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Adaptation to different forms of environmental stress is crucial for
maintaining essential cellular functions and survival. The nucleolus
plays a decisive role as a signaling hub for coordinating cellular
responses to various extrinsic and intrinsic cues. p53 levels are
normally kept low in unstressed cells, mainly due to E3 ubiquitin
ligase MDM2-mediated degradation. Under stress, nucleophosmin
(NPM) relocates from the nucleolus to the nucleoplasm and binds
MDM2, thereby preventing degradation of p53 and allowing cell-
cycle arrest and DNA repair. Here, we demonstrate that the mam-
malian sirtuin SIRT7 is an essential component for the regulation
of p53 stability during stress responses induced by ultraviolet (UV)
irradiation. The catalytic activity of SIRT7 is substantially increased
upon UV irradiation through ataxia telangiectasia mutated and
Rad3 related (ATR)-mediated phosphorylation, which promotes ef-
ficient deacetylation of the SIRT7 target NPM. Deacetylation is re-
quired for stress-dependent relocation of NPM into the nucleoplasm
and MDM2 binding, thereby preventing ubiquitination and degrada-
tion of p53. In the absence of SIRT7, stress-dependent stabilization of
p53 is abrogated, both in vitro and in vivo, impairing cellular stress
responses. The study uncovers an essential SIRT7-dependent mecha-
nism for stabilization of the tumor suppressor p53 in response to
genotoxic stress.
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he tumor suppressor p53 is a key player for cellular responses
coping with DNA damage, metabolic stress, or other adverse
incidents. p53 promotes cell-cycle arrest in response to stress,
facilitates DNA repair, or triggers activation of apoptosis to
eliminate cells that have accumulated high levels of DNA dam-
age (1). Approximately 50% of human tumors contain mutations
in the p53 gene, underscoring the importance of p53 in various
signaling pathways implicated in tumorigenesis (1). In mice, loss
of p53 leads to tumor development at a high frequency (2).
Consistently, inhibition of p53 upon exposure to a variety of
DNA-damaging agents, such as ultraviolet (UV) irradiation and
environmental carcinogens, accelerates tumorigenesis (3-5).
Despite its undisputed role as a tumor suppressor, increased
p53 concentrations appear harmful to cells, making tight regu-
lation of p53 protein levels mandatory. p53 is maintained at low
levels under basal conditions but cellular stressors lead to its
stabilization, allowing p53 to elicit antitumor functions. The
main regulator of p53 levels is the E3 ubiquitin ligase MDM?2/
HDM2 (in mice and humans, respectively). MDM2/HDM2 as-
sociates with and ubiquitinates p53, promoting its subsequent
degradation through the proteasome (6). Disruption of the
MDM2-p53 interaction provides a rapid means to stabilize p53
in response to stress (6). One of the important regulators of p53
activation is the abundant nucleolar protein nucleophosmin
(NPM). NPM belongs to a large group of nucleolar proteins,
which coordinate cellular responses to various extrinsic and
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intrinsic signals and participate in cell proliferation, apoptosis,
DNA repair, and stress responses (7, 8). Under normal condi-
tions, these molecules are sequestered in the nucleolus. In re-
sponse to stressors, the nucleolus undergoes a profound
reorganization leading to the release of nucleolar proteins to the
nucleoplasm and the cytoplasm. As a consequence, several mo-
lecular pathways are activated that enable cellular adaptation to
adverse conditions (7-9). Release of NPM from the nucleolus
under stress plays a pivotal role for p53 activation. NPM asso-
ciates with MDM2/HDM2, disrupts the MDM2/HDM2-p53 in-
teraction, and inhibits MDM2/HDM?2-dependent degradation of
p53 (7, 10-12). The molecular basis underlying the relocalization
of NPM and its regulation of the MDM2-p53 interaction is not
well-understood.

Mammalian sirtuins comprise a family of seven proteins,
SIRT1 to SIRT7, which share a conserved catalytic domain re-
sponsible for the sirtuin-specific enzymatic activity, NAD*-de-
pendent protein deacetylation (13). Collectively, sirtuins are
assumed to prevent age-dependent diseases and promote or-
ganismal homeostasis by enhancing cellular stress resistance
(13). Hence, inactivation of different members of the sirtuin
family often results in genomic instability and higher predispo-
sition to cancer development (13, 14). SIRT7 is the only mam-
malian sirtuin that is primarily located in the nucleolus. SIRT7 is
excluded from the nucleolus in response to various cellular
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stressors and localizes to sites of DNA damage where it pro-
motes DNA repair mainly through deacetylation of H3K18 and
desuccinylation of H3K122 (15-18).

Previous evidence demonstrates that SIRT7 plays an important
role in the regulation of nucleolar functions. SIRT7 activates ribo-
somal DNA (tDNA) transcription and pre-TRNA processing (15,
19-21). Moreover, our group and others have recently shown that
SIRT?7 supports genomic stability by maintaining heterochromatin
at tDNA genes (22, 23). Here, we demonstrate that SIRT7 is a
phosphorylation substrate of ataxia telangiectasia mutated and
Rad3 related (ATR) kinase, a major activator of the DNA damage
response. ATR-mediated phosphorylation of SIRT7 increases its
catalytic activity in response to genotoxic stress caused by UV ir-
radiation. ATR-activated SIRT7 deacetylates NPM, thereby pro-
moting its exclusion from nucleoli. Deacetylated NPM associates
with MDM2/HDM2 and inhibits MDM2/HDM2-dependent ubig-
uitination and degradation of p53. Our results reveal an essential
role of SIRT7 and NPM for stabilization of the tumor suppressor
p53 in response to UV-induced genotoxic stress.

Results

SIRT7 Is Instrumental for NPM Exclusion from the Nucleolus following
Genotoxic Stress. Since SIRT7 is the only member of the sirtuin
family that is mainly localized in the nucleolus and interacts with
NPM (19, 24), we speculated that SIRT7 is involved in con-
trolling exclusion of NPM from the nucleolus following geno-
toxic stress. Thus, we monitored the subcellular localization of
NPM in primary mouse embryonic fibroblasts (MEFs) derived
from SIRT7 wild-type (WT) and knockout (KO) mice upon
exposure to ultraviolet C (UVC) irradiation (Fig. 14). Interest-
ingly, NPM was retained in the nucleoli of UV-treated SIRT7
KO cells but relocalized to the nucleoplasm in WT cells, sug-
gesting that SIRT?7 is critical for this particular aspect of the
cellular stress response (Fig. 14 and SI Appendix, Fig. S14).
Similar results were obtained in human U20S cell lines stably
expressing a short hairpin RNA (shRNA) targeting SIRT7
(knockdown; KD), indicating that the role of SIRT7 in con-
trolling subcellular distribution of NPM is conserved between
species (Fig. 1B). To investigate whether SIRT7 does also pro-
mote relocalization of NPM upon UV irradiation in vivo, we
analyzed the localization of NPM in skin cells of SIRT7 WT and
KO animals exposed to low-energy UV (UVA) irradiation. Im-
portantly, SIRT7 KO mice showed impaired relocalization of
NPM following UVA exposure as compared with WT littermates
(Fig. 1C). Next, we asked whether SIRT7-mediated redistribu-
tion of NPM is a specific result of UV irradiation or represents a
general response to DNA damage-inducing agents. Thus, we
exposed WT and SIRT7 KO MEFs to different concentrations of
doxorubicin, a well-established antitumor drug triggering release
of NPM from nucleoli (25). We found that SIRT7 exerted dose-
dependent effects in response to doxorubicin: at low concen-
trations (0.2 pg/mL), SIRT7 KO cells failed to release NPM from
nucleoli, similar to the response to UV irradiation. However, at
high doxorubicin concentrations (2 pg/mL), NPM was equally
excluded from the nucleoli of WT and SIRT7 KO cells, sug-
gesting that other, SIRT7-independent mechanisms are activated
at high doxorubicin concentrations, which trigger exclusion of
NPM (SI Appendix, Fig. S1B). Finally, we applied another in-
ducer of genotoxic stress, actinomycin D (ActD), which inhibits
ribosome biogenesis and strongly promotes release of NPM from
the nucleoli (7, 26). ActD triggered NPM relocalization to a
similar extent in WT and SIRT7 KO cells, indicating that the
role of SIRT7 is context-dependent and only relevant for a dis-
tinct subset of stress-induced processes (Fig. 1D).

SIRT7 Promotes p53 Stabilization in Response to UV Irradiation. We
hypothesized that impairment of UV-induced release of NPM in
SIRT7-deficient cells might have an impact on stabilization of
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the tumor suppressor p53, which is a prominent target of NPM.
Western blot analysis revealed a strong reduction of p53 accu-
mulation under UVC irradiation in SIRT7 KO compared with
WT MEFs (Fig. 24). Likewise, U20S cells stably expressing two
different SIRT7-targeting shRNAs failed to stabilize p53 when
exposed to UVC, while control cells transfected with scrambled
shRNA accumulated p53 (Fig. 2B). Interestingly, SIRT7 protein
levels were diminished in control cells following UVC irradiation
compared with nonstressed cells (Fig. 2 4 and B).

Since UVC is a very potent stress inducer that might provoke
additional responses leading to degradation of SIRT7, we ex-
posed SIRT7 WT and KO MEFs to UVA irradiation. In contrast
to UVC, UVA exposure, which more closely mimics stress levels
commonly encountered by the skin in vivo, induced an increase
in SIRT7 protein levels (S Appendix, Fig. S24). Accumulation of
p53 was reduced in SIRT7-deficient cells after UVA irradiation,
although the effects were less pronounced compared with UVC
(81 Appendix, Fig. S24). To explore p53 accumulation and
SIRT7 expression in vivo, WT and SIRT7 KO mice were ex-
posed to low-energy, UVA irradiation. Notably, we also ob-
served impaired stabilization of p53 in the skin of SIRT7-
deficient mice (Fig. 2C), consistent with impaired exclusion of
NPM from nucleoli (Fig. 1C). Furthermore, SIRT7 protein lev-
els increased in the skin upon UVA irradiation in agreement
with the in vitro findings, further confirming the critical role of
SIRT7 in UV-induced cellular responses (Fig. 2C).

To explore the role of SIRT7 in p53 accumulation in response
to doxorubicin treatment, we used two different doxorubicin
concentrations as in the previous experiments. Administration of
low doxorubicin to SIRT7 KO MEFs and to SIRT7-deficient
U20S cells prevented p53 accumulation, providing additional
support for the critical role of SIRT7 in regulating p53 concen-
trations under genotoxic stress (SI Appendix, Fig. S2 B and C). In
contrast, high doxorubicin resulted in enhanced accumulation of
p53 when SIRT7 was depleted (Fig. 2B). The latter observation
is consistent with results from a previous study, where only high
doxorubicin concentrations were used (16). Interestingly, treat-
ment with ActD led to accumulation of p53 in both SIRT7 WT
and SIRT7 KO cells (SI Appendix, Fig. S2D), corroborating our
assumption that SIRT7 regulates p53 stabilization only under
distinct stress conditions.

To analyze whether the catalytic activity of SIRT7 is required
for p53 stabilization, we transfected U20S cells either with
empty vector, mouse yellow fluorescent protein (YFP)-tagged
wild-type SIRT7 (YFP-SIRT7 WT), or the YFP-tagged catalyt-
ically inactive mutant H188Y SIRT7 (YFP-SIRT7 HY). Cells
were either left untreated after transfection or exposed to UVC
and then subjected to Western blot analysis to determine p53
concentrations. Overexpression of SIRT7 WT but not the en-
zymatically inactive SIRT7 mutant significantly increased p53
levels upon UV irradiation, demonstrating that the catalytic ac-
tivity of SIRT7 is required to achieve p53 stabilization under
UVC stress (Fig. 2D).

SIRT7 Augments Association of NPM with HDM2 and Prevents p53
Ubiquitination under UV Irradiation. Stress-induced release of
NPM from nucleoli promotes p53 stabilization. After translo-
cation into the nucleoplasm, NPM associates with MDM?2/
HDM?2 and prevents MDM2/HDM2-mediated ubiquitination
and degradation of p53. Since we found that SIRT7 leads to p53
stabilization after UV irradiation, we wanted to know whether
SIRT7 enhances the association of NPM with HDM2. Com-
parison of the subcellular localization of NPM and HDM2 in
U20S cells exposed to UVC irradiation revealed that NPM re-
locates into the nucleoplasm where HDM?2 is present. Suppres-
sion of SIRT7 prevented the relocation of NPM into the
nucleoplasm after UV exposure (Fig. 34). Subsequent coim-
munoprecipitation analysis confirmed that NPM/HDM?2 binding
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Fig. 1. SIRT7 mediates release of NPM from nucleoli in response to genotoxic stress in vitro and in vivo. (A) Immunofluorescence (IF) staining for NPM of
SIRT7-deficient primary MEFs 12 h after UVC irradiation (80 J/m?; UV) or without treatment (CTR) (n = 4). (Scale bars, 20 pm.) (B) IF staining of stable SIRT7 KD
U20sS cells for NPM (green) and SIRT7 (red) 12 h after UVC irradiation (40 J/m?) or without treatment (n = 4). (Scale bars, 25 um.) (C) IF staining of skin sections
from age-matched WT and SIRT7 KO mice for NPM (red) and keratin (green), 12 h after exposure to 5,000 JIm? UVA irradiation (n = 4). (Scale bars, 5 um.) (D) IF
staining of NPM in SIRT7 KO primary MEFs after exposure to 8 nM actinomycin D for 6 h (n = 3). (Scale bars, 10 pm.) Nuclei in A, B, and D were counterstained
with DAPI. Scr., scrambled.
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SIRT7 stabilizes p53 following UV irradiation. (A) Western blot analysis of p53 destabilization in SIRT7 knockout MEFs in response to UVC irradiation.

Quantification of p53 and SIRT7 relative expression + SD is shown (Right) (n = 7). (B) Western blot analysis of p53 destabilization in U20S SIRT7 KD cell lines
12 h after UVC irradiation. Quantification of p53 and SIRT7 relative expression + SD is shown (Right) (n = 9). (C) Western blot analysis of attenuated p53
stabilization in the skin of SIRT7 KO mice 12 h after UVA irradiation. Quantification of p53 and SIRT7 expression is shown (Right) (n = 4). (D) Western blot
analysis of p53 levels 5 h after UVC irradiation in U20S cells transfected with YFP-SIRT7 WT and YFP-SIRT7 HY (catalytically inactive SIRT7). Quantification of
p53 relative levels + SD is shown (Right) (n = 6). Ras-related protein Ral-A (RALA) or actin was used as loading control. *P < 0.05, **P < 0.01, ***P < 0.001; NS,

not significant.
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Fig. 3. SIRT7 enhances association of NPM with HDM2 and prevents p53 ubiquitination under UV. (A) IF staining for NPM and HDM2 of SIRT7 KD and control
U20S cells 12 h after UVC irradiation. Nuclei were counterstained with DAPI (n = 3). (Scale bars, 25 pm.) (B) Coupled immunoprecipitation (IP) (HDM2 an-
tibody) and Western blot analysis (NPM antibody) of SIRT7 KD and control (scrambled) U20S cell lysates 3 h after UVC irradiation (n = 3). (C) Coupled IP
(p53-DO-1 antibody) and Western blot analysis (ubiquitin antibody) of SIRT7 KD and control (scrambled) U20S cell lysates 2 h after UVC irradiation followed
by a 5-h incubation with 10 uM MG-132 (n = 3). The membrane was reprobed with anti-p53 antibody to ensure equal IP of p53 (Top). (D) Western blot analysis
of p53 levels in WT and SIRT7 KO MEFs 12 h after UVC irradiation, followed by a 5-h treatment with 10 pM MG-132. RALA was used as loading control.
Quantification of p53 relative levels + SD is given (Bottom) (n = 3). (E) Western blot analysis of p53 levels in control (scrambled) and SIRT7 KD U20S cell lysates
12 h after UVC irradiation followed by treatment with cycloheximide (CHX; 50 pg/mL). Quantification of p53 relative levels + SEM is given (Bottom) (n = 3;
two-way ANOVA). (F) Western blot analysis of p53, SIRTZ, and NPM levels in NPM KD and control (scrambled) U20S cells transfected with Flag-SIRT7 5 h after
UVC irradiation. GAPDH was used as a loading control. Quantification of p53 relative levels + SD is given (Bottom) (n = 3). *P < 0.05.
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is strongly increased in control cells upon UVC exposure but
virtually abolished in SIRT7 KD cells (Fig. 3B). Since NPM in-
hibits HDM2-mediated ubiquitination of p53, we determined the
level of p53 ubiquitination in SIRT7-deficient cells exposed to
UVC irradiation. Endogenous p53 was immunoprecipitated and
the degree of ubiquitination was measured by Western blot
analysis using an anti-pan-ubiquitin antibody. SIRT7-deficient
cells showed increased p53 ubiquitination under unstressed
conditions and maintained higher ubiquitination levels after UV
exposition, while p53 ubiquitination remained low in control
cells transfected with scrambled shRNA (Fig. 3C). Importantly,
inhibition of proteasomal activity in SIRT7 KO and WT cells by
MG132 after UVC irradiation restored p53 levels in SIRT7-
deficient cells to levels comparable to WT cells (Fig. 3D), fur-
ther corroborating the critical role of SIRT7 in regulating
ubiquitin-dependent proteasomal degradation of p53.

To exclude the possibility that SIRT7 regulates transcription
of the p53 gene and thereby alters p53 protein levels, we deter-
mined p53 mRNA expression in SIRT7 KO and WT MEFs. No
significant changes were observed by qRT-PCR analysis, indi-
cating that SIRT7 regulates p53 posttranslationally (SI Appendi,
Fig. S34). Similar results were obtained in stable U20S cells
expressing scrambled or SIRT7-targeting shRNA (S Appendix,
Fig. S3B). In addition, we investigated the levels of p53 protein
in UVC-irradiated scrambled and SIRT7 KD cells after treat-
ment with the translation inhibitor cycloheximide. Cells lacking
SIRT7 showed lower stability of p53 protein in response to UV
irradiation compared with control cells (Fig. 3E). Taken to-
gether, the data indicate that the absence of p53 accumulation in
SIRT7-deficient cells is primarily caused by increased ubiquiti-
nation of p53 and subsequent proteasomal degradation.

To unequivocally demonstrate that SIRT7-dependent associ-
ation of NPM with HDM2 is responsible for efficient stabiliza-
tion of p53 under UV stress, we suppressed expression of NPM.
Western blot analysis of p53 revealed that overexpression of
SIRT?7 in NPM KD but not control U20S cells failed to increase
p53 levels, indicating that NPM is required for SIRT7-mediated
stabilization of p53 following UV irradiation (Fig. 3F).

ATR-Mediated Phosphorylation of SIRT7 Increases Its Catalytic
Activity under UV Stress and Is Responsible for Enhanced NPM
Deacetylation. To gain more insights into the molecular mecha-
nism governing SIRT7-mediated exclusion of NPM from nucle-
oli leading to p53 stabilization upon UV irradiation, we searched
for SIRT7 interaction partners. Coupled immunoprecipitation
and mass spectrometry analysis indicated that SIRT7 interacts
with NPM (SI Appendix, Fig. S44), which was further confirmed
by coimmunoprecipitation and colocalization experiments dem-
onstrating that SIRT7 and NPM form a molecular complex in
nucleoli (SI Appendix, Fig. S4 B and C). Interestingly, UVC ir-
radiation resulted in more efficient association of SIRT7 with
NPM compared with unstressed conditions (SI Appendix, Fig.
S4D). Moreover, we found that NPM serves as a deacetylation
substrate for SIRT7 and that UVC exposure of cells increased
the deacetylation activity of SIRT7. UV irradiation led to strong
reduction of NPM acetylation whereas SIRT7 KO cells main-
tained a high level of acetylated NPM both under normal con-
ditions and after UV exposure (Fig. 44).

To validate these findings, we performed in vitro deacetylation
assays using purified human Flag-tagged SIRT7 WT, the SIRT7-
inactivating mutation SIRT7-H187Y, and NPM. SIRT7-Flag
proteins were isolated from 293T HEK cells kept under nor-
mal conditions and after UVC irradiation, while NPM-Flag was
isolated from the same cells without stress exposure. Only SIRT7
WT isolated from UV-irradiated cells efficiently deacetylated
NPM in vitro (Fig. 4B). Neither SIRT7 WT from unstressed cells
nor SIRT7 mutant proteins showed any noteworthy deacetyla-
tion activity on NPM (Fig. 4B). To identify lysine residues of
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NPM that are specifically deacetylated by SIRT7 in response to UV
exposure, we transfected 293T HEK cells with empty vector and
with WT and HY mutant SIRT7, which were either exposed to UV
irradiation or left untreated. Measurement of immunoprecipitated
NPM by mass spectrometry revealed that SIRT7 WT specifically
deacetylated NPM at two lysine residues, lysines 27 (Lys-27) and 54
(Lys-54), after UV irradiation, while the catalytically inactive mu-
tant did not alter acetylation at these residues (Fig. 4C). We also
identified several other acetylated lysines, which, however, did not
depend on SIRT7 (SI Appendix, Fig. SAE).

To analyze whether the increased enzymatic activity of SIRT7
after UV irradiation is restricted to Lys-27 and Lys-54 of NPM,
we employed H3K18Ac as a different substrate (27). We found
that without UV irradiation, overexpression of SIRT7 in U20S
cells only slightly affected acetylation of H3K18. In contrast,
SIRT7 overexpression in UV-irradiated cells dramatically re-
duced H3K18Ac levels compared with cells expressing an empty
vector, indicating that UV-induced cellular stress globally in-
creases the enzymatic activity of SIRT7 (Fig. 4D). Increased
SIRT7-dependent H3K18 deacetylation under UV was observed
also in a similar experiment using 293T HEK cells (S Appendix,
Fig. S54). In marked contrast, ActD failed to enhance SIRT?7
catalytic activity, indicating that SIRT7 activation is not caused
by inhibition of ribosome biogenesis (SI Appendix, Fig. S54).

Ataxia telangiectasia mutated (ATM) and ATM and ATR
kinases are key mediators of the DNA damage response and
control cellular reactions following exposure to genotoxic stress
(28, 29). We wondered whether these kinases might be required
for SIRT7 activation and analyzed the capacity of SIRT7 to
deacetylate H3K18 after UVC irradiation in the presence of
ATM- and ATR-specific inhibitors. Notably, inhibition of ATR but
not of ATM significantly impaired SIRT7 activation (Fig. 4E).
Conversely, ATR overexpression enhanced SIRT7 activity under
UV (SI Appendix, Fig. S5B). Further experiments demonstrated
that ATR and SIRT7 efficiently coimmunoprecipitate after UVC
irradiation (Fig. 4F) and that the ATR inhibitor abolishes UV-
induced SIRT?7 phosphorylation (Fig. 4G), supporting the impor-
tance of ATR-dependent SIRT7 phosphorylation in response to
UV irradiation. Mass spectrometry analysis revealed that ATR
phosphorylates human SIRT?7 at serines 134 and 136 (SI Appendix,
Fig. S5 C-E). In the mouse, serine 136 corresponds to Ser-137,
while mouse Ser-134 is replaced by a proline at position 135 (S
Appendix, Fig. SSF). To validate the functional relevance of ATR-
mediated phosphorylation, we replaced Ser-137 in mouse SIRT7 by
aspartic acid, which mimics phosphorylation at this residue. Strik-
ingly, the SIRT7 S137D mutant increased deacetylation of the
prototypical SIRT7 target H3K36Ac (30), providing compelling
evidence that ATR-mediated phosphorylation activates SIRT7 (S
Appendix, Fig. S5G).

SIRT7-Dependent Deacetylation of NPM Promotes p53 Stabilization.
In order to test whether deacetylation of NPM at lysines 27 and
54 is crucial for NPM exclusion from nucleoli, we replaced Lys-
27 and Lys-54 in mouse NPM-EGFP (enhanced green fluores-
cent protein) by arginines to mimic deacetylation at these resi-
dues (K2R) and transfected the corresponding construct into
human U20S cells, in which endogenous NPM expression was
suppressed by shRNA-mediated KD. Immunofluorescence
revealed reduced nucleolar localization of the K2R NPM
deacetylation mimetic mutant and a shift toward the nucleoplasm
compared with WT NPM-EGFP (Fig. 54). Importantly, inhibition
of ATR impaired NPM translocation under UVC irradiation,
providing additional proof for the role of ATR in SIRT7 activation
and NPM deacetylation (SI Appendix, Fig. S6A).
Coimmunoprecipitation of WT or K2R NPM with HDM2 in
293T HEK cells revealed that K2R NPM but not WT NPM ef-
ficiently coprecipitated with endogenous HDM2 (Fig. 5B). The
strong association of the NPM K2R mutant with HDM2
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Fig. 4. UV irradiation stimulates the enzymatic activity of SIRT7 required for efficient deacetylation of NPM. (4) Coupled IP (anti-NPM antibody) and Western
blot analysis (anti-acetyllysine antibody) of SIRT7 WT and KO MEFs 5 h after UVC irradiation in the presence of trichostatin A (n = 3). Equal IP of NPM was
verified by Western blotting. Quantification of acetylated NPM normalized to immunoprecipitated NPM protein + SD (Bottom) (n = 4). (B) In vitro deace-
tylation assay using precipitated Flag-SIRT7 wild type (Flag-SIRT7 WT), SIRT7 catalytically inactive mutant (Flag-SIRT7 HY), and Flag-NPM after overexpression
in 293T HEK cells followed by UVC exposure. NPM deacetylation was determined using an anti-acetyllysine antibody (Ac-Lys). Quantification of relative NPM
acetylation is shown (Bottom) (n = 3). (C) Relative acetylation levels + SD of NPM at lysine 27 (Top) and lysine 54 (Bottom) as determined by mass spectrometry
of immunoprecipitated NPM using 293T HEK cells transfected with an empty vector, Flag-SIRT7 WT, and Flag-SIRT7 HY 5 h after UVC irradiation (n = 4). (D)
Western blot analysis of H3K18Ac in U20S cells transfected with an empty vector or with Flag-SIRT7 WT 5 h after exposure to UVC. Quantification (Bottom)
(n = 3). (E) Western blot analysis of H3K18Ac in 293T HEK cells transfected with an empty vector or with Flag-tagged wild-type SIRT7 (Flag-SIRT7) after
exposure to UVC. Cells were pretreated with vehicle, ATR inhibitor (ATRi; 4 pM), and ATM inhibitor (ATMi; 10 uM) prior to exposure to 40 J/m? UVC, cultivated
for 5 h with inhibitors, and analyzed by Western blot. Inhibition of ATR and ATM was assessed by determining phosphorylation levels (p) of CHK1 and CHK2.
Quantification of H3K18Ac level normalized to total histone 3 (H3) is shown (Bottom) (n = 3). (F) Coupled IP (anti-Flag antibody) and Western blot analysis
(anti-Flag and anti-GFP antibodies) of 293T HEK cells transfected with GFP-SIRT7 and Flag-ATR 5 h after UVC irradiation (n = 3). (G) Coupled IP (anti-Flag M2
affinity beads) and Western blot analysis (anti-phosphorylated serine and anti-Flag antibodies) of 293T HEK cells treated with vehicle or ATRi 5 h after UVC
irradiation (n = 3). *P < 0.05, **P < 0.01.
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SIRT7-mediated deacetylation of NPM at lysines 27 and 54 promotes p53 stabilization by inhibiting HDM2. (A) IF staining of NPM KD U20S cells

transfected with WT EGFP-NPM and K2R EGFP-NPM using an anti-EGFP antibody. Cell nuclei were counterstained with DAPI (n = 3). (Scale bars, 10 pm.) (B)
Coupled IP (anti-Flag M2 affinity beads) and Western blot analysis (antibody against endogenous HDM2) of 293T HEK cells transfected with empty vector,
Flag-NPM WT, and Flag-NPM K2R mutant. Inputs are shown (Bottom) (n = 3). (C) Coupled IP (p53-DO-1 antibody) and Western blot analysis (antibody against
Myc-HDM?2) of 293T HEK cells transfected with Myc-HDM2, Flag-tagged WT, and K2R NPM followed by a 5-h treatment with MG-132. p53 concentrations
were assessed using an anti-p53 antibody. Inputs are shown (Bottom) (n = 3). (D) Coupled IP (p53-DO-1 antibody) and Western blot analysis (anti-ubiquitin
antibody) of U20S cells transfected with empty vector, Flag-tagged WT and K2R NPM followed by a 5-h treatment with 10 pM MG-132. Inputs are shown
(Bottom) (n = 3). (E) Western blot analysis of p53 levels in U20S cells transfected with empty vector, Myc-tagged HDM2, Flag-tagged WT, and K2R NPM.
GAPDH was used as a loading control. The graph represents the average of relative p53 levels + SD (n = 4). (F) Western blot analysis of p53 in scrambled and
SIRT7 KD cells transfected with EGFP-tagged WT and K2R NPM following UVC irradiation 48 h posttransfection and harvested 5 h after irradiation (n = 4). *P <

0.05, **P < 0.01.
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suggested that NPM deacetylation is required for preventing
binding of HDM2 to p53. To prove this assumption, we trans-
fected Flag-tagged WT and K2R NPM mutant constructs to-
gether with Myc-tagged HDM2 in 293T HEK cells and
immunoprecipitated endogenous p53 protein. Importantly, K2R
NPM but not WT NPM efficiently reduced the interaction be-
tween HDM2 and p53 (Fig. 5C). Furthermore, we observed that
K2R NPM but not WT NPM strongly inhibited p53 ubiquitina-
tion (Fig. 5D). In addition, we monitored the levels of pS3 in
U20S cells by Western blotting after transfection of Myc-tagged
HDM2 alone or in combination with WT and K2R NPM. As
expected, the K2R NPM deacetylation mimetic mutant inhibited
HDM2-induced degradation of p53 while WT NPM exerted al-
most no effects under these conditions (Fig. 5E). To further
confirm the role of SIRT7-mediated deacetylation of NPM in
p53 stabilization, we analyzed the levels of p53 protein expres-
sion in SIRT7 KD cells exposed to UVC irradiation in the
presence of WT or K2R mutant NPM overexpression. We found
that K2R but not WT NPM prevented the decline of p53 in
SIRT7 KD cells (Fig. 5F). Finally, inhibition of ATR impaired
p53 stabilization following UVC irradiation in primary WT
MEFs while only minor effects were observed in SIRT7-deficient
cells (SI Appendix, Fig. S6B).

SIRT7-Mediated Deacetylation of NPM Enhances p53-Dependent
Transcriptional Responses. Since SIRT7-mediated deacetylation
of NPM promotes p53 stabilization, we next asked whether the
deacetylated NPM has an impact on p53-dependent transcrip-
tional responses. Transfection of a luciferase reporter construct
containing p53 binding sites in U20S cells together with p53
alone or in combination with WT and K2R mutant NPM
revealed that K2R NPM dramatically stimulated p53 transcrip-
tional responses while WT NPM failed to do so (Fig. 64).
Consistent with attenuated stabilization of p53 in the absence
of SIRT7, we observed a reduced stimulation of the p53 reporter
in UVC-irradiated SIRT7-deficient cells (Fig. 6B). However, the
transcriptional activity of p53 was higher in SIRT7-deficient than
in control cells when no UV stress was applied (Fig. 6B).
Moreover, unstressed SIRT7-deficient cells showed a reduced
proliferation rate, which was reverted by inhibition of p53 (S7
Appendix, Fig. S7), indicating that increased p53 activity in
SIRT7-deficient cells is responsible for the slower proliferation
rate. The different levels of p53 activity in nonstressed and
stressed SIRT7-deficient cells suggest that SIRT7 controls p53
activity by different means under baseline versus stress condi-
tions. The differential expression of the p53 targets P21, EI24,
and DDB?2 supports this assumption: Expression of p53 target
genes was higher in SIRT7 KD cells without stress but lower
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Fig. 6. SIRT7-mediated deacetylation of NPM stimulates p53 transcriptional activity. (A) p53-dependent luciferase activity in U20S cells transfected with p53,
WT, and K2R NPM (n = 6). (B) Luciferase assay for p53 activity in scrambled and SIRT7 KD stable U20S cells 5 h after exposure to 10 J/m? UVC (n = 6). (C) qRT-

PCR analysis of mRNA expression of p53 target genes (P21Waf1, EI24, and DDB2) in control (scrambled) and SIRT7 KD U20S cells 5 h after UVCirradiation (10 J/

m?). p-Actin was used as a loading control. Quantification of average mRNA levels relative to p-actin + SD is shown in the histograms (n = 6). (D) EdU
(5-ethynyl-2’-deoxyuridine) staining of scrambled and SIRT7 KD cells either left untreated or following exposure to UVC irradiation (10 J/m?, 5 h). Cell nuclei

were counterstained with DAPI. (Scale bars, 20 pm.) The percentage of EdU-positive cells is shown in the histograms. A minimum of 100 cells was analyzed for

each experiment (n = 3). (E) Scheme depicting the putative mechanisms of NPM regulation by SIRT7 following UV-induced genotoxic stress. *P < 0.05, **P <

0.01, ***P < 0.001, ****P < 0.0001.
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under UV irradiation (Fig. 6C). Accordingly, SIRT7-deficient cells
were unable to inhibit cell-cycle progression under UV irradiation
(Fig. 6D).

The data conclusively demonstrate that UV irradiation en-
hances SIRT7 activity through ATR-mediated SIRT7 phos-
phorylation, which results in deacetylation of NPM at Lys-27 and
Lys-54, leading to release of NPM from nucleoli and association
with HDM2. The enhanced binding of NPM to HDM2 prevents
HDM2-mediated proteasomal degradation of p53, causing in-
creased activation of the p53 transcriptional program (Fig. 6F).

Discussion

The discovery of the critical role of the nucleolus in cellular
protection against stress has attracted much attention in the last
decade. The release of NPM from the nucleolus represents a
crucial event that leads to stabilization of the tumor suppressor
p53 (11). So far, the molecular mechanisms governing this pro-
cess have not been fully characterized (10-12). Here, we demon-
strate that the enzymatic activity of the histone/protein deacetylase
SIRT7 increases in response to UV irradiation due to phosphory-
lation at serines 134 and 136 by ATR. Activated SIRT7 deacetylates
NPM, which leaves nucleoli and associates with HDM2, thereby
disrupting the HDM2-p53 interaction and stabilizing p53. Loss of
SIRT?7 prevents p53 stabilization both in vitro and in vivo.

Notably, overexpression of K2R NPM in SIRT7-deficient cells
was sufficient to restore stabilization of p53 to normal levels,
confirming the decisive role of deacetylated NPM for p53 sta-
bilization under UV stress. It is interesting to note that deace-
tylation of NPM was not as efficient as UV irradiation to expel
NPM K2R from the nucleolus, suggesting that other factors such
as dephosphorylation and S-glutathionylation of NPM contribute
to NPM translocation (11, 31). Our data uncovered a critical role
of ATR in phosphorylating and thus enhancing SIRT7 activity in
response to stress. In addition, inhibition of ATR suppresses p53
stabilization in SIRT7-deficient cells, at least to some extent,
indicating a SIRT7-independent action of ATR. It seems rea-
sonable to assume that ATR regulates the UV response within
the SIRT7-NPM-p53 axis at several levels. Besides the activa-
tion of SIRT7, ATR may promote NPM exclusion from nucleoli
by direct phosphorylation (32) and, finally, phosphorylation of
p53 by ATR contributes to p53 stabilization as well (33).

In contrast to SIRT7, SIRT1 inhibits exclusion of NPM from
nucleoli through a mechanism requiring interaction with NPM
but not NPM deacetylation (34). We previously demonstrated
that SIRT7 and SIRT1 associate in the nucleolus to stabilize
rDNA heterochromatin (22). The interplay between SIRT1 and
SIRT7 might constitute an additional regulatory level to control
subcellular localization of NPM following genotoxic stress, al-
though further work is needed to assess the exact role of this
interaction in this pathway. Finally, SIRT6 deacetylates NPM
too, although the functional role of this deacetylation remains
unexplored, especially in the context of cellular stress responses
(24). Taken together, the available data suggest an interplay of
nuclear sirtuins, constituting a highly complex molecular network
that fine-tunes redistribution of NPM outside the nucleolus fol-
lowing specific stress stimuli, thereby controlling p53 stabilization.

Our work uncovered that the ATR/SIRT7/NPM/MDM?2 path-
way only plays a major role for some but not all stress responses.
The ATR/SIRT7/NPM/MDM2 pathway clearly reinforces p53 sta-
bilization under low and high UV intensities as well as under low
doses of doxorubicin. In contrast, high doses of doxorubicin or
ActD treatment, which inhibit ribosome biogenesis, do not seem to
involve the ATR/SIRT7/NPM/MDM?2 pathway. Instead, SIRT7
directly suppresses the function of p53 under high concentrations of
doxorubicin as described previously (16). Other mechanisms might
be employed as well, depending on the stressor and the cell type.
For example, SIRT?7 inhibits expression of pS3 in neurons exposed
to ischemia/reperfusion injury and cardiomyocytes subjected to
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hypoxia/reoxygenation injury but has no effect on p53 levels in cell
lines derived from hepatocellular carcinomas (35-37). During the
preparation of this manuscript, Lu and collaborators demonstrated
that SIRT7 promotes accumulation of p53 by destabilizing MDM?2
in response to glucose starvation (38). In contrast to these findings,
we did not observe significant changes in MDM2/HDM?2 expression
in SIRT7-deficient cells exposed to UV. Notwithstanding, both
studies agree that SIRT?7 is a potent inhibitor of MDM?2 either by
promoting degradation of MDM2 or by preventing its association
with p53 through deacetylation of NPM. SIRT7 might employ both
mechanisms either separately or in a synergistic manner to boost
activation of p53, according to cellular needs.

Our study highlights the indirect regulation of p53 by SIRT?7,
but we did not ignore that SIRT7 is able to directly deacetylate
p53 for suppression of apoptosis in response to stress (36, 37,
39). However, at present, it is not clear how this interaction in-
fluences the function of p53 under UVC. UVC evokes a rather
unique type of p53 response that is still not well-characterized.
Instead of promoting apoptosis, p53 exerts prosurvival functions
under UVC, probably by favoring DNA repair (40). The po-
tential role of direct SIRT7-mediated deacetylation of p53 under
UV warrants further research.

Our data clearly demonstrate that SIRT7-mediated deacety-
lation of NPM and subsequent stabilization of p53 is a pivotal
response to UV-induced genotoxic stress both in vitro and in vivo
in the skin. Exposure to solar UV irradiation is the major cause
of skin cancer and p53 plays a crucial role in this tumor entity.
Inactivation of p53 enhances the incidence of spontaneous and
UV-induced skin tumors in murine models and inactivating
mutations of the p53 gene are often found in human skin cancers
(41). Hence, it is reasonable to assume that SIRT7 acts as a tumor
suppressor in UV-induced skin cancer through stabilization of p53.

Stabilization of p53 and thereby activation of apoptosis is
exploited by numerous antitumor drugs (8). On the other hand,
stabilization of p53 in tumors harboring oncogenic mutations in
the p53 gene might be detrimental (42). Thus, pharmacological
approaches are under development to destabilize mutant p53
(42). Therapeutic manipulation of the SIRT7-NPM-HDM?2-p53
axis in cancer cells might help to achieve this goal. For example,
pharmacological inhibition of SIRT7 in tumors harboring mutant
p53 will promote p53 destabilization while activation of SIRT7 in
tumors expressing WT p53 will lead to its stabilization, in particular
when combined with drugs inducing cellular stress responses.

Materials and Methods

Mice and UV Irradiation of the Skin. Generation of C57BL/6 SIRT7 ™'~ mice was
described previously (39). UV irradiation of the skin was performed as de-
scribed in SI Appendix.

Isolation of Primary Mouse Embryonic Fibroblasts, Cell Culture, and Treatments.
Primary MEFs were isolated from WT and SIRT7'~ embryos as described previ-
ously (22). Primary MEFs and U20S and 293T HEK cells were cultivated and
treated as described in S/ Appendix.

Generation of Stable KD Cell Lines by Lentivirus-Driven shRNA. Stable SIRT7
and NPM KD cells were generated as described previously (22). All shRNA
sequences are listed in S/ Appendix, Table S1.

Plasmids and Cloning. All plasmids and cloning details are described in
SI Appendix.

Western Blot, Inmunoprecipitation, In Vitro Deacetylation Assay, and Mass
Spectrometry Analysis. Western blot analysis was performed as described
(22) using antibodies listed in S/ Appendix, Table S2. Immunoprecipitation
experiments were performed using specific antibodies (S/ Appendix, Table
S2) or anti-Flag M2 affinity beads (Sigma-Aldrich) as described (22, 43). To
minimize detection of immunoglobulin, TrueBlot horseradish peroxidase-
conjugated secondary antibodies (Rockland) were used. For detection of
ubiquitinated p53, cell lysates were immunoprecipitated with p53 Do-1 an-
tibody, resolved by gel electrophoresis, and transferred onto polyvinylidene
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fluoride membranes (Thermo Fisher). Membranes were boiled in double-
distilled water for 30 min and blocked for an additional 30 min in 0.5%
(weight/volume [vol]) porcine skin gelatin (Sigma-Aldrich)/0.05% (vol/vol)
Tween-20 prior to incubation with an anti-ubiquitin antibody. In vitro
deacetylation assay and mass spectrometry analysis for the identification of
NPM acetylated lysines were performed as described in S/ Appendix.

RNA Extraction and Quantitative Reverse-Transcription PCR. RNA extraction
and qRT-PCR were performed as described (43). Primer sequences are given
in SI Appendix, Table S3.

Immunofluorescence Analysis. Immunofluorescence analysis was performed as
described (43) using the antibodies listed in S/ Appendix, Table S4.

Luciferase Assay. p53 transcriptional activity was measured using a dual-
luciferase assay as described in S/ Appendix.
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