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The Dual Nature of Nek9 in Adenovirus Replication

Richard Jung,* Sandi Radko, Peter Pelka
Department of Microbiology, University of Manitoba, Winnipeg, Manitoba, Canada

ABSTRACT

To successfully replicate in an infected host cell, a virus must overcome sophisticated host defense mechanisms. Viruses, there-
fore, have evolved a multitude of devices designed to circumvent cellular defenses that would lead to abortive infection. Previous
studies have identified Nek9, a cellular kinase, as a binding partner of adenovirus E1A, but the biology behind this association
remains a mystery. Here we show that Nek9 is a transcriptional repressor that functions together with E1A to silence the expres-
sion of p53-inducible GADD45A gene in the infected cell. Depletion of Nek9 in infected cells reduces virus growth but unexpect-
edly enhances viral gene expression from the E2 transcription unit, whereas the opposite occurs when Nek9 is overexpressed.
Nek9 localizes with viral replication centers, and its depletion reduces viral genome replication, while overexpression enhances
viral genome numbers in infected cells. Additionally, Nek9 was found to colocalize with the viral E4 orf3 protein, a repressor of
cellular stress response. Significantly, Nek9 was also shown to associate with viral and cellular promoters and appears to func-
tion as a transcriptional repressor, representing the first instance of Nek9 playing a role in gene regulation. Overall, these results
highlight the complexity of virus-host interactions and identify a new role for the cellular protein Nek9 during infection, sug-
gesting a role for Nek9 in regulating p53 target gene expression.

IMPORTANCE

In the arms race that exists between a pathogen and its host, each has continually evolved mechanisms to either promote or pre-
vent infection. In order to successfully replicate and spread, a virus must overcome every mechanism that a cell can assemble to
block infection. On the other hand, to counter viral spread, cells must have multiple mechanisms to stifle viral replication. In the
present study, we add to our understanding of how the human adenovirus is able to circumvent cellular roadblocks to replica-
tion. We show that the virus uses a cellular protein, Nek9, in order to block activation of p53-regulated gene GADD45A, which is
an important player in stress response and p53-mediated cell cycle arrest. Importantly, our study also identifies Nek9 as a tran-
scriptional repressor.

he NIMA family of kinases is a relatively poorly understood

family of serine/threonine kinases. The prototype, NimA
(Never in mitosis, gene A), was first identified in Aspergillus as a
protein responsible for regulation of mitotic progression (1).
There is only one NimA kinase in Aspergillus; however, in humans
there are 11 NimA-related kinases (2). The first mammalian NimA-
related protein kinase (Nek) to be cloned was Nek1 (3). Subsequently,
Nek9 was identified based on its 3-casein kinase activity isolated from
rabbitlung (4), initially called Nek8. Nek9 was also cloned as a protein
associated with Neké6 (5), named Nerccl. Human Nek9 is 979 amino
acids long, with an N-terminal kinase domain of the NimA family, a
central regulator of chromosome condensation 1 (RCCI)-like do-
main, and a C-terminal coiled-coil motif (4). The human Nek9 pro-
tein interacts with a number of other proteins, including the adeno-
virus E1A oncoprotein (6), the FACT complex (7), Nek6 and Nek7
(5,8,9), Ran GTPase (5), CHK1 (10), the Epstein-Barr virus (EBV)
tegument protein BGLF2 (11), and NEDD1 (12). Most of the work
on Nek9 has centered on its role in mitosis and cell cycle control. For
example, Nek9 is required for proper centrosome separation (9),
while Nek9 depletion was found to lead to catastrophic mitosis via
impairment of spindle dynamics and mitotic checkpoint control
(13). Interestingly, Nek9 has recently been implicated in the DNA
replication stress response via interaction and activation of the CHK1
kinase (10). Surprisingly, Nek9 has also been shown to drive cancer
cell proliferation in cells lacking functional p53 (also known as TP53)
(14). These seemingly opposite functions of the protein are difficult
to reconcile but nevertheless highlight the diverse processes that Nek9
participates in.
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Human adenovirus (HAdV) is a small, nonenveloped DNA
virus with a double-stranded linear genome that infects predom-
inantly terminal differentiated epithelial cells (15). The first viral
protein expressed during infection is that encoded by the imme-
diate early gene 1A (E1A). E1A remodels the intracellular environ-
ment in order to enable viral genome to be replicated. This in-
volves deregulation of the cell cycle by direct modulation of
cellular factors, as well as activation of expression of other viral
early genes (for a review of E1A functions, see references 16 and
17). E1A binds to a large variety of cellular proteins, including cell
cycle regulators, transcription factors, transcriptional coregula-
tors, chromatin remodeling factors, and a host of other proteins
with diverse functions (16). Interestingly, E1A was shown to bind
to Nek9 via the highly conserved N terminus of E1A (6). This
interaction alters the subcellular localization of a Nek9 mutant
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lacking the RCCl1-like domain, but effects on adenovirus growth
remained elusive.

In the present study, we set out to identify the functional sig-
nificance of the interaction between Nek9 and E1A. We show that
knockdown of Nek9 via RNA interference (RNAi) leads to re-
duced virus growth. Surprisingly, knockdown of Nek9 led to en-
hanced expression of the viral E2 transcriptional unit responsible
for viral genome replication. However, the overall number of viral
genomes was significantly reduced under these conditions. Over-
expression of Nek9 enhanced viral genome replication despite a
modest reduction in E2 expression early in the infection. Nek9 was
found to colocalize with viral replication centers in infected cells
and viral E4 orf3 protein via transfection assays and during infec-
tion. Importantly, reduction in Nek9 levels led to an increase in
expression of GADD45A (Growth Arrest and DNA-Damage-in-
ducible, 45 Alpha). Nek9 was also recruited to the p53-regulated,
internal GADD45A promoter together with E1A. This represents,
as far as we are aware, the first report of Nek9 playing a role in
transcriptional regulation. Together, these results highlight a
novel function for Nek9 in the innate antiviral response via its role
in the downregulation of GADD45A expression and identify a new
pathway on which E1A impinges in order to enable a productive
viral infection. Importantly, our study highlights the complexity
and importance of silencing p53 target genes by HAdV and iden-
tifies a cellular factor, Nek9, coopted by the virus for this purpose.

MATERIALS AND METHODS

Antibodies. Mouse monoclonal anti-E1A M73 and M58 antibodies were
previously described (18) and were grown in-house and used as the hy-
bridoma supernatant. For immunoprecipitations (IPs), 25 pl was used,
and for Western blot assays a dilution of 1:400 was used. 12CA5 antihem-
agglutinin (anti-HA) mouse monoclonal antibody was previously de-
scribed (19); 25 pl of hybridoma supernatant was used in chromatin
immunoprecipitation (ChIP) experiments. Mouse monoclonal anti-myc
9E10 antibody was previously described (20) and was grown in-house. For
IPs, 50 pl of 9E10 hybridoma supernatant was used, while for Western
blots the supernatant was used at a 1:100 dilution. Mouse monoclonal
anti-72k DNA-binding protein (DBP) antibody was previously described
(21) and was used at a dilution of 1:400 for Western blotting. Anti-ade-
novirus type 5 (ab6982) and anti-Nek9 (ab138488) antibodies were pur-
chased from Abcam and were used at recommended dilutions. Rabbit
polyclonal anti-Nek9 antibody was previously described (6) and was a
generous gift from Peter Whyte. Rat monoclonal anti-E4 orf3 antibody
was previously described (22) and was a generous gift from Thomas
Dobner.

Cell and virus culture. IMR-90 (ATCC CCL-186), HT1080 (ATCC
CCL-121), and MEF/3T3-Nek9V5 cells were grown in Dulbecco’s modi-
fied Eagle’s medium (HyClone) supplemented with 10% fetal bovine se-
rum (Invitrogen) and streptomycin-penicillin (HyClone). All virus infec-
tions were carried out in serum-free medium for 1 h, after which saved
complete medium was added without removal of the infection medium.
MEF/3T3-Nek9V5 cells were a generous gift from Peter Whyte; these cells
express a tetracycline (Tet)-regulated murine Nek9 with a C-terminal V5
tag. To induce the expression of Nek9, doxycycline medium was removed
from the cells, cells were washed with phosphate-buffered saline (PBS)
three times, and Tet-free medium was applied to the cells for 2 h, washed
off again, and replaced with Tet-free medium. Cells were then incubated
for at least 24 h prior to viral infection in order to overexpress Nek9. Cells
were maintained in Tet-free medium for the duration of the experiment
in order to maintain Nek9 overexpression.

Chromatin immunoprecipitation. ChIP was carried out essentially as
previously described (23). IMR-90 cells were infected with the indicated
adenoviruses at a multiplicity of infection (MOI) of 5 and harvested 24 h
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after infection for ChIP analysis. For immunoprecipitation of EIA,
monoclonal M73 and M58 antibodies were used. For immunoprecipita-
tion of Nek9, the polyclonal anti-Nek9 antibody was used (6). Mouse
monoclonal 12CA5 anti-HA antibody was used as a negative IgG control.

PCRs were carried out for HAdV5 early and major late promoters
using SYBR Select master mix for CEX (Applied Biosystems) according to
the manufacturer’s directions, using 3% of total ChIP DNA as the tem-
plate and a CFX96 Real Time PCR instrument (Bio-Rad). The annealing
temperature used was 60°C, and 40 cycles were run. Primers for viral
promoters were previously described in reference 24, while primers for
cellular promoters were previously described in reference 25.

Immunofluorescence. IMR-90 or HT1080 cells were plated at low
density (~40,000 cells per chamber) on chamber slides (Nalgene Nunc)
and subsequently infected or transfected as described above. Twenty-four
hours after final transfection or infection, cells were fixed in 4% formal-
dehyde, blocked in blocking buffer (1% normal goat serum, 1% bovine
serum albumin [BSA], 0.2% Tween 20 in PBS), and stained with specific
primary antibodies. M73 was used neat (hybridoma supernatant), E2
DBP antibody was used at a 1:2 dilution (hybridoma supernatant), Nek9
antibody was used at a dilution of 1:100, 9E10 anti-myc antibody was used
neat, rat anti-E4 orf3 monoclonal was used at a dilution of 1:5 (hybridoma
supernatant), and Alexa Fluor 488 and 594 secondary antibodies (Jackson
ImmunoResearch) were used at a dilution of 1:600. After staining and
extensive washing, slides were mounted using Prolong Gold with DAPI
(4',6-diamidino-2-phenylindole; Invitrogen) and imaged using a Zeiss
LSM700 confocal laser scanning microscope. Images were analyzed using
the Zeiss ZEN software package.

Real-time gene expression analysis. IMR-90 cells were infected with
dl309 at an MOI of 5. Total RNA was extracted using the TRIzol Reagent
(Sigma) at the indicated time points according to the manufacturer’s in-
structions. Total RNA (1.25 pg) was used in a reverse transcriptase (RT)
reaction using SuperScript VILO reverse transcriptase (Invitrogen) ac-
cording to the manufacturer’s guidelines and random hexanucleotides for
priming. The cDNA was subsequently used for real-time expression anal-
ysis via the Bio-Rad CFX96 real-time thermocycler. Analysis of expression
data was carried out using the Pfaffl method (26), and the data were
normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
mRNA levels and compared between siControl- and siNek9-transfected
cells. Primers used for EIB, E2, E3, E4, and hexon were previously de-
scribed (24). Total E1A was detected with primers binding within exon 2:
TCCGGTCCTTCTAACACACC and GGCGTTTACAGCTCAAGTCC,
as previously described (27). Primers for cellular p53-regulated genes
were previously described (28).

siRNA knockdown. Short interfering RNA (siRNA) knockdown was
carried out as previously described (23). Briefly, IMR-90 cells were trans-
fected with Nek9-specific Silencer siRNA (Life Technologies catalog no.
1114) using SilentFect reagent (Bio-Rad) according to the manufacturer’s
specifications and 10 nM final siRNA concentration. Silencer Select neg-
ative-control siRNA number 1 (Life Technologies) was used as the nega-
tive siRNA control.

Viral genome quantification. IMR-90 cells were lysed in lysis buffer
(50 mM Tris [pH 8.1], 10 mM EDTA, and 1% SDS) on ice for 10 min.
Lysates were sonicated briefly in a Covaris M220 focused ultrasonicator to
break up cellular chromatin and subjected to digestion using proteinase K
(NEB) according to the manufacturer’s specifications. Following diges-
tion, viral DNA was purified using the GeneJET PCR Purification kit
(Thermo-Fisher). PCRs were carried out using SYBR Select master mix
for CFX (Applied Biosystems) according to the manufacturer’s directions
with 2% of total purified DNA as the template and a CFX96 Real Time
PCR instrument (Bio-Rad). The standard curve for absolute quantifica-
tion was generated by serially diluting pXC1 plasmid containing the left
end of the HAdV5 genome starting with a concentration of 1.0 X 107
copies per reaction mixture down to 1.0 copy per reaction mixture. The
primers used were the same as those used for expression analysis of EIB
region, the annealing temperature used was 60°C, and 40 cycles were run.
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FIG 1 Virus growth in Nek9-depleted IMR-90 cells. (A) IMR-90 cells were
transfected with short interfering RNAs, either siControl as a control or siNek9
to deplete Nek9. Twenty-four hours after siRNA transfection, cells were in-
fected with HAdV5 dI309 at an MOI of 5. Virus titers were determined at the
indicated time points by plaquing on 293 cells. Nek9 knockdown was moni-
tored by Western blotting as shown in the inset, which shows knockdown at 48
h after infection. n = 4; error bars represent standard deviations (SD). (B)
Levels of Nek9, E1A, or actin showing protein expression in IMR-90 cells that
are subconfluent and dividing (SC), just confluent cells that have been conflu-
ent for less than 24 h (JC), arrested cells that have been confluent for 72 h (A),
and arrested cells infected with dI309 at an MOI of 5 and analyzed 24 h after
infection (A + d1309). For the Western blot analysis, 20 g of total cell lysate
was resolved on SDS-PAGE.

Virus growth assay. Arrested IMR-90 cells were infected with HAdV5
dI309 (29) at an MOI of 5 or as indicated, in serum-free medium. Virus
was adsorbed for 1 h at 37°C under 5% CO,, after which cells were bathed
in conditioned medium and were reincubated at 37°C under 5% CO,.
Virus titers were determined 24, 48, and 72 h after infection, and plaque
assays were performed on 293 cells by serial dilution.

RESULTS

Nek9 knockdown reduces HAAV growth. In order to identify the
role that Nek9 plays in adenovirus infection and the reasons be-
hind it being targeted by E1A, we began our investigation by de-
termining the effect of Nek9 knockdown on adenovirus growth in
di309-infected normal human fibroblasts, IMR-90 (Fig. 1A).
IMR-90 cells were transfected with either a negative-control
siRNA (siControl) or Nek9-specific siRNA (siNek9) and infected
24 h later with HAdV dI309, which expresses wild-type (wt) E1A.
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Knockdown of Nek9 modestly reduced virus growth, with ap-
proximately a 3-fold reduction in endpoint virus titers at 72 h after
infection (Fig. 1A), and slowed down the appearance of the cyto-
pathic effect by approximately 12 h (not shown). To ensure that
Nek9 levels were reduced after siRNA transfection, we monitored
the protein levels by Western blotting (Fig. 1A, inset). To deter-
mine the levels of Nek9 in arrested cells, the natural target of
HAdV, we performed Western blotting for the protein in IMR-90
cells that were subconfluent (SC), just confluent (JC), arrested
(A), or arrested and infected for 24 h with dI309 (A + dI309) (Fig.
1B). Levels of Nek9 were highest in growing or just confluent cells.
Nek9 protein was slightly reduced in abundance in arrested cells
and was not altered by infection. Overall, these results demon-
strate that reduction in Nek9 levels has a negative effect on HAdV
growth and that infection does not alter the level of Nek9 protein
expression.

Nek9 affects viral gene expression and protein levels. Re-
duced virus growth in Nek9 knockdown cells suggested that Nek9
either enhances virus growth by directly participating in viral rep-
lication or that it may be involved in inhibition of the innate an-
tiviral response. To elucidate which was the case, we initially ana-
lyzed viral gene expression in IMR-90 cells in which Nek9 was
knocked down by RNAi and compared it to the expression in cells
treated with a negative-control siRNA (Fig. 2A) by reverse trans-
criptase quantitative PCR (RT-qPCR). Unexpectedly, we ob-
served an enhancement in the expression of the viral E2A tran-
scriptional unit (Fig. 2A, orange bar) as early as 20 h after
infection. Expression of other viral genes was largely unaltered,
with the exception of hexon being reduced 48 h after infection
(Fig. 2A, blue bar) and the E3A transcriptional unit showing a
small elevation in expression at 48 h after infection in Nek9-de-
pleted cells. These observations were unexpected as we did not
anticipate an increase in expression of viral genes after knock-
down due to the observed reduction in viral growth; nevertheless,
the reduced hexon mRNA level corroborates the reduction in ob-
served viral titers.

To verify that the altered levels of mRNA translated into
changes in protein levels, we performed Western blotting for E1A,
E2 DBP, and the late proteins hexon, penton, and protein V in
Nek9 knockdown and control cells (Fig. 2A, inset). We observed
an increase in the levels of the E2 DBP protein only very early in
the infection (16 h), while a minimal reduction in Nek9-depleted
cells was observed 48 h after infection. Unexpectedly, the observed
increase in E2 DBP levels at 16 h following Nek9 knockdown did
not correlate with changes in mRNA levels, suggesting that either
translation or protein stability may be affected.

Interestingly, we observed a considerable reduction in E1A and
protein V at 48 h after infection. The reduced E1A levels were not
correlated with mRNA levels, which remained relatively stable.
Similarly, there was a small but noticeable reduction in penton
protein levels, but hexon was largely unchanged following Nek9
knockdown. This was unexpected considering the significant re-
duction in hexon mRNA observed after Nek9 knockdown. Likely,
the reduced hexon mRNA level is still at a saturation concentra-
tion for the cell to be able to translate into protein. Indeed, levels of
hexon mRNA at 48 h under both siControl and siNek9 conditions
were more than 1,000 times higher than at 16 h and more than 30
times higher than at 24 h after infection (not shown).

Our observation that knockdown of Nek9 led to enhanced ex-
pression of the E2 transcriptional unit suggested that this protein
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FIG 2 Nek9 affects viral gene expression. (A) IMR-90 cells that were transfected with siRNAs, either siControl as a control or siNek9 to deplete Nek9, were
infected with dI309 24 h after knockdown at an MOI of 5. Viral gene expression was monitored by RT-qPCR at the indicated time. GAPDH mRNA was used as
the normalization control. Insets show cellular and viral protein expression at 16 and 48 h after viral infection in control or Nek9-depleted cells after resolving
20 g of total protein from infected IMR-90 cells. n = 4; error bars represent SD. (B) MEF/3T3-Nek9V5 cells were induced to express Nek9 by removal of
doxycycline as described in Materials and Methods. Cells were infected with d1309 at an MOI of 5 24 h after Nek9 induction. Viral gene expression was monitored
by RT-qPCR as described for panel A with mouse GAPDH mRNA as the normalization control. The inset shows Nek9 induction 24 h after doxycycline removal

from the cell culture medium. n = 3; error bars represent SD.

may negatively regulate some aspects of viral gene expression. To
test whether overexpression of Nek9 reduced viral gene expres-
sion, in particular the E2 transcriptional unit, we performed RT-
qPCR on RNA from dI309-infected mouse embryo fibroblast 3T3
(MEF/3T3) cells, which express an inducible murine Nek9 tagged
with a C-terminal V5-tag. Removal of doxycycline induces Nek9
expression in less than 24 h in these cells. Although murine cells do
not lead to production of human adenovirus particles, all early
events of infection are similar to what occurs in human cells, and
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it therefore makes for a useful model. MEF/3T3-Nek9V5 cells
were induced to overexpress Nek9 by replacing medium with tet-
racycline-doxycycline-free medium for 24 h prior to infection
with dI309 virus, and cells were maintained in the Nek9-induced
state for the duration of the experiment. Expression of viral genes
was analyzed at the indicated time points and shows that most
viral genes are unaffected by Nek9 overexpression. Interestingly,
there was a reduction in E2 mRNA levels 16 h after infection and a
small enhancement in hexon mRNA levels 48 h after infection.
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Surprisingly, E2 mRNA levels were significantly higher at 48 h
after infection in Nek9-overexpressing cells than in the uninduced
control cells.

Overall, these results demonstrate that Nek9 plays a role in
regulating the expression of certain viral genes and suggest that
Nek9 may function as a transcriptional coregulator.

Nek9 is recruited to viral promoters during infection. The
observed alteration in expression of the viral E2 gene under vari-
ous levels of Nek9 protein suggested that Nek9 may play a role in
transcriptional regulation. This is unsurprising since Nek9 pos-
sesses an RCCl1-like domain that is present in RCC1 for the pur-
poses of docking with chromatin and associates with the FACT
transcriptional complex (7, 30, 31). Furthermore, the association
of Nek9 with E1A may enable it to indirectly associate with pro-
moter regions via E1A. The kinase activity of Nek9 may therefore
be brought to bear on histones or other factors within the vicinity
of the promoter region and alter their activities. To test whether
Nek9 is recruited to viral promoters, we performed ChIP of dI309-
infected IMR-90 cells (Fig. 3). Nek9 was found to occupy the E2
early promoter and, to a lesser extent, the E3 promoter, but not E4
nor the major late promoter (MLP). E1A was found on all pro-
moters tested, as previously observed (24). Recruitment of Nek9
to the E2 early promoter correlated with alteration in expression
of E2A (Fig. 2). Although the E3 promoter was also occupied by
Nek9 during infection, the occupancy was ~20-fold lower than at
the E2 early promoter, which correlated with much lower effects
of Nek9 depletion on E3 expression. The negative enrichment
versus IgG control observed for the E4 and the MLP promoters
indicated lack of occupancy by Nek9 at these sites, and this corre-
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lated with RT-qPCR results for expression of E4 orf6/7 and hexon
early in the infection. The altered expression of hexon late in the
infection is therefore unlikely to be directly caused by Nek9 but
rather is likely a consequence of other factors. Together, these
results demonstrate, for the first time, that Nek9 can be recruited
to viral promoters and alter viral gene expression.

Nek9 depletion reduces viral genome replication. In order to
explicate the mechanism leading to reduced virus growth in Nek9-
depleted cells, we analyzed viral genome copies in IMR-90 cells in
which Nek9 was knocked down by siRNA and in MEF/3T3-
Nek9V5 cells in which Nek9 was overexpressed (Fig. 4). Reduc-
tion in cellular Nek9 levels resulted in reduced viral genome copies
per cell (Fig. 4A), despite an elevation in viral E2 transcripts and
viral E2 DBP (Fig. 2A). The reduction in genome copies was ap-
proximately 3-fold, which parallels the reduced virus titers 72 h
after infection. Significantly, overexpression of Nek9 led to a
4-fold increase in viral genomes in MEF/3T3-Nek9V5 cells (Fig.
4B). The enhancement in viral genome copies occurred despite a
reduction in E2 mRNA levels early in viral infection. Overall, these
results demonstrate that Nek9 depletion negatively affects viral
genome replication and likely contributes to reduced viral titers.

Nek9 localizes to viral replication centers and colocalizes
with the viral E4 orf3 protein. Since we observed that Nek9 affects
viral genome replication and virus growth, we investigated the
localization of the protein in infected IMR-90 cells (Fig. 5). To
visualize viral replication centers, cells were stained for the viral E2
DBP and cellular Nek9 protein. In uninfected cells, Nek9 showed
a predominantly cytoplasmic localization (Fig. 5A, top row),
which is consistent with previous reports (6). However, in dI309-
infected IMR-90 cells, the subcellular localization of Nek9 was
altered, with the protein colocalizing with viral replication centers.
We observed two distinct localizations during infection, as shown
in Fig. 5, which depended on the extent of viral replication centers.
The localization to distinct viral replication centers was the more
commonly observed phenotype, occurring in approximately 60%
of infected cells based on analysis of three random fields of view.
Nonetheless, the localization of Nek9 during infection was altered
substantially. To ensure that the nuclear staining observed with
the Nek9-specific antibody in the infected cells was caused by
Nek9, we stained infected cells in which Nek9 was depleted (Fig.
5B). In these cells, Nek9 was undetectable in the nucleus.

The nuclear localization of Nek9 following infection weakly
resembled the previously reported subcellular localization of E4
orf3 (28, 32) and required a productive viral replication, as we did
not observe altered Nek9 distribution in mouse fibroblasts (data
not shown). To investigate whether E4 orf3 was sufficient to alter
the subcellular distribution of Nek9, we expressed myc-tagged E4
orf3 in HT1080 human fibrosarcoma cells and stained them for E4
orf3 using myc-specific antibody and for Nek9 using a rabbit poly-
clonal antibody (Fig. 6). We used HT1080 cells instead of IMR-90
cells due to cell death following transfection. E4 orf3 was found to
localize to the nucleus in four distinct patterns (Fig. 6), likely de-
pendent on the level of E4 orf3 protein. We observed E4 orf3
protein as nuclear foci, large nuclear spots similar to the nucleolus,
distinct nuclear tracks, or a combination of tracks and large spots.
The focus phenotype was least frequently observed, occurring in
<10% of E4 orf3-expressing cells, while the other phenotypes had
similar distributions, occurring in about 30% of E4 orf3-express-
ing cells each, based on analysis of three random fields of view.
Regardless of the observed localization of E4 orf3, Nek9 distribu-
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FIG 4 Nek9 affects viral DNA replication. (A) IMR-90 cells that were
transfected with siRNAs, either siControl as a control or siNek9 to deplete
Nek9, were infected with d1309 24 h after knockdown at an MOI of 5. Viral
genomes were quantified by qPCR at the indicated times as described in
Materials and Methods. Nek9 depletion was monitored by Western blot-
ting (inset). n = 3; error bars represent SD. (B) MEF/3T3-Nek9V5 cells
were induced to express Nek9 by removal of doxycycline as described in
Materials and Methods. Cells were infected with dI309 at an MOI of 524 h
after Nek9 induction. Viral genomes were quantified by qPCR at the indi-
cated times as described in Materials and Methods. Nek9 induction was
monitored by Western blotting (inset) (24 h time point shown). n = 3;
error bars represent SD.
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FIG 5 Nek9 localizes to viral replication centers in infected cells. (A) IMR-90
cells were infected with dI309 at an MOI of 10, fixed, and stained for E2 DBP
and Nek9 24 h after infection. Uninfected, control IMR-90 cells were also
imaged, showing normal distribution of Nek9 (top panel). DAPI was used as a
nuclear counterstain. Bar, 7.5 pm. (B) IMR-90 cells were initially transfected
with siNek9 to deplete Nek9, infected with dI309 at an MOI of 5, and stained as
described for panel A. Bar, 2 pm.
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tion was consistently altered in the presence of E4 orf3, where it
was observed either to be localizing with the large nuclear spots
and/or nuclear tracks or to be overall more nuclear than cells not
transfected with E4 orf3 (Fig. 6). These results suggest that Nek9 is
recruited to the nuclear structures formed by E4 orf3. We at-
tempted to determine whether Nek9 and E4 orf3 interact via co-
immunoprecipitation assays, but we were unable to detect a stable
interaction.

In order to determine Nek9 and E4 orf3 localization in the
infected cell, we infected IMR-90 cells with dI309, dI1101 (33), or
Ad5.inORF3 (34). In dI309-infected IMR-90 cells, Nek9 colocal-
ized with E4 orf3 nuclear tracks and viral replication centers (Fig.
7). To ensure that the observed staining for Nek9 was specific, we
also labeled infected cells for Nek9 but did not use primary anti-
bodies for E4 orf3 or E2 DBP (labeled “Not stained for DBP or
E4-orf3”). In this case, Nek9 staining was retained. Furthermore,
we observed nuclear tracks in DBP-stained cells only when DBP
levels were very low (not shown), likely early in infection. Like-
wise, we have observed E2 DBP-like Nek9 localization in a subset
of E4 orf3-labeled cells, likely representing a late point in the in-
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FIG 6 Nek9 colocalizes with E4 orf3 in HT1080 cells. HT1080 cells were
transfected with pCAN-myc-E4-orf3 plasmid to express E4-orf3, and 24 h
after transfection the cells were fixed and stained for Nek9 and myc. DAPI was
used as a nuclear counterstain. Four different morphologies of E4-orf3 and
Nek9 are shown. Bar, 5 pm.

+ myc-E4-orf3
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fection (not shown). Infection with dI1101, which expresses an
E1A mutant with residues 4 to 25 (33) deleted and removes the
Nek9-binding site (6), formed E4 orf3 nuclear tracks. However,
Nek9 did not localize to these and was instead found to localize to
the viral replication centers and the nucleus. Deletion of E4 orf3
prevented the formation of nuclear tracks and resulted in Nek9
localizing only to viral replication centers and the nucleus. Lastly,
siRNA-mediated depletion of Nek9 resulted in no nuclear Nek9
staining or colocalization with E4 orf3 (Fig. 7B), similarly to what
we observed with E2 DBP (Fig. 5B).

Overall, these results demonstrate that Nek9 is recruited to
viral replication centers during productive viral infection inde-
pendently of E4 orf3 protein and that colocalization to E4 orf3
nuclear tracks appears to depend on the expression of E4 orf3 and,
partly at least, on the interaction of E1A and Nek9.

Nek9 depletion in infected cells leads to upregulation of
GADD45A. Colocalization of Nek9 with E4 orf3 suggested that
Nek9 may play a role in E4 orf3-mediated silencing of cellular
genes that would negatively impact virus growth (28). In particu-
lar, E4 orf3 was found to silence p53-responsive genes during viral
infection (28). To investigate whether cellular p53-responsive
genes were affected by Nek9 knockdown in infected IMR-90 cells,
we carried out RT-qPCR on p21, PIG3, MDM2, and GADD45A
genes after Nek9 knockdown and infection (Fig. 8A). These genes
were previously reported to be affected by E4 orf3 during infection
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(28) and, considering the observed colocalization of Nek9 and E4
orf3, made for a logical target of investigation. Most of the genes
analyzed were not altered in expression after Nek9 depletion and
dI309 infection compared to control knockdown and infection.
The only exception was GADD45A, which was upregulated ap-
proximately 3-fold at 16 h after infection and increased up to
8-fold 48 h after infection. This result was specific to GADD45A, as
we did not see alteration in GADD45B expression in the same
assay (data not shown). This result suggested that Nek9 may be a
negative regulator of transcriptional activation and may be an
essential cofactor for virus-mediated transcriptional silencing of
the GADD45A gene. To investigate this possibility, we performed
ChIP on promoters of the genes analyzed (MDM2, PIG3, p21, and
GADD45A), looking at occupancy of Nek9 in uninfected and in-
fected cells (Fig. 8B and C, respectively) and E1A in infected cells
(Fig. 8C). For GADD45A promoter regions, we analyzed occu-
pancy at the proximal promoter upstream of the transcriptional
start site (p1 in Fig. 8) and the intragenic p53-regulated promoter
(p53 in Fig. 8). In uninfected cells, Nek9 was found to occupy
predominantly the GADD45A promoters at a low level (approxi-
mately 10-fold enrichment over IgG negative control) and was not
found on MDM2, PIG3, or p21 promoters. In infected cells, the
occupancy was altered, such that Nek9 was found on all promot-
ers. However, occupancy on GADD45Ap1 did not increase and
was similar to that observed in uninfected cells. Interestingly,
Nek9 and E1A were found to occupy only the p53-regulated
GADD45A promoter after infection of IMR-90 cells with dI309
(Fig. 8C). We observed minimal enrichment of E1A at other pro-
moters analyzed, suggesting that E1A and Nek9 target the p53-
regulated promoter together in order to subvert p53-mediated
activation of GADD45A expression following infection. Together,
these results demonstrate that Nek9 and E1A likely collaborate to
inhibit p53-mediated activation of the GADD45A gene after infec-
tion, since depletion of Nek9 inhibited the ability of HAdV to
silence GADD45A expression. Furthermore, these data show that
Nek9 is recruited to cellular p53-regulated promoters during viral
infection.

E1A interaction with Nek9 is required for GADD45A tran-
scriptional repression. To investigate whether suppression of
GADD45A transcription by E1A requires an interaction with
Nek9, we utilized a mutant virus, dl1101, which removes residues
4 to 25 of E1A (33) and deletes the Nek9 binding site (6). We have
also used mutants d/1102 and d/1103, which delete adjacent resi-
dues 26 to 35 and 30 to 49 (33, 35), respectively, but retain the
Nek9-binding site. Infection of IMR-90 cells with the dl1101 mu-
tant resulted in approximately 2-fold activation of GADD45A ex-
pression (Fig. 9A), whereas wild-type virus and the other mutants
tested induced repression of GADD45A transcription 24 h after
infection, although dI1103 was less efficient at suppression of
GADD45A expression than dI309 or dI1102. The activation of
GADD45A transcription with d11101 was comparable to the level
of activation of GADD45A transcription observed in Nek9-de-
pleted cells. Similarly, deletion of E4 orf3 impaired the ability of
the virus to suppress activation of GADD45A expression following
infection.

In order to elucidate the contribution that E1A binding and E4
orf3 make to the Nek9-mediated suppression of GADD45A ex-
pression, we investigated promoter occupancy of E1A and Nek9
in infected IMR-90 cells with mutants that abolish E1A binding
to Nek9 (dl1101) or expression of E4 orf3 (Fig. 9B). Nek9 and
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FIG 7 Nek9 colocalizes with E4-orf3 during viral infection of IMR-90 cells. (A) IMR-90 cells were infected with d/309, Ad5.inORF3, or dI1101 at an MOI of 10,
fixed, and stained for E2 DBP, E4-orf3, or Nek9 as indicated 24 h after infection. DAPI was used as a nuclear counterstain. Cells labeled “Not stained for DBP or
E4-orf3” were labeled for Nek9 only. Bar, 5 pm. (B) IMR-90 cells in which Nek9 was depleted by siRNA were stained for Nek9 and E4-orf3 24 h after infection

with dI309 at an MOI of 10. Bar, 5 pm.

E1A were recruited to the GADD45A p53-regulated promoter
to similar levels after infection with dI1102 or dI1103, both of
which express E4 orf3 and bind to Nek9. However, loss of E1A
binding to Nek9 prevented recruitment of E1A to the
GADD45A promoter but had no effect on Nek9 presence on the
promoter. Similarly, loss of E4 orf3 expression resulted in a
reduced level of E1A recruitment observed, which was about
one-half of that observed with viruses expressing E1A that
bound to Nek9 (Fig. 9B and 8C).

Together, these results suggest that an interaction between
Nek9 and E1A is necessary for proper transcriptional silencing of
GADD45A during viral infection. The results also demonstrate
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that silencing is dependent on E1A recruitment to the GADD45A
promoter and, partly, on the expression of E4 orf3.

DISCUSSION

In the present study, we describe a novel mechanism employed by
adenovirus E1A proteins to suppress transcriptional activation of
GADD45A. Previous work has shown that HAdV E1A interacts
with the NimA-related kinase Nek9, but the consequences of this
interaction were unclear (6). Here we show that depletion of Nek9
resulted in a modest reduction in virus growth (Fig. 1A) and en-
hancement of transcription from the viral E2 transcriptional unit
(Fig. 2A). Overexpression of Nek9, on the other hand, resulted in
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MDM2, PIG3, p21, GADD45Ap1 (not bound by p53), and GADD45Ap53 (bound by p53) promoters. n = 3; error bars represent SD. (C) IMR-90 cells were
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FIG 9 Infection-mediated suppression of GADD45A activation relies on Nek9 association with E1A and, to a lesser degree, E4 orf3. (A) IMR-90 cells were
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Methods. Data are represented as fold enrichment versus IgG negative control (12CA5 monoclonal antibody). n = 3; error bars represent SD.

early reduction in E2 transcripts (Fig. 2B). Importantly, we show,
for the first time, that Nek9 is targeted to the viral E2 early pro-
moter and, to a lesser degree, to the E3 promoter and a subset of
cellular p53-regulated promoters (Fig. 3 and 8), leading to tran-
scriptional repression of some of these genes. Furthermore, we
show that Nek9 is a component of viral replication centers and
also colocalizes with the viral E4 orf3 protein. Notably, depletion
of Nek9 inhibited viral genome replication, whereas overexpres-
sion of the protein resulted in enhancement of viral genome rep-
lication in infected cells (Fig. 4). Lastly, we show that an interac-
tion between Nek9 and E1A is important for transcriptional
suppression of GADD45A and recruitment of E1A to the p53-
regulated GADD45A promoter (Fig. 9), which was also partly sup-
ported by the viral E4 orf3 protein.

The role of Nek9 in cell division has been well established (9,
12,13, 36). However, studies have also shown that the protein has
other functions. Nek9 is targeted by adenovirus E1A and EBV
BGLF?2 during viral infection (6, 11), supports cell growth in p53-
null cancer cells (14), has recently been shown to play a role in the
DNA replication stress response (10), and has been implicated in
interphase progression through interaction with the FACT com-
plex (7). These studies provide a picture of a protein with multiple
activities. This pleiotropy of function is unsurprising considering
the structure of Nek9, which consists of a NimA-like kinase do-
main and a central RCC1-like motif with largely unknown func-
tion (4, 5). Our results suggest that Nek9 interacts with chromatin
(Fig. 3, 8, and 9) and can affect transcription likely as a repressor.
These results are highly novel and suggest a potential function for
the RCCl-like domain within Nek9. It is plausible that this region
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is what allows Nek9 to be recruited to chromatin, although further
experimentation is necessary to verify this hypothesis. This is un-
surprising considering that RCC1 itself binds to DNA via a seven-
propeller motif that is intact in Nek9 (5, 31).

Nek9 depletion was shown to induce p21 expression in Ep-
stein-Barr virus (EBV)-infected cells, suggesting that, similarly to
what we report here, Nek9 may function as a negative regulator of
transcription. Unlike what was seen in that study (11), we did not
observe upregulation of p2I following adenovirus infection in
Nek9-depleted cells (Fig. 8). It is likely that the observed difference
is due to the mechanism of replication of these two different vi-
ruses. Whereas EBV and other herpesviruses will induce cell cycle
arrest at G,/S via activation of genes like p21, adenovirus will drive
cells into S phase in order to allow for viral DNA replication to
occur.

Suppression of activation of GADD45A via Nek9 is an impor-
tant contributor to virus growth. This is highlighted by sacrificial
reduction in expression of some viral genes as a likely side effect of
GADD45A suppression. This is exemplified by the reduced viral
titers in spite of enhanced expression of E2 proteins early in infec-
tion. Ultimately, it appears that suppression of GADD45A expres-
sion is more important to productive viral infection than reduc-
tion of certain viral proteins. Likely, the initial deficit in viral
proteins will be compensated for later in the infection once viral
genomes begin to replicate, not unlike what we have previously
observed with DREF (24). Our results suggest that inhibition of
GADD45A is an important mechanism that enhances viral DNA
replication. Indeed, GADD45A has been shown to play an impor-
tant role in DNA damage-induced cell cycle arrest (for a review,
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complex is then targeted to the GADD45A promoter and induces transcriptional silencing, enhancing virus growth. Note that although Nek9 is shown to
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unable to repress the GADD45A promoter and GADD45A protein will be made, inhibiting virus growth. The role of E4 orf3 is uncertain, but it may assist in

recruitment of E1A to p53-regulated promoters.

see reference 37) via its interaction with p21 and Cdc2 (38, 39).
Furthermore, GADD45A binds to PCNA and leads to changes in
PCNA function, transforming it into a regulator of cell division
(40). These roles of GADD45A paint a clear picture as to why E1A
would drive repression of GADD45A transcription. High levels of
GADD45A may be deleterious to virus growth via inhibition of
cell cycle progression essential for viral DNA replication. Further-
more, GADD45A may directly affect viral genome replication by
interfering with PCNA function. On the other hand, efficient si-
lencing of GADDA45A leads to more efficient replication of the
viral genome and likely higher viral titers. However, we cannot
exclude a direct role for Nek9 in viral genome replication as sug-
gested by its colocalization to viral replication centers during in-
fection (Fig. 5 and 7). It would be of interest to establish whether
Nek9 is a bona fide regulator of GADD45A or whether it is re-
cruited for this role by E1A and whether the kinase or the RCC1-
like domains are essential for this function. Observation of Nek9
at the GADD45A promoter in the absence of infection (Fig. 8B)
suggests that it may play a role in the regulation of GADD45A
expression under normal conditions.
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Suppression of p53 activity is of overriding significance to the
virus. HAdVs have evolved multiple proteins and mechanisms in
order to deal with this powerful suppressor of the cell cycle (41).
Among these are the degradation and suppression of p53 through
the activities of the E1B 55k and E4 orf6 proteins (42, 43). Binding
of E1B 55k to the transactivation domain of p53 inhibits transcrip-
tional activation by p53 (44, 45). Recently, it has also been shown
that E4 orf3 can remodel chromatin in order to silence p53-regu-
lated genes, as well as other genes that could interfere with viral
replication (28, 32, 46). Here we add to our understanding of the
various mechanisms whereby HAdV suppresses p53-responsive
genes and show that Nek9 colocalizes with the viral E4 orf3 pro-
tein previously implicated in p53 target gene silencing (28). Our
assays focused on the differences observed between normal and
Nek9-depleted cells, and of the several potential p53-regulated
genes only GADD45A stood out as affected. Although this does
not exclude the possibility that other p53-regulated genes are af-
fected, it still shows that Nek9 plays a role in regulation of at least
a subset of p53-responsive genes and, for the first time, shows that
Nek9 functions in transcription. Interestingly, although Nek9 was
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found to occupy all analyzed p53-regulated promoters after infec-
tion, E1A was found to be enriched only at the intronic p53-reg-
ulated promoter of GADD45A (Fig. 8C). Since GADD45A was the
only gene affected after Nek9 depletion and viral infection, this
suggests that E1A is required for silencing of GADD45A during
infection and that upon Nek9 knockdown this repression is im-
paired. Indeed, a mutant of E1A that is unable to bind to Nek9 was
not recruited to the GADD45A promoter and did not suppress
GADD45A expression during infection. Interestingly, genes not
activated following Nek9 knockdown and infection did not have
E1A recruited to their promoters, further implicating E1A in
Nek9-mediated transcriptional silencing of a subset of p53-regu-
lated genes. Suppression of GADD45A activation also relied, in
part, on the E4 orf3 protein. A virus lacking this protein was defi-
cient in GADD45A transcriptional repression and recruitment of
E1A to the p53-regulated GADD45A promoter (Fig. 9). It is plau-
sible that the nuclear structures formed by E4 orf3 enhance re-
cruitment of E1A to certain Nek9-occupied promoters. Alterna-
tively, this may be an indirect effect caused by inhibition of E1A by
other E4 proteins, which may be elevated in expression in the
absence of E4 orf3 (47-49). Since we do not observe silencing of all
promoters that are occupied by Nek9, it is likely that a specific set
of conditions must be met in order to silence a promoter. What
these conditions are remains uncertain.

In conclusion, the present study has identified a link between
HAdV E1A, Nek9, and selective suppression of p53-responsive
gene GADD45A. We show that depletion of Nek9 in infected cells
results in reduced viral growth but paradoxically enhances expres-
sion from the viral E2 transcription unit. Importantly, we show
that Nek9 is recruited to viral promoters and at least one cellular
promoter, the p53-regulated third intron promoter of GADD45A,
leading to transcriptional suppression of GADD45A. Notably, our
study identified Nek9 as a factor recruited by the virus in order to
silence certain p53-regulated genes, highlighting the complexity
and importance of p53 control during viral infection. Much re-
mains to be discovered about the mechanisms behind the Nek9-
mediated suppression of E2 and GADD45A. What is the role, if
any, of the kinase domain or the RCCl1-like domain? Does the
closely related Nek8 function similarly? Nevertheless, this study
has highlighted some of the reasons behind the interaction of
Nek9 and E1A, summarized in Fig. 10, and has identified Nek9 as
a novel transcriptional regulator.
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