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Insulin induces the serine phosphorylation of the
nucleolar protein nucleolin at subnanomolar concen-
trations in differentiated 3T3-442A cells. The stimu-
lation is biphasic with phosphorylation reaching a
maximum at 10 pM insulin and then declining to only
40% of basal levels at insulin concentrations of 1 uM.
These changes are rapid, reaching half-maximal after
4 min and maximal after 15 min of incubation. The
cell-permeable casein kinase II inhibitor 5,6-dichlo-
robenzimidazole-riboside prevents the insulin-stimu-
lated phosphorylation of nucleolin suggesting that cas-
ein kinase II may mediate this effect of the hormone.
Insulin-like growth factor 1 mimics the action of in-
sulin on dephosphorylation of nucleolin at nanomolar
concentrations suggesting that the latter effect may be
mediated by insulin-like growth factor 1 receptors.
Insulin treatment of 3T3-442A cells also results in a
stimulation of RNA efflux from isolated, intact cell
nuclei. The dose dependence of insulin-induced nucleo-
lin phosphorylation and insulin-stimulated RNA efflux
from intact cell nuclei are almost identical. Insulin
induces an increase in the RNA efflux at subnanomolar
concentrations in 3T3-442A adipocytes, while high
(micromolar) concentrations of insulin inhibited the
efflux of RNA. These data indicate that insulin regu-
lates the phosphorylation/dephosphorylation of nucleo-
lin, possibly via stimulation of casein kinase II, and
this may play a role in regulation of the RNA efflux
from nuclei.

Binding of insulin to its receptors in the plasma membrane
induces a wide variety of cellular responses including short
term changes in cellular metabolism and long term growth
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effects involving enhanced nuclear activity (1, 2). In spite of
our rapidly increasing knowledge about the effects of insulin
on the plasma membrane and cytosolic enzymes, the various
mechanisms mediating insulin’s nuclear function are less
clear. Insulin alters the transcription rate of a number of
genes (reviewed in Ref. 3) and has been shown to increase
transport of proteins and RNA from nucleus to cytosol (4, 5).
Some of the insulin-induced protein kinases and phospha-
tases, such as casein kinase II and protein phosphatase 1,
have been localized in the nucleus (6, 7), although a role of
insulin in regulation of these nuclear enzymes is lacking.
There i1s also a growing, but still very much incomplete,
number of nuclear proteins, such as lamins and numatrin
(B23) (8, 9)! which have been shown to change their phos-
phorylation status after the addition of insulin.

In our recent studies we have identified and partially char-
acterized several nuclear proteins which are able to bind to
DNA and whose phosphorylation changes upon insulin stim-
ulation. Four of the proteins were immunologically related to
lamins while the identity of the others is not known yet.! One
of the DNA-binding phosphoproteins, migrating at 94 kDa,
was dephosphorylated after the addition of high (micromolar)
concentrations of insulin. Nucleolin (C23) is an abundant
nucleolar phosphoprotein which is thought to be involved in
the synthesis, processing, and transport of preribosomal RNA
(10-13). Nucleolin is able to bind to DNA and migrates from
92-110 kDa on SDS gels (11, 13, 14). This raised the possi-
bility that the 94-kDa DNA-binding phosphoprotein observed
in the previous experiments was related to nucleolin, and
therefore, that insulin may induce changes in the phosphoryl-
ation of this protein. In the present report we have evaluated
the effects of insulin on the phosphorylation of nucleolin and
its relationship to insulin-induced changes in ribosomal RNA
transport.

MATERIALS AND METHODS

Chemicals—Cell culture media were obtained from GIBCO. Pork
insulin was purchased from Elanco Products Co. (Indianapolis, IN).
Insulin-like growth factor 1 (IGF-1)* was from Eli Lilly Co. The
chemicals used for polyacrylamide gel electrophoresis were from Bio-
Rad. RNase was from Boehringer Mannheim. L-1-Tosyl-amido-2-
phenylethyl chloromethyl ketone-trypsin was obtained from Wor-
thington Biochemical Co. (Freehold, NJ). Protein-A acrylamide
beads, constant boiling 6 N HCI, and Triton X-100 were obtained
from Pierce Chemical Co. [**P]JPO, (carrier free) and [*H]uridine
were from Du Pont-New England Nuclear. Rabbit anti-nucleolin

' P. Csermely and C. R. Kahn, manuscript in preparation.

? The abbreviations used are: IGF-1, insulin-like growth factor 1;
DRB, 5,6-dichlorobenzimidazole-riboside; dsDNA, double-stranded
DNA; DTT, dithiothreitol; PAGE, polyacrylamide gel electrophore-
sis.
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serum was produced as described by Olson et al. (15). Rabbit v-
globulin was a product of Jackson Immunolaboratories (West Grove,
PA). Nitrocellulose filters (0.45 um) were purchased from Schleicher
& Schuell. All the other chemicals used were from Sigma.

Culture and Differentiation of 3T3-442A Cells—NIH-3T3-442A
cells were grown in Dulbecco’s modified Eagle’s medium with 10%
calf serum in 5% humidified CO, atmosphere. Cells were differen-
tiated in 10% CO; in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum for 12 days or so otherwise indi-
cated. The differentiation was accelerated by the addition of 5 ug/ml
insulin for the first 8 days. By the end of this period, 90-95% of the
cells acquired a characteristic adipocyte morphology accumulating a
large number of lipid droplets. Insulin was removed from the culture
media during the last 4 days of culture in an effort to enhance any
insulin-induced nuclear signals.

2P Labeling of 3T3-442A Cells—Cells were serum starved for 18
h, then the cell culture medium was changed to phosphate-free
Dulbecco’s modified Eagle’s medium, and cells were incubated with
0.3 mCi/ml [**P]phosphate for 2 h. After the addition of insulin or
other stimulants at concentrations specified in the individual exper-
iments, the medium was removed, and the cells were scraped to an
isolation buffer containing 20 mM HEPES, 1 mM ATP, 5 mM MgCl,,
25 mM KCl, 2 mM phenylmethylsulfonyl fluoride, 0.1 mg/ml apro-
tinin, 50 pg/ml leupeptin, 1 mM sodium vanadate, 1 mM sodium
molybdate, 10 mM 8-glycerophosphate, 5 mM sodium pyrophosphate,
0.25 M sucrose, pH 7.4. In agreement with previous findings (186),
preliminary experiments showed that the addition of leupeptin to the
isolation buffer was necessary to prevent the excessive proteolysis of
nucleolin.

Cells were disrupted by the method of Lee et al. (17) passing them
four to five times through a 1-ml tuberculin-syringe with a micro-
fine-IV needle. Cell nuclei were isolated by the method of Blobel and
Potter (18). Samples were centrifuged at 3,000 X g for 15 min at 4 °C,
and the supernatants were transferred to Eppendorf tubes. Fat was
wiped from the walls of the centrifuge tubes with cotton-tipped
applicators, pellets were resuspended in 1 ml of isolation buffer, and
2 ml of isolation buffer supplemented with 1.6 M sucrose was layered
under them. After a centrifugation at 100,000 X g for 35 min at 4 °C
nuclei were resuspended in 0.5 ml of isolation buffer. The nuclear
preparation was 90-95% pure, and the nuclei were more than 95%
intact as judged by marker enzyme analysis and electronmicrography
(data not shown).

Immunoprecipitations—Proteins were extracted from aliquots of
both intact **P-labeled cell nuclei and the postnuclear supernatant
by addition of 400 units of DNase I, 500 units of RNase, 0.6 M NaCl,
and 0.5% (v/v) Triton X-100. The extracts were precleared by the
simultaneous addition of 0.1 mg of rabbit y-globulin and 50 ul of
protein A-beads. Samples were rotated overnight at 4 °C, centrifuged
in a microfuge, and the protein concentration of the supernatants
was determined according to Bradford (19). Anti-nucleolin serum (5
ug) was added to aliquots of protein extracts containing 0.5 mg of
protein, and the samples were incubated overnight at 4 °C. The
immunocomplexes were adsorbed to 30 ul of protein A-beads by slow
mixing for 2 h at 4 °C. Immunoprecipitates were washed successively
with 1 ml each of buffers containing 50 mM HEPES, pH 7.4, supple-
mented with 0.1% (w/v) SDS, 1% (v/v) Triton X-100, and 0.1% (v/
v) Triton X-100, respectively. The final pellets were eluted with
Laemmli buffer (20) containing 100 mM DTT. Samples were boiled
for 3 min, centrifuged in a microfuge, and the supernatants were
analyzed by SDS-PAGE and autoradiography. The results were quan-
tified by a Molecular Dynamics (Sunnyvale, CA) 300A computing
densitometer. The level of significance, p, was determined using the
Student’s ¢ test.

Purification of Double-stranded DNA-binding Proteins—DNA-cel-
lulose chromatography was performed as described by Alberts and
Herrick (21). Briefly, the protein concentration of 2P-labeled cell
nuclei was determined according to Bradford (19). Nuclear proteins
were then extracted from aliquots of nuclei containing 0.5 mg of
protein each by addition of 0.6 M NaCl and 0.5% Triton X-100.
Samples were rotated for 2 h at 4 °C, centrifuged in a microfuge, and
the supernatants were removed and diluted 10 times with a buffer
containing 10 mM HEPES, pH 7.4, 0.1% Triton X-100, and 10%
glycerol. Approximately 20 mg of double-stranded DNA-cellulose
(dsDNA-cellulose) was added, and samples were rotated for 4 h at
4 °C. After washing two times with 1 ml of the same HEPES/Triton/
glycerol buffer, 30 ul of Laemmli sample buffer with 100 mMm DTT
(19) was added to each sample, and the samples were analyzed with
SDS-PAGE and autoradiography.

Insulin-induced Nucleolin Phosphorylation

Phosphoamino Acid Analysis—Phosphoamino acid analysis was
carried out by the method of Cooper et al. (22). The 94-kDa nucleolin
phosphoprotein band was excised from the polyacrylamide gel, soaked
in 20% methanol, digested with the addition of 2 X 100 ug of TPCK-
trypsin in 50 mM ammonium carbonate for 24 h at 37 °C. The tryptic
digest was lyophilized and hydrolyzed in constant boiling 6 N HCI at
110 °C for 70 min. The hydrolysates were washed with 2 X 1 ml of
distilled water and subjected to electrophoresis on thin layer chro-
matography plates at pH 3.5. Plates were dried, stained with ninhy-
drin, and analyzed by autoradiography.

Measurement of RNA Efflux from Isolated Nuclei—Release of RNA
was measured according to the method of Agutter et al. (23). After
differentiation, serum-starved 3T3-442A cells were incubated with
10 «Ci/ml [*H]uridine for 30 min. In the last 15 min of incubation,
insulin was added to the dishes at various final concentrations. Cell
nuclei were isolated as described above with the only difference that
ATP was not included in the isolation buffer. After ultracentrifuga-
tion nuclei were suspended in 0.5 m]l of RNA buffer containing 50
mM HEPES, pH 7.4, 25 mM KCl, 5 mM spermidine, 2 mM DTT, 5
mM MgCl,, 0.5 mM CaCl,, 0.3 mM MnClg, 300 pg/ml yeast RNA, and
0.25 M sucrose. The protein concentration of the samples was deter-
mined according to Bradford (19).

The release of RNA was measured from aliquots of nuclei contain-
ing 0.5 mg of protein each in a final volume of 0.25 ml of RNA buffer
supplemented with 2.5 mM ATP. Nuclei were incubated for 15 min
at 37 °C. Preliminary experiments showed that the efflux of RNA
was linear up to 30 min of incubation. The efflux was terminated by
pelleting the nuclei in a microfuge. To the supernatants, 0.25 ml of
50% trichloroacetic acid was added, the precipitate was centrifuged,
and the [*H]uridine in RNA was measured by liquid scintillation
counting. The level of significance, p, was determined using the
Student’s ¢ test.

Immunoblots—Non-radioactive nuclei were isolated, nucleolin was
immunoprecipitated from aliquots of the nuclear fraction, and the
postnuclear supernatant and the immunocomplexes were purified and
separated with SDS-PAGE as described above. The proteins were
transferred to nitrocellulose filters according to the method of Towbin
(24) in a transfer buffer containing 25 mM Tris, 0.192 M glycine, and
20% (v/v) methanol. Filters were soaked in a 20 mM Tris, pH 7.4,
0.15 M NaCl, 0.5% (v/v) Tween 20, 0.1% bovine serum albumin
blocking buffer for 1 h at room temperature. After overnight incuba-
tion with a 1:200 dilution of rabbit anti-nucleolin serum at 4 °C, the
immunocomplexes were visualized by means of peroxidase-conjugated
anti-rabbit antibodies and subsequent treatment with 4-chloro-1-
naphthol and H;0,.

RESULTS

Concentration Dependence of Insulin-induced Phosphoryl-
ation and Dephosphorylation of Nucleolin—Insulin induces
the phosphorylation of several nuclear proteins in 3T3-442A
cells which are able to bind to double-stranded DNA-cellulose
(dsDNA-cellulose).? In the experiment shown in Fig. 1, there
is a marked insulin-induced phosphorylation of one 48-kDa
and four 62-66-kDa proteins. There is a faint phosphorylation
of a band at 34 and 40 kDa. The phosphorylation of these
proteins shows little variation with the differentiation of 3T3-
442A cells to adipocytes. Examination of the Coomassie Blue-
stained gel reveals no identifiable abundant proteins of these
molecular weights nor a significant change in the amount of
protein migrating in these areas after insulin addition which
suggests that the phenomenon observed is not simply due to
a change in the affinity of some abundant protein toward
dsDNA (data not shown). In separate experiments we ob-
tained evidence that a significant component of the insulin-
induced dsDNA-binding phosphoproteins around 62-66 kDa
are isoforms of lamin C*. The phosphoprotein band at 40 kDa
may correspond to numatrin (B23) which has been recently
identified as an insulin-induced DNA-binding phosphopro-
tein (9, 25).

In nuclei of non-stimulated cells which have been allowed
to differentiate for 4-8 days, there is a phosphoprotein of
about 94 kDa which binds to dsDNA (Fig. 14). Incubation of
cells with insulin (1 M) for 15 min induced a dephosphoryl-
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FiG. 1. Insulin-induced phosphorylation of double-stranded
DNA-binding nuclear proteins. 3T3-442A cells were differen-
tiated as described under “Materials and Methods.” The differentia-
tion of cells was enhanced by the addition of 5 ug/ml insulin for times
indicated. After removal of insulin and serum starvation and labeling
with [**P]phosphate for 2 h, cells corresponding to even lanes (marked
+) were treated with 1 uM insulin for 15 min. **P-labeled nuclei were
isolated from each sample, and 0.5 mg of nuclear proteins were
extracted with 0.6 M NaCl and 0.5% Triton X-100 (see “Materials
and Methods” for details). Protein extracts were diluted 10 times
with a buffer containing 10 mm HEPES, pH 7.4, 0.1% Triton X-100,
and 10% glycerol. Approximately 20 mg of dsDNA-cellulose was
added, and samples were rotated for 2 h at 4 °C. After extensive
washing samples were analyzed with SDS-PAGE and consequent
autoradiography. In the experiment shown in panel B, proteins were
eluted from dsDNA-cellulose with 0.6 M NaCl and immunoprecipi-
tated with anti-nucleolin antibodies as described under “Materials
and Methods.” Panel A, dsDNA-binding nuclear phosphoproteins;
Panel B, dsDNA-binding nuclear phosphoproteins immunoprecipi-
tated with anti-nucleolin antibodies.

ation of this protein. This phenomenon was strongly depend-
ent on the status of differentiation of 3T3-442A cells, the 94-
kDa protein being more prominent and the insulin effect
more evident in cells only after several days of differentiation.
Nucleolin (C23) is an abundant nuclear phosphoprotein which
is able to bind to DNA and migrates approximately 92-110
kDa on SDS gels (11, 13, 14). When the dsDNA-binding
phosphoproteins from the 4- and 8-day differentiated samples
of Fig. 1A were eluted with 0.6 M NaCl, immunoprecipitated
with anti-nucleolin antibodies and subjected to SDS-PAGE,
most of the 94-kDa phosphoprotein band was recovered in
the immunoprecipitates indicating that this band primarily
represents phosphorylated nucleolin (Fig. 1B).

Detailed experiments showed that the concentration de-
pendence of insulin-induced changes in nucleolin phosphoryl-
ation were biphasic (Fig. 2). At subnanomolar concentrations
insulin induced a more than 2-fold increase in the phosphoryl-
ation of the 94-kDa immunoprecipitable nucleolin, while at
high (micromolar) concentrations of insulin, a 70% decrease
in the phosphorylation was observed (Fig. 2). Both the in-
crease and decrease in the phosphorylation of nucleolin at
107" M and 107® M insulin concentrations, respectively, are
significantly different from the control level at p < 0.001 as
determined by Student’s ¢ test.

The amount of phosphorylated nucleolin in the postnuclear
supernatant (open circles in Fig. 2) was relatively minor
compared to that in nucleus and did not show significant
changes after insulin addition. This low amount of phos-
phorylation was due to the low amount of non-nuclear nu-
cleolin as judged by immunoblotting of non-nuclear protein
extracts with anti-nucleolin antibodies (data not shown).

Nucleolin is very sensitive to proteolysis most of which can
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Fig. 2. Concentration dependence of insulin-induced nu-
cleolin phosphorylation. 3T3-442A cells were differentiated, serum
starved, and labeled with [**P]phosphate as described under “Mate-
rials and Methods.” Cells were treated with insulin at final concen-
trations indicated for 15 min. Proteins were extracted from both
isolated cell nuclei and the postnuclear supernatant by addition of
400 units of DNase I, 500 units of RNase, 0.1 mg of rabbit vy-globulin,
50 ul of protein A-beads, NaCl, and Triton X-100 at final concentra-
tions of 0.6 M and 0.5% (v/v), respectively. To aliquots of protein
extracts containing 0.5 mg of protein each ,5 ug of anti-nucleolin
serum was added, and the samples were incubated overnight at 4 °C.
The immunocomplexes were adsorbed to 30 ul of protein A-beads by
rotating them for 2 h at 4 °C. Immunoprecipitates were washed and
analyzed by SDS-PAGE and autoradiography. The 94-kDa nucleolin
bands were quantified by densitometry. In case of nuclear nucleolin
data are mean + S.D. of four separate experiments (filled circles);
data representing the nucleolin band of the postnuclear supernatant
(open circles) are representative of two separate experiments. In the
other two experiments, the cytosolic nucleolin band was too faint to
allow quantification.

be prevented by the protease inhibitor leupeptin (16, 27, 28).
If the isolation and extraction of nuclei were performed in the
absence of leupeptin, only a minor portion of the 94-kDa
phosphoprotein band could be detected. Even in the presence
of leupeptin, we regularly observed an 80-, a 72-, and a 34-
kDa phosphoprotein band in the immunoprecipitates which
were minor, however, compared to the 94 kDa band. Since
these phosphoproteins showed changes similar to those of the
94-kDa phosphoprotein after insulin addition they most likely
represent proteolytic fragments of nucleolin (data not shown).

Time Course of Insulin-induced Nucleolin Phosphoryla-
tion—The time course of insulin-induced nucleolin phos-
phorylation using 0.01 nM insulin is shown in Fig. 3. The
phosphorylation was rapid with half-maximal stimulation
observed at 4 min and a maximum after 15 min of incubation
with insulin. The insulin-induced nucleolin phosphorylation
remained steady until 30 min, then declined after 60 min of
incubation (Fig. 3).

Phosphoamino Acid Analysts of Nucleolin—Insulin induced
the phosphorylation of nucleolin on serine residues (Fig. 4).
When the 94 kDa band was cut from the gel and hydrolyzed,
phosphoserine was the only detectable phosphoaminoacid in
nucleolin immunoprecipitates from 3T3-442A cells (Fig. 4).
This was true of both insulin-stimulated and control cells.

Effect of Insulin-like Growth Factor I and a Casein Kinase
II Inhibitor on Insulin-induced Nucleolin Phosphorylation—
Since 3T3-442A cells have IGF-1 receptors, and insulin is
well-known to cross-react with these receptors at high, micro-
molar concentrations (28), we analyzed the effect of IGF-1 on
the phosphorylation of nucleolin. In contrast to insulin, IGF-
1 failed to stimulate the phosphorylation of nucleolin. How-
ever, IGF-1 did induce the dephosphorylation of nucleolin at
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Fi1G. 3. Time course of insulin-induced nucleolin phos-
phorylation. 3T3-442A cells were differentiated, serum starved, and
labeled with [**P]phosphate as described under “Materials and Meth-
ods.” Cells were treated with 0.01 nM insulin for times indicated.
Cellular proteins were extracted and immunoprecipitated with anti-
nucleolin antibodies as described in the legend of Fig. 2. The 94-kDa
nucleolin bands were separated by SDS-PAGE, and the autoradi-
ograms were subjected to densitometric analysis. Data are mean *
S.D. of three separate experiments.
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FiG. 4. Phosphoamino acid analysis. 3T3-442A cells were dif-
ferentiated, serum starved, labeled with [**P]phosphate, and treated
with 0.01 nM insulin for 15 min. The insulin-induced 94-kDa nucleolin
phosphoprotein band was cut from the SDS gel, and its phosphoamino
acid composition was analyzed as described under “Materials and
Methods.” Data are representatives of two separate phosphoamino
acid determinations.

nanomolar concentrations (Table I), at the same range where
it stimulates glucose uptake in the closely related 3T3-L1
adipocytes (28). The extent of IGF-1-induced nucleolin de-
phosphorylation was similar to the amount of insulin-induced
dephosphorylation at micromolar insulin concentrations. In
addition, coincubation of cells with insulin and IGF-1 at
concentrations of insulin (0.01 nM) which stimulate nucleolin
phosphorylation and concentrations of IGF-1 (1 nMm) which
cause dephosphorylation results in an overall decrease in
nucleolin phosphorylation. This effect is also observed when
higher concentrations of both hormones are present.

As indicated above, IGF-1 and high concentrations of in-
sulin induce the dephosphorylation of nucleolin. Since insulin
is known to induce the activities of protein phosphatases 1
and 2A (7, 29, 30) we were interested in determining which
protein phosphatase may be responsible for the dephospho-

Insulin-induced Nucleolin Phosphorylation

TABLE I

Effect of insulin-like growth factor I and a specific, cell-permeable
inhibitor of casein kinase II on the insulin-induced
nucleolin phosphorylation

3T3-442A cells were differentiated, serum starved, and labeled with
[**P]phosphate as described under “Materials and Methods.” Cells
were treated with various agents indicated in the table for 15 min.
Cellular proteins were extracted and immunoprecipitated with anti-
nucleolin antibodies as described in the legend of Fig. 2. The 94-kDa
nucleolin bands were separated by SDS-PAGE and the autoradi-
ograms were subjected to densitometric analysis. Data are mean *
S.D. of three separate experiments.

Treatment Phosphorylation of nucleolin
-fold of control

Control 1.0 £ 0.1
+ Insulin

0.01 nM 24 +0.2

1 uM 0.4 £0.2
+ IGF-1

0.1 nM 0.9 +£0.1

1 nM 0.6 £ 0.2

10 nM 0.4 +0.2
+ Insulin/IGF-1

0.01 nM, 1 nM 0.6 £0.1

1 nM, 10 nM 0.7 0.1
+ DRB (5 mMm) 0.8 +£0.1
+ DRB/insulin (5 mM, 0.01 nM) 1.2 0:2

rylation of nucleolin. However, we failed in our attempts to
prevent the insulin-induced dephosphorylation of nucleolin
by okadaic acid, a known inhibitor of these phosphatases (31).
Trifluoperazine, an inhibitor of protein phosphatase 2B (31)
was also without any effect (data not shown).

Nucleolin is a good in vitro and in vivo substrate of casein
kinase II (32, 33). Since insulin is known to induce this kinase
in 3T3-L1 cells (30), a cell line closely related to 3T3-442A
cells, we examined if a cell-permeable, specific inhibitor of
casein kinase II, 5,6-dichlorobenzimidazole-riboside (DRB,
35) might be able to inhibit the insulin-induced phosphoryl-
ation of nucleolin. Treatment of 3T3-442A cells with DRB
caused only a slight decrease in the phosphorylation of nu-
cleolin in control cells (the level of significance, p < 0.05).
More importantly, however, DRB efficiently prevented the
insulin-induced increase of nucleolin phosphorylation (p <
0.005, Table I).

Insulin-induced RNA Efflux from Intact Nuclei—Since nu-
cleolin is suspected to be involved in the transport of RNA
through the nuclear membrane (12, 13) and insulin has been
shown to induce the release of RNA from rat hepatocytes
nuclei (5, 36), we investigated the possibility that insulin
induced similar changes in RNA efflux from the nuclei of
differentiated 3T3-442A cells. As is shown in Fig. 5, insulin
induced a substantial increase in the efflux of RNA at sub-
nanomolar concentrations (the level of significance, p < 0.005
at 107" M insulin concentration). The RNA efflux returned
to the control levels with insulin in the nanomolar range and
slightly declined at micromolar insulin concentrations (al-
though this was not statistically significant). The RNA efflux
is ATP dependent since only a minor fraction of the radio-
active RNA observed in the trichloroacetic acid precipitates
of the incubation medium is observed without ATP. The RNA
released was not preferentially enriched in polyadenylated
RNA and exhibited a very low level of binding to poly(U)-
Sepharose (data not shown).

DISCUSSION

Nucleolin (C23) is a 92-110-kDa nucleolar protein thought
to be involved in the regulation of polymerase I transcription,
binding, packaging, and transport of ribosomal RNA (11-13).
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Fic. 5. Concentration dependence of insulin-induced nu-
clear RNA efflux. 3T3-442A cells were differentiated, serum
starved, and labeled with [*H]uridine as described under “Materials
and Methods.” Cells were incubated with insulin at final concentra-
tions indicated for 15 min. RNA efflux was measured from isolated
cell nuclei in 0.5 ml of RNA buffer containing 50 mmM HEPES, pH
7.4, 25 mM KCIl, 5 mM spermidine, 2 mm DTT, 5 mM MgCl,, 0.5 mM
CaCl,, 0.3 mM MnCl,, 2.5 mM ATP, 300 ug/ml yeast RNA, and 0.25
M sucrose for 15 min at 37 °C. Nuclei were pelleted by rapid centrif-
ugation, [*HJuridine-labeled RNA was precipitated with trichloroa-
cetic acid from the supernatant, and its radioactivity was measured
by liquid scintillation counting. Basal RNA efflux was 12 + 3% of
total nuclear radioactivity. Data are mean *+ S.D. of three separate
experiments.

A number of studies indicate that the phosphorylation and
dephosphorylation of nucleolin may play a role in the regu-
lation of these processes (12, 16, 26). In the present study we
report that insulin, which induces the activation of a cascade
of protein kinases and phosphatases (6, 7), elevates the serine
phosphorylation of nucleolin at subnanomolar concentra-
tions, while it effectively promotes the dephosphorylation of
nucleolin at the micromolar concentration range. The dose-
response of the phosphorylation and dephosphorylation of
nucleolin is almost identical with the insulin-induced effects
on the RNA efflux from isolated nuclei suggesting that insu-
lin-induced phosphorylation and dephosphorylation of nu-
cleolin may be a regulator of (ribosomal) RNA transport
through the nuclear membrane.

Insulin promotes the phosphorylation of a 94-kDa nuclear
protein in differentiated 3T3-442A cells which is recognized
by anti-nucleolin antibodies, binds to dsDNA, and in the
absence of leupeptin has proteolytic products of similar mo-
bility on SDS gels as purified nucleolin. These observations
strongly suggest that the insulin-induced 94-kDa phosphopro-
tein is identical with nucleolin (C23). During the preparation
of this article, Suzuki et al. (37) reported that insulin, epider-
mal growth factor, and dexamethasone synergistically induce
the phosphorylation of nucleolin in rat hepatocytes. However,
in these experiments, insulin was always present at high
concentrations (100 nM) and in the presence of epidermal
growth factor and/or dexamethasone. In addition, these
changes in nucleolin phosphorylation were observed only
following long term (8 h) incubations. In the present study
we have shown that insulin alone has dramatic short term
effects.

The dose-response of insulin-induced nucleolin phosphoryl-
ation and dephosphorylation is rather unusual. Half-maximal
phosphorylation of nucleolin is achieved at concentrations of
insulin below 0.01 nM. The dissociation constant of insulin
binding to its receptors in the plasma membrane is 4 nM in
the closely related differentiated 3T3-L1 cells, and insulin
induces half-maximal uptake of deoxyglucose at similar con-
centrations (28, 38). The mechanism of this marked amplifi-
cation of insulin action on the phosphorylation of this nuclear
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protein is not known; however, insulin also induces many of
its other nuclear effects, including stimulation of RNA efflux
and nucleoside triphosphatase activity and alterations of spe-
cific genes such as PEPCK, in the picomolar concentration
range (5, 39, 40).

Micromolar concentrations of insulin induce the dephos-
phorylation of nucleolin. Since IGF-1 has a similar effect at
nanomolar concentrations, insulin may be acting via IGF-1
receptors at these high concentrations. When cells are treated
with both hormones at concentrations of insulin which stim-
ulate nucleolin phosphorylation and low nanomolar concen-
trations of IGF-1, there is a net decrease in nucleolin phos-
phorylation. While insulin and IGF-1 appear to have distinct
differences with respect to phosphorylation of nucleolin, both
hormones have similar effects on the phosphorylation and
dephosphorylation of ppl60/insulin receptor substrate-1, a
primary cytosolic substrate of these receptors in 3T3-L1 adi-
pocytes (41, 51).

Insulin induces the activation of a cascade of protein
kinases including casein kinase II (6, 34). Casein kinase II
preferentially phosphorylates nucleolin both in vitro and in
vivo on serine residues (32, 33). Our observation that the cell-
permeable casein kinase II inhibitor, 5,6-dichlorobenzimida-
zole-riboside (DRB, 35) prevents the insulin-induced serine-
phosphorylation of nucleolin suggests that this effect may be
mediated by casein kinase II. Recently, the phosphorylation
of nucleolin by cdc2 kinase was also reported (42, 43). How-
ever, cdc2 kinase phosphorylates nucleolin on threonine res-
idues, and nucleolin does not seem to be a preferential sub-
strate of cdc2 kinase in whole nuclear extracts of NIH 3T3
fibroblasts overexpressing the insulin receptor (44). Further-
more, the cdc2 kinase is not involved in the insulin-induced
phosphorylation of another closely related nucleolar protein,
numatrin (9). These observations suggest that the effect of
cde2 kinase may be restricted to mitosis, and during inter-
phase the phosphorylation of nucleolin is mediated by casein
kinase II.

Casein kinase II may be also involved in basal phosphoryl-
ation of nucleolin (32, 33). This possibility is not refuted by
the observation that the casein kinase II inhibitor, DRB
caused only a slight decrease in phosphorylation of nucleolin
in non-stimulated 3T3-442A cells (Table I), since the 15 min
of DRB incubation was much shorter than the 2 h of 3P
labeling. Casein kinase II is induced during differentiation of
3T3-L1 cells (45). This induction may explain the increase of
phosphorylation of nucleolin during differentiation of the
closely related 3T3-442A cells (see Fig. 1). This assumption
is further supported by the fact that the level and activity of
casein kinase II are the limiting factors in the phosphorylation
of nucleolin (46) and casein kinase II activity changes parallel
with phosphorylation of nucleolin in growth of human cell
cultures and HelL.a cells (47).

The mechanism of IGF-1 and high concentrations of insulin
to induce the dephosphorylation of nucleolin are less clear.
We did not observe any significant recovery of the phospho-
nucleolin in the presence of okadaic acid or trifluoperoxide,
inhibitors of protein phosphatases 1, 2A, and 2B, respectively.
These results do not necessarily mean that the IGF-1- and
insulin-induced dephosphorylation of nucleolin is mediated
via different protein phosphatases since the high fat content
of adipocytes may significantly diminish the effective concen-
tration of these lipophilic inhibitors (29) and the in vitro
dephosphorylation of nucleolin is rather difficult with any of
protein phosphatases 1, 2A, 2B, or 2C (48). We might observe
a decrease in the nucleolin-associated 3?P label if high concen-
trations of insulin and IGF-1 induced the proteolytic cleavage
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of a small, phosphorylated fragment of the protein from its
COOH or NH; termini. This explanation seems rather un-
likely, however, since nucleolin is phosphorylated on muitiple
sites both in vitro and in vivo (32, 33, 49).

The dose-response curves of insulin-induced nucleolin
phosphorylation and nuclear RNA efflux are almost identical
(cf. Figs. 2 and 5). This suggests that insulin may regulate the
nuclear RNA efflux via changing the phosphorylation status
of nucleolin which is thought to participate in packaging and
transport of ribosomal RNA (11-13). The RNA released is
not polyadenylated and does not bind to poly(U)-Sepharose,
suggesting that it contains a significant amount of ribosomal
RNA. Picomolar concentrations of insulin have been shown
to induce the release of messenger RNA from the nucleus, an
effect which appears to be mediated by the dephosphorylation
and activation of the nuclear envelope nucleoside triphospha-
tase-mRNA carrier complex (5, 39, 50). Thus, it is possible
that insulin induces the release of mRNA and rRNA via
different mechanisms, the former by dephosphorylation of
the mRNA carrier and the latter by phosphorylation of the
“rRNA carrier” nucleolin. Alternatively, the similarity in the
nucleolin phosphorylation and RNA efflux curves simply
reflect a correlation between nucleolin phosphorylation and
the rate of ribosome assembly, including preribosomal RNA
transcription. It is likely that the RNA exiting the nucleus is
in the form of ribosome subunits. Thus, it is possible that
insulin-regulated nucleolin phosphorylation is involved with
the earlier stages of ribosome assembly rather than the later,
transport stages.

In summary, the data of this study provide direct evidence
for effects of insulin at the cell nucleus which occur through
a propagated cascade of phosphorylation and dephosphoryl-
ation. Further studies may reveal a strict subnuclear com-
partmentalization of insulin-induced nuclear protein kinases
and phosphatases and may provide insight as to the role of
these phosphorylation events in the effects of insulin on cell
growth, differentiation, and gene expression.
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