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Insulin regulates the growth and metabolism of most tissues. The hormonal 
potency of insulin results, to a large extent, from its ability to regulate target cells at 
a variety of subcellular sites. For many years, the effects of insulin on membrane 
transport, enzyme activity, and protein synthesis have been studied extensively. Less 
attention, however, was given to how insulin regulates nuclear functions. Recently 
the presence of specific binding sites for insulin on nuclei and nuclear envelopes have 
been documented and characterized. These binding sites have biochemical character- 
istics that are different from insulin binding sites on the plasma membrane. Moreover, 
direct in vitro effects of insulin on messenger RNA (mRNA) metabolism have 
recently been reported. These effects include the stimulation of mRNA efflux from 
intact nuclei, and stimulation of nucleoside triphosphatase activity (NTPase), the 
enzyme that regulates mRNA efflux. Thus, significant insight is now being gained 
concerning the action of insulin on the cell nucleus. 

ACTIONS OF INSULIN ON DNA AND RNA SYNTHESIS 

Insulin in vitro is known to stimulate the growth of cells in tissue culture [ 11. In 
most studies, however, higher than physiological concentrations of insulin are neces- 
sary for this effect [2,3] and it is likely that in many instances insulin is interacting 
with receptors for the varius insulin-like growth factors, such as somatomedin, MSA, 
or nonsuppressible insulin-like activity (NSILA-s) [ 2-41. In a few instances, however, 
physiological concentrations of insulin increase cell division. It has been shown that 
insulin is necessary for the regeneration of liver that follows partial hepatectomy in 
rats and other animals [5 ,6] .  Also, in cultured cells from regenerating rat liver, there 
is evidence indicating that insulin stimulates DNA synthesis [7]. Finally, physiological 
concentrations of insulin stimulte DNA synthesis in H35 hepatoma cells [8]. 
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Insulin regulates RNA levels in many tissues. It is possible that insulin has 
multiple effects on RNA metabolism, including the regulation of transcriptional and 
posttranscriptional events. Effects of insulin on transcription have been reported in 
liver, pancreas, adipose tissue, and mammary gland. Insulin in vivo increases both 
RNA polymerase activity and template activity of liver [9,10] (Table I). Inhibition of 
RNA synthesis by actinomycin has been reported to block the insulin-stimulated 
synthesis of several enzymes in diabetic rats, including fatty acid synthetase, glycogen 
synthetase, hexokmase, phosphofructokinase, and pyruvate kinase [9,11- 131. In liver 
of diabetic rats, insulin administration inhibits the activities of glucose-6-phosphatase, 
fructose-I , 6-diphosphatase, pyruvate carboxylase, and phosphoenolpyruvate car- 
boxykinase; actinomycin D pretreatment of animals also blocks this inhibition [9,11- 
131. 

Insulin also influences mRNA levels both in vivo and in vitro. Recent studies 
have indicated that the production of mRNA for tyrosine aminotransferase [I41 is 
decreased in the liver of the adrenalectomized rat, and albumin [15], fatty acid 
synthetase [ 161, and azU globulin [ 171 are decreased in the liver of diabetic rats. These 
diminished levels of mRNA can be restored by insulin administration in vivo. In the 
adrenalectomized rat, insulin causes a generalized increase in mRNA content [ 141. 

Administration of insulin to diabetic rats both restores diminished pancreatic 
acinar cell amylase levels [ 18,191 and reduces increased trypsinogen levels; actino- 
mycin treatment blocks this effect [ 191. Further, amylase mRNA levels fall dramati- 
cally in the pancreas of diabetic rats and this fall is rapidly reversed by insulin 
administration [20] (Fig. 1). 

In adipose tissue, insulin in vivo has been shown to stimulate the synthesis of 
hexokinase I1 via the formation of new RNA [ 11,21,22]. Moreover, insulin stimulates 
the activity of glucose-6-P-dehydrogenase, phosphofructose lunase, and pyruvate 
kmase [ 11,21,22]; these effects are blocked by the administration of actinomycin D. 
It has been reported that insulin in vitro increases lipoprotein lipase activity in 3T3- 
L, fibroblasts [23] in part by nuclear regulation. 
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Fig. 1. 
from Korc et al [20]. 

Effect of insulin injections on pancreatic amylase mRNA levels from diabetic rats. Adapted 
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In mammary glands, insulin in vitro activates RNA synthesis, stimulates RNA 
polymerase activity, and stimulates the phosphorylation of histone and nonhistone 
proteins [24-271 and increases mRNA levels [28]. 

BINDING SITES FOR INSULIN ON NUCLEAR ENVELOPES AND PLASMA 
MEMBRANES 

Specific binding sites for insulin on purified liver plasma membranes were first 
demonstrated by Freychet et a1 [29] and have now been described in many cell types 
[30]. The major characteristics of insulin binding to these receptors are listed in Table 
II. In addition to these cell surface binding sites, other insulin binding sites have also 
been described on intracellular structures, including nuclei [3 1-36] and nuclear 
membranes [37-391, smooth and rough endoplasmic recticulum [3 1,341, and Golgi 
apparatus [40]. 

Specific binding sites for insulin on purified rat liver nuclei free of other cellular 
components were first described by Horvat and coworkers [31] and then confirmed 
both in our laboratory [32,34] and that of Goidl [33]. In addition, specific nuclear 
binding sites have been detected in thyroid nuclei [35,36]. The major site of insulin 
binding to the nucleus is the nuclear envelope [37-391. When whole nuclei are 
incubated with native insulin followed by an immunofluorescence procedure, fluores- 
cence is detected only on the nuclear surface [38]. Further, when nuclei are first 
incubated with '251-labeled insulin and then subfractionated, most of the specific 
hormone binding is seen with the nuclear membrane fractions [37]. In addition, when 
nuclei are incubated with high concentrations of detergent to remove both layers of 
the nuclear envelope, binding is either reduced or eliminated. Finally, insulin does 
not bind directly to DNA or histones, but does bind directly to purified nuclear 
membranes [37,38] (Figs. 2-4). 

TABLE I. Influence of Insulin on mRNA Levels in Liver and Other tissues [14-17,20,28] 

Liver 
1. albumin 
2. TAT (tyrosine aminotransferase) 
3. fatty acid synthetase 
4. cr2" globulin 

Pancreas 
1. amylase 

Mammary gland 
1. casein 

TABLE 11. Characteristics of Insulin Binding to Cellular Membranes 

Plasma Nuclear 

High salt optimum Yes no 
Alkaline pH optimum Yes no 
Negative cooperativity Yes no 
Antireceptor antibody Yes no 
Low temperature stability Yes no 
Insulin degradation Yes no 
Regulation by exogenous insulin Yes Yes 
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The binding of insulin to nuclear membranes, like its binding to plasma mem- 
branes, fulfills the requirements of a hormone receptor. It is rapid, reversible, of high 
affinity, and hormone-specific (Fig. 2). Two insulin analogues with decreased biolog- 
ical potencies, proinsulin and desoctapeptide insulin, were less effective in both 
nuclear and plasma membranes. The characteristics of insulin binding to the nuclear 
membrane differ, however, in a number of respects from the characteristics of insulin 
binding to plasma membrane (Table I). Studies of insulin binding to liver plasma 
membranes have revealed two classes of binding sites [30]. In our studies of insulin 
binding sites to nuclear membranes prepared by the methods of Kashnig and Kasper 
[41], two orders of binding sites were seen but with lower affinities (& 5.6 nM, 65 
nM) than that seen on the plasma membrane (Kd 0.5 nM, 10 nM) (Fig. 3). Both 
plasma membranes and nuclear membranes, however, have similar total insulin 
binding capacities (ca. 2 nmol/mg protein). Horvat [38], studying nuclear membranes 
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Fig. 2. 
insulin, proinsulin, and desoctapeptide insulin. 

Inhibition of '251-insulin binding to nuclear (top) and plasma membranes (bottom) by native 
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prepared by RNAase and DNAase digestion, reported only one class of binding sites 
for insulin on nuclear membranes having a & of 3 nm. In liver and other tissues, the 
binding of insulin to plasma membranes has three distinctive characteristics [30,37,38]: 
a sharp pH optimum of 8.0, enhanced binding in the presence of high concentrations 
of NaC1, and an enhanced dissociation of labeled insulin in the presence of unlabeled 
insulin which may be due to negative cooperativity. When the characteristics of 
insulin binding in nuclear membranes were examined, we found that the pH optimum 
was between 7.0 and 7.5, that there was no enhanced binding in the presence of NaCl, 
and that addition of unlabeled insulin did not enhance the dissociation rate of labeled 
insulin (Fig. 4). Moreover, Horvat did not find any indication of negative cooperativ- 
ity of insulin binding to nuclear membranes [38]. 

In the serum of patients with severe insulin resistance and acanthosis nigricans, 
there are antibodies to the plasma membrane insulin receptor, and preincubation of 
plasma membranes with these antibodies blocks the subsequent binding of insulin 
(Fig. 5 )  [39]. This inhibition of binding by these antibodies can be demonstrated with 
insulin receptors from a variety of species and tissues. These antibodies, however, do 
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Vigneri et al 1371. 

Scatchard plot of insulin binding to plasma membranes (a) and to nuclear membranes (b). From 
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Fig. 4. (a) Effect of pH on the specific binding of 1251-insulin to plasma membranes and nuclear 
membranes. (b) Effect of high concentrations of NaCl on the binding of insulin to plasma membranes 
and nuclear membranes. (c) Lack of effect of unlabeled insulin to enhance the dissociation of '251-insulin 
from nuclear membranes (absence of negative cooperativity) as compared to plasma membranes. From 
Vigneri et al [37]. 
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not bind to receptors for other hormones, such as glucagon, and growth hormone 
[39]. When we preincubated this antiserum with nuclei, there was little inhibition of 
the subsequent binding of labeled hormone [39]. This finding suggested that the 
insulin binding sites in the nuclear envelope are proteins separate fom the insulin 
binding sites on the plasma membrane. Another possibility is that they are the same 
binding site, but that the different milieu of the nuclear membrane significantly alters 
the characteristics of insulin binding. For instance, the lipid composition of nuclear 
membranes, especially the cholesterol content 1421, is markedly different from that 
of plasma membranes. Since the lipid environment of the plasma membrane causes 
alterations in insulin binding [42], there is little support for the latter hypothesis. 

In contrast to the above results, Bergeron et a1 [40] have not been able to detect 
specific insulin binding sites on rat liver nuclei and have suggested that insulin binding 
to nuclei and nuclear envelopes is the result of the contamination of these preparations 
with plasma membranes. Several lines of evidence, however, make this possibility 
very unlikely. First, the characteristics of insulin binding to nuclear membranes are 
different from those for plasma membranes (Table I). Second, marker enzymes of the 
plasma membrane, such as S’nucleotidase and (Na+,K+)ATPase, are very low in 
nuclei and nuclear membranes [31-33,37,41]. Third, plasma membranes, but not 
nuclear membranes, readily bind glucagon, a hormone that acts at the plasma mem- 
brane [37]. 

STRUCTURE OF THE NUCLEAR ENVELOPE 

The nuclear envelope is a bilayered membrane structure that separates the 
nucleoplasm and cytoplasm of eukaryotic cells. The outer nuclear envelope is associ- 
ated with the endoplasmic reticulum and the inner nuclear membrane is intimately 
associated with the peripheral heterochromatin [43,44] (Fig. 6). It is known that small 
molecules can freely enter into and exit from the nucleus [44,45]. There is, however, 
evidence that the translocation of RNA and other macromolecules to and from the 
nucleus may proceed via a more complicated mechanism [MI. Thus it is likely that 
the nuclear envelope has more than a passive role in nuclear cytoplasmic interactions. 

N 
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Fig. 5 .  The effect of preincubation with an antiserum to the plasma membrane insulin receptor on the 
subsequent specific binding of 1251-labeled insulin to isolated nuclei (Nu), rough (RER) and smooth 
(SER) endoplasmic reticulum, and plasma membranes (PM). Adapted from Goldfine et al [39]. 
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Pores filled with a unique structure termed the nuclear pore complex are 
dispersed throughout the nuclear envelope (Fig. 6). The nuclear pore complex has a 
double annulus, each annulus having eight peripheral subunits of approximately 250 
A in diameter [43,44]. In addition, there is a central granule between the double 
annuli (Fig. 6). The nuclear pore complex is attached to both the inner and outer 
nuclear envelope, but the nuclear pore complex is not covered on its inner surface by 
heterochromatin. Further, it has been postulated that both the central granule and 
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Fig. 6. 
of the nuclear envelope. 

Schematic drawing of the nuclear envelope. Nuclear pores can be seen joining the two layers 
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Fig. 7. Major sites of mRNA processing. 
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peripheral subunits are hollow tubes. Thus the nuclear pore complex could play a role 
in the nuclear cytoplasmic translocation of mRNA. 

RELATIONSHIP BETWEEN mRNA EFFLUX AND NUCLEAR MEMBRANE 
NTPase 

In order to understand the mechanism of mRNA transport from the nucleus, 
rats have been injected with radiolabeled orotic acid or uridine and the efflux of 
labeled RNA from isolated nuclei into a surrogate cytoplasm studied [46-49]. Most 
investigators have employed nuclei from liver. Many criteria suggest that the nature 
of the transported RNA (including size, base and poly(A)content, activity in directing 
protein synthesis, incorporation into polysomes, and inclusion into specific RNP 
particles) under the conditions studied is mRNA [46-48]. 

RNA transport in vitro involves both intranuclear RNA processing and subse- 
quent efflux (Fig. 7). A source of high energy phosphate is necessary for transport, 
but not processing [46-481. One high energy phosphate bond is hydrolyzed to 
transport one nucleotide of mRNA. Studies indicate that the high energy phosphate 
specificity is not highly selective since ATP, UPT, CTP, and GTP are all effective 

There is considerable evidence that a nuclear triphosphatase (NTPase) provides 
the energy for the transport of mRNA. For instance, the activation energy for RNA 
transport is 13 kcal/mol and for NTPase activity is 13.3-13.8 kcal/mol [47]. Further, 
the affinities of ATP for both NTPase activity and facilitated RNA transport are 
similar. Also, cyclic AMP stimulates both functions whereas NaF inhibits them [46- 
481. Finally, trypsin treatment of nuclei inactivates both functions 1481. Histocyto- 
chemical studies from our laboratory indicate that this enyzme is located throughout 
the nuclear envelope [47]. Others, however, have suggested that this enzyme resides 
in the nuclear pore [48]. 

(46-481. 

INSULIN ACTION IN ISOLATED NUCLEI AND NUCLEAR ENVELOPES 

In view of the influence of insulin on mRNA levels in liver, several studies have 
been carried out in vitro with isolated nuclei and nuclear envelopes. Schumm and 
Webb [50] measured mRNA transport from liver nuclei of normal rats prelabeled 30 
min in vivo with [14C]orotic acid and found that the direct addition of insulin in vitro 
to their nuclei markedly enhanced mRNA transport [50]. In these studies, however, 
higher than physiological levels of insulin were needed (100 nM). We have modified 
their methods by both eliminating liver cytosol and using diabetic rats. We now find 
that in vitro insulin as low as 1 pM can stimulate mRNA efflux (Fig. 8). 

In light of the observations that insulin may directly stimulate nuclear mRNA 
efflux and that nuclear membrane NTPase activity is necessary for this function, we 
investigated whether insulin directly influenced nuclear membrane NTPase activity. 
Highly purified nuclear membranes were prepared by the method of Monneron [51]. 
In these membranes we found that basal nuclear membrane NTPase activity was 
higher in liver of normal rats than in liver from hypoinsulinemic diabetic rats [52]. 
Moreover, the direct addition of insulin to purified nuclear envelopes of liver from 
diabetic rats stimulated NTPase activity. An effect was detectable at 1 pM and 
maximal effects were seen at 10-100 pM (Fig. 9). Other studies indicated that insulin 
increased the V,, of the enzyme [52]. 
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Effect of insulin on stimulation of [I4C]RNA release from isolated liver nuclei obtained from 
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Fig. 9. Effect of insulin on stimulation of NTPase activity in liver nuclear envelopes from diabetic 
rats. Nuclear membranes, 100 F g  protein/ml, were incubated with 1 mM [y-'?P]ATP and insulin for 10 
min at 37°C and the hydrolysed 32P measured [471. 

CONCLUSION 

The nuclear envelope contains specific high affinity binding sites for insulin. 
Moreover, the nuclear envelope and its pore complex play a major role in the transport 
of mRNA from the nucleus. Recent studies indicate that insulin directly stimulates 
the release of mRNA from isolated nuclei. In addition, insulin directly stimulates 
nuclear envelope NTPase, the enzyme that regulates mRNA efflux. These observa- 
tions raise the possiblity, therefore, that insulin may regulate nuclear functions by 
acting at the nuclear surface. 
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