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Abstract

Previous investigations have demonstrated the existence of an autono
mous intranuclear inositide cycle endowed with conventional lipid kinases
and phospholipase C (PLC) which is the isoform fl in Swiss 3T3 cells,
PC12 pheochromocytoma cells, human osteosarcoma SaOS-2 cells, and
rat liver. The presence of PLC has been investigated in nuclei of Friend
erythroleukemla cells. Both @3and y isoforms are present in these nudei.

When Friend cells undergo termInal erythroid differentiation in the pres
ence of dimethyl sulfoxide the PIC@JIsoform is down-regulated as shown
by immunochemical and Immunocytochemicalanalysis, by determination
of enzymatic activity directly and in the presence of neutralizing mono
clonal antibodies and also by Northern blot for PLC@ message. By
contrast, the amount of PLC'y and its activity are unaffected by
erythroid differentiation. Thus, the presence of a nuclear PLC@3,the
activity and expression of which are modulated during differentiation
of erythroleukemia cells, implicates a role for nuclear phosphoinositide
signaling in the processes of cell determination and indicates the
nuclear PLC@as a key enzyme of the cycle in relation to the erythroid
differentiative commitment of murine erythroleukemia cells.

Introduction

The activation of the phosphoinositide cycle at the plasma mem
brane in response to external signals has been well documented in the
last decade (for a review see Refs. 1 and 2). In addition to this recent
studies have shown that the nucleus possesses an autonomous phos
phoinositide signaling system which is affected by external stimuli
during both cell growth and differentiation (3â€”6).Indeed, it has been
demonstrated that demembranated nuclei of Friend erythroleukemia
cells synthesize in vitro PtdInsP@ and PtdInsP2 and that the synthesis
of the latter is more pronounced in the cells exhibiting complete
erythroid differentiation (5, 6). In previous studies with Swiss 3D cells
the nuclear phosphoinositide cycle was shown to involve lipid kinases (2)
and PLC (7). What is particularly interesting is that in these cells nuclear
PLC is the f3 isoform and that it is activated when Swiss 3D cells are
stimulated by insulin-like growth factor I (7). Since the nuclear lipid
kinases have already been shown to be equally active in undifferentiated
and differentiated Friend erythroleukemia cells (5) we are prompted to
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ask whether the increased in vitro synthesis of PtdInsP2 in nuclei of
differentiated cells is a consequence of PLC regulation. We have ap
proached this by carrying out an extensive characterization of both
cytoplasmic and nuclear PLC. Here we report that differentiation of
Friend erythroleukemia cells is accompained by a dramatic drop in
nuclear PLC f3 activity due to down-regulation of the enzyme.

Materials and Methods

Cell Culture. Murineerythroleukemiacells (Friendcells, clone 707) were
grown in RPMI 1640 supplemented with 10% fetal calf serum and erythroid
differentiationwas inducedby additionof DMSO (1.5%,v/v) to the medium
for 4 days.

Isolation ofNuclei. A hypotonic shock combined with non-ionic detergent,
essentially described by Martelli et aL (8), has been used. In addition to 05 mM
phenylmethylsulfonyl fluoride, 10 mM @3-mercaptoethanol,1 mM ethylene
glycol-bis(aminoethyl ether)tetraacetic acid, 10 p.g/ml leupeptin, 0.3 p@Mapro
tinin, 15 @g/mlCalpainI inhibitor,and7.5 pg/mi calpainII inhibitorwere also
addedto the buffers.Glucose-6-phosphataseassay as cytoplasmiccontamina
tion markerwas as in Ref. 7.

Preparation of the Cytoplasmic Fraction and of Erythrocyte Ghosts.
The cytoplasmicfractionwas obtainedby homogenizingcells with 20 strokes
in a Douncehomogenizerin 10 mMTris-Cl,pH 7.8-2 mMMgCl2plusprotease
inhibitors as above and then pelleting the nuclei at 400 X g. This procedure
allows the recovery of pure cytosolic fraction and avoids the risk of contam
inationby nucleardebristhatarepresentin the crudesupernatantfromnuclear
purification. The erythrocyte ghosts from mouse blood were prepared as
described by Irvine et aL (9).

PLC Assay. The assay was carried out essentially as described previously
(7). Briefly the assay (100 @d)contained 100 mi@i(2-N-morpholino)ethane
sulfonic acid (pH 6.7), 150 mM NaCl, 0.06% taurodeoxycholate,3 nmol
[3H]PtdlnsPor [3H]PtdInsP2(specific activity 30,000 dpm/nmol;Amersham,
United Kingdom), and 60 @.&gnuclear or 10 @gcytoplasmic protein. Incubation
was at37Â°Cfor30 mm.The timecourseof reaction(notshown)was linearfor
30 mm before reaching a plateau (7). Hydrolysis was stopped by adding
chlomform-methanol-HCl and inositol phosphates recovered from the aqueous
phasewereanalyzedby highpressureliquidchromatographyafterloadingthe
samples onto a Partisil 10 SAX column and eluted with a linear gradient from
distilled water to 2 M ammonium formate (pH 3.7, adjusted with phosphoric
acid) at 15 ml/min (7). As reference compounds, [3H]InsP2and [3H]InsP3
(100,000dpm)were used and elutedas described.Fractions(1 ml)were collected,
dissolved in Ionic-fiuor(Packard),and counted by liquid scintillation.

Solubilizatlon of Nuclear PLC Activity and Assay in the Presence of
Neutralizing MoAb. The procedure was that of Martelli et aL (7). The source
of MoAbs is reportedbelow.

Immunochemical and Immunocytochemical Analysis. Proteins (60 @g)
from purifiednuclei and cytoplasmic fractionswere separatedon 8% poly
acrylamide-0.1% sodium dodecyl suLfategels and transferred to nitrocellulose
paperand PLC isoforms were detectedexactly as in Ref. 7. MoAbs against
PLCI3, -â€˜@and -6 were from UBI, Lake Placid, NY, and a polyclonal antibody
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against PLCf3 that gives rise to the same immunoreactivity as the anti-PLC@
MoAb was a generous gift from Dr. S. G. Rhee. Isolatednuclei were cyto
centrifuged at 250 x g for 7 mm on glass microscope slides coated with
poly-L-lysine. Slides were air dried overnight ant then nuclei were fixed in
4% paraformaldehyde-50mMTris-Cl,pH 7.4-5 mt@iMgCI2-0.5mt@tphenyl
methylsulfonylfluoride for 30 min at room temperature.Stainingprocedure
with antibodies was as in Ref. 7.

Preparation ofmRNA and Northern Analysis. Pelleted Friend cells both
undifferentiated and differentiated were washed in phosphate buffered saline
and total cell RNA isolated by the method of Chomczynski and Sacchi (10).
Poly(A) RNA was preparedfrom 500 @gtotal RNA using oligodeoxythymi
dylate bound magnetic beads (poly ATract;Stratagene,Cambridge,United
Kingdom) and 5 @gpoly(A) RNA were run on a Northern gel according to the
procedure of Sambrook et aL (11). RNA was blotted onto Hybond-N (Amer
sham PLC, High Wycombe, United Kingdom), dried overnight at room tem
perature, and cross-linked on a Stratalinker (Stratagene) according to the
manufacturer's instructions. A mixture of three 45-mer oligonucleotides
(10 ng) specific for phospholipase C-I (PLCI3) (DuPont, Ltd., Stevenage,
United Kingdom) (12) was 3'-end labeled with [32PJdCTP, 3000 Ci/mmol
(ICN Biomedicals, High Wycombe, United Kingdom),using terminaltrans
ferase (Pharmacia Biosystems, Ltd., Milton Keynes, United Kingdom).
Labeled oligonucleotides were purified on a Nuctrap push column (Stratagene)
and 2 X 106 cpm were hybridized to the filter in 5 ml Quickhyb rapid

hybridization solution (Stratagene) according to the protocol supplied. After
hybridization at 61Â°Cfor 4 h the filter was washed sequentially in 2 X standard
saline-citrate and 1 X standard saline-citrate (0.15 Msodium chloride, 0.015 M
sodium citrate)-0.1% sodium dodecyl sulfate at room temperature before
autoradiography using KOdakX-Omat film.

Results

Fig. lÃ€shows that in differentiated cells nuclear PLC activity is
more than halved using [3H]PtdInsP2 as substrate and almost halved
using [3H]PtdlnsP. By contrast, cytoplasmic PLC activity is unaf
fected by the differentiation process (Fig. 1B). According to previous
established criteria of purity (7), the cytoplasmic marker glucose-6-
phosphatase represents less than 1% of total cellular activity in nuclei
from uninduced cells, whereas the nuclear PLC activity is more than
10%(Fig.2).Moreoverwhileglucose-6-phosphataseactivitydoesnot
change in nuclei from DMSO treated cells the nuclear PLC activity
falls to about 4% (Fig. 2). Electron microscopy shows that nuclei
isolated from Friend cells by this procedure (8) are completely
stripped of the membrane and free from cytoplasmic debris. Because
of the presence of different PLC isoforms (13, 14) the distribution of
the individual isozymes was determined by Western blotting using
anti-n, -y, and -& MoAbs the specificity of which has been demon
strated previously (7, 15). Moreover Fig. 14 shows that when these
MoAbs are tested by Western blotting using a whole-cell extract of
PC12 cells which contain all three (@3,y, 6) PLC isoforms (7) the
expected bands at Mr 150,000 (PLCI3), M1 140,000 (PLCy), and Mr
85,000 (PLC&) are revealed. Isolated nuclei from undifferentiated
cells contain both PLCI3(Fig. 3A, Lanes 1 and 2) and PLC'y (Fig. 3A,
Lanes 3 and 4) while PLC6 (Fig. 3A, Lanes 5 and 6) is absent. The
cytoplasmic fraction contains only PLOy (Fig. 3A, Lane 8). The same
figure shows that the immunoreactivity of the Mr 150,000 nuclear
protein recognized by the anti-PLC@3MoAb is dramatically lowered in
nuclei from erythroid differentiated cells (Fig. 3A, Lanes 1 and 2)
while the PLOy does not change (Fig. 3A, Lanes 3 and 4). Interest
ingly in mature RBC (in which PLC activity liberates 4.0 nmol
InsP@/mgprotein/30 mm incubation) the @3isoform is missing (Fig.
3A, Lane 10) and PLC @y(Fig. 3A, Lane 11) only is present. In order
to determine whether the down-regulation of PLC activity which
accompanies differentiation operates at the mRNA level, poly(A)
mRNA was prepared from Friend cells before and after 4 days of
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Fig. 2. Percentage recovery of PLC and glucose-6- phosphatase activities in isolated
nuclei of Friend cells both uninduced and differentiated by DMSO. Values are the average
of 5 separate experiments; bars, SD. Activities were calculated by comparing the total
enzymatic activity of a given amount of cells to an equivalent amount of nuclei, taking
into account both cell number and nuclear DNA content.
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Fig.1.PLCactivityin isolatednuclei(A)andcytoplasm(B) of Frienderythroleuke
mis cellsuninducedordifferentiatedby DMSO.Resultsaretheaverageof 5 separate
experiments (bars, SD) and are referred to the high pressure liquid chromatography
analysis of [3H]inositol phosphates liberated/mg protein/30 min. incubation at 37Â°C.
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Fig. 3. Immunochemical and immunocytochemi
caldetectionof PLCisoformsin Frienderythroleu
kemia cells and Northern blot analysis for PLC(3
message. A, Western blotting. Lanes 1, 3, and 5,
nuclei fromundifferentiatedFriendcells; Lanes 2, 4,
and 6, nuclei from differentiatedFriendcells; Lanes
7,8, and 9, cytoplasmicfraction;Lanes10, 11, and
12, erythrocyte ghosts; Lanes 1, 2, 7, 10, anti-PLC@
MoAb;Lanes3, 4, 8, ii, anti-PLCYMoAb;Lanes5,
6, 9, 12, anti-PLC8 MoAb; Lanes @,y, 8, detection of
the @3,y, 8 PLCisoformsin a whole-cellextractof
PC12cells.150,140,and85, molecularweightsin
thousands of the detected isoforms (PLC@, M@
150,000; PLCy, Mr 140,000, PLC8, M, 85,000). B,
Northern gel for PLC@ message. Lane 1, undifferen
tiated Friend cells; Lane 2, differentiated Friend cells;
Lane 3, ratbrain.The positions of 285 and 185 rRNA
were determinedfrom a total RNA sample runon a
separate lane. C-G, immunocytochemical analysis:
C, control nuclei treated with the secondary antibody
only; D, undifferentiatednuclei iinmunostainedwith
anti-a MoAb; E, differentiated nuclei immunostained
with the same antibody; F, undifferentiated nuclei
immunostained with anti--y MoAb; G, differentiated
nuclei immunostained with the same antibody. Bar,
10aim.
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culture in the presence of DMSO and analyzed by Northern blotting
using a mixture of 45-mer oligonucleotide probes specific for PLC3.
As a control a sample of rat brain was run in parallel. Fig. 3B shows
the presence of two hybridizing RNA species of about 7 and 5.5
kilobases in rat brain and in control Friend cells. Differentiation is
accompanied by a marked reduction in the intensity of both sizes
mRNA5. The pattern of PLC mRNA obtained here is very similar to
that reported by Suh et a!. (12) who further identified two distinct
polyadenylation events as the probable reason for size heterogeneity.
The Western blotting is confirmed by the immunocytochemical anal

ysis carried out on isolated nuclei. Fig. 3, Câ€”G,shows that while the
immunoreactivity obtained with anti-PLC@3MoAb almost disappears
in nuclei from differentiated cells (compare D and E), the anti-PLCy
MoAb stains both undifferentiated and differentiated nuclei equally
(Fig. 3, F and G). To better define this apparent down-regulation of
the @3isoform the PLC activity, released quantitatively from nuclei by
hypotonic shock, was tested in the presence of neutralizing anti-PLC@3
MoAb. Fifty-seven percent of the soluble nuclear PLC activity from
undifferentiated cell was inhibited by anti-a antibody, whereas the
soluble nuclear PLC activity from differentiated cells was inhibited to
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The finding that in Friend cells PLCg3 is specifically located to the
nucleus is in good agreement with other reports (7, 15, 18, 19),
although it has been suggested that in rat liver this isoform is present
in both isolated nuclei and cytoplasm (19). This could be due to
several possibilities. (a) The method used for the isolation of rat liver
nuclei (19) gives a very low recovery in terms of nuclear protein
content (less than 25%) suggesting a high level of nuclear breakage
and as a consequence a contamination of the cytoplasmic fraction with
nuclear proteins. In our conditions indeed the recovery of nuclear
protein is higher than 70% (not shown). Given that nuclear PLC
activity solubilizes readily (7) it is impossible to rule out that a large
part of the cytoplasmic PLC@ comes from the nucleus. (b) Different
antibodies have been used in these experiments and because of the
variety of PLC@ isoforms found in different cells (14) it is conceiv
able that the MoAb we have used recognizes a specific nuclear PLC@.
The decrease in the j3 isoform seems to be part of the programmed
shut off of genes not needed in mature RBC since mouse erythrocytes,
still possessing the PLOy, lack PLC(3. The further analysis by means
of Northern blot for f3 message clearly indicates that the observed
down-regulation of PLC j3 operates at the mRNA level and correlates
to the erythroid differentiation.

Taken as a whole the evidence we have reported shows a coordinate
regulation of events involving the autonomous nuclear phosphoino
sitide cycle of the Friend erythroleukemia cell which are essential for
erythroid differentiation and hints at PLCf3 as a key enzyme for this
nuclear cycle and as a possible target for antitumor drugs capable of
affecting differentiation of leukemic cells.
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Fig. 4. Inhibitionof soluble PLC activity by anti-PLC@antibody. Inhibitionis cx
pressed as percentage of the total soluble nuclear and cytoplasmic PLC enzymic activity
inhibited in the presence of neutralizing MoAb and is the average of 5 separate determi
nations Â±SD (bars).

a much smaller extent (less than 15%) (Fig. 4). The same figure shows
that anti-13antibody does not inhibit the soluble cytoplasmic activity,
confirming the Western blotting analysis which demonstrates the
absence of cytosolic PLCI3. The assay in the presence of anti-a
neutralizing antibody clearly indicates that the same reduction in PLC
activity which occurs in nuclei from differentiated Friend cells can be
obtained in undifferentiated nuclei by neutralizing the PLC(3 isoform.

Discussion

The presence of an autonomous nuclear signaling system has now
been well documented and shown to involve phosphatidylinositol
transfer protein, lipid kinases, as well as the phospholipase C activity
in a variety of systems (2â€”5,16â€”18).Of further interest is the
observation that a PLC isoform (3 is specifically localized in the
nucleus (15, 19) and it is activated when Swiss 3T3 cells are stimu
lated by insulin-like growth factor I (7). This activation is rapid and
transient, parallels the decrease in PtdlnsP and PtdInsP2 mass and the
increase in diacylglycerol mass (4), and is followed by translocation
to the nucleus and activation of protein kinase C (20). Indeed as a
result of PLC activation InsP3 and diacylglycerol will be formed in the
nucleus where they might perform their canonical second messenger
functions. Therefore it seems that this phenomenon represents a very
early step in the nuclear response to growth factor stimulation.

It has been reported previously (5) that polyphosphoinositide me
tabolism changes during erythroid differentiation of Friend erythro
leukemia cells. The course of differentiation of these cells is accom
panied also by a progressive decrease in replicative activity and, in
this case, an accumulation of PtdInsP2 occurs (6). The increased in
vitro synthesis of PtdInsP2 in nuclei of differentiated Friend cells sup
ports the idea that a decrease in the activity ofPLC could take place. Here
we show that the erythroid differentiation of murine erythroleukemia
cells is associated with a down-regulation of the PLC@3isoform. This is
supported by several experimental approaches such as Western blotting,
enzymic activity, immunocytochemistry and enzymatic activity in the
presence of neutralizing antibody. What is particularly interesting is that
the terminal differentiation does not abolish completely the nuclear PLC
activity, inasmuch as about 40% of the original activity remains. This is
consistent with the persistence of the â€˜yisoform in the differentiated
nuclei. Indeed using a solubiized nuclear PLC preparationfrom undif
ferentiated Friend cells it is possible, in the presence ofneutralizing anti-n
antibody, to reduce the PLC activity to the same degree as occurs
following differentiation.
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