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protein 1␣. However, PIP5K does not interact with the gene
activation signature protein H3K4me3. This study, for the first
time, demonstrates that PIP5K, an enzyme actively associated
with lipid modification pathway, has additional roles in rDNA
silencing.

Phosphoinositide, a specific phospholipid, serves as a potent
signal transducer in multiple cellular events. Reversible phosphorylation of its inositol ring at positions 3–5 generates
several phosphoinositide species (1). One of the important
phosphoinositide-modifying enzymes, phosphatidylinositol-4-phosphate 5-kinase 1␣ (PIP5K),5 adds a phosphate specifically to the inositol ring having its fourth position previously
phosphorylated, generating PIP2. PIP5K is a 61-kDa protein
migrating at about 68 kDa in SDS-PAGE (2). Although classical
phosphoinositide signaling is concentrated in the plasma membrane, recent studies have suggested the presence of a distinct
phosphoinositide signaling in the nucleus (3).
PIP2 in the nucleus has been mapped onto detergent-insoluble fractions co-localizing with small nuclear ribonucleoprotein particles in nuclear speckles (4) and at electron-dense
structures (5), suggesting its involvement in pre-mRNA processing. Studies indicate that PIP2 can bind to both histones H1
and H3 and is therefore involved in regulating the state of chromatin in the nucleus (6). Further observations showed that PIP2
can regulate the interaction of the chromatin remodeling complex BRG1- or HRBM-associated factors (BAF) with the
nuclear matrix (7). Recent evidence also has identified PIP2 in
the nucleolus interacting with Pol I and upstream binding factor, implicating a possible role in Pol I transcription by interacting with pre-rRNA production and processing machineries
5

The abbreviations used are: PIP5K, phosphatidylinositol-4-phosphate 5-kinase 1␣; PIP2, phosphatidylinositol 4,5-bisphosphate; SUMO, small ubiquitin-like modifier; rDNA, ribosomal DNA; Pol I, polymerase I; FC, fibrillar center; qPCR, quantitative PCR; hTop I, human topoisomerase I; KD,
kinase-dead.
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Phosphoinositide signaling has been implicated in the regulation of numerous cellular processes including cytoskeletal
dynamics, cellular motility, vesicle trafficking, and gene transcription. Studies have also shown that nuclear phosphoinositide(s) regulates processes such as mRNA export, cell cycle progression, gene transcription, and DNA repair. We have shown
previously that the nuclear form of phosphatidylinositol-4phosphate 5-kinase 1␣ (PIP5K), the enzyme responsible for
phosphatidylinositol 4,5-bisphosphate synthesis, is modified by
small ubiquitin-like modifier (SUMO)-1. In this study, we have
shown that due to the site-specific Lys to Ala mutations of
PIP5K at Lys-244 and Lys-490, it is unable to localize in the
nucleus and nucleolus, respectively. Furthermore, by using
chromatin immunoprecipitation assays, we have observed that
PIP5K associates with the chromatin silencing complex constituted of H3K9me3 and heterochromatin protein 1␣ at multiple
ribosomal DNA (rDNA) loci. These interactions followed a definite cyclical pattern of occupancy (mostly G1) and release from
the rDNA loci (G1/S) throughout the cell cycle. Moreover, the
immunoprecipitation results clearly demonstrate that PIP5K
SUMOylated at Lys-490 interacts with components of the chromatin silencing machinery, H3K9me3 and heterochromatin

SUMOylated PIP5K Modulates rDNA Silencing

Experimental Procedures
Materials—The following antibodies were used: anti-FLAG
(Sigma, F3165), ␤-actin (Cell Signaling Technology, 4970), and
anti-nucleophosmin (Abcam, FC82291). Anti-mouse and antirabbit secondary antibodies conjugated with Alexa Fluor 488
(A11001 and A11008, respectively) and 568 (A11004 and
A11011, respectively) were purchased from Life Technologies.
Secondary antibodies conjugated with alkaline phosphatase
(A3562 (mouse) and A3687 (rabbit)) were from Sigma. AntiH3K4Me3 (39159) and anti-H3K9Me3 (39161) were from
Active Motif, and anti-H3 (ab1791) antibody was from Abcam.
Antibody for endogenous PIP5K was generated in rabbit as
described previously (13). The specificity of the antisera was
verified by Western blot analysis (see “Results”).
Cell Culture, Transfection, and Treatments—HEK-293,
MCF-7, and A549 cells were cultured in DMEM supplemented
with 10% fetal bovine serum at 37 °C and 5% CO2. HEK-293
cells were transfected using Qiagen Effectene transfection reagent according to the manufacturer’s protocol. Stable cell lines
(HEK-293-FLAG-PIP5K) were made by selecting the cells
using 500 g/ml G418 for a week and then maintained at 50
g/ml G418 concentration. Nucleolar segregation was induced
by actinomycin D treatment (0.05 g/ml) for 4 h (14).
Constructs—PIP5K was subcloned from GFP-PIP5K1␣
(kindly donated by Dr. J. Kunz from Baylor College of Medicine,
Houston, TX) into pCMV-Tag2B to generate FLAG-PIP5K1␣
and into pET-33b to generate His-tagged PIP5K1␣. The kinasedead construct was also obtained from Dr. J. Kunz.
Site-directed Mutagenesis—Point mutations of PIP5K were
generated using the QuikChange site-directed mutagenesis
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procedure (Stratagene) according to the manufacturer’s
protocol.
Cell Synchronization and Cell Cycle Analysis—Cells were
synchronized at G1/S phase using the thymidine double blocking method (15). Briefly, cells were plated in 60-mm Petri
dishes, and thymidine was added to a final concentration of 2
mM after cell adherence. The cells were cultured for 16 h. After
removal of the thymidine and incubation for 10 h in fresh
DMEM solution, thymidine was added to a final concentration
of 2 mM for an additional 16 h.
The synchronized cells were collected and washed twice with
PBS solution. Cells were fixed with chilled 70% alcohol at
⫺20 °C for at least 24 h. The cell sediment was collected by
centrifugation (1000 rpm for 3 min), washed twice with PBS
solution, incubated with RNase A (20 mg/ml) for 30 min at
37 °C, and stained with 25 g/ml propidium iodide (Sigma) for
30 min at room temperature. The cell cycle distribution was
then evaluated using flow cytometry (BD FACSVerse).
Cell Lysate Preparation and Western Blotting—Cell lysate
preparation and Western blotting were performed as described
previously (12).
Immunofluorescence and Microscopy—Immunofluorescence
was done as described previously (12). Mounted cells were
imaged using Nikon inverted research microscope ECLIPSE
Ti-U and Olympus FV1000 LSM confocal microscope. Images
were processed using NIS-Elements, Adobe Photoshop CS5,
and FluoView 1000 software.
Transcription Analysis by RT-qPCR—Total RNA was isolated by TRI Reagent (Sigma) extraction according to the manufacturer’s protocol. One microgram of total RNA was reverse
transcribed using random hexamer primers and RevertAid
reverse transcriptase kit (Fermentas). The synthesized cDNA
was used for RT-qPCR using Maxima SYBR Green/ROXTM
qPCR Master Mix (2⫻) (Fermentas) using the following primer
sequences: ␤-actin forward, 5⬘-AGGCACCAGGGCGTGAT3⬘; ␤-actin reverse, 5⬘-GCCCACATAGGAATCCTTCTGAC3⬘; 18S rRNA forward, 5⬘-GTAACCCGTTGAACCCCATT-3⬘;
18S rRNA reverse, 5⬘-CCATCCAATCGGTAGTAGCG-3⬘;
45S pre-rRNA forward, 5⬘-CTCCGTTATGGTAGCGCTGC3⬘; 45S pre-rRNA reverse, 5⬘-GCGGAACCCTCGCTTTC-3⬘.
Chromatin Immunoprecipitation (ChIP), Re-ChIP, and
q-PCR—ChIP assays were performed according to a standard
protocol (16). Briefly, after cross-linking the cells with 1% formaldehyde and stopping the reaction by 0.125 M glycine, cell lysis
was done in cell lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl,
0.5% Nonidet P-40 (with fresh protease inhibitor)). After centrifugation, the nuclear pellet was lysed with nucleus lysis buffer
(50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS (with fresh
protease inhibitor)). After sonication and preclearing of the
chromatin, immunoprecipitation was subsequently performed
with anti-FLAG, anti-H3K9me3, anti-H3, anti-H3K4me3, and
IgG. Dynabeads, which were previously blocked, were used to
pull down the chromatin complex. Beads were then washed
with radioimmune precipitation assay buffer, high salt buffer,
LiCl buffer, and Tris-EDTA consecutively followed by RNase A
and Proteinase K digestion at 37 °C. The beads were kept for
overnight decross-linking at 65 °C, and the next day the samples
were extracted with phenol-chloroform and chloroform folVOLUME 290 • NUMBER 34 • AUGUST 21, 2015

Downloaded from http://www.jbc.org/ by guest on June 8, 2020

(8). Although there have been some reports on the role of PIP2
in the nucleus, only a few studies have documented spatial and
functional characterization of PIP5K in the nucleus. Using a
yeast two-hybrid screen, it was demonstrated that speckle-targeted PIPKI␣ regulated-poly(A) polymerase was a novel interacting partner of PIP5K, and together they could regulate
pre-mRNA processing (9). Additionally, it was shown that the
retinoblastoma protein Rb, which recruits the BAF complex to
transcription sites, can interact with and activate PIP5KI␣ (10).
Nuclear c-Fos associates with and activates PIP5K, leading to
transcriptional changes (11). Most of these studies implicated
PIP2 in mediating the aforesaid nuclear functions. Studies from
our laboratory demonstrated that the nuclear pool of PIP5K is
modified by SUMO-1, and during apoptotic stress in addition
to the increase in this SUMOylated pool, poly-SUMO-2-modified PIP5K also occurs in the nucleus (12).
In the present study, we document that SUMOylation of
PIP5K at Lys-244 is essential for its nuclear targeting. It was
shown to accumulate in the fibrillar center (FC) region of the
nucleolus during the G1/S phase of the cell cycle. The results
also demonstrated that PIP5K, SUMOylated at Lys-490, is present in the chromatin silencing complex consisting of H3K9me3
and heterochromatin protein 1␣ (HP1-␣) at the rDNA loci.
Together, our results indicate a possible novel epigenetic role of
PIP5K protein per se in the silencing of rRNA genes in
particular.

SUMOylated PIP5K Modulates rDNA Silencing
TABLE 1
SUMO modification sites of PIP5K by in silico analysis using SUMOplot
SL, serial number. Underlined residues are the motif for SUMOylation.
SL no.

Position

Sequence

1
2
3

Lys-244
Lys-33
Lys-490

SVKMHIKYDLKGST
SSASGIKRPMASEV
TSTTLEKLEVAESE

Score
0.94
0.84
0.50

lowed by ethanol precipitation. The purified DNAs were amplified by real time PCR using StepOne Plus (Applied Biosystems)
and FastStart Universal SYBR Green Master (ROX) (Roche
Applied Science). Primers for real time PCR were designed as
reported previously (17). p53 primers used for ChIP analysis
were designed from the upstream regulatory region and are as
follows: p53 forward, 5⬘-CACGTAGCCCTTTTAGACTGAG3⬘; p53 reverse, 5⬘-CCCCAGTTCCTTACCATTTCTG-3⬘. In
general, -fold enrichment values were calculated after normalizing with respect to input DNA and IgG control. Briefly, the
calculations were as follows for the input (Ct1), IgG_IP (Ct2),
and Antibody_IP (Ct3) values.
(Eq. 1)

⌬lgG_IP 共B兲 ⫽ Ct2 ⫺ A

(Eq. 2)

⌬Antibody_IP 共C兲 ⫽ Ct3 ⫺ A

(Eq. 3)

⌬⌬Antibody_IP 共D兲 ⫽ C ⫺ B共normalization with lgG兲
(Eq. 4)

–Fold enrichment ⫽ 2⫺D

(Eq. 5)

Re-ChIP assays were performed as described elsewhere (18).
Briefly, the immunocomplex pulled down by the first antibody
(anti-FLAG) was treated with 0.05 M DTT at 30 °C for 60 min
followed by a 20-fold dilution before performing the pulldown
with the second antibody (anti-H3K9me3, anti-HP1-␣, or IgG).
The -fold enrichment values were calculated and normalized
with values obtained from pulldown with anti-FLAG antibody
and IgG.

Results
Lys-244 SUMOylation Is Essential for PIP5K Nuclear Import—
PIP5K is a soluble enzyme that has been shown to be present in
both the nucleus and cytosol. Previous reports from our laboratory
confirmed that nuclear PIP5K is modified by SUMO-1 (12). Primary sequence analysis of PIP5K by SUMOplotTM displays six
possible sites for SUMOylation, three of which (Lys-33, Lys-244,
and Lys-490) have a probability score higher than 0.50 (Table 1).
To identify the specific SUMOylation site(s) responsible for its
nuclear targeting, we generated Lys to Ala mutants in the above
sites. Expression of FLAG-tagged WT and mutant PIP5Ks in
HEK-293 cells showed that the mutants having PIP5K-K244A
failed to get imported into the nucleus (Fig. 1A, panels j–l, panels m– o, and panels s– u), whereas PIP5K-K33A (Fig. 1A, panels
d–f) and PIP5K-K490A (Fig. 1A, panels g–i) mutants had normal nuclear distribution. To determine whether SUMOylation
at Lys-244 is sufficient for nuclear import of PIP5K, we created
double point mutations at Lys-33 and Lys-490 residues. Expression of this construct, which only had Lys-244 unmodified,
AUGUST 21, 2015 • VOLUME 290 • NUMBER 34
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Adjusted input 共 A兲 ⫽ Ct1 ⫺ 6.644

showed a normal nuclear occupancy of the mutant protein,
signifying that SUMOylation at Lys-244 is sufficient for nuclear
import of PIP5K (Fig. 1A, panels p–r). To verify whether Lys244 is modified by SUMO-1, we subjected anti-SUMO-1
immunoprecipitates from nuclear and cytosolic lysates of cells
expressing WT-PIP5K, PIP5K-K33A, PIP5K-K490A, PIP5KK244A, PIP5K-K33A/K490A, PIP5K-K244A/K490A, and
PIP5K-K33A/K244A/K490A to Western blotting with antiFLAG antibody. Mutants that had unmodified Lys-244 showed
an immunoreactive band in the nuclear fraction, whereas
PIP5K-K244A, PIP5K-K244A/K490A, and PIP5K-K33A/
K244A/K490A did not (Fig. 1B). The presence of the immunoreactive band in the cytosolic fraction of PIP5K-K244A and
PIP5K-K244A/K490A suggests that although other lysines in
these two mutants could be modified by SUMO-1 it is not
sufficient to translocate the protein into the nucleus. Moreover, analysis of nuclear and cytosolic fractions from HEK
cells expressing PIP5K-K33A/K244A/K490A revealed that
SUMOylation is abolished in the triple mutant (Fig. 1B). The
presence of the immunoreactive band in the nuclear fraction of
the double mutant (PIP5K-K33A/K490A) and absence of the
nuclear form in the case of Lys-244-modified mutants suggests
that Lys-244 is indeed SUMOylated and is necessary and sufficient for nuclear import of PIP5K. Thus, it can be concluded
that SUMOylation at Lys-244 is instrumental in regulating the
nuclear import of PIP5K.
PIP5K Is Enriched in the Nucleolus during G1/S Phase of the
Cell Cycle—Immunolocalization of FLAG-PIP5K in asynchronous HEK-293 cells showed varied patterns of nuclear distribution (Ref. 4 and Fig. 2A). To explore the possibility that the
various nuclear staining patterns of PIP5K is regulated by cell
cycle phases, we first used a double thymidine block on HEK293 cells expressing FLAG-PIP5K to synchronize them at the
G1/S stage. Immunofluorescence staining revealed that substantial enrichment of PIP5K occurred in the nucleoli of G1/Sarrested cells (Fig. 2B, panels e– h) as compared with asynchronous cells (Fig. 2B, panels a– d). A similar experiment to reveal
the nucleolar enrichment of endogenous PIP5K in G1/S
arrested cells showed that localization of endogenous PIP5K is
identical to that of its FLAG-tagged counterpart (Fig. 2C, panels
a– d). The nucleolar enrichment of PIP5K was found to be very
similar in other cell lines arrested at G1/S phase (Fig. 2C, panels
e–l). Thus, our observation that PIP5K accumulates in the
nucleolus at the G1/S phase of the cell cycle seems to be a general feature of the mammalian cell lines of different origin so far
examined.
PIP5K Accumulates in the Fibrillar Center of the Nucleolus
with the Onset of the S Phase—The nucleolus contains three
distinct regions: FC, dense fibrillar components, and the granular components (19). To verify the exact subnucleolar location
of PIP5K, we treated G1/S-arrested cells with the Pol I inhibitor
actinomycin D, which causes nucleolar components to segregate such that FC is removed from the dense fibrillar components and forms nucleolar caps termed fibrillar caps (20). The
nucleolar caps thus formed contained immunoreactive spots of
PIP5K (Fig. 3, panel b). Human topoisomerase I (hTop I) has
been shown to be preferentially located in the FC of nucleolus
placed in the vicinity of the rDNA and RNA polymerase I (21).

SUMOylated PIP5K Modulates rDNA Silencing

To verify whether PIP5K occupied the FC region, after actinomycin D treatment, the cells were doubly labeled with antibodies against FLAG and hTop I. We observed a very strong co-localization of PIP5K and hTop I in the nucleolar caps,
confirming PIP5K occupancy in the FC region (Fig. 3, panels
b– d). The FC region is known to contain Pol I-enriched rDNA
transcription units (22). Thus, PIP5K localization in the FC
region suggests a possible role of this protein in rDNA
transcription.
PIP5K Associates with H3K9me3 during rDNA Silencing—To
investigate the role of PIP5K in rDNA transcription, we monitored the occupancy pattern of modified histone H3 in the context of rRNA gene in cells expressing either wild type or kinasedead PIP5K. We chose to use kinase-dead PIP5K (PIP5KD) as a
negative control because our previous studies (12) and results

20896 JOURNAL OF BIOLOGICAL CHEMISTRY

from other laboratories (23) have shown that this mutant fails
to get translocated into the nucleus. We sought to study the
relative occupancy pattern of an activation mark, H3K4me3,
and a repression mark, H3K9me3, throughout the human
rDNA loci using ChIP assays (Fig. 4A). The results of the ChIP
assay showed significantly increased enrichment of the
H3K9me3 mark at different regions of rRNA gene in the cells
expressing the wild type PIP5K as compared with the PIP5KD
(Fig. 4B), whereas the level of occupancy for the activation mark
H3K4me3 remained almost unchanged in both cases (Fig. 4C).
Thus, it was evident that nuclear expression of PIP5K was associated with the transcriptionally repressed state of rDNA. Furthermore, looking at the transcription profile of rRNA gene in
asynchronous cells, it was evident that overexpression of PIP5K
inhibited expressions of 18S (Fig. 4D) and 45S pre-rRNA (Fig.
VOLUME 290 • NUMBER 34 • AUGUST 21, 2015
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FIGURE 1. Lys-244 SUMOylation is essential for PIP5K nuclear import. A, HEK-293 cells were transfected with FLAG-tagged PIP5K (panels a– c, WT-PIP5K;
panels d–f, PIP5K-K33A; panels g–i, PIP5K-K490A; panels j–l, PIP5K-K244A; panels m– o, PIP5K-K33A/K244A (K33_244A); panels p–r, PIP5K-K33A/K490A
(K33_490A); panels s– u, PIP5K-K33A/K244A/K490A (K33_244_490A)) and stained with anti-FLAG antibody (green). Panels a, d, g, j, m, p, s, and merged also contain
DAPI-stained images (blue). * and arrows indicate PIP5K-excluded nucleolus and nucleus, respectively. The scale bar represents 5 m. B, HEK-293 cells were
transfected separately with PIP5K-K33A (lanes 1 and 2), PIP5K-K490A (lanes 3 and 4), PIP5K-K244A (lanes 5 and 6), WT-PIP5K (lanes 7 and 8 and lanes 11 and 12),
PIP5K-K33A/K490A (lanes 9 and 10), PIP5K-K244A/K490A (K244_490A) (lanes 13 and 14), and PIP5K-K33A/K244A/K490A (lanes 15 and 16). 150 g of nuclear and
cytosolic lysates prepared from these cells were subjected to immunoprecipitation (IP) with anti-SUMO-1 antibody followed by Western blotting (WB) with
anti-FLAG antibody. 40 g of nuclear (Nucl) and cytosolic (Cyto) lysates from these cells were separately probed with anti-nucleophosmin (NPM) antibody
(nuclear marker) and anti-␤-tubulin antibody (cytosolic marker) as indicated.

SUMOylated PIP5K Modulates rDNA Silencing

FIGURE 3. FLAG-PIP5K accumulates in the fibrillar center of the nucleolus
during G1/S phase. Double thymidine-blocked HEK-293-FLAG-PIP5K cells
were treated with actinomycin D to induce nucleolar segregation. The cells
were then immunostained for PIP5K (green) and hTop I (red). Panels a and
merged contain DAPI stained images (blue). PIP5K was found enhanced in
nucleolar cap regions where hTop I is enriched (panels b and c, asterisks). The
scale bar represents 5 m.

4E) as compared with the parental HEK, whereas both their
expressions were increased considerably in cells expressing
PIP5KD (Fig. 4, D and E). We were intrigued by the fact that the
absence of PIP5KD in the nucleus should not have modulated
rRNA expression as observed here (Fig. 4, D and E). Because it
has been demonstrated by others that the PIP5KD has dominant negative activity (24), we wanted to verify whether or not
in our case it acts in a dominant negative manner by suppressing the nuclear translocation of the endogenous PIP5K. To
address this, we sought to determine the relative amounts of
endogenous nuclear PIP5K in HEK, HEK-PIP5K, and HEKPIP5KD cells. Western blot analysis of nuclear lysate from these
cells using anti-PIP5K antibody revealed that HEK-PIP5KD
cells contained a reduced (about 35% as compared with
untransfected HEK cells) amount of endogenous nuclear PIP5K
(Fig. 4F). Therefore, indeed expression of PIP5KD partly supAUGUST 21, 2015 • VOLUME 290 • NUMBER 34

presses the nuclear translocation of endogenous PIP5K, resulting in an enhanced synthesis of rRNA in these cells.
To further understand whether this effect was due to an
alteration in the signal transduction cascade of PIP5K or a
direct recruitment of the protein to the rDNA loci, we carried
out ChIP studies using anti-FLAG antibody in HEK cells
expressing FLAG-PIP5K. Results revealed that there was
indeed a substantial recruitment of PIP5K in almost all the
rDNA loci with greater recruitment at the intergenic sequence
loci (H27) (Fig. 4G). To verify whether the recruitment of
PIP5K was on the repressed regions of rDNA loci, a ChIP experiment was carried out separately with anti-H3K9me3, anti-histone H3, and anti-HP1-␣ antibodies. HP1-␣ is another well
documented member of the gene silencing complex where it
binds to and works in conjunction with H3K9me3 (25, 26). It is
indeed interesting to note that the increased occupancy of
PIP5K was concomitant to the elevated levels of both H3K9me3
(Fig. 4H), HP1-␣ (Fig. 4I), and histone H3 (Fig. 4J) at the respective rDNA loci. Moreover, the occupancy of PIP5K was greatly
reduced at the above mentioned regions of the rDNA with the
onset of S phase (Fig. 4G). H3K9me3 (Fig. 4H), HP1-␣ (Fig. 4I),
and histone H3 (Fig. 4J) occupancy at similar sites also followed
an identical pattern. It is notable that although in asynchronous
phase 18S and 45S pre-rRNA synthesis was repressed in cells
expressing WT-PIP5K as compared with the untransfected
HEK-293 cells the initiation of S phase showed that synthesis of
both 18S and 45S pre-rRNAs in cells expressing WT-PIP5K was
elevated in a manner similar to that of untransfected HEK-293
cells. This all the more indicated that, despite its enrichment in
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 2. FLAG-PIP5K is enriched in the nucleolus during G1/S phase. A, HEK-293-FLAG-PIP5K cells were immunostained for PIP5K using anti-FLAG
antibody (green). PIP5K localization varied from known speckled form (panel a) to definite patchy concentrated pattern (panel b). In certain cases, as in mitotic
cells, PIP5K was mostly found out of the chromatin material (panel c). The scale bar represents 5 m. B, asynchronous (ASYN) (panels a– d) and double
thymidine-blocked (panels e– h) HEK-293-FLAG-PIP5K cells were double stained for PIP5K (green) and B23 (nucleolar marker) (red). Panels a, e, d, and h) contain
DAPI-stained nuclei (blue). PIP5K was enriched in the nucleolus of G1/S phase cells (panels f and h, arrowheads). The scale bar represents 5 m. C, HEK-293,
MCF-7, and A549 cells were blocked at G1/S and stained for endogenous PIP5K (green) and B23 (red). Panels a, e, i, and merged also contain DAPI-stained nuclear
images (blue). Endogenous PIP5K was found enriched in the nucleolus of all the cell types. The scale bar represents 5 m.

SUMOylated PIP5K Modulates rDNA Silencing
the nucleolus, PIP5K was not associated with the rRNA genes
during the G1/S phase (Fig. 4, D and E). Although the similar
occupancy pattern of PIP5K, H3K9me3, and HP1-␣ over the
rRNA gene suggested a role of PIP5K in rDNA repression, it
was still not clear whether PIP5K is a component of the hetero-

chromatin complex comprising H3K9me3 and HP1-␣. We carried out re-ChIP assays where the DNA䡠protein complexes
from HEK cells overexpressing PIP5K were first pulled down by
anti-FLAG antibody. This immunoprecipitate was subjected to
a second pulldown by either anti-H3K9me3 antibody or anti-
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co-immunoprecipitated both H3K9me3 and PIP5K (Fig. 5C).
This observation corroborates the result of the re-ChIP assays
(Fig. 4K). Partial co-localization of FLAG-PIP5K and HP1-␣ in
HEK cells expressing FLAG-PIP5K also confirmed the interaction between PIP5K and HP1-␣ (Fig. 5D, panels b– d).
To investigate whether the association of PIP5K is specific
for the transcription repression mark, we checked its interaction with the activation mark H3K4me3. Our result indicated
poor binding of FLAG-tagged PIP5K with H3K4me3 (Fig. 5E).
Furthermore, to verify whether the association of PIP5K with
H3K9me3 and HP1-␣ is DNA-dependent or not, we performed
DNase I digestion prior to respective immunoprecipitation
experiments. In these assays, the lysates were treated with or
without DNase I and then subjected to immunoprecipitation
with either anti-H3K9me3 (Fig. 5F, panel I) or anti-HP1-␣ (Fig.
5F, panel II) antibody and immunoblotted with anti-PIP5K
antibody (Fig. 5F, panels I and II, upper). The respective interaction is indeed compromised in the presence of DNase I,
implicating that DNA is the critical assembly platform for these
protein interactions to occur. It is also evident from all these
data that the recruitment of PIP5K onto the rDNA loci is via its
interaction with H3K9me3 and HP1-␣.
SUMOylation at Lys-490 of PIP5K Is Essential for Its Interaction with the Silencing Proteins—All our immunoprecipitation/
Western blotting results have shown that both H3K9me3 and
HP1-␣ interacted with the 90-kDa form of PIP5K that is
SUMOylated (Fig. 5A and Ref. 12). Other studies have shown
that even recruitment of HP1-␣ to pericentric heterochromatin
required it to be modified by SUMO. Moreover, our in vitro
assay showed that unmodified PIP5K bound weakly with the
core histones, suggesting that unmodified PIP5K is inefficient
for its binding to modified histones (Fig. 6A). Thus, our results
indicate that the SUMOylation status of PIP5K could be crucial
in mediating the interaction of PIP5K with the silencing proteins. A closer observation of the spatial distribution of PIP5KSUMO mutants in the nucleus revealed that K490A did not

FIGURE 4. PIP5K associates with H3K9me3 during rDNA silencing. A, schematic representation of a human rDNA repeat. The positions of qPCR amplicons
in ChIP assays are indicated with solid square dots. IGS, intergenic spacer. B, ChIP experiments were done with parental HEK-293 cells (black bars) and HEK-293
cells expressing WT-PIP5K (white bars) and kinase-dead PIP5K (gray bars) using anti-H3K9me3 antibody. The precipitated DNAs were analyzed by qPCR using
primers designed for (i) amplicons as shown in A and (ii) upstream regulatory region of p53 gene. The -fold enrichment of H3K9me3 that was normalized with
that of histone H3 and IgG is plotted. The -fold enrichment of p53 was normalized with IgG and plotted. Each bar is an average of biological triplicates. Error bars
show S.E. C, ChIP experiments were done with parental HEK-293 cells (black bars) and HEK-293 cells expressing WT-PIP5K (white bars) and kinase-dead PIP5K
(gray bars) using anti-H3K4me3 antibody. The precipitated DNAs were analyzed by qPCR using primers designed for amplicons as shown in A. The -fold
enrichment of H3K4me3 that was normalized with that of histone H3 and IgG is plotted. Each bar is an average of biological triplicates. Error bars show S.E. D,
total RNA was isolated from parental HEK, HEK transfected with empty pCMV-Tag2B (HEK_VECTOR), HEK-293-FLAG-PIP5K (HEK_PIP5K), and HEK-293-FLAGPIP5KD (HEK_PIP5KD) cells (asynchronous (Asyn) (black bars) and G1/S (gray bars)) and quantitated by RT-qPCR analysis for 18S rRNA expression. Data were
normalized to the amount of ␤-actin mRNA. Each bar is an average of biological triplicates. Error bars show S.E. E, total RNA was isolated from parental HEK, HEK
transfected with empty pCMV-Tag2B (HEK_VECTOR), HEK-293-FLAG-PIP5K (HEK_PIP5K), and HEK-293-FLAG-PIP5KD (HEK_PIP5KD) cells (asynchronous (black
bars) and G1/S (gray bars)) and quantitated by RT-qPCR analysis for 45S pre-rRNA expression. Data were normalized to the amount of ␤-actin mRNA. Each bar
is an average of biological triplicates. Error bars show S.E. F, 50 g of nuclear protein lysates from untransfected HEK cells, HEK cells overexpressing WT-PIP5K
(HEK_Wt-PIP5K), and HEK cells overexpressing kinase-dead mutant (HEK_PIP5KD) were analyzed by Western blotting (WB) using anti-PIP5K and anti-B23
antibodies as indicated. G, ChIP experiments were done with asynchronous (ASYN) (black bars) and G1/S (gray bars)-blocked HEK-293-FLAG-PIP5K cells using
anti-FLAG antibody. The precipitated DNA was analyzed by qPCR using primers indicated in A. The -fold enrichment of FLAG-PIP5K that was normalized with
that of IgG is plotted. Each bar is an average of biological triplicates. Error bars show S.E. H, ChIP experiments were done with asynchronous (black bars) and G1/S
(gray bars)-blocked HEK-293-FLAG-PIP5K cells using anti-H3K9me3 antibody. The precipitated DNA was analyzed by qPCR using primers indicated in A. The
-fold enrichment of H3K9me3 that was normalized with that of histone H3 and IgG is plotted. Each bar is an average of biological triplicates. Error bars show S.E.
I, ChIP experiments were done with asynchronous (black bars) and G1/S (gray bars)-blocked HEK-293-FLAG-PIP5K cells using anti-HP1-␣ antibody. The precipitated DNA was analyzed by qPCR using primers indicated in A. The -fold enrichment of HP1-␣ that was normalized with that of IgG is plotted. Each bar is an
average of biological triplicates. Error bars show S.E. J, ChIP experiments were done with asynchronous (black bars) and G1/S (gray bars)-blocked HEK-293FLAG-PIP5K cells using anti-histone H3 antibody. The precipitated DNA was analyzed by qPCR using primers indicated in A. The -fold enrichment of histone H3
that was normalized with that of IgG is plotted. Each bar is an average of biological triplicates. Error bars show S.E. K, re-ChIP experiments were done with HEK
cells expressing FLAG-PIP5K with consecutive pulldowns of FLAG followed by either H3K9me3 (black bars) or HP1-␣ (gray bars) as indicated. The -fold
enrichment values presented were normalized with that of FLAG followed by IgG pulldown and plotted (“Experimental Procedures”). Error bars show S.E.
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HP1-␣ antibody. The precipitated DNA from the above immunoprecipitates was analyzed by qPCR, which showed considerable recruitment of PIP5K䡠H3K9me3 and PIP5K䡠HP1-␣
complexes at the rDNA loci (Fig. 4K). Because HP1-␣ and
H3K9me3 are established interacting proteins of the repression
complex (25, 26), we reasoned that it is likely that at least a
tripartite complex comprising PIP5K, HP1-␣, and H3K9me3
exists on the rDNA loci. These results for the first time demonstrated the occupancy of PIP5K (a phosphoinositide kinase)
throughout the rDNA loci during its transcriptional repression.
PIP5K Interacts with H3K9me3 and HP1-␣ in a DNA-dependent Manner—The aforesaid results suggest that PIP5K is
recruited to various rDNA loci having elevated levels of
H3K9me3 and HP1-␣ occupancy. So far, the primary sequence
of PIP5K has not been shown to possess any canonical DNA
binding domain; therefore, only a physical interaction of PIP5K
with proteins associated with these loci can account for this
recruitment of PIP5K to DNA. To ascertain the association of
PIP5K with transcription repression signature(s), immunoprecipitation was performed from HEK-293 cells stably expressing
FLAG-tagged PIP5K with either anti-H3K9me3 or anti-HP1-␣,
and immunoblotting was done with anti-FLAG antibody. The
results indicated that the binding preference of H3K9me3 (Fig.
5A, panel I) and HP1-␣ (Fig. 5A, panel II) for FLAG-tagged
PIP5K was quite strong. To verify whether or not the interaction was due to overexpression of FLAG-PIP5K, a similar
experiment was performed with an antibody raised against
PIP5K in the laboratory. The specificity of the antibody was
checked by Western blot analysis using purified His-tagged
PIP5K (Fig. 5B, panel I) and protein lysates of parental HEK
cells and HEK cells overexpressing FLAG-PIP5K (Fig. 5B, panel
II). Interaction of endogenous PIP5K with H3K9me3 and
HP1-␣ was observed, suggesting that the binding was not due to
the overexpression of FLAG-PIP5K (Fig. 5C). Moreover, this
result also demonstrated that, although anti-H3K9me3 antibody could pull down PIP5K and HP1-␣, anti-HP1-␣ antibody
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FIGURE 5. Interaction of PIP5K with H3K9me3 and HP1-␣ is DNA-dependent. A, panel I, whole cell lysates from HEK-293-FLAG-PIP5K cells were immunoprecipitated with anti-H3K9me3 antibody. These immunoprecipitates were analyzed by SDS-PAGE and immunoblotted with anti-FLAG and anti-H3K9me3
antibodies as indicated. NC represents the negative control for immunoprecipitation (IP) where only protein A-agarose beads but no corresponding IgG was
used. 40 and 150 g of protein lysates were used as input and for immunoprecipitation, respectively. Protein molecular weight markers (M) were used to show
the relative position of the protein bands. Panel II, whole cell lysates from HEK-293-FLAG-PIP5K cells were immunoprecipitated with anti-HP1-␣ antibody. These
immunoprecipitates were analyzed by SDS-PAGE and immunoblotted with anti-FLAG and anti-HP1-␣ antibodies as indicated. NC represents the negative
control for immunoprecipitation where only protein A-agarose beads but no corresponding IgG was used. 40 and 150 g of protein lysates were used as input
and for immunoprecipitation, respectively. B, panel I, uninduced (UN) and induced (IN) (0.5 mM isopropyl 1-thio-␤-D-galactopyranoside at 37 °C for 2 h)
DE-3(pET33-PIP5K) lysate and purified HIS-PIP5K were separated by 10% SDS-PAGE and immunoblotted with the affinity-purified IgG fraction of PIP5K
antiserum (1:1000). Panel II, 50 g of whole cell protein lysates from untransfected HEK cells and HEK cells overexpressing WT-PIP5K (HEK_PIP5K) were analyzed
by Western blotting (WB) using anti-PIP5K and anti-FLAG antibodies as indicated. Whole cell protein lysates from both cell types were immunoblotted with
anti-␤-actin antibody (as indicated) as loading controls. C, 150 g of whole cell protein lysates from HEK-293 cells were immunoprecipitated with antiH3K9me3 and anti-HP1-␣ antibodies as indicated. These were then immunoprobed with anti-PIP5K antibody (upper), anti-H3K9me3 antibody (middle), and
anti-HP1-␣ antibody (lower) as indicated. Neg Ctrl, negative control where only protein A-agarose beads but no corresponding IgG was used for immunoprecipitation. D, FLAG-PIP5K co-localizes with HP1-␣. HEK-293-FLAG-PIP5K cells were doubly stained for FLAG (green) and HP1-␣ (red) using the respective
antibodies. The merged panel (panel d) containing a DAPI-stained nuclear image shows appreciable co-localization of FLAG-PIP5K and HP1-␣ (panel d,
arrowheads). The scale bar represents 5 m. E, whole cell lysates from HEK-293-FLAG-PIP5K cells were immunoprecipitated with anti-H3K4me3 antibody and
immunoprobed with anti-FLAG antibody (upper) and anti-H3K4me3 (lower) as indicated. F, panel I, DNase I treatment impairs PIP5K interaction with H3K9me3.
Whole cell protein lysates from HEK-293 cells were incubated with or without DNase I prior to immunoprecipitation with anti-H3K9me3 as indicated. The
immunoprecipitates from both sets were subjected to Western blot analysis using anti-PIP5K antibody and anti-H3K9me3 antibody. NC, negative control as
described in A. Panel II, DNase I treatment impairs PIP5K interaction with HP1-␣. Whole cell protein lysates from HEK-293 cells were incubated with or without
DNase I prior to immunoprecipitation with anti-HP1-␣ as indicated. The immunoprecipitates from both sets were subjected to Western blot analysis using
anti-PIP5K antibody and anti-HP1-␣ antibody. NC, negative control as described in A.
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show nucleolar targeting (Fig. 1, panels g–i). PIP5K-K490A
even failed to accumulate in the nucleolus when these cells were
synchronized at G1/S phase (Fig. 6B, panels b and c). Immunoblot analysis of anti-H3K9me3 (Fig. 6C, lanes 3 and 4) and antiHP1-␣ (Fig. 6C, lanes 5 and 6) immunoprecipitates from lysates
of HEK-293 cells expressing FLAG-PIP5K-K490A mutant with
anti-FLAG antibody revealed a null interaction of both the
silencing proteins with PIP5K-K490A mutant as compared
with the WT-PIP5K. To demonstrate whether Lys-490 is modified by SUMO-1, we expressed a K33A/K244A double mutant
form of PIP5K that had Lys-490 unmodified. Analysis of antiSUMO-1 immunoprecipitates from nuclear and cytosolic
lysates of these cells revealed a 90-kDa immunoreactive band
when probed with anti-FLAG antibody in the cytosolic fraction
(Fig. 6D). Due to the loss of SUMOylation at 244, the protein
failed to be imported into the nucleus, but the cytosolic fraction
showed the presence of SUMOylated PIP5K, primarily modified by SUMO-1 at Lys-490. Thus, the overall results suggested
that the interaction of PIP5K with H3K9me3 and HP1-␣ was
dependent on the SUMOylation of the kinase at Lys-490.

Discussion
PIP5K is mainly a cytosolic enzyme that has been well studied
for its role in membrane dynamics and regulation of the actin cytoskeleton including cell migration (27, 28). Recent reports have
associated PIP5K with poor prognosis in prostate cancer (29).
Additionally, the ␥-isoform of the kinase has been implicated in
anchorage-independent growth of tumor cells (30). PIP5K is spaAUGUST 21, 2015 • VOLUME 290 • NUMBER 34

tially organized to “nuclear speckles” that are distinct from known
membrane structures (4). Nuclear targeting of phosphoinositidemetabolizing enzymes is achieved through various mechanisms.
Although some possess a bona fide nuclear localization signal, others like PIPKII␤ are targeted by a “kinase insert region” (31). PIP5K
has neither a nuclear localization signal nor any kinase insert
region. We have shown previously that the nuclear form of PIP5K
is mostly modified by SUMO-1 in normal cells (12). In the
present study, we confirmed that SUMOylation at Lys-244 is
required for its nuclear translocation and that SUMOylation
at Lys-490 is required for its nucleolar localization (Fig. 1A).
Although Lys-33 can be SUMOylated (Fig. 1B, lane 14), it
plays no part in either nuclear targeting or nucleolar occupancy. Furthermore, we showed that PIP5K physically associates with rDNA loci through its interaction with the transcription repression machinery components H3K9me3 and HP1-␣
in a SUMOylation-dependent manner. This is possibly the first
report of the involvement of PIP5K protein per se with the chromatin silencing complex, unraveling yet an unknown facet of
this enzyme associated with lipid biosynthesis pathway.
Reports from several laboratories have demonstrated the
role of PIP2 in modulating various nuclear functions (3, 31). It
might be argued that the nuclear presence of PIP5K is obvious
to produce PIP2. However, it was shown that PIP5K interacts
with speckle-targeted PIPKI␣ regulated-poly(A) polymerase
independently of PIP2 to regulate pre-mRNA processing (9).
Moreover, PIP2 has been shown to be present in the nuclear
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FIGURE 6. SUMOylation at Lys-490 of PIP5K mediates its interaction with the silencing proteins. A, His-PIP5K and core histones (2:1 molar ratio) were
incubated in binding buffer (20 mM Tris, pH 8, 150 mM NaCl, 60 mM imidazole, 0. 05% Nonidet P-40, 1 mM PMSF) in a final volume of 200 l for 12 h at 4 °C. The
mixture was incubated with anti-histone H3 antibody (Ab) for 12 h at 4 °C. To this, protein A (Pr. A)-agarose beads were added and incubated for 2 h at 4 °C and
washed three times with binding buffer (10 min each). The collected beads were then boiled in Laemmli buffer and separated by SDS-PAGE. B, HEK-293 cells
were transfected with FLAG-K490A. These cells were then blocked at G1/S and immunostained with anti-FLAG antibody (green) (panel b). The merged panel
(panel c; arrowhead) shows no enrichment of PIP5K-K490A in the nucleolus. The scale bar represents 5 m. C, PIP5K-K490A does not interact with H3K9me3 and
HP1-␣. HEK-293 cells were transiently transfected with WT-PIP5K and FLAG-PIP5K-K490A mutant. Whole cell lysates were immunoprecipitated (IP) with
anti-H3K9me3 antibody (lane 3, WT; lane 4, K490A) and anti-HP1-␣ antibody (lane 5, WT; lane 6, K490A). The immunoprecipitates were then Western blotted
(WB) with anti-FLAG antibody (first row), anti-HP1-␣ antibody (second row), and anti-H3K9me3 antibody (third row). Lanes 1 (WT) and 2 (K490A) represent input
samples. Lanes 7 and 8 represent negative controls (NC). The numbers on the right of the gel images indicate molecular sizes in kDa. D, HEK-293 cells were
transiently transfected with WT-PIP5K and PIP5K-K33A/K244A. 150 g of nuclear (Nucl) and cytosolic (Cyto) protein lysates from these cells were immunoprecipitated with anti-SUMO-1 antibody and analyzed by Western blotting with anti-FLAG antibody. 40 g of nuclear and cytosolic protein lysates from these cells
were separately probed with anti-nucleophosmin (NPM) (nuclear marker) and anti-␤-tubulin antibodies (cytosolic marker) as indicated.
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complete deSUMOylation of PIP5K at around S/G2 phase.6 A
recent study indeed showed that inhibition of SUMOylation
relieves repression of 5S rRNA genes and is correlated with a
decrease in trimethylation of H3K9 (37). This indicated that
PIP5K, H3K9me3, and HP1-␣ followed a definite cyclical pattern of occupancy and release from the rDNA loci throughout
the cell cycle.
Based on the fact that PIP2 binds histones (6), one might
argue that the PIP5K interaction with the silencing complex
proteins is PIP2-mediated. Our in vitro studies have clearly
demonstrated that PIP5K can bind to core histones albeit
weakly (Fig. 6A). Moreover, PIP5K-K490A mutant failed to
bind to both H3K9me3 and HP1-␣ (Fig. 6C). Even PIP5K did
not interact with H3K4me3 (Fig. 5E). Thus, it can be ascertained that PIP5K binding to histones is irrespective of the presence of any PIP2 and depends on its SUMOylation status at
Lys-490.
Taken together, our study demonstrates a distinct role of the
phosphoinositide kinase in rRNA gene silencing through its
physical association with H3K9me3 and HP1-␣, the proteins of
the chromatin silencing complex. The present study also delineates a differential role of SUMOylation of PIP5K at Lys-244 for
nuclear targeting and at Lys-490 for its interaction with the
above silencing proteins. We thus establish a novel association
of a lipid biosynthesis enzyme with chromatin and its yet unexplored role in regulating Pol I-mediated transcription.
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Hozák, P. (2013) UBF complexes with phosphatidylinositol 4,5-bisphosphate in nucleolar organising regions regardless of ongoing RNA polymerase I activity. Nucleus 4, 478 – 486
33. York, J. D., and Majerus, P. W. (1994) Nuclear phosphatidylinositols decrease during S-phase of the cell cycle in HeLa cells. J. Biol. Chem. 269,
7847–7850
34. Mayer, C., Schmitz, K.-M., Li, J., Grummt, I., and Santoro, R. (2006). Intergenic transcripts regulate the epigenetic state of rRNA genes. Mol. Cell
22, 351–361
35. Klein, J., and Grummt, I. (1999) Cell cycle-dependent regulation of RNA
polymerase I transcription: the nucleolar transcription factor UBF is inactive in mitosis and early G1. Proc. Natl. Acad. Sci. U.S.A. 96, 6096 – 6101
36. Haindl, M., Harasim, T., Eick, D., and Muller, S. (2008) The nucleolar
SUMO-specific protease SENP3 reverses SUMO modification of nucleophosmin and is required for rRNA processing. EMBO Rep. 9, 273–279
37. Malik, M. Q., Bertke, M. M., and Huber, P. W. (2014) SUMO-mediated
repression of the Xenopus oocyte 5S rRNA genes. J. Biol. Chem. 289,
35468 –35481

JOURNAL OF BIOLOGICAL CHEMISTRY

20903

Downloaded from http://www.jbc.org/ by guest on June 8, 2020

14.

Crabtree, G. R. (1998) Rapid and phosphoinositol-dependent binding of
the SWI/SNF-like BAF complex to chromatin after T lymphocyte receptor signaling. Cell 95, 625– 636
Yildirim, S., Castano, E., Sobol, M., Philimonenko, V. V., Dzijak, R., Venit,
T., and Hozák, P. (2013) Involvement of phosphatidylinositol 4,5-bisphosphate in RNA polymerase I transcription. J. Cell Sci. 126, 2730 –2739
Mellman, D. L., Gonzales, M. L., Song, C., Barlow, C. A., Wang, P., Kendziorski, C., and Anderson, R. A. (2008) A PtdIns4,5P2-regulated nuclear
poly(A) polymerase controls expression of select mRNAs. Nature 451,
1013–1017
Divecha, N., Roefs, M., Los, A., Halstead, J., Bannister, A., and D’Santos, C.
(2002) Type I PIP kinases interact with and are regulated by the retinoblastoma susceptibility gene product-pRB. Curr. Biol. 12, 582–587
Ferrero, G. O., Renner, M. L., Gil, G. A., Rodríguez-Berdini, L., and Caputto, B. L. (2014) c-Fos-activated synthesis of nuclear phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] promotes global transcriptional
changes. Biochem. J. 461, 521–530
Chakrabarti, R., Bhowmick, D., Bhargava, V., Bhar, K., and Siddhanta, A.
(2013) Nuclear pool of phosphatidylinositol 4 phosphate 5 kinase 1␣ is
modified by polySUMO-2 during apoptosis. Biochem. Biophys. Res. Commun. 439, 209 –214
Ghosh, S., Ghosh, R., Das, P., and Chattopadhyay, D. (2001) Expression
and purification of recombinant Giardia fibrillarin and its interaction with
small nuclear RNAs. Protein Expr. Purif. 21, 40 – 48
Kalt, I., Levy, A., Borodianskiy-Shteinberg, T., and Sarid, R. (2012) Nucleolar localization of GLTSCR2/PICT-1 is mediated by multiple unique
nucleolar localization sequences. PLoS One 7, e30825
Cui, Y., Cheng, X., Zhang, C., Zhang, Y., Li, S., Wang, C., and Guadagno,
T. M. (2010) Degradation of human mitotic checkpoint kinase Mps1 is cell
cycle-regulated by APC-cCdc20 and APC-cCdh1 ubiquitin ligases. J. Biol.
Chem. 285, 32988 –32998
Tsai, W. W., Wang, Z., Yiu, T. T., Akdemir, K. C., Xia, W., Winter, S., Tsai,
C. Y., Shi, X., Schwarzer, D., Plunkett, W., Aronow, B., Gozani, O., Fischle,
W., Hung, M. C., Patel, D. J., and Barton, M. C. (2010) TRIM24 links a
non-canonical histone signature to breast cancer. Nature 468, 927–932
Cong, R., Das, S., Douet, J., Wong, J., Buschbeck, M., Mongelard, F., and
Bouvet, P. (2014) macroH2A1 histone variant represses rDNA transcription. Nucleic Acids Res. 42, 181–192
Das, C., Gadad, S. S., and Kundu, T. K. (2010) Human positive coactivator
4 controls heterochromatinization and silencing of neural gene expression
by interacting with REST/NRSF and CoREST. J. Mol. Biol. 397, 1–12
Scheer, U., and Hock, R. (1999) Structure and function of the nucleolus.
Curr. Opin. Cell Biol. 11, 385–390
Reynolds, R. C., Montgomery, P. O., and Hughes, B. (1964) Nucleolar
“caps” produced by actinomycin D. Cancer Res. 24, 1269 –1277
Christensen, M. O., Krokowski, R. M., Barthelmes, H. U., Hock, R., Boege,
F., and Mielke, C. (2004) Distinct effects of topoisomerase I and RNA
polymerase I inhibitors suggest a dual mechanism of nucleolar/nucleoplasmic partitioning of topoisomerase I. J. Biol. Chem. 279, 21873–21882
Shav-Tal, Y., Blechman, J., Darzacq, X., Montagna, C., Dye, B. T., Patton,
J. G., Singer, R. H., and Zipori, D. (2005) Dynamic sorting of nuclear
components into distinct nucleolar caps during transcriptional inhibition.

Phosphatidylinositol-4-phosphate 5-Kinase 1α Modulates Ribosomal RNA Gene
Silencing through Its Interaction with Histone H3 Lysine 9 Trimethylation and
Heterochromatin Protein HP1-α
Rajarshi Chakrabarti, Sulagna Sanyal, Amit Ghosh, Kaushik Bhar, Chandrima Das and
Anirban Siddhanta
J. Biol. Chem. 2015, 290:20893-20903.
doi: 10.1074/jbc.M114.633727 originally published online July 7, 2015

Access the most updated version of this article at doi: 10.1074/jbc.M114.633727
Alerts:
• When this article is cited
• When a correction for this article is posted

This article cites 37 references, 16 of which can be accessed free at
http://www.jbc.org/content/290/34/20893.full.html#ref-list-1

Downloaded from http://www.jbc.org/ by guest on June 8, 2020

Click here to choose from all of JBC's e-mail alerts

