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Nuclear interactor of ARF and Mdm2 regulates
multiple pathways to activate p53
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The p53 tumor suppressor is controlled by an interactive network of factors that stimulate or inhibit its transcriptional
activity. Within that network, Mdm2 functions as the major antagonist of p53 by promoting its ubiquitylation and
degradation. Conversely, Tip60 activates p53 through direct association on target promoters as well as acetylation of p53
at lysine 120 (K120). This study examines the functional relationship between Mdm2 and Tip60 with a novel p53 regulator,
NIAM (nuclear interactor of ARF and Mdm?2). Previous work showed NIAM can suppress proliferation and activate p53
independently of ARF, indicating that other factors mediate those activities. Here, we demonstrate that NIAM is a
chromatin-associated protein that binds Tip60. NIAM can promote p53 K120 acetylation, although that modification is
not required for NIAM to inhibit proliferation or induce p53 transactivation of the p21 promoter. Notably, Tip60 silencing
showed it contributes to but is not sufficient for NIAM-mediated p53 activation, suggesting other mechanisms are
involved. Indeed, growth-inhibitory forms of NIAM also bind to Mdm2, and increased NIAM expression levels disrupt p53—
Mdm2 association, inhibit p53 polyubiquitylation, and prevent Mdm2-mediated inhibition of p53 transcriptional activity.
Importantly, loss of NIAM significantly impairs p53 activation. Together, these results show that NIAM activates p53
through multiple mechanisms involving Tip60 association and Mdm2 inhibition. Thus, NIAM regulates 2 critical pathways

that control p53 function and are altered in human cancers, implying an important role for NIAM in tumorigenesis.

Introduction

The p53 tumor suppressor is a key checkpoint regulator that
induces cell death or arrest in response to numerous cellular
insults, including DNA damage and oncogene activation.'”?
Ultimately, p53 protects the genome from stress-induced genetic
mutations and chromosomal instability (CIN) and is commonly
referred to as the “guardian of the genome”.* The importance
of p53 in preventing cancer is underscored by its functional
inactivation through 7P53 gene mutation or disruption of its
regulators in the majority of human cancers.’”

p53 is a transcription factor whose cellular expression and
activityare controlled by many different mechanisms. The primary
negative regulator of p53 is Mdm2 (mouse double minute-2),
an E3 ubiquitin ligase that targets p53 for nuclear export or
proteasomal degradation by mono- or polyubiquitylation,

*Correspondence to: Dawn E Quelle; Email: dawn-quelle@uiowa.edu

respectively.*!® Mdm2 can also bind the p53 transactivation
domain and directly block transcriptional initiation." "> Mdm2
itselfis a transcriptional target of p53, creating a negative feedback
loop that keeps p53 at low levels under normal conditions.''¢
Proper control of p53 stability and function by Mdm2 is critical
in both development and cancer. Elevated p53 activity in Mdm?2
knockout mice causes early embryonic lethality that is rescued
by p53 deletion,” whereas perpetual loss of p53 activity due to
Mdm?2 amplification or overexpression promotes tumorigenesis
in sarcomas and many other human cancers.'®*°

Numerous binding partners of Mdm?2 and/or p53 influence
their functional interaction and p53 activity."* One important
example is the alternative reading frame (ARF) tumor suppressor
encoded by the INK4a/ARF locus.** Oncogene activation and
sustained DNA damage induce expression of ARF, which binds

to Mdm?2, inhibits its E3 ubiquitin ligase activity and restricts
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Mdm2-p53 association.?? In so doing, ARF stabilizes p53 and
stimulates its transcriptional activation, thereby provoking
apoptosisor cell senescence. While ubiquitylation playsadominant
role in p53 regulation, other post-translational modifications of
p53, including acetylation, are also instrumental in controlling its
activity.>?® Tip60 (HIV-Tatl interactive protein of 60 kDa), a
MYST-family histone acetyltransferase, has particular relevance
to ARF-Mdm2-p53 signaling. Tip60 is a potent activator of
p53 required for its induction of apoptosis, autophagy, and cell
cycle inhibition.?*?** It binds to p53, is recruited to p53 target
promoters, and enhances expression of apoptosis and autophagy
genes via acetylation of p53 lysine 120 (K120) in response to
DNA damage.?**$3° Tip60 also binds ARF and Mdm?2, inhibits
Mdm2-mediated neddylation of p53, and is negatively regulated
by Mdm2-mediated ubiquitylation.?"*

We previously discovered NIAM (nuclear interactor of ARF
and Mdm?2), a novel growth inhibitor capable of activating p53.%¢
NIAM binds ARF and enhances its nuclear localization, while
it is downregulated by Mdm2-mediated ubiquitylation and
proteasome degradation. Those findings firmly placed NIAM
within the ARF-Mdm2-p53 pathway, but how it activated
p53 was unclear. ARF was not required, since NIAM caused a
G,-phase arrest and stimulated p53-mediated expression of the
p21 (also called CDKNI1A/Cipl/WAF1) cell cycle inhibitor in
ARF-null cells.*® In this study, we investigated mechanisms by
which NIAM activates p53. Our findings reveal that NIAM
controls p53 through at least 2 mechanisms, Tip60 association
and Mdm?2 inhibition.

Results

The NIAM N terminus is required and sufficient for p53
activation and inhibition of cell proliferation

NIAM acts through undefined mechanisms to activate p53,
induce expression of p21, and suppress cell proliferation.** To
identify functional domains within NIAM responsible for those
activities, we generated 2 deletion mutants. The N-terminus
mutant (NT) contains a predicted nuclear/nucleolar localization
signal domain (NLS) and a lysine-rich region (LYS-R) (Fig. 1A).
The C-terminus mutant (CT) contains 2 phenylalanine and
tyrosine-rich domains (FYRN and FYRC) that are thought to
mediate protein—protein interactions.’>*® To assess their in vivo
activities, each form of NIAM was HA-tagged and expressed in
human U20S cells (p53 wild-type, ARF-null). In p53 reporter
assays using a p21 promoter reporter construct, both wild-type
(WT) and NT forms of NIAM activated p53 in a dose-dependent
manner (Fig. 1B). By comparison, the CT mutant of NIAM was
essentially inert. Likewise, in colony-formation assays, both WT
and NT NIAM reduced proliferation relative to vector control
(Vec), whereas the CT mutant had no growth-inhibitory activity
(Fig. 1C). Similar results were obtained from transient growth
analyses in mouse NIH 3T3 fibroblasts (p53 wild-type, ARF-null)
(Fig. 1D). These data establish that NIAM’s N-terminal domains
mediate its anti-proliferative and p53-stimulating activities.

The predicted nuclear localization sequence of NIAM is
contained within its N terminus. To assess the subcellular
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localization of WT and mutant NIAM, fibroblasts expressing
each HA-tagged form were stained with HA antibodies and
examined by confocal microscopy. The active WT and NT forms
of NIAM both resided in nuclei, although NT accumulated more
prominently within nucleoli (Fig. 2A). In contrast, the CT mutant
was highly expressed throughout the cytoplasm and absent from
the nucleus. Biochemical fractionation analyses yielded similar
results and also showed that NIAM associates with chromatin.
Specifically, western blotting of cytosolic, nucleoplasmic, and
chromatin fractions from mouse and human cells showed that
endogenous NIAM is almost exclusively bound to chromatin
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Figure 1. N terminus of NIAM is required and sufficient for activating
p53 and inhibiting growth. (A) Schematic of wild-type (WT) mouse NIAM
(1-406 aa) and deletion mutants NT (1-164) and CT (158-406). Locations
of the predicted nuclear localization sequence (NLS), lysine-rich domain
(LYS-R), and C-terminal “FY” rich regions are indicated. (B) p53-depen-
dent luciferase activity in U20S cells expressing increasing amounts of
the indicated forms of NIAM (1, 2, 4, or 6 ug) relative to empty vector (Vec)
control plus constant levels of the reporter constructs (80 ng Renilla plas-
mid and 800 ng of the p53-luc reporter plasmid). Mean and SD shown for
2 experiments with triplicate samples. (C) CFA in U20S cells infected with
vector (Vec) or indicated NIAM forms. Error bars equal the SD from mean
for triplicate counts in a representative experiment. Asterisks denote
statistical significance (P value < 0.05) as determined by an unpaired
2-tailed Student t test. (D) Growth inhibition was measured by a transient
(6 d) growth assay in mouse NIH 3T3 fibroblasts infected with empty vec-
tor or NIAM mutants. Mean +/— SD of at least 3 different experiments is
shown. Asterisks denote statistical significance (P < 0.006) relative to Vec

as determined by a paired 2-tailed Student t test.
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(Fig. 2B, top panels). The majority of exogenous WT and NT
NIAM proteins likewise co-purified with chromatin, while the
CT form was primarily cytosolic (Fig. 2B, bottom panels). Thus,
the same N-terminal domains of NIAM are required to mediate
its chromatin binding, activation of p53, and suppression of cell
proliferation.

NIAM binds Tip60, promotes p53 acetylation, and requires
Tip60 to fully activate p53

One important chromatin-bound regulator of p53 is the
acetyltransferase Tip60.” The ability of Tip60 to stimulate p53-
mediated transcription is dependent on its association with p53
at target promoters, which does not require p53 acetylation at
lysine 120 (K120).2%% Besides their common ability to bind
chromatin and activate p53, NIAM and Tip60 share some of the
same binding partners, ARF and Mdm2.3"32%* Such evidence led
us to test if NIAM and Tip60 interact functionally to promote
p53 activity. Initial assays evaluated NIAM and Tip60 association
using tagged versions of each protein expressed in HEK293T
cells. Interestingly, we found that Tip60 overexpression increased
the levels of endogenous and exogenous NIAM, while NIAM
overexpression decreased levels of Tip60, supporting the existence
of a functional interplay between the 2 proteins (Fig. 3A, left
panel). Immunoprecipitation (IP) with antibodies to either the
Myc tag of NIAM or HA tag of Tip60 showed that NIAM and
Tip60 can bind to each other in vivo (Fig. 3A, right panel). Both
proteins are normally expressed at low levels in cells, and their
detection is hindered by antibody limitations.?*?*34 Nonetheless,
using p53-null mouse embryo fibroblasts, which express
higher levels of NIAM and Tip60 due to the lack of Mdm2
expression,** endogenous NIAM-Tip60 complexes were clearly
detected by IP—western analyses (Fig. 3B).

To identify Tip60 interaction domains within NIAM, Myc-
tagged forms of NIAM were co-expressed with HA-Tip60 in
HEK293T cells. Tip60 complexes were isolated using HA-agarose

and analyzed for NIAM association by immunoblotting,
showing that Tip60 interacted specifically with the WT and NT
forms of NIAM, but not with CT NIAM (Fig. 3C). Binding
assays using in vitro-translated Tip60 and GST-tagged NIAM
proteins yielded the same result, demonstrating that WT and
NT NIAM, but not the CT mutant, were able to bind Tip60
directly (Fig. 3D). Together, these analyses reveal that the
NIAM N-terminus binds Tip60, and that their mutual binding
partners, ARF and Mdm?2, are not required for that interaction.
We next tested if NIAM could promote p53—K120 acetylation.
NIAM expression was sufficient to induce K120 acetylation of
endogenous p53, suggesting NIAM stimulates Tip60 function
toward p53 (Fig. 4A). Since the NIAM NT mutant effectively
activates p53 and is required for Tip60 binding, we assessed its
ability to induce K120 acetylation of p53. Surprisingly, the NT
mutant was unable to promote that modification, similar to the
CT mutant that lacked Tip60 binding capacity (Fig. 4B). This
suggested that Tip60 association alone is insufficient for NIAM
to promote p53—K120 acetylation, and it also raised a larger
question about the importance of Tip60 to NIAM-mediated
p53 activation. To address that issue, we measured NIAM’s
ability to stimulate p53 transcriptional activity in cells following
Tip60 depletion. Quantitative RT-PCR confirmed effective
Tip60 knockdown in cells expressing 2 different Tip60 short
hairpin RNAs (shRNAs, designated shT1 and shT2) compared
with empty vector (EV) control cells (Fig. 4C). Loss of Tip60
expression significantly reduced the transcriptional activation of
p53 by NIAM (Fig. 4D). However, p53 activation by NIAM
was only partially reduced by Tip60 depletion, suggesting that
NIAM acts through additional mechanisms to promote p53
activation.
NIAM’s N-terminal residues mediate Mdm2 binding and
confer protein instability
The primary antagonist of p53 is the Mdm2 E3 ubiquitin
ligase, which destabilizes p53 and
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Figure 2. NIAM associates with chromatin via its N-terminal residues. The localization of NIAM wild-
type (WT), N-terminal (NT), and C-terminal (CT) proteins was evaluated by immunofluorescence (A)
and biochemical fractionation (B) of cells. (A) Representative confocal images of NIAM subcellular
localization in ARF-null MEFs expressing the indicated HA-tagged forms of NIAM. NIAM proteins (red)
were detected using HA antibodies and nuclei (blue) detected by DAPI staining. Scale bar, 10 pm.
(B) Chromatin (CHR), nucleoplasmic (NUC), and cytoplasmic (CYT) fractions were isolated from mouse
NIH 3T3 cells (left panel) or human U20S cells (right panel), and protein localization in equivalently
loaded fractions was examined by western blotting. WCE, whole-cell extracts. Top panels show endog-
enous NIAM localization to chromatin relative to NPM (chromatin associated nucleocytoplasmic shut-
tling protein) and RABL6A (cytoplasmic protein) controls. Bottom panels display localization patterns of
HA-tagged WT, NT, and CT forms of NIAM, as detected using HA antibodies.
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questions, in vitro binding assays were
performed. In vitro-translated Mdm?2
interacted with GST-tagged WT and
NT NIAM, but not the CT mutant
(Fig. 5A). Transient co-expression of
both proteins in cells yielded identical
binding results (Fig. 5B). Thus,
NIAM and Mdm2 bind directly
through amino acids 1-164 in the
NIAM N terminus. Notably, stable
expression of NIAM proteins in p53-
positive cells showed reduced levels
of WT and NT NIAM compared
with the CT mutant (Fig. 5C, left
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panel), and half-life analyses demonstrated that the WT and NT
proteins were short-lived (t,, = 2.2 to 2.4 h, respectively) relative
to the CT protein (t,, > 48 h) (Fig. 5C, right panels). Thus,
the N terminus of NIAM mediates Mdm?2 binding and imparts
protein instability.

NIAM interferes with Mdm2—p53 association and prevents
p53 ubiquitylation

Both the WT and NT forms of NIAM activate p53 and
bind Mdm2. Other Mdm?2 binding proteins, such as ARF and
nucleophosmin (NPM), promote p53 activation, at least in part,
by limiting Mdm2—p53 association.****> Therefore, we examined
whether NIAM could do the same. H1299 cells were transfected
with a constant level of p53 plus increasing amounts of HA-tagged
NIAM. Western blotting showed that higher levels of NIAM
protein resulted in increased induction of the p53 targets, p21,
and Mdm?2 (Fig. 6A). Consistent with p53 activation, and despite
the elevated expression of Mdm?2, increasing levels of NIAM
caused a concomitant and significant reduction in Mdm2—p53
association (Fig. 6B).

Mdm?2 primarily inhibits p53 by promoting its ubiquitylation,
so we tested if NIAM could block that process. Cells were
transfected with His-tagged ubiquitin along with a constant level
of p53 and increasing amounts of NIAM. Ubiquitylated proteins
were isolated on Ni**-NTA-agarose under denaturing conditions,
and polyubiquitylated p53 was detected by western

with that conclusion, p53 transcriptional activity was significantly
reduced by stable shRNA-mediated silencing of endogenous
NIAM using 2 separate targeting shRNAs, designated shN1 and
shN2 (Fig. 7B). The decrease in p53 activity caused by NIAM
depletion was similar in magnitude to that caused by exogenous
Mdm?2 expression. Moreover, NIAM loss combined with Mdm2
overexpression resulted in an even greater impairment of p53
activity than either condition alone.

Discussion

The anti-cancer activities of p53 are governed by a network
of cellular factors that bind and/or modify the protein through
various post-translational modifications.">*#?>%4 NJAM was
previously shown to induce p53 transcriptional activity and cell
cycle arrest, although its mechanisms of action were undefined.**
Here, we explored how NIAM activates p53. Our findings reveal
that NIAM is a chromatin-associated protein that indirectly
promotes p53 activation through its interaction with 2 critical
p53 regulators, Tip60 and Mdm?2 (Fig. 8).

We have shown that Tip60, a major activator of p53, binds to
NIAM and is required for NIAM to fully activate p53. Tip60 uses
distinct mechanisms to differentially activate p53 target genes
during a DNA damage response. For instance, Tip60 interacts
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abnormally high levels of Mdm2,%¥%° so we tested

the ability of NIAM to reactivate p53 in the presence

of exogenous Mdm?2. Relative p53 transcriptional
activity was measured by p2l-luciferase reporter
assays and shown to be effectively reduced by Mdm?2
overexpression (Fig. 7A). Both WT and NT forms
of NIAM overcame the effects of Mdm2 and fully
restored p53 activity to levels achieved in the absence
of ectopic Mdm2. In contrast, the CT form of
NIAM, which lacks Mdm?2 binding, failed to inhibit
Mdm?2 and was unable to restore p53 activity. These
data establish Mdm2 inhibition as a significant
mechanism by which NIAM activates p53.

Our cumulative findings suggest that NIAM is
an important positive regulator of p53. In agreement

Figure 3. NIAM is a novel interactor of Tip60. (A) Association between exogenous
Myc-NIAM and HA-Tip60 was examined in transfected HEK293T cells (10 g of each
plasmid) by reciprocal IP-western analyses using HA, Myc, NIAM, and Tip60 antibodies
(right). Immunoblots of whole-cell lysates revealed expression levels of each protein
in the indicated lysates with GAPDH serving as loading control (left). ¥, Non-specific
band; Endog, endogenous NIAM; Myc-tag, Myc-NIAM. (B) Endogenous NIAM-Tip60
complexes were detected in p53-null MEFs by immunoprecipitation with antibodies
to NIAM or Tip60 followed by blotting with 2 different NIAM antibodies (polyclonal,
pAb; monoclonal, mAb). (C) In vivo binding between Myc-tagged WT and NT NIAM,
but not CT NIAM, with HA-tagged Tip60. HEK293T cells were transfected with 15 pg
of each plasmid, complexes were pulled down using HA agarose (HA-IPs) and proteins
detected with HA and Myc antibodies (upper panels). Relative levels of Myc-NIAM NT
and CT protein expression in the cells were analyzed by immunoblotting of whole cell
lysates (lower panels). (D) In vitro translated Tip60 can bind to GST-tagged WT and NT
forms, but not the CT mutant. GST protein levels and Tip60 binding were measured by
Coomassie staining and autoradiography, respectively.
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with p53 and is recruited to high-affinity p53 target promoters,
such as p21, where it promotes expression of genes responsible for
cell cycle arrest.”” This step, which involves Tip60 acetylation
of histone H4 but not p53, is thought to be important for cells
to mount an effective DNA repair response.”*? By comparison,
Tip60 can also acetylate p53 at the evolutionarily conserved
K120 residue® to initiate an irreversible apoptotic response.***
Acetylation of K120 alters the DNA binding specificity of
p53, favoring its accumulation on low-affinity apoptotic gene
promoters, such as bax and puma, triggering cell death.?s>447
We found that wild-type NIAM can promote p53 acetylation at
K120. However, the N-terminal (NT) form lacks the ability to
promote p53 acetylation despite retaining wild-type or greater

abilities to bind Tip60, inhibit proliferation, and induce p53
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Figure 4. NIAM can promote acetylation of K120 on p53 and requires
Tip60 to fully activate p53. (A) NIAM expression induces K120 acetyla-
tion of endogenous p53. U20S cells expressing empty vector (V) (10
ug) or NIAM (N) (10 pg) were immunoblotted with antibodies specific
to p53, HA-NIAM, GAPDH, and p53 K120 acetylation. (B) U20S cells
transfected with 5 to 15 ug of each indicated HA-tagged NIAM plas-
mid and lysates were immunoblotted with HA, K120 Ac-p53, p53, and
GAPDH antibodies. Neither mutant of NIAM was capable of induc-
ing acetylation of p53 at K120. (C) qRT-PCR demonstrates effective
knockdown of Tip60 in H1299 cells expressing 2 separate shRNAs to
Tip60 (shT1 and shT2) relative to empty vector (EV) control. (D) Cells
expressing EV or Tip60 knockdown constructs were transfected with
vector (0 pg) or increasing amounts of NIAM (1, 4, or 8 pg) along with
the p53 cDNA (0.005 pg), p53-luciferase reporter construct (0.8 pg),
and Renilla luciferase control (80 ng). Luciferase activity was mea-
sured in duplicate for each sample and results from a representative
experiment are shown.

transactivation of the p2I promoter. These findings suggest that
NIAM activates p53 primarily thru Tip60 association, rather
than p53 K120 acetylation, which is consistent with the fact that
NIAM induces growth arrest and not cell death (ref. 34 and data
herein).

The above conclusion raises several important questions. First,
what is the significance of p53 K120 acetylation by WT NIAM?
This acetylation is clearly dispensable to the NIAM functions
described herein, yet we wonder if that modification could also
be mediated by MOZ, a Tip60 relative that specifically promotes
p21 upregulation and senescence.*® Of more immediate interest
is determining how NIAM cooperates with Tip60 to activate
p53 and induce p21. Does it do so by facilitating Tip60—p53
interaction on the p2/ promoter, and is that associated with
enhanced Tip60-mediated histone H4 acetylation and consequent
relaxation of the chromatin? That is the clear prediction from our
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Figure 5. NIAM N-terminal sequences bind to Mdm2 and confer instability
to the protein. (A) In vitro translated Mdm2 binds to GST-tagged WT and
NT, but not CT, forms of NIAM. GST protein levels and Mdm2 binding were
measured by Coomassie staining and autoradiography, respectively. (B) In
vivo binding between the indicated HA-tagged NIAM proteins (10 pug each
plasmid) and Mdm2 (2 pg plasmid) was assayed in transiently transfected
U20S cells. Whole-cell lysates were immunoprecipitated (IP) with a mixture
of monoclonal and polyclonal antibodies to Mdm2 or control IgG. Mdm2
IPs were performed with roughly equivalent amounts of each NIAM form,
followed by western blotting with Mdm2 and HA antibodies (right panel).
Relative levels of Mdm2 and HA-NIAM protein expression in the cells were
analyzed by immunoblotting of whole-cell lysates (left panel). (C) Mouse
NIH 3T3 cells stably expressing each HA-tagged NIAM form or vector con-
trol were examined by western blotting with HA antibodies (left panel). The
half-life of each NIAM protein was determined following treatment of the
cells with cycloheximide (CHX) for the indicated times and blotting with HA
antibodies. The average half-life calculated from at least 3 experiments is
denoted in parentheses to the left of each blot (right panels).
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findings as well as earlier work by others regarding the control of
p21 expression by Tip60-p53,%>* and it is depicted in Figure 8.
A related question is whether NIAM is part of a transcriptional
complex containing p53 and/or Tip60 on p53 target promoters.
To date, we have been unable to isolate cellular complexes
containing NIAM and p53. Also the formation of NIAM-
Tip60 complexes was observed in p53-null cells, supporting the
conclusion that NIAM binds to Tip60 independently of p53.
That heightens the probability that NIAM promotes Tip60-
mediated activation of p53 by limiting their negative regulation
by Mdm?2 (as discussed below) and/or UHRF1 (ubiquitin-like
with PHD and RING finger domains 1). UHRF1 is a newly
identified suppressor of Tip60 and p53 whose depletion markedly
increases p53/Tip60-dependent transactivation of both growth-
inhibitory and apoptotic target genes.”” These questions are
highly relevant to our understanding of p53 signaling and merit
further investigation.

Since depletion of Tip60 only partially reduced p53 activation
by NIAM, we examined other regulators and/or pathways by
which NIAM controls p53. Our data establish Mdm?2 inhibition
as a central mechanism of NIAM-mediated p53 activation.
This was supported by observations that NIAM binds to
Mdm?2, disrupts Mdm2-p53 association, and reduces p53
polyubiquitylation. Moreover, forms of NIAM (WT and NT)
that lead to cell cycle arrest also interact directly with Mdm?2 and

completely abolish Mdm2-dependent transcriptional inhibition
of p53. There are a few different mechanisms by which NIAM
could inhibit Mdm2. The most obvious possibility is that NIAM
could block Mdm2 ubiquitin ligase activity, similar to ARF>°
However, that seems improbable, since NIAM is effectively
downregulated by Mdm2-mediated ubiquitylation. Our data
are more consistent with the possibility that NIAM binds and
sequesters Mdm2 away from p53 complexes, and we suggest
those complexes reside on the DNA, since the vast majority of
NIAM is chromatin bound. This mechanism would effectively
impair any inhibitory modification of p53 by Mdm2, which
includes not only ubiquitylation, but also neddylation’ and
sumoylation.”* Future studies examining the effects of NIAM
on those alternative lysine modifications of p53 are warranted.
Notably, our data are not consistent with Tip60 binding to
NIAM-Mdm?2 complexes, since Tip60 and NIAM influence
p53 stability through different mechanisms. Tip60 binds Mdm2
with p53 and relocalizes the complex to PML-like nuclear bodies
without altering the ubiquitylation status of p53, presumably
impairing p53 targeting to the proteasome.’>** NIAM, on the
other hand, substantially decreases p53 polyubiquitylation.

The association of NIAM with chromatin was predicted based
on the presence of Phe/Tyrrich regions (FYRN and FYRC),
which are evolutionarily conserved among chromatin-associated
proteins, such as the human mixed lineage leukemia (MLL)
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Figure 6. NIAM interferes with Mdm2-p53 association, prevents p53 polyubiquitylation, and promotes p53 transcriptional activity. (A) NIAM stimulates
p53 transcriptional upregulation of p21 and Mdm2 in H1299 cells transfected with p53 expression plasmid (9 pug) and increasing amounts of an HA-NIAM
construct (1, 5, or 10 pg). Direct lysates were blotted with antibodies to NIAM, p53, Mdm2, p21, and GAPDH. (B) IP-western analyses of p53-Mdm2 com-
plexes in the same cells as (A) show reduced Mdm2 association with p53 in cells expressing higher levels of NIAM. (C) H1299 cells were transfected with
a constant amount of p53 (2 pg) and His-ubiquitin (8 pg) plasmids plus increasing amounts of the HA-NIAM construct (5, 10, or 15 pg). His-Ub forms of
p53 were pulled down on Ni2+-NTA— agarose, separated by SDS-PAGE, and blotted with antibodies to p53 (DO-1) (bottom panel). Total levels of p53 and
NIAM in the samples were detected by western blotting of whole-cell lysates. Quantification of the total amount of ubiquitylation of p53 was calculated
using ImagelJ. (D) U20S cells were transfected with increasing amounts of NIAM (3.75, 7.5, or 30 p.g) and levels of endogenous p53, p21, and Mdm2 were
assessed by immunoblotting. (E) U20S cells were transfected with increasing amounts of HA-tagged NIAM (5, 10, 15, or 20 .g) and His-tagged ubiquitin
(8 ug) plasmids. His-Ub forms of p53 were pulled down using Ni2+-NTA— agarose beads, separated by SDS-PAGE, and blotted with a p53 antibody (DO-1).
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proteins.”® However, the role of those domains in chromatin
binding is undefined. Our studies clearly showed that the
NIAM C-terminus containing these domains is not essential to
chromatin localization. Conversely, the NIAM NT form lacking
FYRN/FYRC is exclusively nuclear and chromatin bound. It is
possible that the positively charged Lys residues within NIAM’s
NLS and LYS-R domains may mediate chromatin binding
via electrostatic interactions with the DNA. Regardless of the
mechanism of chromatin association, this study showed that
NIAM N-terminal domains are required and sufficient for
nearly all of NIAM’s observed activities, including association
with Tip60 and Mdm?2, p53 transcriptional activation, blocking
Mdmz2 inhibition of p53, and cell growth inhibition. Those same
residues were also essential for chromatin association, implying
that this association may be central to the function of NIAM. We
tested if Tip60 and/or Mdm?2 direct NIAM’s interaction with
chromatin, since they also localize to that structure. But this
hypothesis was not supported, since endogenous NIAM remains
chromatin bound in Tip60-silenced cells, as well as in cells
that lack functional p53 and express negligible levels of Mdm?2
(Fig. S1). On the other hand, exogenous NIAM was dispersed
throughout the nucleus and cytoplasm in cells lacking p53 and
Mdm?2, so it is possible that those factors (or other p53 regulated
targets) can be quantitatively limiting for NIAM chromatin
association.

In sum, this work reveals that NIAM is an important activator
of p53. Depletion of NIAM in cells significantly impaired
p53 transcriptional activity. NIAM acts through mechanisms
involving Tip60 and Mdm2, 2 major regulators of p53 that are
frequently downregulated (Tip60) or overexpressed (Mdm?2)
in human cancers.?** These observations strongly imply a
tumor-suppressive role of NIAM in cancer, consistent with its
downregulation at the mRNA level in various human tumors.*

Future studies evaluating the biological effects of NIAM loss
on p53 function in response to genotoxic stresses and in tumor
development in vivo will provide important insight into the
physiological significance of NIAM in cancer.

Materials and Methods

Cell culture

Most cell types were maintained in standard Dulbecco
modified Eagle medium containing 10% fetal bovine serum,
2 mM glutamine, and 100 pg/ml penicillin and streptomycin,
including human HEK 293T (human embryonic kidney
epithelial cells expressing SV40 large T antigen); human U20S
osteosarcoma cells; human MDA-MB-231 cells; and mouse NIH
3T3 fibroblasts. Primary mouse embryonic fibroblasts (MEFs;
ARF-null provided by Martine Roussel, St. Jude’s Children
Hospital and p53-null provided by Christine Eischen, Vanderbilt
University) were grown in the same media supplemented with 0.1
mM nonessential amino acids and 55 pM 2-mercaptoethanol.
Human HI1299 lung cancer cells (American Type Culture
Collection, CRL-5803) were grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 2 mM glutamine,
and 100 pg/ml penicillin/streptomycin.

DNA constructs

Cloning of wild-type mouse NIAM into various expression
vectors, including pXM-HA, pXM-Myc, pMSCV-IRES-GFP,
and pGEX-4T-2, was described.’* NIAM deletion mutants
were generated by PCR: 1-164 (NT) (forward primer: 5" —
CCATCGATAG CGTGTTGAGC GGCCTGGCC - 3%
reverse primer: 5 — CCGAATTCCA GTTTTCGAGC
ACCTCCCTC - 3') and 158-406 (CT) (forward primer: 5" -
CCATCGATGA GGGAGGTGCT CGAAAACTG - 3'; reverse
primer: 5 — GGAATTCAAT CTGAAGACTG AATTG - 3').
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Figure 7. NIAM abolishes Mdm2-mediated inhibition of p53 transcriptional activity and is required for full p53 activation. (A) WT and NT forms of NIAM
restored p53 activity after Mdm2-mediated inhibition of p53, whereas the NIAM CT mutant was inert. H1299 cells were transfected with constant levels
of p53 (0.005 pg), Mdm2 (0.15 pg), p53 reporter (0.8 pg), and Renilla luciferase (80 ng) plasmids plus increasing amounts of HA-tagged forms of NIAM
(1,4, or 8 ng). The relative p53 activation of a p21-luciferase reporter was measured. Data are the mean +/— SD from 3 or more independent experiments
(*P < 0.01 relative to Mdm2 alone, as measured by an unpaired 2-tailed Student t test). (B) NIAM is required for full transcriptional activity of p53. NIJAM
was stably silenced in H1299 cells using 2 separate shRNAs (shN1 and shN2) vs. a scrambled shRNA control (shCON) and NIAM downregulation was
confirmed by western blotting (inset). Cells were transfected with a p53 plasmid (0.005 pg) plus (+) or minus () the Mdm2 construct (0.15 pg), and p53
activation of the p21-luc reporter (0.8 pg of the reporter plus 80 ng Renilla luciferase) was measured. Mean +/— SD of data from at least 4 different experi-
ments is shown. Statistical significance was determined by an unpaired 2-tailed Student t test. (*P < 0.0001 relative to shCON lacking Mdm2; **P < 0.0098
relative to Mdm2 alone or each NIAM knockdown in the absence of Mdm?2).
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PCR products were directly ligated into the pCRII-TOPO vector
(Invitrogen), sequenced, and subcloned into the above expression
vectors. Other expression plasmids used include pcDNA3.1-
human p53,” pCMV-human Mdm2 (Moshe Oren, Weizmann
Institute of Science), pcDNA3-HA-Tip60 (Didier Trouche,
Universite Paul Sabatier), and pRBG4-His-Myc-ubiquitin.*

Protein expression

Bacterial glutathione S-transferase (GST)-tagged fusion
proteins were generated as described previously.* For mammalian
cell expression, cells were transfected using a modified calcium
phosphate precipitation procedure.’® Production of ecotropic
and amphotropic retroviruses in 293T cells and subsequent
infections into MEFs, NIH 3T3, or H1299 cells were performed
as described.”® Briefly, retroviral supernatants were collected 3
times at 12 h intervals between 36 and 60 h post-transfection,
stored on ice, supplemented with 8 pg/mL polybrene, and
passed through sterile 0.45-mm pore size filters. Cells (plated at
1.5-3 x 10°> per 100 mm dish) were sequentially infected 2-3
times with 2.5 mL virus per round (8-16 h per round). Infection
efficiency was monitored by flow cytometric measurement
of GFP positivity using a FACScan (Becton Dickinson) and
WinMDI analysis software.

Tip60 and NIAM silencing

To silence endogenous human Tip60, pLKO.l.puro-
Tip60 shRNA constructs (Open Biosystems) were used
with an empty vector included as control, whereas pSUPER-
retro-neo/GFP viruses expressing 2 different shRNAs were
used to silence human NIAM: shN1 (5-GATCCCCGAA
GGTACTTGCT AAAGAATTCA AGAGATTCTT
TAGCAAGTAC CTTCTTTTTG GAAA-3") and shN2
(5-GATCCCCACT GGAAGTTCTG AAGAAATTCA

2 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s, annealing
of primers at 60 °C for 1 min, and extension at 72 °C for 1 min
on a CFX96 Real-Time PCR detection system (BioRad). As a
control, the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was amplified using a forward
primer (5" -CCATGTTCGT CATGGGTGTG- 3’) and reverse
primer (5' - CAGGGGTGCT AAGCAGTTGG - 3'). Fold
differences in Tip60 mRNA expression were calculated following
normalization to GAPDH RNA expression and computed using
BioRad CFX Manager 3.0 quantitation software (BioRad).

In vitro binding assays

Coupled in vitro transcription and translation (IVT) of
plasmids containing Tip60 or Mdm2 were performed using
the TNT kit (Promega Corp). ¥S-labeled IVT products were
incubated for 2 h at 4 °C with equivalent amounts of GST
or GST-mouse NIAM proteins (WT, NT, or CT) that were
previously bound to glutathione-sepharose, as described.*
Protein complexes were washed 4 times with NP-40 buffer
(50 mM Tris [pH 8.0], 120 mM NaCl, 1 mM EDTA, 0.5%
Nonidet P-40, and 0.1 mM Na3VO4) supplemented with 1 mM
NaF, protease inhibitor cocktail (Sigma Aldrich, P8340, 1:100
dilution), phosphatase inhibitor cocktail (Sigma Aldrich, P0044,
1:100 dilution), and 30 pM phenylmethylsulfonyl fluoride
and resolved by SDS-PAGE. Gels were cither fixed with 30%
methanol and 10% acetic acid and stained with Coomassie Blue
to confirm equivalent input of GST proteins, or proteins were
transferred onto nitrocellulose membranes (Amersham), and
autoradiography was used to detect protein interactions.

Proliferation assays

For colony-formation assays, U20S cells were infected with
viruses containing empty vector (Vec), wild-type mouse NIAM

(WT), or NIAM mutants (NT or CT). Cells were selected in

AGAGATTTCT TCAGAACTTC CAGTTTTTTG
GAAA-3"). A scrambled shRNA construct
(5'-GATCCCCGGA ATCTCATTCG
ATGCATACCT TCCTGTCAGT

ATGCATCGAA TGAGATTCCT TTTTGGA
AA-3") was used as control. Viruses expressing
both sets of shRNAs were generated and infected
into cells exactly as described, including sterile
cell sorting for GFP-positive cells in the NIAM
silencing experiments.?*!

Knockdown of NIAM protein expression was
confirmed by immunoblotting. Tip60 silencing
was validated by quantitative real-time RT-PCR.
Reverse transcription of Tip60 mRNA was
performed with 2 pg of total RNA (isolated using

Cell Proliferation

Cell Cycle Arrest

RNeasy mini kit, Qiagen) using a High-Capacity

c¢DNA Archive Kit (Applied Biosystems Inc).
Subsequent PCR reactions consisted of 50 ng of
cDNA added to 5 pl of SYBR Green PCR Master
Mix (Applied Biosystems Inc), 1.0 pl (5 pM) of
gene-specific Tip60 primers (forward primer 5'-
CGAATTGTTT GGGCACTGAT G -3'; reverse
primer 5'- GCTTCGATCA GACACCAGG -3'),
and PCR-grade water to a total reaction volume of
10 pL. PCR was performed as follows: 50 °C for

Figure 8. NIAM activates p53 by at least 2 different mechanisms. In proliferating cells,
the Mdm2 E3 ubiquitin ligase polyubiquitylates p53, Tip60, and NIAM leading to their
degradation at the proteasome and keeping their basal expression low. Tip60 is a histone
acetyltransferase that acetylates histone H4 (inducing chromatin decondensation), pro-
moting the p53-dependent recruitment of Tip60 to p53 gene targets, such as p21. Our
data show NIAM is a chromatin bound protein capable of activating p53 independent
of ARF through at least 2 mechanisms. First, NIJAM can associate with Tip60 and induce
p53 transactivation of p21, although it appears to do so without binding to p53 itself.
Second, NIAM binds Mdm2 (which also appears exclusive of Tip60 and p53) and impairs
Mdm?2-p53 association, p53 polyubiquitylation, and Mdm2-mediated inhibition of p53
transcriptional activity. These effects of NIAM are associated with cell cycle arrest.
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puromycin for 3 d then replated in triplicate in a 6-well tissue
culture dish. Dishes were cultured for 14 d before colonies
were washed twice with phosphate-buffered saline fixed with
methanol, and stained with Giemsa. For growth curves, NIH
3T3 cells expressing wild-type mouse NIAM or mutants were
plated at 2 x 10° cells per well (6-well dishes) in triplicate. Cells
were counted on day 6 with a hematocytometer.

P53 reporter assays

A p53 reporter construct containing 14 repeats of the p53-
binding sequence (TGCCTGGACT TGCCTGQG) in the p21
promoter element fused to the firefly luciferase gene (Stratagene)
was co-transfected into U20S cells with varying amounts of
pXM-HA-NIAM forms plus empty pXM-HA or pCDNA3-
Vec for a constant amount of DNA (12 pg) per transfection. For
H1299 experiments, pCDNA3.1-p53 and/or pCMV-human
MDM2 were also co-transfected into cells. Knockdown of
Tip60 and NIAM was performed before plating for reporter
assays. A pRL-SV40 construct containing Renilla luciferase
(Promega, 80 ng) was included in all transfections to normalize
for transfection efficiency. Luciferase activity was measured in
duplicate or triplicate samples 48 h post-transfection using the
Dual-Luciferase reporter assay system (Promega Corp.) and a
Sirius V3.1 luminometer (Berthold Detection Systems).

Subcellular localization

For immunofluorescence studies, ARF-null MEFs were
infected with retroviruses containing HA-NIAM forms or vector
alone, and 2 d later cells (5 x 10%) were replated on glass coverslips
in a 6-well dishes. The next day, cells were fixed for 10 min
with 4% paraformaldehyde and permeabilized for 10 min with
0.1% TritonX-100 in PBS. Exogenous HA-NIAM forms were
detected by staining with an HA antibody (Roche Diagnostics,
clone 3F10, 0.5 pg/mL) and HRP-coupled anti-rat IgG (GE
Healthcare, NA935, 1:2000 dilution). Nuclei were visualized
by staining with 4, 6-diamidino-2-phenylindole (DAPI, Sigma)
at 1 pg/mL for 1 min, and analyzed by confocal microscopy
(Zeiss LSM 710).

To isolate chromatin, NIH 3T3, U20S, MDA-MB-231,
and H1299 cells were pelleted by centrifugation, washed one
time in PBS, and biochemically fractionated, as previously
described.®* Briefly, cells were lysed in buffer A (10 mM
HEPES [pH 7.9], 10 mM KCI, 1.5 mM MgCI2, 0.34 M
sucrose, 10% glycerol, 1 mM DTT, 1 mM NaF, protease
inhibitor cocktail (Sigma Aldrich, P8340, 1:100 dilution),
phosphatase inhibitor cocktail (Sigma Aldrich, P0044, 1:100
dilution), and 30 pM phenylmethylsulfonyl fluoride. Triton
X-100 was added to a final concentration of 0.1%, and cells
were incubated on ice for 8 min. After low-speed centrifugation
(5 min, 1300 g, 4 °C), cytoplasmic proteins were harvested
in the supernatant, and nuclei were pelleted. Buffer B (3 mM
EDTA, 0.2 mM EGTA, 1 mM DTT, protease and phosphatase
inhibitors) was then applied to the nuclear pellet for lysis.
Nucleoplasmic proteins were isolated from the supernatant, and
chromatin-bound proteins were pelleted during centrifugation
(5 min, 1700 g, 4 °C). Identical cell equivalents per fraction
(cytoplasmic, nucleoplasmic, and chromatin) were analyzed by
SDS-PAGE and immunoblotting using antibodies to NIAM,
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nucleophosmin (NPM), histone H4, H2AX, and RABLGA (sce
details below).

Half-life analysis

NIH 3T3 cells expressing empty vector or various forms
of HA-tagged mouse NIAM (WT, NT, or CT) were plated
in 6-well dishes at 2 x 10° cells/well. Cells were treated with
cycloheximide (Sigma Aldrich, C4859, 100 ug/mL) for different
amounts of time (0, 0.75, 1.5, 3, 6, 12, or 24 h), harvested, and
lysates resolved by SDS-PAGE. Immunoblotting was performed
using antibodies (listed below) to NIAM, HA, GAPDH, and/
or MadIL.

Immunoprecipitation and western blot analyses

Frozen cell pellets were lysed on ice in Nonidet P-40 buffer and
briefly vortexed, and lysates were incubated on ice for 45 min prior
to sonication (2 x 5 s pulse) and clarification by centrifugation
at 14000 rpm for 10 min at 4 °C. Immunoprecipitations were
performed using protein A/G-Sepharose plus antibodies against
the hemagglutinin (HA) epitope (Roche Applied Science, rat
monoclonal, clone 3F10, conjugated to agarose, 30 pl slurry),
Myc (9E10 mouse monoclonal antibody, 150 pL of hybridoma
supernatant), Tip60 (Santa Cruz, K17 sc-5727 and N-17 sc-5725,
3 pg each), p53 (Santa Cruz, FL393 sc-6243, rabbit polyclonal
antibody, 5 pg), and Mdm2 (clone 2A10, mouse monoclonal
antibody 300-400 pL; Calbiochem, Ab-1, OP-46 mouse
monoclonal antibody, 5 pg). Species- and isotype-matched IgGs
were used for immunoprecipitation controls. Immune complexes
were washed 4 times with NP-40 buffer, separated by SDS-PAGE,
transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore), and analyzed by immunoblotting. For whole-cell
analyses of protein expression levels, equivalent amounts of total
cellular protein (50 =100 pg/lane) were loaded on gels. Proteins
were detected on membranes by ECL (Amersham Biosciences)
with antibodies against Mdm2 (Calbiochem, Ab-1, OP-46,
mouse monoclonal, 1.0 pg/ml), p53 (Santa Cruz, DO-1, sc-126,
1 pg/mL), p21 (BD PharMingen, 554228, mouse monoclonal,
clone 6B6, 2.5 pg/ml), GAPDH (Abcam, mouse monoclonal,
ab8245, 1:10,000 dilution), HA (Roche Diagnostics, clone 3F10,
0.1 pg/mL), NPM (Zymed, 32-5200, 0.25 pg/mL), MadIL
(ProteinTech, 18322-1-AP, 0.24 ng/mLl), RABLGA (rabbit
polyclonal, 2 pg/mL),*"% and NIAM (rabbit polyclonal antibody
at 1.5 pg/ml** and mouse monoclonal antibody [clone 11E12] at
1:5 dilution®).

p53 ubiquitylation assays

In vivo ubiquitylation was measured in HI1299 cells
expressing exogenous p53 and in U20S cells with endogenous
p53, as described.** Cells were cotransfected with His-tagged
ubiquitin and pXM-HA or pXM-HA-NIAM plus empty
pcDNA3 or pXM-HA vector. Two days post-transfection, cells
were harvested and lysed in 6 M guanidinium chloride, 0.1 M
Na2HPO4/NaH2PO4, and 0.01 M TRIS-HCI (pH 8.0) and 10
mM B-mercaptoethanol. Ubiquitylated proteins were bound for
4 h at room temperature on 80—100 ul of nickel-nitrilotriacetic
acid-agarose slurry (prewashed with the lysis buffer), washed
extensively, and His-ubiquitin conjugated proteins eluted with
200 mM imidazole in 5% SDS, 0.15 M TRIS-HCI (pH 6.7),
30% glycerol, and 0.72 M B-mercaptoethanol for 20 min at
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room temperature.”* Eluates were resolved by SDS-PAGE
and ubiquitylated p53 detected by immunoblotting with a p53

antibody (DO-1).
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