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¢-Myc Interferes with the Commitment to Differentiation of Murine

Erythroleukemia Cells at a Reversible Point
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When murine erythroleukemia (MEL) cells, containing the transferred rat c-myc gene under the
control of human metallothionein II gene promoter, are induced to differentiate with dimethyl
sulfoxide, the level of differentiation is dependent on the c-Myc level, which is modulated by the
addition of Zn ions. In this work, we examined the point of inhibition of differentiation by elevated
levels of c-Myc in ene (clone 38-2) of the typical transformants. Commitment assay indicated that
elevated levels of ¢-Myc interfere with entry of the transformant into the commitment event, but when
c-myc expression was reduced by removing Zn ions from the medium, the cells could reenter the
commitment program. However, once the cells were committed, such cells could not return to the
uncommitted state. In addition, time-dependent expression of two erythroid specific genes was
inhibited by elevated levels of c-Myc in time-dependent manner. These results snggest that c-Myc

modulates MEL cell differentiation at a reversible point of commitment.
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¢-Myc is a nuclear oncoprotein present in nearly all
cell types. The functions of c-Myc appear to be linked to
the conirol of proliferation and differentiation. However,
the molecular function of ¢-Myc in cell differentiation is
not known. In the early stage of the induction of mouse
erythroleukemia (MEL) cell differentiation,” c-myc
mRNA levels show a drastic change. Within 1-2 h fol-
lowing the addition of dimethyl sulfoxide (DMSO),
c-myc mRNA levels decrease by a factor of 10. After
about 12-18 h of treatment, c-myc mRNA is transiently
re-expressed at a level similar to that found in uninduced
cells; then, its level again declines.>® Previous studies
showed that the forced expression of exogenously
transfected c-myc gene inhibited the differentiation of
MEL cells.*® We have introduced the c-myc gene into
MEL cells under the control of human metallothionein 11
promoter. In these MEL cell transformants, the exoge-
nous c-myc gene was inducible by the addition of Zn ions
and we have demonstrated that the elevated levels of
c-Myec inhibit commitment and differentiation.” In this
work, we examined the point of action of c-Myc on the
MEL cell differentiation using a typical MEL cell
transformant.

MATERIALS AND METHODS

Culture and induction of the MEL cell transformant The
MEL cell transformant (clone 38-2) was cultivated as
described previously.” For the examination of the time-
dependent effect of the transferred c-myc gene on the
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MEL cell differentiation, MEL cells were induced with
the addition of 1.5% DMSO and 180 uM ZnCl,. To
remove ZnCl,, the cells were washed twice with the
medium by centrifugation, and the pelleted cells were
resuspended in the medium containing 1.5% DMSO. The
percentage of differentiated cells was determined by scor-
ing the hemoglobinized cells after staining with benzidine
dye.

Commitment assay The cells were induced with 1,5%
DMSO in the presence or absence of 180 4 M ZnCl, in the
liquid culture, and the cells were collected by centrifuga-
tion and resuspended in the semisolid medium containing
methylcellulose (0.8%) without DMSO and ZnCl, at a
concentration of 1x 10* cells/ml. After 2 days of culture,
colonies with 4 to 16 cells were formed. The colonies
were stained with benzidine dye and the positive and
negative colonies were scored. The percentage of com-
mitted cells was calculated as benzidine-positive colo-
nies/positive + negative colonies X 100 (%).

Northern blot hybridization The levels of endogenous
and exogenous c-myc mRNA were estimated by North-
ern blot hybridization as described.” Total cellular RNA
was extracted and separated in an agarose gel under
denaturing conditions. The c-myc DNA fragment was
labeled with **P-dCTP by nick-translation and used as
the hybridization probe.

RESULTS

Inhibition of commitment of MEL cells to differentiation
by elevated levels of c-myc mRINA In this work, clone
38-2 was used throughout. This is a typical transformant
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showing inhibition of MEL cell differentiation when Zn
ions were added together with DMSO. No effect on
differentiation was apparent in non-transformed MEL
cells. In this clone, the addition of Zn ions to the culture
can induce expression of the transferred rat c-myc gene,
resulting in elevated c-myc mRNA levels. In the con-
tinuous presence of Zn ions, the level of c-Myc measured
by Western blotting was shown to be elevated in parallel
with the mRNA. level (data not shown). Elevated levels
of c-Myc were shown to inhibit the differentiation of 38-
2 cells, At first, we examined the effect of elevated levels
of ¢-Myc on the commitment to differentiation of this
transformant. To determine the commitment,” the cells
were induced with DMSO in the presence or absence of
Zn jons in the liquid medium and after an interval, the
cells were transferred to semi-solid medium without
DMSO and Zn ions. After 2 days of culture in the
semi-solid medium, the colonies formed were stained
with benzidine and the benzidine-positive or negative
colonies were scored. The result (Fig. 1) clearly indicates
that elevated levels of c-Myc interfere with the commit-
ment step in the differentiation of 38-2 transformant.

Reentry of transformant fo the differentiation program
after removal of ZnCl; in the culture with DMSO Then
we examined whether the interference by c-Myc is re-
versible. Zn ions were added together with DMSO to the
culture of clone 38-2 and at appropriate time intervals,
Zn ions were removed by washing. The cells were then
cultivated in the presence of DMSO. The time depen-
dence of reentry of the cells into the differentiation pro-
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Fig. 1. Commitment of MEL cell transformant (38-2). Clone

38-2 was induced with DMSO (1.49%) in the presence (®) or
absence of 180 uM ZnCl, (). At various time intervals, the
cells were taken from the liquid culture, transferred to semi-
solid medium without DMSO and incubated for 2 days to form
colonies. The percentage of benzidine-positive colonies amongst
the total colonies was estimated.
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gram after removal of Zn ions in the continuous presence
of DMSO was monitored in terms of the appearance of
hemoglobin-positive cells (Fig. 2). In the continuous
presence of both Zn ions and DMSO, the cells only
slightly differentiated. Upon removal of Zn ions after 2
days of exposure, the accumulation of differentiated cells
showed a delay of 2 days. Similarly, upon removal of the
Zn ions after 3 days or 5 days of exposure, the cells
showed a delay of 3 or 5 days, respectively. Thus, even
after a prolonged exposure of the cells to Zn ions during
induction with DMSO, the commitment of MEL cells to
differentiate was reversible and occurred with kinetics
identical to that of normal induction if Zn ions were
removed.

Inability of committed cells to return to the uncommitted
state The result shown in Fig. 2 indicated that if the cells
were prevented from commitment by elevated levels of
c-Myc, such cells could reenter the commitment program
if the levels of ¢-Mye were reduced. This suggests that
c-Myc interferes at a point prior to or close to the com-
mitment. Then, we asked whether the commitment of
cells could be reversed if levels of c-Myc were elevated.
The cells were induced with DMSO and then Zn ions
were added 1, 2 and 4 days after induction. In each case,
Zn ions were removed after 1 day of exposure by wash-
ing., The effect of the pulse-addition of Zn ions on the
differentiation is shown in Fig. 3. The pulse-addition in
the period from 1 day to 2 days, when most of the cells
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Fig. 2. Reentry of clone 38-2 into the differentiation program
after removal of Zn ions. The cells were induced with DMSO
(1.4%) in the presence of ZnCl, (180 xM). At various time
intervals, the cells were collected, washed and transferred to a
new medium containing DMSQ, but not ZnCl,. Then, the cells
were incubated and the time-dependent accumulation of
benzidine-positive cells was estimated. Zn ions were removed at
0(0),2days (), 3days (&) and 5 days (M) or were present
throughout the incubation (@ ).
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Fig. 3. Pulse-addition of Zn ions during induction of clone 38-
2. The cells were induced with DMSQ in the absence of ZnCl,
and at day 1 {top figure), at day 2 (middle figure) and at day 4
(bottom figure), ZnCl, (180 M) was added to the culture,
After incubation for 1 day, the cells were washed and trans-
ferred to a new medium. Then the accurmulation of benzidine-
posttive cells was estimated. Open circles show the percentage
of benzidine-positive cells in the cells without pulse-addition of
Zn ions and closed symbols show the results in the cells ex-
posed to the pulse-addition of Zn ions. The time of the exposure
of the cells to Zn ions is indicated by «—,

did not commit (see Fig. 1}, caused a delay in the appear-
ance of hemoglobin-postive cells. Upon pulse-addition
between 2 and 3 days, a part of the cells (approxi-
mately 159) showed no delay of differentiation and the
rest showed a delay. Upon pulse-addition between 4
and 3 days, when most of the cells had been committed,
approximately 509% of cells showed differentiation with-
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Fig. 4. Expression of two erythroid-specific genes during in-
duction of clone 38-2. {A) The cells were induced with DMSO
in the absence of Zn ions and total RNAs were isolated at 0, 1,
2, 3 days after induction. (B) The cells were induced with
DMSO in the presence of Zn ions. Zn ions were removed at day
2 and transferred to a new medium. Then, total RNAs were
extracted from the cells at 0, 0.5, 1, 2, and 3 days after the
transfer. Total RNA was separated in agarose gel and blotted
onto a nitrocellulose filter. Hybridization was performed'® with
2P labeled rat c-myc gene, mouse S-globin gene, mouse
glycophorin gene and chicken B-actin gene probes. < indicates
the band for exogenous c-mye mRNA and o indicates the band
for endogenous ¢c-myc mRNA.

out delay and the rest showed a delay. These results
indicated that once the cells are committed, such cells
can not revert to the uncommitted state. This in turn
indicates that c-Myc may act on the commitment point
or at a point just prior to the commitment, but not after
the commitment.

Changes in the c-myc mRNA level and the timing of
expression of two erythroid-specific genes We measured
the levels of exogenous and endogenous ¢c-myc mRNAs
by Northern blot hybridization to examine whether the
reentry of the cells into the differentiation program after
removal of Zn ions is caused by the decrease in the
expression of the transferred c-myc gene (Fig. 4). Where-
as the endogenous c-myc mRNA showed a 2.5 kb band,
the exogenous c-myc mRNA showed a 2.0 kb band be-
cause it lacks the 1st exon.” In the course of induction
with DMSO, c-mpyc mRNA levels show a biphasic
change; soon after the addition of DMSQ, c-myc mRNA
decreases, but after about 1 day of treatment, c-myc
mRNA is transiently re-expressed, and then its level
again declines.”* Without the addition of Zn ions, 38-2
cells showed essentially the same change in c-myc
mRNA; it increased on day 1 after DMSO addition and
decreased thereafter (Fig. 4A). Zn ions were removed
after 2 days of induction with DMSO in the presence of
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Zn ions, and the cells were cultured in the presence
of DMSO. Under these conditions, accumulation of
differentiated cells showed 2 days of delay, as shown in
Fig. 2. Just after removal of Zn ions (O in the figure),
expression of the exogenous c-myc mRNA was high, but
0.5 days after removal, the level of the exogenous mRNA
rapidly dropped. On day 1, expression of the endogenous
and exogenous genes was induced, but decreased there-
after (Fig. 4B). The change in ¢c-myc mRNA after re-
moval of Zn ions is thus essentially similar to the usual
induction shown in Fig, 4A. This resull indicates that
elevated levels of c-myc mRNA inhibit the commitment.
If the cells that were blocked by elevated levels of c-myc
were released by removing Zn ions, the initial reduction
in the c-mye mRNA itself did not directly induce the
differentiation program, but the commitment and differ-
entiation were induced after transient expression of the
c-myc gene followed by a decline. This is consistent with
our result that the second decline in c-myc mRNA after
1 day is required for the commitment and differentiation
of MEL cells.”

Then we examined the relation of ¢-myc gene expres-
sion to the timing of expression of two erythroid-specific
genes (Fig. 4). Expression of glycophorin gene started on
day 1, while that of S-globin gene started on day 2 after
induction with DMSO. We thus examined whether the
timing of expression of the two erythroid-specific genes
could be altered by the overexpression of c-myc mRNA.
After 2 days of induction with DMSQ in the presence of
Zn ions, Zn ions were removed. The appearance of the
two erythroid-specific mRNAs showed a delay of 2 days
(Fig. 2). Timing of expression of the two erythroid-
specific genes seemed to be strictly regulated by the c-myc
level during the induced differentiation of MEL cells.

DISCUSSION

During the induced differentiation of MEL cells, c-myc
mRNA levels change in a biphasic fashion. This drastic
change is presumed to be important for the commitment
of MEL cells to differentiate. The possibility of the direct
involvement of ¢-Myc was examined by transferring
c-myc gene into MEL cells.”™ We have shown that
commitment and differentiation were inhibited in MEL
cell transformants having the exogenous c-myc gene
under the control of human metallothionein gene pro-
moter. Our previous work showed that the late decline,
but not the early decline, in ¢-myc mRNA was required
for differentiation.”? Recently it has been reported that
only a slight reduction was detected in the ¢c-Myc protein
level during the early phase as compared with the mRNA
reduction.” On the contrary, the late decline in mRNA
coincided well with the change of protein level, and thus
the late decline in ¢-myc mRNA seems to be essential for
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the differentiation. Coppola and Cole® have shown that
constitutively elevated expression of c-myc gene inhibited
the differentiation of MEL cells, but not the commitment
of MEL cells. Thus, it is likely that commitment may
require regulatable expression of c-myc gene, whereas
induction of differentiation may require only the late
decline in c-myc mRNA.

In this work, we have demonstrated that the commit-
ment of the transformants induced by DMSO is blocked
by the presence of Zn ions, but the uncommitted cells can
reenter the differentiation program if Zn ions are re-
moved. c-myc mRNA levels were high in the presence of
Zn ions, but were reduced after removal of Zn ions.
Thus, the commitment is regulated by the level of c-myc
mRNA in MEL cells. Interestingly, there is a time lag to
the start of differentiation after removal of Zn ions from
the culture. The kinetics of induction of differentiation
with DMSO after removal of Zn ions is the same as that
of the normal induction process. The high levels of the
transferred c-mpe mRNA transcripts rapidly dropped
after removal of Zn ions and instead, the endogenous
c-myc mRNA was transiently induced. The late decline
in both c-myc transcripts seems to be required for the
induction of the transcription of the two erythroid-
specific genes. Our results indicated that there is some
coordinated regulation of the transferred and the endog-
enous c-myc genes during MEL cell induction. Since
transcription of the transferred c-mye gene is regulated
by the human metallothionein gene promoter, post-
transcriptional and/or some specific autoregulatory con-
trol must be involved in the coodinated regulation of
both c-mype genes.” ') From these results, we speculate
that the early decline may be a clue to the transient
expression of the c-myc gene, and the transient increase
may be a prerequisite for the late decline of c¢-mye
mRNA. Such a regulatory mechanism may be required
for the commitment, since a high level of constitutive
expression of the transferred c-myc gene inhibited the
differentiation, but not the commitment.”

Gene expression may be controlled sequentially during
the differentiation process of cells, including erythroid
cells,””™ but it is not known how the differential timing
of gene expression is determined. During MEL cell dif-
ferentiation, glycophorin and S-globin genes showed
differential timing in their expression; expression of
the glycophorin gene started on day 1, while that of the
[B-globin gene started on day 2 after induction with
DMSO."* 9 After removal of Zn ions, differential timing
of the expression of the two erythroid-specific genes is the
same as that in the normal process, Thus, the differential
timing of the two erythroid-specific genes is well cor-
related with the change in c-myc mRNA level. Expres-
sion of the glycophorin gene seems to occur prior to the
commitment event, while that of the S5-globin gene cccurs



at or after the commitment event. When the transfor-
mants were induced with DMSO in the presence of Zn
ions, expression of both erythroid-specific genes was re-
pressed (data not shown). It is possible that expression
of the glycophorin gene may not be repressed through
the inbibition of commitment of cells by elevated levels
of c-myc mRNA, whereas that of S-globin gene may
be repressed through the commitment eveni. From the
timing of expression of both erythroid-specific genes,
they can be induced only when c-Myc levels are reduced.
Thus, c-Myc¢ may repress both erythroid-specific genes.
Previous studies suggest that ¢c-Myc may have a function
in the transcriptional regulation of several genes,'” such
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