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ABSTRACT Phorbol diesters are tumor-promoting agents
that cause differentiation of HL60 human leukemic cells and
concomitantly alter surface transferrin-receptor expression
[Rovera, G., Ferreo, D., Pagliardi, G. L., Vartikar, J., Pes-
sano, S., Bottero, L., Abraham, S. & Lebman, D. (1982) Ann.
N.Y. Acad. Sci. 397, 211-220]. Transferrin-receptor regula-
tion is shown here to result from a rapid and reversible inter-
nalization process that is temporally associated with reversible
increased phosphorylation (hyperphosphorylation) of the trans-
ferrin receptor. Such a reversible mechanism involving regula-
tion of these surface proteins could result in the rapid genera-
tion of an early signal for HL60 cellular differentiation.

Transferrin is a necessary component of virtually all serum-
free tissue culture media (1), and for some cells it acts as a
requisite growth factor (2, 3). Recently, the transferrin re-
ceptor has been identified and partially characterized (4, 5).
It is a 180-kilodalton phosphorylated glycoprotein in its non-
reduced homodimeric form (4-6). It is present in large
amounts on the surface of rapidly proliferating cells of both
malignant and normal origin (4), and it drastically diminishes
when cells are induced to terminally differentiate (7-9).
HL60 cells are a human promyelocytic leukemic cell line

that, when treated with tumor-promoting phorbol diesters,
differentiate into functional monocyte-like cells (10). Treat-
ment of HL60 cells with phorbol esters induces a rapid de-
cline in surface transferrin-receptor numbers (7). This de-
cline occurs relatively rapidly and it precedes both biochemi-
cal and morphological events associated with differentiation.
Thus, the phorbol ester-induced loss of surface transferrin
receptors in HL60 cells represents a unique system to study
initial events related to induction of differentiation from the
standpoint of changes occurring in a specific membrane re-
ceptor that has been universally associated with cellular pro-
liferation.
We report here that, at early times, the decrease in sur-

face-transferrin binding induced by phorbol dibutyrate
(PDBu) is readily reversed by removing PDBu and is associ-
ated with receptor internalization and increased phosphoryl-
ation (hyperphosphorylation) of the transferrin receptor.

MATERIALS AND METHODS
Human transferrin was purchased from Sigma. Lactoperoxi-
dase-linked Enzymobeads were obtained from Bio-Rad. Ra-
dioiodination of human ferrotransferrin was carried out us-
ing Enzymobeads and 100 ,g of ferrotransferrmn according to
manufacturers' instructions. Ferrotransferrin was prepared
using human transferrin that had been incubated with 4 mol
of FeCl2 per mol of transferrin for 4 hr at 4°C prior to iodin-
ation. Radioiodinated ferrotransferrin (1251-transferrin) was

separated using Sephadex G-25 gel chromatography. [Cova-
lent coupling of ferrotransferrin to cyanogen bromide-acti-
vated Sepharose 4-B (Pharmacia) was carried out according
to the manufacturers' recommendations.] PDBu and 4a-
phorbol were purchased from Sigma, and a 50 AuM stock so-
lution in dimethylsulfoxide was prepared and stored at
-20TC. A 1:500 dilution of this stock solution was carried out
to yield a 100 nM final concentration of those agents.

Cell Culture. HL60 cells were grown in a spinner flask at
370C in RPMI 1640 medium supplemented with 10% fetal bo-
vine serum/10 mM Hepes buffer, pH 7.2/penicillin/strepto-
mycin. Cells grown to logarithmic phase were used for all
experiments unless stated otherwise.

Equilibrium Binding of 1251-Transferrin to HL60 Cells. To
detect surface binding of 1251-transferrin by whole cells, cells
were grown to logarithmic phase and were harvested by cen-
trifugation for 5 min at 1000 rpm and washed once with
RPMI 1640 medium at 37°C, containing fetal bovine serum
and 10 mM Hepes (pH 7.2). Cells were resuspended in this
medium at the same density. After additions were made to
the cells, incubation at 37°C was continued for 1 hr. After
incubation, cells were harvested by centrifugation as de-
scribed above and washed twice with RPMI 1640 medium
containing 20 mM He'pes buffer (pH 7.2) at 4°C. Cells were
suspended at 10 x 10 cells per ml in the same buffer, which
now contained turkey ovalbumin at 0.5 mg/ml (binding buff-
er). Cells in binding buffer were equilibrated for 15 min at
4°C prior to addition of 1251-transferrin. Increasing concen-
trations of 1251-transferrin were made to cells and binding
was carried out for 60 min, which corresponded to the previ-
ously determined equilibrium binding time (data not shown).
After incubation at 4°C, triplicate 200-,l aliquots of cells (2
x 106 cells) were pipeted into 400-,l Microfuge tubes (Mark-
son, Phoenix, AZ) and centrifuged in a Beckman 152 Micro-
fuge for 90 sec at 4°C. After complete aspiration of the super-
natant, the cell pellet was excised and placed into an appro-
priate tube for gamma counting. Results are corrected for
nonspecific binding obtained in the presence of a 1000-fold
excess of unlabeled ferrotransferrin and represent specific
binding of 1251-ferrotransferrin (i.e., total binding minus non-
specific binding equals specific binding).
To detect total 1251-transferrin-receptor binding (surface

plus internal), cells were treated with PDBu or 4a-phorbol as
described in the legend to Table 1. Cells were divided and
whole-cell-equilibrium binding (surface) was determined as
described on half of the cells, and total binding on permeabi-
lized cells (extract) (11) with modifications as described be-
low was determined on the remainder of the cells. Intact
whole cells were washed once at 4°C as described. Cells

Abbreviations: PDBu, phorbol dibutyrate; 1251-transferrin, 125I-la-
beled ferrotransferrin.
*This work was presented in substantial part at the Annual Meeting
of the International Society of Experimental Hematology, July
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were then permeabilized in 50 mM Tris HCI, pH 7.2/150 mM
NaCl/1.5 mM MgCl2/1 mM phenylmethylsulfonyl fluo-
ride/turkey ovalbumin (0.5 mg/ml) (Sigma)/0.1% Triton X-
100 at 40C. The volume of extraction was the same as that
into which whole cells had been suspended for equilibrium-
binding studies. Cells were allowed to incubate at 40C for 25
min with frequent vigorous Vortex mixing. This cellular ex-
tract was then used as the source of total receptor material.
The same volume of intact cells and cellular extract (i.e., 200
p.l) was used for whole cell 125I-transferrin equilibrium bind-
ing (as described previously) and for total 125I-transferrin
binding, as determined in the following manner. To 200-pul
aliquots of cell extract was added 21 nM final concentration
of 25I-transferrin. Incubation was carried out for 60 min at
40C, at which time was added 300 A.l of 100 mM citrate buffer
(pH 5.5) containing 150 mM NaCl/ovalbumin (0.5 mg/ml)/
bovine IgG (1 mg/ml). After Vortex mixing, incubation was
continued for 10 min at 4°C. Then, 1 ml of 50 mM citrate
buffer (pH 5.5) containing 150 mM NaCl/ovalbumin (0.5
mg/ml)/15% polyethylene glycol 6000 was added. After
Vortex mixing, the suspension was incubated at 4°C for an
additional 15 min and then centrifuged at 3500 rpm for 20 min
at 4°C in a Sorvall RC-3. After centrifugation, supernatant
was aspirated and the precipitated pellet containing 125I_
transferrin bound to its specific receptor was excised from
the tube and counted in a gamma counter. Results are ex-
pressed as specific cpm bound per 106 cells (surface) or per
106 cell equivalents (extract). Specific cpm bound represents
the difference between total cpm of 125I-transferrin bound
minus cpm of 125I-transferrin bound in the presence of a
1000-fold excess of unlabeled ferrotransferrin.

Isolation of Phosphorylated Transferrin Receptors by Affin-
ity Chromatography from Solubilized Whole Cells. Cells were
washed twice in phosphate-free RPMI 1640 medium contain-
ing 20 mM Hepes buffer at pH 7.2, and resuspended in this
same buffer at 0.5-1 x 108 cells per ml. [32P]Orthophosphate
(1.5 mCi/ml; 1 Ci = 37 GBq) was added and the cells were
incubated for 3 hr at 37°C with gentle tumbling. At this point,
additions were made and incubation at 37°C continued for
various times up to 60 min. At specified times, 1 ml of incu-
bating cells was placed into 14 ml of 50 mM Tris buffer (pH
7.2) containing 150 mM NaCI at 4°C and centrifuged for 5
min at 1000 rpm. Two additional washings of these cells
under the same conditions were carried out. The resulting
cell pellet was suspended by Vortex mixing into 1.2 ml of
the same buffer containing 1.5% Triton X-100/1.5 mM
MgCl2/20 mM sodium fluoride/0.1 mM sodium vanadate/
bacitracin (1 mg/ml)/1 mM phenylmethylsulfonyl fluoride.
Resulting cell lysates were vigorously mixed in a Vortex at
=5-min intervals for 25 min. Then, cell lysates were centri-
fuged for 20 min at 3500 rpm at 4°C. The resulting superna-
tant was used as the starting material for affinity chromatog-
raphy isolation of the soluble transferrin-membrane recep-
tor. To 1 ml of this soluble membrane preparation (contained
in a 1.5-ml Eppendorf tube) was added 100 ,ul of Sepharose
4-B-cyanogen-transferrin affinity gel. Incubation was car-
ried out with gentle tumbling for 16 hr at 4°C. The transfer-
rin-affinity gel containing bound phosphorylated transferrin
receptor was then washed 3 times with 50 mM Tris buffer
(pH 7.2) containing 150 mM NaCl/0.1% Triton X-100/baci-
tracin (1 mg/ml). Washing consisted of sequential additions
of 1 ml of buffer to the affinity gel pellet. This was followed
by a 30-sec centrifugation on a Beckman 152 Microfuge. The
supernatant was aspirated and discarded. After three such
washings, affinity-bound transferrin membrane receptors
were eluted from the gel by incubating the washed affinity
gel pellet with 125 M Tris buffer (pH 6.8) containing 3% Na-
DodSO4. Incubation was carried out for 5 min at room tem-
perature followed by a 5-min incubation in a boiling water
bath. To the resultant eluate was added 25 p.l of 5 times con-

centrated NaDodSO4 sample buffer containing 400 mM di-
thiothreitol/0.1% bromophenol blue dye.
NaDodSO4/Polyacrylamide Gel Electrophoresis and Auto-

radiography. NaDodSO4/polyacrylamide gel electrophore-
sis was performed under reducing conditions by the proce-
dure of Laemmli (12) with separating gel of 8% acrylamide
and stacking gel of 3% acrylamide. lodinated transferrin re-
ceptor used as a radiolabeled standard was prepared by io-
dinating HL60 whole cells using the lactoperoxidase meth-
od. The 125I-transferrin receptor was then isolated using the
affinity procedure described here.

After electrophoretic separation the polyacrylamide gel
was dried onto Whatman paper. Subsequent autoradiogra-
phy using Kodak X-Omat AR film was performed.

RESULTS
Reversible Down-Regulation of Surface-Transferrin Recep-

tors. Incubation of HL60 cells with 100 nM PDBu for 1 hr at
370C causes a 50% loss (i.e., down-regulation) in detectable
125I-transferrin surface binding (Fig. 1). This is due to a de-
creased number of accessible receptors (1.2 vs. 0.6 x 105
receptors per cell for control and PDBu-treated cells, respec-
tively) with no significant change in the dissociation constant
(Kd) for transferrin binding (3.5 and 4.8 x 10-9 M for control
and PDBu-treated cells, respectively). Incubation of cells
with PDBu for longer times causes further down-regulation
of transferrin surface receptors so that after 12 hr, surface-
transferrin binding is essentially not detectable (data not
shown). By 12 hr after PDBu addition, a significant propor-
tion of HL60 cells have become adherent, which corre-
sponds to morphological and functional differentiation
changes that characterize macrophages (13).
As shown in Fig. 2, down-regulation of transferrin recep-

tors is specific for active, tumor-promoting diesters of phor-
bol. The non-tumor-promoting 4a-phorbol has no such ef-
fect. Fig. 2 also shows that down-regulation is rapidly re-
versible when PDBu is removed. Recovery of transferrin
receptors is independent of the synthesis of new receptors,
because it occurs when protein synthesis is blocked by a 2-hr
incubation with a high concentration of cycloheximide.
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FIG. 1. Equilibrium binding of 125I-transferrin to HL60 cells. To
whole cells was added either 100 nM PDBu or 100 nM 4a-phorbol
(control). After a 60-min incubation at 370C, cells were washed and
used for equilibrium binding studies. For control cells (o) the disso-
ciation constant (Kd) is 3.5 x 10-9 M and the total number of trans-
ferrin receptors per cell is 1.2 x 105. For cells incubated with PDBu
(o) results reveal that the Kd is 4.8 x 10-9 M and the total number of
transferrin receptors per cell is 0.6 x 105. When 100 nM PDBu is
added to control cells at 4°C, no inhibition of '251-transferrin binding
is observed. Cycloheximide at 10 ,ug/ml was added to whole cells 1
hr before addition of PDBu in order to inhibit protein synthesis.
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FIG. 2. Reversible loss of 125I-transferrin surface binding by
HL60 cells incubated with PDBu. Logarithmic phase HL60 cells
were washed once and resuspended; 100 nM PDBu (o) or 4a-phor-
bol (e) was added to cells incubating at 370C (-60 min). Incubation
in the presence of these agents was carried out for up to 60 min. The
cells were washed twice with RPMI 1640 medium at 40C containing
10% fetal bovine serum and 10 mM Hepes, pH 7.2, and resuspended
at the same density in wash medium that had been warmed to 370C,
and contained cycloheximide at 10 pg/ml. Incubation at 370C was
continued for up to 90 min. At various times during the first and
second incubations, cells were harvested and washed, and equilibri-
um binding studies with saturating concentrations of I251-transferrin
(21 nM) were carried out. Cycloheximide at 10 ,ug per ml of medium
was added 2 hr prior to additions and was present throughout, ex-
cept during equilibrium binding studies at 40C.

Decrease in 1251-Transferrin Surface Binding After Incuba-
tion with PDBu Is Associated with Surface-Receptor Internal-
ization. Since the decrease in transferrin receptor numbers
that occurs when cells are incubated with PDBu, as well as
their recovery when PDBu is removed, occurs in the ab-
sence of new protein synthesis, a possible mechanism for
these processes is the reversible translocation of receptor
from the cell surface. To evaluate this hypothesis, the num-
ber of cell surface receptors (measured by transferrin bind-
ing to intact cells at 40C) was compared with the number of
total cellular receptors (measured by transferrin binding af-
ter the cells are disrupted with Triton X-100). The results are
presented in Table 1. When cells are treated with PDBu,
there is more than a 50% decrease in cell-surface transferrin

Table 1. Recovery of PDBu-induced loss of 125I-transferrin
surface binding by whole cells after detergent disruption of
whole cells

Distribution of
cpm per 106 cells or receptors after

cell equivalents incubation

Addition Surface Extract % ext. % int.

None 3078 3146 98 2
4a-Phorbol 3209 3361 95 5
PDBu 1512 3431 44 56

HL60 cells were treated with no additions, 100 nM 4a-phorbol, or
100 nM PDBu. After incubation with these agents, each sample was
divided in half and measurement of whole-cell equilibrium binding
(surface) as well as total soluble transferrin receptors (extract) was
carried out. % ext. represents calculations for percent of whole-cell
surface receptors. % int. represents percent of whole-cell internal
receptors calculated from the difference in specific cpm bound be-
tween extract and surface results.

binding compared to control cells or cells treated with the
non-tumor promotor 4a-phorbol. However, incubation with
PDBu does not significantly change the total number of cel-
lular transferrin receptors. Thus, in the basal state, =95% of
the transferrin receptors are accessible on the cell surface.
After 1-hr treatment with PDBu, there is a translocation of
receptors from the cell surface so that =50% remain at the
cell surface, while the remainder have entered an internal
pool; internalized transferrin receptors are accessible after
detergent disruption of whole cells with Triton X-100. Nota-
bly, this translocation of surface receptors occurs in the ab-
sence of exogenous transferrin.
Rapid Hyperphosphorylation of Transferrin Receptors on

Incubation of Cells with PDBu. Intact HL60 cells were incu-
bated with [32P]orthophosphate for 3 hr to label their endoge-
nous pool of ATP, and then for an additional period of time
in the presence of PDBu or 4a-phorbol. These cells were
then solubilized, and the transferrin receptor was isolated by
affinity chromatography and the proteins were analyzed by
NaDodSO4/polyacrylamide gel electrophoresis (Fig. 3A).
PDBu (100 nM) causes a rapid increase in phosphorylation of
the receptor, which begins within 5 min. This hyperphos-
phorylation appears to be maximal by about 15 min (Fig.
3B). By contrast, there is no change in the apparent quantita-
tive phosphorylation of the receptor isolated from cells incu-
bated with the inactive 4a-phorbol compound.
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FIG. 3. Time course for hyperphosphorylation of the transferrin
membrane receptor of HL60 cells incubated with PDBu. Cells were
incubated with [32P]orthophosphate, and then either 100 nM PDBu
(P) or 4a-phorbol (C) was added and incubation continued. At speci-
fied times up to 60 min whole cells were collected and phosphorylat-
ed transferrin receptor was isolated. The resulting autoradiogram
(A) was exposed for 16 hr for optimal development of the film. Each
time point (in minutes) contains results for transferrin-receptor
phosphorylation in the presence of PDBu or 4a-phorbol. The lane
labeled Rec represents electrophoretic migration of iodinated trans-
ferrin receptor used as the radiolabeled standard. (B) Plot of arbi-
trary units of transferrin-receptor phosphorylation obtained by laser
densitometric scanning of each lane of the autoradiogram. *, Recep-
tors isolated from cells incubated with PDBu; o, cells incubated
with 4a-phorbol (control).
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FIG. 4. Time course for dephosphorylation of the transferrin
membrane receptor of HL60 whole cells after removal of PDBu
from the incubation medium. Cells were incubated with [32P]ortho-
phosphate and either PDBu (P) or 4a-phorbol (C). After incubation
for 30 min with either PDBu or 4a-phorbol, cells were washed and
resuspended into the same initial volume of RPMI 1640 medium con-
taining 2% fetal bovine serum/penicillin/streptomycin/20 mM
Hepes, pH 7.2/1 mM ATP. Incubation at 370C was carried out for
various times (in minutes) up to 60 min. At specified times, 1-ml
aliquots of both PDBu- and 4a-phorbol-treated cells were removed
into 14 ml of wash buffer and treated. (A) Optimally exposed autora-
diogram of phosphorylated transferrin receptors isolated at various
times after removal of phorbol additions. (B) Plot of the arbitrary
units of transferrin-receptor phosphorylation obtained by laser den-
sitometric scanning of each lane of the autoradiogram, which con-
tained isolated phosphorylated transferrin receptors. A, Receptors
isolated after treatment with PDBu; e, similar incubations with the
4a-phorbol (control) compound.

PDBu-induced phosphorylation of the receptor is appar-
ently maximal prior to achievement of maximal down-regu-
lation of surface receptors (compare Fig. 3B and Fig. 2). This
suggests that hyperphosphorylation of the receptor may pre-
cede the PDBu-induced internal translocation process that
results in receptor down-regulation.
Rapid Dephosphorylation of Transferrin Receptors After

Removal of PDBu from the Incubation Medium. The state of
increased phosphorylation of the transferrin receptor in-
duced by PDBu is rapidly reversed to basal receptor phos-
phorylation levels when PDBu is removed (Fig. 4). Dephos-
phorylation begins after a 5-min lag period (Fig. 4B), which
probably represents initial reequilibration of residual cell-
bound PDBu. Subsequent dephosphorylation proceeds rap-
idly from this point; the transferrin receptor reaches the bas-
al state of phosphorylation by about 30 min after removal of
PDBu (Fig. 4B). No change in the status of phosphorylation
of the receptor is observed in cells incubated with 4a-phor-
bol.

In addition (compare Fig. 4 with Fig. 2), the time course
for maximal decay of the phosphorylated state of the recep-
tor is faster than that of maximal recovery of surface-trans-
ferrin binding. This suggests the occurrence of rapid recep-
tor regulation through a phosphorylation mechanism.

It has been further shown that PDBu-induced receptor hy-
perphosphorylation is associated with increased phosphoryl-
ation on serine and threonine amino acid residues, with no
demonstrable in vivo tyrosine phosphorylation noted (results
not shown).

DISCUSSION
These results confirm the findings of Rovera et al. (7) that
phorbol esters rapidly decrease the number of receptors on
the surface of HL60 cells. In addition, they show that this
decrease is not due to catabolism of the receptors, since re-
covery from down-regulation is not inhibited when new pro-
tein synthesis is blocked with cycloheximide. They also
show that the cell surface receptors that disappear can be
quantitatively recovered by disrupting cells with Triton X-
100. In view of these findings, the most likely mechanism for
down-regulation is the reversible translocation of receptors
to some intracellular or inaccessible pool. When transferrin
binds to its receptor on the cell surface, both the receptor
and bound ligand are internalized (11, 14-16). The complex
rapidly comes into contact with an acidic compartment
where iron dissociates, and the receptor with apotransferrin
still bound is rapidly recycled to the cell surface (11, 14, 15).
Whether phorbol esters induce internalization via a similar
pathway and, if so, whether phorbol esters specifically lead
to a block in the recycling of the sequestered receptors are
questions for further investigation.
However, since transferrin-induced hyperphosphorylation

of its own receptor apparently does not occur (data not
shown), the possible role of enhanced receptor phosphoryl-
ation in internalization or sequestration induced by phorbol
esters would appear to be unrelated to the usual cycling
mechanism of the ferrotransferrin-receptor complex, which
is initiated by ligand binding (11, 14-16). Furthermore, trans-
ferrin also does not inhibit PDBu-induced transferrin-recep-
tor hyperphosphorylation (data not shown). These data sug-
gest that direct phosphorylation of the receptor does not al-
ter affinity for transferrin binding because full pretreatment
values for 125I-transferrin binding are recovered after PDBu-
induced receptor down-regulation.
The transferrin receptor is known to be a phosphoprotein

(6). In this work, it is shown that PDBu reversibly enhances
the extent of phosphorylation of the receptor. Since phorbol
esters specifically activate protein kinase C and cause its re-
distribution from the cytosol to the cell membrane (17, 18), it
is possible that the increased phosphorylation of the trans-
ferrin receptor is a direct effect of protein kinase C. Consis-
tent with this, hyperphosphorylation of the transferrin recep-
tor occurs on serine and threonine residues, which are the
known targets for protein kinase C (19). In this regard, it is
interesting that when cells are incubated with phorbol esters,
there is enhanced phosphorylation of the insulin and somato-
medin-C receptors (20), and apparently also the epidermal
growth factor receptor (21), as reported in a recent abstract.
In addition both insulin (22, 23) and epidermal growth factor
(24) binding to their receptors is decreased after phorbol es-
ter treatment. However, decreased insulin and epidermal
growth factor binding are apparently due to a major decrease
in receptor affinity (22-24), while with transferrin receptors,
a decreased number of surface receptors is observed.
The role of PDBu-enhanced transferrin receptor phospho-

rylation is not clear. Recently, receptor phosphorylation has
received much attention as a possible mechanism for trans-
membrane signaling (25-27). Several mitogenic hormones
including epidermal growth factor (28), platelet-derived
growth factor (29, 30), insulin (31, 32), and somatomedin C
appear to induce a tyrosine-specific protein kinase that is
stimulated by hormone binding and is capable of autophos-
phorylation of these hormone receptors. In contrast to this

Biochemistry: May et aL
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phenomenon, transferrin binding to its own receptor does
not alter the extent of basal receptor phosphorylation, and
phosphotyrosine is apparently not found in the transferrin
receptor.
While receptor-related tyrosine phosphorylatioh may be

associated with a regulatory role for cellular growth in the
case of certain mitogenic hormones (25, 26, 28, 33), any such
putative role for transferrin does not appear to result from
changes in transferrin-receptor tyrosine phosphorylation.
However, it is possible, albeit speculative, that the effects of
phorbol esters on inducing cellular differentiation might re-
sult from initial changes in the status of phosphorylation of
the transferrin receptor or some other surface protein(s).
Such effects are likely to be independent of any ligand-in-
duced changes that may occur on these receptors. Thus, dif-
ferential states of receptor phosphorylation [with respect to
amino acid residues and peptide region(s) so involved] may
occur depending on the stimulus (i.e., ligand, tumor promo-
tor, etc.). Such alterations may then be involved in subse-
quent cellular regulatory processes, at least in some cases,
leading to altered states of differentiation. It follows from
this scheme that a defect in this pathway could lead to un-
controlled cell growth or inability to progress from a less-
differentiated cellular state.
A likely specific role for PDBu-enhanced phosphorylation

of the transferrin receptor is as a signal for receptor internal-
ization and intracellular sequestration. The kinetics of recep-
tor hyperphosphorylation are consistent with this. In the
presence of PDBu, the time course of phosphorylation pre-
cedes the net loss of surface receptors, while after removal
of PDBu, reversal of phosphorylation again precedes the full
reappearance of receptors at the cell surface. This entire
process presumably requires rapid action by both kinase and
phosphatase activities; the former is associated with phos-
phorylation and receptor down-regulation, while the latter is
associated with rapid receptor dephosphorylation and up-
regulation.
The possible role of PDBu-induced changes in transferrin

receptors in triggering cellular differentiation or other bio-
logical phenomena is at present not clear.

Note Added in Proof. Two papers have appeared reporting phorbol
ester (34) and protein kinase C (35) stimulation of phosphorylation of
the epidermal growth factor receptor.
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