Br. J. Cancer (1988), 58, 549-555 © The Macmillan Press Ltd., 1988

GUEST EDITORIAL
The role of protein phosphorylation in the control of cell
growth and differentiation

J.M. Lord, C.M. Bunce & G. Brown
Department of Immunology, University of Birmingham, Edgbaston, Birmingham Bl5 2TJ, UK.

The biochemistry of cellular processes which determine differential gene activities relating to cell and
DNA replication or the expression of a differentiated phenotype is at present unclear. In particular, an
understanding of the mechanisms that ensure the correct coupling of growth and differentiation in
normal cells is essential, as these events may be altered in malignancy (Greaves, 1982). The essence of
these problems is how might biochemical events which modify diverse but interrelated processes be co-
ordinated within cells? In this article, we would like to suggest that there is a unifying set of control
mechanisms; the mechanism acts initially at the plasma membrane to translate the signals for growth or
differentiation into intracellular messages, then further conveys signals to the nucleus and ultimately
modulates processes such as DNA replication and gene expression. The covalent modification of
proteins, by the addition or removal of one or more phosphate groups at specific amino acid residues,
occurs at every stage in the transduction of an extracellular signal into a nuclear event. These
phosphorylations are known to alter the function of the proteins in various ways. These include
alterations in affinity (Km) and activity (V,,;) in the case of enzymes (Krauss et al., 1987), changes in
the affinity of receptors for their ligands (Rackoff et al., 1984; Takayama et al., 1984), increased
susceptibility to proteolytic enzymes (Pontremoli et al., 1987a), changes in solubility (as in the case of
cytoskeletal elements; Pontremoli ez al., 1987b) or the subcellular location of proteins (Sato et al., 1986),
and modulation of protein-protein (Fox & Phillips, 1982) and protein-DNA (Montminy & Bilezikjian,
1987) interactions.

The protein kinases, which phosphorylate cellular proteins, are regulated by a host of co-factors and
have a wide variety of substrates. The variety of protein kinases include major families of cyclic
nucleotide-regulated protein kinases A and G (Burgess & Yamada, 1987; Glass & Krebs, 1979) and
calcium/phospholipid-regulated protein kinases C (Coussens et al., 1986). In addition, there are kinases
regulated by small polypeptides (protein kinase P) (Yanagita er al., 1987), metabolites such as
3-phosphoglycerate (Ueda & Phagens, 1987) and binding of ligands to receptors with intrinsic kinase
activity (tyrosine kinases) (Sibley er al., 1987). A variety of cellular processes are potential targets for
modulation by these enzymes. Substrates for protein kinases include growth factor receptors (Rackoff et
al., 1984; Bollag et al., 1986), a- and S-adrenergic receptors (Leeb—Lundberg et al., 1985; Benovic et al.,
1985), enzymes such as glycogen synthase (Schlender et al., 1969) and kinases (Cohen, 1973; Gould et
al., 1985) and a wide variety of cytoskeletal (Clari et al., 1976; Daniel & Adelstein, 1976; Sefton et al.,
1981; Gould et al., 1986; Hernandez et al., 1987; Pontremoli et al., 1987a) and nuclear (Masaracchia et
al., 1977; Zajac, 1984; Friedman et al., 1985; Woodgett et al., 1986) proteins.

Events at the plasma membrane

Events at the plasma membrane which translate extracellular signals into intracellular ‘messengers’ have
been reviewed in detail previously (Sibley ez al., 1987). Briefly, the response of a cell to an extracellular
signal, be it a growth or differentiation factor, hormone or drug, is initiated by binding to specific
plasma membrane receptors. Binding of extracellular factors to receptors leads to the generation of
intracellular ‘second messengers’, which is mediated by guanine nucleotide regulatory proteins (G
proteins) in a wide variety of systems (Stryer & Bourne, 1986). G proteins are known to control the
activity of the enzyme adenylate cyclase (Gilman, 1984); which regulates intracellular levels of cyclic
adenosine monophosphate (CAMP). In instances where binding of ligands to receptors leads to
hydrolysis of inositol containing lipids, G proteins control the activity of phosphoinositidase C
(Cockcroft & Gomperts, 1985), which hydrolyses the inositol lipid, phosphatidylinositol bisphosphate.
This gives rise to diacylglycerol (DG) and inositol 1,4,5-trisphosphate. The latter mobilises Ca2* within
cells. The above changes in the levels of CAMP, free Ca2* and DG directly affect the activities of
cAMP-activated protein kinases (PKA), Ca?*/calmodulin-activated protein kinases and Ca?*/DG-
activated protein kinases (PKC), respectively.
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Protein phosphorylation plays an important role in the initial transduction of extracellular signals at
the plasma membrane in that the activity and subcellular distribution of the receptors can be altered by
receptor phosphorylation (for recent review see Sibley et al., 1987). Furthermore, G proteins themselves
can be phosphorylated, which may also lead to the desensitization of receptors (Sibley & Lefkowitz,
1985).

As described above, the intracellular signals generated by the binding of a ligand to its receptor act as
‘second messengers’ which activate protein kinases. Binding of ligands to receptors which regulate quite
different cellular functions, such as growth, differentiation, secretion or responses to hormones generate
the same kinase activators. Thus, how is the initial extracellular signal interpreted within the cell as a
signal for growth or for the elicitation of an hormonal response? This leads to the question: Do the
protein kinases and their substrates determine the propriety of the cellular response? Furthermore, the
cellular response involves a complex and varied set of interrelated events within different cell
compartments. In the past, the above considerations have led to a conceptual difficulty in understanding
how activation of a limited number of kinases can mediate and control the diverse cellular processes,
within various cell compartments, concerned with growth and other events as had been suggested for the
protein kinases (Nishizuka, 1984; Downes & Michell, 1985).

A major advance in this area has been the identification of multiple isoforms of the major protein
kinases (Shenolikar et al., 1986; Coussens et al., 1986, Burgess & Yamada, 1987). The isoforms show
restricted tissue (Brandt et al., 1987; Pelosin et al., 1987) and subcellular (Henriksson & Jergil, 1979;
Elias & Stewart, 1985) distributions suggesting that the protein kinase isoenzymes have specific cellular
functions. Furthermore, the function of kinases can be altered upon activation, since their subcellular
distribution can change giving access to different substrates. For example, PKC is translocated from the
cytosol to the plasma membrane upon activation (Kraft & Anderson, 1983) and indeed many of the in
vivo substrates for PKC are either integral membrane proteins or have a close association with the
membrane (Woodgett ez al., 1986). It is now possible to envisage that the initial, precise extracellular
signal leading to a complex, appropriate cellular response can be encoded throughout the cell by the
pattern of specific protein kinases and their substrates within various cell compartments. The outcome is
restricted and thus predetermined by the availability and levels of particular kinase isoforms and their
substrates within cells. The rest of this article will consider how protein phosphorylation plays vital roles
in controlling various events within the cytoplasm and the nucleus.

Events within the cytoplasm

An important role of protein kinase translocation upon activation may be the conveyance of a signal
through the cytoplasm to the nucleus. For example, when 3T3-L1 cells are treated with 12-O-tetra-
decanoylphorbol-13-acetate (TPA), a known PKC activator (Castagna et al., 1982), PKC becomes
associated with nuclear membranes (Halsey et al., 1987). TPA stimulates the growth of 3T3-L1 cells and
inhibits their spontaneous differentiation (Diamond et al., 1980). In the case of leukaemic and
fibroblastic cell lines treated with inducers of differentiation, PKC is translocated to the plasma
membrane. This translocation was reported to be absent in lines which do not respond to inducers of
differentiation. In these lines, as in proliferating 3T3-L1 cells, PKC was redistributed to the perinuclear
region and the nucleus (Girard et al.,, 1987). In contrast to PKC, PKA is translocated to the nucleus
when HL60 cells are induced to mature towards neutrophils and monocytes, a response not seen in
differentiation-resistant sublines (Elias & Stewart, 1985). Hence, subcellular translocation of kinases
occurs during both growth stimulation and the initiation of differentiation. The direction of trans-
location of particular kinases appears to be specific to each of these processes.

Exactly how protein kinase translocations are achieved, and the role of cytosolic elements in the
process is unclear. Cytoskeletal proteins are also known to be phosphorylated resulting in alterations in
their solubility (Pontremoli et al., 1987b) and interactive characteristics (Fox & Phillips, 1982). It may be
that reorganisation of the cytosol matrix plays an important role in protein kinase translocation: the
protein kinase may ‘walk’ along the cytoskeleton. Alternatively, the phosphorylations of cytoskeletal
proteins may control mechanical functions which are merely accessory to growth or secretory responses.

Events within the nucleus

Many of the co-factors for key protein kinases exist in the nucleus and their levels change in response to
factors which affect cell growth and differentiation. For example, levels of calcium appear to be
regulated separately in the nucleus (Williams, 1987) and, recently, Cocco and co-workers (Cocco et al.,
1988) have shown that inositol lipid turnover occurs within the nucleus. The phospholipids themselves
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or inositide-derived molecules may play a role in intranuclear signalling. In particular, the turnover of
phosphatidylinositol bisphosphate was highly dependent on the differentiation status of the cell, being
greatly increased in differentiated Friend cells compared with uninduced, growing cells.

Several protein kinases have been identified in the nucleus (Elias & Stewart, 1985; Capitoni et al.,
1987; Girard et al., 1987). As mentioned previously, nucleosolic levels of PKA have been shown to
change in response to inducers of differentiation (Elias & Stewart, 1985) and Capitoni and co-workers
have identified PKC tightly bound to rat liver nuclear components (Capitoni et al., 1987). At present, it
is not clear whether nuclear protein kinases represent a separate population, distinct from their cytosolic
counterparts. In the case of PKC, a proteolytically cleaved form (PKM), can be generated at the plasma
membrane which does not require calcium and phospholipid for activity (Kishimoto et al., 1983). PKC
is rendered more susceptible to this proteolytic cleavage by autophosphorylation (Parker et al., 1986).
PKM has been identified in association with nuclear structures and nuclear substrates for the kinase
have also been demonstrated (Misra & Sahyoun, 1987). Relocation of PKM to the nucleus gives the
enzyme access to a novel and spatially restricted substrate population. There is also evidence that
protein kinase substrates are relocated to the nucleus upon phosphorylation, therefore affecting their
function. A 350 kiloDaltons (kD) fibroblast protein, an analogue of microtubule-associated protein 1
(MAP1), translocates to the nucleus when phosphorylated (Sato et al., 1986).

The co-ordinated action of protein kinases and protein phosphatases within the nucleus may be the
key factor in controlling differential gene expression during cell growth and differentiation. Gene
expression may be modulated by several routes. These include: changes in the activity of DNA
replication and transcription enzymes (Krauss et al., 1987; Chuang et al., 1987), alteration of DNA
topology (Sahyoun et al., 1986) and regulation of the association of transcriptional control proteins with
specific DNA sequences (Montminy et al., 1987). Protein phosphorylation may be the regulatory
mechanism operating in each of these cases. DNA polymerase alpha (Krauss er al, 1987) RNA
polymerases I and II (Rose et al., 1981; Chuang et al., 1987) and topoisomerases I and II (Durban et
al., 1983; Ackerman et al., 1985; Sahyoun et al., 1986) are all phosphoproteins whose activity is related
to their state of phosphorylation.

A general increase in the activity of DNA replication and transcriptional enzymes would presumably
be insufficient to elicit the activation, suppression or amplification of specific genes that is associated
with cell growth or differentiation. The majority of genes in a cell can be considered as ‘housekeepers’
and therefore it is the activity of only a few that would presumably require modulation to control the
growth and differentiation status of the cell. There are no data to suggest that phosphorylation of either
DNA polymerase alpha or RNA polymerases results in preferential binding of these enzymes to specific
DNA sequences. If these enzymes do play a role in differential gene expression, during cell growth and
differentiation, then their increased activity has to be targetted, for example, by specific alterations in
DNA structure (see below).

DNA polymerase alpha, which is thought to be the sole enzyme responsible for eukaryotic DNA
replication, increases its levels of activity and fidelity 2-3-fold when phosphorylated (Krauss et al.,
1987). This enzyme is a substrate for PKC, thus suggesting a crucial role for PKC in affecting DNA
replication during cell growth (Krauss et al., 1987). Of further interest is to what extent specific gene
amplifications play a role in modulating the growth and/or differentiation of cells. Early studies of
multi-drug resistant cells, showing gene amplification and alterations in the cells growth and differentia-
tion (Biedler er al., 1983), suggest that gene amplification may play a role in these processes.
Furthermore, bromodeoxyuridine, which is an inducer of HL60 differentiation, produces gene ampli-
fication at specific nucleotide sequences (Bisuras et al., 1984). Yen & co-workers (Yen et al., 1987) have
shown that terminal differentiation of HL60 cells depends on a specific event in the S-phase of cell cycle
which is associated with DNA replication and may involve gene amplification. An important
consideration is how might appropriate genes be amplified? In this respect, specific DNA strand breaks
may facilitate limited gene amplification. Sachs and co-workers have shown that factors which induce
the differentiation of myeloid precursors to macrophages or granulocytes (DF MG1-2) bind to double-
stranded DNA (Weisinger et al., 1986) and either DF MG1-2 or a protein which is very tightly bound
to these molecules cause single strand breaks in DNA (Weisinger et al., 1986).

Modulation of RNA polymerase activity by enzyme phosphorylation may also play an important role
in differential gene expression. RNA polymerase II is phosphorylated at its 180 kD subunit, which
contains the DNA binding domain (Chuang & Chuang, 1987). This results in an increase in enzyme
activity and in its affinity for DNA. Both the phosphorylated polymerase and the native enzyme show a
preference for using single stranded DNA sequences as a template for transcription (Chuang et al.,
1987). It is interesting to speculate that specific myeloid differentiation factors, which cause single strand
DNA breaks as mentioned above, may produce appropriate single stranded DNA sequences which are
then preferentially transcribed.

Alterations in DNA topology have also been implicated in the control of differential gene expression
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(Sahyoun et al., 1986). Protein phosphorylation may be a key factor in this process. Topoisomerase 1
and II are both phosphoproteins whose activity is regulated by phosphorylation (Durban et al., 1983;
Ackerman et al., 1985). By altering DNA structure, topoisomerases may play a role in the assembly and
relaxation of nucleosomes, such as c-myc and c-fos, respectively, which occurs during HL60 cell
differentiation (Chou er al., 1986). Of particular interest are reports in the literature that PKA binds
directly to DNA (Shabb & Miller, 1986) and that the regulatory subunit of PKA has topoisomerase I
activity (Constantinou et al., 1985).

The binding of transcriptional control factors to DNA will play vital roles in governing differential
gene activity. Multiple transcriptional control DNA elements exist within each gene (Breathnach &
Chambon, 1981; Serfling et al., 1985) which thus allows control by more than one DNA-binding protein
factor. Each protein recognises a distinct nucleotide sequence (Dynon & Tjian, 1985) and, furthermore,
the control factors appear to be specific for the receptor initially activated. For example, expression of
the c-fos gene is increased 10-fold by a DNA-binding protein which is specifically induced by platelet
derived growth factor (Hayes et al., 1987). The binding of a transcriptional control protein to a gene
control sequence can have quite different effects on the level of expression of that gene. Again in the
case of c-fos, one DNA-binding protein, induced by growth factors, increases the expression of c-fos,
whereas two other DNA-binding proteins control the basal level of c-fos expression (Gilman et al.,
1986).

At present, it is unclear to what extent there is control of DNA-binding proteins by phosphorylation.
Particular protein kinases have been implicated in the control of metallothionein gene expression. The
human metallothionein I, gene control region binds two transcription factors, AP-1 and AP-2. AP-1
mediates transcriptional activation in response to signalling pathways involving PKC and AP-2 mediates
responses involving PKC and PKA (Imagawa et al., 1987). A transcriptional control factor for the
somatostatin gene has been characterised recently that is a 43kD protein which binds to the gene
promotor region only when phosphorylated (Montminy & Bilezikjian, 1987). This study sets an
important precedent for other studies which may reveal a general role for protein phosphorylation in
regulating the binding of transcriptional proteins to gene control elements.

As described above, the presence of protein kinases within the nucleus and the fact that key
regulatory enzymes and proteins are phosphoproteins suggests an important role for protein phos-
phorylation in regulating differential gene activity. It is likely that particular protein kinases and
phosphatases activated within the nucleus will use slightly different methods of affecting gene
transcription. It is interesting to speculate that PKC(s) may operate by modulating the activity and
affinity of enzymes. DNA polymerase alpha, RNA polymerase II and topoisomerase II are all PKC
substrates (Krauss et al., 1987; Chuang et al., 1987; Sahyoun et al., 1986). PKA(s) on the other hand
may exert its control via the phosphorylation of DNA binding proteins, such as the somatostatin gene
control element (Montminy & Bilezikjian, 1987).

Differential kinase activity during cell growth and differentiation

Having outlined the protein phosphorylations which can occur at the various stages in the transmission
of a growth or differentiation signal from the plasma membrane to the nucleus, it is important to
consider whether differential phosphorylation can be correlated with the growth or differentiation status
of cells. Phosphorylation reactions per se can be correlated with the modulation of cell growth and
differentiation. During the differentiation of the promyeloid cell line HL60 and the early erythroid line
K562 there is a net decrease in protein tyrosine phosphorylation (Frank & Sartorelli, 1986; Richardson
et al., 1987). Studies of the yeast Saccharomyces cerevisae have shown that phosphoproteins predomi-
nant in proliferating cells were phosphorylated on serine residues. Phosphoproteins whose presence
correlated with growth arrest were phosphorylated on serine and threonine residues (Tripp et al., 1986).

Specific phosphorylation events associated with cell growth and differentiation have also been
described. Cyclin (Celis et al., 1984), dividin (Celis & Nielsen, 1986) and 1EF 59d1 (Nielson et al., 1987)
are phosphoproteins that are mainly present within cells during the S-phase of cell cycle and are
postulated to play important roles in the regulation of DNA replication and cell division (Nielson et al.,
1987). Studies of variant lines derived from the promyeloid cell line HL60, which show differing
capacities for neutrophil and monocyte differentiation, have identified phosphoproteins which appear to
play a role in the acquisition of these potentials (Bunce et al., 1988). The variant lines have been
postulated to typify stages in a developmental sequence in which the potentials for neutrophil and
monocyte differentiation are expressed sequentially, within HL60 cells, in that order (Brown et al., 1985,
1987). Phosphoprotein patterns obtained for variant lines suggest that the postulated sequential
expression of potentials may relate to a programmed and sequential expression and/or activation of
appropriate protein kinases and phosphatases (Lord et al., 1988).
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Concluding remarks

Growth factors or inducers of differentiation initially interact with specific receptors and regulate cell
behaviour via perturbation of nuclear function. These effects are produced by only a small number of
intracellular and intranuclear ‘second messengers’. As discussed above, the initial environment of the
receptor-coupled kinase, the precise nature of available protein kinases, phosphatases and their
substrates together with their subcellular distribution will determine the final outcome. In both the
cytosol and the nucleus, protein kinases have a variety of substrates allowing control over a wide range
of processes.

In conclusion, growth and differentiation are associated with alterations in a complex and varied set
of cellular processes which require appropriate patterns of gene expression. As to how genes and
chromosomes are organised within the nucleus and are either available or inaccessible for regulation and
transcription are key issues which are, as yet, unresolved. However, this consideration raises two further
questions. Which genes are vital to control cell growth and differentiation and how does the pattern of
expression of these genes give rise to a pattern of functional activity within cells which is required for
cell growth or cell differentiation when external signals are encountered? The activity of key proteins
involved in growth and differentiation processes is regulated by their phosphorylation state and thus the
co-ordinated action of protein kinases and phosphatases. We would suggest that the expression of genes
encoding particular kinase and phosphatase isoenzyme forms may determine the proliferative state and
differentiation potential of a cell. It is through the identification of these protein kinases, phosphatases
and substrates and the genetic events modulating their expression through successive cell divisions, that
an understanding of cell growth and differentiation and their uncoupling in malignancy will be gained.
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We are extremely grateful to Bob Michell, Department of Biochemistry, for invaluable discussions on this manuscript.
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