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Abstract hCINAP is a highly conserved and ubiquitously
expressed protein in eukaryotic organisms and its overex-
pression decreases the average number of Cajal bodies
(CBs) with diverse nuclear functions. Here, we report that
hCINAP is associated with important components of CBs.
Depletion of hCINAP by RNA interference causes defects
in CB formation and disrupts subcellular localizations of its
components including coilin, survival motor neurons pro-
tein, spliceosomal small nuclear ribonucleoproteins, and
nuclear protein ataxia-telangiectasia. Moreover, knock-
down of hCINAP expression results in marked reduction of
histone transcription, lower levels of U small nuclear
RNAs (U1, U2, U4, and US), and a loss of cell viability.
Detection of increased caspase-3 activities in hCINAP-
depleted cells indicate that apoptosis is one of the reasons
for the loss of viability. Altogether, these data suggest that
hCINAP is essential for the formation of canonical CBs,
histone transcription, and cell viability.
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Abbreviations

hCINAP Human coilin interacting nuclear ATPase
protein

CBs Cajal bodies

RNAI RNA interference

SMN Survival motor neurons

snRNAs  Small nuclear RNAs

snRNPs  Small nuclear ribonucleoproteins

NPAT Nuclear protein ataxia-telangiectasia

ADLP Adrenal gland protein AD-004-like protein

Introduction

Cajal bodies (CBs) are multifunctional and dynamic sub-
nuclear organelles present in mammalian, amphibian,
insect, plant, and yeast cells [1, 2]. So far, the spliceosomal
U small nuclear ribonucleoproteins (snRNPs), the U7
snRNP involved in histone mRNA 3’-end processing, the
U3 and many other small nucleolar RNPs (snoRNPs) that
are involved in pre-rRNA processing, the small Cajal body
RNPs (scaRNPs) that are involved in nucleotide modifi-
cation of spliceosomal small nuclear RNAs (snRNAs),
human telomerase RNP [3, 4], and many transcriptional
factors including histone and snRNAs transcriptional fac-
tors, have been shown to be localized in CBs [2, 5-12]. It is
also believed that CBs are involved in regulating histone
and snRNAs genes transcription and final maturation of
snRNPs and snoRNPs [2, 13, 14].

Coilin is highly enriched in CBs and has been widely
used as a molecular marker for CBs in mammalian cells
[15]. It has been shown by Metera and colleagues that
coilin is essential for proper formation and/or maintenance
of CBs, and the loss of coilin’s C-terminus results in a
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failure of recruitment of the survival motor neurons (SMN)
protein and the Sm snRNPs to residual CBs [16]. Recent
studies have proved that the C-terminal domain of coilin
interacts with SMN [17] and Sm [18]. Furthermore, the
number of CBs is also mediated by the C-terminus of coilin
[19]. These data suggest that C-terminus of coilin is
involved either in the targeting or in the retention of SMN
and snRNP complexes in CBs and is essential for normal
formation of CBs.

In addition to coilin, SMN is also a marker protein for
CBs. Deletion or mutation in the SMN gene results in the
spinal muscular atrophy (SMA) disease [20, 21]. The SMN
protein is present in both the cytoplasm and the nucleus
where it localizes to CBs. In the cytoplasm, SMN is part of a
macromolecular complex that mediates the assembly of
spliceosomal U snRNPs [22]. The assembled snRNPs,
presumably associated with SMN, enter the nucleus and
target to CBs, where the U snRNAs undergo further mod-
ification of 2’-O-methylation and pseudouridylation [23].
Some recent studies have shown that depletion of SMN by
RNAI induces defects in the formation of CBs [24-26].

CBs have also been shown to interact with histone gene
clusters and have been implicated in regulating histone
gene transcription [27]. The CB component NPAT is
required for activation of multiple histone genes and
S-phase entry mainly through its phosphorylation or
recruiting other transcription factors to histone gene pro-
moters [28, 29]. NPAT-containing CBs appear to
preferentially co-localize with histone loci, and their
number is increased in the late G1 and S-phase [30]. Cells
lacking NPAT lead to cell cycle arrest prior to S-phase
entry, and this arrest occurs concurrently with dissociation
of the coilin from CBs, suggesting a role for NPAT in
maintaining proper CB assembly.

hCINAP, also named hAK6 [31, 32], is a ubiquitously
expressed protein. The sequence of hCINAP is highly
conserved from human to C. elegans, Drosophila, Arabid-
opsis, and yeast [31, 33]. It has been proved that hCINAP
interacts with coilin through the C-terminal residues of
coilin, which controls the number of CBs, and that over-
expression of hCINAP in HeLa cells leads to a decrease of
the average number of CBs per nucleus [32]. These results
suggest that hCINAP probably plays an important role in
regulating the formation of canonical CBs.

In this study, we identified hCINAP as an essential
constituent of CB by immunoprecipitation and immuno-
fluorescent analyses, and demonstrated that depletion of
hCINAP causes defects in the formation of canonical CBs
and disrupts the subcellular localization of the essential
components of CBs including coilin, SMN, spliceosomal
snRNP, fibrillarin, and NPAT. We also found that hCINAP
depletion results in reduction of histone transcription and
cell viability.

Materials and methods
Cell culture and preparation of nuclear extracts

HeLa or HEK 293T cells were grown in IMDM medium
(Gibco) containing 10% fetal calf serum (Hyclone) at 37°C
in 5% CO,. Twelve 200-mL bottles of cells with 90-95%
confluent were harvested by scraping the cells into phos-
phate-buffered saline (PBS), packed by centrifuge at 720g
for 10 min. Cells were then washed twice with ice-cold
PBS and resuspended in ten times the packed cell volumes
(PCV) of hypotonic buffer (10 mM Tris—HCI, pH 7.9,
10 mM NaCl, 1.5 mM MgCl,, 0.5 mM PMSF, 1 pg/mL
leupeptin, 1 pg/mL aprotinin, and 1 pg/mL pepstatin) on
ice for 15 min, and lysed by 15 strokes of Dounce
homogenizer (B type pestle) from KONTES. The homo-
genate centrifuged at 720g for 10 min to pellet nuclei. The
supernatant was decanted carefully and the pellet was
washed once using hypotonic buffer. These nuclei were
resuspended in 4 mL of cell lysis buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, 1 mM
PMSF, 1 pg/mL leupeptin, 1 pg/mL aprotinin, and 1 pg/mL
pepstatin), sonicated at 100 W for three cycles of 3 s each,
and centrifuged at 23,500g for 15 min. The supernatants
were designated as the nuclear extracts.

Immunoprecipitation from nuclear extracts of HeLa
cells and Western blot analysis

Rabbit polyclonal anti-hCINAP was prepared by immu-
nizing a rabbit and purified using an affinity column
containing the immobilized hCINAP. Nuclear extracts
were incubated with anti-hCINAP, anti-coilin, or control
preimmune IgG at 4°C overnight. Then, protein G
Sepharose was added and incubated for 4 h. The Sepharose
beads were washed three times with lysis buffer. The
precipitated proteins were fractionated on 15% SDS-
PAGE and transferred to nitrocellulose membrane (GE
Healthcare). The membrane was blocked with 5% milk,
followed by incubation with anti-hCINAP (1:1,000), anti-
coilin, anti-SMN, anti-fibrillarin, anti-NPAT, or anti-SC35
(1:500) primary antibodies, and then horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG or anti-mouse
IgG (1:5,000) secondary antibody. Finally, the blots were
incubated with ECL chemiluminescence reagent (Pierce
Biotechnology) and exposed to X-ray film (Kodak).

RNA interference and transfection

Three specific small interfering RNA (siRNA) duplexes
targeting the hCINAP gene (accession no. AJ878881) were
designed and synthesized as 21 mers with 3’-dTdT overhangs
as follows: siRNA1, 5-CAGAGUAGUUGAUGAGUUA;



hCINAP modulates CB’s formation

1909

siRNA2, 5-GAGAGAAGGUGGAGUUAUU; siRNA3,
5'-UGGCUAUGAUGAAGAGUAU. The scrambled oligo-
nucleotide sequence, 5-UUCUCCGAACGUGUCACGU,
was used as a negative control.

Cells were transfected with the synthesized hCINAP-
specific siRNA or control siRNA duplex using Lipofecta-
min"™ 2000 (Invitrogen) according to the manufacturer’s
protocol. Briefly, about 2 x 10’ cells were seeded in 2 mL
of growth medium 1 day before transfection. When the
confluence reached 70-80%, 40 nM of each synthesized
siRNA was transfected into the cells. Preliminary time
course analysis showed that the most significant reduction
in the hCINAP protein expression was observed at 72 h
after transfection with siRNA1. Therefore, this time point
was used for subsequent experiments.

pSUPER RNAI system is a vector system for expression
of small interfering RNAs (siRNAs) and can cause more
efficient and specific down-regulation of gene expression in
mammalian cells [34]. To generate stable loss-of-function
phenotypes efficiently, annealed oligonucletides (siRNA1)
of hCINAP were cloned into the BglIl/HindIll sites of
pSUPER followed the manufacturer’s protocol (Oligoen-
gine). HeLa cells were transfected with 4 pg pSUPER-
siRNA1 or control pSUPER vector for 24 h and then
selected with 1 pg/mL puromycin for 48 h prior to assay.

RNA isolation and RT-PCR

Total RNAs were extracted from the cells treated either
with hCINAP-specific siRNA or control siRNA using
TRIZOL Reagent (Invitrogen), and the cDNAs were
amplified by reverse transcriptase coupled PCR (RT-PCR)
(AccessQuick™ RT-PCR System; Promega) following the
manufacturer’s instructions. The expression level of the
hCINAP gene in hCINAP-depleted cells was compared
with that of control cells. To minimize mRNA quantifica-
tion errors and to correct for sample-loading variations,
p-actin gene was used as an internal control, and the
relative expression ratio was based on the expression of a
target gene relative to that of f-actin. Primers used for
detecting hCINAP transcripts were 5-GGTGGAGTTATT
GTTGATTAC and 5’ -CCTTGTAGGATGCTGTGGC.

Immunofluorescence analysis

HeLa cells were cultured for 72 h on glass coverslips after
transfection with siRNA duplexes. Cells were fixed with
3.7% paraformaldehyde in PBS for 20 min at room tem-
perature and permeabilized with 0.3% (v/v) TritonX-100 in
PBS for 10 min on ice, and then blocked with 3% bovine
serum albumin in PBS with 0.5% Tween-20 for 20 min at
room temperature. Cells were incubated with primary
antibodies overnight at 4°C, washed, and incubated with

specific fluorescently labeled secondary antibodies for 1 h
at 37°C. The following antibodies were used: rabbit poly-
clonal anti-hCINAP was prepared as described above;
mouse monoclonal anti-coilin, mouse monoclonal anti-
SMN, mouse monoclonal anti-2,2,7-trimethylguanosine,
and rabbit polyclonal anti-fibrillarin were purchased from
Santa Cruz Biotechnology; mouse monoclonal anti-NPAT
was from BD Transduction Laboratories; and Rhodamine
(TRITC)-conjugated goat anti-rabbit IgG and Fluorescein
(FITC)-conjugated goat anti-mouse IgG were from
Zhongshan Golden Bridge Biotechnology.

Fluorescence microscopy was performed by using a
confocal laser scanning microscope (Leica TCS SP5). All
the images were captured and processed under identical
conditions by keeping all microscope parameters constant,
including scan speed, excitation and emission wavelengths
using Leica confocal software.

Co-immunoprecipitation

To examine the interaction between the hCINAP and
NPAT, co-immunoprecipitation was carried out according
to procedures described previously [35]. Briefly, HEK
293T cells were cotransfected with pRK-Flag-hCINAP and
pCMV-NPAT (a kind gift from Dr. Jiyong Zhao at Uni-
versity of Rochester Medical Center). After 48 h, cells
were collected and lysed. The supernatant was incubated
with anti-Flag or anti-NPAT monoclonal antibodies or
control IgG. Nuclear extracts were also incubated with
anti-hCINAP or control preimmune IgG at 4°C overnight.
Then, protein G Sepharose was added and incubated for
4 h. The Sepharose beads were washed three times with
lysis buffer. The precipitated proteins were fractionated on
15% SDS-PAGE and transferred to nitrocellulose mem-
brane (GE Healthcare). Membranes were probed with
primary and secondary antibodies.

U snRNAs and histone mRNA evaluation

HeL a cells transfected with pPSUPER-hCINAP (siRNA1) or
control pSUPER vector for 24 h were selected with 1 pg/mL
puromycin for 48 h. The total RNAs were extracted and
RT-PCR was performed to evaluate the U snRNAs and
histone mRNA levels [36] with the following primers:

Ul, forward: 5'-gataccatgatcacgaaggtggtt, reverse: 5'-ca
caaattatgcagtcgagtttcc,

U2, forward: 5'-tttggctaagatcaagtgtagtatctgtte, reverse:
5'-aatccatttaatatattgtcctcggataga;

U4, forward: 5'-gcgcgattattgctaattgaaa, reverse: 5'-aaaaa
ttgccagtgecgacta;

U5, forward: 5'-ggtttctcttcagatcgcataaatc; reverse: 5'-ctc
aaaaaattgggttaagactcaga;
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U6, forward: 5'-gcttcggcageacatatactaaaat; reverse: 5'-ac
gaatttgcgtgtcatcctt;

H2A, forward: 5'-atgtctggacgtggcaagca, reverse: 5'-agctt
gttgagctcctegte;

H2B, forward: 5'-ccgaagaagggctccaagaa, reverse: 5'-ttatt
tggagcetggtgtacttg;

H3, forward: 5'-agctcgcaagtctaccggeg, reverse: 5'-cgttta
gcgtgaatagegea;

H4, forward: 5'- caaagttctgcgegacaaca, reverse: 5'-gecge
caaagccatacaggg.

Flow cytometry

HeLa cells were transfected with control or hCINAP siR-
NAs for 72 h. Cells were then harvested, washed in PBS,
resuspended in ice-cold 70% ethanol, and fixed for at least
30 min. The cells were collected by centrifugation and
stained in a solution containing 1% FBS, 50 pg/mL pro-
pidium iodide and 100 pg/mL RNase A in PBS for 30 min.
Flow cytometry was performed on a FACSCalibur
cytometer and data were analyzed using the CellQuest Pro
software (BD Biosciences).

Cell viability assay

For the assay, 5 x 10° cells were seeded per well in
96-well plates in 100 pL of growth medium in the absence
of antibiotics. Then, 24 h later, 2 nM hCINAP-specific
siRNA or control siRNA was transfected into cells using
LipofectamineTM 2000. Next, 20 pL of CellTiter 96R
AQueous One Solution Reagent (Promega) was pipetted into
each well 72 h after transfection. The plate was incubated
at 37°C for 2 h. Then, the absorbance at 490 nm was
measured using an ELISA plate reader (DNM-9602; Pro-
long). The number of cells was calculated using the
standard curve. The result was expressed as mean = SD of
five independent experiments. The significance was deter-
mined using Student’s ¢ distribution.

Caspase-3 activity assay

The activity of caspase-3 was measured by using the
CaspACE™ assay system, according to the manufacturer’s
protocol (Promega). Briefly, HEK 293T cells were trans-
fected with hCINAP RNAi plasmid (pSUPER-siRNAT)
and pSUPER-empty vector, respectively. Then, 72 h after
transfection, cells were collected and lysed. The concen-
tration of total protein was determined by the Bio-Rad
protein assay and 40 pg protein of each extract was used to
detect the caspase-3 activity. After adding caspase-3 sub-
strate Ac-DEVD-p-nitroaniline (pNA), the 96-well plates
were covered and incubated at 37°C for 3 h. The pNA

released from the substrate, upon cleavage with caspase-3,
was monitored by a spectrophotometer at a wave length of
405 nm (DNM-9602; Prolong). Caspase-3 activity was
calculated by pNA calibration curves and was expressed as
nM pNA/min per mg protein.

Results
hCINAP is associated with components of CBs

It has been reported that hCINAP interacts with coilin by
the carboxyl-terminal 214 amino acid residues of coilin and
that overexpression of hCINAP leads to a decrease in the
average number of CBs per nucleus [32]. Coilin, which can
interact with many components of CB, is a marker protein
of CB [2]. These results prompted us to test whether
hCINAP is an element of CB.

We firstly verified the specificity of the polyclonal anti-
hCINAP generated from rabbit by western blot analysis. As
shown in Fig. la, both endogenous and recombinant
hCINAP were recognized specifically. Therefore, anti-
hCINAP was used to perform immunoprecipitation assay
using the nuclear extract of HEK 293T cells. Proteins that
immunoprecipitated with anti-hCINAP were subjected to
western blot analyses with various antibodies (Fig. 1b).
The components of CBs, coilin, SMN, fibrillarin, and
NPAT were detected in anti-hCINAP immunoprecipitates
(Fig. 1b, left panel). Reciprocally, western blot analysis of
anti-coilin immunoprecipitates demonstrated that hCINAP,
SMN, fibrillarin, and NPAT also co-existed in a complex
with coilin (Fig. 1b, right panel). Moreover, a control
experiment using rabbit preimmune IgG did not precipitate
any protein, and an irrelevant nuclear protein, SC35, was
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Fig. 1 hCINAP is associated with major components of CBs. a The
specificity of hCINAP antibody was confirmed by western blot
analysis. Lane 1, endogenous expressed hCINAP in HEK 293 T cells;
lane 2, purified recombinant His-tagged hCINAP from E. coli
(BL21DE3). b hCINAP is associated with major components of
CBs. The nuclear extraction of HEK 293 T cells were precipitated by
polyclonal anti-hCINAP (left panel) and by anti-coilin (right panel),
respectively, and analyzed by western blotting using the different
antibodies indicated
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undetectable in both the anti-hCINAP and anti-coilin
immunoprecipitates. In addition, indirect immunofluores-
cence analysis by confocal laser microscopy confirmed that
hCINAP co-localized with coilin (see Fig. 3a, below: white
arrows, upper panel) and NPAT (see Fig. 5a, below: white
arrows, upper panel) in CBs, respectively. These results
demonstrated that hCINAP is a component of CBs.

Knockdown of hCINAP expression by RNAi

To further investigate the function of the hCINAP protein in
CBs, we depleted its expression level in HeLa or HEK 293T
cells by RNAi. Three hCINAP-specific siRNAs and a
control siRNA were designed, synthesized, and transfected
into HeLa cells. The efficient reduction of hCINAP
expression was verified by RT-PCR and western blot anal-
yses. Compared with control siRNA, the mRNA levels of
hCINAP were reduced to 18.3, 29.3, and 35.7% of the
control for siRNA1, siRNA2, and siRNA3, respectively,
72 h after transfection (Fig. 2a). Consistent with this
observation, the expression of hCINAP protein was
decreased remarkably (Fig. 2b). Similar results were
obtained in a HEK 293T cell line (data not shown).
Therefore, h(CINAP-specific siRNA1 was chosen to treat the
cells for 72 h in the following experiments. In the cells that
transiently transfected with synthesized hCINAP-siRNAs,
the hCINAP-mRNA level could be reduced to ~20% of
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Fig. 2 Knockdown of hCINAP expression in HeLa cells by RNAi.
a Specific reduction of hCINAP mRNA expression. HeLa cells were
transfected with a synthesized control non-silencing siRNA or three
hCINAP-specfic siRNAs for 48 h or 72 h, total RNAs were isolated,
and RT-PCR analysis was performed (left panel). Quantification of
hCINAP mRNA was performed using Alphalmager™ software (right
panel). The relative amounts (mean + SD, n = 3) of hCINAP mRNA
normalized to f-actin are presented as a bar graph. b Western blot

control (Fig. 2a), and a similar decrease in hCINAP protein
expression was observed (Fig. 2b), whereas in the cells
that transfected with pSUPER-hCINAP (siRNA1) followed
puromycin selection, the mRNA level of hCINAP could
be further reduced to ~5% of control (Fig. 2c), and the
expression of hCINAP protein was hardly detected by
western blotting (Fig. 2d).

Depletion of hCINAP results in defects
in the formation of canonical CBs

Recent studies have shown that depletion of the compo-
nents of CBs, SMN [24-26], ZPR1 [37], and FLASH [38]
by RNAIi leads to loss of canonical CBs. Therefore, we
were interested in investigating whether depletion of
hCINAP could affect the formation of CBs.

The homeostasis of CBs was determined in hCINAP-
depleted cells by immunofluorescence experiments
employing an antibody against coilin. In control cells,
hCINAP and coilin were observed to co-localize in
canonical CBs (Fig. 3a, white arrows, upper panels). While
in hCINAP-depleted cells, coilin was distributed in
numerous smaller and irregular foci throughout the entire
nucleus (Fig. 3a, lower panels). Basic statistics showed that
canonical CBs disappeared in 88% of cells depleted of
hCINAP. These results suggest that depletion of hCINAP
results in defects in the formation of canonical CBs.
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analysis on depletion of hCINAP in RNAi treated cells. f-actin
protein was used as the loading equal amounts of total protein in each
lane. ¢ RT-PCR analysis on depletion of hCINAP in pSUPER-
hCINAP (siRNA1) transfected cells (left panel). Quantification of
hCINAP mRNA was performed using Alphalmager™ software (right
panel). d Western blotting analysis on depletion of hCINAP in
pSUPER-hCINAP (siRNA1) treated-cells. f-actin protein was used as
the loading equal amounts of total protein in each lane
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Fig. 3 Depletion of hCINAP results in defective formation of CBs
and disrupts the normal localization of colin, SMN, and fibrillarin in
CBs. HeLa cells were transfected with a control or hCINAP-specific
siRNA and stained with antibodies indicated. a Re-localization of
coilin in hCINAP-depleted cells. The subcellular localization of
hCINAP (red) and coilin (green) was examined by immunofluores-
cence analysis. b Depletion of hCINAP disrupts the normal
localization of SMN in nucleus. Cells were stained with antibodies
against SMN (green) and coilin (red). ¢ hCINAP deficiency causes
defects in fibrillarin localization in CBs. HeLa cells transfected with a

Depletion of hCINAP disrupts the normal localization
of SMN in nucleus

The SMN protein, which interacts with coilin, is an essential
component for CBs. Depletion of SMN in HeLa cells by RNAi
has been shown to induce defects in the formation of CBs
[24, 25]. Detection of SMN protein in hCINAP immunoper-
cipitates (Fig. 1b) drove us to examine the effect of hCINAP
depletion on the localization of SMN. Confocal immunoflu-
orescence microscopy analysis showed that in control cells,
SMN co-localized with coilin in CBs (Fig. 3b, white arrows,
upper panels). In contrast, in hCINAP-depleted cells, the
canonical CBs disappeared (Fig. 3b, lower panels). More-
over, a redistribution of SMN into numerous small foci
occurred upon hCINAP depletion (Fig. 3b, lower panels).
These results suggest that is essential for the formation of
canonical CBs and the normal localization of SMN in nucleus.

hCINAP deficiency alters the localization patterns
of fibrillarin in extra-nucleolar foci

CBs also play an important role in the maturation of snoR-
NPs [13, 39]. Based on the conserved RNA signature-
sequence elements and characteristic secondary structures,
snoRNPs are classified into two families, C/D box and

control or hCINAP-specific siRNA were stained with antibodies to
coilin (green) and fibrillarin (red). d hCINAP deficiency does not
affect the protein expression levels of coilin, SMN, or fibrillarin. The
expression of coilin, SMN, and fibrillarin in HeLa cells transfected
with pSUPER-hCINAP (siRNA1) was examined by western blot
analysis (left panel). Quantitation of immunoblots was performed
using Alphalmager™ software (right panel). The relative amounts
(mean =+ SD, n = 3) of proteins normalized to f-actin are presented
as a bar graph. In a—c, CBs are indicated with a white arrow and the
nucleus was stained with DAPI (blue). Scale bar 10 pm

H/ACA box [39]. The methyltransferase fibrillarin, which is
used as a marker for nucleoli, is a core component of mature
C/D box snoRNP and co-localizes with coilin in CBs. In
order to understand whether depletion of hCINAP can
influence the normal location of fibrillarin, we examined the
localization of fibrillarin in cells treated with hCINAP-
specific siRNA. In control cells, fibrillarin predominantly
localized in nucleoli and co-localized with coilin in CBs in
nucleoplasm (Fig. 3c, white arrows, upper panels), whereas
in hCINAP-depleted cells, coilin was distributed in numer-
ous smaller and irregular foci throughout the entire nucleus
(Fig. 3c, lower panels), which was consistent with our
observations in Fig. 3a (lower panels). Although fibrillarin
still predominantly localized in nucleoli in hCINAP-deple-
ted cells, its localization patterns in CBs have changed in
nucleoplasm compare to control siRNA-treated cells. The
extra-nucleolar foci in which fibrillarin accumulated
(Fig. 3c, white arrows, upper panels) were no longer present
in hCINAP-depleted cells (Fig. 3c, lower panels).

hCINAP deficiency does not cause defects
in the expression of coilin, SMN and fibrillarin

Because depletion of hCINAP disrupted the normal local-
ization of coilin, SMN, and fibrillarin in nucleus, we



hCINAP modulates CB’s formation

1913

wanted to know whether hCINAP deficiency will affect the
expression of these proteins. As shown in Fig. 3d, knock-
down of hCINAP expression in HeLa or HEK 293T cells
did not alter the expression levels of coilin, SMN, and
fibrillarin, suggesting that hCINAP is required just for the
normal subcellular localization of coilin, SMN, fibrillarin,
and assembly of CBs.

Redistribution of snRNPs and decreasing
of spliceosomal U snRNAs occur
in hCINAP-depleted cells

Previous studies suggested that spliceosomal snRNPs do
not localize to residual CBs in coilin or SMN-depleted cells
[16, 24]. To find out whether depletion of hCINAP affects
the subcellular distribution of spliceosomal snRNPs, we
examined the localization of spliceosomal snRNPs in
hCINAP-depleted cells by staining with antibodies specific
to coilin or to the 5'-m3G cap of mature U snRNA that is
assembled into the spliceosomal snRNP complex. Immu-
nofluorescence analysis demonstrated that the 5'-m3G cap
U snRNAs localized in CBs (Fig. 4a, white arrows, upper
panels) and in speckles in control cells, which are com-
partments enriched in pre-mRNA splicing factors [40].
While in hCINAP-depleted cells, the 5-m3G cap U
snRNAs redistributed from being in both CBs and speckles
to be solely in speckles throughout the nucleoplasm
(Fig. 4a, lower panels). These observations suggested that
hCINAP is required for the normal subcellular distribution
of spliceosomal snRNPs and depletion of hCINAP may
affect the normal function of spliceosomal snRNPs.

Spliceosomal U snRNPs consist of one or two snRNAs
(U1, U2, U4, US, and U6) and specific sets of proteins.
Recent studies indicate that snRNPs transiently localize to
CBs for snRNPs maturation, including snRNA base modi-
fication and snRNA-protein assembly [7, 41]. Our results
shown above indicated that depletion of hCINAP causes
defects in the formation of CBs and redistribution of U
snRNPs in nucleoplasm. Thus, we examined the levels of U
snRNAs in hCINAP-depleted cells by RT-PCR (Fig. 4b).
Our results showed that the levels of U1, U2, U4, and U5
snRNAs decreased variously, but no obvious reduction of
U6 snRNA observed in hCINAP-depleted cells.

hCINAP co-localizes and associates with NPAT

It has been demonstrated previously that NPAT is con-
centrated in CBs tethered to histone gene clusters at
chromosome 1 and 6 [27]. Moreover, NPAT deficiency
leads to dissociation of coilin from CBs and inhibition of
histone gene expression [27, 28]. Our results above showed
that hCINAP co-localized with coilin in CBs (Fig. 3a,
white arrows, upper panels) and that NPAT was detected in

A anti-coilin anti-snRNP  DAPI|

100} = x ..1|

control

hCINAp. .

siRNA

O control
mhCINAP siRNA

Relative RNAs (%)

hCINAP
actin

0
hCINAPU1 U2 U4 U5 U6

Fig. 4 Redistribution of snRNPs and decreasing of spliceosomal U
snRNAs occur in hCINAP-depleted cells. a To determine the
localization of snRNPs, HeLa cells that transfected with a control
or hCINAP-specific siRNA were subjected to immunofluorescence
studies using anti-coilin (red) and anti-m3G (green) antibodies. CBs
are indicated with white arrows and the nucleus was stained with
DAPI (blue). Scale bar 10 pm. b RT-PCR analysis was performed to
examine the hCINAP mRNA and spliceosomal snRNAs levels (left
panel). Quantification of hCINAP mRNA and snRNAs was per-
formed using Alphalmager™ software (right panel). The relative
amounts (mean = SD, n = 3) of hCINAP mRNA and snRNAs
normalized to f-actin are presented as a bar graph. A p value of less
than 0.05 was considered to indicate statistical significance

anti-hCINAP immunoprecipitates (Fig. 1b, left panel).
Therefore, we examined whether hCINAP is also co-
localized with NPAT through immunofluorescent assay.
We discovered that hCINAP was overlap with NPAT in
punctuate foci (Fig. 5a, white arrows, upper panels). We
further identified that hCINAP was co-immunoprecipated
with NPAT (Fig. 5¢). In cells that co-transfected with
expression plasmids of pCMV-NPAT and pRK-Flag-
hCINAP, hCINAP was detected in the anti-NPAT immu-
noprecipitate but not in the control (Fig. Sc, left panel).
Moreover, an endogenous interaction between hCINAP
and NPAT was confirmed (Fig. 5c, right panel). These
results indicate that hCINAP co-exist with NPAT in a
complex and may have an effect on the function of NPAT.

Depletion of hCINAP results in mislocalization
of NPAT and inhibition of histone transcription

Our results shown above indicated that hCINAP co-local-
ized and associated with NPAT, and that depletion of
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hCINAP by RNAi caused defects in the formation of CBs
and relocalization of coilin and SMN in the nucleus. These
observations urged us to address the question whether these
changes also affected NPAT subnuclear localization and its
function on histone transcription activation.

We first verified whether the normal localization of
NPAT was disrupted in hCINAP-depleted HeLa cells by
laser confocal microscopy. As shown in Fig. 5a (lower
panels), knockdown of hCINAP resulted in mislocalization
of NPAT, from the normal focal pattern to a diffuse nuclear
staining, compare to the control cells (Fig. 5a, upper pan-
els). This observation was further confirmed in Fig. 5b,
which showed that depletion of hCINAP caused mislo-
calization of NPAT from canonical CBs (Fig. 5b, white
arrows, upper panels) into a diffuse pattern (Fig. 5b, lower
panels). This mislocalization is likely to have functional
significance because it is established that NPAT is essential
for histone gene expression [29].

Next, we examined histone gene expression in control
and hCINAP-depleted cells by RT-PCR assays. Reduction
of hCINAP mRNA levels to ~20% of control had no

anti-hCINAPanti-NPAT DAPI

control

= . . .

siRNA

anti-coilin anti-NPAT  DAPI

Fig. 5 hCINAP associates with NPAT and depletion of hCINAP
results in mislocalization of NPAT and inhibition of histone
transcription. a Immunofluorescence studies with antibodies against
hCINAP (red) and NPAT (green) were performed in control cells and
hCINAP-depleted cells. In control cells, hCINAP and NPAT
co-localizes to CBs while these structures become disappeared in
hCINAP-depleted cells where NPAT disperses in nucleoplasm.
b Immunofluorescence assays indicate that depletion of hCINAP
disrupts the normal localization of NPAT (green) and coilin (red).
CBs are indicated with white arrows and the nucleus was stained with
DAPI (blue). Scale bar 10 pm. ¢ Association of hCINAP with NPAT.
HEK 293T cells were co-transfected with pCMV-NPAT and pRK-
Flag-hCINAP. Immunoprecipitation experiment was performed using

obvious effect on the histone gene transcription (data not
shown). When the mRNA level of hCINAP was further
reduced to ~5% of control, marked reductions from ~ 30
to ~60% in the expression of histone genes including H2a,
H2b, H3, and H4 were detected (Fig. 5d). These data
suggest that hCINAP deficiency results in mislocalization
of NPAT and inhibition of histone transcription.

Effects of hCINAP deficiency on the cell cycle
and cell viability

To further confirm whether the loss of hCINAP also affects
cell cycle progression, we analyzed the control and the
hCINAP knockdown cells by flow cytometry. Knockdown
of hCINAP did not increase the cells in the GO/G1 phase
(Fig. 6a). Instead, a decrease of the GO/G1 phase cells and
an increase of the sub-G1 phase cells were observed in
hCINAP-depleted cells, which indicates higher number of
apoptotic cells [42].

Recent studies showed that the homologue of hCINAP
in yeast, Fap7, is essential for yeast growth [43, 44]. A
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an antibody against NPAT, a nonspecific IgG antibody was used as a
control (left panel). Endogenous Co-IP was performed to further
confirm the interaction between hCINAP and NPAT in HEK 293T
cells (right panel). Nuclear extracts were pulled down with either IgG
(a negative control) or hCINAP antibody, followed by hCINAP or
NAPT immunoblotting. d hCINAP depletion inhibits histone tran-
scription. HeLa cells were transfected with pSUPER-hCINAP
(siRNATI) or control vector and RT-PCR analysis was performed to
examine the mRNA levels of histone genes. Actin amplification was
used as loading control. Quantifications of actin, hCINAP, H2a, H2b,
H3, and H4 mRNA were performed using Alphalmager™ software
(mean + SD, n = 3)
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similar result was observed with its homologue in C. ele-
gans, ADLP (adrenal gland protein AD-004-like protein),
where knockdown of ADLP expression results in the slow
growth of worms [33]. Therefore, we examined the effect
of hCINAP on cell survival. hCINAP depletion in 293T
cells led to about 50% reduction in cell viability when
compared to the control cells (p < 0.01) (Fig. 6b).

To further elucidate whether the observed loss of cell
viability resulted from apoptosis, we examined caspase-3
activity after RNAi treatment. As shown in Fig. 6c, the
activity of caspase-3 increased more than twofold in
hCINAP RNAi-treated cells. Moreover, the caspase-3
activity was suppressed by Z-VAD-FMK, a caspase-3
inhibitor. These results demonstrate that depletion of
hCINAP induces caspase-3 dependent apoptosis. These
data demonstrate that hCINAP is essential to cell viability
although depletion of hCINAP does not cause an imme-
diate cell cycle arrest.
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R3(S) 20.51% 15.94%
R4 (G2/M) 20.27% 21.29%
R5(SubG1) 8.33% 18.20%

Fig. 6 Effects of hCINAP depletion on the cell cycle and cell
viability. a Cell cycle analysis of the HeLa cells transfected with
hCINAP siRNA or control siRNA. The histograms show DNA
contents of the cells stained with propidium iodide. The percentage of
the cells in each cell cycle phase is indicated under each histogram.
The sub G1 population represents fragmented nuclei. b HEK 293T
cells were transfected with indicated siRNAs for 72 h and cell

Discussion

Recent studies suggest that CBs are composed of diverse
components and that they are involved in several nuclear
functions [1, 2]; however, the molecular requirement of
these components for the formation of canonical CBs is
still in part not understood. Here, we identified for the first
time that hCINAP protein is associated with some impor-
tant components of CBs and essential for the formation of
CBs by RNAi. Furthermore, we found that hCINAP is
required for histone transcription and cell viability.

Our most striking observation is that the normal archi-
tecture of CBs and the localization of its components
including coilin, SMN, fibrillarin, and NPAT were dis-
rupted upon depletion of hCINAP by RNAI. Recent studies
have shown that hCINAP interacts with the C-terminus of
coilin, which regulates the number of CBs [19, 32]. Fur-
thermore, overexpression of hCINAP in HeLa cells results

P<0.01

- =
o N

Number of cells (10%)

0

ControlsiRNA - + = = =

siRNA1 - - ¥
siRNA2 - - - + -
siRNA3 - P - - ¥

(nM pNA/min/mg protein)

Relative caspase-3 activity

viability was measured. Data represent the means of five independent
experiments, and the bars denote the standard deviation. The p value
(p < 0.01) was ascertained by the Student’s 7 test. ¢ HEK 293T cells
were transfected with indicated RNAi vector for 72 h and caspase-3
activity was detected in the absence or presence of caspase-3
inhibitor, Z-VAD-FMK. The experiments were repeated three times
independently, and p values (p < 0.01) represent the means (£SD)
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in a decrease in the average number of CBs per nucleus
[32]. We therefore speculated that hCINAP may have a
role in modulating either the formation or the stability of
CBs. To confirm this speculation, we first examined whe-
ther hCINAP co-exists with components of CBs. Our
results showed that hCINAP is indeed associated with
components of CBs including coilin, SMN, fibrillarin, and
NPAT (Fig. 1b). These results suggested that hCINAP is a
constituent of CBs. To further investigate the function of
hCINAP in CBs, we depleted the expression of hCINAP in
HeLa or HEK 293T cells by RNAi. hCINAP depletion
resulted in the disappearance of the canonical CBs
accompanied by the redistribution of coilin and SMN, the
essential components for CBs (Fig. 3a, b). These obser-
vations are similar to those caused by deletion of
the essential components of CBs such as SMN or FLASH
[25, 36].

Previous studies have indicated that SMN plays an
essential role in the spliceosomal U snRNP assembly and
nuclear import process [24]. After entering the nucleus,
snRNPs first target to CBs, where the snRNPs undergo
further modification and maturation [7]. Because hCINAP
depletion caused defects in the formation of CBs and re-
localization of SMN (Fig. 3a, b), we want to know whether
hCINAP deficiency may induce changes in the subcellular
localization of snRNPs. To test this, we examined the
localization of snRNPs in hCINAP-depleted cells using an
antibody specific to the 5’-m3G cap of U snRNA. Immu-
nofluorescence analysis showed that hCINAP deficiency
resulted in relocalization of snRNPs (Fig. 4a). In hCINAP-
depleted cells, the 5’-m3G cap U snRNAs were distributed
solely in speckles throughout the nucleoplasm instead of
their localization in both the speckles and CBs in control
cells. Examination of snRNAs levels showed that depletion
of hCINAP induced decreases of Ul, U2, U4, and U5
snRNAs. A recent report indicates that ongoing U snRNP
biogenesis is required for the integrity of CBs [25].
Mislocalization of SMN and lower levels of snRNAs in
hCINAP-depleted cells probably inhibit the biogenesis of
spliceosomal U snRNPs, which may explain why CBs fall
apart.

It has been shown that CBs are also involved in the late
biogenesis and functional activation of snoRNPs [39].
Since fibrillarin is a core component of mature C/D box
snoRNP and is found to co-localize with coilin in CBs, we
also examined the localization of fibrillarin in hCINAP-
depleted cells, and found that knockdown of hCINAP alters
the localization patterns of fibrillarin in extra-nucleolar foci
(Fig. 3c¢).

NPAT is also a component of CBs and it plays
an important role in histone gene transcription and cell
viability [27, 28]. Our results indicated that hCINAP

co-localized with NPAT in CBs and associated with NPAT
(Fig. 5a, c). Moreover, depletion of hCINAP by RNAi
disturbed the normal localization of NPAT (Fig. 5a, b,
lower panels) and further inhibited the histone genes
transcription (Fig. 5d). However, only when the mRNA
level of hCINAP was severely reduced to ~5% of control,
could the phenomenon of histone transcription inhibition
be observed. These results indicate that the amount of
hCINAP expression may be taken as a threshold to control
the histone transcription. CBs have been shown to associate
with histone gene cluster and to regulate histone gene
transcription [28, 45]. Hence we think that hCINAP may
play an indirect role in regulating histone transcription.
Depletion of hCINAP may disrupt the integrity of CBs and
normal localization of NPAT, which affects histone tran-
scription. We then examined the effect of hCINAP on cell
viability. Consistent with its homologue of Fap7 and ADLP
[33, 43], hCINAP depletion resulted in an obvious decrease
in the cell viability (Fig. 6b). Although flow cytometry
assay showed that hCINAP deficiency did not cause an
immediate cell cycle arrest (Fig. 6a), the number of sub-G1
phase cells, which represent apoptotic cells [42], was
increased, as was the caspase 3 activity (Fig. 6¢). There-
fore, apoptosis is one of the reasons responsible for the
observed loss of cell viability, although there maybe other
mechanisms affecting cell viability after hCINAP siRNA
treatment.

Based on the published results and our data, we pro-
posed two possible explanations for the inhibition of
formation of CBs. One explanation is that inhibition of the
spliceosomal U snRNPs biogenesis causes defects in for-
mation of CBs, as depletion of SMN, hTGS1, PHAX [25],
or ZPR1 [37] leads to disappearance of CBs. Another
possible interpretation is that deficiency of some important
components directly inhibits the formation of CBs. It is
reported that coilin, NPAT, and FLASH are the essential
components of CBs and that depletion of any of these
proteins will disrupt the normal architecture of CBs and
result in relocalization of their components [16, 28, 38],
which will consequently block snRNPs maturation, U
snRNAs and histone transcription or histone pre-mRNA
processing [2]. Although we speculate that hCINAP regu-
lates the formation of CBs by inhibition of U snRNPs
biogenesis, we cannot completely rule out the possibility
that hCINAP itself is important for the integrity of CBs.
Therefore, further studies are needed to unravel the precise
mechanism of how these proteins, including coilin, NPAT,
and FLASH, modulate the formation of CBs.

In conclusion, we have clearly demonstrated that
hCINAP is required for the canonical architecture of CBs,
histone gene transcription, and cell viability, which help us
to further understand the biological functions of hCINAP.
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