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Nucleophosmin (NPM1) is a multifunctional protein involved in the regulation of centrosome duplica-
tion, ribosome biogenesis, genomic stability, histone chaperone function, and transcription. Overexpres-
sion of NPM1 is associated with cancers of diverse histological origins. Here, we have found that
p300-mediated acetylation of NPM1 modulates its subcellular localization and augments its oncogenic
potential. Acetylated NPM1 is predominantly localized in the nucleoplasm, where it associates with
transcriptionally active RNA polymerase II. Deacetylation of NPM1 is brought about by human SIRT1 and
reduces its transcriptional activation potential. Remarkably, increased levels of acetylated NPM1 were
found in grade II and III oral squamous cell carcinoma (OSCC) patient samples. Small interfering RNA
(siRNA)-mediated knockdown of NPM1 in an OSCC cell line, followed by microarray analysis and
chromatin immunoprecipitation experiments, revealed that some of the genes involved in oral cancer
malignancy are regulated by NPM1 and have acetylated NPM1 localized at their promoters. Either
suppression of p300 by siRNA or mutation of acetylatable lysine residues of NPM1 resulted in reduced
occupancy of acetylated NPM1 on the target gene promoter concomitant with its decreased transcript
levels. These observations suggest that acetylated NPM1 transcriptionally regulates genes involved in cell

survival and proliferation during carcinogenesis.

NPM1 (nucleophosmin or B23) is a multifaceted nucleolar
protein which is involved in several cellular processes, includ-
ing ribosome biogenesis (15), nucleocytoplasmic transport,
centrosome duplication (12, 19), embryonic development (4),
histone chaperone function, and transcriptional regulation (14,
18). NPM1 undergoes a variety of posttranslational modifica-
tions, such as phosphorylation, acetylation, sumoylation, ubig-
uitination, and poly(ADP-ribosyl)ation, which direct its various
cellular functions (13). Phosphorylation of NPM1 by CDK2/
cyclin E regulates the initiation of centrosome duplication
(12), whereas p300-mediated acetylation of NPM1 enhances its
histone chaperone activity and transcriptional activation po-
tential. Acetylated NPM1 has an enhanced ability to interact
with acetylated core histones and activate transcription from
the chromatin template (18). NPM1 has a role in cell prolif-
eration and transformation and is overexpressed in human
cancers of diverse histological origins (3). Aberrant gene func-
tion and altered patterns of gene expression induced by epi-
genetic events are key features of cancer (6). NPM1 inactiva-
tion leads to unrestricted centrosome duplication and genomic
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instability, implying that NPM1 is essential for embryonic de-
velopment and the maintenance of genomic stability (4). Thus,
NPM1 may serve as a tumor suppressor because abrogation of
its function leads to tumorigenic phenotypes (10). By contrast,
NPMI1 also regulates cell proliferation and may have onco-
genic potential when overexpressed. A study using clinical can-
cer samples has shown a correlation between the level of
NPM1 and cancerous growth (21), suggesting that NPM1 func-
tions as a positive regulator of cell proliferation during carci-
nogenesis (10). However, the posttranslational modification
status of NPM1 during such malignancies is not known. In this
study, we have found that acetylated NPM1 associates with
transcriptionally active foci in cells. SIRT1 deacetylates NPM1,
which reduces its potency as an activator of gene expression. In
our studies with grade II oral cancer patient samples, we have
observed a significant enhancement of the levels of acetylated
NPM1 in malignant oral tumor tissues with respect to adjacent
normal tissues. Additionally, we have also found higher expres-
sion of p300 in tumors. Small interfering RNA (siRNA)-me-
diated knockdown of NPM1 resulted in the differential regu-
lation of gene expression globally and alteration of several
genes associated with cancers. By using chromatin immuno-
precipitation (ChIP) assays, we demonstrate that acetylated
NPM1 occupies the promoter and directly regulates the tran-
scriptional activity of some of the genes associated with oral
cancer manifestation. A fine balance between SIRT1 and p300
activity maintains the NPM1 acetylation status in cells. Deple-
tion of either SIRT1 or p300 results in altered levels of acety-
lated NPM1 at target gene promoters and consequently influ-
ences the expression of those genes.
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MATERIALS AND METHODS

Identification of the in vivo acetylation sites of NPM1. HEK293T whole-cell
extracts were incubated with a highly specific anti-NPM1 monoclonal antibody
(Sigma). The immune complex was precipitated with protein G-Sepharose and
processed for matrix-assisted laser desorption ionization-time of flight (MALDI-
TOF) analysis as described previously (18).

Generation of polyclonal antibodies specific for acetylated NPM1. Based on
the identified acetylation sites, two different peptides having acetylated lysine
residues (AcK) with N-terminal keyhole limpet hemocyanin (KLH) conjuga-
tion were designed, i.e., AcCNPM1-01 [(KLH)-C-NG(AcK)DS(AcK)PSSTPR
SKGQESF(AcK)(AcK)Q (residues 210 to 231)] and AcNPM1-02 [(KLH)-C-
MQASIE(AcK)GGSLPKVEA(AcK)FI (residues 251 to 269)]. Polyclonal
antibodies against these two peptides were raised in rabbits. The specificity of
the antibodies was confirmed by acetylated-NPM1 peptide blocking studies.
Western blotting and immunofluorescence studies were also done with rabbit
preimmune serum (PIS) as a negative control for anti-AcNPM1-01 and anti-
AcNPM1-02 antibodies.

Site-directed mutag and pl constructs. Lysine-to-arginine point
mutations of His,-NPM1 were made by the site-directed mutagenesis technique
(QuikChange IT XL site-directed mutagenesis kit; Stratagene). The mutations
were confirmed by sequencing. The functional nature of the 7K-7R mutant
NPM1 protein was confirmed by histone pulldown assays at 300 mM salt (data
not shown). The wild-type (WT) and 7K-7R mutant NPM1 proteins were sub-
cloned into a pCMV-Flag mammalian expression vector (Sigma), where the Flag
epitope was used to tag the N terminus. The WT and 7K-7R mutant NPM1
proteins were also subcloned into the enhanced green fluorescent protein N1
vector (see Fig. S4 in the supplemental material). Transient transfections were
carried out with 60 to 80% confluent cells for 36 to 48 h by using Effectene
transfection reagent in accordance with the manufacturer’s instructions
(Qiagen).

Protein purification. The Hiss-tagged WT and 7K-7R mutant NPM1 proteins,
the His,-tagged Tip60-HAT domain, and full-length Hisg-tagged GCNS were
purified from Escherichia coli cells with an Ni-nitrilotriacetic acid affinity column
(18). Full-length p300 was purified from recombinant baculovirus-infected Sf21
cells as a Hiss-tagged protein, and Flag epitope-tagged CREB binding protein
(CBP), p 300/CBP-associated factor, and histone deacetylase 1 (HDACI) were
purified from recombinant baculovirus-infected Sf21 insect cells by immunoaf-
finity purification with Flag-M2-agarose resin (Sigma) as described previously
(18). Glutathione S-transferase (GST)-tagged proteins yeast Sir2 (ySir2) and
human SIRT1 (hSIRT1) were purified with GST bind resin (Novagen) and
eluted with GST elution buffer (10 mM reduced glutathione, 50 mM Tris-HCI,
pH 8.0).

Histone acetyltransferase (HAT) and HDAC assays. In vitro acetylation and
deacetylation assays were performed as described previously (1), with 1 pg of
bacterially expressed Hiss-NPM1. The activities of different HATs and HDACs
were normalized with 2 pg of core histones (purified from HeLa cells) as the
substrate.

Cell culture and immunofluorescence studies. HEK293T and KB cells were
grown on polylysine-coated coverslips for 24 to 48 h in the presence of Dulbecco
modified Eagle medium supplemented with 10% fetal bovine serum. Cells were
fixed with 4% paraformaldehyde and permeabilized with 1% Triton X-100.
Anti-AcNPM1-01, anti-NPM1 (Zymed and Sigma), anti-RNA polymerase II
(anti-RNAP II; Santa Cruz and Abcam), and anti-Flag (Sigma) antibodies were
used as primary antibodies in this study. Fluorescently labeled anti-mouse Alexa
568- and anti-rabbit Alexa 488 (Invitrogen)-conjugated antibodies were used as
secondary antibodies. Alexa and Hoechst fluorescence was visualized with a Carl
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Zeiss confocal laser scanning microscope (Axioskop 2 Plus). Images were cap-
tured with an AxioCam MRc camera. AxioVision 3.1 software was used to
process the images and calculate the weighted colocalization coefficients. The
images for comparative studies were captured at identical microscope settings.

Luciferase assay. The mammalian expression constructs of Flag-tagged WT
NPMI, Flag-tagged 7K-7R mutant NPM1, Gal4-VP16, and p53 used in this study
were placed under the control of a cytomegalovirus promoter. The Gal4-VP16-
responsive reporter construct pG10luc contains 10 Gal4-binding sites in tandem,
followed by the luciferase gene. The p53-responsive reporter construct pG13luc
contains 13 tandemly arranged p53-binding sites, followed by a polyomavirus
promoter, which drives the luciferase gene. The pCMV-B-galactosidase con-
struct was used as an internal control. HEK293T cells were grown to 80%
confluence in a 30-mm dish and transfected with different plasmid constructs by
using Effectene reagent (Qiagen). The total amount of DNA was kept constant
for each transfection. Luciferase and B-galactosidase activities were measured
48 h after transfection according to the manufacturer’s protocol (Promega,
Madison, WI). Values are representative of at least three independent biological
replicates (transfection). The same volume of cell lysates used for taking lucif-
erase counts was checked for the expression of Flag-tagged proteins through
Western blot analysis. The glyceraldehyde-3-phosphate dehydrogenase level was
used as a loading control.

Immunohistochemistry (IHC) analysis. Oral cancer patient samples were
collected at the Bangalore Institute of Oncology. The Bangalore Institute of
Oncology ethical clearance committee agreed to this investigation, and informed
consent was obtained from all patients. Tumor and adjacent normal tissues from
18 patient samples (see Table S2 in the supplemental material) were dehydrated,
paraffin embedded, and sectioned with a microtome (Leica). Briefly, after block-
ing, the sections were incubated with different primary antibodies, i.e., anti-
NPM1 (Zymed), anti-AcNPM1-01, anti-SIRT1 (Santa Cruz), and anti-p300-C-20
(Santa Cruz) antibodies. IHC analysis was performed with a Strept-Avidin Biotin
kit (Dako). Immunoreactivity (brown precipitate) was developed in the chromo-
gen diaminobenzidine tetrahydrochloride (Sigma), and counterstaining was done
with hematoxylin. The staining intensity of the images was evaluated by two
independent pathologists.

Statistical analysis. Five independent fields (around 100 cells) from normal
and malignant THC sections of tissue samples were scored for the percentage of
cells positive for acetylated NPM1 and similarly scored for the percentage of cells
positive for nucleoplasmic NPM1. Paired ¢ tests were performed with GraphPad
Prism software to analyze differences between means. Results were considered
significant when the P value was <0.05 in a paired ¢ test.

Tissue lysate preparation and RNA isolation. Whole-cell proteins were ex-
tracted from patient tissue samples in lysis buffer (50 mM Tris HCI [pH 8.0], 125
mM NaCl, 1 mM EDTA, 0.5% NP-40, 1 mM dithiothreitol, 1 mM phenylmethyl-
sulfonyl fluoride). TRIzol reagent (Invitrogen) was used for RNA isolation from
tissues stored in RNAlater solution (Ambion).

siRNA knockdown of NPM1, p300, and SIRT1. The two siRNAs (Qiagen) used
for NPM1 knockdown are NPM1 siRNAs 1 (sense, 5'-GAAUUGCUUCCGGAU
GACU-dTdT; antisense, 5'-AGUCAUCCGGAAGCAAUUC-dTAT) and 2 (sense,
5'-AGGUGGUUCUCUUCCCAAA-dTAT; antisense, 5'-UUUGGGAAGAGAA
CCACCU-dTdT). The siRNAs (Sigma) used to knock down p300 and SIRT1 are
p300 siRNA (sense, 5'-CUAGAGACACCUUGUAGUA-dTdT; antisense, 5'-UA
CUACAAGGUGUCUCUAG-dTdT) and SIRT1 siRNA (sense, 5'-GUGUC
AUGGUUCCUUUGCA-dTdT; antisense, 5'-UGCAAAGGAACCAUGACAC-
dTdT).

Alexa 488-conjugated all-star negative control siRNA (Human Starter Kit;
Qiagen) was used as a control. siRNA transfections of KB and HEK293T cells

FIG. 1. p300 acetylates NPM1 in the nucleoplasm. (A) Results of a filter binding assay performed to normalize the activities of different HATSs
with core histones (purified from HeLa cells) as substrates are represented as bar graphs. CoA, coenzyme A. (B) An in vitro HAT assay was
performed with 1 pg recombinant NPM1 (rNPM1) as a substrate for different acetyltransferases. (C) Characterization of polyclonal antibodies
raised against two acetylated NPM1 peptides, AcNPM1-01 (panel 1) and AcNPM1-02 (panel 2), by Western blotting along with the corresponding
NPM1 control. The loading control of the proteins is also shown by Ponceau staining of the membrane, and the same amount of each protein was
resolved separately and visualized by Coomassie staining. WT recombinant NPM1 (lane 1), in vitro acetylated WT recombinant NPM1 (lane 2),
and 7K-7R mutant recombinant NPM1 were subjected to an in vitro acetylation reaction (lane 3). (D) HEK293T whole-cell extract was subjected
to Western blot analysis with anti-AcNPM1-01 and anti-AcNPM1-02 antibodies. (E) Western blot analysis was done with anti-AcNPM1 antibody
at 48 h posttransfection of p300 siRNA (upper panel). A corresponding loading control was done with anti-NPM1 antibody (lower panel).
(F) Immunofluorescence staining of NPM1 (red) in HEK293T cells with anti-NPM1 monoclonal antibody (panel I) and acetylated NPM1 (green)
with an anti-AcNPM1-01 polyclonal antibody (panel II). Rabbit PIS was used as a negative control for anti-Ac-NPM1-01 staining (panel III). DNA

staining (blue) was done with Hoechst. Scale bar, 5 pm.
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FIG. 2. Acetylated NPM1 colocalizes with RNAP II. (A) Interphase cell nuclei stained with anti-AcNPM1 (green) and anti-RNAP II (red)
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coefficient measurements of the coimmunofluorescence image of AcNPM1 with RNAP II. (B) Immunofluorescence image illustrating the
predominant nucleolar localization of both the Flag-tagged WT and 7K-7R mutant NPM1 proteins stained with anti-Flag antibody at 48 h
posttransfection in HEK293T cells. DNA was stained with Hoechst (blue). Scale bar, 5 wm. (C) A Gal4-VP16-responsive luciferase assay
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were done for 48 h with Hiperfect transfection reagent (Qiagen) according to the
manufacturer’s instructions. The p300 and SIRT1 siRNA transfections resulted
in almost 1.5-fold reductions in their transcript levels (see Fig. S3 in the supple-
mental material). The efficiency of knockdown by NPM1 siRNA in a real-time
reverse transcription (RT)-PCR was around three- to fourfold, while at the
protein level it was more than twofold.

The primers used in this study are TNF-a Forward (5'-ATGAGCACTGAA
AGCATGATCCGGG-3"), TNF-a Reverse (5'-ACCTGGGAGTAGATGAGG
TACAGGCCC-3'), IL6ST Forward (5'-ATGTTGACGTTGCAGACTTGGCT
AGTG-3"), IL6ST Reverse (5'-TCAAGCTGTCCGAATGTAAGAATGTTGC-
3’), CINBI1 Forward (5'-ATGGCTACTCAAGCTGATTTGATGGAG-3"),
CTNB1 Reverse (5'-GCATGCCCTCATCTAATGTCTCAGGG-3'), NPM1
Forward (5'-ATGGAAGATTCGATGGACATGG-3"), NPM1 Reverse (5'-CG
AGAAGAGACTTCCTCCACTGC-3"), p300 Forward (5'-ATGGCCGAGAAT
GTGGTG-3'), p300 Reverse (5'-ATTATCCCTTGTCCATTGCC-3"), SIRT1
Forward (5'-AAGATGGCGGACGAGGCGGCCCTC-3"), SIRT1 Reverse (5'-
GAAGGTTATCTCGGTACCCAATCGC-3"), Actin Forward (5'-GTGGGGC
GCCCCAGGCACCA-3"), and Actin Reverse (5'-CTCCTTAATGTCACGCA
CGATTTC-3).

ChIP assays. HEK293T and KB cells were maintained in Dulbecco modified
Eagle medium and 10% fetal bovine serum to 80% confluence. The pulldowns
for ChIP assays were performed with anti-NPM1 antibody (Zymed and Sigma)
and purified anti-AcNPM1-01, anti-RNAP II (Abcam and Santa Cruz), anti-pS5-
RNAP II (Abcam), anti-acetylated histone H3 (H3AcK9AcK14; Calbiochem),
anti-SIRT1 (Santa Cruz), anti-p300-C-20 (Santa Cruz), and anti-Flag M2-aga-
rose (Sigma) antibodies. ChIP assays were done as described earlier (7). For
sequential ChIP (reChIP) assays, the specific DNA-protein complexes from the
first immunoprecipitation were extracted twice by adding 25 pl of 10 mM
dithiothreitol, followed by incubation for 20 min at 37°C with vortexing every 5
min. The supernatants were pooled and diluted 10 times with reChIP buffer (20
mM Tris-HCI [pH 8.0], 2 mM EDTA, 150 mM NaCl, 0.1% Triton X-100),
following which a second immunoprecipitation was performed. Real-time PCR
analysis was done with primers specific for the tumor necrosis factor alpha
(TNF-a) upstream promoter (+1 to —170). Paired ¢ tests were performed with
GraphPad Prism software to analyze the differences between means. The se-
quences of the primers used in this study are as follows: TNF-a promoter
Forward, 5'-CTCCCTCAGCAAGGACAGCAGAGGAC-3'; TNF-a promoter
Reverse, 5'-CATGGTGTCCTTTCCAGGGGAGAG-3'.

RESULTS

Acetylated NPM1 localizes to the nucleoplasm and associ-
ates with transcriptionally active RNAP II. NPM1 is acetylated
by p300 in vitro at multiple lysine residues (18). In order to find
out the enzyme specificity of NPM1 acetylation, the activities
of different classes of HATSs, like p300, CBP, p 300/CBP-asso-
ciated factor, GCNS5, and Tip60, were normalized with core
histones (purified from HeLa cells) as the substrate (Fig. 1A;
see Fig. S1, left panel, in the supplemental material) and the
HATs were subsequently tested for the ability to acetylate
NPM1 in vitro. Apart from p300, none of the other HATs were
able to acetylate NPM1 (Fig. 1B, lane 3 versus lanes 2 and 4 to
6; see Fig. S1, right panel, in the supplemental material), sug-
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gesting that NPM1 is specifically acetylated by p300. In order
to identify the lysine residues which are acetylated in vivo, the
endogenous NPM1 protein was immunoprecipitated from
HEK293T cells with a highly specific monoclonal antibody
against NPM1 and subjected to MALDI-TOF analysis (see
Table S1 in the supplemental material). Using this strategy, we
found that K212, K215, K229, K230, K257, K267, and K292 are
the acetylation sites of NPM1. However, acetylation of K292
was detected only in vitro (18). Based on this analysis, acety-
lated peptides spanning two different regions of NPM1 were
designed (see Materials and Methods) and used to raise highly
specific polyclonal antibodies named anti-AcNPM1-01 and
anti-AcNPM1-02. The anti-AcNPM1-01 antibody was mainly
used for further experiments. The specificity of both of the
antibodies was characterized by Western blot analysis. Both of
the antibodies recognized acetylated NPM1 but not unmodi-
fied NPM1 (Fig. 1C, compare lane 1 with lane 2). To further
confirm the sites, all of the acetylatable lysine residues of
NPM1 (as identified by MALDI-TOF analysis) were replaced
with arginine by site-directed mutagenesis. The acetylation-
defective 7K-7R mutant NPM1 protein (after being subjected
to an in vitro acetylation reaction) was not recognized by anti-
acetylated NPM1 antibodies (Fig. 1C, lane 3). Both of the
antibodies recognized a single band from HEK293T whole-cell
lysates (Fig. 1D), and ablation of NPM1 by RNA interference
also resulted in reduced acetylated NPM1 levels in the cells
(see Fig. S2 in the supplemental material [compare lane 1 with
lane 4]). Additionally, we also performed siRNA-mediated
silencing of p300 for 48 h (see Materials and Methods; see Fig.
S3 in the supplemental material), which resulted in a drastic
reduction in NPM1 acetylation status (Fig. 1E, upper panel,
lane 3). However, there was no significant drop in the NPM1
protein level. These data suggest that NPM1 is specifically
acetylated by p300 even in the cellular system.

NPML1 is a nuclear protein; however, it shuttles between the
nucleolus and the nucleoplasm (9). An immunofluorescence
image showed that NPM1 is predominantly localized in the
nucleolus and a minor fraction is in the nucleoplasm of inter-
phase cells (Fig. 1F, panel I, inset). Interestingly, we observed
that acetylated NPM1 was present in the nucleoplasm in a
speckled manner (Fig. 1F, panel 11, inset). Rabbit PIS (used for
immunization) was used as a negative control to show the
specificity of anti-Ac-NPM1 antibody staining (Fig. 1F, panel
III). Taken together, these data show that NPM1 is specifically
acetylated by p300 and that acetylated NPM1 is predominantly
distributed in the nucleoplasm. Acetylation of NPM1 is neces-

(pG10luc) was performed with 1 pg of the Flag vector (Vec) alone (lane 1), Flag-tagged WT NPM1 (lane 2), or Flag-tagged 7K-7R mutant NPM1
(lane 3) in HEK293T cells transiently transfected with pG10luc (100 ng), Gal4-VP16 (10 ng), and pCMV-gal (100 ng). Values are means *
standard deviations of triplicates. The data were analyzed by paired ¢ test (#**, P < 0.001). Equal expression levels of both the WT and 7K-7R
mutant NPM1 proteins of a replicate experiment are depicted by Western blotting with anti-Flag antibody (Sigma). GAPDH, glyceraldehyde-3-
phosphate dehydrogenase. (D) An anti-Flag (M2-agarose) pulldown assay was performed with HEK293T cells transfected with either Flag-tagged
WT NPMI1 or Flag-tagged 7K-7R mutant NPM1. Flag vector-transfected cells were used as a negative control. Following immunoprecipitation,
immunoblotting (IB) was done with anti-acetylated histone H3 antibody (AcH3; Calbiochem). Western blotting with anti-Flag antibody was done
to show the presence of almost equal amounts of Flag-tagged WT and 7K-7R mutant NPM1 proteins in the pulldown complex. (E) A
p53-responsive luciferase assay (pG13luc) was performed with 1 pg of the Flag vector alone (lane 1), Flag-tagged WT NPMI1 (lane 2), or
Flag-tagged 7K-7R mutant NPM1 (lane 3) in HEK293T cells transiently transfected with pG13luc (100 ng), p53 (10 ng), and pCMV-gal (100 ng).
Values are means =+ standard deviations of triplicates. The data were analyzed by paired ¢ test (**, P < 0.01). Similar expression levels of both
the WT and 7K-7R mutant NPM1 proteins in a replicate experiment are depicted by Western blotting with an anti-Flag antibody.
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sary for its transcriptional activation potential (18), possibly by
localizing at the active transcription foci. We carried out co-
immunofluorescence analysis to study the distribution of Ac-
NPM1 and RNAP II in cells. Quadrant 3 of the scatter plot
shows the colocalized pixels of AcNPM1 and RNAP II (Fig.
2A). The calculated weighted colocalization coefficient deter-
mined with Carl Zeiss software for RNAP II is 0.491 (Fig. 2A,
tabular data for Ch2-T1), and that for AcNPM1 is 0.512 (Fig.
2A, tabular data for Ch3-T3), both of which are greater than
0.3 and are thus considered significant (according to Pearson’s
correlation coefficient). The coimmunofluorescence studies il-
lustrated significant colocalization of acetylated NPM1 with
RNAP II (Fig. 2A), probably at the actively transcribed regions
of the chromatin. Hence, the acetylatable lysine residues of
NPM1 would be very essential for its function as a transcrip-
tional enhancer. Flag-tagged mammalian expression constructs
of 7K-7R mutant and WT NPMI1 were made to verify this
possibility. Both the Flag-tagged WT and Flag-tagged 7K-7R
mutant NPM1 proteins predominantly localized to the nucle-
olus in interphase cells (Fig. 2B; see Fig. S4 in the supplemen-
tal material). In order to assay for their activity, we used the
luciferase reporter assay system employing a Gal4-VP16 (ac-
tivator)-responsive promoter construct. The transient transfec-
tion of Flag-tagged WT NPMI resulted in around sevenfold
transcriptional activation (Fig. 2C, compare lane 1 with lane 2).
However, an equivalent amount of Flag-tagged 7K-7R mutant
NPM1 transfection (Fig. 2C, bottom panel) failed to induce
the activator-dependent transcription any further (Fig. 2C,
lane 3). These observations indicate that acetylation of NPM1
is essential to induce transcription in a cellular system. We
have previously shown that acetylated NPM1 interacts prefer-
entially with acetylated histones in an in vitro system (18). We
probed the in vivo interaction of WT NPM1 and 7K-7R mutant
NPM1 with histones to elucidate the mechanism by which WT
NPM1 activated Gal4-VP16-driven transcription severalfold,
whereas the mutant could not enhance activator-dependent
transcription at all. M2-agarose pulldown assays were per-
formed with Flag-tagged WT and 7K-7R mutant NPM1-trans-
fected cells. The immunopulldown complex was probed with
anti-acetylated H3 antibody. It was found that WT NPM1
(which is amenable to acetylation) has a higher affinity for
interaction with acetylated histone H3 than does 7K-7R mu-
tant NPM1 (Fig. 2D, compare lanes 2 and 3). Acetylated
NPM1 could probably facilitate disassembly of acetylated nu-
cleosomes at active promoters and augment the transcriptional
output.

We have also performed similar experiments with a p53-
responsive reporter construct, where we found that WT NPM1
activated p53-dependent reporter gene expression severalfold,
whereas 7K-7R mutant NPM1 activated it to a lesser extent
than the WT did (Fig. 2E). There could be a differential re-
quirement for acetylated NPM1 to activate diverse genes,
which is indicated by the capacity of 7K-7R mutant NPM1 to
enhance either Gal4-VP16-dependent or p53-dependent gene
expression. The direct interaction of p53 and NPM1 may also
contribute to transcriptional activation, which may be indepen-
dent of its acetylation status.

The class III HDAC SIRT1 deacetylates NPM1. It is well
known that the phenomenon of acetylation is a highly dynamic
and reversible process. There are several HDACs which cata-
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lyze the removal of acetyl groups from histone, as well as
nonhistone, protein substrates. Deacetylation of NPM1 by a
candidate cellular deacetylase would result in attenuation of its
acetylation-dependent function and bring about tighter regu-
lation. In vitro deacetylation assays were performed with dif-
ferent classes (I and IIT) of HDACs. The HDAC activities of
different deacetylases were normalized with core histones (pu-
rified from HeLa cells) as the substrate (Fig. 3A). It was found
that ySir2, belonging to HDAC class III, could reverse the
p300-mediated acetylation of NPM1 in an NAD *-dependent
manner (Fig. 3B, lanes 4 to 6), whereas the class I deacetylase
HDACI failed to do so (Fig. 3B, lane 7). The closest mamma-
lian homologue of ySir2 is SIRT1. The activities of bacterially
purified, GST-tagged ySir2 and hSIRT1 (see Fig. S5 in the
supplemental material) were normalized with core histones
(Fig. 3C). The deacetylation assay was subsequently performed
with acetylated NPM1, and the reaction product was probed
with anti-AcNPM1-01 antibody. SIRT1 efficiently deacetylated
NPM1 comparably to ySir2 (Fig. 3D, compare lane 5 with lane
7). We also performed SIRT1 siRNA transfection and checked
the status of NPM1 acetylation in the cells 48 h later (see
Materials and Methods; see Fig. S3 in the supplemental ma-
terial). Western blot analysis revealed that after 48 h of trans-
fection, acetylation of NPM1 was enhanced in SIRT1 knock-
down cells compared to that in control siRNA-transfected cells
(Fig. 3E), which clearly suggests that SIRT1 is a bona fide
NPM1 deacetylase. In order to test the effect of SIRT1-medi-
ated deacetylation on the transcriptional activation ability of
NPM]1, a luciferase reporter gene expression assay was per-
formed. Transiently transfected Flag-WT NPMI1 enhanced
transcription from the Gal4-VP16-responsive promoter more
than sixfold (Fig. 3F, compare lane 1 with lane 2). However,
upon cotransfection of SIRT1, Flag-WT NPM1 enhanced ac-
tivator-driven transcription minimally (Fig. 3F, compare lane 1
with lane 3). These results indicate that the transcriptional
activation potential of NPM1 is determined by its acetylation
status, whereas deacetylation of NPM1 drastically reduces its
capacity to promote transcription of the target gene. Presum-
ably, acetyltransferase p300 and class III deacetylase SIRT1
dynamically modulate the acetylation status of NPM1 and, as a
consequence, profoundly influence an array of biological and
pathological processes carried out by NPM1.

Levels of acetylated NPM1 increase in oral cancer. Mani-
festation of cancer is often found to be associated with alter-
ation of epigenetic marks of chromatin, which include local
DNA hypermethylation, global hypomethylation, and alter-
ation of histone acetylation/deacetylation balance (8). NPM1 is
reported to be overexpressed in highly proliferative cells com-
pared to normal resting cells and also in cancers of diverse
histological origins (3). However, almost no reports are avail-
able to give insight into the posttranslational modification sta-
tus of NPM1 during such malignancies. We investigated the
expression levels and acetylation status of NPM1 in precancer-
ous oral lesions (grade I, n = 3) and highly malignant (grade
IIL, n = 3) oral cancer patient samples with respect to normal
oral tissue by an IHC technique. We found a drastic difference
in both NPM1 levels (Fig. 4A, upper panel) and the acetylation
status of NPM1 (Fig. 4A, lower panel) from early to advanced
grades of oral tumors. The enhancement of the levels of acety-
lated NPM1 protein correlated with oral cancer malignancy.
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were analyzed by paired ¢ test (+*, P < 0.01). GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

5121



5122

A

MoL. CELL. BIOL.

SHANDILYA ET AL.

y

e
. "..(.'
» R
LR W [N %
/%, .',7}_‘ :

N
}l:‘f-o S 2 -

/.

» e &
A 2

Normal, c NPM1

Grade.l,c AcNPM1

C

Pl 82 g4 85 212 211
NTNTN T N TN T
L) e - - - - | @ ACNPM101
'3 4 '
EE o
ﬁ — || — —— @ | cActin
i1 —— @ — @ | aNPM1
:! ° " ’. ‘ -
- Control  Tumer -— - --h - ap e»-@® | gActin
12 3 4 5 6 7 8 3 10
120 P
i~ E
i,
1 ] . =8 o182 " 0 s
" = N ‘n DN DR (A “n v
! ..l ,“/ Z % o um_
WS S-S e
‘1.\\\?)('. Maligmant fumor a Ac MPM1 e s 23 27 ™

1—gmtmcmoc-m|,
& l“‘-' " s
[ ie
3 ‘g'g, p

)

V.Y

TR
\.‘,"‘
W) ) slogs o Ne
-~ ) e 1) )
W WY

0! ub ML N
Vrreialest gt O 8!
Ve o “\.\'. .s't3°
b, b Dx‘,’ ‘. Q'.'
oottt @ el
SN .U.-§ ‘s{‘\;, 2 ¥ e g
oSN T 2 Pan T

FIG. 4. NPM1 is overexpressed and is predominantly acetylated in grade II OSCC. (A) Representative images of an IHC analysis performed
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We further investigated the expression and acetylation status
of NPM1 in 12 patient samples belonging to grade II oral
squamous cell carcinoma (OSCC; as tumor samples belonging
to this grade were readily available). IHC analysis showed
higher nuclear positivity for NPM1 in malignant tissues com-
pared to adjacent normal tissue (Fig. 4B, panel I versus panel
IT). The enhanced expression of NPM1 was observed in the
nucleolus, as well as in the nucleoplasm (Fig. 4B, panel II,
inset), and was found to be statistically significant (Fig. 4C,
upper graph; **, P < 0.01; n = 5). A drastic increase in the
acetylation status of NPM1 was also seen in the nucleoplasm of
malignant tissue (Fig. 4B, panel III versus panel IV), with
almost no nucleolar localization (Fig. 4B, panel IV, inset). The
predominant increase in acetylated NPM1 levels in the oral
tumors was highly significant (Fig. 4C, lower graph; **, P <
0.01; n = 5). Western analysis of patient samples showed a
marked increase in NPM1 acetylation in malignant tumor tis-
sue compared to that in corresponding normal tissue (Fig. 4D,
panel I). Overexpression of NPM1 was also detected in malig-
nant oral tumors (Fig. 4D, panel II). Real-time RT-PCR anal-
ysis of RNA isolated from patient samples showed higher
NPM1 transcript levels in malignant tissues than in adjacent
normal tissue (Fig. 4E). In order to elucidate the factors con-
tributing to the enhanced acetylation status of NPM1, an ITHC
analysis was performed with anti-SIRT1 antibody and four
selected pairs of oral patient samples. The intensity of SIRT1
staining observed in a few normal tissue sections was relatively
low but was not significantly different from that in malignant
tumors (Fig. 4F). Additionally, no difference from early to
advanced-grade tumors was observed (see Fig. S6, upper
panel, in the supplemental material). We also carried out IHC
analysis with the same patient samples using an antibody
against p300 (anti-p300-C-20). The oral tumor sections had
relatively higher expression of p300 than did the corresponding
normal tissues (Fig. 4G; *, P < 0.05; n = 4). However, levels of
p300 were not significantly different in lower (grade I)- versus
higher (grade III)-grade oral tumors (see Fig. S6, lower panel,
in the supplemental material). Taken together, these observa-
tions suggest that hyperacetylation of NPM1, which is at least
partly caused by the overexpression of p300, is associated with
oral cancer manifestation, where the acetylation status of
NPM1 could be contributing to its oncogenic potential during
tumorigenesis.

Knockdown of NPM1 alters global gene expression in an
OSCC cell line. The enhanced levels of acetylated NPM1 ob-
served in grade II OSCC patients could be a hallmark of
malignant transformation. In order to look in greater detail
into NPM1-regulated global gene expression levels in OSCC,
siRNA-mediated knockdown of NPM1 was carried out with
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KB (OSCC) cells. The knockdown efficiency was around 75%
at the RNA level (Fig. 5C) and 60% at the protein level (Fig.
5A and B). Microarray analysis upon knockdown of NPM1
showed that depletion of NPMI1 resulted in the differential
regulation of several genes which have wide-ranging functions
in the cell. The major pathways which were downregulated
belonged to that of ribosome biogenesis, proliferation, and
oxidative phosphorylation, whereas genes involved in focal ad-
hesion, adherens junctions, insulin signaling, and histidine and
butanoate metabolism were significantly upregulated. Addi-
tionally, expression of some of the genes involved in apoptosis
and cell death was increased (Fig. SD). Apart from the global
effect on gene expression, several genes implicated in cancer
manifestation were also found to be downregulated upon
knockdown of NPM1. Significantly, we found that the expres-
sion of genes like those for TNF-«, the TNF receptor, the
interleukin-6 (IL-6) receptor, and IL-6ST (the IL-6 signal
transducer) were reduced as a consequence of NPM1 silencing
(selected genes represented in Fig. 5C).

Interestingly, it has been reported earlier that TNF-a, IL-6,
and IL-6 receptor levels increase substantially in OSCC (11,
20). Significant upregulation was also observed in genes like
CTNNAI (alpha-1 catenin [cadherin-associated protein]) and
CTNNBI (beta-1 catenin), which encode components of the
cell-cell adhesion complex (5), suggesting a possible role for
NPM1 in facilitating the metastasis process during carcinogen-
esis. Our results show that NPM1 influences the expression of
genes involved in cancer. Presumably, transcriptional activa-
tion of these genes could be directly regulated by acetylated
NPM1. This was further verified by studying the occupancy and
acetylation status of NPM1 at human gene promoters globally.

Acetylated NPM1 activates genes during oral carcinogene-
sis. Microarray analysis revealed that a significant proportion
of genes were differentially affected upon NPM1 knockdown
where some of the genes could be a direct target of NPM1. In
order to address this aspect, a ChIP-on-chip microarray was
done to identify the global occupancy of NPM1 across human
promoters in HEK293T cells. Interestingly, NPM1 was found
to be enriched on a number of human gene promoters, such as
those for IL-encoding genes, the TNF-a-encoding gene, and
Homeobox-encoding genes (data not shown), indicating that
NPM1 is directly involved in the transcriptional regulation of
specific genes, as no global enrichment of NPM1 on all gene
promoters could be detected. Higher levels of acetylated
NPM1 in cancer would possibly result in its increased occu-
pancy of such gene promoters. We identified genes which were
downregulated upon NPM1 knockdown and were directly reg-
ulated by NPM1 in OSCC cells. ChIP assays revealed that
acetylated NPM1 occupies the promoter of the gene for

I1I, respectively). A higher magnification (X100) of the same region is included (inset). Nucleoli are indicated by arrows. (C) A paired ¢ test was
plotted for mean difference in the intensity of nucleoplasmic NPM1 observed in normal versus tumor tissue samples from 12 oral cancer patients
(upper graph) and similarly for the increase in acetylated NPM1 levels (lower graph) (**, P < 0.01; n = 5). (D) Acetylated NPM1 (panel I) and
NPM1 (panel II) were compared in paired patient samples by Western blot analysis. Expression of B-actin was used as a loading control. P.I,
patient identification number; N, adjacent normal tissue; T, malignant oral tumor tissue. (E) Real-time RT-PCR analysis of NPM1 transcripts in
paired samples from oral cancer patients with a corresponding B-actin control. Fold T/N denotes the n-fold NPM1 expression increase in tumor
versus normal tissue. (F) IHC analysis of malignant oral tumor and adjacent normal tissues was done with anti-hSIRT1 antibody and imaged at
x40 magnification (panels I and II, respectively). (G) IHC analysis of malignant oral tumor and adjacent normal tissues was done with
anti-p300-C-20 antibody (panels I and II, respectively) and imaged at X40 magnification. The data were analyzed by paired ¢ test (*, P < 0.05).
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TNF-a in KB cells. RNAP II was used as a positive control
(Fig. 6A). A ChIP assay done after siRNA-mediated knock-
down of NPM1 resulted in reduced recruitment of RNAP II on
the TNF-a promoter compared to that in control siRNA-trans-
fected cells. However, knockdown of NPM1 did not alter the
histone H3 acetylation level (Fig. 6B). reChIP assays in which
the first chromatin pulldown was done with either an anti-
NPM1 or an anti-AcNPM1-01 antibody, followed by an anti-
RNAP II antibody, showed that acetylated NPM1 and RNAP
II colocalized at the TNF-a promoter. A reChIP assay was also
done with an anti-NPM1 antibody, followed by an anti-
AcNPM1 antibody, to estimate the acetylation status of NPM1
(Fig. 6C). We have done further experiments with antibodies
which recognize the phosphorylated form of RNA Pol II
(phospho-S5-RNAP 1II). reChIP assays were carried out in
which the first IP was performed with an anti-acetylated NPM1
antibody, followed by a second IP with pS5-RNAP II to look
into their association at the TNF-a promoter. reChIP assays
showed that pS5-RNAP 1II colocalized with acetylated NPM1
(see Fig. S7 in the supplemental material). Subsequently, we
repeated the earlier experiment in which we silenced NPM1 by
siRNA transfection for 48 h, followed by a ChIP assay with a
pSS5-RNAP II antibody, which showed a reduction in the active

RNAP II recruitment at the TNF-a promoter (see Fig. S8 in
the supplemental material). These experiments showed that
acetylated NPM1 associates with active RNAP II at the pro-
moter of TNF-a, which results in its enhanced expression.
p300 and SIRT1 regulate the expression of NPMI1 target
genes. In order to further establish that the acetylation status
of NPM1 is essential for transcriptional activation of its target
genes, we focused on the TNF-a gene, which is regulated by
NPMI1. Flag-tagged WT and 7K-7R mutant NPM1 constructs
were transiently transfected into cells, and their recruitment on
the TNF-a promoter was monitored through ChIP assays with
an anti-Flag M2-agarose antibody. The results indicate that
WT NPM1 has almost twofold higher recruitment than 7K-7R
mutant NPM1 (Fig. 7A). Additionally, overexpression of WT
NPM1 resulted in a TNF-a expression level fivefold higher
than that produced by 7K-7R mutant NPM1 transfection (Fig.
7B). We also performed ChIP assays to address the recruit-
ment of p300 and SIRT1 at the TNF-a promoter, which
showed that p300 is present in a greater amount than SIRT1
(Fig. 7C). Overall, these results imply that p300-mediated acety-
lation of NPM1 is indeed essential for transcriptional activa-
tion of the TNF-a gene. Subsequently, we performed siRNA-
mediated knockdown of SIRT1 and monitored the expression
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FIG. 6. Acetylated NPM1 occupies the TNF-a gene promoter.
(A) A ChIP assay was done with anti-NPM1, anti-AcNPM1-01, and
anti-RNAP II antibodies along with an immunoglobulin G (IgG) con-
trol in KB cells at the TNF-a promoter. Values are relative to the
immunoprecipitated input DNA. (B) A ChIP assay was performed
following 48 h of either control siRNA or NPM1 siRNA no. 2 trans-
fection of KB cells with anti-RNAP II and anti-acetylated histone H3
antibodies. Results and error bars are averages and standard devia-
tions of PCRs from three independent ChIP experiments. The data
were analyzed by paired ¢ test (¥, P < 0.05). (C) A reChIP assay was
done by carrying out first immunoprecipitation with either anti-NPM1
or anti-AcNPM1-01 antibody and then anti-RNAP II antibody at the
TNF-a promoter. A reChIP assay was also done with anti-NPM1
antibody, followed by anti-AcNPM1 antibodies. Crude chromatin was
used as the input for reChIP assays. Results and error bars are aver-
ages and standard deviations of at least three independent PCRs from
two independent reChIP experiments.

of NPM1 target genes. Our earlier experiments had shown that
SIRT1 suppression resulted in a significant increase in the
overall acetylation status of NPM1 without altering NPM1
expression (Fig. 3E). Additionally, we also carried out ChIP
assays and showed that SIRT1 knockdown resulted in greater
occupancy of acetylated NPM1 at the TNF-a promoter (Fig.
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7D). The expression of genes such as those for TNF-a and
IL-6ST was enhanced as a consequence of SIRT1 suppression
(Fig. 7E). Similar experiments were performed under p300
knockdown conditions, which resulted in decreased occupancy
of acetylated NPM1 at the TNF-a promoter (Fig. 7F) and also
correlated with reduced expression of the TNF-a gene
(Fig. 7G).

These results show that acetylation of NPM1 is a prereq-
uisite for its transcriptional activation property (as neither
p300 nor SIRT1 siRNA transfection resulted in downregu-
lation of NPM1 expression). These enzymatic machineries
could be dynamically regulating the acetylation-dependent
functions of NPMI1 in cells. Any deregulation of this fine
balance would contribute to its aberrant acetylation status
and, in turn, contribute to the oncogenic functions of NPM1
during malignancies.

DISCUSSION

NPM1 is a multifunctional histone chaperone protein that is
involved in several cellular processes like ribosome biogenesis,
development, centrosome duplication, and genomic stability
and is also linked with cell proliferation and transformation
associated with solid tumors. NPM1 is frequently overex-
pressed in several human cancers. It is also aberrantly trans-
located to the cytoplasm in acute myeloid leukemia (3). Re-
cently, it was found to be essential for androgen-dependent
transcriptional activation in prostate cancer cells (9). Apart
from NPM], there is increasing evidence which links other
members of the histone chaperone family with cancer mani-
festation. The highly abundant nucleolar protein nucleolin was
directly linked to human papillomavirus type 18-induced cer-
vical carcinogenesis (2). The histone chaperone CAF-1 was
found to be overexpressed in a breast cancer cell line com-
pared to that in a cell line derived from normal cells (16).
NPM1 is strongly linked with carcinogenesis and has been
ascribed both tumor-suppressive and oncogenic functions. Al-
terations of NPM1 function by loss of function, mutation, or
translocation contribute to oncogenesis by losing the potential
of NPM1 to regulate the array of biological processes. Addi-
tionally, NPM1 is also reported to have oncogenic potential
when it is overexpressed in cancers, where it may function to
translate or amplify multiple oncogenic signaling mechanisms
during carcinogenesis (10). There are several reports of en-
zymes that modify histones showing altered activity in cancer.
For instance, missense mutations of p300 HATSs and loss of
heterozygosity at the p300 locus are associated with colorectal
and breast cancers and with glioblastomas. Additionally, p300
is involved in androgen receptor transactivation, with a poten-
tially important function in the progression of prostate cancer
(17). Apart from targeting histones, p300 can also acetylate
several nonhistone cellular proteins, which has wide-ranging
functional consequences. In this report, we have demonstrated
that p300-mediated acetylation regulates the oncogenic poten-
tial of NPM1. We have also identified SIRT1 as the candidate
deacetylase for NPM1 which can reverse its acetylation status
and, as a result, regulate its transcriptional activation proper-
ties. Elevated levels of NPM1 were observed in OSCC, which
was predominantly acetylated in the nuclei of the malignant
cells. ChIP assays have revealed that acetylated NPM1 occu-
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expression upon siRNA-mediated suppression of p300 (%, P < 0.001). Values are means = standard deviations of three independent siRNA

transfections.
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pied the promoter of the TNF-a gene (Fig. 6), probably in a
complex with active RNAP II and p300, and enhances gene
expression during carcinogenesis. We show here for the first
time that the posttranslational modification status (in this case,
acetylation) of the histone chaperone NPM1 could be involved
in oral cancer manifestation through the activation of critical
genes required for cell proliferation and survival. An aberrant
increase in acetylated NPM1 could be a consequence of both a
higher substrate (NPM1) concentration and a substantial in-
crease in p300 expression. As has been reported earlier (18),
acetylated NPM1 has a higher affinity for acetylated histones,
which may facilitate histone exchange at the active gene pro-
moters. Possibly, p300-mediated enhanced acetylation of his-
tones and NPM1 would, together, increase the proliferative
capacity of dedifferentiated tumors, which is associated with
increased transcription. In this study, we have found a positive
correlation between NPM1 acetylation and oncogenesis. The
acetylation status of NPM1 may serve as a diagnostic marker,
as well as a possible therapeutic target against malignant trans-
formation. It would be interesting to find out the status of
NPM1 modification (acetylation) in other cancers where it is
reported to be overexpressed.
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