFP-
expressing cells. (D) HEK cells pretreated with scrambled or Sirt1-specific siRNAs and
then transfected with plasmid encoding Bax-GFP alone or in the presence of the indi-
cated plasmids were analyzed after 18 hours to determine the percentages of cells with
apoptotic nuclei. Inset: Cells transfected with the indicated siRNAs were analyzed by
Western blotting with antibodies against the indicated proteins. Western blots are rep-
resentative of three experiments. (E) HEK cells transfected with plasmid encoding Bak-
RFP alone or together with plasmids encoding the indicated constructs were incubated
in the absence (black) or presence (gray) of 500 nM CHIC-35. Both the WT and H363Y
Sirt1 proteins were fused to the Flag tag. The cells were then analyzed to determine the
percentages of cells containing apoptotic nuclei. Bottom: Cells transfected with plas-
mids encoding the indicated proteins were analyzed by Western blotting with anti-
bodies against the Flag tag and tubulin. Data in all graphs are means + SD from
three independent experiments. *P ≤ 0.03, **P ≤ 0.001.
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ofNIC, the abundanceofHes1proteinwas increased inCHIC-35–treated,
NIC-expressing, activated Treg cells, whereas there was no change inHes1
abundance in cells expressing NIC4KR (Fig. 5F). Together, these data
suggest a previously uncharacterized requirement for Sirt1-dependent
deacetylation in the regulation ofNIC localization and its anti-apoptotic
activity. Previous studies, including our own work, implicated non-
canonical NIC signaling in the suppressor function of Treg cells (29, 34).
In a previous study, we showed that the NIC-mediated control of the
survival and suppressor activity of Treg cells depends on its localization
in the cytoplasm (25, 29). Hence, we hypothesized that Sirt1, through its
regulation of NIC localization, would be required for the suppressor ac-
tivity of Treg cells.

Sirt1 is required for Treg cell function
Treg cells function to dampen the proliferation of effector T cells and
prevent pathologies, such as those associated with autoimmune re-
sponses, and the suppressor activity and identity of Treg cells are prin-
cipally controlled by the transcription factor Foxp3 (35, 36). However,
Notch1 activity modulates the functions of nTreg cells by mechanisms
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
that do not target Foxp3 (29, 34). Before assessing the effects of Sirt1, we
first tested whether Foxp3 protein abundance was independent of Sirt1.
We found by confocalmicroscopy analysis that the abundance of Foxp3
was similar in Treg cells expressing control shRNA or Sirt1-specific
shRNA (Fig. 6A), which suggests that Foxp3 abundance in this exper-
imental systemdoes not dependon Sirt1 (Fig. 6B).Hence, we proceeded
to test whether ablation of Sirt1 modified the suppressor activity of
Treg cells.

Established protocols (37, 38) were used to analyze the suppressor
function of Treg cells. Briefly, responder cells (naïve T cells expressing an
antigen-specific T cell receptor) and suppressor cells (Treg cells) were co-
injected into immunocompetent recipient mice, and the ability of the
Treg cells to suppress antigen-induced T cell proliferation was then as-
sessed. In this analysis, naïve CD4+ T cells isolated from OT-II trans-
genic mice (which could be identified because the cells were CD45.2+)
were loaded with the fluorescent dye carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE) as described inMaterials andMethods. The CFSE-
loaded cells were injected into congenic host mice (CD45.1+, B6SJLmice),
whose cells differed from the responders only in the CD45 isoform
Fig. 4. The deacetylase activity of Sirt1 is required for the protection of cells from apoptosis. (A) Schematic of the site-directed lysine-to-arginine mutants of
human NIC. (B) HEK cells transfected with plasmid encoding Bak-GFP alone or together with plasmids encoding the indicated proteins were incubated in the absence
(black bars) or presence (gray bars) of 500 nM CHIC-35 for 18 hours. The percentages of cells with apoptotic nuclei were then determined. (C) HEK cells pretreated with
control or Sirt1-specific siRNAs and then transfected with plasmids encoding the indicated constructs were treated with 10 mM thapsigargin (TG) for 18 hours. The
percentages of cells with apoptotic nuclei were then determined. Bottom: Cells treated with the indicated siRNAs were analyzed by Western blotting with antibodies
against Sirt1 and tubulin. Western blots are representative of three experiments. (D) HEK cells cotransfected with the Hes1 reporter construct and the Renilla-Luc
coreporter construct and plasmid encoding NIC4KR-RFP in the presence or absence of plasmid encoding dominant-negative CBF1 (DNCBF1) were subjected to lucif-
erase assays. Data are means ± SD of the fold increase in promoter activity in NIC4KR-RFP relative to RFP-expressing cells. (E) HEK cells transfected with combinations of
plasmids encoding the indicated constructs were treated with 10 mM TG or vehicle control for 18 hours before the percentages of RFP-positive cells with apoptotic
nuclei were determined. (F) HEK cells expressing either NIC1KR-RFP or NIC4KR-RFP (red) were stained with Hoechst 33342 to mark nuclei (blue) and then were analyzed
by confocal microscopy. Images are representative of 50 cells per condition. Scale bars, 10 mm. (G) LTG cells were transfected with plasmids encoding the indicated
constructs and treated with 10 mM TG in the absence (black) or presence of CHI-C35 for 18 hours before the percentages of RFP-positive cells with apoptotic nuclei were
determined. Data in all bar graphs are means ± SD from three independent experiments. *P ≤ 0.03, **P ≤ 0.001.
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expressed on the cell surface. The responder T cells were co-injected with-
out or with CD45.2+ Treg cells that expressed either control shRNA or
Sirt1-specific shRNA and had been activated in vitro. The recipient
mice were challenged with ovalbumin (OVA) peptide 15 to 18 hours
after receiving the naïve T cells. Three days later, lymphocytes isolated
from the draining lymph nodes of the recipient mice were analyzed for
their proliferative status, which correlatedwith the extent of the dilution
of CFSE in the gated CD45.2+ (responder) OT-II T cells.
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
Inmice that did not receive Treg cells, the distribution of CFSE in the
OT-II responder cells ranged across multiple populations, which was
indicative of cell proliferation (Fig. 6C). Treg cells expressing scrambled
control shRNA suppressed the proliferation of the responder OT-II
T cells; hence, CFSE fluorescence in those cells was notmarkedly diluted
(Fig. 6C). On the other hand, in mice co-injected with Treg cells ex-
pressing Sirt1-specific shRNA, the responder OT-II T cells proliferated
robustly (Fig. 6C), in amanner comparable to the proliferation ofOT-II
Fig. 5. NIC4KR is refractory to regulation by Sirt1. (A and B) Treg cells from WT (A) or Notch1 null (Notch1−/−) mice (B) transduced with retroviruses expressing NIC or
NIC4KR were cultured for 15 hours with or without IL-2 in the absence or presence of CHIC-35. The percentages of cells with apoptotic nuclei were then determined.
Inset: Notch1−/− Treg cells were cultured with or without IL-2 for 15 hours before percentages of cells with apoptotic nuclei were determined. (C and D) Notch1−/− Treg cells
transduced with retroviruses expressing NIC or NIC4KR were cultured for 6 hours in IL-2–deficient medium in the presence or absence of CHIC-35, as indicated. The cells were
then stained with an antibody against processed Notch (green) (C) or with an antibody against PI3K (red) (D) and counterstained with Hoechst 33342 to detect nuclei (blue).
The cells were analyzed by confocal microscopy. Images (central stack) are representative of 20 cells per experimental condition. Scale bars, 5 mm. (E) Quantification of the
distribution of NIC in the cells represented in (C). Data are means ± SD of three experiments. (F) Notch1−/− Treg cells transduced with retroviruses expressing NIC or NIC4KR
were cultured in the absence or presence of CHIC-35 for 6 hours. The cells were then analyzed by Western blotting with antibodies against the indicated target proteins.
Western blots are representative of two experiments. Right: Bar graph shows densitometric analysis of the indicated proteins. Data are means ± SD of three experiments.
6 of 13

http://stke.sciencemag.org/


SC I ENCE S I GNAL ING | R E S EARCH ART I C L E

 on A
pril 4, 2017

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

Fig. 6. Sirt1 modulates Treg cell function in vivo. (A) Activated Treg cells transduced with retroviruses expressing scrambled control shRNA or Sirt1-specific shRNA
were fixed, permeabilized, and stained with anti-Foxp3 antibody (green) and with Hoechst 33342 to stain nuclei (blue) before being analyzed by confocal microscopy.
Images (central plane) are representative of 100 to 120 cells. Scale bars, 5 mm. (B) Activated Treg cells transduced with retroviruses expressing scrambled control shRNA
or Sirt1-specific shRNA were analyzed by microscopy. The integrated density of the Foxp3 staining intensity of images was determined with ImageJ software. Right:
Lysates of the same cells were analyzed by Western blotting with antibodies against the indicated proteins. Western blots are representative of three experiments (C) CFSE-
loaded CD4+ OT-II cells were injected alone or were co-injected into three mice with Treg cells transduced with retroviruses expressing scrambled or Sirt1-specific shRNAs. The
mice were then challenged with antigen (mOVA), and the extent of dilution of CFSE in CD45.2+ OT-II cells recovered from the lymph nodes of the recipient mice on day 3 was
determined by flow cytometry. Flow cytometry dot plots are representative of two independent experiments, with two or three animals per group analyzed per experiment.
Numbers in the panels indicate the percentage of the CD45.2+ OT-II population recovered. (D) CFSE-labeled, activated Notch1+/+ or Notch1−/− Treg cells (CD45.2+) were co-
injected with naïve OT-II CD4+ T cells into CD45.1+ recipient mice. One day later, the mice were challenged with OVA peptide. After 48 hours, the lymph nodes of the recipient
mice were harvested, and the extent of dilution of CFSE in the CD45.2+ donor Treg cells was analyzed by flow cytometry. Data are representative of two experiments. Numbers
in the plots indicate the percentages of donor Treg cells recovered. (E) CFSE-labeled, activated WT Treg cells (CD45.2

+) transduced with retroviruses expressing scrambled or
Sirt1-specific shRNA were co-injected with naïve OT-II CD4+ T cells (CD45.2+) into CD45.1+ recipient mice. One day later, the mice were challenged with OVA peptide. After 48 hours,
the lymph nodes of the recipient mice were harvested, and the extent of dilution of CFSE in the CD45.2+ donor Treg cells was analyzed by flow cytometry. Data are representative of
two experiments. Numbers in the plots indicate the percentages of donor Treg cells recovered.
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cells that were not co-injected with Treg cells (Fig. 6C). This result is
consistent with a requirement for Sirt1 in the regulation of NIC activity.

To demonstrate a requirement for NIC in the survival of Treg cells
during the response to antigen in vivo, we assessed whether there was a
change in the recovery of Treg cells that expressed Sirt1-specific shRNA.
Before assessing the requirement for Sirt1, we first asked whether the
loss of Notch1 compromised the recovery of Treg cells. To this end,
WT or Notch1−/− Treg cells, which were loaded with CFSE, were co-
injectedwith the naïveOT-II responder T cells as before. Recipientmice
were challenged with OVA 15 to 18 hours after injection of cells. Again,
by tracking the dilution of CFSE in the gated CD45.2+ donor T cells, we
observed a substantial reduction in the recovery of Notch1−/− Treg cells
as compared toWTTreg cells from the lymph nodes of recipient mice
2 days after antigen challenge (Fig. 6D). Next, we performed the same
protocol and analyzed the recovery of WT Treg cells expressing either
scrambled or Sirt1-specific shRNA thatwere co-injectedwith responder
cells into mice followed by antigen challenge. The number of activated
Treg cells expressing Sirt1-specific shRNA that were recovered was
much lower than that of Treg cells expressing scrambled shRNA (Fig.
6E). Together with the results of the IL-2 deprivation assays, these
experiments suggest a critical role for Sirt1 in the maintenance of
NIC activity and Treg cell function.

Sirt1 is a positive regulator of Treg cell function
To strengthen the analysis of the regulation of the Notch-dependent
Treg cell–suppressive function by Sirt1, we extended the analysis to in-
clude two unrelated models of inflammation, which are, however,
independent of specific antigens. These models include the Treg cell–
mediated reduction in the accumulation of effector and memory T cell
subsets inmicewith a genetically targeted deletion ofNotch1 in the nTreg
(Foxp3+) lineage and the induction of glucose intolerance in a mouse
model of obesity resulting from defective leptin signaling. The effects
of Treg cells in both systems were described previously (29, 39, 40).

Wepreviously reported that the deletion ofNotch1under the control
of the Foxp3 promoter (in Foxp3-Cre::Notch1lox/lox mice) causes lymph
node enlargement (29). Confirming reported observations, this results
from the accumulation of CD4+CD62LlowCD44high (effector memory)
and CD4+CD62LhighCD44high (central memory) T cells, as well as a
concomitant decrease in the number of CD4+CD62LhighCD44low (naïve)
T cells within a few weeks of birth (Fig. 7A). This is consistent with a
defect in immunoregulation or Treg cell function (29, 41). We previously
showed that the adoptive transfer of functional Treg cells reduces the
accumulation of effector T cells and the consequent enlargement of
lymph nodes in suchmice (29). Consistent with these results, the adop-
tive transfer of Notch1−/− Treg cells (7 to 8 days before analysis) into
Foxp3-Cre::Notch1lox/lox recipient mice failed to ameliorate T cell accu-
mulation, whereas the transfer of Notch1-deficient Treg cells expressing
exogenousNIC fused to a nuclear export signal (NIC-NES) reduced the
number of T cells that accumulated in the lymph nodes of the recipient
mice (Fig. 7B). This was also apparent from analysis of lymph node size,
which remained enlarged in animals injected with Notch1−/− Treg cells
but were much smaller in mice injected with Notch1−/− Treg cells
expressing NIC-NES (Fig. 7C). As described earlier, WT Treg cells re-
duced the number of effector T cells that accumulated in the recipient
mice (Fig. 7D); however, the ablation of Sirt1 inWTTreg cells prevented
this result (Fig. 7D). This was also confirmed when the total number of
cells recovered from the lymphnodeswas compared under the different
conditions. Thus, cell recovery from lymph nodes was reduced in mice
injectedwithWTTreg cells 7 days before the analysis, whereasmore cells
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
were recovered from uninjected mice or from mice injected with Treg

cells expressing Sirt1-specific shRNA, wherein inflammation was not
reduced (Fig. 7E).

Next, we assessed the regulation of Treg cell function by Sirt1 in a
model of the obesity-induced impaired clearance of injected glucose
(glucose intolerance) from the bloodstreamof affectedmice (42). In this
model, the transfer of WT Treg cells ameliorates glucose intolerance in
the short term in leptin receptor–deficient (Leprdb/db) mice (39, 40). We
previously demonstrated a role for nonnuclear NIC activity in Treg cells
in this system (29); thus, we used this model to assess a role for Sirt1 in
the regulation of Notch-dependent Treg cell function. Consistent with
published observations, the clearance of glucose from the blood of
fasting Leprdb/db mice was substantially delayed in comparison to that
in heterozygous (Leprdb/+) littermate controls (Fig. 7F). In Leprdb/dbmice
injected with Treg cells expressing scrambled control shRNA and then
tested 7 to 8 days later, clearance of blood glucose was markedly im-
proved and was comparable to that observed in Leprdb/+ mice at late
times (Fig. 7F). In contrast, in mice injected with Treg cells expressing
Sirt1-specific shRNA, the extent of clearance of blood glucose did not
differ from that of the Leprdb/db mice (Fig. 7F). Together, these experi-
ments with adoptively transferred Treg cells in assays of immuno-
suppression are suggestive of a key role for Sirt1 in the NIC-mediated
regulation of Treg function.
DISCUSSION
Notch signaling regulates diverse cellular responses during develop-
ment and in adult tissues, and, unsurprisingly, aberrant signaling from
this receptor underliesmultiple disorders (43–45). The coreNotch path-
way is relatively simple and culminates in release of the active signaling
intermediate NIC (46), which localizes to the nucleus unless regulated
otherwise. It is now well established that much of the complexity and
versatility associated with Notch activity is brought about by its integra-
tion with other (nodal) signaling networks (47, 48). Furthermore, post-
translational modifications, such as acetylation, phosphorylation, and
ubiquitylation, are all reported to modulate Notch function, in many
contexts with immediate consequences to protein stability, but also re-
sulting in regulated noncanonical outputs of NIC activity (6, 49).

Cellular signaling in response to changes in nutritional cues may
lead to differentiation and cell survival or cell death. A well-established
early response to nutrient deprivation is the activation of the Sirt family
of proteins, which are sensitive to changes in the ratio of NADH (re-
duced form of NAD+) to NAD (oxidized form of NAD+) that charac-
terize nutrient stress (26–28). Consistent with the hypothesis that the
activation of Sirt1 enables the cell to adapt to situations of energy stress,
the abundance of Sirt1 is generally increased in situations of low nutri-
ent availability (28). Interactions with proteins such as p53 and AMPK
are implicated in the regulation of Sirt1 function, all of which are asso-
ciated with the response to nutrient stress. Thus, the increase in Sirt1
protein abundance in Treg cells that we observed after the withdrawal of
cytokine was expected (Fig. 1). That the localization of NIC was sensi-
tive to Sirt1, as demonstrated in experiments in which cells were trans-
duced with a retrovirus encoding Sirt1-specific shRNA or were treated
with a chemical inhibitor of Sirt1, prompted a more careful exam-
ination of the underlying interaction between Sirt1 and NIC. The
increase in Hes1 protein abundance in cells treated with the Sirt1 in-
hibitor is consistent with published evidence that Sirt1 inhibits both
the nuclear functions of NIC and of the expression of the gene encod-
ing Notch1 (6, 14).
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Our experiments demonstrated that the Sirt-mediated deacetylation
ofNICwas critical for its nonnuclear localization,whichhad consequences
for Treg survival and, more generally, for NIC1-mediated anti-apoptotic
activity. Although Sirt1 resides mainly in the nucleus (50), several of
its targets are found in the cytoplasm, and Sirt1 can shuttle from the
nucleus to the cytosol, for example, as a consequence of the inhibition
of insulin signaling (51). The observation that Notch activity is executed
from a nonnuclear location is relatively recent (25, 29, 32, 52, 53).
Building on earlier work that reported nonnuclear NIC-mediated activ-
ity in Treg cells, we now suggest that NIC is a direct target of Sirt1, which
favors noncanonical NIC activity. In support of this hypothesis, we
showed the association ofNICwith immunocomplexes as confirmation
of Sirt1 activity in the cytoplasm (Fig. 2C). Furthermore, key functional
elements of the Sirt1-Notch1 signaling cascade were not restricted to
T cells and were activated in cell lines expressing recombinant NIC.
Sirt1-Notch1 interactions were inferred from the disruption of NIC lo-
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
calization and anti-apoptotic activity after Sirt1 inTreg cellswas perturbed,
the restoration of NIC-mediated anti-apoptotic activity in a Sirt1-
independent manner by recombinant NIC4KR, the demonstration that
Sirt1 specifically modified NIC and not the anti-apoptotic protein Bcl-xL
and that the enzymatic activity of Sirt1 was required for the regulation of
NIC, and the demonstration of the association between Sirt1 and NIC.
The resistance of NIC4KR to the loss or inhibition of Sirt1 suggested that
Notch may be a direct target of Sirt1 and is consistent with earlier evi-
dence of NIC modification (6).

Whether the deacetylation of NIC is linked with the ubiquitylation
of the same or proximate lysine residues or to modifications such as
methylation (54) are possibilities that remain to be investigated. Both
NIC and NIC4KR are equally susceptible to inhibition by Numb, a neg-
ative regulator of Notch function (55), which suggests that NIC4KR is
not resistant to regulation. However, both the timing and duration of
NIC activity may be dependent on Sirt1. In addition to showing that
N1–/–T cells

Foxp3Cre-N1–/–

lymphnode

A B C

D E F

reg

Fig. 7. Notch regulation of Treg cell function is dependent on Sirt1. (A) Lymph nodes were isolated from heterozygous genetic control (Foxp3-Cre::Notch1WT/lox) and
mutant (Foxp3-Cre::Notch1lox/lox) mice, and the lymph node cells were analyzed by flow cytometry to determine the percentages of T cells positive for the indicated
markers. (B) Foxp3 mutant mice were injected with CD4-Cre::Notch1lox/lox (N1−/−) Treg cells expressing either vector control (pBABE) or NIC-NES. Seven days later, the T cell
subsets in lymph nodes isolated from the recipient mice were analyzed by flow cytometry. (C) Representative images of whole lymph nodes isolated from three mice injected
with Treg cells as described in (B). (D) Foxp3 mutant mice were injected with WT Treg cells transduced with retroviruses expressing scrambled or Sirt1-specific shRNAs. Seven
days later, the T cell subsets in lymph nodes isolated from the recipient mice (three per condition) were analyzed by flow cytometry. (E) Lymph nodes were isolated from
heterozygous genetic control Foxp3-Cre::Notch1WT/lox (Het) mice, Foxp3-Cre::Notch1lox/loxmice that had been left untreated (UT) or were injected 7 days before analysis with WT
Treg cells transduced with retroviruses expressing scrambled or Sirt1-specific (Sirt1) shRNAs. The total numbers of cells in the isolated lymph nodes were determined with a
hemocytometer. (F) Intraperitoneal glucose tolerance test was performed on Leprdb/+ (△) and Leprdb/db (▴) mice that were injected intravenously with phosphate-buffered
saline (PBS) or WT Treg cells transduced with retroviruses expressing scrambled (▪) or Sirt1-specific shRNA (□). Data in all bar graphs are means ± SD of three independent
experiments, with two or three mice per condition in each experiment. *P ≤ 0.03, **P ≤ 0.001.
9 of 13

http://stke.sciencemag.org/


SC I ENCE S I GNAL ING | R E S EARCH ART I C L E
Sirt1 regulated NIC activity in the cytoplasm, our data also showed that
Sirt1 antagonizes transcriptional regulation by NIC. It is tempting to
speculate that such a switch may tune NIC function during differen-
tiation, perhaps to ensure cell survival and the associated remodeling
of organelles in cells undergoing differentiation.
 on A
pril 4, 2017

http://stke.sciencem
ag.org/

D
ow

nloaded from
 

MATERIALS AND METHODS
Mice
The Notch1lox/lox and Cd4-Cre::Notch1lox/lox (Notch1−/−) mouse strains
were a gift from F. Radtke [École Polytechnique Federale de Lausanne
(EPFL), Switzerland] (16). The Foxp3tm4(YFP/Cre)Ayr/J, C57BL/6J,
B6SJL, OT-II, and Leprdb/dbmouse strains were obtained from the Jackson
Laboratory. The Notch1lox/lox mutant mouse strain was backcrossed with
C57BL/6 mice. The Notch1lox/lox and Foxp3-Cre strains were crossed to
generate Foxp3-Cre::Notch1lox/lox mice. To isolate Treg cells and other cell
subsets, we used mice at 8 to 12 weeks of age and housed them in
controlled temperature and light environments, inhighbarrier conditions,
and in controlled systems (individually ventilated cages). Colonies were
routinelymonitored for the full pathogenpanel recommendedby theFed-
eration of Laboratory Animal Science Associations. Breeding colonies
were maintained in-house, and all experimental protocols were approved
by the Institutional Animal Ethics Committee (NCBS-AEC-AS-6/1/2012;
INS-IAE-2016/01[N]) andcompliedwith thenormsof theCommittee for
the Purpose ofControl and Supervision of Experiments onAnimals, Gov-
ernment of India.

Cells
HEK 293T (HEK) and LTG (fibroblast) cell lines were maintained
at 37°C in 5% CO2 in Dulbecco’s modified Eagle’s medium. The LTG
human fibroblast cell line was a gift from A. Rangarajan [Indian Insti-
tute of Science (IISC), Bengaluru, India]. Primary T cells were cultured
in RPMI 1640 supplemented with antibiotics, glutamine (Invitrogen),
and 5 to 10% heat-inactivated fetal bovine serum (Invitrogen). HEK
cells that were used to generate viruses for retroviral transduction were
not used beyond passage number 20.

Reagents
Recombinant IL-2 and the T cell selection kits (MagCellect) were
obtained from R&D Systems. Dynabeads Flowcomp T cell selection
kits, Lipofectamine 2000, magnetic beads coated with anti-CD3 and
anti-CD28 antibodies, and Alexa Fluor–conjugated secondary antibodies
against mouse and rabbit immunoglobulin G (IgG) were purchased
from Invitrogen. All others reagents were from Calbiochem or Sigma.
Stock solutions of 1 mM STS were made in ethanol, whereas stock
solutions of 100 mMCHIC-35 and 1 mMGSI-X were made in dimethyl
sulfoxide and stored at −20°C. Antibodies were procured from the
following sources: anti-Notch1 (clone mN1A) was from Santa Cruz;
anti–cleaved Notch1 (Val1744), anti-Sirt1 (1F3), anti-Akt1 (C73H10),
anti-PI3K (19H8), anti-Akt-pS473, and anti-Rictor were from Cell
Signaling Technology; anti-tubulin and anti-actin were obtained from
Neomarker; antibody against the Flag tag was obtained from Sigma;
and anti-Foxp3 antibody (FJK-16) was from Ebiosciences.

T cells and retroviral transductions
CD4+CD25+ nTreg cells were isolated from murine spleens through a
combination of negative selection to enrich for CD4+ cells followed by
positive selection for CD25+ cells according to the manufacturer’s in-
structions (R&DSystemsor Invitrogen).TheCD4+CD25+cells thus isolated
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
were ~95% Foxp3+ by immunostaining and confocal microscopy–based
analysis across multiple experiments. Cells (~2 × 106/ml) were activated
by being cocultured with beads coated with anti-CD3 and anti-CD28
antibodies (20 ml/ml; Invitrogen) in 24-well plates. After 48 hours, the
beads were removed bymagnetic separation, and the activated Treg cells
were continued in culture in 50% conditioned medium containing IL-2
(2 ng/ml; R&D Systems) or were used in functional assays. To generate
iTreg cells, we activated CD4

+CD25− (naïve) T cells isolated by negative
selection (1 × 106/ml) with beads coated with anti-CD3 and anti-CD28
antibodies (10 ml/ml; Invitrogen) in the presence of IL-2 (2 ng/ml) and
transforming growth factor–b (2 ng/ml) for 72 hours. Effector T cells
were obtained by activatingCD4+CD25−T cells (2 × 106/ml) with beads
coated with anti-CD3 and anti-CD28 antibodies (20 ml/ml; Invitrogen)
for 48 hours. To generate retroviruses for infections, we packaged retro-
viruses with the vector pCL-Eco (Addgene) in transfected HEK cells.
Virus-containing cell culturemediumwas concentrated, and target T cells
were infected 24 hours after stimulation by spinfection in 24-well plates
(at 500g for 90 min at room temperature) and then were continued in
culture. After 48 hours, the cells were harvested and then cultured in
medium supplemented with IL-2 (1 mg/ml) for a further 18 to 24 hours.
To select for infected cells, we cultured the cells for 48 hours inmedium
containing the antibiotic puromycin (1 mg/ml). Live cells were selected
on day 2 by centrifugation in Ficoll. Knockdown of targeted proteins
was assessed by Western blotting analysis of cell lysates.

Plasmids
TheNIC-GFP, NIC-RFP, Bax-GFP, Bak-GFP, and Bak-RFP constructs
were described previously (30, 31). The following plasmids were ob-
tained as gifts: pBABE, pBABE-NIC-NES, and GFP-N1C-NES were
provided by B. A. Osborne (University of Massachusetts, Amherst,
MA, USA), and DN-CBF1 was provided by J. Aster (Harvard Medical
School, Boston). TheNumb-GFP constructwas obtained fromOriGene
(Rockville, MD). The NIC1KR-RFP andNIC4KR-RFP constructs were
made in-house by site-directed mutagenesis of NIC-RFP using the fol-
lowing primer sets: NIC_K2164R_FP: GCCCAGCAGCAGAGGCCTG-
GCCTG; NIC_K2164R_RP: CAGGCCAGGCCTCTGCTGCTGGGC;
NIC_K2157R,K2160R_FP: CGTGCAGGGCAAGAGGGTCCG-
CAGGCCCAGCAGCAAAGG; NIC_K2157R,K2160R_RP:
CCTTTGCTTGGGCCTGCGGACCCTCTTGCCCTGCACG;
NIC_K2171R,K2174R_FP: CTGTGGAAGCAGGGAGGCCAGG-
GACCTCAAG; NIC_K2171R,K2174R_RP: CTTGAGGTCCCTGG-
CCTCCCTGCTTCCACAG. The sequences of all constructs were
verified by automated sequencing in-house. Both shRNAmir-GFP
and the scrambled control GFPwere obtained fromOpenBioSystems.
ON-TARGETplus SMARTpool siRNA specific for Sirt1, the scrambled
control siRNA, and the siRNA transfection reagent Dharmafect-1 were
obtained fromDharmacon.Murine Sirt1–specific shRNAwas obtained
from OriGene. Plasmids encoding Sirt1, Sirt1_H363Y, and pCL-Eco
were from Addgene.

Cell transfections
HEK cells were plated at a density of 0.1 × 106 cells in 24-well plates
and were routinely transfected when they reached 60 to 70% con-
fluency with Lipofectamine 2000 according to the manufacturer’s in-
structions. The LTG fibroblast cells were plated at a density of 0.2 ×
106 cells in six-well plates, and once they reached 50 to 60% con-
fluency, they were transfected with X-treme GENE HP or FuGENE 6HD
according to the manufacturer’s instructions. The amounts of the plas-
mids used in the transfections were as follows: GFP or RFP (0.5 mg), Notch
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constructs (2mg),Bax-GFPorBak(1mg),SIRT1constructs (3mg), shRNAmir
Sirt1 or control (1 mg), and pcDNA3 was used as the empty vector to
equalize the amount of DNA across the different transfection groups.
HEK cells were transfected with 100 nM siRNA according to the man-
ufacturer’s instructions. Knockdown of the protein of interest was con-
firmed by Western blotting analysis, and the cells were used for
functional or biochemical analyses 48 hours after they were transfected.

Apoptosis assays
To induce apoptosis, HEK or LTG cells were switched from complete
medium to serum-free medium 16 to 18 hours after transfection and
then were treated with vehicle control or STS (10 mM). After a further
18 to 20 hours, the cells were analyzed for apoptotic nuclear damage. In
experiments in which the cells were transfected with plasmids encoding
Bax or Bak, apoptotic nuclear damage was assessed 18 to 20 hours after
transfection. In LTG cells, growth medium was replaced with PBS, or
the cells were cultured in growth medium to stimulate neglect-induced
death. Twenty-four hours later, the cells were analyzed for apoptotic
nuclear damage. Where required, CHIC-35 (500 nM) was added at
the time of STS addition or at 6 hours after transfection. To induce
apoptosis after cytokinewithdrawal, T cells (0.3 × 106/ml)were cultured
without IL-2 in the presence or absence of 500 nMCHIC-35 for 16 to
18 hours. Cells cultured with IL-2 were used as controls. To analyze
nuclear damage, samples were stained for 5 min at ambient tempera-
ture with the DNA binding dye Hoechst 33342 (1 mg/ml) in PBS. The
cells were then washed, and their nuclear morphology was assessed
by microscopy. In HEK cells transfected with plasmids encoding
fluorophore-tagged proteins, only those cells that were positive for
fluorophores were scored.

Immunoprecipitation and Western blotting analysis
Cells (0.3 × 106 to 0.5 × 106) were lysed in an SDS lysis buffer [2% SDS,
glycerol, bromophenol blue, 1 M DTT, and 1 M tris-Cl (pH 6.8) sup-
plemented with aprotinin, leupeptin, and pepstatin (2 mg/ml each),
1 mM phenylmethylsulfonyl fluoride, 1 mM NaF, and 1 mMNa3VO4]
for 10 min at 100°C. MG-132 (1 mg/100 ml) was included in all buffers
used to prepare lysates for analysis of the Notch protein, which were
frozen at −80°C soon after preparation. Whole-cell lysates were re-
solved by SDS–polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes (GE Healthcare), which were incubated over-
night at 4°C with primary antibodies at concentrations recommended
by the manufacturers. The membranes were washed thrice with tris-
buffered saline–Tween 20, followed by incubation with horseradish
peroxidase–conjugated secondary antibody (CST, 1:1000 dilution) for
1 hour at room temperature. Membranes were developed with the
ImageQuant LAS 4000 Biomolecular Imager (GE Healthcare) and quan-
tified with the ImageJ software. Primary antibodies used for Western
blotting analysis were as follows: anti-mN1A, anti-Sirt1, and anti-Hes1
(all at 1:500 dilution), and anti-Akt, anti-pAkt-Ser473, anti-PI3K, anti-
actin, and anti-tubulin (all at 1:1000 dilution). For the immunopre-
cipitations, Treg cells (4 × 106 cells) were lysed for 30 min at 4°C on a
rotational cell mixer in 1% NP-40 buffer (50 mM tris, 1 mM NaCl,
1 mM EDTA) supplemented with the protease inhibitors described
earlier. After centrifugation at 1670g for 5 min, the supernatant was
incubated with 10 mg of anti-Notch1 primary antibody (clone mN1A)
or IgG control for 1 hour at 4°C on a rotational cell mixer. Washed
Sepharose G plus beads (70 ml) were added to 0.5 to 1 ml of supernatant,
and the suspension was held on a rotational cell mixer for 2 hours at
4°C. Beads bound to complexes were washed five times with ice-cold
Marcel et al., Sci. Signal. 10, eaah4679 (2017) 4 April 2017
PBS by centrifugation at 150g. Finally, beads were boiled in SDS lysis
buffer for 10 min before use for Western blotting analysis.

Immunostaining and imaging by confocal and
TIRF microscopy
Activated Treg cells (0.3 × 106) were adhered to dishes coated with
poly-D-lysine (1 mg/ml in PBS for 15 min at room temperature) and
fixed with 2% paraformaldehyde for 20 min at room temperature.
Cells were permeabilized with 0.1% Tween 20 (for immunostaining
with the antibody to Val1744 or Foxp3) or 0.2% NP-40 (for the mNIA
antibody clone) for 10 min at room temperature and then blocked with
5% bovine serum albumin at room temperature. Samples were incu-
bated overnight at 4°C with primary antibodies against the following
targets: Val1744 antibody, which recognizes cleaved Notch1, PI3K,
Rictor (1:100), mNIA, Sirt1 (1:50), and Foxp3 (1:100). The samples
were then incubated for 1 hour at room temperature with the appro-
priate secondary antibodies (1:1000). Confocal imaging was per-
formed with the Zeiss 510 Meta confocal microscope with a 63×, 1.4
numerical aperture (NA) objective, and Z stacks were taken at 1-mm
thickness. TIRF microscopy imaging was performed with the Nikon
TE 2000 inverted microscope with a TIRF attachment for three laser
lines [argon-ion (488 nm) and helium-neon lasers (543 and 633 nm)]
equipped with a 100× oil objective (NA, 1.49) and a cooled charge-
coupled device cascade camera (PhotoMetrics Inc.) with an ultimate
pixel size of 75 nm. For two-color imaging, cells were illuminated with
the two laser lines (488 and 543 nm), and the camera was used in the
electron-multiplying gain mode.

Hes1 promoter reporter assay
HEKcellswere transfectedwith 1mg of theHes1-Luc construct and 100ng
of the Renilla-Luc construct in combination with 1 mg of the RFP, NIC-
RFP, orNIC4KR-RFPplasmid. Eighteenhours before the cells were trans-
fected, they were treated with or without 500 nM CHIC-35. Luciferase
assays were performed 36 hours after transfection with the Dual Lucif-
erase Kit (Promega) according to the manufacturer’s instructions.

T cell suppressor assays
Naïve CD4+ T cells were isolated from the spleens of OT-II transgenic
mice by negative selection with magnetic bead–based separation
protocols (MagCellect, R&D Systems). Freshly isolated naïve T cells
(2 × 106 cells/ml in prewarmed PBS) were loaded with 5 mM CFSE
and incubated for 8min at 37°C in a water bath. Cells were washedwith
complete medium to remove excess dye before they were used in sup-
pressor assays. CFSE-loaded naïve CD4+ OT-II T cells (0.5 × 106) were
co-injected with 0.3 × 106 activated Treg cells intravenously, into con-
genic B6SJL hostmice. Twenty-four hours later, the recipientmice were
subcutaneously injected with 30 mg of maleylated OVA in Freund’s
complete adjuvant. Three days later, cells isolated from the lymphnodes
of the recipientmicewere analyzed by flow cytometry for CFSE dilution
in the donor cells by gating on theCD45.2+ population. As described pre-
viously (29), adoptive transfer of Treg cells into Foxp3-Cre::Notch1lox/lox

mice was based on a published protocol (36). Briefly, 1 × 106 activated
Treg cells expressing scrambled shRNA or Sirt1-specific shRNA were
adoptively transferred (intravenously) into 4- to 6-week-old Foxp3-
Cre::Notch1lox/lox mice. Seven days later, lymph nodes (axillary and
inguinal) from the recipient mice were harvested, and single-cell suspen-
sions were prepared and assessed for T cell subsets. In the flow cytometric
analysis, lymphocyte populations were gated on the basis of size (for-
ward scatter versus side scatter) and analyzed for cell surfacemarkers
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http://stke.sciencemag.org/


SC I ENCE S I GNAL ING | R E S EARCH ART I C L E

ht
D

ow
nloaded from

 

by multicolor staining with fluorescently tagged antibodies on a BD
FACSCalibur flow cytometer.

Intraperitoneal glucose tolerance test
For the intraperitoneal glucose tolerance test, 150 ml of D-glucose
(Fischer Scientific, prepared in autoclaved water) was injected intra-
peritoneally at a dose of 2 g/kg of mouse body weight into Leprdb/db

and Leprdb/+ mice, which had been fasted for 6 hours. Blood glucose
concentrations were measured before the mice were injected with glu-
cose. Blood samples were obtained from the tail tip at the times indi-
cated in the figure legends, and blood glucose concentrations were
measured using a handheld glucometer (Contour TS, blood glucose
meter, Bayer). In experiments involving the injection of Treg cells,
0.8 × 106 activated Treg cells transduced with retroviruses expressing
scrambled shRNA, Sirt1-specific shRNA, or NIC-NES, or the pBABE
control vector were used, as described earlier. The IPGTT was per-
formed on day 8 after the transfer of cells.

Statistical analysis and data presentation
Data are means ± SD from three independent experiments, unless
stated otherwise. Statistical significance was calculated with the
two-population Student’s t test. Western blotting data were processed
with Adobe Photoshop software. Image analysis was performed with
ImageJ software, and figures were processed and prepared with Adobe
Photoshop.
 tp://stke.sciencem
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