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Treatment of Friend erythroleukemia cells with several different chemical
agents causes an early decrease in the 8 Rb* influx mediated by Na*t/K*
adenosine triphosphatase (ATPase). These agents, which induce Friend cells to
differentiate, include dimethylsulfoxide (DMSQ), ouabain, hypoxanthine, and
actinomycin D. The magnitude of the early decrease in 3 Rb* influx correlates
with the proportion of cells in cultures of inducible Friend cell clones which
later go on to synthesize hemoglobin. Compounds which do not incude dif-
ferentiation in these cells, such as xanthine, exogenous hematin, and erythro-
poietin, do not cause a change in 8¢ Rb* influx. A change in the intracellular
K* ion concentration does not occur during induction by DMSO because,
although there is a decrease in K* content per cell soon after induction, there
is a parallel decrease in cell volume. These results and previous observations
from this laboratory are discussed in terms of the posible involvement of the
Na*/K* ATPase in Friend cell differentiation.
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The study of normal erythropoiesis in vivo is hampered by the inherent cellular
heterogeneity of the blood-forming tissues, the difficulty in obtaining large amounts of cells
in different stages of development, and the inability to easily maintain long-term cultures
of erythroid precursor cells. Thus, many genetic and biochemical studies are very difficult
if not impossible to carry out under these conditions. Friend erythroleukemic cells can be
stimulated to undergo erythroid differentiation in vitro [15] and therefore provide a use-
ful model system for the genetic and biochemical analysis of the later stages of erythro-
poiesis.

Friend cells were derived from the spleens of Friend virus-infected mice. They are
permanent clonal cell lines which divide every 10—12 h. In 1971, Friend and co-workers
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discovered that these cells could be induced to synthesize hemoglobin by treatment with
dimethylsulfoxide (DMSO) [15]. Since that time several other cellular changes that are
characteristic of normal erythropoiesis have been found to occur in differentiating Friend
cells (Fig 1). As can be seen from this figure, the program of Friend cell differentiation
has been extensively characterized. However, knowledge about the initial genetic and
molecular mechanisms controlling the induction of this differentiation program is lacking.
One major reason for this is the lack of chemical and biologic specificity of the Friend cell-
inducing agents.

Besides DMSO and other organic solvents [15, 21—-23], certain purines and purine
analogs [24], butyric acid [25], and metabolic inhibitors such as actinomycin D [26] also
induce Friend cells to differentiate. However, there is no known specific cellular site of
action for any of these agents. Thus it has been difficult to ascertain the mechanisms of
induction using these compounds. We have observed that ouabain, a specific inhibitor of
the plasma membrane-bound enzyme Nat/K* ATPase (adenosine triphosphatase) [27],
induces differentiation in Friend cells via direct binding to this enzyme [28]. This is the
only case in which interaction of an inducing agent with a specific cellular target, the
Nat/K* ATPase, has been shown to be necessary for induction of Friend cell differentia-
tion to occur. Because of this observation, we have been investigating whether an alteration
in Na*/K* ATPase activity is a common event during Friend cell differentiation, and if so,
whether changes in the function of this enzyme play an important role in the control of
differentiation in this system.

MATERIALS AND METHODS

Suspension cell cultures were maintained in « medium {29] supplemented with 10%
fetal calf serum (Reheis) as previously described [2]. The ® Rb* uptake experiments were

Hours
6] 24 48 72 96 120
1

[ T T T T

«sommm __ Decreagses in rates of RNA and protein synthesis ()
»oo mmmmmm ___ Decreases in transport rates of ions, amino acids, sugars (2,3)
cconmmmmm __ Decrease in cell volume (4)
soo EEEEEmm———S oo TraNSient inhibition of entry into S phase (5)
Inducing s increased synthesis of spectrin {6) .ee
agent

Increased sensitivity to lectin agglutination (7) | .

oo MENTE———
eoo nummmmmm——— ___ | 055 Of proliferative capacity (8)

oo nmmmmmnmmm _ Appearance of a new chromosomal protein (9)
eor e A CCuMulation of globin mMRNA ({1C,11,12)

oo mEmEEEEES— Nduction of heme biosynthetic enzymes (13,14)

cso ommmmmmenemmms SYNfhesis of heme and hemoglobin (15,16,17)

vor mmmmenmmn __ Additional decreose in cell volume (4,18)
Appearance of erythrocyte membrane
antigen (19,20}

754G

Fig 1. Sequence of events occurring during Friend cell differentiation. References are shown in paren-
theses. Bars represent the approximate time interval in which the major changes occur. However, the
sequence and timing of events can vary depending on the cell line, the chemical inducer, and the culture
conditions,
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performed using exponentially growing cells as described elsewhere [2]. Cells were stained
for hemoglobin by the liquid benzidine staining procedure of Orkin, Harosi, and Leder [30].
Cell volumes were determined with an electronic cell volume spectrometer and pulse-height
analyzer as detailed previously [4].

Potassium ion content was measured using a procedure developed by Dr Jim Graves.
Duplicate cell samples, containing (1—2) X 10° cells, were pelleted and resuspended in
5 ml cold isotonic LiCl. This was quickly layered over 2 ml of a 1:7 mixture of oil (Beckman
ultracentrifuge drive oil No. 302411) and dibutylphthalate, and the cells were centrifuged
through the oil mixture. The LiCl was aspirated off and the sides of the tube washed
several times in distilled water. The oil mixture was aspirated off, the final wash leaving
the cell pellet in the bottom of the tube. Then 5 ml of 4 mM CsCl and 0.05% Triton X-100
was added to each tube which was then vortexed, frozen-thawed, and vortexed again.
Samples were analyzed using a Perkin-Elmer atomic absorption spectrophotometer (Model
303) with KClI standards between 5 and 40 uM.

RESULTS

Early Changes in % Rb* Influx During Friend Cell Differentiation

The addition of any one of several chemical inducing agents to cultures of Friend
cells results in early decreases in the initial rate of ® Rb* uptake. Figure 2 shows the per-
centage change in the initial uptake rate of 3 Rb* as a function of time after the addition
of inducer to the culture medium. As can be seen, such widely different compounds as
DMSO, hypoxanthine, and actinomycin D, all of which induce Friend cell differentiation,

+]O T T T - T T T T T
® o 3\\ e
S Ok=r=""—._ . B
~ \ .,
% \\\ \‘.\ *
L) S \. "o Actinomycin D 4
3 ~ \ -
Q Sa D
§" 2ot oY i
g, -30}L Hypoxanthine 'x Saell, ®e. ¢
o )
< .
2 a0 j\\\ DMSO
[N r /L/
R omMa”  mt T —e——*
¢ -sot 1
-60 1 1 ) i 1 1 F Bt 3
o] 2 4 6 8 10 12 14 6 18 20

Time after addition of inducer (hours) 7536

Fig 2. Change in 86Rb uptake rate in response to various chemical inducing agents. At each time point,
the initial rate of 86 Rb+uptake was determined in both untreated and inducer-treated cells as described
previously {2]. The average percentage change in rate in inducer-treated cells relative to the rate in
control cells is plotted. The average standard deviation of each percentage point, evaluated at a particu-
lar time, varied between 2 and 4%. The inducer concentrations used were 1.5% DMSO (o), 10 mM
N,N-dimethylacetamide (DMA) (m), 4 mM hypoxanthine (4), and 6 ng/ml actinomycin D (#). The cell
line used in all experiments was 745a except for those involving actinomycin D. In these experiments

a mutant of 745a, (AIID), resistant to the cytotoxic effect of actinomycin D, was employed.
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cause decreases in the initial rate of ® Rb* uptake within 16 h. After this early drop in the
influx of ® Rb*, which occurs at different times for different inducers, the rate of uptake
remains relatively constant for at least 48 h (data not shown). These changes in 8 Rb*
uptake appear to be due to decreases in the Na*/K*+ ATPase-mediated influx of ¥ Rb*,
since complete inhibition of this enzyme by brief exposure to a high concentration of
ouabain reduces the influx of # Rb* to the same level in both untreated and DMSO-treated
cells [2].

Correlation Between the Early Decrease in 8 Rb+ Influx and the Later Extent of
Differentiation in Friend Cells

A number of observations suggest that early changes in transport are an integral part
of the program of Friend cell differentiation. First, these transport changes do not occur
when cells of other types (chick embryo fibroblasts, human fibroblasts, and mouse L cells)
are exposed to the chemical inducers [3]. Second, the time lag between the addition of
inducer and the appearance of the early transport changes suggests that these changes in
transport in differentiating Friend cells are not the result of a nonspecific effect of the
chemical inducers on animal cells in culture. This conclusion is strengthened by the observa-
tion that such a widely diverse group of chemical agents all bring about the early changes
in transport. Furthermore, the occurrence and magnitude of the early change in ¥ Rb*
influx correlates well with the number of hemoglobin-positive cells observed five days later
(Fig 3). For example, xanthine, a compound which is chemically similar to hypoxanthine
but does not induce Friend cell differentiation, also does not cause a significant decrease
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Fig 3. Correlation between the early change in 86Rb* influx, measured 12—16 h after the addition of
inducer, and the number of benzidine-positive cells, measured on day 5. The chemicals used were 1.5%
DMSO (e), 10 mM DMA (»), 4 mM hypoxanthine (4), 6 ng/ml actinomycin D (), 4 mM xanthine (&),
0.1 mM hematin (»), and 1.0 unit/ml erythropoietin (o). The mutant line AIIl was used in experiments
involving actinomycin D, whereas 745a was used in all other experiments. The solid line represents the
least-squares linear regression line of the data with a correlation coefficient of 0.95.
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in 8 Rb* uptake [2] (Fig 3). In addition, as can be seen from Figure 3, treatment with
erythropoietin, the hormone that controls erythropoiesis in vivo but does not induce
Friend cells [31—33], leads to little change in the influx of 3 Rb+*. Treatment of the cells
with exogenous hematin, which does not induce hemoglobin synthesis in the Friend cell
clones used in this study, also has essentially no effect on ®* Rb* influx.

Constancy of Intracellular K* lon Concentration During Friend Cell Differentiation

The Na*/K+ ATPase is the enzyme on the cell surface which transports K* ions into
the cell and Na* ions out of the cell against their electrochemical gradients by using ATP
as an energy source. Thus, the cell is able to maintain a high (100--200 mM) intracellular
K+ ion concentration and a low (5—20 mM) intracellular Na* ion concentration while the
reverse situation exists in the outside medium. Inhibition of Na*/K* ATPase activity there-
fore generally leads to an increase in Nat ions and decrease in K+ ions inside the cell
[34--36] . In view of the observations that ouabain induces Friend cells [28], and that
several chemical inducers cause early decreases in Na*/K+ ATPase function (as measured
by decreases in Na*/K* ATPase-mediated ¥ Rb* influx), the internal K* ion content of
the cells was measured following induction of differentiation by DMSO. As Figure 4a shows,
the intracellular K* ion content, expressed on a per cell basis, begins to decrease 8—10 h
after the addition of DMSO. However, from Figure 4b, and as shown previously [4], it can
also be seen that cell volume is decreasing in parallel. Thus, the intracellular concentration
of K* ions remains essentially constant for at least the first 24 h of exposure to DMSO
(Fig 5). This observation suggests that changes in the internal K* ion concentration are
not involved in the induction of Friend cell differentiation by DMSQ. In addition, these
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Fig 4. a) Potassium ion content in control (e} and 1.5% DMSO-treated cells (0). At the times indicated,
duplicate cell samples were taken from exponentially growing suspension cultures and the K* jon
content was determined as described in Materials and Methods. The line represents the average K* ion
content in control cells. b) Mean cell volumes of control (#) and DMSO-treated cells (o). The line
represents the average mean volume of control cells.
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Fig 5. K* ion concentration in control () and DMSO-treated cells (o). Values were calculated from
the data in Figure 4. The solid line represents the average K* ion concentration in control cells.

data, together with the observation that the decrease in * Rb* influx precedes the drop in
cell volume by 1—3 h during induction by hypoxanthine and ouabain (unpublished data)
as well as DMSO [2], implies that the decrease in cell volume may be a reflection of the
the drop in intracellular K* ion content.

DISCUSSION

Several observations, presented both here and elsewhere, suggest that a change in the
activity of the Nat/K+* ATPase may be an important early step in the program of Friend
cell differentiation. First, ouabain, a cardiac glycoside that inhibits the activity of the
Nat+/K* ATPase [27], induces Friend cells to differentiate via direct binding to this
enzyme [28]. Other cardiac glycosides, such as K-strophanthin, also induce differentia-
tion in this system (unpublished data). Thus, known inhibitors of Na*/K* ATPase activity
can induce Friend cells to differentiate.

Second, as shown here and elsewhere [2], treatment with a wide variety of chemical
inducing agents causes an early inhibition of Na*/K+ ATPase-mediated ® Rb* influx.
Furthermore, a good correlation exists between the magnitude of this early inhibition of
transport and the extent of differentiation as measured by the final percentage of hemo-
globin-synthesizing cells.

Finally, we have observed that incubation of some Friend cell clones in high (90—
100 mM) K* ion and low (50—70 mM) Na* ion concentrations in the growth medium can
induce these cells to differentiate [37, 38]. It has been observed in other systems that
monovalent cation concentrations in the same range as those used to induce Friend cells
can cause inhibition of Nat/K* ATPase activity [39—41]. Thus it is possible that these
inducing conditions also lead to inhibition of the Na*/K* ATPase in Friend cells.

As can be seen from Figure 2, the decreases’in ® Rb* influx occur at different times
depending on the inducing agent used. Addition of hypoxanthine results in major changes
in influx during the first 7 h. However, induction by actinomycin D does not lead to a de-
crease in transport until 11—15 h after addition of inducer. Thus, the effect on * Rb*
uptake is not immediate as is the case when ouabain is used as an inducing agent. Treat-
ment of the cells with ouabain, at subtoxic doses optimal for induction, results in an
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immediate inhibition of ® Rb* influx of 30—40% [2, 28] . These results suggest that the
inhibition of Na*/K*+ ATPase function in Friend cells caused by such inducers as hypo-
xanthine, DMSO, and actinomycin D is probably not due to a direct action of the inducer
on the enzyme but rather may be an indirect effect caused by other actions of the inducing
agent upon the cell.

Lubin has shown that there is a strict requirement for K+ ions in the translation of
mRNA into protein [42]. Furthermore, it has been suggested that under conditions of
decreased protein synthesis mRNAs with a high initiation probability will be preferentialty
translated [43]. In view of these observations, others have presented evidence which sug-
gests that changes in the intracellular levels of Natand K+ ions may be involved in the
control of gene expression, possibly by affecting the overall rates of polypeptide chain
initiation or elongation and thereby causing preferential translation of certain mRNA, such
as immunoglobin [44], viral [45], and &-crystallin mRNA in embryonic chick lenses [46] .
The observation that inhibitors of the Nat/K*+ ATPase induced differentiation in Friend
cells suggested that changes in internal monovalent cation concentrations may play a role
in Friend cell differentiation by allowing the preferential translation of certain mRNAs.
Since the Na*t/K* ATPase transports K+t into the cell and Na* out of the cell, inhibition
of this enzyme could lead to a decrease in Kt ion and/or increase in Nat ion content inside
the cell. Thus, if such changes in ion content are important events during Friend cell
differentiation, incubation in medium in which the relative concentrations of Na* and
K" ions have been reversed (“high K*, low Na*™ medium) might be expected to interfere
with the differentiation process. In fact, however, these ionic conditions actually promote
differentiation [37, 38]. Furthermore, as shown here, there is no change in K* ion con-
centration for at least the first 24 h after induction by DMSO (Fig 5). Therefore, changes
in monovalent ion content do not appear to be involved in the induction of Friend cell
differentiation by the chemical inducers.

The above discussion suggests that if inhibition of Na*/K* ATPase function is a key
early step in the induction process, then effects other than changes in the intracellular
Nat and K* ion concentrations may be important. The Na*/K*+ ATPase utilizes a large
proportion of the ATP available in the cell to maintain the asymmetric distributions of
Na™ and K* ions across the plasma membrane [47]. Therefore, inhibition of this enzyme
could lead to changes in various metabolic processes within the cell. One possibility is that
changes in ATP levels may cause changes in the internal levels of cyclic adenosine mono-
phosphate (cAMP), a regulator of several cellular functions in different cell types. The levels
of cAMP control the activity of certain protein kinases which regulate the state of phos-
phorylation of various proteins [48—50]. Thus it is possible to invoke a model for the
control of Friend cell differentiation involving early changes in the phosphorylation of
certain key proteins. Increased levels of cAMP have been observed early after the induction
of Friend cell differentiation (R. Rifkind and P. Marks, personal communication), but no
attempt has as yet been made to relate this to the function of the Na+/K* ATPase or to
investigate possible changes in the phosphorylation of Friend cell proteins during induction.
Studies in this area may gain insight into the molecular mechanisms involved in the con-
trol of Friend erythroleukemic cell differentiation.
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