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Abstract

It is well established that the nucleus is endowed with enzymes that are involved in lipid-dependent signal transduction pathways.
Diacylglycerol (DAG) is a fundamental lipid second messenger that is produced in the nucleus. Previous reports have shown that the nucleus
contains diacylglycerol kinases (DGKs), i.e., the enzymes that, by converting DAG into phosphatidic acid (PA), terminate DAG-dependent
events. Here, we show, by immunofluorescence staining and confocal analysis, that DGK-� localizes mainly to the nucleus of various cell
lines, such as MDA-MB-453, MCF-7, PC12, and HeLa. Nuclear DGK-� co-localizes with phosphatidylinositol 4,5-bisphosphate (PIP2) in
domains that correspond to nuclear speckles, as revealed by the use of an antibody to the splicing factor SC-35, a well-established marker
for these structures. The spatial distribution of nuclear DGK-� was dynamic in that it was affected by inhibition of mRNA transcription with
�-amanitin. Immuno-electron microscopy analysis demonstrated that DGK-�, PIP2, and phosphoinositide-specific phospholipase C�1
(PLC�1) associated with electron-dense particles within the nucleus that correspond to interchromatin granule clusters. Cell fractionation
experiments performed in MDA-MB-453, HeLa, and PC12 cells showed a preferential association of DGK-� with the nucleus. Western
blots demonstrated that DGK-� was enriched in the nuclear matrix fraction prepared from MDA-MB-453 cells. Immunoprecipitation
experiments with an antibody to PLC�1 revealed in MDA-MB-453 cells an association between this enzyme and both DGK-� and
phosphatidylinositol phosphate kinase I� (PIPKI�). Our findings strengthen the contention that speckles represent a crucial site for the
nuclear-based inositol lipid cycle. We may speculate that nuclear speckle-located DGK-�, on cell stimulation with an agonist, converts to
PA the DAG derived from PLC�1-dependent PIP2 hydrolysis.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction

Lipid second messengers are essential intermediates
linking extracellular stimuli, via receptor activation, to the
required cellular response [1,2]. These messengers are gen-
erated along very complex signaling pathways. Diacylglyc-

erol (DAG) is a key lipid second messenger that can derive
from either phosphoinositides or phosphatidylcholine [3].
DAG physiologically activates some protein kinase C
(PKC) isoforms and thereby the signaling pathways down-
stream of PKC. The DAG-dependent PKC isozymes in-
clude conventional PKC-�, -�I, -�II, and -� and novel PKC
-�, -�, -�, -�, and -�. In contrast, atypical PKC-	 and -
/-�,
do not require DAG for their activation [4]. However, other
molecular targets of DAG have been identified such as �-
and �-chimerins, the guanine nucleotide exchange factor
vav, and guanyl nucleotide-exchange factors for Ras and
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Rap [5,6]. These findings indicate that DAG might also be
involved in controlling the Ras and Rho families of proteins.
In addition to cell surface receptor-mediated transmembrane
signaling pathways involving phospholipid metabolism, a
number of reports have convincingly demonstrated that the
nucleus must also be considered as a site where biologically
active lipid second messengers are generated [reviewed in
7–12]. The control of steady-state cellular levels of DAG is
crucial to cellular physiology. DAG signaling must be
short-lived because persistently high levels of DAG induce
malignant transformation. The transforming activity of
DAG has been attributed most often to persistent activation
of PKC isoforms that are clearly involved in tumorigenesis
[e.g., 4]. Diacylglycerol kinases (DGKs), whose activity
increases on cell stimulation by a variety of agonists, me-
tabolize DAG by converting it to phosphatidic acid (PA).
Since they can attenuate local accumulation of signaling
DAG, DGKs play a pivotal role in many biological re-
sponses such as cell proliferation, differentiation, survival,
and apoptosis. Moreover, PA itself can function as a second
messenger [13–16]. To date, nine mammalian DGK iso-
forms have been identified that differ in their tissue expres-
sion and structural domains [13–17]. DAG is also produced
in the nucleus. The levels of nuclear DAG fluctuate during
cell cycle progression, suggesting that it has important reg-
ulatory roles. Most likely, nuclear DAG serves as a che-
moattractant for some isoforms of PKC that migrate to the
nucleus in response to a variety of agonists [7–12,18].
Several independent laboratories have indicated that DGK
isoforms are present in the nucleus where they may be
involved in regulating the amount of DAG [reviewed in 19].
In some cases, the activity of nuclear DGKs has been
demonstrated to be very critical for the control of cell
proliferation [20–22]. When nuclear DGK isoforms were
visualized by means of immunostaining or green fluorescent
protein (GFP) technology, it became apparent that they were
not distributed in a diffuse manner but rather concentrated
in defined domains [6,20,23]. It has been proposed, but
never proved, that DGK-� is localized in the speckle do-
mains of the nucleus [5]. The speckle domains are nuclear
subcompartments enriched in small ribonucleoprotein par-
ticles and various splicing factors [reviewed in 24]. Previous
results have highlighted that nuclear speckles contain ele-
ments of the phosphoinositide cycle, including various
types of phosphatidylinositol phosphate kinase (PIPK) [25],
phosphatidylinositol 4,5-bisphosphate (PIP2) [26], and
phosphosphoinositide 3-kinase (PI3K) [27]. In this article,
we demonstrate by immunofluorescence staining and im-
muno-electron microscopy that also DGK-� localizes in the
nuclear speckles of different cell lines. Nuclear subfraction-
ation experiments revealed an enrichment of DGK-� in the
nuclear matrix fraction prepared from HeLa cells. By im-
munoprecipitation, DGK-� was recovered in association
with both PIPKI � and PLC�1. Our findings considerably
add to the hypothesis that the speckle domains are critical

subcompartments for at least some aspects of nuclear phos-
phoinositide metabolism.

Materials and methods

Materials

Bovine serum albumin (BSA), RNase A, fetal calf serum
(FCS), horse serum (HS), normal goat serum (NGS), Lon-
don Resin White (LRW), �-amanitin, peroxidase-, fluores-
cein isothiocyanate (FITC)- and Cy3-conjugated secondary
antibodies were from Sigma (St. Louis, MO, USA). RNase-
free DNase I, COMPLETE Protease Inhibitor Cocktail, and
the Lumi-Light Enhanced Chemiluminescence (ECL) de-
tection kit were from Roche Applied Science (Milan, Italy).
The Protein Assay Kit (detergent compatible) was from
Bio-Rad (Hercules, CA, USA). Protein G PLUS-Agarose
was from Upstate Biotechnology (Lake Placid, NY, USA).
Colloidal gold-conjugated secondary antibodies were from
British Biocell International (Cardiff, UK). The following
primary antibodies were employed in the present study:
mouse monoclonals (IgG) to the splicing component SC-35
and to �-tubulin (from Sigma); mouse monoclonal (IgG) to
DGK-� and mouse monoclonal (IgM) to Nuclear Mitotic
Apparatus protein (NuMA) (from BD Transduction Labo-
ratories, Milan, Italy); mouse monoclonal (IgG) to 170-kDa
topoisomerase II� (Roche Applied Science); mouse mono-
clonal (IgM) to PIP2 (from Echelon Biosciences Incorpo-
rated, Salt Lake City, UT, USA); mouse monoclonals (IgG)
to histone H1 and PLC�1 (from Upstate Biotechnology);
B3, a mouse monoclonal (IgM) to a hyperphosphorylated
form of the large subunit of RNA polymerase (RNA pol) II
[28]; goat polyclonals to lamin B, PIPK I�, and mouse IgM
(from Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Cell culture

The human mammary carcinoma cell lines MCF-7 and
MDA-MB-453 were grown in RPMI-1640 containing 10%
heat-inactivated FCS. Human HeLa cells were cultured in
D-MEM containing 10% heat-inactivated FCS. Rat pheo-
chromocytoma PC12 cells were grown in D-MEM contain-
ing 10% heat inactivated FCS and 5% heat-inactivated HS.
For treatment with �-amanitin, HeLa cells were incubated at
37°C for 6 h with the toxin at 50 �g/ml.

Preparations of cell homogenates for Western blot
analysis

Cells were washed twice in phosphate-buffered saline
(PBS, pH 7.4) containing the COMPLETE Protease Inhib-
itor Cocktail supplemented with 1.0 mM Na3VO4 and 20
nM okadaic acid. Cells were lysed at �107/ml in boiling
electrophoresis sample buffer containing the protease inhib-
itor cocktail. Lysates were then briefly sonicated to shear
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DNA and reduce viscosity, boiled for 5 min to solubilize
protein.

Isolation of nuclei

This was accomplished as previously reported, with mi-
nor changes [29]. Briefly, cells (5 � 106) were resuspended
in 10 mM Tris–HCl, pH 7.8, 10 mM NaCl, 2 mM MgCl2,
10 mM �-mercaptoethanol, 1.0 mM phenylmethyl sulfonyl
fluoride (PMSF), 10 �g/ml soybean trypsin inhibitor, 1
�g/ml of leupeptin and aprotinin, 1.0 mM Na3VO4, and 20
nM okadaic acid. They were incubated at 0°C for 20 min,
then 1% Nonidet P-40 was added and the cells were allowed
to swell for 10 min. Cells were sheared by four passages
through a 22-gauge needle. Nuclei were recovered by cen-
trifugation at 400g for 6 min and washed once in 10 mM
Tris–HCl, pH 7.4, 5 mM MgCl2, plus protease inhibitors as
above (TM-5 buffer). Supernatant from the first centrifuga-
tion was saved and used for Western blot analysis after
precipitation with 25% trichloroacetic acid. Nuclei were
resuspended in TM-5 buffer at 1 mg DNA/ml.

Preparation of nuclear matrix

Nuclear matrices were isolated according to Belgrader et
al. [30], with modifications. Briefly, membrane-depleted
nuclei from MDA-MB-453 cells were digested with 40
IU/mg DNA of RNase-free DNase I for 30 min at 4°C.
Subsequently, the chromatin-associated proteins were re-
leased by adding dropwise 2 M (NH4)2SO4 to a final con-
centration of 0.6 M (NH4)2SO4. After 15 min of incubation
on ice, the nuclear matrices were pelleted at 1500 g for 15
min and washed once in 10 mM Tris–HCl, pH 7.4, 0.2 mM
MgCl2.

Immunoprecipitation

This was accomplished essentially as reported elsewhere
[28] with some changes. Protein G–agarose (20 �l) were
incubated with goat anti-mouse IgM as bridging antibody
for 2 h at 4°C and subsequently incubated with 5 �g of
anti-PIP2 antibody for 1 h. Nuclei (from 2 � 107 MDA-
MB-453 cells) were lysed for 30 min at 4°C in 5 mM
Tris–HCl, pH 8.0, 10% glycerol, 1 mM EDTA, 1 mM
EGTA, 0.1 mM Na3VO4, 1 mM PMSF, 10 �g/ml soybean
trypsin inhibitor, 1 �g/ml leupeptin, and aprotinin. The
suspension was passed 40 times through a 26-gauge needle,
then centrifuged at 2000g for 15 min at 4°C. Nuclear ex-
tracts were precleared by incubation with 20 �l protein
G–agarose for 1 h at 4°C, prior to the addition of either 20
�l anti-PIP2-conjugated protein G–agarose or 5 �g anti-
PLC�1 antibody. Samples were incubated for 2 h at 4°C,
then centrifuged for 5 min at 3000g at 4°C. Immunopre-
cipitates were washed four times in 20 mM Hepes–NaOH,
pH 7.9, 100 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA,
0.25% NP-40 and then prepared for sodium dodecyl sul-

fate–polyacrylamide gel electrophoresis (SDS–PAGE). Pro-
tein was quantitatively recovered from supernatants of im-
munoprecipitates by precipitation with 25% trichloroacetic
acid.

Protein assay

This was performed according to the instruction of the
manufacturer using the Bio-Rad Protein Assay (detergent
compatible).

Western blot analysis

Protein separated on SDS–PAGE was transferred to ni-
trocellulose sheets using a semidry blotting apparatus.
Sheets were saturated for 60 min at 37°C in blocking buffer,
then incubated overnight at 4°C in blocking buffer (PBS
supplemented with 5% NGS and 4% BSA) containing the
primary antibody. After four washes in PBS containing
0.1% Tween 20, they were incubated for 30 min at room
temperature with peroxidase-conjugated secondary anti-
body diluted 1:5000 in PBS–Tween 20, and washed as
above. Bands were visualized by the ECL method. Densi-
tometric analysis was performed on the Molecular Analyst
GS670 (Bio-Rad).

Immunofluorescence staining

Cells, growing on poly-L-lysine-coated coverslips, were
fixed for 30 min at room temperature with 4% freshly
prepared paraformaldehyde in PBS. The coverslips were
treated for 15 min with 50 mM NH4Cl and then blocked
using PBS containing 2% BSA, 0.25 gelatin, 0.2% glycine,
and 0.2% Triton X-100 for 1 h at room temperature, essen-
tially as described by Osborne et al. [26]. The primary
antibodies were appropriately diluted (anti-SC-35 1:20,000;
anti-PIP2 1:25; anti-DGK-� 1:10) in PBS with 1% BSA,
0.25% gelatin, and 0.2% Triton X-100, and incubated for
1 h at 37°C. Samples were washed with 0.2% gelatin in PBS
and the fluorescent secondary antibodies (1:200 for FITC-
conjugated, 1:400 for Cy3-conjugated) applied for 30 min
in the same buffer as the primary antibody. FITC-conju-
gated anti-mouse IgG was employed to reveal SC-35 or
DGK-�, while Cy3-conjugated anti-mouse IgM was used to
label PIP2. No immunofluorescent staining was detected
when primary antibodies of the IgG type were revealed by
an anti-IgM or when primary antibodies of the IgM type
were labeled by an anti-IgG (data not presented). RNase A
(100 IU/ml for 15 min) and DNase I (200 IU/ml for 2 h)
treatments were carried out postfixation in PBS containing 5
mM MgCl2, 4% Tween 20 prior to blocking [27]. DNase I
digestion resulted in the complete loss of DNA, as assessed
by staining with Hoechst 33342 (not shown).
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Confocal laser scanning microscope (CLSM) analysis

The confocal imaging was performed on a Radiance
2000 confocal laser scanning microscope (Bio-Rad),
equipped with a Nikon 40�, 1.4-N.A. objective and with a
krypton laser, to excite FITC (green) and Cy3 (red) fluo-
rescence. Co-localization was evaluated on medial optical
sections using LaserPix software (Bio-Rad) [29]. Briefly,
the two-dimensional scatterplot diagram of each image was
analyzed to evaluate the spatial co-localization of the fluo-
rochromes. For each scatterplot diagram, pixels with highly
co-localized fluorochromes, i.e., with intensity values
greater than 150 gray levels (on a scale from 0 to 255) for
both detectors, were selected to calculate the co-localization
maps and create a binary image. Co-localization analysis
(Pearson’s correlation and overlap coefficient) calculated on
50 cells by LaserPix software (Bio-Rad) was performed as
previously described [31,32].

Immuno-electron microscopy

A postembedding technique was used as a method
for transmission immuno-electron microscopy. MDA-
MB-453 cells were fixed with 4% paraformaldehyde,
0.1% glutaraldehyde in sodium phosphate buffer, pH 7.3,
for 35 min at 4°C, dehydrated up to 100% ethanol,
and embedded in LRW. To block nonspecific binding
sites, the grids were treated with TBS buffer (20 mM
Tris–HCl, pH 8.2, 225 mM NaCl containing 0.1% BSA)
for 1 h at room temperature. Sections were incubated
overnight at 4°C with the primary antibody (anti-SC-35
1:50; anti-PIP2 1:25; anti-DGK-� 1:10; B3 1:25; anti-
PLC�1 1:10). Grids were washed several times with
TBS buffer and then incubated for 1 h at room temper-
ature with the appropriate secondary antibodies diluted
1:50 in TBS. To label SC-35, DGK-�, and PLC�1 an
anti-mouse IgG conjugated with 10-nm colloidal gold
particles was employed, while to reveal PIP2 and B3 an
anti-mouse IgM conjugated with 30 nm colloidal gold
particles was used. Controls consisted of samples in
which the primary antibody was omitted. No colloidal
gold particles were detected (not shown). Sections were
examined and photographed with a JEOL-JEM 100S
electron microscope.

Results

Expression of DKG-� in cell lines

We first screened several cell lines for the expression of
DKG-�. Western blot analysis showed DKG-� to be ex-
pressed in PC12, HeLa, MDA-MB-453, and MCF-7 cells
(Fig. 1). The molecular weight of the protein was, as ex-
pected, about 110 kDa. In HeLa cells, however, it migrated
slightly faster, around 108 kDa.

Immunofluorescence staining and CLSM analysis

We next set out a series of experiments aimed at clari-
fying the subnuclear localization of DKG-�. We singly
immunostained MDA-MB-453 cells for SC-35, PIP2, and
DKG-�. As shown in Fig. 2a, CLSM analysis showed
SC-35 to be located mainly in 20–40 discrete nonnucleolar
domains, corresponding to speckles, as expected. Immuno-
staining with monoclonal antibody to PIP2 resulted in a
similar pattern, albeit in this case the foci were smaller and
there was more disperse nucleoplasmic positivity (Fig. 2b).
The use of a monoclonal antibody to DKG-� gave a fluo-
rescent signal very similar to that provided by the antibody
to SC-35 (Fig. 2c). Previous results have highlighted that
PIP2 localizes to nuclear speckles of several cell types,
including HeLa cells [25,26]. We wanted to confirm this
finding in MDA-MB-453 cells. Double-immunofluores-
cence staining with antibodies to SC-35 (an IgG) and PIP2

(an IgM) provided evidence that the two molecules co-
localized at the levels of the speckles (Figs. 2d–f). These
results demonstrated that the antibody to PIP2 could be
confidently used as a marker for nuclear speckles. This
antibody (2C11) has previously been employed by other
investigators who have thoroughly demonstrated its speci-

Fig. 2. DGK-� localizes to discrete nuclear domains. Immunocytochemical localization of SC-35 (a), PIP2 (b), and DGK-� (c) in MDA-MB-453 cells.
Samples were single-stained with the antibody to the protein of interest which was then revealed with FITC-conjugated anti-mouse IgG (SC-35, DGK-�) or
a Cy3-conjugated anti-mouse IgM (PIP2). Co-localization analysis carried out in MDA-MB-453 (d–k), MCF-7 (l–o), PCl2 (p–s), and HeLa (t–w) cells. Cells
were co-immunostained for either SC-35 (d) or DGK-� (h, l, p, t) and PIP2 (e, i, m, q, u). SC-35 and DGK-� were revealed by FITC-conjugated anti-mouse
IgG while PIP2 was labeled by Cy3-conjugated anti-mouse IgM. Merged images (green for SC-35 or DGK-�, and red for PIP2) are shown in (f), (j), (n), (r),
and (v). Co-localization of the fluorochromes results in a yellow color. The binary maps presented in (g), (k), (o), (s), and (w) are a more precise means to
evaluate co-localization, as they only show regions in which the two signals are present together above a defined threshold of fluorescence intensity. Arrow
in (j) indicates a cytoplasmic area stained only by anti-PIP2 antibody (red). Arrow in (p) and (q) indicate a cytoplasmic area stained by both anti-DGK-� and
anti-PIP2 antibodies. In (j), (p), and (q) the nuclear border was identified by phase contrast (not shown). Bar � 5 �m.

Fig. 1. Western blot analysis for DGK-� in various cell lines. Eighty
micrograms of protein from whole-cell homogenates was blotted to each
lane.
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ficity for PIP2 in immunostaining experiments [26]. Double-
immunofluorescence staining with antibodies to DGK-� (an
IgG) and PIP2 showed that the two molecules co-localized
at the level of nuclear foci, corresponding to speckles (Figs.
2h–j). The co-localization of DGK-� with PIP2 in nuclear
foci was also detected in MCF-7, PC12, and HeLa cells
(Figs. 2l–w). Overall, DGK-� immunoreactivity was found
mainly in the nucleus. HeLa and PC12 cells showed some
DGK-� staining in the cytoplasm, whereas in MDA-MB-
453 and MCF-7 cells cytoplasmic positivity was almost
undetectable. Cytoplasmic PIP2 immunostaining was
mostly seen in HeLa, MDA-MB-453, and PC12 cells.

Quantification of co-localization

We next carried out a quantitative analysis of the results
provided by CLSM using both Pearson’s correlation and
Overlap coefficient. Pearson’s correlation provides informa-
tion about the similarity of shape between images without
respect to the average intensity of the signals (spatial co-
localization). It is a value computed to be between �1 and
1. The Overlap coefficient is simultaneously used to de-
scribe co-localization: this method does not perform any
pixel averaging functions, so correlations are returned as
values between 0 and 1. This method is not sensitive to
intensity variations in the image analysis. This is especially
important when considering issues typical of fluorescence
imaging such as sample photobleaching and different set-
tings of the detectors. As shown in Table 1, all the values for
co-immunostaining of SC-35/PIP2 and DGK-�/PIP2 were
higher than 74%, indicating a remarkable level of co-local-
ization.

Effect of �-amanitin on the subnuclear distribution of
DGK-�

Previous results have indicated that cell treatment with
the transcriptional inhibitor �-amanitin at concentrations
that specifically inhibit RNA polymerase II causes reorga-
nization of nuclear speckle domains into fewer and/or larger
foci [e.g., 33]. As shown in Fig. 3, incubation of HeLa cells
for 6 h in the presence of �-amanitin caused the expected
changes in SC-35 immunofluorescence staining (compare
Fig. 3b with Fig. 3a). Speckles were larger and less numer-

ous. Indeed, in control cells we counted 22 � 5 speckles/
nucleus (50 cells analyzed), whereas in response to �-aman-
itin the number of speckles decreased to 9 � 3. Also, the
intranuclear distribution of DGK-� changed in response to
�-amanitin (Fig. 3, compare c with d), because the foci
became less numerous, even though their size did not in-
crease as much as for SC-35 staining. In this case we
counted an average of 13 � 4 speckles/nucleus in �-aman-
itin-treated samples, while in control samples there were 24
� 6. We next sought to establish whether or not the level of
co-localization of SC-35 with PIP2 and of DGK-� with PIP2

was maintained after treatment with �-amanitin. In un-
treated cells there was an almost complete co-localization of
the signals (data not shown, but see Ref. [26] for SC-
35/PIP2 and Figs. 2t–y for DGK-�/PIP2 double immuno-
staining). The level of co-localization of SC-35/PIP2 was
maintained in �-amanitin-treated cells (Figs. 3e–g). In con-
trast, as shown in Figs. 3 h–j double-immunofluorescence
labeling for DGK-�/PIP2 revealed that, after �-amanitin
exposure, the extent of co-localization was not as high as in
untreated samples (compare with Figs. 2t–v). Quantification
of co-localization supported this conclusion (Table 2).

Nuclease sensitivity of DGK-� immunostaining

It has been shown that RNA, but not DNA, is essential
for the association of PIP2 with nuclear speckles [26]. We
sought to determine whether or not this was also true of
DGK-�. As shown in Fig. 4A, DNase I treatment of MDA-
MB-453 cells did not affect the intranuclear distribution of
DGK-�. In contrast, RNase A treatment completely re-
moved intranuclear immunoreactivity for DGK-� (Fig. 4C).
These results imply that RNA, but not DNA, is essential for
the association of DGK-� with speckles.

Immuno-electron microscopy analysis

The subnuclear distribution of DGK-� in MDA-MB-453
cells was also investigated by means of immunogold stain-
ing. As presented in Fig. 5A, the SC-35 splicing factor was
immunolocalized to structures corresponding to interchro-
matin granules and perichromatin fibrils, as previously re-
ported [34]. These structures also contained PIP2 (Fig. 5A),
in agreement with others [25,26]. Interchromatin granule

Table 1
Quantification of SC-35/PIP2 and DGK-�/PIP2 co-localization in different cell linesa

Cell line

MDA-MB-453 MDA-MB-453 MCF-7 PC12 HeLa

Co-immunostaining SC-35/PIP2 DGK-�/PIP2 DGK-�/PIP2 DGK-�/PIP2 DGK-�/PIP2

Pearson’s correlation 74 � 9 81 � 4 90 � 2 97 � 1 89 � 8
Overlap coefficient 77 � 8 90 � 1 95 � 2 97 � 1 96 � 2

a Fifty cells were analyzed for each type of co-immunostaining. The values are expressed as percentages � SD.
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clusters and perichromatin fibrils are thought to correspond
to the 20–40 intensely stained nuclear speckles when im-
munofluorescence is performed with probes to a variety of

splicing factors [25 and references therein]. The antibody to
DGK-� similarly labeled the interchromatin granules and
perichromatin fibrils (Fig. 5B). As further proof that DGK-�
localizes to these nuclear domains, we decided to perform
double-labeling experiments, using a speckle marker differ-
ent from SC-35 or PIP2. Therefore, we employed the mono-
clonal antibody B3 (an IgM) which recognizes a hyperphos-
phorylated form of RNA polymerase II associated with the
speckles [28]. Indeed, as shown in Fig. 5C, both SC-35 and
the antigen recognized by B3 were present in the same
nuclear domain. A double-labeling experiment with anti-
body to DGK-� and B3 further demonstrated that DGK-�
associated with interchromatin granules and perichromatin
fibrils (Fig. 5D). Finally, in Fig. 5E we show that PLC�1
could also be detected in these nuclear domains.

DGK-� is enriched in the nucleus and associates with the
nuclear matrix

We next analyzed the subcellular distribution of DGK-�
using Western blot. As shown in Fig. 6, in MDA-MB-453
cells the enzyme was almost entirely located in the nucleus.
In contrast, in both HeLa and PC12 cells DGK-� was
predominantly, but nonexclusively nuclear, because stron-
ger immunoreactivity was found in the postnuclear super-
natant. These results were quite in agreement with the find-
ings obtained by means of immunofluorescence staining.
The use of an antibody to �-tubulin demonstrated the purity
of our nuclear preparations. Since we could not obtain
sufficiently pure preparations of nuclei from MCF-7 cells,
these experiments were not performed in this cell line.

In Fig. 7 we demonstrate that in MDA-MB-453 cells
DGK-� was enriched in the nuclear matrix fraction which
was obtained by DNase I digestion and 0.6 M (NH4)2SO4

extraction performed on isolated nuclei to remove chroma-
tin. The nuclear matrix fraction we prepared from these cells
was enriched in 170-kDa topoisomerase II� (an abundant
component of nuclear matrix, see Ref. [35]) and NuMa
(another structural component of the matrix, see Ref. [36]
and references therein) but was depleted of histone H1, a
well-established chromatin marker. Results obtained by
means of visual inspection of the blots were corroborated by
densitometric analysis (Table 3).

Fig. 3. Treatment with �-amanitin affects the imunofluorescence pattern of
DGK-� in HeLa cells. Immunocytochemical localization of SC-35 (a, b)
and DGK-� (c, d) in control HeLa cells (a, c) and after a 6-h incubation
with 50 �g/ml �-amanitin (b, d). Double-immunofluorescence staining for
SC-35/PIP2 (e–g) and DGK-�/PIP2 (h–j) following a 6-h treatment with 50
�g/ml �-amanitin. SC-35 and DGK-� were revealed by FITC-conjugated
anti-mouse IgG while PIP2 was labeled by Cy3-conjugated anti-mouse
IgM. Merged images (green for SC-35 or DGK-�, and red for PIP2) are
shown in (g) and (h). Co-localization of the fluorochromes results in a
yellow colour. Bars � 5 �m.

Table 2
Quantification of SC-35/PIP2 and DGK-�/PIP2 co-localization in control (untreated) and � amanitin-treated (50 �g/ml for 6 h) HeLa cellsa

Co-immunostaining

SC-35/PIP2 SC-35/PIP2 DGK-�/PIP2 DGK-�/PIP2

Control �-Amanitin Control �-Amanitin

Pearson’s correlation 73 � 3 72 � 4 95 � 2 38 � 2
Overlap coefficient 70 � 5 71 � 3 94 � 2 42 � 3

a Fifty cells were analyzed for each type of co-immunostaining. The values are expressed as percentages � SD.
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Nuclear DGK-� associates with PLC�1 and PIPKI� in
MDA-MB-453 cells

An immunoprecipitation approach was chosen to define
the components associated with DGK-� in interphase nu-
clei. MDA-MB-453 cell nuclear extracts were immunopre-
cipitated with either antibody to PIP2 or antibody to PLC�1.
As shown in Fig. 8, antibody to PIP2 immunoprecipitated
some of the phosphorylated form of RNA pol II present in
the nuclear lysates. The fact that not all of the hyperphos-
phorylated RNA pol II was immunoprecipitated by antibody
to PIP2 was consistent with the observation that hyperphos-
phorylated RNA pol II was only partially localized in the
speckles [28]. However, anti-PIP2 antibody immunoprecipi-
tated neither DGK-� nor PIPKI�, which were recovered in
the supernatants of the immunoprecipitates. In contrast,
antibody to PLC�1 failed to immunoprecipitate the hyper-
phosphorylated form of RNA pol II, but immunoprecipi-

tated a substantial amount of both DGK-� and PIPKI�
originally present in the nuclear lysates.

Discussion

Compelling evidence suggests that nuclear speckles con-
tain some elements of phosphoinositide metabolism [25–
27]. In this article, we have clearly demonstrated for the first
time that DGK-� also localizes to the nuclear speckle do-
mains in different cell lines. Such a conclusion derives from
several lines of evidence. Immunofluorescence staining
coupled to CLSM analysis showed nuclear DGK-� to be
concentrated in discrete structures that, for their number and
size, reminded us of nuclear speckles. Double-immunoflu-
orescence staining experiments showed that nuclear DGK-�
and PIP2 almost completely co-localized. Previous results
have demonstrated that PIP2 is concentrated in nuclear

Fig. 4. Nuclease sensitivity of DGK-� in MDA-MB-453 cells. RNase A (C), but not DNase I (A), treatment abolishes nuclear DGK-� staining. (B, D) Corresponding
phase-contrast images. For these experiments, samples have been photographed with a Zeiss Axiophot epifluorescence microscope. Bar � 5 �m.
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Fig. 5. Immuno-electron microscopy of MDA-MB-453 cells labeled with antibodies to SC-35, PIP2, DGK-�, hyperphosphorylated RNA pol II (antibody B3),
and PLC�1. Primary antibodies were mouse IgG (SC-35, DGK-�, PLC�1) and IgM (PIP2, B3). Localization of the antigens was shown by gold colloid
particles (either 10 nm to reveal IgG or 30 nm to label IgM) conjugated with the secondary antibody, as indicated in each panel. Bars � 250 nm.
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speckles [25,26]. We have confirmed these findings in
MDA-MB-453 cells by showing that the immunofluores-
cence staining pattern given by a monoclonal antibody
highly specific for PIP2 [26,37,38] is largely superimpos-
able to that given by an antibody that recognizes the splicing
component SC-35, a well-recognized marker of nuclear
speckles [34]. Moreover, the nuclear DGK-� fluorescence
pattern was sensitive to �-amanitin, a fungal toxin known to
affect the number and/or the size of nuclear speckles [33].
Taken together, these data strongly suggested that DGK-� is
located in the nuclear speckles. An interesting observation is
that the level of co-localization of PIP2 with DGK-� was not
completely maintained after treatment with �-amanitin. On
the other hand, almost complete co-localization of SC-35
with PIP2 was detected also in samples treated with the
fungal toxin. Even though we could not perform double-
immunofluorescence staining for SC-35/DGK-� due to the
lack of a suitable polyclonal antibody to SC-35, our findings
seem to indicate that most of the DGK-� does not co-
localize with SC-35 under conditions of impaired mRNA
synthesis. This might depend on a different sensitivity
and/or behavior of the speckle components to �-amanitin.

Also, immuno-electron microscopy unequivocally showed
that, in MDA-MB-453 cells, DGK-� was present in the inter-
chromatin granules and perichromatin fibrils that, at the ultra-
structural level, correspond to nuclear speckles [34]. With this
technique we were able to perform a double-immunostaining
experiment that showed co-localization of DGK-� with a hy-
perphosphorylated form of RNA polymerase II, which is
known to be present in the speckles [28]. Furthermore, we
have shown by immuno-electron microscopy that both PIP2

and PLC�1 localize to this nuclear domain.
Cell fractionation experiments showed DGK-� to be

strongly enriched in nuclei prepared from MDA-MB-453,
HeLa, and PC12 cells. These results were consistent with
the findings provided by immunofluorescence staining that
demonstrated that DGK-� was preferentially present in the
nucleus. DGK-� was enriched in the nuclear matrix fraction
prepared from MDA-MB-453. Even though the DGK-�

enrichment in the nuclear matrix was not as marked as that
of 170-kDa DNA topoisomerase II�, it was nevertheless
higher than that of NuMA protein, another constituent of the
nuclear matrix. This conceivably depends on the fact that
not all DGK-� is matrix-bound, as also reported for NuMA
[39]. DGK-� which can be recovered associated to the
nuclear matrix might represent the active fraction of the
enzyme. Indeed, the nuclear matrix is viewed by several
investigators as the fundamental organizing principle of the
nucleus where many functions take place, including DNA
replication, gene expression, and protein phosphorylation
[40–42]. Several enzymes of the inositol lipid metabolism
have been found associated with the nuclear matrix [re-
viewed in 8,43], and this indicates that the matrix may also
be involved in intranuclear signal transduction pathways.

The presence of DGK in the nucleus was first shown by
immunocytochemical staining of rat retina and brain [44].
Following this report, other groups have demonstrated that
DGK-	 [20], -� or -� [23] and DGK-� [6] are intranuclear.
DAG kinase-	 possesses a bipartite nuclear targeting motif
located close to the second zinc finger-like sequence in its
regulatory domain [20]. However, the nuclear localization
sequences of other DGK isoforms remain to be identified. In
any case, it will also be very important to analyze whether
or not DGK-� displays a sequence element directing it to the
speckles, such as the motif recently identified in the essen-
tial spliceosomal protein SF3b155 [45]. Evidence indicates
that DGK-� was responsible for the increased nuclear DGK
activity that followed stimulation of quiescent IIC9 cells
with �-thrombin [22]. It should be emphasized that resting
IIC9 cells displayed immunoreactivity for DGK-� both in
the cytoplasm and in the nucleus. The nuclear staining
pattern given by the same monoclonal antibody to DGK-�
employed in this study was reminiscent of nuclear speckles.
However, after stimulation with �-thrombin there was
translocation of some DGK-� from the cytoplasm to the
nucleus, as shown by Western blot, but the overall nuclear
fluorescence pattern did not change.

Fig. 6. DGK-� is enriched in the nuclear fraction. Subcellular fractionation
experiments showing the distribution of DGK-� in various cell lines by
Western blot. H, whole-cell homogenate; S, postnuclear supernatant; N,
purified nuclei. Note the absence of �-tubulin from nuclear preparations
that, on the other hand, were enriched in the nuclear-specific protein lamin
B. Eighty micrograms of protein was blotted to each lane.

Fig. 7. Nuclear DGK-� associates with the nuclear matrix prepared from
MDA-MB-453 cells. Western blot analysis showing immunoreactivity for
170-kDa topoisomerase II�, NuMA, DGK-�, and histone H1 in isolated
nuclei (N) and nuclear matrix (NM). Eighty micrograms of protein was
blotted to each lane.
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The association of DGK-� with nuclear speckles appears
extremely interesting, because of other results showing that
several elements of the phosphoinositide cycle are present
within this subnuclear compartment. These elements in-
clude PIPKI�, PIPKII�, and PIPKII� [25], PIP2 [25,26],
and P13K C2� [27]. By immunoprecipitation we have
shown that PIP2 is associated with a hyperphosphorylated
form of RNA pol II, in agreement with others [26]. How-
ever, DGK-� was not recovered in the immunoprecipitates
obtained with anti-PIP2 antibody, but rather in those col-
lected after immunoprecipitation with an antibody to
PLC�1. Interestingly, these immunoprecipitates also con-
tained PIPKI�. This might indicate the existence in the
nuclear speckles of a multienzymatic complex composed of
proteins involved in phosphoinositide metabolism. PLC�1
could hydrolyze PIP2 yielding DAG and inositol 1,4,5-
trisphosphate [9,10], while DGK-� may convert DAG into
PA. The presence of PIPKI� (which phosphorylates phos-

phatidylinositol 4-phosphate to PIP2) suggests that the
speckles are also the site for intranuclear PIP2 synthesis.
The detergent-resistant PIP2 pool in the speckles has also
been related to a role played by this inositol lipid in pre-
mRNA splicing [26]. Even though DGK-� apparently did
not associate with hyperphosphorylated RNA pol II, RNase
A digestion experiments revealed that RNA was important
for determining the association of DGK-� with the speckles.
Such a requirement for the presence of RNA has been
reported for other components of the speckles, such as PI3K
C2� [27] and protein 4.1 N [46]. However, it may be that
this simply reflects the fact that DGK-� is nuclear matrix-
bound, because RNA is very important for the structural
integrity of the matrix [40,47].

Taken together our findings demonstrate that nu-
clear DGK-� is a component of the speckle domains. The
localization of DGK-� to a specific subnuclear site is an
important step toward a better understanding of compart-
mentalization and function of phosphoinositide nuclear me-
tabolism. In the future, it will be interesting to investigate
whether or not other DGK isoforms known to be present in
the nucleus associate with the speckles and also to establish
the exact role played by these isozymes in the context of this
nuclear subregion.
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