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¢-Myc Selectively Regulates the Latent Period and Erythroid-specific Genes in

Murine Erythroleukemia Cell Differentiation

Wataru Shoji, Yasufumi Ohmori and Masuo Obinata'

Department of Cell Biology, Institute of Development, Aging and Cancer, Tohoku University, Seiryo-
machi 4-1, Aoba-ku, Sendai 980

During the latent period of murine erythroleukemia (MEL) cell differentiation, c-myc levels showed
a significant change and the overexpression of the transferred c-myc gene inhibited the commitment
and differentiation of MEL cells, suggesting that c-Myc may be a key molecule for the commitment.
Since c-Myc may function as a DNA binding transcription factor, we examined whether c-Myc
regulates the latent period genes (hsp and hsc70, MERS, Id and Spi-1 genes) and the erythroid-
specific genes [B-globin, glycopheorin, d-aminolevulinic acid synthase (ALAS-E), GATA-1 and
erythropoietin receptor (EpoR)] in the MEL cell transformant having transferred c-myc gene. The
overexpression of ¢-myc gene affected the latent period genes in different ways: hse and hsp 70 genes
and Id gene were positively regulated, while expression of MERS gene was repressed. While c-myc is
thought to be involved in DNA replication, its overexpression showed no effect on the expression of
proliferating cell specific nuclear antigen or DNA polymerase @. The overexpression of c¢-myc
repressed the expression of glycophorin, ALAS-E and S-globin genes, of the five erythroid-specific
genes, but had no effect on expression of GATA-1 or EpoR gene. These results suggest that c-Myc

differentially regulates the expression of the latent period and erythroid-specific genes.
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When murine erythroleukemia (MEL) cells are in-
duced with a variety of agents, expression of several
erythroid-specific genes is apparent following a latent
period."” During this latent period, which might require
the reprogramming of the uncommitted cells to commit
toward erythroid differentiation, changes in the expres-
sion of certain cellular oncogenes including c-myc? and
heat shock protein hsc70V were observed. These latent
period genes may have an important role in the commit-
ment of MEL cells. The role of c-mye in the differentia-
tion program was examined by introducing the c-mye
gene into MEL cells.>™ The constitutively elevated ex-
pression of the transferred c-myc inhibited the differen-
tiation of MEL cells without inhibiting commitment,®
whereas the regulatable expression of the transferred
c-mye inhibited both the commitment and differentiation
of MEL cells in a dose-dependent manner.”™ By trans-
ferring human c-myc mutant genes, we have shown that
almost the entire region of c-Myc is required for the
inhibition of commitment, whereas only a limited region
of c-Myc including the basic-helix-loop-helix-leucine
repeat (b-HLH-LR) structures is reguired for the inhibi-
tion of terminal differentiation.” Other reports also
showed the importance of these domains for the trans-
forming activity of c-Myc.>!V The c-Myc protein has
recently been shown to function as a sequence-specific
DNA-binding protein that requires dimerization with a
second related protein called Max.'> ' Max, like c-Mye,
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contains adjacent b-HLH-LR structures that are also
present in transcription factors such as TFE3, AP4, and
upstream stimulating factor (USF).'*'® Myc forms a
heterodimer with Max and binds to a specific DNA
sequence containing CACGTG.!" %%} Presumably Myc/
Max heterodimer binds to and trans-regulates a set of
cellular target genes that participate in the commitment
and differentiation processes of MEL cells. Thus, we
examined the effect of overexpressed c-Myc¢ on expres-
sion of the latent period genes and erythroid-specific
genes.

MATERIALS AND METHODS

Culture and induction of MEL cell transformants One of
the c-myc transfected cell lines (clone 38-2) used in this
work was obtained by transferring rat ¢c-mypc gene under
the control of human metallothionein gene promoter into
B8/3 cells.” Cells were cultured in ES-medium (Nissui
Seiyaku, Tokyo)} supplemented with 109 fetal calf serum
(GIBCO Laboratories, Grand Island, N.Y.) and main-
tained at 37°C in a humidified 59% CO, atmosphere.
Erythroid differentiation of the MEL cells was induced
by continuous exposure to 1.4% dimethylsulfoxide
(DMSQ). The overexpression of the transferred c-myc
gene was induced by continuous exposure to 200 uM
ZnCl; in the presence of DMSO as previously described.”
RNA isolation and Northern blot analysis of RNA MEL
cell samples were collected at the indicated times after
exposure to DMSQ in the presence or absence of Zn ions,
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washed twice with phosphate-buffered saline (PBS, pH
7.4), and stored at - 80°C until use. Total cellular RNA
was isolated by the guanidine extraction method. Briefly,
cells were solubilized in a guanidinium thiocyanate-
phenol-2-mercaptoethanol solution at 4°C and extracted
with chloroform. RNA was precipitated with 50%
isopropanol and washed with a 70% ethanol solution.
Samples of RNA (30 zg) were denatured and separated
on 19 formaldehyde-agarose gels, RNAs were trans-
ferred to nylon membrane (Schleicher & Schuell, Keene,
N.H.) and then cross-linked to the membrane by UV
exposure. Quality and equivalent loading of RNA were
determined by ethidium bromide staining of ribosomat
RNAs and detection of constitutively expressed actin
mRNA on Northern blots. Messenger RNAs for the
latent period genes and erythroid-specific genes were
detected by hybridization with *2P-labeled cDNA probes.
Hsc70 cDNA (provided by Dr. K. Fujimoto of Mitsu-
bishi Life Science Institute, Tokyo), MERS5 cDNA,)
Spi-1 (PU.1) ¢cDNA (provided by Dr. R. A. Maki of
La Jolta Cancer Research Center, La Jolla), Id cDNA
(provided by H. Weintraub of Fred Hutchinson Cancer
Research Institute, Seattle), DNA polymerase ¢ cDNA
(provided by Dr. F. Hanaoka of Physical and Chemical
Institute (RIKEN), Wako, Saitama), proliferating cell
specific nuclear antigen (PCNA) c¢DNA (provided by
Dr. A. Matsukage of Aichi Cancer Research Institute,
Nagoya), S-globin gene, glycophorin cDNA,*® and rat
d-aminolevulinic acid synthase (ALAS-E) ¢cDNA (pro-
vided by Dr. M. Yamamoto of Tohoku University School
of Medicine, Sendai), GATA-1 (cloned by the poly-
merase chain reaction method in our laboratory),
erythropoietin receptor (EpoR) cDNA (provided by
Dr. K. Todokero of Tsukuba Life Science Center of
RIKEN, Tsukuba) and S-actin cDNA were recovered
from agarose gels after separation of the DNA fragments
of the respective plasmid DNAs by restriction enzyme
digestion and were labeled with 2P-dCTP with a random
oligonucieotide primer DNA-labeling kit (Boechringer,
Mannheim, FRG). All hybridizations were performed
overnight at 42°C in hybridization buffer (50% forma-
mide, 5X88C, 0.1% sodium dodecyl sulfate, 8¢ mM
sodium phosphate (pH 6.5) containing 20 ug of salmon
sperm DNA per ml, 50 pg of bovine serum albumin
per ml, and 0.4 mg of yeast RNA (Sigma Chemical
Co., St. Louis, Mo.) per ml. Hybridized blots were
washed twice in 2:XS8SC solution containing 19 SDS
for 1 h at 65°C.

RESULTS

Effect of overexpression of ¢-myc on the latent period
genes In the MEL cell transformant (clone 38-2) with a
rat c-myc gene fused to the promoter of the human
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metallothionein II gene, expression of the transferred
c-myc could be manipulated artificially by the addition
of Zn ions in a time-dependent and dose-dependent
manner.”” DMSO induced the differentiation of clone
38-2 to an extent similar to the parental cells in the
absence of Zn ions, but the differentiation was strongly
inhibited in the presence of Zn ions. Fig. 1 shows that
the overexpression of the transferred c-myc gene was
induced by 200 M ZnCl,, as previously reported.® Its
overexpression reduced the proportion of committed
cells to less than one-fifth that in the absence of Zn
ions.”

Using this transformant, we examined the effect of
overexpression of the transferred c-myc gene on expres-
sion of the latent period genes after induction with
DMSO (Fig. 2). As latent period genes, we examined
hse70, MERS, Spi-1, and Id genes. Total RNAs were
isolated from the transformants collected at the indicated
times after exposure to DMSQ in the presence or absence
of Zn ions, and the level of mRNA for each gene was
determined by Northern blot hybridization,

Expression of c-myc
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Fig. 1. Overexpression of the transferred ec-myc gene in-

duced by the addition of Zn ions. MEL cells (c-myc trans-
formant clone 38-2) were induced to differentiate with 1.4%
DMSO in the presence or absence of Zn ions and sampled on
the indicated days. Lower figure; Northern blot analysis of
total RNA with c-myc gene probe. Quality and equivalent
loading of RNA were determined by ethidium bromide stain-
ing of ribosomal RNAs and detection of constitutively ex-
pressed S-actin mRNA (see Fig. 3, lower lane). Upper figure;
Relative expression of ¢-myc gene. Relative expression of
c-myc gene to S-actin gene in the presence (@) or absence
(Q) of Zn ions was determined by laser densitometric analy-
sis of the autoradiographs from Northern blot analysis.
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Effect of the overexpression of c-mye on the latent period genes. MEL cells (c-myc transformant clone 38-2) were

induced to differentiate with 1.49% DMSO in the presence or absence of Zn ions and sampled on the indicated days. (A)
Northern blot analysis of total RNA with 6 latent period gene cDNA probes. (B} Relative expression of the latent period genes.
Relative expression of each latent period gene with respect to S-actin gene in the presence ( ®) or absence (O) of Zn ions was

determined as described in the legend to Fig. 1.

Hensold and Housman" reported that a decrease in the
rate of synthesis of the constitutively expressed isoform
of the 70-kilodalton (kDa) heat shock protein, hsc70,
occurs prior to the onset of differentiation of inducer-
exposed MEL cells, We measured the levels of hsc70
mRNA after induction of 38-2 cells with DMSO in the
presence or absence of Zn ions. In the absence of Zn
ions, a rapid decrease in hsc70 mRINA was observed
within 0.5 day after induction; it recovered slightly at
1 day, but thereaffer remained low as reported earlier.
Surprisingly, a new mRNA band with high molecular
weight was observed in addition to hsc70 mRNA at 0.5
day, when the mRNA levels were measured in the trans-
formant exposed to DMSO in the presence of Zn ions.
The higher-molecular mRNA is believed to be hsp70
mRNA from its size. This dramatic increase was not
observed in the parental cell line (B8/3) exposed to
DMBSO and Zn ions (Fig. 3). This is consistent with the
previous report that MEL cells fail to transcriptionally
activate and accumulate mRNA for the gene of hsp70,
the heat-inducible form of the 70-kDa heat shock protein

in response to stress.™ A slight increase in hsc70 mRNA,
rather than a decrease, was apparent at 0.5 day (Fig. 2 A
and B; Fig. 2B shows the levels of the low-molecular-
weight mRNA for hsc70). Thus, the overexpression of
¢-Myc induces the expression of hsc70 and hsp70 genes
in MEL cells.

We then examined another latent period gene,
MER5.2) whose pattern of expression is similar to that
of c-myc. In 38-2 transformant, a transient increase in
MERS5 mRNA 1 day afier induction with DMSO was
observed in the absence of Zn ions, whereas such an
increase was not observed in the presence of Zn ions,
indicating that the overexpression of c-Myc affects ex-
pression of the MERS gene.

Expression of mRNA for Id, a negative regulator of
differentiation, was measured during induction of the
transformant exposed to DMSO in the absence of Zn
ions. Reduction in Id mRNA after a transient increase
was observed, as reported.?* The overexpression of c-myc
gene clearly affected the expression of Id gene during the
latent period.
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Fig. 3. Expression of hsp7( and hsc70 genes in the parental
(B8/3) and the c-myc transformant (38-2). Both cells were
induced with 1.4% DMSO in the presence of 200 4 M ZnCl,
for 12 h and the total RNAs were subjected to Northern blot
analysis. Both 3.8 kb hsp70 and 2.2 kb hsc70 mRNAs were
detected in the transformant (38-2), while only 2.2 kb hsc70
mRNA was detected in the parental cells (B8/3).

Spi-1 is an oncogene activated during leukemogenesis
induced by Friend virus.™ ) Spi-1 is identified as PU.1,
which is a transcription factor and one of the Ets family
of oncoproteins. The parental MEL cell line, B8/3, was
shown to have the activated form of Spi-1. The impor-
tance of Spi-1 activation during Friend virus-induced
leukemogenesis has been suggested, but it is not yet
known how this gene is involved in the transformation
and differentiation of erythroid cells. We examined the
expression of Spi-1 gene during induction of MEL cells
and found that the gene was rapidly down-regulated in
these cells after induction with DMSO (Fig. 2). How-
ever, the overexpression of c-mye gene did not affect
expression of the Spi-1 gene.

Effect of overexpression of c-myc on DNA polymerase &
and PCNA The strong correlation between proliferation
and expression of c-myc raised the possibility of the

888

involvement of ¢-Myc in DNA replication.’ We ex-
amined whether the overexpression of c-myc affects
expression of DNA polymerase @*® and PCNA?) genes,
whose protein products are involved in DNA replication.
While DNA replication ceases in the later stage of MEL
cell differentiation, no significant change in expression
of either gene was observed, and the overexpression of
c-myc did not affect their expression.

Effect of overexpression of c-myc on expression of the
erythroid-specific genes In addition to its involvernent
in the latent period genes, c-Myc may act as a tran-
scriptional regulator of the differentiation-specific genes.
Thus, we examined the effect of the overexpression of
c-myc on several erythroid-specific genes using 38-2
transformant.

Genes for S-globin, glycophorin A, and ALAS-E,
an erythroid-specific type of d-aminclevulinic acid syn-
thase,”® are specifically expressed in erythroid cells and
were shown to be induced during induction of MEL cell
differentiation. Messenger RNAs for these three genes
were induced after addition of DMSO in the absence of
Zn ions, but the overexpression of c-myc strongly in-
hibited their induction (Fig. 4).

Genes for GATA-1,” a hematopoietic cell lincage-
specific transcription factor, and EpoR,*" %} a membrane
receptor for erythropoietin, an erythroid-lineage specific
cytokine, are co-expressed in the erythroid progenitors
and they may have important functions in the growth
and differentiation of erythroid cells.’® In contrast to
the above three erythroid-specific genes, expression of
GATA-1 and EpoR genes was observed at constant levels
throughout the induction of MEL cells, as shown in
Fig. 4. The levels of their expression were not affected by
the overexpression of ¢-mpe.

DISCUSSION

The functions of c-Myc oncoprotein appear to be
linked to proliferation, and the protein may play a major
role in cell differentiation.' The various motifs found
in the Myc oncoproteins suggest that they participate in
the regulation of gene expression.!® 't !% %3439 It is not
known, however, which genes are responsible for
c-Myc’s transcriptional regulation, though c-Myc/Max
heterodimer can bind to a core nucleotide sequence
(CAC(G/A)YTG).'"” c-Myc was concluded to regulate
erythroleukemic cell differentiation, since its overexpres-
sion inhibits commitment and differentiation of MEL
cells.” In the present work, we examined the effect of the
overexpression of c-Myc on expression of the latent
period genes involved in the commitment, as well as its
effect on expression of the erythroid-specific genes using
the MEL transformant with the transferred c-myc gene
under the inducible gene promoter.
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Fig. 4. Effect of the overexpression of c-myc on the erythroid-specific genes. RNA samples were the same as in Fig. 1. (A)
Northern blot analysis of total RNA with 5 erythroid-specific genes and S-actin gene cDNA probes. (B) Relative expression of
the erythroid-specific genes. Relative expression of the erythroid-specific genes with respect to S-actin gene in the presence (@)
or absence (C) of Zn ions was determined as described in Fig. 1.

Among the effects of c-Myc on the latent period genes,
its effect on heat shock genes is interesting. Despite the
high degree of conservation of heat shock response, MEL
cells are known to lack this response. Activation of
mammalian heat shock factor by heat requires at least
two separate steps: an alteration of binding activity
followed by further modification. Hensold er al>
showed that DNA binding of heat shock factor (HSF)
to the heat shock element of hsp70 gene is insufficient
for transcriptional activation in MEL cells. We demon-
strated that ¢-Myc induced expression of hsp70 gene in
the latent period in MEL cell differentiation without
heat shock (Fig. 2). The induction of hsp70 gene in MEL
cells is not due to the presence of Zn ions, since the
parental cell line showed no response to the same condi-
tion (Fig. 3). Our results favor the possibility that c-Myc
can affect transcription of the hsp70 gene, as previously
shown by Kaddurah-Daouk et al** rather than that
c-Myc induces a modification of the HSF. However, the
observed effect of c-Myc on heat shock genes may be
due to combined action with other factor(s).

The MERS gene was cloned as a latent period gene.”"
Overexpression of transferred antisense MERS5S ¢cDNA

inhibited the differentiation of MEL cells without inhibit-
ing commitment. Thus, the MERS5 gene is expected to
have a positive function in the erythroid differentiation.’®
The Id gene was cloned from MEL cell cDNA library
as a gene encoding an HLH protein that represses the
activity of several b-HLH proteins involved in cell-type
specific transcription and cell lineage commitment.?*? Id
is expected to be a negative regulator of differentiation of
hematopoietic cells. Although the functional mechanisms
of the MERS gene and Id gene are different, ¢c-Myc acts
as a positive regulator for Id gene and a negative regula-
tor for the MERS5 gene, and leads to a blocking of the
differentiation of MEL cells. Though the effect of over-
expression of c-myc was clearly observed in expression of
hsp70, hsc70, Id and the MERJS genes, no effect was
apparent on Spi-1 oncogene, which encodes a sequence-
specific DNA binding factor, PU.1.

Several experimental results are consistent with the
noticn that c-Myc might be involved in replication, but
leave it unclear where c-Mye acts.!” DNA polymerase o
and PCNA were induced after a transient increase in
immediate early response genes, such as c-fos and ¢c-myc,
during serum-induced cell growth of BALB 3T3 cells
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following serum deprivation.’ We speculated that these
mRNAs might decrease after the cells differentiate be-
cause DNA synrthesis ceases; however, both mRNAs
persisted even after DNA synthesis had stopped. Al-
though overexpression of c-myc blocked differentiation
of MEL cells and their DNA synthesis, the levels of
the two mRNAs did not increase. Thus, c-Myc may
not regulate expression of these genes. A recent report
that c-Myc interacts with retinoblastoma gene product
(Rb)?7 suggests the possibility of an indirect effect of
¢-Myc on replication.

c-Myc may regulate the differentiation-specific
genes™ ag a transcription factor. We have demon-
strated that a limited domain of c-Myc shows the ability
to inhibit the terminal differentiation without affecting
commitment of MEL cells.® It is likely that c-Myc affects
the erythroid-specific genes directly rather than through
the indirect effect of inhibition of the commitment pro-
cess. The five erythroid-specific genes examined here con-
tain binding motifs for GATA-1, a hematopoietic cell
lineage-specific transcription factor,”3” within their eis-
acting elements. GATA-1 and EpoR genes are expressed
in early erythroid progenitor cells, whereas glycophorin,
globin and ALAS-E genes®™*Y are expressed after the
proerythroblast stage. Differential expression of these
five erythroid-specific genes were observed in the MEL
cell differentiation process: expression of glycophorin,
ALAS-A and S-globin genes was induced only after
induction with DMSO, while GATA-1 and EpoR genes
were expressed before induction (Fig. 4). Erythroid-
specific expression of these genes may be regulated by
combinatorial action, as shown in the human S-globin
gene.* ™ We found that c-Myc interferes with the ex-
pression of the three inducible genes but not with that
of GATA-1 and EpoR genes. If ¢c-Myc interferes with
common factors among the five genes, expression of
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