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NAT10 regulates p53 activation through acetylating
p53 at K120 and ubiquitinating Mdm2
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Abstract

As a genome guardian, p53 maintains genome stability by arresting
cells for damage repair or inducing cell apoptosis to eliminate the
damaged cells in stress response. Several nucleolar proteins stabi-
lize p53 by interfering Mdm2–p53 interaction upon cellular stress,
while other mechanisms by which nucleolar proteins activate p53
remain to be determined. Here, we identify NAT10 as a novel regu-
lator for p53 activation. NAT10 acetylates p53 at K120 and stabi-
lizes p53 by counteracting Mdm2 action. In addition, NAT10
promotes Mdm2 degradation with its intrinsic E3 ligase activity.
After DNA damage, NAT10 translocates to nucleoplasm and acti-
vates p53-mediated cell cycle control and apoptosis. Finally, NAT10
inhibits cell proliferation and expression of NAT10 decreases in
human colorectal carcinomas. Thus, our data demonstrate that
NAT10 plays a critical role in p53 activation via acetylating p53 and
counteracting Mdm2 action, providing a novel pathway by which
nucleolar protein activates p53 as a cellular stress sensor.
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Introduction

Tumor suppressor p53 is pivotal to cell fate determination under

genotoxic stress and is mutated in over 50% of human cancers [1,2].

As a transcriptional factor, p53 regulates expression of diverse sets

of genes corresponding to different stimuli, functioning in cell cycle

arrest, DNA repair, apoptosis, and senescence [3,4]. p53 protein

exists at low levels with high turnover rate under normal conditions

but becomes rapidly stabilized and activated under stress. p53

dynamics is mainly modulated by posttranslational modifications,

such as ubiquitination, acetylation, and phosphorylation [5].

Mdm2 is a ubiquitin ligase which functions as an essential inhi-

bitor of p53 [6–8]. Mdm2 binds to and antagonizes p53 by either

targeting p53 for degradation or repressing p53 transcriptional activ-

ity, which is beneficial for cell proliferation in normal cells [9,10].

Mdm2 gene is amplified in at least 7% of all human cancers without

concomitant p53 mutation, and these amplifications disrupt p53-

mediated tumor suppression pathway and facilitate tumorigenesis

[11–13]. Inhibition or degradation of Mdm2 mediated by multiple

proteins is a crucial step and an important mechanism for p53 acti-

vation [14]. In addition to its role as the workshop for ribosomal

biogenesis, the nucleolus also acts as a cellular stress sensor to acti-

vate p53 [15]. Nucleolar protein ARF binds to and promotes degra-

dation of Mdm2, leading to p53 stabilization and activation in

response to oncogenic stress [16,17]. Ribosomal proteins (RPs),

particularly L5, L11, and L23, have also been shown to interfere

with Mdm2–p53 interaction and activate p53 upon ribosomal stress

[18–20]. Nevertheless, the signaling through ARF/RP pathway is

dispensable for DNA damage response [21,22]. Other mechanisms

by which nucleolar proteins contribute to p53 activation in DNA

damage response remain to be determined.

Histone acetyltransferases (HATs) have been shown to activate

p53 through acetylating p53. For example, CBP/p300 enhances p53-

dependent transcription by directly acetylating the lysine residues in

the C-terminus of p53 [23]. Acetylation of p53 is reversible with

deacetylases such as HDAC1 and SIRT1, suggesting that the transi-

tion between acetylation and deacetylation is crucial for p53 activity

[24,25]. C-terminal acetylation of p53 is important for its sequence-

specific DNA binding activity and for activation of expression of p53

target genes [26]. However, the C-terminal acetylation-deficient p53-

6KR knock-in mice showed that p53 acetylation at its C-terminus is

not as essential as originally anticipated although it regulates multi-

ple aspects of p53 function [27]. Ensuing studies demonstrated that

p53 acetylation at lysine 120 (K120) within the DNA binding

domain is required for p53-mediated apoptosis and K120 is acety-

lated by MYST family acetyltransferases including Tip60, hMOF,

and MOZ [28–30]. More importantly, K120 is a common p53 muta-

tion site in human cancer and loss of this acetylation site completely

abrogates p53-mediated apoptosis of thymocytes in mice [31].
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N-acetyltransferase 10, NAT10 (also known as hALP), is a

member of GNAT family of HATs. Truncated recombinant NAT10

(amino acids 164–834) shows the ability to acetylate calf thymus

histones in vitro [32]. Previous study found that NAT10 is a nucleo-

lar protein, promoting RNA polymerase I transcription [33]. It was

recently demonstrated that Remodelin, a NAT10 inhibitor, amelio-

rates laminopathies by correcting nuclear architecture and reducing

senescence [34]. Additionally, NAT10 is highly expressed in some

tumors [35]. Although related to senescence and cancer, the roles

and targets of NAT10 in tumorigenesis remain unknown.

In search for NAT10 targets, we purified the NAT10-binding

proteins from U2OS cells and identified p53 as a novel NAT10-

binding protein by mass spectrometry. NAT10 acetylates p53 at

K120 and stabilizes p53 by counteracting Mdm2 action. Conse-

quently, NAT10 activates p53 in response to DNA damage. Our

findings demonstrated that NAT10 is a critical regulator for p53

homeostasis.

Results

NAT10 interacts with p53 and Mdm2

To identify the novel targets of NAT10, we purified a NAT10-

contained complex from U2OS cells (Fig 1A). Among the various

NAT10 interacting proteins identified by mass spectrometry, p53

was of particular interest due to its pivotal role in tumor suppres-

sion. We performed coimmunoprecipitation experiments using the

NAT10-specific antibody to verify that NAT10 interacts with p53. As

shown in Fig 1B, p53 existed in the NAT10-specific immunoprecipitates

from U2OS cell extracts, but was absent in the control IgG immuno-

precipitates. By serendipity, we found that Mdm2 was also present

in the NAT10-specific immunoprecipitates (Fig 1B). Reciprocal

immunoprecipitation with anti-p53 and anti-Mdm2 antibodies also

pulled down NAT10 in U2OS cells and HCT116 p53+/+ cells (Fig 1C

and D). To examine whether the interaction between NAT10 and

Mdm2 depends on p53, coimmunoprecipitation assays were

conducted in HCT116 p53�/� cells. As shown in Fig 1E and F,

Mdm2 and NAT10 coimmunoprecipitated with each other. These

results suggested that NAT10 interacts with p53 and Mdm2 in cells.

In order to determine whether the interactions are direct, we gener-

ated purified GST-p53 and GST-Mdm2 from bacteria, and Flag-

NAT10 from Sf9 insect cells. Purified Flag-NAT10 was able to inter-

act with GST-p53 and GST-Mdm2 under cell-free conditions,

suggesting that NAT10 interacts directly with p53 and Mdm2

(Fig 1G). Furthermore, Flag-NAT10 binds to both DNA binding

domain and C-terminal domain of GST-p53 in vitro (Fig 1H).

Mapping the region of NAT10 required for p53 and Mdm2 binding

revealed that both the N-terminus and the C-terminus of NAT10

interact with p53, while N-terminus is critical for the interaction

between NAT10 and Mdm2 (Fig 1I). Taken together, these data

demonstrated that NAT10 interacts with p53 and Mdm2 both in

cells and in vitro.

NAT10 acetylates p53 at K120

Previous studies indicated that p53 acetylation is indispensable for

its activation [36]. As NAT10 has been shown to acetylate

histones with its acetyltransferase activity [32], we hypothesized

that NAT10 could acetylate p53. To test this possibility, we

performed in vitro acetylation assay using highly purified Flag-

NAT10 and His-p53. As shown in Fig 2A, p53 was acetylated only

in the presence of both acetyl-CoA and NAT10. In the midst of

GNAT motif of NAT10, there lies a conserved Arg/Gln-X-X-Gly-X-

Gly/Ala segment (X denotes variation), Q-G-M-G-Y-G, which is the

acetyl-CoA binding site common for acetyltransferases. It has been

shown that one or more mutations of these three conserved resi-

dues dramatically impair acetyltransferase activity of human

N-acetyltransferases [37]. To further investigate the HAT activity

of NAT10, we generated NAT10 GE mutant by mutating conserved

glycine residue 641 to glutamate (G641E) (Fig EV1A). Purified

NAT10 GE mutant dramatically lowered its ability to acetylate p53

(Fig 2B). As different acetylation sites of p53 distinctly function in

regulating its activity [31,36], we used mass spectrometric analysis

to identify the acetylation sites induced by NAT10. As shown in

Fig 2C, lysine 120 (K120) of p53 was acetylated by NAT10. To

further confirm this result, we used anti-Ac-p53-K120 antibody

which specifically detects K120 acetylation of p53 to evaluate

NAT10-mediated p53 acetylation. As shown in Fig 2D, wild-type

NAT10 rather than the NAT10 GE mutant acetylated p53 at K120

and mutation of K120 (K120R) specifically abrogated NAT10-

mediated acetylation of p53 in vitro. Acetylation of p53 at K120

catalyzed by NAT10 was also determined in cells. High levels of

K120-acetylated p53 were detected in the cells cotransfected with

NAT10 and wild-type p53, but not the p53K120R mutant (Fig 2E).

hMOF, another HAT which has been shown to acetylate p53 at

K120 in previous study, also increased K120-acetylated p53

(Fig 2E) [29]. In addition, expression of wild-type NAT10 still

strongly increased K120-acetylated p53 in cells when hMOF was

silenced by small interfering RNA (siRNA), while the NAT10 GE

mutant lost this ability (Fig EV1B). These results demonstrated

that NAT10 is a novel acetyltransferase for p53.

▸Figure 1. NAT10 interacts with p53 and Mdm2.

A U2OS cells were transfected with Flag-NAT10 or control vectors. Forty-eight hours later, cells were harvested and whole-cell extracts were immunoprecipitated
with Flag antibody affinity resin. The NAT10-binding proteins were resolved by SDS–PAGE and detected by silver staining.

B–F U2OS, HCT116 p53+/+, or HCT116 p53�/� cell lysates were immunoprecipitated with control IgG, anti-NAT10 (B and F), anti-p53 (C), and anti-Mdm2 (D and E)
antibodies. The immunoprecipitates were subsequently immunoblotted with the indicated antibodies.

G Purified NAT10 was incubated with GST, GST-p53, or GST-Mdm2 proteins coupled to Glutathione Sepharose 4B. Proteins retained on the Sepharose were then
analyzed by Western blot using the antibodies as indicated. The amount of GST fusion proteins are shown in the lower panel.

H Full-length GST-p53 fusion protein, its deletion mutants, or GST protein was used in pull-down experiments with purified NAT10 protein. The levels of the GST
fusion proteins are shown in the left panel.

I GST pull-down assay was performed using purified GST-NAT10 deletion mutants or GST protein and overexpressed Flag-p53 or Mdm2 protein in HEK293T cells.
Schematic diagram represents the constructs of GST-NAT10 deletion mutants (right panel).
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Figure 2. NAT10 acetylates p53 at K120.

A Recombinant His-p53 was incubated with or without purified Flag-NAT10 as described in Materials and Methods. The reaction products were resolved by SDS–PAGE
and immunoblotted using anti-acetyl-lysine antibodies. Flag-PCAF was used as a positive control.

B In vitro acetylation was performed and the acetylated p53 was detected as in (A).
C In vitro acetylation assay was performed as described in (A). The reaction products were resolved by SDS–PAGE, and acetylated p53 was purified from the SDS–PAGE

and subjected to mass spectrometry analysis.
D His-p53 or His-p53-K120R fusion protein was incubated with purified NAT10 or NAT10 GE mutant as described in Materials and Methods. Reaction mixtures were

subjected to Western blot using the site-specific monoclonal anti-Ac-p53-K120 antibody.
E H1299 cells were transfected with the indicated vectors. Total proteins and the anti-Flag antibody M2-specific immunoprecipitates were analyzed by Western blot

using the indicated antibodies.
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NAT10 stabilizes p53 by counteracting Mdm2 action

To further study the modulation of p53 acetylation mediated by

NAT10, we depleted NAT10 using NAT10-specific siRNAs.

Surprisingly, we found that downregulation of NAT10 decreased

p53 protein levels without affecting p53 mRNA levels and both

protein and mRNA levels of p21 and Bax, two p53 target genes,

were also decreased, while p53-specific siRNA reduced both

mRNA and protein levels of p53 (Fig 3A and B). The NAT10

knockdown-induced decrease of p53 was confirmed in human

lung cancer A549 and liver cancer SMMC-7721 cells (Fig EV1C).

In contrast, overexpression of NAT10 increased the levels of

endogenous p53, p21, and Puma (Fig 3C). To corroborate that

NAT10 affects p53 stability per se, we treated cells with cyclohex-

imide (CHX) and examined p53 stability after knockdown of

NAT10. p53 stability was compromised in the cells transfected

with NAT10 siRNA (Fig 3D). These results suggested that NAT10

stabilizes p53 in cells.

The ubiquitin–proteasome system (UPS) is critical for determina-

tion of p53 stability [6,10]. To examine whether NAT10-mediated

p53 stabilization depends on UPS, we treated cells with a protea-

some inhibitor MG132 after transfection of control or NAT10

siRNAs. As shown in Fig 3E, p53 reduction by NAT10 knockdown

was rescued by addition of MG132, revealing that NAT10 regulates

p53 levels through proteasome-dependent pathway. To investigate

if NAT10 regulates p53 ubiquitination in cells, we performed in vivo

ubiquitination assay. As expected, Mdm2 induced p53 ubiquitina-

tion, while this effect was significantly diminished by coexpression

of NAT10 (Figs 3F and EV1D and E). These results suggested that

NAT10 stabilizes p53 through inhibiting Mdm2-induced ubiquitina-

tion. To confirm this suggestion, in vivo ubiquitination assay was

performed in Mdm2-null MEF cells. NAT10 inhibited p53 ubiquiti-

nation only when Mdm2 was coexpressed (Fig 3G). Furthermore,

NAT10 inhibited ubiquitination of p53 and increased p53 levels in

Mdm2-expressing MEF cells, while these effects were not observed

in Mdm2-null MEF cells (Fig EV1F and G). These results demon-

strated that NAT10 inhibits Mdm2-mediated ubiquitination of p53.

Acetylation and ubiquitination may compete for the same lysine

residues at the C-terminus of p53; thus, p53 acetylation at these lysi-

nes inhibits Mdm2-mediated ubiquitination of p53 [38]. However,

acetylation at K120 has no significant effect on p53 stability [29].

Since NAT10 acetylates p53 at K120, it is likely that NAT10-

mediated p53 stabilization is independent of its acetyltransferase

activity. Therefore, we examined the effect of the NAT10 GE mutant

on p53 stability. As expected, NAT10 GE still counteracts Mdm2-

induced p53 degradation (Figs 3H and EV1H), suggesting that

NAT10-mediated stabilization of p53 is independent of its acetyl-

transferase activity.

NAT10 promotes Mdm2 degradation with its intrinsic E3
ligase activity

NAT10 stabilizes p53 protein through inhibiting Mdm2-mediated

p53 ubiquitination. As NAT10 interacts with Mdm2 in cells and

in vitro, we further explored the mechanism by which NAT10

targets Mdm2. Ectopic expression of NAT10 resulted in a decrease

of Mdm2 protein levels in both HCT116 p53+/+ (Fig 4A) and

HCT116 p53�/� cells (Fig EV2A), without changing the mRNA

levels of Mdm2 significantly (Fig EV2B). NAT10 also promoted

Mdm2 degradation and increased p53 levels in A549 and SMMC-

7721 cells (Fig EV2C). Additionally, the half-life of Mdm2 was short-

ened by ectopic expression of NAT10 (Fig 4B). These observations

revealed that NAT10 promotes degradation of Mdm2.

Given that Mdm2 is degraded by UPS [39], it is possible that

NAT10 may regulate Mdm2 through ubiquitination pathway.

Indeed, ectopic expression of NAT10 increased ubiquitination levels

of endogenous Mdm2 in cells (Fig 4C). To further investigate

whether NAT10 enhances Mdm2 ubiquitination in cell-free system,

NAT10 and NAT10 GE were expressed and purified from Sf9 insect

cells and in vitro ubiquitination assay was performed with purified

NAT10 and GST-Mdm2. Surprisingly, both purified NAT10 and

NAT10 GE enhanced ubiquitination of GST-Mdm2 in vitro (Figs 4D

and EV2D), indicating that NAT10 promotes Mdm2 ubiquitination

independent of its acetyltransferase activity. As Mdm2 can ubiquiti-

nate itself [40], we next performed in vitro ubiquitination assay with

the Mdm2 mutant C464A (Mdm2 CA) lacking the E3 ligase activity

[6,41] to clarify whether NAT10 promoted Mdm2 ubiquitination

through enhancing auto-ubiquitination of Mdm2. Strikingly, Mdm2

CA was still ubiquitinated by purified NAT10 in cell-free conditions

(Fig 4D and E), demonstrating that NAT10 ubiquitinates Mdm2

Figure 3. NAT10 stabilizes p53 by counteracting Mdm2 action.

A U2OS cells were transfected with the indicated siRNAs. Seventy-two hours later, cell lysates were prepared and proteins from lysates were subjected to Western blot
using the indicated antibodies.

B U2OS cells were transfected as in (A). Seventy-two hours later, total mRNAs were extracted and subjected to RT–qPCR for the indicated genes.
C U2OS cells were transfected with increasing amounts of plasmid DNA expressing NAT10. Proteins from whole-cell extracts were subjected to Western blot using the

indicated antibodies.
D U2OS cells were transfected with control or NAT10 siRNAs. Seventy-two hours later, cells were treated with cycloheximide (CHX) and harvested at the indicated time

points. Proteins from cell lysates were subjected to immunoblot for the evaluation of NAT10 and p53 (upper panels). Beta-actin was evaluated as a loading control
(lower panel). p53 half-life (t1/2) obtained from three independent experiments is presented as mean � SEM at the bottom.

E U2OS cells were treated with MG132 (10 lM) for 4 h after transfected with the indicated siRNAs. Proteins from cell extracts were detected by Western blot for the
indicated proteins.

F HCT116 p53+/+ cells were transfected with the indicated constructs and treated with MG132 for 4 h before harvest. p53 was immunoprecipitated with anti-p53
polyclonal antibody and immunoblotted with anti-Ub antibody.

G p53 and Mdm2 double-null MEF cells were transfected with the indicated constructs and treated with MG132 for 4 h before harvest. Proteins from whole-cell
extracts were subjected to Western blot using the indicated antibodies.

H U2OS cells were transfected with vectors as indicated. Forty-eight hours later, cells were harvested and proteins from whole-cell extracts were subjected to Western
blot using the indicated antibodies.

Data information: (B, D) Error bars represent the SEM from three independent experiments in triplicates.

▸

ª 2016 The Authors EMBO reports Vol 17 | No 3 | 2016

Xiaofeng Liu et al NAT10 regulates p53 activation EMBO reports

353



rather than stimulating the auto-ubiquitination of Mdm2. To exclude

the existence of copurified E3s in the purified NAT10 from Sf9 insect

cells, we purified NAT10 from bacteria, and it also ubiquitinated

Mdm2 (Fig EV2E). In addition, NAT10 possesses auto-ubiquitina-

tion capability (Fig EV2F) as most E3 ligases [42]. Together, our

data demonstrated that NAT10 is a novel E3 ligase for Mdm2.

NAT10 E3 ligase activity is located at residues 456–558

We thereafter searched for the conserved E3 ligase domains in

NAT10 and found minor homology to any known E3 motifs such as

HECT, RING finger, or U-box domain (Fig EV2G). To map the active

E3 domain of NAT10, we first established an assay to evaluate the
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activity of NAT10 in regulating p53 stability. In this assay, we

silenced endogenous NAT10 by using a NAT10 siRNA (siRNA-3)

which specifically targets 30-UTR of NAT10 mRNA and ectopically

expressed Flag-NAT10 to rescue NAT10 knockdown-induced p53

decrease (Fig EV3A). Then, a series of NAT10 deletion mutants

(Fig 4F) were reintroduced into the NAT10-depleted cells and p53

levels were evaluated. NAT10-D5 failed to rescue p53 as the other

NAT10 deletion mutants and full-length NAT10 did (Fig 4G),

suggesting that residues 456–558 may be its active fragment in regu-

lating p53 level. The role of residues 456–558 was further confirmed

by evaluation of NAT10-D5 effect on p53 stability. Full-length

NAT10 abrogated the Mdm2-mediated p53 degradation, while

NAT10-D5 failed to do so (Fig EV3B) though NAT10-D5 still retains

the ability to bind Mdm2 (Fig EV3C). To determine the capability of

NAT10-D5 in ubiquitinating Mdm2, in vitro ubiquitination assay

was conducted with purified NAT10-D5. As shown in Fig 4H, puri-

fied NAT10-D5 lost the E3 ligase function to conjugate ubiquitin

chain to GST-Mdm2 CA. Similarly, purified bacterial NAT10-D5 also

lost the E3 activity for Mdm2 (Fig EV3D). We next examined the

potential of NAT10 in promoting Mdm2 degradation in cells. Over-

expression of either wild-type NAT10 or the NAT10 GE mutant

dramatically increased degradation of Mdm2, while NAT10 D5 lost

this capability (Fig 4I). Importantly, the similar results were

observed for the Mdm2 CA mutant that is more stable than the

wild-type Mdm2 because of lacking auto-ubiquitination activity.

Taken together, our data demonstrated that the E3 ligase activity

lies in residues 456–558 of NAT10.

NAT10 regulates stress-induced p53 activation

As a genome guardian, p53 is stabilized after DNA damage to

maintain genome stability and determine cell fate [43]. Since NAT10

regulates p53 in unstressed cells, we asked whether NAT10 regu-

lates p53 stability and activation after DNA damage. Consistent with

reported results [36], DNA damage agent actinomycin D induced

increased p53 levels, acetylation at K120, and the expression of p53

target genes p21 and Mdm2 (Fig 5A). Importantly, NAT10 was

also upregulated after DNA damage agent treatment including

▸Figure 4. NAT10 is a novel E3 ligase for Mdm2.

A HCT116 cells were transfected with increasing amounts of DNA expressing NAT10. Forty-eight hours later, whole-cell lysates were prepared and proteins from lysates
were analyzed by Western blot using the indicated antibodies.

B HCT116 cells were transfected with Flag-NAT10 and harvested at indicated time points after treatment with CHX. Proteins from cell lysates were immunoblotted
with the antibodies as indicated (left panel). Relative Mdm2 protein levels standardized by b-actin are shown in the right. Mdm2 half-life (t1/2) obtained from three
independent experiments was presented as mean � SEM at the bottom.

C HCT116 cells transfected with the indicated constructs were harvested after treatment with MG132 for 4 h. The Mdm2 protein was immunoprecipitated with anti-
Mdm2 antibody and immunoblotted with anti-HA antibody.

D In vitro ubiquitination was performed with recombinant GST-Mdm2 (left) or GST-Mdm2 C464A mutant (right) and Flag-NAT10 or Flag-NAT10 GE in the presence of
E1, E2, and Ub in vitro as described in Materials and Methods. The reaction products were resolved by SDS–PAGE, followed by Western blot for evaluation of the
indicated proteins.

E Mdm2 is ubiquitinated by NAT10 in a dose-dependent manner. In vitro ubiquitination assay were carried out with Mdm2 and different doses of purified Flag-NAT10
as described in (D).

F Schematic representation of NAT10 deletion mutant constructs.
G U2OS cells transfected with NAT10 siRNA-3 (targeting 30-UTR of NAT10 mRNA) or control siRNA were transfected with different NAT10 deletion mutants. Cell lysates

were extracted, and proteins from lysates were subjected to Western blot using the indicated antibodies. Relative p53 protein levels standardized by b-actin are
shown in the lower panel.

H In vitro ubiquitination reaction was conducted using recombinant GST-Mdm2 C464A and full-length Flag-NAT10 or Flag-NAT10-D5. Ubiquitinated Mdm2 was
detected as in (D).

I HCT116 cells were transfected with the indicated constructs. Cells were harvested after CHX treatment for the indicated times, and cell lysates were prepared. Mdm2
protein levels were evaluated by Western blot. Relative Mdm2 protein levels standardized by b-actin are shown in the right.

Data information: (B, G, I) Error bars represent the SEM from three independent experiments in triplicates.

▸Figure 5. NAT10 regulates p53 activity in DNA damage response.

A U2OS cells were treated with 10 nM actinomycin D, and cell extracts were prepared at indicated time points. Proteins from extracts were analyzed by Western blot
using the indicated antibodies.

B U2OS and H1299 cells were treated with actinomycin D for 12 h. Cells were harvested, and proteins from cell lysates were subjected to Western blot probed with the
indicated antibodies.

C U2OS cells transfected with the indicated siRNAs were treated with actinomycin D and harvested at the indicated time points. Proteins from cell lysates were
subjected to Western blot.

D HCT116 cells were treated with 10 nM of actinomycin D or 4 lM of doxorubicin (Dox) for 12 h. Cells were harvested, and total proteins were immunoprecipitated
with anti-NAT10 antibody. Immunoprecipitates were analyzed by Western blot for the indicated proteins.

E HCT116 cells were treated with actinomycin D for the indicated times. Cells were fixed and immunostained as indicated. Immunofluorescence images were taken by
confocal microscopy. Scale bar represents 10 lm.

F H1299 cells were transfected with the indicated vectors. After treatment with actinomycin D, cells were harvested and the whole-cell extracts were subjected to
Western blot using the indicated antibodies.

G H1299 cells were transfected with GFP-NAT10 vectors. After treatment with actinomycin D for 12 h, cells were fixed and nuclei were stained with DAPI. Scale bar
represents 10 lm.

H HCT116 cells transfected with the indicated constructs were treated with actinomycin D or doxorubicin. Western blot was performed with total cell extracts and
Mdm2-specific immunoprecipitates for the indicated proteins.

I HCT116 cells were transfected with the indicated constructs. Cells were harvested after treatment with actinomycin D. p53 protein was immunoprecipitated with an
anti-p53 polyclonal antibody and immunoblotted with p53 monoclonal antibody (DO-1).

◀
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actinomycin D, etoposide, and doxorubicin in U2OS cells (Figs 5A

and EV4A). This stress-induced NAT10 upregulation was also

observed in p53-expressing cells A549 and SMMC-7721 (Fig EV4B)

but not in p53-deficient cells H1299 and HCT116 (p53�/�) (Figs 5B

and EV4C), suggesting that DNA damage-induced increase of

NAT10 is p53-dependent. This hypothesis was confirmed in that
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NAT10 protein levels failed to change under stress conditions in

U2OS cells when p53 was depleted (Fig EV4D). We further inves-

tigated if NAT10 regulates p53 activity in response to DNA

damage. Depletion of NAT10 significantly decreased p53 levels

after actinomycin D treatment in U2OS, A549, and SMMC-7721

cells (Figs 5C and EV4E). Accordingly, acetylation of p53 at K120

as well as expression of p21, Puma, and Mdm2 was reduced

upon knockdown of NAT10 in actinomycin D-treated cells

(Fig 5C). Moreover, knockdown of NAT10 also inhibited p53 acti-

vation induced by other DNA damage agents such as doxorubicin

and UV irradiation (Fig EV4F). These results demonstrated that

NAT10 regulates p53 stability and activation in response to DNA

damage.

Next, we asked how NAT10 functions in stress-induced p53

activation. To answer this question, we first performed immuno-

precipitation assay to explore the interaction between NAT10 and

p53 after DNA damage. As shown in Fig 5D, the interaction

between NAT10 and p53 was enhanced by actinomycin D and

doxorubicin treatment. Since NAT10 is a nucleolar protein [33],

we thus wondered in which cellular compartment NAT10 interacts

with p53 when DNA damage occurs. NAT10 is localized predomi-

nantly in the nucleolus, with much less expression in the nucleo-

plasm in both p53-sufficient and p53-deficient cells under normal

conditions (Fig EV4G and H). However, in response to DNA

damage, a portion of NAT10 translocated from the nucleolus to

the nucleoplasm and colocalized with p53 in HCT116 p53+/+ cells

(Fig 5E). To exclude the possibility that the nucleoplasmic NAT10

was due to an increase of NAT10 protein level instead of a

translocation, we transfected H1299 cells with GFP-NAT10. GFP-

NAT10 translocated into the nucleoplasm while its protein levels

did not change upon actinomycin D treatment (Fig 5F and G).

The DNA damage-induced nucleoplasmic translocation of NAT10

was also observed in p53-deficient H1299 cells as well as in p53-

sufficient U2OS cells (Fig EV4I). We speculated that NAT10

translocates to the nucleoplasm to interact with p53 and thus

protects p53 from Mdm2-mediated degradation. To validate this

speculation, we evaluated the interaction between p53 and Mdm2

after DNA damage. As shown in Fig 5H, NAT10 inhibits the inter-

action between p53 and Mdm2 under stressed conditions. Further,

ectopic expression of Flag-NAT10 decreased p53 ubiquitination

levels in cells sustaining DNA damage (Fig 5I). Taken together,

these results indicated that NAT10 is required for p53 activation

after DNA damage.

NAT10 regulates p53 function

Activation of p53 exerts its function in cell cycle arrest and apopto-

sis by transcriptionally regulating its target genes. As NAT10

increases p53 stability, we first analyzed if p21 promoter activity is

regulated by NAT10. As shown in Figs 6A and EV5A, p21 promoter

activity was reduced by knockdown of NAT10 in U2OS cells but

was not significantly changed when p53 is depleted. In addition,

knockdown of NAT10 significantly impaired transcriptional activa-

tion of p21 induced by actinomycin D treatment in U2OS cells only

when p53 was present (Fig 6B). Further, depletion of NAT10

dramatically decreased transcriptional activation of p21, Puma, and

Bax in U2OS cells, but failed to do so in H1299 cells (Fig EV5B and C).

These results revealed that NAT10 regulates p53-dependent tran-

scriptional activity.

Next, we examined whether NAT10 affects p53-mediated cell

cycle arrest and apoptosis. Knockdown of NAT10 promoted G1/S

transition and dramatically reduced actinomycin D-induced G1

arrest in U2OS cells (Fig 6C). This is consistent with the changes

of p53 and p21 levels. Furthermore, depletion of NAT10 had little

effects on G1/S transition and actinomycin D-induced G1 arrest in

U2OS cells when p53 expression is ablated using RNAi approach

(Fig 6D). In addition, NAT10 did not affect G1/S transition in

H1299 cells (Fig 6E). These data indicated that NAT10 affects p53-

mediated cell cycle arrest. Unexpectedly, knockdown of NAT10

resulted in a significant increase in G2/M percentage in the pres-

ence or absence of actinomycin D treatment in H1299 cells

(Fig 6E), suggesting that NAT10 might involve in cell cycle control

of G2/M phase in a p53-independent way. We further determined

if depletion of NAT10 could affect p53-dependent apoptosis.

Knockdown of NAT10 significantly decreased UV-mediated apopto-

sis in U2OS cells, but had little effect when p53 was depleted

(Fig 6F). In addition, depletion of NAT10 had little effects on UV

irradiation-induced apoptosis in p53 null cells (Fig EV5D). These

results demonstrated that NAT10 regulates p53-mediated apopto-

sis. Finally, we investigated whether NAT10 affects cell prolifera-

tion. Knockdown of NAT10 significantly promoted cell

proliferation in U2OS cells only when p53 was present, while it

had no apparent effect on that in H1299 cells (Figs 6G and EV5E).

In addition, knockdown of NAT10 significantly facilitated cell

colony formation in U2OS cells (Fig 6H). Together, these data

demonstrated that NAT10 regulates p53-dependent transactivation,

cell cycle control, and apoptosis.

▸Figure 6. Effects of NAT10 on p53-mediated transcriptional activity, cell cycle arrest, and apoptosis.

A p21 promoter luciferase reporter plasmid was cotransfected with the indicated siRNAs into U2OS cells. Luciferase activity was determined as described in Materials
and Methods.

B U2OS cells were transfected with siRNAs as indicated. Seventy-two hours later, cells were harvested after treatment with actinomycin D for 12 h. Relative mRNA
levels for the indicated genes were analyzed by RT–qPCR.

C–E U2OS cells (C and D) and H1299 cells (E) transfected with the indicated siRNAs were treated with actinomycin D and harvested at the indicated time points. Cell
cycle profiles were determined by FACS. Results from three independent experiments are shown as mean � SEM (two-tailed Student’s t-test).

F U2OS cells were transfected with the indicated siRNAs. Cells were irradiated with 50 J/m2 UV. Forty-eight hours later, apoptotic cells were determined.
Quantification of apoptotic cells is presented (two-tailed Student’s t-test).

G U2OS cells transfected with the indicated siRNAs were plated. Cell numbers were determined as described in Materials and Methods at the indicated time points.
H Colony formation assay was performed with U2OS cells transfected with the indicated siRNAs. The right panel shows the quantification of formed colonies.

**P < 0.01 (two-tailed Student’s t-test).

Data information: (A-G) Error bars represent the SEM of the triplicate experiments.

Source data are available online for this figure.
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NAT10 is downregulated in colorectal cancer

Given that p53 is an important tumor suppressor and NAT10

potentiates p53 functions, we examined whether NAT10 expres-

sion is altered in human cancers. We evaluated NAT10 expression

in human colorectal cancers (CRCs) and corresponding adjacent

non-malignant tissues. As determined by quantitative PCR, the

cancerous tissues had lower NAT10 mRNA levels, compared to

their corresponding non-malignant tissues (Fig 7A). To further

confirm these results, NAT10 expression in CRC tissues was evalu-

ated by immunohistochemistry. We scored the staining of NAT10

from 0 to 3 and arbitrarily designated staining score 0 as negative

and 1–3 as positive. Representative staining and scores are shown

in Fig 7B. These results suggested that NAT10 is downregulated in

CRC tissues. We further examined the expression levels of NAT10

and p53 in CRC cell lines. Strikingly, we found a positive correla-

tion between NAT10 and p53 expression (Fig 7C). This p53

expression could be increased by MG132 treatment (Fig EV5F),

indicating that p53 levels are regulated by the proteasome pathway

in these cells.

To further confirm the role of NAT10 in colorectal cell prolifera-

tion, we mutated NAT10 gene in HCT116 cells through CRISPR-

Cas9-mediated genome editing. We selected cell lines carrying

partially destroyed NAT10 gene with low NAT10 protein levels

(Figs 7D and EV5G and H) and evaluated the effect of reduced

expression of NAT10 on regulating p53 activity and cell prolifera-

tion. In addition to the lower expression levels of p53 and p21 as

compared to the CRISPR-Cas9 control cell lines (Fig 7D), Cas9

NAT10 KD cells displayed increased G1/S transition (Fig 7E), which

is consistent with inactivation of p53 and p21 (Fig 7F), indicating

that NAT10 depletion promotes cell cycle progression. Furthermore,

disruption of NAT10 also resulted in a significant increase in G2/M

percentage as knockdown of NAT10 did in U2OS and H1299 cells

(Fig 7E). In addition, disruption of NAT10 dramatically decreased

UV-induced apoptosis (Fig 7G). Consequently, NAT10-depleted cells

showed enhanced ability of proliferation and colony formation

(Fig 7H and I). These data further confirmed that NAT10 plays an

important role in modulation of p53 stability and activity.

Discussion

Recently, new nucleolus–nucleoplasm networks of proteins which

regulate p53 stability has been discussed by Zhang and Lu [15]. The

oncogenic stress-induced ARF disrupts p53-Mdm2 interaction and

sequesters Mdm2 into the nucleoli, thus stabilizing and activating

p53 [44]. Several ribosomal and nucleolar proteins, including RPL5,

RPL11, RPL23, NPM/B23, and nucleostemin, interfere with p53-

Mdm2 interaction and contribute to p53 activation in response to

ribosomal stress [18,45–49]. ARF/RPs are dispensable for DNA

damage-induced p53 activation, while some DNA damage signals

activate p53 through the nucleolar disruption [50]. These findings

suggest that nucleolar stress-induced p53 activation is far more

complex than previously thought. This promoted us to consider the

possibility that nucleolar disruption may trigger p53 activation

through other mechanisms. In this report, we identified nucleolar

protein NAT10 as a novel regulator for p53. Different from the ARF/

RPs, NAT10 involvement in p53 regulation has dual mechanisms

(Fig 7J). Under normal conditions, NAT10 acts as an E3 ligase for

Mdm2 to promote Mdm2 degradation and stabilizes p53. While

under DNA damage conditions, NAT10 prevents Mdm2–p53 interac-

tion by binding to p53 and acetylates p53 at K120, thus contributing

to p53 activation.

It has been widely accepted that auto-ubiquitination regulates

Mdm2 levels in cells, as Mdm2 RING domain is critical for the

protein levels of Mdm2 itself [39]. However, recent study demon-

strated that the Mdm2 C462A mutant was still degraded rapidly in

knock-in mice though Mdm2 C462A abolishes its E3 activity,

suggesting the Mdm2 auto-ubiquitination is dispensable for Mdm2

stability and other E3 ligases for Mdm2 exist [51]. PCAF has been

reported to control Mdm2 stability with its intrinsic ubiquitin ligase

activity [52]. However, depletion of PCAF had little effect on p53-

dependent apoptosis induced by UV irradiation though PCAF is

required for destabilization of Mdm2 upon DNA damage. Another

reported E3 ligase for Mdm2 is SCF(b-TrCP). SCF(b-TrCP) promotes

Mdm2 degradation after Mdm2 is phosphorylated by casein kinase

I, indicating that SCF(b-TrCP) might be the E3 ligase responsible for

DNA damage-induced Mdm2 degradation [53]. Interestingly, a

▸Figure 7. NAT10 is downregulated in CRC samples.

A Twenty pairs of fresh frozen CRC tissues and corresponding normal tissues were lysed, and total RNAs were extracted and subjected to RT–qPCR. **P < 0.01
(nonparametric Mann–Whitney t-test).

B Immunohistochemical staining of NAT10 in CRC tissues and normal colon tissues. NAT10-specific immunocomplex was detected with DAB as shown in brown color.
Quantification of NAT10-positive or NAT10-negative CRC cases is shown in the lower table.

C Cell extracts were prepared from different human colon epithelial cell lines as indicated at the top. Proteins from the extracts were subjected to Western blot for the
evaluation of NAT10 and p53.

D CRISPR-Cas9 system-mediated NAT10 gene editing. The genome targeting for knockdown NAT10 was performed as described in Materials and Methods. The HCT116
NAT10 knockdown cell lines were harvested, and Western blot was performed on the cell lysates for the indicated proteins.

E HCT116 Ctrl or c2-4 cells with NAT10 disruption were treated with actinomycin D and harvested at the indicated time points. Cell cycle profiles were determined by
FACS. Results from three independent experiments are shown as mean � SEM (two-tailed Student’s t-test).

F HCT116 Ctrl or c2-4 cells with NAT10 disruption were treated with actinomycin D. Cells were harvested at the indicated time points and lysed. The total proteins
were analyzed by Western blot using the indicated antibodies.

G HCT116 Ctrl or c2-4 cells were irradiated with 80 J/m2 UV. Forty-eight hours later, apoptotic cells were determined. Results from three independent experiments are
shown as mean � SEM (two-tailed Student’s t-test).

H Colony formation assay were performed with HCT116 cells (Ctrl, c1-1, and c2-4). The right panel shows the quantification of formed colonies (two-tailed Student’s
t-test). Error bars represent the SEM from three independent experiments in triplicates.

I HCT116 c1-1 and c2-4 cell lines were plated and cell growth curves were determined as described in Fig 6F. Error bars represent the SEM of the triplicate
experiments.

J The working model of p53 regulation by NAT10.
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recently identified cytosolic E3 ligase for Mdm2, NEDD4-1, mediates

Mdm2 ubiquitination and promotes stabilization of Mdm2 [54].

Thus, the regulation of Mdm2 by its E3 ligases is far more compli-

cated than we anticipated. In the present study, we identified

NAT10 as a novel E3 ligase for Mdm2 through several lines of

evidence: NAT10 physically interacts with Mdm2 (Fig 1), ubiquiti-

nates both wild-type and enzyme-dead Mdm2 in vitro (Figs 4 and

EV3), and enhances Mdm2 ubiquitination in cells. In addition,

NAT10 overexpression shortened the half-life of wild-type and

enzyme-dead Mdm2 in cells. Therefore, our findings demonstrated

that NAT10 controls Mdm2 stability independent of auto-ubiquitina-

tion of Mdm2 in the absence of stress.

E3 ligases specifically recognize the substrates and bind an E2-

Ub thioester and transfer ubiquitins to substrates, facilitating the

polyubiquitination of the substrates [55]. In eukaryotes, E3s mainly

fall into three classes, namely HECT, RING finger, and U-box,

according to the conserved domains for E3 function [56]. Here, we

identified NAT10 as a novel E3 ligase for Mdm2 without known E3

domain. We thus conducted a bioinformatics analysis which

suggested that NAT10 might interact with E2 and ubiquitin-asso-

ciated proteins (Fig EV3E) and the central region of the residues

456–558, which is indispensable for the E3 ligase activity of NAT10,

contains a “RING finger-like” domain with high sequence consensus

(Fig EV3G). Importantly, our in vitro experiment showed that

NAT10 binds to ubiquitin (Fig EV3F). Thus, NAT10 might belong to

another type of RING finger E3 ligase.

Under normal conditions, NAT10 promotes degradation of

Mdm2 to stabilize p53, thus contributing to the maintenance of

p53 protein levels. Upon DNA damage, NAT10 translocated from

the nucleolus to the nucleoplasm as demonstrated in HCT116

p53+/+, U2OS, and H1299 cells (Figs 5E and G, and EV4I). In the

nucleoplasm, it stabilizes p53 by protecting p53 from Mdm2-

induced degradation and also activates p53 by acetylating p53 at

K120. It is notable that NAT10 was upregulated under stress

conditions in a p53-dependent way. Thus, NAT10 forms a posi-

tive regulation feedback with p53 in response to stress. It is

known that nucleolar protein ARF stabilizes and activates p53 by

sequestering Mdm2 into the nucleoli and disrupting p53-Mdm2

interaction under oncogenic stress [57]. In this report, we provide

an alternative mechanism for a nucleolar protein to activate p53

in response to stress. Loss of this regulatory mechanism has

evident effects on p53 response to DNA damage in terms of p53

accumulation and transactivation of its downstream genes as

demonstrated in Figs 5 and 6.

Main outcomes of p53 activation are cell cycle arrest and

apoptosis under DNA damage conditions, by which p53 functions

in eliminating the damaged cells and maintains genome stability

[4]. p21 gene, the primarily identified as downstream gene of

p53, encodes an inhibitor of cyclin-dependent kinases and medi-

ates the ability of p53 to inhibit cell proliferation [58]. Depletion

of NAT10 impairs p53-dependent transcription activation of p21

but failed to do so in p53-depleted cells after cellular stress

(Figs 5C and 6B). Further, knockdown of NAT10 reduces p53-

mediated G1 arrest only in the presence of p53. We thus

conclude that NAT10 regulates cell cycle in a p53-dependent way.

Unexpectedly, significant increases of G2/M percentage were

observed when NAT10 was depleted either in p53-sufficient

cells or in p53-deficient cells under both unstressed and stressed

conditions (Figs 6C–E and 7E), suggesting that NAT10 is involved

in G2/M progression in a p53-independent way. Given that

NAT10 acetylates microtubules and regulates cytokinesis as previ-

ously found [35], NAT10 might regulate G2/M progression by

functioning on mitosis independent of p53. It has been found that

acetylation at K120 is critical for p53-mediated Puma activation

and cellular apoptosis [28,31]. Our data showed that NAT10

enhances p53 acetylation at K120 as well as activation of Puma

upon cellular stress (Figs 5C and EV5C). Moreover, knockdown

of NAT10 desensitized cells to UV-induced apoptosis in a

p53-dependent manner (Figs 6F, 7G and EV5D), suggesting that

NAT10 participates in p53-mediated apoptosis. Several MYST-type

HATs including Tip60, hMOF, and MOZ contribute to p53-depen-

dent apoptosis by promoting p53 K120 acetylation [28–30].

NAT10 acetylates p53 at K120 in vitro and in cells with knock-

down of hMOF (Figs 2D and EV1B). Thus, NAT10 may collabo-

rate with other HATs in eliminating abnormal cells under diverse

stress conditions and maintaining genome stability in p53 wild-

type cells. These data support the role of NAT10, via its effects

on stability and acetylation of p53, as a novel regulatory compo-

nent of the p53 pathway after DNA damage.

In summary, NAT10 activates p53 through acetylating p53 and

counteracting Mdm2 action, which provides a novel mechanism for

nucleolar protein as cellular stress sensor to activate p53 and keep

cell in control. It is intriguing whether there exists a crosstalk

between NAT10 and other nucleolar proteins in response to cellular

stress. Recently, a NAT10 inhibitor, Remodelin, has provided a

possibility for alleviating dystrophic and premature aging diseases

by reducing senescence [34]. Combining our observation that

NAT10 is downregulated in colorectal carcinomas and is involved in

the regulation of p53 function, NAT10 may have considerable impli-

cations as a target in cancer therapy.

Materials and Methods

Cell culture and transfections

U2OS, H1299, HCT116 p53+/+, HCT116 p53�/�, and HEK293T cell

lines were maintained in DMEM medium. NCM460, RKO, LOVO,

and SW480 cell lines were maintained in RPMI 1640 medium. All

media were supplemented with 10% fetal bovine serum. Cells were

transfected with plasmid DNA or siRNA RNA duplexes by Lipofec-

tamine 2000 (Invitrogen) according to the manufacturer’s protocol.

In transient transfection experiments, plasmid DNA was kept

constant with empty vector.

Plasmids and antibodies

Flag- or GFP-tagged NAT10 and NAT10 mutants (D1 to D9) were

cloned into pCI-neo or pEGFP-C2. Similarly, Mdm2 was cloned into

pCMV-HA vector. Flag-tagged p53 was cloned into pCI-neo vector.

For in vitro GST pull-down assay, p53 or Mdm2 was cloned into

pGEX-4T-1 vector. For protein purification, NAT10 or its mutants

were cloned into pFast-Bac1 vector. p53 was cloned into pET28a

vector. pGL3-p21-Luc is a kind gift from Dr. Y. Shang. All PCR

products were confirmed by DNA sequencing. Mutant plasmids

including pCI-neo-Flag NAT10 G641E, pGEX-4T-1 Mdm2 C464A,
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pET28a-His p53 K120R, pCI-neo-Flag-p53 K120R were obtained by

mutagenesis using the QuikChange Site-Directed Mutagenesis Kit

(Stratagene) according to the manufacturer’s protocol. The presence

of the mutations in the constructed plasmids was confirmed by

DNA sequencing. For genome editing, pc3-U6-NAT10-g1-CMV-Red,

pc3-U6-NAT10-g2-CMV-Red, pc3-U6-guide-CMV-Red, Topo-Cas9-

IRES-EGFP were purchased from Shanghai Biomodel Organism Co.

Ltd.

Anti-p53 (DO-1), anti-p53 (FL-393), anti-p21 (817), anti-Bax

(P-19), anti-actin (C-11), anti-Mdm2 (SMP14), and anti-Mdm2

(C-18) were purchased from Santa Cruz Biotechnology. Anti-p53

(9282), anti-Puma (4976), and anti-Ub (P4D1) were purchased from

Cell Signaling Technology. Anti-Flag (F1804), anti-Flag (F3165), and

anti-HA (H6908) were purchased from Sigma. Anti-acetylated lysine

(Clone 4G12) was purchased from Millipore. Anti-acetylated-p53

(AcK120) was purchased from Abcam. Anti-NAT10 was a gift from

Dr. B. Zhang.

RNA interference

For silencing NAT10, siRNA-1 50-CAGCACCACUGCUGAGAAUA
AGA-30, siRNA-2 50-CCGAAUCCGGAUUCUCAUU-30, and siRNA-3 50-
UUGCCACGAGUCUCUCUCUUC-30 were used. For silencing p53, 50-
GACUCCAGUGGUAAUCUAC-30 was used.

GST pull-down assay

GST fusion proteins were prepared following standard protocol. For

in vitro binding assays, GST fusion proteins bound to the Glutathione

Sepharose 4B (GE Healthcare) were incubated with purified proteins

or cell lysate. After washing, the bound proteins were separated by

SDS–PAGE and immunoblotted with indicated antibodies.

Coimmunoprecipitation assay

Cell lysates were prepared in Buffer A (25 mM Tris–Cl pH 7.5,

150 mM KCl, 1 mM DTT, 2 mM EDTA, 0.5 mM PMSF, and 0.2%

Nonidet P-40) and used directly for immunoprecipitation. Antibod-

ies were coupled with a 50% suspension of protein A-Sepharose

beads (GE Healthcare) in IPP500 (500 mM NaCl, 10 mM Tris–Cl pH

8.0, 0.2% Nonidet P-40). Coupled beads were incubated with cell

lysates for 2 h at 4°C. After washing, precipitates were analyzed by

Western blot using the indicated antibodies.

In vitro ubiquitination assay

Purified GST or GST-Mdm2 (500 ng) was incubated with the indi-

cated E3 (100 ng) in the presence of 50 ng UBE1 (Sigma), 50 ng

UBCH5b (Sigma), and 10 lg ubiquitin (Sigma) in final volume of

20 ll of ubiquitination reaction buffer (250 mM Tris–Cl pH 7.5,

50 mM NaCl, 1 mM DTT, 2 mM ATP, and 2 mM MgCl2). After incu-

bation at 30°C for 2 h, reaction mixtures were separated by SDS–

PAGE and analyzed by Western blot using the indicated antibodies.

In vitro acetylation assay

This assay was carried out as described previously with some modi-

fications [28]. Briefly, His-p53 or its mutants were purified from

E. coli. Flag-NAT10 or its mutants were purified from Sf9 cells.

Twenty microliters reaction mixture contained 50 mM Tris–Cl pH

7.9, 10% glycerol, 0.1 mM EDTA, 1 mM PMSF, 10 mM sodium

butyrate, 10 lM acetyl-CoA, 200 ng of purified His-p53 or His-p53-

K120R, and 20 ng of Flag-NAT10. The reaction mixtures were incu-

bated at 30°C for 1 h and separated by SDS–PAGE followed by

immunoblot.

Luciferase assay

U2OS and H1299 cells were seeded at a density of 80,000 cells per

well in 24-well plates. The next day, cells were cotransfected with

p21 promoter luciferase reporter constructs or pGL3-basic reporter

control plasmid and a Renilla luciferase control reporter vector

(Promega) used for normalizing transfection efficiency. Twenty-four

hours later, the luciferase assays were carried out according to the

manufacturer’s instructions (Dual-Luciferase Reporter Assay

System; Promega). Data were presented as relative luciferase activ-

ity normalized for expression of Renilla luciferase vector as

measured by Renilla luciferase activity.

Flow cytometry and apoptosis assay

For DNA content analysis, cells were trypsinized, washed with PBS,

and fixed in 75% ice-cold ethanol at 4°C overnight. Cells were then

rehydrated in PBS. Following RNase digestion, cells were stained

with propidium iodide. Flow cytometry analysis was performed

using red (propidium iodide) emission (at 630 nm). Data from

10,000 cells were collected and analyzed by using CellQuest soft-

ware (Becton Dickinson). For apoptosis analysis, cells were double-

stained with annexin V and propidium iodide (KeyGen) and

subjected to flow cytometric analysis.

Cell growth assay

Cell growth was analyzed using MTS reagent (Promega) according

to the manufacturer’s directions. U2OS, H1299, or HCT116 cells

transfected with the indicated siRNAs (1,000 cells per well) were

plated on 96-well plates and grown on 10% serum containing

media. MTS was added to cells, and absorbance at 490 nm was

measured at day 0, 1, 2, 3, 4, and 5. Cell numbers were estimated as

previously described [59].

Colony formation assay

Cells were split and counted. Five hundred cells were seeded into

6-well plates and cultured with 10% serum containing media for

about 12 days. Cells were fixed and stained with crystal violet, and

visible colonies were counted.

CRISPR-Cas9-mediated genome editing

HCT116 cells were cotransfected with Topo-Cas9-IRES-EGFP and

pc3-U6-NAT10-g1-CMV-Red or pc3-U6-NAT10-g1-CMV-Red.

Twenty-four hours later, the double-positive cells (green & red)

were sorted by flow cytometry and cultured for 3 days. Then, single

cells were seeded into 96-well plates. One month later, independent

monoclones were selected, and mutation of NAT10 gene was
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verified by DNA sequencing and knockdown of NAT10 protein was

evaluated by Western blot. The NAT10 knockdown cell lines were

maintained in DMEM medium, supplemented with 10% serum. For

editing NAT10 gene, the sgRNAs, #1 ACATGCCGAAGGTATTGCCC

and #2 CAACGAGACCCACAAGATCC, were used.

Immunofluorescence assay

Cells were plated on coverslips in 6-well plates and treated as indi-

cated. Then, the cells were fixed with 4% paraformaldehyde for

15 min at room temperature and permeabilized using 0.2% Triton

X-100 for 10 min at room temperature. Cells were then incubated

with 10% goat serum for 30 min at 37°C. Primary antibodies were

incubated with the cells overnight at 4°C and then washed with PBS

for 20 min. FITC-conjugated anti-rabbit antibody and TRITC-conju-

gated anti-mouse antibody were added and incubated for 1 h at

room temperature. Finally, after a 20-min PBS washing, cells were

stained with DAPI for 15 min at room temperature to visualize the

nuclei.

Real-time quantitative PCR

Real-time qPCR was performed using the ABI 7500/7500 Fast Real-

Time PCR systems (Applied Biosystems). The human b-actin and

GAPDH were used as internal controls. All real-time data were

analyzed by comparative Ct method and normalized to b-actin or

GAPDH.

Protein purification

Flag-NAT10-His or its mutants were cloned into pFast-Bac1. The

recombinant baculoviruses were generated with the Bac-to-Bac

Baculovirus Expression System (Invitrogen). Recombinant proteins

were purified from baculovirus-infected Sf9 cells using Ni-NTA

agarose (Qiagen) according to the manufacturer’s instructions. His-

p53, His-p53-K120R, and all GST recombinant proteins were

expressed in E. coli strain BL21 (DE3; Tiangen), treated with

isopropyl-b-D-thiogalactoside to induce fusion protein expression,

lysed by sonication, and purified using the Glutathione Sepharose

4B (GE Healthcare) for GST proteins or using Ni-NTA agarose (Qia-

gen) for His-fusion proteins, respectively. Purified proteins were

separated on SDS–PAGE followed by Coomassie blue staining and

Western blotting.

Sequential immunoprecipitation and LC-MS/MS

U2OS cells were transfected with plasmids expressing Flag or

Flag-NAT10. Forty-eight hours later, the cells were collected and

lysed in Flag lysis buffer (50 mM Tris–Cl pH 7.4, 150 mM NaCl,

10 mM NaF, 1 mM EDTA, 0.5% Triton X-100, 10% glycerol,

and fresh protease inhibitor cocktail). Cell extracts were

immunoprecipitated using anti-Flag monoclonal antibody M2-

conjugated affinity gel (Sigma) followed by elution with Flag

peptide. The eluted material was resolved by SDS–PAGE and

visualized by silver staining. The bands were cut from SDS–

PAGE gel, fully trypsinized, and analyzed by Q-Extractive liquid

chromatography–tandem mass spectrometry (LC-MS/MS) using

mass spectrometer (Thermo). Mass spectrometry was carried out

at Protein Chemistry Facility at the Center for Biomedical Analy-

sis of Tsinghua University, and data were processed using the

Proteome Discoverer software (Version 1.4).

Statistical analysis

Student’s t-test was used in all cellular experiments, and the results

from three independent experiments are presented as mean � SEM.

The nonparametric Mann–Whitney t-test was used for human

sample analysis. Data collection and analysis were not performed

with blinding to the conditions of the experiments. Randomization

was followed in all experiments.

Expanded View for this article is available online.
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